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Background: Recombinant proteins produced in the cell factories are used in biological research, pharmaceutical 
production, and biochemical and agricultural applications. Molecular chaperones, such as heat shock proteins (Hsps), are 
co-expressed with recombinant proteins to enhance their yield, stability, and activity. When Escherichia coli (E. coli) is 
used as a cell factory, E. coli Hsps are the frequently used co-expression partners. 
Objectives: We examined if there are differences in the molecular chaperone activities of plant and bacterial Hsps on 
recombinant protein activity. We compared the effects of the Hsps from carrot (Daucus carota) and E. coli on enhancing 
the recombinant alcohol dehydrogenase (ADH) activity and solubility under normal and heat conditions in vitro. 
Materials and Methods: His-tagged carrot Hsps (DcHsp17.7 and DcHsp70), E. coli Hsps (IbpA, IbpB, and DnaK), and 
ADH from a thermophile Geobacillus stearothermophilus were individually cloned in a pET11a or a pET26b vector, 
introduced into E. coli BL21(DE3), and expressed by isopropyl β-D-1-thiogalactopyranoside treatment (0.5 mM, 16 °C , 
20 h). The recombinant proteins were purified using Ni-NTA affinity chromatography and resolved in SDS-PAGE (17%). 
The recombinant ADH was treated with the individual Hsps or in combination, and the enzyme activity was examined by 
measuring the NADH product levels at O.D.340. 
Results: The recombinant ADH was expressed at high levels in E. coli and very thermotolerant when the purified enzyme 
reacted (up to 70 °C). All five Hsps enhanced the ADH activity under normal and heat conditions in vitro, compared to 
the control. DcHsp17.7 and DcHsp70 were the most effective for improving the enzyme activity by up to 13.0- and 11.6-
fold, respectively, followed by IbpA (8.4-fold), DnaK (6.5-fold), and IbpB (3.4-fold), at 37 °C . Combined incubation 
of DcHsp17.7-DcHsp70 and DcHsp17.7-DnaK further enhanced the ADH activity by 13.8 and 14.2-fold, respectively. 
DcHsp70 effectively enhanced ADH’s solubility at 37 °C  in vitro.
Conclusion: Our results suggest that plant Hsps can enhance recombinant protein activity, such as ADH, more effectively 
than their bacterial counterparts. Identifying effective molecular chaperones in the bacterial and eukaryotic domains will 
help enhance the production of recombinant proteins in E. coli. 
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1. Background
Heat shock proteins (Hsps) function as molecular 
chaperones to maintain protein homeostasis by sta-

bilizing proteins, protecting them from denaturation, 
and folding nascent and partially unfolded proteins 
under normal and stress conditions (1). They are also 
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induced during thermal or chemical induction of 
recombinant proteins in Escherichia coli (E. coli) 
(2). The mRNA levels of the bacterial Hsps, such as 
IbpA/B [small(s)Hsp], GroEL (Hsp60), DnaK (Hsp70), 
and ClpB (Hsp100), and other proteins, such as Lon 
and OmpT proteases, increased during recombinant 
protein production. However, proper folding and post-
translational modification of recombinant proteins 
can be challenging because most are heterologous, 
so the bacterial cells do not have the information 
to process them properly. The sudden recombinant 
protein accumulation can easily exceed the capacity of 
the bacterial molecular chaperone system, resulting in 
reduced yield and the formation of protein aggregates 
and inclusion bodies (3).
E. coli, like other organisms, produces different classes 
of Hsps with distinctive structural and functional 
characteristics (4). For example, the two sHsps in E. 
coli, IbpA and IbpB, bind to unfolded proteins to 
prevent irreversible aggregation (5). The DnaK and 
GroEL complexes are central ATP-dependent refolding 
machinery for unfolded proteins. ClpB functions 
in protein disaggregation and proteolysis, reducing 
aggregated protein levels (6). Furthermore, Hsps of 
different classes collaborate to process denatured 
and aggregated proteins. For example, sHsps bind 
to denatured proteins and present them to the DnaK 
complexes for proper refolding (7). ClpB disaggregates 
aggregated proteins and provides them to the DnaK 
complex for subsequent refolding (8).
Efforts have been made to enhance recombinant protein 
production in E. coli by overproducing Hsps. Bacterial 
Hsps, mainly IbpA/B, GroEL, and DnaK, have been 
overexpressed individually or in combination to increase 
the yield, folding, and stability of various recombinant 
proteins (9). However, in some cases, the adverse 
effects of Hsp co-expression were also reported (10). 
For example, due to its unique barrel-shaped structure, 
GroEL only accommodates proteins that can fit in the 
cavity, so its overexpression was not helpful, especially 
for some large proteins (11). The beneficial effect of 
DnaK overexpression was observed on a case-by-case 
basis. Although many studies reported beneficial effects 
of DnaK on recombinant protein production, sometimes 
its overexpression resulted in no enhancement in the 
yield and solubility (12). Furthermore, recombinant 
protein yield decreased in the presence of overexpressed 
DnaK, possibly due to its proteolytic function presenting 

severely unfolded substrates to proteolytic complexes, 
such as a Lon protease (13). To solve this problem, we 
recently proposed selecting useful heterologous Hsps 
that effectively enhance recombinant protein production 
without adverse side effects (9). 

2. Objectives
In this study, the molecular chaperone functions of 
bacterial Hsps, IbpA, IbpB, and DnaK, and eukaryotic 
plant Hsps, DcHsp17.7 and DcHsp70 from carrot 
(Daucus carota L.), were compared in vitro using 
ADH as a model. Bacterial Hsps are frequently chosen 
to be the co-expression partners of recombinant 
proteins. However, the two carrot Hsps also improved 
the yield and solubility of the recombinant ADH (14) 
and human insulin (15) in E. coli. The results of this 
study provide important information for selecting 
effective Hsps that can promote recombinant protein 
production in E. coli. 

3. Materials and Methods

3.1. Cloning of Recombinant ADH and Hsp Coding 
Genes
An ADH gene from a thermophile Geobacillus 
stearothermophilus (GenBank accession no. D90421. 
1) was cloned into a pET11a expression vector as 
previously described (14). The cloned gene was 
designed to contain a 6-His tag at the N-terminal 
domain of the protein for purification. The recombinant 
ADH was expressed in the transgenic E. coli, 
constitutively expressing the carrot DcHsp70. Briefly, 
the transgenic E. coli contained a DcHsp70 gene 
inserted in the bacterial genome (in the middle of yddE 
pseudogene, GenBank accession no. NC_012971.2) 
by Red/ET mediated homologous recombination. 
The gene expression was driven by the constitutive 
Lpp (lipoprotein) gene promoter (GenBank accession 
no. NC_000913.2). This transgenic E. coli cell line 
expressing DcHsp70 was developed to enhance the 
yield of recombinant proteins, such as ADH (14) and 
human insulin (15). The DcHsp70 gene inserted in the 
E. coli genome does not contain affinity tags, so the 
heterologously expressed DcHsp70 is not purified by 
affinity chromatography. 
Three Hsps from E. coli, IbpA, IbpB, and DnaK 
(Genbank accession nos. 948200, 948192, and 944750, 
respectively) and two carrot Hsps, DcHsp17.7 and 
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DcHsp70 (Genbank accession nos. X53851 and 
X60088, respectively), genes were individually cloned 
in a pET11a expression vector, except for the DcHsp70 
gene in a pET26b vector as previously described 
(16). The DNA constructs were designed to contain 
a 6-His tag for purifi cation at the N-terminal end of 
the Hsps. The recombinant vector maps are shown in 
Supplementary Figure 1. Each recombinant plasmid 
was independently introduced into E. coli BL21(DE3). 
3.2. Recombinant Protein Induction and Purifi cation
The induction and purifi cation of recombinant ADH 
and Hsps were performed as previously described 
(14). Briefl y, the recombinant proteins were induced 
by the 0.5 mM Isopropyl β-D-thiogalactoside (IPTG; 
Biobasic, Canada) treatment at 16 °C for 20 h and 
extracted by sonication. The 6-His-tagged recombinant 
proteins (ADH, IbpA, IbpB, DnaK, DcHsp17.7, and 
DcHsp70) were purifi ed from individually cloned cells 
using Ni-NTA His-Bind resin (Merk, Germany). Eluted 
proteins were quantifi ed using a Bradford reagent 
(Merk, USA). 

3.3. SDS-PAGE Analysis
An equal volume (20 𝜇L) of the purifi ed proteins was 
resolved in SDS-PAGE analysis (17% resolving gel, 5% 
stacking gel) and stained using Coomassie Blue R-250 
(Dyne Bio, Korea). The protein band intensity was 
quantifi ed using the Chemi Doc MP Imaging system 
(Biorad, USA).

3.4. Recombinant ADH Activity In Vitro
The enzyme activity was measured using the modifi ed 
protocol described previously (17). Purifi ed ADH (120 
nM) was treated with purifi ed Hsps (DcHsp17.7, IbpA, 
IbpB, DcHsp70, and DnaK; up to 1200 nM) in PBS 
buffer (pH 7.4) either individually or in combination. 
Bovine serum albumin (BSA, 120 nM) was used as a 
control. After incubation for 30 min at the indicated 
temperatures (37 ~ 60 °C), ethanol and NAD+ were 
added at the fi nal concentration of 10% and 5 mM, 
respectively. The amount of the reaction product 
NADH was measured using spectrophotometry at 340 
nm. T he error bar represents the standard deviation of 
at least three repeats.

3.5. Protein Solubility Assay
The overall procedure was performed using the 
modifi ed protocol described previously (18). Purifi ed 

ADH and Hsps were added to PBS buffer (pH 7.4) at 
a fi nal concentration of 120 nM and up to 1200 nM, 
respectively, followed by incubation at 50 °C for 90 
min. Samples were centrifuged at 37,800 x g (25 °C, 
1 h). The precipitated pellet was washed with 500 𝜇L 
ice-cold PBS and dissolved in 20 𝜇L PBS buffer. BSA 
(240 nM) was used as a control. As described above, 
soluble and insoluble protein fractions were resolved in 
SDS-PAGE (17% resolving gel, 5% stacking gel). The 
experiment was repeated at least three times, and the 
most representative images were shown. The error bar 
represents the standard deviation of at least three repeats.

3.6. Statistical Analyses 
The  expression levels of the recombinant ADH, the 
recombinant sHsps (IbpA, IbpB, and DcHsp17.7), 
and Hsp70s (DcHsp70 and DnaK) were statistically 
processed using a t-test (ns: non-signifi cance, *p < 0.05, 
and ****p < 0.0001). The recombinant ADH activities 
at elevated temperatures and in the presence of various 
Hsps were statistically processed using ANOVA (p < 
0.05). Error bars show the standard deviation of the 
means.
 
4. Results 

4.1. Purifi cation of the Recombinant ADH and Hsps
The recombinant ADH was obtained from the 
transgenic E. coli for the present study. The level of the 
purifi ed ADH was 2.9-fold higher when produced in 
the transgenic E. coli than that produced in the control 
cells (Fig. 1A). We confi rmed that the purifi ed ADH 
was active and thermotolerant (Fig. 1B). When the 
incubation temperature was raised, the enzyme was 
relatively stable up to 70 °C, followed by a dramatic 
decrease in activity at 80 ~ 90 °C. The recombinant 
sHsps and Hsp70s were also expressed and purifi ed. 
The levels of IPTG-driven recombinant Hsps are 
various among the Hsps. The purifi ed IbpA level was 
approximately 10% of those of IbpB and DcHsp17.7 
(Fig. 2A). The purifi ed DcHsp70 level was 60% of that 
of DnaK (Fig. 2B).

4.2. Enhanced Recombinant ADH Activity by Hsps In 
Vitro
The in vitro assay allowed us to compare the molecular 
chaperone activities of eukaryotic and prokaryotic 
Hsps in enhancing ADH activity. Purifi ed ADH 
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was incubated with the five Hsps individually or in 
combination at normal and elevated temperatures, and 
the enzyme activity was measured. The ADH level 
was kept minimal (120 nM) to examine the maximum 
enhancement of the enzyme activity achieved by 
Hsps. In all temperature ranges examined, all five 
Hsps enhanced the ADH activity, compared to that 
in the absence of Hsps. At 37 °C, the co-incubation 
with DcHsp17.7 was the most effective in enhancing 
the recombinant ADH activity (Fig. 3A). Compared to 

ADH alone, DcHsp17.7 increased the enzyme activity 
by 13.0-fold, followed by DcHsp70 (11.6-fold), IbpA 
(8.4-fold), DnaK (6.5-fold), and IbpB (3.4-fold). 
Incubation with BSA did not alter the ADH activity. 
The enzyme activity decreased in heat conditions. 
At 50 °C, the incubation with DcHsp70 resulted in a 
10.4-fold increase in the ADH activity, followed by 
DcHsp17.7 (9.4-fold), IbpA (6.7-fold), DnaK (5.6-
fold), and IbpB treatments (3.0-fold; Fig. 3B). As the 
temperature further increased, the extent to which Hsp 
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Figure 1. Thermotolerance of the recombinant ADH. A) Purified recombinant ADH. C: E. coli BL21; ADH: 
Recombinant ADH expressed in E. coli BL21; ADH_TC: Recombinant ADH expressed in transgenic E. coli 
BL21 constitutively expressing DcHsp70. B) Recombinant ADH activity at elevated temperatures. It was 
incubated at the indicated temperatures (37 ~ 60 °C) for up to 4 h, and the amount of the reaction product NADH 
was measured using spectrophotometry at 340 nm. The recombinant ADH levels were compared using a t-test 
(*p < 0.05). The recombinant ADH activities were compared using ANOVA (p < 0.05).

A)

B)



82 Iran. J. Biotechnol. July 2024;22(3): e3878

improved the ADH activity decreased. At 55 and 60 °C, 
the incubation with the individual Hsps increased the 
enzyme activity by less than 5-fold (Supplementary 
Fig. 2A, 2B). 

4.3. Combined Treatment of a SHsp and an Hsp70 
Further Enhanced the Recombinant ADH Activity.
We examined if the combined treatment of a sHsp and 
an Hsp70 can further enhance the ADH activity in 
vitro, compared to the individual Hsp treatment. Our 
results showed the synergistic effects of the combined 
treatment of two different classes of Hsps on the 
enzyme activity. The co-treatment with DcHsp17.7 and 
either DcHsp70 or DnaK were the most effective in 
enhancing the ADH activity (Fig. 4A), compared to the 
other Hsp combinations, in a concentration-dependent 
manner. The DcHsp17.7-DcHsp70 and DcHsp17.7-

DnaK co-treatments increased the enzyme activity by 
approximately 14-fold, followed by the IbpA-DcHsp70 
and IbpA-DnaK combinations (10.3- and 11.6-fold, 
respectively), compared to ADH alone. The combined 
treatments of IbpB-DcHsp70 and IbpB-DnaK were the 
least effective in enhancing ADH activity (less than a 
3-fold increase). It is worth noting that the two IbpB 
combinations resulted in the maximum O.D.340 of 0.7, 
which was much lower than the individual treatments 
of DcHsp70 (max. O.D.340 of 2.5) and DnaK (max. 
O.D.340 of 1.5), and similar to the IbpB single treatment 
(O.D.340 of 0.7; Fig. 3A). It appears that IbpB inhibited 
the molecular chaperone function of the two Hsp70s 
on ADH in vitro. 
At 50 °C, a more rapid increase in the ADH activity 
was observed in the presence of DcHsp17.7-DcHsp70 
and DcHsp17.7-DnaK, compared to those at 37 °C 
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Figure 2. Purified recombinant Hsps. A) Purified sHsps, DcHsp17.7, IbpA, and IbpB. 
B) Purified Hsp70s, DcHsp70 and DnaK. The statistical comparison was performed using 
a t-test (ns: non-significance, *p < 0.05, and ****p < 0.0001). 

A)

B)

https://www.ijbiotech.com/jufile?ar_sfile=2610430


83Iran. J. Biotechnol. July 2024;22(3): e3878

Figure 3. Enhanced recombinant ADH activity by Hsp in vitro. Purified recombinant ADH 
(120 nM) was incubated with Hsps, DcHsp17.7, IbpA, IbpB, DcHsp70, and DnaK (up to 1200 
nM) at A) 37 °C and B) 50 °C. The enzyme activity was analyzed by measuring the amount of 
product NADH at O.D.340. The statistical comparison was performed using ANOVA (p < 0.05). 

(Fig. 4B). At this elevated temperature, the maximum 
enzyme activity remained similar to that at 37 °C in 
all Hsp combinations examined. A further increase in 
incubation temperature to 55 °C resulted in dramatic 
decreases in the enzyme activity (Supplementary 
Fig. 3). The maximum O.D.340 was below 0.5 in 

all the conditions examined. Our results show that 
DcHsp17.7 is more effective in exerting a high level of 
synergy with both eukaryotic and prokaryotic Hsp70s 
in promoting ADH activity, compared to the bacterial 
IbpA and IbpB.

A) 37 °C B) 50 °C
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Figure 4. Enhanced recombinant ADH activity by combined treatment of two different classes of Hsps in 
vitro. Purified recombinant ADH (120 nM) was co-incubated with a sHsp (600 nM) and a Hsp70 (up to 300 nM) 
in the combinations of DcHsp17.7-DcHsp70, DcHsp17.7-DnaK, IbpA-DcHsp70, IbpA-DnaK, IbpB-DcHsp70, 
and IbpB-DnaK at A) 37 °C and B) 50 °C. The enzyme activity was analyzed by measuring the amount of 
product NADH at O.D.340. The statistical comparison was performed using ANOVA (p < 0.05). 

A) 37 °C B) 50 °C

Jung M et al.
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Figure 5. Recombinant ADH solubility in the presence of Hsps in vitro. Purified ADH (240 nM) was 
incubated with Hsps (600 ~ 1200 nM) [A) DcHsp17.7, B) DcHsp70, and C) DnaK] at 50 °C for 90 min, 
followed by centrifugation to obtain soluble and insoluble fractions. Proteins were resolved in SDS-PAGE 
(17%). C: ADH; BC: ADH treated with bovine serum albumin; H1~H3: ADH treated with increasing 
amounts of Hsps. The statistical comparison was performed using ANOVA (p < 0.05). 

A) DcHsp17.7 B) DcHsp70 C) DnaK

Jung M et al.
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4.4. DcHsp70 Enhanced the Solubility of ADH under 
Heat Stress In Vitro
DcHsp17.7, DcHsp70, and DnaK, the ones that showed 
high enhancing effect on the ADH activity, were 
examined if they could enhance the solubility of ADH 
when exposed to a denaturing condition (50 °C for 90 
min) in vitro (Fig. 5). The purified ADH, DcHsp70, 
and DnaK were visible at the expected molecular 
weights in SDS-PAGE. Although the same molar 
amount was used in the experiment, DcHsp17.7 was 
not observed, possibly due to its relatively small size. 
The addition of DcHsp17.7 resulted in a moderate 
increase (up to 1.6-fold) in the soluble ADH levels 
and a decrease in the insoluble levels (Fig. 5A). 
DcHsp70 was the most effective in enhancing the 
enzyme solubility (up to 6.0-fold) and decreasing the 
insoluble fractions, compared to control (Fig. 5B). 
DnaK failed to increase the soluble levels of ADH in 
vitro (Fig. 5C). 

5. Discussion
Recombinant proteins are used as biopharmaceuticals, 
antibodies, vaccines, and industrial enzymes (19). 
Alcohol dehydrogenase (ADH), found in all three 
domains of life, is a primary enzyme for processing 
alcohol (20). It is a redox catalyst in the oxidation 
of alcohols and reducing carbonyl compounds (21). 
Various ADHs have been recombinantly produced in 
E. coli and S. cerevisiae in the food, pharmaceutical, 
and fine chemical industries (22). For example, chiral 
synthons produced using ADHs synthesize chirally 
pure pharmaceutical agents (21). In ethanol fuel cells, 
ADH breaks down the fuel (23). Biocatalysts, such 
as enzymes, are environmentally friendly compared 
to conventional inorganic ones. In addition to its 
importance in the industry, ADH is a widely used 
model substrate for molecular studies (24). The 
optimum temperature range for most ADHs reported 
previously is 35 ~ 45 °C (25). However, the recombinant 
ADH examined in this study showed outstanding 
thermotolerance up to 70 °C, possibly because the 
gene was cloned from a thermophilic bacterium, 
Geobacillus stearothermophilus. Resistance to harsh 
conditions, such as high temperatures, is an important 
characteristic of a biocatalyst in organic synthesis (22). 
The thermotolerant ADH can be valuable in many 
industrial applications.
Previous in vitro studies have mainly focused on 

the molecular chaperone function of the sHsps on 
recombinant proteins. For example, the purified IbpA 
and IbpB maintained the citrate synthase activity 
under thermal stress (26). Furthermore, Hsps from 
eukaryotic organisms could protect the recombinant 
proteins from denaturing conditions in vitro. Hsp16 
from Caenorhabditis elegans prevented citrate 
synthase from heat-induced aggregation (27). Xenopus 
Hsp30 reduced aggregation and inactivation of citrate 
synthase under thermal stress (28). Murine Hsp25 
and yeast Hsp26 prevented thermal aggregation of 
various model substrates (29). The former was more 
effective for a-glucosidase, rhodanese, and insulin, 
but the latter was for citrate synthase, suggesting that 
their molecular chaperone activities depend on the 
type of substrate. Many plant Hsps have shown the 
molecular chaperone activities on model substrates 
in vitro. Pea (Pisum sativum) Hsp18.1 and Hsp17.7 
prevented substrate aggregation from thermal stress 
(30). Arabidopsis thaliana Hsp17.6 promoted the 
reactivation of a chemically denatured citrate synthase 
and lactate dehydrogenase (31). Wheat (Triticum 
aestivum) cytosolic Hsp16.9 and Hsp17.8 prevented 
thermal aggregation of malate dehydrogenase (32). 
Barley (Hordeum vulgare) Hsp17.5 protected the SwaI 
restriction enzyme from thermal inactivation (33). 
These and our results show that eukaryotic, especially 
plant Hsps, can be useful in promoting recombinant 
protein activity and protecting them from aggregation. 
The heterologous expression of plant Hsps in E. coli, 
which expresses recombinant proteins, can be a useful 
strategy to enhance production efficiency. 
In this study, DcHsp17.7 was more effective in enhancing 
the ADH activity than its bacterial counterparts, IbpA 
and IbpB. This difference may primarily be due to their 
sequence differences. DcHsp17.7 shows approximately 
50% similarities to IbpA and IbpB in amino acid 
sequences (16). Mammalian Hsp20 showed much 
lower in vitro chaperone activity than the related αB-
crystallin (34). The authors speculated that the shorter 
C-terminal extension in Hsp20 may be responsible for 
the low efficiency. These results suggest that detailed 
functional mechanisms of sHsps may vary. Notably, 
the sole treatment of IbpB resulted in the most minor 
effect on enhancing ADH activity. Furthermore, unlike 
DcHsp17.7 and IbpA, which showed synergistic 
effects with Hsp70s, IbpB failed to do so. Studies have 
shown that IbpA and IbpB are functionally different 
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and collaborate to process denatured substrates. 
For example, IbpA is first bound to heat-denatured 
luciferase (35). IbpB was then bound to the IbpA 
containing aggregates and facilitated subsequent 
disaggregation by the DnaK-ClpB system. IbpA 
reduced the size of the heat-denatured aggregates, 
while the presence of IbpB did not alter the aggregate 
size. A recent study reported that IbpA, but not IbpB, 
interacted with aggregating substrates (36). IbpB 
did not bind to luciferase but increased substrate 
refolding. It facilitated the dissociation of IbpA from 
IbpA-substrate aggregates and subsequent refolding 
by the DnaK complex. These and our results suggest 
that IbpB does not directly interact with Hsp70. 
In the case of Hsp70s, DcHsp70 was more effective 
than DnaK in enhancing ADH activity in the absence 
of ATP  in vitro.   Previously, the incubation with 
either DnaK or PfHsp70 (Plasmodium falciparum, a 
protozoan parasite causing malaria) enhanced malate 
dehydrogenase (MDH) activity in the absence of ATP 
in vitro (37). The authors speculated that the enhanced 
recombinant protein activity was likely due to 
preventing aggregation of MDH and not refolding the 
unfolded substrates by the Hsp70s. Some Hsp70s may 
be able to function in the absence of ATP, and their 
functions may differ depending on the availability 
of ATP. Furthermore, Hsp70 was treated with other 
classes of Hsps to protect recombinant proteins to 
a higher level. The combined treatment of bacterial 
Hsps, ClpB, DnaK, DnaJ, and GrpE with unfolded 
luciferase allowed 57% reactivation of the enzyme 
(38). It suppressed the enzyme aggregation, while 
the individual Hsp treatment resulted in less than 1% 
reactivation. The collaboration and synergistic effects 
of Hsps from different classes have been elucidated 
in cellular environments (2). In vitro assays can be 
useful to identify an Hsp combination optimized for 
expressing target recombinant proteins in E. coli.
This study shows that plant Hsps are effective 
molecular chaperones that can promote the activity 
and solubility of recombinant proteins. Plants 
express divergent and numerous Hsps, which can 
confer advanced protection from various stressors 
to the sessile organisms. For example, while E. coli 
has only two sHsps, IbpA and IbpB, plants produce 
more than 40 different sHsps targeted to various sub-
cellular compartments, such as cytosol, endoplasmic 
reticulum, chloroplast, and mitochondria (39). In the 

recombinant protein production in E. coli, the co-
expression of plant Hsps may be able to compensate 
and collaborate with the bacterial Hsp systems, 
enhancing recombinant protein production and 
bacterial cell growth during large-scale industrial 
fermentation. 

6. Conclusion
The efficient recombinant protein production can 
greatly benefit a wide range of biological research 
and large-scale industrial production of valuable 
biopharmaceuticals and biocatalysts. Additional ex-
pression of molecular chaperons, such as Hsps, in the 
cell factories can significantly enhance recombinant 
protein production. Our results suggest that DcHsp17.7 
and DcHsp70 are more effective in enhancing the ADH 
activity in vitro than the bacterial ones. Furthermore, 
the plant and bacterial Hsps could perform synergistic 
effects on further enhancing the enzyme activity. 
The DcHsp17.7-DcHsp70 and DcHsp17.7-DnaK 
combinations selected from this study will be co-
expressed with ADH or other important recombinant 
proteins in E. coli to enhance protein production. 
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