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ABSTRACT. Unlike soluble and membrane forms of lipopolysaccharide (LPS)-binding proteins, intracellular
LPS-binding molecules are poorly documented. We looked for such molecules in a murine lung epithelial
cell line. Two proteins with LPS-binding activity were isolated and unambiguously identified as histones
H2A.1 and H4 by mass spectrometry. Synthetic peptides representing partial structures indicated that the
LPS binding site is located in the C-terminal moiety of the histones. Extending the study, we found that
histones H1, H2A, H2B, H3, and H4 from calf thymus are all able to bind LPS. Bindings were specific,
and affinities, determined by isothermal titration calorimetry, were (except for H4) higher than that of the
LPS-binding antibiotic polymyxin B. In the presence of H2A the binding of LPS to the macrophage cell
line RAW 264.7, and the LPS-induced production of ThEnd nitric oxide by these cells, were markedly
reduced. Histones may thus represent a new class of intracellular and extracellular LPS sensors.

During systemic infection, Gram-negative bacteria release surfactant, which covers the epithelial lining of the alveali,
in the circulation minute quantities of lipopolysaccharides contains several components that are active participants in
(LPS)! the major structural component of their outer the innate defense system. Two hydrophilic components of
membrane. This leads to a variety of pathophysiological and alveolar surfactant, SP-A and SP-D, are lung collectins that
often fatal disorders termed as the endotoxic shock, for which can bind to LPS and to other bacterial components (lipote-
no satisfying therapy existd). The pleiotropic effects of ichoic acid, mannans), and a role in pattern recognition has
LPS culminate in multiple organ dysfunctions, including lung been proposed for these collectirisly. We demonstrated
failure, leading to acute respiratory distress syndrome recently (L2) that another component of lung surfactant, SP-
(ARDS) with high mortality rateZ). But lungs are not only  C, interacts specifically with bacterial LPS. Unlike SP-A and
a target organ of LPS-induced disorders. They represent alsdcSP-D, SP-C is amphiphilic and is produced exclusively by
another common route of entry of pathogens, and thus oftype Il alveolar epithelial cells. The aim of the present
LPS, into the body. Therefore, the host has developed ainvestigation was to examine whether this cell type can also
defense system that includes factors that detect LPS both inproduce other LPS-binding proteins of amphiphilic nature.
the circulation and in the lung alveoli, to inhibit its deleterious We used the mouse lung epithelial MLE-12 cell line as a
effects or to amplify an alarm response. A number of model of mouse type Il pneumocytes. These studies revealed
naturally occurring peptides and proteins (magainins, ce-that two major amphiphilic proteins of these cells with
cropins, bombins, mellitins, etc.) have LPS-binding capacity marked LPS-binding activity are the two histones H2A.1 and
(3—5), and these interactions have different effects on H4. This may suggest a yet unsuspected role of histones in
endotoxicity, varying from reduction to enhancement. For LPS recognition and thus in LPS-induced effects.
example, LPS-binding protein (LBP) and hemoglobin (Hb)
are known to enhance the biological activities of LRSS ( EXPERIMENTAL PROCEDURES
7), whereas these activities are considerably reduced by ReagentsThe LPSs fromSalmonella minnesotérough
bactericidal permeability-increasing protein (BPI), lysozyme, mutant Re595), egg yolk-o-phosphatidylcholine (type XV-
and lactoferrin §—10). E), bovine albumin, and DNA partial structures (2-deoxyri-

In the lungs, the alveolar fluid contains regulatory mol- bose-5-phosphate and mono-, di-, and polynucleotides) were
ecules that are capable of sensing the environment andfrom Sigma Chemical Co. (St. Louis, MO). All HPLC
amplifying or dampening inflammatory responses. Lung solvents (LiChrosolv grade) were from Merck (Darmstadt,
Germany). Tritium-labeled borohydride (481 GBg/mmol)

* This work is supported by a grant from the Direction des Syste was from Amersham-Pharmacia Biotech (Buckinghamshire,

de Forces et de la Prospective (Contract 99.34.033). England). The liquid scintillation reagents Aqualyte and

. *C.I‘?”e.sﬁonc?i”r? ‘g”th%rbTe'-: 33'163%154830- Fax: 33-169853715. | jpofluor were from Baker (Deventer, The Netherlands).
T Endotoxn g’mﬁp%’@ mpe-t-psua.ir Histones H1, H2A, H2B, H3, and H4, extracted from calf
S Chimie des Prdfees. _ thymus, were from Roche Diagnostics (Basel, Switzerland).
"Moddisation et Indaiérie des Protimes. ) ~ The custom peptide synthesis service of Neosystem (Stras-
! Abbreviations: ITC, isothermal titration calorimetry; LPS, li- bourg, France) produced the different synthetic peptides used

popolysaccharide; MALDI-TOF, matrix-assisted laser desorption and
ionization-time-of-flight; RP-HPLC, reverse-phase high performance (H2As-27, H2As8-48, H2As9-67, H2A71-02, H2Ag6-115 HA1-21,

liquid chromatography; SP-C, surfactant protein C. and H4;-107). A single peak was obtained by HPLC analysis
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of the different peptides, and amino acid and mass spectro-2-propanol) in solvent A. Absorbance was monitored at 225

metric (MALDI) analyses of the peptides were identical to
theoretically predicted values.

Preparation of Tritium-Labeled LPSThe labeling was
done by a modification1(2) of a described proceduréJ):
A sample (2 mg) of LPS fron. minnesoteRe595 was
oxidized (150 min, 20C) with sodium periodate (% 102
M). After destruction of the oxidant wit1 M ethylene
glycol, aldehyde groups were reduced (18 h &CJ} with
an ice-cold solution of NaBH], (0.46 GBg, 481 GBg/mmaol)
in 200uL of ice-cold borate buffer (0.05 M, pH 9.5). Excess
sodium borohydride was destroyed witlub of acetic acid.
After two washings (centrifugations at 100 @X@r 15 min)
in 400 uL of an ice-cold water-ethanol mixture (+1 by
vol), the radiolabeled®H]-LPS (9 x 1(° cpmjug; 2 x 10°
cpm/pmol) was stored at20 °C until use. Nitric oxide
production induced by 2 and 5 ng/mL of this radiolabeled

nm. Further purification of a pool of fractions—2 was
achieved by RP-HPLC on a 2 150 mm Vydac (300 A)
C4 column. Proteins were eluted with a linear gradient from
0—70% acetonitrile in 0.1% trifluoroacetic acid over 30 min
at a flow rate of 0.3 mL/min. Absorbance was recorded at
215 nm.

MALDI-TOF Mass Spectrometr@ne microliter of HPLC-
purified protein was mixed with kL of saturated solution
of sinapinic acid in 30% acetonitrile and 0.3% trifluoroacetic
acid. Samples were loaded into a MALDI-TOF spectrometer
(Perseptive Biosystems, Voyager STR-DE) equipped with
a nitrogen laser (337 nm). Spectra were obtained in linear
mode using delayed extraction. An accelerating voltage of
20 kV was applied. The external standards used for calibra-
tion werekE. colithioredoxin, cytochrome, and myoglobin.

For analysis of tryptic peptides, AL of HPLC-purified

material in mouse macrophages was not significantly dif- protein was mixed with 1ulL of saturated solution of
ferent from that induced by the same concentrations of a-cyanohydroxycinnamic acid in 50% acetonitrile and 0.3%
unlabeled LPS, indicating that the bioactivity of the LPS was trifluoroacetic acid, and the mixture was loaded on the

not modified by the radiolabeling procedure.
Cellular ExperimentsRPMI-1640 and fetal calf serum

MALDI plate. Tryptic cleavage was performed either in
solution or directly on the plate by adding«2 (100 ng) of

(FCS) were from Bio Media (Boussens, France). Culture trypsin (Boehringer, sequence grade quality) in 50 mM

medium (CM) was RPMI-1640 containing 2 mM-
glutamine, 100 IU/mL penicillin, and 108g/mL strepto-
mycin. Mouse recombinant interferon gamma (IFNwas
from Gibco (Gaithersburg, MD). Analysis of the binding of

ammonium bicarbonate. Spectra were obtained in reflector
mode using delayed extraction. The external standards used
for calibration were des-Arg bradykinin, [Giitfibrinopep-
tide B, [Tyrf]-substance P, ACTH clip 417, ACTH clip

[®H]-LPS to adherent mouse macrophage (RAW 264.7) and 18—39, and ACTH clip +17.

mouse lung epithelial (MLE12) cell lines was performed
as described previousht4). The production of nitric oxide
was analyzed by the Griess reactidb); and the secretion
of TNF-a. was determined with an ELISA kit (eBioscience,
San Diego, CA).

Extraction of Amphiphilic Components of MLE-12 Cells.

LPS-Binding AssayGlass tubes containing phosphatidyl-
choline (PC) (0.3 mg) alone or mixed with the material to
be tested were evaporated to dryness. After sonication with
a solution of BSA (6QuL, 1 mg/mL in 0.15 M NacCl), the
vesicles were incubated (2 h, 2C) under gentle rotation,
with [®H]-LPS (3.6 x 1C° cpm; 290uL in 0.15 M Nacl).

The mouse lung adenocarcinoma cell line MLE-12 was The density was then adjusted to 1.185 g/mL by addition of
cultured in CM supplemented with 5% FCS. Cells recovered 350 4L of a solution of 1.1% NaCl and 46% NaBr. A

after trypsin treatment, washings in 0.15 M NaCl, and
centrifugation at 159 were extracted twice (1 h at°’€) by
suspension under mild stirring (5% 1C° cells/mL) in a
mixture of chloroform-methanot-1 M HCI (6:4:0.01 by vol)

discontinuous gradient was prepared by sequential addition
of 23% NacCl (0.7 mL) and the radioactive suspension (0.7
mL), 20.5% NaCl (0.7 mL), 16.5% NaCl (0.7 mL), and 8%
NaCl (0.2 mL). After centrifugation (65 0@Q 90 min), the

in 5 mL of polypropylene tubes. The upper organic phases radioactivity of collected fractions was determined by liquid

recovered after centrifugation (12 Qf)Gvere pooled. After

scintillation. Vesicles with bound radiolabeled LPS were

evaporation to dryness, hydrophilic components and phop-recovered at the top (1 mL) of the density gradient, whereas

holipids were removed by a modification of the method of
Beers (6). Briefly, the crude material recovered fromx2
10’ cells was sonicated in distilled water (1 mL). A mixture
(5 mL) of diisopropyl ether/1-butanol (3:2 by vol) was then
added. After stirring (2 h, 4C) and centrifugation (10@y),

unbound {H]-LPS was found at the bottom. The LPS-
binding index of a compound is defined as the radioactivity
recovered at the top (1 mL) of the density gradient, expressed
as a percentage of the total radioactivity recovered.

A second LPS-binding assay based on the bindingH [

the amphiphilic material was isolated in the interphase. The LPS to histone-coated or peptide-coated plates was also
first interphase was re-extracted twice with the organic used: methanolic solution peptides or histones to be tested
solvent and once more with water. The material in the were evaporated under vacuum in wells of polypropylene

interphase was recovered by evaporation of the solvent undemicroplates. {H]-LPS (3 x 10° cpm in 100uL of a solution

a nitrogen stream.
Reverse-Phase HPL(Fractions of the material extracted

of 0.6 mg/mL BSA in 0.15 M NaCl) was incubated for 2 h
at room temperature in the coated wells. After five washings

from 2 x 10’ cells were analyzed by reverse-phase HPLC with 100 uL of saline, the remaining bound radioactivity
(RP-HPLC). In a first analysis, the sample was dissolved in was measured.

100 uL of solvent A (0.2% trifluoroacetic acid and 75%
methanol in water) and applied on ag€olumn from Waters
(uBondapak G, 10 um, 300 x 3.9 mm). Analysis was
carried out at a flow rate of 0.7 mL/min, first with solvent
A for 10 min and then with a linear gradient (2.5% per min
for 30 min) of solvent B (0.1% trifluoroacetic acid in

Isothermal Calorimetrylsothermal titration calorimetry
(ITC) measurements were carried out with a VP-ITC
calorimeter manufactured by MicroCal Omega Inc. (North-
ampton, MA) and interfaced with a computer. A homoge-
neous suspension of LPS Re-595 was prepared by a
modification of the method of Shands and Chadf)( the
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lyophilized LPS (2 mg) was suspended in 1 mL of a 0.05 M
Tris-HCI-0.01 M EDTA buffer (pH 7) and sonicated for 1
min. The suspension was then maintained for 1 min at pH 4
by the addition at £C, with stirring, of 22uL of 0.5 M

HCI. The mixture was then neutralized with ZL of 1 M
NaOH and adjusted to 0.312 mM in a 10 mM phosphate
buffer (pH 7.0). The molecular mass of LPS Re-595 was
taken to be 2476 Dal@). The proteins to be tested were
dissolved in a buffer identical to that of LPS. All solutions
were thoroughly degassed under vacuum for 5 min with
gentle stirring immediately before use. The thermal reference
cell was filled with water. A typical ITC experiment
consisted of injections of the LPS suspension into the sample
cell of the calorimeter (volume 1.4323 mL) containing the
protein (15-20 uM). A preliminary 5 uL injection was
followed by 27 injections (1L and 10 s duration each),
with 4 min spacing between injections. All experiments were
performed at 28C. ITC scans represent the energy required
by the calorimeter to maintain a constant temperature during
the multi-injection period. Prior to analysis, the heats of
dilution, which were determined in a control experiment by
injecting the LPS suspension into buffer alone, were sub-
tracted from the heats determined by injection into the protein
solutions. Data from the first &L injection, which are
unreliable (diffusion from the syringe), were discarded before
analysis. The energy exchanged per mole of LPS injected
can then be calculated for the different injections and
represented as a function of the ratio between LPS and
protein. The binding isotherms obtained were fitted to a
hypothetical (one or two sites) binding model by Marquardt
nonlinear least-squares analysis (Origin 5.0, MicroCal),
which yields values of the different binding and thermody-
namic parameters such as the intrinsic binding consk&t (
and the changes in the enthalpyH) and entropy AS).

Database Searclor peptide mass fingerprinting, monoiso-

topic masses were used, and a mass tolerance of 50 ppm
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Ficure 1: RP-HPLC analysis of the material extracted from MLE-
12 cells. The material extracted from>2 10 MLE-12 cells was
dissolved in 10QuL of solvent A (0.2% trifluoroacetic acid and
75% methanol in water) and was separated first (A) by RP-HPLC
on auBondapak G column (300x 3.9 mm) with solvent A for
10 min, and then with a linear gradient (2.5% per min, 30 min) of
solvent B (0.1% trifluoroacetic acid in 2-propanol) in solvent A, at
a flow rate of 0.7 mL/min. A pool of fractions-24 was separated
further (B) by RP-HPLC on a Vydac &olumn (2.1x 150 mm;
300 A) for 30 min with a linear gradient {670% acetonitrile in
0.1% trifluoroacetic acid), at a flow rate of 0.3 mL/min. Absorbance
was recorded at 215 nm.

T

20 30

was allowed. The peptide masses were matched with theTable 1: LPS-Binding Index of HPLC Fractions of the Amphiphilic

theoretical peptide masses of all proteins from mouse of

several databases (SwissProt, TTEMBL and GenPep), using

different softwares, especially ProFound for the mixture of
the two proteins and Peptldent (Expasy) for the purified
proteins.

Data Processingln some experiments, data were fitted
to a four parameter logistic (sigmoid) curve, using the
Marquardt-Levenberg curve fitting algorithm provided in
the SigmaPlot 2000 program (SPSS Inc., Chicago, IL).

RESULTS

Presence of Amphiphilic LPS-Binding Molecules in a
Mouse Lung Epithelial Cell LineWe reported previously
that the lung surfactant protein C (SP-C) of mice and other
species interacts with bacterial LP2). Because SP-C is
produced by alveolar epithelial type Il cells, it appeared
important to determine if this cell type can also produce other
LPS-binding proteins. We used the MLE-12 cell line, a lung
epithelial cell line deriving from mouse type Il pneumocytes,
which produces SP-C constitutively/d). To recover cellular
components with physicochemical features similar to those

Material Extracted from MLE-12 Cefls

LPS-binding index
(%)

1+£2
2+1
52+ 4
24+ 2
2+1
14+1

a Fractions isolated by HPLC from an extract ofx210" MLE-12
cells (Figure 1) were incorporated into PC/BSA (3@fJ60ug) vesicles,
which were incubated (2 h, 2WC) with 180 pmol of*H-LPS (3.6 x
10° cpm). Unbound®H-LPS was removed by centrifugation of the
vesicles on a NaCl/NaBr gradient. The LPS-binding index of the
fractions is defined as the percentage of radiolabeled LPS bound to
the vesicles. The percentage of radiolabeled LPS bound to empty
vesicles of PC/BSA (1% 4%) was subtracted from the data. Results
are the meant SD of duplicates.

peak

OO~ WNPE

from the cells with a chloroformmethanol mixture were
submitted to a second extraction in a water/diisopropyl ether/
1-butanol mixture (1:3:2 by vol). The amphiphilic material
isolated in the interphase of the second extraction was
analyzed by reverse-phase HPLC on @ €lumn, with a

of the LPS-binding molecule SP-C, we extracted the cells linear gradient of 2-propanol running in an aqueous solution
by a procedure identical to that used to recover SP-C from of 0.2% trifluoroacetic acid and 75% methanol. Figure 1A
crude mouse surfactant: hydrophobic components extractedshows that six main peaks were detected by this method.
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FiGurRe 2: Analysis of peak | by MALDI-TOF mass spectrometry. Trypsin-treated (A) and untreated (B) peak | were analyzed by MALDI-
TOF mass spectrometry. Peaks marked with a star and with a point correspond to contamination by keratin and to autolysis products of
trypsin, respectively. All masses correspond to-fVH] " ions. (C) Attributed amino acids (bold capitals) in sequences covered by Peptide
Mass Fingerprinting of histone H4. Potential acetylation sites are underlined.
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Ficure 3: Analysis of peak Il by MALDI-TOF mass spectrometry. Trypsin-treated (A) and untreated (B) peak Il were analyzed by MALDI-
TOF mass spectrometry. Peaks marked with a point correspond to autolysis products of trypsin. (C) Attributed amino acids (bold capitals)
in sequences covered by Peptide Mass Fingerprinting of histone H2A.1.

The six fractions, isolated from an extract 08210" cells, Identification of the LPS-Binding MoleculeA. pool of

were evaporated to dryness and incorporated into lipid the fractions 24 was first analyzed by matrix-assisted laser
vesicles, and the LPS-binding capacity of the corresponding desorption and ionization-time-of-flight (MALDI-TOF) mass
material was analyzed witlH]-LPS. We used a technique  spectrometry. Two major proteins were found, with average
described previously1@) in which putative LPS-binding  molecular masses of 14 064 and about 11 350 Da, respec-
proteins are incorporated in lipid vesicles, and after incuba- tively (data not shown). The fraction was then submitted to
tion with radiolabeed LPS, binding is detected after separa- a trypsin treatment to identify the proteins by peptide mass
tion of unbound LPS on a density gradient. The results in fingerprinting and sequence database searching (data not
Table 1 clearly show that the ability to bind LPS is essentially shown). We found that the resulting peptides matched two
found in the poorly resolved compounds 3 and 4. histones, known as H2 and H4, with calculated masses (about
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14 and 11 kDa, respectively) consistent with those actually e

100 | A
measured. yaum

and Il isolated from 4x 107 cells exhibited LPS-binding
indexes of 52.4 and 57.9%, respectively. The two fractions
were analyzed by peptide mass fingerprinting as described
above. The results obtained for fraction | are presented in
Figure 2A. Eight tryptic peptides matched very well the 0 50 100 150 200 250
sequence of the mouse histone H4, with 63.7% of the Unlabeled LPS (uM)
sequence covered (Figure 2C3ince histones are basic
proteins containing a number of tryptic cleavage sites, trypsin
treatment generated several small peptides (less th@n 5 T
amino acids) that could not be detected by MALDI-TOF
analysis. Thus, the percent of sequence coverage obtained
is high for a small basic protein, and the identification can
be considered as reliable. In addition, it is well-known that
histone H4 undergoes several posttranslational modifications
such as acetylation and methylation of specific lysine residues
(20). When we used a database that takes into account these
modifications (SwissProt), two peptides containing two or 20
three acetyl lysines could be attributed, all of them located
in the N-terminus (positions412 and 9-17), as expected. 0 5 4 6 8
These results suggest that the protein was heterogeneous in Histone H2A (uM)

terms of posttranslational modifications. This hypothesis was

strengthened by the mass spectrum of the full length protein FicurRe 4: Inhibition of the binding ofH-LPS to histones. Vesicles
(Figure 2B) that exhibited a strong heterogeneity, corre- ?/f\,PBC) (v:\)’/g?g?r)](I:?Jabg(tagdvghhl:'gt(éﬁvﬁrrpﬁ-EPIS)SOESHQ?Q (1102%8%00
sponding to monomethylatior-(14 Da) or acetylation42 in the presence of various concentrations of LPS Re-595 in a final
Da). Four major peaks were observed at 11 326, 11 340,volume of 350uL (A) or with 3H-LPS preincubated (2 h, 2GC)

11 368, and 11 382 Da, respectively. The calculated masswith various concentrations of histone H2A, in a final volume of
of the [M + H] " ion of histone H4 is 11 237 Da, this value 700uL (B). All incubations were carried out in solutions of BSA

oot . . (170ug/mL in 0.15 M NaCl). UnboundH-LPS was removed by
being increased by 42 Da (11279 Da) since the amino centrifugation on a NaCl/NaBr density gradient. Results are the

terminal serine is known to be acetylated. This species couldmean+ SD of duplicates. The dashed line represents nonspecific
not be observed as a distinct peak in our mass spectrum. Orbinding of 3H-LPS to vesicles. Data were fitted with the four-

the other hand, the two major peaks at 13 126 and 11 368parameter logistic equationY = Yy + (Yo — Ym)/(1 + (X/Is0)P).
Da could be attributed to histone H4 containing one (theorical 'so represents the concentration of the competitor at which 50% of
mass 11 321 Da) or two (theorical mass 11 363) acetylatedthe binding is inhibited.
lysines, respectively. Moreover, these two species can alsoto lipid vesicles loaded with commercially available prepara-
be monomethylated, giving peaks at 11 339 and 11 381. H4tions of histones H2A and H4 isolated from calf thymus,
has been reported to be mono- or dimethylated solely atwith radiolabeled LPS alone or in competition with unlabeled
Lys20 0). Methylation is therefore localized on a small LPS. The results (Figure 4A) show thét-LPS binds
tryptic peptide (Methyl-KVLR, see Figure 2C) that could efficiently to these preparations of H2A and H4 and that
not be detected by MALDI-TOF analysis. both bindings were dose-dependently inhibited by unlabeled
The same work was performed on the second protein LPS. The binding to H2A was inhibited by lower concentra-
fraction (fraction I1) isolated by RP-HPLC (Figure 3). The tions of LPS than that to H4 4, values of 8+ 3 and 51+
corresponding protein was identified as H2A by eight 6 uM, respectively), indicating a higher affinity of the former
matching peptides and sequence coverage of 44% (Figurefor LPS. We also show (Figure 4B) that preincubation of
3C). The mass spectrum of the full-length protein (Figure 3H-LPS with H2A blocks dose-dependently the binding of
3B) revealed a more homogeneous protein than H4. A closerthe former to lipid vesicles loaded with H2A. These results
scrutiny of the tryptic fragments of fraction Il discriminated indicate a specific interaction between LPS and the two
the different reported variants of histone H2A: the peptides histones.
at 1300 (NDEELNKLLGR at position 8999) and 2132 Da ITC Analysis of the Interaction of LPS with H2A and H4.
(HLQLAIRNDEELNKLLGR at position 82-99) indicated Isothermal titration calorimetry was conducted to obtain an
the presence of an arginine (R) at position 99, which is accurate evaluation of the affinities of the histones to LPS.
characteristic of the H2A.1 variant of the histone. In a first experiment, we analyzed histone H2A (from calf
Specificity of LPSHistone InteractionsTo assess that thymus). The interaction of H2A with LPS was compared
the binding of the two histones with LPS was not due to a to that of polymyxin B (PMB), a cyclic cationic decapeptide
contaminant of our preparation and cannot be ascribed toantibiotic fromBacillus polymyxawhich interacts efficiently
nonspecific interactions, we analyzed the binding-61LPS with LPS 1) and blocks its biological activities2p).

To confirm this preliminary result obtained from the g o H2A
mixture of the two proteins, the same work was performed g 80
on each protein after purification by RP-HPLC on a C =
column. Two major peaks (I and Il) were isolated (Figure g 60
1B). Both fractions were able to bintH-LPS: fractions | X —A_
B
3
a3]

—— e e —_——— e e —

~
o

[=2}
o

lgo= 0.8 % 0.5 uM

0
o

LPS-binding index (%)
8 &
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Table 2: Inhibition of the Binding ofH-LPS to Histones H2A and

H4 by DNA Partial Structurés

LPS-binding index (%)

Heat flow (ucal / sec)

9.6 1

concentration  H2A H4
compouné («g/mL) vesicles  vesicles
none 64+ 3 68+ 3
2-deoxyribose-5-phosphate 30 666 69+ 3
2'-deoxyguanosines 40 65+ 2 66+ 2
monophosphate

dinucleotide 70 65t 2 69+ 2
polynucleotide 0.75 64 2 70+ 4
15 67+ 2 44+ 1

3 63+ 2 28+5

6 35+1 8+1

12 12+ 4 6+1

" "M

Time (min)

& polymyxin B C
® histone H2A

Heat exchanged (kcal/mole of LPS)

Molar ratio (LPS/protein)

Ficure 5: ITC analysis of LPS binding to H2A and PMB. Titration
scans as a function of time were produced by injection ofLO
aliquots of 0.312 mM LPS Re-595 into 1548/ histone H2A (A)
or 16.6uM of polymyxin B (B) in 10 mM phosphate buffer, at 25

aCalf thymus histone H2A (180 pmol) or H4 (445 pmol) were
incorporated into PC/BSA (30@g/60 ug) vesicles, which were
preincubated (2 h, 28C) with different compounds representing partial
DNA structures. The vesicle suspension was then reincubated (2 h, 20
°C) with 3H-LPS (3.6x 1P cpm). UnboundH-LPS was removed by
centrifugation of the vesicles on a NaCl/NaBr gradient. The LPS-
binding index of the fractions is defined as the percentage of
radiolabeled LPS bound to the vesicles. The percentage of radiolabeled
LPS bound to empty vesicles of PC/BSA was oft #%. Results are
the meard= SD of duplicates? The di-nucleotide is '2deoxyadeny-
lyl(3'-5')-2'-deoxyguanosine-monophosphate. The polynucleotide is a
polydeoxyadenylic-thymidylic acid double-stranded alternating copolymer.

histone H2A an&y = 1.07uM for polymyxin B. Therefore,
H2A has a higher affinity for LPS than PMB. Figure 5A,B
also shows that binding of H2A to LPS is exothermic
whereas that of PMB is endothermic at low concentrations
of LPS. It has been reporte®4) that the endothermic
binding of PMB to LPS is driven by hydrophobic interac-
tions. This led us to expect that the exothermic binding of
H2A to LPS can be mainly mediated by ionic forces. This
hypothesis was actually confirmed by the observation (data
not shown) that we were unable to detect by ITC any
significant interaction between H2A and LPS at a high ionic
concentration (1 M NacCl) at which ionic interactions are
known to be neutralized.

The same type of analysis performed with the calf thymus

°C. Binding isotherms (C) were derived from the ITC measurements histone H4 indicated a dissociation constépt= 5.26uM.

displayed in A and B after subtraction of the heats of dilution. The

heat exchanged per mole of LPS injected is plotted vs the LPS/
protein ratio. The solid lines represent the best least-squares fit of

the values to a theoretical one-site binding model.

Aliquots of LPS were injected into solutions of H2A or PMB
contained in the calorimeter ceNg = 1.4323 mL). The
ITC scans of experiments carried out atZ5 are given in
Figure 5A,B. An exothermic reaction was observed with

Therefore, the affinity of H4 for LPS is much lower than
that of histone H2A. This is consistent with the data of Figure
4A showing that the binding 6H-LPS to H2A was inhibited
by concentrations of unlabeled LPigy(= 8 uM) lower than
those required to inhibit the binding of H4 to LPIgy(= 51
uUM).

LPS and DNA Share Common Binding Sites on Histone

H2A, whereas with PMB an endothermic binding reaction H2A. Seeing that histones H2A and H4 bind both LPS and
is followed by a smaller exothermic reaction. In a separate DNA, we analyzed the ability of DNA partial structures to
control experiment (not Shown)' the heat of dilution was inhibit the blndlng of3H-LPS to ||p|d vesicles loaded with
obtained by injection of the same aliquots of LPS into buffer H2A. The results in Table 2 show that 2-deoxyribose-5-
alone. Subtraction of the heat of dilution and division by Phosphate, as well as a mono- and a dinucleotide, do not
the molar amount of injected LPS y|e|ds the molar en[ha|py inhibit the blndlng In contrast, a marked inhibition is found
of binding that, when expressed as a function of the LPS/ With a double-stranded polynucleotide. This clearly indicates
protein molar ratio, represents the binding isotherm at 25 that LPS and DNA share common binding sites on histone
°C (Figure 5C). Fitting the plotted values to a one-site H2A.

binding model 23) allowed the estimation of the free Histone Regions molved in LPS BindingTo localize the
enthalpy changeAHy) and the binding constankf). The LPS-binding sites within the histones, synthetic peptides
dissociation constarq was then determined, and change representing partial structures of murine H2A and H4 were
in entropy AS) was calculated from the fundamental used in abinding assay in which the peptides were adsorbed
equation of thermodynamics. We foukg = 0.78 uM for to the wells of a polypropylene plate. The efficiency of the
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Table 3: Thermodynamic Parameters for Binding of LPS to
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FicurRE 6: Binding of 3H-LPS to histones and peptides derived
thereof. Solutions of intact histones or peptides were evaporated
in wells of a polypropylene plate. Panel A: 1.5 pmol of histones

200

400

600 800 1000

Unlabeled LPS (zg/mli)

AHp AS
Kb (10°kcal  (kcal moit

protein fitting model (1°M™Y)  mol™?) deg?)
polymyxin B one site 9.3 7.1 51
histone H1 two sites 20.8 2.2 36
1.4 —7.8 3
histone H2A one site 12.8 3.1 38
histone H2B one site 41.1 -0.1 30
histone H3 two sites 72.7 2.6 40
5.4 —-4.0 13
histone H4 one site 1.9 3.9 37

a A suspension (0.1 mM) of LPS frorS. minnesotdRe-595 was
injected (27 injections of 1@L and 10 s duration each, with 4 min
spacing between injections) into the solution of protein:B) at 25
°C. The thermodynamic parameters were calculated by the instrument’s
software (Origin 5.0, MicroCal) after fitting of the binding data to a
hypothetical (one or two sites) binding model.

region (H4-,1) (Figure 6A). The overall avidities for LPS
of the domains deriving from H2A and H4 were clearly
different: the results in Figure 6B show th#t-LPS binds
very efficiently to the intact histones H2A and H4 but
markedly less to the more avid peptides derived thereof
(H2A7:-92 and H4;-10). To ensure that the observed
bindings were specific, inhibition experiments with unlabeled
ligand were carried out. The results (Figure 6C) indicated
that the binding ofH-LPS was indeed efficiently inhibited
by unlabeled LPS. The inhibition curves of the binding to
the two H2A-derived peptides were superimposable and were
markedly different from that of the H4-derived peptide. This
suggests that the 792 and 96-115 regions of H2A bind
LPS with the same affinity, which appears much higher than
that of the 81102 region of H4.

Interaction of LPS with Other Histone®/e used ITC to
compare LPS-binding capacities of H2A and H4 to those of
the three other known histones: H1, H2B, and H3. Analyses
were performed as described above. The results, summarized
in Table 3, show that the LPS-binding capacity is not
restricted to H2A and H4. The three other histones can also
bind LPS, even more efficiently. With two of these (H1 and
H3), the best fitting of the data was obtained with a two
sites model. The binding constaris of the first binding

(coarse hatched bars), 200 pmol of H2A peptides (fine hatched Site of histones H1 (& 10° M%), H2B (4 x 10° M%), and
bars), and 1600 pmol of H4 peptides (black bars). Panel B: various H3 (7 x 10° M%) are higher than that of H2A (1.8 10°

amounts of histones and peptides. Incubatio”Hst.PS (3 x 1P
cpm in 100uL of a solution of 0.6 mg/mL BSA in 0.15 M NaCl)
was carried out fo2 h at 20°C in the coated wells. In panel C,
200 pmol of H2A—g, or 400 pmol of H2As-115 Or H4g;—10, Were
preincubated fo2 h at 20°C with 100uL of different concentra-
tions of unlabeled LPS, before addition #1-LPS. In all experi-
ments, after incubation witPH-LPS, the plate was washed with
saline, and bound radioactivity, recovered with 14000f 10% SDS,
was measured. The results are the mga8D of triplicates.

M~1). This clearly shows that the capacity to bind LPS is a
general feature of histones and that affinities of histones for
LPS are generally higher than that of polymyxin B, an

antibiotic that efficiently blocks several LPS effects.

Influence of Histone H2A on Cell Binding and Cellular
Effects of LPSTo analyze the role of extracellular histones
on the cellular effects of LPS, we first examined the influence
of histone H2A on the binding ofH]-LPS to the mouse

adsorption, as estimated by an amino acid assay after strongnacrophage cell line RAW 264.7 and to the mouse lung

acid hydrolysis, was high and similar for the different
peptides, ranging from a 87% adsorption for H2A, to a
99% adsorption for H24-1:5. Comparison of the LPS-
binding potency of the peptides deriving from H2A (Figure
6A) indicated thafH-LPS binds essentially to the 7115
segment of histone H2A, which is located in its C-terminal
moiety. The corresponding region of histone H4 §{H4o,)
also binds®H-LPS more efficiently than the N-terminal

epithelial type Il cell line MLE-12.3H]-LPS was preincu-
bated fo 2 h with H2A in the presence or absence of serum,
and the mixtures were added to the cells. We found that with
RAW 264.7 cells, the binding ofiH]-LPS is higher in the
presence of serum and decreases (with or without serum) as
a function of the concentration of H2A (Figure 7A). This
shows that the LPS receptors of macrophages do not
recognize the H2A/LPS complex. In contrast, with MLE-12
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Ficure 7: Influence of H2A on cellular effects of LPS. In binding
experiments (A and B), mixtures (25Q.) of 3H-LPS (3.6x 1C(°
cpm) preincubated (2 h, 28C) with different concentrations of
H2A in culture medium, in the presenc®@)(or absence®) of 5%
FCS, were added to wells coated with RAW 264.7 (A) or MLE-12
(B) cells (1@ cells/well). After 1 h at 0°C and three washings
with 0.15 M NaCl at O°C, the radioactivity of the material recovered
with 0.5 mL of 10% SDS was determined. For the estimation of
LPS-induced production of TNE-(C) and nitric oxide (D), various
concentrations 08. minnesotd&e-595 LPS were preincubated (2
h, 20°C) alone §) or with H2A (0.5 nmol/mL) @). RAW 264.7
cells (5 x 1P cells/well) were cultured (48 h, 37C) with these
mixtures (50QuL) in culture medium, in the presence of IFN(
U/mL), and in the absence of serum. Nitric oxide and TiNBssays
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presence of H2A markedly reduced the LPS-induced produc-
tion of TNF- (Figure 7C) and nitric oxide (Figure 7D).
Similar results were obtained in the presence of serum (data
not shown). These results clearly indicate an antiinflamma-
tory role of extracellular histones.

DISCUSSION

In this study, we have demonstrated that among am-
phiphilic proteins of a lung epithelial cell line, the most
efficient LPS-binding proteins are the two histones H2A.1
and H4. This finding is reminiscent to an early observation
(25) showing that the lipid A moiety of LPS binds to a
protein of 31 kDa assumed to be a nuclear histone. Several
years later, it has been reporte2b) that the major LPS-
binding protein in the brain is an isoform of histone H1
predominantly located at the neuronal cell surface. Our results
extend this finding to other histones and to another cell type.
The fact that LPS-binding proteins are found in a lung
epithelial cell line is of particular physiological relevance
insofar as lungs represent one of the major routes of
penetration of microorganisms into the body. The release of
histones in the lungs can be assumed to take place during
apoptosis of lung cells triggered by a variety of age@®,(
including LPS itself 28).

Our analysis of the LPS-binding region of H2A and H4
with synthetic peptides representing partial structures indi-
cated that it is included in the #1115 region of H2A and
covers the 8+102 region of H4. Multi-alignment analysis
(Figure 8) of the four nucleosomal histones (H2A, H2B, H3,
and H4) indicated that these regions cover a hydrophilic
domain of 26 amino acids presenting the highest similarity
(region 74-99 of H2A and 77102 of H4). However, the
affinities of isolated partial structures of H2A and H4 were
much lower than those of the intact proteins and were hardly

were then carried out on culture supernatants. Data are the mearin€asurable by ITC, thus indicating that the three-dimensional

+ SD of triplicates.

parameters of the complete histones are critical for LPS
binding. It should be noted that affinities of histones for LPS

cells, the binding of LPS is constitutively low and indepen- are remarkably high. Our observation that these affinities
dent of serum and increases in the presence of H2A, reachingare higher than that of polymyxin B, an antibiotic known to
an optimum with about 0.5 nmol/mL (Figure 7B). This block several biological activities of LPS, shows the thera-
suggests the presence of a membrane receptor for H2A orpeutic potential of histone analogues that may, as some other
the epithelial MLE-12 cell line, which is able to bind the LPS-binding molecules, reduce bacterial growth, help bacte-
H2A/LPS complex. rial opsonization, or directly block the interaction of LPS
We then examined the influence of histone H2A on the with host pro-inflammatory pathways.

production of inflammatory mediators (TN&-NO) induced The biological relevance of our observations requires that
by LPS in RAW 264.7 cells. Different concentrations of LPS under physiological conditions histones could actually meet
were preincubated fo2 h with 0.5 nmol/mL of H2A, or LPS. This is in fact the case: it is well-established that
without H2A, in the absence of serum, and the cells were histones are not exclusively localized in the cell nucleus.
exposed to these mixtures for 24 h. We found that the After their biosynthesis in the cytosol by free ribosomes
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HZE RIS RESS v - S - - - Y LidovVEI PTG -8
H3 ¢S TEMRTRKL - fF - ORLEEIEMA QDS TLEIF O
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Ficure 8: Sequence alignment of nucleosomal histones. Sequence alignment of histones H2A, H2B, H3, and H4 generated by the Pattern-
Induced Multiple Alignment (PIMA 1.4) program, using maximal linkage alignment data. Representation of amino acid identities (black)
and similarities (grey) was generated by the BOXSHADE program. Boxed sequences represent the synthetic peptidgsH2Z2%s 115,

and H‘hl—lOZ-
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(outside the endoplasmic reticulum), a limited amount of LPS-binding molecules are probably present in the cytosol,
histones is imported into the nucleus via karyopherins (Kaps; and histones may represent a new class of such LPS sensors.
also called importins)29), and the excess (unacetylated) There is mounting evidence that after internalization, several
histones accumulate in the cytoplasB80<{32), especially agents can translocate to the nucleus and participate directly
in rapidly regenerating or transcriptionally active cells. The in regulating gene expressiodd). In this respect, a rapid
presence of histones on the membrane of various cell typedocalization of LPS in the nucleus has already been reported
has also been observe83( 34). Interestingly, it has been (49, 50). It is therefore conceivable that after internalization,
reported that LPS increases the amount of membranelLPS can be transported into the nucleus by cytosolic histones.
associated histones on the cell surface of human monocytes

(35). Secretion of a portion of the cytoplasmic histones into ACKNOWLEDGMENT

the extracellular milieu has also been observad, 37).
Furthermore, extracellular histones can also be found in
nucleosomes released from apoptotic ce2® B9). There-
fore, histones are present in the cell nucleus, the cytosol
the plasma membrane, and the extracellular milieu. Our
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