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Enzyme-assisted process steps
Enzyme-assisted process steps can be found 
occasionally in the downstream processing of 
highly valuable biopharmaceuticals (Table 1). 
The implementation of such a step will typically 
involve the addition of a certain amount of 
a purified enzyme preparation to a product-
containing stream at a certain stage of the 
process. The step is designed to take advantage 
of the catalytic activity of an enzyme in vitro to 
(i) facilitate cell disruption or cell dissociation, 
(ii) promote the degradation of cell derived-
impurities or (iii) perform very specific alterations 
in the structure of key biomolecules.

Cell lysis and dissociation
The enzymatic lysis and disruption of microbial 
cells as an early step of product isolation is well 
established and dates back to the early years 
of modern Biotechnology [1]. Enzymes like 
glucanases, mannanases, chitinases, glycosidases 
and endopeptidases have been studied at lab 
scale, but lysozyme is by far the most important 
lytic enzyme for process scale disruption 
of cells [1,2]. The ability of this enzyme to 
hydrolyze β-1,4-glycosidic bond make it an 
excellent choice to disrupt bacterial cells walls 
containing peptidoglycan, especially when 
used in combination with chelating agents like 
EDTA [3] or in conjunction with disruption 
methods like wet milling and high pressure 
homogenization [4]. 

Another well-known application of enzymes 
in the early downstream processing is found in 
the harvesting and sub-culturing of mammalian 
cells. These operations rely heavily on trypsin, a 
proteolytic enzyme that breaks down proteins 
to detach adherent cells from culture vessels for 
passaging [5]. Trypsinization is common in the 
manufacture of vaccines [6], advanced therapy 

medicinal products [5,7] or other medicinal 
products produced from cell culture [8]. Native 
trypsin from bovine or porcine pancreas is widely 
available for trypsinization, but concerns that 
such animal derived materials may introduce 
adventitious agents during manufacturing [9] 
(e.g. take the case of the paediatric vaccine 
Rotarix that was contaminated with porcine 
circovirus originating form batches of porcine 
trypsin, [10]) prompted the development of 
recombinant versions of the enzyme [11].

Impurity clearance
The clearance of nucleic acids from process 
streams arising from mammalian cell culture 
provides a good illustration of the class 
of applications of enzymes to DSP. In the 
manufacturing of adenovirus [12,13], lentivirus 
[14], influenza virus [15] and virus-like particles 
[16], for example, treatment with DNases (e.g. 
Benzonase® and Pulmozyme®) and RNases is 
usually performed prior to or after clarification 
to reduce cell nucleic acid content. This step not 
only improves purity, hence safety of the viral 
product [13], but also reduces the high viscosity 
associated with DNA and agglomeration of viral 
particles, which is usually induced by adhesion 
of nucleic acids [17]. In some cases, nuclease 
treatment can be carried out at the end of the 
process, after chromatographic purification [14, 
18]. Nucleases can also be used to digest plasmid 
DNA vectors if a transient transfection strategy 
is used for viral particle production [19,20]. 

RNase is popular nuclease in the downstream 
processing of plasmid DNA due to its excellent 
ability to remove RNA from the producer E. 
coli cells [21, 22]. While the benefits of RNase 
clearance to the performance of subsequent 
chromatographic operations are well known to 
those who have worked in pDNA purification, 
regulatory concerns with the animal origin of 
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the benchmark RNAse A (bovine pancreas) have 
resulted in the banning of the enzyme from the 
process scene. An obvious way to circumvent 
this problem would be to use recombinant 
RNAse [23] or native microbial RNases [24], but 
surprisingly this solution has not been adopted 
by manufacturers. Exonucleases have also proved 
valuable in the lab scale purification of plasmid 
DNA due to their ability to digest linear DNA 
fragments that originate from the shearing/
degradation of genomic DNA or from plasmid 
linearization are [25].

Targeted structural modifications
In the first two categories of applications 
described, enzymes are used for they ability to 
break apart biomacromolecules from producer 
cells. The third category, however, includes more 
sophisticated applications, where a very precise 
alteration of the structure of a target molecule or 
impurity is required. Take the case of affinity tag-
removal, for example [26,27]. These exogenous 
amino acid sequences have a high affinity for a 
specific ligand and are usually added via genetic 
design to proteins to facilitate production and 
purification. The use of His-tags [28] and of 
the octapeptides FLAG [29] and Streptag II 
[30], for example, make it possible to purify the 
corresponding tag-protein fusions by affinity 
chromatography with immobilized nickel, 

antibody and streptavidin matrices, respectively 
[26]. Other tags are used with the goal of 
improving fusion solubility like Glutathione 
S-transferase (GST), Maltose binding protein 
(MBP) and Elastin-like polypeptides (ELP). 
Purification is also facilitated with these tags 
due to their ability to bind to specific matrices 
(e.g.  glutathione–Sepharose for GST, amylose 
for MBP) or to undergo temperature-induced 
aggregation (ELPs) [26]. Whichever is the reason 
for introducing a tag, in most applications 
the removal of the tag is a requirement. Here, 
proteolytic enzymes are used to precisely 
clip away the tag from the target protein by 
hydrolyzing the peptidic bond at a specific 
given location within the fusion. Exoproteases 
(e.g. carboxypeptidase A and B, DAPase) or 
endoproteases (e.g. tobacco etch virus protease, 
Factor Xa, thrombin, enteropeptidase and 
rhinovirus 3C proteases) are selected to remove 
tags, depending on the exact genetic design of 
the fusion and location of the tag [27].

Proteases have also played an important role in a 
number of processes used to produce recombinant 
insulin [31-33] and antibody fragments [34-38]. 
In the first case, the key role of proteases is to 
enzymatically transform precursor proinsulin 
molecules produced intracellularly by E. coli 
(via mixtures of trypsin and carboxypeptidase 

Table 1: Examples of enzyme-assisted process steps in the downstream processing of 
biopharmaceuticals. Abbreviations: TEV (tobacco etch virus protease), R3C (rhinovirus 3C protease).
Category Application Enzyme Ref.

Cell lysis and 
dissociation

Lysis and disruption of microbial cells for intracellular 
product release

Lysozyme, glucanases, 
mannanases, chitinases [1-4]

Detachment of adherent cells of from culture vessels 
for passage Trypsin [5-8]

Impurity 
clearance

Clearance of nucleic acids from process streams 
arising from mammalian cell culture DNase [12-18]

Digestion of plasmid DNA vectors following transient 
transfection of cells in viral particle production DNase [19,20]

Clearance of host cell (E. coli) RNA in plasmid DNA 
purification RNase [21-23]

Digestion of linear DNA fragments in plasmid DNA 
purification Exonuclease [25]

Targeted 
structural 
modifications

Removal of affinity or solubility tags from protein 
fusions via hydrolysis of peptidic bonds

Trypsin, TEV , Factor 
Xa, enteropeptidase, 
R3C, thrombin, DAPase, 
carboxypeptidase A and B 

[26-27]

Generation of insulin via cleavage of recombinant 
proinsulin 

Trypsin, 
carboxypeptidase B [31-33]

Generation of antibody fragments by proteolytic 
digestion of whole antibodies Papain, pepsin [34-38]

Glycosylation of recombinant proteins produced in 
prokaryotic hosts Endo-glycosidases [39-43]

Linearization of miniplasmid impurities in minicircle 
vector purification Restriction endonuclease [44]

Modification of topology of miniplasmid impurities in 
minicircle vector purification Nicking endonuclease [45]
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B) or extracellularly by S. cerevisiae (via trypsin-
mediated transpeptidation) into insulin [31,33].  
In the second case, antibody fragments for 
therapeutic and diagnostic applications can be 
obtained by controlled proteolytic digestion of 
whole antibodies (mono- or polyclonal). For 
example, papain digestion yields two Fab and 
one Fc fragment [34-36], whereas the targeted 
attack of pepsin below the hinge region originates 
a bivalent F(ab’)2 fragment and a pFc’ fragment 
[37,38].

The glycan structure of proteins is modified in 
vivo via a set of specific enzymes. This suggests 
that proteins produced by a prokaryotic host, for 
example, can be glycosylated in vitro according 
to the glycan pattern that is more appropriate 
for the final biopharmaceutical application 
[39-41]. For example, the formation of the 
glycosidic bond between the polypeptide and 
chemically-synthesized glycan parts can be 
carried out by specialized enzymes like endo-
glycosidases (Endo-A [42], Endo-M [40] and 
Endo-F [43]) via a transglycosylation reaction 
[41]. This type of strategy could open-up the way 
for the synthesis of homogeneously glycosylated 
proteins with glycan side chains at natural or 
unnatural glycosylation sites. 

HPrecise enzyme-catalyzed structural 
modifications have also targeted key impurities 
with the goal of facilitating their separation from 
the target molecule.  Two notable examples can 
be found in the case of the very challenging 
separation of minicircle (MC) DNA vectors 
from miniplasmid (MP) impurities, two species 
very similar in terms of structure and size. In one 
case, in vitro restriction with an adequate enzyme 
is used to linearize MP and facilitate separation 
by gradient centrifugation [44]. In the second 
example, a nicking endonuclease modifies the 
topology of the MP from supercoiled to open 
circular, making it possible to subsequently use 
a hydrophobic interaction chromatography step 
that separates closed DNA molecules according 
to their isoform [45].

Considerations
While a few enzyme-assisted process steps have 
gained industry acceptance (e.g. the trypsin/
carboxypeptidase C excision of the C-peptide 
from proinsulin [32]), the fact that more of them 
have not entered into the biopharmaceutical 
downstream processing practice and rather 
remained stuck in the limbo of academic labs is 
somehow intriguing. This is even more puzzling 
if one considers the vast number of enzyme 
activities at our disposal that could be explored 

for purification purposes. Arguments against the 
use of enzyme preparations in the downstream 
processing of biopharmaceuticals typically point 
to: (i) a lack of cost effectiveness and commercial 
availability and (ii) hurdles associated with 
regulatory approval. 

Although at first sight the lack of cost 
effectiveness/commercial availability argument is 
compelling, it is also evident that technologies 
are available nowadays that could be mobilized 
to produce process-scale amounts of enzymes 
at a reduced cost, as long as there is a clear 
demand from the biopharmaceutical industry 
for those products. After all, enzymes are 
produced at a cost low enough so that they can 
be incorporated into products like detergents 
(e.g. subtilisin), food additives (e.g. chymosin) 
and textile aids (e.g. pectinase, cellulase). The 
highest purity required for enzymes used in 
the manufacturing of pharmaceuticals is of 
course a major difference, but the fact that the 
use of enzymes could improve downstream 
processing by decreasing the number of process 
steps and associated labour, reducing the impact 
of impurities in chromatography operations 
or improving final product quality, should 
compensate for the higher cost of such enzymes. 
If one takes the example of protein A, it seems 
reasonable to assume that companies producing 
high-value products like biopharmaceuticals are 
able to accommodate the use of expensive mass 
separating agents. 

Additionally, a final decision on whether to 
use or not an enzyme such only be taken on 
the basis of a professional cost analysis such 
as the one provided by modelling tools like 
SuperProDesigner (Intelligen Inc., Scotch Plains, 
NJ, USA), as exemplified for the case of insulin 
[33]. In this case study, the cost associated with 
~2 kg of enzymes required to produce 1500 kg 
of insulin represented less than 1.5 % of the 
total costs of raw materials. This interesting 
example warns us that enzyme costs may not be 
as significant as one might anticipate. 

Issues related to regulatory approval are also 
critical, as judged by reports of contamination 
[10] and by the concerns raised by the FDA 
and EMA with the animal origin of some of 
the most interesting enzymes used in recovery 
and purification (e.g. trypsin, pepsin, RNase) 
[9,47]. One obvious way to avoid the more 
stringent regulations in these cases is to resort to 
animal-component-free recombinant enzymes 
[11, 23]. For example, recombinant trypsin is 
already available in the market [11] and there 
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is no reason why other animal-derived enzymes 
cannot follow the same path. Clearly, the 
biopharmaceutical industry should be able to 
reap the benefits of enzyme activity and diversity, 
particularly in the downstream processing area, 
in a more systematic and rational way. 
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