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Abstract—Correlation between the chemical structure of lipid A from various Gram-negative bacteria and biological activ-
ity of their lipopolysaccharide (LPS) as an agonist of the innate immune receptor Toll-like receptor 4 was investigated.
Purified LPS species were quantitatively evaluated by their ability to activate the production of tumor necrosis factor (TNF)
by murine bone marrow-derived macrophages in vitro. Wild-type LPS from plague-causing bacteria Yersinia pestis was com-
pared to LPS from mutant strains with defects in acyltransferase genes ([pxM, IpxP) responsible for the attachment of sec-
ondary fatty acid residues (12:0 and 16:1) to lipid A. Lipid A of Y. pestis double AlpxM/AlpxP mutant was found to have the
chemical structure that was predicted based on the known functions of the respective acyltransferases. The structures of
lipid A from two members of the ancient psychrotrophic bacteria of the genus Psychrobacter were established for the first
time, and biological activity of LPS from these bacteria containing lipid A fatty acids with shorter acyl chains (C10-C12)
than those in lipid A from LPS of Y. pestis or E. coli (C12-C16) was determined. The data revealed a correlation between the
ability of LPS to activate TNF production by bone marrow-derived macrophages with the number and the length of acyl

chains within lipid A.
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Lipopolysaccharide (LPS) of most Gram-negative
bacteria induces intracellular signaling through the innate
immune receptor, Toll-like receptor 4 (TLR4) [1].
Although the three-dimensional structure of the
LPS—MD-2—-TLR4 complex was established by X-ray
analysis [2], some aspects of structure—function relation-
ships for various LPS are not fully understood. Currently,
the best-studied TLR4 agonists are a highly active hexa-

* To whom correspondence should be addressed.
# These authors contributed equally to this work.

acyl lipid A from Escherichia coli and its tetraacyl biosyn-
thetic precursor, lipid I'Va, which is a weak activator [3, 4].
However, the natural diversity of ligands with potentially
different lipid A structures is certainly not limited to the
studied structures. Therefore, investigation of “non-
canonical” forms of LPS, primarily those that differ in
the structure of the lipid A moiety, which is largely
responsible for innate immune recognition, is of interest.

The “canonical” hexaacyl lipid A consists of two
phosphorylated glucosamine residues with four primary
hydroxylated acyl groups attached (R2, R3, R2’, R3'),
two of which carry secondary non-hydroxylated acyl
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residues (R2", R3"") [5]. It should be noted that five acyl
groups of lipid A (R3, R2’, R2", R3’, R3") are docked in
a hydrophobic pocket of the adapter protein MD-2
formed by two [-sheets, rather than interacting with
TLR4 directly, whereas the glucosamine residues remain
on the surface [6]. The R2 acyl group is bound by
hydrophobic interactions to the neighboring TLR4
monomer rather than to MD-2. The binding causes con-
formational changes in TLR4, activation of its intracellu-
lar domain, and subsequent triggering of intracellular sig-
naling pathways [7, 8]. The resulting activation of the
transcription factor NF-«kB induces transcription of sev-
eral proinflammatory cytokine genes including tnf'encod-
ing for TNF (tumor necrosis factor), the major factor in
septic shock [9, 10].

In the present study, we examined correlation
between the chemical structure of LPS from Gram-nega-
tive bacteria, namely the length and the number of the
acyl chains in lipid A, and the biological activity of LPS
as a TLR4 agonist.

MATERIALS AND METHODS

Bacterial cultures. The following strains of Gram-
negative bacteria were used: Escherichia coli 0130,
Francisella tularensis 15, Yersinia pestis KM260(11) and
its mutants KM260(11)AlpxM, KM260(11)AlpxP,
KM260(11)AlpxM/AlpxP [11, 12], Psychrobacter arcticus
DSM 17307T, and Psychrobacter cryohalolentis DSM
17306T [13]. Bacteria of the genus Psychrobacter were
obtained from the All-Russian Collection of
Microorganisms.

Strains of P. cryohalolentis and P. arcticus were grown
at 24°C, Y. pestis at 25°C, and FE. coli and F. tularensis at
37°C in a 10-liter fermenter (New Brunswick Scientific
Fermentors, USA) in a liquid aerated medium until the
initial stage of the stationary phase.

Strains of Y. pestis, E. coli, and F. tularensis were
grown at pH 6.9-7.1 in a medium that contained (per liter
of distilled water) 20-30 g pancreatic fish-flour
hydrolysate, 10 g yeast autolysate, 3.9 g glucose, 6 g
K,HPO,, 3 g KH,PO,, and 0.5 g MgSO,. After 48-h incu-
bation, bacterial biomass was centrifuged, frozen at
—70°C, and lyophilized. A solid agar medium was pre-
pared by adding 2% agar to the liquid medium.

Strains of P. cryohalolentis and P. arcticus were grown
at pH 7.6 in a medium that contained (per liter of distilled
water) 4 g yeast extract, 1.12 g Na,HPO,, 0.4 g KH,PO,,
19.5 g NaCl, 2 g NH,Cl, 4 g MgSO,, 0.1 ml CaCl, (10%),
0.05 ml FeSO, (1%), and 10 ml microelement solution
SL-10 (990 ml dH,0, 10 ml HCI (25% 7.7 mM), 1.5 g
FeCl,-4H,0, 70 mg ZnCl,, 100 mg MgCl,-4H,0, 6 mg
H;BO;, 190 mg CoCl,-6H,0, 24 mg NiCl,6H,0, 36 mg
NaMoO,2H,0). The biomass was dried with acetone
according to the standard protocol [14].
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Isolation of LPS. LPS was isolated from dried bacte-
rial cells of each strain by extraction with a mixture of
phenol, chloroform, and petroleum ether at 25°C and
purified by ultracentrifugation at 105,000g (twice) fol-
lowed by treatment with DNase, RNase, and proteinase
K to remove nucleic acids and proteins. Highly purified
LPS preparations were obtained by hydrophobic gel chro-
matography in sodium acetate buffer in the presence of
EDTA and sodium deoxycholate controlled by UV mon-
itoring and polyacrylamide gel electrophoresis. Two
approaches were used: 1) an LPS sample was fractionated
by gel chromatography on Sephadex G-150, the LPS-
containing fraction was lyophilized, an excess of salts was
removed by extraction with ethanol, the precipitate was
dissolved in water, and LPS was precipitated with ethanol
and lyophilized; 2) an LPS sample was fractionated on
AcA 44 Ultragel, the LPS-containing fractions were
pooled and dialyzed first against 0.2% NaHCO;, then
against distilled water and lyophilized. The purified LPS
preparations obtained by both methods were free from
proteins and nucleic acids. Lipid A was cleaved by mild
acid hydrolysis of LPS, the lipid precipitate was suspend-
ed in water, lyophilized, and the dried preparation was
extracted with chloroform—methanol (1 : 1 v/v) to
remove phospholipid contaminations.

Mass spectrometry of LPS. LPS was subjected to
mild acid hydrolysis with 2% AcOH at 100°C until pre-
cipitation of lipid A (2-4 h). The resulting precipitate was
separated by centrifugation and lyophilized. Mass spectra
were recorded on a Bruker ApexII spectrometer (Bruker
Daltonics, USA) with electrospray ionization and ion
detection using Fourier transform ion-cyclotron reso-
nance [15]. Negative ion spectra were recorded and
processed using standard experimental sequences as pro-
vided by the manufacturer. Mass accuracy was checked
through external calibration. Samples (10 ng/ml) were
dissolved in a mixture of isopropanol, water, and triethyl-
amine (50 : 50 : 0.001 v/v) and sprayed at a flow rate of
2 ul/min. The capillary output voltage was set to 3.8 kV,
and the drying gas temperature was 150°C.

Laboratory animals. C57B1/6 mice and #/r4-deficient
mice (A. A. Kruglov et al., manuscript in preparation) 8-
10-week-old (weight ~20 g) were used. The mice were
housed in the Pushchino Animal Breeding Facility of the
Pushchino branch of Shemyakin and Ovchinnikov
Institute of Bioorganic Chemistry, Russian Academy of
Sciences, under specific pathogen free conditions.

Bone marrow-derived macrophage cultures and acti-
vation. Primary bone marrow-derived macrophage
(BMDM) cultures were obtained by in vitro differentia-
tion of bone marrow cells from C57Bl/6 mice or TLR4-
deficient mice. The cells were maintained for 10 days in a
culture medium according to the standard protocol [16].
The medium for BMDM cultures contained DMEM
(Gibco, USA) with 2 mM L-glutamine (HyClone, USA)
supplemented with 20% horse serum (HyClone) and 30%
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conditioned medium from L.929 cells (source of M-CSF).
For measuring TNF concentration in the supernatants,
primary bone marrow-derived macrophages were plated
on 96-well plates (5-10* cells per well). DMEM medium
without serum that contained 1 or 10 ng/ml LPS was
added, and after 4-h incubation in a CO,-incubator at
37°C, the supernatant was transferred to a 96-well plate
and stored at —80°C for further analysis.

Analysis of TNF production. The amount of TNF
produced in the cell supernatant was determined by
ELISA using a Mouse TNFalpha ELISA Ready-SET-Go
kit (eBioscience, USA) according the manufacturer’s
protocol.

Statistical analysis. The GraphPad Prism 6 program
(GraphPad Software) was used for statistical data analy-
sis. The Mann—Whitney U-test was used for nonpara-
metric comparison of two independent data samples and
determination of the degree of reliability. The data were
obtained in three independent experiments and presented
as the mean £ SD for TNF-a concentration in the super-
natant. Differences between the groups were considered
significant at P < 0.05.

1335
RESULTS AND DISCUSSION

Structures of lipid A in wild-type LPS of Y. pestis
KM260(11) [15] and its mutants in genes pxM [11, 12]
and IpxP [12] encoding lauroyl (12:0) transferase and
palmitoleoyl (16:1) transferase, respectively, were estab-
lished earlier. The wild-type lipid A synthesized at 25°C
has six acyl groups, from which four 3-hydroxymyristoyl
groups (3HO14:0) are primary (i.e. attached directly to
the glucosamine residues) and two other groups (12:0 and
16:1) are secondary (Fig. la). Lipid A structures of
KM260(11)AlpxM and KM260(11)AlpxP mutants lack
the secondary lauroyl 12:0 group (R3'") or palmitoleoyl
16:1 group (R2"), respectively, and thus both represent a
pentaacyl lipid A. Structure of lipid A of the double
KM260(11)AlpxM/AlpxP mutant was elucidated by mass
spectrometry in this study. As predicted from the genetic
data, this mutant lacks both secondary acyl groups, 12:0
and 16:1, and is thus represented by the tetraacyl form
(Fig. 1b).

In addition, lipid A of the two representative psy-
chrotrophic bacteria of the genus Psychrobacter was char-
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Fig. 1. Structures of hexaacyl and tetraacyl bisphosphoryl lipids A in LPS of wild-type Y. pestis and its AlpxM/Alpx P mutant grown at 25°C
(a, b) and Psychrobacter spp. (c, d). GIcN, glucosamine; Ara4N, 4-amino-4-deoxyarabinose; R2, R3, R2’, R3’, primary acyl groups; R2" and
R3", secondary acyl groups. Numbers indicate the number of carbon atoms in the acyl chain; in case of Psychrobacter spp., the numbers refer

to the predominant form of lipid A.
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Total relative percentage of various forms of lipid A in LPS of Psychrobacter spp. (based on mass spectral data of isolat-
ed lipids A) and calculated (M,,.) and experimental (M,,,) molecular masses of the predominant forms of lipid A (Da)

Psychrobacter species

Lipid A form

tetraacyl M, 1248.70

pentaacyl M, 1446.86

hexaacyl M, 1601.00

P. cryohalolentis

P. arcticus

29% M., 1248.71
41% M.y, 1248.71

5% M.y, 1446.88
12% M., 1446.88

66% M., 1601.03

47% M., 1601.03

exp

acterized chemically for the first time. As judged by mass
spectrometry data, it includes fatty acids with relatively
short acyl chains (Fig. 1c). The predominant hexaacyl
form has four primary 3HO12:0 groups and two second-
ary 10:0 groups attached to the primary fatty acids. There
is also tetraacyl lipid A that lacks one residue each of
3HO12:0 and 10:0 (Fig. 1d), and a small amount of pen-
taacyl lipid A. The main sources of structural heterogene-
ity are: a) the presence of monophosphoryl lipid A in
addition to the major bisphosphoryl lipid A, and b) a dif-
ferent length of acyl chains resulting in the presence of
minor species in which the primary 3HO12:0 group is
replaced with a 3HO10:0 group and one or both second-
ary 10:0 groups are replaced with 12:0 or 11:0. The rela-
tive percentage of various forms of lipid A in LPS of
Psychrobacter spp. is summarized in the table.

LPS of E. coli with highly active hexaacyl lipid A was
used as positive control for assessing TNF production in
activated macrophages [5]. LPS of F. tularensis with
tetraacyl monophosphoryl lipid A, which does not induce
TLR4 signaling [17, 18], was used as a negative control.

To evaluate the specificity of TLR4 signaling, the
LPS preparations were also tested in bone marrow
macrophage cultures deficient in TLR4. TNF production
by TLR4-deficient macrophages in response to LPS did
not exceed the detection limit of the method (data not
shown). This observation confirmed the specificity of our
LPS preparations and, therefore, TNF production by
BMDM is triggered by the interaction of LPS with TLR4.

BMDM from wild-type C57Bl/6 mice were activat-
ed by LPS samples from Y. pestis and Psychrobacter spp.
at various concentrations (0.1, 1, 10, and 100 ng/ml) to
determine the optimal working concentration of LPS
(data not shown). For LPS from Y. pestis mutants, the
most marked differences in TNF induction were observed
at 1 ng/ml, and for LPS from Psychrobacter spp. at 10 ng/
ml. The higher concentration in the latter case can be
accounted for by the presence of a long-chain polysac-
charide in the S-form LPS of Psychrobacter spp. [19],
which decreased the content of lipid A in LPS, whereas
there is no such component in the R-form LPS of Y. pestis
mutants [15].

Figure 2a shows that wild-type LPS of Y. pestis
grown at 25°C activated TNF production approximately

as efficiently as LPS of E. coli, which is consistent with
the presence of active hexaacyl lipid A in both strains. In
Y. pestis mutants, the absence of at least one acyl group
was crucial for binding of LPS to TLR4. LPS from AlpxM
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Fig. 2. TNF production in bone marrow-derived macrophage cul-
tures in response to LPS from various strains of Y. pestis at 1 ng/ml
(a) and Psychrobacter spp. at 10 ng/ml (b). * P < 0.05. The values
for LPS of F. tularensis were below the detection limit.
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and AlpxP mutants induced TNF production at approxi-
mately the same level, the former being a slightly stronger
activator than the latter. Although this difference did not
reach the level of statistical significance, it indicated that
the absence of the 16:1 acyl group (R2"") might be more
important for manifestation of the biological activity of
lipid A than the absence of the 12:0 group (R3"). This
effect may be due to a better anchoring of the LPS mole-
cule into the hydrophobic pocket of the MD-2 adapter
protein provided by the longer-chain 16:1 group with a
double carbon—carbon bond than by the shorter-chain
saturated 12:0 group. As expected, LPS of double
AlpxM/Alpx P mutant induced the weakest TNF produc-
tion by macrophages. Therefore, the biological activity of
Y. pestis LPS depends on the number of acyl groups in the
lipid A moiety.

A comparison of the biological activity of LPS from
strains of Psychrobacter spp. revealed the following (Fig.
2b): LPS of P. cryohalolentis with hexaacyl lipid A as the
predominant form induced the strongest TNF production;
LPS P. arcticus was a weaker activator that correlated with
a lower content of hexaacyl lipid A and, accordingly, a
higher content of pentaacyl and tetraacyl forms (table).

Therefore, this study demonstrated the functional
importance of the number of acyl groups in lipid A, which
correlated with the observed ability of LPS to activate
TNF production in primary bone marrow-derived
macrophages. A lower level of activation of TNF produc-
tion by macrophages in response to LPS from strains of
Psychrobacter spp. in general can be accounted for by
shorter primary and secondary acyl groups in their lipids
A (C10-C12) compared with Y. pestis and E. coli lipids A
(C12-C16), which presumably do not provide an equally
efficient LPS binding to the MD-2—TLR4 complex. It
can be concluded that the total contribution of the acyl
groups in lipid A impacts directly the biological activity of
LPS: the activity increases with an increase in the number
and the chain length of the acyl groups.
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