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Abstract

Proteolysis was shown to have a significant impact on the accumulation and the final yield of
recombinant proteins. Much smaller intracellular concentrations of the proteins SpA and
ZZT2 compared to their stable versions SpA-βgalactosidase and ZZT0 were explained by
their high proteolysis rate. The reduction of proteolysis rate in Clp protease-deficient strain
enabled to increase the intracellular ZZT2 concentration two-fold, but impaired the cell
growth. A method to calculate a hypothetical accumulation of the product assuming complete
stabilization was described, which reveals a potential to increase the productivity by
eliminating proteolysis.

The effects of scale-up on the production of the ZZT2 protein were investigated in reactors of
different configuration and scale: a well-mixed lab-scale bioreactor, an industrial scale 12-m3

bioreactor, and a two-compartment scale-down bioreactor. The production of the
recombinant protein ZZT2 was highest in the lab-scale cultivation (50 mg/g), however in the
large-scale the ZZT2 concentration declined 8 hours after induction from its highest value of
45 to a final value of 35 mg/g. The final yield of the ZZT2 protein in the scale-down
cultivations was even lower than in the large-scale. The higher proteolysis rate and declining
synthesis rate are thought to be the reasons for the lower yields of the protein ZZT2 in the
large-scale and scale-down cultivations. The heterogeneities in the large-scale and scale-down
reactors appeared to prevent a decline in viable cell count and cell death, which are usually
observed at the end of fed-batch cultivations in lab-scale reactors.

Two mixtures of amino acids were fed together with glucose in fed-batch cultures aiming to
improve a biomass yield and a concentration of the ZZT2 protein. One mixture contained all
twenty amino acids in quantities, which would be sufficient for a synthesis of a half of
biomass proteins, including the ZZT2 protein. The other mixture contained only five so-
called “protein amino acids”, which were reported to be primarily incorporated into
biomass: alanine, arginine, methionine, histidine and phenylalanine. Although in both cases
feeding of amino acids improved the biomass yield and slightly reduced proteolysis rate, the
concentration of recombinant protein ZZT2 was less than half compared to the control. A
decline of synthesis rate of ZZT2 is thought to be the reason for this. The mixture of five
“protein amino acids” in shake flask culture even inhibited the cellular growth, which is seen
as an indicator of disturbed metabolism caused by added amino acids.

A novel cultivation technique, a temperature-limited fed-batch culture, was applied for a
production of the ZZT2 protein. Low temperature and surplus of glucose enabled to limit
endotoxin release and decrease the degradation rate of ZZT2. More work is needed to
maintain glucose concentration in a desired range to avoid acetate accumulation during this
type of cultivation.

The absence of both oxygen and glucose in the transition period from cultivation to
downstream processing resulted in a decrease of the ATP pool to less than 0.5 mM and
almost complete stabilisation of protein A. Neither interruption of the feeding under aerobic
conditions nor anaerobic conditions in presence of glucose could stabilise protein A
completely and the intracellular ATP pool did not decrease to less than 0.75-1 mM by this
treatment. Therefore, protein stabilisation and decrease of the ATP pool were correlated in
experiments in vivo. The concentrations of ADP and AMP increased during starvation and
could also play a role in stabilisation of the protein. ATP may be a  limiting factor of
proteolysis also during further steps of downstream processing. Its concentration decreased
by 80-90% during harvesting and centrifugation of biomass and even further during
disruption of cells.

Keywords: proteolysis, recombinant protein, E. coli, bioprocess scale-up, protein A, ATP,
sulfite, amino acids, growth inhibition, fed-batch culture, ZZT2
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Objectives
Recombinant proteins produced in E. coli and other hosts most often have an origin from

other organisms and, therefore, may be recognised as targets by cellular proteases.

Proteolysis can be a serious problem during production of recombinant proteins, since it

can lead to lower yields and contamination by the products of partial degradation, which

may complicate the downstream processing. Although importance of control of proteolysis

is widely acknowledged, little is known about methods for detection and measurement of

proteolysis. One of the aims of the present work is to introduce quantitative assessment of

impact of proteolysis on the production of recombinant protein, which is important in order

to assess the potential benefit of the measures applied to control the proteolysis.

Different approaches to reduce proteolysis of recombinant proteins are to be assessed and

compared in fed-batch cultures: use of protease-deficient strain, use of stable protein

instead of proteolytically susceptible, supplementation of amino acids to the feeding

solution and use of novel cultivation technique “Temperature-Limited Fed-Batch Culture”

The dynamics of proteolysis was studied in industrially relevant culture conditions in

bioreactors of different scales. The influence of heterogeneities of glucose and oxygen on

proteolysis and accumulation of recombinant protein ZZT2 is to be investigated.

The last part of the thesis is dealing with a problem of proteolysis during transition to

downstream processing, which may extend into hours in a large-scale. During this time a

considerable loss of yield may occur if the proteolysis is not controlled. Hereby we

investigated how control of energy status of the cells may help to stabilise the

proteolytically sensitive recombinant protein.
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Introduction

Biochemistry of protein degradation

Proteolysis can be divided into two different categories. The first is a proteolytic

processing, which involves a cleavage of the certain peptide bonds to yield an active or

mature form of the protein. The second type of proteolysis is when protein is cleaved at

multiple sites resulting in complete degradation of the protein to amino acids. Only this type

of proteolysis, but not the proteolytic processing will be covered in the present work.

There are two main physiological functions of the proteolysis in E. coli. The first is

inactivation of the short-lived regulatory proteins (reviewed by Gottesman and Maurizi

[1]). The second is a degradation of the unwanted, incorrectly synthesised, misfolded

proteins. These proteins are most likely devoid of biological function and could even be

toxic to the cell [2]. Recombinant proteins may also fall under this category, often regarded

by the cell as unwanted. Significance of proteolysis can be judged from the fact that more

than 3% of the enzymatic activities present in E. coli at any given time are proteolytic [2].

Extracellular proteases are exported to the medium and cleave proteins in order to provide

cells with peptides and free amino acids. In pathogenic bacteria these proteases can be the

virulent factors. Extracellular proteases are more common in Gram-positive bacteria and

have not been discovered in E. coli.

Eukaryotes have a mechanism of marking proteins that are destined for degradation by

attachment of the 8-kDa protein ubiquitin. The degradation itself is taking place in

specialised organelles called proteasomes, and shares common traits with degradation by

the ClpAP protease in E. coli [3]. Proteolysis in eukaryotes will not be covered in this

thesis and the interested reader is referred to the following review articles [1, 3-6].

E. coli proteases

Proteolytic enzymes can be classified based on many features: cellular location

(cytoplasmic, periplasmic, membrane), energy dependency, a nature of the active centre

(serine, metalloproteases). Depending whether cleavage is taking place inside of a protein

or at its terminus, the proteolytic enzymes are called endopeptidases (proteinases) or

exopeptidases (peptidases) [7].

The protein degradation in E. coli is a sequential process with initial cleavage by energy-

dependent protease as a rate-limiting step, followed by energy-independent proteases and

peptidases [4], which degrade peptide fragments to free amino acids [2, 8]. The first step
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must be controlled with a high precision in order to avoid indiscriminate proteolysis. An

important distinction of energy-dependent proteases from those usually active in the

extracellular medium, like e.g. trypsin, is a quite large size of the former (up to 750 kDa)

compared to 20-30 kDa of the latter. This difference probably reflects the presence of

structural features of energy-dependent proteases that allow for more stringent substrate

specificity and regulation [4]. The activity of peptidases must be very high, since very little

of intermediate products of proteolysis were found [4]. For an overview of peptidases

reader is referred elsewhere [8, 9].

In the last two decades a number of E. coli proteases has been discovered. Most of them

are summarised in the Table 1.

Table 1 Proteases in E. coli [2, 10-21].

Protease Substrate ATP-
dependency

Location Type

Lon (La) SulA, large abnormal
proteins

Yes Cytoplasm Serine

ClpAP (Ti, Clp) Large abnormal proteins Yes Cytoplasm Serine
ClpXP λO, σS Yes Cytoplasm Serine
HslUV (ClpYQ) σ32, large abnormal

proteins
Yes Cytoplasm Serine

Fa Cytoplasm Serine
S o Large proteins

Oxidatively damaged
proteins

No Cytoplasm Serine

C i Small (<15 kDa) proteins No Cytoplasm Metalloprotease
HflA Cytoplasm Serine
FtsH (HflB) σ32, λCII Yes Cytoplasmic

membrane
Metalloprotease

M i No Periplasm Serine
Tsp (Re, Prc) Oxidatively damaged

proteins
No Periplasm* Serine

HtrA (DegP, Do) Misfolded, abnormal
proteins
Secreted recombinant
proteins

No Periplasm* Serine

 Pi (protease III) Small (<7kDa) proteins
Highly sequence – specific
between tyr-leu, phe-tyr

No Periplasm Metalloprotease

OmpT (protease VII) Secreted recombinant
proteins

No Outer
membrane

Serine

* Previously protease HtrA was reported to be cytoplasmic and Tsp equally distributed

between cytoplasmic and periplasmic fractions [22].
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The first-discovered and best-characterised E. coli proteases are Lon and Clp. Each of them

constitutes about 0.05-0.2% of cellular protein and together they account for 70-80% of the

energy-dependent degradation of proteins in vivo [2, 23].

Lon (La) protease

The Lon protease degrades abnormal proteins, which may result from nonsense or

missense mutations, misincorporations or denaturation  [4] and certain short-lived

regulatory proteins [1]. Lon protease exists in vivo as a tetramer (molecular weight 360

kDa) [24]. All monomers are essential for protease activity despite the fact that each

monomer molecule contains both ATPase and proteolytic sites. Although small peptides

can be degraded without ATP, it is required to degrade large proteins. The ATP role in

degradation of large proteins is thought to be unfolding of the protein substrate and its

translocation to the protected proteolytic chamber of Lon [25]. From two to four ATP

molecules are consumed per broken peptide bond under optimal conditions [2, 4], but this

ratio increases to 13 if ADP is present and pH is not optimal [26]. Michaelis-Menten  (Km)

constant of Lon for ATP during proteolysis has been reported to be 0.20-0.25 mM [27]

and 0.02-0.05 mM [28]. ADP has a higher affinity towards Lon than ATP, thus completely

preventing ATP binding when both adenosine nucleotides are present in equimolar

concentrations [29]. This ADP inhibition is relieved considerably when protease substrate

is present [30].

Lon generates polypeptides of 5 to 20 amino acids, which are degraded further by other

endoproteases and peptidases without expenditures of ATP [26, 30, 31]. Therefore, the

overall energy expenses on proteolysis are small, compared to the energy for the cell

growth. Lon is not essential to E. coli, but its deletion leads to mucoidy (i.e. increased

production of capsular polysaccharides) and increased sensitivity to DNA-damaging agents

[1]. An increased lon expression, which is taking place during the heat shock [32] or after

the induction of recombinant proteins synthesis [4], leads to an elevated rate of proteolysis

[33].

Degradation of some abnormal proteins by Lon requires a participation of certain heat

shock proteins (DnaK, DnaJ, GrpE and GroEL), the deletion of which sometimes have a

higher effect on proteolysis than deletion of lon itself [34, 35]. Possible mechanisms of

participation of these heat shock proteins are presenting abnormal proteins to proteases [36]

or just maintaining them in a unfolded conformation, which facilitates degradation [2, 19].
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ClpAP (Ti) protease

E. coli deficient in lon shows just 30% reduction in the ATP-dependent proteolysis of

abnormal proteins [37], thus pointing on existence of other ATP-dependent proteases.

ClpAP (    C    aseino   l   ytic     p    rotease), also called Ti by Goldbergs group [38], is a large (750

kDa) complex consisting of one hexamer of ClpA subunit and one dodecamer of ClpP

subunit. ClpA (83 kDa) has an intrinsic ATPase activity, which increases in the presence of

ClpP and degradation substrates [1]. ClpP (21 kDa) is a heat shock-induced proteolytic

subunit, which can independently from ClpA degrade small hydrophobic peptides [39].

Degradation of large proteins requires their unfolding by ClpA and translocation into ClpP

chamber through a narrow (10 Å) channel [3, 40]. The chaperone function of ClpA appears

to serve as a protection against indiscriminate degradation of cytoplasmic proteins. ClpA

and ClpP have almost no homology to each other [1]. Similar to Lon, ClpAP generate

polypeptides of about 1500 Da [4] and have almost the same energy requirements for

proteolysis of large proteins (from 6 to 10 ATP molecules per peptide bond) [1, 2] and

Michaelis-Menten constant  (Km) of ATP for proteolysis (0.21 mM) [38]. Unlike Lon,

ATP was shown to be necessary not only for proteolysis, but also for an assembly of the

ClpAP complex. ADP inhibits both the formation of ClpAP complex [41] and proteolysis

of the protein substrates. The ClpAP protease has a preference for a cleavage of peptide

bonds after amino acids with hydrophobic side chains [1].

ClpYQ (HslUV) protease

Double lon clp mutants still have 20-40% of the energy-dependent proteolysis towards

abnormal and recombinant proteins [42] and preserve almost all capacity of starvation-

induced proteolysis [2, 23], which hinted on existence of at least one unknown cytoplasmic

ATP-dependent protease. ClpYQ (HslUV) was discovered [43] and described to participate

in the turnover of σ32 and abnormal proteins [44]. ClpYQ (HslUV) similarly to ClpAP

consists of two kinds of subunits: HslV - 19 kDa  (250-kDa multimer 12-14 subunits) and

HslU - 50 kDa (450-kDa multimer 8-10 subunits) [45]. Michaelis-Menten constant (Km) of

ATP for protein degradation is 0.3 mM [45, 46]. Substrate ranges of Lon, ClpAP, ClpXP

and ClpYQ are overlapping to some extent  [40] and all these proteases have a homologous

region of about 100 amino acids in the substrate-recognition domain [47].

Although ClpB is a homologue of ClpA, its deletion does not affect proteolysis. The action

of ClpB in vivo is most likely to prevent or dissolve protein aggregates [19] and clpB-

deficient strains have poor viability at high temperature  [48]. For more details about Clp

protein family reader is referred to several review articles [49-51].
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Proteases of the cell envelope

ATP has no stimulating effect on proteolysis when added to a periplasmic fraction  of E.

coli [22, 52], which is not surprising since there is no ATP in periplasm. The only ATP-

dependent protease of cellular envelope is FtsH (HflB), which is situated on cytoplasmic

membrane. FtsH has an ATPase domain at its C-terminus facing the cytoplasm and it

appears to participate in diverse cellular activities [10] including degradation of σ32.

HtrA (also called DegP and Do) is a periplasmic protease and a heat shock protein regulated

by the alternate heat shock sigma factor σE [53]. HtrA acts as a chaperone at low

temperatures refolding misfolded proteins, and as a protease at elevated temperatures.

Apparently, refolding is easier at lower temperatures and the proteolytic function of HtrA is

used when re-folding fails [54]. HtrA usually destroys unfolded damaged membrane or

periplasmic proteins [2] and has been reported to degrade secreted recombinant proteins

[18, 55-57]. HtrA is essential for growth at a high temperature [53].

OmpT is an outer membrane protease, which could degrade secreted recombinant proteins

in vivo, in crude cell extract [2] or even after protein refolding from inclusion bodies [58].

The OmpT activity was found to increase in a response to the induction of recombinant

cytoplasmic protein (CAT) [59]. A homologue of OmpT, OmpP, is involved in degradation

of the endogenous membrane protein SecY [60]. Prc (Tsp) is a protease, which cleaves

proteins at their C-termini after small hydrophobic residues such as alanine and valine.

Hydrophobicity of C-terminus increases the likelihood of cleavage [61]. DegQ and DegS

are homologues of the DegP (HtrA, Do) protease [62]. DegQ is a periplasmic serine

endopeptidase, which degrades casein and shares to some extent the substrate specificity

with DegP. Deletion of degQ has no obvious growth defects, but degS is essential for the

cell. DegS is apparently also a serine protease and is associated with cytoplasmic

membrane. Neither DegQ nor DegS are heat inducible.

Energy-dependence

Significance of the energy-dependent proteolysis for E. coli can be judged by the fact that it

constitutes more than 90% of the overall protein degradation occurring in the cytoplasm

[2]. Energy is not needed from point of view of thermodynamics, since a protein

degradation by the common proteases like trypsin is a spontaneous process and Lon and

ClpAP do not require ATP for degradation of small peptides [1]. Therefore, the energy

(ATP)-dependency must serve to overcome some unfavourable step of reaction or to

introduce an additional control. ATP hydrolysis appears to be needed either to change a

conformation of the protease, or to unfold the protein substrate and to move the protein

molecule through the active sites of the proteases [2, 3].
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Selection of targets

A protein targeted by protease must fulfil two requirements. First, it must contain a specific

sequence of amino acids, which should be quite infrequent in proteins in order to avoid

unspecific degradation. Second, this cleavage site must be accessible to protease.

Fulfilment of the second condition could be a reason for high susceptibility of chimeric

proteins for the cleavage at linkage sites, which often are exposed to the environment. The

sequence that protease recognises might not be the one that is cleaved. Also, it is possible

that the protease must recognised several sequences at once [1].

The majority of proteins is stable, for exception of few small regulatory proteins (half time

shorter than the doubling time) and abnormal proteins, which arise from missense and

nonsense mutations, amino-acid misincorporations, misfolded proteins, heat or chemically

damaged proteins, recombinant proteins [1]. The picture becomes even more complicated

when a protein, normally stable, is misfolded and then targeted by proteases. This shows

that target recognition depends not only on the primary structure, but also on secondary and

tertiary, i.e. degradation signals are either buried and not accessible to proteases or should

be formed from the damaged parts of the protein [1]. In misfolded proteins these

degradation signals somehow are presented to proteases.

A presence of certain amino acids (tryptophan, tyrosine, phenylalanine, arginine and

lysine) on N-terminus of protein molecule is shown to destabilise the proteins [63]. Known

as N-rule, this could explain why initial cleavage of the protein usually limits the overall

degradation. Both Lon and Clp proteases tend to cut proteins in hydrophobic regions, thus

yielding unstable fragments with hydrophobic amino acids at their termini [1], which are

degraded even faster. A similar rule was discovered for C-terminus.  The presence of

hydrophobic amino acids in the last five positions was reported to destabilise protein, while

substitution of them by hydrophilic amino acids stabilised it [64]. This effect was greatest

for the very last amino acid position. In other work, an insertion of 1-3 copies of

tetrapeptide Ala-Trp-Trp-Pro close to the C-terminus of stable protein ZZT0  increased

progressively its sensitivity to proteolysis [65]. The protease Prc (Tsp, which stands for

t   ail-   s   pecific     p    rotease) was shown to follow the C-rule [61]. It has been suggested that tail-

specific proteolysis by the ClpXP protease works together with the peptide-tagging system

marking proteins for degradation [66, 67]. This system involves the protein SspB, which

is synthesised during starvation and is attached to unfinished protein molecules, thus

tagging them for degradation by ClpXP [68].



8

Strategies to Control Proteolysis in E. coli

Strategies for control of proteolysis were reviewed earlier in the following articles [69-71].

Other aspects of the recombinant protein production are covered in depth elsewhere [58,

72-74].

Protein level

Sequence modification

If a linker between the domains of the fusion protein contains an amino acid sequence

recognised by proteases, it could be particularly vulnerable to degradation due to its

exposure to environment. If this amino acid sequence is not essential for the function of the

protein it can be deleted or modified. A successful example of application of this strategy

was described [75], where the fusion protein SpA-βgal, which was originally degraded by

the OmpT protease at a basic dipeptide sequence in the linker, was stabilised after removal

of the sensitive site.

Protective fusion

Numerous examples [71] showed that a protein may be stabilised by fusion to other protein

or even to a copy of itself. Interestingly, the position where the fusion partner is attached

also influences the susceptibility to degradation. The VP1 protein of the foot-and-mouth

disease joined to the C-terminus of β-galactosidase was sensitive to proteolysis, while the

same protein at the N-terminus was stable [76]. Even more efficient protection from

degradation can be achieved if the recombinant protein is “capped” with fusion partners

from both termini (“dual affinity fusion strategy”) [77].

Inclusion body formation control

Formation of inclusion bodies may stabilise proteolytically sensitive proteins due to the

steric hindrance for proteases. The decision whether to direct protein design and

fermentation conditions towards formation of inclusion bodies depends on many factors,

such as proteolytic stability of the product, feasibility of re-folding and the cost

considerations. However, if the protein is stable in the cytoplasm, the formation of

inclusion bodies should be avoided, since refolding may be complicated and expensive

process with a little final yield. Different methods to reduce inclusion body formation exist,

both on genetic level, like fusion to solubilizing partner (e.g. Z-domains or thioredoxin), or

on cultivation level based on the regulation of the rate of synthesis of the protein with

temperature [78] or partial induction. A slower synthesis rate usually favours formation of

soluble protein. Other strategies include a co-expression of the molecular chaperones [14]

to overcome the folding pathway limitations either by increasing a gene dosage or by
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conditioning of the cells with heat-shock-inducing agents like ethanol (3%) [79]. Reader is

referred to following review articles for more detail [71, 73, 80, 81].

Cell level

Use of protease mutations

A straightforward solution to reduce the proteolysis could be to delete the genes coding for

responsible proteases. Although the ATP-dependent proteases, which cause most of the

damage to production of recombinant proteins: Lon, ClpAP and ClpYQ are not essential for

the cell, their deletions reduce strain fitness. Kanemori et al. found that the triple protease

mutant (∆hslVU-clpPX-lon), while enabling to improve the stability of recombinant protein

5-fold, had a specific growth rate half as low as the parent strain and was not able to grow

at 42˚C [44].

A Lon mutation is useful in some cases to improve production of recombinant proteins

[82]. Two problems of lon deletion – mucoidy and UV sensitivity can be overcome by

either growth conditions (use of rich media or temperatures higher than 37˚C) or certain

secondary mutations, like inactivation of genes involved in capsule synthesis gal and cps

[82]. Filamentation is taking place due to the stabilisation of SOS-inducible cell division

inhibitor SulA, which is normally degraded by Lon. Filamentation is higher in rich

medium, especially with yeast extract. Deletion of sulA does not have a deleterious effect

on cell growth, and, therefore, can be used to control filamentation [82].

Instead of introducing the protease mutations some researchers choose to work with strains

naturally devoid for some proteases, like BL21 strain, which lacks Lon and OmpT

proteases. Corchero et al., for example, used it to obtain a higher yield of recombinant

fusion protein [76]. In the other case, the BL21 strain was used for a production of rat

neuronal nitric oxide synthase. When expressed in the other E. coli strain this protein was

heavily degraded upon cell lysis [83], suggesting that OmpT was responsible for

proteolysis. The use of the BL21 strain of E. coli has another advantage – a lower

accumulation of acetate when grown on glucose [84].

Single mutations for either ompT or degP resulted in moderate decrease in maximum

specific growth rate – by 10 and 25%, respectively [18]. The triple mutant for cell envelope

proteases OmpT, DegP, and protease III increased production of the fusion protein A-β-

galactosidase more than 6-fold [85].  Double mutant for cell envelope proteases DegP and

Tsp could be grown to high cell densities (50 g/L) in fed-batch culture, yielding 4.5 times

more of secreted fusion protein A-β-lactamase compared to the reference culture [86]. A
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DegP-deficient strains were successfully applied for the production of the cytochrome

subunits FixO and FixP from B. japonicum [87], diphtheria toxin [56] and enterotoxin

mutant proteins [57].

Deletion of the htpR (rpoH) gene coding for σ32 reduces the rate of proteolysis even more

than lon mutation [82], since all cytoplasmic ATP-dependent proteases are upregulated by

the heat shock. Moreover, combined htpR and degP deletion had a dramatic effect also on

degradation of secreted proteins [88]. The accumulation of recombinant protein in a double

(∆degP-rpoH165) mutant was 44-fold higher than in either of the single (∆degP or

∆rpoH165) mutants. The quadruple mutant (∆degP-ptr-ompT-rpoH15) for Proteases III,

DegP, OmpT and σ32 factor has only 30% slower maximum specific growth rate compared

to the reference strain [88].

Use of host strain deficient in the stringent response

Dedhia et al. [89] reported that the use of host strain with mutations in spoT and relA,

which made it completely ppGpp-free, enabled to improve production of chloramphenicol

acetyltransferase (CAT) several-fold, in both unlimited and limited growth conditions.

Partially this improvement was due to higher mRNA levels, but the main effect should be

attributed to either improvement of translation or reduction of proteolysis [89].

Co-expression of protease inhibitors

Infection with T4, T5 and T7 phages inhibited degradation of abnormal proteins, but did

not affect degradation of normal proteins [90, 91]. The gene pinA from the T4 genome was

cloned into E. coli, which improved the yield of recombinant protein human fibroblast

interferon [92]. Recently it has been shown that PinA protein selectively inhibited the Lon

protease by interfering with its ATPase function [93, 94]. PinA had no effect on other

ATP-dependent proteases ClpAP or ClpYQ or ATP-independent proteases (trypsin,

chymotrypsin, subtilisin and pepsin). E. coli lon+ cells that produced protein pinA have

phenotype of lon mutants and the lon mutation had no additional effect in the cells

producing PinA protein. Protease FtsH can be inhibited by λcIII protein [95], however,

since FtsH is essential, this phenotype is lethal. No inhibitors of the E. coli ClpAP and

ClpXP proteases have been described. Numerous serine protease inhibitors were identified

from mammals, birds, reptiles, plants and micro-organisms. The best-characterised

example of such inhibitors is ecotin, an E. coli periplasmic protein, which is a powerful

inhibitor of wide range trypsin-like proteases. The mechanism of action is thought to be

substrate-like binding of ecotin to the active site of protease [96].
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Secretion to periplasm

One efficient strategy to prevent proteolysis is to fuse signal peptide to N-end of the protein

in order to enable secretion of the protein to periplasm. Although some proteolysis is still

taking place in the periplasm, different kinds of proteases are active there (Table 1).

Secretion to periplasm enabled to increase the stability of preproinsulin 10-fold [97].

Besides reduction of proteolysis secretion to periplasm has also other advantages, like

disulfide bond formation and simplified recovery of the protein.

Cultivation level

Temperature optimisation

The temperature can influence degradation of recombinant proteins in two ways. Firstly,

protein misfolding often occurs at elevated temperatures due to either direct heat damage to

the protein or due to an increase of recombinant protein synthesis rate, which leads to a

limitation in a folding pathway. This may render a protein, which was recognised as native

under normal conditions, as a target for protease. In this case lowering temperature may

prevent proteolysis. However, decreased temperature will not likely prevent proteolysis if

the protein is degraded in its folded native form. In this case misfolding and subsequent

aggregation into inclusion bodies might be even beneficial to prevent degradation.

Secondly, transcription of genes coding for periplasmic HtrA protease and all cytoplasmic

ATP-dependent proteases is under regulation of s32 or sE transcription factors and are

induced at elevated temperatures. Successful examples of temperature optimisation include

production of interferon α-2 [98] and 6-phosphofructo-2-kinase [99].

Optimisation of pH

E. coli periplasm is permeable to relatively small molecules and, therefore, must have pH

equal or at least close to extracellular.  For exception of OmpT, all cell-envelope and

periplasmic proteases have pH optimum under alkaline conditions and are inhibited at pH

lower than 6.0. This enabled to control proteolysis simply by changing pH to 5.5-6.0,

which enabled to obtain 4-fold higher yield of recombinant protein A-β-lactamase compared

to the cultivation performed at pH 7.0 [85]. An inhibition of protein synthesis with

chloramphenicol confirmed that a reduction of proteolysis rate was a reason for this

increase of protein A-β-lactamase concentration. Since the cytoplasmic pH is tightly

regulated [100], any attempt to shift it will probably result in an increase of the maintenance

energy requirements or (and) reduced ATP pool, which could negatively affect protein

synthesis and upregulate proteolysis.
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Addition of protease inhibitors to the culture medium

A number of serine protease inhibitors, including diisopropyl fluorophosphate, the sulfonyl

fluorides, tosyl lysine chloromethyl ketone, and the aromatic diamines prevent increase of

proteolysis of normal proteins during starvation for a carbon or nitrogen source. However,

these inhibitors failed to decrease the basal level of proteolysis in the growing cells and

degradation of abnormal proteins [101]. These findings suggest the existence of two

proteolytic systems in E. coli. One of them responsible for degradation of normal proteins

during growth and degradation of abnormal, and possibly recombinant proteins during all

phases of culture. This type of proteolysis is not inhibited in vivo by the inhibitors

mentioned above. The second type of proteolysis is the one stimulated by starvation and

could be inhibited by the protease inhibitors [101]. OmpT [102] and possibly other

unidentified cell envelope protease [18] has shown to be inhibited by zinc ions.

Metalloproteases are inhibited by EDTA [103] due to chelating metal ion necessary for

protease function.

Use of complete medium or supplementation of amino acids

Overexpression of proteins is a burden for cell metabolism due to the competition with a

synthesis of normal proteins for ribosomes, charged tRNAs and precursors. This problem

may become worse due to an unusual amino acid composition of the recombinant protein,

which can result in a temporary depletion of this amino acid pool and induction of the

stringent response. Feeding of phenylalanine, which is overepresented in the recombinant

protein chloramphenicolacetyl transferase (CAT), was shown to alleviate the stress caused

by this proteins overexpression. This enabled to increase the yield of CAT presumably due

to reduction of proteolysis [104]. Addition of amino acids, which are present in biomass

and recombinant protein in equal amounts did not improve the yield, while increasing

concentration of the overepresented amino acid even resulted in a lower CAT concentration,

due to feedback inhibition of biosynthesis of not only this amino acid, but also of those

sharing common biosynthetic pathways [105]. Besides the loss of yield, a high rate of

synthesis of recombinant proteins with unusual amino acid composition can lead to amino

acid misincorporations [106], which can be partially overcome by the use of rich medium

[107].

Numerous evidences show that the use of rich medium enables to improve the production

of recombinant proteins. Tsai et al. detected no recombinant protein, human IGF-1, if the

cells were grown on minimal medium. However, if yeast extract and bactotryptone were

used the specific yield of IGF-1 increased to 30 mg/g [108]. Specific yield of recombinant

malaria antigen increased from 15 to 22 mg/g when complete medium was used instead of

minimal medium [109]. Addition of casamino acids to the culture producing β-
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galactosidase under trp promoter enabled to increase the specific yield of the product 2-fold

[110]. A specific yield of recombinant lipoprotein antigen against Lyme disease was

improved in a rich medium (Super Broth) from 4 to 30-fold dependent on the temperature

[111].

Effects of starvation and extreme growth limitation in high-cell-density
fed-batch cultures

The overwhelming majority of E. coli proteins have a half-life significantly higher than a

doubling time for exception of few regulatory proteins [112]. Proteolysis rate of the bulk

proteins in E. coli depends on genetic background and environmental conditions. In the

growing cells protein turnover is about 1% per hour, which increases to 5% [2] when cells

are starved for ammonia, carbon, amino acids [113] or inorganic nutrients [114].

Apparently the purpose of this increased rate of proteolysis is to provide amino acids for

the synthesis of the co-called starvation proteins, necessary for the cells to survive in the

new conditions [115, 116]. Cells potential to survive starvation is greatly compromised by

the inhibition of protein synthesis during first hours of starvation [117]. Starvation for

glucose, which stimulates 2-fold increase of proteolysis is accompanied by a moderate (30-

50%) decrease in an ATP pool [118, 119]. This stimulation of proteolysis was observed

only for normal cellular proteins, but not for abnormal ones, which are already degraded at

a very high rate. Apparently, degradation of the abnormal proteins has the highest priority

for the cell, which commits its last energy resources for their degradation. When the ATP

pool was decreased to 5-10% of the normal value, the proteolysis of all proteins, normal

and abnormal was inhibited [118]. The starvation itself was not necessary for stimulation

of proteolysis of normal proteins, as was shown in the experiments with stringent and

relaxed strains of E. coli and specific inhibitor of ppGpp synthesis. Proteolysis of normal

proteins was found to be proportional to ppGpp concentration. Moreover, changes in

ppGpp concentration followed by instantaneous (less than 2 min) adjustment of the

proteolysis rate, thus excluding the possibility of synthesising new proteases de novo.

Two explanations were proposed to explain the ppGpp effect for stimulation of proteolysis:

i) reversible activation of existing proteases by ppGpp; ii) ppGpp renders proteins more

susceptible to proteolysis [120].  At elevated temperatures (42˚C) proteolysis increase was

no longer dependent on ppGpp [119], since at this high temperature the reason for

increased proteolysis is probably an appearance of misfolded proteins. Early observations

that a major part of starvation-stimulated proteolysis was inhibited by chloramphenicol

[121] were first interpreted as if the increase of proteolysis during starvation required the

protein synthesis. However, St. John and co-workers [119] explained the inhibiting effect

of chloramphenicol on starvation-induced proteolysis by the accumulation of charged

tRNA, which is taking place due to the inhibition of protein synthesis and subsequent
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decrease of ppGpp levels. Starvation-induced proteolysis is ATP-dependent [37], but the

protease which is responsible for protein degradation during starvation has not been

identified, even no evidence exists so far that new proteases are synthesised during

starvation. Although lon- mutation dramatically stabilises abnormal proteins it does not

affect starvation-induced proteolysis  [37, 101, 122].

Most of the work on stress responses was carried out with starving cells at quite low cell

densities. However, relatively little is known whether this knowledge could be extrapolated

to the fed-batch cultures, which are usually used for a production of the recombinant

proteins. Limited oxygen and heat transfer, especially in the large-scale reactors [123],

necessitate growing cells at very low specific rate in order to achieve high cell density.

These conditions are usually associated with changes in cell physiology like elevated levels

of ppGpp, loss by cells of ability to divide [124, 125], induction of σs-dependent genes

[126], filamentation [127], decrease in mRNA stability [128] and segregation of cells into

sub-populations with cytoplasmic membrane depolarisation, and cell death [129]. Although

reverse correlation was observed between ppGpp levels and specific growth rate during

glucose limitation in both fed-batch and A-stat [130] cultures [125, 131], the most dramatic

increase in ppGpp and σs was observed during transition from batch to fed-batch culture,

i.e. during transition from unlimited to limited growth [125, 131]. Besides inhibiting

protein and RNA synthesis [132] the stringent response is known to increase proteolysis,

as was mentioned earlier, either directly [120] or by positive regulation of the Lon protease

[133]. Moreover, elevated transcript levels of nine genes were detected in high-cell-density

fed-batch culture producing recombinant protein CAT [134], among them genes involved

in DNA repair (recA and uvrB), proteolysis (degP and groEL) and cell lysis (mltB).

However, caution should be exercised when interpreting a decline in protein concentration

as increase of proteolysis [127, 135], since this may rather be attributed to a reduction of

the rate of synthesis, while proteolysis rate stays constant or even declines.

Influence of toxic metabolic products

Formation of by-products of glucose by overflow metabolism or mixed-acid fermentation

is considered a big problem in production of recombinant proteins. It is mostly acetate,

which received most attention, since it accumulates in largest concentration. Inhibition of

the growth rate of E. coli W3110 was observed already at acetate concentration as low as

1.25 g/L [136], but the biomass yield decreased only when acetate concentration was 2.5

g/L (by 16%) and 5 g/L (by 24%). Inhibition of synthesis of recombinant protein was

observed at acetate concentrations higher than 4 g/L [78] or 10 g/L [137]. The nature of

inhibiting action of the acetate is not well known, but there is some evidence that acetate is

not inhibitor itself, but is rather an indicator of poor energy status in the cell [138], which
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could result from acetate’s action as an uncoupler of membrane potential [139, 140].

Another possible reason for poorer production of recombinant proteins with concomitant

production of acetate could be related to a repression of TCA cycle enzymes when E. coli is

grown on rich medium supplemented with glucose [141]. It should be noted that the

inhibition by acetate is stronger if pH is not controlled (e.g. in shake flasks) due to the

higher ratio of undissociated form of acetic acid, which can travel freely across the

cytoplasmic membrane.

Acetate formation can be reduced by many methods (reviewed in Ph.D. thesis of Xu

[142]), one of the most common of them being a use of fed-batch culture in order to limit

biomass growth rate. Although this technique enables to avoid acetate formed by overflow

metabolism, the formation of acetate and other weak organic acids by mixed-acid

fermentation is more difficult to control. Glucose heterogeneities common in the large-scale

bioreactors often lead to a local high consumption of oxygen, thus creating zones of high

glucose and low oxygen concentrations [143], which favour formation of acetate, formate,

succinate and ethanol. Although these metabolic products are easily re-consumed in well-

mixed and aerated part of bioreactor, formate has the slowest rate of re-uptake and,

therefore, can accumulate in a culture broth [143]. Little is known about influence of

formate on bacterial growth and metabolism, but it has been reported to inhibit DNA

synthesis and cell division [144-147] and it is likely to share the property of other weak

organic acids to decouple proton gradient across cytoplasmic membrane. Decoupling of

membrane potential may result in decline of energy status, which could increase the rate of

proteolysis [118, 119]. Another concern during extended fed-batch cultivations is an

accumulation of inorganic ions due to pH titration. In a study where sodium sulfate was

added to the culture the inhibition effect was already noticeable if concentration exceeded

0.2 M [78]. The negative effects of high salt and acetate concentrations were additive and

possible underlying principle for this could be increase in maintenance requirement and

subsequent energy limitation [78].

Optimising the induction strategy

Overexpression of recombinant proteins wreaks havoc in the cells. One reason for it is that

due to the strong promoters (e.g. T7) high quantity of recombinant mRNA is produced

which competes with native mRNAs for ribosome-binding sites, thus compromising

synthesis of vital native proteins essential for cell viability and growth. This competition for

protein-synthesising machinery (PPS) could be a reason for often observed inhibition of

cell growth and impairment of other cellular functions [148], even if the protein itself is not

toxic or has no biological activity [149]. The maximum percentage of PPS, which be

occupied by the recombinant protein production is reported to be around 30% [149]. An
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unusual amino acid composition and codon usage of overexpressed recombinant protein

may also invoke stress responses. Harcum and Bentley showed that the induction of

recombinant protein with unusual amino acid composition could lead to an increase of

proteolysis and possibly an induction of new proteases [150]. This effect is thought to be

related to the stringent response [151], when production of recombinant protein imposes a

burden on the protein synthesising machinery draining the pools of certain amino acids.

Since overdesign is non-existent in the biology world, the abundance of tRNA species is

proportional to the frequency of codon usage [152]. Expression of a recombinant protein

with rare codons may lead to frameshifts, amino acid misincorporations [153] or premature

termination of translation [154]. Whether this may lead to the increased proteolysis remains

to be seen, but the changes in protein quality will probably be more important than the loss

of yield due to the degradation. Three strategies used to overcome this problem are [72]: i)

overexpression of lacking tRNA [155], ii) replace rare codons with more common, iii) use

of eukaryotic host. In more detail the effects of rare codons on production of recombinant

proteins are reviewed elsewhere [153, 154].

A decreased synthesis rate of recombinant proteins could be beneficial to the cells since this

relieves a metabolic burden to the cells [151], thus reducing proteolysis and improving

recombinant protein yield [104, 156]. Reduced synthesis rate would also benefit the

folding of recombinant protein. It has been reported that overexpression of recombinant

proteins from a strong promoter can induce SOS [157] and heat shock [158, 159]

responses. For more detail about heat shock proteins and their relation to proteolysis reader

is referred to the recent reviews [54, 160].

Control of scale-up-specific effects

In most cases the stirring rate in the industrial-scale bioreactors is kept as low as to maintain

sufficient oxygen transfer rate. This makes inevitable an increase of mixing time in large-

scale reactors. While in laboratory and small pilot scale (less than 50 L) bioreactors the

mixing time is in the range of 1-5 s [161], in a larger scale it dramatically increases. For

instance, mixing time in a bioreactor with a working volume 8 m3 increases to 10-25 s

(depending on power input) and in a 22 m3 culture to 150-200 s [162]. For some

substances, which are added to the culture broth in amounts close to limiting (glucose,

oxygen) the mixing time could be less than the rate constant of their consumption.

Therefore, the increase in mixing time during scale-up inevitably leads to a formation of

gradients in concentration of the limiting substrate. These limiting substrates can be

glucose, since it is usually used to control growth rate in fed-batch cultures and oxygen,

because of its low solubility in water and high consumption by cells. Glucose gradients

exist due to insufficient mixing of the concentrated (500 g/L) glucose feeding solution
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added to the culture broth where the typical bulk glucose concentration is in a range of tens

of milligrams per liter. Two types of glucose heterogeneities exist in large-scale reactors:

firstly, short term fluctuations of glucose concentration in time, as revealed by rapid and

frequent sampling from a specific point in the bioreactor [163], and, secondly, variation of

average (quasi steady-state) glucose concentration in different parts of the bioreactor [143,

163, 164]. It has been established by the example of Saccharomyces cerevisiae that

microorganisms can respond to an upshift of glucose in 2 s by changes in intracellular

metabolite pools [165]. An excess of glucose in the PFR section of a scale-down reactor

(Figure 1) was shown to create oxygen limitation due to the increased uptake of oxygen

favoring the formation of formic acid and other mixed-acid fermentation products [143]. As

a result, these fluctuations with respect to oxygen and glucose concentrations could

influence the production of recombinant proteins because of the induction of the various

related stress responses.

Experiments with pulsed feeding in

the well mixed lab-scale bioreactor

and in a two-compartment reactor

(Figure 1), which mimics the

alternating exposure of

microorganisms to high and to low

concentrations of glucose, found at

larger scales, showed that the

stringent response is induced in E.

coli within one minute after the

consumption of the residual glucose

[166]. Moreover, Schweder and co-

workers showed by mRNA

measurements that stress-related

genes, proU, uspA and dnaK, are

expressed in a plug flow reactor

with a high glucose concentration

and oxygen limitation [167]. proU is a gene encoding for a binding-protein-dependent

transporter of glycine and L-proline, which is induced after an increase of osmolarity

[168]. Osmotic shock may increase proteolysis, possibly by induction of an

osmodependent protease [169]. This increase in osmolarity can also lead to elevated levels

of the σs subunit of RNA polymerase [170], which governs the expression of stationary

phase proteins. The heat shock protein DnaK has been suggested to participate in protein

degradation [36] and its induction by low oxygen and high glucose may therefore increase

the proteolysis of recombinant protein. It has been shown also that an increase in the

feed
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Figure 1. Principle of the scale-down reactor for
analysis of physiological responses in a zone of
high glucose concentration. The plot shows
schematically the concentration fluctuations with
respect to glucose and DOT experienced by an
individual cell circulating between the STR and
PFR.
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protein degradation that occurs upon glucose starvation [171] or oxygen [118] is controlled

by guanosine tetraphosphate (ppGpp) [118-120]. Therefore, the protein degradation may

also be influenced by the heterogeneities in large-scale reactors. Another type of

heterogeneity in large-scale bioreactors is pH gradients due to titration by ammonia.

Oxidative damage is possible in large-scale due to three reasons: i) possible use of oxygen-

enriched air to overcome oxygen mass-transfer problems, ii) high liquid head pressure in

tall bioreactors, iii) high head space pressure to maintain sterility [172]. E. coli cells may

respond to oxidative damage in many ways [172], including the necessity to dispose off the

damaged proteins by proteolysis. Review of scale-up effects on physiology of E. coli and

S. cerevisiae can be found elsewhere [173, 174].

Downstream processing level

Use of protease inhibitors is a standard method to reduce proteolysis during downstream

processing. Since there is no concern for inhibition of cellular growth and protein synthesis

the inhibitors can be used more liberally compared to the cultivation stage. Many

metalloproteases are inhibited by EDTA (1-2 mM), which chelates the metal ions in the

active centre of the protease. Numerous inhibitors of serine proteases exist, e.g.

diisopropylfluorophosphate (DFP) [38, 175], phenylmethane sulfonyl fluoride (PMSF),

diisopropyl fluorophosphate, toluene-sulfonyl fluoride [101]. Less toxic alternative to

serine protease inhibitors mentioned above is sodium bisulfite (5-10 mM), which also

inhibits some aspartic proteases [176].

It is a common knowledge that the rate of chemical reactions decreases with decreasing

temperature in accordance to Arrhenius kinetics. Therefore, if the culture broth is kept at

20˚C instead of 42˚C, where proteolysis is fastest, the remaining amount of the

recombinant protein A will be about 2.5-fold higher after an hour after stop of de novo

synthesis. At 4˚C almost all protein becomes stable (95%), while at 42˚C only 20%

remained intact [177]. Cooling the culture quickly enough in a large scale can be

problematic because of high ratio of volume to the area of heat transfer. If temperature is

raised to higher than 55˚C degradation of protein A is decreased dramatically due to

protease inactivation [177]. This technique is suitable for use if the product itself is heat-

stable. Since protease is inactivated irreversibly, cells need to be exposed to the high

temperature only for a brief period time in a separate unit, which capacity should be enough

to treat all culture broth in a reasonable time.

The harvest of the product in large-scale may continue for hours due to limited capacity of

downstream equipment (cell separation, disintegration, gel filtration etc.). Therefore if a

protein is proteolytically unstable, it is important to optimise the conditions in the bioreactor
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during the transition period from cultivation to downstream processing. Rozkov et al.

studied the use of energy depletion in the cells to control proteolysis of a cytoplasmic

recombinant protein. Absence of glucose combined with addition of sulfite was shown to

reduce the ATP pool by 90% and to stabilise the recombinant protein A. Cell separation

produced a similar stabilisation effect due to the extremely high cell densities in the cell

concentrate. Cell disruption caused an additional decline in the ATP concentration due to

the dilution of ATP and action of ATPases, which also stabilised the protein A [178].

The disruption of cells may result in an exposure of proteins to proteases from other

cellular compartments. Use of fast protease (or product) separation could be advantageous

in the cases where the cytoplasmic recombinant protein is degraded by ATP-independent

proteases such as OmpT.

Measurements of proteolysis

There are many methods for measuring of proteolysis (reviewed in S. Yang PhD thesis

[179]), which can be classified roughly on three groups: i) measuring the amount (using

SDS-PAGE [180]) or activity of proteases (SDS-GPAGE [181]), ii) measuring the overall

rate of proteolysis (radioactive release from [14C]-amino acid-labeled cells [171]), iii)

measuring the rate of proteolysis of individual proteins. While the first two groups of

methods are good at monitoring an appearance of new proteases or measuring the overall

proteolysis depending on culture conditions, they cannot be used to measure the

degradation of recombinant proteins. Quantification of proteolysis is sometimes judged by

the presence and amount of degradation bands on SDS-PAGE gels. Because of processive

nature of E. coli ATP-dependent proteases [2] and the fast degradation of peptide

fragments by peptidases this “method” has little value for detection or quantification of

proteolysis [179]. Pulse-and-chase with subsequent electrophoresis and autoradiogram is a

traditionally used technique to study a turnover of specific proteins. The method used in

this thesis for quantification of proteolysis is more convenient, yet gives the same result as

pulse-and-chase. Briefly, it involves incubation of cells in the glucose-supplemented

mineral medium with chloramphenicol (100 mg/L) to inhibit protein synthesis with

subsequent analysis of samples by Western blotting [177].
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Current Investigation

Impact of proteolysis on the yield of recombinant proteins (Paper I)

Accumulation levels of stable and unstable proteins

There could be many reasons for poor yield of recombinant proteins besides proteolysis.

Therefore, before attempting to implement any measures to improve production by

controlling proteolysis, the degradation rate of the product should be measured and the

potential benefits of reduced proteolysis assessed. The most suitable method for proteolysis

rate measurement in the large-scale is inhibition of protein synthesis by chloramphenicol,

which was shown to give the same results as the widely accepted the pulse-and-chase

method [177].

As a rule, the rate of proteolysis during the process cannot be considered constant,

therefore measurements throughout cultivation are necessary. The basis for calculations is a

mass balance equations 1 or 2, depending whether proteolysis has first or zero order

kinetics:

dP/dt = qP - kdeg·P - µ·P, (1)

or

dP/dt = qP - qdeg - µ·P, (2)

where dP/dt is a protein accumulation rate with concentration P (mg/g), qp (mg/g/h) is a

specific rate of synthesis, kdeg is a first order constant of proteolysis (1/h), qdeg is a zero

order proteolysis rate (mg/g/h) and µ (1/h) is a cell growth. This equation was used for

calculation of: 1) kdeg (or qdeg) in degradation tests with protein synthesis and bacterial

growth inhibited by chloramphenicol, 2) qP using kdeg obtained from degradation tests and

3) hypothetical accumulation rate, dP/dt, assuming a stable protein (kdeg is zero).

In order to demonstrate the impact of proteolysis on the production of recombinant proteins

the accumulated levels of two cognate recombinant proteins were compared. One of them,

staphylococcal protein A (SpA) is degraded with a half-life of 15-30 minutes [42, 177,

182], and the other, SpA-βgal, is a practically stable fusion protein derived from SpA and

β-galactosidase. The synthesis of SpA and SpA-βgal was controlled by the same promoter

and the production was carried out at the same cultivation conditions using the same host

strain. It is reasonable to assume that the rates of translation would be limited by rates of
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biosynthetic reactions [183], and

likely to be the same (on mass

basis) for these two proteins. The

accumulation of product in the cell

is a combined effect of synthesis

and proteolysis (eq. 1) and,

therefore, the significant difference

between concentrations of SpA and

SpA-βgal could be caused by the

continuous degradation of SpA.

The results showed that the

accumulation rate of SpA-βgal was

much higher compared to SpA and

the final intracellular concentration

SpA-βgal reached 138 mg/g,

compared to only 14.7 mg/g for

SpA (Figure 2).

Now, in order to assess the

potential gains in SpA yield,

assuming all proteolysis is

eliminated and neglecting an

eventual negative effect of fast SpA

accumulation and its high level in a

cell, a hypothetical accumulation

rate of SpA (dP/dt) was calculated.

The simulation shows the potential

for a considerable gain in the

product accumulation (Figure 2):

the SpA concentration would reach

over 400 mg/g at the end of

cultivation compared to 14.7 mg/g

obtained in the experiment.  In practice, however, these levels are unattainable because of

the inhibition.

SpA was accumulated only during the first 3 hours of induction with no additional gain in

SpA afterwards. Although it may seem as a stop of synthesis, the high degradation rate

Figure 2. Intracellular concentrations of
staphylococcal protein A (SpA) (squares) and the
fusion protein SpA-βgal (circles) during fed-batch
cultivations performed under identical conditions.
Dashed line represents theoretical SpA
concentration calculated assuming no degradation
and the synthesis rate calculated from eq. 1. Arrow
indicates the point of induction
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indicates that synthesis rate of SpA must be maintained at the same high rate in order to

sustain a constant level of SpA in the cells.

Another example how proteolysis negatively affects the production of susceptible

recombinant protein is shown in Figure 3. Proteolytically stable protein ZZT0 was rendered

unstable by insertion close to C-terminus of two copies of the tetrapeptide Ala-Trp-Trp-Pro

(resulting protein received ZZT2 designation) [65]. When grown at the same conditions in

a fed-batch culture the concentration of the ZZT2 protein reached only 50 mg/g compared to

about 120 mg/g for the ZZT0 protein (Figure 3).

Dependence of proteolysis kinetics on the concentration of recombinant
proteins

It was found that the proteolysis of SpA throughout cultivation and ZZT2 during the first 5

hours of induction was best described by first order kinetics, while in the end of ZZT2

production its proteolysis became zero-order kinetics. A possible explanation of this

difference in degradation kinetics could be related to the different range of concentrations of

these proteins in the cells.

SpA (throughout cultivation) and

ZZT2 (during first hours of

induction) accumulated to low

intracellular concentrations (SpA

below 15 mg/g and ZZT2 from 2

to 17 mg/g) and exhibited first

order degradation kinetics

probably due to substrate limited

reaction. Increased availability of

protein immediately after induction

is also a main reason for a increase

of proteolysis rate. When ZZT2

accumulated to higher

concentration in the cells the

degradation became zero-order,

which indicates enzyme (protease)

limited kinetics. Examples of

degradation tests showing both

types of kinetics are given in Figure 4.

Figure 4. Changed kinetics of proteolysis from first
order at low product concentration to zero order at
high product concentrations. Cells were taken at
the beginning (0.5 hour after induction) (circles)
and at the end of the ZZT2 production (8.5 hour
after induction) (squares) and incubated with
chloramphenicol to inhibit protein synthesis (Paper
I, Figure 5).
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Although the ZZT2 concentration continued to increase even further from 17 to 50 mg/g,

the specific proteolysis rate remained on approximately the same level or even declined

(Paper I, Figure 5A). This indicates that proteolysis after 5 hours of induction did not

depend on the ZZT2 concentration and, therefore, was limited by protease activity.

Use of protease Clp mutation to improve the protein ZZT2 accumulation

Like in the case with SpA, a hypothetical ZZT2 accumulation, calculated assuming zero

proteolysis and no product inhibition, clearly illustrates the potential gain in protein

accumulation which could be achieved if the protein was stabilised, for example by using

protease mutants (Figure 5A). ClpP deficient strain W3110P was used in an attempt to

boost the ZZT2 yield in cells. Clp protease is one of the several proteases which could be

active against ZZT2 and, therefore, the degradation of ZZT2 was not eliminated

completely. The proteolysis rate constant was reduced from 18-30 of non-mutant to 14-22

mg/g/h of ClpP mutant (Paper I, Figure 5B). It should be noted however, that the fact that

ClpP deletion decreased the rate of ZZT2 proteolysis does no necessarily mean that ClpAP

degrades ZZT2. Since cytoplasmic ATP-dependent proteases have to some extent an

overlapping substrate specificity [40], deletion of one protease would result in competition

by its substrates for degradation by other proteases. However, even this small reduction of

degradation resulted in a large increase of intracellular concentration of ZZT2: about 120

mg/g versus 50 mg/g of non-mutant strain after 30 hours of cultivation and reached a

maximum of almost 200 mg/g at 38 hours. The Clp mutation had also negative effects on

the cell: decreased maximum specific growth rate (from 0.58 to 0.26 1/h) and increased cell

lysis (about 10% of cell mass at 40th hour), which caused problems with foaming.

Furthermore, cell growth was completely inhibited after induction, which, however, did

not negatively affect ZZT2 accumulation in cells (Figure 5A). Also, viable count analysis

on LB agar plates showed much lower viability in Clp mutant culture (Figure 5B). Due to

the impaired cell growth of ClpP mutant the total volumetric yield of ZZT2 increased only

from 1.9 g/L (W3110) to 2.6 g/L (W3110P) compared to the much more dramatic increase

of intracellular concentration. Almost the same accumulation level, as in the simulation for

the protein ZZT2 assuming no proteolysis, was obtained for the stable protein ZZT0 at the

same cultivation conditions (Figures 3, 5A). Biomass growth of W3110 producing ZZT0

was not impaired, as in the case with W3110P enabling to achieve a higher volumetric yield

of the recombinant protein in a shorter time: 4.1 g/L in 23 hours vs. 2.6 g/L in 40 hours

when ClpP mutant was used.
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Figure 5. (A) Comparison of intracellular concentrations of ZZT2 in fed-batch cultures of
W3110P pRIT44T2 (clpP-) (filled circles) and the parent strain W3110 pRIT44T2 (empty
circles). Dashed line represents theoretical ZZT2 concentration calculated assuming no
degradation. ZZT0 produced in W3110 pRIT44T0 (squares) (B) Comparison of biomass dry
weight (circles) and viable cell count (triangles and squares) in fed-batch cultures of W3110P
pRIT44T2 (clpP-) (filled symbols) and the parent strain W3110 pRIT44T2 (empty symbols).
Empty triangles and squares represent the data from two similar experiments with W3110.
Error bars represent standard deviation of CFU calculated from triplicate agar plates .

Proteolysis during scale-up of recombinant protein ZZT2 in E. coli
culture (Paper II)

An effect of scale-up on the production of the proteolytically unstable cytoplasmic protein

ZZT2 in E. coli was investigated. The proteolysis and accumulation of protein ZZT2 were

compared in three different types of cultivation. Firstly, in a bench-scale 13.7 L reactor

representing the case where mixing is close to perfect. Secondly, in an industrial 12 m3

bioreactor, where gradients of glucose, oxygen and pH are known to exist. Thirdly, in the

scale-down reactor, where poor mixing of glucose was mimicked by defined zone of high

glucose concentration and oxygen limitation. All cultivations were performed in the same

way including the feeding profile adjusted for scale.

Accumulation of ZZT2

The accumulation of the recombinant protein ZZT2 was highest in the lab-scale cultivation

(50 mg/g [biomass dry weight]), where the environment was homogeneous with respect to

both glucose and oxygen concentration. In the large-scale the ZZT2 concentration

increased initially, but declined 8 hours after induction from its highest value of 45 to a

final value of 35 mg/g, which shows that production of recombinant protein can be

sensitive to the scale-up. The loss of ZZT2 in the scale-down cultivations was found to be

even more dramatic. Even if initial product accumulation during 3 hours after induction was

as fast as in the lab-scale cultivation, the ZZT2 concentration reached only 40 mg/g and

decreased to 22 mg/g when the PFR was not aerated. In the case of the aerated PFR the

ZZT2 concentration reached a maximum of 30 mg/g and decreased to 13 mg/g (Figure 6).
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The likely reason for poorer

accumulation of ZZT2 in the scale-

down cultivations is an exposure

to fluctuations of glucose or

oxygen in the PFR. As was

discussed before, the decline in

intracellular protein concentration

could be caused by decreased

synthesis rate, increased

proteolysis rate, dilution by

biomass growth or a combination

of these. In order to identify the

reason the ZZT2 degradation rate

was measured throughout the

cultivations. A pattern of

proteolysis rate of ZZT2 plotted

against time was similar for all

cultures. The degradation rate of protein ZZT2 increased immediately after induction and

reached a maximum after several hours after (Paper II, Figure 2B). On average the rate of

proteolysis starting from 3 h after induction was higher in the large-scale (31 mg/g/h) and

scale-down cultivations (33 and 31 mg/g/h) compared to lab-scale cultivation (25 mg/g/h).

mRNA analysis of clpP (Paper II, Figure 7) also showed a similar trend as proteolysis
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Figure 6. Intracellular ZZT2 concentration in fed-
batch cultivations of E. coli strain W3110
pRIT44T2. Large-scale culture (circles), lab-scale
culture (squares), scale-down cultivation with non-
aerated PFR (empty diamonds), scale-down
cultivation with aerated PFR (filled diamonds).

Figure 7. The dynamics of degradation rate of ZZT2 after induction.
Large-scale culture (circles), lab-scale culture (squares), scale-down
cultivation with non-aerated PFR (empty diamonds), scale-down
cultivation with aerated PFR (filled diamonds).
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rate.

Analysis of mass balance for

ZZT2 shows that the ZZT2

accumulation rate (dP/dt) and

growth dilution (µ·P) were minor

in comparison with the synthesis

(qP) and degradation (qdeg) rates

(Figure 8). The consequence of

this is that almost all product

synthesized was degraded.

Although it may seem as if the

accumulation rate will always be

very sensitive to the changes in

either synthesis or degradation

rates this is not true. A

consequence of the first order

kinetics of proteolysis is that small

changes of synthesis or

degradation rates will not affect

accumulation, which was

confirmed by the similar levels of

ZZT2 in the beginning of all

cultivations with the ZZT2 protein

production (Figures 5A and 6).

Only when proteolysis has zero

order kinetics the accumulation

becomes sensitive to changes in

synthesis and degradation rates.

Since the degradation rate of

ZZT2 was at its maximum

immediately after induction and

decreased afterwards, the decline

in ZZT2 accumulation rate in the

large-scale and scale-down

cultivations could be contributed

by a decreasing synthesis rate
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Figure 8. The rates of ZZT2 accumulation (dP/dt),
degradation (qdeg) and dilution by biomass growth
(µ·P) in a lab-scale cultivation (all normalised to
ZZT2 synthesis rate qP) (eq. 2). Time of induction
17.5 h (data from control lab-scale cultivation). All
rates normalised to ZZT2 synthesis rate.
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Figure 9. The relative rate of synthesis of ZZT2 compared to
the rate of synthesis of bulk cellular proteins. The rate of
synthesis of ZZT2 was calculated according to eq. 2. The rate
of synthesis of bulk cellular proteins was calculated from
biomass specific growth rate and assuming turnover of 2%
per hour and protein content of 50% of dry weight
(Calculated from data in paper II). Large-scale culture
(circles), lab-scale culture (squares), scale-down cultivation
with non-aerated PFR (empty diamonds), scale-down
cultivation with aerated PFR (filled diamonds).
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during the last hours of cultivation, while proteolysis rate remained higher than in the

control lab-scale cultivation. Loss of plasmid was not the underlying reason for a declining

synthesis rate, since the plasmid content in cells was increasing after induction in all

cultures (data not shown). Since ZZT2 synthesis rate declined, while plasmid content

increased, synthesis rate must be limited by either transcription or translation. The level of

zzt2 mRNA decreased after induction in both cultivations (Paper II, Figure 7). Since the

mRNA data in this study are defined as a ratio between mRNA to total RNA, which mostly

consists of rRNA, the declining zzt2 mRNA level indicates that its availability may be

limiting overall ZZT2 synthesis. The ratio between ZZT2 synthesis rate and the rate of

synthesis of all proteins was constant after induction in all cultures within the experimental

error and lies between 60 and 70% (Figure 9). This shows that two thirds of the ribosomes

are already occupied by synthesis of ZZT2 and there is hardly any reserve for any further

increase of it.

Heterogeneities of glucose and oxygen concentrations

The scale-up of E. coli fed-batch cultivations results in a heterogeneous environment with

respect to glucose [143, 163] and oxygen. While glucose gradients can straightforwardly

be measured by rapid sampling [163, 173], the fluctuating oxygen concentrations are

impossible to detect directly by regular polarographic DOT electrodes due to the lag in

response. However, the

accumulation of formate, which

is formed by mixed-acid

fermentation of glucose in

anaerobic conditions, can be used

as an indicator of the presence of

zones of local oxygen depletion

[143]. In their work using the

parent strain E. coli W3110

formate was formed in the 22 m3

culture (up to 50 mg/L), but not

in the lab scale control cultures.

However, in the present study

formate increased to 50 mg/L in

both large-scale and lab-scale

control cultures, meaning that

poor mixing is not the only

reason for formate accumulation,

Figure 10. Formate concentrations in fed-batch
cultivations of E. coli strain W3110 pRIT44T2.
Large-scale culture (circles), lab-scale culture
(squares), scale-down cultivation with non-aerated
PFR (empty diamonds), scale-down cultivation with
aerated PFR (filled diamonds).
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but it could also be related to the production of recombinant proteins. The decline of protein

ZZT2 concentration in the large-scale cultivation coincided with the appearance of

fluctuations of glucose concentration, which sometimes reaching 100 mg/L (Paper II,

Figure 4A). This indicates that glucose gradients become more severe at the end of

cultivation, probably due to an increased viscosity of the culture broth and increased

foaming. The variation in glucose concentration from different sampling ports was also

observed in large-scale experiments with E. coli W3110 [142].

In the scale-down cultivation with an non-aerated PFR formate started to accumulate

immediately after connection of the PFR (~5 h) and reached 1400 mg/L at the end of

cultivation (Figure 10). In the scale-down cultivation with an aerated PFR aerobic

conditions were maintained until the 15 h, as judged by the absence of formate

accumulation. After that the oxygen demand exceeded its transfer rate in the PFR and

formate started to accumulate, reaching 600 mg/L by the end of the cultivation, which is

significantly less than in the case of the non-aerated PFR. It appears that the increase of

ZZT2 degradation rate and decline in its accumulated level are associated with fluctuations

of glucose and oxygen encountered in large-scale and scale-down reactors. More exact

nature of the mechanism by which these fluctuations could influence the cells is not known,

but the presence of formate could be a candidate. Little is known about its influence on

bacterial growth and metabolism. Formate has been reported to inhibit DNA synthesis and

cell division [145-147] and it is likely to share the property of other weak organic acids to

decouple proton gradient across the cytoplasmic membrane. It should be noted that the

amount of the formate accumulated in the culture broth in the scale-down reactor is just a

fraction of the total amount of products of the mixed-acid fermentation produced [143].

Most of the formate (90%) and almost all lactate, acetate, succinate and ethanol were re-

consumed again in the well-mixed part of large-scale and scale-down reactors [143].

Biomass yield

A reduction by 7.5% of accumulated yield of biomass on glucose (YSX) was observed in the

large-scale culture before induction, but not in the scale-down cultivations, where it

remained at 0.40 g/g as in the control culture despite the high levels of formate. The

decrease of biomass yield in large-scale culture cannot be explained by the accumulation of

metabolic by-products, since none of the following products was found in significant

concentrations: formate, acetate, lactate or ethanol. The accumulated YSX decreased after

induction in all cultures mainly due to the maintenance energy requirement, which

consumes a significant part of the substrate at low growth rates. A higher biomass yield

after induction in the scale-down cultivations may be the consequence of lower
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concentration of ZZT2 in cells in scale-down cultivation, which decreased maintenance

energy requirements

cultivation
time

lab scale
control

large
scale

scale down with
non-aerated PFR

scale down with aerated
PFR

17.5 0.40 0.37 0.40 0.40
30.0 0.30 0.30 0.34 0.31
35.0 0.32 0.29

Table 1. Accumulated biomass yield (YSX) on glucose in the cultivations of different scale.

Cell viability

In the control lab-scale culture the reproductive viable count decreased about 10-fold from

the beginning of induction till the end of cultivation, while it stayed constant in both scale-

down cultivations. The viable cell count also decreased in large-scale culture, but not as

much as in the control lab-scale culture (Figure 11). The reverse correlation between CFU

and ZZT2 levels in the different scale cultivations could partly be explained by a negative

influence of the high level of recombinant protein on cells ability to divide [184]. This

segregation of the culture into dividing and non-dividing populations was observed,

although in a less extent, even in

non-induced plasmid-bearing and

the parent strains [125]. Hewitt

and co-workers [185] used multi-

parameter flow cytometric

techniques [129, 186, 187] to

monitor individual cell viability, as

a function of cytoplasmic

membrane polarization and

permeability, using E. coli

W3110. Similarly to the CFU

analysis data, viability of cells in

large-scale and scale-down reactor

was higher by 15% than in the

control lab-scale culture. The

reasons for the cell death in the

lab-scale reactor could be

associated with an ever-increasing

glucose limitation in the well-

mixed case, while in the large
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Figure 11. Reproductive viable cell counts on LB
agar plates. Large-scale culture (circles), lab-scale
culture (squares), scale-down cultivation with non-
aerated PFR (empty diamonds), scale-down
cultivation with aerated PFR (filled diamonds).Error
bars represent standard deviation calculated from
three replicate agar plates used to calculate the
average CFU value for each point. The arrow shows
the point of induction of the protein ZZT2.
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scale and in scale-down cultivations cells were repeatedly encountering regions of a

relatively high glucose concentration. It should be noted that the decline of viability

measured by viable cell count was much higher than the loss of viability determined by

flow cytometry. It is possible that loss of reproductive viability is a pre-condition of the cell

membrane depolarisation and eventual cell death.

Numerous indications exist that the loss of ability to divide does not affect other cellular

functions, such as respiration or protein production. The composition of exhaust gases in

lab-scale and scale-down cultivations was very similar and it has been determined by INT

staining that most of these non-dividing cell still respire [124]. Moreover, the production of

the protein ZZT2 was better in a control culture, where CFU decreased the most. An

unchanged rate of recombinant protein accumulation despite a drastic decline in CFU was

also reported in other studies [109, 125]. But the most convincing proof that non-dividing

cells were still metabolically active is that the ZZT2 synthesis rate in the end of the control

culture was no less than 50% of the values from large-scale and scale-down cultivations

(data not shown). If the opposite was assumed, i.e. non-dividing cells do not produce the

ZZT2 protein, the remaining 10% of the culture would have to produce ZZT2 5-times

faster, which is very unlikely.

Impact of changes in cell physiology related to strong growth limitation on
proteolysis

Another challenge in fermentation scale-up is a limited oxygen and heat transfer capacity in

large-scale bioreactors, which imposes an additional constraint on the maximum feeding

rate [123]. Lower feeding rate leads to a lower cell yield due to the higher ratio of substrate

used for the maintenance energy compared to the substrate used for biosynthesis.

Assuming that a synthesis of the produced recombinant protein is growth-associated

(which is the case with the proteins ZZT2 (Figure 9) and ZZT0 (data not published) ) the

productivity in relation to the recombinant protein would also be lower in a large-scale.

Production of the ZZT0 protein in two fed-batch cultivations with different feeding profiles

illustrates this. In the first cultivation the feeding profile was started after 1.6 hour of batch

phase and was exponentially increased till 10.7 hour, and when oxygen transfer rate

reached a maximal value for large-scale reactor (6.6 m3 liquid volume), the flow was

switched to constant.  In the second cultivation feeding profile continued to increase

exponentially till 19th hour. Due to the same intracellular ZZT0 concentration (data not

shown) and faster growth compared to the first cultivation higher productivity is achieved

in the experiment with faster feeding.
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Figure 12. Production of the recombinant protein ZZT0 in fed-batch cultivations with
different feeding profiles. Total amount of biomass in the bioreactor (including biomass
taken from the bioreactor as samples and waste) (A), the protein ZZT0 (B), glucose dose (C),
oxygen transfer coefficient (KLa) (D) (Data not published).

In those cultures where the glucose feed was kept constant after 10.6 hours, the specific

growth rate gradually declined to less than 0.05 1/h after 22 hours (Paper II, Figure 1B).

At these extremely low growth rates the induction of the stringent response is possible

[125], but in this case no increase in ppGpp concentration was observed in any of the

cultures (Paper II, data not shown). The gradual increase in growth limitation did not

induce any additional proteolytic activity: in all cultures ZZT2 proteolysis rate did not

increase at the end of the cultivation (Paper II, Figure 2B), as it could be expected in case

of extreme growth limitation or starvation [113, 188]. Apparently, even if the growth rate

declined almost to zero, the extent of the growth limitation was not enough to induce a

measurable increase in proteolysis of the protein ZZT2. The induction of the stringent

response could also be an indicator of the stress caused by a high synthesis rate of

recombinant protein. The ppGpp concentration in E. coli cells was shown to correlate with

the rate of synthesis (qP) of recombinant proteins [151]. Since most of the synthesized

ZZT2 protein was degraded, the amino acids may be “recycled” thus relieving the metabolic

burden on the cells. For this reason a better measure of metabolic burden for our cultivation

might be the accumulation rate of protein ZZT2, which did not exceed 8 mg/g/h in the lab-

A B

C D
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scale cultivation (data not shown) and was lower than in the study of Cserjan-Puschmann

[151]. This increase in ppGpp concentration is likely not only to be dependent on qP (or

accumulation rate), but also on the ratio between qP and µ (showing the relative burden of

recombinant protein production to cell metabolism), primary structure and codon usage,

which are also different in both cases.

Effects of addition of amino acids on growth of E. coli and
production of recombinant protein (Paper III)

Two mixtures of amino acids were fed together with glucose in fed-batch cultures of E.

coli W3110 pRIT44T2 aiming to improve a biomass yield and a concentration of

recombinant protein ZZT2. One mixture contained all twenty amino acids in quantities

sufficient for a synthesis of a half of the biomass together with recombinant protein. The

other mixture contained only five so-called “protein amino acids”, which were reported to

be primarily incorporated into biomass: alanine, arginine, methionine, histidine and

phenylalanine. The individual concentrations of amino acids in this mixture were the same

as in the mixture with twenty amino acids. The rationale behind these experiments was that

if cells are able directly incorporate these exogenous amino acids into biomass, significant

savings of glucose could be achieved. Moreover, a balanced medium in respect to the

unusual amino acid composition of the recombinant protein ZZT2 is expected to improve its

yield.

The results showed that

supplementation of all

twenty amino acids

increased the accumulated

biomass yield at the point

of induction from 1.00

g(cell dry

weight)/g(carbon) (in the

control culture) to 1.13

g/g, and supplementation

of only five “protein”

amino acids improved the

yield to 1.10 g/g.

Although later during

process the accumulated

yield declined in all

cultures because of the
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Figure 14. Biomass growth (A) and the intracellular
concentration of the ZZT2 protein (B) during fed-
batch cultures. No addition of amino acids (empty
circles), twenty amino acids (filled circles), “protein”
amino acids (filled squares). Arrow indicates the point
of induction
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higher share of maintenance energy in overall metabolism at low growth rates, the biomass

concentration (Paper III, Figure 2A) and the yield on glucose (data not shown) in the

cultivation with feeding of amino acids were still significantly higher compared to the

control.

Despite the improvement of the biomass yield the supplementation of amino acids failed to

improve production of ZZT2. After initial rapid accumulation of ZZT2 in cells to about 25

mg/g during the first three hours of induction the ZZT2 concentration stopped to increase

any further and even declined (Figure 14). The final concentrations of ZZT2 protein were

about 20 mg/g in both cultures with additions of amino acids compared to over 50 mg/g

obtained in the control culture. In order to pinpoint the reason for this decline the rate of

ZZT2 degradation was analyzed at regular intervals. In both cultures with supplementation

of amino acids the ZZT2 degradation rate was lower than in the control culture and declined

throughout cultivation (Figure 15), which suggests that the decline of synthesis rate rather

than increased proteolysis was underlying reason for the poorer production of ZZT2.

The reduction of ZZT2

synthesis rate was not caused

by a loss of the plasmids, since

the plasmid content in the

experiment with twenty amino

acids was the same and in the

experiment with five amino

acids even higher compared to

the control (Paper III, Figure

4). Concentration of acetic

(data not shown) and formic

(Paper III, Figure 5) acids, the

major glucose metabolic

products of glucose and

potential inhibitors of

recombinant protein production

[78, 137], were not higher than in the control culture and, therefore, could not explain the

low levels of ZZT2 protein in amino acid-fed cultures. Tryptophan was fed during one of

the fed-batch cultivations together with other 19 amino acids and could repress trp

promoter, if accumulated at a high concentration. However, almost the same level of the

ZZT2 protein was observed also in the fed-batch culture fed with only five “protein amino

acids”. Moreover, the analysis of the culture broth from the cultivation with feeding of all
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amino acids showed that tryptophan concentration did not exceed 20 mg/L (0.11 mM)

(Paper III, Figure 6A), which does not prevent full induction of trp promoter [189].

A number of amino acids was accumulated in the culture broth from both cultivations

despite the steady decrease of the specific growth rate of biomass after 11 hours of

cultivation (Paper III, Figures 6 and 7). The patterns of amino acid concentrations differed

in two cultivations with feeding of amino acids. In the cultivation where all 20 amino acids

were fed, their individual residual concentrations were kept below 0.4 mM, histidine being

the highest (0.4 mM). Five “protein amino acids” that were fed in the second fed-batch

cultivation were almost completely consumed (Paper III, Table 3), but aspartate and

glutamate were transiently accumulated to relatively high concentrations (Paper III, Figure

7). Glutamate started to accumulate immediately after induction and reached 1.5 mM before

being re-consumed again at the end of cultivation. Serine and phenylalanine were also

produced after induction of ZZT2 protein production (Paper III, Figure 7). Accumulated

amino acids apparently leak through transporters at a high rate, which shows that the cells

must contain large intracellular pools of these amino acids. The reasons for this are not

known, but it could indicate a metabolic unbalance in cells caused by feeding of five

“protein amino acids”.

These effects of amino acids

supplements on biomass

growth and production the

protein ZZT2 were also

studied in the shake flask

cultures (Paper III, Tables 1

and 2). Supplementation of

all twenty amino acids

increased the maximum

specific growth rate compared

to the control culture.

Addition of 11 amino acids,

which are overrepresented in

ZZT2 (Paper III, Figure 1)

did not affect the growth rate.

The mixture of five “protein

amino acids” severely

decreased the maximum specific growth rate (Paper III, Figure 8), but the protein ZZT2

concentration in the cells from this culture was higher than in the control (Paper III, Figure
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Figure 16. Growth of E. coli W3110 pRIT44T2 in
shake flask culture on minimal medium with additions
of amino acids. No addition of amino acids (circles),
alanine (1.22 g/L) (squares),mixture of alanine,
arginine, histidine, methionine and phenylalanine
(diamonds). Arrow indicates the point of induction.
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8B). It is possible, however, that the different ZZT2 levels and the final biomass

concentration were affected by not amino acid additions, but rather declining pH. A drop of

pH was the lowest in the culture with addition of five “protein” amino acids (pH 6.4),

which could be caused by either lower acetate formation due to lower growth rate or lower

consumption of ammonia because of the lower final biomass concentration. Since the

growth rate and final pH in the culture with supplemented overrepresented amino acids and

in the control culture were the same, the lower ZZT2 level in the culture with amino acids

should be contributed not to the differences in cell growth, but rather to the influence of

amino acids themselves.

We investigated further whether the inhibiting effect of the mixture of five “protein amino

acids” could be assigned to any single amino acid. The cultures with addition of single

“protein amino acids” revealed only a slight inhibiting effect of alanine (0.34 1/h vs.

0.40±0.05 1/h of control), which alone could not explain the reduction of µmax to

0.28±0.02 1/h in the culture with mixture of “protein amino acids” (Figure 16). The

growth inhibition by the mixture of “protein amino acids” was also observed in the parent

strain W3110 without production of ZZT2 protein with (Paper III, Figure 10) or without

addition of IAA (data not shown). A notable exception in the experiment with the parent

strain W3110 was that supplementation of alanine alone had a stronger inhibiting affect

than the mixture of all five “protein amino acids” (Paper III, Figure 10). Exclusion of

alanine or any other single “protein amino acid” from the mixture did not restore the growth

rate of W3110 to the level observed in the control culture. Even alanine-containing cultures

were growing at different growth rates (Paper III, Figure 11), which suggests that it is a

combination rather than individual amino acids that inhibits the growth.

The results of this study suggest that caution should be exercised when designing medium

with amino acids for production of recombinant proteins. Because no negative effects on

biomass growth in the cultivations with feeding of amino acids were found, the poor

accumulation of ZZT2 might be caused by a disturbance of biosynthesis of the amino acids

overrepresented in ZZT2. Moreover, the addition of the mixture of “protein amino acids”

(Ala, Arg, His, Met, Phe) to mineral medium with glucose in a batch culture was found to

reduce maximal specific growth rate of biomass, which emphasizes even more a need for

further research in the area. Any further investigation of influence of amino acid

supplements on growth and production of recombinant proteins should include cultivations

with controlled pH and DOT combined with detailed studies of metabolism.
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Temperature limited fed-batch process for production of
recombinant protein ZZT2 (Paper IV)

Large quantities (up to 1 g/L)

of lipopolysaccharides (LPS)

are usually released in the end

of glucose-limited fed-batch

cultures when the specific

growth rate declines to less

than 0.05 1/h (Paper IV,

Figure 1). In order to

distinguish whether it is due

to the low growth rate itself

or severe limitation by

glucose, an experiment was

carried out, where glucose

was fed in excess and the

oxygen demand  was limited

by decreasing the

temperature. The obtained

result was that LPS

concentration in the

temperature-limited

cultivation decreased about

100-fold (Paper IV, Figure

4). Although approximately

the same biomass

concentration should be

achieved in the temperature-

limited cultivation, it was

lower compared to the control

cultivation. (Paper IV, Figure

4). This can be explained by

 Figure 17. Concentrations of biomass (filled circles)
and the recombinant protein ZZT2 (open circles and
squares in duplicate experiments) together with growth
rate (diamonds solid line) in temperature-limited fed-
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 Figure 18. Concentrations of glucose (×), acetic acid (∆)
and endotoxins (diamonds) in temperature-limited fed-
batch culture.
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high level of acetate, which was produced due to overflow metabolism when glucose

concentration exceeded certain threshold level.

Temperature-limited fed batch technique was also applied for the production of

proteolytically unstable cytoplasmic recombinant protein ZZT2. Provided an unchanged

biomass growth, which is determined by oxygen transfer capacity of the bioreactor, and

growth-related synthesis of the recombinant protein ZZT2, significant gain of ZZT2 yield is

expected due to a lower proteolysis rate at a lower temperature.

Although for unknown reason the trp promoter was not efficiently repressed in the first

half of cultivation, the ZZT2

protein continued to

accumulate during first hours

after gradual decrease of

temperature from 35˚C to

26.5˚C and reached a level

(50 mg/g) (Figure 17)

comparable to that of the

glucose-limited control fed-

batch culture (Figure 3). The

control of glucose

concentration again proved to

be crucial, since it affects the

accumulation of acetic acid,

which appears to be a reason

for poor biomass growth and

decline of the levels of ZZT2

protein in the second half of the cultivation (Figures 17 and 18).

The measurements of proteolysis rate of the ZZT2 protein were carried out using method

with inhibition of chloramphenicol (Yang et al, 1995) at two temperatures. While the

proteolysis rate measured at the temperature of cultivation represents the actual ZZT2

degradation rate taking place in the bioreactor, the measurements at 35˚C represent protease

activity at standard conditions and can be directly compared to the results from the glucose-

limited control fed-batch culture. These values from 35˚C measurements showed that there

was no reduction of protease level due to the reduction of the temperature of the cultivation.

However, the rates measured at 26.5˚C were lower as expected, in agreement with

Arrhenius Law (Figure 19).
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Figure 19. Proteolysis rate of ZZT2 during temperature-
limited fed-batch culture measured at the reference
temperature (35˚C) (empty circles) and the temperature
of cultivation (26.5˚C) (filled circles).
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The follow-up experiments should be concentrated on a better control of glucose levels in

order to avoid excessive acetate formation and subsequent negative effects on the biomass

growth and recombinant protein synthesis.

Control of Proteolysis during Transition to Downstream Processing
(Paper V)

Interruption of cultivation and transition to downstream processing may result in conditions

that do not support high synthesis rate of the protein but still are favourable for its

degradation. For example, recombinant staphylococcal protein A, which was used as a

model protein in the present study, has a half-life ranging from 15 to 30 minutes,

depending on temperature, host strain [42, 177] and process conditions [182]. Therefore,

inappropriate conditions during the transition to downstream processing, which in large-

scale production could last for hours, might result in large loss of yield before the product

is recovered.

The recombinant staphylococcal protein A is known to be degraded by an energy-

dependent mechanism [42, 177], as most abnormal proteins [4]. Thus, depletion of ATP

might be a strategy to decrease the rate of proteolysis. However, ATP is also needed for

synthesis of the product and the ATP pool in living cells, being well controlled, is

maintained at a constant level over the wide range of growth rates (0.045 to 0.310 1/h)

[190] and decreases during starvation for carbon, potassium or phosphate only by 45-60%

[118], which does not affect degradation of abnormal proteins [191].

The values of Michaelis-Menten half-saturation constant (Km) for ATP for studied ATP-

dependent proteases are in the range of 0.2-0.3 mM [27, 38, 45, 46], while normal

physiological level in the cells required for growth and normal rate of protein synthesis is

ten times higher, i.e. 3 mM. Consequently, proteases will always have enough ATP to

degrade recombinant protein at the maximum rate during normal conditions of growth and

protein synthesis. This means that, control of proteolysis on the ATP level can hardly be

applied during the cultivation process, but might be feasible during the transition to

downstream processing.

It is clear that only very radical conditions can decrease ATP pool to a level as little as 10%

of normal. Protein A was shown to be stabilised by simultaneous absence of glucose and

respiration inhibition of sodium azide [177]. Similar results were obtained by inhibition of

glycolysis and oxidative phosphorylation [42]. Earlier reports described inhibition of
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proteolysis of some other proteins by the same method [118, 191-193]. These methods of

stabilisation of recombinant proteins by addition of toxic and expensive inhibitors cannot be

used in a large-scale. The objective of this part of the study was to elaborate a simple and

inexpensive technique for minimising proteolysis by depletion of ATP. The influence of

glucose feeding and aeration on ATP pool and proteolysis of the protein A was

investigated.

Stability of protein A in vivo in the transition period from cultivation to
product recovery.

Because of the nature of fed-batch culture cells are exposed to glucose starvation

immediately after interruption of the glucose feeding. However, if aeration continues cells

are able to obtain enough energy for proteolysis from oxidation of acetate and endogenous

respiration, sustaining ATP pool at the relatively high level of 1 mM (Figure 20). The

product concentration declined slowly, apparently suggesting a low rate of proteolysis.

However, additional experiment with chloramphenicol showed that the product degradation

rate was considerable: 50% of the protein A disappeared within 20 minutes (Figure 20),

indicating that the apparent

stability of the product was due

to compensation of degraded

product by de novo synthesis.

This is surprising since no

glucose was available and

growth on acetate alone

requires induction of

gluconeogenesis. A possible

explanation would be that due

to the very strong λ−phage PR

promoter a certain rate of

protein synthesis could be

supported by energy from

acetate metabolism with amino

acids provided by proteolysis.

To investigate whether the

product was stabilised by

anoxic conditions alone in the

presence of glucose a few experiments were carried out were glucose feeding was

continued and aeration was stopped. In addition, anoxic conditions were maintained by two
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methods: nitrogen sparging and addition of sodium sulfite. Anaerobic shift caused a

gradual decline of the ATP pool from 3 mM to 0.75 mM during 90 minutes incubation,

while more than 60% of protein A was degraded (Paper V, Figure 2).

In the experiments where sulfite (560 mg/L) was used to maintain anoxic conditions in the

culture broth (Paper V, Figure 3) the ATP declined faster and to the lower level compared

to the experiment with nitrogen sparging (Paper V, Figure 2). The lower ATP pool also

resulted in a better SpA stability in cells. Sulfite addition seemed to have an additional effect

on proteolysis compared to removal of oxygen alone. This was confirmed by a control

experiment with addition of azide (1300 mg/L), which inhibits respiration: protein A in the

culture with sodium sulfite was more stable than in the experiment with azide. The protein

loss during 90-min incubation in experiments with addition of sulfite, azide and nitrogen

sparging was as follows: 11, 37 and 63%, respectively. Corresponding ATP levels were

0.14-0.24 mM, 0.41-0.52 mM and 0.5-1.5 mM. Thus, ATP levels correlated with the rate

of proteolysis. The relatively high ATP level in nitrogen-flushed culture can be explained

by energy generation by fermentation. Analysis of acetate showed that low ATP pool in

sulfite- and azide-treated cells and resulting better stabilisation of the SpA protein is a result

of inhibition of fermentation by these chemicals (Paper V, Figure 4).

When the cells are deprived of both oxygen and glucose, the ATP pool declines rapidly (in

less than 2 min) from 2-3 mM to less than 0.5 mM and the protein A level was completely

stabilised. Test with chloramphenicol confirmed that both synthesis and degradation of

protein A were inhibited (Figure 21). The stabilisation of the protein and decrease of the

ATP pool could not be attributed to death of the cells. The viable count assay did not reveal

any effect of anaerobiosis, caused either by nitrogen or sulfite, on the number of viable

cells (data not shown). However, the number of respiring bacteria, enumerated with INT

staining, decreased by about 20%, which cannot account for the extensive decrease of ATP

concentration. Cell lysis was even less significant (below 1% of all biomass). Cells stayed

viable despite a decline in energy charge (EC) to 0.2 (Paper V, Figure 6), while it has been

considered that E. coli is not able to maintain viability at EC values below 0.8 [194].

Michaelis-Menten constant for ATP, which shows the ATP concentration supporting

proteolysis at the rate half of maximal, is in the range of 0.2-0.3 mM for all three ATP-

dependent proteases (Lon, ClpAP and ClpYQ). Therefore, if ATP was the only factor

regulating degradation of protein A, the rate of proteolysis would be considerable even at

the ATP concentration 0.5 mM which was obtained in the absence of both glucose and

oxygen. Even the decrease of the ATP pool during glucose starvation under aerobic

conditions (to about 1.4 mM) or during oxygen starvation in the presence of glucose (to
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about 1.8 mM) seemed to decrease the rate of proteolysis considerably. Therefore

something else than simply the low concentration of ATP could determine the low rate of

proteolysis. ADP was reported to inhibit the proteolytic action of the proteases Lon (La)

[27-29] and Clp [50]. Moreover, ADP inhibits the assembly of the ClpA/ClpP complex

[41]. During severe energy starvation the energy charge declines [195] and the pools of

ADP and AMP increase, and therefore this could play a significant role in the rate of

proteolysis in vivo.

According to our data, the ADP

concentration 0.12-0.29 mM

did not interfere with rapid

proteolysis in control

experiment with excess of

oxygen and glucose (data not

shown), but elevated ADP

levels may be responsible for

stabilisation of protein A during

complete energy starvation.

Concentrations of both ADP

and AMP increase during

starvation (Paper V, Figures 2,

3 and 6). It is possible that not

only the absolute values of

adenosine nucleotides, but also

the ratio between them would

determine the proteolysis rate.

The energy charge [195],

which takes into account the concentrations and the degrees of phosphorylation of all three

adenosine nucleotides, is probably the most useful of these parameters. The effects of ATP

decrease and ADP and AMP increase under the conditions of absence of glucose and

oxygen could not be separated and, possibly, all contributed to the stabilisation of protein

A.

Fate of ATP in the course of primary downstream processing

The first step in a downstream processing of intracellular protein is usually separation of

cells by either centrifugation or filtration. Because of the high density in the resulting

concentrate (more than 100 g (dry weight)/L) cells starve for nutrients, which results in a

large loss of ATP (by up to 88%) [195-197]. This decrease corresponds to the ATP

0

5

10

15

0

0.5

1

1.5

0 20 40 60 80 100

pr
ot

ei
n 

A
 (

m
g/

g) A
T

P
, A

D
P

 (m
M

)

time after stop of aeration, feeding and 
addition of sulfite and chloramphenicol (min)

Figure 21. Concentrations of recombinant protein A
(filled circles), ATP (diamonds) and ADP (squares)
pools after stop of both feeding and aeration. Sodium
sulfite (560 mg/L) and chloramphenicol (100 mg/L)
were added to eliminate oxygen and to stop de novo
protein synthesis.



42

decrease during energy starvation when protein A was almost stable (Figure 21), and thus,

centrifugation might be sufficient for stabilisation of proteolytically sensitive recombinant

proteins in the cell pellet. Our data showed that after centrifugation and suspension of

biomass in buffer the ATP pool in the cells dropped dramatically from a normal

physiological value of 1.7-2.8 mM to 0.7-0.4 mM and 0.17-0.15 mM in non-recombinant

and recombinant cells, respectively. The estimation of energy requirement for protein A

degradation showed that proteolysis could account for the difference in ATP levels between

parent and recombinant strains. The details of calculations are given in the paper V.

The separation of cells usually follows by disruption of cells, which results in a further

decrease of the ATP concentration due to the dilution by disintegration buffer to the levels

(0.02-0.03 mM) far below Km for ATP of proteases. The ATP concentration in a

suspension of washed cells that served as a control, did not change considerably for at least

80 minutes of incubation. There was no significant difference in ATP concentration in

disintegrate of recombinant and non-recombinant cells, which is probably because ATP

levels were too low to support proteolysis. The experiment with supplementation of

disintegrate with ATP to the normal in vivo concentration, 1.2 mM, showed strong

ATPase activity of the disintegrate, but failed to restore proteolysis (Paper V).

00.511.522.53
ATP (mM)

normal cellular level

glucose starvation, high DOT

glucose feeding, low DOT

glucose starvation, low DOT

cells after centrifugation

cells after disruption

Figure 22. ATP levels in E. coli W3110 pRIT2 pRITcI857 during transition
phase from cultivation to downstream processing. Filled bars represent the
stages where ATP is too low to support energy-dependent proteolysis.
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Results of the experiments above show that ATP may be the limiting factor for proteolysis

of protein A during downstream processing during which the ATP concentration decreases

as a result of three processes: cell separation, dilution during cell disruption and hydrolysis

by ATPases. Dramatic decrease of ATP during cell separation to less than 0.2 mM

apparently is enough to stop energy-dependent proteolysis. Disruption of cells reduces

ATP concentration even further, but probably does not contribute any additional effect to

stabilisation. It should be noted, however, that disruption of the cells exposes cytoplasmic

proteins to the proteases of the cell envelope, which do not require energy for degradation,

such as OmpT.

Concluding remarks
Measurements of proteolysis throughout fed-batch cultivations were applied to calculate the

potential benefits of reduced proteolysis of susceptible recombinant proteins. The

comparison of the accumulation levels of two pairs of cognate recombinant proteins, one

from each pair being continuously degraded and the other is stable, confirmed that a large

gain in the protein product concentration can be achieved if proteolysis was eliminated.

Clp mutation did not eliminate the degradation of the ZZT2 protein completely, but the

declined proteolysis rate enabled to increase ZZT2 about two-fold. However, impaired

growth of Clp mutant makes it less attractive for application. For comparison, the

production of the stable version of ZZT2 protein – ZZT0 achieved about the same 2-fold

improvement in yield using the parent strain without any growth defects.

Measurements of proteolysis of two recombinant proteins revealed that it follows first-

order kinetics immediately after induction, when the protein product concentration is low,

and turns into zero-order closer to the end of cultivation, when proteolysis becomes

protease-limited.

Heterogeneities of glucose, which arise due impairment of mixing during fermentation

scale-up, are thought to be the reason for the observed increase of proteolysis rate and

reduction of recombinant protein levels in the large-scale and scale-down cultivations.

Biomass yield in large-scale was affected in less significantly than the recombinant

protein’s yield and was not affected at all in the scale-down cultivations. Heterogeneous

environment in the large-scale and scale-down cultivations was found to prevent the loss of

reproductive viability usually observed during fed-batch cultivations in laboratory scale.
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The stop of accumulation or even decline of recombinant protein’s level in cells at the end

of cultivation was shown to be caused not by increase of proteolysis rate, but rather by

decline of synthesis rate.

Feeding of mixtures of amino acids during fed-batch cultivations, while somewhat

improving a biomass yield, resulted in much lower concentrations of the recombinant

protein. In some instances an addition of certain amino acids to shake flask cultures even

resulted in reduction of the maximal specific growth rate.

Application of the temperature-limited fed-batch culture to the production of the ZZT2

protein enabled to decrease its proteolysis rate, but more work is needed to optimise the

culture conditions.

Elimination of glucose and oxygen was found to be an efficient way to stabilise the

recombinant protein SpA, which is localised in the cytoplasm and is degraded by energy-

dependent mechanism. This stabilisation effect was correlated with declines of ATP pool

and energy charge and normally could be achieved by filtration or centrifugation of cells.
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