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ABSTRACT

Background: Vibrio natriegens is a Gram-negative bacterium that offers a greater metabolic capacity than
Escherichia coli for the production of recombinant proteins. This potential includes a low minimum dou-
bling time of 7 min and a high maximum glucose uptake rate of 3.9 g*g~'*h~!. We therefore tested the
ability of V. natriegens to produce the insect metalloprotease inhibitor (IMPI), an antimicrobial peptide,
fused to the glucosamine-binding protein A (GbpA) secretion/purification tag, using the Vmax Express
system.
Results: The IMPI-GbpA fusion protein was secreted into the medium and could be purified directly from
the fermentation supernatant by affinity chromatography, including on-column digestion with thrombin.
We also modified the GbpA tag by deleting the second and third domains, which reduced the size of the
tag while maintaining its functionality. This modification also increased the IMPI yield.
Conclusions: The use of V. natriegens as an expression platform and GbpA for protein secretion and purifi-
cation facilitates the inexpensive production of antimicrobial peptides. Our process achieved a higher vol-
umetric yield than earlier attempts to produce recombinant IMPI in E. coli. However, the accumulation of
IMPI causes V. natriegens growth arrest before the carbon source is depleted, suggesting it may be possi-
ble to achieve even greater productivity by further process optimization.
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1. Introduction

Vibrio natriegens is a halophilic, rod-shaped, Gram-negative bac-
terium [1] originally isolated from a salt marsh and classified as
Pseudomonas natriegens [2,3]. It has a low minimum doubling time
of 7 min [4,5] and a high glucose uptake rate of 3.90 g*g~*h~!,
making it suitable as a host platform for the production of recom-
binant proteins [6]. V. natriegens has already been used to express
multiple variants of green fluorescent protein [7,8], membrane
proteins from Vibrio cholera [9], and the FK506-binding protein
for isotope labeling [10]. Furthermore, the enzyme uricase, the
antimicrobial peptide (AMP) lucimycin and the insect metallopro-
tease inhibitor (IMPI) have been secreted into the V. natriegens
periplasm using the ssYah] tag [11]. V. natriegens has also been
used for metabolic engineering [12]. Most recently, 149 different
genes from bacteria, yeast, and plants were expressed in V. natrie-
gens using pET vectors [13]. However, it has not yet been possible
to secrete recombinant proteins produced by V. natriegens directly
into the medium.

The secretion of recombinant proteins helps to prevent protein
aggregation (in many cases by ensuring efficient folding and the
formation of disulfide bonds), reduces the effect of toxic proteins
on the host, and allows the direct capture of proteins from the
medium, thus avoiding the need for bacterial lysis [14]. Among
the six secretion systems known in Gram-negative bacteria, only
the type Il secretion system (T2SS) spans the inner and outer mem-
branes and exports products in two steps, allowing folding and
disulfide bond formation in the periplasm before secretion to the
medium [15]. It is unclear how proteins in the periplasm are recog-
nized and translocated through the outer membrane. The T2SS
consists of 12-15 different proteins with the prefix Gsp (general
secretion pathway) but the detailed assembly is not fully under-
stood [16]. The substrates of this secretion system include cellu-
lases, toxins and glucosamine-binding protein A (GbpA) [17,18].

The 54-kDa matrix protein GbpA has four domains that allow V.
cholerae and related species to attach to chitinous and mucin-rich
surfaces [19]. Domain I is related to the chitin-binding domain of
Serratia marcescens, featuring two disulfide bonds and an N-
terminal secretion sequence for translocation to the periplasm.
Domains II and III resemble the S fimbriae periplasmic chaperone
from E. coli and are required to bind the cell surface. Domain IV
is similar to the chitin-binding domain of S. marcescens chitinase
B [20]. Although GbpA is secreted via the T2SS, it lacks a Tat con-
sensus sequence and probably uses the Sec pathway, as suggested
by the bioinformatics tools Philius, Phobius, and SignalP [21,22,23].
In binding studies, more than 95% of GbpA binds to both chitin and
N-acetylglucosamine (GlcNAc) beads, suggesting the protein could
be suitable as a tag for affinity chromatography [20]. In this
method, samples are applied to a column containing an immobi-
lized affinity ligand, which retains the target for purification while
other components elute in the wash buffer. The target is then
released by eluting under conditions that cause the ligand and tar-
get to dissociate [24]. For fusion proteins, an elegant solution is to
separate the affinity tag from the fusion partner by on-column
enzymatic digestion, which can be achieved by placing a protease
cleavage site between the fusion partners [25].

We elected to use V. natriegens combined with a GbpA fusion
tag for the production of the insect metalloproteinase inhibitor
(IMPI), the first specific metalloproteinase inhibitor from inverte-
brates, which was discovered in the greater wax moth Galleria mel-
lonella [26]. IMPI is a cysteine-rich, trypsin inhibitor-like protease
inhibitor (family I8), and is 69 amino acids in length with a molec-
ular mass of 7.7 kDa (8.4 kDa including the N-linked glycans, which
are not essential for activity) [26,27]. IMPI is thermotolerant and
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functions at low pH due to the presence of five disulfide bridges
[27]. It specifically inhibits M4-type metalloproteases such as aure-
olysin, pseudolysin and bacillolysin [28] and shows particularly
low ICsq values against bacillolysin, pseudolysin and vibriolysin
[29]. This makes IMPI a candidate for the therapeutic inhibition
of microbial metalloproteases [30]. The testing of recombinant
IMPI fused to glutathione S-transferase (GST) in a porcine skin
wound model confirmed its potential for the treatment of wounds
infected with Pseudomonas aeruginosa [28]. Soluble IMPI has been
produced in E. coli but with low yields of 2.2 mg/L, even in a fed-
batch process with a final ODggg of 127.5, partly reflecting the stag-
nation of cell growth [31]. IMPI has also been produced as insol-
uble inclusion bodies in E. coli [32]. We anticipated that the
growth-limiting effects of IMPI could be avoided by secreting the
product into the medium, and therefore selected the GbpA fusion
tag for use in V. natriegens, allowing subsequent purification by
affinity chromatography and on-column enzymatic digestion.

2. Methods
2.1. Cloning

The GbpA gene including the stop codon was amplified by PCR
using Q5 Polymerase (New England Biolabs, Germany). The expres-
sion cassette, containing the GbpA and IMPI sequences separated
by a thrombin cleavage site, was inserted into vector pAGM6413
using a two-step Golden Gate reaction [33,34]. The final vector
(named GbpA 1) contained the expression cassette flanked by T7
promoter and terminator sequences as well as a spectinomycin-
resistance gene to maintain selection pressure. A derivative vector
(GbpA 2) was created by removing the GbpA stop codon, and a fur-
ther derivative vector (GbpA 4) was created by removing domains
Il and III from the GbpA sequence.

2.2. Cultivation

We transformed V. natriegens with each of the three vectors and
cultivated the transformants in triplicate, with induction after 2 h
as described below. An additional culture containing GbpA 4 was
cultivated without induction. Cells were cultivated in 1-L baffled
shake flasks (Schott, Germany) at 250 rpm and 37°C in a Multitron
shaking incubator (Infors, Germany). The flasks were filled with
100 mL modified M9 medium (Table S1) supplemented with 200
ug/mL spectinomycin (Sigma Aldrich, USA) and 5 g/L glucose (Carl
Roth, Germany). The pre-warmed shaking flasks were inoculated
by adding 1 mL of a cryo-preserved V. natriegens 20% glycerol stock
(ODgoo = 10). After a 140 min growth phase, IMPI production was
induced by adding IPTG (Carl Roth) to a final concentration of
50 uM.

2.3. Sampling strategy

Samples (1.5 mL) were taken at t = O (inoculation), every hour
from inoculation to induction, immediately after induction, and
every hour from induction to harvest. From each sample, 1 mL
was centrifuged at 16,000 x g for 5 min at 4°C, and the pellets
and supernatant (300-pL aliquots) were individually frozen at -
20°C in for subsequent analysis. The remaining 500 pL of the orig-
inal sample was used to determine the pH and ODggo, and to mea-
sure the glucose concentration in a BIOSEN C-line (EKF-diagnostic,
Germany).
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2.4. Harvest

The culture broth was harvested 7 h post-induction. From each
flask, 70 mL of broth was divided into two equal portions in 50-mL
Falcon tubes, which were centrifuged at 15,000 x g for 5 min at
4°C. The supernatant was separated from the pellet and frozen at
—20°C. One of two pellets per flask was cryo-preserved and the
other was resuspended in 40 mL phosphate-buffered saline (PBS)
and centrifuged again. The pellet was then dried at 65°C for 48 h
to determine the cell dry weight.

2.5. Affinity chromatography

Two Pierce 10-mL centrifuge columns (Thermo Fisher Scientific,
USA) were filled with 1 mL chitin resin in storage buffer (New Eng-
land Biolabs) and the buffer was removed by centrifugation at
700 x g for 3 min at 25°C. The columns were equilibrated by wash-
ing three times with 10 mL wash and binding buffer (WB) consist-
ing of 150 mM Nacl, 50 mM Tris and 2.5 mM CacCl, (pH 8.0). The
columns were loaded with 10 mL supernatant harvested from
the GbpA 2 and GbpA 4 cultures, respectively. The columns were
incubated for 1 h on a Revolver rotating platform (Labnet, USA)
then centrifuged as above and the fractions were collected (1 mL
of each fraction was frozen at —20°C for SDS-PAGE analysis). The
columns were washed with 10 mL WB and centrifuged as above,
and this step was carried out three times in total. Each column
was then loaded with 1 mL WB supplemented with 30 units of
thrombin (Merck, Germany) and incubated at room temperature
for 20 h on the rotating platform. The columns were centrifuged
as above to elute the released IMPI, and any residual IMPI was
eluted in two subsequent wash steps with 1 mL WB as described
above. The columns were regenerated by incubation in 10 mL
WB supplemented with 1% SDS for 30 min on the rotating platform
before removing the regeneration buffer by centrifugation as above
and repeating the step with regeneration buffer and water.

3. Analytics
3.1. SDS-PAGE and western blot

Cell pellets from the culture samples were disrupted by chem-
ical and enzymatic lysis with 0.7 ml BugBuster Mastermix accord-
ing to the manufacturer’s protocol. The resulting insoluble and
soluble fractions were mixed 3:1 with Laemmli mix, consisting of
a 9:1 ratio of 4 x Laemmli buffer and 2-mercaptoethanol (both
from Bio-Rad, USA). The mixed samples were denatured at 98°C
for 10 min. We then loaded 13-uL sample aliquots alongside 3 uL
Bio-Rad protein markers onto the gel, which was placed in a Crite-
rion Cell (Bio-Rad) filled with TGS buffer (Bio-Rad). The proteins
were separated at 250 V for 25 min using a PowerPac Basic power
supply (Bio-Rad). Gel images were analyzed using the ChemiDoc
MP Imaging System and Image Lab software (Bio-Rad).

For western blot analysis, proteins were transferred from the
gel to a PVDF membrane (Bio-Rad) using the Trans-Blot Turbo sys-
tem (Bio-Rad). The membrane was blocked for 1 h in 5 g/L bovine
serum albumin (BSA) in PBS containing 0.05% Tween-20, then
washed three times for 5 min in PBS containing 0.1% Tween-20
(PBST). The membrane was then incubated with 15 mL of the cus-
tom primary antibody solution (Eurogentec, Belgium) with an anti-
body concentration of 2 mg/L. After three further wash steps as
above, the membrane was incubated overnight in 15 mL of the sec-
ondary antibody solution comprising 0.16 mg/L goat anti-rabbit
IgG (Thermo Fisher Scientific) and 1.5 pL StrepTactin-HRP Conju-
gate (Bio-Rad). After three further washes, the membrane was
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overlaid with 5 mL of the Clarity Western ECL Substrate (Bio-
Rad) for 3 min before visualization.

3.2. Determination of the product concentration

A 10 g/L suspension of chitin (Sigma-Aldrich) in water (35 mL in
a 50-mL Falcon tube) was centrifuged at 5000 x g for 5 min at
room temperature and the pellet was resuspended in the same vol-
ume of water and kept in suspension by continuous stirring. We
then dispensed 0.4-mL aliquots to 1.5-mL tubes and evaporated
the water in a dry cabinet at 65°C overnight. The dry chitin aliquots
were stored at room temperature.

Bradford solution was prepared as previously described [35].
The cell-free culture supernatant was then divided into two frac-
tions, 100 pL of which was retained and 200 puL was transferred
to a dry chitin aliquot. The supernatant mixed with the chitin ali-
quot was shaken at 1000 rpm at 25°C in a Thermomixer Comfort
(Eppendorf, Germany) for 30 min. The aliquots were centrifuged
at 16,000 x g for 5 min, and the supernatant (130 pL) was trans-
ferred to a fresh tube.

The Bradford assay was carried out in 96-well plates (Greiner
Bio-One International, Austria) in triplicate, including blank and
calibration values. The blank was water. The assay was calibrated
in eight equidistant steps from 7.5 to 60 mg/L. The standard was
BSA fraction V (Carl Roth). We transferred 30 uL of each sample
per well and added 270 pL of the Bradford solution. Absorption
at 450 and 595 nm was measured using a Synergy HT plate reader
(BioTek Instruments, USA) and Gen5 software. The protein concen-
tration was calculated from the quotient of the two absorption val-
ues [36]. The product concentration was determined by calculating
the difference between the protein concentrations before and after
incubation of the culture supernatant with chitin. The assay
required a product concentration of 15-35 mg/L and samples in
excess of the maximum value were therefore diluted in PBS.

To calculate the concentration of IMPI from the fusion protein
concentration, we used the online tool ProtParam from Expasy.
With this tool we determined the weight fraction of IMPI in the
fusion protein and thus concluded the concentration of IMPI. We
did the same with the data from the processes used to compare
the product concentrations.

All t-tests in this publication were performed in OriginPro soft-
ware from OriginLab Corporation, using software version 9.0.0.
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Fig. 1. Measurement of cell density (ODgoo) in shaking flasks containing V.
natriegens transformed with constructs GbpA 1, GbpA 2 or GbpA 4 (the latter with
and without induction). Data are means + SD (n = 3).
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Fig. 2. Measurement of glucose levels in shaking flasks containing V. natriegens
transformed with constructs GbpA 1, GbpA 2 or GbpA 4 (the latter with and without
induction). Data are means + SD (n = 3).

4. Results

We initiated two V. natriegens cultures for the induction of the
fusion protein GbpA-IMPI, one with a full-length construct (GbpA
2) and the other with domains II and Il removed from the fusion
tag (GbpA 4). We also initiated two control cultures, one (GbpA
1) induced to produce the GbpA tag alone, which was achieved
by leaving the stop codon in place after the GbpA sequence, and
the other was GbpA 4 without induction. The growth curves of
all four cultures were generally similar (Fig. 1). However, the
post-induction ODggo values were lower for the IMPI-producing
cultures (GbpA 2 and GbpA 4) and the variation around the mean
was also greater, as shown by the larger error bars (Fig. 1). This
reflected the formation of cell aggregates in these cultures, which
were visible to the naked eye as a more turbid fermentation broth.

The glucose consumption profiles (Fig. 2) of the four cultures
also fell into two categories. For the control experiments (GpbA 1
and GbpA 4 without induction), the glucose was completely
depleted 2 h post-induction. In contrast, IMPI expression (GbpA 2

[ GopA 1
I GbpA 2
GbpA 4
{/I GbpA 4 w/o induction

N
1

Cell dry mass (g/L)

0-
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Fig. 3. Measurement the pH of the medium in shaking flasks containing V.
natriegens transformed with constructs GbpA 1, GbpA 2 or GbpA 4 (the latter with
and without induction). Data are means + SD (n = 3).

and GbpA 4) caused the slower consumption of glucose, with some
of the substrate still remaining 7 h post-induction.

Likewise, the pH profiles differed between the control experi-
ments and IMPI production (Fig. 3). In the control experiments,
the pH steadily declined until ~2 h post-induction and then began
to climb again, whereas the pH decline continued until ~3 h post-
induction in the IMPI production experiments and then reached a
plateau at pH ~6.3.

The comparison of dry cell masses also showed higher values
for the control cultures compared to those producing IMPI, and
the non-induced culture also accumulated significantly more bio-
mass than the GbpA 1 culture producing free fusion tag (Fig. 4).

The ODggo values and dry masses were compared to establish
correlations, which were then used to calculate substrate-specific
biomass yield coefficients in the period from inoculation to
260 min post-inoculation (Fig. 5). The glycerol introduced from
the cryo-preservation medium was ignored. Interestingly, we
observed no significant difference between GbpA 1 (fusion tag
alone) and GbpA 2 (complete GbpA-IMPI fusion construct), but a

Fig. 4. Cell dry mass at the time of harvest in shaking flasks containing V. natriegens transformed with constructs GbpA 1, GbpA 2 or GbpA 4 (the latter with and without
induction). Data are means + SD (n = 3). All values are significantly different from each other (t-test, p < 0.05) except GbpA 2 vs GbpA 4.
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significantly lower value for GbpA 4 (GbpA-IMPI fusion construct
lacking domains II and III) and a significantly higher value for the
non-induced GbpA 4.

Samples collected during fermentation were centrifuged to sep-
arate the cells from the medium and the cells were lysed to yield
soluble and insoluble fractions for comparative analysis by SDS-
PAGE (Fig. 6). A 50-kDa band representing the GbpA tag without
a fusion partner (GbpA 1) appeared 1 h post-induction, whereas
the 58-kDa GbpA-IMPI fusion protein (GbpA 2) and its shorter
derivative (GbpA 4, 32 kDa) took longer to accumulate, first
becoming visible 2 h post-induction. Distribution between the sol-
uble and insoluble factions also differed depending on the product,
with a greater proportion of the lone GbpA tag appearing in the
soluble fraction compared to the IMPI fusion proteins. A compar-
ison of GbpA 2 and GbpA 4, which differ solely in the domain struc-
ture of the GbpA tag, showed that the GbpA 4 product (32 kDa) was
less abundant than GbpA 2 (~58-kDa) in the soluble fraction after
cell lysis in samples recovered 3 h post-induction and later. GbpA 4

0.6 -
I GopA 1 [ GbpA 2
I GbpA 4 [l GbpA 4 w/o induction

0.5
0.4
£0.34
>
0.2

0.1 1

0.0 -

Fig. 5. Substrate-specific biomass yield coefficients calculated for the first 260 min
of cultivations in shaking flasks containing V. natriegens transformed with
constructs GbpA 1, GbpA 2 or GbpA 4 (the latter with and without induction).
Data are means + SD (n = 3). All values are significantly different from each other (¢t-
test, p < 0.05) except GbpA 1 vs GbpA 2.
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also featured an extra 37-kDa band in the insoluble fraction that
first became visible 1 h post-induction.

Product quantification in the cell-free supernatant revealed that
the free GbpA tag (GbpA 1) accumulated to significantly higher
levels than the fusion proteins, but there was no significant differ-
ence between the full-length fusion (GbpA 2) and the shorter ver-
sion (GbpA 4) lacking domains II and III (Fig. 7).

The GbpA 2 and GbpA 4 products were purified from the culture
supernatant by affinity chromatography (Fig. 8). In both cases, a
dominant product band was observed in the loading lane alongside
a weak corresponding band in the flow-through lane, with the
anticipated sizes of 58 kDa (GbpA 2) and 32 kDa (GbpA 4). The
released IMPI product was not visible in the SDS-PAGE elution
lanes because it lacks tryptophan, which is the amino acid bound
by the protein stain. The band that is visible in the SDS-PAGE elu-
tion lanes corresponds to the anticipated size of thrombin, the
cleavage enzyme (~30 kDa). However, the released IMPI product
was detected by western blot with the anticipated size of
~7.7 kDa. Given the much stronger signal in the GbpA 4 blot, the
recovery of IMPI was more efficient when initially fused to the
shorter GbpA tag lacking domains II and IIl. Most of the product
was recovered in the first elution fraction, and in the case of GbpA
4, the remainder was recovered in the second elution fraction, with
none appearing in the third elution fraction. The regeneration lanes
confirmed the release of the cleaved GbpA tag, with no correspond-
ing signal in the western blot.

5. Discussion

The production of IMPI as a therapeutic candidate has been
hampered by its impact on the growth of E. coli, resulting in low
yields of 2.2 mg/L in a fed-batch process with a final ODggo of
127.5 [31]. We hypothesized that the growth-limiting effects of
IMPI probably reflect interactions with intracellular targets and
should be avoided by secreting the product into the medium,
which also provides a more straightforward strategy for product
purification [14]. We therefore selected V. natriegens as a produc-
tion host with IMPI expressed as a GbpA fusion to facilitate both
secretion and recovery by affinity chromatography on a chitin-
based resin. Expression of the fusion protein was induced by the
addition of IPTG to V. natriegens cultures in shake flasks, and as

M PSUPSUPSUMZPSUPSUPSUPSUM
( N =l 1 I [[=}75%D
EQ_* - _ﬁ-’> g :_-| “A == 50 kD
o 2
. : -} 37 kD
N - w| 75 kD
<
218 = [ i - .
0] -l_ - - '1 —4| 50 kD
il i - | 50 kD
<
< | - - 37 kD
g - o e T o e [
O |
. s w=l 25 kKD
Ohours 1hour 2hours 3hours 4hours 5hours 6 hours

Fig. 6. SDS-PAGE analysis of cultivation samples from induction until 1 h before harvest. M = marker, P = cell-free supernatant, S = soluble fraction after cell lysis,

U = insoluble fraction after cell lysis.
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controls we used the induction of the lone GbpA tag and a non-
induced culture of the fusion protein, enabling us to separately test
the effect of induction and the presence of the IMPI polypeptide on
V. natriegens growth and productivity.

We found that the control cultures achieved higher ODggg val-
ues than the cultures expressing IMPI fusion proteins, and that
the latter also tended to aggregate resulting in more variable
ODggo readings (Fig. 1). The IMPI cultures also accumulated signif-
icantly less cell dry mass (Fig. 4). To ensure the data were meaning-

70 q
I GbpA 1
0 I GopA 2
[ GbpA 4

50

40

30

20

Product concentration (mg/L)

10 4

0 -

Fig. 7. Product concentrations in the cell-free supernatant at the point of harvest
for shaking-flask cultures containing V. natriegens transformed with constructs
GbpA 1, GbpA 2 or GbpA 4. Data are means * SD (n = 3). All values are significantly
different from each other (t-test, p < 0.05) except GbpA 2 vs GbpA 4.
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ful, we calculated the quotient of ODggg and cell dry mass, resulting
in values of 3.28 + 0.12 (GbpA 1), 3.21 + 0.08 (GbpA 2), 2.86 + 0.23
(GbpA 4) and 2.92 £ 0.08 (GbpA 4 without induction). These values
did not differ significantly between the control cultures and those
producing IMPI (t-test, p > 0.05) suggesting that the ODggo data are
indeed meaningful in the context of cell dry mass. Cell aggregation
can be triggered by multiple stimuli, including changes in temper-
ature, oxygen availability or stress, but only cells expressing IMPI
were affected in our experiments, suggesting that IMPI accumula-
tion is stressful to the cells [37].

The expression of IMPI fusion proteins led to growth arrest
despite the presence of non-depleted substrate, as previously
observed in E. coli [31]. However, we also observed significantly
lower substrate-specific biomass yields during IMPI production
compared to the non-induced culture (Fig. 5). We assume that
the falling pH (Fig. 3) reflects the accumulation of acids during aer-
obic cultivation, similar to the previously reported formation of
0.8 mol acetic acid per mol glucose [38]. After the glucose has been
consumed, the acetic acid serves as a substrate, leading to the
increase in pH observed in the case of GbpA 1 (starting 3 h post-
induction) and in the GpbA 4 culture without induction. This leads
to further growth, and presumably the glycerol introduced by the
cryo-preservation medium is also consumed as a carbon source
during this phase.

In studies with other Gram-negative bacteria, it was shown that
centrifugation forces of more than 5,000 x g can lead to cell surface
damage [39]. For this reason, it could have been that the product
secreted into the supernatant was a result of damage to the cell
surface. To rule this out, comparative experiments were performed
at 5,000 x g and 15,000 x g during cell harvest. The results exclude
such an effect and are deposited in Figure S1, Figure S2 and
Table S2.

M L F W1 W2W3 E1 E2 E3 R1 RZRI M L F W1 W2 W3 E1 E2 E3 R1 R2R3 M
(=
B 2 - | 75kD
- - al - | 50KkD
i - — |37kD
‘/3’0< - . -~ 1"
A || - A —- - | 25kD
i — |20kD
o~
- , — }15kD
_ ~ | 10kD
‘L lee | 75kD
- @ | 50 kD
. - of - |37kD
25
D = 1| -
g @ - - |25kD
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.15 kD
- - H_ - 10 kD
GbpA 2 GbpA 4
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The difference in product concentrations between GbpA 2 and
GbpA 4 was not significant (Fig. 7), but when the proportion of
IMPI in the product is considered there is a clear increase in IMPI
yield due to the smaller size of the GbpA 4 tag. In the case of GbpA
2, the proportion is ~13%, but this rises to ~24% for GbpA 4, repre-
senting a two-fold increase in yield for the same fusion protein
concentration. The GbpA 1 culture also produced approximately
twice as much product as GbpA 2 or GbpA 4 as well as significantly
more biomass, suggesting that IMPI expression places a heavy bur-
den on bacterial metabolism but the productivity limits of the pro-
duction platform have yet to be reached. Nevertheless, we
achieved yields of soluble IMPI far exceeding previous reports.
Given a fusion protein yield of 35.3 mg/L for GbpA 4, our IMPI yield
was ~8.5 mg/L. The fusion product concentration previously
reported in E. coli was 20.4 mg/L, and taking the size of IMPI and
the elastin-like polypeptide (ELP) fusion partner into account this
corresponds to an IMPI yield of ~2.2 mg/L [31]. The difference is
even more pronounced for the biomass-specific yield of ~5.9 mg/
g in our study and ~0.065 mg/g in E. coli [31]. A GST-IMPI fusion
protein was expressed in E. coli with a yield of 5.73 mg/L, corre-
sponding to an IMPI yield of ~1.27 mg/L [40]. However, the GST-
IMPI fusion was expressed in cells growing in complex medium
whereas chemically defined medium was used for the ELP fusion
product.

SDS-PAGE analysis of the fermentation samples showed that
the accumulation of product in the insoluble fractions can probably
be attributed to IMPI (Fig. 6). IMPI produced in E. coli Rosetta-
gami™ 2, a mutant that allows the formation of disulfide bridges
in the cytoplasm, is completely insoluble without a fusion tag
[40]. Comparing the band patterns of GbpA 2 and GbpA 4, we see
that in the case of GbpA 4, there is a smaller amount of soluble pro-
duct in the soluble fraction of the cell lysis compared to the pro-
duct in the cell-free supernatant (Fig. 6). This may have two
causes, which are not mutually exclusive. One possible cause is
that the smaller tag could not be sufficient to keep IMPI in a solu-
tion state, resulting in a greater proportion remaining in the insol-
uble fraction of the cell lysis. The mechanisms by which protein
tags increase the solubility of their fusion partners are not fully
understood, and several hypotheses exist. One of these hypotheses
is that fusion partners may have intrinsic chaperone-like activity.
In this case, hydrophobic regions on the tag interact with the par-
tially folded fusion partner, preventing aggregation of the target
protein. Another hypothesis is that strongly acidic tags prevent
aggregation by electrostatic repulsion [41]. Consistent with the last
theory, most tags used to improve solubility have a PI of 4 to 5 and
a GRAVY (grand average of hydropathicity) of about 0 to —1. The
GRAVY circumscribes the hydrophobicity/hydrophilicity of a pro-
tein, the more negative this value, the more hydrophilic the protein
[42]. Both theories represent possible explanations for a possible
lower solubility-mediating effect of the GbpA 4 tag. Removal of
two domains increases the theoretical isoelectric point of the tag
from 4.95 to 5.58, but the GRAVY changes only slightly from
—0.509 to —0.483, making the tag more hydrophilic (both values
were determined using the ProtParam tool from Expasy). However,
because the GRAVY is only a relative value with respect to the total
number of amino acids, it cannot be excluded that no relevant
hydrophobic regions were removed by the loss of domains II and
L

Another cause is that GbpA binds partially to the cell surface,
and may be separated when the cells are removed from the med-
ium. This co-separated fusion protein would then be found in the
fractions of the cell lysis. Depending on how the binding of the
fusion protein to cell surface components behaves after cell lysis,
this portion of the fusion protein may be found in both the soluble
and insoluble fractions of the cell disruption. We assume that this
effect is suppressed when domains II and III are removed. These
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domains interact with the cell surface. For this reason, in the case
of GbpA 4, less soluble protein is separated from the supernatant
along with the cells because it is not present bound to the cell sur-
face, which ensures that in the case of GbpA 4, it appears that more
soluble fusion protein is present in the cell compared to the soluble
fusion protein in the cell-free supernatant. The hypothesis that
secreted GbpA proteins and adhesins are partly in solution and
partly bound on the cell surface has been explored for V. cholerae
[43,44]. If both hypotheses are correct, the product titer could be
increased by deleting either domain II or domain III but not both.
In this scenario, the deletion of one domain must restrict the bind-
ing of the fusion protein to the cell surface and the other domain
must increase the solubility of the fusion protein in the cell.

SDS-PAGE also revealed a double band in the GbpA 4 lane for
the insoluble fraction after cell lysis (32 and 37 kDa) starting 3 h
post-induction. The most likely explanation is the separation of
the secretion signal during the translocation of the fusion protein
via the Sec pathway into the periplasm. This is consistent with
the identification of the first 23 amino acids of the GbpA sequence
as the secretion signal for the Sec pathway using three bioinfor-
matics tools: Philius, Phobius, and SignalP 5.0 [21,22,23]. This is
also supported by the time delay, with the 37-kDa band already
detected 1 h post-induction and the weaker 32-kDa band another
hour later. This is logical if one considers that the protein is trans-
lated into the cytoplasm and can only accumulate in the periplasm
without the signal sequence following transport via the inner
membrane. On closer inspection, the same effect is present in the
GbpA 1 and GbpA 2 gels. Looking at the product bands present in
the soluble and insoluble fractions of the lysed cells 1 h post-
induction, the product band in the insoluble fraction is slightly
above than the product band in the soluble fraction in all cases,
reflecting the time delay caused by transport across the inner
membrane. Also very well observed in the case of GbpA 2 and
GbpA 4 is the time delay of one hour between the appearance of
the product band in the soluble fraction of the cell lysis and its
appearance in the cell-free supernatant. We assume that this can
be explained by the previously described sequence of secretion
via the T2SS. After the protein to be secreted has first been trans-
ported into the periplasm, it is secreted into the surrounding med-
ium by the T2SS machinery in the next step. Strikingly, the last
delay is observed only for the IMPI-containing fusion proteins.
Thus, the second delay appears to be increased by fusion with IMPI.

During affinity purification, a small amount of the fusion pro-
tein did not bind to the resin and thus appeared as a weak band
in the flow-through (Fig. 8), probably due to partial inactivation
caused by freezing and thawing of the supernatant. Overloading
of the resin can be excluded because a similar distribution of bands
between the loading and the flow-through lanes was observed in
an identical experiment with double loading of the resin (data
not shown). In the regeneration fractions, only the tag band is seen
in the SDS-PAGE lanes, suggesting that 20 h was sufficient for com-
plete thrombin digestion. The purification and simultaneous con-
centration of IMPI can therefore be considered successful. Given
that a small part of the tag was inactivated by freezing and thaw-
ing, we also assume that product concentrations in the supernatant
are lower than the actual concentrations because the assay that
measures product concentrations is based on the separation of
the product by binding to chitin.

We currently lack a satisfactory elution strategy without induc-
ing tag denaturation. However, initial experiments have shown
that the binding of the tag is extremely stable over a wide pH range
of 2-11 in phosphate buffer with a concentration of 0.3-0.4 M.
Even 0.1 M HCI did not elute the tag from chitin. The tag also
remains stable at temperatures up to at least 60°C (data not
shown). This opens up possibilities for the immobilization of
enzymes and other fusion proteins, as already demonstrated at
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60°C with another chitin-binding domain [45]. Another promising
approach is elution with acetic acid as reported for the chitin-
binding domain of Bacillus circulans [46] which we are currently
adapting for the GbpA tag. The strong bond between the tag and
its ligand is both beneficial and a drawback, because it has created
a defined interface between upstream and downstream processing.
Following the secretion of the product, the fusion protein can be
bound directly to the resin after cell separation without cell disrup-
tion and re-buffering. For further optimization of this interface, we
will explore the possibility of cell separation using membranes to
achieve the more economical and scalable separation of recombi-
nant protein products from host cells.
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