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Abstract:

The neutrophil’s ability to seek and destroy invading pathogens is mediated by specific cell surface
receptors. Bacterial protein synthesis initiation fragments, which contain a formylated methionine at
their N-terminus, act as chemoattractants to neutrophils. Stereospecific binding of these peptides
(agonists) to the N-formyl peptide chemoattractant receptor (FPR) leads to activation of various
cellular functions which ultimately result in microbicidal activity. Specific interaction between
agonist-occupied receptor and an intracellular guanine nucleotide binding protein (G protein) initiates a
complex signal transduction pathway. These types of pathways have attracted a great deal of attention
because of the many physiological and pharmacological events regulated by G proteins. There have
previously been no studies to show direct interactions between a G protein-coupled receptor and G
protein. Using a reconstitution assay involving hydrodynamic analysis of protein complexes, a direct
interaction between agonist-occupied FPR and G protein from two different sources has been
demonstrated. Uncomplexed FPR and FPR complexed with Gi2 exhibit two different molecular size
forms which can be resolved by sedimentation analysis in detergent-containing linear sucrose density
gradients. The ability of detergent solubilized FPR to bind reversibly to purified G protein was
characterized under a variety of biochemical conditions. The inability of ADP-ribosylated Gi to bind to
FPR was also demonstrated for the first time. Results also indicate that the agonist-bound FPR
activates exogenously added Gi, by receptor induced release of bound GDP from Gia.

Based on the primary structure of FPR and its homology to various G protein coupled receptors, a
working model for the topography of FPR has been proposed. The structural determinants of FPR
required for its physical interaction with Gi were investigated using site-specific synthetic FPR
peptides. Peptides corresponding to putative intracellular FPR domains were tested for their ability to
interfere with FPR-Gi association. These peptide competition experiments suggest that at least four
distinct FPR domains are involved in coupling to Gi, including the putative first cytoplasmic loop and a
region (CTE) on the carboxyl terminal tail. These regions on other structurally related receptors have
not been implicated in G protein interaction. In conclusion, evidence has been presented to demonstrate
for the first time that a guanine nucleotide sensitive physical complex forms between FPR and two
related G proteins, allowing investigation of the structural basis of physiologically relevant molecular
interactions using synthetic FPR peptides.
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ABSTRACT

The neutrophil’s ability to seek and destroy invading pathogens is mediated
by specific cell surface receptors. Bacterial protein synthesis initiation fragments,
which contain a formylated methionine at their N-terminus, act as chemoattractants
to neutrophils. Stereospecific binding of these peptides (agonists) to the N-formyl
peptide chemoattractant receptor (FPR) leads to activation of various cellular
- functions which ultimately result in microbicidal activity. Specific interaction
between agonist-occupied receptor and an intracellular guanine nucleotide binding
protein (G protein) initiates a complex signal transduction pathway. These types
of pathways have attracted a great deal of- attention because of the many
. physiological and pharmacological events regulated by G proteins. There have
previously been no studies to show direct interactions between a G protein-coupled
receptor and G protein. Using a reconstitution assay involving hydrodynamic
analysis of protein complexes, a direct interaction between agonist-occupied FPR
and G protein from two different sources has been demonstrated. Uncomplexed
FPR and FPR complexed with Gi2 éxhibit two different molecular size forms
which can be resolved by sedimentation analysis in detergent-containing linear
sucrose density gradients. The ability of detergent solubilized FPR to bind

reversibly to purified G protein was characterized under a variety of biochemical

‘conditions. The inability of ADP-ribosylated Gi to bind ‘to.FPR was also
demonstrated for the first time. Results also indicate that the agomst -bound FPR
‘activates exogenously added Gi, by receptor induced release of bound GDP from
Gia. C :

Based on the primary structure of FPR and its homology to various G
. protein coupled receptors, a working model for the topography of FPR has been
proposed. ‘The structural determinants of FPR required for its physical interaction
with Gi were investigated using site-specific synthetic FPR peptides. Peptides
corresponding to putative intracellular FPR domains were tested for their ability to
interfere with FPR-Gi association. These peptide competition experiments suggest
that at least four distinct FPR domains are involved in coupling to Gi, including the

putative first cytoplasmic loop and a region (CTE) on the carboxyl terminal tail.

These regions on other structurally related receptors have not been implicated in
G protein interaction. In conclusion, evidence has béeen presented to demonstrate
for the first time that a guanine nucleotide sensitive physical complex forms
between FPR and two related G proteins, allowing investigation of the structural
basis of physiologically relevant molecular interactions using synthetic FPR
peptides.




'CHAPTER 1
INTRODUCTION

General

Neutrophils typically c'on,s‘titute‘ about 65% of all white blood cells in.
humans and are considered as the first line of defénse against invading pathogens.
Owing to the lobed nuclear morphélogy, neutrophils are al_so called
polymorphonuclear l'eukontes (PMN’s). St_i-mu_latc;,d néutrophils carry out a series
of bidlogical' and biochemical I.)rocesses which ultirhat_ely lead to the killing of
microorganisms. 'Sbecific cell surface reéepfdrs .on neutrophils act as molecular
antennas and help the cell "home in" to sites of infection so that they can suitably
unleash their microbicidal potential. Critical to the activation of neutrophil is the
-ability of the cell surface receptors to recognize a heterogenous gr'0up*0f agonists |
called‘chemoattractants. Peptide cheﬁioattractants include ‘c‘ertai-n. formylated -
peptides; a compleﬁent protein fragment, C5a; and a lymphokine, interleukin 8,
while lipid chgmoattractants include leukotriene_B4. (LTB4) and platelét-a'étiQating
factor (PAF). Reqéptor pfo‘teihs for each of: tﬁeSe chemoa,.ttractan.t. agonists have

been cloned and sequenced (for a recent review see [1D.
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Formylated i)eptide mediated eVents are among' vthe“ b.etter‘ understood
e_ukaryotic chemotactic signal transduction pathways.  N-formyl Inethionyl.
modification of proteins occurs dun'ng the initiation of bacterial protein synthesis.
- Bacteria release N-formyl methionyl peptides- at the site of infection,. and their -
subsequent entry into the circulato'ry system activates neutrOphils enti triggers theit :
chemotaxis (dlrected mlgratlon) to the site of 1nfect10n Thus, N- formyl peptlde
chemoattractant receptors (FPR) perrmt neutrophlls to play arolein defense against
bacterial infections.

The binding of formyl peptides to FPR is stereospecific and causes
activation two maj'or groups of responses. Respo_nses primarily related to
cnemotuxis such as mo'rphologtcal polarizati_on; -cytoskeletal rearrangement,
stimulated and directed loeomotion occur at low chernoattra'ctan;t doses (< 2 nM),
and microbicidal or secretory functions such as l.ysosomal enzym-e secretionun’dr
activation of the respiratory burst require'-at least 10 fotd hi-gher concentrations of
the same agonists [2]. Evidence thét the two basic functions are discrete comes
from studies involying pharmacol‘og‘ical agents which can modify r_eceptors’ affinity
for a-gonist and selecti'vely enhance or depress one or the Otne: functi'on[é]'. The
responses described help protect the host .a-gainstini;ection, inappiropr:iat_e‘ stimul‘ation
of this sensory system is al‘so impl-icated‘in pathogenesis of 'certatn di_seases.

Eukaryotic mitochondria also initiate protein s-y,nt'hesis with N—fomiyl ”

methionine. Mitochondrial DNA programs the synthesis of a set of hydrophobi,c
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proteins, found in the respiratory coﬁlpl_,exes in mitochoﬁdn’al membranes. N-
formyl peptides, released by degeneration of the body’s o§vn mitbchondﬁa at sites
of tissue damage, may thus promote gccumulation of neutrophilé at these sites [4]..
The mitochondria,l-l respiratory chain normally 'spill‘S‘ some free radicals from tl'lel
_ four one eleétron reduction steps of moleculér oxygen to water. Su;:h‘ free radicals
are thought to be toxic and additional free .rad'icals couid be génerateci by
neutrophils in response to mitochondrial N-fo;rnyl pepﬁdes as §vell as to bacterial
sources. An over abundance of radicals may excessii)ely damage ti:e host tissue.
[5]- Mor‘eover,‘inappropriatc;,ly activated neutrophils at sites of inadvertent tissue
damage could lead to potentially deleterious effects. Supporting this argument is
the neutrophils destr;lctil‘/e-potential which has been jmplicatéd‘ in a number of -
disease states iﬁcluding arthritis [6], ischemic hc_ﬁrt disease [7], feri.odonti-tis [8],
adult .respiratory distress syndrome (ARDS) [9] and certain types o.f inflammatory
cancers [10]. Although the role of FPR in these processeé has not been established,
investigation of neutrophil ,ac,ti§atio'n pa‘;thways involvi-ng. FPR may be irriportant‘
in the understanding a’nd .controlling inappropriate neﬁtrophil activation and -

moderation or possibly even cures of such disease states.

Chemoattractants
Formylated peptides were found to be neutrophil chemoattractants. in 1975

. by Schiffmann and colleagues [11]. Showell et al, [12] initiated studies of |
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structure-activity relationships of I'\I;formyl peptides. N-formyl peptide research
'spanm'ng nearly two decades, resulted in the emergence of N-formyl-L-methionyl-
L-leucyl-L-phenylalanine (popularly known.as f-Met-Leu-Phe, fMLP or fMLF) as
the prototypic chemotactic trill)epti‘d'e. Excellent reviéws of thé simcture' function
' relationships were published by Showell et al [‘12]-, Freer.et al [13], and Dentin'o-
et al [14].' Briefly, 1) The N-formyl-Met at position 1 andthe Phe at position 3 are
crucial for optimal activity of the pepti"c'1e in activating neutrophils, whereés
sﬁbstitutions of the Leu at position 2 with bulky, hydrophobic sidechains are well
tolerated [13]. 2) Using two f-Met-Leu-Phe conformationally'"lock'ed‘" analogues
(one containing an extended beta conformation and other with a constrained folded
conformation) Dentino et al [14] concluded that a) alterations in the .backbone
conformation at the tripeptide level may nét significantly alter the Side chaiﬁ
topography ahd/or accessibility of key funcfibnal groﬁps important for intéractiofl '
.‘V;’ith the re;:éptor, and b) FPR préfcrs ligandé, W]'th: ‘extende.d b‘zlick bone when they
-contain four or Iﬂore amino acids. N |

Isdlation and purification of N-formyl p.eptides fr;)m Escherichia Coli [15]
and Streptococcus Sanguis [16] was also achieved. Demons-traﬁbn tilat f-Met-Leu-
Phe purified from bacteria are paﬁ-activat(ns (aétivatidn of various neutrophij

events) of neutrophilé implicates them (neutrophils) as host-defense mediators.
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Information Transfer Across Cell Membranes

One of the ubiquitous features of living cells is the ability to communicate
with the extracellular milieu. Though certainly not limited fo trﬁnsrﬁembfane
signalling, the phrase "signal transduction” is widely used to denote the transfer of
biochemical information across the cell membrane. The plasma membrane is
selectively permeable to molecules that are lipid soluble, but effective st_imu-li‘often
include water so’l‘_ub‘le molecules in the extracellular fluids that do not penetrate cf;,ll
membranes. Most water solublé molecules don’t crpSs the membrane unless there
is a specific channel. The transfér of information from the aqu‘ec')us'ext-racellular
~ side to the intracellular metabolic machinery is achi.eved by speci‘al‘i‘zed pfotéilﬁs
called receptors. . These receptors are ty_pica_lly (deepl’y emb‘ed"ded in and span the
plasma mgmb.ran.e. Although proteins interact 'wvit_h membranes in different ways,
specific ‘hydrophob_ic stret‘ches in proteins ‘are thought to promote the aSsociavtiQn |
of pl.roteins with- the 'hydrophobic interface of ﬁémbranes. Segments of
transmembrane signalling receptors are expose’d to 'tixe extracellular environmént
where they can discriminate signals while 'the cytoplasmic -surfaces mediate
activation of intracellular events, and lead to cellular responses. The predominant '
signalling mechanisms in mammalian cells involve mémbrane spanning receptors,
which interact concertedly with intracellular proteins to amplify the _s_ign_a-ls in a
number of ways including generation of se;.:ondary inessenger molecules. -

‘There are four main classes of membrane-anchored receptors: a) receptors
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which are also enzymés (such as tyrosine protein-kinase or guah'ylate cyclase),‘ b)
receptor chamnnels that shuttle hydrophil‘ic molecules acroé_s the membrane also
known as iransporters or exphangers, ©) feceptors .cou-plti:d to GTP binding proteins,
. and d‘) re_ceptdrs with unknown transduction mécham’éms. Sensory signa] |
transduction in eukaryotes, as mediated by various receptqr protéin classes, i;as_
béen recentl‘y reviewed by Véﬁ Haastert et al, [17].

| Ad;energic receptors ,and‘ rhodopsin aré among the most studied of
transmembrane 'receptors,‘ which interact with small biégenic amines ;lnd ligh_t; :
'respeétively. ThéSe receptors are among the best known exa'rhples of a .large
famﬂy of receptors which interact with guaiu'ne nucleotide binding proteins (G
proteins). ‘Activa-tion of the specific G protein, Gs, by é_drenérgic receptors causes
the stimulation of the enzyme adehylyllcycla‘se,' which increases the level of a
second messen_ge'r,lc'yclic AMP (cAMP), inside the cell. Rhodopsin écti‘./ation of
a G protein called tranducin (or Gt) leads to stimulation of a cGMP-specific
' ph'osphodieste_.rase that reduces tile level of cGMP in the cell. Two decadeé qf
research in\_/olving receptors and G pi‘oteins has recently been summarized by Lutz

Birnbaumer [18].

FPR
The FPR can be identified by photoaffinity labeling with a derivative of N-

formyl peptide f-Mét.—Leu-PheaLys coupled to a heterobifunctional radioiodinated .
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cross-linker, ~f-Met-Leu-Phe-Lys-Ne-(2-(p-azido['*I]salicyl-amido)ethyl-1,3’-

di‘thopropion)?l) This specific FPR I'abel‘ing reagent is abbrevia‘te‘d‘ fMi,FK-f
[I”I]ASD and was also formerly referred to as FMLPL [**I]SASD) [19] The
afflmty-labeled FPR from human neutrophrls behaves as a species of approxunate]y
63 kDa when analyzed by equilibrium Sedlmentatr‘on analys1s in Triton X—flOO [20].
' Similarly, thhe FPR from differentiated HL60 cells elutes as a 66 kDa species upon
gel filtration in sodium cholate [21]. In either studies the ‘amount of detergent
bound to FPR.was' not measured. However, these estimates are consistent with the
apparent stre of the photoaffi‘njty labeled receptor- 'on reducedsodiiUm dodecyl
sulfate-polyacrylamide gel electrophoresis (S-D'S-PAGE) geis, wherethe liganded
receptor migrates as a broad ‘banti between 50 and 70 Kd band- [20,22,23]
characteristic of heterogenously glycosylated 'prote‘ins‘.- The gene sequc_ncc for the
protein corresponds to 350 amino acid residues (discussed in the next paragraph)' o
and has a theoretical‘ molecular Weight of 38401. The molecular weight derived
‘from gene sequence is consistent with the repo‘rte’d molecular weight of a
deglycosylated FPR [24] on SDS-PAGE, but dlffers slightly from earlier -
deglycosylatlon studies [25- 27], in which a sharp ‘band around 34 kDa- has been
suggested to be FPR.

Complementary DNA (cDNA) sequences ‘have been obtained for four
leukocyte chemoattractant receptors (revrewed in [1]) Boulay and coworkers

[24,28] constructed a cDNA library from human leukemic (HL60) cells, that could |
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express FPR when transfected into COS-7 cells (African monkey kidney ce]ls
transformed by SV40 virus). A cDNA clone was isolated that conferred to COS-7
cells the ability to bind N-formyl peptides and this approach led to the isolation,
cloning and sequencing of the N-forrnyi peptide chemoattractant receptor (FPR)
gene coding for a single 350 amino acid poly peptide chain. This confirmed earlier
predictions regarding the presence of a specific cell surface receptor for fonnylated
peptldes [29,30]. Ye and coworkers [31] published a report in which they screened
a rabbit neutrophil cDNA library with a cloned human FPR cDNA probe and
cloned and sequenced rabbit FPR. Sequence compariSOn in_diCavtes rabbit FPR has
78% amino acid sequence identity to:hurnan FPR.

It may be significant for results to be presented (see Appendix) that Murphy .
and coworkers [32] expressed human FPR in Xenopus laevis oocytes. Murphy and
coworkers [32] also reported that functionai expreSsion of FPR required the
coexpression of a complementary human factor. The complementary human factor
did '_not correspond to the alpha subunits of G proteins, and investigations are
underway to characterize the unknown-facto_r.' Subsequently the same investigators
have cloned and sequenced two structural homologues of FPR from difrerentiated'
HL60 cells [33]. The FPR2 homologue has. 69% sequence identity with human‘
- FPR and behaves similar to normal FPR with respect to Iigand binding. The other
homologue termed FPR like-1 (or FPRL1),. while also sharing 69% sequence

identity with human FPR, does not bind prototypic N-formyl peptides suggesting
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the existence of an unidentified peptide that may recruit neufrophils tdsi'tes of
infection and/or inﬂafﬁmz’ition. |

The relatively modest expression of FPR"on néu’trophils (50,000-100,000
c‘opies“per cell) has been ‘an obstacle to 'carrying out in depth 'Stl,."UCtllI'al and
functional characterization. Attempts are being made to over-express functional
FPR in a cultured celis.' Lala and coworkers [26] have isolated, cloned and- '
expressed a non-glycosylated full-length human FPR in E. coli. The FPR
expressed in E.coli exhibits radioligand bindiﬁg, that were comp‘eti‘tively inhibited
by excess non-radioactive ligand, therefore the authors conéluded’ thét " the
gly_cosylation‘ is not required for labeling or activity of ti]e FPR. This réport .aISO
represents the first prokaryotic exp_ression of FPR.

Quehenbergér et él [34], havé expressed and characterized -re'co_mbin'ant‘
human FPR in,béculovi,rus infected Sf9 insect cel‘ls.- They [34] report a hundred
fold reduced value for the binding ‘affim'ty of fMLF to cells expressing FPR and
~asc,ribed this to the absence of pertuésis toxin. substraté (G proteins) and the
consequent lack of pre- coup]mg to Gi proteln in these cells. Ah and coworkers
[35] expressed an N-terminal epitope- tagged functlonal FPR in rat basophilic
leukemia (RBL—2H3) cells.~ The epitope tag consisted of a nine amino acid peptide
insert (YPYDVPDYA) between the N-terminal methionine and the second residue
of FPR. A monoclonal antibody (12CA5) Se]'ectively" reacts with the epitope thus -

facilitating purification and further functional characterization of FPR. These
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investigators report functional expression of FPR (in RBL-2H3 cells) did not
require cotransfection of any complementary factor which might have been present |

_ in the trasfection host.

Structural Features of FPR

Hydropathy analysis of FPR’s derived amino acid sequence and the presence
of characteristic conserved amino écids [36-38] ‘p‘r‘c.)vi'des sfr_oﬁg evicier_lce that FPR
belongs to a faﬁily of receptors called G protéin-coupléd receptors (GPCR) [39].
The most striking feature of GPCR is the prgéence of seven predominantly
hydrophobic stretches which are fhought to form membrane spanning a-helical
domains. . The putatiQe t_ransmembrane; domains are thought tolb-e: conﬁected ‘by
- relatively hydrophilic polypeptide domains on thé extracellular aﬁd the pytoplasmic
side of these receptors. The seven transmembrane heﬁx motif was ﬁ;st discovered
by electron diffraction analysis of bacteriorhodopsin, a non-G protein-linked light-
driven protoﬁ pump [40]. There is considerable circumstantial evideﬁé,e that many
- of the salient features of the bacteriorhdd'opsin ,tert‘iary' motif are pfesent in
"rhbdopsin [41] and fhis.has been partially validated for rhodopsin [42].and less éo |
for B2—adrenefgic reéeptor (reviewed in [39]).

Based on sequencei homology between FPR, rhodopsin, and other GPCR we
' have proposed a model fdr the transmembfane organization of FPR [43] (Figure 1). |
The model predicts three potential N-linked ély’cosylation sites on thc;‘ extracellular

11
L




11

side, seven ‘trarllsme_rhbrane spans, an amino te‘m.linus facing outside fhe cell and a
COOH terminus on tﬁe cytoplasmic side with three éytoi)iasmic loops connecting
the memi)rane heljcies. A related but significantly different model has been
proposed for human [24] and rabblivt FPR [31]. The latter two models pfedict a |
telatively short putative third cytoplasmic loop' compared to the ﬁrst. modél
described [43] and this difference is relevant to some of the data to be presented
in chapter 5 and the Appén‘dix. ’_

_-Sequénce alignment of FPR §vith various GPCR reveal residyeé that are
conserved in virtually all of the receptors [36,37,38,44]. Highly conserved residues -
among various GPCR include, cysteines in each of the first two extracellular loops,
an aspartate/glutamate -arginine diad (D(E)/R) near the cytoplasmlc mterface of the
thll‘d transmembrane domam several hydrophoblc re81dues in the membrane
spanning domains and proline residues i'n the transmembfane domains 4, 5, 6 and
7. -

Comparison of the entire protein sequences reveal at most 20-25% amino

.Enlci‘d’ identitity (entire protein compared). Such identities are modestl-y higher when
FPR is‘ compared with the sequences of other éukarybtic chémoattractant feceptors
and is highest (34%) against human complement derived | C5a .receptor.
~ Comparison of the predicted individual cytoplasmic loops of FPR an.d. other
‘eukaryotic chemoattractant receptors (viz, C5ﬁ receptor, interleukin-8 ‘rec'éptor, |

platelét-activating factor receptor, and cyclic AMP receptor from Dictyostelium)
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N-TERMINUS

Figure 1: Schematic model of the FPR -polypeptide chain in the neutrophil
plasma membrane. I through VII represent the putative lipid bilayer spanning domains,
which are connected by loops E1, E2, and E3 on the extracellular side and loops C1, C2,
and C3 on the cytoplasmic side of the membrane, The asparagine residues at amino acid
positions 4,10, and 179 are predicted to be three potential glycosylation sites on the
receptor. . - ‘
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reveal sequ_ence.identities ranging from 13% (second cytoplésmic loops of FPR and
cAMP receptor) to 42% (first cytoplasmic loops of FPR and C5a receptor). When -
c‘oinpﬁrisbns in the loop regions wer.‘e extended to other Gprotéiﬁ-cc)upled reéepto;
subfamilies, for examplé, the receptors for neurotrlansmitters,‘ -Vision; odorants, the -
sequence identities ranged from 3% (the third cytoplasmic loops of FPR and fat
substance P receptor) to 35% (second cytoplasmic Iooés of FPR and rat substance
P receptor). Notable high identities -inch.x‘des, the first cytop'lasmi-c loops of FPR
and ;at substance P ;éceptor, and the second c‘ytopl.a_s,mic loop of human ad'enqsine
A, receptor, with 53% seéuence identi.ty in eaéh case. The Viden‘t,i‘ties of .thesg lobp
regions are éonsistent_ with recepfbr-speciﬁc contacts with G'protein(s) as well as
other regulatory proteins [45-47]‘ and highlight the pardigm that conserved regions
may lead | to conserved structure (bacteriorhodopsin and rhodopsin) and

nonconserved regions may represent potential specific interactions sites.

Ligand Binding to FPR

Information regarding the residues \.,vhich‘ are thought to interact with the
ligands is rapidly evolving. The presence of a ligand binding pocket for the
c-hr(;mophore retinal deep within the transmembrane a-helices (TMH) of thodopsin
Qas suggested by the initial model [41] and 'sﬁpported by ‘cro"s_s-linking 'aﬁd_'
ﬂuérescent'énergy transfer studies [36] 3D c'rystalé have ﬁot been reported forany

of the G protein-coupled receptors to date, but the l-igand binding sites on
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rhodops_in, and of the adrenergic receptors have been partly elucidated through
biochemical and molecular bio]ogical approaches (r'e'vi"ewed in ‘[48,49]_);.' These
studies suggest that the transmembrane domains forrﬁ é hydrbphili‘c pocket for.
ligand binding surrounded by hydroi)hobic residues.

FPR may differ from many other GPCR in the placemcﬁt'of its ligand
binding dorﬁain. Fay and coworkers [50] investigated the ligand bi‘nding site on
FPR using ﬂuorescent~ N-formyi peptide derivatives and ‘con‘clude’d that the li gami
binding pocket a) can accommaodate at least five- but not more than six amino acids,
b) contains at least two mi‘g:ro environments on the receptor, one hydrophobic 'Aand
another capable of supporting protoﬁation, both of which can affé‘ct ligand binding
and c) the only histidine on the extracullular side at position 90 (first extracellular

loop) may be involved in the protonation and stabilization of ligand binding. The

~authors also suggested that several regions on the second and third extracellular

loops as well as the transmembrane domains could potentially contribute toaligand .
binding pocket since they contain stretches of hyf:lr(‘)phobic 'residiles in cldsé
proximity of protonatable anﬁno aci\d's.' Sincé the fluorescent ligand' bind‘ing and ,
dissociatioﬁ to FPR exhibited a transition poiﬁt near pH 7.5; the authors speculate

that the histidine residue at position 90 in the first extracellular loop may be

- responsible for the observed pH dependent cHanges in ligand binding. Although :

- FPR ‘residue(s)" that may be protonated are not known, the authors conclude that

any of the numerous lysines, arginines, acidic amino acids are potential candidates.
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Radel et al [51], reported that a"synthetic peptide corresponding io-the, first
putative extracellular foop (especially the amino terminu‘s half) specifically inhibi:t.ed
fMLF Hgand bindign to neutrdphil membranes. Peptides frdm other extrace]lulé-r

_‘domains did not have any effect, suggesting a role for the first eXtracellular'loop
in ligand binding. Perez et al [52], using chimeras .of FPR and C5a receﬁtors, |
concluded that all three extracellulaf loops contrjbute to the -ligand binding pocket,
and that the N-termiqus forms a "Hd" fo the pbcket. Quehgnberger et al [53],
coﬁstructed‘ a series of chimeras of FPR aﬁd its hbmoldgue FPR2 (whose Kd for
fMLF is 450 fold lower than that for FPR). They reported that replacément of the
FPR domains, including the first and the third extface]lulz;r 1oops; re_zsu]ted in 275 .
and 85-fold decrease in- ligand binding affinity ana concluded that the major
detérminants for ligand binding are located in the first extracellﬁl;lr 106p and the
adjacent second TMH domain. Tﬁése results concur with results reported by Radel
-et al [51] and Fay et al [50] but not with that of Perez et al '[521. Using a
nonglycosylated FPR' expressed in E.coli, Lala et al [26]-, reported that the -
glycosylation of FPR does not play a role on ligand binding . Tlie model we have
proposed for FPR (Figure 1) meets 'several Cﬁteﬁa ih’at are shown to modulate '
ligand binding, as Qe]l as the locatic_)n of amino acid residues that are 's.peculna\ied
.to be pfotonated. The idenﬁﬁcaﬁc’m of the region(s) iﬁvbl\}éd in ligand :bin'ding_
would further test the validity and the assfgnment of the t;ansmembrane d‘oma'ins..

and the extracellular loops of F'PR'.
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G Proteins

G proteins that transduce signals f.rom.‘the elass of GPCR membrane
receptors to intracellular effectors afe heterotrimeric and belong to a distinct family
of p-roteins. Three subunits a,f and y fonﬁ a compl‘ex in a. 1:‘1‘:“1" ratio [55]. _Ga
lbinds guaﬁine nucleotides and has intrinsic GTPeSe activity where the terminal
phosphate on bound GTP is cleaved to form GDP. In i‘ts._' basal state Ga contains
bound GDP and is tightly associated with the By subum'ts. In the absence of
excited rec_e‘ptors the ‘exchange' of bound GDP for GTP is extre'mely slow under
physiological conditions [54,55]. ﬁe primary role ef an agonist occupied‘ receptor
is to stimulate GDP release and thereby catalyze the GDP-GTP excliange'. The By
subunit complex greatly stimulates interaction betweeh Ga and the receptor, and
the nucleotide eXChan'ge (reviewed in [56]). Moreover, there is now evidence that
* the Py subunits also contribute to the speeificity of receptor-G protejn- ‘.couplring
[57]. Upon activation, in vitro, Ga-GTP dissociates from the By subunits (see -
Figure 2). Both species ‘.that form after receptor stimulation (Ga-GTP and By) are
now known to ‘activate van'bﬁs cellular effecfo,rs such as aden-ylyl“.cyc_lases,‘
phospholipases, and- ion °channels etc, _. (reviewed | in’ [58,59]).. :

To date about 20 differen_t Ga subﬁm’tS have been cloned and sequenced.
The Go’s are divided into four subfamilies Gs, Gi, Gq and G12 based on sequence
horh'olegy. Molecular weights of the Ga s'ub,units‘ range from 3‘9-;16 kDa. Amino

acid identity among members of the same subfamily ranges from between 55 to
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) 95%, whereas identity among members of'differént s_ubfamirliyuris: less than 45%
(reviewed in [58]). The a Sﬁ=5unit‘is .relati\'/ely hyd-.rophilic and does not .a:ppear to
associate with phospholipid vesicles unless Py subunits aré present [60]. Sevéral’
of the Ga subunits» are modified both co- and posttranslationally [57].

Cotranslational modification is irreversible, depends on protein synthesis and

involves addition of a 14 carbon myristate group on the amino-terminal glycine =

Ar.esidu,e. This _myriét‘oylation (hét all Ga are myristoyl‘at;éd.,). may be important in
the 'men.lbrane“attachment of Ga. Posttranslational modi‘fifc‘:-at_‘i‘on Amzlxy also invél've -
covalent coupling of palmitate to cysteine thréu‘gh a thioc_:st-e_‘r bpnd [61] Un]ikél
myristoylation, palmi‘toylati-on .is‘ reversible .and indepehdent of protéin synthesis

[61]. |

Many o subunits are su_lv')straté,s’ of bacterial toxins reléas,ed. by Vibrio cholera

| and/or Bordete'lla pgrtussi& in whic‘h'?an. ADP-ribose“'rhoiety is cou'pledl io' a"nf
arginine or a cystiné‘ residue respectively [62] Modificafion of o subunits lb'y

cholera toxin constitutively activétes these proteins: (by‘i-nhibi_'ting' their GTPase ’
activity) [58], whereas rﬁodiﬁcation by perfussié toxi'n prevents recebtor—mediated
activation of G proteins [63] Ribosylation‘_r_equires the preséncg of the full
heterotrimer [62]. Apzirt from their role in c(f)up'll‘ing' receptbfs to effec‘to_ré,‘*tﬂme_ri‘c

G proteins are also implicated in goljgi transport [64].
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The By subuxﬁts aremyich méfe hydrophobic than the o subunit and have
a strong tendency to attach to phospholipid bilayers, and with each other. T1A1‘e By
have not been shown to dissociate under p-hy:sio‘llogical condi’tioﬁs. Four § subunit
seqﬁences are known, each consisting of about 340 amino acids and range in
molecular weight between 35 and 37 kDa [55]. The § subunits share more than
80% amino acid identity. The amino terminal region is predicted td form an
amphipathic a-helix which has been proposed té pa_lfti'cipate in its interaction with
both o and y subunits in a three stranded coiled coil [65]. The ren.xa.inder of the
B subunit consists of seven repeating units, each abqut 43 amino acid§ long and
their role in signal tran,sduction is not known. Structural characterization and thé '
néwly identified functional roles c;f G protein Py subuiits in signal transduction
- have been recently reviewed in [66-68]. |

Cuﬁently, seven different Gy subunits are known.' They are about 75 amino
acids long and are much.more heterogeneous than B subunits . with sequence
identities les.s than 40%. The Gy subunits also differ in their ﬁédifimtion by
pren)‘zl groups: Gyl is._fafnesylated; whereas Gy2 fs geranyl geran)‘fla‘ted [67]. With
the known number of G protein subunits and their tissue distribution it appears that
nearly 1000 possible oligomeriq combinations ére‘ possible [58,6'9,70]. Such
' pombinatorial power may be used to give cells the czllpa'city- to fine tuﬁe .'th‘;e_,,.

magnitude and the nature of their responée, to extracellular signals.
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Flgure 2: Diagram depicting the activation and deactxvatlon cycle of G o

proteins. Gafy, R* represents the heterotrimeric G protem and agonist occupled
G protem coupled receptor.
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FPR-Gi Interactions
There is a substantial body of evidence suggesting that the chemoattractant’

receptors initiate signa-l: transduction through interaction with G proteins [54,71 72]‘ .

lee hormone receptors the N-formyl peptlde chemoattractant receptor (FPR) in

punfred membranes [73] or in permeabrhzed neutrophrls ‘exists in a hlgh afﬁmty' o

state for agonist that can be specrﬁ'cally converted t‘o_-a l‘ow affi_mty state by
guanosine 5.5-0-(tr1;phos‘phate) (GTP) which is a generally' accepted manifestation
.of G protein coupling [54,56,74].. The non-hydrolyzable analogue of GTP

- (guanosine 5’-O-(y-thiotriphosphate) or GTPyS) inhibits high _affinity binding of

fMLF to FPR with an ICy, of 20 nM Studies also suggest that agonist mediated “ A

high affinity. binding of ligand, ‘GT-Pase activity, and Aactivation of phospholipase |
C (PLC) can be restored to ptxriﬁed neutrophil membranes by exogenous rat or

bovine brain Gi/Go mixtures [75 76] Polakis and coworkers [21 77] have reported

- . the copunflcatron of FPR with a pertussrs toxin substrate when detergent extracts

-of plasma membranes from drfferentlated HL60 cells were analyzed by gel
tittration-; ion exchange and affinity chromatography steps. Gnan‘i'ne ‘nucl_e‘otides |
- caused a redliction in ligand binding affinity to the-isolated protein complex
:s_uggestivng an association o_f FPR with G protein.‘ |

- J esaitis and coworkers ‘f78], dtscoVeredr that the octyl glucoside solubilized .
FPR from u_nstimu_lated cells. exhibits two size forms W.ith apparent sedimentation

coefficients of 4 and 7S'. Because the 7S form could be jconverte'd‘ to the 4S form
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by GTPyS‘ with an IC,, value of 20 nM, the 7S form. was hypothesized to represent
a FPR-G protein complex Another generally accepted criterion for receptor-G :
- protein couphhg, pertussis toxin-catalyzed ADP-ribosylation of a 40 kDa membrane
substrate has also been demonstrated in neutrophils. Pertussis toxin also disrupts
the functional coupling of FPR to neutrophil activation [79-81], and this process
can be modulated by fMLF binding to the mernbraues. The molecular mechanism
of the uncoupling however, ‘remain unclear. In addition, chemotactic N-formyl
peptides stimulate guanine nucleotide binding and pertussis toxin-sensitive GTPase
‘activity in the neut_rophil membranes [82,83]. |

Matsuoka et al [84], investigated the expression of Ga subunit genes in
hematopoietic cells: Their studies indicate that Gi2 and Gi3 (40 and 41 kDa
respectively) are eXpressed in high quantities- in both - myeloblasts and
promyeloblasts, which are precursor cells for neutrophils. They also detected high
levels of Gs (46 kDa), but virtually no detectable quantities of the Go, Gx and Gil
subtypes. Moreover, partial sequence analysis of 'the major pertussis toxin substrate
in neutrophﬂs suggest that it belongs to Gi2 subtype (rev1ewed in [72]) Taken
together these results. mdxcate that FPR may be coupled to a Gi2 type protem

It has been reported that activation of one FPR could lead to the actrvatroni
of at least 20 G pr’otein molecules in native HL60 cells‘ (as assessed by FPR
promoted GTPyS binding to GIG.) [83] Smce Gi2 and G13 are expressed |

abundantly in neutrophils, they both m1ght be 1nvolved in FPR med1ated events
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[85]. Given the potential for single receptor being able to activate more than one -
G protein (reviewed in [86)), it is important to delineate the Glprotein subtypes that

interact .with FPR.-

Effector Regulation

The activation -of ivntracel]ulér effectors by FPR&G protein(s) }ntéractidns
appears to be more complex than regulation of adenylyl c_yclase' by G pr’étféinS in
hormone systems. FPR has the potential to a.ctiva‘te at least ‘three jdif:fe‘r'e‘nt
phospholipases, A2,C,and D :(réviewe_,d in ES’/_]) \_ri‘a G protein aqtivaﬁbn. It is not |
known, _hOWeVE;I‘, whether effector stimulation is vfa Ga or By o‘r bo’fh, which
.subtypes of lipases are involved, or the mechanjsm of act_i-vatiox.L :

‘Cockeroft et al, [87].were the first to. suggest that fMLF ~_j's'timu_latedl‘
phospholipgse D _(PLD)‘ in neufr‘ophils. They 'méz'_lsured the accumulation of |
labelled phosphatidic acid in x;eutrophi]s in response. to fMLF. Thel same
investigators previously demonstrated activation of i‘nositide-specifhic phosplhlol_ipés'e
Cin ngutrophi-l‘s stimulated With fMLF [88]. PLD cleax./.es membrane lipid
phosphatidylcholine (PtdCho) into phoSph-atid-i‘c acid -(PA‘) and chdlihe, inositide-

specific PLC cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) to yield inositol

| 1,4,5-triphosphate (IP3) and diacylglycerol (DG). IP3 releases ('l_‘azl+ from B

intracellular calcium stores and DG activates protein kinase C (PKC) [89]

PKC appears to have a central role in the receptor transduction pathway
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- leading to the generation of superoxide anion and other free radicals [90]. T_'he
initial product of the PLD pathway, PA also appears to act as a second messenger
by directly act1vat1ng the NADPH ox1dase respon51ble for generatlng superox1de
anion [91] Smce PA and DG can be mterconverted it is not known which ofl
these. second messengers has the dommant role. Phospholipase A2 cleaves
- arachidonic acid from the sn-2 position of = phosphatidylethanolamine,
phosphatidylcﬁel'ine' or phosphatidylinositol. In neutrophils; arachiddnic acid was-
:implicated in exocytosis as well as activation a}nd mail_ltenanee .of the NADPH
© oxidase aetivity [87]. Release of arachidonic acid by fMLF is sensitive to
inhibition by pertussis toxin. PLC activation is more sex_lsitive‘ fd pertussis toxin
inhibition than PLD activation and therefore it is possible that two G proteins
and/or two divergent pathways are involved ‘in neufrophil activation. A recent
report suggests that neutrophil PLD is ;acti\aated by a iﬁembrane associated small
' molecuiar weight G protein of the Rho family [92]. It is not known \whether IFPR.
(or any GPCR) interacts directly with any of the smal‘l G proteins ef the ras supef-
family.

There is increasing evidence that the pathways iilvolving pertussis toxin -
sensitive activation of phospholipase C (PLC P 1sozyme) mvolves GBY subunits
[67 93- 95] whereas in pertussis toxin-insensitive actlvatlon of PLC appears to be
mediated by Ga subunits of Gq family [96]. In fact when FPR was transfected

into COS-7 cells along with G14a or G16a (member of the Gq family) there was
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an agonist dependent activation of the PLC-B2 isozyme (Melvin Simon, personal
communication). Since neutrophil’s Gq type G proteins constitute less thaln i% of -
thve total Gl;2' amount (Simbﬁ, personal communication), tﬁé- zn viv_b functional .

consequences of FPR-Gq interac'tioﬁ can oxlly- be 'speéulat_cd. Moredver, Gl6a
expression is down regulaféd by 90% while Gi2a expression fs increésed by 160%
when HL60 c:elis are induced to.differentiate into neutrophil like cells with DMSO
[97]. In this work authors concluded that "the pattern of G protein gene expression
in this cell line may indicate that Gl6a is involved m regulating signal-
transduétion process that are not active in neutrophils but are manifested in other _
classes of leukocytes or in hematopoi;,t'ic precursor cell.s;‘." Cljeaﬂy', many addirtibnal‘ ‘

studies need to be carried out to delingate the role of various components involved
in the generation of second messéngers in néutrophils and the r_elatjve importance

and roles of each of the second messenger pathways.

Desensitization-

The term desensitization is used in a functional manﬁcf to describe a
physiological end-pdint and does not imply in itself ;1 specific ‘mechanism. .'
Desensitization may be defined as a gt;:nefal biological phehbmenoﬁ characterized
by waning of a physiological fesponse, despite the'preééncé 'of a stimulus. Two .
types of desensitization have been described. Homologoﬁs desensitization occurs

when dnly the function of the occupied receptor is diminished (e.g. only b,efa
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adrenergic receptors (BAR) are desensitized by the ‘,BAR-‘ago'nist iSopfenaliine).
Heterologous desensiﬁza_tiOn occurs when occupancy of a distinct receptor results .
desenﬁitization of another receptor pathway. | Hetefologous d‘esenSitization is
thought to involve common second messengers for the two recep‘tors (see [98] for
a review).

Didsbury and col‘legugs [99] have reported.a novel type of desexllsitization. _
for neutrophil chemoatiractant receptors and termed such a process "receptor class
' desensiiiéation." The authors’ conclusions are based on :the ’observations that C5a
or fMLF ligands efficiently desensitiz'ed"each"other’s receptors. Since C5a and
fMLF do not bind to each other’s receptors, this process differs from homologous
desensitization which requires that only the ‘z‘igom'st' ‘occupied receptors ldse‘
function. Moreover, at high doses of chemoattractants (> 100 nM fMLF or C5a)
there was no heterologoﬁs desensitiza_tion efféct_ on other calcium-elevating (a
common second messenger) receptors (eg., al-adrenergic réceptors or P2-purinergic

receptors on neutrophils.

Several distinct | mechanisms have been described that. mediaté -the
phenomenon of desénsitization. The _firs"t in‘)olves the uncoupling of reéeptors
from G protein. Phosphorylation of serines and threonines near the COOH‘
terminus and on the third cytoplasmi: iooﬁ of some G protein coupled receptors

results in the binding of a regulatory molecule arrestin (or its homologue) to the

phosphorylated rhodopsin or BAR (reviewed in [100]). Phosphorylation and
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arrestin homologue binding has been shown to cause functional uncoupling of
rhodopsin and BAR from their signal transductipn partners Gt and Gs respectively
[98,101]-. A second mechanism of desensitization is "sequestration" in which
receptor’s access to signal transduc‘:ing'machinery is blc'scked..' Seques‘_trétion as
ﬁroposed by Sibley and Lefkowitz [102] was relatively ambiguous. It mostly refers
to intemall'izaﬂtion and separation from t;a’nsduction apparatus. However, surface -
sequestration also occurs. Jesaitis et al _[i-OB], proposed that internalization was -
,unnec,essary for FPR desensitization as the recéptors- and G prdteins are initially
separated in the plane of the membrane, ana removal to internal Compartments
comes later. .The lateral segregation of proteins involved in signal. transd‘uctio;l‘
may or may not be unique to chemotactic reéeptors. In case of desen-sitization due
to inte‘mal‘iiation, the receptors may be récycléd back fo‘ the surfacé fér'.subseqixent
. activation.  Laterally segregated receptors could potentially be released for
participation in signal transduction events. The third mechanism of desensitization
is down regulation in which 'int,ernalized recéptor is‘ degraded folllowing a trigger

[49].

Biochemical Analysis of FPR-G Protein Complexes

G protein involvement in signal transduction generates a great deal of
scientific interest because of many physiologi\cal and pharmacological events that -

are regulated by these pathways. Delineating the molecular basis of signal




27

transdﬁction has been the primary focus fo_rﬂthe past decade or so. In ihe l‘aét five
years molecular bidIO'gy -aidec-i' the process by pfovidihg the chemical idéntities of
the major players m G protein-mediated 'é§ents.: To.‘ avoid intérference and crbss
talk from-various cellular processes, in_vitro,eXperiménts involving purified plroteins
are commonly used to study selected biochemical pathways in detail. : Alt}.mugh“‘
recoﬁstitution of purified transmembrane ‘pr-otei‘ns ‘into- phospholipid V.esicl"es have
. greatly aided the studly of functional jpteréétiqn o“f ‘the ch:.c‘)m.ponentshi«.n-vol-Ved inG -
prot.ein coubled pathways, rec.onsti'tution ofsuch a ‘system in deteréegts‘ remains one

of the ways the molecular complexes can be discerned [104].

 Sedimentation Analysis of Proteins

Rate zonal ultracentrifugation, or velocity sedimentation, éan bé used to
éeparate macromolecules according to their size and -densit-y-. Parﬁcles can be
subjected to very high angular acceleration In an ultracentrifuge for extended time
periods. The ‘_i:ncrease in magm'tude of anigular é‘chl‘erati0n as‘ al"f.unction of radius
(r*) may be compensafed by employin‘g‘a‘ gradient medium of inc-reasing density
and viscoéity from top to bottom such as a sucrose or glycerol. The maieﬁa] most
commqnly used to form density gradients is sucrose because of its purity, low cost,
’aI.ld'IOW interference with most jche‘m‘ivc'al, ﬁeﬁzymatic, and optical assayé. The
current siaﬂdard-' of. 5%-.20% lineaf sucrose density gfadient was.;~empiﬁéally

selected to impart an optimum balancing of the increasing centrifugal force at large
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radius, thus resulting in uniform x./elocity for the migrating particles.” Such a
gradient is called an isok‘iﬁetic gradient. A 5-20% sucrose gradient in a Beckman
SWS5S rotor appears to behave like an isokinetic gradient [ 106]; The density of the
medium increases by 6% (from 1.015 mg/ml to 1.077 mg/ml) and viscosity
increases by 65% (from 0.907 to 1.493)v as the sucrose percentage (wt/wt)
increases, in a linear sucrose density gradient, from 5% to 20%._ T;he" g:adienf also
- minimizes convection from density 'e]évation due ~fo sample zf)nes and stabilizes
against thermal mixing as well as minimizes mécham'cal distﬁrban;:es,-especially
after a run. Velocity sedimentation in linear sucrose density gradiént_s is a reliable

method to characterize mixtures of macromolecules.

Theory of Sedimentation

A ‘particle spinning .iri a centrifuge experiences a centﬁ'fugal‘ fpfce Fc.‘ The
magnitude of Fc depends on the mass of the particle, m, thé distance from the
center of rotation, r, and the angular velocity of the tube in which the pﬁrticl‘e is
being spun.
Fc = mw’r

The particle disp-lace_é the.medh-xm :and experiences-a buoyant %orce, which results
from the weight of the medium té displaced by fhe partiéle: ﬁis buci)ya-nt force
reduces the net force on the macromolecule by.wz‘r times the mass of the displaced

solution. The mass of the displaced solute is the volume of the particle multiplied




29

by the density, ¢ (g/cc) of the solvent. The paﬁiclé volume is mU, in which U
(cc/g) is the partial specific volume of the particle, Sé that the buoyant force may
be defined as is w*rmUq. As the particles move 'through thé solvent, both the
solvént and the particle experiences frictional force and the magxﬁtu&e of this force
is .proport‘i‘onal to the difference between the velocities of the particle and of the
solvent molecules as well as the shape of the pam;cle. A filamentous particle
presents more friction than a solid sphere of the same mass, and thus the shape of
the particle in solution must be considered when in,terpréting its Velocity of
sediméntation. The hydr(;dynamic shape and the frictional drag is éxpressed as a
frictio'nz;l coefficient, f. The fricti‘.onﬂ force is expressed as 9, in which f is the
frictional céefﬁ‘cient and U is the net velocity of the particle relative to the .
centrifuge celi v_vhich holds the solvent. When the buoyant force aﬂd the frictional
force are equal the the particle reaches terminal velécity and the parﬁcle sediments
‘with uniform velocity and it is gi\}ex_l by, - N e

¥ = w’m (1-[76{5)/f
The following corollaﬁes can be drawn from the above équation: |
1) a denser particlé tends to move fastef than a less dense particle
2) the deﬁser the solution the more slowly the p-artic]en will move
3) the ‘greater the frictional COefﬁci‘erjt, the_ more sl.owllyl thé particle will move.
These statements constitute the basic rules of velocity sedimeﬁta'tion and -zippl‘y‘ to

all particles including roughly spherical co‘n-lpa.ct particles like globular prdteins.
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.Sinc'e the velocity of a molecﬁle is prdp‘ortional to the ‘magnitude of the
centrifugal, field (i.e., w’r), it is‘ a common. practice to -discuss sedi'm.entat'io‘n
properties in terms of the velocity per unit fie_ld, c')ri

s = ﬁ/wzr = m (1-UqJ)/ f

v;/hcrel s is the sedimentation coefficient. The unit of s is seconds. Most s
values are between 10™ and 10 seconds. The value of s is usually reported
in Svedberg units (S), where 1 Svedberg = 10'13-second. The S values of maﬁy
proteins range from 1-10, while that of typical ’nuclei‘c acids range from 10-100.
A particle whose s value is 4 svedbergs is usually called 24 S barticle. Membrane '
proteins are often glycosylated and have significant éﬁxounts of dctéfgé:nt-bOund to
them and behave anémalously. For these reasons the relationship be&ceﬂ
sedimentation coefficient and molecular mass of membrane proteins is neither
linear nor simple. |

Physicochemfcal properties of human neutrophil FPR have been
characterized in digitonin and Triton X-100 [20,78]. FPR exhibits a high partial
specific volume 6f 0.88 and 0.83 (cc/g) in Triton and digitoﬂin resﬁectivély,
sugges‘ti.’ngr extensive binding of détergent an'd/oi; endogenous lipid. Soluble
proteins, free of detergent typically have ‘a partial specific volume of 0.75 cc/g. In
the studies mentioned above [20,78] guaniné nucleotides were not employed
sug_gesting that the species represented a receptor;G protein complex. Jesaitis et

al [105], reported that photoaffinity labeled, octyl glucoside (1-octyl-B-D-
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glucopyranoside or OG) ’solubi.liz'ed FPR obtained frém unsﬁmulated cells exhibits
. “two size forms with apparent sedimentation‘co,efficiénts of .a‘pproxi’-'mately 4 and.7S\'_."
The faster sedimenting 7S form could be converted té'a lighter 4S forrﬂ by |
inclusion of GTPyS in ‘the; solubilization buffer, suggesﬁng Ithat the 7S ‘form
represented a complex between FPR and G protein. The interpretation of the S

values in terms of molecular mass will be discussed in chapter 7.

" Goals of This Dissertation

The primary goals of fhis dissertation ére a) to demonstrat_e that the 7S
species described abové represented a physical complex between FPR and Gi2, b)
to analyze the physical variables that _‘dictate the formation of a ‘stable. and'
physiologicall’y relevant ‘7S co.mplex,r’- and c) to determine the regions on FPR that
" are important for complex formation with G protein. The.-ability to resolve G -

protein free-FPR from FPR-Gi2 cofnplex by velocity sedim“enta‘tion formed the
basis of all the experiments described in this dissertation. Such an assasr' also
provided a unique opportunity to.conduct"sy;nthgtic‘ recepfor-mimetic peptide
' éompctitioﬁ studies to stufdy the interfacial contaét sites b.etween FPR and Gi2
protein. | o |

Evidence is presented in chapters two and three fo ‘éupport the hypothesis

that the 7S representes a physiologically relevant signal. tra-nsducingv entity

containing FPR and Gi2 protein. Chapters four and five describe approaches taken
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to address questions about the‘ i‘ntegrity and interecttng"regions respon.éibl'e for.
forrnatlon of FPR G12 complex The fmdmgs usmg FPR peptldes reported in thlS. -
dlssertatlon hlghhght the dlfferences between direct analysrs of receptor-G protemr =
olndlng versus G. protem activation (usrng 'functlonal assays). ,Expen’men‘ts
lnvolr/mg functronal assays contribute 1nformatron towards understandmg receptor-- o
G protein coupling. Results presented in this dissertation on.the r‘nolecul_ar‘, )
association between FPRand G protein may seta new erite_rion to permit actditionat
conclusions to be drawn when coupled with molecular ,genetic and ‘funeti’o'nalv

assays.
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CHAPTER 2

R]EC@N STITUTION OF A ]P’HYS]ICAL C@M]PL]EX
BETWEEN THE N-FORMYL CH]EM@TACT]I(C
PEPTIDE RECEPTOR AND G PROTEIN:
- INHIBITION BY PERTUSSIS
TOXIN-CATALYZED ADP RIBOSYLATION

Introduction - "

‘The bindi-ng of N-formyl peptides to speci"fic; cell surface receptors [1-3]

on human leukocytes regu-l-ts in the activation of a variety 'of-,ct‘;ll functioné; |
including chemota;ﬁs, lyéosomél enzyme vSCéretioh,_and supéroxi’de production [4].
" There is a substantial body of evidence suggesting'that thel‘ receptor for these
peptides: mediates transduction thrdugh iﬁteracti'on w‘ith a guanyl .nﬁ’cl‘eotid'e
bindit;g-pi'otein ‘or G protein [5-7]. The ‘Neformv)il chemotactic peptide fééeptor,‘é |
in membranes [8] or p'ermeabiliz"ed ne.utr.oph_ils [9] exist ina hlgh affinity ‘sté‘te for
agonist which can be sp‘eciﬁcally convéﬁed-to a‘ low affini_ty statev'by guanyl

nuc‘]"eot_id_es.‘It‘ has ‘a-lsq been showﬁ that GTPyS inhibits hi‘gh-affinjty..biﬁding of -

fMet-Leu-[*H]Phe to fMLF receptors with an EC,, value of about 20 nM [1_0].v
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)We have recently.[ll] presented data which indieate that the octyl g'lucoside-"
solubilized N-formyt chemotactic peptide receptor from unstimulated neutrephi]s ‘
“exhibits two' ‘forms‘ with sedimentation coefficients df approﬁma-tely 4S and 7S.
" The 7S form could be converted to the 4S form t)y GTPyS vt"-ith': 'an EC50 valne :
of about 20 nM, suggesting that the 7S form represented a receptor-G protein -

complex The 1nh1b1t10n of hlgh-aﬁmty agomst binding to G proteln coupled- |
receptors by guanyl nucleotides is -generally accepted to' be indicative of

uncoupling of receptor and G protein [5]. The similar GTPyS concentration

- dependence of the 7S to 4S conversion [11] and the inhibition of hlgh aﬁnlty

agonist b1nd1ng by G'IPyS [10] further substantiates that the 7S form of the
fMLP-receptor represented the G protein-coupled form.
Pertussis toxin-catalyzed ADP-ribosylationof a 40kDa membrane substrate

in neutrophlls also disrupts the functlonal coupllng of the N-formyl chemotactic

peptxde receptor to neutroph11 actxvatlon [12]. The cholera toxm 1nduced ADP- ', |

ribosylation of this substrate in membranes can be" modulated b.y N -forr‘nyl peptide
binding [13,14], suggesting an 'interactien with the ligand occupied receptor.
Finally, chemetactie N-formyl peptides stimulate guanyl nuele_oti‘de l;inding and
pertussis tor(inrsensitive GTPase activity in the neutrophil membranes [15,16].
" The molecular meehanisrns of the nncouplin;g however, rernains nnc'lear_.

Pertussis toxin substrates of 40 kD and 41 kD in neutrophils and HL60

cells have been purified and appear to be identical to Gi2 and Gi3 [17-19]. Gi2
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'(also termed Gn) has been shown to'be th'e major substrate in mature himan
neutrophils [20] and HL60 cells [18,21]. Both Gi2 and | Gi3‘ l'iave been
demonstrated to be functionaHy coupled to. N-formyl chemotactic peptide
receptors in HL60 cells [21] Several studies have demonstrated that high affimty |
formyl peptide binding, formyl peptide-stimulated GTPase activity, and formyl '
peptlde-mediated activation of phospholipase C [22 23] can be restored by rat or
brain Gi/Go proteins. These various criteria cl‘early 1nd1ca-ted t"hat restoration of
| function of receptor-G protein couplingcan be demonstrated‘. To date,‘ however,
] there has been no demonstration of the formation of a physical complex of the N-
formyl chemotactic peptide receptor with ‘a. GTP binding protein(s). ..

. Active functional . receptor G‘ protein complexes have cleariy been
demonstrated in rhodopsin, B-adr’energivc, muscarinic, dopamine,' and adenosine
receptor systems among the many now investigated [24] In nearly all cases,
evidence for such association has been the GTP sensitivity of agonist binding (or
phototransformation in the case of rhodopsm) or agomst/llght- 1nduced stimulation
~of the GTPase act1v1ty Ina number of detergent-based systems [25 28] used for-' :
the study of such 1nteractions, 1nclud1ng the formyl peptide r’eceptor system
[11,29], receptors or G proteins have been shown to be'_released from apparent
complexation upon e:‘(posure’ to ‘GTP or its nonhydrolyzable 'derivatiVes'.
" Reconstitution of' the ‘functional activities described | above have also been

demonstrated in both membrane and detergentbased systems. To our knowledge
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-no studies have reported direct measurement of such complexee by ‘h'ydrodynamic

analysis of selubilized‘ radiolabeled receptors. o |
In this Teport, ‘we -p‘rovide eviden_ce-‘ for the direct formation of a 7S

complex between 4S receptors and either pure bevme bram Gi or punﬁed‘

endogenous neutrophil Gn. We additionally show that st01ch10metr1c ADP-

ribosylation of Gi by pertuyssm toxin preVent‘s the reconstltu:tron of 7S complexes -

with G protein. Moreover, the structurally related G protein ef :th_e vis_lialeystem; H
Gt, doesnot reconstitlite a.7S complex, ind-icati'ng_ specificity of the recepter for
Gn and Gi. These observations suggesr that'trle 7S ¢ompleXes are the result of
physical association of recepter and G pro_teiri while the 4S lform is uneoﬁpled

from G protei-n-s,

Materials and Methods

Buffers, chemicals, methods of cell prep'aration were as previously

described [11,30]. Chemicals used for G‘prqtein' is‘ol"avtion were as 7deserfibed by |

- Bokoch et al [20,31], Anti G protein antisera were prepared as described in [20].'

Identification of 4S or 7S Forms of N-fermvl Chemotactic Pepﬁde Receptor":‘

Plasma membrane fractions were prepared from degranulated neutrophlls _ |
as described previously by Parkos et al. [30] The N-formyl chemotactlc peptide

receptors ‘were specifically labeled with FMLPL-SASD [1251] by the procedures
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of Allen et al. [32,33]. In order to prevent isolation of endogenous.7S receptor
forms during the membrane solubilization and reconstltutlon step, the labeled
membranes were treated with 10 uM GTPYS and‘ were subsequently washed -wit'h
"Relax buffer," (0.5-1 mg/ml) m 10 mM Hepes pH 7.4, 100 mM KCi, 10 mM
NaCl, 1 mM EDTA, 1 mM PMSF, 10 ug/ml chymostatin, containing i.O M NaCl.
Labeied membranes were.pelleted and ‘resuspended at 0. 5.-0 8.mg protein/ml in
the Relax buffer contalmng 1.0% 1- octyl B-D- glucopyran051de (octyl glucoside),
then incubated -on ice for 2 hours.  Insoluble material was removed by
sedimentation at 45,‘000 Ipm in a Beckrnan 60"I‘i’ rotor fer 30 Inin at 4°C.

Supernatant extracts (100 ul) were layered onto 5 ml, 5-20% linear Sucrdse

density gradients prepared in the extraction buffer Gradients were cen‘trifuged’
in an SW55 Beckman swinging bucket rotor for 16 hours at 45 ,000 rpm and

| fractlonated into 13 x 400 pl fractions. Altematlvely, to conserve material and

reduce sedlmentathn time, experirnents vt‘rere also carried out_usi’ng 25 ul samples

on 0.7 ml gradients sedimenting for 8 hours i‘n the same rotors. In some cases
fractions were diluted 1:10 in extraction bnffer, eoncentrated to the original
volume, and resedimented by the first procedure. Sedimentation was calibrated
‘with known proteln standards by centrifuging a mixture contalnmg 25 Ug each of
.cytochrome C (2 1S), BSA (4.45), porc1ne 1mmunoglobuhn (7.7S), and bovme
catalase (11.25).in parallel with the expenmental gradlents Photoafﬁmty labeled

receptor content was measured by autoradrography of receptors separa.ted onSDS- -
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PAGE or by '] content of fractions as described previously [11].

Reconstitution of Receptor with G Protein and Analysis:

Octyl glucoside extracts were divided into individuzﬂ iﬁcubafion mixtures
with the indicated levels 'of G protein under the conditions descﬁbe'd in the text.
. Iﬁcubatidns were carﬁed ouf for 2 hours on ice. Samples were théﬁ layered onto
5 ml 5-20% linear sucrose gfadients' and receptor sedimentation 'anélyzed as
~ described ﬁbove. The G protein concenttatioﬁ dependence of the reconstitutiqn
of the 7S form of the receptor was ﬁtted’wiﬂ; the Hil‘l equzitioh USing a nonlinear
non-weighted -t:ur\‘/e-ﬁtting computer i)rc;gram [34]. Endo,g’enedﬁS_? G pro‘tei'n‘ did
~ not couple td receptor as evidenced by‘vtj_le identiéal ‘sedir'nentatiox.l i)atfem at 0.G

A}

protein in the presence of 10uM GTPyS.. |

Preparation of G Protéiné:

Gi was puﬁfiéd from bovine brain 'a'sfd“escr‘i'bed in ["35]' ‘and.'re.s‘olved from
Go by chromatograi)hy on a 20 ml DEAE S“q‘)hacel column ‘equ‘ilibrated with 25
mM Tris-HCI pH 8, 1 mM EDTA, 1 mM NaCl, 0.6% lubrol, ‘anc.l eluted with 2
linear gradient (200 ml) of 0-250 mM NaCl .i'n' the same buffer _Purity was
judged to be 95% or h:i_gher.as, a_ssgssed by S:DS.—PA_GE and sil_v’ef sta;i-m'hg. o
Coﬂcentrations given for the G protéins are based on the ,p‘r_ofein éoncent_ratioxi

determined after the final elution step. The G profei-ns used were functionally
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intact_as determined by G’I‘Py[3ZS] bihdi’ng'[ZO]. Neutrophil' Gn (or Gi2) was
isolated as descnbed by Bokoch, et al. [20,31] up until the’ heptylamme sepharose
chromatography, with the exception that purifications were performed in the
ahsence of A1C13, MgClz, and NaF. The Gn was further purified to apparent
homogeneity by DEAE-Sephacel chromatography as described above,
concentrated by hydroxyapa-tite chromatography and- switched into Lubrol-
containing buffers by G25 gel filtration, as described in [36]. Functional bovine
transtiucin able to stabilize the M-II form of rh-odqpsin, -wa,s‘ ptepared by the
method of Stryer et al. [37] and was the kmd gift of Dr. Heidi Hamm.
ADP-ribosylated Gi Wasprepared by incubation of 350 ug Gi with 20
ug/ml pertussis toxin in 100 mM Tris HC1 pH 8, 1 mM EDTA, 2.5 mM MgC]z,
10 mM thymidine,’ 1 mM ATP, 0.1 mM GTP, 0.5 mM dimyﬁstoyl
phosphatidylcholine, 10 mM dithiothreoitol, and 2 mM NAD for 30 minutes at
30°C. The level of ADP-ribosylation of the Gi was assessed with a parallel
~ incubation in the presence of [32P]NAD (specific activity = 300 cpm/pmole) that
was analyzed by TCA prempltatlon/flltratlon as in [36], as well as by subsequent
[32P]NAD labelmg of the Gi pre-ribosylated with unlabeled NAD (see Fig. 4
inset). Determination of [355-]GTPYS binding to Gi and amido black protein

analyses were as described in Bokoch et al [36].
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Results
In detergent (Triton X-100 and di gitonin), the covalénﬂy lig:;lnded N-formyl ) |
chemotacti.c peptide receptor from human neutrophils behqvés as a fnonddisperse
species of ~63 kDa upon sedimentation equilibrium analysis [38]. The receptor
from differentiated HL60 cells elutes in deoxycholate és a ~66 kDa species upon
~ gel filtration [29]. - These estimates are consistent with the apparent size of the
affinity labeled‘ réceptor uﬁon reduced SDS-PAGE, whére the iiéanded receptor '
migrates as a Broad b;nd of 50-70 kDa [38-40]. It has been demonstrated that the
octyl glucoside-solubilized N-formyl chemofaétic peptide receptof refains the
capability for intéraétion with endogenous nél-xtrophil G protei-n(s)' upoﬁ
reconstitution into pﬁospholipid vesicles [41].
. We have previously ‘shown: that the bhotoafﬁnity labeled, octyl glucoside-
- solubilized N-formyl peptide receptor from human ﬁeutr.ophil's exhibits two forms
upon sucrose dex.lsity gradi.ent ‘sedifnentation‘, with apparent 'seaimentatiqn
coefficients of appfoximately 4S and 7S [11]. The 7S form could bé converted
to the 4S form by GTPyS with an EC, of ~20 .nl'\/‘I, and this size change in the
receptor. aﬁpeared to correlate with a.réduCtion in sedimenta.tion rate of Gn alpha
and beta subunits. These data suggested thét the 7S form of the N-formyl
chemotactic peptide receptor might represent a physical complex witi] endogenous .
Gn protein {11]. | | |

To show that the 7S form is indeed a complex of 4S receptor and Gn, we

~
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attempted its reconstitution w1th punﬁed Gn [20 31] The 4S form of the
photoafﬁmty labeled receptor isolated from. GTPyS-treated neutrophll membranes
by octyl glucoside extraction and was incubated with different concentrations (10-
600 nM) of purified Gn. Each. irncubatiOn. was subsequently analyzed on a
velocity sucrose density gradient, and a rei)reSentative .experiment is ‘shown iﬁ
Figure 3. It can be c]early seen that there is a major shift of receptors (1dent1f’ ed
autoradlographlcally [11] and quantltated densnometncally) from the 4S form
(peak fraction 4) to the 7S form (peak fraction 7). A small percentage of receptor
(7-8%) did not undergo the shift. .‘ The reconstituted 7S recept_or fon,ﬁ was fully.
sensitive to guanyl nucleotides, as no such shift was detectable in the presence of
GTPYS (see Figure 4). In additien the"reco.ns‘tituted 7S forfn could_be reversed to
the 4S form when incubated with GTPyS. Resed_imentati'on of the peak or H
flanking fractions from the zero G protein condition resulted in distributions
virtually indistinguishable-(not shown) from the oﬁginal i)reﬁle, suggesting that

the distributions was representative of unassociated recepter. |
SDS-PAGE analysis of these gradients confirmed the p'resence.'of Gn in
these 7S fractiens (not :Shown) .as had been previeesly shown by western .blot
analysis of the endogenous 7S complexes [11]. Moreover, when 1 part in 8 aﬁti- a
G protein antisera [11,12];;vas included in similar gradients and a recohstitution
mixture containing 300 nM Gi, about 30% of the receptor fn the 7S fraction was

shifted into fractions 9S and higher, while less than 1% was shifted When equal
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amounts of prebleed control serum were added. Together these results suggest
that the 7S form of the N-formyl chemotactic peptide receptor may be a physical

complex of receptor and G protein.

PERCENT OF TOTAL COUNTS
N

N

o N

FRACTION NUMBER

Figure 3. Reconstitution of 7S N-formyl chemotactic peptide receptor
complexes with purified human neutrophil Gn. Octyl glucoside-extracted, photoaffinity-
labeled N-formyl chemotactic peptide receptor was incubated with different
concentrations of Gn as described in Materials and Methods. The mixtures were
sedimented in an ultracentrifuge for 16 h at 135,000 x g and fractionated into 13 equal
fractions. The receptor content of each fraction evaluated densitometrically, is plotted
as a function of fraction number. The 4S and 7S migration distances correspond to
fractions 5 and 7, respectively. The concentrations of Gn were 0 (0), 10 (@), 100 (a),
200 (), 400 (0J), and 600 nM ().
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Figure 4. Autoradiograms of 1A affinity labeled and reconstituted formyl
chemotactic peptide receptor separated on sucrose density gradients. (A) Fractions from
the density gradients containing the reconstitutions with 0 nM (a) and 200 nM Gn (b)
shown in Figure | were solubilized in SDS and run on 9% SDS polyacrylamide gels.
The gels were dried and developed for autoradiography after seven days of exposure
with Du Pont Cronex Quanta Ill intensifying screens as described originally by Allen
et al. [32]. The formyl peptide receptor is observed as a broad species between the 68
and 43 kDa Mr markers in both 2a and 2b. Also detectable is the presence of a
nonspecifically labeled SASD-binding protein of Mr = 68 kDa, which serves as an
internal sedimentation standard (3.5S) and is variably present in membrane batch and
ligand age.
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Autoradlographlc analysrs of SDS -PAGE gels of each fractlon of these runs
confirmed that a major portion of the rad10act1v1ty measured was denved from
receptor. Figure 4 shows the shift in sedimentation position of the 4S receptor |

to the 7S reconstituted receptor-G protein complex at a Gn concentrati'on of 200

nM. The two autoradicgrams indicated that the receptpr was shifted in pcsiticn B

(not Mr) in the sedimentation profile and relative to the "internal standard" of
nonspecifically labeled 68 kDa SASD-binding-protein [32,33]“, the a-rrxount cf
which yaried in the prepa-ration. depending on the aée of the li garld and membrane |
batch used. | o
| To evaluate the selectivity of the receptor. for its endogerlous G’-proteirl _
transduction partner, G'n vs. Gi proteins from other sources, a similar analysis was
performed using bovine G proteins, Gi puri"_fied ’frcm b_rain'(consisti.ngo_vaill, and
Gi2 [42],‘and transducin, Gt from retina. Averaging of the results fronj rriultiple
sedimentation runs permitted us toest‘imate the amormt'ofxbrairl Gi or neutrophil .
Gn ne.cessary to convert fifty percent of the 4S receptor fcrm to the 7S form
- (Figure 5). |
The ECq, for reco_nstitution of the 7S form:o-f the -receptor was 170140-.111\&
for Gi and 7025 nM for Gn based on a computer calculated fit of the data to the
Hill equatron [34]. Functronally active bovine transducm (Gt) was mcapable of
c0mptex1ng with the formyl. peptlde c_hemotactlc receptor in thls system',‘ as it

showed no shift in receptor sedimentation rate even at 5 uM added transducin.
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It is noteworthy that the EC;; for the reconstitution of the 7S form of the receptor-
Gi protein complex was the same when using receptors obtained from membranes
of unstimulated neutrophils and were compared to receptors obtained from agonist

stimulated cells.
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Figure 5. Quantitative comparison of the ability of Gn, Gi, or Gt to reconstitute
a N-formyl peptide receptor G protein complex. Reconstitution analyses as described
in Figure 1 were used to determine the avidity of N-formyl peptide receptor for G-
protein by measuring the increase in 7S form as a percentage of the saturation value
observed with excess G-protein. O, Gn (n=3); @, Gi (n=6); B, Gt (n=2).
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E.videnc_e for the functioﬁal si grﬁfi‘canée of the réconsti‘tuiion of the p_\hy‘vsical' ‘
interaction of receptors and\‘ G protéins is ob.tain_e.d.‘by determining the abiflity ‘of,
the receptor to reconstitute with ADP-ribosylated G protein. Pertussis toxin-
catalyzed ADP-ﬁbosylation of G1 prdt_ei.ns is known to uncbup'le the Gi protein
from their r’e‘céptor transduction partners [5]. “This uncoupling has been
demonstrated by exar%xining, recep.tpr-stimul-ated fu-nctioné in ihtact cells,
membranes or reconstituted systems, including phospholipase C activation [23],
adenylate cyclasé inhibition [43], receptor-stimulated GTPase activity [16,44],
high affinity agonist binding to the N-formyl chemotacﬁc peptide fecei)tor ﬁ[16],
and by other means [44,45]. However, physical‘i uncoupling of re'cer;tor and G
protein by ADP-riboyslatioﬁ has not, to.vo;r. knowledge, béen ciemonstralted.‘
Indeed, one can postulate that functional uncoupling could take place without
| physibal dismptidn'of the R-G complex. We therefore examined the ability of _
ADP-ribosyléited Gi- to reconstitute the N-formyl chemotactic peptide receptor-G
protein (75) complex
Table 1 documents the preparation of ADP-nbosylated G1 The. protein
was ADP-ribosylated to an extent of 0.96 pmoles of ADP-'n'bose/pmole of GTPyS
binding, as determined by direct analy31s of [’PINAD mcorporatxon That the
protein was totally ADP-ribosylated is also shown by the mablllty to s1gmficantly

label with [**P]NAD subsequent to 1mt1a1 ADP-nbosylatlon with unlabeled NAD

(Inset, Figure 6). In order to confirm that the ADP-ribosyIated Gi was still
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functional after the ADP-ribosylation reaction, we determined (see Table 1) that
GTPyS binding to the ribosylated Gi reached a level of 09 pmol GTPyS/pmol
protein; the same value as was obtained with the non-ribosylated (control)

protein.

10 11 12 13
FRACTION NUMBER

Figure 6. ADP-ribosylated Gi is incapable of forming physical complexes with
N-formyl peptide receptor. Reconstitution of receptor was attempted with 400 nM Gi
+ 10yiM GTPyS (O), 400nM Gi (+), and 3000 nM ADP-ribosylated Gi (m) as performed
in Figure 1, except that this sedimentation was performed in smaller tubes for shorter
times (8 hours). Percent of the total sedimentable radioactivity in the gradient is plotted
as a function of fraction number of the octyl glucoside-containing velocity sucrose
gradient. Inset shows the labeling of either control (C) or pre-ADP-ribosylated Gi (R)
(as described in Table 1) with [3PIJNAD and pertussis toxin. The autoradiogram was
overexposed to demonstrate that all of the Gi protein was stoichiometrically ADP-
ribosylated by the initial (cold) ADP-ribosylation reaction (See Materials and Methods).



~ Table I: Characterization of GI‘ADP-'ribosyl‘ation by Pertussis Toxin

- Sample - Protein GTPyS' pmolGTPyS ' ADP-ribese pmolADPr ° pmolADPr
(pmol/ml) Bound pmol protein Incorporated pmol protein - pmol GTPyS.
(pmol/ml) ~ (pmol/ml)
~ ‘Control G, - 0495 . 0470 -~ 095 . ..

ADP+G, 266 ° 234 088 . 224 o084 09

LS
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As shown in Figdi‘e 6, when the stoichiometricaHy ADP-ﬁbosylatéd‘ Gi
protein was used to attempt reconstitution of the N-formyl chemotactic peptide
receptor-G protein (7S) complex, we were not able to shift the 4S receptor to the
faster Sedim’enting form. Even though We raisgd the concentrat'ion' of. ADP-
ribosylated Gi to 20 times the concentration th'at- resul.téd in 80% éompl‘exation
of receptor by control Gi, receptor sedimentatioﬁ prcﬁﬂqs showed no sex_lsitivi‘ty.
to GTPYS, indicating no conversion receptor to the 7S form. These data SUggest
that the pertussis toxin-catalyzed ADP-ribosylation of G proteins prevents their
physical coniplexation Qith receptors. 'This result also suggests that previous
studies showing only partial uncoupling, by the 14 amino acid peptide ma‘stdparan
as a receptor analog [40] is not fully representative of cdmplete receptof-G f)rotein

interaction.

Discussion
In this study, we 'demons_t‘r'ated‘ that the sedifnentation rgte of octyl
glucoside-solubilized N-formyl chemotactic peptide receptor was increased when
incubate_d with either the endogendus neutr.ophil pe;tussis toxin substrate, ‘Gn, or
puriﬁed Gi protein(s) from bovine brain but was ulnchanged when incubated with
bovine transducin.‘ T‘Hese changes were prevented by guanine nucleotides and, in
the case of bovine Gi, by pertussis toxin-catalyzed ADPfri‘bosylatior‘l. The mo‘st‘

likely explanation for these observations is that the 7S form of the receptor is a
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physical complex containing the heterotrimeric G protein and réceptor‘. Although
it is conceivable that such a change could result ﬁom é G protein-depencient
oligomerization of receptor with itself or other proteins, it is highly unlikely for .
several reaséns. First, our results are consi;tent with the large body of
biochemicalh evidénce measuring functional parameters such as agonist bin(.iing,
GTPase activity, aﬁd phototransfonnatibﬁ obser§¢d in many ;ééeptor sy‘stems and
i‘;lterpfeted as evidence for complexation of receﬁtéré ‘and -G-proteir;s [24].
Second, a G proteiﬁ dependent oligomerizaﬁoh of recep’t_OrS w‘i.th other proteins
would necessarily imply fhét the newly formed ;omple'x would ilave to interact
with G-proteins again in the GTP-bound form in order to explain the sensitivity
of the 7S form to guanyl nucleotides. ‘Eviden‘ce fdr a sécond co‘lllisio,nal
. interaction of recyeptor and G-protein does not exist. Fimlvly, our data iﬁdicating
sﬁécific immunbsedimentétion of receptor by anti-G I.)rotein anthera, suggests -fhat
- stable receptor G-protein complexes have been formeci. |

The 4S and 7S forms of the N-formyl chemotactic peptide recepfor appears
relatively broad in Figures 2.1 and 2.2 (half band width approx. 35% of gradient)-
in contrast to other membrane prqteins (half band widfh of 15-‘20%) '[46,47].
Such broadening could alrise; ﬁom- a‘numbe‘r of sources including heterogeneous.
glycosylati‘on of receptor [48], variable amounts of bound lipid and/or detergent '
on this very hydrophobic protein [38], or even the présencé of oligomeric forms

of the receptor [49], or other proteins [50]. Resedimentation of receptors in the
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peak and flanking fractions of the 4S (zero G protein runs)~indica.te that the .
distributions donot narrow or_'shift' in position, suggesting that these latter two
possibilities are unlikely. Technical ‘consid,era'tions such -as ar;omalous zoﬁe
Broadem’ng, wall effects, and diffusion [51] are sufficient to 'expvlain, since
narrower distributions are observed (HBW = 12% of gradient) when shorter
gradients in narrower tubes were used to shorten sedimentation .t-ime‘ ami reduce
wall effects (Figure 6). |
Our reconstitution evi'dence is -also éonsistent with quanﬁtative estimates
of requirement for fuﬁctional interactions with in the cell. The N-formyl
chemotactic peptide receptor was not .puriﬁed in this work and V-V-e estimate that
it was present in the starting membranes at av,l'evel’i of 5;10 pmol/mg membrane N
protein. Endogenous Gn protein  was présent at a leVei of-—-.l nmol Gna
subunit/mg membrane protein [20,52]. Therefore, the amount of total Gno
subunit relative to receptor was approximately 100 to 1 in the native membrane.
If one makes the assumption that 'onl.y'.the‘-aB'y_ -compléx of Gn .is able to
-.effectiveiy interact with reCeptof, this ratio is reduced to ;25‘ to 1, since By
subunits appeaf to be present at levels approximately one fourth of o subunits
[20]. We ‘induced approximately 80% of the‘ m_axifnﬁm conve;sion of the labe'led.
receptor from the 4S to-7S form (Figure 5) at 300‘ pmol/ml Gn. This level 1s
: simiiar to fhe level of the oligomeric Gn thét is present in tﬁe native membrane.

We are, not using a huge excess of G protein relative to what exists in the cell
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to achieve.the reconstitu-trorr of the R-G complex in yitro._‘ Ih both in vitro and in
vitro the G protern lev.el"s are consr‘derab]y in excess (>100 foli_d)'. of theN-fornryl N
peptide recept-or itself. | |
The similar values for the EC,, for complex formation seen with the brain
and neutrophil G proteinis may reflect identical efficiency in couplirrg o'f‘ Gn and
the Gi2 portion present in‘ the mixed hrain Gi preparation'.‘ Our experiments
however, are not able to determine if receptor mteracts w1th hoth Gil and Gi2 in
the brain preparation. At least three polypeptide stretches of the alpha subunit of
| Gi2 and Gn (corresponding to resrdues 8-23, 311-328, and 340-350 of transducin)
maybe be interacting with receptors based on analogy from peptide competition
studies of the interaction of rhodOpein and transducin [53‘,5;‘4]. The alpha subunits |
of bovine Gi2 and humian Gn are 100% identical irr these :etretches. | The identity
a between the alpha subunits of Gn and Gil in these regione' rs 87 i’OO and ‘100%,‘
respectively‘ The overall identity of Gil and G12 alpha subumts moreover 1s-.
90% suggestmg the differences are rather small but srgmficant Transducin,
which does not interact with the formyl peptlde receptor, has a sequence that is
. only 44, 78, and 91% identical to Gn in‘the above polypeptide regions.. Although
these regions are 88; '83,: 100% homol'ogous,_if' cohser\%atii}ev substitutions are .
consirlered, there appears to be insufficient similarity to allow ‘transducin to
interact with the hlrma_n chemotactic receptor. These tesults therefore su ggest that

the 7S complex formation is selective and can recognize structural differences in
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G proteins. Thus, the ‘metho‘ds described in.this rep01:t“sh'6u~ld be suitable for
détailed studies of the specificity of interaction of the N;fonnyl péptide receptor
with various other forms of G proteins. |

The technique might also be applicable'to in&estigations.(of functional
modification of receptor. Results from our lgboratéry using i‘a-b.eled‘ N—fbrr.x‘ly-lv
peptide receptor Ia‘reparéd‘ froﬁl unstimula-ﬁed cells ihdicalte‘-that‘vits? iﬁteracti’én with
G-protein is as avid as the réceptor pre’pated from siimulated ‘_cell's described. in
this study (data not shown). If it can be shown that the- receptor from
desensitized cells and u,nstirr'lul‘ated or s"tﬁnulated cells are bhéicalljf ,eqiiivalent in
théir affinity fqr-G;protein, then it would éuvppon the hypothesis -tha;l the latérallf
segregation of receptor from its transduction paﬁ;ler in the plane of tﬁe -plésma
' membrane [11,55] may be sufficient to explain receptor spe’cific desensitization

in neutrophils.
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CHAPTER 3

- CHARACTERIZATION OF COMPLEX
FORMATION BETWEEN Gi2 AND OCTYL
GLUCOSIDE SOLUBILIZED NEUTROPHIL N-
FORMYL PEPTIDE CHEMOATTRACTANT
RECEPTOR BY VELOC][TY S]ED][M]ENTAT][ON

Introduction

The N-formyl peptide chemoa_ttractant receptor (FPR) mediates the activation
of neutrophils by ‘interacting'w‘ith a guanine nncl'eotide binding pr'ote‘inj (G proltein)f
[1-4]. ‘Such activation ultimately leads neutrcphils to generate free radicals which
are implicated in mrcrobicida] activity [5]. Hydroparhy analysis of the primary
sequence of FPR indicates that it has seven predommant]y hydrophoblc stretches'
whlch are charactenstlc of. G protein-coupled receptors (GPCR) [6] Tlns analysrs.‘ |
suggests that the po]ypeptlde could w1nd in and out of the plasma membrane seven
times with hydrophilic connectmg loops on both the extracellular and the
cytoplasmic sides’ of the membrane. El'ectrcnx -diffraction studies. ind-icate that |
bactenorhodopsm a hght dnven, non G proteln-hnked 'proton pump contams a

seven transmembrane hehx ‘motif [7 8] connected by relatlvely hydrophlhc loops.
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GPCR are thought to share strqctdral similarities _wi‘t‘h bacteriorhodopsin and
analogous topogfaphic models héve been piéposéd and have been pa’rﬁally
validated for rhodopsin [9-11], ﬁnd pB2-adrenergic receptor [12]. Based on sequence
similarities between FPR and other GPCR, working models c.)f the transmembrane
organization of FPR have been proposed [6,13,14].' | |

Physicochemical - proper;ies of humén neutrophil FPR ﬁave beéh
 characterized in Digitonin and Tritoﬁ X-100 detergent extracts [15,16]. FPR
exhibits a high pa;rtial Specific volume of 0.88 and 0.83 in Triton and Digitonin
. respectively, suggesting extensive binding of d‘eiérge,nt and/of endogenous lipid.
Jesaitis and coworkers reported that photoaffinity agonist-labeled, octyl glucoside
(1-octyl-B-D-glucopyranoside) -solubilized FPR, obtaineci from unstimulated cells,
exhibits two interconvertible size forms with .apparent sedimentation coefﬁcienis |
of approximately 4S and 7S [17]. Rate ;onai or velocity sedimentation, sep‘afafes
macromoiecules according to their size and density. The faster sedimenting 7S
form could be'converted to a lighter 4S form by inclusion of G_TPYS in the.
solubilization buffer, suggesting that the 7S fotm ,represe,nted. avcom,pll'c;,x between
FPR and G protein. ‘W‘e have recently shown that 4S FPR directly ;interact‘s with
bovine brain Gi2 or endogenoué neutrophil Gn [18] which is 95% identical to Gi2
[3]- FPR does not férm a complex with Gt [18] or Gt/Go mixtures (uhpublished
observa.tion). Silver staining, radioautogr;ph& and immunoblotting ar.lalzysi's‘ of

sucrose gradient fractions containing the FPR-Gi complexes indicate that the G
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protein subunits 'cosediment‘with the 7S FPR complex [17].

Further characterization of FPR-Gi2 comple;( formation is uéef‘ul, since
physical reconstitution can be used to stﬁdy‘ the structural detenni‘narx;ts involved in
| the binding of FPR to G protein [6,19],. In ‘this repéft,_ we vi"nvestigavted the
bioéhemical variables that contrql the formation of the 7S FPR-Gi2 complex. Our
results show that the FPR-Gi2 complex is disfufted by GDPﬁS whi-ch_indicates that
the guanine nucléotide site in the complex is empiy’. Tfhe empty. nucleotic'le isa
hallmark of a functional guanine nucleotide éxchange i-xifemediéte; -‘The~ N
reconstituted 7S species was stable under a variety of conditions including a pH 9- |
7, detergent envirbnments below and above ..the_, critical micelie concentration
. (CMC), and ~_sait concentrations from 0 to 200 mM Foﬁnation of the 7S FPI-{-“GiZ
protein complex did not require the lpres‘ence‘ ‘o'f exogenio‘us qofactél;s frofn
neutrophil cytosol of Mg* icvmsf These reé’ulfs, along with our ?reViOUS findings,
indicate that sedimentétion analysis of FPR-Gi2 cdmplexes can be 1.;sed to prpbe
the molecular interactions of agonist-occupied chemotactic receptor with‘ its signal

transduction partner the heterotrimeric G protein Gi2..

- Materials and Methods
Buffers, chemicals, methods of cell preparation were as previously described
[17?20]. ‘Chemicals used for G protein isolation were as described by B‘c:jkoch_'et

al, [21]. .
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Preparation of G Protein:

G was ppr’ified from bovine brain as previously described ‘['.’-22],with. the
following modifications. For the first two chromatographic steps DEAE-Sephacel.
was replaced by Q-Sepharose’ Fast Flow jon exchange media (};hannacifa)- and
Ulirogel AcA 34 was replaced by Sephacryl 200-HR gel filtration media
(Pharmacia). Gi was separated from Go on a 20-mi DEAE Sephacel column and
was eluted with 0.1% lubrol-TED (Tris chloride-EDTA-Dithiothreitol) buffer as
.. described previously [6,‘21']. Q-Sepharose chromat.ography' greatly increaééd the
resolution of G proteins from other irrelevant protéi'ns. Profein purity_was’ 95% as .,
_assessed by immqnoblotting using Gi2a-specific anti-peptide antibodies as wéll‘-és‘
~ SDS-PAGE followed by silver staining. Nucleotide‘bind.ing to purified i)roteiﬁ‘ |
‘preparations revealed that 0.90£0.2 moles of GTPy*S bound-per mole of protein
as assessed by the BCA assay (Pierce, Rockford, Illinois). Gi2a speciﬁc‘ anti-
peptide antibodies, as well as 'Géa, Goa. (subtypes 1_’#nd 2)v,"¢;:lnd Gia comon.

antibodies were a kind gift of Dr. David Manning (U. of Pennsylvania).

Reconstitution of FPR With Gi: -

Neutrophil- plasma membranes were prepared from deg'ra‘nulated' cells as
described previously [20]. Photoaffinity agonist labeling and octyl glucbside
-(octyl-B-D-glucopyranOsi‘de .or OG). extraction of FPR were done essentially as

described [6,18]. Linear sucrose dehsity gradients containing 1% octyl glu'cOsidé
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(7001,u1, 5-20%) and other variable components to be tested were prepared by
pouring step gradients (5, 10, 15, and 20% sucrose) and allowing the gradients to
diffuse for 9-10 ‘.hours at 4° C to form linear gradients. - Theoctyl glucoside extract
was treated with 20 4uM GTPyS and a G protein and G'I'fyS freé 4S FPR form was
obtained as described ‘previou‘sly [6]- Detergent extracts containing the 4S form of
FPR were divided into 20 -4l aliquots and purified Gi2 was added to a final
concentration of 250-430 nM. The ‘concentlra:ti:on of FPR in the in4c'ubati~on mi"xtures '
was estimated to be about 50 to 70 nM éssuming 50 to 70% recovery of FPR from
whole cells in these crude extracts. Eﬁperimentﬁ that were sensitive to the FPR
concentration subported these estimates of FPR concentrat‘ion as will be discussed.
The FPR-Gi2 mixtures were incub;ted" fpr 1-2 hours on ice. Longer incubations
with Gi2 resulted in virtualvly identical results. The incﬁb#tioxi-rﬁixtures were
la'yered' on top of the sucrose gradients and -centrifuged‘ 1n a‘. SWSS Beckman
.swinging-bucket.rotor for ld hours at 45,000 pm at 4° C. Sedimentation was
calibrated with protein standards by centrifuging a mixturée of 10 ’/zg‘ each of
cytochrome c (21 S), bovine semﬁl albumin (4.4 S), porcine immunoglobulin G
(7.7 S), and bovine catalasé (11.2 S) in parallel with the experimental gradients.
Receptor peaks were localized after fractionation of gradients 'manua_lly inté 55 ul
fractions and individual- fractions were subjected to SDS-PAGE. The receptor
content was determined by the recepto;-si)ecific- - covalently-bound agdm'st |

radioactivity using phosphor technology [23], using a Molecular’ Dynamics
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(Sunnyvale CA) 400E Phosphor Imager and Image Quant software Because some :
of the conditions used altered the sedimentation Tate of the receptor the
.unassomated, GTP-insensitive form of FPR will be called .the sl’ow form while the

G protein associated, GTPYS-sensitive form wili be called the fast form. -

Mg Effects on 7S Reconstitution:

Mg* concentrations were established using 1 mM EDTA and ma"gn_esium
chloride in excess of EDTA to the final conc‘entrations indicated in the ’inc'ubation
mixtures during reconstitution. Matching concentration of the divalent ion buffers

were. included in the sucrose gradients.

- Effect of Detergent and FPR ‘lCon_centration on 78 Recons‘tit-ution:“; :
'FPR-‘containing detergent . extracts were concentrate,d' tnventy | .jfold” m
'Centricon-30 microconcentrators (Amicon, Beverly, MA) and diluted ap.pr0priately
to obtain different receptor concentrations. For the detergent concentration :
experiments; the FPR concentrate was diluted into hu‘ffersv containing a-ppropljiate
OG concentration to provide similar FPR levels in each of the‘incubation- mi)rt‘ures.
‘Sucrose gradients were prepared with oG concentrations matching the incubation

mixtures.
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Effect of Tonic Strength on 7S Reconstitution:
Concentrated FPR was diluted into buffers containjng‘,different amounts of
NaCl and the r'ec‘c_)nstituvtion perfoﬁned as described above. Apprdpriate | |

concentiations’ of NaCl were included in the gradients.

Effect of H* C‘(')n‘centration .on:7S Réconstitﬁtion:

Aliquots éf stoék.FPR extracts in 10 mM Hepes, 1_00' mM KCI,- 10 mM
NaCl, 1 mM EDTA, and 1% octyl glucoside, and the detergept-contaiﬁjng sucrose
grad-ients were adjusted to the pH values indicated in the figurcf; le;géﬁds using HCIl

or NaOH.

Eﬁ'ect of Nucleétides on 7S Reconstitiltion:

10-100 mM guaniiie or adenine nucleotide stock solutions were prepared in
water and adjustt’:d‘ to pH 7.5. App‘ropria-t‘e concentrations of i_ndividua'i nucieotid‘es '
wefe added to the FPR;GiZ. compléxes and iﬁéﬁ‘ﬁated for 0.5-1 hour ‘li).efore;layeri‘ﬁg - N
on the sucrose gradiénts. Nucleotides étv‘a‘ppropr‘ivat‘e‘ matching conCeﬁtratiQnS were -
included in the gradients. Any othér changes in thg 'inéubationg and/or
experimental cohditions were discussed in the results scction -or  in the figure

legends.
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~ Results -

We investigated the formation of molecular cornpliexes hetWeen FPR and ‘the _
Qi2 protein in order to understand the biochemical variables that influence complex
formation and to determine whether optimum conditions ot/erlap physiologlcally _
relevant con'ditlons. SeparatiOn of FPR-Gi2 cornplexes from uncomplex_ed FPR ~
-was carried out by velocity sedimentation of 'photoa’ffinity-radioiodinated FPR in - '
octyl gluooside containing sucrose gra'dlents in the presence ancl absence of bovine
brain Gi2 under a variety of conditions. Radioalu-'tographic. identification of the -
agonist-occupied FPR was accomplished by l-freetionat-ting the sucrose rlens'ity '
gradlents, running the fractions‘ on SDS-P'AGE' and ‘er(posing dried SDS-
| polyacrylz'lmicle gels to storage screens which could then be developed by phosphor
image technology [23] F1gure 7 shows the sedlmentatlon proflles of photoaffimty-
labeled agomst occup1ed FPR at four dlfferent pH cond1t1ons in the presence and
absence of Gi2. The slowly-se_dlmentmg form ‘(slow) of FPR, obtained from
GTPyS treated neutrophil membranes, represents G prfotei.n-'free FPR and serli-ments ‘
in a symmetrio fashion with a peak at ,fraction, 4 between-pH 6 and 9 as _lshown in
Figure 7 pénels B, C, and D. Its normal sedimentation ra‘te.lis approxirnatel‘y 4S
The sedimentation rate of FPR is increased toan equ‘lva-lent of 7S in the presence
. of exogenous bovine brain Gi2 between pH 7 and 9 Z(Fignr’e 7, | C’ and D). The
GTPyS-sensmve faster sedlmentmg 7S form (fast). represents a physwal complex

* between FPR and Gi2 as shown prev1ously [18] and d1scussed further below.
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Figure 7. Effect of pH on the sedimentation of FPR and FPR-GiZ complexes.
Octyl glucoside-solubilized, photoaffinity agonist-labeled FPR was incubated without (A-
D) or with 400 nM of bovine brain Gi2 (A’-D’) to form a fast FPR-GiZ complex as
described in Materials and Methods at pH 5, 6, 7, and 9 respectively. The mixtures were
then separated by subjecting them to ultracentrifugation in detergent-containing sucrose
density gradient sedimentation for 10 hours at 192,000 gavfollowed by fractionation into
13 equal fractions. Individual fractions from sucrose density gradients were solubilized
in SDS and run on 10% SDS-polyacrylamide gels. The gels were dried and exposed
overnight to a storage phosphor screen to obtain radioautographs as described previously
[6,23]. FPR is observed as a broad species between the 45- and 68 IcD markers (not
shown). In order to facilitate comparison of the sedimentation profile of FPR under
different conditions, the FPR containing regions on the autoradiographs were excised in
the software and stacked sequentially. The detergent containing sucrose solutions were
adjusted to matching pH before layering them as step gradients. Between pH 7 and 9 the
sedimentation rate of FPR obtained from GTPyS treated neutrophil membranes is
equivalent to that of a globular 4S species such as bovine serum albumin with a peak at
fraction number 4. A symmetric two fraction shift into the gradient between pH 7 and
9 is considered as complete complexation of FPR with added G protein as discussed in
the text.
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Treatmenf of neutrophil membranes, under conditions known to solubilize
many peripheral me‘mbrane‘.proteins‘('l M NaVVCI or 5 mM EDTA) in the absence
of guanine nucleotides did not result in dissociation of G proteins from the agoxljst;
occupied FPR, indicati.ng.tivght coupling between the two proteins. The slow FPR
form was obtained only after treatment of labeled membranes with 10 uM GTPyS.

The effects of pH on the sedimentatioh pfofiles-. of the slow aﬁd faét forms
can be seen more cle;ariy in Figures 2A and 2B fespe‘ctively. A stabie FPR-GiZ
reconstitution with essentially identical sedimen£ation profiles was achieved
betweén pH 7 and 9. At:pH 5 the réceptor appeared in the pellet fraction and was
spread across the gradient, suggesting thz;t denaturation as well as aggregation
might have occ‘u.rred at low pH. AtpH 5 the receptor content in the pellet fraction -
increas:ed by about 35% in the presence of added Gi2 (Figure -8b). At pH 6 as well
- as at pH 11 (not showﬁ) the slow and'fast forms of FPR sedimented at distihct
locations in the gradients but with peaks at fractions four and ﬁve respectiilely. At
these non-optimum 'pH values the slow ‘and fast forms Were separated by one
fraction as oppo,sed_ to a two fraction shift a oi)iimurh pH value (pH 7-9). At pH
6 the reconstitution begins to degenerate showing only one fr_action shift
attributable puerhaps to structural perturbations induced at FPR’s isoelectric point
(6.0 and 6.5) [24]. Thé sedimentation pr;ofi:l'e :of .the slow form of the receptor was
somewhat dependent on pH with some incvii‘ca‘tion of aggregatibn as pH was |

increased from 6 to 8. Table 2 indicates that at alkaline pH there is a minor
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broadening of the sedimentation profiles.

FPR SPECIFIC RADIOACTIVITY
(% of total)

3 < S 6 ? 8 9 0 i 2 13

FPR SPECIFIC RADIOACTIVITY
(% of total)

FRACTION NUMBER

Figure 8. Effect of pH on the reconstitution of FPR-Gi2 complex formation.
The receptor content of each fraction, evaluated by SDS-PAGE followed by densitometric
methods as described in the legend for Figure 7, is plotted as a function of fraction
number which parallels increasing sucrose concentration as described previously [6,18].
Sedimentation profiles shown are: a) effect of pH on the sedimentation of FPR without
added Gi2, pH 5 (O), pH 6 (@), pH 7 (), pH 8 (#), and pH 9 (M); b) effect of pH on
the sedimentation of the fast form of FPR, pH 5 (@), pH 6 (O), pH 7 (a), pH 8 ({), and
pH 9 (O). Data points represent a single determination typical of three different
experiments.
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6 171 | 156
7 | 163 15.1
8 190 | 205
9 170 | 200

Table 2. Effect of pH on the half band widths of the sedimentation profiles of
slow and fast forms of FPR. The broadness of sedimentation profiles was expressed as’
the width of each curve at its half maximum height as a percentage of the total width of
the gradient such as shown in Fxgure 8.

Magnesium ions have been shown to have a significant effect on GTP-
dependent, agonis‘tj binding to FPR {25]. ‘However, as shown in Figure 9, addit’iorl,
of Mg* to the reconstitution proteirr mixtures did not subStantial“ly alrer the
sedimentation of either the slow or the fast FPR species. . The receptor distribution
in the gredient became somewhat narrower .with the addition of 100 uM Mg*
(Table 3). A further increase in Mg2 ion concentratron (up to 10 mM) had no
effect on the receptor sedrmentatron proﬁle 1 mM EDTA was used to sequester
any treces of magnesium that might have been present in rhe expedmente with zero
. added magnesrum. |
In ‘lz'ln earlier publicat-iorr we reported that the recenstimtron ef the 7S form

~of FPR is dependent on the concentration of Gi2 with an EC, for the 4S to 7S




81

conversion of approximately 170 nM [18]. Figure 10 shows the ,r.eCOnstitution of
7S FPR form as a function of FPR con_centration. Detergent e)rtracts that are a
: ten_t'h as concentrated with FPR as ‘control extracts but' vtzith the same amount of
Gi2,.reconstituted the 7S complex completety. The half ban_d. 'wi:d-th of both the 4S
and that of 7S were identical, 17.8% (4S) and 19.7% (75): at the lower FPR
| concentratiOn Vs. control FPR concentration 17.6% and 1’9'.1%‘ resoectively. When
“the FPR extract was concentrated tenfold no significant FPR was observed in the
| pellet althongh the half band width of the slow FPR form'-inc'reased from 17% to |
26% andapproximately 50% of the receptors comp-lrexed' with the added Gi. T‘he r -
50% complexati‘on of FPR is exp_ected under these oonditions glven the measured |
EC,, [18] and our estimates of FPR 'concentration in the incubation mixtures. If
the FPR eoncentration in the con‘troi exoeriments is 50-70 nM asWehaVe estimated
then the FPR concentration in ten- fold concentrated extract is 500-700 nM. These
concentratlons 1mply that at the EC50 reported prev1ously [18] the free G12 _
concentratlon is 135-145 nM (170 nM minus 25-35 nM bound in FPR-Gi2 |
complexes) and this would be equal to ky denved =~135- 145 nM The EC50 for :
receptor is 500-700 nM at 430 nM Gi2 (Figure 10) and this irnphes that the free
Gi2 is 80-180 nM in good agreement with the k, estimated from previous data [18].. |
In the presence of excess Gi2 v1rtua11y all receptors were converted to the fast form
- indicating "that the amount of 7S reconstltutlon observed at standard FPR

, concentrations or b_elow was limited by the FPR concentration (data not shown)‘..
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Reconstitutions were
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Effect of Mg* on the reconstitutio
preformed as described in the Materials

using the a
Sedimentation profiles of control, sl

FRACTION NUMBER

n of FPR-Gi2 complex.
and Methods section. The
nalysis as outlined in Figure legends 1 and 2.-
ow (FPR only, open symbols) and fast (with 400 nM



83

- [Mg*] | SLOW FAST
o | 1é.4 o - 213
100 m .16.5‘ | 179 |
ToM | '.1_6:.0. 184 -
smM | 165 1A7.2‘
10 mM '16..0 T 12

Table 3: ~Percent half band widths of the slow and fast sedimentation forms of -
'FPR in the presence of Mg?*. Calculations were done as explained in the legend for
Table 2. - - - '

[NaCl] | SLOW | FAST
dmM | 192 | 167
10mM | 185 | - 216
1M | 232 | 308
3M | broad B  broad

‘Table 4. Effect of salt concentration on the ‘p.ercent ‘half band widths (defined '
in Table 2 legend) of the sedimentation profiles the slow and fast forms of FPR; ‘
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FPR SPECIFIC RADIOACTIVITY

FRACTION NUMBER

Figure 10: Effect of FPR concentration on the FPR-Gi2 reconstitution.
Reconstitution experiments were performed as described in the Materials and Methods in
the presence (closed symbols) and absence (open symbols) of 430 nM bovine brain Gi2.
Before reconstituting with Gi2, FPR-containing detergent extracts were concentrated
tenfold (a, 4) or diluted tenfold (C], M), with respect to control receptor concentration (O,
®) and the complexes were analyzed as described in the legend for Figure 7. Data points

represent the mean of two independent measurements with average standard errors
between the two measurements of less than 9%.
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FPR SPECIFIC RADIOACTIVITY

FRACTION NUMBER

Figure 11: Effect of octyl glucoside concentration on the reconstitution of FPR -
Gi2 complexes. A tenfold concentrated FPR extract in 1% octyl glucoside (OG) was
diluted into buffers containing different amounts of OG and subsequently incubated with
Gi2. Sedimentation profiles of FPR without added Gi2 (open symbols) and FPR with
added Gi2 (closed symbols) were plotted as a function of fraction number as described
in the legend for Figure 8. Conditions shown are 1% OG w/v (control) (CJ, W), 10% OG
(O, @), and 0.1% OG (below CMC) (a, a). The OG concentration in the sucrose
gradients was adjusted to match the incubation conditions. The CMC of OG (at the ionic
strength used) is 25 mM or 0.73%). Data points represent a single determination,
although similar results were obtained when experiments were repeated.
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In order to investi gate the nature of the FPR-GiZ interaetion the depend‘ence
of FPR-Gi2 complex formation on detergent concentration and i jonic strength was
studied. A 1% octyl gluCOSIde (OG) concentration (cntleal mlcellar concentratlon, :
CMC 0.73%) was used previously to extract functlonal FPR [17] as well as in
. reconstitution expenments [6,18]. Figure 11 shows the effects of OG concentration
on the ,complex‘fo_rrnation. Although, FPR formed a complex with G12 at. 0.1%
detergent concentration (well below the CMC) the sedimentation profiles were
broader for the slow form (21 7% vs. 17.8%) and shghtly narrower for the fast
form (20.8% vs. 25%). Moreover, at 0.1% OG, the slow ‘and fast forms
sedimented‘ closer in the gradient than the two fraction s.eparation obtained at 1%
OG. Reconstitutions performed at 1.5% OG w’ere similar to that of uc_:ontrol (1%
OG) experiments ‘(notv..shown). At 10% OG concentravti-on the sedi«mentation' o
profiles for both the 4S and the 7S were alrnost tw'i‘ce" as broad, 35% and 41%
respectively and the reconstitution appeared to be incomplete. |

The sedimentation pro'file' of fast FPR frorn- reconstitution at low iomic
's.tre_ngth (< 1 mM Na*) was very similar to- the profile at mediur_nto high ionic .
strengths (100;200 mM Na"). Figure 12 shows the effect of NaCl concentration
on the sedimentation of the FPR species. When reeonstitution waste'.rformed using :
in 1% OG in double deionized water (no added salt), the profiles were similar to
that'of control experiments(at 10 mM NaCl and 1;00 mM KCl) The se,dimentati’on |

- of the fast- species in sucrose gradients prepared in distilled water as someWhat
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narrower than the slow and the control 7S species (Table 4). Similar results were
obtained up to a salt concentration of 200 mM. No significant reconstitution was
observed at 1 M salt concentration, where the FPR sedimentation has a broad peak
between fractions 4 and 5 both in the presence and absence of added Gi2. At
much higher salt concentration (~3 M) receptor appears to form aggregates with

large sedimentation rates.

FPR SPECIFIC RADIOACTIVITY
(% of total)

FRACTION NUMBER

Figure 12: Effect of ionic strength on FPR-Gi2 reconstitution. Concentrated
detergent extract containing FPR was diluted into buffers containing different amounts
NaCl, and then incubated with Gi2. Sedimentation profiles of FPR without added Gi2
(open symbols) and FPR with added Gi2 (closed symbols) are shown plotted as a function
of fraction number. Control conditions in buffer containing 10 mM NaCl (O, @), buffers
made in double deionized water (a, a), buffers containing 1 M NaCl (O, W), and in
buffers containing 3 M NaCl () and ). The sucrose gradients contained matching
amounts of NaCl. Data points represent the mean of two independent experiments and
the standard error between the two measurements was less than 7%.
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The reconstituted FPReGi2 complex can be speqifipélly dissociated by

| guanine nucleotides. The concentr,ati-on dependence of the disSociaﬁon of the FPRf "
Gi2 complex by the non-hydrolyzable GTP analogue GTPYS ‘is ‘show‘n in Fi‘gufe
13. At 30 nM GTPyS, virtually all receptors sedimented as 7S speciés_. Mbre than
90% of the 7S species were disrupted at 100 uM GTPyS éoncentra‘tion. GTPyS
had no effect on thé sedimentation 6f 4S speciés, indiéafing absence of rany
dissociable G p.roteins bound to the. a‘gon_ist Iaseléd ;_eCeptor;. Quantitative
comparison of the abilify of GTPyS, GDPS, GMP‘an.d'A.TP‘yS té dissociate 7S |
ié shown in Figuré 14. Disrupﬁon of fifty percent (IC,) of the 7S c‘ompléxes by
- GTPYS occurred at a concentration of approximately 3 uM. Mzignesium ions (5-10
mM) increased the potency of GTPyS by a factor of fiv-e, as shown by
| displacemént of the FPR;GiZ dissociation curve to the left. On the; other hand,
GTP, the natural substrate for G proteins was ..slligh.tly less effectivq compared tb
its non-hydrolyzablt;, analogue GTPyS, exhibiting an IC,, of 30 uM (not ‘shéwn).
Though less potent, GDPBS was also ai)le to dissociate the 7S complex (IC,,

250 uM), which indicates that the guanine nucleotide binding site on Gi2a is
vacant in the complex wit_h the ligand-occupied FPR. Synergistic effects of Mg**
were less pronounced with GTP or GDPBS (not s!hoWn). At a high éoncentration: |
of 3 mM, GMP was able to dissociate only about iO‘% of the 78 species. As
expected, none of the.ad‘em'ne‘ nucleotides had a significant effect ‘on' the FPR-GiZ

B complex. ATPyS at a concentration of 3 mM dissociated about 10% of the FPR- .
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Gi2 complexes. Mg*" did not increase the efficacy of adenine nucleotides or the

non-hydrolyzable adenine analogues.

(% of total)

FPR SPECIFIC RADIOACTIVITY

FRACTION NUMBER

Figure 13: GTPyS induced dissociation of reconstituted FPR-Gi2 7S complex.
The 7S FPR-Gi2 complexes were reconstituted as described in Materials and Methods and
incubated further with varying amounts of GTPyS (in the absence of Mg?*) as indicated;
30 nM (@), 100 nM (4), 300 nM (O), 1 uM (large a ), 10 uM (O), 100 uM (small a), 1
mM (#), and 3 mM (). The sedimentation profile of 4S species was shown by (X) and
for clarity the profile of 7S species was omitted but was identical to that containing 30
nM GTPyS (@). Data points represent the mean of three independent experiments with
standard errors less than 7%.
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Figure 14: Comparison of the ability of guanine and adenine nucleotides to
dissociate the reconstituted FPR-Gi2 complexes. Preformed complexes of FPR-Gi2
complexes were incubated with indicated nucleotides at various concentrations and were
analyzed as described in the Materials and Methods section and in the legend for Figure
7 and 8. Dissociation of the 7S complex as a function of nucleotide concentration was
plotted to compare the potency of GTPyS (@), GTPyS+10 mM Mg** (O), GDPS (0O),
GMP (4), and ATPYS (a ). 100% corresponds to undissociated 7S complex. Data points
represent the mean of two independent experiments, except for (GTPyS) for which three
experiments were performed. Standard errors ranged between 7% (GTPyS) to 12 % for
ATPyS. Results obtained for ADPBS and AMP were similar to that of ATPyS.
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Discussion

The objective of this study was to understand conditions that are important
for the interaction between detergent solubilized FPR and Gi2 protein ‘This study |
was 1ntended to determine if, apart from detergent the FPR Gi2 .reconstitution
occurred under physiologically relevant conditions. The present work supports the
use of the FPR-Gi2 reconstitution system in OG to further anal).'z.e the molecular
interactions of N-forrnyl peptide chemoattractant receptor and G protein in the
native membrane [6,19].

Guanine nucleotides and their non hzydr‘olyza'ble derivatives have ‘been_ shown
. to modula‘te' high affinity fMLF binding to neu-trophi:l ‘membranes [26]. In this
report the specificity of .FPR-GiZ interaction was examined by ‘compa'ring the

ability of different guanine nueleotides and adenine nucleotides ?to promote

dissociation of the reconstituted 7S complex (Figure 14) The non- hydrolyzable o

GTP analogue GTPyS (IC50—3 uM), was most potent, followed by GTP (IC50-30
#M), and then GDPBS (IC,,=250 LM). Presumably the lower effectiveness of GTP
~ than GTPYS was due to hydrolysis of GTP. The effect of GMP on the disr’:uption
of the 7S form was minimal and '.'adenin'e nucl'eotides_‘were without_ detec‘tabl‘e‘ '
effect. High magnesium ion (at 5-10 mM) increased the potency o’r". G.'l'Py‘Si-n
dissociating 7S complexes by a factor of five. These results, along with the
| vfunctional ,studies involving GTPyS irnduced‘ modulaitio'n of ‘ligand bindingfto:FPR ,

[25-27], support the coneept that the high affinity fMLF binding is mediated by the
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FPR-Gi2 éomplex and that the éoﬁversion of FPR ‘io low affinity sta-té (for aéonist)
involves. a physical uncoupling of FPR from its- signal transducti'onpartnér Gi2
protein.

The ability of GDP@S to dissociate the 7S FPR-Gi2 complex éppears to be
highly significant since it indicates tﬁat the physi‘_cal coupling of FPR-l‘with Gi2 in
detel_'gent coincides with the functional coupling between the two proteins. The -
primary function of an agonist-occupied receptor is to catalyze the release of bound |
GDP from G protein to create an empty @aﬂne nucleotide site oﬂ the « subunit
that can react with either GT? or GDP. The fact that GDPS dissociates the FPR-
Gi2 complex clearly indicates that agonist-occupied FfR empties .the Ga nucleotide
binding site. Ihcse results, therefore, confirm the role for agonist-occupied FPR
induction of the nucleoti‘de'ekchange on Gi2a as has been demonstrated for B2— |
adrenergic receptor-Gs cloupling [28]. |

‘Divalent cations have previously been shown to be important for G protein-
‘coupled receptor functions. Magnesium ions are necessary for_ the coupling of
égonjst occupied ‘BZ-adrenergic receptors to Gs protein in membranes [29]. -
_ Giersch.ick'and coworkers demonstrated that Mg“- at 1-5 mM, stimulated the
binding of fMLF to differentiated HL60 cell nllembranes,.as well as markedly.
increasing the inhibitory effects of GTPyS on fMLF vbindiﬁg to FfR [25]- The
latter stﬁdy g'lso suggested the existence of two dilva,-lelllt véatiqn sites on the li:gand_- .

FPR-G protein ternary complex and speculated that FPR might interact in a
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functionally impbrtant manner with divalent cations. Our results indicate that, apzirt
from slight par‘rowing the sedimentation profiigs of slow and fast forms of FPR,
magnesium ijons have nb effect on the Gi2 reconstitution up to 10 .mM
concentration. Moreover, Mg** did not change the EC,, for the Gi2-induced sloW'
to fast conversion of FPR (unpublished obs‘ervations),‘ suggesting that the divalent
ion is not required for the 7S FPR;GiZ comﬁlex formation 1n d'qtergent.v Thus, the
role of Mg** in the FPR-Gi2 int.er'action in membrane systems appeafsr to“be quite
different than in the experim;:rits reported here in detergent extracts. In membranes
the largely hega.tive charges on th"e‘ polar interface of the lipid ‘bilayér may affect
tﬁe binding of negativeiy charged sites on the G p’roteih to native membrane
receptors. Therefore, in membrane bound FPR studied by' t‘he other investigators
(cited above) Mg** ions may have been neéded to neutra‘l'iZe, chqrge repulsion to
~ allow FPR-G protein interactions. S‘uch‘i’ﬁteractions ‘may thus be insen,si‘t‘ive_ to
Mg®" when the membrane lipid effects are .'minimizcd by nonionic dctérgent |
solutions of FPR
The .reconstitution of. FPR- and Gi2 can be carried out at detergent
concentrations below and above the critical micellar concexitration (CMC). At
concentrations ‘higher‘than‘-lo ‘times 'the CMC. the recénstituti'on is perturbed,
resulting in FPR that sediﬁents with broad distributions bofh in the presence anq
absence of addéd Gi2. These broad d_istribution;v, aré pfobably not (‘ilue to additional

detergent binding to FPR or Gi2, because increased detergent to protein ratios
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~ would deéreas‘e the sedimentation coefficient due to the increased'partiﬁl specific -
volume of FPR-detergent complexes. it is more likely fhat at higil oG
concentrations, micellar aggregation occurs which would produce higher molecuia'r
weight;'heterogeneousl‘y sedimenting species-. Howe.v'er, the FPR.c‘i‘c‘)es‘ ﬁdf éppear
to denatﬁre in hfgh OG since the sedimentation does shift in a‘ GTPyS dependent
manner (not shown). Similaf reconstitutions of a guanine nucleotide senﬁ_tive FPR-
Gi2 7S complexes are also feasible in Triton X-100 (not shown) whiéh has a much
| fow_er CMC and a higher aggregatién number than OG. Thus, the toi?erance of the
FPR-Gi2 feconsfitution to a range of .detergent conditions supports thé use of the
reconstitution to reflect physiological protein-protein interactions.

In summary, our results clearly éhow_ that physical couplirig of FPR and.Gi2
occurs. over a relatively wide range of proteiii, pH, detergent,- _ aﬁd salt
concentrations aﬁd thus is probably not an artifactual reéonstitution'dépendcht on
very special conditions. Reconstitution occurs over a wide tange of ionic strengths
from <1 mM NaCl, up to the physiological range of 100 mM and .al_)ove'(t‘o 200

- mM NaCl). At high 1M salt concentrations reéohstituﬁon is inhibi’t»(ed,‘ pr_Oba*B‘l‘y
due to interference with _protein-Il)rotein. interactions and possibly due to
denaturation or aggregation. At still higher salt concentratfon 3 M), -FPR
sedimented deeper into the gradienf in the presence of Gi2 as an approximately 1,1‘S.
sbecies. pH had little éffect between 7_.a'nd? 9. I_asﬂy and IIl.OSt importantly, it-is

now evident that reconstitution of FPR with Gi2 in octyl glucoside preserves the
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complex as an intemlediatcl'demonstratihg agox'lis.t induced Vacaﬁcy of 1_th‘e guanyl
nucleotide binding site and p.roves its functioﬁal nature. Therefore, we beljevé that
the molecular nature of functional signal transcl.ucing_'pfoteinr ‘corvnp.IeXes‘can be: ‘
probed in this d’éte\r\gcnt-‘based physical "r‘;ecvo:‘nstituti‘on assay. We ha“ve us'ed‘-th;é
analysis, chérgcteﬁz;:d in the pr?esént. paper to in'ap regions on .the"reégptd_r wlﬁch

are required for receptor-G protein complexation [6,_19].*
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CHAPTER 4

A CARBOXYL-TERMINAL TAIL PEPTIDE OF
NEUTROPHIL CHEMOTACTIC RECEPTOR
DISRUPTS ITS PHYSICAL COMPLEX WITH
G PROTEIN

Introduction

Neutrophils contribute to immune function by their cz‘xpdci,ty’tov caﬁy out
chemotaxis, lysosomal enzyme secretion and.superoxide-production [1]. Bacteria
and mitochondria initiate protein synthesis with N-forfnyl methi'onjne whereas
eukaryo.te protein synthesis :begins with methionine. N-formyl peptides _cz;n act as
chemoattractants by binding to'specific neytrophil surface receptors whj‘cil then
.tn'ggex the activation of’ superoxide proauction and other cellular functions [2-4].
A‘ substantial body of evidence suggestﬁ that the N-formyl peptidé chemoattractant
receptor (FPR) mediates signal transducﬁon through interaction Awith a guanyl
| nucleotide binding protein or G protein [5-8]. Tﬁe FPR has beeﬁ cloned ‘and
sequenced [3] and the derived amino ééid sequenéé,Suggests thz;t FPR belongs to

a family of receptofs called G protein-coupled vheptaheli_cal receptors (see [9-11] for
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reviews). |

The F'PR‘can be identi'fied by photoaffinity labeling with a derivative of N-
formyl peptide and a heterobifunctional radioiodinated crossﬁnker,'F--Met-Leu-Phe; |
NE.-(Z-(p-azido‘[IZSI]salicyl‘-amido)etﬁyl-1,3.’-dithioprc_):pi.onyl)-Lys (fMLFK-
["*1]ASD, formerly referred to as'FMLPL-,[i”I]SASD) [12]. The affinity labeled
FPR from human neutrophils behaves as a mono-disperse.sp.ecives. of appro.xi'ma-tely. |
63 Kda when analyzed by equilibrium sedirnentavtion analysis in Tﬁton X-100[13].
Similarly, the FPR from dlfferentlated HL60 cells elutes as a 66 Kda spec1es upon
gel-fi 1trat1on [14]. These estimates : are consistent with the apparent size of the
affinity labeled receptor on reduced SDS-PAGE gels, where the liganded receptor
migrates' as a broad band ‘:laetween 50-70 kDa f[13 15 16];. Upon enzymatlc
deglycosylation, the receptor migrates as a sharp 34 kDa band [17]

Ph_otoafﬁmty labeled, octyl glucos1de-solub1112ed FPR exhibits two size
forms with apparent sedimentatien coefficients of approximately 4S and 7S The
7S form can be converted to the 4S form by inclusion of GTPYS in the solubilizing
buffer. This conversion occurred with a GTPyS EC,, of 'approximatel_y 20 nM and
appeared to correlate with a.“reduction in sedimentation rate; of G, and By subunits
[18]. ' |

Detergent-solubilized FPR retains the capability for interacti‘on' Qith
‘endogenous G protein(s) upon reconstitution into phospholipid vesicles {19] or with

exogenously added G protein(s) in a concentration dependent manner in octyl
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glucoéide [20]. The reconstituted 7S form 1s fully sen"sivtive to guanyl nucleotides,
and is immunosedimentable by anti-G, antibodies [20]. ‘Silv\'/er staining and
immuno b_lotting of sucrose Igra.di_ent fréetions containjng" the F_PR-_d'protein - :
‘ coﬁplexes in;ii‘cate that the G protein subunits co-sediment wiﬂi the 7S form of the.-
receptor. These data’ suggest that the 7S form of the N -formyl chemotactlc peptlde
receptor represents a phys1cal complex with the G protein.

| Such hydrod‘ynami.c 'studies have created a um"que opportun;it'y to coﬁduct
‘syntheti'c: peptide competition Stl-ldliesl of FPR binding to G protein‘ to gein an
understanding of the structural features .of the chemotacﬁc receptor that ,detennin'e.
its interacﬁon with its ‘si‘gnajl" trransduc.t_ion paftne"r. In "this study, we -proeed t.he -
interaction of FPR and bovine G protein using (sivte;specifi‘C) Asynthetic ﬁept-i’des
corresponding to predicted hydrephilic i‘ntravcellu-lar d"omains of FPR Our resu'lts‘
show that a fifteen ammo aad peptlde CT3S (322-RALTEDSTQTSDTAT-336) "
from the predlcted cytoplasmic tail regxon of the receptor is able to dlsrupt the
physical complex of G pf,otei'n and the receptor. This resul’t‘sugges.ts that the C-
terminal tail‘ region ef the FPR is involved in. the physical couplirig of FPR to G

protein.

Materials and Methods
Buffers, chemical, methods of cell pr‘epafation were as previously described

| [18,21]. Chemicals used for G protein isolation were as described by Bokoch et
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al [22].

Peptide Svnthesis and Characterization:

Peptides CT}}§ (**RALTEDSTQTSDTAT®S),  rCT}22
(PTATDSTQTSDETLAR?), CII!¥ (127thP'VWTQ‘NHRTVS140):,' (
"KTGTVACTFNFSPWT'*) and CIII;3; (*"KIHKQGLIKSSRP*), corresponding - |
to the predicted cytoplasmic surface regioris of the FPR ,(Figﬁre 1), were
synthesized. by the FMOC method with a Mllhgen 9050 automated peptide
synthe51zer Deprotectlon and cleavage was camed out usmg reagent K (Tnﬂuorol
acetic a01d 97%, phenol 0.5%, HZQ 1%, ethanec_hthml 1%, thioanisole 0.5%).
Peptide purity was mom'tored'by' HPLC using a Vydae reverse phase C-18 column, -
and by electrospray-mass spectrdmetry which reveaIed a single molecular ion peak
coneepondihg to the r'noleculalr weight of the pepfides-. Peptides eorresponciing to
the extraceilular receptor loop EIli5s, and neutrophil cytochrome b peptide, CYTooe
(**KVVITKVVTHPFKTIE®®) were made as described previously [23]. The
cytochrome b ﬁeptide (CYT50) was a kind gift’ of Dr. Mark T.-Quinn'. Peptide
stock solutions were made at 50-100 mM .in the extraction buffer conteining

sodium azide (0.02%) and the pH was adjusted to.7.4.

Preparation of G Protein:

G; was purified from bovine brain as previously described [24], and was ‘
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separated frqm Go by chromatography on a 20 ml DEAE Sephécgl column
equilibrated with 25 mM Tris-HCI pHSE, 1 mM EDTA,, 1 mM Na(l, 0‘.6"'-% Llixbrol,’l
and eluted With a linear gradient (200 ml) of 0-250 mM NéCl in the same buffer. |
Purity was 95% or higher as assessed by GTPyS binding and SDS-PAGE followed

by silver-staining. The G protein was the kind gift of Dr. .G_ary M. Bokoch.

Prepz;ration of the 4S Form of FPR:

Plasma m'embranes; obtained from stimulated human neutrophils by nitrogen
cavitation as deséribed previously by Pa;kbs et al [2‘1;], ‘.vver.e stored at -70°C until
use. The membranes were washed with 1 M NaCl (in "relax buffer," see below)
énd were resuspended iannks buffer (pH 8.5) 'duri-ng- the labeling step (a.t about
1x10° cell equivalents per ml). = The FPRs w._ere specifically labeled .with
fMLFK-['*T]ASD as described by [12,25]. Briefly, the NaCl washed membranes
were incubated with 20-30 nM fMLFK-[**TJASD for 30 minut.es on ice in the .dal-r'k,
in foil covered plastic tubes. N onspecific labeling was assessed in the presenée- of
a 100 fold excess unlabeled fMLFK-ASD. The covalent incqrporatjon of the
radiolabel was achieved by irradiating at 370 nm for 10 minutes using a Rziy-onét )
Ultraviolet Ligﬁt Reactor as descﬁbed previously ‘[12’].

The labeled membranes were treavte%i with 16-20 UM GTPyS in 0rder to
prevent interference from the end'o_genmis G protei.-n during thereconstitﬁti’on of the‘

7S form. GTPyS treatment was done at 4°C and for a duration of 5-10 min. The
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treated membranes were washed with 1 M NaCl three times tb rcrﬁov¢ free GTPyS
- and peripheral. p-ro'teins:' The washed membranes were pelleted (Beckman Ti60
rotor at 45,000 rpm for 45 min.) and resﬁspende'd at 1x10° cell le-quiv‘al‘ents/ml
(approx 1 mg/ml protein) in 10 mM Hepes pH 7.4, 100 mM KCI, 10 mM NaCl,
1 mM EDTA, 1 mM PMSF, 10 pg/ml chymostatin (termed "relax buffer") plus 1%
1-octy1‘-beta-D-glucopyranoéide (octyl glucosic.le). The_- membrénes‘ were ‘the.n ‘
ailowed to extract on ice for 1-2 h.and insoluble material wéS removed by

centrifugation at 4°C in a Beckman Ti60 rotor at 45,000 rpm for 30 min.

Peptide Effeqts oﬁ Reconétitution of F;PR With G,_ﬁotein:‘

Linear sucrose density gradients (700 ul, 5-20%) were érepéred by p01’1rving
step gradichts S, 10, 15 'and 20% sucrose) and allowing the gradients to diffuse
iﬁto a linear gradient for 10-12 hours at 4°C. All sucrbse, and peptide solutions
were made in the extraction buffer (1% octyl glucoside in relax 'Buffer). The
detergent extract contzﬁning; the FPR‘was divided into 20 ul 'aiiquots and G, was
added to a final concentration of 450 nM. | The estimated_ concentration of FPR was
.about 10-15l pM. The mixtures were incubated for 1-2 hours- on ice an& t.hen‘
mixed with different concentrations of‘ the peptides. One, two, or eight ﬂour
" incubations (with G)) were equally effective in formation of the maximal 7S FPR
complex. FOr‘.most expérjmc‘:nts, the péptide containing mixtures (Wcre‘further

incubated for 2-5 hours on ice before layering on sucrose density gradients.




105

He\ttzever one, two or eight hour incubations with peptide were also ‘fouhd to be
equally etfecti‘ve in disrupting the complexes.. Moreover, identical results were
obtained wﬁen the receptor peptides were preincubated with G protein Before the
~addition of FPR. This_suggests that th'ese experiments were eondtlcted_ at
effectively equilibium conditions. Appropﬁate c.‘on'eentrations of the -‘relev‘ant
peptides were also inclutied in the gradients to preclude reformation rof complex
during sedimentation.

The gradlents were then eentnfuged in'a SW55 Beckman swmgmg bucket
rotor for 8 hours at 45,000 rpm at 4°C and reeeptor peaks were loeallzed after
fractionation of gradients into 55 ul fractions. Sedimentation experiments were
calibrated with protein standards by.centrifuging a mixtute of 10 ug each of
cytochrome c (2.1S), bovine serum albumin (4.4S), Porcine immunoglobulin (7.7S),
‘an.d bovine catalase (11.2S) in parallel wtth e)q')erimenta-ll gradients. 'Iﬁdivi'dual-
fractions were subjeeted _to SDS-PAGE. G protein cqntentwes ctetertnined by
SDS-PAGE and immuno blot analysis confirming a relatively broad distribution,
"[20] including the FPR-containing fractions. The r‘eeeptor”content:_wa‘s.'detei'mmined
by the receptor radioactivity using storage phesphertechnolegy and phosphorimage |
‘analysis [26] and also by traditional autoradiographic analysis: as described
prevtously [20]. The phospheﬁmage a-nalysis and the quantitation ef the receptor
bands was done with a Molecular Dynamlcs (Sunnyvale CA) 400E Phosphor

| Imager and software
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Results and Discussion -

Site-specific synthetic receptor peptjdes co‘rresponding to the predictedl
interfac‘ialv contact sites between recepter and G protein have been obseﬁed to
inte'rfere with ‘both pHys'ieal and funcfional coupling ‘c')vf theSe -mac'romole‘cules
[27-31]. We report here the use of sidte-specifi‘c eyntheti'c peptides to prebe the
physicgl coupling of the N-form.yl peptide chemoattractant receptor (FPR) with its
signal t.ransduction partner G protein in detergent solution. We i'nvesti-gafed the
ability of three synthetic pepti'des correspending to predi‘cted‘ cyteplaSmi.c doniains
of the FPR to dissociate a reconstituted recei)tor-G proiein complex. | Our assa-y
involves measuring peptide induced ehanges in the rate of sedimentation of the :
receptor-G protein as analyzed by velocity sedimentation in linear sucrose density
gradients t20].

The structural basis for the interaction between receptors and G proteins in
ether. systems has been intensely 'studied by si=te-d'ivrected-mutagenesis, eompetitien
studies using site-specifie synthetic peptides, and .'conyent-iodal biochemical
methods. Site directed mﬁt'ageneeis studies suggest that the"s'ecodd and- third
cytoplasmic loops of B-adrenergic receptor and rhodopsin are invelved in receptor-
G protein coupling (reviewed in [9]). Synthetic pepdde 'competi'ti‘en-studies-have
implied partici;;atioﬁ of the seeond CyfopIaSmic loep, the N-;terrin:inal ‘and a C-
terminai regiohs of the third c&toplas_mic loop, and fegione of ftile cyt'opl.asmi.c' .ta_i]'

[9,10,29-32].
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- Figure 15. Schematic model of the FPR polypeptide chain in the neutrophil
plasma membrane. I through VII represent the putative lipid bilayer spanning domains,
which are connected by loops E1, E2, and E3 on the extracellular side and loops C1, C2,
and C3 on the cytoplasmic side of the membrane. The asparagine residues at amino acid
positions 4, 10, and 179 are predicted to be three potential glycosylation sites on the
receptor. - Similar seven transmembrane domain models heve been proposed and validated
to different degrees for a wide range of other integral membrane proteins including
bacteriorhodopsin [42,43], thodopsin [44], and adrenergic receptors [45]. The peptides
enclosed by the arrowheads, viz 127-140, 170-184, 227-239, and 322-336, were tested in
the reconstitution inhibition-experiments. - - '
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A schematic representation of the-proposed transmembrane tepol‘ogy of FPR

is shown inh Figure 15. Comparison of sequences of the‘ individual cytoplasmic :
omains between FPR and other .G protein-coupled reeeptors indieate sequenee :
identities ranging between 7 and 27% (except for the corhpaﬁson of the first
cytoplasmic loop between FPR and rhodopsin which is 46% identical). Such
relatively low sequence identities suggest that these regions might ?confer Sp’_ecificity ,
for receptor-G’t)rotein coupl‘i'ng. Selection of FPR é.eptides for our experiments
was based on hydro’ph'ilicity [33] end predicted antigenicity [34]. We chose peptide
| segments Crggg (CPRALTEDSTQTSDTAT®), of the carboxyl terminal tall CII127
(127VLHPVWTQNHRTVS”°) of the intracellular loop C2; and CIIL;

(227KIHKQGLIKSSRP239) of the intracellular loop C3 that are delimited by

.arrowheads in Figure 15. As control reagents, we also used reverse sequence‘
peptides, | peptides  with se.quences from unrelated proteins CYT;%

‘(Z%KVVITKVVTHPFKTIE”G of neutroph11 cytochrome b heavy chain) and a
peptide EIl}5 ( ""KTGTVACTENFSPWT™) from the predicted extracellular loop

E2 of the receptor. | |

To probe for interaetive sites of the FPR/G ptotein pair, these pep‘tid‘es were

added to the reconstitution mixture of FPR and bovine G; .as described in the

materials and methods section. The peptides, at a eoneentration of 1 mM, were

incubated with the receptor-G protein vcemplex and the peptides were ptesent _

throughout the gradient at the same concentration. However, inclusion of peptides
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_during the receptor-G protein comp'lexafioﬁ, or preincub‘ati'_on of the peptides with‘
protein resulted in identical results. Fi gere 16 shows the effeets of various peptides
on the rate of sedimentation of the reconstituted FPR. Except for the fifteen.amino
acid CT33¢ ‘pepti‘de, none of the other i)eptijdes were able to dissoeiate the
reconstituted 7S comple;lc.as anavl'yze'd on detergent 'containjn-g sucrose gradients.
It is noteworthy that a peptide of identical length but 'r,eVerse sequence, rCTazz:
(336TATDSTQTSDE’fLAR322) was also unable to perturb the reconstitution at the
same or three fold (3 mM) higher concentration than that used for the naﬁve
sequence l(Figure 3l). These results indicate that the peptide-induced -diseociavti'eﬁ
of the 7S receptor-G protein complex was not. a result of nonspecific
physieochemieal reasons. In fact, since the active peptide contains a seven amino
~acid palindrome constituting a 42% identity with the reverse seq;uence? the ihability
of ite reverse analog to dissociate the complex confirms the high level of speeificity
of this competition and localizes the probable active regions of the 15mer‘ to its
amino and/or carboxyl termini. Densitemetric analysis of the recepter bands on -
‘autoradiograms of gels were used to deteﬁnine the thé receptor d-'iis‘tribu-tion. in the
gradient fracations [20]. Figure 17 indicates t:ha't the CTaa peptlde dlsrupts the
reconstituted 7S. complex with an EC,, of about 587 uM. This result suggests that
the interaction of this peptide stretch of the FPR and bovine G, is relati?ely low )

affinity but quite comparable to that observed for other receptor peptldes [29 30]

and G protein peptides [27,35] that dissociate receptor-G protein complexes
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Another common ‘feature of this concentration dependence is the relatively -
steep inhibition curve with a'calculated Hill coefficient of 1.95 [36] correspoﬁding
with those calculated with the other systen-‘léy mentioﬁed above. The interaction
between proteins is expected be‘ multivalent in-nature, involving different siteé ‘on
the interfacial regjdns. Thus the low afﬁr;ity obse,rvedAwhen a siAnglé peptide’
competes with the full protein-protein interface is not surprising. |

Rhodopsin peptides compete with rhodopsin-G protein interactions in the
fractional millimol'ar concentration range [_27,29']:. The effects of rhodopsin peptides
are syﬁergistic when active peptides arc_a.used in combinati,on,v resulti‘ng, in lower
effective peptide concentrations [27,29]. Unlike in the rhodopsin ‘sy'stem, no
synergism of FPR;G protein u_ncoupl;'ng was observed when peptides CIIZS, CIL,
and CT55 were added tdgéther (data not shown). This negative result éoul‘d arise
from the .fact that peptides used to probe syner’gisih may not have been taken frém
the coﬁect portion of the cytoplasmic receptor surface. In fact, evjdcnce from the
rthodopsin system suggests that two highly conserved amino'acids near‘ the amino
terminal portion of C-2 loop (glutamic acid and arginine) are i,nv.c.)_lvc‘adi in functional
céupling of thé receptor to its G protein [37] but these positions were not include‘-d
in the peptides tested. FPR like many other G prot¢in ‘c'oupled recepfors contains
- an aspartic acid and arginine at analogous positions (Figute 15). If anbth‘er ‘pepfidé .

from the regions of the receptor could be found which also‘_d‘isp?lfays inhibition of
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RECEPTOR SPECIFIC RADIOACTIVITY

FRACTION NUMBER

Figure 16. Effect of various FPR peptides on the reconstituted receptor-G protein
complexes. Octyl glucoside-extracted, photoaffinity labeled FPR was incubated with 450
nM G; as described in Materials and Methods. A separation of the complexes on the
basis of size was achieved by subjecting the protein mixture to ultracentrifugation in
detergent-containing sucrose gradients sedimentation for 8 hours at 192,000 x g,,
followed by fractionation into 13 equal fractions. The receptor content of each fraction
evaluated densitometrically, is plotted as a function of fraction number paralleling
increasing sucrose concentration (as described previously [20]. The sedimentation
distances in the gradient correspond to 4S and 7S globular proteins and are equivalent to
fractions 4 and 6 respectively. Peptides at a concentration of 1 mM were used to assay
disruption of the reconstituted 7S complex: CIIIZ; (*’KIHKQGLIKSSRP?) (a); CII'®
("VLHPVWTQNHRTVS'*) (0J); CT3; CPRALTEDSTQTSDTAT?) (0); CYTa%
(**KVVITKVVTHPFKTIE*®) (M); no Gi and no peptide (O); 450 nM G; and no
peptide. (@). The sedimentation profile of the receptor-G protein complex in the presence
of the rCT33; (reverse sequence) peptide and the EII'¥ peptide was identical to the one
that did not contain any peptide (@). Data points represent the mean of two different
experiments. Experiments with peptides other than CT33 (n=3) were repeated a third time
at a maximum peptide concentration of 3 mM and no disruption of 7S complex was
observed.



112

NP ~ S —9
(RS "0 . . A A
reverse peptide
w e
~
C
b
.
=
Q
=
&~
wn
= I
- C-terminal peptide
Z
=
o
=
=
~
L ) ) ® .
BEE 10 10’ 107"

CONCENTRATION OF PEPTIDE (M)

Figure 17. Inhibition of FPR-G, protein reconstitution as a function of the
concentration of CT35; peptide. CT3, (®) and rCT32 (O) peptides were incubated with the
reconstituted 7S complex, at concentrations indicated, for 2-4 hours on ice and the
complexes analyzed as described in Materials and Methods and in the legend for figure
2. Complete inhibition would be equivalent to pure 4S receptor with no G, added. Data
points represent the mean of three different experiments and the standard deviations were
5.6%, 8.2%, 3.3%, 1.0%, and 8.5% at 10 uM, 30 uM, 100 uM, 300 4M, and 1 mM

peptide concentration respectively. The solid line represents the computer calculated fit
of the data to the Hill equation as described by [36].
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receptor-G protein couplmg it would be mterestmg to 1nvest1gate synerg1st1c effects
‘of such a peptide and Cngg

. The fifteen amino acid long CT35; peptide has 27-40% sequence identity and
up to 73% sequence similarity to analogous segments on the cytoplasmic .ta.il
regions of various G protein ooupled receptors. In addition the alignment of certain
amino .acids in the sequence appears vto"b.e common for several of the other
~ receptors (see Table 5). When the entire oalboxyl tail region ;was compared,
however, the amino acid sequence identity ranged between 27% (cAMP-R) and
40% (C5a receptor and rhodopsin). Such identities over the entire tail regions are
almost equivalent to functionally unrelated proteins. such as chymotrypsin 'ancl
lysozyme which show 2 maximum \i“dentit}‘f of 27 and 26%, rospéctiflel‘y. This
suggests that the identities over the short strecthes may be more relevant to,
similarities of funotion of these reoeptor proteins.

The CT336 region on FPR is enriched in.serine and threonine residues,
similar to .analogous cytoplasmic tail reg"i,ons-' in ‘rhodopsin .a.ncl---B-ad.renergic'
receptors. The serine and threonine lesidues at positions 334-336 in rhodopsin [38] .
and numerous sites on the cytoplasmic tail of the f-adrenergic receptor (reviewed .
in .[9]). Wero shown to be phosphorylated oy specific receptor kinasosa These

phosphorylated regions along with other phosphorylated serine and threonme

remdues nearby are thought to medlate the binding of the regulatory molecule B

arrestin to rhodopsin and possibly B-arr,estin to the B-recept_or [39].
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~ In contrast to earlier feports- [40] serine at positioﬂ 334 (CT 328), two.
threonine diads at positioﬁ 319-320 and 335-336 (CT 329) along with an- aspartic
acid diad at position 330-331 on the carboxyl tail region of rhodopsin have been
reported to be important for inhibition of reconsﬁtutéd GTPase a'ctj_vity using
purified rhodopsin and transducin [28]. Moreover, in a recent abstract, experiments’
were described in which a fusion protein containing the entire carboxyl tail of the
FPR and maltose binding protein demonstrated i'nhibition of high affinity ligand
binding to FPR [41]. Tﬁese resulté and t_he signifiéant de:gree of local sequence
3

identity with rhodopsin support our finding that the CT: 35 tegion on FPR appears

to be important for the FPR-G;, coupling.




PERCENT  PEACENT  REMARKS
IDENTITY  SIMILARITY - ~

v CT 322338 -336 - - C-Terminus
RHODOPSIN -342 - 40 47 C-Terminus
cAMP-R -328 27 ‘ 47 . C-Temminus
hum-B2-R -389 33 73 - C-Terminus
hum sub P-R -394 33 60 C-Terminus
hum-a2-R -303 - 33 60 CAll Loop
hum c5a-R

-336 40 67 - C-Teminus

Table 5. Comban'sc)n of the CT33; peptide sequence with other proteins. 'Seque{lces were compared by the
BestFit routine of the Wisconsin GCG software package [46]. BestFit makes an 0pt111:181 allgm.ner%tr of t.he‘best segT_nent
of simijlarity between two sequences. Percent similarity takes into account c0nservat1ve substl.tutloqs .m th¢ sequen(.:es
compared. Bestfit uses the "local homology" algorithm of Smith and Wavte_rr,r.}an (Advances in Ap'?lle.d Ma.themaflcs
1981, 2-':482-489). The location of the segment compared on various G protein coup]ed r.eqel.)tors is glyen ],n, the last
column. The peptide segments are manually aligned to show the s'eq,uen'ce homology. nghllghlte;d reglons represent
‘either amino acid identity or conservative substitutions.. The flanking numbers regges‘e.ntithe locatlon‘ of the
polypeptide segment in the protein. Abbreviations used are CTE 322-336, the CT3;5 peptide of the N-formyl

chemoattractant peptide receptor; cAMP-R, cyclic AMP receptor from Dictyostelium Discoideum; hum-B2-R, human

' B,-adrenergic receptor; hum sub P-R, human substance P receptor; hum a2-R, human a,-adrenergic receptor; hum

5a receptor: : i minoacic ‘ -on the similarity of the residues which are -
C5a-R, human C5a receptor: The shading of the aminoacids was based on t rif es
divided into four groups: nonpolar (A,V,L,LP,M,F,W); polar (G,S,T,C,Y,N,Q); positively charggd (K,R,H); and'

negatively charged (D,—E).
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~ CHAPTER 5

EXTENSIVE CONTACT BETWEEN Gi2 AND N-
FORMYL PEPTIDE CHEMOATTRACTANT
RECEPTOR OF HUMAN NEUTROPHILS:

- MAPPING OF BINDING SITES USING

SYNTHETIC RECEPTOR-MIMETIC PEPTIDES

Introduction

Neutrophils act as the first line of defense against invading microo‘.rganism'sv
iﬁ the body. Neutrophils resp‘ogd to ui'nvasions by mfcroorgam’_sms with a_cc_)mp'lex:
series of i)rocesses (chemotaxis; plilagocyto‘sis,‘ lyso.s"omal'.enzyme secrefioﬁ and
superoxide ém’on generation). tﬁat, with "proper function, result in finding,
pha-éocytosis and killing of the invaders._ N -fonlnyl peptides act as chefnqa_ttfac’ta-nts .
for neutrophils by binding to specific surface receptors which -then"trigger the.
activation .of the cellular events mentioned “abovje [1-3]. Since bacteria initiate
protein synthésié with N -_formylate;d methionine, ‘the neutrophils méy use the N-
formyl peptide chemoattractant receptor (FPR) to ﬁnd.si.tes of infection in 't38su¢§

and organs. A primary molecular event mediated by FPR'is fh_'erindilctio'n of GDP- -
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GTP exchange on heterotnmenc G proteins by agomst-occupled (FPR) [4 7]
The FPR cDNA has been cloned and sequenced [2], and hydropathy analysis
of the derived amino acxd sequence and conserved amino a01ds [8- 10] identifies
FPR as a member the family of receptors called G prptem—cdupled receptors
(GPCR) [11]. A striking feature of GPCR is the preSenceof sev.en; ‘preeiomin'antlfy‘ . |
hydrophobic regions whichx‘are thought to form membrane spanpinga-heliees,
connected by relatively hy'drophi'lic polypeptide domains on the extrecell‘ular as
well as the cytoplasmic side of the receptors. The seven transmembrane helix
motif was found by electron diffractioﬁ analysis vof bacteriorhodopsin, a non-G
pretein-linked light-driven proten 'pu.mp [12]. It has been proposed that many of
the saliept features of the bacteriorhodopsin tran.émembrane motif are present in _'
rhodopsin [13] and this has been peniall,y validated f_or‘rhodopsin-‘:[l'fl]- and P2-
adrenergic reeeptor (revi'eWepi in [11]). Based on sequenée h-omol'ogy‘ be&een FPR
and other GPCR, working models of the transmembrane orgam’zaﬁm_- of FPR have
 been proposed [2,15,16]. |
Photoaffinity agonist-labeled .FPR from h‘um’an neutrqphi'ls behaves as a
monodisperse species of approximately 63 kD when analyzed by =equi1ibriux_p
sedimentation in Triton X-lOO [17]. FPR obtained from differentiated HL60 cells

and solubilzized in sodium cholate elutes as a 66 kD speciies upon gel filtration [18].

These results ‘are consistent w1th the apparent size of the photoaffimty agomst-‘ o

~ labeled receptor on denaturmg sodlum dodecyl sulfate-polyacrylamlde gel




123

electrophoresis (SDS-PAGE) gels‘; wlre,re it rrligrates as a broa-ri, oand between 50
and 70 kD [17,19,20]. The rlon-glycosylated FPR expressed in_E. coli [21] and
' enzymatlcally deglycosylated native FPR [22], migrates as a sharp 35 kD band on
SDS -PAGE.

Photoaffinity‘ egonist-labele‘d, FPR 'solubiliied ‘inl octyl,v‘,-glucos'ide from -
neutrophil plasma membranes exhibits two siZe forms with apparent sedimentatiOn
coefficients of approximately 4S .and 7S wlrich can be resolved- by velocity
sedimentetion in linear sucrose 'der_lsity gradients [23]. ‘The more rapidly
sectimenting 7S form can be converted to the 4S form by inclusion of GTPyS .in
the solubilization buffer. Detergent-solubiliz.ed- FPR retav.i.r,lsu the capacity for -
‘interaction with added G protein(s), in a concentration-depend'er_rt marmer, ‘upon
reconstitution into phospholipid vesicles [24] or in detergent extracts [.25]. The 7S
| form can be produced from 4S FPR and Gi2 and is quantitativel.y dissocieted to 4S |
by guanine nucleotides. It is lmmunosedxmentable by anti-Gi2a antlbodles [25]
These data indicate that the 7S form is a physxcal complex of FPR w1th the Gi2
protein. |

Study 'of the contact sites responsible for GPCR and G protein coupling is -
being actively pursued using a variety ot approaches includ‘ing site-directed:.
mutagenesm [26], construction of chimeric receptors [27], as well as usmg synthetlcr
peptides to block and map putative interactive reglons [8, 28 30] Studies w1th

rhodopsin [8,29,31], muscarinic receptors [32],  and adrenerglc receptors [27]
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suggest that receptor regi’on’s involved in G protein co’up]ing include parts éf the
second intracellular loop,. amino and carboxyl portions of {thg third loop, and the
portion éf the C-terminus closest to the membrane. The carboxyl and the amino
terminal regions of the o subunits of G pfotéins have been shown fo Iﬁediate
' recéptor interaction [29,33]. The By subunits of the heterotrimeric G protein also
appear to contribute to receptor-G prbtein specificity [34-36]. .

" Reconstitution of FPR-Gi2 complexes a:‘Iild hy‘drod'yhamic analysis has
allowed us to conduct synthetic peptide competition studies to map the regions bf
FPR that mediate binding to Gi2. These studies complemeht _.a,c'tivi-t‘y-ba's.ed'as‘says,
which cannot | discﬁminate between bind’ivng_ | and_ activation and site-direéted :
mutagenesis whiqh may induce stmctﬁral perturbations in proteins, and thus can not
lead to ungqujirocal ider'ltification. of active-site regions. Toéet_her, however, they
prov‘ide a relatively comprehensive way to address structure-funqticm questions in
the absence of X-ray crystal structure.

We have previously shown that a fifteen gmino a‘cid:peptid‘e (CTE) from the

middle of the C-terminal tail of FPR was able to dissociate:uthe reconstituted 7S

FPR-Gi2 complex [15] while hydrophilic peptides from the putative centers of the
~ second (C2 and C3) cytoplasmic loops were totally'without-éffect; In the cﬁrrent '
sfudy, we iniresti'gated a wider range of the putative cytdplasir\lic regions of FPR

that might be involved in Gi2 binding using synthetic peptide competition. Our

" results provide evidence that FPR must interact with G12 using regions of its
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structure that appear to be at or near the membrane cytoplasmic interface and not
those calculated to be most hydrophilic iﬂ the predicted cyfoplgsmic loop -regions.
We conclude that the first and second cytoplasmic ioops as well as putative
juxtamembrane .regions. of the second and third loops of FPR serve as recognition
sites for heterotrimeric Gi2. These results along With our pr‘eviou‘s ‘fin(iin‘g of a
middle region. of fhe COOH tail peptide (CTE) involvement iﬁ the FPR-Gi2
interaction, indicatés that.the physical cOupliﬁg between FPR and Gi2 iﬁvolves

extensive contact between the two ‘proteins.

Materials and Methods
Buffers, chemicals, and methods of cell preparation were used and obtained
as previously described [23,37]. Chemicals ﬁSed for G protein isolation were as

described by Bokoch et al, [38].

Peptide Synthesis and Characterization;

The peptides shown in the figure legends and control peptides E1A,. E2A,
and Cyt-b were synthesized and characterized as described preViously [15] “The
peptides were punfled by hlgh-performance 11qu1d chromatography in gradients of
acetonitrile/water/2 mM HCI, and the punty of the fractions was assessed by
electrospray mass spectrometry in methanol/water/acetic aéid (50:50:1) solvent.-

Peptide stock solutions were 25-100 mM in the extraction buffer with 0.02%
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sodium azide and the pH was adjusted to 7.5. A Con‘t_rol.pep‘tide-from the

neutrophil cytochrome b heavy chain (gp917*%) was a kind gift of Dr. Mark Quinn.

_ Prépar_atién of G Protein:
Gi was puﬂfied from bovine brairi- as prcviously,d‘escn'.bed [39] _\:yith 'the‘
" following modifications: For the first two chromatogréphip steps Q-Sepharose Fast
~ Flow jon exchange media (Pharmacia) and'S ephacryl 200-HR gel fil:t',ra.‘tion media
(Pharmacia) were used respectively. G1 was separated from Go on ;-ZO-ml DEAE ‘
Sephacel coluﬁn using 0.1% lubrol in TED buffer ;13 described previoﬁsly [15].
‘Purity was -about -9 5% as gssessed by _immunoblot,ting gsi—ng -G‘iz.q-specifi‘c anti-”
peptide antibddies and SDS-PAGE followed by silver ;téi'Mng. Nucleotide ‘Binding |
to puriﬁgd preparations showed‘.that '0490t0.2 molesdf GTPY“S béund per mole
of pr_otein as assessed by the BCA prqtein assay (Pie;ce5 Rpck_for’d, Illinoi"s)-. Gi2a-
| ] speéific a-nti-pepti'de antibodies as weil as Gsa, GOal (s’ﬁbtypes 1 and 2), anﬁbodieé

were a kind gift of Dr. David Manning (U. of Pennsylvania).

Peptide Effects on Reconétitution of 'FPRWitlll Gi2:

Preparation of buffers, neutrophil plasma mexhbranes, photoaffinity agonist
FPR labeling, octyl glucoside extraction, and peptide incubations were carried out
esseﬁtially as described previously [15,40,41]. Bﬁeﬂ‘y, ocfyl glucoside extracts 6f’

purified p‘lasmé menibranes, containing the 4S form _of FPR, were divided into
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.aliquots and Gi was add.ed to-a final concentration of 250-430 | nM. The
concentrgtion of FPR in thé iﬁcubation mixtures was estimated to be about 50-70

nM assuming 50-70% TeCovery of FPR 'fl‘OIh whole cells in the cfud‘e extracts. The :
FPR-Gi2 mixtures were incui)ated for 1-2 hours on ice and then different

concentrations of the peptides were added. The pepﬁde-contaim'ng mixtures were

further incuBated for 1-2 hours on ice before layering on sﬁcr'oseidens.i‘ty; 'éradients.

The gradignts contained the same concentrations of.peptide as were used"in the -
corresponding inéubation mixtures to preclude re-formation of complexes' during

sedimentation. Linear sucrose density gradients (700 ul, 5-20%) containing 1%

octyl glucoéidé were prepared by pouring step gradients (5, 10,. 15, aﬁd 20% |
sucrose) and éllowing the gradients to diffuse into a linear g;ﬁdient for 10 hours at

4° C. Longcr incubations with the peptides or preincubating the peptides with Gi2

before addition of FPR resulted in identical _ resul‘t'é, indicla't’ing; that these

experiments were effectively conducted at equilibrium.

The graciients were centrifuged in a SW55 Beckman swinging-bucket rotor
for 10 hours at 45,000 rpm at 4°.C and receptor peaks were locali~zed after
fraction‘a‘tion‘ of gradients into 55 ul fract_ionsl. ‘S"edi'méntation gxperixﬂents Wefg
* calibrated wi_th protein standafds by centrifuging a mixture of 10 ug each. of
cytochrome c (2.1 S), bovine serum albumin (4.4 S), porcine immuﬁbglobulin G
(7.7 S), and bovine catalase (11.‘2. S) in parallel with expcriméntal'gradients.

Individual fractions were subjected to SDS-PAGE. The receptor content was
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determmed by the receptor specific agonist rad10act1v1ty using phosphor techno]ogy

and phosphor Image analysis [42], with a Molecular Dynamics (Sunnyvale, CA)

400E Phosphor Imager and Image Quant software.

Results

We have previously shown that a fifteen a.mino acid peptide from the middle
of the carboxyl terminal tail of FPR specifically 1;nterf‘eres with FPR-GiZ
| complexation, while the hydrophilic putative central regidns' of the second and third
éytoplasmic lsops'were totally ineffective [15]. Here We investigated thirteen
additional peptides, distributed over the putative cytoplasmic surface and

juxtamembrane regibns. of FPR for fheir ability to- interfere with FPIi{-,GiZ‘ |
iﬁteraction. The Initial focus of this study was on the juxtamembrane regions of
| the third cytoplasmiic loop of FPR (viz., C3A and C3B in Fi gure 20). Ana16g0us
- regions have been shown to bs important for G protei.n‘ coupling in the case of
rhodopsin [43] an‘d.t-he 2-adrenergic -receptor' [44,45]. Overlap.ping'peptides
covering the third cytoplasmic loo'p. of FPR, incl.uding residues fI'OII_l. the putative
juxtamembrane interface were synthesizsd (Figure 20) and tested for their ability
to block the FPR-Gi2 interaction.

Covalent Iabehng of FPR w1th radio-labeled agonist allows us to study FPR
coﬁxplexes without punficatlon of FPR [15,17,25,46]. Our assay involves SpCC]ﬁC.

d1ssoc1at10n of the FPR-Gi2 compleXes-by receptor peptides and separation of
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complexed énd uncomplexed FPR by ultracentrifq,gafjon in detergeht—éontaim’ng
linear sucrose density gradients. Quantitation of the fadioactive‘ agonist-labeled .
FPR content in sucrose gradient fractions was o‘b’tained by subjecting dried SDS-"
polyacrylar’nide gels to radioautography using storage phosphor image apalysis [42].

Figure 18 shows the sedimeﬁtation profile of ggom'st-la-beled FPR ui.lder three

different conditions. Paﬂei A in this figure shows thé sedimentatipﬁ pr'o‘fil'e of the

G protein ﬁee, 4S form of FPR form obtained from GTPyS-treated neutréphil,

membranes [15,25]. Panel B in Figure 18 sﬂows that',.in the presence of added

exogenous Gi2, tlllere is a two fraction peak shift in the sedimentation “vof the

agonist-labeled FPR, which cofresponds toa7S ‘s.edvimentation coefficient. Mﬁltiple

lines of evidence from our earlier report [25] sug‘gést' that the faster sedimenting

7S species represents a physical complex of FPR and Gi2.

The 7S species can be specifically disrupted be certain FPR peptides and not .
by 6thers. Panel C of Fi.gure 18 shows the effgct of a peptide corresponding to the _
carboxyl terminal end of the putative third_cytoplasmic loop of FPR that we call
C3A. Tlﬁs peptide fully dissociates the recoﬁstituted 7S FPR-Gi2 complex (see
Figure 20 ;md Table 6 for the peptide sequence'vand' its location in a proposed
.model FPR structure). This particﬁlar region on FPR has not previously been
shown to mediate FPR-Gi2 interaction: As seen in _panel C of Figure 18, the C3A
peptide at 3 mM concentration was able to fully s'hift',the 7S FPR sé.d»i".mehtatiron. ,
prc;file to that of a 4S spéciés indi‘ca.t'ing that C3A peptide complet.ely dissociated

\
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Figure 18. Disruption of stable FPR-GIiZ complexes by a receptor-mimetic
peptide from the predicted third cytoplasmic loop of FPR (C3A, see Table 6). Storage
phosphor visualization of the 1A photoaffinity labeled and reconstituted FPR-GiZ
complexes separated by velocity sedimentation in linear sucrose density gradients
containing 1% octyl glucoside is shown. Fractions from the density gradients were
solubilized in SDS and run on 10% SDS-polyacrylamide gels. The gels were dried, FPR
visualized and quantitated after a 20 hour exposure to storage phosphor screen [15,4Z].
FPR was uniquely labeled and is observed as a broad species between the 43- and 68-kDa
markers. Panel A shows the FPR sedimentation profile in region of the gel encompassing
the FPR molecular weight range. The sedimentation distances of FPR alone and FPR-GiZ
complexes in the gradient correspond to 4S and 7S globular proteins and are equivalent
to fractions 4 and 6. Panel B shows the symmetric shift in sedimentation to 7S from 4S
that occurs in the presence of added GiZ (400 nM). Panel C shows disruption of the 7S
complex by FPR C3A peptide at 3 mM (see legend for Figure 19 and Table 6 for the
C3A peptide sequence). The peptide(s) were incubated with the reconstituted 7S
complex, at concentrations indicated, for Z-4 hours on ice prior to sedimentation. Similar
shifts in sedimentation of the reconstituted 7S complex were observed with other active
FPR peptides.
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Figure 19. Concentration dependence of C3A-mediated disruption of FPR-Gi2
complexes. Octyl glucoside-solubilized, photoaffinity labeled FPR was reconstituted with
exogenously added bovine brain Gi2 to form 7S complex as described in Materials and
Methods. The uncomplexed FPR and FPR complexed with Gi2 were resolved by
ultracentrifugation in detergent-containing sucrose gradient sedimentation for 10 hours at
192,000g,, followed by fractionation into 13 equal fractions. The receptor content of each
fraction, evaluated densitometrically from radioautographs or by storage phosphor
technology such as shown in Figure 18, is plotted as a function of fraction number which
parallel increasing sucrose concentration, as described previously [15,25]. The
sedimentation profile of FPR alone (4S) and FPR-Gi2 (7S) are shown by (O) and (®)
respectively. C3A (230-KQGLIKSSRPLRVLSFV-246) peptide at various concentrations
[10 4M, (small OJ); 30 uM, (Q); 100 pM, (large CI); 300 uM, (H); 1 mM, (a); and 3
mM, (4)] was used to assay disruption of reconstituted 7S complex. In the presence of
control peptides (Table 6) from the FPR extracellular face E1A and E2A, neutrophil
cytochrome b peptide gp91P***, Gi2a peptide (Gi2-MKI), or from human cytosolic B-actin
(actin-MKI) (not shown), the sedimentation profile was identical to that for the assay that
did not contain any peptide (@). Data points represent the mean of three independent
experiments and the standard error ranged from 2.7% to 4.7%. Points at 10 and 30 mw
peptide concentration were measured but are obscured by the 100 uM points on this plot.
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PEPTIDE -POSFT!ON.AND"SEQUENCE LENGTH. IC
NAME- 50
Clw 43-GNGLVIWVAGFRMTHTVTT-61 . 19 100 uM
C2A 134-QNHRTVSLAKKVIGPW-150 . . 17 100 uM
c2M 127-VLHPVWTQNHRTVS-140 ’ 14 . inactive.
C28B 119-JALDRCVCVLHPYWT-133 : B 1 mM
C2wW 122-DRCVCVLHPVWTQNHRTVSLAKK-144 23 20 uM
C2W++ 119-IALDRCVCVLHPVWTQNHRTVSLAKKVI-146 28 0.5 mM
(eVC2W 144-KKALSVIRHNQIWVPHLVCVCRD-122 23 2mM
C3A 230-KQGLIKSSRPLRVLSFV-246 . 17 1.4 mM
C3M 227-KIHKQGLIKSSRP-239 N ] inactive
C38 2170-FSAPMSIVAVSYGLI-224 - 15 . 0.5mMmM
revC3A 246-VFSLVRLPRSSKILGQK-230 17 >10 MM
CTA 301-YVFMGQDFRERLIH-314 . 14 insoluble
CTB 304-MGQDFRERLIHALPAS-319 16 >3 mM
CIC 315-ALPASLERALTEDST-329 R 15 >3 mM
C1D- 330-QTSDTATNSTLPSAE-344 15 inactive
CIE 322-RALTEDSTQTSDTAI-336 } 15 400 uM |
CT1Z 337-NSTLPSAEVALQAK-350 14 inactive
revCTE 336-TATDSTQTSDETLAR-322. 15 inactive

‘CONTROL PEPTIDES

FPR-ETA 85-KAMGGHWPFGWFLCK-99 15 inactive
FPR-E2A 1 70-KTGTVACTFNFSPWT-]-84 15 inactive
gp?1-phox 296-KVVITKVVTHPFKTIE-306 -6 inactive
Gi2-MK} - 53-MKIHEDGYS-62 10 .~ inactive

Actin-NiKI 190-MKILTERGYS-199 . 10 inactive -

Table 6. Summary of all peptides used in the present study of peptide induced
disruption of reconstituted FPR-Gi2 complexes. Peptides were synthesized and
characterized as described in the Materials and Methods section and were derived from
the known amino acid sequence [72] and the published topographic model of FPR [15]. |
The alphanumeric names of FPR peptides denote their disposition in the proposed model,
C2 for second cytoplasmic loop, CT for carboxyl terminal tail, E1 for first extracellular .
loop etc. The middle regions of the predicted loops and entire predicted loop sequences
are denoted by the letters "M" or "W" respectively. Control peptides gp917*** was from
neutrophil cytochrome b heavy chain, while peptides Gi2-MKI and actin-MKI are from
human Gi2a subunit:and human cytosolic f-actin respectxvely The numbers flanking the
first and last residues of the peptides shown correspond to their location in the intact
‘protein sequence. Peptides were assayed for their ability to dissociate reconstituted FPR-
Gi2 7S complexes as described in the Materials and Methods section and in the legends
for Figures 1 and 2. Peptide concentration required to dissociate 50% of the 7S
complexes (ICs, values) are measured from peptxde titration plots such as shown in
figures 3 through 6. ‘
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the reconstituted 7S FPR- GiZ complex The peptide effects studied appeared to be
at equilibnum since peptides at the same concentration were mcluded in the
“analytical gradients and i‘-nclusion of. peptides- during 7S reconstitution or
- preincubation of the peptides with Gi2 produced identical results. Control pept_ides
having similar amino acid composition to that of C3A but having-diﬂerent
sequences and/or lengths eg., neutrophll gp91p"°" FPR extracellular domaln
peptides, peptides derived from the G12a subunit or actin (as shown in Table 6) did
not dissociate the 7S complex up to a concentra_non of 5 mM. Taken together with
“our published results on the carboxyl_ term'inal tail peptides of FPR ‘[15],l the current '
| observaticns- suggest‘ that peptide-induced d~isscci‘a-ti-on‘ of 7S. Wasnot a r'esult‘ of |
nonspecific effects; :

The disru.ption of the FPR-Gi2 complex_ depends on the concentration of the
active peptides in a graded 'manner. Figure 19 shows tlie-dependence of the
sedimentation of agonist-labeled FPR in tl1e presence of Gi2 at several:‘dif'ferent
C3A peptide concentrations. Densitometr'ic scans of radioautographs 'sucll as
' ‘shown in Fig_ure 18 were used to measure the receptor COntent of each_sucrose
gradient fraction and the receptor content wasﬂ" plotted as .a functi_onv' of‘:’fr_aCtion‘
number. The effectiveness of'eacli peptide in dissociati_ng the ‘F‘PR-'GiZ complex
was assessed by plotting the di.sappearance of radio;l'abeled FPR in fraction 6and
determining a fifty percent inhil)ition ccncentration (ICSO) as shown in Figure 20.

The relatively narrow distributions for the two FPR forms in the gradients (half-
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band width, ~22% of gradient) shown in Figure 19 are comparable to other
membrane proteins 1n detergent-containing sucrose gradients (half-b‘a_nd Width, 15-
20%) [47,48]. The sequences of all of ihg pepﬁdesused in this wor‘lk,j ‘thei'r name .
designations and ICs,’s are described in th¢ figure Iegend‘s and are éﬁminan"zed in
Table 6. | |

To examine the role of other regions' of the putative third cytoplasmic loop
~ of FPR in FPR-Gi2 interaction, similar experiments were carried out §vith other i
peptides. Figure 20 shows a quantitative comparison of various FPR péptides on
the‘ir ability to interfere with FPR-Gi2 complexation.. | The disruption of the 7S
corﬁélexes is plotted as a function of increasiﬁg peptide concqntration. The 1C50’s
fbr C3B and C3A were appfoximately 0.5 and 14 mM. Previous studies involving
peptides cor’respondiné fo various other‘GPCR- and G proteins rep9ned a éimﬁlar_
rahge of peptide concentrations that were efféct}Ve iﬁ blocking such interactions
[29,33,49,50]. The reverse sequence of C3A peptid‘é, (revC3A) displayed less than
one fen;h the activity of C3A as estimated from. its extrapplated ICSOAvalg'e whéréas
~ 1evCTE was inactive. These resul.ts. are consistent With other obéefvations’ .ihat .
reverse sequence peptides (retro all-L peptides) may from topbldgical m_irrof images
of native sequénces (normal all-L peptides) anq may have biolqgical activity [51].

The putative second cytoplasmic loop of many GPCR has been shown to be -
involved in receptor-G protein cb_upling ['8]‘.. | The amino terrminus of the second

putative cytoplasmic loop of most G protéin—c’oupled receptors contains an acidic
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' amino acid followed by a basic amino acid, the D/E,R d‘iéd. “This diad has been
shown to be involved in G protein acﬁ'vation, and reversal éf the charge pair from
- Glu-Arg to Arg-Glu aboliéhed Gt bindiﬁg to rhodopsin [52]. Mu.tation of the
arginine residue to a lheucine or a ‘t1"yp‘tophan is implicated in -hui;lan retinitis
pigmentosa [8]. |
We applied our hydrodynamic analysis to examine ‘the‘ role of"‘ t‘hé putative
second cytoplasmic lho.c‘)p' of FPR in Gi2 binding using sevéral overlapping peptideé
as shown in Figﬁre 21. The sequence corresponding to the enfire proposed second
cytoplasmic loop (C2W) is the most active peptide investigated, ‘wi.th an IC, value
of approximately 20 ﬂM. Similar to resu‘lzts‘ on the third loop- [‘15], the middle
region peptide (C2M) of thg second lodp waé .irnactiVe.‘ Compa‘riﬂg the activity of
Cc2w a~nd-C2M suggests that r.esidues 122-125 .and,‘/or. residues 141-144 may be
cﬁtical fc.)r'the activity (Fi gure 21)., However, unlike observations on putative third
- loop peptide sequences containing larger hydrophobic stretches appearea to be less
~ active than the C2W peptide in our éna]ysis. | .Pep.t‘li>de C2W++ containing the .
i)utative C2 loop as well as additional juxtamembrane resigiueé at both its amino
and carboxyl ends was ten fold less effect:ive‘than C2W. The two ﬂanking "ilalf '
loop" peptides C2B and C2A exhibit IC;, values of 1.5 mM and “200 uM |
respectively. The revCZW peptide, the ‘reverse anal'ogqe of C2W; was 100 fold’

less active in dissociating the 7S complex than the native sequence.
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Figure 20. Comparison of the disruption of reconstituted 7S by synthetic peptides
from the putative third cytoplasmic loop of FPR. Inset shows a diagram of the third
cytoplasmic loop of FPR and showing the location of various peptides tested. T-5 and
T-6 represent transmembrane helical regions five and six close to the cytoplasmic face
of the membrane. Cytoplasmic C3 loop connects membrane domains T-5 and T-6.
Numbers indicate the residue numbers in the linear sequence of FPR. The percent of the
total FPR sedimenting with apparent sedimentation coefficient of 7S was determined by
sedimentation analysis as described in the legend for Figure 19 for each concentration
indicated for several peptides whose sequence were derived or related to that of the C3
loop of FPR. Peptides used were C3A, (230-KQGLIKSSRPLRVLSFV-246) (0)); C3B,
(210-FSAPMSIVAVSYGLI-224) (H); revC3A, (246-VFSLVRLPRSSKILGQK-230) (@);
and C3M, (227-KIHKQGLIKSSRP-239) (a ). Complete inhibition would be equivalent
to pure 4S form of FPR with no Gi added. Data points represent the mean of three
different experiments and the standard error ranged from 2.7% (C3A, 1 mM) to 6.1%
(C3B, 1 mM).
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Figure 21. Comparison of the disruption of reconstituted 7S by synthetic
peptides from the putative second cytoplasmic loop of FPR. Inset shows diagram of the
second cytoplasmic loop and the location of various C2 peptides tested. T-3 and T-4
represent portions of the transmembrane helical regions three and four. Cytoplasmic loop
C2 connects membrane domains T-3 and T-4. Numbers indicate the residue numbers in
the linear sequence of FPR. The percent of total FPR sedimenting with apparent
sedimentation coefficient of 7S was determined by sedimentation analysis as described
in the legend for Figure 19. for each concentration indicated for several peptides whose
sequence were derived or related to that of C2 loop of FPR. Peptides used are, C2W,
(122-DRCVCVLHPVWTQNHRTVSLAKK-144) (O); C2W++, (119-
IALDRCVCVLHPVWTQNHRTVSLAKKVI-146) (a); revC2W, (144-
KKALSVTRHNQTWVPHLVCVCRD-122) (@); C2A, (134-QNHRTVSLAKKVIIGPW-
150) (O); C2B, (119-IALDRCVCVLHPVWT-133) (M); and C2M, (127-
VLHPVWTQNHRTVS-140) (a ). Complete inhibition would be equivalent to pure 4S
form of FPR with no Gi2 added. Data points represent the mean of three different
experiments and the standard error ranged from 2.3% (C2W, 30 uM) to 8.7% (C2B, 100

uM).
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Earlier we IEpoﬁed that fhe middle region of the car50xy1 terminal .téil"
specifically disrupted the rgcdnstitutéd 7S complex, With an ICSO“ of Vapproxim‘ately
400 uM [15]. Additional peptides from the carboxyl terminal tail were assessed
- for the’i‘r. ability to iﬁtgrfere_ with thé FPR-Gi2 complex 1n the present‘..work. Fig.ﬁr.e'
22 (inset) shows the COOH terminal tail peptides thét were investigated. Beptidé ’
CTC, spanning the first half of CTE and containihg"-an. add‘i-tior;'al upstreafn :
sequencé, was only a tenth as effective as CTE. Interestingly, p_eptide CTD |
containing the second half of CTE was not effectivé (data not shown). Unlike.
thodopsin and the adrenergic receptors, FPR’s CTB beptide corréspbnding to the
amino terminus of t'he tail region had an IC;, of more than 3 mM, ihdicating only
moderate activity. The CTB region in FPR does not COhtain a cys'teine residué,
which in other receptors is thought to be pélmi»toylated and mediaté the formation
of a fourth cyt.oplasm‘ic Iodp ‘[1'1]. The peptide corre‘ébénding the 1a§t 14 residués
of the tail, CTZ, was inactive. |
The first cytoplasmic loop of other‘ GPCR has not ‘previoﬁsly been found to
show .functional involvement in G protéin actiVation“[43,53.:], with thg recenfly
reported exception of human muscarinid cholinergic _.recep.tér_ (Hm1) [54]
Interestingly, a peptide corresponding to the first cytop:l‘asmic loop or FPR (Figure
23) was able fé disSoci‘ate't.he reconstituted 7S with an IC,, of approximately 100 .

uM.
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Figure 22. Comparison of the disruption of reconstituted 7S by synthetic
peptides from the COOH tail of FPR. Inset shows a diagram of the COOH tail region
of FPR showing the location of various peptides tested. For a description of methodology
and the plot please see the legend for Figures 2 and 3. Peptides represented are GTE,
(322-RALTEDSTQTSDTAT-336) (O); revCTE, (336-TATDSTQTSDETLAR-322) (*);
CTC, (315-ALPASLERALTEDST-329) (O); CTB, (304-MGQDFRERLIHALPAS-319)
(m); and CTZ, (337-NSTLPSAEVALQAK-350) (a ). Data points represent the mean of
two (CTB, CTC, CTZ, revCTE) or four (CTE) different experiments and the standard
error ranged from 3.6% (CTE, 100 /dVI) to 6.4% (CTB, 300 mM).
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Figure 23. Effect of FPR first cytoplasmic loop peptide on the reconstituted 7S
complexes. Sedimentation profile of the 4S and 7S species + C1W peptide, (44-
GNGLVIWVAGFRMTHTVTT-61), at various concentrations was plotted as a function
of fraction number as described in the legends for figures 1 and 2. C1W peptide at
various concentrations [ 1 uM, (small l); 3 uM, (#); 10 M, (Q); 30 uM, (large H); 100
#M, (O0); 300 uM, (+); 1 mM, (a )] was used to assay the disruption of the reconstituted
7S complex:. Data points represent the mean of two different experiments.
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Discussion

We'have shown that receptor mimetic peptides, ﬁodeled after the primary
structure of FPR, have specific and quantxf' iable effects on the abxhty of agomst-
occupled FPR to reconstitute functional FPR-Gi2 compléxes in octyl g’luco_sidea‘
Thesg resﬁ_It; suggest that the contacts between FPR and Gi2 in such-'prep'arations
are extensive, involving regions in or near all threé predicted cytoplasmic loops and |
parts of the cytoplasmié tail. Synthetié receptor and G protein ﬁeptides have been
*shown to interfere with functional [29,43,50,53,55] and physical [15] rrecept_or--.'é
“protein coupling in several other systems and are believed to mimic iﬁterfacial'
contact sites between the two protéins. 'Appllication of si.te-c_iirected.mutageneéis to
,st‘ructurally‘ perturb GPCR and G protein Has also contriblu-ted" supportive and n‘ox}el
informat.ion about the contact interfaces between theée prdteins [26]. .However,'
our resﬁlts represent a relatively cdmpfehensive disséctioh of the G protein binding
sites on FPR, allow us to refine current ‘colncepts about FPR structure, and to make
éertain predictions'about the earliest evénts invol.ved in the formation of the signal
transduction corﬁplex.

,bur .cu‘r.rent ‘r.esults implicate several hew .cthplasmic recep.tor_ ;sjtes of
interaction with Gi2 and suggest non involvement of sevéral others cytdplasﬁiic,
sitles. Previously, we reported ‘t.hat the predicted. relatively hydrophilié mid regl;'ons
of the second and thlrd cytoplasmlc loops of FPR (C3M and C2M in F1gures 3and

4) do not appear to be mvolved its mteractmn with G12 These results were
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recently cqnfinned fby Prossnitz and coworkers [56] using sitefdirectéd mutagenesis
of these putative FPR intracellulér ldops. Our current results indicate, howévér, .
that stretches of the putative third cytoplasmic lorop in of near the predicted
cytoplasmié membrane interface are involved in Gi2 binding (Figure 20). Similar
findings implicating hydrophobic amfno acid - receptor domains in G protein
activation have been repérted in the case of ‘Bé-adreﬁérgic receptor. Cheung and
coworkers selectively replaéed thé chﬁrgea a§ well as unchargedr residues in the
amino terminal end of the third cytoplasmic loop and assessed the ability of mut'ant'
receptors to stimulate adenylyl cyclase and the sensitivity of receptor agonist-
binding to the nonhydrolyzable GTP 'axialogue Gp-p.(NH)p [45]. ‘"These autl‘l‘or‘s
concluded that hydrophobic interactions in the région, presumed to be an extension
of the fifth transmembrane domain (aﬂalogous to C3B reg‘ioﬁ of FPR), play ‘;1 more
critical role than ionic or h'ydrophilic interaétioné in activating Gs. In support‘ of
this conclusion, is our finding [46] that treatment of neutrophil mem‘brénes uhder
conditions khov?n to solubilize peﬁpﬁeral membrane profe;ins by fntcffeﬁng With
jonic interactions did not dissociate the FPR-Gi2 complex (1 M NaCl or 5 mM
| EDTA). This observaﬁon Suggests tight agonist-occupied FPR-Gi2 binding,
presumably involving some specific hy“c_lrophobi‘c interfacés. Taken together, these
findings suggest tﬁat the more hydrophobi_c; iﬁtramemb_.rang: extensions ofvthe
‘cytoplasmic domains of FPR may be accessiblé to G protein and iﬁportant for G

protein binding to the activated receptér.
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Of all.the peptides we have teste,d; the sequenée corresponding to the entj-re
second putative cytoplasmic loop (C2W, residues 122-144) is the rhost active with -
'an IC,; of about 20 uM (Figure 21) while C2M (127- 140) is 1nact1ve In an -
“independent study Schreiber and coworkers [57] recently found that peptrde C12R
(126-CVLHPVWTQNHR-137) from the second cytoplasmro loop was able to
disrupt the reconstituted 7S cornple‘x_ uvith an IC,, of about 300 4M, which is 102'
fold less effective than the C2W peptide. T:he iuztetive C2M peptiftte (127— |
VLHPVWTQNHRTVS 140) differs from the C12R peptide in that it does not .-
contam the amino terminal cysteine (C126), but it has three addrtronal resrdues at
the carboxyl termmus (138-TVS 140) This drfference suggests that the addrtron
of a cysteine resrdue (C126), to the amino terminus. of C2M peptrde may impart
,'aetrvrty (Frgure 21). Alternately, it is p'ossrble'that the three-addrtronal resrdues on
C2M peptide (138-TVS-140) may’i-'nterfere'with the t)roper folding of the peptide,
._ 'rende.ri‘ng it inactive. - These 'findiugs suggest, furtherruore, that- the activity
| conferred_ by the C2W peptide mzty' reside in proximity of residues 122-126 and
'141-144. | |
Unlike the' juxtamembrane regions of thet pu.tutrve third cytopllasmi.c_l'oop‘,

analogous, more hydrophobic regions near the hyd‘rophilivc.portions of the s:e,corrd
cytoplasmic loop do not contribute to dlsruptmg the FPR-Gi2 interaction. For
example, the C2W++ peptrde (resrdues 119 146 see Frgure 21) containing the most

hydrophilic part of the seeond eytoplasmle loop reglon plus addrtlonal hydrophoblc‘
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residues at its amino .and carboxyl termini has a much weaker activity and higher
IC,, _(500 #M) than the hydrophilic C2W (IC,,=20 uM). In order to bettef localize
the regions that confer activity on the putative ‘s‘econd cytoplasmic loop, we tested
two.pe':ptides co_rresponding to the two halves of the putative second loop which |
also gx’tend into the predicted membrane regioﬁs. Peptides C2A and C2B exhibited
| _ lICSO’s of about 100 M and 1 mM respectively (Figure 21). Addl;tion of equimolar
C2A and C2B simultaneously, to the reconstitution }nixmre did noi reducé thé IC,,
for the 7S ‘disruption below ﬂthat~ of the more active C2A a-loﬁe, indiéating th_af the
effects of these two peptides are not additive or synergistic.

| These observations suggests that .thé second'andl third cytoplasmic loops
probably' have different types of interz;ctio_ns in their coupling tcv)‘ Gi2. The second
160p may exploit electrostatic or polar i~nteracfions while the third loop may depend
much more oﬁ hydrophobic domains for Gi2 binding. In support pf this argum'c%nt
is't_he similarity of the C2A peptide‘lto mastoparan (Table 7), a 14 .amino' acid‘
pepﬁde toxin from wasp venom ‘\(spe.cies Vespula.lewisiiy [58]. Mastoparaﬁ or 1ts |
natural homologue mastoparan-X have Been shown to mimic .a‘gon.jstaoccupied' G
protein-coupled receptors to activate either Gi and Go subtypes | [59-61].
Mastoparan—X has been reported to form an amphiphi-li’c_--l_xelix in pho‘s'pholip‘)id
vescicles [60] or when bound to recombinant Gila or Gola [62]. Structure- |
activity studies aimed at vdi’srupting‘ the helical secondary structure 'by‘ employing

amino acid substitutions at critical locations resulted in an inactive mastoparan




145

[59-61,63] and suggested that the formation of an amphiphilic helix is critical for
mgstopéran’é biological activity. A high degreé of sequ‘encé ‘si.milar.i-ty (64%) and
| similarity in locati;)n of the charged residUes‘ between C2A a'n,djma‘sto;‘)aran analdgs
suggests that FPR’s C2A region might interact with Gi2 by forming a-amphipathic

helix with charged residues on one side and the hydrophobic residues on the other.

c2n peptide QONHRTVS—-LAKKVIIGPW
Mastoparan INLKALAALARKKIL
Mastoparan-Xx - INWKGIAAMAKKLL

Table 7.  Comparison of the FPR C2A peptide with mastoparan and mastoparan-
X. FPR residues 134-150, corresponding to the C2A peptide, was aligned with
mastoparan and mastoparan-X (ref. [58]) from wasp venom. A gap in the C2A sequence
was introduced to increase alignment. ‘The single letter code for the amino acids is used.’
Residues that are identical or similar in at least two of the sequences are shown in bold

face.

The sequence representing the ﬁrst. cytop]asrﬁic.loop is among the best
. conserved regions of G protein-coupled receptors [8‘?-64].. Interestingly, the carboxyl
terminal end of C1W peptide contains two threonines in close proximity to two
basic amino acids. Threonine-56 fs .one amino acid from érgivnjne-54 while
threonine-58 is adjacent to histidine-57. In case of'rhod‘o;l)sin, a serine (S338)"
which is adjacent to a lysine residue has been idenﬁﬁéd‘ as a major initial site of
regulatory p'h'osphoryla-ti'on (re\}iewed in [65]). Two earlier fu'nctiOné-l studies’,‘ '

involving the first cytoplasmic loop of rhodopsin [43], and B,-adrenergic receptor
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[53], concluded that the first looplwa-s not involved in transducin (Gt) or Gs
binding to their respective membrane receptors. In contrast, in a recent report [54]
involving alanine muta,ggnesi's scamu’ng‘of human mixscaxj‘nip choli’nexgic.rcéepfor
(Hm1), a. 50% reduction in. agonist stimulated phosphati‘dyl'ino‘sitoil release was
observed when three residues from the first loop Qere substituted. Our results
cleafly indicate - a concentratioﬁ ldependent dismption of the reconstituted 7S
compiex by the first cytoplasmic loop peptide with _ém IC,, of approximately 100
uM (Figure 23). - | |

Study of the cytoplasmic tail FPR peptides confirm our previous findings
[15], and suggeﬁt further that the“C[_'E region-(FigureﬂZZ‘): may be “.th,e majolr
structural detenninant in the C-terminal region required in the FPR-Gi2 interaction.
Peptides CTB and CTC covering.parts of CTE peptide or containing upstream
sequences were only 50% inhibitory at 3 mM pepti'dé concentfation (Figure 22).
Schreiber and coworkérs [57]“‘found that peptides séanﬁng the entire cytéplaémic
tail as well as a fusion prétein consisting the entire tail region inhibited fMLF _
induced ribosyllartion of Gi with an ICy, of 250 uM “peptide concentration. The
fusion protein containing the ‘éntiré tail competed With' "a'G.ia specific antibody. for
binding to Gi protein with an IC,, of 20 uM. |

Of course, withdut direct structural informatién, it is not p’ossible tb know
the p-recise e‘xpOSure"of ‘the FPR cytoplasmic dofnains to ‘the cy‘toplasmic sﬁrface.‘, )

Thus models for the folding topography of FPR in the neutrophil 'plasrﬁa membrane
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must still be considered within hydropathy constr.a‘int‘s and by ah'alogy to other
receptors for which more detailed information is available. One éuch receptor
system is that of rhodopsin in the discs of rod outer segments in retina.” Dratz and
Harérave proposed [13] that the transmembrane domains of rhodopsin may form
a helical bundle. This folding pattern has some experimental support [ 14,66]. Th1s
model suggesfs that accessibility of the receptor co’ntacf 'regi-ohs needed to
"activate” guam'ﬁe nucleotide exchange on G protein may 'réquire a substaﬁtial |
 structiral transition in the agonist stimulat‘ed fecepto_r. Such a transition' may
involve opening of the helical bundle in 'thé membrane in which the opening of the
helices approximates the "opém'ng of a glove" [30] accompam'éd by the ti}ickening
of the membrane lipids [67]. Wé interpret our results as suppoftl;vé of this view.
The fact that the most hydrdphilic mid regions of the éecond and i_hird cytoplasmic
loops are inﬁétive in blocking FPR-Gi2 interaction while some h'ydrophobi_c
"juxtamembrane" regions are active suggests t-hé G protein recognition of FPR does
ﬁot involve the mid regions. The open glove 'mo'del“ for the ag'o-nist,-occup.i'ed.
receptor "catching" a G protein would at least intuitively satisf}" such constraints.

“The FPR transmembrane topography model proposed by us '[15] originally
formed the basis for our‘chc‘Sice of pc')tentia‘llyv inhibitory peptides t'o,. be tested in thé
reconstitution assays. This model was based purely on hydfoﬁa:thy analysis and -
ana‘logies with models proposed by Dratz abd Hargrave [13] and by Hargrave and -

- McDowell for other GPCR [8,9]. Two other models for FPR tdpdgr’a-phy have now
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been published [2,16] which differ from ours p‘rimarily in the disposition of the
first and the third pred‘icted cytoplasmic loops. Recently a model for GPCR was |
pubhshed by Ba]dwm [10] whxch is based on a detailed companson of 104 G.
protein-coupled receptor sequences and the location of conserved and non-
conserved residues in the putative transmenibrane domains. Our FPR model _1s
| shown in Figure 24, panel A (‘te.rmed model A) a"nd is compared with model B -
after Baldwin (Fignre 24, panel B). "f‘h_e two other FPR rnod"els [2,16]‘- aite rather
51m11ar to model B in Figure 24. Models A and B are very similar in the predlcted
disposition of the second cytoplasmlc loop (C2) and the starting pomt of the C-‘
termlnal tail. The largest differences hetween the two models: are 1) a mgmﬁca‘n_tly .
"short" C3 loop in model B (Figure 24), whose-length corresponds to the'inactiVe '
C3M region [15], 2) a "short" C1 loop in rnodel B, 3) the location of two arginine
residues (R201 and R205) in the transmembtane helix 5 and the location of one
aspartic acid (D2h) in tr’anSmrembr_ane helix 1 of model A which is predicted to be .
in the polar/hydrophobic interface in model B. The presence of charged residues
in the putative tranSmetnbrane regions' have b_een previously implicated for G
protein-conpled receptors; [9,1’0,13,2‘6] as Welr‘l‘ as various Other integral metnbrane
; proteins[68-70]. Model B is oerhaps more compatible wit.h ther open -glove
hypothesis of Dratz et.al., for the agonist-occupied receptor. Model B is -also
appeahng because it affords a simple mechamsm to transmlt gross conformational

changes between the cytoplasmlc face of FPR and the agomst bmdmg pocket G
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protein binding strongly affec_ts_ the affinity of the agonist fMLF for the receptor
[71]. | | |

.In conclusion, our work has result;ad in novel observations 'th.at may have -
significant implications for GPCR structure and function. First, that the iptéraction
of FPR with Gi2 must be mediated by extensive protein-protein contact involving:
interaction of all the cytoplasmic subdomains of FPR, including the putative first
cytoplasmic loop. Second, the .FPR-.GiZ' interaction may well involve deep
interdigitation -of the two proteins, possibly'includ‘ing penetration of the G protein
into the bilayér transinembra_ne helical region. Third, support for the hypothcsis
that ‘_occupancy of FPR by its agonist may open the "fingers" of a glove to grasp
the G protein with minimal contact with the hydrophilic extremities of the FPR
| cytoplasmic loops. Thgse new ramifications of FPR-Gi2 interactions ‘pro{lidé a
model to guide ihe design oi‘" further experiments,’ to bring us cléser to an

understanding the molecular basis of chemotaxis and signal transduction.
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Figure 24. Models for the transmembrane topology of FPR. Model A is based on hydropathy analysis, was previously
published by us (ref [15]), and is consistent with sequence alignments of other GPCR [8,9]. Model B is based on detailed alignments
of conserved and non-conserved-amino acids by of Baldwin [10] and is similar to othér FPR models [2,16]. The regions indicated
with heavy lines show some of the peptide sequences which interfere with FPR-Gi2 coupling and where the transmembrane disposition
differs greatly between the two models. The regions indicated by stippled boxes highlight some of the peptide sequences that are -
inactive in blocking the FPR-Gi2 interaction. ‘ S S o
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CHAPTER 6
CONCLUSIONS

Although G protein me'diated.pathways have gene,réted‘ a gfeaf deal‘ of
interest, the nature, corﬁbositibn and stoichiometry of the molecular speci'és
iﬁvblved in transmerr;brane ;é;ignall’ing have ﬁoi been precisely defined. Funétioh_al
interactions i)etWeen receptors, G protein,s‘ and intracellular effectors are li)‘eing
‘ étudiéd using éell freé systems aé well as in vivo apprpachés. -However, the direct
physicaj coﬁtact between the signal transducing pfo_teins ha_d not been e)';émined;
Résults presentéd in this dissertation address the fundamental hypothesis of the N-
formyl i)eptide chemoattractant receptor (FPR) system, i.e., that FP-R;d-ire,ctly
interacts witﬁ its G protein signaIl tréns;d;iction pgnﬁer- to | triggef neutrbphﬂ
‘activation. .In addition, the expeﬁments _d‘escﬁbed represent a novel approach fo
map the sites .of molecular interactions | of FPR with G ﬁrotein which caﬁ
presumably be exteﬁded' t.o other préteins iﬁVolved in neufrophil ~‘ aétivatioﬁ; |

Thf: two most sig'm'fi'cant' ﬁﬁdings presented in',this" dissertation are l'a)

demonstrla-tion. of a physiologically relevant, direct physical interaction between

NE
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FPR and G protein in detergent extracts free of membrane, and b) demonstration
that binding of G protlei-n to FPR involves distinct and extensive c,ywt‘oplas:mic
domains of the receptor including regions not previously imp]icatéd in the signal
transduction ‘process‘.

Support for the first findi;ng comes from thg studies involving meaéure‘ment ‘
of specificity, selecﬁvity and stability of the physical association of FPR and’G
protein. Photoaffinity agdm’st-]ﬁbeled, and octylgiucosicie-solubilized,FPR retains
its ca.llpabilit-y‘ to interact both physically and functionally with G protein. The
specificity of the FPR-d protei.n interaction is indi_catgd by th-e“ observation that | -
purified neutrophil Gn or bovine bravlin‘ Gi2 (>95% amino acid identity) f;)nns a.

hydrodynamically distinct physical complex with FPR of apparént sedimentation

- coefficient of 7S. Anti-Gi2a antibodies shift the.sedimenta_tion of the 7S form‘

deeper into the gradient indicating that the added G12 protein had beén ihteg;atéd

into 7S compllex. Unrelated proteins like boviné sefum albumin or .iyrrelevax_lt'
immunoglobulin do not f)erturb FPR sedimentation. Selectivity is evidenced by thé

fact that visual t;ansducer Gt, a mixture of Gt/Go. proteins or ADP-ﬁbosy]éted—GiZ

do not reconstitﬁte the 7S complex. As discussed " in chapt'e'r 3,‘ a rangé of

biochemical conditions including -physiologicél pH and salt can be successfully

used to reconstitute the 7S FPR-Gi2 complex confirming the stable nature of FPR-

Gi2 coupling.

The physio]ogicél relevance of the FPR-Gi2 interaction in detergent solution
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is sﬁpported by its response to ’wit‘h guanine nucleotides. GTP or its non-
hydroly‘zable analogue GTPyS (but not adenine nucleotides) is able to diésociate.
the reconstituted 7S complex. The ability of GDPBS to dissociate the 7S complex
-also appears to be highly significant .si_hce it indicates. that fhe physical coupling of
FPR with. Gi2 coincides with fuﬁctional coupling between the two proteins. The
primary function of an agonist-occupied 'reéeptor 1s to release tﬁe bound GDP from
- G protein a subunit fo mai(e the empty hucledtidé site. available to Einding of free
GTP in the cytoplasm. The fact that GDPBS can also dissociaté the FfR-GiZ
complex, albeit at 80 fold less potency than GTPyS, clearly indicates that agonist .
occupied-FPR.in‘detergent empties the Go nucléotidc binding site‘,“whichli’s the
hallmark of a fuﬁctiorial receptor-G protein compléx. Since GTP is normally more. |
_abun.dant‘in the cytoﬁl‘asm the empfy guanine nucleotide site on the FPR-Gi2
protein 'complei will virt'u.a'lly;'always bind the high afﬁm'ty GTP. |

| Because the agonist-ocdupied FPR‘CaI‘I reconstitute al' tigﬁt complex with G
prétein thié pfesented an opportunity to map the interfacial contact r:egions of the
two proteins. Previous im)estigations of receptor-G protein contact sites efnployec_l
predominantly functional assays using either site-direi&ed mutagenesis of éfoteins
and/or bloci(ing function with synthetic pe‘ptidés.‘ The recoﬁstitution assay
characterized and described in this dissertation was adopted to investigate the direct
effects of synthetic and unmodified receptor peptides on blocking the "FPR-GiZ

complex in such functional interactions. Such analysis, though unable to address -
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the functional consequences of FPR peptides on G protein activation, offered

unique advantage by providing insights into the ensemble of contact sites required

for physical molecular association between the two proteins. In addition,

hydrodynamic studies of funcfional molecular coinplexeé, between FPR- and G-
protein would not only supplement iﬁomatiOn obtained from ac’tiyity based assays

but permit us to derive new information since activity based functional assays
cannot discriminate between receptor-G prot'eiwn b'indin'g‘ and activation.

From 'comﬁrehensive studies employing peptides from all the predicted
cytoplasmic FPR regioﬁs, the second major conclusion of this dissertation emerged. -
~ This .conclusion i's. thét the G pfotein binding to FPR involves. extensive contact
between the two ‘pro‘teins. Support for ‘Ithis concllusioh cdmes from peptide
competition studies performed on blockivng ‘reconstitution of the  FPR-Gi2
complexes. Our results clearly indicate that certain FPR intrééellu“lar peptides were
able to dissociate preformed 7S éon_ipléxes or prevent tﬁeir formation. Control
pei;tjdes, however, did not perturb 7. s‘edimentaiion. For example, peptides from
the FPR extracellular surfaces (E1A or E2A) and peptides that dre similar in length
and/or composition from umelatéd proteins, for example neutrophil cytochrome b
(gpél-i)hox) or actin were ineffective. Ste:eochcmiéal sel‘ectiifity was also evident
in this interaction since reverse sequences of the inhibitow peptides were either
~inactive, or significantly diminished in their inhibitory capacity (7 to 100 fold).

This peptide analysis resulted in another Ihaj‘or finding in this dissertation,
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that the predicted three dimensional strﬁétu're of FPR is either anorlnal‘ous relative
to hydropathy analysis or that G protein interactions with FPR extend deeply into
the membrane bilayer. The evidence presented in chapters 4 and 5 ‘indicate'that the
following putative cytoplasmic regions of FPR are involved in G protein.biﬁding; '
the first loop, the amino and carboxyl regions of the second and third loops; and
the fniddle portion of the COO}“I-terminali tail. As discussed in chapter 5, resixlis
with the FPR second and third loop peptides are consistent with those obtained
from fuﬁctional studies involving other G protein-coupled receptor systems. The - -
preponderance of such agreement suggests that similar structural detetmiﬁants from
the second and third cytoplasmic loops of other and possib"l‘& all G protein-coupled
receptors may be a general feature of these systems.

Studies i)resented in this dissertatibh are on the whole consistent with the
current underslanding of the general architecture of receptor-G protein interactions.
Certain differenqes, however, may. reflect differences between thé activjty based
assays and the physical 'reconsti-thion assays. Other répoﬁs utilizing the 'f'ormerv
suggest little involvement of the first loop and the COOH ta&l region while our
results suggest the éontrary. We believe that dur physical recon,s;titution approach,
may discriminate between sites responsible for G protel;n_ bin(iing to FPR as
opposed to its (G protein) activétién. The first unique region involved in.t‘he.
physicai coupling of FPR-Gi2 is the first cytoplasmié loop and its juxtamembrane

regions. There is supportive evidence from other.systems suggesting that the first
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: Cytpplagmic loop of human musc;aﬁni‘c. receptor (Hm1) is involved 1n the actiya‘t;il(})nz
of Gi protejns [1]. Since the physical iﬁteracf_ioh of other receptjors with G proteins
has not been adequately addressed, the role of th.el~ different cytoplasmic domains °
of such receptors in such interactions is not known. The ihy‘oivement of the ﬁrst
c¢ytoplasmic loop in G'proteiri binding (eg. FPR) or activation (‘e,g. Hm1 receptor)
may represent a un.ique feature of receptors that cpuple to Gi type G proteins.

As is discussed in chapter 5 and in the Appehd‘ix, the serine_ and th‘réoﬁine

rich region on the bOOH tail (éTE region) of analogous ‘re'céptbrs has not béen .
implic_:ated in G protein activation and we speculate thét Binding of regulatory
molecules (B-arrestin Hk.e. molecules or possibly actin) may affect accés.sibilfit}y* of .
G protein to key actlvatmg domains on the receptors Our laboratory has recently _
published evidence that the. soluble 4S FPR form and its mteractmn w1th G protein
may be more com-plex than first antl‘cxpated, possibly mvolving ot‘her proteins »[2‘]. |
However, our evidence for phyéi-cal uncoupling o.f‘ FPR from FPR-‘actiﬁ or FPR-G | _
protein-actin complexes is only preliminary (see Appendix). .S'ihce determination.'
of the precise molecular cdmposition and stc')\ichiior'netry of the prSteins in the 4 and
7S FPR species is beyond.the'séopc of this dissertation, it cannot be conclusively
stated that G protein can bind to ‘suéh r’éc:eptc;r-regulat_ofy i)rptein complexes.
Moreover, any such consideration should also address ;he ‘possiblé role of By
subunits | m receptor-G protein interactioils'.‘ ”

Without direct structural information, it is not possible to know the precise
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expos.ure of the FPR cytoplasmic domain§' to the cytopla‘smi'c_surface. Thus models
for the folding topography of FPR m the neutrophil plasma'membrane:mﬁst still
be considered within hydropathy constraints and by analogy to other receptors for
thch more detailed information is available. One such Teceptor systém 1s that of_
rhodopsin in' the discs of .rod outer segments in retina. Dratz and Hargrave
proposed [3] that the trax_is%nembrane domains of rhqd‘opsin may form a. helical'
bundle. This folding pattern has some eXpen'mental- support [4_,5].‘ This model
suggests that accessibility of the receptor contact regions to "activate" ;guafxlline |
nucleotide exchange on G protein may require a substantial structurél transitién in
the agonist stimulated receptor. Such a transition may -in'volve’opem'ng- of the
helical bundle in the membrane in which the opening of the helices approximates
the "opening of a glov-e" [6] accompanied by the thickeMng of the membrane lipids -
7] We interpret our results as supportive of this view. The fact that the ﬁost
hydrophilic mid regions of the second and third cytoplasmi(; loops are ina.ct,ive in
the recoﬁstitutiqn assay while the internal regions sparinjng some hydrophobic
"juxtamembrane" regions are active suggests the G protein recognition of FPR must
minimize the properties of the mid regions. The open ,glo’vg modei "catc'h-ing". a
G protein "ball" would at least intuitively satisfy such cons@rﬁints. |

The FPR transmembrane topography model proposed by us [8], originally
formed the basis for our choice of poteﬁtially inhibitofy peptides to be tested in the

rec.onstitutioh assays was based purel‘y on Hy-dr(‘)pathy analysis and anal'ogies‘ with
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modgls propoéed by Hargrave and McDowell‘ for other GPCR [9,10]. Two ot*lier
models for FPR topography have now been published [11,12] which differ from - |
ours: prim.aril_y in the disposition of the first and the third predicted cytoplasmic
loops. Recently a model was published by Baldwin [13] which is based on
comparison of 104 G protein-coupled receptors and the locatioh of comeﬁéd and
nén-conse_rved residues in the traﬁsmembrane dorﬁéins. Théoreti_cal studies
reported by B‘aldwin, however, while relied on prototypic receptors for visual
pigments, cationic amines and neurotransmitters did not take into account several
‘classcslof structurally and functionally related fejceptors,.for example .od‘ora'nt and
gustatory receptors. In view of the striking diversity of the physiolovg’icalv_events
mediated by these receptor: families, any sequence comparispns should be
interpreted with 'caution. |

Our FPR model is shown iﬁ Figure ‘24 (page 150), panel A dermed model
A) and is compared with model B after Baldwin (Figﬁ-re 24, panel B). The two
other FPR models [11 12] are rather similar to model B in Flgure 24. Models A
and B are very similar in the predicted disposition. of the second cytoplasmlc loop
(C2) and the C-terminal tail. ‘The largest differences between: the two models are
1) a significantly "short" C3 loop in model B -(Figur'e 24), whose length
corresponds to the inactive C3M region as rep.ofted.previ(‘)usly by us .[8],, 2) a
"short" C1 loop in model B, 3) the locavti‘qn of ‘two.‘ ‘arginine resifdﬁ‘és' (R201 an‘d‘l

R205) in the transmembrane helix 5 and the location of one aspartic acid (D26) in |




166 |

transmembrane helix 1 of model A Tn | the 1atér é#s.e, the position of
.intram‘embrane charged residues may seem energetically uﬁfé\;oréble. Howevgr,
presence of charged residues in the putative transmembrane regions have been
previously implicated for G protein-coﬁplea receptors [3,10,14] as well as various
other integral mefnbra,ne proteins [15-17].. Model B is -_compatible wiﬂi ‘the
glove/ba]l hYpothesis of Dratz ahd affordé, a mechanism which will transmit a gross.
conformﬁtion;al change to t'he.exte'ma'l face of FPR possi-bl.y‘affecting its affini‘ty
for its-agonist, fMLF. | | |

Using a functional assay involving .sl.irt‘e-direct‘ed fnu:tag_enesis in the C3M
reg:ion Prossnitz and coworkers [18] confirmed our findings regarding theA‘non_
. participation of the middle rggion of the C3 ioop of FPR-Gi2 c‘oﬁpling. Howevéf,
the authors’ concl.usionv[lg] that the "FPR C3 loop is short and that 1t has no role
in Gi2 coupling" is unwarranted especially sillll-ce our rcsglts ‘él-early‘ show ‘that"the
juxtamembrane regions of lC3‘ lobp (viz. C3A and C3B) are active in Gi2 binding
~to FPR. in either case however, caution l_ must be ex’er'cised’. in intéxpretin'g
topographic models since the loop delimiting- regions have not been experimentally
confirmed. |

In summary,- this is a truly exciting time in the study'- éf the mechanism of
G protein modulated signal transduction pathways. This super family of receptors |
now has more than 800 members and the elucidatiQn of the gofﬁi)lexities of such

pathways require multifaceted approaches. A great deal has ‘beéﬁ accbmplishéd in
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this dissertation towards the molecular characterization of the hydrodynanﬁc forms
of FPR. The results presented in this ‘d33ser'ta-ti‘or.1 rep’resent‘ ‘a_' felativeiy
_comprehensive dissection of FPR, allows us to refine current concepts about FPR
structure, and make certain predictions about the earliest events involved'vin the
formation of the signal trénsduétion complex. Our analysis of the FPR-G protein
interactions has brought us to a new level of understanding of the molecuiaf basis ..
of heptahelical receptor triggeﬁng of .signal transduction procésses.

As we gathered novel information about FPR-G protein interactions, new
iﬁsights were gained into this process leading to new and c_ompe'll-iung[questionis‘
- about interactions of GPCR with signalling proteins. Does the receptor utilize its '_
transmenbrane regions for recognitidn of proteins? How are regulatory proteins
involved in the interaction? What‘ role do the f and y subunits of G proteins play
in the interactions? Is the acti\./e form of the receptor a monomer, dimer or a
multimeric form? What are the consequences of regulatory phosphorjrlation of
prdteins (involved in the signal transduction) on tl;eir physical associations?.
Specifically what is the role qf FPR pho§phory12’1:tioq in'its interéctiqn ‘wi.th' o,th(f,r'
proteins. Does monomeric‘smali G proteins iﬁteract with FPR? 1t is hbpe‘d that
the convergence of techniques studying physical couialing and molecular biological
tgchnology can lead to general _principies goverm'ng‘t,he sti'ucture, function and -

re_gulatioxi of G protein-coupled receptors.
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APPENDIX: NEW PERSPECTIVES |

In this Appendix, I_ attempt to examine tﬁe nature of the molecular
composition of the detergent-solubilized FPR. FPR is normally produced froxﬂ -
GTPyS treated neutrophil membranes. At 43, the apparent sedimentation
coefficient characteristic of G protein free receptof is analomous. ,_Sin;':e FPR
polypeptide chain is highly hydrophobic and requires detergent to be soluble, it is
. likely that the bound detergent (and‘ endogénous lipids) decreases the average
density of the FPR containing particle. Undef such c’ircumstanc‘:e.s FPR is..expe'cted
to sediment with a rate equivlalent to 1-25.. -P;eliminary results with synthetic FPR
carboxyl tail peptide‘CTE, and calculations of FPR molecular weight based on its
hydrodynamic.proper’ties, suggest that 4S FPR represents not just FPR but perhaps
a heterogeneous complex of FPR with an unknown protein. As disCuééed‘ Eelow :
By subunits of G proteins pr.obé"bly are not likely candidates buvt‘as‘ récently
reported by Jesaitis et al. [1], the unknown protein might be actin. “Alternatively,
the 4S form might represent a complex between FPR and B-arfestin—l-ike or other
iegulatory molecule. The basis for this derives from the fact that thef-recep.to'r was -
oBtaihed 'f.1;om neutrophils stim’plated by “formyl? peptide in the ‘I‘)‘res.ence‘ of

cytochalaisin B, a condition believed to induce regulatory phosphorylation of FPR
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[2,3]. Receptor phosphorylation and the concomitant involvement of arrestins is
well documented for other G pretein-coupled receptors including rhodopsin and ‘B‘-‘

adrenergic receptors (reviewed in [4;5]).

Association of By Subunits With 45 FPR

Evidence that By subunits may not be part‘ of the 4S. form of FPR comes
from the fol'lowing.. Phetoéffinity‘agonjst‘-l-a‘bel‘ed neutrophil- membranes were

treated with 10 uM GTPyS primarily to av01d interference from endogenous G

‘protems in the reconstitution expenments Such condltlons are known to d1ssoc1ate '

the heterotrimeric G proteins into o and B‘y subunits in vitro. As dis‘cussed in.
chapters 2 and 3, GTPyS has no. effect on the sedimentation of 4S FPR species.
Moreover, anti-Gi2a antibodies also have no effect on the 4S‘FPR form ivndicating.f '

the absence of dlssoc1able Ga subunits in the 4S spec1es Since the presence of By

subunits in the 4S species cannot be excluded from the above results addmonal'

reconstitution experiments were performed- using p_urified .Gi:2a and 4S FPR. :
Addition of large excess of Gi2a-to 4S species did not result in the formation of

7S FPR-Gi2 complexes. Since a heterotrimeric G protein is required for coupling

. to a receptor, the above results suggest that By subunits are not part of the 4S

species or that FPR-By complex cannot reconstitute with Gio.. Lastly,

immunosedimention experiments need to be carried out using anti-Gp or anti-Gy

‘antibodies on the 4S species to provide clear evidence regarding the presence or -




172

absence of By subunits in the 4S species.
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Figure 25. Dissociation of 7S FPR-Gi2 complexes to 2S FPR by CTE peptide.
Reconstitution, resolution of the uncomplexed FPR and FPR complexed with Gi2 in
detergent-containing linear sucrose density gradients, SDS-PAGE of FPR containing
fractions and the densitometric analysis of the radioautographs was performed as
described in the Materials and Methods section of Chapters 3 and 5. The receptor content
of each fraction is plotted as a function of fraction number which parallel increasing
sucrose concentration as described in the legend for Figure 19 (Chapter 5, page 131). The
sedimentation profile of FPR alone (4S) and FPR-Gi2 (7S) are shown by (O) and (®)
respectively. CTE peptide (322-RALTEDSTQTSDTAT-336) at 1 mM, (W), and 3 mM,
(a ) was used to assay disruption of reconstituted 7S complex. In the presence of control
peptides (Table 6, Chapter 5, page 132) from the FPR extracellular face E1A and E2A,
neutrophil cytochrome b peptide gp91™*, Gi2a peptide (Gi2-MKI), or from human
cytosolic -actin (actin-MKI) (not shown), the sedimentation profile was identical to that
for the assay that did not contain any peptide (@). One of two experiments.
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Dissociation of 4S5 FPR to 2S FPR bv CTE Pepti’de '

Our results with COOH tail peptldes from FPR (basw expenments descnbed
in chapters 4 and 5) suggest the 1nvolvement of the middle reg10n of the carboxyl ‘
terminal tail (CTE) region in FPR-.Gi interaction. Analogous re-gions ha_ve not been
- implicated unequivocally in other systems except, for one publi.cationinv'olving
rhodopsin-Gt interaction [6]. Recent prehmlnary results questlons the role of the '
CTE reglon in FPR Gi coupling. In two 1ndependent expenments CTE peptlde
was able to sequentlally shift the sedlmentatlon of the 7S species to 4S (at 1 mM :
peptide) and then to 2S at hlgher peptlde concentratlons (>3 mM) (see Flgure 25) '
A species 1dent1'cal to that of the photcaffimty labeled FPR can be clearly 1'dent1fied
in the 2S Ifractions of sucrose gradients‘using SDS-PAGE and‘ radi-oautog'r?aphy
Since SDS PAGE and radloautography 1nd1cate there is no FPR degradatlon, we
interpret these shifts as the dlssoc1at10n of the 7S complex first to the 4S receptor
species wh1ch then is induced to dissociate further. These results provide the first
. evidence supportive of the hypothesis that the 4S FPR species.__"actually represents _ |
a compl‘ex of FPR with another yet unknown protein.

CTE peptide clearly dissociates the prefcrmed 7S 'compl\ex, and ‘snch
dissociation appears to be the same as chtained t;vith other.‘FPR active pep‘tides,‘
indicating that Ft’R-Gi coupling may involtre the CTE ‘region. However the CI‘E
peptide never shows a direct effect on the 4S form of FPR - up to 5 mM peptlde_ |

concentration. Thus we conclude that the presence of the G protem and formatlon |
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of 7S species is required for the ultiméte break‘down of the 7S FPR into the 2S |
FPR by CTE. In addition, none of the eighteen other FPR peptides, including the
reverse sequence of CTE (up to 5 mM) or unrelated peptides dlsrupted the complex
to the 2S form suggesting that CTE region may be the prm01p1e region mvolved
in FPR interaction w1th the unknown protein. Taken together these results suggest
that the added G protein somehow alter's‘thev properties of the 4S receptor form
allowing CTE peptide t'o specifically disfupt it to a slower sedimenting 2S for,rrnl.__

The FPR literatﬁre supports the heterogeneity in the .molecular composi‘ti-c')n
of the 4S species in octyl glucoside. Allen énd coworkers {7], reported that FPR
obtained fro.m unstimulated cells and in the absganc’e‘ of GTP has a high partial
specific volume of 0.88 and 0.829 and a stokes radius of 40 and 33 angstroms
‘when solubilized in‘Tﬁton X-100 and D;gitdnjn 'respeétiVely. The ’au.:thors however,
did not measure the se.dinientation rate of the FPR species that was used in their
experiments, but reported that it eluted as a 110-130 kD species in gel filtration
experiiments (Figure 1A in ref. [7]5. Studies in o‘uf laboratory show‘that GTPyS
treatment of neutrophil rﬁembranés or the detergent soluble exfract isa ‘prerequisité
to 6btain a G protein free-FPR form. Since the'expe.n'me”ntal conditions employed -
by Allen and-coworkers [7] did not include guanine nucleotides, we believe that
the FPR in such experiments could have been coupled to endpgenoqs G protein.
The hydrodyna-mi‘p parameters (partial specific \fol‘um‘e and the [Stol‘ces radius)

mentioned above can be substituted in the following sedimentation equation [8] to
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obtain calculated hydrodynamic estimate of the molecular weights of the 4S-and

the 7S forms of FPR.

M' — \520.w67tn20.w Nava
I — Vpaow

where,

¥

N,, is Avagadro’s number (6.023x10% mole™ )

Naow, is the viscosity of water at 20° C (0.01 gm cm™ 'sec™ )

P2, is the density of water at 20° C (1.00 gm L") )

V is the partial specific volume of F?R (0.880 ml gm™ in Trition X-100)
a is the stokes radius of FPR (40 Ang$froms in T rit*o:n X-100)

'szo,w, is the sedimentation coefficienf of FPR (appfoximatel‘y 4S)

This calculation indicates that the 4S and the 7S species have apparent molecular
. weights of 153,000 and 267,000 Daltons. Although the amount ,Of Triton X_-lOb
bound to FPR is not known, the high partial specific volu.me(in Triton ‘X.-100)'f
suggests that FPR Ais very hydrophdbic and that it has a'rel'ativély Iarge amounts of
detergeht and/or endogenous lipid bound té it, bl.lt 1t sediments at the same rate in
octyl glucoside. | |

| The’ hydrodynamic parameters such as partial specific volume and stokes

radius for octylglucoside-solubilized G protein-free FPR are not -a\)ailablle. Efforts
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to determine them were unsuccessful (A. Jesaitis, personal cpmmunjcatio.n).. OG-
solubilized FPR did not enter DZO+5% sucrose, .thﬁs the p;'irtial specific voluing of
FPR was greater than the mediurﬁ empolyed in the experiment. Since the partial _
specific 'volume and the stokes radius of FPR in Trition ,}I(-'I‘O‘O‘ and Dié‘tdm’n wefe
similar and that the sedimentation rates 'of FPR in OG -and Trition X-100- -
exchangéd‘ FPR are also similar it may be reaéonable to exteﬁd n:xol‘ecular Qei;ght
calculations performed above to OG -solu.bili-zedj FPR. °

Thc;, possibility of excess binding of OG to FPR is ulnlikely because,
additional OG binding to FPR should actually.increase the partial speéific Voluﬁxe
of the OG-FPR corﬁplex z‘md hence decrease the se'dimen‘tatidn rate. E_ffe.cté of OG
concentration on the sediméntation of FP’R-as descﬁbéd in chapter 3 also argues.
against the first two 'possibilities. When sedimentation runs were perf;)nnpd at
detérgent con'centra‘tions of fivé to ten fold beldw the critical rriicellar concentration
(CMO) no sigm'fi.cant' perturbation in the sedimentation of FPR was observed
(Fi.gufe 3.5). Similarly, at detergent concentrations well ‘a.bQVe the CMC no
aggregation was observed. These results support .our hypothésis that the 48 FPR
form might represent a complex of FPR with a component that is distinct from
heterotrimeric G protein.

Preliminary crosslinking s'tudies' of the 7S form of FPR (A.J.Je-;aitis and
D.W. Siemsen unpubhshed observatlons) revealed two mdependently sedimenting

FPR species on SDS-PAGE, one with a molecular weight of 110 kD and the other
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with 1'50 kD. The spt_acies that crosslinked to FPR howevér,,have not yet b.ee':n'
identified. Moreover, we have recently reported that the 45 compl:ex' was
immunosedimentable with anti-chicken back muscle aétin_ and anti-Amoeba
c,ytoplésmic actin monoclonal antibodies suggestiﬁg that the c’_yioskeletal protein
actin iﬁteracts with FPR [1]. Preliminary evidence (J esaiﬁs. and Siemsen personal

- communication) suggests that interaction between FPR and actin could be direct.

The glycosylated FPR has an apparent SDS-PAGE molecular weight of 60:—65 kD

while actin display a molecular weight by ‘SDS-PAGE of about 43 kD. The
molecular weight sum of these three species is 103-108 kD a'greeing with the
molecular wéigh.t of one of the crosslinked species (110 kD).

Interestingly, an earlier report invdlfling' expreséion of. human FPR in
Xenopus oocytes, required cotransfection of a complementary human factor in ofder

~ to obtain a fully functional FPR [9]. The necessary ‘comple’mentary human factor -

has not been éharacteﬁzcd further. Studies of this componént might definitely shed

light on the molecular composition of functional FPR species. Taken together
these observations support our pfédiction that the 4S 'SP'eci.eS in octyl glucoside

probably is not FPR alone, but might represent a complex of FPR together with

some unknown protein(s), possibly actin.

The Nature of the 4S Species: A New Hypothesis

‘The CTE '_regi()n of FPR is rich in serine and threonine residues which in
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analogous regions of beta-2 adrenergic receptor and rhod_opsin are shown to be -
| -substrates for various kinases including receptor speeifio, kinatses [10]. There is a
great deal of information. to suggest that receptor kinase jndUCe'd phosphorylation
of such residues plays a criticatl rol’e in desensiti‘zing the response of the a~drenergio.
and rhodopsin'_reoeptors.even in the continued‘presence of-stirnule-ting :ig,onist [1‘1]'.
Receptor phosphorylation promotes the bindi.ng, of’ regulatory m'olecu.les like arrestin
and beta- arrestm to rhodopsm and beta- adrenerglc receptors respectlvely [12 13]’
nvhlch promotes functional uncouphng of receptors from’ G protems thus leadmg
to cessation of receptor 'mechated signal tra‘nsdnctxon.

'Two recent reports show' that FPR is phosp?ho'rylated iboth‘ ina time and d;ose‘
(agonist) dependent manner [2, 3] Although the precise FPR re51dues whxch may
act as substrates for phosphorylatlon are not known yet 1t is. poss1ble that re51dues
in the CTE reglon are also mvolved in the regul’atlo'n of FPR medxated events.
Moreover, leukocytes have been shown express to high 1evels:'of several distinot
forms of B-edrenergic reoeptorkinaSes [14,15] és well as arrestin_ homologues [16].
Hence it is possible that the FPR mediated events might intzolve interactive pl‘ey-
of kinases and arrestin h(')rrrologues'possibly hav-ing actin-like'properties. FPR used .
in the experime_nts presented in this disserta-tion was obta'ined-frorn fully stirnnlated,
‘(by agonist) nentrophi‘]s and thus rnight represent. a covalently 'phospholr'yleted‘
receptor.  Although, the role of protein phosphateses "in reveming -S_uch

modifications cannot be ruled out it is certainly possible that the 4S form of FPR
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is a complex with arres'tin,lits "actin-like" hvomologue-or‘ with.another yet unknown .
~ regulatory molecule

-This raises the novel p0531b111ty of G protem bmdmg toa "FPR-regulatory
protein complex" (4S). Receptor kinase mediated desensmzatlon of rhodopsm and
the adrenerg:c-receptors involves functlonal uncouplmg of phosphory’lated receptors
from G protems but it does not exclude physwal couplmg of G protems to the-
phosphoryla_ted receptors. Since arrestin or its homologues are half the size of
heterotrimeric G proteins, and G proteih binding to receptors ihvolves. multiple
contact si"tevs‘ (see chapter 5 for a discussion)," lt 'is possible that the re'gul-atory-,
protein-receptor complex can only mediete functional uncoupling of receptors and
G proteins but not mediate physical uncoupling.‘

Thus, we hypothesxze that a FPR-regulatory protem complex mi ght still bind
G protein. In such a case the interaction between G protein and the regulatory
molecule might mvolt/_e a region analOgous to the C’I:E region, since CTE peptide
i$ presumed to 'disrupt FPR-X-Gi interacti'on, where X denotes an '-unkhoWn
component. Sequence companson between FPR G protem subunits, arrestuls and
actin reveals a fifteen amino acid stretch on Gf8 subumt (residues 22- 36) which is
47% identical to the CTE peptide region on- FPR and to certain cytoskeletal
proteins such as vinculin' and coronin [1].

CTE 322-RALTEDSTQTSDTAT-336
GB 022-RKACGDSTLTQITAG-036
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Thls region oﬁ G along with its flanking regions have been shown to be critical
for a) its int‘erz-action with the Gy subunit [17,18], b) forlthe_for‘mation of thel
heterotrimeric G prot_eiﬁs via a triple stranded coiled coil motif [19], and c)‘"is_
- involved in its coupling to B-adrenergic receptor I;inase (‘B'ARK) [10].

While binﬂing of arrestin or its homologues was shown to be specific for
phosphorylated receptors [12], it has alsé been reported that anionic heparin or
pol’yaniéns compete with the binding of arrestin to phofoacfiVated rhodopsin [20]
.These observations clearly indicate that arrestins have high affinity for-polyam'_om'c'
structural rriqtifs. The CTE regioh ui)on phosphoryl#tio’n (at seven potential sites) '
could behave like as a polyanion. 'Since CTE peptide used in our exﬁeriments was.
not phosphorylated, this may explain why a relati-vel'y high concentration (3 mM_
or higher) was required to obtain t.he‘ ZS'species.' -,:It would be useful to tes£ a
phosphorylated CTE peptide for its efficacy in dis'sociati_ng‘ the 4S and 7S
-complexes. If fndeed the CTE peptidé W:'fIS‘ dissociating FPR-"arrestin" interaction
then the -phosphorylated CTE peptide is expected to Be a more potent agent than
native CTE in breaking up 4S. | |

As mentioned eélrlier, the CFEbepﬁcie’ did not dissociate the 4S spécies ui)
to a concentration of 5 mM, unless it. were not first reconstituted with G protein to
~ form 7S . 'I"his indicates that the interaction between FPR and thg uﬂkﬁown protei‘n:
is probably of high affinity. Mo-re'over',. since the ZS species can be 6bt'ained only

from the 7S reconstituted form, this su-ggests that Gi somehow reduces the affinity
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_between FPR and the unknown protein. The proﬁosed Gi mediated redubtion’ in

"FPR-unknown p'vrotein". affinity is then revealed by increased conéentration of CTE
which gains access to the.interface between FPR and the unknown protein. It
would bé interesting to know if a phosphorylated CTEI-)epti_de can dissociaté 4S
species (in the absence of Gi).. In addition, thé appa‘r'e‘ht, 1ac£ of 'syneréy between

CTE and other FPR active peptides (which independently dissociate 7S) suggests

- that the FPR-Gi interaction probably involves both direct (through FPR cytoplasmic

loops) as well as indirect (binding mediated via a reg_ulatbry molecule).

Jesaitis and coWorkers [21] proposed that \dun'ng a‘gom'st“ mediated
desensitization, FPR is segregated into microdomains' which -are enriched in
cytoskeletal proteins' (actin and fodrin) jb1-1t depleted iﬁ G pfoteins. The authors alsé ‘
shéw [22] that tran’sldcated receptors can interact w1th G- proteins and hence
hypothesize that "lateral segregation” wo'u'l,d' represent a mechanism of Con_tfolling
of ;eceptor-G protein interactions and sﬁéhz réofgaIﬁzé-ti'On of the plaSma membrane,
may form the mollecular basis for response termination in human neutfophj]s.

Interactions of G protein subunits' with cyt.oskeletal protein . Were
documented, for examplé, tubulin was shown to interact with Ga ,'[23]’ as-well as
the By subunits [24]. In addition, By subunits interact and/or translocate "recepto'r
Specific kinases [10], and activate various effectors including ion channels, type II
adenyl cyclase and phospholipases ,'[25,26]1. These résu'lts along with_ obsewation

that there exists conserved sequence motifs between arrestins and G- protein
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subunits [12] provide a basis for the conjecture that arrestins may play a regulatory

role between cytoskeletal proteins and FPR. Finally, the unuSuall'y high expression -

of arrestins and P-receptor kinases in leukocytes [14-16] as well as the

* demonstration that they have broad receptor é:pecificity, regulating several G protein

coupled receptors [27], further supports a potenﬁal’ role for the phosphorylatipn of

FPR in its interactions with "arrestin and/or other regulatory molecules."-

In summary, our preliminary results have led to the observation that the 4S

from of FPR may represent a complex in itself. This observation may have

significant implications for FPR mediated neutrophil activation. The nature of tlie(
45 species should be pﬁrsued to addreés its ‘compositioln and to ascertain its
structural and/or functional roles in modulating FPR mediated events. Such
molecular dissection will provide insights that will bring us closer to understand
vthe nature of the signal ‘transducing s_p'ecies involVea in ch_emotax.is. ‘and

microbicidal activity of human neutrophils.
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