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ABSTRACT. The basic chromosomal protein histone H1 binds avidly to liposomes containing acidic
phospholipids and with characteristics somewhat resembling the lipid association of cytochioyhe

[Ké6iv et al. (1995)Biochemistry 348018-8027]. Membrane association of histone H1 strongly attenuates
the lipid lateral diffusion in large unilamellar vesicles containing phosphatidylglycerol (PG) as revealed
by the decrease in the excimer to monomer rafily, of the pyrene fatty acid-containing phospholipid
derivative 1-palmitoyl-2-[10-(pyren-1-yl)decanowitglycero-3-phosphoglycerol (PPDPG) fluorescence.
Similarly, an increase in fluorescence anisotropy of the membrane-incorporated probe, diphenylhexatriene
(DPH), due to histone H1 indicates that the membrane becomes more rigid. Increasing the mole fraction
of PG (Xpg) increases in a linear manner the concentration §Héguired for the maximal decrease in

IJ/Im or increase in fluorescence anisotropy, thus allowing to estimate the binding site for H1 to be constituted
by approximately 20 PG molecules. Domain formation is also supported by differential scanning
calorimetry measurements. Subsequently, we studied the detachment ibaytPG-containing liposomes

by H1 by measuring its efficiency in decreasing resonance energy transfer between PPDPG and the heme
of cyt c. The A-site interaction of uM cyt ¢ with 25 uM PG/PC pc = 0.20) liposomes is fully
inhibited by low (0.1xM) histone concentrations. Upo%sg being increased, the concentration [H1]
required for complete detachment of @yincreses. Irrespective of the [cgf present (varying between

0.1 and 1Q«M), the C-site-mediated binding of cgtto neat PG liposomexfc = 1.0) is fully prevented

at [H1] = 0.6 uM. These measurements indicate that the affinity of histone H1 to liposomes exceeds
that of cytc. The above effects of H1 were subsequently compared with those of different basic membrane-
associating peptides. Notably, the effects of H1 were remarkably well-reproduced by polylysipe (K
The high affinity of H1 to acidic phospholipids suggests that this feature might also contribute to its
physiological function.

The requirement for acidic phospholipids for the mem- al. (1989)]. Yet, the exact mechanisms and the amino acid
brane association and activity of peripheral proteins is residues constituting the lipid binding site(s) of ecyhave
common, and numerous examples, such as some coagulatioremained elusive. We have forwarded evidence for two
factors, protein kinase C, and dnaA protein, can be cited [for different mechanisms of interaction of this protein with acidic
a recent review, see Kinnunen et al. (1994)]. Although the Phospholipids and assigned these to putative distinct sites,
physicochemical properties of the bilayer seem to be crucially "ominated as A and C (Ritwea et al., 1992; Rytaa &
involved, only a few peripheral proteins or their models Kinnunen, 1994). The A-site of cyt should interact

appear so far to have been systematically investigated in thiselectrostatically with deprotonated acidic phospholipids while

respect: myelin basic protein [e.g. Nabet et al. (1994)], the C-site ligands presumably by hydrogen bonding to

T rotonated acidic phospholipids (Rytaa & Kinnunen,
protein kinase C [e.g. Newton (1993) and Pap et al. (1995)], b o 2 -
poly-K [e.g. de Kruifff et al. (1985) and Laroche et al. 1994, 1995). For an acidic phospholipid such as phosphati

S dylglycerol (PG), the A-site interaction of cgpredominates
(1990)], and cytochrome (cytc)." The binding of the latter 535" — 0 50 while the C-site interaction prevails whés
to membranes containing acidic phospholipids has been— | 5 The A-site interaction of cyt is dissociated by

extensively studied [e.g. Kimelberg and Lee (1969), Quinn jncreasing ionic strength as well as by nucleotides. Instead,
and Dawson (1969), Steinemann aridiger (1971), Vanderk-

ooi et al. (1973), Teissie (1981), Waltham et al. (1986),
Mustonen et al. (1987), Kozarac et al. (1988), and Demel et

1 Abbreviations: ACTH %24, adrenocorticotropin hormone amino
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ATP does not affect the binding via the C-site, and also, to membranes (Buser et al., 1994), while the membrane
increasing ionic strength reverses this interaction only when affinity of myristoylated neutral peptides is much smaller
it causes the deprotonation of acidic phospholipids (Ryta than that of the corresponding basic peptides (Sigal et al.,
& Kinnunen, 1994). Both the A- and C-site membrane 1994). Likewise, both electrostatic attraction and hydro-
associations of cytc may further include hydrophobic phobicity also contribute to the binding of the peptide
interaction due to extended lipid anchorage in which one hormone ACTH to membranes containing acidic lipids
acyl chain of the acidic diacyl phospholipid is suggested to (Gysin & Schwyzer, 1984). Accordingly, ACTH-124 with

be accommodated within the hydrophobic cavity of cyt a net positive charge o#6 binds to negatively charged
(Dickerson et al., 1971), while the other chain remains membranes, and it has higher affinity than the amphipathic
intercalated within the bilayer (Kinnunen et al., 1994; a-helical fragment +13 (Verhallen et al., 1984; de Kroon
Rytdmaa & Kinnunen, 1995). The protonation behavior of et al., 1991).

acidic phospholipids could be relevant also to the activation  |n order to develop further understanding on the charac-
of Escherichia colidnaA protein. Due to the close vicinity  teristics of the A- and C-sites, we studied the detachment of
of the two phosphate groups of cardiolipin, its protonation cyt ¢ from membranes containing acidic phospholipids by
behavior is much more CompIeX than that of other acidic the Strong|y basic protein histone H1. More Specifica”y,
phospholipids such as PG (biner et al., 1991). Interest- e compared the displacement of @yby H1 to that by
ingly, cardiolipin is @ much more potent activator of dnaA different basic peptides, associating to membranes due to
than PG (Sekimizu & Kornberg, 1988; Sekimizu et al., 1988). their charge or myristoylation or via an amphipathic helix.

Linker histone H1 is a basic chromatin protein with a hlgh Card|o||p|n either as such or Comp|exed with Cytochrmne
affinity for DNA. H1 also binds to acidic phospholipids and  oxidase forms the probable binding site for cyit the inner
is commonly used as an in vitro substrate for protein kinase mitochondrial membrane (Vik et al., 1981; Speck et al.,
C [e.g. Bazzi and Nelsestuen (1987a)]. These authors also1983). However, formation of the hexagonaj phase has
demonstrated that the cationic amphlphlle sphingosine been demonstrated as a conseqguence otemrdionpin
reverses the association of H1 with acidic phospholipids interaction (de Kruijff & Cullis, 1980). To avoid ambiguities
(Bazzi & Nelsestuen, 1987b). Similar observation has beenin the interpretation of the results arising from the formation
made for the membrane binding of ay{Mustonen et al.,  of the H, phase, the present experiments were performed
1993). Histone H1 binds weakly to phosphatidylcholine, but with PG-containing liposomes. In this context, it is also
the affinity for membranes increases considerably with relevant to emphasize that we were not analyzing the lipid
increasing content of acidic phospholipids'(Ket al., 1995).  association of cyt or H1 per sebut are rather attempting
The association of histone H1 with liposomes containing over to examine possible parallels as well as principal differences
30 mol % phosphatidylserine becomes resistant for NaCl. jn the membrane association of these two peripheral proteins
In a manner similar to that of cyt (Rytdmaa & Kinnunen,  ynder conditions attempting to minimize interference due to
1995) and protein kinase C (Bazzi & Nelsestuen, 1991), the factors compromising reliable interpretation of the data.
lipid associated H1 is not detached by an excess of
subsequently added liposomes (A."iKoand P. K. J. EXPERIMENTAL PROCEDURES
Kinnunen, unpublished results).

As the content of basic amino acid residues in proteins Materials  1-Palmitoyl-2-[10-(pyren-1-yl)decanoy§
such as histones and myelin basic protein is unusually high, glycero-3-phosphoglycerol (PPDPG) was purchased from
their binding to membranes containing acidic phospholipids K&V Bioware (Espoo, Finland) and diphenylhexatriene
has been modeled by for instance poly-Ks. Accordingly, (DPH) from EGA Chemie (Steinheim, Germany). Horse
studies have been carried out on the electrostatic associatiofeart cytc (type VI, oxidized form), DMPC, DPPG, egg
of different basic model peptides with acidic phospholipids PC, and cholesterol were from Sigma. ACTH24 and
[e.g. de Kruijff et al. (1985), Laroche et al. (1990), Kim et ACTH 1—13 were generously provided by Ciba-Geigy AG
al. (1991), Mosior and McLaughlin (1991, 1992a,b), and (Basel, Switzerland). K Myr-KRTLR, and KRTLR were
Montich et al. (1993)]. While polylysines containing three Purchased from Bachem (Bubendorf, Switzerland), apd K
or more residues interact with membranes (de Kruijff et al., (0n the average 19 amino acids) was from Sigma. The Na
1985), their affinity increases with an increasing degree of salt of ATP was from Boehringer Mannheim (Germany). Egg
po|ymerization (Kim et al., 1991). The Separation of PG was obtained from Slgma or Avanti Polar LIpIdS, Inc.
positively charged amino acids also affects the membraneNO impurities were detected in the above lipids upon thin
binding affinity. When two alanine residues are inserted layer chromatography on silicic acid using chloroform/
between lysines in pentalysine, the affinity for negatively methanol/water/ammonia (65/20/2/2, viv) as the solvent
charged membranes decreases by 1 order of magnitudéystem and examination of the plates for pyrene fluorescence
(MOSiOf & McLaugh”n’ 1992b) The association of |onger or after iodine Staining. Histone H1 was purified from calf
poly-K (1200-1700 amino acids) with dimyristoylphospha- thymus (Johns, 1976). All other reagents were from Sigma.
tidic acid (DMPA) membranes increases the ordering of the  Preparation of Liposomes Lipids were dissolved in
lipid acyl chains, and the gel to liquid crystal transition chloroform and mixed in this solvent to obtain the desired
temperature of DMPA is elevated by ca. 4@ (Laroche et compositions. PPDP&X(= 0.01) was used as the fluores-
al., 1990). The gel to liquid crystal transition of DMPA cent lipid probe. In fluorescence anisotropy measurements,
triggers a conformational change ingfrom an ordered DPH was included in a molar ratio of DPH/phospholipid of
f-sheet to random structure (Laroche et al., 1990), whereas1/500. The solvent was removed under a stream of nitrogen
the orderegB-sheet structure of longer poly-K is not strongly and the lipid residue subsequently maintained under reduced
affected by the phase state of the membrane. Myristoylation pressure for at least 2 h. The dry lipids were then hydrated
of short basic peptides significantly increases their affinity in 20 mM Hepes and 0.1 mM ethylenediaminetetraacetic acid
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(EDTA) (pH 7.0) at room temperature or at 30 (DPPG/ Differential Scanning Calorimetry Binary large unila-
DMPC liposomes) to yield a lipid concentration of 1 mM. mellar liposomes composed of DMPC and DPPG in a 1/1
To obtain unilamellar vesicles, the hydrated lipid dispersions stoichiometry were used in DSC measurements. In order
were extruded with a LiposoFast small-volume homogenizer to have a large surface of liposomes accessible to binding
(Avestin, Ottawa, Canada). Samples were subjected to 190f H1, we had to employ unilamellar instead of multilamellar
passes through two polycarbonate filters (100 nm pore size,liposomes. Importantly, the latter have been “traditionally”
Nucleopore, Pleasanton, CA) installed in tandem (Mac- exploited in DSC, while there are no systematic studies
Donald et al., 1991). Minimal exposure of the lipids to light characterizing large unilamellar liposomes by this method.
was ensured throughout the above procedure. Subsequentlynilamellar DPPG/DMPC Xpc = 0.50) liposomes (final
the liposome solution was divided into proper aliquots and lipid concentration of 1 mM) were maintained on ice
diluted with the buffer to a final lipid concentration of 25 overnight before the heat capacity scans were recorded using
UM. a high-sensitivity adiabatic differential scanning calorimeter

Membrane Association of Histone H1 and Basic Peptides (DPASM-4, Biopribor, Pushchino, Russia) at a heating rate
Monomeric pyrene emits fluorescence with a maximum at Of 0-5°C/min. The instrument was calibrated with a 1 mM
398 nm. However, when the pyrene concentration increases Sample of multilamellar liposomes of DPPC with an enthalpy
an excited monomer may form a short-lived complex excimer of 35.6 kJ/mol .for its main transition. Histone H1 was added
(excited dimer) with an adjacent ground state pyrene. This © unilamellar Ilppsomes mamtamed on ice and was thereafter
excited dimer then relaxes back to two ground state pyrenesllowed to equilibrate for 1 h prior to DSC.
by emission with a maximum at about 480 nm. In the  Binding of cyt ¢ to LiposomesThe lipid binding of cytc
absence of quantum mechanical effects (Kinnunen et al.,Was assessed as described prewou_sly (Mustonen et al., 1987;
1987) as well as nonradiative relaxation processes such agtytomaa et al., 1992; Rytoaa & Kinnunen, 1994, 1995)
resonance energy transfg, values for PPDPG reflect by monitoring resonance energy transfer'rifter, 1948;
changes in the rate of lateral diffusion (Galla & Sackmann, Stryer, 1978) between the pyrene-containing lipid PPDPG
1974; Galla et al., 1979) as well as the distribution (i.e. local @nd the heme of cyt. The quenching of PPDPG fluores-
concentration) of the probe in the membrane (Galla & cence by the heme of cgtwas measured at 398 nm. Two
Hartmann, 1980; Somerharju et al., 1985; Hresko et al., 1986: Milliliters of liposome solution was placed into a magneti-
Eklund et al., 1988). Comparison of data collected with cally stirred four-window quartz cuvette in a holder ther-
inter- and intramolecular excimer-forming probes can be best mostated with a circulating water bath at 2& or as
described in terms of membrane free volume theory (Leh- indicated. Five or ten microliter aliquots of a 4™ solut|o.n
tonen & Kinnunen, 1994). A brief, recent review on the Of cyt ¢ were subsequently added, and the quenching of
properties and uses of pyrene-labeled lipid probes has beerpyrene fluorescence by the heme of cytvas observed.
written by us (Kinnunen et al., 1993). Notably, when Ther_eafter, proper ahquots of the indicated bas_lc peptides
absolute values for lipid lateral diffusion are not being sought, r histone H1 were included. Unless otherwise stated,
steady staté/I, values give a reasonably good measure of change_s in fluorescence were allovv_ed to_ stabilize for
qualitative changes in collision frequency of the probes, approximately 40 s, whereafter the intensity of pyrene
mirroring both lateral diffusion and local concentration of monomer fluorescence was recorded. Because of the low
the pyrene-labeled lipids. The effect of histone H1 and basic concentrations of both lipids and cytgenerally utilized,
peptides on the dynamics of phospholipid liposomes was mmw_nal mterferen(_:e by the_ inner filter effe(_:t is expected.
studied by measurement of the pyrene excimer to monomerY€t, in some experiments, higher concentrations otdyip
emission intensity ratite/lm (480 nm/398 nm) of the probe 0 10uM) were used and also a significant inner filter effect
PPDPG. The measurements where conducted with ourPe€came evident. The rationale of these measurements was
Perkin-Elmer LSB50 spectrofluorometer using excitation at that in spite of high trivial absorption the concentration [1]
344 nm. Band widths of 2.5 and 4.0 nm were used for required for the maximal detachment of ayfrom mem-
excitation and emission beams, respectively. IGhgvalues ~ Pranes can still be measured. As judged from its absorption
for 1 mol % of PPDPG included in liposomes composed of SPectra, the cye used was mainly in the oxidized form.
egg PG purchased from two suppliers Sigma and Avantiwere ~The merits as well as limitations of the use of pyrene-
0.0525 and 0.0660, respectively. As both lipids revealed !abeled lipids in energy transfer measurements have been
no impurities upon thin layer chromatography, the most discussed elsewhere (Kaihovaara et al., 1991 g et

feasible explanation for this difference is that it reflects al-, 1992; Mostonen & Kinnunen, 1993; Kinnunen et al.,
variation in their acyl chain composition. 1993). In brief, the use of resonance energy transfer to assess

he displacement of cyt from PG-containing liposomes by

1 rests on the following mechanism. Due to spectral
overlap, highly efficient resonance energy transfer from
pyrene (donor) to heme (acceptor) of cypccurs upon the
binding of the latter to liposomes labeled with the fluorescent
lipid (Mustonen et al., 1987). To this end, detachment of
cyt ¢ from liposomes due to increasing ionic strength (i.e.
increase in [NaCl]) or ATP can be followed by measurement
of the reduction in quenching (Mustonen et al., 1987,
Rytdmaa et al., 1992; Rytnaa & Kunnunen, 1994, 1995).
In the present study, we used H1 to detach cyfrom
liposomes. Importantly, although we do not know either the
ly+ 2l orientations of the pyrene relaxation dipoles or that of heme

Fluorescence anisotropy measurements were conducte
with our SLM 4800S spectrofluorometer. Polarized emission
was measured in T-format and using Glan-Thompson calcite
prisms. Excitation at 350 nm and emission at 450 nm were
selected with monochromators, with respective band widths
of 1 and 16 nm. Emission was also monitored with a long
pass filter (436-455 nm). Values of steady state fluores-
cence anisotropy were calculated by the following equation
(Lakowicz, 1983):

|||_ ID

r =
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absorption, this point is essentially of no importance for the 1.1
type of measurements performed. This stems from the fact A
that the increase in fluorescence due to detachment af cyt 1A0J

from membranes by H1 is used to get the concentration of = L
H1 fully dissociating cytc (i.e. [H1]p). Accordingly, the 00
intermediate fluorescence intensities do not matter and the ‘ .

O,

\&

'\I\.

values of [H1}, can be obtained from the data completely —a
irrespectively of the value of the coupling constant between R/ o8t N\
the dipoles. In other words, for the way the data are \5\
collected, the values for [Ha]are absolutely independent o7k No—e——*
of the actual value of the coupling constant. To this end, °
even in proximity measurements (using resonance energy
transfer as a “spectroscopic ruler” (Stryer, 1978), the
orientation of the dipoles is generally not known and is
usually approximated using a value #f. Notably, even 095 03 02 56 58 70
X-ray structure data (when available) would not be directly [H1], M
applicable to solution studies performed with liposomes,
which, in addition are further impeded by the inherent
complications of the two-dimensional systems (Drake et al., 013l B ATO——0
1991). An important advantage of the use of resonance o
energy transfer between pyrene-labeled liposomes and the o12b o/ e
heme cytc on our studies is that both cgtand histone H1 ' /./° d
can be used in their native state, without these proteins being >
labeled with fluorescent probes. 0.1} —o—o___—°
Our previous experiments using 20 mM Mes as the r . o
buffering medium revealed only insignificant differences in 010l
the membrane association of @tiponXsg being increased ‘ (o
from 0.3 to 1.0 (Rytmaa & Kinnunen, 1994). Interestingly, -
measurements in Hepes show clear differences in the kinetics 0.09 {f\./ "
of membrane association of aytwhenXpg in liposomes is
varied between 0.20 and 1.0 (Figure 4). More specifically, . . . . .
the efficiency of fluorescence quenching due to small 0.0 0.2 04 06 0.8 1.0
amounts of cytc (i.e. its apparent membrane affinity) is [H1], pM
higher whenXpg = 0.20 than for neat PG liposomes. This g re1: Effect of histone H1 on the relative excimer to monomer
difference between Mes and Hepes could result from binding ratio R(l¢/Im) of pyrene fluorescence (A) and DPH anisotrap$d)
of the buffering substances either to cyr to the liposomes.  in eggPG/eggPC liposomes wiXpe = 0.20 @), 0.50 (J), 0.75

Importantly, this difference does not compromise the present(®), or 1.0 ©). The concentration of lipids in 20 mM Hepes and
0.1 mM EDTA (pH 7) was 2%M.

\D\D/D——D\D

O—o—,
06} o 0

data.
RESULTS o7
Binding of Histone H1 to Liposomedn order to allow o6} 3
for an unambiguous interpretation of the subsequent fluo-
rescence data on the detachment ofadfypm liposomes by 05F
histone H1, we first investigated the effects of H1 alone on
the membrane lipid dynamics, as reflected inltffig, values 04
for the membrane-incorporated probe PPDPG and the (H1]., uM 03 o
fluorescence anisotropy of membrane-incorporated DPH. As st T
summarized in the introductory section, we have previously o2l
shown that the content of the acidic phospholipid critically
influences the mode of membrane association of @yt 01}
(Rytomaa & Kinnunen, 1994, 1995). Accordingly, the -
binding of histone H1 to liposomes was studied as a function 00
of Xpe. IncreasingXpe from 0.20 to 1.0 progressively R R S X S R

enhanced the increase in monomer emission intensity at 398
nm (RFl, observed after the addition of H1. The corre-
sponding maximal decrease ligl, due to H1 was from 5  FiGURE 2: Concentration of [HY producing saturation response
to 40%, while DPH emission anisotropy increased from 8 ¢ |/lm (M) andr (O) as a function oXee. The values were taken

. . . rom Figure 1.
to 50% (Figure 1). In parallel with the increase 0.075 to
0.6 uM in 1Jln measurements and from 0.12 to 0.62 in Histone H1-induced phase separation of negatively charged
fluorescence anisotropy measurements wkgg was in- phospholipids was also revealed by DSC. Differential heat
creased from 0.20 to 1.0. The approximately linear depen- capacity scans for DPPG/DMPQ&Hs = 0.50) large unila-
dency of [H1} on Xpg derived from botHd/l, and anisotropy ~ mellar vesicles were measured both in the absence and in
measurements is depicted in Figure 2. the presence of 20M H1. While the liposomes as such
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membranes (i.e. lipids derived from egg yolk) abundant in
L unsaturated acyl chains.

Dissociation of Cytochrome ¢ from PG-Containing Lip-
osomes by Histone H1The detachment of cyt from
i liposomes by histone H1 was studied by measurement of
the decrease in the extent of resonance energy transfer
between PPDPG and the heme of cyt The effects of

histone H1 on the membrane association ofchy its A-

_ ' and C-site were studied separately using liposomesXgith
e = 0.20 and 1.0, respectively. Under the conditions used in
the present study (Hepes buffer), the apparent affinity of the
10 20 30 40 A-site of cytc to liposomes appears to exceed that of the
C-site (Figure 4). This could be due to a higher affinity of

FiGuRe 3: DSC scans for DPPGIDMPCXfs = 0.50) large OVt C [0 membranes akee = 0.20. Alternatively, the
unilamellar liposomes recorded in the absene énd presence  difference between kinetics &b = 0.20 and 1.0 may also
(--+) of 20 uM H1. The total concentration of lipids in 20 mM  be apparent only and could also result from different
Hepes and 0.1 mM EDTA (pH 7) was 1 mM. The calibration bar efficiencies of resonance energy transfer (i.e. dipalipole
corresponds to 5 KIZ mol™. coupling) further caused by different orientations of the heme
) ] ] of the membrane-bound cgtwith respect to the relaxation
revea]ed one major peqk (together with a minor shoulder on dipole of pyrene. At 25:M total phospholipid anKe =
the high-temperature side) in the presence of H1, most of g 20, the A-site interaction of AM cyt ¢ was fully inhibited
the enthalpy is contained in at least tvyo overl_appmg at [H1]o = 0.1 uM. Also the C-site binding aKeg = 1.0
endotherms (Figure 3), thus demonstrating H1-induced yas fully dissociated by histone H1, although the concentra-
segregation of PG. To this end, the above lipid composition jgn [H1]o required was higher, 06M (Figure 4). However,
was chosen as the formation of a domain enriched in the unlike the histone concentrations [}él‘}ausing a maximal
acidic phospholipid DPPG due to H1 was anticipated to result gecrease inldly, in the absence of cyt (Figure 2), the
in the splitting of the original heat absorption peak (recorded dependency of [H1] on Xpc clearly deviates from linear
in the absence of H1) to lower and higher melting compo- (Figure 5) and forXeg < 1.0 clearly exceeds [Hi] as
nents. The former should represent H1 “free” membrane, jllustrated in Figure 6 by the difference [Hil}- [H1]s vs
enriched in DMPC, while the latter should be due to domain X, However, for neat PG liposomes, [HHEquals [H1}.
enriched in DPPG and scavenged by H1. As is evident in We then maintaineipc at 1.0 and varied [cyt] present
the tracings depicted, reliable estimation of the base lines inpetween 0.1 and 10M, whereafter histone H1 was added
the presence of H1 is not possible. Accordingly, the total (Figure 7). Interestingly, although the magnitude of fluo-
enthalpies measured for the combined peaks must berescence recovery due to H1 decreases due to trivial
understood to be tentative only. Yet, for the liposomes as absorption at high cyt concentrations, the concentration of
such and in the presence of H1, the estimated excess heatistone [H1} required to fully dissociate cytis independent
capacities were 27.5 and 28.5 kJ/mol, respectively, thus of cyt ¢ concentration (Figure 7). The lack of dependency
indicating that no major perturbation (except for the domain of [H1]p on [cytc] is further depicted in Figure 8. The above
formation discussed above) of the bilayer by H1 is taking data suggest that the affinity of H1 to PG-containing
place. It is important to emphasize that these results aremembranes is high and exceeds that of@yfThe concen-
not directly comparable to the above fluorescence data sincetration of histone [H1j completely detaching cyt presum-
for DSC lipids containing saturated acyl chains are required ably produces complete coverage of the liposome surface
whereas thdJ/l,, measurements were conducted with fluid and/or scavenges all available PG.

Excess heat capacity

Temperature, °C

1006 A B o—o——o 4100
E/ﬂ—i —e——=
(o]

oh\k " "~-/-- S P
I /)t

20t

0 L L L 1 L 1 L L L L 0
0.0 0.2 0.4 0.6 0.8 1.0 0.00 025 0.50 0.75 1.00

[Cytc], uM [H1], uM
Ficure 4: Effect of histone H1 on the association of cyt Quenching of pyrene monomer fluorescence (RH illustrated as a function

of [cyt c] (A) and subsequently added [H1] (B)pg in liposomes was 0.20K), 0.50 (), 0.75 @), or 1.0 ©). Otherwise, the conditions
were as indicated in the legend for Figure 1.
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FIGURE 5: Histone concentration [H3 yequired for the dissociation
of cyt ¢ from liposomes as a function ofsc. The values were
taken from Figure 4.
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Ficure 6: Difference between [Hi]and [H1k as a function of
Xpe. The values were taken from Figures 1 and 4.
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Dissociation of Cytochrome ¢ from PG-Containing Lip-
osomes by Kand K. Histone H1 is strongly basic with
approximately 29% of its amino acids being Lys. Therefore,
it was of interest to compare the detachment ofaclhy H1
to that due to a basic model peptide,oK At Xpc = 0.20,
the peptide itself in the absence of aythad only minor
effects on theldly, of pyrene fluorescence of liposomes
(Figure 9). However, wheKpc was increased, §§ decreased
ldlm in @ manner somewhat similar to that of histone H1
(Figure 9). Unfortunately, théd/ln, vs Xc data does not
allow us to obtain [K]s, thus impeding comparison with
H1. Kjealso dissociated cytbound to membranes via either
its A-site or C-site, and a lower peptide concentratin® .3
uM) was required aXpg = 0.20 than aiXpg = 1.0 (*1.5
uM) (Figure 10). Similar to that of H1, the concentration
of cyt ¢ present did not strongly affect the {§o required
to fully dissociate cytc from liposomes atXpc = 1.0
(Figure 10).

The affinity of poly-Ks to acidic phospholipids increases
considerably for longer peptides (Kim et al., 1991). This is
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1.0uM (). (B) Dissociation of cytc by histone H1. The cyt
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and 9.9«M (O). Otherwise, the conditions were as described in
the legend for Figure 1.

was added to liposomes in the absence ofcgydractically
no effect onldl, was observed. Likewise, Xdid not
dissociate cyt liposomes at eitheXpg = 0.20 or 1.0 (data
not shown).

Dissociation of Cytochrome ¢ from PG-Containing Lip-
osomes by Myr-KRTLR and KRTLRThe experiments

readily understood in terms of the larger free energy gain comparing Kk and Ko revealed that enhanced membrane
upon charge neutralization of the higher polymers achieved association due to electrostatics suffices for the detachment
upon their membrane association. Accordingly, when the of cyt ¢ by the higher polymer. Accordingly, it was of

same amount of charge but in the form of iKstead of Kg

interest to study if enhanced membrane binding of the short
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cationic peptide KRTLR due to myristoylation would render
it capable of dissociating cgtfrom liposomes. This turned
out to be the case, and Myr-KRTLR detached cytound

to membranes via its A-site, although compared with that
of K19 @ higher concentration (2M) was required (Figure
11A,B). In keeping with the data onzKthe nonmyristoy-
lated peptide had no effect.

Interestingly, both Myr-KRTLR and KRTLR were unable
to dissociate cyt bound via its C-site from the membrane
surface (Figure 11A,B). Judged by the decreask/ip at
Xpc = 1.0 and in the absence of cgt the above peptides
do appear to partition into the membrane, whereaéat=
0.20, only Myr-KRTLR is able to diminishd/ly, (Figure
12A,B).

Dissociation of Cytochrome ¢ from PG-Containing Lip-
osomes by ACTH-124 and ACTH 113, To complement
the above model peptide studies, we then utilized two
synthetic fragments of the cationic polypeptide hormone
ACTH, i.e. ACTH 1-24 and +13. Both of these peptides

Biochemistry, Vol. 35, No. 14, 1991535

membrane association of ACTH-24 and ACTH 1-13
decreasedd/l, (Figure 12C,D). Notably, ACTH %24
which contains the positively charged cluster (residues 15
18) dissociated both A- and C-site membrane association of
cyt ¢, while ACTH 1-13 had essentially no effect (Figure
11C,D). The concentrations of ACTH-R4 required for

the detachment of cytbound via its C-site are much higher
than those needed to dissociate A-site-boundccyt

DISCUSSION

Membrane binding of cyt and the chromosomal strongly
basic protein histone H1 seem to share similar features, and
also the latter protein interacts strongly with acidic phos-
pholipids (Kav et al., 1995). Yet, there are also distinct
differences in their membrane association. Thus, H1 bound
to membranes containing 30 mol % of either phosphati-
dylserine or PG is not dissociated by NaCl~{iKet al.,
1995), whereas cyt is detached even from neat PG
membranes. The affinity of histone H1 to negatively charged
membranes thus appears to be higher, and also, the binding
mechanisms are likely to be different.

The membrane association of the highly basic histone H1
(M =~ 22 000, with 29% of amino acids being Lys) induces
rigidification of the membrane as shown by the decrease in
lJ/l1m of PPDPG or the increase in fluorescence anisotropy
of DPH in liposomes whekXpg varies between 0.50 and 1.0.
However, very little change i/l due to H1 binding to
Xpc = 0.20 liposomes was observed, thus suggesting that in
addition to rigidification also segregation of PG takes place
due to the membrane association of H1 as demonstrated by
DSC. While decreased lateral diffusion decredsks, the
patching of PG increases this parameter, thus resulting in
an insignificant net change. Since [H1$ approximately
linearly dependent oXpg, the stoichiometry of H1 and PG
in the complex formed should remain constant. Accordingly,
0.6 M histone H1 is required to induce maximal change in
lJ/lm in neat PG liposomes at [PG} 25 uM, thus yielding
a PG/H1 stoichiometry of 40/1. Since approximately half
of the PG resides in the inner leaflet of the liposomal bilayer,
the binding site for H1 can be estimated to be constituted
by ~20 PG molecules.

The concentration of histone H1 required to dissociate cyt
c, i.e. [H1], is nonlinearly dependent oXeg, and withXpg
varied in the range of 0.2€0.75 in liposomes, [H1]exceeds
[H1]s (Figure 6). A possible explanation could be cyt
c-induced translocation of PG from the inner to the outer
leaflet of liposomes. The facilitated translocation of PG from
the inner to the outer leaflet by cgtcould be anticipated
due to the neutralization of negative charges of PG at the
outer leaflet upon complexation with the protein. The
resulting net charge difference may thus provide the driving
force for the augmented flip-flop of PG. A= 1.0, there
should be no difference between [H1lhnd [H1E, as
observed. In the case of histone H1, similar translocation
of PG due to charge gradient across the bilayer would be
prevented by the rigidification of the membrane by H1, as
shown by bothl/I,, and fluorescence anisotropy measure-
ments.

The concentration [HE] = 0.1 uM (corresponding to a
H1/PG stoichiometry of 1/50) required to fully dissociate

should associate with liposomes due to the amphipathic helixthe A-site interaction of cyt at Xec = 0.20 is much lower

formed by residues 212 (Verhallen et al.,, 1984). The

than the concentration of cgtpresent, 1.(kM. This is likely
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to reflect different stoichiometries for the association of these charge density elsewhere in the liposome surface so as to
proteins and acidic phospholipids. We have previously reduce the attachment of oyto membranes. Interestingly,
estimated the binding site for cyt to be constituted by  the extent of dissociation of C-site interaction of cyby
approximately 9.5 phospholipids (Mustonen et al., 1987). As histone H1 does not seem to depend on the amount af cyt
was discussed above, our DSC as well as fluorescencepresent but rather on [H1] and the amount of PG present.
measurements reveal the membrane association of H1 to béNotably, even though there is little or no change in R&t
accompanied by the formation of domains enriched in PG, low [H1], this does not imply lack of dissociation of cgt
each H1 binding site being constituted by approximately 20 by H1. Accordingly, even small amounts of membrane-
acidic phospholipids. This should result in a lower negative associated histone H1 should increase the degree of depro-
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tonation of acidic phospholipids (due to reduced negative at bothXpc = 0.20 and 1.0. It follows that the binding site
surface charge density), thus changing the cytipid for Kig can be estimated to be constituted B8 PG
interaction to A-type binding, the latter then causing more molecules at the outer monolayer of liposomes. Poly-K-
efficient quenching of pyrene fluorescence than the C-site induced segregation of acidic phospholipids has been re-
interaction (see Figure 4). As part of the membrane- ported (Galla & Sackmann, 1975; Hartmann & Galla, 1977,
associated cyt becoming also detached by histone H1, we 1978). Upon the amount of membrane-associatgd&ing
may expect no observable net change inRFI increased, this results simultaneously in a diminishing surface
Due to the high content of Lys in the strongly basic H1, density of PG (because of charge neutralization) which then
we then modeled the detachment of cyby this histone allows for a progressive increase in the degree of deproto-
using poly-Ks. The present results indicate that the dis- nation of PG in the liposomes (Tuhle, 1977). As a result,
sociation of cytc from membranes by basic peptides seems the membrane association of aythanges from C-site to
to be governed by their high affinity to acidic phospholipids, A-site.
resulting in competition with cyt for electrostatic association Covalently attached myristoyl and palmitoyl chains have
with deprotonated acidic phospholipids. Accordingly, the been suggested to be important in the enhancement of the
increase in the degree of deprotonation of acidic phospho-membrane association of proteins (Schmidt, 1989; James &
lipids upon charge neutralization should also contribute Olson, 1990). For example, endogenous PKC substrate
(Trauble, 1977). For poly-Ks, the number of charges, i.e. pp60-sis myristoylated at glycine 2 (Kaplan et al., 1988),
the degree of polymerization, is important. Thus, even while the positively charged lysine residues also play a role
though K has been reported to bind to membranes containing in the membrane association of pff§09(Silverman & Resh,
acidic phospholipids (de Kruijff et al., 1985), this peptide 1992; Buser et al., 1994, Sigal et al., 1994). Myr-KRTLR
does not dissociate membrane-bound cyt However, is a synthetic peptide that inhibits PKC by interacting with
increasing the number of lysine residues per peptide alsophosphatidylserine and competing with the protein substrate
increases their affinity to membranes (Kim et al., 1991), and of PKC (O’'Brian et al., 1990). Myristoylation of this peptide
Kigreverses both A- and C-type membrane interaction of cyt is also crucial for its inhibitory effect on PKC. Our data
c. Similar to the case for H1, it appears to be the amount of show this peptide to reverse the A-site membrane association
PG available as well as the {{ present which determines of cyt c. It seems reasonable to assume that the basic
the detachment of cyt as the same [K]p is required to residues of the myristoylated peptide compete withodytr
dissociate both 1 and 1M cyt ¢ (Figure 10). The 1/16  binding to PG. However, the hydrophobicity of the peptide
stoichiometry of Ky/PG observed at [K]p remains constant  appears to be important, and if the membrane anchorage of
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the peptide is not promoted by the myristoyl chain, detach- ACKNOWLEDGMENT
ment of cytc from liposomes is no longer observed. The
partitioning of Myr-KRTLR to neat PG could be reduced
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KRTLR would bind to neat PG liposomes, it may not be
able to dissociate cyt. The former explanation is more
likely to be valid.
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