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ABSTRACT A pulse saturation-recovery electron paramagnetic resonance (EPR) method has been developed that allows
estimation of the exchange rates of a spin-labeled lipid between the bulk domain and the protein-rich membrane domain, in
which the rate of collision between the spin label and molecular oxygen is reduced (slow-oxygen transport domain, or SLOT
domain). It is based on the measurements of saturation-recovery signals of a lipid spin label as a function of concentrations
of both molecular oxygen and the spin label. Influenza viral membrane, one of the simplest paradigms for the study of
biomembranes, showed the presence of two membrane domains with slow and fast collision rates with oxygen (a 16-fold
difference) at 30°C. The outbound rate from and the inbound rate into the SLOT domain (or possibly the rate of the domain
disintegration and formation) were estimated to be 7.7 X 10% and 4.6 x 10* s™', (15 us residency time), respectively,
indicating that the SLOT domain is highly dynamic and that the entire SLOT domain represents about one-third of the
membrane area. Because the oxygen transport rate in the SLOT domain is a factor of two smaller than that in purple
membrane, where bacteriorhodopsin is aggregated, we propose that the SLOT domain in the viral membrane is the

cholesterol-rich raft domain stabilized by the trimers of hemagglutinin and/or the tetramers of neuraminidase.

INTRODUCTION

Recently, extensive attention has been paid to membrane
sub-domains, in which specific lipids and proteins are as-
sembled to carry out specific functions (Edidin, 1990; Edi-
din and Stroynowski, 1991; Simons and Ikonen, 1997;
Mouritsen and Andersen, 1998). The size of a domain may
range from a scale of several molecules (molecular clusters)
up to several microns (Kusumi and Sako, 1996; Edidin,
1997; Sheets et al., 1998; Hwang et al., 1998). Data have
been accumulating that indicate that many important func-
tions of cellular membranes are closely associated with
specific domains in the membrane. For example, oligomer-
ization of immunoglobulin E-Fc receptors (i.c., formation of
protein cluster domains) in the plasma membrane of baso-
philic leukemic cells induces membrane domains that are
rich in src kinases, saturated lipids, and glycosphingolipids,
which initiates the release of chemical mediators (Metzger,
1992; Thomas et al., 1994, Field et al., 1995, 1997; Torigoe
et al., 1998). The subsequent Fc receptor internalization is
carried out at the coated pit, a specialized domain for
receptor endocytosis (Miettinen et al., 1992). Another ex-
ample is the detergent-insoluble glycosphingolipid do-
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mains, which have been the subject of intensive studies in
recent years (Simons and Ikonen, 1997; Brown and London,
1998; Jacobson and Dietrich, 1999). These domains may
play important roles in protein sorting and signal transduc-
tion. These studies indicate that the fluid mosaic model by
Singer and Nicholson (1972) has to be greatly modified to
understand the structure and function of biological mem-
branes. Therefore, molecular mechanisms by which these
domain structures are formed, maintained, and disintegrated
have become one of the central issues in membrane bio-
physics (Kusumi and Sako, 1996).

One of the critical issues in the understanding of mem-
brane domains is the realization that these domains are not
static structures, in the following two points in particular.
First, the domains may be formed and disintegrated contin-
ually, with lifetimes ranging from ~10 ns for cholesterol
clusters in unsaturated phosphatidylcholine (PC) membranes
(Subczynski et al., 1990, 1991; Pasenkiewicz-Gierula et al.,
1991), to seconds for clathrin-coated pits (Gaidarov et al.,
1998), and up to hours for cell adhesion structures (Adams and
Nelson, 1998). Second, even in the domains that last longer,
the constituent molecules may be changing all the time. Some
molecules go out whereas other molecules come in, just like
micelles, in which constituent molecules move in and out
continually (Simons and Ikonen, 1997).

In the present report, to simplify the presentation, we first
concentrate on the second case of domain dynamism, i.e.,
molecular exchange between domains in the membrane, and
in particular, the exchange of lipids between a domain and
the bulk phase. This is the simplest case among molecular
exchanges between domains and is likely to occur in a
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variety of domains in biological membranes. We will come
back to the first case in the Discussion. We have developed
a new pulse electron paramagnetic resonance (EPR) spin-
labeling method for detection of local domains and evalu-
ation of lipid exchange rates. We applied this method to the
study of influenza virus (IFV) membrane, one of the sim-
plest paradigms for the study of the plasma membrane in
animal cells. We found the existence of a less mobile
domain, in which the oxygen diffusion-concentration prod-
uct is smaller (slow-oxygen transport (SLOT) domain do-
main), and measured the exchange rate of a spin-labeled
lipid between this domain and the bulk phase membrane.

Our method is based on variation of the local diffusion-
concentration product of molecular oxygen in different
membrane domains. More specifically, our method is sen-
sitive to the product of the (local) translational diffusion
coefficient and the (local) concentration of oxygen (namely,
oxygen transport) in each membrane domain. Therefore, in
the present paper, the word transport is used in its basic
physical sense. The biological active transport across the
membrane is not the subject of this paper.

Previously, Ashikawa et al. (1994) investigated a similar
issue using reconstituted membranes of bacteriorhodopsin
(BR) and L-a-dimyristoylphosphatidylcholine (DMPC). Us-
ing circular dichroism (CD) spectra and decay of polarized-
flash-induced photodichroism of BR, they found that BR
molecules are monomers in reconstituted membranes with a
lipid/BR molar ratio of 80 (80-rec) and are 25% monomers
and 75% trimers plus oligomers of trimers when the lip-
id/BR ratio is 40 (40-rec).

In the 80-rec, where the bulk domain and the boundary
region around BR molecules coexist (but where no BR clusters
exist), the lipid environment examined with spin-labeled lipids
using pulsed saturation-recovery EPR is homogeneous on a
0.3-30-us scale, irrespective of the presence of molecular
oxygen up to 50% of atmospheric air. This is probably because
the exchange rate of lipids between the bulk and the boundary
regions is much greater than this time range, which is consis-
tent with the previous results (East et al., 1985; Ryba et al.,
1987, Horvath et al., 1988; Marsh, 1997). This result clearly
indicates that the oxygen collision rate cannot differentiate the
bulk and protein-boundary regions. Therefore, in the follow-
ing, we indicate the bulk-plus-boundary regions as the BULK
domain for simplicity.

In the 40-rec, two-exponential saturation-recovery EPR
signals were observed in the presence of molecular oxygen
(the fast recoveries that occur within 50 ns after the satu-
rating microwave pulse due to nitrogen nuclear flip rates,
etc. are neglected in the present discussion). The two time
constants were close to the 7; values in the 80-rec and those
in purple membrane, where BR is aggregated. Both time
constants showed linear relationships with oxygen concen-
tration in the sample. These results can be explained by a
model in which two lipid environments, possessing differ-
ent oxygen transport rates with a slow exchange rate of
lipids between them, are present in the membrane (further
details are given below). Because one of the characteristic
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recovery times is close to that found in the 80-rec, it is likely
to represent the recovery time in the BULK region. The
second slower component in the 40-rec indicates the pres-
ence of a special lipid environment with slow oxygen trans-
port, which was termed a slow-oxygen transport (SLOT)
domain. According to Ashikawa et al. (1994), it was likely
to be a self-associated BR domain (or more precisely, the
domain consisting of lipids in contact with two proteins
and/or lipids in contact with protein and boundary lipids), in
which oxygen transport is smaller by a factor of 5 than in
the BULK region. In another word, the oxygen collision rate
cannot differentiate the bulk and the protein-boundary do-
mains, but it can differentiate the protein-clustered domain
(or protein-rich domain) and the BULK domain.

This treatment was possible because the exchange rates
of spin-labeled lipids between these two domains, the SLOT
domain and the BULK domain, were much smaller than 10°
s~ (T, in the absence of oxygen). In the present investi-
gation of IFV membrane, we encountered a case in which
the exchange of spin-labeled lipids between two domains had
to be explicitly included in the analysis, thus enabling us to
obtain the lipid exchange rates between the two domains.

In the present investigation, we studied IFV envelope
membrane. IFV is 80-120 nm in diameter and is sur-
rounded by an envelope that is made of a lipid bilayer
containing two major viral transmembrane glycoproteins,
hemagglutinin and neuraminidase (Booy et al., 1985; Ka-
naseki et al., 1997). The mole fraction of (total lipid-cho-
lesterol):cholesterol:hemagglutinin plus neuraminidase is
60:40:2 in the IFV membrane, and the molar ratio of hem-
agglutinin and neuraminidase is 4:1 (Klenk et al., 1972;
Kawakami et al., 1981; Webster et al., 1982). IFV mem-
branes contain high amounts of detergent-insoluble raft
lipids (Scheiffele et al., 1997a), and hemagglutinin prefer-
entially interacts with sphingolipid-cholesterol raft domains
via its transmembrane domain (Scheiffele et al., 1997b;
Harder et al., 1998). During the packaging process of IFV,
only the viral transmembrane proteins are selectively re-
cruited, and other host proteins are excluded. It has been
shown that hemagglutinin exists as trimers (Wilson et al.,
1981), and neuraminidase as tetramers (Varghese et al.,
1983). Therefore, IFV provides a well defined lipid bilayer
membrane containing two well studied transmembrane
proteins.

Two-component saturation-recovery signals of a fatty
acid spin label incorporated in the IFV membrane were
observed, indicating the presence of the SLOT domain. We
think that this is the first case where the SLOT domain was
found in biological membranes.

However, the recovery rate did not increase in proportion
to the partial pressure of oxygen (cf. Fig. 4), which sug-
gested the presence of another pathway that modified electron
spin relaxation. Because the only pathway that we previously
did not include in the relaxation scheme of the two-site relax-
ation was the exchange between the two sites, we thought the
missing pathway was likely to be the physical exchange of
lipids between the two domains. Therefore, in the present
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study, exchange of lipids between the SLOT domain and the
BULK domain is included in the relaxation scheme; i.e., we
first develop a theory that can deal with saturation recovery in
the presence of two domains with different oxygen transport
rates and also lipid exchange between them. In the second part,
we use the theory to obtain characteristics of the SLOT domain
and the lipid exchange rates between the SLOT domain and the
BULK domain.

Outline of theory

Our method is based on variations of the product of local
diffusion coefficient and local concentration of molecular
oxygen in various membrane domains, called the method of
discrimination by oxygen transport (DOT method) by Ash-
ikawa et al. (1994). Previously, our group has estimated
oxygen transport in simple lipid membranes on the basis of
the collision rate between molecular oxygen (a fast-relaxing
species) and lipid-type spin labels (a slow-relaxing species)
placed at specific locations in the membrane. The collision
rate was monitored by measuring the spin-lattice relaxation
times (7)) of the nitroxide spin labels in the presence and
absence of oxygen using a saturation-recovery technique
(Kusumi et al., 1982; Subczynski et al., 1989). The local
oxygen transport parameter (2P) at a locus x in the mem-
brane has been defined as

2P(x) = Ty '(x, air) — 77 '(x, V) (1)

where 2P(x) is proportional to the rate of collision between
the spin label and molecular oxygen and is thus proportional
to the product of the local oxygen concentration [O,(x)] and
the local translational diffusion coefficient of oxygen Dy,
(thus called transport parameter) in a membrane that is in
equilibrium with atmospheric oxygen:

2P(x) = ADo(0)[0,(x)], A4 = 8mpry, 2

where 7 is the interaction distance between oxygen and the
nitroxide radical spin labels (~4.5 A; Windrem and Plachy,
1980), and p is the probability that an observable event
occurs when a collision does occur (4 is remarkably inde-
pendent of the hydrophobicity and viscosity of the solvent,
and of the spin label species) and is very close to 1 (Hyde
and Subczynski, 1984, 1989; Subczynski and Hyde, 1984).
Previously, we used W(x) rather than 2P(x). However, in the
present report, we use several different /¥ values, and we
changed the notation for the oxygen transport parameter to
avoid confusion. Note that 2P(x) is a value extrapolated to
a sample equilibrated with 100% air, and that [O,(x)] is
proportional to the partial pressure of molecular oxygen in
the equilibrating gas mixture. Because, in actual experi-
ments, nitrogen gas and dried air are mixed, we use the
fraction of air in the gas mixture f;,.

Consider a membrane consisting of two lipid environ-
ments that can be differentiated by the difference in the rate
of oxygen transport in each domain, for example, the BULK
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domain and the SLOT domain in the BR 40-rec membranes
(Ashikawa et al., 1994). When the exchange rates of the
spin-labeled lipid between these domains are slow com-
pared with 10° s, the saturation-recovery signal is ex-
pected to be simply a double-exponential curve with time
constants of 7} '(f;, SLOT) and T} '(f,;,, BULK), where

77 ' (fui SLOT) = 2P fy + T7'(N,, SLOT)  (3)
T, '(fui, BULK) = 2Pyf,; + T, (N, BULK).  (4)

SLOT and BULK refer to the two membrane domains (x has
been changed to these domains, and, in addition, the depth
in the membrane is fixed for 14-doxyl eicosanoic acid spin
label (14-EASL)), and f,;. is the fraction of air in the
equilibrating gas mixture. 2P, and 2P, are oxygen transport
parameters in each domain. Because these 2P values are the
rates of collision between the spin label and molecular
oxygen extrapolated to a sample equilibrated with 100% air,
2Pf,;. represents the collision rate in a sample equilibrated
with a gas containing f;;. In the case of the 40-rec with
12-PC spin label at 30°C (Ashikawa et al., 1994),

T, (NV,, SLOT) = 0.25 X 10°s™! = T;'(NV,, BULK)

2P, =0.45X%X10°s7!, and 2P, =24 X 10°s".

In the following, the above equations are expressed using
electron spin transition rates; i.c.,

Wy, = 1/2 X T, '(N,, SLOT), 5)
Wy, = 1/2 X T;'(N,, BULK)
W, =1/2 X T} (f.,, SLOT), (6)
Wy = 1/2 X T; '(f,1r, BULK)
W, = Pifu + Wi (7)
Wy = Pyfy + Wy, )

In general, W,, and W,, are close in the membrane (as
shown above, T} '(N,, SLOT) ~ T, '(N,, BULK)), and the
presence of two types of lipid domains can often be clearly
manifested only after introducing molecular oxygen in the
sample (DOT method); the collision rates of molecular
oxygen with the nitroxide group of the spin label can be
quite different in the two domains, and the effect of oxygen
collision on the electron transition rate is generally much
greater than motional effects (Kusumi et al., 1982).

In the present study, a theory has been developed to
include exchange of lipid-type spin labels between two
domains that possess different oxygen transport rates. The
saturation-recovery signal of lipid-type spin labels interca-
lated in two coexisting lipid domains in the membrane was
analyzed on the basis of the scheme shown in Fig. 1. Three
relaxation processes are involved in saturation recoveries of
spin labels exchanging between the two sites. First is elec-
tron spin-lattice relaxation at each domain; the relaxation
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FIGURE 1 A scheme for analyzing saturation-recovery signals of spin

labels in the presence of two domains that possess different oxygen
transport rates: SLOT domain and the BULK (bulk plus boundary) domain.
An important point in this scheme is that it includes exchanges of lipid-type
spin labels between the two domains (K, and K,, outbound and inbound
rates of the SLOT domain, respectively; see the third and fourth terms in
Egs. 9-12). We assume that all spin label molecules are available for the
exchange processes. In addition, this scheme includes the following two
relaxation processes. 1) Electron spin transition of the spin label in each
domain (Egs. 5-8); the transition rates, ¥, and I¥,, are linear functions of
the partial pressure of air f,;. in the equilibrating gas mixture, W, and W,

air
are the electron spin transition rates at f,;, = 0, and 2P, and 2P, are the
rates of oxygen collision with the spin label in a sample equilibrated with
air (see the first and second terms in Eqgs. 9—12). 2) Heisenberg exchange
between the spins in different domains (k, is the Heisenberg exchange rate;
see the fifth and sixth terms in Eqs. 9-12). The three states of the doxyl
nitrogen nuclear spin are assumed to mix into a single state because of fast
nuclear spin relaxation.

rates, W, and W,, are linear functions of f,;. as described in
Eqs. 5-8, and W, and W,, are the electron spin-lattice
relaxation rates at f;, = 0. Second is physical exchange of
lipids between the two domains (K, and K, are the exchange
rates). We assume that all spin label molecules are available
for the exchange reaction; i.e., the domains must be small
for this formalism to be valid. We will come back to this
point in the Discussion. Third is Heisenberg exchange be-
tween the spins in different domains (k, is the Heisenberg
exchange rate). Experiments with high as well as low con-
centrations of spin probes were necessary because the first
and second are not sufficient to determine six unknown
parameters (W,,, P, Wso, P,, K;, and K,; see Eqgs. 7-20).

In this scheme, the three states of the doxyl nitrogen
nuclear spin are assumed to mix into a single state because
of fast nuclear spin relaxation (thus, the Heisenberg ex-
change rate within a domain is masked). We have measured
the transition rate (Wy) of the doxyl nitrogen of 16-doxyl
stearic acid spin label (16-SASL) in DMPC membranes
above the phase transition temperature for the fast motional
domain and that of 5-SASL in DMPC membranes below the
phase transition temperature for the slow motional domain
(molar ratio of SASL/DMPC = 1/400) by using electron-
electron double-resonance techniques (Popp and Hyde,
1982). In the temperature range between 5 and 37°C, Wy
was greater than 1/27, by a factor between 7 and 30.
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12-SASL in dielaidoyl-PC membrane showed that Wy was
greater than 1/27, by a factor of 34 above the phase tran-
sition temperature (37°C). These results indicate that nu-
clear relaxation of the doxyl nitrogen is sufficiently fast to
allow the above assumption that the three nuclear states are
mixed into a single nuclear state (see also Yin et al., 1987).
Therefore, Heisenberg exchange within a domain was not
considered here.

Yin et al. (1987) previously studied a spin relaxation
problem with a similar mathematical formalism. They stud-
ied the collision rate between '“N and '>N spin probes. Due
to the fast relaxation of each nuclear spin, only two electron
spin states had to be considered for '“N and for '°N spin
probes. Because the nuclear spin relaxation rates are sub-
stantially greater than the rate of Heisenberg exchange,
which is induced by the collision of spin probes, collision of
spin probes of the same nuclear species did not contribute to
relaxation processes. The only meaningful collisions for the
electron spin relaxation in the system are those inducing the
Heisenberg exchange between '*N and '°N spin probes.

Following Yin et al. (1987), a set of rate equations can be
set up as follows:

dnla
dt = —Wi(n, — Nio) + Wl(nlﬁ - NIB)
— Kiny, + Kony, — kxnlan2[3 + kx”lB”Za ©)
dnyg
dt = _Wl(nlﬁ - NIB) + Wi(n1, — Ny
- KlnlB + KZ”ZB - kxnlﬁ”lza + kxnlanzﬁ (10)
ana
dt = _Wz(”2a - Nth) + Wz("zg - NZB)
— Koy + Kinyg — kxn2an1[3 + kxnzﬁnm
(11)
dnyg
dt = _W2(”25 - N2B) + Wy(nyq — Nay)
- K2n2[3 + KlnlB - kanBnla + kx”Za”lB:
(12)

where n values represent the instantaneous spin populations
per unit volume of the four levels, and N values represent
the equilibrium Boltzmann populations per unit volume of
the four levels.

The solution to Egs. 9 - 12 is (Yin et al., 1987)

(¢, fur N) = 1i[1 — exp{—(4 — B)1}]
+L[1 — exp{—(4 + B)#}] (13)
Afur N) = Wy + Wy + (12)(K, + Ky + kN) - (14)
B(fy, N) = [(W, — W)* + (W, — WL){K, — K, + (K,
— K)kN/(K, + K)} + (1/4)(K, + K, + kN7 (15)
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N=n1a+n13+n2a+n23, (16)

where I(¢, f,;;, N) is the observed saturation-recovery signal,
I, and [, are constants to be defined by initial conditions,
and N represents the total number of spins per unit volume
and is proportional to the number of spin probes incorpo-
rated in the membrane.

As discussed below, all the rate constants (W, Py, W5,
P,, K,, K,, and k,) were determined by obtaining saturation-
recovery signals at various partial pressures of oxygen (at
low spin-label concentrations), and at various concentra-
tions of the spin label without oxygen. Dependencies of 4
and B? on oxygen concentration can be determined by the
following equations obtained from Egs. 7, 8, 14, and 15
(assuming N = 0, i.e., for a low concentration of the spin
label):

A(fair) =P+ PZ)fair + Wio + Wy + (12)(K; + K;) (17)

B(fair)z = (P, — Pz)zfair2 + (P — P)[2(Wyo — W)
+ (Kl - Kz)]fair + (WIO - Wzo)2 + (Wl() - W20)(K1 - Kz)
+ (1/4)(K, + K2)2 (18)

Dependencies of 4 and (4 — B)(A + B) on the spin label
concentration, N, in the absence of oxygen (f,;, = 0) can be
obtained from

A(N) = (12)k NN + Wy + Wy + (12)(K, + K5) (19)

(A4(N) = B(N))(A(N) + B(N))
= [Wyo + Wa(Wyo — Wa)(K; — K)I(K; + Ky) kN
+ AW Wsy + 2W 10K, + 2W5K,.  (20)

All coefficients on the right side of Eqs. 17-20 were deter-
mined by fitting the curves of 4 versus f,;, B> versus f.;,, 4
versus N, and (4 — B)(4 + B) versus N. These include nine
coefficients. However, the constant terms for Eqs. 17 and 19
are the same. Therefore, 8 equations are obtained by deter-
mining the coefficients in Eqs. 17-20. Because there are
only seven rate constants, all of them can be determined by
solving these equations for coefficients.

MATERIALS AND METHODS

The 14-EASL) was purchased from Molecular Probes (Eugene, OR). IFV
was prepared as described previously (Kanaseki et al., 1997). Ethanol
solutions of 14-EASL over the range of 3—100 nmol/10 ul were added to
the IFV suspension (2 mg of total protein/l1 ml of 5 mM PIPES and 145
mM NaCl, pH 7.5) to give final concentrations of over the range of 3—100
uM. After incubation for 30 min at 37°C, each sample was mixed with 1
ml of borate buffer (100 mM sodium borate, pH 9.5) and was centrifuged
for 1 h at 130,000 X g at 4°C. The sedimented virus was resuspended in
2 ml of the borate buffer and centrifuged again.

Concentrations of 14-EASL in IFV membrane were determined in the
following way. Total lipid of the IFV envelope was extracted from labeled
IFV by the method of Bligh and Dyer (1959), and concentrations of
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14-EASL and phospholipids were determined from the EPR signal inten-
sity and by the phosphorous assay of Bartlett (1959), respectively.

Liposomes made of the total lipid extracted from the IFV envelope
membrane that had been labeled with 3 uM 14-EASL (a mole ratio of
14-EASL/phospholipid in the IFV envelope = 0.0034) were prepared as
before (Kusumi et al., 1986).

The samples for pulse EPR experiments were pelleted by centrifugation
at 178,000 X g for 25 min (Airfuge, Beckman, Palo Alto, CA), and the
pellet was placed in a gas-permeable capillary (inner diameter, 0.6 mm)
made from the methylpentene polymer called TPX for EPR measurements.
The concentration of oxygen in the sample was controlled by equilibrating
the sample with the same gas that was used for temperature control, a
mixture of nitrogen and dry air (Kusumi et al., 1982).

Saturation-recovery pulse EPR measurements were performed as de-
scribed previously with the use of a loop-gap resonator (Kusumi et al.,
1982; Yin et al., 1987; Subczynski et al., 1989). The microwave field for
short pulse experiments was in the range of 2.0 and 3.5 G (1 G = 107* T),
and the pulse length in the range of 0.1-0.5 us (Yin et al., 1987, 1988,
1990). Typically 10%-10° decays/s were acquired with 512 data points on
each decay. The total accumulation time was typically 5-20 min. Satura-
tion-recovery curves were analyzed for double-exponential decays using a
curve-fitting program based on the Monte Carlo method (improved from
the program by Yin et al., 1987). A least-squares minimization function
was used as the criterion of excellence of the fit between the model and
experiment.

The experiments were repeated at least seven times for each point (IFV
separately prepared three times). All these data points were used to obtain
the best-fit parameters by the curve fitting (Figs. 5 and 6). When the best-fit
parameters were obtained for each of the three independent experiments
(using independently prepared virus), the nine coefficients in Eqgs. 17-20
and the relaxation parameters in Table 2 were different by +=20% except
for the second term in Eq. 18 (£42%) and K, (£32%).

RESULTS

Fig. 2 shows the conventional EPR spectrum of 14-EASL in
the membrane of IFV at 30°C, suggesting the presence of at
least two lipid environments with different levels of restric-
tion on motion of alkyl chains (Knowles et al., 1979; Marsh
et al., 1982). The use of the spin probe attached to the C14
of the acyl chain was first employed by Knowles et al.
(1979). Their results indicated that the presence of two
components in a spectrum is visually more clear with phos-
pholipids labeled at the C14 than at other positions in the

|

Less-immobilized
Component )

|
»-W?M WWW

More-immobilized
Component

10 Gauss
—

FIGURE 2 Conventional EPR spectrum of 14-EASL in the membrane of
IFV at 30°C, suggesting the presence of at least two lipid environments
with different levels of restriction on motion of alkyl chains.
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alkyl chain. The more immobile component (the outer peak
in the low-field line) is likely to represent the lipid in the
boundary region of membrane proteins. In addition to the
boundary component, as shown later in the case of IFV
membrane, this component is likely to represent the SLOT
domain (i.e., the more immobile component is likely to
include both the boundary and the SLOT domain).

In Fig. 3, saturation-recovery curves are shown as a
function of oxygen concentration in the equilibrating gas
mixture (low concentration of the spin probe, i.e., the molar
ratio of 14-EASL/phospholipid = 0.34%; Fig. 3 A) and of
the spin label concentration in the sample (without molec-
ular oxygen; Fig. 3 B). As the concentrations of oxygen or
the spin label were increased, the recovery became faster.

The two characteristic time constants for the recovery (4 —
Band A + B in Eq. 13) observed in the low concentration of
14-EASL (0.34 mol % against phospholipid) are plotted in Fig.
4. If there was no exchange of spin-labeled lipids between the
two domains and no Heisenberg exchange, 4 — B = 2, and
A + B = 2W, both of which have a linear relationship with ;.
This was the case found in the 40-rec of BR by Ashikawa et al.
(1994), where the recovery time constants directly represent
W, and W,, the electron spin-lattice relaxation rates in the
BULK and BR-aggregated domains, respectively. However, as
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FIGURE 3 Saturation-recovery signals and fitted curves shown as a
function of f;;. (low concentration of the spin probe, i.e., 0.34 mol %
14-EASL/phospholipid; 4) and of the spin label concentration in the
sample (without molecular oxygen; B). As the concentrations of oxygen or

the spin label were increased, the recovery became faster.
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FIGURE 4 The two characteristic time constants for the recovery (4 —
B and 4 + B in Eq. 13) observed in the low concentration of 14-EASL
(0.34 mol % against total phospholipid) plotted as a function of f,;.. The
solid curves show the values calculated from the determined kinetic con-
stants (see the text at the end of Results). The data shown are those
obtained from all the experiments (seven measurements), and the error bar
indicates the standard error. The points that do not show error bars are
those where error bars are smaller than the keys.

can be seen in the plots, neither 4 + B nor 4 — B in the I[FV
membrane is linear with ;. (The nonlinearity is clearer with 4
— B). This result suggests the presence of competing pathways
for electron spin-lattice relaxation, a major one of which, we
thought, is likely to be the physical exchange of lipids between
the two domains.

The parameters 4 (Eq. 17) and B* (Eq. 18) are plotted
against £, in Fig. 5 (N ~ 0). In Fig. 6, 4 (Eq. 19) and 4> — B*
(Eq. 20) are plotted against the spin label concentrations in the
medium to label IFV (f;, = 0). Actual concentrations of
14-EASL in IFV membrane expressed as the molar ratio of
14-EASL versus phospholipid in the envelope membrane were
determined as described in Materials and Methods. It was
found that the ratio was proportional to the amount of added
label under our experimental conditions (in the range of 3—100
M used): the ratio of 14-EASL/phospholipid = 1.13 X
C/1000, where C is the concentration of the label in the
incubation mixture expressed in micromolar concentration.
Heisenberg exchange is likely to occur at the domain bound-
aries, and this suggests that the size of each SLOT domain is
small.

The coefficient of each term in Eqs. 17-20 was deter-
mined by performing curve fitting as shown in Figs. 5 and
6 and are listed in Table 1. As described above, determina-
tion of these fitting coefficients provide eight independent
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FIGURE 5 The parameters A and B? plotted against f,;, (Eqs. 17 and 18).
The solid curves indicate the fitted curves based on these equations. The
coefficient of each term in Eqs. 17 and 18 was determined by the curve
fitting (see the first five lines in Table 1 for determined coefficients). The
data shown are those obtained from all the experiments (seven measure-
ments), and the error bars indicate standard errors.

equations (the constant terms in Eqs. 17 and 19 are the
same, and experimentally similar values were obtained as
shown in Table 1). Therefore, all seven rate constants can be
obtained, which are summarized in Table 2. In these calcu-
lations, the constant term in Eq. 20 was not used. However,
W0, W, K, and K, determined from other coefficients are
consistent with the constant term in Eq. 20.

In Fig. 4, the two saturation-recovery time constants 4 +
Band 4 — B are plotted against f,;.. The solid lines represent
calculated values for 4 + B and A — B based on the kinetic
constants determined as described above. If there had been
no exchange, as was the case with the BR 40-rec mem-
branes, these time constants would have represented the
electron spin-lattice relaxation rate in each domain. The
agreement between the measured values and the calculated
curves indicate that the method developed here is useful in
analyzing the saturation-recovery data on biological mem-
branes where the SLOT domains exist and the rates of the
lipid exchange between the SLOT domain and the BULK
domain become comparable to the nitroxide 7} .

To examine the effect of the presence of transmembrane
proteins, i.e., hemagglutinin and neuraminidase, on the elec-
tron spin transition rate and the oxygen transport parameter,
these relaxation parameters were measured for liposomes
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made of the total lipid extracted from the IFV membrane,
and are shown in Table 2. Oxygen transport parameters in
the SLOT and BULK domains are smaller than that in total
lipid liposomes by a factor of 36 and 2.3, respectively,
indicating a large decrease in the SLOT domain.

DISCUSSION

The SLOT domain in the IFV membrane is likely
to be a protein-rich, cholesterol-containing
raft domain

The oxygen transport rate in the SLOT domain, 2P, is
smaller than that in purple membrane, where BR molecules
are aggregated, by a factor more than two (see Tables 2 and
3). It is smaller than 2P,, the oxygen transport rate in the
BULK domain, by a factor of 16 (2P,/2P, = 0.14/2.2 =
1/16, both numbers from Table 2), which is a large factor.
This factor is even a factor of about two greater than the
difference in oxygen transport parameter between DMPC
membranes in the fluid phase and purple membrane (see
Table 3, indicating purple membrane/DMPC for 12-PC =
0.40/3.2 = 1/8; Ashikawa et al., 1994). These comparisons
suggest a possibility that the SLOT domain in the influenza
viral membrane may not simply be a protein-rich region, but
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TABLE 1 Evaluation of coefficients of Egs. 17-20 at 30°C
Eq. Coefficients Measured value
17 P, + P, 1.19 X 10°s™!
17 Wio + Wao + (112)(K, + K5) 231 X 10°s7!
18 (P, — Py 1.10 X 10?572
18 (P, — P)[2(Wyg — W) + (K, — K5)] 2.05 X 100572
18 Wi = Waol + (Wyo — Wao)(Ky — Ky) + (4K, + Kp)° 3.13 X 10%s72
19 (1/2)k, 2.10 X 103 s~ '*
19 Wio + Wy + (12)(K, + K,) 236 X 10°s!
20 [Wyo + Wiy — (Wyo — Wagd(K, — KK, + K]k, 7.66 X 108 s~ 2%
20 AW, Wao + 2W 0K, + 2W,0K, 538 X 100572

When the best-fit parameters were obtained for each of the three independent experiments (using independently prepared virus), the accuracies of these
coefticients were better than =20% except for the second term in Eq. 18 (=42%).

*These values are normalized to a 14-EASL/phospholipid mole ratio of 0.34% in the IFV membrane. This concentration is close to the standard spin
label/phospholipid mole ratio of 1/300, which we employ for pulse EPR measurements of liposomes.

a cholesterol-rich as well as protein-rich domain because
cholesterol can further reduce the oxygen collision rate (see
Table 4) (Subczynski et al., 1989, 1991; Pasenkiewicz-
Gierula et al., 1991; also see Subczynski et al., 1990, 1994).
The mole fraction of (total lipid-cholesterol):cholesterol:
hemagglutinin-plus-neuraminidase is 60:40:2 in the IFV
membrane (Klenk et al., 1972; Kawakami et al., 1981;
Webster et al., 1982).

The SLOT domain must be rich in the trimers of hem-
agglutinin and/or tetramers of neuraminidase. These are the
major protein components in the IFV membrane, and hem-
agglutinin and neuraminidase represent ~80% and 20% of
membrane proteins, respectively (Webster et al., 1982).
Hemagglutinin exists as trimers (Wilson et al., 1981),
whereas neuraminidase exists as tetramers (Varghese et al.,
1983). They are both transmembrane proteins with a single
transmembrane «-helix. In the lipid regions corralled by
three and/or four a-helices, the oxygen transport rate would
be greatly reduced because the transport rate within rhodop-
sin (protein itself), which consists of seven a-helices, is
smaller than that in DMPC membranes in the liquid-crys-
talline state by a factor of ~100 (Subczynski et al., 1992).

We do not think that the SLOT domain is a simple raft
domain consisting of cholesterol, glycosphingolipids, and
glycosylphosphatidylinositol-anchored proteins. Because
the oxygen transport rate in the SLOT domain is much
smaller than that expected for cholesterol-rich domains (see
Table 4 and compare DMPC with and without cholesterol)
(Subczynski et al., 1989, 1991) or the domains containing
single (nonassociated) transmembrane a-helices (see Table
4 and compare POPC with and without the peptide) (Sub-
czynski et al., 1998), the presence of clustered transmem-
brane proteins in the domain is essential to explain the slow
rate of oxygen transport in the domain (Ashikawa et al.,
1994). Furthermore, as stated above, the oxygen transport
rate in the SLOT domain is even smaller than that in purple
membrane (Table 3) (Ashikawa et al., 1994). Based on these
results, we propose that the SLOT domain in the IFV
membrane may be a raft domain that is rich in cholesterol
and stabilized by the presence of clustered proteins.

In addition, it has been shown that hemagglutinin pref-
erentially partitions into the raft domain (Harder et al.,
1998; Scheiffele et al., 1997a), which is consistent with the
above model. Ge et al. (1999) characterized the liquid-
ordered phase of detergent-resistant membranes from rat
basophilic leukemia 2H3 cells by an EPR spin-labeling
technique and concluded that biological membranes con-
taining high concentrations of cholesterol are likely to con-
tain a liquid-ordered phase.

The exchange rates from and to the SLOT domain were
estimated to be 7.7 and 4.6 X 10* s, respectively (Table
2). These values are a factor of ~300 smaller than the
exchange rate of lipids between the bulk domain and the
boundary regions around transmembrane proteins (East et
al., 1985; Ryba et al., 1987, Horvath et al., 1988; Marsh,
1997). This result indicates that the residency time of lipids
in the SLOT domain is substantially longer than in the
boundary region and suggests that the SLOT domain may
play important roles in the function of the plasma mem-
brane. The SLOT domain may be important in packaging
the IFV membrane proteins during the budding process and
in increasing the probability of successful fusion events by
concentrating hemagglutinin in the SLOT domain.

In the present theoretical model, all spin probes in a
domain are assumed to be available for physical exchanges
and Heisenberg exchanges with probes in the other domain;
i.e., the domains are small. The agreement between the
theory and experiments suggests that this assumption is
largely correct. Assuming that diffusion coefficients of lip-
ids in the SLOT domain and the BULK domain are 10~ '°
and 10™® cm? s, respectively (see Table 1 in Lee et al.,
1993; Table 1 in Sheets et al., 1998; and Table 1 in Korlach
et al., 1999), these molecules can cover areas of 1 nm? and
100 nm? over 20 us (inverse the slowest relaxation param-
eter, K,, in Table 2), respectively, corresponding to areas
occupied by 2 and 200 phospholipid molecules, respec-
tively. Therefore, each SLOT domain is likely to consist of
small numbers of lipids; i.e., even a lipid molecule in the
core region of the domain is only one lipid away from the
BULK phase (because a lipid molecule in the SLOT domain
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can cover only an area of two lipid molecules during 20 ws
to be available for physical and Heisenberg exchanges). It
follows then that each SLOT domain has an area of only
10-20 lipid molecules. Meanwhile, each BULK domain
may contain greater numbers of lipid molecules.

In the argument advanced so far, we assumed that the
exchange rates of lipids between the two domains are
greater than the rates at which these (transient) domains are
formed and disintegrated. However, these two processes
cannot be distinguished. If the lifetime of the SLOT domain
is shorter than the exchange rate, the SLOT domain be-
comes the BULK domain before the lipid exchange takes
place. Therefore, in this case, we measure the lifetime of the
SLOT domain. In addition, the size distribution of these
domains cannot be estimated by the present method.

Each SLOT domain may be small in size, but the entire
SLOT domain occupies substantial area in the IFV mem-
brane. From the ratio of the inbound (K,) versus the out-
bound (K,) rates of the lipid in the SLOT domain, the SLOT
domain as a whole may occupy about one-third of the
membrane (K,/[K, + K,] = 0.046/[0.077 + 0.046] = 0.37).

The oxygen transport parameter in the BULK domain in
the viral membrane, 2P,, is smaller than 2P in the total lipid
liposome by a factor of 2.3 (2P/2P, = 5.0/2.2, both num-
bers from Table 2). In the 80-rec BR membrane, 2P was
smaller than that of DMPC membrane by a factor of 1.6 (2P
for the 80-rec divided by 2P for the DMPC membrane =
2.0/3.2 (both numbers from Table 3) = 1/1.6), indicating
that these factors (2.3 and 1.6) are comparable (Ashikawa et
al., 1994). This result suggests that the BULK domain in the
IFV membrane also contains hemagglutinin and/or neur-
aminidase, although the molar ratio of protein/lipid would
be lower than that in the SLOT domain.

Finally, we would like to emphasize again that the SLOT
domain, which is a protein-rich raft domain in the IFV
membrane, is a dynamic structure. Either the constituent
lipid molecules stay in the SLOT domain and the BULK
domain for less than 20 us (inverse of K,, the slower
exchange rate) or these domains are continually formed and
dispersed at an average of every 20 us.

TABLE 2 Evaluation of rate constants (x10° s~7) described
in Fig. 1 observed at 30°C

IFV membrane

Liposome
SLOT domain BULK domain  (total lipid)
Electron spin liteW,, = 0.08  W,, = 0.095 W, = 0.23
transition rate
Oxygen transport 2P, = 0.14 2P, =22 2P =5.0
parameter
Lipid exchange rate K, = 0.077 K, = 0.046

When the best-fit parameters were obtained for each of the three indepen-
dent experiments (using independently prepared virus), the accuracies for
these relaxation parameters were better than *=20% except for K, (+32%).
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The DOT method may be useful for detecting
protein-stabilized rafts and measuring the lipid
exchange rate

Molecular oxygen is small in size and somewhat hydrophobic,
and its transport as measured by the rate of collision with spin
labels is sensitive to dynamics of lipid alkyl chains and to the
free volume in the membrane. Therefore, molecular oxygen
has become a unique, useful probe to investigate alkyl chain
dynamics and very local properties of alkyl chain packing in
membranes (Kusumi et al., 1982; Subczynski et al., 1989,
1991, 1992, 1998; Ashikawa et al., 1994).

In BR reconstituted membranes, the oxygen transport pa-
rameter detected the presence of a special lipid domain that
only appears in the presence of BR trimers and oligomers of
trimers (Ashikawa et al., 1994). This domain exhibited a slow
oxygen transport rate, which was thus termed the SLOT do-
main. This domain was thought to be protein rich, in which
every lipid molecule is in contact with two proteins or with a
protein and boundary lipids (thus the lipids are sandwiched
either between two proteins or between a protein and boundary
lipids) and its alkyl chain motion is suppressed to the level of
the gel-phase membrane. The lifetime of this trapped-lipid
domain must be greater than the rotational relaxation time of
BR trimers or oligomers of trimers, which was longer than
~100 us (Ashikawa et al., 1994). The exchange rate of lipids
between this SLOT domain and the BULK domain was not
observed, and was thought to be too slow to be observed with
the 7, technique (less than 10* s~") (Ashikawa et al., 1994).

In the present investigation, the pulse EPR technique was
applied to the study of membrane domains in the influenza
viral membrane, which has a lipid composition that is sim-
ilar to that of the plasma membrane of animal cells. The
saturation-recovery signal was double exponential in the
microsecond range even in the absence of molecular oxy-
gen, suggesting the existence of two lipid environments.
The presence of two lipid domains was more clearly shown
by introducing molecular oxygen to the sample because the
rates of collision between the spin label and molecular
oxygen are very different in the two domains. We believe
that this is the first case where a SLOT domain was found
in a biological membrane.

A theory was developed to obtain exchange rates of
14-EASL between the two domains with slow and fast
oxygen transport rates, which includes 1) electron spin
lattice relaxation in each domain including collision with
molecular oxygen, 2) physical lipid exchange between the
two domains (we assume that all spin label molecules are

TABLE 3 Oxygen transport parameters (2P x 10° s77)
observed with 12-PC and 16-SASL in BR-DMPC reconstituted
membranes at 30°C

40-rec 40-rec Purple
Probe DMPC 80-rec  (BULK) (SLOT) membrane
12-PC 32 2.0 2.3 0.40 0.40
16-SASL 3.7 2.4 2.1 0.80 0.30
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TABLE 4 Oxygen transport parameters (2P x 10° s~7)
observed at 30°C in the membranes of DMPC with and
without 50 mol % cholesterol and in the membranes of POPC
with and without 10 mol % acetyl-K,L,,K,-amide, a
transmembrane «-helical peptide

DMPC + 50%

POPC + 10%

Probe DMPC cholesterol POPC peptide
5-SASL (5-PC) 2.1 0.26 1.1 0.9
10-PC ND ND 1.7 1.5
16-SASL (16-PC) 3.7 3.1 2.2 2.1

available for the exchange reaction), and 3) Heisenberg
exchange between the spins in different domains. Because
nuclear relaxation of the doxyl nitrogen was sufficiently fast
(<1077 s), the nuclear spin states were mixed to allow an
approximation of a single state in a time scale longer than
1077 s and made the Heisenberg exchange within a domain
unimportant. All rate constants were determined by observ-
ing saturation-recovery signals at various oxygen and spin-
label concentrations in the influenza viral membrane at
30°C. The oxygen transport parameter in the SLOT domain
was smaller than that in the BULK domain by a factor of 16
(2P,/2P; = 2.2/0.14; both numbers from Table 2), and the
latter was smaller than that in liposomes made of the ex-
tracted total lipid by another factor of 2.3 (2P/2P, = 5.0/
2.2; both numbers from Table 2). The exchange rates be-
tween the two domains in the viral membrane were in the
range of 10% to 10° s~ .

One might think that K, and K, can be determined by
simply fitting the data for 4 + B and 4 — B in Fig. 4.
However, because arbitrariness in fitting was great, it was
impossible to reliably determine K; and K, in this way.
Nevertheless, in future research, it may be possible to de-
termine K, and K, by simple curve fitting because the K,
and K, values determined in this work can be used as a
reference guide, or the numbers may just fall in the right
range to give a reliable fit.

Many biological membranes contain functional domains
that are rich in integral membrane proteins (Kusumi and
Hyde, 1982; Edidin, 1990; Kusumi and Sako, 1996) and
cholesterol (Edidin, 1997; Brown and London, 1998; Si-
mons and Ikonen, 1997). Nevertheless, we have a very
limited understanding of molecular organization and dy-
namics in membranes containing high concentrations of
transmembrane proteins and cholesterol (Ashikawa et al.,
1994; Subczynski et al., 1998). The DOT method developed
here for analysis of pulsed EPR spin label data using mo-
lecular oxygen as a probe is useful in studies of the SLOT
domains, the protein-stabilized cholesterol-rich raft do-
mains in particular, and the exchange of lipids between the
SLOT domain and the BULK domain.

This work was supported in part by grants GM27665, GM22923, and
RRO01008 from the National Institutes of Health and by grants-in-aids from
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