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Abstract: Elastin, one of the extracellular matrix components, is present in tissues requiring extensibility and resilience such
as the aorta, lungs, ligaments and skin. Degradation of elastin is observed in diseases such as atherosclerosis, emphysema and
metastasis. It has been suggested that degraded elastin-derived peptides interact with a variety of cell types and are involved
in development of diseases. Two nonapeptides, Ala-Gly-Val-Pro-Gly-Leu-Gly-Val-Gly (AGVPGFGVG) and Ala-Gly-Val-Pro-Gly-
Phe-Gly-Val-Gly (AGVPGFGVG), exist in hydrophobic regions of elastin. In this paper, we characterized these elastin-derived
nonapeptides by macrophage migration assay. Both nonapeptides induced a maximal migration at 10−8 M and elicited the same
degree of responsiveness. To investigate the role of the sixth residue of the nonapeptides, seven analog peptides in which Leu or
Phe is substituted by Ile, Val, Ala, Gly, Pro, Lys or Glu were synthesized and their macrophage migration activity tested. Among the
nonapeptide analogs, only Ala-Gly-Val-Pro-Gly-Ile-Gly-Val-Gly induced the migration of macrophages at the optimal concentration
of 10−9 M and its responsiveness was the same as that of parent nonapeptide AGVPGFGVG. Results of the deactivation tests and
the effect of lactose on macrophage migration showed that a lactose-insensitive receptor which mainly recognizes Ala-Gly-Val-
Pro-Gly-Ile-Gly-Val-Gly is presumably present on the membrane of macrophages in addition to the elastin-binding protein (EBP)
sensitive to lactose. These results suggest that Leu, Phe and Ile residues at the sixth position of elastin-derived nonapeptides are
crucial for inducing macrophage migration and in particular, Ile residue is important for the recognition by receptor insensitive
to lactose. Copyright  2007 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Elastin is an insoluble protein found in tissues that
require elasticity and extensibility like arteries, lungs
and skin and imparts elasticity to these tissues. Elastin
is synthesized as a soluble precursor protein, tropoe-
lastin [1]. Tropoelastin molecules are crosslinked with
the aid of lysyl oxidase to form elastin, the elas-
tomeric core protein of elastic fibers. Elastin is known
as a highly resistant protein to proteolysis because
of its hydrophobicity and numerous crosslinks. In
atherosclerotic lesions, however, the accumulation of
macrophages is observed in the early stage and the
degradation of elastin is noticed in the advanced stage.
These events in atherosclerotic lesions suggest that
the accumulation of macrophages resulted from the
chemotactic responsiveness to chemoattractants and
imply that elastase which is secreted by macrophages
may degrade elastin. Recent studies have reported that
the degraded fragments of elastin act as chemoattrac-
tants, interact with a variety of cell types to modulate
cellular behavior and play roles in the development of
atherosclerosis, emphysema and metastasis [2–5].
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Elastin has several repeating peptide sequences in its
hydrophobic regions: a pentapeptide Val-Pro-Gly-Val-
Gly, a hexapeptide Val-Gly-Val-Ala-Pro-Gly (VGVAPG)
and two nonapeptides Ala1-Gly2-Val3-Pro4-Gly5-Leu6-
Gly7-Val8-Gly9 (AGVPGLGVG) and Ala1-Gly2-Val3-Pro4-
Gly5-Phe6-Gly7-Val8-Gly9 (AGVPGFGVG) [6–8]. These
hydrophobic repeating peptides are parts of degraded
elastin fragments, and among them, the hexapeptide
has been identified as a chemoattractant for various
cells including macrophages [9–13] and the nonapep-
tides have been characterized as chemoattractants
for fibroblasts and endothelial cells [13,14]. In this
study, we synthesized two nonapeptides and examined
whether these nonapeptides can induce the migration of
macrophages. In addition, we synthesized seven nona-
peptide analogs in which Leu or Phe at position 6 is
substituted by Ile, Val, Ala, Gly, Pro, Lys or Glu residue
to investigate the importance of Leu and Phe residues
for inducing the migration of macrophages. Since it
is reported that lactose interacts with elastin-binding
protein (EBP) on the surface of cells and inhibits the
interaction between EBP and hexapeptide [15,16], the
effect of lactose on macrophage migration in response to
the nonapeptides was also examined. Moreover, deac-
tivation tests were performed to study whether the
nonapeptides are recognized by a single or multiple
receptors on macrophages.
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MATERIALS AND METHODS

Peptide Synthesis

An elastin-derived hexapeptide, two elastin-derived nonapep-
tides and seven analogs were synthesized by solid-phase
method using 9-fluorenylmethyloxycarbonyl (Fmoc) strategy.
The growing peptide was subjected to mild base treat-
ment using piperidine (20%) during Fmoc-group depro-
tection. For coupling reaction, 0.45 M 2-(benzotriazol-1-yl)-
1,1,3,3-tetramthyluronium hexafluoro phosphate (HBTU)-1-
hydroxybenzotriazole (HOBt) in DMF was used. The progress
of each coupling reaction was monitored using the Keiser test.
HBTU, HOBt and all amino acid derivatives were purchased
from Watanabe Chemical Ind. Ltd. (Hiroshima, Japan). Other
organic reagents were from Wako Pure Chemical Ind. Ltd.
(Osaka, Japan). After completion of the peptide chain elon-
gation, the resin was cleaved with Reagent K [17]. The crude
peptides were purified by gel filtration using Sephadex G-10,
followed by HPLC. The molecular weights of peptides were con-
firmed by MALDI-TOF-MAS (Voyager-DE, Applied Biosystems,
Foster City, CA) measurements.

Cell Preparation

Wister rats (9-week-old-males) were injected with 20 ml of
2% glycogen. After 4 days, macrophages were harvested from
the peritoneal cavity by washing with 0.02 M phosphate-
buffered saline (PBS) (pH 7.2) containing heparin (0.5 U/ml)
and centrifuged at 1000 rpm for 10 min. The pellet was
immediately suspended in sterile distilled H2O followed by
addition of PBS and centrifuged at 1000 rpm for 10 min.
Then the pellet was resuspended in incubation medium, Gey’s
buffered saline solution ((GBSS): 1.5 mM CaCl2, 5.0 mM KCl,
0.2 mM KH2PO4, 1.0 mM MgCl2, 0.3 mM MgSO4, 119.8 mM

NaCl, 27.0 mM NaHCO3, 0.8 mM Na2HPO4, 5.6 mM glucose,
20.0 mM HEPES, pH 7.2) supplemented with 2% bovine serum
albumin (BSA) and adjusted to pH 7.02 (2% BSA-GBSS). The
cells obtained were about 90% macrophages according to the
criteria of morphology and nonspecific esterase activity [18]
and its viability was found to exceed 95% by trypan blue dye
exclusion. The cells at a density of 2 × 106 cells/ml were used
in the experiment.

Migration Assay

Migration assay was conducted in a 48-well microchemotaxis
chamber by following the method of Bar-Shavit [19]. A
polyvinyl pyrrolidone (PVP)-free polycarbonate membrane with
a pore size of 5 µm (Nucleopore, Pleasanton, CA) was placed
between the upper and lower compartments. The lower
compartment of the chamber was charged with 27 µl of two
nonapeptides or seven nonapeptide analogs at concentrations
ranging from 10−11 to 10−6 M or N-formyl-Met-Leu-Phe (fMLP);
Peptide Institute Inc., Osaka, Japan) at 10−8 M in 2% BSA-
GBSS medium or medium alone. fMLP was used as a positive
control and 2% BSA-GBSS medium was used as a negative
control. Macrophage suspension (2 × 106 cells/ml) in 2% BSA-
GBSS was added to the upper compartment. After incubation
at 37 °C in a humidified 5% CO2 atmosphere for 3 h, cells
were stained with Diff-Quick dye. The migrating cells were
quantitated in three random high-power fields (h.p.f.; original

magnification × 400) for each triplicate filter. Cell migration
is expressed as the net number of cells migrated per h.p.f.
obtained by subtracting the number of migrating cells in the
control medium from the number of migrating cells in response
to two nonapeptides, seven analogs or fMLP.

The deactivation tests for exploring whether the recognitions
of the nonapeptides and their analog are by a single or multiple
receptors on macrophages were performed by the method
of Kamisato et al. [20]. After preincubating macrophages
(2 × 106 cells/ml) in 2% BSA-GBSS with the hexapeptide at
10−8 M and the nonapeptides at 10−8 M or the nonapeptide
analog at 10−9 M for 30 min at 37 °C, a suspension of these
cells in 2% BSA-GBSS was added to the upper compartment of
the chamber. To the lower compartment was added the same
stimulus (hexapeptide, nonapeptides or nonapeptide analog).
Migrated cells were counted in the same manner as described
above after a 3-h incubation.

In order to investigate the effect of lactose on macrophage
migration in response to the nonapeptides and the analog
AGVPGIGVG, macrophages (2 × 106 cells/ml) were preincu-
bated for 2 h with 10 mM lactose at 37 °C. A suspension of
lactose-treated cells in 2% BSA-GBSS medium was added to
the upper compartment of the chamber and the hexapeptide
at 10−8 M and the nonapeptides at 10−8 M or the nonapep-
tide analog at 10−9 M in 2% BSA-GBSS were added to the
lower compartment. Migrated cells were counted in the same
manner as described above after incubation for 3 h.

RESULTS AND DISCUSSION

Macrophage Migration in Response to
Elastin-derived Nonapeptides

Migration assays were performed over a broad range
of concentrations (10−11 –10−6 M). As a result, both the
nonapeptides AGVPGLGVG and AGVPGFGVG induced
a maximal migration at the same concentration of
10−8 M and elicited the same degree of responsiveness
(Figure 1). The net migrating cells in response to
AGVPGLGVG and AGVPGFGVG were 63 and 62 cells
per h.p.f., respectively, and their responsiveness was
more active than the positive control, fMLP (40 and
53 cells, respectively). The optimal concentration of
two nonapeptides at 10−8 M was the same as that
of VGVAPG (10−8 M). It has been reported that the
permutation peptides GLGVGAGVP and GFGVGAGVP
of the nonapeptides have the same maximal activities
at 8 × 10−8 M for aortic endothelial cells [13]. It has also
been suggested that AGVPGFGVG and its permutation
sequence GFGVGAGVP are chemotactic for ligamentum
fibroblasts with the same optimal concentration of
10−8 M and the same degree of responsiveness [14].
Since the nonapeptides are repeated three or four times
in a single sequence of an elastin molecule [6–8], it
is reasonable that both the nonapeptides and their
permutation sequences have the same chemotactic
response. The biphasic aspect of the response curves
of migration may be due to the possibility of saturation
of the cell receptors that trigger the migration response
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Figure 1 Macrophage migration in response to nonapep-
tides, AGVPGLGVG (closed circles) and AGVPGFGVG (open
circles) at various concentrations. The net migrated cells per
h.p.f. were obtained by subtracting the background migration
(2% BSA-GBSS) from the number of migrated cells in response
to nonapeptides or fMLP. fMLP at 10−8 M was used as a posi-
tive control and its net migration was 53 and 40 cells per h.p.f.
for AGVPGLGVG and AGVPGFGVG, respectively. All values are
expressed as means ± SD.

[21] or of down regulation of receptors (internalization)
[22]. These results suggest that the nonapeptide
sequences AGVPGLGVG and AGVPGFGVG, as well
as the hexapeptide sequence VGVAPG, may induce
the migration of macrophages as parts of degraded
elastin fragments in atherosclerotic lesions, causing
the development of atherosclerosis.

Macrophage Migration in Response to Nonapeptide
Analogs

The migration of macrophages in response to seven
nonapeptide analogs in which Leu or Phe residue at
position 6 in nonapeptides is substituted by Ile, Val,
Ala, Gly, Pro, Lys or Glu residues was examined. As
shown in Figure 2, the Ile residue in place of Leu6 or
Phe6 induced the migration of macrophages, while the
Val, Ala, Gly, Pro, Lys and Glu residues in place of
Leu6 or Phe6 resulted in little or no responsiveness. The
optimal concentration of Ile6 –nonapeptide AGVPGIGVG
shifted to 10−9 M and its maximal response was
the same as that of elastin-derived nonapeptide
AGVPGLGVG. It has been suggested that two elastin-
derived peptides (VGVAPG and PGAIPG) and a laminin-
derived peptide (LGTIPG) containing the sequence
XGXXPG (where X is a hydrophobic amino acid)
showed chemotactic activity [8,23,24]. Other reports
suggested that the XGXPG sequence of elastin peptide
is needed for chemotactic and/or chemokinetic activity
[25]. Although all nonapeptide analogs have XGXPG
sequence at N-terminal portion, only AGVPGIGVG
induced macrophage migration. From this fact, we
next call attention to the hydrophobicity of amino acid
residues at position 6 in nonapeptide.
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Figure 2 Macrophage migration in response to nonapeptide
analogs, AGVPGXGVG where X is I (closed circles), V (open
circles), A (closed triangles), G (open triangles), P (closed
squares), K (open squares) and E (closed diamonds), at
various concentrations. The responsiveness was expressed as
a percentage of AGVPGLGVG, that is, the ratio of the net
migration of cells in response to nonapeptide analogs to that
in response to nonapeptide AGVPGLGVG. fMLP at 10−8 M was
used as a positive control and its net migration was 59, 53,
67, 56, 55, 56 and 52 cells per h.p.f. for AGVPGXGVG where X
is I, V, A, G, P, K and E, respectively. All values are expressed
as mean ± SD.

The nonapeptides AGVPGLGVG and AGVPGFGVG
are hydrophobic and have macrophage migration activ-
ity. The permutation sequences of the nonapeptides
are also hydrophobic and chemotactic for fibroblasts
and endothelial cells [13,14]. These facts suggest that
the nonapeptide analogs also should have hydropho-
bic characteristics to exert their macrophage migration
activities. The hydrophobicity of amino acid residues
at position 6 in the nonapeptide is known as an order
of Phe > Ile ≥ Leu ≥ Val > Ala > Gly > Pro � Glu > Lys
[26]. The Phe residue is most hydrophobic and the
hydrophobicity of Ile and Leu residues are nearly
equal to that of Val residue but more than that of
Ala residue. However, the side chains of Ile and Leu
residues are sterically more bulky than the Val side
chain. The hydrophobicity and steric bulkiness of side
chains of amino acid residues at position 6 seem
to be important for recognition by the receptors on
macrophages. The CD spectrum of the nonapeptide
analog AGVPGIGVG in trifluoroethanol was character-
istic of a less ordered structure, as compared with
other nonapeptide analogs (data not shown). The less
ordered structure of AGVPGIGVG might be important
for the responsiveness of migration, but the relationship
between the structure and the activity is still unclear.

Deactivation of Macrophage Migration in Response
to Nonapeptides and their Analog

The evidence that preexposure of cells to a chemo-
tactic agonist results in a reduction in chemotactic
responsiveness on reexposure to the same agonist is
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termed deactivation [27]. In order to examine whether
the recognitions of the nonapeptides AGVPGLGVG and
AGVPGFGVG and analog AGVPGIGVG by macrophages
are the same or different from each other and whether
their recognitions are the same as those of the hexapep-
tide VGVAPG or not, a deactivation test was car-
ried out using VGVAPG, AGVPGLGVG, AGVPGFGVG
and AGVPGIGVG as agonists. Results are shown in
Figure 3. Macrophages exposed to VGVAPG lost appre-
ciably their responsiveness of migration to the same
agonist but not to AGVPGIGVG (Figure 3(a)). This
responsiveness to both AGVPGLGVG and AGVPGFGVG
diminished to ca. 50%. Preincubation of macrophages
with AGVPGLGVG or AGVPGFGVG abolished their
ability to migrate in response to the same ago-
nist or VGVAPG to the extent of 20–50%, but this
responsiveness to AGVPGIGVG was almost retained
(Figure 3(b) and (c)). Preincubation of macrophages
with AGVPGIGVG abolished appreciably their respon-
siveness of migration to the same agonist but not
to VGVAPG (Figure 3(d)). This responsiveness to both
AGVPGLGVG and AGVPGFGVG was retained to the
extent of 60 and 70%, respectively. These results
suggest the presence of multiple receptors for rec-
ognizing VGVAPG, AGVPGLGVG, AGVPGFGVG and
AGVPGIGVG on the membrane of macrophages and
imply that the receptor which recognizes AGVPGIGVG
is not identical to that for VGVAPG.

Effect of Lactose on Macrophage Migration in
Response to Nonapeptides and their Analog

It has been suggested that EBP is identical to the 67-
kDa enzymatically inactive, alternative spliced form of
β-galactosidase [28]. The characteristic of EBP is that it
contains two binding sites: one for elastin and the other
for lectin [29]. The association between elastin and the
67-kDa EBP is allosterically abolished by the binding
of β-galactosugars such as galactose and lactose to
the lectin site of EBP [30,31]. Consistent with this,
it was shown that lactose abolished the chemotactic
response of numerous cell types to the hexapeptide
VGVAPG [16,23]. Thus, we performed the migration
assay in response to the nonapeptides AGVPGLGVG
and AGVPGFGVG and their analog AGVPGIGVG in
the presence of a 10-mM lactose, compared with
VGVAPG. As shown in Figure 4, preexposure of
macrophages to lactose abolished their responsiveness
of migration to VGVAPG but not to AGVPGIGVG.
However, this responsiveness to both AGVPGLGVG and
AGVPGFGVG reduced to ca. 50%. Since it is known
that the chemotactic receptor of VGVAPG is the 67-
kDa EBP sensitive to lactose [23], these results suggest
that AGVPGIGVG seems to interact with a receptor
insensitive to lactose, which is distinct from the 67-
kDa EBP. It is also indicated that AGVPGLGVG and
AGVPGFGVG seem to interact with both the 67-kDa
EBP that is sensitive to lactose and the receptor
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Figure 3 Deactivation of macrophage migration in response
to hexapeptide VGVAPG at 10−8 M (a), nonapeptides
AGVPGLGVG at 10−8 M (b) and AGVPGFGVG at 10−8 M (c) and
nonapeptide analog AGVPGIGVG at 10−9 M (d). The concen-
tration of the responsiveness (%) was expressed as the ratio
of net migration of cells exposed to hexapeptide, nonapeptides
or nonapeptide analog to that of unexposed cells. fMLP at
10−8 M was used as a positive control and its net migration
was 81–115 per h.p.f. in experiments.

that is insensitive to lactose. As it is suggested that
the chemotactic receptor sensitive to lactose could be
activated by peptides with a more ordered conformation
while the chemotactic receptor insensitive to lactose
could be stimulated by the less ordered peptides
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[32], the binding of AGVPGIGVG with less ordered
conformation to the receptor insensitive to lactose may
be reasonable.

CONCLUSION

Elastin-derived nonapeptides AGVPGLGVG and
AGVPGFGVG induced macrophage migration, and
among their analogs, only AGVPGIGVG showed
migrating activity with the same degree with parent
peptides. It was speculated from the results of
deactivation and lactose treatment that besides EBP, at
least one receptor, which recognizes two elastin-derived
nonapeptides and their analog AGVPGIGVG, exists
on the membrane of macrophages. As represented
in the scheme of Figure 5, both AGVPGLGVG and
AGVPGFGVG seem to be recognized not only by the
67-kDa EBP sensitive to lactose, which recognizes
VGVAPG, but also by the receptor insensitive to
lactose, competing with VGVAPG or AGVPGIGVG. This
recognition may be done by an order of 67-kDa EBP
> lactose-insensitive receptor. AGVPGIGVG appears to
be recognized by the receptor insensitive to lactose
alone and this recognition may be higher than that of
AGVPGLGVG and AGVPGFGVG.

The accumulation of macrophages and the degrada-
tion of elastin are observed in the lesions of diseases
such as atherosclerosis, aortic aneurysms and emphy-
sema. The inflammatory response of macrophages to
elastin degradation peptides is known to be impor-
tant for the development of these diseases. However,
the process of development of these diseases is still
complicated and obscure. Besides EBP, which rec-
ognizes hexapeptide, and lactose-insensitive receptor
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Figure 4 Effect of lactose on macrophage migration
in response to VGVAPG, AGVPGLGVG, AGVPGFGVG and
AGVPGIGVG. The concentration of lactose was 10 mM. The
responsiveness (%) was expressed as the ratio of net migra-
tion of lactose-exposed cells to that of unexposed cells. fMLP at
10−8 M was used as a positive control and its net migration was
48, 62, 70 and 90 cells per h.p.f. for VGVAPG, AGVPGLGVG,
AGVPGFGVG and AGVPGIGVG, respectively.

VGVAPGAGVPGIGVG

Receptor ? Elastin Binding Protein (EBP)

67 kDa

Lactose

AGVPGLGVG
AGVPGFGVG

Figure 5 Diagrammatic representation of recognition by
multiple receptors, at least two receptors. The model shows the
recognition of the elastin-derived hexapeptide VGVAPG, the
elastin-derived nonapeptides AGVPGLGVG and AGVPGFGVG
and their analog AGVPGIGVG by the 67-kDa EBP sensitive to
lactose and the other receptor insensitive to lactose.

on macrophages, which recognizes nonapeptides, both
may play important roles in shedding light on these
complicated and obscure processes. This expectation
may promote the next step of identifying the receptor
insensitive to lactose.
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