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The  majority  of research  topics  declared  that  most  of  the  recombinant  proteins  have been  expressed
by  Escherichia  coli in  basic  investigations.  But the majority  of high  expressed  proteins  formed  as  inac-
tive  recombinant  proteins  that  are called  inclusion  body.  To  overcome  this  problem,  several  methods
have  been  used  including  suitable  promoter,  environmental  factors,  ladder  tag  to  secretion  of  proteins
into  the  periplasm,  gene  protein  optimization,  chemical  chaperones  and  molecular  chaperones  sets.
Co-expression  of the  interest  protein  with  molecular  chaperones  is one  of the common  methods  The
chaperones  are  a group  of  proteins,  which  are involved  in making  correct  folding  of  recombinant  pro-
nclusion body
eat shock protein
eptidyl-prolyl isomerase
isulfide bond formation

teins.  Chaperones  are  divided  two groups  including;  cytoplasmic  and  periplasmic  chaperones.  Moreover,
periplasmic  chaperones  and  proteases  can  be  manipulated  to  increase  the yields  of  secreted  proteins.  In
this  article,  we attempted  to review  cytoplasmic  chaperones  such  as  Hsp  families  and  periplasmic  chap-
erones  including;  generic  chaperones,  specialized  chaperones,  PPIases,  and  proteins  involved  in  disulfide
bond  formation.

© 2017  Elsevier  B.V.  All  rights  reserved.
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. Introduction

Stanley Cohen and Herbert Boyer were applied cloning and
xpression methods to produce recombinant proteins in different
rganisms [1]. At the beginning of the recombinant protein expres-
ion systems, Escherichia coli (E. coli) is a remarkable hosts due to
ts rapid growth rate, requirement for inexpensive carbon sources,
ow costs and well-characterized genetic structure [2,3]. However,
. coli has some defects such as inability for posttranslational mod-
fications, ineffective cleavage of the amino terminal methionine,
nability to produce proteins containing complex disulphide bonds,
nd expression of proteins as insoluble inclusion bodies (IBs) (IBs)
4,5].

IBs, are inactive form of proteins, which are formed in both
rokaryotic and eukaryotic cells that have been miss folded and
re not in proper intra-molecular interaction [6]. The natural IBs
n some bacteria is like �–lactamase which is a secretion pro-
ein [7]. The reasons of IBs formation in protein expression are
mount and level of their expression that high level expression
f recombinant protein led to IBs formation [8]. The microscopic
nalysis showed that the size and shape of IBs were different in
ytoplasmic and periplasmic spaces [8]. IBs have been cylindrical
r ovoid forms [9] and diameter of the shapes changed from 0.5 to
.3 �m [10]. Moreover, IBs are highly hydrated and have spongy
tructures that can be simply separated by high speed centrifuga-
ion [11,12]. The studies showed that IBs have dynamic, reversible,
nd kinetic structure that is consequent of unbalance between
oluble and insoluble proteins [9,13]. Also, shifting of IB proteins
n to active forms in in vitro is really hard and need to several
pproaches containing isolation, solubilisation, and refolding of IBs,
hich has low efficiency [12,14]. The solubilisation of IBs are mostly
ependent on denaturant agent such as urea, HCL, and guani-
ine hydrochloride which stimulate disruption of intramolecular

nteractions [13]. In production of recombinant proteins, several
rocedures have been used for soluble expression and preventing
f IB formation such as using molecular chaperones, low temper-
ture, suitable promoter, ladder tag to secretion of proteins into
he periplasm, gene protein optimization and chemical chaperones
5,15]. Cells normally have molecular chaperones and other factors
o correct folding of proteins [16]. Numerous studies demonstrate
ositive effects of molecular chaperons on correct folding forma-
ion of recombinant protein and prevention of IBs formation in the
ytoplasm and periplasm [17,18]. Also molecular chaperons have
linical and experimental application such as immunomodulatory
19], treating neurodegenerative diseases [20], and morbidity of
hronic illnesses [20,21]. In this review we focused on cytoplas-
ic  and periplasmic chaperones category and their applications in

ecombinant protein expression with correct folding.

. Molecular chaperones

Molecular chaperones are proteins existing in bacteria and
ukaryotic cells which have an important roles to assist cellular
omeostasis under normal and detrimental growth situation and
ell defences to inhibit aggregation of mis-folded proteins [22,23].
arious genetic sources have molecular chaperones because these
gents have critical roles in cell such as prevention of accumulation
nd mis-folding protein, and also, help to preparing correct folding
f protein [24,25]. Chaperones do not have steric information of tar-
et protein structure to determine exact folding. So, they prevent
mproper interactions within and between other polypeptides by

nhancing the yield of correct folded proteins. However, they don’t
ncrease the amount of folding reactions. Unfolded proteins have
ydrophobic residues, which are abnormally exposed to the cell
olution that own to form stable inactive accumulations of these
gical Macromolecules 102 (2017) 367–375

proteins. Molecular chaperones are able to bind to hydrophobic
residues of unfolded proteins and assist to create the correct folding
of protein [22,26]. Molecular chaperones exist in the cytoplasm and
organelles of eukaryotic cells like nucleus, mitochondria, endoplas-
mic  reticulum, chloroplast, and periplasmic space of prokaryotic
cells [27]. Molecular chaperones are divided in cytoplasmic and
periplasmic categories that have been reviewed (Table 1).

2.1. Cytoplasmic chaperones

Most of cytoplasmic chaperones are mainly expressed under
stress conditions such as high temperature [28]. Significantly,
the chaperones bind to misfolded proteins to unfold them and
in turn substrates are released from the chaperones to provide
a new chance for unfolded protein to gain correct folding [16].
These chaperones can be categorized into five families based on
their molecular weight including heat shock protein100 (Hsp100),
Hsp90, Hsp70, Hsp60, and small Hsps (sHsps) that have molecu-
lar weight between 12 and 43 KD [19]. Some type of cytoplasmic
chaperones have an ATP-dependant mode of substrates interac-
tions (Hsp100, Hsp90, Hsp70, Hsp60) to have functional system,
but in contrast, majority of sHsps don’t need ATP consumption [29].
Among them, Hsp90 and Hsp70 are the main chaperones respon-
sible for protein holding to stop association of target protein with
another protein [30]. Cytoplasmic chaperones based on their func-
tion and mechanisms are divided to three sub-classes including
disaggregate chaperones that enhanced the solubilisation of stress-
induced accumulated proteins [31], holding chaperones that keep
and hold the folded proteins on their surface [32,33], and fold-
ing chaperones that interfere the refolding of protein and enhance
the proteolysis of mis-folded proteins [34,35]. In this section, we
focused on the cytoplasmic chaperones based on their molecular
weights.

2.1.1. Hsp100
Hsp100 or (Clp) family are Hsps with molecular weight of

100–104 KDa, which give the organisms tolerate excessive stress
and have variety of proteolysis functions [36]. Also, Hsp100 is
responsible for protein disaggregation and degradation that lead
to omitting non-functional and harmful polypeptides that is vital
for the maintenance of cellular homeostasis [37]. Unlike the other
Hsps, Hsp100 family solubilize accumulated proteins, thermally
[38]. At first the members of this family were recognized as com-
ponents of the two  subunit bacterial Clp protease system, which
contains regulatory ATPase/chaperones such as (ClpA and ClpX)
and proteolytic (ClpP) subunits [39]. Then this family separated
to two classes and eight individual subfamilies within this classes
[40]. Furthermore, Hsp100 family cooperate with Hsp70, which is
another ATP-dependant chaperone system for saving proteins from
aggregation. The Hsp70 system gets the solubilized proteins from
Hsp100 and refolds them [41]. The Hsp 100 is a member of AAA+

superfamily (ATPases associated with various cellular activities)
proteins, which get their energy from hydrolysis of ATP to stim-
ulate creation of correct folding in target proteins [42]. All AAA+

superfamily members have AAA domain which have two motifs
for nucleotide binding and hydrolysis. Moreover, the AAA domain
is responsible for protein oligomerization that lead to made of hex-
americ structures with a central pore [43]. Hsp100 chaperones are
differ from each other based on the number of AAA domains which
are one or two  in each protomer and the existence of extra domains
[43].
2.1.2. Hsp90
The Hsp90 family are highly conserved and proteins, which exist

in all organisms from bacteria to humans and their expressions rises
in response to the stress conditions in prokaryotic and eukaryotic
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Table 1
Components of molecular chaperones in both prokaryotic and eukaryotic cells.

Type of
chaperone

Classification Protein Organism Subcellar localization Functions Cooperating factors energy
consumption

reference

cytoplasmic HSP40 DnaJ prokaryotic (Escherichia coli) Cytosol, ER Co-chaperone – [153,154]
Hsp60 GroEL prokaryotic (Escherichia coli) Prokaryotic cytosol (Holding and Folding chaperone)

Promotes protein folding and
preventing aggregation

GroES, Hspl0, Cpnl0 ATP (+) [54,155]
Hsp58 Mammals Mitochondria
Cpn60 Plants Chloroplasts

HSP70 DnaK prokaryotic (Escherichia coli) Prokaryotic cytosol (Folding chaperone)
Assisting refolding,
Preventing aggregation, increase
lysosomal degradation of cytosolic
proteins, Iron-sulfur cluster
protein assembly
Sigma regulation, protein
translocation into ER and protein
translocation into mitochondria

DnaJ, GrpE ATP (+) [156,157]
SSA1-4 prokaryotic (Saccharomyces cerevisiae) Eukaryotic cytosol
SSB1, 2 prokaryotic (Saccharomyces cerevisiae)
Hsc73 Mammals
HscA prokaryotic (Escherichia coli) Prokaryotic cytosol
HscC
KAR2 prokaryotic (Saccharomyces cerevisiae) ER
BiP/Grp78 Mammals
SSC1 prokaryotic (Saccharomyces cerevisiae) Mitochondria
ctHsp70 Plants Chloroplasts

HSP90 HtpG prokaryotic (Escherichia coli) Prokaryotic cytosol (Holding chaperone) Assist to
folding properly, make stable
condition for proteins against heat
stress, Regulation of receptors,
Protein translocation, Genetic
buffering and protein degradation

HSP9, Grp94 ATP (+) [158,159]
HSP90A Mammals Cytosol
HSP90B Mammals ER
TRAP Mammals Mitochondria

HSP100 Hsp104 prokaryotic (Saccharomyces cerevisiae) Mitochondria spread of yeast prions and
clearance of aggregates

Hsp70, DnaK, ClpP, HsIV ATP (+) [41,160]

ClpB, C, A, X, prokaryotic (Escherichia coli) Cytosol (Disaggregated chaperones)
Fold properly and DisaggregateHsp78 prokaryotic (Saccharomyces cerevisiae) Mitochondria

HsIU Plants Chloroplast
sHSP GroES prokaryotic (Escherichia coli) Cytosol (Holding chaperone) Preventing

aggregation during stress,
Co-chaperone, provide
thermotolerance in vivo and
prohibition of apoptosis

GroEL ATP (+) [76,161]
GrpE DnaJ, DnaK
Hsp10 Humans Cytosol, mitochondria,

Chloroplast

–

Hsp27 Humans Cytosol, ER, Nucleus (−)
HspB6 Humans Cytosol, Nucleus
HspB1 Humans Cytosol, Nucleus

periplasmic Generic Skp (OmpH) prokaryotic (Escherichia coli) Outer membrane folding and assembling of outer
membrane proteins and
folding-assisting

– (−) [93]
FkpA periplasm space

PPIases SurA prokaryotic (Escherichia coli) Outer
membrane

correct folding, assembly of outer
membrane proteins, folding of
many newly translocated proteins

– (−) [102,124,128]
PpiD
FkpA
PpiA (RotA) Humans Nucleus

disulfide
bond
formation

DsbA prokaryotic periplasm space Folding of protein into the
functional structure

– (−) [151,162]

DsbB Inner membrane Cooperates with ubiquinone to
generate a disulfide bond

DsbC  periplasm space As a disulfide bond isomerasation
and facilitate folding of the protein

DsbD Inner membrane As reductive pathway
DsbE periplasm

space
Facilitate folding of the protein

DsbG
Specialized SurA prokaryotic (Escherichia coli) Outer membrane facilitates correct folding of outer

membrane proteins,

– (−) [99]

LolA (B,C,D,E) periplasm space, Inner
membrane and Outer
membrane

rapid transfer of associated
lipoproteins

ATP (+) [108]

PapD and its family periplasm space and Outer
membrane

biogenesis of pilus (−) [163]

FimC periplasm space interacts with each pilus subunit (−) [164]
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ells. This family is often found with other chaperones that they
ave various functions depend on ATP [44]. In human, two homolo-
ous isoforms of Hsp90 are exist in equal amounts known as � and �
soforms [45]. Hsp90 is a constitutive homodimer, which has main
nter subunit in association with the COOH-terminal 190 residues
46], the highly conserved 25 kDa NH2-terminal domain that is the
TP binding site [47] and middle domain, which is binding site of
roteins and co-chaperones [48,49]. Most of the Hsp90 substrates
re signal transduction proteins such as steroid hormone recep-
ors and signalling kinases [50]. Forasmuch as, cancer cells are so
ensitive to Hsp90 inhibition, the Hsp90 active form in these cells
re in high level [51,52]. Therefore, Hsp90 molecule is an attrac-
ive target for cancer targeted therapy [53]. The most important
unction of Hsp90 is to manage protein folding and inhibit protein
ggregation [54]. Furthermore, this chaperone has roles in signal-
ransduction networks, cell-cycle control, protein degradation and
rotein trafficking [55]. Despite Hsp90, which are the most numer-
us chaperones in the cell but its functions in in-vitro is poorly
nderstood and it has been proved that have functions with con-
ribution of several cofactors [44].

.1.3. Hsp70
The Hsp70 family are highly protected class of the heat shock

roteins and the most of the organisms contain several members of
hem. This family have some function in the cells including; bind-
ng strongly to partially synthesized peptide sequences, keeping
ranslocation competent structures of ER and mitochondrial pre-
ursors in the cytosol, and simplify translocation from inside the
arget compartment [56]. Actually, the particular roles of Hsp70
roteins are confirmed by their location in diverse subcellular sec-
ions [54], the differential expression of Hsp70 at dissimilar phases
f growth [57] and their communication with specific groups
f Hsp70-associated proteins [58]. Hsp70 family consist of two
omains; the 25KDa COOH-terminal domain, which is needed for
olypeptide binding and the 44KDa N-terminal highly protected
TPase domain, which is binds to ADP and ATP in the existence of
+ and Mg2+ that lead to hydrolyse ATP. Correct folding of protein is

aken by cooperation of both domains [59,60]. The ATPase domain
ad similar structure to actin and hexokinase which contain four
ub-domains [61]. Hsp70 obtain two conformational conditions
ased on the binding to ATP or ADP [62]. The ATP-bound form in
omparison to ADP-bound form showed high association and dis-
ociation rate constants for substrates. Attachment of substrate to
sp70-ATP is hastening ATP hydrolysis by Hsp70 which lead to
hange in folding of substrate, After that ADP replaced with ATP
esult in releasing of substrate from Hsp70 [63]. Hsp70 known as
naK that expressed in prokaryotes which participate with DnaJ
nd GrpE proteins in reaction cycle of DnaK [64]. In addition GrpE
ssists in the releasing of the bound nucleotide from Hsp70 and
naJ motivates ATP hydrolysis by Hsp70. Furthermore, DnaJ itself
cts as a molecular chaperone by binding to unfolded proteins and
robably control affinity of Hsp70 for substrate proteins [65].

.1.4. Hsp60
This family has several names such as GroEL family or TCP-1.

ost of these family members are known as chaperonins. X-ray
rystallographic studies showed that GroEL (E. coli chaperone) has
4 identical subunits in two stacked heptameric rings, each con-
aining central hole which bind to unfolded proteins [66]. GroEL
implifies protein folding by cooperation ATP and its co-chaperonin
nown as GroEs [67]. GroES has a heptameric ring structure that
as made by identical 10 kDa subunits that attached to one or
oth ends of GroEL cylinder [68]. GroEL chaperone have three
ifferent functions: first, GroEL form complexes with non-native
olypeptides and inhibits their aggregations, so it will reduce
he concentration of misfolding protein [69]. Second function is
gical Macromolecules 102 (2017) 367–375

folding substrate that bind to central cavity of GroEL complex, a
protected environment without intramolecular interactions [70].
Finally, GroEL seems to be capable to unfold trapped misfolding
intermediates, so they are able to have a new chance for correct
folding [71].

Members of the Hsp60 family are involved in construction of
multiprotein complexes such as Rubisco [72]. Furthermore, Sonoda
et al. reported that co-expression of GroEl/GroEs with scFv lead to
improve soluble expression that the resultant scFv demonstrated
a 4.6 fold rise in antigen-binding activity [73]. Also Moeng et al.
expressed five set of molecular chaperones with anti-BNP scFv.
They reported that co-expression of GroEL/GroEs with anti-BNP
scFv showed more effective than other set of chaperones in soluble
expression of the scFv [74].

2.1.5. Small Hsps
In prokaryotic and eukaryotic cells, majority of the small Hsps

(sHsps) are constructed in stress conditions and some small Hsps
are expressed throughout certain developmental phases [27]. In
stress conditions the small Hsps bind to the denatured proteins that
finally led to prevent its accumulation in an ATP-independent man-
ner [75,76]. Small Hsps are in relation with nucleus, cytoskeleton,
and membranes. Also, this family consist of 12–43 kDa chaper-
ons that they bind to large multimeric structures [77]. The sHsps
endure dynamic assembly into mono- and poly-disperse oligomers
that the rate of disassembly influence chaperoning [78]. The struc-
ture of the sHsps include a conserved �-crystallin domain, which is
enriched in � strands formed in � sheet that is in charge of dimer
formation [79]. Most of the sHsps oligomerization and chaperon-
ing are affected by the amino-terminus because the amino terminal
domain is sensitive to phosphorylation and has slack structure
[80,81]. Moreover, sHsps have an important role in refolding by
cooperation of ATP-dependant chaperones such as DnaK system
[82].

2.2. Periplasmic chaperones

The space between cytoplasmic and outer membrane of the
gram-negative bacteria is called periplasmic space, which has total
volume of 20–40% of the whole cell. It is an aqueous space that
has numerous molecules such as membrane derived oligosaccha-
rides, amino acids, peptides, and etc. [83]. The proteins in the
periplasm are classified to three classes based on their function:
enzymes, chaperones, and high affinity binding proteins for vitally
important substrates which are essential for the transport across
the cytoplasmic membrane [84]. The periplasm is an oxidizing
region of bacterial cells that disulfide bonds formed in protein
folding process. Thus, many secreted proteins containing disul-
fide bonds are in the periplasmic space [85]. Protein folding in
the periplasmic space can be catalysed by two groups of over-
expressing enzymes including protein disulfide isomerases (PDI),
which accelerated the oxidation of disulfide bonds and peptidyl-
prolyl-cis-trans isomerase (PPI) that are member of periplasmic
chaperones [86]. Periplasmic chaperones are divided to four classes
including generic chaperones, specialized chaperones, PPIases, and
proteins involved in disulfide bond formation.

2.2.1. Generic chaperones
The members of generic chaperones are homodimers or

homotrimer, which hold unfolded proteins and help to its correct
folding formation [87]. In result, they have application to periplas-
mic  expression and phage display of recombinant protein [88].

These chaperones can be active in presence and absent of ATP
condition in periplasmic space, and have the most generic fold-
ing activity [89,90]. Generic chaperones are including; Skp and
FkpA. Skp is an 18 KDa periplasmic protein that has significant
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ole in folding and gathering of outer membrane proteins (OMP)
f E. coli,  which it means that Skp binds to denatured OMPs [91].
kp simplifies proper folding of expressed proteins that increased
he solubility and affinity of proteins [92]. For instance, Ow et al.
xpressed SKp and scFv to achieve high soluble expression. In
esult, they observed high scFv soluble expression [93]. Moreover,
te Schafer et al. demonstrated that Skp is involved in making and
eeping the solubility of early folding intermediates of outer mem-
rane proteins in the periplasmic space of gram negative bacteria
87]. FkpA is V-shaped homodimeric chaperone with two domains
hich exhibits like PPlase activity [16]. The N-terminal domain,
hich has �-helixes structure and responsible for dimerization and

ctivity of FkpA [94]. However, the C-terminal domain is capable
o catalyse slow refolding cis-trans isomerization reactions in pro-
ine containing proteins [95]. In addition, Zhang et al. evaluated the
o-expression of FKpA with scFv, which the results demonstrated
hat co-expression of FKp was suitable for soluble expression of
ecombinant antibodies in E. coli [96]. Furthermore, Bothmann and
lückthun showed that interacting FKpA with early folding inter-
ediates inhibit their aggregation. Also FKpA binds to partially

nfolded proteins and reactivate them [95]. Ow et al. demonstrated
hat the chaperone activity of FkpA, rather than its PPlase activity.
his activity is more critical in overcoming metabolic stresses from
isfolded proteins [93].

.2.2. Specialized chaperones
The members of specialized chaperones have two  PPIase

omains, which have chaperone activity to prepare the matura-
ion of three outer membrane proteins including OmpA, OmpF,
amB [97]. Also, they stimulated folding of unstable proteins
nd pre-aggregated proteins. Specialized chaperones include SurA,
olA, PapD and FimC. SurA is one of the vital proteins that is
equired to cell survival during stationary phase [98]. The SurA
as four domains consist of N-terminal domain that has approx-

mately 150 amino acid, two parvulin-like PPlase domains that
ave approximately 100 residues and a C-terminal domain that has
pproximately 40 amino acid [99]. Three of these domains formed
ore shape of the complex protein and the second PPlase domain
as exhibit chaperone function [100]. SurA is one of the first chaper-
nes for OMP  folding that detects Ar-X-Ar motif in unfolded OMPs
101]. Also, Hennecke et al. reported two characteristics of SurA
hat are essential for peptide binding such as particular pattern of
romatic residues and the direction of their side chains, which are
ounded mostly in integral outer membrane proteins. In addition,
urA-peptide binding needs neither an active PPlase domain nor
he existence of proline, in result this data demonstrate the SurA-
eptide binding depends on substrate specificity [102]. Bitto and
cKay realized that SurA detects a peptide motif which is features

f integral outer membrane proteins [103]. Lol chaperon family
onsist of five members that by cooperation of ATP-binding trans-
orter LolCDE complex, LolA attached to the bacterial lipoproteins,
hen the LolA- lipoproteins complex released from inner mem-
rane to transfer of lipoproteins to LolB in the outer membrane
104,105]. The stage of attaching LolA to lipoproteins just needs
TP [106]. LolA and LolB have a similar structures and have func-

ion in monomeric form despite different sequences (Fig. 1A) [106].
ajime et al. indicated disruption of the chromosomal LolA gene
as mortal for the strains without lipoproteins which LolA is gener-

lly vital for the outer membrane localization of lipoproteins [107].
kuda and Tokuda revealed that shifting lipoproteins via lol pro-

eins happens in a mouth to mouth manner, which means their
ydrophobic holes were found to bind lipoproteins inside [108].

apD is a 28.5 KDa periplasmic protein from a family with 30 mem-
ers, which has two domains with an immunoglobulin (Ig) like
tructure [109]. Three important performance of PapD in bacterial
ell are attaching and covering pilus subunits to avoid non-specific
gical Macromolecules 102 (2017) 367–375 371

interactions [110,111], simplifying transfer of these subunits in the
periplasm [112] and assistance to the folding of subunit [111]. As
it is represented in the legend to (Fig. 1B) Periplasmic chaperones
help in folding pilus subunits and attacking them to the OM usher.
At first, transferring fiber subunits to the periplasmic space done
by sec system (YEG). Then the chaperones in the periplasm has
function with stop aggregation and degradation of pilus subunits
by binding their interfacing regions and facilitating correct pro-
tein folding before bringing them to the usher/fimbriae complex.
Jacob-Dubuisson et al. show that PapD is responsible to made of
native-like conformation in pilus subunits [113]. FimC is one of the
periplasmic proteins has similar structure, function and the mech-
anism of action to PapD. Pilus chaperones like FimC identify specific
carboxyl terminal motifs on pilus subunits and creating chaperone-
subunit complexes [114]. Also, Jones et al. indicated that FimC has
a high degree of homology to PapD and it is In accordance with
sequence of periplasmic chaperones [115].

2.2.3. PPIases
Peptidyl-prolyl isomerases (ppls) are housekeeping proteins

and highly conserved in prokaryotic and eukaryotic cells. They
exist in the periplasm of E. coli and in eukaryotic cell organelles
such as cytosol, mitochondria, endoplasmic reticulum [116,117].
The PPlases are enzymes that facilitate the slow cis-trans iso-
merization of peptidyl-prolyl bonds in folding of target proteins
(Fig. 2) [118]. The first discoveries showed that immunosuppres-
sant drugs attach to PPls and prevent the PPl activity, so PPls are
necessary for immune system function [119]. In immune system
they act by separating calcineurin, which is a calcium/calmodulin-
dependent protein phosphatase. PPlases are divided to three
families based on drug specificity and primary sequence homol-
ogy: 1) the cyclosporine A (CsA)-binding proteins and cyclophillins,
2) rapamycin binding proteins, binding proteins FK506 and FKBPs
3) parvulins, which do not attach immunosuppressant drugs
[120,121]. The SurA, PpiD, FkpA, and PpiA are the members of
PPlase family. For example, Juctice et al. show that the four known
periplasmic cis-trans prolyl isomerases simplify suitable protein
folding by raising the rate of transferring of proline residues
between cis-trans state. Also, Pplases are not necessary for cell
growth but they have great roles in survival in environmental and
pathogenic positions [122]. SurA, as it is mentioned above is spe-
cialized for the biogenesis of OMPs and also it has a peptidyl-prolyl
cis-trans isomerise activity [99,100]. PpiD have a single parvulin
domain and attached to the inner membrane by an N-terminal
transmembrane section. The study showed that N-terminal section
of PpiD and SurA have similar structure and have overlapping role
in OMP  biogenesis [123–125]. Loss of PpiD in the cells own to mod-
ified outer membrane configuration which has negative effects on
protein folding process [84,123]. Also, findings demonstrated that
PpiD has chapronic function to help in the early periplasmic folding
of proteins [124]. Dartigalongue and Raina showed that a null muta-
tion in PpiD own to completely decreasing in the level and folding
of OMPs and to the stimulation of the periplasmic stress response.
Null mutation in PpiD and SurA led to death of cells [123]. PpiA has
two functions including peptidyl-prolyl cis-trans isomerase func-
tion and chaperonic function. PpiA is vital in viral infections like
HIV, influenza A virus, SARS coronavirus, vaccinia virus which it
might have a role in life cycle of viruses [126,127]. Tremillon et al.
indicated that PpiA gene exists in Lactococcus lactis which expressed
under normal and stress conditions. In normal conditions, PpiA pro-

tein expressed and released from cell with added protease then
exposed at the cell surface. A recombinant soluble form of PpiA
was produced and secreted from L.lactis that showed both pplase
and chaperone activities [128].
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Fig. 1. (A) A Schematic representation of the outer membrane localization of lipoproteins mediated by the Lol system. Binding lipoproteins to LolCDE complex begins the
lipoprotein release in the inner membrane and the affinity of the Lol complex for the ATP increases, then LolA gets the lipoprotein from the complex in an ATP-dependent
manner and transfer it to LolB in the outer membrane. (B) A schematic overview of the pap chaperone-usher system showing all subunits and their organization.
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Fig. 2. A Schematic of Cis/tra

.2.4. Chaperones involved in disulfide bond formation
These chaperones known as disulphide bonds proteins (Dsb

roteins) have highly conserved motifs which are necessary for
isulphide oxido-reductase activity. In numerous secreted pro-
eins, disulphide bonds formation is essential for their folding and
tability because disulphide bonds generally stabilized the tertiary

tructure of the protein. The Dsb proteins reorganized primary
isulphide bonds and made new disulphide bonds in target pro-
ein. In E. coli the disulphide bonds are made by the Dsb proteins
n the periplasm space. In periplasmic spaces Dsb proteins increase
merization of peptide bond.

the solubility of recombinant proteins and the secretion efficiency
[129,130]. Dsb proteins are including DsbA, DsbB, DsbC, DsbD,
DsbG, DsbE, CcmH. (Fig. 3).

DsbA(thioredoxin-like thiol-disulphide oxido-reductase) and
DsbB(cytoplasmic membrane protein) are two enzymes that help to
disulphide bonds formation in periplasmic proteins [131,132]. The

DsbA is a small 21 KDa polypeptide, which its active site contains
the motif known as Cys30-Pro31-His32-Cys33 has high oxidizing
potential activity. In the oxidative process, disulphide bond formed
between two cysteines by DsbA which DsbA need re-oxidized by
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ig. 3. The mechanisms of disulfide bond formation in the periplasm. One of the dis
eaction needs respiratory quinone component. Whenever there is more than two 

somerase DsbC comes to the rescue and it is oxidized by DsbD.

sbB [133,134]. Kishigami et al. recently suggested that synthetized
sbA is quickly oxidized by pre-existing DsbA, whereas oxida-

ion of functional DsbA needs DsbB, which has opposite action
ith DsbA-reducing enzymes [135]. Moreover, Zhuo et al. were

o-expressed DsbA/DsbC proteins and recombinant reteplase in E
oli. As result, the co-expression system improved soluble expres-
ion of recombinant reteplase, and high yield of soluble reteplase
chieved especially with the DsbC co-expression system [136]. The
sbB is a 20 KD periplasmic protein that has four transmembrane

TM) fragments and two periplasmic loops that each loop con-
ains a pair of cysteines [137]. Kishigami and Ito suggested that
sbB stimulated recycling DsbA by disulfide interaction between
ys30 of DsbA and Cys104 of DsbB [137]. DsbC(periplasmic oxido
eductase) and DsbD(cytoplasmic membrane protein) have roles
n isomerization of non-native disulphide bonds [131,132]. DsbC
s 23 KDa homodimeric soluble protein containing four cysteines
esidue which these residue act as a catalyst for reorganization
f disulfide bonds in protein with multiple disulfide bonds. DsbC
eficiency can lead to misfolding of proteins with numerous disul-
hide bonds [138]. The active site cysteines of DsbC are found in
ithiol form in isomerization activity which DsbC reduced by DsbD

n this activity [139]. Also DsbC has a reductase activity to proteins
ith false disulfide bonds and then re-oxidize by DsbA. Studies

howed that the periplasmic proteins like RNaseI and MepA needs

o DsbC for their stability [140]. In addition, Missiakas et al. indi-
ated that overexpression of DsbC can functionally substitute for
sbA loss [141]. For example purified DsbC protein was  capable

o catalysed insulin oxidation in a dithiothreitol dependant man-
 bond donors in the periplasm is DsbA, which is oxidized by DsbB and this oxidizing
ne, the incorrect disulfide bond may  occur. For preventing that, the disulfide bond

ner [142]. Heo et al. showed that production of anti-c-met scFv
could be more increased by co-expressing molecular chaperones
such as GroEl and DsbC with scFv. In E. coli trxB/gor mutant, co-
expression of DsbC enhanced the efficiency of functional anti-c-met
scFv about 2.5 fold [143]. DsbD has three domains including amino
terminal periplasmic domain, hydrophobic core domain containing
eight transmembrane fragments and carboxy terminal periplas-
mic  domain [144]. Each of these domains has a pair of cysteines
that have necessary role for electron transfer from the cytoplasm
into the periplasm space [145]. Kurokawa and his colleagues rep-
resented that overexpression of DsbD proteins are responsible for
formation and isomerization of disulfide bonds that can signifi-
cantly increase periplasmic production of human nerve growth
factor B (NGF) [129]. DsbD is required for the reduction of DsbG.
Also it is needed for the biosynthesis of c-type cytochromes [146].
DsbG has negative charged surface, which is appropriate to interact
with folded proteins [147,148]. It can act as a molecular chaper-
one and its activity is not based on its active site cysteines [149].
Also, Andersen et al. showed that DsbG acts mainly as an oxidant
agent during protein disulfide bond formation. In addition, the sub-
strate range of DsbG could be slighter than the other periplasmic
oxidative enzymes such as DsbA and DsbC [150]. DsbE is known
as CcmG because implicated in maturation of cytochrome c [151].
CcmG selectively gives electron to apocytochrome c cysteines via

CcmH, which is another periplasmic cytochrome c maturation fac-
tor with a redox activity Cys-X-X-Cys motif [152]. This proposes
that CcmG is capable to identify and selectively cooperate with
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sbD and CcmH [151]. Also DsbD is responsible for keeping DsbE
n reduced form in the periplasm [145].

. Conclusion

The eventual objective of amplify production of desired recom-
inant protein in an E. coli host cell depends on some factors that

ead to outstanding out come in production of recombinant protein.
s usual, recombinant proteins were expressed as inclusion body

n the E. coli.  For understanding of some problem we described
he details to find suitable ways for enhancing soluble expres-
ion of recombinant proteins with correct folding that several
pproaches are used including; chemical chaperones, gene protein
ptimization, signal peptide sequences, molecular chaperone, and
tc. Molecular chaperones either cytoplasmic or periplasmic are
ore efficient in production of recombinant proteins with appro-

riate folding. Cytoplasmic chaperones Hsp100 (Clp), Hsp90, Hsp70
DnaK/DnaJ/GrpE), Hsp60 (GroEL/GroES) and small Hsps bind to
ggregated and misfolded recombinant proteins to unfold them
nd finally the recombinant proteins acquire their correct folding.
he HSP60, HSP70 and their co chaperones used ATP to solubilized
nd refolded aggregated recombinant protein. Periplasmic chaper-
nes, located in periplasm space, were fold the recombinant protein
orrectly via formation of disulfide bonds, which finally produce
oluble form of recombinant proteins. Efficiency of folding process
ediated by periplasmic chaperones depends on type of recom-

inant protein. Some factors including; enhance the level of some
eriplasmic chaperones efficiency such as FkpA, and SurA, which
ach of them facilitate the slow cis-trans isomerization of peptidyl-
rolyl bonds in folding of target proteins and DsbA and DsbC which
elp to form disulphide bridge. These activities have more impor-
ant roles in overcoming to production of misfolded proteins.
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