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Aminoacyl-tRNA synthetases catalyze the first step of protein
synthesis. It was shown recently that human tyrosyl-tRNA syn-
thetase (TyrRS) can be split into two fragments having distinct
cytokine activities, thereby linking protein synthesis to cytokine
signaling pathways. Tryptophanyl-tRNA synthetase (TrpRS) is a
close homologue of TyrRS. A natural fragment, herein designated
as mini TrpRS, was shown by others to be produced by alternative
splicing. Production of this fragment is reported to be stimulated
by IFN-�, a cytokine that also stimulates production of angiostatic
factors. Mini TrpRS is shown here to be angiostatic in a mammalian
cell culture system, the chicken embryo, and two independent
angiogenesis assays in the mouse. The full-length enzyme is
inactive in the same assays. Thus, protein synthesis may be linked
to the regulation of angiogenesis by a natural fragment of TrpRS.

Aminoacyl-tRNA synthetases catalyze the first step of protein
synthesis that consists of the aminoacylation of tRNAs.

Recently, we demonstrated that one of the tRNA synthetases—
human tyrosyl-tRNA synthetase (TyrRS)—has novel cytokine
functions in addition to its role in protein synthesis (1). This
demonstration established a link between protein synthesis and
signal transduction. Under apoptotic conditions in culture, full-
length TyrRS is secreted, and two distinct cytokines can then be
generated by an extracellular protease such as leukocyte elastase
(1). Whereas the full-length enzyme is inactive in assays for a
variety of cytokine activities, the sequestered cytokines are
released by splitting the native enzyme into the NH2-terminal
catalytic fragment (known as mini TyrRS) and an extra COOH
domain that is appended to the catalytic core of the enzyme (Fig.
1). The extra COOH domain of human TyrRS has cytokine
activities like those of mature human endothelial monocyte-
activating polypeptide II. On the other hand, human mini TyrRS
binds strongly to the CXC-chemokine receptor CXCR1 and, like
IL-8, functions as a chemoattractant for polymorphonuclear
leukocytes (PMNs) (1).

The catalytic core domain of tryptophanyl-tRNA synthetase
(TrpRS) is a close homologue of the catalytic domain of TyrRS
(2–4). As shown in Fig. 1, mammalian TrpRS have an NH2-
terminal extension that is absent from lower eukaryotic or
prokaryotic TrpRS (5–7). The NH2-terminal extension contains
an additional 58–78 amino acids compared with yeast (Saccha-
romyces cerevisiae) or eubacterial TrpRS (Pyrococcus abyssi),
respectively. Residues 12–65 of the NH2-terminal extension of
human TrpRS are homologous to the WHEP-TRP conserved
domain protein family (pfam00458) (8). This domain has a
helix-turn-helix architecture (9) and also is present in the human
tRNA synthetases for glycine, histidine, and methionine (10–13).
Three repeats of this domain are inserted into the linker region
of the fused glutamyl-prolyl-tRNA synthetase (9, 14, 15). Inter-
estingly, in histidyl-tRNA synthetase, this domain is a major
antigenic epitope for autoantibodies found in myositis pa-
tients (13).

In normal cells, human TrpRS exists as two forms; the major
form is the full-length protein, and the other is a truncated
TrpRS (mini TrpRS) in which most of the extra NH2-terminal

domain is deleted because of alternative splicing of the pre-
mRNA (16, 17), with Met-48 being deduced as the NH2-terminal
residue of mini TrpRS (16). The expression of human mini
TrpRS is highly stimulated in human cells by the addition of
IFN-� (18). Stimulation by IFN-� also induces production of the
angiostatic chemokines IP-10 and MIG (19, 20) and attenuates
expression of the angiogenic chemokine IL-8 (21). Bovine
full-length and truncated TrpRS, in which the extra NH2-
terminal domain is deleted by proteolysis (5), are highly ex-
pressed in the pancreas and secreted into the pancreatic juice
(22, 23). The existence of various truncated forms of TrpRS as
well as the close similarity between mammalian TyrRS and
mammalian TrpRS raised the possibility that truncated TrpRSs
have a function in addition to aminoacylation (5, 24). We hypoth-
esized that mammalian TrpRS may have signal transduction activ-
ities specific to angiogenesis.

Materials and Methods
Protein Production and Biochemical Analysis. Human full-length and
truncated TrpRS genes including a COOH-terminal six-histidine
tag were cloned into plasmid pET20b and overexpressed in
Escherichia coli strain BL 21 (DE3) (Novagen) by induction with
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Fig. 1. Schematic representation of human TyrRS and TrpRS constructs used
in this study. Shaded regions of full-length TyrRS and TrpRS represent COOH-
and NH2-terminal appended domains, respectively. Numbers on the left and
right correspond to the NH2- and COOH-terminal residues relative to the
human full-length enzymes, respectively. The COOH domain of TyrRS has
sequence similarity to mature endothelial monocyte-activating polypeptide II
(45). The NH2 domain of TrpRS has sequence similarity to the extra domains of
human GluProRS (a fusion of glutamyl- and prolyl-tRNA synthetases), MetRS,
GlyRS, and HisRS (8, 10–15).

www.pnas.org�cgi�doi�10.1073�pnas.012602099 PNAS � January 8, 2002 � vol. 99 � no. 1 � 173–177

CE
LL

BI
O

LO
G

Y



1 mM isopropyl �-D-thiogalactopyranoside for 4 h. Full-length
human TrpRS encodes residues 1–471, mini TrpRS residues
48–471, T1-TrpRS residues 74–471, and T2-TrpRS residues
94–471. Schematic diagrams of the proteins used in this study are
shown in Fig. 1. Using the procedures described by the manu-
facturers, the proteins were purified on a nickel affinity column
[His�Bind resin (Novagen) or Ni-NTA agarose (Qiagen, Chats-
worth, CA)] from the supernatant of lysed cells. Endotoxin was
removed from the protein solutions by phase separation using
Triton X-114 (25) and was determined to be �0.01 endotoxin
units�ml by a Limulus amebocyte lysate gel-clot assay (E-Toxate,
Sigma). Protein concentration was determined by the Bradford
assay with BSA (Sigma) as a standard (Bio-Rad). All truncated
TrpRS variants, except T2-TrpRS, were functional in trypto-
phan-dependent pyrophosphate-ATP exchange (26, 27).

PMN elastase cleavage of human full-length TrpRS was
performed at a protease:protein ratio of 1:3,000 in PBS (pH 7.4)
at 37°C. Cleavage products were evaluated by SDS�12.5%
PAGE and Western blot analysis with anti-His6-tag antibodies
(Invitrogen). Edman degradation was performed on the PMN
elastase cleavage products to determine their NH2-terminal
sequences by using an ABI model 494 sequencer at the Protein
and Nucleic Acid Core Facility of The Scripps Research Institute.

In Vitro Human Umbilical Vein Endothelial Cell (HUVEC) Assays.
HUVECs were obtained from Clonetics (San Diego) and main-
tained in EGM-2 BulletKit medium (Clonetics) in an atmo-
sphere of 5% CO2 in air at 37°C according to the instructions of
the supplier. Human vascular endothelial growth factor-165
(VEGF165) (Biosource International, Camarillo, CA) and human
IP-10 (R&D Systems) were also used in several experiments.

HUVEC migration assays were performed by using a modi-
fied Boyden chamber (48-well chamber) (NeuroProbe, Cabin
John, MD) with polycarbonate membranes (8.0 �m pore size)
(Costar) as follows (28, 29). The wells were coated with 25 �g�ml
human fibronectin (Biosource International) in PBS overnight
and allowed to air-dry. HUVECs were suspended in DMEM
(GIBCO�BRL) containing 0.1% BSA (Sigma) and added to the
upper chamber at 2 � 105 cells per well. A chemotactic stimulus,
VEGF165 (0.5 nM), was placed in the lower chamber, and cells
were allowed to migrate for 6 h at 37°C in a 5% CO2 incubator.
For inhibition assays, full-length TrpRS (500 nM) or mini TrpRS
(500 nM) was added to the upper and lower chambers and also
to the HUVECs 30 min before placement in the chamber. After
incubation, nonmigrant cells were removed from the upper face
of the membrane with a cotton swab. Migrant cells (those
attached to the lower face) were fixed in methanol and visualized
with the Hemacolor stain set (EM Diagnostic Systems, Gibbs-
town, NJ). Migrating cells were counted in high-power fields.

HUVEC proliferation assays were performed with a CellTiter
96 Aqueous One Solution cell proliferation assay kit (Promega).
Tissue culture-treated plates (96-well) (Corning) were coated
with 0.1% gelatin (Sigma) overnight. HUVECs were seeded at
a density of 5 � 103 cells per well in DMEM (GIBCO�BRL)
containing heat-inactivated FBS (10%, Sigma), penicillin (100
units�ml, Sigma), and streptomycin (100 �g�ml, Sigma) in the
gelatinized plates on day 0. The following day, the cells were
treated with the proliferation stimulus (VEGF165, 2 nM). After
72 h of incubation, the extent of HUVEC proliferation was
measured according to the methods supplied with the kit.
Inhibition of proliferation was performed by adding inhibitors
(full-length TrpRS or mini TrpRS, 2 �M) to the cells 30 min
before the addition of the proliferation stimulus. Inhibition
assays were presented as percentages of net proliferation of
VEGF (2 nM).

In Vivo Angiogenesis Assays. Three different assays for angiogen-
esis were used to examine TrpRS for activities in vivo (30–34).

The chicken chorioallantoic membrane (CAM) assay was per-
formed as described (35, 36) with 10-day chick embryos obtained
from McIntyre Poultry (Lakeside, CA). Cortisone acetate-
treated 5-mm filter disks soaked with 20-�l samples of VEGF165
(1 pmol) in PBS were placed onto the CAMs. Inhibitors and
control samples [PBS alone, IP-10 (120 pmol), mini TrpRS (60
pmol), or full-length TrpRS (60 pmol)] were added topically to
the filter disks for 3 consecutive days. After 72 h, the CAM tissue
associated with the filter disk was harvested and photographed
at �10 magnification on an Olympus model SZH10 stereomi-
croscope. Angiogenesis was quantified by analyzing the number
of branching blood vessels within the area of each disk.

Mouse matrigel angiogenesis assays were performed as de-
scribed with the following modifications (34). Athymic wehi mice
were s.c. implanted with 400 �l of growth factor-depleted
matrigel (Becton Dickinson) containing 8 pmol of VEGF.
Intraperitoneal injections of mini TrpRS (1 nmol) or full-length
TrpRS (1 nmol) were administered on days 2, 3, and 4. On day
5, the mice were intravenously injected with the fluorescein-
labeled endothelial binding lectin Griffonia (Bandeiraea) Sim-
plicifolia I, isolectin B4 (Vector Laboratories), and the matrigel
plugs were resected. Fluorescent images of sectioned plugs were
taken with a fluorescent Olympus model SZH10 confocal ste-
reomicroscope. The fluorescein content of each plug was quan-
tified by spectrophotometric analysis after grinding the plug in
RIPA buffer (10 mM sodium phosphate, pH 7.4�150 mM
sodium chloride�1% Nonidet P-40�0.5% sodium deoxycholate�
0.1% SDS).

Mouse retinal angiogenesis assays were performed by the
following method. Immediately after birth (P0), retinal vascu-
lature is virtually absent in the mouse. By 2 weeks postnatal
(P14), the retina has attained an adult pattern of retinal vessels
coincident with the onset of vision. Physiological vascularization
of the retina occurs during this period via a stereotypical,
biphasic developmental pattern of angiogenesis. Initially, spoke-
like peripapillary vessels grow radially from the central retinal
artery and vein, becoming progressively interconnected by a
capillary plexus that forms between them. This superficial retinal
vascular layer (primary layer) grows in area, volume, and com-
plexity, centrifugally, as a monolayer within the nerve fiber layer
during the first 9 days following birth. The second phase of
retinal vessel formation begins between postnatal days 8 (P8)
and 10 (P10), when collateral branches sprout from capillaries of
the superficial plexus and penetrate into the retina where their
tips branch and anastamose laterally to form a planar, deep
vascular layer (secondary layer) that is in place by P12–P14.
Qualitative evaluation of the effects of compounds on angio-
genesis can be done by simply photographing the primary and
secondary layers and determining the percentage of eyes in
which formation of the deep layer is completely or partially
inhibited (see accompanying article for a complete description of
this model).

Mini TrpRS (5 pmol in 0.5 �l) or full-length TrpRS (5 pmol
in 0.5 �l) were injected intravitreally into neonatal mice on
postnatal day 7 or 8, and the retinas were harvested on P12 or
P13. The blood vessels were visualized by staining the retina with
a rabbit anti-mouse collagen IV antibody (Chemicon, 1:200
dilution in blocking buffer: 10% goat serum�3% BSA in PBS) for
18 h at 4°C. An Alexa Fluor 594-conjugated goat anti-rabbit IgG
antibody (Molecular Probes, 1:200 dilution in blocking buffer)
was incubated with the retina for 2 h at 4°C. Angiostatic activity
was evaluated based on the effect of injected proteins on
formation of the deep (secondary) retinal vascular layer and
compared with intravitreal injection of 0.5 �l of PBS. None of
the proteins used in this study produced an adverse effect on the
primary layer.
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Results
Identification of TrpRS Fragments with Signal Transduction Activity.
Mini TrpRS is a truncated version of TrpRS, missing 47 NH2-
terminal residues, that is produced by alternative splicing (IFN-�
induction) (18). Alone, neither TrpRS nor mini TrpRS induced
migration of HUVECs. However, when the cells were induced
with VEGF165 and treated with mini TrpRS, migration was
inhibited (Fig. 2A). In contrast, full-length TrpRS had no effect
on VEGF165-stimulated HUVEC chemotaxis. HUVEC prolif-
eration induced by VEGF165 was also inhibited by mini TrpRS,
whereas full-length TrpRS had no effect (Fig. 2B).

In bovine pancreas, fragments of TrpRS are present in pan-
creatic secretions (22, 23), raising the possibility that proteolytic
forms of TrpRS, in addition to the alternative spliced variant,
might have biological activity. Because PMN elastase can release
the active cytokines mini TyrRS and the endothelial monocyte-
activating polypeptide II-like COOH domain from full-
length TyrRS (1), we examined PMN elastase cleavage of full-
length TrpRS. PMN elastase digestion of recombinant full-length
TrpRS (54 kDa) produced two fragments: 47- and 44-kDa
fragments designated T1-TrpRS and T2-TrpRS, respectively.
These fragments were similar in size to mini TrpRS (49 kDa)
(Fig. 3). Sequencing showed that the NH2 termini were SNHGP
and SAKGI, demonstrating that the fragments began at Ser-71
and Ser-94, respectively. Western blot analysis with antibodies
directed against the COOH-terminal His6-tag of the recombi-
nant protein indicated that both fragments had the His6-tag at
their COOH termini. Therefore, only the NH2 terminus of
TrpRS was removed. To check the activity of the elastase
cleavage product, T1-TrpRS that is closest in size to mini TrpRS,
we prepared the recombinant protein and tested it in HUVEC
migration and cell proliferation assays. T1-TrpRS blocked

VEGF165-induced HUVEC chemotaxis and inhibited VEGF165-
induced HUVEC proliferation (data not shown).

Angiostatic Activity of TrpRS Fragments in CAM Assay. Chick CAM
assays were performed to test for angiostatic activity of TrpRS.
VEGF165-induced angiogenesis in CAMs was clearly inhibited by
mini TrpRS or T1-TrpRS (Fig. 4), whereas human full-length
TrpRS had no observable angiostatic activity (data not shown).
As a control, the angiostatic CXC-chemokine IP-10 was used to

Fig. 2. Activities of human TrpRS constructs on HUVECs. (A) Inhibition of
HUVEC migration by human TrpRS constructs. Average number of cells per
high-power field migrating in response to stimulation by cell medium, VEGF
(0.5 nM), VEGF (0.5 nM) � full-length TrpRS (500 nM), VEGF (0.5 nM) � mini
TrpRS (500 nM). (B) Inhibition of endothelial cell proliferation by human TrpRS
constructs. Human TrpRS (2 �M) were assayed on HUVEC cells in the presence
of VEGF165 (2 nM) in a 72-h proliferation experiment. Cell proliferation is
presented as the percentage of net VEGF165-induced (2 nM) proliferation.
Values represent the mean � standard deviation from five experiments.

Fig. 3. Proteolytic cleavage of human TrpRS. A protease:protein ratio of
1:3,000 was used. The cleavage was done at 37°C in PBS (pH 7.4) for 0 min (lane
1), 15 min (lane 2), 30 min (lane 3), or 60 min (lane 4). Samples were analyzed
on SDS�12.5% polyacrylamide gels. Molecular size markers are given to the
left (in kilodaltons).

Fig. 4. Activity of human TrpRS in the chicken chorioallantoic membrane
assay. The data are presented as the mean number of blood vessel branches �
standard deviations from 5–8 embryos in each sample. (A) Angiostatic activity
of human TrpRS fragments. PBS, VEGF165 (1 pmol), VEGF165 (1 pmol) � IP10
(120 pmol), VEGF165 (1 pmol) � full-length TrpRS (60 pmol), VEGF165 (1 pmol)
� mini TrpRS (60 pmol), or VEGF165 (1 pmol) � T1-TrpRS (60 pmol). VEGF165 was
added on day 0; IP10 and TrpRS were added for three consecutive days starting
at day 1. (B) Digital images of representative filter discs showing angiogenesis
(CAM assays) stimulated by VEGF165 and inhibited by mini TrpRS.
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inhibit angiogenesis stimulated by VEGF165. It caused a similar
inhibition of angiogenesis, as did mini TrpRS and T1-TrpRS.

Mouse Matrigel Plug Assay. To extend these studies into a mam-
malian system, the activity of TrpRS was examined in a mouse
matrigel plug assay (34). On i.p. injection, matrigel containing an
angiogenic stimulus forms a plug into which blood vessels can
migrate. Introduction of VEGF165 into the matrigel plug induced
angiogenesis (Fig. 5). VEGF165-induced angiogenesis was
blocked by i.p. injections of mini TrpRS (Fig. 5). A similar
inhibition of angiogenesis was seen when mini TrpRS was
included directly into the matrigel plug as when it was delivered
by i.p. injection. No effect was seen on injection of full-length
TrpRS (data not shown).

Inhibition of Vascularization of Mouse Retina. Because TrpRS po-
tently inhibited VEGF165-induced angiogenesis in the CAMs and
mouse matrigel assay, it was of interest to examine the angio-
static activity of TrpRS on endogenous vascularization and
angiogenesis in the mouse retina (37). Intravitreous application
of mini TrpRS during neovascularization and angiogenesis in-
hibited the formation of new blood vessels in the deep (second-
ary) vascular layer without any adverse effect on previously
formed vessels in the superficial (primary) vascular layer (Fig. 6).
Complete inhibition of the secondary layer was observed in 8.2%
(n � 73) of PBS-treated eyes (data not shown), 11.0% of
full-length TrpRS-treated eyes (n � 18), and 28% of mini
TrpRS-treated eyes (n � 75). The effect of full-length TrpRS was
similar to that of the control injections of PBS, where no
significant inhibition occurred.

Discussion
The natural mini TrpRS fragment of TrpRS is active as an
inhibitor in several distinct and unrelated assays, including
HUVEC migration and proliferation, chick chorioallantoic
membrane, mouse matrigel, and mouse retinal angiogenesis
assays. The full-length protein is inactive, thus suggesting that
alternative splicing or cleavage is essential for activation of
angiostatic activity. That the full-length protein is inactive is
consistent with the angiostatic activity of a TrpRS fragment
being part of a specific biological mechanism and not an
epiphenomenon associated with TrpRS per se.

Although dose–response studies were not carried out with
mini TrpRS, the accompanying article describes such investi-
gations with the smaller T2-TrpRS (vide supra). For example,
T2-TrpRS was shown active as an angiogenesis inhibitor in a
dose–response titration in the range of 0.1 to 10 nM (using
T2-TrpRS directly in the mouse matrigel plug) (37). Interest-
ingly, even when administered by i.p. injection, mini TrpRS can
arrest VEGF165-stimulated blood vessel development in the
mouse (Fig. 5). This observation shows that free mini TrpRS
is sufficiently stable in vivo to act as an angiostatic factor at
sites distal to that where it is produced. Although little is
known about the secretion of TrpRS, previous results dem-
onstrate secretion of TyrRS from cultured cells during apo-
ptosis (1), and preliminary studies showed secretion of TrpRS
under similar conditions (K.W., unpublished observations).
Collectively, these results suggest a role for TrpRS in angio-
genic pathways of natural systems. Further validation of that

Fig. 5. Activity of human TrpRS in a murine matrigel model of angiogenesis.
Athymic wehi mice were s.c. implanted with 400 �l of growth factor-depleted
matrigel containing an angiogenic stimulus. Intraperitoneal injections (i.p.) of
mini TrpRS were given on days 2, 3, and 4. On day 5, the mice were intrave-
nously injected with the fluorescein-labeled endothelial binding lectin Grif-
fonia (Bandeiraea) Simplicifolia I, isolectin B4. The plugs were resected and
solubilized, and the fluorescein content was quantitated by spectrometry. (A)
Relative fluorescein content of resected matrigel plugs treated with medium,
VEGF165 (8 pmol), VEGF (8 pmol) � i.p. injected mini TrpRS (1 nmol), VEGF165

(8 pmol) � mini TrpRS (1 nmol, included in matrigel). (B) Fluorescent images
of resected matrigel plugs by using confocal microscopy. Stimulation of
angiogenesis by VEGF165 and inhibition of VEGF165-stimulated angiogenesis
by mini TrpRS. In the absence of VEGF, the images are similar to those shown
on the right.

Fig. 6. Fragments of TrpRS inhibit angiogenesis in a postnatal mouse
retinal model. Representative images of superficial (primary layer) and
deep (secondary layer) retinal vasculature observed after intravitreal in-
jection of mini TrpRS (Upper) or full-length TrpRS (Lower). On postnatal
day 8, eyes were treated by intravitreous injection of PBS, human full-
length TrpRS (5 pmol), or mini TrpRS (5 pmol), and retinas were harvested
on postnatal day 12 or 13. Blood vessels were visualized after staining with
anti-collagen IV antibodies. Qualitative image analysis of retinal vessel
formation between P8 and P12 showed complete inhibition of the second-
ary layer in 28% of eyes treated with mini TrpRS. Full-length TrpRS had no
effect on secondary layer formation. Note that the primary layer was
unaffected by either mini or full-length TrpRS.
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role requires identification of the relevant endothelial cell
receptor.

In some cell lines, the angiostatic mini TrpRS is highly
expressed in the presence of the anti-tumorigenic IFN-� (18,
38–41), where mini TrpRS can be produced by alternative
splicing of the pre-mRNA (16, 17). As stated above, stimula-
tion by IFN-� also induces production of angiostatic chemo-
kines. Removal of the NH2-terminal domain from human
TrpRS by pre-mRNA alternative splicing or by PMN elastase
cleavage generates angiostatic versions of TrpRS. Recently,
PMN elastase was shown to be present in human colorectal
carcinoma with particular enrichment at the tumor–host in-
terface (42). Also, breast and non-small cell lung cancer cells
are known to secrete PMN elastase in vitro (43, 44). Possibly,

human TrpRS secreted from apoptotic cells may be cleaved by
PMN elastase at the tumor–host interface. The cleaved en-
zyme could then act as an angiostatic factor to attenuate tumor
invasion.
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