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1. 0BIntroduction 

 

 

 

 

 

 

1.1 6BIntroduction and aim of  the thesis 

AIMP1 (ARS-Interacting Multifunctional Protein 1) is a cofactor of the Aminoacyl-tRNA 

Synthetase (ARS) complex, which is composed of nine different enzymes and three non-

enzymatic factors, including AIMP1 (Quevillon et al., 1996). AIMP1 is also the precursor 

of EMAP II (Endothelial Monocyte-Activating Polypeptide II) (Quevillon et al., 1997; 

Shalak et al., 2001), which possesses a wide range of activities toward endothelial cells 

(ECs), neutrophils and monocyte/macrophages in vitro (Kao et al., 1994a; Kao et al., 

1994b). Interestingly, AIMP1 itself shows cytokine properties and secreted AIMP1 works 

on different target cells such as monocyte/macrophages (Ko et al., 2001; Park et al., 2002a; 

Park et al., 2002b), endothelial cells (Chang et al., 2002; Park et al., 2002c), and fibroblasts 

(Park et al., 2005b). It activates monocytes/macrophages to induce various pro-

inflammatory cytokines, such as tumour necrosis factor (TNF)-α, interleukin-8 (IL-8), 

macrophage chemotactic protein-1 (MCP-1), macrophage inflammatory protein-1α (MIP-

1α), and IL-1β (Ko et al., 2001) and controls angiogenesis by a dual mechanism involving 

the migration and death of endothelial cells (Park et al., 2002c; Hou, 2006). Furthermore, 

AIMP1, as well as EMAP II, have been reported to suppress in vivo tumour growth 

(Schwarz et al., 1999b; Lee et al., 2006). 
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The aim of this thesis is to elucidate both existing and new biological functions of 

AIMP1, to find new cellular interactors for exogenous AIMP1 and to unravel the 

molecular pathways involved, providing more information on this molecule that shows 

surprising pleiotropic effects. To accomplish this goal an endothelial cell line model was 

used (immortalized Porcine Aortic Endothelial Cells – PAEC) and a set of in vitro 

techniques has been applied in order to investigate the signalling pathways activated by 

exogenous AIMP1 in endothelial cells. 

 

1.2 7BMultifunctionality of  proteins 

Although multicellular organisms have a very complex organization, the size of their 

genomes is relatively small in comparison with unicellular species (Lander et al., 2001). 

One explanation of such discrepancy is the availability of mechanisms that allow synthesis 

of several proteins from one gene (for example, through alternative splicing). But even 

these mechanisms could not explain functional variability of proteomes. The recently 

discovered concept of multifunctional proteins is a special characteristic of mammalian 

cells that can significantly expand the number of encoded functions. The three 

dimensional structure of a protein can contain motifs that allow it to perform different 

functions with very small structural changes. It is becoming clear that the functions of a 

protein could vary greatly depending on its posttranslational modifications, its 

intracellular localization and on the general physiologic state of the cell (Jeffery, 1999). 

Mammalian systems appear to take advantage of subcellular compartments, in which the 

same protein can be placed in a different physical environment or combined with a 

different repertoire of proteins. Perhaps higher organisms have evolved to maximize the 

safety and flexibility of genetic information by having extra DNA, yet economizing by 

using one protein for many different purposes (Lee et al., 2004). Obviously, both 

alternative splicing and post-translational mechanisms responsible for protein variability 

are not exclusive and functional variability of most vertebrate protein is regulated by both 

mechanisms (Jeffery, 2003). 
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In this line of work, proteins that can have multiple distinct functions represent a 

particularly interesting challenge. In this regard, the mammalian ARSs and their associated 

factors provide a fascinating example of such multi-functionality. 

 

1.3 8BMoonlighting functions of  ARS proteins 

One family of these moonlighting proteins displaying multi-functionality is represented by 

some aminoacyl-tRNA synthetases and cofactors of the aminoacylation reaction. The 

major housekeeping function of aminoacyl-tRNA synthetases is attachment of amino 

acids to their cognate tRNAs during translation. In mammalian, additional cofactors – 

firstly known as protein p43, p38 and p18, then renamed as AIMP1, AIMP2 and AIMP3, 

respectively – form the core of multiaminoacyl-tRNA synthetase complex (MARS), which 

has a scaffold function in aminoacylation. However, two synthetases in mammals, tyrosyl-

tRNA synthetase (TyrRS) and tryptophanyl-tRNA synthetase (TrpRS) and cofactor 

AIMP1 (Fig 1.1), upon release in the extracellular space gain additional activities and 

begin to act as cytokines, regulating migration, division, differentiation and apoptosis of 

various cells of the immune system, endothelial cells and fibroblasts. 

Translation is one of the most complex biological processes, involving diverse protein 

factors and enzymes as well as messenger and transfer RNAs. As this process is required 

for the basic operation of cells, many translational factors and enzymes are considered to 

be housekeeping proteins. Aminoacyl-tRNA synthetases (ARSs) catalyze the ligation of 

specific amino acids to their cognate tRNAs, which is the initial step in protein synthesis. 

The aminoacylation reaction proceeds in two stages. First, ARSs activate their substrate 

amino acids forming aminoacyl-adenylates. Second, the enzyme-bound reaction 

intermediates are transferred to the 3′ acceptor end of the tRNAs docking onto their 

active sites. Because tRNAs cannot distinguish amino acids conjugated to their ends, the 

correct recognition of amino acids and tRNAs by these enzymes is a crucial determinant 

to maintain the fidelity of protein synthesis. 

 

 



 

 Tyrosyl-tRNA synthetase 
 

 

 

 

 

Asp 146  

 

 
AIMP1
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Fig. 1.1. Domain organization of tyrosyl-tRNA synthetase, aminoacylation cofactor AIMP1 and tryptophanyl-tRNA 

synthetase. (Modified from Ivakhno & Kornelyuk, 2004). 

 

Since ARSs play a crucial part in the flow of genetic information from nucleic acids to 

proteins, they are thought to have emerged early in evolution and to be structurally highly 

tailored to specifically recognize substrate amino acids and tRNAs. Although the catalytic 

activities of these enzymes represent their essential role in maintenance of cell viability, 

accumulating evidence demonstrates that they actually are versatile, multi-functional 

proteins regulated by a diverse set of control mechanisms. This functional flexibility 

appears to be extended through physical interactions with each other, as well as with 

additional cofactors, to areas not directly related to protein synthesis. These include RNA 

processing and trafficking, apoptosis, rRNA synthesis, angiogenesis and inflammation 

(Martinis et al., 1999; Ibba & Soll, 2001; Ko et al., 2002) (Table 1.1). 

 

 

 

 Aminoacylation cofactor AIMP1 

Tryptophanyl-tRNA synthetase 



 

 
 

 

 

 
 
 

Table 1.1. Non-canonical activities of ARSs. (From Park et al., 2005) 

 

1.4 9BMammalian multiaminoacyl-ARS complex (MARS) 

Several lines of evidence have suggested that the translational apparatus in mammalian 

cells is highly organized. In particular, association of translational components such as 

tRNA, ARSs and elongation factors with the cytoskeletal framework (Dang et al., 1983; 

Mirande et al., 1985; Sanders et al., 1996) and co-localization of these components have 

been described (Barbarese et al., 1995). ARSs can be classified into two groups based on 

their structural features (Eriani et al., 1990; Cusack et al., 1991; Burbaum & Schimmel, 

1991). Class I ARSs each possess a Rossman fold in their catalytic domains, whereas class 

II enzymes contain three homologous motifs with degenerate sequence similarity. ARSs 

can also be grouped on the basis of their ability to form complexes with each other and 

with non-enzymatic factors. Among the complexes formed by ARSs, the mammalian 

ARS complex is the most intriguing (Robinson et al., 2000; Ko et al., 2002; Kim et al., 

2002b; Han et al., 2003). This complex is distinctive compared with other macromolecular 

protein complexes in that its components are enzymes that carry out similar catalytic 

reactions simultaneously, and only a subset of ARSs are involved. Although there is still 

some ambiguity about the stoichiometry and total number of components, at least nine 

different ARSs, including both class I and class II enzymes, have been consistently found 

in the mammalian complex: EPRS, IRS, LRS, MRS, QRS, RRS, KRS, and DRS. Among 

these, IRS, LRS, MRS, QRS and RRS are monomers, whereas KRS and DRS are dimers. 

The largest component – EPRS – harbours two catalytic activities in a single polypeptide. 

The complex also contains three auxiliary factors: AIMP1, AIMP2 and AIMP3 (Quevillon 

& Mirande, 1996; Quevillon et al., 1997; Quevillon et al., 1999) (Fig. 1.2D). 
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The gross morphology of the complex has been explored by electron microscopy 

(Norcum, 1989; Norcum & Boisset, 2002; Wolfe et al., 2003)(Fig. 1.2A-C), and the nearest 

neighbours among the component parts have been determined by chemical cross-linking 

(Norcum, 1989) and genetic approaches (Rho et al., 1996; Quevillon et al., 1999). 

 

 
D  

 

 

 

 

 

 

 AIMP3 
AIMP2  
AIMP1

 

 

 

 

 

 

 

 

 
Fig. 1.2. Three-dimensional structure of the human multi-synthetase complex and functional domains in ARSs and 

ARS-related factors. A: ‘Front’ view. B: ‘Side’ view created by –90° rotation about the vertical axis. C: ‘Top’ view created by –

90° rotation about the horizontal axis. D: Functional domains in ARSs and ARS-related factors. The domains homologous to 

glutathione S-transferase (GST; red boxes) are shown in the N-terminal regions of MRS, EPRS and VRS, as well as in the C-

terminal regions of AIMP3 and AIMP2. AIMP2 also contains a leucine zipper motif (violet box) and is involved in 

macromolecular assembly of ARSs (Quevillon et al., 1999). The sequence similarity between the helical tRNA-binding domain 

(green boxes) of MRS, GRS, HRS, WRS and the three repeated domains of EPRS was revealed by sequence alignment (Kaminska 

et al., 2001b). Interestingly, these motifs are also involved in protein-protein interactions (Rho et al., 1996b;Rho et al., 1998). DRS 

and KRS also contain helical tRNA-binding domains (TRBD; blue boxes), although they are not related to the motif mentioned 

above (Frugier et al., 2000;Francin et al., 2002). By contrast, the oligonucleotide-binding (OB) fold domains (blue boxes) in AIMP1 

and YRS are related (Renault et al..., 2001). Similar RNA-binding OB folds can also be detected in some ARSs (human DRS, KRS 

and NRS; Escherichia coli MRS and FRS b-subunit) and other proteins (Arc1p, Trbp111, EF-1β and EF-1γ). (Modified from Lee et 

al., 2004) 
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1.5 10BPhysical structure of  the multi-ARS complex 

Kaminska et al. (Kaminska et al., 2001) performed in vivo silencing, using stable small 

interfering RNA, to assess the conformation of the multi-ARS complex. On the basis of 

their exploration the following scheme of multi-ARS assembly can be proposed (Fig. 1.3). 

Two subcomplexes could be isolated in the absence of the scaffold protein AIMP2 and 

thus are likely to be able to assemble in vivo in the absence of AIMP2; subcomplex I 

contains MetRS, AIMP3, GluProRS, IleRS, and LeuRS, and subcomplex II is composed 

of AIMP1, GlnRS, and ArgRS. Association of either LysRS or AspRS to these complexes 

requires AIMP2. While AIMP3 and AIMP1 depletion causes a partial disaggregation of 

the ARS-complex, AIMP2 depletion completely disintegrates the whole complex 

(Robinson et al., 2000; Norcum & Warrington, 2000; Kim et al., 2002). 

 
 

 
AIMP3  
AIMP3  I 

 

 

 

 
AIMP2 AIMP2 

 

 
AIMP1  AIMP1 

II 

 

 

 
Fig. 1.3. Connectivity map of the MARS complex. Class I aminoacyl-tRNA synthetases are indicated in dark gray, and Class II aminoacyl-

tRNA synthetases are shown in light gray. The three auxiliary proteins AIMP3, AIMP2, and AIMP1, as well as the linker domain of multifunctional 

GluProRS (R), are shown in white. The two subcomplexes I and II that may form in vivo in the absence of AIMP2 are indicated on a gray 

background. Connectivities identified previously by a two-hybrid analysis (Quevillon et al..., 1999) are shown by black lines. The stoichiometries of 

the components are from (Mirande et al., 1982) and (Johnson & Yang, 1981). (Modified from Kaminska et al., 2009). 

___________________________________________________________________________ 
                                                                                                                                11



1.6 11BAIMP1 gene structure  

AIMP1 is known in literature by several synonyms: SCYE1, small inducible cytokine 

subfamily E member 1; p43, multisynthetase complex auxiliary component p43; MCA1, 

multisynthetase complex auxiliary component 1; EMAP II, endothelial monocyte 

activating polypeptide II.  

The human AIMP1 gene is located on chromosome 4q24 and spans approximately 31.2 

kb. The AIMP1 gene contains seven exons and the ATG start site is located in the second 

exon. Gene transcription results in a 1057 bp mRNA transcript of which 118 bp are 

untranslated divided between 5’ and 3’ into 49 and 69 bp, respectively. The human 

AIMP1 gene structure and the mRNA sequence are depicted in Fig. 1.4.  
 

A  
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B 

 

 

 

 

 

 

 
 

 

Fig. 1.4. Structure of the human AIMP1 gene. A: Schematic representation of the human AIMP1 gene. Transcription of the 

AIMP1 gene results in a 1057 bp mRNA (Accession number U10117) and the coding sequence (CDS) is 939 bp. The human 

AIMP1 gene contains seven exons spanning approximately 31.2 kb on chromosome 4q24. For gene structure information 

GENATLAS was used. B: mRNA sequence of AIMP1 transcript. The CDS is depicted in italic and the start and stop codon are 

depicted in bold italic. (Modified from van Horssen et al., 2006a). 



Because of its function as auxiliary protein within the ARS complex, AIMP1 is expressed 

in virtually all tissues and can be considered as a housekeeping gene and marker for 

protein synthesis (Knies et al., 1998; Lee et al., 2004). Although AIMP1 is universally 

expressed, the level of expression varies and is abundant at sites of apoptosis and tissue 

remodelling (Tas & Murray, 1996; Knies et al., 1998). 

 

1.7 12BAIMP1 protein structure 

Human AIMP1 is a 34 kDa protein constituted by 312 amino acids. AIMP1 protein can 

be considered subdivided in a N-terminal portion (aa 1-146 in the human protein) and a 

C-terminal domain (aa 147-312 in the human protein), which is also known as EMAP II 

and will be further described below (Fig. 1.5).  
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Fig. 1.5. Domain organization of aminoacylation cofactor AIMP1. (Modified from Ivakhno & Kornelyuk, 2004). 

 

Physicochemical properties of full-chain AIMP1 protein and its parts are quite illustrative. 

It can be seen from the data of Table 1.2 that the N-module of AIMP1 expressed in 

bacteria has a 10 hour long half-time life, which provides stability to AIMP1. Separate 

EMAP II cytokine is less stable. Having higher hydrophobicity, the N-module plays an 

anchor role, determining the localization of AIMP1 in the multisynthetase complex 

structure (Deineko, 2006). 

 

AIMP1 

Asp 146 

Aminoacylation cofactor AIMP1 



Parameters N-module C-module Full-chain AIMP1 

Number of amino acids 147 165 312 
Molecular weight 16239.5 18131.0 34352.6 

Isoelectric point, pI 9.14 7.00 8.61 
Average hydropathy -0.824 -0.242 -0.516 

Half-life time in E. coli cells 10 hours 3 minutes 10 hours 
Stability index 48.84 36.89 42.55 

 

Tab. 1.2. Predicted physical and chemical properties of full-chain AIMP1 protein and its modules. (From Deineko, 2006). 

 

Currently, AIMP1 proteins have been identified in a broad set of organisms. Fig 1.6 

shows AIMP1 protein sequence and alignment of a selection of species. Homology is the 

highest among vertebrates and, in particular, among mammals. Similarity between the 

human protein and the porcine, bovine and murine proteins is, respectively, 95, 93 and 

90% (as calculated by UniProtKB). As to be expected, domains showing high homology 

overlap, in part, with the functional domains, which are discussed below. 

 
 
Sus scrofa                MIFCRFFTKMATSDAVLKRLEQKGAEADQIIEYLKQQVAILKEKAVLQAT 
Bos taurus                MIFCRLLAKMATGDAVLKRLEQKGAEADQIIEYLKQQVALLKEKAILQAT 
Homo sapiens              ---------MANNDAVLKRLEQKGAEADQIIEYLKQQVSLLKEKAILQAT 
Rattus norvegicus         MIFCRFWGKMATNDAVLKRLEQKGAEADQIIEYLKQQVALLKEKAILQAT 
Mus musculus              MFLCRFWGKMATNDAVLKRLEQKGAEADQIIEYLKQQVALLKEKAILQAT 
Xenopus laevis            ---------MATSNPVLNRLDQRAAEADQIIEYLKQQVALLKEKAILQAS 
Danio rerio               MFLVRSLFKMSGHTPSLMRLEQKAAEAEQIIEYLKQQVQLLKEKAIVQAT 

 
Sus scrofa                LREEKKLRVENAKLKKEIEELKQELIKAEIQNGVKQIPFPSGTALQADSM 
Bos taurus                LREEKKLRVENAKLKKEIEGLKQELIKAEIQNGVKQIPFPSDTPLKTDST 
Homo sapiens              LREEKKLRVENAKLKKEIEELKQELIQAEIQNGVKQIPFPSGTPLHANSM 
Rattus norvegicus         LREEKKLQVENAKLKKEIEELKQELIQAEIHNGVKQVPVPSSSSLETHCS 
Mus musculus              MREEKKLRVENAKLKKEIEELKQELILAEIHNGVEQVRVRLSTPLQTNCT 
Xenopus laevis            VREEKKLRVENAKLKKEIEVLKEQIVTTEIKNGVKQISIPTSTSADSSVS 
Danio rerio               LKEEKKLMVENAKLKKDIEELKKQLLDKEKMRGVIDVP---STEFSVQC- 

           
Sus scrofa                VSENVIQSTPVTTILSEAKEQIKEE-GEE--KKVKEKVEKKGEKKEKKQQ 
Bos taurus                VSENEIQSIPITAISSGAKEQVKGG-GEEEEKKMKEKAEKKGEKKEKKQQ 
Homo sapiens              VSENVIQSTAVTTVSSGTKEQIKGGTGDE--KKAKEKIEKKGEKKEKKQQ 
Rattus norvegicus         VSESVTRSASVTTTTMTG-----GG-GEE--KKVKEKTEKKGEKKEKKQQ 
Mus musculus              ASESVVQSPSVATTASPATKEQIKA-GEE--KKVKEKTEKKGEKKEK-QQ 
Xenopus laevis            APVSAPQPAPVKSSPPAPKS------GEE--KKKKEKAEKKGEKKEKK-- 
Danio rerio               VSKPTSADPPVSASPSAASTKTPSAKNND--EAKKMKAEKKGEKKEKK-- 

 
Sus scrofa                SVAGSADSKPVDVSRLDLRIGCITTARKHPDADSLYVEEVDVGETAPRTV 
Bos taurus                PVAGSADSKPVDVSRLDLRIGCIITARKHPDADSLYVEEVDVGETAPRTV 
Homo sapiens              SIAGSADSKPIDVSRLDLRIGCIITARKHPDADSLYVEEVDVGEIAPRTV 
Rattus norvegicus         SAAASADSKPVDVSRLDLRIGCIVTAKKHPDADSLYVEEVDVGEAAPRTV 
Mus musculus              SAAASTDSKPIDASRLDLRIGCIVTAKKHPDADSLYVEEVDVGEAAPRTV 
Xenopus laevis            PPASEDELKAVDVSRLDLRVGCIITAKKHPDADSLYVEEVDVGEATPRTV 
Danio rerio               AAAPPQEDAKVDVSRLDLRVGRIISAEKHPDADSLYVEQVDVGEAAPRTV 
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Sus scrofa                VSGLVNHVPLEQMQNRMVILLCNLKPAKMRGVVSQAMVMCASSPEKVEIL 
Bos taurus                VSGLVNHVPLEQMQNRMVVLLCNLKPAKMRGVVSQAMVMCASSPEKVEIL 
Homo sapiens              VSGLVNHVPLEQMQNRMVILLCNLKPAKMRGVLSQAMVMCASSPEKIEIL 
Rattus norvegicus         VSGLVNHVPLEQMQNRMVVLLCNLKPAKMRGVLSQAMVMCASSPEKVEIL 
Mus musculus              VSGLVNHVPLEQMQNRMVVLLCNLKPAKMRGVLSQAMVMCASSPEKVEIL 
Xenopus laevis            VSGLVKHIPLEQMQNRMAVLLCNLKPAKMRGILSQAMVMCASSPEKVEIL 
Danio rerio               VSGLVKHIPLDQMQNRMAVLLCNLKPAKMRGVLSQAMVMCASSPEKVEIL 
                                 
Sus scrofa                APPHGSVPGDRVTFDAFPGEPDKELNPKKKIWEQIQPDLYTNDDCVATYK 
Bos taurus                APPNGSVPGDRITFDAFPGEPDKELNPKKKIWEQIQPDLYTNDVCVATYK 
Homo sapiens              APPNGSVPGDRITFDAFPGEPDKELNPKKKIWEQIQPDLHTNDECVATYK 
Rattus norvegicus         APPNGSVPGDRITFDAFPGEPDKELNPKKKIWEQIQPDLHTNDECVATYK 
Mus musculus              APPNGSVPGDRITFDAFPGEPDKELNPKKKIWEQIQPDLHTNAECVATYK 
Xenopus laevis            DPPSGAVPGDRITFQGFPGEPDKELNPKKKTWEQIQPDLLTNDKCVATYK 
Danio rerio               DPPSGAAAGDRITFQGFPGEPDKELNPKKKVWEQVQPDLLTDDQCVATYK 
  
Sus scrofa                GAPFEVKGKGVCRAQTMANSGIK 320aa 
Bos taurus                GAPFEVKGKGVCRAQTMANSGIK 320aa 
Homo sapiens              GVPFEVKGKGVCRAQTMSNSGIK 312aa 
Rattus norvegicus         GAPFEVKGKGVCRAQTMANSGIK 315aa 
Mus musculus              GAPFEVKGKGVCRAQTMANSGIK 319aa 
Xenopus laevis            GAPFEVQGKGCARLRP------- 297aa 

        Danio rerio               GVAFEVTGKGVCKAQTMSKSGIK 315aa 

 

Fig. 1.6. Homology of AIMP1 protein sequence between different species. Alignment of protein sequence of a selection of 

species in which AIMP1 protein is found using ClustalW software. Amino acids present in all the species are indicated in light 

blue, conservation of strong groups is indicated in green, conservation of weak groups is indicated in dark blue, amino acids 

present in at least four species are indicated in violet. Accession numbers of the protein sequences are: Sus scrofa (gi_166796059), 

Bos taurus (gi_87080799), Homo sapiens (gi_85700432), Rattus norvegicus (gi_75832035), Mus musculus (gi_126012517), Xenopus laevis 

(gi_148236241), Danio rerio (gi_113951751).  

 

The C-terminal module structure has been revealed by crystallography (Renault et al., 

2001), while the N-terminus has not been crystallized and its structure has been modelled 

with bioinformatics tools (Deineko, 2006). Figure 1.7 reports a bioinformatic model of 

full-chain AIMP1 three-dimensional structure. 

 

N-terminus structure: According to analysis data performed by Deineko (Deineko, 

2006), one globular domain and three disordered loops exist in the structure of N-module 

of AIMP1. The globular domain that borrows approximately 80 residues seems to have a 

coil-coiled nature, because of the presence of lysine residues. Interactions between coil-

coiled sections play an important role in the formation of tertiary protein structure and 

domain appearance. The disordered residues from amino acids 139 till 147 respond to the 

exhibited region which treats the enzyme action. Secondary structure prediction of the 

human AIMP1 N-module revealed the presence of an alpha helix region in the amino-

terminal end starting from the fourth to the seventy-forth residue. 



 

     
Fig. 1.7. Three-dimensional structure of full-chain AIMP1. Left – a surface view of protein; right – a conformation of 

backbone with elements of secondary structure; a-helix is designated by a spire and b-sheet is designated by an arrow. This 

structure agrees both with the majority of secondary structure predictions and with experimental results. (From Deineko, 2006). 

 

This region was also found conserved in many species (spanning from Homo to 

Drosophila), suggesting similarity at the structural level as well. The high degree of 

sequence homology and conservation of functional sites among the sequences suggest a 

specialized function for N-module of human multisynthetase auxiliary component 

AIMP1. Relation of secondary structure types is: α-helix – 59,86%; β-sheet – 7,48%; 

loops – 32,65% (Deineko, 2006). 

 

C-terminus structure (EMAP II): EMAP II forms a compact globule composed of two 

domains of 100 and 66 amino acids tightly associated through the interdomain interface. 

The larger domain at NH2-terminus (aa 148-252 in AIMP1) forms the open β–barrel-

distinguishing feature of OB-folds (oligonucleotide-binding) present in many RNA 

binding domains (Ivakhno & Kornelyuk, 2004). The OB fold displays two β-sheets, β1-

β2-β3 and β1-β4 β5, which share the twisted β1 strand and interact at almost a right angle 

with each other. Whereas the OB-fold is common in RNA-binding proteins and in a 

number of other proteins unrelated to oligonucleotide binding (Murzin, 1993; Draper & 

Reynaldo, 1999), no protein with a significant similarity score to the C-terminal domain 

(A-subdomain, residues 253-312) was detected (Renault et al., 2001).   
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The OB-fold domain of EMAP II has 30% sequence identity with a recently 

characterized family of bacterial tRNA-binding proteins, which includes Trbp111 

(Morales et al., 1999) and CsaA (Stover et al., 2000).   

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Fig. 1.8. Structure of the C-terminal module of AIMP1, EMAP II. The five β–strands of the OB-fold are in violet, the linker 

region in orange and the C-terminal domain in yellow (From Renault et al., 2001). 
 

1.8 13BDiscovery of  the non-canonical functions of  AIMP1 

The discovery of AIMP1 non-canonical functions began in 1992, with the isolation of a 

22 kDa polypeptide from the conditioned medium of methylcholanthrene A (Meth A) 

fibrosarcoma cells (Kao et al., 1992). This factor had a unique amino-terminal sequence, 

induced tissue factor (TF) expression to modulate coagulant responses, was chemotactic 

for monocytes and granulocytes and induced inflammation upon injection (Kao et al., 

1992). Based on its properties, this factor was named EMAP II (Endothelial Monocyte-

Activating Polypeptide II) and was suggested to manipulate the tumour 

microenvironment, especially the vasculature. Two years later EMAP II was reported to 

activate EC and monocytes in vitro and to induce thrombo-hemorragic effects and tumour 

regression when injected intratumourally in Meth A sarcomas (Kao et al., 1994b). 
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Leukocyte migration was shown to be directed by EMAP II and, in addition, an increase 

in intracellular calcium levels was found to be involved in this cellular activation (Kao et 

al., 1994b). These activities towards monocytes and EC were analyzed in more detail to 

point out the molecular players involved. In EC, EMAP II induces E- and P-selectin 

expression, release of von Willebrand factor and TNF production by monocytes (Kao et 

al., 1994a). Given the 22 kDa molecular weight of EMAP II, cDNA of the cloned gene 

suggested the existence of a 34 kDa EMAP II precursor (pro-EMAP II) (Kao et al., 1994). 

It was three years later, in 1997, that Quevillon et al. proposed AIMP1 as the precursor of 

EMAP II (Quevillon et al., 1997). Despite so many cytokine activities, the protein 

sequence of AIMP1 has no signalling peptide for secretion into the endoplasmic 

reticulum or amino acids residues for attachment of PI3 anchors, which would explain 

how AIMP1 or EMAP II may be transported to the plasma membrane. 

Studying the mechanisms of  EMAP II processing and transport to intercellular space, 

Knies et al. (Knies et al., 1998) have proposed a model for EMAP II proteolysis that 

involves apoptosis pathways. Immuno-cytochemical analysis and mRNA in situ 

hybridization of early mouse embryos showed that EMAP II is transported to regions 

that undergo a lot of restructuring and have many apoptotic cells (Knies et al., 1998). In 

addition, western blotting proved that apoptosis, but not necrosis, induced intracellular 

release of 22 kDa form of EMAP II and some other products of proteolysis (Shalak et al., 

2001). Knies et al. (Knies et al., 1998) proposed a model in which, during apoptosis, 

AIMP1 could be cleaved through a caspase dependent mechanism, accelerating cell death 

by breaking the aminoacyl-tRNA synthetase complex and, in addition, upon release in 

extracellular space, attracting monocytes to the sites with apoptotic cells to clear tissues 

from cell debris (Knies et al., 1998). This model explained EMAP II and AIMP1 

localization and expression during development, but recent researches have shown that 

these proteins have much broader functions, that AIMP1 itself acts as a pleiotropic 

cytokine and, furthermore, the cleavage of AIMP1 by a caspase dependent mechanism 

has been confuted and the proteolytic mechanism is still under debate. 

There is growing evidence that AIMP1 has higher cytokine activities than EMAP II and it 

is possible that AIMP1 is the major protein form in angiogenesis and other processes, 
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revealing its multifunctional nature. Different data support this hypothesis. EMAP II is 

not observed at early stages of apoptosis and is passively secreted with other cellular 

proteins (such as p18 and tubulin) from cells that are already destroyed by apoptosis, 

suggesting that EMAP II could not be an active cytokine responsible for recruiting 

monocytes in the early stage of apoptosis (Ko et al., 2001). AIMP1 is constitutively 

secreted in methylcholanthrene fibrosarcoma cells, 32D myeloid precursor cells, and 

human prostatic adenocarcinoma cells even in the absence of apoptotic stimulus (Knies et 

al., 1998 ;Barnett et al., 2000). AIMP1 induces endothelial cells apoptosis at lower doses 

respect to EMAP II (Park et al., 2002c) and has higher cytokine activities on immune and 

endothelial cells than EMAP II (Park et al., 2002a; Park et al., 2002b). Furthermore, 

EMAP II is rarely secreted whereas AIMP1 is highly secreted from Raw264.7 cells 

stimulated by tumour necrosis factor (Park et al., 2002a). Finally, EMAP II has a weaker 

binding activity to endothelial cell surface than AIMP1 (Yi et al., 2005). All these data 

suggest that AIMP1 is specifically secreted from intact mammalian cells, while EMAP II 

is released only when the cells are disrupted; therefore AIMP1 has shown to be a real 

cytokine for activating immune cells and endothelial cells.  

 

1.9 14BBiological functions of  AIMP1 and EMAP II 

As mentioned above, AIMP1 (as its cleavage product EMAP II) exhibits a broad 

spectrum of biological activities. Both for EMAP II and for its precursor AIMP1 multiple 

functions have been described in literature. Table 1.3 summarizes thus far identified 

activities and shows whether the activity has been documented for EMAP II, AIMP1 or 

both.  
 

Biological function, feature AIMP1 EMAP II Refs 

Manipulation of EC coagulation properties  X (Kao et al., 1992) 

Upregulation of TF expression  X (Kao et al., 1992) 

Monocyte/macrophage, granulocyte chemotaxis  X (Kao et al., 1992) 

Proinflammatory response (footpad)  X (Kao et al., 1992) 

Directed leukocyte migration  X (Kao et al., 1994b) 

Increase of intracellular calcium levels  X (Kao et al., 1994b) 
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Biological function, feature AIMP1 EMAP II Refs 

Release of von Willebrand factor by EC  X (Kao et al., 1994) 

Upregulation of E- and P-selectin by EC  X (Kao et al., 1994) 

Induction of TNF production by monocytes   X (Kao et al., 1994) 

Thrombo-hemorrhage in Meth A (i.t.)   X (Kao et al., 1994) 

Induction of TNF-sensitivity (i.v.) of mammarian carcinoma (i.t.)  X (Kao et al., 1994) 

Induction of TNF-sensitivity (i.v.) of B16, HT-1080 (i.t.)   X (Marvin et al., 1996) 

Auxiliary component of multi ARS complex  X  (Quevillon et al., 1997) 

Induction of TNF-sensitivity (i.v.) of TAV in human melanoma 
(EMAP-gene transfer)  

X X (Wu et al., 1999; Gnant et al., 
1999) 

Association with (autoimmune) brain diseases, injury  X X (Schluesener et al., 1997; 
Mueller et al., 2003) 

Neovascularization during lung development  X X (Schwarz et al., 1999a; 
Warburton et al., 2000) 

High serum levels during pregnancy  X X (Wellings et al., 1999) 

Inhibition of primary and metastatic tumour growth X X 
(Schwarz et al., 1999a; Schwarz 

& Schwarz, 2004; Lee et al., 
2006) 

Anti-angiogenic, apoptosis of growing EC X X (Schwarz et al., 1999b; Berger et 
al., 2000; Park et al., 2002c) 

Association with apoptosis-induced influx of leucocytes into 
reperfused kidneys 

 X (Daemen et al., 1999b) 

Apoptosis of corneal EC after transplantation  X (Liu & Gottsch, 1999) 

Position in multi RS complex near midpoint X  (Norcum & Warrington, 2000)
Upregulation of TNF-R1 mRNA in EC  X (Berger et al., 2000) 

Improvement of photodynamic therapy effects  X (Ferrario et al., 2000) 

Induction of pro-inflammatory genes (like TNF) X  (Ko et al., 2001; Park et al., 
2002a) 

Highly expressed in the foam cells of atherosclerosis lesions X  (Ko et al., 2001) 
Reduction of keratitis via anti-angiogenesis  X (Zheng et al., 2001) 

Binding to αATP synthase on tumour cells X X (Chang et al., 2002) 

Expression negatively regulated by PGE(2)  X  (Battersby et al., 2002) 

Dose-dependent role in angiogenesis  X  (Park et al., 2002c) 

Induction of TNF-sensitivity (ILP) of BN175 (EMAP-gene 
transfer) X X (Lans et al., 2002; Lans et al., 

2004) 
Marker for microglial cells in brain   X (Mueller et al., 2003) 

Association with macrophages in uveal melanoma  X (Clarijs et al., 2003) 

Affects EC actin cytoskeleton (at high dose)   X (Keezer et al., 2003) 

Induction of lymphocyte apoptosis in solid tumours   X (Murray et al., 2004a; Murray et 
al., 2004b) 

Involved in rapamycin decreased inflammation   X (Zohlnhofer et al., 2004; 
Nuhrenberg et al., 2005) 

Induction of vasodilatation via NOS   X (Tsai et al., 2004) 
Induction of fibroblast proliferation, wound repair  X  (Park et al., 2005) 

Binds to heparan sulphate at low pH   X (Chang et al., 2005) 

Induction of DOC1 gene expression in EC   X (Tandle et al., 2005) 

Binding to α5β1 integrin, blocks adhesion of EC to FN   X (Schwarz et al., 2005) 

TNF-R1 and TRADD mobilization in EC  X (van Horssen et al., 2006c) 

Controls glucose homeostasis X  (Park et al., 2006) 
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Biological function, feature AIMP1 EMAP II Refs 

Correlation with response of melanoma patients to TNF-based 
ILP  

 X (van Horssen et al., 2006b) 

Interacts with CXCR3 receptor, induces  EPC migration X  (Hou et al., 2006) 

Cleaved by MMP-9, elastase and cathepsin L X  (Liu & Schwarz, 2006) 

Controls endoplasmic reticulum retention of heat shock protein 
gp96 

X  (Han et al., 2007) 

Secretion modulated by proteasome and RARS X X (Bottoni et al., 2007) 

Expression increased in acute lung inflamation X X (Journeay et al., 2007) 

Down-regulation of TGF-β signalling via stabilization of smurf2 X  (Lee et al., 2008) 

Required for axonal development in motor neurons X  (Zhu et al., 2009) 

Binding to VEGFR1 and VEGFR2, interferes with VEGF-
induced pro-angiogenic signalling 

 X (Awasthi et al., 2009) 

Regulation of HIF-1α activity, inhibits angiogenic cord formation 
in ECs 

 X (Tandle et al., 2009) 

 

Tab. 1.3. Summary of reported biological functions and features of AIMP1 and EMAP II. All published features from 

AIMP1 and EMAP II isolation till now are listed and the table indicates whether activity has been described for AIMP1, EMAP 

II or both and their corresponding references are given. Abbreviations: EC, endothelial cells; TF, tissue factor; TNF, tumour 

necrosis factor-α; RS, tRNA synthetase; TAV, tumour-associated vasculature; i.v., intravenous; i.t., intratumoural, PGE(2), 

prostaglandin E(2); ILP, isolated limb perfusion; NOS, nitric oxide synthase; DOC1, downregulated in ovarian cancer 1; FN, 

fibronectin; TRADD, TNFR associated death domain; HIF, hypoxia-inducible factor; VEGF, vascular endothelial growth factor; 

CXCR3, chemokine (C-X-C motif) receptor 3; EPC, endothelial progenitor cells; MMP-9, matrix metalloproteinase; TGF, 

transforming growth factor; RARS, arginyl- aminoacyl tRNA synthetase. (Modified from van Horssen et al., 2006). 
 

 
1.9.1 54BFunctional domains 

By peptide-sequence analysis and deletion fragment studies within the AIMP1 sequence, 

several functional domains have been identified (Han et al., 2006). Figure 1.9 summarizes 

the different motifs and domains found. The division of AIMP1 and EMAP II (being the 

C-terminal part, residues 147–312 based on cleavage after Asp146) is also depicted in Fig. 

1.9. The first functional domain, the peptide responsible for induction of monocyte and 

leukocyte migration, inflammatory response and binding to a monocyte-derived protein, 

was identified as the N-terminal region of EMAP II protein (Kao et al., 1994b). This 

peptide corresponds to amino acids 152–166 within the AIMP1 protein. Interestingly, this 

peptide contains a so-called RIGRIIT motif, also present in tyrosyl-RS and corresponding 

to residues 158–164, that was later identified as being responsible for monocyte and 

leukocyte migration (Wakasugi & Schimmel, 1999). The tRNA binding domain is the 

most prominent domain within the protein and is mapped to the EMAP II part of the 



protein (Quevillon et al., 1997; Kim et al., 2000b). This domain encompasses amino acids 

151–252 of the AIMP1 protein.  

Three other functional domains were described recently using deletion fragments of 

AIMP1 (Wang et al., 2006). Both the regions which regulate fibroblast proliferation and 

EC apoptosis are located in the AIMP1 part of the protein, corresponding with 

observations that several cell types secrete AIMP1 (Barnett et al., 2000; Ko et al., 2001). 

 

 
 
Fig. 1.9. Functional domains within AIMP1 protein. Different domains identified in literature as functional domains are 

depicted. Numbers refer to the amino acid sequence of human AIMP1. In this figure Asp146 is proposed as cleavage-site to 

process AIMP1 into mature EMAP II. Different domains and motifs are derived from different studies using different 

experimental setups. (From van Horssen et al., 2006). 
 

The fibroblast proliferation region corresponds with amino acids 6–46 and the EC 

apoptosis region with amino acids 101–114 (Wang et al., 2006). A relatively large region of 

the protein appeared to have a function in EC migration (residues 114–192). This region 

overlaps the peptide involved in leukocyte migration and thus also contains the RIGRIIT 

motif. Finally, EMAP II contains two heparin-binding motifs, both located in the C-

terminal portion of the protein (residues 217–219 and 267–269). These motifs were 

shown to be involved in the anti-angiogenic activities of EMAP II at acidic pH (Chang et 

al., 2005). 
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1.9.2 55BAntitumour and anti-angiogenic properties 

When injected intra-tumourally into Meth A fibrosarcoma-bearing mice, EMAP II was 

shown to induce a TNF-like thrombo-hemorrhage and for the mammary carcinoma cells 

MC-2 the same treatment induced sensitivity to systemic TNF treatment (Kao et al., 

1994). Similar observations were made for mouse melanoma (B16) and human 

fibrosarcoma (HT-1080) (Marvin et al., 1996). EMAP II was shown to inhibit primary and 

metastatic tumour growth of lung carcinoma (LLC) and mammary tumours (MDA-MB-

468) in mice (Schwarz et al., 1999) and primary tumour growth of glioma in rats (Schwarz 

& Schwarz, 2004). TNF-resistant human melanomas (Pmel) were rendered sensitive to 

systemic TNF therapy when the tumour cells were transfected to increase AIMP1 and 

EMAP II protein expression (Wu et al., 1999; Gnant et al., 1999). AIMP1 was shown to 

have an anti-tumour activity in mouse xenograft models: in Meth A-bearing Balb/c mice 

AIMP1 treatment reduced tumour volume, in mice xenografted with human lung cancer 

AIMP1 has a cooperative effect with paclitaxel (Lee et al., 2006). 

These anti-tumour effects were suggested to be angiogenesis-mediated because EMAP II 

showed anti-angiogenic activities and was capable of inducing apoptosis in growing EC 

(Schwarz et al., 1999b; Berger et al., 2000). Also for AIMP1 a role in angiogenesis has been 

described. This role turned out to be biphasic and dose-dependent; low concentrations 

are pro-angiogenic and induce endothelial cell migration (Park et al., 2002c; Hou et al., 

2006) while high concentrations are anti-angiogenic and induce endothelial cell death 

(Park et al., 2002c). Further experiments have demonstrated that different concentrations 

of AIMP1 activated different intracellular pathways. Low doses of AIMP1 activated ERK 

kinase that controls expression of matrix metalloproteinase 9. The later hydrolysed 

collagen and thus promotes endothelial cell migration. On the other hand, higher doses of 

AIMP1 stimulated pro-apoptotic kinase JNK and this can be one of the mechanisms for 

AIMP1-induced apoptosis of endothelial cells (Park et al., 2002c; Hou et al., 2006). These 

properties are very similar to other cytokines, like TNF (Fajardo et al., 1992).  

The anti-angiogenic activity of AIMP1 plays an important role in the impaired 

neovascularization associated with the pathologic presentation of bronchopulmonary 
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displasia (BPD). In fact, AIMP1 is highly expressed in BPD affected lungs and its 

inhibition increases both neovascularization and alveolar development (Schwarz et al., 

2000; Quintos-Alagheband et al., 2004).  

In a search for proteins involved in corneal transplant rejection, AIMP1 was found in 

serum and appeared capable of inducing corneal EC apoptosis, which was suggested to 

be involved in corneal decompensation after transplantation (Mai et al., 1999). 

In slides of glioblastoma tumours from patients treated with a mutated form of TNF 

(TNF-SAM2, which has higher tumour killing activity than TNF-α and fewer side effects) 

and chemotherapy, high AIMP1 mRNA expression correlated with longer progression 

free survival (Yamamoto et al., 2000). 

 

1.9.3 56BApoptosis and inflammation 

The initially described function of EMAP II as chemo-attractant for leukocytes and 

macrophages has been translated to a set of disease settings. In areas of apoptosis in 

ischemia-reperfused kidneys, high EMAP II expression correlated with sites of 

leukocytes-infiltrated inflamed tissue. When apoptosis was inhibited, inflammation was 

also declined (Daemen et al., 1999). In primary uveal melanoma, areas of high EMAP II 

expression correlate with tumour-associated macrophages accumulation (Clarijs et al., 

2003). Comparable correlation was found in experiments with melanoma biopsies of ILP 

(isolated limb perfusion) treated patients (van Horssen et al., 2006b). A more detailed 

function of EMAP II in solid tumours has been described recently, showing that EMAP 

II expressing tumour cells can induce apoptosis of lymphocytes in solid tumours. This 

function in the tumour microenvironment suggests an immunosuppressive role of EMAP 

II in growing solid tumours (Murray et al., 2004a; Murray et al., 2004b). 

The pro-inflammatory role of EMAP II, as observed during protein characterization right 

after EMAP II identification (Kao et al., 1992), has also been further investigated. For 

AIMP1 a pro-inflammatory role has been described, in line with the initial finding for 

EMAP II, resulting in upregulation of pro-inflammatory genes like TNF (Ko et al., 2001; 

Park et al., 2002b). EMAP II downregulation is reported to contribute to the beneficial 
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effects of rapamycin, both after injury and neointima formation (Zohlnhofer et al., 2004; 

Nuhrenberg et al., 2005; Nuhrenberg et al., 2008). Furthermore, AIMP1 is highly 

expressed by the foam cells of atheosclerosis lesions, implying that it could be a major 

contributor of inflammation in the atherosclerosis development (Ko et al., 2001). AIMP1 

and EMAP II expression is also increased in acute lung inflammation and intra-tracheal 

instillation of EMAP II induces recruitment of monocytes/macrophages and granulocytes 

into the lungs (Journeay et al., 2007).  

 

1.9.4 57BInjury, development and metabolism 

Beside anti-tumour activities, EMAP II is also reported to be involved in a broad set of 

brain diseases and injury. More specific, EMAP II is associated with macrophages in 

several autoimmune inflammatory lesions, spinal cord injury, virus induced inflammation 

of the nervous system, hippocampal brain damage, and traumatic brain injury 

(Schluesener et al., 1997; Wege et al., 1998; Brabeck et al., 2002; Mueller et al., 2003). Based 

on these findings, during brain damage, injury and inflammation EMAP II is considered 

to be a marker for microglial cells in these lesions (Mueller et al., 2003). Recently, Zhu et 

al. (Zhu et al., 2009) demonstrated that AIMP1 is essential for neurofilaments assembly 

and axon maintenance in motor neurons. 

During embryogenesis, a role for AIMP1 and EMAP II has been found in lung 

development. This function is linked to the effect on neovascularisation by AIMP1 and 

EMAP II during embryonic development (Schwarz et al., 1999a; Warburton et al., 2000). 

Interestingly, also during pregnancy AIMP1 and EMAP II serum levels are increased. 

Next to pregnancy, also during the menstrual cycle a temporal AIMP1 and EMAP II 

expression pattern is observed. The RNA coding for the AIMP1 protein, is negatively 

regulated by prostaglandin E2 (Battersby et al., 2002). 

AIMP1 expression has been demonstrated to rapidly increase after skin injury and to 

facilitate wound repair through direct stimulation of fibroblasts proliferation and collagen 

production (Park et al., 2005b). Furthermore, AIMP1 has been demonstrated to be 

secreted from the pancreas upon glucose starvation and, moreover, exogenous infusion 
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of AIMP1 increased plasma levels of glucose, glucagon and fatty acid (Park et al., 2006). 

Lee et al. (Lee et al., 2008) reported a further activity of AIMP1 as a component of the 

negative feedback loop of TFG-β signalling, mediated by Smurf2, in MEF cells. 

 

Unexpectedly, given the many functions of AIMP1 and EMAP II, including the presence 

as a component of the ARS complex, AIMP1 knock-out mice survive (Park et al., 2005b). 

Apparently, due to the crucial importance of protein translation, there is a kind of rescue 

by other (unknown) proteins and mechanisms. The major defect reported in these 

knockouts is a retarded wound closure due to a decrease in fibroblast proliferation (Park 

et al., 2005b). 

 

1.10 15BFrom AIMP1 to EMAP II 

AIMP1 is proteolytically cleaved to produce EMAP II under conditions of cellular stress 

like apoptosis, hypoxia and treatment with chemotherapeutic agents (Knies et al., 1998; 

Barnett et al., 2000 ;Matschurat et al., 2003). The mechanism(s) of AIMP1 cleavage and 

especially which proteases are involved turned out to be very complex and are still under 

debate.  

In vitro cleavage experiments performed using mouse recombinant AIMP1 identified 

caspase-7, and to a lesser extend caspase-3, as proteases capable of AIMP1 cleavage 

(Behrensdorf et al., 2000). In line with these findings is the fact that caspase-7 is capable 

of cleaving EMAP II out of the whole murine multi tRNA synthetase complex (Shalak et 

al., 2001). The cleavage site within mouse recombinant AIMP1 sequence was mapped at 

the critical aspartate residue (Asp-144) in the ASTD-motif. Although this motif is absent 

in humans, Asp-146 had been suggested to be critical in cleavage of human AIMP1 

(Berger et al., 2000). Experiments with human proteins showed very different results and 

questioned the suggested similarity on cleavage mechanisms. Data on recombinant 

human AIMP1 showed that human caspase-3 and -7 are not capable of AIMP1 cleavage 

in vitro, and in lysates of human tumour cell lines triggered with apoptosis-inducers no 

EMAP II was found (Zhang & Schwarz, 2002). In another study in which mouse 
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melanoma tumour cells were used, EMAP II release was induced by hypoxia; this 

induction was also shown to be independent of caspase-3 and -7 activation (Matschurat et 

al., 2003). The involvement of caspases in AIMP1 cleavage is very contradictive and at 

least dependent on experimental setting. 

Shalak et al. (Shalak et al., 2007) identified a new intermediate in the pathway that, starting 

from the AIMP1 subunit of the complex, leads to the extracellular cytokine. This new 

intermediate was named AIMP1(ARF) for Apoptosis-released Factor and is produced in 

cellulo by proteolytic cleavage of endogenous AIMP1 and is rapidly recovered in the 

culture medium. This AIMP1 derivative was purified from the medium of human U937 

cells subjected to serum starvation. It contains 40 additional N-terminal amino acid 

residues as compared with EMAP II and may be generated by a member of the matrix 

metalloproteinase family. 

In conclusion, the cleavage of AIMP1 varies strongly between different settings, species 

and likely even between tumour types. The exact mechanisms, cleavage sites and whether 

this affects the cytokine properties and activity of EMAP II are still unknown. 

 

1.11 16BReceptors mediating AIMP1/EMAP II cytokine activities 

on endothelial cells 

It does not seem plausible that soluble AIMP1 and EMAP II use a unique receptor on 

target cells to carry out the many functions described. It is more likely that different 

receptors are involved for different activities on diverse target cells.  

Different receptors have been proposed as mediators of the cytokine activities of AIMP1 

and EMAP II on endothelial cells. An interaction between the C-terminal portion of 

AIMP1 (EMAP II) and the α-subunit of ATP synthase has been demonstrated and, 

furthermore, this interaction may function as a mechanism for the inhibition of BAEC 

(Bovine Aortic Endothelial Cells) growth (Chang et al., 2002). Schwarz et al. (Schwarz et 

al., 2005) demonstrated that EMAP II inhibits MEC (Microvascular Endothelial Cells) 

adhesion to fibronectin through direct interaction with α5β1 integrin. Moreover, it was 

reported that AIMP1 employs the chemokyne receptor CXCR3 to stimulate endothelial 



progenitor cell (EPCs) migration (Hou et al., 2006). Yi et al. (Yi et al., 2005) monitored the 

binding patterns to the cell surface and the internalization of AIMP1 in endothelial cells 

(BAEC) and determined that the protein may be internalized via lipid rafts, which are 

plasma membrane platforms that organize various receptors and their downstream 

molecules. Finally, EMAP II was demonstrated to bind to VEGFR1 and VEGFR2 in 

HUVEC (Human Umbilical Vein Endothelial Cells), thus interfering with VEGF-induced 

pro-angiogenic signalling and inhibiting endothelial cell proliferation and migration 

(Awasthi et al., 2008). 

Figure 1.10 reports a schematization of some of the activities exerted by AIMP1 on 

endothelial cells and the receptors responsible for such activities. 
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Fig. 1.10 AIMP1 acts on endothelial cells by interacting with different receptors. Schematization of some of the receptors 

identified for AIMP1 in endothelial cells and correspondent cellular effects.  
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2. 1BMaterials and methods 

 

 

 

 

 

 

2.1 17BMaterials  

Unless otherwise indicated, all chemicals, solvents and reagents were purchased from 

Sigma Aldrich Co. (St. Louis, MO, USA). 

Primary antibodies used were provided by Santa Cruz Biotechnology (Santa Cruz, CA), 

except for rabbit anti-pERK/ERK, anti-pJNK/JNK, anti-pAKT/AKT antibodies, which 

were from Cell Signalling Technology (Beverly, MA), mouse anti-α5β1 integrin antibody 

from Millipore (Billerica, MA), mouse anti-vinculin antibody from Sigma and anti-

ARHGAP29 antibody from Abnova. 

 

2.2 18BCell cultures  

Immortalized porcine aortic endothelial cells (PAEC) were a kind gift of Prof. Bussolino 

(IRCC – Candiolo - TO). Cells were cultured in Ham’s F-12 medium, supplied with 10% 

Fetal Bovine Serum (FBS) (Gibco Life Technologies), 100 μg/ml  penicillin-streptomycin 

10U/μl and 2 mM glutamine in a humified 5% CO2 incubator at 37°C. 

Bovine aortic endothelial cells (BAEC) were isolated from descending thoracic aortas and 

cultured in DMEM, supplied with 10% FBS, 100 μg/ml penicillin-streptomycin 10U/μl 
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and 2 mM glutamine in a humified 5% CO2 incubator at 37°C and used at early passages 

(I-VI).  

Porcine aortic endothelial cells (PAEC) were isolated from descending thoracic aortas and 

cultured in Ham’s F-12 supplied with 10% FBS, 100 μg/ml penicillin-streptomycin 

10U/μl and 2 mM glutamine in a humified 5% CO2 incubator at 37°C and used at early 

passages (I-VI).  

Human umbilical vein endothelial cells (HUVEC) were isolated from human umbilical 

cords by collagenase digestion according to the protocol of Jaffe et al. (Jaffe et al., 1973) 

and grown in M199 medium containing 20% FBS supplemented with 100 μg/ml 

penicillin-streptomycin 10U/μl and 2 mM glutamine, porcine heparin and 0,2% bovine 

brain extract (BBE) in a humified 5% CO2 incubator at 37°C. Cells were grown on plates 

coated with 1% porcine gelatin and used at early passages (I–V).  

Human urinary bladder carcinoma ECV-304 cells and mouse macrophages RAW 264.7 

were purchased from the American Type Culture Collection (Manassas, VA) and cultured 

in DMEM supplied with 10% Fetal Bovine Serum, 100 μg/ml  penicillin-streptomycin 

10U/μl and 2 mM glutamine, in a humified 5% CO2 incubator at 37°C. 

Serum starved cells were cultured for 16 hours in serum free cell culture medium. 

Since it was shown that starvation increases the binding of EMAP II to the cell surface 

(Chang et al., 2002), serum starvation was used as an experimental condition for every 

biological assay before treatment with AIMP1.  

 

2.3 19BProduction and purification of  human recombinant 

AIMP1 

Human AIMP1 cDNA was obtained by retrotranscription of U937 cells RNA, cloned in 

pBAD/Myc/HisA vector using Hind III and Nco I restriction enzymes using the 

following primers: 5’-CACGCCATGGCAAATAATGAT-3’ (forward primer) and 5’- 

CCCAAGCTTTTTGATTCCACT-3’ (reverse primer). Escherichia coli TOP F10 cells were 

transformed with this plasmid and let to grow in Luria Broth at 37°C until the absorbance 

at 600 nm reached 0.6 units. L-Arabinose (0.002%) was added to the cultrure to induce 
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AIMP1 expression. After 16 hours at 20°C cells were harvested by centrifugation (6,000 

rpm, 30 min, 4°C) and resuspended in phosphate buffer (50 mM NaH2PO4, 300 mM 

NaCl, 50 μg/ml RNAse, 4U/ml benzonase nuclease, 2 mM DTT, 0.5 mM PMSF, 1x 

Protease Inhibitor Cocktail, pH 8.0), sonicated, centrifuged, filtered and loaded on a Ni-

Sepharose column (Ni-Sepharose high performance, GE Healthcare, Uppsala, Sweden). 

After having washed the unbound proteins, recombinant AIMP1 (rAIMP1) was eluted 

through a step gradient of 500 mM imidazole elution buffer. The fractions containing 

rAIMP1 were identified through SDS-PAGE analysis followed by MS/MS spectrometry 

analysis. Then, the fractions containing rAIMP1 were loaded on a Hi-Trap cationic-

exchange column (Hi-Trap SP HP, GE Healthcare) and eluted through a linear gradient 

of 1 M NaCl phosphate buffer (30 mM NaH2PO4, 1M NaCl, pH 7.2). 

In order to remove lipopolysaccharides (LPS), the protein underwent 5 cycles of Triton 

X-114 extraction (Liu et al., 1997) after which the buffer was exchanged, through dialysis 

with a 10 kDa cut-off, against pyrogen-free PBS containing 20% of cell culture tested 

glycerol. The protein was then filtered through a Posidyne membrane (0.2 μm) (Pall 

Gelman Laboratory, Ann Arbor, USA). The concentration of LPS in the final rAIMP1 

preparation was below 20 pg/mg, as determined with a Limulus Amebocyte Lysate QCL-

1000 kit (BioWhittaker). In parallel, 10 ml of PBS-20% glycerol underwent the same 

protocol used for LPS extraction from rAIMP1 to be used as the vehicle for control 

samples in all experiments. 

 

2.4 20BCircular Dichroism spectrometry 

For circular dichroism analysis recombinant AIMP1 and vehicle (used as a control) were 

diluted in deionised water to a concentration of 0.1 mg/ml. Circular dichroism spectra 

were recorded for rAIMP1 protein at temperatures between 20 and 90°C, on a JASCO J-

815 spectrometer equipped with a Peltier temperature controller, using a 1 cm path length 

quartz cuvette. Spectra were recorded between the wavelengths of 195 nm and 250 nm 

with a 1.0 nm step size and slit bandwidth of 1.0 nm. Signal averaging time was 8 s and 
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ellipticities reported as mean residue ellipticity in deg.cm2/dmol. Spectra recorded for 

vehicle were subtracted from rAIMP1 spectra. 

 

2.5 21BAIMP1 stability in conditioned cell culture medium 

Recombinant AIMP1, at a concentration of 250 nM, was incubated at 37°C in 

conditioned Ham’s F-12 medium supplied with 10% FBS. The cultured medium used was 

taken from a PAEC plate that had been kept in culture for 48 hours. At defined time 

points 30 μl of sample were collected and loaded on SDS-PAGE for Western blot 

analysis. 

 

2.6 22BWestern blotting analysis 

Protein samples were loaded on SDS-PAGE, transferred to nitrocellulose membrane and 

blocked in 5% non-fat milk in TBS containing 0.1% Tween 20 (TBST). The membrane 

was incubated with specific primary antibody diluted in TBST 1% milk O.N. at 4°C; the 

appropriate HRP-conjugated secondary antibody was diluted 1:10,000 in TBST 1% milk 

and incubated for 1 hour at room temperature and developed using ECL Western 

Blotting substrate kit (Thermo Fisher Scientific, Rockford, IL, USA). For normalization, 

membranes were stripped with a stripping buffer (62.5 mM Tris HCl pH 6.8, 2% SDS, 

0.7% β-mercaptoethanol) for 30 minutes at 50°C, and blotted against the normaliser. 

Quantification of the bands was carried out using ImageJ software. 

 

2.7 23BBiological assays 

2.7.1 58BCell viability assay 

AIMP1 role in inhibiting cell survival was monitored by measuring the cellular conversion 

of a tetrazolium salt into a formazan product that is detected using a 96-well plate reader 

(CellTiter 96 Non-Radioactive MTT Assay, Promega, Madison, Wisconsin, USA). Cells 
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were serum-starved for 16 hours and plated at a density of 5 x 103 /well or 1 x 104 /well 

on 96-well microtitre plates supplemented with 0%,  4% or 10% FBS. Recombinant 

AIMP1 was added to the medium at the concentrations indicated in the specific 

experiment. After 24 hours, 15 μl of Dye Solution (containing the tetrazolium 

component) were added to each well, and 4 hours later, the reaction was terminated by 

addition of 100 μl of stop solution to each well. The plates were incubated for 1 hour to 

solubilise the formazan dye, and the optical density of each well was measured with a 

multimode microplate reader (Infinite 200, Tecan) at 570 nm. Triplicate wells and blank 

well without cells were run for each treatment. 

For the anti-α5β1 integrin antibody assay, cells were starved for 16 hours in serum-free 

medium, detached with 5 mM EDTA and 7 x 104 cells were incubated with 800 nM anti-

α5β1 integrin antibody or control for 15 min at 4°C before plating. 100 nM rAIMP1 was 

added in presence of 10% FBS and cells were plated in triplicate at a density of 20,000 

cells/well. MTT assay was performed after 24 hours as described above.  

Absorbances were normalized to vehicle and expressed as values relative to positive 

control. 

 

2.7.2 59BCell Proliferation Assay 

To determine AIMP1 effect on cell proliferation, a proliferation assay based on the 

measurement of 5-bromo-2’-deoxyuridine (BrDU) incorporation during DNA synthesis 

in proliferating cells was performed (Cell Proliferation Biotrak Elisa System Version 2 kit,  

GE Healthcare). Cells were serum-starved for 16 hours and plated at a density of 5 x 103 

/well on 96-well microtitre plates supplemented with 10% FBS. Recombinant AIMP1 or 

vehicle were added to the medium at 200 nM. After 24 hours BrDU was added and 

incubated for 2 hours. During this labelling period, the pyrimidine analogue BrdU is 

incorporated in place of thymidine into the DNA of proliferating cells. The peroxidase-

labelled anti-BrdU binds to the BrdU incorporated in newly synthesized, cellular DNA. 

The immune complexes are detected by the subsequent substrate reaction and the 

resultant colour read at 450 nm in a microtitre plate spectrophotometer. The absorbance 
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values correlate directly to the amount of DNA synthesis and thereby to the number of 

proliferating cells in culture. 

 

2.7.3 60BTubulogenesis assay 

Tubulogenesis assay was performed essentially as described previously by Baatout 

(Baatout, 1997), using 150 μl/well of Matrigel (8 mg/ml) (Becton Dickinson, Franklin 

Lakes, New Jersey, USA) that allows ECV tubule formation and permits vascular network 

visualization and quantification by image analysis. Briefly, ECV cells were serum-starved 

for 16 hours and plated in 48-well plates (4 x 104 cells/well) on Matrigel in culture 

medium without FBS, supplied with 10 ng/ml EFG; rAIMP1 was added at the indicated 

concentrations. Triplicate wells were photographed at 4x magnification with a Leica 

DFC420C camera and analyzed with Leica Application Suite software (Leica 

Microsystems, Switzerland). The number of closed areas after 6 hours of culturing were 

counted in triplicate wells. 

 

2.7.4 61BMigration assay 

Cell migration assay was performed using a 48-well modified Boyden chamber 

(Neuroprobe, Gaithersburg, MD). A polycarbonate membrane with 8 μm pores 

(Neuroprobe) was coated with 1% gelatin. RAW 264.7 cells were serum-starved for 16 

hours and plated in serum-free medium in the upper compartment of the chamber (5 x 

104 cells/well). Test substances were added at indicated concentrations to serum-free 

medium in the lower compartment. After 5 hours, cells migrated to the lower side of the 

membrane were fixed, coloured with Giemsa stain and counted at 20x magnification 

using a Leica DFC420C camera and analyzed with Leica Application Suite software (Leica 

Microsystems, Switzerland). Samples were performed in duplicate, and 20 optical fields 

were counted per sample. 
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2.7.5 62BAdhesion assay 

Cell adhesion assay was performed using fibronectin (FN) pre-coated 96-well plates 

(Becton Dickinson, Franklin Lakes, New Jersey, USA). Cells were serum-starved for 16 

hours, detached with 5 mM EDTA and plated (5 x 104 cells/well) in Ham’s F-12 medium 

supplied with 1% FBS in presence of 100 nM rAIMP1 or vehicle. After 20 minutes cells 

were fixed with paraformaldehyde (PFA) 4% in PBS, stained with 50 μl crystal violet 

solution (0.5% crystal violet, 20% methanol) for 10 minutes at room temperature and 

stain was solubilised with 100 μl Sorenson’s buffer (0.1 M sodium citrate, 50% ethanol, 

pH 4.2). After solubilisation the optical density of each well was measured with a 

multimode microplate reader (Infinite 200, Tecan) at 595 nm. Triplicate wells and blank 

well without cells were run for each treatment. 

 

2.8 24BImmunofluorescence 

Indirect immunofluorescence analysis was performed on time course experiments of 

PAEC stimulated with rAIMP1 to study the subcellular localization of the exogenous 

protein after treatment. PAEC, maintained in their growth medium, were plated at a 

density of 2 x 104 cells/well in 24-well plates onto glass coverslips covered with 1% 

porcine gelatine (coating layered over-night at 4°C). Cells were cultured for 30 hours and 

then serum-starved for 16 hours; they were then washed and 50 nM of AIMP1 in 500 μl 

of 10% FBS containing culture medium was added. After stimulation, cells were washed 

twice with PBS and fixed in 4% PFA, permeabilized in PBS-0.1% Triton X-100 and 

blocked in PBS, 1% BSA, 5% goat serum for 1 hour. Cells were then incubated with 

primary antibodies for 1 hour. After two 5 minute washes with PBS and one 5 minute 

wash with PBS, 1% goat serum, cells were incubated with Alexa Fluor 488- or Alexa 

Fluor 568- (Invitrogen, Carlsbad, CA) conjugated secondary antibodies for 1 hour. 

Moreover, cells were stained for 30 minutes with propidium iodide to decorate nuclei or 

for 20 minutes with phalloidin to stain the cytoskeleton. Fluorescence was examined with 
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a Leica confocal microscope (Leica TCS SPE). Pictures were handled with Leica 

Application Suite (Leica Microsystems, Switzerland) and Adobe Photoshop software. 

 

2.9 25BAnalysis of  AKT, ERK and JNK activation through 

phosphorylation 

In order to analyse activation through phosphorylation of AKT, ERK and JNK, cells 

were serum starved for 16 hours and treated with 200 nM AIMP1 or vehicle (as a control) 

for 10 to 180 minutes in Ham’s F-12 without FBS. Four biological replicates were 

performed for each treatment. After treatment, cells were washed twice with PBS and 

lysed in lysis buffer (50 mM Tris-HCl pH 6.8, 120 mM NaCl, 1% SDS, 1x PhosStop 

Cocktail (Roche), 0.5 mM PMSF, 1x Protease inhibitor cocktail). Samples were kept in ice 

for 15 minutes, vortexed, passed 15 times through a 1 ml syringe needle and centrifuged 

for 10 minutes at 14,000 rpm at 4°C. The supernatants were collected, quantified using 

the BCA method and 50 μg of proteins were loaded on SDS-PAGE.  

 

2.10 26BSubcellular fractionation 

PAEC were serum-starved for 16 hours and subcellular fractionation was performed 

according to Kim et al. (Kim et al., 1999) with some modifications. All procedures were 

done at 4°C. PAEC from one 150-mm culture dish (8 x 106 cells) were resuspended in 1 

ml of buffer A (25 mM Tris pH 7.4, 1 mM EDTA, 0.5 mM EGTA, 10 mM NaCl, 0.5 

mM PMSF, 1x Protease inhibitor cocktail), put through 3 freezing and thawing cycles in 

liquid nitrogen and homogenized 40 times with a tight Dounce homogenizer (Kontes 

Glass, Vineland, NJ). A one-tenth volume buffer A containing 2.5 M sucrose was added 

to the homogenate. The homogenate was centrifuged at 1,000 x g for 10 min (step A). 

The supernatant of step A was centrifuged at 100,000 x g for 1 h (step B). The pellet of 

step B was resuspended in PBS, 1% NP40 (containing 1x Protease inhibitor cocktail and 

0.5 mM PMSF) and stored as the membrane fraction; the supernatant of step B was 

stored as the cytosolic fraction. 
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2.11 27BAffinity purification of  AIMP1-binding proteins 

The subcellular fractions were dialyzed for 16 hours at 4°C against PBS containing 1x 

Protease inhibitor cocktail, then incubated with rAIMP1 or vehicle for 2 hours at 4°C; 

rAIMP1 was then precipitated using nickel affinity interaction (Ni-Sepharose high 

performance, GE Healthcare) for 1 hour at 4°C. 

After incubation, the resin was spinned down, washed with washing buffer (50 mM 

Na2HPO4, 200 mM NaCl, 0.1% NP40, 2 mM EDTA, 2 mM Na3VO4, 1 mM PMSF, 1x 

Protease inhibitor cocktail) and resuspended in 30 μl loading buffer (62.5 mM Tris-HCl 

pH 6.8, 20% glycerol, 2% SDS, 5% β-mercaptoethanol, 0.025% bromophenol blue). 

Samples were resolved on SDS-PAGE and stained with Coomassie Brilliant Blue; the 

differential bands were excised and identified by mass spectrometry analysis. 

 

2.12 28BProtein identification by mass spectrometry (MS) 

The selected protein spots or bands were excised from the gel and destained over night 

with 40% ethanol in 25 mM ammonium bicarbonate, washed twice with 25 mM 

ammonium bicarbonate, three times with acetonitrile, and dried. Each gel fragment was 

reswollen in 25 mM ammonium bicarbonate containing 0.6 µg of modified porcine 

trypsin and digested overnight at 37°C. Peptides were extracted by sonication in 25 mM 

ammonium bicarbonate, loaded onto a ZORBAX 300 SB C18 RP column (75 µm x 150 

mm, 3.5 µm particles, Agilent, Santa Clara, CA, USA) and eluted with a gradient of 

acetonitrile from 5% to 80% (containing 0.1% formic acid) at a flow rate of 0.3 μl/min by 

a HP 1100 nanoLC system coupled to a XCT-Plus nanospray-ion trap mass spectrometer 

(Agilent, Santa Clara, CA, USA). MS parameters were the following: scan range m/z = 

100-2,200, scan speed 8,100 m/z s-1, dry gas flow 5 l/min, dry temperature 300°C, 

capillary 1.8 kV, skimmer 40 V, ion charge control (ICC) target 125,000, maximum 

accumulation time 300 ms. Positively charged peptides ions were automatically isolated 

and fragmented, and spectra were deconvoluted by the DataAnalysis software version 3.4 

(Bruker Daltonics, Bremen, Germany). Mass spectrometry data were fed to the Mascot 
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search algorithm for searching against the NCBI non-redundant database number 

20100402 (http://www.Matrixscience.com). Mass tolerance for the monoisotopic peak 

masses was set to 1.2 Da (parent ion) or 0.6 Da (fragments), while the maximum number 

of missed cleavages was set to 3. Allowed modifications were cysteine 

carbamidomethylation and methionine oxidation for spots deriving from 2-DE gels. Hits 

with a probability-based Mowse score higher than 47 were considered significant (p < 

0.05). Since the protein database for Sus scrofa is not complete, when a protein was not 

present as porcine in the database, we accepted its identification from Bos taurus or Homo 

sapiens. 

 

2.13 29BPull-down assay 

Subcellular fractions were dialyzed for 8 hours against PBS containing 1x Protease 

inhibitor cocktail at 4°C and were then incubated with rAIMP1 or vehicle for 16 hours at 

4°C. Ni-Sepharose high performance beads were added to the cellular fractions and 

incubated for 1h at 4°C. The samples were then centrifuged and the supernatant was 

removed. The beads were washed with washing buffer (50 mM Na2HPO4, 200 mM NaCl, 

0.1% NP40, 2 mM EDTA, 2 mM Na3VO4, 1 mM PMSF, 1x Protease inhibitor cocktail) 

and resuspended in 200 μl loading buffer. 20 μl of sample were loaded on an SDS-PAGE 

and the putative rAIMP1-binding proteins were identified through Western blot analysis. 

 

2.14 30BCo-immunoprecipitation 

Subcellular fractions were dialyzed for 8 hours against PBS containing 1x Protease 

inhibitor cocktail at 4°C,  incubated with rAIMP1 for 16 hours at 4°C and mixed, for 1h 

at 4°C, with anti-filamin-A, anti-α-tubulin, anti-vinculin, anti-cingulin or control 

antibodies, pre-coupled with protein A or G Sepharose beads. The samples were then 

centrifuged and the supernatants removed. Beads were washed with PBS 0.1% NP40 and 

resuspended in 20 μl loading buffer. Samples were then loaded on an SDS-PAGE and 

immunoblotted with anti-His-probe antibody to recognize rAIMP1. 
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2.15 31BCell treatment, protein extraction and sample preparation 

for 2-D electrophoresis 

For phosphoproteomic analysis, cells were serum starved for 16 hours and treated with 

200 nM AIMP1 or vehicle (as a control) in Ham’s F-12 without FBS for 10 or 30 

minutes. Four biological replicates were performed for each treatment. After treatment, 

cells were washed twice with PBS and twice in sucrose buffer (250 mM sucrose, 10 mM 

Tris-HCl, pH 7). Protein extraction was performed following the protocol from Yan et al. 

(Yan et al., 2007). Cell samples were lysed in solubilisation buffer (40 mM Tris, 7 M urea, 

2 M thiourea, 4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate 

(CHAPS), 65 mM dithiothereitol (DTT), 1 mM ethylenediamine-tetra-acetic acid, 1x 

Protease inhibitor cocktail, 0.1 g/l RNase A, and 0.1 g/l DNase) and sonicated (5 s/cycle, 

3 cycle; 0 °C). After centrifugation at 13,000 x g for 30 min at 4°C, the supernatant was 

collected as the protein sample. Before subsequent analysis the sample was concentrated 

and desalted using the Ultrafree-0.5 Centrifugal Filter Device (Millipore) according to 

manufacturer’s protocol. Protein concentration was determined using Bradford protein 

assay kit (BioRad, Marnes-la-Coquette, France).  

 

2.16 32B2-D electrophoresis 

2-D electrophoresis (2-DE) was performed according to Jacobs et al. (Jacobs et al., 2001), 

with some modifications. Isoelectrofocusing of proteins was performed at 20°C in 18 cm 

IPG 4-7 strips (GE Healthcare), using the Ettan IPGphor system (GE Healthcare). Prior 

to SDS-PAGE, the IPG strips were equilibrated twice for 15 minutes in a buffer 

containing 50 mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, plus 1% DTT for 

the first equilibration step, 2.5% iodoacetamide and traces of bromophenol blue for the 

second one. SDS-PAGE was performed on 12.5% polyacrylamide gels according to 

Laemmli (Laemmli, 1970) but without stacking gel, in a PerfectBlue Dual gel System, 

20x20 cm (PeQLab, Erlangen, Germany). The run was carried out at 60 mA/gel at 16°C 

until the tracking dye front reached the bottom of the gel. Each treated sample was run 
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simultaneously to its control. In order to visualize phosphorylated proteins, gels were 

stained with Pro-Q Diamond (Molecular Probes Inc, Eugene, OR) following the protocol 

of Agrawal and Thelen (Agrawal & Thelen, 2005). After image acquisition, gels were 

stained for total protein with SYPRO Ruby protein gel stain (Molecular Probes) 

according to the manufacturer’s protocol.  

Images were acquired by CCD camera (ProXPRESS 2-D Perkin Elmer) with the 

following parameters: excitation 540/25 and emission 590/35 nm for phosphoprotein 

staining, and excitation 460/80, emission 650/150 for Sypro staining respectively. Before 

MS/ spectrometry analysis the gels were stained in Coomassie Blue R350 (Marchetti-

Deschmann et al., 2009). 

 

2.17 33BImage analysis 

Image analysis was performed by the ImageMaster 2D Platinum 5.0 software package 

(GE Healthcare). Spot detection and gel matching were carried out automatically and 

checked manually. The volume of each spot was normalized to the total volume of spots 

in the gel (%Vol). Analysis was performed in order to identify spots with qualitative 

(presence/absence) and quantitative (≥ 1.5-fold) spot volume increase/decrease between 

treatment and control. Spots that fulfilled these criteria in at least three experiments were 

considered significant and underwent mass spectrometry analysis. For ProQ Diamond 

stained gels all spots were also required to be detected and matched in SYPRO Ruby 

image counterpart. Quantitative differences were calculated for both SYPRO Ruby and 

ProQ Diamond images. Proteins found as having differential spot volumes by ProQ 

Diamond staining were considered as differentially phosphorylated only if they did not 

also show a significant variation by SYPRO Ruby staining. 
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2.18 34BCell treatment, RNA extraction and retrotranscription for 

Real Time PCR analysis 

In order to investigate transcriptional gene regulation, Real Time PCR experiments were 

performed. Cells were serum starved for 16 hours and treated with the indicated 

concentrations of AIMP1 or vehicle (as a control) in Ham’s F-12 medium supplied with 

10% FBS in time course experiments (from 1 hour to 24 hours). After treatment, total 

RNA was extracted from cell cultures which were about 80% confluent using the Trizol 

Reagent (Invitrogen). RNA was extracted according to the “acid phenol” method of 

Chomczynski and Sacchi (Chomczynski & Sacchi, 1987), where, by using acid phenol, a 

selective separation of RNA from DNA and the other lipidic and proteic components 

was obtained. Purification was carried out according to manufacturer’s instructions. 

Extracted RNA was treated with DNase to eliminate residual genomic DNA, using the 

DNA free kit (Ambion, Austin, Texas). Quantification of RNA was performed by 

NanoDrop spectrophotometer ND-1000 (Celbio) at 260 nm. 0.5 μg of RNA from each 

sample were retrotranscribed into cDNA using the reverse transcriptase enzyme (M-

MLV) (Ambion, Austin, TX). The obtained cDNA was diluted 1:4 with sterile water and 

stored at -20°C.  

Real Time-PCR assays were designed using the Probe Finder Software, and reactions 

were carried out in 96-well plates, using Probe Master Mix (Roche) on the LC 480 

instrument (Roche).  

The set of genes analysed was chosen either on the basis of literature data reporting a 

correlation between gene transcriptional regulation and AIMP1 treatment or on the basis 

of the role of a specific protein in a process important in the frame of our study (that is 

the example of VEGFA, VEGFR1 and VEGFR2 that were chosen for their roles in 

angiogenesis). The list of analysed genes is reported in table 2.1, together with the primers 

sequences and the UPL probe number. 

The primers were purchased from Sigma, while probes were from the UPL probe library 

(Roche). Fold induction was calculated by the deltadeltaCt method. Data were normalized 

to 18S ribosomal RNA levels. 
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Primers Sequences Probe number 
18S_fw GGGACTTAATCAACGCAAGC 48 
18S_rev GCAATTATTCCCCATGAACG 48 
VEGFA_fw CTACCTCCACCATGCCAAGT 64 
VEGFA_rev GTGGGGTTTCTGGTCTCCTT 64 
VEGFR1_fw TGTCACGCTAACGGTGTCC 45 
VEGFR1_rev GGCTCCTGTTGTATTTTGTGG 45 
VEGFR2_fw ACTGCAGTGATTGCCATGTT 71 
VEGFR2_rev CTTAACGGTCCGGAGAACG 71 
MMP2_fw CTGGTGCTGCCACACTTTAG 12 
MMP2_rev GGGTGCTGTAAGCCACAGA 12 
MMP9_fw CGGGAGACCTACGAACCA 27 
MMP9_rev AGCGGTACAGATATTCCTCTGC 27 
66BICAM1_fw TCATGTCTGCCTCTATTGCTG 79 
ICAM1_rev GCAGGACGAGGCACTAAGAC 79 
COL1a2_fw CTGGCCCTCAAGGTTTCC 62 
COL1a2_rev GACCAGTCTGACCAGGTTCG 62 
CCNG2_fw GCAATAAATGGGGGAGTAGGT 72 
CCNG2_rev GGCTATGCAATTCCTGCCTA 72 
TNFAIP3_fw CAGTCCCCAAACCTCCATC 82 
TNFAIP3_rev CCTCAGTGGGGACCACTTC 82 
KLF4_fw GAGGAGCCAAAGCCAAAGA 7 
KLF4_rev GTGAGTGGCCGTCCTTTTC 7 
BIRC3_fw CTTCAGACAATCCAGAAGATGAAA 21 
BIRC3_rev TTCCGGATCAATGATAGGTCA 21 

 
Table 2.1. List of the genes analysed following AIMP1 treatment of PAEC. The table lists the names of the genes, the 

sequences of the primers used for the amplification reaction and the number of the UPL probe used for each gene. 

 

 

 
 
 
 
 
 
 
 
 

 

 



3. 2BResults 

 

 

 

 

 

 

3.1 35BProduction and purification of  recombinant AIMP1 

Human recombinant AIMP1 was cloned in a pBAD/Myc/HisA vector, which produces a 

protein with a C-terminal 6-histidine tag and a myc tag. 

The recombinant protein was expressed in Escherichia coli TOP F10 and purified using an 

FPLC Akta Purifier (Amersham Biosciences) in a two-step chromatography process. The 

software used to control the chromatography process was Unicorn 5.01, which provides a 

chromatogram that shows the data relative to the ongoing purification, such as 

absorbance at 280 nm, conductivity, concentration of elution buffer, etc. (Fig. 3.1).  

The elution flux was collected in different fractions and, on the basis of the information 

given by the absorbance at 280 nm, selected fractions were loaded on SDS-PAGE (Fig. 

3.2), in order to identify the samples containing the recombinant protein. To confirm the 

presence of recombinant AIMP1, mass spectrometry analysis was performed on the 

putative protein containing bands (Fig. 3.2, red panel). Fractions C1 to C6 from the nickel 

affinity purification step were pooled and loaded on the cationic exchange column.  

The recombinant protein eluted from the second purification step was highly pure 

(>98%). Recombinant AIMP1 purity was analyzed through SDS-PAGE analysis, 

comparing it with commercial BSA (Fig. 3.3).  
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Fig. 3.1. Chromatogram of the nickel affinity purification step. The x-axis shows the elution volume expressed in ml, the y-

axis shows the absorbance at 280 nm expressed in mAU (milli Absorbance Units). Brown line: conductivity, green line: 

concentration of elution buffer, blue line: absorbance at 280 nm; the red dashes on the x-axis represent the different fractions in 

which the elution was divided. The blue peak indicated with the black arrow represents recombinant AIMP1 elution peak. 

 

 MW      NI      I       Ins      L       FT      A1     A2      A3     A4   L       MW    A9     A10    A11   B15    B14   B13   B12     

___________________________________________________________________________ 
                                                                                                                                44

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 3.2. Elution fractions from the nickel affinity chromatography. Reducing SDS-PAGEs (12% HacrylamideH/HbisacrylamideH) 

of the elution fractions deriving from the nickel affinity purification step. MW: molecular weight, NI: not induced, I: induced, Ins: 

insoluble, L: load, FT: flow through, A1 to C13: different elution fractions. Red panel: fractions C1 to C6 contained recombinant 

AIMP1 and were pooled to be loaded on the cationic exchange column. 
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The recombinant protein concentration was calculated with the BCA method (according 

to Manufacturer’s instructions) using as reference a curve of known concentrations of 

commercial BSA and resulted equivalent to 1μg/μl. 

Finally, LPS were removed through a 5-cycle extraction with Triton X-114 and protein 

buffer was substituted with pyrogen-free PBS, 20% glycerol through dialysis with a 10 

kDa cut-off, to remove any trace of the detergent and to have the protein in an optimal 

buffer for conservation and for use in in vitro assays. 
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Fig. 3.3. Recombinant AIMP1 purity is over 98%. Reducing SDS-PAGE (10% HacrylamideH/HbisacrylamideH) to verify the purity 

of human recombinant AIMP1 in comparison to commercial BSA. 
 

In order to obtain information about the secondary and tertiary structure of rAIMP1, 

circular dichroism (CD) experiments were performed using a JASCO spectrometer. 

CD can be used to study how the secondary and tertiary structure of a molecule changes 

as a function of temperature. Recombinant AIMP1 circular dichroism spectrum was 

recorded between 195-250 nm, at temperatures ranging from 20°C to 99°C. A decrease in 

signal was seen when temperature increased, suggesting a progressive loss of the molecule 

three-dimensional organization. Notably, a steep decrease in CD signal was observed 

around 50-70°C, suggesting that denaturation of the protein occurs at temperatures above 

50°C (Fig. 3.4). 
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Fig. 3.4. CD analysis of AIMP1. A: Thermal denaturation of AIMP1. Circular dichroism spectra were recorded for AIMP1 (0.1 

mg/ml) between 195 and 250 nm during heating from 20 to 90°C and reported as mean residue ellipticity (θMRW). Data were 

plotted for each 10°C interval as indicated in the figure. B: Quantification of thermal denaturation of AIMP1. Mean residue 

ellipticity (deg.cm2/dmol) at 215 nm was plotted against temperature. 

 

3.2 36BAIMP1 stability in conditioned cell culture medium 

The stability of AIMP1 in conditioned medium was verified. This experiment was 

performed in order to obtain information about AIMP1 resistance to secreted proteases. 

250 nM AIMP1 was incubated at 37°C in conditioned Ham’s F-12 medium supplied with 

10% FBS. The cultured medium used was taken from a PAEC plate that had been kept in 

culture for 48 hours. At defined time points 30 μl of sample were collected for SDS-

PAGE and Western blot analysis. The results showed that a high amount of undegraded 

AIMP1 is still present after 54 hours of incubation (Fig. 3.5). These data show that, when 

administered to cells AIMP1 remains in the medium even after 48 hours. 
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Fig. 3.5. AIMP1 stability in conditioned medium. Recombinant AIMP1 was incubated with conditioned Ham’s F-12 supplied 

with 10% FBS at 37°C for the times indicated. The protein was immunoblotted using anti-EMAP II antibody recognizing 

AIMP1. 

 

3.3 37BBiological assays 

In order to understand if the recombinant AIMP1 produced in our laboratory was 

biologically active, a series of in vitro assays were performed on different cell cultures. 

Among these biological assays, some where carried out in accordance with literature data 

to confirm the biological activity of the protein, while others provided new information 

about exogenous AIMP1 biological activity. 

 

3.3.1 63BAIMP1 has a dose-dependent role on ECs proliferation 

AIMP1 is reported to have a dose-dependent role in angiogenesis, inducing endothelial 

cell migration at low doses and inhibiting endothelial cell survival at high doses (Park et 

al., 2002c).  

To confirm the anti-angiogenic activity of AIMP1 on endothelial cells, the protein was 

tested at concentrations up to 200 nM on primary BAEC, primary PAEC and on 

immortalized PAEC in presence of medium containing 10% FBS in viability assays. At 

200 nM, the survival inhibition percentage is, respectively, 30%, 28,1% and 41% on 

primary BAEC, primary PAEC and immortalized PAEC, in comparison to the positive 

control (Fig. 3.6). 

To test whether this activity was dependent on AIMP1 folding state, the recombinant 

protein was heated for 30 minutes at 99°C before stimulation. The inhibitory effect of 

AIMP1 was completely reverted when the protein was heat-inactivated, confirming the 

specificity of the effect (Fig. 3.6) and excluding that the inhibitory effect could be elicited 

by a contaminant present in the protein solution. 
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Fig. 3.6. Viability of BAEC (A), PAEC (B) and immortalized PAEC (C) is inhibited by high concentrations of AIMP1. 

Cells were cultured in medium containing 10% FBS in presence of indicated stimuli. After 24 hours, MTT viability assay was 

performed; AIMP1 HD indicates the heat denaturated protein. *Statistically significant difference compared with control (* = p < 

0.05; *** = p < 0.005).  

 

To assess whether AIMP1 interfered with the proliferative process or the survival, two 

biological assays were performed in parallel on immortalized PAEC: a proliferation assay 

based on the measurement on 5-bromo-2’-deoxyuridine (BrDU) incorporation during 

DNA synthesis in proliferating cells and a viability assay that is based on cellular 
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conversion of a tetrazolium salt (MTT) into a formazan product by living cells. The 

results show that AIMP1 does not interfere with the proliferative process (no inhibition 

in the BrDU assay), but it impairs cell viability (inhibitory effect in the MTT assay) (Fig. 

3.7). 
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Fig. 3.7. AIMP1 impairs cell viability but not cell proliferation of PAEC. Cells were cultured in medium containing 10% 

FBS and stimulated with 200 nM AIMP1. After 24 hours, BrDU proliferation assay (A) and MTT viability assay (B) were 

performed. *Statistically significant difference compared with control (*** = p < 0.005).  

 

On the other hand, it is known that low concentrations of AIMP1 induce endothelial cell 

migration (Park et al., 2002c). In this study we tested other possible effects of low doses of 

AIMP1 on endothelial cells and, in particular, the effects of low concentrations of AIMP1 

on endothelial cells survival. 

On the basis of the experiments performed, it was observed that low doses of AIMP1 

increases endothelial cell viability. AIMP1 was tested on primary BAEC and HUVEC 

with, respectively, no FBS and 4% FBS containing medium for 24 hours. At a 

concentration of 1 nM, AIMP1 increases cell viability of about 70% in BAEC and 11% in 

HUVEC (Fig. 3.8). 

___________________________________________________________________________ 
                                                                                                                                49



  

A B

**
*

Fig. 3.8. Viability of BAEC (A) and HUVEC (B) is increased by low concentrations of AIMP1. Cells were cultured 

respectively in 0% and 4% FBS containing medium and stimulated with 1nM AIMP1. 24 hours after stimulation MTT viability 

assay was performed. *Statistically significant difference compared with control (* = p < 0.05; ** = p < 0.01).  

 

3.3.2 64BAIMP1 inhibits ECV tubulogenesis in matrigel 

On the basis of AIMP1 known anti-angiogenic properties (Lee et al., 2006), a 

tubulogenesis assay was performed to test AIMP1 activity on ECV tubule formation. 

Cells were seeded in a matrigel three-dimensional matrix in presence of 10 ng/ml of 

EGF. AIMP1 was added at concentrations of 50, 100 and 200 nM. The quantification of 

the number of closed areas after 6 hours of culturing showed that atthe concentration of 

200 nM AIMP1 produces a 22% inhibitory effect on ECV tubulogenesis in matrigel, 

when induced by EGF (Fig. 3.9).  
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Fig. 3.9. Tubulogenesis of ECV is inhibited by AIMP1. A: Cells were plated in 0% FBS medium with 10 ng/ml EFG for 6 h 

in presence of the indicated stimuli. The number of closed areas were counted in triplicate wells. B and C: magnified pictures (4x 

magnification)of untreated (ctrl) and AIMP1 treated cells. *Statistically significant difference compared with control (*** = p < 

0.005).  
 

3.3.3 65BAIMP1 stimulates macrophages migration 

EMAP II has been reported to have a chemoattractant role for monocytes/macrophages 

and granulocytes (Kao et al., 1992). In order to investigate whether also AIMP1 exerted a 

chemoattractant role towards immune system cells, a range of different concentrations of 

AIMP1 (from 1nM to 500 nM) was tested on RAW 264.7 mouse macrophages to verify 

its ability to stimulate their migration. Upon a 4 hour treatment, AIMP1 stimulated 

macrophages migration with a dose-dependent response. At the concentration of 500 nM, 
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AIMP1 more than triplicates macrophage migration rate in comparison to the negative 

control (Fig. 3.10). 
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Fig. 3.10. Migration of RAW 264.7 is increased upon AIMP1 treatment. A: Cells were plated in 0% FBS medium for 4 h in 

presence of the indicated stimuli. The migrated cells from three experiments were counted. B and C are magnified pictures (4x 

magnification) of untreated (ctrl)and AIMP1 treated migrated cells. *Statistically significant difference compared with control (*** 

= p < 0.005).  

 

At this point the immortalized PAE cell line was selected as a model to investigate the 

cellular mechanisms and the signalling pathways activated by exogenous AIMP1 and to 

identify new cellular interactors of AIMP1 in endothelial cells.  

B ctrl 500 nM AIMP1C



This model was selected because treatment of immortalized PAEC with exogenous 

AIMP1 leads to strong and reproducible cellular effects and because these cells are easier 

to manage than primary cell lines. 

 

3.4 38BAIMP1 inhibitory effect on PAEC viability is reverted by 

pre-treatment with anti-α5β1 integrin antibody 

In order to try to identify the receptor responsible for the transduction of exogenous 

AIMP1 signal inside the cell, we focused our attention on α5β1 integrin. This because 

α5β1 integrin has been shown to bind EMAP II on MEC (microvascular endothelial cells) 

(Schwarz et al., 2005). We hypothesized that this receptor could also have a role in the 

anti-angiogenic effect exerted by AIMP1 on PAEC. To verify this hypothesis an MTT 

viability assay was performed incubating the cells with anti-α5β1 integrin antibody before 

incubation with AIMP1, in order to block the receptor activity before stimulating the 

cells. Indeed, pre-treatment of PAEC with the anti-α5β1 integrin antibody is able to revert 

AIMP1 inhibitory effect on PAEC survival (Fig. 3.11).  
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Fig. 3.11. Pre-treatment of cells with anti-α5β1 integrin antibody reverts AIMP1 inhibitory effect on survival. Cells were 

incubated with anti-α5β1 integrin antibody (0.8 μM) before treatment with AIMP1 (100 nM). MTT assay was performed after 24 

hours. Data represent mean ± SD. Graphics report relative absorbance values normalized to vehicle (ctrl). *Statistically significant 

difference compared with control (*** = p < 0.005).  
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3.5 39BAIMP1 inhibits cell adhesion on fibronectin 

On the basis of the experimental results obtained through the viability assays, in addition 

to literature describing EMAP II inhibitory effect on MEC adhesion through a direct 

interaction between EMAP II and α5β1 integrin (Schwarz et al., 2005), the hypothesis of 

an inhibitory effect elicited by AIMP1 on PAEC adhesion was investigated. To do this, a 

cell adhesion assay was performed: cells were treated with 100 nM AIMP1 or vehicle, 

plated on fibronectin pre-coated plates and let to adhere for 20 minutes. The fibronectin 

coating was chosen on the basis of data demonstrating that integrin is the receptor for 

fibronectin during angiogenesis (Kim et al., 2000a).  

Measurement of absorbance values after crystal violet staining showed that AIMP1 

inhibits cell adhesion on fibronectin (Fig. 3.12). These results show that, as was previously 

demonstrated for EMAP II (Schwarz et al., 2005), also AIMP1 is able to interfere with the 

process involved in endothelial cell adhesion on fibronectin. 
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Fig. 3.12. AIMP1 inhibits PAEC adhesion on fibronectin. Cells were treated with 100 nM AIMP1 and plated on fibronectin 

pre-coated plates. After 20 minutes, cells were fixed and stained with crystal violet. Absorbance values (595 nm) represent mean ± 

SD. Graphics report relative absorbance values normalized to vehicle (ctrl). *Statistically significant difference compared with 

control (* = p < 0.05).  
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3.6 40BSubcellular localization of  exogenous AIMP1 in PAEC 

Since one of the objectives of this study was to identify new AIMP1 interactors, it was 

important to obtain information about exogenous AIMP1 subcellular localization in 

PAEC. These data were fundamental in order to understand which were the subcellular 

fractions to be analysed for the “fishing” of AIMP1-interacting molecules.  

For this purpose, immunofluorescence experiments were performed on PAEC to analyse 

exogenous AIMP1 subcellular localization.  

PAEC were treated with 50 nM AIMP1 in time course experiments from 15 minutes to 

24 hours. The stainings performed in this phase were the following: exogenous AIMP1 

was stained, using the anti-myc antibody, to analyse its subcellular localization; actin and 

the nucleus were stained using, respectively, phalloidin and propidium iodide to have 

precise cell structure references of the cytoplasm and the nucleus.  

Exogenous AIMP1 was previously demonstrated to be internalized almost immediately 

after cellular incubation (Yi et al., 2005) and this datum was confirmed in this work using 

immunofluorescence technique. As soon as 30 minutes after AIMP1 treatment, the 

exogenous protein enters the cell, but does not enter the nucleus: this was indicated by 

collection of confocal optical sections at 0.5 μm intervals throughout the cells. AIMP1 

localization inside the cell or on the cell membrane does not occur when the protein is 

heat inactivated for 30 minutes at 99°C before stimulation (Fig. 3.13). 

Interestingly, AIMP1 distribution appears to be asymmetrical and, furthermore, it seems 

to be localized at the level of the cell protrusions (Fig. 3.14). The observation that 

exogenous AIMP1 does not distribute in an homogeneous way throughout the cell and 

the cell membrane, together with the experimental results on AIMP1 effect on endothelial 

cell adhesion, lead us to hypothesize that AIMP1 may interact with or activate cytoskeletal 

or cytoskeleton-associated proteins, thus affecting cellular architecture remodelling and 

the adhesion process. 

In long term stimulations, after 6 and 24 hours, AIMP1 accumulates in clots under the 

cell membrane (Fig. 3.15). This particular distribution pattern could represent an 

expulsion mechanism carried out by phagosomes or liposomes, but would need a deeper 



investigation to be understood.  
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Fig. 3.13. Exogenous AIMP1 subcellular localization. PAEC were treated with 100 nM AIMP1 for 1 hour. After treatment 

cells were fixed and stained. Actin was stained in red (phalloidin) and AIMP1 in green (anti-myc antibody). A: untreated cells, B: 

1h AIMP1 treated cells and C: 1h heat denaturated AIMP1 treated cells. AIMP1 does not bind the cells when heat inactivated 

before treatment.  
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Fig. 3.14. Exogenous AIMP1 subcellular localization is asymmetrical and it concentrates at the cell protrusions. After 

treatment cells were fixed and stained. AIMP1 subcellular localization is asymmetrical (A and B) and it accumulates at the level of 

cell protrusions (C-E). In A and B the nucleus was stained in red (PI) and AIMP1 in green (anti-myc antibody). In C and D actin 

was stained in red (phalloidin) and AIMP1 in  green (anti-myc antibody). In E AIMP1 was stained in red (anti-myc antibody).  
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Fig. 3.15. Exogenous AIMP1 subcellular localization in a time course experiment. Time course treatment of PAEC with 

100 nM AIMP1 from 15 minutes (A) to 24 hours (F). After treatment cells were fixed and stained. Actin was stained in red 

(phalloidin) and AIMP1 in green (anti-myc antibody).  

 

3.7 41BAIMP1 treatment of  PAEC activates ERK and JNK, but 

not AKT 

In the biological assays, AIMP1 showed an inhibitory activity on endothelial cell viability 

and adhesion at high concentrations. On the basis of these data, in order to investigate 

the signalling pathways activated in PAEC, Western blot analysis was performed to 

identify some of the molecules activated upon high concentrations of AIMP1 treatment. 

On the basis of the experimental results which show that AIMP1 activity on PAEC could 

be mediated by a membrane receptor (α5β1 integrin), we decided to investigate the 

possible activation of phosphorylated proteins. 

As a first step the activation of a small group of kinases was analysed during a time course 

experiment of PAEC stimulation with AIMP1. 

This group included AKT, a protein involved in cellular survival pathways by inhibiting 

HapoptoticH processes; JNK, which is involved in apoptosis, cell differentiation and 

A Bin in 30 m 1 h C

actin 
AIMP1 

2 h 6 h 24 h D FE



proliferation and ERK, involved in functions including the regulation of HmeiosisH, HmitosisH, 

post-mitotic functions in differentiated cells and in a great variety of signalling 

transduction pathways activated by extracellular molecules.  

Cells were treated with AIMP1 at a concentration of 200 nM in time course experiments, 

with 6 time points from 0 to 180 minutes (Fig. 3.16). AIMP1 induces activation of ERK 

and JNK through phosphorylation after a 10 minute treatment of PAEC, but it does not 

regulate AKT expression. 

In order to confirm that the effect observed was due to AIMP1 activity and not to the 

cells manipulation, an experiment was performed treating PAEC for 10 minutes with 

AIMP1 or with vehicle. This last experiment confirmed a very rapid activation of ERK 

and JNK,  and no regulation of AKT, after stimulation of PAEC with AIMP1 (Fig. 3.17). 
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Fig. 3.16. AIMP1 activates ERK and JNK but not AKT in PAEC. Western blot analysis of a time course treatment of PAEC 

with AIMP1. Cells were treated with 200 nM AIMP1 for 0 to 180 minutes. Membranes were blotted with anti-pERK (A), anti-

pJNK (B) and anti-pAKT (C) antibodies and normalized to total ERK, JNK and AKT proteins respectively. 
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Fig. 3.17. AIMP1 activates ERK and JNK but not AKT in PAEC. Western blot analysis of PAEC treated with 200 nM 

AIMP1 for 10 minutes. Control samples were treated with vehicle (PBS 20% glycerol). Membranes were blotted with anti-pERK 

(A), anti-pJNK (B) or anti-pAKT (C) antibodies and normalized to total ERK, JNK and AKT proteins, respectively. The relative 

quantification is shown in the histograms below (D, E and F). 

 

The activation of ERK through phosphorylation after a 10 minute treatment of PAEC 

with 200 nM AIMP1 was confirmed performing a Western blot analysis on a two-

dimensional gel (Fig. 3.18). Indeed spot intensity of pERK in treated cells is 1.4 times 

higher respect to the control (total ERK was used for normalization). 
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Fig. 3.18. AIMP1 activates ERK in PAEC. 2DE-Western blot analysis on PAEC treated with 200 nM AIMP1 for 10 minutes. 

Control samples were treated with the vehicle (PBS, 20% glycerol). A: Membranes were blotted with anti-pERK and normalized 

to total ERK The different spots indicate different phosphorylation degrees of ERK The relative quantification is shown in the 

histogram (B). 
 

3.8 42BAffinity purification of  AIMP1-binding molecules 

On the basis of the information obtained by the immunofluorescence experiments about 

exogenous AIMP1 subcellular localization, two PAEC subcellular fractions were analysed 

to search for AIMP1-interacting molecules: the cytosolic and the membrane fraction. 

Figure 3.19 shows an SDS-PAGE on which the two subcellular fractions were loaded, 

showing distinct protein patterns. 

The subcellular fractions were incubated with AIMP1 and affinity purification of AIMP1-

binding molecules was performed using a Ni-Sepharose resin in order to precipitate the 

recombinant protein together with its interactors. In the control sample the vehicle (PBS, 

20% glycerol) was used instead of AIMP1, in order to discard the proteins aspecifically 

interacting with the resin. Samples obtained by affinity purification were loaded on SDS-

PAGE and differential bands between control samples and AIMP1 samples were 

identified and excised (Fig. 3.20). Identification of the bands was performed through 

MS/MS spectrometry analysis.  
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Fig. 3.19. SDS-PAGE of the two protein fractions obtained by the subcellular fractionation of PAEC. Reducing SDS-

PAGE (10% HacrylamideH/HbisacrylamideH). MW: molecular weight, CF: cytosolic fraction, MF: membrane fractions. 
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Fig. 3.20. Affinity purification of AIMP1-interacting molecules. Reducing SDS-PAGE (10% HacrylamideH/HbisacrylamideH)  

stained in Coomassie Brilliant Blue of two representative experiments performed with the membrane fraction (MF, on the left) or 

the cytosolic fraction (CF, on the right). MW: molecular weight. The black arrows indicate the differential bands between AIMP1 

functionalized resin and control. In both images, the huge band at 34 kDa  is the recombinant AIMP1 incubated with the 

subcellular fractions. 
 

 

 



Table 3.1 reports the putative AIMP1-interacting proteins identified in membrane and 

cytosolic fractions. Other proteins were found, including glycyl-tRNA synthetase and 

coatomer subunit beta protein (β-cop), the interaction of which with AIMP1 has already 

been described (Han et al., 2007) (data not shown). Interestingly, 6 of the identified 

proteins were cytoskeletal or cytoskeleton-associated proteins which are involved in 

cellular architecture maintenance and remodelling. 
 

 

67BFr LC-MS/MS identification 
Accession 
number 

Peptide 
number 

Seq cov 
(%) 

Score 

filamin-A gi116241365 34 32% 1791 

GRP78 gi14916993 23 28% 1058 

vimentin gi76097691 13 41% 695 

α-tubulin gi81174755 4 11% 313 

CF 

glycogen phosphorylase gi106073338 6 7% 213 

cingulin gi194036221 4 3% 67 

vinculin gi50403675 3 3% 59 

ras GTPase-activating-like protein (IQGAP3) gi229462887 2 2% 59 

protocadherin-11 X-linked gi75071591 2 2% 57 

MF 

rho GTPase-activating protein 29 (ARHGAP29) gi194036908 2 2% 52 
 

Table 3.1. AIMP1-interacting proteins obtained by affinity purification. First column indicates the subcellular fraction in 

which the protein was found, second and third column report the name of the identified protein and its gi accession number; the 

table also shows the number of peptides recognized by Mascot algorithm and the percentage of sequence coverage; hits with a 

probability-based MOWSE score higher than 47 were considered significant (p < 0.05).   

 

3.9 43BValidation of  putative AIMP1-interacting proteins through 

pull-down and co-immunoprecipitation 

In order to validate the data obtained by the affinity purification, pull-down and co-

immunoprecipitation experiments were performed. The use of these two techniques 

confirmed AIMP1 interaction with cingulin, filamin-A, α-tubulin, vinculin, GRP78 and 

PYG (Fig. 3.21). 
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However, using these experimental procedures, no information could be obtained about 

the interaction of AIMP1 with these proteins being direct or indirect. Therefore, it is 

possible that a complex of more than two proteins is formed. 

Among the cytoskeletal and cytoskeleton-associated proteins, the interaction with 4 out of 

6 proteins was confirmed. This result strengthens the hypothesis of an involvement of 

proteins implied in cellular architecture maintenance and remodelling in AIMP1 activity 

on PAEC. 
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Fig. 3.21. Validation of AIMP1-putative interactors. A: Pull-down assay. Subcellular fractions (membrane fraction or 

cytosolic fraction) were incubated with AIMP1 or vehicle and precipitated by nickel affinity. Cingulin, filamin-A, α-tubulin, 

vinculin, GRP78 and PYG were immunoblotted with the respective antibodies. B: Co-immunoprecipitation assay. Subcellular 

fractions were incubated with AIMP1 and immunoprecipitated with anti-cingulin, anti-filamin-A, anti-α-tubulin, anti–vinculin, 

anti-GRP78 and anti-PYG antibodies or control IgG. Precipitated proteins were immunoblotted with anti-his-probe antibody 

recognizing recombinant AIMP1. 
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3.10 44BAIMP1 co-localizes with cingulin and filamin-A in 

endothelial cells 

To see whether AIMP1 co-localized in the cell or at the cell membrane with the AIMP1-

interacting proteins previously identified or with α5β1 integrin, immunofluorescence 

double-staining experiments were performed. This technique allowed us to have an 

overview of these interactions in physiologic conditions. After a 1 hour treatment of 

subconfluent PAEC with 50 nM AIMP1, co-localization was observed between AIMP1 

and cingulin and between AIMP1 and filamin-A (Fig. 3.22), but no co-localization was 

observed between AIMP1 and vinculin, α-tubulin, GRP78, PYG or α5β1 integrin (data 

not shown). 
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Fig. 3.22. AIMP1 co-localizes with cingulin and filamin-A in the cells. Cells were treated with 100 nM AIMP1 for 1 hour. 

After treatment cells were fixed and immu stained. AIMP1 was stained in red (anti-myc antibody), cingulin and filamin-A were 

stained in green. A: Merge between α-cingulin (green) and anti-myc (red) staining. B: Merge between anti-filamin-A (green) and 

anti-myc (red) staining. The co-localization positions are indicated by the arrows. 

noD

 



3.11 45BAIMP1 treatment induces phosphorylation of  α-tubulin,     

EF-1δ and RPLP2 

To get a deeper insight in the signalling pathway activated by exogenous AIMP1 in 

PAEC, we further investigated the phosphorylation events upon AIMP1 treatment 

through a 2-DE phosphoproteomic approach. This technique allows to have an overview 

of the whole phosphoproteome in definite experimental conditions. PAEC were treated 

with 200 nM of AIMP1 or vehicle for 10 and 30 minutes.  

Each 2-DE gel was stained subsequently with 3 different dyes: gels were first stained with 

ProQ Diamond fluorescent stain for phosphorylated proteins, then with Sypro Ruby 

fluorescent stain for total proteins and, finally, with Coomassie Brilliant Blue for MS/MS 

analysis (Fig. 3.23). 
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Fig. 3.23. Example of a single 2-DE gel stained with 3 different dyes. Continues.  
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Fig. 3.23. Example of a single 2-DE gel stained with 3 different dyes. A: ProQ Diamond staining, B: Sypro Ruby staining 

and C: Coomassie Brilliant Blue staining. On the x-axis proteins are separate on the basis of their pI (pI gradient from 4 to 7). On 

the y-axis proteins are separated on the basis of their molecular weight. The numbers on the left side of the gels indicate the 

weight in kDa of the MW marker (only two proteins of the MW are detectable with the ProQ Diamond staining). 
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About 1200 protein spots were detected by the SYPRO Ruby stain and about 120 spots 

were visualized by the phosphoprotein-specific stain. For each treatment (AIMP1 10 min, 

control 10 min, AIMP1 30 min and control 30 min) a set of 4 gels was stained with ProQ 

Diamond followed by Sypro Ruby, imaged and analyzed as described in the Methods 

section. The spots which significantly varied among treated samples and controls were 

excised and identified by LC-MS/MS. For both time points no qualitative differences 

were highlighted. As regards the qualitative differences, no significant spots were 

identified upon 30 minute treatment. The proteins which resulted differentially 

phosphorylated between treated cells and controls upon 10 minute treatment in all the 

four experiments were α-tubulin, elongation factor 1δ (EF-1δ) and 60S acidic ribosomal 

protein P2 (RPLP2) (table 3.2 and figure 3.24). 

 

 

Fig. 3.24. The phosphorylation of α-tubulin, elongation factor 1δ and 60S acidic ribosomal protein P2 is up-regulated 

upon 10 minute AIMP1 treatment of PAEC. Cells were treated with 200 nM AIMP1 for 10 minutes. After treatment cells were 

lysed, protein were extracted and 2D-gels were run as described in the Methods section. Gels were stained with ProQ Diamond. 

A. ProQ Diamond stained gel of a representative experiment. Spots that showed a significant change in volume percentage are 

indicated by the arrows and identified by the spot number. B, C and D are single spot magnifications of ProQ Diamond stained 

gels from control (vehicle) and treated samples (spots of interest are indicated by the arrows). 
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Spot 
num 

Change-
fold 

LC-MS/MS identification 
Accession 
number 

Peptide 
number

Seq cov 
(%) 

Apparent 
pI/MW 

Theoretical 
pI/MW 

Mascot 
score 

496 ↑ 1.8 α-tubulin gi81174755 18 42% ~5/~50 kDa 4.86/50 kDa 589 

482 ↑ 2.6 elongation factor 1δ gi172047287 15 32% ~5/~30 kDa 4.94/30 kDa 564 

643 ↑ 2.1 60S acidic ribosomal protein P2 gi3914781 4 21% ~4.5/~12 kDa 4.42/11.6 kDa 218 
 

Table 3.2. Phosphorylated proteins upon 10 minute AIMP1 treatment of PAEC. Cells were treated with 200 nM AIMP1 for 

10 minutes. After treatment cells were lysed, protein were extracted and 2D gels were run as described in the Methods section. 

Gels were stained, subsequently, with ProQ Diamond, SyproRuby and Coomassie staining. Image analysis and spot quantification 

was carried out as described in the Methods section. The spot number corresponding to each identified protein is indicated in the 

first column. Change fold values indicate the mean obtained from at least three experiments (↑: up-regulated in AIMP1 samples). 

Name of identified protein and gi accession number are shown in the third and fourth columns. The sequence of elongation 

factor 1δ is not present in the Sus scrofa database, thus we accepted the identification for Bos taurus. The table also shows the number of 

peptides recognized by Mascot algorithm and the percentage of sequence coverage; hits with a probability-based MOWSE score 

higher than 47 were considered significant (p < 0.05). Apparent pI and MW are obtained from the 2DE gel, theoretical pI and 

MW are obtained from Mascot database.  
   

3.12 46BAIMP1 treatment regulates gene expression in PAEC 

As a last investigative field, the effect of AIMP1 on the transcriptional regulation of some 

genes was determined. The set of genes to be analysed was chosen either on the basis of 

literature data reporting a correlation between gene transcriptional regulation and AIMP1 

treatment or on the basis of the role of a specific protein in processes important in the 

frame of our study (adhesion, angiogenesis). The analysed genes were: VEGFA, 

VEGFR1, VEGFR2, MMP2, MMP9, ICAM1, COL1a2, CCNG2, TNFAIP3, KLF4, 

BIRC3 (18S was used as normaliser). 

Cells were serum starved for 16 hours, then stimulated with different concentrations of 

AIMP1 in time course experiments. The experimental conditions were identical for all the 

genes (a time course experiment was carried out from 1 to 24 hours, stimulating the cells 

with 100 nM AIMP1) apart from MMP2 and MMP9 (in this case the cells were treated 

with different concentration of AIMP1 -1, 10, 100 nM- for 1 hour and 24 hours). After 

treatment cells were lysed, RNA was extracted, quantified and retrotranscribed, Real Time 

PCR was performed 

Relative quantification of the expression level of these genes indicated that, in the tested 

conditions, AIMP1 treatment regulates the expression of VEGFA, VEGFR2, MMP2 and 
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MMP9. AIMP1 up-regulates VEGFA and VEGFR2 transcripts at a concentration of 100 

nM after a two-hour treatment. Instead, transcription of MMP2 is induced after 24-hour 

treatment with 10 nM AIMP1 and MMP9 expression is up-regulated upon 1 hour 

treatment with 10 nM AIMP1 and 24 hour treatment with 1nM AIMP1 (Fig. 3.25). 
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Fig. 3.25. Real Time analysis of gene transcription regulation upon AIMP1 treatment. Cells were treated with the indicated 

concentrations of AIMP1 or vehicle (as a control) for the indicated times. After treatment cells were lysed, RNA was extracted, 

quantified and retrotranscribed, Real Time PCR was performed. Relative quantification was performed by second derivative 

analysis and the DDCt calculation method. Control A and B: VEGF and VEGFR2 transcription is up-regulated after 2 hours of 

100 nM AIMP1 treatment. C: MMP2 expression is up-regulated after 24 hours of 10 nM AIMP1 treatment. D: MMP9 expression 

is up-regulated after 1hour of 10nM AIMP1 treatment. E: MMP9 expression is up-regulated after 24 hours of 1nM AIMP1 

treatment. *Statistically significant difference compared with control (* = p < 0.05; ** = p < 0.01).  
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In the described experiments the transcriptional regulation of a set of genes upon AIMP1 

treatment of PAEC was investigated through Real Time PCR analysis. Nearly all of the 

tested genes were reported in previous studies to be regulated in endothelial or immune 

cells following different conditions of AIMP1 treatment. While VEGFR1, ICAM1, 

COL1a2, CCNG2, TNFAIP3, KLF4, BIRC3 were not upregulated under our 

experimental conditions, VEGFA and VEGFR2 were up-regulated at 2 hours, MMP2 

was up-regulated at 24 hours and MMP9 was up-regulated at 1 hour and 24 hours. 
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4. 3BDiscussion 

 

 

 

 

 

 

4.1 47BProduction, purification, conformation and stability of  

recombinant AIMP1 

The method used for production and purification of human recombinant AIMP1 lead to 

a highly pure and biologically active protein. The choice of the pBAD/Myc/HisA vector 

was taken in order to obtain a tagged protein, so that the recombinant exogenous protein 

could be distinguished from the endogenous one. The C-terminal position of the His-tag 

ensured that the protein purified with affinity chromatography was the entire 312 amino 

acid long protein and not incomplete fragments. 

Nevertheless, this production presented different critical points. AIMP1 shows low 

solubility (Chang et al., 2002) and, for this reason, bacteria tend to confine it in the 

inclusion bodies. For this reason, induction of protein expression had to be carried out 

reducing temperature of bacteria culture and increasing time of expression. Furthermore, 

during the purification process, two precautions had to be taken. First, the two-step 

purification had to be performed in a short time, keeping the protein at 4°C but without 

freezing it. Second, glycerol had to be add to the protein buffer before freezing the 

sample to enhance protein solubility. This because the freezing-thawing process is very 

delicate and protein can precipitate during this step. 
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Another critical point was that, given that AIMP1 is positively charged at neutral pH (pI 

= 8.61), it strongly binds to lipopolysaccharides (LPS), which are produced by Gram-

negative bacteria and elicit strong immune responses in mammal cells. For this reason a 

strong method for LPS removal had to be applied (Triton-X114 extraction). 

The circular dichroism analysis showed that recombinant AIMP1 had maintained a three-

dimensional structure, which was progressively lost with increase of temperature. These 

data also showed that AIMP1 three-dimensional structure remains quite stable up to 

50°C. Besides showing high temperature stability, AIMP1 showed also a high stability to 

cell proteases. Indeed, there is still undegraded AIMP1 in conditioned cell culture medium 

after 54 hours. 

 

4.2 48BAIMP1 biological activities 

Numerous literature references have reported that AIMP1 has cytokine properties and, 

when secreted, works on different target cells such as monocyte/macrophages (Hou et al., 

2006; Ko et al., 2001; Park et al., 2002a; Park et al., 2002b), endothelial cells (Chang et al., 

2002; Park et al., 2002c), and fibroblasts (Park et al., 2005b).  

In this work we have focused our attention on the activities elicited by AIMP1 on 

endothelial cells and, in particular, on cell survival and on cell ability to form angiogenic 

cords in a three–dimensional matrix. 

The role of AIMP1 in angiogenesis has turned out to be biphasic and dose-dependent: 

low concentrations are pro-angiogenic and induce endothelial cell migration (Hou et al., 

2006; Park et al., 2002c) while high concentrations are anti-angiogenic and induce 

endothelial cell death (Park et al., 2002c). Further experiments have demonstrated that 

different concentrations of AIMP1 activated different intracellular pathways. Low doses 

of AIMP1 activated ERK kinase that controls expression of matrix metalloproteinase 9. 

The latter hydrolyses collagen and thus promotes endothelial cell migration. On the other 

hand, higher doses of AIMP1 stimulated pro-apoptotic kinase JNK and this could be one 

of the mechanisms for AIMP1-induced apoptosis of endothelial cells (Park et al., 2002c).  
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The experimental data obtained in this study have confirmed the reduction of endothelial 

cell survival induced by AIMP1, showing that it has an inhibitory effect on cell viability at 

relatively high concentrations (above 100 nM). This was observed in two primary 

endothelial aortic cell line (from a bovine and a porcine source) produced in our 

laboratory and in an immortalized endothelial cell line (from a porcine source). 

Comparing the effect of AIMP1 in a proliferation assay (BrDU) and in a cell viability 

assay (MTT), we could conclude that AIMP1 impairs cell viability and not cell 

proliferation. This result is in accordance with literature data reporting that AIMP1 

induces endothelial cell death at high concentrations (Park et al., 2002c). Moreover, 

AIMP1 anti-angiogenic activity has been demonstrated by the data obtained in the 

tubulogenesis assay. At concentrations ranging from 50 to 200 nM, AIMP1 inhibits ECV 

ability to form angiogenic cords in matrigel. This result is in accordance with the data 

reported by Tandle et al. (Tandle et al., 2009), which show that EMAP II inhibits HUVEC 

cord formation under hypoxic conditions at a concentration of approximately 110 nM. 

On the other hand, viability assays performed with low concentrations of AIMP1 on 

primary BAEC and HUVEC, showed that 1nM AIMP1 treatment increases endothelial 

cell viability. These data could find and explanation in the biphasic nature of AIMP1 

activity on endothelial cells, which produces different effects on the basis of treatment 

concentrations. However, an increase in endothelial cell survival upon low concentration 

treatments with AIMP1 has never been reported before. 

The only experiment carried out on a non-endothelial cell line in this work, was a 

migration assay performed on murine macrophages (RAW 264.7). As soon as it was 

discovered, EMAP II has been described to activate host-response mechanism, inducing 

mononuclear phagocyte (mononuclears) and polymorphonuclear leukocyte (PMN) 

migration (Kao et al., 1992). The authors reported that stimulating these cells with 200 pM 

EMAP II caused an increase in the migration rate of about five times in PMN and three 

times in mononuclears. Following works reported that also AIMP1 was able to activate 

immune system cells such as monocytes and macrophages (Ko et al., 2001;cPark et al., 

2002a; Park et al., 2002b). Our experiments on RAW 264.7 showed that stimulating cells 

with 1 nM AIMP1 for four hours duplicates the number of migrating cells respect to a 
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negative control (carried out with vehicle), while a 500 nM treatment more than triplicates 

macrophage migration rate. 

 

4.3 49BAIMP1 has an α5β1 integrin-dependent inhibitory effect on 

PAEC viability and inhibits PAEC adhesion 

EMAP II has been shown to inhibit microvascular endothelial cells (MEC) adhesion to 

fibronectin and to delay cell spreading through a direct interaction to α5β1 integrin 

(Schwarz et al., 2005) Furthermore, EMAP II was shown to disassemble the cytoskeletal 

architecture of actin fiber networks and fibronectin matrix assembly (Schwarz et al., 2005). 

Evidence has been provided that α5β1 integrin and its ligand fibronectin are coordinately 

up-regulated in blood vessels in human tumour biopsies and play critical roles in 

angiogenesis, resulting in tumour growth in vivo. Three classes of α5β1 integrin antagonists 

(antibody, peptide, and a novel non-peptide antagonist) have been shown to block growth 

factor-stimulated angiogenesis (Kim et al., 2000a). These results implicate that integrin is 

the receptor for fibronectin during angiogenesis (Kim et al., 2000a) and may be an 

important target for EMAP II anti-angiogenic function (Schwarz et al., 2005).  

In this study we demonstrated that α5β1 integrin is also involved in the inhibitory effect 

on cell viability elicited by AIMP1 on PAEC: this was supported by the observation that, 

when blocking the α5β1 integrin receptor with the specific antibody, AIMP1 inhibitory 

effect on PAEC survival was reverted. This result suggests that AIMP1 could affect 

viability by inhibiting endothelial cell adhesion. This hypothesis was confirmed by the 

observation that AIMP1 inhibits PAEC adhesion on fibronectin coating. Thus, in this 

work we demonstrated that also AIMP1, like EMAP II (Schwarz et al., 2005), has an 

inhibitory effect on endothelial cell adhesion. Furthermore, it can be supposed that the 

impairment of cell adhesion could be one of the mechanism through which AIMP1 elicits 

it pro-apoptotic effect on endothelial cells. 

Further experiments will have to be performed in order to deeply confirm and investigate 

these new results, to understand the molecules and signalling pathways involved in this 

process and to place these findings in the frame of AIMP1 anti-angiogenic role. 
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4.4 50BSubcellular localization of  exogenous AIMP1 in PAEC 

In order to investigate the subcellular localization of exogenous AIMP1 in PAEC, 

immunofluorescence experiments were performed. Cells were treated with the 

recombinant protein in time-course experiments and the subcellular localization of the 

exogenous protein was determined using a confocal microscopy performing z-scans 

throughout the cells. These data were fundamental in order to understand which were the 

subcellular fractions to be analysed for the “fishing” of AIMP1-interacting molecules. 

Yi et al. (Yi et al., 2005) have demonstrated, using electron mycroscopy, that AIMP1 is 

internalized by endothelial cells as soon as 30 minutes after treatment. Through uptake 

experiments, followed by subcellular fractionation and western blot analysis, Tandle et al. 

(Tandle et al., 2009) observed that EMAP II started accumulating in the cytoplasmic 

compartment as early as 15 minutes with a maximum at 1 hour, and subsequent decrease 

at 2 hours, following incubation of cells with exogenous EMAP II. The authors also 

report that a small fraction of EMAP II was detected in the nuclear fraction.  

In this work we confirmed exogenous AIMP1 entrance in endothelial cells, but did not 

observe a localization of the recombinant protein inside the nucleus.  

As soon as 30 minutes after AIMP1 treatment of PAEC, the distribution of the 

exogenous protein shows a very particular pattern. In fact, exogenous AIMP1 subcellular 

localization shows a strongly asymmetric pattern and, furthermore, AIMP1 accumulates 

in cell protrusions and prolongations. 

Our time course experiments did not point out a decrease of AIMP1 in the cells after 

long time treatments. What arises is a different distribution pattern, since, after 6 and 24 

hours, AIMP1 accumulates in clots under the cell membrane. This particular distribution 

pattern could represent an expulsion mechanism or, on the other hand, could indicate a 

functional accumulation of AIMP1 in specific points of the cell. Further investigation 

should be carried out to shed light on this process.  

In immunofluorescence double-staining experiments, exogenous AIMP1 was found to 

co-localize with filamin-A and cingulin, which represent two of the novel interactors 

proposed in this work. Cingulin is a protein that has an important role in cell-cell and cell-
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substrate junctions; it localizes to tight junctions in confluent cells, while diffusely 

distributes within the cytoplasm in subconfluent cells (Stevenson et al., 1989). Since 

colocalization of AIMP1 and cingulin has been evidenced at the level of the cytoplasm in 

subconfluent cells, it would be interesting to examine whether AIMP1 and cingulin 

colocalize at the tight junctions in confluent cells. Filamins, on the other hand, are actin-

binding proteins that stabilize the three-dimensional actin filament networks and link 

them to cellular membranes (Zhou et al., 2010). The observation of the peculiar 

distribution pattern that AIMP1 assumes when administered to cells and the co-

localization with two important cytoskeleton-related proteins, made us hypothesize that 

AIMP1 may act on cellular architecture maintenance and remodelling.  

Schwarz et al. (Schwarz et al., 2005) have demonstrated that microvascular endothelial cells 

exposed to EMAP II for 1 hour underwent a rapid disassembly of actin stress fiber 

network. On the other hand, Keezer et al. (Keezer et al., 2003) demonstrated that, in 

adherent endothelial cells, stimulation with EMAP II caused an increase of intracellular 

actin fibers and focal adhesions. This result points out a context in which also EMAP II 

interferes with the cell cytoskeleton organization. In regard to this aspect, it would be 

interesting to analyse if PAEC treated with AIMP1 show a staining of the actin network 

different for intensity or pattern. 

 

4.5 51BProteins activated upon AIMP1 treatment of  PAEC 

In this work we have decided to investigate the signalling pathway activated by 

stimulation of PAEC with relatively high concentrations of AIMP1. This because high 

concentrations of AIMP1 have shown to inhibit cell viability (which seems to be α5β1 

integrin-dependent) and cell adhesion. 

In order to explore the signalling pathway activated in the described conditions, we 

decided to analyse protein activation through phosphorylation. This because signalling 

pathways activated by exogenous stimuli often require phosphorylation, and thus 

activation, of the proteins involved in the signalling cascade.   
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The study of the proteins which get phosphorylated in response to AIMP1 stimulation of 

PAEC was performed using two different techniques. On the one hand a Western blot 

analysis was carried out to analyse the activation of a small group of kinases known to get 

phosphorylated in cells activated by exogenous stimuli. This group included AKT, a 

protein involved in cellular survival pathways by inhibiting HapoptoticH processes; JNK, 

which is involved in HapoptosisH, cell differentiation and proliferation and ERK, involved in 

functions including the regulation of HmeiosisH, HmitosisH, post-mitotic functions in 

differentiated cells and in a great variety of signalling transduction pathways activated by 

extracellular molecules. Our experiments confirmed a very rapid activation of ERK and 

JNK after stimulation of PAEC with AIMP1. An activation of these two kinases upon 

AIMP1 treatment of endothelial cells had already been described (Park et al., 2002c). Park 

et al. treated BAEC with different concentration of AIMP1 for 1 hour and observed  that 

ERK gets activated from low doses (1 nM) to high doses (100 nM) and JNK activation is 

obtained from doses from 10 nM to 100 nM. In the same article, the authors correlate 

these observations to the biological data obtained and concluded that AIMP1 at low 

concentration activated ERK, which resulted in the induction and activation of MMP9 

and in the induction of endothelial cell migration; in contrast, AIMP1 at high 

concentration activated JNK, which mediated apoptosis of endothelial cells. On the basis 

of these results it is feasible that the kinase involved in the signalling cascade activated by 

AIMP1 in our experiments and that leads to an inhibitory effect on cell survival and on 

cell adhesion is JNK and not ERK.  

On the other hand a two-dimensional phosphoproteomic approach has been applied to 

have an overview of the whole phosphoproteome in definite experimental conditions. 

PAEC were again treated with 200 nM of AIMP1 and the early response was analysed 

after 10 and 30 minutes. The more significant results were obtained from the 10 minute 

treatments. After a 10 minute treatment of PAEC with AIMP1, the phosphorylation of 

elongation factor 1δ (EF 1δ), 60S acidic ribosomal protein P2 (60S) and α-tubulin was 

found to be up-regulated. 

Both EF 1δ and 60S have a role in the translation of mRNA into protein. While 60S is 

one of the strongly acidic proteins associated with the ribosome, elongation factor 1δ is a 
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subunit of the EF-1 mammalian complex which is responsible for the vectoral transfer of 

charged tRNAs from ARSs to ribosome during protein synthesis. All subunits of the 

mammalian EF-1 complex (α, β, γ and δ subunit) have been shown to undergo 

phosphorylation in vivo and in vitro and the δ subunit of the EF-1 complex has been 

reported to interact with KRS, DRS, GRS and VRS within the ARS complex (Sang et al., 

2002). Moreover, phosphorylation of α, β and δ subunits have been shown to lead to 

stimulation of EF-1 activity and subsequently, increased translational rates (Peters et al., 

1995; Venema et al., 1991). Also for the 60S ribosomal protein, phosphorylation has been 

described previously and this modification increases the interaction of the synthetised 

polypeptides with the ribosome in vitro (MacConnell & Kaplan, 1982; Vidales et al., 

1984). Indeed, there is experimental evidence supporting a role for 60S subunits in the 

control of translation initiation (Sachs & Davis, 1989). Therefore, the phosphorylation of 

EF-1δ and 60S ribosomal protein could lead to enhanced translational rates in AIMP1-

treated cells. Possibly, these could represent mechanisms of the physiological translation 

process involving endogenous AIMP1 as a cofactor in the ARS complex, which are 

stimulated by the increase of AIMP1 inside the cell.  

Tubulin instead, along with a variety of associated proteins, is a constituent of the 

microtubules, a major component of the cytoskeleton involved in such diverse and 

dynamic functions as maintaining cell shape, endocytosis, exocytosis, vesicle trafficking, 

cellular transport, and mitosis (Mandelkow & Mandelkow, 1992). Tubulin exists 

principally in two forms, as either cytosolic soluble tubulin heterodimers consisting of 

various α- and β-tubulin isotypes or as insoluble assembled tubulin polymers 

(microtubules) (Mandelkow & Mandelkow, 1992). The ability of tubulin to cycle between 

these two states is one of its most fundamentally important features. Wandosell et al. 

(Wandosell et al., 1987) have showed that, when phosphorylated, tubulin did not assemble 

into polymers and, thus, was not incorporated in microtubules. In 2000, Faruki et al. 

(Faruki et al., 2000) showed that phosphorylated tubulin was assembled into microtubules 

only slightly less well than untreated tubulin. But, more recently, Fourest-Lieuvin et al. 

(Fourest-Lieuvin et al., 2006) observed a poor incorporation of phosphorylated tubulin in 

microtubules and concluded that phospho-tubulin has an impaired polymerization 
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capacity. Thus, treatment of PAEC with AIMP1 could impair microtubule formation by 

stimulating α-tubulin phosphorylation and interfere with processes such as cellular 

transport, adhesion, regulation of cell shape, polarity and motility. Nevertheless, this 

result needs to be further investigated and the significance of tubulin phosphorylation is 

still under debate. 

 

4.6 52BAIMP1 new interactors in endothelial cells 

One of the aims of this work was to identify new interactors of AIMP1 in endothelial 

cells. This goal was achieved applying three different techniques. As a first step putative 

AIMP1-interacting proteins were obtained through affinity purification, followed by SDS-

PAGE and identification of the bands of interest by mass spectrometry analysis. After 

identification of the proteins, the validation of the results has been carried out using pull-

down and co-immunoprecipitation assays, followed by SDS-PAGE and Western blot 

analysis. These two last techniques provided the same information, but were used in 

parallel to confirm the results. The putative interactors discovered using the affinity 

purification approach that were confirmed by pull-down and co-immunoprecipitation are: 

cingulin, filamin-A, α-tubulin, vinculin, GRP78 and PYG. 

Among the new AIMP1 interactors 4 cytoskeletal or cytoskeleton-associated proteins 

have been discovered: vinculin, cingulin, α-tubulin and filamin-A. 

Among them, vinculin is localized at the cell membrane to cell-cell junctions and cell-

substrate junctions (Sechi and Wehland, 2000) and cingulin is localized to tight junctions 

in confluent cells, while diffusely distributed within the cytoplasm in subconfluent cells 

(Stevenson et al., 1989); α/β tubulin heterodimers compose the microtubules (Pelling et al., 

2007) and filamins are actin-binding proteins that stabilize the three-dimensional actin 

filament networks and link them to cellular membranes (Zhou et al., 2010). Therefore, the 

signalling pathway activated by exogenous AIMP1 on endothelial cells could involve these 

different types of cytoskeletal structures. 

In regard to GRP78, this protein represent the endoplasmic-reticulum (ER)-resident 

member of the HSP70 family. Han et al. (Han et al., 2007) have reported that AIMP1 also 
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interacts with gp96 in mouse pancreas cells, which is the endoplasmic-reticulum (ER)-

resident member of the HSP90 family. They also reported that the disruption of the 

interaction between these two molecules could initiate pathogenic pathways that lead to 

systemic autoimmune disease. 

The results from the AIMP1-interactors discovery experiments, together with the data 

from the biological assays, immunofluorescence and phosphoproteomic analysis, suggest 

the involvement of proteins controlling adhesion and cytoskeletal remodelling in the 

signalling pathway activated by exogenous AIMP1 in PAEC. 

 

4.7 53BTranscriptional gene regulation upon AIMP1 stimulation 

of  PAEC 

Different studies have been performed on transcriptional gene regulation by AIMP1 

stimulation on different types of cells. In this work we have analyzed the expression levels 

of some of the genes regulated in PAEC treated with AIMP1. 

Among the previously analysed genes, we chose genes involved in the angiogenic process, 

in cell proliferation, survival and adhesion processes and genes codifying for proteins 

involved in the cell-matrix interaction. 

VEGFR1 and VEGFR2 have been observed to be up-regulated in THP-1 cells 

respectively after 6 and 2 hours of treatment with 100 nM AIMP1 (Ko et al., 2001). Park et 

al. (Park et al., 2002c) reported MMP9 up-regulation in BAEC stimulated for 24 hours 

with 1nM AIMP1 and MMP2 down-regulation in BAEC stimulated for 24 hours with 10 

and 100 nM AIMP1. ICAM1 has been found to be up-regulated both in endothelial cells 

(HUVEC) (Tandle et al., 2005) and in THP-1 cells (Ko et al., 2001). In the first case, 

HUVEC were treated with approximately 450 nM EMAP II and up-regulation was 

observed after 4 hours; in the case of THP-1 cells, up-regulation was observed after a 6 

hour treatment of cells with 100 nM AIMP1. In human fibroblasts (HFF) Park et al. (Park 

et al., 2005b) observed up-regulation of collagen (collagen 1a2) when cells were stimulated 

with 50 nM AIMP1 for 12 hours. CCNG2 (cyclin G2), TNFAIP3 (tumour necrosis factor 

alpha-induced protein 3), KLF4 (Kruppel-like factor 4) and BIRC3 (baculoviral IAP 
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repeat-containing 3) were reported to be up-regulated in HUVEC stimulated with 450 nM 

EMAP II for one (KLF4) or two (CCNG2, TNFAIP3 and BIRC3) hours (Tandle et al., 

2005).  

In this work the expression levels of the mentioned genes have been evaluated following 

PAEC stimulation with different concentrations of AIMP1 in time course experiments. 

While for MMP2 and MMP9 cells were treated with 1, 10 and 100 nM AIMP1 for 1 and 

24 hours, for all the other genes cells were treated with 100 nM AIMP1 for 1, 2, 6 and 24 

hours. Gene expression levels were determined by performing Real Time PCR analysis in 

order to compare treated and untreated cells. Relative quantification of the expression 

level of these genes indicated that, under the tested conditions, AIMP1 treatment 

regulates the expression of VEGFA, VEGFR2, MMP2 and MMP9. AIMP1 up-regulates 

VEGFA and VEGFR2 transcripts at a concentration of 100 nM after a two-hour 

treatment. Instead, transcription of MMP2 is induced after 24 hours treatment and 

MMP9 expression is induced after 1 and 24-hour treatment. 

The result of the up-regulation of VEGFA and VEGFR2 transcription upon 100 nM 

AIMP1 stimulation, which could be interpreted as a pro-angiogenic signal, is of difficult 

interpretation. In fact, at that concentration, AIMP1 was reported in literature and shown 

in this work to inhibit endothelial cell survival, exhibiting an anti-angiogenic effect. It 

could be hypothesized that a feedback mechanism regulates the VEGF pathway in the 

tested conditions, but further investigations need to be carried out to clarify this result. 

Also the result of the up-regulation of MMP2 upon 24 hour treatment with 10 nM is not 

in line with previous data (Park et al., 2002c). 

Instead, the up-regulation of MMP9 in endothelial cells upon low concentrations of 

AIMP1 treatment is in accordance with the results reported by Park et al. (Park et al., 

2002c) and could play a key role in the processes of matrix remodelling and endothelial 

cell migrating during angiogenesis. This result has to be contextualized in the biphasic and 

dose-dependent role of AIMP1 in angiogenesis, where low concentrations are pro-

angiogenic and induce endothelial cell migration (Hou et al., 2006; Park et al., 2002c). 
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5. 4BConclusions 

 

 

 

 

 

 
Despite its role as a cofactor of ARS complex (Quevillon et al., 1997; Park et al., 1999; 

Kim et al., 2000b; Shalak et al., 2001), AIMP1, when secreted, also acts as a cytokine on 

different cell types (Ko et al., 2001; Chang et al., 2002; Park et al., 2002a;Park et al., 2002b; 

Park et al., 2005b). AIMP1 has shown to be a cytokine activating immune cells and 

endothelial cells, since it is highly secreted from Raw 264.7 cells stimulated by tumour 

necrosis factor (Park et al., 2002b). AIMP1 has more potent cytokine activity on immune 

and endothelial cells than its cleaved C-terminal domain, EMAP II (Park et al., 2002b; 

Park et al., 2002c; Yi et al., 2005) which was firstly described to be the effective cytokine 

(Kao et al., 1994a; Kao et al., 1994b; Knies et al., 1998; Shalak et al., 2001). 

Although the administration of both recombinant EMAP II and AIMP1 has been shown 

to inhibit tumour growth by inhibition of angiogenesis (Schwarz et al., 1999b; Lee et al., 

2006), the mechanism surrounding their angiostatic effect is poorly understood. 

Angiogenesis, the growth of new blood vessels, is essential for pathological processes 

such as tumour growth and metastasis (Carmeliet, 2005) and endothelial cells play a key 

role in all aspects of this cellular event (Jain, 2003). In this work we have analyzed the 

signalling pathways activated by exogenous AIMP1 on endothelial cells (PAEC) using a 

wide set of in vitro techniques. Among biological assays we confirmed AIMP1 inhibitory 

effect on PAEC survival with a dose-dependent response. 
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In this study we demonstrated also that α5β1 integrin is involved in the inhibitory effect 

elicited by AIMP1 on PAEC survival: this was supported by the observation that, when 

blocking α5β1 integrin with the specific antibody, AIMP1 inhibitory activity on PAEC 

viability was reverted. This result suggests that AIMP1 could affect survival by inhibiting 

endothelial cell adhesion. This hypothesis was confirmed by the observation that AIMP1 

inhibits PAEC adhesion on fibronectin coating. Thus, in this work we demonstrated that 

also AIMP1, like EMAP II, has an inhibitory effect on endothelial cell adhesion. 

Evidence has been provided that α5β1 integrin and its ligand fibronectin are coordinately 

up-regulated in blood vessels in human tumour biopsies and play critical roles in 

angiogenesis, resulting in tumour growth in vivo. Three classes of α5β1 integrin antagonists 

(antibody, peptide, and a novel non-peptide antagonist) have been shown to block growth 

factor-stimulated angiogenesis (Kim et al., 2000a). These results implicate that integrin is 

the receptor for fibronectin during angiogenesis (Kim et al., 2000a). 

To shed light on the mechanisms at the basis of the biological assays results, we decided 

to investigate the signalling pathways activated by exogenous AIMP1 in endothelial cells.  

The results obtained allowed us to hypothesize the assembly of a protein complex on the 

cytosolic face of the cell membrane composed of cytoskeletal and cytoskeleton-associated 

proteins, following the uptake of exogenous AIMP1 by PAEC. Our supporting evidence 

was acquired from different experimental data. Firstly, immunofluorescence experiments 

showed that AIMP1 distributes in the cells with an asymmetric pattern and that it 

concentrates at the level of cell protrusions. Secondly, four cytoskeletal proteins were 

identified among AIMP1-interacting molecules. Thirdly, immunofluorescence 

experiments showed a co-localization between AIMP1 and cingulin and between AIMP1 

and filamin-A when endothelial cells were treated with AIMP1. And, finally, α-tubulin 

gets phosphorylated upon a 10 minute treatment of PAEC with exogenous AIMP1.  

Among the identified interactors, vinculin is localized at the cell membrane to cell-cell 

junctions and cell-substrate junctions (Sechi & Wehland, 2000) and cingulin is localized to 

tight junctions in confluent cells, while diffusely distributed within the cytoplasm in 

subconfluent cells (Stevenson et al., 1989); α/β tubulin heterodimers compose the 

microtubules (Sechi & Wehland, 2000; Pelling et al., 2007) and filamins are actin-binding 
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proteins that stabilize the three-dimensional actin filament networks and link them to 

cellular membranes (Zhou et al., 2010). Therefore, the signalling pathway activated by 

exogenous AIMP1 on endothelial cells involves these different types of cytoskeletal 

structures. 

In conclusion, on the basis of our results and literature data, we propose a cellular 

mechanism in which AIMP1, upon cell uptake, acts on endothelial cells through 

interaction with at least four cytoskeletal proteins on the cytosolic face of the cell 

membrane (α-tubulin, vinculin, cingulin and filamin-A). Interaction and/or activation of 

these proteins could act regulating the cellular architecture maintenance and remodelling. 
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