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The cytoskeleton and/or membrane skeleton has been implicated in the regulation of N-formyl peptide receptors. 
The coupling of these chemotactic receptors to the membrane skeleton was investigated in plasma membranes 
from unstimulated and desensitized human neutrophils using the photoreactive agonist N-formyl-met-leu-phe­
lys-!V-[1251]2(p-azidosalicylamido)ethyl-1,3'-dithiopropionate (fMLFK-[ 1251]ASD). When membranes of unstimu­
lated cells were solubilized in Triton-X 100, a detergent that does not disrupt actin filaments, only 50% of the 
photoaffinity-labeled receptors were solubilized sedimenting in sucrose density gradients at a rate consistent with 
previous reports. The remainder were found in the pellet fraction along with the membrane skeletal actin. Solu­
bilization of the membranes in the presence of p-chloromercuriphenylsulfonic acid, elevated concentrations of 
KCI, or deoxyribonuclease I released receptors in parallel with actin. When membranes from neutrophils, desen­
sitized by incubation with fMLFK-e 251]ASD at 15°C, were solubilized, nearly all receptors were recovered in the 
pellet fraction. lncubation of cells with the Iigand at 4°C inhibited desensitization partially and prevented the 
conversion of a significant fraction of receptors to the form associated with the membrane skeletal pellet. ln these 
separations the photoaffinity-labeled receptors not sedimenting to the pellet cosedimented with actin. Approxi­
mately 25% of these receptors could be immunosedimented with antiactin antibodies suggesting that N-formyl 
peptide receptors may interact directly with actin. These results are consistent with a regulatory role for the 
interaction of chemotactic N-formyl peptide receptors with actin of the membrane skeleton. Journal of lmmu­
no/ogy, 1994, 152: 801. 

S 
timulation of FPR3 on human neutrophils induces 
a variety of host defensive functions including Su­
peroxide production, adhesion, chemotaxis, and 

secretion (1, 2). These receptors transduce signals via per­
tussis toxin-sensitive guanyl nucleotide-binding proteins 
(G proteins) that activate phospholipase C. Two major per­
tussis toxin substrates have been identified in human neu­
trophils and HL60 cells, i.e., Gi2 and Gi3 (3-5). Functional 
interaction with FPR has been demonstrated for both Gi 
subtypes (6). In addition, physical interaction of FPR with 
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G0 , a G proteins isolated from human neutrophils (7) that 
is probably identical to Gi2, or G protein from bovine brain 
(Gi 1 and Gi2) has also been shown in a recently developed 
reconstitution assay that inc1udes velocity separation of 
receptors and receptor-G protein complexes on detergent­
containing sucrose density gradients (8). 

For several G protein-coupled receptors, e.g., ß-adren­
ergic and musearlnie receptors, the phenomenon of desen­
sitization in which the cells become insensitive to agonists 
has been observed (9, 10). Several mechanisms of desen­
sitization have been proposed. These include I) receptor 
phosphorylation, which increases the affinity of a receptor 
for arrestinlike proteins ( 11) and ultimately Ieads to un­
coupling of receptors from their specific G protein; 2) re­
ceptor sequestration in which the access of Iigand to the 
receptors is restricted; and 3) receptor down-regulation in 
which the receptor nurober of the cell is diminished. De­
sensitization with respect to FPR-mediated superoxide 
production is observed in neutrophils after prolonged ex­
posure of the celJs to an agonist (12). Although phosphor­
ylation of FPR has not been detected (13), it cannot be 
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ruled out as a possible regulatory mechanism in this pro­
cess. Wehave hypothesized that receptor segregation from 
G protein in the plasma membrane may be a critical event 
in the desensitization process of FPR. It may also be a 
unique mechanism for this receptor or for chemotactic re­
ceptors in general (14). 

Several lines of evidence point to an important role of 
the cytoskeleton and/or the submembraneaus membrane 
skeleton in the regulation of FPR sensitivity. First, the 
transient chemotactic peptide-induced superoxide produc­
tion can be prolonged in th.e presence of dhCB, an alkaloid 
that disrupts microfilaments (15). Second, FPR in desen­
sitized cells accumulate in the TX-1 00-insoluble fraction 
( 16, 17). Finally, FPR in desensitized cells also accumu­
late in an actin- and fodrin-rich domain of the plasma 
membrane that is depleted of G proteins ( 18). Taken to­
gether, these data suggest that coupfing of receptors to the 
cytoskeleton and/or membrane skeleton might possibly 
serve as a mechanism to segregate receptors and G pro­
tcins into different domains of the plasma membrane and 
thus physically interrupt the signaling cascade. A mecha­
nism like this would require a physical interaction of FPR 
and the cytoskeleton and/or membrane skeleton. However, 
the molecular basis for such coupling has not been de­
scribed. 

The association of receptors with cytoskeletal structures 
has been suggested in various systems including ß-adren­
ergic receptors (19), glycoprotein Ila/111 (20), hyaluronate 
receptors (21), IFN-a receptors (22), and IgE receptors 
(23 ), to name a few. Several of these reports point to a 
possible regulatory role for receptor-cytoskeleton and/or 
membrane-skeleton interactions. 

Erythrocytes contain a two-dimensional membrane-as­
sociated actin network rather than a three-dimensional 
structure throughout the cytoplasm (24 ). Such a membrane 
skeleton (25, 26) has meanwhile been identified in many 
other cells like platelets (27), liver cells (28), and leuko­
cytes (29). We attempted, therefore, to characterize the 
interaction of FPR with the membrane skeleton in isolated 
plasma membranes from human neutrophils. We found 
that a certain fraction of these receptors in unstimulated 
cells sedimented as TX-1 00-insoluble complexes in deter­
gent-containing sucrose density gradients, whereas virtu­
ally all receptors are complexed in desensitized cells. The 
receptor linkage to the membrane skeleton paralleled the 
supramolecular state of actin suggesting a direct or indi­
rect interaction of FPR with actin filaments. 

Materials and Methods 

Monoclonal antiactin antibodies (lgM) for Western blots were purchased 
from Amersham, Arlington Heights. IL. For immunosedimentation sturl­
ies rabbit antiactin serum from ICN Biomedicals, Inc., Costa Mesa, CA, 
was used. Goat anti-mouse lgM (alkaline phosphatase conjugate) was 
from Bio-Rad, Richmond, CA. TX-100 and guanyl nucleotides were 
from Boehringer Mannheim, Indianapolis, IN, and octylglucoside was 
from Calbiochem, La Jolla, CA. pCMPS was obtained from Sigma, St. 
Louis, MO. All other materials were from sources previously described 

(18, 30). Procedures for SDS-PAGE and Western blot analysis have been 
conducted as described ( 18). 

Cel/s and membranes 

Human neutrophils have been prepared by a gelatin sedimentation pro­
cedure as described recently (31 ). Desensitized neutrophils were pre­
pared by photoaffinity labeling of the purified cells (see below). After 
Jabeling cclls wcre washed once with Hanks' buffer, pH 7.4, and then 
transferred into homogenization butfer (10 mM HEPES, 0.1 mM MgCI2, 

1 mM EDT A, 0.34 M sucrose, pH 7.4 ), and membranes were prepared by 
Nz cavitation. To prepare membranes from unstimulated cells, purified 
neutrophils were directly transferred into homogenization buffer for N2 
cavitation. The low speed supematant of the cavitate was loaded on a 
one-step gradient with 7 and 9 ml of 20 and 38% sucrose, respectively, 
in 10 mM HEPES, pH 7.4, and spun in a Beckman 60Ti rotor for I hat 
45,000 rpm. The 1.5 ml fractions were collected and the membranes at 
the 20 and 38% sucrose interface, as judged by alkaline phosphatase 
activity, were pooled and stored in frozen aliquots at -70°C. The protein 
concentration was typically 0.2 to 0.4 mg/ml (107 cell equivalents) and 
contained less than 5% of the total myeloperoxidase activity present in 
the gradients. 

Photoaffinity labeling 

Photoaffinity labeling of FPR with 5 to 7 nM jMLF-Lys-W-e 25I]2(p­
azidosalicylamido)ethyl-l ,3'-dithiopropionate (fMLFK-C 251]ASD, for­
merly called FMLPL-SASD-{miJ; ref. 32) in plasma membranes was 
perfonned as described by Allen et al. (32) with 10 to 20 JL8 of protein 
(approximately 107 cell equivalents) in a total volume of 100 ILl. Label­
ingof FPR in cells was conducted before N2 cavitation with 4 X 107 

cells in Hanks' buffer, pH 7.4, in a total volume of 2.5 ml. Neutrophils 
were incubated with the radioligand for 20 min at l5°C. In some exper­
iments cells were incubated for 5 min at 4°C or 2 min at 37°C. After 
incubation with the photoreactive peptide the cell suspension was UY 
irradiated for I 0 min on ice as described (32). After labeling cells were 
diluted into 10 vol of Hanks' buffer then spun down and resuspended in 
homogenization buffer. 

Solubilization of plasma membranes 

Plasma membranes of approximately 107 cell equivalents were solubi­
lized for I h on ice in 100 J.Ll solubilization buffer (20 mM HEPES/3 mM 
MgCI2 , pH 7.4, containing 0.5% TX-100; in some experiments 1% TX-
1 00 or I% OG was used). 

Velocity Sedimentation of receptors on sucrose 
density gradients 

The solubilized membranes were loaded onto 5 ml 5 to 20% sucrose 
density gradients in the respective solubilization buffer. Routinely 0.5% 
TX-100 was used; however, increasing the TX-100 concentration during 
solubilization and in the gradients to 1% did not change results. The 
gradients were spun for 6 or 16 hinaBeckman SW 55Ti rotor at 45,000 
rpm. The gradients were fractionated into 400 ILl fractions and the pe1-
leted material was dissolved in electrophoresis sample buffer. The frac­
tions and pellets were counted in a y-counter. An aliquot of each fraction 
was used for SDS-PAGE. The gels were stained with Coomassie blue 
and then dried. The dried gels were exposed to Kodak X-OMA T AR film 
(Eastman Kodak, Rochester, NY) and the autoradiograms were scanned 
with a Iaser densitometer (Biomed Instruments, lnc., Fullerton, CA). A1-
tematively, the dried gels were exposed to Molecular Dynamics Storage 
Phosphor Screens and then scanned with a Molecular Dynamics Phos­
phorimager. The receptor bands were quantitated with the Image Quant 
software. 

For some experiments FPR from TX-100-containing sucrose gradi­
ents were partially purified using a WGA-Sepharose affinity matrix (31). 

Results 
Partial solubilization of FPR by Triton X-1 00 

Wehave previously suggested that the submembraneaus 
cytoskeleton or membrane skeleton may be involved in 
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FIGURE 1. Velocity sedimentation of solubilized FPR in 
detergent-containing sutrose density gradients. Receptors 
were photoaffinity labeled in plasma membranes from un­
stimulated human neuttophils then solubilized and sedi­
mented into 5 to 20% sucrose density gradients as described 
in Materialsand Methods. The .top panelshows that receptors 
solubilized in OG sedimented to fractions 2 and 3, whereas 
almost no receptor was found .in the pellet (P). Höwever, 
approximately 50% of the receptors solubilized in TX-100 
(/ower pane/) .sedfmented lo the pe.llet along with the mem~ 
brane skeleton. Shown are·the autoradiograms qf SDS~PAGE 
gels of the fracti"ons of the sucrose gradients (6 h <sp'ihs). 

regulation ·ofFPR function (12, 1~6), Toprobe th~ molec­
ular basis för the interaction of receptors with this struc­
ture we prepare(J plasma menibranes from unstimulated 
human neuttQphils and eJ(ttacted them with TX-1 00 after 
photoaffinity fabeling of the· receptors~ The extraGts were 
then spun ~over detergent-contalning sucrose density gra­
dients to ~eparate tlte. native receptors QY size. It .has been 
reported·.pre·Viqusl~ that OG-solüpiliz~d FF'Rfröm respon­
sive •. unsti:rnbhited neutröphfls sediment as 1S comptexes 
(30). With the shoxter centrifugation times used in this 
study (6 h} 9$% of .the receptors were found in a peak at 
ftactionJ (Fig· .. .1, top). After e~traction and sedimentation 
in TX-lQO, a detergentthatdoes not disrupt the membrane 
skeleton.at low ionic strength and diva1ent cation-contain­
ing buffer,. only 50% of the receptors were found in a peak 
in ftaction 2 (Fig. 1, bottom). However, the remaining 
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50% of the receptors were recovered in the pellet fraction 
along with the membrane skeletal actin (Fig. 1, bottom; 
Fig. 2. left) suggesting that these receptors are .sQtoebow 
physically linked to membrane skeletal structures. OG ap­
pears to disrupt this linkage because the actin distribution 
in the gradients is similar to the distribution when TX-100 
is used (not ~hown). Solubilization in the .preseoce of 600 
1llM KCI, a condition know.n to disrupt actin ;filaments. 
releasedvirtually all receptors from the pellet (Fi:g. 2. top) . 
However, washing of the membranes with 600 mM NaCl 
or KCI befo.re .solubilizatiqn does not: atfect the rec~ptor 
distributio.n in tbe gradients suggesting tbat rec:eptor link,. 
age to the membrane skeletal pellet is not cause.d by mem­
brane-associated cytosolic actin. The presence of guanyl 
nucleotides in the solubilization buffer did not change the 
amount of receptor in the pellet (not shown) . 

Disrupfion of actin Filament network incr~ases 
fraction ef solubilized FPR 

SDS-PAGE followed by Western blotting of the individ­
ual fractions of sucrose density gtadients using antiactin 
antibodies showed that the KCI-induc_ed release of FPR 
paralle'led the release of actin from the peUet (Fig. ·2. bot­
tom). The KCJ concentration dependence for receptor re­
lease is shown in Figure 3. The radioactivity in the indi­
vidual ftactions of the sucrose density gradients was 
counted and the percentage of the radioactivity in the pel­
let was determined for different experiments. The radio­
activity remaining in the pellet even at the highest KCI 
concentrations represents nonspecific l(lbeling öf a 68 kDa 
protein tbat appears to various degrees in different exper­
iments (8). 

pCMPS is a compound that has been shown to solubi­
lize actill from ecythrocyte membranes (33). This organic 
mercurial compouncl reversibly depolymerizes actin at 0,2 
mM. whereas at higher concentration (1 mM) induces ir­
reversible depolymerizatiön. Applied to our syst.e-m both 
concentratiöns r~lea_sed photoaffinity-labeled receptors and 
actin from the TX-100 insoluble pellet (Fig. 4). Another 
method to depolymerize actin DNase I was used (34). 
DNase I present in the solubilization bufferat a concen­
trati()n of 1 mg/ml released FPR and actin to .a similar 
exteilt (Table I). It is of interest that after aJl these treat­
ments intermediate sedimenting forms of receptor were 
not detected. 

Desensitization of cells increases insoluble fraction of 
FPR 

To examine the functional retevance of the obser\f~d cou­
pling of FPR to the membrane skeleton • .the Sedimentation 
behavior of FPR from unstimulated fully responsi·Ve cells 
was compared with that from fully and partially desensi­
tized neutrophils. Cells were incubated with or without the 
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FIGURE 2. Distribution of TX-1 00-solubilized FPR and actin on sucrose density gradients. The autoradiograms in the top 
panels show that a major portion ofthe photoaffinity-labeled receptors sediment to the pellet (left), which can be released from 
the pellet when the solubilizatioh buffer eontained 600 mM KCI. The lower panels show the respective actin distribution in 
Western blots from the same gradients and confirm that KCI treatment depolymerized the sedimentable F-actin almost com­
pletely. 

photoaffinity Iigand at l5°C for 20 min to produce desen­
sitized or unstimulated cells, r.espectively. This tempera­
ture prevents intemalization of receptor&, inbibits formyl 
peptide-stimulated superoxide production by 94 ± 6% 
(n = 3), and slows the actin polymerization response (12, 
17). Partially desensitized cells were prepated by incubat­
ing neutrophils witllligand at 4°C for 5 min. At this $hort­
end incubation time at lower temperature formyl peptide­
stimuJated s~peroxide production is inhibited only by 24 
± 14% (n= 3) indicating a teduced Ievel of desensitiza­
tion (35, 36). At the end of the respective incubation pe­
riods cells were. UV -"irradiated to photolncorporate the ra­
dioligand. Then. plasma membranes were prepared from 
these pretreated cells. The autoradiograms of such an ·ex­
periment are shown in Figure 5 and reveal that in desen­
sitized cells ( l5°C) virtually all receptors are shifted to the 
pellet compared with the partially desensitized cells (4°C) 
where a slgnificant fraction of receptors remains soluble in 
TX-JOO. the TX--100 insoluble receptors from both stim­
ulated and unstimulated celJs could be reJeased with KCI 
in the solubilization buffer with an. identical concentration 
dependence. 

0~--~----~--~----~----~--~~ 
0 100 200 300 400 500 600 

CONGENTRATION OF KCl (mM) 

FIGURE 3. Concentration dependence of the KCI-induced 
receptor release from pellets in TX-1 00-containing sucrose 
densitygradients. The radioactivity of the individual fradions 
of sucrose density :gradients was counted in a y-counter and 
the counts in the. pellets are expressed as percentage of the 
control with no KCI. This approach seems to be reasonable 
because most c:ounts from high m.w. components represent 
receptors (see Fig. 2), Shöwn are the mean values from three 
i ndependent experin1ents. 



Journal of lmmunology 

100 • Radioactivity 

IJ Actin - 80 0 

.g 
0 u 60 
~ 
0 

r= 
QJ 

40 u 
lo4 
QJ 
~ 

20 

0 
0 0.2 

Concentration of pCMPS (mM) 

FIGURE 4. Receptor and actin release from pellets in TX-
1 00-containing sucrose density gradients with pCMPS. The 
mercurial compound pCMPS, which depolymerizes actin re­
versibly or irreversibly at 0.2 and 1 mM, respectively, re­
leased receptors from the pellet in TX-1 00-containing su­
crose density gradients and actin to a similar extent. The FPR 
release has beendeterminedas described in Figure 3 and the 
actin release as in Table I. The amounts of radioactivity 
(black bars) and actin (grey bars) in the pellet are given as 
percentage of control values in the absence of pCMPS and 
represent · the means of three to five independent experi­
ments. 

Densitometric scans of autoradiograms of identical ex­
periments as the ones shown in Figure 5 are shown in 
Figure 6. The values are means of six different experi­
ments from four independent cell preparations. The aver­
age percentage of receptors in the pellet in the unstimu­
lated cells was 70.3 ± 3.1% and significantly less than 
stimulated cells were (93.2 ± 1.4%) of the receptors 
found in the pellet. Also included are the results from ex­
periments with unstimulated cells where only 50.3 ± 
3.5% of the receptors sedimented to the membrane skeletal 
pellet. Figure 7 demonstrates that the protein composition 
of unstimulated and desensitized membranes and the re­
spective membrane skeletal pellets was virtually identical 
as judged by silver-stained SOS-PAGE gels. 

It was also tested whether dhCB affects the shift of FPR 
into the membrane skeleton that parallels desensitization. 
Neutrophils were preincubated with dhCB (2 p.g/ml) for 
15 min at 37°C and then incubated withjMLFK-1251-ASD 
at 4, 15, or 37°C. dhCB was present in all steps including 
N2 cavitation of the neutrophils. Membranes from labeled 
cells were prepared as described in Materials and Meth­
ods. At all temperatures the receptor distribution in the 
sucrose gradients was identical in the presence and ab­
sence of dhCB. 
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Table I. FPR and actin release from the membrane skeleton with 
DNase I 

Control 
DNase I 

FPR in Pellet (%) 

48.2 ± 6.0 
23.2 ± 0.8 

Actin in Pellet (%) 

35.4 ± 3.9 
17.5±2.4 

Photoaffinity-labeled membranes were extracted in solubilization buffer in 
the presence and absence of DNase I (1 mglml). The extracts were then spun 
on 5 to 20% sucrose density gradients. The receptor distribution in the gradi­
ents was determined by Iaser densitometric analysis of autoradiograms of dried 
SOS-PAGE gels of the gradient fractions as described in Materials and Meth­
ods. The images of actin Western blots generared with a Micro Computer 
lmaging Device (lmaging Research lnc, Brock University, Ontario, Canada) 
were quantitated using the Image Quant software. Values are the means 
(:!:SEM) from four to six experiments given as percentage of total FPR or acti n 
in the gradient. 

FPR uncoupled from membrane skeleton can still 
interact with actin 

Figure 2 shows that FPR uncoupled from the membrane 
skeleton cosediment with actin in sucrose density gradi­
ents. Therefore, the question arises whether FPR not as­
sociated with the membrane skeleton can interact with ac­
tin in the soluble state. To address this question, FPR were 
partially purified with WGA-Sepharose from actin- and 
receptor-containing fractions of a sucrose density gradient. 
The WGA eluates were incubated with antiactin serum or 
control serum and resedimented in 5 to 20% sucrose den­
sity gradients (0.5% TX-100). Figure 8 shows the results 
of a Phosphorlmager analysis of such a gradient. Approx­
imately 18 to 29% of the receptors were found in the pellet 
after incubation with antiactin antibody in three indepen­
dent experiments, whereas approximately 2 to 7% of the 
receptors were pelleted by contro1 serum. These results 
suggest that FPR may, indeed, directly interact with actin. 

Discussion 

There is a growing body of evidence that the cytoskeleton 
and/or the membrane skeleton may be implicated in the 
regulation of various membrane-bound receptors. Many 
studies showed that receptors are found in the TX-100-
insoluble fraction of cells suggesting an association of re­
ceptors and the cytoskeleton (19, 21, 22, 37). However, 
these experiments cannot distinguish between association 
of receptors with the cytoskeleton or the membrane skel­
eton. A few studies using partially purified plasma mem­
branes demonstrated association of receptors with the 
membrane skeleton (23, 38), a distinct cellular structure 
that has been shown to be different from the three-dimen­
sional cytosoliC' actin network (25). We have undertaken 
this study, therefore, to characterize the presumably more 
selective association of FPR from human neutrophils with 
the membrane skeleton. Our results support the hypothesis 
that involves this association with desensitization ( 12, 18). 
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Contrasts and similarities of cytoskeletal and 
membrane skeleton preparations 

FPR of plasma membranes from human neutrophils solu­
bilized in TX-100 sediment to the pellet in sucrose density 
gradients along with actin suggesting a linkage of these 
receptors to the membrane skeleton. This cQnfirms prevj­
ous results of transient receptor association with the TX-
100-insoluble cytoskeleton in human neuttophHs (16). 
Similar findings have also been Feported för extracts from 
whole neutrophils by Särndahl et al. (39). However, sev­
eral differences are evident when our results using isolated 
membranes are compared with the latter whole cell stud~ 
ies. Solubilization of membranes in the presence of 600 
mM KCI released virtually all receptors from the mem­
brane skeletal pellet along wilh actin (Fig. 2). In the ex.­
periments with cells, only approximately 50% of the re­
ceptors co.l1ld be dissociated. from cytoskeletal association 
(39). In the membrane skeletal preparation we could not 
induce any rele.ase of receptors by preincubating the neu­
trophils with dhCB. Associ~tion of IgE receptors in RBL-
243 cells with tbe membrane skelet0n displays a similar 
insensitivity to trec,itment of the cells with various cytocha­
lasins (23). Treatment of cells with cytochalasins, .however, 
effectively disrupted receptor-cytoskeleton complexes when 
intact neutrophils were extrac:ted by detergents (15, 39). 
dhCB may alter the size of the receptor-bearing cytoskeletal 
units .resulting in inability to cosediment with bulk cytoskel­
eton (40). Such di1ferertces .may reflect different coupling of 

• 200k 

• 97k 

- 68k 

• 43k 

• 29k 

• 18k 

receptors to the cytoskeleton vs the membrane skeleton, 
which are comprised of structurally different actin networks 
(23, 25, 28). Other differences in the experimental approaches 
might also be responsible for the contrasting result$. 

Neutrophils modulate FPR expression at the cell surface 
by niöbilization of intracelltdar pools (4,1;, 42) or by intet­
nalization. Such processes might interfere whh interpreta· 
tiort of TX-100 insolubility of FPR in whole cells (39). In 
the experiments desctibed here, cells were stimulated at 
l5°C to inhibit these mobilization and internalization pro­
cesses without perturbing ,desensitization. The plasma 
membranes were isolated, thus allowing · us to observe the 
events taking place in the membranes independent of these 
processes. Although our results suggest that the interaction 
of FPR with the membrane skeleton involves actin poly­
mers, it appears that this interaction is not sensitive to 
dhCB treatment as opposed to other actin-mediated events, 
including slowing the formation of a high affinity FPR 
complex (12, 17), Indeed, dhCB also does not appear to 
alter the agonist-irtduced receptor redistribution in the 
plasma membrane of neutrophils that were also incuhated 
at l4°C to inhibit receptor intemalization (43). Botulinum 
C2 toxin, which ADP ribosylates nonmuscle G actin, has 
also been used to probe the roJe of actin in neutrophil 
acti vation and has been shown to be similar to dhCB in its 
effects on superoxide production and secretion at 37°C 
( 44 ). In this case the binding characteristics of the receptor 
were virtually unchanged by botulinum C2 toxin (45), 



Journal of lmmunology 

DISTRIBUTION OF SOLUBlLlZED FPR 
ON SUCROSE DENSITY GRADIENTS 

lOOr----------------------------, 

- Fraction 1-5 
CJ Pellet 

0 

M 4°C l5°C 

FIGURE 6. Distribution of FPR from unstimulated vs de­
sensitized neutrophils on sucrose deo~ity.gradient$, FPRwere 
photoaffinity label~d in membranes p·repared from unstimu­
lated neutrophils (M). To desensiti'ze the cells FPR were la­
beled directly in neutrophil~ at l5°C. Neutrophils were also 
Jabeled at 4°(, a condition that partially inhibits desensitiza­
tion. The isolated plasma membranes of these cells were then 
solubilized in TX-roo and sedimen'ted. in sucrose density gra­
dients. Approximately 50% oJ the FPR from unstimulated 
cells sedimented to the pellet and the pelleting portion of the 
receptors from cells labeled at 4°C arnounted to approxi­
mately 70%. Virtually all (>90%) receptors from fully desen­
sitized neutrophils (15°C) sedimented to the pellet. Shown 
are the results of densitometric scans öf autoradiograms 
(means ± SEM of six experiments). 

whereas dhCB inhibited the formation of the slowly dis­
sociating state chatacteris.tic for cyto~keleton .. associated 
receptors (17). These studies~ however, do not address the 
existence of various actin. .pools· in the cell (46), which are 
functionally distinct ~nd may be diff~rent·ially susceptible 
to toxins like dbCB or l>otu.linum toxin, Tne membrane 
skeleton probably represents one of these actin pools (47) 
and our experiments were designed to study the Inter­
action of the FPR only with this pool. Thus, the nature 
of the appareilt ditferences observed relative to these 
inhibitors may involve therr relative effects on these dif­
ferent pools. 

FPR association with the m.embrane skeleton and 
desensitization 

In cells desensitized at l5°C with photoaffinity Iigand, vir­
tual•y an re'C~ptors ate shifted to the membrane skeletal 
pellet (Figs,. 5' and 6). The reduced coupling observed at 
4°C might be considered of minor importance because 
70% of the receptots are still found assodated with the 
membrane skeleton. HoweVer, previous stuqies (3S, 36) 
have shown that only partial Inhibition of desensitization 
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FIGURE 7. Protein composition of membranes and mem­
brane skeletal pellets from unstimulated and desensitized 
neutrophils. Shown are silver-stained SOS-PAGE gels of 
membranes and membrane skeletal pellets frorn un~timu­
lated (U) and desensitized (D) neutrophils. The tnembrane 
skeletal pellets were prepared in sucrose density gradients as 
des<:ribed in Materialsand Methods. An equivalent amount 
of membranes from the respective ceHs was directly ·dis­
solved in electrophoresis sample buffer and was analyzed in 
parallel. 
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FIGURE 8. lmmunosedimentation of FPR with antiactin 
antibodies. The top fractions of a sucrose density gradient (1·(> 
h spin) containing actin and receptors (compare Fig. 2) were 
incubated with antiactin antibodies (fil/ed columns) or con­
trol serum (open columns) and tesedimented in a detergent­
containing.sucrose gradient for 16 h. Approximately 25% of 
the receptors sediment to the pellet in the presence of anti­
actin antibodies, whereas only 5% of the receptors Were 
found ir:l the pellet in the presence of control serum. The 
numbers on the x-axis refer to fraction number~; 13, pellet. 
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is achieved at this temperature. It is highly significant, 
therefore, that FPR labeled in membranes from unstimu­
lated neutrophils show only 50% coupling to the mem­
brane skeleton. Because neutrophils are quite sensitive to 
handling, the possibility that a certain degree of Stimula­
tion and desensitization and hence coupling occurred be­
fore and during the preparatiori of the cells cannot be ruled 
out. Another possibility could be that the photoaffinity 
probe converts receptors into the membrane skeleton­
bound form during labe1ing of the membranes. However, 
labeling of FPR in plasma membranes from unstimulated 
cells at 15 or 37°C does not change the receptor distribu­
tion in the sucrose gradients compared with labeling at 4°C 
suggesting that the photoaffinity probe can convert FPR to 
the membrane skeleton-bound form only in intact cells 
(not shown). It is possible that in the basal responsive state 
of the cell a certilin fraction of receptors remains linked to 
the membrane skeletal matrix. Independent support for 
this hypothesis can be found in FPR lateral mobility stud­
ies which show that approximately 40% of the fluorescent 
antagonist occupied FPR are immobile (43). 

Desensitization of FPR in neutrophils and HL60 cells 
results in a decreased coupling to G proteins ( 48, 49). Our 
current hypothesis about desensitization of FPR views the 
physical segregation of the receptors from their signal 
transduction partners, the G proteins, as an important 
mechanism for tuming off the receptor-mediated responses 
(12). One could speculate that uncoupling of receptors 
from a G protein would facilitate the interaction with the 
membrane skeleton. This model seems to be insufficient 
because it would imply that guanyl nucleotides should in­
crease the association of receptors with the membrane 
skeleton. However, we could not detect any significant 
effect of guanyl nucleotides on the interaction of receptors 
and membrane skeleton. In contrast, Sämdahl et al. (39) 
found a release of FPR from cytoskeletal association with 
I mM GDPßS. However, their experimental protocol can­
not rule out a shift of receptors to a low affinity state for 
agonists by the presence of a guanyl nucleotide (50, 51). 
Therefore, this release might also represent attenuated 
binding of radiolabeled agonist to the low affinity state of 
the receptor compared with high affinity binding in control 
cells rather than release of receptors from the cytoskeleton·. 
This interpretation would also resolve the apparent dis­
crepancy between pertussis toxin treatment and guanyl 
nucleotide treatment in their study. Both treatments result 
in uncoupling of receptor and G protein and one would 
expect, therefore, a similar effect on receptor-cytoskeleton 
interactions. 

Role for actin in FPR coupfing to the membrane 
skeleton 

Membrane-bound actin appears to play an important role 
in the coupling of FPR to the membrane skeleton because 
it can be released if membranes are solubilized under con-

ditions known to disrupt actin polymers. The presence of 
600 mM KCl, the organic mercurial compound pCMPS 
that has been shown to solubilize actin from erythrocyte 
membranes (33), or DNase I, which can depolymerize a 
stoichiometric amount of actin (34 ), induced receptor and 
actin release from the membrane skeletal pellet in sucrose 
density gradients to a similar extent. It is not clear from 
these results whether or not the receptors interact directly 
with actin. However, the immunosedimentation data 
shown in Figure 8 suggest that FPR can indeed directly 
interact with actin. This result shows that at least part of 
the FPR that are not linked to the membrane skeleton in 
this protocol can bind to endogenaus actin present in the 
incubation mix. This observation may suggest a direct link 
between actin and receptors, but it does not exclude the 
possibility that other proteins are involved in an actin-re­
ceptor linkage. In another study, we have investigated this 
interaction in more detail and these data support direct 
FPR interaction with actin (52). 

Summary and conclusion 

The use of purified plasma membranes to study the inter­
action of FPR with cytoskeletal elements suggests that the 
membrane skeleton is a relevant cellular structure that is 
implicated in the regulation of receptor function. In un­
stimulated cells we find approximately 50% of the recep­
tors associated with the TX-100-insoluble fraction of the 
membranes. Stimulations of the neutrophils before the iso­
lation of membranes shifts virtually all receptors to this 
membrane skeleton-associated state. Although we do not 
have evidence for a direct coupfing of FPR to actin fila­
ments we believe that membrane-bound actin, which 
might be in a different state than the cytosolic actin, plays 
an important role in the control of FPR function. lt is 
tempting to speculate that the observed interaction of FPR 
with the membrane skeleton is the ba5is for the recently 
described receptor class desensitization, which has only 
been observed for chemotactic receptors but not for other 
G protein-coupled receptors (14). 

References 

1. Boxer, G. J., J. T. Cumutte, and L. A. Boxer. 1985. Polymorpho­
nuclear leukocyte function. Hosp. Pract. 40:69. 

2. Snyderman, R., and R. J. Uhing. 1988. Phagocytic cells: Stimulus­
response coupling mechanisms. In lnjiammation. J. I. Gallin, I. M. 
Goldstein, and R. Snydennan, eds. Raven Press. New York, p. 309. 

3. Goldsmith, P .. P. Gierschik, G. Milligan, C. G. Unson, R. Vinitsky. 
H. L. Malech, and A. M. Spiegel. 1987. Antibodies directed against 
synthetic peptides distinguish between GTP-binding proteins in neu­
trophil and brain. J. Bio/. Chem. 262:14683. 

4. Uhing, R. J., P. G. Polakis, and R. Snyderman. 1987. Isolation of 
GTP-binding proteins from myeloid HL-60 cells. Identification of 
two pertussis toxin substrates. J. Bio/. Chem. 262:15575. 

5. Murphy, P. M., B. Eide, P. Goldsmith, M. Brann, P. Gierschik, A. 
Spiegel, and H. L. Malech. 1987. Detection of multiple forms of G;a 
in HL60 cells. FEBS Lett. 221:81. 

6. Gierschik, P., D. Sidiropoulos, and K. H. Jakobs. 1989. Two distinct 
G;-proteins mediate formyl peptide recepyor signal transduction in 
human leukemia (HL-60) cells. J. Bio/. Chem. 264:21470. 



Journal of lmmunology 

7. Bokoch, G. M .• K. Bickford, and B. P. Bohl. 1988. Subcellu1ar lo­
calization and quantitation of the major neutrophil pertussis toxin 
substrate, Gn. J. Cell Bio/. 106:1927. 

8. Bommakanti, R. K .• G. M. Bokoch, J. 0. Tolley, R. E. Schreiber, 
D. W. Siemsen, K.-N. Klotz, and A. J. Jesaitis. 1992. Reconstitution 
of a physical complex between the N-formyl chemotactic peptide 
receptor and G protein: inhibition by pertussis toxin-catalyzed ADP 
ribosylation. J. Bio/. Chem. 267:7576. 

9. Benovic, J. L., M. Bouvier, M. G. Caron, and R. J. Lefkowitz. 1988. 
Regulation of adenylyl cyclase-coupled b-adrenergic receptors. 
Annu. Rev. Cell Bio/. 4:405. 

10. Lefkowitz, R. J., W. P. Hausdorff, and M. G. Caron. 1990. RoJe of 
phosphorylation in desensitization of the b-adrenoceptor. Trends 
Pharmacol. Sei. 1 1:190. 

I I. Lohse, M: J., S. Andexinger, J. Pitcher, S. Trukawinski, J. Codina, 
J. P. Faure, M. G. Caron, and R. J. Lefkowitz. 1992. Receptor-spe­
cific desensitization with purified proteins: kinase dependence and 
receptor specificity of b-arrestin and arrestin in the b2-adrenergic 
receptor and rhodopsin systems. J. Biol. Chem. 267:8558. 

12. Jesaitis, A. J., R. A. Allen, and C. A. Parkas. 1988. Activation of the 
neutrophil respiratory burst by chemoattractants: regulation of the 
N-formyl peptide receptor in the plasma membrane. J. Bioenerg. 
Biomemb. 20:679. 

13. Ma1ech, H. L., J. P. Gardner, D. F. Heiman, and S. A. Rosenzweig. 
1985. Asparagine-linked oligosaccharides on formyl peptide chemo­
tactic receptors of human phagocytic cells. J. Bio/. Chem. 260:2509. 

14. Didsbury, J. R .• R. J. Uhing, E. Tomhave, C. Gerard, N. Gerard. and 
R. Snyderman. 1991. Receptor class desensitization of leukocyte 
chemoattractant receptors. Proc. Natl. Acad. Sei. USA 88:11564. 

15. Jesaitis, A. J., J. 0. Tolley, R. G. Painter, L. A. Sklar, and C. G. 
Cochrane. 1985. Membrane-cytoskeleton interactions and the regu­
lation of chemotactic peptide-induced activation of human granulo­
cytes: the effects of dihydrocytochalasin B. J. Cell. Biochem. 27:241. 

16. Jesaitis, A. J., J. R. Naemura. L. A. Sklar, C. G. Cochrane, and R. G. 
Painter. 1984. Rapid modulation of N-formyl chemotactic peptide 
receptors on the surface of human granulocytes: forrnation of high 
affinity ligand-receptor complexes in transient association with cy­
toskeleton. J. Cell Biol. 98:1378. 

17. Jesaitis, A. J., J. 0. Tolley, and R. A. Allen. 1986. Receptor-cyto­
skeleton interactions and membrane traffic may regulate chemoat­
tractant-induced superoxide production in human granulocytes. J. 
Bio/. Chem. 261: J 3662. 

18. Jesaitis, A. J., G. M. Bokoch, J. 0. Tolley, and R. A. Allen. 1988. · 
Lateral segregation of occupied chemotactic receptors into actin and 
fodrin-rich plasma membrane microdomains depleted in guany1 
nucleotide proteins. J. Cell Biol. 107:921. 

19. Cherksey, B. 0., J. A. Zadunaisky, and R. B. Murphy. 1980. Cy­
toskeletal constraints of the ß-adrenergic receptor in frog erythrocyte 
membranes. Proc. Natl. Acad. Sei. USA 77:6401. 

20. Painter, R. G., K. N. Prodouz, and W. Gaarde. 1985. Isolation of a 
subpopulation of glycoprotein Ilb-III from platelet membranes that is 
bound to membrane actin. J. Ce/1 Biol. /00:652. 

21. Lacy, B. E., and C. B. Underhill. 1987. The hyaluronate receptor is 
associated with actin filaments. J. Cell Bio/. 105:1395. 

22. Pfeffer. L. M., N. Stebbing, and D. B. Donner. 1987. Cytoskeletal 
association of human a-interferon-receptor complexes in interferon­
sensitive and -resistant lymphoblastoid cells. Proc. Natl. Acad. Sei. 
USA 84:3249. 

23. Apgar, J. R. 1990. Antigen-induced cross-linking of the lgE receptor 
Ieads to an association with the detergent-inso1uble membrane skel­
eton of rat basophilic leukemia (RBL-2H3) cells. J. lmmunol. /45: 
3814. 

24. Bennen, V. 1985. The membrane skeleton of human erythrocytes 
and its implications for more complex cells. Annu. Rev. Biochem. 
54:273 . . 

25. Fox, J. E. B .• and J. K. Boyles. 1988. The membrane skeleton: a 
distinct structure that regulates the function of cells. Bioessays 8:14. 

26. Bretscher, A. 1991. Microfilament structure and function in the cor­
tical cytoskeleton. Annu. Rev. Cell Biol. 7:337. 

809 

27. Fox, J. E. B., J. K. Boyles, M. C. Bemdt. P. K. Steifen. and L. K. 
Anderson. 1988. Identification of a membrane skeleton in platelets. 
J. Cel/ Bio/. 106:1525. 

28. Tranter, M. P., S. P. Sugrue, and M. A. Schwartz. 1991. Binding of 
actin to Ii ver cell membranes: the state of membrane-bound actin. J. 
Cell Biol. 112:891. 

29. Mescher, M. F., M. J. L. Jose, and S. B. Balk. 1981. Actin-containing 
matrix associated with the plasma membrane of murine tumour and 
lymphoid cells. Nature 289:139. 

30. Jesaitis, A. J., J. 0. Tolley, G. M. Bokoch, and R. A. Allen. 1989. 
Regulation of chemoattractant receptor interaction with transducing 
proteins by organizational control in the plasma membrane of human 
neutrophils. J. Cell Bio/. 109:2783. 

31. Parkas, C. A .• R. A. Allen, C. G. Cochrane, and A. J. Jesaitis. 1987. 
Purified cytochrome b from human granulocyte plasma membrane is 
composed of two polypeptides with relative molecular weights of 
91,000 and 22,000. J. C/in. lnvest. 80:732. 

32. Allen, R. A., J. 0. Tolley, and A. J. Jesaitis. 1986. Preparation and 
properlies of an improved photoaffinity Iigand for the N-fonnyl pep­
tide receptor. Biochim. Biophys. Acta 882:271. 

33. Gordon, S., and G. B. Ralston. 1990. Solubilization and denaturation 
of monomeric actin from erythrocyte membranes by p-mercuriben­
zenesulfonate. Biochim. Biophys. Acta /025:43. 

34. Stossel, T. P., C. Chaponnier, R. M. Ezzell, J. H. Hartwig. P. A. 
Janmey, D. J. Kwiatkowski, S. E. Lind, D. B. Smith, F. S. South­
wick, H. L. Yin, and K. S. Zaner. 1985. Nonmuseie actin-binding 
protein. Annu. Rev. Ce/1 Bio/. /:353. 

35. Sklar, L. A., D. A. Finney, Z. G. Oades, A. J. Jesaitis, R. G. Painter, 
and C. G. Cochrane. 1984. The dynamics of Iigand-receptor inter­
actions: real-time analysis of association, dissociation, and intemal­
ization of an N-forrnyl peptide and its receptors on the human neu­
trophil. J. Biol. Chem. 259:5661. 

36. Zigmond, S. H., and A. W. Tranquillo. 1986. Chemotactic peptide 
binding by rabbit polymorphonuclear leukocytes: presence of two 
compartments having similar affinities but different kinetics. J. Biol. 
Chem. 261:5283. 

37. Vale, R. 0., and E. M. Shooter. 1982. Alterations of binding prop­
erlies and cytoskeletal attachment of nerve growth factor receptors in 
PC12 cells by wheat germ agglutinin. J. Cell Bio/. 94:7/0. 

38. Luderus. M. E. E .. and R. van Driel. 1988. Interaction between the 
chemotactic cAMP receptor and a detergent-insoluble membrane 
residue of Dictyostelium discoideum. Modulation by guanine nucle­
otides. J. Bio/. Chem. 263:8326. 

39. Sämdahl, E., M. Lindroth, T. Bengtsson, M. Fällman. J. Gustavsson, 
0. Stendahl. and T. Andersson. 1989. Association of ligand-receptor 
complexes ~ith actin fi1aments in human neutrophils: a possible reg­
ulatory role for a G-protein. J. Cell Bio/. 109:2791. 

40. Maruyama, K.. J. H. Hartwig, and T. P. Stossel. 1980. Cytocha1asin 
B and the structure of actin gels. II. Further evidence for the splitting 
of F-actin by cytochalasin B. Biochim. Biophys. Acta 626:494. 

41. Jesaitis, A. J., J. R. Naemura, R. G. Painter, M. Schmitt, L. A. Sklar, 
and C. G. Cochrane. 1982. The fate of the N-fonnyl-chemotactic 
peptide receptor in stimulated human granulocytes: subcellular frac­
tionation studies. J. Cell. Biochem. 20:177. 

42. Jesaitis, A. J .• J. R. Naemura. R. G. Painter, L. A. Sklar, and C. G. 
Cochrane. 1983. The fate of an N-formylated chemotactic peptide in 
stimulated human granulocytes: subcellular fractionation studies. J. 
Bio{. Chem. 258:1968. 

43. Johansson, B., M. P. Wyman, K. Holmgren-Peterson, and K. E. 
Magnusson. 1993. N-Formyl peptide receptors in human neutrophils 
display distinct membrane distribution and lateral mobility when la­
beled with agonist and antagonist. J. Cell Bio/. 121:/281. 

44. Norgauer, J., E. Kownatzki, R. Seifert, and K. Aktories. 1988. Botu­
linum C2 toxin ADP-ribosylates actin and enhances 0 2 - production 
and secretion but inhibits migration of activated human neutrophils. 
J. Cl in. lnvest. 82:1376. 

45. Norgauer, J., I. Just, K. Aktories. and L. A. Sk1ar. 1989. Inftuence of 
Botulinum C2 toxin on F-actin and N-formyl peptide receptor dy­
namics in human neutrophils. J. Cell Bio/. 109: 1133. 



810 INTERACTION OF N-FORMYL PEPTIDE RECEPTOR WITH THE MEMBRANE SKELETON 

46. Cassimeris, L., H. McNeill, and S. H. Zigmond. 1990. Chemoattrac­
tant-stimulated polymorphonuclear leukocytes contain two popula­
tions of actin filaments that differ in their spatial distributions and 
relative stabilities. J. Ce// Bio/. 110:1067. 

47. Mukherjee, G., M. T. Quinn, and A. J. Jesaitis. 1992. Reorganization 
of the neutrophil plasma membrane and superoxide generating sys­
tem following activation with formyl peptide and dihydrocytochala­
sin B. Mol. Biol. Cell 3:86 (Abstr.). 

48. Wilde, M. W., K. E. Carlson, D. R. Manning, and S. H. Zigmond. 
1989. Chemoattractant-stimulated GTPase activity is decreased on 
membranes from polymorphonuclear leukocytes incubated in 
chemoattractant. J. Bio/. Chem. 264:/90. 

49. McLeish, K. R., P. Gierschik, and K. H. Jakobs. 1989. Desensitiza­
tion uncouples the formyl peptide receptor-guanine nucleotide-bind­
ing protein interaction in HL60 cells. Mol. Phannacol. 36:384. 

50. Gilman, A. G. 1987. G proteins: transducers of receptor-generated 
signals. Annu. Rev. Biochem. 56:615. 

51. Bimbaumer, L. 1990. G proteins in signal transduction. Annu. Rev. 
Pharmacol. Toxicol. 30:675. 

52. Jesaitis, A. J., R. W. Erickson, K. -N. Klotz, R. K. Bommakanti, and 
D. W. Siemsen. 1993. Functional molecular complexes of human 
N-formyl peptide chemoattractant receptors and actin. J. lmmunol. 
1n press. 




