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Abstract:
Neutrophils play an essential role in fighting bacterial infections. Many neutrophil functions are the
result of an interplay between cell surface receptors and their ligands. Formyl peptide receptor (FPR),
through the action of its ligand, fMLF, has been shown to mediate neutrophil migratory, as well as
cytotoxic functions. This receptor is believed to be organized into seven-transmembrane regions and is
coupled to guanosine triphosphate-binding protein (G protein), which is a key component in
FPR-mediated signal transduction. Previously, numerous attempts have been made to purify the
receptor. In this work, we describe the expression and partial purification of FPR expressed in insect
cells infected with recombinant baculovirus. The receptor expressed in these cells had a significantly
decreased ligand binding affinity with a dissociation constant of 70 nM, as compared to the receptor on
neutrophils with dissociation constant of 3 nM, suggesting that the processing of the receptor may be
different. We, therefore, shifted our effort to purify FPR from Chinese hamster ovary (CHO) cells,
which were found to bind ligand with a similar affinity as human neutrophils.

The purified receptor, as well as intact CHO cells expressing FPR (CHO-FPR), was used in the
selection of phage peptide library in order to identify sequences that bind to the receptor. Although no
consensus sequence was identified, the use of CHO-FPR cells in affinity purification of phage peptide
library allowed the selection of phage that had binding characteristics different from the phage selected
using wild-type CHO cells. This was demonstrated by flow cytometry, which proved to be a rapid and
efficient method for screening the selected phage.

Finally, to further explore the protein-protein binding sites on FPR, and more specifically the
interaction between the receptor and G protein, two cytoplasmic tail deletion mutants of FPR were
constructed and analyzed for their signal transduction capabilities. Partial calcium release and
suppressed chemotaxis by the deletion mutants suggest that the deleted regions are not absolutely
necessary in eliciting the FPR-mediated response. Our results support the notion that there are several
binding sites between FPR and G protein. 
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ABSTRACT

N eutrophils play a n  essen tia l role in  fighting bacteria l infections. 
M any neu tro p h il functions are  the  re su lt of an  in terp lay  betw een cell 
surface recep tors an d  th e ir ligands. Formyl peptide receptor (FPR), 
th rough  th e  action  of its  ligand, yMLF, h a s  been  show n to m ediate 
neu troph il m igratory, a s  well a s  cytotoxic functions. T his receptor is 
believed to be organized into seven-transm em brane regions an d  is 
coupled to guanosine  triphosphate-b ind ing  pro tein  (G protein), w hich is a  
key com ponen t in  FPR-m ediated signal tran sd u c tio n . Previously, 
n u m ero u s  a ttem p ts  have been  m ade to purify the  receptor. In th is  work, 
we describe th e  expression  an d  partia l purification of FPR expressed in  
in sect cells infected w ith recom binan t baculovirus. The receptor 
expressed  in these  cells h ad  a  significantly decreased  ligand binding 
affinity w ith  a  d issociation  co n stan t of 70 nM, a s  com pared to the  
recep tor on neu troph ils  w ith d issociation co n stan t of 3 nM, suggesting 
th a t  th e  p rocessing  of the  recep tor m ay be different. We, therefore, 
shifted o u r effort to purify FPR from C hinese h a m ste r ovary (CHO) cells, 
w hich were found to b ind  ligand w ith a  sim ilar affinity as h u m an  
neu troph ils .

The purified receptor, a s  well a s  in ta c t CHO cells expressing FPR 
(CHO-FPR), w as u se d  in  the  selection of phage peptide lib rary  in  order to 
identify sequences th a t  b ind  to the  receptor. A lthough no consensus 
sequence w as identified, the  u se  of CHO-FPR cells in  affinity purification 
of phage peptide library  allowed the  selection of phage th a t  had  binding 
ch arac te ris tics  different from the  phage selected u sin g  w ild-type CHO 
cells. T his w as d em onstra ted  by flow cytom etry, w hich proved to be a  
rap id  an d  efficient m ethod for screening the  selected phage.

Finally, to fu rth e r explore the  pro tein-protein  b ind ing  sites on FPR, 
an d  m ore specifically the  in terac tion  betw een the  recep tor an d  G protein, 
two cytoplasm ic tail deletion m u ta n ts  of FPR were constructed  an d  
analyzed for th e ir signal tran sd u c tio n  capabilities. Partia l calcium  
release an d  su p p re ssed  chem otaxis by the  deletion m u ta n ts  suggest th a t  
the  deleted regions are  n o t absolu tely  necessary  in  eliciting the  FPR- 
m ediated  response. O ur re su lts  su p p o rt the  notion th a t  there  are  several 
b inding sites betw een FPR an d  G protein.
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CHAPTER I 

INTRODUCTION

Role o f  N eutrophils in  Im m une R esponse

The im m une system , w ith its in n a te  an d  acquired  characteristics, 

plays a  very im p o rtan t role in  pro tecting  the  h o s t from  invading 

m icroorganism s. In ' c o n tra s t to acquired  im m unity  resu lting  in 

m ounting  a  response  to a  specific pathogen, the  in n a te  im m unity  

involves nonspecific factors, w hich prevent the  pathogen  from entering  

an d  subsequen tly  replicating in  the  host. The "noncellular" com ponents 

of the  in n a te  im m unity  include the  physical b arrie rs  form ed by sk in  an d  

m ucous m em branes, an d  the  physiological barrie rs , su ch  as pH, 

tem pera tu re , an d  various bactericidal su b stan ces. The "cellular" 

com ponent of nonspecific im m une response  include m any  cells capable 

of endocytosis an d  fewer specialized cells capable of phagocytosis, su ch  

a s  m onocytes, m acrophages an d  neu troph ils . Utilizing th e ir exceptional 

m igratory m echan ism s, the  neu troph ils , w hich b ased  on th e ir 

m orphological fea tu res are  also referred to as polym orphonuclear cells 

(PMNs), a re  u su a lly  the  first leukocytes to en co u n ter the  invading 

organism .



2

In th e  norm al non-infec.ted sta te , the  neu troph ils  m arg inate  from 

the  cen ter of the  colum n of blood tow ards the  periphery  to scan  for a  

chem otactic  signal, indicating  the  p resence of inflam m ation in the  body. 

C h em o a ttrac tan ts  are  im m unoregulatory  su b s tan ces , derived from 

dam aged tis su e  cells, endothelial cells and  th e  m icroorganism s 

them selves, w hich can  induce im m une cells to m igrate  along the ir 

gradients. If du ring  m argination  neu troph ils  detect the  chem oattrac tan t, 

they  s ta r t  rolling by tem porarily  b inding to endo thelium  th rough  

adhesion  m olecules, su ch  as selectins. The binding of ch em o attrac tan t 

to its recep to rs on the  surface of neu troph ils , resu lts  in  increased  affinity 

of neu troph il in teg rins for the  endothelial receptors. T his leads to a rre s t 

of neu tro p h ils  an d  consequen t tigh t adherence to endo thelium  followed 

by tran sm ig ra tion  betw een the  endothelial cells. The neu troph ils 

squeeze th ro u g h  in terce llu lar ju n c tio n s  by ex tending  pseudopods 

followed by cytoplasm ic stream ing. O ut of the  circulation, the  

neu troph ils  con tinue  to m igrate th ro u g h  the  ex tracellu lar m atrix  

following th e  g rad ien t of chem oattrac tan ts . Once th e  neu troph ils 

physically en coun ter th e  bacteria, they  begin the  phagocytosis process 

followed by th e  form ation of phagolysosom e an d  degranu lation , during  

w hich the  g ranu les fuse w ith the  phagocytic vesicle an d  release the ir 

con ten ts. The prim ary  (azurophilic) g ranu les con ta in  m ainly
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m yeloperoxidase, e lastase , lysozyme an d  defensins, the  secondary 

(specific) g ranu les also con ta in  lysozyme, in  addition  to collagenase and  

lactoferrin. The degranu lation  is accom panied by en h an ced  oxidative 

m etabolism , w hich re su lts  from NADPH oxidase reduction  of oxygen to 

superoxide anion. This radical u ltim ately  is transfo rm ed  into a  variety of 

toxic oxygen species, su ch  a s  hydrogen peroxide, hydroxyl rad icals an d  

singlet oxygen. These oxygen-dependent toxic species, along w ith the  

oxygen-independent bactericidal con ten t of g ranules, ren d e r neu troph ils 

very effective in  m icrobial killing.

Form yl P eptide R eceptor

The different activities of neu troph ils  re su lt from  the  in terp lay  

betw een cell surface recep tors an d  the  signaling m olecules, called 

ligands. The receptors, acting as tran sd u ce rs , relay th e  signal across 

p lasm a m em brane an d  m ediate in trace llu lar responses leading to specific 

cell activity, su c h  a s  chem otaxis. The chem otactic  abilities of 

n eu troph ils  have been  observed a s  early a s  the  tu rn  of tw en tieth  century , 

however th e  evidence for ch em o attrac tan t receptors on neu troph ils  w as 

no t provided u n til the  1970s. Schiffm ann et a l  observed th a t  

su p e rn a ta n ts  from  cu ltu res  of Escherichia coli h ad  po ten t

ch em o a ttrac tan t effect on rabb it in traperitonea l n eu tro p h ils  (54). This
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observation led to th e  production  of sh o rt form ylated pep tides an d  the 

analysis of th e ir functions as ch em o attrac tan ts  (58). The m ost po ten t 

ch em o a ttrac tan t form ylated peptide synthesized w as form yl-m ethionine- 

leucine-phenylalan ine (/MLF). Interestingly, the  sam e peptide w as 

isolated from  E. coli cu ltu re  filtrates by M arasco et ah (34). T hrough the  

b inding of radiolabeled JMLF, it h a s  been  show n th a t  neu troph ils  have 

specific recep to rs for th e  form ylated peptides (65). In su b seq u en t 

stud ies , it h a s  been  determ ined th a t, in addition to chem otaxis, the  

formyl peptide recep tor (FPR) is responsib le  for m any  o ther neu troph il 

functions assoc ia ted  w ith h o st pro tection  from invading bacteria. These 

functions include lysosom al degranulation , superoxide production , an d  

phagocytosis (59).

A lthough o ther ch em o attrac tan t recep tors have been  identified 

(C5aR, I1-8R, LTB4R), the  FPR h a s  been  the  m ost stud ied . Niedel et al. 

dem onstra ted  th a t  affinity-labeled receptor, partia lly  purified from 

h u m a n  neu troph ils , e lectrophoresed a s  a  broad  b an d  w ith  an  a p p aren t 

m olecular w eight betw een 55,000 D a an d  70,000 D a on sodium  dodecyl 

sulfate-polyacrylam ide gel, suggesting heterogenous glycosylation of the  

recep tor (41). Niedel an d  cow orkers subsequen tly  fu rth e r characterized  

the  cellu lar an d  m olecular charac teristics of FPR in h u m a n  neu trophils. 

They show ed th a t  th e  receptor can  be specifically labeled w ith bo th
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fluorescen t an d  radio iodinated  derivatives of formyl peptides. In 

addition, they  were the  first to successfully  covalently affinity 

radioiodinate  FPR. T h e 'deglycosylation trea tm en ts  of th e  receptor w ith 

endo-beta-N -acetylglucosam inidase F resu lted  in 33 kD a polypeptide 

backbone, w hich re ta ined  its ligand binding activity, a s  reported  by 

M alech et a t  (33). They concluded th a t  the  recep to r polypeptide 

backbone con ta ined  a t  least two N-Iinked oligosaccharide chains th a t  

were n o t requ ired  for ligand binding.

The s tu d ies  of the  effect of nucleotides on the  b ind ing  of form ylated 

peptides to FPR on neu troph il m em branes led to the  identification of two 

affinity s ta te s  exhibited by the  recep tor (31). The addition  of GTP an d  its  

nonhydrolyzable derivative, guanylylim idodiphosphate, to the  m em brane 

p repara tions, resu lted  in  the  conversion of high-affinity s ta te  to low- 

affinity s ta te  of the  receptor. T hrough th e ir detailed b ind ing  stud ies of 

oligopeptide c h em o attrac tan t recep tor on guinea pig m acrophages an d  

m acrophage m em brane p repara tions, Snyderm an a n d  coworkers 

suggested th a t  GTPase or a  guan ine nucleotide regu latory  u n it  m ay be 

involved in  tran sd u c tio n  m echan ism s of the  receptor (30,31). Later, th is  

nucleotide regulatory  u n it  w as referred to as GTP-binding protein  (G

protein).
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The early  knowledge of the  role of G protein  in  signal tran sd u c tio n  

cam e from  stu d ies  of horm one an d  n eu ro tran sm itte r recep to rs and  the ir 

regulation  of adenylyl cyclase (for review see (4)). GTP w as show n to play 

an  essen tia l role in  recep tor b inding a s  well a s  in  m ediating  effector 

system s. S u b seq u en t stud ies led to the  identification of G protein  

tran sd u c in g  system s independen t of cyclic AMP generation. These 

system s involve, am ong o thers, photorecep tors (64) an d  ch em o attrac tan t 

recep tors, including  FPR (59). The G protein  classification w as initially 

based  on th e ir ability to e ither stim u la te  (Gs) or inh ib it (Gi) adenylyl 

cyclase. Interestingly, it h a s  been determ ined th a t  Gs can  be activated by 

cholera toxin (39), on the  o ther h an d , Gi can  be inh ib ited  by p e rtu ss is  

toxin (27). The FPR-m ediated signal tran sd u ctio n , chem otaxis an d  

degranu lation  w as show n to be p e rtu ss is  toxin sensitive, suggesting th a t  

the  G p ro tein  th a t  in te rac ts  w ith FPR is of Gi subtype (3,5,32,42).

F u rth e r  characteriza tion  of FPR, a s  a  G p ro tein -dependen t 

receptor, cam e from  the  identification of its DNA sequence (8). The 

isolation an d  sequencing  of cDNA clones of FPR expressed  in  COS-7 cells 

revealed a  tran s la tio n  p roduct of 350 am ino acids. The sequence w as 

determ ined  to have sim ilarities w ith o ther m em brane p ro te ins containing 

charac teristic  hydrophobic polypeptide s tre tches proposed to form seven 

a lpha  helical tran sm em b ran e  regions w ith an  ex tracellu lar am ino
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te rm in u s an d  in trace llu lar carboxyl term inus. The seven 

tran sm em b ran e  m otif w as first observed in  bacterio rhodopsin  (16). 

Later, th is  s tru c tu re  w as show n to be charac teristic  of th e  largest family 

of cell surface recep tors called G protein-coupled recep to rs (GPCR) (for 

review see (53)). The GPCR family include receptors for 

neuro  tran sm itte rs , light, odoran ts, an d  m ore recen tly  described 

chem okines. A lthough various GPCRs respond  to different signaling 

agents, a  m odel for the  com m on chain  of events of G protein-m ediated  

signal tran sd u c tio n  h a s  been  described (I). The ligand-occupied receptor 

in te rac ts  w ith a  specific, hetero trim eric  G protein , followed by the  

exchange of G p ro tein -bound  GDP for GTP. The GTP-bound a -su b u n it of 

G p ro tein  d issociates from  (By dim er an d  activates a  ta rge t pro tein  leading

to the  p roduction  of second m essengers.

The ch a in  of events following the  binding of th e  ch em o attrac tan ts  

to th e ir recep tors, a lthough  no t com pletely u nders tood , h a s  been 

exam ined by various groups. M cPhail et a l  described th e  events leading 

to the  functional responses of phagocytic cells (36). Briefly, the  binding 

of the  ligand to the  recep tor in itia tes the  activation of one or m ore 

phospho lipases, w hich in  tu rn  m ediate  the  p roduction  of second 

m essengers su ch  a s  1,2-diacylglycerol, 1,2-diradylglycerol, inositol 

triphosphate , phosphatid ic  acid, arach idonic  acid, an d  calcium  ions.
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These in trace llu la r m essengers m ediate the  activation of cellu lar protein  

k inases able to phosphory late  target pro teins. T hrough events yet to be 

defined, the  phospho iy la ted  p ro teins regulate  specific cellu lar responses, 

su ch  a s  chem otaxis, degranu lation  or NADPH oxidase assem bly. This 

sim plified descrip tion  of signal tran sd u c tio n  is becom ing m ore and  m ore 

com plex w ith the  findings of new  signaling pa thw ays and  the ir 

com ponents. Stoyanov et a t  d em onstra ted  th a t the  recep tor-associated  

G p ro tein  m ay ac t directly on phosphoinositide-3  k inase , w hich leads to 

the  generation  of phosphoinositide second m essengers (61). More 

recently, Brow ning et al. reported  th a t  _/MLF stim u la tes th e  activation of 

nu c lear factor-kappaB , w hich is cen tra l to th e  regulation of 

proinflam m atory gene-expression (9).

U nderstand ing  FPR-m ediated signal tran sd u c tio n  events an d  

resu lting  neu troph il functions is crucial for developing new  strategies to 

p revent an d  to tre a t various clinical d isorders characterized  by abnorm al 

FPR-related neu troph il functions. N eutrophils w ith  abnorm al FPR- 

m ediated  chem otactic  activity have been  identified in  a  p a tien t w ith 

juvenile periodontitis (JP) (44), a  d isease  of bacterial pathogenesis, w hich 

leads to alveolar bone resorp tion  an d  p rem atu re  too th  loss. PMNs from  

the  J P  p a tien t failed to m igrate in  response  to IO 9-IO-7 M JMLF, b u t  

exhibited norm al chem otaxis u p o n  exposure to C5a. The a u th o rs



9

concluded th a t  J P  neu troph ils  have defective FPR, however there  are  

possibly o th er rea so n s  for failed chem otaxis. One of those  reasons could 

be a  m issing  com ponent of the  FPR -dependent signal tran sduction . The 

role of c h em o a ttrac tan t receptor, h a s  also been im plicated in  rheum ato id  

a rth ritis . In th is  au to im m une disorder, the  neu troph ils  becom e activated 

an d  m igrate  tow ards chronically  inflam ed synovial cavities, w hich 

possibly con ta in  form ylated peptides released  from in ju red  h o st cells. 

The localization of neu troph ils  to the  affected jo in ts  leads to the  

d estru c tio n  of cartilage an d  su b seq u e n t destruction  of the  jo in t (for 

review see (45)).

Purpose o f  th is  Study

In  order to stu d y  FPR, we searched  for an  expression  system  th a t  

would allow the  production  an d  purification of functional receptor. After 

u n su ccessfu l a ttem p ts  to purify FPR u sing  a  bacu lov irus expression 

system  (C hapter 2), we decided to u se  a  m am m alian  expression  system . 

In th is  work, we describe a  m ethod for the  isolation a n d  purification of 

FPR expressed  in  C hinese h am ste r ovary cells (CHO) (C hapter 3), The 

purified recep tor can  be utilized in  various assays to s tu d y  the  receptor.

The u n d esired  effects of neu troph il activation, resu lting  in  tissue  

dam age observed in  rheum ato id  a rth ritis , led to a  sea rch  of ways, by
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w hich th is  activation can  be prevented. One app roach  is to block the  

b inding of ligand to FPR, by designing a  pharm acological agen t 

m im icking the  FPR-iriteracting m olecule. In order to design su ch  an  

agent, it is u sefu l to determ ine peptide sequences, o ther th a n  JMLF, th a t 

b ind  to FPR. Here, we employed phage peptide library  screening  using  

two different m ethods of selection of FPR -interacting pep tides (Chapter 

4). The first m ethod involved the  u se  Of FPR-coupled CNBr-activated 

Sepharose 4B beads. The second m ethod  involved the  u se  of in tac t CHO 

tran sfe c ta n ts  th a t  express FPR.

O ur second approach  to ob tain  inform ation regarding FPR- 

m ediated  signaling involved site-directed m utagenesis of th e  receptor. In 

order to exam ine the  role of FPR carboxyl tail in  signal tran sd u c tio n  an d  

chem otaxis, two cytoplasm ic deletion m u ta n ts  were generated  and  

functionally  analyzed (C hapter 5).
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CHAPTER 2

ATTEMPTS TO PRODUCE FORMYL PEPTIDE RECEPTOR 

USING BACULOVIRUS EXPRESSION SYSTEM

Introduction

The bacu lov im s expression system  h a s  been widely u se d  for large 

scale p roduction  of various p ro te ins including m em brane  receptors. 

N arayan an d  cow orkers (40) were able to express functional ra t  

lu trop in  /  choriogonadotropin  recep tor (LH/CG-R) in  Sf9 in sec t cells u sing  

the  baculovim s' expression  system . LG/CG-R is a  m em ber of the  G 

protein-coupled  recep tor family. The functionality  of th e  receptor w as 

determ ined  by th e  detection of increased  in trace llu lar concen tra tion  of 

cAMP in response  to h igh affinity b inding  of h u m an  choriogonadotropin.

B aculoyirus, also know n as Autographa califomica  m ultiple nuc lear 

polyhedrosis v irus (AcMNPV), p roduces two viral form s du ring  infection: 

ex tracellu lar v irus partic les (ECV) an d  occlusions m ade m ainly from the 

polyhedrin  protein . These occlusions, also called polyhedfa, p ro tec t an d  

tran sm it th e  virus. A viral gene encoding the polyhedrin  protein  is 

n onessen tia l for infection or replication. This gene can  be replaced w ith 

a  gene of in te res t an d  will re su lt in  a n  occlusion negative v im s. There
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are  several expression  vectors th a t  a re  designed for effective pro tein  

expression  an d  purification  u sin g  the  baculovirus expression  system .

In th is  study , we u sed  an  expression vector pBlueBacffzs coding for 

six h istid ine  res idues u p s tre am  from the  in itia to r m ethionine of FPR 

(Fig. I). H istidine an d  tryp tophan  res idues are  know n for th e ir m etal ions 

chelating  p roperties w hich can  be utilized in  p ro tein  isolation. The 

h istid ine tagged p ro te ins can  be sep ara ted  from the  re s t  of th e  solubilized 

m em brane p ro te ins on a  m etal affinity colum n. The immobilized 

m ateria l can  th en  be e lu ted  from the  colum n by e ither lowering the  pH or 

by trea tm en t w ith imidazole. The pB lueB acfiis vector also con ta ins an  

en terok inase  cleavage site dow nstream  from  the polyhistidine sequence. 

This cleavage site can  be u sed  du ring  purification to rem ove the  h istid ine 

tag.

In order to u se  the  purified pro tein  for fu rth er experim ents, it is 

necessary  to determ ine if the  expressed  protein  is properly  folded. In 

case of cell su rface receptors, a  p roper tran sp o rt of th e  m olecule to the  

p lasm alem m a an d  a  norm al ligand b inding affinity a re  good indicators of 

p roper p ro tein  folding. The fluorescence activated  cell scanner 

(FACScan) can  be utilized to calculate  the  d issociation  co n stan ts  of 

fluoresceinated  form ylated peptides to FPR expressed  on  the  surface of

Sf9 cells.
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BamHI FPR Hind III

pBlueBacHis

10.3 kb

Fig. I . Schem atic  figure of the  pB lueB acH is vector. The FPR cDNA w as 
in serted  into the  BamHI-HindIII cloning site of read ing  fram e B. 
A daptation from a  figure supplied  by Invitrogen (San Diego, CA).



14

M aterials and M ethods 

Cell L ines and A ntibodies

Sf9 cells a re  derived from the  p u p a l ovarian tis su e  of the  fall arm y 

worm, Spodoptera frugiperda. These cells double a b o u t every 24 h o u rs  

an d  can  e ither be grown in  m onolayers or in su sp en s io n  in  complete 

TNM-FH in sec t m edium  (Sigma, St. Louis, MO) supp lem en ted  w ith h e a t 

inactivated  fetal bovine serum . They grow b est a t tem p era tu res  betw een 

27 an d  30°C. Anti-FPR serum  w as produced  by im m unizing a  rab b it 

w ith a  peptide encoding the  carboxyl-term inal 14 am ino acids of FPR 

coupled to Keyhole lim pet hem ocyanin. The anti-FPR  an tise ru m  w as 

fu rth er purified u s in g  the  carboxy-term inal peptide coupled to cyanogen 

brom ide-activated Sepharose beads.

Production  o f  R ecom binant 
Baculovirus

Polym erase c h a in  reaction  (PCR) w as perform ed to amplify the  FPR 

cDNA (kindly provided by Dr. R ichard Ye, Scripps R esearch  Institu te , La 

Jo lla, CA; 47). The prim ers were construc ted  w ith overhanging BamHI 

an d  HindIII restric tion  sites. The FPR cDNA sequence w as th en  inserted  

into the  tran sfe r vector, pBlueBacHisB (Invitrogen, S an  Diego, CA) 

linearized a t  BamHI an d  Hindlll sites. This vector allowed the  FPR in se rt
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to be ligated in  fram e. The pBlueBacHzsB w ith the  in se rt w as th en  

transfec ted  into Sf9 cells along w ith com m ercially acquired  linear 

AcMNPV DNA usin g  the  cationic liposom e techn ique (18). T hrough 

hom ologous recom bination, the  FPR sequence w as in se rted  into the  viral 

DNA.

R ecom binant Plaque P urification

To obtain  p laques, the  Sf9 cells were p lated to cover ab o u t 50% of 

the  p late  surface • an d  the  recom binan t bacu lov irus w as added a t 

m ultiplicity  of infection (MOI) 5. After a  sufficient am o u n t of tim e 

allowed for infection (approxim ately I h), the  cells were overlayed w ith 

agarose. In 5-7 days the  p laques s ta rted  to appear. The addition of 

chrom ogenic dye 5-brom o-4-chloryl-3-indolyl-p-D -galactopyranoside (X- 

gal) to the  p la tes p roduced  a  blue color around  th e  p laques indicating 

successfu l infection by the  recom binan t v irus w hich  allowed the  

production  of p-galactosidase by the  cells. The selected p laque lifts were 

u sed  , to infect fresh  cells an d  the  expression  of FPR w as determ ined by 

im m unofluorescence. R ecom binant baculovirus th a t  resu lted  in  the  

h ighest expression  level of FPR w as propagated  for fu rth e r experim ents.
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Im m unofluorescence S ta in in g  o f  
FPR E xpressed  in  S£9 In sect Cells

The infected- cells were p lated  on coverslips trea ted  w ith poly-L- 

lysine. They were allowed to a tta c h  for approxim ately 30 m in an d  fixed 

for 2 h  in  2.5%  paraform aldehyde in p h ospha te  buffered saline so lu tion  

(PBS). Cells were perm eabilized w ith 0.01%  sapon in  an d  non-specific 

b inding w as blocked by 0.2% gelatin. P repared  in  th is  way cells were 

in cu b a ted  first w ith anti-FPR  an tibody  an d  th e n  w ith  fluorescein 

iso th iocyanate  (FITC) conjugated  goat an ti-rab b it antibody. Cell-bound 

fluorescence w as observed w ith a  fluorescence m icroscope.

Sodium  D odecyl Sulfate- 
Polyacrylam ide Gel 
E lectrop horesis (SDS-PAGE) 
and W estern B lot A nalysis

The Sf9 cells were infected w ith the  recom binan t bacu lov irus an d  I 

ml a liquots were rem oved a t  different tim e points. The cells were pelleted 

an d  resu sp en d ed  in  20 mM PBS. After 4 cycles of freeze-thaw  trea tm en t, 

the  insoluble p ro te ins were pelleted by m icrocentrifugation (14,000 rpm , 

10 min). Both, th e  pellets and  the  su p e rn a ta n ts  were resu sp en d ed  in 

Laemmli buffer an d  loaded onto a  10% polyacrylam ide gel. After the  

com pletion of th e  electrophoresis, the  p ro teins were tran sfe rred  onto a  

nitrocellu lose filter. The filter w as blocked w ith Blotto Tween (5% non-fat
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m ilk, 0.2%  Tween 20 in  PBS pH 7.4), incubated  in  d ilu ting  buffer (3% 

norm al goat serum , 1% BSA, 0.2% Tween 20 in PBS pH 7.4) w ith an ti- 

FPR polyclonal an tibody  (1:200) overnight a t 4°C, w ashed  w ith w ash  

buffer (250 mM NaCl, 10 mM HEPES pH 7.4, 0.2% Tween 20 in  dH20), 

in cu b a ted  w ith a n  alkaline p h o sp h a tase  conjugated secondary  antibody 

(1:2000), I h  a t  room  tem pera tu re , w ashed  and  developed using  the  5- 

B rom o-4-chloro-3-indolyl p h o sp h a te /  N itroblue tetrazo lium  (BCIP/NBT) 

k it according to m an u fac tu re r’s recom m endations (K irkegaard & Perry 

Laboratories, G aithersburg , MD).

Preparation o f  Sf9 M em branes 
and E xtraction  o f  FPR.

Sf9 cells were infected for 48 h o u rs  an d  rinsed  in  H an k s’ B alanced 

Salts so lu tion  (Sigma, St. Louis, MO). They were th e n  resuspended  in 

Relax (+) (10 mM HEPES pH 7.4, 100 mM KC1, 10 mM NaCl, 3.5 Mm 

MgCl2 an d  I mM ATP) an d  a  p ressu re  of 400 psi w as applied for 15 

m in u tes  to lyse the  cells. The cavitate w as centrifuged a t  slow speed 

(900 x g, 15 min) to remove cell nuclei and  som e organelles. The 

rem ain ing  su p e rn a n ta n t w as centrifuged a t (228,000 x  g, 30 min), to 

pellet cell m em branes. A sim ilar m ethod  for p repara tion  of neu troph ils 

an d  fib rob last m em branes w as described  previously by Schreiber an d  

cow orkers (56). The m em branes were resu sp en d ed  in  p hospha te  buffer
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(20 mM, pH. 7.8) an d  I mM phenylm ethylsulfonyl fluoride (PMSF) w ith 

addition  of e ither 60 mM octylglucoside (OG) or 1% Triton X-100 (TX- 

100), in  the  p resence or in the  absence of IM NaCL After 

u ltracen trifuga tion  (900 x  g, 5 m inutes), the  ob tained  pellet (insoluble 

proteins) an d  su p e rn a ta n t (containing ex tracted  FPR) were subjected  to 

SDS-PAGE an d  W estern  blot analysis.

FACScan A nalysis o f  Form yl 
P eptide B inding to  FPR 
E xpressed in  S£9 Cells

The cells were infected (MOI 5) for 48 hours. After w ashing, the  

cells were resu sp en d ed  in  PBS contain ing  Ca2+, Mg2+, an d  5% FBS 

followed by incubation  (40 m in on ice w ith occasional mixing) w ith 

different d ilu tions of /NleLFNleYK-fluorescein derivative (fluorescein- 

labeled analog of yMLF) an d  FACScan analysis. To m easu re  unspecific 

binding, paralle l tu b es  were incuba ted  w ith a  1000-fold excess of ^MLF. 

Specific b ind ing  w as calcu lated  as to ta l binding su b trac ted  by binding in 

the  p resence  of _/MLF. The dissociation co n stan t (Kd) w as determ ined by 

least sq u a res  analysis of the  m ean  fluorescence u s in g  the  G raphPad 

Prism  software.
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R esu lts

Im m u nofluorescence o f  FPR

Fixed an d  perm eabilized Sf9 cells were trea ted  w ith anti-FPR 

antibody followed by FITC conjugated  secondary  antibody. There w as a  

visible difference betw een the  un infected  Sf9 cells an d  the  cells 

expressing  FPR (Fig.2). The labeled FPR seem ed to be evenly d istribu ted  

th ro u g h o u t the  cells, w hich m ade it difficult to determ ine if the  expressed 

recep tor w as properly in serted  into the  m em branes of Sf9 cell.

Tim e Course for M aximal 
E xpression  o f  FPR in  Sf9 Cells

Infected Sf9 cells were lysed an d  the  resu ltin g ' solubilized 

(supernatan t) an d  n o t solubilized (pellet) pro teins were sub jected  to gel 

electrophoresis. W estern  blot w as perform ed in o rder to determ ine a  

tim e po in t a t  w hich the  Sf9 cells produce the  m ost FPR. In addition to 

the  b an d  m igrating a ro u n d  the  expected 69 kDa, there  w as also a  b and  

appearing  ju s t  above the  28 kD a m olecular weight s ta n d a rd  (Fig.3). A 

b an d  w ith  a  sim ilar relative m obility w as repo rted  earlier by 

Q uehenberger an d  h is  cow orkers (49) a s  an  unglycosylated form of FPR. 

This b a n d  w as n o t p resen t in the  negative control (uninfected cells) (not
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Fig. 2. Im m unofluorescence analysis of FPR expressed  in Sf9 cells. A. 
U ninfected Sf9 cells (control). B. Cells infected w ith recom binant 
baculovirus. U ninfected and  infected cells were trea ted  identically; the  
cells were fixed an d  perm eabilized, incubated  w ith an  antibody against 
FPR an d  a  secondary  fluorescein-conjugated antibody. The difference in 
the  backgrounds of the  two pho tographs is due to the  exposure tim e (20 
s for A an d  2 s for B) being com pensated  for by the  cam era , i.e., if the 
background  in A w ould be as d a rk  as in B , the  sta in ing  of the  uninfected  
cells would be barely visible.
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Fig. 3. SDS-PAGE and  W estern blot of Sf9 cells infected w ith 
recom binan t bacu lov irus (His-FPR). The cells were infected for 18 h 
(lanes I an d  10), 24 h (lanes 2 and  11), 30 h (lanes 3 an d  12), 42 h (lanes 
4 an d  13), 45 h  (lanes 5 an d  14), 49 h (lanes 6 and  15), 53 h (lanes 7 and  
16), 67 h  (lanes 8 an d  17) and  73 h  (lanes 9 and  18) an d  lysed by freeze- 
thaw  trea tm en t. The lysates were resuspended  in 20 mM PBS and  
sedim ented. Lanes 1-9 rep resen t pellets after ex traction  an d  lanes 10-18 
rep resen t ex traction  su p e rn a ta n ts . The top arrow  po in ts  tow ards the  
putative glycosylated form of FPR. The bottom  arrow  po in ts  tow ards the  
putative  unglycosylated form of FPR. B ased on the  blot, the  two form s of 
FPR are b est expressed  a t  67 h o u rs  post infection (lane 8). s = m olecular 
weight s tan d ard .
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Fig. 4. SDS-PAGE and  W estern blot of m em brane p repara tion  (mp) of 
Sf9 cells infected w ith recom binan t baculovirus, after extraction u n d e r 
various conditions: lane I - m p low speed pellet, lane 2 - m p high speed 
su p e rn a ta n t, lanes 3 and  8 - buffer suspension  of cell m em branes (high 
speed pellet), lanes 4 an d  9 -  ex traction  w ith 1% TX-100, lanes 5 and  10 
-  ex traction  w ith 1% TX-100 and  IM NaCl, lanes 6 an d  11 -  extraction 
w ith 30 mM OG and  lanes 7 and  12 -  extraction w ith 30 mM OG and  I 
M NaCL Lanes 3-7 rep resen t pellets after ex traction , lanes 8-12 
rep resen t ex traction  su p e rn a ta n ts . The top arrow  ind icates the putative 
glycosylated form of FPR. The bottom  arrow  ind icates the putative 
unglycosylated form of FPR. Based on the  blot, the FPR appeared  m ostly 
in the  final pellet (lanes 3-7) indicating unsuccessfu l ex traction  from the 
m em branes of Sf9 cells, s = m olecular weight s tandard .
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shown). The m axim al pro tein  expression w as estab lished  to occur 

betw een 45-67  h o u rs  p.i.

E xtraction  o f  FPR from th e  
M em branes o f  S£9 Cells

It is necessa ry  to be able to ex trac t the  FPR from  the  m em branes of 

the  Sf9 cells before it can  be purified an d  u sed  in  fu rth e r experim ents. 

The following experim ent w as carried  o u t to exam ine the  solubility 

p roperties of FPR expressed  in  in sect cells. The Sf9 cells were infected 

for 48 h  an d  the  m em branes were p repared  by Na cavitation. V arious 

FPR ex traction  conditions were carried  o u t in order to determ ine the  

m ost effective one. W estern  blot of the  ex tract show ed a  band  slightly 

below the  69 kD a m ark er (Fig. 4), w hich corresponds to th e  glycosylated 

form of the  receptor. However, it appeared  m ostly in  th e  final pellet, 

w hich ind icated  th a t  th e  receptor w as n o t successfully  ex tracted  from the  

m em branes of th e  in sec t cells.

FACScan R esu lts

The FACScan re su lts  indicated  th a t  the b ind ing  affinity of FPR 

expressed  in  Sf9 cells w ith Kd of 70 nM w as significantly lower th a n  the  

b inding affinity of FPR expressed in  neu troph ils (Kd=2.7-40 nM) (48). 

Several factors could have con tribu ted  to the  low b ind ing  affinity. The
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difference in  p o sttran sla tio n a l m odification in  in sect cells a s  com pared to 

neu troph ils , a s  well a s  im proper folding of FPR in those  cells, could have 

led to a ltered  glycosylation an d  lower b inding affinity. Finally, Fay et al. 

(17) have show n th a t  the  uncoup ling  o f the  recep tor from  G protein  

re su lts  in  two orders of m agnitude decrease  in ligind b ind ing  affinity a s  

com pared to the  b inding  affinity of the  receptor assoc ia ted  w ith G 

protein. It h a s  been  also reported  (50) th a t  the  Gi p ro te ins are  a b sen t in 

the  Sf9 cells. This could possibly lead to a  lower ligand b inding  affinity of 

the  FPR expressed  in  Sf9 cells, w hich we an d  o thers (50) have observed,

D iscu ssion

The baculov irus expression system  h a s  been  effectively u sed  for 

the  p roduction  of large am o u n ts  of m am m alian  pro teins. M any 

resea rch e rs  repo rt successfu l expression an d  su b seq u e n t extraction of 

various m em brane p ro teins su ch  a s  the  r a t  olfactory seven- 

tran sm em brane-dom ain  receptor (21) an d  the  h u m an  epiderm al growth 

factor recep tor (23). A lthough, we have observed the  expression  of FPR 

in Sf9 cells, we were n o t able to effectively ex tract the  recep to r from those 

cells. It h a s  been  previously show n by Klotz and  Je sa itis  (29) th a t  the  

energy depletion of h u m a n  neu troph ils  decreased  the  association  of FPR 

w ith the  s tru c tu re s  underly ing  the  p lasm a m em brane possibly m aking
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the  FPR extraction  easier. In th e ir w ork the  depletion of ATP w as 

achieved by the  p re trea tm en t of neu troph ils  w ith NaF prio r to m em brane 

p repara tion . P erhaps p re trea ting  th e  Sf9 cells w ith NaF would allow 

m ore effective ex traction  of FPR. A nother m ethod, show n by Iizuka an d  

F u k u d a  to be effective in  the  extraction  of the  bovine nicotinic 

acetylcholine recep to r a -su b u n it  from  baculovirus infected Sf9 cells, w as 

the  ex traction  w ith Zw ittergent (25). This m ethod could  be investigated 

w ith FPR extraction.

The FACScan analysis revealed th a t  the  FPR expressed  in Sf9 cells 

did n o t b ind  ligand efficiently. It h a s  been  show n th a t  large complex- 

type o ligosaaccharides, w hich are p roduced  by verteb ra te  cells, a re  

a b sen t in  in sects  cells (24). This could have lead  to the  altered  

glycosylation of the  recep tor an d  consequen t lower ligand binding 

affinity. A possible m isfolding of the  FPR expressed  in  Sf9 cells could 

have also con tribu ted  to the  altered  dissociation c o n s tan t of the  receptor. 

F urtherm ore , the  absence  of Gi p ro te ins in  the  Sf9 cells, a s  reported by 

Q uehenberger et a t  (50), can  lead to a  single low b ind ing  affinity of the  

recep tor a s  opposed to G p ro tein -dependen t low a n d  high b inding 

affinities of ̂ MLF observed in  neu troph ils  (30).
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D ue to problem s in purification of His-FPR from  Sf9 cells a s  well a s  

a ltered  ligand b inding we decided to investigate th e  possibility of FPR 

production  in  a  m am m alian  expression system .
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CHAPTER 3

PURIFICATION OF FORMYL PEPTIDE RECEPTOR 

EXPRESSED IN CHINESE HAMSTER OVARY CELLS

Introduction

E arly developm ents in  techn iques of m am m alian  tissu e  cu ltu re  

an d  su b seq u e n t cell cu ltu re  date  back  to the  beginning of the  20 th  

century . Sanford et a t  (52) investigated the  possibility  of obtaining a  

pure , C3H m ouse L cell cu ltu re  s ta rting  w ith ju s t  a  single cell. They were 

able to isolate single cells from a  m ixed popu lation  of cells, th a t  

orig inated from  connective tissu e  explant, and  su p p o rt th e ir growth an d  

proliferation. Since then , m am m alian  cells have been  u sed  in m any  

research  app lica tions su ch  a s  vaccine production, v iral propagation, 

hybridom a generation, a s  well a s  the  p roduction  of desirable 

tran sfo rm an ts .

It h a s  been  previously reported  th a t  FPR can  be functionally 

expressed  in  transfec ted  m am m alian  cell lines (47). In  our fu rth er 

experim ents, we have u sed  C hinese h am ste r ovary (CHO) cells, w hich 

have been  u se d  extensively for the  expression of recom binan t proteins. 

The CHO cell line expressing  FPR w as generated  in  o u r laboratory  by Dr.
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M iettinen . The ligand b inding of FPR expressed  by CHO cells w as 

determ ined  by flow cytom etry. The CHO-FPR tran sfe c ta n ts  exhibited a  

d issociation  c o n s tan t (Kd) of approxim ately 4 nM for binding of 

/NleLFNleYK-fluorescein (M iettinen, unpublished), w hich is com parable 

to the  h igh  affinity Kd of neu troph il FPR of 1-3 nM, a s  reported by 

P rossnitz  et al. (48).

M aterials and M ethods 

Cell L ines and A ntibodies

The h u m a n  FPR cDNA sequence w as ligated in to  pBGSA plasm id 

(62) an d  transfo rm ed  into E. coli Top 10. A plasm id  con tain ing  the in se rt 

in the  p roper orientation , a s  verified by restric tion  m apping, w as 

transfec ted  into CHO-wild type (WT) cells. G eneticin (G418) resistance,

, conferred by th e  plasm id, w as em ployed in  the  selection of cell clones. 

CHO tran s fe c ta n ts  expressing  FPR were grown in  m onolayers in a- 

m odified E agle’s m edium  (Sigma, St. Louis, MO) supp lem en ted  w ith 5% 

FBS, 50 U /m l penicillin an d  50 pg /m l streptom ycin. They were 

m ain ta ined  w ith 0.5 m g /m l G eneticin (G418). To induce  increased  

expression  of FPR, 6 mM sodium  b u ty ra te  w as added  to the  m edium  16- 

24 h o u rs  before each  experim ent (22). Anti-FITC an tise ru m  w as
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produced  by in jecting rab b its  w ith fluorescein linked to keyhole lim pet 

hem ocyanin . The an tise ru m  w as fu rth er purified on anti-FITC colum n.

Preparation o f  CHO-FPR 
M em branes and E xtraction  o f  FPR

N ear confluen t cells grown on 15 cm  tissu e  cu ltu re  p lates were 

placed on ice an d  rin sed  3 tim es w ith cold PBS before th e  addition  of 100 

nM ^M BenzoylphenylalanineFYK-Auorescein peptide (/MBpaFYK- 

fluorescein, a  generous gift from Dr. Mills). This photoaffinity analog of 

^MLF w as u se d  to label FPR an d  to perm it the  detection  an d  the  

purification  of the  receptor. The cells were incubated  for 10 m in on ice 

an d  sub jected  to UV light for 15 m in  to allow for photocrosslinking, 

du ring  w hich a  covalent bond w as form ed betw een th e  recep tor and  the  

peptide. After the  crosslinking, the  cells were in cu b a ted  for 10 m in w ith 

addition  of 10 pM JMLF, to com pete off the  non-specifically bound  ligand 

an d  ligand th a t  w as n o t crosslinked, I pg /m l leupeptine  an d  200 pM 

DTT. Next, th e  cells were rem oved from the p la tes by scraping  an d  

sedim ented  by centrifugation  (100,000 x g, 30 m in, 4°C). The pellets 

were resu sp en d ed  in  I m l of h igh sa lt buffer (0.8 M NaCl, 50 mM Na2 COs 

pH 10-11, 200 pM DTT, I pg /m l leupeptine), son icated  an d  subjected  to 

an o th e r h ighspeed  sp in  (100,000 x  g, 30 m in, W ) .  This procedure w as 

repeated  an d  th e  new  pellets were resu sp en d ed  in  PBS contain ing  200
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p,M DTT an d  I j-ig/ml leupeptine, sonicated  an d  centrifuged (100,000 x g, 

30 m in, 4°C). The resu lting  pellet w as stored  a t - 2 O0C for la ter use.

O ctyl G lucoside E xtraction  o f  
FPR and P urification  by High 
Perform ance Liquid 
Chrom atography (HPLC)

' The m em brane pellets were resu sp en d ed  in 5 mM HEPES, pH 7.4, 

3% OG, 200 pM DTT an d  I pg /m l leupeptine, son icated  an d  sedim ented 

(100,000 x  g, 30 m in, 4°C). The su p e rn a ta n t con ta in ing  solubilized 

m em brane ex trac t w as subjected  to HPLC by ru n n in g  th rough  an ion  

exchange co lum n VYDAC-300UHP575P followed by gel filtration colum n 

TSK G3000SW . The buffers u sed  were: Buffer A; 5 mM HEPES, pH 7,4, 

1% OG, 0.02 % NaNz an d  Buffer B; 2 M am m onium  acetate . The ru n  

w as carried  o u t a t  a  97:3 ratio  of Buffer A and  Buffer B. Total pro tein  

w as m onitored by observing em ission in tensity  a t 340 n m  w ith excitation 

a t  280 nm . The fluorescence w as m onitored by excitation a t  490 nm  an d  

em ission a t  520 nm . The sam ples were collected in  30 second fractions 

(beginning w ith the  sam ples show ing increased  fluorescence) an d  

analyzed on a  Huorim eter to determ ine the  ratio  of tryp tophan  (by 

excitation a t  280 nm  an d  em ission a t  340 nm) to fluorescein (by 

excitation a t  490 nm  an d  em ission a t  520 nm) ind icating  the  pu rity  of

ex tracted  FPR.
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W estern B lot and S ilver S tain  
A nalyses o f  HPLC F ractions

The HPLC fractions were concen tra ted  u s in g  centricom  30 

(Am icon, Beverly, MA) an d  4x Laemmli sam ple buffer w as added. Two 

identical se ts  of sam ples were ru n  on a  10% SD S-polyaciylam ide gel. 

One se t w as tran sfe rred  to nitrocellulose an d  W estern  analysis w as 

perform ed a s  described  before (C hapter 2) except for the  prim ary  

an tise ra , w hich in  th is  experim ent w as anti-fluorescein  an tise rum  

(1:200). The second se t of sam ples w as u se d  for the  silver s ta in  analysis. 

The gel w as fixed for I h  in 50% MeOH an d  12 % acetic acid, w ashed 3 

tim es (20 min) w ith 50% EtO H, soaked in  th iosulfate  so lu tion  (0.2 g/1) for 

I m in, w ashed  3 tim es (30 s) w ith dH20 , soaked in  silver solution (2 g/1 

silver n itra te , I m l/1 form aldehyde) an d  w ashed 2 tim es (20 s) w ith dH20 . 

Next, the  gel w as developed u n til b a n d s  becam e visible (2-3 min) and  the  

reaction  w as stopped  w ith Coom assie desta in  (25% isopropanol, 10%

acetic acid).
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R esu lts

HPLC P urification  o f  
JM BpaFYK-fluorescein  
P hotocrosslin k ed  FPR from  
T ransfected  CHO C ells

In order to purify FPR5 the CHO-FPR cells were incuba ted  w ith a  

fluorescein-conjugated  photoaffinity analogue of JMLF. The crosslinking 

of th e  ligand to th e  recep tor w as induced  w ith UV light and  the  

photocrosslinked  FPR w as extracted  from  the isolated m em branes w ith 

OG. In order to isolate the  FPR from cell extract, a n  an ion  exchange 

followed by a  gel filtration, in a n  HPLC system , were utilized. M ost 

solubilized m em brane p ro teins were re ta ined  on th e  an ion  exchange 

colum n, allowing the  positively charged pro teins, includ ing  FPR, to flow

through . In the  tan d em  gel filtration colum n the  e lu ted  pro teins were
.

th en  sep ara ted  by size. According to the  differential d istribu tions of 

fluorescein an d  try p to p h an  (Fig. 5A), the  fractions con ta in ing  FPR were 

e lu ted  from  th e  colum n ju s t  before the  m ajor pro tein  p eak  (Fig. SB). The 

second HPLC ru n , carried  ou t w ith fluorescein peak  frac tions of the  first 

tan d em  an ion  exchange, gel filtration ru n , revealed only one peak  of to ta l 

pro tein  w hich corresponded  to the  fluorescence peak  (Fig. 6). To ob tain  

control (non-FPR) fractions, u sed  for la te r experim ents, the  WT cell 

m em branes were also subjected  to two HPLC ru n s  an d  fractions
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Fig. 5. HPLC of photocrosslinked FPR extracted  from  CHO cells. OG 
m em brane ex trac t w as purified on an ion  exchange colum n followed by 
gel filtration colum n. A. F luorescein fluorescence in the  elution profile 
identifies fluorescein-labeled m olecules, p resum ably  m ostly  FPR. B. 
T ryptophan  fluorescence in the  e lu tion  profile identifies to tal protein. 
The n u m b ers  indicate  the  tim es (min) of e lu tions of the  m arked  peaks.



34

19.0
A A

B

19.0

Fig. 6. Second step  in HPLC purification of FPR. The fractions e luted 
from the first HPLC ru n  corresponding to the fluorescein fluorescence 
peak  were sub jected  to a  second HPLC ru n . A. Fluorescein  fluorescence. 
B. T ryptophan  fluorescence. B ased on the  differential d istribu tion  of 
fluorescein an d  tryp tophan , to tal pro tein  fractions con ta in  m ostly 
fluorescein-labeled FPR. The n u m b ers  indicate elution tim es (min) of the  
m arked  peaks.
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Fig. 7. HPLC of m em brane ex trac ts of CHO-WT cells. A. Fluorescein 
fluorescence. B. T ryptophan fluorescence. The differential d istribu tion  
of fluorescein an d  tryp tophan  indicate th a t  the fluorescein fluorescence 
is assoc ia ted  w ith the  to tal protein  fraction. The n u m b ers  indicate the  
tim es (min) of e lu tions of the  m arked peaks.
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Fig. 8. SDS-PAGE of FPR ex tracted  from CHO cells an d  purified by 
HPLC, a s  described  in the  text. Lane n u m b ers  co rrespond  to the order of 
the collected fractions. A. W estern blot u sing  anti-FITC antibody 
followed by alkaline phosphatase-con jugated  secondary  antibody. B. 
Silver sta in . Abbreviations: s = m olecular weight s ta n d ard , b = b lank
lane.
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corresponding  to the  fluorescen t fractions isolated from  FPR expressing 

cells were collected (Fig. 7).

W estern B lot and  
Silver S ta in  A nalyses

To fu rth e r analyze w hether the  fluorescent-labeled HPLC fractions 

con ta ined  FPR, th e  selected fractions were subjected  to SDS-PAGE and  

the  sepera ted  p ro te ins were analyzed by W estern blot an d  silver stain . 

The anti-FITC an tise ru m  w as utilized to detect the  photocrosslinked  FPR 

w hich appeared  a s  a  b road  ban d  ~65 kD a (Fig. 8A, lan es 4-7) w ith the  

h ighest in tensity  corresponding to th e  fractions rep resen ting  the  

fluorescence peak  (Fig. 6A). The silver s ta in  also revealed a  b and  a t ~65 

kD a in  th e  earlier fractions (Fig. SB, lanes 4-7) w ith no m ajor 

con tam inating  pro teins. The la ter fractions contained  a  lower m olecular 

w eight p ro tein  con tam ination  (Fig. SB, lanes 8 an d  9). Silver s ta in  

re su lts  suppo rted  by the  im m unoblot strongly ind icated  th a t  we h ad  

been able to ob tain  p u re  FPR from the  CHO cells.

D iscu ssion

CHO cells a re  frequently  u sed  for expression of h u m a n  G protein- 

coupled receptors. S am am a et al. (SI) u se d  CHO cells for expression of 

Pa-adrenergic recep tor an d  were able to ob tain  cell lines stab ly  expressing
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wild-type an d  m u ta n t receptors. More recently, Fiore et al. (19) 

expressed  functional FPR, a s  well a s  FPR-related lipoxin A4 receptor in 

CHO cells. In addition  to expression in  CHO cells, functional FPR h a s  

been  expressed  in  several different cell lines, su ch  a s  m onkey COS 7 cells 

(43), m ouse  L cell fibroblasts (49), an d  h u m an  kidney 293 cells (15). 

The s tu d y  of signal tran sd u c tio n  does n o t require iso lated  receptors and , 

in  m ost cases, in ta c t expressing cells or the ir m em brane p repara tions are 

sufficient to perform  the  experim ents. Several m ethods of partia l 

purification  of FPR from p repared  m em branes have been  reported. 

Je sa itis  et al. (27) ob tained  partially  purified, photoaffinity labeled FPR by 

sed im enta tion  of OG solubilized m em branes of neu tro p h ils  on a  sucrose  

density  gradient. Schreiber et a t  (56) im m unoprecip ita ted  the  OG 

solubilized FPR, from  the  FPR-expressing, transfected  m ouse fibroblast 

(TX2 cells) m em branes, w ith anti-FPR  antibody. Im m unoprecip itation  

w as also em ployed by Q uehenberger et al. (50) to isolate FPR from OG 

solubilized m em branes of Sf9 cells infected w ith  recom binan t 

baculo  virus.

In  th is  study , we u se d  CHO cells expressing FPR to produce 

receptor. The photocrosslinked FPR w as successfully  ex tracted  from the  

m em branes of CHO cells w ith OG an d  purified by HPLC. O ur W estern 

blot an d  silver s ta in  analyses ind icated  th a t  the  HPLC p eak  fluorescence
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fractions .contained  purified FPR. The relative m olecu lar w eight of FPR 

expressed  in  CHO cells w as com parable to the  reported  size of FPR 

partially  ex tracted  from  the  m em branes of n eu troph ils  (41). This

suggests th a t  th e  glycosylation processes in the  two cells lines are  

sim ilar. To ou r knowledge, th is  is the  first repo rt of FPR purification. 

The purified recep tor will be u sed  in fu rth e r experim ents.
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CHAPTER 4

FORMYL PEPTIDE RECEPTOR SCREENING WITH 

PHAGE-DISPLAY PEPTIDE LIBRARY

Introduction

The functions of FPR, a s  well a s  m any o th er receptors, are  

m ediated  by p ro tein -pro tein  in terac tions. These in te rac tions involve 

specific am ino acid sequences displayed on the  in te rac ting  molecules-. 

The identification of th e  p ro te in -p ro te in  binding sites h a s  been m ade 

possible by th e  u se  of random  peptide libraries, in  pa rticu la r phage- 

display peptide libraries. Up to billions of u n ique , sh o rt peptide 

sequences can  be displayed on the  surface of filam entous phage. 

T hrough various affinity purification m ethods, phage displaying peptides 

of in te res t can  be iso lated  from the  library  and  p ropagated  in bacterial 

cells. The sing le-stranded  DNA (ssDNA) of F-specific bacteriophages, 

su ch  a s  M 13, encode two m ajor com ponents of the  viral coat: protein  III 

an d  p ro tein  VIII (37). To co n stru c t the  library, th e  oligonucleotides 

encoding th e  random  am ino acid sequences are  ligated to the  DNA 

encoding one or the  o ther of the  coat proteins. The lib rary  u se d  in  th is  

s tu d y  encodes the  random  am ino acid sequences on th ree  to five copies
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of p ro tein  III, w hich are  located a t  one end of the  virion (for review see 

(10)). This p ro tein  is necessary  for the  infection, du ring  w hich it a ttach es 

to the  F p ilus of the  bacterium  allowing th e  insertion  of th e  viral genome. 

T hrough the  cell’s m olecular m achinery, the  com plem entary  DNA s tra n d  

is p roduced  form ing a  viral doub le-stranded  DNA (dsDNA), referred to as 

replicative form  (RF). The RF is required  for mRNA tran scrip tio n  an d  

ssDNA syn thesis. The virions assem ble  a t the  perip lasm ic space an d  

ex trude from  th e  cell w ithou t killing the  bacterium  (37). The single- 

s tran d ed  genom e of virions facilitates the  DNA sequencing  of the  affinity- 

selected, am plified phage. The am ino acid sequences th a t  are  obtained 

from the  DNA sequences m ay form a  co n sen su s sequence of a  m olecule 

th a t  in te rac ts  w ith the  purified ta rge t protein. T here are several 

nucleotide, am ino acid, a s  well a s p ro tein  sequence d a tab ases , w hich can  

be helpful in  the  search  an d  the  identification of a  m olecule contain ing  

the  co n sen su s  sequence.

Phage-display peptide libraries have been successfu lly  u sed  in the  

identification of in te rac ting  sites betw een pro teins an d  an tibodies (12,57), 

a s  well a s  th e  identification of peptides th a t  b ind  to p ro te in s and  play a  

role in  m ediating  th e ir functions (14). Je llis  et a l  (26) constructed  a  20- 

am ino acid  library  (PDL-20) u sed  to identify the recognition sequence of a  

m onoclonal an tibody  (mAb) raised  ag a in st a  HIV-I isotype MN envelope
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protein. The recognition sequence consisted  of 4 am ino acid residues 

located a t  different positions w ithin  th e  random  sequence of selected 

clones from  PDL-20. More recently, B u rritt et a l  (11) constructed  a  

nonapep tide  library. This library, in  conjunction  w ith a  hexapeptide 

lib ra iy  (57), w as em ployed to m ap epitopes of mAbs specific for the  

cytochrom e b com ponents, p22Phox an d  gp9lPhox. The identified 

co n sen su s  peptide sequences were nearly  identical to th e  corresponding 

regions of p rim ary  s tru c tu re  sequence of cytochrom e b. The sam e 

nonapep tide  an d  hexapeptide libraries were employed by DeLeo et al. (13) 

for identification of five poten tial sites of in terac tion  on cytochrom e b 

su b u n its  w ith a  cytosolic com ponent of NADPH oxidase, p47Phox. 

Synthetic pep tides th a t  m im icked two identified sequences found on 

gp9 IPhox cytochrom e b su b u n it, were able to inh ib it NADPH oxidase 

activity w hen added  prior to assem bly  of the  oxidase, dem onstra ting  the  

biological significance of the  identified sequences.

In th is  study , the  phage-display peptide lib raries were u sed  to 

select phage th a t  b ind  FPR. The affinity purification of th e  phage w as 

perform ed u sin g  two different m ethods. The first m ethod involved 

colum n screening  of the  library  u sin g  purified FPR coupled to CNBr- 

activated  Sepharose 4B beads. The goal w ith th is  m ethod  w as to identify 

G p ro tein  sequences involved in  in te rac tions w ith FPR an d  perh ap s to
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discover novel FPR-interacting, pro teins. The second m ethod  of library  

screening  involved in ta c t CHO-FPR cells a ttach ed  to tis su e  cu ltu re  plate. 

A sim ilar m ethod  w as em ployed by Dr. P incus for the  selection of phage 

th a t  b ind  to HIV-infected H9 cells (personal com m unication). The goal of 

o u r phage library  screening w ith in tac t cells w as to identify 

nonform ylated am ino acid sequences th a t  b ind  FPR.

M aterials and M ethods

Phage P eptide Library 
S creen ing  U sing FPR Coupled  
to  CNBr- A ctivated  
Sepharose 4B Beads

HPLC fractions contain ing  a  to ta l of ~5(j,g of FPR were added  to 100 

mg of b ead s w ashed  w ith I mM HC1. The beads were th e n  incubated  for 

24 h  a t  4°C u n d e r  ro ta tion  an d  1% OG an d  I M Tris a t  pH 8.0 were 

added  to block the  rem ain ing  reactive groups on the  beads. The FPR- 

coupled beads were sto red  in glycerol an d  w ashed w ith phage buffer (50 

nM Tris-Cl pH 7.5, 150 mM NaCl, 0.5%  Tween 20, I m g /m l BSA) prior to 

phage selections. For each  selection, approxim ately one th ird  of the  

beads w as p laced in  a  5 ml p lastic  colum n barre l (Evergreen) an d  

in cu b a ted  24 h  a t  4°C w ith 75 pi of nonapeptide  phage library  (I x  IO12 

phage) in  phage buffer. After incubation , the  beads were w ashed  w ith 50
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ml of phage buffer an d  phage were e lu ted  w ith e lu ting  buffer (0.1 M 

glycine, pH 2.2) im m ediately followed by addition  of 2 M Trizm a base  (to 

final m olarity  of 150 mM) to neu tra lize  the  pH environm ent of the  phage. 

The e luate  w as collected for titra tion  of the  phage an d  fu rth e r selection.

A m plification  o f  S e lec ted  Phage

The e lu ted  phage were amplified by incubating  w ith  a  fresh  cu ltu re  

of K91 E. coli for 15 m in  before m ixing w ith 35 m l of soft agar an d  

sp read ing  on a  sterile 9 x  24-inch  glass p late  w ith LB. The plate w as 

in cu b a ted  24 h  in  37°C an d  phage were lifted from  th e  bacteria l law n by 

gently ro ta ting  w ith TBS (50 mM Tris-Cl, pH 7.5, 150 mM NaCl) for 3 h  a t  

RT. The collected phage were precip ita ted  by incuba tion  w ith 0.15 

volum es of 16.7 % P E G /3 .3  M NaCl on ice for 24 ho u rs . The precipitated  

phage were sedim ented  by centrifugation  (25 m in, 4°C, 10,000 rpm , 

SS34 rotor), re su sp en d ed  in  TBS an d  m icrocentrifuged for 3 m in a t  

12,000 rpm . The su p e rn a ta n t w as incubated  for I h  on ice w ith 0.15 

volum es of 16.7 % P E G /3 .3  M NaCl an d  m icrocentrifuged for 2 min. The 

pellet w as resu sp en d ed  in  300 pi of TBS. The am plified phage w as u se d  

for su b seq u e n t ro u n d s of selections an d  phage am plifications. Control 

phage were ob tained  by two m ethods. F irst m ethod  involved phage 

selection on uncoup led  (blank) CNBr-activated Sepharose  4B beads,
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second m ethod  involved selection on beads reacted  w ith  HPLC fractions 

of CHO-WT ex trac ts  corresponding to fluorescence fractions of CHO-FPR 

ex tracts. The selections an d  am plifications of contro l phage were 

perform ed in  th e  sam e m an n e r a s  w here phage were selected w ith FPR. 

The phage tite r w as a sse ssed  after each  round  of selection. Briefly, 100 

pi of phage serial d ilu tions were m ixed w ith 250 pi of fresh  K91 cu ltu re, 4 

ml of soft agar an d  p la ted  on LB p la tes an d  incuba ted  in  37°C for 24 h. 

The resu lting  p laques were coun ted  an d  the  am o u n t of p h ag e /m l w as 

determ ined.

Phage Library Screen ing  
U sing CHO-FPR Cells

Mixed library, consisting  of 50 pi of linear 9 -m er (6.6 x  IO11 phage) 

an d  50 pi of c ircu lar 10-m er (I x  IO12 phage) lib raries, d ilu ted in 

TBS/BSA, w as p reabso rbed  for I h  a t  37°C on a  confluen t 15 cm plate of 

CHO-WT cells. The preabsorp tion  w as repeated  twice, each  tim e on a  

fresh  p late  of CHO-WT cells. The phage bound  to cells after the  th ird  

p reabso rp tion  were u sed  a s  control phage. The u n b o u n d  phage were 

selected on N a-butyrate  induced  CHO-FPR cells by incubating  I h  a t 

37°C. After the  incubation  the  cells were w ashed 5 tim es w ith TBS an d  

lysed w ith 1% NP40 for 10 m in. The collected lysate w as m ixed w ith soft 

agar an d  fresh  cu ltu re  of K91 E. coli an d  spread  on LB (9 x 24-inch)
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plate. The p late  w as incuba ted  overnight a t  37°C an d  am plified phage 

were collected an d  precip ita ted  a s  described  above. The amplified phage 

were u se d  for the  nex t round  of selection. Total of four ro u n d s of 

selections an d  am plifications were perform ed.

Flow C ytom etry o f  S e lec ted  
Phage Bound to  CHO Cells

CHO-FPR an d  CHO-WT cells were rem oved from  th e  tissue  cu ltu re  

p la tes w ith I mM EDTA in  PBS an d  resu sp en d ed  in  cold PBS++ 

(Ca2+/M g2+) supp lem en ted  w ith 5% FBS and  aliquoted into eppendorf 

tubes. V arious concen tra tions of selected and  contro l phage were 

in cu b a ted  w ith the  cells for I h  a t  4°C u n d e r ro tation . The phage to 

recep tor ra tio s u sed  were 10:1, 1:1 an d  1:10. The average num ber of 

recep tors in  CHO-FPR cells h ad  been  previously determ ined  from binding 

of form ylated, fluorescein-conjugated peptide to th e  cells u sin g  

fluorescen t beads a s  a  s tan d ard  (Flow Cytom etry S ta n d a rd s  Corporation, 

S an  J u a n , PR). Approxim ately I x  IO6 receptors were expressed  on Na- 

bu ty ra te  induced  CHO-FPR cell. After the  incubation  th e  cells were 

m icrocentrifuged (2000 rpm , 3 min), w ashed  one tim e w ith  I ml PBS++, 

m icrocentrifuged again  an d  rabb it anti-M 13 serum  w as added  a t  p roper 

d ilu tion  (1:10,000). The dilu tion w as previously determ ined by 

exam ining th e  background  levels produced by different se rum
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concen tra tions. After incubation  an d  w ash , FITC-conjugated goat an ti­

rab b it an tibody  w as added  (1:200). Following the  la s t incubation , the  

cells were w ashed  an d  tran sfe rred  into FACScan tubes . Cell-associated 

m ean  fluorescence w as recorded w ith flow cytom eter an d  analyzed using  

the  G raphP ad  Prism  com puter program .

S eq u en cin g  o f  S e lec ted  
Phage C lones

Single iso lated  p laques were picked w ith sterile  p ipet tips, 

inocu lated  into 2 m l of 2 x  YT (tryptone, y east ex tract, NaCl) containing 

75 p g /m l of kanam ycin  an d  incuba ted  in  37°C overnight w ith vigorous 

shaking . After the  incubation , th e  bacteria  were sedim ented by 

m icrocentrifugation a t  12,000 rpm  for 5 m in an d  138 pi of 40% PEG- 

8000 along w ith 138 pi of SM NaOAC pH 7.0 w as added  to 1.25 m l of 

su p e rn a ta n t an d  placed on ice for 24 h. The prec ip ita ted  phage were 

m icrocentrifuged a t  12,000 rpm  for 15 m in a n d  the  pellet w as 

resu sp en d ed  in  30 pi of TE. The purified phage were th e n  im m ersed in 

boiling w ater b a th  for 5 m in to release phage DNA. The sequencing 

reactions u sin g  isolated phage DNA were perform ed following the  

directions of the  S equenase version 2.0 k it (U. S. B iochem ical Corp.) 

u sing  th e  sequencing  prim er 5 '-g ttttg tcg tctttccagacg-3’, w hich allowed 

the  syn th esis  of the  random  oligonucleotide region of th e  phage. The
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sequences were read  from the gel image ob tained  u sin g  a  M olecular 

D ynam ics m odel 400E  PhosphqrIm ager.

R esu lts

A ffin ity P urification  o f  Phage 
U sing FPR-Coupled CNBr- 
A ctivated  Sepharose 4B

To select FPR-binding phage from  nonapeptide  phage library, the  

HPLC purified  recep tor w as immobilized on CNBr-activated Sepharose 4B 

beads an d  the  library  w as incuba ted  w ith the  beads. Phage th a t bound  

to FPR were e lu ted  from  the  colum n w ith low pH, am plified, u sed  in  two 

m ore ro u n d s  of selection on previously u n u se d  FPR-coupled beads, an d  

sequenced. W ith each  round  of selection a  sim ilar increase  in  tite rs  of 

the  phage selected on FPR-coupled beads, and  the  phage selected on 

b lank  beads, w as observed (Table I). Moreover, there  w as no t a  

significant difference betw een the  FPR-selected and  contro l phage tite rs  

ob tained  after th e  final selections of two experim ents u tilizing two types 

of control beads; th e  b lan k  beads an d  the  beads th a t  were reacted w ith 

HPLC fractions of CHO-WT ex trac ts corresponding to fluorescence 

fractions of CHO-FPR cell ex tracts. These observations suggest th a t  the  

selection of th e  phage w as no t FPR specific. The ob tained  random  region 

sequences of the  FPR-selected phage revealed a  c o n sen su s  sequence



S e lec tio n  #1 S election  #2
Table I. Phage titers (phage/ml) after each round of selections.____________________

FPR1 B lank2 FPR1 WT3

W ash Eluate W ash E luate W ash Eluate W ash E luate

Round I

3 x IO7 I x IO6 9 x IO8 2 x IO6 3.6 x IO12 3.5 x IO12 ND 2 x IO12

Rou nd 2

1.3 x IO1O 7.2 x 109 1.4 x IO1O 5.7 x IO8 I x IO1O 4 x IO8 I x IO1O 5.4 x IO8

Rou nd 3

2 x IO1O 1.5 x IO1O 1.4 x IO1O I x IO1O I x IO11 6 x IO11 6.5 x IO1O I x IO1O

iSelection carried  ou t u sing  FPR-coupled CNBr-activated Sepharose 4B beads.
2Selection carried  ou t u sing  b lank  CNBr-activated Sepharose 4B beads.
3Selection carried  ou t u sing  HPLC fractions of CHO-WT m em brane extracts coupled to CNBr-activated 
Sepharose 4B beads. The fractions corresponded to HPLC elution profile of FPR.



50

Table 2. Random  region am ino acid sequences of selected phage. Amino 
acids are  in single le tter code.___________________________________________

Selection FPR-selected phage Control phage
W H L
W H M G N G K P  W

L R K P V  
W H  L R G W G
W H L R G G G

P
T

A
P

H G H H P H E A W
W H L K P V
W H L K  
W H K G R P A  
W H Q K F  L Y  
H H L R I V Q

G
K
R

N
G

S W F G
M N A P
A W A
A Y R H

S
R

G F K G
Q G S A

S F K N L
S T L
T Y A W H  L R T Q  
Q V T N  M M R M S  

M S V V\M  M I R  K

T N P D
T H L K

E
G
P
H
P
Y

A
F
X
Y
X
R

R
K
X
S
M
L

K
S
X
Q
S
Q

T A L H G N V V V N K N F T L
X R V T L G R P E L Q W A P V Q N L V
L G A A K W
I L F S V I A T G G M V S
L S R V G G V T P P Q S F R Y A G T A
S I T K S L F T G V L I D T G
Y T V Q K V K N T Q R G S V Q E Y L
V N I Y G P H V V
M P E N F K H S P
A A G E Q M T H R
D L T R L H R K L
F R S P
L R V V
L P L N L F D
X P M E X P S T G V

beads an d  b lank  beads for control selection.
bSelection carried  o u t u sing  FPR-coupled CNBr-activated Sepharose 4B 
beads an d  a s  a  control, beads coupled w ith HPLC frac tions of CHO-WT 
corresponding to the  elution profile of FPR.
cSelection carried  o u t u sing  in tac t CHO-FPR cells an d  in tac t CHO-WT 
cells a s  a  control.
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WHLR (Table 2). A lthough th is  sequence appeared  in  two se ts  of 

experim ents (notice the  sam e WHLRKPV sequence selected in  two 

different .experim ents), it also appeared  in  the  control phage b u t w ith 

lower frequency w hen the  b lank  beads were u sed  in  th e  control phage 

selection. This could suggest th a t  the  WHLR expressing  phage were 

specific for a  con tam inan t, w hich m ay have elu ted  from  th e  gel filtration 

colum n along w ith FPR. The presence of the  WHLR sequence in the  

control phage e lu ted  from the  b lank  beads can  be explained by the  fact 

th a t, a lthough  fresh  b lan k  beads were u sed  for each  new  round  of 

selection, the  phage u se d  were the  phage e lu ted  from  th e  FPR-coupled 

beads in  th e  previous selection.

Phage S e lec tio n  on  CHO Cells 
E xpressing FPR

In order to identify phage th a t  b ind  to in tac t cells, m ixed linear 9- 

m er an d  c ircu lar 10-m er libraries were selected on tis su e  cu ltu re  p la tes 

contain ing  n e a r  confluen t m onolayers of CHO-FPR a n d  CHO-WT cells. 

The cells w ith  the  bou n d  phage were lysed and  the  ly sa tes were u se d  in  

phage am plification. A to ta l of four selections an d  four am plifications 

were perform ed an d  the  selected phage were analyzed for cell b inding 

affinity on FACScan before sequencing. FACScan re su lts  revealed 

increased  b inding  of FPR-selected phage to CHO cells expressing  FPR a t
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Fig. 9. Flow cytom etry analysis of b inding  of selected phage to CHO-FPR 
an d  CHO-WT cells. In tac t cells were u sed  in the  selection of phage 
peptide library. A. Only the CHO-FPR cells were induced  w ith Na- 
bu ty ra te  to s tim u la te  increased  FPR production . B. Both, the  CHO-FPR 
and  the  CHO-WT cells were induced.
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1:1 phage to recep tor ratio , a s  com pared to CHO-WT cells (Fig. 9A). The 

sam e tren d  b u t to a  lesser degree w as observed w ith CHO-W T-selected 

phage. However, w hen the  FACScan w as repeated  u s in g  CHO-WT cells 

induced  w ith N a-butyrate, the  b inding of phage selected w ith CHO-FPR 

w as h igher to CHO-WT cells th a n  to cells expressing FPR (Fig. 9B). This 

suggests th a t  th e  phage m ay have been  selected on surface  m olecules 

expressed  by bu ty ra te-induced  cells. The sequences obtained  from 

selected phage did n o t reveal any  strong  co n sen su s sequence b u t several 

com m on m otifs were observed. The TVQ sequence w as selected on CHO- 

FPR cells a s  well a s  on the  FPR-coupled beads. The LF and  the  RV 

m otifs appeared  in  th ree  o u t of 15 sequences.

D iscu ssion

The u se  of phage-display peptide libraries h a s  been  successfu l in 

identification of peptide binding sites of various pro teins. Here, we have 

u sed  nonapep tide  an d  decapeptide libraries to select phage th a t b ind  

FPR. The re su lts  of phage selections using  the  FP R -coupled ' CNBr- 

activated  Sepharose beads revealed a  strong  co n sen su s sequence, WHLR, 

b u t th e  significance of th is  finding is u n c lea r because  th is  sequence w as 

also observed in  control phage. More experim ents need  to be done to 

determ ine the  source of selection of the  frequently  appearing  WHLR
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sequence in  bo th  the  FPR-selected phage and  the  contro l phage. The 

m odification of th is  phage selection m ethod could lead  to m ore 

successfu l resu lts . For exam ple, if the  phage expressing  WHLR in the ir 

random  region seem ed to be selected on the  Sepharose beads, m aybe the  

u se  of a  different m atrix  w ould allow for m ore FPR-specific selection an d  

elim ination of Sepharose-b ind ing  phage. If, on th e  o th er hand , the  

WHLR selection resu lted  from  the  co n tam in an t w hich e lu ted  in  the  sam e 

fraction a s  the  HPLC purified FPR, p e rh ap s a  p reabso rp tion  of phage on 

CHO-WT coupled beads w ould elim inate the  con tam inan t-b ind ing  phage. 

In add ition  to the  coupling to CNBr-activated S epharose beads, , the  

purified recep tor can  be utilized in  o ther m ethods of phage selection, 

su ch  a s  b iopanning.

B esides th e  WHLR sequence, the  selection of LF m otif is in teresting  

a s  it resem bles /MLF. F urtherm ore, a  tru n ca ted  phage peptide, ILFS, is 

sim ilar to CHO-ILF-OH, th a t  along w ith several o ther peptides 

resem bling fWLLF were analyzed for th e ir ability to induce  lysosom al 

enzym e release  an d  chem otactic activities (20). The fiLF  peptide w as 

show n to be biologically m ore active th a n  m ost of th e  o th er peptides. A 

m odification of phage selection m ethod  involving th e  u se  of h igh 

concen tra tion  of JMLF (mM range) in  eluting the  phage could re su lt in
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the  identification of additional peptides th a t  b ind  to the  ligand binding 

site.

The selection of phage using  in ta c t cells is a  novel an d  prom ising 

approach . In o u r experim ents the  u se  of different cells in  the  selection 

produced  phage w ith different b inding  profiles to those  cells. However, 

the  FACScan analysis of phage bound  to N a-butyrate  induced  cells gave 

unexpected  resu lts , suggesting th a t  th e  selected phage m ay no t have 

been  specific for FPR. The u se  of in ta c t cells in phage peptide library- 

screening  w as also employed by L. M azzucchelli, MD (personal 

com m unication) to identify high affinity b inding pep tides to PMNs. The 

selected phage were specific for neu troph ils , a s  dem onstra ted  by 

increased  b inding  to PMNs in  com parison  to peripheral blood 

lym phocytes, m onocytic cells, a s  well a s h u m an  epithelial, endothelial 

an d  fib rob last cell lines. In an  effort to exam ine th e  specificity of the  

phage iso lated  u s in g  in ta c t CHO-FPR cells, we analyzed the  binding by 

flow cytom etry. This allowed u s  to fu rth e r select th e  phage populations 

or individual clones th a t  appeared  to have the  h ighest b inding  affinities 

tow ard FPR in  in ta c t CHO cells. This app roach  elim inated the  

sequencing  of phage th a t  m ay have bound  unspecificalfy to the  CHO 

cells. In  sum m ary , a lthough  we were u n su ccessfu l in  th e  identification 

of FPR-binding pep tides or p ro teins, du ring  the  course  of th is  work, we
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were able to e stab lish  conditions an d  m ethods for fu tu re  m ore extensive 

library  screening.
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CHAPTER 5

ANALYSIS OF CYTOPLASMIC TAIL DELETION MUTANTS 

OF FORMYL PEPTIDE RECEPTOR IN CHO CELLS

Introduction

The advancem en t in  the  recom binan t DNA tech n iq u es h as  led to 

the  developm ent of new, powerful tools for studying  functions of gene 

p roducts. One of those  tools, com m only u sed  in  th e  analysis of the  

s tru c tu re -fu n c tio n  re la tionsh ips of various p ro te ins, is in vitro 

m u tagenesis. It is referred to a s  “reverse genetics”, a s  it allows u s  to 

change th e  gene DNA sequence an d  th en  analyze th e  gene’s function 

(63). Site-specific m u tagenesis  h a s  been  u sed  extensively to study  the  

s tru c tu re -fu n c tio n  rela tionsh ip  of FPR in ou r laboratory  (38) and  o ther 

labora to ries (46,48). In th is  study , we exam ined th e  role of the  

cytoplasm ic tail in  cell responses m ediated  by FPR. The cytoplasm ic tail 

w as of in te res t because  it h a s  been previously show n in  two independen t 

s tud ies  th a t  the  m iddle region of th e  tail m ay in te rac t w ith G protein  

(7,55). O ligonucleotide-directed m utagenesis  w as carried  o u t to produce 

two cytoplasm ic tail deletions of FPR, CT9 and  CT29. The stop codons 

were in se rted  a t  L316 (CT9) and  T336 (CT29) positions , of the  FPR cDNA
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sequence (Fig. 10) resu lting  in the  tru n ca ted  carboxyl-term inal tails. 

This ch ap te r describes the  analysis of the  deletion m u ta n ts  to provide 

in sigh t into th e  im portance of the  deleted sequences in signal 

tran sd u c tio n  an d  chem otaxis by CHO cells th a t  express FPR.

M aterials and M ethods

O ligonucleotide-D irected  
M utagenesis o f  FPR

The FPR cDNA sequence w as in serted  into B luescrip t SK+ an d  

transfec ted  in to  a  s tra in  of E. coli (Cd 236), w hich lacks two enzym es, 

dUTPase an d  u rac il N-glycosylase, necessary  for p roper u racil 

processing. The infection of the  bac teria  w ith M13K07 helper phage 

resu lted  in  th e  p roduction  of u rac il-con ta in ing  single s tran d ed  (ss) DNA 

(U-DNA). The helper phage allowed the  U-DNA to be properly packaged 

into phage particle  (35). The U-DNA w as isoalted  an d  m utagenic 

oligonucleotides con tain ing  stop codons (+10 nucleo tides com plem entary 

in  bo th  directions) were annealed  an d  com plem entary  s tran d  w as 

synthesized  w ith  T4 DNA polym erase. The doub le-s tranded  DNA m ixture 

w as tran sfec ted  in to  a n  E. coli s tra in  w ith norm al N-glycosylase activity, 

w hich allowed the  U -containing s tran d , w hich does n o t con tain  the  

m uta tion , to be destroyed. The m u ta tio n s were verified by sequencing.
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]^XAXTADXSJ(T)S%

Fig. 10. Schem atic rep resen ta tion  of FPR based  on the  Baldwin m odel 
(2). S haded  a rea  rep resen ts  the  deleted region. The stop codons 
resu lting  in CT9 an d  CT29 deletions were inserted  a t  L316 and  T336, 
respectively.
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L igation and T ransfection

The cDNA w as ligated into the  BcoRI site of pBGSA. pBGSA is a  

vector designed for stab le  expression of exogenous genes in  m am m alian  

cells (62). It confers the  G eneticin (G418) resistance  to transfected  cells. 

The ligation m ix ture  w as transfected  into E. coli an d  individual clones 

were analyzed to identify expression vectors contain ing  th e  in se rt in righ t 

orien tation . The vector w as transfected  into wild type CHO cells by 

lipofection (18). After a  week of cu ltu re , twelve G 4 1 8 -resis tan t colonies of 

each  m u ta n t were picked an d  p lated  into separa te  wells for analysis of 

expression  levels.

FACScan A nalysis o f  FPR 
E xpression  o f  Each M utant Clone

The cells were rin sed  in PBS an d  incubated  in  PBS containing 1.1 

mM EDTA an d  ~4 pM trypsin . Cells were allowed to ro u n d  u p  and  were 

rem oved from  the  p la tes in  cold PBS ++ w ith 5% FBS a n d  I ml aliquots 

were p laced  in  FACScan tu b es on ice. 10 nM of jNleLFNleYK-fluorescein 

w as added  to each  tu b e  an d  incubated  for I h. The m ean  fluorescence of 

the  exam ined clones w as com pared to the  m ean  fluorescence of CHO-WT 

an d  CHO-FPR cells. The average n u m b er of m u ta n t recep tors per cell 

w as calcu lated  from  two (CT9 an d  CT29) best expressing  cell lines by



61

com paring them  w ith the  m ean  fluorescence of CHO-FPR. The 

background  fluorescence w as determ ined  using  CHO-WT cells.

A nalysis o f  M utant FPR E xpression  
by Im m u nofluorescence

The cells were grown on g lass coverslips u n til ab o u t 70-80%  

confluent, r in sed  w ith cold PBS an d  incuba ted  15 m in  on ice w ith 200 

nM yMBpaFYK-fluorescein peptide. Next, the  cells were sub jected  to UV 

light for 10 m in to allow for photocrosslinking  of th e  peptide to the  

receptor. G ently rin sed  coverslips were m ounted  on slides an d  observed 

w ith fluorescence m icroscope.

Intracellular Calcium  
R elease A ssay

The cells were w ashed  in  PBS, incuba ted  w ith I mM EDTA,, gently 

scraped  off the  p la tes an d  resu sp en d ed  in PBS++ w ith 5% FBS and  2 pM 

F u ra -2AM. The cells were incuba ted  in  37°C for 40 m in, sedim ented 

(Beckm an 1000 rpm  for 5 min), an d  resu sp en d ed  in PBS++ w ith 5% FB S. 

Calcium  released  by the  cells w as detected by fluorom eter. The 

m easu rem en ts  were ob tained  u n d e r c o n s tan t stirring  while adding I pM 

yMLF a t  50 s, I pM ATP a t  100 s, 0.2 % TX-100 a t  150 s, an d  30 mM 

EGTA a t  200 s. The fluorom eter d a ta  w as analyzed w ith  FeliX Software 

(Photon Technology In ternational, So. B runsw ick, Nd).
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C hem otaxis assay

The cells were rem oved from  the  p lates w ith trypsin-EDTA, 

resu sp en d ed  in  m edium  w ith 6 mM N a-butyrate  an d  in cu b a ted  I h  a t  

37°C. Next, the  cells were resu sp en d ed  in  m edium  w ithou t se rum  w ith 6 

mM N a-butyrate  an d  p la ted  on 8 pm pore Transw ell in se rts  a t densities 

of SxlO 5 cells per insert. The following concen tra tions of 

ch em o a ttrac tan ts  were added  into lower wells: I nM _/MLF, 10 nM _/MLF,. 

100 nM jfMLF an d  20 p g /m l fibronectin  (FN). The in se rts  w ith the  cells 

were p laced  in  the  wells an d  incuba ted  4 h  a t  37°C. After the  

incubation , th e  cells th a t  h ad  no t m igrated th rough  th e  in se rts  were 

rem oved w ith cotton  sw abs. The in se rts  were placed in  wells containing 

2.5% PFA an d  fixed overnight. Next, the  in se rts  were placed in 

Hem atoxylin Gill's s ta in  for 30 m in an d  w ashed  w ith PBS. S tained  filters 

were rem oved from  th e  in se rts , p laced on slides an d  observed u n d e r 

m icroscope. The degree of chem otaxis w as determ ined from  the average 

surface a re a  of m igrated  cells ob tained  from six different 40x fields 

exam ined by a n  image analysis system  (Imaging R esearch  M4 True Color 

Image A nalysis System , Im aging R esearch, St. C atherines, Ontario).



R esu lts

Iso la tion  o f  H igh est E xpressing  
CHO C lones

E ach  m u ta n t clone w as exam ined by flow cytom etry for its ability 

to b ind  th e  ^NleLFNleYK-Iluorescein ligand. The clones th a t  exhibited the  

h ighest m ean  fluorescence were iso lated  an d  the  average n u m b ers  of CT9 

an d  CT29 m u ta n t recep to rs were estim ated  to be 1.08 x  IO4 and  9.5 x 

IO3 per cell, respectively, t h e  n u m b ers  of receptors pe r cell were based  

on the  calcu lated  n u m b er of recep tors on CHO cells expressing  WT FPR, 

a ssum ing  th a t  th e  ligand b inding affinity of the  m u ta n ts  equal th a t of WT 

FPR. The selected clones were su b cu ltu red  an d  u se d  in fu rth er 

experim ents.

R elease o f  Intracellular Calcium  
by th e  C ells E xpressing  
M utant FPRs

To exam ine the  coupling of m u ta n t FPR to G protein, jfMLF 

stim u la ted  cells were observed for th e ir ability to release  calcium  from 

in trace llu la r stores. The cells were incuba ted  w ith Fura-2AM , w hich can  

p a ss  th ro u g h  cell m em branes. U pon b inding to calcium , Fura-2  exibits 

spectra l response , w hich can  be utilized in  detection of changes in 

calcium  concen tra tion  in  the  cytoplasm . The assay  re su lts  revealed th a t

63
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u p o n  stim u la tion  w ith JMLF bo th  m u ta n t cell lines were able to release 

calcium  (Fig. 11), suggesting  th a t  there  w as coupling of G protein  to the  

m u ta ted  recep tors. However, the  high  concen tra tion  of /MLF (I pM) 

requ ired  for calcium  m obilization by CT9 an d  CT29 suggests th a t there  

w as only partia l coupling of G p ro tein  to m u ta n t recep tors or the  

recep tors exhibited low binding affinity for the  ligand. B oth m u ta n t cell 

lines, however, were able to release calcium  u p o n  s tim u la tion  w ith ATP, 

w hich w as u se d  a s  a  control to determ ine cell signal tran sd u ctio n  

capabilities.

/M LF-M ediated C hem otaxis o f  
CHO C ells E xpressing M utant FPRs

The CHO cells expressing wild type FPR are  able to m igrate 

tow ards JMLF, w ith the  m axim al m igration a t 0.1-1 nM, a s  determ ined 

by Dr. M iettinen (personal com m unication). To exam ine w hether the  

cells expressing  m u ta n t FPRs were also able to m igrate tow ards 

ch em o attrac tan ts , the  chem otaxis a ssay  w as carried  out. The cells were 

in cu b a ted  in  serum -free m edium  an d  allowed to m igrate th rough  

sem iperm eable filters tow ards fibronectin, u sed  as a  positive control, an d  

different concen tra tions of JMLF. According to the  a ssa y  resu lts , CHO 

cells expressing  CT9 m igrated tow ards /MLF (Fig. 12) w ith the  m axim al 

m igration a t  10 nM, b u t there  w as no FPR-m ediated chem otaxis of CHO
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Fig. 11. Release of in tracellu lar calcium  by CHO expressing  wild-type 
FPR (A), u n tran sfec ted  CHO cells (B), an d  the CHO cells expressing the  
cytoplasm ic deletion m u tan ts , CT9 (C) an d  CT29 (D). fMLF  w as added to 
a  final concen tra tion  of I pM, ATP to I pM, TX-IOO to 0.2% , and  EGTA to
30 mM.
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Fig. 12. C hem otaxis assay  of CHO-FPR and  the  cytoplasm ic deletion 
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B ars rep resen t s ta n d a rd  deviation calcu lated  from six different random  
fields of a  sem iperm eable filter.



67

cells expressing  CT29. Since CT9 h ad  a  larger deletion th a n  CT29, these  

re su lts  were som ew hat unexpected  an d  could be due  to the  low 

expression  of m u ta n t FPRs. The low expression could  also explain the  

inability  to effectively carry  ou t the  GTPyS assay  on th e  m u tan ts , the  

inability  to determ ine KdS of m u ta n t FPRs, as well a s  the  difficulty 

visualizing photoaffinity labeled cells. The re su lts  from  the  chem otaxis 

assay  suggest th a t  the  deleted regions of FPR carboxyl te rm inus m ay 

play a  role b u t  are  no t absolutely  necessary  in m ediating  m igration of 

cells expressing  the  m u ta n t FPRs tow ards JMLF.

D iscu ssion

In  th is  chap ter, we described the  functional analysis of two 

cytoplasm ic tail deletion m u ta n ts  of FPR. The stop codons were inserted  

in  positions L316 an d  T336 to produce recep tors w ith 9- a n d  29-am ino acid 

long cytoplasm ic tails, respectively. It h a s  been  dem onstra ted  by 

B om m akanti et al. th a t  a  syn thetic  peptide corresponding to the  

322RALTEDSTQTSDTAT336 sequence of FPR com peted w ith  neu troph il 

recep tor for b inding  to bovine G protein , suggesting th a t  the  carboxyl- 

term inal tail of FPR w as involved in  coupling to G p ro te in  (7). Since the  

cellu lar resp o n ses to fi/ILF  observed w ith the  m u ta n ts  were no t of the  

sam e m agn itude  a s  w ith the  WT FPR, it m ay suggest several possibilities:
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I. The cytoplasm ic tail m ay be im p o rtan t for G p ro tein  coupling b u t 

o ther regions of the  recep tor m ay also partic ipate  in  th is  in terac tion  in  a  

fashion  sim ilar to ligand binding to m ultiple different residues. This 

possibility  is suppo rted  by re su lts  by Schreiber et al. (55) an d  

B om m akanti et al. (6). Through com petitive ELISA, a s  well a s FPR-G 

protein  reco n stitu tio n  assays, Schreiber et al. provided evidence th a t, in 

addition  to the  carboxyl-term inal tail, the  FPR second in trace llu lar loop 

also con ta ined  a  con tac t site w ith G protein  (55). More recently, 

B om m akanti et al. exam ined th irteen  syn thetic  FPR pep tides for the ir 

ability to d is ru p t FPR-G protein  com plexes and  concluded  th a t  all th ree  

cytoplasm ic loops an d  p a rts  of cytoplasm ic tail a re  involved in  the  

physical in te rac tion  betw een the  recep tor an d  G pro tein  (6). 2. It is

possible th a t  the  poor response  of the  m u ta n ts  w as due  to a  low 

expression  level of the  m u ta n t receptors. B ased on th e  flow cytom etry 

re su lts  of various m u ta n t clones, we were able to estim ate  the  num ber of 

recep tors per cell a t  ab o u t I x  IO4, a  100-fold decrease  in  expression a s  

com pared to the  WT receptors. 3. Finally, the  m u ta tio n s  m ay have 

resu lted  in  a  s tru c tu ra l change in  the  recep tor a ltering th e  ligand binding 

affinity. T hrough analysis of FPR ch im eras, Perez et al. have 

dem onstra ted  th a t  th e  carboxyl-term inal tail w as capable of m odulating 

recep tor affinity for the  ligand (43). P erhaps the  cytoplasm ic tail
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deletions resu lted  in  recep tors w ith very low ligand b inding affinity, 

w hich could  explain th e  difficulty in  obtain ing  the  d issociation  co n stan ts  

of the  m u ta n t receptors. Additional site-directed m u tagenesis  stud ies 

m ight allow th e  determ ination  of the  residues th a t play critical role in the  

FPR-G pro tein  in terac tion . Furtherm ore , phage peptide library  screening 

u sin g  pep tides th a t  m im ic the  FPR sequences could  lead to the  

identification of specific residues involved in  th is  in teraction .
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CHAPTER 6  

CONCLUSIONS

1. The expression  of formyl peptide receptor (FPR) by Sf9 insect 

cells re su lts  in  a  recep tor w ith decreased  ligand b inding  affinity (Kd=70 

nM), a s  com pared  to FPR in  neu troph ils  (Kd=3 nM).

2. Photocrosslinked FPR expressed  in C hinese h am ste r ovary 

(CHO) cells can  be effectively ex tracted  from cell m em branes w ith 

octylglucoside an d  purified by high perform ance liquid chrom atography.

3. Phage-display peptide library  selection u s in g  either FPR- 

coupled cyanogen brom ide-activated Sepharose 4B b ead s  or in tac t CHO 

cells expressing  FPR produced inconclusive resu lts . M odifications of 

phage library  selection m ethods m ay allow the identification of peptides 

th a t  b ind  to th e  receptor.

4. F unctiona l analyses of two FPR cytoplasm ic tail deletion 

m u ta n ts , CT9 an d  CT29, revealed partia l calcium  release an d  suppressed  

chem otaxis. This suggests th a t  the  cytoplasm ic region of FPR is n o t 

abso lu te ly  necessary  for FPR-m ediated signal tran sd u ctio n .
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