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Abstract: Interaction of amyloid peptides (Aβ) with receptor for advanced glycation end 

products (RAGE) elicits an inflammatory response and augments Alzheimer’s disease (AD) 

pathology. The present study was aimed to analyse the interactions of different forms of 

Aβ42 peptide with ligand binding domain of normal and G82S RAGE and their possible 

consequences in AD pathology. The structures of RAGE ectodomain (3CJJ), monomeric 

forms of Aβ42 – 1IYT (apolar) and 1Z0Q (polar) and fibrillar (2BEG) were obtained from 

PDB. The structure of G82 and S82 RAGE was generated using SWISS MODEL. SIFT and 

PolyPhen analysis was performed to predict the phenotypic and functional effect of the 

amino acid substitution. The G82 and S82 variant structures were simulated in GROMACS 

and the 10 lowest energy structures were docked with different forms of Aβ42 using 

CLUSPRO in antibody mode. The lowest energy docked structure was further simulated for 

5 ns. The structures corresponding to 0-5 ns were taken and the amino acid interactions 

were generated using PDBSUM. SIFT analysis indicated that G82S SNP had a tolerating 

effect on the structure of protein but polyphen predicted a probable damaging effect.  

Highest binding score was obtained with 2BEG docked with both G82 RAGE  

(–375.84 ± 7.425 Kcal/mol) and G82S variant (–391.09 ± 13.391 Kcal/mol) indicating that 

the fibrillar form showed better interaction. Compared to G82 RAGE, the S82 variant 

showed better interaction to all three forms of Aβ42. The results of study indicate that  

RAGE interacted better with fibrillar form of Aβ42 peptide and G82S mutation enhanced the 

binding affinity of RAGE towards amyloid peptides leading to enhanced inflammatory 

response.  

 

Keywords: RAGE, Aβ42 peptide, Alzheimer’s disease, G82S Polymorphism, Molecular 

dynamics, Protein-peptide docking. 

 

 

Introduction 
Alzheimer’s disease (AD) is the most common form of dementia [7]. AD is characterised by 

the presence of amyloid (Aβ) plaques and neurofibrillary tangles (NFT) leading to changes in 

the neuronal homeostasis and architecture by altering cerebral blood flow inducing oxidative 

and nitrosylative stress by the formation of free radicals and generation of advanced glycation 

end products (AGEs) [6]. The AGEs play a major role in ageing and is reported to be  

co-localised along with the plaques and NFTs, implying their response in AD pathology  

[34, 35]. AGEs elicit an inflammatory role via the NF-κB pathway by activation following 

interaction with its receptor RAGE (Receptor for advanced glycation end products) [39].  
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Aβ peptides in brain are the main component of senile plaques. Apart from the brain, the 

source for Aβ peptides in plasma are skeletal muscles, platelets and vascular walls [23, 38]. 

RAGE acts as a receptor for Aβ peptides and transport them into the brain across the blood 

brain barrier [5, 14] and augment the disease by increasing the inflammatory condition. 

Binding of Aβ to RAGE also activate the amyloid precursor protein (APP) cleaving enzyme, 

BACE1, thereby increasing Aβ production [8]. In addition, inhibition of long term 

potentiation (LTP) in hippocampal neurons by Aβ, also depend on RAGE [32]. Thus RAGE 

is an important candidate in AD pathology. 

 

Understanding the specifics of interaction between RAGE and its ligand would serve as 

prelude to development drugs that block such interaction. Koch et al. [21] identified the 

amino acid residues of RAGE involved in binding with AGEs and S100 peptide. Chaney et al. 

[6] used a dimeric model of RAGE and docked Aβ42. However, concrete information on the 

amino acids involved in interaction with Aβ peptide is lacking.  

 

In the ligand binding region of RAGE several SNPs such as A28V (rs17846804), R48Q 

(rs35030981), R77C (rs116828224), G82S rs114177847) and R114Q (rs17846806) have been 

reported. G82S polymorphism in the ligand binding domain is shown to upregulate 

inflammatory response in arthritis [20]. While Li et al. [25] and Daborg et al. [12] have 

reported an association between G82S RAGE polymorphism and AD, influence of this 

mutation on interaction with Aβ peptides is not reported. Aβ peptides have also been reported 

to adopt different conformation in different solvents [17]. Hence, the present study was 

undertaken to evaluate the interaction of RAGE towards different conformational variants of 

Aβ peptides and also to evaluate the influence of G82S polymorphism in the ligand binding 

domain of RAGE on its interaction with Aβ using a molecular dynamic approach.  

 

Materials and methods 

RAGE and Aβ42 structures 
The monomeric crystal structure of RAGE ectodomain (3CJJ) consisting of amino acids  

23-240 which includes the ligand binding domain and C1 constant domain was used for the 

present study [21]. Sequence of 3CJJ was retrieved from PDB and G82S mutation was 

introduced. Using 3CJJ as reference, homology modeling was done using SWISS-MODEL 

[2]. Three forms of Aβ42 namely 1IYT, a monomeric structure in apolar environment [10], 

1Z0Q, a solution structure in a polar environment [37] and 2BEG, a fibrillar form of Aβ42 

[28] were docked with G82 and S82 forms of RAGE. 

 

Prediction of deleterious effect of G82S SNP 
SIFT and Polyphen-2 servers were used to predict the effect of G82S SNP on the structure 

and function of the protein. Sorting Intolerant from Tolerant (SIFT) is a homology based tool 

that predicts if an amino acid change alters the phenotypic nature of the protein.  

SIFT predictions are based on the degree of conservation of amino acid residues in sequence 

alignments derived from closely related sequences, collected through PSI-BLAST.  

Scores ranging from 0-0.05 are considered to be deleterious whereas scores ranging from 

0.05-1 indicate that the amino acid change is tolerated or neutral [22, 30, 31]. The query was 

submitted in the form of dbSNP. PolyPhen (Phenotyping Polymorphisms) software version 

2.0.9 predicts the functional effects of an amino acid change. Two pairs of datasets are used 

for prediction viz. HumDiv and HumVar. HumDiv complies all damaging alleles, affecting 

the molecular function of the protein that cause human Mendelian diseases and compares their 

differences between human proteins and their related homologous proteins present in the 

Uniprot database, which are assumed to be non-damaging. HumVar provides a score by 
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accounting for all human disease-causing mutations (MAF > 1%) from UniProtKB, together 

with common human non synonymous SNPs (treated as non-damaging) without annotated 

involvement in disease. The amino acid change is classified as benign, possibly damaging and 

probably damaging based on the false positive rate (FPR) thresholds [1]. PolyPhen analysis 

was done with the uniprot ID:Q15109 along with SNP position and amino acid variation.  

 

Simulation, docking and amino acid interaction 
The wild type (G82) and homology modeled S82 RAGE ectodomain structures were 

subjected to molecular dynamics simulations using GROMACS Version 4.0 [3].  

The structures were solvated with SPC water model in GROMOS96 53A6 force field in a box 

size of 2 cubic cm and energy minimized using conjugate-gradient algorithm (CG).  

The minimized system was subjected to a 100ps simulation to temperature and pressure 

variation (nvt, npt) and final simulation was carried out in an isothermal-isobaric ensemble of 

300K and 1 atm pressure for 5 ns. The resultant trajectory was saved and 10 lowest energy 

structures were chosen for docking with different forms of Aβ42 peptides.  

 

The ten lowest free energy structures of both G82 and S82 RAGE were docked with 

monomeric and fibrillar forms of Aβ42 using Cluspro 2.0 docking program. Since the 

ectodomain of RAGE is similar to the Ig binding region, the protein was docked with Aβ42 in 

a modified antibody mode [4]. The structure with lowest free energy was utilized for 

calculating the binding score. The binding scores of the 10 structures were statistically 

analysed by one way ANOVA followed by Tukey’s post-hoc comparison using SPSS 10.1 

platform. 

 

To analyse the stability of the docked conformation, further simulations of the lowest energy 

docked structure of G82 and S82 forms were carried out for 5ns by following the same 

protocol. The resultant trajectory was saved and structures corresponding to 0, 1, 2, 3, 4  

and 5 ns were analysed for change in the amino acid interaction via PDBSUM. 

 

Results and discussion 

Prediction of deleterious effect of G82S SNP using SIFT and PolyPhen  
The RAGE sequence was submitted to SIFT and PolyPhen servers to analyse the phenotypic 

and functional effects of the amino acid mutation on the protein. SIFT score of 0.67 showed 

that G82S had a tolerating effect on the phenotype but PolyPhen predicted that the amino acid 

change probably had a damaging effect on the function of the protein  

(Table 1). SIFT incorporates position-specific information by using sequence alignment and is 

intended specifically for predicting whether an amino acid substitution affects the phenotype 

[30, 31]. SIFT predicted that G82S amino acid change was observed to have a tolerable effect 

on the RAGE structure. PolyPhen-2 predicted the functional significance of an amino acid 

replacement by naïve Bayes classifier. The SNP is predicted to be probably damaging, 

possibly damaging and benign based on the False positive rate (FPR) values. The amino acid 

change is predicted to be probably damaging if its probability scores is at or below the first 

FPR (lower) value and SNPs whose probability scores fall below the second FPR value are 

predicted to be possibly damaging. Mutations with FPRs above the second FPR value are 

classified as benign [1]. PolyPhen predicted the G82S amino acid change as probably 

damaging. The probability score associated with G82S amino acid change with estimated 

false positive rates were below the first FPR value; hence it was predicted to have a damaging 

effect on the function of the protein.  
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Table 1. SIFT and PolyPhen analysis of G82S polymorphism in RAGE 

SNP Amino acid change Tool Prediction Score 

rs114177847 G 82 S 
SIFT Tolerated 0.67 

PolyPhen Probably Damaging 1.00 

 

Conformational stability of G82 and S82 RAGE structures  

during MD simulation 
G82S mutation was created in the RAGE ectodomain and the G82 and S82 structures were 

subjected to molecular dynamics for 5 ns. Molecular dynamics of RAGE structures showed a 

stable conformation throughout simulation as suggested by RMSD (Fig. 1) and 

Ramachandran plots (Fig. 2). Ramachandran plot indicated that the mutated amino acid 

stayed in the allowed region of the plot throughout the simulation, signifying structural 

stability of the variant. RMSD scores of the selected structures revealed minor change in 

conformation when compared to the lowest energy structure of G82 RAGE (Table 2).  

  

Fig. 1 RMSD plot of G82 and S82 RAGE structures during MD simulation 

 

 
Fig. 2 Ramachandran plot of the G82 and S82 amino acids of RAGE during MD simulation 
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Table 2. Structural variation (RMSD) of G82 and S82 RAGE 

 
RMSD, (Å) 

Carbon alpha (CA) Backbone 

G82 RAGE 0.287 ± 0.012 0.330 ± 0.007 

S82 RAGE 0.528 ± 0.009 0.585 ± 008 

Values are expressed as mean ± standard deviation 

 

RAGE binds with fibrillar form of Aβ more effectively  
G82 RAGE, when docked with monomeric (apolar:1IYT, polar:1Z0Q) or fibrillar (2BEG) 

forms of Aβ42 (Fig. 3) gave a binding score of –312.78 ± 8.085 Kcal/mol, –353.72 ± 7.018 

Kcal/mol, and –375.84 ± 7.425 Kcal/mol respectively (Table 3), which suggests that RAGE 

bound to fibrillar form more effectively than the other forms.  

 

 
Fig. 3 Docking conformation of RAGE with Aβ42. RAGE docked with the three different 

conformational forms of Aβ42 (black): 1IYT (A), 1Z0Q (B) and 2BEG (C). 

 

Table 3. Docking of RAGE variants with Aβ42 peptides 

 Binding scores, (Kcal/mol) 

1IYT 1Z0Q 2BEG 

G82 RAGE –312.38 ± 6.477 –353.72 ± 7.018
*a

 –375.84 ± 7.425
*a,b

 

S82 RAGE –318.78 ± 8.085 –359.54 ± 10.485
*a

 –391.09 ± 13.391
*a,b

 
Values are expressed as mean ± standard deviation 

*a – significantly different from 1IYT scores, p < 0.001 

*a,b – significantly different from 1IYT and 1Z0Q scores, p < 0.001 

 

Simulation of the docked structure was performed to validate its stability. Structures 

corresponding to 0-5 ns, at 1 ns interval were retrieved and their amino acid interaction was 

analysed using PDBSUM. The conformation of the structures were stable thorough out the 

simulation (Fig. 4) with stable amino acid interaction (Table 4).  

 

It has been indicated that a dimeric form of RAGE is involved in ligand binding and further 

signal transduction. Chaney et al. [6] used a dimeric model of RAGE and docked Aβ42 and 

results indicated that K52, K62 and R98 of one subunit bound to D1, E3 and D7 of Aβ42 and 

interactions were the same for the other subunit too. Hence a monomeric form of RAGE was 

used for docking with Aβ42 in the present study and the results indicated that Q24, K37, K39, 

K43, K52, R104, N105, R98, Q100, E108, and K110 of RAGE were mainly involved in 

binding with Aβ42 peptides. Deane et al. [15] had indicated that several positively charged 

patches on the V-domain of RAGE, including R29, K37, K39, K43, K44, R48, K52, R98, 
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R104, K107, K110, R114 and R116 may interact with negatively charged regions on Aβ 

(Residues 17-23: LVFFAED) along with the hydrophobic cavity close to the C1 terminal 

consisting of I30, P87, A88, I91 and Y11. Similarly Koch et al. [21] reported that the RAGE 

amino acids, R48, R98, and patch around R104, K39, V89, E94, F97, A101, N105, E108 and 

T109 were involved in binding with AGEs and S100 peptide. Similar interactions were 

observed in the present study. Though the majority of the amino acids involved in interaction 

with Aβ42 peptide are resides in the variable domain, interactions were also observed 

between amino acids in the C1 domain (L214, R216) and Aβ42 peptides. Matsumoto et al. 

[29] have indicated that other domains too play a role in ligand binding, although the variable 

domain was the binding site for AGEs. Similarly, S100B bound to both the variable and  

C1 domains while S100A6 bound to C1 and C2 domains [24]. Dattilo et al [13] have 

suggested that the variable and C1 domains are not independent, but rather form an integrated 

structural unit for ligand recognition. 

 

 
Fig. 4 RMSD plot of G82 and S82 RAGE structures docked  

with three forms of Aβ42 peptides 

 

Among the three forms of Aβ42 peptide, the fibrillar form showed better amino acid 

interaction with RAGE compared to the other forms (Table 4) as suggested by the binding 

scores. Difference in amino acid interactions was observed between the three forms.  

Salt bridges were observed between R216-D1 for 1IYT and between K39-D7, K110-E22 and 

R98-E22 for 1Z0Q while no salt bridges were observed for 2BEG. K39 of G82 form had a 

stable hydrogen bond with E22 of 2BEG where as K39 interacted with E11 of 1IYT 

indicating a change in interaction with change in the form of Aβ42 peptide. The number of 

hydrogen bonds and salt bridges between G82 RAGE and 2BEG were lesser compared to the 

other forms of Aβ42 peptide. This could be attributed to the fact that the amino acids in the 

individual sheets of the fibril would be interacting with each other to maintain the stability of 

the fibril and only fewer amino acids were involved in G82 RAGE interaction.  

 

Luhrs et al. [28] indicated that the probable intersheet side chain interactions were formed 

between residues F19-G38, A21-V36 and a salt bridge between D23-K28 in the fibril. 

Analysis of the intersheet bonding of 2BEG via PDBSUM (data not shown) revealed that 

most of the amino acids of a chain in 2BEG had an interaction with the neighboring chains of 

the fibril. Though the number of hydrogen bonds and salt bridges between G82 RAGE and 

2BEG were observed to be lesser, the free energy contributed by the intra chain hydrophobic 

interactions was higher thereby increasing the binding score. Moreover, the cumulative effect 
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of the individual β sheet (totally five sheets) interactions in the fibril could contribute to the 

increase in the binding score between G82 RAGE and 2BEG. 

 

Table 4. Amino acid interactions of G82 RAGE and S82 variant with Aβ peptides 

 Common amino acid 

interaction for G82 

and S82 forms 

Specific for G82  

RAGE 

Specific for S82 

RAGE 

1IYT 

Hydrogen 

bonds 

K39-E11, K43-E22, 

R116-E3, R216-D1 

Q24-E11, K37-D7,  

K37-S8, K43-D23, 

Y113-E11, R216-D1 

N25-D7, K37-Q15, 

N112-Y10 

Salt bridges NIL R216-D1 K43-E22 

Non bonded 

contacts 

Q24-Y10, Q24-E11, 

Q24-D7, N25-F4,  

I26-D7, T27-F4,  

K37-E11, K37-D7, 

K39-H14, K39-Y10, 

K39-E11, G40-V18, 

A41-V18, P42-E22, 

K43-E22, R116-E3, 

R216-D1 

N25-E3, K37-S8,  

K43-F19, K43-D23, 

Y113-E11, R116-F4, 

L214-F4 

M22-Y10, N25-D7, 

K37-Q15,  

N103-A21, 

N103-V18,  

N112-Y10 

1Z0Q 

Hydrogen 

bonds 

K37-E3, K52-N27, 

R98-E22, Q100-N27 
Y109-E11, N103-E11 

R98-S26, K110-Q15,  

S111-E22 

Salt bridges R98-E22 K39-D7, K110-E22  

Non bonded 

contacts 

K37-D1, K37-E3, 

K39-D7, K52-N27, 

W61-L34, W61-A30, 

R98-E22, R98-S26, 

Q100-N27, T109-Q15,  

K110-Q15, K110-D23 

C38-E3, G40-E11,  

A41-F4, K43-F4,  

K52-S26, N81-E3,  

S83-E3, R98-G25, 

Q100-D23, N103-E11, 

N103-F4, E108-Q15, 

T109-E11 

M22-H4, M22-A21, 

Q24-D7, W61-S26, 

R98-A21, C99-E22, 

S111-E22,  

N112-E22 

2BEG 

Hydrogen 

bonds 

K43-A21, K43-E22  

(A Chain), K37-E22 

(C Chain), K39-E22 

(D Chain) 

K43-E22 (B Chain) 

K37-E22 (B Chain), 

K37-E22, Q24-E22 

(D Chain) 

Salt bridges NIL NIL NIL 

Non bonded 

contacts 

K43-E22 (A Chain), 

K37-E22, G40-F20  

(C Chain), Q24-E22, 

Q24-F20 (D Chain), 

I26-E22, K37-E22  

(E Chain) 

K43-E22 (B Chain) 

A41-F20, K43-F19, 

K43-A21, N103-F20, 

R104-V18 (A Chain), 

K37-E22, G40-F20, 

A41-F20, N103-V18 

(B Chain), Q24-E22 

(D Chain), N25-E22 

(E Chain) 

*Amino acids for Aβ42 are depicted in bold. 
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The binding score of G82 RAGE towards 1Z0Q was higher when compared to 1IYT.  

The number of salt bridges and non-bonded contacts were higher for 1Z0Q when compared to 

1IYT (Table 4) which indicates that G82 RAGE interact better with 1Z0Q than 1IYT. 

Moreover, 1IYT is modeled in an apolar solvent and is reported to have an α-helical structure 

[10] while 1Z0Q is modeled in a polar environment [37]. Hence the solvent might also play a 

role in determining the binding interaction. RAGE, being a transmembrane receptor, has it 

ligand binding domain exposed to the hydrophilic environment. Since 1Z0Q is modeled in a 

polar environment, the hydrophilic residue of the peptides is more exposed when compared to 

1IYT. Hence 1Z0Q is likely to show a better interaction when compared to 1IYT as suggested 

by the scores (Table 3). Moreover, Tomaselli et al. [37] also reported that simulation of 1Z0Q 

in a polar environment, changes the conformation of the peptide from α-helical to a β sheet.  

β sheet conformation is also found in the fibrillar form which may have a better affinity to 

RAGE than a α helix conformation. 

 

G82S mutation enhances the binding interaction of RAGE  

towards Aβ42 peptides 
The interaction of S82 variant towards Aβ42 peptides followed a similar trend as in G82 

RAGE with 2BEG showing highest binding score and 1IYT having the least score (Table 3). 

Compared to G82 RAGE, the binding energies of the S82 variant docked to Aβ peptides was 

lower by ~16 Kcal/mol for the fibrillar (2BEG) forms and by ~6 Kcal/mol for monomeric 

(1IYT and 1Z0Q) forms of Aβ42 indicating a possible increase in binding affinity of the 

variant to all forms of Aβ42 (Table 3). Change in amino acid interactions were observed for 

S82 variant with 1IYT, 1Z0Q and 2BEG (Table 4, Fig. 5). In Fig. 5 the amino acids are 

indicated in different colors and the hydrogen bonds between the amino acids are indicated in 

a dotted yellow line. Hydrogen bonds were observed between N25-E3 and K37-D7 in G82 

RAGE while N25 and K37 of the S82 variant bonded with D7 and Q15 respectively 

indicating a change in interaction as a result of the amino acid change. A salt bridge was 

observed between K43 and E22 in the S82 variant, while a salt bridge was observed in the  

C1 domain (R216-D1) for G82 RAGE. Non-bonded interactions were observed between  

N81 and S83 of G82 RAGE with E3 of 1Z0Q. But introduction of a serine residue at the 82
nd

 

position leads to the dissolution of the same in the S82 variant (Table 4).  

 

Reports indicate that G82S polymorphism amplifies the inflammatory response via NF-κB 

pathway [20], and the increased inflammatory response could be attributed to increased  

N-linked glycosylation of N81 residue [33]. The conformational change caused due to amino 

acid change (G82S) could be the possible reason behind enhanced glycosylation at N81. 

Srikrishna et al. [36] reported that glycosylation takes place at N25 and N81 and their types 

were complex and hybrid/high mannose respectively. Yet, reports on the degree of 

glycosylation and individual residue type is lacking and hence molecular dynamics and 

docking studies could not be carried out with glycosylated form of RAGE.  

 

Association of G82S polymorphism with AD: enhanced binding affinity  

to Aβ42 and altered clearance mechanism 
A soluble form of RAGE (sRAGE) is generated by alternative splicing of RAGE mRNA and 

by proteolytic cleavage of full lengh RAGE (flRAGE) [9, 16]. sRAGE differs from flRAGE 

by its lack of signaling property due to the absence of trans-membrane domain, but contains 

the ligand binding domain, thereby acting as a decoy receptor and competes with flRAGE for 

ligands. The ectodomain of RAGE (3CJJ) used in the study represents both sRAGE and 

flRAGE. The increase in binding affinity towards sRAGE would result in effective clearance 

of the Aβ peptide. But, a decreased expression of sRAGE [18, 26] and increased expression of 
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flRAGE [7, 27] is reported in AD. Daborg et al. [12] also reported that 82S carriers have 

lower sRAGE levels than 82G carriers and flRAGE could be engaged in a positive feedback 

mechanism, further reducing sRAGE levels. In addition, 82S allele increased the BACE1 

activity, impairing the clearance of Aβ42 peptide and promoting their aggregation [19]. 

Hence, G82S mutation might favour the binding of Aβ42 to flRAGE and augment the disease 

condition by promoting aggregation of peptide. 

 

  
A) 

  
B) 

  
C) 

Fig. 5 Amino acid interaction between RAGE (red) and three different conformational forms 

of Aβ42 peptides (blue): 1IYT (A), 1Z0Q (B) and 2BEG (C).  

 

Conclusion 
The present molecular dynamics study revealed that the amino acids Q24, K37, K39, K43, 

K52, R104, N105, R98, Q100, E108, and K110 in the ligand binding domain of RAGE were 

mainly involved in binding with Aβ42 peptides and the fibril form of Aβ42 peptide bound 

more efficiently with RAGE. G82S mutation in RAGE enhanced its the binding affinity 

towards Aβ42 peptides, leading to enhanced inflammatory response and thereby augmenting 

AD pathology. The results of the present study also provide insights about the amino acid 

interactions between RAGE and Aβ42 peptide.  
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