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Abstract

Human integral membrane protein 2B (ITM2B or Bri2) is a member of the BRICHOS family, 

proteins that efficiently prevent Aβ42 aggregation via a unique mechanism. The identification 

of novel Bri2 BRICHOS client proteins could help elucidate signaling pathways and determine 

novel targets to prevent or cure amyloid diseases. To identify Bri2 BRICHOS interacting partners, 

we carried out a ‘protein fishing’ experiment using recombinant human (rh) Bri2 BRICHOS-

coated magnetic particles, which exhibit essentially identical ability to inhibit Aβ42 fibril 

formation as free rh Bri2 BRICHOS, in combination with proteomic analysis on homogenates 

of SH-SY5Y cells. We identified 70 proteins that had more significant interactions with rh 

Bri2 BRICHOS relative to the corresponding control particles. Three previously identified Bri2 

BRICHOS interacting proteins were also identified in our ‘fishing’ experiments. The binding 

affinity of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), the top ‘hit’, was calculated 

and was identified as a strong interacting partner. Enrichment analysis of the retained proteins 

identified three biological pathways: Rho GTPase, heat stress response and pyruvate, cysteine and 

methionine metabolism.
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1. Introduction

Proteins are marginally stable in their native structures and hydrophobic parts that are 

exposed upon partial unfolding have a tendency to form intermolecular contacts that lead 

to protein aggregation [1]. Misfolding and aggregation are thus inherent to the life of 

proteins and nature has developed molecular chaperone systems that are specialized in 

preventing aggregation of client proteins, but there is evidence that these mechanisms 

become dysfunctional in aging [2]. Interestingly, a screen in aging Caenorhabditis elegans 
nematodes found that expression of small heat shock proteins (Hsp) strongly correlated with 

longevity, possibly through the sequestration of protein aggregates [3]. Different molecular 

chaperone families work by different mechanisms; for example, the cage chaperones like 

GroEL enclose their clients and allow them to fold without the risk of encountering other 

unfolded proteins, while the Hsp 70 and 90 families bind and release client proteins in 

cyclic and energy (ATP) dependent manners. The small Hsp family members work by 

a simpler, ATP independent mechanism, which relies on binding to exposed nonpolar 

client regions [4]. Molecular chaperones are mainly found intracellularly, but extracellular 

chaperones have also been described, for example the lipoprotein associated protein 

clusterin (apolipoprotein J) can prevent aggregation of several clients and was recently 

found to be able to bind extracellular misfolded proteins, including the Alzheimer’s disease 

(AD) associated amyloid-peptide (Aβ), and transfer them into cells for degradation [5]. 

Amyloid formation is a special case of protein misfolding that is associated with about 40 

human diseases, including some of the most common and morbidity-associated diseases 

like AD, Parkinson disease, and type 2 diabetes [6]. Amyloid is highly regular and 

structured, which contrasts qualitatively to traditional amorphous protein aggregates that 

are non-fibrillar [2]. In AD, the Aβ forms amyloid that eventually ends up in extracellular 

plaques, but the most neurotoxic derived species is probably rather oligomeric assemblies 

that can diffuse and cause neuronal dysfunction and eventual death by largely unknown 

mechanisms [7]. We have found that an endogenous defense (the BRICHOS domain) against 

amyloid fibril formation and toxicity holds the potential to be translated to treatment for 

aggregation, neurotoxicity and neuroinflammatory effects of Aβ in AD [8]. The BRICHOS 

domain counteracts amyloid aggregation differently than any of the therapeutic approaches 

attempted so far [8]. Thus, surfactant protein C (SP-C) is an amyloid-forming protein, 

and proSP-C contains a BRICHOS domain that prevents β-sheet aggregation during 

biosynthesis, thereby promoting formation of the native α-helical SP-C conformation [9]. 

Mutations in proSP-C BRICHOS domain result in amyloid formation of the SP-C part and 

lethal amyloid lung disease in early childhood [9]. Since most known diseases characterized 

by amyloid deposition occur late in life, these observations strongly support the hypothesis 

that BRICHOS is fundamental for the prevention of amyloid diseases and that interference 

with BRICHOS could be effective in amyloid disease prevention. Indeed, it has been found 

Tigro et al. Page 2

J Pharm Biomed Anal. Author manuscript; available in PMC 2023 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that the BRICHOS domain can prevent amyloid formation not only of its physiological 

clients but also of other amyloidogenic proteins, including Aβ and islet amyloid polypeptide 

(IAPP) associated with type 2 diabetes [10].

Further studies of BRICHOS domains, in particular from Bri2 (mutations of which cause 

familial British or Danish dementias with amyloid in the Central Nervous System (CNS) 

[11]) have revealed that BRICHOS efficiently prevents Aβ42 aggregation via a unique 

mechanism and, importantly, reduces Aβ42 neurotoxicity to mouse hippocampal slice 

preparations [12–15]. BRICHOS prevention of Aβ42 toxicity to hippocampal slices can be 

translated to animal models; transgenic expression of BRICHOS domains in Drosophila flies 

that overexpress Aβ42 results in reduced Aβ aggregation as well as improved life-span and 

mobility [15]. Recombinant human (rh) Bri2 BRICHOS forms different assembly states, of 

which the monomer is the most efficient in preventing Aβ42 neurotoxicity, while oligomers 

composed of 20–30 subunits are very efficient in preventing non-fibrillar aggregation of 

destabilized model proteins [12]. From these observations, it is clear that rhBri2 BRICHOS 

is able to bind to several different proteins. However, a majority of these proteins probably 

remain unknown. Currently, co-immunoprecipitation remains the primary method used to 

identify client proteins. A recent study identified a Bri2 interactome, where three brain 

regions were processed by Bri2 immunoprecipitation and co-precipitating proteins were 

identified by Nano-HPLC-MS/MS [16]. In that study, the proteins found were associated 

with neurite outgrowth, neuronal differentiation and synaptic signaling and plasticity but it 

is unknown whether the BRICHOS domain, which represents about 100 residues of the 266 

amino acids full length Bri2 protein, is involved in the interactions found. A limitation of 

this approach is that it requires the use of a selective antibody and as a result, it can isolate 

additional proteins based on the selectivity of the antibody.

The identification of novel Bri2 BRICHOS client proteins could help elucidate signaling 

pathways and determine novel targets for combatting amyloid diseases. Recently, ligand 

fishing, a process by which a protein is immobilized onto a magnetic particle to ‘fish 

out’ active components from a complex matrix has been extensively used to identify novel 

ligands from natural products [17,18]. It was also demonstrated that the protein coated 

magnetic particles can form protein complexes with recombinant proteins. [19]. Specifically, 

Hsp90-α was immobilized onto the surface of magnetic beads and formed a protein complex 

with Hsp70 only in the presence of the HSP70-HSP90 Organizing Protein (HOP) [19]. 

In that study, the HSP90-α coated magnetic beads were able to retain p60-HOP from 

KU-812 basophile lysates, in a targeted fishing experiment using western blot analysis [19]. 

Combining the ‘protein fishing’ experiments with untargeted proteomic analysis could help 

identify novel binding proteins for the immobilized target. To this end, herein we describe a 

novel ‘protein fishing’ experiment that would help elucidate proteins that interact with Bri2 

BRICHOS using an unbiased proteomics approach.

2. Materials and methods

2.1. Materials

Experiments were conducted with recombinant human (rh) Bri2 BRICHOS gene sequence 

coding for the human Bri2 BRICHOS domain (90–236), corresponding to amino acid 
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(NP 068839.1) ligated into the pET-32c(+) vector (Novagen) (Protein Fishing). For surface 

plasmon resonance (SPR), gene fragments encoding rh Bri2 BRICHOS domain (113–231) 

(~14.1 kDa) and an efficient solubility tag derived from the N-terminal domain of spider 

silk proteins (NT*) were cloned into a modified pET vector [20]. The Bri2 BRICHOS 

(90–236) domain was expressed as a fusion protein with N-terminal Thioredoxin tag (Trx), 

6 × Histidine tag (His), and Solubility-tag (S-tag) in Escherichia coli (E. coli) SHuffle 

T7 Express cells (New England Biolabs Inc. Ipswich, MA). Trx-His was cleaved off by 

thrombin (from bovine plasma, 50 NIH-U/mg. Merck, Burlington, MA), leaving the rh Bri2 

BRICHOS domain (90–236) (~20.4 kDa) [21]. The rh Bri2 BRICHOS domain (113–231) 

was expressed as a fusion protein with N-terminal His6, NT*-tag and thrombin cleavage 

site in E. coli SHuffle T7 Express cells [12]. His6-NT* was cleaved off by thrombin, 

leaving the rh Bri2 BRICHOS domain (113–231) (~14.1 kDa). Gene sequence coding for 

the human Aβ 1–42 peptide together with start codon ATG was ligated into PetSac plasmid 

vector (modified from Pet3a with NdeI and SacI cloning sites) [22]. Recombinant human 

Aβ 1–42 peptide was expressed with an N-terminal methionine (rhAβ1–42, ~4.7 kDa) 

in E. coli BL21 (DE3) pLysS Star cells (Invitrogen, Thermo Fisher Scientific, Waltham, 

MA). Apolipoprotein A-I (Apo-AI, purified from human plasma with >98 % purity) 

was purchased from Chemicon, Sigma-Aldrich (St. Louis, MO). Recombinant human 

glyceraldehyde 3-phospate dehydrogenase (GAPDH with >95 % purity) purchased from 

Thermo Fisher Scientific (Waltham, MA).

Acetonitrile, ammonium bicarbonate, benzamidine, chloroform, dithiothreitol (DTT), 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), glutaraldehyde, 

hydroxylamine, imidazole, iodoacetamide, 2-(N-morpholino)ethanesulfonic acid hydrate 

(MES), methanol, N-hydroxysulfosuccinimide (Sulfo-NHS, 98+%), phenylmethyl-sulfonyl 

fluoride (PMSF), pyridine, sodium azide (NaN3), sodium cyanoborohydride (NaBH3CN, 

95 %), Thioflavin T (ThT), thiourea, trifluoroacetic acid (TFA), Tween 20 and urea 

were purchased from Sigma-Aldrich (St. Louis, MO). BCA protein assay kit from Pierce 

(Thermofisher Scientific, Waltham, MA), Bradford reagent, formic acid, sodium phosphate 

buffer [20 mM, pH 8.0] (PB), phosphate-buffered saline [20 mM, pH 7.4] containing 

0.15 M NaCl (PBS) and 1xPBS were purchased from Thermo Fisher Scientific (Waltham, 

MA). Trypsin/lysC mixture was purchased from Promega (Madison, WI). Protease inhibitor 

cocktail was purchased from Merck (Burlington, MA). DEAE-cellulose was purchased from 

Santa Cruz Biotechnology Inc. (Dallas, TX). IMAC media (Ni Sepharose™ 6 Fast Flow) was 

purchased from GE Healthcare (Chicago, IL). BcMag amine-terminated magnetic beads (50 

mg/mL, 1 μm) were purchased from Bioclon Inc (San Diego, CA). Deionized water was 

obtained from a Milli-Q system (Millipore, Billerica, MA).

2.2. Immobilization of rhBri2 BRICHOS domain onto MB

2.2.1. Bri2-NT-MB—rhBri2 BRICHOS domain was immobilized via a previously 

published method, with slight modifications [17–19]. Briefly, 25 mg of BcMag magnetic 

beads (MB) were placed in a 2 mL microcentrifuge tube. The MBs were washed three 

times with 1 mL of coupling buffer (pyridine [10 mM, pH 6.0]) and were suspended 

in 1 mL of 5 % glutaraldehyde solution in coupling buffer and rotated for 3 h at room 

temperature (RT). After separation using the manual magnetic separator (Dynal MPC-S, 
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Invitrogen Corporation, Carlsbad, CA), the MBs were washed three times with 1 mL of 

coupling buffer. A suspension of 200 μg of (rh) Bri2 BRICHOS (90–236) domain in 500 

μL of coupling buffer containing 1 % sodium cyanoborohydride was added to the activated 

MBs. The reaction was left for 7 days at 4 °C with gentle rotation. The supernatant was 

discarded and 200 μL of coupling buffer containing 100 mM hydroxylamine and 2.5 % 

cyanoborohydride was added. The mixture was shaken overnight at RT with gentle rotation. 

The supernatant was discarded and MBs were washed 3x with 1 mL of 1xPBS (containing 

0.02 % NaN3). The control hydroxylamine-coated (NT)-MB (Control-MB) were made in the 

same manner but without the addition of rhBri2.

2.2.2. Bri2-CT-MB—Rh Bri2 BRICHOS domain was immobilized via carboxylic acid 

amino acid residues following a previously published method, with slight modifications 

[18,19]. Briefly, 25 mg of MBs was rinsed with 1 mL of MES [100 mM, pH 5.5] in a 2 

mL microcentrifuge tube. After magnetic separation, the supernatant was discarded, and the 

MBs were suspended in 300 μl of MES [100 mM, pH 5.5] and 200 μg of rhBri2. 50 μl of a 

mixture of 10 mg of EDC and 15 mg of sulfo-NHS in 1 mL of deionized water were added 

and the mixture was vortex-mixed for 5 min and left for 3 h at 4 °C with gentle rotation. 

This was followed by the addition of 20 μl of 1 M hydroxylamine, and the mixture was left 

for 30 min at 4 °C with gentle rotation. The supernatant was discarded, and the MB was 

rinsed three times with 1 mL of 1xPBS containing 0.02 % NaN3.

2.3. Analysis of the MB activity by Aβ 1–42 aggregation kinetics

Bri2-MBs and reduced Bri2-MBs were mixed with 3 μM rh Aβ 1–42 in PB containing 

10 μM ThT and pipetted onto a 96-well plate (Corning Inc, Corning, NY). The ThT 

fluorescence was recorded using a FLUOstar OPTIMA plate reader (BMG Labtech, 

Germany), as described above. Samples were repeated in quadruplicate. Reduction of 

rhBri2-NT-MB, rhBri2-CT-MB and Control-MB were carried out with 1 mM DTT for 1 

h at RT, after which the supernatant was removed using the Dynal Magnetic separator 

(reduced Bri2-MBs). Aggregation kinetics was monitored at RT with shaking (shaking 60 

s before each measuring cycle, 200 rpm, 250 cycles, cycle time 300 s, 10 flashes per well 

and cycle, 0.2 s positioning delay, orbital averaging 2 mm, gain set to 2000) for up to 6 h, 

using upper optics with 440 nm excitation filter and 480 nm emission filter. Data was sent 

to OTIMA Data Analysis software, where the average of the replicates was transported to 

Microsoft Excel software for normalization. The time evolution of fibril formation of 3 μM 

Aβ42 with Control-MB, Bri2-NT-MB and Bri2-CT-MB were fitted to a sigmoidal equation 

using OriginPro 2020b software (OriginLab, Northampton, MA) from which aggregation 

half-time t1/2 was extracted. The MBs were removed from the 96-well microplate and the 

supernatant was discarded.

2.4. SH-SY5Y cells

Human SH-SY5Y cells were cultured in Dulbecco’s Modified Eagle’s Medium and 

Ham’s F12 culture medium (DMEM-F12 with GlutaMAX) (Thermo Fisher Scientific, UK) 

supplemented with 10 % (v/v) fetal bovine serum (FBS) (Thermo Fisher Scientific, UK) 

at 37 °C in a humidified atmosphere with 5 % (v/v) CO2. Cells were maintained in T-175 

sterile plastic culture flasks. The adherent cells were continuously cultivated and grown 
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nearly to 80–90 % optical confluence, before they were detached by Gibco™ TrypLE™ 

solution (ThermoFisher Scientific, UK), and collected by adding fresh pre-warmed growth 

medium to the culture flask.

2.5. Protein fishing experiments

SH-SY5Y cells (ATCC, Mannassas, VA) were collected (2.5 × 106 cells) and suspended 

in 2 mL of homogenization buffer (Tris-HCl [50 mM, pH 8.0] containing 5 mM EDTA, 

1 mM benzamidine, 0.1 mM PMSF plus 10 μL protease inhibitor cocktail (Roche)) and 

homogenized with a Kontes Pellet Pestle (Sigma-Aldrich, St.Louis,MO). The mixture was 

centrifuged at 100,000 × g for 30 min at 4 °C and the cytosolic fraction (supernatant) was 

collected for protein fishing experiment. The cytosolic fraction (1 mL) was added to the 

Bri2-NT-MBs (3 replicates) and Control-MBs (3 replicates) and mixed at 15 rpm at RT 

for 30 min. The supernatant (Load) was removed by using the Dynal magnetic separator 

(3 min). The Bri2-NT-MBs were washed twice with 1 mL of 1x PBS for 2 min. Each 

wash was collected after separation using the Dynal magnetic separator (2 min) (Wash 1, 2, 

respectively). Bound proteins were then eluted by incubating with a saturating concentration 

of rh Bri2 BRICHOS (10 μM, 1 mL) for 30 min at RT (Elute 1) followed by a wash (Elute 

2). After, the elutes were collected, the Bri2-MB were washed once with 1xPBS (Wash 3). 

All the collected supernatants (load, elute 1, elute 2) were lyophilized and kept at −80 °C 

until digestion. All samples were run in triplicate, with the exception of the Loading buffer 

for the Bri2-NT-MBs, which had five replicates and the Control-MB Elution 1, which had 3 

replicates, however, one was lost during the proteomic analysis.

2.6. Proteomic analysis

Protein concentration in the supernatants was determined by BCA protein assay, following 

manufacturers protocol. The lyophilized samples were dissolved in 30 μl 1x PBS and 

mixed with 270 μl of methanol:chloroform:water (5:1:3 ratio), vortexed and centrifuged at 

15000 ×g for 2 min. The supernatant was discarded, and the pellet was mixed with 500 

μl methanol, vortexed and centrifuged at 15 000 ×g for 2 min at 4 °C. The was repeated 

twice. Digestion was carried out as previously described [23]. Briefly, the resulting pellet 

was resuspending in 30 μl of a solution of 8 M urea, 2 M thiourea, 150 mM NaCl, 100 mM 

DTT, pipetted for 5 min and vortexed and incubated with shaking (500 rpm) for 1 h at 37 

°C. Iodoacetamide was added to a final concentration of 150 mM and incubated for 1 h at 

37 °C in the dark. The samples were diluted to 360 μl with 50 mM ammonium bicarbonate, 

then trypsin/lysC mixture was added to a final 10 ng/μl concentration and the sample was 

incubated at 37 °C overnight with shaking at 1000 rpm. 36 μl of formic acid was added 

and the solution was dried using a SpeedVac Concentrator (Savant SPD111V SpeedVac 

Concentrator, Thermo Scientific, Waltham, MA).

Protein digests were desalted as previously described [23]. Briefly, protein digests were 

resuspended in 100 μl of deionized water containing 5 % acetonitrile and 2 % TFA. 

Samples were desalted on a Resteck-C18 guard cartridge (10 × 4.0 mm) using Agilent 

1260 Bio-inert HPLC system connected to the fraction collector with UV detector at 214 

nm. The separation was achieved at a flowrate of 0.450 mL/min at 35 °C with a 15 min run 

time. Mobile Phase A (water with 0.1 % TFA) and Mobile Phase B (90 % acetonitrile with 
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0.1 % TFA) were used with the following gradient: 0 min 5 %B; 6 min 5 % B, 6.1 min 95 % 

B; 10 min 95 % B; 10.1 min 5 % B. The peptide peak was collected between 7.2–9.0 min. 

Autosampler and fraction collector were kept at 4 °C. The desalted samples were then dried 

by SpeedVac and stored at −80 °C until analysis.

The samples were dissolved in 5 μl of water containing 5 % acetonitrile and 0.1 % formic 

acid. Purified peptides were analyzed as previously described [23]. Briefly, they were 

analyzed using UltiMate 3000 Nano LC Systems coupled to the Orbitrap Fusion Lumos 

Mass Spectrometer (Thermo Scientific, San Jose, CA) with the heated capillary temperature 

+320 °C and spray voltage set to 2.5 kV. Each sample was separated on a 45 cm capillary 

column (Ultra C18 silica, 5 μm) with 150 μm ID on a linear organic gradient using 550 

nl/min flow rate. Gradient went from 5 to 35 %B in 80 min. Mobile phases A and B 

consisted of 0.1 % formic acid in water and 0.1 % formic acid in acetonitrile, respectively. 

Full MS1 spectra were acquired from 330 to 1600 m/z at 60000 resolution and 40 ms 

maximum accumulation time with automatic gain control [AGC] set to 1 × 106. MS/MS 

spectra were resolved to 15 000 with 100 ms of maximum accumulation time and AGC 

target set to 1 × 105. Fifteen most abundant ions were selected for fragmentation using 

36 % normalized high collision energy. A dynamic exclusion time of 70 s was used to 

discriminate against the previously analyzed ions. RAW data files were converted to mgf 

data format using software MSConvert. The chosen parameters for the conversion were: 

Binary encoding precision 32-bit; TPP compatibility; Activation HCD; Threshold count 

900 most-intense; zeroSamples remove Extra 1-; peakPicking true 1-. Mgf data files were 

next transferred to MASCOT protein identification software. The chosen parameters for the 

protein identification were: Database Sprot human; Decoy database; Monoisotopic mass; 

Enzyme Trypsin/P; Max missed cleavages 2; Variable modifications - carbamidomethyl (C), 

carbamyl (K), carbamyl (N-term), oxidation (M), deamidated (NQ); peptide charge state: 

2+ and 3+; Report top AUTO; Peptide tol: 20 ppm; #C13 – 0; no determined protein mass; 

MS/MS ions search; Data format mascotgeneric; MS/MS tol. ± 0.08 Da; No quantitation; 

Instrument ESI-TRAP and no error tolerant search. MASCOT Data file exports search 

result automatically to biospec.nih.gov page, from where the file was saved. Further, the 

file was loaded and analyzed by Scaffold Q + software. For loading and sample analysis 

the following parameters were chosen: spectrum counting; database Sprot human 02062017; 

Analyze with X! Tandem; Peptide prophet scoring; Protein cluster analysis; no annotation; 

generate decoy proteins. Final results were transferred to Microsoft Excel software.

2.7. Surface plasmon resonance

SPR assays were performed in a BIAcore 3000 instrument (BIA-core AB, Uppsala, 

Sweden). Rh Bri2 BRICHOS (113–231) (30 μg/mL) was diluted in sodium acetate [10 mM, 

pH 4.5], and was individually immobilized by amine coupling onto flow cells (Fc) on CM5 

sensor chips (GE Healthcare, Chicago, IL) to reach immobilization levels of around 5800 

RU. Blank reference surfaces were prepared on each sensor chip using the same coupling 

protocol only with no protein injected. All immobilization experiments were performed with 

HEPES [10 mM, pH 7.4] containing 150 mM NaCl, 0.2 mM EDTA as running buffer, a 

flow rate of 20 μL/min and otherwise according to the manufacturer’s instructions for the 

amine coupling kit (GE Healthcare, Chicago, IL). After immobilization the flow-cells were 
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stabilized over-night in running buffer at a flow rate of 20 μL/min to remove unspecifically 

bound protein.

Lyophilized Apo-A1 and GAPDH were dissolved to 1 mg/mL each in running buffer. 

Apo-A1 was diluted to 5 different monomer concentrations between 1.1 μM – 17.7 μM. 

GAPDH was diluted to 7 different tetramer concentrations between 0.039 μM – 2.5 μM. 

The samples were individually injected over the chip surfaces containing immobilized rh 

Bri2 BRICHOS (Fc 2) and blank (Fc 1) at 25 °C and at a flow rate of 20 μL/min−1 

(Apo-A1) or 30 μL/min−1 (GAPDH). The chip surfaces were regenerated between each 

sample of analyte by injection of 10 mM NaOH for 30 s for Apo-A1 or 0.1 % SDS for 

2 × 30 s for GAPDH at a flow rate of 30 μL/min−1. Double referencing was performed 

by subtracting the response from the blank surface and the response from a blank injection 

(zero analyte concentration) from the immobilized surface response for each concentration 

of analyte. Steady state affinity for Apo-A1 or GAPDH to immobilised rh Bri2 BRICHOS 

was estimated by plotting the maximum binding response versus concentration. The data 

was fitted by nonlinear regression using a 1:1 binding model.

2.8. Native mass spectrometry of Apo-A1 and GAPDH

Immediately prior to MS analysis, proteins were buffer-exchanged into ammonium acetate 

[100 mM, pH 7.0], using Bio-Spin 6 microspin filters (Bio-Rad). Mass spectra were 

acquired on a Micromass LCT ToF modified for analysis of intact protein complexes (MS 

Vision, The Netherlands) equipped with an offline nanospray source. Samples were injected 

directly using gold-plated borosilicatecapillaries (ThermoScientific). The capillary voltage 

was 1.5 kV and the RF lens 1.5 kV. The cone voltage was 100 V and the pressure in the ion 

source was maintained at 9.0 mbar. Spectra were analyzed using the MassLynx 4.1 software 

package (Waters, UK).

2.9. NMR

Nuclear magnetic resonance (NMR) experiments were performed at 37 °C on a 700 MHz 

Bruker spectrometer using a 3 mm shigemi NMR tube. BEST-TROSY pulse sequences were 

applied using 1194 × 256 complex points. A stock solution of 32 μM Apo-A1 was titrated 

onto 180 μM 13C-15N Bri2 BRICHOS R221E monomer [13] in 20 mM sodium-phosphate 

buffer, pH 7.2, 0.2 mM EDTA, 0.02 % NaN3, 10 % D2O, where the sample volume was hold 

constant to 170 μL throughout the whole titration series. The final concentration for both 

proteins was 27 μM at final 1:1 molecular ratio. Due to the sample dilution different number 

of scans were used during the titration experiment. Spectra were processed in Topspin 4.0 

and visualized in Sparky.

2.10. Enrichment analysis

Clustering of proteins was performed with STRING protein–protein interaction database 

(https://version-11-0.string-db.org/cgi/network). STRING analysis was used on the proteins 

identified in each fraction (load, elute 1, elute 2). Interacting proteins were not included in 

the analysis. A “protein social network” was constructed for each fraction and combined. 

The inclusion of the 266-residue full-length Bri2 protein (ITM2B), whereof the BRICHOS 

domain constitutes approximately residues 120 to 231 [24], to the protein social network 
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was also done for each fraction as an internal standard to determine its impact on the degree 

of confidence.

3. Results and discussion

To identify rh Bri2 BRICHOS client proteins, we developed a ‘protein fishing’ method 

where the target protein is immobilized onto the surface of a magnetic bead and incubated 

with cell homogenates and the retained proteins are collected and characterized by 

proteomic analysis. To this end, rh Bri2 BRICHOS protein was immobilized onto the surface 

of magnetic beads (MB) via the N-terminal amino group (Bri2-NT-MB) or a carboxylic acid 

group (Bri2-CT-MB).

3.1. Characterization of Bri2-NT-MB and Bri2-CT-MB

Kinetics analysis of 3μM Aβ42 fibril formation was carried out in the presence of rhBri2 

BRICHOS domain, either bound to MBs or free in solution, using the ThT fluorescence 

assay. Aβ42 plus the control-MB in the absence of rhBri2 BRICHOS, resulted in a typical 

sigmoidal response curve with aggregation of half time (t1/2) of 1.0 h and rapid fibril 

formation plateauing within 2 h (Fig. 1). In the presence of control-MB plus free rhBri2 

BRICHOS (positive control), a significant delay in fibril formation was observed (t1/2 = 3.6 

h). Bri2-NT-MBs incubation with 3μM Aβ42 resulted in a significant delay (t1/2 = 3.8 h) of 

fibril formation (Fig. 1), while the Bri2-CT-MB resulted in only a slight delay in the fibril 

formation (t1/2 = 1.2 h). As a result of the retained activity of the rhBri2 BRICHOS only 

on the Bri2-NT-MBs, these beads were used for the ‘protein fishing’ experiments. rhBri2 

BRICHOS has been demonstrated to exist as monomers, dimers and oligomers [12], with 

monomers and dimers more effectively suppressing Aβ42 fibril formation with the ThT 

fluorescence assay [12]. The intra- and intermolecular disulfides of the Bri2 BRICHOS 

domain can be reduced to free thiols in the presence of DTT. The addition of DTT resulted 

in a subtle increase in activity with the Bri2-NT-MBs (t1/2 = 4.44 h) (Fig. 1). The reduction 

of the Bri2-NT-MBs resulted in a loss of ~20 % of immobilized protein, suggesting that 

rhBri2 BRICHOS was predominantly immobilized in the intramolecular disulfide linked 

monomeric form. This is consistent with the observation, that the Bri2-NT-MBs inhibited 

Aβ42-fibril formation to a greater extent than the positive control, a mixture of rhBri2 

BRICHOS oligomers, dimers and monomers. While the Bri2-NT-MB were successfully 

used for the ThT fluorescence assay, they were limited to single use experiments, as formic 

acid (70 %) was required to remove fibrils, which resulted in a decrease of activity of the 

immobilized rhBri2 (data not shown).

3.2. Protein fishing

Protein fishing experiments were carried out on the human neuroblastoma cell line, 

SH-SY5Y, as it was previously demonstrated that recombinant BRI276–266 induced the 

activation of the apoptosis pathway in this cell line [25]. SH-SY5Y cells were homogenized 

and centrifuged generating the cytosolic fraction (supernatant), which was incubated with 

the Bri2-NT-MBs and the corresponding Control-MBs. The removal of the MBs resulted in 

the Load fraction and after two washes, a saturating concentration of rh Bri2 BRICHOS 

was used to generate the Elute 1 fraction and a subsequent wash resulted in Elute 2 
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fraction (Table 1 and Supplemental Table 1) (Scheme 1). Protein hits were identified by 

two approaches: 1) a significant difference in spectral counts between the Bri2-NT-MB and 

corresponding control in the Elute fractions, and 2) The absence or decreased presence of a 

protein, based on spectral counts, in the Load fraction with a concurrent increase in the Elute 

fractions relative to control.

Using the first approach, 70 proteins were identified that had a significant increase (p < 0.05) 

in elution from the Bri2-NT-MB relative to Control-MB, with GAPDH having the largest 

spectral difference (Δ = 576) and RANBP1 being the most significant (Δ = 9.67) (Table 

1 and Supplemental Table 1). Several of these proteins have been previously identified 

as interacting partners for Bri2, including Neuronal cell adhesion molecule (NRCAM) 

and Neuromodulin [24]. In addition to GAPDH, several other proteins had large spectral 

differences between Bri2-NT-MB and Control-MB, including CKB, PTMA, PTMS, GDI2, 

GDI1 with a Δ≈50 and HSPA4, ARHGDIA, ANXA6, NRCAM, with a Δ≈25 (Table 1 and 

Supplemental Table 1). Citrate synthase (CS) was also identified, which is consistent with 

recent studies demonstrating that rh Bri2 and Bri3 BRICHOS domains bind and efficiently 

inhibit non-fibrillar aggregation of thermo-denatured CS [12,18]. In the second approach, 

only Apo-A1 and C3 were present in smaller amounts in the Bri2-NT-MB Load Fraction, 

with concurrent increases in the Bri2-NT-MB Elute 1 and Elute 2 fractions, although 

the difference was not significant in any fraction. The data from the ‘protein fishing’ 

experiments, clearly point out that future ‘protein fishing’ experiments should be conducted 

using the first approach, as it resulted in the identification of 70 significant hits.

3.3. Study of direct interaction with rhBri2 BRICHOS

In order to study direct interactions, rh Bri2 BRICHOS was immobilized onto sensor chip 

surfaces via amines and interactions with GAPDH and Apo-A1 were studied by Surface 

Plasmon Resonance (SPR). GAPDH was shown to interact with rh Bri2 BRICHOS by SPR 

with an apparent binding affinity of KD of 2.76 μM (Fig. 2A). Native mass spectrometry 

(Supplemental Fig. 1) revealed that GAPDH forms tetramers and as a result, the apparent 

binding affinity (KD) of GAPDH for the immobilized rhBri2 BRICHOS was calculated 

based on tetramer concentrations to be KD of 0.69 μM (r2 = 0.996). This identifies for the 

first time that GAPDH is a strong interacting partner with rh Bri2 BRICHOS. Interactions 

between Apo-A1 and rh Bri2 monomers was also studied by SPR. Apo-A1 had an apparent 

binding affinity KD of 6.7 μM (r2 = 0.960) with an Rmax of 21.81 response units (RU) 

calculated based on monomer concentrations, determined by Native MS (Suppl Fig. 1). 

This is a lower boundary estimate as the plateau binding was not reached at the highest 

concentration of 17.65 μM. The maximal signal intensity/Rmax for GAPDH was 690 RU, 

significantly higher than what was observed with Apo-A1. As GAPDH and Apo-A1 have 

comparable molecular weights, this supports the finding by Native MS that Apo-A1 is 

monomeric, whereas GAPDH is in a tetrameric form, consistent with previous studies [26]. 

As a result of the weak interactions observed by SPR for Apo-A1, NMR experiments 

were carried out in order to determine whether any interactions are present between rh 

Bri2 BRICHOS and Apo-A1. However, the wild type rh Bri2 BRICHOS did not result in 

satisfactory spectra (data not shown), as a result, 180 μM 13C-15N Bri2 BRICHOS R221E 

monomer was used [13]. The NMR spectrum demonstrated that no interaction or only 
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weak interaction was observed between Apo-A1 and rh Bri2 BRICHOS in solution at 1:1 

molecular equivalents (Suppl. Fig. 2), as no chemical shift changes were observed. While 

inconsistent with the SPR experiments, the differences observed may result from the fact 

that NMR was carried out at 37 °C and/or that the mutant rh Bri2 BRICHOS R221E had 

to be used instead of the wild type rhBri2 BRICHOS (113–231) domain used in the SPR or 

the rh Bri2 BRICHOS (90–236) domain utilized in the MB protein fishing experiments. It 

has recently been shown that wt rh proSP-C BRICHOS and mutant thereof, rh prosP-C 

BRICHOS T187R that is analogous to rh Bri2 BRICHOS R221E bind with different 

affinities to Aβ fibrils [27]. The NMR results cannot rule out that there is a dynamic 

exchange between free, as the major state, and bound rh Bri2 BRICHOS, as the minor 

state, however, the NMR signal intensities could not be compared due to the large dilution 

effect that made different number of scans for each experiment necessary. Such a mechanism 

would be characterized by a weak binding constant, which would be in agreement with the 

SPR data, as well as the ‘fishing’ data, where a lack of significance was observed in the 

Load, Elute 1 and 2 fractions. The identification of a strong interacting partner, GAPDH, 

and a weak interacting partner, ApoA1, in the ‘protein fishing’ experiment, demonstrates 

that saturation of Bri2-NT-MB was not obtained in the ‘fishing’ experiments.

3.4. Enrichment analysis

In order to help provide insight into a potential mechanism of action of rh Bri2 BRICHOS, 

STRING analysis was performed with proteins that were significantly different in the Elute 

2 fraction to construct a “protein social network”. Three protein clusters, Rho GTPase, heat 

stress response and pyruvate, cysteine and methionine metabolism were identified (Fig. 3). 

The inclusion of full-length Bri2 (also known as integral membrane protein 2B, ITM2B) to 

the protein social network did not result in any change with the list of proteins, indicating 

that Bri2 is not known to be involved with any of the identified clusters. Interestingly, while 

Bri2 did not result in any change to the protein social network, a recent study suggested 

that proteins associated with the Bri2 protein were involved in neurite outgrowth, neuronal 

differentiation and synaptic signaling and plasticity [16]; the identified clusters in this study 

are known to be involved in these signaling pathways [28–30]. These results may help 

provide additional insight into the mechanism of Bri2 BRICHOS domain from a molecular 

perspective. However, these results should be interpreted with care, as these findings need to 

be validated with additional experimental evidence.

In our study, four proteins from the Rho GTPase cluster were identified, including 

ARHGDIA, ARHGDIB, GDI1 and GDI2. Rho GTPases have been shown to be 

dysregulated in AD and to play a critical role in neurological disorders and AD pathogenesis 

[31] and are considered a potential therapeutic target in AD. ARHGDIA has been shown 

to play a role in the maintenance of the neuronal cytoskeleton, promotion of neuronal 

development, neurite outgrowth [32] and to possess antiapoptotic activity. Rho GTPase 

regulatory proteins have also been shown to control synapse development and plasticity 

[28]. Inclusion of the proteins from the load fractions resulted in a connection between 

the Rho GTPase and the second cluster of the heat stress response via proteins from the 

fibrin clot including Apo-A1 (data not shown). The second cluster identified was the heat 

stress response cluster. Several of the heat shock proteins were identified with a high 
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degree of confidence, including HSPA8, HSPA4 (HSP 70 family) and HSPA2. Small Heat 

Shock Proteins (sHsps) have been found to co-localize with amyloid plaques associated 

with AD and other neurodegenerative diseases [33], suggesting that the cellular quality 

control machinery is activated to prevent accumulation of misfolded species. Hsps may be 

involved in neurodevelopment through pathways that regulate cell differentiation, neurite 

outgrowth and cell migration [29] and involved in homeostatic synaptic plasticity [30], 

consistent with a recent study on the signaling pathways identified with proteins associated 

with Bri2 [16]. Bri2 and Bri3 have also been found in close proximity to Aβ plaques in 

AD patients [34]. The Heat Stress response cluster is connected to the third cluster (the 

pyruvate, cysteine and methionine metabolism cluster) via GAPDH, the protein that had the 

largest spectral difference between the Bri2-NT-MB and the Control-MB. GAPDH, a key 

enzyme in glycolysis, also plays a role in DNA repair, transcriptional regulation, membrane 

fusion and transport, autophagy and cell death [35]. GAPDH aggregates have been shown to 

accelerate Aβ amyloidogenesis and subsequent neuronal cell death both in vitro and in vivo 
and have been found post-mortem in the brains of patients with AD [35].

The proteomic data and enrichment analysis obtained in the fishing study, confirm that 

the novel application of ‘protein fishing’ is a viable approach that in combination with 

proteomics offers a significant advantage in the identification of new interacting partners 

thus providing insight into novel mechanisms. The approach was able to identify interacting 

partners with an order of magnitude differences in the binding affinities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Kinetic analysis of Aβ42 in the absence and presence of Bri2-NT-MB, Bri2-CT-M and 

Control-MB with and without rh Bri2 BRICHOS on Aβ42 fibril formation measured by ThT 

fluorescence.

The data presented shows the kinetic analysis of fibril formation of 3 μM Aβ42 alone 

and with A. Control-MBs only and Control-MBs with 3 μM rh Bri2 BRICHOS domain; 

B. Bri2-NT-MB only and Bri2-NT-MB with 0.1 mM DTT; C. Bri2-CT-MB only and 

Bri2-CT-MB with 0.1 mM DTT. D. shows direct T1/2 (h) comparison from A, B and C. 

The measurements were done in quadruplicate and individual sigmoidal fits (solid lines) of 

normalized and averaged aggregation traces (dots) are presented.
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Fig. 2. 
SPR analysis of ApoA1 and GAPDH binding to immobilized Bri2 BRICHOS.Crude rh Bri2 

BRICHOS was immobilized to a sensor chip by amine coupling. SPR sensorgrams were 

recorded at A. seven different GAPDH tetramer concentrations: 2.5 μM (dark green), 1.3 μM 

(yellow), 0.63 μM (red), 0.31 μM (purple), 0.16 μM (light green), 0.078 μM (blue) and 0.039 

μM (grey) and B. five different Apo-A1 monomer concentrations: 17.7 μM (dark green), 8.8 

μM (yellow), 4.4 μM (red), 2.2 μM (purple) and 1.1 μM (light green) injected over the chip 

surface.
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Fig. 3. 
Enrichment Analysis of interacting proteins with Bri2 BRICHOS. STRING analysis was 

carried out on proteins that were significantly increased in the Elute 2 fraction of the 

Bri2-NT-MB Proteins relative to the Control-MB. Identified pathways including pyruvate 

and cysteine and methionine metabolism (red), Reactome pathways: Rho GTPase cycle 

(green) and cellular response heat stress (blue). STRING analysis was performed with high 

confidence (0.7), and significant reactome and KEGG pathways correspond to FDR < 0.05. 

The protein network metrics are: Number of nodes: 89; number of edges:70; average node 

degree: 1.57; average local clustering coefficient: 0.329; expected number of edges: 26; PPI 

enrichment p-value: 9.92e-13.
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Scheme 1. 
Flow chart for protein fishing experiments carried out in SH-SY5Y cellular extracts using 

Bri2 BRICHOS coated magnetic beads.
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Table 1

The proteins that were removed from the Bri2-NT-MB and Control-MBs incubated in the cytosolic fraction of 

cell homogenates of SH-SY5Y cells, following two washes with 1x PBS, an elution with 10 μM rh Bri2 

BRICHOS and an incubation with 1X PBS at room temperature. The difference in spectral counts between the 

Bri2-NT-MBs and Control-MBs (Δ) is reported and the statistical significance (p-value <0.025) and those 

reported with p-values between 0.025 and 0.050 are reported in Supplemental Table 1.

Protein Hits Δ p-value

Ran-specific GTPase-activating protein RANBP1 9.67 0.000

High mobility group protein B3 HMGB3 8.33 0.002

Rho GDP-dissociation inhibitor 1 ARHGDIA 29.67 0.002

L-lactate dehydrogenase B chain LDHB 17.00 0.004

Citrate synthase, mitochondrial CS 10.67 0.004

Ubiquitin thioesterase OTUB1 8.33 0.006

Parathymosin PTMS 49.67 0.007

Rab GDP dissociation inhibitor alpha GDI1 48.00 0.007

Ubiquitin-conjugating enzyme E2 N UBE2N 6.67 0.008

Translationally-controlled tumor protein TPT1 10.67 0.010

Ovarian cancer-associated gene 2 protein OVCA2 3.33 0.010

Protein phosphatase 1 regulatory subunit 14B PPP1R14B 7.33 0.010

Lysosomal Pro-X carboxypeptidase PRCP 3.33 0.013

Gamma-glutamyl hydrolase GGH 3.33 0.013

Lactoylglutathione lyase GLO1 3.33 0.013

Acetyl-CoA acetyltransferase, cytosolic ACAT2 9.33 0.013

Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial HADH 4.00 0.013

Chloride intracellular channel protein 1 CLIC1 16.67 0.014

Programmed cell death protein 5 PDCD5 3.67 0.015

Purine nucleoside phosphorylase PNP 12.67 0.015

Rho GDP-dissociation inhibitor 2 ARHGDIB 8.00 0.015

RNA 3′-terminal phosphate cyclase RTCA 2.67 0.015

Neuromodulin GAP43 4.67 0.016

Malignant T-cell-amplified sequence 1 MCTS1 6.33 0.019

Transgelin-3 TAGLN3 5.00 0.019

Prosaposin PSAP 2.33 0.020

Glycine cleavage system H protein, mitochondrial GCSH 2.33 0.020

Heterogeneous nuclear ribonucleoprotein A/B HNRNPAB 4.00 0.020

Tubulin polymerization-promoting protein family member 3 TPPP3 4.00 0.020

cAMP-regulated phosphoprotein 19 ARPP19 9.33 0.022

BH3-interacting domain death agonist BID 3.33 0.022

Eukaryotic translation initiation factor 6 EIF6 10.00 0.023

Prothymosin alpha PTMA 55.33 0.024

Bleomycin hydrolase BLMH 10.33 0.024

Neuronal cell adhesion molecule NRCAM 25.00 0.025
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