
Biosynthesis and modification of b-
lactam antibiotics.

Penicillins and cephalosporins



Antibiotic targets and resistance mechanisms





Structures of some b-lactam antibiotics



Penicillin-binding proteins (PBP):
bifunctional enzymes essential for bacterial cell wall

peptidoglycan biosynthesis



Mechanism of action of penicillin and cephalosporin

Penicillin and cephalosporin 
inhibit transpeptidase, the 
enzyme responsible for 
formation of cross-links 
during the synthesis of 
peptidoglycan of the 
bacterial cell wall.

Penicillin and cephalosporin 
are structural analogues of 
the natural substrate of 
transpeptidase.





Biosynthesis of b-
lactam antibiotics

b-lactam antibiotics are 
produced in fungi (ex. 
Penicillium sp. and 
Acremonium sp.). 



Modular organization of ACV NRPS

The b-lactam ring precursor is the tripeptide 
L-d-a-aminoadipyl-L-cysteinyl-D-valine produced by ACV 
synthetase.

Aad Cys Val

A-T-C-A-T-C-A-T-E-Te



The first module of ACV NRPS

Bionformatic analyses
identify an atypical N-
terminal domain related
to the C-lobe of 
condensation domains

Deletion of this domain 
abolishes ACV synthesis

The C* domain may be 
involved in recruiting
and/or positioning the 
substrate for the 
atypical reaction



Structure of isopenicillin N synthase (IPNS) 
and deacetoxycephalosporin synthase (DAOCS)

IPNS and DAOCS catalyze the reactions of closure and 
expansion of the b-lactam nucleus rings



Structure of A. nidulans IPNS Active site of the enzyme

IPNS is an enzyme that uses iron and oxygen to catalyze
synthesis of the b-lactam ring. The iron atom in the active
site is coordinated by two histidine and an aspartate residue. 



Reaction mechanism proposed for IPNS

Crystal structures of IPNS in the presence of substrate 
analogues that do not allow reaction completion.



Reaction mechanism proposed for IPNS

Initial state

Ferryl intermediate



From penicillin to 
cephalosporin: 
expansion of the 
thiazolydine ring to 
dihydrothiazine ring
catalyzed by DAOCS



Reaction mechanism of
DAOCS, an iron- and a-
chetoglutarate-dependent 
enzyme.

The binding site for penicillin partially 
overlaps the binding site for a-
chetoglutarate è sequential reaction

The active site region of DAOCS in complex with substrates 
and products.
(a) The DAOCS−Fe(II)−2-oxoglutarate complex at 1.5-Å 
resolution. (b) The DAOCS−Fe(II)−succinate complex at 1.5-
Å resolution. (c) The DAOCS−Fe(II)−penicillin G complex at 
1.6-Å resolution. (d) The DAOCS−Fe(II)−2-
oxoglutarate−penicillin G complex at 1.7 Å resolution. (e) The 
DAOCS−Fe(II)−2-oxoglutarate−ampicillin complex at 1.5-Å 
resolution. (f) The DAOCS−Fe(II)−DAOC complex at 1.7-Å 
resolution. The density next to the penicillin side chain in d,e 
corresponds to a minor alternative conformation of the side 
chain. Dioxygen is expected to bind at the position of Wat1 in 
a. The oxygen of the ferryl iron would be formed at this site. 
The carbon atoms in 2-oxoglutarate are yellow, in succinate 
orange, in penicillin G magenta, in ampicillin cyan and in DAOC 
gold.



Reaction
mechanism of 

DAOCS

• Binding of a-chetoglutarate
activates Fe allowing binding of 
O2

• Oxidative decarboxylation of the 
co-substrate gives rise to an 
oxidizing intermediate stabilized
by succinate

• When penicillin expels succinate
it triggers oxidative attack

• Formation of a radical and 
transfer of 2 electrons to 
oxygen produce cephalosporin
and H2O 



Strains for the industrial production of 
penicillin





Production of penicillin and cephalosporin

• Strains of Penicillium chrysogenum: yields up to about 70 gr 
penicillin G/lt of culture

• Aerobic fermentation
– Carbon sources: glucose and corn steep liquor
– Nitrogen source: ammonia
– Addition of phenylacetic acid in stationary phase



Semi-synthetic penicillins

• Semi-synthetic penicillins are obtained from natural
penicillin G

• The side-chain is removed from penicillin G producing
6-aminopenicillanic acid (6-APA)

• 6-APA is acylated with a new side-chain
• b-lactam acylases are enzymes able to catalyze both

reactions



Hydrolysis reactions catalyzed by b-lactam acylases:
removal of the acylic side-chain

Penicillin acylase hydrolyzes
penicillin G to 6-
aminopenicillanic acid (a).
Cephalosporin acylase 
hydrolyzes glutaryl-7-ACA 
to 7-ACA (b).
Cephalosporin acylase 
mutants hydrolyze adipyl-7-
ADCA to 7-ADCA (c) and 
cephalosporin C to 7-ACA (d).

6-APA and 7-ACA are the 
precursors of semi-synthetic 
penicillins and cephalosporins



Structure of penicillin acylase and cephalosporin acylase

Producing organisms: bacteria  and fungi (Escherichia coli, 
Bacillus megaterium, Kluyvera citrophila, Pseudomonas 
melanogenum, Penicillium chrysogenum).

Structure of Escherichia 
coli penicillin acylase



Penicillin acylase

• Penicillin acylase catalyzes hydrolysis of penicillin with  
formation of 6-aminopenicillanic acid (6-APA), precursor of 
semi-synthetic penicillins.

• The reaction is reversible and the direction depends on pH.
• Substrates: penicillins, some cephalosporins, amides and esters.
• Used for production of semi-synthetic penicillins, both for 

production of 6-APA and for the synthesis reaction. 



Penicillin acylase

• E. coli penicillin acylase is formed by two subunits a
(24 kDa) and b (62 kDa) derived from a 95 kDa
precursor, which is proteolytically processed by 
removal of 
– a leader peptide of 26 aa necessary for periplasm targeting
– an internal 54 aa peptide that activates the enzyme.

• Substrate specificity (penicillin side-chain) is found in 
the a subunit, while in the b subunit catalytically 
active serine B1 is found.



Reaction mechanism of penicillin acylase

• Serina B1 is activated as nucleophile by its free amino group.
• The mechanism of catalysis involves a covalent acyl-enzyme 

intermediate.
• The acyl-enzyme intermediate is deacylated by a water 

molecule.



Synthesis of semi-
synthetic penicillins
from esters of the 
side-chain R (acyl 
donors) and 6-APA.

Production of semi-synthetic b-lactams by 
Penicillin acylase

Synthesis of semi-
synthetic 
cephalosporins 
from esters of the 
side-chain R (acyl 
donors) and 7-ACA.



Synthesis of amoxycillin

In the presence of zinc amoxycillin
precipitates, favouring the 
synthesis reaction

1. Hydrolysis of PenG
to produce 6-APA
pH 8 and 37°C

2. Addition of 
HPGME and ZnSO4
pH 6 and 25°C



Engineering of penicillin acylase to 
improve synthesis

Hydrolysis of the acyl donor or of the product decrease synthesis yields

Increasing the ratio Vsynthesis/Vhydrolysis: b F24 and a F146
the enzyme must have a higher affinity for the acyl donor compared to the 
antibiotic (product)



Engineering of cephalosporin acylase

Altering substrate specificity to 
improve hydrolysis of 
cephalosporin C and adipyl-7-
ADCA for production of 7-ACA 
and 7-ADCA





Penicillin acylase engineering

• Identification of bF24 and aF146 involved in substrate
recognition.

• Substitution bF24A increases VS/VH ratio (low amidase activity).
• Substitution aF146Y retains high activity towards the acyl donor.
• Covalent immobilization of the biocatalyst on Eupergit C.







Resistance to penicillin:
Mechanism of class A b-lactamase

b-lactamases inactivate penicillin 
by catalyzing hydrolysis of the b-
lactam ring.

Class A b-lactamase are serine-
hydrolases.
Ser70 is the nucleophile that 
attacks the carbon atom of the b-
lactam ring. Lys73 activates Ser70 
moving the proton to Ser130, that 
transfers it to the nitrogen atom 
of the ring and opens it.  An acyl-
enzyme intermediate is form, that 
is deacylated by a water molecule, 
assisted by Glu166.



Structure of transition-state analogues that 
act as class A b-lactamase inhibitors



Scheme of the inactivation of b-lactamase

The acyl-enzyme 
intermediate can 
partition through two 
routes that lead to 
transient or irreversible 
inhibition.

Hydrolysis of the 
modified intermediate E-
I* is very slow so it is 
possible to consider the 
enzyme as permanently 
inhibited. 

Cross-linking leads to 
irreversible inactivation 
of the enzyme.



Mechanism of inactivation of class A b-lactamase by
clavulanic acid, a suicide inhibitor.



Sultamicillin: a drug that potentiates the antibiotic 
(amoxycillin) with the b-lactamase inhibitor (sulbactam)

Mechanism of sulbactam



New inhibitors of class A b-lactamase


