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Abstract-This study describes the properties of the two recombinantly expressed polypeptide chains 
of Fe1 d I, the major allergen produced by the domestic cat (Felis domesticus). An inframe linker 
encoding polyhistidine has been added to the 5’ ends of the Fe1 d I chains 1 and 2 cDNAs to facilitate 
purification using Ni2+ ion affinity chromatography. This method provides high yields in a single 
step of rchain 1 and rchain 2 of Feld I with a >90% level of purity. Polymerase chain reaction 
(PCR) methods were used to introduce a thrombin cleavage site (LVPRJGS) at the N-terminus of 
both chains. Thrombin cleavage of rchain 1 and rchain 2 followed by HPLC purification of the 
cleavage products allowed the isolation of each recombinant chain with only two additional residuals 
(GS) at the N-terminus of the native sequence. Amino acid sequencing analysis of the N-terminus 
and mass spectrometry of these polypeptides demonstrated that they are highly pure and full-length. 
Direct ELISA assays showed that IgE from cat-allergic patients binds to both rchain 1 and rchain 
2 of FeZ d I, demonstrating that both these chains contribute to the allergenicity of this heterodimeric 
protein. An examination of the reactivity of T cells derived from cat-allergic patients revealed that 
both polypeptide chains contribute to the T cell response to this allergen. Consequently, it is 
concluded that the immunological response to Fe1 d I is composed of a reaction at both the B and 
T cell level to each of the two chains that constitute the native allergen. 

INTRODUCTION 

The major allergen derived from the domestic cat 
(FeZis domesticus), Fe1 d I (formerly cat allergen l), is 
not only clinically significant in terms of allergy to 
cats (Anderson and Baer, 1981; Ohman et al., 1974; 
Leitermann and Ohman, 1984; Kaufman and Ranck, 
1988) but has also been established as being the agent 
responsible for cat-induced asthma (Ohman et al., 1984; 
van Metre et al., 1986). The frequency of cat allergy 
in the United States is approximately 10% of the general 
population, making this allergen source clinically signifi- 
cant (Freidhoff et al., 1984). The rapid onset of asthma 
or rhinitis in allergic patients after exposure has been 

attributed to the finding that the Fe1 d I protein is found 
associated with small particles that readily become 
airborne (Luczynska et al., 1990). 

Murine mAbs directed against Fe1 d I have been suc- 
cessfully used to affinity purify the allergen and assess 

*Author to whom correspondence should be addressed. 
Abbreviations: Fel d I, the major allergen from the domestic cat 

(Felis domesticus) named according to the IUIS approved 
nomenclature [Ann. Allergy 60, 499-504 (1988)]; IPTG, 
isopropyl-D-thiogalactopyranoside; DTT, dithiothreitol; 
cp, cleaved and purified; PCR, polymerase chain reaction; 
TMB, 3,3’,5,5’-tetramethylbenzidine; aa, amino acids; 
HRPO, horseradish peroxidase; rchain 1, recombinant 
chain 1 of Fel d I; rchain 2, recombinant chain 2 of Fe1 d I; 
LSM, lymphocyte separation medium. 

exposure (Chapman et al., 1988; Duffort et al. 1988). 
Immunochemical characterization of affinity purified 
Fe1 d I established that the allergen is a heterodimeric 
protein composed of two disulfide linked polypeptide 

chains (Chapman et al., 1988; Duffort et al. 1991; 
Morgenstern et al., 1991) with apparent M, of 4000 and 
14,000 under reducing conditions on SDS-PAGE 
(Duffort et al., 1991). Immunohistochemical studies 
detected the production of FeZ d I protein in cat salivary 
and lacrimal glands (Brown et al., 1984; van Milligen 
et al., 1990) as well as skin sebaceous gland cells 
(Charpin et al., 1991). 

Recently, the N-terminal amino acid sequence of the 
two chains of Feld I were reported (Chapman et al., 

1988; Duffort et al., 1991). The determination of 90% of 
the amino acid sequence of these two chains combined 
with PCR cloning methods defined the complete primary 
structure of Feld I (Morgenstern et al., 1991). PCR 
cloning showed that Fe1 d I is composed of two mature 
polypeptides of 70 and 92 amino acids, designated chain 
1 and chain 2, respectively (Morgenstern et al., 1991; 
Griffith et al., 1992). Protein sequence determination of 
affinity purified Feld I (Morgenstern et al., 1991) and 
PCR analysis of multiple chain 2 cDNAs revealed that 
there are two distinct forms differing in a small region of 
sequence near the C-terminus (Griffith et al., 1992). 

This manuscript describes the high level expression 
in E. coli and purification of rchain 1 and rchain 2 of 
Feld I. The rchain 1 and 2 fusion proteins have been 
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proteolytically cleaved and HPLC purified to produce 
recombinant chains largely devoid of non-relevant 
sequence. The cat allergic human IgE binding capacity 
of these highly purified chains 1 and 2 have been 
examined. Furthermore, these recombinant proteins 
have been used as the stimulating Ag in allergic human 

T cell proliferation assays in vitro. This work clearly 
demonstrates that both chain 1 and chain 2 significantly 
contribute to the allergic and immunological properties 
of Feld I. 

MATERIALS AND METHODS 

Expression vector construction 

The cDNAs encoding chain I and chain 2 of 
Fe1 d 1, were obtained by PCR cloning of cat salivary 
gland cDNA (Morgenstern et al., 1991). The 5’-primer, 
THCHl, and the 3’-primer, FI-8 (Griffith et al., 

1992), were used in a PCR (Saiki et al., 1988) with 
chain 1 cDNA (Morgenstern et al., 1991) to produce 
a DNA fragment encoding the mature chain 1 
sequence with a thrombin cleavage site (LVPRJGS) 
(Chang, 1985) introduced at the N-terminus (Fig. IA). 
A similar PCR was performed with chain 2 cDNA 
(Morgenstern et al., 1991) and the 5’-primer, THCH2, 
and the 3’-primer, FII-9, to produce a DNA fragment 
encoding the mature chain 2 (long form) (Griffith et al., 

1992) with a thrombin cleavage site at the N-terminus 
(Fig. 1B). The primers FI-8 and FII-9 encode four 
C-terminal amino acids plus 3’ untranslated sequence 
of chain 1 and chain 2, respectively (Griffith et al., 

1992). Both primers have a Pst I recognition sequence at 
their 5’ ends. Primers THCHl and THCH2 had an 
EcoR I site at the 5’ end of the oligonucleotides to 
facilitate insertion of the PCR-derived insert into an 
EcoR Psi I digested pTrc99A vector (Amann et al., 
1988) that had previously had an oligonucleotide, 

(CAC),, encoding six histidine residues, introduced 
immediately downstream of the Nco I cloning site. 
The resulting Nco I-Hind III coding sequence was 
isolated, blunted, had Bgf II linkers (pCAGATCTG; 
New England Biolabs, MA) ligated and the inserts 
placed into the Bum HI site of the expression vector 
PET-1 Id (Studier et al., 1990). These expression con- 
structs were designated pETl lchain I and pET1 lchain 
2, respectively. 

Expression and purification qf Fe1 d I rchain 1 and 
rchain 2 

Expression vectors, pET1 lchain 1 and pET1 lchain 2, 
were transformed into the E. coli host strain BL2l(DE3) 
and selected on plates containing 150 mg/ml ampicillin 
(Studier et &.,1990). A single transformant colony was 
grown up in 2 ml volume of 2 x YT medium containing 
150 mg/ml ampicillin at 37°C for approximately 6 hr. 
Ten milliliters of this culture was spread onto a selection 
plate and grown overnight at 37°C. The bacterial 
lawn was recovered in 2 ml media and added to 500 ml 
of 4 x YT medium (150 mg/ml ampicillin) and grown 
at 37°C to A,,, = 1 .O and recombinant expression 

was induced by the addition of IPTG to a final concn of 
1 mM. After 2 hr growth, cells were harvested, lysed and 
the proteins solubilized in 6 M guanidine HCl buffer 
containing 100 mM 2-ME as previously described for the 
ragweed recombinant allergens, Amb a I. 1 and Amb a II 
(Rogers et al., 1991). 

The guanidine HCI lysate containing rchain 1 and 
rchain 2 was subjected to Ni*+ metal-ion affinity chro- 
matography under denaturing conditions in 8 M urea 
(Hochuli et al., 1988). After elution from the Ni*+ 
chelating support, QIAGEN NTA-Agarose (Diagen 
GmH, Dusseldorf, Germany), the rchain I and rchain 2 
protein preparations were dialyzed against PBS to re- 
move urea prior to thrombin cleavage or use in biologi- 
cal assays. 

Thrombin cleavage and HPLC puriJcation of rchain I 
and rchain 2 

Ni2+ metal-ion affinity purified rchain 1 and 
rchain 2 were dialyzed against PBS at 4°C. Thrombin 
(Boehringer Mannheim) was added to give a final 
thrombin: rchain 1 ratio of 1: 120 (w/w). This cleavage 

mixture was then incubated at 23°C for 5 hr and the 
sample then reduced by the addition of guanidine HCl 
and DTT to give a final concn of 5 M guanidine HCl, 
100 mM DTT. This mixture was reduced by incubation 
at 37°C for 30 min. A sample containing 100 mg of 
rchain 1 was filtered and then chromatographed on a 
C, column using a Rainin HPLC system and a sol- 
vent gradient (solvent A. 0.1% TFA/H,O; solvent B, 
TFA/acetonitrile). Collected fractions were assessed by 
SDS-PAGE and rchain lcp (where cp signifies cleaved 
and purified) containing fractions were pooled and the 
structural integrity of the polypeptide was verified by 
N-terminal sequence analysis and mass spectrometry. 
Recombinant chain 2 was treated in the same manner 
except that the thrombin digestion was done in 50 mM 
Tris buffered I M urea to enhance the solubility of the 
rchain 2 polypeptide. 

Protein analysis by N-terminal sequencing and mass 

spectrometq, 

Protein sequence analysis of cleaved and HPLC 
purified rchain lcp and rchain 2cp were performed using 
an Applied Biosystems (Foster City, CA) model 477A 
gas-phase sequenator with on-line phenylthiohydantoin 
derivative analysis (model 120). The mol. wt of the 
rchain lcp and rchain 2cp were measured with a matrix- 
assisted laser-desorption time-of-flight spectrometer 
(LaserTec Benchtop, Vestec Corporation, Houston, 
TX). The appropriate dilutions of purified proteins were 
mixed with an equal volume of matrix, sinapinic acid, 
to a final concn of 5 PM. 

Direct binding ELISA ,for cat -allergic human IgE 

Corning plates were coated with 10 pg/ml of each 
coating antigen; affinity purified Fe1 d I (Chapman et al., 
1988), rchain lcp and rchain 2cp in PBS at 50 pi/well, 
and incubated overnight at 4°C. In the ELISA assay, the 
unbound coating antigens were removed and the wells 



Human immunoreactivity of recombinant Fe1 d I 561 

A. 

PCR AMPLIFICATION OF CHAIN 1 USING THCHl AND FI-5 
OLIGONUCLEOTIDE PRIMERS 

B. 

PCR AMPLIFICATION OF CHAIN 2 USING THCHZ AND FII-9 
OLIGONUCLEOTIDE PRIMERS 

THCHl 5’ - 3 DOUBLE STRANDED CHAIN 1 5.%3. DOUBLE STRANDED CHAIN 2 

3’ x 5 3’ZFII-g 
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5’ AND 3’ AMPLlFlCATlON PRIMERS AT EACH END OF CHAIN 1 

THCH2 (PRIMER) 

THCHI (PRIMER) 

FI-5 (PRIMER) FII-9 (PRIMER) 

Fe/ d I rchain 1 and rchain 2 expression induction in E. coli 

Cell Harvest 

Guanidine HCI cell lysate 

Nil’ metal-ion affinity chromatography 

Thrombin cleavaae 

HPLC krification 

Structural characterization 

(i) N-terminal sequence analysis 

(ii) mass spectrometry 

Fig. 1. Expression vector construction and purification scheme of rchain 1 and rchain 2 of Feld I. 
PCR with specific 5’ and 3’ oligonucleotide primers was used to construct an expression cassette 
encoding rchain 1 (A) and rchain 2 (B). The single letter code representing encoded amino acids is 
used. The cDNAs encoding chain 1 and chain 2 used as template for the PCR have been previously 
described (Morgenstern et al., 1991). The chain 2 cDNA is the long form (Griffith et al., 1992). 

In panel (C) the purification scheme for rchain 1 and rchain 2 is schematically outlined. 

were blocked with 0.5% gelatin in PBS, 200~l/well 
for 2 hr at room temp. 

The antibody solution was either an individual plasma 
or a pool of plasma from patients that were skin test 
positive for commercial cat extract.Plasma were serially 
diluted with PBSTween 20 (PBS with 0.05% non- 
ionic detergent Tween-20) (Sigma, St. Louis, MO) and 
100 pi/well was added and incubated overnight at 4°C 
(plasma dilutions were tested in duplicate). This plasma 
pool had been depleted of most of the IgG antibodies 
by extraction with Protein G-Agarose (GammaBind 
G-Agarose, Genex Corp. Gaithersburg, MD). The 

second antibody (biotinylated goat anti-Human IgE. 
1: 1000, Kirkgaard & Perry Laboratories, Inc., Gaithers- 
burg, MD), was added at 100 pi/well for 1 hr at room 
temp. This solution was removed and streptavidin- 
HRPO, 1: 1000, (Southern Biotechnology Associates, 
Inc., Birmingham, AL) was then added at 100 pi/well for 
1 hr at room temp (all wells were washed three times 
with PBS-Tween between each incubation step). TMB 
Membrane Peroxidase Substrate System (Kirkegaard & 
Perry Laboratories, Gaithersburg, MD) was freshly 
mixed, and added at 100 PI/well. After the addition of 
100 pi/well of 1 M phosphoric acid to stop the reaction, 
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the plates were read on a microplate EL310 Autoreader 
(Biotek Instruments, Winooski, VT) with a 450 nm 
filter. The absorbance levels of duplicate wells were 
averaged. 

Isolation of antigen reactive T cell lines 

Patients were chosen who were determined to be 
cat-allergic through both prick skin testing and clinical 
history. These patients had not undergone immuno- 
therapy and were not taking any medication that 
would interfere with the immune response. Heparinized 
peripheral blood samples were taken from these 
patients and the leukocytes were purified within 24 hr 

of the sampling. Briefly, the peripheral blood mono- 
nuclear leukocytes (PBL) were separated from the 
plasma by centrifugation at 150 g for 15 min. The 
plasma was removed and used for antibody analysis. The 
pelleted cells were restored to their original volume 
in fetal bovine serum (FBS) and the PBL isolated 
by either centrifugation with Sepracell-MN (Sepracell 
Corp., Oklahoma City, OK) or Lymphocyte Separation 
Medium (LSM) (Organon Teknika, Durham, NC). 
The cells were washed three times with PBS containing 
0.1% BSA, and then resuspended in RPMI-1640 sup- 
plemented with 10% heat-inactivated human AB serum, 
2 mM L-glutamine, 100 U/ml penicillin/streptomycin, 
5 x lo-’ M 2-ME and 10 mM HEPES. Aliquots of the 
isolated PBL from each patient were either stimulated 
with Ag, frozen in liquid nitrogen or transformed with 
EBV. 

Long term T cell lines were established by stimulation 
of 1 x lo6 PBL/ml in complete medium with 10 pg/mL 
aqueous affinity purified Fe1 d I (Chapman et al., 

1988) for 7-10 days at 37°C in a humidified 5% CO, 
incubator. This amount of Fe1 d I protein was deter- 
mined to be optimal for the activation of T cells 
from most cat-allergic patients. The non-adherent T cells 
were isolated after centrifugation with LSM, washed 
and cultured in complete medium containing rIL-2 
(5 U/ml) and rIL-4 (5 U/ml) (recombinant products, 
Boehringer-Mannheim, Indianapolis, IN). Cells were 
cultured until “rested” and no longer responsive to 
growth factors. At this time the cell line was set up 
in a secondary proliferation assay (see below). The 
stimulated cell line was saved by freezing and storage in 
liquid nitrogen. 

Antigen presenting cells (APC) 

Two sources of APC have been used in these 
studies. Secondary T cell cultures were established 
using autologous y-irradiated (3500 Rad) PBL as APC. 
In subsequent stimulations either y-irradiated PBL 
(3500 Rad) or y-irradiated autologous EBV transformed 
cell lines (up to 25,000 Rad) were used as APC. The 
EBV transformed cell lines were made by incubation 
of 3 x lo6 PBL with 1 ml of B-59/8 Marmoset cell 
line (ATCC CRL1612) conditioned medium in the 
presence of 1 pg/ml PMA at 37°C for 60 min. The cells 
were then diluted to 5 x lo5 cells/ml in medium contain- 
ing 10% FBS and cultured in 96-well culture plates 

(Costar, Cambridge, MA) until visible colonies were 
detected. The EBV cell line was then grown and used 
for APC. 

T cell prokferation assay 

T cell lines were used for assay after the rest cycle of 
their growth. 2 x lo4 T cells were cultured in 200 ~1 of 
complete medium with y-irradiated PBL (3500 Rads) 
(5 x 104) or EBV (25,000 Rads) (2 x 10”) cells as APC 
and with various concns of a panel of Ag in round 
bottom 96-well dishes (Costar, Cambridge, MA) for 3 
days at 37’C in a humidified 5% CO, incubator. The 
cultures were pulsed with tritiated thymidine (1 ~1 Ci/well 
3H-methyl-thymidine, ICN, Irvine, CA) on day 3 and 
harvested on glass fiber filters on day 4. The amount of 
incorporated radioactivity was measured by liquid scin- 
tillation counting. Results are expressed as mean counts 
per minute from duplicate cultures. The standard error 
of the mean for the replicates was less than 15% of the 
mean. 

RESULTS 

Expression and pur$cation from E. coli of recombinant 

Fe1 d I chains 1 and 2 

Fe1 d I chain 1 and chain 2 cDNAs had an oligo- 
nucleotide sequence encoding a thrombin cleavage 
site (LVPRJGS) added to each of their 5’ ends using 
PCR methods (Fig. 1A and B). A polyhistidine encod- 
ing sequence was also added to facilitate purification 
using Ni2+ metal-ion affinity chromatography [Fig. 1C 
(Hochuli et al., 1988)]. The resulting expression cassette 
was cloned into the pTrc99 (Amann et al., 1988) and 
pET1 Id vectors (Studier et ul., 1990) and expression 
of the rchain 1 and rchain 2 fusion proteins was 
induced by TPTG (Fig. 1C). The pTrc99 vector con- 
tains a strong IPTG-inducible hybrid trp/luc promoter 
adjacent to the cDNA insertion site. Although this 
vector has been successfully used to recombinantly 
produce the allergens Amh a I.1 and Amh a IT (Bond 
et al., 1991; Rogers et ul., 1991) this trp/luc promoter 
system did not yield high levels of mRNA encoding 
chain 1 and chain 2 or appreciable accumulated re- 
combinant products (data not shown). In contrast, 
expression using the T7 polymerase based PET- 11 vector 
in conjunction with purification on NTA-Agarose 
(Hochuli et al., 1988) of rchain 1 and rchain 2, led to 
reproducible high yields with a purity exceeding 90% in 
a single step as assessed by densitometric analysis of a 
Coomassie Blue stained SDS-PAGE gel (Fig. 2A and B; 
lane 5; data not shown). Recombinant chain 1 has an 
apparent M, of approximately 10 kDa as predicted for 
the 70 amino acid chain 1 plus 30 non-relevant residues 
at the N-terminus, 16 of which are derived from T7 gn 
10 (Fig. 3A). Recombinant chain 2 has the expected 
apparent M, of approximately 12 kDa as predicted for 
the 92 amino acid chain 2 plus the same 30 non-relevant 
residues at the N-terminus (Fig. 3B). The PET-1 Id 
expression system and the Ni’+ metal-ion-affinity chro- 
matography method usually generates approximately 
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Fig. 2. Expression and purification of rchain 1 and rchain 2. Samples loaded include: lane M, mol. 
wt marker standards; lane 1, host strain BL21 lysate; lane 2, BL21 containing expression vector 
pETlld lysate. In panel A rchain 1 samples were loaded in the following order: lane 3, BL21 
containing pET1 lchain 1 lysate at 0 hr induction with IPTG; lane 4, BL21 containing pET1 lchain 
1 lysate after 2 hr induction with IPTG; lane 5, purified rchain 1 protein after Ni*+ metal-ion affinity 
purification (Hochuli et al., 1988); lane 6, rchain lcp after thrombin cleavage of the N-terminal leader 
peptide and separation by reverse-phase HPLC purification. In panel B, lanes 3-6 were as for panel 
A except that rchain 2 equivalent samples were loaded. In both A and B, lanes 1-4, equivalent 
amounts of protein were loaded and therefore the level of expression can be estimated by Coomassie 
blue staining of an 18% SDS-polyacrylamide gel. In panel C, a trace of thrombin cleaved rchain 
1 chromatographically separated on reverse-phase HPLC is represented. The rchain lcp is well 

resolved on this system from the 28 aa N-terminal cleavage fragment. 

40 mg rchain 1 per 1 of growth medium and 20 mg/l of 
rchain 2. 

Thrombin cleavage and isolation of highly purzjied Fe1 d I 
rchain 1 and rchain 2 

After expression in E. coli and metal-ion affinity 
chromatography, rchain 1 and rchain 2 possess non- 
relevant sequences at their N-terminal ends (Fig. 3A 
and B). This 30 amino acid stretch is composed of the 
N-terminal amino acids of the T7 gn 10 major coat 
protein (MASMTGGQQMGRISMG), the polyhistidine 
purification tag (H)6, the amino acids EF encoded by the 
EcoR I cloning site and an introduced thrombin recog- 
nition site (LVPRJGS) (Chang, 1985). Cleavage with 
thrombin permitted the removal of all the non-relevant 
N-terminal residues with the exception of the remaining 

GS part of the thrombin recognition sequence (Fig. 3A 
and B). The intact rchains 1 and 2 were purified by 
reverse-phase HPLC after thrombin cleavage. These 
products, with the only non-relevant N-terminal se- 
quence being GS, are designated rchain lcp and rchain 
2cp, respectively. The N-terminal 28-residue cleavage 
product was well resolved from the rchain lcp and 
rchain 2cp by HPLC (Fig. 2, panel C). The cleavage and 
recovery efficiency was >80% for rchain lcp and ap- 
proximately 60% for rchain 2cp. The rchain lcp, a 
polypeptide chain comprised of 72 amino acids, has an 
apparent M, of 5-kDa which is smaller than expected 
(Fig. 3A, lane 6). Interestingly, this same anomalous M, 
was also observed previously on SDS-PAGE analysis 
of the native allergen (Morgenstern et al., 1991; Duffort 
et al., 1991). 
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Complete amino acid sequence ot expressed 

recombinant Fe1 d I chain 1 

A. CHAIN 1 

Gene 10 Leader His 6 Thrombin 

‘MASSTGGGQMGRRSMG”HHHHH~~EF’LVP~GS’ 

Cleavage site 

Chain 1 

EICPAVKRDVDLFLTGTPDEYVEQVAQYKAL 

PVVLENARILKNCVDAKMTEEDKENALSLLD 

KIYTSPLC 

Complete amino acid sequence 01 expressed 

recombinant Fe/ d I chain 2 

B. CHAIN 2 

Gene 10 Leader HIS 6 Thrombln 
I , 
MASMTGGQQMGRISMd’HHHHHHEFLVPR~GS 

I 

Cleavage line 

Chain 2 

LKM~ETcP~Fv~vFFAVANGNELLLDLSLTK 

VNATEPERTAMKKIQDCYVENGLISRVLDGL 

VMTTISSSKDCMGEAVQNTVEDLKLNTLGR 

Fig. 3. Complete amino acid sequence of expressed rchain 1 
and rchain 2. The complete amino acid sequence of rchain 1 
(panel A) and rchain 2 (panel B) is shown in the single 
letter code. The gene-10 leader sequence, the six sequential 
hi&dines used for the Ni2+ metal-ion affinity purification 

(Hochuli et al., 1988) and the introduced thrombin cleavage 
site are all shown in square brackets. The mature chain 1 and 
chain 2 protein N-termini are shown by horizontal arrows. 
The thrombin cleavage site is shown by a vertical arrow. The 
rchain lcp and rchain 2cp polypeptides were subjected to 
N-terminal sequencing and the residues detected are shown in 
small bold type. The chain 2 sequence is of the long form 

(Griffith et al., 1992). 

Structural analysis of rchain lcp and rchain 2cp 

The reverse-phase HPLC purified rchain lcp and 
rchain 2cp were subjected to N-terminal sequencing 
analysis. This analysis showed that the N-termini of 
these highly purified chains started with the expected 
residues, GS, and continued into the appropriate 
translated sequence of Fe1 d I chain 1 and chain 2 
(Fig. 3A and B, respectively). This result demonstrated 
the integrity of the thrombin cleavage reaction and 
verified that the rchain lcp and rchain 2cp N-termini 
are intact and not structurally heterogeneous. Samples 
of rchain lcp and rchain 2cp were subjected to mass 
spectrometry. The molecular ions of rchain lcp and 
rchain 2cp have mass numbers of 8004 and 10,266, 

respectively. These observed mol. wts are within 0.2% of 
the calculated theoretical mass numbers of 8016 and 
10,277, respectively. 

Binding of cat-allergic patients’ IgE to rchain lcp and 

rchain 2cp 

Direct-binding ELISA methods were used to deter- 
mine the Fe1 d I-specific IgE binding capacity of the two 

recombinant Fe1 d I chains. No detectable difference in 
IgE binding was observed between the uncleaved rchains 
1 and 2 and the rchain lcp and rchain 2cp, suggesting 
that the presence of 30 non-relevant residues at the 
iv-terminus does not significantly effect the binding 
properties of these polypeptides (data not shown; see 
Fig. 3A and B). Figure 4A shows the binding of 
pooled cat-allergic human IgE to affinity purified Fe1 d I 

(Chapman et al., 1988), rchain lcp, and rchain 2cp. The 
same assay was performed with plasma from several 
individual patients and a representative example is 
shown in Fig. 4B (patient no. 669). Many individuals 
have reactivity similar to that observed with the sera 
pool (data not shown). Although this assay is not a 
highly quantitative method, it is clear that human cat- 
allergic IgE binds specifically to both rchain lcp and 
rchain 2cp. Most cat-allergic patients have specific IgE 
that binds to each polypeptide chain, however, some 
individual patients’ IgE preferentially bind to either 
rchain lcp or rchain 2cp in this assay system (data not 
shown). Experiments are presently underway to quanti- 
tatively determine in a large panel of individual patients 
what proportion of IgE specific for Fe1 d I can bind to 
these recombinant chains. Preliminary experiments 
suggest a range of 30-50% of native Fe1 d I-specific 
IgE can recognize rchain lcp and rchain 2cp (Bond, 
manuscript in preparation). 

Human T cells ,from cat-allergic patients react to rchain 

lcp and rchain 2cp 

T cell lines from two cat-allergic patients were estab- 
lished using affinity purified Fe1 d I (Chapman et al., 

1988) as the priming Ag. The cell lines were cultured in 
the presence of IL-2 and IL-4 until “rested” and no 
longer responsive to growth factors. At this time the 
cultures were set up in secondary proliferation assays. 
As shown in Fig. 5, T cells from these two cat-allergic 
patients proliferate in response to the priming Ag, native 
affinity purified Fe1 d I (Chapman et al., 1988), as 
well as rchain lcp and rchain 2cp. This result demon- 
strates that each polypeptide chain of the Fe1 d I het- 
erodimeric protein significantly contributes to the overall 
T cell response. Although these proliferation data are 
not quantitative, many patients’ T cells respond more 
vigorously to rchain lcp than to rchain 2cp, suggesting 
that chain 1 may harbor a larger proportion of T cell 
epitopes than chain 2. Using these and other similar 
T cell lines established from cat-allergic patients, over- 
lapping sets of chain 1 and chain 2 peptides have been 
screened for a clearer definition of the major regions 
of T cell recognition of this molecule (Garman et al., 

submitted). 
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Fig. 4. Direct binding ELISA assays of the reaction between immobilized preparations of rchain Icp 
and rchain 2cp and cat-allergic human IgE. Different dilutions of a pooled plasma from 20 
cat-allergic patients (panel A), or a single cat-allergic patient No. 669 plasma (panel B), were added 
in duplicate to antigen-coated wells. The antigens added include: affinity purified Fe1 d I (m); rchain 
lcp (A); and rchain 2cp (a). The Feld I specific IgE binding was measured by the addition of 
biotinylated goat anti-human IgE plus horseradish peroxidase-conjugated streptavidin followed by 

a TMB-based chromatographic assay. 

DISCUSSION 

In the last several years the primary structure of a 
number of important allergens have been defined by 
cDNA cloning, including Derp I (Chua et al., 1988), 
Derp II (Chua et al., 1990), Bet u I (Breiteneder et al., 
1989), Amb a I (Rafnar et al., 1991), Amb a II (Rogers 
et al., 1991), Lo/p I (Perez et al., 1990; Griffith et al., 
1991), Poap IX (Olsen et al., 1991), Lolp IX (Singh 
ef al., 1991) and FeldI (Morgenstern et al., 1991; 
Griffith et al., 1992). These various cDNA have been 
expressed using several different expression systems, 
most of which utilize a fusion-protein based approach 
(Chua et al., 1991; Mohapatra et al., 1990). One disad- 
vantage of several of these systems is that the fusion 
portion of the recombinant molecule may constitute a 
substantial proportion of the product, presenting 
difficulties in the isolation in high yield of the recombi- 
nant allergen polypeptide free of irrelevant sequence. 

The T7 promoter/T7 RNA polymerase based PET-1 Id 
expression system has been successful for the production 
of proteins that are toxic to E. coli or expressed at low 
levels with other expression systems (Bianchi, 1991). The 
system described herein, the use of the high-level ex- 
pression vector PET-lld (Studier et al., 1990) in con- 
junction with Ni’+ metal-ion affinity chromatography 
(Hochuli et al., 1988), has allowed the expression of 
rchain 1 and rchain 2 of Feld I with both a high yield 
and a high level of purity (Fig. 2). 

Recombinant chain 1 and rchain 2 have been pro- 
duced as fusion proteins with 30 aa of non-relevant 
sequence at the N-terminus (Fig. 3). This non-relevant 
N-terminal sequence constitutes 30% by weight of the 
rchain 1 (30 aa out of 100 aa) and - 25% by weight of 
rchain 2 (30 aa out of 122 aa). The addition of the gn 10 
leader sequence to these recombinant proteins increased 
the expression level of the rchain 1 approximately 
two-three fold, whereas no change in expression level 



566 B. L. ROGERS et al. 

1 
ANTIGEN (pa/ml) 

I 
10 

s 15000 - 

._ 
5 
; 
IL, 
ZE 
tff loaw- 

f 
0 

t- 

5ow - 

O-t 
Lr_ 

:1 i 

ANTIGEN (p/ml) 

lb 

Fig. 5. Human T cell responses to affinity purified Feld I, 
rchain lcp and rchain 2cp. PBL from cat-allergic patients 
No. 1074 (panel A) and No. 1092 (panel B) were cultured in the 
presence of affinity purified Feld I (Chapman et al., 1988), 
rested, and restimulated in secondary assays with the antigens 
indicated: medium only (-); affinity purified Fe1 d I (m); 
rchain lcp (A); rchain 2cp (a); a mixture of rchain lcp and 
rchain 2cp (0). The proliferation of the T cells was assessed 

by the uptake of tritiated thymidine in triplicate cultures. 

was observed with rchain 2 (data not shown). The 
introduction of a thrombin cleavage site by PCR 
methods (Fig. 1) allowed the cleavage and HPLC puri- 
fication of each of these chains almost free of extraneous 
sequence (only GS, part of the thrombin recognition 
sequence, remains at the N-terminus). Laser-desorption 
mass spectrometry of rchain lcp and rchain 2cp verified 
that these two purified polypeptide chains are of the 
appropriate mol. wt. Also, N-terminal sequence analysis 
demonstrated that rchain lcp and rchain 2cp have the 
expected N-terminus and are not structurally hetero- 
geneous. Not all cleavage methods are equally effective 
since a Factor Xa recognition site was also introduced 
into the same expressed product but the presence of 
significant cryptic internal cleavage sites within both 
rchain 1 and rchain 2 complicated purification and 
also resulted in a lower yield (data not shown). 
In summary, these methods allowed the generation of 

highly purified, structurally intact, rchain lcp and rchain 
2cp that can be effectively used in the molecular analysis 
of IgE reactivity or as Ag in T cell studies. 

The Fe1 d I molecule is the only allergen known so far 
to be a heterodimeric protein derived from two indepen- 
dent gene products (Morgenstern et al., 1991; Griffith 
et al., 1992). Therefore, it is interesting to determine 
whether one or both of the two chains that constitute 
Fe1 d I is primarily responsible for the allergenicity of the 
whole molecule. Physicochemical characterization of the 
native affinity purified Fe1 d I (Chapman et al., 1988), 
has established that chain 2 is a glycopeptide with 
N-linked oligosaccharides (Morgenstern et al., 1991; 
Duffort et al., 1991). IgE binding studies with Fe1 d I 
that had been treated with the deglycosylating enzyme, 
peptide N-glycosidase-F (Morgenstern et al., 1991), 
demonstrated that this deglycosylation treatment did not 
significantly reduce IgE binding. However, it is difficult 
to assess whether this enzymatic treatment has com- 
pletely deglycosylated the protein. It is also very difficult 
to quantitatively recover the individual chains of this 
molecule for study. Expression of the rchain 1 and 
rchain 2 in E. coli, a glycosylation deficient host, permits 
a more definitive examination of the importance of 
glycosylation with respect to anti-Feld I specific IgE 

binding. The suggestion that considerable IgE binding is 
directed to the polypeptide backbone and not signifi- 
cantly dependent on the presence of carbohydrate was 
confirmed by the detection by direct binding ELISA of 
substantial IgE reactivity to rchain lcp and rchain 2cp 
(Fig. 4). Therefore, rchain lcp and rchain 2cp could be 
very valuable reagents in standardizing ELISA measure- 
ments of Fe1 d I exposure in house dust samples and 
commercial cat allergen extracts. 

The exact conformation of the native Fe1 d I is not 
known. When native Feld I is subjected to SDS-PAGE 
analysis under reducing conditions, chain 1 has an 

apparent M, of 5-kDa which is lower than that predicted 
by its primary sequence of 70 aa (Duffort et al., 1991; 
Morgenstern et al., 1991). The rchain lcp also exhibits 
a lower apparent M, than expected (Fig. 2A, lane 6). 
Since the N-terminal sequencing and mass spectrometry 
data demonstrated that the rchain lcp is structurally 
intact (Fig. 3) this apparent M, (5-kDa) is most likely 
due to rchain lcp forming a stable folded protein 
configuration even in the presence of a high con- 
centration of SDS. Although the biological function of 
Fe1 d I is not known, chain 1 has detectable sequence 

homology with rabbit uteroglobin (Morgenstern et al., 
1991) and this relatedness extends to their genomic 
organization (Griffith et al., 1992). Recombinant 
uteroglobin readily folds into its appropriate secondary 
structure when expressed in E. coli, and maintains 
biological activity (Miele et al., 1990). Taken together, 
these data suggest that rchain lcp may also readily refold 
into its native conformation and may explain its 
anomolous gel migration. Experiments are presently 
underway to refold the isolated rchain lcp and rchain 
2cp into a heterodimeric structure resembling the native 

Fe1 d I. 
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The generation of highly purified rchain lcp and 
rchain 2cp permitted the examination of the cat-allergic 

human T cell reactivity to each chain of Fe1 d I. T cell 
lines established using affinity purified Fef d I (Chapman 
et al., 1988) as the priming Ag, were examined in in vitro 

secondary stimulation assays for reactivity to rchain lcp 
or rchain 2cp (Fig. 5). It is clear from these data that 
the cat-allergic human T cell response is directed 
against both chain 1 and chain 2 of Feld I. Overlapping 
peptides, based on the primary structure of Fe1 d I 
(Morgenstern et al., 1991; Griffith et al., 1992) have 
recently been used to map the T cell epitopes in Fe1 d I. 

The proliferation data using rchain lcp and rchain 2cp 
(Fig. 5) and the epitope mapping using synthetic pep- 
tides (Garman et al., submitted) are consistent with 
chain 1 contributing more than chain 2 to the overall T 
cell reactivity. It has recently been proposed that the 
administration of peptides encoding T cell epitopes may 
offer a new therapeutic approach to allergy desensitiza- 
tion (O’Hehir et al., 1991; Schad et al., 1991; Gefter, 
1992). Highly purified rchain lcp and rchain 2cp, may be 
valuable reagents in this endeavor. This last possibility 
is supported by recent experiments in mice that show a 
reduced in vitro response to Fe1 d I after prior exposure 
in vivo to rchain lcp (Briner et al., submitted). 

In summary, the availability of highly purified 
rchain lcp and rchain 2cp of Fe1 d I permits a detailed 
examination of the IgE reactivity to this important 
allergen. These reagents will also play an important role 
in studies to understand the human T cell response to 

the Fe1 d I allergen. 
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