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Abstract 
Antibiotics are antibacterial compounds that interfere with bacterial growth, without harming the infected eukaryotic host. 
Among the clinical agents, beta-lactams play a major role in treating infected humans and animals. However, the ever-
increasing antibiotic resistance crisis is forcing the pharmaceutical industry to search for new antibacterial drugs to combat a 
range of current and potential multi-resistant bacterial pathogens. In this review, we provide an overview of the development, 
innovation, and current status of therapeutic applications for beta-lactams with a focus on semi-synthetic cephalosporins. 
Cephalosporin C (CPC), which is a natural secondary metabolite from the filamentous fungus Acremonium chrysogenum, 
plays a major and demanding role in both producing modern antibiotics and developing new ones. CPC serves as a core 
compound for producing semi-synthetic cephalosporins that can control infections with different resistance mechanisms. We 
therefore summarize our latest knowledge about the CPC biosynthetic pathway and its regulation in the fungal host. Finally, 
we describe how CPC serves as a key lead generation source for the in vitro and better, in vivo synthesis of 7-aminocepha-
losporanic acid (7-ACA), the major core compound for the pharmaceutical synthesis of current and future semi-synthetic 
cephalosporins.

Key points
• Latest literature on cephalosporin generations
• Biotechnical production of cephalosporins
• In vivo production of 7-ACA 
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Introduction

The modern medicinal era is basically marked by the dis-
covery of penicillin in 1928 by Alexander Fleming in Lon-
don, a significant milestone that saved countless human lives 
from lethal infectious diseases (Fleming 1929). The large-
scale production of penicillin was achieved in the 1940s 
by the pharmaceutical company Eli Lilly in the USA, and 
penicillin was soon introduced into clinical therapy as the 
first beta-lactam antibiotic (Madison 1989). This class of 
antibiotics comprises a collective group of medicinal com-
pounds possessing antibacterial activity based on a common 

mechanism, namely, disrupting bacterial cell wall construc-
tion, which is facilitated by the beta-lactam ring of the core 
molecular structure.

Following the successful discovery of penicillin, three 
other main classes of beta-lactam antibiotics based on nat-
ural secondary metabolites were developed over the last 
century. These were cephalosporins and carbapenems, 
comprising a bicyclic nucleus resembling penicillin’s core 
chemical structure, discovered in 1948 and 1976, and sub-
sequently in 1981, monobactam antibiotics, which repre-
sent a unique class of beta-lactam antibiotics characterized 
by a monocyclic system (Brotzu 1948; Brown et al. 1976; 
Imada et al. 1981; Newton and Abraham 1954; Sykes et al. 
1981). Their distinct core structure as well as various side 
chain modifications determine their variable spectrum of 
bactericidal activities, pharmacological properties, and the 
particular extent of tolerance towards antibiotic resistance.

 * Ulrich Kück 
 Ulrich.kueck@rub.de

1 Allgemeine und Molekulare Botanik, Fakultät für 
Biologie und Biotechnologie, Ruhr-Universität Bochum, 
44780 Bochum, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-022-12272-8&domain=pdf


8008                            Applied Microbiology and Biotechnology (2022) 106:8007–8020

1 3

Penicillins are one of the most important groups of anti-
biotics, with high efficacy and low toxicity; their core struc-
ture comprises a five-membered thiazolidine ring attached 
to the beta-lactam ring. Natural penicillins (penicillin G and 
penicillin V) and narrow-spectrum penicillins (methicillin, 
nafcillin, oxacillin, dicloxacillin) are most active against 
Gram-positive organisms, while the broad-spectrum penicil-
lins (amoxicillin, ampicillin) are active against both Gram-
positive and Gram-negative bacteria (Raj 2021). Bacterial 
beta-lactamases, a group of enzymes capable of disrupting 
the beta-lactam ring structure by hydrolysis, are the most 
frequently reported source of penicillin antibiotic resist-
ance, especially to natural penicillins (Raj 2021). Therefore, 
semi-synthetic penicillins (methicillin, nafcillin, oxacillin, 
dicloxacillin), which are resistant to beta-lactamases, were 
developed to preserve the efficacy and avoid the restricted 
application of penicillins.

Cephalosporins are alternative beta-lactam antibiotics, 
which are highly effective and commonly used for mild to 
severe infectious diseases. Recently, prescription numbers 
of cephalosporins in the USA (47.5% of total antibiotics) 
exceeded the number of narrow- and wide-spectrum penicil-
lins (39.7% of total antibiotics) as recorded by the healthcare 
database from 2004 to 2014 mentioned above (Bush and 
Bradford 2016). Semi-synthetic cephalosporins are broadly 
active against both Gram-positive and Gram-negative bac-
teria, and they are synthesized based on the bicyclic nucleus 
consisting of a six-membered dihydrothiazine ring attached 
to a beta-lactam ring. Two carbons of the cephalosporin 
scaffold, C3 and C7, confer a huge possibility for introduc-
ing variable side chains that significantly extend antibac-
terial activities as well as enhance the structural stability 
against beta-lactamases.

Carbapenems possess the broadest spectra of antibi-
otic activity among all classes of beta-lactam antibiotics 
(Domachowske and Suryadevara 2020). Imipenem, the first 
carbapenem available for clinic treatment of complex infec-
tions, is a derivative of thienamycin discovered in Strepto-
myces cattleya (Kahan et al. 1979; Moellering et al. 1989). 
The five-membered pyrroline ring is fused to a beta-lactam 
ring at the core structure. The stable bonds and saturated 
atoms in the scaffold increase the resistance against most 
beta-lactamases (Domachowske and Suryadevara 2020). 
Therefore, carbapenems were chosen for patients with 
severe infections caused by antibiotic resistant bacteria. In 
addition, carbapenems are used as beta-lactamase inhibi-
tors (Papp-Wallace et al. 2011).

Monobactams are monocyclic molecules comprising 
a beta-lactam ring and side chains. The first monobactam 
launched on the market was Aztreonam, isolated from the 
bacteria Chromobacterium violaceum (Sykes et al. 1981). 
Monobactams are solely active against Gram-negative bac-
teria. However, the superior property of monobactams is 

that they are highly resistant to beta-lactamases produced 
by Gram-negative bacterium (Raj 2021). Furthermore, no 
cross-reaction was found between penicillins and cepha-
losporins; thus, monobactams may not cause allergies in 
patients who are allergic to other beta-lactam agents (Raj 
2021).

As a highly effective group of wide-spectrum antibiotics, 
beta-lactams are the most dominant anti-infectious agents, 
leading both the antibiotic market and clinical prescription 
numbers. A healthcare database reported that 65.24% of total 
injectable antibiotic consumption in the USA from 2004 to 
2014 was represented by beta-lactam antibiotics (Bush and 
Bradford 2016). Moreover, global research in 79 countries 
between 2000 and 2015 summarized that more than 60% 
of total defined daily doses (DDD) of antibiotic consump-
tion were attributed to beta-lactam antibiotics, mostly com-
prising wide-spectrum penicillins (39% of total DDD) and 
semi-synthetic cephalosporins (20% of total DDD) (Klein 
et al. 2018). This research also revealed that the consump-
tion rate of beta-lactam antibiotics is increasing globally, 
largely driven by low- to middle-income countries (Klein 
et al. 2018).

Initially, it was believed that widespread antimicrobial 
resistance was unlikely. However, the excessive use of anti-
biotics led to the widespread of antimicrobial resistances 
including beta-lactams and thus became a major threat to 
human health (Aslam et al. 2018). Major sources for acquir-
ing antimicrobial resistances are the exorbitant use of anti-
biotics in the treatment of patients, in animal feeding, or 
through direct or indirect contact to contaminated environ-
ment (Kim and Ahn 2022). Therefore, advances in wide 
areas of pharmaceutical research, including genetic engi-
neering and synthetic chemistry are necessary to develop 
new antibiotics that may provide effective solutions to treat 
arising resistances.

In this review, we summarize the importance and great 
relevance of cephalosporins as key lead generation beta-
lactam antibiotics to overcome the increasing antimicrobial 
resistances in clinical applications. Furthermore, we discuss 
the current state of biotechnical strategies to produce semi-
synthetic cephalosporins.

Cephalosporin antibiotics

Cephalosporin antibiotics are derived from the filamentous 
fungus Acremonium chrysogenum. Cephalosporin C (CPC) 
was the first cephalosporin antibiotic compound isolated. Its 
chemical structure was characterized soon after its discovery 
by Giuseppe Brotzu from Italy in 1945 (Abraham and New-
ton 1961; Newton and Abraham 1955). CPC and its deriva-
tives have broad antibacterial activity against Gram-positive 
and Gram-negative bacteria. They are essential for hospital 
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patients to prevent and treat infectious diseases occurring 
on the skin, ear, and bone, as well as upper respiratory and 
urinary tract infections. Over the last decades, various highly 
effective semi-synthetic cephalosporins have been developed 
and widely prescribed worldwide.

The following sections provide insights into the charac-
teristic features of each class of cephalosporins, how they 
evade antibiotic resistance mechanisms, and the latest state 
of cephalosporin use and development. Moreover, the focus 
of this review is on the production of cephalosporin antibi-
otic derivatives, introducing CPC as a core lead generation 
compound for biosynthesis and industrial production strate-
gies of semi-synthetic cephalosporin building blocks.

Cephalosporins are bactericidal agents inhibiting growth 
through disrupting the cross-linking of the peptidoglycan 
chains of bacterial cell walls. The final step for constructing 
the peptidoglycan layer is catalyzed by penicillin-binding 
proteins (PBP), which cross-link the linear glycopeptides to 
form a 3-dimensional structure. As a characteristic feature 
of beta-lactam antibiotics, cephalosporins bind to PBPs by 
mimicking the structure of glycopeptides, irreversibly inhib-
iting bacterial cell wall production (Tipper and Strominger 
1965). To date, five major generations of cephalosporin anti-
biotics have been developed, which are categorized by the 
timeline of discovery as well as their spectrum of antibiotic 
activity. The generic and trade names for some representa-
tive cephalosporins in each generation are listed in Table 1, 
and the current status of applications in the USA and the 
conventional clinical administration routes are indicated.

Classification of cephalosporin antibiotics

The first-generation cephalosporins are highly active against 
Gram-positive cocci, such as streptococci, including Strepto-
coccus pneumoniae which is responsible for the most com-
munity acquired pneumonia cases, and methicillin-sensitive 
Staphylococcus aureus (MSSA) (Harrison and Bratcher 
2008). The first-generation oral cephalosporins are well 
absorbed and distributed in most tissues except cerebrospi-
nal fluid (CSF) and middle ear fluid. However, first-gener-
ation cephalosporins have relatively weak activity against 
Gram-negative bacteria such as Pseudomonas aeruginosa 
or Enterobacter. These are considered multidrug-resistant 
pathogens, namely, resistant to at least three different classes 
of antimicrobials.

The limitation of the first-generation cephalosporins was 
overcome by the introduction of second-generation cepha-
losporins to the clinic. These cephalosporins showed higher 
stability against beta-lactamases produced by some Gram-
negative bacteria, such as Haemophilus influenza (related 
to respiratory infections) or some species from Enterobac-
teriaceae (Harrison and Bratcher 2008). The significant 

advantages of second-generation cephalosporins are the 
reduced dosage and extended half-life, which benefits the 
patients administered these antibiotics (Tartaglione and Polk 
1985).

Third-generation cephalosporins increased the spectrum of 
antibiotic activities against Gram-negative bacteria, including 
Enterobacter, beta-lactamase-producing H. influenzae, and 
meningococci (often cause meningitis) (Barriere and Flaherty 
1984). Therefore, these highly effective cephalosporins are 
often used to treat sepsis of unknown origin. Additionally, 
second-generation and third-generation cephalosporins can be 
administered to patients allergic to penicillin, since the cross-
reaction between first-generation cephalosporins and penicil-
lin antibiotics arises from the similar chemical structures at 
the side chains but not the beta-lactam ring (Pichichero and 
Casey 2007). Many of the third- and later-generation cephalo-
sporins can adequately penetrate the CSF and are thus favored 
for treating central nervous system infections such as menin-
gitis (Sullins and Abdel-Rahman 2013).

Despite their broad antibacterial activity, the effective-
ness of third-generation cephalosporins has become limited 
due to increasing resistance emerging in bacteria, typically 
within Enterobacteriaceae. For instance, P. aeruginosa, a 
Gram-negative aerobic bacterium, is a highly problematic 
pathogen related to hospital-acquired severe infections such 
as ventilator-associated pneumonia and blood infections. As 
an opportunistic, nosocomial pathogen of immunocompro-
mised individuals, P. aeruginosa has gained resistance to 
an extensive range of antibiotics, which makes treatment 
extremely challenging. Most third-generation cephalospor-
ins are ineffective in treating P. aeruginosa infections, except 
ceftazidime and cefoperazone. In contrast, fourth-genera-
tion cephalosporins all have excellent activity against this 
bacteria.

Overall, fourth-generation cephalosporins have been 
developed to strongly target a broader range of Gram-neg-
ative bacteria. This improved activity results from altering 
the side chain orientation. This enables rapid penetration 
of cephalosporins through the outer membrane and reduces 
the binding affinity with beta-lactamases, thus escaping the 
resistance present in many Gram-negative bacteria (Garau 
et al. 1997). Moreover, fourth-generation cephalosporins 
also show excellent activity against Gram-positive bacteria 
such as penicillin-resistant pneumococci, some streptococci, 
and MSSA (Garau et al. 1997). Therefore, hospitalized 
patients with severe infections have recently been treated 
with fourth-generation cephalosporins (Wilson 1998); how-
ever once again, this posed the problem of selection pres-
sures leading to resistance.

More powerful antibiotics were urgently required under 
the pressure of exponentially increasing multidrug-resistant 
pathogens. The fifth-generation cephalosporins, developed 
for treating multidrug-resistant bacterial strains, possess 
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remarkably extended antibiotic spectra, notably including 
the methicillin-resistant Staphylococcus aureus (MRSA) 
(Bui and Preuss 2022; Selvan and Ganapathy 2016). In 
2019, MRSA was the second leading pathogen caus-
ing deaths associated with drug resistance, after the most 
frequent death-associated pathogen E. coli (Murray et al. 
2022). MRSA is responsible for community-acquired severe 
skin and soft tissue infections and necrotizing pneumonia 
(Gonzalez et al. 2005; Moran et al. 2006). The wide-rang-
ing resistance of MRSA was developed from the frequent 
exchange of resistant genetic elements encoding mutant 

PBPs. Those mutants bind to the beta-lactam rings of all 
other beta-lactam antibiotics, disrupting their target binding 
actions (Zhanel et al. 2009).

Resistance mechanisms against cephalosporins

Cephalosporins are often the preferred group of antibiotics 
due to their broad antibacterial spectrum and fewer side effects 
than other types of antibiotic drugs. They are highly effective 
and indispensable drugs used against numerous infectious 
diseases in humans and animals. However, excessive use and 

Table 1  Overview of five 
generations of cephalosporin 
antibiotics

Bold type indicates the agents that represented the top 90% of the community consumption of cephalospor-
ins in 28 European Union / European Economic Area (EU/EEA) countries in 2017. * The cephalosporins 
that are active against the multidrug-resistant pathogen Pseudomonas aeruginosa. Compiled from (Har-
rison and Bratcher 2008), (Versporten et al. 2021), and the current information from the US Food and Drug 
Administration (FDA) (Drugs@FDA 2022). Abbreviations: PO: oral administration; IM: intramuscular 
administration; IV: intravenousadministration; H, agents that have acquired FDA approval for human use; 
V, approved for veterinarian applications; W, agents discontinued or withdrawn from the US market due to 
safety or effectiveness issues. OC, still sold in countries other than the USA

Generic name Trade name FDA approval status Route of administration

First generation
  Cefalexin Keflex, Ceporex H PO
  Cefadroxil Duricef H, V PO
  Cefazolin Ancef, Kefzol H IM, IV
  Cefapirin Cefadyl W IM, IV
  Cefradine Intracef, Velosef W; OC PO, IM, IV
  Cefalotin Keflin W; OC IV

Second generation
  Cefaclor Ceclor, Keflor, Raniclor H PO
  Cefprozil Cefzil, Cefprozil H PO
  Cefuroxime Zinacef, Ceftin, Kefurox H PO, IM, IV
  Cefoxitin Mefoxin H IM, IV
  Cefotetan Cefotan H IM, IV
  Loracarbef Lorabid W PO
  Cefonicid Monocid W IM, IV
  Cefmetazole Zefazone W IM, IV

Third generation
  Cefixime Suprax H PO
  Cefpodoxime Vantin H, V PO
  Cefotaxime Claforan H IM, IV
  Ceftriaxone Rocephin H IM, IV
  Ceftazidime* Avycaz, Tazicef, Fortaz H IM, IV
  Cefoperazone* Cefobid W IM, IV
  Ceftizoxime Cefizox W IM, IV

Fourth generation
  Cefepime* Maxipime H IM, IV
  Cefiderocol* Fetroja H IV
  Cefpirome* Cefrom W IV

Fifth generation
  Ceftaroline Teflaro, Zinforo H IV
  Ceftolozane* Zerbaxa H IV
  Ceftobiprole* Zevtera, Mabelio W; OC IV
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misuse of cephalosporins for prophylaxis, treatment, or food 
production have significantly contributed to the emergence of 
many drug-resistant pathogens.

Three primary mechanisms exist for causing antibiotic 
resistance against cephalosporins (Livermore 1987). (i) 
Bacteria produce enzymes that inactivate the antibiotic, for 
example, beta-lactamases. This is the most common and 
crucial mechanism of resistance in Gram-negative bacte-
ria. Beta-lactamases are bacterial enzymes that can break 
the beta-lactam ring by hydrolysis. At certain levels of bac-
tericidal pressure, the expression of genes encoding beta-
lactamases is regulated and inducible (Dancer 2001). (ii) 
Resistance also arises from alterations in PBPs, the cepha-
losporins’ target protein. Bacteria modify their PBPs either 
by generating mutant variants with significantly lower affin-
ity to the beta-lactam agents or by developing a novel PBP 
that does not bind to the beta-lactam structure. (iii) Reduced 
amounts of antibiotics reaching their target results in a drug 
resistance phenotype. For Gram-negative bacteria, resist-
ance may occur due to the low membrane permeability of 
antibiotics. Structural or quantitative changes in porin, a 
bacterial outer membrane protein transporting hydrophilic 
molecules, can inhibit the penetration of cephalosporins. 
These porin alterations mainly result from point mutations 
or downregulated gene expression. In addition, the efflux 
pump contributes to antibiotic resistance by inhibiting drug 
diffusion. The energy-driven efflux system expels antibiot-
ics from the periplasmic space of Gram-negative bacteria, 
where the peptidoglycan layer is located (Poole 2007).

Cephalosporin resistance can be intrinsic or acquired 
through mobile genetic elements from other bacteria (Nav-
arro 2006). In other words, the genes encoding determinants 
of cephalosporin resistance are located on bacterial chro-
mosomes, plasmids, transposons, or integrons. Antibacterial 
resistance can be horizontally transferred between bacteria 
through conjugation, transformation, and bacteriophage 
transduction. These mechanisms allow bacteria to exchange 
and acquire naked DNA from their environment (transforma-
tion) or the genetic components from other unrelated species 
(transduction) (Navarro 2006). Thus, it is not unanticipated 
to find the resistance elements in water, in animal feces, or 
even in food products (Chen et al. 2017). These findings 
highlight the importance to develop new antimicrobials, and 
recently some new and stronger beta-lactamases received 
attention. A representative example is the extended-spectrum 
beta-lactamases (ESBL), which are plasmid-encoded, and 
able to hydrolyze third-generation cephalosporins (Babic 
et al. 2006; Paterson and Bonomo 2005). In some cases, two 
or even more resistance mechanisms are found simultane-
ously in antibiotic-resistant pathogenic strains. For example, 
porin loss was found in an ESBL-expressing E. coli strain 
(Martínez-Martínez 2008). P. aeruginosa is another typi-
cal example. Besides its intrinsic resistance driven by the 

efflux pumps, it also quickly acquires resistance either by 
chromosomal gene mutations or horizontal gene transfer, 
obtaining genes encoding beta-lactamases (Cornelis 2008; 
Poole 2004). Such complex resistances cause complications 
in recognizing pathogenic bacterial types in clinical diag-
nosis and result in limited options for efficient therapeutic 
antibiotics. Therefore, combinations of an antibiotic and 
a beta-lactamase inhibitor (e.g., ceftazidime-avibactam or 
ceftolozane-tazobactam against P. aeruginosa) have been 
suggested to enhance bactericidal action, even in the pres-
ence of a certain level of resistance to the antibiotic alone 
(Zhanel et al. 2013).

Current state of clinical use and development 
of cephalosporins

In addition to intensive therapy applications in hospitals, 
significant amounts of cephalosporins are prescribed to cure 
infections in the community. According to a study conducted 
in 28 countries of the European Union/European Economic 
Area (EU/EEA), in 2017, cephalosporins represented 11.6% 
of antibiotic consumption in the community (Bruyndonckx 
et al. 2021). Among all the classes of cephalosporin antibiot-
ics, five compounds dominated the community cephalosporin 
market, accounting for 90% of total consumption, namely, 
cefalexin (8.0%) from the first generation; cefuroxime (63.0%) 
and cefaclor (7.2%) from the second generation; and cefixime 
(8.9%) and cefpodoxime (3.1%) from the third generation 
(Table 1) (Versporten et al. 2021). Considerable variations in 
trends were observed from 1997 to 2017. Proportional con-
sumption of second-generation and third-generation cepha-
losporins increased significantly over time, whereas that of 
first-generation cephalosporins gradually decreased. The 
proportional consumption of fourth-generation cephalospor-
ins is negligible and decreased considerably over time (from 
0.02% in 2009 to 0.01% in 2017) (Adriaenssens et al. 2011; 
Versporten et al. 2021).

As a milestone in modern medicine, the discovery of 
antibiotics has saved countless lives following medical 
procedures such as surgery and when treating numerous 
infectious diseases. However, the improper use of antibiot-
ics threatens our health system and ability to save lives. In 
Europe, about 33,000 people die every year due to infections 
caused by antibiotic-resistant bacteria (Cassini et al. 2019). 
Approximately 30% of infants with sepsis die due to anti-
biotic resistance (Laxminarayan et al. 2016). In 2016, the 
World Health Organization (WHO) published a list of the 
world’s leading antibiotic-resistant bacteria, for which new 
treatments are urgently needed (Tacconelli et al. 2018). The 
critical risk pathogens from this list are Pseudomonas spp. 
and Enterobacteriaceae, which have developed resistance 
to the extremely powerful antibiotic carbapenem. In addi-
tion to carbapenem-resistant Enterobacteriaceae (CRE), the 
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vancomycin-resistant enterococci (VRE) and MRSA patho-
gens were prioritized for enhanced surveillance, control, and 
research activities investigating new active ingredients.

Along with the rapidly escalating antibiotic-resistant cri-
sis, the successful discovery of a new class of antibiotic is 
particularly challenging. From 1987 to the early 2010s, no 
significant patent or advance was achieved for a novel class 
of antibiotics (Silver 2011). An active substance is consid-
ered innovative when it has a new target or mechanism of 
action, without cross-resistance within existing antibiotics 
of the same class. Another criterion of significant success in 
drug research and development is the very high specificity of 
an active ingredient to the bacterial target to minimize toxic 
effects in patients (Silver 2011). However, many compounds 
under development fail, due to low selectivity or resistance 
exhibited by the pathogens tested.

Cefiderocol, an outstanding agent from a novel class of 
cephalosporins, has overcome all these hindrances in anti-
biotics development. It was approved by the FDA in 2019 
and by European Medicines Agency (EMA) in 2020, under 
the trade name Fetroja (Terreni et al. 2021). Cefiderocol is 
the first siderophore cephalosporin, where a chlorocatechol 
moiety chelates iron to form the iron-cefiderocol antibiotic 
complex, leading to efficient transport into bacterial cells 
through iron transporters (Fig. 1). In addition, the quaternary 
ammonium from the pyrrolidinium group supports the pen-
etration as a zwitterion; also, the carboxylic acid from the side 
chain increases the permeability through the outer membrane. 
Hydrolysis of cefiderocol by beta-lactamase (including ESBL 
and carbapenemase) is protected by the O-dimethyloxime 
and pyrrolidinium groups. Due to these structural advan-
tages, cefiderocol could overcome most antibiotic resistance 

mechanisms. Moreover, its efficacy and safety have been 
approved. Thus, cefiderocol is considered a promising agent 
for treating severe or life-threatening infections caused by 
Enterobacteriaceae, P. aeruginosa, H. influenzae, and Aci-
netobacter baumannii, i.e., the multidrug-resistant bacteria 
and beta-lactamase-producing bacteria with limited treatment 
options or no alternative therapy (Terreni et al. 2021; Zhanel 
et al. 2019).

Cephalosporin C biosynthesis in A. 
chrysogenum

Cephalosporin C biosynthetic pathway

Cephalosporin C (CPC) is exclusively produced by the fila-
mentous fungus A. chrysogenum. The entire biosynthetic 
pathway has been studied in detail due to its high pharma-
ceutical and economic value. In pharmaceutical manufac-
turing companies, classical strain improvement is routinely 
performed to maintain high production lines with huge CPC 
yields. Recently, 24–28 g/l CPC yields were achieved from 
fed-batch fungal fermentation on a production scale (Meyer 
et al. 2016). Recently, highly developed molecular biotech-
nology has enabled the detection and quantification of each 
intermediate. Moreover, the catalytic enzymes involved in 
CPC biosynthesis and transport are characterized, and their 
genes have been thoroughly investigated (Fig. 2) (Schmitt 
et al. 2004b).

Like penicillin and other beta-lactam antibiotics, CPC 
biosynthesis is initiated by three amino acids, L-cysteine, 
L-valine, and the non-proteinogenic L-α-aminoadipic acid 

Fig. 1  The chemical structure 
of cefiderocol, a novel class of 
cephalosporins. 7-ACA, the 
core moiety to construct semi-
synthetic cephalosporin antibi-
otics, is produced from CPC, 
followed by a series of chemical 
modifications to add functional 
groups on the 3′ and 7′ positions 
of the cephalosporin nucleus. 
The distinct and essential func-
tional groups of cefiderocol are 
marked, and the roles contribut-
ing to its superior antibacterial 
activity are noted. Modified 
from Terreni et al. (2021)
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(L-α-AAA). These three amino acids are catalyzed to form 
the tripeptide ACV by the ACV-synthetase in the cytosol. 
Cyclization of the ACV molecule is mediated by isopenicil-
lin N (IPN) synthase. From here on, the biosynthesis path-
ways differ for different groups of beta-lactam antibiotics. In 
cephalosporin biosynthesis, the resulting IPN is isomerized to 
penicillin N through the two-component epimerases located 
in peroxisomes. The subsequent reaction occurs in the cytosol 
again, where penicillin N is converted to deacetoxycephalo-
sporin C (DAOC) by DAOC synthetase. Here, the five-mem-
bered thiazolidine ring attached to the beta-lactam ring is 
expanded to the six-membered dihydrothiazine ring, which is 
the distinctive structure of cephalosporins. DAOC side chain 
modification facilitated by a cytoplasmic hydroxylase follows, 
generating deacetylcephalosporin C (DAC). Finally, acetyl-
transferase adds an acetyl-CoA (coenzyme A) group to DAC 
to produce CPC. CPC is actively secreted from the fungal 
cytosol to the extracellular space as a natural antibacterial 
substance. However, the transport mechanism is still unclear, 
although the cefT gene, encoding a putative efflux pump, was 
reported to be involved in CPC export (Ullan et al. 2002).

Regulation of CPC biosynthesis

Since the 1990s, genomic, transcriptomic, and proteomic 
research into the regulatory mechanisms of CPC biosynthe-
sis has been driven by advanced molecular biological tools 
and growing bioinformatic data. A. chrysogenum genes 
encoding CPC biosynthetic enzymes have been investigated 
by many research groups at their mRNA levels in different 
phases of fermentation, with or without additional supple-
ments, or under different growth media conditions. Several 
studies indicated that various regulatory factors such as 
methionine, glucose, and ambient pH alter transcriptional 
levels of biosynthetic genes, initiating the regulation of CPC 
biosynthesis (Jekosch and Kück 2000; Schmitt et al. 2001; 
Velasco et al. 1994).

Several transcription factors are responsible for activat-
ing or repressing one or multiple genes, resulting in further 
significant changes in CPC productivity. Velvet is a global 
regulatory protein for filamentous fungi, first discovered in 
Aspergillus nidulans. AcVEA is the homolog of velvet found 
in A. chrysogenum, which regulates CPC biosynthesis by 

Fig. 2  Cephalosporin C biosyn-
thetic pathway in A. chrys-
ogenum and the conversion 
products of each metabolite by 
cephalosporin C acylase. Bio-
synthetic enzymes are indicated 
in green, and their encoding 
genes are written in blue. The 
cephalosporin C acylase (CCA) 
protein structure was obtained 
from the Protein Data Bank 
entry: 1FM2 (Kim et al. 2000), 
modified based on Schmitt et al. 
(2004b)
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controlling the transcription of cefEF and is also involved 
in hyphal fragmentation (Dreyer et al. 2007). A recent tran-
scriptomic analysis revealed that 35–57% of the velvet target 
genes showed altered expression in improved A. chrysoge-
num and P. chrysogenum industrial strains, demonstrating 
that the increase in secondary metabolite production via strain 
improvement programs is mainly due to regulatory changes 
rather than mutations in gene sequences (Terfehr et al. 2017).

PacC is a zinc finger transcription factor regulating the 
expression of many genes in a pH-dependent manner in A. 
chrysogenum and other fungi such as Penicillium chrysogenum, 
A. nidulans, and Fusarium oxysporum (Caracuel et al. 2003; 
Espeso et al. 1997; Suárez and Peñalva 1996). Schmitt and 
her colleagues identified PacC binding domains at promoter 
regions of pcbAB-pcbC and cefG-cefEF genes of A. chrysoge-
num (Schmitt et al. 2001). CRE1 is a repressive transcription 
factor responding to the carbon source glucose, putatively bind-
ing at pcbC and cefEF genes (Velasco et al. 1994). CPCR1 is 
another transcription factor binding at the pcbC gene, thus regu-
lating an early phase in the CPC biosynthesis pathway (Schmitt 
et al. 2004a).

In addition, a regulatory impact can be due to enzyme 
activity without transcriptional modification. Such regula-
tions directly change the performance of the CPC biosynthe-
sis enzymes. For example, ACV synthetase is inhibited by the 
presence of glucose and the carbon source metabolite glyceral-
dehyde-3-phosphate (G3P) (Zhang et al. 1989). Alternatively, 
some regulations may have an indirect influence on enzymes 
relevant to CPC biosynthesis. For instance, the activity of 
L-α-AAA reductase from lysine biosynthesis is significantly 
reduced in CPC high production strains to ensure an adequate 
supply of the energy source ATP and L-α-AAA, both essential 
starting materials for CPC biosynthesis (Zhang and Demain 
1992). The plasma membrane  H+-ATPase (PMA) is another 
example that modulates the ATP level in fungal cells, thus regu-
lating the energy supply for CPC biosynthesis (Hijarrubia et al. 
2002; Zhgun et al. 2020).

In filamentous fungi, the biosynthesis of secondary metab-
olites is often associated with cell development and differ-
entiation. Secondary metabolites are commonly produced 
within the development stage of spore formation (Calvo et al. 
2002). During strain development processes, high-yield A. 
chrysogenum production strains lost the function for con-
idiospore development. However, a special differentiation 
type of A. chrysogenum is the swollen fragment or yeast-like 
cell actively producing CPC, namely, the arthrospore (Bar-
toshevich et al. 1990). The high productivity of yeast-like 
mycelial fragments might rely on a cytochrome-independ-
ent alternative respiratory pathway, whereas the correlation 
between mycelial fragmentation and the CPC production 
rate is not particularly strict (Karaffa et al. 1996; Sándor et al. 
1998). Nevertheless, enhanced hyphal fragmentation is often 
accompanied by upregulated CPC biosynthesis stimulated by 

different regulatory factors, e.g., methionine, CPCR1, or vel-
vet (Dreyer et al. 2007; Hoff et al. 2005; Karaffa et al. 1997).

Chemoenzymatic conversion from CPC 
to 7‑ACA 

7-Aminocephalosporanic acid (7-ACA) is the fundamen-
tal substrate of most of the semi-synthetic cephalosporins. 
Some cephalosporins, such as oral cefadroxil and cefalexin 
from the first-generation cephalosporins, are derived from 
7-amino-deacetoxycephalosporanic acid (7-ADCA). These 
effective cephalosporins are chemically derived by various 
side chain modifications on the C-3 and C-7 positions of 
7-ACA, establishing broad and robust antibacterial activity 
and high chemical stability (Fig. 3).

Originally, 7-ACA was synthesized chemically from CPC 
using a series of reactions (Fig. 3) (Cabri 2008; Huber et al. 
1972). Of the two amide bonds in the CPC structure, one 
is a more stable acyclic amide on the side chain attached 
to the beta-lactam ring, and the other is a less stable and 
more reactive cyclic amide within the beta-lactam ring. The 
desired chemical reaction from CPC to 7-ACA is hydroly-
sis of the more stable side chain acyclic amide bond while 
keeping the beta-lactam structure intact. Thus, not only it 
is a highly challenging process conducted at extremely low 
temperatures using organic solvents, but also this chemical 
production method caused severe environmental harm, i.e., 
releasing toxic chemical waste and polluted water containing 
phosphates (Cabri 2008; Morin et al. 1962).

Later, a two-step enzymatic procedure was developed with 
a yield similar to chemical production and eventually sub-
stituted the classical chemical synthesis of 7-ACA (Fig. 3) 
(Riethorst and Reichert 1999). Here, the first enzyme reac-
tion uses the D-amino acid oxidase (DAO) produced by wild-
type Trigonopsis variabilis as a whole-cell biocatalyst. This 
modifies the 7-aminoadipyl side chain of CPC to generate 
glutaryl-7-aminocephalosporanic acid (GL-7-ACA). The sec-
ond enzyme is the GL-7-ACA acylase which converts GL-
7-ACA to the final product 7-ACA. GL-7-ACA acylase is a 
heterologous recombinant protein produced and isolated from 
E. coli, and applied in vitro as an immobilized biocatalyst 
(Riethorst and Reichert 1999).

Notably, the waste released from the two-step enzy-
matic procedure was drastically reduced to 1% of the 
chemical method (Cabri 2008; Groeger et  al. 2017; 
Wohlgemuth 2010). Therefore, compared to the chemi-
cal process, this two-step enzymatic method is envi-
ronmentally more sustainable, and as a second benefit 
more economically attractive. The immobilized DAO in 
the stirred-tank bioreactor and the purified GL-7-ACA 
acylase could be recycled up to 100 and 600 reaction 
cycles. Also, only mild temperature and pH reaction 
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conditions are required. However, this two-step enzymatic 
procedure to produce 7-ACA requires two different bac-
terial fermentation procedures and complicated enzyme 
purification-immobilization processes. Therefore, manu-
facturing costs for 7-ACA and the active pharmaceutical 
ingredients of cephalosporins were still relatively high.

Cephalosporin C acylase

A one-step bioconversion is now the state-of-the-art tech-
nology applied in industrial 7-ACA production. The single 
enzyme required here is the cephalosporin C acylase (CCA) 

(Fig. 3). CCAs have been discovered in various bacterial 
strains and are categorized into five classes based on gene 
similarity, protein size, and enzyme properties (Table 2) 
(Aramori et al. 1991; Pollegioni et al. 2013). CCA mole-
cules comprise an α-subunit, a spacer, and a β-subunit from 
the N- to C-terminus; some CCAs contain a signal peptide 
before the α-subunit. CCA is a member of the N-terminal 
nucleophile hydrolase superfamily, which also includes 
glutamine phosphoribosylpyrophosphate amidotransferase 
(GPAT), penicillin acylase, and the proteasome (Brannigan 
et al. 1995). The acylase reaction is catalyzed by Ser1β, the 
N-terminal amino acid of the β-subunit. This residue is also 

Fig. 3  The conversion of 
cephalosporin C to 7-ACA. On 
the left the chemical process, 
and on the right the enzymatic 
manufacturing processes cur-
rently applied in the pharma-
ceutical industry. Achieving 
one-step bioconversion using 
cephalosporin C acylase (CCA) 
is the subject of this study, as 
highlighted in the middle. C-3 
and C-7 are indicated in 7-ACA, 
the two carbon sites subjected 
to different side chain modifi-
cations to synthesize various 
cephalosporin antibiotics. At the 
top, the magenta arrow indicates 
the acyclic amide bond, and 
the orange arrow indicates the 
amide bond in the beta-lactam 
ring. Modified from Groeger 
et al. (2017)

Table 2  Classification of cephalosporin C acylases. Modified from Tan et al. (2018) and Pollegioni et al. (2013)

a Relative activity of acylases on GL-7-ACA was taken as 100%
b This acylase was called two different names in literature
c Two different acylases were identified from Pseudomonas sp. SE83

Class Source Strain name Molecular 
weight 
(kDa)

Subunit structure (kDa) Signal 
peptide 
(aa)

Spacer (aa) Relative  activitya

To GL-7-ACA To CPC

I Pseudomonas sp. KAC-1 (130)b 70 16 + 54 29 10 100% 2.3%
Pseudomonas sp. SY-77 (GK-16)b 70 16 + 54 27 10 100% 0

II Pseudomonas sp. A14 89 28 + 61 29 - 100% 0
III Pseudomonas diminuta N176 84 26 + 58 - 10 100% 4%

Pseudomonas sp. SE 83 (AcyII)c 83 26 + 57 23 10 100% 5%
Pseudomonas diminuta V22 84 26 + 58 - - 100% 3.2%

IV Pseudomonas sp. SE 83 (AcyI)c 62 40 + 22 - - 100% 0
V Bacillus laterospous J1 70 Monomeric 27 - 100% 0
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critical for the enzyme’s activity as a nucleophile and the 
proton donor.

CCAs are synthesized as inactive precursor polypeptides 
and then undergo a post-translational enzymatic activation 
process. The molecular mechanism is well characterized 
via site-directed mutagenesis and protein mass spectrom-
etry analysis (Kim and Kim 2001; Lee and Park 1998; Li 
et al. 1999). The maturation of CCA requires a two-step 
autocatalytic process to form the active αβ heterodimer (Lee 
and Park 1998). The first step is an intramolecular cleavage 
at the C-terminal end of the spacer, generating the β-subunit 
and the α-subunit peptide including the spacer. As men-
tioned above, the nucleophilic serine at the N-terminus of 
the resulting β-subunit catalyzes this hydrolytic cleavage. 
Also, the glycine at the C-terminus of the spacer plays a vital 
role due to its carbonyl group (Li et al. 1999). The second 
autoproteolytic modification is an intermolecular cleavage 
removing the 10 amino acid spacer from the C-terminus 
of the α-subunit. Here, the Ser1β again plays an essential 
role as a nucleophile, and the carboxylate group of the glu-
tamic acid or aspartic acid at the N-terminus of the spacer 
is critical as it can mimic the substrate GL-7-ACA and bind 
to the active site pocket of CCA (Kim and Kim 2001). A 
previous study demonstrated that the individual α-subunit 
and β-subunit are inactive, but they can recover acylase 
activity when co-expressed in E. coli (Li et al. 1999). For 
some CCAs containing a signal peptide connected to the 
α-subunit, the effect of removing the signal peptide is neg-
ligible on CCA precursor processing and enzyme activity; 
the same conclusion was reached for changing several amino 
acids at the N-terminus of the α-subunit (Li et al. 1999).

The challenge of applying CCA in industrial production 
is that CCA takes GL-7-ACA as a primary substrate and 
shows low activity with CPC. In the last two decades, many 
studies have been performed on the engineering potential of 
CCAs. Some acylases or glutaryl amidases were modified 
to efficiently cleave the acyclic amide bond in CPC (Kim 
and Hol 2001; Kim et al. 2000; Oh et al. 2003; Otten et al. 
2004; Pollegioni et al. 2013). Kim and colleagues revealed 
the first crystal structure of class I CCA at 2.0 Å resolution 
(Kim et al. 2000). They found that the αβ heterodimer forms 
a bowl-like structure, consisting of α-helices at the outer 
surface and 19 β-strands inside the bowl. The conformational 
deacylation mechanism catalyzed by the nucleophile Ser1β 
was elucidated through this protein 3D structure. The critical 
residues in the substrate-binding pocket were also identified; 
eight were from the β-subunit, and only two were from the 
α-subunit. Since then, various molecular modeling and site-
directed mutagenesis approaches have been performed to 
improve the substrate specificity of CCAs (Cho et al. 2009; 
Kim and Kim 2001).

Pharmaceutical companies have used highly active 
CCAs for one-step conversion since 2006, applied as an 

immobilized biocatalyst produced by E. coli (Groeger et al. 
2017; Zhu et al. 2011). Until now, the industrial application 
of CCA is limited to the enzyme process conducted in vitro. 
Recently, a promising in vivo approach to convert CPC into 
7-ACA was reported (Lin et al. 2022). These authors con-
structed a bacterial acylase gene, whose genetic codon usage 
was adapted to the fungal host, to successfully express the 
gene in the CPC producing fungus A. chrysogenum. Mass 
spectrometry analysis showed that the bacterial enzyme 
is processed successfully in the fungal cell, and the active 
enzyme is secreted into the culture supernatant. Using opti-
mized fermentation-incubation conditions, the researchers 
observed a 30% conversion rate from CPC to 7-ACA. It is 
to be anticipated that transfer of this laboratory approach 
to industrial production lines will require adaptation to 
large manufacturing scales and facilities. Nevertheless, this 
straightforward approach minimizes sophisticated manufac-
turing processes, and would be ecologically and economi-
cally beneficial for sustainable antibiotic production.

Conclusion

Cephalosporin antibiotics are widely prescribed for various 
bacterial infections in the community and, more importantly, 
for severe infectious diseases in hospitals caused by antibi-
otic-resistance bacteria. Most semi-synthetic cephalosporins 
are derived from the core building block 7-ACA by chemi-
cally modifying side chains. Here, A. chrysogenum plays a 
crucial role as the industrial producer of CPC, the substrate 
for the enzymatic production of 7-ACA. Therefore, investi-
gating the CPC-producing fungus A. chrysogenum and novel 
7-ACA production methods is highly attractive for industrial 
and economic reasons.

Discovering environmentally harmless and sustainable 
manufacturing processes would undoubtedly benefit future 
pharmaceutical processes. The industry has constantly 
been seeking solutions for lowing manufacturing costs. 
For that, industrial companies have accomplished maxi-
mizing CPC yields from fungal fermentation via routinely 
performed A. chrysogenum strain improvements. Mean-
while, another approach to reducing manufacturing costs 
is minimizing the enzymatic processes after the fermenta-
tion steps. One-step direct conversion from CPC to 7-ACA 
has been achieved in vitro using CCA on an industrial 
scale (Groeger et al. 2017). Introducing such a one-step 
bioconversion system into the CPC-producing fungus is 
an attractive approach to upgrade further innovative pro-
duction. Once the CCA enzyme is expressed and activated 
near its substrate biosynthesis site, CPC can immediately 
be converted into 7-ACA, thus eliminating entire enzyme-
related downstream processes and significantly reducing 
manufacturing costs.
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