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Protein production through dedicated
secretion systems might offer an
potential alternative to the conventional
cytoplasmical expression. The appli-
cation of Type 1 secretion systems of
Gram-negative bacteria, however, where
often not successful in the past for a wide
range of proteins. Recently, two studies
using the E. coli maltose binding pro-
tein (MalE) and the rat intestinal fatty
acid binding protein (IFABP) revealed
a rational to circumvent these limita-
tions. Here, wild-type passenger proteins
were not secreted, while folding mutants
with decreased folding kinetics were
efficiently exported to the extracellular
space. Subsequently, an one-step puri-
fication protocol yielded homogeneous
and active protein. Taken together, the-
ses two studies suggest that the intro-
duction of slow-folding mutations into a
protein sequence might be the key to use
Type 1 secretion systems for the biotech-
nological production of proteins.

Introduction

Type 1 secretion systems (T1SS) of Gram-

negative bacteria substrates

directly form the cytoplasm to the exterior

transport

without the formation of any periplasmic

intermediate. The substrate spectrum
contains functional unrelated and dif-
ferent-sized proteins, i.e., the hemophore
HasA (19 kDa) and the lipase LipA
(65 kDa) of Serratia marcescens™? or the
900 kDa protein LapA that is involved
in biofilm formation of Pseudomonas
fluorescence® A transport machinery com-
posed of two inner membrane proteins, a
membrane fusion protein (MFP) and an
ATP-binding-cassette (ABC) transporter,

as well as an outer membrane factor
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(OMF) catalyzes the secretion process.*”

The paradigm of T1SS is the hemolysin
A (HlyA) secretion system of Escherichia
coli (E. coli), which consists of the ABC
transporter hemolysin B (HlyB), the MFP
hemolysin D (HlyD) and the multi-func-
tional TolC (OMF).® TolC is recruited,
upon interaction of the substrate (HIyA)
with HlyB and HlyD, and a continuous
export channel is formed bridging the
cytoplasm directly to the exterior.*’

HIyA and other T1SS substrates are
suggested to be transported in an unfolded
state® and folding is triggered by bind-
ing of Ca®* jons to so-called GG repeats
in the extracellular space, directly after
transport. Previously, several proteins
were successfully secreted as fusion pro-
teins with a 23 kDa C-terminal fragment
of HIyA (HlyAc), for example B-lactamase
or antibody fragments.”'> However, many
proteins could not be secreted limiting
the exploitation of the T1SS pathway for
biotechnological purposes.” Recently, two
publications investigated these limita-
tions.®"® Here, the maltose binding pro-
tein (MalE) and the intestinal fatty acid
binding protein (IFABP) could initially
not be secreted when fused to HlyAc.
However, the use of slow-folding proteins
with decreased folding kinetics allowed
the secretion into the culture medium.®*
Interestingly, the mutant IFABP(G121V),
accumulates in E. coli as inclusion bod-
ies, whereas secreted IFABP(G121V) was
soluble and active. Taken together, both
studies suggest a rational to secrete pro-
teins of interest in good yields and in a
soluble, functional state with an E. coli
T1SS. However, the successful application
requires proteins with slow-folding kinet-
ics and the identification of such mutants
might hamper the general applicability
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of the approach. In other words, the gen-
eral application of this approach requires
screening of protein libraries that con-
tain random mutations generated by, for
example, error-prone PCR. This should
be performed with suitable activity assays
that allow a simple read-out to identifiy
secreted and moreover, active proteins.

Secretion of a Functional
Cytoplasmic Protein

The HIyA T1SS was investigated for its
applicability to secrete an eukaryotic cyto-
plasmic protein, the rat intestinal fatty acid
binding protein (IFABP).” IFABP is a 131
residue (15 kDa) cytoplasmical protein,
which belongs to the family of fatty acid
binding proteins in mammals and binds a
single molecule of fatty acids.'® The bind-
ing to lipophilic drugs, for example, is
used for the prediction of drug pharmaco-
kinetic parameters in vitro."”!® The slow-
folding mutant IFBAP G121V still binds
fatty acids with high affinity (K =120 nM
+ 25 nM) and is currently produced in E.
coli out of inclusion bodies."

Both, wild-type IFABP and the slow-
folding variant IFABP(GI21V), were
cloned inside a secretion vector in front
of HlyAc. In the background of the T1SS,
wild-type IFABP(wt)-HlyAc was not
secreted into the medium of the E. coli
culture, whereas IFABP(G121V)-HlyAc
was secreted in good yields of up to 6 mg
per liter cell culture (corresponding to
2 mg/OD). The secreted fusion protein
could even be visualized by Coommassie
brilliant blue (CBB) staining in the super-
natant without concentrating the sample.
Interestingly, the secreted fusion pro-
tein was soluble and stable in the culture
medium and during the subsequent puri-
fication steps, which displays an advantage
compared with its currently expressed
form being insoluble inclusion bodies.”

Bakkes et al. demonstrated the secre-
tion of a slow-folding mutant of MalE.
The passenger MalE with two introduced
slow-folding mutations was secreted and
shown to be active in binding to amy-
lose, although the major fraction did not
bind to the ligand." The reason for this
behavior, however, was not investigated.
Therefore, Schwarz et al. investigated the
folding state and the activity of secreted
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IFABP in more detail and compared it
with published results. The folding state
of secreted IFABP(G121V) was stud-
ied by intrinsic tryptophane fluores-
cence spectroscopy and compared with
IFABP(GI121V), which was purified out of
cytosolic inclusion bodies and refolded.
These studies indicated that secreted
IFABP(GI121V) was folded comparable
to the reference protein. Since the folding
state of a protein does not directly imply
that the protein is active, the activity of
secreted IFABP(G121V) was analyzed.
The fatty acid analog 11-(dansylamino)
undecanoic acid (DAUDA) was used for
titration experiments to determine the
binding activity of IFABP(GI121V). For
the validation of the experimental setup,
the binding affinity of the reference
I[FABP(GI21V)

control) was examined by fluorescence

protein (non-secreted
spectroscopy. The determined dissocia-
tion constant (K ) of 126 nM + 7 nM is
in line with the published data (120 nM
+ 25 nM).” The K value of secreted
IFABP(G121V)-HIlyAc was determined
to be 195 nM + 13 nM. This is in the
same range as the K for the non-secreted
control demonstrating that secreted
IFABP GI121V exhibits similar binding

parameters.

Unfolding Domains —Useful Tools
for Secretion?

The major bottleneck of this secretion
technology is its dependency on slow-
folding proteins. As an alternative route to
directed evolution appoaches (see below),
a destabilizing domain was analyzed to
transfer instability to the fusion proteins.
The destabilizing domain ddFKBP, an
engineered version of the human FKBP12,
was used, which was already applied suc-
cessfully in eukaryotes to destabilize fused
proteins,? % however, no studies were per-
formed in bacteria so far. Schwarz et al.
investigated, whether the ddFKBP desta-
bilizes fusion proteins in E. coli and if this
domain allows the secretion of proteins
via the T1SS without the introduction of
slow-folding mutations. The ddFKBP was
fused N-terminally to HlyAc, IFABP (wt)-
HlyAc and  IFABP(GI121V)-HlyAc,
respectively. All protein constructs were
expressed as indicated by CBB staining
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and western blot analysis of whole cell
extracts. Obviously, ddFKBP did not
increase secretion levels of the fusion con-
structs. These results indicate that the
intrinsic folding state of HlyAc, IFABP (wt)
and IFABP(GI121V) is not changed drasti-
cally and that the ddFKBP does not facili-
tate the secretion of a protein of interest
with the TISS. This raises the question
whether the ddFKBP transmits instability
to fused proteins or induces their degrada-
tion in bacteria?

Engineering of Proteins with Slow
Folding Characteristics

The successful secretion of proteins via the
HIyA T1SS depends on the availability of
slow-folding mutants. Besides wild-type
proteins with slow-folding kinetics, many
proteins fold too quickly inside cells,
which hampers the general applicability
of T1SS. Up to now, the a priori predic-
tion and alteration of folding properties
is impossible with biochemical, compu-
tational or bioinformatical approaches.
Nevertheless, directed evolution methods
are available to generate proteins with
desired characteristics, i.e., altered fold-
ing characteristics.”>*® Basically, this can
be performed within three relatively easy
experimental steps (see Fig. 1).

Step 1 represents the random muta-
genesis of the wild-type protein of interest
(POI_wtz). Various methods are available
to mutate the gene, which are summa-
rized in, for example Wong et al.?” The
mutagenesis products are inserted inside
the secretion plasmid in front of the
secretion signal (HlyAc) DNA sequence.
This results in a library of mutated POI
(POI_muz) fusion proteins. E. coli cells
are transformed with the plasmid library
together with the plasmid encoding the
T1SS complex (Step 2) and obtained
colonies are analyzed in secretion experi-
ments (Step 3). Since the secretion signal
is localized at the C-terminal end of the
fusion protein, only full-length fusion
proteins will be secreted; fusion proteins
with artificial stop codons introduced
via the error prone PCR reaction are not
secreted and thereby automatically elimi-
nated from the screen. Mutations that
do not alter the folding kinetics will not
be secreted either.
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However, proteins with slow-folding
kinetics can be detected, by SDS-PAGE
analysis of the culture supernatants.
Staining of the gels or immunochemical
detection visualizes the secreted proteins
and allows the densometrical quantifica-
tion of secreted proteins. A great advan-
tage is that the amount of secreted protein
is inversely correlated with the folding
rate of the protein. In other words, the
protein secreted most efficiently will have
the slowest folding kinetics. Furthermore,
supernatant samples can be used immedi-
ately for enzyme-linked activity or immu-
nosorbent assays (ELISA). If such an
activity of the POI can be visualized, the
secretion system enables high-throughput
screening of a vast pool of mutants. For
example, the lipolytic activity of secreted
lipases can be visualized on agar plates,
which contain the appropiate substrate of
the lipase.” In summary, the technology
described in Schwarz et al. represents a
valuable and novel tool, usuable for vari-
ous experimental setups, for example, the
generation of folding mutants allowing
secretion and subsequently the screening
of secreted proteins with improved char-
acteristics which are interesting within the
biotechnological area.
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