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Abstract: Introduction: Glomerular podocytes are specialized epithelial cells localized to the blood-urine interface of 
the kidney. Podocyte slit-diaphragm (SD), a size-and-charge-selective junction, is instrumental in blood ultrafiltration 
and the formation of protein-free urine. The SD consists of macromolecular complexes of several proteins, such as 
nephrin, podocin, and CD2-associated protein (CD2AP). CD2AP is an adapter protein and is considered to be crucial 
for the integrity of SD. Mutations in the SD proteins cause nephrotic syndrome (NS), characterized by proteinuria. 
SD proteins’ structural features must be elucidated to understand the mechanism of proteinuria in NS. In this study, 
we expressed, purified, and biophysically characterized heterologously expressed human CD2AP. Methods: Codon-
optimized human CD2AP was expressed in E. coli Rosetta cells. The recombinant protein was induced with 1 mM 
IPTG and purified by Ni-NTA affinity chromatography. Analytical size-exclusion chromatography, blue native-PAGE, 
circular dichroism, and fluorescence spectroscopy were performed to decipher the oligomeric nature, secondary 
structural content, and tertiary packing of CD2AP. Results: Our analysis revealed that CD2AP adopts a predomi-
nantly disordered secondary structure despite exhibiting moderate tertiary packing, characterized by low helical and 
β-sheet content. CD2AP readily assembles into homo-oligomers, with octamers and tetramers constituting the pri-
mary population. Interestingly, the inherent flexibility of CD2AP’s secondary structural elements appears resistant 
to thermal denaturation. Frameshift mutation (p.K579Efs*7) that leads to loss of the coiled-coil domain promotes 
aberrant oligomerization of CD2AP through SH3 domains. Conclusion: We successfully expressed full-length human 
CD2AP in a heterologous system, wherein the secondary structure of CD2AP is predominantly disordered. CD2AP 
can form higher-order oligomers, and the significance of these oligomers and the impact of mutations in the context 
of size-selective permeability of SD needs further investigation.
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Introduction

Kidneys are indispensable organs with the cru-
cial function of efficiently excreting metabolic 
waste products and toxins [1, 2]. They also play 
a vital role in regulating electrolyte, water, and 
acid-base balance, which are critical for main-
taining body homeostasis [3]. Nephron, the 
functional unit of the kidney, has two regions: 
the glomerulus and the tubule [4]. The glomeru-
lus selectively permits the passage of small 
molecules like water, amino acids, and urea 
while restricting larger macromolecules like 
albumin and antibodies, thus tightly controlling 
the composition of urine [5, 6]. This selective 
filtration is achieved through the glomerular fil-

tration barrier (GFB), composed of fenestrated 
endothelial cells, glomerular basement mem-
brane (GBM), and the outermost layer of podo-
cytes [7]. The GFB represents the kidney’s filtra-
tion function. Podocytes stand out among the 
three crucial components of GFB due to their 
specialized functional and structural features 
[7-9]. These cells possess a network of intricate 
protrusions known as foot processes, further 
classified as primary and secondary foot pro-
cesses [10, 11]. Notably, the interdigitating sec-
ondary foot processes of adjacent podocytes 
are linked by a modified tight-and-adherens 
junction called the slit diaphragm (SD) [12, 13]. 
This specialized structure acts as a molecular 
sieve of approximately 30-40 nm, effectively fil-
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tering small molecules while retaining larger 
molecules within the blood [9, 10].

The SD is a negatively charged zipper-like struc-
ture spanning 30-40 nm between the adjacent 
foot processes of podocytes (Figure 1A) [12, 
13]. The negative charge of podocyte SD and 
its ability to serve as a tight-and-adherens  
junction is due to the macromolecular assem-
bly of constituent proteins, including CD-2 
associated protein (CD2AP), nephrin, podocin, 
nephrin-like proteins 1, 2, and 3 (NEPH), tran-
sient receptor potential cation channel (TRPC6), 
and zonula occludens (ZO-1) (Figure 1A) [14-
19]. The SD proteins are extracellular (e.g., 
Nephrin), membrane-associated (e.g., Podocin), 

transient channels (e.g., TRPC6), and also serve 
as adapters (e.g., CD2AP) [20]. Podocyte SD 
prevents the transit of negatively charged albu-
min from the blood into the urinary space and 
tightly regulates urine composition. The struc-
tural details, precise assembly, and stoichiom-
etry of the SD proteins, including CD2AP, are of 
great concern to nephrologists [12, 13, 21, 22]. 
CD2AP, which is expressed and localized to 
podocyte foot processes, ensures the integrity 
of the SD through interactions with other essen-
tial podocyte proteins like nephrin, podocin, 
and TRPC6 [16, 23] (Figure 1A). Besides its 
structural role, CD2AP also participates in sig-
nal transduction [24]. Mutations in CD2AP lead 
to podocyte apoptosis, deficiencies in endocy-

Figure 1. Schematic representation of podocyte slit-diaphragm. A. The glomerulus is a filtration part of the kidney. 
Podocytes are major cell types that represent the filtration apparatus. Slit-diaphragm, a macromolecular assembly 
of several proteins, including CD2AP, forms the blood-urine barrier. B. Cartoon depicting affinity purification protocol 
for N-terminal His-tag CD2AP expressed in E. coli. The supernatant of bacterial lysate is loaded onto an equilibrated 
5 ml HisTrap column (Cytiva), washed with 20 mM potassium phosphate buffer pH 7.6, 50 mM NaCl, 5% glycerol, 
and 100 mM imidazole and then eluted with 20 mM potassium phosphate pH 7.6, 50 mM NaCl, 5% glycerol, 400 
mM imidazole.
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tosis, and vesicle trafficking [25-27]. CD2AP 
knockout mice develop severe NS and focal-
segmental glomerulosclerosis (FSGS) and have 
short lifespans [28, 29]. Mutations in CD2AP 
are also associated with NS and FSGS [28-30]. 
Patients with mutations in the CD2AP gene are 
characterized by proteinuria, hypoalbumin-
emia, and edema [31, 32].

Although multiple studies indicate the essen-
tial role of CD2AP in normal renal function and 
NS patients, the precise role of CD2AP in the 
architecture of SD remains unexplored [12]. 
Furthermore, the mechanism for mutations’ 
effect on proteinuria needs to be investigated 
[29, 33, 34]. Earlier investigations into the 
structural details of CD2AP are very scant [35] 
and confined to the protein’s short regions [36]. 
In this study, we successfully expressed and 
purified full-length human CD2AP. We subse-
quently investigated its oligomeric nature, eval-
uated the secondary structural content and its 
structural stability. Further, we predicted the 
effects of a frameshift insertion mutation on 
CD2AP structure and oligomerization.

Results

Heterologous expression and purification of 
human CD2AP

A codon-optimized CD2AP construct was pur-
chased and overexpressed in E. coli Rosetta 
(DE3). The entire protocol of CD2AP purification 
is depicted in Figure 1B. Due to intrinsically  
disordered regions (IDRs), the protein aggre-
gates and accumulates in inclusion bodies. To 
enhance the CD2AP expression, we optimized 
the IPTG concentration and the post-induction 
incubation temperature. With an IPTG concen-
tration of 1 mM and an optimal induction time 
of 16 hours at 14°C, we observed a significant 
increase in protein expression compared to 
uninduced cultures (Figure 2A). The composi-
tion of buffers to purify this protein and prevent 
precipitation is provided in the methods sec-
tion. We employed a single-step Ni-NTA affinity 
chromatography to purify the protein (Figure 
2B) from E. coli Rosetta (DE3) lysates overex-
pressing CD2AP. This protocol yielded substan-
tial amounts (~15 mg/L of culture) of full-length 
soluble CD2AP, sufficient for the biophysical 
characterization.

CD2AP adopts multi-oligomeric states

CD2AP and other SD proteins form a vast net-
work of protein-protein interactions. To under-
stand CD2AP’s role in these interactions, evalu-
ating its stability and oligomeric nature is 
essential. We subjected CD2AP to analytical 
size exclusion chromatography (SEC) using a 
Superdex 200 10/300 column. CD2AP eluted 
at 9 ml, the boundary between void and elution 
volumes (Supplementary Figure 1A). SDS-PAGE 
analysis confirmed the presence of intact 
CD2AP in these fractions (Supplementary 
Figure 1B). To further determine whether 
CD2AP exists as an aggregate or a higher-order 
oligomer, we resolved CD2AP on a Superose 6 
10/300 column. CD2AP eluted as overlapping 
peaks (Figure 3A). Deconvolution of the chro-
matogram using multi-peak fit analysis revealed 
peaks at 10 ml, 11 ml, 12.8 ml, and 20.3 ml 
(Figure 3B). SDS-PAGE analysis of peak frac-
tions confirmed the presence of CD2AP in the 
first three peaks (Figure 3C). This data sug-
gests that CD2AP could exist in various oligo-
meric states. We then compared the elution 
profiles of CD2AP and blue dextran to rule out 
the possibility of CD2AP forming aggregates 
(Supplementary Figure 2). The peak at 10 ml in 
the CD2AP chromatogram corresponds to high-
er-order oligomers and not aggregated CD2AP. 
Peaks at 11 ml and 12.8 ml signify well-defined 
lower oligomeric forms, and the prominent 
peak at 20.3 ml may suggest degradation prod-
ucts of CD2AP, as no protein bands were 
observed in SDS-PAGE (Figure 3C).

We subsequently performed Blue Native-
Polyacrylamide Gel Electrophoresis (BN-PAGE) 
to estimate the molecular weight of different 
oligomeric forms of CD2AP. The BN-PAGE analy-
sis of the affinity-purified CD2AP samples 
revealed that CD2AP adopts two predominant 
oligomeric conformations, including octamers 
(~559 kDa) and tetramers (~294 kDa) (Figure 
3D). These results align with our SEC data,  
suggesting that the three bands in BN-PAGE 
may represent the individual peaks (peaks 
1,2,3) in the chromatogram (Figure 3A and 3B). 
These findings imply CD2AP adopts higher-
order oligomeric conformations, potentially as 
octameric and tetrameric forms when isolated. 
Furthermore, CD2AP is relatively unstable, 
partly due to the absence of post-translational 
modifications and binding partners.
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Secondary and tertiary packing of CD2AP

Despite CD2AP adopting various oligomeric 
conformations, we were interested in examin-

ing the protein’s secondary structural elements 
and tertiary packing. To assess the secondary 
structural properties of CD2AP, we analyzed 
the far-UV Circular Dichroism (CD) spectra of 

Figure 2. Expression and Purification of CD2AP by affinity chromatography. A. SDS-PAGE analysis of cell lysates from 
uninduced and induced bacterial cell strain Rosetta (DE3) containing pET28a CD2AP. B. SDS-PAGE of different frac-
tions from Ni-NTA affinity chromatography of CD2AP protein. M = marker, UN = un-induced, I = Induced, P = pelleted 
cell debris, Sol = soluble lysate, Filt = Filtrated Sol. fraction, P/FT = pre-flow through, FT = flow through, W1 = Wash1, 
W2 = Wash2, E = Elution fractions.

Figure 3. CD2AP adopts multi-oligomeric states. A. Gel filtration chromatogram showing different oligomeric states 
adapted by CD2AP. B. A deconvoluted gel filtration chromatogram shows possible elution peaks of different CD2AP 
oligomers at 10 ml, 11 ml, 12.8 ml, and 20.3 ml, respectively. C. SDS-PAGE analysis of the fractions collected from 
the gel filtration chromatogram. D. Blue native gel electrophoresis (BN-PAGE) of the purified CD2AP.
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SEC-purified samples. We observed pro-
nounced minima spanning 200-215 nm, sug-
gesting the presence of random coils and beta-
sheets, along with a alpha-helical signature at 
222 nm (Figure 4A). To better understand this 
unique spectrum, we examined the predicted 
structure of CD2AP from AlphaFold (Figure 4B). 
The structural details reveal that large portions 
of CD2AP are essentially random coils, except 
for the SH3 domains, which consist of beta-
sheets and a significant C-terminal helix (Figure 
4B). The helical signature at 222 nm in our 
spectra may correspond to the C-terminal helix 
in the model. Thus, far-UV CD experiments sug-
gest that random coils dominate the secondary 
structure of CD2AP, followed by beta-sheets 
and helices.

Next, we investigated the tertiary packing of 
CD2AP using near-UV CD spectroscopy and 
tryptophan fluorescence. In the near-UV CD 
spectrum, a broad signal spanning approxi-

mately 260-297 nm suggests the existence of 
the protein’s tertiary structure (Figure 4C). 
Similarly, the tryptophan fluorescence spec-
trum of CD2AP exhibited a strong signal with a 
peak intensity at 339 nm (Figure 4D). Therefore, 
it can be concluded that CD2AP, in isolation, 
attains a considerable secondary structure  
and tertiary packing; however, intrinsically 
unstructured regions dominate the secondary 
structure.

Structural stability of CD2AP

Despite CD2AP exhibiting moderate secondary 
and tertiary packing, we were interested in 
exploring its structural stability. We subjected 
the protein to a temperature range from 4°C to 
90°C and analyzed the structural changes by 
measuring CD spectra at the respective tem-
peratures (Figure 5A). As the temperature 
increased, the signal intensity at wavelengths 
205 nm and 222 nm, corresponding to random 

Figure 4. Secondary structural elements and tertiary packing of CD2AP. A. Far-UV CD spectrum (195 nm-260 nm) 
representing the secondary structural content of CD2AP. B. Alpha Fold predicted model of full-length human CD2AP. 
C. Near-UV CD spectrum (260 nm-360 nm) representing the tertiary packing of CD2AP. D. Fluorescence emission 
spectrum (290 nm-430 nm) of the CD2AP recorded by exciting the protein at 286 nm.
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coils and helix signatures, showed minimal 
changes (Figure 5B). Interestingly, at 222 nm, 
the signal intensity increased temperature upto 
65°C and changed minimally beyond 65°C. 
Moreover, the signals corresponding to sheets, 
helices, and random coils never reduced to 
zero, even at higher temperatures. These 
results suggest that secondary structures of 
CD2AP are stable at higher temperatures.

The fluorescence emission spectrum of pro-
teins, often attributed to tryptophan and tyro-
sine residues, can offer insights into changes 
induced in a protein’s secondary or tertiary 
structure. Therefore, we examined tempera-
ture-induced structural alterations in CD2AP by 
measuring changes in the fluorescence emis-
sion spectra. CD2AP protein contains 5 Trp and 
11 Tyr residues. As a result, a characteristic 
fluorescence spectrum was observed, with its 
peak intensity at 5°C indicating partial expo-
sure of the Trp residue to the solvent environ-
ment at this temperature (Figure 6A). Further- 
more, the spectra show a uniform decrease in 
intensity with increasing temperature (Figure 
6B). The change in fluorescence intensity as a 
function of temperature shows a linear transi-
tion rather than a sigmoidal shape, typically 
observed for proteins with a tightly packed  
tertiary core (Figure 6B). Subsequently, we 
reversed the temperature changes and exam-
ined the fluorescence spectra at various inter-
vals of decreasing temperature (from 95°-5°C). 
The fluorescence intensity increased with grad-

ual cooling, indicating protein refolding (Figure 
6C and 6D). However, the pattern of fluores-
cence spectra with decreasing temperature  
did not completely reciprocate the spectra 
observed during the temperature-dependent 
unfolding of the protein (Figure 6C and 6D). The 
data suggests that a thermally perturbed state 
of CD2AP only partially returns to its native 
state (Supplementary Figure 4). We also moni-
tored the fluorescence emission spectrum of 
CD2AP in response to increasing urea concen-
trations since podocyte SD is constantly 
exposed to nitrogenous waste products. The 
fluorescence spectra depicted the structural 
stability of CD2AP up to 1M urea concentration, 
with complete denaturation beyond 3M 
(Supplementary Figure 3). Together, these 
results reveal higher stability of the structural 
organization of CD2AP at supraphysiological 
conditions attributed to the dominance of IDRs.

Impact of mutation (p.K579Efs*7) on CD2AP 
oligomerization

CD2AP subunit comprises three SH3 domains, 
polyproline region, carmil peptide region, and 
C-terminal coiled region (Figure 7A). We em- 
ployed AlphaFold to verify whether any confor-
mational difference exists between the CD2AP 
monomer and an individual subunit of the 
CD2AP tetramer. Alphafold predicted alternate 
conformations for monomeric and tetrameric 
CD2AP subunits with a Root Mean Square 
Deviation (RMSD) value of 47.842 Å (computed 

Figure 5. Assessing the stability of secondary structural elements of CD2AP oligomers. A. Far-UV spectra (260-200 
nm) of the CD2AP protein plotted as a function of temperature (5°C-90°C). B. The MRE values of the CD2AP protein 
at 222 nm and 205 nm were plotted against increased temperature to monitor the changes in protein structure. 
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on the 636 Cα atoms aligned). The modeled 
tetramer of CD2AP oligomerizes via a C-ter- 
minal coiled-coil region (Figure 7B and 7C). The 
predicted interactions indicate that 66 resi-
dues of each subunit, of which 48 belong to the 
coiled-coil domain, are involved in interactions. 
In the CD2AP tetramer (B, C, D, & E), residues 
from the B and D chains interact with residues 
from the C chain via salt bridges and hydrogen 
bonds (Figure 7D). A frameshift insertion muta-
tion (p.K579Efs*7) in the CD2AP gene leads to 
a truncation of the CD2AP at the predicted 
interacting interface (Figure 7A). The generated 
tetrameric mutant model was shown to oligo-
merize through its SH3 domains due to the loss 
of the coiled-coil domain (Figure 8A and 8B). 
The results suggested that residues from all 
three SH3 domains of all the subunits could be 
involved in interactions within the complex 
(Figure 8C).

Discussion

The podocyte SD has garnered significant 
attention due to its unique structural features 
and its crucial role in kidney filtration [5, 9, 12]. 
The proper functioning of the SD relies on the 
structural integrity of individual SD proteins 
and their association as large macromolecular 
complexes, as mutations in these proteins can 
lead to severe proteinuria [30]. CD2AP, a criti-
cal protein localized to the SD, is a scaffolding-
adaptor protein [34, 37]. CD2AP, while interact-
ing with its neighboring SD proteins, forms a 
physical link with the actin cytoskeleton of 
podocytes, thus participating in numerous sig-
naling pathways and aiding the SD’s structural 
integrity [5, 24, 38]. Several studies affirm a 
decisive role for CD2AP, and mutations in 
CD2AP have been reported to impact the struc-
tural integrity and architecture of the SD [6, 28, 

Figure 6. Assessing the stability of the tertiary structure of CD2AP oligomers. A. Intrinsic tryptophan fluorescence 
for CD2AP protein was measured and plotted as a function of temperature (5°C-90°C) by exciting the protein at 
286 nm. B. Peak emission of the CD2AP protein at 339 nm is plotted over a temperature range of (5°C-90°C). C. 
To track the protein refolding, intrinsic tryptophan fluorescence for CD2AP protein was measured as a function of 
temperature (95°C-5°C) by exciting the protein at 286 nm. D. Peak emission of the CD2AP protein at 339 nm is 
plotted over a temperature range of (95°C-5°C).



Oligomeric and structural features of CD2AP

27 Int J Biochem Mol Biol 2024;15(2):20-33



Oligomeric and structural features of CD2AP

28 Int J Biochem Mol Biol 2024;15(2):20-33

39, 40]. One challenge hindering the structural 
characterization of CD2AP was the lack of a 
unified purification protocol capable of yielding 
sufficient amounts of the protein. In this study, 
we standardized the protocol to successfully 
express the recombinant human CD2AP and 
purify it from E. coli. This study shows that 
CD2AP, in isolation, adopts octameric and tet-
rameric configurations. CD2AP has a greater 
tendency to form higher-order oligomers. Fur- 
ther, by employing CD and tryptophan fluores-
cence, we show that CD2AP secondary struc-
ture is majorly IDRs with moderate tertiary and 

quaternary packing. Moreover, we predicted 
the impact of frameshift insertion mutation (p.
K579Efs*7) [34] on CD2AP oligomerization.

Our Size Exclusion Chromatography (SEC) and 
Blue Native Polyacrylamide Gel Electrophoresis 
(BN-PAGE) results indicate that CD2AP exists in 
tetrameric, octameric, and higher-order oligo-
meric states. Our findings correlate with the tet-
rameric oligomers observed by Adair et al. [35]. 
The higher oligomeric states observed in our 
study may arise due to the absence of interact-
ing partners and molecular crowding, which 

Figure 7. Structural features of CD2AP. A. Schematic representation of CD2AP (WT and p.K579Efs*7). SH3 - Src 
homology 3 domains; CC - Coiled-coil domain. B. A cartoon illustration of the predicted full-length model of the wild-
type CD2AP tetramer, colored by a chain. C. The AF per-residue confidence measure (pLDDT) represents the struc-
tural model. D. The expected salt bridges and hydrogen bonds between chains B and D with C within the tetramer 
are depicted graphically.

Figure 8. Effect of mutations on CD2AP. A. 
Cartoon depicting the expected structure 
of the mutant CD2AP tetramer, colored by 
a chain. B. The AF per-residue confidence 
metric (pLDDT) shows the structural model. 
C. Graphical representation of predicted salt 
bridges and hydrogen bonds among chains 
B, D, and E with the C within the tetramer.
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may differ from physiologically relevant condi-
tions. The C-terminal coiled-coil (CC) region is 
essential for CD2AP’s oligomerization; CD2AP 
without the CC region failed to oligomerize  
[41]. In contrast, the customarily truncated 
CD2AP C-terminal CC formed trimers in the 
solution [41]. A frameshift insertion mutation 
(p.K579Efs*7) resulted in a truncated form of 
CD2AP devoid of CC region [34]. Our data sug-
gests that this truncated form of CD2AP oligo-
merizes via the SH3 domain instead of the CC 
region. CD2AP’s inherent ability to form oligo-
mers and its potential to serve as a scaffold 
molecule may be distorted by mutations that 
result in the loss of SD’s architecture and pro-
teinuria [41]. It has been confirmed that CD2AP 
interacts with several SD proteins and cytoskel-
etal proteins. Monomeric or lower-order oligo-
meric forms of wild-type or mutant CD2AP may 
be incapable of forming a large protein complex 
crucial for maintaining SD architecture and 
permselectivity. In addition to associating as 
hetero-oligomers, most SD proteins can form 
large oligomers, and these interactions are 
facilitated by IDRs [23, 41-46]. SD proteins in 
higher oligomeric forms are crucial in mediat-
ing, stabilizing, and achieving 30-40 nm pore 
dimensions.

Previously, we predicted that 65-75% of CD2AP 
is intrinsically disordered [41]. CD further sub-
stantiates the intrinsic disorderliness in CD2AP. 
A pronounced negative minima around 200 nm 
supports our assertion that IDRs dominate the 
secondary structural content in CD2AP, fol-
lowed by sheets and helices. We investigated 
the temperature dependence of CD spectra 
from 5 to 90°C, revealing a significant increase 
in negative ellipticity around 222 nm and a 
decrease around 200 nm. These findings sug-
gest heat-induced folding of the peptide chain 
into α-helices and β-sheets [47, 48]. Studies 
show several signaling and regulatory proteins 
have IDRs [43, 49-52]. These IDRs are vital in 
mediating and facilitating multivalent electro-
static interactions, which are crucial to initiate 
and sustain the formation of macromolecular 
complexes within the SD [42, 53].

Conclusion

In this study, we detailed the heterologous 
expression, solubilization, and purification of 
full-length recombinant human CD2AP. We 
showed that CD2AP exists in higher-order oligo-

meric conformations, especially octameric and 
tetrameric forms. The data revealed that IDRs 
with modest tertiary packing dominate the pro-
tein in isolation. This study speculated how a 
mutation in a CD2AP may affect its oligomeric 
state and possibly the entire SD architecture. 
To further garner clues about CD2AP structure 
and its oligomers, we propose to carry out ana-
lytical centrifugation and small-angle X-ray 
scattering analysis.

Materials and methods

Construction of CD2AP expression vector

The CD2AP gene was cloned into a pET28a (+) 
vector purchased from Genscript (Piscataway, 
New Jersey, USA). The vector is 5.4 kb and car-
ries an N-terminal 6X-His tag, kanamycin resis-
tance, a lac I gene, a T7 terminator, and a 
thrombin cleavage site. The gene was inserted 
between the Nde1 and Xho1 sites. The expres-
sion vector was then transformed into the E. 
coli Rosetta (DE3) strain for overexpression of 
CD2AP.

Induction and expression of CD2AP

Secondary culture (16 hrs at 4°C) of the CD2AP 
transformed E. coli was induced with 1 mM 
Isopropyl-β-D thiogalactopyranoside (IPTG). The 
culture was centrifuged (8000 rpm) for 20 min 
at 4°C, the supernatant was discarded, and the 
pellet was stored at -20°C. Pellet was resus-
pended in lysis buffer A (20 mM potassium 
phosphate, 50 mM NaCl, 5% glycerol-pH 7.6) 
(all reagents are from Sigma Aldrich, Italy)  
supplemented with 0.1% triton X-100 (SRL), a 
protease inhibitor cocktail (Roche, Germany), 
and 0.1 mg/ml lysozyme (Himedia). The sus-
pension was sonicated (29 sec ON, 59 sec OFF) 
in ice and centrifuged (12000 rpm) for 90 min 
at 4°C (Sonics & Materials INC, USA/VCX500; 
Centrifuge 5804 Eppendorf AG. 22331, Ham- 
burg, Germany); the supernatant was subjected 
to purification and the pellet was discarded.

Purification of CD2AP

The cell-free lysate was added to a Ni-NTA 
Sepharose (His Trap prepacked column by 
Cytiva) column equilibrated with 20 mM potas-
sium phosphate buffer. After washing, the 
bound protein was eluted with 20 mM Po- 
tassium phosphate buffer (pH-7.6) containing 
300 mM NaCl, 0.4 M Imidazole, and 5% glycer-
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ol (Figure 1B). The purified protein was then 
dialyzed against buffer A to remove imidazole. 
The absorbance of the eluted fractions was 
recorded using a Jasco V-630 UV-vis spectro-
photometer at 280 nm. A theoretical extinction 
coefficient value of 43890 M-1 cm-1 for CD2AP 
was used to determine the concentration of the 
purified CD2AP protein.

Analytical size exclusion chromatography

The oligomeric nature of CD2AP was initially 
determined by injecting 200 µl of 13.6 µM pro-
tein into a Superdex 200 Increase 10/300 col-
umn (Cytiva), connected to the NGC system 
(Bio-Rad). The column was pre-equilibrated 
with SEC buffer (50 mM Tris-HCl, 300 mM NaCl, 
4 mM EGTA, 5 mM KCl, and 7% glycerol, pH 
7.6). The peak fractions were collected and 
analyzed by SDS-PAGE. The oligomeric nature 
of CD2AP was further determined by injecting 
200 µl of 13.6 µM protein into a Superose 6 
Increase 10/300 column (Cytiva), connected to 
the NGC system (Bio-Rad). This column was 
pre-equilibrated with the same SEC buffer. The 
peak fractions were again collected and ana-
lyzed by SDS-PAGE. Additionally, to validate the 
SEC profile of CD2AP, the Superose 6 Increase 
10/300 column was loaded with blue dextran 
to estimate the column’s void volume.

Blue-native PAGE

Blue-Native (BN) PAGE was performed using 
the Native PAGÉ system (Invitrogen) according 
to the manufacturer’s protocol. BN-PAGE was 
performed at 4°C by loading 30-40 µg of affini-
ty-purified CD2AP onto a 6% gel using 1.5 M 
Tris-HCl pH 8.8 and Coomassie blue G250 
(Himedia). Two running buffers were used: the 
cathode buffer (0.05% G250, 118 mM Tris-HCl, 
39 mM Glycine) and the anode buffer (Tris-
Glycine pH 8.0). The sample was prepared by 
mixing the purified protein with 5X dye (20% 
glycerol, 0.2 M Tris-HCl pH 6.8, 0.05% Bro- 
mophenol blue, 1% Triton X-100, and 0.25% 
G-250). The gel was run at 150 V at 4°C until 
the dye front was released. The gel was then 
stained with Coomassie blue R-250 (SRL), for 
visualization.

Circular dichroism spectroscopy

The circular dichroism (CD) spectra of recombi-
nant CD2AP were recorded on a JASCO J-1500 

CD spectrophotometer equipped with a ther-
moelectric (Peltier) cell holder. A protein con-
centration of 5.46 μM was used to obtain the 
far-UV CD spectrum. The far-UV (260-195 nm) 
CD measurements of CD2AP were recorded 
using a 0.2 cm path length cell at 2.5 nm band-
width and a scan speed of 50 nm/min. The 
near-UV (260-360) CD measurements were 
recorded for the protein sample (25 μM) using 
a 0.5 cm path length cell at the bandwidth of 
2.5 nm and a scan speed of 100 nm/min. We 
subsequently analyzed the effect of thermally 
induced unfolding and the stability of the sec-
ondary structural elements in CD2AP. The pro-
tein sample was subjected to a steady increase 
in temperature, and spectra were recorded in 
the far-UV region at intervals of 5°C using the 
same parameters. 

Fluorescence spectroscopy

Intrinsic fluorescence measurements were col-
lected on Jasco FP-6300 (Japan) equipped with 
an intense xenon flash lamp as the light source. 
An excitation wavelength of 286 nm was used, 
and the emission spectrum of CD2AP was 
obtained over a spectral range of 300-450 nm. 
We next assessed the tertiary packing integrity 
of CD2AP by measuring the change in fluores-
cence emission at 339 nm for every 5°C rise in 
temperature. A bandwidth of 2.5 nm and a 
scan speed of 200 nm/min was used, and the 
obtained spectra were corrected against the 
buffer. Quantitative analyses were performed 
using Origin Pro-version2020b (Origin Lab 
Corporation, Northampton, MA). A protein con-
centration of 5.46 μM was used for all fluores-
cence measurements. Refolding experiments 
of CD2AP were also carried out. Initially, the 
sample was heated to the maximum tempera-
ture of 95°C and then gradually cooled. As it 
cooled, the intrinsic tryptophan fluorescence 
was recorded at different temperatures. 
Furthermore, the tertiary packing integrity of 
CD2AP was assessed by treating the protein 
with varying concentrations of urea (0.1 M to 6 
M). The data is included in the supplementary 
files of the manuscript (Supplementary Figure 
3).

AlphaFold predictions

The predicted structure and sequence of 
CD2AP were obtained from the Alpha Fold data-
base (www.alphafold.ebi.ac.uk) [54] and the 
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Uniprot database (Uniprot ID: Q9Y5K6), respec-
tively. Structural prediction of wild-type and 
mutant tetrameric CD2AP was obtained using 
Alpha Fold Multimer via Cosmic2 [55]. While 
predicting the tetrameric models of the mutant 
CD2AP (p.K579Efs*7), the amino acids 587-
639 were excluded. Default program parame-
ters were used for the predictions. The program 
outputs provided five ranked models for the 
wild-type and mutant tetramers of CD2AP. A 
single subunit of the predicted wild-type tetra-
mer was aligned with the retrieved monomer, 
and RMSD was calculated in PyMOL. Both the 
wild-type and mutant tetramers were also sub-
jected to RMSD calculation post-alignment in 
PyMOL. We predicted the interactions within 
the modeled tetramers using Protein Interaction 
Analysis v2 in Maestro (Schrodinger release 
2021-2).
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Supplementary Figure 1. SEC profile of CD2AP. A. Gel filtration chromatogram of CD2AP using superdex 200 in-
crease 10/300 column from (Cytiva) showing CD2AP eluting at the void and elution volumes border. B. SDS-PAGE 
of the peak fractions collected from gel filtration chromatogram.

Supplementary Figure 2. SEC profile of CD2AP and blue dextran. The SEC profile of the purified CD2AP and blue 
dextran using superpose-6 increased 10/300 column (Cytiva), showing blue dextran in void volume and CD2AP in 
elution volume.

Supplementary Figure 3. Protein unfolding studies with urea. Intrinsic tryptophan fluorescence for CD2AP protein 
was measured with different urea concentrations by exciting the protein at 286 nm.
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Supplementary Figure 4. Assessing the tertiary structural stability of the CD2AP oligomers. A. Intrinsic tryptophan 
fluorescence for CD2AP protein was measured as a function of temperature (5°C-90°C) and (back from 95°C to 
5°C) by exciting the protein at 286 nm. B. Peak emission of the CD2AP protein at 339 nm is plotted over a tempera-
ture range of (5°C-90°C).


