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Abstract Modeling and analysis of genetic networks
have become increasingly important in the investigation of
cellular processes. The genetic networks involved in cel-
lular stress response can have a critical effect on the
productivity of recombinant proteins. In this work, it was
found that the temperature-inducible expression system for
the production of soluble recombinant streptokinase in
Escherichia coli resulted in a lower productivity compared
to the chemically-induced system. To investigate the effect
of the induced cellular response due to temperature up-shift
a model-based approach is adopted. The role played by the
major molecular chaperone teams DnaK-DnaJ-GrpE and
GroEL-GroES on the productivity of recombinant strep-
tokinase was experimentally determined. Based on these
investigations, a detailed mechanistic mathematical model
was developed for the cellular response during the tem-
perature-induced recombinant streptokinase production.
The model simulations were found to have a good quali-
tative agreement with the experimental results. The
mechanistic mathematical model was validated with the
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experiments conducted on a ¢>> mutant strain. Detailed
analysis of the parameter sensitivities of the model indi-
cated that the level of free DnaK chaperone in the cell has
the major effect on the productivity of recombinant strep-
tokinase during temperature induction. Analysis of the
model simulations also shows that down regulation or
selective redirection of the heat shock proteins could be a
better way of manipulating the cellular stress response than
overexpression or deletion. In other words, manipulating
the system properties resulting from the interaction of the
components is better than manipulating the individual
components. Although our results are specific to a recom-
binant protein (streptokinase) and the expression system
(E. coli), we believe that such a systems-biological
approach has several advantages over conventional exper-
imental approaches and could be in principle extended to
bigger genetic networks as well as other recombinant
proteins and expression systems.

Keywords DnaK chaperone - Temperature induction -
Soluble recombinant streptokinase - Mathematical
modeling - Cellular stress response - Escherichia coli

Introduction

Escherichia coli has been used as an expression host for the
production of a wide range of recombinant proteins
(Baneyx 1999; Baneyx and Mujacic 2004). Several
expression systems have been developed for the high-level
expression of recombinant proteins in Escherichia coli
(Makrides 1996). Among the various expression systems
used, the temperature-inducible expression system has
been beneficial due to the ease of induction and higher
induction strength (Seeger et al. 1995; Gupta et al. 1999).
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However, the use of temperature up-shift as an induction
mechanism influences several cellular processes, including
the up-regulation of the heat shock proteins such as
molecular chaperones and proteases (Hoffmann et al. 2002;
Weber et al. 2002).

The role of induction mechanism on recombinant pro-
tein production has been investigated for certain
recombinant proteins in the literature. For an aggregation
prone recombinant human basic fibroblast growth factor,
the temperature-induced expression was found to result in
increased productivity and higher yield (Seeger et al.
1995). In the case of soluble Chloramphenicol Acetyl
Transferase (CAT) the productivity of the temperature-
inducible system was lower compared to chemically-
induced system (Harcum and Haddadin 2006). Further, the
global transcriptome response of recombinant E. coli pro-
ducing soluble recombinant CAT was analyzed during
chemical induction, temperature induction and dual
induction conditions (chemical and temperature induction).
The transcriptome response of the classical heat shock
genes was found to be similar in the wild-type and dual
stressed cultures, even though many other genes were
found to be differentially expressed in these cultures. This
indicates that modeling the dynamics of the heat shock
proteins and their mechanism of interaction with the
recombinant protein could give useful insights.

The role played by the various heat shock proteins in
assisting solubilization, folding and degradation of
recombinant proteins in E. coli has been extensively
reviewed by Hoffmann and Rinas (2004). Co-expression of
molecular chaperones in general is employed to improve
the solubility and activity of recombinant proteins, which
are either difficult to express or insoluble (Georgiou and
Valax 1996; Venkatesh et al. 2004). However, the role
played by these chaperones in enhancing the solubility and
activity depends on the nature and properties of the
recombinant protein. For example, the co-expression of
DnaK chaperone team was found to result in reduced
activity for a soluble recombinant protein glutamate race-
mase expressed in E. coli (Kohda et al. 2002). But, the
same chaperone team was found to enhance the solubility
of several aggregation prone recombinant proteins in
E. coli (Georgiou and Valax 1996).

In the present work, the chemical and temperature
inducible expression systems for the production of
recombinant streptokinase were compared. A detailed
mechanistic model for the bacterial heat shock response
was developed and the dynamics of the chaperones and
proteases were simulated for the mild heat shock condi-
tion, which had been used earlier for recombinant
streptokinase production (Yazdani and Mukherjee 2002;
Ramalingam et al. 2007). A mechanistic model for the
interaction of the heat-shock proteins with the
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predominantly soluble recombinant streptokinase was
proposed from the experimental investigations. This was
coupled with the heat-shock response model to obtain the
complete model for temperature-induced recombinant
streptokinase production. Model equations were simulated
to examine the effect of the heat-shock response on the
recombinant protein production. A hypothetical condition
predicted by the model simulations was validated by
experiments using an E. coli-mutant for the heat-shock-

specific sigma factor (¢°2).

Materials and methods
Bacterial strains and plasmid

Escherichia coli BL21(DE3) (Invitrogen) was used as a
host for all the fermentation experiments. E. coli CAG597
(New England Biolabs), which has an rpoHam allele
encoding an amber mutant for 2, was used for the
model validation. Plasmid pRSETB-STK (An ampicillin
resistant plasmid) containing the streptokinase gene under
a T7 promoter was used for the intracellular expression of
recombinant streptokinase (Balagurunathan and Jayar-
aman 2008). Plasmid pGPl-2 (a kanamycin resistant
plasmid) containing the T7 RNA polymerase gene under
the control of heat inducible Ap; promoter (Tabor and
Richardson 1985) was used along with pRSETB-STK for
temperature-inducible expression of recombinant strepto-
kinase. Plasmid pKJE-6, (Nishihara et al. 1998) a
Chloramphenicol resistant plasmid, was used for the co-
expression of chaperones. This plasmid contains DnaK
chaperone team (DnaK/Dnal/GrpE) under arabinose pro-
moter and GroEL chaperone team (GroEL/GroES) under
tetracycline promoter.

Media and culture conditions

The medium for shake flask and bioreactor experiments
consisted of K,HPOy, 5 g/l1; KH,PO,, 3 g/1; NaCl, 0.5 g/l;
NH,CI, 1 g/l; yeast extract, 5 g/l; glucose, 5 g/l; MgSO,,
0.5 g/1; and trace metal solution, 1 ml/l (trace metal solu-
tion composition: FeSO,, 100 mg/l; Al (SO4); - 7TH20,
10 mg/l; CuSO, - H,O, 2 mg/l; H3BO3, 1 mg/l; MnClj; -
4H,0, 20 mg/l; NiCl, - 6H,O, 1 mg/l; Na,MoO, - 2H,0,
50 mg/l; ZnSO, - 7TH,0, 5 mg/l) (Yazdani and Mukherjee
2002). Batch bioreactor cultivations were carried out in a
3.7 liter fermentor (KLF 2000, Bioengineering AG, Swit-
zerland) equipped with pH, temperature, antifoam and
dissolved oxygen controllers. Dissolved oxygen was
maintained at 30% saturation and pH at 7.0 for all biore-
actor experiments.
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Induction conditions

The cultures were induced at the mid-exponential phase
around 0.6 OD (600 nm) in the shake flask experiments
and around 3 OD (600 nm) in the batch bioreactor exper-
iments. IPTG (0.25 mM) was used for chemical induction
and temperature shift from 30°C to 37°C/42°C was used
for temperature-induction. L- Arabinose (0.1% to 0.4% w/
w) was used for the induction of DnaK chaperone team and
Tetracycline (2-10 ng/ml) was used for the induction of
GroEL chaperone team.

Cell fractionation

Cells were harvested by centrifugation at 6,000g for
10 min. The cell pellet obtained was re-suspended in
phosphate buffer (20 mM, pH 7.2) and brought to an
optical density of around 5 and sonicated on ice, for 2 min.
The sonicated sample was centrifuged at 10,000g for
15 min and the supernatant was recovered as soluble
fraction. The pellet obtained from the previous step was
washed twice with phosphate buffer and then resuspended
in 1% SDS to obtain the insoluble fraction.

Assay for streptokinase activity

Quantitative assay for streptokinase was done by incubat-
ing the samples with human plasminogen (Sigma, P5661)
at 37°C for 5 min and then measuring the amount of
plasmin formed by using a chromogenic substrate, Chro-
mozym-PL (Sigma, T6140), as described by Yazdani and
Mukherjee (2002).

Polyacrylamide gel electrophoresis, immunoblotting
and quantification

Gel electrophoresis was carried out according to Laemmli
(1970) using SDS-Polyacrylamide gels stained with Com-
massie Brilliant Blue. Densitometric analysis (Quantity
One software, Biorad) was used for quantification of pro-
teins in SDS-PAGE Gels. A known concentration of a
standard protein, Bovine Serum Albumin (BSA), is mixed
with samples prior to mixing with sample buffer. The
samples were then boiled for 10 min at 95°C and then
subjected to SDS-PAGE. The stained gels were captured
and densitometric analysis was performed using the known
protein as the internal standard. Immunoblotting was per-
formed according to standard procedures using a mouse
monoclonal antibody specific for the streptokinase (a gift
from Dr. Behnaz Parhami-Seren (Parhami-Seren et al.
2002), University of Vermont, Burlington) and a mouse
monoclonal antibody specific for DnaK(Calbiochem) as
primary antibodies and alkaline phosphatase-conjugated

anti-mouse IgG as secondary antibody (Calbiochem).
Densitometric analysis of the blot was performed using the
Quantity One software (Biorad).

Unit conversion

The volumetric activity of streptokinase is expressed in
Units per ml of culture volume and specific activity in
Units per mg of streptokinase. The data for quantity of
streptokinase produced is expressed in micrograms per ml
of culture volume. The model simulations are represented
in M (Molar units). For the comparison of experimental
data and model simulations (Fig. 7), the quantity of
streptokinase produced per unit culture volume (ug/ml)
was converted to molar concentration within the cell. The
conversion was based on the biomass concentration (dry
cell weight), volume of single cell and the assumption that
protein content of a single cell is 0.154 pg (Neidhardt
1987). The total protein content was assumed to be 50% of
the dry cell weight.

Computational methods
Model assumptions

The model built uses first-order mass action kinetics. It
was assumed that all mRNAs are degraded at the same
rate and all the cellular proteins are degraded at the same
rate. The growth/dilution rate is assumed to be constant.
Transcription, translation, folding and misfolding were
assumed to follow first-order dynamics and the aggrega-
tion step for the recombinant protein was assumed to
follow second-order kinetics. Binding rates between pro-
teins or between proteins and specific DNA promoters
were assumed to be faster compared with rates of syn-
thesis of mRNAs and proteins and the complexes were
assumed to be in equilibrium. Therefore, the binding
equations are represented as algebraic equations. Since
¢’® and RNAP are expressed constitutively in the cell,
their total concentrations are assumed to be constant. The
total protein content of the cell is also assumed to be
constant.

Model structure

Transcription, translation and protein folding are repre-
sented as differential equations and mass balance/binding
are represented by algebraic equations. This results in a
system of differential algebraic equations (DAEs). The
components of the model and the complete set of model
equations are presented in Tables 1 and 2.
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Selection of model parameters

The model parameters include transcription and translation
rate constants, binding rate constants, degradation rate
constants and protein folding and misfolding rate constants.
The binding, degradation and protein folding rate constants
are selected from different sources in the literature. The
parameters specific for recombinant streptokinase were
selected based on available literature on streptokinase
folding and aggregation or suitably assumed. The tran-
scription rate constants were tuned to represent the steady
state concentration of proteins in the unstressed cell. The
complete list of parameter values and the sources of these
parameters are presented in Table 3. The values of the
parameters used to simulate the various experimental
conditions and the initial conditions used for the simula-
tions are listed in Tables 4 and 5 respectively.

Results
Comparison of chemical and temperature induction

Initial experiments on chemical and temperature inducible
expression systems were carried out to identify appropriate
expression conditions to compare the two induction
mechanisms. The productivity of chemically induced sys-
tem was found to be independent of inducer concentration
(between 0.1 mM and 2 mM IPTG) and most of the
recombinant protein was found in soluble fraction (Bal-
agurunathan and Jayaraman 2008). The temperature-
induction system was found to result in lower productivi-
ties when a higher temperature shift (30-42°C) was used
for induction as compared to a mild increase in temperature
(30-37°C). The solubility of the protein was also signifi-
cantly affected at higher temperatures (data not shown).
Due to the higher productivity and solubility obtained
during mild increase in temperature (30-37°C), this con-
dition was used for the temperature induction experiments.

The recombinant strains used for temperature induction
and chemical induction were grown at 30°C under identical
conditions in a batch bioreactor to analyze the effect of
induction mechanism on recombinant streptokinase pro-
duction. At the mid-exponential phase (~3 OD) either the
cultivation temperature was shifted to 37°C or 0.25 mM
IPTG was added. The quantity of recombinant streptoki-
nase produced during these conditions is shown in Fig. 1a.
It could be observed that, the quantity of recombinant
streptokinase produced in the temperature-inducible
expression system was two-fold lower compared to the
chemically-induced system. Further, the level of major heat
shock chaperone DnaK was found to be elevated during the
temperature induction as compared to the chemical
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Fig. 1 Comparison of chemical and temperature induction. Compar-
ison of the level of streptokinase (a) and DnaK (b) in the temperature-
inducible and chemical inducible expression systems during batch
bioreactor cultivation. IPTG concentration —0.25 mM, Temperature
shift —30 to 37°C

induction (Fig. 1b). This indicates that the induction of the
heat shock response during the temperature up-shift could
have a major role on recombinant streptokinase production.
The role of the major heat shock proteins on the production
of recombinant streptokinase was further investigated by
chaperone co-expression experiments.

Effect of co-expression of molecular chaperones
on recombinant streptokinase production

Two major chaperone teams required for the maintenance
of protein quality in the cytoplasm are HSP70 (DnaK/Dnal/
GrpE) and HSP60 (GroEL/ES). The effect of these chap-
erones on recombinant streptokinase production was
analyzed by chaperone co-expression experiments. The
effect of co-expression of DnaK chaperone team (Dnak,
DnalJ and GrpE) and GroEL chaperone team (GroEL and
GroES) on streptokinase production is shown in Fig. 2.

The following observations were made based on these
experiments

e The DnaK and GroEL levels were found to increase
significantly upon respective induction when compared
to the control experiment (Fig. 2b, f).
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Fig. 2 Analysis of chaperone coexpression. DnaK Chaperone Coex-
pression: Recombinant streptokinase, DnaK and GroEL levels
observed during DnaK chaperone co-expression are shown in (a),
(b), and (c). Streptokinase was induced with 0.25 mM IPTG and
DnaK chaperone team was induced either with 0.1% or 0.2%
Arabinose. Control cultivation—Streptokinase alone was induced
GroEL Chaperone Coexpression: Recombinant streptokinase, DnaK
and GroEL levels observed during GroEL chaperone co-expression
are shown in (d), (e), and (f). Streptokinase was induced with

e The co-expression of one chaperone team was not
found to affect the level of the other chaperone team
(Fig. 2c, e).

e The streptokinase levels were found to be lower when
the DnaK chaperone team was co-expressed (Fig. 2a).

e Streptokinase levels obtained during GroEL co-expres-
sion experiments were similar to that obtained in the
control experiments (Fig. 2d).

e During the co-expression of both the chaperone teams,
the streptokinase levels were found to be two fold lower
(Fig. 2g).

e The over expression of recombinant streptokinase alone
does not lead to any significant increase in the DnaK or
GroEL levels indicating that the induction of the

Time post induction (h)

Time Post Induction (h)

0.25 mM IPTG and GroEL chaperone team was induced either with
2 ng/ml or 5 ng/ml of Tetracycline. Control cultivation—Streptoki-
nase alone was induced Coexpression of both chaperones: Profiles of
Recombinant streptokinase, DnaK and GroEL obtained during
simultaneous coexpression of both the chaperone teams are shown
in (g), (h), and (i). Streptokinase was induced with 0.25 mM IPTG
and DnaK chaperone team was induced 0.1% Arabinose and GroEL
chaperone team was induced with 2 ng/ml Tetracycline. Control
cultivation—Streptokinase alone was induced

recombinant protein alone does not trigger any heat
shock like response.

e The growth of the cell was not affected by the
expression either of the chaperone teams or by the
expression of streptokinase (data not shown).

To investigate the role of these chaperones further, the
effect of varying induction of one chaperone team at a
constant induction for other chaperone team on recombi-
nant streptokinase production was studied. It was observed
that the amount of streptokinase produced was lower when
higher levels of DnaK were present, irrespective of the
levels of GroEL chaperone. (Fig. 1, Supplementary
Figures).
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Effect of chaperone co-expression on the volumetric
and specific activity of recombinant streptokinase

The volumetric activity of recombinant streptokinase was
two fold lower when DnaK chaperone team was co-
expressed and two fold higher when GroEL chaperone
team was co-expressed. The volumetric activity was
similar to control experiments when both the chaperone
teams were co-expressed (Fig. 3a). The specific activity
of recombinant streptokinase was similar to its value in
the control experiments when DnaK chaperone team was
co-expressed but increased by nearly 2 to 3 fold when
GroEL chaperone team was co-expressed (Fig. 3b). The
specific activity of streptokinase increased two fold when
both the chaperone teams were co-expressed. The analy-
ses of the changes in the activity of recombinant
streptokinase during the various chaperone coexpression
experiments indicate that the presence of GroEL chaper-
one team was found to enhance the specific activity of
recombinant streptokinase. However, the GroEL chaper-
one team was not found to enhance the amount of the
recombinant protein produced.
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Fig. 3 Analysis of the activity and solubility of recombinant
streptokinase during chaperone coexpression. Volumetric activity
and Specific activity of recombinant streptokinase (shake flask
cultivation) in a sample collected 5 h after the simultaneous induction
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Analysis of insoluble fraction and degradation pattern
of recombinant streptokinase during chaperone
co-expression

During the chaperone coexpression experiments, the quan-
tity of streptokinase observed in the insoluble fraction was
only 5-6% of the total streptokinase produced. However,
there was a variation in the quantity of streptokinase
observed in the insoluble fraction during the chaperone
coexpression experiments (Fig. 3c). Co-expression of DnaK
chaperone team led to a reduction in the amount of strepto-
kinase observed in the insoluble fraction, while co-
expression of GroEL chaperone team lead to a slight increase
in the insoluble fraction of streptokinase, when compared
with the control cultivation. The degradation pattern of
recombinant streptokinase was analyzed by Western blot
(Fig. 2, Supplementary Figures). The pattern of degradation
was found to be similar during DnaK chaperone coexpres-
sion and GroEL chaperone co-expression indicating that the
lower productivity observed during DnaK chaperone coex-
pression may not be due to specific cleavage of the protein
and may be due to complete proteolysis.
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of streptokinase and the concerned chaperone(s) is shown in (a) and
(b). The total amount of recombinant streptokinase observed in the
insoluble fraction in one representative sample during chaperone
coexpression experiments is shown in (c¢)
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Mechanism of interaction of the heat-shock proteins
and recombinant streptokinase

Four major heat shock proteins (namely the DnaK chap-
erone team, the GroEL chaperone team, FtsH protease and
HsIVU protease) are considered in the modified bacterial
heat shock response model (Supplementary Material, Fig-
ure SI.1). The mechanism of interaction of these heat-
shock proteins with recombinant streptokinase is proposed
based on the chaperone co-expression experiments. Anal-
yses of the chaperone co-expression experiments indicate
the following:

e The co-expression of DnaK chaperone team leads to lower
accumulation of soluble recombinant streptokinase, irre-
spective of the levels of the GroEL chaperone team.

e The streptokinase productivity was not found to
decrease with the increase in the DnaK concentrations
during DnaK co-expression experiments.

e The complete degradation of recombinant protein was
not observed even at high concentrations of DnaK
chaperone team in the cell. So, reduction in the
productivity is not due to proteolytic processing of
properly folded recombinant streptokinase.

These observations indicate that the major interaction of
the DnaK chaperone team may be with nascent polypeptide
chain, as the initial translation product emanates from the
ribosome. Literature reports have also indicated that DnaK

Fig. 4 Schematic of the
mechanism proposed for the
interaction of recombinant
streptokinase with the major
heat-shock proteins in the cell.
The major events of
recombinant protein synthesis,
folding, misfolding and
aggregation are represented by
solid lines and the chaperone
mediated events are represented : H
by dotted lines v

FtsH

DnaK mediated disaggregation of
aggregated recombinant protein

SeETEEEEEsEEsEEEsEEsEEsEEssEEssEssEEsEEEsEEEs
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binds to nascent polypeptides emanating from the ribosome
and transfer it to the GroEL chaperone team (Hartl and
Hayer-Hartl 2002; Sharma et al. 2008). In the present case,
the outcome of such an interaction of DnaK chaperone
team with the initial translation product of recombinant
streptokinase is negative. This step is modeled as chaper-
one-assisted degradation of initial translation product. The
protease FtsH is involved in the DnaK chaperone-assisted
degradation. The remaining fraction of the initial transla-
tion product (which does not interact with DnaK chaperone
team or that which gets dissociated from DnaK chaperone
team) gets folded, misfolded or aggregated to produce
active folded recombinant protein, misfolded recombinant
protein or aggregated recombinant protein, respectively.
The misfolded recombinant protein is assumed to be
refolded by the GroEL chaperone team to form folded
recombinant protein. This assumption is based on the
observation that the specific activity of recombinant
streptokinase is enhanced during the co-expression of the
GroEL chaperone team. The disaggregation of the aggre-
gated recombinant protein through the DnaK chaperone
team is also included. The other steps included are the
chaperone-assisted degradation of misfolded recombinant
proteins by the protease FtsH and chaperone-independent
degradation of the misfolded recombinant proteins by the
protease HsIVU. The schematic of the complete mecha-
nism proposed for the interaction of the recombinant
protein with the heat-shock proteins is shown in Fig. 4.

Aggregated ¢
‘ I__) Rec Protein
........ )
Initial Folded ¢
Translation —|_> Rec Protein
product D IUTIN .
| 5| Misfolded :
Rec Protein
DnaK chaperone team |
.Mmediated degradation _ : !
of misfolded AR :
recombinant proteins : _(
v
Degraded
Rec Protein
A

GroEL mediated refolding of the misfolded recombinant proteins

@ Springer



34

B. Balagurunathan, G. Jayaraman

Modified model of bacterial heat shock response

To obtain a complete model for the temperature inducible
recombinant streptokinase production, the dynamics of the
heat shock response has to be coupled with the mecha-
nism of interaction of heat shock proteins and
recombinant streptokinase. A detailed mechanistic math-
ematical model was developed for bacterial heat shock
response (Supplementary Material). This model was used
to characterize the heat shock response and to simulate
the dynamics of the heat shock proteins under various
temperature shift conditions. The model proposed in the
current work is based on the model proposed by Kurata
et al. (2006). They have considered only one of the major
chaperones (DnaK) and a protease (FtsH) belonging to the
o2 stress network in their model. The model proposed in
this work included the GroEL chaperone team and the
ATP-dependent protease HsIVU which play a major role
in regulating the level of ¢°> and in handling the

misfolding proteins in the cell (Guisbert et al. 2004,
Kanemori et al. 1997). The mechanism of the bacterial
heat shock response, the details of the improvements
made to the literature model and parameter estimation
along with the results of the model simulations are pre-
sented in Supplementary Material. The change in the level
of heat shock proteins during temperature up-shifts is
depicted well by the model simulations (Supplementary
Material, Figures SI.2 and SI.3). The model developed for
the bacterial heat shock response is coupled to mechanism
proposed for the interaction of major heat shock proteins
and streptokinase. The schematic of the complete model
proposed is shown in Fig. 5.

Model simulation results
The details of the model structure and the assumptions

made in the model are explained in the Materials and
methods Section. The list of model components, model
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Fig. 5 Schematic of the mechanistic model proposed for temperature-induced recombinant streptokinase over expression in Escherichia coli
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equations, parameter values and initial conditions are pre-
sented in Tables 1, 2, 3 and 5 respectively.

Comparison of chemical and temperature induction

The model equations were simulated for chemical and
temperature induced recombinant streptokinase production.
The value of the parameters used for simulating these
experimental conditions is shown in Table 5. The simula-
tions predicted a two-fold lower accumulation in
temperature-induced system as compared to chemically-
induced system. These simulations (Fig. 6a) were found to
match qualitatively with the experimental data obtained
during chemical and temperature-induced recombinant
streptokinase production (Fig. 1c¢). The relative increase in
the level of DnaK chaperone team during temperature
induction in the model simulations is shown in Fig. 6b. The
model proposed here for the temperature-induced recom-
binant protein expression is a single cell model and the
experimental data is from the recombinant E. coli culture.
Hence, only a qualitative comparison can be made between
the model simulations and the experimental data.
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Fig. 6 Simulations for chemical and temperature induction. Com-
parison of the model simulations for streptokinase (a) and DnaK (b)
levels during chemical-induction and temperature-induction

Model simulations for the chaperone co-expression

The chaperone co-expression experimental conditions were
simulated using the model. The co-expression of DnaK
chaperone team and/or GroEL chaperone team was simu-
lated by increasing the transcription rate of the particular
chaperone team along with the transcription rate for the
recombinant protein. This was then compared with the
simulation results when the transcription rate of the
recombinant protein alone was increased. It was observed
that the model simulations (Fig. 7a, c¢) were able to quali-
tatively predict the variation in streptokinase levels
observed during the DnaK and GroEL chaperone co-
expression experiments (Fig. 7b, d). The results of the
model simulations for co-expression of both the chaperone
teams (Fig. 7e) were also found to match qualitatively with
the experimental results (Fig. 7f). The model simulations
were performed for different transcription rates of recom-
binant protein and chaperones DnaK and GroEL. The
qualitative results of the model simulations were found to
be similar over a range of the transcription rates (Data not
shown). As mentioned earlier, the model simulations were
carried out on a single cell basis and thus the experimental
data cannot be quantitatively compared with the simula-
tions. However, the simulations were compared with the
estimated (refer to Materials and methods) molar concen-
trations of streptokinase in a single cell from the
experimental data.

Parameter sensitivity analysis

The sensitivity of the model simulations to parametric
variation was analyzed by varying the model parameters
one at a time with the remaining model parameters kept at
the initial value. Thirty-three model parameters estimated
from different sources in the literature were selected for
parameter sensitivity analysis. Parameters like the tran-
scription rates which are tuned to match the steady state
level of the proteins in the cell, were not included for
sensitivity analysis. Certain other model parameters like
efficiency of translation of a2 (17), and the misfolding rate
of the cellular proteins (Kx5) were also excluded in the
sensitivity analysis, as these parameters were varied to
simulate the different experimental conditions. The change
in the parameter values up to £20% of its original value
does not significantly affect the qualitative predictions of
the model simulations. The fact that the qualitative model
simulations were not affected by small variations in model
parameters indicates that the observed simulations results
are the reflection of the underlying mechanism and not an
artifact of the parameters values. Sensitivity index and
normalized sensitivity index for the major state variables
are calculated and the parameters which has the maximum
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Fig. 7 Simulations results for chaperone coexpression. a and b
Comparison of the model simulations and experimental data for
streptokinase levels during DnaK chaperone coexpression. Control—
When streptokinase alone is induced. ¢ and d Comparison of the
model simulations and experimental data for streptokinase levels

effect on these variables were identified (Data not shown).
The detailed analysis of these variables would enable us to
reduce the model equations and improve the quantitative
predictability of the model. However, these aspects have
not been addressed in this paper.

Parameter sensitivity analysis, however, was used in this
work to identify the critical steps in the mechanism pro-
posed and to identify ways to tackle these critical steps.
Substantial variation in the model simulations for chemi-
cal-induction and temperature-induction was observed
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when the model parameters were varied two fold as shown
in Fig. 8 (The time profile is shown in Fig. 3, Supple-
mentary Figures). The parameters for which the level of
total folded recombinant protein was similar between
chemical and temperature-induction experiments were
identified. A two-fold increase in the parameters Kq, K,
Kina and K, and a two-fold decrease in the parameters Ky,
K4, Ky4 and K4 lead to similar profiles for the total folded
recombinant protein during chemical and temperature
induction. The detailed analysis of the model variables was
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Fig. 8 Parameter Sensitivity
Analysis. The total folded
recombinant protein obtained
during chemical induction and
temperature induction for two
fold increase and two fold
decrease in the model parameter
values are shown in (a) and (b),
respectively
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performed during the two-fold increase or decrease of these
model parameters. Among these eight parameters, the
increase in the parameters K;, K, and the decrease in K,
and K, directly affect the level of 6. Increase in the
parameters Kq and the decrease in the parameter K4
indirectly affect the level of ¢°2 and heat shock proteins by
either decreasing the free RNA polymerase in the cell or by
increasing the unfolded protein levels in the cell. The
model parameters, Ky (protein degradation rate) and Kpq
(mRNA degradation rate), when decreased or increased
lead to significantly different levels of all the proteins
considered in the model and the accumulation levels of
certain proteins were beyond the physiological levels. This
emphasizes that the average mRNA and protein degrada-
tion rates in the cell may not vary significantly within the
cell. However, the degradation rates of the individual
mRNA’s and proteins may vary based on the nature and
function of the protein.

The level of 032, total DnaK and free DnakK for the two
fold increase and decrease of the selected model parame-
ters is shown in Fig. 9 (The complete set of figures are

Parameter Name

shown in Figs. 4 and 5, Supplementary Figures). The total
DnaK chaperone and ¢°2 levels in the cell for the altered
parameter values during temperature-induction were found
to be slightly lower than that observed without any change
in model parameters. Further, these levels were higher than
that observed during the chemical-induction simulations.
However, the level of free DnaK chaperone in the cell was
found to be significantly affected by the change in these
model parameters. Thus, the factors that affect the level of
free DnaK chaperone play a crucial role on the productivity
of the soluble recombinant streptokinase. This indicates
that these model parameters lead to a selective redirection
of the DnaK activity and thus resulted in improved pro-
ductivity even during temperature induced expression.

Model validation
To validate the proposed model a ¢°> conditional mutant
strain was selected for the analysis. This strain (CAG597)

produces o> at 30°C, but when the temperature is
increased to 37 or 42°C the strain becomes a ¢°2 mutant.
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Fig. 9 Effect of the variation in selected model parameters on ¢>2, total DnaK and free DnaK levels in the cell during temperature-induced and

chemically induced recombinant streptokinase production

This feature of the strain enable us to simulate a condition
were there is enough DnaK in the cell but the requirement
for DnaK chaperone increases upon temperature up-shift
without the increase in the synthesis of DnaK. A situation
which leads to a reduction in the free DnaK levels in the
cell. The model was simulated for the o°>-conditional-
mutant strain. The result of the model simulation for the
total folded recombinant protein levels during temperature
induction is shown in Fig. 10a. It was observed in the
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simulations for the ¢>>-mutant strain that the quantity of
total recombinant protein (streptokinase) produced was
two-fold higher compared to the quantity of the protein
observed in the normal strain. Experiments were then
carried out in the ¢°> mutant strain to estimate the level of
streptokinase produced. It was observed that the experi-
mental results compared well with the model simulations in
terms of the increase in the accumulation of soluble
streptokinase for the mutant strain (Fig. 10d).
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Fig. 10 Model Validation—Simulations and experimental data of
mutant strain. a, b, and ¢ Comparison of the model simulations for the
levels of streptokinase, total DnaK and free DnaK in the cell,
respectively, during temperature induction in the normal strain BL21
(DE3) and ¢> mutant strain CAG597. d Comparison of the
experimental data (shake flask cultivation) for the level of strepto-
kinase produced during temperature induction in the normal strain

The DnaK levels in the ¢ mutant strain after the
temperature shift was analyzed by Western Blot. The
change in DnaK levels after the shifting the cultivation
temperatures from 30 to 37°C in the BL21 (DE3) strain and
CAG597 (the ¢>>-mutant strain) is shown in Fig. 10e. The
densitometric analysis of the Western blot showing the
DnaK levels normalized to the zeroth hour sample is shown
in Fig. 10f. As expected, the down-regulation of ¢** lead to
a small reduction in the DnaK levels in the ¢-mutant

BL21 (DE3) and ¢°? mutant strain CAG597. Western Blot analysis of
the DnaK levels in the normal strain BL21 (DE3) and the 6> mutant
strain CAG597 (e) after the shift in cultivation temperature from 30—
37°C for temperature induced recombinant streptokinase production.
Lane 1-5 corresponds to samples taken 0, 10, 20, 30, and 60 min after
the temperature shift. f Densitometric analysis of Western Blot. The
band intensities were normalized with zeroth hour sample

strain. This was also observed in the model simulations
(Fig. 10b). Further, the model simulations also showed a
decreased free DnaK levels in the mutant strain (Fig. 10c).
Therefore, it could be concluded that the decrease in free
DnaK levels in the o>*-mutant strain would have led to an
increase in streptokinase production. However, in the ¢°>-
mutant strain, extensive aggregation and proteolytic pro-
cessing of the recombinant streptokinase was observed
(Data not shown).
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The alternative transcription factor ¢°~ plays a vital role  cells in several ways and mutating this protein is not a
in the cell and it is essential for the viability of the cells at ~ feasible solution for the temperature-inducible production
higher temperatures. Further, mutating ¢°> may affect the  of soluble recombinant proteins, as a lot of proteins

Table 1 Components of the model developed for the cellular response to temperature induced recombinant streptokinase production

Components Description

0% Alternative transcription factor

¢ Vegetative transcription factor

D Non-specific DNA binding site

DnaK DnaK chaperone team

FtsH Heat-shock protease (s) responsible for chaperone mediated proteolysis

GroEL GroEL chaperone team

HslVU Heat-shock protease (s) responsible for direct proteolysis

pcn Recombinant gene promoter

Pfolded Total folded proteins in the cell

Pg Housekeeping gene promoter

Ph Heat-shock gene promoter

Punfolded Total Unfolded proteins in the cell

RecP Total Recombinant protein

RecPA Aggregated recombinant protein

RecPfolded Folded recombinant protein

RecPI Recombinant protein initial translational product

RecPunfolded Unfolded/Misfolded recombinant protein

RNAP RNA polymerase in the cell

T Protein Total protein in the cell

Subscript ‘f’ Free concentration of the species

Subscript ‘t’ Total concentration of the species

Complexes Description

¢32:DnaK Complex between 62 and DnaK

0°%:DnaK:FtsH Complex between DnaK bound ¢°? and FtsH

6°%:GroEL Complex between ¢°2 and GroEL

o*%HsIVU Complex between ¢~ and HsIVU

Punfolded:DnaK Complex between unfolded proteins in the cell and DnaK

Punfolded:GroEL Complex between unfolded proteins in the cell and GroEL

RecPA:DnaK Complex between DnaK and aggregated recombinant protein

RecPI:DnaK Complex between DnaK and recombinant protein initial translation product
RecPI:DnaK:FtsH Complex between DnaK bound recombinant protein initial translation product and FtsH
RecPI:RecPI Aggregation of recombinant protein initial translation product
RecPunfolded:DnaK Complex between DnaK and unfolded recombinant protein
RecPunfolded:DnaK:FtsH Complex between DnaK bound unfolded recombinant protein and FtsH
RecPunfolded:GroEL Complex between GroEL and unfolded recombinant protein
RecPunfolded:HsIVU Complex between HsIVU and unfolded recombinant protein

RNAP:D Complex between RNA polymerase and non-specific DNA binding sites
RNAP:¢*? Complex between RNA polymerase and 2

RNAP:¢"° Complex between RNA polymerase and ¢'°

RNAP:¢*2:D Complex between 6°2 bound RNA Polymerase and non-specific DNA binding sites
RNAP:6*%:ph Complex between 6> bound RNA polymerase and heat-shock gene promoters
RNAP:¢’:D Complex between ¢’° bound RNA Polymerase and non-specific DNA binding sites
RNAP:6"%:pg Complex between ¢’° bound RNA polymerase and housekeeping gene promoters
RNAP:a7o:pcn Complex between ¢'° bound RNA polymerase and recombinant gene promoter
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Table 2 List of model equations

S. No Equation and description

1 AmRNATI] — Ky [RNAP:67:pg] — Kppg * [MRNA(6%)] — 1 % [MRNA(0®)]
This equation describes the rate of change of ¢°> mRNA in the cell

2 dlo{’]

=Krp * 17 % [mRNA(a32)] — Kpa * [‘732] — R [‘732]

dt
— Ky * [072:DnaK:FtsH] — K, * [0°2:HsIVU] — K, * [6°%:GroEL]
This equation describes the rate of change of Total o> in the cell
3 [62] = [63*] + [¢%*:DnaK] + [¢*2:HsIVU] + [¢**:DnaK:FtsH] + [¢*2:GroEL]
+ [RNAP:¢*?] + [RNAP:¢*2:ph] + [RNAP:6°2:D]

. 32
The mass balance equation for o

4 w = K * [RNAP:¢32:ph] — K * [MRNA(DnaK)] — 1 * [nRNA(DnaK)]
Rate of change of mRNA of DnaK chaperone team in the cell

5 dPrak] — Ky + [NRNA(DnaK)] — Kpg * [DnaK] -+ [Dnak]
Rate of change of Total DnaK in the cell

6 [DnaK,] = [DnaKj] + [DnaK:6**] + [DnaK:>?:FtsH] + [DnaK:Punfolded]

+ [DnaK:RecPmisfolded] + [DnaK:RecPmisfolded:FtsH] + [DnaK:RecPA]

Mass balance equation for DnaK Chaperone team

7 w = Kms * [RNAP:632:ph] — Kpng * [NRNA(GroEL)] — y * [nRNA(GroEL)]
Rate of change of mRNA of GroEL chaperone team in the cell

8 OBl — Ky + [NRNA(GroEL)] — Kpg * [GroEL(] — yt * [GroEL]
Rate of change of Total GroEL in the cell

9 [GroEL,] = [GroELy] + [GroEL:6*%?] 4 [GroEL:Punfolded] + [GroEL:RecPmisfolded]
Mass balance equation for GroEL chaperone team

10 w = Kua * [RNAP:6%2:ph] — Kjpg * [NRNA(FtsH)] — p * [mRNA(FtsH)]
Rate of change of mRNA of FtsH in the cell

11 d“:c‘l‘t“l] = Krp * [MRNA(FtsH)] — Kpq * [FtsH,] — p * [FtsH,]
Rate of change of total FtsH in the cell

12 [FtsH,] = [FtsH] 4 [DnaK:o>%:FtsH] + [DnaK:RecPunfolded:FtsH]
Mass Balance equation for FtsH Protease

13 w = Kus * [RNAP:632:ph] — Kjpg * [NRNA(HsIVU)] — g * [mMRNA(HsIVU)]

Rate of change of mRNA of HsIVU in the cell

14 AEFO] — Ky, [nRNA(HSIVU)] — Kpg # [HSIVU,] — gt % [HSIVU]
Rate of change of Total HsIVU in the cell

15 [[HsIVU,] = [HsIVU¢] + [HslVU:6*?] + [HslVU:RecPunfolded]]|
Mass Balance equation for HsIVU protease

16 AmRNACTProein)] _ ¢ K g + [NRNA(TProtein)] — jt * [mRNA(TProtein)]
Rate of change of mRNA of total proteins in the cell
17 d[Pfolded
[ c()i t ed,] = Kr1, * [mRNA(TProtein)] + K4 * { [Punfolded:DnaK] + [Punfolded:GroEL]}

— K5 * [Pfolded;] — Kpa * [Pfolded;] — u * [Pfolded,]
Rate of change of the total folded proteins in the cell

18 d[Punfolded,]

m = Kys * [Pfolded,] — Ky4 * { [Punfolded:DnaK] + [Punfolded:GroEL]}

— Kpa * [Punfolded,] — y * [Punfolded,]
Rate of change of total unfolded proteins in the cell
19 w = Kp7 * [RNAP:67:pen] — Kpng * [NRNA(RecP)] — 1  [nRNA(RecP)]

Rate of change of the mRNA of the recombinant protein in the cell.
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Table 2 continued

S. No Equation and description
20 @ = Kr1 * [MRNA(RecP)] — Kg * [RecPl;] — Kyg * [RecPly]
— Ky7 * [RecPL:RecPI] — Ky * [RecPI:DnaK:FtsH]
— Kpa * [RecPL] — pi * [RecPL]
Rate of change of the total initial translation product in the cell
21 [RecPL] = [RecPl;] 4 [RecPL:DnaK:FtsH] 4 [RecPI:DnaK] + [RecPI:Recpl]
Mass Balance equation for the Initial translation product of recombinant protein.
2 w = K6 * [RecPl¢] + Kyio * [RecPunfolded:GroEL] — Kpq * [RecPfolded,]
— u * [RecPfolded]
Rate of change of the folded recombinant protein in the cell
23 w = Ky * [RecPlf] 4+ Kys * [RecPA:DnaK]
— K1 * [RecPunfolded:DnaK:FtsH] — Ko * [RecPunfolded:GroEL]
— Ky, * [RecPunfolded:HsIVU] — Kpq * [RecPunfolded;] — p * [RecPunfolded]
Rate of change of the total unfolded recombinant protein in the cell
24 [RecPunfolded,] = [RecPunfolded¢| + [RecPunfolded:GroEL] + [RecPunfolded:HsIVU]
+ [RecPUnfolded:DnaK] + [RecPunfolded:DnaK:FtsH]
Mass balance equation for the total unfolded recombinant protein in the cell
25 % = K7 * [RecPI:RecPI] — K,s * [RecPA:DnaK] — Kpq * [RecPA{] — pt * [RecPA,]
Rate of change of the total aggregated recombinant protein in the cell
26 [RecPA,] = [RecPA¢] + [RecPA:DnaK]
Mass Balance equation for the aggregated recombinant protein in the cell
27 [Punfolded,] = [Punfolded;] 4 [Punfolded:DnaK] + [Punfolded:GroEL]
Mass Balance equation for total unfolded protein in the cell
28 [RNAP,] = [RNAP] + [RNAP:6*?] + [RNAP:¢"%] + [RNAP:¢*?:ph] + [RNAP:¢":pg]
+ [RNAP:6°2:D] + [RNAP:¢'%:D] + [RNAP:D]
Mass balance equation for total RNA Polymerase in the cell
29 [67°] = [0]°] + [RNAP:6"°] 4+ [RNAP:¢” : ph] + [RNAP:¢” : D]
Mass balance equation for total ¢”° in the cell
30 [RNAP:¢") = K; * 6] x RNAP;
Binding equation for ¢’° and RNA polymerase
31 [RNAP:6%2] = K; * g2 x RNAP;
Binding equation for ¢°? and RNA polymerase
32 [RNAP:6":pg] = K3 * [RNAP:67°] x { [pg,] — [RNAP:6"%:pg]}
Binding equation for ¢':RNA Polymerase with house keeping gene promoters
33 [RNAP:6%2:ph] = K4 * [RNAP:6°?] x { [ph,] — [RNAP:¢*%:ph]}
Binding equation for *>:RNA polymerase with heat-shock gene promoters
34 [RNAP:D] = K¢ * RNAP; * D,
Binding equation for RNA polymerase and non-specific DNA binding sites
35 [RNAP:¢"%:D] = K7 * [RNAP:¢"°] D,
Binding equation for ¢’>:RNA polymerase and non-specific DNA binding sites
36 [RNAP:6%2:D] = Ky * [RNAP:6%?] % D,
Binding equation for *>:RNA polymerase and non-specific DNA binding sites
37 [032:DnaK] = Ky * 63% * DnaKs
Binding equation for ¢*? and DnaK
38 [032:GroEL] = Ky * 072 * GroEL¢

Binding equation for ¢°* and GroEL
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Table 2 continued

S. No Equation and description
39 [032:HsIVU] = Ky, * 02 x HsIVU;
Binding equation for ¢°> and HsIVU
40 [032:DnaK:FtsH] = K, * [0°2:DnaK]*FtsH;
Binding equation for ¢>*:DnaK and FtsH
41 [Punfolded:DnaK] = K3 * Punfolded; * DnaKy
Binding equation for unfolded proteins and DnaK
42 [Punfolded:GroEL] = K4 * Punfoldeds * GroEL¢
Binding equation for unfolded proteins and GroEL
43 [RecPI:DnaK] = K5 * RecPI; * DnaKs
Binding equation for recombinant protein initial translational product and DnaK
44 [RecPL:DnaK:FtsH] = K4 * [RecPI:DnaK]*FtsH¢
Binding equation for RecPI:DnaK and FtsH
45 [RecPunfolded:DnaK] = K7 * RecPunfolded; * DnaKg¢
Binding equation for unfolded recombinant protein and DnaK
46 [RecPunfolded:GroEL] = Kg * RecPunfolded; * GroEL¢
Binding equation for unfolded recombinant protein and GroEL
47 [RecPunfolded:DnaK:FtsH] = K9 * [RecPunfolded:DnaK]*FtsH
Binding equation for RecPunfolded:DnaK and FtsH
48 [RecPL:RecPI] = Ky * RecPl; * RecPly
Aggregation rate of the recombinant protein initial translation product
49 [RecPA:DnaK] = Ky; * RecPA¢ * DnaKy
Binding equation for aggregated recombinant protein and DnaK
50 [RecPunfolded:HsIVU] = Kj; * RecPunfoldedy * HsIVU¢

Binding equation for unfolded recombinant protein and HsIVU
51 [RNAP:6":pcn] = Ks * [RNAP:67%] x { [pen,] — [RNAP:6"%:pen]}

Binding equation for ¢’>:RNAP to recombinant gene promoters

Table 3 List of parameters used in the model

Parameter  Description Value Reference
K, Association constant between RNAP and ¢”° 4e9 M1 Maeda et al. 2000
K, Association constant between RNAP and ¢°2 1e9 M~! Maeda et al. 2000
Ks Association constant between RNAP:¢’° and pg les M™! Assumed based on Roe et al. 1985
K4 Association constant between RNAP:¢”> and ph 3e8 M~ Assumed based on Roe et al. 1985
Ks Association constant between RNAP and pcn 3¢9 M~ Modified from Ujvari and Martin 1996
K¢ Association constant between RNAP and non-specific DNA le6 M™! Grigorova et al. 2006
binding site D
K5 Association constant between RNAP:¢’® and D lesM™! Grigorova et al. 2006
Kg Association constant between RNAP:¢>? and D lesM™! Grigorova et al. 2006
Ky Association constant between o> and DnaK 3e5 M™! Chattopadhyay and Roy 2002
Ko Association constant between ¢°> and GroEL le6 M~! Guisbert et al. 2004
Ky, Association constant between ¢°> and HsIVU le8 M~! Gamer et al. 1996
K> Association constant between ¢°%:DnaK and FtsH le8 M~! Gamer et al. 1996
K3 Association constant between Unfolded proteins and DnaK 2¢6 M~! Siegenthaler and Christen 2006
Kis Association constant between Unfolded proteins and GroEL le6 M~! Lin et al. 1995
Kis Association constant between Recombinant protein Initial le6 M~! Assumed based on Koller et al. 2002

translation product and DnaK
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Table 3 continued

Parameter  Description Value Reference
Kie Association constant between DnaK:Recombinant protein le7 M™! Kurata et al. 2006
Initial translation product and FtsH
Ky Association constant between Misfolded Recombinant protein  1e6 M™! Assumed based on Koller et al. 2002
and DnaK
Kig Association constant between Misfolded Recombinant protein ~ 1e6 M~} Lin et al. 1995
and GroEL
Kio Association constant between DnaK:Misfolded Recombinant le6 M™! Assumed based on Koller et al. 2002
protein with FtsH
Ky Association between Misfolded Recombinant protein to form le6 M1 Assumed
aggregates
Ky Association constant between Aggregated Recombinant le6 M~ Assumed based on Koller et al. 2002
protein and DnaK
K», Association constant between Misfolded Recombinant protein ~ 1e7 M™! Assumed based on Koller et al. 2002
and HsIVU
Ky1 Degradation rate constant of FtsH bound protein molecules 5 min™" Kurata et al. 2006
Ky Degradation rate constant of HsIVU bound protein molecules 5 min~" Assumed based on Kurata et al. 2006
| ) Inactivation rate of GroEL bound Sigma32 5 min~" Assumed based on Guisbert et al. 2004
Ky Folding rate constant for total cellular proteins 1.5e4 min™ Kurata et al. 2006
Kys Misfolding rate constant of cellular proteins 75, 150, 225 min~'  Adjustable (Temp- dependent)
Ko Intrinsic folding rate of the recombinant protein 90 min~' Gromiha et al. 2006
Ky7 Aggregation rate of the misfolded recombinant protein 0.5 min~! Assumed based on Azuaga et al. 2002
Kys Disaggregation rate of recombinant protein aggregates by 0.2 min™! Assumed
DnaK
Kyo Misfolding rate of the recombinant Protein initial translation 0.2 min~" Assumed
product
Ko Assisted folding rate of the misfolded recombinant protein 6 min~! Assumed
K Transcription rate of o 0.001 min~" Tunable
Koo Transcription rate of DnaK 30 min~! Tunable
Kz Transcription rate of GroEL 45 min~! Tunable
Kina Transcription rate of FtsH 1 min™! Tunable
Kos Transcription rate of HsIVU 2 min~! Tunable
Ko Transcription rate of Total Protein 5.7e-6 M/min~" Tunable
K7 Transcription rate of recombinant protein Adjustable Tunable
(60 min™")
Ko Translation rate 20 min " Kurata et al. 2006
Kina mRNA degradation rate 0.5 min™! Kurata et al. 2006
Kpa Protein degradation rate 0.03 min™! Kurata et al. 2006
n Specific growth rate (Dilution rate of intracellular components) ~ 0.0116 min™" Calculated
N Efficiency of translation of ¢°> mRNA 1,5, 10 Adjustable (Temp dependent)
RNAP, Total RNA Polymerase in the cell 5.105e-6 M Maeda et al. 2000
o Total 67° in the cell 1.778e-6 M Maeda et al. 2000
P Total housekeeping gene promoters in the cell 1.016e-5 M Kurata et al. 2006
phy Total heat-shock gene promoters in the cell 7.62e-8 M Kurata et al. 2006
peng Total recombinant gene promoters in the cell (Plasmid copy 3.321e-8 M Calculated
number)
Dy Total non-specific binding sites in the cell 1.18e-:2 M Grigorova et al. 2006

transcribed by ¢°> also help in protein folding and  biological activity of Organophosphorus Hydrolase
enhancement of biological activity. Anti-sense mediated  expressed in E. coli (Srivastava et al. 2000). However, the
down-regulation of ¢°* activity was found to enhance the  yield of the protein was reduced to 60% of that obtained

@ Springer



Theoretical and experimental investigation of chaperone effects in E. coli recombinant proteins 45

Table 4 Values of parameters used for simulating different experimental conditions

S. No Condition

Parameter Values

Chemical induction

Temperature induction (30-37°C)

DnaK co-expression

GroEL co-expression

DnaK and GroEL co-expression

. . . 3 ..
Temperature induction in a ¢ 2 conditional

mutant strain (30-37°C)

n=1Ks=75 min~ ' K7 = 60 min~!

n=5; Kes =150 min~"; K7 = 60 min~'

n=1;Kes=75min""; Ky = 60 min~!;

K7 = 60 min~!
n=1,Ks=75 min™%; Kps = 90 min™;
K7 = 60 min™"

n=1,Ks=75 min~’; Ky = 60 min™;
Kms = 90 min~*; K7 = 60 min~"
n = 0.5; Kys = 150 min~";

K7 = 60 min~!

Table 5 Initial conditions used for the simulation of the model

S. Variable Initial Value

No ™M)

1  mRNA of ¢°2 [mRNA(¢*?)] 1.162¢-9

2 Total * [¢3?] 4.483e-8

3 Free ¢ [0;2] 3.32e-9

4 mRNA of DnaK [mRNA (DnaK)] 2.49¢-9

5 Total DnaK [DnaK,] 1.65e-5

6  Free DnaK [DnaKj] 2.142e-7

7  mRNA of GroEL [mRNA(GroEL)] 2.49¢-9

8  Total GroEL [GroEL,] 1.65e-5

9  Free GroEL [GroELy] 2.142e-7

10 mRNA of FtsH [mRNA(FtsH)] 4.98e-8

11 Total FtsH [FtsH,] 3.305e-6

12 Free FtsH [FtsHy] 3.274e-6

13 mRNA of HsIVU [mRNA(HsIVU)] 1.6603e-9

14 Total HsIVU [HsIVU,] 9.912e-7

15 Free HslVU [HsIVUy] 9.895e-7

16 mRNA of Total protein in the cell 7.62e-6
[MRNA(TProtein)]

17 Total folded protein in the cell [Pfolded,] 5.03e-3

18 Total unfolded protein in the cell [Punfolded,] 5.01e-5

19 Free unfolded protein in the cell [Punfolded;] 2.486e-5

20 Free RNA polymerases in the cell [RNAP] le-6

21 Free ¢ in the cell [0}0] 3.54e-9

22 mRNA of recombinant protein [NRNA(RecP)] 0

23 Total recombinant protein initial translation 0
product [RecPI]

24 Free recombinant protein initial translation 0
product [RecPly]

25 Total Folded recombinant protein [RecPFolded,] 0

26 Total misfolded recombinant protein 0
[RecPunfolded,]

27 Free misfolded recombinant protein 0
[RecPunfolded;]

28 Total aggregated recombinant protein [RecPA,] 0

29 Free aggregated recombinant protein [RecPAg] 0

without the down-regulation of ¢°2. These observations
emphasize that selective redirection of the chaperone
activity is a better strategy to enhance the productivity of
recombinant proteins.

Discussion

Temperature induction has been used for the production of
several recombinant proteins in E. coli. The dynamics of
the cellular response during temperature-induced recom-
binant protein over expression has been referred as a dual
stress on the host cell (Harcum and Haddadin 2006).
However, the dual stress situation arises mainly due to the
nature and properties of the recombinant protein. The
aggregation prone recombinant protein like basic human
fibroblast growth factor, when induced using a temperature
up-shift mechanism, was found to result in a continuous
heat shock response (Hoffmann and Rinas 2000). The
DnaK level was found to be higher during temperature-
induced recombinant protein over-expression compared to
the condition where temperature up-shift was done for the
non-recombinant strain. This is because of the competition
of both the misfolded cellular proteins and the aggregating
recombinant protein for DnaK chaperone team. Thus, the
DnaK chaperone is not free to down-regulate the heat-
shock response by binding to and assisting the degradation
of ¢°2. Further, certain aggregation prone recombinant
proteins when expressed in E. coli were observed to induce
a heat shock-like response without any temperature up-
shift (Kanemori et al. 1994).

In the case of soluble recombinant proteins like
recombinant streptokinase the major stress on the cell is
due to temperature up shift and not due to the misfolding of
the recombinant protein. The up-regulation of the heat
shock proteins or the induction of the heat-shock like
response was not observed when recombinant streptokinase
alone was over-expressed by chemical induction. However,
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when temperature up-shift was used as an induction
mechanism, the up-regulated heat shock chaperones were
found to influence the productivity of the soluble recom-
binant streptokinase.

There are several reports in literature citing the effect of
chaperones on recombinant protein expression, solubiliza-
tion and folding in E. coli based expression systems.
Although there have been many experimental investiga-
tions on the effects of chaperone co-expression on
aggregating recombinant proteins (Caspers et al. 1994;
Mogk et al. 1999; Nishihara et al. 2000), there are very few
such studies on soluble recombinant proteins (Kohda et al.
2002). Our experimental investigations, involving co-
expression of major chaperone teams, found that the role
played by the molecular chaperones was different for a
soluble recombinant protein as compared to the literature
reports on aggregation-prone recombinant proteins (which
often form inclusion bodies). Kohda et al. (2002) observed
that coexpression of DnaK chaperone team lead to a sig-
nificantly reduced level of the active recombinant protein
(glutamate racemase) and attributed this to the accumula-
tion of partially folded intermediates due to the absence of
large quantities of GroEL chaperone team. However, in the
present case, the DnaK chaperone team seems to impair
productivity of streptokinase even in the presence of
GroEL chaperone team and this indicates that the
unavailability of GroEL chaperone team suggested by
Kohda et al. could not be the reason for the reduced pro-
ductivity. Enhancement in the biological activity of
recombinant proteins during the co-expression of folding
accessories has been extensively reported (Georgiou and
Valax 1996). The enhancement in the activity of the
recombinant protein is generally brought about by
increasing the solubility of the recombinant protein (Cas-
pers et al. 1994; Baneyx and Palumbo 2003). However, the
enhancement in the activity of highly soluble recombinant
protein often results from better folding of the recombinant
protein. Further, such a state of the protein cannot be
generally quantified unless the recombinant protein pos-
sesses an enzymatic activity, as in the case of recombinant
streptokinase or glutamate racemase (Kohda et al. 2002).

Further, based on isolated experimental investigations of
individual chaperones, it is very difficult to predict the
combined effect of all the major chaperones on a particular
recombinant protein, given that the outcome depends on
the recombinant protein characteristics as well as the
dynamics of the stress response network. In this context, it
would be more appropriate to formulate mathematical
models which can simulate the network dynamics well and
give insights on key parameters affecting the productivity
as well as the quality of the recombinant protein. However,
given the large number of heat-shock and other host cell
proteins which interact with the recombinant protein,
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modeling and simulation can become a complex and even
intractable task. Therefore, it may be essential to isolate the
important components of a network and its interactions
with a recombinant protein in order to simplify the model
and its corresponding simulations.

This work makes a modest beginning in this direction by
formulating a deterministic model-based approach for
investigating the effect of heat shock response on a soluble
recombinant protein, induced by a temperature up-shift. A
mechanistic network model is proposed for the interaction
of the major heat shock proteins and the soluble recombi-
nant streptokinase. The framework presented is generally
applicable for the chaperone-mediated folding, aggrega-
tion, dis-aggregation and proteolysis of recombinant
proteins. This model was coupled to a modified model of
heat-shock response, in order to simulate the chaperone
effects on temperature-induced recombinant protein pro-
duction. The model simulations were found to have strong
qualitative agreement with the experimental results. The
sensitivity analysis for the model parameters, together with
the model simulations for the ¢°> mutant strain have
indicated that down-regulation of 62 (and hence DnaK)
levels in the cell could result in enhanced productivity of
recombinant streptokinase during temperature-induced
expression. Further, the sensitivity analysis has also shown
that selective down-regulation of the DnaK chaperone level
or activity could lead to enhancement in the productivity.

Thus, our theoretical investigations have shown that it is
the amount of free DnaK chaperone (and not the total
DnaK level per se) that has the most significant effect on
the productivity of the soluble recombinant streptokinase.
Such insights may be difficult to capture by purely exper-
imental investigations of chaperone co-expression, thus
making it difficult to design rational strategies for
enhancing cellular productivity. Therefore, a model-based
approach may be more justified in certain circumstances,
where protein characteristics and its interaction with host
cell proteins are quantitatively understood. Careful exam-
ination of these model parameters could allow design of
expression vectors or experimental strategies which are
capable of operating at multiple values for these model
parameters and would be very useful in enhancing the
productivity of recombinant proteins.
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