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Abstract 

An Investigation of the domain-domain interactions of A Disintegrin Metalloproteinase domain-

containing protein 10 (ADAM10) 

 

By Richard Nwakamma 

Alzheimer’s disease (AD) is the most common form of dementia and is characterized as a 

chronic neurodegenerative illness leading to memory loss and loss of cognitive function. A 

Disintegrin and Metalloproteinase domain-containing protein 10 (ADAM10) is a key protein 

involved in many biological processes including neuropathology, inflammatory response, and 

tumor progression. In neurons, ADAM10 acts as an α-secretase to mediate proteolytic processing 

of the amyloid precursor protein (APP). It plays a critical role in reducing the generation of 

amyloid-β (Aβ) peptides which helps reduce the pathogenesis of AD. ADAM10 is a membrane 

protein, and its extracellular component consists of four functional domains, including a pro 

domain (P), metalloprotease domain (M), a disintegrin domain (D) and a cysteine rich domain 

(C). The crystal structure of a truncated ADAM10 containing M, D, and C domains revealed the 

molecular details of how D and C domain regulates M domain activity. Studies have shown that 

ADAM10 is active only when the P domain is cleaved, however, how the P domain interacts 

with other domains remains unknown. To further explore the regulatory roles of the four 

functional domains on ADAM10 activity, we designed protein domain truncations of ADAM10 

fused with various molecular tags and performed protein-protein interaction assays. The 

techniques used in this study include Gateway cloning, mammalian cell culture and 

overexpression of recombinant protein domains, GST pulldown, TR-FRET, SDS-PAGE, and 

Western blotting. The results showed that the P domain can interact with M, D and C domains 

but with a preference to M domain. This study helps to provide a better understanding on the 

regulation of ADAM10 activity by its functional domains. Due to the neuroprotective role of 

ADAM10, restoring its enzymatic activity could be beneficial. Information gained from this 

investigation could assist in discovery of a novel therapeutic strategy for treating AD.  
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Introduction: 

Alzheimer’s disease (AD) is a neurodegenerative illness characterized by the decline in 

both memory and cognitive abilities as individuals age over time 3, 4. The pathophysiology of AD 

is complex and not fully understood, which makes this disease more difficult to treat. It is 

predicted by the year 2050, AD is expected to affect 150 million people across the world 5. In 

addition, new cases of AD have been shown to appear at an alarming rate of every seven seconds 

globally, emphasizing the rising spread of this neurological disease 6. Currently, most 

prescription drugs approved by the U.S. Food and Drug Administration (FDA) are to reduce 

solely the symptoms of AD 7, 8. Ongoing studies attempt to understand the mechanisms behind 

AD progression and to find new therapies to combat against this illness. AD pathology studies 

reveal that amyloid-β (Aβ) peptides and hyperphosphorylated tau, which form amyloid fibrils 

and neurofibrillary tangles respectively, are the hallmarks of AD 6, 7. In 2021, the FDA provided 

accelerated approval for aducanumab, an immunotherapy that targets beta-amyloid and may help 

slow the progression of Alzheimer’s, although it has not yet been shown to affect clinical 

symptoms or outcomes 9. The rise of AD cases and the lack of effective treatment raise the 

urgent need for new and effective therapeutics to reduce the harmful neurological effects 

associated with AD and aid in the prevention of AD for future generations.  

ADAM10 is a transmembrane protein that acts as an α-secretase to regulate the 

proteolytic processing of membrane bound proteins 10, 11. ADAM10 has been associated in 

various biological processes and diseases including developmental signaling, neurodegenerative 

diseases, cancer, and inflammatory responses 12-14. In the brain, ADAM10 is highly expressed 

and plays a key role in brain development where it is responsible for the shedding of several cell 

surface proteins such as ephrins, prion proteins, and others 13, 14. There is evidence that suggests 
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ADAM10 activity is correlated with Alzheimer’s disease seen in a variety of clinical studies. 

Cerebrospinal fluid (CSF) samples, taken from both patients with AD and age-matched controls, 

detected a decrease in the amount of mature or active ADAM10 in those with AD 15. In addition, 

studies have shown that in patients with mild and sporadic cases of AD, there is the decreased 

activity of α-secretases, which is correlated with an increase in amyloid-β (Aβ) peptides 16-18. 

This correlation of ADAM10 activity and the progression of AD can be explained further in 

ADAM10’s role as a secretase (Figure 1).  

 

 

Figure 1. Non-amyloidogenic pathway of the proteolytic cleavage of APP mediated by ADAM10. 

“Created with BioRender.com” 

https://biorender.com/
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ADAM10’s main role, in the context of AD, is seen in the proteolytic cleavage of the 

membrane protein amyloid precursor protein (APP) 19. APP cleavage by ADAM10 generates 

soluble APP alpha peptides (sAPPα, Figure 1), which is non-neurotoxic, that in turn reduces the 

amount of toxic amyloid-β (Aβ) peptides generated by β- and γ-secretases 5, 20, 21. ADAM10 

activity promotes the shift to the non-amyloidogenic pathway for APP processing, whereas the 

amyloidogenic pathway mediated by β- and γ- secretases leads to the production of toxic Aβ 

peptides that later forms amyloid plaques 21, 22. ADAM10 has been identified as the primary 

constitutively cleaving α-secretase responsible for cleaving APP, making it crucial for the 

reduction of AD pathogenesis 23, 24.  

The restoration of ADAM10 activity could result in the decreased production of Aβ 

peptides from APP processing and prevent the progression of AD. Recent studies have shown 

the overexpression of ADAM10 in mice through transgenic insertion resulted in reduced Aβ 

peptides and plaque formation, which led to an alleviation in cognitive impairment 25. There are 

currently ongoing efforts to induce ADAM10 activation by targeting key proteins and the 

development of small molecules as potential strategies for AD therapeutic development 26, 27. For 

instance, Etazolate is a drug commonly used to treat anxiety symptoms and related disorders that 

has been tested in phase II AD clinical trials as a new therapeutic 28. The mechanism of the drug 

is unknown, but it is thought to stimulate the GABA receptor to promote ADAM10 activity to 

process APP 28. Other molecules such as protein kinase C agonist Bryostatin-1 displayed 

promising results in promoting ADAM10 activity in AD mouse models and is currently being 

tested in phase I and II clinical trials 29, 30. Attempts have also been made to target inhibitors of 

ADAM10 such as the secreted frizzled related protein 1 (SFRP1). SFRP1 was found 

overexpressed in individuals with AD and is identified as a key therapeutic target 31. SFRP1 can 
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interact with ADAM10 and is believed to interfere with the proteolytic processing of APP 5, 32. 

This makes the SFRP1-ADAM10 protein-protein interaction a key target and the disruption of 

this interaction is another proposed strategy to restore ADAM10 activity 5, 33, 34. This is a 

promising therapeutic direction but further work to enhance ADAM10 activity requires a better 

understanding of its structure and how other key proteins are involved in its regulation. 

 

 

 

 

It is important to understand in-depth how the structure of ADAM10 is affecting and 

regulating its function, especially if further attempts are to improve upon its activity. ADAM10 

Figure 2. Structural Organization of ADAM10 a) The schematic depicts an 

overview of the structure of ADAM10 colored by the respective domain. P: 

prodomain, M: metalloprotease domain, D: disintegrin domain, C: cysteine-rich 

domain, TM: transmembrane domain, Cyt: cytoplasmic domain. “Created with 

BioRender.com”. b) Crystal structure of the truncated version of ADAM10 comprised 

of MDC domains corresponding to the colors in Figure 2a 2. 

https://biorender.com/
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is a member of the ADAM family that have a unique organizational structure for their domains 

35. The extracellular domains present, starting from the N-terminal side, includes the pro-domain 

(P), metalloprotease domain (M), disintegrin domain (D), and the cysteine rich domain (C) 

(Figure 2). The crystal structure of a truncated form of ADAM10 containing the M, D, and C 

domains (MDC) showed how each of the domains interact with one another 2. The main catalytic 

function of ADAM10 is performed by the M domain and the remaining domains are thought to 

play a role in the regulation of its overall activity 2, 36. Studies revealed that only when the P 

domain is cleaved, ADAM10 becomes catalytically active 37 (Figure 1). The P domain is linked 

to the M domain through a proprotein convertase recognition sequence that can be cleaved by 

proprotein convertases 38. Since the P domain is intrinsically disordered and difficult to obtain 

crystal structures, currently there is no experimental evidence on how it may interact with the 

other extracellular domains of ADAM10. Furthermore, it is believed that the D and C domains 

may play a regulatory role on the M domain seen from both the truncated structure of the MDC 

domains of ADAM10 (Figure 2) and APP shedding assays influencing the degree to which it 

interacts with its substrates 2, 39, 40. Further work is needed to understand the domain-domain 

interactions that influence the overall ADAM10 activity. 

The focus of this investigation is to explore the domain-domain interactions of ADAM10. 

The experimental overview is illustrated in Figure 3. By generating protein domain truncations 

of ADAM10 with various molecular tags, protein-protein interaction (PPI) assays were 

developed, which include Glutathione-S-transferase (GST) pulldown assay and time-resolved 

fluorescence energy transfer (TR-FRET) assay. These assays identified unique interactions 

occurred with the P domain and other domains. The findings of this study have shed more light 

on the structure of the P domain and further clarified the potential role the domains have on 
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regulating ADAM10 activity. This information could help in developing strategies to restore 

ADAM10 activity in AD patients, serving as a new method of treatment to combat this disease. 

 

 

 

 

Figure 3. Experimental Overview. The schematic depicts an overview of the investigation 

where the generation of respective plasmids for each ADAM10 domain will first be generated, 

followed by overexpression in cells, and extraction of truncated protein domains for use in 

protein-protein interaction assays (GST pulldown and TR-FRET). “Created with 

BioRender.com” 

https://biorender.com/
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Materials and Methods: 

Generation and Extraction of DNA Plasmids 

 DNA constructs for the respective ADAM10 domain truncations were generated using 

PCR followed by Gateway cloning technology manual (Supplementary Figure 1). Plasmids 

were generated for the following domains, with the respective amino acid segments of 

ADAM10, P (1-219), M (220-459), D (455-550), C (551-672), PM (1-459), DC (455-654), and 

MDC (220-654). Further truncations were generated of M domains which included M1 (220-

340) and M2 (340-459). The insertion gene of each truncation were generated using PCR which 

entailed 30 cycles of denaturation at 98°C for 30 seconds, annealing at 60°C for 30 seconds, 

extension of DNA at 72°C for 40 seconds, and final extension at 72°C for 10 minutes. All 

primers used are displayed in Supplementary Table 1 for reference.  

All PCR products underwent Gateway cloning (Invitrogen) to generate fused-protein 

plasmids with Venus Flag (VF) tag or Glutathione-S-transferase (GST) tag incorporated. Entry 

vectors (pDONR221) were generated by the BP reaction and then transformed into TOP10 

competent E. coli cells and inoculated to promote growth. All plasmids were extracted through 

miniprep and verified using agarose gel electrophoresis. pDONR plasmids underwent LR 

reactions to generate destination vectors (pDEST). These plasmids had genes incorporated for 

the addition of molecular tags VF and GST and followed a similar protocol for pDONR for 

extraction and verification. All plasmids were extracted using QIAprep Spin Miniprep kits and 

ZymoPURE Plasmid Maxiprep kits (Zymo Research, catalog no. D4203).  

Verification of ADAM10 Plasmids 

All ADAM10 domain constructs were further verified using restriction enzyme digestion 

followed by agarose gel electrophoresis. The setup for the digestion included preparation of an 

enzyme digestion buffer with restriction enzyme Bsp1407I dissolved in FastDigest Green Buffer 
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(FastDigest Bsp1407I, Catalog no. FD0933) and all plasmids used were diluted to 100
𝑛𝑔

µ𝐿
 in a 6 

µL total solution. The solutions were boiled in a water bath at 37°C for 30 minutes. All samples 

then underwent agarose gel electrophoresis for identification. A 1% agarose gel was prepared, 

and an electrophoresis chamber was prepared with 1X TBE buffer, and the following 

suspensions were inserted into the wells: 6 µL of the digested plasmid solution and 6 µL of 1 Kb 

DNA ladder. The gel ran at a voltage of 150 for 20 minutes. The gel’s image was taken by the 

Bio Rad ChemiDoc Imaging system for analysis. Fragments were generated for some ADAM10 

plasmids using the restriction enzyme digestion. The NEBcutter program (New England BioLabs 

Inc.) was used to identify enzyme digestion sites along with the expected number of fragments 

and sizes for all plasmids. Constructs with expected insertion gene size were further outsourced 

for verification by Sanger sequencing at Genewiz. 

Cell Culturing and Transfection of HEK293T Cells 

 A human kidney cell line, HEK293T, is used for overexpression of the plasmids. 

Dulbecco’s Modified Eagle’s Medium (DMEM; Corning, catalog. no. 10-013-CV) was used for 

cell culture, which contained 4.5 g/L glucose, L-glutamine, and sodium pyruvate with 10% fetal 

bovine serum (FBS) and a 1% antibiotic mixture of penicillin/streptomycin added (CellGro, 

catalog. no. 30-002-CI). HEK293T cells were maintained in a cell incubator at 37 oC with 5% 

CO2. In a typical transfection experiment, HEK293T cells grown to 60%-70% confluency in a 6-

well plate were transfected with VF and GST tagged plasmids corresponding to specific 

ADAM10 domain truncations, with a total plasmid amount of 3 µg. Transfection was performed 

using 1 mg/ml polyethyleneimine (PEI; Polysciences, Inc., catalog no. 23966) as the transfection 

reagent in a standard ratio of 3 µg of PEI to 1 µg of DNA plasmid. The efficiency of transfection 
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was observed qualitatively using the ZOE Fluorescent Cell Imager by the fluorescence emitted 

by VF-tagged constructs, and further detected by western blotting using tag specific antibodies. 

GST Pulldown Assay 

 HEK293T cells were co-transfected with respective GST and VF-tagged ADAM10 

domain constructs and were incubated for 48 hours. Harvested cell pellets from a single 6-well 

were lysed using 200 µL of 0.5% Triton X-100 Lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 

5% glycerol, 0.5% Triton X-100, and 2 mM EDTA) with the addition of protease inhibitor 

(catalog. no. P8340) and phosphatase inhibitor cocktail (catalog. no. P0044 and P5726) followed 

by sonication for 10s and centrifugation for 10 min. at 13,200 r.p.m. at 4°C. All cell lysates were 

collected and incubated with glutathione-conjugated beads (GE Healthcare, catalog no. 17–0756-

05) for 2 hours rotating at 4°C. After incubation, all beads were washed 3 times using the lysis 

buffer and were eluted by boiling for 3 minutes in sodium dodecyl sulfate (SDS)-polyacrylamide 

gel electrophoresis (SDS-PAGE) loading buffer and stored at -20°C. All samples were analyzed 

using Western Blotting and respective antibodies. 

Antibodies 

The mouse Monoclonal Anti-Flag M2- Peroxidase (HRP) antibody (catalog. no. A8592), 

rabbit polyclonal anti-Glutathione-S-Transferase (GST)- Peroxidase Conjugate antibody 

(catalog. no. A7340), and mouse monoclonal anti-Glutathione-S-Transferase (GST)- antibody 

(catalog. no. G1160), were purchased from Sigma-Aldrich. The Peroxidase AffiniPure goat anti-

rabbit IgG (H + L) secondary antibody (catalog. no. 111-035-003) and the Peroxidase AffiniPure 

goat anti-mouse IgG (H + L) secondary antibody (catalog. no. 111-035-003) were purchased 

from Jackson ImmunoResearch Inc. The Tb cryptate-conjugated monoclonal anti-GST antibody 
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(anti-GST-Tb, catalog. no. 61GSTTLB) and d2-conjugated anti-Flag antibody (anti-Flag-d2, 

catalog. no. 61FG2DLB) were purchased from Cisbio Bioassays (Bedford, MA). 

Western Blotting 

 All protein samples were separated using sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). 10% gels were used and allowed to run for 1 hr. at 150V. Proteins 

on the gel were transferred onto a nitrocellulose filter membrane at 100V for 2 hours at 4°C. All 

membranes were blocked in 5% nonfat dry milk dissolved in TBST buffer (20 mM Tris-base, 

150 mM NaCl, and 0.05% Tween 20) for 30 min. All membranes were then incubated in 

respective primary antibody solutions overnight at 4°C while secondary antibodies were 

incubated for 1 hour at room temperature. All membranes were washed 3 times for at least 3 

minutes each time in TBST buffer. SuperSignal West Pico PLUS Chemiluminescent Substrates 

(Thermo, catalog no. 34580) or Dura Extended Duration Substrates (Thermo, catalog no. 34076) 

were used for detection. All Western blot imaging was performed using a ChemiDoc imaging 

system (Bio-Rad). 

TR-FRET Assay 

All TR-FRET assays were performed using the lysates of HEK 293T cells expressing 

VF-tagged and GST-tagged ADAM10 domain constructs in 384 black well plates. Cells had 

previously underwent transfection and after 48 hours cell lysates were extracted. Assay buffer 

contained 20 mM Tris-HCl, pH 7.0, 50 mM NaCl, and 0.01% nonidet P-40 (NP-40). Respective 

GST-Terbium (Tb) and Flag-d2-conjugated antibodies were used for GST and VF tagged 

constructs, respectively. For each well, the total volume was 20 µL where 10 µL of cell lysates 

underwent a serial dilution using the reaction buffer, then 10 µL of an antibody mixture was 

added to reach final ratio of 1:1000 GST-Tb and 1:500 Flag-d2. All plates were centrifuged at 
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1000 r.p.m. for 1 min. and were left to incubate for more than 2 hours or overnight at 4 oC. The 

TR-FRET signals were measured using the BMG Labtech PHERAstar FSX plate reader. 

Results: 

Construction and Verification of Plasmids 

Figure 4. Generation and verification of ADAM10 domain plasmids by gel electrophoresis 

followed by overexpression in HEK293T cells. a) Illustration depicting the co-transfection of 

plasmids for two respective protein domains and the cell lysate collected with VF and GST 

tagged fusion proteins 41. b) Image of an agarose gel from DNA electrophoresis depicting the 

plasmids of pDEST vectors for respective VF tagged protein domains after Bsp1407I enzyme 

digestion. All plasmids are labeled by their respective domain truncation (P, M, D, etc.) and 
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DNA ladders are represented by L. c) Image depicting transfected HEK293T cells after 

incubation with an empty plasmid (pcDNA) under a brightfield view on left and green-

fluorescent channel view on right. d) Transfected HEK293T cells are displayed after transfection 

with VF-PM plasmid for 2 days under brightfield (left) and green-fluorescent channel (right). 

 

ADAM10 domain truncation plasmids for mammalian cell expression were generated for 

each respective domain using Gateway cloning (Supplementary Figure 1). All plasmids had a 

GST or VF tag attached with a respective orientation (N-terminal or C-terminal) and were 

purified from Top10 cell culture (E. Coli). Plasmids were then verified using agarose gel 

electrophoresis, indicated by the expected base pair size of the respective plasmid. The exact 

sizes for each domain truncation for P, M, D, C, MDC, DC, and PM are respectively 657bp, 

720bp, 288bp, 366bp, 1320bp, 600bp, and 1377bp. The observed base pair sizes of the VF-

tagged plasmids of P, M, D, C, MDC, DC, and PM generated are approximately 700bp (P and 

M), 200bp, 400bp, 1000bp, 500bp, and 1500bp, respectively (Figure 4b). The observed sizes of 

each domain on the DNA gel reflected their expected sizes. Fragments for respective plasmids 

are seen in the gel for D, MDC, and DC (Figure 4b). Respective fragment sizes sum up to the 

observed sizes that were mentioned previously. The plasmids were further verified using a 

Sanger sequencing service, the results were aligned with their known sequences and matched 

(data not shown). Verified expression plasmids were transfected in HEK293T cells for tag fused 

protein expression (Figure 4a). The efficiency of transfection and protein expression can be seen 

by the emitted green fluorescence from HEK293T cells transfected with VF tagged plasmid, 

comparing to the brightfield (Figure 4d). Cells transfected with an empty plasmid (pcDNA) with 

no expression of VF are expected to show no fluorescence (Figure 4c). The expression of both 
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VF-tagged and GST-tagged proteins are also confirmed by Western Blotting of the respective 

whole cell lysates transfected with the plasmid (data not shown).  

 

Experimental Design of TR-FRET and GST Pulldown Assays 

 

Figure 5. Illustration depicting workflow of GST Pulldown and TR-FRET Assays. a) 

Schematic depicting the setup of the GST pulldown assay using GST-tagged P domain and VF-

tagged M domain plasmids. In whole cell lysates, overexpressed GST-tagged P domain is 

captured by glutathione beads, which is interacting with the VF-tagged M domain 42 b) 

Illustration describing the workflow of the TR-FRET assay. “Created with BioRender.com” c) 

Schematic of the design of the TR-FRET assay for detecting interactions between truncated 

ADAM10 domains 43. Anti-GST-Tb antibody serves as the TR-FRET donor and the anti-Flag-

D2 serves as the acceptor. When the donor and acceptor are close enough with <10 nm in 

distance, the FRET signal is emitted to indicate an interaction between the two target proteins.  

https://biorender.com/
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 HEK293T cells were overexpressed with two respective ADAM10 domain truncations 

though a co-transfection using two distinct plasmids. Cell lysates were extracted and used to 

perform GST pulldowns and TR-FRET assays to identify PPIs (Figure 5). The GST pulldown 

assay captures the GST tagged protein with glutathione resin from the whole cell lysate, while 

the interacting proteins are also pulled down on the resin (Figure 5a).  Multiple domains were 

paired together and tested to ensure each respective domain could interact with all possible 

combinations. A list of all the various combinations of ADAM10 domains tested is summarized 

in Supplementary Table 2. The TR-FRET assay is used to verify interactions identified from 

GST pulldowns. Respective antibodies were added to whole cell lysates that serve as the donor 

(Anti-GST-Tb) and acceptor (anti-Flag-D2), which bind to respective GST or VF- tagged 

ADAM10 domains (Figure 5b). When the donor and acceptor are in proximity, which is 

mediated by the ADAM10 domain-domain interactions, the FRET signal turns on, indicating a 

PPI (Figure 5c). These two assays use different approaches to identify PPIs, but the utility of 

incorporating both helps to circumvent for any experimental artifacts such as variation in the 

intensity of bands (GST pulldown) or fluorescent interferences (TR-FRET). Additionally, for 

both techniques, the direction of fusion tags was switched to test for all possible combinations, 

taken into consideration the effect the tag orientation may have on the binding of the ADAM10 

domains. 
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Identifying Interactions of the Pro domain with truncated ADAM10 domains  
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Figure 6. GST Pulldown and TR-FRET of ADAM 10 P domain constructs interacting with 

M, MDC, D, and C domains. Molecular weight indicated by the protein ladder is marked on the 

right side of each blot. a) GST pulldown testing the interaction of N-terminal VF-tagged P 

domain construct (VF-P) with respectively C-terminal GST-tagged M, MDC, D, and C domain 

constructs. b) TR-FRET signals displayed of the interactions between VF-P and (M, MDC, D, 

and C)-GST. All interactions tested consisted of 2 trials and the signals displayed represent the 

mean and standard deviation. c) GST pulldown testing the interaction of C-terminal GST-tagged 

P domain construct (P-GST) with respectively N-terminal VF tagged M, MDC, D, and C 

constructs. VF vector without protein fusion was used as a negative control for each 

experimental setup. d) TR-FRET signals displayed of the interactions between P-GST and VF- 

(M, MDC, D, and C). All interactions tested consisted of 2 trials and the signals displayed 

represent the mean and standard deviation.  

GST pulldowns were performed in tandem with TR-FRET assays using the same plasmid 

concentrations in transfection. N-terminal VF-tagged P domain constructs (VF-P) showed 

interactions with all respective C-terminal GST-tagged domain truncations of M, MDC, D, and C 

(Figure 6a). C-terminal GST-tagged P domain constructs (P-GST) also displayed interactions 

with the same pairs in N-terminal VF tagged fusions. (Figure 6c). The assay is repeated by 

changing plasmid concentrations for transfection, which changes the level of protein expression 

in whole cell lysates. In Supplementary Figure 2a, C-terminal GST-tagged P domain (P-GST) 

interacted with all respective N-terminal VF-tagged M, D, C, DC, and MDC domains. Overall, 

the signal reflecting interactions between P domain and M domain is the most intense (VF-P 

pulldown by M-GST in Figure 6a and VF-M pulldown by P-GST in Figure 6c). In the pulldown 

blot Figure 6a, the band intensity of P and MDC interaction is comparable to P and M 
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interaction, however, in the pulldown blot of Figure 6c, P and MDC interaction seems weaker, 

which could be due to the lower expression level of VF-MDC in the whole cell lysate. The 

interaction of P with D and C domains were not as intense compared to interaction with M.  

For the TR-FRET assays, VF-P domain constructs showed interactions with GST-tagged 

domain truncations of M and MDC, which has been repeated in two independent experiments 

(Figure 6b and Supplementary Figure 2b). This distinction is the most significant as the 

dilution factor of cell lysate is between 4 and 8 and the signal-to-background ratio is greater than 

4. However, the signal-to-background ratio of VF-P and GST tagged D and C domains are 

approximately 1, indicating no TR-FRET signal for these pairs (Figure 6b and Supplementary 

Figure 2b). When tags were switched testing interactions of P-GST with VF- (M, MDC, D, and 

C), the signals were not distinct from one another, and they were close to the background 

(Figure 6d). This is possibly due to the mechanism of the TR-FRET signal generation. The TR-

FRET signal emits when the distance of the donor and acceptor is less than 10 nm (Figure 5c), 

while the size of the tags (VF is 26 kD and GST is 27 kD) and their orientations (N-terminal 

fusion or C-terminal fusion) could affect the distance between the donor and acceptor molecules 

conjugated on the specific antibodies.  

From both the GST pulldown and TR-FRET assays, it can be confirmed that P interacts 

with M and MDC domains. These interactions occurred in both GST pulldowns (Figures 6a, 6c, 

and Supplementary Figure 2a) and TR-FRET assays (Figures 6b and Supplementary Figure 

2b). This led to further attempts to narrow down the binding interaction of the P and M domain, 

which involved generating smaller truncations of each respective domain and perform GST 

pulldowns and TR-FRET assays. Some preliminary results can be seen in Supplementary 
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Figure 4 as conditions of the experiment would need to be further optimized to increase protein 

expression level.  

 

Identifying Interactions of the M and PM domains with truncated ADAM10 domains  

 

 

 

 

 

 

 

 

 

 

Figure 7. GST Pulldown Assay of M and PM domain interacting with other ADAM10 

domain constructs. a) Interaction of C-terminal GST-tagged M domain construct (M-GST) with 

respectively N-terminal VF tagged P, D, C, and DC constructs. b) Interaction of C-terminal 

GST-tagged PM domain construct (PM-GST) with respectively N-terminal VF tagged DC 

constructs. VF vector without protein fusion was used as a negative control. Molecular weight 

indicated by the protein ladder is marked on the right side of each blot. 
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Additional GST pulldown assays were performed to identify interactions occurring 

between other ADAM10 domain truncations. In Figure 7a, C-terminal GST-tagged M domain 

(M-GST) interacted with all respective N-terminal VF-tagged P, D, C, and DC domains. In 

Figure 7b, C-terminal GST-tagged PM domain (PM-GST) interacted with VF-tagged DC 

domain. A list of all the combinations of ADAM10 domains tested is summarized in 

Supplementary Table 2. Additional pulldown results are shown in Supplementary Figure 3, as 

those not specifically mentioned either showed no expression in whole cell lysates, or the 

molecular weight of the corresponding fused-protein domain was inaccurate. 
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Discussion: 

 ADAM10 plays a critical role in promoting the non-amyloidogenic pathway and reduces 

the amount of toxic amyloid-β (Aβ) peptides associated with AD 44, 45. This has led to attempts to 

increase ADAM10 activity serving as a new potential therapy in combatting against AD 12, 46, 47. 

The structure of the full-length version of ADAM10 is not completely understood, while it is 

crucial in the understanding of how its extracellular activity is being regulated. Previous work 

indicated that the P, D, and C domains of ADAM10 play a role in regulating the activity of the 

M domain 48-50. The P domain acts as a switch turning on and off the protease activity of 

ADAM10, but how it interacts with other domains remains unclear 48. In this study, we aim to 

dissect the domain-domain interactions of ADAM10’s extracellular component and hope to fill 

in the gap of knowledge on how these domains could participate in regulating ADAM10 activity. 

Findings from this study provide a basis to better understand the structural regulation of 

ADAM10 and help in restoring the neuroprotective role of ADAM10 to serve as a new 

therapeutic strategy to treat AD. 

This investigation explored the binding interactions of the extracellular domains of 

ADAM10. By creating expression plasmids of domain truncations, various domain pairs were 

tested with one another in cell lysate-based protein-protein interaction assays such as GST 

pulldown assay and TR-FRET assay.  

The GST pulldown assay isolates protein-protein interactions from the whole cell lysates 

expressing the proteins of interest (Figure 5a). We identified various domain-domain 

interactions led by the M domain and P domain. The M domain has already been displayed to 

interact with the D and C domains in the crystal structure of MDC 2, 48. It is thought to play an 

autoinhibitory role as this domain truncation partially occludes the active site of the M domain 
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(Figure 2) 2, 51. This further suggests that the D and C domains interact with the M domain to 

regulate its affinity to substrates such as APP 2, 36. The results of our work displayed that the M 

domain interacts with D, C, and DC domains, which further validated previous findings (Figure 

7a). We discovered that P domain interacts with all the other various domains including M, D, C, 

DC, and MDC. GST pulldown results of N terminal VF-P displayed interactions with C-terminal 

GST constructs of M, MDC, D, and C domains, while signal intensities of D and C are weaker 

(Figure 6a). For pulldowns with C-terminal P-GST, interactions were also seen with N terminal 

VF tagged M, MDC, D, and C with variation in the signal intensities (Figure 6c and 

Supplementary Figure 2a). One limitation with this assay is that the data analysis is primarily 

qualitative. The intensity of the bands in western blots serves to identify interactions that are 

occurring but is not the direct indication of the strength or affinity of the interactions being 

observed, especially considering the variations in protein expression level in the whole cell 

lysate, and variations in the efficiency of GST pulldown toward different domain constructs.  

 TR-FRET assay uses a different readout to detect PPIs and helped to verify interactions 

identified using GST pulldown assays. From the results, it is observed that the P domain 

interacted with both the M and MDC domains, shown respectively from the interactions of N 

terminal VF-P with C terminal M-GST and MDC-GST (Figures 6b and Supplementary Figure 

2b). However, interactions of the P domain (VF-P) with the D (D-GST) and C (C-GST) domains 

not detected (Figures 6b and Supplementary Figure 2b). Based on the principal of FRET, we 

expect that the orientation of the tag fusion could have a significant influence on the FRET 

signal, as it is dependent on the position of the donor and acceptor that are conjugated to the tag 

specific antibodies. When testing interactions of N terminal VF-P and C terminal M and MDC 

constructs, interactions were seen as previously mentioned (Figures 6b and Supplementary 
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Figure 2b) and was consistent with the GST pulldown results. When tags were switched using 

C-terminal P-GST with N terminal VF tagged M and MDC, signals were close to the background 

(figure 6d). The size of the tag could also play a role. The GST and VF tags added are 

respectively 26kDa and 28kDa, while P, M, D, and C are respectively 24kDa, 27kDa, 5kDa, and 

6kDa. The effect of adding a large tag could be more significant when the domains are small, 

such as in D and C. This could explain why interactions between P with D and C were not 

displayed in TR-FRET assays (Figures 6b and Supplementary Figure 2b) as they were shown 

weakly in the GST pulldowns (Figures 6a, 6c, and Supplementary Figure 2a).  

Combining the findings from GST pulldown assay and TR-FRET assay, we find that the 

signals reflecting interaction of P domain with M domain or MDC domain is more significant 

than the interaction of P domain with D domain or C domain. It also suggests that the interaction 

between P domain and MDC domains could be mediated primarily by the M domain. The results 

support the predicted structure of ADAM10 using Alphafold. The predicted P domain is seen to 

have a binding interface with the M domain; the image shows an α-helical structure of the P 

domain in silver having contact with the M domain in purple (Figure 8a). The D domain in blue 

has a loop-like region being in contact with a loop-like structure in silver of the P domain 

(Figure 8b).  The C domain in green seems to have a small interface with the P domain in silver 

through similar loop-like regions (Figure 8c). Although there is a big helical portion in silver of 

the P domain that extends away from the C domain (Figure 8c). The backside of the P domain is 

shown to have some contact with both the D domain and C domain, but there is no significant 

contact being depicted with the D and C domains (Figures 8b and 8c). Overall, the structure 

showed that the P domain presented a major interaction interface with the M domain, indicated 

by an α-helical region in the P domain and less with the D and C domains (Figure 8).  



23 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Alphafold Predicted Structures of Full Length ADAM10. M domain is depicted in 

purple, D domain in blue, C domain in green, and predicted P domain shown in grey.  Figures 8a-

8c depict rotated views of ADAM10 with magnified portions of the predicted binding interfaces of 

P and M (Figure 8a), P and D (Figure 8b), and P and C (Figure 8c).  
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Future Directions and Conclusions: 

The findings from this work identified that among the extracellular domains of 

ADAM10, the P domain interacts primarily with the M domain, and supports previous work in 

the crystal structure of a truncated ADAM10 that the M domain interacts with both the D and C 

domains. This work helped to shed new light on the interactions of the P domain with M, D and 

C domains. Studies are being conducted to map the binding surface of the P and M domain to 

understand which specific regions are key to this interaction. This involved generating new 

domain truncations and testing in both GST pulldown and TR-FRET assays. Further studies will 

involve identifying the key amino acid residues associated with the domain-domain interactions 

of ADAM10. We propose to use a molecular docking tool to analyze the domain-domain 

interaction interfaces, identify potential amino acids that are crucial to the binding, and generate 

site-specifically mutated domain constructs to test in PPI assays. Other studies would also 

involve using purified protein domains for biophysical direct binding assays to determine the 

binding affinities of the interactions.  

Ultimately, understanding the structural regulation of ADAM10’s extracellular domain 

provides a basis to develop novel methods to target ADAM10 activity, such as the discovery of 

small molecules that restore its neuroprotective activity, which could potentially lead to a new 

therapeutic strategy to treat patients diagnosed with Alzheimer’s disease. 
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Supplemental Information: 

Supplementary Table 1. Primers used in the Generation of ADAM10 Domain Truncations 

using PCR 

ADAM 10 Domains 

(amino acid designations) 

Molecular 

Weight (kDa) Forward (F) and Reverse (R) Primers Used 

Pro domain (P) (1-213 or 

1-219) 
25 

F:gggg aca agt ttg tac aaa aaa gca ggc ttc gaaggagata 

ga accatg gcc 

GTGTTGCTGAGAGTGTTAATTCTGC                                                                           

Rp219: gggg ac cac ttt gta caa gaa agc tgg gtt 

TTTTTCAGCTGAAGTTGTACG                                                                                                                                                

Rp213: gggg ac cac ttt gta caa gaa agc tgg gtt 

ACGTTTTTTCCTCAGAAGTTC 

Metalloprotease domain 

(M) (220-459) 
27 

F: gggg aca agt ttg tac aaa aaa gca ggc ttc gaaggagata 

ga accatg gcc 

ACTTGTCAGCTTTATATTCAGACTG                                                                              

R: gggg ac cac ttt gta caa gaa agc tgg gtt 

AATAGGTTGGCCAGATTCAAC 

M1 (220-336) 13 

F: gggg aca agt ttg tac aaa aaa gca ggc ttc gaaggagata 

ga accatg gcc 

ACTTGTCAGCTTTATATTCAGACTG                                                                     

R:gggg ac cac ttt gta caa gaa agc tgg gtt 

AGGTGCTCCAACCCAAGCCAG 

M2 (337-459) 13 

F:gggg aca agt ttg tac aaa aaa gca ggc ttc gaaggagata g

a accatg gcc TCAGGAAGCTCTGGAGGAATATG                                                                                 

R: gggg ac cac ttt gta caa gaa agc tgg gtt 

AATAGGTTGGCCAGATTCAAC 

Disintegrin domain (D) 

(455-550) 
5 

F:gggg aca agt ttg tac aaa aaa gca ggc ttc gaaggagata g

a accatg gcc GGCCAACCTATTTGTGGAAATGG                                                                                                    

R: gggg ac cac ttt gta caa gaa agc tgg gtt 

TGGTTTAGGGTCAGATGCTG 

Cysteine -rich domain 

(C) (551-672) 
6 

F:gggg aca agt ttg tac aaa aaa gca ggc ttc gaaggagata g

a accatg gcc AACTTCACAGACTGTAATAGG                                                                                       

R: gggg ac cac ttt gta caa gaa agc tgg gtt 

TAGAGGACCATCAGCATCTAC 

PM (1-459) 52 

F:gggg aca agt ttg tac aaa aaa gca ggc ttc gaaggagata 

ga accatg gcc 

GTGTTGCTGAGAGTGTTAATTCTGC                                                                               

R: gggg ac cac ttt gta caa gaa agc tgg gtt 

AATAGGTTGGCCAGATTCAAC 
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MDC (220-654) 48 

F: gggg aca agt ttg tac aaa aaa gca ggc ttc gaaggagata 

ga accatg gcc 

ACTTGTCAGCTTTATATTCAGACTG                                                                               

R: gggg ac cac ttt gta caa gaa agc tgg gtt 

TAGAGGACCATCAGCATCTAC 

DC (455-654) 11 

F:gggg aca agt ttg tac aaa aaa gca ggc ttc gaaggagata g

a accatg gcc GGCCAACCTATTTGTGGAAATGG                                                                                                    

R: gggg ac cac ttt gta caa gaa agc tgg gtt 

TAGAGGACCATCAGCATCTAC 
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Supplementary Figure 1. Overview of Gateway Cloning Illustration depicting Gateway 

Cloning the process used to generate GST or VF tagged ADAM10 domain constructs 1. PCR was 

used to generate the initial gene of insertion to encode the ADAM10 domain truncation. BP 

reaction was used to insert the gene into a donor vector generating an entry vector pDONR 221. 

All pDONR vectors were then transformed into TOP10 E. Coli and later extracted to for use in 

LR reactions. The LR reaction allowed for the transfer of the gene of interest into a destination 

vector creating an expression vector (pDEST) that would also be encoded to express a GST or 

VF tag.  
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Supplementary Table 2. ADAM10 Domain Pairs assigned in GST Pulldowns 

C-terminal GST tagged domains 

(domain- GST) 

N-terminal VF tagged domains 

(VF-domain) 

P-GST 

VF-M 

VF-D 

VF-C 

VF-DC 

VF-MDC 

VF 

M-GST 

VF-P 

VF-D 

VF-C 

VF-DC 

VF 

PM-GST 

VF-D 

VF-C 

VF-DC 

VF 

C-GST 

VF-P 

VF-M 

VF-D 

D-GST 

VF-P 

VF-PM 

VF-M 

VF-C 

VF 
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Supplementary Figure 2. TR-FRET and Optimized GST Pulldown assay of ADAM 10 P 

domain constructs interacting with M, D, C, DC, and MDC domains. Molecular weight 

indicated by the protein ladder is marked on the right side of each Blot. a) GST pulldown testing 

the interaction of C-terminal GST-tagged P domain construct (P-GST) with respectively N-

terminal VF-tagged M, D, C, DC, and MDC constructs (VF-M, VF-D, VF-C, VF-DC, and VF-

MDC). VF vector without protein fusion was used as a negative control for each experimental set 

up. b) TR-FRET signals displayed of the interactions between VF-P and (M, MDC, D, and C)-

GST. All interactions tested consisted of 2 trials and the signals displayed represent the mean and 

standard deviation. c) Whole cell lysates were collected to measure protein expression for all 

respective fused domains being tested in TR-FRET.  
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Supplementary Figure 3. GST Pulldown of other ADAM10 domain constructs paired. 

Protein domains that underwent pulldown are shown above and protein expression is shown 

below for each set a-b. a) Interaction of C-terminal GST-tagged C domain construct (C-GST) 

with respectively N-terminal VF tagged P, M, and D constructs. b) Interaction of C-terminal 

GST-tagged D domain construct (D-GST) with respectively N-terminal VF tagged P, PM, M, 

and C constructs. VF in each lane represent a control for each experimental set up. 

a) b) 



32 
 

 

 

 

 

 

 

 

Supplementary Figure 4. P domain interacting with truncations of the M domain (M1 220-

336) and M2 (337-459). a) Interaction of C-terminal GST-tagged P domain construct with 

respectively N-terminal VF tagged M1 and M2 labeled with an * (VF-M1 and VF-M2) and C-

terminal VF tagged M1 and M2 constructs are labeled with no * (M1-VF and M2-VF). VF in 

each lane represents a control for each experimental set up. b) TR-FRET signals displayed of the 

interactions between C-terminal GST tagged P domains (P-GST) and VF-tagged constructs of 

M1 and M2 that are either N-terminal (VF-M1 and VF-M2) or C-terminal (M1-VF and M2-VF). 

All interactions tested consisted of 3 trials and the signals displayed represent the mean and 

standard deviation. 

 

a) b) 
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