Journal of Chromatography A 1685 (2022) 463576

journal homepage: www.elsevier.com/locate/chroma

Contents lists available at ScienceDirect

JOURNAL OF CHROMATOGRAPHY A

Journal of Chromatography A

A chromatographic network for the purification of N
detergent-solubilized six-transmembrane epithelial antigen of the
prostate 1 from Komagataella pastoris mini-bioreactor lysates

J Barroca-Ferreira®”¢, AM Gongalves*"¢, MFA Santos®¢, T Santos-Silva™, C] Maia?,

LA Passarinha®P:<d*

ACICS-UBI - Health Sciences Research Centre, University of Beira Interior, 6201-506 Covilhd, Portugal
b Associate Laboratory i4HB - Institute for Health and Bioeconomy, NOVA School of Science and Technology, Universidade NOVA de Lisboa, 2829-516

Caparica, Portugal

€UCIBIO - Applied Molecular Biosciences Unit, Department of Chemistry, NOVA School of Science and Technology, Universidade NOVA de Lisboa, 2829-516

Caparica, Portugal

dLaboratério de Farmaco-Toxicologia - UBIMedical, University of Beira Interior, 6201-284 Covilhd, Portugal

ARTICLE INFO

Article history:

Received 21 June 2022

Revised 4 October 2022
Accepted 16 October 2022
Available online 20 October 2022

Keywords:
Chromatography
Detergents

Protein solubilization
STEAP1

ABSTRACT

The Six-Transmembrane Epithelial Antigen of the Prostate 1 (STEAP1) is an integral membrane protein
involved in cellular communications, in the stimulation of cell proliferation by increasing Reactive Oxy-
gen Species levels, and in the transmembrane-electron transport and reduction of extracellular metal-ion
complexes. The STEAP1 is particularly over-expressed in prostate cancer, in contrast with non-tumoral
tissues and vital organs, contributing to tumor progression and aggressiveness. However, the current un-
derstanding of STEAP1 lacks experimental data on the respective molecular mechanisms, structural deter-
minants, and chemical modifications. This scenario highlights the relevance of exploring the biosynthesis
of STEAP1 and its purification for further bio-interaction and structural characterization studies. In this
work, recombinant hexahistidine-tagged human STEAP1 (rhSTEAP1-Hisg) was expressed in Komagataella
pastoris (K. pastoris) mini-bioreactor methanol-induced cultures and successfully solubilized with Nonidet
P-40 (NP-40) and n-Decyl-B-D-Maltopyranoside (DM) detergents. The fraction capacity of Phenyl-, Butyl-,
and Octyl-Sepharose hydrophobic matrices were evaluated by manipulating the ionic strength of binding
and elution steps. Alternatively, immobilized metal affinity chromatography packed with nickel or cobalt
were also studied in the isolation of rhSTEAP1-Hisg from lysate extracts. Overall, the Phenyl-Sepharose
and Nickel-based resins provided the desired selectivity for rhSTEAP1-Hisg capture from NP-40 and DM
detergent-solubilized K. pastoris extracts, respectively. After a polishing step using the anion-exchanger
Q-Sepharose, a highly pure, fully solubilized, and immunoreactive 35 kDa rhSTEAP1-Hisg fraction was ob-
tained. Altogether, the established reproducible strategy for the purification of rhSTEAP1-Hisg paves the
way to gather additional insights on structural, thermal, and environmental stability characterization sig-
nificantly contributing for the elucidation of the functional role and oncogenic behavior of the STEAP1 in
prostate cancer microenvironment.
© 2022 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

expressed in prostate cancer (PCa), in contrast with non-tumoral
tissues and vital organs, which may indicate a particular speci-

The Six-Transmembrane Epithelial Antigen of the Prostate 1
(STEAP1) is an integral six-transmembrane protein connected by
intra- and extracellular loops located in tight- and gap-junctions,
cytoplasm, and endosomal membranes [1]. The STEAP1 is over-
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ficity for cancer microenvironments [2]. According to amino-acid
sequence, transmembrane topology, and cellular localization, it was
hypothesized that STEAP1 has a crucial role in cell-cell commu-
nications as a transporter protein [3] and in the stimulation of
cell growth upon the increment of the intracellular levels of Re-
active Oxygen Species [4]. Nevertheless, full-length human STEAP1
was produced in mammalian Human Embryonic Kidney (HEK)-
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293 cells and the structure-function analysis of antibody-fragment
bound STEAP1 (6Y9B, 2.97 A resolution) through cryogenic Elec-
tron Microscopy (cryo-EM) techniques revealed a trimeric arrange-
ment of the protein, suggesting a functional role in heterodimeric
assembles with other STEAP1 counterparts [5,6]. This structural re-
arrangement supports the biological behavior of heme-binding site
to recruit and orient intracellular electron-donating substrates to
enable transmembrane-electron transport and the consequent re-
duction of extracellular metal-ion complexes. From a clinical per-
spective, the STEAP1 is one of the most relevant member of the
STEAP family of proteins [7]. Indeed, several studies with mono-
clonal antibodies attached to radioisotopes demonstrated promis-
ing results in targeting and monitoring STEAP1 expression and
in controlling PCa progression [8,9]. Moreover, in vitro and in
vivo studies showed that STEAP1-derived peptides are immuno-
genic and suitable for cytotoxic T lymphocytes recognition [10,11],
which indicate a potential use towards anti-cancer vaccines devel-
opment. These data highlight the usefulness of STEAP1 as a po-
tential promising tool as a biomarker or a target for anti-cancer
therapies. So far, monomeric STEAP1 high-resolution structures are
not available highlighting the scarce of structural and functional
knowledge on the protein and preventing to understand its biolog-
ical role in PCa. In fact, the lack of structural data is also verified
in the other STEAP family members with a total of four deposited
structures in the Protein Data Bank (PDB): two crystal structures of
the membrane-proximal oxidoreductase domain of human STEAP3
(2VNS, 2 A resolution and 2VQ3, 2 A resolution) [12] and two cryo-
EM structures of human STEAP4 domains (6HD1, 3.8 A resolution
and 6HCY, 3.1 A resolution) [13]. To decipher the molecular inter-
actions between STEAP1 and highly specific antagonist drugs ca-
pable of blocking its oncogenic effects, a complete structural char-
acterization of the protein is demanded. Nevertheless, the major
downsides associated with structure-based design studies relies on
attaining high amounts of the target protein with substantial pu-
rification yields. In order to overcome these issues, our research
team recently proposed an optimized fermentation strategy to im-
prove the biosynthesis and stabilization of biologically active re-
combinant hexahistidine-tagged human STEAP1 (rhSTEAP1-Hisg) in
a mini-bioreactor Komagataella pastoris (K. pastoris) X-33 Mut™ cul-
tures upon the application of a glycerol gradient fed-batch profile
associated with a methanol constant feed with 6 % (v/v) DMSO and
1 M Proline supplementation [14]. Thereafter, a suitable isolation
strategy should be designed and optimized. To date, there are only
two studies focusing on the isolation of recombinant STEAP1, pro-
duced in both HEK and Baculovirus-Insect cells using Immobilized
Metal Affinity Chromatography (IMAC) followed by Size Exclusion
Chromatography (SEC) [5,6]. Additionally, a recent pioneer experi-
mental research explored the purification of the human native par-
alog of STEAP1 protein, naturally overexpressed in neoplastic PCa
cell line, by Hydrophobic Interaction Chromatography (HIC) as cap-
ture step and further polishing using a Co-Immunoprecipitation
approach [15]. Despite promising steps were given in the discov-
ery of a biotechnology procedure for handling both native and re-
combinant STEAP1 protein, these studies present several limita-
tions that may compromise their application for the generation of
high-quality recombinant proteins. When used as expression plat-
forms, mammalian cells may produce low expression levels and
yields, toxic target when overexpressed, difficult to scale-up, and
time consuming for expression and optimization; while for insect
cells, it is observed a possibility of misfolding, aggregation, or cell
lysis, also time consuming for expression and optimization, and
simplified N-glycosylation [16]. In this sense, microbial platforms
share attractive features in protein discovery and has gained atten-
tion in biotechnology field as efficient production tool. From this
class, K. pastoris is the preferred system for the large-scale pro-
duction of eukaryotic proteins, once it has i) high similarity with
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advanced eukaryotic expression systems, ii) easy and stable inte-
gration of foreign genes into their genome, iii) cost-effective cul-
tivation cultures, iv) scale-up capacity in large fermentations, v)
fast growth rate and increased cell densities platforms, vi) sophisti-
cated eukaryotic post-translational modifications due to strong and
tightly regulated promoters, vii) proteolytic processing and folding,
and [8] cellular translocation and trafficking mechanisms [17,18].
Independently on the diverse purification strategies already re-
ported, the expression host system could be responsible for dis-
tinct structural rearrangements and conformations of the protein
under study, which will trigger a different chromatographic be-
havior. Therefore, it is quite imperative to implement novel and
alternative approaches for the isolation of the recombinant hu-
man STEAP1 protein, with increased degree of purity, high qual-
ity of protein sample, and concentration compatible with main-
stream biophysical and structural determination techniques. Alto-
gether, these facts encouraged the development of an integrated
strategy considering the i) increased hydrophobic nature of the
STEAP1 protein, the ii) hexahistidine-tagged tail residues, and the
iii) basic isoelectric point (pI), which contrast with the acidic pI of
most heterologous proteins from K. pastoris for the solubilization
and purification of stable, biologically active, and pure amounts of
rhSTEAP1-Hisg. To attain this goal, in-house and commercial deter-
gent kits were initially screened and compared to evaluate their ef-
ficiency to recover and solubilize an active form of rhSTEAP1-Hisg
from K. pastoris extracts. The target protein was purified using a
combined two-step procedure — HIC and IMAC - as main capture
steps followed by Anion Exchange Chromatography (AEX) as a final
polishing step. The strategy here established represents a novelty
in the purification of rhSTEAP1-Hisg using traditional chromatog-
raphy strategies and fulfills all the conditions need to obtain a
rhSTEAP1-Hisg fraction with tailored improved stability, biological
activity, purity, and concentration, when compared to previously
reported approaches. Altogether, these findings are crucial for un-
dertaking further structural and functional characterization studies
using pure fractions of rhSTEAP1-Hisg.

2. Materials and methods
2.1. Chemicals

Ultrapure reagent-grade water was obtained with a Mili-Q
system (Milipore/Waters). Zeocin™ was acquired from InvivoGen
(Toulouse, France). Yeast nitrogen base was bought from Pronadisa
(Madrid, Spain). Glycerol was obtained from HiMedia Laborato-
ries (Mumbai, India). Peptone was purchased from BD (Franklin
Lakes, NJ, USA). Biotin was bought from Hoffmann-LaRoche (Basel,
Switzerland). Genapol X-100 and Digitonin were obtained from
Merck (Darmstadt, Germany). Glucose, agar, yeast extract, dimethyl
sulfoxide (DMSO), phosphoric acid, glass beads (500 pym diameter),
Triton X-100 and Tween-20 were purchased from ThermoFisher
Scientific (Loughborough, UK). Ammonium sulfate ((NH4),SOy4),
Proline and Sodium Dodecyl Sulfate (SDS) were acquired from Pan-
Reac Applichem (Darmstadt, Germany). Tris-base was bought from
Fisher Scientific (Epson, UK). Nonidet P-40 (NP-40) was obtained
from Fluka (Monte Carlo, Monaco). Popular Detergent Kit was ac-
quired by Anatrace (Maumee, OH, USA). Bis-Acrylamide/Acrylamide
40 % and GRS Protein Marker MultiColour was purchased from
GRiSP Research Solutions (Oporto, Portugal). All chemicals used
were of analytical grade, commercially available, and used without
further purification.

2.2. Recombinant hSTEAP1-His6 production

The rhSTEAP1-Hisg biosynthesis was performed using K. pastoris
X-33 Mut* harboring the expression construct pPICZoB-hSTEAP1-
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Hisg, as previously reported [14]. Briefly, cells were grown at 30
oC in YPD plates (1 % yeast extract, 2 % peptone, glucose and agar,
and 200 pg mL~! Zeocin), and a single colony was used to inoc-
ulate BMGH medium (100 mM potassium phosphate buffer at pH
6.0, 1.34 % yeast nitrogen base, 4x10~4 g L-! biotin, 1 % glycerol
and 200 ug mL~! Zeocin). Then, cells were grown at 30 °C and 250
rpm until the cell density at 600 nm (ODgqg) typically reached 6.
This culture was used to inoculate the modified basal salts medium
(BSM) containing 4.35 mL L~! trace metal solution (SMT) with
an initial ODggy of 0.5. The fermentation process was carried out
in a mini-bioreactor platform under constant methanol/gradient
glycerol feeding for 10 h, upon induction with 6 % (v/v) DMSO
and 1 M Proline for STEAP1 stabilization. The pH and temperature
were kept constant throughout batch and fed-batch modes at 4.7
and 30 ©C, respectively, while glycerol gradient and methanol con-
stant feeding strategies were controlled by IRIS Software (Infors HT,
Switzerland). The cells were harvested by centrifugation for 10 min
at 1500 g and 4 °C, and store at - 20 °C until further use.

2.3. Cell lysis and rhSTEAP1-Hisg recovery

The K. pastoris crude was disrupted in lysis buffer (50 mM Tris-
Base buffer at pH 7.8 and 150 mM NaCl) supplemented with pro-
tease inhibitors cocktail (Roche, Basel, Switzerland), followed by
enzymatic digestion with 1 mg mL~! Lysozyme (Merck, Darmstadt,
Germany) incubation for 15 min at room temperature. The mixture
was vortexed 7 times in 1 min intervals between glass beads and
ice, and then centrifuged at 500 g for 5 min at 4 °C to remove
cell debris. The supernatant (S500) was collected while the pellet
(P500) was resuspended in lysis buffer complemented with 1 mg
mL-1 DNase I (PanReac Applichem, Darmstadt, Germany) and fur-
ther centrifuged at 16000 g for 30 min at 4 °C. The supernatant
(S16000) was collected while the pellet (P16000) was resuspended
in chromatographic equilibrium buffer (HIC: 50 mM (NH4),SO4 in
10 mM Tris-Base buffer at pH 7.8 plus 0.1 % (v/v) NP-40; IMAC:
500 mM NaCl in 50 mM Tris-Base buffer at pH 7.8, plus 5 mM
Imidazole and 0.1 % (v/v) n-Decyl-B-D-Maltopyranoside (DM)) at
4 oC until full solubilization [19]. The quantification of the total
amount of protein was measured using Pierce™ BCA Protein As-
say Kit (ThermoFisher Scientific, Loughborough, UK).

2.4. Detergent screening for rhSTEAP1-Hisg solubilization

The rhSTEAP1-Hisg solubilization studies were performed in the
P16000 fraction obtained from K. pastoris lysis, upon complete re-
suspension in solubilization buffer (lysis buffer plus 0.1 % (v/v) de-
tergent) overnight at 4 C with constant stirring (~ 40 mg mL~!
total protein concentration) (Table 1). In these experiments, the
pellets P16000 were resuspended in the respective solubilization
buffer, and a control extract without detergent was also performed.

2.5. Purification of rhSTEAP1-Hisg solubilization

The purification trials were performed in an AKTA Avant sys-
tem with UNICORN 6.1 software (Cytiva, Malborough, MA, USA) at
room temperature. All buffers were filtered through a 0.22 um
pore size membrane, ultrasonically degassed. Butyl-Sepharose™
HP (10 mL), Octyl-Sepharose™ 4FF (10 mL), HiTrap™ Phenyl HP (5
mL), HisTrap™ FF (5 mL), and HiTrap™ Q FF (5 mL) (Cytiva, Mal-
borough, MA, USA), were used as HIC, IMAC, and AEX stationary
phases, respectively. The HiTrap™ Phenyl HP (5 mL) was initially
equilibrated with 50 mM (NH4),SO4 in 10 mM Tris-Base buffer at
pH 7.8 supplemented with 0.1 % (v/v) NP-40, and rhSTEAP1-Hisg
samples (1 mL with a total protein concentration of 40 mg mL™1)
was loaded onto the column at a flow rate of 0.5 mL min~!. Af-
ter elution of the unretained species, an elution step at 10 mM
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Tris-Base buffer at pH 7.8 was applied, followed by a linear gradi-
ent from 10 mM Tris-Base buffer at pH 7.8 to H,0, both at 1.0 mL
min~'. The HisTrap™ FF (5 mL) packed with nickel and cobalt ions
were equilibrated with 500 mM NaCl in 50 mM Tris-Base buffer at
pH 7.8 supplemented with 0.1 % (v/v) DM. Similar to HIC strategy,
rhSTEAP1-Hisg samples (1 mL with a total protein concentration of
40 mg mL~!) was loaded onto the column at a flow rate of 0.5 mL
min~1. After elution of the unretained species, an imidazole step-
wise elution gradient (10, 50, 175, 300, and 500 mM) was applied
at 1.0 mL min~'. Subsequently, both the HIC fraction obtained with
10 mM Tris-Base buffer at pH 7.8 and the IMAC fraction recovered
in 175 mM Imidazole step were injected in HiTrap™ Q FF, used as
a final polishing step, previously equilibrated with 10 mM Tris-Base
buffer at pH 10.0. After elution of unretained species, NaCl con-
centration was increased in a stepwise mode to 300 mM and 500
mM at pH 10.0, and 1 M at pH 7.8 in 10 mM Tris-Base buffer. The
AEX buffers were supplemented with 0.1 % (v/v) NP-40 or DM, re-
spectively for pre-purified samples obtained from HIC or IMAC. The
pH, pressure, conductivity, and absorbance at 280 nm were con-
tinuously monitored throughout the entire chromatographic run.
The fractions of interest were collected, desalted, and concentrated
with Vivaspin concentrators (10,000 MWCO). The samples were
further stored at 4 ©C for purity and immunoreactivity analysis.
All procedures including the regeneration steps were carried out
according to manufacturer’s instructions (Cytiva, Malborough, MA,
USA).

2.6. SDS-PAGE and western-blot

Reducing SDS-PAGE was carried out according to the method
of Laemmli [20]. Samples were boiled for 5 min at 95 °C and re-
solved in 12.5% (V/V) acrylamide gels at 120 V for approximately 2
h. Then, one gel was stained by Coomassie brilliant blue while the
second gel was transferred into a polyvinylidene difluoride (PVDF)
membrane (Cytiva, Malborough, MA, USA) at 750 mV for 90 min
and 4 °C. The membrane was blocked for 1 h in a 5 % (w/v) non-fat
milk solution in TBS-T and incubated overnight with mouse anti-
STEAP1 monoclonal antibody 1:300 (B-4, sc-271872, Santa Cruz
Biotechnology, Dallas, TX, USA) at 4 oC with constant stirring. Af-
terwards, membrane was incubated with goat anti-mouse IgGk
BP-HRP 1:5000 (sc-516102, Santa Cruz Biotechnology, Dallas, TX,
USA) for 2 h at room temperature with constant stirring. Finally,
rhSTEAP1 immunoreactivity was visualized using ChemiDoc™ MP
Imaging System (Bio-Rad, Hercules, CA, USA) after a brief incuba-
tion with Clarity ECL Substrate (Bio-Rad, Hercules, CA, USA).

2.7. Total protein quantification

Quantification of the total amount of proteins was measured by
Pierce™ BCA Protein Assay Kit (Thermo Scientific, Loughborough,
UK) using Bovine Serum Albumin (BSA) as standard and calibration
control samples according to the manufacturer’s instructions.

3. Results
3.1. Biosynthesis of rhSTEAP1-Hisg in Komagataella pastoris cultures

The rhSTEAP1-Hisg was produced in K. pastoris methanol-
induced cultures using pPICZaB-rhSTEAP1 plasmid. Concerning the
concentration levels of a typical 6 g crude extract of K. pastoris cul-
tures, we obtained values of approximately 40 mg mL~! of total
protein. After a typical mini-bioreactor fermentation, the Western-
Blot (WB) analysis revealed that immunologically active rhSTEAP1-
Hisg protein was detected in its monomeric conformation of ~ 35
kDa, as well as in high molecular weight isoforms of ~ 48 and
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Table 1
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General characteristics of the detergents used for the rhSTEAP1-Hisg solubilization studies’.

Critical Micellar-

Concentration Aggregation

Detergent Detergent Type (CMC) (mM) Number
In-house Sodium Dodecyl Sulfate (SDS) lonic 7-10 62

Triton X-100 Non-ionic 0.2-0.9 48-106

Digitonin <0.5 60

Genapol X-100 0.15 88

Nonidet P-40 (NP-40) 0.05-0.3 100-155
Anatrace Popular 3-[(3- Zwitterionic 8 10
Detergent Kit cholamidopropyl)dimethylammonio]-1-

propanesulfonate

(CHAPS)

Fos-Choline-12 (FOS12) 1.5 54

5-Cyclohexyl-1-pentyl-8-D-Maltoside Non-ionic 2.4-5.0 47

(CYMAL-5)

n-Decyl-B-D-Maltopyranoside (DM) 1.8 69

n-Dodecyl-$-D-Maltopyranoside (DDM) 0.17 78-149

n-Octyl-B-D-Glucopyranoside (0OG) 18-20 27-100

1 Data obtained from Anatrace (Maumee, OH, USA: www.anatrace.com) and Merck (Darmstadt, Germany: www.merckgroup.com)

~ 63 kDa, that may correspond to glycosylated or homo- or het-
erodimeric aggregates of rhSTEAP1 in agreement with the previ-
ously reported [14].

3.2. Detergent screening for rhSTEAP1-Hisg solubilization

In this work, we performed a detergent screening to determine
the most suitable for the recovery of an active and fully solubilized
fraction of human STEAP1, previously extracted from K. pastoris
lysates, comparing the efficiency of an in-house detergent kit (SDS,
Triton X-100, Digitonin, Genapol X-100, and NP-40) with the com-
mercially available Popular Detergent Kit from Anatrace (CHAPS,
CYMAL-5, DM, DDM, FOS12, and OG). The nature of each used de-
tergent and their general features are summarized in Table 1. The
performance of each detergent was measured by a direct densito-
metric comparison between rhSTEAP1-Hisg immunoreactive bands.

The results showed that rhSTEAP1-Hisg extraction was in-
creased by NP-40 followed by Genapol X-100 and Digitonin, with
the in-house detergent kit (Figure 1A). On the opposite plan, SDS
and Triton X-100 reveal to be ineffective in the solubilization of
rhSTEAP1-Hisg, presenting a similar profile to control experiment
with evidence of protein degradation. Concerning the commercial
kit, the solubilization of rhSTEAP1-Hiss was more efficient with
DM (reduced amounts of degraded rhSTEAP1-Hisg), followed by
CYMAL-5 (Figure 1B). Despite all the tested detergents (except
DDM in which an immunoactive protein fraction was not detected)
were able to fully solubilize the monomeric rhSTEAP1-Hisg with
different minor levels of protein degradation, it should be empha-
sized that NP-40 and DM were the ones where the target pro-
tein was recovered in P16000 fraction with the expected molecular
weight of ~35 kDa with an increased WB qualitative densitometry.

3.3. HIC/IMAC and IEX Platform for rhSTEAP1-Hisg purification

The elution of the rhSTEAP1-Hisg mainly occurs directly in
the flowthrough for Butyl- and Octyl-Sepharose trials along with
significant amounts of endogenous proteins from the expression
host. This indicate that under these binding conditions (50 mM
(NH,4),SO4 in 10 mM Tris-Base buffer at pH 7.8 plus 0.1% (v/v)
NP-40), a major fraction of the target protein does not interact
with the hydrophobic matrices hindering an efficient protein sep-
aration (Please see Supplementary Material). However, in case of
Phenyl resin, high molecular weight isoforms of rhSTEAP1-Hisg of
48 and 63 kDa did not bind to the matrix and directly eluted in the
flowthrough (Figure 2B, Peak I) while the immunologically active

monomeric isoform of rhSTEAP1-Hisg with 35 kDa was completely
captured by the hydrophobic matrix during the binding phase and
was mainly recovered in 10 mM Tris-Base elution step (Figure 2B,
Peak II), with some losses observed during the linear gradient to
H,0 (Figure 2B, Peak III).

In parallel, IMAC experiments were also conducted. In the trials
with cobalt, rhSTEAP1-Hisg is directly eluted in the flowthrough re-
vealing that under the binding conditions (500 mM NaCl in 50 mM
Tris-Base buffer at pH 7.8 plus 0.1% (v/v) DM), the hexahistidine-
tag of the target protein does not interact with the metal ion of
the chromatographic resin (Please see Supplementary Material). By
the contrary, in the nickel-charged IMAC resin, a partial retention
of rhSTEAP1-Hisg to the matrix throughout the binding phase was
observed (Figure 3A and 3B, Peak I). Despite minor amounts of
rhSTEAP1-Hisg were observed in the 10 and 50 mM imidazole step
gradients, the monomeric protein isoform (35 kDa) was mainly
eluted in the 175 mM imidazole step, together with traces of high
molecular weight isoforms of 48 kDa (Figure 3A and 3B, Peak III).

Upon the analysis of the SDS-PAGE gel, the purity level of the
rhSTEAP1-Hisg samples obtained from both HIC and IMAC strate-
gies is considerably low, due to an increased amount of co-eluting
proteins, demanding a polishing stage with the anion exchanger
Q-Sepharose as a final purification step [21]. Briefly, the SDS-PAGE
and WB results from the polishing of rhSTEAP1-Hisg pre-purified
fraction from HIC demonstrated that immunologically active tar-
get protein was preferentially eluted with 300 and 500 mM NaCl
(Figure 4A and 4B, Peaks III and IV, respectively), despite residual
losses in the flowthrough, with the last one revealing an acceptable
purity level.

Curiously, the SDS-PAGE and WB analysis of the polishing step
of rhSTEAP1-Hisg pre-purified fraction from IMAC confirmed the
tendency of the protein to be mainly eluted with 500 mM NaCl
(Figure 5A and 5B, Peak II) exhibiting a considerable high degree
of purity, although residual losses of the target were observed in
the final step with 1 M NaCl (Figure 5B, Peak III) which is mainly
responsible for the elution of the expression host proteins.

4. Discussion

Membrane Proteins (MPs) play key roles in several cellular
functions representing more than 50 % of therapeutic targets cur-
rently available in the market. Regardless their value, MPs repre-
sent less than 2% of the deposited structures in the PDB (https://
www.rcsh.org/, (accessed on 14t june 2022). Therefore, the struc-
tural and funcional characterization of these proteins could pro-
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Fig. 1. SDS-PAGE and WB analysis of the performance of different detergents from an in-house detergent kit (A) and Anatrace Popular Detergent Kit (B) in solubilizing
rhSTEAP1-Hisg from K. pastoris crude extracts upon two centrifugation steps at 500 g and 16000 g.

vide details on their mechanisms of action, which is crucial for the
design of novel highly-effective drugs. Taking into considering the
usefulness of STEAP1 as a promising therapeutic agent against PCa,
it is crucial to established a biotechnology platform for its biosyn-
thesis, extraction, and purification with the final purpose of ob-
taining a high-resolution 3D structure of the protein. Despite few

attemps with both recombinant and native isoforms of STEAP1, ex-
perimental structural data is barely scarce (Table 2).

The success of structural-based trials striclty depends on ob-
taining high amounts of pure, active, and stable protein. To achieve
such goal, novel integrative approaches including high-throughput
screens of solubilization conditions and highly selective chromato-
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Table 2
Integrative overview of existent strategies from the biosynthesis to the purification of STEAP1 towards structural resolution studies (n.a. - not applicable).
Structural
Protein ExpressionSystem Extraction Isolation Flowchart Final Sample Buffer Resolution Ref.
Recombinant Komagataella Ordinary Lysis Buffer Immobilized Metal Affinity 500 M Nadcl, n.a. This Work
Human STEAP1 pastoris (150 mM Nacl, Chromatography 10 mM Tris,
50 mM Tris, (Nickel) (A) 0.1% NP-40,
0.1% DM pH 7.8) Ion Exchange pH 10.0
Chromatography
(Q-Sepharose) (B)
Recombinant Komagataella Ordinary Lysis Buffer Hydrophobic 500 M Nadcl, n.a. This Work
Human STEAP1 pastoris (150 mM Nacl, Interaction 10 mM Tris,
50 mM Tris, Chromatography 0.1% NP-40,
0.1% NP-40 pH 7.8) (Phenyl-Sepharose) (A) pH 10.0
Ion Exchange
Chromatography
(Q-Sepharose) (B)
Native Neoplastic RIPA Buffer Hydrophobic n.a. [15]
Human STEAP1 Prostate Cancer (50 mM Tris, Interaction 10 mM Tris
Cells 150 mM Nadcl, Chromatography pH 7.8
(LNCaP) 1 mM EDTA, (Butyl-Sepharose)
0.5% Sodium coupled to
Deoxycholate, Co-Immunoprecipitation
0.1% SDS, 1% NP-40,
pH 7.8)
Recombinant Human Ordinary Lysis Buffer Affinity 20 mM Tris, ~3.0 A [5]
Human STEAP1 Embryonic (50 mM Tris, Chromatography 200 mM Nacl, Cryo-EM structure
Kidney Cells 250 mM Nacl, (Streptactin) (A) 0.08% Digitonin, of trimeric
(HEK) 0.7% digitonin, pH 7.8 human STEAP1
0.3% Size Exclusion bound to three
n-Dodecyl-B-D-Maltoside, Chromatography antigen-
0.06% Cholesteryl (Superdex 200 10/300) (B) binding
hemi-succinate, pH 7.8) fragments of mAb
120.545 (PDB
6Y9B)
Recombinant Baculovirus- Ordinary Lysis Buffer Affinity 20 mM HEPES, 150 n.a. [6]
Rabbit STEAP1 Insect (200 mM HEPES, 150 mM Chromatography mM NacCl, 0.01%
Cells NaCl, 1 mM PMSF, (Talon Co?*) (A) MNG-DDM, pH 7.5

5 mM MgCl,,

5 mM Imidazole,

10 M hemin chloride,
1.5% MNG-DDM, pH 7.5)

Size Exclusion
Chromatography
(Superdex 200 10/300) (B)

graphic strategies must be developed. Despite the challenges in
handling MPs, over the last few years, our research group was fo-
cused on the tailor-made optimization of up- and down-stream
processing conditions of this class of biomolecules [15,19,22-24]. In
this work, encouraged by our previous efforts [14], we propose to
increase the final biosynthesis yield of the human STEAP1 recom-
binantly produced rhSTEAP1-Hisg in K. pastoris methanol-induced
cultures using a mini-bioreactor fermentation. When compared to
the production of the native form of human STEAP1 [15], the con-
centration of the recombinant protein increased in an nearly 4-fold
ratio from 12 mg mL~! to 40 mg mL-1.

A second challenge presented by MPs is the respective extrac-
tion from their lipid bilayer native environment. Detergents are
amphipathic molecules containing a polar head group and long
hydrocarbon chain capable to dissolute membranes and solubilize
functional integral MPs by mimicking the natural lipid bilayer and
consequently to prevent protein denaturation and aggregation [25].
The choice of a suitable detergent should promote a highest effi-
ciency of extraction but also to ensure that target protein maintain
their native and stabilized form [25]. Nevertheless, it should be re-
inforced that the most suitable condition for solubilization is not
often the condition that extracts the largest amount of MPs. Gener-
ally, ionic detergents are harsh and not ideal for MPs solubilization
once the extracted proteins typically undergo a complete loss of
function as a result of degradation and unfolding [26,27]. This be-
havior was observed in the rhSTEAP1-Hisg solubilization with SDS,
in which the target protein showed evidence of degradation in low
molecular weight counterparts, in a similar profile to control ex-

periment (Figure 1A). Moreover, with few exceptions, zwitterionic
detergents such as Fos-Choline-12 and CHAPS are more suitable for
MPs solubilization rather than ionic class [27]. Fos-Choline-based
detergents readily extract MPs but usually in an inactive and mis-
folded state [28] despite CHAPS is useful at minimizing the denat-
uration of MPs, the interaction between this agent and MPs are
too weak to be effective at preventing protein aggregation [27]. As
referred in literature for several other MPs, although Fos-Choline-
12 could be an efficient solubilizing agent, these biomolecules are
repeatedly recovered in an inactive form; Also, it is unlikely that
CHAPS solubilized sample have utility for MPs structural studies,
and therefore both detergents were then discarded for further tri-
als [28,29]. Zwitterionic detergents with charged groups tend to
be harsh in solubilizing MPs and are generally more deactivating
that mild detergents containing large sizes of the head group and
long length of the alkyl chain such as non-ionic detergents which
are nowadays the most used class for the solubilization of a wide
variety of MPs, particularly G-protein coupled receptors (GPCRs)
and ion channels, in their active states [29,30]. Indeed, the results
demonstrated that rhSTEAP1-Hisg solubilization was highly effec-
tive using non-ionic detergents, when compared to ionic and zwit-
terionic, in both in-house and commercial kits. Regarding the in-
house detergent kit, the solubilization of the target protein was
more effective upon Digitonin, Genapol X-100, and NP-40 supple-
mentation (Figure 1A). From these, Digitonin is preferentially used
in protein interaction studies and in combination with other deter-
gents for extraction since it is not able to effectively solubilize MPs,
mainly due to its mild nature which tends to preserve mild inter-
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Fig. 2. (A) Chromatographic profile of rhSTEAP1-Hisg purification on HiTrap™
Phenyl HP from K. pastoris solubilized membranes. Blue line represents absorbance
at 280 nm. Peak I, adsorption performed at 50 mM (NH4),SO4 in 10 mM Tris-Base
buffer at pH 7.8 + 0.1 % (v/v) NP-40 (0.5 mL min~'); Peak II, desorption performed
at 10 mM Tris-Base buffer + 0.1 % (v/v) NP-40 (1.0 mL min~'); Peak III, desorption
performed by a linear gradient between 10 mM Tris-Base buffer + 0.1 % (v/v) NP-40
to H,0 (1.0 mL min—'). (B) SDS-PAGE and WB analysis depicted for each peak.

actions between MPs [26]. Furthermore, and excepting Triton X-
100, the results indicated a tendency between higher detergent ag-
gregation number and increase efficiency in rhSTEAP1-Hisg solubi-
lization in a biologically active and stable form (Table 1, Genapol X-
100 aggregation number = 88; NP-40 aggregation number = 149).
The analysis of the Anatrace Popular Detergent kit demonstrated
that the solubilization of rhSTEAP1-Hisg was more efficient upon
DM and CYMAL-5 supplementation (Figure 1B). OG, a small head-
group short chain detergent, usually forms small protein-detergent
complexes often leading to deactivation of MPs [27,29]. The deter-
gents with a longer length of the alkyl chain provides greater abil-
ity to extract functionally active rhSTEAP1-Hisg such as the alkyl-
glucosides DM and DDM |[29]. Particularly, these maltoside-bearing
conventional detergents have been demonstrating enhanced be-
haviors in preserving the native structure of a wide variety of MPs,
inhibiting protein denaturation and aggregation [27]. Also, both
DM and DDM are considered gentler detergents and have favorable
properties for maintaining the functionality of more-aggregation-
prone MPs in solution [30]. This fact can explain the successful ap-
plication of DM for the solubilization of rhSTEAP1-Hisg is thought
to be highly unstable. Interestingly, despite DDM has superior sta-
bilization efficacy in terms of biologically active MPs, this deter-
gent tends to form large protein-detergent complexes, which pro-
vide reduced amount of solubilized target protein and is unfavor-
able for MPs crystallization [27]. These findings justify the absence
of immunoreactive domains of rhSTEAP1-Hisg in the WB anal-
ysis of DDM-solubilized fraction screening (Figure 1B). Although
CYMAL-5 was apparently highly effective in the solubilization of
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Fig. 3. (A) Chromatographic profile of rhSTEAP1-Hisg purification on nickel-charged
HisTrap™ FF crude from K. pastoris solubilized membranes. Blue line represents
absorbance at 280 nm. Peak I, adsorption performed at 500 mM NaCl in 50 mM
Tris-Base buffer at pH 7.8 + 0.1 % (v/v) DM (0.5 mL min~'); Peak II, desorption
performed at 10 mM Imidazole in 500 mM NaCl and 50 mM Tris-Base buffer at pH
7.8 + 0.1 % (v/v) DM (1.0 mL min~1); Peak III, desorption performed at 175 mM
Imidazole in 500 mM NaCl and 50 mM Tris-Base buffer at pH 7.8 + 0.1 % (v/v) DM
(1.0 mL min~1). (B) SDS-PAGE and WB analysis depicted for each peak.

the target protein, DM was able to reduce the amount of degraded
rhSTEAP1-Hisg (Figure 1B) and has increased aggregation num-
ber (Table 1, CYMAL-5 aggregation number = 47; DM aggregation
number = 69), which sustain the preferential use of this detergent.

In further protein purification steps, detergents play an es-
sential role in maintaining the protein optimal environment be-
ing indispensable as chromatographic buffer supplements [31].
The isolation of MPs involves several sequential techniques that
must explore their intrinsic properties. Considering the hydropho-
bic structural features of the rhSTEAP1-Hisg, which presents six-
transmembrane helices in the internal core and a 69 residue N-
terminal intracellular tail as anchoring region [1], a highly spe-
cific interaction between the target protein and HIC matrices might
be an appealing starting point. HIC is a widely used and power-
ful lab-scale purification approach which has been explored as an
alternative for the purification of biomolecules and as a key step
in downstream processing, often yielding highly pure MPs for fur-
ther biotechnological and biomedical applications [32]. Usually, HIC
procedures are based on the application of high salt concentra-
tions to promote adsorption upon the exposure of the most hy-
drophobic residues. However, due to the highly hydrophobic na-
ture of rhSTEAP1-Hisg, we hypothesized its adsorption with low
to medium ionic strength. Indeed, a similar platform was already
successfully applied by our research team for the pre-purification
of the full length human native STEAP1 using a traditional Butyl-
Sepharose matrix and 1.375 M (NH4),SO4 as binding buffer, dis-
missing the addition of a detergent or additive, in a negative
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Fig. 4. (A) Chromatographic profile of rhSTEAP1-Hisg in a final purification step using HiTrap™ Q FF as an anion-exchanger from the pre-purified fraction with HIC obtained
with 10 mM Tris-Base buffer at pH 7.8 + 0.1 % (v/v) NP-40. Blue line represents absorbance at 280 nm. Peak I, adsorption performed at 10 mM Tris-Base buffer at pH
10.0 4+ 0.1 % (v/v) NP-40 (0.5 mL min~'); Peak II and III, desorption performed at 300 mM NaCl in 10 mM Tris-Base buffer at pH 10.0 + 0.1 % (v/v) NP-40 (1.0 mL min~');
Peak 1V, desorption performed at 500 mM NaCl in 10 mM Tris-Base buffer at pH 10.0 + 0.1 % (v/v) NP-40 (1.0 mL min~'); Peak V, desorption performed at 1 M NaCl in 10
mM Tris-Base buffer at pH 7.8 + 0.1 % (v/v) NP-40 (1.0 mL min~'). (B) SDS-PAGE and WB analysis depicted for each peak.

chromatography-like strategy [15]. The selected hydrophobic matri-
ces for this work - HiTrap™ Phenyl HP (5 mL), Butyl-Sepharose™
HP (10 mL), and Octyl-Sepharose™ 4 FF (10 mL) - differ in terms
of ligand type and density, hydrophobicity, and dynamic bind-
ing capacity. Therefore, we evaluated the influence of these pa-
rameters on the chromatographic behavior of rhSTEAP1-Hisg, un-
der identical binding, elution, and temperature conditions. The re-
sults indicated distinct profiles, with rhSTEAP1-Hisg elution di-
rectly occurring in the flowthrough with 50 mM (NH,4),SO4 in 10
mM Tris-Base buffer at pH 7.8 plus 0.1 % (v/v) NP-40 for Butyl-
and Octyl-Sepharose resins, together with heterologous proteins
from K. pastoris (please see Supplementary Material [15,22,24,32-
43]). The strength of interaction in HIC is conditioned by the car-
bon chain length and aromatic content. Common hydrophobic lig-
ands as butyl and octyl groups are linear chain alkanes whose
biomolecule retention in HIC increases with the length of the n-
alkyl chain and substitution level, despite the tendency of adsorp-
tion specificity to decrease [32,40]. On the other hand, the use
of aryl ligands or aromatic groups such as phenyl, which present
both hydrophobic and aromatic (7 -7) interactions, can impact the
binding selectivity as well as capacity and strength of retention
of the target protein to the chromatographic resin [32,40]. There-
fore, the hydrophobicity of Butyl- and Octyl-Sepharose resins to-
gether with the lack of capacity to interact with rhSTEAP1-Hisg
hampered the protein-ligand binding interaction. A proof of con-
cept is the immunologically active monomeric isoform rhSTEAP1-
Hisg (~ 35 kDa) totally bind to Phenyl-Sepharose resin and fur-
ther eluted in 10 mM Tris-Base elution step (Figure 2, Peak II). In-
terestingly, aggregates of rhSTEAP1-Hisg of ~ 48 and 63 kDa di-
rectly eluted in the flowthrough (Figure 2, Peak I). This tendency
of elution through different peaks is generally related to differ-
ent adsorption faces or aggregation events, which origin multi-

meric isoforms of rhSTEAP1-Hisg upon internal hydrophobic in-
teractions between individual protein units, then reducing the at-
tachment points of the target to Phenyl-Sepharose matrix [41]. Al-
though more data are required, the interaction between STEAP1
counterparts may origin aggregates in which the structural rear-
rangement hide the exposed hydrophobic intracellular tail, conse-
quently avoiding the bind to the chromatographic matrix. These
structural differences could explain the lower salt concentration
required for monomeric rhSTEAP1-Hisg binding to the Phenyl sup-
port instead of high molecular weight forms.

Alternatively, the hexahistidine tag incorporated on rhSTEAP1
construct prompted us to evaluate the adsorption behavior of
the target protein obtained from K. pastoris crude extracts onto
HisTrap™ FF (5 mL) with nickel and cobalt. IMAC has been consid-
ered a popular strategy for purification bioprocesses due to its high
binding capacity, high efficiency, concentrating power, speed of
this technique, and insensitivity to protein folding, ionic strength,
chaotropic agents, and detergents [42]. In particular, hexahisti-
dine affinity tags and nickel or cobalt affinity resins are widely
used as essential tools in biopharmaceutical research for the isola-
tion of highly pure samples of valuable recombinant MPs [42,43]
including dvZip, a zinc transporter [44], and tB1AR, a G pro-
tein coupled receptor-transducing complex [45]. Moreover, our re-
search team already reported a strategy for the chromatographic
purification of the peripheral recombinant hexahistidine-tagged
membrane-bound Catechol-O-methyltransferase (hMBCOMT-Hisg)
obtained from K. pastoris methanol-induced cultures, using an in-
tegrated strategy of IMAC as capture step followed by IEX as pol-
ishing step [22]. The results were truly interesting once the target
enzyme was recovered with superior selectivity and with a higher
degree of purity, when compared to other works focused on the
biosynthesis and purification of COMT. So, we adapted, optimized,
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Fig. 5. (A) Chromatographic profile of rhSTEAP1-Hisg in a final purification step us-
ing HiTrap™ Q FF as an anion-exchanger from the pre-purified fraction with IMAC
obtained with 175 mM Imidazole. Blue line represents absorbance at 280 nm. Ad-
sorption performed at 10 mM Tris-Base buffer at pH 10.0 + 0.1 % (v/v) DM (0.5
mL min-!). Peak I, desorption performed at 300 mM NaCl in 10 mM Tris-Base
buffer + 0.1 % (v/v) DM (1.0 mL min~'); Peak II, desorption performed at 500 mM
NaCl in 10 mM Tris-Base buffer at pH 10.0 + 0.1 % (v/v) NP-40 (1.0 mL min~'); Peak
1II, desorption performed at 1 M NaCl in 10 mM Tris-Base buffer at pH 7.8 + 0.1 %
(v/v) NP-40 (1.0 mL min~'). (B) SDS-PAGE and WB analysis depicted for each peak.

and validated this procedure as an alternative approach for the
purification of rhSTEAP1-Hisg. Accordingly, we loaded rhSTEAP1-
Hisg samples in cobalt-charged IMAC resin, as it is reported that
provides a cleaner sample, a potential advantage for purifying
poorly expressed proteins [42]. However, thSTEAP1-Hisg was di-
rectly eluted in the flowthrough (Please see Supplementary Mate-
rial). This finding led us to conclude that the tested binding con-
ditions and the initial complexity of the crude extract obtained
from K. pastoris composed by a significant amount of heterologous
and probably interfering proteins did not allow a specific interac-
tion between the hexahistidine-tag of rhSTEAP1 with the cobalt-
charged IMAC resin. As a second approach, a nickel-charged IMAC
resin was tested in similar experimental conditions, and a par-
tial retention of rhSTEAP1-Hisg onto nickel IMAC resin through-
out the binding phase (Figure 3B, Peak I) was observed, with the
major fraction of the target protein recovered in its immunologi-
cally active monomeric isoform of 35 kDa with 175 mM imidazole
(Figure 3B, Peak III).

The purity of the rhSTEAP1-Hisg samples from both HIC and
IMAC was low, considering the amount of co-eluting proteins ob-
served in SDS-PAGE analysis (Figure 2B, Peak II; Figure 3B, Peak
IIT). Based on previous results [22,46], Q-Sepharose was used as a
polishing step mainly based on particular rhSTEAP1-Hisg basic pl
of 9.2 (https://web.expasy.org/compute_pi/, accessed on 11t April
2022), which contrast with the acidic pI of most endogenous K.
pastoris proteins [21]. When handling pre-purified sample from
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HIC, the WB analysis led us to conclude that immunologically ac-
tive thSTEAP1-Hisg with the expected molecular weight near 35
kDa was preferentially eluted with 300 and 500 mM NacCl both at
pH 10.0 (Figure 4B, Peaks III and IV). The tendency for a multipeak
elution pattern observed for rhSTEAP1-Hisg was also described by
us for different MPs, and could be explained by the distinct in-
teracting affinities between amino acids that promote electrostatic
interactions and the Q-Sepharose support [22,46]. Interestingly, in
the experiment with IMAC pre-purified samples, immunologically
active monomeric rhSTEAP1-Hisg was almost totally eluted with
500 mM Nacl at pH 10.0 (Figure 5B, Peak II). In both cases, a resid-
ual detection of the target protein was verified in the final elution
step of 1 M NaCl at pH 7.8 (Figure 4B, Peak V; Figure 5B, Peak
III). The combined low ionic strength and basic pH conditions used
in the binding phase confers to rhSTEAP1-Hisg a negative network
charge allowing a direct interaction with the positive-charged Q-
Sepharose resin. This behavior proves that the interactions trig-
gered by rhSTEAP1-Hisg and Q-Sepharose resin are predominantly
stronger via electrostatic moieties. Consequently, the salting-in ef-
fected caused by the increased concentration of NaCl led to an
impairment in electrostatic free energy and protein-ligand inter-
actions, and consequently to the elution of the target protein [47].
This effect apparently has more impact in the rhSTEAP1-Hisg elu-
tion instead of the pH manipulation from 10.0 to 7.8 and modi-
fication of protein network surface charge. Additionally, this work
allowed us to infer that regardless of the initial isolation strategy
used (HIC or IMAC), the experimental conditions applied in the
polishing step for the purification of a single fraction of monomeric
rhSTEAP1-Hisg are identical. These facts suggest that the target
protein remains fully solubilized in both NP-40 and DM micelles
throughout the entire chromatographic bioprocess. Remarkably, the
samples recovered with 500 mM NaCl from these two experimen-
tal trials showed a high degree of purity with an estimated con-
centration of 0.90 pg/uL and 0.83 ng/uL, for the HIC and IMAC pre-
purified samples (Figure 4B, Peak IV; Figure 5B, Peak II), which
represent a final recovery yield of 2.25% and 2.55%, respectively.
Despite the apparent reduced protein concentration of the puri-
fied rhSTEAP1-Hisg fraction, it is important to notice that this was
a pioneer study that explore a wide range of typical chromato-
graphic approaches in an attempt to purify the rhSTEAP1-Hisg pro-
tein, which may demand some exhaustive optimization trials in
several steps of a typical recombinant bioprocess to increase the
final recovery yield, namely, plasmid construction, expression host,
capture and purification technique. Unfortunately, and to our best
knowledge, a direct method for the quantification and activity as-
sessment of the STEAP1 protein remains to be explored. The main
difficulty is related to the fact that STEAP1 does not have enzy-
matic activity, which could raise hurdles in the development of
a fast and highly sensitive analytic method by High-Performance
Liquid Chromatography approaches (e.g., HPLC, UPLC), as our re-
search group previously developed for other membrane protein
[48]. Hopefully, the recent cryo-EM structure of STEAP1 reported
a potential metalloreducatase activity of the protein in reducing
metal-ion complexes [5,49]. These prime insights could be an in-
teresting way to explore an alternative procedure for the specific
quantification or mass determination of STEAP1 protein. However,
the development of this method is dependent on samples with
high degree of purity, once other heterologous proteins with sim-
ilar reducing bioactivity could be interpreted as false positive and
impair the results.

Lastly, it is curious to notice that isolated STEAP1 protein ap-
pears with different molecular weights of ~ 48 or 63 kDa, which
are also distinct from the molecular weight obtained from the
pre-purified samples by HIC or IMAC, with approximately 35 kDa.
In a previous work, our team intensively studied and fully op-
timized the operational and environmental conditions (e.g., time
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of fermentation, feeding strategy, and supplementation) for the
enhanced biosynthesis of rhSTEAP1-Hisg in a mini-bioreactor ap-
paratus [14]. Interestingly, it was confirmed that rhSTEAP1-Hisg
was produced in three distinct molecular weights of near 35, 48,
and 63 kDa, probably as a result of protein aggregation or un-
specific interactions, even with the addition of proline, that has
a role as stabilizer. Moreover, it was disclosed that the STEAP1
is a functional unit but only upon heterodimeric assemble with
other STEAP1 counterparts [5,49]. These data pointed out an innate
bias of STEAP1 to interact with surrounding biological compounds.
Thus, considering the nature of the protein, its tendency to aggre-
gate, and the distinct environmental conditions throughout chro-
matographic steps (e.g., type and salt concentration, pH, presence
of detergent, resin nature, ligands composition), it is expected that
monomeric rhSTEAP1-Hisg could aggregate in multimeric com-
plexes, aggregate with particular subunits of other rhSTEAP1-Hisg,
unspecific interact with other proteins or biomolecules, undergo
PTMs, or even suffer structural modifications throughout the pu-
rification process, looking for a more stable conformation and
structural rearrangement. However, more studies are needed to
clarify the nature and the mechanisms behind these interaction
phenomena.

5. Conclusions

The rhSTEAP1-Hisg was sucessfuly expressed in K. pastoris mini-
bioreactor cultures in a biologically active and correctly folded
conformation [14]. These extracts were solubilized with a wide
range of detergents, being NP-40 and DM the most suitable for
the extraction and recovery of an active form of rhSTEAP1-Hisg.
The chromatographic purification strategies for the target protein
were firstly done by using HIC and IMAC as the capture step, in
phenyl-sepharose and nickel-loaded resins. The optimized strategy
allowed to selectively isolate the monomeric isoform of rhSTEAP1-
Hisg from protein aggregates and a considerable amount of K. pas-
toris heterologous impurities. Then, AEX was employed as a final
polishing stage for both pre-purified samples, which demonstrated
to be highly selective in the elimination of remaining contami-
nants, and ultimately permitted to obtain a rhSTEAP1-Hisg sam-
ple with high degree of purity and stability. Interestingly, the pol-
ishing strategy was kept reproducible regardless the first purifi-
cation strategy indicating that the target protein was completely
stabilized and encapsulated in both NP-40 and DM micelles. Al-
together, the chromatographic approaches here established and
implemented for the purification of rhSTEAP1-Hisg using a com-
bined strategy between typical hydrophobic or immobilized metal
affinity with anion-exchange chromatography allowed to obtain a
highly pure fraction of the target from detergent-solubilized K. pas-
toris crude extracts. Also, these experimental procedures could be
used as a guide to researchers worldwide as an early approach for
the development of purification experiments to other integral or
peripheral membrane or soluble proteins. Thus, the experimental
research here developed will certainly open doors to explore al-
ternative approaches that might be able to improve the purifica-
tion yield-related issues to obtain a highly quality protein sample.
Ultimately, these strategies constitute the starting point to further
structural and biofunctional studies, which may lead to a deeper
knowlegde on STEAP1 and the respective development of stronger
antagonist biomolecules that can block the oncogenic effects trig-
gered by this protein in cancer patients.
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