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Abstract-The tripeptide GLF (glycyl-leucyl-phenylalanine) was isolated from human milk proteins. 
This peptide increased phagocytosis by human and murine macrophages and protected mice against 
Klebsiellupneumoni~ infection. Specific binding sites on human polymorphonuclear leukocytes (PMNs) 
have been demonstrated recently. The aim of the present research was to study the action of this peptide 
on rat and human PMN oxidative burst and to investigate the consequences of cell stimulation on 
polyphosphoinositide hydrolysis. A biphasic stimulating concentration-dependent effect of GLF on 
PMN chemiluminescence and superoxide anion generation was demonstrated. One of the peaks of the 
oxidative response occurred around IO+’ M, which correlates with the Kd of high affinity receptors of 
GLF. The other maximum, around 10e4 M, might be due to the hydrophobic nature of the tripeptide. 
07 generation mimicked the phorbol myristate acetate response: after a lag period of 2-5 min, 0; 
release gradually increased for 10-15 min until a plateau was reached. Furthermore, GLF enhanced 
phosphoinositide breakdown with maximal IP, production at lo-‘M. Various analogs of GLF were 
synthesized in order to define the relative importance of the different amino acids and their position in 
the tripeptide molecule: glycyl-phenylalanine-leucine was devoid of biological properties but enhanced 
the activity of GLF on the metabolic burst at high concentrations; peptides leucyl-leucyl-phenylalanine 
and leucyl-leucyl-tyrosine, which displaced GLF from its specific membrane receptors, exerted stimu- 
lating effects on PMN oxidative and phosphoinositide metabolisms. It is quite conceivable that these 
short peptides, which may be generated in the newborn during digestion and which are able to stimulate 
phagocytic cells, are implicated in the defense of the neonate immature organism against infection. 

Besides a nutritional role, milk proteins are of 
physiological importance as a potential source 
of numerous peptides endowed with opiate, 
antihypertensive, antithrombotic [l] and immuno- 
modulating properties [2] among others. These 
peptides may be implicated in the development of 
the newborn. As far as immunostimulating peptides 
are concerned, they may be involved in the 
stimulation of newborn leukocytes which are 
less responsive than adult cells. In particular, 
polymorphonuclear leukocytes (PMNsS) present 
significant abnormalities in their chemotactic, 
chemiluminescence and bactericidal activities [3,4]. 
From human and bovine milk proteins we purified 
several peptides which in vitro stimulated phagocytic 

t Corresponding author. 
$ Abbreviations: DG, 1,2-diacylglycerol; fMLP, formyl- 

methionyl-leucyl-phenylalanine; GFL, glycyl-phenylala- 
nine-leucine; GFW, glycyl-phenylalanyl-tryptophane; 
GLF, glycyl-leucyl-phenylalanine; GLY, glycyl-leucyl- 
tvrosine; IP,, inositol 1,4,5-trisuhosphate; LGY, leucine- 
giycyl-tyrosine; LLF, leucyl-le;cyl-bhenylalanine; LLY, 
leucvl-leucvl-tvrosine: OZ. oosonized Zvmosan; PBS. 
phosphate-buifered saline; PIP;, phosphatihylinositol 4.5: 
bisphosphate; PMA, phorbol myristate acetate; PMN, 
polymorphonuclear leukocyte. 

8 We adhere to the conventional fMLP abbreviation 
instead of fMLF corresponding to the one-letter amino acid 
abbreviation system. 

activities and in vivo protected mice against Klebsiella 
pneumonice infection [5,6]. Among them, the 
following tripeptides were identified: GLF (glycyl- 
leucyl-phenylalanine, residues 51-53 of human and 
bovine cr-lactalbumins) and LLY (leucyl-leucyl- 
tyrosine, residues 191-193 of bovine pcasein). 

It was shown previously that GLF stimulated 
humanmonocyte-macrophageadherenceandphago- 
cytosis of human senescent red blood cells (7). 
Moreover, we recently described specific membrane 
receptors on human PMNs and monocytes [8]. 

Some chemotactic peptides such as fMLP 
(formyl-methionyl-leucyl-phenylalanine)§ have been 
extensively studied as agents initiating leukocyte 
activities after binding to specific membrane receptors 
[9]. Phagocytic responses to chemotactic and other 
stimuli are vital for host defense and thus substantial 
interest has been focused on defining the mechanisms 
of signal transduction within these cells. The central 
role of calcium, phosphoinositide metabolism and 
protein kinase C in leukocyte activation is now well 
established [lo]. Although specific receptors for 
various chemoattractants are present on plasma 
membranes of phagocytic cells, they appear to utilize 
a common mechanism to induce cellular responses 
involving shape change, superoxide production 
adhesion and degranulation. We demonstrated that 
GLF receptors differ from those of fMLP since the 
chemotactic peptide did not displace GLF from its 
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high-affinity binding sites [8]. However, structural 
similarity between fMLP and the milk-derived 
tripeptide led us to examine biological activities of 
GLF and analogs on phagocytes. An oxidative burst 
has been strongly implicated in specific and 
non-specific host defense mechanisms. It was 
characterized by activation of membrane-associated 
NADPH-oxidase (which is unique to phagocytes) to 
provide 0; , one of the crucial oxidant radicals for 
the microbicidal activity of the phagocytic cells [ll]. 
The binding of agonists to receptors on the cell 
surface was known to produce the inositol 1,4,.5- 
trisphosphate (IPs) from phosphatidylinositol 4,5- 
bisphosphate (PIP& as a second messenger involved 
in the mobilization of intracellular calcium [ 121. The 
aim of the present research was to study the biological 
effects of GLF and related analogs after interacting 
with their receptors, in particular on PMN oxidative 
metabolism and polyphosphoinositide breakdown. 

MATERIALS AND METHODS 

Tripeptides GLF, GFL (glycyl-phenylalanyl- 
leucine, residues 61-63 of human @casein), GLY 
(glycyl-leucyl-tyrosine), LLF (leucyl-leucyl-phenyl- 
alanine), LGY (leucine-glycyl-tyrosine, residues 92- 
94 of bovine asl-casein) and LLY were synthesized by 
Bachem Fine Chemicals (Bubendorf, Switzerland). 
GFW (glycyl-phenylalanyl-tryptophane) was syn- 
thesized by Appligtne (Illkirch, France). Phorbol 
myristate acetate (PMA), fMLP, luminol and 
zymosan were purchased from the Sigma Chemical 
Co. (St Louis, MO, U.S.A.). Dowex AGl-X8 ion 
exchange resin (200-400 mesh, formate form) was 
from BioRad (Richmond, CA, U.S.A.), ~ryo[2-~H]- 
inositol (740 GBq/mmol) was from Amersham 
International (Amersham, U.K.). Mono-Polyresolv- 
ing medium was from Flow Laboratories (Irvine, 
U.K.). 

Heparinized blood samples were obtained from 
healthy adult volunteers. 

Male Sprague-Dawley rats weighing 180-200 g 
were obtained from DCprC (Saint-Doulchard, 
France). 

To prepare human PMNs 10 mL of blood were 
carefully layered onto 7 mL of Mono-Poly resolving 
medium and centrifuged at 8OOg for 45 min. This 
resulted in separation of mononuclear cells at the 
top band and PMNs at a second band [13]. These 
cells were removed, washed twice and resuspended 
in phosphate-buffered saline (PBS). 

In some experiments (chemiluminescence, phos- 
phoinositide metabolism) rat PMNs were used. They 
were collected, from the pleural cavity, 4 hr after 
interpleural injection of 1 mL of isologous rat serum 
(heated for decomplementation at 56”, 30 min) [14]. 

The chemiluminescent response of PMN was 
measured in vitro using a Packard Picolite@ 
luminometer [15]. Opsonized Zymosan (OZ) was 
first of all prepared by incubation of zymosan 
particles in 10% fresh isologous serum (human or 
rat) for 30 min at 37”. After centrifugation at 500 g 
for 15 min, the opsonized particles were suspended 
at a concentration of 5 mg/mL in PBS. Chemi- 
luminescence was measured after introduction of 
100 flL of cell suspension (5 X lo6 cells/ml) into a 

6 X 50 mm borosilicate tissue culture tube placed in 
the apparatus where it was kept at 37” for 5 min in 
the dark. After equilibration, 20 PL of luminol 
solution were added at a final concentration of 
4 x lob5 M. Mean value of 10 measurements 
(cumulated counts for 20 set) was considered as 
basal response of the cells. Thereafter 150 PL of OZ 
suspension were added and the photoemission 
recorded for 20 min. The highest response was 
considered as response of the stimulated cells. Means 
and SEM of maximal responses of PMNs incubated 
in PBS (control) and in various concentrations of 
peptide (10-6-10-12 M) were calculated and paired 
samples statistically analysed using Student’s t-test 
in comparison with control values. 

Superoxide anion generation was evaluated by 
reduction of ferricytochrome C (horse heart type 
III) [ 161. PMNs (5 X 10’ cells) and 50 PL of a 1.6 mM 
solution of ferricytochrome C were incubated with 
peptide (10-4-10-11 M) in a final volume of 1 mL 
adjusted with PBS (treated cells). Controls were 
prepared without peptide. Absorbance of these two 
preparations (control and treated cells) was read in 
parallel at 550nm in a double beam spectro- 
photometer Uvikon 810/820 (Kontron, Saint- 
Quentin-en-Yvelines, France) which subtracted 
control value from each assay. The specificity of the 
reaction was checked by the addition of superoxide 
dismutase which inhibits at least 90% of stimulation. 

Phosphoinositide breakdown analysis was per- 
formed on rat PMNs which were labelled as described 
previously [17]: in brief, cells were adjusted to lo* 
cells/lOmL tube, 
3H]inositol I 

labelled with 100&i of myo[Z 
tube and incubated for 16-20 hr. After 

washing, viability was determined by Trypan blue 
exclusion test (more than 95%). Cells were counted 
and adjusted to a concentration of 10’ cells/600pL 
aliquots, distributed in Eppendorf microtubes and 
incubated for 10min at 37”. The agents were then 
applied to aliquots tested in duplicates, as follows: 
PBS for 15 set and 10 min (controls); fMLP at lo-(’ 
and lo-’ M for 15 set as reference; tested peptides 
GLF, GFL, LLY and LLF at 10-5-10-gM for 
10 min. The reactions were stopped by addition of 
perchloric acid, followed by three cycles of freezing- 
thawing. After centrifugation, the hydrosoluble 
perchloric supernatants containing inositol phos- 
phates were diluted and neutralized. The inositol 
lipids were extracted from the perchloric insoluble 
pellets, and deacetylated according to [17]. The [3H]- 
inositolphosphatesand [3H]glycerophosphorylesters 
were separated by anion-exchange chromatography 
on Dowex AGl-X8 columns using the buffer system 
described by Downes and Michell [18], Berridge et 
al. 1191 and Creba et al. [20]. We focused particularly 
on the characterization of IPs and PIP*. 

Statistical analysis was performed using paired 
Student’s t-test ? SEM for oxidative metabolism 
studies. Since tritiated inositol incorporation into 
phosphoinositides varied from one pool of cells to 
another, results are expressed as percentages of 
controls (aliquots incubated with PBS), 
means +- SEM. 

RESULTS 

Effects of GLF 
GLF stimulated rat and human PMN basal 



Biological effects of GLF 675 

- 

n-20 

10-e 
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in the presence of various concentrations of GLF. C, 
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Fig. 2. Chemiluminescent response of rat PMN to OZ in 
the presence of various concentrations of GLF. C, control 
values. Data are representative of those obtained in 30 

separate experiments. CL, chemiluminescent. 

chemiluminescence: similar results were obtained. 
Figure 1 shows the biphasic re;gonse of rat 
PMNs with peaks reached at lo- and 10m6M 
concentrations. This peptide stimulated also the 
human and rat PMN response to OZ at the 
same concentrations. However, the maximal effect 
depended on the cell reactivity: it could be shifted 
from lo-’ to 10m6M and from lo-lo to 10e9M 
depending on the cell batch. Figure 2 shows 
stimulations observed in a representative experiment 
of 30 assays. 

Generation of superoxide anion by human PMNs 
stimulated with GLF (difference between treated 
and control cells) mimicked the PMA response: after 
a lag time of 2-5 min, according to the concentration 
used, the 0, production increased for up to lO- 
15 min and was then sustained. Depending on 
concentrations, the cell response was biphasic (Fig. 
3): maximal effects were observed at 10m9M 
(0.8 + 0.1 mM Og/106 cells/min) and 10e4 M 
(4.8 f l.OmM 01/106 cells/min). This effect was 
totally inhibited by superoxide dismutase. Under 
our experimental conditions 5 x lo-‘M PMA 
generated a mean value of 6 mM 02/106 cells/min. 

GLF stimulated phosphoinositide metabolism 
according to a bell-shaped response curve. The 
liberation of IP, (Fig. 4) was maximal at 10e7M. 
The PIPr level was not modified. 

Effects of other tripeptides 

Among the other tripeptides whose effects on the 
chemiluminescence of OZ-stimulated PMNs were 
tested, only LLF manifested a biphasic activity like 
that of GLF with two maxima at lo-lo and lo-’ M; 
the two peptides GFW and LLY increased cell 
response only at lo-’ and 10e6 M. GLY, LGY and 
GFL did not show any significant effect. Figure 5 
represents the effects (in percentages compared to 
control values) obtained in each experimental series. 

Basal stimulating effects (in the absence of any 
other stimulant) were observed on superoxide anion 
generation with LLY and LLF (Fig. 6). LLY 
stimulated 0, production with a maximal effect 
(around 1.5 mM Oy/106 cells/min) at low con- 
centrations (10-10-10-9 M). LLF was less active and 
maximal stimulation occurred at higher con- 
centrations (10-7-10-6 M). The other analogous 
tripeptides tested were inactive. 

An important enhancement of IPs generation, 
especially at 10m7 and 10V6 M, was induced by LLY 
and LLF (Fig. 4). The PIPr level did not change. 
Other tripeptides tested had no effect. 

Effect of associations 

Among the stimulating peptides the association of 
LLY (10e9 M) with GLF (lo-’ M) enhanced 3-fold 
the activity of GLF in the chemiluminescent assay 
after stimulation by OZ (Fig. 7). The effect was 
lower (Zfold enhancement of GLF activit{) if the 
concentration of LLY was lower (10-l M). In 
contrast, the association of GFW or LLF with GLF, 
whatever the concentration, did not change the 
activity of GLF. 

In contrast, the analogous peptide %FL ( 10e6 M) , 
inactive by itself, potentiated 2-fold the activity of 
GLF (10m6 M) after stimulation of rat PMNs by OZ. 
Among the other non-stimulating peptides, GLY 
did not modify the activity of GLF on rat OZ- 
stimulated cells. However, the simultaneous addition 
of inactive GLY (10m6M) and GLF (10e4 M) to 
human PMNs delayed the basal induced 0, 
generation of the latter peptide (Fig. 8). 

DISCUSSION 

This study demonstrates that GLF exerts a 
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Fig. 4. IP, release after PMN stimulation by various concentrations of fMLP, GLF, LLY, LLF (controls 
values = 100%). Values represent the means 2 SEM of duplicate determinations. Data are representative 

of those obtained in four separate experiments. 

stimulating effect on oxidative and phosphoinositide 
metabolisms of both human and rat PMNs. 

by GLF of superoxide anion generation mimicked 
that obtained by PMA. Recently, studies on the 

The oxidative burst response was concentration 
dependent and biphasic: one maximum correlated 

kinetics of fMLP receptor up-regulation [21] showed 

with the Kd (2.3 2 1 10S9M) of the high-affinity 
that the receptors are rapidly up-regulated in native 
cells from an intracellular localization. A possible 

GLF binding sites (8) and the other was obtained 
with a high GLF concentration ( 10m4 M). Stimulation 

up-regulation might also explain the progressive 
increase in superoxide anion generation observed 
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Fig. 7. Chemiluminescent response to OZ of rat PMN incubated with GLF, GFL, LLY or the 
combination of GLF+GFL or GLF+LLY. Data are expressed as percentage of enhancement above 
control values. Significances were calculated on real values using the paired Student’s t-test, in 

comparison with control values. n = 6. ** P < 0.01, *** P < 0.001. 
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Fig. 8. Effect of association of the two tripeptides GLF 
and GLY on superoxide anion production by human PMN 

compared with the activity of each peptide. 

after GLF stimulation with appearance or reappear- 
ance of new sites of binding to the cell surface as 
suggested for N-formyl peptide [22]. However, after 
stimulation by fMLP the kinetics of superoxide anion 
generation by human PMNs are more rapid and 
transient [23]. This difference corroborated the lack 
of competitiveness of fMLP for high-affinity binding 
sites of GLF and thus confirmed the different nature 
of GLF and fMLP receptors, in spite of the structural 
similarity of these two peptides. Moreover, GLF 
failed to stimulate PMN chemotaxis (unpublished 
data). This might be related to the absence of the 
methionine residue which seems to be required for 
chemotactic activity [24]. 

The occupancy by the tripeptide of its receptors 
initiated the phosphoinositide breakdown and the 
formation of the second messenger IP3. Signals from 
various stimuli transmitted across the cell membrane 
via specific receptors, such as the chemoattractant 
receptors, are initiated with a common mechanism 
via a guanine nucleotide regulatory G protein [25, 
261. It is now well established that the breakdown 

of PIP2 by phospholipase C into the Ca2+ mobilizer 
IPs and the protein kinase C activator 1,2- 
diacylglycerol (DG) represents an early biochemical 
event initiated by the ternary complex agonist- 
receptor-regulatory G protein. PMA activation of 
superoxide production takes place through a direct 
activation of protein kinase C which is translocated 
from the cytoplasm to plasma membrane [27, 281. 
Protein kinase C contains two functionally distinct 
domains: a hydrophobic phospholipid-, phorbol 
ester-, DG-binding domain and a hydrophilic 
catalytic domain [29]. In oitro experiments suggested 
that the fatty acid composition of membrane 
phospholipids may be one of the regulatory factors 
in the activation of protein kinase C [30]. Thus, 
perturbation of the hydrophobic part of the plasma 
membrane could influence cellular responses to 
stimulation of protein kinase C. The maximal 
oxidative response of PMNs to stimulation by 10m4 M 
GLF might be due in part to the hydrophobic nature 
of this tripeptide which may act, at this high 
concentration, on membrane fluidity. 

The biphasic concentration dependence of PMN 
metabolic burst induced by GLF may also be related 
to the existence of two classes of GLF receptors with 
high and low affinity [8]. Studies of formylpeptide 
binding to PMN membranes suggested a model with 
two classes of independent receptors with high and 
low affinity binding sites [31]. It has, first of all, been 
suggested that the difference in affinity was not due 
to intrinsically different receptors but rather to 
interactions between the receptor and the regulatory 
G protein [lo]. Recent studies suggested that the 
fMLP receptor complex was composed of more than 
one component, and that the different affinity states 
which have been described may be associated with 
distinct ligand binding sites [32]. 

The appearance of biphasic activity was observed 
by chemiluminescence without or with addition of 
OZ. Only this technique demonstrated a direct 
activation of the cells, up to a concentration of 
1O-*1 M. It may be noticed that low concentrations 
did not prime PMNs since chemiluminescence with 
Zymosan reflected only an additive effect and not a 
potentiation of Zymosan stimulation. However this 
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is not inconsistent with other data obtained with the 
two other techniques. While 0, generation is 
measured at the same time as chemiluminescence, 
the indirect method used for the measurement of 
oxygen radicals did not allow the same sensitivity. 
On the other hand, IP3 generation is determined 
after a long period of incubation and cells might be 
less responsive. Moreover, a greater dose of agonist 
might be necessary to observe a noticeable increase 
in IP3 generation compared with that used for 0; 
production since other sources of DG (not only from 
activation of phospholipase C, but also from that of 
phospholipases D and A,) are mobilized [33]. In 
any case, in each assay, GLF action is related to 
control values obtained from cells of the same batch. 

Neither synergism nor competition was observed 
at respective receptors between OZ and GLF, but 
onlyadditiveactivation,indicatingdifferentpathways 
of action at distinct receptors. 

The analogous peptide GFL, which did not 
displace GLF from its specific receptors [8], was 
devoid of biological activity. Similarly, it is 
noteworthy that fMPL (formyl-methionyl-phenylala- 
nyl-leucine), analog of the chemotactic peptide 
fMLP, was practically inactive [34]. This result 
emphasizes the strict structural specificity of the 
respective receptors for biological activity. However, 
added to an equimolar concentration of GLF 
(10m6M), GFL greatly enhanced the stimulating 
effect of GLF on PMN chemiluminescent response 
to OZ. This additive effect might be due to 
the hydrophobic nature of both peptides. The 
potentiation might be related to extensive changes 
in membrane composition similar to that evoked for 
the potentiation of fMLP superoxide production 
enhanced by cytochalasin treatment [35]. 

Two other peptides, LLF and LLY, were found 
to have an effect on PMN oxidative burst, with or 
without OZ stimulation. This activity, like that 
of GLF, was paralleled by the activation of 
phosphoinositide turnover, using similar con- 
centrations. LLF and LLY recognized GLF high- 
affinity binding sites with a similar affinity (Ki around 
2.5 nM). The presence of a leucine residue as central 
amino acid seems to be of importance for the affinity 
of the peptides but not for expression of their 
biological activity: GLY was inactive though it 
competed with strong affinity with GLF for binding 
sites (Ki = 10m9 M). This may be considered as an 
antagonist since, at 100 times lower concentrations 
it delayed the oxidative response of GLF; the only 
difference between GLF and GLY is the hydroxyl 
radical of tyrosine which might play an important 
role in the specific site of the receptor. The elongation 
of the peptide by replacement of N-terminal glycine 
by a leucine seems to modify strongly the structural 
relationship between ligand and active site of the 
receptor since LLY was more active than GLF in 
stimulating oxidative burst and phosphoinositide 
breakdown. 

GLF and some analogs exert a stimulating effect 
on human adult PMNs. The natural peptides may 
be released during the digestive process and they 
may stimulate cells of the immune system of the gut 
of adults and also of that of newborns for whom 
milk represents the exclusive nutritive source. It can 

be speculated that around 10e5 mol of GLF may be 
released from human or bovine Lu-lactalbumine (2.6 
or 1.2g/L of milk, respectively) after one natural 
milk intake of 100 mL. Under these conditions, it is 
conceivable that these peptides may play a 
physiological role and favor the development of 
immature PMNs of the neonates. 
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