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RIASSUNTO  

 

eIF5A è un fattore di trascrizione altamente conservato, implicato nella fase di 

elongazione della sintesi proteica. Tra i vari ruoli che assume, il più importante 

è sicuramente quello di prevenire lo “stalling” dei ribosomi facilitando il 

passaggio di sequenze poliproline che rendono difficile la traduzione. 

L’attivazione del eIF5A dipende da una modificazione post traduzionale 

presente unicamente in questo fattore nominata Ipusinazione, che consiste nella 

formazione dell’amminoacido ipusina partendo da una lisina conservata (per 

gli umani Lys50) attraverso due step enzimatici consecutivi catalizzati 

dapprima dall’enzima desossiipusina sintasi (DHS) e in seguito da 

desossipusina idrossilasi (DOHH). In particolare, l’enzima DHS catalizza il 

primo step dell’ipusinazione, catalizzando il trasferimento NAD-dipendente 

della frazione 4-amminobutilica della spermidina al gruppo ε-ammino di una 

specifica lisina presente nel precursore e IF5A, con la formazione di 

desossipusina e 1,3-diaminopropano.  

L’enzima DHS è un tetramero, costituito da 4 subunità di ~40 kDa identiche 

fra loro organizzate in due dimeri. Ciascun dimero presenta nell’interfaccia due 

siti di legame per la spermidina altamente specifici. 

 eIF5A presenta due isoforme, eIF5A1 ed eIF5A2, che hanno una similarità del 

94% ed una identità del 84%; entrambe sono coinvolte nello sviluppo del 

cancro con pattern di espressione differenti. Sono infatti utilizzati come marker 

tumorali, in particolare eIF5A2, a cui viene attribuito il ruolo di fattore 

prognostico in alcuni tumori gravi. 

Il coinvolgimento del fattore e IF5A in molti tipi di tumore ha fatto sì che la 

ricerca si muovesse verso lo sviluppo di composti in grado di modulare la 

produzione di questo fattore, andando ad agire proprio nell’eccezionale 

Ipusinazione. Sono stati infatti sviluppati inibitori dell’enzima DHS, in grado 



 
 

di inibire l’attività enzimatica prevenendo così la produzione di ipusina e di 

conseguenza l’attivazione del fattore. Il più potente inibitore finora trovato è 

N1-guanyl-l,7-diaminoeptano (GC7), un analogo della spermidina che è il 

substrato naturale dell’enzima DHS. Il GC7, infatti, legandosi all’enzima DHS, 

compete in modo reversibile con la spermidina, bloccandone l’entrata. Il sito di 

legame per il GC7 è il medesimo della spermidina, che consiste in un lungo 

tunnel anfipatico caratterizzato da un grande numero di residui carichi che 

permettono l’ancoraggio del GC7 nella tasca. Benchè l’analogo GC7 risulti 

essere un promettente inibitore con grandi capacità antiproliferative in vitro, il 

suo impiego clinico è tuttavia molto limitato a causa della scarsa specificità del 

GC7 e della conseguente produzione di effetti collaterali.  

Per tale motivo è stato condotto questo studio, con l’obiettivo di sviluppare un 

nuovo composto, analogo al GC7, che potesse essere un valido inibitore e al 

contempo potesse essere specifico e stabile. È stata quindi disegnata una 

libreria di composti analoghi al GC7 con lo scopo di migliorarne la specificità. 

Tuttavia, per poter sviluppare degli inibitori del DHS che migliorassero le 

proprietà chimiche-fisiche del GC7 ma al contempo stabilissero le stesse 

interazioni con i residui chiave della tasca, è stato necessario disegnare una 

libreria di dipeptidi, composti da un’arginina legata alla catena laterale di un 

amminoacido carico positivamente di lunghezza variabile. Tutti i composti 

sono stati analizzati e classificati tramite Docking Molecolare. Il composto ad 

energia migliore è risultato essere il dipeptide DP9 (L-Arg-L-Lys-NH2), che è 

stato ulteriormente indagato in complesso con il DHS, tramite una simulazione 

di dinamica molecolare della durata di 1μs, per poter caratterizzare più 

approfonditamente il binding mode al variare del tempo in condizioni di 

dinamicità. I risultati ottenuti sono poi stati analizzati confrontandoli con quelli 

ottenuti tramite la seconda simulazione, realizzata con il ligando GC7 



 
 

complessato con il DHS utilizzando le stesse condizioni della simulazione 

eseguita sull’analogo DP9. 

Sono state svolte diverse analisi post-simulative, ponendo sempre a confronto 

i due ligandi GC7 e DP9. In primo luogo, è stata analizzata la stabilità della 

proteina DHS durante la simulazione osservando i risultati del RMSD calcolata 

sulla struttura secondaria, si può concludere che la proteina rimane stabile per 

tutta la durata della simulazione. Successivamente è stata osservata la stabilità 

dei ligandi all’interno delle tasche; per fare ciò sono state effettuate diverse 

analisi eseguite in egual maniera sia sul GC7 sia sul DP9. Da tutte le analisi 

condotte si può concludere che entrambi i ligandi sono stabili; tuttavia, il nuovo 

analogo DP9 risulta essere più stabile e di conseguenza più specifico. 

Occorrono però ulteriori approfondimenti teorici e sperimentali volti a validare 

questo studio.  
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INTRODUCTION 

 

1.1 Summary of the thesis  

 eIF5A is a translation factor involved in the elongation phase of protein 

synthesis and its role is to abolish ribosome stalling on codon stretches that are 

more difficult to translate due to the presence of consecutive prolines. The 

activity of eIF5A depends on the unique post-translational modification of a 

conserved lysine residue (Lys50 in humans) to hypusine via two consecutive 

enzymatic steps, carried out by deoxhypusine synthase (DHS) and 

deoxyhypusine hydroxylase (DOHH). Two different isoforms of eIF5A exist: 

eIF5A1 and eIF5A2. In humans, the two isoforms share 84% sequence identity 

and are 94% similarity. Both isoforms are involved in cancer development and 

progression and are used as markers for diagnosis and prognosis, but have 

distinct pattern of expression, with eIF5A2 being an independent prognostic 

factor in some of the most severe cancer types. 

 

Due to the involvement of eIF5A in cancer, much effort is being put into the 

development of compounds that modulate this factor. Because the activity of 

eIF5A strictly depends on its hypusination, DHS inhibitors can be exploited to 
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cause an upstream block of this translation factor. The most powerful inhibitor 

of the DHS enzyme is the spermidine analogue N1-guanyl-l,7-diaminoheptane 

(GC7), which binds in a specific long pocket at the interface between two DHS 

monomers. GC7 showed a potent antiproliferative effect of several cancer cell 

lines characterized by eIF5A1/ eIF5A2 overexpression. However, its use in 

clinical practice is limited by its low specificity and its interaction with off 

targets. 

 

Based on these observations, a library of dipeptide analogues of GC7 has been 

designed ad hoc to develop a novel DHS inhibitor that improves the physico-

chemical properties of GC7, yet maintaining the main contacts with the target 

enzyme. The designed compounds have been evaluated by Molecular Docking 

using Glide software. Docking results have suggested that DP9 (L-Arg-L-Lys-

NH2) is the most promising ligand. This analogue has been further investigated 

by molecular dynamics (MD) simulation of 1 μs in complex with DHS (PDB 

ID:6P4V), in order to analyse its dynamics  and verify its binding specificity. 

To compare the results obtained with DP9, with a simulation of 1 μs of the 

GC7- bound DHS has been conducted as reference. 

Post MD simulation analyses have suggested that DP9 remains stable when in 

complex with DHS throughout the simulation time, mimicking the binding 



5 
 

mode of GC7 observed in a published crystal structure (PDB ID: 6P4V), and it 

shows higher specificity for the binding pockets in the enzyme. Additional 

studies will be conducted to validate the inhibition power of this promising 

molecule.  

 

 

1.2 The translation factor eIF5A  

Messenger RNA (mRNA) translation (or protein synthesis) is the third and final 

element of the central dogma of molecular biology and, being the most energy 

consuming cellular process, it represents a major step in the gene expression 

pathway (Sonenberg & Hinnebusch, 2009). Translation occurs in four steps: 

initiation, elongation, termination, and ribosome recycling. This process is 

promoted and regulated by translation factors, proteins that are involved in each 

step of protein synthesis. Deregulation of these factors implies the loss of cell 

homeostasis and leads to a large number of diseases (Hershey et al., 2012). 

 

Eukaryotic translation factor 5A (eIF5A) was first identified in 1976 in 

ribosome preparations from rabbit reticulocytes, and was initially named IF-

M2Bα because of its ability to enhance the initiation phase of eukaryotic 

translation (Kemper et al., 1976; Schreier et al., 1977). More recent molecular 
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genetics and biochemical studies have demonstrated that eIF5A promotes 

translation elongation (Saini et al., 2009) and has a critical role in translation 

termination (Schuller et al., 2017). Moreover, different studies have suggested 

that eIF5A performs several other functions such as a cytoplasmatic shuttling 

mRNA transport, and is a cellular cofactor of HIV-1 REV. It has also been 

implicated in the regulation of cell proliferation, differentiation, and 

inflammation (Oliverio et al., 2014; M. H. Park et al., 2010; M. H. Park & 

Wolff, 2018). Because of its variety of functions, eIF5A is still of the object of 

ongoing research.  

Mammalian eIF5A is a small (~17 kDa) acidic protein containing only 157 

amino acid residues and is one of the most abundant among the translation 

factors (Benne et al., 1978). eIF5A is a highly conserved protein in all 

organisms from archaebacteria to mammals; in bacteria, its homolog is an 

elongation factor known as EF-P (Rossi, Kuroshu, et al., 2014). 

 

Hypusination: a unique post-translational modification 

In order to be activated and carry out its main functions in the synthesis of 

proteins, eIF5A undergoes a unique and conserved post translational 

modification called hypusination in Eukarya and Archaea and β-lysilynation in 

Bacteria (M. H. Park & Wolff, 2018). This modification concerns the 
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transformation of a specific lysine residue to a nonstandard amino acid called 

hypusine using the polyamine spermidine as a substrate.  

Polyamines such as spermidine, putrescine and spermine, are derived from the 

amino acids ornithine and methionine and exist at physiological conditions as 

polycations; they are essential for cell proliferation and cellular regulation. In 

addition to their activity as polycations, a small portion (< 2%) of the 

spermidine is metabolized to constitute hypusine (Figure 1) (M. H. Park & 

Wolff, 2018). Elevated levels of polyamines are a hallmark of most tumour 

types, and increased levels of polyamines is detected in the urine and blood of 

cancer patients (Durie et al., 1977). Thus, the polyamine pathway is an 

attractive therapeutic target to develop inhibitors.  

 

Hypusine [Nε-(4-amino-2-hydroxybutyl) lysine], is a strongly basic amino 

acid; it was first isolated and characterized in 1971 from extracts of bovine 

brain, during a search for new amine components (Shiba et al., 1971). Later, 

hypusine was found in all animal tissues, both as the free amino acid and as 

component of eIF5A protein, particularly in proliferative organs, such as testis, 

spleen, and intestine (Imaoka & Nakajima, 1973; Nakajima et al., 1971; M. H. 

Park et al., 1993).  
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The hypusination reaction is carried out in two independent enzymatic steps, 

and consists in the transfer of the aminobutyl residue, generated after the 

cleavage of spermidine, on the specific lysine residue of eIF5A (Lys50 in mice 

and humans, Lys51 in yeasts) with the formation of an intermediate, which after 

oxidation is transformed in hypusine (Fig. 1).  

This modification is catalized by two different enzymes: deoxyhypusine 

synthase (DHS) and deoxyhypusine hydroxylase (DOHH); both enzymes are 

specific for eIF5A and have no other cellular targets. 

In the first reversible stage of hypusine synthesis, DHS uses NAD+ as cofactor 

to catalyze the covalent binding of the aminobutyl moiety of spermidine to the 

ε-amino group of eIF5A Lys50, which is located on an exposed loop in the N-

terminal domain of eIF5A. This reaction involves the formation of an imine 

intermediate, a deoxyhypusine residue. The reverse reaction is catalyzed by 

DHS in the presence of NADH to reconvert the intermediate residue in 

spermidine (J. H. Park et al., 2003). 
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In the second step, the deoxyhypusine intermediate residue is irreversibly 

hydroxylated by DOHH in the presence of O2 and NADH to form hypusine and 

to complete eIF5A maturation (Abbruzzese et al., 1986).  

 

 

This modification is conserved in all eukaryotes, while not all archaea have an 

hypusinated IF5A; some organisms contain the deoxyhypusinated factor and 

few organisms have both versions of factor (Bartig et al., 1990). 

Figure 1: Top: simplified pathway of polyamine interconversions is shown. 

Putrescine generated from ornithine is converted to spermidine and spermine. 

Bottom: Hypusination of eIF5A by two enzymatic steps catalyzed by 

Deoxyhypusine Synthase and Deoxyhypusine Hydroxylase. The aminobutyl 

moiety of spermidine (red) is reversibly bounded by DHS on Lys50 of eIF5A 

precursor. Model structure of eIF5A is based on human eIF5A (PDB ID: 

3CPF) with the N-terminal domain (yellow) and the C-terminal (green).  
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Studies have suggested that hypusination is essential for cell proliferation and 

for complete activity of eIF5A as a translation factor; therefore, it is reasonable 

to assume that in higher eukaryotes the elimination of any one of the members 

of hypusination system is harmful to the organism development. Gene 

inactivation studies conducted in mice showed that the disruption of any of the 

DHS or DOOH genes leads to embryonic lethality (Nishimura et al., 2012; M. 

H. Park et al., 1991; Sievert et al., 2014; Smit-McBride et al., 1989). 

 

Mode of action of eIF5A in translation 

eIF5A was initially isolated from rabbit reticulocyte ribosomes as an initiation 

factor based on its stimulating activity on methionyl-puromycin synthesis, a 

model assay used to understand the role of translation factors in the formation 

of the first peptide bond (Benne et al., 1978). Thanks to this assay, it became 

evident that hypusine has a key role in eIF5A activity; indeed, the unmodified 

eIF5A precursor appeared to be inactive, whereas eIF5A(Dhp) containing 

deoxyhypusine residue was partially active, suggesting that the presence of 

hypusine was essential (M. H. Park, 1989; Smit-McBride et al., 1989). Later, 

genetics studies in yeast have shown that Ala or Arg substitution at the hypusine 

modification site of eIF5A (Lys51 in yeast) did not support the viability in yeast 
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(Schnier et al., 1991), highlighting the relevance of hypusinated eIF5A in 

eukaryotic cell growth. 

However, these findings did not explain the effective role of eIF5A in 

translation initiation. 

Later studies have shown that eIF5A was not able to promote the formation of 

the 80S initiation complex. This inability added with the ability to stimulate 

methionyl-puromycin synthesis, have suggested that eIF5A operates later in the 

translation initiation to facilitate the formation of the first peptide bond and at 

the same time enhance the transition from the initiation phase to the elongation 

phase of protein synthesis (Benne & Hershey, 1978). However, clear evidence 

of the eIF5A role as an elongation factor was provided by polysome profile 

analysis of S.cerevisiae mutant strains depleted of eIF5A, which revealed an 

increase in the ribosome transit time and an accumulation of polysomes (Saini 

et al., 2009 Gregio et al., 2009), revealing that the elongation phase in the 

absence of eIF5A is not efficient.  

New insights into the mechanism of eIF5A activity have been discovered in 

studies of the bacterial counterpart of eIF5A. During the elongation phase, the 

elongation factor EF-Tu in bacteria (eEF1A in eukaryotes) forms a complex 

with GTP and aminoacyl-tRNA and then binds the aminoacyl-tRNA and 

delivers it to the site A of the ribosome. The ribosome catalyzes the formation 
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of the peptide bond between the peptidyl-tRNA donor, already located in the P 

site and the aminoacyl-tRNA acceptor in the A site. Later, the elongation factor 

EF-G in bacteria (eEF2 in eukaryotes) promotes the translocation of the tRNA 

and mRNA on the ribosome moving the deacylated tRNA in the E site, ready 

to be released and recycled, and the elongated peptidyl-tRNA in the P site, 

thereby leaving an empty A site poised to accommodate the next aminoacyl-

tRNA in complex with EF-Tu. This mechanism proves to be inefficient on 

certain amino acids sequences, such as polyprolines  that, due to the cyclic 

structure of the proline side chain, are poor substrates for peptide bond 

formation, and  induce ribosome stalling. It has indeed been demonstrated that 

EF-P prevents  ribosome stalling (Figure 2) (Doerfel et al., 2013; Ude et al., 

2013).  
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Figure 2: EF‐P alleviates ribosome stalling at polyproline stretches. EF‐P 

binds to the stalled ribosome and stimulates proline–proline peptide bond 

formation. E: ribosomal E(xit)‐site; P: ribosomal P(eptidyl)‐site; A: ribosomal 

A(minoacyl)‐site. (Lassak et al., 2015) 

 

 

In the same year, evidence was reported that similarly to EF-P, eIF5A 

stimulates peptide bond formation at consecutive proline sequences in 

S.cerevisiae (Gutierrez et al., 2013) and prevents ribosome stalling in several 

other ribosome stalling sites. Recent cryo-electron microscopy studies in yeast 

have demonstrated that when a ribosome encounters problematic motifs, such 

as a polyproline sequence, the factor binds between the P-site and vacant E-

site, and its hypusine side chain contacts the A76 of the CCA-end of the P-

tRNA, facilitating the formation of the peptide bond by stabilizing and 

orienting the CCA-end (Schmidt et al., 2015)(Figure 3). 
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 eIF5A is also involved in the termination phase of protein synthesis, where it 

stimulates the hydrolysis of peptidyl-tRNA catalyzed by the termination factors 

eRF1 and eRF3 (Schuller et al., 2017). 

Moreover, not only hypusinated eIF5A participates in translation, but it also 

assumes a role in the transport of newly generated mRNAs from the nucleus to 

the cytoplasm and proteins across the membranes of endoplasmic reticulum; 

Figure 3:  Cryo-EM structure of eIF-5A bound to the yeast 80S ribosome. (A) 

Transverse section of the cryo-EM map of eIF-5A–80S complex, revealing the 

binding site of eIF-5A (dark red), P-tRNA (green) and A-tRNA (blue). (B) 

Comparison of ribosome binding positions of eIF-5A (dark red), EF-P 

(magenta) and E-site tRNA(orange), relative to A-tRNA (blue) and P-tRNA 

(green). EF-P and eIF5A assume the same position, indicating the same 

function. (Schmidt et al., 2016) 
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however, this mechanism remains poorly understood (Rossi, Galvão, et al., 

2014). 

 

Structural characterization of eIF5A 

The human eIF5A (PDB ID: 3CPF) folds into a two-domain structure: an N-

terminal domain (residues 1-83) and C-terminal domain (residues 84-151) 

(Figure 4). 

The N-terminal domain is positively charged and consists of six β-strands 

(denominated β1- β6) that fold into a partially open β-barrel; the loop 

connecting β1 and β2 includes a one-turn 310-helix (residues 22-24). The 

hypusination site, containing Lys50, is located on the long unstructured loop 

connecting β3 and β4 that protrudes from the N-terminal domain. It is worth to 

note that the sequence of the hypusination site (K-x-G-Hyp-H-G-x-A-K) is 

extremely conserved among eukaryotes and archaea, suggesting the importance 

of this site for the interaction of eIF5A with the modification enzymes.  

The less conserved C-terminal domain is negatively charged and consists of a 

three turn α-helix and five β strand, organized on OB-fold (oligonucleotide 

binding fold) type of β-barrel domain that is one of the most common RNA 

binding modules, suggesting that eIF5A may interact with nucleic acids, 

particularly RNA (Kim et al., 1998; Tong et al., 2009; Yao et al., 2003).  
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The crystal structures of the factor eIF5A from a variety of eukaryotes 

(S.cerevisiae PDB ID:3ER0, Neurospora crassa, Thermus termophilus, 

Leishmania Mexicana) and archaea (M.jannaschii, P. aerophilum, 

P.horikoshii) have been solved and the all proteins show high structural 

similarity, showing that eIF5A is highly conserved protein.  

On the other hand, the bacterial homolog factor EF-P is composed of three 

domains: the N-terminal domain (I) is structurally similar to  the N-terminal 

domain of eIF5A, while domains II and III of EF-P possess the same fold of 

the C-terminal domain of eIF5A. This implies the possibility that eIF5A 

originated from an ancestral three-domain protein common to EF-P by a 

Figure 4: eIF5A human factor (PDB: 3CPF) is shown with N-termini domain 

(yellow) and C-termini domain (green). The structure is made by ChimeraX 
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deletion event, in which the ancestral eIF5A might have lost the region 

corresponding to the III domain of EF-P. It is interesting to observe that the 

three domains of EF-P are arranged in an L-shaped configuration that 

resembles the structure of tRNA (Hanawa-Suetsugu et al., 2004). In EF-P four 

of the residues in the hypusination sequence (Lys, both Gly, and Ala) are 

conserved with those present in eIF5A ; the His residue is not present and the 

Lys residue that is converted to hypusine is not universally conserved (Figure 

5).  For example, in T. thermophilus (PDB: 1UEB) it is substituted by Arg.  

 

 

 

Figure 5: Left: structure of Saccharomyces cerevisiae e IF5A (PDB: 3ER0) 

with N-termini (orange), Lys 51(red) and C-termini (lime). Middle: structure 

EF-P of Thermus Thermophilus (PDB: 1UEB) with I domain (magenta), II 

domain (cyan) and III domain (blue). In this structure Lys is substituted by 

Arg32 (red). Right: two structures are superimposed to highlight the similarity 

of domains. All structures are made by ChimeraX 
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eIF5A in human diseases 

Mammalians carry two paralogues genes encoding for different eIF5A 

isoforms: eIF5A1 and eIF5A2. The two human isoforms share 84% sequence 

identity and are 94% similar (Clement et al., 2003) , but have distinct pattern 

of expression. eIF5A1 is constitutively expressed in all mammalian cells, 

especially   in proliferating cells (Caraglia et al., 2013), unlike eIF5A2, which 

is rare in most normal tissues with the exception of testis and parts of the brain 

but is overexpressed in many malignancies. Both isoforms are up-regulated in 

some cancers (Table 1), but evidence suggest that eIF5A2 is a useful biomarker 

in the prediction of cancer prognoses (Wang et al., 2013; Mathews & Hershey, 

2015). 

eIF5A1 is up-regulated in several malignancies, including lung 

adenocarcinoma, vulvar intraepithelial neoplasia, colorectal carcinoma, 

glioblastoma, pancreatic ductal adenocarcinoma and cervical cancer, in 

addition to solid tumors.  eIF5A1 is found at elevated levels in peripheral blood 

cells from patients with chronic myeloid leukemia (CML), suggesting its role 

in cell proliferation. Studies have demonstrated that depletion of eIF5A or 

DOHH, which inhibits hypusination, in cervical cancer, reduced proliferation 

of cancer cells (Memin et al., 2014) with a consequent down regulation of 

cancer-related proteins such us PEAK1 nonreceptor tyrosine kinase, implicated 
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in metastasis formation. It is relevant to note that PEAK1 contains a polyproline 

motif, suggesting that it might be translationally regulated by eIF5A (Fujimura 

et al., 2014). 

High levels of eIF5A2 are correlated with a large number of cancer types (Table 

1), and play an important role in metastasis formation, promoting epithelial-

mesenchymal transition (EMT). EMT consists of a rapid and often reversible 

change of cell phenotype, where cells loose cell-cell adhesion structures, 

rearrange their cytosckeleton; indeed intermediate filaments typically change 

from cytokeratins to vimentin and cells become isolated, moving, and resistant 

to apoptosis. This process is correlated with cancer progression and metastasis 

development (Savagner, 2010). Studies in bladder cancer have demonstrated 

that inhibition of hypusination involves a mesenchymal to epithelial reverse 

transition and decrease the levels of mesenchymal markers such us vimentin, 

reducing cell migration (Xu et al., 2014). 

 

eIF5A has also been implicated in several other diseases including HIV-1 

infection, inflammation, and diabetes. (M. H. Park & Wolff, 2018). Inhibition 

of hypusination in human peripheral blood mononuclear cells (PBMCs) 

impairs the transcription of the HIV-1 promoters and decreases HIV-1 gene 

expression (Hoque et al., 2009). 
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Pharmacological inhibition of eIF5A, preventing the hypusination 

modification, is a feasible approach to suppress the proliferation of cancer cells, 

avoid diabete progression, reduce inflammatory processes and treat viral 

inflammation. 
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Cancer type 

 

eIF5A 

isoform 

 

Clinical, pathological, 

and biological 

correlates 

References 

Bladder urothelial carcinoma EIF5A2 Recurrence, progression, 

EMT, metastasis 

(Wei et al., 

2014) 

Cervical 

carcinoma/adenocarcinoma 

EIF5A1 Cell proliferation (Memin et 

al., 2014) 

Chronic myeloid leukemia EIF5A1 Cell proliferation (Balabanov 

et al., 2007) 

Colorectal 

adenoma/carcinoma 

EIF5A1 Prognosis (Lam et al., 

2010) 

Colorectal carcinoma EIF5A2 Metastasis, EMT, 

motility, progression 

(Xie et al., 

2008) 

Esophageal squamous cell 

carcinoma 

EIF5A2 Metastasis, EMT (Li et al., 

2014) 

Gastric cancer EIF5A2 Metastasis, EMT, 

prognosis 

(Meng et 

al., 2015) 

Glioblastoma EIF5A1 Cell proliferation (Preukschas 

et al., 2012) 

Hepatocellular carcinoma 

 

EIF5A1 Tumor nodules (Xie et al., 

2008) 

Hepatocellular carcinoma EIF5A2 Venous infiltration, 

metastasis, EMT 

(Tang et al., 

2010) 

Lung adenocarcinoma EIF5A1 Prognosis (Chen et al., 

n.d.) 

Non-small cell lung cancer EIF5A2 Prognosis, EMT (He et al., 

2011) 

Ovarian carcinoma EIF5A2 Tumorigenicity, 

prognosis 

(Guan et al., 

2004) 

Pancreatic ductal 

adenocarcinoma 

EIF5A1, 

EIF5A2 

Tumor growth (Fujimura 

et al., 2014) 

Vulvar intraepithelial 

neoplasia 

EIF5A1 Cell proliferation (Cracchiolo 

et al., 2004) 

 

 

 

 

Table 1 
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1.3 The Deoxhyhypusine Synthase  

Deoxyhypusine synthase (DHS) is a cytosolic transferase that catalyzes the first 

step in hypusine biosynthesis, a NAD-dependent transfer of the aminobutyl 

moiety of spermidine to a specific lysine in the eIF5A precursor protein to form 

a deoxyhypusine-containing eIF5A intermediate eIF5A(Dhp). 

DHS is a tetrameric enzyme composed of four identical subunits of ~40 kDa 

(Umland et al., 2004). In humans it is encoded by the dhps gene, located on 

chromosome 19 (Jones et al., 1996). As eIF5A, DHS is highly conserved 

throughout the eukaryotic and archaeal kingdom, with a 68% identity between 

the human and S.cerevisiae proteins (Wolff et al., 2007), and a 50% identity 

between the human and archaea Methanococcus jannaschii  (Bult et al., 1996). 
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Mode of action of Deoxhyhypusine Synthase 

The DHS complete reaction (DHSRC) has been proposed to take place in four 

steps (Figure 6) (Chang Hoon Lee & Park, 2000; Joe et al., 1997; Wolff et al., 

1990, 1997). 

In the first step (I) DHS catalyzes the NAD+ dependent dehydrogenation of 

spermidine with generation of an enzyme-dehydrospermidine-NADH 

complex. Studies have proposed that binding of spermidine to the enzyme is 

occurs only in the presence of NAD+ or NADH that induces a conformational 

change of the enzyme. The mechanism is not clear yet, however it may involve 

the opening of the entry site towards the active site of the enzyme, thereby  

favouring a proper arrangement to form a tight binding with spermidine (Chang 

Hoon Lee & Park, 2000). 

In the second step (II), the formation of an enzyme-imine intermediate occurs, 

via the transfer of the butylamine moiety of dehydrospermidine to the active-

site lysine residue of the enzyme (Lys329 for human DHS) and formation of 

1,3-diaminopropane as the product of dehydrospermidine cleavage . However, 

in the absence of the eIF5A precursor, the enzyme can catalyze an abortive 

reaction with the production of 1,3-diaminopropane, Δ1-pyrroline, and NADH 

(Wolff et al., 1990), suggesting that the binding of NAD and spermidine occurs 

independently of the eIF5A precursor (Chang Hoon Lee & Park, 2000). 
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In the third step (III), the same butylamine moiety is transferred from the 

enzyme-imine intermediate to the ε-amino group of a specific lysine of the 

eIF5A precursor (Lys50 in humans), with formation of eIF5A-imine 

intermediate. 

In the last step (IV), DHS-bound NADH catalyzes the reduction of the eIF5A-

imine intermediate to form deoxyhypusine residue (eIF5A-Dhp) with recovery 

of NAD. 

 

Recent studies have suggested that the DHS reaction is reversible. To verify 

this, the 4-aminobutyl portion of deoxhypusine residue of eIF5A(Dhp) was 

radiolabeled and incubated with human DHS, NAD and 1,3-diaminopropane. 

After incubation, spermidine was formed by a rapid transfer of the radiolabeled 

aminobutyl portion from deoxhypusine residue of eIF5A to 1,3-

diaminopropane with formation of spermidine (J. H. Park et al., 2003) with the 

same mechanism of the forward reaction. 

Interestingly, studies have reported that different DHS from eukaryotes, such 

as tobacco and Senecio vernalis plant can use putrescine as an alternative 

butylamine acceptor, instead of eIF5A precursor, with formation of free 

homospermidine in the same way. The three substrates of DHS: eIF5A(Dhp), 

spermidine and homospermidine are in equilibrium, which depends on the 
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kinetic parameters and concentration of each substrate in the cellular 

environment (J. H. Park et al., 2003).  

It is worth noting that no reverse reaction not observed with mature eIF5A-

containing hypusine, suggesting that hydroxylation of deoxyhypusine side 

chain, which occurs in the second step of hypusination, prevents the reverse 

reaction and locks the protein in a bioactive form (J. H. Park et al., 2003). 

 

 

  

Figure 6: Reversible reaction catalyzed by DHS (D’Agostino et al., 2020) 
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Structural characterization of Deoxhyhypusine Synthase 

The structure of DHS was first solved in 1998 (PDB: 1DHS) (Liao et al., 1998), 

in the absence of ligands and with NAD bound in the active site. This structure 

gave the first important insights regarding spermidine binding. However, this 

structure (Form I) was obtained at low pH and high ionic strength, generating 

a structure of the inactive enzyme. In 2004, Umland and colleagues (Umland 

et al., 2004), determined the structure (Form II) of DHS in complex with the 

inhibitor GC7, at low ionic strength and pH 8.0, near the optimal conditions for 

enzymatic activity, thereby probably generating the structure of the active 

enzyme. Nevertheless, the binding of the eIF5A precursor within DHS is not 

clear, because the crystal structure of the DHS-eIF5A complex has not been 

resolved yet.  

 

DHS is a tetramer in solution, with four identical subunits; these monomers are 

organized in tightly associated pairs to form two dimers: A1A2 and B1B2 

(Figure 7). 
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At the interface of each dimer, two complete but antiparallel spermidine-

binding sites are located; each one has contributions from each of the two 

subunits. Moreover, these two identical dimers form a looser association, 

thereby creating interfaces between monomers A1 and B1, and between 

monomers A2 and B2. 

 

Figure 7: First structure of DHS tetramer (PDB: 1DHS solved in 1998) 

organized in two dimers: A1(blue)A2(magenta) and B1(green)B2(yellow). Two 

NAD molecules (orange stick models) are bound in each dimer interface. The 

N-termini of each subunit extends to the opposite dimer interface, causing 

inhibition of enzyme (Form I).  
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Overall Structure - Each monomer (A1 e.g.) contains a central six-stranded 

parallel β-sheet, a small antiparallel β-sheet and 16 helices. Near the N-terminal 

end of each monomer, a 35-residues insertion of the other monomer is located, 

which includes two helices, α2 and α3, with α3 parallel to the C-terminal helix 

α7. Between β2 and αC2 a cluster of five helices (helices α4, α6 αB1, αB2 and 

αC1) is found, which is packed on the edge of the parallel sheet on the opposite 

side from the N-terminal tail. A three-stranded antiparallel β-sheet (βa, βb and 

βc) and a short helix α5 are inserted between helix α4 and helix α6 of the cluster 

and are located at the C-terminal end of the parallel sheet. One side of this small 

subdomain constitutes part of the dimer interface that contains two active sites 

(Liao et al., 1998). The N-terminal tail is 73 Å long (9-39 residues) and contains 

a two turn α-helix at its end; the tail from one monomer, for example B2, 

extends across the side of the small subdomain of the opposite monomer A2 

towards the A1A2 dimer interface, where the short helix blocks the entrance to 

the active site formed at A1A2 interface, causing an inactive conformation of 

enzyme (Form I) (Figure 7).  
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Active Site - The structure of the narrow binding site was elucidated by 

determination of the structure of human recombinant deoxyhypusine synthase 

in a complex with NAD (Form I), and of the DHS in complex with NAD and 

GC7 (Form II).  

The active site at the dimer interface is accessible from the surface by an 

amphipathic funnel (Liao et al., 1998), which restricts to a narrow tunnel at a 

level corresponding to the positions of the nicotinamide ring of NAD cofactor 

and the side chains of His288, Trp327 and Lys329, suggesting that the groups 

forming this constriction participate in the reaction. The tunnel then opens, 

leading to a side pocket at the bottom (Umland et al., 2004). One side of the 

active site cavity contains the nicotinamide ring, and the other side contains 

several catalytically important residues (Liao et al., 1998). The tunnel walls are 

composed by charged residues, with negatively charged residues near the 

entrance and the bottom of the tunnel, optimized to anchor two positively 

charged groups of spermidine (Figure 8) 
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Based on these observations, Liao et colleagues (Liao et al., 1998) developed a 

model of spermidine bound to the active site cavity of the enzyme. According 

to this model, the amino group of the butyl-amine moiety of spermidine is 

anchored at the bottom of the cavity by Glu323 of one monomer, while the 

amino group at the propylamine end of spermidine is linked to Asp243 of the 

other monomer at the top of cavity. The N4, C4 and C5 of spermidine are 

positioned at the level of the tunnel constriction, where N4 and C4 contact 

Lys329, while C5 contacts the nicotinamide ring of NAD. The orientation of 

these groups allows the transfer of a hydride ion from C5 of the spermidine to 

the nicotinamide ring, while Lys329 is positioned to attack the butylamine 

Figure 8: On the left: the spermidine narrow binding site is shown, 

characterized by a tunnel with several charged residues (yellow stick models) 

and NAD molecule (orange stick model). The two antiparallel active sites are 

located at dimer interface, the site shown is defined by monomer A1 (blue) and 

monomer A2 (magenta), the other site is not shown. On the right: side view of 

the tunnel of the same binding site.  
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moiety of dehydrospermidine with an imine bond  to form an enzyme-imine 

intermediate (Liao et al., 1998). In the cavity, other crucial residues of the same 

monomer involved in binding are located: Trp327 provides hydrophobic 

interactions with the methylene groups of spermidine; His288, located near the 

scissile bond of spermidine, acts as general base for the dehydrogenation 

reaction and is the proton donor for the subsequent imine transfer reaction, 

while Asp316 catalyzes the proton transfer from His288 to the 

dehydrospermidine during the dehydrogenation reaction. These assumptions 

were confirmed by the structure of DHS bound to GC7 (Umland et al., 2004). 

 

NAD Binding Site - The two NAD-binding sites run antiparallel to each other 

at the dimer interface; the adenosine end of the two NAD molecules are close 

to each other at the mid-level of the interface and are sandwiched between two 

DHS monomers. Each NAD molecule forms hydrogen bonds with nine 

residues on one monomer and three residues of the monomer on the other side 

of the dimer interface (Liao et al., 1998).  
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1.4 The inhibitor GC7 

N1-guanyl-l,7-diaminoheptane (GC7) is a spermidine analogue composed by a 

guanidinium moiety and a positively charged amino group spaced by 7 

methylene groups. In 1993 it was first identified as the most potent synthetic 

inhibitor of DHS. It competitively inhibits the binding of spermidine with a Ki 

value of 10 nM, which is 450 times lower than Km of spermidine (Jakus et al., 

1993).  

Prior to understanding the structure of the DHS enzyme, the spermidine binding 

site was probed using the partially purified enzyme from rat testis with a series 

of diamine, polyamine, and spermidine analogues to identify strong inhibitors 

of DHS (Jakus et al., 1993). At first these studies revealed that the compounds 

1,7-diaminoheptane and 1,8-diaminooctane were effective inhibitors with Ki 

values similar to the spermidine Km , however alkylation of either of the  

terminal amino groups of spermidines strongly reduced its affinity for DHS, 

implying that the correct binding structure was achieved by two-terminal amino 

groups spaced by 7-8 methylenes. Moreover, it was evident that compounds 

such as caldine and aminopropylcadaverine, which have secondary amino 

groups were less effective than the two diamines (1,7-diaminoheptane and 1,8-

diaminooctane), indicating that the secondary amino group does not participate 

in their binding to the enzyme active site. Also, the addition of bulky groups at 
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the terminal amino group reduced the inhibitory activity, indicating a narrow 

channel in the spermidine binding site. For these reasons, N1-guanyl-l,7-

diaminoheptane appeared the most effective DHS inhibitor (Figure 9).  

 

Mode of action of GC7 

Consistent with the potency of the inhibition of DHS in vitro in different cell 

lines, GC7 effectively inhibits the first step of hypusine synthesis in Chinese 

hamster ovary cells (Jakus et al., 1993) and other mammalian cells (Martella et 

al., 2020; Nakanishi & Cleveland, 2016) and displays an anticancer effect in 

various human cancer models (Shi et al., 1996), such as neuroblastoma (Schultz 

et al., 2018), melanoma (Jasiulionis et al., 2007) and hepatocellular carcinoma 

(Lou et al., 2013) . 

Furthermore, GC7 was shown to inhibit malignant keratinocyte cell growth and 

differentiation in oral cancer by inducing apoptosis (S. K. Lee et al., 2009).  

GC7 also exhibits anti-ischemic effects, improving neuronal survival by 

preserving mitochondrial functions and preventing ROS generation after stroke 

Figure 9: Structure of GC7 inhibitor. 
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(Bourourou et al., 2021). However, GC7 is not sufficiently selective and causes 

several off-target effects; moreover, its bioavailability is restricted by 

physiological polyamine oxidase present in the blood (Turpaev, 2018). 
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Binding Mode of GC7 

In the structure of the DHS-GC7 complex (Form II), GC7 is located within the 

DHS active site in the same position proposed by the model for spermidine 

binding (Liao et al., 1998). Each of the two independent DHS active sites binds 

GC7 in a similar manner (Umland et al., 2004); thus here only one binding site, 

named “Binding Site 1”, will be described (Figure 10). 

 

 

 

Figure 10: Symmetric binding sites at the interface between the two subunits 

(blue and magenta) of DHS dimer (PDB: 6P4V). GC7 is shown in red sticks 

and NAD molecule in coral, the residues involved in binding are stick models. 

The Binding Site 1 is shown on the left.  
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Binding Site 1 – The interactions of GC7 with the DHS binding pocket (Table 

2) are essential to understand the mechanism of action of the inhibitor. As 

mentioned above, at the bottom of the binding site tunnel, two charged residues, 

Asp316 and Glu323 of the monomer A (A) make contacts with the guanidinium 

group of GC7 by establishing hydrogen bonds and one salt bridge. Mutation of 

either residue to Ala prevents spermidine binding and enzyme activity (C. H. 

Lee et al., 2001), implying the relevance of these residues in substrate binding. 

Furthermore, Asp316(A), together with Glu136(B) and Glu137(B) contribute 

to the overall negative charge of the guanidinium binding site. The GC7 

guanidinium group also makes a hydrogen bond with the main chain carbonyl 

group of Gly314(A).  

At the top of the binding site tunnel, Asp243(B), Asn292(A) and Tyr176(B) 

anchor the terminal amino group of GC7, by making a salt bridge, a hydrogen 

bond and pi-stacking interactions, respectively.  

In the middle of the tunnel, other important residues contribute to the binding 

of GC7: the ε-amino group of Lys329(A), which is essential for spermidine 

binding, contacts C3, C4 and C5 of GC7; Trp327(A) contacts C5 and C3 of 

GC7, and His288(A), which acts as a general base during the initial spermidine 

dehydrogenation step, contacts C4 of GC7. The position occupied by carbon 

C4 of GC7 likely corresponds to that of the spermidine secondary amino group 
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(N4) , which is implied in the first reaction of hypusination. As mentioned 

above, the binding of GC7 is also NAD-dependent; indeed the absence of NAD 

alters the geometry of the binding site and abolishes the binding of either 

spermidine or GC7 (Chang Hoon Lee & Park, 2000). The nicotine moiety of 

NAD makes close contacts with 50% of the GC7 atoms and this might to be 

similar for spermidine (Umland et al., 2004) (Figure 11).  

 

 

  

 

 

DHS 

residue 
GC7 atom 

Glu 323(A) NH1, N8 

Gly314(A) NH1, NH2 

Asp316(A) C7 

Lys329(A) C5, C4, C3 

Trp327(A) C3, C5 

His288(A) C4 

Tyr176(B) N1 

Asn292(A) N1 

Asp243(B) N1 

Figure 11: On the left: interactions of GC7 with binding site 1 of DHS obtained 

by Maestro.  

On the right: the table of interactions of GC7 with binding pocket 1 of DHS 

(PDB ID: 6P4V). 

Table 2 
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The structure of GC7 bound to DHS (Figure 12) will be used as a starting point  

for the design of novel inhibitors of DHS with the aim to find a new molecule 

with higher selectivity compared to GC7 that can be used in combination with 

another selective inhibitor.  

 

 

 

 

 

Figure 12: Binding pocket 1 is shown, GC7 is red and surrounded by stick 

model residues involved in binding belonging to chain A (coloured in blue) and 

chain B (coloured in magenta) NAD is stick model in coral. 
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1.5 Molecular Dynamics  

Simulation of biological molecules was first developed in the 1950s but 

nowadays, it represents one of the hottest topics in scientific research. 

Molecular Dynamic (MD) Simulation is an approach that uses computer 

techniques to simulate the movement of single atoms in atomic or molecular 

systems over time, providing detailed information on the structure, dynamics 

and thermodynamics of biological molecules and their complexes.  

In the last years, computer-based molecular simulation techniques have been 

increasingly used to interpret and complement experimental data on 

biomolecular systems (van Gunsteren et al., 2008), being able to light up the 

invisible microscopic molecular mechanisms and explain results that are 

otherwise difficult to interpret. Thus, computer simulations can fill the gap 

between theory and experiment, some quantities or behaviours may be 

impossible or difficult to measure in experiment while they can be easily 

computed via simulations (Heermann, 1990).  
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Brief History  

Molecular Dynamics Simulation was first introduced by Alder and Wainwright 

in 1957-1959 to study interactions of fluids, considering atoms as disks and 

hard spheres. The first proper simulation was performed in 1964 by Rahman 

and Verlet by using a realistic potential (Lennard-Jones potential) for liquid 

argon and describing its atomic interactions. In 1977 McCammon, et al 

performed the first MD protein simulation of bovine pancreatic trypsin 

inhibitor (Mccammon et al., 1977). However, the first great achievement in this 

field was reached in 1990s with the elucidation of the folding mechanism of 

villin in a 200-nsec simulation (Duan et al., 1998).  

In the following years, MD simulations saw a large growth, stimulated by the 

rapid development of computation speed and storage capacity. Thus, biological 

complexes have been simulated with increasingly large molecules, 

biopolymers and more realistic solvents. Nowadays it is possible to simulate 

complexes with up to 105 atoms for several nanoseconds. Recently, during the 

pandemic, only in Italy more than 4000 MD simulations were performed in the 

fight against Covid-19 by Italian research institutions, implying the relevance 

of MD simulation as a research tool. 
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Classical molecular dynamics simulation 

The molecular dynamics simulation is based on Newton’s second law, the 

equation of motion. In this model, every particle in the system is considered 

like a Newton particle and the quantum behaviour is completely ignored 

through different approximations. Only classical mechanics rules are used to 

describe the motion of the particle, thus knowing the structure of a molecule at 

one moment, it is possible to find the structure at the next moment using the 

integration method of the equation of motion. 

Newton’s equation of motion: 

 

Fi = mi ai = - [δV(rN) / δri] 

where: 

m 1= mass of i atom 

ai = acceleration of i atom, given by  

Fi= force acting on i atom, obtained from derivative potential energy function 

V(rN), calculated for coordinates r of N atoms of the system 
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As the starting point for the MD simulation calculations, the initial positions 

are taken from X-ray structure, while the initial velocities (v) of the particles 

are related to the total kinetic energy as temperature:  

 

1/2 mv2 = 3/2 NKbT 

where: 

Kb = Boltzman constant, factor which defines the relationship between absolute 

temperature and the kinetic energy contained in each molecule of an ideal gas 

and having a value of exactly 1.380649 × 10−23 joules per kelvin (K) 

N = atoms of the system  

T = absolute temperature (K) 

 

Once the positions and the velocities of each atom are known, the only missing 

term is acceleration which is derived from velocity. After that, the state of the 

system can be predicted, and the new atomic positions and velocities of the 

atoms are calculated solving the Newton’s equations of motion by integration, 

using the old positions, velocities, and accelerations, as follows:  

 

r (t + Δt) = ri (t) + vi (t)Δt + 1/2ai(t)t
2 

vi (t+Δt) = vi (t) +ai(t)Δt 
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Time Step - Important concept in the MD simulations is the time step (∆t), the 

range of time of integrating the equations of motion. Appropriate selection of 

an optimal time step is crucial for the efficiency of integration algorithms. If a 

large time step is used, the motion of molecule becomes unstable due to the 

error occurring in the integration. Reversely, if a very small value of time step 

is used, it will not be efficient due to a very long calculation time (Choe & Kim, 

2000). The time step requires having values between 0.5 to 2.0 femtoseconds 

to allow the velocities and the forces to remain virtually constant at each step 

of integration. Typically, 2 fs (fs: 10-15 sec) is value used as time step of 

integration. 

 

Several algorithms can be used to integrate the equations of motion, the leap-

frog integrator is common algorithm used by GROMACS software. 

 

Leap-Frog algorithm  

The leap-frog algorithm is one of the several variants of Verlet scheme 

developed for integrating the equations of motion. In this algorithm, positions 

and velocities are not calculated at the same time-step, but there is a half-step 

lag between them. First the velocities are calculated at time (t+ 1/2 Δt), then by 

using this velocity as an initial velocity the positions x at time (x+ Δt) are 
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obtained.  In this way at each step of simulation the velocities are calculated, 

leap over the positions and the positions leap over the velocities. 

To apply the leap-frog algorithm,  first the velocities at half-integer time steps 

are defined:  

v (t+1/2 Δt) = 
r (t+ Δt)−𝑟 (𝑡)

Δt
 

From the latter equation, new positions are calculated by employing previous 

positions and velocities: 

x (t+ Δt) = Δt v (t+ 1/2 Δt) +x(t) 

Then, the velocities are updated according to the following formula:  

v (t+1/2 Δt) = v (t-1/2 Δt) + a(t) Δt 

The advantage of this method is that the velocities are explicitly calculated, but 

not at the same time as the positions. Thus, the velocities at time t can be 

approximated by the relationship:  

v (t) = ½ [ v (t-1/2 Δt) + v (t+ 1/2 Δt)] 

 

Schematics describing how the leapfrog algorithm works. 
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Force Field 

The potential energy function describes the interaction energies among the 

atoms in the system: in MD this is called force field. Force field is an analytic 

function that depends on the atomic coordinates of the system and the sum of 

all atoms’ interactions energies within the system.  

Each force field is suitable for general conditions, molecules in water or 

vacuum, but they are optimized for specific classes of molecules, such as 

inorganic molecules, biomolecules (DNA, lipids, proteins). 

 

The atom interactions can be classified as bonded interactions and non-bonded 

interactions 

 

Bonded interactions – there are four types of interactions of bonded atoms: 

stretching along the bond (E str), bending between bonds (E angles), dihedral (E 

dihedrals) and planar distortion (E improper). In all these functions the bounds are 

considered as springs.  
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Bond Stretching (E str) represents the energy required to stretch or 

compress a covalent bond. The bond is considered as a spring having its 

own equilibrium length, l0. The potential energy is minimum at the 

average distance between the two atoms and maximum at the extremes 

(Figure 12, A). 

∑
𝑘𝑖

2
 ( 𝑙𝑖– 𝑙𝑖,0)2 

𝑏𝑜𝑛𝑑𝑠

 

where:  

ki = spring constant of bond 

l = bond length 

 

Bond Bending (E angles) is the energy required to bend a bond angle 

formed by three subsequent atoms covalently bound, from its 

equilibrium angle, θ0. The potential energy is given by harmonic 

representation and is minimum at the average distance between the two 

atoms and maximum at the extremes (Figure 12, B). 

∑
𝑘𝑖

2
  (𝜃𝑖 −

𝑎𝑛𝑔𝑙𝑒𝑠

𝜃𝑖,0)2 

where: 

ki = spring constant of angle 

θ = bond angle 
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Dihedral or Torsional Term (E dihedrals) is the energy required to rotate 

around the central bond of four consecutive bonded atoms placed on two 

different planes. The potential energy function is a sinusoid (Figure 12, 

C). 

∑
𝑉𝑁 

2
 (1 + cos(nω −  γ))

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

 

where:  

VN = spring constant of angle  

ω = angle between planes 

 

Improper Torsional Term (E improper) is the energy required to deform a 

planar group of atoms from its equilibrium angle ω0, usually equal to zero 

(Figure 12, D). 

∑
𝑘𝑖

2
 

𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟 
𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠 

( 𝜉𝑖 − 𝜉𝑖,0 )
2 

where:  

ki = spring constant of improper dihedrals 

ξ = angle between planes 
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Figure 12: Potential energy functions of stretching term (A), bending term (B), 

proper dihedral (C) and improper dihedral (D) 
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Non-bonded interactions – there are two functions that calculate the 

interactions among non-bonded atoms: Columbic interactions between 

electrostatic charges and Van der Waals interactions. These non-bonded 

interactions are the most important factor for the stability of the biological 

system (Kumar & Nussinov, 2002) 

 

Electrostatic interactions between two charged atoms (qi and qj) are 

represented by Coulomb Law. According to this law, like charges repeal 

each other and unlike charges attract each other; the attraction or 

repulsion force acts along the line between the two charges. Moreover, 

the size of the electric force varies inversely as the square of the distance 

(rij) between the two charges. Therefore, if the distance between the two 

charges is doubled, the attraction or repulsion becomes weaker.  

               

𝑣 =  ∑     ∑
𝑞𝑖  𝑞𝑗

4 𝜋 𝜀0 𝑟𝑖𝑗
    

𝑁

𝑗=𝑖+1

𝑁

𝑖=1

 

where: 

1/ 4 𝜋 𝜀0= Coulomb constant 
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ε0 = dielectric permittivity  

 

The Van der Waals interactions (Evdw) are represented by Lennard Jones 

potential; according to this, atoms tend to attract each other at short 

distances or tend to repel each other when they get too close 

𝑣 =  ∑     ∑(−
𝐴𝑖𝑗

𝑟𝑖𝑗
6  +  

𝐵𝑖𝑗

𝑟𝑖𝑗
12)  

𝑁

𝑗

𝑁

𝑖 

 

where:  

Aij = attractive term coefficient  

Bij = repulsive term coefficient 

rij = distance between atoms i and j  

 

Periodic Boundary Conditions  

Periodic boundary conditions (PBC) are commonly used as an approximation 

tool to minimize edge and finite size effects in MD simulations of biological 

macromolecule in explicit solvent (Wassenaar & Mark, 2006). This occurs 

because a large portion of particles tends to lie on the surface and undergo 

forces different from those inside the solvent, which deforms the system. To 

solve this problem, the system is represented by a central box surrounded by an 

infinite number of copies of itself. During the simulation, the molecules in the 
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central box and their periodic images move in the same way, when a moving 

molecule leaves the central box, another of its images enters in the opposite 

side. For this reason, it is necessary to select an appropriate box type for the 

simulations depending on the molecular geometry and it is important to 

minimize the solvent in the system. Moreover, to avoid that an atom does not 

interact with its copy present in a adjacent box, a spherical cut off is applied, 

which must be shorter than the shortest side of the box. (Figure 13) 

 

 

 

 

Figure 13: Representation of periodic boundary conditions. The spherical cut 

off is shown. 
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Molecular dynamics ensembles  

An ensemble is a collection of all possible systems which have different 

molecular states but have the same macroscopic or thermodynamic state. 

Different ensembles with different characteristics exist. 

 

Microcanonical ensemble (NVE) – ensemble characterized by a fixed number 

of atoms, N, a fixed volume, V, and a fixed energy, E. This corresponds to an 

isolated system where the total energy of the system is conserved. 

 

Canonical ensemble (NVT) – ensemble characterized by a fixed number of 

atoms, N, a fixed volume, V and a fixed temperature, T. In this situation, the 

total energy fluctuate in each step and the system is in contact with a thermostat 

at temperature T. 

 

Thermostat - algorithm used to ensure that the average temperature of a 

system in NVT or NPT is constant. In simulations the temperature is 

usually computed from the kinetic energy of the system, so the goal of 

thermostat is not to keep the temperature, so the total kinetic energy, 

constant, which would be senseless. Rather, the aim of thermostat is 

ensuring that the system has the correct average temperature and the 
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correct size of fluctuations. Thermostat allows energy to enter and leave 

the simulated system, by modifying the velocities of subsets of particles. 

Berendsen Thermostat- algorithm that at every simulation step 

corrects the deviations of the actual temperature T from the 

predefined T0 by rescaling the velocities by a certain factor λ to 

move the system towards the T0 (Berendsen et al., 1984).  

                                       λ = [ 1+ 
Δ𝑡

𝜏𝐵
 (

𝑇0

𝑇
− 1) ] 1/2 

where: 

λ = scaling factor  

Δt = time step  

τB = time constant of the Berendsen thermostat 

T0 = temperature desired  

T = instantaneous (kinetic) temperature  

 

Conceptually, this thermostat works to coupling the simulated 

system to a fictious heat bath kept at same constant temperature. 

By varying the thermostat time constant (τB), it can increase or 

decrease the degree of coupling to an external bath. This method 

can reproduce the correct average of the temperature but is not able 

to compute temperature fluctuations. For this reason, it is not very 
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accurate, but it is widely employed because does not require many 

computational resources, it is usually used in the first stages of 

heating. 

V-rescale Thermostat – algorithm similar to Berendsen’s 

thermostat, but includes a stochastic term, which allows a correct 

kinetic energy distribution. This accurate thermostat needs to be 

used in the last part of equilibration and production runs. 

 

Isothermal-isobaric ensemble (NPT) – ensemble characterized by a fixed 

number of atoms, N, a fixed pressure P, and a fixed temperature T. It describes 

system in contact with a thermostat at temperature T and a barostat at pressure 

P, thus the total energy E and volume V fluctuate at thermal equilibrium.  

 

Barostat – algorithm that regulates pressure by adjusting the volume with 

scaling the coordinates of each atom of the simulated system in NPT.   

Parrinello-Rahman – algorithm based on Andersen barostat, 

where the box vectors are subjected to an equation of motion and 

the equation of motion for the atoms of the system is coupled to 

this. This barostat controls the pressure by scaling the volume and 

changing the shape of simulation box. It is assumed that the system 
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is simulated in a container and can be compressed by a piston, 

which adjusts the volume of a simulation cell to equalize the 

internal and external pressure. This barostat is computationally 

expensive, but produces the correct distribution, for this is widely 

used (Ruhle, 2008).   

Berendsen – like Berendsen thermostat, is algorithm for 

controlling the pressure rescaling the coordinates of atoms. At 

each time step corrects the instantaneous pressure P from the 

reference pressure P0 that is the pressure of the external pressure 

bath, by scaling the coordinates, using a scale factor μ. It is 

common to use both the Berendsen thermostat and barostat in the 

same simulation to allow pre-equilibration  

 

Steps for Molecular Dynamics Simulation  

To perform MD simulation, essential steps must be performed, as follows: 

 

1. Building a topology file 

Before starting a simulation, an optimal force field is chosen, which best 

describes the characteristics of the system and a coordinate file, which 

describes the initial coordinates. Coordinate files are usually taken from X-ray 
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structure, NMR structure or Cryo-EM structure stored in the PDB (Protein Data 

Bank), but they can also be obtained via homology modelling or docking 

methods. The topology file is the most important file and contains all the 

information about every atom in the system, such as bond length, bond angles, 

atom masses, partial charges. After that, the system is solvated, and ions are 

added.  

 

2. Energy minimization  

The minimization is a crucial step during MD simulation. It is a numerical 

procedure for finding local minimums on the potential energy surface from a 

higher energy initial structure. During energy minimization, the geometry of 

the system is changed to reach a relaxed state, which corresponds to a local 

energy minimum. This way, structural constraints are removed, and water 

enters in the cavities, interacting with side chains that are no longer constrained. 

This step is computed by different algorithms, in MD simulation a combination 

of Steepest Descent and Conjugate Gradient respectively is usually used to 

minimize optimally the system:  

 

Steepest Descent – is the most widely used and fastest algorithm 

and for this does not require high amount of calculation resources. 
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However, this method relies on approximation, thus it is not the 

most efficient and so more steps are generally required to find the 

minimum. In this method the direction in which the geometry is 

first minimized is the same direction of the force, and the motion 

is always downhill on the potential energy surface. All steps are 

independent. This method can find the state close to the nearest 

local minimum very quickly and continues until a sufficient 

tolerance of number of force evaluations (e.g., 100) or when the 

maximum of the absolute values of the force components is 

smaller than a specified value ε [kJ mol-1 nm-1], called emtol in 

GROMACS.  

 

Conjugate Gradient – is slower than steepest descent in the early 

stage of the minimization but becomes more efficient closer to the 

energy minimum. All steps depend on the information of the 

previous step, the preceding directions are used to refine the 

current direction of minimization. This method can find the state 

very close to the local minimum.  
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3. Equilibration  

This step involves two stages, which are the heating process and equilibration. 

In the first stage the system should be slowly heated to the desired temperature 

(usually 300K), and the position restraints are gradually released to avoid the 

collapse of the system for the excessive energy. The initial temperature is 

usually 50K, in each heating step the temperature increases by 50K, up to 300K. 

During the heating process, the pressure gradually changes; indeed, these 

simulations are first made in NVT and then in NPT. After the desired 

temperature is achieved, equilibration is performed to ensure that the system is 

in a stable state.  

 

4. Production and analysis of trajectories  

In the production phase the system is allowed to propagate in time without any 

further intervention. MD production can continue up to several nanoseconds 

depending on the system size and computational resources. When the 

trajectories are performed, they are connected and analysed.  
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AIM OF THE THESIS 

 

Due to the involvement of eIF5A in cancer much effort is being put into the 

design of compounds modulating this protein. As mentioned, both eIF5A1 and 

eIF5A2 are involved in cancer development and are used as markers for 

diagnosis and prognosis. Blocking and inhibiting one of the hypusination steps  

is useful to disable both isoforms. 

 

The main purpose of this work is to characterize new inhibitors of DHS that 

might improve the pharmacodynamics properties of known inhibitors such as 

GC7. In particular, a library of GC7-dipeptide analogues has been designed ad 

hoc to develop analogues able to establish key contacts with the target enzyme, 

as GC7, but also, thanking  their dipeptide skeleton, increase physico-chemical 

properties. Compared to GC7, dipeptide designed improve the binding affinity 

by means of additional functional groups, indeed these molecules are featured 

by one arginine linked with side chain of positively amino acid (lysine, 

ornithine or 2,4-diaminobutyric acid (Dab)). Such compounds have been 

evaluated through docking molecular method and the best performing GC7 

analogue has been further investigated by molecular dynamics simulation. 

Thanks to the binding data of GC7 with its substrate DHS, the binding mode of 
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the novel compound obtained with MD simulation has been examined and 

compared with GC7, proving that this new analogue might be a good molecule. 

This promising inhibitor will be soon linked with other selective inhibitor to 

develop a dual targeting agent, a single compound with two distinct targets. 

According to these insights, novel chemotherapeutic agents will be generated 

with better specify and efficiency than the original compounds. 
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MATERIALS AND METHODS 

 

2.1 Preparation of GC7 analogues library  

The structural and dynamics data regarding the binding mode of GC7 to DHS 

are the starting point to develop a GC7 mimetics library. As already mentioned, 

GC7 binds in a long and narrow amphipathic channel at the interface between 

two DHS monomer, close to the NAD cofactor. The guanidine and amine 

groups of GC7 form tight polar interactions with each DHS monomer and 

NAD. Thus, to develop DHS inhibitors with improved physic-chemical 

properties, but also able to establish key contacts with the target enzyme, a 

mimetics library has been designed with replacement of the hydrocarbon chain 

of GC7 with a dipeptide skeleton (Table 3). Dipeptides have been developed 

with one arginine which is coupled to the side chain of positively charged 

amino acid of variable length (lysine, ornithine or 2,4-diaminobutyric acid 

(Dab)). For each amino acid, both L- and D- configurations are being 

considered. All these compounds possess functional groups that can be further 

used as anchor point (e.g., carboxylic groups) to the linkage with another 

inhibitor molecule for the development of dual-acting agent. 
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Table 3 
GC7 ANALOGUES 

DP1 
L-Arg-L-

Dab-NH2 

 

DP2 
L-Arg-D-

Dab-NH2 

 

DP3 
D-Arg-L-

Dab-NH2 

 

DP4 
D-Arg-D-

Dab-NH2 

 

DP5 
L-Arg-L-

Orn-NH2 
 

DP6 
L-Arg-D-

Orn-NH2 
 

DP7 
D-Arg-L-

Orn-NH2 
 

DP8 
D-Arg-D-

Orn-NH2 
 

DP9 
L-Arg-L-

Lys-NH2 
 

DP10 
L-Arg-D-

Lys-NH2 

 

DP11 
D-Arg-L-

Lys-NH2 
 

DP12 
D-Arg-D-

Lys-NH2 
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2.2 Molecular Docking 

The designed compounds were evaluated by Molecular Docking using Glide 

software. The grid box was constructed to cover the active site, an identical box 

was used for GC7 active sites. The parameters of the grid box were given by 

default. The most promising ligand binding poses predicted by Glide have also 

been investigated by MD simulation.  

 

Glide – Glide is a program that searches for favourable interactions between 

one or more ligand molecules and a receptor. It uses a hierarchical series of 

filters to find possible locations of the ligand in the active-site region of the 

receptor, which is represented on a grid customizable to provide progressively 

more accurate scoring of the ligand poses. Glide processes the conformational 

flexibility with an extensive conformational search, that rapidly eliminates 

unsuitable conformations.  

Each ligand is divided into a core region and some number of rotamer groups, 

which are attached to the core by rotatable bond. During conformation 

generation, each core region is represented by a set of core conformations, for 

each one, an exhaustive search of possible locations and orientations is 

performed over the active site of the protein to discard a large number of poses 

and obtain a set of possible poses. From poses selected by initial screening, the 
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ligand is refined. Finally, small numbers of poses are minimized and then are 

scored using GlideScore scoring function. GlideScore is an empirical scoring 

function which recognizes favourable hydrophobic, hydrogen-bonding and 

metal-ligation interactions and penalizes steric clashes (Friesner et al., 2004):  

 

GlideScore = 0.05*vdW + 0.15*Coul + Lipo + Hbond + Metal + Rewards + RotB + Site 

 

where: 

 

vdW = Van der Waals energy 

 

Coul = Coulomb energy 

 

Lipo = Lipophilic term 

 

HBond = Hydrogen-bonding term 

 

Metal = Metal-binding term. Only the interactions with anionic or highly polar 

acceptor atoms are included 

 

Rewards = Rewards and penalties for various features, such as buried polar 

groups, hydrophobic enclosure, correlated hydrogen bonds, amide twists, etc 

 

RotB = Penalty for freezing rotatable bonds 

 

Site = Polar interactions in the active site 
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In this case, analogue DP9 (L-Arg-L-Lys-NH2) was selected for simulation 

based on its docking score.   

 

 

 

 

2.3 Preparation of system for MD simulations 

Preparation of the molecule  

The 3D structure file (PDB ID: 6P4V) of DHS dimer was downloaded from 

Protein Data Bank (PDB). The system was prepared in UCSF Chimera 

(Pettersen et al., 2004) before simulation. In particular, water and precipitant 

molecules were removed, and hydrogens were added. Then the protein was 

verified and optimized by Schrödinger’s Protein Preparation Wizard (Madhavi 

Sastry et al., n.d.). 

 

Ligands Parametrization 

NAD – the parameter for NAD molecule was retrieved from Amber library 

(Walker et al., 2002) 
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GC7 – the ligand was parametrized using protocol, similar to the one applied 

in D’Agostino et al. (2020), with GAFF (J. Wang et al., 2006) force field and 

charges were calculated with the restricted electrostatic potential (RESP) 

method (Bayly et al., 1993) at HF/6-31G* after ab initio optimization.  

DP9 – to parametrize this ligand, DP9 was not considered as one single 

molecule but as two different amino acids. To do this, parameters of 

unmodified arginine were retrieved from Amber library, while parameter of 

modified lysine (is not a standard residue, because it binds arginine with its side 

chain and not with N-terminal as usually) was calculated trough also quantum 

mechanics calculations. After that the dipeptide was assembled   

Quantum mechanics (QM) describes the behaviour of particles such as atoms 

and electrons, and how these particles interact with each other. Thanks to its 

unique accuracy it is essential to compute and model electronic arrangement. 

Indeed, the knowledge of the electronic distribution is a key-point to 

understanding of the system behaviour at atomic level but remains an expensive 

task with a large expenditure of computational resources. Consequently, it is 

necessary to apply simplified parametric protocols that allow the electronic 

distribution to be computed with a modest cost, while keeping precision of 

quantum-mechanics calculations. For this reason, the protocol and the 



67 
 

programs used for parametrization of non-standard lysine residue will be 

briefly described. 

1. Geometry optimization – this is one of the first step of any computational 

chemistry calculation and is to locate the minimum energy structure of 

residue. It needs to be done with a QM method using Gaussian software 

(Frisch et al., 2015) using basis set (6-31G*) with Hartree-Fock as the 

level of theory of QM calculation. 

2. Computation of Electrostatic Potential – after optimizing the geometry 

of the ligand, it needs to generate electrostatic potential (ESP) of the 

residue, always using HF/6-31G* as the level of theory. This term 

indicates how the electrons are arranged.  

3. Computation of partial charges and atom types – the gaussian output 

was processed by Antechamber program, that it was used to revision the 

partial charges of the residue with restricted electrostatic potential 

(RESP) method and assign the atomy type with GAFF force field.  

Antechamber – is a set of programs, for molecular mechanics 

calculations on organic molecules, which are able to solve 

different problems, such as identifying bond and atom type, 

judging atomic equivalence, generating topology and finding 

missing force field parameters. Atom type in molecular 
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mechanics is classified mainly based on electronic and 

structural properties, and different force field have different 

strategies to define the atom type, Antechamber supports 

various Amber force fields including GAFF (general Amber 

force field), which can describe atom type of most organic 

molecules (J. Wang et al., 2001, 2006). Another important 

computing in MM is generating partial charges, essential to 

understand the chemical reactivity and physical proprieties, 

Antechamber supports different charge methods, such us RESP 

(restrained electrostatic potential) (Bayly et al., 1993).  

4. Preparation of the residue library and force field parameters – the 

charges computed were referred to all atoms of the residue, but it was 

needed by prepgen program (Antechamber package) to strip off the 

atoms at the beginning and to end of the residue to create an amino acid 

which is able to be connected to arginine at its N-termini developing the 

dipeptide DP9. The program also redistributed the charges of the omitted 

atoms among the remaining atoms to obtain the residue total charge of 

1. Then covalent parameters (angles, bonds, dihedrals) are assigned 

using standard force field file, ff14SB by parmchk2 program 

(Antechamber package). 
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Creation of the topology and coordinates files of dipeptide – two amino 

acids are linked to generate a finished topology and coordinate files 

which have been converted in GROMACS format file and used in MD 

simulation. 

 

2.4 MD simulations 

These simulations were performed using GROMACS software with the 

following procedure (Abraham et al., 2015):  

Creation of topology  

The topology was construed with GROMACS software using Amber force 

fields, particularly AMBER99SB-ILDN protein for DHS, GAFF for NAD and 

GC7 ligand and ff14SB for DP9. In both simulations was used TIP3P model to 

assign water parameters. In each simulation, the topology file includes DHS 

dimer, two molecules of NAD and two molecules of ligands (GC7 and DP9 

respectively).  

Definition of simulation box  

The simulations were performed in the same manner, using a cubic box, 

centring DHS in the box with a minimum distance of 12 Å between the protein 

and box edges. 

 



70 
 

Solvation of the system 

The system was solvated, which consists of adding water molecules with TIP3P 

model and the charge deficit of the system was balanced by the addition of the 

appropriate counter ions using GROMACS to neutralize the net charge of the 

system. In the first simulation 10 Na ions were added, while in the second 

simulation 8 Na ions.   

Energy Minimization 

Before minimizing the system, position restraints of all molecules were added 

to gradually prepare the system. In both simulations, energy minimization 

phase was conducted with steepest descent single step. 

In the first simulation (DHS-GC7), the system was subjected to 1619 steps of 

steepest descent energy minimization with emtol 1000 kJ mol-1 nm-1 and 

positional restraints of 2000 kJ mol-1 nM-2 on backbone and ligand atoms. In 

the second simulation (DHS-DP9), the steps were 1868 with the same emtol 

and positional restraints.  

Thermalization  

Thermalization phase was achieved in 3 ns with 12 steps of 250 ps each one, in 

alternating NVT and NPT ensembles. It was started with temperature of 50K 

up gradually to 300K in the final steps. A time step of 2.0 fs was used during 

these steps. Particularly: 
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1. NVT simulation at 50K in 250 ps, temperature was controlled by 

Berendsen thermostat. The position restraints lowered to 1200 kJ mol-1 

nM-2 

2. NPT simulation at 50K in 250 ps with Berendsen thermostat. The 

pressure was set to 1 bar by Berendsen barostat. The position restraints 

lowered to 1200 kJ mol-1 nM-2 

3. NVT simulation at 100K in 250 ps with Berendsen thermostat. The 

position restraints lowered to 1000 kJ mol-1 nM-2 

4. NPT simulation at 100K in 250 ps with Berendsen thermostat and 

Berendsen barostat. Position restraints lowered to 1000 kJ mol-1 nM-2 

5. NVT simulation at 150K in 250 ps with Berendsen thermostat). The 

position restraints lowered to 800 kJ mol-1 nM-2 

6. NPT simulation at 150K in 250 ps with Berendsen thermostat and 

Berendsen barostat. Position restraints decreased to 800 kJ mol-1 nM-2 

7. NVT simulation at 200K in 250 ps with Berendsen thermostat. The 

position restraints lowered to 600 kJ mol-1 nM-2 

8. NPT simulation at 200K in 250 ps with Berendsen thermostat and 

Berendsen barostat. Position restraints decreased to 600 kJ mol-1 nM-2 

9. NVT simulation at 250K in 250 ps with V-rescale thermostat. The 

position restraints lowered to 400 kJ mol-1 nM-2 
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10. NPT simulation at 250K in 250 ps with V-rescale thermostat. The 

pressure was set to 1 bar by the Parrinello-Rahman barostat. The position 

restraints lowered to 400 kJ mol-1 nM-2 

11. NVT simulation at 300K in 250 ps with V-rescale thermostat. The 

position restraints lowered to 200 kJ mol-1 nM-2 

12. NPT simulation at 300K in 250 ps with V-rescale thermostat and 

Parrinello-Rahman barostat. The position restraints lowered to 200 kJ 

mol-1 nM-2 

Equilibration 

This was followed, in both simulations, by 3 ns equilibration in NVT without 

restriction at 300K to allow the system to stabilize. 

The time step was 2.0 fs with leap-frog integration algorithm in these stages 

and during the production runs.  

Production Runs  

The production runs were conducted in NPT for 1 μs for both simulations. Each 

trajectory was performed in 50 ns at 300K. The coordinates of the trajectories 

were saved at 20 ps interval. 
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2.5 Analysis 

Post MD simulations different analysis were conducted. Before analysing the 

simulations, the trajectories were concatenated. Then, Periodic Boundary 

Conditions (PBC) were resolved, and the trajectory was roto-fitted to obtain the 

correct run production. 

The following analyses were carried out:  

 

RMSD analysis 

Root mean square deviation (RMSD) is the measure of the average distance 

between atoms of superimposed proteins. The RMSD between one reference 

state and a trajectory of structures is often calculated to measure the 

dissimilarity of the trajectory conformational ensemble to the reference. The 

RMSD of each inhibitor was calculated by GROMACS from each frame of the 

1 μs simulations to gain insights into the stability of the systems over the course 

of the simulation. In both these simulations, we calculated: 

RMSD of DHS Secondary Structure – to analyse the stability of DHS protein, 

RMSD was calculated on the secondary structure elements (α helix and β 

strands) of the protein. For more accuracy, this was performed on the protein 

before thermalization and post thermalization.  
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RMSD of Ligands – to analyse the stability of the ligand (GC7 and DP9 

respectively), RMSD was calculated on the ligand by fitting on the backbone 

atoms of the protein.  

 

RMSF analysis 

Root mean square fluctuation (RMSF) is a measure of the flexibility of a 

residue, in detail it is the square root of the variance of the residue fluctuation 

around the average position. This analysis is useful to enquire about effect of 

the ligands on the residues of the protein, particularly on the residues of the 

binding sites. The RMSF was calculated for the Cα atom of each residue of two 

binding sites for both systems calculated. The same residues were observed in 

both simulations. As RMSD, RMSF was calculated by GROMACS from each 

frame of entire simulations (i.e., 1μs). 

 

Analysis of contacts 

Contact analysis is extremely useful to understand the stability of the complex 

on binding sites. This was performed by GROMACS on trajectory skipped to 

obtain one frame every 0.2 ns. In every simulation, the number of contacts 

between ligand (GC7 and DP9 respectively) and residues of binding sites was 
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calculated. Moreover, for more accuracy, the distance between ligand and 

residues of the binding pocket was also determined.  

 

Cavity Analysis 

The computing of the cavity volume of the binding pockets and how it changes 

during simulations provides important information about the binding pocket. 

This was determined by POVME3.0 (Wagner et al., 2017) on skipped trajectory 

with one frame every 20 ns.  

 

The graphics of post-MD simulation analyses were obtained by Gnuplot 

(Williams et al., 2012) graphing program. All 3D images were achieved by 

applying ChimeraX (Pettersen et al., 2020) and Maestro (Schrödinger Release 

2022-2, 2021). 
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RESULTS 

 

In order to investigate the stability of new designed analogue and to evaluate 

its binding mode, two molecular dynamics (MD) simulations of 1 μs at the 

same conditions have been performed. In the first simulation, used as reference, 

GC7 in complex with its substrate DHS has been simulated. The second 

simulation has been performed with the best analogue (DP9) in complex with 

DHS. The following results have been analysed by comparing the two different 

ligands: the reference GC7 and new analogue DP9.  

 

3. 1 Molecular Docking 

The analogues library described in “Matherials and Methods” was validated 

through molecular docking by Glide as mentioned above. The docking results 

(Table 4) based on Glide score, number of poses overlapping with GC7 and 

interactions on the established binding site suggested that the most promising 

ligand is analogue DP9 (L-Arg-L-Lys-NH2), which is composed by one 

arginine coupled to the side chain of a lysine. DP9 presented 5 out of 20 

overlapping poses with GC7 in Standard Precision (SP) docking with Glide 

Score of -8.481 and 3 out of 3 in Extra Precision (XP) with Glide Score of -
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11.427. DP9 has obtained the higher docking scores, and is able to localize and 

interact (Figure 14) in the most similar  

manner to GC7. 

Figure 14: On the top: Interactions established by DP9 analogue on Maestro.  
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Rank 
Ligand 

Name 
 Poses 

Number of 

overlapping 

poses 

Glide 

Score 

1 DP9 

L-Arg-L-

Lys-NH2 

SP 20 5 -8.481 

XP 3 3 -11.427 

2 DP11 

D-Arg-L-

Lys-NH2 

SP 19 5 -8.029 

XP 14 5 -10.023 

3 DP7 

D-Arg-L-

Orn-NH2 

SP 19 2 -6.799 

XP 15 11 -10.581 

4 DP12 

D-Arg-D-

Lys-NH2 

SP 20 2 -7.547 

XP 14 4 -10.586 

5 DP5 

L-Arg-L-

Orn-NH2 

SP 18 1 -6.566 

XP 18 2 -9.879 

6 DP6 

L-Arg-D-

Orn-NH2 

SP 18 1 -6.566 

XP 19 1 -9.741 

7 DP3 

D-Arg-L-

Dab-NH2 

SP 20 3 -6.745 

XP 6 0 -10.167 

8 DP4 

D-Arg-D-

Dab-NH2 

SP 20 1 -6.745 

XP 11 0 -10.041 

9 DP10 

L-Arg-D-

Lys-NH2 

SP 20 0 -5.295 

XP 6 1 -10.829 

10 DP2 

L-Arg-D-

Dab-NH2 

SP 16 0 -5.153 

XP 13 1 -10.116 

11 DP1 

L-Arg-L-

Dab-NH2 

SP 20 1 -6.710 

XP 9 0 -8.007 

12 DP8 

D-Arg-D-

Orn-NH2 

SP 19 0 -4.492 

XP 9 0 -4.704 

Table 4 
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3.2 Analysis of protein stability  

RMSD analysis  

To evaluate the stability of DHS in both simulations, an RMSD analysis of the 

trajectory calculated on the secondary structure of the protein (α-helix and β-

sheet) was carried out and the results are plotted in figure 15. 

In the graphs, the black lines represent the RMSD calculated on the secondary 

structure of chain A of the protein, while the red lines represent the RMSD 

calculated on the secondary structure of chain B. 

In the first two graphs (Figure 15. A-B), the RMSD of the trajectory calculated 

by fitting on the Cα of the secondary structure of thermalized protein is 

presented. The first figure (Figure 15.A) shows the RMSD of the secondary 

structure of DHS in the first simulation and the second one (Figure 15.B) 

represents RMSD of DHS in the second simulation. The RMSD shows high 

levels of fluctuations in both graphs.  

In the last graphs (Figure 15. C-D), the RMSD was calculated by fitting on the 

Cα of the secondary structure of the thermalized protein structure, where the 

N-terminal region (residues 28-54) of each chain was removed. This region, as 

mentioned before, does not participate in ligand binding, and appears to be very 

unstable because it is located at the tetramer interface. The RMSD thus 

calculated turns out to be more stable and with a smaller range of fluctuations. 
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In the third figure (Figure 15. C), the RMSD performed on first simulation 

fluctuates in a range of 1Å, while in the second simulation (Figure 15. D) the 

variation is a little lower compared to the first simulation, but both RMSD are 

comparable, implying a high protein stability. 

The shadowed region (i.e., 0- 0.45 μs) in the graphs represents the equilibration 

time. The production phase starts after 0.45 μs up to 1μs.  
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Figure 15: RMSD on the secondary structure of DHS. (A) RMSD calculated on 

the Cα of secondary structure of chain A (black lines) and chain B (red lines) 

of the thermalized DHS structure of the first simulation (B) RMSD calculated 

on the Cα of secondary structure of chain A (black lines) and chain B (red lines) 

of the thermalized DHS structure of the second simulation. On the right: DHS 

thermalized structure (PDB ID:6P4V) with chain A (blue) and chain B 

(magenta) is shown. (C) RMSD calculated on the Cα of secondary structure 

without N-termini region (res 28-54) of chain A (black lines) and chain B (red 

lines) of the thermalized DHS structure of the first simulation. (D) RMSD 

calculated on the Cα of secondary structure without N-termini region (res 28-

54) of chain A (black lines) and chain B (red lines) of the thermalized DHS 

structure of the second simulation. On the right: thermalized structure of DHS 

with chain A (blue) and chain B (magenta) and N-terminal region (grey) (PDB 

ID:6P4V). 
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3.3 Analysis of ligand stability  

To evaluate the stability of the ligands, the RMSD and RMSF analyses of both 

simulations were performed; the results are plotted in figure 16. The key 

residues implicated in ligand binding are presented in blue sticks (chain A) and 

magenta sticks (chain B), in the 3D ribbon structure of DHS (PDB ID: 6P4V). 

The ligand is shown in stick model, GC7 is represented in red and DP9 in 

orange.  

 

 

RMSD calculation 

In order to gain insight into the stability of the protein structure over the course 

of the simulation, the RMSD of the ligand of each system (DHS-ligand) was 

calculated from the trajectories  

In the first graph (Figure 16.A)  the RMSD of the first trajectory is shown, 

which was calculated for each ligand by fitting against the backbone of the 

residues composing the binding site of GC7. The initial poses and the average 

of the poses assumed by the ligand during production time (i.e., 0,45 – 1 μs) 

are shown in the boxes. In the plot, the black lines represent the binding site 1, 

that, as mentioned before, is composed by residues of chain A (His288, 
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Asn292, Gly314, Asp316, Glu323, Trp327, Lys329) and residues of chain B 

(Tyr176 and Asp243). The red lines represent the binding site 2, composed by 

His288, Asn292, Gly314, Asp316, Glu323, Trp327, Lys329 of chain B and 

Tyr176 and Asp243 of chain A. The RMSD calculated on binding site 1 during 

production (i.e., 0,45 – 1 μs) presents an increased value than the RMSD on the 

binding site 2, suggesting a different binding mode taken by GC7. 

The same analysis was performed with the data obtained from the second 

trajectory (Figure 16.C), employing the same residues. The range of the RMSD 

variation appears to be significantly lower than the one in the first graph, 

reporting also similar values of a range below 1Å for each binding site.  

 

RMSF  

The RMSF of the Cα atom of the residues of the protein for each of the systems 

was calculated. This provides an insight on the effect of the ligands on the 

individual residue of the protein, particularly in the binding site residues.  

The second graph (Figure 16.B) shows the RMSF of the residues of DHS (PDB 

ID:6P4V) obtained during the production (i.e., 0,45 – 1 μs) of the first 

simulation. The residues of binding site 1 are highlighted in black and residues 

of binding site 2 in red. Analogously the fourth graph (Figure 16.D) reports the 

RMSF of the DHS residues during the second production trajectory.  
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Figure 16: Evaluation of ligand stability. (A) RMSD computed throughout the 

trajectory between the ligand and the backbone of the binding site residues of 

DHS. The initial poses of GC7 (red stick model) for each binding site are shown 

in the boxes on the left, with residues of chain A (coloured in blue), residues of 

chain B (coloured in magenta) and the NAD molecule (grey). On the right, the 

average of the poses during production run are shown. (B) RMSF calculated 

on the Cα atom of the residues of the protein DHS (PDB ID:6P4V) in the GC7-

DHS system, the residues of binding site 1 are highlighted in black and residues 

of binding site 2 in red. (C) RMSD performed throughout the trajectory 

between the ligand and the backbone of the binding site residues of DHS. The 

initial poses of DP9 (orange stick model) for each binding site are shown in the 

boxes on the left, with residues of chain A (coloured in blue), residues of chain 

B (coloured in magenta) and NAD (grey). On the right the averages of DP9 

poses during production run are shown. (D) RMSF calculated on Cα atom of 

the residues of the protein DHS (PDB ID:6P4V) in DP9-DHS system, the 

residues of binding site 1 are highlighted in black and residues of binding site 

2 in red. 
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Analysis of ligand interactions with Tyr176 and Glu137 

In order to inquire the different binding modes adopted by GC7 in the binding 

site 1 during production run (i.e., 0,45 – 1 μs), we performed additional analyses 

(Figure 17). The distance between GC7 and residues Tyr176 (red lines) and 

Glu137 (black lines) were computed for each binding pocket. As expected, the 

graphs suggest that during production run (i.e., 0,45 – 1 μs), only in binding 

site 1 a switch of interactors between Tyr176 and Glu137 occurs, where the 

distance between Tyr176 and GC7 increases and the distance between Glu137 

and GC7 decreases. The 3D structures (Figure 17, right boxes) of DHS and 

GC7 ligand during production underline that the interaction with Tyr176 is lost 

in favour of the interaction with Glu137. Conversely, the interaction between 

GC7 and Tyr176 remains stable in binding site 2 during the simulation.  
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Figure 17: Evaluation of GC7 different binding modes in binding site 1. On the 

top: distance between GC7 and Tyr176 B (red lines) and Glu137 B (black 

lines). In the box GC7 ligand (red stick model) is shown in the binding site 1 

with residues of chain A (blue) and residues of chain B (magenta) and NAD 

(grey). On the bottom: distance between GC7 and Tyr176 A (red lines) and Glu 

137 A (black lines). In the box GC7 ligand (red stick model) is shown in the 

binding site 1 with residues of chain A (blue) and residues of chain B (magenta) 

and NAD (grey). 
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Analysis of the number of Contacts  

The number of contacts between the ligands and the residues of the binding 

pockets are plotted in Figure 18. 

In the first graph, the number of contacts between GC7 and residues of binding 

site 1 are represented with black lines and with red lines the contacts between 

GC7 and residues of binding site 2 are shown. The number of contacts in 

binding site 1 appears to be smaller than the contacts performed in binding site 

2.  

The second graph shows the number of contacts in DHS binding sites between 

the DP9 analogue and residues in the binding pocket. The black lines represent 

the contacts between DP9 and residues of binding site 1 and the red lines the 

contacts between DP9 and the residues of binding site 2. In this plot, the number 

of contacts remains stable in a range between 1100 and 1300 contacts for each 

site during the entire simulation. 
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Figure 18: Evaluation of ligand stability. Top: number of contacts between 

GC7 and residues of binding site 1 (black lines) and residues of binding site 2 

(red lines). Bottom: number of contacts between DP9 and residues of binding 

site 1 (black lines) and residues of binding site 2 (red lines).  

 

Cavity Analysis 

A further analysis to verify the stability of ligands GC7 and DP9 is the cavity 

analysis, which was performed using ChimeraX (See Methods section). The 

cavity analysis calculates the volume of the region occupied by the ligand.  

For each system, the cavity of the binding sites in the initial structure and the 

average structure obtained during production (i.e., 0,45 – 1 μs) were computed. 

The ligands GC7 (Figure 19.A) and DP9 (Figure 19.B) are represented with 

balls and sticks and surface. The values of the volume cavity are reported on 

the tables: the cavity of GC7 in binding site 1 changed from 178.5 Å3 to 181.0 

Å3, in binding site 2 the volume changed little from 178.8 to 180.3 Å3. In the 

second simulation, the cavity of DP9 in binding site 1 changed from 294.4 Å3 

to 292.4 Å3 and cavity of DP9 in binding site 2 from 298.9 Å3 to 295.9 Å3. 
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Figure 19: Evaluation of ligand stability: (A) Cavity analysis of GC7 in both 

binding sites. The values of volume cavity of initial structure and average 

structure of production (i.e., 0,45 – 1 μs) are shown in the table at the top. The 

initial 3D structure of GC7 is represented in red with sticks and surface and 

the average structure 3D is coloured in dark red. (B) Values of cavity volume 

are shown in the table at the top. The initial 3D structure of DP9 is represented 

in orange with stick and surface and the average structure 3D is coloured in 

dark orange.  

3D structure of DHS (PDB ID:6P4V) is represented with chain A (sky blue) 

and chain B (pink). 
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DISCUSSION 

 

4.1 Design of a novel DHS inhibitor: DP9 

As mentioned in the “Introduction” section, the polyamine GC7 is the most 

powerful inhibitor of DHS known to date. It competitively inhibits the 

binding of spermidine with Ki value of 10 nM, which is 450 times lower 

than Km of its natural ligand, spermidine. However, despite its great 

inhibitory power, GC7 is not selective and cannot be applied in 

pharmacological treatments because it has several side effects and reacts 

with multiple off targets.  

Based on this premise, the aim of this thesis was to develop a novel GC7 

analogue that would improve the physicochemical proprieties of GC7, while 

interacting in a similar manner with the residues of the binding sites of DHS. 

At the same time, the novel molecule could be more selective and decrease 

the side effects.  

First, a library of GC7 mimetics has been designed ad hoc for this purpose, 

composed by 12 analogues that mimic the natural substrate of the enzyme, 

spermidine. Each analogue is characterized by a replacement of the 
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hydrocarbon chain of GC7 with a dipeptide skeleton to increase the 

chemical and pharmacodynamics properties. The analogues were screened 

and classified through molecular docking (Table 4) to identify the best 

performing compound. The best one has been chosen based on the docking 

score, the interactions established with key residues on the binding sites of 

DHS (PDB ID:6P4V) and the number of overlapping poses with crystalized 

GC7. For all these properties, DP9 seemed to be the best promising inhibitor 

against DHS.  

Our simulations show that, like GC7, DP9 binds in the same long narrow 

amphipathic channel at the interface between two DHS monomers, in 

proximity of the NAD cofactor. DP9 establishes similar interactions (Figure 

14) with DHS. At the top of the tunnel, residues of the cavity anchor the 

DP9 terminal amino group; particularly, Asp243 forms a salt bridge and 

hydrogen bonds. As GC7, the DP9 guanidinium group contacts the main 

chain carbonyl group of Gly314 and Glu323 with hydrogen bonds and a salt 

bridge. In addition, DP9 possesses a middle additional functional group that 

improves the binding affinity and establishes a hydrogen bound with 

Lys329.   

The novel ligand has been further investigated by molecular dynamics (MD) 

calculations to provide information about the dynamical system. To 
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facilitate the computational calculations the simulations were conducted 

with DHS dimer, in this way it has been possible to simulate both binding 

sites. To explore and evaluate the DP9 stability, GC7 has always been used 

as reference. 

 

4.2 Stability of the protein  

The evaluation of the RMSD evolution of the secondary structure of the 

thermalized protein over the simulation time was the first analysis 

performed (Figure 15). First, the RMSD has been calculated on the entire 

secondary structure of DHS in both simulations (Figure 15. A-B). The 

RMSD shows high level of fluctuation due to the presence of the N-terminal 

region (Fig 15, grey structure). 

The N-terminal part of DHS is a long region, not involved in monomer 

binding, that extends from one monomer to the opposite monomer at the 

dimer interface. For this reason, when simulating only a dimer, this region 

has been unstable and disorganized. This observation was confirmed by the 

RMSD performed on the Cα of the secondary structure elements of the 

thermalized protein without N-termini (Figure 15. C-D), showing a 

significant lower degree of fluctuations over the simulation time. All the 
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systems were significantly stable with an RMSD of 1Å for GC7 and lower 

value than 1.6 Å for DP9. 

With the help of these analyses, it has been possible to confirm that in both 

simulations, DHS remains stable over simulation time.  

 

4.3 Stability of the ligand  

To investigate the ligands stability, different analyses were conducted and 

reported in the “Results” section.  

First, the behaviour of ligands in the binding sites was investigated. The 

RMSD of the residues in the binding pocket was calculated (Figure 16. A-

C). The residues considered for the calculation were reported with labels in 

3D structure of Figure 16 A and C.  

The RMSD calculated for GC7 (Figure 16. A) shows different values in 

different binding sites. In binding site 1, during production time (0,45 – 1 

μs), the RMSD acquires high levels of fluctuation, suggesting that the ligand 

changes its interactions and assumes a different binding mode in this pocket. 

This behaviour is also confirmed by the 3D structures (Figure 15. A on the 

right boxes); the average structure obtained during production time is 

different from the one observed in the X-ray structure. This does not occur 

in binding site 2, where the RMSD values remain constant and stable during 
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simulation time, implying that in this site, GC7 maintains the contacts with 

the same residues and adopts the same binding mode detectable on the 

crystal structure (PDB ID:6P4V). The RMSD calculated for DP9 (Figure 

16. B) shows the same values in both binding sites (Figure 16 C) during the 

entire simulation, suggesting that the ligand does not change the initial 

binding mode, and remains stable. This is also confirmed by 3D structures 

(Figure 16. C). 

The RMSF (Figure 16. B-D) was also calculated during production time 

(0,45 – 1 μs), to evaluate the ligand stability. In particular, key residues in 

the binding sites have been investigated, suggesting that ligands are quite 

stable during both simulations in each binding site. From the RMSF plot, 

the residues involved in the binding show a lower degree of fluctuation, 

implying stability of the complexes, with the exception of Tyr176 in the 

RMSF of GC7 (Figure 16. B).  

Based on these observations, a deeper analysis was conducted to understand 

the distinct binding mode assumed by GC7 in binding site 1. The distance 

between the ligand and Tyr176 was measured, along with the distance 

between ligand and Glu137. From the plot of the distances in binding site 1 

(Figure 17. A), it is possible to observe that during production time, the 

ligand on binding site 1 loses its interaction with Tyr176, gaining a new 
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interaction with Glu137. This switch is also confirmed by the RMSF plot of 

GC7 (Figure 16. B), where Glu137 shows a very low degree of fluctuations, 

implying that this residue remains stable in simulation. To confirm this 

change, the same analysis was performed also in binding site 2. The graph 

(Figure 17. B) shows that Tyr176 remains at a constant distance during 

simulation time, and interactions with Glu137 do not occur, which verifies 

that the fluctuations of the RMSD (Figure 16.A) are mainly due to this 

change of binding mode in binding site 1.  All these deductions are 

confirmed by the average 3D structures of production time; the first box 

(Figure 17. A) shows GC7 on binding site 1 which interacts with Glu137, 

while Tyr176 changes its conformation and is not directed towards GC7. In 

the second box (Figure 17. B), Tyr176 interacts with GC7, keeping Glu137 

away from GC7. 

To better understand the behaviour of the ligands, contacts analyses were 

carried out, as shown in Figure 18 A and B. The analysis conducted with 

GC7 (Figure 18.A), which involves key residues interested in binding, 

underlines that the ligand remains stable and constant in the binding pockets 

during production time, despite the interactions’ switch mentioned earlier. 

As expected, the same analysis conducted in DP9 (Figure 18.B) shows a 

higher number of contacts than GC7, this is explained by the longer 
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structure of DP9 than GC7, but the values of the contacts remain constant. 

Also, this evaluation confirms once again that DP9 is stable and well placed 

in binding sites during simulation. 

Lastly, the volume of the cavities where the ligands are located (Figure 19) 

has been analysed.  Evaluation of these cavities and how they change during 

simulation time provides information about the stability of the ligand in the 

binding pocket. The cavities of the first structure and average structure of 

production have been examined. During the entire simulations in both 

binding sites, the volume variance is lower than 3 Å3 (Table 19. A-B), 

confirming that once inside the channel both ligands remain stable. 
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     CONCLUSIONS 

     5.1 Conclusion of the study 

Post MD simulations analyses allow to conclude that the binding mode of 

GC7 observed in the crystal structure with DHS dimer (PDB ID:6P4V) is 

stable. In binding site 1 a change in interactions takes place that does not 

affect the stability of the ligand. GC7 nevertheless remains a molecule with 

issues of specificity and off targets; indeed its use in clinical practice is 

limited. For these reasons, a new GC7 analogue named DP9 has been 

designed and evaluated, which might improve the chemical and 

pharmacodynamics properties of GC7. This novel ligand has been examined 

by molecular docking first and MD simulation. All post simulation analyses, 

by using GC7 as reference, have suggested that DP9 is actually more stable 

than GC7, assuming the same stable conformation during all simulation 

time. These observations imply that DP9 is a good molecule which might 

inhibit DHS enzyme with highest specificity.  
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5.2 Perspectives  

In order to validate the theoretical results obtained for DP9 ligand, the 

analogue will be synthesized. Some specific point mutations of the key 

residues identified into the binding site will be designed and experimentally 

tested. The best five analogues from derivates library will be investigated 

with MD simulations to compare them with DP9. Depending on the results 

reached  a dual acting agent will be developed, where DP9 will be 

chemically linked with another selective inhibitor in order to increase the 

specificity of inhibition. 
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