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1. Nature of the genetic material. 

In this module we will learn about how scientists discovered the identity of the genetic 

material. The foundation of modern biology was laid by scientists in mid-19th century. The principles 

of genetics were discovered by Gregor Mendel in 1865-66.  The nuclein or what we term as nucleic 

acid was discovered and identified in 1869.  The final identity of the genetic material was firmly 

established in 1952, two years after the structure of DNA was elucidated. We are going to follow this 

fascinating journey and I hope at the end of this module you learn to appreciate how scientists using 

the simple tools and techniques available to them established the identity of the genetic material.  

This is important because if we were to identify the genetic material today, with the wealth of tools 

and techniques available, it would be a much simpler task.  But in the mid-19th and early-20th 

century, the scientists were so as to speak groping their way through the darkness trying to find the 

light.  Their success speaks volumes about their ingenuity as well as perseverance, two essential 

qualities of a good scientist. 

So let us begin the journey. 

2. Learning outcome: 

 3.1 Mendel and his experiments 

 3.2 Discovery of nuclein 

 3.3 Chromosome theory of inheritance 

 3.4 The Transforming Principle 

 3.5 Identification of DNA as the genetic material 

  3.5.1 Avery, McCarty, and MacLeod experiment 

  3.5.2 Hershey and Chase experiment 

 3.6 Summary 

3.1 Mendel and his experiments 

Gregor Mendel was a monk at St. Thomas Abbey in Brno, Czech Republic.  He was interested 

in astronomy and meterology. In addition to laying the foundation of inheritance, he also established 
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the Austrian Meterological Society.  Initially, Mendel started work with mice but his abbot 

disapproved of his experiments. So he switched over to the common pea plant, Pisum sativum.  It 

was a fortuitous change because not only the pea plant had a shorter life span, and produced 

multiple progenies but also he could control the fertilization process. Remember, the pea plant is 

self-fertilizing. So Mendel would prevent the self-fertilization and laboriously cross-fertilize, thus 

mating the plants of his choice.  For eight years he experimented with the pea plants, meticulously 

recording observations, until 1866 when he published his experiments on heredity. He called the 

component driving heredity as character and established the two major principles of heredity- the 

law of segregation and the law of independent assortment.  His results were ignored and even 

ridiculed until they were re-discovered at the end of the century. 

3.2 Discovery of nuclein 

Just after Gregor Mendel published the data on how heredity is transmitted, Friedrich 

Miescher, a Swiss scientist, isolated a component called nuclein from the nucleus of cells.  Miescher 

wanted to become a priest but his father, a notable physician, persuaded him to do Medicine 

instead. So Miescher enrolled at the medical school but he had limited interest in practicing 

medicine. Instead he joined the laboratory of Felix Hoppe-Seyler at the University of Tubingen. 

Hoppe-Seyler’s laboratory was studying the molecules that made up the cell and Miescher started 

working on the nucleus. He initially tried to isolate the molecules comprising the nucleus from lymph 

glands but switched over to the pus cells. He used to collect the used bandages from the nearby 

clinic and wash of the pus cells.  From these cells, he isolated a component called nuclein and soon 

established that nuclein was composed of carbon, hydrogen, nitrogen, oxygen and phosphorous. He 

also established the ratio of nitrogen to phosphorus.  As this component was unique, Hoppe-Seyler 

did additional experiments before publishing the results in 1871 even though Miescher had 

completed the analysis in 1869 itself.   Yet Miescher did not believe that the component he had 

isolated was the heredity material. Like many others he believed that proteins were the carriers of 

heredity. 
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3.3 Chromosome theory of inheritance 

Meantime, Walther Flemming at the University of Prague had discovered thread-like 

structures during cell division. He was able to visualize these structure using anline dye and had 

named them chromosome (from the Greek word ‘Chroma’ for colour and ‘Soma’ for body) as they 

strongly stained by the dye. 

As I said earlier at the turn of century Mendel’s laws were rediscovered in 1901 by three 

scientists working independently.  These three scientists were Hugo de Vries, Erich Tschermark, and 

Carl Correns.  All three scientists were working on understanding the inheritance of traits in plants- 

de Vries in Holland, Tschermark in Austria, and Correns in Germany.   

Simultaneously, scientists were turning their attention towards cell division.  Theodore 

Boveri, working on sea urchins as well as on roundworms, and William Sutton, working on 

grasshoppers, independently described the chromosome theory of inheritance. In papers published 

in 1902, these two scientists described how the segregation of chromosome precisely parallels the 

behaviour of Mendel’s characters during the production of gametes.  They said that the 

chromosomes contain the genetic material and that they are replicated and passed on to the next 

generation.  

Soon after Thomas Hunt Morgan began working with fruit flies- Drosophila.  He established 

what came to be known as ‘the fly room’ in Columbia University where he and his students studied 

mutations in the fruit fly pioneering genetic research in this model organism. The concept of genes 

being arranged in a linear fashion on chromosomes came to his student, Alfred Sturtevant, one night 

in a flash. Alfred Sturtevant was an undergraduate student who had attended Morgan’s lecture and 

had become impressed by the research. The night, when he had the epiphany, instead of doing his 

undergraduate homework, he spent the time analysing the genetic data accumulated in the 

laboratory creating the first chromosome map.  However, Thomas Morgan was not convinced that 

the genes were the heredity matter. Further, there were debates as to what a gene was. The popular 

notion was that genes contained proteins that were transmitted to the next generation.  
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3.4 The Transforming Principle 

After the end of World War I, there was an outbreak of Spanish Influenza that caused many 

deaths.  Frederick Griffith, working with the Ministry of Health in UK, was sent samples of 

Pneumococci for analysis and classification. He noticed that the Streptococcous pneumoniae came 

in two forms- the Smooth or S strain containing a polysaccharide coat was virulent while the Rough 

or the R strain lacking the polysaccharide coat was avirulent.  Basically, the polysaccharide coat 

protected the bacteria from the host immune system while the absence of the polysaccharide coat 

made the R strain vulnerable to the host immune system such that it was unable to establish 

virulence.  Griffith now took a step forward and injected the S and the R strain into mice. He found 

that the mice died if injected the S strain but survived if injected with the R strain.  Next, he heat 

killed the S strain and injected it into the mice. The mice survived.  Then he did the critical 

experiment. He heat killed the S strain, took the residue and mixed it with the R strain. This mixture 

was injected into the mice. To his surprise, he found that the mice got infected and very soon died. 

He isolated bacteria from the dead mice and found to his surprise that many of the bacteria 

possessed a polysaccharide coat. So somehow, the heat killed S strain bacteria was able to 

‘transform’ the R strain such that it became S strain.  He called this the transforming principle. So 

now we have two terminologies that establish the principles of genetics- Mendel called them 

‘Characters’ while Griffith called them ‘Transforming Principle’.  But was the nature of this 

transforming principle. 

3.5 Identification of DNA as the genetic material 

At this point, I would like to emphasise that just as Mendel was ridiculed for his data, so 

were many sceptical of Griffith’s experiments published in 1928.  More experiments were needed to 

convince the sceptics 

3.5.1 Avery, McCarty, and MacLeod’s experiment.  

Sixteen years later in 1944 Oswald Avery and his team comprising of McCarty and MacLeod 

revisited the experiment.  By this time three critical components- DNase that digested DNA, RNase 
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that digested RNA, and proteases that broke down proteins- had been added to the repertoire of a 

biochemist arsenal. Avery and his team reasoned that the heredity material was not destroyed by 

heat but could be destroyed completely if it was digested by an enzyme. And if the destroyed 

material was mixed with the R strain, the transformation would be blocked and therefore, the mice 

would survive and the identity of the transforming principle would be established. This is precisely 

what they did.  But instead of using mice they used a test tube. They heat killed the S strain bacteria 

and divided three components. To one part they added DNase. To the second part they added 

RNase, and to the third part they added protease.  Each part after digestion was incubated with the 

R strain in a test tube and analysed whether the strain got transformed into S strain. They found that 

when the heat killed bacteria was treated with DNase, the R strain did not transform into S strain.  

However, the heat killed bacteria treated with RNase or protease was capable of transforming the R 

strain into the S strain.  From this they concluded that the DNA is the transforming principle, and 

therefore, the carrier of heredity. 

However, their experimental results were not still proof enough to the disbelieving 

community of scientists. They argued that the DNA is made up of two purines and two pyrimidines 

while proteins are made of amino acids of which there are 23 in the nature. The permutation and 

combination possible with 23 amino acids is far greater than that available with 4 nucleotides. Given 

the diversity of organisms, given the complexity of a cell, it was but obvious that the genetic material 

had to be as complicated and therefore, the proteins are the carriers of heredity not DNA.  Of 

course, if they had thought a little bit the experiment performed by Griffith and later by Avery and 

his team, they would have understood why protein could not have been the heredity material. 

Proteins denature on heating and they lose their structure as well as activity.  On cooling down, it is 

not necessary that they will regain their structure and activity. However, DNA can renature when 

cooled down after denaturation.  So protein could not have been the heredity material. But the 

scientists, including Linus Pauling, were determined to believe so till the final proof was provided by 

Hershey and Chase.  
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3.5.2. Hershey and Chase experiment 

The final proof came in 1952 from the experiments conducted by Martha Chase and Alfred 

Hershey.  Bacteriophages, viruses that infect bacteria, had established themselves as valuable tools 

for biologists keen on understanding the genetic principles.  The bacteriophages were of many kinds. 

The T bacteriophages were classified into T even group (T2, T4) and T odd group (T7).  Thomas 

Anderson using the electron microscope had shown that Hershey and Chase used T2 bacteriophage 

at their Cold Spring Harbor Laboratory. T2 bacteriophage contains a phage head made of proteins 

that encloses a double-stranded DNA molecule within.  Hershey and Chase began their experiments 

by growing bacteria either in media containing radioactive 32[P] or radioactive 35[S]. They then 

infected the population of bacteria with T4 bacteriophage. The resulting progenies contained either 

32[P] in their DNA or 35[S] in their protein shell.  The progenies were purified and re-infected into 

bacteria that were growing in normal non-radioactive media.  The infection was stopped using a 

blender that separated the bacteria from the bacteriophage head.  The two components were 

isolated using centrifugation and the radioactivity was counted. They found that the 35[S] was found 

associated with the phage head of the bacteriophage.  If these bacteria were lysed, the progeny did 

not contain any radioactivity.  When they infected bacteria with the 32[P] labelled bacteriophage, 

they found that the phage head did not contain any radioactive label. When they lysed the bacteria 

to release the progenies, the new bacteriophages contained the 32[P] radioactivity.  It was this 

experiment that finally convinced the biological world that DNA was the genetic material.  The 

theory that protein was the heredity material was finally laid to rest.  For his efforts Alfred Hershey 

won the Nobel Prize. 

3.6 Summary 

Thus, starting from the mid-19th century in about 100 years of work done by various 

research groups in Europe and America led to establishment of DNA as the genetic material. All 

organisms present on Earth use DNA to transmit the information from one generation to another.  

Of course there are viruses that use RNA to transmit information. There are some RNA viruses like 
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retroviruses that synthesis a cDNA copy from the RNA. But many RNA viruses do not create a DNA 

copy. Instead, the genetic information is transmitted by the RNA molecules. But barring these RNA 

viruses, all the other organisms on our planet use DNA as the genetic material.  The information 

necessary for the survival of the organism is stored in the DNA.  This information is decoded and the 

proteins carry out the necessary function in the cell.  But the scientists propounding the protein 

theory of inheritance would have been to know that at least in one case disease transmission occurs 

via the protein, prion.  The mutated prion has been recorded to transmit disease as in Mad Cow 

Disease, CJD, and Kuru.   
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A. LEARNING OBJECTIVES 

 In this module, Students will learn following: 

1. What are DNA modifying enzymes? 

2. Types/categories of DNA modifying enzymes  

3. General idea about the properties, examples and usage/application of different DNA 

modifying enzymes 

 

 

B.  KEYWORDS 

DNA Nuclease (DNase), Restriction enzymes, Restriction Endonucleases (REases), DNA 

Ligase, DNA methyl transferase (MTases), DNA glycosylase, DNA polymerase, DNA 

phosphatase, DNA kinase, Topoisomerases, Gyrase  

 

C. DNA MODIFYING ENZYMES  

C1. Subcategories – Composition and Topology Modifiers 

The enzymes that effect change in the DNA chemical constitution or topology are generally 

referred to as DNA modifying enzymes. Broadly they can be grouped into two categories 

based upon the nature of modification performed, i.e., composition modifying and topology 

modifying.  

 

Composition modifiers: These are the enzymes that change the chemical constitution and 

require net gain or loss of covalent bonds. Major composition modifiers include enzyme 

classes such as Nucleases, Methyltransferases (Methylases and Demethylases), 

Phosphatases, Kinases, Polymerases, Ligases 

 

Topology modifiers: They change the topology of the DNA molecule and doesnot result in 

net gain or loss of a covalent bond. These enzymes are primarily involved in DNA replication. 

They are generally classified into two classes based upon the number of DNA strands cut by 

the enzyme in single reaction, i.e., Topoisomerase type I (single strand cut and seal) and 

Topoisomerase type II (double strand cut and seal). 

 

C2. DNA Nucleases 

This class of enzymes breaks the phosphodiester bonds of the DNA backbone. They are 

classified in several subclasses based upon the type of phosphodiester bond breakage 

carried out. 
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Exo - nuclease: This class of nucleases degrades the strands of DNA from the ends, e.g., 5’ 

or 3’or both ends. For example, Exonuclease I or X degrades in the 3’ to 5’ direction; 

exonuclease VII degrades single stranded DNA in both 5’ to 3’ or 3’ to 5’ direction while RecJ 

nuclease degrades in 5’ to 3’. Some commercially available exonucleases which are 

commonly employed in molecular biology laboratories are listed below. 

 
 

Endo-nuclease: Enzymes belonging 

to this class of nucleases 

degrade/makes cut(s) at internal site. 

A number of different specificity 

endonucleases exist. Some examples 

are  

1. S1 nuclease cleaves only 

single-stranded DNA, including 

single-stranded (ss) nicks in 

double-stranded (ds) 

molecules.  

2. DNase I, which cleaves both 

ss- and ds- DNA.  

3. A restriction endonuclease 

(REase), mostly cleaves ds 

DNA, but only at a limited 

number of sequence specific 

sites. This subcategory of 

endonucleases recognizes 

and/or cleaves DNA at specific 
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sequences (recognition sequences or restriction site) as compared to no sequence 

specificity in case of other Nucleases. The REase are further categorized into four 

types (Type I-IV) based upon their properties. Please refer to table given below for 

their general properties and refer to module number 4 of paper ‘Genetic Engineering 

and Recombinant DNA Technology’.  

 
 

 

More than 4,300 REases enzymes with more than 550 different sequence recognition and 

cleavage specificities have been already discovered from various organisms. An updated 

comprehensive listing of REases discovered along with their substrate specificity can be 

found on REBASE (http://rebase.neb.com/rebase/rebase.html).  

 

Type II are the most commonly encountered (98% of known REases) and also the well 

characterized (e.g., BamHI, KpnI, HindIII) group of REases. Their recognition site is usually a 

4-8 nucleotide long palindrome - a region with inverted repeats of base sequence having two 

fold symmetry over two antiparallel DNA stands, i.e., to superimpose one repeat (colored 

sequence) on the other (same color), either one must be rotated 180 about the horizontal 

axis then rotated 180 about the vertical axis. Their ability to cleave DNA at well defined sites 

without requiring ATP makes them very useful in recombinant DNA technology (refer to 

module number 4 of paper ‘Genetic Engineering and Recombinant DNA Technology’ for 

more details). Some most commonly used Type II REases are listed in the table shown 

http://rebase.neb.com/rebase/rebase.html)
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below (Adapted from Lehninger Principles of Biochemistry, Fifth Edition, David L. Nelson and 

Michael M. Cox. p- 305;  Table 9-2). 

  

Exci-nuclease: It is a subcategory of Endo-nucleases. They hydrolyze two phosphodiester 

bonds at a time. They are mostly the key components of DNA repair systems and hydrolyze 

the bond  one on either side of the distortion caused by mutagenic lesions (e.g., ABC 

excinuclease in nucleotide-excision repair). A few exonucleases and endonucleases are 

known to degrade/make a cut in only single-stranded DNA.  

 

C3. DNA Methyl Transferases 

This class of enzymes either add or/and remove methyl/alkyl groups from the nucleotides in 

a DNA molecule. Most of the time the nucleotides being modified is found in some specific 

sequence of nucleotides (e.g. Dam and Dcm methylase). They play key role in DNA repair 

system and epigenetic modification.  

 

They are referred to as DNA Methylases when the primary function of the enzyme is 

methylation (addition of methyl/alkyl group). They generally catalyze the transfer of methyl 

groups from S-adenosyl-methionine (SAM) to specific nucleotides of double stranded DNA 

molecules, e.g., Enzymes part of repair system in E. coli - Dam methylase transfers a -CH3 

group from SAM to the N6 position of the A residue in the sequence GATC; Dcm methylase 

transfers a -CH3 group from SAM to the internal C residues in the sequences CCAGG or 

CCTGG (see figure below). 
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The DNA methyl transferases are referred to as DNA Demethylase or simply Demethylases 

when the primary function of the enzyme is demethylation (removal of methyl/alkyl group) of 

nucleotides, e.g., O6-methylguanine-DNA methyltransferase (MGMT or AGT), removes 

methyl groups at exocyclic ring oxygens of DNA preferably from O6-meG but also remove 

longer alkyl chains from DNA, including ethyl-, propyl-, butyl-, benzyl- and 2-chloroethyl 

groups, as well as O4-meT. The alkyl group is transferred from the substrate (i.e., 

modified/methylated/alkylated nucleotide) to a site in the enzyme (Cys residue of a 

conserved sequence Pro-Cys-His-Arg-Val of the enzyme) which in the absence of a second 

substrate remains covalently attached to the protein, effectively inactivating it (Suicide 

mechanism). 

 

The general mechanism of MGMT mediated demethylation of modified base6-meG is 

depicted below in the figure. The mechanism shown is that of direct reversal of modification 

of nucleotide base during the repair of 6-meG from DNA. The repair of 6-meG by MGMT and 

other 6-meG-DNA methyltransferases is linked to a conserved sequence: Pro-Cys-His-Arg-

Val in MGMTs where alkyl group is transferred to Cys residue resulting in demethylation of 

modified base. 

 

 
 

 

 

 

 

 

 

Biological Significance of DNA Methylation  

 Inhibit binding of transcriptional machinery proteins to DNA thereby blocking gene 

expression 

 Recruit specific repressors at site that then switch offs nearby genes(gene silencing) 

often by recruiting histone modifying enzymes  

 Allows discrimination between parent and daughter strands during DNA repair 

(maintenance methylases) 

Figure. Mechanism of MGMT direct reversal DNA repair of 6-meG from DNA. Repair of 6-meG 

in MGMT and other 6-meG-DNA methyltransferases is linked to a conserved sequence: Pro-

Cys-His-Arg-Val. Adapted from figure 6  of chapter 4 of "Advances in DNA Repair", book edited 

by Clark C. Chen (2015). ISBN 978-953-51-2209-8 (Open access 

https://www.intechopen.com/books/advances-in-dna-repair/direct-reversal-repair-in-

mammalian-cells)  
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 Protect DNA from action of endonucleases which are 

part of Restriction modification system 

 Indiscriminate methylation/alkylation could destabilize 

genome 

 

 

C4. DNA glycosylases 

These are the enzymes that generally recognize the 

damaged base/nucleotides present in DNA and remove them 

by hydrolyzing the glycosidic bond between sugar and N-

base (part of DNA repair system) producing abasic (AP) site 

in the DNA (see figure on right side). They are one of the key 

components of general DNA repair system. 

 

Multiple lesion-specific DNA glycosylases with different 

specificities exist in cells as a part of the repair system, e.g., a 

specific glycosylase recognizes the uracil (generated as a consequence of deamination of 

cytosine), while another recognizes oxoG (generated as a consequence of oxidation of 

guanine).  In case of human cells, eleven different DNA glycosylases with different 

specificities have been identified so far. 

 

C5. DNA phosphatases and kinases  

Phosphatase enzymes cause removal of the terminal 5′-phosphate groups from the nucleic 

acids. Always remember they do not hydrolyze phosphodiester bonds as done by nucleases. 

Polynucleotide kinases on the other hand catalyze the reverse of phosphatase enzyme 

activity, i.e., transfer of a phosphate group from an ATP molecule to the 5′-OH terminus of a 

nucleic acid. General reactions catalyzed by phosphatase and kinase are depicted below. 

 

 
 

They are commonly employed in DNA cloning. Some commercially available DNA 

phosphatase and kinase enzymes are listed in the table given below. 
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C6. DNA polymerases 

These are enzymes that add nucleotides to the pre-existing strand of DNA or RNA and 

primarily involved in the replication of the genomes. They are very important to the field of 

recombinant DNA technology. 

 
A DNA polymerase catalyzed reaction can be simply depicted as 
 

DNA or (dNMP)n + dNTP  (dNMP)n+1+PPi  
 
where (dNMP)n is a polynucleotide, dNTP is a deoxynucleotide  triphosphate and PPi is 
pyrophosphate 

From ‘Enzymes used in molecular biology: a useful guide’. Laure Rittié & Bernard Perbal. J. 

Cell Commun. Signal. (2008) 2:25–45 
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Different types of DNA polymerase enzymes are known and based upon their specificity for 
template type requirement, exonuclease activity, temperature tolerance etc they are 
classified into different groups. Most frequently encountered are DNA template dependent 

polymerases (e.g.,  DNA pol I, II, III, , , Taq, Pfu, Vent) and RNA template dependent 
polymerases or reverse transcriptase from retro viruses (e.g.,  MMLV, HIV etc.). There are 
DNA polymerases that can add nucleotides in a template independent manner. These are 
usually referred to as terminal transferases. They are frequently employed in tailing (addition 
of extra nucleotides to 3’ end of DNA polynucleotide chain) of DNA fragment during cloning. 
The success of DNA polymerase chain reaction (PCR) – that is used to amplify/make copy 
of any DNA fragment, is result of the availability of thermostable DNA polymerases from 
archaea. DNA polymerases have been classified into 7 families - A, B, C, D, X, Y and 
reverse transcriptase (RT) based on amino acid sequence similarity and structure (see 
module 7, of the paper). Some commercially available DNA polymerases and their general 
properties which are available for DNA manipulation are listed below in a tabular form.  

 

 

 

C7. DNA Ligases 

 

They help join DNA fragments by catalyzing the formation of a phosphodiester bond between 

a 3′-OH and a 5′-phosphate group at a single-strand break in double-stranded DNA. They 

use high energy cofactors such as ATP, NAD+ to generate a phosphodiester bond between 

adjacent 3′-OH and a 5′-phosphate group as outlined below in the figure (Adapted from 

Lehninger Principles of Biochemistry, Fifth Edition, David L. Nelson and Michael M. Cox. p- 

990;  Figure  25-17).  
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They play essential role in DNA replication and DNA repair and are commonly used in 

recombinant DNA technology. Examples of some commercially available ligase enzymes 

and their properties are listed below (Adapted from Enzymes used in molecular biology: a 

useful guide. Laure Rittié & Bernard Perbal. J. Cell Commun. Signal. (2008) 2:25–45). 

 

 
 

C8. Topoisomerases 

 

These are enzymes that change supercoiling, i.e., topology of the DNA molecule. They 

generally remove supercoils relieving the torsional stress present in the overwound DNA 

during replication.  They transiently break the DNA backbone, thereby changing the DNA 

linking number (Lk) and allowing the DNA supercoils to relax. The substrate and product of a 
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topoisomerase reaction only differ in topology (chemically identical) as there is no net change 

in the covalent bonds. 

 

Types: Topoisomerases are classified according to mechanism they use for changing DNA 

Topology 

 

Type IA and IB – They break one of the two strands of DNA, rotate the end of the broken 
strand around the intact strand, and then seal the ends. The reaction does not require ATP.  
 
Remember: Type IA enzyme facilitates strand passage of one single strand past the other 
while the Type IB enzymes allows the free end of cleaved single stranded DNA to swivel to 
release supercoils before relegation (See the figure on right hand side).  
 
Example: In E.coli, example of type IA topoisomerase includes Topoisomerase I and 
Topoisomerase III, which generally relaxes DNA by removing negative supercoils, increasing 
the Lk of DNA in units of +1  
 
Type II - They cleave both strands during reaction rotate both ends by 360 degrees and then 
reconnect the respective ends. They allow passage of one set of strands behind the other. 
The reaction is powered by ATP hydrolysis to effect conformational changes in the enzyme 
that are needed to promote the topological change in the DNA, e.g., "DNA gyrase" of E.coli 
can introduce negative supercoils by decreasing the linking number in multiples of "2" 
 
Note: Topoisomerases can break the DNA backbone, so can untangle DNA that is 
inappropriately linked or knotted. Both types of topoisomerases are present at replication 
forks in both bacteria and eukaryotes. The topoisomerases found in eukaryotes (type IA, IB 
and II) can relax both positive and negative supercoils, but cannot introduce negative 
supercoils unlike DNA gyrase. 
  
General Mechanism of 
Topoisomerase Action (Text and 
figure adapted from ‘MOLECULAR 
BIOLOGY: Principles of Genome 
Function’ (2010) by Nancy L Craig, 
Orna Cohen-Fix, Rachel Green, 
Carol W Greider, Gisela Storz and 
Cynthia Wolbergery) 
 
Step 1: Attack on the 
phosphodiester backbone of DNA by 
a tyrosine hydroxyl on the 
topoisomerase enzyme and 
formation of a phosphoester linkage 
between the Tyr and either the 5′ or 
3′ end of the cleaved strand – 
keeping one end of a DNA strand in 
place.  
 
Step 2: Change in DNA topology 
generally to relax topological strain.  
 
Step 3: Reversal of cleavage 
reaction, religation of the two DNA 
ends.  

Mechanisms of Topoisomerases Action. Figure from ‘MOLECULAR 

BIOLOGY: Principles of Genome Function’ (2010) by Nancy L Craig, 

Orna Cohen-Fix, Rachel Green, Carol W Greider, Gisela Storz and 

Cynthia Wolbergery. p-210, Figure 6-14 
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Remember NO ENERGY IS NEEDED IN THESE STEPS. The ATP hydrolysis required by 
Type II topoisomerases is to power conformational changes in the enzyme that are needed 
to promote the topological change in the DNA. 

 
 
 

D. SUMMARY of DNA MODIFYING ENZMES  

 NUCLEASES: cut, shorten, or degrade nucleic acid molecules [EXO (From ends 5’ 
and/or 3’); ENDO (internal, single cut; no sequence specificity); RESTRICTION ENDO 
(sequence-specific internal cut); EXCI- (internal double cut)]  

 LIGASES: join nucleic acid molecules together 

 POLYMERASES: generally make copies of molecules [DNA polymerase –uses DNA 
template; Reverse transcriptase – uses RNA template; Terminal deoxynucleotidyl 
transferase - template independent polymerization] 

 MODIFYING ENZYMES – terminology generally used for enzymes that remove or add 
chemical groups [Methyl(alkyl) transferases (Methyl/ alkyl groups addition and 
removal); Phosphatases and Kinases (phosphate group removal & addition); 
Glycosylases (remove nitrogenous bases)]  

 TOPOLOGY MODIFYING ENZYMES - Change topology [Topoisomerases] 
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A. LEARNING OBJECTIVES 

 In this module, Students will learn following: 

1. What is a Restriction enzyme? 

2. Restriction enzymes – Discovery, Biological Significance and Prevalence 

3. Naming convention for Restriction enzymes  

4. Major Types of Restriction enzymes  and their defining characteristics 

5. Miscellaneous Restriction enzymes that are generally not discussed as part of 

general classification 

 

B.  KEYWORDS 

Restriction enzymes, Restriction endonucleases (REases), Restriction-Modification systems, 

Methyl transferases (MTases), Type II REases, Homing Endonucleases, Nicking enzymes, 

Palindrome, Dyad symmetry   

 

C. CLASSIFICATION OF RESTRICTION ENZYMES  

 

C1. Restriction enzymes 

The name restriction enzymes or restriction endonucleases (REases) refers to a special 

class of enzymes that recognize and cleave/ cut DNA at specific sequences (recognition 

sequences or restriction sites), at an internal site of the DNA molecule breaking the 

phosphodiester bond and producing 5’ phosphate group and 3’ hydroxyl group (see 

illustration below- adapted from ‘Gene Cloning and DNA Analysis – An Introduction’ by TA 

Brown, 6th Ed. (2010).  

 

So far about 4,300 REases enzymes with 

more than 550 different sequence 

recognition and cleavage specificities have 

been discovered from various organisms. 

The REases had been found to display 

differential requirement of cofactors, target 

sequence specificity and activity. An updated 

comprehensive listing of REases discovered 

so far and their substrate specificity if known can be found on REBASE 

(http://rebase.neb.com/rebase/rebase.html). They are the founding stones of the 

recombinant DNA technology field.  

 

C2. Discovery, Biological Significance and Prevalence 

The existence of Restriction enzymes or REase that would be cleaving the ‘foreign‘ DNA and 

the cognate modification system that would be protecting the cells own genome from 

http://rebase.neb.com/rebase/rebase.html)
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restriction system was indicated by the bacteriophage plating experiments performed around 

1950s by Luria and Human (1952),  Bertani and Weigle (1953) as shown below.  

  
 

 

 

As expected most of the REases discovered so far in organisms exist together with cognate 

modification system that protects ‘self’ DNA from digestion generally through methylation of 

the ‘self’ DNA by a specific DNA methylase (MTase) so as to be able to cleave only 

unmodified ‘foreign or non-self’ DNA. Combined together they are referred as restriction 

modification (R-M) system.  However, homing endonucleases (HEases) encoded by mobile, 

self-splicing introns or inteins, have no associated methylases. Werner Arber in the early 

1960s first proposed that the biological function of REase or R-M system is probably to 

recognize and cleave/ ‘restrict’ invading ‘foreign’ DNA. The scientists Hamilton Smith, Daniel 

From Ch. 7 ‘Restriction Modification systems’ by Robert Bluementhal and Xiadong Cheng in 

Modern Microbial Genetics. 2nd Edition (2002) Eds. Uldis N. Streips, Ronald E. Yasbin; p-184 
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Nathans, Werner Arber are credited for the discovery of restriction endonucleases and for 

which they were awarded 1978 Nobel Prize (shared) in Physiology/Medicine. 

 

The REases or Restriction-modification (R-M) system are diverse and ubiquitous in 

prokaryotes. They have been found in a wide range of species but their distribution remains 

non-uniform, ranging from none to too many, in diverse species (Vasu and Nagaraja 2013). 

The acquisition of R-M system by certain members of a population could prevent the free 

exchange of genetic material with other members and thus promote/speedup the ‘speciation’ 

event. About 90% of the genomes evaluated contain at least one; while about 80% contain 

multiple R-M systems (http://rebase.neb.com/rebase/rebase.html). Distribution/existence of 

REases or R-M systems in different organisms largely increases with genome size. However, 

the obligate intracellular pathogens or endosymbionts that occupy the intracellular niche of 

infected cells such as Buchnera, Borrelia, Chlamydia, Chlamydophila, Coxiella, Rickettsia, 

and Synechococcus (genome ranging from 1 - 2.5 Mb), appear to lack R-M systems. The 

possible reason for the lack of REase or R-M system in these organisms could be the 

relative rarity of the bacteriophages encounter in their life cycles, making the need of keeping 

an R-M system unnecessary.  

 

Generally lager genomes tend to have REases recognizing longer palindromic DNA 

sequences as compared to those present in shorter genomes, e.g., genomes of spp. 

belonging to Bacillus, Nocardia, Pseudomonas, and Streptomyces that have genome size of 

~ 5Mb have a larger proportion of R-M systems that recognize longer palindromic DNA 

sequences. This might decrease/prevent the chance/accidental double stranded DNA 

(dsDNA) breaks inflicted to bigger size genomes by REases with shorter 4-6 bp recognition 

sequences. In other words, continuous selection of genomes against REases recognizing 

smaller target sequences could have resulted in the enrichment of enzymes recognizing 

longer sequences in the larger genomes.  

 

Recognition Sequences of REases 

The recognition site of most REases is palindromic or partially palindromic – it has a dyad 

symmetry around an axis. Palindrome is a word, phrase, or sentence that is spelled 

identically when read either forward or 

backwards, e.g., MALAYALAM, SAMAS, 

ROTATOR. In case of DNA, it is a region with 

inverted repeats of base sequence having two 

fold symmetry over two antiparallel DNA 

stands, i.e., to superimpose one repeat 

(colored sequence) on the other (same color), 

either one must be rotated 180 about the 

horizontal axis then rotated 180 about the 

vertical axis, as indicated by the curved arrows 

in figure 2 showing recognition site of REase 

‘BamHI’.  

 

 C3. Naming of Restriction Endonucleases (REases) 

In 1973, Smith and Nathans suggested the naming guidelines of REases.  As per the 

suggestion, a REase name should begin with a three-letter acronym in which the first letter 

should be the first letter of the genus and the next two letters should be the first two letters of 

the species name from which the enzyme was isolated. Additional letters or numbers could 

be added to indicate individual strains or serotypes followed by a space then the chronology 

Figure 2. Dyad symmetry of BamHI REase 

REaseREREaserecognition site 

http://rebase.neb.com/rebase/rebase.html
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of identification of the enzyme is represented in roman numerals. The first three letters of the 

name should be italicized. 

 

Thus REase name ‘Hind III’ is used for the third enzyme discovered from Haemophilus 

infuenzae serotype ‘d’. 

Although the original naming convention proposed by Smith and Nathans is still being 

followed for the old enzymes a number of difficulties arose with passage of time such as 

discovery of multiple enzymes from same isolate making use of roman numerals 

cumbersome, different species having same three letter acronym etc. New guidelines for 

naming the REase have been proposed to accommodate the developments in the field 

(Nucleic Acids Research, 2003, Vol. 31, No. 7 1805-1812). In brief, it asks for avoiding 

italicizing the three letter acronym, removing the space between organism designation and 

roman numerals (of the old enzymes) and replacing roman numerals with Arabic numerals 

(1,2,..). The types of REase whenever referred should start with capital ‘T’ such as Type I, 

Type II Type III, Type IV. The Homing endonucleases should be referred as ‘HEase” For 

more naming details refer to the original document. 

 

C4. Major Types/ classification of Restriction enzymes and their defining 

characteristics 

The REase have been found to display differential subunit structure, requirement of cofactors 

for activity, different recognition sequence and cleavage target sequence specificity, 

requirement of modified bases at recognition sequence, presence of other activities (mostly 

MTase) in REase, and the spacing between recognition sequence and cleavage position. 

Based on these properties they are classified into four types, i.e., Type I, Type II, Type III, 

and Type IV. Refer to table 1 below for brief comparative account of the defining properties 

of major types of REases or R-M systems 

  

 Type I Type II Type III Type IV 

Subunit 

Composition
#

 

Hetero-
oligomer of 
subunits R,M 
and S 

Homo di or 
tetramer of R 
subunit 

heterotrimers 
(M2R1) or 
heterotetramers 
(M2R2)  

Single subunit with 
R and M activity 

Cofactor 
Requirements 

Mg 
2+

, ATP,   
S-adenosyl-L-
methionine 
(AdoMet) 

Mg 
2+

 Mg 
2+

, ATP, 
(AdoMet) 

Mg 
2+, 

activity is 
stimulated by 
AdoMet 

Recognition 
Sequence/site 

 Generally  4-6 
bp long and 
palindromic 

Short asymmetric 
sequences of 5 - 
6 bp 

Asymmetrical 
recognition 
sequence with  
methylated bases* 

Restriction 
site - from 
recognition  
site (Reco-
Site) 

random  
~ 1,000 bp 
away from 
Reco-Site (e.g. 
EcoKI and 
EcoR124I ) 

At or near 
(e.g., EcoRI, 
KpnI) 

25-27 bp away 
from two Reco-
Site in an inverse 
orientation (e.g., 
EcoP1I and 
EcoP15I) 

shifted cleavage 
position (~30bp) 
e.g., EcoKMcrBC 

Table 1. Classification of REases 

#(R: Restriction; M: methylation; S: Specificity); *e.g., methylated, hydroxymethylated, or glucosyl-hydroxymethylated) 
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 About 98% of the total characterized Reases are Type II. The recognition sequence of some 

commonly used type II REases is shown in the table given below (table 2).   

The type II REases are the most commonly used and well characterized type of REases as 

their catalytic activity requirements are minimum and they recognize and cut within or very 

near to well characterized nucleotide sequences.  However based upon different variations 

observed in Type II REases with respect to substrate specificity, type and site of cleavage, 

constitution they are further subdivided into multiple categories as outlined below (Table 3)  

 

 
Table 3. Subtypes of Type II Restriction Endonucleases (Table 1 in Nucleic Acids Research, 

2003, Vol. 31, No. 7 1805-1812 Nucleic Acids Research, 2003, Vol. 31, No. 7,p- 1809) 

 

Table 2. Recognition Sequences of Some Type II Restriction Endonucleases 

Phosphodiester bonds cleavage site of each restriction endonuclease is indicated by arrows. The 

asterisks indicate bases which when methylated by the corresponding methylase (wherever 

known) prevent the REase activity. (Note: ‘N’ denotes any base). Adapted from Lehninger 

Principles of Biochemistry, 5th Edition, by David L. Nelson and Michael M. Cox. p- 305 Table 9-2  
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C5. Miscellaneous Restriction Endonucleases 

Homing Endonucleases (HEase): The HEases are special class of endocnucleases found 

in eukaryotes. They are encoded by many group I and group II introns which are also mobile 

genetic elements and supposedly parasitic genetic elements. They promote the movement of 

introns to new identical site in another DNA copy of a homologous gene that does not 

contain the intron, in a process termed homing whenever the HEase encoding DNA intron is 

introduced into a cell by parasites or by other means.  They recognize and cleave much 

longer DNA sequences (14 – 20/35 bp).  

 

Nicking Enzymes: Generally two types of nicking enzymes are observed. 1st type includes 

those that behave functionally like REases, but cleave only one strand of the DNA substrate, 

e.g., the N.BstSEI enzyme’s recognition and restriction site is GAGTCNNNN [also 

abbreviated as GAGTC(4); the arrow indicates the position of restriction made in single 

strand]. Note the prefix N. in the REAses name denotes its nicking activity to differentiate it 

from common REase activity. 2nd type is generally found in association with enzyme m5C-

MTases, and make nick/cleavage adjacent to the G/T mismatches which generally result 

from deamination of m5C within the recognition sequence of the specific MTase, e.g., Vsr 

protein (very short patch repair protein; accompanies the Dcm MTase of E.coli K-12) 

recognizes the specific G/T mismatch that occurs if there is deamination of the methylated 

cytosine residue within the context of the CCWGG recognition sequence of the specific 

methylase.  

AP endonucleases: These belong to a special class of endonucleases that play important 

role in DNA repair.  AP stands for apurinic/ apyrimidinic site enzymes cut the phosphodiester 

bond backbone within the polynucleotide chain of DNA strand containing the AP site. The 

position of the incision relative to the AP site (5’ or 3’ to the site) varies with the type of AP 

endonuclease.  

 

D. SUMMARY:  

REase have been discovered in most organisms. Most of them have been found to show 

sequence specificity to recognition site and/ or cleavage site. Generally they are part of a 

Restriction Modification (RM) system that helps protect the host genome from invading 

genomes. Methylation of the recognition sequences mostly prevents REase activity 

(exception example: DpnI requires methylation of recognition sequence for activity). 

REases are broadly classified into four types based upon – subunit composition, cofactor 

requirement, recognition site & cleavage restriction site position. The Type II are the most 

common REases that recognize 4-8 bp sequence, only require Mg2+ ions for activity and cut 

within or near recognition sequences. It is the most characterized class of REases and 

further divided into a number of subcategories. They are frequently employed in recombinant 

DNA technology and various DNA related analysis. Type I, III and IV have more stringent 

cofactor requirement and cut DNA away from the recognition sequence. 

 

Disclaimer: The content of this module is created for teaching and learning purpose only. Any 
commercial use or exploitation is prohibited. Every effort has been made to ensure that the 
figure/tables/illustration adapted from different sources are correctly referenced/ cited. The copyrights 
to the images/ figure/tables/illustration and associated text belong to the indicated sources. The 
Content writer don’t claim any copyright on them. In case of any error, omission, misinformation or 
unintentional copyright infringement that may have resulted from any reason including but not limited 
to error, accident or negligence, the author(s) do not assume and hereby disclaim any liability to any 
party for any loss, damage, or disruption caused by its usage. However, any such instances may be 
reported immediately to the content provider for taking the corrective measures possible. 



 

 
Biotechnology 

Genetic engineering and Recombinant DNA technology 

Restriction Endonucleases, Isoschizomers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Paper  No. : 04  Genetic engineering and Recombinant DNA technology 

Module      : 03  Restriction Endonucleases, Isoschizomers  

Principal Investigator: Dr Vibha Dhawan, Distinguished Fellow and Sr. Director  
The Energy and Resouurces Institute (TERI), New Delhi 

Co-Principal Investigator: Prof S K Jain, Professor, of Medical Biochemistry  
Jamia Hamdard University, New Delhi 

Course Coordinator: Dr Mohan Chandra Joshi,  Assistant Professor, Jamia Millia 
Islamia 

Content Writer: Dr. Pravir Kumar, Professor, Department of Biotechnology, 
Delhi Technological University (Formerly Delhi College of 
Engineering) 

Content Reviwer: Dr Rohini Muthuswami, Associate  Professor, Jawaharlal 

Nehru University 



 

 
Biotechnology 

Genetic engineering and Recombinant DNA technology 

Restriction Endonucleases, Isoschizomers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Description of Module 

Subject Name Biotechnology 

Paper Name Genetic engineering and recombinant DNA technology 

Module Name/Title Restriction Endonucleases, Isoschizomers 

Module Id 03 

Pre-requisites  

Objectives  

Keywords  



 

 
Biotechnology 

Genetic engineering and Recombinant DNA technology 

Restriction Endonucleases, Isoschizomers 

INTRODUCTION ABOUT RESTRICTION ENZYMES 

Gene manipulation is a revolutionary step to understand gene function and its proper usage to 

correct DNA sequence in a desired fashion. Gene cloning is one such method by which we can 

introduce gene of interest in a suitable vector system and then introduced that construct in an 

appropriate cell system to check the yield of manipulated gene sequence. In order to join or cut the 

large DNA chunk, we need an enzyme that can easily chop the DNA at desired length or at a specific 

site and for this purpose restriction enzymes are used, which sometime also called as “Molecular 

Scissors” or “molecular scalpels." Restriction enzymes are digesting DNA at specific recognition 

nucleotide sequence, which is also called recognition site. These restriction enzymes are 

predominantly isolated from bacteria and since these enzymes digested within the DNA molecule 

and hence called as “Restriction endonuclease." Restriction enzymes were first discovered in 1960s 

by W. Arber; however, first functional restriction enzyme was isolated by Nathan and Smith in 1970 

from Heamophilus influenza. For the seminal discovery of restriction enzymes' joint Nobel Prize in 

Physiology and Medicine has been shared by Werner Arber, Daniel Nathan, Hamilton O Smith in 

1978. 

 Commercially many DNA digesting enzymes are available that can digest the large DNA 

molecules into smaller fragments but most of the time without any use as these fragments are 

haphazardly digested and thus difficult to connect the information in continuation. On contrary, 

restriction enzymes are digesting DNA only at specific recognition site, and therefore, it is quite 

manageable to understand the physical length of a DNA fragment within the boundary of two 

restriction sites. This not only gives us precise information and sequence of DNA rather enable us to 

manipulate the DNA with desired gene of interest.  

CLASSIFICATION OF RESTRICTION ENZYMES 

Restriction enzymes are broadly classified under four categories based on the proximity of the 

recognition site, and cleavage pattern. Furthermore, the restriction enzyme digests DNA double 

strand by making two incisions in sugar phosphate backbone on each DNA strand.  

The characteristic feature of type I restriction enzyme is this cleave at random site on DNA and that 

too away from the recognition site. This possess multisubunit complex which is 1000bp away. There 

are certain cofactors, for instance, S-adenosyl methionine, ATP and Mg2+ ions required for proper 

functioning of this enzyme. On contrary, Type II restriction enzyme cleaves the DNA specifically near 

to the recognition sequence, and it is comprised of many subtypes like Type IIG, IIP and IIS. The 

peculiarity of type III restriction enzyme is, it cleaves outside of its recognition sequence and 

requires two restriction sites in opposite orientation on the same DNA. Moreover, restriction and 

modification enzymes; cut at different location within 25bp of the recognition site. Finally, type IV 

restriction enzymes are only digesting methylated DNA and require Mg2+ ions for proper functioning 

(TABLE 1). Since these enzymes are originated from bacteria and archaea in origin, which enable a 

protection mechanism against any invading pathogen such as virus. Inside prokaryotes, the 

restriction enzyme clearly digests foreign DNA, which is called restriction while host DNA is 

protected through a modification system by modifying host’s DNA ends. 
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TYPE ACTION CHARACTERISTICS COFACTORS 

I Cleavage at random site 
away from the recognition 
site  

Multi subunit complex (2R, 
2M and 1S), 1000bp away 

S adenosyl 
methionine, 

ATP, Mg2+ 

II Cleave DNA specifically near 
to the recognition sequence 

Many subtypes (Type II G, II 
P, II S) 

  

III Cleave outside its 
recognition sequence and 
require 2 restriction sites in 
opposite orientation in same 
DNA. 

Restriction and modification 
enzymes; cut at different 
location within 25bp of 
recognition site 

  

IV Normally cut methylated 
DNA 

  Require Mg2+ 

 

Table.1 Type of restriction enzymes with characteristics features 

NOMENCLATURE OF RESTRICTION ENDONUCLEASE II 

Till the date, more than 600 functional restriction enzymes are commercially available and over 3000 

restriction enzymes have been studied. These enzymes are originated from bacterial origin. 

However, their nomenclature is based on the genus, species and strain with the number, in order 

they are isolated. For instance, EcoRI and HindIII are named after genus, species, strain and number 

(Figure 1). 

 

                                               

 

            Figure 1: Nomenclature of TypeII restriction endonuclease            

OVERHANGS AND CLEAVAGE FREQUENCY OF RESTRICTION ENZYMES: 

Type II restriction enzyme is mostly palindromic in nature, which means the reading of sequence 

from 5’ to 3’ and 3’ to 5’ is same (eg. EcoRI: 5’-GAATTC-3’). Normally, restriction enzymes produce 

5’- and 3’- overhangs, which is also called sticky or cohesive end (Figure 2). However, sometime, 

when digestion is in between the equal number of nucleotide, it produces the blunt or staggered 

end enzymes.  
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Figure 2: Pattern of restriction digestion and generation of sticky and staggered ends of the double 

strand DNA. Cleavage frequency of 4-, 6- and 8-cutter restriction enzymes. 

Various type II restriction enzymes that have been frequently used in the cloning process and these 

enzymes have enlisted in Table 2 with their recognition sequence with nature of overhangs.    

Enzyme Source Organism Recognition 
sequence (5'>3') 

End Base pair Overhang 

PvuI Proteus vulgaris CGAT*CG Sticky 6-cutter 3' 

EcoRI Escherichia coli G*AATTC Sticky 6-cutter 5' 

BglII Bacillus Globigii A*GATCT Sticky 6-cutter 5' 

HindIII Haemophilus influenza A*AGCTT Sticky 6-cutter 5' 

BamHI Bacillus amyloliquefaciens G*GATCC Sticky 6-cutter 5' 

SalI Streptomyces albus G*TCGAC Sticky 6-cutter 5' 

TaqI Thermus aquaticus T*CGA Sticky 4-cutter 5' 

HaeIII Haemophilus aegyptius GG*CC Blunt 4-cutter Blunt 

HpaI Haemophilus parainfluenzae GTT*AAC Blunt 6-cutter Blunt 

SmaI Serratia marcescens CCC*GGG Blunt 6-cutter Blunt 

Not I Nocardia otitidis-caviarum GC*GGCCGC sticky 8-cutter 5' 

                  

Table.2 List of restriction enzymes with their recognition sequence and its overhang 

SPECIAL RESTRICTION ENZYMES: 

Restriction enzymes that have the same recognition sequence as well as the same cleavage site are 

called Isoschizomers (e.g. SphI CGTAC*G and BbuI CGTAC*G) whereas restriction enzymes that have 

the same recognition sequence but cleave the DNA at a different site within that sequence are called 

Neochizomers (e.g. SmaI CCC*GGG and XmaI C*CCGGG). Another type, where a pair of restriction 

enzymes that have slightly different recognition sequences but after cut generates identical stretch 

is called isocaudomers (e.g. MboI 5’-N *GATC N-3’ and BamHI 5’-G*GATC C-3) 

APPLICATION OF RESTRICTION ENZYME 

 

Restriction enzymes have huge application in the manipulation of DNA and gene cloning. There are 

many shuttles and cloning vectors, which is artificially generated and these restriction enzymes are 

arranged in the multiple cloning sites or Polylinker regions and playing an important role in gene 

cloning. These restriction enzymes enable gene of interest, i.e. insert fragment into the vector with 

desired restriction enzymes, for instance, to clone an insert into a vector, both vector and insert are 

digested with the same restriction enzymes. 

 

Another usage of restriction enzyme is in single nucleotide polymorphisms (SNPs) to distinguished 

gene alleles by single base difference in DNA fragment. Furthermore, restriction enzymes are used to 

calculate the physical map or distance of DNA fragment in the genome. Moreover, these restriction 

enzymes can also produce a similar pattern of bands on agarose gel electrophoresis and used in DNA 

finger printing and restriction fragment length polymorphism (RFLP) in case of intraspecific gene 

characterization where sequence similarity is very high and any mutation or mis-matches can be 

studied. 
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A vital use of restriction endonuclease in Southern hybridization where genomic or plasmid DNA is 

digested with either unique or set of restriction enzymes for digestion and digested DNA fragment 

then separated on agarose gel electrophoresis, transferred to the positively charged membrane and 

hybridized with labeled probe to identify the desired band. 
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Paper 4: Biomolecules and Their Interactions 

Module 30: DNA-Protein interactions 

 

Introduction 

Variety of proteins as: polymerases (involved in DNA replication), transcription factors (involved in 

protein synthesis), nucleases (which cleave DNA) and histones (involved in DNA packaging) are 

associated with DNA. Attachment of endonucleases at a specific site, repressor-operator interaction is 

few examples of recognition of DNA base sequence by proteins, while others like histones do not. Many 

DNA binding proteins have specific domains as: helix-turn-helix, leucine zippers, zinc fingers etc. Co-

crystallization of DNA-protein complexes had been a difficult task. Much of the early data on recognition 

of the 4 bases of DNA and 20 amino acids had been through the study of interactions between 

fragments of proteins and nucleic acids. These, together with  atomic level structural details of protein–

DNA  complexes (3478 available at NBD and PDB) using X-ray crystallography, NMR, Electron Microscopy 

and molecular modeling has provided basis for understanding process of transcription, polymerization, 

binding to histone proteins to DNA and cleavage by specific nucleases.  

Objectives 

Objective of the present module is to introduce the reader to: 

a) Basic concepts in DNA protein interactions, 
b) Protein binding to nucleotides, 
c) Non selective binding of histone proteins with DNA, 
d) Recognition of DNA base sequence by helix-turn-helix motifs, 
e) Recognition of DNA base sequence by zinc fingers, 
f) Binding of leucine zippers, b/Zip and b/HLH  to DNA, and 
g) Binding of proteins to single stranded DNA. 

30.1 Basic concepts in DNA protein interactions 

DNA binding proteins have DNA binding domains and special affinity to single or double stranded DNA 
(protein-DNA interactions). The DNA base pairs GC, AT, CG and TA have a characteristics electron donor 
acceptor pattern in major and minor grooves (figure 24.5b in module 24).The positively charged side 
chains of Arg (R),Lys (K), His (H)can H-bond with the electron acceptors in the grooves, while negatively 
charged side chains of Asp (D) and Glu(E) can interact with H-bond donors. The polar neutral amino 
acids Ser(S), Thr (T), Asn(N) and Gln(Q) can have more than one hydrogen bond depending on their 
orientation while, Cys (C), Selenocysteine SeH (U), Gly(G) and Pro(P) can offer recognition through some 
special motives as ‘zinc fingers’. Hydrophobic short and long amino acids: Ala(A), Val(V), Leu(L), Ile(I) and 
Met(M) participate in hydrophobic interactions, while aromatic residues Tyr(Y),Trp(W) and Phe(F) can 
have stacking interactions with DNA bases. The sugar-phosphate backbone can participate in both 
electrostatic and stacking interactions. Latter leads to structural modifications in DNA. In every DNA-
protein complex one observes number of direct and/or mediated through water and ions, contacts 
amongst DNA backbone and proteins which are crucial for recognition.  

Size wise helix is most suitable for interactions in the major groove of DNA. Anti-parallel H-bonded  

ribon can fit snugly in minor groove with one strand can recognizing DNA base sequence similar to non-

http://ndbserver.rutgers.edu/service/ndb/atlas/gallery/dna
http://www.rcsb.org/
https://en.wikipedia.org/wiki/DNA-binding_protein
https://en.wikipedia.org/wiki/Protein%E2%80%93DNA_interaction
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intercalating drugs (Gursky model by Gursky et al 1975). For double stranded DNA, aromatic amino acids 

exhibit specificity. There is only partial insertion, which causes bending of double stranded DNA. Tm 

decreases because of energetically unfavored kinking, which increases base separation leading to 

distortion in DNA structure. It has been observed that binding of: Tryptophan> Tyrosine   > Phenylalanie.   

This is due to interaction of charged end groups and stacking.  

 A three dimensional structure based analysis of DNA-protein interactions has been reported by 
Luscombe et al (2001) on the basis of 129 DNA-protein complexes. The authors studied H-bonding, van 
der Waal’s contacts and water mediated bonds. Two third of interactions were due to van der Waal’s 
contacts, one sixth each due to H-bonds and water mediated interactions. Latter are usually nonspecific 
acting as space fillers at the DNA protein surface. Majority of interactions follow general principles 
applicable to all protein-DNA complexes, with few exceptions. 

 

Figure 30.1 Schematic diagram of bidentate interaction. 
Figure from Luscombe et al (2001). 

 

Figure 30.2 Spinach ferridoxin with 2-phosphate-5'AMP 

 

We show in figure 30.1 bidentate interactions: (A-D) Arg-G, (E)-Lys-G, (F),Asn-A, (G) Asn-A,(H)Gln- G, (I,J 

and K) Arg with AT base pair, (0- Lys with G-C base pair and  (M) Thr-A-T base pair. Arrows are pointing 

from donor to acceptor. The number of examples is given in bracket (figure from Luscombe et al (2001)).  

30.2 Protein binding to nucleotides  

A number of proteins interact with nucleotide coenzyme NAD+ and NADP and recognize a specific 

nucleotide. Nucleotide binding domain of these proteins is built up by six stranded parallel sheets and 

four connecting helices in a pseudo-two fold symmetry. Comparison between NAD+ dependent 

hydrogenase holoenzymes inspired Rossmann and his collogues to propose evolutionary conservation of 

http://nar.oxfordjournals.org/content/29/13/2860.short
http://nar.oxfordjournals.org/content/29/13/2860.short
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at least central, four stranded  –sheet and associated helical sequences. NAD+ is bound near two fold 

axis such that each binding unit  binds to one nucleotide unit.   We show in figure 30.2 structure 

of Spinach ferridoxin reductase and 2-phosphate-5’AMP by Bruns and Karplus 1995)  

 30.3 Nonselective binding of histone proteins with DNA  

Number of structural proteins binds DNA in a non-specific way. Typical example is of histone octamer 
in nucleozome structure seen earlier. In this two copies each of histones H2A, H2B, H3 and H4 form a 
disc like structure. Histone H1 acts as a linker. About 140 base pairs double stranded DNA wraps 
around it in left handed 1.67 super helical turn (figure 30.3).  Linker histone H1 binds to about 80 
base pairs and sits at the base, forming ‘beaded structure’ observed in electron microscopic 
photographs. The average diameter of the nucleozome is about 110 Å. The structure was first 
proposed by electron microscopy image reconstruction by (Kornberg 1974) and was solved later by X-
ray crystallography by Harp et al (2002)(PDB ID 1EQZ).  The basic amino proteins interact with DNA 
sugar phosphate backbone through electrostatic interaction. There are over 120 contacts spread 

unevenly at discrete sites between helices 2 between two adjacent histones and loops L1/L2. 
Salt links and hydrogen bonding between protein side chains (basic and hydroxyl groups) and main 
chain amides with DNA backbone phosphates, form the bulk of interactions with DNA. Latter is 
important; given ubiquitous distribution of nucleosome along the genome.There are several water 
mediated interactions with sugars and contacts between Arg side chains in the minor groove of DNA. 

As a general rule, histone proteins do not have any preference for a specific base sequence.  

 
 

 
 

 
Figure 30.3DNA wrapped around histone proteins. Basic amino 
proteins bind to negatively charged phosphate groups. Figure from 
wiki DNA binding proteins 

 
Figure 30.4Genetic switch in 

temperate  phages(figure by David 
Marcey 2001 

 

30.4 Recognition of DNA base sequence by helix-turn-helix motifs 

Proteins that regulate transcription of DNA recognize specific base sequence through discrete binding 
domains of less than 100 amino acids. Many prokaryotic regulatory proteins contain helix-turn helix 
motifs that recognize and bind specific region (operator) of the genome. One of the classic examples 
is of Cro protein. Repressor and Cro protein operate as a prokaryotic genetic switch (figure 30.4). 

https://en.wikipedia.org/wiki/DNA-binding_protein
http://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/cro/frames/crotxt.htm
http://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/cro/frames/crotxt.htm
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Three related species of temperate bacteriophages:  lamda (and P22 have been studied. A 
relatively small region of phage genome contains all the genetic components of on-off switch. There 
are two structural genes: repressor and Cro. The Cro repressor acts to turn off early transcription 
during lytic cycle and lamda () or CI repressor is necessary for lysogenic growth. We show in figure 

30.4 genetic switch in temperate bacteriophage , 434 and P22 (figure from David Marcey 2001). The 
repressor binds to OR1 and OR2 thereby turning off the synthesis of Cro, because repressor acts for 
its own synthesis by facilitating binding of RNA polymerase to its own gene. In contrast when Cro 
binds to OR3 it blocks binding of RNA polymerase to repressor promoter.  Transcription of phase gene 
to the right can only occur. Thus repressor establishes the lysogenic state and synthesis of more 
repressor. Cro acts only as a purely as repressor. For lysogen to switch over to production of phage 
paricles, the repressor must be released from OR1. This is done by ultraviolet light which activates 
Rec A protein that cleaves the repressor molecule in two halves which no longer can form a stable 

dimer. 

 
Table 30.1  

Recognition of OR3 by Cro protein 

The nucleotide sequence in three regions: OR1, OR2 and OR3 (table-30.1) are quite similar but not 
identical. The sequence is partially palindromic, especially in their ends. The two halves of each 
binding site are related approximately by a twofold symmetry axis. Both Cro and repressor proteins 

are dimers.  

 
 Figure 30.5 Helix-turn-helix motif Figure from 
Molecular Biology of cell, Garland 2008  

 

 
 

Figure 3.6 The three   strands from each subunits in  cro 

making six stranded   sheet. Dimerization region is colored.  

The palindromic parts of OR1, OR2 and OR3 provide two almost identical recognition sites. The first 
detailed X-ray structure was reported by Mathews et al at Eugene(Oregon) who determined 

structure of Cro protein from phage at 2.8 Å resolution. Each subunit is of 66 amino acids. It folds 

http://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/cro/frames/crotxt.htm
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into three  helices and three antiparallel  sheets. The structure belongs to the class of  

proteins.  The helices 2 and 3 (residues 15-36) form a unique helix-turn-helix motif (figure 30.5). 
Dimerization of the protein depends primarily on  strand 3 from both monomers. These strands at 

the carboxylic end are aligned in anti-parallel fashion (figure 30.6). 

The structure of operator binding domain of  repressor was determined by Pabo and Lewis 1981. It 
had DNA binding motif helix-turn-helix. The same was seen in CAP (catabolic gene activator protein) 
and many eukaryotic transcription factors. The orientation of two helices was found to be crucial. The 

conformation of the loop region was very similar in these three cases.  

Model building of Cro-DNA interaction 

Since co-crystallization of protein-DNA complex was a difficult, many scientists attempted model 
building to understand specific interactions. Brian Matthews proposed that two recognition helices of 

Cro dimer can fit in major groove (figure 30.7a ). A schematic space filling model of  Cro dimer with 

DNA was presented by Ohlendorf et al (1983)(figure 30.7b). In these model amino acids from 3 
made contact with the edge of base pairs in major groove. The recognition helix made contact with 
half of the palidromic sequence. The second could bind to second palindromic sequence. The 
recognition of Cro protein was because of: helix-turn-helix motif, specific amino acids in recognition 
helix, subunit interaction that provided correct distance and relative orientation. The model was in 

agreement with genetic study. Breamer and Pabo (1991) obtained structure of repressor with 

cognate DNA sequence (figure 30.8)(PDB ID 1LMB).  

 

 
Figure 30.7a Structure of  Cro PDB ID 
5CRO  

 

 
Figure 30.7b Schematic space 

filling model of  Cro dimer 
with DNA by Ohlendorf 1983. 

Figure from Branden and 
Tooze 1999  

 
Figure 1Figure 30.8 Operator binding  
domain Lamda repressor (Breamer and 

Pabo 1991). Figure with DNA 1LMB from 
wiki 

The structure supported helix-turn-helix binding model described above. The two recognizing helices 

could fit in two adjacent major grooves of DNA. 

X-ray structure of 434 Cro and 434 repressor DNA binding domains 
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General features of model for DNA binding were confirmed experimentally in 1987 when Harrison’s 
group at Harvard University determined structure of complex of palindromic synthetic 14 base pair 
DNA (table-30.2) with N-terminal 69 amino acid 434 repressor at 3.2 Å resolution. This along with 
genetic modification studies showed that the recognition of different operator regions depends more 
on other factors than amino acid sequence in recognition helix. The fine tuning and complexity of 
DNA regulation was established by their group. The three 14 base pair regions that 434 repressor 
recognizes on the right hand side of operator (table-30.2) are not are not perfectly palindromic while 
those on left hand are close to it. The synthetic DNA sequence used by the authors was closest to  the 

sequence (OL2) with only one difference of inversion of A-T by T-A. 

The 434 Cro has 71 amino acids and 48% sequence identity with 69 residues from N-terminal binding 
region of 434 repressor. The main difference in the two proteins lies in two extra amino acids in Cro, 
which are not involved in binding. The structures of Cro and repressor were similar. The structure 

contains clusters of four  helices with helix 2 and 3 forming helix-turn- helix motif. These motifs are 
at the end of the dimer and contribute to DNA-protein interaction. Protein- protein interaction at the 
C-terminal end holds the two subunits together. Both Cro and repressor are monomeric in solution 

but form dimers when these are bound to DNA.  

 
Table 30.2 

 

 
Figure 30.9a 
regular DNA 

 
Figure 20.9b 
Protein induced 
structural 
change in DNA 

 
Figure 30.10a Distortion in OR1 due to 434 repressor, b. Distortion in OR1 by  
434 Cro, c 3Distortion in OR3 by 434 repressor. Figure adopted from Branden 

and Tooze 1999 
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The proteins impose precise distortion in DNA structure (figure 30.9a and b). DNA is in B-form and 
over wound in centre and under wound at the end. The distortion narrows minor groove at the 
center and widens major groove at the end. The distortions are observed in many more complexes of 
DNA with repressor and Cro. It is reasonable to believe that these result from protein-DNA 

interactions. 

Sequence-specific protein-DNA interaction 

This has been studied in number of cases. The distortions are not identical in different complexes but 
similar in both halves. Since the protein is bound in two consecutive major grooves, the minor groove 
faces the protein. To sum up, binding of repressor and Cro induce different shapes of distortion in the 
binding region. In case of repressor, two distortions induced by protein are similar in OR1, while in 
case of Cro these are similar to each other but different than repressor. In case of binding of 
repressor to OR3 the two distortions are different and hence it does not bind as tightly, while Cro 
binding to OR3 is stronger (figure 30.10 a, b and c) (Note: both figures 30.9 and 30.10 are adopted 
from Harrison’s work). 

There are no interactions between protein and DNA in the middle region. Residues of the recognition 

 helix project in the major grooves and interact with the floor of groove. Gln 28 forms two hydrogen 
bonds with N6 and N7 of base pair 1 (T14’-A1). Gln29 forms two H-bonds with O6 of (G13’-C2) at 
base pair 2. At base pair 3 (T12’-A3) no H-bonds are formed and all direct contacts are hydrophobic. 

Methyl group of Thr 27 and Gln 29 form hydrophobic pocket to receive methyl group of T12’.  

The first six bases in all six opeterator regions (table 30.2) are identical in bacteriophage 434. This 
means Gln 28 and Gln29 interactions with first three residues cannot contribute to specificity. These 
provide general recognition to operator. The role of Gln29 is important as it interacts with base pairs 
2 and 3 with two H-bonds with C-G at position 2 and hydrophobic pocket formed by hydrophobic part 
of its side chain together with Thr 27. The general recognition function is crucial as if these Glns are 

replaced by other amino acids, the mutant phage is no longer viable. 

30.5 Recognition of DNA by eukaryotic transcription factors 

The transcription regulation in eukaryotes is a very complex phenomenon. The genes that code 
messenger RNA are transcribed by RNA polymerase II. The process is controlled by set of regulatory 
elements. We shall focus our attention on specific transcription factors as: zinc fingers, leucine 

zippers, basic region leucine zippers (b/Zip) and basic region helix- loop-helix-(b/HLH) motifs. 

Classic Zinc fingers 

The classic zinc finger was described in the laboratory of Aaron Klug at MRC biology in Cambridge UK 
(1985) from the amino acid sequence of transcription factor  TFIIIA from Xenopus laevis that controls 

transcription of ribosomal 5S RNA.  

The amino acid sequence of 344 residues of polypeptide chain of TFIII A contains nine repeats of 30 
residues each. The sequence is characterized by two Cys at amino end and two His at carboxyl end. 
The protein contains intrinsic zinc ion. Aaron Klug proposed that two Cys and two His serve as ligands 
to Zinc atom and makes a finger like structure (figure 30.11). The loops between these residues serve 

as DNA binding region. 

https://en.wikipedia.org/wiki/Zinc_finger
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The linker region between the last Cys and first His is 12 residues. The classic zinc finger is a motif 
that is repeated in tandem to recognize DNA sequence of different lengths with each finger 
interacting with a specific base sequence. Other zinc fingers bind as monomers to discrete sites or as 
dimers to palindromic site. The strength in binding can vary depending on the sequence of both 

protein and DNA, and the length of spacer between the fingers. This gives a high level of recognition. 

Classic zinc finger is an independent folding unit. It is also called as a ‘mini globular’ protein. The 

structure of synthetic peptide from xenopus laevis by Lee et al (1989) shows that residues 1-10 form an 

anti-parallel hairpin motif, with Cys 3 in first  strand and Cys 6 in the tight turn between first and 

second  strand. The hairpin is followed by a helix from residues 12-24.  The helix is distorted between 

His19 and His23 to form 310 helix. The zinc atom is buried in the interior but necessary for maintaining 

structure (Pabo et al 2001). 

Nicola Pavletich and Carl Pabo at Johns Hopkins University, Baltimore in 1991 determined the structure 

of Zif 268 a mouse protein with ten base pairs of DNA with sequence corresponding to consensus 

sequence from Zif 268 binding site(figure 30.12). 

 
Figure 30.11 Zinc finger motif of  chemically synthesized 25 
residue peptide with sequence of Xenopus laevis from Lee et 
al 1989. Figure from Wiki Zinc finger.  

Figure 30.12 Zif268 with DNA. Figure from Thomos 
Splettstosser  

 

The 90 residue peptide fragment consisted of three zinc fingers. The structure was similar to Zif 

structure proposed earlier. 

The 12 residues between second Cys and first His belonging to sheet, loop and  helix form main 
interaction area with DNA. The interactions are both specific and nonspecific. In Zif 268 five 
polypeptide chains bind to DNA. Arg 46 which is the last residue of loop and precedes helix, has two 
H-bonds with guanine base pair 7. His 49 which is the third residue in the helix forms H-bond with 
guanine of base pair 6. Base pairs 4,5, 6 phosphate groups interact non-specifically with the side 
chains of His 53, Arg 42  and Ser 45. His 53 has a role to stabilize the zinc finger through interaction of 
imidazole nitrogen and participate in H-bonding. The same general feature is found with other classic 

zinc finger proteins GLI and TTK. 

https://en.wikipedia.org/wiki/Zinc_finger
https://en.wikipedia.org/wiki/Zinc_finger
https://commons.wikimedia.org/wiki/File:Zinc_finger_DNA_complex.png
https://commons.wikimedia.org/wiki/File:Zinc_finger_DNA_complex.png
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Zinc containing motif of glucocorticod receptor 

The glucocorticoid receptor belongs to the family of transcription factors that include thyroid 
hormone receptor, retinoic acid receptor, vitamin D3 receptor and different steroid hormone 
receptors. Protein fragments produced from recombinant DNA technology have sequence specific 
binding to glucocorticoid responsive element. These protein fragments contain two zinc atoms. The 
amino acid sequence in the glucocorticoid receptor shows that each zinc atom is connected to four 
Cys residues. The 3 D structure by Hard et al (1993) shows that the two zinc binding domains are not 
separated in discrete units, but is interwoven into a single globular unit. In each of these two motifs 

the second pair of Cys initiates an ampipathic helix. The hydrophobic core of the two  helices 
packs against each other to form a compact core with hydrophobic interior (figure 30.13). The two 
zinc atoms and the protein region in between zinc ligands form protrusions from the globular core. 

Their 3D structures are quite different from classic zinc fingers.  

 
 

 
 
 

Figure 30.13 Schematic representation of amino acid sequence in zinc 
finger region in glucocorticoid receptor.  

 
Figure 30.14 (right) Structure of  glucocorticoid receptor with DNA 
(PDB ID 1GLU) by Luisi et al 1993. 

 
 

The structure of DNA binding domain of glucocorticoid receptor bound to cognate DNA fragment by 
Sigler’s group (Luici et al 1993, PDB ID 1GLU) is shown in figure 30.14. Glucocorticoid response 
element (GRE) comprises of two palindromic half sites separated by a three base pairs spacer region 
with a sequence 5’ (A-G-A-A-C-A-N-N-N-T-G-T-T-C-T)2-3’.The spacer region sequence is unimportant 
but it is important for proper binding. The DNA binding domains of the receptor are monomers in 
solution but dimerize upon binding. The dimerization is crucial for binding to GRE. If the three residue 
spacer is replaced by a four, the receptor binds only as a monomer displacing the second monomer. 
Binding to DNA initiates substantial conformational changes in the dimer interface. Most of the inter 
domain contacts are made between first two cysteine zinc ligands of the second zinc finger. The 
specific base interactions are provided by a helix of first zinc motif.  The second helix has number of 
nonspecific contacts. Lys 461, Val 462 and Arg 466 make specific contacts with edge of the bases in 

major groove. 
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Leucine Zippers 

Lucine zipper was first discovered in GCN4, mammalian transcription factor C/EBP and three 

oncogene factors (figure 30.15). When the sequence of these motifs is plotted on helical wheel of  
helix, the leucine residues all lie on one side of the wheel. Almost in all motifs every fourth residue is 

leucine. The peptide dimerizes to form two parallel coiled coil  helical repeats of 3.5 residues. The 
hydrophobic residues interact forming a hydrophobic core. Leucine zippers can form homodimers or 
heterodimers. The X-ray diffraction structure of Fos-Jun heterodimer bound to DNA by Stephen 

Harrison (1994) confirmed formation of salt bridge.  

Basic region of leucine zipper (b/Zip) 

The yeast protein GCN4 is a typical member of basic leucine zipper (b/Zip) transcription factors. There 
are 50 more members from yeast, mammalian and plant cells. Monomeric GCN4 with 281 amino 
acids binds specifically to promoter region of 30 genes. Dimerization and DNA binding properties 
reside in C terminal region. GCN4 is devided into basic region of about 20 amino acids followed by C-
terminal of leucine zipper. The basic region contains eight charged residues as arginine involved in 
DNA binding. These are disordered when protein is in solution. Binding is both specific and 

nonspecific (figure 30.16). 

 
Figure 30.15Lucine zipper by Schnell et al 2005, PDB 
ID 1ZXA 
 

 
Figure 30.16Leucine zipper with DNA. Figure from wiki  
commons  

Helix-loop-helix (HLH) 

The formation of four helix bundle is another way of dimerization seen in helix-loop-helix family of 
transcription factors. HLH is preceded by basic amino acids that provide DNA binding site. Hence 
these proteins are also called b/HLH transcription factors. These have substantial amino acid identity 
and bind to consensus sequence 5’-CANNTG-3’. The myogenic proteins (MyoD) (structure by Ma et al 
1994 PDB id 1MDY) are an important class of b/HLH transcription factors. Latter are crucially involved 

in development of muscle cells. 

30.6 Single stranded binding proteins 

Single stranded DNA binding proteins (SSB) have been identified both in viruses and organisms from 
bacteria to human. Many phage and viral SSB function as monomers. The best characterized is E. Coli 
which functions as a tetramer. These prevent premature annealing of two DNA strands. In herpes 

https://commons.wikimedia.org/wiki/File:Leucine_zipper.png
https://commons.wikimedia.org/wiki/File:Leucine_zipper.png
https://en.wikipedia.org/wiki/Single-stranded_binding_protein
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simplex virus HSB-I the single stranded DNA binding protein 1CP8, the head consists of eight  

helices. The front side of the neck consists of five stranded  sheet and twohelices, whereas the 
back is three stranded  sheet. The shoulder part of N-terminal domain consists of  helical and  
sheet region. The Herpes simplex virus is a single stranded DNA (ssDNA), and binding protein (SSB) is 
nuclear protein that along with other replication proteins is required for viral DNA replication during 

lytic infection. Residues 368-902 of ICP8 constitute ssDNA binding domain 

Summary 

We have described here: basic concepts behind DNA protein interactions, binding of proteins with 
nucleotides and nonspecific binding of proteins with DNA. We have elaborated on recognition of DNA 
base sequence by prokaryotic transcription factors with helix-turn-helix motifs. We have discussed 
recognition of DNA base sequence by eukaryotic transcription factors with zinc finger motifs. We 
have introduced the reader to special DNA binding motifs as: leucine  zippers, b/Zip and b/HLH. Lastly 
we have introduced important topic of binding and recognition of single stranded binding proteins 

(SSB) to single stranded DNA (ssDNA). 



 

1 
 

Course: PGPathshala-Biophysics 

Paper 4: Biomolecules and Their Interactions  

Module 29: Structures of protein-ligand complexes  

 

Introduction 

In biological system all the fundamental cellular process is mediated array of biological signals. The 

biological signals are mediated by ligands. These ligands can be small molecule, ion, carbohydrate, 

amino acid etc. How do we define ligand? A simple way to define ligand, a molecule which can 

trigger conformational change in protein or molecule bind to protein receptor lead to array of 

biological signals. In module 25 and module 27, you might be introduced to small molecules and 

ligands interactions with protein. In this module, we will see examples of different structure ligand 

complexes and their mode of interactions, how the ligand complexes help to understand mechanism or 

functions of proteins. 

Importance of structure ligand complexes 

Majority of the biological functions are predominately depends on physical interactions of 

macromolecules with the small molecules and ligands. These interactions are mediated sometimes by 

complex array of intermolecular interactions depending upon binding site of the macromolecules and 

also depend upon the interacting ligands (Figure 1). To understand these interactions we need to 

know atomic levels details of the ligand and protein. The knowledge of the structure of a protein or 

enzyme without bound ligands is not significant enough to gain complete knowledge about the 

complete function or mechanism of a protein. To gain complete insights of protein function, it is 

important to obtain binary or ternary structure complexes of the proteins. The key component in 

structure-based drug design is mapping of protein binding site will provide the important information 

required for optimization of the drugs identified.  

Some of the key features we obtain from protein ligand complexes are 

(i) The mode of binding of ligand, binding interactions like whether the ligand forms 

hydrogen bonds, hydrophobic interactions. 

(ii) Information about the available interacting groups and more importantly the solvent 

around the binding site or active site.  

(iii) The mechanism of enzyme activity or protein function.  

(iv) The flexibility of the protein binding sites and the conformational and structural 

rearrangements upon ligand binding. 

(v) The knowledge obtained from the structural complexes will help us in the next step of 

drug discovery to develop or optimize new compounds designed against drug targets. 

.Figure 1 
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Objectives: 

 

This module will give examples of protein ligand complexes and detailed knowledge gained from 

each complex like ligand protein interactions and the specificity of ligand like 

 Enzyme drug complex 

 Transporter - carbohydrate complex 

 ATP binding protein complex 

 Receptor - ligand, Receptor – Drug complex 

 Enzyme -  antibiotic complex and their resistant mechanism 

 

1. Protein drug complex: Phospholipase A2 complex with anti-inflammatory agent Aspirin  

Phospholipase A2 (PLA2) is an enzyme involved in the inflammatory pathway. It binds to the 

phospholipids and liberates free fatty acids like arachidonic acids etc leads to inflammation. The basic 

structure of the substrate (lipid) binding site of phospholipase A2 is completely hydrophobic in nature. 

The active site consists of three catalytically important amino acid residues His48, Asp49 and Tyr52 

along with calcium ion attack the SN2 position of phospholipids. Any inhibitor or ligand designed 

should block the active site residue or the hydrophobic channel to prevent the catalytic reaction or the 

binding of substrate. The crystal structure of the complex formed between phospholipase A2 and 

aspirin illustrates how the anti-inflammatory agent blocks the active site of the enzyme. The structure 

of the complex clearly shows that aspirin is literally embedded in the hydrophobic environment of 

PLA2. It is placed in the substrate binding channel by forming several important attractive 

interactions with the catalytic calcium ion and active site residues, His48 and Asp49. The structural 

details and binding data suggest that the inhibition of PLA2 by aspirin is of pharmacological 

significance and part of its anti-inflammatory effects may be due to its binding with PLA2 (Singh et 

al. 2005).  

 

Figure 2: A. Cartoon 

representation of 

Phospholipase A2 in 

complex with aspirin 

(PDB ID: 1OXR, 

catalytic and 

hydrophobic amino 

acid residues are 

shown in sticks.  

Figure 2: B. Surface 

representation of 

Phospholipase A2 

where aspirin is 

buried inside the hydrophobic cleft. 
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Figure: The anti-inflammatory drug inhibits PLA2 by forming interactions with catalytic 

residues H48, D49 and calcium ion. 

 

2.2 Transporter - carbohydrate complex 

 

Glucose is an essential fuel for all biological organisms from bacteria to humans. In human, there are 

about 14 types of essential glucose transporters called as GLUTs and they belong to SLC2 family. 

Each type of GLUT has specific function at a specific site in body. For example, GLUT1 is the 

principle glucose transporter in blood-tissue barrier and erythrocytes (Maher, Vannucci, and Simpson 

1994). First apo structure of glucose transporter GLUT1 (Deng et al. 2014) helped in understanding 

mutations effect leading to GLUT1 deficiency syndrome, type 2 diabetes mellitus and Alzheimer’s 

disease etc. (Santer et al. 1997; Mueckler 1994).  

 

 Structure complex GLUT3 glucose transporter with substrate D-glucose 

 

Specificity of sugar recognition by protein like transporters or sugar binding proteins various 

according to the binding site. From this GLUT3 glucose transporter complex we can understand how 

the transporter distinguishes different types of sugars like D-glucose and maltose. In the Figure 2A 

and 2B we see GLUT3 complex with D-glucose (Figure 2A and 2C) and maltose (Figure 2B and 

2D). The specificity is explained by the interactions with residues in the transmembrane region alpha 

helices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2A: GLUT3 – D-glucose complex Figure 2B: GLUT3 – maltose complex 
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The structure complex reveals that the glucose transporter GLUT3 can recognize both alpha-and –beta 

glucose. The amino acid residues Trp378 and Gln280 are the important to recognize these anomer 

sugars. The maltose sugar which consists of two units alpha-glucose hence GLUT3 can bind to this 

sugar but it blocks the movement of TM7b and TM10 as a result it acts as a inhibitor. From this 

complex we understand that aromatic residue and charge residue is required to recognize glucose 

sugar in GLUTs. To understand complete glucose transport mechanism it is advised to read the article 

published by (Deng et al. 2015).  

 

2.3 ATP binding protein complexes 

 

 Structure complex of ABC binding with ATP 

 

ATP-binding cassette (ABC) transporters associated with two nucleotide binding domains (NBDs) as 

a cytoplasmic portion and two transmembrane domains to translocate substrate or essential nutrients 

across the membrane. The nucleotide binding domain binds to ATP and the work as dimers and act as 

power house to the transporter (Figure 3A). The free energy released by hydrolysis of ATP to ADP 

and orthophosphate is utilize by the transporter to translocate nutrients. The NDB consists of a 

nucleotide binding core subdomain, and a helical subdomain with characteristic sequence motifs 

Walker A, Walker B, LSGGQ signature or C-motif along with P, D, Q and H structural loops (Figure 

3B). These characteristic sequence motifs are required for hydrolysis of ATP to ADP in presence Mg 

ion. The Adenosine triphosphate (ATP) binding pocket is formed by dipole formed by helix along 

with phosphate binding loop. The phosphate binding loop generally consists of residues G-G-K-S-T 

motif mostly conserved among ABC nucleotide binding domains. Binding of ATP induce 

dimerization of nucleotide binding domain upon hydrolysis the dimer disassociates (Chen et al. 2003). 

 

  

 

 

 

 

Figure 2C: GLUT3 – D-glucose interactions Figure 2D: GLUT3 – maltose interactions 
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 Structure complex of murE ligase with ADP 

 

ATP dependent mur ligase E is an essential enzyme for the synthesis of cell wall peptidoglycan in 

bacteria. It is one of the prime drug targets against bacterial pathogens. UDP-N acetylmuramyl-

pentapeptide is the product generated by the enzymes MurA to MurF. Most of the mur ligases are 

ATP dependent and the ATPase domain have the ATP binding structural motif dipole helix along 

with loop GXXGKT/S.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the murE ligase ADP complex, we see that ADP recognize similar motif as observed in ABC 

nucleotide binding domain. Hence, it is clear that ATP binding to these enzyme are depend on the 

structural motif and the energy for enzyme activity is based on the ATP hydrolysis (Favini-Stabile et 

al. 2013).. 

 

2.4 Receptor ligand and Receptor –ligand-drug complex 

 

 Structure complex of LeuT transporter homolog of human neurotransmitter 

transporters with substrate and drugs 

 

Signaling in neurons is controlled by serotonin receptors using chemical messengers like serotonin. 

The major function of serotonin receptor is to translocate the serotonin from the synaptic cleft back 

into the presynaptic terminal. Due to SLC6A4 polymorphism there is change in the rate of serotonin 

uptake lead to aggressive behavior of patients having Alzheimer disease and post-traumatic stress 

disorder. Hence, antidepressants are prescribed to these patients. These drugs are called as Selective 

serotonin reuptake inhibitors (SSRIs) as they bind directly to the serotonin transporter protein. But the 

problem with these drugs is that they also bind to other homologous receptors like norepinephrine and 

dopamine transporters. To learn how ligand or substrate and antidepressant bind to these 

neurotransmitters, complexes of antidepressant sertraline and fluoxetine with LeuT transporter, 

homolog of human presynaptic plasma membrane serotonin transporter will be discussed here. 
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The complexes discussed here are LeuT transporter in outward open conformation. The substrate leu 

is bound in deep cavity of the transporter (Figure 6A). The antidepressants are bound at the entry of 

the channel. In both drug complexes the halogen group (Figure 6D and Figure 6F) was found to be 

oriented towards the substrate binding cavity. 

 

Three essentials feature were observed in the complex structures.  

 

(i) The substrate binding site and drug binding site are different. 

(ii) The drugs inhibit the transporter by blocking the helical transition. 

(iii)  The specificity is based on the halogen binding in each drug molecule. Hence, the 

halogen is very important for drug affinity. 

 

 

 

 

 

Leu substrate complex Sertraline –Leu-complex 

Fluoxetine complex Sertraline complex 

Fluoxetine complex 

LeuT neurotrans mitter complexes in outward open conformation  

Figure 6 
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2.5 Enzyme antibiotic drug complex 

Type IIA topoisomerase (DNA gyrase) complex with Quinolone antibacterial agent. 

DNA gyrase is type II topoisomerase, functionally it forms hetero-tetramers A2B2 (Gyrase A and 

gyrase B). The primary function of DNA gyrase is to introduce negative supercoil during DNA 

replication process. Basically it cleave double strand DNA at one end and pass through other strand 

thereby introducing negative supercoil. Quinolone known antibiotic used as inhibitor against DNA 

gyrase. But the emergence of multidrug-resistant strains of bacteria the quinolones and their 

derivative are ineffective. The structure complex of DNA gyrase in complex with quinolone cleavage 

DNA complex reveals the mechanism of antibiotic resistance. In the complex it was observed that the 

quinolones stacks between DNA and arrest the cleavage complex (Laponogov et al. 2009). Further 

another complex of DNA gyrase with new broad-spectrum antibacterial agent GSK299423 showed 

new mode of inhibition by forming a bridge between DNA and a non-catalytic pocket of DNA gyrase 

A interface. The structural complex provided new insights into the mechanism of topoisomerase 

action and a platform for structure-based drug design of a new class of antibacterial agents (Bax et al. 

2010). 

 

Figure 7: Cartoon representation of DNA gyrase complex with fluoroquinolone and DNA complex. 

The quinolone is shown in spheres and the DNA in green cartoon. 

 

Figure 8: Cartoon representation of wild 

type DNA gyrase complex with 

fluoroquinolone. B Model of mutant D77G 

DNA gyrase complex shows how bacteria 

gain resistance  

The DNA gyrase complex provides vital 

knowledge about the antibiotics interactions 

with target. The complex reveals how 

bacterial pathogen gain resistance by site 

specific mutation result in loss of 

interaction of drug with gyrase (Kumar et al. 2015).  
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Lock and key hypothesis  

In 1894, Hermann Emil Louis Fischer proposed that the active site of the enzymes is like a lock into 

which the substrate fits like a key. The substrate of the enzyme is complements the enzyme’s active 

site. Hence, the substrate and an enzyme have specific geometric shapes that fit exactly into each 

other having a natural geometric called as the lock and key hypothesis.  

Induced fit Theory 

In 1959 Daniel Koshland, the active site does not have a rigid lock and key conformation. The 

substrate modifies the shape of the active site of the enzyme to fit into the cavity of the enzyme. The 

hypothesis says that the enzymes are flexible; the active site is constantly being reshaped by its 

interaction with the substrate 

Summary 

In this module you have learned that how complex structures help us to understand ligand or substrate 

binding to the protein receptors, enzymes or transporters. With the examples used for drug receptor 

complex or enzyme complex you have learned how drug can designed to bind to specific cavity or 

binding site. The complexes also tell us that there is always need to improve drug design to make 

more specific to particular target. The drug sertraline antidepressant is not only specific for serotonin 

receptor but also for other neurotransmitter receptor, but you have learned that halogen group is 

important for binding to the receptor. Keeping that in mind we can always design more specific drug 

for each receptor. But the lesson learnt here is that biochemically we can find drug interacting with 

target molecule but actual atomic detail will help us understand to improve specificity and avoid 

promiscuous drug. 



 

 

Paper 4. Biomolecules and their interactions 
Module 31. PROTEIN-PROTEIN INTERACTIONS with examples 

OBJECTIVES 

 To learn about how proteins interact with other proteins 

 Structures of protein complexes to understand the protein-protein interactions 

 
Introduction: 
There are several ways to study the protein – protein interactions that occur in 
cells during the process of signaling pathways, vesicle transport, transcription, 
translation, replication etc… Some of the interactions are very transient, while 
some of the interactions are very strong depending on the functional 
requirement. Different methods are used to study protein-protein interactions 
depending on their interaction strength. Example: Protein-protein complex 
structures are determined when generally the interactions are strong. If the 
interactions are week or transient, the complexes are not stable and can’t be co-
crystallized to study the structure. Some of the methods used to study the 
interactions in the cells as well biochemical methods used are listed below.  
Some of them can be used for very transient interactions as well. 
 
Biochemical approaches to study these interactions are: 

 Spectroscopic 
 Absorption 
 Fluorescence 
 Dynamic Light Scattering 

 Affinity 
 Column 
 Surface Plasmon Resonance 

 
 Ultra centrifugation 
 Two – hybrid system 

 
But all these methods only tell, if they can interact or not. Or how strongly they 
can interact. These methods fail to predict precise location or residues of 
interaction. Sometimes, if the interaction site has Trp / Tyr or any other 
fluorescent probe is tagged at specific site and that position is involved in 
binding, those sites can be determined. But by studying the structures of protein-
protein complexes one can clearly see the interaction site, structural changes 
upon interaction, crucial residues involved can be easily studied. 
 
If you look at the Protein Data Bank (PDB), which keeps the structural data of all 
the proteins, it has about 1,20,000 structures deposited.  The structures 
determined by X-ray crystallography, NMR and even by cryo-electron 
microscopy are being deposited here in PDB. Most of the protein structures 
deposited previous years were of individual proteins. But from last 10-20 years, 
there are many protein-protein complex structures are reported.  Depending on 
the number of structures of protein-protein complexes, they are classified 
broadly into four classes.  
 



 

 

 
1. Antigen – antibody complex 
2. Multimeric proteins / Oligomeric proteins 
3. Enzyme – inhibitor complexes 
4. Cellular signaling proteins 

 
Antigen- Antibody interactions:  
To conduct immune functions, antigen-antibody forms an important complex to 

protect the body. These complexes are formed in the blood or lymph stream. The 

antigen-antibody structures are too many in PDB and the interaction region between 

the antigen and antibody is short.  The antigen-binding site is made-up off light chain 

and heavy chain. The combination of light chain and heavy chain gives many 

possibilities in antigen binding region, so that antibody can recognize several 

antibodies. Residues of the antigen form specific stabilizing non-covalent interactions 

with the residues from the hyper variable loops of the antibody. These non-covalent 

interactions are combination of hydrophobic interactions, hydrogen bonds and salt 

bridges. The hyper variable loops evolve to increase the specificity with the antigen. 

These unique sets of interactions allow the Antibody to bind the antigen with high 

specificity. A single amino acid change in the antigen-binding region can result in 

recognition of a completely new antigen. Hence, with the entire sequence of the 

antibody being same in many antibody molecules, the hyper variable region alone can 

suffice for different antigen specificity, thereby showing importance of protein-

protein interactions. 

  

Multimeric proteins:  

At cellular level, multimeric protein complexes are required for many processes like 

replication; transcription, actin nucleation or many allosteric proteins are multi 

domain or multimeric proteins. In the cell, many enzymes function at various sites, 

thus for their regulation, protein inhibitors are also present to maintain their functional 

balance. Other cellular proteins also need to interact with many scaffold or 

intermediary proteins to perform the required function. Structures of many of these 

proteins are determined, which are multimeric in nature and their interaction 

interfaces can be examined to understand the protein-protein interactions. 

 
Few Examples: 
 
Phosphoglycerate dehydrogenase from E.histolytica forms stable dimers through 
protein-protein interactions. Fifth helix from both the monomers interacts as 
shown in the Figure 1. Critical residues are shown in the inset. In the middle of 
the protein-protein interface, hydrophobic interactions are dominant, clearly 
showing several Phe residues in the middle of the interface. At the periphery of 
the protein-protein interaction interface, there are lot of ionic interactions can be 
seen. About 10% of the total surface area is involved in dimeric interface. The 
dimer formation is essential for optimal enzyme activity.  



 

 

 

 

Calcium binding protein 1 from E.histolytica on the other hand forms trimers. Three 

monomers come together and form a triangular structure. Each protein is shown with 

two EF hand motifs, where EF hand motif of one-protein interacts with EF hand motif 

of another protein, like domain swapping manner. In this structure, there are three 

identical protein-protein interaction interfaces. The interaction interface consists of 

hydrophobic interactions, where Phe, Tyr, Leu, Val residues are involved; hydrogen 

bonds are formed between two domain through backbone interactions; salt bridge is 

also seen between Lys and Glu. In these interactions, hydrogen bonds and 

hydrophobic interactions are seen in the middle, while salt bridge is seen at the 

periphery of the protein-protein interaction interface. 

 

Enzyme - inhibitor complexes:  

Serine proteases and its complexes with inhibitors are best example to study the 

protein-protein interactions. Serine proteases can hydrolyze either esters or peptide 

bonds utilizing mechanisms of covalent catalysis and preferential binding of the 

transition state. Serine proteases play an important role in many processes, e.g. 

digestion of dietary protein, blood-clotting cascade, and in several pathways of 

differentiation and development. Proteases that work actively during digestion include 

Trypsin, Chymotrypsin and Elastase. It cleaves carboxyl end of lysine or arginine, 

except when followed by proline. The entire catalytic mechanism lies in the triad - 

histidine-57, aspartate-102, and serine-195. The surface charge distribution clearly 

shows charge difference in the active site binding cleft. Trypsin, which cleaves 

besides Arg /Lys has negative charged binding pocket with Asp, so that it can 

specifically bind to these sites. Structure of Trypsin and its complex with inhibitor 

BPTI (Bovine pancreatic trypsin inhibitor) is well studied (Figure 2).  

 

Figure 1. Phosphoglycerate dehydrogenase from E. histolytica (EhPGDH) forms 

stable dimers. In the inset, several phenyl-alanine residues can be seen in the 

middle of the protein-protein interaction interface. 

 

https://en.wikipedia.org/wiki/Histidine
https://en.wikipedia.org/wiki/Aspartate
https://en.wikipedia.org/wiki/Serine


 

 

  
 

 

BPTI (Bovine pancreatic trypsin inhibitor) binds to Trypsin as a substrate, as it has 

Lys at the interacting loop and immediately forms an acyl-enzyme intermediate with 

minimal structural changes in either of them. The BPTI binding loop and immediate 

acyl-enzyme complex formation clearly indicates it is like very good substrate. 

Several hydrogen bonds form between the backbone of both the proteins and  

leads to a tight binding and there is no gap between two proteins. 

 
 

Due to this firm binding, water molecules cannot access the active site and thus the 

hydrolysis cannot be completed (Figure 3). When BPTI is cleaved and acyl-

intermediate is in the close proximity reformation of the peptide bond becomes the 

favorable event. Moreover the rigidity of BPTI inhibits necessary atomic motions for 

water access.  
 

Cellular signaling proteins 
 

Cyclin-CDK complex:  

 

Cyclin and Cyclin dependent kinase (CDK) complex is best example of protein – 

protein interaction among the cellular signaling proteins. Cyclin dependent kinases 

are highly regulated enzymes that function as switches to regulate transition of cell 

from one phase to another. CDK’s are smallest known members of protein kinase 

family.  Various combinations of cyclin - CDK work in the cell cycle progression. 

Figure 2. The structure of trypsin (green)-BPTI complex. The loop of BPTI 
enters into the active site of Trypsin. In the zoomed figure, it can be seen 
clearly that Lys of BPTI enters the specificity pocket to interact with Asp of 
Trypsin. 

Figure 3. Space filled model of Trypsin and 
BPTI complex. The figure clearly illustrates 
that there is no gap between two proteins, 
and atomic motions are highly restricted 
thus water molecules can’t enter the active 
site. 



 

 

This requires coordinated protein interactions between the right combination of cyclin 

and CDK at right time.  

 

The CDKs are inactive by itself and a suitable cyclin is needed to bind to it. Once the 

clyclin binds to CDK, there are structural changes in CDK, thus changes into active 

conformation. The active complex (cyclin-CDK) auto-phosphorylates and also 

phosphorylates several target proteins, changing their function. For example, as 

shown in the slide, S-phase CDKs are synthesized in the beginning G1 phase. By the 

middle of G1-phase S-phase cyclin is expressed, which binds to CDS and starts 

phosphorylating several proteins, thus pushed the cell into S-phase of the cell cycle. 

Similarly specific CDK and cyclin are expressed in G2 phase to move the cell from 

G2 phase to M phase. 

 

 CDK structure can be divided in to two domains, a large alpha helical rich C-terminal 

domain and a small beta sheet rich N-terminal domain. These two domains are 

connected by a functionally important PSTAIRE-helix and a T-loop, which are 

involved in cyclin binding (Figure 4). Cyclin has only alpha helices in its structure. 

Cyclin can be divided into two domains, which are identical to each other. These two 

similar domains suggest gene duplication.  

 
 

The interface between alpha helical domain and beta-sheet domain, near T-loop and 

PSTAIRE helix, a hydrophobic patch is hidden from solvent. There is slight bend of 

beta-sheet domain, which covers the hydrophobic patch. Cyclin also has small 

hydrophobic patch on the surface. When cyclin binds to CDK, it exposes its 

hydrophobic region to interact with cyclin as shown in the slides. The beta-sheet 

domain becomes straight; the loop containing PSTAIRE helix is pushed inside, the 

small helix in T-loop changes to small beta-sheet. Thus, binding of cyclin remodels 

CDK structure. Interacting residues can be seen in the figures accompanying. 

Orientation of PSTAIRE helix changes on binding with cyclin, i.e. in active and 

inactive form. As shown in the figure, E51 residue position is altered in space. 

Moreover, the orientation of both the T-loop and PSTAIRE helix changes as shown. 

This change requires both the binding of cyclin as well as phosphorylation of 

activation loop at Thr. The Thr phosphorylation increases negative charge and three 

Arg residues nearby re-orient them to interact with phosphorylated Thr, which 

stabilize the active conformation. These changes open up active site cleft for the 

T-LOOP 

PSTAIRE-

helix 

C 

N 

Figure 4. Structure of cyclin 
dependent kinase (CDK). The 
helix rich C-terminal domain 
and small beta-sheet rich N-
terminal domain can be seen. 
These two domains are 
connected by two flexible 
structures (PSTAIRE helix and 
T-loop). 



 

 

substrate binding. Changes in active site can be seen clearly through a space-filling 

model (Figure 5), which shows the available site for phosphorylation only after 

conformation change. 

 

 

 

Calmodulin binding to its target proteins:  

Highly regulated changes in the concentration of cytosolic calcium ions control many 

biological processes as diverse as muscle contraction, fertilization, cell proliferation, 

vesicular fusion, and apoptosis. Many of these cellular the small calcium binding 

protein modulates signaling effects; calmodulin (CaM). Calmodulin is 15kDa small 

cellular protein with four EF hand motifs. It is a dumbbell shaped structure, which can 

be divided into two domains (Figure 6). Each domain has two EF hand motifs. Each 

EF hand motif binds to a calcium ion. Calmodulin is highly conserved in the 

evolution; it is almost same in all vertebrates. Calmodulin binds to diverse group of 

targets both in calcium dependent manner and calcium independent manner. The 

calcium dependent binding targets can be classified in to several groups. The most 

common form is canonical binding pattern, where one calmodulin binds to one target. 

On the basis of target sequences and binding pattern, they are divided in to four 

groups, 1-10, 1-14, 1-16 and IQ motif. The 1-10 motif refers to a group of sequences 

where the key bulky residues are spaced 8 residues apart or 1st and 10th residues are 

hydrophobic (FILVW; mostly large residues) and rest eight amino acids could be any 

residue. The sequence pattern is similar to 1-14 and 1-16 motifs, where the numbered 

residues are hydrophobic residues. Many of these motifs can be subdivided according 

to existence of further hydrophobic residues and positively charged residues. IQ 

motifs generally start with residues Ile and Gln and they have general sequence 

pattern of (FILV)Qxxx(RK)Gxxx(RK)xx(FILVWY). In all these motifs, one domain 

of calmodulin binds to one hydrophobic residues and another domain binds to another 

hydrophobic residue. The central helix of calmodulin melts and calmodulin wraps the 

target motif. After binding to the calmodulin, the target-binding region or motif 

becomes stable helix (Figure 6). The calmodulin can only bind to these kinds of 

targets, when calcium is bound to it. When the calcium is bound to two EF hand 

motifs, the two helices of each motif become perpendicular to each other and 

Figure 5. A) CDK in inactive conformation B) CDK in active conformation 
(only CDK is shown in the figure, cyclin is removed for the clarity) 



 

 

hydrophobic hole in-between the helices is become accessible. These hydrophobic 

cores bind to target hydrophobic residues. 

 

 

Figure 6. The calcium bound calmodulin structure and when it bound to target region 

are shown in the figure. 

 

 

The important aspects of protein-protein interactions include the surface accessible 

area, where there can be interactions between two proteins, Shape complementarity to 

fit into the interacting pocket of each other. Other important point to consider is the 

presence of right interface residues; these include hydrophobic patches, hydrogen 

bonds and salt bridges. Primarily non- covalent interactions mediate all-important 

bindings between two proteins.  

 

Summary 

 

 Protein-protein interactions can be studied by different biochemical methods, 

all these methods only suggest interactions between two or more proteins but 

they do not specifically suggest or identify interacting regions. 

 Today PDB has more than 1.2 lakh structures and there are many protein-

protein complex structures in them. 

 Protein-protein complex structures can be broadly classified into 4 different 

classes.  

 All these structures indicate, surface complementarity, interface residues plays 

major role in protein-protein interactions. 

 Generally, hydrophobic interactions are the central to the interactions 

supported by ionic and hydrogen bond interactions. 

 On the basis of this knowledge, if the structures are known, one could predict 

the interactions between two proteins and their interaction sites. 

 

 
 

 


