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We analyzed  the  antigenic  fine-structure of an 
immunodominant  region  in  the  peplomer  protein of 
infectious  bronchitis  virus.  This  region  near  the N- 
terminus of the S2 subunit is recognized  by  poly- 
clonal  antisera  and  by  the  majority  of  mAb  that 
cross-react  with  denatured  protein.  Despite  their 
involvement  in  neutralization,  epitopes  in this re- 
gion  were  conserved  in  different serotypes. Epitopes 
of  four  mAb  and  two chicken  antisera were localized 
by  using  prokaryotic  expression of  cDNA fragments, 
and  overlapping  peptides  with  lengths  increasing 
from 3 to 12 residues (PEPSCAN).  We  found  overlap- 
ping  epitopes  with  lengths of 6,9,11, and  more  than 
17 residues. The results  indicate  that  the  expression 
products  are  antigenically  equivalent to denatured 
protein  fragments.  This  suggests  a  general  strategy 
for the  localization of sequential  epitopes  in  large 
proteins. We propose  that  the  immunodominance of 
the  N-terminal  region  of S2 is explained  by  features 
of the  protein  structure.  Presumably, this region is 
a protruding  protein  segment  of  about 20 residues 
with a high  local  mobility, as indicated by the  anti- 
genicity of the  peptides.  The  conservation of the 
sequence  points to an  involvement  in  a  molecular 
recognition  process  during  infection. 

Avian IBV4. a coronavirus,  causes a highly  contagious 
disease  in  chickens.  The major obstacle  to a n  effective 
vaccination  is  the  continuous  emergence of antigenic 
variants. Serologic differences  between  different IBV 
strains  are most  likely  located on  its  peplomers,  club- 
shaped  structures projecting on  the  surface of the virion. 
Each peplomer consists of a dimer  or  trimer of the pe- 
plomer  protein (E2). which is cleaved posttranslationally 
into  two,  noncovalently  bound subunits, S1 and S2 (1). 
The S2 subunit  consists of the carboxyl-terminal half of 
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the E2 sequence  and  contains a transmembrane  anchor 
and two  long  a-helices that probably  form the  stalk of 
the peplomer (2). The S1 subunit  forms  the  bulbous  upper 
part of the peplomer and is thought  to be crucial  for the 
protective  immune  response  and  the  main  target of an- 
tigenic  variation of  IBV. Serotype-specific  neutralizing 
monoclonal  antibodies  bind  to S1  (3) (Koch, G., unpub- 
lished data)  which  also  contains  hypervariable  sequences 
(4-6). The  neutralization  epitopes  on S1 are  dependent 
on the  native  protein  conformation (7) (Koch, G., unpub- 
lished  data). 

In contrast,  conformation-independent  epitopes  are 
found  almost exclusively in  the S2 subunit (7). The N- 
terminal  part of this  subunit  was  shown to  contain a n  
immunodominant region recognized by several poly- 
clonal  antisera.  Inasmuch as this region carries  different 
neutralization  epitopes  and  was  not  affected by antigenic 
variation,  it  was  suggested  to  be a suitable  starting  point 
for  the  development of a synthetic IBV vaccine (7). 

Regions carrying  immunodominant  epitopes  have  been 
described  for  several  viruses,  such as a  number of picor- 
naviruses (8, 9, 34) and HIV (10). In few cases,  the  epi- 
topes  have  been  delineated  accurately (10-12). In addi- 
tion,  whether  the location of these  epitopes  reflects  in- 
trinsic  properties of the protein  molecule is still a matter 
of dispute (13-15). 

In this  report, we describe an  accurate  mapping of the 
epitopes of four mAb that recognize the immunodomi- 
nant region in  the S2 subunit of  IBV. Conservation of 
residues involved in  the  binding of neutralizing mAb 
suggests  that  this region is  essential  for peplomer struc- 
ture or  function. By two  different  methods, it is shown 
that  the mAb bind to partially  overlapping,  but  distinct 
epitopes.  Our  results  suggest  that  the location of immu- 
nodominant  regions  may be predetermined by the protein 
structure,  whereas  within  such  regions  the  epitopes  are 
selected by factors  extrinsic  to  the  protein  structure. 

MATERIALS  AND METHODS 

Institute [Doorn, The  Netherlands).  Viruses  were  passaged  once in 
Virus  strains. Virus  strains  were  obtained from the Poultry Health 

the  allantoic  cavity of IO-day-old chicken  embryos.  Virus  stocks 
were  stored at -70°C. 

from  animals  infected  with IBV as  described [ 16). Ascites  fluids  were 
Antisera  and rnAb. Virus-specific  chicken  sera  were  collected 

produced as described [ 17). 
Cloning and sequencing of IBV peplorner genes. Virus  growth. 

isolation of genomic RNA, cDNA synthesis,  and  nucleotide  sequenc- 
ing  were carried out  essentially as  described  previously 14) using 
either random pentamers. or specific  primers of 15 nucleotides to 
generate cDNA. All DNA manipulations  were performed essentially 
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as described by Maniatis  et  al.  (18). Genomic cDNA clones containing 
the peplomer gene were  sequenced using bacteriophage M13. A 
detailed description of the cloning  procedures is published  elsewhere 

ase sites in the cDNA sequences were  used to  obtain  fragments of 
Construction of IBV-pEX recombinants. Restriction-endonucle- 

the peplomeric protein genes of IBV strains M41. D207. and  Dl466 
for insertion  into  the expression  plasmid pEX (22). An Alul-PstI 
fragment encoding the N-terminal S1  residues of D207  (Table I) was 
partially digested with  Exonuclease 111 to remove 125 nucleotides 
containing in frame  stop codons upstream of the ATG start codon. 
Exonuclease I11 digestion was  at 16°C according the  manufacturers 
(Stratagene, La Jolla, CA) conditions. Escherichia coli POP2136 was 
used (19) as host strain for the pEX plasmids.  Recombinant  plasmids 
were  introduced into  the cells via the CaC12 transformation proce- 

growth on LB-ampicillin plates  (100 pglml).  were at  30°C. Recombi- 
dure. performing the  heat  shock  at 37°C. Recovery (1 h  in LB). and 

nants were screened by PAGE  of their expression  products. Clones 
synthesizing  fusion  proteins of the expected m.w.  were  selected  for 
further  characterization. Plasmid DNA isolated from these clones 
was digested with  various restriction enzymes  and  the  insert  sizes 
were  determined as additional  controls. The  construction  and selec- 
tion of strain M41 expression  clones have been  described previously 

for IBV-specific epitopes  were synthesized as pairs of partially  com- 
Insertion of epitope-encoding  oligonucleotides.  Synthetic  genes 

plementary oligonucleotides (Fig. 1). Two complementary oligonucle- 
otides  were mixed in an equimolar ratio (7 pM), incubated at  65°C 
for 5 min and  then slowly cooled to room temperature.  This yielded 
hybrids with free 5' OH-groups and  ends  suitable  for forced cloning 
into pEX (Fig. 1). Ligation conditions  were  essentially as  described 
(20)  using  50  ng ds-oligonucleotides with 100  ng linearized pEX. 
Ligation was performed in a 20 pl volume for 16 h at  18°C. Inserts 
of selected  clones  were  checked by  DNA sequencing. 

Plasmid amplification and  isolation of pEX fusion  proteins. 
Clones of interest were  grown  overnight at 30°C in LB-ampicillin 
(100 pg/ml). To isolate pEX fusion proteins,  cultures were diluted 
50-fold in LB-ampiclllln and grown at  30°C in 5 ml until a n  Asoo of 
about  0.25.  Transient expression was induced by incubation at  42°C 
for 120 min. Subsequently. cells  were spun down and lysed in 250 
p1 15% (w/v) sucrose,  50 mM Tris-HC1 (pH 8.0).  and  0.12% (v/v) 
Triton  X-100. After sonication for 15  min,  the insoluble hybrid 
protein was  spun down (30 s. 16.000 X g)  and  the viscous superna- 
tant  was removed. The pellets  were resuspended in 250 pl 50 mM 
Tris-HC1. pH 8.0,  0.12%  Triton  X-100,  10 mM EDTA. sonicated and 
spun  again,  and finally  stored at  -2OOC in 100 pl  of the  same buffer. 

7.5% gel and blotted to nitrocellulose membranes (BA85. Schleicher 
Western blotting. Proteins were fractionated by  SDS-PAGE in a 

& Schuell.  Dassel, FRG). All subsequent  manipulations were  in 0.5% 
(w/v)  gelatine,  0.1% (v/v) Triton X-100 in PBS. The  filters were 
incubated 1  h  in a 1/500 dilution of the mAb. and  after  washing five 
times for 5 min, 1  h  with a 1/5000 dilution of anti-mouse 1gG (H + 
L) conjugated to  alkaline-phosphatase (Promega BioTec, Madison, 
WI). For Western blot analysis with chicken  sera a 1-h  incubation 
with a 1/5000 dilution of antichicken IgG (H + L) (Miles Research, 
Elkhart, IN) was used. Nitroblue tetrazolium and 5-bromo-4-chloro- 
3-indolyl phosphate were  used a s  substrates to visualize the binding 
of antisera  (21). 

(6). 

(7). 

essentially as described (1 1). Synthesis  started with the N-terminus 
PEPSCAN. A set of 47 tripeptides was synthesized and  screened. 

of 52,  the  first tripeptide containing  amino acid 546-548 (Fig. 4). 
the second 547-549,  etc. Nine more sets were synthesized,  with 
peptide lengths  increasing from 4 residues in the second set  to  12 
residues in the  last one.  Peptide recognition by  mAb was tested  in 
ELISA as  described (1 1 ). 

RESULTS 

Recognition of expressed  peplomer  gene  fragments 
by mAb. Table I1 lists mAb directed  against  the IBV 
peplomer protein. Serotype-specific neutralizing mAb all 
bind  to  conformation-dependent  epitopes  on  the  S1  sub- 
unit  and  can  be divided in a number of different  groups 
on  the base of mutual  competition  experiments.  One 
nonneutralizing mAb, 69.3, recognizes  a  conformation- 
independent  epitope on S1 (Koch, G., unpublished  data). 
mAb  directed  against  the S2 subunit  define  conforma- 
tion-independent  epitopes  and  all belong to the  same 
competition  group. Most of these mAb have  neutralizing 
activity. 

To  correlate the specificities of the mAb with a  physical 
map of the IBV peplomer protein, cDNA fragments  from 
the peplomer gene  were  expressed  in pEX plasmids  (22). 
In this  system, heterologous  expression leads  to  the  syn- 
thesis of a carboxyl-terminal  extension of the cro-/3-ga- 
lactosidase  hybrid  protein. 

The relative  positions of four cDNA clones spanning 
the peplomer gene  from  strain  D207  are  shown  in Figure 
2a. From these clones,  initially  five  fragments were  de- 
rived (Fig. 2c) and, depending on the  reading  frame, 
inserted  in  plasmid  pEXl , pEX2,  or  pEX3  (Table 11). The 
mobility of the  expression  products (Fig. 3) correlated 
with the predicted increase  in m.w. 

We tested the antigenicity of these  proteins  with  the 
mAb listed  in  Table I1 by Western  blotting.  With the 
exception of mAb 69.3, none of the  anti-S1 mAb recog- 
nized any of the pEX products.  This is probably  caused 
by the conformation-dependence of the epitopes and  the 
absence of native  conformation  in  the hybrid proteins 
(7). In contrast, 69.3 and  most of the  anti-S2 mAb  (Table 
11) were able  to  bind  to a pEX-IBV expression  product. For 
most  anti-SZ mAb  tested  (shown is only  mAb  26.1,  first 
six  lanes of Fig. 3) binding was  always to the product of 
clone pXD207-B, which  contains  residues  192-545  in  S1 
and  546-725  in  S2. 

TABLE I 
pEX recombinants containinq part of IBV Deplomer qene 

Subclone Straln 
VlNS cDNA 

Clone 
Enzymes Used to 
Preoare  Fraement Vector  Preparatlon Amlno Acid 

ReslduesO 

pXD207-A  D207 p304 
pXD207-B  D207 p303 Pst I -Pst I 

Pst I -Ex0 I l l b  pEX2xEco  RIxPst I 
pEX2xPst I' 

pXD207-C  D207 
pXD207-D D207 

Pst I -Ps t  I pEX2xPst I' 
Hae 111-Pst I pEX2xSma I xPst I 

pXD207-E  D207 PI2 P s t  I -Pst I 
pXD207-XP 

pEX2 xPst I' 
D207 

pXD207-H 
p303 Xba Id -Pst I 

D207 p303 
pEXl xSma I' 

pXD207-Rsa  D207 Rsa  I -Rsa I pEX2 xSma I' 
Hinc 11-Hinc I1 

p303 
pEX3 xSma I' 

pXD1466-B Dl466 p385 
pXD1466-NB Dl466 p385 

Bgl I1 -Bgl 11 
Nde Id -Bgl II 

pEX 1 xBam HI' 

pXD1466-SN 
pEX3 xSma IxBam HI 

pXM4 1 -PS2 M4 1 
Dl466 p385 Ssp I -Nde I d  pEXl xSal ICd 

pXM41-13.4 
pEX3 xBam  HIxPst I 

M4 1 P39 
pXM41-15.1 

DNase I 
M4 1 

pEX2 xSma IC 

pXM41-2.1 M4 1 
DNase I pEX2 xSma I' 
DNase I pEX2 Sma I' 

Exonuclease III was used to remove  in frame stopcodons  preceding the AUG codon. 
After  cleavage, the vector was treated with calf Intestine phosphatase to  reduce self-ligation. 
The  cohesive  end was filled  in  with  Klenow enzyme. 

PI9 
PI2 

P42 Sau3 AI-Pst I 

P39 
P39 

a The numbering corresponds to the alignment of Kusters et al. (6). 

192-725 
1-192 

725-903 
814-1005 

1005-1 170 
543-726 
497-689 
486-574 
546-733 

443-555 
555-733 

398-620 
537-569 
548-566 
549-587 
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553 560 
S C P Y V T Y G K F C I  K P D G L  

569 

11 S"gaTCTTGTCCATATGTMCTTATGGAAAATTTTGCATTACCTGATGGTCTT-3' 
3'-MCAGGTATACATTGAATACCTTTTAAAACGTMTTTGGACTACCAGAAagct-S. 

12 S'-gaTCTTGTCCATATGTAACTTATGGAAAATTTTGCa-3' 
3"AACAGGTATACATTGAATACCTTTTA-5' 

13 S'-ccggaTGTCCATATGTAACTTATGGAAAATTTTGCt-3* 
3 -tACAGGTATACATTGAATACCTTTTAAAACGactag-5' 

# 4  5'-ccegaCCATATGTMCTTATGGAAAATTTTGCt-3' 
3 -tGGTATACATTGAATACCTTTTAAAACGactag-5' 

3 -tATACATTGAATACCTTTTAAMCGactag-S' 
15 S'-ccggaTATGTMCTTATGGAAAATTTTGCt-3' 

16 5'-ccggaTGTCCATATGTAACTTATGGAAAATTTTt-3' 
3 -tACAGGTATACATTGAATACCTTTTAAAactag-5' 

17 5'-ccggaTGTCCATATGTAACTTATGGAAAAt-3* 
3 -tACAGGTATACATTGAATACCTTTTactag-5' 

553 
S C P Y V T Y G K F C I K F D G L  

560 569 

aligned with  the encoded amino acid residues of the peplomer protein. 
Figure 1 .  Sequences of double-stranded  synthetic oligonucleotides 

Capitalized nucleotides  encode  peplomer-specific  amino  acids. Ligation of 
oligonucleotide "1 in pEXIxBarnHIxSal1, resulted  in pXOligo-1: "2 in 
pEX 1 xBarnHIxPst1 resulted  in pXOligo-2; #3 to "7 in pEX3xXrnalxBamHI 
resulted  in pXOligo-3 to -7.  respectively. 

TABLE I1 
rnAb aaainst IBV oevlorner Drotein 

Virus  Specificity pEX Fragment" 

mAb Neutralization 
T,ter IBV strain  pXD207-B  pXD1466-B 

subunit D207 M41 D l 4 6 6  pXM41-PS2 

48.1 

48.3 
48.2 

69.3 
52.4 

26.1 
30.6 
31.4 
31.5 
31.7 
54.5 

>103b 

2103b 
>103b 

640' 
ND 

640' 
0' 

80' 
320' 
ND 

S l b  + - - - 
SIb + - - 
Sib + - - 
Sib + + - - - - 
Sib + + + + + 
S2' + + + + 
S2' + + + + 

+ + 
S2' - 

+ + 
+ -  - 

52' - 
52' + + + + 

+ -  - + 
+ + 

S2b + + + + + + 

- - 
- 
- - 

- - 
- 

- 

- - 
- 

sequence of the  S2  subunit  are  shown;  other hybrid proteins  were nega- 
"Only  reactions  with  hybrid  proteins  that  contain  the  N-terminal 

tive. The  positions of the pEX fragments  can  be  found in Figure  2. 

Data from Koch et  al.  (17).  The  neutralization  titer  indicates  the 
Data from Koch, G . .  manuscript  in  preparation. 

reciprocal of the  dilution  that  neutralizes  the  virus  in  a  micro-neutrali- 
zation  assay.  The  subunit  specificity  was  established by immunoprecip- 
itation followed by SDS-PAGE, or by Western  blotting.  The  virus specific- 
ity was derived from ELISA or dot-blot assays.  The recognition of  pEX 
expression  products  (Table I) was  established by Western blotting. 

For a more accurate localization of the epitopes,  three 
smaller  fragments  encoding  N-terminal  sequences of the 
D207 S2  subunit were inserted  in pEX plasmids (Fig. 2d, 
Table I). The positive reactions of the anti432 mAb with 

the expression  products of all  three  plasmids (Fig. 3, 
Table I11 columns c tof)  map  the epitopes of S2 all  to the 
same  segment,  the  29 N-terminal  residues. This immu- 
nodominant region is also recognized by polyclonal 
chicken  sera  against D207 and  Dl466 (Table 111, columns 
g and h) and polyclonal anti"41 sera from  different 
species (7). 

mAb 69.3 recognized the expression  products of 
pXD207-Rsa and pXD207-H but  not of pXD207-XP (Ta- 
ble 11, Fig. 2d).  Thus,  the epitope of mAb 69.3 is localized 
in  the region 497-543. 

All mAb against  S2, except mAb 3 1.5, recognize strains 
with  different  serotypes.  This  cross-reactivity is also  ob- 
served  with  expression  products  containing the  Sl-S2 
junction from strain M41 or Dl466 (Fig. 2e,  Table I). This 
indicates  that  the  residues involved in  the recognition of 
the mAb are conserved among  the  serotypes. 

Sequence  conservation in irnrnunodorninant  region. 
To verify the conservation of antigenic  residues, we de- 
termined the N-terminal sequences of the  S2  subunit 
from strains of different  serotypes.  Figure  4  shows an 
alignment  with  the  published  sequences of strains M41, 
M42, and  6/82  (4, 23, 24). In agreement  with the  data  on 
S1 (6). three  types of S2  sequences were  found:  from the 
serotype-A strains M41, M42, and H120;  from the  sero- 
type  B strains D207 and  6/82;  and from the  strains 
Dl466 (serotype C) and V1397 (A/C). 

Fine  mapping  with  expression  products. Four  mAb, 
26.1,30.6,31.7,  and  54.5, were  selected  for fine  mapping 
using  either  small  expressed  fragments from IBV strains 
M4 1 and D1466,  or  expression  products encoded by  oli- 
gonucleotides. Fragments  used were: 1)  Dl466 restriction 
enzyme  fragments (Table I); 2) DNase I generated  frag- 
ments  from M41, selected by immunoscreening  with 
mAb 26.1  (7);  and 3) a set of synthetic oligonucleotides 
spanning  the conserved  N-terminal region of S2. 

The  results of this  fine  mapping  are  shown  in  Table 111. 
Apparently, the  seven  amino acid stretch  (in  one-letter 
code) PYVTYGK encoded by pXOligo-7 is sufficient  for 
binding mAb 54.5.  The proline at position 555 seems  to 
be essential  for  antibody  binding.  One  inconsistency  was 
found:  although clone pXD1466-NB expresses  all  these 
seven  residues,  it is negative  in the binding  assay. Pre- 
sumably,  the bulky  side chains of the preceding  leucine 
and isoleucine  residues  encoded by the vector  shield the 

(a) IBV D207 cDNA  clones 

p304 " 

P303 
PI9  
PI2  

Figure 2. Map of pEX constructs  containing 
major portions of the IBV peplomer gene. a ,  Po- i 

S1  and  52  subunits of the peplomer protein: c,  pEX  products: 
sitions of D207 cDNA inserts  relative to [ b )  the 

D207 pEX inserts  spanning  the whole peplomer 
gene; d. D207:  and e. Dl466  and M41  pEX in- 

~~~~~~~ serts defining  the  immunodominant region. pXD207.C 
Clones indicated by solid bars are recognized by p ~ ~ 2 ~ 7 . ~  I I  
a  number of antibS2 mAb (Table 11). pXD207-E I I  I I  

(b) Protein subunits s1 s 2  

I I  
I I  - - 

(d) pXDPO7-Rsa 
pXD207-H 
pXD207-XP 

( e )  pXD1466-B 
pXM41-PS2 
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e :  

a b C d The epitope of mAb 3 1.7 is exceptionally large. The  17 
residues 553-569 from pXOligo-1 gave only a weak re- 
action. A s  follows from the binding of pXM41-2.1 (+++). 
pXDd 1466-NB (-), pXD207-Rsa (+++). and pXM4 1 - 13.4 
(+). respectively, both the sequences  549-554  and  570- 
574  are involved. Thus, a protein  segment of at least 17 - and  at most 26  residues is required for maximal binding. 

0 “..“ow- Finally,  Table I11 (columns g and h) shows  that  the 
116 k D a - 0  -0 

binding patterns of chicken D207 and  Dl466  antisera 
closely resemble the  pattern of mAb 30.6. 

PEPSCAN peptide  synthesis.  To validate the pEX ep- 
itope mapping data by an independent method and to 
refine the mapping of the epitopes,  consecutive overlap- 
ping peptides were synthesized and tested by the PEP- 
SCAN method. These peptides covered the N-terminal 

residues. The binding patterns of the four mAb with 
these peptides is shown  in Figure 5. 

For mAb 54.5  the minimum epitope length is reduced 

116 kDa- -a,: sequence of S2, with lengths  increasing from 3 to 12 

Figure3 .  Gel electrophoresis  and Western blot  of hybrid proteins by one  amino acid to six residues (555-560. PYVTYG). 
containing IBV peplomer sequences  (for  designation  and location see 
Table I and Fig. 2). The  m.w. of the  expression product from a plasmid However’ with increasing peptide  length’ there is again a 
without insert [lane pEX) is 115.000. Upper   pane l .  staining  with Coom- clear  effect O f  the preceding residues: preceding C-. NC-, 
assie brilliant blue: l ower   pane l .  Western blot with mAb 26.1. or TNC-sequences inhibit  the binding. Reactivity is re- 

antigenic proline. Similar  effects of residues  preceding gained  when VTNC precedes the epitope in  one of the 

the  actual  antibody binding site were observed with syn- undecapeptides. 
thetic  peptides  (see below). mAb 30.6 binds to the nonapeptide  containing  residues 

The epitope of mAb 26.1 is longer than  the  54.5 epi- 558-566 (TYGKFCIKP). This  confirms  the epitope map- 
tope: at  least 10 residues are required for a detectable ping  with the PEX products. and  narrows it down to nine 
binding (pXOligo-3). Both cysteine  residues at  positions residues. 
554  and 563 are  essential. Complete recognition, how- The PEPSCAN  of  mAb 26.1  shown in Figure 5 reveals 
ever,  depends  on  the  serine at  position 553 (pXOligo-2). a weak  signal that.  although in agreement with the PEX 
leading to an epitope  length of 11  residues. data,  was not reproducible. Scans of mAb 31.7. when 

The epitope of  mAb 30.6 is defined by the positive tested at  very high concentrations of antibody. gave only 
reactions of pXD1466-NB and pXM41.15.1, delineating weak and isolated signals (Fig. 5). Scans with the poly- 
a length of 12  residues. clonal  chicken  sera  (not  shown) were not  successful. 

TABLE 111 
F i n e   m a p p i n g   o l e p i r o p e s   w i t h   p E X   e x p r e s s i o n   p r o d u c t s ”  

( a )  ( b )  ( c )  ( d )  (e) (f) (g) (h) 

541  550  560 570  577 26.1 30.6  31.7  54.5 D207  Dl466 
. . I - . . . . ” 

pXD207-B <RRSRRSITGNVTNCPWTYGKFCIKPDGS~STIVPKE> ttt  ttt ttt  ttt ttt ttt 

pXD207-RSA <RRSRRSITGNVTNCPWTYGKFCIKPDGSISTIVgir ttt  ttt ttt  ttt ttt  ttt 

pXD207-XP aapRRSITGNVTNCPWTYGKFCIKPDGSISTIVPKE> t+t  ttt ttt  ttt ttt  ttt 

pXD1466-B iaargSTSGiVTSCPYVTYGKFCIKPDGL$HIIVPEE> ttt  ttt ttt  ttt ttt ttt 

pXD1466-NB gddswspsvsaeliPWTYGKFCIKPDGLVHIIVPEE> - ttt - - + t 

pXD1466-SN <RRSRRSTSGNVTSCPYstcsqac* - - - - 
pXM41- PS2 <RRFRRSITEkfANCPWSY6KFCIKPDGSiATIVPKQ> ttt  ttt ttt +tt nd .b nd. 
pXM41- 2.1 psvsaefpENVANCPWSYGKFCIKPDGSIATIVPKQ> ttt  ttt ttt  ttt nd. nd. 
pXM41-13.4 <RRFRRSITENVANCPWSYGKFCIKPDGSgirrpaak tt+  ttt + ttt nd. nd. 
pXM41-15.1 svsaefpTENVANCPWSYGKFCIKPsss* ttt  tt+ - ttt nd. nd. 

pXOligo-1 dswspsvsairgzCPWTYGKFCIKPDG&itcsqaci ttt tt+ t  tt+ ttt  ttt 

pXOligo-2 dswspsvsaargSCPWxYGKFCsqac* ttt - - ttt t  t 

pXOligo-3 swspsvsaalipgCPWzYGKFC* t - - +tt - - 
pXOligo-4 dswspsvsaelipgPWzYGKFC* - - - +tt - 
pXOligo-5 ddswspsvsaelipgWIYGKFC* - - - - - 
pXOligo-6 swspsvsaelipgCPWxYGKF* - - - ttt - - 
pXOligo-7 swspsvsae$ipgCPYVxYGK* - - - ttt - - 

(I +++. strong  signal  on Western blot. +. weak signal. -. no  signal  above background. 

The numbering of residues is as in Figure 4. A s f e r i s k s  indicate  carboxyl-terminal  ends of hybrid proteins. Arrows  indicate 
(a) pEX clone. [b) Carboxyl-terminal sequencesof hybrid proteins.  Residuesencoded by the viral sequencearecapitalized. 

that the viral sequence  extends in the given  direction. Underscored residues in the oligonucleotide-derived products 

54.5. respectively.  (g)  and (h). binding pattern of a polyclonal chicken  D207  and Dl466 antisera.  respectively. 
indicate differences  between virus strains.  (c).  (d).  (e).  [f). Western blot binding  patterns  with mAb 26.1. 30.6. 31.7. and 

~. ” -~ 

nd.: not determined. 
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546 550 560 570 580 590 600 
0207 SITG~NCPWTYGKFCIKF'DGSISTIVPKELEHFVAPLL~ENVLIPDSF~VTDEY 
h l l 7  

V1397 TS -S 
Dl466 TS -S 

- 
LVHI E'VKDYTSL ADY i - - 
LVHI E VRDYTSL R D Y  N - 

546 550 566 570 580 590 606 

Figure  4. Amino acid sequences of the N-terminal region of S2. These 
sequences  are numbered according to  the S1 sequences  published previ- 
ously (6). S2 starting  at  residue 546. From strain D207. the  full  sequence 
is listed, from other strains  only  the  differences  with  this  sequence.  The 
sequences of strains M41 and M42 are from Niesters  et al. (4). The 6/82 
sequence is from Binns  et  al. (23). Potential N-glycosylation sites  are 
underlined. 

DISCUSSION 

Localization of conformation-independent epitopes. 
Often, epitopes are defined operationally by mutual com- 
petition of monoclonal antibodies. However, groups of 
mutually competing mAb may have  different,  although 
overlapping binding sites, as  we found for epitopes within 
the immunodominant region of  IBV. Obviously, mutual 
competition data should be interpreted  in terms of anti- 
genic "regions" or "sites," rather  than in terms of epitopes. 

Previously, we described an immunodominant region 
near  the N terminus of the  S2  subunit from the IBV 
peplomer protein, recognized by several polyclonal sera 
(7). Here, we show that  the  same region contains  the 
majority of the conformation-independent epitopes rec- 
ognized  by  mAb against  the peplomer protein. Four epi- 
topes were localized accurately by testing  the  binding of 
mAb to both prokaryotic expression  products and  syn- 
thetic peptides with  different  lengths. This method de- 
fines an epitope as the  shortest sequence that is recog- 
nized specifically by the antibody. This does not exclude, 
however, contacts of other  residues  with the antibody. 
Further, no attempt  was made to quantitate  the  strength 
of binding of the antibodies;  instead, we essentially 
sought yes-no answers  that likely reflect the biologic 
relevance of the interaction. 

The  results of both methods were found  to be comple- 
mentary. mAb 54.5  binds to expression  products  contain- 
ing the sequence PYVTYGK, to peptides  containing the 
residues PYVTYG and, much  weaker,  to the pentapeptide 
PYVTY. Preceding sequences may inhibit the recognition 

F i g u r e 5  PEPSCAN patterns of pep- 
tides derived from the N-terminal se- 
quence of S2. The 4 mAb indicated were 
tested on overlapping peptides of 3 to 12 
residues,  spanning  the  first 50 amino acid 
residues of the D207 52 subunit.  The 
numbers  on  the  X-axis  indicate  the  length 
of the peptide used.  The  numbers on the 
Y-axis represent the  extinction  at 450 na- 
nometers. Notice the  difference in ordi- 
nate  scale  with mAb 26.1. With a peptide 
length of three residues  the  first bar rep- 
resents  the  residues 546-548. the  second 

With tetrapeptides the  first bar represents 
547-549, etc.  (numbering as in Fig. 4). 

residues 546-549, etc. 

of this sequence: an AELI-sequence  coded  by the pEX 
vector in the expression product of pXD1466-NB (Table 
111). and  the C-, NC-, and TNC- but not the VTNC-sequence 
present in the PEPSCAN-peptides (Fig. 5). These  obser- 
vations  demonstrate that antibody binding may be influ- 
enced by side-chain  interactions  and/or  secondary  struc- 
ture mediated by residues outside the  actual recognition 
sequence. 

The epitope of mAb 30.6 has been localized within 12 
residues (PYVTYGKFCIKP)  by the binding pattern of hy- 
brid proteins and narrowed down to 9  residues 
(TYGKFCIKP)  by the PEPSCAN data. 

mAb 26.1 recognized an expression product carrying 
the decapeptide sequence CPYVTYGKFC. a preceding S 
(as present in the  Dl466 sequence) being necessary for 
maximum binding. This is based on the recognition of 
expression  products only. Presumably the length of the 
epitope precluded a  clear and reproducible PEPSCAN sig- 
nal. Although a disulfide-bond between the two cysteine 
residues at both ends of the epitope seems an obvious 
possibility, this is not supported by experimental  data: 
there is no effect on antibody binding upon treatment of 
the native viral Ag with 2-ME, SDS, heating, or the com- 
bination of these  three  (not  shown). 

The definition of the epitope of 31.7 relies only on the 
recognition of hybrid proteins. Interestingly, this epitope 
is at least 17 residues  (553-569).  This probably explains 
the negative results  with peptides of 12  residues or less. 
Both ends of the epitope were required for complete bind- 
ing. Nevertheless, mAb 31.7 is fully reactive with protein 
denatured by SDS and 2-ME indicating that  the  spatial 
structure of the long epitope, positioning both ends  in  the 
paratope of mAb 31.7, does not depend on the native 
conformation of the protein. 

Two different  chicken polyclonal antisera recognized 
the  same hybrid proteins as mAb 30.6. However, the 
weak binding of the product of pXD1466-NB indicates 
an involvement of the C or NC residues preceding the 
PYVTYGKFCIKP sequence. Further, PEPSCAN tests with 
these  sera did not allow a more precise mapping, leaving 
some uncertainty  about  the  actual involvement of the 
carboxyl-terminal IKP sequence.  The recognition pattern 
of the polyclonal chicken sera  seems to correspond to one 

1 ,  MAb 26.1 
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Figure 6. Relative positions of epitopes  within  the  immunodominant 
region of IBV. The  upper  portion  shows  an  alignment of IBV sequences 
from which  the pEX products have  been derived. Only the  D207  sequence 
was  tested by  PEPSCAN. The  lower  portion  summarizes  the location of 
the  epitopes of the  4 mAb and  the polyclonal chicken  D207  and Dl466 
antisera.  The dashed lines indicate  that  the epitope boundaries  have  not 
been localized exactly, or that  the  omission of the corresponding residues 
resulted in a weaker signal on the Western blot. 

or  more  epitopes  overlapping  with the epitopes of the 
mAb.  Figure 6 summarizes  the  lengths  and positions of 
the  antigenic  sequences  within  the  immunodominant 
region. 

No reaction was  found  between mAb recognizing the 
conformational  epitopes  in  the S1 subunit  and  the pEX 
products. This  observation  indicates  that  prokaryotic 
expression  products  are  antigenically  equivalent  to de- 
natured  protein  fragments  and,  like  peptides,  cross-react 
only  with  epitopes  that do not  depend  on  the  native 
protein  conformation.  This  does  not,  however,  exclude a 
local folding in  the  hybrid  protein  to  combine  different 
parts of a long  epitope, as found  for mAb 31.7. 

With one  exception,  we  found  epitopes  that  are longer 
than  the 4-8 residues  considered as typical  for  linear 
epitopes { 1 1.25).  This  value  may be  biased by the method 
used  to  search  for  epitopes: PEPSCAN analysis  with pep- 
tides of eight  residues  or  less. As indicated by our  data, a 
more  complete database would include  epitopes of up to 
20  residues.  This  agrees  with  the typical  size of a para- 
tope (26,  27). 

Our  results  suggest a general  strategy  for  the localiza- 
tion of those  epitopes  that, as operationally  indicated by 
the  binding  on  Western  blots,  depend  on  the  primary  and 
not on the  tertiary  protein  structure.  First,  hybrid pro- 
teins  are used  to  make a complete  inventory  and  to  obtain 
approximate  localizations.  Then,  systematic  peptide  syn- 
thesis  may yield accurate  localizations to a resolution of 
single  residues.  Although  peptide  synthesis by the PEP- 
SCAN method seems  suitable  especially  for  shorter  epi- 
topes,  the  combination of pEX and PEPSCAN has  been 
successful  for  epitopes of the  coronaviruses MHV (28) 
and TGEV (W. P. A. Posthumus,  unpublished  results). 

Immunodominant  regions  in  viruses.  Immunodomi- 
nant regions  have  been  found  in  several  other  viruses, 
such as foot and  mouth  disease  virus  (1 2).  poliovirus (8) 
and  in  the  gp41  (29)  and  gpl20  (10) of human  immuno- 
deficiency  virus.  Typically,  these  regions  are recognized 
by the majority of the polyclonal antisera. A s  we have 
found  for IBV, such a region can  also  be recognized by 
mAb  with  different  fine  specificities.  These  data  point  to 
features  intrinsic  to  the  protein  structure  determining 
the location of the  immunodominant  regions. We propose 
that  the role of extrinsic  factors as host  repertoire and 
self-tolerance  (1  4) is limited  to the selection of epitopes 
within  these  immunodominant  regions. 

Cross-recognition  with  denatured  proteins  or  protein 
fragments  has  been  described  for  most  immunodominant 
regions  (10-12). For the major antigenic site of foot and 
mouth  disease  virus,  this  has  been  explained by internal 

disorder on a protrusion on  the  virus  surface  (34).  This 
is consistent  with  the  hypothesis  that local mobility is 
the  most  relevant  intrinsic  factor  determining  the local- 
ization of sequential  epitopes  (30). An alternative  hypoth- 
esis proposes  static  surface  accessibility as a condition 
sufficient  for  immunogenicity (31.  32). However, this 
would not  explain  the  cross-recognition  with  denatured 
and  nonnative  structures. 

Conservation of antigenic  residues. Despite the sig- 
nificant  neutralizing  activity of mAb binding  to  the im- 
munodominant region,  most residues involved in  anti- 
body binding  have  been  conserved  between  the  different 
serotypes (Figs. 3 and 6). whereas  there is considerable 
sequence  variation  in  the  flanking  regions. In fact,  there 
is only  one  continuous  stretch of 10 conserved  residues 
in  the preceding S1  sequences of the  same IBV strains 
(6). Sequence  conservation to maintain  the  structure of 
the peplomer proteins is incompatible  with  the local flex- 
ibility and probable  surface  location, as indicated by the 
presence of conformation  independent  epitopes.  There- 
fore, the  sequence  conservation  in  the region 550-570  is 
most likely explained by a molecular  recognition  process 
that is essential  during  the  infection cycle. 

The  coronavirus peplomer proteins  are  essential  for 
attachment of the  virus  to  the cell and  for  membrane 
fusion (33, 35). For the  murine  cororonavirus MHV-A59, 
the epitopes of a mAb that  inhibits cell fusion  and pro- 
tects  against  infection  has  been localized (28). With MHV. 
as with IBV, this epitope is (antigenically)  conserved  in 
different  strains (35, 36). However, in a n  alignment of 
the IBV and MHV sequences (37). the MHV epitope  was 
located about  150  amino  acid  residues  downstream of 
the IBV epitope.  For IBV, no neutralizing  mAb  recognizing 
the homologous region have  been  described  sofar.  Fur- 
ther,  the region containing  the IBV epitope has  no se- 
quence  similarity  with  the MHV sequence,  but is flanked 
by relatively  conserved  regions. This  suggests  that  in  the 
coronaviruses IBV and MHV, different  regions  are rele- 
vant  for  the  function of the peplomer and  for  neutrali- 
zation and protection. 
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