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Protein L (PpL) is a universal binding ligand that can be used for the detection and purification of antibodies and
antibody fragments. Due to the unique interaction with immunoglobulin light chains, it differs from other affinity
ligands, like protein A or G. However, due to its current higher market price, PpL is still scarce in applications. In
this study, we investigated the recombinant production and purification of PpL and characterized the product in
detail. We present a comprehensive roadmap for the production of the versatile protein PpL in E. coli.

1. Introduction

The affinity protein protein L (PpL) originates from Finegoldia magna
(formerly Peptostreptococcus magnus) and was identified by Myhre and
Erntell as a membrane protein (Bjorck, 1988; Nilson et al., 1992;
Rosenthal et al., 2012). PpL has up to 5B (binding) domains, which
selectively bind to kappa light chains of immunoglobulins (Igs) and,
unlike protein A and G, do not interfere with the Fc region during
binding (Kittler et al., 2021; Rodrigo et al., 2015; Zheng et al., 2012). In
biotechnology, PpL is of high interest due to its ability not only to bind
whole Igs, but also antibody fragments containing light chains, such as
single chain variable fragments (scFvs) and fragments antigen binding
(Fabs) (Kittler et al., 2021; Nilson et al., 1993; Rodrigo et al., 2015;

* Corresponding author.

Zheng et al., 2012). Different commercial versions (4 or 5B domains) are
available, as the fifth binding domain has only minor effects on the
binding affinity of the protein (Kittler et al., 2021). It was shown that
PpL binds to kappa subtypes 1, 3 and 4, and is therefore applicable for
more Ig classes compared to protein A and G (Nilson et al., 1992;
Rodrigo et al., 2015). However, all three proteins are currently used in
downstream processing (DSP) and bioanalytics due to their binding
abilities. Ig binding proteins enable the purification of high value
products (i.e. antibodies and antibody fragments) in the pharmaceutical
industry, where most of the processes use protein A, G or L affinity
columns as a first chromatography capture step. Other applications
encompass site-specific immobilization of Igs to maintain high func-
tionality, including enzyme-linked immunosorbent assay (ELISA) and
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immunoprecipitation (Bohinski, 2000; Shen et al., 2017). Furthermore,
they are used as binding ligand for surface plasmon resonance (SPR) and
biolayer interferometry (BLI) to determine binding kinetics of Igs and
antibody fragments (Douzi, 2017; Kittler et al., 2021; Sultana and Lee,
2015).

However, the number of applications of PpL lag behind those of
protein A and G, even though the use of PpL is the only viable alternative
for binding antibody fragments missing the Fc region. To our knowl-
edge, there is no literature describing the production of PpL available to
date (process mode and conditions, purification, etc.), even though re-
combinant PpL versions can be purchased. Furthermore, the commercial
price is approximately twice as high as for protein G and even three
times higher than that of protein A (Kittler et al., 2021). We hypothesize
that this is caused by the lower number of approved antibody fragments
on the biopharmaceutical market compared to antibodies, reducing the
need of PpL.

The goal of this study was to recombinantly produce 5B domain Hisg-
tagged PpL in Escherichia coli and test its functionality in comparison
with a commercially available PpL with 4B domains (purchased from
Sigma-Aldrich). In the upstream process (USP), product localization
(inclusion body (IB) vs. soluble) and protein quantity were investigated
by altering specific substrate uptake rate (qs) and temperature. The
downstream processing aimed to obtain a high purity (>80%) without
using an expensive affinity column. In this respect, the attachment of a
Hise-tag presents several advantages: It enables simple DSP, composed
of Immobilized Metal Affinity Chromatography (IMAC), resulting in an
efficient capture step for proteins produced in soluble form (Bornhorst
and Falke, 2000; Ley et al., 2011). Furthermore, the tag enables the
immobilization in a specific orientation which benefits subsequent ap-
plications such as electrochemical assays, SPR and lateral flow assays
(Andreescu et al., 2001; Kroger et al., 1999; Ley et al., 2011). In the last
step the purified PpL was characterized to investigate any potential
negative impact of the His¢-tag on the binding characteristics of the
protein.

2. Material and Methods
2.1. Strain

The cultivations were performed using an E. coli BL21(DE3) strain
transformed with a pET-24a(+) plasmid carrying the codon-optimized
gene for the 5B domain PpL (GenBank accession no. AAA67503) with
a C-terminal Hisg-tag (restriction sites: Nhel/Xhol). The encoded PpL has
a theoretical size of 41.98 kDa and a theoretical pI of 4.82 (supple-
mentary information: 1. Sequencing Result). The sequence for the 5B
domains originates from F. magna and was adapted from ProSpec
(PROTEIN-L, 2019).

2.2. Media

The bioreactor cultivations were carried out using a defined medium
described by DelLisa et al. (DeLisa et al., 1999), supplemented with 0.02
g/L kanamycin to prevent plasmid loss (Table 1). Glycerol was used as
sole carbon source since recent results showed that this can result in
higher product titers due to a higher amount of accessible energy (Kopp
et al., 2017).

2.3. Bioreactor Cultivations

For pre-culture, 500 mL of DeLisa medium (Table 1) in a 2500 mL
high yield shake flask were inoculated with 1.5 mL frozen bacterial
stock. The pre-culture was grown at 37 °C and 230 rpm in an Infors HR
Multitron incubator (Infors, Bottmingen, Switzerland) for 16 h. The
cultivations were carried out in a DASGIP parallel reactor system
(Eppendorf, Hamburg, Germany) with four vessels having 2 L working
volume each. The culture broth was aerated with 2 L/min and stirred at
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Table 1
DeLisa medium used for all cultivation phases. 0.02 g/L kanamycin were added
for all phases.

Pre- Batch  Feed

culture
Component Concentration [g/L] Sterilization
Citric acid 13.3 - autoclave
(NH4),HPO, 4 -
Citric acid 1.7 -
MgS040.7 H30 (stock 500 x) 1.2 10.00 autoclave
Fe(III) citrate (stock 100 x) 0.1 0.02 autoclave
EDTA (stock 100 x) 0.0084 0.0065 autoclave
Zn(CH3C0O0),-H,0 (stock 200 0.013 0.008 filter sterile

x)
TE" (stock 200 x) 5 mL/L 7.27 mL/ filter sterile
L

Thiamine HCI (stock 1000 x) 0.0045 - filter sterile
Glycerol 8 20 400 autoclave

# TE stock: CoCl,0.6 H,0 (2.5 mg/L); MnCl,0.4 H,0 (15 mg/L); CuCl,0.2 H,0
(1.2 mg/L); H3BO3 (3 mg/L); NapMo0040.2 H,0 (2.5 mg/L)

1400 rpm. The pH was monitored with an Easyferm electrode (Hamil-
ton, Reno, NV, USA) and kept constant at 6.7 via addition of NH,OH
(12.5%). The dissolved oxygen was monitored using a Visiferm fluo-
rescence dissolved oxygen electrode (Hamilton, Reno, NV, USA) and
kept above 30% by supplying a mixture of pressurized air and pure
oxygen if necessary. Off-gas was monitored using a DASGIP-GA gas
analyzer (Eppendorf, Hamburg, Germany). The temperature was
controlled with a heat jacket and cooling finger and kept at 37 °C for the
batch and at 35 °C during the non-induced fed-batch phase. For process
control and monitoring the DAS-GIP-control system (DASware-control)
was used. The batch phase (volume = 1 L) was started by inoculating the
reactor with 10% (v/v) of the pre-culture. Once all glycerol was
depleted, as indicated by a drop of the CO, signal and vice versa a rise in
the dO; signal, substrate was fed to reach a cell dry weight concentration
of approx. 25 g/L. After the fed-batch, expression of PpL was induced by
addition of Isopropyl p-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 0.5 mM (induced fed-batch). During the induction
phase, the specific substrate uptake rate (qs) and temperature were
altered using a design of experiment (DoE) approach. These process
parameters have been shown to be crucial factors for protein quantity
and localization (IB vs. soluble) (Kopp et al., 2017; Slouka et al., 2018).
During the induced fed-batch, samples were drawn every two hours to
monitor product formation. The factor qs was adjusted at the start of
induction and was altered in the range of 0.1 g/g/h to 0.5 g/g/h. The
temperature was investigated in a range of 27-35 °C, while the center-
point conditions (CP) (gs = 0.3 g/g/h; T = 31 °C) were performed three
times to investigate reproducibility. We decided to perform a central
composite circumscribed design to adequately describe potential
quadratic interactions. In a first step the product localization and
feasibility of a tunable production of IB or soluble PpL was investigated.
For the design of DoE the volumetric product concentration in g/L was
chosen as process response. The software MODDE 10 (Sartorius.
Gottingen, Germany) was used for model design and to develop a mul-
tilinear regression model describing volumetric titer of PpL as a function
of qs and temperature over the induction time.

2.4. Bioreactor Cultivation Analytics

2.4.1. Biomass

Biomass was quantified via optical density by measuring ODgg¢ using
a UV/VIS photometer (Genisys 20, Thermo Scientific, Waltham, MA,
USA) to monitor biomass growth during the process. Additionally, dry
cell weight (DCW) was determined gravimetrically by centrifuging 1 mL
of culture broth (9000 rcf, 10 min), subsequently washing the pellet with
0.9% (w/v) NaCl and centrifuging again. Afterwards the pellets were
dried at 105 °C for 72 h.



S. Kittler et al.

2.4.2. Metabolite Analysis

The concentration of glycerol in the supernatant was analyzed via
high performance liquid chromatography (HPLC) (UltiMate 3000;
Thermo Fisher, Waltham, MA) using a Supelcogel C-610 H column
(Supelco, Bellefonte, PA, USA) (Kopp et al., 2017). For this method 0.1%
H3PO4 with a constant flow rate of 0.5 mL/min was used as eluent. The
sugars were detected and quantified using respective standards, by a
refractive index detector (Shodex RI-101, Ecom, Prague, Czech Repub-
lic) (Kopp et al., 2017). The qs was calculated according to Eq. 1, taking
accumulated glycerol into account.

Vin,feed,At [L] * Qfezd [ﬂ - Vreuctor.t; [L} * Cat‘c,t; [ﬂ
At [A] + Xai lg]

8

oLl -

qs [élh} ... specific substrate uptake rate.

@

Vinfeed at[L] ... feed volume in timespan At.

Ceed  [§] ... glycerol concentration in the feed (400 g/L).

Vreactor,[L] ... reactor volume at time point i.

Caces [§] ... concentration of glycerol in the supernatant at time point

At[h] ... timespan (t; — tj.1) for the calculation of g,
Xae |g] ... average biomass in the reactor in the timespan At.

2.4.3. Product Analysis

For determining the PpL concentration, 10 mL of the cultivation
broth were centrifuged at 9000 rcf for 10 min at 4 °C. The supernatant
was discarded and the product samples were stored at — 20 °C until
further use. The cell pellet was suspended in 40 mL lysis buffer (100 mM
Tris, 10 mM EDTA, pH = 7.4) and homogenized using a high-pressure
homogenizer at 1200 bar for 7 passages (PandaPLUS, Gea AG, Ger-
many). Subsequently, the cell suspension was centrifuged at 20,380 rcf
for 20 min at 4 °C, and supernatant and IB pellet were further analyzed
as described in the sections below.a) SDS-PAGEFor SDS-PAGE, Mini-
PROTEAN® TGX Stain-Free™ (BioRad, Hercules, CA, USA) gels were
used. The IB pellet were dissolved in 1x Laemmli buffer containing
100 pL B-mercaptoethanol (reducing conditions) (Laemmli, 1970). The
soluble fraction was mixed in a 1-2 ratio with 2x Laemmli buffer. All
samples were incubated at 95 °C for 10 min and subsequently spun
down. Five pL of a protein molecular weight standard (precision plus
protein standard dual color, BioRad) and 10 uL of each sample were
loaded in the respective wells. The gel was run at 180 V for 30 min.
Staining was performed using Coomassie brilliant blue and gels were
analyzed using a Gel Doc (Universal Hood II, BioRad, Hercules, CA,
USA) and the ImageLab software (Version 6.0.1, BioRad, Hercules, CA,
USA).b) HPLCReversed Phase-HPLC:The product concentration was
determined using a BioResolve reversed phase (RP) Polyphenyl column
(dimensions 100 x 3 mm, particle size 2.7 ym) (Waters Corporation,
MA, USA) equipped with a pre-column (3.9 x 5 mm, 2.7 um (Kopp
et al., 2020). Eluent A was ultrapure water (MQ) and eluent B was
acetonitrile, both supplemented with 0.1% (v/v) trifluoroacetic acid. A
sample volume of 2 pL. was injected. The flow was kept constant at
0.4 mL/min and the measurement performed at 70 °C. A detailed
description of the used method is given by Kopp et al. (Kopp et al.,
2020). The soluble fractions were filtered with a 0.2 um syringe filter
(CHROMAFIL® Xtra PVDF-20/25, Pall, New York, USA), while the IB
pellets were first solubilized with 7.5 M guanidine hydrochloride,
62 mM Tris and 100 mM DTT at pH = 8 and filtered afterwards. To
determine the protein concentration, BSA (bovine serum albumin)
standards with concentrations between 0.1 and 2 g/L were measured.
Size Exclusion Chromatography-HPLC:PpL concentration and purity
during the DSP was measured using a size exclusion chromatography
(SEC)-HPLC method. A BEH 200 A SEC 1.7 um 4.6 x 300 mm, 3.5 um
(Waters Corporation, MA, USA) column was run isocratically with SEC
buffer (80 mM phosphate, 250 mM KCl, pH = 6.8) (Kittler et al., 2020).
The method run time was 18 min with a flow rate of 0.5 mL/min and an
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injection volume of 2 uL. was used. Column temperature was kept con-
stant at 25 °C and absorbance was recorded at 280 nm and 214 nm. For
quantification purposes, BSA protein standards were measured between
0.125 and 2 g/L and PpL concentrations calculated based on the cali-
bration curve.

2.5. Downstream Processing

The biomass of each cultivation was harvested 12 h after induction,
centrifuged at 17,000 rcf, 4 °C, 30 min and the biomass pellet stored at
— 20 °C until further use. For the described DSP protocol, biomass
produced at q; = 0.3 g/g/h and T = 31 °C was used. For preparative
chromatography, an AKTA pure™ system (Cytiva Life Sciences, MA,
USA) was used, monitoring conductivity and UV absorbance at three
wavelengths (280 nm, 260 nm, 214 nm).

The DSP comprised the following steps:

e Cell lysis via high pressure homogenization
e Capture via IMAC chromatography
e Purification via anion exchange chromatography (AEC)

2.5.1. High Pressure Homogenization

In order to release intracellularly produced soluble PpL, cell lysis was
performed via high pressure homogenization using a PandaPLUS (Gea
AG, Germany). Frozen biomass was resuspended in Buffer A (50 mM
phosphate, pH = 7.4) containing protease inhibitor (cOmplete™ Mini,
EDTA-free, Roche, Switzerland) to a final concentration of 13 g DCW/L
buffer A. Homogenization was performed at 1200 bar for 7 passages and
the homogenized sample was kept at 4 °C afterwards. In order to sepa-
rate cell debris from the soluble fraction containing PpL, the sample was
centrifuged at 20,380 rcf for 20 min at 4 °C. The supernatant was used in
the following chromatography step and the pellet discarded.

2.5.2. Capture Chromatography: IMAC

As a capture step for the Hisg-tagged PpL, a 5 mL HiTrap™ IMAC FF
(Cytiva Life Sciences, MA, USA) with a flowrate of 0.2 column volumes
(CV)/min was used. The column was equilibrated with buffer A (50 mM
phosphate, pH = 7.4) until all signals were stable. The supernatant
(35 mL) after homogenization was loaded onto the column, followed by
a wash step with 4 CVs of buffer A. Elution was performed using a step
gradient with 40% buffer B (50 mM phosphate, 500 mM imidazole, pH
= 7.4). During elution, fractions of 1 mL were collected, pooled based on
the UV 280 nm signal and analyzed for their respective concentration
and purity using SEC-HPLC.

2.5.3. Purification Chromatography: AEC

As purification step, a 1 mL Hitrap™ Capto Q (Cytiva Life Sciences,
MA, USA) column with a flowrate of 1 CV/min was used. The column
was equilibrated with buffer A (50 mM phosphate, pH = 7.4). The
pooled fractions containing PpL obtained from the capture chromatog-
raphy step (IMAC) were used as load (6 mL load volume) (Cytiva,
2021a, 2021b). After loading was completed, the column was washed
with 5 CVs buffer A. PpL was eluted using a step gradient with 25%
buffer C (50 mM phosphate, 1 M NaCl, pH = 7.4). As for IMAC, fractions
of 1 mL were collected, pooled based on the UV 280 nm signal and
analyzed for their respective concentration and purity using SEC-HPLC.

2.6. Characterization and Protein Functionality

2.6.1. Mass Spectrometry

The primary structure and mass of the purified Hisg-tagged PpL was
confirmed using digestion followed by LC/MS (liquid chromatography/
mass spectrometry). Additionally, the total mass of the produced PpL
and the commercial PpL (for comparison) was measured using intact
protein mass spectrometry. A detailed description of the performed
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measurements can be found in the supplementary information (sup-
plementary information: 6. Mass spectrometry).

2.6.2. Infrared Spectroscopy

Both PpL variants were measured using laser-based mid-infrared
spectroscopy to obtain structural information. A detailed description of
the applied external cavity-quantum cascade laser (EC-QCL) setup has
previously been reported (Akhgar et al., 2020). Briefly, the laser
(Hedgehog, Daylight Solutions Inc., San Diego USA) was operated in a
tuning range between 1470 cm ™! and 1730 cm™! with a scan speed of
3600 cm ™! and pulse rate and width of 1 MHz and 200 ns, respectively.
The IR light was attenuated by optical filters, divided into two beams
and directed into a two-path transmission flow cell with a path length of
26 um. Approximately 500 uL of sample solution were injected into the
signal cell, while the reference cell was filled with the pure buffer so-
lution. The intensity of both beams was detected by a thermoelectrically
cooled mercury cadmium telluride balanced detector (Vigo System S.A.,
Poland) to compensate the noise introduced by the EC-QCL. A previ-
ously described pre-processing routine (Schwaighofer et al., 2018),
including similarity index evaluation, scan averaging (300 single scans
= 45 s acquisition time) and fast Fourier transform (FFT) filtering, was
applied in order to obtain the final protein spectra with a spectral res-
olution of 2.6 cm ™.

2.6.3. Surface Plasmon Resonance

Surface plasmon resonance spectroscopy (SPR) was performed at the
core facility at the University of Natural Resources and Life Sciences in
Vienna. For the measurement, a Bioacore T200 (Cytiva Life Sciences,
MA, USA) was used. For measuring the binding affinity of both PpL
samples, a commercial protein A chip was used. In the first step, a 10 pg/
mL Herceptin solution was applied to bind the antibody to the protein A
chip. Subsequently, to monitor the binding affinity, different PpL con-
centrations (0.617, 1.85, 5.55, 16.6, and 50 nM respectively) were
loaded for 10 min. The flow rate for all loading steps was 10 pL/min.
The general running buffer was HBS-EP buffer (Cytiva Life Sciences, MA,
USA). The obtained RPU (response) was plotted versus the time and
fitted with a one site saturation model (Eq. 1) using Sigma plot (Systat
Software GmbH) to determine the response at equilibrium. The RPU at
equilibrium of all measurements was then plotted against the respective
concentration and fitted with a one site saturation equation to determine
the Kp value (Eq. 2) (Moscetti et al., 2017; Sparks et al., 2019).

Bmax * X

Xy T+ x (2)

y =
y ...y —value e.g. response of the SPR measurement B,y ... maximal y-

value x ... x — value e.g. concentration of the analyte Kp ... analyte
concentration at Byax/2.

2.6.4. Structure Analysis

Finally, the 3D structure of PpL was predicted using AlphaFold
(Jumper et al., 2021; Varadi et al., 2022). For the analysis, the full amino
acid sequence including the His6-tag was used and the prediction
computed using the Alvis cluster within the Chalmers Centre for
Computational Science and Engineering (C3SE), Sweden.

2.6.5. ELISA

To evaluate the functionality of the purified PpL, the purified protein
was conjugated to recombinant horseradish peroxidase (HRP) and
ELISA was performed. A detailed description of the protocol for conju-
gation, which was adapted from Nygren et al. and Molin et al. is given in
the supplementary information (supplementary information: 2. ELISA
Conjugation) (Molin So Fau - Nygren et al., 1978a, 1978b; Nygren et al.,
1981).

For the ELISA, 100 pL Herceptin (200 pug/mL) in phosphate buffered
saline (PBS, pH = 7.4) was incubated at 4 °C in high binding ELISA
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plates (Greiner Bio-One, Kremsmiinster, Austria) for 16 h. Afterwards,
the Herceptin solution was removed and the wells were washed four
times with PBS containing 0.05% Tween20 (=wash buffer). Subse-
quently, to block open binding positions, the wells were incubated with
200 pL 1% BSA in PBS (=blocking solution) for 60 min at RT. Then the
wells were washed again four times with wash buffer. Subsequently, the
respective detection complex with a concentration of 0.2 ug/mL was
incubated at RT for 30 min (Table 2). The solution in the wells was
discarded and wells were washed seven times with wash buffer to
remove non-specifically bound HRP.

Bound HRP-PpL conjugates were quantified immediately after the
last washing step using a S2,2’-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) assay. 180 pL of 8 mM ABTS in 50 mM phosphate-
citrate buffer, pH = 5, were pipetted in each well and the reaction was
started by adding 20 uL. 10 mM Hy0,. The change of absorbance at
420 nm was monitored for 45 min using a Tecan plate reader (Spark®,
Tecan, Mannedorf, Switzerland) at 30 °C. For each well, the volumetric
activity was calculated according to Eq. 3.

-

Viotal [UL] ... total volume in well.

AA/min ... change in absorption (AAbs 420 nm/min).

Dilution ... dilution of the sample.

Vsample [UL] ... volume of sample.

d [em] ... length of the beam path through the cuvette (d = 0.58 cm).
¢ [mM ! *em™!] ... extinction coefficient (€420 = 36 mM ! *cm’l).

Vit [LL] * AA/min # dilution
Viampte[\L] * dlem] * emM™" * cm™]

3)

3. Results and Discussion

3.1. Production and Purification of Recombinant Protein L

The goal of this study was to develop a production process for re-
combinant PpL that enables production of a high amount of biologically
active protein with high purity (>80%). The investigated variables in
the USP and DSP are listed in Table 3.

For the recombinant production of Hisg-tagged PpL, the specific
substrate uptake rate and temperature (qs, T) were investigated in a DoE
approach. In previous studies it was shown that these process variables
influence localization (IB or soluble) and quantity of produced recom-
binant protein (Kopp et al., 2017; Slouka et al., 2018). For all tested
fermentation conditions, an excess of soluble PpL compared to IBs (9 g/L
to <0.5 g/L) was observed (supplementary information: Fig. S1). Since
PpL originates from a bacterial host, we believe that expression has a
low burden on E. coli due to low protein complexity (no disulfide bridges
or other post-translational modifications) and therefore only low
amounts of IB were produced (Bhatwa et al., 2021). As depicted in
Fig. 1a, high specific substrate uptake rates (>0.5 g/g/h) led to an in-
crease of the volumetric product titer in the beginning of the induction
phase. However, after four to six hours, glycerol started to accumulate
(data not shown) as the biomass growth stopped (DCW decreased) and
the volumetric productivity declined. The observed drop in the specific
growth rate correlated with the mentioned accumulation of glycerol,
caused by a high metabolic stress using a qs higher than 0.5 g/g/h.
Lower temperatures (25.3 °C and 27 °C) did not increase the amount of

Table 2
Tested combination of samples and conjugation-complex. HRP:
horseradish peroxidase; PpL: protein L; BSA: bovine serum
albumin.

Immobilized protein Detection complex

Herceptin HRP
Herceptin PpL
Herceptin PpL-HRP
BSA PpL-HRP
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Table 3

Overview of investigated factors in the production process of recombinant
protein L. USP: upstream processing; DSP: downstream processing; qs: specific
substrate uptake rate; IMAC: immobilized metal affinity chromatography.

Unit operation Factors Range

usp Qs 0.1g/¢g/h-0.5g/g/h
Temperature 27-35°C

DSP - IMAC NaCl 0 mM or 500 mM

PpL, independent of the adjusted qs. The CP conditions (qs = 0.3 g/g/h,
temperature 31 °C) resulted in an almost linear increase of the volu-
metric titer, while higher temperatures did not lead to an increase of
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product formation.

The regression model for the volumetric titer showed that longer
induction time had a positive influence on productivity (Fig. 1b).
Furthermore, increasing temperature led to an increase of the volu-
metric titer, while the quadratic terms of all tested parameters had a
negative impact on product formation (supplementary information:
Fig. S2). The highest volumetric product titer (>9 g/L) was achieved at a
qs = 0.3 g/g/h, a temperature of 31 °C and an induction time of 12 h,
leading to a specific product titer of 0.17 g/g with a final biomass con-
centration of 55 g DCW/L (process data: supplementary information:
Figs. S3 and S4).

After cell lysis, the Hisg-tagged PpL was purified to achieve purities
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Fig. 1. a: Time resolved trend of volumetric titer [g/L] of performed cultivations according to the design of experiment (DoE). b: Contour plot of the volumetric titer
[g/L]. The optimum in the tested design space is at a specific substrate uptake rate (qs) = 0.3 g/g/h and temperature 31 °C after 12 h. These conditions led to a

product concentration of about 9 g/L.
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similar to the commercial PpL (i.e. 80%, determined by SEC). A standard
protocol for IMAC, including 20 mM imidazole in the sample and the
binding buffer, led to unexpectedly low recoveries (<30%, data not
shown). In order to improve binding capacity and recovery, sample and
binding buffers were prepared without imidazole. This adaptation
resulted in improved recovery (59%) and purity (67%). Still, a second
chromatography step was required to reach the targeted purity of
> 80%. Due to the pI of 4.82, an anion exchange chromatography (AEC)
step was chosen. However, the used salt (500 mM NacCl) in the IMAC
buffers requires a buffer exchange to ensure sufficient binding in the
subsequent AEC step. Therefore, we investigated whether NaCl can be
omitted in the IMAC step without negative effects on recovery and pu-
rity. Summarized in Table 4, the final process using IMAC buffers
without salt showed increased recovery and purity, resulting in a final
PpL purity of 92% and a final yield of 5 g PpL / L fermentation broth
(57%) after the second AEC step. As an additional advantage, the eluate
of the capture step (IMAC) could directly be used to load the column in
the second purification step, circumventing additional unit operations
such as e.g. pH-adjustment or buffer exchange (Cytiva, 2021a, 2021b).
The presented process might be a viable alternative to industrial pro-
duction processes in which far more expensive Ig containing resins are
used for the capture step (Cytiva). Furthermore, the purified 5B domain
Hise-tagged PpL had a higher purity (92%) compared to the commercial
protein (80%). However, it is important to mention that DNA and
endotoxin concentrations were not analyzed.

3.2. Protein Structure and Functionality Analysis

First, the primary structure of both PpL variants (TU Wien: 5B
domain Hise-tagged PpL and Sigma-Aldrich: 4B domain PpL) was
confirmed using enzymatic digestion followed by LC/MS. However, due
to the existence of repetitive B domains, the exact mass of the proteins
could not be determined by analyzing the fragments. For this purpose,
whole protein LC/MS was performed of each PpL variant. The 5B
domain Hisg-tagged PpL, had a mass of 41816 Da (supplementary in-
formation: Fig. S5), while the commercial 4B domain PpL (one binding
domain less) had a mass of 36038 Da (supplementary information:
Fig. S6). Moreover, for both PpL variants, a distribution of different mass
fragments was observed. This size heterogeneity has been reported for
different Ig-binding proteins of Gram-positive bacteria (Kastern et al.,
1992).

Laser-based mid-IR spectroscopy was applied to record absorbance
spectra across the amide I (1600-1700 cm ') and amide II
(1500-1600 cm ™) bands, since these represent the most important
wavenumber regions for protein secondary structure determination
(Barth, 2007). Compared to conventional Fourier-transform infrared
(FTIR) instrumentation, EC-QCLs operate at significantly higher spectral
power densities, thus allowing the application of larger optical path
lengths that lead to improved robustness and sensitivity (Schwaighofer
and Lendl, 2020). Fig. 2a shows a comparison of PpL from Sigma-Aldrich
(4B domains) and PpL produced here (TU Wien; 5B domains Hisg--
tagged). Positions and shapes of the IR absorbance bands show excellent
comparability between the spectra. The maxima at 1640 cm™! in the
amide I region, as well as the broad amide II bands at approximately
1550 cm ! indicate a high share of p-sheet secondary structure (Barth,
2007).

Table 4
Recovery and purity of the Hisg-tagged PpL comparing the IMAC runs with and
without 500 mM NaCl.

Step Recovery [%] Purity [%]
Capture (IMAC) with NaCl 66 45
Whole DSP 44 72
Capture (IMAC) without NaCl 49 67
Whole DSP 57 92
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For testing functionality and binding affinity, SPR measurements
were performed to determine the Kp value of both PpL variants. How-
ever, PpL has a very high affinity to Igs and antibody fragments, indi-
cated by a small Kp and a slow dissociation reaction. Therefore, the
dissociation could not be determined with the used experimental set up,
since no steady state was achieved (data not shown). As an alternative
approach, the maximum signals for steady state conditions were calcu-
lated based on a one site saturation model. In Fig. 2b the maximum fitted
response (RPU) for each tested concentration is plotted against the
respective concentration (Moscetti et al., 2017; Sparks et al., 2019). The
obtained values were fitted again using a one site saturation model to
determine the Kp values (Fig. 2b).

The determined Kp value for the recombinant 5B Hisg-tagged PpL
variant (Kp = 2.93 x10710 M) was lower than for the commercial 4B
domain PpL (Kp = 1.55 %x10~° M). This can likely be attributed to the
additional B domain in the construct, which slightly increases the af-
finity (Kastern et al., 1992; Kittler et al., 2021).

After similarity of the secondary structure was validated for both
variants and the functionality was demonstrated, the tertiary structure
of the 5B Hisg-tagged PpL variant was modeled using AlphaFold (Jum-
per et al., 2021; Varadi et al., 2022). Since no amino acid sequence was
available for the commercial PpL variant, a comparison of the modeled
structures was not possible. However, the single B domains could be
predicted with high confidence and are in accordance with literature
(Kittler et al., 2021; Wikstroem et al., 1994). The linkers between the
binding domains were found to have lower prediction scores and are
most likely flexible and without a defined structures (Fig. 3, supple-
mentary information: Fig. S7). These linkers as well as the unstructured
N- and C- terminal ends of the protein (the latter incorporating the
Hise-tag) could be susceptible to some proteases, possibly explaining the
size heterogeneity observed in mass analysis and the low recovery
during the capture step (IMAC) (Shen et al., 1991).

3.3. Application of Protein L in an ELISA

For the purpose of using PpL in an ELISA, both PpL variants were
conjugated to recombinant HRP and used to detect Herceptin. First,
solely the HRP activity without the binding to Herceptin was measured.
The recombinant Hise-tagged 5B domain PpL conjugate showed an ac-
tivity of 6.82 £+ 0.27 x 103 U/mol, which was similar to the 4B domain
conjugate PpL that showed an activity of 7.49 + 0.91 x 10% U/mol.
However, it was expected that the 5B domain PpL would exhibit a higher
amount of conjugated HRP due to the higher number of primary amines
(e.g. lysine), which act as conjugation partners. However, we assume
that these additional primary amines were not accessible due to their
position within the binding domains, resulting in similar amounts of
conjugated HRP. In the ELISA, the His¢-tagged PpL with 5B domains
achieved a volumetric activity of 3.99 + 0.86 U/mL, while for the
commercial PpL (Sigma-Aldrich) with 4B domains showed an activity of
4.96 + 0.92 U/mL. Conjugation of PpL to HRP without loss of activity
and detection of an antibody was thus possible for both variants,
showing that the tested HRP-PpL complex can be successfully used for
ELISAs applied as in-process control e.g. in the early DSP or for refolding
processes.

4. Conclusion

In this study we were able to successfully produce and purify re-
combinant Hisg-tagged PpL with 5B domains in E. coli with a final
product yield of 5 g product per L fermentation broth. The produced
protein was characterized and compared to a commercially available
PpL regarding secondary structure and activity (Table 5). The initial DSP
resulted in unexpectedly low recoveries and purities, but these could be
significantly improved by optimization of the IMAC capture step and
performing a second AEC step. The results from the performed MS
indicate a size heterogeneity of PpL, which could possibly explain the
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Fig. 2. a: IR spectrum of both protein L (PpL) variants. Both 4B domain and 5B domain Hise-tagged PpL, from Sigma-Aldrich and TU Wien, respectively, show highly
similar absorbance spectra indicating comparable secondary structure. b: Results of the SPR measurement of both protein L (PpL) variants. The calculated saturation
values for each concentration is plotted against the respective concentration. The curve was fitted with a one-site saturation equation to determine the Ky, value. 4B
domain Ppl (Sigma-Aldrich PpL) Kp, = 1.5 x 10~° M; 5B domain Hise-tagged PpL (TU Wien PpL): Kp = 2.93 x 1071 M.

Fig. 3. a) Cartoon models colored by the prediction score, red-green-blue, from low to high, with the N-terminus on the left. b) Space-fill model of His¢-tagged
protein L, colored as in a), and with the N-terminus at the bottom. The structure of the B domains are confidently predicted, while the structure of the linkers and

termini cannot be predicted reliably and are likely flexible in solution.

Table 5
Summary of the results of the structural and functionality analysis of both
protein L (PpL) variants. mAb: monoclonal antibody.

TU Wien PpL Sigma-Aldrich PpL
Mass [Da] 41816 36038
Structure of single B 4 beta sheets + 1 alpha 4 beta sheets + 1 alpha
domain helix helix
B domains 5 4
Kp [M] 2.93 x 1071 1.55 x 107°
Application in ELISA Detection of mAb Detection of mAb possible
possible

still somewhat low overall recoveries. The structural analysis revealed
unstructured protein parts that could be susceptible to cleavage, which
would then result in different protein sizes and loss of the purification
tag. We believe that further studies focusing on the structure of PpL will
help to understand the observed results. Nevertheless, the secondary
structure of the produced PpL was similar to the commercial variant
with 4B domains. Furthermore, it was shown that the produced PpL is
functional and active, without being negatively influenced by the HIS¢-
tag and the obtained Kp value was lower compared to the 4B domain
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PpL. Additionally, the application in an ELISA detecting Herceptin using
a PpL-HRP conjugate was successful.
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