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Summary. We have determined the sequence of the lamB 
gene from Klebsiella pneumoniae. It encodes the precur- 
sor to the LamB protein, a 429 amino acid polypeptide 
with maltoporin function. Comparison with the Es- 
eheriehia coli LamB protein reveals a high degree of 
homology, with 325 residues strictly identical. The N- 
terminal third of the protein is the most conserved part 
of the molecule (1 change in the signal sequence, and 13 
changes up to residue 146 of the mature protein). Dif- 
ferences between the two mature proteins are clustered 
mainly in six regions comprising residues 145-167, 
173-187, 197-226, 237-300, 311-329, and 367-387 
(K. pneumoniae LamB sequence). The most important 
changes were found in regions predicted by the two- 
dimensional model of LamB folding to form loops on the 
cell surface. In vivo maltose and maltodextrin transport 
properties ofE.  eoli K12 and K. pneumoniae strains were 
identical. However, none of the E. eoli K12 LamB-specif- 
ic phages was able to plaque onto K. pneumoniae. Native 
K. pneumoniae LamB protein forms highly stable trimers. 
The protein could be purified by affinity chromatography 
on starch-Sepharose as efficiently as the E. coli K12 
LamB protein, indicating a conservation of the binding 
site for dextrins. However, none of the monoclonal anti- 
bodies directed against native E. coli K12 LamB protein 
recognized native purified K. pneumoniae LamB protein. 
These data indicate that most of the variability occurs 
within exposed regions of the protein and provide addi- 
tional support for the proposed model of LamB folding. 
The fact that the N-terminal third of the protein is highly 
conserved is in agreement with the idea that it is part of, 
or constitutes, the pore domain located within the trans- 
membranous channel and that it is not accessible from 
the cell surface. 
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Introduction 

In Escherichia coli K12, LamB (also called lambda recep- 
tor, or maltoporin) is a trimeric integral outer membrane 
protein. It constitutes pores specifically involved in the 
diffusion of maltose and maltodextrins across the outer 
membrane (Charbit et al. 1988 and references therein). 
LamB also serves as a cell surface receptor for a number 
of phages including phage lambda (Charbit and Hof- 
nung 1985). In the absence of precise crystallographic 
data on the three-dimensional structure of the protein, 
most of our knowledge of LamB organization comes 
from genetic, immunological, and biochemical ap- 
proaches. On this basis we have proposed a two-dimen- 
sional model of LamB folding in which the protein spans 
the membrane 16 times (Charbit et al. 1988, 1991 ; Fig. 3), 
with loops protruding on either side of the lipid bilayer. 
This model is compatible with the recently published 
structure ofporin from Rhodobaeter capsulatus, a trimer- 
ic integral membrane protein consisting of three 16- 
stranded 13-sheet barrels (Weiss et al. 1990). 

The presence of a maltose-inducible protein homolo- 
gous to the LamB protein from E. coli K12 in the outer 
membrane of Klebsiella pneumoniae has been reported 
previously (Pick and W6ber 1979). Gene transfers be- 
tween E. eoli and K. pneumoniae strains showed that 
LamB proteins from both species could serve as mal- 
todextrin porins. However, only the LamB protein from 
E. eoli could confer phage lambda sensitivity, and that 
also when expressed in K. pneumoniae (de Vries et al. 
1984; Wehmeier et al. 1989). Moreover, immunological 
cross-reactivities between these two proteins have been 
demonstrated (Bloch and Desaymard 1985), suggesting 
a high degree of homology between the two polypeptide 
sequences. 

Sequences of the lamB genes from E. coli, Shigella 
sonnei, and Salmonella typhimurium have been previously 
determined (C16ment and Hofnung 1981; Roessner and 
Ihler 1987; Francoz et al. 1990). Comparison of their 
deduced amino acid sequences revealed a high degree of 
homology. K. pneumoniae is less closely related to E. eoli 



than S. sonnei and S. typhimurium, as shown by com- 
parisons of chromosomal DNAs by hybridization meth- 
ods (Brenner 1978). Therefore, in order to obtain addi- 
tional information on Lamb variability we decided to 
determine the sequence of the lamB gene from K. pneu- 
moniae. The deduced peptide sequence was compared to 
the three other LamB sequences. Some of the biological, 
biochemical and immunological properties of the LamB 
protein from K. pneumoniae LamBKp were also studied. 

Materials and methods 

Bacteria, phages, media, and chemicals. K. pneumoniae 
strain KAY 2026 : F-arg-oua-P1 ~ (Sprenger and Len- 
geler 1984) was used as a source of lamB DNA, as well 
as for LamB protein purification. E. coli strains P4X8 
and pop6510 (Charbit et al. 1991) and S. typhimurium 
smooth SL3770 and rough SL3749 strains (Roantree et 
al. 1977) were used as controls in transport experiments 
and immunological comparisons. 

Phage )~ with a wild-type host range and its mutants 
with extended host range ()~h ° and )~hh*), and phages 
AC6, AC7, AC28, AC30, AC43, AC50, AC57, AC81, 
AC95, 21EL, K10, also using LamB from E. coli as a 
specific receptor, were described previously (Braun- 
Breton and Hofnung 1981; Charbit and Hofnung 1985). 
Sensitivity to phages was assayed by the spot test 
procedure on lawns of the different strains plated onto 
ML plates. 

Media, chemicals, and growth conditions were as 
described previously (Charbit et al. 1991). 

DNA techniques. The lamB gene from K. pneumoniae was 
originally cloned by M. Dahl (personal communication) 
into a phagemid, )~SE6, derived from 3. (Elledge and 
Walker 1985), after partial digestion of chromosomal 
DNA with Sau3A and insertion into the BamHI site of 
the )~SE6 vector. The recombinant phage library was 
further screened for complementation of an E. coli 
AmalE strain. The complementing SE6/K1 recombinant 
lambda phage contains a 15 kb Sau3A DNA insert 
(Fig. 1). 

Nine oligonucleotides, 20-29 bases in length, were 
used as primers for DNA sequence analysis. They were 
synthesized on a Milligen/Bioresearch Cyclone Plus 
DNA synthesizer (Millipore). The universal M 13 reverse 
primer (rp:l 7mer - 4 0  from Pharmacia) was also used. 
Single-stranded phage DNAs were prepared using stan- 
dard techniques (Sambrook et al. 1989). DNA sequenc- 
ing was performed using dideoxy chain terminators with 
a Sequenase Version 2 kit (USB, Cleveland, Ohio). The 
lamB gene sequence was determined on both strands 
using a step-wise strategy which consisted in moving the 
priming site for the extension-labelling reactions along 
the lamB DNA in a progressive fashion. Both DNA 
strands have been sequenced in an overlapping fashion. 

Purification of the LamB protein from K. pneumoniae. 
Purification was conducted in two steps: LamB was 
solubilized from the outer membrane using the standard 

373 

Sau3A 15kb BamHI 

Mo [G- M~[F-Mo[E-Mo[K- L~rnB-Mo[M' 

Ec 

Pstl 
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Fig. 1. Recombinant phages and phagemids. A 15 kb DNA insert, 
comprising almost the entire malB region of Klebsiella pneumoniae, 
was subcloned into the % vector SE6 to yield recombinant phage 
SE6/K1. The lamB gene was further subcloned into the phage 
vector M13mpl8 (Biolabs, New England), after digestion of SE6/ 
K1 DNA with EcoRI and BamHI, and subcloning the 3 kb EcoRI- 
BamHI fragment comprising the entire LamB gene, into the corre- 
sponding sites of M13mpl8 phage DNA. Two additional recom- 
binant phagemids were also constructed to facilitate the sequencing. 
A 1.9 kb PstI fragment carrying the distal part of gene malK and 
most of the lamB gene was inserted in both orientations into phagemid 
vector pTZ18R (Pharmacia LKB, Uppsala) 

procedure described in Gabay and Yasunaka (1980). 
After concentration by ethanol precipitation, the LamB 
preparation was resuspended in 2% Triton X100. LamB 
was then further purified by affinity chromatography on 
a starch-epoxy activated Sepharose 6B (Pharmacia) col- 
umn (Francis et al., 1991). 

Transport experiments. Conditions for measuring in vivo 
maltose and maltodextrin transport by K. pneumoniae 
were those previously described for E. coli K12 (Szmelc- 
man and Hofnung 1975). Uptake of [14C] maltose was 
measured at a low concentration, 4 gM. The rate of 
maltose uptake was calculated from the slope of the 
uptake curve obtained for three time points (30 s, 60 s, 
and 90 s). The permeability of the different strains to- 
ward maltopentaose was examined using a competition 
assay. Uptake of [14C] maltose was measured at a high 
concentration, 104 gM, in the presence or absence of 
240 gM maltopentaose. In wild-type E. coli cells, mal- 
topentaose is only able to pass through the LamB pores 
to the periplasmic space where it competes with the 
labeled maltose for uptake into the cells (Wandersman 
et al. 1979). Percentage inhibition was calculated for each 
strain as 100% minus the fraction of transport activity 
remaining in the presence of maltopentaose. 
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Immunodetection experiments. Immunoblotting was per- 
formed as described previously (Charbit et al. 1991). 
Preparations were loaded onto 10 % SDS-polyacrylamide 
gels after heat-denaturation for 5 min at 100 ° C in sample 
buffer (Sambrook et al. 1989). After electrophoretic 
transfer to nitrocellulose filters, the samples were probed 
with a polyclonal serum raised in rabbits against the 
denatured LamB protein from E. eoli K12, which only 
recognizes denatured monomers. 

Enzyme-linked immunosorbent assays (ELISA) were 
performed as described previously (Molla et al. 1989). 
Microtitration plates were coated with LamB proteins 
purified from a starch-Sepharose column (100 ng of pro- 
tein per well). The LamB protein from K. pneumoniae 
was tested with six monoclonal antibodies (MAb), di- 
rected against cell-surface exposed (E72, E177, E302, and 
E347), or internal (I 141 and I436) determinants of LamB 
from E. eoli K12 (Desaymard et al. 1986). MAbs were 
used at a dilution of 1/2000). Purified LamB proteins 
from E. coli and S. typhimurium were used as positive 
controls. 

Results and discussion 

We have determined the sequence of the lamB gene from 
K. pneumoniae and compared the deduced amino acid 
sequence of the protein to the sequences of LamB pro- 
teins from E. eoli (LamBs°), S. sonnei (LamBss) and 
S. typhimurium (LamBs0, which had been previously 
determined (C16ment and Hofnung 1981; Roessner and 
Ihler 1987; Francoz et al. 1990). We also performed pre- 
liminary biochemical, immunological, and functional 
characterization of the LamBKp protein. These data will 
be discussed separately below. 

Comparison of  four enterobaeterial LamB protein 
sequences 

Comparisons of LamB from S. sonnei (Roessner and 
Ihler 1987) with LamBE~ revealed only 7 amino acid 
substitutions, clustered between positions 381 and 390 in 
the C-terminal part of the LamBss protein. This region 
was shown to be responsible for the ability of LamBss but 
not LamBEc to trigger spontaneous ejection of phage 
lambda DNA in vitro (Roessner and Ihler 1987). In 
LamB from S. typhimurium, more differences were 
found, providing additional information on the topologi- 
cal organization of the protein (Francoz et al. 1990). The 
variability here was clustered into five distinct portions 
of the polypeptide chain. In these variable regions, more 
than 50% of the residues were changed. Remarkably, 
they correspond essentially to regions predicted to be 
extramembranous loops on our 2D model of LamBE~ 
folding (Charbit et al. 1988). In contrast, the N-terminal 
third of the LamBst protein appeared to be extremely 
conserved (only 4 % amino acid changes). 

Determination of the sequence of the lamB gene from 
K. pneumoniae (Fig. 2) confirmed that LamBKp was more 
distantly related to LamBE¢ than LamBst. The lamB gene 
from K. pneumoniae encodes a protein of 429 amino 

acids. There is only one change in the region of the signal 
sequence of LamBKp as compared to that of LamBs° 
(a met~leu  change, at position -2) .  Thus, it is reason- 
able to assume that pre-LamBKp is cleaved during export 
at the same site to generate a 404 amino acid long mature 
protein. 

The N-terminal third of LamBKp is the most conserved 
part of the protein (9 % amino acid changes up to residue 
145). Interestingly, it was previously shown that most of 
the determinants involved in the sugar-binding domain 
of the E. eoli maltoporin are clustered towards its 
N-terminus (Heine et al. 1988; Ferenci and Lee 1989). 
The sequence of a sucrose-specific porin of K. pneu- 
moniae (ScrY) was recently determined (Schmid et al. 
1991). This porin was shown to be able to complement 
maltoporin function but not phage lambda receptor 
function in a LamB-negative E. coli strain. Some regions 
of homology were found between ScrYKp and LamBEc lo- 
cated mainly in the N-terminal third of the two proteins 
(33.5% identical amino acids between residues 1 and 140 
of LamBEc and residues 95-244 of ScrYKp). We checked 
whether the sequence of LamBKp is more closely related 
to ScrYKp than LamBs°, but did not find a better homol- 
ogy (32% only). 

The first region showing significant variability (59% 
changes) corresponds to the fourth predicted external 
loop of LamBKp (loop e4 on the 2D model of LamBKv 
folding in Fig. 3). The extent of substitutions (from 
residue 146 to 166) corresponds almost exactly to the 
proposed size of the loop on the 2D model of LamB~c 
folding (Charbit et al. 1988). As in the LamBst protein, 
the majority of the amino acid changes are located in the 
distal half of the loop. This suggests that the distal part 
of the loop may be more readily dispensable to LamB 
functions than the proximal part. The second and third 
regions of variability of LamBKp are comprised within 
residues 174 to 186 (33% changes), and 198 to 225 (36% 
changes), respectively. These regions were not predicted 
as external loops of LamB. Interestingly, we previously 
showed that amino acid site 183 corresponds to a permis- 
sive site of LamBEc likely to face the periplasm (Charbit 
et al. 1991). 

The fourth variable region (residues 238-299) encom- 
passes the sixth predicted external loop of the protein 
(loop e6). The alignments of this region of LamBKp with 
the corresponding regions of LamBE¢ and LamBst sug- 
gest that, compared to LamBE~, deletions accompanied 
by insertions occurred, leading to the net loss of 11 
residues in the case of LamBi(p and to the net addition 
of 10 residues in the case of LamBst. It is remarkable that 
the fourth variable region also comprises residues 
267-286 which were predicted to be transmembranous. 
Compared to LamBE~ there are 12 substitutions in 
LamBer, and only 5 in LamBst. Such variability may 
indicate a peculiar position for this segment. One pos- 
sible explanation is that this peptide sequence is on the 
surface of LamB but inside the channel, in a portion 
which is not essential for pore function. 

The fifth region of variability, comprised of residues 
312-328 (31% changes), was predicted to be extracellular. 
The sixth variable region (residues 368-386) encore- 
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Fig. 3. Two-dimensional K. pneumoniae LamB (LamB~p) model. 
The 404 amino acid LamBKp mature protein 2 - D  model is drawn 
according to the rules presented and discussed in Charbit et al. 
1988). The amino acid sequence is shown in the single letter code. 
The number of  transmembranous segments is identical in this model 
and in the model for E. coli Lamb (LamBE,). Amino acid changes 
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between LamBKv and LamBzc are circled. Changes correspond 
strictly to amino acid substitutions only up to residue 249. From 
residue 250, circled residues are those which differ from the LamB~c 
sequence (such as insertions accompanying deletions). The R G D  
motif, in the last proposed external loop, is underlined 

passes the eighth predicted external loop of the protein 
(loop e8). In this region, alignments of the amino acid 
sequences from the different LamB proteins suggest that, 
as in loop e6, deletions occurred accompanied by inser- 
tions. Compared to LamBEo, loop e8 would be six re- 
sidues shorter in LamB~:p, and four residues shorter in 
LamBst. 

< 

Fig. 2. D N A  sequence of  the lamB gene from K. pneumoniae. 
Comparison of  the amino acid sequences of  the LamB proteins 
from four enterobacteriae. The upper line shows the nucleotide 
sequence of  the lamB gene from K. pneumoniae. The deduced amino 
acid sequence is shown below the nucleotide sequence. The start 
codon and the corresponding methionine of  the precursor form of  
LamB are indicated in bold letters, as well as the translation stop 
codon. The probable start codon of  the mature LamB protein has 
been underlined. Numbers above the nucleotide sequence indicate 
the numbers of  amino acids of  the mature protein. The LamB 
sequences from K. pneumoniae K A Y  2026 (first line), Escherichia 
coli K12 (second line), Shigella sonnei (third line) and Salmonella 
typhimurium LT2 are shown. Identical amino acids are noted as 
points. Gaps for optimal alignment with the LamB E. coli sequence 
are denoted as dashes 

In the last predicted external region of LamB, between 
residues 368 and 392, there are only four residues con- 
served with LamBs° (SRGD). A tetrapeptide RGDS, 
present in the extracellular protein fibronectin, was 
previously shown to be responsible for the ability of 
fibronectin to bind mammalian cells. In this motif, the 
RGD residues are critical for the interaction. RGDS has 
been found in several other proteins, including LamBEc 
(Pierschbacher and Ruoslahti 1984). It is tempting to 
speculate that this RGD motif, which is conserved in the 
four LamB sequences available, may have a functional 
role in the bacterial infection process allowing, for exam- 
ple, efficient adhesion of  bacteria to cells expressing 
fibronectin receptor on their surface. This point is pre- 
sently under investigation in our laboratory (D. O'Cal- 
laghan, in preparation). 

Finally, the size and extent of changes found in the 
different LamB proteins are significantly more important 
than those found in OmpA (Cole and Maldener 1986) 
and PhoE (Van Der Ley et al. 1987) proteins. This could 
be related to the existence in LamB of loops larger than 
these in the two other proteins. There are two main 
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hypotheses to explain the high degree of local variability 
that may lead to different topological interpretations: 

1. Selective pressure. Polymorphism represents a safe- 
ty mechanism by which the various enterobacterial spe- 
cies can avoid cross-sensitivity to noxious external 
agents. It is thus clustered in exposed at the cell surface. 

2. Structural constraints. Variable regions correspond 
to regions of the proteins the role of which is not tightly 
sequence-dependent. Such regions would, thus, allow 
passive accumulation of mutations without affecting the 
localization, folding, and functions of the protein. In 
agreement with this second hypothesis, we previously 
showed that "permissive" regions can be identified in 
LamB, which allow the insertion of foreign peptide 
sequences without affecting most of the biological 
properties of the protein (Charbit et al. 1986, 1991). 
These regions generally correspond to loops on the sur- 
face of the protein which protrude at either side of the 
outer membrane. Therefore, we favor this interpretation 
of the variability for the topological organization of the 
LamB protein. 

In vivo and in vitro properties of K. pneumoniae LamB 
protein 

We first performed a functional, biochemical, and im- 
munological characterization of the LamBKp protein. In 
liquid culture, K. pneumoniae can utilize maltose as effi- 
ciently as E. eoli K12 (comparable growth rates). As 
previously observed (Wehmeier et al. 1989), no difference 
was found between the in vivo maltose transport efficien- 
cies of E. coli K12 and K. pneumoniae KAY 2026). We 
assayed maltodextrin transport by measuring inhibition 
of maltose transport by maltopentaose (see Materials 
and methods). In both E. coli K12, and K. pneumoniae, 
inhibition effects recorded were strong (87% and 92%, 
respectively), indicating that the two strains allowed the 
diffusion of maltopentaose with comparable efficiencies. 
Thus, the differences between the two protein sequences 
have no effect on the pore function of LamB. We also 
assayed the ability of extracted LamBKp to bind to a 
starch-Sepharose column. In our assay, LamBKp, and 
also LamBs,, were able to bind to a starch-Sepharose 
column as efficiently as LamBE¢. This result indicates that 
the starch-binding domain is probably highly conserved. 

We then tested the ability of LamBKp to serve as a 
phage receptor. It had been previously shown that 
LamBKp cannot serve as a phage receptor for wild-type 
L phage (de Vries et al. 1984). Therefore, we tested the 
sensitivity of K. pneumoniae to two host-range mutants 
of L :Lh  ° (a one-step derivative) and Lhh* (a two-step 
derivative), as well as to 11 different LamBEo-specific 
phages (Charbit and Hofnung 1985). None of the 13 
phages produced plaques on K. pneumoniae. 

Stability of the LamBKp trimers was assayed by in- 
cubating LamBKp extracts at four temperatures (37 ° C, 
50 ° C, 70 ° C and 100 ° C) in a buffer containing 2% SDS. 
In these conditions, like LamBEc, and LamBs, trimers, 
LamBKp trimers were still fully stable at 70 ° C. At 100 ° C, 
the three types of trimers dissociated and single bands 

corresponding to the monomeric form of the protein 
were detected (data not shown). This suggests that the 
differences in the three sequences probably occur in re- 
gions which are not involved in subunit association. One 
way to address this point would consist in expressing 
simultaneously at controllable levels LamB from two dif- 
ferent origins in the same strain, and testing for stability 
and functionality of the heterotrimers (work in progress). 

LamBEc and LamBKp appeared to be immunologically 
cross-reactive. In Western blotting experiments, dena- 
tured LamBKp protein extract (in 2% Triton X100) could 
be detected by a polyclonal anti-LamBEc serum. Native 
purified LamBKp was further tested in ELISA for its 
ability to react with six monoclonal antibodies (MAb) 
directed against native LamBEc (four MAbs directed 
against external determinants, E-MAb, and two MAbs 
against internal determinants, I-MAb; Desaymard et al. 
1986). None of them was able to react with native puri- 
fied LamBKo. In contrast, it was shown previously that 
with native LamBst, although the protein was not recog- 
nized by the E-MAb, it was recognized by the I-MAb. 
Thus, immunologically, S. typhimurium is also more 
closely related to E. coli than K. pneumoniae. 

Taken together, these data indicate that, although the 
main changes between the different LamB proteins 
occurred in loops exposed on the cell surface, changes 
also occurred in periplasmic loops of the protein and in 
one case in a putative transmembranous segment. These 
observations are in agreement with our hypothesis ex- 
plaining variability as modifications in dispensable parts 
of the protein and should be complemented by further 
biochemical and immunological characterization, as well 
as crystallographic analysis, of the LamB protein from 
K. pneumoniae. 
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