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Abstract

Background Neuregulins comprise a large family of growth factors containing an epidermal growth factor (EGF) domain.
NRGI acts in signaling pathways involved in proliferation, apoptosis, migration, differentiation, and adhesion of many
normal cell types and in human diseases. The EGF domain of NRG1 mediates signaling by interaction with members of
the ErbB family of receptors. Easy access to correctly folded hNRG 1o EGF domain can be a valuable tool to investigate its
function in different cell types.

Materials and methods The EGF domain of hNRG1a was produced in Escherichia coli in fusion with TrxA and purified
after cleavage of TrxA. Conformation and stability analyses were performed by using biophysical methods and the disulfide
bonds were mapped by mass spectrometry. The activity of the hNRG1a EGF domain was demonstrated in cell proliferation
and migration assays.

Results Approximately 3.3 mg of hNRG1la EGF domain were obtained starting from a 0.5 L of E. coli culture. Correct
formation of the three disulfide bonds was demonstrated by mass spectrometry with high accuracy. Heat denaturation assays
monitored by circular dichroism and dynamic light scattering revealed that it is a highly stable protein. The recombinant
EGF domain of hNRG1a purified in this work is highly active, inducing cell proliferation at concentration as low as 0.05
ng/mL. It induces also cell migration as demonstrated by a gap closure assay.

Conclusion The EGF domain of hNRG1la was produced in E. coli with the correct disulfide bonds and presented high
stimulation of HeLa cell proliferation and NDFH cell migration.

Keywords Human Neuregulin-1 - Recombinant EGF domain - Disulfide bond assignment - hNRG1a EGF domain activity

Introduction

Neuregulins (NRG) comprise a large family of growth
factors encoded by six genes (NRG1-NRG6) with the
Arthur Schveitzer Ferreira and Amanda Lopacinski contributed number of isoforms being amplified by a large number of
equally to this work. alternative splicing events. The isoforms differ in amino
acid sequence, overall structure, and levels of expression
in different tissues [1]. They share an epidermal growth
factor (EGF) domain that mediates cell signaling by inter-
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tyrosine kinase receptors of signaling pathways involved
in cell proliferation, apoptosis, migration, differentiation,
and adhesion [2-5]. NRG1 has been implicated in devel-
opment of breast, heart, muscle, and brain tissues and in
human diseases including breast cancer [5]. Furthermore,
NRG1-ErbB4 signaling is involved in important processes
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required for brain development and plasticity and neu-
ropsychiatric disorders [2—4].

Six different types of NRG1 (Types I-VI) have been
identified, containing distinct N-terminal regions. They
are synthesized as transmembrane precursor proteins,
which subsequently undergo proteolytic processing on the
C-terminal region of the EGF, releasing the EGF signaling
domain with the type-specific N-terminal region, except
for type III, that remains bound to the membrane due to a
transmembrane domain in its N-terminal region [2, 3, 6].
The EGF domain of neuregulins was shown to be sufficient
to activate ErbB receptors in a specific manner and induce
cellular responses [7, 8]. This favors the functional studies
which require the utilization of recombinant neuregulin
EGF domains, since some features of this domain, such
as small size and absence of glycosylation sites, facilitates
its recombinant production in prokaryotes such as Escheri-
chia coli [9, 10]. In this scenario, the advantages of using
E. coli as the host system are well known and include
fast growth, cheapest growth media components, simplest
laboratory setup, easy and fast transformation with exog-
enous DNA [11]. Nonetheless, this expression system has
its specific disadvantages, particularly, the formation of
inclusion bodies, which in turn, makes the process of pro-
tein purification more complex and time-consuming by
requiring in vitro refolding of the recombinant proteins,
which is not always possible. Several studies have reported
overexpression of the EGF domain for various members of
the EGF family of growth factors [12—14], however, only
relatively low yields were obtained.

Despite small size, the EGF domain displays a complex
structure maintained by three disulfide bonds formed by the
C; XT7C,x4-5C;%10-13C,XC5x 8C, conserved sequence,
and with its correct folding being dependent on the accurate
formation of disulfide bonds linking the cysteine residues
in the combinations C1-C3, C2-C4 and C5-C6 [15]. In fact,
accurate formation of the disulfide bonds may be one of the
major limitations to produce soluble and functional EGF
domains in procaryotes such as E. coli. However, it is pos-
sible to overcome this limitation by using fusion proteins,
which can function as folding and solubility chaperones or
modified E. coli strains designed to favor disulfide bond for-
mation. Indeed, several studies described the fusion of EGF
domains with different expression tags, such as SUMO for
hHB-EGEF [16], oleosin for hEGF [17], glutathione S-trans-
ferase, B1 domain of streptococcal protein G and protein
disulfide isomerase for hEGF [18] and, thioredoxin (Trx)
for hEPR [19] and for seven members of the EGF family of
growth factors [20]. In addition to the use of fusion proteins
to improve solubility, it is also important to demonstrate that
the recombinant proteins intended for biological applica-
tions display correct structural conformation and do not form
aggregates. For this, a number of methods can be applied,
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including size exclusion chromatography, dynamic light
scattering, circular dichroism and mass spectrometry [21].

In this work, we describe the expression of the human
NRG1a EGF domain fused to TrxA in E. coli and a two-
step procedure to separate the fusion protein and purify
the hNRG1a EGF domain. Yields in the range of ~6.5 mg
per liter of culture were obtained after purification. More
importantly, we demonstrate by mass spectrometry that the
disulfide bonds are formed between the correct cysteine
pairs, assuring that our strategy leads to the production of
accurately folded EGF NRGla domain. In addition, we
show that the recombinant hNRG1a EGF domain presents
biological activity in cell proliferation and migration assays.
Our study describes a useful method to obtain biologically
active EGF domains.

Materials and methods
Protein expression and purification

We used the NMR structure of the hNRG1a EGF domain
deposited at the Protein Data Bank with the code 1HRE [22]
to define the amino acid sequence to be expressed. A syn-
thetic gene encoding this 67-residue segment was acquired
from GenScript (Piscataway, NJ, USA) cloned between the
Ncol and Xhol restriction sites of plasmid pET32a (Nova-
gen/Merck, Darmstadt, Germany). The expression plasmids
for EGF and TGFa in fusion with TrxA (pET32a-EGF and
pET32a-TGFa) were described in a previous study from our
group [20]. In pET32a, the EGF domain of these growth
factors are expressed in fusion with thioredoxin and a hexa-
histidine tag. Thrombin and enterokinase cleavage sites
allow separation of the hNRGla EGF domain from TrxA-
His6. For expression of hNRG1a without TrxA, the coding
sequence of the hNRGla EGF domain was excised from
plasmid pET32a-hNRG1a by digestion with the restriction
enzymes Ncol and HindIIl and inserted into the same sites of
plasmid pET28a. The resulting plasmid, pET28a-hNRG1a
expresses the EGF domain of hNRGla with a hexahisti-
dine tag at the C-terminal. The EGF domain of EGF and
TGFa were cloned into the plasmids pET22b and pET28a,
respectively. In both cases, synthetic coding sequences were
inserted into the Ncol and Nofl restriction sites of pET22b
and pET28a, respectively. In pET22b, the EGF domain of
EGF is expressed with an N-terminal pelB signal peptide
and a hexahistidine tag at the C-terminal. In pET28a, the
EGF domain of TGFa is expressed with a C-terminal hexa-
histidine tag. The nucleotide and amino acid sequences of
all EGF domains used in this work are described in the Sup-
plementary Information file.

For evaluation of the solubility of the different EGF
domain constructs, the six plasmids were transformed into
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the E. coli strain BL21(DE3)-AslyD using a heat shock pro-
tocol as previously described [23]. The transformed cells
were plated on Lysogeny Broth (LB)-agar plates containing
100 pg/mL of ampicillin (for pET22b and pET32a) or 50 pg/
mL of kanamycin (for pET28a) and incubated overnight at
37 °C. A single colony was used to inoculate 10 mL of LB
containing the appropriate antibiotic as described above.
After incubation of this starting culture overnight at 37 °C,
1 mL were used to inoculate a 100 mL LB culture containing
the appropriate antibiotic. This culture was maintained at
37 °C until the optical density at 600 ., reached ~0.6. Sub-
sequently, the culture was transferred to 16 °C, induced with
0.3 mM IPTG and incubated further at 16 °C for 24 h with
rapid agitation (300 rpm). Subsequently, the bacterial cells
were harvested by centrifugation at 6,000 x g for 10 min
at 4 °C, suspended in 1 mL of lysis buffer (20 mM Tris.
HCI pH 8.0; 200 mM NaCl; 20 mM imidazole) and lysed
by four freezing-thawing cycles. The lysates were homog-
enized using a Q700 sonicator (QSonica, Newtown, CT,
USA) and a 3 mm tip with amplitude 10, during six cycles
of 30 s with 1-minute intervals. The lysates were cleared
by centrifugation at 20,000 x g for 10 min at 4 °C and the
extracts transferred to a new Eppendorf tube. The pellets
were washed twice with 1 mL of lysis buffer containing
2% Triton X-100 (v/v) with three cycles of sonication and
the insoluble fraction was sedimented by centrifugation at
20,000 x g for 10 min at 4 °C. For comparison, the insoluble
fraction was suspended in 1 mL of lysis buffer. 5 uL of both
soluble and insoluble fractions were analyzed by SDS-PAGE
in gel containing either 13% (w/v) of polyacrylamide for the
EGF growth factors domains fused to TrxA or 15% (w/v) of
polyacrylamide for the EGF domains without TrxA fusion.
For purification of hNRGla, the plasmid pET32a-
hNRGI1a was transformed into the E. coli expression strain
SHuffle (NEB C3026J) [24]. The transformed cells were
plated on Lysogeny Broth (LB)-agar plates containing
100 pg/mL of ampicillin and incubated overnight at 37 °C.
A single colony was used to inoculate 10 mL of LB contain-
ing 100 pg/mL of ampicillin. After incubation of this start-
ing culture overnight at 37 °C, 5 mL were used to inoculate
a 500 mL LB culture containing 100 pg/mL of ampicillin.
This culture was maintained at 37 °C until the optical density
at 600 ,,, reached ~0.6. Subsequently, the culture was trans-
ferred to 16 °C, induced with 0.5 mM IPTG and incubated
further at 16 °C for 24 h with rapid agitation (300 rpm).
Following induction, the bacterial cells were harvested
by centrifugation at 6,000 x g for 10 min at 4 °C. The cells
were suspended in 10 mL of buffer A (50 mM Tris.HCI pH
8.0; 300 mM NaCl; 20 mM imidazole), lysed using a micro-
fluidizer (Microfluidics, Newton, MA, USA) and the extract
was cleared by centrifugation at 20,000 x g for 30 min. The
Trx-hNRG1loa EGF domain fusion protein was purified by
affinity chromatography using a HisTrap 5 mL column

(Cytiva 17,524,802) on an AKTA Pure M25 chromatogra-
phy system (Cytiva, Marlborough, USA). After loading the
sample, the column was washed using 3 column volumes
(CV) of buffer A, followed by a 0 to 10% gradient of buffer
B (50 mM TrisHCI pH 8.0; 300 mM NaCl; 500 mM imi-
dazole) in two CV. The target protein was eluted using a 10
to 100% gradient of buffer B in four CV. The peak fractions
were combined after analysis by SDS-PAGE. Five mL of
the sample were diluted to a final volume of 15 mL using 50
mM Tris-HCl pH 8.0 and 300 mM NaCl. Protein concentra-
tion was determined based on absorbance at 205 nm and the
extinction coefficient using a NanoDrop ONE® Spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA).
The thioredoxin-tag was removed by digestion with one unit
of thrombin (Cytiva 27,084,601) for each 10 mg of recom-
binant TrxA-hNRG1a EGF domain fusion protein at 25 °C
for 20 h. After thrombin digestion, TrxA containing the
hexa-histidine tag was removed by affinity chromatography
using the same protocol described above. The flowthrough
sample, containing the hNRGla EGF domain devoid of
the fusion sequences, was concentrated using an Amicon
Ultra-0.5 mL 3 K (Merk Millipore, Cork Ireland) to a final
volume of 500 L and purified further by size-exclusion
chromatography using a Superdex 75 10/300 GL column
(Cytiva 29,148,721). After each chromatographic step, the
samples were analyzed by SDS-PAGE. Poly-acrylamide
concentrations in the stacking and separating gels were 6.5%
and 15%, respectively. Electrophoresis was performed with
0.75 mm-thick gels assembled on Mini-PROTEAN Tetra
Cells (Bio-Rad Laboratories, Hercules, USA) at 100 V. Gels
were stained using Brilliant Blue R-250 and destained using
a methanol/acetic acid/water (30%/10%/60%, v/v) solution.

Limited proteolysis assay

Limited proteolysis assays were performed under reducing
and non-reducing conditions. For reduction of the disulfide
bonds, the recombinant hNRG1a EGF domain was treated
with 10 mM of dithiothreitol (DTT, Merck 3483123). The
limited proteolysis assays were performed with a 100:1
(w/w) ratio of recombinant hNRGla EGF domain and
trypsin (Sigma 59427 C) and incubated for 30 and 60 min at
37 °C. Control reactions without trypsin were run in parallel.
The products of the reactions were analyzed by SDS-PAGE.

Determination of Disulfide Bonds by Mass
Spectrometry

For sample preparation, 5 ug of unreduced recombinant
hNRG1o EGF domain were incubated in 6 M urea, 5 mM
NEM for 15 min at RT, digested for 4 h at 37 °C with 0.1 pg
Lys-C, diluted 1:8 with PBS, incubated with 0.17 pg of
Glu-C at 37 °C overnight and inactivated with 0.5% TFA.
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Proteolysis products were desalted using C18 stage tips and
the eluates from the stage tips concentrated by speed vac.
Hundred nanograms of digested peptides were submitted
to LC-MS/MS using an Ultimate 3000 RSLCnano system
coupled to an Orbitrap Fusion Lumos (Thermo Fischer Sci-
entific, Waltham, MA, USA). For ESI LC HCD, the liquid
chromatography analysis was performed on an ACQUITY
UPLC CSH C18 column, (100 mm length, 2.1 mm I.D.,
particles with 1.7 micrometers; Waters, Milford, MA,
USA) with a flow of 100 uL/min and a gradient from 5 to
40% MeCN, in 0.1% formic acid for 90 min. Data acquisi-
tion was done in DDA mode with MS1 and MS2 (post HCD
fragmentation) spectra acquired in the orbitrap set to 120k
resolution with automatic gain control of 4 x 10° and maxi-
mum injection time of 200 ms or 240 ms, respectively. In
nano LC EThcD analysis, peptide separation was performed
using a homemade C18 packed emitter (150 mm length,
75 um L.D., particles with 3 micrometers) (Dr. Maisch,
Ammerbuch-Entringen, Germany) with a flow of 250 nL/
min, a gradient from 5 to 40% MeCN, 0.1% formic acid for
30 min. The acquisition was done in DDA mode with MS1
spectra acquired in the orbitrap set to 120k resolution with
automatic gain control standard and maximum injection time
of 50 ms. Fragmentation was done using EThcD, MS2 in the
orbitrap set to 30k resolution with automatic gain control
standard, and maximum injection time of 54 ms. Raw data
were analyzed in BioPharma Finder 3.0 and the disulfide
bond sites identified fit the follow criteria: up to 3 disulfide
bonds per peptide; MS2 identification performed, and pre-
cursor mass error <5 ppm.

Dynamic light scattering and thermal unfolding
analyses

Dynamic Light Scattering (DLS) and thermal unfolding
were performed on a Prometheus Panta device (Nanotemper
Technologies, Munich, Germany) using standard capillaries.
DLS measurements were performed at 20 °C using the high
sensitivity setup (10 acquisitions of 10 s each) in duplicates.
Non-reduced samples of the hRG1a EGF domain were also
submitted to a linear ramp of 1 °C/min from 20 to 95 °C, and
back to 20 °C, with parallel measurement of DLS.

Circular dichroism

For circular dichroism analyses, the sample buffer was
changed by ultrafiltration to 4.2 mM Tris-HCI pH 8.0 and
50 mM NaCl using Amicon Ultra-0.5 mL 3 K concentrators
(Merk Millipore, Cork Ireland). CD spectra were acquired
using the hRG1lo EGF domain at 0.2 mg/mL using a I mm
path cuvette on a Jasco J-815 circular dichroism spectrom-
eter (JASCO, Tokyo, Japan) with a scanning speed of 50 nm/
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min at 20 °C. Each spectrum was accumulated at least five
times in the range from 190 to 260 nm. For thermal dena-
turation, the temperature was raised from 20 to 80 °C. A new
set of spectra was acquired after cooling to 20 °C. The raw
data were converted using the mean residue molar ellipticity
formula and autozero was set by using the value at 250 nm.

Cell proliferation assay

HeLa cells (Carlos Chagas Institute cell bank) were cul-
tivated in DMEM (Thermo Fisher Scientific 41,965,062)
supplemented with 10% fetal bovine serum (FBS) at 37 °C
with 80% humidity and 5% CO, using a Forma Series 11
Water Jacketed CO, incubator (Thermo Fischer Scientific,
Waltham, MA, USA). Subsequently, cells from a confluent
culture were transferred to a 24-well plate at a concentration
of 10° cells per well and incubated for 24 h. The medium
was changed for DMEM without FBS and treated with 50
ng/mL of recombinant hANRG1la EGF domain in triplicates
in parallel with untreated controls also in triplicates. After
48 h, the wells were washed with PBS (137 mM NaCl, 2.7
mM KCl, 8 mM Na,HPO,, and 2 mM KH,PO,) and treated
with 200 puL of PBS containing trypsin 1% (w/v) (Merck
T8003). After 5 min of incubation at 37 °C, the released
cells were collected, centrifuged at 500 x g for 5 min and
suspended in 280 pL of PBS and 20 uL of CountBright™
Absolute Counting Beads (Thermo Fisher C36950). The cell
number was determined on a BD FACS Canto II (BD Life
Sciences, New Jersey, USA) and the results analyzed using
the software FlowJo™ v10.8 (BD Life Sciences, Franklin
Lakes, NJ, USA). At least 1000 beads were acquired and a
maximum of 3000 beads was set as upper limit. Quantifica-
tion was performed following the protocol described at the
CountBright™ Absolute Counting Beads manual (Invitrogen
MANO0018850). The one-way ANOVA with Dunnett post-
test was performed by comparing the means between the
groups.

A dose response curve of the effect of the recombinant
hNRG1a EGF domain on HeLa cell proliferation was deter-
mined by the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetra-
zolium bromide (MTT) viability cell assay. For this purpose,
HeLa cells were cultivated in 96-well plates in as described
above for the proliferation assay. The assay was performed in
triplicate utilizing 5 x 10* cells per well and increasing con-
centrations of the recombinant ANRG1a EGF domain: 0.005
ng/mL, 0.05 ng/mL, 0.5 ng/mL, 5 ng/mL and 50 ng/mL.
After 48 h of incubation, the wells were washed with PBS,
treated with 50 uL of MTT (Invitrogen M6494) at 5 mg/mL
and 50 pL of serum free medium and incubated at 37 °C
for 3 h. Subsequently, 150 pL of a solvent solution (4 mM
HCI, 0.1% NP40 in isopropanol) was added to each well and
incubated for another hour. Absorbance was read at 570 nm
using a Synergy H1 Hybrid Reader (BioTek Instruments,
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Winooski, VT, USA). The dose-response curve was adjusted
using a nonlinear fit of the data.

Scratch closure assay

NDFH cells (Lonza CC-2509) were maintained in DMEM
(Thermo Fisher 41,965,062) supplemented with 10% FBS
at 37 °C with 80% humidity and 5% CO, using a Forma
Series II Water Jacketed CO, incubator (Thermo Fischer
Scientific, Waltham, MA, USA). For scratch closure assays,
the cells were allowed to grow to ~100% confluence when
the medium was changed to DMEM without FBS and, the
incubation continued for further 24 h. At this time, a scratch
was made at the center of the well, 50 ng of recombinant
hNRG1o EGF domain were added to cultures and images
of the unstained cells were acquired. Each treatment was
performed in triplicate. After 48 h, the cells were stained
using the crystal violet protocol described by Feoktistova
et al. [25]. Briefly, the cells were initially fixed using ice-
cold 100% methanol for 10 min, stained with a 0.5% (w/v)
crystal violet solution in 20% (v/v) methanol for 10 min and
washed with PBS. Images of the stained cells were acquired
on a Nikon Eclipse TE300 Inverted Microscope (Nikon,
Tokyo, Japan) using a 10X objective and the QCapture Pro
6.0 software (Teledyne QImaging, Surrey, Canada). The rate
of wound healing was calculated using Imagel [26]. The
scratches were aligned with the base of the image and a
900 x 600-pixel rectangle was cropped around the scratch.
The area at time 0 was calculated using the polygon selec-
tion tool and the area at 48 h was calculated using the area
between the edges of the scratch converted to an 8-bit image,
which is sharpened afterwards. The find edges tool was
applied and the image was converted to binary format. The
particles were then analyzed using areas between 30 and
100,000 inch? with bare outlines, including holes and the
values obtained using the summarize tool.

Results

High yields of hANRG1a EGF domain obtained from E.
coli expression.

The EGF domain of hNRG1a (amino acid sequence accord-
ing to Protein Data Bank code 1HRE) [22] was expressed
in fusion with thioredoxin A (TrxA), which contributes
to correct protein folding and solubility [27], using the
pET32a plasmid and the E. coli expression strain SHuf-
fle (NEB C3026J) [24]. The positive effect of TrxA fusion
on the solubility of the EGF domain of the growth factors
hNRG1a, EGF and TGFa expressed in E. coli can be seen
in Fig. 1 A and 1B. All EGF domains in fusion with TrxA
are highly soluble but when expressed without the TrxA

fusion they are found mostly in the insoluble faction. The
segment between TrxA and the hNRGla EGF domain
contains a hexa-histidine tag to facilitate purification by
affinity chromatography on immobilized metal columns
and, thrombin and enterokinase cleavage sites allowing for
subsequent cleavage and separation of the fusion protein.
High levels of purified fusion protein were obtained after
affinity chromatography, which migrates as a single band
of approximately 30 kDa in SDS-PAGE (Fig. 1 C). TrxA
was efficiently cleaved by thrombin digestion. However,
TrxA-Hisx6 and the hNRG 1o EGF domain co-migrate with
apparent molecular masses of ~ 15 kDa in 15% SDS-PAGE
(Fig. 1D, lane 1). Nevertheless, TrxA-Hisx6 was efficiently
separated from the hNRGa EGF domain by a second round
of purification on an immobilized nickel column (Fig. 1D),
which retained TrxA-Hisx6. The hNRGla EGF domain
found in the flow through of the second affinity chromatog-
raphy was further purified by size-exclusion chromatography
(Fig. 1D and E). A major peak eluted with the expected vol-
ume for the monomeric conformation of the hNRG1la EGF
domain (Fig. 1E). TrxA has a distinct elution profile in the
Superdex 75 10/300 column, which is clearly distinguish-
able from the hNRG1a EGF domain elution profile (data not
shown). Although it is a two-step purification protocol, this
process is significantly less cumbersome than in vitro refold-
ing of denatured proteins, especially considering the need
for accurate disulfide bond formation. We obtained ~3.3 mg
of recombinant hANRG 1o EGF domain starting from 10 mg
of protein before thrombin digestion and from 500 mL of E.
coli cell culture.

Stability and conformational analysis
of the recombinant hNRG1a EGF domain

Conformation of the recombinant hNRG1la EGF domain
was initially assessed by limited proteolysis assays. This
type of assay can provide indirect information on protein
conformation since unstructured or unfolded regions are
more accessible to the protease, being digested at faster
rates than compact, well-structured regions. Considering
that the EGF domain comprises the conserved sequence
C,;X7C,%x4-5C;x10-13C,XC5%x 8C¢ [15] and its correct
folding is dependent on the correct formation of disulfide
bonds linking the cysteine residues in the combinations
C1-C3, C2-C4, C5-C6, limited proteolysis assays were per-
formed with recombinant factors previously treated with
DTT in parallel with control samples, which were not treated
with reducing agent (Fig. 2 A). Treatment of the hNRG1a
EGF domain with reducing agents, such as DTT, is expected
to disrupt the disulfide bonds, which may lead to complete
unfolding of the domain. Consistently, the reduced hNRG1a
EGF domain showed high sensitivity to trypsin, being totally
degraded after 30 min of incubation, while the non-reduced

@ Springer



Molecular Biology Reports

Soluble Insoluble

pET32a-hNRG1a
pET32a-hNRG1a

pET32a-EGF

L
O]
t
©
&
-
w
Q

100kDa
75kDa
50 kDa
37 kDa
TrxA-
25 kDa <= Growth
Factors
20kDa

Affinity Chromatography
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Fig. 1 Expression of the EGF domains of EGF, hNRGla and TGFa
and purification of the hNRGla EGF domain. A Expression of the
EGF domains of the growth factors EGF, hNRGla and TGFa in
fusion with TrxA using plasmid pET32a. Most of the recombi-
nant EGF growth factor domains are found in the soluble extract.
B Expression of the EGF domain of the growth factor EGF with the
N-terminal pel/B signal peptide and a C-terminal hexahistidine tag
using plasmid pET22b and, of the EGF domains of hNRGla and
TGFa a C-terminal hexahistidine tag using plasmid pET28a. Most
of the recombinant EGF growth factor domains are found in the

control was resistant to trypsin for up to 60 min of incuba-
tion (Fig. 2 A). This result provided the first indication that
the cysteines are forming disulfide bonds and that ANRGla
EGF domain presents a compact conformation.

The effect of the reducing agent on the conformation of
the hNRG1a EGF domain was also evaluated by dynamic
light scattering (DLS). Surprisingly, in all conditions tested,
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insoluble fraction. C SDS-PAGE analysis of the fusion protein TrxA-
hNRGloa EGF domain purified by affinity chromatography on an
immobilized nickel column. D SDS-PAGE analysis of the thrombin
digestion product (lane 1), TrxA-Hisx6 eluted after a second round
of nickel affinity chromatography (lane 2), and hNRG1la EGF domain
fractions eluted from size exclusion chromatography (lanes 3-6). M,
molecular mass. E Elution profile of the hNRGla EGF domain frac-
tionated on a Superdex 75 10/300 GL size-exclusion column. The
samples loaded in the lanes 3—6 shown in (D) correspond to the major
peak of the chromatogram indicated by the bracket

including incubation with a reducing agent for 44 h, the
hNRGla EGF domain showed a single peak with radius
size centered at ~2.6 nm, except for one minor peak after
44 h indicating partial aggregation (Fig. 2 C). These results
show that the hANRG1a EGF domain is not prone to aggrega-
tion even after disruption of the disulfide bonds. Increasing
the temperature from 20 to 95 °C also did not result in an
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Control Trypsin
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T - -
B
(linker)
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Fig.2 Stability and conformational analysis of the hNRGla EGF
domain. A Limited proteolysis assays performed with samples
untreated (-) and treated (4+) with the reducing agent DTT and incu-
bated for 30 and 60 min with trypsin. Control refers to the indicated
conditions in the absence of trypsin. M, molecular mass mark-
ers. Only the relevant part of the gel is shown. B Sequence of the
hNRGla EGF domain with the basic residues targeted by trypsin
marked in red and the cysteine residues marked in green. Green lines
indicate the disulfide bonds. The sequence identified by (linker) rep-
resents the part of the linker encoded by the vector which remains
attached to the growth factors after thrombin digestion. C Profiles of
radius of the hNRG1a EGF domain in presence or absence of DTT as
determined by dynamic light scattering analyses. The graphic shows

increase in the size distribution of hNRGla EGF domain
(Fig. 2D).

To obtain additional information about the conforma-
tional stability, we measured circular dichroism (CD) spec-
tra of the hNRGlo EGF domain in the far-UV region at
20 °C, after sample heating to 80 °C and, after returning the
temperature down to 20 °C (Fig. 2E). Thermal denaturation
is indicated by a reduction of the CD signal in the 200 nm
wavelength range at 80 °C. However, the CD spectrum
acquired after returning the temperature to 20 °C overlaps
with the spectrum previously obtained at 20 °C (Fig. 2E),
indicating that the hNRG1a EGF domain acquires the same
conformation after thermal denaturation. That result is simi-
lar to the CD spectra found for hAREG hBTC, HB-EGF and
hTGFa [20] in similar conditions.

'

C { mm hNRG1a 5 min 2.6nm PDI0.16
mm hNRG1a 5 min DTT 2.7 nm PDI 0.17

mm hNRG1a 44 h 2.4nm PDI0.15

hNRG1a44h DTT 2.7 nm PDI 0.16

Intensity distribution (%)

1 10 100 1000
Radius (nm)

A

Size distribution (nm)

30 40 50 60 70 80 %0
Temperature (°C)

A (nm)

B0 195 200 205 210 215 23 40 245 250 255 260

[6] (deg.cmZ.dmol ')

===20°C ==——=802C =20 "°C after heating

the intensity distribution (%) as a function of particle radius (nm).
All assays were performed at 20 °C. Times and treatment are indi-
cated in the figure as well as the corresponding cumulant radius and
polydispersity index (PDI). D Size distribution (nm) of the hNRGla
EGF domain as determined by DLS as a function of the temperature.
E Circular dichroism analysis of the hNRGla EGF domain. The blue
line corresponds to the spectrum acquired at 20 °C, the red line to
the spectrum acquired 80 °C and the green line corresponds to the
spectrum acquired at 20 °C after sample heating up to 80 °C. The far-
UV circular dichroism spectra (195-260 nm) were recorded using a
J-815 spectropolarimeter with five accumulations and using a 1 mm
path length cell

Recombinant hNRG1a EGF domain presents
accurate disulfide bonds

To confirm the correct pairing of cysteines forming
disulfide bonds, the purified hNRG1la EGF domain was
submitted to mass spectrometry analysis. The conserved
C1-C3, C2-C4, C5-C6 cysteine pairs are numbered accord-
ing to the sequence shown in Fig. 2B, corresponding to
C39-C53, C47-C67 and C69-C78. The proteases Lys-C and
Glu-C were selected for digestion based on the amino acid
sequence of the hNRG1a EGF domain. The hinge residue
between C67 and C69, as well as the sequence between
C47 and C53 are the major points of constraint regard-
ing site-specific proteolytic digestion of the hNRG1a EGF
domain since, under non-reducing conditions, ineffective
digestion leads to complex mass and peptides with more
than two cysteines in the top score peptides. Nevertheless,
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Fig.3 Assignment of the MS/MS spectra of the disulfide bond-con-
taining peptides of the recombinant ANRG1la EGF domain. The three
disulfide bonds C39-C53 A, C47-67 B and C68-C78 C were identi-
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Table 1 List of fragment ions annotated in the MS/MS spectra of the peptides identified with one disulfide bond each as shown in Fig. 3

Disulfide bond Fragmention* Fragment m/z
sequence
1 2 3 4 a-3++ (P1) CAE/CFMVK 451.2036
i ChakERK
4 3 2 1
C39-C53 S 3 3 o s
P2 cCpE VK
S a3+ (P1) CAE/CFMVK 901.3849
cl+ (P1) C/CFMVK 745.3179
y2+ (P1) EK 276.1548
y-3+ (P1) AEK 346.1787
z1+ (P1) K 130.0857
a-4++ (P2) CAEK/CFMV 451.2036
b3+ (P2) CAEK/CFM 829.3030
y2+ (P2) VK 246.1804
y3+ (P2) MVK 377.2221
z1+ (P2) K 130.0857
i 9 3 4 5 6 7 $ 9 10 1 a2+ (P3) DL 201.1231
P3 D—L}pspNFepsir}vifex
m 10 9 8 7 6 5 4 3 2 1
|
Cc47-Ce7
1 2 3 4 5 6 7 8
pa THFICHVINTGG—E
7 5 4 3 2 1
a7 -3H20+++ (p3) DLSNPSR 230.1213
all -3H20++ (p3) DLSNPSRYLCK/TFCVNGGE 1009.9587
b2+ (P3) DL 229.1180
y5++ (P3) RYLCK/TFCVNGGE 753.3469
y7++ (P3) PSRYLCK/TFCVNGGE 845.8895
y7+ (P3) PSRYLCK/TFCVNGGE 1689.7686
y9++ (P3) SNPSRYLCK/TFCVNGGE 946.4269
b2+ (P4) TF 249.1230
b3++ (P4) DLSNPSRYLCK/TFC 823.3745
y2+ (P4) GE 205.0817
y4+ (P4) NGGE 376.1454
y7++ (P4) DLSNPSRYLCK/FCVNGGE 1009.4565
C69-C78 cl0+ (P5) CQPGFTGARC 1036.4407
2134567391101113
P5 CQ—P—GHF}TLG—ARCITF}E
2 1 1 9 8 7 6 5 4 3 2 1
z4+ (P5) RCTE 490.1827
z-6+ (P5) GARCTE 619.2482
z-7+ (P5) TGARCTE 720.2955
z-8+ (P5) FTGARCTE 867.3642

*In ETD fragmentation, the radical-induced backbone cleavage produces c and z-ions, as well as b- and y ions. The loss of CO from a b ion pro-
duces an a-ion (a+1). An H-transfer from y to b-produces y-(y—1). The loss of an H-from z-forms z (z-—1). The column on the right presents the
experimental m/z. This list comprises all MS/MS fragments annotated in Fig. 3
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all three disulfide bonds peptides were detected in large
peptide abundance (MS1 area> 10°). The assignment
of the MS/MS spectra of the disulfide bond-containing
peptides are shown in Fig. 3. A list of the fragment ions
annotated in the MS/MS spectra of the peptides identified
with one disulfide bond identified in Fig. 3 is described
in detail in Table 1. Identification of each ion fragment is
given in the table column named fragmentation, with the
corresponding amino acid sequence mass/charge described
on the right for each annotated fragment.

The hNRG1a EGF domain is biologically active
and promotes cell proliferation and migration

To determine if the recombinant hANRG 1o EGF domain pos-
sesses intrinsic biological activity, its effect on cell prolifera-
tion was initially examined by a flow cytometry assay. The
same number of HeLa cells was inoculated in both hNRG1a
EGF domain-treated and untreated wells, with the treated
wells receiving 50 ng/mL of hNRGla EGF domain. The
effect on proliferation was evaluated after 48 h, showing over
a three-fold increase in cell number in the cultures treated
with the recombinant hNRGla EGF domain (Fig.4 A).
Then, we performed a MTT based assay, which measures

A C

Cell count (cells/mL)
Wound closure (%)

Control

hNRG1a

Control

[

Absorbance 570 nm
Absorbance 570 nm

hNRG1a

vl

the reduction of a tetrazolium component (MTT) into an
insoluble formazan product by the mitochondria, indirectly
reflecting the number of viable cells. HeLa cells were cul-
tivated with increasing concentrations of recombinant
hNRG 1o EGF domain to determine its capability to induce
cell proliferation. The growth rate of cultures treated with
concentrations as low as 0.05-0.5 ng/mL is significantly
higher than the growth rate of control cells (Fig. 4B).

The activity of the recombinant hNRG1a EGF domain
was also evaluated regarding cell migration by determining
the gap closure rate of a scratch generated in NDFH cell
monolayers (Fig. 4 C-D). The number of cells in the scratch
zone was determined in the moment of gap generation and
after 48 h. The gap closure rate was significantly higher in
the NDFH cultures treated with the recombinant hANRG1a
EGF domain as compared to the control cultures (Fig. 4D).
These experiments show that the recombinant hNRG1a can
induce both cell proliferation and migration.

Control [/

hNRG1a

0.001 0.01 0.1 1

hNRG1a (ng/mL)

Fig.4 Analysis of the biological activity of the recombinant hNRG1a
EGF domain on cell proliferation and migration. (A) Comparison of
the proliferation rate of HeLa cells treated with saturating concentra-
tion (50 ng/mL) of recombinant hNRGla EGF domain with HeLa
cell control cultures. Asterisk indicates p<0.05. (B) HeLa cell pro-
liferation induced by the hNRGla EGF domain as determined by
the MTT assay. Triplicate cultures of HeLa cells were treated with
the indicated amounts of the hNRGla EGF domain, and absorb-
ance at 570 nm was measured after 48 h. The right panel shows the
data fitting using a nonlinear regression. Asterisk indicates p <0.05.
(C) Analysis of the EGF-domain of hNRGla activity on cell migra-
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tion based on a scratch closure assay. The area of the wound in the
moment of scratch generation was compared with the area after 48 h
of incubation with 50 ng/mL of hNRGla EGF domain. Control sam-
ples correspond to the same experimental conditions in absence of
hNRGla EGF domain. The assays were performed in triplicate. (D)
Representative microscopy images of the scratch closure assay. The
images at 100 X magnification were acquired at time O from native
cells and after 48 h from fixed cells stained with violet crystal. The
vertical doted lines indicate the border of the gap at time 0. Scale bar:
100 pm



Molecular Biology Reports

Discussion

Neuregulins comprise a family of growth factors which,
together with their ErbB receptors are involved in numerous
neurodevelopmental processes and nervous system activities
(for reviews see [2—4, 28]). NRG1 is expressed in neuronal
and non-neuronal cell types and is responsible for cell main-
tenance, proliferation and migration [2, 3]. NRG2 promotes
neuronal survival [29] and NRG3 has been associated with
schizophrenia [30]. Six neuregulin genes have been identi-
fied in human cells, each giving rise to multiple isoforms
originating from alternative splicing. Most neuregulins are
synthesized as transmembrane proteins, which subsequently
undergo proteolytic processing releasing the EGF signaling
domain with different N-terminal domains [2, 3, 6]. The
EGF domain of neuregulins was shown to be sufficient to
activate ErbB receptors in a specific manner [8] and induce
cellular responses in vitro [7].

The EGF domain comprises six cysteine residues sepa-
rated by a constant number of residues (CX7CX4-5CX10-
13CXCX8C) with the six conserved cysteines forming three
disulfide bonds in the C1-C3, C2-C4, and C5-C6 combi-
nation [15]. Previous studies have described the expres-
sion in E. coli of the EGF domains fused only to affinity
purification tags for some members of the EGF family
[12-14]. However, the downside of such an approach was
the limited solubility of the final product, and therefore, the
necessity to purify inclusion bodies and to perform refold-
ing in vitro to obtain a biologically active protein. A major
reason to avoid larger N- and C-terminal tags is because
they can cause a steric hindrance during the ligand-receptor
interaction. To overcome both solubility and large-size tag
problems, it is possible to express the protein of interest in
fusion with chaperone proteins and include cleavage sites for
specific proteases in the linker connecting the two proteins
for separation of the protein of interest after purification.
In this work, we have used the pET32a expression vector
with the EGF domain of hNRGla fused to the C-terminus
of thioredoxin-A (TrxA). Upstream of the hNRGla EGF
domain, the genetic construction includes cleavage sites for
enterokinase and thrombin proteases and a hexa-histidine
tag. As expected, TrxA has a strong contribution for high
levels of soluble expression (Fig. 1), which indicates also
proper folding of the recombinant fusion protein. To avoid
subsequent interference of the TrxA moiety, the fusion pro-
tein was separated by digestion with thrombin and TrxA,
which keeps the hexa-histidine tag, was removed by affinity
using an immobilized nickel column. This strategy turned
out to be very efficient for production of soluble hNRG1a
EGF domain.

Conformational stability and correct pairing of
cysteines forming disulfide bonds were evaluated using

several different approaches. Narhi et al. [31] demonstrated
that when EGF is reduced, it goes through a considerable
conformational change. Thus, when submitted to a reduced
milieu these conformational changes can possibly lead to
an easier access to the proteolytic sites by trypsin, which
was confirmed by the comparison of the degradation pat-
tern presented by the hNRGla EGF domain in presence
and absence of a reducing agent. A higher resistance to
proteolytic digestion in absence of reducing agent is an
indication of a compact conformation. Dynamic light scat-
tering analyses in presence and absence of reducing agent
revealed only small changes in the hydrodynamic radius,
which increased from 2.4 to 2.7 nm. The hydrodynamic
behavior of the hNRG1a EGF domain did not change even
after long incubation times in presence of reducing agent
nor after submission to a thermal ramp from 20 to 95 °C.
The fact that only small changes in the hydrodynamic
radius are detected is intriguing because more aggregation
would be expected under reducing conditions. However, it
seems that not all EGF domains aggregate after disulfide
bond reduction. In an analysis of the hydrodynamic radius
of seven different EGF domains reported previously [20],
a similar behavior was observed for the recombinant EGF
domain of hAREG and hHBEGF and hTGFa show only
partial aggregation even after long incubation times (24
and 44 h) under reduction conditions, indicating that
different EGF domains may present different solubility
behavior under reducing conditions [20].

Conformation changes on the hNRGla EGF domain
were detected only by circular dichroism at high temperature
(Fig. 2). These results indicate a highly stable conformation
and solubility for the recombinant hANRG1a EGF domain.

Mapping disulfide bonds is a challenging task due to
the reactive nature of thiol groups. In the case of the EGF
domain, the compact nature of its folded structure adds up to
the difficulties to obtain high quality peptide preparations for
mass spectrometry. Nevertheless, peptides containing cor-
rect cysteine pairing were detected in high abundance for
all three disulfide bonds, further supporting the evidence
that the recombinant ANRG1a EGF domain produced in this
work is properly folded.

After obtaining evidence that the hNRG1a EGF domain
presents proper folding, we assessed its biological activity
by determining its ability to induce cellular proliferation
and migration cell culture assays. Both the proliferation
rate determined by direct cell count and cell viability
determined by MTT assays revealed a steady increase in
cell growth. The data obtained in this work agree with
previous observations where members of the EGF family
recombinantly produced were shown to positively induce
proliferation processes in several different cell lineages in
the same concentration range [32-34], as low as 0,1 nM
in the case of hEGF [35]. In the MTT assay there was a
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slightly less proliferation at 50 ng/mL when compared with
5 ng/mL. That phenomenon was already demonstrated by
other works [36], when higher concentrations lead to lower
absorbance in the MTT assay. In a similar fashion, scratch
gap closure assays were performed to measure the migra-
tory capacities of the cells treated with saturating amounts
of the hNRG1a EGF domain. Gap closure assays are use-
ful to determine cell migration although in the case of
fibroblast lineages such as NDFH (normal human dermal
fibroblasts), proliferation and migration are usually linked.
These assays showed that the hNRG1a EGF domain sig-
nificantly induces faster gap closure than untreated control
cells. Together, these assays show that the recombinant
hNRG1a EGF domain presents the expected biological
activity on cell proliferation and migration.

In addition to its role in the development and activity
of the nervous system, NRG1 has been shown to play a
central function in other processes including in nervous
system injury recovery and repair [37-39], cardiac remod-
eling [40] and on the proliferation, migration, and angio-
genesis of human periodontal ligament stem cells [10,
41]. The pathways underlining the processes modulated
by NRG1/ErbB signaling are currently being investigated
using reconstituted in vitro systems. In this context, the
recombinant hNRG1la EGF domain can be a handy tool
for studies designed to fill the molecular gaps between the
step of ligand-receptor interaction up to the final biologi-
cal outcome.

In summary, the strategy adopted in this work, combin-
ing high expression mediated by an expression chaperone
with proteolytic separation of the chaperone consists in
an efficient procedure to obtain the recombinant ANRGla
EGF domain, displaying correct disulfide bonds and func-
tional properties similar to those described for its biologi-
cally functional counterparts. This recombinant growth
factor can be readily produced to be used in functional
experiments intended to expand the knowledge of the
NRGI1-ErbB signaling pathway.
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tary material available at https://doi.org/10.1007/s11033-022-07956-3.
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