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ABSTRACT The technique of specular reflection of neutrons is applied for the first time to study the charge-dependent interaction of
the protein spectrin and the polypeptide poly-L-lysine with model phospholipid monolayers inthe condensed phase state. We first
established the structure of a pure monolayer of dimyristolyphosphatidylcholine (DMPC) in both the expanded and condensed fluid
phase states without protein in the subphase. The thickness of the hydrocarbon chains increases from 11.4 ± 1.5 A in the
expanded state to 15.8 ± 1.5 A in the condensed state, whereas the head group region is thick for both phase states. When

spectrin is present in the subphase, the dimensions of DMPC in the condensed state are not significantly affected, but there is
- 0.09 volume fraction spectrin in the head group region. Lipid-spectrin coupling is enhanced by electrostatic interaction, as the
volume fraction of spectrin in the head group region increases to 0.22 in a mixed monolayer of DMPC and negatively charged
dimyristolyphosphatidylglycerol in the condensed state. In contrast to spectrin, polylysine does not penetrate the head group
region, but forms a layer electrostatically adsorbed to the charged head groups.

INTRODUCTION

We have recently established that the specular reflection
of neutrons is a viable technique for studying phospho-
lipid monolayers at the liquid/air interface (1) and
bilayers at the solid/liquid interface (2). One can deter-
mine the interfacial structure in substantial detail from
reflectivity data, including head group thickness, hydro-
carbon chain thickness, and degree of hydration. Here
we extend the monolayer studies to consider the cou-
pling of the protein spectrin and the polypeptide poly-L-
lysine to lipid monolayers.

Spectrin is the primary element of the membrane-
bound cytoskeleton in red blood cells (3-5), and it
contributes to structural and viscoelastic properties of
the red cell membrane. Spectrin forms an elongated
flexible dimer of 1,000-A contour length, consisting of
two intertwined polypeptides with molecular weights of
240,000 and 220,000 D. The association of spectrin with
the structural proteins actin, band 4.1, and ankyrin
facilitates its binding to intrinsic membrane proteins. It
has also been shown, however, that spectrin binds to
model phospholipid monolayers even when there are no
other proteins present in the system (6-8). In addition,
spectrin causes increased permeability of sodium ions
(6) and glucose (9) through phospholipid vesicles, provid-
ing further evidence for direct spectrin-lipid interaction.
Although spectrin has a net negative charge at pH 7, it
interacts appreciably with mixtures of dimyristolyphos-
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phatidylcholine (DMPC) and negatively charged dimyris-
toylphosphatidylserine (DMPS) at pH 7 (6-8, 10).
The interesting interaction of spectrin with phospho-

lipids has prompted varied and sometimes contradictory
speculations. Both spectrin and DMPS are located
solely on the cytoplasmic side of the erythrocyte mem-
brane, and there is considerable discussion as to whether
spectrin plays a role in maintaining phospholipid asym-
metry in the membrane (11). Moreover, it is not clear
whether spectrin contains specific binding sites for
DMPS (10, 12), or if the interaction is electrostatic in
nature so that other negatively charged phospholipids
produce the same effect. There is also disagreement as
to whether hydrophobic forces come into play as well as
electrostatic forces in spectrin-lipid interaction (7, 8).
The degree of penetration of spectrin into the lipid layer
is a further open question. To address some of the above
unresolved issues, we investigated the interaction of
spectrin with monolayers of pure DMPC and mixed
monolayers of DMPC and negatively charged dimyris-
toylphosphatidylglycerol (DMPG) at the air-water inter-
face.
We also examined the interaction of the polypeptide

poly-L-lysine with a mixed monolayer ofDMPC/DMPG.
Polylysine is positively charged at neutral pH, and so it
binds strongly to negatively charged model membranes,
(13-15) forming a polypeptide coating at the phospho-
lipid surface without significant penetration into the
bilayer. Thus polylysine is a good model for an extrinsic
protein, and comparison of the results for polylysine
provide insight into spectrin-lipid interaction.

Biophys. J. c Biophysical Society
Volume 60 November 1991 1017-1025

0006 3495/91/11/1017/09 $2.000006-3495/91/11/1017/09 $2.00 1017



THEORY

The specular reflection of neutrons is rapidly gaining
recognition as a powerful technique for elucidating
interfacial structure (16,17). Because of the analogy
between reflection of neutrons and of light, one can
apply the fundamentals of optics to the phenomenon of
specular neutron reflection. For nonadsorbing samples,
the neutron refractive index is

n = 1 - X2Nb2r, (1)

where A is the wavelength of neutrons, N is the atomic
number density, and b is the bound coherent scattering
length, which is a property of individual atoms. The
refractive index profile (or scattering length density
profile) normal to an interface can be determined by the
specular reflection technique, where reflectivity is mea-
sured as a function of momentum transfer normal to the
surface, Q = 4'r sin 0/X where 0 is the glancing angle as
shown in Fig. 1.

Reflectivity data are often analyzed using the optical
matrix method (16, 18), where the interfacial structure is
divided into a series of flat layers with sharp boundaries.
A characteristic matrix can be defined for each layer,
and for thejth layer, we have

cos rj -(ilp1) sin j3(Mi= -ipj sin 3j cos 131(2

where pj = n, sin 0, and f3 = (2'rr/X)n,d, sin Oj where d1 is
the thickness of the layer. For n layers, the characteristic
matrices are multiplied: MR = [MJ][M2] ... [Mn]. The
reflectivityR is calculated from

R
(Mll + m12Ps)Pa- (M21 + m22)ps 2

(Mll + M12ps)pa + (M21 + m22)Ps

where min designates the elements of the matrix MR, and
subscripts s and a refer to subphase and air, respectively.
In applying the optical matrix method, one begins by
specifying a model for the interfacial structure, and then
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proceeds to solve Eq. 3 for reflectivity as a function of
momentum transfer Q, adjusting the model as necessary
to achieve good fits to the data.

MATERIALS AND METHODS

Experimental
We purchased DMPC, DMPC with perdeuterated hydrocarbon chains
(DMPC-d54), and DMPG from Avanti Polar Lipids (Birmingham,
AL). We synthesized totally deuterated DMPC (DMPC d,t0) accord-
ing to the method of Kingsley and Feigenson (19). We isolated spectrin
according to the method of Gratzer et al. (20, 21). The lyophilized
spectrin dimers were stored at -70° and used within several days after
preparation. We purchased deuterated water (D2O) and poly-L-lysine
hydrobromide of 289,000 mol wt from Sigma Chemical Co. (Deisenho-
fen, Germany). Water (H20) was ultraclean, purified through an Elga
UHQ water purification sysem.
We spread the lipid films on a standard film balance consisting of a

33.5 x 19.5-cm teflon trough equipped with a teflon barrier moved via
a stepper motor to effect lateral pressure changes of the monolayer
film. We measured the lateral pressure using a Wilhelmy plate device.
The entire film balance was enclosed in an air-tight polyethylene box
containing mica windows to allow the neutrons to pass through. All
measurements were performed at ambient temperature, T - 22°C.
The experiments were conducted using the CRISP spectrometer

(22) at Rutherford Appleton Laboratory. CRISP operates at a fixed
glancing angle 0 = 1.5' as shown in Fig. 1. Specularly reflected
neutrons with wavelengths from 0.5 to 6.5 A are collected on a time of
flight basis, and each measurement required from 3-5 h. The minimum
reflectivity is determined by the sample dependent background, which
arises from incoherent scattering from the aqueous subphase. Detailed
procedures have been developed (36) for the reliable subtraction of
this background measurements on contrast-matched-air water (for
which there is no specular reflection) and show that the incoherent
background is uniform over the Q range of these measurements.
Furthermore, it is identical to the flat background at high Q for
measurements with an adsorbed layer and either background can be
used can be used for a reliable background subtraction. Measurements
with a multidetector (rather than a single detector) enable the
background at each Q value to be determined at "off-specular", and
this has been shown to be equivalent to the previous procedures.
Finally, it has been shown that there is negligible difference between
fitting the data with the background subtracted and including a flat
background in model fitting. For convenience the latter procedure is
used in this work.
We performed several sets of experiments, each incorporating from

two to four different contrasts in scattering length density between
subphase and lipid monolayer. Different contrasts are achieved by
changing the D20 content of the subphase and by using selectively
deuterated lipids in the monolayer. Pressure-area diagrams were
acquired for all phospholipids used in this study with H20 and D20,
respectively, as subphase. No significant changes of the pressure-area
diagrams were observed due to this isotope substitution of the
subphase. The subphase is either pure D20 or a 91/9 H20/D20
mixture, which has a scattering length density of zero, the same as that
of air. We refer to the H20/D20 mixture as contrast-matched-air
water (CMA). In the following, DMPC should be taken to signify the
DMPC lipid molecule in general, without regards to its degree of
deuteration. We used only nondeuterated DMPG, which we denote as
simply DMPG. The experiments that we performed include: (a)
DMPC at lateral pressure Tr 10 mN/m: four contrasts including
DMPCd,tot on CMA, DMPC d54 on CMA, DMPC_d54 on D20, and
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FIGURE 1 Schematic diagram of the experimental arrangement. The
lipid monolayer is spread on a subphase containing protein. Incident
neutrons of intensity Io impinge on the monolayer at glancing angle 0 =
1.50. The neutrons are specularly reflected at the interface and
detected as intensity IR-
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DMPC_h on D20. (b) DMPC at iTr 30 mN/m: same four contrasts
as data set 1. (c) DMPC at r - 30 mN/m with spectrin in the
subphase: same four contrasts as data set 1. (d) 7/3 DMPC/DMPG at
Tr - 30 mN/m: two contrasts including DMPC-d,4/DMPG on CMA,
and DMPC_d54/DMPG on D20. (e) 3/2 DMPC/DMPG at Tr - 30
mN/m with spectrin the subphase: four contrasts including
DMPC dtot/DMPG on CMA, DMPC d54/DMPG on CMA,
DMPC d54/DMPG on D20, and DMPC_h/DMPG on D20. (f) 3/2
DMPC/DMPG at r - 30 mN/m with polylysine in the subphase: same
contrasts as data set 5 excluding DMPC-d54/DMPG on CMA. We
also collected reflectivity from subphases containing either spectrin or

polylysine without a lipid monolayer, but the results did not differ
significantly from those for the pure subphase without protein.
For those experiments with added protein, we buffered the sub-

phase to pH 7 with phosphate buffer (0.03 M Na2HPO4/KH2PO4 with
10' M EDTA). In the case of a pure D20 subphase, we used
deuterated buffer, where deuteration of the phosphate salts was

accomplished by dissolution in D20 and repeated evaporation. We
added protein to the buffered subphase by injecting a concentrated
solution ( 0.3 mg protein/ml buffered water) under the surface of the
subphase with adequate stirring. The final concentration of protein in
the subphase was 3.7 x 108 M for spectrin and 5.8 x 108 M for
polylysine. We applied the monolayer film on the protein-containing
subphase by spreading a lipid/chloroform solution (1 mg/ml) at the
surface. The film was then slowly compressed via the barrier to achieve
the desired lateral pressure. Spreading of the film to a low pressure on

a subphase containing protein resulted in a gradual increase in surface
pressure over several hours. When the film was compressed to a high
pressure with polylysine in the subphase, the pressure quickly stabi-
lized after compression. When spectrin was in the subphase, the
pressure gradually fell by a few mN/m within approximately an hour to
an equilibrium value. We began the measurements after allowing the
pressure to stabilize. For samples with protein in the subphase, the
pressure fell by at most 3 mN/m during the measurements. Without
protein in the subphase, the pressure remained stable within 1 mN/m
throughout the measurements.
To check the sensitivity of the lipid monolayer, spectrin interaction

to the preparation method (injection of the spectrin into the subphase
before or after spreading the lipids) comparative studies on a fluores-
cence film balance (trough size 10 cm x 2.5 cm) using eosine labeled
spectrin were performed. Neither the pressure area diagram nor the
fluorescence pattern (and its lateral pressure dependence) were

significantly different to the control (speading on the spectrin contain-
ing subphase) when the spectrin was carefully injected under the
preformed monolayer (3/2 DMPC/DMPG) at low lateral pressure

and allowed to equilibrate for 2 h. (Sackmann, E., and T. M. Bayerl,
unpublished results).

DATA ANALYSIS

It is important to conduct specular reflection experi-
ments at more than one contrast in scattering length
density, as good fits to a single set of reflectivity data can
be achieved with a variety of parameter sets (cf refer-
ence 23 for a detailed discussion about the use of
contrasts). For each layer in the model, there are two
parameters to fit: thickness of the layer and its scattering
length density. Thus, for a two-layer model, such as we
use to describe the lipid, there are four unknown
parameters. In our previous preliminary investigations
with pure lipid monolayers (1), we used only two

contrasts and so were required to make some assump-
tions to fit the reflectivity data. In the present work,
however, reflectivity data for pure lipid without protein
requires no assumptions because we studied four con-

trasts providing ample information to determine the
four fitted parameters. Fitting the reflectivity data for
lipids with spectrin is less exact, however, because we

use a three-layer model containing six parameters.
Fig. 2 shows theoretical scattering-length-density pro-

files for the four contrasts that we utilized, and these are

used as a guide in specifying an appropriate model for
the interfacial structure. In reality, the scattering-length-
density profile is not a series of sharp steps, but is a

continuous function reflecting the scattering lengths of
the individual constituent atoms. However, the present
resolution of the experiment, determined by Qmax, does
not warrant a more detailed model of the lipid mono-
layer than consisting of two distinct layers of uniform
scattering length density. In the model fitting, we have
constrained the parameters such that this model is
self-consistent for all the contrasts. Following the previ-
ous arguments (cf theory section) the data has been
fitted with a flat background included in the fit.
The first contrast depicted in Fig. 2 represents a
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FIGURE 2 Theoretical scattering-length-density profiles for a DMPC
monolayer without protein at four different contrasts. The interfaces
in the structure are indicated on the abscissa. The degree of lipid
deuteration and the subphase are shown for each contrast: PC_dtot is
totally deuterated DMPC, PC-d, is deuterated only in the hydrocar-
bon chains, and PC_h is nondeuterated DMPC. The subphase is
either pure D20 or an H20/D20 mixture contrast matched to air
(CMA).
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monolayer ofDMPC_ d,0 on a subphase ofCMA water.
In this case, there is no contribution to reflectivity from
the subphase because CMA has the same scattering
length density as air, and therefore the measured reflec-
tivity is entirely due to the strongly contrasted lipid
monolayer. In the second contrast, where DMPC d54 is

used on the same CMA subphase, the tails provide a
strong contrast to air, but the scattering length density of
the head group is much smaller. The head group is
emphasized on the third contrast, however, where the
same lipid DMPC_d54 is employed, but this time on a
subphase of pure D2O. Finally, in the fourth contrast,
the lipid contains no deuterium, so there is little contrast
of the tails with air, but there is still a substantial
contrast between the heads and the pure D20 subphase.
The layers in the model are shown schematically in

Fig. 3. The first layer of thickness d, contains only
hydrocarbon tails and air, whereas the second layer d2
contains head groups, water, and tails. Reflectivity is a
time-averaged results, so tail segments can be present in
the head group region due to thermal fluctuations.
When protein is present in the subphase, there is a third
layer d3 consisting of adsorbed protein and water, and
furthermore layer d2 may also contain protein.
From the fitted scattering length density pj,' one can

calculate the volume fraction of each component in layer
j. For layer d1, we have

pfit = theory + a theory
Pi 5T,IP'T (AIPA I

layer d2, we have

fit theory thpeory + +te thoyP2 = H,2PH + OTW,2PW +,2PT s+%,2PS (5)

where subscripts H, T, W, and S refer to heads, tails,
water, and spectrin, respectively. Eq. 5 introduces either
one new parameter for lipid without protein or two new
parameters for lipid with spectrin, but these additional
degrees of freedom are eliminated through Eq. 7 below.
The components of the adsorbed protein layer d3 are
determined from

fit = theory+ theory
P3=(LW,3Pw (XP,3~p (6)

where subscript P indicates protein. Eq. 6 introduces no
new parameters, because aw3 + ap,3 = 1. The theoretical
scattering length densities necessary to solve Eq. 4-6 are
listed in Table 1. The volumes required to calculate the
scattering length densities were taken from references
25 and 37. Note that the proteins have some exchange-
able hydrogen atoms, so their scattering length density
depends on whether they are dissolved in D20 or CMA
water.

It is possible to measure the area per lipid molecule
when the subphase is CMA water. Although both CMA
water and air penetrate the lipid monolayer, the scatter-
ing length density of both is zero, and so they do not
contribute to the fitted scattering length density of the
lipid. The area per lipid molecule is

(4)
where ptheory is the theoretical scattering length density of
tails (subscript T) and air (subscript A), and aTl and aA,1
are the volume fraction of tails and air, respectively, in
layer dl. Eq. (4) does not introduce any new parameters
in our model, because we have the additional equation
%T 1 + aAl1 = 1. Thus, we are able to uniquely specify the
two quantities a%l and otAl with the two equations. For

_ - - - -

di
dH

< tdp - d3

FIGURE 3 Schematic diagram showing the various layers in the
model. Layers of thickness dl, d2, and d3 were used in fitting the
reflectivity data, where d, contains only hydrocarbon tails, d2 contains
heads, water, and tails, and d3 contains protein and water. For the case
of spectrin in the subphase, d2 also contains spectrin. The thicknesses
of the lipid head group and hydrocarbon tails are dH and dT,
respectively, and are calculated from d, and d2 according to Eq. 8 and
9.

b
area/mol =

dlpl + d2p2' (7)

where b is the scattering length of the lipid, and dj and p
are the fitted thickness and scattering length density,
respectively, for layer j. Eq. 7 reduces the degrees of
freedom in the model by one, because the area per lipid

TABLE 1 Theoretical scattering length densities (x 10-6 A-),
T = 220C

Air
CMA water
D20
Spectrin (in CMA)
Spectrin (in D20)
Polylysine (in CMA)
Polylysine (in D20)
DMPC h

DMPC d *

DMPC_dtott

DMPG

Head
Tail
Head
Tail
Head
Tail
Head
Tail

0.0
0.0
6.35
2.03
2.94
1.27
2.89
1.75

-0.41
1.75
6.65
6.26
6.65
2.17

-0.41

*Assuming DMPC d54 contains 95% deuterated tails. tAssuming
DMPC dtot contains 95% deuterated tails and 90% deuterated heads.
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molecule must be the same for both DMPC dtot and
DMPC-d54 on CMA. Furthermore, comparison of area
per lipid molecule with and without spectrin permits one
to estimate ts2, the volume fraction of spectrin in layer
d2 (see Eq. 5).
The thickness of the lipid hydrocarbon tails dT is

calculated according to

dT = d, + (aT,2)d2.

Likewise, the head group thickness dH is

dH = d2 - (tT,2)d2

(8)

(9)

The exact value for the volume fraction of tails aT2 in
layer d2 is calculated from Eq. 5, where pft represents an

average value for the scattering length density across the
entire layer d2. The hydrocarbon tails are, however,
confined to the edge of the layer nearest d,. Thus Eq. 8
and 9 are only approximations for dH and dT. We note
that a(T2 from Eq. 5 is generally on the order of 0.10
corresponding to about one CH2 group, so dH and dT
differ from d2 and dl, respectively, by only - 1 A.

FIGURE 4 Reflectivity as a function of momentum transfer Q for a
pure DMPC monolayer (without protein) in the expanded state at 7r =
10 mN/m (0) and the condensed state at 7r = 30 mN/m (0), T =
22°C. Four different contrasts are shown, abbreviated the same as in
Fig. 2. The solid lines are best fits to the data, from which the values in
Table 2 were determined.

RESULTS AND DISCUSSION

Pure lipid monolayer structure
Before examining the coupling of protein to the mono-

layer, we first established the structure of lipid on a pure
aqueous subphase. We measured the reflectivity at two
lateral pressures, rr - 10 and T - 30 mN/m. At the
lower pressure, the lipid is in the expanded state
analogous to the liquid-like L. phase for bilayers. At the
higher pressure, the lipid can adopt a condensed liquid
crystalline structure.

Fig. 4 shows the reflectivity for DMPC at both the low
and high pressures, thus illustrating the difference in
reflectivity for the expanded and condensed phase
states. In the third contrast (DMPC d54 on D20), a

slight shoulder is visible in the reflectivity data for high
pressure. This can be explained with the help of Fig. 2,
where we see that DMPC d54 on D20 results in three
large contrast changes, thus giving rise to interference
among the neutrons reflected from the interfaces, and
consequently a shoulder in the reflectivity profile ap-

pears. This shoulder is not present when the lipid is at
low pressure, because there is more air in layer d, and
also more water in layer d2. This weakens the features of
the scattering length density profile, and the resulting
reflectivity curve is smoother when the monolayer is at
low pressure. The reflectivity for the fourth contrast
(DMPC_h on D20) does not differ much between low
and high pressure, demonstrating that the primary
changes in the monolayer with increasing pressure occur

in the hydrocarbon tail region. As shown in Fig. 2, the
fourth contrast accentuates the head groups, and so
structural changes in the hydrocarbon tails do not
greatly affect the reflectivity for the fourth contrast.

Table 2 summarizes the results for the thickness of
lipid head group and hydrocarbon tails for DMPC on a
pure aqueous subphase. The thickness of the head group
shows little change in passing from the expanded state to
the condensed fluid state, but the head group dehy-
drates considerably, in agreement with previous findings
(1, 24). The hydrocarbon tails become significantly
thicker in the condensed state, and this is expected
because compression of the monolayer results in freez-
ing of the hydrocarbon chains into the all-trans conforma-
tion. The maximum length of a dimyristoyl chain in
all-trans conformation is 16.7 A, so we find that the

TABLE 2 Structure of a DMPC monolayer at lateral pressure r

without protein, T = 220C

IT Area/mol
(mN/m) dT (A) aT xA dH (A) aH tW (A2)

10 11.4 0.70 0.30 9.6 0.30 0.70 87
30 15.8 0.80 0.20 10.7 0.43 0.57 61

Thickness of the tail group is denoted by dT, and this layer contains
volume fractions aT and aA of tails and air, respectively. Thickness of
the head group is denoted by dH, and this layer contains volume
fractions aH and aw of heads and water, respectively. Error in thickness
is ± 1.5 A and error in volume fraction is < 10% of the listed value.
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chains in the condensed state are tilted by an angle of
- 190. The closer packing of the lipid molecules in the
condensed fluid state compared with the expanded state
is evident from the smaller area per molecule and
increased volume fractions aH and aT of heads and tails,
respectively. Our result for monolayer thickness of 21 A
for DMPC in the expanded state agrees well with results
from small-angle scattering studies using vesicles in the
L. phase, where thickness of a monolayer leaflet is
reported as 20.5 A (25), 21..6 A (26), and 22A (27). The
small-angle scattering studies do not consider the L,,
phase, but from x-ray diffraction studies with DMPC
lamellae (24, 28), it is reported that a monolayer leaflet
in the L phase is 3.5-4 A thicker than in the L. phase.
This compares well with our result that DMPC in the
condensed state is 4 A thicker than in the expanded
state.
We collected reflectivity data for DMPC d54 on

CMA water at several different pressures and calculated
the area per molecule as per Eq. 7. Fig. 5 compares the
area per molecule determined from reflectivity with that
measured on a standard film balance. At low pressure,
the results from the two methods agree quite well, but
the results diverge with increasing pressure. At higher
pressure, the lipid is more densely packed, so there is
less air and CMA water in the layer. Thus the calcula-
tion is more sensitive to the exact scattering length
density of the lipid, and errors such as impurities in the
film or incomplete deuteration of the hydrocarbon
chains are more evident. Nevertheless, we had expected
that the pressure-area data collected from reflectivity
measurements should agree more closely with film
balance measurements, and we do not yet fully under-
stand the discrepancy.

Effect of spectrin
A comparision of Tables 2 and 3 shows that the presence
of spectrin in the subphase does not significantly affect

80 100

area/mol
120

the thickness of either head or tail group regions of
DMPC in the condensed state. There is, however, - 0.09
volume fraction spectrin present in the head group
region. Accordingly, area per molecule increases by
- 10%, and the packing density of the tails decreases by
9% as compared to DMPC without spectrin. A layer of
adsorbed spectrin was not found, as the concentration is
apparently too low to provide a large enough contrast in
scattering length density for detection. The presence of
spectrin in the head group region does not necessarily
indicate a direct interaction of spectrin with DMPC, as

spectrin alone is surface active producing - 14 mN/m
surface pressure without any lipid present. Compressing
the lipid monolayer to a high pressure, however, forces
spectrin back into the subphase. This is evident from the
fact that the lateral pressure fell several mN/m after the
monolayer was compressed, requiring recompression to
achieve the original high pressure. Because high lateral
pressure causes spectrin at the surface to return to the
subphase, it is possible that spectrin remaining at the
surface may be involved in hydrophobic interaction with
the lipid. About 20% of the spectrin chain is highly
hydrophobic (29), and spectrin is reported to contain a

large number of binding sites for hydrocarbon chains
(30). Several investigators have proposed that hydropho-
bic interaction is important in lipid-spectrin coupling
(6, 7, 9, 31), although this is still debated (8, 12).
To establish whether electrostatic interaction is impor-

tant in lipid-spectrin coupling, we examined a binary
mixture ofDMPC and negatively charged DMPG in the
condensed state. In this case, we measure - 0.22 volume
fraction spectrin in the head group region of the lipid
monolayer, more than twice as much as for pure DMPC.
As shown in Table 3, the dimensions of the lipid heads
and tails are not significantly affected by the interaction
with spectrin compared with DMPC/DMPG without
spectrin. The area per molecule increases by 20%,
however, and the volume fraction of tail groups in dT
decreases from 0.86 without spectrin to 0.67 with spec-
trin. This is consistent with spectrin penetrating the
monolayer, forcing the lipid molecules further apart.
Adjacent to the lipid head groups is a layer of 5 A
thickness containing 0.10 vol fraction spectrin and 0.90
vol fraction water. This additional layer in the model
allows us to better fit the reflectivity data, but it also
introduces two additional parameters, i.e., thickness and
scattering length density of the layer. The presence of
this spectrin/water layer should be taken as a rough
representation indicating that the concentration of spec-
trin diminishes into the subphase. To establish a more
accurate picture, additional contrasts would be required
preferably using deuterated spectrin, which is not avail-
able.

I MOo __ ,_ __ .f_ _

FIGURE 5 Comparison of the pressure-area diagram for a pure
DMPC d54 monolayer without protein at T = 22°C as measured on a
standard film balance ( ) and as determined from reflectivity
data (*).
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TABLE 3 Structure of phospholipid monolayers with and without spectrin at w = 30 mN/m, T = 220C

Area/mol
Lipid Spectrin dT(A) c aA dH (A) aH aw (X (A2) dS(A) a aw

DMPC Yes 15.5 0.73 0.27 11.0 0.39 0.52 0.09 68
DMPC/DMPG No 15.3 0.86 0.14 9.2 0.50 0.50 57
DMPC/DMPG Yes 15.8 0.67 0.33 9.2 0.22 0.56 0.22 81 5 0.10 0.90

For experiments with spectrin, the concentration of spectrin in the subphase was 3.7 x 10-8 M. The hydrocarbon tail region has thickness dT and
contains volume fractions aT and aA of tails and water, respectively. The head group has thickness dH and contains volume fractions aH, aCW, and as of
heads, water, and spectrin, respectively. The adsorbed spectrin layer of thickness ds contains volume fractions a8 and aw of spectrin and water,
respectively. Error in thickness is ± 1.5 A and error in volume fraction is < 10% of the listed value.

Effect of polylysine
The interaction of spectrin with a binary mixture of
DMPC/DMPG can be contrasted with the interaction
of polylysine with DMPC/DMPG. Polylysine is much
less surface active than spectrin, yielding <1 mN/m
lateral pressure without lipid present. Consequently,
after spreading the monolayer and compressing it to a
high pressure, the pressure quickly stabilized without
falling as in the case of spectrin indicating that polylysine
at the surface readily reenters the subphase. Table 4
shows a comparison of the mixed DMPC/DMPG mono-
layer structure at high surface pressure with and without
polylysine in the subphase. For simplicity, we fit the
reflectivity data for pure DMPC/DMPG with a one-
layer model consisting of the entire lipid. This results in
a slightly smaller total lipid thickness (23 A compared to
24.5 A for a two-layer model), because a one-layer
model underestimates the contribution of the head
groups because the reflectivity is dominated by that of
deuterated tail groups, which comprise the majority of
the layer. In any case, the contrast in scattering length
density between heads and tails is not as pronounced in
the mixture since DMPG is nondeuterated, so a one-
layer model is appropriate for the mixed monolayer
without protein.
To fit the reflectivity profile for DMPC/DMPG with

TABLE 4 Structure of DMPC/DMPG mixed monolayers with
and without polylysine at lateral pressure r = 30 mN/m, T =
22°C

area/mol
dL(A) aXL aw (A2) dp (A) ap axw

Without polylysine 23 0.84 0.16 57
With polylysine 23 0.78 0.22 62 20 0.15 0.85

The entire lipid monlayer has thickness dL + 2 A and contains volume
fractions aL and aw of lipid and water, respectively. The adsorbed
polylysine layer has thickness d -+ 5 A, and contains volume fractions
ap and aw of polylysine and water, respectively. The ratio of DMPC:
DMPG is 7:3 without polylysine and 3:2 with polylysine. The polylysine
concentration in the subphase was 5.8 x 108 M, corresponding to a
large excess of lysine residues per lipid molecule.

polylysine in the subphase, we used a two-layer model:
the first layer for the lipid and the second layer for
adsorbed polylysine. Both with and without polylysine,
the thickness of the lipid layer is 23 A. Polylysine does

not penetrate the lipid monolayer itself, but forms a
separate layer next to the lipid head groups due to
electrostatic attraction, consistent with the results of
other investigators (13, 32, 33). The absorbed layer con-
sists of 0.15 vol fraction polylysine and 0.85 volume
fraction water, indicating that the polylysine is probably
loosely packed and does not cover the entire head group
surface. Fukushima et al. (34) report that polylysine
adopts an ordered structure on binding to DMPC/
DMPG vesicles, with both a-helix and n-sheet conforma-
tions present. This is strongly dependent on the ratio of
lipid to lysine residues, however, with random conforma-
tions preferred at lower ratios. In our experiments, the
ratio of lipid to lysine residues was on the order of 10-3,
so we do not expect that significant ordering of the
polylysine occurs. Nevertheless, the adsorbed polylysine
seems to affect the lipid packing somewhat, as area per
molecule is slightly larger and there is more water in the
monolayer. It is expected that polylysine also causes
domain formation in mixed lipid membranes (32, 35),
but this cannot be directly detected from measurements
of reflectivity as a function ofQ normal to the surface as

we have here.

Alternative model for lipid-spectrin
interaction
Given that polylysine is often considered a good model
for an extrinsic protein, we applied the model for
lipid-polylysine structure to our reflectivity data from
the lipid-spectrin system for comparison. As in the case

of polylysine, we assume here that spectrin does not
penetrate the DMPC/DMPG monolayer, but forms an

adsorbed layer next to the head groups. Fig. 6 shows the
fits assuming this model, as well as the fits assuming that
spectrin does penetrate the head group region. From
Fig. 6, one can see that the assumption that spectrin
penetrates the head groups has a marked improvement
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FIGURE 6 Reflectivity as a function of momentum transfer Q for a
3/2 DMPC/DMPG mixed monolayer on a subphase containing 3.7 x
108 M spectrin. Four different contrasts are indicated with abbrevia-
tions as in Fig. 2. The solid curves are best fits to the data assuming that
spectrin penetrates the head group region, and values calculated from
the fitted parameters are shown in Table 3. The dashed curves are
calculated assuming that spectrin does not penetrate the head group
region.

on the quality of the fits. If there were no penetration,
the reflectivity data would appear significantly different
demonstrating that reflectivity is quite sensitive to the
composition of the layers in the model. Fig. 6 illustrates
that the alternative model assuming that spectrin cou-
ples similar to polylysine is inadequate for fitting the
reflectivity data.

CONCLUSIONS

Specular reflection of neutrons reveals that poly-L-lysine
and spectrin do not couple in an identical manner with
phospholipid monolayers. Polylysine adsorbs electrostat-
ically to mixed monolayers of DMPC/DMPG without
penetration into the monolayer. This can be contrasted
with spectrin, which penetrates both pure DMPC and
mixed DMPC/DMPG monolayers, suggesting that hydro-
phobic interaction is involved in lipid-spectrin coupling.
One might argue that the surface activity of spectrin is at
least in part responsible for its presence in the lipid head
group region, but nevertheless electrostatic coupling is
important in lipid-spectrin interaction as there is signifi-
cantly more spectrin in the head group region of a
charged DMPC/DMPG mixed monolayer compared
with an uncharged DMPC monolayer. Spectrin probably

adopts a conformation to expose positive charges to the
negatively charged DMPG, and this could facilitate the
penetration of hydrophobic chain segments into the
head group region. The fact that spectrin couples with
DMPC/DMPG as well as DMPC/DMPS (6,7,8) sug-
gests that the interaction is of an electrostatic nature
rather than one involving specificity for serine as is
sometimes supposed.
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