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The results presented in this paper demonstrate that the chemotactic peptide N-formylmethionylleucylpheny-
lalanine (f-Met-Leu-Phe) is rapidly inactivated by the products of the respiration of human neutrophils
stimulated by the peptide itself. The process of inactivation is impeded by the addition of inhibitors of
myeloperoxidase (KCN, NaN.), of catalase, of methionine but not by the addition of superoxide dismutase,
indicating that the mechanism of inactivation is the oxidation of methionine residue by
myeloperoxidase-HrOr-halide system. The oxidation of the peptide causes the rapid cessation of the
respiratory burst, since the sulfoxide derivative loses its ability to bind the specific receptors of neutrophil
surface and, hence, its biological activity. The comparison between the time course of the binding of
f-Met-Leu-[3HlPhe to the specific receptors and the rate of the respiratory response of neutrophils in the
presence and in the absence of the process of peptide oxidation was used to investigate the mechanism of the
activation of the respiratory burst by the peptide-receptor complexes. In conditions where the inactivation of
the stimulatory agent takes place the stimulated respiration slows down and resumes the resting state shortly
after the cessation of the binding, although a substantial amount of the peptide remains bound to the specific
receptors. In conditions where the degradation of the peptide does not occur the binding of the peptide and
the respiratory burst continue for a longer period of time, but the rate of the respiration, calculated in terms
of the instantaneous velocify (I1",), i. not correlated to the amount of the ligand bound to the membrane
receptors measured at various times, indicating that a summation of the effects of the ligand-receptor
complexes does not occur as they form. These findings demonstrate, as far as the respiratory response is
concerned, that the biological activity of the peptide-receptor complexes is short-lived and that continuous
de-novo receptor occupancy is necessary for the maintenance of the activated respiration.

Introduction

Cytotaxin C5a and synthetic formylated pep-
tides, at suitable concentrations, induce in neu-
trophils an activation of movement and a stimula-
tion of respiration and secretion of the granule
constituents [1-4]. As a consequence several en-
zymes of cytoplasmic granules and intermediates
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of oxygen reduction, such as Of and HrOr, are
released outside the cell. It has been shown that
these released factors, whose main functions are
the killing and digestion of invading organisms
and of phagocytosed materials, may play a role in
the modulation of inflammation through modifica-
tions of cellular responses to the same and to other
chemotactic peptides 15-12). One of the mecha-



nisms of this modulation is the inactivation of the
peptides by proteases [5-9,13] and by products of
oxygen reduction [14-19]. The action of these last
compounds involves H2O2, halides and myeloper-
oxidase secreted by azurophilic granules [4-19],
which oxidize the methionine residue of the peptide

[ 14, I 5].

In the present study data are presented showing
that 1y'-formylmethionylleucylphenylalanine (f-
Met-Leu-Phe) is inactivated by the products of the
respiratory burst induced in human neutrophils by
the peptide itself and that, as a consequence, the

respiratory burst is rapidly extinguished. These

findings allowed us to investigate the relationships
between the activation of respiration and the bind-
ing of f-Met-Leu-Phe to the specific receptors. The
results demonstate that (l) the stimulatory action
of the peptide-receptor complexes is short-lasting,
and (2) the activation of respiration is substained
by continuous new bindings.

Materials and Methods

Reagents. f-Met-Leu-Phe, phorbol l2-myristate,
73-acetate, cytochalasin B, catalase, cytochrome c

and methionine were purchased from Sigma
(U.S.A.). Superoxide dismutase was a gift of Dr.
J.V. Bannister. f-Met-Leu-13H1fhe was from New
England Nuclear. Preliminary experiments have
shown that the biological activity of the labeled
peptide is indistinguishable from the unlabeled
one. Stock solutions of f-Met-Leu-Phe and phor-
bol 12-myristate, 13-acetate in dimethylsulfoxide
were kept frozen al -20'C until used. Ap-
propriate dilutions in dimethylsulfoxide were made
prior to each experiment and added to cell suspen-
sions in very small amounts (2-4 p.l/ml of cell
suspension).

Cell preparation. Leucocyte suspensions con-
taining 85-90Vo neutrophils were prepared from
venous blood of healthy donors by the standard
technique of dextran sedimentation as described
by Dunham et al. [20]. The cells, freed from
erythrocytes by hypotonic lysis, were washed twice
and suspended in Krebs-Ringer phosphate solu-
tion (pH 7.4) containing 152 mM [Na+]; 5 mM
[K+]; 130 mM [Cl-]; 16.6 mM [PO; ];1.22 mM
[Mg'*]; 5 mM glucose.
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Metabolic studies. The respiratory response of
neutrophils to f-Met-Leu-Phe was tested both as

O, consumption and Of production. O, consump-
tion was measured at 37"C with a Clark oxygen
electrode connected to a plastic chamber and re-
corded as previously described [21], using (2-4).
107 cells in 2 ml Krebs-Ringer phosphate solution
containing 0.5 mM CaCl, and 5 pg cytochalasin
B/ml. O, production was assayed as superoide
dismutase sensitive reduction of cytochrome c (200
prM) in the same conditions used for the recording
of O, consumption. At stated times, aliquots of
cell suspension were drawn, added to I ml of
ice-cold Krebs-Ringer phosphate solution and
centrifuged at 8000 X g for 30 s in a microcentri-
fuge (Eppendorf). The supernatants were assayed
for the amount of reduced cytochrome c at 550 nm
using an extinction coefficient of 21.1 mM-r.
cm-r. O1 production was calculated by subtract-
ing the values obtained by assays carried out in the
presence of superoxide dismutase from those in its
absence.

Vr"r, the instantaneous velocity of O, consump-
tion at a given time (2,., : dOr/dt), is calculated
on the basis of the angular coefficient of the
tangent of the respiration trace at the times indi-
cated. V^u^ is the maximum Zi,, reached by the
respiration.

F-Met-Leu-[3n1fhe binding assay. The binding
was measured by a rapid filtration technique as

described 111,22,231. Briefly, after the incubation
of neutrophils in presence of f-Met-Leu-[3H1Phe,
cells were filtered through Whatman (Gf/B) glass

fiber filters using a rapid filtration device (Milli-
pore). The filters were washed twice with 5 ml
ice-cold Krebs-Ringer phosphate solution, placed
in 5 ml of Filter-Count scintillation liquid
(Packard) and the samples were counted for [3H]
in a Prias CL liquid spectrometer (Packard). Un-
specific binding was defined as the amount of
binding not inhibited by 500-fold excess of un-
labeled f-Met-Leu-Phe. Specific binding was de-
fined as the total amount of f-Met-Leu-[3H]Phe
bound minus the unspecific binding.

The time course of the binding was measured at
0 and 37'C in the same conditions of incubation
and stirring used for the recording of O, consump-
tion or for the assay of Of production. Aliquots
of cell suspensions were withdrawn from the in-
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cubation chamber at various times, filtered and
counted as described above.

Results

The respiratory response to f-Met-Leu-Phe mea-
sured as O, consumption

Fig. I (trace a) shows the time course of the
respiratory burst induced in human neutrophils by
50 nM f-Met-Leu-Phe. The increase of O, con-
sumption starts about 15 s after the addition of the
stimulant, reaches the maximum velocity (V^u) in
a few seconds, remains linear for less than I min
and then rapidly decreases.

A reasonable explanation for this very short
duration of the respiratory burst is that the prod-
ucts of O, reduction inactivate the chemotactic
peptide. The experimental evidence for this ex-
planation has recently been provided in different
laboratories [14-19]. Thus, assuming that the burst
stops as a consequence of the inactivation of the
peptide through the myeloperoxidase-HrOr-halide
system, an inhibitor of myeloperoxidase should
preserve the stimulants and modify the time course
of the respiratory burst. The results of the experi-
ments reported in Fig. 1 (traces b and c) show that
this is the case. In presence of KCN or NaN, the
kinetic of the respiration activated by f-Met-Leu-
Phe is substantially different from that in absence
of inhibitors of myeloperoxidase. The main dif-
ference is that the duration of the burst is greatly

V-. x

Fig. 1. Polarographic recording of the stimulation of O, con-
sumption induced by 5'10-8 M f-Merleu-Phe (FMLP) in
4'107 human neutrophils (PMN) suspended in 2 ml of Krebs-
Ringer phoshate solution. Where indicated the assay mixture
contained; I mM KCN; 2 mM NaN3; 30 1tg/ml sodium oxide
dismutase (SOD); 2600 U/ml catalase and I mM methionine.

increased, while its start and V^u* are practically
unmodified by the presence of the inhibitors. A
similar lengthening of the burst has been obtained
by addition of catalase (trace e), while that of
superoxide dismutase (trace d) is without effect,
confirming that the mechanism responsible for the
shortening of the burst required the presence of
HrOr. It is worth pointing out that the lower rate
of O, consumption in presence of catalase, in
comparison to the rate in presence of KCN or
NaN3, is due to the reaction of degradation of
HrO, by catalase, that gives back O, (HrOr-
H2O + àO2).

An alternative explanation of, the very short
length of the respiratory burst by {-Met-Leu-Phe
could be that a very rapid inactivArion of all the
respiratory system takes place with the mecha-
nisms postulated for the termillation of the
activated respiration and also involving the endog-
enous myeloperoxidase system [2a]. The data of
Fig. 2 demonstrate that this explanation is not

FMLP
{

Fig. 2. Polarographic recording of the stimulation of O, oon-
sumption induced by 5'10-8 M f-Merleu-phe (FMLp) or 100
ng/ml phorbol l2-myristate, l3-acetate (PMA) in 4.107 hu-
man neutrophils.

FMLP
+
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applicable to our case. Traces c and b show in fact
that the addition of a new stimulant or of a second
aliquot of f-Met-Leu-Phe to neutrophil suspension
after the termination of a first burst by f-Met-Leu-
Phe, induces a further stimulation of the respira-
tion. This finding indicates that the respiratory
system of neutrophils has not been completely
destroyed and is potentially functioning after the
first activation. However this result does not rule
out the possibility that the second burst is due to
the activation of new molecules of NADPH
oxidase, not recruited during the first stimulation.

The trace a of Fig. 2 shows that the addition of
new neutrophils when the burst has ceased is not
followed by an increase in the oxygen consump-
tion indicating that at the time of the addition of
new cells the chemotactic peptide of the medium
was completely inactivated.

If oxidation of the methionine residue of the
peptide was responsible for its inactivation, free
methionine would be expected to inhibit the pro-
cess by serving as a competitive substrate for
oxidation [7-19] and, hence, to preserve the
stimulatory activity of the peptide. The experi-
ments reported in Fig. I (trace f) show that this is
the case, because in presence of exogenous
methionine the respiratory response of neutrophils
to f-Met-Leu-Phe is similar to that in presence of
the inhibitors of myeloperoxidase-HrOr-halide
system.

B inding of f- Met -Leu- [ 
3 H ] Phe

Fig. 3 presents the data of six experiments on
the time courses of the binding of f-Met-Leu-

[3H]Phe to neutrophils incubated at 37"C in the
same conditions used for the study of the respira-
tory response. It can be seen that the time courses
of the binding are markedly influenced by the
presence of inhibitors of myeloperoxidase. The
binding in the presence or absence of KCN is
fairly rapid in both cases and reaches the same
value in 30 s. In the presence of KCN the binding
reaches equilibrium in about 6-8 min; in its ab-
sence no further binding occurs after the initial 30

s and, after a slight decrease, possibly due to a

partial dissociation of the peptide-receptor com-
plex, a substantial amount of f-Met-Leu-13U1fhe
remains specifically associated with cell mem-
brane.

\.

2 4 
Time(min) 6

Fig. 3. Kinetics of the binding of 5.10-8 M f-Met-Leu-[3H]phe
to human neutrophils at 31"C. Total binding in absence
(O-O) and in presence of I mM KCN (o-.).
Unspecific binding, determined with 500-fold excess of f-Met-
Leu-Phe, in absence (a------a) and in presence of 1 mM KCN
(e------r). Mean values t S.E. for six separate experiments
performed on different batches of cells.

A time course of binding similar to that in
presence of KCN was found when other inhibitors
of the process of inactivation were added. Fig. 4
shows a typical experiment of binding of f-Met-
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Fig. 4. A representative experiment of the kinetic binding of
5.10-8 M f-Met-Leu-[3H]Phe to human neutrophils at 3i"C
and 0'C. Total binding in absence (O-O) and in pres-
ence of KCN (o-o); ot 2600 U /ml catalase (r-r);
of 1 mM methionine (l-l). Unspecific binding in ab-
sence (a------a) and in presence of KCN(e------r). The
values of unspecific binding in presence of catalase or
methionine, not shown in the figure, are similar to those in
presence and in absence of KCN.
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Leu-[3H]Phe in presence of KCN, of methionine,
of catalase and in the absence of inhibitors.

When measured at 0'C (Fig. 4), i.e. in condi-
tions where the ligand-receptor complexes do not
induce a metabolic response in neutrophils, the
specific binding of f-Met-Leu-[3H]Phe in the pres-

ence and in the absence of KCN was similar.

Relationships between binding of f-Met-Leu-
[3H]Phe and respiratory response

The traces of Figs. I and 3 show that at 37"C
the time courses of the respiration parallel those of
the binding of the peptide. The comparison be-

tween the bindings and the respiratory responses

can be more clearly seen by examining Fig. 5,

which reports a representative experiment, where
the binding and the respiratory activation were

simultaneously measured on the same batch of
neutrophils. In the absence of KCN the rapid
extinction of the activated O, consumption is

strictly linked to the cessation of the binding. It is
worth pointing out that while the cessation of
binding occurs around 30 s after the addition of
the peptide, the slowing down and the cessation of
respiration are slightly delayed, taking place about
20-30 and 60-70 s later, respectively.

In the presence of KCN both the binding of the
peptide and the respiratory burst continue for a

longer period of time. However, while the amount
of f-Met-Leu-13H1Phe bound to the membrane
receptors progressively increases, the velocity of
the respiration does not increase but remains lin-

- KCN

246246
Time (min)

Fig. 5. Comparison between the specific binding of 5. 10-8 M
f-Met-Leu-[3H]Phe to human neutrophils and the stimulation
of O, consumption.

ear and then decreases. Table I reports the data of
fmol of f-Met-Leu-[3H]Phe bound at 3i"C and the
instantaneous velocity (2t.,) of oxygen consump-
tion of neutrophils at various times. The results
indicate that summation of the effect of the
ligand-receptor complexes as they form does not
happen. Thus, it seems that the rate of the respira-
tion induced by the stimulant is not dependent on
the total number of the receptors occupied but on
the rate of receptor occupation.

The respiratory response to f-Met-Leu-Phe assayed
as O, production

Fig. 6 reports a representative experiment where
the binding and the O, production by human
neutrophils were measured. It can be seen that
when the respiratory response of neutrophils to
f-Met-Leu-Phe is measured as O! production no
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TABLE I

BINDING OF f-Met-Leu-[3H]Phe TO HUMAN NEUTROPHILS AND INSTANTANEOUS VELOCITY (4.,) OF RESPIRA-
TION AT DIFFERENT TIMES

Data represent the mean + S.E. of six experiments for the binding and seven experiments for the O, consumption.

Time Control Control+lmMKCN
f-Met-Leu-[3H]Phe u

bound
Vr", of Orb
consumption

f-Mer-Leu-[3 HìPhe
bound

2,", of O,
consumption

30s
l min
2 min
4 min

278+24.7
244+24.0
211+ 12.4

188 + 12.9

58.1 + 7.6

31.2+ 4.2

4.7 + 1.7

2.6 + 1.3

344 + 39.4

536 + 53.7

6-12+ 4t.t
872 + 53.7

65.8 + 5.1

54.1 + 5.4

30.0 + 4.3

20.8 + 2.8

u fmol f-Met-Leu-13H1Phe botnd/4x 107 neutrophils at the time indicated
b nmol Or/min per 4x 107 neutrophils at the time indicated.
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Fig. 6. (A) Specific binding of 5 x 10 8 M f-Met-Leu-[3H]Phe
to human neutrophils at 37aC in presence of cytochrome c with
(o-o) and wirhout KCN (O-O). (B) Ot produc-

tion by human neutrophils stimulated with 5.10-8 M f-Met-
Leu-Phe in presence (f-f) and in absence of KCN
/- 
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difference is observed in the presence and in the
absence of KCN. This apparent discrepancy with
the behaviour of the respiratory response mea-

sured as O, consumption is due to the fact that the
measurement of O, production is made in pres-
ence of cytochrome c, which is reduced by super-

oxide anion and, hence, prevents its dismutation
to HrO, and the oxidative degradation of the
chemotactic peptide. This is confirmed by the find-
ing that in presence of cytochrome c (Fig. 6) the
binding of f-Met-Leu-[3H]Phe is similar to that in
presence of inhibitors of the myeloperoxidase-
HrOr-halide system (see Fig. 4).

Discussion

It has been shown by Clark et al [16,19] and by
Tsan and Denison [17] that products of O, reduc-
tion released by leucocytes stimulated by phago-

cytosis and by phorbol l2-myristate, 13-acetate are

able to inactivate chemotactic peptides C5a and
f-Met-Leu-Phe. The inactivation is due to the
oxidation of methionine by the myeloperoxidase-
HrOr-halide system with formation of the sulfo-
xide derivative and loss of the ability to bind to
intact leucocytes and, hence, of the biological ac-

tivity [14 l9]. The results presented in this paper
demonstrate that a rapid inactivation of the peptide
can be caused by the products of the respiration of
neutrophils stimulated by the peptide itself, and
that this inactivation induces a rapid cessation of
the respiratory burst. The process of inactivation
of the peptide and the consequent termination of
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its effect on cellular response are impeded by the
addition of KCN, NaN3, catalase and methionine,
confirming that the mechanism of inactivation is
the oxidation of methionine residue by myeloper-
oxidase- HrOr-halide.

The analysis that we have done of the conse-
quences of this phenomenon on the time courses
of the formation of the peptide-receptor complexes
and of the associated respiratory response pro-
vides us with useful information concerning; (1)
the validity and the limits of the use of the model
leucocyte-chemotactic peptide to study the stimu-
lus-response coupling; (2) the control of the
respiratory response by chemotactic peptides; (3)
the molecular mechanisms of the activation of the
respiratory burst by the ligand-receptor com-
plexes.

As regard the first point our results although
obtained in conditions of extreme Of production
suggest that the use of inhibitors of the toxic
actions of oxygen radicals and of HrO, should be
carefully considered in the studies concerning the
effects of methionyl peptides, the properties of the
specific receptors, the turnover, the effects and the
fate of the peptide-receptor complexes. It is likely
that many results so far reported are influenced or
distorted by the effects that we have presented.
The second point regards the biological meaning
of this oxygen-dependent inactivation of the chem-
otactic peptides. As suggested by others it could be
one of the mechanisms of control and modulation
of the inflammatory process [15-19], a sort of
self-saving process against too high exposure to
stimulating peptides and to the consequent toxic
effects of oxygen radicals, and also a manner of
preserving the recognition apparatus from useless

occupation.
The last point to be discussed is the relevance

that our finding may have to understand the
mechanism of the stimulus-response coupling, at
least as far the respiratory burst is concerned. By
comparing the time courses of the binding of
f-Met-Leu[3H]Phe and of the respiration in ab-
sence of KCN it can be seen that they are very
similar. The binding and the respiratory burst
reach the maximum values around 30 s. Then, the
increase of the binding stops and the intensity of
the respiration slows down and resumes the resting
value within seconds. These findings clearly dem-
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onstrate that when the binding of new ligand
ceases the respiration also stops indicating that (l)
the peptide that remains associated with mem-
brane receptors is ineffective in the activation of
the respiration, (2) the continuation of the burst is
dependent on the formation of new ligand-recep-
tor complexes.

The reversibility of the respiratory burst and
the need for continuous binding of the stimulatory
agent for the continuation of the burst, has been
previously demonstrated in our laboratory [25] by
stopping the activated respiration induced by con-
canavalin A in neutrophils with the addition of the
competing sugar a-methylglucopyranoside. The
transient nature of the respiratory response of
neutrophils has been recently shown also by Sklar
et al 126l and by Radin et al. l21l by interrupting
with different procedures the binding of the stimu-
latory peptide to the specific receptors.

The meaning of the reversibility of the respira-
tion of whole cells can be anaTyzed in terms of the
activity of the NADPH oxidase (or of the respira-
tory system) responsible for the burst of phago-
cytes. It is likely, that the respiration ceases be-
cause new molecules of the oxidase are not re-
cruited and activated. due to the fact that new
ligand-receptor complexes are not formed. If this
is the case, the molecules of the oxidase, previously
activated following the formation of the ligand-
receptor complexes, remain in an activated state
for a short time. We have seen in our experiments
that the slowing down and the cessation of the
respiration stimulated by f-Met-Leu-Phe in the
absence of KCN are slightly delayed with respect

to the cessation of the formation of the new
peptide-receptor complexes. The time that elapses

between the cessation of binding and the decrease
and cessation of respiration could be taken as the
time (in seconds) that the respiratory enzyme re-
mains in an activated state. Thus the de-novo
receptor occupancy is necessary for the mainte-
nance of the burst since the activation of the
oxidase by the ligand-receptor complex lasts only
a few seconds.

This transient activation could depend on the
particular experimental conditions employed here,
which cause an inactivation of the peptide which
remains bound to the membrane receptors. Alter-
natively it could be a physiological phenomenon

due to a rapid deactivation of the receptor-ligand
complexes or of the coupling mechanism whereby
receptor occupation is translated into the respira-
tory response or of the respiratory enzyme. In
favour of this second possibility is the finding that
the short duration of the effects of the ligand-re-
ceptor complexes is also shown by the relation-
ships between the kinetics of binding and of the
respiration in presence of KCN, a condition where
the oxidative inactivation of the chemotactic
peptide does not occur. The traces of Figs. l, 3

and 5 and the data of Table I show in fact that
there is a dissociation between the amount of the
peptide bound to the membrane receptors and the
rate of O, consumtion by neutrophils. In fact
while the former increases for some minutes, the
latter remains linear during the first minute after
its start and then progressively decreases, indicat-
ing that a summation of the effects of the ligand-
receptor complexes does not occur as they form.

The nature and the level of the mechanism
responsible for the short-lasting efficacy of the
receptor-ligand complexes are under investigation.

To explain the transient nature of the responses
to chemotactic peptides Sklar et al. 126l have ad-
vanced the hypothesis of the existence of a mecha-
nism which can inhibit cellular triggering at a
stage beyond the formation of the ligand-receptor
complex.

Addendum

After this manuscript had been submitted, R.A.
Clark published a paper (J. Immunol. (1982) 129,
2725-2728) showing that chemotactic methionyl-
peptides trigger their own oxidative inactivation
by human neutrophils.
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