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Abstract

Bacterial lipoproteins are hydrophilic proteins that are anchored to a cell membrane by N-

terminally linked fatty acids. It is widely believed that nearly all lipoproteins produced by Gram-

negative bacteria are either retained in the inner membrane (IM) or transferred to the inner leaflet 

of the outer membrane (OM). Lipoproteins that are exposed on the cell surface have also been 

reported, but are generally considered to be rare. Results from a variety of recent studies, however, 

now suggest that the prevalence of surface exposed lipoproteins has been underestimated. In 

this review we describe the evidence that the surface exposure of lipoproteins in Gram-negative 

bacteria is a widespread phenomenon and discuss possible mechanisms by which these proteins 

might be transported across the OM.
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Lipoproteins Are a Diverse Family of Membrane-associated Proteins

Bacterial lipoproteins (see Glossary) are peripheral membrane proteins that are attached 

to a cell membrane by N-terminally linked fatty acids. Following their synthesis in the 

cytoplasm, lipoproteins are transported across the cytoplasmic membrane [also known as 

the inner membrane (IM) in Gram-negative bacteria] via the Sec or Tat pathway. Like 

all proteins that are exported through these pathways lipoproteins contain a cleavable N-

terminal signal peptide, but the C-terminus of lipoprotein signal peptides is unique in that it 

contains a four-residue motif known as a lipobox. Although the lipobox consensus sequence 

was originally defined as L(A/S)(G/A)|C [1], the only truly conserved residue is the cysteine 

at the +1 position that is the target of acylation and the N-terminal residue of the protein 

following signal peptide cleavage. After lipoproteins cross the cytoplasmic membrane/IM 

the thiol group of the cysteine residue is acylated by a preprolipoprotein diacylglyceryl 
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transferase (Lgt) (Figure 1). The presence of the lipid moieties facilitates the attachment of 

the protein to the membrane. Subsequently the signal peptide is cleaved by a specialized 

lipoprotein signal peptidase (Lsp or signal peptidase II) and the new N-terminal amide 

group is acylated by an N-acyl transferase (Lnt). Recent results indicate that the last step is 

dispensable in some organisms including Francisella tularensis and Neisseria gonorrhoeae 
[2]. Lipoproteins are heterogeneous in sequence and have been shown to be involved 

in a wide variety of cellular processes including molecular transport reactions, signal 

transduction, maintenance of envelope integrity, and pathogenesis. Based on algorithms 

that search for lipobox motifs in genome sequences and other criteria, most bacteria are 

predicted to encode ~100–200 lipoproteins ([3]; see also http://www.mrc-lmb.cam.ac.uk/

genomes/dolop/).

Early Evidence For the Surface Localization of Lipoproteins in Gram-

negative Bacteria

While lipoproteins produced by Gram-positive bacteria are automatically exposed on the cell 

surface, the ultimate fate of lipoproteins produced by Gram-negative bacteria is not apparent 

a priori. Experiments conducted as early as the 1970s showed that while some Escherichia 
coli lipoproteins are retained in the IM, many others are localized to the outer membrane 

(OM) [4, 5]. It is now known that lipoproteins are transferred to the inner leaflet of the 

OM by the Lol pathway [6]. This pathway uses an ABC transporter (LolCDE) to release 

lipoproteins from the IM, a carrier protein to shuttle cargo from the IM to the OM (LolA), 

and an OM lipoprotein receptor (LolB) (Figure 1). While LolA and LolCDE are highly 

conserved in Gram-negative taxa, LolB has been found only in β- and γ-proteobacteria. The 

only lipoproteins that remain associated with the IM are those that contain a so-called ‘Lol 

avoidance’ signal near the N-terminus. In E. coli and other Enterobacteriaciae the presence 

of an aspartate at +2 leads to the retention of a lipoprotein in the IM, but in other organisms 

the identity of residues at +3 and +4 dictates lipoprotein localization [7, 8].

A few lipoproteins that are either partially or completely exposed on the cell surface 

or that are secreted were also reported in studies conducted as early as the 1980s. An 

interest in conjugation led to the discovery that TraT, an E. coli protein that inhibits 

the transfer of DNA into F+ cells, is a surface exposed lipoprotein [9, 10]. Studies on 

membrane proteins that are immunogenic—and therefore presumably surface exposed—led 

to the identification of multiple surface exposed lipoproteins in the spirochetes Treponema 
pallidum and Borrelia burgdorferi, the etiologic agent of Lyme disease [11, 12]. VacJ, an 

exposed lipoprotein produced by Shigella flexneri, emerged in a genetic screen for factors 

that promote intercellular spreading [13]. In the same time period an enzyme that is secreted 

into the growth medium by Klebsiella pneumoniae called pullulanase (PulA) was also 

shown to be a lipoprotein [14].
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Recent Studies Indicate That Surface Exposed Lipoproteins Are 

Widespread

The number of confirmed or putative surface exposed lipoproteins has been growing over 

the years, but these proteins have been perceived to be rare for several reasons. First, 

reports of extracellular lipoproteins have been sporadic, and have often emerged fortuitously 

from studies that focused on bacterial pathogenesis or vaccine targets rather than on 

protein localization per se. In general, these studies describe protein topology only in 

passing and do not place the localization results in a broader context. Second, because 

extracellular lipoproteins have often been observed in a few organisms that have been the 

subject of intense vaccine research—including organisms such as B. burgdorferi that have 

unusual biological properties—the commonality of surface localization in the larger class 

of Gram-negative bacteria has been unclear. Finally, while the Lol machinery that transfers 

lipoproteins to the inner leaflet of the OM has been well characterized, the mechanism 

by which most surface exposed lipoproteins are localized has remained obscure. The lack 

of evidence for a general transport process may contribute to the perception that surface 

localized lipoproteins are outliers.

The picture that now emerges from combining the results of studies conducted over three 

decades (including some very recent studies) on an increasing number of organisms is that 

surface exposed lipoproteins are widely produced by Gram-negative bacteria. Furthermore, 

while only a few of the lipoproteins produced by some species appear to be surface 

exposed, a much higher percentage of the lipoproteins produced by others reach the cell 

surface. Due to an interest in identifying vaccine targets and in understanding the functional 

properties of surface localized virulence factors, cell surface lipoproteins have recently 

been reported in a variety of pathogens including Helicobacter pylori, Porphyromonas 
gingivalis, Campylobacter jejuni, Legionella pneumophila, Vibrio cholerae, Francisella 
tularensis and Moraxella catarrhalis (Table 1). B. burgdorferi has been shown to produce 

multiple cell surface lipoproteins including OspA/B, OspC, Vsp1, VlsE, Erps, BBE31, 

BBA52, and BBA33 that function in immune system evasion and adhesion both in ticks and 

mammalian hosts [12, 15–20]. Interestingly, there is evidence that about two-thirds of the 

lipoproteins produced by this organism localize to the cell surface [21]. Continuing interest 

in potential vaccine candidates has also resulted in the discovery of multiple cell surface 

localized lipoproteins in Neisseria meningitidis and N. gonorrhoeae [22–31]. Functionally 

characterized proteins include LP2086 (or GNA1870), which binds Factor H and thereby 

plays a role in complement evasion [32], and the heparin binding protein GNA2132 [33]. 

Both proteins are components of a recently approved meningococcal vaccine, 4CMenB 

(Bexsero®) [34]. The surface lipoproteins TbpB and LbpB promote iron acquisition by 

serving as cofactors for transferrin and lactoferrin binding, respectively [35, 36]. Finally, 

NalP functions as a serine protease that catalyzes the proteolytic processing of other cell 

surface proteins [24, 37].

Perhaps unexpectedly, recent studies that focus on basic research questions rather than 

pathogenesis have also yielded evidence for the surface exposure of multiple lipoproteins in 

E. coli. The E.coli K-12 genome encodes 86 putative lipoproteins [3], but for many years 
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TraT was the only lipoprotein that was known to be localized on the cell surface. Lpp, which 

is probably the best-studied bacterial lipoprotein, was shown to exist more than 40 years 

ago in a ‘bound’ form that is tethered to the peptidoglycan layer and a more abundant ‘free’ 

form [38–41], but evidence that the free form is surface exposed emerged only in 2011 [42]. 

A subpopulation of another lipoprotein that binds to peptidoglycan (Pal) also appears to be 

exposed on the cell surface [43]. This finding is consistent with the observation that the Pal 

homolog produced by Haemophilus influenzae is a target for human bacteriocidal antiboides 

[44]. Recent studies showed that RcsF, a lipoprotein that detects envelope stress, is exposed 

on the cell surface through interactions with integral OM proteins [45, 46]. Similar to most 

proteins that are embedded in the OM, these proteins form a closed cylindrical structure 

known as a β barrel. There is also evidence that BamC, a component of the heteooligomer 

that catalyzes the membrane integration of β barrel proteins (the Bam complex), is localized 

on the outside of the cell [47]. Finally, x-ray crystallographic analysis has shown that small 

segments of two lipoproteins that form multimeric pore-forming structures in the OM (Wza 

and CsgG) are exposed on the cell surface [48, 49].

Although the vast majority of studies on Gram-negative bacteria have focused on 

Proteobacteria because of their experimental tractability, their long experimental history, 

or their role in infectious disease, there have been reports of cell surface lipoproteins 

in an evolutionarily distant genus—the Bacteroides–-for many years. These organisms 

have become the subject of intense interest recently because of their abundance in the 

gut microbiome and their connection to multiple aspects of human health. The well-

characterized Sus system for starch utilization produced by Bacteroides thetaiotaomicron 
relies on several lipoproteins, SusDEF, to enhance substrate binding and uptake by a 

TonB-dependent transporter (TBDT) called SusC. These lipoproteins were found to be 

surface exposed using a whole cell proteolysis assay [50]. SusD is protease sensitive only 

when SusC is absent and therefore presumably forms a complex with SusC that renders it 

protease resistant. SusD has many paralogs in the Bacteroides that likely promote nutrient 

binding that may also be surface exposed. Indeed a Bacteroides fragilis paralog (NanU) 

was found to be surface localized by immunofluorescence microscopy [51]. Furthermore, 

a Sus-like locus in Bacteroides ovatus encodes a surface exposed lipoprotein that has endo-

xyloglucanase activity [52]. Additional lipoproteins for which there is evidence of surface 

exposure include the plasminogen binding protein Pbp [53], the adhesins AapA, and AapF 

[54], the glycoproteins BF0522 and BF3567 [55], and the collagen binding protein Cpb1 

[56].

A comprehensive analysis of OM protein topology recently confirmed that the surface 

exposure of lipoproteins in B. fragilis is very common [57]. Treatment of whole cells 

with a protease or a membrane impermeable biotinylation reagent followed by quantitative 

LC-MS/MS revealed that a significant proportion of lipoproteins produced under laboratory 

growth conditions (35% in the protease sensitivity experiment) are surface exposed. As 

expected, many of the exposed lipoproteins are SusD-like proteins or proteins encoded 

adjacent to TBDT genes [57], but some of the exposed lipoproteins have no known function. 

Interestingly, several lipoproteins of unknown function were also found to be localized 

partially or exclusively in the culture medium. A similar proteomic analysis revealed that 

Capnocytophaga canimorsus, a component of the canine oral microbiome that belongs to the 

Wilson and Bernstein Page 4

Trends Microbiol. Author manuscript; available in PMC 2022 August 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



same phylum as B. fragilis (the Bacteroidetes) likewise produces a large number of surface 

exposed lipoproteins [58].

Caveats and Pitfalls in Assessing Lipoprotein Localization

Lipoprotein topology is generally assessed in whole cell assays that examine sensitivity 

to exogenous proteases or membrane-impermeable chemical reagents, release into the 

extracellular environment, or antibody binding, but all of these methods have their 

limitations. Some lipoproteins that are exposed on the cell surface may fold tightly or, in 

certain organisms, be buried under a thick capsule and therefore remain resistant to protease 

treatment. Antibodies may also fail to bind to buried proteins, and some antibodies that 

are useful to detect a protein in cell lysates (e.g., by Western blot) are not useful to detect 

the same protein on the cell surface (e.g., by immunofluorescence). Similar to SusD, some 

surface lipoproteins may be protected as the result of interactions with binding partners. 

Most of the available chemical modifying reagents react with the sides chains of specific 

amino acids (typically lysine and cysteine residues), so the modifiability of a given cell 

surface protein depends on both its sequence composition and the accessibility of its reactive 

groups. Indeed the observation that some of the candidate surface exposed lipoproteins 

detected in the aforementioned global analysis of the OM proteome in B. fragilis [57] 

were protease sensitive but only weakly biotinylated whereas others were protease resistant 

but highly biotinylated illustrates that single methods can be insufficient to determine the 

localization of a lipoprotein.

Standard methods may not only underestimate the number of surface localized lipoproteins, 

but can also generate potentially false positive results. Non-quantitative methods are 

especially prone to generating ambiguous results. In principle, a lipoprotein might be 

immunogenic or detectable by immunofluorescence even if a small fraction of the molecules 

are surface localized. The presence of a few molecules of a lipoprotein on the cell 

surface might reflect dual localization or transient exposure, but might also be due to 

sorting errors or the aberrant behavior of a small population of the protein. Likewise, a 

chemically modified form of a lipoprotein might be detected if a small fraction of the 

cells lyse or become permeabilized. The potential pitfall of chemical modification analysis 

is illustrated by the fact that multiple residues of several abundant intracellular factors 

including molecular chaperones, ribosomal proteins, and IM proteins were biotinylated by a 

cell-impermeable reagent in a recent proteomic analysis [57]. Furthermore, experiments in 

which a gene encoding a lipoprotein is cloned into a plasmid and overexpressed or expressed 

from a non-native promoter might generate localization artifacts.

Because the methods that are used to determine the localization of lipoproteins each has 

its strengths and weaknesses, ideally a combination of methods should be used. At a 

minimum, careful controls for cell integrity and a quantitative analysis should be performed. 

In addition, functional and structural information can also be used to bolster evidence for 

the surface localization of a lipoprotein. The finding that the Neisseria lipoprotein TbpB 

greatly increases the efficiency of iron uptake by the TBDT TbpA taken together with 

crystallographic data that provide a compelling model for the interaction of TbpA and TbpB 

with its ligand leave little doubt that TbpB is surface localized [29, 59]. Historically this 
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sort of rigor has not always been applied, and as a consequence the quality of evidence 

for the localization of lipoproteins is variable. Nevertheless, while the conclusions that 

have been drawn about the localization of specific lipoproteins might be faulty, given the 

accumulated evidence it would be safe to say that the cell surface localization of lipoproteins 

in Gram-negative bacteria is more common than currently believed.

How Do Lipoproteins Reach the Cell Surface?

The surface exposed lipoproteins that have been identified to date are highly heterogeneous 

in sequence and structure and lack common features that might explain how they are 

secreted. Furthermore, in some cases the entire protein and the lipid anchor are transported 

across the OM, but in other cases only part of the protein is exposed on the cell surface while 

the lipid anchor remains in the inner leaflet of the OM. This structural and topological 

diversity may help to explain why different mechanisms have been implicated in the 

localization of the small number of surface exposed lipoproteins that have been examined. 

It has been known for many years that the Klebsiella PulA protein is secreted in its entirety 

by a type II pathway, one of about a dozen numbered pathways used by Proteobacteria and 

some other Gram-negative organisms to secrete or inject many different types of proteins 

into the environment or target cells [14, 60]. Unlike several other pathways that transport 

their substrates across both cell membranes through a single continuous channel (e.g., the 

type III, IV, and VI pathways), the type II pathway recruits substrates following their 

translocation across the IM and can therefore access lipoproteins. A few other lipoproteins 

including the N. meningitidis NalP protein, the H. pylori AlpA protein, the C. jejuni CapA 

protein, and the Bordetella pertussis SphB1 protein are exposed on the cell surface by the 

autotransporter (type Va) pathway [24, 61–63]. Autotransporters are proteins that contain an 

N-terminal extracellular (‘passenger’) domain and a C-terminal β barrel domain that resides 

in the OM. In addition to catalyzing the membrane insertion of the β barrel domain, the Bam 

complex also appears to play an important role in facilitating the secretion of the passenger 

domain [64]. Although most passenger domains move progressively across the OM in a 

C-to-N terminal direction until they are fully secreted [64, 65], the lipid moiety of NalP 

remains tethered to the inner leaflet of the OM while the bulk of the ~760 residue passenger 

domain is exposed on the cell surface [24].

Entirely different mechanisms have been implicated in the surface exposure of small 

segments of lipoproteins. The E. coli RcsF protein has a transmembrane topology in which 

the acylated N terminus and a short unstructured region are exposed while the C terminus 

remains in the periplasm. Remarkably, the exposure results from the threading of RcsF 

through the lumen of β barrel proteins [45, 46]. The formation of these unusual protein 

complexes occurs during OM protein assembly and requires the Bam complex. When OM 

defects compromise the activity of the Bam complex RcsF remains in the periplasm, where 

an interaction between its C-terminal domain and an IM protein activate a stress response 

[46]. In another scenario, the pore-forming proteins Wza and CsgG are first targeted to the 

OM by the Lol system as monomers. C-terminal or internal segments of the monomers 

subsequently interact to form homooligomeric α-helical or β-stranded barrels that have a 

hydrophobic exterior and that insert into the OM in a potentially spontaneous, Bam-complex 

independent fashion [48, 49, 66]. The short loops that connect the structural elements of the 
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barrels become exposed upon membrane integration. The C-terminus of the 58 residue E. 
coli lipoprotein Lpp may also be exposed through a similar oligomerization reaction [42]. It 

should be noted, however, that lipoproteins that are threaded through other proteins or that 

form large oligomeric complexes probably represent special cases that may reach the cell 

surface by unusual processes.

To date, the most systematic effort to identify a general pathway for the transfer of 

lipoproteins across the OM has involved an analysis of proteins produced by B. burgdorferi, 
an organism that lacks all of the numbered secretion pathways found in other Gram-negative 

bacteria. The best characterized proteins, OspA and OspC/Vsp, have been shown to be 

secreted in their entirety and anchored to the outer leaflet of the OM [67]. The secretion 

of OspA requires that the protein remain in at least a partially unfolded translocation-

competent conformation [67–69]. Translocation is mediated by an unstructured N-terminal 

‘tether’ peptide that appears to prevent premature folding in the periplasm. The observation 

that C-terminal epitope tags attached to OspA derivatives that are trapped in the periplasm 

are selectively exposed on the cell surface provides evidence that translocation is initiated 

at the C-terminus but does not depend on a specific targeting peptide [68]. Surprisingly, a 

fluorescent reporter protein is exposed on the cell surface when it is fused to either the OspA 

tether or an N-terminal peptide derived from a periplasmic lipoprotein [70]. This finding 

suggests that lipoproteins are localized to the cell surface by default but can be retained in 

the periplasm by sequence-specific signals. Based on the available evidence, a model has 

been proposed in which many lipoproteins are transiently anchored to the inner surface of 

the OM and kept unfolded by periplasmic ‘holding’ chaperones [67]. The proteins would 

then subsequently be transferred to an unidentified ‘flippase’ that mediates cell surface 

exposure. In this regard it is noteworthy that LolB is only found in β- and γ-proteobacteria 

and not in organisms such as B. burgdorferi and B. fragilis that secrete a large number of 

lipoproteins. It is conceivable that in the absence of LolB lipoproteins are often transferred 

from LolA to a periplasmic factor that directs its cargo to a surface localization pathway.

While it is not yet clear if the results obtained from studies on Borrelia can be generalized 

or if there is a common pathway that is used for the extracellular localization of the majority 

of lipoproteins in Gram-negative bacteria, at least in theory there are many different ways 

that lipoproteins might reach the cell surface. It is tempting to imagine that surface exposed 

lipoproteins are first targeted to the inner leaflet of the OM and then secreted by a dedicated 

transport system analogous to the hypothetical Borrelia flippase that recognizes substrates 

based on sequence or structure (Figure 2, Key Figure, pathway 1). Because the periplasm 

lacks ATP, the transport reaction would presumably be driven by a different energy source 

(e.g., folding of the protein in the extracellular space). Although no obvious candidates 

have emerged in any organism, it is conceivable that the Bam complex plays a role in this 

transport process (Figure 2, pathway 2). Indeed the depletion of BamA reduces the levels 

of the surface lipoproteins OspA and CspA in B. burgdorferi [71]. Given that the Bam 

complex is required for the assembly of β barrel proteins (including potential lipoprotein 

transporters), however, it is not clear if the decrease is a direct or indirect effect of Bam 

complex depletion. While the Bam complex might not function as a lipoprotein transporter 

per se, in cases where a lipoprotein acts in conjunction with a β barrel protein (e.g., a 

TBDT) it might facilitate interactions between the lipoprotein and its binding partner. The 
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lipoprotein might then reach the cell surface by piggybacking onto the β barrel protein 

during its assembly (Figure 2, pathway 3). Such a mechanism does not appear to account 

for the localization of the B. thetaiotaomicron SusD and N. gonorrhoeae TbpB proteins, 

however, which are exposed on the cell surface in the absence of their β barrel protein 

binding partners [50].

Despite their limited distribution in Gram-negative taxa, a few of the numbered secretion 

pathways might also play important roles in lipoprotein surface exposure (Figure 2, pathway 

4). In addition to the type II pathway, the type I pathway can also recruit proteins from 

the periplasmic space [72]. Indeed it is conceivable that some of the surface localized 

lipoproteins synthesized by B. fragilis are secreted by several type I systems that are 

produced simultaneously but that have no known substrates [57]. Similar to soluble proteins 

that are secreted by the type II pathway, PulA appears to contain a complex targeting 

signal that is present in its folded structure [73]. Interestingly, the secretion of PulA does 

not require its lipidation [74, 75]. This finding suggests that the protein is not ordinarily 

localized to the OM, but rather released from the IM by a cytoplasmic ATPase activity 

associated with the type II pathway. Other lipoproteins that are secreted by numbered 

pathways are probably also detected on the basis of specific targeting signals. Although 

there is no evidence that TbpB is secreted by a numbered pathway, its localization does not 

require lipidation and therefore must be based on the recognition of an internal targeting 

signal [74, 75]. Presumably lipoproteins that are engaged by the numbered pathways are first 

secreted into the extracellular space. While some of these proteins may remain free in the 

environment, others may become attached to the cell surface through the partitioning of their 

lipid moieties into the outer leaflet of the OM before they have a chance to diffuse away.

One intriguing possibility is that lipoproteins other than those that form barrel-like 

structures are exposed on the surface by a spontaneous mechanism that does not rely on 

a proteinaceous transporter (Figure 2, pathway 5). Segments of lipoproteins that remain 

unfolded or that adopt specific conformations might have a unique ability to insert into or 

pass through the lipid bilayer, possibly under circumstances in which the OM undergoes 

remodeling (e.g., during cell division).

Concluding Remarks

The evidence accumulated over many years now indicates that the surface exposure of 

lipoproteins in Gram-negative bacteria is a widespread phenomenon and not just an oddity, 

but the analysis of this class of proteins is in its infancy and many questions remain 

unanswered (see Outstanding Questions). The proportion of lipoproteins that reach the 

cell surface in most organisms is not yet clear largely because there have been very few 

attempts to analyze lipoprotein localization globally. In the future such studies should be 

useful not only to generate important statistical information, but also to identify sequence 

or structural patterns that might provide clues about the mechanism of surface localization. 

Because proteomic studies can now be conducted in a wide variety of bacteria, it should 

ultimately be possible to perform a systematic analysis of lipoprotein localization to search 

for evolutionary trends and to determine, for example, whether organisms that secrete a 

large number of lipoproteins produce common factors that might serve as components 
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of a conserved transport pathway. Of course an in depth analysis of the localization of 

specific model lipoproteins using genetic and biochemical methods will be necessary to 

fully elucidate the mechanisms by which these proteins are transported across the OM. In 

conjunction with further functional and structural studies on surface exposed lipoproteins, 

mechanistic studies may also help to explain why these proteins are first acylated and are not 

simply transported into the extracellular space as non-acylated proteins by one of the many 

known secretion and surface localization pathways.
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GLOSSARY

Barrel assembly machine (Bam) complex
a heterooligomeric complex that catalyzes the integration of β barrel proteins (proteins that 

fold into a closed cylindrical structure) into the bacterial outer membrane. In E. coli the 

Bam complex consists of BamA [an integral membrane protein that contains a β barrel 

domain and five periplasmic polypeptide transport-associated (POTRA) domains] and four 

lipoproteins designated BamB-E. BamA and BamD are conserved in all Gram-negative 

bacteria. The mechanism by which the Bam complex catalyzes the membrane integration of 

β barrel proteins is currently unknown.

Gram-negative bacteria
a large group of bacteria (sometimes also referred to as diderms) that contain two cell 

membranes, a cytoplasmic or inner membrane and an outer membrane. These organisms 

have a thin peptidoglycan layer between the two membranes that does not retain the 

crystal violet stain used in the identification of bacteria by Gram staining (hence the 

name Gram-negative). The best known Gram-negative bacteria are the Proteobacteria, 

which include human pathogens such as E. coli, Salmonella enteric serovar Typhimurium, 

Helicobacter pylori and Legionella pneumophila. Other important Gram-negative phyla are 

the Bacteroidetes (major components of the human microbiome), Spirochetes (corkscrew-

shaped bacteria), and Cyanobacteria (photosynthetic bacteria).

Inner membrane (IM)
the membrane of Gram-negative bacteria that surrounds the cytoplasm.

Lipoprotein
a protein that is modified in the periplasm by the attachment of lipids to an N-terminal 

cysteine residue and the N-terminal amino group. The lipid groups anchor the protein to a 

membrane.

Numbered secretion pathways
a collection of specialized, structurally distinct secretion pathways numbered I-IX that 

deliver proteins into the extracellular space (or directly into other bacteria or eukaryotic 

cells). While these pathways are widely distributed in Protebacteria, some of them are also 
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found in other Gram-negative phyla. In some pathways proteins are secreted across both 

membranes in one step (e.g., type III and IV pathways), while in other pathways proteins 

are secreted sequentially across the two cell membranes (e.g., type II and V pathways). 

The structure and function of the proteins secreted by each pathway vary considerably, 

but in general the proteins play important roles in nutrient acquisition, survival in specific 

environments, or virulence.

Outer membrane (OM)
the outermost layer of the Gram-negative bacterial cell envelope. While phospholipids are 

the predominant lipid component of the IM and other biological membranes, in many 

organisms the outer leaflet of the OM contains a large amount of a complex glycolipid called 

lipopolysaccharide. Integral OM proteins lack the highly hydrophobic membrane-spanning 

segments that are hallmarks of IM proteins presumably because they must avoid retention 

in the IM and pass through the water-filled periplasm. Instead they contain amphipathic β 
strands that insert into the OM only when they fold into a barrel-like structure that exposes 

the hydrophobic residues on the outer surface.

Periplasm
the space between the two membranes in Gram-negative bacteria. The periplasm contains 

a wide variety of nutrient binding proteins, enzymes, and molecular chaperones, but lacks 

ATP.
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Trends

For many years it was believed that almost all lipoproteins produced by Gram-negative 

bacteria are confined to either the inner membrane or the inner leaflet of the outer 

membrane, but recent results indicate that the surface exposure of lipoproteins is a 

widespread phenomenon.

A recent proteomic study provided evidence that a large fraction of the lipoproteins 

produced by at least a subset of Gram-negative are surface exposed.

Although the localization of surface exposed lipoproteins has not been extensively 

investigated, available evidence indicates that lipoproteins can reach the cell surface by 

variety of distinct mechanisms.
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Outstanding Questions

What proportion of the lipoproteins produced by different Gram-negative bacteria are 

surface exposed? Are there phylogenetic or biological links between organisms that 

secrete many different lipoproteins?

Do surface exposed lipoproteins tend to have specific structural features or functions?

What sequence or structural features earmark lipoproteins for surface exposure?

Are there dedicated transport systems that expose lipoproteins on the cell surface?

Are there many lipoproteins that have a dual localization or that are conditionally 

exposed on the cell surface? Can surface exposed lipoproteins ever be reimported into the 

periplasm?
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Figure 1. 
Post-translational Modification of Lipoproteins and Trafficking to the OM by the Lol 

Pathway. Following their translocation across the IM by the Sec pathway (or, in a few cases, 

by the Tat pathway) proteins that contain a lipobox motif are acylated by a prelipoprotein 

diacylglyceryl transferase (Lgt). The signal peptide (pink) is then removed by a lipoprotein 

signal peptidase (Lsp) and, in many organisms, the new N-terminal amide group is acylated 

by an N-acyl transferase (Lnt). Lipoproteins that do not contain a ‘Lol avoidance’ signal are 

then released from the IM by the ABC transporter LolCDE and shuttled to the OM by LolA. 

In some organisms the lipoprotein is transferred to LolB, which facilitates integration into 

the inner leaflet of the OM, but in organisms that lack LolB membrane insertion is facilitated 

by LolA.
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Figure 2. 
Possible Mechanisms for the Surface Exposure of Lipoproteins. In principle, a subset of 

lipoproteins that are localized to the inner leaflet of the OM by the Lol pathway might be 

recognized by a dedicated ‘flippase’ based on sequence or structural features and transported 

to the outer leaflet of the OM (pathway 1). The Bam complex, a heterooligomer that 

catalyzes the insertion of β barrel proteins into the OM, might directly mediate the surface 

exposure of lipoproteins (pathway 2) or indirectly mediate the exposure of lipoproteins that 

piggyback onto β barrel proteins during their assembly (pathway 3). Some lipoproteins 

might reach the extracellular space by one of the known secretion pathways that recruit 

substrates from the periplasmic space (e.g., type I or II pathway) (pathway 4). Cytoplasmic 

ATPases associated with these secretion pathways might facilitate release of the lipoproteins 

from the IM. Finally, lipoproteins might be transported across the OM by a spontaneous 

mechanism, possibly during periods of OM remodeling (pathway 5).
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Table 1.

Surface Exposed Lipoproteins in Pathogenic Gram-negative Bacteria (Other Than Borrelia and Neisseria)

Organism Protein Function Evidence for surface exposure Refs

Klebsiella pneumoniae PulA Pullulanase Immunofluorescence microscopy and protease 
treatment [14, 76]

Shigella flexneri VacJ Involved in intercellular spreading Biotinylation [13]

Helicobacter pylori
AlpA Autotransporter Adhesion assay [61]

Lpp20 Unknown Immunogold labeling/electron microscopy (EM) [77]

Porphyromonas gingivalis IhtB Hemin binding Immunogold labeling/EM [78]

Bordetella pertussis SphBI Autotransporter Protease treatment [79]

Campylobacter jejuni
JlpA Adhesin Protease treatment [80]

CapA Autotransporter Immunogold labeling/EM [63]

Legionella pneumophila LdtA Unknown Immunofluorescence microscopy and protease 
treatment [81]

Vibrio cholerae VolA Lysophopholipase A Biotinylation and immunogold labeling/EM [82]

Haemophilus influenzae
P6 Pal homolog Immunofluorescence microscopy and flow 

cytometry [83]

PH Factor H binding Flow cytometry [84]

Francisella tularensis FipB Oxidoreductase and protein 
disulfide isomerase

Immunofluorescence microscopy, biotinylation, 
and protease treatment [85]

Moraxella catarrhalis ORF13 Survival in nasopharynx Biotinylation [86]
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