
CHAPTER 16 - BIOSYNTHESIS 

It is time for us to shift gears (just a little).  Up until now we've discussed how sugars 

such as glucose are metabolized in order to generate energy in terms of ATP.  This ATP can 

progress to carry out cellular energetic or biosynthetic functions.  The other compound generated 

catabolically from glucose has been NADH.  NADH is converted to ATP by oxidative 

phosphorylation.  What we will be looking at now are some biosynthetic pathways that parallel 

the degradative pathways that we have already encountered.  We looked at glycolysis, which is 

the catabolism of glucose to pyruvate; we will now look at gluconeogenesis, the formation of 

glucose from pyruvate.  We examined how cellular glycogen is broken down in times when the 

cell or organism needs energy; we will now look at the pathway that is used to synthesize 

glycogen.  We will also take a brief look at the synthesis of other polysaccharides. 

 

 GLUCONEOGENESIS 

Gluconeogenesis is defined as the synthesis of glucose from noncarbohydrate precursors. 

 As an organism, our cells need an energy source.  Most of our cells can use almost any organic 

compound to make energy; fatty acids, amino acids, almost anything is acceptable.  Our brain 

and erythrocytes use glucose for energy exclusively.  Erythrocytes don't have a citric acid cycle - 

they generate all of their energy from the glycolysis of glucose to lactate.  The brain requires a 

great deal of energy, and has only a minimal amount of glycogen available.  Glycogen, as has 

been previously mentioned, is a sugar storage mechanism.  It is made mostly in the liver; in a 

well fed person, we can have about 190 g of glycogen stored in our livers.  Our daily glucose 

requirement is about 160 g (or about 5.6 oz). 

Gluconeogenesis, as we will discuss it, involves the synthesis of glucose, either from 

lactate or oxaloacetate as starting points.  It requires the use of ATP; this makes sense, since we 

synthesized ATP in the catabolism of glucose, we should use ATP in the anabolism of glucose.  

Gluconeogenesis is not the reverse of glycolysis; the two form what is called a pseudocycle.  In a 

pseudocycle, glucose potentially has the ability to be metabolized to two lactate and then reform 

glucose.  This, of course, doesn't happen; if the organism needs glucose, the liver doesn't have to 

"break up to make up" - it just spits glucose back into the blood. 

Gluconeogenesis is not simple the reverse of glycolysis, but there are many steps in 

common between gluconeogenesis and glycolysis.  In general, those steps in glycolysis which 



are fully reversible are used both for glycolysis and gluconeogenesis.  Those steps in glycolysis 

which we termed irreversible (specifically those catalyzed by pyruvate kinase, phosphofructo-

kinase, and hexokinase) are not used in gluconeogenesis.  Different enzymes allow these steps to 

be bypassed in glucose synthesis.  I will now describe these replacement reactions and the 

enzymes which catalyze them. 

The first step to bypass is the pyruvate kinase reaction.  Pyruvate can be converted to 

oxaloacetate by the enzyme pyruvate carboxylase.  Pyruvate carboxylase adds a molecule of 

carbon dioxide to pyruvate, using energy derived from a high energy phosphate bond in ATP, to 

form oxaloacetate.  The carbon dioxide added is not assimilated as a gas, but as an "activated" 

carbon dioxide bound to a biotin cofactor on the pyruvate carboxylase.  The structure of biotin is 

shown here on the power point slide.   

The activated carbon dioxide is added to the biotin by the action of the same enzyme.  

The carbon dioxide source is simple bicarbonate ion.  Biotin is usually bound to its enzyme via a 

lysine side chain via an amide linkage. 

Pyruvate is the general starting material for gluconeogenesis, but other materials can be 

used.  Lactate enters gluconeogenesis by reversal of the lactate dehydrogenase reaction to form 

pyruvate.  The amino acid alanine can also act as a substrate for gluconeogenesis; it can be con-

verted to pyruvate in a single step.  Glycerol is generated from the breakdown of fat; it can be 

phosphorylated to form glycerol-3-phosphate and then oxidized to dihydroxyacetone phosphate. 

 Finally, propionate can be used to make sugar.  Propionyl-CoA is a breakdown product of 

several amino acids.  This can be carboxylated to form methylmalonyl-CoA and then isomerized 

to succinyl-CoA by methylmalonyl-CoA mutase. 

Pyruvate carboxylase is a mitochondrial enzyme.  Pyruvate is readily transported from 

the cytoplasm to the mitochondria; however, oxaloacetate is not able to be transported.  The 

oxaloacetate gets across the mitochondrial membrane in one of two different ways.  It could be 

converted to malate by the action of the enzyme malate dehydrogenase, and then the malate can 

be transported across the mitochondrial membrane.  Second, the oxaloacetate can be converted 

to aspartate by the action of the enzyme aspartate aminotransferase.  The aspartate can then be 

transported across the mitochondrial membrane. 

What happens when the aspartate and/or the malate gets into the cytoplasm?  Fortunately, 

there exist cytoplasmic versions of the same enzymes, which catalyzed the reconversion of the 



aspartate or malate back into oxaloacetate, followed by conversion to phospho(enol)pyruvate. 

Pyruvate carboxylase is allosterically activated by acetyl-CoA.  Acetyl-CoA in 

mitochondria is how pyruvate enters the citric acid cycle.  Acetyl-CoA accumulates only when 

the cell's energy supplies are full.  It makes sense therefore that gluconeogenesis would be 

activated when the cell is rich with energetic and biosynthetic resources. 

Oxaloacetate can be converted to phosphoenolpyruvate by the action of the enzyme 

phosphoenolpyruvate carboxykinase.  This enzyme requires GTP as a donor for a phosphoryl 

transfer reaction, with loss of CO2 from the oxaloacetate.   

So, in going from phosphoenolpyruvate to pyruvate, one ATP is gained.  In returning to 

phosphoenolpyruvate from pyruvate, the equivalent of 2 ATP must be consumed. 

Now, to go from phosphoenolpyruvate to fructose-1,6-bisphosphate, the same enzymes 

are used as were used in glycolysis.  All of these were reversible.  Their direction is controlled 

entirely by the concentrations of substrates and products. 

After reaching fructose 1,6-bisphosphate, this compound has to overcome the 

insurmountable barrier created by phosphofructokinase.  For the purposes of gluconeogenesis, 

fructose 1,6-bisphosphate is converted to fructose-6-phosphate by the enzyme fructose 1,6-

bisphosphatase (also called fructose bisphosphate phosphatase). 

The fructose 6-phosphate can then isomerize to glucose 6-phosphate.  Glucose 6-

phosphate is dephosphorylated by the action of the aforementioned enzyme glucose 6-

phosphatase: 

This leaves glucose, which can be transported out of the cells.  Brain and muscle cells do 

not contain any glucose-6-phosphatase; therefore glucose taken up by these cells is committed to 

live the rest of its life there. 

Let's review what we have done and describe the energetics of the pathway.  Pyruvate is 

converted to oxaloacetate with loss of 1 ATP, followed by conversion to phosphoenolpyruvate 

with loss of 1 GTP.  Reversing through glycolysis, 1 ATP is hydrolyzed in the formation of 1,3-

bisphosphoglycerate, and an NADH is used up in the glyceraldehyde 3-phosphate 

dehydrogenase reaction.  It takes two pyruvate to make a glucose, so multiply each of these 

losses by 2.  Therefore the net energy loss from gluconeogenesis is 4 ATP, 2 GTP, and 2 NADH. 

 The net change in standard free energy for this sequence is -9 kcal/mol of glucose. 

We've now described gluconeogenesis.  Let me fill in now the steps in glycolysis which 



we've bypassed in order to make sugar rather than degrade sugar.  The next topic I'd like to 

discuss is: how do our cells (and for this topic, I'm concentrating on our liver cells) know enough 

whether to make glucose or utilize glucose? 

The concept is really fairly simple.  The two pathways are reciprocally regulated.  In 

short, an effector which inhibits one pathway activates the other, and vice versa.  Let's look at 

probably the key site in control of both pathways, that is, the interconversion of fructose 6-

phosphate and fructose 1,6-bisphosphate. 

Phosphofructokinase catalyzes the phosphorylation of fructose 6-phosphate.  It is 

activated by elevated concentration of AMP and fructose 2,6-bisphosphate.  Let's take a minute 

to review the physiological reason behind these effectors.  When the liver cell is high in AMP, 

this means that it is low in ATP.  If the cell is low in ATP, this means it is low in energy.  If the 

cell is low in energy, this means that the cell needs to burn some sugar to create some energy.  

Therefore, sugar needs to be catabolized, and phosphofructokinase needs to work faster to 

provide more acetyl-CoA for the citric acid cycle. 

The production of fructose 2,6-bisphosphate is hormonally controlled.  When the 

organism needs glucose, glucagon is released and this is sensed by a number of different cells.  

In the liver, one of the responses associated with glucagon is phosphorylation of a regulatory 

protein that binds to both phosphofructokinase and fructose-6-phosphatase.  When the protein is 

phosphorylated, it binds to the phosphatase and stimulates it.  The phosphorylated protein will 

also bind to phosphofructokinase and inhibits its activity.  This means that during times of 

glucose depravation, glycolysis is inhibited and gluconeogenesis is stimulated.  When there is 

lots of glucose available for the organism, the regulatory protein remains unphosphorylated, 

leading to an active kinase and an inactive phosphatase.  When lots of glucose is present, our 

body would like the sugar stored by the liver either as glycogen or as fat.   

Phosphofructokinase is inhibited by higher concentrations of citrate.  If high 

concentrations of citrate are found in the liver cytoplasm, this signals that the liver has an excess 

of biosynthetic precursors.  Glucose is broken down either to supply energy or to supply 

biosynthetic precursors.  Regulation by AMP takes precedence over citrate, but if there is little 

AMP, citrate regulation becomes more important.  Lots of citrate tells phosphofructokinase to 

slow down. 

Now, fructose 1,6-bisphosphatase is regulated in the opposite fashion.  It is inhibited by 



AMP; if the cell needs energy from sugar, it's stupid to slow down this process.  It is also 

inhibited by fructose 2,6-bisphosphate, for the same reason.  It is activated by citrate.  If the cell 

doesn't need to convert glucose into biosynthetic precursors or energy, then it might as well 

either release back into the bloodstream or store it as glycogen.  Glycogen is formed from 

glucose 1-phosphate, which in turn is formed from glucose 6-phosphate.    

Let's continue to look at the interconversion of fructose 6-phosphate and fructose 1,6-

bisphosphate for a minute.  We can envision this interconversion as a cyclic process: 

 

fructose 6-Pi + ATP ---> fructose 1,6 bisPi + ADP 

fructose 1,6-bisPi  ---> fructose 6-Pi + Pi 

net:        ATP           ---> ADP + Pi 

 

This is an example of what Stryer calls a substrate cycle: I learned this as a futile cycle.  

It's futile because nothing is made at the expense of energy.  In some rare cases, this cycle is 

used simply to generate heat at the expense of ATP.  Stryer compares bumblebees, which 

apparently can use this cycle to generate heat so that it can fly at low temperatures, and 

honeybees, which can't fly when the air temperature gets low.  This is just one of those little bits 

of science trivia you might see on Jeopardy some day. 

A final point about gluconeogenesis.  Gluconeogenesis is primarily carried out in our 

bodies by the liver.  Brain and muscle do not synthesize sugar.  Gluconeogenesis is one way to 

describe the interrelationship between organs in our body.  Suppose we are involved in hard, 

extended exercise.  Our muscles use lots of glucose, probably at a bit of an oxygen debt, and 

therefore convert it only to lactate and maybe a bit of alanine (both are formed to decrease the 

concentration of pyruvate in the muscle so that more glucose can be consumed).  Muscle, too, 

has levels of differentiation.  There are two types of muscle in our bodies, what is called fast-

twitch muscle and slow-twitch muscle.  These are also called white and red muscle (or, if you 

will, white meat and dark meat in chickens).  The reason why some is while and some is red (this 

is very clearly seen in dissecting a fresh rabbit) is that the color reflects the amount of mitochon-

dria in the muscle.  Red muscle has lots of mitochondria; it can do a lot of oxidative 

phosphorylation.  It's not as efficient a muscle, but is better capable of sustaining itself.  White 

twitch is a better muscle, but it's more specialized.  This is a system of living on a farm or living 



in the city.  People who live on the farm can make most of what they need.  People who live in 

the city need to trade for it.  White muscle is city muscle - it has to trade for glucose in order to 

survive (tired of the analogy yet?). 

Anyway, white muscle gets glucose from liver.  What does it have to trade?  Only lactate 

and alanine.  However, the liver can take the lactate and alanine and put it through 

gluconeogenesis to make more glucose.  The muscle makes out better in the deal -it costs the 

liver 6 ATP and 2 NADH - but sometimes you have to sacrifice.  The muscle does keep the liver 

out of the mouth of dinosaurs.  (By the way, this relationship between liver and muscle is called 

the Cori cycle). 

GLYCOGEN SYNTHESIS 

It is now time to talk about glycogen synthesis and glycogen metabolism, and the 

regulation of these pathways.  I mentioned sometime during the last two classes that glucose-6-

phosphate was a branch point in metabolism, and that glycogen is synthesized from glucose-6-

phosphate.  However, let's spend just a few minutes talking about glycogen and its physiological 

significance. 

What is glycogen?  Glycogen is the storage form of glucose in our bodies.  The two 

major sites of glycogen storage in our bodies are the liver and muscle.  Glycogen is a high 

molecular weight polymer of glucose.  The glucose monomers are held together in two ways.  

Long chains are created by connecting glucose linearly using α-1,4 glycosidic bonds.  These 

long polymers, if by themselves, are called amylose.  Glycogen consists of these long-chain 

polymers linked together by cross links, which are more glucose residues attached to the long 

chains by α-1,6 linkages. 

Glycogen synthesis

How is glycogen synthesized?  The first step in glycogen synthesis is the phosphoryl shift 

on glucose-6-phosphate to form glucose 1-phosphate.  The enzyme which catalyzes this 

conversion is phosphoglucomutase: 

The intermediate in this reaction is glucose 1,6-bisphosphate.  This is similar to the 

intermediate for the enzyme phosphoglyceromutase, which we discussed when we talked about 

glycolysis.  The phosphate group is donated from the enzyme from an active site serine side 

chain. 

The resulting glucose 1-phosphate has for its phosphate linkage a hemiacetal phosphate, 



which is inherently less stable than the phosphate ester linkage in glucose 6-phosphate.  The 

difference in stability is small, so that the equilibrium constant for the phosphoglucomutase 

reaction under standard conditions is about 19 in favor of glucose 6-phosphate. (delta G = +7.0 

kJ/mol) 

The next reaction in glycogen synthesis is the reaction of the glucose sugar with uridine 

triphosphate to form uridine diphosphoglucose (UDP-glucose).  The enzyme which catalyzes the 

reaction is UDP-glucose pyrophosphorylase: 

This reaction as shown is totally reversible.  However, the energy of this reaction is coupled to 

the energy of hydrolysis of pyrophosphate, catalyzed by the same enzyme: 

PPi + H2O  --->  2 Pi  Go = -33.5 kJ/mol 

The coupled reaction is essentially irreversible. 

The final step of glycogen synthesis is the transfer of the glucose sugar from UDP-

glucose to a growing glycogen chain by the action of the enzyme glycogen synthase: 

Glycogen synthase catalyzes the formation of α-1,4 linkages on glycogen.  A glycogen 

primer is required for glycogen synthesis to occur; this primer has to be about 4 glucose residues 

before it is recognized by the enzyme as a substrate.  If no glycogen primer is available, a primer 

is made by attaching successive glucose residues to a specific primer protein called glycogenin, 

where the first glucose is attached to a tyrosine hydroxyl group.  This makes long extended 

glucose polymers.  The branching in glycogen is carried out by an enzyme simply called 

branching enzyme.  Branching enzyme essentially catalyzes the breaking of an α-1,4 linkage in 

the growing glycogen chain and adding it back to a central region of the chain, forming an α-1,6 

linkage. 

REGULATION: How are glycogen synthesis and glycogen metabolism regulated?  Let's look 

first at glycogen metabolism.  Phosphorylase is primarily regulated by specific phosphorylation 

and dephosphorylation events at regulatory sites on phosphorylase.  These actions are primarily 

regulated by the actions of hormones on the cell.  As we mentioned earlier, glucagon and 

epinephrine act by activating phosphorylase kinase, which converts phosphorylase from its 

inactive form to its active form.  In the muscle, phosphorylase exists in two forms, 

phosphorylase b and phosphorylase a.  Phosphorylase b is a dimeric protein, with each subunit 

having a molecular weight of about 97 kd.  Phosphorylase b is allosterically regulated by ATP, 

AMP, and glucose 6-phosphate.  It is only active when the AMP/ATP ratio is high, or glucose 6-



phosphate is low; that is, the enzyme is sensitive to the energy needs of the cell. 

Phosphorylase a is the same dimeric protein as b, except that each of the polypeptide 

chains has a covalently bound phosphate group at serine-14.  This phosphorylated phosphorylase 

is no longer regulated by the energy supply in the cell.  It is active only unless the concentration 

of free glucose in the cell is high. 

The phosphorylation of phosphorylase is catalyzed by a specific protein called 

phosphorylase kinase.  Phosphorylase kinase is activated by phosphorylation and also by high 

concentrations of calcium ions.  Phosphorylase kinase is phosphorylated by a cyclic-AMP 

mediated process.  Cyclic AMP is made by the interaction of a hormone with the muscle cell; in 

this case, glucagon.  The hormone causes formation of cyclic AMP, which activates a specialized 

protein called protein kinase C.  Protein kinase C travels through the cytoplasm to find 

phosphorylase kinase and phosphorylates it, converting it from an inactive to an active form.  

Phosphorylase kinase then  phosphorylates phosphorylase, which activates this protein, resulting 

in the increased breakdown of glycogen (whew!). 

Okay, now after this simple initial explanation of the regulation of phosphorylase and 

glycogen breakdown, let’s go to the far more complicated actual scenario.  Here is a picture from 

another text that we will use to describe the events in the regulation of glycogen metabolism. 

 

Glycogen synthesis and breakdown are reciprocally regulated, as indicated on this figure. 

 Let’s begin with a metabolic event.  Let’s say that we are walking down the street, turn the 

corner, and encounter a saber toothed tiger.  Hey, it could happen.  Does anyone know how we 

hormonally respond to the tiger?  Our adrenal glands will secrete epinephrine, which will 

circulate through our body and activate specific tissues to enable us to fight the tiger (or 

effectively run away, one or the other).  Epinephrine will go to the muscle cell to make the 

muscle cells ready for flight or fight; its specific goal is to mobilize glucose from storage and to 

generate lots of ready energy for the coming battle or running.  Epinephrine binds to a protein 

embedded within the outer membrane of the muscle cell called the epinephrine receptor.   

Epinephrine binding to its receptor triggers a sequence of events that activates the enzyme 

adenylate cyclase, which catalyzes the conversion of ATP to cyclic AMP.  What does the cAMP 

do?  It diffuses through the cell until it encounters an enzyme called protein kinase A.   PKA is a 

protein kinase, meaning that it catalyzes the addition of phosphate groups to amino acid side 



chains on specific proteins.  In glycogen metabolism, PKA diffuses through the cell and 

phosphorylates three proteins: 

1. Phosphorylase kinase, converting it from an inactive form to an active form. 

2. Phosphoprotein phosphatase inhibitor, converting it from an inactive form to an 

active form, and  

3. Glycogen synthase, converting it from an active form to an inactive form (this 

activity is secondary to the others). 

 

Let’s examine each of these activities separately.  Phosphorylase kinase in its active form 

will phosphorylate both glycogen phosphorylase and glycogen synthase.  Protein kinase A will 

also phosphorylate glycogen synthase directly.  Phosphorylation will activate glycogen 

phosphorylase, while phosphorylation will inactivate the glycogen synthase.  Therefore, 

glycogen breakdown is activated and at the same time glycogen synthesis is inactivated.  This 

allows the muscle cell to generate glucose while preventing it from tying it up as glycogen. 

Our muscle cells contain another protein called phosphoprotein phosphatase-1.  The 

function of this protein is to remove phosphate groups from proteins.  If this protein remains 

active during epinephrine stimulation of the muscle cell, then as phosphorylase kinase 

phosphorylates glycogen phosphorylase and glycogen synthase, they will be dephosphorylated 

by phosphoprotein phosphatase-1.  To prevent this and to insure that the glycogen phosphorylase 

remains active, protein kinase A phosphorylates phosphoprotein phosphatase inhibitor.  This 

activates the inhibitor, enabling it to bind to phosphoprotein phosphatase-1.  When the 

phosphatase has inhibitor bound to it, it will not work.  So, protein kinase A activates the 

enzymes that will phosphorylate glycogen phosphorylase and glycogen synthase, but inactivates 

the enzyme that will dephosphorylate it.  This will allow glycogen breakdown to proceed even if 

other metabolic stimuli in the cell try to prevent glycogen breakdown from occurring. 

All right, let’s add one more level of complexity to the issue.  Phosphoprotein 

phosphatase is only active when bound to glycogen.  The binding occurs by connecting the 

phosphatase with glycogen through the phosphatase subunit Gm1.  Gm1 has two 

phosphorylation sites.  One of these sites is phosphorylated by epinephrine; when this site is 

phosphorylated, the phosphatase is no longer bound to glycogen and becomes inactive.  When 

the other site is phosphorylated, the phosphatase remains bound to glycogen and becomes more 



active.  Phosphorylation of the activation site is catalyzed after the binding of insulin to muscle 

membrane receptors.  So, epinephrine will lead to the breakdown of glycogen, while insulin will 

lead to glycogen synthesis. 

 

Complex Carbohydrate Synthesis 

If you’ve had the chance to read through the last few pages of Chapter 16, you will see a 

huge collection of complicated reaction sequences.  All I would like you to derive from this 

material is an understanding of the basic structures of some of the important components of 

complex carbohydrates, and a little about the reactions that are inhibited by certain antibiotics. 

To begin, let’s look briefly at glycoconjugates.  A glycoconjugate is a protein or lipid 

that has an attached polysaccharide.  The carbohydrate attached to glycoproteins can be divided 

into two different classes: N-linked oligosaccharides and O-linked oligosaccharides.  An N-

linked oligosaccharide has a connection between the first sugar of the oligosaccharide to an 

amino acid with a terminal amine group, most commonly asparagines.  The carbohydrate that is 

typically directly attached to the asparagine is N-acetylglucosamine.  The structures of the sugar 

and the linkage are shown on the Power Point slide. 

With O-linked oligosaccharides, the connection is to an amino acid with an oxygen 

containing side chain.  This is most commonly a serine or threonine amino acid side chain.  The 

carbohydrate residue connected to the protein is commonly a N-acetylgalactosamine residue.  

This sugar and the connection are shown on the next Power Point slide. 

The oligosaccharide part of the glycoprotein is synthesized one saccharide residue at a 

time.  The first part is the synthesis of the N-acetylglucosamine or the N-acetylgalactosamine.  

The synthesis of both items begins with fructose-6-phosphate, which reacts with the amino acid 

glutamine to give glucosamine-6-phosphate and glutamate as the products (Power Point).  Note 

that this enzyme catalyzes two reactions: the transfer of an amine group from glutamine and an 

internal oxidoreduction reaction that moves the carbonyl function from C2 to C1. 

Glucosamine-6-phosphate adds an acetyl group from acetyl-CoA to give N-

acetylglucosamine-6-phosphate, which mutases to N-acetylglucosamine-1-phosphate, which 

reacts with UTP to give UDP-N-acetylglucosamine. 

The UDP-N-acetylglucosamine can be epimerized to UDP-N-acetylgalactosamine.  As 

we remember from glycogen synthesis, sticking a UDP onto a molecule activates that site for 



biosynthetic attachment to something else.  For the O linked oligosaccharides, the first step in 

creating the polysaccharides is the binding of UDP-N-acetylgalactose to a protein hydroxyl 

group.  The enzyme that carries this process out looks for a specific sequence of amino acids in a 

protein that includes a ser or thr side chain.  The N-acetylgalactose is transferred from the UDP 

to the protein hydroxyl group.  Other carbohydrate residues are added sequentially to the free 

end. 

One example of an important O-linked oligosaccharide are the blood group antigens.  

There are four different types: A, B, AB, and O.  There are three different antigens, A, B, and O; 

the ones that are expressed on the surface of red blood cells depends upon whether the cells 

contain one or both specific transferases.  This overhead shows the biosynthesis of the O-linked 

antigens.  The specific details are of little importance, but all individuals have the ability to carry 

out this sequence of reactions to get to what is referred to here as the O-substance.  The O-

substance can react with either UDP-N-acetylgalactosamine or UDP-galactose to give products.  

If the N-acetylgalactosamine is added, the A antigen is the product, and if the galactose is added, 

then the B antigen is the product.  If an individual has the N-acetylgalactosamine transferase, 

then the A antigen is made; if the galactotransferase, then the B antigen is made; if both, then 

both A and B antigens are made; if neither, then only the O-substance is found.  If both A and B 

antigens are there, then the blood is AB; if none is there, the blood type is O, etc. 

People get immune responses if blood containing a different type of antigen is added to 

their bodies.  That is, if someone with blood type A gets blood from a type B individual, there is 

an immune response and serious problems develop.  However, blood with the O substance 

contains no antigenic material, and can be given to people with any blood type.  Type O blood is 

the universal donor blood, while type AB is the universal acceptor (it can tolerate donations from 

O, A, B, or AB!). 

For N-linked oligosaccharides, the polysaccharides that are eventually attached to 

proteins are first attached to a lipid called dolichol phosphate.  The first residue on the N-linked 

oligosaccharides is normally an N-acetylglucosamine, and this group is transferred from UDP-N-

acetylglucosamine onto a phosphate group on the dolichol phosphate.  The product is UMP, and 

two phosphates bridge the dolichol and the first carbohydrate.  After sufficient carbohydrate is 

added to the N-acetylglucosamine base, the sugars are transferred to an asn side chain on the 

protein.  The enzyme that carries out this transfer recognizes an Asn-X-Ser/Thr sequence on the 



protein.  The product of this transfer is a glycosylated protein, and dolichol diphosphate. 

Cell Wall Biosynthesis and Antibiotics 

Bacteria can be divided into two classes: Gram-positive or Gram-negative, depending 

upon whether the bacteria react with a specific stain called a Gram stain.  Since their initial 

characterization, we have learned that Gram-positive bacteria have a rigid peptidoglycan cell 

wall.  The cell wall is comprised of a mixture of carbohydrate and amino acid pieces linked 

together.  The rigid cell wall protects the bacterium from environmental pressures and lysis.  If 

you compromise the cell wall, the cells become much more susceptible to attack and death.  

Many antibiotics exploit this property by interrupting the synthesis of cell walls in bacteria. 

Let’s first take a quick look at the peptidoglycan cell wall (POWERPOINT).  The basic 

carbohydrate component of the cell wall is N-acetylmuramic acid.  It is synthesized from UDP-

N-acetylglucosamine in two steps.  First, a phosphoenolpyruvate is added to the C3 hydroxyl of 

the glucosamine with loss of phosphate.  Next, the double bond in the added substituent is 

reduced using electrons from NADPH. 

The next step is the addition of five amino acids to the N-acetylmuramic acid to yield an 

UDP-N-acetylmuramylpentapeptide.  First, an L-ala is added, followed by a D-glu, then a L-lys, 

then a dipeptide comprised of two D-ala.  This mixture of L- and D- amino acids is unusual in 

nature, and probably prevents this from being degraded by naturally occurring peptidases. 

The final step is polymerization.  The UDP-N-acetylmuramylpentapeptide is polymerized 

with N-acetylglucosamine with a bridging lipid like structure, undecaprenol phosphate.  The 

final step is a cross linking step.  A pentaglycine peptide is attached to the pentapeptide chain 

and then to another carbohydrate not specified in the overhead. 

The antibiotics that inhibit bacterial cell wall synthesis include tunicamycin, Bacitracin, 

Vancomycin, Penicillin, and the Cephalosporins.  These are enzyme inhibitors: Tunicamycin 

inhibits the enzyme that catalyzes the condensation of undecaprenol phosphate with 

acetylglucosamine, Bacitracin inhibits the enzyme that dephosphorylates undecaprenol 

phosphate (making it capable for crosslinking), vancomycin inhibits the polymerization reaction 

as it occurs on the outside of the bacterial cell, and penicillin and cephalosporin inhibit the 

protein cross linking reaction. 

An increasing number of bacteria have developed resistance to these common antibiotics 

– I want to take just a moment to look at penicillin resistance.  In the generation of the bacterial 



cell wall, the pentapeptide that terminates with D-ala-D-ala connects with the pentaglycine 

amino acids from another chain.  This is carried out in a two step reaction.  The first step is the 

removal of one of the D-ala residues by a transpeptidase, forming a covalent intermediate 

between the now tetrapeptide part of the wall and the enzyme.  In the second step, the terminal 

glycine from a second chain displaces the transpeptidase and forms a peptide bond with the D-

ala. 

The penicillin antibiotic contains a β-lactam ring system that resembles the D-ala 

dipeptide substrate for the transpeptidase.  The transpeptidase will bind to penicillin to form a 

covalent inactive product.  By inactivating this transpeptidase, the formation of a complete cell 

wall is prevented and the cells are more easily attacked and killed by our immune system. 

Many cells are penicillin resistant due to the presence of an enzyme called 

lactamase.  The lactamase will hydrolyze the β-lactam ring, which changes the structure of the 

antibiotic so that the enzyme no longer covalently binds to the material.  The transpeptidase 

continues to work and the bacteria continue to proliferate. 

Vancomycin works by binding to the D-ala-D-ala group on the growing cell wall.  By 

binding to this functionality, it inhibits the condensation of the peptide part of the cell wall with 

the carbohydrate component of the cell wall, preventing the cell wall from completely forming 

and weakening the cells.  Strains of vancomycin-resistant bacteria have developed that avoid this 

problem by substituting D-lactate molecules for the D-alanine.  This eliminates the vancomycin 

binding site and allows the bacterium to completely form its cell wall. 


