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This paper is an application of 2D electron—electron double resonance (2D-ELDOR) with the “full Sc—
method” to study model membranes. We obtain and confirm the phase diagram of 1,2-dipasmitoyl-
glycerophosphatidylcholine (DPP€Egholesterol binary mixtures versus temperature and provide quantitative
descriptions for its dynamic molecular structure using 2D-ELDOR at the Ku band. The spectra from the
end-chain 16-PC spin label in multilamellar phospholipid vesicles are obtained for cholesterol molar
concentrations ranging from 0 to 50% and from 25 t0°60 This phase diagram consists of liquid-ordered,
liquid-disordered, and gel phases and phase coexistence regions. The phase diagram is carefully examined
according to the spectroscopic evidence, and the rigorous interpretation for the line shape changes. We show
that the 2D-ELDOR spectra differ markedly with variation in the composition. The extensive line shape
changes in the 2D-plus-mixing-time representation provide useful information to define and characterize the
membrane phases with respect to their dynamic molecular structures and to determine the phase boundaries.
The homogeneoug,’'s are extracted from the pure absorption spectra and are used to further distinguish the
membrane phases. These results show 2D-ELDOR to be naturally suitable for probing and reporting the
dynamic structures of microdomains in model membrane systems and, moreover, providing a very detailed
picture of their molecular dynamic structure, especially with the aid of the “full wethod”.

Introduction (discussed below) to continuous-wave (cw)-ESR. Thus, we felt
. . . o that a more powerful experimental technique was required. In
The present report is the first of two papers investigating the snother papetwe report on the study of the dynamic molecular
dynamic molecular structure of phase domains in model and g¢cture of plasma membrane vesicles (PMV) and membrane
biological membrane systems using 2D-ELDOR (€lectron— guctural changes caused by antigen cross-linking of IgE
electron double resonance) techniques with the aid of the newly receptors on the cell surface using the full Smethod. These
developed “full Se- method": This method is a new fitting 5 papers demonstrate that 2D-ELDOR with the aid of the
strategy, WhICh utilizes th_e full cqmplex signal instead o_fjust full Sc— method is a valuable and powerful tool to study
the m_agnltude. It at_:compllshes this _by ac_curately_ correcting the dynamic molecular structures in model and biological mem-
raw signals for the inherent phase distortions. This also enablesyy 5 aq
the recovery of the spectrum in the pure absorption mode. The ' \1icrodomains are believed to exist in plasma membréres

spectral resolution is,_ therefore, significantly improved over the 4.4 isolated membrane vesicles, as studied by various physical
much broader magnitude spectra. . techniques. They are believed to be dynamic in terms of domain

_In the present report, we investigate the phase diagram of asjze and lipid composition and may not have distinct phase
binary mixture of DPPE cholesterol over a range of cholesterol  houndaries. However, by studying model membrane systems
mole Concentrations, [ChOl], from O to 50% and tempera’[ures whose phases are analogous to the main Components in
from 25 to 57°C using the full Se- method. This phase diagram  hiomembranes, some insight into the complex phase environ-
has previously been investigated using several physical tech-ment of biomembranes may be achieved. A method that is
niques, and it was shown that there are three membrane phasesensitive to probing membrane domains and able to provide
the gel, liquid-ordered (4), and liquid-disordered () phases,  quantitative insight into the dynamic molecular structure is
which exist in distinct phases and/or coexist. However, the phasehigmy desirable.
boundaries as well as the phase coexistence regions were not The phase diagram of the DPPC—cholesterol system with
determ|ned COﬂSISte.nﬂy n these StudIeS and Wel'e. found totemperature (2.960 °C) Contains a variety Of membrane phases_
depend on the physical methods employed, as we will discuss|t has been studied using such physical methats X-ray
below. We chose this phase diagram to study because it containgjiffraction (XRD) 219 cw-ESR! fluorescence correlation spec-
both single pha_ses an_d_phase coeX|stenc_es, which are of interesfoscopy (FCSY? fluorescence resonance energy transfer
to membrane biophysicists, and because it had posed a challengg:RET) 13 NMR,1114-18and differential scanning calorimetry
(DSC)1617.19However, the determination of a complete diagram
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TABLE 1: Summary of DPPC—Cholesterol Phase »
Boundaries from Several Studies ; [ Chol ]
O
temp. ref gel>gel/l, gel/lLlo— Lo Lg— Ld/Lo La/lLo— Lo La— Lo ‘
23—-25°C a 20% 30% il 0%
b 16% 25% | °
e 3% 35% l'
f 5% 20% A
g 8% 23% ‘ 10%
i 18% 32%
35°C c 7% 23% )
d 8% 23% X
e 5% 23%
f 5% 20%
g 8% 30%
i >20% <30%
48°C® e 35%
f 20%
g 8% 30%
i 12% 28%
57°Ce e 40%
f 30%
g 15% 30%
i 12% 28%
60°CP h 15% 30%

aKorlach'? (2005); FCS? Feigensott (2001); FRET £ Vist! (1990);
2H NMR, DSC.¢ Ipseri’ (1987); compilation of NMR, DSC, EM, ESR
data; theory® Huand* (1993);2H; 3C NMR. f McMullen®® (1995);
DSC. 9 Sankarartt (1991);%C, 2H NMR, DSC, XRD, biradical ESR,
theoretical calculationg.Cad® (2005); NMR. ' Chiang (2007; the
present report); 2D-ELDOR.Note: The percentage shown indicates
the overall cholesterol concentration [Chol].

mainly determined using the methods mentioned above. (Note
Fhat thg phasg dlagram deduced ma'my from the XRD rgsglts Figure 1. The cw-ESR spectra of 16-PC collected at 9.3 GHz from
is not listed since it was mostly obtained from aligned lipid jiiamellar membrane vesicles of DPP€holesterol mixtures at
mixtures, in which the phase behavior is found to be somewhat 53 oc.

different from that of membrane vesicles.) The phase boundaries i .
determined from the present study are shown in shaded lines(IB) due to unresolved proton hyperfine and local heterogeneity,
and discussed in later sections. Overall, a number of discrep-"educes the spectral resolution. A more advanced and powerful
ancies in the phase boundaries are observed in the phase diagratgchnique is required. .

over temperature from 25 to 6C. At lower temperatures, the In the present report, we demonstrate from experimental data
tilted gel phase is observed in the region with [ChelB% in as well as from the rigorous interpretation of the spectral line
most studies. At higher temperatures, theahd Ly phases and shape simulations that 2D-ELDOR, especially with the ful-Sc

their coexistence are reported, but the determinations of the Method of analysis, is an appropriate and powerful technique

boundaries are not consistent. The discrepancies might bef©" ;jetermlnlngl the p:hase dlflgram of theh_lljFlRt;(?r(])Iesterol i
because each method has its own (optical or spectroscopic)Sys m OVer a large lemperaturé range while at the same ime

resolution and sensitivity limits in probing dynamic local Providing detailed insight into the molecular dynamics and
domains in a membrane system. Thus, a full determination of structure characterizing the membrane phases.
the phase diagram calls for more than one method. It would
thus be desirable to have a single technique which is suitable
and sensitive enough for probing phase domains in membranes Materials and Sample Preparations.The phospholipids 1,2-
over a large range of composition and temperature. dipalmitoyl-sn-glycerophosphatidylcholine (DPPC) and the spin
The determination of the DPP&holesterol phase diagram label 1-palmitoyl-2-(16-doxylstearoyl) phosphatidylcholine (16-
has also posed a challenge using standard spin-label cw-ESRPC) were purchased from Avanti Polar Lipids, Inc. (Alabaster,
Figure 1 shows a series of X-band cw spectra collected from AL). Cholesterol was obtained from Nu Chek Prep (Elysian,
16-PC in multilamellar membrane vesicles of DPRfDolesterol MN). Purity >99.5% was established by thin-layer chromatog-
binary mixtures with a range of [Chol] at Z&. While most raphy on Adsorbosil Plus 1 silica plates from Alltech Associates.
studies (not using ESR) show that there is a two-phase All materials were used without further purification.
coexistence region along this range of compositions, the cw  Measured stock solutions of the lipids in chloroform were
spectra and our analysis show a continuous variation of a wide mixed in a glass tube. The concentration of spin label was 0.5
range of [Chol], which goes from the gel (low cholesterol mq| 94 of the lipids for all samples. Upon evaporation of the
region) to the b phase. That is, the line shape changes are go|yent by N flow, the lipids formed a thin film on the wall of
continuous, prowdm% nof g_wdence_z. This '? contrary 10 OUr he tube. Then, the samples were evacuated with a mechanical
Fr:?xl;usigg\/fs?ii?itgagt(I)inelg?wg g"é(#;rr?se% (%pﬁjotl)_ggbser egPUmpP overnight to remove trace amounts of the solvent. After
Y, SI9 p 9 u V€Cihe addition of 2 mL of 50 mM Tris (pH 7.0), 160 mM sodium

after just a small amount of DLPC was added to pure DPPC, ) >
that is, the phase transition from the tilted gel to the gel. Also, chioride, and 0.1 mM EDTA, the lipids were scraped off _Of the
wall, and the solution was stirred for 1 min and kept in the

it was possible to distinguish the gel-to-liquid disordered phase .
transitions by cw-ESR because of the substantial spectraldark atroom temperature for atleast 2 h for hydration. Samples
differences between these phases. However, we find it difficult Were then pelleted using a desktop centrifuge and transferred
to use cw-ESR to distinguish the more subtle phase transitionto a 1.5 mm inner diameter capillary. Samples were deoxygen-
from gel to L,. One problem with cw-ESR is that the presence ated in a glove bag by alternately pumping and addin@és

of large line broadening, such as inhomogeneous broadeningover 3 h. Each capillary was sealed with paraffin.

Materials and Methods
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The cw-ESR spectra were collected on a Bruker Instruments which was modified from Budil et & for full Sc— fitting.

EMX ESR spectrometer at a frequency of 9.3 GHz at room
temperature (~23C).

2D-ELDOR Measurements.2D-ELDOR experiments were
performed using the 2D-FT-ESR spectrom&tat the Ku band
frequency (ca. 17.3 GHz). Three 4 nf pulses were used in

The theory underlying this program was developed using the
Stochastic Liouville equation (SLE§. 20 The dynamic param-
eters were obtained in the spectral fitting and used to describe
the dynamic molecular structure of lipid membraf&8Among

the most important ar®; and R, the principal values of an

the experiments. Typical dead times in the present study wereaxially symmetric rotational diffusion tensor, which characterizes

approximately 35 and 2837 ns, respectively, fot; and t,.
Instrumental details can be found elsewh@re? In a brief
summary, one collects the free induction decay (FID) signal
after the third pulse along for a series of settings of the time,
t1, which represents the time between the first two pulses;

stepped out with 128 steps of 2 ns each. Each FID, which

corresponds to an individudd step, is collected along with
a step size of 1 ns for a total of 256 data points. The 2D-FT-
ESR spectrum in the frequency domaifi ¢s f,) is then
constructed by Fourier transforming with respecti@andt,.

the dynamics of the acyl chain, for the nitroxide moiety attached
to the chain segment, and the order paramet&;swhich
represent the extent of alignment of the acyl chain with respect
to the local director axis an®, which measures the asymmetry
in alignment.

The spectral simulations for membrane vesicles used in the
NLSPMC-fullscm program were obtained with the model of
microscopic order with macroscopic disorder (MOMD), that is,
the lipids in the membrane are microscopically well-aligned
within the vesicles but with the macroscopic directors isotro-

The time between the second and third pulses is referred to agpically distributed so that there is no macroscopic ordetfig.

the mixing time,Tp.. It provides an additional dimension to the

2D-ELDOR experiment, wherein one observes how the intensi-

In other words, the spectrum is a sum of the spectra for all
orientations with respect to the direction of the magnetic field.

ties of the spectral peaks (cross and auto peaks) develop versus The quality of fit was objectively and quantitatively evaluated
Tm. Various molecular mechanisms can be separated andin the nonlinear least-squares fitting, which minimizes the chi-
revealed from the variety of line shape changes in such ansquare (3) as previously discussed for 2D-ELDOR in the

experiment>26 Two distinct complex signals, called Scand
Sc;, are obtained. However, the Ssignal is less useful than
the Sc—signal because it usually decays too rapidly during the
spectrometer dead timleTherefore, Sc—(f f,) has been the
main signal used in 2D-ELDOR analysis.

The Full Sc— Method and the Absorption Line Shapes.
A new spectral analysis method called the “full-Smethod”
has recently been developkdinstead of performing spectral
fitting using the magnitude of the complex-S¢;, f,) data to
avoid complications from phase distortions, the real and
imaginary parts of the Se signal are simultaneously fit. This
modification in the fitting strategy benefits from the greater

magnitude modé’ except now, the full Se data set is utilized.
(Note that the existence of negative lobes does not interfere
with the chi-square analysis since the absolute value of the
difference between the simulated and experimental data is used.)
Indeed, we find that the phase corrections enable excellent
quality of fit to a range of experimental datalhis is also
supported by previous analysis of the effects of finite dead
times* and of the effects of pulses of finite wid#h35

The Homogeneous Relaxation TimeT,. Studies of the
homogeneous relaxation tim& have been very useful in
studying molecular dynamics. In the past, tligs of the
different hyperfine lines have been studied in both the motionally

resolution over the magnitude mode. (It also doubles the numbernarrowed and the slow-motional reginf€$°The homogeneous

of spectral fitting points.) In addition, it provides the phase

line widths (i.e.,T;l) are determined by the rotational modu-

corrections needed to correct for the experimental phaselation of the hyperfine and g tensors, as well as line broadening
distortions, such as those from imperfect spectral bandwidth independent of these interactions (e.g., Heisenberg spin exchange
coverage and pulse shapes. The phase distortions can be avoideahd spin-rotational relaxation), which is denoted as the residual
by displaying the spectrum in the magnitude mode but at the homogeneous line widtﬁ',;eldi. This line width term (i.e.jl'g‘jdp
expense of sacrificing the resolution. We find that by using the is an additional parameter that is determined in the ful-Sc
full Sc— method, we significantly reduce the ambiguity in the spectral fitting.
fitting parameters. An additional feature we use is to simulta-  There have been three main ways used in processing pulsed
neously fit both the ELDOR and SECSY-formatted spectra in ESR signals to extract homogeneous line widths from slow-
the full Sc—domain, wherein each format emphasizes different motional experimental data. One is to perform a 2D field-swept
details of the fitting. Once the phase corrections are obtained, electron-spir-echo (ESE) experiment to studiy variations
it is possible to (approximately) convert the experimental data across the spectrud#:38 However, because the 2D-field-swept
to the pure absorption mode. The absorption spectrum showsESE experiment requires an order-of-magnitude longer acquisi-
the improved spectral resolution and thus provides severaltion time in comparison with that of the 2D-Fourier transform
advantages. For example, the absorption spectrum is character(FT)-ESR experiments, it has been rarely employed in recent
ized by sharper and narrower lines as compared to the spectrunyears.
in the magnitude mode. When being displayed in the SECSY  The second method is to perform a FT two-pulsé2/2)
format, it provides the homogeneous broadening (HB) separatelycorrelation spectroscopy (COSY) experiment to collect the
from the inhomogeneous broadening (IB), showing them along yariation of the Ts. It is useful to apply a “shearing
thef; andf; directions, respectively. The line shapes in the  transformation (i.e., one replaceswith t; + t, for thet, > t;
direction are of a simple absorption type, that is, Lorentzians, data,) to transform the COSY data to the spatho-correlated
whose widths are given by the real part of the eigenvalues spectroscopy (SECSY) format. After Fourier transforming the
representing the dynamic spin packets. Details for the proceduregata in the SECSY format along thedirection, the homoge-
of obtaining the pure absorption spectrum can be found neousT,'s are revealed as exponential decays intthtrection
elsewhere. and are able to be obtained by fitting Lorentzians, which are
Spectral Simulations and Nonlinear Least-Squares Fitting. referred to as “dynamic spin packets” distributed under the line
The 2D-ELDOR spectral fitting was performed using the shape envelope in thig direction. Alternatively, one obtains
nonlinear least-squares fitting program, NLSPMC-fullscm, the homogeneous line widths alofhgafter a FT oft; — f;.22:39
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The lipid compositions and temperatures are noted in the figure.
They correspond to three experimental points in the phase
A A diagram in Figure 2. The magnitude spectra are shown for

1 convenience. Even in the magnitude mode, they have distinctly
different characteristics.

i’ ? In the Ly phase (Figure 3a), all peaks are sharp and narrow.

Cross peaks grow in substantially with increasing mixing time.

]_,0 In the L, phase, shown in Figure 3b, the most distinguishing
A A spectral features are the absence of cross-peak development, a

broad middle auto peak, and the high-frequency auto peak
remaining sharp and narrow, similar to that of thgdhase.

A Ao The gel phase spectra are shown in Figure 3c. They have much
broader auto peaks than those of theaind the ly phases. In
addition, there is almost no development of cross peaks with
mixing time. Also, the lowest-frequency auto peak, which can
50 be observed in both the,land Ly phases, is very weak in the
gel phase.

Figure 2. The DPPC—cholesterol phase diagram determined using  These respective features are characteristic of the 2D-ELDOR
ZD-Ell-DO_ll?r-] The S%mmes EhOWH iﬂ the present report are m;rl;]ed EY spectra we obtained in theylL,, and gel phases. Thus, they
triangles. The membrane phases, the coexistence regions, and the phase ol (St e ;
boundaries are determined based on the 2D-ELDOR spectroscopic?ovggegrﬁnggcl)gﬁ:gglrl‘n\?vifeonr (éirzsetlr]l-%L_Jgglnsg it:esggzaizejsségﬂy
evidence and the dynamic parameters obtained from the spectral fitting yp 9 . pin p .
using the full Sc—method. Ku-band 2D-ELDOR. We summarize these observations as the
following: (i) The most important spectral characteristic to

Saxena and Freshow that this is best done after obtaining ~ distinguish Ls from L, is that the cross peaks develop rapidly
the pure absorption since this information is obscured in the relative to mixing time in k; (i) the three auto peaks can be
magnitude format. observed in the two fluid phasesqland Ly); (iii) in the gel

The third method for determining homogeneous line widths Phase, the spectrum has broad line shapes, and the auto peak at
is to use the 2D-ELDOR spectra in the SECSY format, and the lowest-frequency is hardly visible; and (iv) in the highly
again, it is strongly advised to use the pure absorption riotle, ~ ordered phases (gel and)L.the cross peaks are suppressed. It
which requires that the phase distortions in experimental datahas been previously sho##f°that the cross-peak development
be corrected. Saxena and Fre&lhave demonstrated that in 2D-ELDOR is due to magnetization transfer, arising from
homogeneous line widths are better obtained using this three-the intramoleculatN electron-nuclear dipolar (END) interac-
pulse method because it is much more effective in filtering tion. (The intermolecular Heisenberg spin-exchange (HE)
baseline anomalies than the two-pulse sequence in the COSYinteraction is also effective but not significant at the low spin-
experiment (i.e., the second method). One merely uses a smallabel concentrations used.) In a highly ordered environment,
Tm so that the 2D-ELDOR signal is strong. In some cases, it is the range of orientational motion, which IanC’éS nuclear
useful to study how the homogeneous line width varies with Spin flips to transfer the spins from one hyperfine line to another,

30
[Chol], %

T 223941 is more restricted. This, plus the fact that the enhanced MOMD
In the present report, we use the third method to extract the effect on the IB is not effectively cancelled out for the cross
homogeneous line widths from the absorption spectra. peaks, results in the suppression of cross peaks in the spectrum.

Dynamic Molecular Structure of the Phasesin this section,
Results and Discussion we focus on the interpretation of the dynamic parameters
The Phase Diagram of DPPC-Eholesterol with Temper- obtained from the spectral simulations. These parameters are

ature Variation. The phase diagram of a binary mixture of US€d (@s discussed below) to help determine the phase diagram
DPPC—cholesterol, which we have determined in the presenti” Figure 2. All of the spectral fits are unamb|guously obtained
study, is shown in Figure 2. There are three relevant membrane!n Poth the ELDOR and SECSY formats using the ful-Sc
phases, that is, the geloLand Li, as well as two-phase method and are show_n in the Supportlng Information (FlgL_Jres
coexistence regions. The compositions and temperatures, foro+ — S4)- The dynamic and ordering parameters we obtained

which we collected 2D-ELDOR spectra, are marked by small from the 2D-ELDOR spectral fitting are shown in Figure 4.
triangles. We performed the experiments at four different Figure 4a and b, respectively, shows the results of the rotational

temperatures, that is, at 25, 35, 48, and67with six samples  diffusional rates (RandR,) and Figure 4c and d the ordering
covering the range of [Chol] from O (i.e., pure DPPC) to 50%. (S0a@nd<). SinceRsand$, are determined to greater accuracy
The bold-patterned lines indicate the phase boundaries that wd" the fitting, we will emphasize these results in the following
determined, as described below. There are uncertainties, which"lysis.

are about 5% in compositional variatidhfor the boundary The Phase Diagram at 23C. Figure 2 shows that as the

widths in the phase diagram. [Chol] increased from 0 to 50%, the sequence-gegel + L,
2D-ELDOR Provides Distinct Pattern Recognition for — Lo was found. We now describe how this was determined.

Three Different Membrane Phases.2D-ELDOR provides Initially, all six compositions were fit under the assumption

great sensitivity to the dynamics and the microscopic ordering that there was only a single phase at each point. The initial
through its range of line shape changes. Visual inspection showsresults showed that the spectra of [ChelR0 and 30% hag?
distinct differences in the 2D-ELDOR spectra from the three values significantly higher than the others. Thus, the likelihood
phases, as shown in Figure 3. The mixing timespf 50, 150, that they were in the two-phase gelL, region was studied

and 500 ns, are shown for each phase. The spectra for Figureusing two-component fits to the 20 and 30% [Chol] cases. Each
3a, b, and c are for theql Lo, and gel phases, respectively. of these two cases was selected using the dynamic parameters
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a) Ly, 48°C, [Chol] 0% (b) Lo, 48°C, [Chol] 30% (c) gel, 35°C, [Chol] 10%

Tm=50ns

Magnitude (Arb.)

1 Tp=150ns

Magnitude (Arb.)

T=500 ns

Magnitude (Arb.)

-50 & ;
- 0 0 X
-50 S0 -50

f1(MHz) f2(MHz) f1(MHz) 12(MHz) f1(MHz) f2(MHz)

Figure 3. The 2D-ELDOR experimental spectra in the magnitude mode with three different mixing times in the (@) LL,, and (c) gel phases.
They display distinctly different spectra and provide clear pattern recognition for one to distinguish membrane phases by a visual inspection.

50 50

found for the 10% [Chol] in the gel phase and the 40% [Chol] DPPC-ordered (i.e., gel) phase would have to rearrange by
in the L, phase as seed values. Indeed, we achieved significantlyexpanding the cross-sectional area of headgroups to provide
better fits, where the final dynamic parameters were nearly shielding of additional cholesterol from water. This physical
identical (well within error limits) for both the 20 and 30% picture is consistent with the well-known “condensing efféét”.
[Chol] cases, and the respective relative amounts of gel gnd L The two compositionally distinct phase components persist well,
phases (85% gel and 15% for 20% [Chol] and 10% gel and  as [Chol] is above approximately 16%, and become a single
90% L, for 30% [Chol]) were consistent with the lever rdfe. fluidic-ordered (i.e., k) phase as [Chol] is greater than 25—
Thus, we concluded that the spectra within this two-phase region30%, as detailed above. Although the phase boundary for gel
could be reconstructed using the same pair of spectral compo-— gel+ L, was reported to be about 3—5% [Chol] using other
nents. The lever rule could then be used to determine the phasaechniqued!-141%we consider the discrepancy, as reviewed in
boundaries. Feigenson et al3is due to the sensitivity of the employed tools
When we examine the dynamic and ordering paramders  to probing nanoscopic phase-domain scales.
andS in Figure 4, we find that there is a significant increase ~ The Phase Diagram at 3%C. All of the spectra at 383C for
in the former and a decrease in the latter when going from the the six different compositions were well fit by a single
gel to the Ly phase, as one would expect. (Similar comments component. The phase diagram shown in Figure 2 is drawn in
apply toR, and$;.) These distinctions between the two phases recognition of this fact. It is primarily the behavior Bf; versus
are what lead to their characteristically different 2D-ELDOR [Chol] (cf. Figure 4a), which suggests a modest phase transition
spectra, as described above. We also note that these parametebetween 20 and 30% [Cholf remains nearly constant at 0.28
show only a modest change within each phase. Within the + 0.03, with just a small increase as [Chol] increases (cf. Figure
coexistence region, thie; values for the gel phase and the L 4c). (Additional evidence coming from residual line widths is
phase are 1.3 10® st and 3.1x 10° s71, respectively. Th& discussed below.) It may be appropriate to infer that the
values are 0.38 and 0.30, respectively. These are not largesimilarity of results between the gel and phases indicates
differences, emphasizing the need for a high-resolution spec-that these points on the phase diagram are near a critical point
troscopy such as 2D-ELDOR to distinguish them successfully. (which, however, is pre-empted by a phase transition). Given
Our result for the 25C series is in good agreement with the the subtlety of changes in this region, a more thorough study
phase boundaries determined using P@8d FRET? (cf. Table would be warranted.
1). According to a molecular-level model presented in Feigenson  The good quality of the fits at 20 and 40% [Chol] is shown
et al.13 there is a critical cholesterol concentration of ap- in the Supporting Information (Figures S1 and S1). Although
proximately 16%. Above this concentration, the lattice of the there is a 20% difference in [Chol], they are quite similar, with
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Figure 4. The dynamic parameters, which are obtained from the spectral fitting and provide a quantitative description of the overall dynamic
molecular structure of the phases; the rotational diffusion coefficRnsndR, are given in (a) and (b), respectively, while the order parameters
S andS; appear in (c) and (d), respectively.

only a few small differences. These figures show not only that that R; was greater in the J_phase, as previously reported.
very good fits were obtained by the full Scmethod, but the The value ofSy in the L, phase showed considerable sensitivity
spectral line shape changes with [Chol] variation are the leastto temperature as it decreased with increasing temperature;
distinct, as compared with those at the other temperatureswhereas in the & phase, it exhibited very little temperature

studied. dependence.

Finally, we note that our results at 3& are consistent with Figures S3 and S4 in the Supporting Information show that
earlier work showing there is a phase boundary, although its good fits are obtained at 48 and B, respectively, for the
precise position was uncertaihl6-18 20% [Chol]. We show in Figure 6 the two coexisting spectral

The Phase Diagrams at 48 and 5. The two-phase components in the pure absorption mode (for jusflthe= 500
character at 20% [Chol] for 48 and 5T became clear primarily ~ ns case) obtained from the fitting, which are used as basis spectra
from fitting of the SECSY mode using the full Scmethod, to fit the experimental spectra at 48 such as the one shown
which required two components for good fits. For 20% [Chol], in Figure S3. The spectral features observed here are potentially
we found a 45% k component (and a 55%,lcomponent) at  useful as a reference to compare with+ Lq coexistence in
48°C, and at 57C, it was 29% lg and 71% l,. The dynamic biological membranes®’ The simulated pure absorption spec-
parameterfR; and S for 20% [Chol] were found to be very  trum for T, = 500 ns of the 10% [Chol] at 35C (i.e., gel
close to those obtained from the 10 and 30% [Chol] for the L phase) is also shown in Figure 6 for reference. The spectra
and L, phases, respectively, compare Figure 4a and c, suggestinglisplayed in the absorption mode show distinct differences for
phase boundaries nearby, as we have drawn in Figure 2the three membrane phases.

(although the vertical extrapolations of these boundaries would  Overall. The overall dynamic molecular structure of the phase
probably need to be modified by further more extensive studies, diagram may then be mapped out in terms of the dynamic
as suggested by the significant change in ratio of théolLy parameters as described above. We found the ord&itmbe
component in going from 48 to 57C). As expecteds was the most informative and useful parameter for distinguishing
significantly greater in the J.versus lg phase. We also found  and characterizing the different phases (cf. the shaded regions
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Figure 5. (a) The residual homogeneous line widﬂﬁdi, obtained from spectral fitting, are found to be informative for characterizing each
membrane phase. (b) The homogene®byss, extracted from the pure absorption spectra, show a monotonic decrease with decreasing temperature.
[TheseT,'s were measured for the high-frequency peak in each spectruiiifer 50 ns, with the variation i, Yindicated in (c).] (c) The pure
absorption spectra in the normalized contour mode; one can observe the homogeneous line widthdiredhien. (d) The Gaussian inhomogeneous
broadeningA. (e) TheT,'s extracted from the 2D-ELDOR spectra versiys
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Figure 6. Simulated pure absorption spectral components, generated using the best-fit parameters in theffitihof 20% [Chol] at 48°C
and T, = 500 ns. The L and Ly spectra represent the components coexisting in the sample of 20% [Chol]°& d48d T,, = 500 ns, which
corresponds to Figure S3. The gel spectrum, shown for comparison, is for 10% [Cholf@t&8® T, = 500 ns. (Dead times used are the same
as those in the experiments).

in Figure 4), although other parameters are useful. In the regionTag|E 2: Homogeneous (1T,) and Residual Homogeneous
of low [Chol], approximately<20%, the orderingy shows a (1/T2eq) Line Widths (us)1a

decreasing trend_ with increasing temperature, as _expected. An "[Choll temp. 0% 10%  20%  30%  40%  50%
abrupt decrease is observed as the temperature is increased from—
35 to 48°C, indicating the phase transition from gel ta Many

512 6.84 (1.47) 556 12.76 8.26
(1.97) (1.47) (2.36) (2.36) (3.85) (3.45)

studi_eé1'14v16’190f this phase diagram using other methods have g0 561 547 (127) 526 1232 618
previously reported that there is a phase transition from the gel (1.95) (1.27) (2.23) (2.23) (3.05) (3.18)
phase to the §phase in the low [Chol] region as the temperature 35°C 18.17 1062 9.79 759 7.26 7.60
crosses 40C, as we have indicated in Figure 2. Of course, we (4.03) (3.87) (3.81) (2.74) (2.69) (3.94)
would need more data points in this regime to accurately discern 25°C 16.18 15.69 (3.97) (3.97) 10.34 935

the phase boundary and presumed two-phas¢ bel regime (4.06) (4.03) (2.98) (2.98) (3.01) (3.79)
suggested in Figure 2. In the high [Chol] region, a single L~ The 1M and 1M (in parentheses), respectively, are obtained from
phase is found to exist throughout the temperature range studiedfitting Lorentzians to the recovered absorption spectra and from the

In the region of high [Chol], approximately30%, our results full Sc— spectral fitting. Samples within the two-phase region are

- - [T marked by two 1/Zcq values, which represent the residual line widths
show that theS, values in the b region are=0.2, indicating for the two boundary components. The homogendaissare obtained

the ordered environment. Overall, in thg tegion, theS is  fom the spectra of the shortest, T50—150 ns) in the 2D-ELDOR
found to gradually decrease with increasing temperature and isexperiments.

found to be rather insensitive to the [Chol] variation. Finally, o ) )
we remind the reader that the dynamic parameters shown inrélaxation time,Tzeq, are reliably extracted from the experi-
Figure 4 provide quantitative descriptions for the respective Mental absorption spectra and from the spectral simulations,
membrane phases. respectively, as described above.

Membrane Phases Characterized by the Homogeneous The homogeneous;'s are obtained by fitting Lorentzians
Line Width, 1/T,. In addition to the dynamic parameters, which t0 the absorption spectra. In Table 2, we report the values of
have been found useful and informative in characterizing T,  obtained from the spectra of the short&st(50—150ns)
membrane phases in many studies of spin-labeling F3R23.24 obtained in the single-phase regions. The residual homogeneous
we found from the present study th@f* the homogeneous line widths T, which are obtained from the spectral fittings,
line width and therefore reports on the dynamics, provides are also given in Table 2 in parentheses. The results within the
additional distinctions between phases. Given that the ambiguity two-phase coexistence regions include g values, which
in the fitting parameters is greatly reduced by performing fitting represent the values for the pair of boundary spectra coexisting
in the full Sc— domain, T, and the residual homogeneous in the region. Thesé'geldi are consistently much smaller than
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the T,*. This shows that the dominant contribution to the [Chol]  10% 20% 30% 40%
homogeneous line widths comes from the rotational modulation | | | |

of the hyperfine and g-tensor interactions, as expected. (This llH ) 3 b [l
contribution represents the difference betwd@gn and T,e.) Zphiss X v

region

TheT,.; are plotted in Figure 5a. One observes that they are
unambiguously classified (cf. the shaded regions in Figure 5a)
into three groups, which are consistent with the three membrane

phases of Figure 2. The values Bf., decrease in the order =
gel > L, > Lg. In the gel phaseT,o, is insensitive to both <
temperature and [Chol] variation. In they Iphase,T;elOli de- 14

creases with increasing [Chol] and is much smaller, (e&3 2
times for the same temperature) than values in the gel and the 0.,
Lo phases.T,.; in the L, phase is found to be somewhat
smaller than those in the gel and to increase moderately with
increasing [Chol]. The three groups are distinctly different from r‘\ = 1(lin X [Choll%

each other. Such a collection df,.; values provides an i MG dCnal o
additional basis to characterize membrane phases. It is of interest (&Y}=(1.1,24)

to note that theTZ_(;Ldl values we obtained from biomembrahes Flgure 7. The caIcuIa_tions for the partition CoefﬁCierKd) of 16-PC
[where we found that two major componentg (s L)] coexist within the phase coexistence of the gel and thatl25°C. TheX and

h . . . Yindicate the unknowns for the phase boundaries. A reasonable range
in PMV, consistent with the present results for the respective for the K, value is highlighted (0.5 K, < 2).

Lq and L, phases. (Note that a plot (not shown)1QTl versus

[Chol] also showia'dist'ribution pattern, but a less distinct one, inhomogeneity in the gel andolphases. Such matters may be
than the plot ofT, in Figure 5a). worthy of further study.

One of the advantages of using the full-Smethod is that The 2D-ELDOR experiment also provides the spiattice
pure absorption spectra can be reliably recovered with high relaxation time, T1, which is obtained from the decrease in
resolution from the experimental data so that the homogeneousintegrated signal with mixing time. We show the resultsTor
line widths, that is,‘l’;l’s, can be reliably obtained. Figure 5b in Figure 5e. (Note there is considerable uncertainty in these
shows the variation of logg) with the inverse of temperature.  values since they were obtained from three values,of The
Note that for Figure 5b, (i) the samples at the same temperatureresults for the gel phase at 2& are significantly larger than
are denoted by the same marker; (i) only €'s associated  the others. We also find tha@ > Teqiin all cases. At the higher-
with samples in single phase regions are shown; and (jii) the temperature kto-L, phase transition, one finds thai de-
percentage represents the [Chol]. Overall, the values of {pg(T creases, and for the 2& gel-to-L transition,T; also decreases,
are found to linearly increase with increasing temperature. Figure but at 35°C, this is reversed. Further studyhf (using a greater
5¢ shows the normalized contour plots (see refs 1, 33, and 42number ofTy) is also warranted.
for definition) of the absorption spectra in (from top to bottom)  Partitioning of the Spin Probe 16-PC.The discussion of
the Ly, Lo, and gel phases, which respectively are from the the phase diagram so far was based on the simplifying
samples of [Chol}= 0% at 57°C, [Chol] = 40% at 48°C, and assumption that the partition coefficiett, for the 16-PC spin
[Chol] = 0% at 35°C. The absorption spectra shown are the probe is approximately unity in the two two-phase regions. This
spectra of the longest mixing time, that &, = 500 ns, and is a reasonable approximation based on previous studies. Chiang
are displayed in the SECSY format. The homogeneous broaden-et al*? obtained aK, for 16-PC in the geH- L4 coexistence
ing occurs alondi, whereas the spectrum (including inhomo- region of the ternary mixture of DLPC/DPPC/Chol atZ2. It
geneous broadening) appears alén@y visual inspection, we  ranged from 1.1 for 0% [Chol] to 1.8 for 14% [Chol]; (heg
see that these three membrane phases have distinctly different 1 prefers ly over gel). Swamy et al. obtained<g for 16-PC
character, which makes these normalized contour plots veryin the L, + L4 coexistence region of a ternary mixture of DOPC/
useful in visually distinguishing the respective phases. We may SPM/Chol of 1.1 at 22C (hereK, < 1 prefers ly over Lo).
summarize our observations as follows. (i) The spectrum in the (These values oK, typically have about a 30% uncertainty.)
gel phase displays the broadest HB and only shows two peaks,Thus, our above discussion wiky, ~ 1 is consistent with its
respectively, af, ~ —25 and 13 MHz. (ii) The spectrum inthe =~ measurement in related systems. Our present study involving
L, phase shows all three auto peaks and a narrower HB than in24 samples (cf. Figure 2) was sufficient to provide an overview
the spectrum from the gel phase. (iii) The narrowest and sharpestof the phase diagram but is not extensive enough in the two-
auto peaks are observed in spectrum of thehase, indicating ~ phase regions to provide useful independent estimate,.of
the longestT. At 25 °C, where the 20 and 30% Chol were found to be in

An additional line broadening parameter obtained in the fitting the two-phase -+ gel region, we can consider how the location
is the Gaussian inhomogeneous broadenihgWe plot the of the two phase boundaries is effected bdn the range of
results forA in Figure 5d. In all cases, we find > T,2. As 0.5= Kp = 2; (Kp < 1 favors the |, phase over the gel phase
was the case fo—r;;dh we find A decreases as gel Lo, La, but in this qas_e). This is illustrated in Figure 7, whefeefers to

gt ; the deviation of the gel boundary from 20% [Chol] anicefers
the distinction betweendand Ly is less clear. The larga for to that for the I, boundary from 30% [Chol] as a function of
the gel phase, especially at 25, is a major source of the poor the K. in thi ary th Its f "
resolution of the cw-ESR and 2D-ELDOR spectra in this phase. €Rp IN IS Tange, using the results from our measurements
One may speculate that it is (partly) due to local inhomogeneities at these two compositions. That is, we employed
in the lipid bilayer that are (nearly) frozen out on the ESR time 0
scale. One may further suggest that at least part oﬂ'gjg [mol % of L] — P(Lo)
results from incipient (but also) motional averaging of this [mol % of gel] P P(gel)

Y, [Chol]% 1

1)
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whereP(L,) andP(gel) represent the measured relative popula-  The DPPC-cholesterol phase diagram we determined, solely
tions of the two spectral components, as well as the lever rule from the 2D-ELDOR results, is, in general, found to be in good
for the ratio of [mol % of L)/[mol % of gel].”*2 Figure 7 agreement with those previously determined using several other
illustrates that there is only a modest variation in location of methods, and we believe our results help to overcome the
the phase boundaries predicted for this rangkofalues. For previous discrepancies obtained from the different methods.
Figure 2, we useX = Y = 1.63%, which corresponds tokg This study, based on 24 samples of different composition and
= 0.8 (i.e., slightly favoring the § phase), with some of the  temperature, was sufficient to supply an overview of the phase
uncertainty in these boundaries shown in Figure 2, ascribablediagram with somewhat rough estimates of the phase boundaries.
to the uncertainty in the precise value K. Clearly, even more extensive studies focusing more on the phase

In the case of temperatures 48 and %, the phase boundary and two-phase regions would be needed to refine the
boundaries were suggested to be close to the values of 10 angbhase diagram obtained in this study, and 2D-ELDOR is
30% [Chol], respectively, based on the similarity of the dynamic eminently suitable for such further studies.
parameters found for their single-component spectra with those A more thorough study by 2D-ELDOR of the two-phase
of the two components found for the 20% [Chol] spectrum. Once regions, based on methods previously developed for cw#3R,
these phase boundaries were chosen, as shown in Figure 2, wean more accurately determine not only the phase boundaries
estimated &K, slightly greater than unity, indicating 16-PC  but also the partition coefficienk, in the respective phases.
favors the Iy phase slightly over the dphase. The present study benefited from the previous cw-ESR studies

Our study with 24 samples, while providing a useful overview which showed &, ~ 1 in related lipid membrane systems. A
of the phase diagram, would, in the future, require more complication in the study of coexisting phases in three-
experiments near the phase boundaries in order to refine theircomponent model membranes, which are used to mimic
precise location. Then, for example, eq 1 and the lever rule could biological membranes, is the need to experimentally determine
be used to accurately locate these boundaries as wk}j, &% the tie lines, which, however, are self-evident in two-component
and this determination could be supplemented by the use ofsystems such as was studied in the present work. This task,
the dynamic parameters, as has been illustrated in the abovewhich is a challenge for cw-ESR!2 would also benefit from
discussion. the greatly enhanced resolution of 2D-ELDOR using the full
. Sc— method.
Summary and Conclusions

An extensive 2D-ELDOR study of the model membrane  Acknowledgment. This project was supported by Grant
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enabled clear distinctions to be made between the spectra

resulting from the three different phases present, despite the  Supporting Information Available: Some of the spectral
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