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ABSTRACT: Bacillus subtilis is a bacterial cell factory with outstanding
protein secretion capabilities that has been deployed as a workhorse for
the production of industrial enzymes for more than a century.
Nevertheless, the production of other proteins with B. subtilis, such as
antibody formats, has thus far been challenging due to specific e
requirements that relate to correct protein folding and disulfide bond MidiBacils R ) Antibocly
formation upon export from the cytoplasm. In the present study, we I Furftion romass
explored the possibility of producing functional antibody formats, such as
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scFvs and scFabs, using the genome-reduced Midi- and MiniBacillus strain

lineage. The applied workflow included selection of optimal chassis Biouiias Bonds = |
strains, appropriate expression vectors, signal peptides, growth media, and e )

30% Genome

analytical methods to verify the functionality of the secreted antibody Redctonor
fragments. The production of scFv fragments was upscaled to the 1 L 5 oo
bioreactor level. As demonstrated for a human C-reactive protein-binding scFv antibody by mass spectrometry, biolayer
interferometry, circular dichroism, free thiol cross-linking with N-ethylmaleimide, and nano-differential scanning fluorimetry,
MidiBacillus strains can secrete fully functional, natively folded, disulfide-bonded, and thermostable antibody fragments. We
therefore conclude that genome-reduced B. subtilis chassis strains are capable of secreting high-quality antibody fragments.
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B INTRODUCTION unit has created a steadily growing market: biopharmaceut-
icals.” Several pharmaceutically relevant proteins have so far
been expressed in Bacillus in the context of academic studies
but with noncompetitive product yields compared to other
expression hosts."”'" Antibodies (Figure 1) represent the
currently most dominant category of biopharmaceutical
proteins.'” However, the number of different antibodies
expressed in Bacillus strains has remained low so far.'”™"°
The highest published antibody yield so far concerns the
chicken-egg-lysozyme-binding D1.3 single-chain antibody
(scFv), for which ~120 mg of active protein per liter culture
was obtained."

One common feature of virtually all pharmaceutically
relevant proteins, including antibodies, is the presence of
disulfide bonds. These covalent bonds are in most cases
important for the biological activity and structural stability of
the respective proteins. Disulfide bonds are formed through

The Gram-positive bacterium Bacillus subtilis and its close
relatives have served as effective workhorses for producing
technical enzymes at the industrial scale for more than one
century.' In 1922, the a-amylase “Rapidase” was the first
commercialized enzyme produced with Bacillus, which
revolutionized the industrial conversion from starch into
sugar.” In 1959, the first commercial detergent powder
containing a protease produced by B. subtilis was marketed.”’
Still, Bacillus is the dominating bacterial expression platform
for large-scale production of enzymes, such as amylases,
proteases, cellulases, esterases, xylanases, and phytases, which
have become indispensable for food, feed, detergent, or paper
production workflows. Bacillus’ outstanding ability to hyper-
secrete such a diverse spectrum of degradative enzymes is the
outcome of adaptive evolution in its natural habitats with
continuously changing physicochemical parameters and
nutrient availabilities: predominantly the soil, plant rhizo-
sphere, and intestinal tracts of mammals."”” By exploiting
these capabilities of Bacillus in a biotechnological context and
under optimized conditions, yields of over 25 g of protein per
liter culture can be achieved.®

In addition to industrial enzymes, another category of
recombinant proteins with a massively higher retail price per
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Figure 1. Different antibody formats derived from immunoglobulin G (IgG). Immunoglobulins, such IgG,, are composed of four polypeptide
chains covalently linked via disulfide bonds,"’ including two light chains (LC) and two heavy chains (HC). Each LC consists of one variable
domain (V;) and one constant domain (C; ). Each HC consists of one variable domain (V};) and three constant domains (Cy1, C42, and Cy3).
While the constant domains Cy2 and Cy3 of both HCs form the fragment crystallizable region (Fc region) that interacts with Fc receptors on the
surface of immune cells, the Vi, V|, C;, and Cy1 form the fragment antigen-binding region (Fab region). Within the Fab domain, V}; and V| form
the Fv regions, which bind to the cognate epitope.'” Disulfide bonds preserve the structure and function of an antibody molecule: intradomain
disulfide bonds stabilize the domains themselves,”® whereas interchain disulfide bonds connect both HCs, as well as each HC with its respective
LC." The smallest functional IgG derivate is formed by a unimolecular fusion of Vy; and V (Viy—linker—V; ) and generally referred to as single-
chain Fv (scEv). scFvs cannot interact with Fc receptors but will bind target antigens.”"** The next larger IgG format consisting of the Fab region
domains is called a Fab antibody, which can exist as two molecules (Fab, V;—C; and V;;—Cy1) or as one single-chain Fab (scFab, V; —C, —linker—
Vig—Cyl).”"** The linkers used to construct scFabs are rich in glycine and serine residues, grantin§ structural flexibility to connect the different
domains. In single-chain Fabs, the disulfide bond between the C; and Cyl regions is dispensable.”" The smallest possible antibody format is a

camelid heavy-chain variable domain fragment, also referred to as nanobody, but notably, a nanobody is not IgG-derived.">****
oxidation of the thiol side groups of cysteine residues in an derived from distantly related microbial or eukaryotic species
oxidative process that is catalyzed by thiol-disulfide oxidor- and that have not coevolved with the new Bacillus host to
eductases (TDORs) of the thioredoxin superfamily. TDORs withstand its highly proteolytic extracellular environment.
that catalyze disulfide bond formation are encountered in the Since these exoproteases are dispensable under controlled
endoplasmic reticulum of eukaryotes and in extra-cytoplasmic growth conditions with optimal nutrient supply, the deletion of
compartments of bacteria. TDORs are also present in the their genes has become a common practice in industrial strain
cytoplasm of cells, but here, they catalyze disulfide bond optimization.””**
breaka§e, as the cytoplasm is an overall reducing environ- Besides being an important cell factory, B. subtilis is one of
ment.'”"” Generally, disulfide bond formation represents a today’s best-understood model organisms.*” Advances in omics
critical bottleneck for biopharmaceutical production in analyses, genetic modification, and bioinformatics have allowed
bacterial hosts, probably due to evolutionary constraints, researchers to understand this bacterium as a molecular system
since prokaryotes employ this post-translational modification but with many missing links still remaining.** To simplify B.
less extensively than eukaryotes. ® Hence, Bacillus’ outstanding subtilis as a molecular system and to enhance protein
capabilities to produce industrial enzymes are usually not production, large-scale genome reduction has been explored
mirrored by an effective production of biopharmaceutical with positive outcomes.”' =" In particular, this has led to the
proteins of human origin."’ Midi- and MiniBacillus strain line (Figure 2),%™* of which
Generally, the yield of secreted proteins of interest (POIs) some strains show significantly increased yields of secreted
can be affected by several parameters. These include the proteins that are considered as “notoriously difficult-to-
number of gene copies per cell and the expression signals that produce”.*"*
drive transcription and translation of the POL>™*" a proper In a recent study on the expression of disulfide-bonded
match of the POI and the signal peptide (SP) that is used to proteins in B. subtilis, we discovered that, compared to the
direct the POI into the Sec pathway for secretion,””*® the reference strain TS10 with a full-size genome, particularly the
POI's match with secretion pathway components and MidiBacillus strain 11G-Bs27-47-24 delivered a more than
chaperones,” ~** the growth medium composition and culture 3,000-fold increase in the secretion of active Gaussia Luciferase
conditions,”* and combinations of these parameters.***® While (GLuc), a protein containing five disulfide bonds that was
the massive secretion of exoproteases has originally been derived from the bioluminescent copepod Gaussia princeps.*
regarded as a positive trait of Bacillus, its downside is the On this basis, we hypothesized that genome-minimized B.
potential degradation of POIs upon secretion. This is especially subtilis strains might have a generally improved capacity for
a problem in the production of those POIs that have been producing disulfide-bonded proteins. In the present study, we
74 https://doi.org/10.1021/acssynbio.4c00688
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Figure 2. MidiBacillus and MiniBacillus strain phylogeny. The currently most genome-reduced MiniBacillus strains in the public domain, PG10 and
PS38, were created in successive steps from the parental strain 168."*"** The reference strain TS10 was constructed as a nongenome-reduced
control strain, based on the strain BSB1.*° The original “undomesticated” ancestor of the strain line is the so-called Marburg strain.’" Several steps

of “domestication” must have happened prior to the UV mutagenesis studies that led to the widely used 168 strain.

3233 The implemented genomic

deletions in the currently available MidiBacillus and MiniBacillus strains are described in red, insertions in light green, corresponding genome sizes

in cyan, and milestone descriptions in yellow.

therefore explored the potential of the MidiBacillus strains for
the expression of different antibody formats, including scFv,
scFab, and scIgG, that target several different antigens.

B RESULTS

Screening Genome-Reduced B. subtilis Strains for
scFv Production. To test which genome-reduced B. subtilis
strain is most suited for the production of scFv fragments,
genome-reduced strains IIG-Bs27-39 and IIG-Bs27-47-24, as
well as reference strain TS10, were transformed with the
plasmid pRBBm117. This plasmid encodes a fusion between
the SP of a B. subtilis lipase (UniProt ID: Q79F14, codon-
optimized; SPLipA) and the lysozyme-specific D1.3 scFv.
Next, the strains were benchmarked for D1.3 scFv production
upon growth in Terrific Broth (TB) or TQM medium. Both
media were supplemented with xylose because expression of
the SP;;,4-D1.3 scFv construct encoded by pRBBm117 was
driven by the xylose-inducible promoter nylA.SA' Furthermore,
it should be mentioned here that the D1.3 scFv encoded by
pRBBm117 and all other scFvs and scFab formats that were
examined in this study harbored a C-terminal His4-tag to allow
their detection with the aid of anti-Hisq antibodies (Table 1).
When cultured in the complex TB medium, all four strains
expressed and secreted the D1.3 scFv in similar quantities, as
was visualized by Western Blotting using an anti-Hiss antibody
(Figure 3A). Notably, two bands were detected, whereby the
slower migrating band conformed to the expected D1.3 scFv
size of 26.5 kDa, while the faster migrating band appeared at
around 15—20 kDa. No protein bands were detectable with the
anti-His antibody in the lanes with samples from plasmid-free
control strains. Notably, the pRBBm117-carrying strains that
were cultured in the defined TQM medium expressed
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significantly lower amounts of D1.3 scFv than did the same
strains cultured in TB medium (Figure 3B). In fact, the IIG-
Bs27-47-24 strain produced no D1.3 scFv at all when grown in
TQM medium (Figures 3B and S1). The latter observation
most likely relates to the fact that the IIG-Bs-27-47-24 strain
lacks the B-xyloside permease gene xynP, which is required for
uptake of xylose from the medium. Thus, while the P,
promoter is apparently active in complex TB medium, it
presumably remained inactive in the chemically defined TQM
medium, even when the inducer xylose was present.

To bypass the need for xylose induction, the sequences
encoding the SPp;,-D1.3 scFv construct were cloned in
plasmid pTS1100, a derivate of pUB110 with the constitutive
Pripanr promoter.”” This resulted in plasmid pTS1101. The
same was done for the sequences encoding an scFv specific for
the human CRP fused to the SPy;, (SPLiPA—aCRP), which
resulted in plasmid pTS1108. The transformed strains were
cultured in TB medium, either carrying no plasmid, pTS1101,
or pTS1108, and secretion of the two scFv proteins was
analyzed by Western blotting. All three tested strains carrying
pTS1101 secreted the D1.3 scFv as observed for the
pRBBm117-carrying strains, while the «CRP scFv was secreted
exclusively by the IIG-Bs27-47-24 strain carrying pTS1108
(Figure 3C). Notably, the amount of @CRP scFv secreted by
the IIG-Bs27-47-24 strain was substantially higher than the
amount of D1.3 scFv secreted by this strain.

Expression of scFvs, scFabs, sclgGs, and scFv Fusion
Proteins. Since B. subtilis IIG-Bs-27-47-24 was identified as
the overall best-performing production strain for scFvs, and the
plasmid pTS1100 enabled constitutive expression of target
genes from the Py, promoter, we decided to use this strain
and plasmid for the expression of additional antibody formats

https://doi.org/10.1021/acssynbio.4c00688
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Table 1. Strains, Plasmids, Recombinant Antibody Constructs, and Analytical Antibodies Used in This Study”

strain genotype phenotype ref.
B. subtilis BSB1 B. subtilis 168 carrying the trpC gene from B. tryptophan prototroph S0
subtilis HVS495
B. subtilis TS10 168 trpC AyvcA::P,,-comKS, 4.2 Mbp prototroph, supercompetent this 4
study
B. subtilis genome-reduced to 3.3 Mbp relatively high biomass formation and growth rate 47
11G-Bs27-39
B. subtilis genome-reduced to 2.9 Mbp relatively low growth rate, unable to grow in most defined media, shows high 47
11G-Bs27-47-24 secretion rates for some proteins
plasmid relevant genotype and/or relevant characteristics parental plasmid ref.
pBSMull_ SPy,,; GLuc  SPy,,;, Gaussia Luciferase (GLuc) pBSMull_GLuc 45
pPSPhoAS SP-Proy;,-PhoA (SP-Pro of Staphylococcus hyicus lipase, UniProt ID: P04635) pPS2 82
pRBBm117 Puyiny SPripa-D1.3 scFv-Hisg (SPUPA from B. subtilis lipase, UniProt ID: Q79F14, p3STOP1623hp 16
codon optimized)
pRBBm132 Pry, SPpjpa-D1.3 scFabAC-Hisg pPry 83 and
unpublished
pRBBm136 Pry, SPpjpa-D1.3 sclgGAC-Hisg PPy, unpublished
pRBBm230 P,y14 SPpipa-aCRP scFv-Hisg (optimized gene) pBC16 84
pTS1100 Pypay GLuc gene, AcmR AbleO (legacy resistance genes) pBSMull_SPg,.; GLuc  this study
pTS1101 Phipain SPLipa-D1.3 scFv-Hisg pTS1100 this study
pTS1102 Py SP-Pro,-PhoA pTS1100 this study
pTS1103 Phpan SP-Proy;,-D1.3 scFv-Hisg pTS1101 this study
pTS1106 Prpay SPripa-D1.3 scFabAC-Hisg pTS1101 this study
pTS1107 Py SPripa-D1.3 scIgGAC pTS1101 this study
pTS1108 Ppppaty SPripa-@CRP scFv-His, (optimized gene) pTS1101 this study
pTS1109 Py @Covl scFv-His, pTS1108 this study
pTS1110 Phpaiy @Cov2 scFv-Hisq pTS1108 this study
pTS1111 Py SPwapa-D1.3 scFab-Hisg pTS1106 this study
pTS1112 Priparr SPrpre-D1.3 scFab-Hisg pTS1106 this study
pTS1113 Pipary SPepD1.3 scFab-Hisg pTS1106 this study
pTS1114 Py SPppr-D1.3 scFab-Hisg pTS1106 this study
pTS1115 Pty SPxyna-D1.3 scFab-Hisg pTS1106 this study
pTS1117 Ppay SPye-D1.3 scFab-His, pTS1106 this study
expressed antibody fragment antigen (UniProt ID) antibody format mol. weight [Da] ref.
D1.3 scFv-Hisg lysozyme (P00698) scFv 26,474.24 16
D1.3 scFabAC-Hisg lysozyme (P00698) scFab 50,372.45 83
D1.3 scIgGAC lysozyme (P00698) sclgG 75,666.26 unpublished
D1.3 Proy,-scFv-Hisg lysozyme (P00698) Proy;,-scFv fusion 49,333.99 this work
aCRP (LAI13-1IE3) human C-reactive protein (CRP, P02741) scFy 29,801.97 83
aCovl scFv-Hiss (REGN10987) SARS-CoV-2 spike protein (PODTC2) scFv 27,047.68 85
aCov2-Hiss (REGN10933) SARS-CoV-2 spike protein (PODTC2) scFv 27,064.94 85
Western blotting antibodies specific binding target type source

Invitrogen PA1-181

Invitrogen MA1-21315

IRDye 800CW Goat anti-Rabbit IgG
IRDye 800CW Goat anti-Mouse IgG

G. princeps Luciferase
His, (HIS.HS)
rabbit IgG

mouse IgG

“(SP-Pro = signal peptide + propeptide).

Thermo Fisher Scientific
Thermo Fisher Scientific
LI-COR Biosciences, USA
LI-COR Biosciences

rabbit, polyclonal

mouse, monoclonal

goat, IRDye 800CW conjugated
mouse, IRDye 800CW conjugated

(Table 1). However, while the D1.3 scFv (Figure 3A—C) and
aCRP scFv constructs fused to SPy;,, were secreted well
(Figures 3 and 4A), this was unfortunately not the case for the
D1.3 scFab or the D1.3 scIgG fused to SPy;,, (Figure 4A).
To test if an exchange of the SP would lead to increased
secretion of the D1.3 scFab, we constructed further SP fusion
constructs using the SPs of the B. subtilis protein WapA
(UniProt ID: Q07833), AprE (UniProt ID: Q0302S), NprE
(UniProt ID: P68736), Epr (UniProt ID: P16396), Bpr
(UniProt ID: P16397), XynA (UniProt ID: P18429), and LytF
(UniProt ID: 007532)°° (Figure 4B). While low amounts of
secreted scFab were detected in the culture supernatant of the
strain IIG-Bs27-47-24 expressing this antibody format fused to
the SPs of AprE, NprE, or Epr, the scFab amounts detected in
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the corresponding cellular fractions were several folds higher.
In the case of the SPg, fusion, the majority of the secreted
scFab turned out to be degraded. This shows that the scFab
was properly expressed but inefficiently folded into a protease-
resistant conformation upon export from the cytoplasm.

While no expression of aCovl scFv was detectable by
Western blotting, aCov2 scFv was expressed in low amounts
compared to aCRP scFv (Figure 4C). Thereby, a significantly
more cell-associated unprocessed precursor of the aCov2 scFv
fused to the SPy;, was detected in the bacterial cells compared
to the secreted form in the culture supernatant. This indicated
that the SP;,, mediated a basic but low level of aCov2 scFv
secretion.

https://doi.org/10.1021/acssynbio.4c00688
ACS Synth. Biol. 2025, 14, 740—755
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Figure 3. Secretion of D1.3 scFv and aCRP scFv by different B. subtilis strains. Representative Western blots of the extracellular protein fractions
from different B. subtilis strains secreting D1.3 scFv or aCRP scFv. The presence of scFvs was visualized with a primary antibody against the C-
terminally attached Hiss-tag. The colored arrows indicate the expected molecular size in kDa of the respective POIs. (AB) Three different B.
subtilis strains were benchmarked for secretion of the D1.3 scFv, using strains with or without plasmid pRBBm117. The bacteria were cultured
either in the complex TB medium (A) or in the chemically defined TQM medium (B). Both Western blots (A,B) were processed and scanned
simultaneously, to allow direct comparison of the D1.3 scFv levels. A higher exposed image of the blot in panel (B) is shown in Supplemental
Figure S1. (C) Three different B. subtilis strains grown in TB medium were benchmarked for secretion of D1.3 scFv encoded by pTS1101 or «CRP
scFv encoded by pTS1108. The respective plasmid-free strains were used for control.

Lastly, we tested secretion of the D1.3 scFv construct fused
to the SP-Proy;, peptide of S. hyicus (UniProt ID: P04635),
which yielded higher levels of secreted D1.3 scFv-Hisg
compared to the expression of the SPyj,-fused D1.3 scFv
construct (Figure 4D). Of note, a band with a size around S0
kDa was detected but no smaller band with the size of the
mature D1.3 scFv, indicating the absence of Proy;, cleavage.

Bioreactor Cultivation and scFv Purification. To
upscale the scFv production from the 20 mL shake flask
scale to the 1 L bioreactor scale, the strain IIG-Bs27-47-24
carrying plasmid pTS1108 (SPLiPA—aCRP scFv-Hisg) was used.
For this purpose, we explored the use of ABB* medium

744

because it mimics industry-scale fermentation conditions.
Hourly samples were taken at the maximal cell density of the
culture (ODg,, ~ 10), which was the case between 21 and 24 h
of cultivation. The culture was harvested after 24 h of
fermentation, and the (Hiss-tagged) aCRP scFv from 450 mL
of freshly prepared cell-free culture supernatant was purified
via Ni-NTA His-tag affinity chromatography. In addition to the
main band with a molecular weight of 29 kDa, further smaller
copurified fragments of around 15—20 kDa were detected
upon LDS-PAGE and gel staining with Coomassie (Figure
SA). Subsequently, the elution fractions containing ®CRP scFv
were pooled, concentrated, and further purified via size
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Figure 4. Secretion of D1.3 scFab, D1.3 scIgG, and a Proy;,-D1.3 scFv fusion. Representative Western blots of different B. subtilis strains secreting
scFv or scFab, immune-stained with a primary antibody against the His,-tag attached to the scFvs and the scFab, or with a secondary antibody
against the D1.3 scIgG. The colored arrows indicate the expected molecular weights in kDa of the respective POIs. (A) D1.3 scFab, D1.3 sclgG,
and aCRP scFv: the IIG-Bs27—47—24 strains expressing the respective constructs were grown in TB medium, and the proteins in their culture
supernatants were analyzed. (B) D1.3 ScFab fused to different SPs from secreted B. subtilis proteins (i.e., SPywupar SPaprss SPxpres SPep SPppw SPxynas
and SPy ). The 11G-Bs27-47-24 strains expressing the respective constructs were grown in TB medium, and proteins in the culture supernatant
and cellular fractions were analyzed. (C) aCovl scFv and aCov2 scFv: the IIG-Bs27-47-24 strains expressing the respective constructs were grown
in TB medium, and proteins in the culture supernatant and cellular fractions were analyzed. (D) Secretion of D1.3 scFv mediated by SPy;pa and SP-
Proy;, both expressed in B. subtilis IIG-Bs27-39. Proteins in the culture supernatant fraction were analyzed.

exclusion chromatography (Figure SB). Thereby, the frag-
ments with lower molecular weight could largely be excluded.
On this basis, fractions 9—12 were pooled and the other
fractions were discarded. Per L of culture medium,
approximately 6.6 mg of pure ®CRP scFv was obtained.
Biophysical Analysis of aCRP Secreted by B. subtilis.
The purified His,-tagged aCRP scFv obtained from bioreactor
cultivation was analyzed for correct disulfide bond formation,
native folding, antigen binding affinity, and thermostability. To
check for disulfide bond heterogeneity, different amounts of
the purified scFv were separated by SDS-PAGE gel in the
reduced state and in the nonreduced state upon treatment with
N-ethylmaleimide (NEM). Subsequently, the gel was stained
with Coomassie brilliant blue (Figure 6A). Redox homogeneity
and the absence of disulfide linked multimers were evident
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from the single aCRP scFv band detected for the NEM-
treated, nonreduced sample. Next to the full-size aCRP scFv
band, we observed faint additional bands with a size of around
15—20 kDa, which relate to degradation products of the scFv
that were copurified with the full-size protein (Figures 4A and
SB).

To verify proper disulfide bonding of the purified aCRP
scFv, electrospray ionization mass spectrometry combined with
liquid chromatography LC-ESI-MS was performed. Here, a
mass of 29,797.97 Da was expected for the disulfide-bonded
aCRP scFv-Hisg, which is based on the theoretically calculated
mass of 29,801.97 Da minus 4 Da due to the loss of 4 H" by
disulfide bond formation. In the case of one added NEM
molecule per free thiol, an additional mass of 125 Da was
expected. According to the detected masses, the fractional
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Figure S. Bioreactor-scale production and purification of aCRP scFv. (A) Coomassie-stained LDS-PAGE of secreted proteins in the culture
supernatant (SN) collected from the bioreactor at t,y, and 15 uL aliquots of all collected fractions from the subsequent Ni-NTA affinity
chromatography purification of the (Hiss-tagged) aCRP scFv. (B) Coomassie-stained LDS-PAGE of the pooled (P) elution fractions EF1—4
obtained from the Ni-NTA affinity chromatography, the flow-through from the concentrator column (CFT) used for concentrating these pooled
fractions, the concentrated pool of fractions (C), and all collected fractions from the size exclusion chromatography (SF; 15 uL each).

abundance of all molecules with the expected sizes (Table S2)
summed up to around 90% (92.31% fractional abundance for
the denatured sample and 89.15% fractional abundance for the
denatured and NEM-treated sample). Thereby, masses of
hydrated and dehydrated versions of the scFv were included, as
hydration or dehydration is commonly observed during the
electrospray jonization.”” Furthermore, low-abundant masses
of a truncated C-terminal scFv fragment (Mg, = 16,331.89
Da) were detected (3.00% fractional abundance for the
denatured sample and 1.91% fractional abundance for the
denatured and NEM-treated sample). The molecular weight of
these fragments observed by LC-ESI-MS, in combination with
the observation of a smaller Hiss-tagged protein band on the
SDS-PAGE (Figures S and 6A), verified the presence of a
residual C-terminal product of the aCRP scFv that had
resulted from cleavage between the amino acid residues Ser121
and Ser122 in the GlySer-rich linker sequence connecting the
Vy and the Vi domains. In the NEM-treated sample, only one
corresponding mass containing one additional thiol-linked
NEM molecule was detected, with a fractional abundance of
0.94%. Accordingly, the combined LC-ESI-MS data imply that
99% of the detected aCRP scFv was correctly disulfide-
bonded.

A BLI analysis was performed to measure the interaction of
the aCRP scFv with purified CRP. This resulted in kinetic
curves (Figure 6B) for which several different fitting models
were tested. The best result delivered a two-step reaction
model, resulting in a Kp, of around 6 X 107" M and a y* ~ 1.5
X 10* nm, which is <0.01% of R,,,,.

The secondary structure of purified ®CRP scFv was analyzed
by circular dichroism spectroscopy (CD). This showed that, as
expected, the purified protein included no a-helical structures.
Instead, this analysis revealed 47% beta-sheet, 13% turn, and
40% other structures (Figure 6C). From the acquired data, the
van’t Hoff enthalpy (AH®, = 509.3 + 10.4 kJ/mol) and a
melting point 1 (T, = 66.8 = 0.1 °C) were calculated.

To verify the thermostability of the purified aCRP scFv, it
was further analyzed via nano-differential scanning fluorimetry
(nanoDSF), whereby the onset point for thermal degradation
T, was determined at 59.5 °C, and the onset point for protein
aggregation at 61.9 °C (Figure 6D). The first derivation of the
ratio between Emj3) and Emys, was plotted as a function of the
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temperature, whereby its inflection point indicated that the T,
= 68.3 °C (Figure 6E).

B DISCUSSION

In this study, different genome-reduced B. subtilis strains,
expression systems, SPs to facilitate secretion, and growth
media were tested for the secretion of various antibody
formats, including scFv, scFab, and scIgG. The best-secreted
antibody format, aCRP scFv, was expressed at the 1 L
bioreactor scale, purified, and biophysically characterized.

A first round of strain screening identified the genome-
reduced B. subtilis IIG-Bs27—47—24 strain as the best-
performing strain in the secretion of the majority of scFvs
tested. A direct comparison of the secretion levels of D1.3 scFv
and aCRP scFv showed that different scFv molecules impose
different demands on their production host. In this respect, it is
noteworthy that the absence of exoproteases from genome-
reduced MidiBacillus strains was not the only decisive criterion,
since D1.3 scFv was also detected in the culture supernatant of
the producing TS10 strain, which contains the full complement
of B. subtilis protease genes. This implies that D1.3 scFv is
secreted by TS10 and stable in the culture medium of this
strain. In addition to the absence of eight extracellular
proteases and one intracellular protease,”® other possible
reasons for the superior performance of the IIG-Bs27-47-24
strain in the production of scFvs might be (i) this strain’s
previously documented increased capacity for translation,*”*’
(ii) elevated levels of secretion machinery components and
chaperones for protein export via the Sec pathway, including
the signal recognition particle components Ffh and FtsY, the
protein translocation motor SecA, the signal peptidase SipS,
and the extracytoplasmic peptidyl-prolyl cis—trans isomerase
(PPI) and chaperone PrsA,59’6O (iii) an increased capacity for
disulfide bond formation as exemplified with the five disulfide-
bonds-containing GLuc protein,” (iv) elevated levels of the
quality control proteases HtrA and HtrB that also catalyze
protein folding,61 and (v) redirected secretion stress responses
that imply that the bacteria perceive less stress stimuli from
heterologous protein production compared to the parental
strain 168."°”%° However, the reason why the I1G-Bs27-47-24
strain shows an increased capacity for disulfide bond
formation, as previously exemplified with GLuc,* is presently
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Figure 6. Biophysical analysis of «CRP scFv secreted by B. subtilis. (A) Samples of ®CRP scFv were analyzed via SDS-PAGE, either in the reduced
state or in the nonreduced state and treated with NEM. Main products of aCRP scFv appear homogeneously within the expected size ranges. In
addition, a small amount of a putative C-terminal cleavage product of the scFv with a size of ~15 to 17 kDa is detected. (B) Binding kinetics of the
aCRP scFv and the respective CRP antigen was analyzed by biolayer interferometry (BLI) using different CRP concentrations as indicated. The
phase shifts resulting from CRP binding to the immobilized aCRP scFv are plotted as a function of the exposure time. Using a two-state reaction
fitting model, a dissociation constant K, = 5.88 X 10~7 M was determined. (C) CD spectrum of the purified ®CRP scFv. The main molar ellipticity
as a function of the measured wavelengths indicates the proportional folding state of the protein. The spectrum shows that the purified aCRP scFv
does not include a helical structure, as expected for antibody fragments. (D) nanoDSF thermogram. The upper panel shows the Em;5,/Emys; ratio,
revealing the onset point for thermal degradation T = 59.6 °C. The light scattering thermogram in the lower panel shows the attenuation of the
backscattered light intensity passing through the sample as a function of the temperature, indicating the onset point for thermal aggregation T, =
61.9 °C. (E) First derivation of the Emy50/Emys3, ratio as a function of the time, with the inflection point indicating the T, = 68.3 °C at which 50%
of scFv is denatured.

not clear. We have previously shown that the secretion of dependent on the major thiol-oxidases BdbC and BdbD of B.
active GLuc by genome-reduced bacteria was only partially subtilis."> Yet, how substantial amounts of active fully disulfide-
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bonded GLuc can be secreted by a strain lacking both the
bdbC and bdbD genes still needs to be elucidated. In any case,
the latter observation suggests that so far unidentified thiol-
oxidizing mechanisms, which function in parallel with the
BdbC-BdbD pathway, may be active in the IIG-Bs27-47-24
strain.

Our results show that protein expression driven by the xylA
promoter is not effective in the IIG-Bs27-47-24 strain, most
likely because it lacks the main uptake system for xylose. This
problem was bypassed by scFv expression from the constitutive
Prpar promoter. Yet, despite the expression of all tested
antibody formats from this promoter, substantial differences in
the extracellular levels of these POIs were observed. While the
D1.3 scFv was expressed and secreted by all strains tested, the
aCRP scFv was expressed and secreted exclusively by the
genome-reduced strain B. subtilis 1IG-Bs27-47-24 but with a
higher yield compared to the D1.3 scFv. In contrast, the
aCovl scFv was produced in none of the strains tested, while
the aCov2 scFv was produced and secreted by B. subtilis IIG-
Bs27-47-24 at very low levels, with substantial amounts of this
protein remaining associated with the bacterial cell fraction. Of
note, the variable nature of the Fv domain implies that the
respective amino acid sequences are different in different scFvs.
In turn, this seems to have the consequence that different scFvs
are secreted with different efficiencies, despite their overall
similarity. Potentially, such a bottleneck can be overcome by
applying different SPs, as was shown in our present study for
secretion of the D1.3 scFab. Such SP swaps presumably lead to
a better match of the SP—POI combination with the Sec
secretion pathway of B. subtilis, for instance through enhanced
targeting to the membrane, enhanced membrane translocation,
and/or enhanced SP 1;)1'ocessin§.;.62_64 However, other factors
such as the mRNA structure and stability, codon usage, and
translation rates can also have a profound impact on the
production of the different antibody formats, and these factors
may explain at least in part the differences in the cellular
accumulation and secretion of the analyzed scFvs.*®

For secretion of the D1.3 scFab, eight different SPs were
tested. This resulted in different production and secretion
levels. However, the overall yields of the D1.3 scFab remained
low compared to the yields of the D1.3 scFv. A noteworthy
fundamental difference between scFabs and scFvs is that the
scFabs are composed of an N-terminal V;—C; domain and a
C-terminal Vy—Cyl, while scFvs are usually composed of an
N-terminal Vy fragment and a C-terminal Vi fragment.
Therefore, despite the fact that both the investigated scFv
and scFab are derivates of the DI1.3 IgG, the sequence
following the SP is different. This may be one explanation why
the SPy;,, directs effective secretion of the D1.3 scFv, but not
of the D1.3 scFab, because it is known that the first residues C-
terminally of the signal peptidase cleavage site can have a
profound influence on the secretion efficiency of the mature
protein.” Another possible explanation for the different
expression levels might be scFab degradation by quality
control proteases due to improper folding of the Cy1 domain.
In particular, proper folding of the Cyl domain is known to
require cis—trans prolyl isomerization, which is a rate-limiting
step in protein folding that is catalyzed by PPIs.° In addition,
the Cyl domain requires stabilization by chaperones prior to
its association with the C; domain.”’ As mentioned above, the
main extracytoplasmic PPI and chaperone of B. subtilis, the
lipoprotein PrsA, was shown to be significantly overexpressed
in the deployed strain IIG-Bs27-47-24,>”*" whereas omission
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of the disulfide bond between the Cy1 and C; domains in the
scFab was shown to resolve a bottleneck in the maturation of
the D1.3 Fab in a previous study.”’

To determine whether secretion of the D1.3 scFv could be
further enhanced, we explored the possibility of using not only
SPy;p4 but also the SP-Proy;,. As shown previously for secretion
of the Escherichia coli alkaline phosphatase PhoA throughout
various B. subtilis strains, the SP-Pro;;, module of the S. hyicus
lipase can effectively facilitate protein secretion to significantly
higher levels than only the SP;, (or any other SP tested) by
itself.*>*7°% Furthermore, the Proy;, has previously been used
successfully for the secretion of a broad range of different
POIs,* including human proinsulin,70 the E. coli outer
membrane protein A (OmpA),71 an antigenic portion of the
cholera toxin B (CTBp) for surface diiplay,72 human growth
hormone,”” human calcitonin (hCT),”* human P1,4-galacto-
syltransferase 1 (B4GalT-1),”° and antibody fragments.”*””
Indeed, the SP-Proy;,-D1.3 scFv fusion resulted in higher-level
secretion of this scFv than was achieved with the SPy;.
However, the Proy;, remained associated with the D1.3 scFv
upon secretion, possibly due to a lack of exoproteases which
would be needed for Proy;, processing in the strains IIG-Bs27-
39 and IIG-Bs27-47-24. This result is reminiscent of the
incomplete Proy;, cleavage that was previously observed when
the SP-Proy;,-PhoA fusion was expressed in the IIG-Bs27-47-
39 strain, whereas complete cleavage of Proy;,-PhoA was
observed in the nongenome-reduced protease-proficient
control strain B. subtilis TS10.*> So far, it remains unknown
which of the eight B. subtilis exoprotease(s) is/are responsible
for Proy;, processing. Conceivably, Proy;, processing could be
facilitated by coexpression of the required exoprotease(s), but
this might also lead to degradation of the associated POL

Cultivation of B. subtilis 11G-Bs27-47-24 at the 1 L
bioreactor scale allowed purification of the aCRP scFv from
the culture supernatant via Ni-NTA affinity chromatography
and size exclusion chromatography for further biophysical
analyses. The results showed that the ?CRP scFv was correctly
folded, displaying efficient binding to its cognate antigen CRP
and high thermostability compared to other scFvs of common
therapeutically applied antibodies.”® Importantly, LC-ESI-MS
revealed that ~99% of the detected protein was correctly
disulfide-bonded and that merely ~2.6% of the total product
had undergone proteolytic cleavage during fermentation. A
previous study has reported a K of 1 X 107° for the aCRP
scFv expressed in E. coli, which was determined via surface
plasmon resonance spectroscopy.”” Our best-fitting computa-
tional model based on the kinetic data obtained via BLI
suggests a two-step reaction model for the aCRP scFv and
human CRP with a Kp of 5.88 X 1077 and a low y? value of
<0.01% of R, This implies that the «CRP scFv undergoes a
conformational change during binding to human CRP.
Furthermore, given the fact that the aCRP scFv secreted by
B. subtilis was correctly folded and disulfide-bonded, it seems
most likely that the slightly higher Ky for the aCRP scFv
secreted by B. subtilis compared to the K measured for this
protein upon production in E. coli relates to different
experimental conditions and techniques that were applied to
measure the Kp, rather than the different expression hosts.

B CONCLUSIONS AND OUTLOOK

In the present study, we report that the genome-reduced
MidiBacillus strain IIG-Bs27-47-24 is capable of secreting three
different scFvs and one scFab. This 