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Abstract 

Cationic dendrimers, such as PAMAM, are known to be positively charged at neutral pH allowing 
their unspecific interaction with proteins and other cellular components. Specially, ferritin, that has 
an important role in iron homeostasis, presents a negative electrostatic potential at the 3-fold 
channel. This channel is important in the functionality of ferritin because it allows the iron entry 
into its inner cavity. In this way, it is expected the interaction between the protonated terminal 
amines of the dendrimer and the negative charged 3-fold channels of ferritin. Experimental 
measurements demonstrated that PAMAM G4 inhibits the iron storage properties of L-chain human 
ferritin (L-Ftn). Molecular dynamics simulations has been used to analyze the specific interaction 
between PAMAM G4 and L-Ftn. Results shown that PAMAM G4 effectively interacts with the 3-
fold channels of L-Ftn, suggesting that this interaction is responsible of the inhibition of iron 
storage properties of L-Ftn.  
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1. Introduction 

 

Dendrimers are globular nanoscale macromolecules characterized by a strictly controlled structure, 

definite molecular weight, monodispersity, and biocompatibility1. In contrast to traditional linear 

polymers, they have a dendritically branched structure and consist of a core, separate branches and 

terminal functional groups2 (Figure 1a). Polyamido-amine (PAMAM) dendrimers, which bear 

amide functionalities as repeating units, primary amines on the dendrimer terminals and tertiary 

amines in the interior, are an important class of dendrimers that have been used with increasing 

frequency as delivery systems of biologically active compounds into cells3 and also for the 

controlled release of drugs4, 5. Dendrimers have the ability of forming conjugates and complexes 

with different substances due to either encapsulation into the inner cavities or interaction with the 

surface terminal amine groups. Hydrogen bonding, ionic, or hydrophobic interactions provide a 

platform for conjugation of the drug and targeting moieties like, oligonucleotides, nucleic acids, 

peptide, proteins and oligosaccharides6-9.  

 
 

Figure 1: a) Amino terminated PAMAM G4 structure showing its main fragments and b) the 

structure of the protein L-Ftn showing one of its eight 3-fold channels. 

Among available dendrimers, PAMAM G4 with a diameter of 45 Å10, has been reported to have 

lower cytotoxicity in comparison to other larger generations of amino terminated PAMAM and has 

been successfully applied as a drug delivery system in vitro and in vivo11. However at physiological 

pH, primary external amines of PAMAM remain protonated12, 13, allowing its unspecific interaction 

with proteins and other cellular components14. Furthermore, it has been shown previously that 

dendrimers might interact with bovine serum albumin (BSA); which are the most abundant proteins 

in plasma, and their interaction with these proteins is higher when the terminal groups are positively 

charged, unlike they are negative or neutral15.  

Page 2 of 21Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Specifically the protein Ferritin (Ftn), that has an important role in iron homeostasis16, 17, presents a 

negative electrostatic potential, which could favor the development of unfavorable interactions with 

amino protonated groups of PAMAM G4.  

Ferritins are ubiquitous iron-storage structures that are present in all kingdoms of life and are 

responsible of maintaining iron in a non-toxic but available form for cellular requirements16. 

Animal ferritins consist of two related subunits, heavy and light chain, H and L respectively, that 

assembles in different proportions to form the 24-subunit protein cage18. The H-chain contains a 

highly conserved catalytic center called the ferroxidase center (FC) that oxidizes Fe(II) to Fe(III) as 

the initial step of iron mineralization16. The Ferritin L-chain differs from H-chain in that it lacks of a 

FC and has metal-coordinating amino acid residues that are found on the internal surface of the 

assembled Ferritin, which play a significant role in the formation of stable iron mineral in animal 

Ferritins19. Iron incorporation into L-chain homopolymers of Ferritin in the absence of the FC has 

been shown in vitro. This occurs when iron binds and is oxidized at the nucleation site amino acids 

on the interior surface of Ferritins20. Despite of this difference between L and H chain of Ferritin, 

both share the same structure of the 3-fold channel; the iron entry route to its inner cavity17. 

Specifically, the human apo L-Ferritin (L-Ftn, Figure 1b) carries a negative net charge on their 

outer surface at neutral pH (isoelectric point pI 5.3)21, 22. Electronic density is not uniformly 

distributed, rather it is located in large negatively patches corresponding to eight negative spots 

around the pores along the three-fold symmetry axes17. 

As already pointed, at neutral pH PAMAM G4 has sixty-four amino protonated terminal groups.  

The presence of negative surface patches on L-Ftn, i.e. the eight 3-fold channels, can further guide 

and facilitate the formation of electrostatic interactions with the protonated amines and result in a 

stable PAMAM-Ferritin complex. Previous studies performed by Kostiainen and co-workers with 

viruses and protein cages such as ferritin, have experimentally demonstrated their good and stable 

interaction with amino terminated dendrons23, 24. Recent computational works have also described 

the self-assembly of nanostructures through electrostatic interactions25, 26, suggesting that PAMAM 

dendrimers can effectively form stable complexes with Ferritin.  

 

In order to study the interaction between PAMAM G4 and L-Ftn, experimental and theoretical 

explorations were proposed to analyze in detail the interaction between both systems and evaluate 

the performance of PAMAM G4 as possible blocker of 3-fold channels in Ferritin.  

At the first section of this work, experimental assays were accomplished by UV-vis spectroscopy to 

study the effect of PAMAM G4 on the iron storage properties of L-Ftn and therefore, confirm the 

interaction between the dendrimer and the 3-fold channels present in L-Ftn. Our results showed that 
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PAMAM G4 effectively reduces the iron storage capacity of L-Ftn. In the second section of this 

manuscript, the blocking capacity of the dendrimer was evaluated through molecular dynamics 

tools. Computational simulations provided relevant information about structural interaction between 

the dendrimer and the protein, the residues involved in the non-covalent contacts and the stability of 

the complex. All results confirmed that PAMAM G4 effectively blocks the 3-fold channels of L-

Ftn. 

 

2. Materials and methods 

 

2.1. Materials 

 

Ferene, 2,2-bipyridyl, 3-(N-morpholino)propane sulfonic acid (MOPS), phenylmethane sulfonyl 

fluoride (PMSF), thioglycolic acid, uranyl acetate, ammonium acetate and ampicillin were 

purchased from Sigma Chemicals Company. Sodium chloride and ascorbic acid were procured 

from Merck, isopropyl-β-D-thiogalactoside (IPTG) and streptomycin sulfate from Invitrogen and 

tryptone and yeast extract from HIMEDIA. PAMAM G4 dendrimer (ethylenediamine core) was 

purchased from Sigma-Aldrich (St. Louis, MO). 

 

2.2. Expression and purification 

 

The gene of L-Ftn cloned in pDS20Trp-LFtn27 was digested with NdeI and BamH1 and cloned in 

the expression vector pET3a (Novagen) to obtain the recombinant plasmid and transformed in E. 

coli strain BL21(DE3). The gene was sequenced to verify that no mutations were introduced.  The 

E. coli BL21(DE3) containing the gene of L-Ftn  was grown in LB medium(10 g of tryptone per 

liter, 10 g of NaCl per liter, 5 g of yeast extract per liter) with 100 mg/mL of ampicillin at 37 ºC to 

an optical density of 0.3-0.5 and then induced with 1mM of IPTG for 3 h at 37 ºC. The cells were 

harvested by centrifugation (~6 g from a 2 L culture), re-suspended in 7 mL of lysis buffer (100 

mM MOPS pH 7.5; 0.2 mM PMSF), and sonicated four times for 15 s followed by 30 s on ice. The 

sonicate was centrifuged at 11,000g for 15 min at 4 ºC, then the supernatant fluid was heated to 75 

ºC for 10 min followed by a second centrifugation step at 11,000g for 20 min at4 ºC. The protein 

solution was analyzed by SDS-PAGE. 
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2.3. Iron loading 

In order to analyze the effect of PAMAM G4 on the ability of L-Ftn to store iron, the Apo form of 

the protein (0.2 µM) prepared as described by Treffry and Harrison28, was incubated with and 

without 1.6 µM of PAMAM G4 in 100 mM MOPS pH 7. Then, the Fe(II) was added from a FeSO4 

stock solution prepared in 1 mM HCl to attain the desired iron concentration. Aliquots of 5 µM 

Fe(II)/cage were added every 10 min in successive steps until the sample reached a concentration of 

50 µM Fe(II). Then, the samples were incubated at room temperature by 6 hours and left at 4 °C 

overnight. The samples were then centrifuged and dialyzed with 100 mM MOPS pH 7 for 24 h. The 

iron storage in L-Ftn was analyzed by the Ferene method29. 

 

2.4. Molecular Simulation details 

 

In order to study the structural interaction between PAMAM G4 and L-Ferritin, molecular 

dynamics (MD) simulations were run using an isobaric-isothermal (NPT) ensemble, where the 

number of particles, the pressure and the temperature were held constant. A Langevin thermostat 

was employed to keep a mean temperature of 298 K and Langevin piston30 method was considered 

to maintain a mean pressure of 1 atm. All molecular dynamics simulations were performed using 

the computational code NAMD31. Systems underwent 2000 steps of energy minimization followed 

by 100 ns of dynamics in the case of the L-Ftn/PAMAM G4 system, 2 ns for the isolated dendrimer 

and 4 ns for the protein system. Apo L-Ftn structure (PDB ID: 2FG8)32 was obtained from Protein 

Data Bank website (http://www.rcsb.org/), and all alpha-carbon atoms were restrained along the 

simulations (1 kcal/mol·Å). 

The equations of motion were integrated with a 2.0 fs time step along with SETTLE33 and 

RATTLE34 to constrain the geometry of the water molecules and the length of covalent bonds to 

hydrogen atoms. Non-bonded energies were calculated using particle-mesh Ewald full 

electrostatics35 (grid spacing < 0.10 nm). Long-range electrostatic interactions were calculated every 

2 steps using a multiple-time stepping scheme. Interactions among aminoacids, ions, and TIP3P 

water molecules36 were computed using the CHARMM27 force field37, 38.  

All simulation systems were cubic in shape, and periodic boundary conditions were enforced in all 

three directions. A suitable amount of ions was added to each simulation box to ensure neutrality of 

the system: Na+ and Cl- ions in the case of L-Ftn/PAMAM G4 system and the isolated protein, and 

Cl- ions for the isolated dendrimer. 

In order to generate parameters to describe interactions involving the atoms of PAMAM G4, it was 

necessary to parameterize its structure because it is not included in conventional force fields. To 
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parameterize the dendrimer, its structure was divided into three segments as Figure 1a shows: the 

ethylenediamine core named COR, intermediate dendrons named MON and the outer surface with 

protonated terminal amines, named ATR. The molecular geometry of each segment was optimized 

using the Gaussian 03 software package39. Each segment was parametrized separately, and the 

segments were later assembled to form a complete dendrimer. Thus, considering the organic nature 

of PAMAM dendrimer, parameters and topology for each segment were obtained from CHARMM 

General Force Field (CGenFF)40 and PARAMCHEM website (http://www.paramchem.org)41, 42 in 

accordance with CHARMM27 philosophy. As already mentioned, at physiological pH the terminal 

primary amines remain protonated, while the intermediate dendrons and core has neutral amines. 

Conventional classical MD is incapable of reproducing protonation and deprotonation of certain 

groups along the simulation; it is impossible to fix a pH ensemble. Therefore, to reproduce 

experimental conditions, each one of the 64 terminal amines in the molecular model of the 

dendrimer was set to a positive charge of +1e. 

 

3. Results and discussion 

 

3.1. Effect of PAMAM G4 on the iron storage properties of L-Ferritin 

 

In order to analyze the effect of PAMAM G4 on the iron storage properties of ferritin, the Apo form 

of L-Ftn was incubated with Fe(II) in presence of this dendrimer. In general, aliquots of 5 µM Fe(II) 

were added to Apo L-Ftn solution (0.2 µM) in presence of 1.6 µM of PAMAM G4. L-Ftn has eight 

3-fold channels where Fe(II) could enter to the protein, therefore a concentration of PAMAM G4 

eight times larger than L-Ftn was used to perform the experiment. After iron incubation, the 

samples were characterized by UV-vis spectroscopy. Figure 2 shows that L-Ftn is able to store iron 

and keep it in solution. The presence of an inner iron core in L-Ftn produces an increase in the 

absorbance around 305 to 315 nm due to the charge transfer bands of O2
-/OH- coordinated Fe(III)46 

(Fig. 2). However, this is not the case by the control samples (iron alone and iron incubated with 

PAMAM G4) where the absence of absorbance around 305 to 315 nm indicates that iron is oxidized 

by dioxygen and precipitate as Fe(O)OH. Besides, the presence of PAMAM G4 produced a 

reduction in the intensity of the absorbance around 305 to 315 nm in comparison to the profile 

exhibited by L-Ftn incubated alone with iron, Fig. 2. 
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Figure 2: Absorbance spectrum of iron in the presence of PAMAM G4, L-Ftn and L-Ftn/PAMAM 

G4. Apo L-Ftn (0.2 µM) was incubated with and without 1.6 µM of PAMAM G4 in 100 mM 

MOPS pH 7. Aliquots of 5 µM Fe(II)/cage were added every 10 min in successive steps until the 

sample reached a concentration of 50 µM Fe(II) as described in Material and Methods. 

   

In order to quantify the effect of PAMAM G4 on the iron storage properties of L-Ftn, the 

concentration of iron of each sample was measured by Ferene methods29. Detailed concentration 

values of Fe(II) at each sample are available in Table 1.  

 

Table 1: Concentration of Fe(II) in each sample quantified by the Ferene method. The Fe(II) 

concentration is shown as mean ± SD. The data represent the average of four separate reactions. 

Fe(II) (µM) 

Fe(II) 50 µM 0.4 ± 0.2 

L-Ftn 0.2 µM / Fe (II) 50 µM / PAMAM G4 1.6 µM 6.3 ± 0.9 

L-Ftn 0.2 µM /Fe(II) 50 µM              29 ± 6.0 

Fe(II) 50 µM / PAMAM G4 1.6 µM 3.6 ± 1.2 
 

Figure 3 shows that approximately 60% of the added amount of iron was stored inside the protein. 

However, a decrease in the total iron storage by L-Ftn was observed in the presence of PAMAM 

G4. Considering that PAMAM G4 coordinated approximately 3.6 µM of Fe(II), the total  iron 

storage in L-Ftn decreased about 90 % in comparison to the L-Ftn/Fe(II) system.  
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Figure 3: Quantification of the total amount of iron storage by L-Ftn in presence of PAMAM G4. 

The iron presence in each sample show in Fig. 2 was determined by the Ferene method30. 

 

This result suggests that PAMAM G4 blocked the 3-fold channels present in the structure of L-Ftn, 

hindering the entrance of Fe(II). Besides, PAMAM G4 can bind a low concentration of Fe(II). In 

relation to this, it has been reported that PAMAM type dendrimers form stable complexes with 

Fe(II)43-45. However, metal ion binding to PAMAM dendrimers is pH dependent; at low pH values 

(pH<3.5), all amine sites of PAMAM are protonated46 and protons effectively compete with metal 

cations for the coordination sites47. Progressive penetration of metal ions into the dendrimer only 

occurs with an increase in pH. At pH values higher than 5, terminal amine groups remain charged, 

but internal amines deprotonate giving rise to the formation of complexes at the core site48. In this 

study, terminal charged amine groups disfavor initial coordination and progressive penetration of 

Fe(II) ion into the core site; protonated amines hinder the traveling of Fe(II) ions toward internal 

sites of the dendrimer such as the amide site, or eventually the core of the ligand. 

 

3.2. Computational simulation 

 

Considering the experimental results, molecular dynamics simulations were run with the aim of 

characterizing the structural interaction between PAMAM G4 and L-Ftn.  In order to evaluate the 

blocking mechanism of PAMAM G4 one molecule of dendrimer was located at 15 Å from one of 

the eight 3-fold channels present at the protein. A preliminary phase of MD in NPT conditions for 

PAMAM G4 and L-Ftn structures was used to pre-equilibrate and relax the dendrimer and ferritin 

in solution (2 ns and 4 ns respectively). The structural coordinates obtained after relaxation of 

PAMAM G4 and L-Ftn were used to build initial geometries of the system PAMAM G4/L-Ftn. All 

these simulations were run under Periodic Boundary Conditions (PBC) and using explicit water 

molecules (TIP3P36) as solvent. 
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3.2.1. Molecular simulations of PAMAM G4 and L-Ftn  

 

As Figure 1Sa shows, after equilibration the PAMAM G4 system reached a stable energetic profile. 

The variation of the radius of gyration (Rgyr) along the simulations is also presented as Supporting 

Information (Figure 1Sb). The evolution of this quantity remained stable over the time, reaching a 

more compacted structure in comparison to the starting geometry. The mean value of Rgyr during the 

last 0.5 ns of simulation is 21.8 Å. This value is in agreement with experimental measurements 

performed by small angle neutron scattering (SANS)49 for PAMAM G4 at neutral pH conditions 

(21.58 ± 0.41Å) and theoretical studies performed by Goddard III and coworkers50 (21.43 Å). 

As above-mentioned, the crystal structure of human L-Ftn chosen for this study was obtained from 

the protein data bank (PDB ID: 2FG8). After the neutralization of the system with ions, classical 

molecular dynamics simulation was run over 4 ns. Alpha-carbon atoms were restrained along the 

simulation. As Figure 2Sa shows, the protein reached a stable energetic profile after 0.2 ns and 

remain steady during the whole simulation. Also, after this time the evolution of Rgyr over the full 

trajectory remained remarkable steady over the time, indicating that the system converged with 

good stability.  

 

3.2.2. Molecular simulation of L-Ftn /PAMAM G4 

 

The structural coordinates of the last step of PAMAM G4 and L-Ftn simulations provided the initial 

geometries to start the PAMAM G4/L-Ftn simulation. In order to rapidly see interaction within the 

simulation, the dendrimer structure was manually positioned near to one of the 3-fold channels of 

L-Ftn while still having no atoms of the dendrimer closer than 10 Å from those of the protein 

(Figure 4a). The system was solvated and neutralized before running 100 ns of classical molecular 

dynamics simulation. 
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Figure 4: Snapshot of PAMAM G4/L-Ftn molecular simulation at a) the beginning of the 

simulation t=0, b) at t=4.5 ns and c) at the last step of simulation, t=100 ns. Chains that form the 3-

fold channel  (B, I and K) are highlighted in colors. 

 

In order to characterize the energetic behavior of the system and to study its stability, different 

properties were followed along the simulation. The top row of Figure 5 shows the energetic 

interaction between the dendrimer and the L-Ftn during 100 ns. As expected, the most important 

contribution to the total energy is given by the electrostatic energy, which is directly related to the 

interactions between charged terminal amines of the dendrimer and negatively charged side chains 

of certain aminoacids. Consequently, this energetic profile has a leading role in the stabilization of 

the system. The total energy interaction remained quite stable till 4.5 ns of simulation time, where 

the plot shows an important decrease, i.e. the system became more stable.  

At this point, the system was structurally characterized. As Figure 4b depicts, the terminal branch of 

the dendrimer, named ATR89, penetrated the 3-fold cavity formed by chains B, I and K, leading to 

the appearance of new interactions between both macromolecules that stabilized the system. At the 

same time, a second terminal branch, ATR88, settled at the entrance of the cavity interacting with 

the amino acids that conform the external part of the channel. Both branches remained next to the 

channel until the end of the simulation, as Figure 4c shows.  

Once the dendrimer branch ATR89 was identified as the main blocker of the 3-fold channel, the 

distance of its terminal nitrogen atom to the center of mass (COM) of the 3-fold pore was plotted. 

This distance characterized the penetration of the branch of the dendrimer into the pore as 

simulation progressed. As Figure 5b shows, the dendrimer quickly moved closer to the 3-fold 

channel, to reach an average distance at 2.8 ns of 3.4 Å from the terminal nitrogen atom of the 

ATR89 branch to the COM of the 3-fold channel. This distance stayed rather stable until 45 ns. At 

t=46 ns, a new decrease in the distance to the COM center was registered, reaching an average 

distance of 2.5 Å. This reduction is related to a deeper penetration of the ATR89 branch into the 3-

fold channel, which led to a newer total energetic decrease at around 60 ns. The later profile 

reached a steady behavior until the end of the simulation. 

Figure 5c represents the evolution of the total number of hydrogen-bond (Hbond) contacts between 

the dendrimer and L-Ftn along the trajectory with a cutoff of 3 Å. As shown by the distance profile, 

at t=2.8 ns the total amount of these interactions intensely increased, demonstrating that the 

entrance of the branch to the 3-fold channel produced new and steady interactions between both 

molecules that induced the energetic stabilization of the system observed in Figure 5a. 
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Figure 5:  a) Energetic interaction between PAMAM G4 and L-Ftn during the simulation, b) 

distance from nitrogen atom of branch ATR89 to the COM of the 3-fold channel and c) total 

number of hydrogen-bond interactions between the dendrimer and the protein. 

 

The stability of the number of hydrogen-bond interactions, along with the energetic interaction 

profile and the distance of the terminal nitrogen atom of the interacting branch ATR89 to the COM 

of the 3-fold channel, indicate that the interaction between PAMAM G4 and L-Ftn is quite stable 

over time, energetically predominated by electrostatic interactions. Once the dendrimer branch 

progressively approached to the protein and entered into the pore, the number of Hbond contacts 

between both molecules raised and remained stable during the simulation, accounting for the 

effective and constant interaction of the dendrimer with the L-Ftn 3-fold channel until the end of the 

simulation. 

In order to provide deep insights about the Hbond interactions, contacts between the dendrimer and 

L-Ftn were obtained in detailed along of the MD simulation. Table 2 summarizes the interactions 

between the dendrimer terminal branches (ATR) and some specific residues of the protein. Only 

Hbond interactions between terminal branches of PAMAM G4 and the protein were detected. The 

percentage of occupancy (% occupancy) represents the proportion of time while the interactions 

persisted during the total time of simulation. Only those Hbond interactions with a percentage of 

occupancy higher than 20% were considered in this analysis.  

As Table 2 indicates, Hbond interactions between both macromolecules were detected only with 

those protein chains that conform the 3-fold channel (B, I and K). The interactions between the 

external surface of the pore and non-blocking dendrimer branches (ATR84 and ATR87) presented 

the highest prevalence during the simulation, with a percentage of occupancy near 85%.  
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Table 2: Summary of HBond interactions between terminal branches ATR (see Figure 1a for 

fragments labeling) of PAMAM G4 and L-Ftn along the MD simulation.  

Branch Protein chain Residue % occupancy 
ATR89 B Asp 131 49.8 
ATR89 I Glu 134 22.9 
ATR89 K Glu 134 23.7 
ATR88 B His 118 23.1 
ATR84 K Asp 15 82.7 
ATR87 I Asp 116 87.5 

ATR116 B Asp 15 26.3 
ATR85 K Asp 116 30.5 
ATR79 I Asp 15 21.3 
ATR93 B Asp 116 34.5 

 

Therefore, both non-blocking and blocking dendrimer branches have a significant role in the 

stabilization of the interaction between PAMAM G4 and L-Ftn during the whole molecular 

dynamic simulation. The residues involved in Hbonds interactions are Asp, Glu and His. Asp and 

Glu are the only amino acids with acidic characteristics. Their side chains have carboxylic acid 

groups whose pKa's are low enough to lose protons, becoming negatively charged in the process. 

Thus, the terminal protonated amines of PAMAM G4 preferably interact with these residues. His is 

the only basic amino acid that interacts with the dendrimer.  Even though histidine at neutral pH has 

a charged amine group, it has a second amine at the aromatic cycle, capable of interacting with the 

terminal amine groups of PAMAM G4. 

The evolution of each Hbond interaction was followed along the entire simulation. Figure 6a shows 

Hbond interactions between ATR88 and ATR89 branches that penetrated into the 3-fold channel, 

while Figure 6b follows the development of these kind of interactions between the entire dendrimer 

structure and L-Ftn. 
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Figure 6: Percentage of occupancy and evolution of Hbond type interactions between a) the 

interacting branches (ATR88 and ATR89) and the 3-fold channel of L-Ftn and  b) between the 

whole structure of PAMAM G4 and L-Ftn. 

As can be seen at Figure 6a, the interaction ATR89/B-Asp 131 is the most prevalent with almost 

50% of occupancy. The later contact together with ATR89/I-Glu 134 is the first to appear at 

approximately 2.8 ns, the same time at the dendrimer reduced its distance to the COM of the 3-fold 

channel. As already mentioned, branch ATR88 settled at the entrance of the 3-fold channel during 

the simulation and interacted with the neutral amine group present at His 118 aromatic ring with an 

occupancy percentage of 23.1%. This amino acid is located at the beginning of the pore and 

together with residue B-Asp 131 facilitated the initial attachment of the dendrimer to the 3-fold 

channel. At t=45 ns, the ATR89/I-Glu 134 interaction disappeared, but at the same time, a new 

contact was generated with residue K-Glu134 coinciding with the deeper and definitive penetration 

of the branch ATR89 into the 3-fold channel as pointed in Figure 5b. Figure 7 depicts snapshots of 
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each of the Hbond interactions between the dendrimer branches ATR88 and ATR89 and the 3-fold 

channel. 

 

Figure 7: Snapshots of the HBond type interactions between terminal branches ATR88 and ATR89 

and the 3-fold channel. 

 

On the other hand, as Figure 6b displays, the interaction between the dendrimer and L-Ftn was 

registered only with aspartic acid residues located at the external side of the 3-fold channel as 

Figure 8 shows. As already pointed, the most prevalent interactions correspond to I-Asp 116 and K-

Asp 15. From t=30 ns, one new interaction between ATR85 and K-Asp 116 was registered, 

remaining stable until the end of the simulation. In addition, from 60 ns there was an increase in the 

total number of interactions with the terminal branches of the dendrimer and residues B-Asp 15, I-

Asp 15 and B-Asp 116. This fact is directly related to the stabilization of the total energy interaction 

shown in Figure 5a that started at this simulation time.  
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Figure 8: Aspartic acid residues located at the surface of L-Ftn, involved in the Hbond interactions 

with PAMAM G4 dendrimer. 

With the aim of measuring the stability degree of the interaction between the dendrimer and L-Ftn 

from a structural point of view, different characterization analyses were performed to compare the 

system before and after to the penetration of PAMAM G4 branch into L-Ftn. To describe how 

Ferritin is altered due to the entrance of PAMAM dendrimer branch, the radial distribution function 

(RDF) of L-Ftn, PAMAM G4 dendrimer, Na+ ions and water was plotted with respect to the 

distance to the protein center-of-mass (COM). Two different stages of simulation were considered: 

t=0.5 ns, were the dendrimer is still at an unbound state, and the last fragment of the MD trajectory 

with a L-Ftn/PAMAM G4 complex. 

 

Figure 9. RDF profiles of L-Ftn 3-fold channel, PAMAM-G4 dendrimer, Na+ ions and water, 

obtained from the first part of the trajectory (A, unbound state) and from the last fragment (B, 

bound state) when the dendrimer is blocking the pore. 
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As Figure 9 shows, the dendrimer appears as a dense core when it is close to the protein, i.e. at the 

bound state. Since L-Ftn is a hollow shell, water density in the center of the protein is similar to the 

bulk density. On the other hand, the positive sodium ions are capable of interacting with the 

negative density of the 3-fold channels belonging to L-Ftn. Therefore, Na+ distribution can deliver 

relevant information on how the entrance of the dendrimer branch displace these ions in order to 

favor the interaction with the protonated terminal groups of PAMAM G4. The distribution of 

sodium ions (distance from COM ~ 6-8 nm) in the vicinity of the 3-fold channel (represented by the 

peak of L-Ftn, distance 3.5 - 6.5 nm) is lower in the bound state in comparison to the starting stage 

of the simulation, due to the effect of the dendrimer branch binding the pore. The high peak of Na+ 

(density at distance from COM ~ 2-4 nm) is clear evidence that the flux of ions through the 3-fold 

channel has diminished because of the branch entrance, so they are accumulated in the center of the 

protein once they have penetrated through another pores.  

The new electrostatic interaction between the protonated amino groups of the dendrimer branch and 

the 3-fold channel is related with the number of salt bridges. As Figure 3S depicts, once PAMAM 

G4 branch is attached to the pore, the number of electrostatic interactions remains stable until the 

end of the simulation, as well as the number of hydrogen bonds. During the last 5ns of simulation, 

the electrostatic interaction between both segments represents the 53% of the total interaction 

(Hbonds + salt bridges), showing that this kind of forces are very important in the stabilization of 

the system. 

The radius of gyration (Rgyr) and the root-mean-square deviation (RMSD) of the dendrimer branch 

ATR89 that penetrates into the 3-fold channel was also measured and compared with a non-

interacting dendrimer branch. As Figure 10 shows, the RMSD and Rgyr plots belonging to the non-

interacting dendrimer branch show oscillating profiles with higher deviation in comparison to the 

interacting branch ATR89. The profiles that belong to the penetrating branch get rapidly stabilized 

and reach a constant behavior as the simulation time progressed.  
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Figure 10: a) Radius of gyration, b) root-mean-square deviation (RMSD) of a branch of PAMAM 

G4 interacting and not interacting with the 3-fold channel of L-Ftn and c) surface accessible solvent 

area (SASA) of a free 3-fold channel and a 3-fold channel being blocked by PAMAM G4. 

 

The surface accessible solvent area (SASA) was also plotted for an interacting and non-interacting 

3-fold channel of L-Ftn with dendrimer branches (Figure 10c). Before t=2.8 ns, while the dendrimer 

is still enough separated from the protein, SASA exhibit very similar values for both pores. 

However, in the case of the interacting pore, this value progressively decays until t=46 ns, when 

reaches a mean value of 703 Å2. As shown at Figure 5b, at this time there was a decrease in the 

distance of the terminal amine of ATR89 to the COM of the pore, reaching the lowest average value 

of distance during the molecular dynamic simulation and therefore producing a diminution in the 

SASA values.  

The profiles displayed in Figure 10 demonstrate that electrostatic interactions together with 

hydrogen-bond contacts effectively hold up the dendrimer to the 3-fold channel of L-Ftn. The 

stability of PAMAM/protein complex during the time of simulation confirms that PAMAM G4 is 

an effective blocker of 3-fold channels in L-Ftn. 

This study characterized at atomic level dendrimer-Ftn complexes. All results demonstrated that 

PAMAM G4 effectively interacts and blocks the 3-fold channels of L-Ftn, reducing the iron storage 

capacity of this protein. Therefore, PAMAM G4 dendrimers could affect negatively iron 

homeostasis. 
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4. Conclusions 

 

In this work, the chemical interactions between PAMAM G4 and L-Ftn were studied. Experimental 

measurements demonstrated that PAMAM G4 effectively inhibits the iron storage properties of L-

Ftn.  The molecular dynamics analysis shows that PAMAM G4 interact with the 3-fold channel of 

L-Ftn, suggesting that this interaction is responsible by the low iron storage properties of L-Ftn in 

presence of PAMAM G4. Computational approaches confirmed the relevance of electrostatic 

interactions on the stabilization of the system PAMAM G4/L-Ftn. H-Bond type interactions 

preferentially between the terminal protonated amino groups of the dendrimer and acidic amino 

acids such as Glu and Asp contributed greatly to the permanent blockage of the channel from the 

first contact between both molecules, till the end of the simulation. Both superficial and inner-

channel interactions were stable along the simulation, confirming that PAMAM G4 acts as an 

effective channel blocker of L-Ftn. This study, suggest that amino terminated dendrimers can affect 

the iron metabolism. To efficiently address this issue, it could be an option to develop a new 

dendrimer which keeps the ability to bind nucleic acids and also, avoid its non-specific interaction 

with plasma proteins, by modulating the charge of its terminal groups and introducing neutral 

molecules. 
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