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Abstrac t t 

Thee opacity (Opa) proteins of pathogenic Neisseria spp. are adhesins, 
whichh play an important role in adhesion and invasion of host cells. Most 
memberss of this highly variable family of outer membrane proteins can bind 
too the human carcinoembryonicantigen-related cell adhesion molecules 
(CEACAMs).. Several studies have identified the Opa-binding region on the 
CEACAMM receptors, however, not much is known about the binding sites on 
thee Opa proteins for the corresponding CEACAM-receptors. The high degree 
off  sequence variation in the surface-exposed loops of Opa proteins raises the 
questionn how the binding sites for the CEACAM receptors are conserved. 
NeisseriaNeisseria meningitidis strain H44/76 possesses four different Opa proteins, of 
whichh Opa A and OpaJ bind to CEACAM1, while OpaB and OpaD bind to 
CEACAM11 and CEA. A sequence motif involved in binding to CEACAM1 was 
identifiedd by alanine scanning mutagenesis of those amino acid residues 
conservedd within the hypervariable (HV) regions of all four Opa proteins. 
Hybridd Opa variants with different combinations of HV-1 and HV-2 derived 
fromm OpaB and OpaJ showed a reduced binding to CEACAM1 and CEA, 
indicatingg that particular combinations of HV-1 and HV-2 are required for the 
Opaa binding capacity. Homologue scanning mutagenesis was used to generate 
moree refined hybrids containing novel combinations of OpaB and OpaJ 
sequencess within HV-1 and HV-2. They could be used to identify residues 
determiningg the specificity for CEA binding. The combined results obtained 
withh mutants and hybrids strongly suggest the existence of a conserved 
bindingg site for CEACAM receptors by the interaction of HV-1 and HV-2 
regions. . 

Introductio n n 

Earlyy in the pathogenesis of meningococcal disease and gonorrhea the 
Opaa proteins of Neisseria meningitidis and Neisseria gonorrhoeae play an 
importantt role in the bacterial adhesion to human cells, thereby potentially 
initiatingg the onset of infection. Adhesion of N. meningitidis bacteria to human 
nasopharyngeall  epithelium will usually lead to asymptomatic carriage. In the 
smalll  minority of the meningococcal carriers, for reasons that are not 
elucidatedd yet, carriership may result in invasive disease such as bacteraemia, 
meningitiss or septicaemia. 

Thee carcinoembryonic antigen cell adhesion molecules (CEACAM, 
previouslyy known as CD66) expressed on epithelial cells and neutrophils have 
beenn identified as receptors for bacterial adhesion mediated by Opa proteins 
(24).. Also for efficient internalisation of both pathogenic Neisseriae spp. by 
humann cells the interaction with CEACAM is required. The binding of Opa 
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proteinss occurs at the non-glycosylated face of the N-domain of CEACAM 
receptorss such as CEACAM1 and CEA (4). The Opa binding site on CEACAM 
proteinss has been mapped by a combination of mutagenesis and modelling 
studiess (5,17, 25). The surface-exposed loops of the Opa proteins show a high 
degreee of sequence variation in the variable regions (14). The gonococcal Opa 
proteinss require distinct combinations of hypervariable Opa protein domains 
(HV-11 and HV-2) to bind to the CEACAM-receptors (6). Therefore, a major 
questionn is whether conserved binding sites of the Opa proteins for CEACAM 
receptorss are present in the hypervariable regions. 

Inn this study we identified the residues on the OpaB molecule required 
forr binding to the CEACAM1 and the CEA receptor by constructing alanine-
substitution-- and hybrid-mutants. We assessed the surface localisation of the 
recombinantt proteins and measured their ability to bind to CEACAM1 and 
CEAA on the surface of transfected HeLa cells. Our results indicated that the 
interactionn between HV-1 and HV-2 leads to the formation of a CEACAM1 and 
CEAA binding site, which consists at least in part of a relatively conserved 
bindingg motif in HV-2. In this way, the receptor binding function is conserved 
inn spite of the high degree of Opa sequence variation 

Result s s 

Thee Opa repertoir e of N.meningitidis strai n H44/76 
AA synthetic oligonucleotide probe specific for the 5'repeat region 

(CTCTTn),, corresponding to a conserved sequence present in all opa genes (19), 
wass used to probe Southern blots of EcoRl/Clal digested chromosomal DNA of 
N.N. meningtidis strain H44/76. Four opa loci in the chromosome of the 
meningococcall  strain H44/76 were identified (Fig. 1A). 

Thee opa genes were amplified using general opa primers and 
subsequentlyy cloned into pCR2.1 vectors (10). Plasmids were isolated from 
randomlyy selected clones. The PCR-products were sequenced yielding four 
differentt sequences. Each of the H44/76 opa loci contained a gene with a 
uniquee combination of semi variable (SV), hypervariable-1 (HV-1) and 
hypervariable-22 (HV-2) sequences (Fig. IB). These opa genes found in strain 
H44/766 were identical to three sequences present in strains MC58 and 190/87. 
Thee genes in strain 190/87 sequenced by Malorny et al. (1998) were named 
opaAopaA 127, opaB 128 and opa] 129, in the present study this nomenclature was 
maintained.. The fourth H44/76- unique opa gene was named opaD 126 (Fig. 
IB).. Two versions of HV-1 and three versions of SV and HV-2 were present 
amongg the four opa genes in H44/76. On basis of the sequence homology, two 
groupss of opa genes can be distinguished, i.e. the opa] 129 and opa A 127 group, 
andd the opaB 128 and opaD 126 group. 
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A A 

sv v 
OpaA1277 qatgannt — 
OpaB1288 katgannt — 
OpaD1266 katgtdkdk i 
OpaJl299 qatgannt- -

B B 

Figuree 1. (A) Southern blot of EcoRl/Clal digested chromosomal DNA from Neisseria meningitidis 
strainn H44/76, using a synthetic oligonucleotide probe corresponding to the CTCTT repeat. (B) 
Deducedd amino acid sequences of the variable domains (i.e., SV = semi variable, HV-1 = 
hypervariablee 1, HV-2 = hypervariable 2) (defined according to Malorny et ah, 1998) of OpaA127, 
OpaB128,, OpaD126 and OpaJ129. Identical amino acids within the hypervariable regions mutated in 
thiss study present in all four sequences are indicated in bold and underlined. 

Outerr  membran e targetin g of Opa hybrid s and mutant s 
Thee heat-modifiable character of Opa proteins has been described 

previouslyy by Swanson. (1978). The expression and folding of OpaB and OpaJ 
wass described previously (10). In order to test the expression and the correct 
foldingg of the Opa proteins in the outer membrane of E.coli, outer membrane 
complexess (OMC) were isolated. OpaA, OpaD, the Opa-hybrids and the OpaB 
mutantss showed similar expression levels in the outer membrane of E.coli 
strainn PC2984, and their heat-modifiable character was retained (data not 
shown). . 

Thee fou r Opa protein s derive d from H44/76 are invasion-associate d 
Thee four opa genes were individually expressed, and targeted to the 

outerr membrane of E.coli strain PC2984. The four Opa proteins were tested for 
bindingg to five different CEACAM proteins, CEACAM1, 3, 6, 8 and CEA 
whichh were separately expressed on transfected HeLa cells. Al l four Opa 
proteinss were found to adhere to CEACAM1 transfected HeLa cells, while 
OpaBB and OpaD were also able to bind to the CEA transfected HeLa cell-line. 
Noo binding to CEACAM3, 6 and 8 was observed. For the six interactions, we 

HV-11 HV-2 
--kesnsstkkvteeinnnyket qq khqvhsvetktttitskpkngspqqgpiiqtdpskppyheshsiss v 
--nnnkysvntkelqknnssqiwqel kk  khqvhsvrkettttfsppaqgatvpgkivqgptnlcpayhesnsiss l 
--nnnkysvntkelqknnssqiwqel kk  khqvhsvrkettttfsppaggatvpgkivqgptnkpayhesnsiss l 
--kesnsstkkvteeinnnyket qq khqvhsvetkttivtskptggaaqggpiiqtdpskppyheshsiss v 
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determinedd the adhesion and calculated the proportion of the adhesive 
bacteriaa that was able to invade into the HeLa cells expressing either CECAM1 
orr CEA (Table 1). E.coli strain PC2984 expressing OpaA, OpaB, OpaD or OpaJ 
wass able to invade CEACAM transfected HeLa cells. The level of invasion into 
CEACAMl-transfectedd HeLa cells was similar for all Opa proteins tested, and 
theree was no significant difference between CEACAM1 and CEA transfected 
cells. . 

CEACAM-Op a a 

Interactio n n 

CEACAM M 

CEACAM1 1 

CEACAM1 1 

CEACAM1 1 

CEACAM1 1 

CEACAM1 1 

CEA A 

CEA A 

CEA A 

Opa a 

OpaA A 

OpaB B 

OpaD D 

OpaJ J 

Opa--

OpaB B 

OpaD D 

Opa--

fnvasio nn (%) 

G.M. . 

3.76 6 

3.10 0 

3.85 5 

3.20 0 

0 0 

1.32 2 

1.17 7 

0 0 

S.E. . 

2.79 9 

1.88 8 

2.38 8 

1.87 7 

0 0 

1.15 5 

0.79 9 

0 0 

Tablee 1. Invasion of E.coli strain PC2984 expressing individual Opa proteins of strain H44/76 into 
eitherr CEACAM1 or CEA expressing HeLa cells. Shown is the percentage of cell-associated bacteria 
thatt had invaded. The geometric means (G.M.) and standard errors (S.E.) were calculated from data 
obtainedd from three independent experiments. No invasion of any of the Opa expressing E.coli 
variantt into the HeLa cells transfected with the empty vector was measured. 

Residue ss involve d in recepto r bindin g identifie d by alanin e substitutio n 
mutagenensi s s 

Becausee all four Opa proteins of strain H44/76 bound to CEACAM1, 
aa conserved binding site for this receptor may be present. We studied this 
potentiall  binding site by aligning the hypervariable (HV) regions of the four 
differentt Opa proteins and identifying the conserved residues shown in bold 
andd being underlined in Fig. IB. Ten different OpaB mutants were designed in 
whichh one or more of these conserved residues were substituted for alanine 
(Fig.22 and Table 2). The opaB mutants were expressed in E.coli strain PC2984 
andd tested for their ability to bind to CEACAM1 and CEA transfected cells 
(Fig.3).. No distinction was made between adhesion and invasion. The binding 
wass compared to the binding of E.coli strain PC2984 expressing wild-type 
OpaB. . 

Mutantss B91, B98, B157-8 and B181 showed a significant reduction in 
thee binding to CEA compared to the binding of wild-type OpaB, whilst the 
bindingg of these mutants to CEACAM1 was unaffected. No effect on the 
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Figuree 2. Predicted two-dimensional structure of OpaB (according to Van der Ley , 1988 and 
Vandeputte-Ruttenn et al., 2003). Variable stretches (i.e., SV = semi variable, HV-1 = hypervariable 1, 
HV-22 = hypervariable 2) in the loops (L) are indicated in bold. Amino acids that have been 
substitutedd for alanine are boxed and indicated with the mutant name. 

bindingg of mutants B82, B92, B167, B162-4 and B182 to either CEACAM1 or 
CEAA was observed (Fig. 3A). Mutant B172-4-6 did not bind to CEACAM1 or 
CEA. . 

AA second generation of OpaB mutants was designed based on these 
results.. The non-binding mutant B172-4-6 contained three substitutions. This 
mutantt was split up into three new mutants containing two alanine 
substitutionss per mutant (Table 2). Mutants B172-4 and B174-6 did not bind to 
eitherr CEACAM1 or CEA. By contrast, in mutant B172-6 the retention of the 
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250 0 

200 0 

150 0 

100 0 

Bindin gg of OpaB mutant s 

Mutants s 

B B 

Bindin gg of B172-4-6 derive d mutant s 

JJ CEACAM1 

ICEA A 

Mutants s 

Figuree 3. (A) Binding of E.coli strain PC2984 expressing different OpaB mutants to CEACAM1 and 
CEAA transfected HeLa cells. These OpaB mutants contained alanine substitutions as depicted in 
Fig.. 2. (B) The involvement of residues 172, 174 and 176 was further tested using double and single 
substitutionn mutants. The percentage binding indicates the proportion of cell-associated E.coli strain 
PC29844 expressing OpaB mutants in comparison to the proportion of cell-associated E.coli strain 
PC29844 expressing wild-type OpaB (w.t.). The E.coli strain PC2984 without Opa expression was used 
ass negative control (n.c). 

originall  He on position 174 resulted in binding to CEACAM1, while no 
bindingg was found with CEA (Fig. 3B). Single substitution mutants B172, B174 
andd B176 were generated to further define the binding site. Both single 
substitutionss at position 174 and 176 significantly affected the CEACAM1 
bindingg (P = 0.016 and P = 0.039, respectively). Of these two substitutions, the 

76 6 



substitutionn at position 174 also affected CEA binding significantly (P = 0.022), 
whilee substitution at position 176 did not (P = 0.062). Binding of mutant B172 
too CEACAM1 was similar to wild-type OpaB while no binding of the mutant 
too the CEA receptor was found. 

Althoughh many substitutions leaded to abrogation or reduction of 
bindingg to the CEA receptor, only residues 174 and 176 seemed to be directly 
involvedd in the CEACAM1 binding. 

Residue ss involve d in recepto r bindin g analyse d by homologu e scannin g 
mutagenesi s s 

Thee construction of the hybrids OpaBj and Opajb containing novel 
combinationss of HV-1 and HV-2 was described previously (11). The hybrid 
proteinss were generated using a naturally existing Afllll cleavage site between 
HV-11 and HV-2. OpaBj contained SV and HV-1 derived from OpaJ and HV-2 
derivedd from OpaB and vice versa for Opajb. Both hybrids showed a strongly 
reducedd binding to CEACAM1 as well as CEA (Fig.4A). As the original OpaB 
andd OpaJ proteins both can bind to CEACAM1, whereas this ability is reduced 
orr lost in the hybrids, a particular combination of HV-1 and HV-2 sequences 
appearss to be required for receptor binding. In order to identify the minimally 
requiredd sequences, a set of "microhybrids" was constructed. These opaB 
constructss contained small stretches of opa], so as to locate the regions 
determiningg their different receptor specificity, i.e. CEACAM1/CEA versus 
onlyy CEACAM1. The amino acids potentially involved in the binding of OpaB 
too CEA were substituted for the homologous sequence of OpaJ. Most 
pronouncedd differences in the amino acid sequence were found between the 
HV-11 regions of OpaB and OpaJ (Fig. IB). Only two versions of HV-1 were 
foundd among the four different Opa proteins from H44/76 corresponding with 
theirr binding specificity as observed in the binding studies (Table 1), 
suggestingg the involvement of HV-1 in determining the specificity for CEA 
binding.. By homologue scanning mutagenesis five different micro-hybrids 
weree generated spanning the complete HV-1 (Fig.5). Because the HV-1 region 
off  OpaB is three amino acids longer than HV-1 of OpaJ, an additional deletion 
mutantt was constructed lacking the last three amino acids of HV-1, Glu-99, 
Leu-1000 and Lys-101 (Fig. 5). 

Thee binding of mutants B77-81 and B83-86 to CEACAM1 and CEA 
appearedd to be almost unaffected while the binding of mutant B87-90 to 
CC E AC AMI was twice as high as the binding of the wild-type OpaB (Fig. 4B). 
Bindingg of this mutant to CEA did not occur. Mutants B93-97 and B99-101 had 
noo ability to bind to either CEACAM1 or CEA. By studying the CEA binding 
Opaa proteins described above and the CEA binding Opa proteins described by 
Muenznerr et al. (2000), a sequence present in HV-2 that could potentially be 
involvedd in the binding to CEA was found. The substitution of residues 177-
1833 in HV-2 resulted in an abrogated binding to CEA, while the binding to 
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 CEA 
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Bindingg of OpaB-J micro-hybrids 

CC CEACAM1 
 CEA 
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Figuree 4. (A) Binding of E.coli strain PC2984 expressing Opa-hybrids to CEACAM1 and CEA 
transfectedd HeLa cells. The construction of these hybrids has been described previously (De Jonge et 
al,al, 2003). (B) Adhesion of E.coli strain PC2984 expressing OpaB-J micro-hybrids to CEACAM1 and 
CEAA transfected HeLa cells. These micro-hybrids contain stretches that are derived from OpaJ as 
depictedd in Fig. 5. The percentage binding indicates the proportion of cell-associated mutants 
(hybridss and micro-hybrids) in comparison to the proportion of cell-associated E.coli strain PC2984 
expressingg wild-type OpaB (w.t.). The E.coli strain PC2984 without Opa expression was used as 
negativee control (n.c). 

CEACAM11 was almost unaffected (Fig.4B). 
Bothh OpaBj and OpaJb hybrids were affected in their ability to bind 

bothh CEACAM1 and CEA. The homologue substitution of residues 93-97 and 
deletionn of residues 99-101 resulted in complete abrogation of binding to both 
CEACAMM receptors. 
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Figuree 5. Predicted two-dimensional structure of OpaB (according to Van der Ley , 1988 and 
Vandeputte-Ruttenn et al., 2003). Variable stretches (i.e., SV = semi variable, HV-1 = hypervariable 1, 
HV-22 = hypervariable 2) in the loops (L) are indicated in bold. Stretches that have been substituted 
forr the homologous sequence derived from OpaJ (as indicated) are boxed and indicated with the 
mutantt name. See figure 1 for alignment. 
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Thee interaction between HV-1 and HV-2 
Thee results with the hybrids and microhybrids strongly suggest that 

residuess in HV-1 and HV-2 are required for intra-molecular interactions in 
orderr to obtain the binding ability. To test this hypothesis, we used the hybrid 
OpaBj,, containing the HV-1 region derived from OpaJ and HV-2 from OpaB, 
forr the construction of a second set of hybrids. Residues 87-90 and 93-97 of the 
OpaBjj  hybrid were substituted for the OpaB sequence and residues Glu-99, 
Leu-1000 and Lys-101 were inserted into HV-1 of OpaBj (Fig.6). In addition, 
mutantss J87-90-99-101 and J93-97-99-101 contained both the ELK insertion in 
combinationn with the substituted stretch of 5 amino acids (residues 87 -90 or 
933 -97) derived from OpaB. Binding of mutants J87-90, J93-97, J99-101 and J87-
90-99-1011 to either CEACAM1 or CEA did not occur, while the combination of 
thee ELK insertion with the substitution of 93-97 resulted in strong binding to 
CEACAM1,, but not to CEA (Fig.7). 

OpaB B <r\ <r\ OpaB B 

si-is s 
N N 
N N 

K K 
Q Q 
L L 
E E 

r=> > 

1 1 
E E 
b b 
T T 

«, , <= = 
E E 
L L 
K K 

T T 

E E 

L2of f 
OpaBj j 

Figuree 6. Schematic presentation of loop 2 as part of the OpaBj hybrid protein, containing HV-1 with 
variablee stretches indicated in bold. The stretches originally derived from OpaJ were replaced by 
homologouss sequences derived from OpaB as indicated with residue numbers. In this way five 
doublee hybrids were generated, with single substitutions as indicated J87-90, J93-97, or insertion, J99-
101,, or combinations of insertion of ELK and substitution of either amino acids 87-90 (J87-90-99-101) 
orr 93-97 (J93-97-99-101). See figure 1 for alignment. 
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Figuree 7. Binding of E.coli strain PC2984 expressing double-hybrids to CEACAM1 and CEA 
transfectedd HeLa cells. These double-hybrids are derivatives of OpaBj containing stretches in HV-1 
thatt are derived from OpaB as depicted in Fig. 6. The percentage binding indicates the proportion of 
cell-associatedd mutants (double-hybrids) in comparison to the proportion of cell-associated E.coli 
strainn PC2984 expressing wild-type OpaB (w.t.). The E.coli strain PC2984 without Opa expression was 
usedd as negative control (n.c). 

Discussio n n 

Thee opacity (Opa) proteins are major adhesins present in the outer 
membranee of Neisseria spp. which show a high degree of intra- and inter-strain 
sequencee variation mainly concentrated in two hypervariable regions (14). The 
topologyy of the Opa proteins has been predicted by Malorny et al. (1998). Very 
recentlyy the structure of NspA, a conserved meningococcal outer membrane 
proteinn of unknown function, has been elucidated by Vandeputte-Rutten et al. 
(2003).. NspA displays high sequence homology with the neisserial Opa 
proteins,, especially the membrane-spanning (3-barrel domain. Based on this 
homologyy Vandeputte-Rutten et al. (2003) argue that it is likely that the fourth 
strandd in the predicted topology model of Malorny et al. (1998) has to be 
shiftedd towards the extracellular side by eight residues (this recent finding was 
integratedd in Fig.2, Fig.5 and Fig.6). This refinement confirms the model 
predictedd earlier by Van der Ley (1988). 

Thee majority of Opa proteins target different variants of the CEACAM 
receptorr family, while a minority of the Opa proteins targets the heparan 
sulphatee proteoglycan receptor (HSPG) receptor. Only CEACAM1, 3, 6 and 
CEAA of the various CEACAM proteins have been shown to function as Opa 
receptorss as determined with meningococcal, gonococcal and E. coli expressed 
Opaa proteins (5, 7, 15, 17, 25). 
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Thee invasion of E.coli strain PC2984 expressing individual Opa 
proteinss of strain H44/76 into either CEACAM1 or CEA expressing HeLa cells 
resultedd in equal levels of relative invasion mediated by one receptor. The 
resultss suggest that specificity of binding is determining the level of invasion, 
noo evidence for an invasion- associated Opa protein was found in this study. 

Sincee there is a high degree of Opa sequence variation, the limited 
numberr of receptors for Opa proteins suggest that conserved binding sites 
withinn the variable regions of these proteins might be involved. The aim of the 
presentt study was to identify such binding motifs. Recently, Bos et al. (2002) 
demonstratedd that the SV region present in the first loop of Opa was 
dispensablee for CEACAM binding while the two hypervariable regions 
presentt in the second and third loops were essential. The conserved loop 4 was 
foundd to be important for the expression and stabilisation of the protein, but 
nott directly for binding to the CEACAM receptor (6,12). 

Ourr results indicate that a specific interaction between the HV-1 and 
HV-22 regions determines a conformation-dependent binding to CEACAM. By 
sitee directed mutagenesis sequences involved in this interaction as well as 
residuess involved in the binding to CEACAM1 and CEA were identified. In 
orderr to exclude conformational changes in the protein we studied in all 
experimentss the binding of E.coli expressing OpaB mutants to CEACAM1 as 
welll  as to CEA. Mutants not able to bind to only one of these two receptors are 
moree likely affected in a region directly involved in receptor binding. By 
contrastt mutants B172-4-6 (Fig. 3A), B174, B176, B174-6, B174-6 (Fig. 3B), 
B93-977 and B99-101 (Fig. 5B), which show simultaneous loss of binding to both 
receptors,, are either conformationally affected or are mutated in a shared 
bindingg region. 

Thee results obtained with mutant B172-4-6 (Fig. 3A) and its derivatives 
identifiedd the motif GxIxQ present in HV-2 (loop 3) as an important 
determinantt for receptor binding of the Opa proteins from strain H44/76 
(Fig.3B).. Although subtle conformational changes caused by the substitutions 
leadingg to abrogation of binding cannot be excluded, single and double 
substitutionn mutants further specified the residues involved in the receptor 
binding.. The Ile174 and to a lesser extend the Gln176 were found to be 
importantt for the CEACAM1 binding (Fig.3B). To analyse whether this motif 
wass present in other Opa proteins, a database search was performed 
(http//www.ncbi.nlm.nih.gov/blast/)) using the HV-2 domain of OpaB (Table 
3A).. In each of the 49 different HV-2 regions mainly derived from N. 
meningitidismeningitidis (approximately 25% of the sequences were found in multiple 
strains)) He, Val or Leu was present on position 174, and the Glyl72 was found 
inn nearly all of the 49 sequences. 

Onlyy for a limited number of meningococcal Opa proteins both the 
sequencess and the binding specificity were determined. Muenzner et al. (2000) 
determinedd the binding specificity of nine different Opa variants and found 
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Template:: HV-2 OpaB 
(n=49) ) 

Motifs s 
GxIxQ Q 
GxIxE E 
GxIxH H 
GxIxS S 
GxLxS S 
GxVxK K 
GxVxQ Q 
SxIxG G 
GxVxE E 

Frequency y 
8 8 
10 0 
1 1 
9 9 
12 2 
3 3 
3 3 
2 2 
1 1 

Tablee 3A. Results of a blast search (http//www.ncbi.nlm.nih.gov/blast/) using HV-2 of OpaB 
derivedd from strain H44/76 as template. 

thatt six out of nine were specific for CEACAM1, confirming that this receptor 
iss the main target for meningococcal Opa proteins. In five sequences for which 
aa complete sequence was available we found a comparable motif (Table 3B). 
Thee most deviated motif was present in the only protein found to target three 
differentt CEACAM receptors (AF001180); CEA, CEACAM1 and CEACAM6 
(15).. The only Opa protein not binding to either of the CEACAM receptors 
presentt in the database (AF001179) did not contain the GxIxQ-like motif. 

Motifs s 

GxVxK K 
GxVxQ Q 
GxIxS S 
GxIxE E 
PxIxN N 

Genn Bank 
Ace.. No. 

X06445 5 
AF001195 5 
AF001201 1 
AF001199 9 
AF001180 0 

Tablee 3B. Motifs that might be involved in CEACAM binding found in the Opa proteins 
characterisedd by Muenzner et al. (2000). 

Strikingly,, almost no gonococcal Opa proteins were found in the 
databasee search (Table 3A). The motif also appeared to be hardly present in the 
CEACAM11 binding gonococcal Opa proteins from strain MS11 (5, 6). Among 
thee sequences shown by Malorny et al. (1998) especially the He (alternatively 
Val,, Leu) residue is highly conserved among the meningococcal strains but is 
presentt in approximately 50% of the gonococcal strains. The Gx(I,V,L)xQ motif 
iss apparently much better conserved among meningococcal as opposed to 
gonococcall  Opa proteins. This could be related to the more diverse receptor 
repertoiree used by gonococcal Opa proteins (25). 
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Thiss GxIxQ sequence is also part of the epitope for mAb 15-1-P5.5 
whichh has been shown to recognise a cell surface-exposed part of some Opa 
proteinss (10), confirming that this region is exposed on Opa proteins for direct 
bindingg to CEACAM receptors. It is evident that more elements of the Opa 
proteinss play a role in the interaction with the receptor. Primary sequence 
variationn does not exclude overall three-dimensional similarity, while we are 
lookingg in this study for primary sequence conservation to explain the 
conservedd function of the Opa proteins. 

Chimericc or hybrid Opa proteins OpaBj and Opajb lost most of their 
receptorr binding activity, these findings were in agreement with data reported 
byy Bos et al. (2002). The binding of deletion mutant B99-101, with deletion of 
threee amino acids in loop 2, was completely lost most probably due to 
conformationall  changes. Our data show further that residues 93-97 were 
involvedd in the interaction between HV-1 and HV-2, enabling the binding to 
CEACAM1.. After substitution for the homologous stretch derived from OpaJ 
noo binding occurred, whilst the binding to both CEACAM1 and CEA of 
mutantss with other substituted stretches in HV-1 was not significantly 
affected.. By replacing this epitope (residues 93-97, SSGIW, derived from OpaB) 
inn combination with the insertion of residues 99-101 (ELK) in the hybrid OpaBj 
proteinn the CEACAM 1 binding of this hybrid protein was completely restored. 
Thee ability of OpaBj to bind was not restored if only the amino acids ELK 
(99-101)) were inserted or only amino acids 93-97 were substituted. However, 
noo conservation was found for this latter sequence. Therefore we assume that 
thee variation of this sequence in HV-1 has occurred in parallel with the 
correspondingg site present in HV-2, by which this sequence is a non-conserved 
sitee and relevant for the functional conformation. 

Thee nature of binding of OpaB to CEA and to CEACAM1 is 
significantlyy different. Many mutations in OpaB lead to a complete loss of 
bindingg to CEA while the interaction with CEACAM1 is retained. The reverse 
situationn is never observed, i.e. loss of binding to CEACAM1 but not CEA. 
Thiss is in agreement with the results of Virj i et al. (1996) who showed that 85 % 
off  meningococcal disease and carrier isolates tested, recognised CEACAM1. It 
wouldd thus appear that CEACAM1 and not CEA is the principal receptor 
targetedd by meningococcal Opa proteins. 

Thee current knowledge of the three-dimensional structures of bacterial 
adhesinss is limited. The recently elucidated crystal structure of the 
functionallyy related meningococcal protein Ope A has provided some 
importantt clues as to how outer membrane protein structures could be 
adaptedd to function as adhesins (18). The surface exposed loops are organised 
inn a similar fashion to the loop regions in the 8-stranded E. coli OmpA and 
OmpXX outer membrane proteins (16, 26). The loops form a crevice in the 
externall  surface of the OpcA structure that was predicted to form the binding 
sitee for the HSPG ligand. A comparable binding pocket, which requires 
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structurall  conservation, might be present in Opa proteins. Judging from the 
lengthh of the Opa protein loops, rearrangement of the loop structure upon 
bindingg to the CEACAM receptor might occur. 

Wee recently found in vitro evidence for cross-reactive blocking of the 
Opa-CEACAMM interaction by polyclonal antibodies raised against purified 
recombinantt Opa protein (11). It is tempting to consider that more information 
onn the binding site might lead to specific inhibition of Opa-mediated adhesion 
andd invasion. The relatively conserved residues found in this study might 
havee potential as vaccine targets. 

Material ss  and Method s 

Bacteria ll  strains , plasmid s and growt h condition s 
N.N. meningitidis strain H44/76 (B; 15; PI.7,16) has been described 

previouslyy (13). The E.coli strain PC2984 (NCCB, Utrecht, The Netherlands), 
usedd in the binding and invasion assays, expresses the pho regulon 
constitutivelyy due to a phoR mutation and is lacking all sugars beyond the 
heptosee region of the inner core in the LPS due to a galU mutation (27). 

Forr sequencing purposes the four different opa genes isolated from 
H44/766 were cloned into plasmid pCR2.1 (TA cloning Kit , Invitrogen, 
Carlsbad,, CA, USA). The expression of wild-type Opa proteins, Opa-hybrids 
andd OpaB mutants at the cell surface of E.coli strain PC2984 was realised using 
thee expression vector pMR05 (1) as described previously (10). 

E.coliE.coli strain PC2984 and N. meningitidis strain H44/76 were grown as 
describedd previously (10). 

Souther nn blottin g and sequencin g of the opa  genes 
Chromosomall  DNA of meningococcal strain H44/76 was isolated as 

describedd by Ausubel et ol. (1989). EcoRI/Chl digested chromosomal DNA was 
electrophoreticallyy separated on an 0.8 % agarose gel and transferred to 
Hybondd N positively charged nylon membranes (Amersham, Piscataway, NJ, 
USA)) using a Posiblot 30-30 pressure blotter (Stratagene, Heidelberg, 
Germany)) and hybridised to a 32P-labeled synthetic oligonucleotide probe 
(5'-CTCTTCTCTTCTCTT-3'). . 

Thee four opa genes opaA,B,D and ƒ were isolated from H44/76 with 
generall  primers and subsequently sequenced, using the DNA sequencing kit 
andd the ABI Prism 310 genetic analyser, according to the instructions of the 
manufacturerr (ABI Prism, Perkin Elmer Applied Biosystems, Warrington, 
Greatt Britain). The amino acid sequences were deduced using Clone Manager 
versionn 510 (Sci Ed Central). 
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Bindin gg and invasio n assays 
Thee CEACAM transfected HeLa cell-lines were previously described 

byy Daniel et al. (1993) and Bos et al. (1997) and were a generous gift from Fritz 
Grunertt (Genovac, Freiburg, Germany). The expression of CEACAM was 
testedd with FACS using FITC-labeled mouse anti- human CD66abce 
monoclonall  (Kat4c) (DAKO, Denmark). The HeLa transfectants were cultured 
ass described previously (10). For binding and invasion assays cells were grown 
forr 2 days to near-confluency in 24-wells tissue culture plates (Greiner, 
Cellstar,, Kremsmünster, Austria) in 1-ml portions of RPMI1640 medium with 
10%% fetal bovine serum (FBS) (Hyclone, Logan, UT, USA). PC2984 with 
plasmidd pMR05 containing the wild type, hybrid or mutated opa sequence 
weree grown on LB-agar plates overnight, as described previously (10), 
swappedd from the plate and resuspended in phosphate buffered saline (PBS) 
(SVM,, Bilthoven, The Netherlands). The optical density (OD) of the bacterial 
suspensionn was measured at 620 nm and adjusted to 1.0. Fifty ul bacterial 
suspensionn was immediately added to the cells (MOI ~150) and incubated for 
1.55 h at 37°C, in a final volume of 500 ul RPMI supplemented with 10% FBS 
andd 25 ug/ml chloramphenicol (Sigma, St.Louis, MO, USA). After the 
incubation,, the cells were washed three times with PBS to remove non-
adherentt bacteria, lysed with 0.5 ml 1% saponin (Sigma, St.Louis, MO, USA). 
Dilutedd saponin fractions were plated on LB-agar plates supplemented with 
255 ug/ml chloramphenicol. 

Invasionn was determined after additional incubation of 3 h at 37°C in 
thee presence of gentamicin (Sigma, St. Louis, MO, USA). After this incubation 
cellss were again washed, lysed and plated as mentioned above. The proportion 
off  bacteria that invaded into the cells was expressed as a percentage of the 
totall  number of recovered bacteria without gentamicin (approximately 3 x 
107/welll  and 7 x 107/well after incubation with the CEACAM1 and CEA 
transfectedd cells, respectively). Negative controls were included in all 
experiments,, using both a HeLa cell-line transfected with an empty vector and 
aa PC2984 variant transformed with pMR05 lacking an opa sequence. The 
invasionn experiments were repeated three times in triplicate. 

Inn the binding assays with Opa-hybrids and OpaB mutants, the 
proportionn of cell- associated bacteria (% binding) was expressed as the 
percentagee of the total number of recovered wild-type OpaB expressing E.coli 
bacteriaa (strain PC2984). All binding experiments were repeated two times in 
duplicate. . 

Constructio nn of OpaB mutant s by site directe d mutagenesi s 
Thee wild type Opa expression in E. coli bacteria has been described 

previouslyy (10). Plasmid pMR05-opaB was used as template to generate the 
differentt OpaB mutants. The general primers used in all polymerase chain 
reactionss (forward: 5'-CATCTGCATCTGTACAGGCT-3'reverse: 
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Olig oo Name 

82F F 

82R R 

91F F 

91R R 

98QF F 

98QR R 

157F F 

157R R 

162F F 

162R R 

167F F 

167R R 

172F F 

172R R 

181F F 

181R R 

91NF F 

91NR R 

92NF F 

92NR R 

172GF F 

172GR R 

174IF F 

174IR R 

176QF F 

176QR R 

181KF F 

181KR R 

182PF F 

182PR R 

Olig oo Sequenc e (5' - 3') 

Firs tt  generatio n alanin e iubstttk m mutant s 
CAATAAATATGCCGTAAACACAAAAGAGT T T 

GTGTTTACGGCATATTTATTGTTGTTCCATT T T 

GCAAAAAGCCGCTAGCAGTGGCATCTGGC A A 

CACTGCTAGCGGCTTTTTGCAACTCTTTTGTGT T T 

TGGCATCTGGGCAGAACTGAAGACGGAAAAT C C 

CTTCAGTTCTGCCCAGATGCCACTGCTAT T T 

GAAAAGAAGCCGCGACTACTTTCAGTCCA C C 

AGTAGTCGCGGCTTCTTTTCTCACCGAATGA A A 

TACTTTCGCTCCAGCAGCGCAAGGCGCTAC A A 

TGCGCTGCTGGAGCGAAAGTAGTCGTGGTTTCT T T 

CAGCGCAAGCCGCTACAGTGCCAGGC A A 

CACTGTAGCGGCTTGCGCTGGTGGACTG G 

CAGCCAAAGCCGTAGCAGGTCCGACCAACAAAC C C 

ACCTGCTACGGCTTTGGCTGGCACTGTAGCGCC T T 

CGACCAACGCAGCTGCCTATCACGAAAGCA A A 

ATAGGCAGCTGCGTTGGTCGGACCTTGTA C C 

Secon dd generatio n alanin e substHJo n mutant s 
GTTGCAAAAAGCCAATAGCAGTGGCATCT G G 

ACTGCTATTGGCTTrTTGCAACTCTTTTGTGT T T 

GCAAAAAAACGCTAGCAGTGGCATCTGGC A A 

GCCACTGCTAGCGTTTrnTGCAACTCTTTTG T T 

ACAGTGCCAGCCAAAATCGTACAAGGTCC G G 

TACGATTTTGGCTGGCACTGTAGCGCC T T 

GCCAGGCAAAGCCGTACAAGGTCCGACCA A A 

ACCTTGTACGGCTTTGCCTGGCACTGTAG C C 

CAAAATCGTAGCAGGTCCGACCAACAAAC C C 

GGTCGGACCTGCTACGATTTTGGCTGGCAC T T 

TCCGACCAACGCACCTGCCTATCACGAAA G G 

ATAGGCAGGTGCGTTGGTCGGACCTTGTA C C 

GACCAACAAAGCTGCCTATCACGAAAGCA A A 

TGATAGGCAGCTTTGTTGGTCGGACCTTG T T 

Mutan t t 

B8 2 2 

B91- 2 2 

B9 8 8 

BB 157-8 

BB 162-4 

B16 7 7 

BB 172-4-6 

BB 181-2 

B9 1 1 

B9 2 2 

BB 172 

B17 4 4 

B17 6 6 

B18 1 1 

BB 182 

Substitutio n n 

S S 

NN N 

Q Q 

TT T 

SKP P 

G G 

GKIVQ Q 

KP P 

N N 

N N 

G G 

I I 

Q Q 

K K 

P P 

—> > 
A A 

AA AA 

A A 

AA A 

AKA A 

A A 

AKAV A A 

AA A 

A A 

A A 

A A 

A A 

A A 

A A 

A A 

Tablee 2A. Oligonucleotide forward primers (F) and reverse primers (R) used for the generation of the 
OpaBB mutants by alanine substitution. 
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5'-GTAGCACCGACGTCGATATA-3')) were based on the DNA sequences of 
phoEphoE situated upstream (518 bp -538 bp) and downstream (1377 bp -1379 bp) 
thee opa sequence in the plasmid pMR05-opaB. All overlapping mutagenic 
primerss used in site directed mutagenesis are depicted in Table 2. To obtain the 
mutatedd upstream fragment the first PCR was performed with the general 
forwardd primer and the mutagenic reverse primer on the pMR05-opaB 
template.. In the second PCR the mutagenic forward and the general reverse 
primerr with pMR05-opaB as template was used to generate the mutated 
downstreamm fragment of opaB. The complementary products from the two 
precedingg reactions were combined and used as template in a third PCR with 
thee general forward and general reverse primer. The resulting PCR products 
weree cloned into pCR2.1 and subcloned into pMR05 using Pstl and Bglll 
(Roche,, Mannheim, Germany). The sequences of the inserts were checked by 
DNAA sequencing as mentioned above. The resulting plasmids were used for 
transformationn of PC2984. 

Ollgoo Nam* 

OpaB1-mutfw w 

0paB1-mutt rev 

0paB2-mutt fw 

OpaB2-mutt rev 

OpaB3-mutt fw 

OpaB3-mutt rev 

OpaB4-mutt fw 

OpaB4-mutt rev 

0paB5-mutt fw 

0paB5-mutt rev 

OpaB6-mu11 fw 

OpaB6-mu11 rev 

Ollgoo Sequenc e (5' - 3') 

Homologou ss substitutio n mutant s or hybrid s 
ACTGATCCCAGCAAACCTCCCTATCACGAAAGCC A A 

GGGAGGTTTGCTGGGATCAGTTTGTATAATAGGA C C 

AAAGAAAGTAATTCTTCCGTTAACACAAA A A 

AGAATTACTrTCTTTCCATTTTCTGTAAC T T 

ACTAAAAAAGTTGAGTTGCAAAAAAA C C 

AACTTTTTTAGTGGAATATTTATTGT T T 

ACTGAAGAGATAAACAATAGCAGTGG C C 

TATCTCTTCAG II I I 1 1GTGTTAACGG A 

AACTACAAAGAAACCCAAGAACTGAAGAC G G 

GGTTTCTTTGTAGTTATTGTTTTTTTGCA A A 

AGTGGCATCTGGCAAACGGAAAATCAGGA A A 

TTCCTGATTTTCCGTTTGCCAGATGCCAC T T 

Mutant t 

BB 177-183 

BB 77-81 

BB 83-86 

BB 87-90 

BB 93-97 

BB 99-101 

Substitutio n n 

= £ > > 

GPTNKPA A 

NNNKY Y 

VNTK K 

ELQK K 

SSGIW W 

ELK K 

TDPSKPP P 

KESNS S 

TKKV V 

TEE) ) 

NYKET T 

deletion n 

Tablee 2B Oligonucleotide forward primers (fw) and reverse primers (rev) used for the generation of 

thee OpaB mutants (micro-hybrids). 

Statisticall analysis 
Thee results of the binding assay were expressed as geometric means 

withh the standard error of two independent experiments performed in 
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duplicate.. The data were statistically analysed by a one-tailed Student's Mest, 
andd differences were considered significant at P < 0.05. 

OMCC preparation , semi-native-PAG E and wester n blottin g 
Too determine the expression and correct folding of the Opa proteins in 

thee outer membrane, outer membrane complexes (OMCs) were isolated by 
N-lauroylsarcosinee (Sigma, St. Louis, MO, USA) extraction according to the 
protocoll  described by Davies et al. (1990). The protein concentration of all 
sampless was determined with the Pierce protein assay (Pierce, Rockford, 
Illinois,, USA) using bovine serum albumin (BSA) (Sigma, St.Louis, MO, USA) 
ass standard. Equal amounts of all preparations were applied to an 11% semi-
native-polyy acrylamide gel as described previously (10). The wil d type and 
Opaa mutants were detected by western blotting using monoclonal antibody 
4B122 (1:5000) (21). 
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