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A collection of 27 monoclonal antibodies (MAbs) against the S-layer protein (P100) of Thermus thermophilus
HBS8 has been obtained. They have been classified according to their ability to recognize S-layer regions
expressed in E. coli from plasmids containing different fragments of its coding gene, sipA. The accessibility of
the binding sites in hexagonal, trigonal, or tetragonal assemblies of P100 was analyzed by enzyme-linked
immunosorbent assays with six of these MAbs and their respective Fab fragments. When packed hexagonally
as the native S-layer (S1 assemblies), only a small region located near the amino terminus of the P100 was
accessible. However, when P100 was assembled into trigonal (pS2 assemblies) or tetragonal (S2 assemblies)
arrays, most of the protein domains analyzed were easily detected, thus suggesting that P100 is assembled in
S2 and pS2 in a similar way and that these two arrangements are quite different from the S1 assembly.
Relationships between accessibility and sequence predictions are discussed.

Thermus thermophilus HBS is a thermophilic eubacterium
that belongs to one of the oldest phylogenetic groups of the
domain Bacteria (9). As its outermost layer, this organism has
an hexagonal array whose building block, a 100-kDa protein
called P100, has been extensively studied (5-7). The P100
protein has the exceptional ability to form assemblies in vitro
with three different symmetries: hexagonal, trigonal, and tet-
ragonal (3).

The hexagonal arrangements of P100, called S1 assemblies,
are indistinguishable from the paracrystalline S-layer found in
the cells and require for their structural integrity the presence
of peptidoglycan as a component of the structure (3). Thin
sections revealed that S1 crystals are a double protein layer of
hexagonally packed P100 proteins in which the central massive
regions, which correspond to the P6 symmetry axis, interact in
a perfect register (3). Subsequent three-dimensional analysis
(2) revealed that these hexagonal centers were connected in
each layer through double arms at trigonal (P3) centers near
the external surface of the structure.

Analysis of the tetragonal arrays of P100, called S2 assem-
blies, revealed a completely different architecture. These are
single layers of protein in which the structural units appear as
trimers of P100. The mass distribution of these assemblies was
similar in general architecture to that built up by gram-nega-
tive porins (4, 17), a feature that may support the proposed
common origin for both S-layers and porins (12).

While for S1 and S2 assemblies of P100 the presence of
additional cell envelope components (see above) is required,
purified P100 protein assembles into trigonal (pS2) arrays (3).
The analysis of this trigonal structure revealed an architecture
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that resembled that of an intermediate structure between the
hexagonal (S1) and tetragonal (S2) assemblies. Supporting this
view were the findings that pS2 could be obtained from S1
assemblies by detergent (Triton X-100) treatment after diges-
tion of the peptidoglycan layer, and that, conversely, S2 could
be transformed to pS2 assemblies through EDTA-Triton
X-100 treatments.

The structural transformations of P100 assemblies described
above were observed in situ as a consequence of a rearrange-
ment process that does not require any step of subunit disso-
ciation (3). Thus, such transformations must rely on the per-
sistence of some of the essential interactions during the
rearrangement process. In this sense, the single common motif
found for all three assemblies was the presence of trigonal
interactions that was correlated with the presence of calcium-
dependent P100 trimers, which are strong enough to withstand
even boiling in 10% sodium dodecyl sulfate solutions (3, 5).

In order to analyze which domains of the P100 protein were
implicated in the rearrangement of the protein to accommo-
date the shift from the native hexagonal structure to the tri-
gonal and tetragonal assemblies, we produced a number of
monoclonal antibodies against different P100 regions. In this
article we describe the characterization of monoclonal anti-
bodies (MADbs) against P100 and their accessibility to the cor-
responding epitopes in each of its three possible regular as-
semblies.

MAbs against P100. To obtain antibody-producing hybrido-
mas, 8-week-old BALB/c mice were immunized by standard
procedures with P100 protein purified from sodium dodecyl
sulfate-polyacrylamide gels (SDS-PAGE) (1). Spleen cells
were subsequently fused to mouse myeloma X63/Ag 8.653 cells
as previously described (13, 16). Fusions were analyzed
through radioimmunoassays (8, 16) by using P100 protein pu-
rified from gels as antigens.

A total of 27 hybridomas were selected because their culture
supernatants strongly recognized the P100 protein. Once
cloned and expanded, BALB/c mice were used to obtain the
corresponding ascitic fluids with high MAb concentration.
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FIG. 1. Expression in E. coli of different slp4 regions. (A) Plasmids and promoters used for the expression of sip4 fragments in E. coli are shown at left. Coding
regions for slpA are hatched. Restriction enzymes: Ac, Accl; B, BamHI; Bs, BstEIL; K, Kpnl; N, Ndel; P, Pstl; X, Xmal; and Xh, Xhol. (B) Plasmids pMF51 (lane 2),
pMF512 (lane 3), pMF511 (lane 4), pMF412 (lane 5), pMF413 (lane 6), pMF41 (lane 7), and pMF49 (lane 8) were expressed at 37°C for 6 h in the presence of
isopropyl-B-p-thiogalactopyranoside (2 mM) in E. coli strain BL2IDE3 (pMFS5. . . series) or JM109 (pMF4. . . series), and specific P100 fragments were subsequently
detected with polyclonal rabbit a-P100 antiserum by Western blotting of total protein extracts. Samples in lanes M and 1 correspond to membrane proteins from 7.
thermophilus HB8 and from a cell extract of E. coli IM109, respectively. The sizes (in kilodaltons) of the expressed P100 fragments are shown at right.

The molecular characterization of the MAbs demonstrated
that most of them belonged to the G1 (18 MAbs) and G2b (3
MADbs) isotypes. The other six MAbs belonged to the M iso-
type. Unfortunately, two of these MAbs (2AD10 and 3EE12)
were the only ones that recognized the carboxylic end of the
protein, a fact that made their use in enzyme-linked immu-
nosorbent assays (ELISA) extremely difficult (see below).

Expression of different P100 fragments in Escherichia coli.
To identify which regions of the P100 protein were recognized
by the MAbs, we expressed plasmids containing different re-
gions of the P100 encoding gene (slpA) in E. coli (7). The
expression products were further used in Western blot (immu-
noblot) experiments to localize P100 regions specifically iden-
tified by the MAbs (from ascitic fluid).

Figure 1A shows the plasmids used for this identification,
along with the promoters used for their expression in E. coli.
As shown in Table 1, all but plasmids pMF51 (6) and pMF49
caused expression of a protein band whose electrophoretical
mobility corresponded to the size expected from their respec-
tive constructions.

TABLE 1. Expected sizes and observed electrophoretic mobilities
of the products expressed in E. coli from different plasmids

Plasmid Size (in kDa) of Observed

expected product mobility (kDa)
pMF51 100 52
pMF511 27.9 30
pMF512 21.8 23
pMF49 89.5 37
pMF41 71 74
pMF413 47.2 54
pMF412 31 42

Plasmids pMF51 (6), pMF511, and pMF512 are derivatives
from pAR3038 (15) in which regions corresponding to the
amino terminus of sip4 were expressed from a T7 promoter.
The expression by pMF51 of a 52-kDa protein (Fig. 1B, lane 2)
instead of the full-size P100 protein (Table 1) was previously
demonstrated to be due to the proteolytic processing of the
corresponding expression product in lon™ cells (6). Since the
amino-terminal sequencing of the fragment expressed by
pMF51 revealed that it started at the first ATG codon of sipA4,
a positive identification by an MAb allowed us to localize the
corresponding epitope at the first half of the protein.

Plasmids pMF49, pMF41, pMF413, and pMF412 are deriv-
atives of pMF4 (6) and pUC9 (19) from which the slpA frag-
ments shown in Fig. 1A were expressed from the pLac pro-
moter. As noted before (Table 1), all but pMF49 caused
expression of a protein band that was recognized by «-P100
polyclonal antiserum and whose mobility corresponded to that
expected from the sequence. The expression of a 37-kDa pro-
tein from cells carrying plasmid pMF49 (Fig. 1B, lane 5), in-
stead of the expected 89-kDa protein could probably be related
to the same effect observed for pMF51 (Fig. 1B, lane 2).

Identification of P100 domains recognized by the MAbs. The
first step in the identification of the region recognized by the
MADbs was to separate them on the basis of which of them
recognized the product of pMF511 (amino acids 1 to 261) and
which of them recognized the product of pMF41 (amino acids
288 to 917). MAbs specific for the amino terminus were sub-
sequently selected for their ability to recognize the product of
pMF512 (amino acids 1 to 196). MAbs resulting from this
selection were then assayed for their ability to recognize the
product of pMF49 (starting at amino acid position 98).

A similar approach was followed to classify the MAbs which
recognized the products of pMF41. Those that did not recog-
nize the product of pMF413 should be directed against an
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FIG. 2. Distribution of MAbs by their specificity along the P100 sequence. Each MAb was assayed by Western blot experiments to identify the different P100
fragments expressed (see Fig. 1). The name of each MAb is shown below the P100 region that contains the corresponding epitope.

epitope located between positions 728 and 917, and those that
recognized the expression product of pMF413 and not the one
from pMF412 were specific for the differential region (posi-
tions 556 to 728). Finally, those which recognized the product
of pMF412 (positions 288 to 556) were divided by their ability
to recognize or not the products of pMF51, which ends at the
middle of the protein.

The classification of MAbs through the process described
above is shown in Fig. 2. Of 27 MAbs analyzed, 11 recognized
the product of pMF512 but not the product of pMF49 and
therefore were specific for an apparently highly immunogenic
region located in the first 98 amino acids of P100 (from the
starting ATG to the Xhol site). Computer analysis of this
region predicts the existence of a sequence (amino acids 77 to
89) with an antigenicity index (AI) higher than 0.9 according to
the system of Jameson and Wolf (10). Another important
group of MAbs was found to recognize a region between
amino acids 98 and 196, where computer predictions suggest
the existence of a highly immunogenic region (positions 109 to
116). An average of two to three MADbs was identified for each
of the remaining regions of the P100 sequence, except for the
region between amino acids 196 and 261 (BstEII-PstI region of
P100), which was recognized only by MAb 2AF1.

Accessibility of P100 regions in S1, S2, and pS2 assemblies.
In order to analyze the accessibility of different P100 regions in
S1, S2, and pS2 assemblies, a high affinity MAb belonging to
the G1 isotype was selected for each of the regions studied.
The MADs selected, 1AE1, 3EBY, 2AF1, 3EB10, 2DD11, and
2BH7, were purified from ascitic fluid (8) and their respective
Fab fragments were obtained and separated by affinity chro-
matography as described previously (14).

The amount of complete MAbs and Fab fragments bound
(after 18 h of incubation at room temperature) to 200 ng of
P100 protein assembled in hexagonal (S1), trigonal (pS2), or
tetragonal (S2) arrays (as verified by electron microscopy) was
quantified through ELISA. The three different assemblies
were obtained from purified cell envelopes of Thermus ther-
mophilus HBS8 as previously described (3).

The score results of at least 10 of these ELISAs are pre-
sented in Fig. 3. In this figure, the percentage of the adsorption
values with respect to a rabbit polyclonal antiserum «-P100 (6)
were represented for each of the three P100 assemblies. As a
negative control we used the values obtained with a purified
ribosomal protein (200 ng) with the same a-P100 polyclonal
antiserum.

As may be observed, most of the P100 regions remained
undetected when packed in hexagonal arrangements (S1), with

the exception of the epitope recognized by MAb 3EB9 (posi-
tions 98 to 196). Similar data were obtained with the respective
Fab fragments.

By contrast, in S2 and pS2 assemblies most of the P100
domains were detected with the MAbs thus showing that the
transition from hexagonal (S1) to trigonal (pS2) or tetragonal
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FIG. 3. Accessibility of MAbs and the corresponding Fab fragments to dif-
ferent P100 regions. The percentage of recognition for each of the MAb (black
bars) indicated and for its Fab fragment (white bars) are given relative to the
value obtained with a polyclonal rabbit antiserum in ELISAs for the hexagonal
(S1), trigonal (pS2), and tetragonal (S2) assemblies of the P100 protein.
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(S2) arrays implies the movement to the surface of protein
domains that were formerly inaccessible. This is especially rel-
evant for MAbs 1AE1, which recognizes a region in the amino
terminus of the protein, and 3EB10, 2DD11, and 2BH7, which
recognize regions between positions 288 and 728.

The differences in accessibility described above pose the
question of whether these differences are due to an intramo-
lecular rearrangement of protein domains or whether they are
the consequence of the different quaternary assembly of the
P100 monomers. As no high-resolution structural model of the
monomers is available, we suggest that the epitopes recognized
by these MAbs are located in an inner part of the S1 structure,
whereas they are located at the surface in S2 and pS2 crystals.
In addition, such differences in accessibility between S1 and
S2/pS2 could be also explained by taking into account the
bilayer nature of the S1 structure, with the same surface being
exposed on both sides and most of the protein mass remaining
undetected in the internal massive P6 centers. By contrast, the
monolayer nature of S2 and pS2, as well as the lack of the
massive hexameric centers, implies a higher surface/protein
ratio and, in consequence, a more extended conformation of
the P100 protein.

Especially relevant are the data obtained with MAb 1AE1.
The region including the epitope recognized by this MAb has
been proposed to contain a peptidoglycan-binding motif (11).
The presence of such a motif is in good agreement with the
observed requirements for peptidoglycan to preserve the S1
assembly (3). Thus, if such a motif were responsible for the
peptidoglycan binding in the S-layer (indistinguishable from S1
assembly), it follows that this region should have an internal
location in S1 crystals. The low accessibility to this region of
MAD 1AE1 is in good agreement with this hypothetical loca-
tion. In addition, it makes sense that degradation of pepti-
doglycan, required for the conversion of S1 to pS2, allows this
domain to be exposed on the surface, leading to a dramatic
increase in its accessibility (Fig. 3).

A partial reaction of S1 crystals could be achieved only with
MAD 3EB9Y, thus suggesting that at least part of the region
between amino acid positions 98 and 196 is located near the
surface of the crystal, but not as exposed as it is in S2 arrange-
ments. With pS2, a detection level similar to that of S1 was
obtained, thus supporting the proposed intermediate nature of
this structure. However, the decrease in the detection level
with the corresponding Fab fragment remains unexplained.

There is a region between amino acids 196 and 261, recog-
nized by MAb 2AF1, that remains poorly detected in all three
of the arrangements studied. This implies that this region re-
mains protected and suggests that it maintains a similar con-
formation in all three arrangements. A computer analysis of
the sequence of this region predicts the presence of a strong
calcium-binding site (positions 202 to 220) (7, 18) which could
be responsible for the trimeric interaction detected as the
single common structural and biochemical motif in the three
arrangements of P100 (3).

The data presented in this paper show that only small re-
gions of the P100 protein are exposed to the surface in the
S-layer (identical to S1 crystals) of 7. thermophilus and that the
previously described structural transformations to trigonal and
tetragonal arrangements imply an extreme reorganization
which leads to an increase of the accessibility to MAbs along
the whole polypeptide sequence. Whether this change in the
accessibility of the different epitopes is due to an intermono-
meric rearrangement of the protein or to a different quaternary
structure of the protein remains unresolved until a more de-
tailed model of the P100 subunit structure can be obtained. In
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addition, the data presented in this work are compatible with
the existence of a peptidoglycan-binding domain at the amino
terminus of the P100 protein and of a putative calcium-binding
domain (positions 202 to 220). The binding of calcium by this
domain seems to be the most important, if not the only inter-
action that remains stable through all three structural arrange-
ments of the S-layer protein of T. thermophilus HBS.
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