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ABSTRACT: Due to its net positive charge histone H1 readily associates with liposomes containing acidic
phospholipids, such as phosphatidylserine (PS). Interestingly, circular dichroism reveals that while histone
H1 in aqueous solutions appears as a random coil, its binding to liposomes containing PS is associated
with a pronounced increase inR-helicity andâ-sheet content, estimated at 7% and 24%, respectively.
This interaction further results in vesicle aggregation and lipid mixing. Fluorescence microscopy revealed
rapid binding of Texas Red-labeled H1 (TR-H1) to giant liposomes composed of phosphatidylcholine
and PS (SOPC/brain PS, 9/1 molar ratio), followed by lateral segregation and subsequent translocation of
the membrane-bound H1 into the giant liposome. The above processes in giant liposomes did depend on
the presence of the negatively charged PS. Comparison of the behavior of H1 in giant liposomes to that
in cultured leukemic T cells demonstrated very similar patterns. More specifically, fluorescence microscopy
revealed binding of TR-H1 to the plasma membrane as lateral segregated microdomains, followed by
translocation into the cell. H1 also triggered membrane blebbing and fragmentation of the nuclei of these
cells, thus suggesting induction of apoptosis. Our findings indicate that histone H1 and acidic phospholipids
form supramolecular aggregates in the plasma membrane of T cells, subsequently resulting in major
rearrangements of cellular membranes. Our results allow us to conclude that the minimal requirement for
the interaction of histone H1 with the leukemia cell plasma membrane is reproduced by giant liposomes
composed of unsaturated phosphatidylcholine and phosphatidylserine, the latter being mandatory for the
observed changes in the secondary structure of H1 as well as the macroscopic consequences of the H1-
PS interactions.

Conventionally, the functions of histones are connected
to the organization of chromatin (1). Accordingly, they are
crucial for the regulation of gene expression and control
changes in nucleosomal packaging of DNA, affecting cell
functions, differentiation, and proliferation. The linker histone
H1 is essential for the generation of the highly condensed
chromatin structure in mammalian cells (2). Intriguingly,
several studies indicate that the localization of histones is
not restricted to the nucleus, thus suggesting that they may
perform functions outside the nucleus and also outside the
cell (3-7). Yet, while both histones and DNA are normally
present in biological fluids such as serum and milk, their
extracellular levels are usually very low, which corresponds
very roughly to approximately 0.1µM histones in serum (8).
However, under pathological circumstances their concentra-
tions can increase substantially (9). Histones have been
reported to display hormone-like properties (10), and they
appear to be involved in autoimmune diseases such as
multiple sclerosis, diabetes, and rheumatoid arthritis (11, 12).
Apoptotic cells have been found to release significant
amounts of histones into the extracellular milieu (13). Due

to deficient clearance of apoptotic cells in patients with
systemic lupus erythematosus (SLE), both nucleosomes and
histones accumulate in circulation and have been shown to
exert profound effects on cellular functions (14, 15). Histones
also represent a phylogenetically very old defense system
of the body and disruptEscherichia colimembranes in a
manner resembling the action of antimicrobial peptides (16).
Histone H1 has been suggested to locate at the neuronal cell
surface and bind bacterial lipopolysaccharide, a potential
inflammogen following systemic infection, arguing for a role
for H1 in the defense of the central nervous system against
bacteria (6). Histones have been found also on the plasma
membrane of various cell types (3-7). Histone H1 has been
shown to suppress the growth of leukemia cells, their
exposure to H1 resulting in plasma membrane damage (17).
Histones have been reported to be cytotoxic also to mam-
malian epithelial cells, increasing cell membrane permeability
and leading to cell swelling and, ultimately, to lysis (18).
The potential extracellular functions of histone H1, especially
the effects of H1 on membranes such as mentioned above,
are of considerable interest not only because of the possible
physiological significance of these interactions but also as a
model for the mechanism of action of other cytotoxic cationic
proteins.

H1 has been shown to bind avidly to liposomes containing
acidic phospholipids (19-21). We have further demonstrated
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that H1, DNA, and liposomes containing acidic phospholipids
form ternary complexes (20). The affinity of H1 to negatively
charged lipids is very high, far exceeding that of cytochrome
c (21, 22). These observations are intriguing as H1 is
generally not considered to be a peripheral membrane protein,
in contrast to cytochromec. Possible roles of lipids (20) in
the biological activities of histones remain unknown. The
cytotoxic activity of H1 has been suggested to be due to
channel formation in membranes, this process being en-
hanced by anionic phospholipids (18). Interaction of H1 with
phosphatidylserine (PS)1 is known to be involved in coagula-
tion disorders. In brief, the exposure of the anionic proco-
agulant phospholipid, PS, on the cell surface is needed for
blood coagulation (23), and it is rapidly released during cell
injury (19). Patients with anti-phospholipid syndrome, SLE,
and drug-induced SLE have both anti-histone and anti-
phospholipid antibodies (14). Histone H1 prolongs and anti-
H1 antibodies significantly shorten the clotting time, indi-
cating that H1 acts as an anticoagulant (24). This effect has
been suggested to be due to scavenging of PS by H1, thus
preventing the activation of the coagulation cascade by PS
(19, 20), and bears clinical significance regarding autoim-
mune syndromes and anti-histone antibodies, where anti-
H1 may inhibit the histone-phospholipid interaction and
predispose these patients to thrombosis (25).

The binding of histone H1 to phosphatidylcholine lipo-
somes both with and without PS as well as changes in the
secondary structure of H1 in different environments was
investigated. Intriguingly, a significant increase inR-helicity
andâ-sheet structure of H1 was induced in the presence of
liposomes containing the anionic phospholipid, PS. In
contrast, H1 remained structureless in the presence of neutral
membranes composed of phosphatidylcholine. H1 also
caused pronounced aggregation and fusion of anionic phos-
pholipid containing membranes with minor effects on neutral
membranes. Subsequently, we investigated the topological
consequences induced by H1 in model biomembranes and
compared these with the processes involved in the cytotoxic
effects of histone H1 on leukemic T cells. More specifically,
the interaction of H1 with plasma membrane was modeled
using giant liposomes. The latter membranes have diameters
comparable to most eukaryotic cells, thus enabling the
characterization of individual vesicles in real time using
microscopy techniques. Following microinjection of TR-H1
onto the vesicle surface aggregation of histone H1 on the
liposome, domain formation, and translocation of the H1-
induced domains as vesicles shedding from the vesicle
bilayer into the internal cavity of the giant liposome were
evident.

The binding of histone H1 to leukemic T cells caused
similar and profound changes in their plasma membrane
morphology, with rapid binding of H1 and aggregation of
the membrane-associated H1. These surface-aggregated
domains enriched in H1 subsequently translocated into the
cells following very similar patterns as observed for the
binding of H1 to individual, isolated giant liposomes. The
data presented here also indicate histone H1 to induce
apoptosis of cultured human leukemic T cells. Because of
the above changes in the involved structures on various time
and length scales (from molecular dynamics to microscopy),
the membrane is unlikely to maintain its normal function as
a selective permeability barrier. We conclude the binding
of histone H1 to acidic phospholipids to involve substantial
lateral lipid demixing, followed by the formation of su-
pramolecular aggregates and their cusping in the cell
membrane, with subsequent shedding of these structures into
the cell, eventually triggering apoptosis.

EXPERIMENTAL PROCEDURES

Materials.Brain phosphatidylserine (brain PS), 1-stearoyl-
2-oleoyl-sn-glycero-3-phosphocholine (SOPC), 1-palmitoyl-
2-[[(N-4-nitrobenz-2-oxa-1,3-diazolyl)amino]caproyl]-sn-
glycero-3-phosphocholine (NBD-PC),L-R-1,2-dipalmitoyl-
sn-glycero-3-phospho[N-(4-nitrobenz-2-oxa-1,3-diazolyl)]-
ethanolamine (DPPN), and 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(lissamine rhodamine B sulfonyl)
(DOPRho) were from Avanti Polar Lipids (Alabaster, AL).
Hoechst 33342 and sytox green nucleic acid stain (5.0 mM
in DMSO) were from Molecular Probes (Eugene, OR). The
purity of the above lipids was checked by thin-layer
chromatography on silicic acid coated plates (Merck, Darm-
stadt, Germany) developed with chloroform/methanol/water
(65:25:4 v/v/v). Examination of the plates after iodine
staining and, when appropriate, upon UV illumination
revealed no impurities. Other chemicals were of analytical
grade from standard sources. The concentrations of fluores-
cent lipids were determined spectrophotometrically using the
molar absorptivitiesε463 ) 21000 M-1 cm-1 (in CH3OH),
ε465 ) 19000 M-1 cm-1 (in C2H5OH), andε560 ) 75000 M-1

cm-1 (in CH3OH) for DPPN, NBD-PC, and DOPRho,
respectively. Concentrations of the nonfluorescent lipids were
determined gravimetrically with a high-precision electrobal-
ance (Cahn, Cerritos, CA).

Labeling of Histone H1.H1 was either purified from calf
thymus essentially as described previously (26) or purchased
from Upstate (Lake Placid, NY; purity>95%) and labeled
with the FluoReporter Texas Red-X protein labeling kit
(Molecular Probes, Leiden, The Netherlands). The degree
of labeling amounted to 1.0-2.0 bound dye molecules per
H1.

Preparation of Large and Small Unilamellar Vesicles.
Appropriate amounts of the lipid stock solutions were mixed
in chloroform to obtain the desired compositions. The solvent
was removed under a stream of nitrogen, and the lipid residue
was subsequently maintained under reduced pressure for at
least 2 h. The dry lipids were then hydrated at 50°C in 5
mM Hepes, 0.1 mM EDTA, and 150 mM NaCl, pH 7.4.
The resulting dispersions were extruded through a single
polycarbonate filter (100 nm pore size; Millipore, Bedford,
MA) using a Liposofast low-pressure homogenizer (Avestin,

1 Abbreviations: brain PS, brain phosphatidylserine; CD, circular
dichroism; DEF, DNA fragmentation factor; DIC, differential interfer-
ence contrast;I1, fluorescence emission through a polarizer parallel to
polarized excitation;I2, fluorescence emission through a polarizer
perpendicular to polarized excitation; LUVs, large unilamellar vesicles;
PS, phosphatidylserine; SOPC, 1-stearoyl-2-oleoyl-sn-glycero-3-phos-
phocholine; NBD-PC, 1-palmitoyl-2-[[(N-4-nitrobenz-2-oxa-1,3-diazo-
lyl)amino]caproyl]-sn-glycero-3-phosphocholine; DPPN,L-R-1,2-di-
palmitoyl-sn-glycero-3-phospho[N-(4-nitrobenz-2-oxa-1,3-diazolyl)]-
ethanolamine; DOPRho, 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-N-(lissamine rhodamine B sulfonyl); SUVs, small unilamellar
vesicles; TR-H1, Texas Red-labeled histone H1;X, mole fraction of
the indicated lipid.
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Ottawa, Canada) to obtain large unilamellar vesicles (LUVs)
with average diameters between 111 and 117 nm (27). Small
unilamellar vesicles (SUVs) with an average diameter of
approximately 26.5 nm were formed by ethanol injection
essentially as described by Batzri and Korn (28).

Binding of Histone H1 to Large Unilamellar Vesicles.
Binding of H1 to liposomes was monitored by measuring
fluorescence anisotropy (r) for Texas Red-labeled histone
H1 (TR-H1) as well as using resonance energy transfer. In
the former assay a Perkin-Elmer LS 50B spectrofluorometer
was employed with polarized excitation at 595 nm and
emission at 615 nm, using 10 nm bandwidths. The values
for r were calculated according to the equation:

where I1 and I2 represent fluorescence intensities with the
emission polarizer parallel and perpendicular, respectively,
to the polarized excitation (29). The concentration of TR-
H1 in the assay was 0.6µM while the content of LUVs was
varied as indicated and is given as the concentration of
phospholipids.

For the measurement of resonance energy transfer NBD-
PC (X ) 0.02) was included in the liposomes as a donor,
and its fluorescence was monitored with excitation at 460
nm and emission at 520 nm, using 10 nm bandwidths, while
varying the concentration of TR-H1 (acceptor). The total
concentration of phospholipids was 20µM with temperature
maintained at 25°C.

Recording Circular Dichroic Spectra.UV region (from
250 to 190 nm) spectra for histone H1 were recorded with
a CD spectrophotometer (Olis RSF 1000F; On-line Instru-
ment Systems Inc., Bogart, GA) with the cuvette temperature
maintained at 25°C using a circulating water bath. Spectra
were measured in H2O and 10%, 30%, and 50% trifluoro-
ethanol as well as in the presence of small unilamellar
vesicles (SUVs). The concentration of histone H1 in H2O
and trifluoroethanol was 9µM whereas 2µM H1 was used
in the presence of 400µM SUVs. A 1 mmpath length quartz
cell was used, and interference by circular differential
scattering by liposomes was eliminated by subtracting the
CD spectra for liposomes from those recorded in the presence
of histone H1. Data shown represent the averages of six
scans. Estimates of the protein secondary structures were
derived from the CD spectra using the K2d program (30).

Measurement of Light Scattering.Intensity of 90° light
scattering of the liposomes was monitored at 500 nm using
the Perkin-Elmer LS 50B spectrofluorometer with both
excitation and emission bandwidths set at 2.5 nm. Scattering
intensity was measured continuously after the addition of
60 nM histone H1. The lipid concentration was 40µM.
Otherwise, conditions were as in the fluorescence measure-
ments. Scattering of the buffer solution with or without
histone H1 in the absence of LUVs was negligible.

Assay for Lipid Mixing.LUVs labeled with DPPN (X )
0.02) were mixed at 1:1 ratio with LUVs containing DOPRho
(X ) 0.02). Intermixing of the lipids of the two vesicle
populations leads to resonance energy transfer from Nbd
(donor) to rhodamine (receptor) and thus results in a decrease
in Nbd emission. Fluorescence of Nbd was measured
continuously using excitation at 460 nm and emission at 520
nm, with 10 nm bandwidths. The total phospholipid con-

centration was 40µM, and the amount of H1 added was as
indicated. The assay was conducted at a temperature of 25
°C maintained in the cuvette compartment with a circulating
water bath.

Formation of Giant Liposomes.Giant liposomes were
prepared as described elsewhere (31-34). Approximately
2-4 µL of the indicated lipids dissolved in diethyl ether/
methanol (9:1 v/v, at a concentration of 1 mM) was applied
onto the surface of the two Pt electrodes and subsequently
dried under a stream of nitrogen. Possible residues of the
organic solvents were removed by evacuation in a vacuum
for 1 h. A glass chamber with the attached electrodes and a
quartz window bottom was placed on the stage of an
Olympus IX 70 inverted fluorescence microscope. An AC
field (sinusoidal wave function with a frequency of 8 Hz
and amplitude of 0.2 V) was applied before 2 mL of 0.5
mM Hepes buffer, pH 7.4, was added. During the first minute
of hydration the voltage was increased to 2 V. The AC field
was turned off after 2 h, and giant liposomes were observed
with differential interference contrast (DIC) optics with a
20/0.40 objective. The diameters of giant liposomes were
measured using calibration of the images by motion of the
micropipet as proper multiples of the step length (50 nm) of
the micromanipulator (MX831 with MC2000 controller; SD
Instruments, Grants Pass, OR) and were found to vary
between 10 and 500µm. Images were recorded with a
Peltier-cooled 12-bit digital CCD camera (C4742-95;
Hamamatsu, Hamamatsu City, Japan) interfaced to a com-
puter and operated by the software (HiPic 5.0.1 or Aqua-
cosmos 1.2) provided by the camera manufacturer.

Micromanipulation.Micropipets were drawn from boro-
silicate capillaries (1.2 mm outer diameter) by a micropro-
cessor-controlled horizontal puller (P-87; Sutter Instrument
Co., Novato, CA). Cells in culture medium (see below) were
transferred into a glass chamber (i.d.) 2.5 cm, volume) 2
mL) with a quartz window bottom and were immobilized
for the experiments by holding them by a micropipet (tip
diameter≈ 5 µm) using a slight negative pressure of the
pneumatic microinjector (PLI-100; Medical Systems Corp.,
Greenvale, NY). Subsequently, the cell culture medium was
replaced with PBS while maintaining the cell immersed into
the liquid and avoiding its exposure to air. Indicated amounts
of 0.2 mM histone H1 were applied onto the cells or the
surface of individual giant liposomes as a series of single
injections of approximately 20 fL each (corresponding to
approximately 4 amol each) and delivered with the PLI-100
pneumatic microinjector. For easier handling only vesicles
attached to the electrode surface were used. All experiments
were performed at ambient temperature (≈+24 °C).

Confocal Fluorescence Microscopy.An inverted micro-
scope (Olympus IX 70; Olympus Optical Co., Tokyo, Japan)
was employed with a confocal scanner (Yokogawa, Tokyo,
Japan) and a krypton ion laser (Melles Griot, Carlsbad, CA)
as a light source, with excitation (488 and 568 nm) and long-
pass emission filter sets appropriate for monitoring Texas
Red and sytox green fluorescence. Epifluorescence studies
were carried out with the same microscope with an 100 W
mercury vapor lamp for epiillumination, and the excitation
and emission filter sets were BP 520-550 and LP 580 for
Texas Red and BP 365( 50 and BP 450( 58 for Hoechst.
Images were acquired with a B/W CCD camera (C4742-
95-12 NRB; Hamamatsu Photonics K. K., Hamamatsu,

r ) (I1 - I2)/(I1 + 2I2)
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Japan) interfaced to a computer and operated by the software
(AquaCosmos) provided by the camera manufacturer.

Cell Cultures. Human leukemia T cells (Jurkat) were
grown in a completely humified atmosphere with 5% CO2

at 37 °C in RPMI-1640 medium (Gibco, Paisley, U.K.),
supplemented with 10% fetal bovine serum, penicillin (100
units/mL), streptomycin (100µg/mL), and amphotericin B
(0.25µg/mL; Gibco). Cell viability was checked with trypan
blue exclusion.

Approximately 1.5× 106 cells/mL were used for each
assay. The cells were washed three times with PBS, and the
cell pellet was subsequently resuspended in the same buffer.
Both sytox green and Hoechst 33324 were used for staining,
as follows. To check cell viability following their exposure
to 2.3 and 4.6µM TR-H1, 50 µM sytox green staining
solution in PBS was added to a final concentration of 0.5
µM. In complementary series of experiments 10.7µM
Hoechst 33342 was added along with TR-H1 to monitor H1
binding and the nuclear characteristics simultaneously.
Control cells were supplemented with the same volume of
PBS in the absence of TR-H1 and stained either with sytox
green or with Hoechst 33342. The cells were incubated at
37 °C in a water bath for 30 min in dark, followed by three
washing steps with PBS. The cells were finally resuspended
in PBS and observed by fluorescence microscopy.

RESULTS

Binding of Histone H1 to Liposomes.Binding of H1 to
PC as well as PS/PC liposomes was first assessed by
monitoring changes in the emission anisotropy (r) of the
Texas Red-labeled H1 resulting from its association to
vesicles. While the value forr for the fluorophore moiety
of TR-H1 did increase in the presence of PC liposomes
(Figure 1, panel A), this increment was more pronounced
when the anionic phospholipid PS was present in the
membranes. These data are in keeping with a preferential
binding of H1 to membranes containing negatively charged
phospholipids, as reported previously (19-22). Resonance
energy transfer experiments showed a similar pattern, with
significant decrease in fluorescence of the Nbd-labeled
phospholipid (DPPN, donor) in liposomes due to energy
transfer to the Texas Red-labeled histone H1 (acceptor,
Figure 1, panel B). The binding was augmented for mem-
branes containing PS (X ) 0.2), with maximally ap-
proximately 85% decrement in donor fluorescence intensity
in the presence of 0.46µM TR-H1, corresponding to a H1:
phospholipid stoichiometry of 1:43.

Secondary Structure of Histone H1.Subsequently to the
above experiments revealing enhanced binding of H1 to
liposomes containing the acidic phospholipid, phosphati-
dylserine, we investigated possible lipid-induced changes in
the secondary structure of H1 by measuring CD spectra. The
single minimum at approximately 198 nm seen for H1 in an
aqueous solution indicates the protein to be a random coil
(Figure 2). In the presence of neutral membranes composed
of phosphatidylcholine the secondary structure of histone H1
remained disordered (Figure 2, panel B). Importantly, a
pronounced increase in the content ofR-helicity andâ-sheet
in H1 structure, up to 7% and 24% (Table 1), respectively,
became evident upon the binding of H1 to membranes
containing the acidic phospholipid PS (Figure 2, panel B).

Likewise, CD spectra recorded in the presence of increasing
concentrations of trifluoroethanol (Figure 2, panel A) suggest
a progressive increase in itsR-helicity as well asâ-sheet
structure (30). Accordingly, both electrostatic and hydro-
phobic interactions could be involved in the binding of H1
to PS/PC liposomes, causing changes in the secondary
structure of this protein.

Aggregation, Fusion, and Rupture of Vesicles Induced by
Histone H1.Possible morphological transformation of vesicles
due to histone H1 was studied by light scattering at 90°.
The scattering intensity remained unchanged and became
noisy upon the addition of histone H1 to SOPC vesicles,
suggesting that H1 could weakly and reversibly bind to the
SOPC vesicle surface (Figure 3, panel A). However, for
LUVs containing the anionic PS scattering first increased,
in keeping with binding of H1 to the LUVs (35). Subse-
quently, a point was reached where scattering decreased

FIGURE 1: Binding of histone H1 to liposomes assessed by
fluorescence anisotropy for Texas Red-labeled histone H1 upon
the addition of increasing concentrations of liposomes (panel A)
and resonance energy transfer from NBD-PC to Texas Red-labeled
H1, monitored by a decrease in NBD fluorescence (panel B). The
concentrations of histone H1 (panel A) and lipids (panel B) were
0.6 and 20µM, respectively. The lipid compositions were SOPC
(O) and SOPC/brain PS (XPS ) 0.2,b). Each data point represents
the mean of triplicate measurements. The standard deviations were
not shown for the sake of clarity.
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rapidly below the starting level (Figure 3, panel A), implying
rupture and macroscopic aggregation of the vesicles (36, 37).
Large aggregates were observed at this point also by visual
inspection.

The possibility that histone H1 would cause aggregation
and/or fusion of LUVs was investigated using lipid mixing
assay (38). In the absence of histone H1, Nbd fluorescence

decreased slightly upon the mixing of two populations of
LUVs labeled with DPPN (X ) 0.02) and DOPRho (X )
0.02) at a 1:1 ratio, respectively. This decrement could be
due to contacts between the two groups of labeled vesicles
(Figure 3, panel B). For SOPC LUVs, the addition of histone
H1 caused only insignificant changes in DPPN fluorescence
compared to the control, suggesting that vesicle aggregation
did not occur. However, for SOPC liposomes containing the
negatively charged phospholipid PS (X ) 0.2) the addition
of H1 caused a rapid decrease in Nbd emission (Figure 3,
panel B), revealing aggregation and/or fusion of the vesicles
to be triggered by histone H1, with lipid mixing.

Macroscopic Changes in Giant Liposomes Caused by
Histone H1. Following the above experiments on small
liposomes, we investigated the more macroscopic conse-

FIGURE 2: Circular dichroic spectra of histone H1 measured in H2O
(9) and in 10% (b), 30% (2), and 50% (1) (by volume)
trifluoroethanol (panel A), as well as in 5 mM Hepes and 0.1 mM
EDTA, pH 7.4 ([), and in the presence of small unilamellar vesicles
(total lipid concentration was 400µM, panel B) composed of SOPC
with XPS ) 0 (O) andXPS ) 0.2 (*). The concentrations of histone
H1 were 9 (panel A) and 2µM (panel B). The calculated
percentages ofR-helix, â-sheet, and random coil for these spectra
are compiled in Table 1.

Table 1: Calculated Percentages ofR-Helix, â-Sheet, and Random
Coil Estimated from the CD Spectra Depicted in Figure 2a

R-helix (%) â-sheet (%) random coil (%)

H2O 2 11 87
10% TFE 4 31 65
30% TFE 28 30 43
50% TFE 28 30 42
SOPC 7 17 76
SOPC/brain PS (8/2) 9 35 56

a See text for details.

FIGURE 3: Aggregation and fusion of liposomes by H1 revealed
by 90° light scattering (panel A) and lipid mixing (final concen-
tration of H1 was 0.06µM) in 40 µM LUVs (panel B). The
lipid compositions were SOPC (s) and SOPC/brain PS (XPS )
0.2, ---). In the lipid mixing assay (panel B), two groups of LUVs
labeled with DPPN (X ) 0.02) and DOPRho (X ) 0.02) were mixed
at a 1:1 ratio both in the absence (0, SOPC) (4, SOPC/brain PS,
XPS) 0.2) and in the presence (9, SOPC) (2, SOPC/brain PS,XPS
) 0.2) of histone H1. Each data point represents the mean of
triplicate measurements. The standard deviations were not shown
for the sake of clarity. The arrows show the addition of histone
H1.
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quences of the interactions of H1 with lipids using giant
vesicles. The latter represent an interesting and novel type
of model biomembrane (e.g., refs32, 33, and39-41). To
observe the binding and distribution of histone H1 in the
membranes, Texas Red-labeled histone H1 was applied from
a micropipet onto the outer surface of individual giant
liposomes, without contacting neighboring vesicles so as to
avoid aggregation. To promote the electrostatic association
of H1 with giant vesicles, PS was included (XPS ) 0.1) in
the giant vesicles. For these liposomes containing PS, the
addition of approximately 67 amol of TR-H1 on the surface
of the vesicle caused an intense fluorescence of the giant
vesicle membrane, in keeping with the binding of histone
H1 to the surface (Figure 4, panel A). Subsequent aggregation
of H1 on the membrane surface became evident after the
addition of approximately 74 amol (total amount) of TR-
H1, and within≈5 s this aggregate transferred into the giant
liposome (Figure 4, panel B). The clustering of TR-H1 on
the membrane surface was augmented upon further addition
of histone H1 (total amount added being approximately 82
amol), with the area of the brightly fluorescent domain
increasing (Figure 4, panel C). When the total amount of
H1 injected was increased to≈100 amol, more aggregates
were observed to translocate into the giant liposome (Figure
4, panel D).

In keeping with only a weak interaction between H1 and
vesicles composed of the zwitterionic phosphatidylcholine
SOPC, giant liposomes remained unaffected until approxi-
mately 0.3 fmol of histone H1 was added on the surface of
the membrane (data not shown). However, shrinkage and
vesiculation of the giant liposomes became evident when
the SOPC liposomes were exposed to higher amounts of the
protein (approximately 0.4 fmol, 80 repeated injections;

Figure 5, panel B). However, the pattern described above
for PS containing giant liposomes was not observed; viz.,
aggregation of TR-H1 on the vesicle surface and transloca-
tion into the giant liposomes were not seen (data not shown).

Interestingly, in the presence of PS (X ) 0.1), pronounced
and rapid effects of histone H1 on contacting vesicles became
evident. More specifically, aggregation and fusion of such
vesicles was caused by histone H1 (Figure 5, panels D-F).
Upon the addition of≈20 amol of H1 on the surface of the
giant liposome, the neighboring vesicles started to aggregate
with the target liposome (Figure 5, panel D). Further addition
of histone H1 (≈60 amol) induced more pronounced and
dense aggregates (Figure 5, panel E). Fusion of nearby
smaller vesicles and their collapse were observed when
approximately 160 amol of H1 had been applied on the
surface of the giant liposome (Figure 5, panel F). This effect
of histone H1 could be visualized also by fluorescence
microscopy for giant liposomes containing the fluorescent
lipid probe, NBD-PC (data not shown). Subsequently, we
studied the clustering of histone H1 in the course of vesicle
aggregation and fusion by monitoring TR-H1 on the surface
of a giant liposome (XPS) 0.1) with contacting neighboring

FIGURE 4: Binding of Texas Red-labeled histone H1 to a single
SOPC/brain PS (9:1 molar ratio) giant liposome. Fluorescence
microscopy images were taken 10 s after the addition of≈67 amol
(panel A), 5 s after the addition of 74 amol (panel B), 10 s after
the addition of 82 amol (panel C), and 15 s after the addition of
100 amol (panel D) of TR-H1. Magnification is 20×, and the length
of the scale bar (panel D) corresponds to 10µm.

FIGURE 5: DIC images depicting the morphological transformation
of giant liposomes caused by histone H1. SOPC giant vesicle before
(panel A) and 2 s after the addition of≈0.4 fmol of histone H1
(panel B). SOPC/brain PS (XPS ) 0.1) giant vesicle before (panel
C) and immediately after the addition of≈20 amol (panel D), 60
amol (panel E), and 160 amol (panel F) of histone H1. Magnifica-
tion is 20×, and the length of the scale bars in panels B and F
corresponds to 10µm.
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vesicles. The liposomes became visible, and similar to the
observations reported above, a vigorous aggregation of TR-
H1 and vesicles was evident for the acidic phospholipid
containing membranes. Fusion of neighboring vesicles as
well as translocation of TR-H1 and lipid aggregates into the
internal cavity of giant liposomes was evident (Figure 6).

Binding of Histone H1 to Human Leukemic T Cells.
Histone H1 has been previously shown to be toxic to
mammalian leukemia and epithelial cells (17, 18). We
observed the addition of H1 (2.3 and 4.6µM final concentra-
tions) to human leukemic T cells in suspension to cause the
typical morphological hallmarks of apoptosis, i.e., plasma
membrane blebbing as well as condensation and fragmenta-
tion of their nuclei (data not shown). To study the fate of
the added H1 in these cells, we used H1 labeled with Texas
Red. TR-H1 bound avidly to the surface of cultured leukemic
T cells (Figure 7, panel A), and it was also observed in the
intracellular space. Examination at higher magnification
revealed a distinct ring of intense peripheral fluorescence in
the majority of the cells (Figure 8, panels A1 and A4),
suggesting binding of TR-H1 to the plasma membrane. Most
cells exhibited a heterogeneous and punctate fluorescence,
in keeping with the aggregation of the membrane-bound H1
or its binding to existing microdomains. Sytox green coun-
terstaining showed approximately 12% cell necrosis after
exposure of the cells to 4.6µM TR-H1 (Figure 7, panels A
and B). H1 induced plasma membrane blebbing and frag-
mentation of nuclei in many of the cells, essentially identi-
cally to cells treated with the unlabeled H1. Interestingly,
the nuclei of some apoptotic cells were intensively stained
with TR-H1, and it appeared that these nuclei were also more
condensed than those in cells without the accumulation of
TR-H1 (Figure 8, panels 6-8). A very similar binding pattern
was seen for dead cells with their nuclei concentrating TR-
H1 (data not shown). In some experiments individual cells
attached to a micropipet were employed, and H1 was added
onto their surface by microinjection (Figure 9, panel C). In

these cells a similar binding pattern of TR-H1 to the plasma
membrane and translocation of the aggregates into the cells
were found as described above for cells in suspension (Figure
9).

DISCUSSION

Our data here confirm results from our own previous
studies as well as those from other laboratories demonstrating

FIGURE 6: Binding of Texas Red-labeled histone H1 to SOPC/
brain PS (9:1 molar ratio) giant liposomes. Fluorescence microscopy
images were taken immediately after the addition of≈50 amol
(panel A), 90 amol (panel B), 110 amol (panel C), and 130 amol
(panel D) of TR-H1. Magnification is 20×, and the length of the
scale bar (panel D) corresponds to 10µm.

FIGURE 7: Binding of Texas Red-labeled histone H1 (TR-H1) to
leukemic T cells. Panels A and B are confocal images of cells
stained with 4.6µM TR-H1 (A) and sytox green (B). Panel C shows
a DIC image of the same cells. Magnification is 60×, and the length
of the scale bar (panel B) corresponds to 10µm.
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the binding of H1 to acidic phospholipids (19-22). Intrigu-
ingly, we demonstrate here a pronounced increase in the
secondary structure of H1 to be induced by the acidic
phospholipid PS. More specifically, as indicated by the CD
spectra H1 in aqueous solutions is a random coil, whereas
the presence of PC/PS (8:2 molar ratio) vesicles significantly
increases its contents ofR-helicity andâ-sheet structure, up
to 7% and 24% (Table 1), respectively. Random coil structure
was observed in the presence of PC vesicles (Figure 2).
Accordingly, electrostatic interactions seem to be required
for the phospholipid-induced alterations in the secondary
structure of H1. A significant increment inR-helicity and
â-sheet contents of H1 was observed also in trifluoroethanol.
It is thus possible that also hydrophobic interactions could

contribute in the phospholipid-H1 complex formation. We
have previously demonstrated the formation of this complex
to be associated with a significant increase in phospholipid
acyl chain order, assessed from measurements on the steady-
state emission anisotropy for the rodlike fluorophore diphe-
nylhexatriene (21). To conclude, it is conceivable that
efficient screening of the excess positive charges on the
surface of H1 by the complexing acidic phospholipids
together with lipid hydrocarbon-protein interactions causes
the ordering of the protein. Our experiments further dem-

FIGURE 8: Binding of Texas Red-labeled histone H1 (TR-H1) to
leukemic T cells. The vertical columns are confocal images of cells
stained with (column A) 4.6µM (1-5) or 2.3µM (6-8) TR-H1
and (column B) sytox green (1-5) or Hoechst 33324 (6-8).
Column C shows DIC images of the same cells. Magnification is
90×, and the length of the scale bar (panel B) corresponds to 10
µm.

FIGURE 9: Comparison of the patterns of TR-H1 in a giant liposome
(SOPC/brain PS, molar ratio 9:1, panel A) and in leukemic T cells
either in suspension (panel B) or held with a micropipet (panel C).
The total amount of TR-H1 was 0.5 or 0.7 fmol, added by local
microinjection onto the giant vesicle or plasma membrane surfaces
(panels A and C), respectively. In panel B, the final concentration
of H1 was 4.6µM. Magnifications are 20× (panel A), 90× (panel
B), and 40× (panel C). The length of the scale bars corresponds to
6 (panel A), 3 (panel B), and 4µm (panel C).
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onstrate histone H1 to induce aggregation and fusion of
liposomal membranes containing the acidic PS whereas only
minor effects were observed for neutral SOPC liposomes.
H1 may thus bind to adjacent PS-containing liposomes and
cause their aggregation and fusion.

Following the above studies on the interaction of H1 with
small vesicles, we proceeded to explore the macroscopic
behavior of membrane-bound H1, together with histone H1
induced topological changes in liposomes. For this utility
we employed so-called giant vesicles. The latter represent a
novel biomembrane model, which has so far been used to
investigate the physical properties of membranes (42),
morphological changes such as fusion (43), and lipid lateral
organization (31, 44), as well as membrane interactions of
DNA (45) and proteins (46). Giant vesicles have also been
used to study the enzymatic modification of membrane lipids
by phospholipases (39, 47), low-density lipoprotein (LDL)
(38), and sphingomyelinase (48, 49). We have recently
shown that antimicrobial peptides induce the formation of
supramolecular peptide and lipid complexes, pinching off
from the giant vesicle membranes and translocating into the
aqueous cavity of the giant liposome (32, 33). In the present
study rapid binding of H1 microinjected on the surface of
PS/PC giant liposomes was evident, and very small amounts
of H1 (femtomoles, corresponding maximally to 0.2 pM H1
in the experimental system used) were enough to cause the
observed topological changes in membranes. The membrane-
bound histone H1 aggregated into patches, similarly to the
mechanism of the “capping” of surface antigens as well as
lipid cross-linking induced cap formation in cells (50, 51).
These aggregates then coalesced to form larger aggregates,
followed by their internalization and shedding into the vesicle
interior. In these experiments H1 was applied onto the giant
vesicle surface by microinjection, causing a high local
concentration. Local concentrations of H1 inside cells as well
as in affected tissues could well be high. Recently, radiation-
induced DNA double strand breaks were shown to release
from chromatin significant amounts of H1 (up to 5-10% of
the whole histone content in cells), which subsequently
translocate into the cytoplasm (52). This H1 then interacts
with mitochondrial membranes and induces permeability
transition, releasing cytochromec and triggering apoptosis.
The outer mitochondrial membrane permeabilizing effect
required similar concentrations (1.4-2.36µM) as were used
by us. In studies showing that extracellular matrix histone
H1 bound to perlecan and induced myoblast proliferation,
0.014-2.36 µM protein was used (7). For therapeutic
purposes 9.4µM histone H1 was administered to leukemic
T cells (17).

After the experiments with giant liposomes it was of
interest to study the interactions of histone H1 with leukemic
T cells and compare those with the macroscopic conse-
quences observed in giant liposomes. Strikingly, the binding
of TR-H1 to suspended cells as well as to individual cells
positioned by holding them with a micropipet revealed very
similar macroscopic patterns as observed for giant liposomes
containing phosphatidylserine (Figure 9). Interestingly, ex-
cept for the differences in macroscopic length scales of the
aggregates this process seen in giant liposomes is virtually
indistinguishable from the characteristic plasma membrane
patterns of TR-H1 and the subsequent translocation of TR-
H1 into the cytoplasm of these cells. In contrast to the

punctate patterns of TR-H1 on PS-containing giant lipo-
somes, homogeneous distribution of TR-H1 on SOPC
liposomes was seen (data not shown), arguing for the
involvement of PS in the association of histone H1 to the
plasma membrane of leukemic T cells. Because of the high
affinity of H1 to acidic phospholipids it is likely that this
translocation is ATP-independent and driven by lipid phase
changes induced by H1-PS complex formation, in keeping
with a recent theoretical study by Harries et al. (53). Histone
H1 is expected to cause the segregation of a domain of the
negatively charged phospholipid, similarly to the results
reported in studies on small vesicles (21). In this study,
assuming (i) 60 Å2 for the average area of a phospholipid
and (ii) all microinjected H1 to become quantitatively
associated with the giant liposome, the following estimates
for H1:lipid stoichiometry (H1 per 1000 phospholipids,
including lipids in both leaflets of the vesicle bilayer) were
obtained, i.e., from 1.2 to 1.8 (Figure 4), from 11.5 to 29
(Figure 5B-F), from 4.7 to 12.2 (Figure 7), and 250 (Figure
10A). Binding of the acidic phospholipid to H1 would
impose negative curvature for the protein-associated lipid
surface. As a consequence of the screening of the charges
of PS in the lipid-H1 interface, there is a decrease in the
effective surface area in the contacting, external monolayer
compared to the inner leaflet of the bilayer. Assuming the
elastic energy for membrane bending to be less than the
energy maintaining the 3-D structure of H1, this membrane
condensation together with the negative curvature of the
membrane underneath H1 and the aggregation of membrane-
bound H1 would result in an endocytosis-like process, with
the protein-membrane supramolecular complex translocating
into the liposome. This process is thus somewhat analogous
to that described for the internalization of ceramide-enriched
microdomains following the enzymatic action of sphingo-
myelinase on giant liposomes, driven by lipid aggregation,
area condensation, and bending rigidity (31, 48, 49). “En-
docytosis” thus occurs upon relaxation of the system toward
thermodynamic equilibrium. In this connection it is of interest
that ceramide has been established to represent an apoptotic
lipid messenger (54). It could be speculated that the induction
of apoptosis in cells is triggered by vigorous lateral segrega-
tion of membrane constituents, with subsequent scrambling
of part of the plasma membrane structures into cytoplasmic
lipid-protein aggregates, resulting in the initiation of a large
number of biochemical changes inside the cell, all aiming
at disposing of the cell.

The composition of the leukemic T-cell plasma membrane
certainly is much more complex than the SOPC/PS giant
vesicles used here. However, it appears that the essential
characteristics of the binding of H1 to T-cell plasma
membrane are remarkably well reproduced by this simple
model membrane, thus suggesting that the minimal require-
ments determining the macroscopic processes induced by H1
in Jurkat cells are satisfied by the SOPC/PS vesicles. This
is not surprising in light of the very high affinity between
H1 and PS, arising from an electrostatic attraction. Impor-
tantly, in tumor cells the lipid asymmetry is partially lost,
and these cells thus expose the anionic phosphatidylserine
on the external leaflet of their plasma membrane (55).
Importantly, our data demonstrate that in the presence of
the acidic phospholipid PS there is a major increase in the
secondary structure of histone H1. In keeping with the
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reported high affinity of H1 for acidic phospholipids (19-
21), it is this exposed phosphatidylserine that is likely to
bind histone H1. Moreover, this protein causes major changes
in the PS-containing membranes in vitro and suggests PS-
dependent structural changes of this protein to influence also
its action on cells. Histone H1 binds to the plasma membrane
of leukemic T cells and subsequently aggregates on the
membrane, followed by the entry of this protein into the cells
(53) and subsequent apoptosis. Class et al. suggested the
cytotoxicity of H1 to be involved in its binding to a specific
plasma membrane receptor (17). Although the involvement
of a putative receptor cannot be excluded at this stage, our
present data indicate that direct H1-PS interactions could
be well sufficient. Interestingly, a recent report by Konishi
et al. (52) reveals a key role for histone H1 in DNA damage-
induced apoptosis. In brief, these authors showed that DNA
double strand breaks due to radiation can induce translocation
of nuclear H1 into the cytoplasm. Histone H1.2 in particular
was found to be efficient in releasing cytochromec from
mitochondria. Importantly, the latter required very similar
concentrations (micromolar) of H1 as used on suspension
cells in our study. Yet, histone H1.2 did not show any direct
interaction with Bcl-2 family members, and how this protein
induces release of cytochromec from mitochondria remains
unknown. The authors speculated about lipid-histone in-
teractions being involved. Our data certainly support this
notion.

A number of proteins have been reported to aggregate on
the surface of membranes containing acidic phospholipids,
and polypeptide chains withâ-sheet structure are extensively
involved in amyloid fibril formation (for a review, see ref
56). Interactions between misfolded proteins and lipids were
suggested to play a role in the development of amyloid
diseases (57). However, the molecular mechanisms underly-
ing these interactions remain poorly understood. Similarly
to histone H1, lysozyme, for example, is positively charged
and has antibacterial activity (58), and this protein has been
reported to form amyloid fibrils, this process being enhanced
in the presence of negatively charged phospholipids (59, 60).
Intriguingly, multimeric complexes ofR-lactalbumin and
oleic acid have been found to induce apoptosis in tumor cells
while the monomeric form of this protein was inactive (61-
63). This complex caused apoptosis by inducing mitochon-
drial permeability transition with subsequent release of
cytochromec (64). A conformational change ofR-lactalbu-
min oligomers toward a molten globule-like state has been
suggested to be important for the translocation of this protein
across phospholipid bilayers (62). The mode of translocation
of R-lactalbumin thus resembles that observed for histone
H1 aggregates (63). Aggregation of cationic proteins in the
presence of negatively charged phospholipids, as well as the
importance of lipid-induced protein conformational changes
in their aggregation, may argue for a common mechanism.
To this end, the above mechanisms appear to be closely
parallel by that of the membrane structure perturbing
antimicrobial peptides (32, 33). Accordingly, the effects of
histone H1 on leukemic T cells could involve the same
mechanism in the triggering of apoptosis. The interesting
range of consequences of the formation of the above
supramolecular lipid-protein complexes, ranging from an-
tibacterial action to amyloid formation and cytotoxicity,

certainly warrants for detailed understanding of the involved
molecular level processes.
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