
 Chapter 5 Proteins: Primary Structure

Introduction:

Proteins, large polymers of amino acids, or polypeptides, perform a variety of functions:

Catalysts (Enzymes)

Regulatory (Insulin)

Structural (Bone = mineralized collagen)

Transport and storage (across membranes, through blood, etc.)

Energy transduction (Rhodopsin = light-absorbing membrane protein of rod cells

in retina)

It has been a long-standing goal in biochemistry to relate the structure of a protein to its

function.  Although a complete structural analysis of a protein is very complex, it begins with the

sequence of amino acid residues from N to C terminals.  This sequence defines the primary, or

covalent, structure of the protein.  Higher order structure involves the spatial relationship

between different parts of the polypeptide chain, and is determined by noncovalent interactions.  

For a protein with 100 residues, there are 20100 possible, i.e. 20 choices for position 1

times 20 choices for position 2 and so on.  Surprisingly, evolution has retained only a tiny

fraction of the total possible amount.  The vast majority of proteins contain between 100 1000

residues (Table 5-1).  

Some amino acid residues are more prevalent than others (Leu, Ala, Gly, Ser, Val, Glu

are the most abundant; Trp, Cys, Met and His are the rarest).

The way a polypeptide chain folds up to form a three dimensional structure defines the

higher order (concovalent) structure of a protein (secondary, tertiary).  We will see that many

proteins fold up in a roughly spherical, globular, shape that internalizes residues with

hydrophobic R groups, exposing only residues with hydropholic R groups to water.

Protein Purification

The difficulty in purifying a protein is exemplified by considering that a typical dry

weight of a desired protein may comprise < 0.1% of the mass of a tissue, but must be brought up

top >98$ purity.  Hemoglobin is easy, comprising about 1/3 the weight of red blood cells.

If a basic metabolic process is being studied, easily obtained microorganisms such as

E.coli or yeast are used, since basic metabolic pathways are common to all organisms.



Proteins are fragile and must be stabilized once isolated.  Proteins are sensitive to the

following factors:

pH.  Typcially,   pH values outside a narrow range may lead to denaturation.

Temperature.  Thermal stability varies.  Purification is normally carried out at

00C.

Make sure that no degradative enzymes are present (proteases and nucleases).

Adsorption: Some proteins are denatured by contact with air-water interface

(avoid bubbles and foaming), or with glass or plastic

 In order to prevent slow, long-term oxidation or microbial contamination,

samples should be stored under nitrogen or argon at -700C.

Purification requires identification which requires an assay.  Immunoassays use

antibodies, which are produced by the immune system in response to an antigen.

Examples: Radiaimmunoassay (RIA): the protein is indirectly detected by

measuring its competition with a radioactively labeled standard; ELISA (Figure 5-3).
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Separatory Techniques:  Separation (fractionation) techniques are based on differences in

solubility, charge etc.

Characteristic Procedure

Solubility Salting in/out

Charge Ion exchange chromatography

Electrophoresis

Polarity Hydrophobic interaction chromatography

Size Gel filtration, SDS-PAGE

Binding specifity Affinity chromatography

Solubility

Salting in: protein solubility increases initially by increasing salt concentration 

because additional ions shield protein charges, weakening attractive forces between individual

protein molecules, thereby allowing them to be hydrated, thus dissolved.  

Salting out: as salt concentration is increased further, there is a competition

between dissolved protein and salt for molecules of solvent.  This decreases the concentration of

the protein, and different proteins “salt out” at different salt concentrations.  When attempting to

separate by salting out, the pH is typically adjusted to the pI, which minimizes the solubility of

the protein.

Charge

Recall that chromatographic techniques involve subjecting a mixture of particles

to be separated to mobile and stationary phase, such as paper chromatography.  In this case, the

paper is the stationary phase and water (typically) is the mobile phase.  Those particles with a

greater affinity (solubility) for the mobile phase will move faster than those with a greater

affinity for the stationary, paper phase.  

Ion exchange: In anion exchange, the stationary phase bears positive charge, such

as DEAE cellulose

In a mixture of substances to be separated, anions will replace the counterions on the column 



CH2 C O

O
Matrix Na

(Cl-) and will thus will be retarded because of the attractive interactions with the positively

charged stationary phase.  Neutral and positively charged species will not be attracted to the

stationary phase and therefore will elute first.  

In cation exchange, a negatively charged group is bound to the matrix, such as

carboxy metyl groups (CM).

Cations replace the counterions (Na+) and  are retarded by attractive interactions with the

stationary phase.  The mobile phase is aqueous, typically a buffer or some other salt solution.

Note that proteins are polyelectrolytes whose net charge depends on pH.  At pH values above the

pI of a protein, the protein will bear a net negative charge and will bind to an anion exchange

column, whereas below the pI the same protein will bear a positive charge and will bind to a

cation exchange column.  Elution thus depends on pH (pI). (Figure 5-6).

Question: How do you think bound ions are eluted?



Hydrophobic Interaction Chromatography

The matrix is lightly substituted with octyl or phenyl groups.  If the protein to be

separated contains exposed hydrophbic groups, such as a membrane protein, they may interact

favorably with the hydrophobic octyl or phenyl groups on the stationary phase.  The eluant is

typically an aqueous buffer with decreasing [salt] because hydrophobic effects are augmented by

increased [salt], or with increasing [detergent], which disrupts hydrophobic interactions, or

changes in pH.

Gel filtration

In this technique, proteins (or other molecules) are separated on the basis of size

and shape (Figure 5-7).  The stationary phase (Sephadex) contains pores, the size of which are

determined by the extent of chemical cross-linking.  Those molecules smaller than the prescribed

exclusion limit enter the pores, while large molecules are excluded from the stationary phase.  A

somewhat counter-intuitive result is that smaller molecules are retained by the stationary phase

and elute last, whereas molecules larger than the exclusion limit are eluted first.  

Affinity chromatography

Many proteins function by specifically and noncovalently binding to a ligand. 

Affinity chromatography takes advantage of this property of proteins.  If the protein of interest is

known to bind to such a ligand, the ligand can be covalently bound to the column.  The protein

of interest will interact with the bound ligand and will thus be retarded by the stationary phase,

whereas other proteins will be eluted An example is that of concanavalin A, a member of a group

of carbohydrate-binding proteins called lectins.  Concanavalin makes up 2 3% of the protein of

the jack bean.  Glucose can be bound to the column to interact with concanavalin A (Figure 5-8).

Question: How can bound protein be eluted after separation is achieved?

Immunoaffinity chromatography is a type of affinity chromatography in which an antibody is

bound covalently to the matrix in order to purify a protein against which the antibody is raised.



Electrophoresis: In this technique ions are separated by subjecting them to an electric

field.  Under the influence of an external electric field, ions will migrate, or move, with a

velocity proportional to their overall charge density, size and shape.  Typically, electrophoresis

is carried out in a gel-like matrix to minimize diffusion, such as in polyacrylamide gel

electrophoresis (PAGE).  In  SDS PAGE, a detergent such as sodium dodecyl sulfate (SDS) is

added in order to denature the proteins, thus giving them a uniform, denatured, shape.  SDS

molecules also bind to the proteins, giving them a uniform net negative charge.  In this way,

proteins will acquire a uniform charge density and shape, so they will migrate towards the

positive electrode with a velocity that is proportional only to their size.  A relative mobility is

determined by dividing the distance of migration of the protein by the distance to the solvent



front, and this is found to be proportional to the log of the molecular weight.  This technique

supplants the more cumbersome ultracentrifugation as means of determining molecular weight

(Figure 5-10)

NOTE: A variation is capillary electrophoresis, in which very thin tubes are used (20 75 :M). 

This allows increased heat dissipation, which in turn allows the use of very high electric fields,

which reduces separation times to a few minutes, vs. hours.

Ultracentrifugation

Particles of different size and shape will migrate differently under the influence of

gravity; hence large particles settle faster that small.  Ultracentrifugation greatly speeds this

process.  When a sample is spun at high RPM in a rotor, it is subject to a centrifugal force

proportional to the angular velocity of the rotor and its distance from the center of the rotor (Fc =



mass x T2r, where the mass must be corrected for buoyancy.  It turns out that the rate of

migration is proportional to the so-called Svedburg coefficient, where 1 S = 10-13 seconds (S is

dependent upon mass and shape of the protein).

Different proteins have different values for S 

Before 1970, molecular weight determinations were made using an analytical

ultracentrifuge.

 Density gradients can be prepared with sucrose, in which a stable gradient is

produced (sucrose or CsCl), and samples move in bands, or zones (zonal

ultracentrifugation Figure 5-12).  When CsCl is used, the high gravitational

field forms a density gradient and samples form bands where there density equals

that of the buffer)

Protein Sequencing

First protein sequenced was BSA in 1953 by Frederick Sanger (of dideoxy DNA

sequencing fame)

Knowledge of primary structure is important because it facilitates understanding three

dimensional structure.  Also, sequence comparisons of proteins from different species reveal

evolutionary relationships and insights into protein function.  Finally, inherited diseases are often

related to protein malfunction (sickle-cell anemia, 

Preliminary Steps

End group analysis.  Not only does this establish the identity of the end (Nand C-

terminals residues), but it can also determine how many polypeptide chains there are in the

protein (there can be more than one).  There are chemical means for determining the identity of

N-terminal residues.  These typically involve reacting the N-terminal amino group with a

fluorescent tag, then hydrolyzing the protein and identifying the tagged amino acid.   C-terminal

residues are typically identified enzymatically (carboxypeptidase).  

Elimination of disulfide bonds ($-mercapoethanol). 

Amino acid composition can be determined following acid or base hydrolysis. 

Acid hydrolysis can degrade Ser, thr, tyr and trp, and can convert asn to asp, gln to glu; base

hydrolysis can degrade cys, ser, thr and arg.  Individual amino acids are derivatized with a

fluorescent tag for visualization and separated by HPLC.

Polypeptide Cleavage



Long polpeptides (> 100 or so) cannot be sequenced efficiently, hence the chains 

Must be cleaved, typically be a variety of digestive enzymes.  (Table 5-5)  

Note that CNBr cleaves on the C side of Met residues.

Individual fragments are then cleaved by Edman degration (Figure 5-15).  In the

Edman method N-terminal amino acids are derivitized by phenylisothiocyanate, a method which

not only tags the amino acid, but also releases it.  Note that this is a distinct advantage over N-

terminal analysis mentioned above, which requires complete hydrolysis of the protein in order to

identify the single tagged amino acid.  The Edman method leaves the rest of the polypeptide

intact, and the procedure has been automated, and sequence analysis on modern instruments can

typically be carried out on less than a microgram of protein, and up to 100 residues can be

identified.

The protein’s sequence is inferred by generating overlapping fragments (Figure 5-

20)

The positions of disulfide linkages can be determined by cleaving a protein with its disulfide

linkages intact.  After isolating a fragment with its disulfide intact, the disulfide is cleaved and

identified, thereby determining the identity of the cys residues involved in the disulfide linkages.

Example of sequence determination.  Problem 8.  Cleavage of a polypeptide by CNBr and

chymotrypsin yields fragments with the following amino acid sequences.  What is the sequence

of the intact polypeptide.



HN NHCHC NHCHC C O

OO

3
R Rnn-1

Peptide bond cleaved
Met for CNBR

Phe, Tyr, Trp for chymotrypsin

CNBr treatment Chymoptrypsin treatment

1.  Arg-Ala-Tyr-Gly-Asn 4.  Met-Arg-Ala-Tyr

2.  Leu-Phe-Met 5.  Asp-Met-Leu-Phe

3.  Asp-Met 6.  Gly-Asn

Solution: (there is more than one way to solve this puzzle).  First of all, you have to know that

CNBr is a chemical form of cleavage, whereas chymotrypsin is an enzyme.  CNBr cleaves very

specifically on the C-side of intermal Met residues, whereas chymotrypsin cleaves very

specifically on the C-side of amino acid residues with bulky, hydrophobic R groups, such as Phe,

Tyr and Trp.

Knowing this, you

would expect that the C-terminal residues for CNBr treatment should all terminate at the

carboxyl end with Met, whereas the chymotrypsin fragments should all terminate with either

Phe, Try or Tyr.  Note that all the CNBr fragments terminate with Met except fragment 1, and all

the chymotrypsin fragments terminate with Tyr, Phe, or Trp except fragment 6, so fragment 1

defines the sequence of the 5 residues at the C terminal.  This is a good place to start.  Summing

either the residues in the CNBr or chymotrypsin fragments, we get the total number of residues

(10).  We now know the identity of the last five, i.e., the sequence of CNBr fragment 1.  

                                         Arg    Ala    Tyr    Gl;y   Asn  

The sequence of the intact peptide must be sequences of the CNBr fragments in the order 2 3 1,

or 3 2 1.  



 Leu      Phe     Met      Asp     Met    Arg    Ala    Tyr    Gl;y   Asn   (2 3 1)

or

 Asp      Met     Leu    Phe      Met    Arg    Ala    Tyr    Gl;y   Asn   (3 2 1)

If the first possibility were correct, then we should find the dipeptide, Leu Phe   among the

chymotrpysin fragments.  Since we do not find this fragment, the second choice (3 2 1) must be

correct.

Note that in general, we must examine fragments produced by at least 2 different means,

so we can look for overlaps.  Otherwise, we have no way of knowing how to correctly order the

different fragments.

Protein Evolution

Protein and gene sequencing has resulted in thousands of known sequences, which has

been important in structure-function studies, as well as phylogenetic studies.

Cytochrome c story

This protein is found in nearly all eukaryotes, and functions in electron transport (cellular

respiration).  

Its present form evolved between 1.5 2 billion years ago (fairly small, very compact)

The sequences of over 100 cytochromes from species ranging from humans to yeast have

been determined and compared (Table 5-5).  

The 38 homologs shown in Table 5-5 have identical residues at 38 positions (23 identities

in the complete set of 100 forms).  

Cytochrome c is an evolutionary conservative protein (having undergone only modest

evolutionary changes).

Comparison of primary structures, in general, has shown:

Some residues are invariant

Some are conservatively substituted (Asp for Glu, Thr for Ser, etc).

Some are hypervariable (nonspecific)

Predictably, proteins with similar functions often have similar sequences, likely due to

their having evolved from a common ancestor.   Sometimes proteins with different functions also

have similar sequences.  This can be due to gene duplication, in which one chromosome acquired



both copies of the primordial gene.  In this case, one gene retains functionality, whereas the

second is free to evolve a new function through natural selection.  An example is myoglobin,

which facilitates oxygen diffusion through muscle tissue, and hemoglobin, which transports

oxygen from lungs to tissues in mammals.  Hemoglobin is a tetrameric protein, the individual

subunits of which are similar but not identical to the single polypeptide chain comprising

myoglobin.  Duplication of a primordial globin gene allowed one globin to evolve into

hemoglobin, the original version of which was likely monomeric.  As we’ll see in chapter 7,

modern hemoglobin functions much more efficiently as a multiple-subunit protein.  

Many proteins are mosaics of sequence motifs, or modules, as is illustrated in Figure 5-

26 for several proteins exhibiting repeating modular construction.

Homework: 2, 4, 14


