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Abstract

AIMP1 (previously known as p43) is first found as a factor associated with a macromolecular tRNA synthetase complex. However, it
is also secreted and acts on diverse target cells such as endothelial cells, macrophages, and fibroblasts to control angiogenesis, inflam-
mation, and dermal regeneration, respectively. We previously showed that AIMP1 induces the death of endothelial cell but proliferation
of fibroblasts and activates macrophages. In this work, we found that elastase 2-cleaved AIMP1 retained its pro-apoptotic activity to
endothelial cells but lost the growth-stimulatory activity to fibroblasts. To determine the functional domains responsible for each activity,
we generated several deletion fragments of AIMP1 and compared the activities to the target cells. AIMP1 promoted endothelial cell
death and caspase-3 activation through its 101–114 amino acid region, fibroblast proliferation through its 6–46 amino acid region,
and endothelial migration through its 114–192 amino acid region as revealed by deletion mapping. Thus, this work revealed that AIMP1
uses different regions for its diverse extracellular activities.
� 2006 Elsevier Inc. All rights reserved.
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AIMP1 (ARS-interacting multi-functional protein 1) is
a protein associated with mammalian macromolecular ami-
noacyl- tRNA synthetase complex [1,2]. Interestingly,
the C-terminal domain of AIMP1 was shown to be equiv-
alent to endothelial monocyte-activating polypeptide II
(EMAPII) [1]. EMAP II was initially identified from the
culture medium of murine methylcholanthrene A-induced
fibrosarcoma cells based on its capacity to induce tissue
factor in human umbilical vein endothelial cells (HUVECs)
[3]. Murine methylcholanthrene A fibrosarcomas exhibit
spontaneous vascular insufficiency manifested by a hetero-
geneous pattern of thrombohemorrhage and central necro-
sis, providing an ideal starting point for isolation of
tumor-derived mediators that perturb the vasculature
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[4,5]. The purified EMAP II possesses a wide range of
activities toward endothelial cells (ECs), neutrophils, and
monocyte/macrophages in vitro [6,7].

Since EMAP II was a potent proinflammatory cytokine
and generated in vitro by proteolytic cleavage of AIMP1
with caspase-7 [8], AIMP1 was thought to be a precursor
of EMAP II. However, AIMP1 itself is secreted from differ-
ent types of cells, including prostate cancer [9], immune and
transfected cells [10]. The secreted AIMP1 works on diverse
target cells such as monocyte/macrophages [10–12], endo-
thelial cells [13,14], and fibroblasts [15] and activates mono-
cytes/macrophages to induce various proinflammatory
cytokines, such as tumor necrosis factor (TNF)-a, interleu-
kin-8 (IL-8), macrophage chemotactic protein-1 (MCP-1),
macrophage inflammatory protein-1a (MIP-1a), and
IL-1b [10], controls angiogenesis by a dual mechanism
involving the migration and death of endothelial cells
[14], and promotes fibroblast proliferation [15]. However,
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it is not determined yet how AIMP1 exerts its complex
extracellular activities. To address this question, we con-
ducted an extensive series of deletion mapping experiments
to determine the activities of the different domains.

Materials and methods

Cell culture. Bovine aorta endothelial cells (BAECs) were isolated from
descending thoracic aortas and grown in Dulbecco’s modified Eagle’s
medium containing 20% fetal bovine serum at 37 �C in a 5% CO2 atmo-
sphere. The primary cultured cells used in this study were between pas-
sages 5 and 10. Foreskin fibroblast and U2OS were cultured in DMEM
with 10% FBS and 1% antibiotics.

Cell death assay. BAECs were treated with deletion fragments of
AIMP1 (50 nM) for 24 h and the apoptotic cells were counted as described
previously [14]. Briefly, enhanced green fluorescent protein (EGFP) were
transfected into BAECs and expressed for 24 h. The transfected cells were
treated with AIMP1s for 24 h, and then cell death was determined by
counting the apoptotic cells using fluorescence microscopy. The percent-
age of apoptotic cells was determined by dividing the number of green cells
with apoptotic morphology with the total number of green cells. For the
caspase assay, BAECs (2 · 106) were harvest and lysed with 300 ll of
chilled cell lysis buffer (20 mM Hepes, pH 7.5, 1 mM dithiothreitol (DTT),
0.1 mM EDTA, 0.5% NP-40, and 0.1 mM PMSF). The cell lysates were
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Fig. 1. AIMP1 cleaved by elastase 2 has endothelial cell proliferation
inhibitory activity, but loose fibroblast proliferation activity. (A) AIMP1
protein (4 lg) was incubated with elastase 2 (1 U/ml) for the indicated
times at 37 �C and subjected to SDS–PAGE. Peptides were visualized with
Coomassie blue. (B) Foreskin fibroblast, U2OS, and BAECs grown in 24-
well plates were treated with 100 nM AIMP1 or cleaved AIMP1 for 12 h.
At the end of incubation, [3H]thymidine was added to each well and the
cells were incubated further for 4 h at 37 �C. [3H]Thymidine incorporation
was measured as described in Materials and methods. Data represent
means ± SD.
centrifuged at 15,000g for 5 min at 4 �C and the supernatant fractions were
used to measure caspase activity. Aliquots of 40 lg of cell lysate protein
were incubated for 2 h at 30 �C in an assay buffer (20 mM Hepes at pH
7.5, 2 mM DTT, and 10% glycerol) containing 100 lM Ac-DEVD-p-ni-
troanilide for caspase-3 substrate or Ac-YVAD-p-nitroanilide for caspase-
1 substrate. The amount of p-nitroaniline released by caspase activity was
quantitated by measuring the optical density at 405 nm.

Cell migration assay. Endothelial cell migration assays were performed
by using a Transwell chamber (24-well chamber) with polycarbonate
membranes (8.0 lm pore size, Costar). The wells were coated with 0.5
mg/ml gelatin (Sigma) in PBS and allowed to air-dry. BAECs were sus-
pended in serum-free DMEM and added to the upper chamber at
2–5 · 104 cells per well. A chemotactic stimulus, VEGF (0.7 nM), or one
of the indicated concentrations of AIMP1 was placed in the lower
chamber, and the cells were allowed to migrate for 6 h at 37 �C in a 5%
CO2 incubator. After incubation, non-migrant cells were removed from
the upper face of the membrane with a cotton swab. The migrant cells
(those attached to lower face) were fixed in 100% methanol and visualized
by the hematoxylin (Sigma) staining. The migrant cells were counted in
high power fields.
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Fig. 2. Identification of elastase 2 cleavage sites of AIMP1 and generation
of deletion mutants of AIMP1. (A) Schematic representation of elastase 2
cleavage sites of AIMP1. Elastase 2-cleaved AIMP1 peptides were
separated into SDS–PAGE and stained with Coomassie blue. Each band
was analyzed by N-terminal amino acid sequencing. Arrows indicate
cleavage sites and underlines indicate the results of N-terminal amino acid
sequencing. (B) A schematic drawing of the AIMP1 deletion mutants used
in this study. (C) SDS–PAGE of each purified proteins.
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Cell proliferation assay. We monitored the cell proliferation by
measuring the incorporation of [3H]thymidine to the replicating DNA as
well as by directly counting cell numbers. We plated the indicated cells
(5 · 103 cells) on 24-well dish, cultivated them for 12 h, and serum-
starved them for 3 h. We then added the indicated amount of AIMP1
deletion fragments to each well, and cultivated for 12 h. After 4 h of
incubation with tritium-labeled thymidine (1 lCi/well), the cultured cells
were washed with PBS three times, fixed with 5% TCA for 10 min, and
washed again with PBS three times. We lysed the cells with 0.5 N NaOH
and quantified the incorporated thymidine with a liquid scintillation
counter.

Construction and purification of AIMP1 deletions. The DNA fragments
coding for AIMP1-(1–192), AIMP1-(6–192), AIMP1-(30–192), AIMP1-
(47–192), AIMP1-(54–192), AIMP1-(101–192), AIMP1-(114–192),
AIMP1-(1–46), AIMP1-(1–53), and AIMP1-(193–312) regions were syn-
thesized by PCR with specific primer sets. The specific PCR products were
digested with EcoRI and XhoI and ligated into pGEX4T3 cut with the
same enzymes. Each of the full-length AIMP1 and AIMP1-deleted con-
structs was expressed as GST-tag fusion protein in Escherichia coli BL21
(DE3) and purified by GSH agarose. To remove lipopolysaccharide, the
protein solution was dialyzed in pyrogen-free buffer (10 mM potassium
phosphate buffer, pH 6.0, 100 mM NaCl). After dialysis, the protein was
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Fig. 3. Identification of endothelial cell death-inducing domain of AIMP1.
apoptotic cells were visualized by morphological characteristics. (B) BAECs w
were counted as described in Materials and methods. (C) The activity of caspa
for 16 h. Data represent means ± SD.
loaded to polymyxin resin (Bio-Rad) pre-equilibrated with the same
buffer, incubated for 20 min, and eluted. The concentration of the residual
lipopolysaccharide (LPS) was below 20 pg/ml when determined using the
Limulus Amebocyte Lysate QCL-1000 kit (BioWhittacker).

Results and discussion

Elastase 2-cleaved AIMP1 still inhibits endothelial cell

proliferation

Since AIMP1 shows complex signaling activities on dif-
ferent target cells, we hypothesized that AIMP1 may use
different structural motifs or domains for its diverse
activities. To prove this possibility, we first tried to cleave
AIMP1 using several proteases and examined whether the
cleaved fragments of AIMP1 still have ligand activity.
When AIMP1 was cleaved with neutrophil elastase 2, it
was separated into small fragments as shown in
Fig. 1A. Interestingly, elastase 2-cleaved AIMP1 inhibited
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endothelial cell proliferation, but could not induce fibroblast
proliferation (Fig. 1B), implicating that AIMP1 may use
different domains for two ligand activities and elastase 2
specifically disrupted the region of AIMP1 which is impor-
tant to fibroblast proliferation.

Identification of elastase 2-cleaved sites of AIMP1 and

expression of deletion fragments of AIMP1

To identify the region of AIMP1 which is cleaved by
elastase 2, elastase 2-cleaved AIMP1 fragments were
resolved by 15% SDS–PAGE and N-terminal amino acids
of fragments were determined by N-terminal amino acid
sequencing (Fig. 2A). According to this sequence informa-
tion, several deletion derivatives of AIMP1 were construct-
ed. The mutant AIMP1 constructs used in this study are
shown schematically in Fig. 2B. The mutant proteins were
purified as glutathione-S-transferase (GST) fusion proteins
using a bacterial expression system, and the purified pro-
teins were analyzed by SDS–PAGE (Fig. 2C). Endotoxin
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Fig. 4. Identification of fibroblast proliferation-inducing domain of AIMP1. (A
At the end of incubation, [3H]thymidine was added to each well, and the cells
measured as described in Materials and methods. (B) Synthetic peptides of AIM
tyrosine to threonine. (C) Foreskin fibroblasts were treated with 100 nM AIMP
the end of incubation, [3H]thymidine was added to each well, and the cells w
measured. Data represent means ± SD.
from the purified proteins was removed by using a poly-
myxin affinity column.

Identification of cell death-inducing domain of AIMP1

To investigate endothelial cell death by AIMP1 mutants,
the purified recombinant proteins were added to BAECs.
Twenty four hours after incubation, we determined endo-
thelial cell death by morphological change (Figs. 3A and
B). In addition, in our previous report, AIMP1 induced
endothelial cell apoptosis through caspase-3 activation
[14]. To make these data more convincing, we also
monitored cell death by measuring caspase-3 activity after
the treatment of the AIMP1 mutant recombinant proteins
(50 nM) for 16 h. (Fig. 3C). Since AIMP1-(1–312),
AIMP1-(1–192), AIMP1-(6–192), AIMP1-(30–192),
AIMP1-(47–192), AIMP1-(54–192), and AIMP1-(101–
192), but not AIMP1-(114–192), AIMP1-(1–46), AIMP1-
(1–53), and AIMP1-(193–312), showed high cell death
activity and caspase-3 activation, the middle region of
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Fig. 5. Identification of endothelial cell migration-inducing domain of
AIMP1. The effect of AIMP1 mutants on the endothelial cell migration
was assayed using a Transwell chamber with gelatin-coated polycarbonate
membrane. BAECs were suspended in the upper chamber, and the
indicated concentrations of AIMP1 mutants were filled in the lower
chamber. VEGF (0.7 nM) was used as a positive control. The cells
migrating to the lower chambers were stained with hematoxylin and
counted in high power fields. The data are the averages of the three
independent experiments. Data represent means ± SD.
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AIMP1, especially AIMP1-(101–114), might be a cell death-
inducing domain on endothelial cells.

Identification of growth-stimulating domain of AIMP1

To investigate fibroblast proliferation by AIMP1
mutants, the purified recombinant proteins were added to
foreskin fibroblasts. Sixteen hours after incubation, and we
determined fibroblast proliferation by [3H]thymidine incor-
poration (Fig. 4A). We found that the N-terminal region
of AIMP1 that is different from the cell death-inducing
domain increased fibroblast proliferation. AIMP1-(1–312),
AIMP1-(1–192), AIMP1-(1–46), AIMP1-(1–53), and
AIMP1-(6–192) showed high proliferation-inducing activi-
ty, but AIMP1-(30–192), AIMP1-(47–192), AIMP1-
(54–192), AIMP1-(101–192), AIMP1-(114–192), and
AIMP1-(193–312) did not. These results suggest that the
N-terminal region, especiallyAIMP1-(6–46),might be apro-
liferation-inducing domain. We then synthesized the pep-
tides corresponding to 6–46 amino acid of AIMP1 and
analyzed the effect of these peptides on fibroblast prolifera-
tion. The peptide sequences are shown schematically in
Fig. 4B.While one contains thewild type sequence, the other
wasmade to contain the substitution of 24th tyrosine to thre-
onine that is highly conserved among AIMP1 sequences of
mammalian systems as a control. As shown in Fig. 4C, the
wild type 6–46 peptide, but not the Y24T peptide, induced
fibroblast proliferation in concentration-dependentmanner.
These results indicate that the N-terminal region (6–46) of
AIMP1 is important and sufficient to fibroblast proliferation
and 24th tyrosine residue is critical for its activity. We previ-
ously showed that elastase 2 cleaved the peptide bond
between 29th and 30th amino acids, resulting in the loss of
AIMP1’s fibroblast proliferation activity (Fig. 2A). There-
fore, the peptide region spanning 24th tyrosine appears to
be critical for fibroblast proliferation activity of AIMP1.

Identification of migration-inducing domain of AIMP1

AIMP1 shows dual activities on endothelial cells depen-
dent on AIMP1 concentration [14]. While AIMP1 pro-
motes the migration of endothelial cells at low doses, it
induces the cell death at high doses. Therefore, using the
AIMP1 deletion mutants, we investigated whether the
same region of AIMP1 is responsible for its distinct activ-
ities on endothelial cells. All of the AIMP1 deletion frag-
ments including 114–192 induced endothelial cell
migration at low concentration (1 nM), but AIMP1-
(1–46), AIMP1-(1–53), and AIMP1-(193–312) did not
(Fig. 5). According to the data obtained in Figs. 3 and 5,
the cell death-inducing and migration-inducing domains
are different and separated. Therefore, there is a possibility
that AIMP1 acts on endothelial cells through two indepen-
dent receptors. Previously, we reported that both of the
N- (1–146) and C-terminal (147–312) domains of AIMP1
showed endothelial cell migration and cell death
activities [14], although their activities were lower than the
full-length AIMP1-(1–312). Thus, in migration-inducing
domain (114–192), two subparts (114–146 and 147–192)
may contribute to the full activity.

In summary, we dissected the AIMP1 polypeptide to
determine the functional domains responsible for each of
its complex extracellular activities (Fig. 6). Accumulating
evidences have demonstrated that many proteins can exert
more than single activity. The multi-functionality of pro-
teins can be achieved at the same region of polypeptide
through their structural flexibility [16], and also through
the adoption of distinct functional domains. AIMP1
appears to have employed both strategies for its multi-
functionality since the C-terminal domain of AIMP1 span-
ning 146–312 amino acids shows the structural homology
to the typical oligonucleotide-binding fold and also to a
few cytokines [17], and use different peptide regions for
different activities as shown in this work. Structural
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separation of the functional domains determined in this
work can be further explored to generate various therapeu-
tic peptides for specific indications.
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