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Abstract-To del ineate the rclat ionship between the structural confornration and the stabi l i ty of an
ir l lersen and i ts antigenicitY, we have chosen the major al iergen from cat t lander, Fet dl.  From
protern sequence analysis data rve have examined the structure of the natural ly occurring Fel ctI  and,
rve have found i t  to exist as an anti-paral lel  hetero<i imer. We have used ELISA. RAST, Western blot
and histamine release techniques to compare the IgE reactivi ty of a set of cat al lergic patient samples
to puri f ied, native Fel dl and the E. col i  expressed chains I and 2. Results from these studies
demonstrate a signif icant level of IgE reactivi ty to al l  forms when examined for direct binding.
However, both blot and ELISA competit ion assays show a much higher reactlvi ty to Fel dI in
solutron compared to the separate recombinant chains and this is supported by the histamine release
data. Although native Fe/ d i  chain 2 contains an N-l inked carbohydrate moiety, this does not seem
to p lay a  ro le  in  the react iv i ty  o f  IgE to  cha in  2 .  Denaturat ion o f  Fet  d I  w i th  a l ! :a l i  conc i i t ions leads
to a dramatic decrease in IgE reactivi ty, even though measurable changes to the backbone structure
of the protein are minimal. One proposed expianation is that both chains possess a core reglon
determined by their primary structures and that the major IgE epitopes are dependent upon them.
The relat ive reactivi ty amongst these al lergen forms varied with the method of analysis, implying
that the conformational requirements fqg IgE antibody binding are best studied by the application
of more than one experimentai protocol; Results from these quali tat ive analyses afford insight into
the ai lergenicity of this exceptional ly slable cat pelt  protein.

can be detected in households long after cat removal and
a thorough cleaning (Wood et  a l . ,  1989).  Another prop-
erty that may relate to Felrl [ 's allergenic potential is that
it can remain airborne for long periods of t ime (Swanson
et al . ,  1989; Luczynska et  a l . ,  1990).  Our interest  is  in
determining whether structural features of this protein
relate to both its allergenicity and its ex uiuo stabil ity.

The Fet dI protein has been derermined to be a
heterodimer of two covalenrly l inked small polypeptides
that, under non-reducing conditions, shows an apparent
molecular weight of 35,000 (Leitermann and Ohman,
1984). The recent cloning and sequencing of the cDNAs
for the protein chains which comprise Fet d I (Morgen-
stern et  a l . ,  l99l)  has al lowed a detai led descr ipt ion of

*Address correspondence and request for reprilts to Dr Julian these structures. Chain l, the smaller of the two, is 70
F. Bond, Immulogic Pharmaceutical Corporation, 610 amino acids in length and migrates, under reducing
Lincoln Street, Vr'altham, MA02154, U.S.A. conditions, with an approximate molecular weight of

Abbreuiationtt Feldl, the major allergen lrom the domestic cat 5000. Chain 2 exists as either a 90 or 92 amino acid
(Felis domesticus\ named according to the IUIS approveri isoform in length, with the 92 residue form being the
nomenclature [.{nna& Allergv 60,499-504 {1988)]: HRPO, most prevalent (Morgenstern et al., l99l; Griffith er c/.,
horseradish peroxidase: rchain l, recombinanr chain I of t99z). Ct urn 2 has also been shown to contarn anFel dl: îchair, 2' recombinant" 

:hain, 
2 ol F:l dl: N-linkeJ caroonydrate such that upon chemical re-SDS-PAGE, sodium dodecyl sulfate-polyacrylamide sel , 

'-:---

etectrophoresis; Z-r"reOn, r-meriupi;;hili ì;;: 
r duction and SDS-PAGE it migrates with an approxi-

munoglobulin E; RAST, radikoallereosorbenr rest;-EltsA. mate molecular weight of 14,000 (Morgenstern et al.,
enzyrne l inked immunoassay; KOH, potassium hydroxide: l99l; Duffort el a/., 1991). The mRNAs coding for these
PHP, pooled human plasma; TMB, 3,3',5,5'-tetramethyl- two chains are the products of separate genes and are
benzidine; IPTG, isopropyl-D-thiogalactopyranoside; expressed in the salivary glands and also the skin of the
PACM, pipes-albumin-<alcium-magnesium buffer. domestic cat (Griffith er al., 1992\. Both of these chains
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INTRODUCTION

A central question in the examination of the immuno-
logical response to a protein allergen is are there inherent
properties of the allergen that promote the allergic
response? There are numerous examples which can be
ci ted for or against  rh is premise (King, 1976; Aas, 1978;
Baldo and Donovan, 1988; Plat ts-Mi l ls ,  1982).  We have
used the major allergen derived from the domestic cat,
Fel  d I ,  (Lei termann and Ohman, 1984; De Groot et  a l . ,
i988) as a model system to begin to address the question
of distinct immunochemical properties of allergenic pro-
teins. Fel d I is noted to be quite srable and its presence
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have becrì  cxpresied es recombrnant proteins tn E. col i
and were used in comparat ive studies wi th Fcl  d t
(Rogers  e t  a l . ,  1993) .

In t i re present study, we have expanded the analysis of
Fel  d i  and the expressed recombinant chains through
the  use o f  c l i f f c ren t  ana lv t i ca l  rne thods  fb r  IgE,  rcac i i v i t \
and combined these da ta  rv i th  tha t  o i  p ro te in  scc lucncc
rcsu i ts .  Both  rcha in  1  ( recornb in : rn t  cha in  l )  anc i  rcha in
2  ( recombinr in r  cha in  2 )  o f  the  bac ter ia ì l y  cxDi ' i ì : j sec l
polypept ic les are rei ict i . rc rv i ih human IgIr  uncl  ct ì r i
account for  at  least  500,/o of  the total  f  e/  r / ì  react ive IgE
in  a  c l i rec t  b ind ing  RAST assav .  The la rges t  vanat ion  in
resu i ts  i s  seen rvhen c ( )mpet i t ion  methoc ls  a re  L rscd  anc i
th is demonstrates c i i f lèrences in the reacr iv i ty of  IgE tcr
cha in  I  o r  cha in  2 .  The app i icar ion  o i -  n to re  than one
method o f  ana l l ,  s is  p resents  u  c learer  p ic tL r re  o f  the
extent and ty 'pe of  thc ig l ì  rcact iv i tv to these al lcrcen
preparatrons.

IL\TERIALS AND ÙÍETHODS

Protein sequence crnal-t,sis

Fe! d I was afìinrty purihed from a lCo/n (rvt,ir.ol.)
aqueous extract  of  dust  col lecred t iom a house with
pet cats using a monoclonai  immunoatì ìn i ty column
(Chapman et  a l . ,  1988).  The pur i f ìed prorein was di-
gested with t rypsin (Worthington, Freehold) at  20:  1
(wt/wt)  protein-to-enzvme rat io in 2lvf  guanidium
hydrochlor ide wi thout the addi t ion of  reclucing agent.
The tryptic peptide i iagments were separated on an i_KB
2150 HPLC sys tem iv i th  a  Waters  mbond C l8  co lumn
(Waters, Milford). The peptides were subjected to anrino
acid sequence analysis wi th an Appl ied Biosysrem 4l lA
protein sequenator connected to an on- l ine phenyl th io-
hydantoin analyzer.  A fast  screening cycle and a fast
OPA (opthalaldehyde) f i l ter  condi t ioning (Brauer et  a l . .
1984) which was modif ied f rom rhe srandard ABI se-
quencing cycle were used to acceierate the scquence
speed and to verify the individual sequences r.vhen more
than one pept ide sequence appeared in the analysis.

Recombinant Fel dl cltain I and chain 2 expres.sion

Expression vectors.  pETII  chain I  and pETII  chain 2.
were used for transformation of the E. coli host strain
BL21 (DE3)  and se lec ted  on  p la tes  conta in ing  i50  pg /ml
ampici l l in (Studier et  a l . ,  1990).  Recombinant expression
was induced by the addi t ion of  IPTG to a f inal  concen-
t r a t i o n  o f  1 m M  ( R o g e r s  e t  a l . .  l 9 9 l ) .  T h e  g u a n i d i n e
HCI lysate containing rchain I  and rchain 2 rvas sub-
jected to Nir '  NTA metal- ion af f in i ty chromarography
under denatur ine condi t ions in 8 M urea (Hoch u, l t  et  a l . ,
1988).  Af ter  e lut ion f rom the Nir-  chelar ing supporu,
Qiagen NTA-Agarose (Diagen Gmbh, Dt isseldort- .
Germany),  the rchain I  and rchain 2 protein prep-
arat ions were dialyzed three t imes against  PBS to re-
move urea pr ior  to analysis.  Both of  the expressed chains
have 30 amino acids of  extra N-terminal  sequence to
faci i i tate bacter ia l  t ranslat ion [MASMTGGeeM G RIS-
MGHHHHHHEFLVGSI detai led previously (Rogers
e t  a l . .  1 9 9 3 ) .

[mmunoblot unall,5ig

The gel  e lectrophoresis and Western blot  t ransfer
procedures \ \ 'ere essent ia l l ) ,  as descr ibed elservhere
(Torvbin er ul . ,  1979) Br iet ly,  the Fel  d i  ant igens were
quant i tated b, , '  thc BCA method (Pierce, Rockfbrd) and
SDS-PAGE rvas  per lo rmed us ing  159/u  acry lamide ge ls
r . tnder reducir is condi t ions,  rv i th 80 mN,f  DTT (di th io-
threi to l ) ,  and at  const i r r ì t  current of  ,10 mA. The transfer
t o  n i t r o c e l l u l o s e  ( 0 . 1 1 r m .  S c h l e i c h e r  &  S c h u e i l ,  K c e n e )
rvas perf  or f f icd in a Hoef ler  apparatus according ro the
pro toco l  o f  Towbin  e t  a l .  (1979) .  A f te r  t rans fer ,  the  b lo ts
were r inscci  in blr . r t  solLrt ion (25 mM 

' l ' r is--Hcl ,  
pH 7.5,

0.17 N' f  NaCl.  and 0.05o,, i ,  Trveen 20) and stained for I  hr
wr th  0 .1o , /o  Ind ia  ink  A l l  subseqr . ren t  incubat ions  w i th
ant ibodies and washes were perfor inecl  in blot  solut ion
at room temi lerature.  The f i rst  ant ibody incubat ions
were incubatcd overnight then r insed and performed
with the appr i ;pr iate second ant ibody (KPL, Kirkegaard
Perry '  Laborator ies,  Gai thersburg).  The f inal  incubat ion
\ \ i r s  p c r f o r r n c J  u s i n g  I r : ' l ] - s t r e p t a v i d i n  ( 0 . 1  g C i / m l  i n
25 ml blot  solut ion) for  I  hr  fo l lowe<i by rernoval  of
unbound labeì ancl  autoradiography at  - -  80"C- wi th an
intensi fy ing screen. T'he compet i t ion blot  assays con-
s is ted  o f  an  incubat ion  w i th  PHP (poo ied  pa t ien t
p iasma.  n  :18)  a t  25oz i , ,  w i th  the  compet ing  i ìn t igens  (a t
i r  f ina l  concent ra t ion  o f  0 .1  mg/ml )  in  b lo t  so lu t ion  in  a
total  volume of  4 ml,  for  8 hr at  4"C. Fol lowing this
preincubat ion the solut ions were then added to the Fel
d I  b lot  sect ions and the incubat ions were completed as
out l inecl  above.

Direct ancl competit ion ELISA

Corning assay plates (Corning, NY) were coated with
10 pglml of  each coat ing ant igen; al f in i ty pur i f ied Fel  dI
(Chapman e t  u l . ,  1988) .  rcha in  I  and/or  rcha in  2  in  PBS
at  50p i1we l l  and incubated  overn igh t  a t  4 'C .  A f te r
blocking l00,ul iwel l  of  the human piasma samples were
added to dupl icate wel ls and incubated overnight at  4oC.
Second ant ibody (biot inylated goat ant i -human IgE,
l : 1 0 0 0 ) ,  ( K P L )  w a s  a d d e d  a t  l 0 0 p l 1 w e l l  f o r  I  h r  a t
room tempera ture .  S t rep tav id in -HRPO,  l :10 ,000 was
added at 100 ir l lr,vell for I hr at room temperature (all
wel ls were rvashed three t imes with PBS-Tween between
each incubat ion step).  TMB Membrane Peroxidase Sub-
strate System (KPL) was freshly mixed, and added at
100 p l lwe l l .  The reac t ion  was s topped by  the  add i t ion  o f
100 p l lwe l l  o f  I  M phosphor ic  ac id .  P la tes  were  read on
a Microplate EL Autoreader (Bio Tek, Winooski)  wi th
a 450 nm f ì i ter .  The absorbance levels of  dupl icate wel ls
were averaged. The graphed resul ts ( log of  the Ag
concent ra t ion  vs  absorbance)  o f  the  ELISA are  shown in
the f igures.  For the compet i t ion ELISA assays the
pooled pat ient  p lasma sampie was mixed with an equal
volume of  ser ia l ly  d i luted ant igens (Fel  d I ,  rchain I  and
rchain 2) or wi th PBS-T (phosphate buffered sal ine wi th
Trveen 20 ,0 .05%)  and a l iowed to  "p re incubate"
overnight at  4 'C. The remaining steps of  the ELISA
were performed as out l ined above.
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Using the QuantAfìni ty epoxide glass beads suppl ied
by Rainin Insrrumenr co.  (Emeryvi i re)  a RAST assay
was developed for the derect ion oi  IgE binding to Fel  t t I
and the reconlbinant chains.  tsr ief ìy.  be.ds wère coated
i '0 .5  L {  sod ium phosphate  bu f Ìè r  pH 6 .g  a r  i Ìn  an t igen
concent ra t ion  o f  0 .5 ;zg ibcac l .  overn igh t  a t  room tem-
perature.  The coat ing react ions v,rcre stopped by thc
remoia l  o1- the  coat ing  so lu t ion  ancJ  then by  the  adc i i t ion
of blot  solut ion rv i th ro, /o nr i ' lk  to block unreacted si tes.
The incubat ions  w i th  the  pHp sampie ,  c repre ted  o f  IgG
b-l '  preincubat ion rv i th protein G asarose (pharmacia),
were carr ied out in a volume of  0.75 rnl  o. . , ,ernight,  at
room temperature.  - fhe 

saine second ant ibody di lut ion
as for the blot  asisar-s rvas usecl  anc- i  IgE..o. i iu i ty *o,
measured as  counts /n i in ' t c  o f  I r r5 l ] -s t rep tav ic l in  us i 'g
a Packard Cobra ,5005 gammri-counter (packarcl ,
Downers Grove).

Hi.rtantine releose

The histamine release assa) usecr for  th is study *, ,as
based on the detect ion of  an acylateci  der ivat ive of-
histamine using a speci f ìc monocronal  ant ibody (Morer
and Delaage, 1988).  

- fhe 
re.gents anci  proto.ol  for  th is

histamine radioimmunoassay are suppl ied commercialry
as a k i t  by Amac Inc.  (Westbrook).  Br ief ly,  qach indiv id_
ual  assay consisted of  0.2 mr of  whole hepai in ized biood
from the cat al lergic pat ient  added to aà.equal  volume
of ant igen in PACM buffer pH 7.3 (pipes 2J mM, human
serum albumin 0.003o/n,  C" Cl ,  4 mM, MgCl,  I  m M.
NaCl 100 mM. KCI 5 rnM).  

' fhe 
sampres were mixei i  b, , -

tapping, incubated for i0 nr in at  37'c and then the cel ìs
were gent ly pel leted ar 1500 revimin for  3 min.  

. f  
he

supernates are removed and processed for the RIA. T'he
control  for  background spontaneous histamine release
was pat ient  b lood incubated rv i th only PACM buffer and
for the total  h istamine 'a lues 0.1 mi of  whole blood r^, ,as
boi led for  3 min in a f in. l  volume of  1.0 mi pACM. The

CHAIN 2 RGLTNLKLDEVTNoVA

hurnan lgE react iv i ty

resul ts were gfaphcci  as an
release.

1 5 3  i

expresslon of  percent total

Antigen treetments

The glycosidase treatment was essent ia l ly  as c lescr ibecl
p rev ious l l -  (Morgens tern  er  a l . .  l99 l ) .  Br ic f ìy .  2  mg o f
af ì rn i ty pur i f ied Í ;e l  d I  was boi led for  2 rnin in 0.2o/n
sDS,  5o /o  (v lv )  2 - lv lE  in  a  f ìn . l  ' o lume o f  0 . -5  mr .  coo lec i
to  room tempera ture ,  then d i lu ted  w i th  pBS to  1 .0  ml
with lo/o octy l  g lucosic le,  50 mM KH,pO4 (pH 7.1) plus
s i .x  un i ts  N-Glvcos idase F  (Boehr inger  Mannhe im.  Ind i -
anapol is) .  This soiut ion wzìs incLrbated o'ernight ar
37 'c ,  d ia lyzed aga ins t  pBS anc i  c i i lu red  to  a  f ina l  vo lume
of-  2 ml.  r \  mock react ion was performecr wherein a
Fel  d I  sample was denatr-rred and incubated overnight
under the same condi t ions but in the absence of  enzyrne.

The treatment rv i th KoH (potassiurn hyclroxrcie) i .vas
as f ollows; aflìnity pLrrif ied Fet ct I or rchains I anci 2 were
incubated at  a concentrat ion of  I  mg/ml in 50 mM
KOH,  pH 12.5  fo r  16hr  a t  room rempera ture .  Th is
incubat ion was stopped by the addir ion of  potassium
phosphate buftèr ro 75 mM, pH 1.r  fo i lowed by diaiysis
against  PBS. A control  sample underwent a s imi lar
incubat ion  a t  neut ra i  pH.

Antipeptide rultbit ; 'era

As a means of  i rnalyzing ant ibody react iv i ty to the
protein backbone of  Fel  d I  a number of  pept ides were
produced and separately used to generate rabbi t  poly-
c lona i  an t iserz r  (Morgens tern  e /  a l . ,  l99 l ) .  In  th is  s tudy
we ha'e appl ied two of  these ant ipept ide ant isera,
ant i -Fel  2 and ant i -Fei  l8 which were raised against
regions from chain I  and chain ) ,  respect ivety.  fne
posi t ions of  the amino acids against  which rhese af f ìn i ty
pur i f ied ant ibodies were generated are shown in Fie.  l .

Fel d 1 STRUCTURE

CHAIN 1 ll,,=€-E
f - . . . - - - . . - -Fe l  2_- - - -_ - . . - l

sDVD iFLTGTPDEWEOVAQYKALPVVLENARILKNCVDAKMTEÉDKENALS LLDKIYTSPLC
iCPAVK

EGMCYEN

, \
l \^ \

ù e
t e, \

t 1  \* , - \ù s
t \

t - l - - - - - - _ - _ - - - _ - - - - - F e t  1 B - - - - . - - - - _ - _ . - - - - _ _ r  \
lAiMVLGDLVRSiLGNEVYcDotKKMATR EpEfaNVKTLS Lor-u-!rucruevnr.voylpcr=AMKV-rù{z

i
A M  A \
{r' U-i I/

Fig' l  '  The proposed structure of Fel r/  I .  This structure is based on data generated from proteinand cDNA sequencing' The two chains' I  and 2, are 70 and 92 amino acids in length, respectrvely.The posit ioning of the chains as an anti-paral lel  heterodimer with the indicated disulf ide l inkagescomes lrom data generated by protein sequencing fol lowing trypsin digestion oî Feld I.  The mrddledisuif ide l inkage, indicated with a question mirk, has not been unambrguously observed. TheN-l inked carbohydrate structure at residue 33 on chain 2 was local ized by the iack of a signal atthis cycle du'ng protein sequencing 
-anci f lanking consenru, u-l* JJor. The bracketed regionsindicate the stretch of amino acids, from the twJ chains that were use<i for generation of rabbitantisera and were applied to the studies that fol low. Each expressed recombinant chains includingan N-terminal 30 amino aci<i leader sequence (see Materials and Methods).
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RESULTS

Fel d1 is an antiparallel heteroclimer

The sequence of  both chains of  the Fel  r / i  protein
has been determined at  the protein and cDNA level
(Morgens tern  er  a l . ,  1991) .  Fur ther  p ro te in  sequence
analysis,  [o l iow' ing t rypsin digest ion.  suggesrs that  r i re
nzrt ive structure ol  t 'e/r /  I  is  a heierodimer formed by the
two cha ins .  F igure  I  shows t t rc  pos i t ion  ass ignmcnt  o f
the disul f ide cross- l inkarres of  Felr l I  as deduced from the
pept ide f ragments obtained from trypt ic digest ion under
non-reducing condi t ions rv i th pept ide sequence analvsis.- fhe 

t rypt ic c leavage mi lD yielded more than 40 peaks
rvhi le only l4 f ragmcnts were predicted from the pr i rnary
sequence. Amino acid scquence analysis revealed that
the abundance of  t rypt ic pept ides was at  least  part ly due
to var ious proteolyr ic c leavages of  the af f in i ty pur i f ied
protein pr ior  to the speci f ìc t rypsin t reatment.  The
complexi ty of  the t rypt ic map made i t  impossible to
compare reduced and non-reduced trypt ic maps to ident-
i fy disui f ide cross- i inked pept ides.  Instead, pept ic le se-
quence analysis was used to determine the disul f ide
cross- l inkage only on the non-reduced set.  The HpLC
fractions containing the separate peptide sequences were
ident i f ied and then o-phrhaldehyde treatmenr was ap-
pl ied in a second analysis at  the step before prol ine
residues (Brauer et  a l . ,  1984) to del ineate and quanr i tate
the indiv idual  pept ide sequences. Using this approach,
peptides containing Cys3 of chain I (EICPAVK) were
always associated rvith peptides containing Cys73 of
chain 2 (var ious fbrms of  VLDGLVMIAINEyCÌvtG) in
approximately equai  quant i t ies;  and the pept ides con-
taining Cys70 of  chain I  ( fYT'SPLC) were always associ-
ated with pept ides containing CysT of  chain 2
(MAETCPIFYDVF or  AETCPIFYDVF or  Cp iFy-
DVF) at  an approximarely equal  molar rat io.  Both of
these correlations were derived from peptide sequence
analyses of multiple fractions, ín which three clean pairs
of  Cys3,/Cys73 (chain l /chain 2) and one clean pair  of
CysT0iCysT were identif ied. The remaining rwo central
cysteines, Cys44 of  chain 1 and Cys48 of  chain 2,  were
identif ied in equivalent y' ields in several HpLC peaks,
however, other peptide sequences were also present and
these could not be rernoved by OPA methods. Only the
most predominant of  the two forms of  chain 2 was
detected in th is anal , l ,s is (Gri f f i th et  a\ . ,1992).  From rhese
data the pairing of the ce ntral cysteines is suggestive but
not definit ive. These results therefore indicated that at
least two pairs of inrerchain disulfide l inkages are present
in nat ive Fel  d I .  and as depicted in Fig.  I  th is structure
is an ant iparal le l  heterodimer of  the two chains.

Direct IgE binding Ío Fel d/ ùersus recombinant Fel dI
chains I and 2

Western blot assays were performed on affinity
purif ied native Fel d I and bacterially expressed recombi-
nant chain I and chain 2 derived from Fel dI cDNA,
lanes l, 2, and 3 respectively (Fig. 2A). The firsr rwo
antibody preparations that we used in this anaiysis were
the two anti-peptide antisera described above (Fig. l)

and were appl ied separately to demonstrate their  speci f i -
c i ty for  each of  the chains.  Ant i -Fel2,  react ive wi th the
chain I  pept ide,  shorvs the relat ive molecular weight of
natural  chain I  to be approximately 5000 with the
expressed recornbinant s l ight ly larger (Fi ; r .  2A, the f i rst
panel) .  Both of  the expressed recombinant c i ra ins have
bacter ia i  leader secìucnces comprisecl  of  l0 residues in
add i t ion  to  the  na t ive  sequence (Mate  r ia ls  anc i  Methods ,
a lso  Rogers  t : t  u i . ,  1993) .  By  th is  ana l l ' s ìs  the  s igna l  f rom
antt-Fel2 is ntuch slronger to lhe recoml-r inant chain I
than to the polypepi ide chain I  der i , , ' rd f i 'om nat ive Fel
d l .  The nex t  sec t ion  (F ig .  2A)  shows r i re  par te rn  o f
b ind ing  w i th  the  an t i -cha in  2  spec i f rc  sc ra ,  anr i -Fe l  lB .
With any of  the chr i in 2 speci f ic  anr iboci ies,  including
human IgE, the Western blot  s ignal  f rom nat ive chain 2
always appears as a di fFuse signal  due to i ts carbohydrate
modification. 

-l 'he 
io'uver molecuiar rveight l imit of this

cha in  2  b lo t  pa t te rn  i s  approx imate ly  14 ,0 f ì0 .  About  50%
of the apparent molecular weight of  nat ive chain 2 is
comprised of  N- l inked carbohydrate.  as shorvn pre-
v ious ly  (Morgens tern  e /  a l . ,  1991;  DrL f lo r t  e t  a l . ,  l99 l ) .
A combinat ion of  t rvo monoclonal  ant ibodies,  desig-
nated 384 and 2H4, that  are speci f ic  f  or  chain I  and 2,
respect ively,  lvere used as probes in th is assay to demon-
strate the pattern given by ant ibodies raised against
na[ive, affinity purif ied Fel d L fhe subsequent panels
give the binding profi les of IgE from two skin test
posi t ive cat-al lergic pat ients,  417 and 288, wi th the last
panel  as the non-al lergic negat ive control  (Fig.  2A).  The
same two posi t ive plasma samples (417 and 288) were
also used in a direct  ELISA on thc same ant igen
preparat ions (Fig.  28).  With par ienr 238 the IgG binding
is much stronger to nat ive Fel  t l i  than to rchain I  or
rchain 2.  However,  IgE from pat ienr 4l l  shows an
a lmost  iden t ica l  ELISA reacr i \ , i r \  p r r r f i le  u l l  rh ree  an t i -
gens. The IgE react iv i ty for  the threc di f lerent anr igen
forms has been further extendcd to 15 other allergic
pat ient  p lasma samples wi th s imi lar  .n,ar iat ion in resul ts
(data nol  shown).  To date al l  samples posi t ive for  nat ive
Fel  d I  b inding by these methods are also posi t ive to both
recombinants.

RAST assay

We also appl ied the RAST direct  b inding assay ro the
examination of igE binding to the Fel d I forms. This
RAST assay was one in which the ant igen was covalent ly
at tached to epoxide-giass beads (Rainin QuantAff in i ty
Beads) and IgE binding is detected with ' t5I- labeled

streptavidin binding to biot inylated anr i - IgE second
ant ibody. For th is analysis rve used PHP (pooled human
plasma from eighteen cat allergic patients) that for these
experiments had been depleted of IgG with protein
G-Agarose to el iminate any inrerference from IgG bind-
ing.  Figure 2(C) shows the resul ts of  th is analysis wi th
the negat ive control  being IgE binding to beads coated
with human serum albumin (HSA).  Resul ts obtained by
the RAST assay suggest that  a s igni f icanr proport ion of
the anti-Fel dI reactivity can be accounred for by the
sum of the binding to the recombinant chains at  least  in
this c i i rect  b inding format.  A separate posi t ive control
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F ig .2 .  D i rect  b ind ing to  Fe ld l  and recornb inant  cha in  I  and 2.  Western b lo ts  sect ions,  (A) ,  were
gene ra tedw i th the  Fe l t l l an t i gensas fo l l ows :  l ane  l , a f f i n i t ypu r i f i ed  Í . e l c t I  l 0pg / l ane ;  l ane2 , r cha in
I 5 pgl lane; lane 3, rchain 2 5 pgl lane. The two peptide specif ic rabbit antisera an1i-Fel2 and anti-Fel
l8  were used at  l :2000 d i lu t ion.  The mix  o f  monocional  ant ibod ies.  iE4 and 2H4,  were both used
at  a  l :1000 d i lu t ion.  The human p lasma samples,  cat  a l le rg ic  pat ients  417,  288 and non-cat  a l lerg ic
250 were a l l  used at  l :10 d i lu t ion.  (B)  Di rect  ELISA wi th  the same anrrgen set  used for  the Western
b lo ts  a t  a  coat ing concent ra t ion o f  l0  pg/ml .  The IgE b ind ing of  se r ia l ly  d i lu ted p lasma samples f rorn
patient 288 (upper panel) and patient 411 ( lower panel) are shown. (C) RAST with covalently
coupled antigen on glass beads (QuantAff ini ty Beads) analvzeci with serial ly di luted PHP (plasma
from a pool of 18 cat al lergic patient samples). The binding of the IgE to the three al ler_qen

preparations is compared to human serum albumin (HSA) as the nesative control.

=
o-
o

assay was run using monoclonal  ant ibodies against
Fel d I to demonstrate that the coated antigen was not
l imi t ing in th is assay (data nor shown).  Al thoush these

results are based on pooled allergic human plasma it
represents an average reactivity, by comparison to a
smal l  set  of  indiv idual  pat ients (not shown),  and does
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not seem to be biased towards rhe highest ant i - f  e/  /  I
IgE conta in ing  p lasma samples .

Competition ass(1r's tndicute a distinction herween .solíd
pha.te und .;ctlution hùtdinq oJ' Fel dl

Another  rne thod o f  dcrnons t ra t ing  an t igen anr iboc l .v
speci f ic  interacr i r . rn is b1, '  compet i t ion binding anal_v,s is.
We have taken two approaches fbr these analyses: wc
pre i ' cubate  PHP wi th  the  spec i f i c  an t igen in  soru t ion
and then assa-v  t i re  fgE rcac t iv i t l z  o f  th is  so lu t ion  o i i :  ( l )
SDS-PAGE Western  b lo r  sec t ions  o [  the  var ious  l 'e l  r t I
ant igens or (2) ELISA plates coated with the szìme set of
ant igens. Figure l (A) shows the resul ts of  tour pre-
incubat ion exper iments usins PHP again as the source of
ant i -Felr l l  IgE and western blot ted nat ive Fet ct  I  as the
source  o f  the  so l id  phase an t igen.  Lane l .  F ig .  3 (A) ,
shows the pattern obtained with blorted [ ;e l  c l l  using
plasma in the absence of  added ant igen. Lanes 2,  3,  and
4 in Fig.  3(A),  show rhe residual  IgE binding af ter
preincubat ing the piasma with 0.1 mg/ml of  added bio_
chemically purifìed Fel d I. rchain I and rchain 2,
respect ively.  Preincubat ion wi th nat ive pur i f ied Fet dt
compietely removes IgE binding to both chains ( lane 2,
Fig.  3A) When rchain I  is  used as rhe compet ing
solut ion phase ant igen, the s ignal  fbr  chain I  is  markedly
reduced whi le there is l i t t ie or no ef fect  on the chain 2
signal  ( lane 3,  Fig.  3A) Preincubar ion of  IgE with
rchain 2 removes al l  react iv i ty to the biot ted chain 2
from native Fel ri I (Fig. 3A, lane 4). These same assays,
with indiv idual  pat ient  p lasma samples show a simi iar
overal l  b inding inhibi t ion pattern to that  observed with
PHP.

The other assay that we have used to examine these
solut ion phase interact ions was through compet i t ion
ELISA assays. For th is assay the same plasma pool  used
in the blot  compet i t ion study was analyzed with the three
different antigens; affrniry purif ied Fet d I, rchain I and
2 which were used for both soiut ion and sol id phases.
Figure 3(B) shows rhe graphed resul ts of  these compe_
t i t ion ELISA assays where paneis l ,  ? ;  and 3 refer
to plates coated with Fel d i, rchain I a'd 2, respectively.
The PHP di lut ion for  a l l  rhe compet i r ive ELISAs
was kept at  I  :30.  A grass pol len extract  (Lot p SpE)
was used as the non-compet ing control  and this gives
a signal  equivalent to the non-compet ing ant igen
binding signai .  Only Fel  d I  in solur ion is capable of
compet ing IgE binding to i tsel f  on the plate wi th no
compet i t ive react iv i ty shown by ei ther of  the rwo
rchains.  The rchain I  in solut ion ef fect ively competes IgE
binding to i tsel f  on the plate,  however,  i ts  inhibi tory
capaci ty is much lower than that of  nar ive Fet d I .  Using
rchain 2 as ihe solut ion phase compet i tor  on rchain
2-coated wei ls there is strong inhibi t ion of  IgE bindine
but again the native Fel d I is clearly more effective as à
competitor. The major difference between the results
with th is ELISA anr igen conf igurat ion (Fig.  3B) versus
the blot  method (Fig.  3A.)  is  the lack of  inhibi t ion of  IgE
binding to Fel d r by the two separate recombinant
chains.

Cltanges in IgE reac'tit,trt' /r.r Fel dl .lollou,,ing tliJJ-erent
treutment pr0tocols

The N-l inked carbohrvdrate found on chain 2 of
af f in i ty pur i f ied Fel  d I  can be enzvnrat ical ly removed
using N-Glycosidase F, as shrtrvn previously,  (Morgen-
s te rn  s /  a l . ,  l99 l  ;  Duf lb r t  e t  u l . ,  1991 ) .  I * -o r  c Í l ì c ien t
enzymat ic  d iges t ion  the  an t igen sarnp le  i s  c ienatured  by
boi l ing and redtrct ion wi th 2-VleOH sucÌ.r  that  a l l  sub-
sequent  exanr ina t ion  o f  the  t i iges ted  pre  para t ion  is  per -
formed on denatured mater ia l .  

' fhe 
enzl 'me cleavage

produc ts  were  examined by  Western  b lo t t ing  A mix tu re
t t f  monoc lona l  an t ibod ies  ag : r ins t  cha ins  I  anc l  2 ,  inc luc l -
ing  1G9 the  an t ibody  used fo r  the  l t l ìn i t v  pur i l ì ca t ion  o l
Fe l  d  I  (Chapman e t  a / . ,  1988) ,  g i res  the  b ind ing  p : r t te rn
sho'uvn in the f i rst  panel  of  Fig.  4( . \ )  I 'he rnolecular
weight of  chain 2,  af ter  d igest ion.  shorvn in lane 4,
decreases from approximately 14,000 down to 7000. The
apparent moiecular weight of  chain I  remains un-
changed fol lowing this enzymatic digest ion.  A carbo-
hydrate staining protocol  using a s i rn i iar  b lot  sect ion
showed on ly  cha in  2  s ta in ing  be torc  d iges t ion  and a
complete ioss of  staining af ter  thc enzymatic digest ion
(da ta  no t  shown) .  The second pane l ,  F ig .  4 ,  shows the
resul ts of  the ant isera ant i -Fe[2 and anr i -Fel  18,  b inding
to a s imi lar  b lot  sect ion emphasiz ing the shi f t  in chain
2 fol lowing enzyme digest ion.  The posir ion of  chain 2 on
the blot  sect ion shi f ts wi th carbohydrate removal  but the
binding of  human IgE, PHP, [ th i rd panel ,  Fig.  (4A)]  does
noi  seem to be reduced. This confìrnts reports by others
apply ' ing RAST analysis fo l low, ing carbohydrate re-
moval  (Duffort  et  a l . ,  l99l) .  The resul ts obtained by
Western blot t ing were conf i rmed by'  b inding analysis
using ELISA. As shown in Fig.  4(B).  even af ier  Fel  dI
has been completely denatured and the carbohydrate
removed, the IgE react iv i ty rv i th PHP is not changed.
Using the ant ipept ide ant isera in a direcr binding ELISA
format we could show that these ant ibodies recognize
only denatured and not nat ive Fel  d I  (data not shown).

Al though carbohydrate staining was negat ive fo i low-
ing the removal  of  the N- l inked carbohydrate moiety we
nevertheiess examined the possibi i i ty  of  O- l inked carbo-
hydrate modif icat ions on chain I  z ind 2.  This was done
by alkal i  t reatment,  as a non-speci f ìc method for O-
i inked carbohydrate removal  (see Mater ia ls and
Methods),  and fol lowed by direct  ant ibody binding
analysis.  Figure 5 shows the blot t ing resul ts of  th is
analysis" The KOH-treated sample demonstrates no
obvious molecular weight shi t i  and i i t t le di f ference in
pept ide speci f ic  ant isera react iv i ty when the treated
sample is compared to the two controi  samples,  lane 2
vs I  and 3 in the f i rst  panel  (Fig.  5) .  However,  when the
same ant igen preparat ions are probed with PHP [gE, as
in the second panei ,  a marked decrease in s ignal  is
observed. With alkal i  t reared Fet d I  th is loss of  IgE
signal  is  seen with both chain I  and 2 wi th only s l ight
react iv i ty retained by the chain l .  In l ight  of  the exper-
iments demonstrat ing IgE react iv i ty to the recombinant
forms of  Fel  d l ,  which are non-glycosylated, i t  was
unl ikely that  th is f inding was due to a mammai ian
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Fig. 4. Direct binding to the Fel t l  I  antigens lol lowing specif ic treatments. (A) Western blot
sect ions probed wi th :  MAb mix  compr ised of  monocional  ant ibod ies 3E4,2H4 and lG9 the
antibody used for aff ini ty puri f icat ion (al l  at I  :2000 di iut ion), peptide specif ic antisera anti-Fel
2  p lus ant i -Fe l  18 (both a t  l :2000 d i lu t ion) ;  and PHP (at  a  l :10 d i lu t ion)  on lanes of  the
fol lowing antigens: l ,  untreated Fel dI;2, Fel dl control only concentrated and denaturated;
3, Fel dI control incubated with no enzyme; 4, PNGase digested Fet dl (al l  anrigens at
lOpg/lane) (B) ELISA assay ol Fel dl control incubated rvith no enzyme and PNGase

digested Fel d I  with serial di lut ions ol PHP.

post-translational system of O-linked glycosylation.
An analysis of IgE reactivity following alkali
treatment of the rchain I was therefore done (the next
three panels, Fig. 5). The third panel shows rhe
results of this treatment set using the chain I peptide
specific antisera, attr-Fel2, where the signals for
treated and untreated FeldI (lane I and 2) are roughly
equivalent as are the signals for treated and untreated
rchain I (lanes 4 and 5). However, when KOH-treated
rchain I was probed with the patient plasma samples
(the last two panels, Fig. 5) a striking loss of IgE
reactivity is seen. This loss of reactivity has so far

been observed with all patient samples analyzed on
both KOH-treated affinity purif ied Fel d\ and the
KOH treated rchain 1. These effects are also seen
when the binding is assayed by direct ELISA and
this property is also exhibited with alkali treared
chain 2 examined by both methods (data not shown).
The base treated Fel dI has been examined for amino
acid structural changes by N-terminal protein sequence
analysis and the only modification observed has been a
low but significant alkali derived deamidation of Asn
residues throughout the molecule (up to 25oh, data not
shown).

l - 5 j j

coa t i ng  an t i gen :

E Fetdl
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Histamine release nnal!-s is

we have pursued leukocyte histamine release as an
in uitro model of IgE specific mediator release. In this
study blood samples from three different cat allergic
patients were analyzed against serial dilutions of the
respective treated and untreated antigens described
above. Figure 6(A) shows the histamine release profi le
using whole blood from patient 417 in response to
Fel  d I ,  recombinant chain I  and recombinant chain 2.
The results are expressed as a percentage of the total
histamine released (see Materials and Methods). All
three antigens are capable of inducing histamine release,
but the native Fel d I is much more potent than either of
the two rchains using par ient  417. The direct  b inding
data wi th th is pat ient 's IgE showed equivalent react iv i ty
with al l  three ant igens (Fig.  28) whereas the histamine
release shows the rchains to be much less active than the
native molecule.

Another pat ient  sample,  681, was examinecl  for  com_
parative histamine release to deglycosylated Fet dr
versus the untreated and the mock treated sample. The
results of this analysis (Fig. óB) reflect the findings of the
direct binding assays that the reduction and denarura-
tion of Fel dI followed by enzymaric deglycosylation
steps do not nor iceably al ter  the IgE binding of  the
Fel d I (Fig. 4A). The triphasic narure of the histamine
release curves seen in many patients when using Fet dr
as the releasing antigen is most l ikely due to contami-
nating antigen present in trace amounts in the affinity
pur i f ied preparat ion.  one contaminanr could possibly be
cat serum albumin known to be an aliergen in some cat
allergic patients (Anderson and Baer, lgg l; wallenbeck
and Einarsson, 1987; Duffort  et  a l , ,  1987).

To test the relative reactivity of the alkali treated. Fel
d I, histamine release assays were also performed using
this preparation in comparison to untreated Fet dr.
Figure 6(c) shows the results of the anarysis using
patient 288 as the source of cat allergic patient whole

Fig '  5 '  Western b lo t  o f  Fet  d I  preparat ions wi th  KOH t re i ì . tments  w, i th  the ant igen sets  as
fo l lows:  lane l .  unt reatec i  Fe l  d I ;  lane 2,  Fet  c t l  t reated w. i th  50mM KOH; lane 3,  incubat ion
con t ro l  Fe l  d l ;  l ane4 ,  un t rea ted  r cha in  l ; and  l ane  5 ,  r cha in  I  t r ea ted  w , i t h  50mM KOH. ' f he
b lo t  sect ions were probed wi th :  the mix  o f  ant i -pept ide ant isera (ar  l :2000 d i lu t ion) ,  pHp at

1 : 1 0 ,  a n t i - F e r  2  a t  r : 2 0 0 0 ,  p a r i e n t s  2 g g  a n c l  7 g 4  a t  r : r 0 .

ffi

4 5 1 2 4 l . +

blood. The peak of  h istamine release with the untreated
sample is seen at  2 nM whi le the peak with the KOH-
treated Fel  d I  is  reached only when the concentrat ion of
ant igen is at  200 nM.

DTSCUSSION

The studies descr ibed here const i tute an immuno-
chemical examination of a small allergen that has been
defined at the primary sequence level (Morgenstern
et al . ,  l99l) .  The avai labi l i ty  of  Fet dI  and the two
recombinant ly expressed polypept ide chains that com-
prise its structure has allowed us to begin to dissect the
biological  propert ies of  th is common household ai lergen.

Our analysis of  protein sequencing data indicate that
the natir, 'e Fel d I chains l ie anti-parallel to each other as
a heterodimer and ar least two of the possible disulfide
bonds lead to their  covalent interact ion.  The central  two
cysteines were not clearly determined to be connected
and could st i l l  potent ia l ly  lead to ol igomeric Fel  dI
structures which have been implicated previously
(Lei termann and Ohman, 1984).  The determinat ion of
this structure does not exclude the possibil i ty of the
existence of other less abundant configurations for
the two chains of  nat ive Fel  dI .

We have shown that both Fel  dI  chains,  whether
nat ive or recombinant,  have anomalous migrat ion prop-
erties under reducing conditions with a smaller apparent
molecular weight rhan their primary amino acid se-
quence could indicate. This may imply a core structure
that is a dist inct  property of  both chains and that th is
structure is conferred strictly by the primary amino acid
sequence. This proposed structure is either maintained
during the denaturation trearment prior to gel electro-
phoresis or regenerated as eiectrophoresis is carried out.
Antisera generated against l inear epitopes of Fet dlhave
poor recognition of the native molecule such that there
is increased reactivity of the anti-peptide sera to either
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cha in  io l low ing  denatura t ion .  Frev ious  r iud ies  hav . . ,
c iemonstrated a r ,arked loss of  IgE react iv i ty upon
reduc t ion  and a lky ia r ion  o f  Fe td  I  (Duf fo  r t  c t  t t l . ,  l99 l ) .
however,  we f ind no evidence that cysteìne reduct ion
alone causes decreased binding.

The react iv i ty to the separate recombinanr forms
demonstrates the lact  that  IgE epi topes a'e generate<1
wi thout  p r io r  assoc ia t ion  o f  the  t i vo  cha ins  and th is  i s
not interfered rv i th by the 30 extra amino aci<is Lrsecl  for
el ìc ient  bacter ia l  expression. The cl i rect  assays, ELISA
and RAST, imply that  about 50o/o of  the overal l  ; rct iv i ty
against  the nat ivc molecule can be directed against
epi topes in the recombinant molecules.  Ho,, ,ve'er,  these
resul ts must be qual i f ied by the data f rom the compe-
t i t ion ELISA and histamine release anaiysis where rhe
rchains in solr-r t ion have much lower IgE react iv i ty than
does the 'at i r , 'e molecule.  The use of  d i f ferent methods
for the detect ion of  IgE react iv i ty al lows tor a more
accurate picture of '  the overal i  b inding capaci ty of  a
part icular al lergen. l -h is certainly holds t rue for the
di f ferences seen when the ant igen is recognized on a sol ic i
suppor t  versus  in  so lu t ion .  w i th  the  b lo t  inh ib i t ion
assay, where rhe inhibi t ing rchains are at  h igh concen-
trat ion,  a loss of  b inding to sol ic l  phase Fet ct I  is
observed but th is is not seen with the ant igen concen-
trat ion range used in the compet i t ion ELISA. A more
detai led analysis to quant i tate the comparat ive levels of
IgE binding and the relarive affinit ies of the different
forms is underr,vay. Methods are also being clesigned to
associate the t '"vo chains in t; itro to test for differences ln
reactivity compared to the separate rchains and natrve
Fe l  d [ .

The presence of  the N- l inked carbohydrate has only a
minimal influence on IgE recognition so that the expla-
nation of the differences between the native and recom-
binant lbrms musr l ie elsewhere. why the alkal i  t reated
Fel d I  and recombinant chains lose so much of  the
reac t iv i t y  i s  no t  known.  The most  l i ke ly ,exp lanat ion  is
that dur ing the base treatment incubar ion some struc-
tural  requirement is disrupted ( i .e.  through deamidat ion)
or some crucial amino acid residues are altered in a
manner that  has not yet  been detected by direct  protein
sequencing. The modif icat ion wi th alkal i  mav contr ibute
to a change in the proposed core region of each chain.
In agreement wi th th is,  l inear epi topes appear to const i -
tute a minor fraction of the overall Fet tt I IgE reactivity.
one method of  analyzing the presence of  l inear epi topes
is through screening of  pept ides for IgE binding. F.o*
studies that  we and others have undertaken (van Mi l l i -
gen et al., 1992) there does appear to be some IgE
binding to speci f ic  Fel  d l -der ived pept ides.  However.
th is pept ide react iv i ty is too low ro account for  the
binding exhibi ted by rhe recombinant chains.  This lends
further support  for  the proposi t ion of  conformat ional
IgE epitopes determined by the primary amino acid
sequence of each chain.

can this unique react iv i ty and the impl icat ions of  a
core structure based on primary sequence play a role in
the allergenicity of this dander allergen? The properties
of Fel drindicated by rhese srudies, in combinàtion with

J.  F.  Boxr> er  , ; / .

Drcv ious " , ,o f  k ,  sh, . , . , r '  i t  to  be ou i ic  a  s tab le  molecu le
(Wooci  e t  u l . ,  1989) .  There are o ther  s tud ies that  have
demonst ra ted Fel  c l l  to  be assoc ia ted wi th  smal l  par t ic les
( .<5  pm i n  d i ame te r )  wh i ch  rema in  a i r bo rne  f o r  l ong
per iods of  t ime (Luczynska et  o l . ,  1990) .  These proper-
t ies  lead to  increased env i ronmenta l  presence and there-
fo re  ch ron i c  cxposL r re .  [ t  i s  t h i s  ch ron i c  exposu re  t ha t
may p lay '  u  cruc ia l  ro le  in  the development  o f  increased
IgE immunoreact iv i ty  lead ing to  a l lergy i ind asthma.
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