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ABSTRACT. When human neutrophils become desensitized to formyl peptide chemoattractants, the receptors (FPR) 

for these peptides are converted to a high affinity, GTP-insensitive form that is associated with the Triton X-1 00-

insoluble membrane skeleton from surface membrane domains. These domains are actin and fodrin-rich, but G 

protein-depfeted suggesting that FPR shuttling between G protein-enriched and depleted domains may control 

signal transduction. Todetermine the molecular basis for FPR interaction with the membrane skeleton, neutrophil 

subcellular fractions were screened for molecules that could bind photoaffinity-radioiodinated FPR solubilized in 

Triton X-1 00. These receptors showed a propensity to bind to a 41- to43-kDa proteinband on nitrocelluloseoverlays 

of SOS-PAGE-separated cytosol and plasma membrane fractions of neutrophils. This binding, as weil as FPR binding 

to purified neutrophil actin, was inhibited 50% by 0.6 l-JM free neutrophil cytosolic actin. Addition of greater than 

1 l-JM G-actin to crude or lectin-purified Triton X-1 00 extracts of FPR from neutrophil membranes increased the 

sedimentationrate of a significant fraction of FPR two to three fold as measured by velocity sedimentation in Triton 

X-1 00-containing linear sucrose density gradients. Addition of anti-actin antibodies to FPR extracts caused a 

concentration-dependent immunoprecipitation of at least 65% of the FPR. More than 40% of the immunopre

cipitated FPR was specifically retained on protein A affinity matrices. Membrane actin was stabilized to alkaline 

washing when membranes were photoaffinity labeled. Conversely, when purified neutrophil cytosolic actinwas 

added to membranes or their digitonin extracts, after prior depletion of actin by an alkaline membrane wash, 

photoaffinity labeling of FPR was increased two- to fourfold with an EC50 of approximately 0.1 l-JM actin. We 

conclude that FPR from human neutrophils may interact with actin in membranes to form Triton X-1 00-stable 

physical complexes. These complexes can accept additional G-actin monomers to form higher order molecular 

complexes. FormationofFPR-actin complexes in the neutrophil may playaroJe in the regulation of chemoattractant

induced activation or actin polymerization. Journal of lmmunology, 1993, 151: 5653. 

H uman neutrophils are charged with the important 
function of hast defense against invasive mi
crobes (1 ). To carry out this function they must 

seek and destroy pathogens before they cause significant 
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darnage or reproduce to uncontrollable Ievels. One impor
tant weapon in the neutrophil defensive arsenal is a bac
terial peptide-sensing system, sensitive to N-formyl me
thionyl chemotactic peptides (2). This sensory transduction 
system allows neutrophils and other phagocytes to engage 
in directed migration toward bacteria and other sources of 
such peptides (3-5). The system also activates secretory 
and oxidative responses to chemotactic bacterial peptides. 

The FPR4 (see References 2 and 6 for a review) has 
recently been cloned and sequenced (7) and has been shown 

3 Current address: Dept. of Hematology and Pediatrics, Research Institute of 
Scripps Clinic, 10666 N. Torrey Pines Road, La jolla, CA 92037. 
4 Abbreviations used in this paper: FPR, N-formyl peptide chemoattractant 
receptor; GTP-yS, guanosine 5'-o-(3-thiotriphosphate). 
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to be a member of the superfamily of proteins with amino 
acid sequence containing seven hydrophobic domains pre
dicted to traverse the membrane bilayer (8). Transduction 
by this receptor proceeds via a pertussis toxin sensitive
Gi-like G protein (9, 10), which demonstrates dassical 
negative heterotrophic effects ( decrease in receptor
binding affinity) (11) upon application of GTP or its non
hydrolyzable analogs on agonist-binding affinity (12) to 
membranes or permeabilized cells (13). 

Many of the biochemical characteristics of FPR are simi
Jar to other receptors such as the ß-adrenergic and rho
dopsin receptor systems whose interaction with G proteins 
has been extensi.vely studied and characterized (8, 14, 15). 
These receptors have also been shown to interact with a 
48-kDa regulatory molecule called arrestin, which has been 
implicated in the control of sensory transduction via its 
inhibitory influence on receptor/G protein coupling (16, 
17). Although some evidence exists suggesting that recep
tor regulation may be more complex (18), the arrestins have 
been hypothesized to be at least partially responsible for 
homologous desensitization in cells containing these re
ceptors (16, 19, 20). Desensitization of neutrophils to for
myl peptide chemoattractants has been demonstrated by 
several laboratories both at the cellular {21, 22) and mem
brane Ievel (22-24 ). The molecular basis for this process 
remains unknown although it appears that it may not be in 
the same dass as observed for other receptor systems. 

Our evidence suggests that receptor interaction with the 
cytoskeleton may play a role in receptor regulation and 
response control. Wehave shown tbat occupied FPR co
isolate with the Triton X-100-insoluble cytoskeleton of 
neutrophils and are converted to a high affinity, GTP
insensitive form (13, 22, 25-27). The conversion also is 
accompanied by loss of surface-binding activity (27) and 
segregation of FPR into plasma membrane domains de
pleted of G proteins but enriched in the cytoskeletal pro
teins actin and fodrin (28). These events are correlated with 
desensitization of ceiJs to formyl peptides which arises 
from exposure of cells to formyl peptideseither at 37°C (24, 
29) or lower temperatures (13, 22, 29, 30). Because occu
pied FPR from such cells are still capable of coupling to G 
proteins in detergent extracts (31 ), it is our hypothesis that 
the conversion of receptors to this cytoskeletal hjgh affinity 
form may represent an important step in the termination 
of formyl peptide-induced signal transduction and 
homologous desensitization (25, 31, 32). 

The nature of the linkage of the occupied high affinity 
FPR to the cytoskeleton has not yet been determined. In this 
report, we document association of detergent-soluble, 
photoaffinity-labeled and occupied FPR with neutrophil ac
tin. We show that this association is functional and occurs 
at actin concentrations compatible with a physiologic role 
for the association' in the cell. CCrtain Observations also 
suggest that the association might play a role in actin 

polymerization. Parts of this study have been reported in 
preliminary abstract form (33, 34). 

Materials and Methods 
Materials 

· Neutrophils were obtained from freshly drawn human 
blood and purified as described by Henson and Oades (35). 
Chemicals, buffers, and other preparatory materials used 
and membrane preparations performed were as described 
by Parkos et al. (36). The iodinated photoaffinity Iigand, 
N-formyl-Met-Leu-Phe-NE(2-(p-azidosalicylamido)ethyl-
1,3' -dithioproprionyl]-[125I]Lys or fMLFK-[ 125I]ASD 
(formerly denoted as fMLPL-P 25I]SASD) used to Iabel for
myl peptide receptors was synthesized on a bimonthly basis 
as described by Allen et al. (37). Rahbit anti-chicken skel
etal musde actin antiserum or was obtained from ICN Bio
medieals (Irvine, CA). The IgG fraction was purified (38) 
by affinity chromatography over protein A-Sepharose ob
tained from Sigma Chemical Co. (St. Louis, MO). Mono
clonal mouse anti-Amoeba proteus actin (KJ43A, subdass 
IgGl) was also obtained from Sigma. Monoclonal anti
actin made against chicken gizzard actin preparations 
(JLA20, subdass lgM) was obtained from Oncogene Sci
ence (Uniondale, NY). Digitonin was obtained from BDH 
Chemieals (Poole, UK). 

Radioiodination and solubilization of receptor 

Human neutrophil FPR was photoaffinity radioiodinated 
with fMLFK-(1125]ASD in isolated membranes as de
scribed previously (37). The labeled membranes were solu
bilized in 1% octyl glucoside (or in certain cases 1% digi
tonin) in 10 mM HEPES, 100 mM KCI, 10 mM NaCI, 1 
mM EDTA, 10 ~-tg/ml chymostatin, and 1.0 mM PMSF 
after washing them in 1 M NaCl in the same buffer or in 
10 mM NaOH. GTPyS was sometimes included in the ex
traction buffer to prevent formation of receptor G protein 
complexes (39). The 100,000 X g supernatant of this ex
traction was then concentrated 10-fold in a Centricon 30 
concentrator (Amicon Corp., Danvers, MA) followed by 
dilution in 10 volumes of the same buffer containing 0.1% 
Triton X-100 andin some cases concentrated again two- to 
5-fold. Alternatively, the extract was passed over a wheat 
germ agglutinin affinity matrix and eluted in a Triton X-100 
detergent-based buffer system as described previously (36). 

Preparation of neutrophil cytosolic actin 

Preparation of neutrophil actin was carried out following 
the procedure of Gordon et al. ( 40) with slight modifica
tions to allow for the different starting material. Briefly, 500 
ml of frozen human neutrophil cytosol obtained from the 
high speed supernatant fraction of a neutrophil membrane 
preparation as described by Parkos et al. (36) containing 
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FIGURE 1. Protein composition, adin, and formyl peptide receptor content of neutrophil membranes and detergent extracts. 
Preparations used for the overlay and hydrodynamit analyses in this study were analyzed by SOS-PAGE with Coomassie blue 
staining (A), phosphor image analysis (8) of dried gel in (A), and Wesfern blot analysis (Cl using anti-actin mAb. The contents 
in each numbered lane are as follows: /ane 1, membran.es purified from neutrophils; lane 2, membranes washecl with 1 M NaCI; 
lane 3, membranes washed in 1 0 mM NaOH; lane 4; digitonin extr:act of NaOH-washed membranes; lane 5, Triton X-1 00 
extract of NaOH-washed membranes; lane 6, wheat germ agglutinin-purified FPR extract. Flanking lanes have m.w. Standards 
as indicated. Each lane contains 5 X 105 cell equivalents from each type of sample. 

approximately 5 X 1010 cell equivalents was thawed and 
dialyzed extensively (six changes over 2 to 3 days) against 
"buffer G" consisting of 3 tnM imidazole/HCl, 0.1 mM 
CaCI2, 0.5 mM Na2ATP, 0.5 mM dithiothreitol, 0;02% 
NaN3, pH 7.5. Thedialysate was clarified by centrifugation 
and concentrated sevenfold (3 to 4 mg protein/ml) before 
loading onto a DEAE 52 ion exchange column (700 ml, 4 
cm diameter). The actin in the KCl-eluted fractions was 
identified by SOS-PAGE and Western blot analysis, 
pooled, and polymerized at room temperature by the ad
dition of2 mM MgCh. The mixture containingF-actin was 
then centrifuged at 25°C for .3.5 h at 80,000 X g and stored 
as a pellet in "buffer F" (5 mM imidazole, 2 mM MgCh, 
0.5 mM Na2ATP, 0.1 mM dithiothreitol, 0;02% NaN3, pH 
7.5). Before using, the pellet was 'resuspended and dialyzed 
against G buffer for 48 to 72 h wifh several buffer changes 
and clarified by centrifl)gation at 100,000 X g for 1 h at4°C. 
The state. of the actin under all conditions in this study was 
confirmed tobe in the G form or as olig<:>tners ( <20 to 25%) 
between 4 and llSas determined by Sedimentationanalysis 
(not shown). 

Receptor and actin contents of different preparations 

Actin contefit of membranes, detergent extracts, and puri
fied preparations ofactin were assayed by SOS-PAGE and 
Western blot analysis. FPR content was dete.rmined by 
quantitative autoradiography or phosphor image analysis 
on the similar or the same gels or blots. Figure l shows such 
an analysis ofphotoaffinity radioiodinated membranes, be
fore and after treatment with 1 M NaCl, 10 mM NaOH, 
octyl glucoside, digitonin, and lectin-affinity column pu
rification. Figure 1 shows that Ieetin affinity treatment re
moves actin detectable by Western blot analysis to Ievels 
below tl}at detected after NaOH treatment without propor-

tionalloss of FPR. The SOS-PAGE analysis of the purified 
actin is shown in Figure 2 documenting that the preparatiöll 
was more than 95% pure. At least 60% of the actin migrated 
as a 40-kDa species as determined by Bio-Rad P-100 size 
exclusion chromatography. Figure 2 also compares the se
lectivity of the three antiborlies used to bind actin for iden
tification and immunosedimentation purposes. Both mAb 
(A and B) specifically detected actin in neutropbil cytosol, 
membranes, and pure preparations. The polY,clönal anti
body recognized cytosolic actin more weakly (D) than the 
formeras numerous bands resulting from increased time of 
development appeared. However, the recognition of actin 
was specific, because inclusion of 100 #-(.g/ml actin in the 
primary antibody incubation step inhibited binding to only 
the 43-kDa band ( C). The other bands observed with this 
antibody were caused by nonspecific binding of IgG as 
evidence by the similar pattern of staining by normal rabbit 
lgG (not shown). The anti•actin antibodies. used, all 
strongly recognized chicken and rabbit skeletal muscle ac
tin. The polyclonal anti-chicken skeletal muscle actin and 
anti-Amoeba actin mAb weakly cross-reacted with rabbit 
heart, chicken, and rabbit smooth muscle actin, and human 
platelet actin preparations (not shown ). 

Overlay assay 

Sampies from a sucrose gradient fractionation of neutrophH 
N2 cavitates were solubilized in SDS, run on either 7 to 18% 
or 7 to 22% .gradient polyacrylamide gels, and stained with 
Coomassie blue protein stain or transferred to nitrocellulose 
as described previously (28). The nitrocellulose transfers 
were then incubated with partially purified photoaffinity 
radiolabeled (37) FPR prepared by Ieetin affinity chroma
tography and eluted in Triton X-100 as described above. 
One milliliter of the receptor extract containing 1.6 X 105 
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FIGURE -2. Detection of neutrophil actin by antibodies. Outside flanking /anes show m.w. standards as indicated. Triplet 
lanes of human neutrophil actin (0.4 f.Jg, pure}, left, cytosol (1.6 x. 106 cell equivalents, 22 tJg), middle, and membranes (8 X 

1 Qb cell equivalents, 10 f.Jg), right, were analyzed by SOS-PAGE followed by Coomassie blue staining (right.-most triplet) or 
Western blot analysis employing monoclonallgG anti-Amoeba proteusactin (A), monoclonallgM anti-chicken smooth muscle 
actin (8), and. polyclonal anti"chicken skeletal muscle actin in the presence (C} or absence (0) of 100 f.Jg/ml rabbit skeletal 
muscle actin. 

cpm radiolabeled FPR and 1% Triton X-100 was mixed 
with 10 ml of Dulbecco's PBS containing 3% goat serum, 
1% BSA, 0.2% Tween 20, 0.02% NaN3 or thimerosal, and 
added exogenous. actin as required. The "blot'' was incu
bated with this mixture at 4°C for 40 h after which it was 
washed at least four times with 250 rnM NaCI, 10 mM 
HEPES (pH 7.4), and 0.2% Tween 20 until the recovered 
radioactivity was less than 2% of that recovered from the 
incubation mixture (approximately 50% of the starting ra
dioactivity). The blot was then dried and exposed to x-ray 
film to create an autoradiogram as described previously 
(37). Binding competition studies were plotted using Sigma 
Plot (Jandel Scientific, San Diego, CA) and fitted to a sig
moidal function. ln certain experiments equal amounts of 
radioactive FPR-containing extract eluted from a blue 
Sepharose matrix in 2% SDS (2) was also used to test bind
ing of denatured receptor to the nitrocellulose overlays. 

SDS was removed by 50-fold dilu.tion .in 1% octyl glucoside 
followed by concentration and exchange in o.s·% Triton 
X-100 as described above. 

Alternatively, cytosol from a membrane preparation was 
run as a single hme gel (sec Fig. 5) to produce strips con
taining the desired proteins (e.g., actin at 42 kDa) so .that 
the overlay could be quantitated. Receptor amounts 
visualized by autoradiography were quantitated densito
metrically using Bio-Med Instruments (Fullerton, CA) 
lD/20 Laser Densitometer or a Molecular Dynamics 
Phosphorlmager (Sunnyvale, CA). 

Velocity Sedimentation and immunoaffinity isolation 
ofFPR 

A 100-~-LI sample of FPR in Triton X-100 extract was lay
ered onto a 1.4-rrtl, 5 to 20% sucrose density gradient in 
0.2% Triton X-100 in G buffer and centrifuged in a TL-100 
swinging bucket rotor for 7.5 hat 53,000 rpm. In the pres
ence of GTPyS, the receptor sediments to a depth equiva-

lent to the Sedimentation of 4S globular protein. In its ab
sence the distribution is symmetrically shifted to a position 
equivalent to 6 to 7S as previously reported for receptor in 
octyl glucoside (31, 39), which suggests that most of the 
FPR is associated with G protein. GTPyS was present in 
some incubations and sedimentation runs to prevent re
ceptor and G protein complexation. Sedimentation rates 
were calibrated against pareine cytochrome c (2.1S), BSA 
(4.4 S), porcine lg (7.7 S), and bovine catalase (ll.2S) 
standards .as reported previously (39). Figure 3 shows that 
receptor retains its ability to interact with G proteins at 
concentrations of 0.5% Triton X-100 and Iower as it is 
found in the 7S GTP-yS-sensitive form if the nucl.eotide 
is omitted, indicating that the receptor is native and 
functional. 

In somc experiments anti-actin antisera (l/100 dilution) 
or its IgG fraction ( 4 to 40 Mg/ml). were added to the FPR 
extracts before sedimentation to effect a sedimentation of 
FPR-containing immune complexes (36). Confirmation of 
the immune complex formation was achieved by pooling 
pellet fractions from such gradients, diluting them 1 0-fold 
in G buffer to reduce the residual sucrose concentration, 
and then passing them over a protein A•Sepharose affinity 
matrix. Elution was achieved afterwashing the column ma
trix in 10 volumes of G buffer, followed by pH 3.0, 0.1 M 
Na citrate buffer containing 0.2% Triton X-100 and 
0.15 M NaCI. 

Results 

In previous studies, we observed that under conditions of 
low ionic strength but millimolar magnesium concentra
tion, Triton X-100 could not solubilize FPR frorn isolated 
neutrophils or their plasma membranes when the cells were 
desensitized with [3H]fMLF (26) or its photoaffinity analog 
(28). In octyl glucoside, however, the receptors were fully 



Journal of lrnmunology 

196 

106 
71 

44 

28 

18 

5657 

-GTP')'S 

1'-:f;~?;,if:~?ii)l;~§ - 196 

-106 
- 71 

-44 

-28 

1 2 3 4 5 6 7 8 9 10 11 

So/o FRACTIQN,NUMBER 
20

% So/o FRACTION NUMBER 20o/o 

FIGURE 3. Velocity sedimentation of FPR ih Triton X-1 00-containing sucrose density gradients, Photoaffinity-labeled 
FPR was solubilized frorn NaCI-wa.shed membranes (/ane. 3, Figure 1) in octyl glucoside and then exchanged in Triton X-1 00 
in G buffer with (A) or withöut ( 8) 10 pM GTPyS. The extract was then lay~red on 5 to 2Q% sucrose density gradients 
in G buffer and centrifuged as destribed in the methods section. Fractions were collected and analyzed by SOS-PAGE 
autoradiography (31 ). 

extractable and could reconstitute physical complexes with 
G proteins (39) that retained GTP sensitivity. Because the 
amount of actin extracted from the membrane skeletal pel
lets by Triton X -100 and octy 1 glucoside is not significantl y 
different (K.-N. Klotz, unpublisbed observations), it ap
peared that Triton X-100 mightpreserve the receptor mem
brane skeleton Jink~ge and ~hus might be the detergent of 
choice to probe för detergent stable FPR cytoskeletal 
interactions. 

Screening for FPR-binding proteins and binding to 
immobilized actin 

One strategy used successfully in other systems tö screen · 
for proteins that. rilight interaect with <.::yto.skeJ'etal proteins is 
to apply the overlay assay method (41, 42). ln our appli
cation of this proGedure Ieetin affinity pudfied radioiodin
ated FPR in Triton X-100 was incubated with nitrocellulose 
transfers of heutrophil .subceJlular fractions separated by 
SDS-PAGE (Figure 4A). The overlays were then exten
sively washed, dried, and developed for autoradiography. 
In the developed autoradiogram shown in Figure 48, a 
number ofbands··can be seen suggesting thatthese proteins 
m.ight have a propensity for binding receptor. In the 
granule-enriched fractions two bands were most prominent. 
These bad Mr values of approximately 80 kDa and 15 kDa 
andco-sedirnented with specific, g, andazJJrophil, a, gran
u'les. The former corresponds to the appröximate m.w. of 
lactoferrin, the rnost abllndant prötein in the organeHe frac
tions of neutrophils. Arrows rnark bands at 41 to 43 kDa 
observed in the heavy plasma membrane, hp, and cytosolic, 
c, fractions. The M r of these bands matches that ofthe most 
abundant cytoskeletal protein, acrin (28). Because this band 
is observed in subcellular fractions expected to contain the 

FPR in desensitized cells, it merited further investigation. 
Because the 80-kDa and 15-kDa FPR-binding pröteins 
were evident only in the granulefractions, they werejodged 
irrelevant to the airns of this study ex.cept for a specificity 
test desGribed below. 

To test the specificity of the interaction of FPR with the 
41-to 43-kDa cytosolic protein, a preparative "curtain" gel, 
shown in Figure 5, was run with one broad lane in which 
only the cytosolic fraction. (at one-tenth the dilution of the 
fraction shown in .the right-most .lane in. Fig. 4) was elec
tropboresed and transferred to nitroce1lulose. To conserve 
receptor, a strip was cutfrom the nitroc;elhllose centaining 
the separated band and then incubated with nativ~ receptor 
(asabove) or SDS-treated, denalured receptor. Virtually no 
SDS-treated receptor was retained by the strip, shown as B, 
whereas untreated native receptor shown asA, bound only 
the region containing the actin! Strips cut out from other 
regiens of thc nitrocellulose, not containing actin but 
cquivalent amounts of other cytosolic protein (C), showed 
virtually no accumulation of radioactivity above a gen
eral baGkground-binding Ievel. Substitution of free 
fMLFK[ 125I]-ASD for photoaffinity-labeled receptor did 
not produce preferentiallabeling of actin. Even when gels 
were overloaded as was the case for the initial screen, 
shown in Figure 4 (compare two adjacent cytosol
cöntaining lanes), more than 50% öf the radioactivity was 
observed in the 41- to 43-kDa band (Fig. 48), which con
tained only 12% oftheprotein staining in the lane (Fig. 4A). 

Because thc concentration of FPR in the incubation 
buffer is estimated to be 5 orders of magnitude lower that 
the actin on the strip, -100 pM vs 10 iJ.M, it was nöt 
possible toblock photoaffinity-labeled FPR with unlabeled 
FPR. lnstead, the specificity of the binding of the FPR to 
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FIGURE 4. Binding of partially purified FPR to a 41- to 
43-kDa protein in the heavy plasma membrane fraction of 
human neutrophils. Photoaffinity radioiodinated formyl pep
tide receptor was incubated with human neutrophil subcel
lular fractions that were prepared on linear sucrose density 
gradients, solubilized and s.eparated by SOS-PAGE, and then 
electro-transferred to nitrocellul6se as described in Materials 
and Methods. A, Astained 8 to 18% polyacrylamide gradient 
gel of the fractions shows the major protein components of 
the gradient distribution. a, azurophil granules; s, specific 
granules; hp, heavy plasma membrane; lp, light plasma 
membrane; c, cytosol. Arrow indicates the major 41- to 43-
kDa protein band in the heavy plasma membrane fraction 
(open) and cytosol ( fi/led). 8, Autoradiogram of the nilrocel~ 
lulose transfer of the same fractions from a 7 to 22% poly
acrylamide as (a) above, overlaid with partially purified ra
dioiodinated FPR, washed, and exposed to.x."ray film. Arrows 
indicate binding ofthe FPR to a 41- to 43-kDa band in the 
heavy plasma membrane fraction (open) and cytosol ( filled). 

the actin-containing strip was examined by including pu
rified neutrophil cytosolic actin in the receptor incubation 
mixtures as is shown in Figure 6. The competition for re
ceptor by neutrophil cytoso.Uc ~actin in the liquid pha:se oc
curred at submicromolar cytosolic actin concentrations 
(EC50 = Q.6 iJ.M). Crude cytosol or rabbit skeletal muscle 
actin also inhibited the binding of receptor to the strips in 
a comparable actin concent:tation range (rabbit actin was 
more efficient with an EC50 = 0.1 ~J.M, not shown). BSA 
or OVA at sitnilar or highet concentrations (3 mg/ml) did 
not interfere with the binding of the receptor to the im
mobi1ized actin·. Radioactivity bound to the band was linear 
with actin bound to the nitrocellulose from 0 to 40 ~J.g/ml 
actin (not shown). A similar examination of the radioac-

Nitrocellulose Transfer 

SOS-PAGE Gel 

Cut Strips 
lncobated With 

@ WGA Eluate 
@ Blue Sepharose 

Eluate ISOS,treatedl 
@ WGA Eluate 

~Cytosol 
j,:·:·:·:·:·:-:,:1 Standards 

FIGURE 5. Specificity of binding of partially purified FPR 
to a SDS-PAGE-separated 41- to 43-kDa protein on nitrocel
lulose. The ~ytosol fraction from Figure 4 was run on a single 
lane "curtain" polyacrylamide gel. A slrip containing the 
42-kDa band was cut from this curtain and divided into 
pieces. (A and 8). An identical size piece from another region 
of the gel was cut out as a contröl (C). Partially purified 
radiolabeled FPR in 0.1% Triton X-1 00 was then incubated 
with A and C whereas SDS-treated FPR reintroduced into 
Triton X-1 00 was incubated with 8 as described in Materials 
and Methods. Native FPR but not SDS-denatured FPR is 
observed on the strip containing 42-kDa proteins. 

tivity bound to the lactoferrin-containing band of the spe
cific granule fractions, s, in Figure 4 showed that no ra
dioactivity was lost as a function of increasing soluble actin 
concentration, suggesting that the inhibition of FPR bind
ing to the 41- to 43-kDa band was indeed specific. We 
conclude that the solubilized FPR was probably binding to 
the most abundantspecies in this band, actin. Binding to the 
Iow m.w. band in the azurophil granule-containing frac
tions ( a) may or may not be specific and deserves further 
attention. It was not examined further in these studies. 

FPR hinding to soluble actin 

The above results suggested that at least some of the solu
bilized receptor was interacting with the immobilized actin 
on nitrocellulose. Even though the assay is performed in 
Triton X-100 with overwhelming amounts ofBSA and goat 
serum in thc buffer, it is possible that nonspecific interac
tions are the cause of this interaction. Thus, an alternative 
method to confirm the interaction of FPR with actin was 
required. Sedimentationanalysis of FPR was chosen as an 
alternative method because it also provides an indication of 
the size of the molecular complexes formed and because the 
method has been used by our laboratory to detect GTP
sensitive reconstituted complexes of receptors and G pro
tcins in octyl glucoside and Triton X-100 (Fig. 2) (39). 
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FIGURE 6. Specificity of FPR binding to nitrocellulose
bound 41- to 43-kDa protein of neutrophil cytosol. Vertical 
stripsparallel to the direction of migration were excised from 
curtain gels run identically as described in Figure 5 and 
Materialsand Methods. Sampie amounts run were cytosol, 6 
j.Jg, and specific granules, 1 0 J-lg. These were incubated with 
lectin-purified receptor in the presence of different concen
trations of purified human neutrophil cytosolic actin. After 
extensive washing, the strips were dried and developed for 
autoradiography and the amount of radioactivity bound to 
each actin-containing band was quantitated. The percent of 
the maximum activity (1 00% with no added actin) is plotted 
against the log of the micromolar concentration of soluble 
actin added to the incubation mixture. Each data point for the 
cytosol experiment (0) represents the average of three inde
pendent determinations with error bars indicating the SEM. 
The solid line is a nonlinear least squares fit of a sigmoidal 
curve (see Materialsand Methods) to this data from which the 
EC50 was determined to be 0.6 IJM. Binding of FPR to the 
80-kDa band of the specific granules (e) was accurate to 10 
to 15% based on two independent measurements. 

Thus, the lectin-purified radioiodinated FPR was incu
bated with different concentrations of purified neutrophil 
cytosolic actin and then sedimented in Triton X-100-
containing sucrose gradients in G buffer. Figure 7 shows 
that the sedimentation rate of approximately 20% of the 
FPR increased after an overnight exposure to neutrophil 
cytosolic actin. Similar results were obtained when the in
cubation with actin was performed for 2 h. The interactions 
were also observed, but to a lesser degree, when cruder 
preparations of FPR were used, in which the Ieetin affinity 
step was omitted (not shown). Examination of the Sedi
mentation of the actin in these gradients (not shown) in
dicates that most of the actin sediments at a rate compatible 
with monomers. There was no evidence of large actin net
works that might trap FPR and thus cause a nonspecific 
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FIGURE 7. Actin increases Sedimentation rate of soluble 
FPR. FPR, partially purified by Ieetin affinity chromatography 
and maintained in Triton X-1 00 in G-buffer, was preincu
bated without (e--e) or with 0.25 mg/ml (6 J-lM, \1-\1) 
or 2 mg/ml (47 !JM, "f--"f) purified cytosolic G-actin as 
described in Materials and Methods. The mixture was lay
ered on top of a linear sucrose density gradient containing 
0.2% Triton X-1 00, and centrifuged 7.5 h at 53,000 rpm in a 
Beckman TLS 55 rotor (1 00,000 X g) to effect significant 
receptor sedimentation. Receptor content of each fraction 
was quantitated by densitometric scans of autoradiograms or 
phosphor image analysis of SOS-PAGE separated receptor 
and was plotted as a function of fraction number. Fraction 1 
contained 5% sucrose and fraction 12 contained 20% 
sucrose (one of four experiments). 

sedimentation. Why only a percentage of receptors interact 
with actin is still under study. 

Immunesedimentation of FPR with anti-actin 
antibodies 

To prove that the complexes formed do indeed contain ac
tin, it would be necessary to irnmunoprecipitate FPR with 
anti-actin antibodies. However, under the conditions of the 
above experiments, a negative result would be inconclusive 
because so much exogenaus actin is added that uncom
plexed actin would compete with FPR-complexed actin. On 
the other band, the fact that only 20% of the lectin-purified 
FPR was affected by addition of actin suggested that, in the 
actin-rich environment of the cell, occupied receptors that 
were not associated with G-proteins might already be as
sociated with cytoskeletal proteins that promote the for
mation of the very high affinity complexes we and others 
have observed {31 ). Thus, we tested three different anti
actin antiborlies for the ability to immunoprecipitate FPR 
from crude and lectin-purified extracts of FPR. Figure 8 
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shows that the polyclonal anti-chicken back muscle and 
anti-Amoeba cytoplasmic actin mAb caused a significant 
immunoprecipitation of the FPR from both types of prepa
rations. More than 45 ± 5% (n = 4) of the Lectin-purified 
FPR and 21 ± 3% of the FPR in the crude extract were 
found in the pellet fractions of the gradients containing the 
polyclonal rabbit anti-chick actin antibody. The values for 
the anti-Amoeba actin were 20 ± 3% and 10 ± 4%, re
spectively. Addition of normal rabbit serum, normal rabbit 
IgG, irrelevant isotype-matched mAb, or IgM anti-actin 
mAb (JLA20) resulted in no significant receptor accumu
lation in the pellet fraction. 

To prove that the pelleted receptor was indeed part of a 
specific immune complex, the pellet fractions were pooled 
and passed over a protein A-Sepharose affinity matrix. Fig
ure 8C shows that more that 40% of the radioactivity was 
retained by the matrix and that it could be eluted with a low 
pH. When either normal IgG or pureactinwas added (100 
p.g/ml) to the mixture before passing over the column, less 
than 1% of the radioactivity was retained confirming the 
specificity and reversibility ofthe antibody interaction. Be
cause the FPR-actin complexes bound to the antiborlies are 
very stable, requiring SDS to achieve dissociation, the com
petition probably represents exchange of actin for FPR
actin complexes on the antibodies. High affinity antiborlies 
demonstrating low avidity would thus account for the 
seemingly partial interactions observed. 

The low avididity nature of the antiborlies was confirmed 
when the fractions containing the unpelleted receptor were 
pooled, concentrated, reincubated with anti-actin antibody, 
and then resedimented. Between 25% and 35% of the origi
nally unpelleted pool was now pelleted. The FPR in the 
unpelleted pool also showed no ability to interact with actin 

FIGURE 8. Immune complex formation of FPR with anti
actin antibodies. Triton X-1 00-soluble FPR, purified by Ieetin 
affinity chromatography, was incubated for 16 hat 4°( with 
A) 1/100 diluted rabbit anti-chicken back muscle actin anti
sera (0---0) or normal rabbit antisera (e-e); 8) mono
clanal anti-Amoeba proteus actin antibody (0----0) or con
trol irrelevant, isotype-matched mAb .__) and 
sedimented in a Triton X-1 00-containing linear sucrose gra
dient as in Figure 3 or 7. Fractions were collected including 
pellet fraction (no. 12) and solubilized in SOS and then ana
lyzed by SOS-PAGE autoradiography for the presence of re
ceptor. Percent of the total receptor content in the gradient, 
determined by densitometric evaluation of autoradiograms of 
the fractionation, are shown with the top of the gradient to 
the left (5% sucrose) and the pellet fraction to the right (20% 
sucrose). C) pellet fractions of A were pooled and passed 
over a protein A-Sepharose affinity matrix (e) or mixed with 
1 00 ~g/ml rabbit skeletal muscle actin (~) or 100 ~glml 
normal rabbit lgG (\7) and then passed over the affinity ma
trix. Elution was carried out with pH 4 citrate buffer (fractions 
15-25) after washing with G buffer (fractions 9-14) as de
scribed in Materials and Methods. One of two experiments. 
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directly, failing to shift FPR Sedimentation to higher rates 
as was shown in Fig~re 7. These results suggest that more 
than 55 to 65.% of FPR in the detergent extracts. exists in 
preformed compJexes with actin and the binding of a sig
nificant fraction of the complexes to exogenously added 
actjn ptobably ocqurs via actin addition to the complex:. 

Promotion of p>hotoaffinity labeling of FPR by actin 

To demoostrate the ph~siologic relevance of the actin
associated FPR, it. would be useful to compare the Sedi
mentation of the occupied and unoccupied receptors in the 
presence and absence of exogenously added actin. How
ever, our attempts to. cleave and free the photoaffinity
labeled FPR of the (fisulfide-linked fMLFK has so f(lr been 
unsuccessful. Attempts at freeing actin associated with 
photoaffinity-labeled FPR without denatuFing the receptor 
also have not been, successful. Theseobservations suggest 
that occupied receptor must be very tigl1lly coupled to actin 
and that perhaps unoccupied rece.ptor without actin would 
have a reduced affinity for its Iigand analogous tothat ob
served when receptor is uncoupled from G proteins. Such 
a reduced affinity might be refle.cted in a redüced efficiency 
of photoaffinity labeling. To explote this possibility, we 
examined the effects of actin on the photöaffinity Jabeling 
of the receptor with fMLFK-.[l25I]ASD. Actin-depleted 
membranes were prepared by sonication of neutrophil 
membranes with 10 rnM NaOH (43). lt is noteworthy that 
these membranes were depleted of measurable actin (not 
shown) in contrast to the membranesthat were prelabeled 
with the photoaffinity Iabel (Fig. 1). The actin-stripped 
membranes were then incubated with 5 nM tMLFK
[l25I]ASD in the pre~~n<:e and -abs~nce of 1 ,..tM non
radioactive fMLFK-ASD with or without t ~tM putified 
neutrophil actin. In Figure '9A (left;), it can be clearly seen 
that receptor labeling is significantly inc-reased in ~he.pres
ence of exogenously added actin. No such .~nhancement 
was observed in the no~speeifically Iabeted intracelhilar 
68~kDa protein or if equal concentrations of OVA we·re 
included in the labeling mixture instead of actin (not 
shown). 

It is possible, that actin addition to actin-depleted mem
branes somehow affects the state of the membrane pro
mofing increased phötoaffinity labeHng. To remove mem
brane effects, the membranes were first solubilized in 1% 
digitonin, a detergent that presetves FPR binding activity 
( 44 ); and then labeled. in the presence or absence of actin. 
The right panel of Figure 9A (right') shows that the dif
ference is aiso clearly eyiden't, suggesting that indeed re
ceptor actin interaction promotes increased photoaffinity 
labeling. To qu.antitate the. effect of actin on photoaffinity 
labeling, the labeling dependence .. on actin concentration in 
digi.tonin was determined. Figure· 9B shows that actin is 
50% effective in enhancing the phötoaffinity labeling of the 
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FIGURE 9. Effect of actin on the photoaffinity radiolabeling 
of FPR. Neutrophil membranes were stripped of actin by 
treatment with 10 mM NaOH for 10 min, washed in buffer, 
and either radiolabeled directly or after preparation of a digi
tonin .extract of membranes in the presence and absence of 
up to 1.2 ~M of purified neutrophil cytosolic G-actin. A, 
autoradiographic comparison of receptor labeling .shows an 
increase in photoaffinity labeling after the addition of actin, 
lanes J and 4 as compared with Jabeling with no actin added 
Uanes 1 and 2). La.nes 2 and 4 show extent of honspedfic 
radiolabeling in the presence of 1.0 JJM non-radioactiv,e pho
toaffinity analog. 8, the dependence of the photoaffinity la
peling, quantitated densitometrically, is pl'otted as a functibn 
of the actin added. Eath point represents the average of 3 
runs and is given as a percent of the maximal laheling. 

receptor at a concentration of approximately 0.1 11-M. This 
value agrees reasonably weH with the mid-point (0.6 p.M) 
determined for the soluble FPR bindiog to actin in Triton 
X-100 .in Figure 6, even though a very broad concentration 
dependence was observed in the latter experiment The 
binding to FPR in Triton X-100 is clearly saturable by 5 J.LM 
as is shown in Figure 7. Thus, the anomalously broad de
pendence was probably the result ofthe unusual slate of the 
actin on the nitrocellulose resulting from electrophoretic 
transfer from SOS. Together all these results supports 
t·he hypöthesis t.h~t actin interacts with reaeptor ~nd that 
the interaction may be direct enough to promote agonist 
bind'ing to the FPR. 
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Discussion 

The purpose of the experiments described in this work was 
to determine the molecular basis for the interaction of FPR 
with the membrane skeleton of human neutrophils. This 
determination was made by attempting to identify a protein 
component of the subsudace membrane skeleton of human 
neutrophils that interacts with detergent solubilized FPR. 
Our evidence suggests that this component may be actin. 
In brief, this evidence rest~ on the ability of occupied 
photoaffinity-Iabeled FPR in Triton X-100 extracts to: 1) 
bind to SDS-denatured actin electro-transferred to nitro
cellulose membranes; 2) to associate with native actin in 
detergent solution; and 3) to be immunoprecipitated with 
polyclonal anti-chicken skeletal muscle and anti-Amoeba 
actin mAb. In addition, because actin also appears to en
hance the photoaffinity labeling of FPR in actin-stripped 
membranes or the digitonin extracts of these membranes, 
the interaction of the solubilized FPR may not only be direct 
and physical but also functional. 

Although actin has been described as being a "sticky" 
protein, whicb could conceivably generate artifactual in
teractions with hydrophobic membrane proteins (45), this 
possibility is unlikely. The actin/FPR associations meas
ured occurred at Triton X-100 concentrations (0.1 to 0.5%), 
well above the critical micelle concentration (0.016% ). In
clusion of detergent would minimize hydrophobic interac
tions between proteins of the sort measured between actin 
and albumin or cytochrome c observed in physiologic salt 
solution without detergent ( 45). Inclusion of the high con
centrations of BSA (1%) and goat serum (3%) in the 
detergent-containing nitrocellulose overlay assays also 
would act to block nonspecific hydrophobic interactions. 

Specificity is also supported by the fact that a) binding 
to the actinband in the overlay assay is competed by soluble 
actin, b) dernonstrahle FPR/actin complexes form in solu
tion that are detectable by Sedimentation analysis, c) SDS 
abolishes the ability of the receptor to form complexes, d) 
binding to at least one of the non-actin bands in the overlay 
assay of the cell is not competed by actin in the incubation 
mixture, and e) complexes are not detectable in Sedimen
tation or overlay analyses when even greater concentrations 
of other proteins such as irrelevant Ig, BSA, or OVA are 
used in the incubation mixture. Thus, although, it is im
possible to perform a competitive "blocking" experiment 
with excess nonradioactive FPR because of limitations in 
FPR material available, these observations strongly suggest 
that the interaction is indeed specific. 

Our additional attempts to prove specificity of the in
teraction with anti-actin antisera resulted in the discovery 
that at least 65% of 4S FPR in Triton X-100 already appears 
to be complexed with actin or an immunologically related 
protein. This is supported by our previous hydrodynamic 
studies that indicated that the receptor was highly hydro-

phobic with a partial specific volume 0.88 ml/g ( 46) char
acteristic of integral membrane proteins with a significant 
transmembrane aspect. For such a protein, 4S would be an 
anomalaus Sedimentation coefficient and would be indica
tive of a higher order molecular complex of approximately 
100 to 150 kDa. This size is compatible with FPR actin 
complexes. Thus, the fact that the immunosedimentable 4S 
FPR can bind additional actin suggests that it may partici
pate in the actin polymerization process allowing actin ad
dition to the complex. We are currently attempting to de
termine why only a minor (20 to 30%) fraction of the Triton 
X-100-solubilized FPR binds the additional actin. 

In the absence of GTP')'S, the 4S FPR-actin complexes 
are fully capable of interacting with endogenous (see 
Fig. 1) or exogenaus (D. Siemsen, R. Bommakanti, and 
A. Jesaitis, unpublished Observations) G protein to form 
physical complexes of apparent Sedimentation coefficients 
of approximately 7S in analogaus fashion to complex for
mation already reported in octyl glucoside (31, 39). In fact, 
in order to carry out the experiments described herein, 
GTP')'S was usually included in the buffers to restriet the 
analysis to the G protein-free, 4S FPR form. These Obser
vations imply that either actin dissociates from the FPR to 
allow G protein to complex with the receptor or that it is 
retained in a complex of the receptor and G protein. Our 
preliminary qualitative evidence suggests that anti-actin an
tiserum still mediates some FPR immunoprecipitation in 
extracts not treated with GTP')'S and displaying the 7S FPR 
sedimentation profile (D. Siemsen and A. Jesaitis, unpub
lished observations). However, precisely what percentage 
of the immunoprecipitated complex contains G protein is 
still undetermined. 

Either of the above possibilities, however, may afford a 
number of new and interesting insights into the functioning 
of FPR, and possibly, other receptors. The latter possibility 
is that occupied-FPR/G protein/actin complexation might 
not only trigger release of the G protein a-subunit but also 
provide a platform or nucleus for actin polymerization di
rectly from a FPR/actin complex. The former alternative, 
that the receptor excbanges actin for G protein and vice 
versa, is also intriguing as it provides for a mechanism of 
receptor sequestration and removal from G protein-rich 
membrane microdomains as weil as providing for potential 
sites for actin filament nucleation and growth. Such a hy
pothesis would be compatible with a) the very rapid kinetics 
of the actin polymerization response ( 4 7), b) sensitivity of 
the response to pertussis toxin (48) and cytochalasin B (47, 
49), c) a regulatory role for the process by providing a 
mechanism for removal of further interaction with G pro
teins, d) requirements for establishment of stimulated mi
crofilament growth for cell polarity and chemotaxis (50), 
and e) the structural similarities between the two proteins 
mentioned above. 

Membrane receptor interactions with actin are not unique 



. Journal of lmmunology 5663 

FPR 322 

VINCULIN 433 

CORONIN 247 

FIGURE 10. Camparisan af the amina acid sequence af the carbaxyl-terminal tail af FPR with regians af coronin and vinculin 
demonstrating unusual identity (shaded). The amino-terminal arginine af each peptide region is identified with a number (left 
box) that corresponds to its position in the sequence of each protein. 

to the FPR system in neutrophils. In human platelets there 
appears to be a direct linkage of GPilb and 111 to actin in 
the cytoskeleton after stimulation of the cell with Con A 
(51, 52). The acetylcholine receptor co-purifies with actin 
(53, 54) as well as with another 43-kDa proteinthat orga
nizes clusters of these receptors in muscle (54). The 67-kDa 
laminin receptor, important in metastatic invasion, appears 
alsotobe an actin-binding protein (50, 55) that anchors this 
receptor to the cytoskeleton. Most recently, the epidermal 
growth factor receptor has been shown to have a direct 
interaction with actin through an 8-amino acid stretch of its 
sequence, having only 62% identity with profilin (56). It is 
noteworthy that the investigators concluded this sequence 
to be the only stretch that mediated epidermal growth factor 
receptor binding to actin, adding further significance to the 
Ionger stretches of sequence identity between FPR and 
actin-binding proteins (see below). 

Sequence comparison of these and other actin-binding 
proteins with cytoplasmic domains of FPR shows little se
quence similarity except for a short stretch of 15 amino 
acids on the carboxyl terminal tail of the receptor. Figure 
10 shows some noteworthy features of such a region dis
playing 40 to 50% identity to coronin (57) and vinculin 
(58), suggesting that the interaction of these proteins with 
actin might provide some clues about the actin interactions 
of FPR. It is of further interest that this region of the re
ceptor has been shown tobe important in FPR complex
ation with Gi (59), and that G proteins may contribute to the 
formation of cytoskeletal structures (60-62). 

lt must be remernbered that actin is very abundant in the 
cytoplasm with the concentration of the unpolymerized G 
form estimated tobe 100 J.tM (63) depending on the Stimu
lation state of the cell. Free G-actin is probably less abun
dant, but in the micromolar range, given that profiHn (64, 
65), ß4 thymosin (66), and other proteins may sequester a 
significant fraction of actin subunits (67). Because our 
measured interaction of solubilized FPR appears tobe in the 
submicromolar range, then any occupied receptors would 
rapidly bind available G-actin having specific sites avail
able for receptor. This interaction coupled with observed 
receptor dustering (68, 69) and actin polymerization might 
then lock receptor into its high affinity, effectively non
dissociating form. Results from another study, in which we 
examined complexes of receptors extracted directly with 

Triton X-100 from isolated membrane skeletons, supports 
this hypothesis. They suggest that the receptor membrane 
skeletal interaction that functionally correlates with the de
sensitization of the cell depends on the integrity of the po
lymerized actin in the membrane skeleton.5 

In summary, our results support the hypothesis that actin 
physically and functionally interacts with the formyl pep
tide. Numerous speculative possibilities exist for functional 
roles of FPR actin interaction some of which may have 
direct bearing on the molecular basis of chemotaxis and 
receptor control. 

Acknowledgments 

We wish to thank James 0. Tolley for technical assistance for some aspects 
of this study and Drs. MarkT. Quinn and Martin Rodbell for their critical 
comments and reading of this manuscript. 

References 
1. Klebanoff, S. J., and R. A. Clark. 1978. The Neutrophil: 

Functional Clinical Disorders. North Holland Publishing 
Company, Amsterdarn, The Netherlands, p. 810. 

2. Allen, R. A., A. J. Jesaitis, and C. G. Cochrane. 1990. 
N-formyl peptide receptor structure-function relationships. In 
Cellular and Molecular Mechanisms of Injlammation; Re
ceptors of lnflammatory Cells: Structure-Function Relation
ships. C. G. Cochrane and M. A. J. Gimbrone, eds. Academic 
Press, San Diego, p. 83. 

3. Wilkinson, P. C. 1982. Chemotaxis and lnflammation, 2nd 
Ed. Churchill-Livingstone, London. 

4. Snyderman, R., and E.J. Goetz1.1981. Molecular andcellular 
mechanisms of leukocyte chemotaxis. Science 213:830. 

5. Gruler, H. 1989. Biophysics of leukocytes:neutrophil 
chemotaxis, characteristics, and mechanisms. In The 
Neutrophil:Cellular Biochemistry and Physiology. M. B. 
Hallett, ed. CRC Press, Boca Raton, FL, p. 63. 

6. Allen, R. A., A. E. Traynor, G. M. Omann, and A. J. Jesaitis. 
1988. The chemotactic peptide receptor: a model for future 
understanding of chemotactic disorders. In Hematology/ 
Oncology Clinics of North America, 2nd Ed. J. T. Curnutte, 
ed. W. B. Saunders., Philadelphia, p. 33. 

7. Boulay, F., M. Tardiff, L. Brouchon, and P. Vignais. 1990. 
The human N-form y lpeptide receptor: characterization of two 

5 Klotz, K.-N., and A. J. Jesaitis. Regulatory interaction of N-formyl peptide 
chemoattractant receptors with the membrane skeleton in human neutrophils. 
Submitted for publication. 



5664 NEUTROPHIL CHEMOTACTIC RECEPTOR INTERACTIONS WITH ACTIN 

cDNA isolates and evidence for a new subfamily of 
G-protein-coupled receptors. Biochemistry 29:11123. 

8. Dohlman, H. G., J. Thorner, M. G. Caron, and R. J. Lefko
witz. 1991. Model systems for the study of seven
transmembrane-segment receptors. Annu. Rev. Biochemistry 
60:653. 

9. Bokoch, G. M., L. A. Skiar, and J. E. Smolen. 1987. Guanine 
nucleotide regulatory proteins as transducers of receptor
stimuJation neutrophil activation. lnt. J. Tissue 9:285. 

10. Bokoch, G. M., and A. G. Gilman. 1984. Inhibition of 
receptor-mediated release of arachidonic acid by pertussis 
toxin. Cell 39:301. 

11. Rodbell, M. 1980. The role of hormone receptors and GTP
regulatory proteins in membrane transduction. Nature 
284:17. 

12. Koo, C., R. J. Lefkowitz, and R. Snyderman. 1983. Guanine 
nucleotides modulate the binding affinity of the oligopeptide 
chemoattractant receptor on human polymorphonuclear 
leukocytes. J. Clin. lnvest. 72:748. 

13. Skiar, L. A., G. M. Bokoch, D. Button, and J. E. Smolen. 
1987. Regulation of ligand-receptor dyoamics by guanine 
nucleotides: real-time analysis of interconverting states for 
the neutrophil formyl peptide receptor. J. Bio/. Chem. 
262:135. 

14. Birnbaumer, L., J. Abramowitz, and A. M. Brown. 1990. 
Receptor-effector coupling by G-proteins. Biochim. Biophys. 
Acta 1031:163. 

15. Hargrave, P. A. 1991. Seven-helix receptors. Curr. Opin. 
Struct. Bio/. 1:575. 

16. Wilden, U., S. W. Hall, and H. Kuhn. 1986. Phosphodiester
ase activation by photoexcited rhodopsin is quenched when 
rhodopsin is phosphorylated and binds the intrinsic 48-K.Da 
protein of rod outer segmeots. Proc. Natl. Acad. Sei. USA 
83:1174. 

17. Lohse, M. J., J. L. Benovic, J. Codina, M. G. Caron, and 
R. 1. Lefkowitz. 1990. ß-Arrestin: a protein that regulates 
ß-adrenergic receptor function. Science 248:1547. 

18. Fukada, Y., T. Yoshizawa, T. Saito, H. Ohguro, and T. Akino. 
1990. Binding of GTP to transducin is not inhibited by ar
restin and phosphorylated rhodopsin. FEBS Lett. 261:419. 

19. Collins, S. M. Bouvier, M. J. Lohse, J. L. Benovic, M. G. 
Caron, and R. J. Lefkowitz. 1990. Glycoprotein receptors and 
cell triggering. Biochem. Soc. Trans. 18:541. 

20. Sibley, D. R.,J. L. Benovic, M. G. Caron, and R. J. Lefkowitz. 
1987. Regulation of transmembrane signaling by receptor 
phosphorylation. Cell 48:913. 

21. ShoweJI, H. J., D. Williams, E. L. Becker, P. H. Naccache, 
and R. Sha'afi. 1979. Desensitization and deactivation of the 
secretory responsiveness of rabbit neutrophils induced by the 
chemotactic peptide, Formyl-methionyl-leucyl-phenylala
nine. J. ReticulendotheL Soc. 25:139. 

22. Jesaitis, A. J., J. 0. Tolley, and R. A. Allen. 1986. Receptor
cytoskeleton interaction and membrane traffic may regulate 
chemoattractant-induced Superoxide production in human 
granulocytes. J. Bio/. Chem. 261:13662. 

23. Vitkauskas, G., H. J. Showell, and E. L. Becker. 1980. Spe
cific binding of synthetic chemotactic peptides to rabbit peri
toneal neutrophils: effects on dissociability ofbound peptide, 
receptor activity, and subsequent biologic responsiveness. 
Mol. Immunol. 17:171. 

24. Wilde, M. W., K. E. Carlson, D. R. Manning, and S. H. 

Zigmond. 1989. Chemoattractant-stimulated GTPase ac
tivity is decreased on membranes from po1ymorphonuclear 
leukocytes incubated in chemoattractant. J. Bio/. Chem. 
264:190. 

25. Jesaitis, A. J., R. A. Allen, and C. A. Parkos. 1988. Activation 
of the neutrophil respiratory hurst by chemoattractants: regu
lation of the N-formyl peptide receptor in the plasma 
membrane. J. Bioenerg. and Biomembr. 20:679. 

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

27. Jesaitis, A. J., J. R. Naemura, L. A. Sklar, C. G. Cochrane, 
and R. G. Painter. 1984. Rapidmodulation of N-formyl che
motactic peptide receptors on the surface of human 
granulocytes: formation of high affinity ligand-receptor com
plexes in transient association with cytoskeleton. J. Cell. Bio/. 
98:1378. 

28. 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 guanyl nucleotide proteins.J. Ce//. Bio/. 107:921. 

29. Sklar, L. A., D. A. Finney, Z. G. Oades, A. J. Jesaitis, R. G. 
Painter, and C. G. Cochrane. 1984. The dynamics of ligand
receptor interactions: real-time analysis of association, dis
sociation, and internalization of an N-formyl peptide and its 
receptors on the human neutrophil. J. Biol. Chem. 259:5661. 

30. Mendez, E., J. L. Fernandez-Luna, A. Grubb, and F. Leyva
Cobian. 1986. Humanprotein HC and its IgA complex are 
inhibitors of neutrophil chemotaxis. Proc. Nat/. Acad. Sei. 
USA 83:1472. 

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

32. Jesaitis, A. 1992. Signal transduction in neutrophil membrane 
domains. Comm. Mol. Ce/1. Biophys. 8:97-114. 

33. Klotz, K.-N., D. Siemsen, and A. J. Jesaitis. 1991. Functional 
interaction of neutrophil chemotactic receptor complexes 
with actin. J. Cell Biol. 115:352a (Abstr). 

34. Klotz, K.-N., D. W. Siemsen, and A. J. Jesaitis. 1992. Func
tionaJ interaction of netrophil chemotactic receptor com
plexes with actin. Clin. Res. 40:176A. 

35. Henson, P. M., and Z. G. Oades. 1975. Stimulation ofhuman 
neutrophils by soluble and insoluble immunoglobulin aggre
gates. J. Clin. Jnvest. 56:1053. 

36. Parkos, 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 mo
lecular weights of 91,000 and 22,000. J. Clin. Invest. 80:732. 

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

38. Jesaitis, A. J., E. S. Buescher, D. Harrison, M. T. Ouinn, 
C. A. Parkos, S. Livesey, and J. Linner. 1990. Ultrastructural 
localization of cytochrome b in the membranes of resting and 
phagocy~osing human granulocytes. J. Clin. Invest. 85:821. 

39. Bommakanti, R. K., G. M. Bokoch, J. 0. Tolley, R. E. 
Schreiber, D. W. Siernsen, K.-N. Klotz, and A. J. Jesaitis. 
1992. Reconstitution of a physical complex between the 
N-formyl chemotactic peptide receptor and G protein: inhi-



Journal of lmmunology 

bition by pertussis toxin-catalyzed ADP ribosylation. J. Bio!. 
Chem. 267:7576. 

40. Gordon, D. J., J. L. Bayer, and E. D. Kom.1977. Comparative 
biochemistry of non-muscle actins. J. Bio/. Chem. 252:8300. 

41. Fowler, V. M. 1987. ldentification and purification of a novel 
Mr 43,000 tropomyosin-binding protein from human eryth
rocyte membranes. J. Bio/. Chem. 262:12792. 

42. Rasiere, T. K., J. A. Marrs, and G. B. Bouck. 1990. A 39kD 
plasma membrane protein (IP39) is and anchor for the un
usual membrane skeleton of Euglena gracilis. J. Cell Bio/. 
110:1077. 

43. Luna, J. E., C. M. Goodloe-HoHand, and H. M. lngalls. 1984. 
A membrane cytoskeleton formDictyostelium discoideum. II. 
Integral membrane proteins mediate the binding of plasma 
membranes to F-actin affinity beads. J. Ce/1. Bio/. 99:58. 

44. Cupo, J. F., R. A. Allen, A. J. Jesaitis, and G. M. Bokoch. 
1989. Reconstitution and characterization of the human neu
trophil N-formyl peptide receptor and GTP-binding proteins 
in phospholipid vesicles. Biochim. Biophys. Acta 982:31. 

45. Lakatos, S., and A. P. Minton. 1991. lnteractions between 
globular proteins and F-actin in isotonic saline solution. 
J. Bio/. Chem. 266:18707. 

46. Allen, R. A., A. J. Jesaitis, L. A. Sklar, C. G. Cochrane, and 
R. G. Painter. 1986. Physicochemical properties of the 
N-fonnyl peptide receptor on human neutrophils. J. Biol. 
Chem. 261:1854. 

47. Sklar, L. A., G. M. Omann, and R. G. Painter. 1985. Rela
tionship of actin polymerization and depolymerization to 
light scattering in human neutrophils: dependence on receptor 
occupancy and intracellular calcium. J. Cell. Bio/. 101:1161. 

48. Sheth, B., P. Banks, D. R. Burton, and P. N. Monk. 1991. 
The regulation of actin polymerization in differentiating 
U937 cells correlates with increased membrane levels of 
the pertussis-toxin-sensitive G-protein G 12. Biochem. 
J. 275:809. 

49. Howard, T. H., and C. 0. Oresajo. 1985. The kinetics of 
chemotactic peptide-induced change in F-actin content, 
F-actin distribution, and the shape of neutrophils. J. Cell Bio/. 
101:1078. 

50. Brown, S. S., H. L. Mallnoff, and M. S. Wicha. 1983. 
Connectin: cell surface protein that binds both laminin and 
actin. Proc. Natl. Acad. Sei. USA 80:5927. 

51. Painter, R. G., W. Gaarde, and M. H. Ginsberg. 1985. Direct 
evidence for the interaction of platelet surface membrane pro
teins, GPIIb- and 111, with cytoskeletal components: protein 
crosslinking studies. J. Cell. Biochem. 27:277. 

52. Painter, R. G., K. N. Prodouz, and W. Gaarde. 1985. Isolation 
of a Subpopulation of glycoprotein Ilb-111 from platelet mem
branesthat is bound to membrane actin.J. Cell. Bio/.100:652. 

53. Conti-Tronconi, B. M., C. M. Gotti, M. W. Hunkapiller, and 
M. A. Raftery. 1982. Mammalian muscle acetylcholine 
receptor: a supramolecular structure formed by four related 
proteins. Seience 218:1227. 

54. Froehner, S. C. 1991. The Submembrane machinery for nico
tinic acetylchoJine receptor clustering. J. Cell Bio/. 114:1. 

55. Cody, R. L., and M. S. Wicha.1986. Clusteringofcell surface 
laminin enhances its association with the cytoskeleton. Exp. 
Cell Res. 165:107. 

5665 

56. Hartigh, J. C., P. M. P. van Bergen en Henegouwen, A. J. 
Verkleij, and J. Boonstra. 1992. The EGF receptor is an actin 
binding protein. J. Cell Bio/. 119:349. 

57. de Hostos, E. L., B. Bradke, F. Lottspelch, R. Guggenheim, 
and G. Gerisch. 1991. Coronin, an actin binding protein of 
Dictyostelium discoideum localized to cell surface projec
tions, has sequence similarities to G protein beta subunits. 
EMBO J. 10:4097. 

58. Coutu, M. D., and S. W. Craig. 1988. cDNA derived sequence 
of chicken embryo vinculin. Proc. Nat/. Acad. Sei. USA 
85:8535. 

59. Bommakanti, R. K., K. N. Klotz, E. A. Dratz, and A. J. 
Jesaitis. 1993. A carboxyl-terminal peptide of neutrophil che
motactic receptor disrupts its physical complex with G pro
tein J. Leuocyte Bio/. In press. 

60. Rodbell, M., S. Coulter, and K. Haraguichi. 1990. The struc
ture of G-proteins associated with biological membranes. In 
Growth Factors: from Genes to Clinica/ Application. V. R. 
Sara, ed. Raven Press, New York, p. 101. 

61. Coulter, S., and M. Rodbell. 1992. Heterotrimeric G proteins 
in synaptoneui:'osome membranes are crosslinked by phen
ylenedimaleimide, yielding structures comparable in size to 
crosslinked tubulin and F-actin. Proc. Natl. Acad. Sei. USA 
89:5842. 

62. Nakamura, S.-1., and M. RodbelL 1990. Octyl glucoside ex
tracts GTP-regulatory proteins from rat brain "synaptoneu
rosomes" as large, polydisperse structures devoid of beta
gamma complexes and sensitive to disaggregation by guanine 
nucleotides. Proc. Natl. Acad. Sei. USA 87:6413. 

63. White, J. R., P. H. Naccache, and R.l. Sha'afl. 1983. Stimu
lation by chemotactic factor of actin association with the cyto
skeleton in rabbit neutrophils: effects of calcium and cyto
chalasin B. J. Bio/. Chem. 258:14041. 

64. Hartwig, J. H., K. A. Chambers, K. L. Hopcia, and D. J. 
Kwiatkowski. 1989. Association of profilin with filament
free regions of human leukocyte and platelet membranes and 
reversible membrane binding during platelet activation. 
]. Cell Bio/. 109:1571. 

65. Haarer, B. K., and S. S. Brown. 1993. Structure and function 
of profilin. Ce/1 Motil. Cytoskeleton 17:71. 

66. Cassimeris, L., D. Safer, T. Nachmias, and S. H. Zigmond. 
1992. Thymosin beta 4 sequesters the majority of G-actin in 
resting human polymorphonuclear leukocytes. J. Cell Bio/. 
119:1261. 

67. Cao, L., G. G. Babcock, P. A. Rubenstein, and Y. Wang. 
1992. Effects of profilin and profilactin on actin structure and 
function in living cells. J. Cell Bio/. 117:1023. 

68. Oliver, J. M., J. C. Seagrave, R. F. Stump, J. R. Pfeiffer, and 
G. G. Deanin. 1988. Signal transduction and cellular response 
in RBL-2H3 mast cells. In Progress in Allergy. K. lshizaka, 
P. Kallos, P. J. Lachmann, and B. H. Waksman, eds. Karger, 
Basel, Switzerland, p. 185. 

69. Niedel, J. E., I. Kahane, and P. Cuatrecasas. 1979. Receptor
mediated intemalization of fluorescent chemotactic peptide 
by human neutrophils. Seience 205:1412. 




