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Introduction

All the processes that take place in a cell require one or more proteins, meaning that
they are essential components of life.

Proteins are macromolecules consisting of amino acid units, all of them being
constructed with combinations of only 20 amino acids. The primary structure of a
protein molecule is determined by the sequence of amino acids connected by peptide
bonds forming a polypeptide chain. Once the amino acid chain is synthesized, the
protein folds by a physical process that might be eventually assisted by other proteins,
reaching its characteristic three-dimensional structure that is the final, functional
conformation. However, although it is known that all the proteins must properly fold
into their correct native conformation to be functional, their final conformation cannot
be predicted from their primary amino acid sequence, being protein folding
mechanisms one of the most challenging problems in biology today.

Many proteins of relevant industrial or medical value are produced in low amounts in
their natural sources. However, at the end of the seventies, the development of
recombinant DNA technologies opened a new promising era for protein production in
high amounts for both research and industrial applications. This had a tremendous
impact, for example, in many areas of medicine as a tool to produce new drugs for the
treatment of diseases and genetic disorders. Genetic engineering permits the
introduction of the encoding genes of the protein of interest into recipient cells, where
these genes are positioned downstream of regulable promoters in movable genetic
elements, mainly plasmids. Under suitable conditions, these transgenic cells acting as
protein production bio-factories would be expected to act as unlimited and
inexpensive source of rare, highly valuable proteins not only for proteomics and
structural functional genomics® but also for large-scale preparative purposes. The
quality as well as the quantity of the produced recombinant protein is greatly
influenced by the chosen biological cell system.

Bacteria have been the most commonly used organisms for protein production,
specially the enterobacteria Escherichia coli, not only for the low cost of the used
processes, but also for its fast growth. Generally, in Escherichia coli, the rather small
host cell proteins can fold properly, adopting a native, biological active conformation.

However, when producing heterologous proteins, specially those with eukaryotic or
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viral origin, important obstacles appear during the protein production process: a) in
most cases, the protein is produced in a non functional conformation; b) sometimes
the formed product is toxic for the cell; c) the protein often results proteolytically
degraded?; d) the product is accumulated as an insoluble, non-functional protein
aggregates, known as inclusion bodies>.

Therefore, even though the important advantages of the use of bacteria as a
expression system, Escherichia coli also presents some drawbacks, such as its inability
to carry most of the post-transcriptional modifications, often required for eukaryotic
protein function, the lack of a secretion mechanism to release the protein to the
medium, and the inability to create an oxidative environment to facilitate disulfide
bond formation required to achieve the final, functional structure of some proteins.
Therefore, this leads to the production of proteins which are not always suitable for
immediate use. This means that, to date, many proteins have been excluded from the
biotechnological and pharmaceutical market because they cannot be produced in high
yields as soluble and active products.

To avoid protein folding problems encountered in bacteria under overexpression
conditions, mainly secretion and post-transcriptional modifications, alternative host
cells, such as yeast, filamentous fungi, mammalian or insect cells, have been explored.
Nevertheless, an enormous number of deficiencies in these systems such as difficulty
of genetic manipulation, low productivity and high costs, shows that these organisms
are not ideal for this aim and that, even when bacteria show some obstacles in the
production process and often this system has to be optimized for specific products, it is,

in most of the cases, the best choice.

Il.1 Escherichia coli as a cell factory for recombinant proteins

Two of the most important advantages of the use of the versatile, gram-negative
bacteria Escherichia coli, as a cell factory for the production of proteins of therapeutic
or commercial interest, are the possibility to produce high levels of recombinant
proteins easily and through a low cost process. This microorganism has been
extensively used since early recombinant DNA times and, hence, nowadays, the wide

spectrum of cloning and gene expression vectors, mutant strains and mutagenic events
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as well as the important knowledge of bacterial metabolism, allow genetic tailoring
and the optimization of the culture conditions in each situation, permitting scale-up
the process when necessary. For routine protein expression, Escherichia coli BL21, K12

and their derivatives are the most commonly used.

I.L1.1 Key elements in recombinant protein production

There are several key elements regarding the strategy design for protein production of
recombinant proteins in Escherichia coli such as the promoter system and the codon

usage, among others.

11.1.1.1 Plasmid

A bacterial plasmid is a small circular dsDNA molecule, a species of nonessential
extrachromosomal DNA that replicates autonomously as a stable component of the
cell. The regulation of plasmids differs considerably from the regulation of
chromosomal replication. However, the machinery involved in the replication of
plasmids is similar to that of chromosomal replication. The plasmid copy number can
vary between one to several hundred per cell, as well as its size, that can occur in a
range from one to several hundred kilobases.

A number of central characteristics such as origin of replication (ori), antibiotic
resistance marker, transcriptional promoters, translational initiation regions (TIRs) as
well as transcriptional and translational terminators, are essential in the design of

recombinant expression systems such as plasmids.

1.1.1.1.1 Replicon

The replicon contains the origin of replication which can support the autonomous
replication of the plasmid. The origin of replication is essential not only for replication
but also as a key element regulating the plasmid copy number. Most of the plasmids

used in recombinant protein expression replicate by the ColE1 or the p15A replicons”.

11.1.1.1.2 Resistance markers

An antibiotic resistance marker is a gene that confers resistance to antibiotics and it is

a tool in molecular biology to confirm the uptake of genes (e.g., carried by plasmids) by



12

Introduction

bacteria. The most common resistance markers in recombinant expression plasmids
confer resistance to ampicillin, kanamycin, chloramphenicol or tetracycline. Ampicillin
is a B-lactam antibiotic and the ampicillin resistance is accomplished by expression of
B-lactamase from the bla gene. B-lactamase enzyme is secreted to the periplasm,
where it catalyses the hydrolysis of the B-lactam ring. Kanamycin is inactivated by
aminoglycoside trasnferases, chloramphenicol by the cat gene product, a
chloramphenicol acetyl transferase, and a wide spectrum of genes confer resistance to
tetracycline.

For the production of human therapeutic proteins, the use of other antibiotic

resistances should be considered to avoid the potential of human allergic reactions.

11.1.1.1.3 Promoters

A promoter is a regulatory region of DNA located upstream of a gene (approximately
10 to 100 bp upstream of the ribosome-binding side), providing a control point for
gene transcription. The promoter contains specific DNA sequences that are recognized
by proteins known as transcription factors and these factors, at the same time, are
recognized by RNA polymerase, the enzyme involved in the RNA synthesis of the gene
coding region. Therefore, promoters represent critical elements to direct the level of
gene transcription.

To choose a suitable promoter for recombinant protein expression, several criteria
should be considered. First of all, recombinant protein expression plasmids require a
strong transcriptional promoter to obtain high levels of protein production; the
promoter should be capable to promote the production of protein in excess, desirably
representing up to 10-30 % or more of the total cellular protein®. Secondly, the use of a
promoter with a low level of basal expression is extremely important when the protein
produced may be detrimental for the host cell. Furthermore, a non complete
repression of the protein expression could cause plasmid instability, a slower cell
growth rate and, in consequence, a decrease of the recombinant protein productions.
Moreover, if possible, the induction of recombinant gene expression should be simple
and cheap®. Thermal (e.g., A p.) and chemical (e.g., trp) induction of gene expression

has been commonly used in large-scale protein production. In Escherichia coli lactose-



13
Introduction

regulated promoters such as lac, tac and trc are very well-known’. The induction of
these promoters could be achieved by adding the lactose analogous isopropyl-3-D-
thiogalactopyranoside (IPTG), a powerful chemical inducer, specially used in basic
research; however, in some cases it is not recommended due to its toxicity and cost
when high levels are requireds. Another widely used IPTG-inducible expression system
is based on the T7 RNA polymerase’®. An interesting inexpensive alternative for
heterologous production in Escherichia coli is the L-arabinose inducible Pgap

1% On the other hand, thermal induction is also effective, although it might

promoter
not always be suitable because the heat-shock response is stimulated. For instance,
the phage promoter p, is regulated by the temperature-sensitive repressor CI857,
being completely functional at 30°C, but inactivated at 42°C, therefore allowing gene

113 Other types of promoters used, although not as frequently as the

expression
previously described, are cold-responsive promoters, to produce recombinant proteins
at low temperature (avoiding in that way protein aggregation)'* and pH-responsive

promoters™*°,

11.L1.1.2 Stability of messenger RNA

Messenger RNA (mRNA) stability and the efficiency of mRNA translation determine
gene expression levels and, consequently, protein production. The average half-life of
mRNA in Escherichia coli at 37°C ranges from seconds to 20 minutes'’, depending on
mRNA stability. RNA decay in cells is mediated by RNases such as endonucleases and
3’exonucleases.

Even though there are some nucleotidic sequences that improve mRNA stability, there
is not a “universal stabiliser”. Therefore, the best option for a given protein and host

strain must be determined for each case.

1.L1.1.3 Codon usage

It is also important to consider the codon usage of the target gene and of the cell host,
because the lack of coincidence can affect both the quantity and the quality of the
target protein. Amino acids are encoded by more than one codon and each organism

shows a non-random usage of synonymous codons'®**°, being tRNA population in the
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cytoplasm a reflection of the codon bias°. Usually, heterologous proteins are enriched
with codons that are rare in Escherichia coli and this would be a problem to produce
them efficiently in this microorganism. The main problems observed in recombinant
protein overexpression in Escherichia coli due to the codon usage patterns are
translational stalling at positions requiring incorporation of amino acids coupled to
minor codon tRNAle, premature translation termination, translation frameshift, and
amino acid misincorporationzz'zs.

Although some studies show that modifications of culture conditions might solve this
obstacle by shifting the codon usage bias’, it has also been reported that, upon these
modifications, most of the rare tRNAs remain unchangedzo. In addition, two alternative
strategies have been developed to minimize the effect of the preferential codon bias in
Escherichia coli. The first approach relies on site-directed mutagenesis of the target
sequence, without modifying the encoded protein product, to generate host-specific

26-29

codons coexpression” “". The second approach consists of rare tRNA coexpression

from accompanying plasmids'’3%3?,

11.1.1.4 Strain

The genetic background is highly important for recombinant protein production.
Nowadays, advantageous strains are available for a number of individual applications

(section I1.4).
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1.2 Protein folding and misfolding

Proteins have multiple and indispensable roles in all the organisms, therefore being
the most abundant molecules in biological systems other than water. In the
Escherichia coli cytoplasm, for example, one protein chain is released from the
ribosome every 35 seconds™.

The most fundamental example of self-assembly process in living systems is protein
folding, the process through which unfolded polypeptide chains convert into tightly
folded compact structures with biological functions. The pioneering studies of protein
folding were done by Anfinsen between the 1960s and 1970s, in which he described
that the amino acid sequence of a protein encodes its functional three-dimensional
structure®®. Although nowadays, the underlying mechanism by which this complex
process takes place is becoming better understood, by using physical and chemical
techniques as well as computational methods, there is still much to do. In fact,
understanding the mechanism by which proteins fold in detail is the first step on the
path to resolve the molecular mechanism of conformational diseases such as
Alzheimer, type |l diabetes and Creutzfeldt-Jakob, among others, and to develop
successfully protein-based medicines.

Although there are just 20 different types of amino acids, the number of sequences
that can be generated through their combination is much greater than the number of
atoms in the universe. However, natural proteins are just a small representation of
these combinations, therefore becoming a selected group of molecules carefully
chosen by the evolution. There seems to be a common mechanism for the folding of all
proteins, irrespective of their sequence or native structure®. In vivo, proteins can fold
whilst the nascent chain is still attached to the ribosome®®, either in the cytoplasm
after release from the ribosome or in specific compartments such as endoplasmic
reticulum (ER)*’. Nevertheless, the important question is how the necessary
information for proper folding is encoded in the amino acid sequence and how a
protein can reach the unique native state in a finite time®. If we consider the total
number of possible conformations that are accessible to a polypeptide, we realise that

finding a particular structure in all the conformational space would take an
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astronomical length of time, being many orders of magnitude greater than the real
time required for proteins to fold. This paradox , known as Levinthal paradox®, has
recently been solved with the development of the so called “new view”*, in which
folding is described as a stochastic search of conformational space rather than as a
series of mandatory structural transitions*>*. This view involves also the “energy
landscape” concept, which describes the free energy of a given polypeptide chain as a

function of its conformational properties (figure 1), being the native state of a protein

that with the lowest free

Unfolded states (10'®)

energy. In essence, the
inherent fluctuations in
the conformation of an
incompletely folded
polypeptide enable the
contact even of residues
located at very different

positions in the amino

ASJ49uUd 9914

acid sequence. Therefore,

as correct (native-like)

interactions are more

idue contacts .
Number of rest stable than non-native

ones, this search

Native structure (1)

mechanism is able to find
Figure 1. Schematic energy landscape for protein folding (adapated

from Sven Frokjaer and Daniel E. Otzen (2005) Nature Reviews Drug ~ the structure with the
Iﬁ)ﬂiz,izzzl;yv(\;lol.aﬁ(ll;?:4_21948)-306 and Christopher M. Dobson (2004) lowest energy43’44. As the
native state is
approached, the conformational space accessible to the polypeptide chain is reduced™.
The fundamental mechanism of protein folding involves the formation of a folding-
nucleus of residues in the protein, around which the remainder structure condenses
rapidly®.
Small (< 100 residues), single-domain proteins do not require many partially folded

intermediates to reach a native conformation, and usually only extreme conditions
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unfold them. In contrast, folding of large, multidomain proteins involve several
intermediates prior to the formation of the completely folded native state. They

47-49
and,

usually fold in modules that finally interact forming the fully native structure
additionally, often require the assistance of folding modulators.

The term “misfolding” is used to describe the process that results in a protein acquiring
a sufficient number of persistent non-native interactions to affect its overall

architecture and/or its properties in a biologically significant manner®’. Misfolded and

incompletely folded
f_,m - _.- molecules are susceptible
Unfolded Folding Native to aggregate, due to the
Synthesis polypeptide intermediate protein
H exposure of hydrophobic
regions that are buried in
the native state’” (figure 2).
Misfolded

intermediate Aggregation : H

proteolysis// \ (hydrophobic To avoid aggregation, cells
interactions)

of living organisms have

T2\
%
4V2s

Degraded Aggregate
fragments

auxiliary factors, including

folding  catalysts that

accelerate rate-limiting

Figure 2. Conventional model of protein folding, aggregation and
proteolysis. A chain newly synthesized on a ribosome may fold to a
native state, can aggregate or can be proteolysed. In living chaperones, that assist
systems, environmental conditions and the quality control system

highly regulate the transition between the different states. protein folding

steps  and molecular

37,52

Moreover, the cell quality
control mechanism targets for destruction any protein molecule that has not folded

correctly (figure 2).

1.2.1 Misfolding, aggregation and derived diseases

Protein folding is a complex process that plays a key role within the cell; hence, any
failure in this process will give rise to aggregation. Protein aggregation can not only
cause major economical and technical problems in biotechnology and pharmaceutical
industries, but also leads to conformational diseases such as cystic fibrosis, type Il

53,54

diabetes, prion diseases and amyloid diseases (table 1)°>”". Inclusion bodies are
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aggregates formed in bacteria (section 11.5), while aggresomes (microtubule-
dependent inclusion bodies) and amyloid fibrils appear in eukaryotic cells.

The most dramatic examples of the occurrence of these structures are undoubtedly
disease states>>. Probably the best characterized conformational pathologies are
neurodegenerative diseases involving the deposition of amyloid fibrils or plaques such
as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease and the transmissible
spongiform encephalopathies (prion diseases such as bovine spongiform
encephalopathy, Mad Cow disease and Creutzfeldt-Jakob disease in humans).
Depending on the disease, protein deposits can be formed in brain, in vital organs such
as liver and spleen, or in skeletal tissue. Recently, it has been found that proteins

without any connection with disease states can also form amyloid fibrils>>

, meaning
that this ability is a generic property of polypeptide chains®®. Though the ability of
proteins to form such fibrils may be common, the propensity to convert into this
structure can vary for each polypeptide chain, depending on the composition and
sequence®™®®. Therefore, evolution has avoided, in general terms, sequences that tend
to promote formation of amyloids.

Regardless of the amino acid sequence of a protein, amyloid fibrils are similar and
composed of a repetitive assembly of 3-sheets oriented perpendicularly to the fibril
axis and linked by hydrogen bonds®’, being [-strand formation a powerful driving force
for aggregation, in contrast to that of a-helices®. This [-structure can be observed by
using techniques like IR spectroscopy, solid state NMR and circular dichroism (CD).
Amyloid deposits are long, unbranched, fibrous and twisted structures of a few
nanometers in diameter that show a characteristic “cross-beta” X-ray fiber diffraction
pattern® as well as a characteristic optical behaviour, such as green birefringence, on
binding certain dye molecules such as Congo red®.

The first phase in amyloid formation seems to involve the formation of rather
disordered, soluble oligomeric structures known as pre-fibrillar species. Then, these
structures are transformed to species with more distinctive morphologies often called
protofilaments or protofibrils. In the last few years, it has been described that pre-
fibrillar aggregates of proteins associated with neurological diseases can be highly

damaging to cells, in contrast to the mature fibrils being relatively benign7°’71.



Table 1. Protein-misfolding diseases.

Disease

Alzheimer’s disease

Misfolded protein

B-peptide
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Protein aggregates

Extracellular plaques

Parkinson’s disease

Tau/a-synuclein

Intracellular plaques and Lewy

bodies

Prion diseases

PrpSC

Prionic plaques

az-antitrypsin deficiency

a-antitrypsin

Hepatocyte endoplasmic

reticulum aggregates

Type Il diabetes

Amylin

(Islet Amyloid Polypeptide —IAPP-)

Pancreatic amyloid plaques

Marfan syndrome Fibrillin-1 Microfibrillar aggregates
Retinitis Endoplasmic reticulum
Rhodopsin
pigmentosa aggregates
Amyotrophic lateral
SOoD1 Bunina bodies

sclerosis

Huntington’s disease

Huntingtin containing

polyglutamines

Nuclear and cytoplasmic

aggregates

Cystic fibrosis

Cystic fibrosis transmembrane

conductance regulator (CFTR)

Endoplasmic reticulum

aggregates
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I1.3 Quality control machinery

Under stress conditions, such as high temperatures and recombinant protein
overproduction, the protein quality control machinery is stimulated. This represents a
natural cellular defense devoted to prevent protein misfolding and accumulation of

aggregating proteins, based mainly on the activity of chaperones and proteases.

1.3.1 Chaperones

The term chaperone was first used to describe an activity associated with
nucleoplasmin in Xenopus oocytes’>. From that moment on, the term has been
expanded to include more than 20 protein families with a central role in the

375 Specifically, molecular chaperones

conformational quality control of the proteome
are a group of structurally diverse proteins highly conserved in all three kingdoms of
life which form a complex network to assist proper protein folding, prevent their

581 "Even though chaperones

deposition and dissolve deposits of misfolded proteins
are constitutively expressed under physiological conditions, many of them are
upregulated under stress conditions; this regulation is mainly due to the sigma factor
o2 encoded by rpoH gene®. Since chaperone abundance increases in cells upon
thermal stress, these molecules have been traditionally named heat shock proteins
(Hsps)83. However, despite this historical link, it should be clarified that not all
chaperones are heat shock proteins and not all heat shock proteins are chaperones.
Molecular chaperones (table 2) can be divided into 3 functional subclasses based on
their mechanism of action:
“Folding” chaperones

This group mediates the folding of their substrates in an ATP-dependent process. This
chaperones increase the yield of properly folded proteins but not the rate of folding. In
the Escherichia coli cytoplasm the three chaperone systems involved in this process are

trigger factor (TF) (section 11.3.1.1), DnaK-DnaJ-GrpE (section 11.3.1.2) and GroEL-GroES
(section 11.3.1.3).
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“Holding” chaperones
This second subclass of chaperones maintains proteins partially folded on its surface to

await availability of folding chaperones upon stress situation, preventing polypeptides

81,84,85

from aggregation . The most extensively characterized bacterial holdases are IbpA

and IbpB (section 11.3.1.4), both belonging to the small Hsp family®®. Hsp31 and Hsp33
are also classified as holdases; while Hsp31 binds early unfolding intermediates in

times of severe stress, thereby preventing overloading of the DnaK-Dnal-GrpE

87,88

system™""", Hsp33 manages oxidative protein misfoldingsg.

“Disaggregating” chaperones
Among this group, bacterial ClpB (section 11.3.1.2.1) is the best characterized

chaperone. It has a secondary role, assisting refolding and promoting the solubilisation

90,91

of proteins that have become aggregated as a result of stress”". This chaperone acts

in cooperation with DnaK and IbpAB chaperones® .

Besides the functions mentioned above, it has also been described that chaperones

7 . . .
895 and as modulators of fibril formation®.

can act as neurodegenerative repressors
Moreover, chaperones work in cooperation with proteases (section 11.3.2), another
important component of the quality control machinery that mediates the degradation

of proteins that cannot be properly folded®.



22
Introduction

Table 2. Elements of the Escherichia coli protein quality control machinery.

Escherichia

ATP
coli Cofactors Function Structure
requirement
member

Trigger Holding,
PPlase No
factor (TF) PPlase
(1)
Folding,
GrpE
Dnal holding,
DnaK Hsp70 ) ) Yes
GrpE disaggregation, e !'5,.
regulation
(2)
ClpB Hsp100 Disaggregation Yes
(3)
GroEL Hsp60 GroES Folding Yes
Small heat
IbpA
shock Holding No
IbpB
proteins
Folding,
ClpA Hsp100 ClpP Yes

degradation

(6)
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-,

Folding, ﬂ}}

ClpX Hsp100 ClpP Yes
degradation 3
&

o
7)

(1) Deported from a RasMol representation according to the coordinates given by Lars Ferbitz et al. (2004) Nature vol.
431(7008): 590-6.

(2) Deported from a RasMol representation according to the coordinates given by Celia J. Harrison et al. (1997) Science vol.
276(5311): 431-5.

(3) Deported from a RasMol representation according to the coordinates given by Sukyeong Lee et al. (2003) Cell vol. 115(2):
229-40.

(4) Adapted from Zhaohui Xu et al. (1997) Nature vol. 388(6644): 741-50.

(5) Deported from a RasMol representation according to the coordinates given by Christopher K. Kennaway et al. (2005)
Journal of Biological Chemistry vol. 280(39): 33419-25.

(6) Deported from a RasMol representation according to the coordinates given by Fusheng Guo et al. (2002) Journal of
Biological Chemistry vol. 277(48): 46743-52.

(7) Deported from a RasMol representation according to the coordinates given by Dong Young Kim and Kyeong Kyu Kim (2003)

Journal of Biological Chemistry vol. 278(50): 50664-70.

11.3.1.1 Trigger factor

The ribosome-associated trigger factor (TF) is a three-domain protein that binds to the
large subunit of the ribosomes, in the vicinity of the peptide exit site, to interact with
nascent polypeptides and protect them®’. Trigger factor exhibits both peptidyl-prolyl

%8100 Therefore, this molecular

cis/trans isomerase (PPlase) and chaperone activity
chaperone supports the de novo folding by binding to nascent chains (figure 3). Once
the substrate is released, trigger factor can cycle back to the ribosome, waiting for the

next substrate®’.

11.3.1.2 Hsp70 system: DnakK, Dnal, GrpE

Hsp70 family is encoded in all living organisms’ genomes, being one of the most
conserved proteins in the evolution'®%, There are three Hsp70 (Dnak, HscA and HscC)
in Escherichia coli, being DnaK the best characterized. DnaK is the most general
chaperone and the centre of the multichaperone network (figure 3), having different
roles: 1) mediates ATP-dependent unfolding, 2) prevents aggregation, 3) stabilises the
substrates for refolding by GroELS (section 11.3.1.3) % 4) participates in

107,108

proteolysis , cooperating in some cases with Lon protease (section 11.3.2.1), 5)
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109

folds new synthesized polypeptides®” % 6) solubilises protein aggregates in

cooperation with ClpB (section 11.3.1.2.1) and Ibps (section 11.3.1.4)8%104 110114 =)

115,116

protects proteins against oxidative damages, and 8) negatively regulates the heat

shock response™’ minimizing the expression of the heat shock o* regulon, which

encodes the main chaperones and proteases, including DnaK itself!8120,

DnaK has an N-terminal ATPase domain of 44 kDa, two B-sheets forming a substrate

binding site and a C-terminal domain of 27kDa that can interact with partner proteins

121,122

to modulate chaperone function . DnaK partners are a J-domain protein (JDP) co-

123

chaperone, belonging to the Hsp40 family, termed DnalJ™" and a nucleotide exchange

factor (NEF) named GrpE. When ATP is bound, DnaK binds the substrate through weak,

124

hydrophobic interactions and hydrogen bonds™". Upon ATP hydrolysis, there is a

19 1n this process, the co-

conformational change that stabilise substrate binding
chaperone Dnal has an important role accelerating the rate of ATP hydrolysis, while
the co-chaperone GrpE accelerates the exchange of ADP with ATP, leading to the
substrate ejection. The released polypeptide may reach a native conformation,
undergo additional cycles in the chaperone system until it folds, or is transferred to

GroEL-GroES (section 11.3.1.3)**®. The system formed by DnaK chaperone and DnaJ and

GrpE co-chaperones is usually abbreviated KJE.

11.3.1.2.1 CIpB

ClpB is an ATP-dependent molecular chaperone, member of Hsp100 family. Specifically,

ClpB is a “disagregase” that works in cooperation with DnaK-Dnal-GrpE reverting

94,100,126,127

aggregation (figure 3). This molecular chaperone has an important role, in

cooperation with Dnak, in dissolving protein aggregates, reducing the aggregate size

2,104,111,113

and exposing hydrophobic surfaces However, the full recovery of

renaturated proteins cannot be achieved until the partially unfolded substrate is

transferred from ClpB to Dnak®1104111,128,125

11.3.1.3 Hsp60 system: GroEL and GroES

GroEL is a bacterial chaperonine of approximately 60 kDa that belongs to Hsp60 family.

This molecular chaperonine, essential for growth at all temperatures™°, prevents
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aggregation B acting as the main folder element in the chaperone network®?, GroEL
is formed by two stacked homoheptameric rings which define a central cavity in which

133 can properly fold (figure 3).

incompletely folded polypeptides up to around 60 kDa
When ATP is bound a conformational change takes place™*, rendering GroEL
competent to bind the 10 kDa accessory protein GroES*’. The GroES-bound undergo a
second conformational movement of GroEL, allowing the folding of the non-native
polypeptide. If the protein has not reached the native state, a further round of binding

and attempted folding follows.

11.3.1.4 Small heat shock proteins

The best defined small heat shock proteins (sHsps) in bacteria have been Inclusion

Bodies Proteins (Ibps), proteins regularly associated to inclusion bodies> and

86,136

commonly organised in large oligomeric structures . There are two different types

of Ibps encoded on a single-operon135’137, IbpA and IbpB of 14 and 16 kDa size,
respectively. Although IbpA is insoluble and IbpB is mainly soluble, IbpB comigrates to

the insoluble fraction when produced with Ipr138

. Even though lbps function is not
well understood, they seem to recognise hydrophobic patches in unfolded proteins,
remaining bound to these polypeptides, protecting them from aggregation, until they

1%L Moreover, it has been recently

are transferred to DnaK or GroEL for refolding
described that IbpA and IbpB facilitate the disaggregation and refolding activity of

ClpB** (figure 3).
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Nascent
() polypeptide
AT ’

GrpE KJE
- ClpB

Native GrpE IbpA, IbpB

protein 0@ +— 63
EN el I

GroELS
ADP ATP

Figure 3. Trigger factor (TF) binds to nascent polypeptides. KJIE (DnakK, Dnal (J) and GrpE) and GroELS
(GroEL and GroES) systems assist protein intermediates to reach their native form. The small heat
shock proteins IbpA and lbpB, together with ClpB, cooperate with KJE system in the disaggregation
process.

11.3.2 Proteases

Proteolysis of misfolded proteins that have failed to reach a native conformation plays
a crucial role in the quality control system, preventing the aggregation of abnormal
polypeptides as well as allowing the amino acid recycling within the cell. The main
proteases of Escherichia coli cytoplasm are ClpP and Lon. These heat-shock ATP-

142 Moreover,

depedent proteases recognize hydrophobic surfaces, as chaperones do
these cell proteases degrade not only unprotected, misfolded polypeptides localized in

the soluble cell fraction*®, but also those found embedded in protein aggregates™**.

11.3.2.1 Lon

Lon is a tetrameric serine protease of 87 kDa subunits containing three functional
domains. Its N-terminus is involved in substrate recognition and binding, its central

domain is responsible for ATPase activity and its C-terminus domain has proteolytic

145,146

activity. In addition to being responsible for bulk protein degradation , Lon also
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exerts a regulatory function by degrading a class of proteins that are designed to be

unstable.

11.3.2.2 ClpP

ClpP protease is a protein organised as two stacked heptamers of 23 kDa units. Their
substrates are folded, misfolded or incompletely synthesized proteins that are
targeted for degradation. This protease forms a complex with two members of the
Hsp100 family of ATPases (ClpA and ClpX)****° to form a fully-competent degrading
machinery. CIpA and ClpX, which are flanking the rings of ClpP, act as molecular
chaperones, unfolding proteins in an ATP-dependent manner and translocating

substrates into ClpP central channel™®.
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Il.4 Improving solubility of recombinant proteins

Minimization or prevention of inclusion body formation is an attractive alternative to
obtain a high degree of accumulation of soluble product in the bacterial cell.
Nevertheless, protein stability and solubility cannot be predicted in advance and the
used strategies have not shown the same degree of success for different
98,151

polypeptides

The main strategies used to minimise inclusion bodies formation are those included

~

below (figure 4):

/Escherichia coli cytoplasm

[« Cultivation at reduced temperatures

e Weak promoters or partial induction

e Optimization of media composition

P,

e Suitable cultivation strategy
e Mutant strains

» Coproduction of folding modulators

\* Protein engineering

Inclusion Increased
body » amounts of
4—
soluble

\ protein /

Figure 4. Strategies used to reduce inclusion body formation.

Protein production at low temperatures

A well-known procedure to limit inclusion body formation consists of cultivation at

152,153

reduced temperatures . A wide number of proteins have been successfully

154-158

produced in a soluble form by following this strategy The use of low

temperatures has the advantage of reducing the hydrophobic interactions that

159,160

contribute to protein misfolding and aggregation . Moreover, some heat shock

proteases induced during recombinant protein production are poorly active at low

a6, Altogether, this

temperatures, being protein degradation substantially reduce
accounts for the expression of more stable and prone to properly fold proteins at
temperatures below the optimal of 37°C for Escherichia coli growth'®”. Nevertheless,

drawback are also present in the use of this approach; as low temperatures lead to
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reduced replication, transcription and translation rates'®, this results in the obtention
of reduced yields of the recombinant protein.

Different strategies like a system based on cold-inducible promoters have been
developed to optimize the expression of heterologous proteins at low temperatures.
The most widely used cold-inducible promoter is cspA, which is highly active at low

164

temperature and is well repressed at and above 37°C™". Moreover, another system

based on the coexpression of chaperones from the psychrophilic bacterium that allows
protein expression at 4°C has been recently developedles.

Weak promoters
Solubility can be improved by using weaker promoters or by using strong promoters
under conditions of partial induction®®®. For promoters based on lac-derived control
elements (e.g., the trc promoter), isopropyl-D-thiolgalactopiranoside (IPTG)

concentrations below 100 puM are suitable for partial induction™®

. A weaker promoter
or a partially induced promoter leads to a reduction of recombinant protein
concentration which favors folding. However, under these conditions, bacterial growth

is slower, thus resulting in decreased amount of biomass.

Modification of media composition and cultivation strategies

The composition of growth media can also help minimizing inclusion body formation.
By optimising media composition, reduced expression times, increased soluble fraction
yield and enhanced biological activity of enzymes have been achieved®®. Moreover,
the folding of certain proteins might require the presence of a specific cofactor, such
as metal ions or polypeptide cofactors, in the growth media. Therefore, we can also
increase both protein solubility and folding rates after adding such cofactors®®”*7°.

On the other hand, the election of a suitable cultivation strategy can also help
optimising soluble protein production. While in batch cultivation there is a limited

control of the growth, fed-batch cultivation permits the regulation of several factors,

allowing a real time optimisation of growth conditions’".
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Escherichia coli genetically modified strains
The genetic background is extremely important for recombinant protein expression
and, hence, Escherichia coli mutant strains have contributed significantly to the soluble
expression of recombinant proteins. As recombinant gene products are commonly
sensitive to proteolysis, one of the most commonly used strains is BL21(DE3)Y, a strain
that can grow in minimal media and that is deficient in ompT and Lon proteases. BL21
derivative mutants have also been extensively used; these derivatives include: BLR, a
recA” strain, specially useful for stabilisation of target plasmids containing repetitive
sequences; origami strains (trxB/gor), used for production of proteins containing
disulfide bonds; Rosetta strains, chosen for the overexpression of a rare tRNA
expression vector and C41(DE3) and C43(DE3) strains, frequently utilized for the
production of membrane proteins’*’>.
Coexpression of folding modulators

One of the most extensively used approaches to improve the yields of soluble proteins
in the Escherichia coli cytoplasm involves the coproduction of folding modulators such
as molecular chaperones. The chaperone machinery is saturated by the massive
protein overproduction, giving rise to inclusion body formation; thus, the production
of molecular chaperones can improve protein folding and solubilisation. This strategy
was first proven in 1989 with the overexpression of the chaperone system groELS,
which clearly increased the solubility of Rubisco enzyme produced in Escherichia coli*’>.
Since then, there have been many successful attempts to produce recombinant

8174177 - However, the

proteins in a soluble form by coexpression of chaperones
selection of the suitable chaperone(s) for a determined target protein is still a trial-
and-error approach and so far the best results have been obtained by the production
of several sets of folding modulators®’®.

In some cases chaperone overproduction is beneficial not only regarding higher
solubility, but also regarding the total concentration of the target protein'’>*®. There
are, however, restrictions that limit routine application of this approach181 and there

are many, and often unpublished studies, in which this strategy fails to improve

protein solubility.
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Fusion tags
A different strategy used for maximizing protein solubility consists of protein

engineering through directed mutation or gene fusion®****%’

. The use of affinity tags
(proteins or peptides that are fused to the protein of interest) is not only exploited in
recombinant protein purification, but also to improve protein vyield, to prevent

proteolysis and to increase solubility in vivo™'"*88

. Among the most potent solubility
enhancing tags, we can find Escherichia coli maltose binding protein (MBP) and
Escherichia coli N-utilizing substance A (NusA), this last one also showing high

. 172
expression levels

. In addition, the use of small, synthetic peptide tags called SET
(solubility enhancing tag) has also been successful for some proteinslgg, becoming a
new promising approach because of the small size of these tags (< 30 amino acids),
which may lead to less folding interference making all proteins suitable for structural
studies without the need of removing the tag.

However, this technique also has some disadvantages, such as the eventual need to
remove the tag and the question of whether the protein of interest remains in its
native state and biologically functional once the tag has been removed. Moreover, it

should be added that the engineering approach has to be adapted for each particular

polypeptide.
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I1.5 Inclusion bodies

The formation of amorphous proteinaceous granules in Escherichia coli was first
described in cells growing in presence of the amino acid analog canavanine™. These
granules were deposits of abnormal cell proteins and they were not surrounded by any
defined superficial layer. This observation was thought to be irrelevant. However, after
the implementation of DNA recombinant technology it was seen that, under
overexpression conditions, these granules were the rule rather than the exception®".

Inclusion bodies are frequently observed during the production of heterologous
proteins in transformed microorganisms®®! and, nowadays, are still one of the main
bottlenecks in the use of bacteria as cell factories for foreign protein production, being
an important obstacle for their obtention in a soluble form. Moreover, inclusion body
formation has not been associated to particular protein sequences, the expression
system or the host cells, to date not being possible to predict precisely the aggregation

92 This unpredictability defines a trial-and-error landscape

propensity of a new protein
of recombinant protein production in bacteria. However, in recent times, it is
becoming more evident that protein sequence modulates aggregation, being the
aggregation propensity determined by some particular regions of the polypeptide

7193194 " |n this regard, in the last years, different

known as aggregation “hot spots
computational approaches have been developed to predict the aggregation propensity
of polypeptides'®**° becoming useful tools with biotechnological applications.

From another point of view, these aggregates are considered an interesting and
convenient model to investigate the molecular basis of protein folding and aggregation.
Understanding the aggregation process not only is important for the production of
functional proteins, but also to solve the molecular mechanism of a growing number of

conformational diseases that have become the object of intense research and that are

not well characterized.
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11.L5.1 Structure and morphology

Inclusion bodies are in vivo-formed aggregates found in the insoluble cell fraction and
not surrounded by any superficial layer. These aggregates have been observed in both
prokaryotic and eukaryotic cells, although they are especially common in bacteria
producing mammalian or viral proteins. Normally, there is one inclusion body per cell,
eventually two, and they are porous particles with a high level of hydratation’. They
have been usually seen as refractile particles with a size between 0.4 um and 2 um by

201,202

optical microscopy (figure 5A) and as electron-dense aggregates lacking defined

202 Even though these

structure by transmission electron microscopy (figure 5B)
aggregates are commonly
found in the bacterial
cytoplasm, usually in a polar
situation, secreted protein
aggregates are frequently
localized in the bacterial
periplasmic space2°3. Once
purified, these particles are

generally ovoid or cylindrical

(figure 5C and 5D), with

differently smoothed

201,202,204

Figure 5. A) Phase contrast optical micrograph of Escherichia surfaces . The Inclusion

coli strain overproducing VP1LAC protein; the arrows
indicate inclusion bodies (Elena Garcia-Fruitdés et al. not
published). B) Transmission electronic microscopy
micrograph of Escherichia coli strain overproducing VP1LAC
protein; the arrow indicates an inclusion body (Maria del components; therefore, they
Mar Carrié et al. 2005). C) Scanning electron microscopy

micrographs of purified inclusion bodies of VP1GFP protein can be easily separated by
(Elena Garcia-Fruitds et al. not published). D) Scanning

electron  microscopy micrographs of purified inclusion high-speed centrifugation after

bodies of VP1GFP protein (Elena Garcia-Fruitds et al. not . . 205
published). cell disruption.

body density is higher than

that of many other cellular

Although inclusion bodies have in general been described as highly stable aggregates
resistant to proteases, this view has changed in the last ten years. Specifically, through

scanning electron microscopy, it has been demonstrated that untreated inclusion
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bodies and those treated with trypsin show a completely different aspect. While non
treated inclusion bodies exhibit a rod-shaped morphology with a smooth surface,
those treated with trypsin show fragmentation lines that sub-particulate the aggregate,
proving that inclusion bodies are not only sensitive to proteolytic attack but also that

this proteolysis is not surface restricted**.

Even though the recombinant protein is the main inclusion body component182'2°1'206,
its percentage in these aggregates is variable’*. Besides recombinant protein, minor
amounts of other cell proteins, components of the translational apparatus, lipids as
well as DNA and RNA fragments, that have unespecifically precipitated, can also be
found in variable concentration among inclusion body component52°6'2°7. Additionally,
folding-assistant proteins, such as small heat shock proteins IbpA and IbpB, have been
identified as regular components of inclusion bodies™*>; moreover, the presence of
GroEL and DnakK chaperones in inclusion bodies has also been reported®®. This last fact
suggests that the presence of components of the quality control system could be
linked to cell-mediated protein processing.

In addition, aggregation as amyloid fibrils and as inclusion bodies shows coincident

traits such as a predominant 3-sheet architecture and the ability to bind amyloid-tropic

dyes (table 3).

Table 3. Functional and structural coincident traits of inclusion bodies resembling those of amyloid fibrils.

Feature Inclusion bodies

High purity of the aggregates Carrié et al. (1998) FEMS Microbiol. Lett.. vol. 169(1): 9-15
Intermolecular, cross -sheet Przybycien et al. (1994) Protein Eng vol. 7(1):131-6,
organisation Carrio et al. (2005) J. Mol. Biol. vol. 347(5):1025-37
Amyloid-tropic dye binding Carrié et al. (2005) J. Mol. Biol. vol. 347(5):1025-37

Speed et al. (1996) Nature Biotech vol. 14(10):1283-7,
Sequence specific aggregation
Carri6 et al. (2005) J. Mol. Biol. vol. 347(5):1025-37

Thomas et al. (1997) Appl Biochem Biotechnol.vol. 66(3):197-238,
Chaperone-modulated aggregation
Carrio et al. (2003) FEBS Letters vol. 537(1-3):215-21

Seeding-driven aggregation Carrié et al. (2005) J. Mol. Biol. vol. 347(5):1025-37
Chaperones localized in the aggregates Carrid et al. (2005) J. Bacteriol vol. 187(10):3599-601
Aggregation hot spots Tenidis K et al. (2000) J. Mol. Biol. Vol. 295(4):1055-71

Protection from cytotoxicity Gonzélez-Montalban et al. (2005) J. Biotechnol vol. 118(4):406-12
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11.5.2 Formation

Inclusion body formation takes place under high rate protein synthesis, specifically,
when misfolded or partially folded proteins with exposed hydrophobic surfaces cross-
interact, and this drives to the deposition of these folding intermediates®®.

To better understand inclusion body formation, first of all, we need to consider that
overproduction itself is enough to increase nascent polypeptide chain concentration.
Also, under these high level production conditions, chaperones and proteases (section
[1.3) can become limiting factors, allowing misfolded proteins to escape from the
quality control machinery. Therefore, these events, as well as the inability of bacteria
to support all post-translational modifications that some proteins need to properly fold
or to complete their folding process’®, induce the formation of these inactive
aggregates called inclusion bodies. In addition, the sequence of the polypeptide itself
can determine its fractioning between the soluble and insoluble cell fractions.

It was generally believed that inclusion bodies were inert, unorganised and proteolytic
resistant aggregates that undergo a parsimonious accumulation growth by product
accumulation. On the contrary, recent studies have shown that these aggregates are
highly dynamic, plastic, selforganised proteinaceous structures with an important
biotechnological potential'*. To better understand inclusion body dynamism, it should
be considered that their formation might be the result of two processes, namely the
continuous incorporation of precipitated protein around nucleation cores and the
release of solubilised and refolded proteins. Consequently, there is an equilibrium
between protein income and outcome that, under an actively protein overproducing
situation, is unbalanced towards protein aggregation driving to inclusion body growth.
However, the situation is inverted in absence of de novo protein synthesis or in ageing

cultures****

, where inclusion bodies are disintegrated in few hours, increasing the
soluble protein and its biological activity. The fact that inclusion bodies are not a dead-
end process in the quality control network of the cell, but transient reservoirs of
misfolded polypeptide chains, can have a significant impact on protein recovery when

using bacteria as a cell factory.
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It has also been demonstrated that inclusion bodies are not only dynamic structures
that regularly grow through the productive phase of the culture but also that they
aggregate by a nucleation-like mechanism forming cores that are mutually

201,211

exclusive Additionally, a significant number of observations suggest that

aggregation occurs by a highly specific seeding process rather than by nonspecific
coaggregation51’211'214.
The increase of cytoplasmic inclusion bodies volume upon high-level expression may

span in some cases the entire diameter of an Escherichia coli cell.

11.5.3 Inclusion bodies as a source of soluble proteins

In a production context, inclusion bodies represent a major obstacle, its formation
being difficult to prevent. However, from an opposite point of view, the formation of
inclusion bodies can be advantageous, being a convenient source of relatively pure
polypeptides that can be recovered, denatured and refolded to obtain functional,
soluble protein. When big amounts of resolubilised protein have to be obtained,
inclusion body formation can be favoured by using high temperature culture
conditions*™, protease-deficient strains*'®, or through the fusion of aggregation-prone

domains®’.

11.5.3.1 In vivo recovery of inclusion body proteins

As mentioned above, after arresting protein synthesis both the amount and the

activity of the soluble protein increase, concomitantly with a progressive volumetric

126 Thus, inclusion bodies can be solubilised in vivo

reduction of the inclusion bodies
after protein synthesis arrest and at least a fraction of the solubilised protein might
reach its native conformation with fully biological activity. When protein production is
arrested, availability of molecular chaperones in the cell increases, facilitating inclusion

178

body protein release and folding™"". The specific profile of this process could vary

between proteins?®.
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11.5.3.2 In vitro recovery of inclusion body proteins

In vitro protein refolding from purified and solubilised inclusion bodies is a method of
choice for functional protein recovery in a high number of cases*'®, especially when
the yield of soluble protein is poor. In these cases, inclusion body protein recovery is
better than that obtained by purifying the soluble fraction®™®. Although in vitro protein
refolding is not an easy procedure219 and not always a reasonable solution, the careful
optimization and the continuous developing and improvement of this strategy done in
the last decades has allowed the efficient refolding of even complex proteins at an

industrial scale®®®

. Therefore, the conversion of insoluble protein into soluble and
correctly folded products has become an interesting solution in a variety of situations,
avoiding the use of mammalian cells or other expression systems. The general strategy
used for protein recovery includes 3 basic steps: 1) isolation and washing of inclusion
bodies (table 4 and section 11.5.3.2.1), 2) solubilisation of aggregated protein (table 4
and section 11.5.3.2.2) and 3) refolding of solubilised proteins, the last one being the
most critical step (table 4 and section 11.5.3.2.4).

There is a wide number of protocols that can be used for this purpose and if the right
method is chosen high yields of recombinant protein with a native conformation can
be obtained. It has been described that after a global optimisation of the whole
protocol, the yield of soluble, biologically active protein that can be recovered usually
range between 10 and 50 %; however, in some cases higher recoveries have been
obtained. Nevertheless, time-consuming efforts are required to optimize the protocols
usually case-by-case, most of the times conducing to irregular results that are not

always profitable for the industry market®%.

1.5.3.2.1 Inclusion body purification

The first step to finally obtain soluble, active protein from inclusion bodies is the
purification of these aggregates. Inclusion bodies are generally easily separated from
the cell debris, because of its high density, by centrifugating cells extracts obtained by
using ultrasonication or lysozyme treatment of bacterial cells for small volumes, French
221,222

press for medium volumes and high pressure homogenization for large volumes

Cell lysis should be maximally effective to prevent cosedimentation of cell debris.
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However, even after an optimal cell lysis, some impurities such as lipids, DNA and
outer membrane proteins will remain coprecipitated with inclusion bodies®*.
Therefore, several washing steps should be applied to remove these contaminants and
improve the homogeneity of inclusion body components. These washing steps can
include DNase treatment to remove DNA, low concentrations of chaotropic agents
such as urea or guanidinium chloride (Gdn-HCI) and detergents like Triton X-100 or SDS
to remove membrane proteins as well as other contaminants. It has to be taken into
account that urea and Gdn-HCl must be used carefully, because in some cases they can
completely disintegrate inclusion bodies**®**.

After cell disruption, an alternative method that can be used to isolate inclusion bodies

224225 This method, though technically more complex,

is sucrose gradient centrifugation
can offer a more precise separation and, consequently, very pure inclusion body
recovery from Escherichia coli lysates. Using an appropriate protocol for inclusion body

isolation and purification, 95 % pure preparations can be obtained.

11.5.3.2.2 Protein solubilisation

After inclusion body isolation, these aggregates have to be solubilised to obtain
unfolded proteins that in a final step (section 11.5.3.2.4) would be refolded into an
active conformation. Protein denaturalization is wusually achieved using high
concentrations (6-8 M) of strong denaturants and chaotropic reagents, such as urea or
Gdn-HCl ****°, both of them promoting the complete unfolding of the protein and the

221,228 Gdn-HCl is in general preferable to urea,

disruption of intermolecular interactions
because, although more expensive, it is a stronger chaotrop that can even denature
inclusion body proteins resistant to urea solubilisation. Additionally, urea solubilisation
is pH-dependent and, moreover, solutions can contain isocyanate which can lead to

the carbamylation of the free amino groups of the polypeptides®****°

. In consequence,
when urea is the method of choice, agents containing free amino acid groups should
be added in the solubilisation solution.

Alternatively to Gdn-HCl or urea, the cationic surfactant cetyltrimethylammonium
chloride (CTAC)*, SDS detergent or N-acetyltrimethylammonium bromide (CTAB)**?

can be used for inclusion body solubilisation. On the other hand, it has also been
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described that extreme pH, irrespective of the presence of denaturants, can also
favour protein solubilisation®®*; however, this approach is not suitable for any protein
because acid cleavage and irreversible chemical modifications like deamination or
alkaline desulfuration of cysteine residues can occur.

Proteins containing cysteines also need the presence of reducing agents in the
solubilisation buffer to avoid inter- and intramolecular disulfide bonds formed by air
oxidation, keeping the cysteines in a reduced state. Specifically, low molecular weight
thiols reagents such as [p-mercaptoethanol, 1,4-dithiotreitol (DTT) or 1,4-
dithioerythritol (DTE), in combination with chaotrops, are used to reduce disulfide
bonds by thiol-disulfide exchange. Chelating agents like ethylene diamine tetraacetic
acid (EDTA) or ethylene glycol tetraacetic acid (EGTA) are frequently added to the
solubilisation buffer to avoid metal-catalysed air oxidation of cysteines. Once the
solubilisation step is finalised, all the reducing substances have to be completely
removed, because they could interfere the final refolding step (section 11.5.3.2.4).
Finally, it should be mentioned that proteases that could coaggregate in inclusion

bodies should be removed to avoid proteolytic degradation during solubilisation>”"*’.

11.5.3.2.3 Purification of solubilised inclusion body proteins

Although a rigorous purification of the solubilised protein is not a prerequisite for
efficient protein refolding and proteins normally can be directly renatured after their

release, in some cases?>*2%7

a purification step is required before any refolding
attempt. This is recommended when the protein of interest represents less than 2-

5 %% of the total cell protein or less than 60 % of the total inclusion body protein236.

11.5.3.2.4 Protein refolding

After solubilisation, protein refolding is necessary to finally generate soluble and
biologically active proteins. This renaturation step, which can require from seconds to
days, is usually the most delicate and, although the optimization of the inclusion body
purification, washing and solubilisation is important, the whole efficiency of the

process is determined by this final step.
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Renaturation of denatured polypeptides to recover biologically active forms is
accomplished by using in vitro folding techniques by which the excess of denaturants
and reducing agents are removed, creating a favorable environment that allows the

219226 However, in vitro refolding frequently leads to a

spontaneous protein folding
poor recovery of properly refolded protein and this is mainly due to the spontaneous
formation of aggregates in this step. Specifically, upon in vitro protein folding,
refolding, a first-order reaction involving intramolecular interactions, and aggregation,
a second or higher-order reaction involving intermolecular interactions, are
continuously competing, being the second one in advantage under high protein

159,221,227

concentrations . The loss of the protein secondary structure in denatured

proteins leads to the exposure of hydrophobic patches that can interact and tend to

239

aggregate”". In this regard, low initial concentrations of denatured proteins reduce

227,240.241 "1 addition, there are some small molecules such as L-arginine

aggregation
(0,4-1 M)**, specific cofactors like Zn®* or Ca®*, glycerol, sucrose, polyethylene glycol,
denaturant agents at low concentration like urea (1-2M) and Gdn-HCI (0,5-1,5 M) and
detergents such as Chaps, SDS, CTAB and Triton X-100 that are useful to reduce the
aggregation propensity, improving the solubility and stability of the unfolded protein
and thus the final efficiency of the renaturation?®?%. All these substances are easy to
remove, except detergents whose removal requires a special treatment after protein
refolding.

The more frequently used techniques for the recovery of native proteins are dilution,
dyalisis, diafiltration, size exclusion chromatography and immobilisation onto a solid

228 Again the optimum process cannot be deduced from the protein molecular

support
properties and it has to be studied case by case.

Direct dilution
Dilution of the solubilisation buffer (where unfolded proteins are concentrated) in a
renaturation buffer, is the simplest procedure to allow protein refolding. Frequently,
renaturation has to be performed at low concetrations (1-10 ug/ml) to favour protein

221225 However, this might become a problem in large-

refolding instead of aggregation
scale volumes, because this dilution method needs huge refolding vessels, large

amounts of buffers and additional concentration steps after renaturation, altogether
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meaning a high production cost. To solve this problem, a dilution method variant
called pulse renaturation, consisting in the continuous or by-pulse addition of

240:243,244 Therefore,

denatured protein in the refolding buffer, has been develope
large amounts of protein can be refolded in the same buffer vessel, recovering high
final concentrations of properly folded protein.

Dyalisis and diafiltration
Dyalisis®* and diafiltration®*® are buffer-exchange methods by which the denaturant is
removed gradually, what prompts to recover also gradually a native environment in
which the polypeptides can properly fold. The major drawbacks of these methods are
the presence of aggregates in the buffer and the non-specific protein binding to the
membrane, both reducing the efficiency of the process. However, despite these
problems, after optimising conditions, high refolding yields can be obtained*.

Size exclusion chromatography
The denaturant can be removed at the same time that proteins are refolded by using

247,248 289 The denaturation solution is injected

size exclusion chromatography (SEC)
through a column where the proteins are trapped and after the refolding buffer
addition, proteins refold and are eluted, recovering a high concentration of protein
compared to the dilution method. With this method, protein-protein interactions are
minimised due to the protein immobilisation onto a solid support and, in consequence,
the aggregation is substantially reduced. A variation of this methodology consists of an
equilibration of the SEC column with a gradient of denaturants®*".

Although the vyield of refolded protein obtained by SEC is comparable to that
recovered by using direct dilution method, SEC offers an important advantage over
direct dilution refolding: the refolded proteins, due to the fractioning by size, are free
from contaminants, aggregates and also unfolded proteins?%.

Solid support immobilisation

In this case, a stable protein-matrix complex is formed through non-specific or specific
interactions and, as in the chromatographic approach, the aggregation is minimised
because the proteins are spatially isolated®?. Once the proteins have been refolded,
they are detached from the matrix. Some examples of this method are: unfolded

250-253

proteins that bind to ion exchange resins , proteins with a histidine tag which bind
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250,254,255

to immobilised metal ions and proteins fused to a glutathione S-transferase

fragment which binds to an anion exchange matrix*>®.

Additionally to the above-mentioned techniques, it has to be considered that the
efficiency of in vitro folding processes can be affected by physical and chemical
parameters such as pH, ionic strength, pressure, temperature and buffer

221
components

. Moreover, protein engineering and the addition of chaperones can
eventually enhance the yield of in vitro refolded protein from inclusion bodies.
Proteins containing disulfide-bonds in their native state need special requirements

after an in vitro folding process226

. Even though the number of possible disulfide bonds
formed increases dramatically with the number of cysteines present in a protein, the
correct disulfide bond formation is biased by the free energy gained upon the
acquisition of the correct native conformation. To obtain a successful product, an
appropriate oxidative environment has to be established to reach the complete
renaturation of these disulfide-bonded proteins. Initially, the cysteine oxidation was
performed with molecular oxygen or air, in a reaction catalysed by Cu®" ions*"?%%,
However, despite the low cost of this procedure the efficiency is very low. Nowadays,
the oxidation can also be achieved with low molecular weight thiols in reduced and
oxidized forms (“oxido-shuffling” reagents), such as reduced and oxidized gluthation
(GSH, GSSG), cysteine/cystine, cysteamine/cystamine, di-pB-hydroxyethil and
disulfide/2-mercaptoethanol at a concentration of 5-15 mM. Apart from the above-
mentioned methods, S-sulfonation is used to improve refolding of proteins containing
disulfide bonds?*¥%*° since this reagent prevents the aggregation along the refolding
process.

Refolding followed by purification is generally preferable as some of the high

molecular weight aggregates can be co-purified along with contaminants in a single

step.
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Table 4. General strategy for in vitro recovery of inclusion body proteins.

Procedure Comments

eCell disruption:

-Ultrasonication  or  lysozyme
treatment (small volumes).

-French press (medium volumes).

*Lysozyme-EDTA treatment before

cell homogenization facilitates cell

Step 1 -High pressure homogenization disruption.
Isolation and (large volumes). *Optional: sucrose gradient to
washing of eLow speed centrifugation. improve inclusion body purity.
inclusion bodies eRemoval of contaminants with *The final preparations have
DNase treatment, low usually around 95 % of purity.

concentrations of chaotropes (urea
or Gdn-HCI) and detergents (Triton
X-100 or SDS).

*Gdn-HCl is preferable to urea,

because urea can carbamylate

eHigh concentration (6-8 M) of strong
amino groups and its action is pH-

denaturants and chaotropic agents

dependent.
Step 2 (urea or Gdn-HClI).
*Proteins  containing  cysteines
Solubilisation of Alternatively, to urea or Gdn-HCI,
require reducing agents (p-

aggregated protein cationic surfactants (CTAC, SDS or
mercaptoethanol, DTT or DTE).
CTAB) can be used.

Additionally, the use of chelating
agents (EDTA or EGTA) avoid

oxidation of cysteines.

*Remove the excess of denaturants *Critical step that can require from

and reducing agents with one of the
seconds to days.

followi hods:
Step 3 ollowing methods *The presence of contaminants can
Refolding of “Dilution. reduce the refolding yield.
-Dialysis or diafiltration. " . - I
solubilised protein For proteins containing disulfide
-Ch hy.
Chromatography bonds, refolding buffers should be

-Immobilization onto a solid .
complemented with redox agents.

support.
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1.6 Conformational quality of inclusion body proteins

Pioneering studies by Worrall and coworkers®’ and by Tokatlidis and colaborators®*®

suggested, for the first time, that inclusion bodies formed in Escherichia coli exhibit
biological activity. In this context, some years later, Oberg and coworkers®®® mentioned
the occurrence of proteins with native-like structures embedded in inclusion bodies.
Therefore, as these works seemed to suggest the presence of protein with activity and
native structure localized in inclusion bodies, we decided to further explore this
phenomenon in detail to better characterize the conformational quality of proteins

embedded in inclusion bodies formed in Escherichia coli.
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Il.7 Model proteins

In this section, the model proteins used in this study are shown in detail. The specific
properties that make these proteins suitable as conformational quality reporters will

be discussed.

11.7.1 B-galactosidase

Escherichia coli B-galactosidase (3-D-galactohydrolase, E.C.3.2.1.23.) is the product of
the lacZ operon and it belongs to the so-called “4/7 superfamily” of glycosyl

261,262

hydrolases . This enzyme hydrolyses lactose into glucose and galactose, allowing

Escherichia coli to grow on lactose as carbon source.

11.7.1.1 Structure

The 1023 amino acid sequence of the Escherichia coli 3-galactosidase monomer was

determined in 1970%%

and its tridimensional structure shows that it is predominantly
composed by a-helix®®, [-galactosidase is a tetramer of four identical subunits of
116.353 Da each®® (figure 6),

although in some situations 8,

“ [ ./ A n& 16 or even more monomers can
. 4 ki - l'_-. .
- gkt wr e -l a interact and aggregate®®. These
| L o #{' \ b o ,
L%, g BT Fh T H i -
e ‘.\* e AN subunits interact by non

S, P :
oo gt ) s "'--"‘ v . 264 .
o o, o ¥y Tt - covalent unions®**. Each subunit
‘ ; - #

1rl$’? i b ; 41 47 consists of five domains, the
- ‘.?f ;1:"1'1 (N, third of which comprises an
ﬁx{f important part of the active

site”®®. It has been described

that the enzyme has two
Figure 6. Escherichia coli B-galactosidase tridimensional
structure (deported from a RasMol representation contact surfaces, the long
according to the coordinates given by Raymond H. . .
Jacobson et al. (1994) Nature vol. 369(6483): 761-6). interface and the activating

interface, being this last one

where the active site is localized.
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11.7.1.2 Enzymatic activity

B-galactosidase enzyme has two catalytic activities, always generating products with
the same stereochemistry as the starting substrate. First, it hydrolyzes the 31,4 bond
of the disaccharide lactose, generating glucose and galactose, two compounds that the

cell can use as a carbon source®®’

. Secondly, it also catalyses the isomerisation of
lactose (galactosil-B-D-(1,4)-galactopyranose) to allolactose (galactosil-B-D-(1,6)-
glucopyranose), which is the natural inducer of the Escherichia coli lac operon268.

The residues that form the active site are mainly from domain 3, although loops from

the first, second and fifth domain also contribute?®®

. The amino acids that play a key
role during the catalysis have been identified by using mutagenesis techniques: Glu-
461269, Tyr 503270, Glu—537271, His-540%"* and Gly-794, this last one being the residue
that allows the enzyme-substrate union®’®. Each subunit also has a Mg®" or Mn?*'
binding-site. Although not indispensable, these cofactors can increase significantly the
B-galactosidase activity”’*. Additionally, Na* and K" can also improve the hydrolase
activity of this enzyme. The optimal conditions for B-galactosidase activity are 35°C
and pH=7.2, although the enzyme is stable between pH=6 and 8°’.

Interestingly, B-galactosidase can be split in two non functional peptides, N-terminal
(a-fragment) and C-terminal (®-fragment). Both fragments can spontaneously
reassemble into a functional enzyme in a process called complementation. Specifically,
a-complementation®’® is observed in specific laboratory strains in which the small o-
fragment is encoded by a plasmid, while the large ®-fragment is encoded in trans by
the bacterial chromosome. On the other hand, m-complementation is the process in

which the fragment encoded in the bacterial genome, carrying a deletion in the

carboxy-terminus, interacts with the w-peptide.

11.7.1.3 B-galactosidase applications

B-galactosidase has a rich history in science and has become an invaluable tool for

molecular biology and biochemistry277

. The possibility of using lactose-analogous
substrates that upon hydrolysis give colored products has allowed the use of simple,

fast and easy colorimetric assays, being the product quantifiable by
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espectrophotometry278. The most commonly used substrates with chromogenic
properties are orto-nitrophenil-B-D-galactopyranoside (ONPG), a compound that once
hydrolyzed gives a yellow product, chlorophenol galactopyranoside (CPRG), that gives
a red product and 5-bromo-4-chloro-3-indoyl-B-D-galactopyranoside (X-gal), that
becomes blue once hydrolyzed. Therefore, due to the easy detection of these products,
B-galactosidase has been widely used as a reporter to better understand many
biological processes.

Another important characteristic of this enzyme is that the fusion of other proteins at
carboxyl or amino termini does not interfere with its enzymatic activity?’>*®, being
modified (-galactosidases a good model to study fusion proteins. Specifically, the
amino terminus of the enzyme has been described as very tolerant to deletions and
insertions of high molecular mass domains®’®.

To sum up, P-galactosidase is a useful tool for improving recombinant protein
production in Escherichia coli*®', improving protein stability and minimizing its
toxicity?®”>. However, in certain cases, the protein is proteolysed in the cell, once the
final product is obtained. Although in many of the cases fusion proteins can be used in

2832% in some situations the presence of B-galactosidase can be

the chimeric form
undesirable and the homologous domain can be removed by either chemical or

enzymatic reactions®®.

11.7.2 Green Fluorescent Protein

Green Fluorescent Proteins (GFP) exist in a variety of marine organisms such as
hydrozoa (Aequorea, Obelia and Phialidium) and anthozoa (Renilla). However,
Aequorea victoria GFP gene is the only one that has been cloned and well
characterized.

The GFP of the Pacific Northwest jellyfish Aequorea victoria is an accessory protein of
the chemioluminiscent calcium binding aequorin protein, and a greenish

bioluminescence is emitted upon Ca?* stimulation®’

. The GFP gene contains all the
necessary information for its proper folding and neither jellyfish-specific enzyme nor

substrates or cofactors are needed to reach its native and functional conformation®%

290
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11.7.2.1 Structure

GFP was first crystallized in 1974, but the crystal structure was solved in 1996°°2%2,

293

Wild-type GFP crystallizes as a monomer”™". However, Renilla GFP is a dimer, only

dissociated under denaturing conditions®®*
GFP is a highly stable, proteolytic-resistant single chain protein of 238 amino acid

291

residues and a molecular mass of approximately 28 kDa“"". This protein is an eleven-

stranded B-barrel with a a-helix running up to the axis of the cylinder (figure 7). The B-

barrel, a 24 A-diameter cylinder with a length of 42 A**?

, is the so-called B-can. The
chromophore, responsible for its fluorescence and known as “light in the can”, is
attached to the a-helix and positioned near

the geometric center of the cylinder (figure

| n:- ;V\ ’A,l 7). The GFP chromophore is formed by
d:'{ \ h‘f ) Ji"" three adjacent residues Serine 65-
yw dehydroTyrosine 66-Glycine 672°>%%, and its
“ b *' protection is so complete that classical
“’T & fluorescence quenching agents have almost

¥ oo 1 : 3N no effect on GFP fluorescence®’
A G TN It has to be considered that almost all the

primary sequence is used to build the (-
Figure 7. Aequorea victoria  Green barrel and the axial helix, so it is difficult to
fluorescent protein tridimensional structure
(deported from a RasMol representation
according to the coordinates given by Mats  gpecifically, the use of deletion analysis has
Ormoé et al. (1996) Science vol. 273(5280):

1392-5). B-barrel structure in grey and been defined that the amino acids 7-229 are
chromophore in green.

reduce the protein size with large deletions.

the minimal domain in GFP required for

keeping the fluorescence®®

1.L7.2.2 Chromophore formation

The chromophore (fluorophore) formation is divided in several steps (figure 8). First of
all, GFP folds into a nearly native conformation. Then, there is a nucleophilic attack of
the amino group of Gly67 onto the carbonyl group of Ser65 followed by dehydratation

to achieve the imidazolidinone ring formation. Finally, the C**"-C"®% bond of Tyr66 is
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oxidized and only at this stage can the chromophore absorbe blue light and emit
fluorescence®.

It is important to note that GFP cannot become fluorescent in obligate anaerobes,
because O, is needed for the complete maturation of the protein. Once GFP is mature,

300

O, has no further effects™ . Therefore, the oxidation seems to be the slowest step in

GFP maturation.
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Figure 8. GFP chromophore formation (adapated from Andrew B. Cubitt et al. (1995) Trends in
Biochemical Sciences vol. 20(11): 448-55).
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1.L7.2.3 Absorbance and fluorescence properties

There is a wide number of GFP variants that has been designed to improve the folding
properties, accelerate the chromophore formation, change the emission and excitation
wavelengths and/or improve fluorescence emission. These variants are classified in
seven groups, based on the chromophore residues®*’. One of these GFP variants is
S65T-GFP, a mutant particularly useful in biology in which Serine 65 has been
substituted by a Threonine®2. While wild-type GFP has a major excitation peak at 395
nm and a minor peak at 475 nm, S65T-GFP, due to the amino acid substitution, it has
just an excitation peak at 490 nm. Therefore, S65T-GFP mutant combines simple
excitation and emission spectra peaking at 490 and 509 nm respectively with sixfold
greater brightness than wild-type, a lower sensitivity versus photobleaching
(photochemical destruction of the fluorophore) and a fourfold faster chromophore
oxidation than the wild-type GFP.

Folding of wild-type GFP is sensitive to temperature and therefore reaching the native
structure is inefficient at high temperatures. However it is interesting to point out that,
although the temperature restricts protein folding, once the protein has matured

properly at low temperatures it is stable and fluorescent at temperatures up to 65°C.
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1.L7.2.4 GFP applications

B-galactosidase, firefly luciferase and bacterial luciferase have been widely used as
reporters in molecular and cell biology. However, all these enzymes require an
exogenously added substrate, a fact that can limit their applications in biology. Besides,
in the last twenty years, GFP has attracted a lot of attention in biochemistry, cell
biology and molecular biology, because it is easy to produce in a broad variety of
organisms, including bacteria, fungi, yeasts, plants, insects and nematodes, and
because its detection only requires irradiation.

Some of the most important applications of GFP are: a) reporter of gene expression, b)
fusion tag to monitor protein dynamics, c) a tool to study protein-protein interactions
and even for studying chaperonin-mediated folding, d) pH sensor and e) detection of

299,303,304, Specifically, for fusion protein constructions, gene encoding

protease activity
GFP is fused in frame, in carboxy or amino terminii®®®, with the other gene of interest,
to finally produce it in the organism of interest.

Moreover, there are several GFP-variants such as blue fluorescent protein (BFP),
yellow fluorescent protein (YFP) or cyan fluorescent protein (CFP), all of them are
obtained through punctual mutations in the chromophore or near the chromophore of
GFP.

As a result of the variety of applications, several variants from the original wild type
green fluorescent protein (wWtGFP) have been developed. Several of these variants
have different excitation and emission spectra than wtGFP (table 5). For maximal

sensitivity when quantifying these GFPs, it is important to use the most appropriate

filter set.

Table 5. Excitation and emission spectra of GFP and GFP variants.

GFP-variant Excitation maximum wavelength (nm) Emission maximum wavelength (nm)
WtGFP 395 509
S65T-GFP 490 509
BFP 383 447
CFP 439 476

YFP 514 527
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11.7.3 VP1 protein

VP1 is a capsid protein of foot-and-mouth disease virus (FMDV) (figure 9). In particular,

different regions of VP1 have been produced as recombinant proteins305 or

reproduced in synthetic peptides®®, as vaccine components in immunization trials.

This protein has the two most important antigenic overlapping sites of the virus. In

serotype C, the antigenic site is called site A, which is located between residues 138
308-310 .

and 150 within the G-H loop®”’. Site A contains several B-cells epitopes including

an Arg- Gly-Asp (RGD) tripeptide, used for the virus to bind to cellular receptor®'*.

Figure 9. A) Foot and mouth disease virus (FMDV) particle (adapted from David S. Goodsell (2001)
The Scripps Research Institute). B) Ribbon protein diagram of FMDV VP1 —blue-, VP2 —green- and
VP3 —yellow- (deported from a RasMol representation according to the coordinates given by
Elizabeth E. Fry et al. (1993) EMBO Journal vol. 18(3): 543-54).

11.7.4 VP1LAC and VP1GFP hybrid proteins

One of the most successful applications of [(-galactosidase and GFP has been as
reporter partners, being GFP specially attracting because its localisation can be easily
determined by fluorescence microscopy*'?. On the other hand, foot-and-mouth
disease virus (FMDV) VP1 protein has high propensity to aggregate, becoming a very

143,201 "Hence, in our work, we

useful tool to study recombinant protein aggregation
have used VP1 fused to B-galactosidase and to GFP as a model to study viral protein
production in Escherichia coli. VP1LAC plasmid encodes the complete VP1 protein (23
kDa) joined to the amino termini of B-galactosidase (116 kDa), a stable fusion protein

that forms inclusion bodies**® (figure 10). The other model protein used, VP1GFP, is a
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construct where VP1 has been fused to GFP (28 kDa) (figure 10). Both recombinant
proteins, VP1LAC and VP1GFP, preserve the enzymatic activity of the [3-galactosidase

and the fluorescence of the GFP, respectively.

VP1 (23 kDa) GFP (28 kDa) B-galactosidase monomer (116 kDa)

® = A

VP1GFP VP1LAC

. e

Figure 10. Schematic representation of VP1GFP and VP1LAC fusion proteins.
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The purpose of this study is the detailed characterization of the main determining
factors involved in the regulation of the conformational quality and solubility of
heterologous proteins produced in the Escherichia coli cytoplasm. To reach this aim we

have adressed the following specific issues:

1. The study of the role of DnaK chaperone concerning both protein activity and
stability in Escherichia coli cells overproducing recombinant proteins.
2. The comparison of different culture growth conditions to improve protein solubility,
stability and biological activity.
3. The exploration of the conformational quality of inclusion body-embedded proteins
by:
3.1. Characterization of inclusion body-linked biological activity.
3.2. Analysis of the secondary structure of different proteins forming inclusion
bodies.
3.3. Comparison of inclusion body proteins and their soluble versions regarding
conformational quality.
4. The evaluation of possible inclusion body applications in the biotechnological
industry.
5. The study of the biological role of the bacterial quality control system surveilling the

conformational quality of both soluble and inclusion body protein versions.
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IV.1Paper1l

Folding of a misfolding-prone [3-galactosidase in absence of DnaK

Elena Garcia-Fruitds, M. Mar Carrid, Anna Aris, Antonio Villaverde

Biotechnology and Bioengineering, Vol. 90 No. 7, June 30, 2005

In Escherichia coli, DnaK and their cochaperones Dnal and GrpE have valuable
functions in processing folding reluctant protein chains. Even though in cells devoid of
functional DnaK the quantity of aggregated polypeptides is higher than in wild type
cells, there is still a significant amount of recombinant protein in the soluble cell
fraction. In this work, we have explored and compared the status of the soluble
VP1LAC protein in both wild type and dnak mutant, through the analysis of its
enzymatic activity and stability. Specifically, we have analysed VP1LAC gene expression
at both lag and late exponential growth phases. This study shows that soluble VP1LAC
produced in DnaK’ cells is less stable and less active than when produced in wild type
DnaK” cells. Additionally, the obtained results revealed that a late induction strategy in
batch cultures enhances the half-life and the specific activity of soluble VP1LAC,
irrespectively of DnaK. Hence, it seems that the minimisation of recombinant protein
biosynthesis in the late exponential phase of culture growth favours proper protein

folding.
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B-Galactosidase in Absence of DnaK

Elena Garcia-Fruitos, M. Mar Carrid, Anna Aris, Antonio Villaverde

Institut de Biotecnologia | de Biomedicina and Departameant de Gengtica i de
Microbiologia, Univergitat Autdnoma de Barcelona, Ballaterra, 08193 Barcelona,
Spain; telephone: 34 836812148; fax: 34 83581201 1; e-mail: antonivillaverde@uab.es
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Abstract: In absence of chaperone Dnak, bacterially
produced misfolding-prone  proteins  aggregate  into
large inclusion bodies, but still a significant part of
these polypeptides remains in the soluble cell fraction.
The functional analysis of the modal [-galactasidase
fusion protein VPILAC produced in Dnak™ cells has
revaaled that the soluble version exhibits important
folding defects and that it is less stable and less active
than when produced in wild-type Dnak  calls. In addition,
we have observed that the induction of gene expression
at the vary late exponential phasa enhances twofald the
stability of VPILAC, a fact that in Dnak™ background
results in a dramatic incraase of its specific activity up to
phenotypically detectable levels. These results indicate
that the chaperone Dnak is critical for the folding of
misfalding-prona proteins and also that the saluble farm
reached inits absence by a fraction of polypeptides is not
necessarily supportive of biological activity. In the case
of E. coli i-galactosidase, the catalytic activity requires
assembling into tetramers and the fine arganization of the
activating interfaces holding the active sites, what might
nat be properly reached in absence of Dnak.

@ 2005 Wilay Paricdicals, Inc.

Keywords, aggregation; chaperones; Dnak, heat-shock;
protein folding; recombinant protein

INTRODUCTION

Prowein folding of around 5% - 10% of cell polypeptides
is assisted by componems of the cellular quality control
system, and this percentage increases up o more than 305
under  conformational  stress conditions such as high
growlh emperature or overproduction of foreign palypep-
tides { Feldman and Fredman, 20000 Fink, 1999}, In £, coli,
among e cell clements devoted to assist protein folding.,
DnaK and their co-chaperones Dnad and GrpE, and GroEL
and its co-choperone GroES, have mamn and sequential
functions in processing folding reluctanmt prodein chains
(ColoubinodT en al, 19989, On the other side, small hea-
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shock proteins hind o and protect misfolded proteins from
agpregation (Shearstone and Banevx, 1999; Thomas and
Baneyx, 1998). Protein aggregation. as either loose aggre-
gates or inclusion bodies, occurs by filure of folding and
holding activities, a common situation when chaperones
are under-titrated. Being elements from the protein quality
comrol system, eell proteases degrade unprotected, mis-
folded polypeptides in the soluble cell fraction (Camio et al.,
1999} but also when associated 1w protein aggregaies
(Corchero et al., 19971 On the other hand, ClpB, assisted
by Dimva K and small heat-shock proteins solubilize aggregates
in vitroe (Lee and Vierling, 2000: Mogk o al, 20032,b;
Weiberahn et al.. 2004), and the ClpB-Dinak pair might also
be involved in the physiological dissolution of bacterial
inclusion bodies when the subsirae load for chaperones
declines (Camio and Willaverde, 20011 Dnak 15 also. a
negative modulator of the heat-shock system and minimizes
expression of the &= regulon that encodes the main eytoplas-
matie chaperones and proteases  ncloding Donake itsell
iMorita et ol . 2000k Tomoyasw et al., 1998, 2000 ).

In cells devoid of a functional Dnak., overproduction of
forcizn proteins resulis into large inclusion bodies bugsall an
important fraction of recombinant polvpeptides are Tound
in the soluble cell fraction (Carric and Villaverde, 2003).
By using an engincered [i-galactosidase, we have here
explored the status of this protei population through the
analysis of their stability and eneyvmatic activity. Interes-
ingly, the absence of Dnak prevents proper folding and even
soluble polypeptide chains are dramatically less stable and
active than their counterpans produced in wild type Dnak”
cells, Thes mdcates that the folding activities of Dnak are
critical for the prodection of a misfolding-prone [F-galacto-
sidase fusion profein and that cannot be complementad by
other elemens of the heat-shock response,

MATERIALS AND METHODS

Strains and Plasmids

The Excherichia cofi straing wsed in this sody were the
Lac streptomycin resistant MO0 (aral} 3% AdargF-lac)
Uiaw sl f50 refdl (DEII0N  dealCT pisF25 rhsR)
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(Sambrook et al., 1989) and its tetracyeline and streptomycin
resistant ik 756 (Dnak ) derivative JGT20 encoding a
non-functional chaperone (Thomas and Bancyx, 1998),
PIVPILAC, a p)CO46 derivative (Corchero and Villaverde,
1995). encodes an amino-terminal F-galactosidase Tusion
protein carrving the VP capsid prodein of foot-and-mouth
discase virus that deamatically reduces the solubility of the
whole Tusion resulting in s aggrecation as inclusion bodies
(Corchero et al., 1996). The expression of the gene fusion is
uner the control of the strong lambda promoters py and g
and regulaed by a plasmid-encoded C1™ repressor.

Culture Conditions
LB mediom (Sambrook et oal, 1989 with the required

antibiotics at a final concentration of 100 pefml each was
used For both plate and hguid coliures. X-Gal was added o
lates at 40 pefmL. Liguid culvres were grown in 3000 mL
flasks in a shaking water bath a 28°C and 200 rpm uniil the
desired optic density, Then, cultures were shifted w42 C o
induce recombinant gene expression for 3 h. Afier thar,
samples taken at 0, 1, 2, and 3 hwere processed for eneymatic
activity and immunodetection of the [usion protein,

Determination of the Enzymatic Activity

The analysis of total [f-galactosidase activity was performed
on selected samples through o varant of Miller's protocol
(Miller, 1972 that wses chloroform instead foluene as
permeabilizing agent, and the activity values are presemsd
as corrected by the OD of the culture. Funther details can
he found elsewhere (Feliv et al., 1998). To determine [i-
galacrosidase activity in either soluble and insoluble cell
fractions, 2.5 mL culture samples wene disrupted by soni-
cation and centrifuged for 13 min at 14,000 rpm. The soluble
fraction was directly vsed for the analysis, and the pellet
wiis resuspended in 10l of Z-buffer before the activity
analysis. Thermal inactivation experiments were performed
by incubating the soluble cell fractions of 47 C. Results ane
presented as the average of three independent experiments,

Waestern Elot

Cells were concentrated wp to a predefined ODss,, ce-
jacketed and disrupred by ulirasonicaiion as described (Feliu
et al., 1998). These samples were centrifuged at 14,0000 rpm
for 15 min ot 4°C w separie soluble and insoluble cell
fractions. Inclusion bodies werne further purified as described
when necessary (Caerid et al., 20000, Samples were bailed in
loading buffer (Laemmbi, 1970) for 10 min, submined 0o
PAGE and analyzed by Western Blol as described (Carrid and
Villaverde, 2003). Bands were developed by using a rabbit
serum against either f-galactosidase or GroEL and quantified
within the lincar range with the Quantity One {BioRad,
Hercules., CA) software (using  commercial proteins as
standards) after high resolution scanning.  Results are
presented as the average of three independent experiments,

RESULTS

Activity of a [i-galactosidase Fusion Protein
Produced in Absence of Dnak Depends on the
Specific Gene Exprassion Conditions

In recombinant £ cefi, the functional deficiency in the
chaperone Dok results in the dramatic accomulation of
misfolding-prone proteins and in o low vield of the soluble
version when compared with wild-type cells (Cumid and
Yillaverde, 2003), We evaluated the biological activity of
the soluble protein as resulting from a DnaK-independent
folding process by an in situ analytical system that permits
the casy monitoring of F-galactosidase enaymatic activity,
£ ocali MCAO)  (wild-type VpI¥PILAC  and  JGTZ20
(Dnak WpIVPILAC cells were plated on X-gal LB dishes
at 42°C o promaote expression of the iemperatorc-regulated
VIPTLAC gene, Wild-type colonics showed a blue precipitate
that was slizhtly lighter when plates were incubated m 28'C
before inggenng VPILAC gene expression (Fig. 1. top).
This was probably caused by reduced productvity when
induction of gene expression was wigeered on old culiores,

As expected. colonies of Dnak™ cells were white. indi-
cative @ low amount (if any ) of functional VPILAC (Fig. 1,
left). However, when cell-containing plates were incubated at
25°C belore their transler w42 C, Dnakl colonies exhibited
intense blue color being then indistinguishable from those of
the wild-type (Fig. 1. right). Therefore, we decided w further
explore the apparent vanabiliy of VPILAC solubility
observed in absence of Dnak.,

Dnak

42°C

28°C —» 42°C

Figure 1. Accumelation of ibe X-gal bloe product in colonies of the wild-
Ivpe MOCE 00 sirain and its Daak  dervative JOT 20, Both ¢ontaining the
plasnnid pIVPILAC. Cells were culbared on LB plates plus the requared
antibiotics and the lactose anakog For 36 B, ¢ither always at 42 C {left) or at
28 C for 24 hoand ahen shified ot 42 for 12 mdditkenal hours (righa), [Coler
figure can be sgen in the onling version of this anicle, avalable at
www inperssienee wiley.com, |
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Enzymatic Activity of VP1LAC Increases in Dnak
Cells Under Late Gene-Expression Conditions

The pattern of VPILAC vield and activity suggested by data
from Figure | was then tested in liguid coltures by inggering
VPLAC gene expression at both lag and late exponential
pliases (earely and lote strategies respectively, Fig, 24), Inthe
Drak ™ background. the fote induction strategy promaoted
higher levels of P-galactosidase activity than the early
induciion (Fig, 2B), the observed iendency being coincident
with the pattern shown in Figure 1, Toevaluate iF this could be
determined by variable productivity, we analyzed the wral
amount of VPILAC 3 h after induction of gene expression
in both strains. As observed, the vield of VPILAC decaved
in wild=ty pe cell= when gene expression was promaoted in old
cultures (Fig, 3A). Although higher vamability was observed
when comparing different experiments in absence of Dnakl
(Fig, 3A0, in most ol them VP TLAC amounts were also lower
in old cultures. While the enzymantic activity i wild-type
cells decreased concomitantly, in the Dnak™ backgroumd it
surprisingly increased inversely 1o the reduction of the
VPILAC amoum (Fig, 38}, On the other hand, the fraction of
solubile VIPILAC shifted from 13.9 £ 005% in young cultures
o 293 4 (.95 in old cultures (not shown ), what resulied in a
similar value of soluble VPILAC around 4,500 ng/m/OT
umits Cam increase i the relative solubility was also observed
in the wild-wype from 118 £ L6% w 807 +£7.5%, no
shown), All this data indicated that at the average specific
activity of VPILAC in the Dnakl™ hackground was higher
after fafe gene expression.

GroEL Levels and VPILAC Proteolytic Digestion
Do Mot Account for the Dissimilar Enzymatic
Activity in Dnal ™ Cells

Being Dnak a negative regulator of the o regulon (Camer
et al., 1996, its absence results in the constitutive production of
main cyvioplasmatic heat-shock proteins including chaperones

A
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Figure 2.
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and proteases ((Petersson et al., 2004) and references therein).
However, the resulis presented above suggested thar Dinak-
independent folding could be improved by fare induction. and
this fact might involve the activity of other chaperones. To
explone putative vanations m the level of other heat-shock
proteins that could account for more eflcent VPLILAC folding,
GiroEL amounts were determined in the Dnak™ background
3 hoafter induction of VPILAC gene expression induced
acoonding 1o either sarty or fore amtegies. Also, GroEL was
determined before induction to analyae possible fuctuations of
s cellular concentration dunng plam culiure growth, However,
the concentration of this chaperone wis constant i all the
tested conditions (Fig. 4AL indicating that bem-shock gens
expression levels wene notaffected by the cell stams andiffencn
phases of culture growth,

The higher activity observed in late-induced Dnak
culivres might be also accounted by an inhibiiion of the
proteolviie activity on misfolded VPILAC polypeptides in
Dmak™ cells resuling in more opporiunities for proper
folding. Alematively. a more efficient digestion of misfolded
and inactive polypeptides versos folded and active polypep-
tides could improve the glabal quality of the soluble protein
and consequently enhance the resulting specilic activily,
Although such variations in the protealytic activity were mod
expected, we analyzed the digestion patterns of VPILAC in
bbb early and fore expression conditions regarding the
occurrence of specific degradation intermediates and their
presence relative 1o that of the full-length form, without
finding significant qualitaiive or quantitative differences that
could support the mentioned hypothesis (Fig. 48).

Stability of the Soluble VPILAC |s Lower in
Absence Than in Presence of Dnal, and it Is
Enhanced Undar Late Expression Conditions

The increase of the enzymatic activity observed in absence
of Dnak was further explored by considering the insoluble

— 1000

e0a

600

400

200

Enzymatic activity (units/mi0D

0 1 2 34
Time (hours)

A Growth of JGT2VI VP LLAC ¢ells at 287 C in shaker lask, measaped by both optical density (black dots, left axishamd viable cell counts (white
dits, g axis), Armews indicate the rime podis sebected 1o mHgger VP TLAL peme expresslon, elther 3 early, lag phase (00 a0,

130 0r an lake, expaneniil

s (OG0 — OLHHD L, These pene induction stralegics were nnmed carly and fare respectively for convenienee. B Evolution of [B-galactosidase activity in
M T2VPIVPILAL after induction of VIFTLAL geme expression, tnggened al either early (Black dons) or fare (white dots) growth phases,
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Figure 3. Tonal amoue of VPILAC observed by Western bbor (A) amd [l-galaciosidase activiy (B in cell exraces of MO4WpIYVPILAC and 6T
pVFILAC cublures, Drika wene collected 5 hoafier induction of pene expresion iriggensd ol gither sarly thlack bams) or foe Dachiate barsy gnowih plases
Diiferences berween activity daca from the twio indwcibon sirategics ane significam (F < D000 ).

cell fraction. It is know that o pari of the polypepiides
aggregated ax inclusion bodies can =all exhibit biological
activities (Carrig and  Villaverde, 2003; Tokathdis e al.,
1990 Worrall and Goss, 1989 and this could conribute 1o
the total activity observed in the cultures (Figs. | and 3). The
apecific activity of VPILAC was determined in both genctic
backgrounds amd gene expression conditions, As observed
iTable Ij. the specific activity of the soluble YPILAC
prosduced in presence of Dnak was between 9- and 15-fold
higher than when produced in the mutant, proving that
Diak is critical for the proper folding of this protein, On the
other hand, the contribution of insoluble VPILAC in the
glohal activity was imporiani, but it could noi account by
itsell the global varaion of the enzyme activity. Interes-
ingly, we observed that the fore induction sirnegy augmented
the specific activity of the soluble form of VPILAC in both
srains.

Both the different protemn activily in the fested strmns
as well as the observed inerease medited by fare gene
expression could be therefore dependent on the stability of
VPILAC, To check this possibality, we studied the thermal
stability of the soluble fusion protein under the relevant
culture conditions. The hall-lite of YPILAC i wild-1ype

A B
party lato

n 3 a 3

soluble  insaluble
early lale  esly lale

T e TR B

ey

Figure 4. A Immueodelection of GrokEl in JGTIVpVPILAC cells
grinwing at 280 il (e = 0L 115 (b 1y amld at O0k o = WS {lane 35
Three hours after induction of VPILALD expression, triggersd ab these QD
values, GiroEL wis immunodetected in lanes 2 aml4, respectively. The same
bivmass was keaded in every lane for companison, The slight differences in
LarnkL anmWant were i sigmifican B: YPILAC immuncdetected in bath
soluble and inseluble el frations 3 h afier induction "I';:‘:‘lln.L CRPREAsI,
acconding 10 canly and Iale straegies,

cells was iwofold higher than in the dnek mutant (Fig. 5).
indicating that the absence of Dnak could result in deficiem
folding even of proteins that finally occurs in the soluble cell
fraction, However, in both strains the half-life of the soluble
fraction was doubled under fare induction conditions, being
caineident with the variations of the specific activity shown in
Table 1,

DISCUSSION

The bacterial production of foreign recombinant proleins.,
especially when driven at high rates, vsually resulis in
ihe formation of bacienal aggregaics known as inclusion
balies. The requirement for more folding-nssisian profeins
than those physiological available resulic in the deposition
of misfolded forms of the protein. Among the complex
chaperone network surveying the protein conformational
quality. Dnak {along with thewr co-chaperones Dnal amd
GrpE) drives folding intermediates imo folding attempis and
deliver folding reluctant forms o the subsequent GroEL -
CiroE=S folding apparatus {GoloabinofT et al., 19949 Nishihara
etal., T99E; Thomas and Baneyx, 1996). Also, in cooperation
wilh ClpB and small heat-shock proteins, Dnak refolds
polyvpeptide chains from thermal aggregates (Mogk et al..
199, 2003a,b; Mogk and Bukauw, 2004) and it might be a
main ruler of the physiological disintegration of inclusion
bodies {Carrid and Villaverde, 2002; Schlicker et al., 2002).
In absence of functional Dina k., the total yvield of recombinant
protein and the relative amount of aggregated polypeptides
are higher than i wild-type cells, and inclusion bodics
concomitumly up-sized probably becawse of [ailures in both
folding and refolding activities (Carrid and Villaverde, 2003;

Tubde 1. Specific activity {in unitefpg) of YPILAC in different cell
fractions, strains, and culure comditions,

WT Dinak

Soluble Inssluble Saluble lnseluble
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Peterssom en al., 2004). These observations indicate tha
Dnak s erucial for the conformational surveillance and that
Dnak activities cannot be completely complememed by
odher chaperones,

Howvever, astill significant fraction of soluble recombdnant
protein is observed when recombinant protein production is
promoted in a Dnak— background {Carrida and Villaverde,
200033, in absolute values being comparable 1o that found in
wild-type cells. We have explored the status of this protein
fraction by analyzing the denaturation kinetics of the model
[fepalaciosidase fusion produced in the sirain JGT200 A the
carly exponential phase of the culture thermal stability
of VPILAC is about twofold lower than when produced in
wild-type cells (Fig. 5). This fact resulis in a specific activily
of the soluble VPILAC abouw 10 nmes lower than tha
produced in presence of Dnakl (Table 1) amd in a clear Lac
phenstype of JT2WpIVPILAC (Fig. 1). This observation
indicates that only a minor portion of the soluble VPILAC
palypeptides reaches its functional form in absenee of active
Dnak., this chaperone being entical to drive VPILAC into s
conformational stable and active form even when the rest of
evtoplasmic chaperones are constitutively expressed. Since
E. coli f-galaciosidase is only active in the weiameric forim
and the active sites are generated at the activating interfaces
by contacts between facing monomers {Jacohson et al.,

19494), the Dnak (olding activity might be involved in
promoting the conformational disposition of contact surfaces
required for eneyme activation. Imerestingly, and in the line
of this suggestion, Dnak is necessary for s=complementation
of the enzyme { Lopes Ferreira and Alix, 20025, what requires
a stahle interaction between the complementing fragments,

When the production of VPILAC is inggzered within a
defined time period a the beginning of the stationary phase
(Fig. 20, its stability is enhanced about two imes imespec-
tively of DnaK (Fig. 51 In this phase of culure growth,
bicsynthesis of recombinant protgins 15 dramatically mini-
miaed (Vila et al., 1997 resulting ina lower vield of VIPLAC
(Fig. 3. A slow rate of recombinant protein synthesis is
generally recognized as promoter of proper protein folding
i Friehs and Keardon, 1993; Murby etal., 1996 Schein, 1991,
Thaowmas et al., 1997, and because of the lower subsirate load
for cell chaperones their titration by misfolded protein chains
resulting mimimized. This stabilization is nawrally reflecred
by an mcrease i e specific activity of soluble YPILALC
(Table 1) that although being moderate could be biologically
relevant for the Dnok strain in which the folding machinery
is operating close 10 the optimal conditions. Inthis last case,
this fact augmented the enzymatic activity of the culture
despite the lower yield of VPILAC (Figs. 2 and 33 up to the
reversion of the Lac phenotype (Fig. 1), However, even

GARCIA-FRUITOS ET AL: FOLDING IM ABSENCE OF Dnak BT3
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under the low production conditions provided by the fare
induction strotegy the acting chaperones were not ahle 1o
drive the population of soluble VP 1LAC chains into a proper
mative=like conformation (note its specific activity being sill
I5-Tald lower than that YPLLAC in wild-type cells, Table 1)

The bacterial chaperone network is at least partially
redundant. Among other indications, overproduction of
CiroEL -GroES reverses the lethal phenotype of cells lacking
both the rigger factor and Dnak (Vordersulbecke e al.,
2004 ). This fact proves that despite due size constrictions, the
sets of substrates recognized by Dnak and GroEL are only
partially matching (Deuerling et al., 2003; Ewalt et al., 1997;
Houry, 20010: Mogk et al. 1999, folding activities of
Dmak con be complemented by GroELS. In this regard, the
chaperone GroEL imerscts with £ coli [i-galactosidase
{Ayling and Baneyx. 1996 Boels et al.. 1999, and although
the large size of the encyme monomer (116 kDa) prevents
it from encapsulation by GroEL-GroES ring complexes,
restricted to 55=57 kDa ( Ewalt et al., 19497; Sakikawa ct al..
19y, this chaperone is <1l aetive in folding larger subsiraes
{Chaudhurd et al., 20010; Song e al, 2003). Since the residual
folding of VP1LAC in Daakl isimproved by low production
ranes, it must be then modulaed by GroEL or other cell
factors that become more available al low production mtes.
However, the results presented here indicate that the folding-
assistant profeins aliernative o DnaK are only moderatcly
efficient in directing the folding of a misfolding prone -
salactosidase,

Wie are grave ful so F. Baneyx for generously providing the samin JGT.20,
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Aggregation as bacterial inclusion bodies does not imply inactivation of

enzymes and fluorescent proteins

Elena Garcia-Fruités, Nuria Gonzalez-Montalban, Montse Morell, Andrea Vera, Rosa
Maria Ferraz, Anna Aris, Salvador Ventura and Antonio Villaverde

Microbial Cell Factories, Vol. 4, September 12, 2005

The aim of this study was to analyse in more detail not only the conformational quality
of the soluble protein, but also that of the protein aggregated as inclusion bodies. For
that purpose, we quantitatively explored the biological activity of the soluble and
aggregated recombinant proteins in Escherichia coli MC4100 strain overexpressing the
human dihydrofolate reductase (hDHFR), an engineered Escherichia coli -
galactosidase (VP1LAC), a green fluorescent protein fused to VP1 protein (VP1GFP) and
a blue fluorescent protein fused to AB-amyloid peptide (AB42(F19D)-BFP).

Although it has been generally believed that inclusion body proteins are biologically
inactive, our results revealed that there is an unexpectedly high biological activity
associated to these aggregates. Moreover, the obtained results also indicated that
native-like structure in bacterial inclusion bodies coexists with an amyloid, molecular
B-sheet organisation of the embedded proteins. Therefore, these facts indicate that
aggregation as inclusion bodies does not split protein population into active and
inactive fractions, being solubility an inappropriate indicator of conformational quality.
All these data suggest that active inclusion bodies formed by enzymes could be
potentially used as efficient industrial catalysts for bioprocesses, becoming an

attractive alternative to in vitro protein refolding procedures.
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Abstract

Background: Many enzymes of industrial interest are not in the marker singe they are bio-
praduced as bacterial inclusion badies. believed to be biologically inert ageregates of insaluble

pratain.

Results: By using two structurally and funcrionally different model enzymes and two flucrescent
proteing we show that physiclogical aggregacion in bacteria might only result in a moderate loss of
biological activicy and thae inclusion bodies can be used in reaction mixtures for efficient catalysis.

Conclusion: This observarion offers promising possibilicies for the exploration of inclusion bodies
a3 catalyses for induserial purposes. withour any previous protein-refolding step.

Background

Protein misfolding is a common event during hacterial
over-expression of recombinam genes [1]. The aggrega-
ticn of insoluble polvpeptide chainsg as inclusion bodies
hias senously restncted the spectrum of proteins marketed
by the biotechnology  industry.  Being  widespreadly
Believed that inclusion body prowins are biologically
inactive and  therefore useless in bloprocesses, many
aggregation-prone  products have been disregarded for
commercialisation, Motein solubility can be tailored by
cither process |2] or protwein [3] engineering, although
most efforts have been addressed 1o minimize inclusion
hody formation by co-production of folding modualators

[4]. or v refold purified inclusion body proteins by chem.
ical denaturation followed by refolding procedures 5]
Both siravegics need 1o be adapred 1w panicular protein
species and they render largely varable results regarding
the final saluble protein yveld.

Imterestingly, independent repons have noted emevmatic
activity associated 1o mclusion bodies formed by recom-
Binant enzymes [6-8], but the extent of these side-obser-
vations has been never gquantified and its biological and
hiotechnological relevance remained unexplored. In this
waork, we have quantiatively explored the hiological

Page 1of &
(g Auriber Aol R Sfaledn Sursedes)

BioMed Central



72|
Results

Microbial Call Factorigs 2005, 427

hittp: fwranw. microbialcalifactories. comicontent/d/ /27

Tabde 1: Enzymatic activity or luorescence of inclusion bodies produced in E. cali

Construct name Reference Fumcticnal Fraction of
protein imthusion
bty proain
{range, %} *
WPILAC This work and  E cobi [i- 156459
[9] galnctosidase
hOHFR [25] Hisman 18 4=160
dibydrodolate
redsstase
VPIGFP This wark Green B2.5-E04
Buarasspnt
protein
AB4ZFISD)-BFF  [26] Blue 61.4-653
fiaresent
protein

AgEregating Specific pctivity or emission * Activity af thi
desmain or {enzpmatic units'mg o Mworescence  inclusion body
procain {all & unizs/mg) fraction
the M-terminal relative to thas
position) of soluble
protain (%) *
Soluble protein  Inclusion bodies
FHMDY VPRI E96.3 £ 1530 11625 £ 2560 | 664
capsid protein
nonie BO 08 16 AT 10005 0 59
[
FHEDY WP 1555 £ 460 Tod £ 100 1%.5
capeid protain
A4TFI90) TIE] £ 102 363+32 0T

* The pﬂrﬂfﬁilﬂf protein found in inclesion bodies relative to the ol intracellular amownt of recombinant procein. Yales were determined
from different samples tabien at 3 and 5 h after trigpering recombinant gene expression.

b These values were determined in samples taken between 3 and 5 b alter triggering recambinant gene expression.

< Spetific activity or flusrescence emitsion of inclusion badies relative to the values determined far the saluble counterpart fraction. Pratein
amounts were dotermined by Yostorn bloc analysis as described and enzymatic assays performed by corventional precedures, Excitation

veavedengihs ware 450 nen Tor VPIGRP and 360 nm for AJML(F I 904-BAP,

activity of inclusion body recombinam proteins and their
potential use for bioprocesses in the aggregated form.

Results

Tor derermine the ocourrence of active protein in inclusion
bodies we analysed those formed upon overproduction of
the wild-type human dibydrofolawe reductase (hDHER)
and an engineered £ coli fgalactosidase fused 1o the
aggregation-prone foot-and-mouth disease virus [FMOV)
VI capsid protein (VP1LAC). In addition, we explorned
fluorescence emission of green and blue fluorescent pro-
teins [GFP and BEP rezspectively) fused w different aggre-
galing polypeplides, namely the FMDV VP and a point
mutant of the human Af-amyload peptide (AB(F190)),
by comparing specific luorescence emission of protein in
the soluble cell fraction and purified inclusion bodies,
Lpon overproduction, all these proweins form cvioplas-
mic inclusion bodies in L coli, the fraction of the aggre-
gated protein ranging between 28 and 88 % of the wotal
recombimant production {Table 1). Surprisingly, both
enaymatic activity and specific fluorescence of inclusion
body proteins were unexpeciedly high (Table 1), ranging
from 6 o 166 % of that of their counterparis occurring in
the soluble cell fraction, This fact indicates that protein
inactivation mediated by in v aggregation is only mod.
erate. In addition, it is shown thar protein packaging as
Bacterial inclusion bodies into imer-molecular P-sheet
architeciure [charactenezed by the presence of a peak

around 1620 cm! thar dominates the FTIR specirum in
the amide | region] |2,10] in these model proweins | Figure
1) is compatible with the functionality of enzvme active
sites and Nuorophores. In this contexi, VPIGEP and
AR ZF19D)-BEP inclusion bodies are noticeably fluores-
cent inside the producing cells {Figure 2).

We wondered i active inclusion badies could be then
used in suspension as efficient catalvsts for bloprocesses.
If so, the sraightforward use of these paricles, tha in
addition are easily removable from the reaction mixture
once the reaction is completed by low speed centrifuga-
tion, would be a convenient altemative o in vilro protein
refolding before use, a complex procedure for which effi-
ciencies are highly variable bun in general low |5], The
enzvmatic activity of soluble and inclusion body versions
of both ¥IP1LAC and hDHFR was then monitored in reac
tion mixtures. As observed (Figure 3A and 3B8), inclusion
bodyv-embedded ensvmes performed very efficiently as
catalvsts of emzymatic reactions. Substrate hydrolysis
mediated by the insoluble form of YPULAC was signifi-
canily faster than that mediated by the same amount of
ithe soluble version [ Figure 3A), while subsirate processing
bv hITHFR was slower when driven from inclusion bodies
bun sl imporant (Figure 3B). These observations are
nicely compatible with the specific activities displayed by
both versions of these proteins [Table 1).
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Figure |

FTIR spectra of inclusion bodies formed by either YPILAC
(black), hDHFR (green), WPIGFP (red) or A}42(F190)-BFP
{blue) in the amide | region [¥]. The asterisk labels the peak
indicative of extended inter-molecular [f-sheet structures in
bacrerial mclusion bodies,

Discussion

The quantitative similarity between protein activity in the
soluble cell fraction and that of the apgregaed forms of
both ensymes and fluorescent proteins (Table 1) demon.
strates that physiological aggregation as inclusion bodies
does not necessarily split protein population into active
and inactive  fractions.  Probably,  protein solubility
[observed as the occurrence i the solulble cell fraction)
does not necessarily indicate the acguisition of a cormectly
falded and thus active structure, I this context, soluble
micro-aggregates have heen described [11] and recently
characenzed in detail [12]. The non complete coingi-
dence between solubility and folding has been previously
indicated by exhanstive mutational analysis of model pro-
teing | 13], showing that the genetic determinants of pro

tein aggregation and misfolding are not coincident. In this
way, natively unfolded prowing are unsiructured bun sol-
uble [ 14]. Therefore, determinations of CFP-fusions solu.
Bility by using Nuorescence as weporer [15] could have
eventually been indicative of folding-misfalding extend
rather than solubility-insolubility. since inclusion bodies
formed by GFP* fusions can be highly fluorescent (Figure
). Furthermore, solubility does not appear o be an all-
or-nothing atribute and polypeptide chains might exhibi
acontinuum of folding states in both soluble and insolu-
Ble cell fractions, between which they are dynamically
rransferred with the assistance of cellular folding modula-
tors | 16]. In this context, the occurrence and evolution of
‘soluble’ aggregates in bacieria (namely misfolded species

73
Results

it ftwnsea microbealcelitactones comicontant/4/1/27

<

Figure 2

Oprical micrographs of AR42(FI9D)-BFP (top) and WPIGFP
(botrom) inclusion bodies by phase concrast (left) and fluo.
rescent microscopy (right).

occurming in the soluble cell fraction and presumahly
inactive) [12] could explain the variable specific activity
obsemved in the soluble cell fraction of bacteria producing
recombinant f-galaciosidases [17].

Inversely, our results prove a major occurmence of native or
mative-like protein in inclusion bodies. In fact, deposition
as inclusion bodies might even result inthe enrichment of
active species as supaested by the specific activity | 166 %
of that found in the soluble cell fraction; Table 1) and car-
alvtic properties (Figure 3A) of VI LLAC inclusion hodies,
This ohservation can be then agam indirecily indicative of
the presence of enzyvmatically inactive protein in the solu
ble cell fraciion, since prodein deposition is not expecied
1o favour a correct folding,

Finally, although the existence of native-like structure in
bacterial inclusion body prowing has been previously
reported | 18], here we demonstrate thay this is not anec-
dotic but prabably the architectonic nature of these kind
of aggregaies. as inclusion bodies formed by four structur-
ally different prodeins all display significantly high biolog-
ical activity. Interestingly, the active and properly folded
polypeptides in inclusion bodies coexist with a molecular
p-sheet organization also manifest in all cases, although
the extent of f-sheet structure and its coincidence with the
biological activity of the aggregates cannot be quaniica-
tively evaluated, Since is highly improbable that enzyme
active sites involved in the intermolecular [J-sheet struc-
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&) Product formed by soluble (black symbols) or inclusion body (red symbols) WPILAC through OMNPG hydrolysis as detar-
mined at 414 nm, Very coincident results have been obuained by using CPRG as alternative substrate (see the small panel),
whase hydrolysis product was determined at 340 nm. B) Conversion of MADPH into MADP associated 1o tetrahydrofolate
farmation mediated by saluble (black symbaols, left scale) and inclusion body (red symbaols, right scale) hDHFR. Absorbance was

derermined ac 340 nm.

twre could be themselves active, we suggest that enzymiatic
activity or fluorescence are supported by properly folded
molecules or molecule sepments. Aggregation, observed
as  protein deposition driven by intermolecalar
imeractions  between  solwntexposed  hydrophobic
patches 9] would not necessarily disturks the confarma-
tion of all protein domains, and the active site would be
still functional i misfolded, aggregation-prone regions
are located ina distant site of the polypeptide chain. Alier-
natively, properly folded and active molecules could coex-
ist with [lsheet-enriched (inactive] versions of the same
species, and both siwuations could in facowake place simul-
tanecusly in single aggregate units. Further structural and
functional analvsis would hopefully solve this issue,

From an applied point of view, inclusion bodices, breing
formed by sequence-specific interaction berween homaol-
opous protein patches resulyin highly pure prowin micro-
particles [9). Since they are also porous and  highly
hydrated | 19], efficient subsirate diffusion would proba-
bly occur for most of the (or at least many ) biotechnolog-
ically relevant apgregated enzymes, thus opening the
possibility for a new industrial market of enzymatically
active inclusion bodies,

Conclusion
Resulis presented here prove thar aggregation of recom-
binant proteins as bactenal inclusion bodies does not nec-

essarily  inactivare  them,  despite  the  enriched
intermaolecular f-sheet structure observed in those formed
b the wested model proteins, The extent of prowin activity
varies depending on the specific prowein, but even the low-
est functional values observed are still high enough w
consider the vse of inclusion body enzymes in bioproc-
esses, without any previous refolding step. The eventual
mcorporaiion of mcusion bodies i indusinal catalysis
could represent an important concepiual shifi in the bio-
echnology market.

Methaods

Strain, plasmids and culture conditions

E. coli MC4100 | 20] was used for all the experiments, Plas-
mids encoding hDHFR and AR42(F190)-BIF have been
previously described and appropriate references can be
found in Table 1. Briefly. in the AR42(F190)-BEP vector
(6.7 Kb the DNA sequence encoding the 42-mer Alzhe-
imers amylaid pepride, (bearing a Phe!*—Asp nunation
to reduce its in rive aggregation rate), is fused upstream of
the BFP gene and under the contral of the 17 promaoter, in
a pEI-28 based vector. In the product, the two protein
sequences were separaied by 1 2-mer linker sireich o
provide flexibility 1o the fusion protein and limin steric
constraints between domains. pTYVPILAL was construcied
h".' maowing the Safl-Neal VP1TLAC Fusinn-ﬁwmiing A
segment (3.5 Kb) from pIVIMILAC (8.5 Kb) 10 the cloning
vector pTRCH9A | 20). The resulting pTVPILAC construct
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(7.7 Kb} was used w direct the production of VIPILAC,
The ke gene was further replaced there by an appropriate
CFMr-encoding DMA segment (0.7 Kb through digestion
with EcoRl and BamHl, rendering pTVPLGEP (5.5 Kh). All
the production processes were performed in shaker-fask
cultures growing at 37°Cin LB rich medium | 20| plus 100
ug/ml ampicillin for plasmid maintenance, and recom-
bimant gene expression was induced when the ODgq,
reached 04, by adding | mM IFTC. Cell samples were

taken at 3 and 5 bafter induction of gene expression.

Analysis of enzymatic activity

Culmire samples of 2.5 ml were jacketed in ice, disrupred
by somication for 5 min at 50 W under 0.5 s ovdles [21]
and centrifuged ar 4°C for 15 min at 135000 g, The super.
matant was directly used for the analysis as the soluble cell
fraction. Inclusion bodies were purified by a detergent-
washing protocol as described | 19] and vsed in suspen:
sion for activity analysis, feGalactosidase activity of both
soluble cell fraction and inclusion bodies of VP LAC was
determined in microplates as described |7,22] under con-
tinusus stiring at 250 rpm. Kinetic analysis of VP1LAC
crneymatic activity was monitored 120 pl reaction mis-
tures with either 2 mM ONPC (pH 8.4) or 2 mM CPRC
(P11 7.0). The hDUFR activity was determined by incubat-
ing 50 pl of the protein sample and 850 pl of the appro-
priate assay buoffer (001 M K,PO, pH 7.4, 1 mM VT, 0.5
W KCL 1 midd EDTA and 20 m ascorbic acid) for 10 mine
wies at room emperaiure, Them, 50 plof 2 md 7 8-dihid-
rofolate and 50 pl of 2 mb SNADPH were added and
hIDHEFR activiey was recarded every 15 seconds during 4
minutes at 340 nm. Protein concentration inall the assavs
wats adjusted between 2 and 3 pgfml.

Fluorescence (at 510 nm for GFF and 460 nm for BEF)
was recorded in a Perkin-Elmer 650-40 flusrescence spec-
trophotometer by using excitation wavelengths of 450 nm
and 360 nm for GPF and BFP respeciively. Fluorescence
was measured in 1 ml samples using dilutions when nec.
essary. Both enaymaiic aciivities and fluorescence were
devermined in riplicae.

Quantitative protein analyiis

Samples of bacwerial culwres { 10 ml) were low-speed cen-
trifuged (15 min av 12000 g) w harvest the cells, For pro-
tein quantification in saluble cell fractions, samples were
resuspended in 400 ul of ¥ buffer without B-mercaptocih-
anol [23] with one tablet of protease inhibitor cocktail
[(Roche, ref. 1 836 170) per 10 ml buffer. Such mixiures,
once jacketed in ice, were sonicated for 5 min (or longer
when required 1o achieve a complete disruption) at 50 W
under 0.5 & cycles as described [21), and centrifuged for 15
min ai 12000 g The supernatant was mived with denagmr-
ing buffer ar appropriate ratios |24]. For the determina.
tion of incdusion body protein, these struciures were

|75
Results

g wnany. microbdalcaiiftactiones comvicontent/d/ /27

purified by repeated detergent washing as described | 19]
and resuspended in denaturing buffer [24], After boiling
for 200 min, appropriate sample volumes were loaded
onto denaturing gels. For Western blot, polyclonal anti-
bodies specific for each prowin were used as previously
deseribed [17], Dried Blows were scanned at high resolu-
tiom and bands quantified by using the Quantity One sofi-
witre from Bio Rad, by using approprate protein dilutions
of known concentration as comtrols. Determinations were
alwavs done within the linear range and they were wsed 1o
caloulate the specific activity values,

Conformational analysis by FTIR spectroscopy

For FITR spectroscopy analysis, punified inclusion bodies
were dried for two hours in a Seepd-Vac system before
analysis 1o reduce water interference in the infrared spec-
tra. The FTIR spectram of the diy samples was amalysed
directly in a Bruker Tensor FTIR spectrometer. All process-
ing procedures were carried out s0 as o optimise the gual-
iy of the spectrom in the amide | region, between 1600
et and 1700 e, Second derivatives of the amide |
band spectra were used o determine the frequencies at
which the different speciral componenis were located. A
general description of FTIR procedures can be found else-
where |9,10].

Abbreviations
BFP hlue fluorescent protein

CrRG phenol red {-Degalaciopyranoside

FMDY foot-and-mouth disease virus

IR fourer transform infraned

CFP green fluorescent protein

HHFR human dibydrophalate reduciase

IPTC isopropyl-[i-D-thiogalaciopyranoside
ONIG ortho-nitopheny] [-Degalactopyranoside
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Localization of functional polypeptides in bacterial inclusion bodies

Elena Garcia-Fruitds, Anna Aris and Antonio Villaverde

Applied and Environmental Microbiology, Vol. 73 No. 1, January, 2007

In the previous work, we determined that the specific activity of recombinant proteins
found in both soluble and insoluble cell fractions is not dramatically different,
suggesting the potential use of purified inclusion bodies as functional particles in
catalytic bioprocesses. To better characterise this potential, we explored in detail the
molecular organisation of these aggregates.

By using VP1GFP as model protein, we identified the localization of fluorescence by
image analysis of VP1GFP inclusion bodies. Specifically, we proved that the
fluorescence distribution in inclusion bodies formed at different temperatures is not
homogeneous in all the aggregate but is concentrated in the core, being the surface
layer poor in functional fluorescent protein (see also annex I). Additionally, this result
allows us to state that the occurrence of properly folded and functional protein in
inclusion bodies is not a mere contaminant unspecifically attached to the aggregates’
surface, but a natural component of inclusion bodies.

On the other hand, we also analysed both the activity and the amount of protein that
remains associated to VP1LAC inclusion bodies in a reaction mixture in presence of a 3-
galactosidase substrate. Upon resuspension, a significant fraction of functional protein
is immediately released to the solvent, indicating that active forms of VP1LAC might be
exposed to the inclusion body-solvent interface due to the highly porous and hydrated
nature of these aggregates. When comparing this behaviour in the presence or
absence of its substrate, we determined that, interestingly, soluble functional protein
release in the reaction mixtures might be enhanced in the presence of its specific

substrate. Protein release from VP1GFP inclusion bodies is, instead, very low.
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Bacterial inclusion bodies, while showing intriguing amylsid-like festures, such as a [f-shect-based inter-
maolecular erganization, hinding to amyloid-tropic dyes, and origin in 8 sequence-selective depasition process,
hold an important amount of native-like secondary structure and significant amounts of functional polypep-
tides. The ageregation mechanics supperiing the scourrence of both misfolded and properly folded protein is
conlroversial. Single polypeptide chains might contain both misfolded stretehes driving apggregation and
praperly folded protein domains thai, i embracing the active site, would account Ffor ihe biological activities
displayed by inclusion bodies, Allernatively, soluble, Tonctisvnal polypeptides could be sorface adsorbed Dy
interactions weaker than those driving the formation of the intermolecular B-sheel architecture. To explore
whether the fraction of properly folded active protein is a natural component oF rather a mere contaminant of
these aggregates, we have explored their localization by image analysis of inclusion bodies formed by green
Huorescent protein. Since the fluorescence distribution is not homogenesos and the core of inclusion bodies is
particularly rich in active protein forms, such protein species cannot be passively trapped companenis and
their eccurrence might be linked to the reconstruction dynamics steadily endured in vive by such bacterial
appregales. Intrigaingly, even lunctional profein species in inclusion bedies are oot excluded feom the interface

wilh the solvent, probably becavse of the poresus structure of these particular profein ageregales,

Procedures for in vitro protein refolding are under contin-
uwous development (22, 32, 35), since many proteing of indus-
trial or pharmacological interest are produced in recombinan
microorganisms, cspecially bacteria, as insoluble aggregates
cilled inclusion bodies (1Bs) (38). Recent insights into the
structure and physiodogy of bacterial 185 have revealed that at
least a significant fraction of the embedded prodein occurs ina
properly folded native-like form (36) and that for aggregates
formed by enevmes, this fact is reflected by the occurrence of
eneymatic activity associated with these particles (16, 34, 39),
While for hormones or other drogs to be wsed inovivo, in vitro
solubiliztion of 1Bs and refolding of 1B proteins would siill be
required to allow their proper use (27), enzymes 1o be used in
hioprocesses could be emploved straight after produection,
skipping any refolding step. This is particularly appealing since
the specific activity found in 1B enzymes, although variable
when comparing different protein species, is not dramatically
diferent from that exhibited by the soluble coumerpants (15,
16), and on the other hand, refolding procedures render viclds
of active protein that are vsually far from 0%

Apart from the obviouws potential of engyme IBs as cata-
Iyzers, the occurrence of properly folded, active cnzymes poscs
intriguing structural questions, The conformational back-
ground sustaining the 1B molecular structure lies on an ex-
tended, intermolecular B-sheet architecture (6) that coexisis
with various amounts of a population of native-like, correctly
folded polvpeptides (1=3, 260, Such a B-sheet patiern is pro-
gressively lost at the expense of native-like structure when the

* Coorrespaonaling author. Mailing address: Institun de Bioteenodogin
i de Biomedicing, Universital Autimoma de Barcelona, Bellaterea,
(8193 Barcchona. Spain. Phone: 34 9338120148, Fax: 34 933812011,
E-mul: avillpverdedeserver, palues,

" Published ahead of print on 3 Movember 2006,
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temperature at which 18s are formed decreases (19, 28), indi-
cating the existence of several categorieos of protein aggregates
in regard to their molecular organization and even global mor-
phology (13). However, the process that sclects in vivo the
prodein species o be deposited with regard o its conforma-
tional status, and especially the way in which both properly
folded and f-sheet-rich species coexist. remains unexplored. It
hirs been suggested that in single polypeptides. specific do-
mains with a misfolded status could act as aggregating ele-
ments (and organize through intermalecular B-sheet interac-
tions), while others might remain properly folded (and fully
functional if containing the active site) (36), On the other
hand, it is known that during 1B isolation, contaminating cell
prodeins get anached o the 1B surface (17), which is probably
“sticky” from the exposure of hvdrophobic patches (6). There-
fore, active polypeptides also cventually could be surface
trapped if they abound in the soluble cell fraction of the pro-
ducing cell. In that case, the cnevmatic sctiviey displayed by [Hs
would lie on comtaminant protein species rather than on struc-
tural elements. The experimental approaches o solving this
issue are not obvious, since it is not passible o distinguish in
ity conformational states within =uch nanoparticles.

To gain insights into the molecular organization of fung-
tional [Bs, we have taken altermative approaches, namely, ex-
ploring the localization of the biological activity in actively
catalyzing eneyme=based 1B and generating  Nuorescence
cmission maps of green Nuorescent protein (GEP)-bascd 1Bs.
Intriguingly, although an important part of the active protcin
specics is casily released from catalvzing [Bs, the core of such
aggregares (but non the surface lavers) is rich in functional
protcin. These results are discussed in the context of the po-
rouis structure of these protein aggregates, also considering the
highly dvnamic provein deposition and release processes that
drive the in vivo building of bacterial 13s,
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In vive distribution of active 1B palypeptides. In a previous
study, we analyzed in situ B-galactosidase protein material in

A Exvinoss Mirsogiol

FIG. 1. Top. Flissreseenee micnoscopy (lefi) amd Motamorph im-
g senabvsis (righth of VPIGFP 16s formed st 370, The color scale is
depicted o the right. Bottom. Metavmorph image analwsis of 1Bs
formed at different growih lemperatores {indicated by nombers ai the
upper right cormerns),

sections of [B-hearing cells by immunoderection without no-
ing any specific distribution of the enmyme in the
{see Fig. 1 in reference 1) Since most of the well-formed,
aged VPILAC IBs arc composed by VPILAC (up 1o morg
Uiz N5 of the 1B protein matenal; see Fig. 4 m relerence 7).,
this et incdicates that the density of 1Bs s rather homoge-
necus. Although specific 1B protein density has not been di

rectly investigated tor other proteins and |1Im|u-.'liu|1 condi-
tions, the common aggregation mechanics (3). sccondary
structure pattern {2, 3, 6, Do, 19, and architectural data inde-
pendently obtained from different [Bs (5, B) do not point oul
the homogenous distribution of 1B polypeptides as being a
particular, protein-restricted feature. Since it was not techni-
Cally possible o map insitu the occurrence of active VPLLAC
in VPILAC IBs, we instead analyzed the fluorescence distri-
bution in VPIGPE 1Bs to identify the localization of functional
prodein and any possible unbalanced distribution of fluorescent
prodein matenial. Like YPILAC [Bs, the aggregates formed by
YPIGEFP are highly active, and they are Huorescent (16). In
this regard, confocal analyvsis of VPIGFP-producing cells
through 0.04-wm virtual sections {note that 1B diameter ocours
herween around 0.3 and 1 pm |7, 8 11, 16]) rendered intr 'L”
ing images in which there was a L||..!|:I' gradation in the emission
intensity from low (external layer) to high (the 1B core) (Fig. 1.
top). The same pattern was consistently obscrved at subopi-
mal groowth temperatuncs, namély, S0, 25, 20, and 16°C, Knawn
o favor bath protein solubility (335, and conformational
quality of 1B polypeptides (19, 37). Even at 16°C, when refrac
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FIG. 2. Formatbon of the ONPG hydrolysis product as mediated by VPILAC 18Bs {filled symbals) in four independent experiments. As a
control, the absorbance of 1B samples in the absence of OMNPG i also shown (empay symibals).

tile IBs arc hardly formed (37), the concentric fluorescenge
pattern was observed in some individual cells.

As indicated above, the obtained cmission maps cannol be
accounted for by any strong radial distribution of protein den-
sity. Therefore, Tunctional, properly [olded polypeptides are
specifically found a0 the core of the aggregates, while their
surface layer is poor in functional protein (note that the dif-
ferences in the Muorescence emissions between such protein
populations arc at keast twolold [Fig. 1)) This fact could be due
tor the dynamics of the in vivo 1B building process that results
from an unbalanced equilibrium berween protein deposition
and removal (9, 10), Disaggregating chaperones, namely
Dnak, ClpB, amd small heat shock prodeins, act cooperatively
on misfolded polvpeptides at the aggregate imerface (23, 13,
30, 31). Since, as derived from 1B siructural analvsis (1, 2, 3, 26,
28). protein aggregation is not a highly selective process that
involves functional polvpepides. a more selective remaoval of
misfolded protcins at the 188" surfaces (as sugpested (30, 31)
could enrich the aucleus with native-like, active species, This
possibility s compatible with the gain of conformational ho-
mogeneily obsenved during the volumetric growth of 1B (5),
since the ratio between core and surface material increases
with IR volume,

Listribution and release of active polypeptides in catalyzing
IBs. In a previous work (16}, we suggested thal cneyme-based
1Bz, since they contain functional proteins, could be useful
cutalyzers i enzvimatic progesses, and in fact, both B-galacto-
sidase and human dihydrofolare reductase efficiently processed
their respective substrates as embedded in 1B=. To beter un-
derstand how the reaction is performed by 1Bs in the context of
the activity distribution scen in Fig. 1, we determined the
occurrence of B-galactosidase enzvmatic activity during sub-
strate hydrolysis mediated by VPILAC [Bs. In the presence of
an enzyme substrate (ONPG), resuspended VPLLAC 1Bs cat-

alyzed the product formation kinetics with a very conventional
profile {Fig. 2). Since 10s are highly porous and hydrated
structures (5, 8), substrate diffusion 1o the core would not be
unexpected. However, 1o explore 1o what extent such an eniey-
mali process was directed by enavme miolecules associated
with or released from 1Bs, we determined the enzymatic activ-
ities in the insoluble and soluble fractions of the reaction
mixture at differenn times of the process, as well as the enzvme
present in cach fraction. Intriguingly. a significant part of the
enzymatic activity {between 7 and 8% ) was found in the soluble
fraction upon I3 resuzpension in the reaction buffer before
substrate addition (Fig, 3A, time zero), Note that this oceurred
after 1B isolation by a procedure that imvolves repeated deter-
gent washing steps (8), Since the protein amount in the soluble
fraction was very low (not shown; lower than (U029, such a
protein fraction must exhibit a specific activity higher than
average for the aggregates and would not be linked to surface
podypeptickes, The immediate release of functional protein was
also observed for VPIGFP 1Bs to an extent very similar to that
for VPILAC (5.0%, Fig. 3C). This fact suggested that Auores-
cent VPLGEP polypeptides, since they are not located at the
IB surface laver. might be not completcly excluded from the
interiace with the solvent becavse of the highly porous and
hydrated 1B architecture (5. 8). A similar situation could take
place with YPILAC IBs if their fumctional architecture is com-
paarable to that of VPIGEFP [Bs, Interestingly, during substrate
hydrodvsiz, an increasing fraction of the enzymatic activity is
found not 1o be linked o IBs (Fig. 3A), and at 30 min, it
essentially represents the total activity in the reaction mixture.
In the absence of a substrate, YPILAC [Bs incubated under
the same conditions also split the activity in soluble and insol-
uble fractions but to mech lesser extent (up bo arownd S0%
after a M-min incubation) (Fig. 3B). Despite the fact thar this

substrate-mediated modulation of the activity fractioning was
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clear in every individual experiment, we obtained only fairly
significamt differences (P = 0.057), probably because of the
high wvariability found berween experiments. [0 must be noted,
hewvever, that the otal enevmatic activity decreased by more
than sixfold in VPILAC IBs when the substrate was absent
(Fig. 38) but only moderately in actively catalvzing reaction
mixturcs (with the substrate) (Fig. 3A) Also, 30 min after
substrate addition, the spedilic activily of soluble VPILAC was
estimated 1o be 10-fold higher than the average for the remain-
ing 1B prodein species (nod shown), On the other hand, the
fluorescence of VPIGEFF remains associated to 1Bs for a long
time (Fig. 3C), apart from the small fraction that remained
constant after being immediately releascd,

DISCUSSION

Drespite the structural similaritics recently recognized be-
tween 1Bs and amyloids (6), bacterial ageregates are formed by
an unhalanced, highly dynamic equilibriuom between protein
deposition and removal (10, 38), which implics a continuous
reconstruclion through exchange of polypeptides between the
soluble and insoluble cell fractions (36). The occurrence of
native-like structure in [B protein (1. 2, 3, 6, 26, 28) indicates
that the aggregation process iz not highly selective, imvolving
polypeptides that at least to a significant extent are properly
folded. As a consequence. instead of being inert structures,
IBs, when formed by proteins with measurable hiological ac-
tivity, result in active nanoparticles with potential apphications
in catalytic biogrocesses (16, 34, 39 The extent of active
(properly folded) protcin in 1Bs is variable depending on the
specilic polypeptide (16), the environmental conditions wnder
which IBs have been formed (such as temperature or the curve
growth phase) (15, 19, 28), and the genetic background of the
producer steain (15, 18). This conformational variability can be
berer wnderstood in the comext of a continuem of forms than
aggregates formed in bacteria can adopt, including loose ag-
gregates oecurring in the =oluble cell fraction. amyloid-like
fibers. aggregates in the insoluble cell fraction, and conven-
tional, refractile 1Bs (13). In true 1Bs, the coexistence of both
ative and inactive polvpeptides has generated intriguing dis-
cussions ahout how such protein specics could coexist and in
particular if single polypeptides could exhibit both properly
folded domains, accounting for the mative-like structure ob-
servied ininfrared spectroscopy analysis (1, 2, 3, 26) (and con-
ferring bdological activity if embracing the active site), and
misfolded protein stretches, responsible for the intermolecular
beta-shect organization supporting the 1B architecture (6. 28).

We have proved in this study that the localization of fuo-
rescence emission in GFP-containing 1Bs i not homogencous
in all of the aggregate body but 1s concentrated in its core {Fige.
1) Although the appraach used docs not allow determination
of the extent of misfolded portions of VPIGFP, which dogs nog
aflfget the Nuorophore performance, this observation indicates
thaat the active protein (with global proper folding) i not lim-
ited 1o the aggregate surface, which could have been eventually
accounted for by in vivo sequence-specific association of solu-
e and functional polypeptides from the soluble ccll fraction
to the [H%S surface. The fuorescence distribution pattern is
conzistemt when observing 1Bs formed at differem wempera-
tures below 37°C, known o minimize aggregation (33) but
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enhance the conformational quality of the embedded protein
(37}, Therefore, the occurrence of functional protein is not an
artifuet from 3 weakly stringent purification process, but such
active forms are a structural, natural component of 185, [nter-
cstingly, a significant fraction of functional protein is immedis
ately released to the solvent upon resuspension, indicating that
despite their nuclear ocalization. active formes might be ex-
posed to the 1B-solvent interface, This can be accounted for by
the highly porous architeeture and hydrated nature of the 1B
(3, 8), which must be also supportive of subsirate diffusion in
IB-mediated catalysis (16) (Fig. Z). Obviously we cannot com-
pletely discard some an extent of spontancouws refolding of
surface-antached inactive protein, but the progressive loss of
activity in catalyzing VPILAC 1Hs promms us o favor the
hypothesiz of active protein release. In this context, the ap-
pearance of soluble functional protein in the reaction mixtures
might b enhaneed in catalyzing 1Bs, while it does not oecur in
VPIGFP 1Bs and occurs only moderately in VPILAC 1Bs in
the absence of the enzyme substrare (Fig. 3). Although the
wariahility of the obtained data prevented robust significant
support of this hypothesis, it is likely that the catalytic process
itself would induee subtle conformational modifications in the
active, ageregated polvpeptides, promating their releaze. De-
spite the fact that molecular chaperones are tightly associated
to [Bs (4, 11, 20, 21), more research is needed 1o know whether
such protein release in vitro is modulated by such cell proteins
or rather is mechanical progess,

O the other hand. the core localization of functional pro-
tein could be due 1o different selectivities of aggregating and
dizaggregating polvpeptides in vivo regarding the conforma-
tonal status, 11 a5 suggested, the chaperong (or protease)-
mediated release from aggregates is surface restricted and
specifically targeted to misfolded species (24, 30, 31) (while
aperegation scem o be less selective regarding the folding
status), the wnbalanced cquilibrivm favoring the in vivo volu-
metric growth of 1Bs would progressively enrich the aggre-
gates’ core with properly folded polvpeprides.
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Divergent genetic control of protein solubility and conformational quality

in Escherichia coli
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Valli, Diethard Mattanovich and Antonio Villaverde

Journal of Molecular Biology, Vol. 374 No. 1, November 16, 2007

Our previous reports indicated that inclusion bodies contain not only important
extents of native-like secondary structure, but also detectable levels of biological
activity. These observations prove that, contrary to what has been generally believed,
protein solubility is not matching conformational quality. However, it was not known
how these two parameters are regulated by the cell. Therefore, we decided to
investigate the role of the evolutionarily conserved quality control apparatus
(composed essentially by chaperones and proteases) regulating the solubility and the
conformational quality of aggregation-prone recombinant proteins. To perform this
analysis we used Escherichia coli MC4100 wild-type strain and a set of mutants (ClpB’,
ClpA’, GroES, IbpAB, DnaK, ClpP, GroEL, Lon’) deficient in different cytosolic
chaperones and proteases critical for the cytoplasmic quality control. Given that the
specific emission of green fluorescent protein (GFP) has been successfully used as a
marker of conformational quality, the model protein chosen to perform this study was
VP1GFP.

We envisaged a decrease in solubility in the absence of relevant chaperones or
proteases. However, we also noticed an increase in the fluorescence emission per cell,
especially in DnaK cells. To further study this fact, we determined VP1GFP half-life in
all the mutants, observing that proteolysis was clearly inhibited in all the cases except
in IbpAB” cells. Specifically, VP1GFP stability in DnaK and ClpB was really close to that
found in the absence of the proteases involved in the degradation (Lon, ClpP or ClpP
ATPase subunit ClpA), proving that both DnaK and ClpB are positively mediating

proteolysis, preferentially that of insoluble but functional polypeptides.
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Summarising, all these data make evident that the bacterial quality control system
promotes protein solubility at the expense of conformational quality (resulting in
biological activity), through an overcommitted proteolysis. On the other hand, we
could also conclude that cell-mediated conformational control acts irrespectively of

protein solubility.
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In bacteria, protein overproduction resulis in the formation of inclusion
bodies, sized protein aggregates showing amyloid-like properties such as
seeding-driven formation, amyloid-tropie dye binding, intermolecular
PE-sheet architecture and cytotoxiaty on mammalian cells, During proten
deposition, exposed hydrophobic patches force intermolecular clustering
and aggregation but these aggregation determinants coexist with properly
folded stretches, exhibiting native-like secondary structure. Several reports
indicate that inclusion bodies formed by different enzymes or fluorescent
roteins show detectable biological activity. By using an engineered green
uorescent protein as reporter we have examined how the cell guality
control distributes such active but misfolded protein species between the
soluble and insoluble cell fractions and how aggregation determinants act in
cells deficient in quality control functions. Most of the tested genetic
deficiencies in different cytosolic chaperones and proteases (affecting Dnak,
GroEL, GraES, Clph, ClpP and Lon at different extents) resulted in much
less soluble but unexpectedly more fluorescent polypeptides. The enrich-
ment of aggregates with fluorescent species results from a dramatic
inhibition of Clpl* and Lon-mediated, Dnak-surveyed green fluorescent
protein degradation, and it does not perturb the amyload-like architectune of
inclusion bodies, Therefore, the Escherichin coll quality control system
promotes protein solubility instead of conformational quality through an
overcommitted protealysis of aggregation-prone polypeptides, irrespective

of their global conformational status and biological properties.
€ 2007 Elsevier Ltd, All rights reserved,

Keyiverds: protein folding: protein solubility; DnaK; E. coli; quality contral

Introduction

In bactena, overproduction of different proteins
resulbs in their dl_p:rﬂhtm as amyloid-like nm—;rﬂ.‘-g.ltm
! Inclusion body formation is
3 sequence- specific, seeding-driven aggregalion
< in which mrs:fmded]i

called inclusion bodies.

process'

spotein species, folding
intermediates and presumably oligomeric species,

cross-react in amorphous pﬂmm deposits rich in a
pleated psheet architecture’ Such aggregates ane
stained with amyloid-tropic dies, such as thioflavin-T
ancl Congo red,’ and when exposed to mammalian
cells show a loxicity profile indistinguishable from
that caused by mammalian amyloids.*

However, bacterial inclusion bodies also contain
Emm_rt::ml extents of native-like secondary struc-
ture.” Therefore, when t]u\-' are formed by
enzymes or fluorescent proteins I!u:ﬂ,.r shiw f.llnl'l.-'hl:
properties or are highly flusrescent.” Therefore, in

*Correaponding autfhor. E-mail address:

aw illaverdeilservel uaboes.

Abbreviations used: GFP, green Huorescent prodein;
miFl, mistolding-prone GEP fusion protein; FT1E,

Fourier transform infrared.

inclusion body-forming proteins aggregation deter-
minants and properly folded regions coexist in
single polypeptides. This is obvious when observing
the core of green fluotescent protein (GFP) inclusion
bodies rch in Muorescent species.” The occurrence of

(NI22-2630/'5 - sew fromt mather © 2007 Elsevier Lid, All rights neservid.
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Figure 1, Second derivative spectra in the amide |
reggion of inclusion bodies formed in either the parental
atrain or the dervative mutants. Vertical lnes correspond
to the observed extended peshest (1627 cm ') a-helix
and Sor unfolded structure (1651 em ') and antiparaliel
and/or loop structure peaks (1683 cm '), Labels at the
right indicate the protein whose function is totally or
partially lost, and the wild=type strain is highlighted by a
dot for reference, here and in the other Figurnes.

functional protein in inclusion bodies’ indicates
that, contrary to what has been generally believed,
protein solubility nm‘tmnlnrnmlltrml uality ane not
coincident properties.' In fact, the soluble fraction
of inclusion body-producing cells contains ~seluble
aggregates” |" observed, among others, in glutathion
transferase, [ ﬁﬂ.[ﬂfl‘l‘ﬁﬂﬂ.‘rﬂ'? and maltose-bind-

ing protein.'"" Such oligomeric protein species
might be pventually less functional than the equiva-
lent "true” soluble species. The variability in the
specific activities observed in different soluble
enzymes when produced under different environ-
mental conditions strongly supports this presump-
tion.”"> """ How the amyloidal deposition of
conformationally hybrid, misfolded but functional
proteins is regulated by the cell is not known.

In Esclurichir coli, an evolutionarily conserved
quality control apparatus [n&smtia]lj.' compaosed of
chaperones and proteases) is believed 1o survey the
conformational status of the cell protein poal. ™
The bacterial protein Dnak, which is analogous 1o
the eukaryotic Hsp?D. regulates the whole set of
quality control genes by modulating the Iwchs of
active o 32 heat-shock l'r:ln.gcrlptm factor. 1-2 H-edng
itself a chaperone, DnaK cooperates with Dinal and
GrpE for protein holding and foldi B9 and in
association with ClpB and the small heat shock
proteins [bpA and IbpB, removes individueal poly-
peptides from ﬂ;‘,;.,re-_l.,atr:b for eventual refolding and
activation. ™25 Cony entionally, solubility and con-
formational quality are considered to ne unequi-
vocally connected, enhancing the cellular levels of
DnaK and other chaperones through ptaqmid
encoded expressible genes that 5]'-nru!d regu!t in
higher solubility and biological activity.™ " How-
ever, such u_xpenm-_'-ntal approaches, brnumll}
Jmprm ing mluk'::“lt_',' ' have often vielded incon-
sistent results,™

In the light of recent observations indicating that
conformational quality and bﬂlubllll}' are distin-

guishable protein properties,”’ it is not clear how
these two parameters are tically regulabed by
the cell and how misfolded but active polypeptides

are selected from the soluble cell Erm.tmn for
deposition. Here, we present evidence that the bac-
terial quality control system acts coordinately to
promote solubility at the expense of conformational

Table 1, Flusrescemnoe emission it cell bioamass abserved in mGFP-producing cells

Fluorssoenoe pey cell biomass

Conventional Musronwtry Flow cybometry
Mean FL1 st Fumction of the Felevant
H'h:lml_'!.-rv Ulniits /OO v 'y Urmits /g el FIP L units feell [T pnll.:'-n rie rences
wtMOCHI)" 40564131 100 1027 4+ 892 [LLH 1765+ 1001 1ix1
Dinakl BT R4TTH 134941000 1500 8RR 2 l4ahedh 44322158 09289 Heat-shock system 2729,
regulator, foldase, 31574373
: disagrngse
CepEL 14T MIZE23R3 SSIWERT 1062941198 134+ 11L6 2375:26 135414  Foldase subanit I7.I8.30
Clph 51564243 127.01046.0 162844 TR 158576 2002:78 1643244 Disagregase 31,5763
Clph HAMe454 133ET=11.2 1756540 ITR9:390 3842294 1609253 ATFase foldase 43,7477
oS 2457  J0ESI=1% 1408 4+R2.7 1370483 2186« 11T 1237454  Foldue sulwmit 7. IRA0
Ibp Al M3 2e16]1 FETHEIN 1036261235 (0084120 1501424 BES0&14 [saggrenase 357 RINT TR
ClpP 5223301 128TFTEV.6 1821541448 IFF2£140 3742315 23A7=z1.1 Protvase 43,7779
Lion iS4 44009 1R E2E00 i [ B 21104451 29552154 16544510 Proteass Bli=54

Thee columns display, from left to right, fluosescenae per total beomass (00, Auorescence per specific GFT protein, and fhewescence per

single cell

* Fluerescener values in % are neferned be Bwse observed in MC4100,
B MCANN is used as wild-type oells negarding: the protein quality control system.
© Protein CroEL140 & partially active at 37 °C, allowing cell growth at this lemperature (although mot at 43 °C).
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quiality, and that high levels of solubility areachieved
by a powerful proteolysis of target proteins i the
bacterial cytosol under a complex regulation. At
least Lon and Clpl proteases, directed by Dnak,
degrade aggregation-prone bul functional protein
species by an over-committed activity that, while
minimizing aggregation, dramatically reduces the
celiular amounts of functional versions of mis-
folded protein species,

Results

Fluorescence emission of GFP requires the pre-
SETHO 1J|: the chromaphore attached to the inner
m=helix,™ and the proper folding of the p-barrel and
the complete maturation of the whole polypeptide
through late folding steps thal r:lunln.!h. the residual

water and the resulting quenching. ™ Therefore,
the specific emission of GFP has been used sucoess-
fully as a marker of the conformational quality of
GFP-containing misfolding=prone  proteins #-2%3142
To explore the eventual divergent control of solu-
bility and contormational quality we have analysed
both parameters in a reporter, misfolding-prone
mGFP fusion protein when produced in a set of
mutants devoid of functional chaperones and
proteases critical for the ﬂ1ﬂ|.'l|.-'.|ﬁl‘|1lq’ quality control.
In all these strains, as well as in the parental wild-
type MCHI, the reporter mGFP farmed cytoplas-
mic inclusion bodics with a consistent pattern of
secondary structure characteristic of amyloid depos-
ils (Figure 1), Considering the functions disrupted in
these straims (Table 1), we envisaged a dramatic
decrease of both mGFP solubility and Muorescence,

In this context, the proportion of insoluble mGEP
increased in mutant cells showing that, as expected,
total or partial inactivation of different arms of the
quality control results in more protein aggregation
(Figure 2(a) and (b)), A progressive downshift in the
fi-shoot peaks inoall the mutants indicated mild
variations in the molecular organization of the aggre-
gates, tending to a more compact cross [L-sheet
architecture when comparing with the wild-type
(Figure 1)L However the fluorescence emission per
cell was also higher in the absence of relevant chape-
rones (excepl [bpAB) or proleases than in wild-
type cells (Figure 2(c) and (dj}. This unexpected
observation was confirmed by conventional Muori-
metry (Table 1). [t was especially surprising that cells
lacking a functiocnal Dnak, which strongly enhanced
aggregation, were also highly fuorescent (Figurne 2(c)
ane (). In such a Dmak background, fluorescence
retumed to wild-type levels when producing sup-
plementary amounts of Cnak from a Dnak-encod-
ing plasmid {Figure 3).

When checking the soluble cell fraction and
purificd inclusion bodics scpamtely, we obscrved
that both soluble and aggregated mGFI* were more
fluorescent in most of the tested mutants than in the
wild-1ype cells (Figure 4), The higher level of specific
fluorescence oocurred in genetic backgrounds in
which the aggregation of the reporter protein was

w?

FLT-H

[0}
1w? 1!

Figure 3. Fluorescenoe microscopy images of wild-
type, Dnak’ and Dnak cells overproducing Dinak
fencoded in pBES3S)L Flow cvitometry of these strains s
comparatively shown in red, black and green, respectively.

more intense (compare with Figure 2). To check if
the enhanced emission of the mGFP produced in
these cases could be due to less saturation of the
folding machinery and, consequently, to more
apportunitics for proogeer foldimg, we determined
the intracellular concentration of mGFF. However,
much more mGFP was observed in most of the
miwtant strains (Figure 5a)).

We hypothesized that protein stability could be
the major contributor to the different GFI* pools
observed in the mutant set. While a lower degra-
dation rate of misfolding-prone species would be
expected in protease-deficient cells (in either Lon
or ClpP  cells), such a phenotypic trait would not
be evident in the other genetic backgrounds tested.
Therefore, degradation of mGFP was monitored in
the absence of protein synthesis and its half-life
was determined in several independent experi-
ments,  Intriguingly, proteolysis of mGFP was
clearly inhibited in all the tested mutants exoept
in IbpAB  cells (Figure 5{b}). Furthermore, the
stability of mGFP in the absence of Dnak or ClpB
was close Lo thatl observed in the absence of Lon,
Clpl, or the Clpl* ATPase subunit Clp.l\,“ proving
that both Dnak and ClpB are positive regulators of
miGFl degradation. Again, and in agreement with
complementation data shown in Figure 3, the
transformation of Dnak. cells with an expressible,
Pnak-encoding plasmid accelerated the degrada-
tion of mGFP to wild-type rates. Therefore,
chaperone-modulated  digestion of misfolding-
prone but functional polypeptides appears as the
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Figure 4. Spevific Auorescence of mGH in the soluble and insoluble cell fractions,

main determinant of the relatively small amounts
of fluorescent mGFEP in wild-type cells,

Discussion

Thi functional meaning of protein aggregation is
slill controversial, Intriguingly, many cxamples of
bacterial inclusion bodies formed by highly functional
enzymatic forms have been regiﬂrled including
those formed by p-galactosidase,” endoglucanase-
D% p-lactamase,* rHirl aliase® “and dihydrofolate
reductase,” urH:l by fusion proteins containing [+
galactosidase,” p-lactamase and alkaline phospha-
tase. Ina similar way, GFP™ GFP fusion versions™"
and BFP** form highly fluorescent inclusion bodies,
This indicates that solubility is not matching con-
formational quality, and the connection between the
orcurrence of aggregation determinants and  the
average folding status of the protein is still far from
being solved. Numemous pieces of evidenoe point bo
defined in patches as drivers of the tion
process, ™ which can occur without necessarily

w00 (a) -

4000

Protsin amaunt {nghmi)

compromising the biclogical activity of the proten
ited %% The progressive characterization of
ividual genes expressed during the E. colf heat-
shock response, and the identification of the functions
displayed by the encoded proteins, pictured the
existence in E colf and in higher organisms, of a
comples protein quality system that mediates the
elimination of folding-reluctant, potentially cytotoxic
species. The quality control is executed through the
combined action of chaperones and proteases and is
especially relevant under conformalional stresses
such as those caused by high temperatures or high
rates of proten 5].'nthi.'=u- However, as discussed
berloww, the physiological mechanics of the gquality
control, at the system bevel, might have boen largely
misunderstood,

Recombinant bacteria are one of the best models to
investigate protein quality control, since many of the
foreign proteins over-produced therein tend to form
a special type of amyloid aggregates known as
incluston hud]ls S0 1t has been generally believed
that aggregation is promoted by a high substrate
load of the quality control svstem. Therefore, the

() T
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= o
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Figure 5. (a] Total intracellular amounts and (b} proteoalytic stability of mGF in the different producing strains,
Values sigrificantly different from those of wild-type cells ane indicated by the p parimeter obtained i an ANCVA lest as
folbonwes: ***p= (0] = *p=005 <*p<0]1. Labels indicate the protein whose function i bost, and the wild-type strain is
highlighted by an asterisk. The presence of pBEBS3S is indicated. Total mGEP amounts and half-life correlated within the
Limits of statistical significance (p=0052)
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insufficient availability of folding modulators and
proteases would fail in preventing the accumulation
of misfolded species. Therelore, the additional
supply of chaperones from encoding, plasmids has
been explored repeatedly as a way to gain solubility
in production processes,™ and solubility has been
taken as universal indicator of conformational
quality, In this context, functional deficiencies in
the main chaperones such as Dnak or GroEL were
expected to result in lower conformational quality
itherefore less functional recombinant protein) than
when the quality control system is completely active,

When analvzing the fluorescence of different
mutant strains (deficient in GroEL, ClpA. ClpB,
Clpl. Lon and Dnak activitics) producng a mis-
folding-prone version of GFT, we surprisingly noted
maore flucrescence emission per cell than in the wild-
type (Figure 2{d)}. This was due to 1gl,-ner1l|i\r higher
specific emission of both soluble and insoluble
mGFP populations (Figure 4). However, solubility
in these genetic backgrounds was nnlmmm‘.ilanll}-
high. O the contrary, the aggregation of the reporter
GFP was enhanced (Figure 2(b)} and the Fourier
transform infrarect (FTIR) analysis of the ::u:lmmn
bodies showed a band down-shift from 1627 cm " o
around 1623 em ' (Figure 1), indicative of a more
condensed, amyloid-like cross molecular J-sheet
architecture. In particular, when observing aggrega-
tion in the absence of Dnak, the high level of
fluorescence exhibited by the ageregates returnied to
wild-type levels when complemented by a dik-
carrying expression vector (Figure 30 In summary,
the disruption of different arms of the E. coli evtosolic
quality control resulted, as expected, in less solubi-
lity but, contrary to what is generally presumed, in
much more functional proteins in both soluble and
insoluble [mEu]ati.{m.r. (Figure 4). MNote that, for
instance, the big aggregates formed in the absence
af Dnak were extrermely Auorescent (Figure 3),

Since the cellular amounts of mGFP woere also
enhanced in most of the strains tested (Figure S{a)),
and this fact correlated with proteolytic stabilit
(Figure 5(b)), it was reasonable to infer that in cel
with a fully functicnal quality control system, pro-
tenlysis acts largely on :Ig,gwbnlum prone but
functional (or suitable to be activated) poly peptides.
Such over-committed activity must remove insolu-
bl protein species  thus inrn:atiing solubility
relative terms, but resulting in less cell fluorescence,
This is illustrated h:,.- the negative role of Dnak in
protein stability. In the absence of this chaperone,
GFP half-life increases dramatically to levels com-
parable with those observed in the absence of Lon
(Figure 5(bY1), one of the main q-ﬂlr-snli: procbeases
degrading recombinant proteins,” However, the
expression of plasmid-harboured copics of dnak
recluced  fluorescence (Figure 3), minimized accu-
mulation of mGFP by lowering its half-life to wild-
type levels (Figure 5(a) ﬂmf (b)), and reduced
aggregation to around 30 % {(not shown).

While Lon and ClpP (and its ATPase subunit
ClpAj are known to be involved in the di.'-{.-,m.dnri:m
of most recombinant proteins in £ coll, ™5 the roles

af Diak and ClpB (and other chaperones identified
here) in positively mediating proteolysis are less
apparent. In this L, it could be considered that
greater stability could be an indirect consequence of
the enhanced aggregation observed in the absence
of these chaperones. Although it is generally
believed that ilj;,l;l'l.‘l:iﬂhlﬂ as inclusion bodies pre-
vents probeolysis,™ in sifn or release-associated
digestion of Inr:h.rsmn body-forming proteins has
been described.” ™™ In fact, the absence of main
cell prodeases resulls i oversized aggrrga.h.m.‘
indicating that, on the contrary, inclusion body
formation is regulated strongly by proteclysis. In
addition, the absence of a negative correlation
between solubility and the half-life of mGFP
(p=0.5M7, data not shown) is further evidence
that aggregation as inclusion b:}din-s is not the cause
of ].‘.ll'ﬂll.'l'ﬂ}'tll{' resistance but oice versa,

Both Dnak and ClpB act as a disapgregase com-
plex''* that remove ny,regnlmlvpeplwlﬁ for
eventual refolding. In inclusion forming cell
Dnak aceumulates on the inclusion b-n-d}, surfaces,”
where disaggregation i expected to occur. When
either Cmakl or ClpB are absent, the spontansous
disintegration of inclusion bodies is largely de-
layed ™ while the m—prm'lu-:imn of both chaperones
favors agpregate dissolution.” On the other hand,
physiological removal of inclusion body proteins is
temporarily associated with protein cleavage, and
the mathematical modelling of inclusion body
dissolution repeatedly indicated that protein l.‘lIH,LE'
I:IiJ'I1 ul imtimately associabed with protein remo-
val.”* How Dnak and Clpt could mechanistically
promote Lon- or ClpP-mediated digestion dunng
protein extraction from aggregates is not clear and
requires further investigation. Interestingly, the
small heat shock proteins lbpA and [bpB, which act
in cooperation with Dnak and ClpB in protein
refolding, ™ do not seem 1o be positively invelved
in proteolysis, as their absence does not resull in
stabilization of mGFI (Figure 5). On the contrary,
these small chaperones -:Iiz-pE:_]J:, protease-protective
roles on misfolded proteirs, which could antag-
onistically regulate the in stfn proteclysis promoted
by Dnak-ClpB.

Intriguingly, the divergence between solubility
and conformational quality recently proposed in the
context of recombinant protein production is clearly
illustrated by the negative relationship between the
relative occurrence of soluble ies and their
specific emission (Figure #{a))." This fact supporis
the suggestion that insoluble but functional poly-
peptides are preferred targets for DnaK-controlled
protenlvais, and indicated that biological .1:|i1.rl|'lg,I i
nat compromised by the occurrenee of ag Ation
determinants, In this respect, it has been shown
recently that factors favouring protein folding, such
as low temperature,” o e appropriate levels of
Dnak,™ activate soluble and inclusion body protein
versions simultaneously, We determine here that the
specific fluorescence of soluble and insoluble GFP
correlate well when these parameters are compared
pair-wise in different strains, although the level of
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Figure &, (a) Pair-wise companson of solubility amd the specific emission of soluble mGFP an different producing

strains. The data from Dnakl cells has been excluded from the analysis but the coordinate is indicated by a white circle,
When including this value, the correlation is still significant (r = 0.698; p=0.036). (b) Pair-wisc comparison of the specific
fluorescenoe of soluble and insoluble mOGEP inall the ditferent prodecing strains, Cornelation parameters ane shown in
vach panel. The slopes are 0,0906 and 00767 for the upper and lower s, respectively,

Auorestence of aggregated protein is higher in the
sl I.v:kqu,f:I Dmak, Clpa, Clph or Clpl* than in others
{Figure 8(b)). This fact indicates that these four pro-
leins participate in the discrimination of funclional
species belween soluble and insoluble fractions. It
also supports the hypothesis that inclusion bodies
are not excluded from conformational control,
which acts irrespective of protein solubility. Inter-
estingly, the slopes of both correlation lines are
numencally very similar (Figure 6ib)), indicating
n)‘r,.'l.in a high level of regularity in the genetic control
of the conformational quality of soluble and ag-
gregated species. The similarity between the spe-
cific activity of soluble and inclusion body versions
of a recombinant f-galactosidase [Eh‘LH.‘tI.'I]’-‘I":!.I' and
functionally different from GFI) in the absence of
Dnak,™" indicates that the genetics of quality con-
trol deseribed here is not limited to the moded
prodein used in the present study.

Therefore, solubility, resulling from the combina-
tion of the protein ?::ltding process angd an over-
committed, highly selective proteolysis should be
reconsidered as a universal indicator of conforma-
tional quality.

Materials and Methods

Strains and plasmids

The Escherichin coli strains used in this work were
MCH100 (a1 39 AfargF-lnc LGS rpsL 150 wlAl ABS30T
deaCl psF25 risK)L™ wsed as a wild-type, and s
denvatives JGT3 (AclpBaken), JGTA (clpAkon), JGTH
(Tl grol5300, JGTIT (Aipcdm), 1GT19 (CpPxat),
JOT20 (disak?56 M= T, BB4SR (eroEL 140 z2jd= Tl
She2Spd A 5HE L and BB2395 (Al l et Tl
Thase strains were transiormaed with pT'n-TlGFI"." oo -
ing a misfolding-prone fusion version of GFF {mGEP). n
which the VI capsid protein of foot-and-mouth dizease
virus ks jolned at the amino terminus and produced under

the control of the fre promoter, The chaperone-encoding
plasmid pBB335 (Spec”). has breen described.™ Bricfly, it
drivies the expression of the drek and din) genes under the
coatrol of the IPTCRinducible Pay oo promoder and it is
fully compatible with pTVIPIGER

Culture conditions

All the production processes were performed in shake-
flask cultunes growing at 37 °C amd 250 rpmi in LB rich
medium,™ plus 100 pg/ml of ampicillin and eventually
100 pg/ml of spectinomycin for plasmid maintenance,
Expression of VIPLIGFP gene was induced when the
absorbance at 550 nm reached 004, by adding IPTG o
I mM. Cell samphes were taken at 2 h after induction of
gene expression for further analysis, For the i oiwe
determination of proteclviic stability, profein synihesis
was arrested by adding chloramphenicol to 200 g/ mil,
and the cultures were further mcubated ar 37 °C and
sampled at different times, Data were obtaned from three
of mofe independent experimenta

Flow cytometry

Flow evtometne analyvses wene performed after samphe
ficatiom with 0.1 % (v /v) femaldehyde ovemight at 4 °C,
ona FACSCalibur system (Becton Dickinson) with 4585 nm
excitation from a 15 mv aircooled angon-ion Liser, Fluore
scenoe ermissaon was acquinad  through a 58300 nm
band{.:lﬁ filter (FL1) in logarthmic mode. For every
sample, the Aluorescenoe emission inchannel FL1 was ana-
Iy e weith a FACSCalibur and comverted in o spreadshiect
by the WinMDT 2.8 sodtware. During thae elabosation of the
data, we caloulated the geometric mean for every sample,

Determination of total and specific fluorescence

Cultune samples of 1 ml wene jacketed i ioo, dif.rupl:ed
by somication for 4 min at 50 W ounder 85 5 cycles as
described.”™ and centrifuged at 4 “C for 15 min at 15.000g.
The supernatant was used directly foe the analyais as the
siduble cell fraction. Inclusion bodies were purified by a
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detergent-washing protocol as described.™ and used in
suspension for activity analysis, Fluorscence at 510 nm
wias reconded with a Cary Eclipse flunnesconce spoctio-
phetometer (Marunt) by usang 450 nm as the excitabion
wavelength, Flyorescence was maasured, in triplicate, in
1 ml samples wsing dilutions when necessary, and
comrected by cither biomass or amounts of mGEP protein
determined as described beloiw,

Quantitative protein analysis

Samples of bacterial cultures (10 ml) were contrifuged at
low spocd (15 min at 1500¢) to harvest the cells and
resarspensded in 2 ml of PBS with one tablet of Protease
Inhibator Cocktail (Roche, ref, 1 856 1700 per 10 mil of
buffer. These samplas, onee jacketed in lee, were sonkeabed
for 5 min {or longer when required to achieve a complete
disraption) at 50 W under 0.5 8 eveles as doseribed ™ and
centrifuged for 15 min at 15, . Ther supernatant was

mixed with denaturing buffer at lhr: appropriate ratios.”
For the determination of inclusion body prdein, these
AEgregales wene purl.iu:—d by repeated washing with
deterpent as described,™ and resuspended in denaturing
buffer” For the analysis of proteolytic stability, protein
synthesks was arrested by adding chioramphenical al
HNY g/l 2 b afier of induction of gene expression, and
the cultures were further incubated at 37 °C. Samples
taken at different times were then centrifuged for 15 min at
15,000g arsl pellets were resuspended in denaluring
buaffer,”! After boiling for 15 min (for the soluble fraction)
or 25 min (for indusion bodies), appropriate samplhe
volumes wene boaded onto denaturing gels. For Western
blot, a polyelonal serum directed against GFI® was used,
Drd Blots were seanned at high resolution and bands
wiere qpuantified by using the Cuantity One softwane from
Bio Rad, with the approprinte protein dilutions of known
concentration as controls. Slight bands compatible par-
tially with protealysed ml FP and with full-lenggih CFF
wiere oibservid in somee cases, representing always <4% of
the total immunoreactive material and wore included in
all the analysis. Determinations were done within a lincar
eange and they were used o caleulate the specific activity
valiws. We performed a nested ANOVA to analyvae the
different samples.

FTIR spectroscopy

Parified inclusion bodies were dried for Zh in a Speed-
Vag system before analysis 1o reduce water interference in
the inframed spectra. The FTIR spectrum of thee dry samples
was analysed directly into a Bruker Tensor FTIR spoctro-
meter. All pnm;-m.hlh procedures were carried oul so as o
optirnize the qu.all.ir-, ol the ﬁmclmm i ther amnide | négion,
between 16000 cm ' and 1700 em . Second derivatives of
the amide | band spectra wene u.s-nd to determine the
froquencies al which the different spectral components
were located. A genwral -u.fﬁu. rpton of FTIR proceduns
can be found elsewhere,™
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