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Background: Lipid A activation of TLR4 shapes immunity to Gram-negative bacteria.

Results: In Bordetella pertussis lipid A, the genetic basis for longer C3’ acyl chains and glucosamine modification of the
phosphate groups was identified; each variation independently increased TLR4 activation.

Conclusion: Minor changes in the penta-acylated B. pertussis lipid A affect TLR4 activation.

Significance: This aids our understanding how lipid A species interact with TLR4.

Lipopolysaccharides (LPS) of Bordetella pertussis are impor-
tant modulators of the immune system. Interaction of the lipid
A region of LPS with the Toll-like receptor 4 (TLR4) complex
causes dimerization of TLR4 and activation of downstream
nuclear factor kB (NFkB), which can lead to inflammation. We
have previously shown that two strains of B. pertussis, BP338 (a
Tohama I-derivative) and 18-323, display two differences in
lipid A structure. 1) BP338 can modify the 1- and 4'-phosphates
by the addition of glucosamine (GlcN), whereas 18-323 cannot,
and 2) the C3’ acyl chain in BP338 is 14 carbons long, but only 10
or 12 carbons long in 18-323. In addition, BP338 lipid A can
activate TLR4 to a greater extent than 18-323 lipid A. Here we
set out to determine the genetic reasons for the differences in
these lipid A structures and the contribution of each structural
difference to the ability of lipid A to activate TLR4. We show
that three genes of the lipid A GlcN modification (Lgm) locus,
lgmA, IgmB, and IgmC (previously locus tags BP0399 -BP0397),
are required for GlcN modification and a single amino acid dif-
ference in LpxA is responsible for the difference in C3’ acyl
chain length. Furthermore, by introducing lipid A-modifying
genes into 18-323 to generate isogenic strains with varying
penta-acyl lipid A structures, we determined that both modifi-
cations increase TLR4 activation, although the GlcN modifica-
tion plays a dominant role. These results shed light on how
TLR4 may interact with penta-acyl lipid A species.
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Lipopolysaccharides (LPS) comprise the outer leaflet of the
outer membrane in almost all Gram-negative bacteria and con-
sist of two major regions: the hydrophilic polysaccharide and
the hydrophobic lipid A region (1). The polysaccharide region
of LPS is composed of the polysaccharide core, which is found
in most Gram-negative bacteria, and in some cases, a long,
repeating O-antigen region. Bordetella pertussis LPS lacks a
long O-antigen, and in its place is a short trisaccharide moiety
linked to the core polysaccharide (2); it is often referred to as
lipooligosaccharide (LOS).* The lipid A region of LPS plays an
important role in modulating the host immune system via
interaction with Toll-like receptor 4 (TLR4), which leads to
downstream nuclear factor kB (NF«B) activation. Although
there are many variations in lipid A structure among different
species, and even among different strains of a particular bacte-
rial species, the general structure of lipid A consists of a disac-
charide backbone with a number of primary and secondary acyl
chains. The canonical lipid A, that of Escherichia coli, has a
(1'-6) diglucosamine backbone with the C1 and C4’ carbons
modified with a phosphate group and has six acyl chains. How-
ever, even within a single bacterium, there is a heterogeneous
population of lipid A species present in the outer membrane.
For example, many E. coli strains are able to modify lipid A in a
number of ways, such as altering the number and length of the
acyl chains and adding accessory groups, such as 4-amino-4-
deoxy-L-arabinose (L-Ara4N) via ArnT, onto the phosphates.
Therefore, within the outer membrane of a single bacterium
there are a variety of lipid A structures, with different modifi-
cations and acylation patterns (1-4).

Bacteria can use the modification of lipid A as a mechanism
of resistance against cationic peptides or to affect the immune

“The abbreviations used are: LOS, lipooligosaccharide; TLR4, Toll-like recep-
tor 4; hTLR4, human TLR4; Lgm, lipid A glucosamine modification; L-Ara4N,
4-amino-4-deoxy-L-arabinose; Tricine, N-[2-hydroxy-1,1-bis(hydroxymeth-
yl)ethyllglycine; C55P, undecaprenyl phosphate.
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response mounted by the host (1). For example, in E. coli and
Salmonella, the addition of L-Ara4dN to the phosphate
groups increases resistance to cationic peptides (5). Other
lipid A modifications affect TLR4 activation and comple-
ment resistance (1).

B. pertussis lipid A, like E. coli lipid A, consists of (1'-6) dig-
lucosamine with 1- and 4’-phosphate groups, but unlike E. coli
lipid A, it has only five acyl chains (2). In addition, B. pertussis
lipid A induces lower levels of TLR4 activation when compared
with E. coli lipid A, and this difference is generally attributed to
the penta-acyl nature of the lipid A, as opposed to the hexa-acyl
structure of E. coli lipid A (1, 6). However, even among different
B. pertussis strains, there is variation in the ability of LOS to
activate TLR4 (6). We have previously shown that LOS from
B. pertussis strain BP338 (a derivative of Tohama I) induces
greater TLR4 activation than strain 18-323, both of which are
commonly used laboratory strains (6). Furthermore, we have
shown that 18-323 LOS is antagonistic against E. coli LPS (6).
Because lipid A is the region of LPS that interacts with the
TLR4-MD2 complex, the variation in lipid A structure between
BP338 and 18-323 is likely a contributing factor to the differ-
ence in TLR4 activation between these strains.

Analysis of the lipid A structures of BP338 and 18-323 show
two differences: 1) BP338 can modify the phosphates of lipid A
with glucosamine (GIcN), whereas 18-323 cannot, and 2) the
C3’ acyl chain length of BP338 lipid A is 14 carbons, whereas in
18-323, it is only 10 or 12 carbons in length (6). Previously, we
have linked the gene BP0398, a homolog of ArnT, with GIcN
modification of lipid A in BP338 and shown that a BP338
mutant that lacks this GIcN modification has decreased levels
of TLR4 activation (7, 8). Previous work in E. coli suggests that
aspecific region of the enzyme LpxA, dubbed the “hydrocarbon
ruler” region, plays a role in determining the length of the C3
and C3' acyl chains in lipid A (9, 10). LpxA is the first enzyme in
the Raetz lipid A biosynthesis pathway, and it is responsible for
the addition of the C3 acyl chain onto the N-acetyl glucosamine
(GlcNACc) precursor molecule (11). In B. pertussis LOS, LpxA
has been shown to play a role in the flexibility of the C3’ acyl
chain length (12).

To determine the contribution of the GlcN modification and
C3’ acyl chain length of lipid A on TLR4 activation, we first set
out to discover the genetic reasons for these structural differ-
ences between B. pertussis strains BP338 and 18-323. In the
present study, we show that locus tags BP0399, BP0398, and
BP0397 (which we are renaming lipid A GIcN modification A
(lgmA), IgmB, and IgmC, respectively) are required for GIcN
modification in BP338, and the absence of a complete Lgm
locus in 18-323 is responsible for the inability of 18-323 to mod-
ify lipid A in this manner. We demonstrate that a single amino
acid difference in the hydrocarbon ruler region of LpxA
between these two strains is the reason for the difference in the
lipid A C3’ acyl chain lengths. Then, to probe the effect these
two modifications have on TLR4 activation, we generated
strains with varying lipid A structures by adding the lipid
A-modifying genes from BP338 into 18-323. Using in vitro
assays, we show that both the GlcN modification and the longer
C3’ acyl chain independently increase TLR4 activation. We also
demonstrate that when both modifications are present, the
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effect of the GlcN on TLR4 activation supersedes that of the
longer acyl chain. These results shed further light on how
the TLR4 complex may interact with differently shaped lipid
A species, especially penta-acyl lipid A.

EXPERIMENTAL PROCEDURES

Bacterial Strain and Growth Conditions—The strains and
plasmids used in this work are shown in Table 1. B. pertussis
strains were grown on Bordet-Gengou agar supplemented with
15% defibrinated sheep’s blood (Dalynn) at 37 °C or in Stainer-
Scholte broth with 0.06% bovine serum albumin (Sigma-Al-
drich) at 180 rpm at 37 °C (13). All BP338 strain derivatives
were grown in the presence of 30 wg/ml nalidixic acid. E. coli
strains were grown in Luria Bertani (LB) broth at 200 rpm or on
LB agar at 37 °C. Strains containing derivatives of pMMB67HE
were grown with 100 ug/ml ampicillin, strains containing
derivatives of pPBBR1IMCS were grown with 34 pug/ml chloram-
phenicol, and strains containing derivatives of pSS4245 or
pBBR1MCS2 were grown with 50 ug/ml kanamycin. E. coli
strain DH5« (Invitrogen) was used for cloning, and S17-1 (14)
was used as the donor strain for conjugation.

Cloning of Vectors and Generation of Deletion Mutants—
Standard molecular cloning techniques were used (15). All
restriction enzymes were from New England Biolabs. Vectors
were introduced into E. coli strains via transformation (15) and
into B. pertussis strains via electroporation (16) or conjugation,
as described previously (8), in which E. coli strain S17-1 acted as
the donor strain. See the supplemental text for more details on
the generation of the vectors and mutant strains, and see sup-
plemental Table S1 for a list of primers. All constructs were
verified by PCR and sequencing. The pSS4245 vector was a
generous gift from Scott Stibitz (Center for Biologics Evalua-
tion and Research, United States Food and Drug Administra-
tion) and pBBRIMCS2 was generously provided by Robert
Hancock (University of British Columbia).

PCR Amplification of the Lgm Locus Genes in B. pertussis
Strains—Internal fragments of the lgm genes were amplified
with PCR using genomic DNA from strain BP338 or 18-323 as
templates and the following primer pairs: lgmA (BP0399fw1
and BP0399revl), lgmB (BP0398fw1l and BP0398revl), igmC
(BP397-RTfw and BP397-RTrev), and [gmD (BP396-RTfw and
BP396-RTrev).

Preparation of Bacterial Cells for Lipid A Isolation and Bio-
logical Assays—B. pertussis strains were grown on Bordet-
Gengou agar at 37 °C for 3—4 days, and these cells were used to
inoculate Stainer-Scholte broth, with the appropriate antibiot-
ics, at an Ay, of 0.01. Cultures were grown at 180 rpm at 37 °C
until an A, of 0.6-0.9, and samples from each culture were
grown on Bordet-Gengou agar to confirm the hemolytic phe-
notype. Bacterial cells were harvested into phosphate-buffered
saline (PBS) pH = 7.4 to an A4y, of 5 and heat-inactivated by
incubation at 56 °C for 1 h. To confirm heat inactivation, 50 ul
of each cell suspension was spotted onto Bordet-Gengou agar
and incubated at 37 °C for 5 days. Heat-killed cells were stored
at —20 °C. These cells were used for: stimulation in a TLR4
activation assay, generation of highly purified LOS for use as the
stimulus in the TLR4 activation assay, and direct lipid A isola-
tion for use in MALDI-MS analysis.
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TABLE 1

Strains and constructs

IPTG, isopropyl-1-thio-B-p-galactopyranoside.
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Description Source or reference
Plasmids
pBBRIMCS Broad-range vector, ChlorR 34
pNMLgmAB pBBRIMCS containing /gmA and igmB of BP338 This work
pNMLgmCD pBBRIMCS containing lgmC and lgmD of BP338 This work
pNMLgmABCD pBBRIMCS containing lgmA, lgmB, lgmC, and lgmD of BP338 This work
pMMB67HE Ptac promoter (IPTG-inducible), AmpR 35
pPtacLgmABCD PMMB67HE containing lgmA, lgmB, lgmC, and lgmD of BP338 This work
pPtacLgmAB PMMB67HE containg lgmA and lgmB This work
pPtacLpxA338 PMMB67HE containing /pxA of BP338 This work
pPtacLgmABCDLpxA338 PMMB67HE containing lgmA, lgmB, lgmC, lgmD, and lpxA of BP338 This work
pBBRIMCS2 Broad-range vector, KanR 36
pBBR2Pcpn pBBR1IMCS?2 containing the Pcpn heat shock promoter, KanR This work
pBBRPcpnBrkA pBBR1IMCS containing promoter region of cpn10 (Pcpn), CmR 37
pBBR2LgmA pBBR2Pcpn containing lgmA of BP338 This work
pBBR2LgmC pBBR2Pcpn containing [gmC of BP338 This work
pSS4245 Suicide vector (replicates in E. coli, but not in B. pertussis), KanR S. Stibitz (38)
pSS4245LgmADKO pSS4245 containing the lgmA upstream region and the [gmD This work
downstream region; for generation of BP338lgmADKO
pSS4245LgmAKO pSS4245 containing the lgmA upstream and downstream regions; for This work
generation of BP338lgmAKO
pSS4245LgmBKO pSS4245 containing the /gmB upstream and downstream regions; for This work
generation of BP338lgmBKO
pSS4245LgmCKO pSS4245 containing the lgmC upstream and downstream regions; for This work
generation of BP338lgmCKO
pSS4245LgmDKO pSS4245 containing the lgmD upstream and downstream regions; for This work
generation of BP338lgmDKO
Bordetella pertussis strains
BP338 NalR derivative of Tohama I wild-type strain A. Weiss (39)
BP338LgmABCDKO AlgmABCD This work
BP338LgmAKO AlgmA This work
BP338LgmBKO AlgmB This work
BP338LgmCKO AlgmC This work
BP338LgmDKO AlgmD This work
18-323 Wild type strain A. Weiss (6)

Highly Purified LOS Preparation—B. pertussis LOS prepara-
tions were extracted by an ammonium hydroxide-isobutyric
acid method (40). Primary extracts were subjected to a standard
enzyme treatment (DNase, RNase, and proteinase K) and
finally repurified with the acidified chloroform-methanol-wa-
ter procedure as described (17). To be sure that no specific LOS
molecular species were discriminated during the process, all
intermediate and final products were analyzed by MALDI-MS.
High purity of the resulting LOS preparations was evidenced by
three different methods. The absence of contaminating (non-
LOS) peaks was attested by positive-ion MALDI mass spectra
analysis; the absence of detectable protein contaminants was
demonstrated by Tricine-SDS-PAGE (18) and silver staining
(19) loading up to 250 ng of LOS from each preparation; and the
absence of lipoprotein content was further demonstrated based
on the lack of detectable levels of cysteine by analysis with an
amino acid analyzer (Hitachi L-8800, equipped with a
2620MSC-PS column, ScienceTec, Les Ulis, France).

MALDI-MS Analysis—LOS samples were dispersed in water
at 1 pg/ul. Lipid A extracts in chloroform-methanol-water
were used directly. In both cases, a few microliters of sample
solution were desalted with a few grains of ion-exchange resin
Dowex 50W-X8 (H™). 0.5-1-ul aliquots of the solution were
deposited on the target, covered with matrix solution, and
allowed to dry. Dihydroxybenzoic acid (Sigma-Aldrich) was
used as matrix. It was dissolved at 10 mg/ml in 0.1 M citric acid
solution in the same solvents as those used for the analytes (20).
Different analyte/matrix ratios (1:2, 1:1, 2:1, v/v) were tested
to obtain the best spectra. Analyses were performed on a
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PerSeptive Voyager-DE STR time-of-flight mass spectrom-
eter (Applied Biosystems) in linear mode, with delayed extrac-
tion. Negative- and positive-ion mass spectra were recorded.
The ion-accelerating voltage was set at —20 kV, and the extrac-
tion delay time was adjusted to obtain the best resolution and
signal-to-noise ratio.

Direct Lipid A Isolation from Bacterial Cells—For
MALDI-MS analysis, lipid A was isolated directly by hydrolysis
of bacterial cells as described previously (21, 22). Briefly, lyoph-
ilized bacterial cells (10 mg) were suspended in 200 ul of a
mixture of isobutyric acid, 1 Mm ammonium hydroxide (5:3, v/v)
and were kept for 2 h at 100 °C in a screw-cap test tube under
magnetic stirring. The suspension was cooled in ice water and
centrifuged (2000 X g, 10 min). The recovered supernatant was
diluted with 2 volumes of water and lyophilized. The sample
was then washed once with 200 ul of methanol (by centrifuga-
tion at 2000 X g for 10 min). Finally, lipid A was extracted from
the pellet in 100 wl of a mixture of chloroform, methanol, and
water (3:1.5:0.25, v/v/v). In some of the spectra, peaks corre-
sponding to small contaminants were identified and marked
with an “X” (peaks at m/z 1349 and 1377).

Cell Culture—HEK-Blue (InvivoGen) cell lines hTLR4 and
Null2 cells were maintained in complete Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% heat-inactivated fetal
calf serum, 100 units/ml penicillin, 100 pg/ml streptomycin
(Gibco, Life Technologies), 2 mm GlutaMAX, 1 mM pyruvate
(Life Technologies), and 100 pg/ml Normocin (InvivoGen).
Both the Null2 and the h'TLR4 cell lines express secreted alka-
line phosphatase under the control of an NF«B promoter. In
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addition, the hTLR4 cell line is stably transfected with human
TLR4, MD-2, and CD14 co-receptor genes, such that TLR4
activation leads to transcription from the NF«B promoter and
expression of secreted alkaline phosphatase. Null2 cells were
grown in the presence of 100 ug/ml Zeocin (InvivoGen), and
hTLR4 cells were grown in the presence of 100 ug/ml Zeocin,
200 wg/ml Hygrogold, and 30 ug/ml Blasticidin (InvivoGen).
Cells were incubated at 37 °C in humid air with 5% CO.,,.

HEK-Blue TLR4 Activation Assay—The HEK-Blue (Invivo-
Gen) manufacturer’s guidelines were followed to assay TLR4
activity of purified LPS or heat-killed bacterial samples. Briefly,
HEK-Blue hTLR4 and Null2 were seeded in 96-well plates at
25,000 or 50,000 cells/well, 100 ul/well. All media used in this
assay were pyrogen-free and consisted of complete DMEM,
with the absence of the following antibiotics: Normocin, Zeo-
cin, Hygrogold, and Blasticidin. HEK-Blue cells were incubated
at 37 °C, as described, and at 24 h, 100 ul of fresh medium was
added to each well, and the cells were incubated for another
24 h. HEK-Blue cells were then washed with 100 ul of medium
and stimulated with 100, 10, or 1 ng/ml highly purified LOS or
heat-killed B. pertussis cells (prepared as described), at a 1/10
dilution. After 24 h of incubation, the supernatants were assayed
for secreted alkaline phosphatase activity by mixing 20 ul of super-
natant with 180 ul of QUANTI-Blue (InvivoGen) reagent in a
96-well plate and incubating at 37 °C in the dark until the color
of the mixture started turning blue. Absorbance at 650 nm was
used as a readout of alkaline phosphatase activity, which indi-
cates NFkB activation via TLR4. In each assay, the Null2 cell
line and unstimulated hTLR4 cells were used as negative
controls.

Statistical Analysis—All TLR4 activation assay data were
analyzed using one-way analysis of variance with a Bonferroni’s
post test to compare groups. GraphPad Prism 5 software was
used for the analyses.

RESULTS

LgmA, LgmB, and LgmC Are Required for GIlcN Modification
of Lipid A in B. pertussis—Previously, we have shown that
B. pertussis strain BP338 can modify the phosphates of its lipid
A with GlcN, and when locus tag BP0398 is disrupted with an
insertion mutation, this GlcN modification is abrogated (7).
Locus tag BP0398 is part of a four-gene cluster (locus tags
BP0399 -BP0396), which we propose renaming the Lgm (lipid
A glucosamine modification) locus, consisting of lgmA, lgmB,
lgmC, and IgmD (locus tags BP0399-BP0396, respectively).
Bioinformatic analysis shows that LgmA and LgmB are
homologs of ArnC and ArnT, respectively. ArnC and ArnT are
glycosyl transferases in the pathway that modifies the phos-
phate of lipid A with aminoarabinose (L-Ara4N) in species such
as Salmonella (5,7, 23). LgmC has predicted structural similar-
ity to the YdjC-like superfamily of proteins, members of which
are deacetylases (24 —26), and LgmD is predicted to be a small
integral membrane protein with four transmembrane-span-
ning segments whose function is not known. Further analysis
shows that the stop codon of IgimA overlaps with the start codon
of [gmB, as do the stop and start codons of lgmC and IlgmD,
suggesting that all four genes function together. To determine
whether the four Lgm genes are involved in GIcN modification
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of lipid A in B. pertussis, we generated clean deletion mutants of
each of the individual Lgm locus genes and the full Lgm locus,
resulting in the following mutant strains: BP338LgmAKO,
BP338LgmBKO, BP338LgmCKO, BP338LgmDKO, and
BP338LgmABCDKO (full Lgm locus deletion mutant). The
lipid A from these strains was analyzed via negative-ion MALDI
mass spectrometry (Fig. 1 and supplemental Fig. S1, A-D). The
presence of the GIcN modification is represented by peaks of
[M-H]™ molecular ions observed at m/z 1720 (one GIcN at
either 1'-phosphate or 4’-phosphate) and 1881 (GlcN at both
1’-phosphate and 4'-phosphate), i.e. 161 and 322 mass units
higher than the major nonmodified penta-acyl lipid A species
observed at m/z 1559 (Fig. 1). Wild type BP338 and the lgmD
mutant have GlcN-modified lipid A, whereas the lgmA, lgmB,
lgmC, and the full lgmABCD locus mutants lack this modifica-
tion (Fig. 1, supplemental Fig. S1, A-D). This suggests that only
lgmA, IgmB, and lgmC are required for GIcN modification of
lipid A in B. pertussis. We confirmed that these results were
not due to downstream polar effects by complementing
each mutant (BP338LgmAKO, BP338LgmBKO, and
BP338LgmCKO) with a vector containing the deleted gene
(pBBR2LgmA, pPtacLgmAB, and pBBR2LgmC, respectively),
and analyzed the lipids A of these strains via negative-ion
MALDI mass spectrometry. We found, in each case, that com-
plementation of the missing gene resulted in restoration of the
lipid A GIcN modification phenotype (supplemental Fig. S1,
E-G@). To further confirm the dispensability of [gmD, we com-
plemented the full Lgm locus mutant either with lgmABCD or
with only [gmABC (vectors pPtacLgmABCD and pPtacLg-
mABC, respectively) and tested these strains for lipid A GIcN
modification in a similar manner. We found that GIcN modifi-
cation was restored in both strains, therefore confirming that
lgmD is not required for modification of lipid A with GlcN
(supplemental Fig. S1, H and I). Furthermore, we used the
HEK-Blue TLR4 activation assay to determine the TLR4
activity of these strains by stimulating the HEK cells with
heat-killed bacteria (Fig. 2). These results confirm our pre-
viously published data (8), showing that strains with
the GlcN-modified lipid A (BP338, BP338lgmDKO, and
BP338lgmABCDKO complemented with either pPtacLg-
mABCD or pPtacLgmABC) have higher TLR4 activity
when compared with strains without the GlcN modification
(BP338lgmAKO, BP338lgmBKO, BP338lgmCKO, and
BP338lgmABCDKO).

Introducing the Lgm Locus from BP338 into 18-323 Allows for
the GIlcN Modification of Lipid A—We have previously shown
that BP338 can modify lipid A with GIcN, whereas the GIcN
modification is absent in 18-323 lipid A (6). We analyzed and
compared specific genes and loci in BP338 and 18-323 to deter-
mine the genetic reasons for this structural difference.
Sequence analysis of the Tohama I (27) and 18-323 (28)
genomes shows that although BP338 has a complete Lgm locus,
consisting of lgmA, lgmB, IgmC, and [gmD, 18-323 only pos-
sesses a full copy of the [gmA gene. Its [gmB gene has a mutation
at bp 981 where bases TT are deleted, resulting in a frameshift,
and an early stop codon (Fig. 34). No matches to lgmC or lgmD
were found in the 18-323 genome sequence. The absence of
lgmC and lgmD in the 18-323 genome was confirmed via PCR
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FIGURE 1. Structural analysis of lipid A with negative-ion MALDI mass spec-
trum analysis. Mass spectra of BP338 (A) and BP338LgmABCDKO (B), the full
Igm locus deletion mutant. Peaks at m/z 1559 represent penta-acyl lipid A
that lack GlcN modification, peaks at m/z 1720 represent penta-acyl lipid A
with one GlcN modification at either phosphate group, and peaks at m/z 1881
represent penta-acyl lipid A with a GIcN modification at both phosphate
groups. The peaks at m/z 1333 and 1494 represent tetra-acyl species. arb. u.,
arbitrary units. C and D, the lipid A structures present in BP338 (C) and
BP338LgmABCDKO (D) as derived by mass spectral analysis. The numbers at
the bottom of the structures indicate the length of the acyl chains.

using primers to amplify internal fragments of each of the Lgm
locus genes (Fig. 3B). In addition, the existence of the dinucle-
otide deletion in [gmB was verified by sequencing using primers
spanning the mutation site. The absence of a complete Lgm
locus in 18-323 thus explains the lack of GlcN-modified lipid A
in this strain.

To corroborate these results, we complemented 18-323 with
pPtacLgmABCD, thereby introducing the Lgm locus of BP338
into 18-323. Negative-ion MALDI-MS analysis of the lipid A from
this strain shows an extra set of peaks at m1/z 1664 and 1692, i.e. 161
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FIGURE 2. TLR4 activity of heat-killed bacterial cells as measured with the
HEK-Blue NFkB TLR4 activity assay. Null2 all, stimulation of HEK-Blue
Null2 cell line that lacks TLR4 expression with all LPS variants; Blank,
medium only with no HEK-Blue cells; Unstim, HEK-Blue hTLR4 cells stimu-
lated with medium only; BP338LgmABCDKO, the full Lgm locus deletion
mutant; BP338LgmABCDKO + pLgmABCD, full Lgm locus deletion mutant
complemented with IgmABCD; BP338LgmABCDKO + pLgmABC, full Lgm locus
deletion mutant complemented with lgmABC. Graph shows the results of one
representative experiment of three, n = 6 replicates per experiment. p values:
< 0.001 (***). Error bars indicate S.D.
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FIGURE 3. Genetic analysis of the Lgm locus BP338 and 18-323 strains of
B. pertussis. A, the Lgm loci of BP338 and 18-323, as determined by sequence
analysis. These data were provided by the pathogen genomics group at the
Wellcome Trust Sanger Institute and can be obtained from the Sanger Insti-
tute website. X represents a TT deletion mutation at bp 981 of IgmBin 18-323;
the forward arrows and the reverse arrows illustrate the annealing sites of the
primers used for the PCR shown in B. B, PCR of the Lgm locus genes in BP338
and 18-323 using gene-specific primers. Expected positive bands: 0.48 kb
(IgmA primers), 0.51 kb (lgmB primers), 0.50 kb (IgmC primers), and 0.40 kb
(IgmD primers).

mass units (the mass of GlcN) higher relatively to the correspond-
ing peaks of major nonmodified penta-acylated lipid A molecular
species observed in the wild type strain spectrum at 7/z 1503 and
1531 (Fig. 4, A and B). These additional peaks represent the pres-
ence of 18-323 lipid A with C,,OH or C,,0OH C3’ acyl chains with
the addition of a GlcN modification on the lipid A.

Introducing IpxA from BP338 into 18-323 Increases the
Length ofthe C3' Acyl Chain of Lipid A—BP338 has C,,OH C3’
acyl chains, and 18-323 has C,,OH and C,,OH C3’ acyl chains.
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FIGURE 4. Negative-ion MALDI mass spectra and structure of lipid A from B. pertussis 18-323 strains containing BP338 lipid A-modifying genes. A-D,
18-323 (A), 18-323 + pPtacLgmABCD (complemented with the Lgm locus of BP338) (B), 18-323 + pPtacLpxA338 (complemented with [pxA of BP338) (C), and
18-323 + pPtacLgmABCDLpxA338 (complemented with the Lgm locus of BP338 and IpxA of BP338) (D). Arrows labeled with C,,0H, C,,0H, or C, ,OH indicate the
10-, 12-, or 14-carbon acyl chains absent in the tetra-acyl and present in the respective penta-acyl lipid A species. Arrows labeled with GIcN indicate the addition

of GIcN ata phosphate group. The lipid A structures are summarized to the right of the mass spectra. Numbers at the bottom of the structures indicate the length
of the acyl chains. Structures with GlcN modifications (B and D) have one GlcN added to either of the phosphate groups (peaks at m/z 1664, 1692, or 1720). arb.

u., arbitrary units.

This difference in C3’ acyl chain length between BP338 and
18-323 can be explained by the single amino acid difference in
LpxA (Fig. 5), which is the first enzyme of the Raetz lipid A
biosynthesis pathway (11). LpxA is an essential enzyme and
catalyzes the reaction that adds the C3 acyl chain onto
UDP-GIcNAc, and this C3 acyl chain can then become the C3’
acyl chain, when two GIcN backbone subunits are joined by
LpxB, to form the di-GIcN moiety of lipid A (11). Amino acid
173 is a serine in BP338 LpxA and a leucine in 18-323 LpxA.
This amino acid is equivalent to E. coli LpxA Gly-176, which is
positioned at the tip of the active site in the vicinity of the C14
carbon of the 14-carbon-long acyl chain that is added onto
GlcNAc by E. coli LpxA (9)(Fig. 5). We hypothesize that the
larger Leu-173 in 18-323 LpxA occludes the tip of the active
site, therefore allowing only C,,OH and C,,0OH acyl chains into
the active site, whereas the smaller Ser-173 in BP338 LpxA
allows C,,OH acyl chains.

To demonstrate that the difference at amino acid 173 of
B. pertussis LpxA is the reason for the difference in C3' acyl
chain lengths between BP338 and 18-323, we introduced BP338
IpxA into 18-323 via the vector pPtacLpxA338. Analysis of the
lipid A structural modifications of this strain via negative-ion
MALDI-MS shows that introduction of BP338 /pxA into
18-323 generates a new major peak at m/z 1559, which corre-
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sponds to the addition of C3’ acyl chains with 14 carbons, as
opposed to wild type 18-323, which only has peaks at m1/z 1503
and 1531 (C,,OH and C,,OH C3’ acyl chains, respectively)
(Fig. 4, A and C). This shows that the LpxA from BP338 (with
the single amino acid difference) alone is sufficient to introduce
C,,OH C3’ acyl chains onto the lipid A of 18-323.

Gradual Modification of 18-323 Lipid A Structure Affects
TLR4 Activity—We set out to explore the effect of these minute
structural differences in lipid A (the presence of C,,OH acyl
chains at the C3' position and the GlcN modification) on TLR4
activation. As such, we first generated a strain of 18-323 that
was complemented with both [pxA from BP338 and the full
Lgm locus (18-323 + pPtacLgmABCDLpxA338), and our mass
spectral analysis shows that lipid A from this strain displays a
mixture of lipid A species, including species that have longer
C,4,OH C3’ acyl chains (peaks m/z 1559 and 1720) and species
that contain the GlcN modification (peaks m/z 1664, 1692, and
1720) (Fig. 4D). We tested the TLR4 activation of these 18-323-
derived strains that contain a variety of lipid A structures with
the HEK-Blue TLR4 activation assay by stimulating the HEK
cells with purified LOS from these strains (Fig. 6, supplemental
Fig. S2). Our results show that 18-323 with BP338lpxA, which
now has longer acyl chains at the C3’ position, has greater TLR4
activation activity than wild type 18-323. When 18-323 lipid A
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RS  memmmeeme--- MEPGAVIGEGCSIGPFAVIGPEVTLGPGVVVKSHAVVTGWTEIGAET 47
Pging -MMSETKISPLAWVDPHAEIGVGVEIGPFAVVEAGAKIGDGSILHPHAVVRYGSTLGKGC 59
g 5 FHESGE: ¢ & e E S Xy § i
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PA RIYQFSSVGEDTPDLKYKGEPTRLVIGDHNVIREGVTIHRGTVQDRAETTIGDHNLIMAY 116
Bbronch RFYRFCSIGGMPQDKKYSGEPTRLVIGDRNTVREFTTFNTGTVQDGGVTSIGDDNWIMAY 117
Bpara RFYRFCSIGGMPQDKKYSGEPTRLVIGDRNTVREFTTFNTGTVQDGGVTSIGDDNWIMAY 117
Tohama RFYRFCSIGGMPQDKKYSGEPTRLVIGDRNTVREFTTFNTGTVQDGGVTSIGDDNWIMAY 117
18323 RFYRFCSIGGMPQDKKYSGEPTRLVIGDRNTVREFTTFNTGTVQDGGVTSIGDDNWIMAY 117
RS VIFPFAVVGEVPQDLKYRGERTRLFVGARCRIREGATLNLGTEGGGGVTRVGDDCLLMTG 107
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Bbronch VHIAHDCHIGNNTILANSVQLGGHVQVGDWAIVGGLTGVHQFAKIGAHSMTGGNSSLMQD 177
Bpara VHIAHDCHIGNNTILANSVQLGGHVQVGDWAIVGGLTGVHQFAKIGAHSMTGSNSSLMQD 177
Tohama VHIAHDCHIGNNTILANSVQLGGHVQVGDWAIVGGLTGVHQFAKIGAHSMTGGNSSLMQD 177
18323 VHIAHDCHIGNNTILANSVQLGGHVQVGDWAIVGGLTGVHQFAKIGAHSMTGGNSLLMQD 177
RS AHVGHDATLGNRVILANQAATIAGHCWLGDDVIVGGLSGVHQWVRVGRGAIIGAVTMVTND 167
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Bbronch APPFVLAAGNPCRPVGVNVEGLKRRGFSAAAISALRDAYKSIYRRGLSLDEARAELRARQ 237
Bpara APPFVLAAGNPCRPVGVNVEGLKRRGFSAAAISALRDAYKSIYRRGLSLDEARAELRARQ 237
Tohama APPFVLAAGNPCRPVGVNVEGLKRRGFSAAAISALRDAYKSIYRRGLSLDEGRAELRARQ 237
18323 APPFVLAAGNPCRPVGVNVEGLKRRGFSAAAISALRDAYKSIYRRGLSLDEGRAELRARQ 237
RS VLPHGLVQAPRGELDGLNLVGLKRRGVSRAEITALRAAYQMLAQGEGTFLDRARRLADET 227
Pging IPPYVLVGRDPLVYCGINIVGLRRRNFTNEQIFLINDIYRTLYQRGLNNSDAIDIIQQEY 238
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EC ETYPEVKAFT----DFFARST-RGLIR---- 262

PA AQFPEVAVFR----DSIQSAT-RGITR---- 258

Bbronch QAEPDVAEHLQTMLDFLDAST-RGIIRP--- 264

Bpara QAEPDVAEHLQTMLDFLDAST-RGIIRP--- 264

Tohama QAEPDVAEHLQTMLDFLDAST-RGIIRP--- 264

18323 QAEPDVAEHLQTMLDFLDAST-RGIIRP--- 264

RS ESS-HVREMT- - - -DFILAATDRSFLTPQ-- 251

Pging ADCHEKELIL----DFIKSSK-RGIVRGTME 264

* S Fae 2

FIGURE 5. Alignment of LpxA sequences from various Gram-negative species. Species (top to bottom) are: E. coliK-12 (EC), P. aeruginosa (PA), B. bronchisep-
tica (Bbronch), Bordetella parapertussis (Bpara), B. pertussis Tohama | BP338 (Tohama), B. pertussis 18-323 (18323), R. sphaeroides (RS), and P. gingivalis (Pging).
The alignment was constructed with ClustalW (32). The down arrow indicates the single amino acid difference between LpxA of BP338 and 18-323 (amino acid
173), which corresponds to Gly-176 in E. coli LpxA. The bottom right inset shows the active site region between chains A (gray) and B (brown) of the E. coli LpxA
homo-trimer and the amino acids surrounding the 14-carbon acyl chain (pink). E. coli LpxA amino acids: His-160 (green), Gly-173 (blue), Gly-176 (red), and
His-191 (orange). E. coli LpxA structure PDB ID 2QIA (9) was used to generate this figure in Swiss-Pdb Viewer (ExPASy) (33).

is modified with GIcN at the phosphate groups, there is also a
significant increase in TLR4 activation over the wild type levels.
If both these modifications are added to 18-323 to produce a
longer C3’ acyl chain and the GlcN modification (18-323 +
pPtacLpxA338LgmABCD), there is a significant increase in
TLR4 activation over both wild type (18-323) levels and 18-323
with the longer acyl chain (18-323 + pPtacLpxA338) levels, but
there is no difference when compared with TLR4 activation by
18-323 LOS that only has the GIcN modification (18-323 +
pPtacLgmABCD). This shows that each modification alone is
sufficient to increase TLR4 activation of B. pertussis LOS.

APRIL 26, 2013 +VOLUME 288-NUMBER 17

These results also suggest that when the GlcN modification is
present, increasing the C3’ acyl chain length does not increase
TLR4 activation. However, because there are varying levels of
these modifications in each of the 18-323 strains, the relative
contribution of each modification is difficult to determine.

DISCUSSION

Minute changes in the structure of lipid A can have great
effects on how these lipid A species are able to interact with and
cause dimerization of the TLR4 complex and downstream
NFkB signaling (1). Coats et al. (29) suggest that in penta-acyl
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FIGURE 6. TLR4 activity of purified LPS from 18-323 strains as measured
with the HEK-Blue NF«B TLR4 activity assay. Null2 all, stimulation of HEK-
Blue Null2 cell line that lacks TLR4 expression with all LPS variants; Blank,
medium only with no HEK-Blue cells; Unstim, HEK-Blue hTLR4 cells stimulated
with medium only; 78-323 + pPtacLpxA338, 18-323 complemented with [pxA
from BP338; 18-323 + pPtacLgmABCD, 18-323 complemented with Lgm locus
from BP338; 18-323 + pPtacLgmABCDLpxA338, 18-323 complemented with
both IpxA and Lgm locus from BP338. Graph shows the results of one repre-
sentative experiment of three, n = 6. p values: <0.01 (**), < 0.001 (***). Error
bars indicate S.D.

lipid A species, longer fatty acid chain lengths correlate with
greater TLR4 activity. This hypothesis is based on the observa-
tion that penta-acyl E. coli LPS with acyl chain lengths of C12
and C14 is a weaker TLR4 agonist in comparison with Porphy-
romonas gingivalis penta-acyl LPS, which contains acyl chain
lengths of C15, C16, and C17 (29). In the present study, we have
elucidated the genetic reasons for the structural differences
between B. pertussis strain BP338 and 18-323 lipid A. IgmA,
lgmB, and [gmC are responsible for the GlcN modification pres-
ent on phosphate groups in BP338, but absent in 18-323, and
the single amino acid difference at position 173 of B. pertussis
LpxA is responsible for the presence of 14 carbon acyl chains at
the C3' position in BP338 and only 10 and 12 carbon acyl chains
at this position in 18-323. Furthermore, we have shown that
each difference in lipid A structure between BP338 and 18-323
effects TLR4 activation in penta-acyl B. pertussis lipid A.
Previously, we had suggested that LgmA and LgmB (encoded
by locus tags BP0399 and BP0398, respectively), which are
homologs of glycosyl transferases ArnC and ArnT, respectively,
were involved in the modification of B. pertussis lipid A with
GIcN (7). Here, we show that lgmA and [gmB, along with the
downstream gene [gmC (locus tag BP0397), are required for
GlcN modification of lipid A, but not lgmD (locus tag BP0396),
which has a start codon overlapping with the stop codon of
lgmC. LgmC has a structural fold similarity to the YdjC-like
superfamily of proteins (25, 26). NaxD, a member of this pro-
tein super family, was recently shown to function as a deacety-
lase as part of a pathway that modifies the lipid A 1-phosphate
of Francisella novicida with galactosamine (24). Interestingly,
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the authors also showed that Bordetella bronchiseptica locus
tag BB4247 (i.e. lgmC) is required for deacetylation of undeca-
prenyl phosphate (C55P)-GlcNAc and for the presence of
GlcN-modified lipid A in total lipid extracts of B. bronchisep-
tica (24). Taken together, we hypothesize that LgmA functions
to transfer GIcNAc to C55P, followed by deacetylation of this
product by LgmC, and finally transfer of the GlcN from C55P-
GIcN onto the phosphate of lipid A by LgmB. Because lgmD is
closely linked with [gmC, LgmD may play a role in this path-
way. If this is the case, in the absence of [gmD, as seen in the
lgmD mutant, another B. pertussis protein would carry out
the function of LgmD, thereby allowing the GIcN modifica-
tion of lipid A.

Differences between enzymes in the Raetz lipid A biosynthe-
sis pathway (11) can also be responsible for the variations
observed in lipid A structures between different strains and
species. LpxA, the first enzyme in this pathway, catalyzes the
addition of an acyl chain onto the C3 carbon of GlcNAc, and
when the di-GlcN backbone of lipid A is formed, this acyl chain
can be in the C3 or the C3' position (11). Williams and Raetz (9)
suggest that the length of the acyl chain at the C3 and C3’
positions of lipid A is controlled by the hydrocarbon ruler
region of LpxA, that is, the amino acids located near the active
site in proximity to the acyl chain of the substrate, such as Gly-
173 and Gly-176 in E. coli LpxA. Previous work, where mutat-
ing Gly-173 of E. coli LpxA changed the acyl chain length spec-
ificity of the enzyme, supports this theory (10). Our data also
support this theory because amino acid 173 in B. pertussis LpxA
is equivalent to Gly-176 in E. coli (Fig. 5), and if B. pertussis
LpxA has a serine in this position (as seen in BP338), a C;,OH
acyl chain can be added at the C3’ position, whereas if a leucine
is found in position 173 (as seen in 18-323), only C,,0OH and
C,,OH acyl chains are found. Therefore, we hypothesize that
the larger leucine is obscuring the tip of the active site of LpxA,
thus only allowing 10 or 12 carbon acyl chains to be added. An
alignment of LpxA sequences from several Gram-negative spe-
cies suggests a similar correlation between strains with shorter
acyl chains at the C3 and/or C3’ positions (e.g. Pseudomonas
aeruginosa and Rhodobacter sphaeroides) and the presence of a
larger amino acid at positions equivalent to E. coli LpxA Gly-
173, Gly-176, or both (Fig. 5). However, for P. gingivalis LpxA,
this correlation, which is mostly based on sequence alignment,
does not hold true and may be a reflection of the decreased
sequence similarity of the P. gingivalis LpxA. Thus, although
this analysis generally supports the role of both Gly-173 and
Gly-176 of E. coli LpxA as a hydrocarbon ruler for the length of
the acyl chain added to lipid A at the C3 and C3' positions, there
are likely more complexities involved in determining acyl chain
length, especially in more distantly related LpxA species.

In this study, we have shown that slight variations in the
structure of B. pertussis penta-acyl lipid A result in differences
in TLR4 activation, suggesting that these structural modifica-
tions of lipid A affect how it interacts with the TLR4-MD2
complex. The solved crystal structure of dimerized TLR4-MD2
in complex with E. coli lipid A or lipid IVa (a tetra-acyl precur-
sor of lipid A that acts as a TLR4 antagonist) can give us clues as
to which amino acids may be important in this interaction (30,
31). In the case of E. coli lipid A, Park et al. (30) show that lipid
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IVa, which harbors only four acyl chains, sits deeper in the MD2
pocket when compared with hexa-acyl lipid A, and therefore,
suggest that the phosphates of lipid IVa cannot interact with
key positive amino acids that the phosphates of lipid A interact
with to cause TLR4 dimerization. In the case of B. pertussis lipid
A, which has only five acyl chains, we propose, in the absence of
the GlcN modification on the phosphate groups and with
shorter C3' acyl chains, as seen in 18-323, that the phosphate
groups of lipid A are not able to interact with the key positively
charged residues in TLR4 to cause dimerization and activation.
However, when the C3' acyl chain length is increased, this may
position the lipid A molecule slightly more out of the MD2
pocket and slightly closer to the positively charged residues in
TLR4, thus significantly increasing TLR4 dimerization and
activation. Alternatively, when the phosphates are modified
with positively charged GIcN, we hypothesize the lipid A must
now interact with negatively charged residues in TLR4 to cause
dimerization. Because B. pertussis lipid A modified with only
GIcN has greater TLR4 activation when compared with non-
modified lipid A, we propose that the penta-acyl lipid A is able
to interact with negatively charged residues in TLR4 to pro-
mote dimerization. Adding both GIcN and longer acyl chain
modifications to 18-323 lipid A also increases TLR4 activation
when compared with both wild type 18-323 and 18-323 with
only the longer acyl chain modification, but this level is statis-
tically equal to that of 18-323 with only the GlcN modification.
This suggests that the slight increase in the C3’ acyl chain
length in the GlcN-modified lipid A does not change the posi-
tion within the TLR4 complex enough to significantly affect the
interaction between the negatively charged residues in TLR4
and the GIcNs.

The structure of the TLR4-MD-2 complex bound to E. coli
hexa-acyllipid A has shed light on the interactions between LPS
and TLR4 that lead to TLR4 dimerization and activation, espe-
cially the key interactions between the negatively charged 1-
and 4'-phosphate groups of LPS and positively charged amino
acid residues within TLR4 (30). However, many Gram-negative
species have penta-acyl lipid A, and the structure of TLR4-MD2
bound to penta-acyl lipid A has yet to be determined. A greater
understanding of how different lipid A structures interact with
the TLR4-MD2 complex and the effect of these structural dif-
ferences on TLR4 activation will reveal new insights on how the
immune system recognizes different bacteria. This may lead to
the generation of tools to specifically modify the TLR4 activa-
tion potential of bacterial strains, and therefore, the ability of
these strains to modulate the immune response.
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