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ABSTRACT Vpu is an 81 amino acid integral membrane protein encoded by the HIV-1 genome with a N-terminal
hydrophobic domain and a C-terminal hydrophilic domain. It enhances the release of virus from the infected cell and triggers
degradation of the virus receptor CD4. Langmuir monolayers of mixtures of Vpu and the phospholipid 1,2-dilignoceroyl-sn-
glycero-3-phosphocholine (DLgPC) at the water—air interface were studied by synchrotron radiation-based x-ray reflectivity
over a range of mole ratios at constant surface pressure and for several surface pressures at a maximal mole ratio of
Vpu/DLgPC. Analysis of the x-ray reflectivity data by both slab model-refinement and model-independent box-refinement
methods firmly establish the monolayer electron density profiles. The electron density profiles as a function of increasing
Vpu/DLgPC mole ratio at a constant, relatively high surface pressure indicated that the amphipathic helices of the cytoplasmic
domain lie on the surface of the phospholipid headgroups and the hydrophobic transmembrane helix is oriented approxi-
mately normal to the plane of monolayer within the phospholipid hydrocarbon chain layer. At maximal Vpu/DLgPC mole ratio,
the tilt of the transmembrane helix with respect to the monolayer normal decreases with increasing surface pressure and the
conformation of the cytoplasmic domain varies substantially with surface pressure.

INTRODUCTION

The human immunodeficiency virus type 1 (HIV-1) genomeinduces a release of gp 160, a virus envelope glycoprotein
encodes six accessory proteins (Emerman and Malinprecursor, from CD4 otherwise trapped in the ER to thereby
1998). Vpu, one of those accessory proteins, is an 81 aminimcrease the rate of virus particle secretion.
acid phosphoprotein with a N-terminal hydrophobic domain =~ Studies of the secondary structure of the submolecular
and a C-terminal hydrophilic domain. Analysis of Vpu’'s fragments of Vpu by NMR spectroscopy have indicated that
amino acid sequence has suggested a putative structure the hydrophilic domain possesses two distiaetelices in
Vpu consisting of a hydrophobic domain containing 27 KH,PO, buffer (pH 3.5) (Wray et al., 1995) and trifuoro-
amino acids that forms a transmembrangelix inside the  ethanol (TFE) (Federau et al., 1996), and thaelices in
hydrocarbon core of the membrane and a hydrophilic doNaCl and KHPO, buffer (pH 7.0) solutions (Willbold et
main containing 54 amino acids that protrudes from theal., 1997). A recent study of phospholipid detergent mi-
membrane in the form of linked amphipathiehelices. celles containing full-length Vpu has indicated that the
Studies of the biological function of Vpu have demon- hydrophobic domain is a singte-helix and the hydrophilic
strated that it is involved in two different activities, namely domain contains twew-helices; the two domains appear to
the enhancement of the release of virus from the infeCte%]d independenﬂy in membrane environments and not in-
cell surface (Schubert et al., 1996) and the triggering of theract strongly with each other (Marassi et al., 1999). Solid-
degradation of the CD4 molecule in the endoplasmic reticstate NMR experiments on oriented phospholipid multilay-
ulum (ER) (Willey et al., 1992; Schubert and Strebel, 1994).¢/5 containing full length Vpu have indicated that the
The enhancement of virus release is dependent on the trangydrophobic domain is a transmembraméielix oriented
membrane domain of Vpu, which also exhibits ”OHSPGCiﬁCapproximately normal to the bilayer plane, with a tilt angle
cation ch.annel activity (Ewart.gt a!., 1996). In the case ofyt —15° \whereas the hydrophilie-helices are oriented
degradation of CD4, the specific virus receptor on the cell5 q)ie| 10 bilayer plane (Marassi et al., 1999). Furthermore,
surface, the hydrophilic domain of Vpu interacts with the e nonspecific cation channel activity of Vpu and its en-
cytoplasmic domain of CD4, thereby disrupting the 9ppancement of virus release is due to Vpu's transmembrane
160/CD4 interaction to form a stable complex in the ER, j5main (Marassi et al., 1999). Note that, with regard to the

thereby triggering the proteolysis of CD4 (Chen et al., 1993, jq|gical environment of Vpu, the water space between

Maldarelli et al., 1993; Lenburg and Landau, 1993; Schu-qiacant bilayers in oriented lipid multilayers is generally

bert et al., 1994; Bour et al., 1995). As a consequence, VpPeIativer small and potentially restrictive, the curvature in
detergent micelles is generally substantially larger than that
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. . ) . ither, as it is in a natural membrane environment.
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the possibility of variation of both the Vpu/phospholipid atic perturbation to the pure lipid monolayer profile struc-
ratio and the surface pressure independently (noting thdtire as a function of increasing protein/lipid mole ratio. A
pressure and temperature are both important thermodysecond model-independent box-refinement procedure used
namic variables). Suitable techniques such as x-ray reflemnly the finite extent of the monolayer structure normal to
tivity, grazing-incidence x-ray diffraction (GIXD) and neu- the air—water interface, which is known experimentally. The
tron reflectivity can be used to investigate the structure oexcellent agreement of the profiles obtained from the two
both Vpu and its environment in Langmuir monolayers methods firmly establishes the so-determined electron den-
(Als-Nielsen et al., 1994). Specular x-ray reflectivity can sity profiles of the monolayers. Comparison of the electron
provide the localization of Vpu within the profile structure density profiles as a function of increasing Vpu/phospho-
of the monolayer, off-specular reflectivity and GIXD can lipid mole ratio at a constant, relatively high surface pres-
provide both the aggregation (or oligomeric) state of Vpusure clearly indicates the contribution of the protein to the
and the intermolecular ordering of phospholipid within the monolayer. A molecular model of the Vpu protein within a
plane of the monolayer, and neutron reflectivity with spe-phospholipid monolayer at the water—air interface consis-
cifically deuterated amino acids can provide a key set otent with the electron density profiles is presented. The
distance measurements constraining the three-dimension@kperimental results also show that the profile structure of
(3D) structure of Vpu within the monolayer (Blasie and Vpu can be substantially altered by varying the surface
Timmins, 1999). Although the environment for the trans-pressure of mixed monolayers at the maximal Vpu/phos-
membrane domain of Vpu within such Langmuir monolay- pholipid mole ratio.

ers is not that provided by a lipid bilayer, it is well estab-

lished that physical-chemical studies of model systems

based on lipid monolayers (both as Langmuir monolayers aMATERIALS AND METHODS

the air/water interface and as supported monolayers oWpu purification

alkylated solid substrates), and on lipid bilayers, can pro-

. R . . he detailed dure for the cloning, ion, and purification, I
vide substantial insight into the structure, dynamics, and, < a¢t@iled procedure forthe cloning, expression, and purification, as we
as the biological activities of Vpu will be published elsewhere. Briefly,

phase behavior of the more complex lipid bilayers found ingscherichia colistrain BL21 (DE3) cells were transformed with the vectors
biological membranes (Mwald, 1995). Furthermore, -carrying the Vpu gene and grown in minimal media. Nickel affinity
membrane proteins are now being incorporated onto anchromatography (HisBind Resin, Novagen) enabled the separation of the
into such |ipid mono|ayers in physical—chemical studies Oins tagged fusion protein from other proteins in cell lysate. Cyanogen

the role of lipid—protein interactions in the structure andbromide was used to cleave Vpu from the fusion partner (Gross and
pic—p Witkop, 1961). The Vpu polypeptides have the two Met residues in the

function of membrane proteins (Shapovalov et _al., 19993/pu sequence changed to Leu to facilitate cyanogen bromide cleavage of
Schwarz and Taylor, 1999; lonov et al., 2000; Maierhofer ethe fusion protein systems used for expression and purification. Reverse-
al., 2000). In addition, such Langmuir monolayers contain+hase high-performance liquid chromatography was used to isolate Vpu.
ing the unidirectionally oriented membrane protein are anThe purity and integrity of Vpu was confirmed by mass spectrometry. The

important precursor to formina a lioid bilaver maintainin biological activity of this double mutant protein is the same as that of
P P g P y 9 authentic Vpu (unpublished results). The sequence of cleaved recombinant

the vectorial orientation of the protein via Langmuir— fyi.ilength Vpu polypeptide is QPIQIAIVAL VVAIIAIVY WSIVI-

Blodgett techniques. IEYRK ILRQRKIDRL IDRLIERAED SGNESEGEIS ALVELGVELG
In this paper, we present the initial experimental resultsiHAPWDVDDL.

from the synchrotron radiation-based x-ray reflectivity

study of Langmuir monqlayers of a pure phosphoI|p|d,Choice of phospholipid

whose hydrocarbon chain length was selected to nearly

match the length of Vpu’s hydrophobic helix, and its mix- The phospholipid used in these studies was 1,2-dilignoceeylycero-

tures with Vpu at the water—air interface. The x-ray reflec-3-Phosphocholine (abbreviated herein as DLgPC, chromatographically

tivity dat function of decr ing lioid/orotein mol pure, from Avanti Polar Lipids, Inc., Alabaster, AL), which has C24
y data as a tunction or decreasing lipia/prote 0_esaturated hydrocarbon chains, the longest chain-length commercially avail-

ratio clearly indicates the mixing of the two components inapje. This phospholipid and the phospholipids used in both short-chain
the plane of the Langmuir monolayer in spite of the satu-micelles and longer-chain oriented multilayers for the NMR experiments
ration of the long lipid hydrocarbon chains, consistent withbriefly described in the introduction have identical polar headgroups,
the disordering of gel—phase domains as demonstrated drinaking our data as comparable as possible to the NMR experiments, at

. least with regard to the headgroup. However, because the length of Vpu's
rectly by GIXD. The x-ray reflect|V|ty data from these hydrophobica-helix is 34.5 A containing 23 residues (Willbold et al.,

monolayers were analyzed by two totally independent meth1ggz), the use of DLgPC provides a nonpolar core for the host phospho-
ods, both using the first Born approximation. The first waslipid monolayer whose maximal thickness (29.4 A for untilted, fully

a slab model-refinement procedure, which uses a minimagxtended, all-trans chains) roughly matches the length of Vpu's hydropho-
number of slabs of constant density, where the parametel'%b a-helix, although the N-terminus of the transmembrane helix would be

d ibi th lab ied to i th Iﬁflyin a moist helium environment in the Langmuir monolayer instead of
escribing the slabs are varied to Improve the agreeme at provided by phospholipid headgroups and water in a bilayer. The fact

between the experimental data and that predicted by th@at the diacyl hydrocarbon chains are saturated for DLgPC is mitigated by
model. Here, the Vpu contribution was treated as a systensur demonstration that the DLgPC and Vpu mix in the Langmuir mono-
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layers, which precludes their providing a gel-phase environment for thevhere Re(q,) is Fresnel reflectivity from a single infinitely sharp (ideal)
Vpu transmembrane helix at the higher protein/lipid mole ratios and theinterface, the electron density of the semi-infinite bulk subphapeg,iand
lower surface pressures used in this study, as described in the Resulis is g, at the critical angle for the subphasg This expression, Eq. 1,
section. Vpu and DLgPC were dissolved in the desired mole ratio in a 3:lbecomes progressively less validgspproaches,, which is mitigated to
chloroform:methanol solution. Monolayers were prepared by spreadingsome extent by the use qf (Lésche et al., 1993).

pure phospholipid and mixtures of Vpu/phospholipid onto Millipore fil- The traditional model-refinement method of analyzing the normalized
tered water subphase. The monolayers were kept at a constant temperatuedlectivity data from Langmuir monolayers uses a minimal number of
of 20°C during the x-ray reflectivity measurements. slabs of constant electron density expressed in a simple analytic form with

a finite set of parameters and a nonlinear least-squares fitting of the model

parameters to the measured reflectivity data via Eq. 1. The initial param-
Langmuir trough eters of this model profile must be carefully chosen because most algo-

rithms for implementing the fitting, including the Marquardt algorithm
A custom built Langmuir trough, fabricated from a copper block and (Bevington and Robinson, 1992) used here, are notorious for finding only
coated with Teflon, contained the water subphase and the spread monthe local minimum in they® hypersurface nearest the initial model. Nev-
layer. The temperature of the water subphase was controlled by cooledrtheless, this approach has been effectively applied to the analysis of the
water circulation in the copper block and was measured with a resistancrormalized x-ray reflectivity obtained from phospholipid monolayers
thermometer probe. Surface pressure was measured by a Wilhelmy plafeielm et al., 1987, 1991) and fatty-acid monolayers (Kjaer et al., 1989) and
and controlled by a movable barrier with feedback. Because high qualitppolymers (Majewski et al., 1998) at the water—air interface and organic
x-ray reflectivity data can only be obtained from Langmuir monolayers self-assembled monolayers chemisorbed on silicon (Tidswell et al., 1990).
when the aqueous subphase surface is relatively smooth, the LangmuRecently, our group has analyzed normalized x-ray reflectivity from Lang-
trough sat on a vibration isolation stage in the liquid surface spectrometemuir monolayers of synthetic model peptides and mixtures of these pep-
described below, a delay time of several seconds was used between atigles with phospholipids (Strzalka, 2000).
motion of the spectrometer and data collection, and a flat smooth silicon The so-called box-refinement method provides an iterative, model-
block was also submerged slightly below the water surface to damp longndependent approach to obtaining the phase of (and thereby recovering the
wavelength excitations in the local height of the water surface. During theelectron density profile that gave rise to) the scattered intensity collected in
x-ray reflectivity measurements, moist helium gas was circulated inside the reflectivity experiment (Stroud and Agard, 1979; Makowski, 1981). It has
trough to replace the air, thereby reducing the x-ray background scatteringpeen used successfully to solve for the electron density profile structure of

a variety of lipid and protein thin films on solid supports (Skita et al.,

1986a,b). To apply this method, two criteria must be met. First, the
Liquid-surface spectrometer structure of interest must be of finite extent. This is true for Langmuir films

in the direction normal to the monolayer—air interface, just as it is for the
The x-ray reflectivity experiments were performed on beamline X-22B atultrathin films on solid supports. Second, the data being analyzed must be
the National Synchrotron Light Source at Brookhaven National Labora-in the kinematical limit in which the incident beam is scattered only
tory, Upton, New York. Details of the liquid surface spectrometer haveweakly. In this limit, the scattering potential and the scattering amplitude
been reported elsewhere (Als-Nielsen and Pershan, 1983; Braslau et ahse Fourier transform/inverse Fourier transform pairs (the first Born ap-
1988; Ocko et al., 1997). Here we give only a brief description. The proximation). Eq. 1 shows that, in the usual reflectivity formalism, this is
synchrotron x-ray source was a bending-magnet in the electron storage ringue of the derivative of the electron density profile &{d.) where|F(ay)|?
operating at an energy of 2.8 GeV and currents of 150-250 mA. Monoss the normalized reflectivitiR(q,)/R=(q,) represented in.-space. Because
chromatic x-rays were obtained with a horizontally reflecting Si (111) the derivative of the electron density profile is also finite in extent, we can
crystal monochromator to provide a wavelengti 1.546 A. X-rays were  apply the box-refinement algorithm to reflectivity data to recover this
reflected downward onto the horizontal liquid-surface through a Ge (111¥unction and then integrate to obtain the electron density profile itself. If
crystal to provide angle of incidence Incident beam slits were set to  the results so obtained agree with the electron density profile from the
collect the full horizontal beamwidth and vertically to limit the beam model refinement approach described above, the two methods together
footprint on the liquid surface. A scintillation detector recorded the scat-provide an independent cross-check on the convergence of the analysis to
tering from a thin Kapton film in the incident beam to provide an incident the global best fit, and therefore to the overall physical correctness of the
beam flux monitor. The specularly reflected beam from the liquid surfaceelectron density profile so-obtained.
was measured at an angdewith respect to the liquid surface with another Because the box refinement method is not well known in the analysis of
scintillation detector for = g in the vertical scattering plane afig = 0°.  (x-ray or neutron) reflectivity data, it will be briefly described here. The
Scattered beam slits were set to accept the full specularly reflected bearalgorithm provides a method for transforming an initial arbitrary trial
Off-specular background was measured.at 8 with 26,, = =0.3°. The profile structure into a profile structure that correctly predicts the experi-
difference (specular minus off-specular background) provided the reflecmentally observed normalized reflectivity to within experimental error.
tivity R(q,) for photon momentum transfeg, perpendicular to liquid  The heart of the algorithm is the box constraint: the correct solution for
surface withg, = (4m/A)sin . dp(2)/dz will be finite in extent, namely zero outside a box of lengtrand

of the same size as the actual profile strucip(@. This key constraint can

be obtained from the experimental data without any assumptions by com-
DATA ANALYSIS puting the unique inverse Fourier transform of the normalized reflectivity

data itself expressed in;-space agF.,(q;)|°. This operation yields the
The normalized reflectivityR(q,)/R-(a,) from a liquid surface arises from,  autocorrelation function of the derivative of the electron density profile
in the first Born approximation, the modulus square of the Fourier trans{the so-called generalized Patterson function). If the monolayer profile
form of the derivative d(2)/dz of the electron density profile(z) across the  structure has a thickness the significant oscillations in the generalized
air-water interface averaged over the in-plane coherence length of thpatterson function will die out for beyond =L, because correlations
incident x-rays (Als-Nielsen and Pershan, 1983; Helm et al., 1991), namelyithin a structure cannot extend over distances larger than the structure

itself.
2
R(q,) L dp(Z) ] The box constraint is first input into the algorithm. It is usually relaxed
R(Q) = (p27) 4z expiqz) dz| = |F(q)f, (1)  to be somewhat larger thdnitself, but the pressure toward convergence
Z

diminishes as the constraint is increased well beylonidé/e also input the
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square root of the experimental normalized reflectiVRy,{q,)/Re(0,)l, ~ ~40 A? is approached. In contrast, while the mixed mono-
which gives the m'odglus. of the Fourier traqsff)rm of the derlv:amve of the|ayers show systematic effects of increasing Vpu content,
electron density distributionydz expressed inj;-space asF(qp). We  ypoy )l nossess an inflection point at a surface pressure of
start the algorithm with an arbitrary trial structurepfdi), (a clearly . ..
incorrect choice leads to the most convincing result), and compute its™20 mN/m. Th's_ ad(_j't'onal f?ature may represent _a struc-
Fourier transform. We discard the modulus of the Fourier transform butural reorganization in the mixed monolayers as discussed
retain the resulting phase functiog,(d;). We usedy(qy) to compute the  below (See Results and Discussion).

inverse Fourier transform df,{q;)| and obtain a new structure.d(d2),. The systematic changes in the isotherms for the mixed
At this point, we apply the box constraint. The functionp/@), is Vpu/DLgPC monolayers with increasing Vpu content dem-
truncated to remove the portions beyond the limits/2 < z < +L/2 to . .
obtain (¢/dz),. Now we compute the Fourier transform ofp(dz), to ~ onstrate that Vpu molecules occupy a _supstanual fraction of
obtain a new phase functiay(q,). We then use this new phage(qy) o the area on water surface. This result indicates the presence
compute the inverse Fourier transform (6%.,{c;)| and obtain a new of a strong affinity of the Vpu molecule for the surface,
structure, (@/dz),, truncate to obtain (dd2),,, Fourier transform to obtain  \whjch may be enhanced by the lateral interactions with

a new phase functiob4(q,), and so on. We check the progress of the DLgPC in the plane of the monolayer that is Vpu cannot be
iteration of ¢,,(q,) by comparing the modulus square of the Fourier trans- ! !

form of (dp/cz), with |F,(ci)[?. The algorithm converges whéf, () simply submerged below the DLgPC monolayer in the
and the modulus square of the Fourier transform pidz), agree to within ~ water subphase.

the counting statistics noise in the former, and there is little change between

(dp/dz),,_, and (@¢/d2),. Finally, we can integrate (ddz), to obtain the

fully converged electron density profile itsglf(2). Reflectivity data

Fig. 2A shows the normalized reflectivityR(q,)/R-(a,)
RESULTS (open circleg for the monolayers of pure DLgPC and mix-
tures of Vpu/DLgPC at mole ratios of 1:50, 1:40, 1:20, 1:15,
and 1:10 at the surface pressure of 45 mN/m. Qualitatively,
Monolayers of pure DLgPC and mixtures of Vpu/DLgPC the systematic decrease in the period of the oscillation in
were spread from 3:1 chloroform-methanol solutions on &R(q,)/R(q,) with increasing mole ratio simply indicates an
pure water subphase at 20°C. Surface pressure-area isacrease in the overall thickness of monolayer. This system-
therms for pure DLgPC and mixed Vpu/DLgPC are shownatic effect also suggests that lateral inhomogeneities in the
in Fig. 1. The isotherm for the pure DLgPC monolayer ismixed monolayers are smaller than the lateral coherence
relatively featureless for larger areas/molecule with sharplyfength ~10* A of the synchrotron x-rays (Helm et al.,
increasing pressure only as the minimum area/molecule af991). The presence of such lateral inhomogeneities larger

than the lateral coherence length would lead to an incoher-

ent superposition of the normalized reflectivities for each

Isotherms

so F ! T T type of domain. As a result, the amplitudes of their respec-
tive maxima would simply increase for one type and de-
] —Pure DLgPC ! crease for the other with a systematic change of mole ratio,
------ Vpu: DLgPC=1: 50 in contrast to the behavior observed. Thus, the two compo-
= BO I~ N e Vpu: DLgPC=1: 40 nents are mixing in the plane of the Langmuir monolayers
= ! —==Vpu: DLgPC=1: 20 on this length scale over this range of mole ratios. Further-
s taiw N - Vpu: DLgPC=1: 15 more, direct GIXD measurements demonstrate that the
Z 40 | —-=Vpu: DLgPC=1: 10 _ well-ordered hexagonal packing of DLgPC hydrocarbon
é chains in the plane of the monolayer characteristic of the gel
@ N phase for the pure phospholipid already becomes substan-
a 20 | NG | tially less ordered for Vpu/DLgPC ratios of 1:50 and
~ smaller, and is completely disordered (Helm et al., 1991;
‘ \ . Als-Nielsen et al., 1994) for Vpu/DLgPC ratios of 1:20 and
\ ~ larger, as shown in FigureR These results are consistent
°r, = — ™71  with the mixing of the two components on the molecular

length scale over the full range of mole ratios investigated
here. Finally, the progressive decrease in the amplitude of
Area/ [(Np/Np) DLGPC+ (N, /Np) Vpul [A%] the second and third maxima at higlgrrelative to the first
implies a general increase in interfacial roughnesses or
FIGURE 1 Surface pressure/area isotherms of pure DLgPC and mixegyidths with increasing Vpu mole ratio. At this relatively

Vpu/DLgPC monolayers for the various mole ratios indicated on a p“rehigh surface pressure there is little possibility for the
water subphase 8t= 20°C. The abscissa is expressed in terms of the sum, ’

of the fractional areas occupied by the DLgPC and Vpu molecules in thePLg_PC _mOIeCU|eS to gain more eXtenSIO_n In th(_a mqn_OIayer
plane of the monolayem,, = moles DLgPC,N, = moles Vpu,N; = profile (i.e., they are already approaching their minimum
No + Ny). area). The increases in overall thicknesses of the mixed

40 100 160 220
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. . . monolayers are therefore due to the profile structure of Vpu,
6 | A i namely the projection of its 3D structure in the monolayer
onto the normal to the plane of the monolayer.

Pure DLGPC Figure 3 shows the normalized reflectivii(q,)/R=(q,)
(open circley for the pure DLgPC and a 1:10 mole ratio of
Vpu/DLgPC at pressures of 13 mN/m, 45 mN/m, and 55
i mN/m. Compared to pure DLgPC, the maxima in the nor-
malized reflectivityR(q,)/Re(q,) for the mixed monolayers
Vpu:DLgPC=1:40 all decrease in the period of the oscillation for all three

| pressures. These changes must also arise from Vpu’s profile
Vpu:DLgPC=1:20 structure. In addition, the amplitudes of the second and third
. maxima inR(q,)/R=(q,) at higherq, for both pure DLgPC

and the mixed monolayers are seen to decrease steadily with
Vpu:DLgPC=1:15 increasing surface pressure relative to that of the first max-
] ima. This suggests that higher surface pressure progres-
Vpu:DLgPC=1:10 sively roughens or broadens all interfaces in the profile
. structure of the monolayer, namely between the subphase
. . 1 . L A 1 and the headgroups, the headgroups and the hydrocarbon
o} 01 02 03 04 05 0.6 chains, and the hydrocarbon chains and air.

o, K]

Vpu:DLgPC=1:50

R/R.
(]

Model refinement

0. 006 [ The slab model-refinement approach to analyze the x-ray
reflectivity data is strongly dependent on the initial slab
model profile structure for the monolayer. Based on prior
studies of Langmuir monolayers of pure phospholipids with
shorter hydrocarbon chain lengths (as well as much earlier
studies of phospholipid bilayers within oriented multilayers)
(Helm et al., 1987, 1991; Kjaer et al., 1989), the profile
structure of a DLgPC monolayer can be adequately de-
1 scribed by a two-slab model (i.e., a step-function profile
T containing two distinct steps of constant electron density),
0. 001 Ve DLGPC=12 20 one slab containing the polar headgroups and the other
VA AR\ NNAS containing the hydrocarbon chains. Such a model is readily
or 1 parameterized in terms of the electron densities and widths

* ! : * t : of the two slabs (or steps) relative to the electron density of
the subphase and air, and by the roughness or wigfh (

q. a1 of the interfaces between adjacent slabs (or steps) as de-
xy . . _ 22 .
scribed by a Gaussian facter” 9 for each interface. Note

FIGURE 2 @) Normalized reflectivityR(q,)/R<(q,) data ppen circley  that the roughness or width of all interfaces in the slab
as a function of photon momentum transfigiand the best fitssplid lineg model were constrained to be greater than or equal to the
resulting from the model refinement analysis for various mole ratios °froughness of the initial water—air interface, e_g3 A.
VPU/DLGPC indicated, all at a surface pressure of 45 mN/mBnd20°C. The initial model profile structure for fitting the x-ray
(B) Corresponding grazing-incidence x-ray diffraction (GIXD) data from o i
the Langmuir monolayers of pure DLgP@g) and from mixed monolay- ~ reflectivity data from the mixed monolayers of Vpu/DLgPC
ers with Vpu/DLgPC mole ratios of 1:56n(ddlg) and 1:20 bottom). The ~ was then taken to be exactly the same as that used to refine
single diffraction peak afl,, = 1.446 A"* for the pure DLgPC is charac-  the electron density profile for the pure DLgPC monolayer,

teristic of the hexagonal ordering of hydrocarbon chains in the plane of theihuS treating the Vpu as a perturbation of the host DLgPC
monolayer for the gel phase, with a lattice spacing of 4.35 A and an

area/molecule of 43.7 A whose width (FWHM) indicates a correlation
length of 81+ 8 A, describing the exponential decay of chain—chain
positional correlations in the monolayer plane (Helm et al., 1991; Als-
Nielsen et al., 1994). This peak diminishes in amplitude and increases iof the protein and lipid components of the monolayer on the molecular
width for the Vpu/DLgPC mole ratio of 1:50, indicating a decreased length scale over the full range of mole ratios studied here. Note that the
correlation length of 42- 6 A, and disappears into the noise upon reaching continuous curves are the best fits of a Lorentzian line shape to the GIXD
a mole ratio of 1:20, indicating a further decreased correlation length ofdata, the data for the three monolayers have been arbitrarily offset verti-
less than 12-20 A (i.e., 3-5 lattice spacings) and the destruction of theally for clarity, and the ordinate scale applies to the two mixed monolayer
intermolecular ordering of the gel phase. These changes are due to mixingases.

0. 005

L

0. 004

003

counts/I 0
o

Vpu: DLgPC=1: 50
0. 002

1.2 1.3 1. 4 1. S 1.6
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20 [ T T ] monolayer. This is justified by the systematic changes ob-
A 7=13 mN/m served in the normalized reflectivity data for increasing
] Vpu/DLgPC mole ratio as shown in Fig. 2 and described
1.5 | . above. By using the same initial model profile structure for
all Vpu/DLgPC mole ratios, all of the profiles for the
- Pure DLgPC various mole ratios are equally biased toward the pure
= '°r T DLgPC profile structure. Fig. 2 also shows the best fits
(solid lineg to the normalized reflectivityR(q,)/R-(q,)
os | 1 (open circle$ resulting from this model refinement for the
) Vpu:DLgPC=1:10 monolayers of pure DLgPC and mixtures of Vpu/DLgPC at
1 mole ratios of 1:50, 1:40, 1:20, 1:15, and 1:10 at the surface
ol 4 pressure of 45 mN/m.
: L 1 : The electron density profile corresponding to the best fit
e 01 02 o3 04 05 o086 for pure DLgPC is shown in Fig. 4. To obtain a reasonable
q [A“] estimate of the thickness of the polar headgroup and hydro-
z carbon chain layers from this profile, given the roughness of
the interfaces, we used half maximal points in the profile as
20 LIS T T T v ] shown in Fig. 4. The average thickness of the polar head-
' B #=45 mN/m group @) and hydrocarbon chairBf layers were thereby
i 1 found to be 8.6 and 24.5 A, respectively. The thickness of
15 L 4 the headgroup layer agrees with previous work that indi-
cates a thickness perpendicular to the water surface of
- 7.5~9 A (Helm et al., 1987). For all-trans hydrocarbon
S 10 Pure DLgPC 1 chains, the hydrocarbon chain layer thickness suggests an
average tilt angle of 3035° with respect to the normal to
the monolayer plane.
o8 r i Figure 5 illustrates the obvious differences between the
Vpu:DLgPC=1:10 electron density profile of pure DLgPC and the various
ok i mixtures of Vpu/DLgPC with increasing mole ratio by
1 L - 1 L superposing the six electron density profiles all refined from
o 0t 02 03 04 05 o8 the same initial model profile as described above. Note that
6, B
, - 05 | ' ' ' ' "
N C =% mN/m ]
"
s | ] =
<
=
€ 1ot Pure DLgPC - $
3
os | - ]
(Y]
Vpu:DLgPC=1:10
0 F . ' : . -
[o] 0.1 0.2 0.3_.1 0.4 0.5 0.6 —40 —-20 0 20 40 60
9 [A] Z [A]

FIGURE 3 Normalized reflectivitR(q,)/R-(q,) data ppen circlejasa  FIGURE 4 Electron density profile corresponding to the best fit from the
function of photon momentum transfey and the best fitssplid lineg model refinement analysis for pure DLgPC at a surface pressure of 45
resulting from the model refinement analysis for the 1:10 mole ratio of yN/m andT = 20°C. The inflection points used to determine the average
Vpu/DLGPC atT = 20°C and surface pressures @) (13 mN/m; B) 45 thicknesses (FWHM) of theA) polar headgroup andBf hydrocarbon
mN/m; and C) 55 mN/m. Data sets have been offset for charity. chain layers are indicated.
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FIGURE 5 Electron density profiles corresponding to the best fits from ‘&
the model refinement analysis for the various mole ratios of Vpu/DLgPC é
indicated at a surface pressure of 45 mN/m and 20°C. = 02 r
e
<
= o1 |
the z = 0 A origin for each of the so-derived electron
density profiles is arbitrary; here the profiles have been o r, ) , ) - -

superimposed such that their hydrocarbon—water interfaces

occur atz = 0 A based on the assumption that this is their

only common feature. z [A]
In Fig. 3, we also show the best fitsqlid line) to the

normalized reflectivityR(q,)/R(q,) (open circle$ resulting

from the model refinement for the pure DLgPC and a 1:10 0.5

mole ratio of Vpu/DLgPC at pressures of 13, 45, and 55 ! C =3 mN/m
mN/m. The pressure-dependent changes in the electron dengs~ o.4 | —Pure DLgPC |
. . . ) o< —--Vpu:DLgPC=1:10

sity profiles corresponding to the best fits for DLgPC and >~ — N\ PULg T
the 1:10 mole ratio mixture of Vpu/DLgPC at pressures of 2 os | 1
13 mN/m (), 45 mN/m @) and 55 mN/m €) are shownin & N\ .
Fig. 6. Here also the sane= 0 A origin choice has been _§ \
used as described above. = 0z r

— .1 =
Box refinement -
In x-ray reflectivity, only the modulus of the Fourier trans- o

form of the derivative of the electron density profile is
available from the normalize®R(q,)/R-(q,) data and the
corresponding phase necessary to uniquely invert the data to VA [A]

obtain the derivative and its integral, the electron density

profile itself, is not. The box-refinement procedure gener-FIGURE 6 Electron density profiles corresponding to the best fits re-
ally converges to a phase solution fully consistent with thesulting from the model refinement analysis for the 1:10 mole ratio of
measured reflectivity data to within its errors. Because it isVPW/DLgPC atT = 20°C and surface pressures &) (L3 mN/m, @) 45
not an analytic procedure (in the mathematical sense), box2/m- and €) 55 mN/m.

—40 —20 [+] 20 40 60
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FIGURE 7 lllustration of the box-refinement method of analysis for normalized reflectivity data from Langmuir monolayérsal electron density

profile pyii(2) used to initiate the box refinemenB)(Modulus squaréF,;.,(q.)|? of the Fourier transform of the derivativedg,(2)/dZ as a function of
photon momentum transfeg. (C) Phased,,(q,) of the Fourier transform of the derivativedg,,(2)/dZ as a function of photon momentum transtgr
Only this trial phase function originating from the trial electron density prefjle(2) is used to initiate the box refinemenb) Experimental normalized
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refinement is most convincing when a number of differentnext iteration of the refinement. The procedure is repeated
trial profile structures converge to the same resultant profilauntil the square of the modulus of the Fourier transform of
structure, or when an obviously incorrect trial structurethe so-iterated derivative of the electron density profile
converges to a resultant profile fully consistent with ourconverges to the experiment&.,(q,)/R-(q,) data ex-
physical-chemical knowledge of the system. Here we haveressed ingj-space aleexp(q;)|2 to within the counting
used an obviously incorrect trial profile structure for the statistics noise. Figure ¥ shows the procedure for the
DLgPC monolayer, which did converge to the known pro-iterations 1-10, 20, 30, 40, and 50. It can be seen that the
file structure for such diacylphosphatidylcholine monolay-refinement converges, progressing from the totally incorrect
ers/bilayers. The same trial profile structure was also used imodulus square from the initial trial profile (Fig.Bj to the
the box-refinement of the normalized reflectivity data from experimental|Fexp(q;)|2 data (Fig. D) in about ten itera-
the various Vpu/DLgPC mixtures. In the following, we tions. Fig. 7G shows corresponding convergence from the
provide an example of the box-refinement analysis of nor<learly incorrect trial @/dz to the fully converged gldz
malized reflectivity data for DLgPC and Vpu/DLgPE The integration of the fully convergedpfiiz provides the
1:10 at 45 mN/m. final electron density profile(2) itself (see Fig. H), which

The initial trial p,i,(2), selected to be obviously incorrect exhibits the expected features of a diacylphosphatidylcho-
(namely an excessively broad, relatively electron-deficientine monolayer for the DLgPC case as described above in
“polar headgroup” layer and a broad, relatively electron-richslab model. Similarly, the electron density profiles obtained
“hydrocarbon chain” layer) shown in Fig.Awas used to via box-refinement according to the above procedure using
initiate the box-refinement. The Fourier transform of thethe same initial trial electron density profile for all mole
derivative of the initial trialp,;,(2), namely FT[g/dZ] .,  ratios of Vpu/DLgPC at the pressure 45 mN/m and for the
provides the modulus and the required initial phase func4:10 mole ratio of Vpu/DLgPC at pressures 13, 45, and 55
tion. The square of this modulus (see FigB)7compares mN/m are shown in Fig. 8 and Fig. 9, respectively. It can be
very poorly with the experimental modulus squaredseen, from inspection of Fig. 5 compared with Fig. 8, and
IRex(0)/R(0,)| expressed irg,-space agF., (d,)|* (see Fig. 6 compared with Fig. 9, that the general features of
Fig. 7D). At this step, the agreement is poor because théhese electron density profiles obtained via box-refinement
initial trial py,(2) was purposely chosen to be incorrect. Weare qualitatively the same as those obtained via model
then use the trial phase function (see Fig2)7to compute refinement, however the profiles do differ somewhat in
the inverse Fourier transform of the experimental modulusietail (see below).
|Fexs(0y)| and obtain a new derivative gftiz),. This new
derivative of the electron density profile generally contains
S|gn|f|cant_features well beyond the finite ex.tent .of the DISCUSSION
actual profile structure for the monolayer. At this point, we
first use the box constraint, namely the known finite extentUsing the slab model-refinement approach, one is forced to
of the monolayer profile structure. The box size is obtainedassume a finite number of slabs or steps in the initial model
by computing the inverse Fourier transform of the experi-profile representative of one’s physical-chemical knowl-
mental normalized reflectivity data, Fﬂ|FeXp(q9|2], edge of the monolayer system under study. Although this
which is simply the autocorrelation ofpfk)/dz, namely can be relatively straightforward for pure monolayers com-
{(dp(2/d2) * (dp(—2)/d2)}cx, as shown in Fig. E. The posed of a relatively simple molecular component (e.g., a
autocorrelation, or generalized Patterson function, shows nparticular fatty-acid or phospholipid), it is not for more
significant features beyond ~ 50-60 A, the maximal complex components possessing a greater number of inter-
extent of the actual profile structure of the monolayer. Thenal degrees of freedom. This is further complicated, espe-
new derivative of the electron densityp(dz), is then setto  cially for mixtures, by the fact that these slabs or steps must
zero outside a 60-A-wide region centered on the 0 A average over in-plane structure of the monolayer via the
origin, as defined solely by the arbitrary positioning of the projection of its 3D structure onto the profireaxis normal
initial trial profile structure along the-axis, to generate a to the monolayer plane. The maximum number of slabs or
truncated derivative of the electron density profilg/(t),,. steps is dictated by the range of momentum transfer
This (do/dz),; becomes the new trial profile structure in the covered by the reflectivity data and its inherent errors in-

reflectivity R(g,)/Re(q,) expressed as a function of photon momentum trartﬁféFexp(q;)\z. (E) Inverse Fourier transform of the experimedt%ejx[(q;)\z,
which provides the autocorrelation of the derivative of the electron density profilg {fd)/dZ] * [dpe,—2)/dZ]} for the monolayer. The box constraint,
key input to the box-refinement analysis, was chosen th e 60 A, well beyond the last significant featureza~ 40 A. (F) The convergence of the
calculatedF(qy)|? from the box refinement to the experimenhﬁllex‘(q;)\2 for iterations 1-10, 20, 30, 40, and 5@)(The convergence of the calculated
dp(2)/dz from the box refinement to the finapg,(2)/dz for iterations 1-10, 20, 30, 40, and 581)(The integration of the final convergeg(@)/dz to the
electron density profile for the monolaypg,(2) itself.
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mole ratio at a constant, relatively high surface pressure of
45 mN/m. It is readily apparent that increasing the Vpu
content of the monolayer has two major effects on the
monolayer electron density profile. One major effect is a
systematic increase in the width of the relatively electron-
dense feature{10A < z < 0A) associated with the
phospholipid headgroups in the pure DLgPC monolayer.
This increase is localized to an approximately 10-A-wide
region (again using the half maximal points as in Fig. 4) on
the water subphase side of the polar headgrozps< (
—10 A). Because the cross-sectional diamete-dfelices
is ~10 A and their unhydrated electron density~9.521
e/A3 (relative to ~0.385 e/R at 45 A/molecule for the
: . DLgPC headgroups and 0.333 é/for bulk water), it is
-30 -20 -10 O 10 20 30 reasonable to assume that the amphipathic helices of Vpu’s
Z( 1& ) cytoplasmic domain cause this increase in electron density
by lying on the surface of the DLgPC polar headgroups. The
FIGURE 8 Electron density profiles obtained from the box-refinementsr_naller systematic mcreasg in electron density associated
analysis as a function of increasing Vpu/DLgPC mole ratio at a surfacaVith the polar headgroups in the pure DLgPC monolayer
pressure of 45 mN/m an@l = 20°C. These profiles should be compared may be due to the displacement of water from the head-
with those from the model refinement analysis shown in Fig. 5. Puregroup layer by the side-chains of the helices. Conversely, if
DLgPC i‘s in dashed line. Mixed monolayer over the range of \_/pu/D_Lg_PCthe helices associated with Vpu's cytoplasmic domain were
mole ratio of 1:5.0,.1:40, 1:20, 1:15, and 1:10 are re_presented in solid I|neﬁruIIy extended normal to the plane of the DLgPC polar
As the mole ratio increases, the electron density increase. o .
headgroup surface, their in-plane concentration even at the
highest Vpu/DLgPC mole ratio of 1:10 remains too low to
cluding counting statistics. Generally, only the smallestsignificantly increase the electron density of the water sub-
number of slabs or steps necessary to achieve agreemepitase, and they would therefore be unobservable in the
with the experimental normalized reflectivity data is believ- monolayer electron density profile. The second major effect
able. Conversely, this minimal number of slabs or stepss a systematic increase in the width and electron density of
does not appear so explicitly in the box-refinement ap-the relatively electron-deficient feature (04 z < 30 A)
proach. Instead, a continuous electron density profile isissociated with the phospholipid hydrocarbon chains in the
generated that is fully consistent with the experimentalpure DLgPC monolayer. Given the calculated electron den-
reflectivity data. Features can thereby appear in the profilsity (~0.491 e/&) and length 34 A) of the unhydrated
without having to assume their existence at the outsetransmembrane-helix of Vpu as compared to the calcu-
Nevertheless, the interpretation of these profiles in terms ofated electron density (0.281 ef/t 45 A/molecule) and
the monolayer's molecular components and their possiblenaximal length 30 A) of the DLgPC hydrocarbon chains,
3D structures must be consistent with the same consideit is reasonable to assume that the hydrophobic transmem-
ations described above. brane helix, oriented approximately normal to the mono-
The electron density profiles derived from the normalizedlayer plane, is responsible for observed effects the (in-
reflectivity data for the mixed Vpu/DLgPC monolayers, creased electron density and length). This would account
both as a function of mole ratio at constant surface pressurguantitatively for both the maximal increase in electron
and as a function of surface pressure at constant mole ratidgnsity to~0.34 e/& in the region of overlap of the chains
using two unrelated methods are in good qualitative agreeand helices (0 A< z < 30 A) at the largest Vpu/DLgPC
ment. Given that there are a finite number of equally goodnole ratio of 1:10, as well as the excess electron density for
mathematical solutions to the phase problem for the genez > 30 A at the higher mole ratios. Based on the above
ally asymmetric profile structures of such Langmuir mono-analysis of the electron density profiles for the mixed Vpu/
layers, this agreement is key to establishing the so-deriveBLgPC monolayers at a constant surface pressure of 45
profile structures as the physically correct structures. ThusnN/m, the profile structure of the mixed Vpu/DLgPC
the slab model-refinement approach, as applied here, hasonolayers on the water surface can be well described by
indeed converged to the correct solution for the monolayethe schematic model shown in Fig. 10. The amphipathic
electron density profile for the cases studied providing thex-helices lie on the surface of the phospholipid headgroups
basis for the interpretation of these profiles in terms of theiwithout extending further into the bulk water subphase. The
molecular components as presented below. hydrophobica-helix is oriented approximately perpendicu-
We first consider the profiles shown in Fig. 5 for the lar to the plane of monolayer within the phospholipid hy-
mixed Vpu/DLgPC monolayers as a function of increasingdrocarbon chain layer. Note that all of the effects described
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FIGURE 10 Schematic showing the known secondary structure of Vpu
incorporated into the host DLgPC monolayer to be fully consistent with the
electron density profiles derived in this work for the various mixed mono-
layers over the range of Vpu/DLgPC mole ratios 0$,11:50, 1:40, 1:20,
1:15, and 1:10 at a surface pressure of 45 mN/mBarRd20°C.

in this paragraph are also observed in the corresponding
profiles derived independently via box refinement (Fig. 8).
In fact, they may be better observed in these profiles be-
cause no assumptions were required concerning the number
of interfaces in the monolayer profile structure, as was the
case for those obtained via model refinement (Fig. 5).

We next consider the profiles shown in Fig. 6 for the
mixed Vpu/DLgPC monolayers at a maximal mole ratio of
1:10 as a function of surface pressure. First note that the
interpretation of the electron density profile for the mixed
Vpu/DLgPC monolayer at this maximal mole ratio and the
surface pressure of 45 mN/m was discussed in the previous
paragraph, and the lower (13 mN/m) and higher (55 mN/m)
surface pressure cases will be discussed relative to the 45
mN/m case. At the substantially lower surface pressure of
13 mN/m, the profile structure of pure DLgPC contains
distinct and well-defined polar headgroup10 A < z <
0 A) and hydrocarbon chain (0 & z < 20 A) features. The
shortness of the hydrocarbon chain region, compared to the
extended all-trans length of the DLgPC hydrocarbon chains
(~30 A), together with the relative sharpness of the hydro-
carbon-air interface, suggests that the hydrocarbon chains
are substantially more tilted with respect to the normal to
the monolayer plane, consistent with a larger area per mol-
ecule in the monolayer plane at this relatively low surface
pressure. As can be seen, the incorporation of Vpu, at this
maximal mole ratio and surface pressure. As can be seen,
the incorporation of Vpu, at this maximal mole ratio and
surface pressure below the “kink” in the pressure/area iso-
therm, again has two major effects on the profile structure of
the host DLgPC monolayer, as compared with the higher
pressure of 45 mN/m discussed in the paragraph above. The

FIGURE 9 Electron density profiles obtained from the box-refinement
analysis for pure DLgPCdashed ling and the 1:10 mole ratio of Vpu/
DLgPC (solid ling) at surface pressures @)(13 mN/m, 8) 45 mN/m, and

(C) 55 mN/m andrl = 20°C. These profiles should be compared with those
from the model-refinement analysis shown in Fig. 6.

Biophysical Journal 80(4) 1837-1850



1848 Zheng et al.

first effect is a substantial decrease in the electron density of A(1)

the phospholipid headgroup region10 A < z< 0 A) with

little broadening of this feature. This may arise simply from

the increased area per molecule at this lower surface pre&k\\\\x\\x
sure, allowing more water to be associated with the head-
groups. In addition, unlike the higher pressure cases, there
appears to be no excess electron density on the surface of
the headgroups associated with the amphipathic helices of
the cytoplasmic domain. The second effect is again a dra-
matically increased electron density of the hydrocarbon
chain region due to the presence of the transmembrane
helix, but higher in density and confined to a narrower
region of the profile structure (0 A< z < 25 A) as com-
pared with 45 mN/m pressure, consistent with a substantial
tilt of the transmembrane helix with respect to the mono-

layer normal, namely,~48°. This increased tilt of the
transmembrane helix could be responsible for the “disap-\\\\\&\\\\&\b

A(2)

pearance” of the cytoplasmic domain’s amphipathic helices

from the monolayer electron density profile. The loop con-

necting the transmembrane helix to the first amphipathic

helix of the cytoplasmic domain is very short and probably

highly constrained in conformation, because it is composed

of only three residues (EYR), the side-chains of the first and

third residues being oppositely charged with an intervening B
residue with a bulky side chain. Thus the increased tilt of the

transmembrane helix at this lower surface pressure could
force the amphipathic helices off the surface of the polar
headgroups into the subphase. Even if they remain coiled,
they would not change the electron density of the water
subphase if they extend away from the headgroups at thi

mole ratio and there is recent evidence from nuclear mag-
netic resonance spectroscopy that the helices of the cyto-
plasmic domain may uncoil in bulk water (Ma and Opella, FIGURE 11 Schematic showing the known secondary structure of Vpu
2000) rendering them even less visible in the monolayemcorporated into the host DLgPC monolayer to be fully consistent with the
electron density profile. These two possibilities are showrg'ectron density profi_les derived in this work for the mixed monolayer at a
schematically in Fig. 1. At the higher surface pressure of YPWPLGPC mole ratio of 1:10 and surface pressure$9iE mN/m, €)

- 45 mN/m, and €) 55 mN/m andT = 20°C.
55 mN/m, the profile structure of the pure DLgPC mono-
layer is strongly disordered, as can be seen from the sub-
stantial broadening of all the interfaces (water—headgroupat 45 mN/m. Because the area required for the two amphi-
headgroup-hydrocarbon chain, and hydrocarbon chain—airpathic a-helices of Vpu to lie on the surface of the polar
as compared with the lower pressure cases. At this highesteadgroups is calculated to bet50 A2, the higher surface
surface pressure, this most likely arises from a disorderingressure of 55 mN/m may force the second amphipathic
of the DLgPC molecules along the profileaxis. In this  helix to lie somewhat further away from the surface of the
case, the incorporation of Vpu into the host DLgPC mono-headgroups. However, the secondary structures of amphi-
layer at this maximal mole ratio has the most pronouncegathic helices have, by definition, a hydrophilic side and
effect on the amphipathic helices of the cytoplasmic do-hydrophobic side. Thus, the hydrophobic sides could asso-
main. Their higher electron density relative to that of theciate in a polar environment to form a two-helix bundle
water subphase is now seen to extend0 A from the approximately 10x 20 A, as depicted in the schematic
aqueous surface of the DLgPC headgroups, some 10 Bhown in Fig. 11C, while still maintaining their association
further into the subphase than for the lower 45 mN/mwith the polar headgroup surface consistent with the well-
surface pressure case. According to the pressure/area isdefined 20-A-wide region of relatively high electron density
therms for pure DLgPC as shown in Fig. 1, the area peon the surface of the polar headgroups. Again, note that all
molecule is only 40 Aat pressure of 55 mN/m versus 45 A  of the effects described in this paragraph are also observed
at 45 mN/m. 10 DLgPC molecules thereby provide a surfacén the corresponding profiles derived independently via box
area of only 400 A at 55 mN/m as compared with 45FA refinement (Fig. 9). In fact, they are more likely better

C
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CONCLUSIONS
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