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ABSTRACT

Molecular motions and conformation(s) of lipids in human
plasma high density lipoproteins, HDL2 (density = 1;063—1.125
g/mL) and HDLj4 (dgnsity = 1.125- 1”31 g/mL) have been studled by
2H- and 3lp NMR. Thé’ acyl Chaln‘organlzatlon of lipids wase
guantified b; fhe C-24 gond order parameter, Scp, which measures
theﬁfime—averaged angulér excursions of the C-2H bond about the

axis of motional averaging.

Selectively deuteraped palmitic acids were incorporated
(~5 mol %) into the sufféce monolayer of HDL, and HDLj3. At ~25°C
the average order paraheter, gCD’ for the chain positions Cy —VC6
‘= 0.32 and 0.38 for HDLo and HDL3, respectively. For comparison, -
"5 mol %Z selectively deuterated palmitic acid in sonicated uni-
1ame11ar.Vesicfzs composed of phoéphatidylcholinéysphingomyelin’
yielded Scp = 0.09. This value is ~3-5 times lower than in HDL
and 2 times lower than phospholipid multilamellar liposomes.
Possible reasons for the differences in the three systems are
discussed.

Cholesteryl palmitate selectively deuterated along the acyl
cﬁain was incorporated into the core of reconstituted HDL. The
.2H NMR line widths (430-350 Hz) for the C2 - Ce, deuterons are
consistent with an average ester conformation wherein the ester
acyl chain is extended. Using a radius, R = 4.0 nm, obtained
from electron microscopy, a line width = 2350 Hz for a static

7

£ )
all-trans CZHZMMS calculated, indicating the presence of con-

iii



siderable ester chain motions in the HDL core.

B

2y 1ongitﬁdina1 relaxation times Ty (38.8 MHz; ~25°C) for

deuterated palmitic acid in the ho@ola&er‘bf HDL2 and HDLj3 and

the core-located cholesterjlﬁpalmitafe in reconstituted HDL were

15 + 2 ms (C2H,) and 170 +17 ms (C2H3). At 61,4 MHz and ~259C T;

was (2+1) x 10-8cm? s-1 at 7250cC.

shift anisotropy (CSA),

palmitic acid in HDL3. The frequencj'dépendence of T] suggests’

the presence of slow motions influéncing Tl- ,furtﬁermore, HDL347

tumbling ( Ty "5 x 10-8 s) may also contribute to Ty

The lateral diffusion coefficient of phospholipids in HDL,

The 3lp residual chemical

- E

calculated from the field and viscosity

depﬁndence of 31P NMR line width, was 69 ppm and 75 ppm, res-

pectively.

These values are larger than the CSA 45 ppm . in

phospholipid bilayers, suggesting conformational and/or motional

differences of the head group inm the two systems.

iv

23 42 ms for [5,5,6,6-2H,]- and 190 +19 ms for [16,16,16-2Hg]
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INTRODUCTION

Plasma lipoproteins are lipid-protein complexes which act as
vehicles for fat transport (1). Under fasting conditions these
complexes can be classified into four types of 1ipbproteins on
the basis of their size, hydrated density, chemical composition
and electrophoretic mobility (Table 1)." Chylomicrons and very
low density lipoproteins (VLDL) are the lipoproteins that carry
triglycerides from sites of absorption and synthesis to sites of
storage and utilization. Low density lipoproteins (LDL), a
degradation product of VLbL (2), 1is the major cholesterol-
carrying lipoprotein in human plasma. Thus, it is the only known
atherogenic lipoprotein. The biochemical pathway of LDL uptake
by cells and its deposition on the arterial wall was elucidated
by Goldstein and Browﬁ. The reader interested in details 1is
referred to review articles (3-5).

{

In 1975, Miller and Miller (6) showed a negative correlation
between plasga high density»lipoproteins (HDL) concentrations and
the risk of ischaemic heart disease. 1In spite of much effort
causality has not been shown. There is general agreement that
HDL could serve two functions (7). Firstly, it is involved in
"reverse cholesterol transport", i.e. the transport of
cholesterol fromrthe peripheral tissues to the liver, the main
organ of cholesterol utilization. Secondly, it plays a central
role in the catabolism of chylomicrons and VLDL and thus is
involved in fat transport (8). During the catabolism of tri-

glyceride-rich proteins HDL acts as an acceptor of apo A

-
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TABLE 1

Lipoprotein Classes

A

Protein and Lipid Composition of Major

HDL3 HDL, - LDL VLDL |Chylomicron
lprotein 55 40 22 8 2
1Phospholipids 25 33 22 18 7
lCholesterol 4 5 8 7 2
1Cholesteryl ,
Esters 13 17 42 12 3
lTriglyceride 3 5 6 55 86
Density 1.125- | 1.063- [ 1.019- 0.95- <0.95
(g/cc) 1.21 1.125 1.063 1.006
Radius (nm) 3.9 5.1 9.6 20 >60

1Weight percent composition.

AFrom reference (24).

»




proteins (sée Table 2) phospholipids and free cholesterol (9).
In both of the above functions an enzyme Lecithin: Cholesteryl
Acyl Transferase (LCAT) is involved (10). The exchangeable chol-
esterol in HDL is esterified to cholesteryl ester by LCAT. Thus,
HDL is a site of plasma cholesterol esterification (11). The.
cholesteryl ester is then transferred to other lipoproteins, VLDL

~and LDL, which delivers it to cells (12-17).

In order to understand the involvement of HDL in cholesterol
homeostasis, we have studied the structure and dynamics of

cholesteryl esters and phospholipids in HDL by NMR methods.

I Structure of High Density Lipoprotein
%

High density lipoprotein is a "quasi" spherical particle
with a radius of 30-50 & (18-23). The protein part of ﬁDL
(apoprotein) is embedded in the micellar structure formed by the
phospholipids. The hydrophobicdcore of the micelle is filled
with neutral lipids such as triglycerides and cholesteryl esfers

(24), (Figure 1).

A, Apoprotein

The major proteins of HDL are apo A-I and apo A-II (see
Table 2). Apo A-I is the most abundant peptide (M.W. 28,000
Daltons) having nearly twice the number of molecules as apo A-II
per HDL particle. The'latter peptide is a dimer whose molecular

weight is 17,000 Daltons (25-28).



Figure 1. The structural model of HDL,, The sketch is half of
the cross-section through spierical particle. Figure
taken from reference (22).
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Chemical Composition of Human Plasma Lipoprotein

TABLE 2

Chylomicrons VLDL LDL HDL» HDLg

Apoproteins -
Percent Composition of Apoproteins

A-1 <1 - - 65
A-11 - - - {>90 25
B 40 >95 - -
C-1 10 - 1-2
C-11 >90 10 - 1-3 >
C-I1I 30 trace 4-6
D ? - - <1 <1
E <1 5-10 - <1 <1

Table taken from reference 20.




The HDL»apoproteins are believed to be located on the sur-
face of HDL. Small angle x-ray scattering reveaied a radial
eiectron denéity suggestiné surface location of the apoproteins
(29,30). The chemical modification of the proteins revealed that

7\

more than”90%Z of the free amino groups are accessible to mod-
ification by succinic anhydride (31). Peptic digestion of HDL

also supports the ‘above hypothesis (32).

In another study the enzymes trypsin and chymotrypsin were
bound to agarose gels. The bound enzymes were allowed to digést
whole HDL; In all cases apo A-II was cleaved more rapidly than
Apo A-I. This difference in apo A-I and apo A;II was also shown
by the immunological reactivity, as only 10-20% of apo A-I in HDL
reacts with its specific antibody. In contrast, essentially all
of the apé A-II reacted with anti-apo A-~II (33). When HDL part-
icles are incubated with varying amounts of radioiodinated apo A-
I, the radiactive A~1 was found-to bind to HDL and displace apo
A-I to a maximum of 2 mol of apo A-I per mol of HDL. The rest
was not displaceable even in the presence of large excess of apo
A-I in the medium (34). This suggests that there.afe at least
two pools of apd A-I on the HDL particle. The cross-linking
reaction of 16-Nj,16-phosphatidylcholine incorporated in HDL is
40%Z greater with apo A-I than apo A-II. It was cgncluded that
apo A-I is buried deeper in the HDL particle than apo A-II (35).
The bifunctional cross-linking reagent 1,5-difluoro-2-4-diritro-
‘benzene, was used to find the distribution of the proteins on

HDL. Results showed apo A-I and apo A-II to be cross-linked.

But no cross-linking was observed between the same apoproteins.



v

Hence it was concluded that apo A-I and apo A-II are adjacent to

each other and neither A-I nor A-II self-associates (36, 37).

Upon heating the HDL particle above 60°C a broad, double-
peakeq‘endotherm is observed by differential scanning
calorigetry. The first component (peak,;emperature = 710C)
corresponds to a selective release of apo A-I from the HDL
particle. The second component (peak temperature = 900C)
corresponds to a general disruption of the HDL particle with
release of cholesterfl ester and apo A-II. It was suggested that
apo A-I is less important than apo A-II in maiﬁtaining the HDL

apolar lipids in the form of a stable microemulsion (38).

The conformation of the apoprbteins in HDL is not known.
Based upon the primary sequence, Segrest et al. (39, 40) proposed
that the apoproteins form an amphipathic helical structure such
that the charged amino acids are exposed to the polar (water)
surface and the non polar amino acid residues interact with the
acyl chains of thé phosphatidylcholine. These helical segments

are oriented parallel to the curved surface of HDL.

B. Phospholipids K&

The major polar 1lipids (phosphatidylcholine: sphingomyelin,
4:1, wt/wt) are believed to be located such that their head
groups are exposed to the aqueous medium -(41). As stated

earlier, low angle x-ray diffraction has shown that the electron



dense region of the HDL particle is located in a IZX shelljat the

surface of the particle (29,30). Studies with paramajgnetic
quenching reagents Mn+2/EDTA and Eu*3 have shown that mo e than
85% of the 31p NMR signal is affected by these reagehts 42,43),

More recently, HDL pageicies were exposed to plospholipase

Ay, The enzyme hydrolysed gll of the phosphatid lcholine to

.‘

lysophosphatidylcholine (44g< Therefore, it can be concluded
that most of the phosphollplgrhead groups are located at the

surface of HDL.

The amphipathic helicalrstructure of the apoprotein model
(39,40) also suggests that zwitterionic phosﬁholipid head groups
interact with the charged amino acid residues. ff'this inter-
action were to occur then the conformation and/or the mobility of
the head groups are expected to be different in the presence and
absence of apoproteins. Brewer and Assman (45) and Stoffel et
al. (46) have determined 13C T;s of the quaternary ammonium
methyl group of the choline moiety in recombined HDL particles
and phospholipid vesicles. Similar values of T; were found in
both systems. This was taken as evidence.that the protein and
the phospholibid head group do not interact in HDL., Andrews et
al., (47) reached similar conclusions for the reconstituted
porcine apo A-I phosphatidylcholine complex. In these studies
similar lH T1s were obtained for the choline moiety phosphatidyl-
choline vesicles, phosphatidylcholine Apo A-I complex? and native

porcine HDL.



We believe the above 1is insufficient evidence to rule out
any electrostatic interaction of the head group and the protein
because T| "measurements are sensitive to fast motionss. In add-
ition, the above authors examined the quaternary methyl group

#.
which is relatively insensitive to changes in motion, “y

. There has been very little information presented on the acyl
chains of phosbholipids. lH NMR of native HDL revealed narrow
line widths for the methylene segments of the phospholipid acyl
chains (48). Hence it was suggested that the acyl éhains of
phoépholipids possess significant mobility. In contrast, 5-

doxylstearate incorporated into HDL3 exhibited a nearly immobil-

ized electron spin resonance spectrum with Spo1 = 0.7.

N

C. Cholesteryl Esters ‘\\

Cholesteryl esters comprise about 15%Z of the particle. The’
major fatty acids of cholesteryl esters are linoleic acid (52%),

oleic acid (197%) and palmitic acid (11%) (49).

Most models of HDL structure (Figure 1) do not address the
arrangement of cholesteryl esters. It is generally assumed tha£
the ester exists in the core of HDL in an oil-1like fluid which is
separate from the surface monolayer (50). It is also proposed .
that much of the stability of the HDL particle depends upon the
hydrophobic boundary between the core and the inner surface of

the phospholipid monolayer (51, 52). The model of Verdery and



“~~— some ester may be dissolved in the monolayer of HDL,

Vs
5

[2S
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Nichols (53)‘addresses itself to differences in the arrangement
of cholesteryl esters in HDLy and HDL3. HDLj3 i_.S a smaller part-
icle (<éO X diameter)gand the ester acyl chain is fol&ed ovér the;
vsteroid nucleus, whereas in HDLj (~100é)diémetér) the ester acyl
chain extended. Based on x-ray séattering Laggner and Mull?r?
(54) have proposed that cholesteryl estefs are extended and are
arranged in a radially sym&étric manner in HDL.- In addition, the
fésterg interdigitate with the acyl ghains of the surface phospho—
lipids. The size diffefénces in HDL2 and HDL3 simply reflect the’
extent of interdigitation. Qur results are consistent with the

latter model (58) (see Section D.I. pp. 150-163).

Since the majority of the HDL Chqlesteryl esters can be
readily exchanged into other lipoprotei£s?such as VLDL and LDL,
it is hypothesized that some ester must be dissolved in the
phospholipid monolayer so that it becomes available to }he plasma
exchange protein. Cushley and co-workers (55-58) have demon-—
strated that cholesteryl eéters can be dissolved in la£;ilar
bilayers up to 5 mol 7%. .Iherefore; by analogy, it is possible
‘ although no

>

evidence has yet been made available to support this conjecture.

Fluorescence depolarization, experiments with of pyrene
excimer have shown that the-lipids of HDL are more viscous than
the lipids extracted from HDL (59, 60), andbﬁg thermal transition

RN ’

has been detected (59). Tt was therefore cohCluded that apo-’

proteins may restrict the mobility of some of the HDL lipids.

10



This finding is supported by differential scanning calorimetry.
The absence of any transition between 0°C-60°C in native HDL is
in contrast to the extracted lipids from HDL which show a revers-

ible liquia crystalline transition 20°C-40°C). Based upon these

observations, Tall et al. (40) postulated that the absence of a
cholesteryl ester phase transition in intact HDL mayrindicate an
interaction of cﬂolesteryl,ester molecules with the protein phos-
pholipid surface that prevents the formation of an organized
lipid phase. | .
NMR studies have shown that cholesteryl esters possess

significant mobility. Hamilton et al. (65-68), using 13¢ NMR

have shown that the cholesteryiﬁmoiety of cholesteryl esters
undergoes anisotropic motions inside the HDL particle. The
motion of tﬁe cholesteryl esters in HDL was compared to tri-
glyceride/cholesteryl esters mixture (67-68). 13C NMR spectra
similar to native HDL were obtained. Hence, it was concluded
that the motion(s) of gholesteryl esters in HDL was due to the
presence of triglyceridés in HDL. We challenge this éxplanation
as we have shown that the ester present in reconstituted HDL has
significant mobility even in the absence of triglycerides (see

“

Section D.I. pp. 150-163).

D. Cholesterol

The unesterified cholesterol comprises about 5% by weight of
the HDL particle. The location of cholesterol in the lipoprotein

is controversial dissue. It is believed that cholesterol has two

11



locations: surface monolayer and the core of HDL. The latter
location is controversial because the polar hydroxyl group.of
cholesterol would probably prefer to be near the aqueous phase.
The amount of cholesterol in HDL corresponds “30 mol % with
respecﬁ to phospholipids. Therefore, the HDL monolayer could
easily accommodate all of the cholesterol. It is possible to in-
corporate‘a% much as 50 mols % cholesterol in phospholipid bi-
layérs (69). Nevertﬁeiess, choleste;bl has finite SOIubility ih
the core components, i.e. cholesteryl esters and triglyceride
»(70).

Evidence in favour of the core location of cholesterol comes
from 13C NMR studies (71,72). In natural abundance 13C NMR
spectra of native HDL at 350C, the C5 position of free and ester-
ified cholesteroi occur at 141.2 ppm and 139.7 ppm respectively.
Thé ratio of the integrated“in&énsity of the C5 resbnance,of
cholesteryl ester to {hat of cholesterol (5:1) was found to be
significantly different from the molar ratio of these species;

(3:1) as determined by chemical analysis. Hence it was concluded

that cholesterol exists in more than one pool in HDL.

In another study cholesterol selectively enriched in 13C at
the C4 position was incorporated into recpnstituted HDL, both in
the absence and the presence of neutral lipids (73, 74). HDL
reconstituted without neutral lipids yielded a single resbhance
at 41.7 ppm from the iabelled choleéterol as in the case of egg

phosphatidylcholine/cholesterol vesicles. However, in the

12



presence of neutral lipids an additional resonance at 42.2 ppm
was also observed. It was concluded that 40%Z of the cholesterol
is located in the core and the remaining was associated with

surface monolayer.

Recently,. Cowburn and co-workers (75), using 2-dimensional
13c-1H correlation spectroscop} showed that at a resolution of
0.5 ppm, none of the HDL lipids exhibit partitioning between

different structural environments, i.e. between the surface and

Q

From the above paragraphs it is clear that the details of

the core.

lipid dynamics in HDL are not known. %he acyl chains of phospho-
lipids and cholesteryl esters are inaccessible to lH & 13C NMR
spectroscopy because the acyl chain resonances are found to
overlap. In addition, HDL has complex composition which makes it
difficult»to extract meaningful results from the native systems.
We have overcome these problems in the $ollowing ways. Firétly,
we héve employed 2H NMR which is superior to 13¢c and 1H NMR
because 2H NMR relaxation affects are dominated by quadrupolar
interaction (see Theory sections, A & B pp.17-24). Secondly, we
used selectively deuterated lipids, hence the assigmemnt of peaks
‘was una@biguous. Thirdly, in studying cholesterol esters we
employed reconstituted HDL which was devoid of any cholesterol

and, triglycerides. Fourthly, we studied phospholipid unilamellar

vesicles as models of the HDL phospholipd surface monolayer.

13



Unilamellar Vesicles

Phospholipids are amphiphilic molecules comﬁosed of non-
polar fatty acids esterified to the polar head group (76, 77).
The most common phospholipid is phosphatidylcholine. Under an-
hydrous gonditions, phosphatidylcholine exhibits thermotropic
mesomorphism with an isotropic melt of approximately 2309C. Upon
the addition of water phosphatidylcholine has additional trans-
itions, exibiting lyotropic mesomorphism (77-80). The structure
formed in the presence of water is thellamellar phase, character-
ized by the occurrence of domains of bhospholipid bilayers
separated by water. The polar head groups are exposed to the
aqueous phase, while the acyl chains form the inner part of the
bilayer. When the water content is increased (lipid: water, 1:1,
‘wt/wt), concentric bilayers of 100-1000 nm diameters are formed.
These structures are called multilamellar liposomes. An import—4
ant feature of many phospholipids in water is the rgversible
temperature dependent gel-liquid crystalline phase “transition.
This transition is markedly dependent upon the type of acyl
chain. For example, for distearoyl phosphatidylcholine the melt-
ing transition occurs at 589C while for the corresponding mono-
unsaturated compound dioleyl phosphatidylcholine, the transition
temperature is -200C. The acyl chains adopt nearly all-trans
parallel structures in the gel phase while in the liquid-crystal-
line phase they exist in a highly disordered or fluid-like state
(77). The degree of anisotropic motion in the liquid crystalline
state has been studied by several techniques (76, 81, 82, 90).

The most reliable information regarding acyl chain dynamics has

14



been obtained by 24 NMR. These studies have shown ‘that the
average aligﬁment of phospholipid acyl chains abovg the gei—_
liquid crystalline transition is perpendicular to the bilayer
surface (95,99), with the exception of the C2 segment of the sn-2
chain which is parallel to the bilayer surface. The orientation-
al order of the pﬁbépholipid acyl chains exhibit a characteristic
profile in the liquid crystalline phase. The region encompassing
C2-C9 segments possess almost constant orientational order (Scp
~Q.20) called the "ordering plateau". There is a progressive

decrease in the orientational order from Cl0 onwards to the

terminal methyl where a minimum is observed.

Ultrasonic irradiation of multilamellar dispersions results
in sphgrical structures of <50 nm (83-86). These structures are
formed by a single closed bilayer which separates an inner
aqueous compaftment from bulk water. Unilémellar vesicles also
undergo a reversible gel-liquid crystaline phase transition. But
this transition is broader and occurs at a lower temperature than
the corresponding multilamellar liposomes (82). There is much
controversy regarding whether fatty acyl chain order and mobility
are different in these highly curved vesicles as compared to
multilamellar liposomes (103, 82, 87, 88, 89). The controversy
stems from the fact that the unilamellar vesicles exhibit nearly
high resolution Iy NMR spectra whereas multilamellar liposomes
exhibit broad spectra. Chan and co-workers (82,100). claim that
NMR lines observed for unilamellar vesicles are largely due to an

increase in structural disorder. Bloom et al. (103) and Stockton

15



t al. (106) have demonstrated fhat the unilamellar vesicle

spectra can be explained largely by the isotropic tumbling and
the lgteral diffusion of phospholipid molecules around the curved
’vesiéles (89,117). We have also shown that indeed the 2H NMR
speétra of vesicles can be explained in large part by the above
mentioned isotropic motions. However, the presence of some
structural disorder must be invoked to accounf for the 2§ Qﬂg

line widths (see Sections D. II, VI, pp.l67-175; 204-210).
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THEORY

I Deuterium NMR

A. Introduction
[ 3

Deuterium NMR is a valuable technique compared to othéf
magnetic resonance methods when applied to biological membranes.
Thgtlow natural abundance of a deuteron (0.0156%) together with
théféase of selective deuteration yields resonances which can be
assigned unambiguously. This may be compared with the carbon-13
and proton NMR of membranes where many resonances are found to
overlap. Since the van der Waals radii of the two isotopes are
similar, selective deuteration leaves the membrane sterically
unperturbed. Other methods such as electrom spin resonance and
fluorescence spectroscopy utilize bulky-probes which may distort
the £émbrane structure such that inaccurate inference may be
drawn (91,92). Furthermore, deuterium NMR relaxation times are
dominated by a single relaxation mechanism (quadrupolar inter-
action), which enables one to interpret 24 NMR spectra in a
strq?ghtforward manher. However, the 2H NMR technique has a
serious disadvantage in that large amounts (milligram quantities)
of the sample are required. Nevertheless, 2H NMR is a powerfﬁl
technique for studying molecular motion and conformation in bio-

\..r/

logical systems (93-98).
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B. The Powder Pattern

The deuterium nucleus possesses a spin quantum number I = 1.
In the presence of an external magnetic field Ho, the magnetic
energy of interaction results in 2 I 4+ 1 energy 1eve1;; The
magnetic energy levels are equally spaced (see Figure 2), and in
the absence of any quadrupolar effects, the allowed trahsitions,
m=~1 «+ gy =20 and m = O ++ m = + 1, give rise to a single NMR
signal. However, in addition to the magnetic moment, the- 2H
nucleus also possesses an electric quadrupole moment, Q. This is
due to the fact that nuclear charge distribution departs from
spherical symmetry and may be viewed as an ellipsoid (Figures 2
and 3). The interaction of the electric quadrupole with the
electric field gradient at the position of the nucleus modifies
the magnetic energy levels and removes the degeneracy . .-of the two
transitions. The energy levels m = + 1 and m = - 1 are raised to
the same extent, while the m = 0 level is lowered by a similar
amount. Consequently, the deuterium signal splits into two

~r

resonances centered about the Larmour frequency, Vo (see Figure
l,\ .

2).

The interaction‘energy depends on the orientation of the
quadrupole with respect to the symmetry axis of the local elec-
tric field gradient. The direction of the local field gradient
along X, Y, Z axes is given by Vyy, Vyy and V,,. The largest
component of the field gradient is V,, = eq. It is convenient to

define an asymmetry parameter, n:



Figure 2:

The left hand side of the figure contains the energy
levels for a spin I = 1.system with and without quad-
rupolar interactions. The insert describes,
schematically, the interaction of a quadrupolar nucleus
of ellipsoidal charge distribution with an array of
four point charges for the three different spin orient-
ations. Figure from reference 93.
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Vaz | | (1)

For a C-D bond, where the electric field gradient is approximate-
ly axially symmetric, the resonance frequencies, (Vl and V2) for

the two signals are given by

v, = S _3_( ¢ Q )(écos"e—l)
Vl'IT 4 h 2 (2)
. Uy = B — 2(£3Q)(zcog 0zt

where ¥ 1is the maéﬂetogyric ratio of the deuferon, h is Planck's
constant, eq is the value of the electric field gradient along
the C-D bond axis and & 1is the angle between the axis of
-symmetry of the electric field gradient and the applied magnetic
field. The frequency separation ADQ(G) = (i)l - Uz) of the two

signals has an anguiar dependenée givenm by

2 (4)

ADg (8) = %(é‘cg& ><3cosze-l>

For a polycrystalline sample,‘where the C-D bonds are randomly
oriented, the angle © has all possible values. The summation of
Al%ﬂ‘e) over all angles in a sphere yields the so-calledbpowder
pattern (see Figure 3). " The probability maximum occurs when &g =

90° and vanishes at 6 = 0° and © = 180°. The frequency separ-
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Flgure 3: Deuterium NMR spectra of a single crystal oriented at
various angles © with respect to the magnetic field
(lower tracings). The different shadings refer to the
two different transitions m =~ 1 ¢, m = 0 and m = O&>
m =+ 1. The upper tracing is the power-pattern ob-
tained from a polycrystalllne sample, Figure taken
from reference 98.
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ation betweén the two maxima ( & = 90°) is called the quad-

rupolar splitting, AJ)Q; hence,

AVQ = 3/4 (e2qQ) ’ | (5

AN

where gezggg is called the quadrupolar coupling constant.
h
C. Anisotropic Motions

For a C-D bond of methylené type present_%naapolycrystal—
line sample AV has the value of 126 kHz;{gg?e quadrupolar
splittings observed for the deuterated acyl chains of multi-
lamellar dispersions of phospholipids in the liquid-crystalline
phase are <30 kHz suggésting that the quadrupolar interaction is
averaged out by motions. The anisotropic motions responsible for
the reduction of AVYqg are the fast dnisotropic rotational
diffusion of the acyl chains about their long molecular axis,
The presence ofrrotationalldiffusion averages out the static
electric fieid gradient such that the new effective field grad-
ient is axially symmetric with respect t'o the axis of rotation.
In addition, A0Q is further reduced by the fluctuations of the
C-D bond with respect to the director axis of the membrane bi-
layer. The director is the axis about which the molecules
perform cylindrically symmetric motions. To describe the
fluctuations of the C-D bond in the X, Y, Z direction, we

introduce the orientational order parameter, S.
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S = Szz + 1/3 7] (Sxx + Syy) | . - . (6)

The*ordér'paramé;ers,'Sxx,'Syy, and Szz measure the angular
fluctﬁationé,of the C-D bond about the director, where ﬁhe Z axis
is defineq as faéallgllto the director. Given that Syy + Syy +
Sz7 = 0; zwo or&er’parameters areﬁneeded to describe ghe motions
of a single deuterated molecule. However, for a C-D bohdlﬂ

<0.05, hence S = Sz7. Also,athe dominant axis'of the‘field
gradient is iden£icél with the C-D bond vector, theréfore, Sg7 =
SCD: The angular excursigns of the C-D bond about the director-

is given by the carbon-deuterium bond order parameter Sgp:

—

Scp = 1/2 <3c0s%p -1> ' , (7)

o

where g8 is the anglé between the C~D bond and the direcpqr axis
(Figure 4), and the angular brackets denote an average over the
range of angles that the C-D bond travérsés on the timeécéle of
Athé:NMR experiment. .Hence, the quad;upolartsplitting in equation

5 is modified by a factor Sgp
AVQ = 3/4 133%91 |Sepl (8)

The use of the carbon-deuterium bond order parameter, Sgp,
»éo describe the mean orientation'of flexible molecules can be
much-more involved. An assymption made in obtaining ezuation (8)
is that the phospholipid molecules undergo cflindrically»

-symmetri¢ motipn about the bilayer normal, i.e. the director axis

—
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Figure 4: Illustrations of the vectors and angles relevant to the
lipid chain motions. Ho is the direction of the
applied magnetic field. The director, d, is pormal to
the bilayer surface. The molecular interaction vector
is the C-D bond. Figure taken from reference 100.
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is parallel to the bilayer normal. Seelig and Seelig (99) has
shown this to be the case for phospholipid acyl chains, at least
on the deuterium NMR time scale. Studies with oriented bilayers
have sho&n,that the quadrupolar splitting of a CS deuterated
dipalmitoyl phosphatidylcholine collapses if the bilayer isﬁin—
clined at the magic angle (54.?) with respect to the magnetic
field. However, in the case of phospholipid vesicles and lipo-
proteins the orientation of the dir%ctor with respect to the
particle surface is-not known. There is, howevef, suggestive
evidence that the axis of motional averaging in the large uni-
lamellar vesicles is identical with the bilayer normal on the
fluorescence time scale (101). For purposes of the present study

we will assume that the director is perpendicular to surface of

vesicles and lipoproteins.

There are situations where the molecules in liquid crystal-
line samples re-orient slowly aboué éhe director (102). Under
these conditions, the molecular motions are no 1longer
cylindrically symmetric and Sgp has contributions from both chain

reorientation and chain isomerization (Fig. 4), viz:

ScD = Smol. Sgeom. (9)

and Sp. . = 1/2 <3 COS2x -1>;

2
Sgeom. = 1/2 <3 COSZy -1>

where S 1 is the molecular order parameter for the instant-

28
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aneous chain orientation and Sgeom. is the intramolecular chain

isomerization order parameter. The angles o« and ¥ are. shown in

Figure 4.

D. Isotropic Motions

If the isotropic motions are very much faster than the
quadrupolar coupling constant, i.e. Tc << (equ/h)“1 averaging
of the quadrupolar intefaction occurs and the "powder~pattern" is
reduced to a Lorentzian lineshape. For such lineshapes the order
parameter, Scp, cannot be measured directly. The absorption
curve can be analysed by the;method of moments toryield aﬁ order

parameter.

The most important moment for structural studies it he

second moment, Mp (103-105).

(w-wpy)?2 £(w) dw 7 (10)

My =
_ff(w) d w

where Wo 1is the centrai frequency and w is the frequency away
from the centre and f(w) is the NMR lineshape function. It
should be noted that the integration of the Lorentzian lineshape
would give an infinite value for the second moment. But very far
in the wings where the absorption is too weak the lineshape is
truncated, hence, the experimental values for the second moment
are finite. The second moment for a rigid C-D bond is given by

(104).
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My = 4/5 1 2 AVUQ? - - (11)

Particle tumbling in solution and lateral diffusion of a
molecule within the vesicle bilayer or the lipoprotein particle’
result in narrowing of the 2H NMR resonance. In the absence of

any other motions, the width at half height, W,\qf the Lorentzian

line -is given by (105)
N\

™

W = My, T, (1z)

where T, is the effective correlation time for the isotropic

motions.

As stated earlier, phospholipid molecules undergo fast local
anisotropic motions (chain isomerization) which lead to partial
'averaging of the static quadrupolar coupling constant by a
factor, Sgp. Hence the rigid lattice value of Mg is reduced to a
residual second moment, Moy. Combining equations 8 and 11 we

have

M = 91 2 (e2qQ ) Scp? (13) .

If the local motions are very fast, i.e. w2 T:CZ <<1, where ‘tc

is the correlation time for the fast motions then the spinlattice

relaxation time, T; and the spinspin relaxation time, Ty, are

equal. The line width may, 6 then be expressed as

|
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W= Myp Te + 1o (14)

T

Substitutions of equation 13 into 14 yields the following

expression for the line width (106):

= 20 h T T,

It should be noted that only two types of motions, i.e. isotfopic
motions and fast local motions are considered to explain the
observed line width, Thus, the possibility of other slow motions

such as molecular chain reorientation is not considered (100).

The correlation times, [T,, for the isotropic motions have
contributions from the aggregate tumbling (¢ ) and the lateral

diffusion ('CD) of lipid molecules.

@

+ 1 (16)

T

1 L
T, Tt

The term 'tt is given by the Stokes-Einstein relationship
Ty = 4_WTEII_R_3 ‘ (17)
. 3k T

where T;D is the solvent viscosity, R is the radius of the part-

icle, k is the Boltzman constant and T is the absolute

temperature.

fC,D = R2 (18)

6D
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where D is the lateral diffusion coefficient of lipid molecule imn -

the lipoprotein particle or the phospholipid vesicle bilayer.

The line shape for the phospholipid vesicles and other
heterogeneous aégregates is not a single Lorentzian line but a
superposition of Lorentziap lines. This is due to the hetero-
geneity in the particle size distribution 1in the sample.
Nevertheless, by statistically weighting the size distribution, a
line shape S(%U), can be generated which simulates the observed
spectra (107).

ol

_ RS\
S = Z Syl ey (19)

where Fi is the fraction of vesicles in the size category i and
Wi s the 1ineiwidthf(equation,14).for the ith size. The term

= 2
Ry

compensates for the fact that larger vesicles have gréater
numbers of phospholipid molecules. The term A is a scaling
factor. Equation 19 is thus a weighted‘line shape of n super-
imposed Lorentzian signals due to deuterons in small to large
vesicle sizes. Fortunately, for the lipoﬁroteinsHDL and LDL the

particle size 1is homogeneous enough to yield a single 2y

Lorentzian line shape.
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E. Spin Lattice Relaxation

The measurement of the quadrupolar splittings and the line
widths gives information about the time averaged orientations and
the angular fluctuations of the segmengs involved. However, the
raté of seg@ental motions is obtained from the measurements of

the spin-lattice relaxation time, Tj.

Qualitatively, spin 1attice relaxation time is a méasure of
the efficiency of attaining thermal equilibriuﬁ between the spin
and its surroundings after applying a radio frequency pulse. The
mechanism whereby th spins achieve thermal equilibrium is
similar to the mechanism of resonance in an NMR experiment. The

difference is that the transitions are the result of the

-

fluctuating local fields instead- of the radio frequency pulse
used in a NMR experiment. ! For deuterium, relaxation is the
result of the interaction of the nuclear quadrupolar moments with

inhomogeneous electric field gradients at the site of nucleus.

The general expression for deuterium T; is given by (108)

T2 5@ [T seree]

where (equ/ﬁ )2 is a measure of the quadrupolar inleraction and
J(W) is the spectral density function which describes the intens-
ity of the field gradient at the frequency (w). (For spin lattice
relaxation only the intensity of the Larmor frequency (WO) and .

twice the Larmor frequency (2WO) are important.
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The exact form of J(W) is quite complicated and is dependent
upon the type of motion(s) involved. For a molecular segment

undergoing fast isotropic motion, the correlation function is a

[T
>

single exponential, hence J(W) is given by: -
2 T, ‘ ' . (21)

Jw) =

14W, 2 ’CCQ'

where T . is the correlation time of the motion.

For small molecules T, is usually very short and the ex-

2

. - . : 2
treme narrowing approximation ( (J, T,

<<1) may be used.

Equation 20 is then reduced to

%1 -3 (%\Q_)aq @

For macromolecules or molecular aggregates such as HOLz, T,
can be obtained from the Stokes-Einstein relationship equation
(17). Then, by substituting equatioﬁ 21 into 20 a T1 can be
calculated. The failure of the calculated "T; to account for the
observed T, indicateé anisotropic and/or internal motion(s) of

the segments within the macromolecule.

Deuterium spin lattice relaxation of a deuteron on the acyl
chain of the phospholipid is predominantly due td molecular
motions which cause fluctuations in the orientation of the C-D
bond axis with respect to the magnetic field. In the liquid

crystalline phase the C-D bond motions are restricted in
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amplitude 'and are axially symmetric about the symmetry axis, i.e..
the bilayer normal. Thus, the spin lattice relaxation: is expected
to depend upon the C-D bond?ordering and the angle (83 the
bilayer normal makes with the static magnetic field vector.
Assuming fast isotropic motion with a single correlation time,

the Ty then is given by (109)

1 = 3/8 (e2qQ [1-(3C0S26'-1) Spn - 1- (3¢082 6°-1)) Scp2 T
o ( . f ; CD ( 3£ : ) CD ] c

(23)

Experiments with beréputero dipalmitoyl phosphilidylcholine show
no angular dependence of Ty in the fluid phase (109). This has
~been explained by;the fact that lateral diffusion of phospholipid
molecule leads to an averaging of the (3cos?¢ -1/2) term and the
equation 23 becomes

Y

L =3/8 e2qQ>2 (1-S¢p?) T, (24)
T1 H

A similar expression is obtained for vesicles or lipoproteins
where the orientational averaging occurs via the tumbling of the

particles.

The spin lattice relaxation of phospholipid bilayers is also
found to have frequency dependence which suggests the presence of

a

slow motions (111), The relaxation rate is then givem by
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1 = 1 + 1 - ‘ — (25)
T1 " Ty (fast) Ty (slow)

There have been several models proposgd to explain the origin of
the slow motions (100, 111, 112). Based upon the temperature and
freq;;ﬁcy dependence of proton and C-13 relaxation rate, Petersen
and Chan (100) suggest that the spin-léttice relaxatioﬁ rate can
be explained by two different corrglation times, 1:11 and tu_.
.7:11 is approximately 10-9 to 2 x 10-10s and T, >10-7s so that
Woz t112<<1 anq Woz IGL2>>1. The expression for the relaxation

rate is given by

1 = A’C11 + B 1 (26)

where the first term on the right hand side of the equatioen 26
follows a temperature dependence and the second term accounts for
the frequency dependence. The slow motions are characterized by
Ty » which reflects the rigid rod-type chain reorientations

~about the director. -

Brown (111) has proposed that the phospholipid aifl chains
are very flexible. Thus, certain segments of the hydrocarbon
chains could have cooperative motions which would lead to a
- distribution of correlation times. This is in constant to the
Petersen andfChan model where a single correlation time is psed
to characterize "rigid body" motions of the entire phospholipid
molecule. The ofigins of the fast motions are similar in both

»
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models, i.e. WZ'CC2<<1 but the correlation time for the fast
motions is ~10-1llg in Brown's model. The correlation time(s) of
the collective slow motions in the Brown model are approximately

10-10 g,

The Brown model of a continuous distribution of correlation

times predicts the relaxation rate to have w01/2 dependence. T

"is given by

1 =ATyg 4+ B sgp? W,m1l/2 , (27)
Ty

Such an expreésionAhas also been proposed by Jeffrey et al. (113)
to explain the T; behaviour of lamellar potassium palmitate

bilayers.

The term "A" is the expression corresponding to local
motions, e.g. trans—-gauche isomerization and the "B" term des-

cribes the collective slow motions.

Bloom and Smith ( 110) have argued against the "coiiective
motion" model. The introduction of proteins into the phospho-
lipid bilayers is expected to disrupt the "collective motions",
hence, T;, of the phospholipid acyl chains. In contrast, similar
Tl's are observed for the acyl chains of phospholipid bilayers
both in the presence and ;bsence of the proteins., Instead, Bloom
and Smith (110) favour the "defect diffusion" model of Kimmich et

al. (112), which also predicts T; w1/2 behaviour. This model
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assumes that a defect is introduced in the all trans acyl chain
by the trans-gauche isomerization. Such a defect diffuses along
the phospholipid acyl chain. Furthermore, in analqéi}with the
trans-gauche isomerization, "defect diffusion", is also not

expected to be influenced by lipid-protein interactions.
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11. 3lp _ NMR ,. .

2z o

3lp NMR is a esnvenient tool for the investigation of phos-
pholipid head groups in membranes as it is the omly naturally

occurring isotope of phosphorus. Since no spinalabeliing is

required it is a completely non—perturbing probe. The phosphof%é

nucleus has a spin quantum number, *I = 1/2, and a relative

sensitivity of 0.06 compared to that of a proton (114, 115, 116).

The 31p NMR spectra of membranes are db;inated by chemicai‘
shift anisotropy (CS@) and dipolar broadeﬁingk The dipolar
effects are due. to the neighbouring protons dhich can be removed
by proton noise—deéoupiing. Chemical shift anisotropy arises
from the fact that electroﬁegative ox;gens shield the phosphorus
nucleus from the external magneticf}ield{ Furthermore, this
shielding is not isotropic but is dependent on the orientation of
the molecular axis with respect to the magnetic field. For an.
anhydrous phoépholipid powder the spectrum of Figure 5a, is ob-

E;}ned. The discontinuities represent the three different

chemical shielding tensors, lel’(jZZ and Cf33. The principal

values of @ail, Cjzz and 6533 for the crystalline phospholipid

may range from -100 ppm to +100 ppm (115).

For the monohydrate of dipalmitoyl phosphatidycholine the
principal values of the CSA are reduced suggesting that the

binding of one water molecule increases phosphate symmetry. Upon

the addition of excess water, the 31lp spectrum of
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Figure 5A:

Figure 5B:

3lp NMR (118 MHz) protoh—decoupled spectrum of
anhydrous dipalmitoylphosphatidylcholine powder at
150C. Boeth 5A and 5B figures taken from reference -
(115

The three different orientations of the chemical
shielding tensors in the molecular frame of the
phosphate. 0(l) and 0(2) are the esterified
oxygens bonded to the head group residue and
glycerol backbone respectively. While 0(3) and
0(4) are the non-esterified oxygens. N
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dipélmitoylphosphatidylcholine'collapses from an asymmetric line-
shape to an axially symmetric one at 18°C. This is not because
the principal values of the CSA are changed by the addition‘ of
-water as lowering the temperature to —¥0°C grings back the.
asymmetric lineshape as in the case of the ﬁonohydraﬁ%r Instead;
it is due to the molecular motions, in particular the rotational
diffusionvof the phospholipid molecules about the bilayer normal,

i.e. the director axis, which partially aQerages the CSA.

For planar'priented bilayers a single resonance is observed.
The resonance fféquency is dependent upon the angle»@B) the
director axis makes with the applied magnetic field. The)
resonance ffequencies Odl and CKL are.obfained when B = Ootand
B = 90° respectively. ' Figure 6a contains the spectrum of a
randomly oriented—ﬁuifilamellar sample (powder spectrum) which
consists of a superposition of spectra with'all orientations of

5

the bilayer.

A useful parametér for characterizing the powder pattern is

the residual chemical shift anisotropy, ACS , given by

AT = O - OL ¢ (28)

0

For a fluid bilayer, A(Q is of the order of 40-50 ppm. The

quantitative relationship between AJ and the static CSA value
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Figure 6: Proton-decoupled 31P NMR spectra (36.4 MHz and 300C) of
+ polymorphic phases available to liquid crystalline
phospholipids from reference (116).

A. Bilayer: l egg phosphatiﬂycholine

B. Hexagonal (Hjp) soya bean phosphatidyl -
ethanolamine.

C. Isotropic Motions: a mixture of 85 mol %Z soya
bean phosphatidyl-ethanolamine
and 15 mol %Z egg phosphatidyl-
choline.
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is =

AT =811 (011 - T22) + 833 (T33 =022 (29)

where Sy11 1is the order parameter of the axis connecting the
esterified oxygens (% axis in Fig. 5b) of the phosphate group
and S33 refers to the connecting axis of the non-esterified

oxygens (5 axis in Fig. 5b).

'/3AAO/iS a meésure of the orientation and the average
fluctuation of the ﬂhosphate segment., It is comparable to the
quadrupolar sﬁﬁittings in 2H NMR. Unfortunately, Agis deter-
mined by two independent order parameters which complicates the

analysis of the 3lp NMR spectra.

In the‘normal and inverted hexagonal phases, the fotation
of the long cylinders and/or lateral diffusion of the phos-
phblipid mblecules provide an ad&itional averaging mechanism for
the cﬁemical shift anisotropy of the phosphate moiety. 1In the
case of random distribution of cylinders, a proton noise de-

coupled 31p NMR (Fig.6b) is obtained, whose residual chemical

shift anisotropy is -1/2 that of lamellar phase spectrum,

The fast isotropic tumbling motions of unilamellar
vesicles and the lipoprotein particles averages out the residual

chemical shift anisotropy in a fashion similar to that of 24 NMR
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(see above). A single Lorentzian line is observed having width

at half height, AU1/2’ of _

AV1/2 = My T e + C (30)

where T e is defined as in equation 16. C is a constant which
reflects line width contfibutions that are independent of
particle tumbling such as very fast local motions and magnetié
field inhomogeneities,.and My is the residual second moment of
the 31P NMR powder pattern (117,118).

My = 4 A2 | (31) A
s - |

It can be shown that the 31P NMR line width for vegsicles, as Qéll,
as lipoproteins, varies as a function of the solvent viscosity.

From such measurements, the value of M2 and hence AO can be

=2

obtained even for particles where the isotropic motion averages

out the axially symmetric powder pattern.
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EXPERIMENTAL PROCEDURES

Egg phosphatidylcholine was extracted from fresh hen egg
yolks (121) and purified on a silica gel column (122). The-
purified egg phosphatidylcholine was dissolved at known concen-

tration in chloroform and stored aE ~209C until used.

Cholesteryl esters were prepared from the corresponding
fatty acids and cholesterol by the method of Grover and Cushley

(120).

[1—14C] palmitic acid was purchased from New England
Nuclear, Boston,.Mass. Glycerol and cholesterol were obtained
from Fisher Scientific Co. Cholesterol was recrystallized from
benzene before being used. Deuterium depleted water, cholesteryl
oleate, bovine brain sphingomyelin and egg albumin were purchased
from Sigma Chemical Co. [5, 5, 6, 6-2H,] palmitic acid and [l1,
11, 12, 12—2H4] palmitic acid were purchased from Merck, Sharp
and Dohme, Canada Ltd. and [16, 16, 16—2H3] palmitic acid was
obtained from Serdery Research Laboratories, London, Ontario.
(4, 4—2H2] palmitic acid and [7, 7—2H2] stearic acid were geﬁ—
erous gifts from Dr. A. P. Tulloch, Prairie Regional Laboratory,
Saskatoon, Saskatchewan. [2H2] palmitic acid and selectively
deuterated phospholipids were kindly provided by

Dr. H. Gorrissen.

Fresh human blood (less than three days old) was obtained

from the Canadian Red Cross, Vancouver Branch. HDL)7 and HDL3
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were isolated in the density range of 1.063-1.125 g/ml and 1.125-
1.21 g/ml respectivély as described ppeviousljhbxrﬂgvel et al.
(123)., The purity of HDL was checked by immunoelectrophorésigé
using Ouchterlony cells (163).

The lipids from HDL3 were removed from HDL3 with CHClj3:
CH30H (2:2 V/V) to yield the apoproteins. The apoproteins were
‘further washed (3-5 times) with diethyl ether to remzve any
residual lipids (125). The organié solvents were removed under
vacuum.to a yield solid white powder (apoproteins) which was
stored at -200C. The total iipids from the above fractions were
pooled and dried to remove any water. The dried lipid was

dissolved in CHClg: CH30H (1l:4 V/V) and stored at -20°C under a

layer of nitrogen.

I Preparation of Reconstituted HDL

Lipids, egg yolk phosphatidylcholine, cholesteryl oleate and
the deuterated cholesteryl palmitate in the ratio of 3:1:1
(wt/wt) were codissolved in chloy@ orm. The solvent was then
removed by evaporation under a st&gam of nitrogen and subsequent
overnight pumping under high vacuum. The dried 1ipid was in-
cubated at 489C for iO minutes in NaHCO3/Na,CO3 buffer pH 8.6 of
.density = 1.063 g/ml. The buffer was made in deuterium depleted
water. Its density was adjusted with a NaCl/KBr in deuterium
depleted water stock solution. The lipid dispersion was shaken

periodically on a vortex mixer,
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Dry apoprotein was added to the lipid dispefsions (1:1;
protein:total lipid) and allowed to incubate at 48©°C for an
additional ~10 minutes or until all of the solid protein part-
icles appeared to have dissolved. The cloudy mixture was son-
icated for five one minute pulses in a jacketed vessel using a
Biosonic III probe sonicator. The temperature was maintainediat
approximately 40-48°C by allowing the sample to cool to T400C
after each one minute\pulse. The recombined particles were
isolated in the density range of 1.063-1.21 g/ml (Hirz and Scanu,

126).

II Incorporation of Palmitic Acid into Native HDL

The concentrations of lipoprotein solutions were increased

to levels suitable for NMR experiments using Amicon ultra-

filtration membrane cones (CF25) or by Millipore immersible CX-30

»

membrane wunits. Exchanges with deuterium depleted water
(typically 5) were performed to reduce the residual Z2HOH signal.
Fatty acid“was incorporated by incubating lipoprotein solutions
with a thin film of selectively deuterated palmitic acid (  2-
3 mg, representing an excess of 5 mol %) and a trace of [1-14C]
palmitic acid in a round bottom flask. The solution was gently
agitated by hand during the period of incubation, which was up to
1 hour for 5 mol % intercalation. The degree of incorporation

was monitored by liquid scintillation counting of alfquots re-

/
/

moved from the sample. ' . /
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Selectively deuterated—phosphatidylcholine was incorporated
into native HDL, by mild sonication. HDL, solution Wés qoncgn—
trated uéing Millipore CX-30 membrane unitg. Residual 2HOH was
exchanged with deuterium depleted water. VSolid deuterated
phospholipid (5 mol % with respect to phospholipid) was added to
the HDL9 solution. The sample was sonicated at 420C for thqfer

one minute periods.

III Preparation of Multilamellar Liposomes and Unilamellar
Vesicles

Lipids were mixed in sample tubes and co-dissolved: in
chloroform. The solvent was removed by evaporation under a
stream of nitrogen and subsequent overnight pumping under ﬁigh

vacuum.

: Multilamellar liposomes were prepared by adding an equal
weight of deuterium depleted water and shaking vigorously with
vortex mixer at a temperature above the gel to liquid-crystalline
phase transition of the phospholipid until the sample appeared

homogeneous.

Unilamellar vesicles were prepared by adding deuterium
"depleted water to the multilamellar dispersions and sonicating
the resultant mixture for 15 min. in a Biosonics III probe-type
sonicator at a temperature above the gel to liquid-crystalline
phase transition of the phospholipid. The vesicles were centri-

fuged for approximately one-half hour, on a small laboratory
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centrifuge, in order to eliminate titanium fragments and undis-
persed 1lipids. The vesicles were used immediately for the

experiments.

IV Analytical Methods -

Purity of phospholipids and cholesteryl esters was checked
by means of thin layer chromatography on Silica Gel G plates
(Machrey—Nagel and Co., Duren, West Germany), eluting with
chloroform/methanol/water (65:25:4 V/V) for phospholipids and
éhloroform for cholesteryl esters. The esters, cholesteryi palm-
itate and cholesteryl oleate were also characterize@ﬁ&y their

solid to isotropic liquid melting points.

The amount of phospholipids in the lipoprotein particles was
quantified by phosphorus determination (127), while cholesteryl
esters were determined either by the colorimetric method of Rudel
and Moris (128) or by 2H-NMR. The amount of protein present in
the HDL solution was quantified according to the method of Lowry
et al. (129) using egg albumin as a standard. Viscosity was

measured using an Ostwald viscometer.

The association of the fatty acid was confirmed by gel-
exclusion chromatography on Sepharose 4B with [1—14C] palmitic
acid. Typically, an aliquot of the labelled solution was applied

to Sepharose 4B column (2.6 x 100 cm) and elution performed at

40C

?

using a solution composed of 0.15 M sodium chloride plus



0.0é% sodium azide pH>?.6. The void volume (141 mL) was deter-
mined using Blue Dextran (Pharmacia); average molecuiar weight
equals 2.0 x 100® daltons. Total column ?olume (478 mls) was
measured from the bed height under abconstant head of pressure.
The vesicles were monitored by following 0.D. at 300 nm and the
lipoproteins were monitored at 0.D. 280 nm. The radioactivity

was determined using a Beckman LS-8000 scintillation counter with

liquifluor scintillation cocktail.

The scintillation cocgfail was prepared @y dissolving 60 g
of naphthalene to 600 ml of dioxane. After dissolution, 42 mi
of liquifluor, 20 ml of ethylene glycol and 100 ml of‘methanol
were added. The final volume was adjusted to 1 litre with

additional dioxane.

-
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V'l Negative Staining Electron Microscopy

The size of vesicles and lipoproteins was determined by the

negative staining method®.

Copper grids (200-400 mé;h) were placed in a 100 ml beaker
containing a detergent solution in doubly distilled water. The
solution containing the grids was sonicated in a bath-type

sonicator (Cole-Parmer Sonogen Automatic Cleaner) for approx-

. _ -~
imately one-half hour. The detergent solution was decanted and

replaced with doubly distilled water. Grids were sonicated for
1-2 min. prior to removing the water. This procedure was

"

repeated approximately thirty times to yield very clean grids.

*Negative staining is a method of choice for visualizing sub-
cellular particles as it has the ability to reveal subunit
structure of macromolecules. It is superior to thin-sectioning
as it avoids artifacts produced by fixing and embedding pro-
cedures. Forte and Nichols (18) attempted to section pelleted
human LDL, but because of the thickness of the section ( 6OOA)
“and the granularlty of the osmium particles, their results were
uninterpretable. Negative staining is also superior to shadow
casting as the accumulation of shadowing metal on small particles
(e.g. unilamellar vesicles and lipoproteins) makes size determin-
ation inaccurate. Freeze-fracture is also a problem, because of
the inability. of locating the fracture plane of the lipoprotein
particles. Hydrodynamic techniques, e.g. sedimentation, are
inappropriate because they yield a mean size of the particles,
whereas the negative staining method yields the distribution of
sizes in the sample. In addition, negative staining technique 1is
quite simple. Essentially all that is involved is to mix a
suspension of the sample with an aqueous solution of the stain
and then apply the solution onto a formvar-carbon coated grid
which is left to air dry. The stain surrounds the particles on
the support film as a result of surface tension interaction. The
image produced by the negatively stained particles appears as
light areas surrounded by a dark background.



~

Finally, the grids were rinsed with reagent grade acetone. The
beaker contéining the grids was left inverted on a Whatman filter
paper overnight. The dried grids were stored under dessication

until use.

v

Formvar was dissolved in reagent grade chloroform (BDH
Chemicals) to yield a 2% wt/wt solution. Glass slides were
coated with Formvar by iowe;ing the slide into the Formvar-
chloroform solution. The slide was then carefully raised out of
the solution to avoid any ripples and held above the solution for
approximately thirty seconds. Care was taken to execute this
step so that slides with a uniform fhitkness of formvar coating
can be obtained. The coated slides were air-dried for approx-

imately 3-5 minutes.

The clean grids were placed (dull side up) on a filter paper
immersed.in a trough.of doubly distilled water. The thin film of
Formvar was floated off the slide onto the surface of water by
gently immersing the Formvar coated slide into the trough. The
water was removed from the trough in such a way. that tﬁe Formvar
film rests on the grids. The Formvar-coated grids were left to

air dry in a Petri-dish.

The dried Formvar-coated grids were carbon coated using a
Varian NRC 3115 vacuum evaporator. Carbon was shadowed using
tapered one-eighth inch carbon rods. This procedure deposited

<100 A thin film of carbon onto the grids.



The vesicle or lipoprotein sample was diluted to approx-
imately 300 ug/ml. Equal volumes of the diluted sample and 2%
(wt/wt) ammonium molybdate pH 8.0 were mixed. The solution was
applied on to the formvar-carbon coated grids. The excess sample
was femoved from the grid by touching the liquid with a piece of
filter paper. The grids were then air dried, usually 2-3 hours

e

and examined under a Philips electron microscope operating at 80

kV.

VI Deuterium NMR

Deuterium NMR of unilamellar vesicles and lipoproteins were
obtained on a Nalorac 5.9T (38.8 MHz) superconducting magnet and
home-built spectrometer. Colle¢tion and Fourier transformation
of the free induction decays were performed on a Nicolet BNC-12
computer. A}l experiments were performed at temperature; between
15-40°C as indicated throughout the text, the temperéture being
controlled by means of a gas-flow system. Longitudinal relax-
ation times'(Tl) were measured by the inversion-recovery method

(159).

-
4

1

[1800-T -909, sample and add, TRIN where <« is the delay
between the two pulses of the sequence and Ty is the delay
between subsequent pulses (7CR >5 T1 to ensure complete return to

equilibrium) and N is the number of acquisitions.

For multilamellar liposomes, a Nicolet Explorer IIIA digital

LS
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oscilloscope was used to acquire the NMR signals,}which were
subsequently'transferred to a NIC BNC-12 computer where Fourier
transforms were obtained. In order to minimize spectral dis-
tortions due to the receiver recovery time, a quadrupolar echo
pulse sequénie ( T‘/2|0ﬁo - Ty - ~ﬂ/2|960 - TR)y, was used (161).
In all cases the time delay Tj; between pulses was 75 us, the
T/2 pulse length was 8 wus and the sequence of pulses was
srepeated after a £ime TR 8iven in the text. A phase-alternating
pulse sequence was used in order to cancel coherent receiver and
pulse noise. Spectra wére symmetrized by zeroing the "out of

phase" channel and folding over, resulting in an increased signal

to noise ratio of J2Za -

’
\

Quantification of Deuterated Cholesteryl Palmltate in Recon-
stituted HDL _ o~

The amount of deuterated chdleste;i}'palmitate present in
reconstituted HDL was determined by reégrding a 2H-NMR spectrum
for reconstituted HDL containing cholesteTryl [16,16,16-2H3] paim-
itate in which a capillary tube contalnlng 3 uL of CHClg3: C2HCl3

(9:1 v/v) inserted coaxially into the sample "tube.

Sufficient time to ensure complete relaxation (>5 Ty1) was left

between successive r.f. pulses during data acquisition.
Comparison of the integrated intensity of ‘the CZHC13 and
cholesteryl ester signals, separated By 260 Hz, enabled quant-

itation of the ester.
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VII . 31pP NMR

- -

Phosphorus—BthMR spéctra were acquired at 40.5 MHz on a
Varian XL-100-15 spec£rometer, operating in the Fourier transform
mode and interfaced to a NIC 1080 computer. Magnet field stabil-
ization was by means of an external 19f field-frequency lock.
Frfe induction decays were recorded in the presence of l1H noise-
decoupling having a 1 kHz bandwidth. In order to minimize sample
heating due to the r.f. field (10 w) used for decoupling, either
the decoupler was gated on only during acqudisition of the free
induction decay or, when decoupling was applied continuously,
sample cooling by a gas flow System was employed. The temp-
erature of the experiments wés approximately 259C., Chemical
shifts were measured with respect to an external H3POy4 (85%)
sample,

31 . : > S '

P NMR of lipoproteins were dﬁso‘acqulred at 102.2 MHz,
‘using a 5.9 Tesla superconducting Nalorac magnet and home-built
spectrometer. Collection and Fourier transformation were per-
formed on a Nicolet BNC-12 computer. The spectra were obtained
without any decoupling. | A phase-alternating pulse sequence was

used in all experiments in order to minimize baseline aberrations.



RESULTS

I Selectively Deuterated Cholesteryl Palmitate in Recon-
stituted HDL.

Model HDL particles were prepared by sonication of a mixturé
containing apoproteins from HDL3, cholesteryl oleate, deuterated
cholesteryl palmitate and egg phosphatidylcholine (50:50 w/w of
total lipids: apoproteins) in aqueous buffgr. The sonicated
mixture was then subject to ulragentrifugation and the
reconstituted particles were isolated in the density range of

1.063-1.21 g/mL (Hirz and Scanu, 126).

The reconstituted HDL was characterized by chemical
analy;is, electron microscopy and 31p NMR to establish the valid-
ity of the reconstituted HDL as a model of the native ‘HDL
particles. Table III shows the chemical composition of the
,reconstituted particles. This is in close agreement‘to the
protein, phospholipid, cholesteryl esters found in native HDL's
(Table I). Figure 7a shows the electron mic;ograph of the recon-
stituted HDL particles obtained by the negative staining method.
For comparison, we have also obtained aﬁ electron micrograph of
native HDL4 (Figure 8). The HDL particles in both micrograp%g
appear quite homogeneous, in agreement with Forte et al. (17).°

The mean diameter of the reconstituted HDL is given in Table III

which compares very well with the value of 7.7 nm obtained for

native HDL3 particles.
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TABLE III Physical parameters of HDL reconstituted using
HDL3 apoproteins, egg phosphatidylcholine, chol-
esteryl oleate, and deuterated cholesteryl
palmitate.

Density (g/mL) . 1.063-1.21
Mean Diameter(a) (nm) 7.8 (i;.z(b)S

Composition (wt Z)

Protein 46 (+£3)
Phospholipids. 38 (+1)
Cholesteryl esters ' 16 (+1)
Cholesteryl oleate/cholesteryl palmitate (wt/wt) 2:1

(a) Approximately 200 particles were measured.

(b) Number in the parentheses represent standard deviation.

e

(\
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Fig.7a Electron micrograph of reconstituted HDL. Magni -
fication 195,100 times.
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Fig. 8 Electron micrograph of native HDL3. Magnification
363, 200 times.
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Phosphorous -31 NMR spectra of native HDL3 a5 well as recon-
stituted HDL prepared with the total HDL3 lipids and egg phos-
photidylcholine, cholesteryl esters are shown in Figure 7b. The
31p NMR of native HDL (Figure 7b) in practically identical to
that publishedﬁfreviously, Glonek et al., (130); and Henderson et
al. (45). It consists of a strong resonance (T0.6 ppm upfieid)
having a width at half height, &OV1/2 = 6 Hz which isvdue to
phosphatidylcholine in HDL3 Particles plus a weaker resonance,
shifted downfield 0.1 ppm due to sphingomyelin. The 31P NMR of
reconstituted HDL using egg phosphatidy1choline/cholesteryl
oleate/cholesteryl palmitaﬁe has a singie resonance shifted
+0.6 ppmrupfield due to phosphatidylcholine. Its line width is
5¢1 Hz (Figure 7b). HDL reconstituted with total HDLj 1lipids
under identical conditions that using egg phosphétidyl-
choline/cholesteryl oleate/cholesteryl palmitate yields virtually
indistinguishable spectrum to that of native HDL3 (Figure 7b)

with AU1/2 = 6 Hz.

The 2H-NMR spectrum of reconstituted HDL containing
cholesteryl [2H31] palmitate, i.e. cholesteryl palmitate com-
pletely deuterated along the acyl chain, is shown in Figure 9.
This spectrum consists of a resonance with rather broad '"skirts"
extending up to approximately +1 kHz from the centre frequency,
é}us a sharp resonénce, shifted downfield ~3.7 ppm whiéh‘arises
from residual deuterium in water. The Z2H-NMR ébsorption of
cholesteryl [2H31] palmitaté in reconstituted HDL is obviously

N
not a single Lorentzian line but is rather a superposition of

Lorentzian line but is rather a superposition of Lorentzian lines
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Figure 7b:

S

7
\.L

3lp NMR spectra: a: native HDL3, b: HDL recon-
stituted using egg phosphatidylcholine/cholesteryl
oleate/cholesteryl palmitate, c: HDL reconstituted
using total HDL lipids. Spectra parameters:
sweep width = 2,800 Hz; number of acquisitions =
1.024; pulse length = 10 s (60° flip ‘angle);
delay between subsequent pulses = 2 8; size of
data set = 2 048 zero filled to 4 096; line broad-
ening = 1 Hz. ' ] ’
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Figure 9:

2H NMR of ChOleSter)’]. [2H3l] pa'lmitate in recon-
stituted HDL. Spectra parameters: sweep width =
5,000 Hz; number of acquisitions = 34,400; pulse
length = 18 us ( M/2 pulse); delay between sub-

sequent. pulses = 1.8 s; size of data set = 8 K;
line broadening = 1.5 Hz.
j‘,"
™y
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2HOH ——

250 Hz
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df‘different widths (see below). -.The information about the

system: that can be gathered from such an absorption is very

A

[ ~ A

~limited; hence, we have obtained 2H-NMR spectra of cholesteryl

n,

‘palmltate, seIectlvely deuterated at different pOSlthDS along

‘~the acyl chaln,\n r@econst1tuted HDL.

pa%

Flgureio deplcts 2H NMR spectra of reconstltuted HDL con-

e

tainlng seiectlvely deuterated cholesteryl palmltate. A single

Lorentzian line glves a satisfactory fit to each of these spectra

N

which,;{n additign to. the absorption'due to deuterated chol-=

"esteryl palmitate contains a narrow line from residual deuterium

-,

. in" water. Control experiments revealed that the ‘line intensity
.and line width of the 2H-NMR spectra of deuterated cholesteryl

palmrtate in*necohstitdted HDL are unchanged over the timespan of

the NMR runs, indicating that no significent change in structure
&

of the sample occurs over the- length of the experiments (up to
48 hougs), . ~ \

=

ks

‘The'teproducibility of reconstitution method was checked by
prepering tecdnstituteﬁxHDL sample consisting of cholesteryl .

'[16,16,16—2H3] palmitate three times. In all cases, identical

-~
. -

line width, AVj/» = 9 Hz (Table IV) were observed.

',TablesiV describes the 2H NMR line width,"ﬁvl/z, profile
versus chain position ofcselectiveiy deuterated cholesteryl palm-
itate 1in reconstituted HDL. The value of Al)l/z in
reconstituted HDL isvapproximately constant for deuterons chain

position C2 - C6 then decreases sharply at Cll and Cl2 before
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Figure 10:

24 NMRfspectra of cholesteryl palmltate, select-
ively deuterated along the acyl chain, 1n recon-
stituted HDL. A: [2- Hol; b: [4_

[5,5,6,6-2H,]1; d: [11,11,12,12-2q,1; e: [1c2> 2H3]
Spectra parameters sweep w1dth = 5,000 Hz (a,c),
10 000 Hz (b), 2 500 Hz (d), 1 000 Hz (e); pulse
length = 18 s (- T/2 pulse); number acquisitions
= 300 000 (a), 100 00O (b,c), 50 000 (d), 5 700
(e); size of data set =1 K (a,c), 1 K zero filled

‘to 2 K (b), 2 K (d,e); delay between subsequent

pulses = 0.1 s (b,c), 0.2 s (d), 1 s (e). For the
spectrum in (a), a M-T-T/2 pulse sequence with-
T = 0.11 s was used in order to minimize the
deuterium in-water with the peak from cholesteryl

[2—2H2] palmitate. In this case: the delay-between
subsequent pulses was 0.1 s. Line broadening =

20 Hz ﬂa}t), 30 Hz (b), 10 HF (d), 1.5 HZ (e).
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reaching a minimum at Cl6.

Longitudinal relaxation times, T;, peasured for seiectively
deuﬁeraéed choleéteryl’palmitate in reconstituted HDL are listed
in Table IV. They were o%tained by a least squares fit of the
-data. Due to the low amplitude of the methylene signals for the
ester, necessitating long p;riods of data collection, the T,
values are subject to a relatively large uncertainty of +30%Z. On

the other hand, for the narrow cholesteryl [16,16,16-2H3] palm~

itate resonance, the accuracy of the Tj value 1is +10%.
- .
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TABLE IV 2H NMR line widths at half height, AY1/2, and

longitudinal relaxation times, T&, at 38.8 MHz for
cholesteryl palmitate, selectively deuterated along the

acyl chain, in reconstituted HDL, at approximately

250(C,
Position LSUI/Z(?)in Hz ’ ‘ Tl(b)in ms
2 [ 430 14
4 340 © . | | 12
5,6 350 : 17
11,12 110 . 14
16 9 155

(a) Uncertainty in these values is approximately +10%.

(b) VUncertainty in these values is approximatelj@iBO%, except
for position 16 where it is approximately +107%.
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II Selectively Deuterated Palmitic Acid in Native HDL3-

Selectively deuterated palmitic acid has been incorporated
(up to 5 mole % with respect to the ﬁhospholipid) into native
HDL3; by incubation of HDL3 solution on solid fatty acid. The mol
% incorporation of the deuterated fatty acid was monitored with
‘the trace amount of [1-14C] palmit}c acid. -The actual incorp-
oration of the palmitic acid into HDL3 W%was demonstrated with the
use of gel-excursion chromatography. In Figure 11 we show the
results 6f gel .permeation chromatography at 4°C of HDL3 which had
been .incubated with [5,5,6,6—2H4] palmiticdacid containing a
trace amount of [1—14C] pélmitic acid. The solid line is the
'protéin aé monitored by UV spectroscopy (optical density at 280
nm). The déshed linelis the carbon -14 counts (85% of the total
appliedj whiich are coincident 'with the HDL3 proteins. fﬁi;~
suggests strongly that the palmitic acid is associated with the
HDL, particlés. The small peak to the right of the HDLj3 beak in
Figure 11 contains ~4.5% (optical density) and 6% (radio-
acﬁgj}f§) of the total eluted intensity. Part of the small peak
intensity is no doubt due to "tailing" O f HDLg component plus
possible contamination due to serum albumin. However, assuming
aTl of this peak 1is iué’to albumin, any fatty acid bound to 86
small an amount of this protein wili contribute negligibly to the
NMR signal. It is believed that the fatty acid is located in the
surface monolayer of the lipoprotein particle on the basis of its
amphiphilic nature. [Earlier experimeﬁts on the ascorbate reduc-
tion of the ESR spin label 12- doxylstearic acid (131 ) and

energy transfer experiments with fluorescent fatty acids
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Figure 11:

Elution rofile of HDL3 containing 5 mol %
[5,5,6,6-“H4] palmitic acid in Sepharose 4B at
40C, Elution solvent was 0.15 M sodium chloride
plus 0.02% sodium oxide and fractions were 5.2 mL
each (. .). UV absorbance of HDL3 apoprotein
at 280 nm (x--x) 51—14C]fF§Tmitic acid 56, 410
cpm). T;g arrow indicates the total volume. :
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(132,133) support this conclusion.

Deuterium NMR spectra of selectively deuterated palmitic
acid incorporated into HDL3 are depicted in Figure 12. Single
Lorentzian lines provide a good fit to all of these spectra. It
is apparent that the widths at haif height . AV1/2 of the‘2H

&

resonances in Figure 12 depend on the position of the deuter-

4

ation. The line widths, AV, are shown in Table V. Clearly, '

the line widths are highest and nearly constant'betweenrcz and Cg

(/

of the acyl chain, then decrease progressively until reéching a.
minimum value at Cj;g, Such a behaWiogr is similar to Ehat
observed for deuterated fatxjvacidé incorporated into phos-
pholipid unilamellar vesicles (106).

Longitudinal relaxation times, T1» at 38.8 MHz for select-

ively‘deuterated palmitic acids in HDL3 are shown ianable VI.
T1's are short (<18 ms) for all the 62H2 segments, while at the
terminal C2H3 segment a much longer T] of approximately 170 ms 1is
'measured. In addition, Tl's were measured at 61.4 MHz for
[5,5,6,6-2H,]- and [16,16,16-2H3] palmitic acids in HDL3. The
results of the high field relaxation measurements are included in

Table VI.

In order to interpret the 2H NMR line widths of deuteraéed
probes incorporated into small structures such as lipoproteins
and unilamellar vesicles a knowledge of the size of these
structures is neéessary (105). Therefore, we héve employed elec-

tron microscopy (negative staining method) to determine the size
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Figure 12:

Deuterium NMR spectra for selectively deuterated
palmitic acids in HDL3. The position of the
deuterium substitution is given to the left of
each spectrum. The plotted width of the top three.
spectra is the same. Spectral parameters: 2,2-3
sweep width = 5 kHz; plot width = 4 kHz; pulse
width = 19 ns (90° flip angle); number of
acquisitions = 4 x 105; data points = 1,024; delay
before acquisition = 50 pms; 1line broadening (LB)
= 30 Hz. A (180°-T -90°-T), sequence was used
with T = 110 ms and T = 210 ms in order to mini-
mize interference due residual 2HOH. The FID was
left shifted one data point to remove spectral
abberations due to pulse breakthrough. 4,4—yésame
as 2,2- except LB = 20 Hz. 5,5,6,6~: same as 2,2~
except LB = 20 Hz. 1.,11,12,12-: same as 2,2-
except sweep width = 2.5. kHz; plot width = 2 kHz;
number of acquisitions =1 x 105; T=120 ms; T =
320 ms; LB = 8.0 Hz. 16,16,16-: same as 2,2~
except sweep width = 500 Hz; plotted width = 200
Hz; number of acquisitions = 8 x 103; T = 2.20 s;
LB = 0.5 Hz. x -
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TABLE V: 24 NMR li_ne widths, AV /2, for sel_ectivelcy deuterated
palmitic acid in HDL3 (Temperature 25-270 L

Chain Position DV1/9 (Hz)?
2- ) : 300
4~ - 300
5,6- : 280
11,12- , 120
16- 6

aUncertainty in the line widths ANVU1 /9 is approximately +107%.

\N,/‘*“‘ 1
Creian %
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TABLE VI: Longitudinal relaxation times, Tl, for selectively

deuterated palmitic agid in HDL3 at 38.8 MHz and
61.4 MHz (Temperature 25-270(C).

. T1 in ns(a)
Chain .Position-

38.8 MHz | 61.4 ‘MHz
\

2 14. -

4 y 14 -
5’6'— . 16 23
11,12~ , v 18 -
16- ‘ 170 190
(a) Uncertainty in T; jg approximately ilO%. . ‘/

g
s
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distribution of HDL3 containing fatty acid probes. An“eXapple.is.
shown in Figure 13 which is theieleetromfmicroscope photbgfaphjof
HDL4 partlcles containing [5,5,6,6- 2H4] palmltlc ac1d ”F}om

electron micrographs of HDL3 contalnlng {16,16,16- 2H3] palm1t1c

?Cld» and HDLg contalnlng [5,5,6, 6-2 Hyl pa1m1t1c ac1d'mmean d1a-i .

- &

meter of 7.4 i 1.2 nm and_7.5 + 1.4 nm, respectlvely,”fwere,

e

measured, Native HDLj3 yielded ;ean°diamete§s of 7.7 ﬁJ.Z nh,r

hence incorporation of fatty acid does nbt'appreciabiykchEnge of

Lk )

the HDL particle. 1In each case, approx1mately 200 partlcles were’

counted and the results are in agreement with the prev1ously!; @A

4

published work (17,18).

& 4

31p NMR spectra of HDLjg contalnlng palmiticracid are 1nd1$-;\%
tlngulshable from those of native HDL3» further indicating no

significant cha%ge in either size, nor head group conformatlon

-

occurs upon the incorporation of 75 mol % palmitic acid into

‘A

!
o “ﬁm

native HDLgj,

'

III Selectively Deuterated Palmitic Acid in Native HDL2

AN
Figure 14 depicts EH NMR spectra ef °5 mo; % selectively
deuterated palmitic acid. incorporated into native HDL,, In}add—
ition to the signal'frem the deuterated palmitic acid, the
spectra‘sometimes contain a narrow resonance ( 135 Hz downfield)
due to the residual deuterium in wafer. Single‘Lorentziags
provide>good fifs to the spectra. The line widths obtained ffem

these spectra are presented in Table VII. It is apparent that

the widths at half height are dependent upon the position of
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Fig.13 Electron micrograph of native HDL3 containing
5566-[2H,] palmitic acid . Magnification
190,700 times.
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Figure

14;

~

24 NMR spectra of native HDLZ containing 5 mol Z
selectively deuterated palmitic acid at ambient
temperatures (20-250C). The position of deuter-
ation is given to the left of each spectra. The
resonance shifted approximately 135 Hz downfield
from the main peaks is dﬁgﬁfo residual deuterium
in water. Spectral parameters: 2,2 position;
sweep width = 5,000 Hz; data size = 2048 points

delay before data acquisition = 50 s; delay
between subsequent pulses = 205 ms; number of
acquisitions = 1.95 x 105; line broadening = 30

Hz. A 1800 -~ T -900 pulse sequence with pulse
length = 18 s (for 909 flip angle and T =
0.12 s was used to minimize residual deuterium in
water. 4,4 position same as 2,2 except NA = 1.80
x 105; 5,5,6,6 position; same as 2,2 except data
size 1 K zero filled to 4 K; number of
acquisitions = 2.0 x 103; 1line broadening = 40 Hz;
delay between subsequent pulses = 0.10 s; the T
in 18027T-90° pulse sequence was 0.1 s. The FID
was left*shifted 1 point to reduce the spectral
abberations. 11,11,12,12 position; sweep width =
2500 Hz; delay before acquisition = 250 s; delay
between subsequent pulses = 0.41 s; number of
acquisition = 8.0 x 104; line broadening = 25 Hz.
A 1800- T -90° pulse sequence with pulse length =
16 w«s (900 flip angle) and T = 0.15 s was used;
16,16,16 position; the spectra was obtained with a

one pulse experiment; pulse length = 18. s for 90°
flip angle; number of acquisitions = 1.0 x 104;
delay before data acquisition =250 us; delay
between pulses = 1,02 s; data size 2 K zero filled

to 4 XK; line broadening = 1.0 Hz.
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ngitudinal relafﬁtlon times and line widths

TABLE VII: 2 1lon
for selectively deuterated palmitic acid in HDL»
(20-250C).
. o v(a) 12(D)
|Chain Position T1 (ms)l A0y yo (Hz)
2- 15 : 340
4~ 13 405
5(6)- 15 395
11(12)- \ 21 240
16- 194 . 7

(a) Uncertainty in these values is +207 except for the 16
position, where it is approximately +10%.

L
(b) Uncertainty in these values is approximately +10%.
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selective deuteration. A constant plateau is observed from Cr -
Ce which progressively decreases until reaching a minimum value

.at the terminal methyl.

The longitudinal relaxation times, Tl, of selectivély
deuterated palmitic acid in HDL, measured at 38.8 MH% are shown
in Table VII. These relaxation times are short (<21 ms) for all
of the C2H2 segments studied, while at £he terminal C2H3’segment
a much longer Ty of approximately 194 ms is obtained. Due to the
low amplitude of the broad methylene signals, nece§sitating long
periods of data collectian, the T; values are subject to a
relatively large uncertainty of iZOZ. On thgrother hand, for the
narrow terminal methyl, the uncertainty of the levalue is only
+10%Z. Control experiments revealed that the native HDLy was not
as stable as native HDL3 at ambient temperatures (25°C-270C). 1In
some cases, there was a loss of signal intensity over the‘time—
span of the NMR experiment ( 36 hours). Visual inspection-of the
sample revealed white flocculent precipitate. The reasbn(s)\for
this are not khown. However, it was found that spinning of the

HDL, sample during the NMR run facilitated the precipitation.

In order to interpret the 2H NMR as with the HDL3 particles,
-it is essential to know the particle.size of HDL,. We have
attempted to know the particle size of HDL),, We have attempted
several times to size the HDLj particles by negative st;ining
method but were unsuccessful. The images showed the HDL,
particles to be severely aggregated. In order to disperse the

|

particles, the following conditions were employed: (a) the pH
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fases good spreading of the stain was not observed.  We have also

of the HDLy golution was varied from pH‘EPb to pH 12.0, (b) HDL?

solution was mildly.sonicated, (c) the concentration of salt in

inLz solution was varied from 0.15 M NaCl and 2.0 M NaCl. In all

used 2% sodium phosphotungstate pH 7.0 instead of 2% ammonium
molybdate pH 8.0. Even under this condition, individual
particles imbedded in the stain such as thosé obser&edvfor HDLg
and phospholipid vegicles (see below) were never”bbservéd:
Attempts to size HDL, by the sedimentation Yeloqity ﬁgthod were
also unsuccessful as non-Gaussian Schlierep patterns»kith broad
wings were observed. This is expected since there ar;ftwo mole-
cular weight species having similar size but diigerent protein
c;ntent per particle are present in the‘densiéy range of 1.0637

1.125 g/mL (134). We have therefore used the literature value of

o e
100A as the diameter of native HDL, particle in our calculation.

Since 31P NMR is sensitive to both the size of the particles
in solution and the conformation of the phospholipid head group,
it was employed to monitor the changes induced in the HDLj; struc-
ture by the added fatty acid. Figure 15 shows the 1y decoupled
spectrum of native HDL), containing "4 mol % [?HBl] palmitic acid.
The spectrum obtained is similar to the pééviously published
spectra of native HDL, (l62). | The spectruﬁ shows a strong
resonance at -0.8+1 ppm due to phosphatidylcholine, while the
downfield resonance at -0.2+1 ppm is assignedfto sphingomyelin.

The line widths of both the phosphatidyléholine and sphingomyelin

~resonances are identical 641 Hz and are similar to the native
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Figure 15:

b

b

1y decoupled 3lp NMR spectra of native HDLy con-
taining™ . 4 mol % [2H3 ] palmitic acid. Spectral
parameters: sweep width = 2 kHz; data size = 2 K
zero filled to 4 X; line broadening = 1 Hz; number
of acquisition = 1024, Chemical shifts are with
respect to an external H3POy (85%Z) reference.
Resonance frequency = 40.5 MHz.

\%:\
|
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HDL, without fatty acid. This indicates that neither the size of

the lipoprotein particle nor the conformation of the bhospholipid
head group are appreciably altered by the addition of fatty acid.
The associatién of deuterated palmitic acid with HDLp; was
established by Sebharose 4B gel permeation chromatography. In

Figure 16 we show the results of gel exclusiOn chromatography at

49C of HDLy which had been incubated w1th [2H31] palmitic acid

contalnlng a trace amount of 1- [14C] palmltlc acid. The HDL2

solution was eluted from the Sepharose 4B column with a solution
of 0.15 M NaCl plus 0.02% sodium azide pH 7.6. Approximately 78%
of the carbon ~-14 counts in the original solution were eluted and
all are found coincident with the 0.D. 280 nm peak as monitored
by UV spectroscopy. In addition to the main peak due to HDL,,
the figure also contains a smaller peak close to the total volume
of the column. ‘It comprises less than 4% of the main peaks. The
origin of the small peak is not known. It could be due to the
diéplaced apoprotein from HDL,, But more probably it may be

contamination due to serum albumin, Such a peak is also observed
®

in HDL3 sample (see above).

We assume that the fatty acid is located in the surface
monolg}er of HDL, on the basis of its amphiphilic nature.
Earlier experiments on the ascorbate reduction of the ESR spin
label 12-doxylstearic acid (135) and energy transfer experiments

with fluorescent fatty acids (136,137) support this conclusion.
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Figure

16:

Elution profile,of HDLy containing ‘42;g/z [ZH% ]
palmitic acid 'on Sepharose 4B colu at 4 E.
Elution solvent was 0.15 M NaCl plus 0.02%7 sodium-
azide; (-9 a?zorbance of HDLa apoproteins at
280 nm, (0o—) 1-[*?C] palmitic acid. The volume of
each faction was 8.0 ml. The arrow indicates the
total volume of the column.
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IV Se;:E%ively Deuterated Palmitic Acid in Unilamellar Vesicles

We have studied selectively deuterated ﬁalmitic acid in
unilamellar vesicles. Unilamellar vesicles were made from egg
phosphatidylcholine/sghinégmyelin/séiedtively deuterated palmitic
acid 80/14/6 mol % in déutefium depleted water. ‘Thé mixed
sphingomyelinéfgg pHosphatidylcholine system was chosen since
this is the composition of p&ogpholipids found in the outer

A& :

monolayer of HDL (47, 130). =

P,

e

s -
s

Dei&irium NMR spgctra of selectively\deuterated pglmitic
acids injy%ilamellar vegicles are depicted in Figure 17. Single
Lorentzians do not prévide an excellent fit-to the spectra'bb-
tained for the [2,2-2H,]1, [4,4-2H5]-, and [5,5,6,6-2H,] acids.
Instead, the spectra appears to be a super-position of Lorentzian
lines wfzh "broad skirts" approximately +2 kHz wide. Whereas, a
single Lorentzian does provide a satisfactory fit to the spectra
obtainéd for [11,11,12,12—2H4]— and [16,16,16—2H3] acids. It is
apparent that the widths at half-height, AUy /9, of the 2H NMR
resonances in Figure 17 depend upon the'position of selective
deuteration,. the values measured are shown in Table VIII.
Strictly speaking, it is not correct to use -‘Ala/z as a para-
meter of the resonance curve which cannot be described by a

single Lorentzian, We have measured the line widths for

qualitative purposes only.

As vesicles are heterogeneous with respect to size, it is-

imperative that their size distribution be determined. We have

e -~
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Figure 17: ' Deuterium. NMR spectra of (5 mol.Z) selectively
deuterated palmitic acids in 15% wiv egg phospha-
tidylcholine/bévine brain sphingomyelin (8%:15)
w/w unilamellar vesicles in deuterium depleted -

er. THe..position of deuterium substitutiqﬁ is

. given to the left 9f each spectrum. Speftral -
parameter: 2,2-: s¥eep width.= 50,000 Hz; pulse
width = 8 ws (90° 'flip. angle); number of
acquisitions = 50,000; data size = 8192; delay
before acquisition = 10 wug¥ delay between sub-

FEY

sequent pulses = 290 ms; line ,broadening =20 Hz.
4,4-;: same as 2,2-. 5,5,6,6~: sdame as 2,2-
except number of acquisitioms = -:30,000.

11,11,12,12-:" same as 2,2-, 16,16,16-: sweep
width = 1_kHz; number of acquisitions: 5,000; data
gsize = 2048; delay before data acquisition =
50:48; delay between subsequent pulses = 500 ms;.
line broadening = 1.0 Hz. -
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TABLE VIII: 2H NMR line widths, AV]/5, of °5 mol % selective~
ly deuterated palmitic acid in unilamellar

- vesicles at 250C.

=

Chain Position Line Width (Hz)!
2- - 386
b 446
5,6- 612
11,12- 365
16- _ 15

lThe uncertainty in these values is +10%.
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electrop micrographs of unilamellar vesicles using the negative
staining method.i An example is shown in Figure 18; which_}s“the
micrograph of unilamellar vesicles containing [11,11,12,12—2H4]
palmitic acid. The photograph shows a majorify (>9d%)>5¥'the
vesicles are approximately spherical, althougﬁ other shapes (flat

discs) are also in the micrograph.

Vesicles having diameters <200 A to >6‘OO R were found in the
samples prepa;ed inbthis study. The size distribution of
vesicles containing [2,2-2Hy]- and [11,11,12,12-2H;] palmitic
acid were determined separately. Approximately 75%Z of the
vesicles in the sample containing [2;2—2H2] palmitic acid and 80%
of vesicles containing [11,11,12,12—2H4] palmitic acid were in
the size range 215 Z - 345 Z. We have pooled the results from
the twe samples to reflect the size heterogeneity in all of the
samples in our study. Vesicle diameters were divided into six

size categories)‘each fraction having 40 A range (Figure 19).

An important question which must be answered is whether
palmitic acid actually incorporates into the unilamellar
vesicles. 1In Figure 20 we show the results of gel permeation
chromatrography at 4°C of vesicles containing [5,5,6,6—2H4] palm-
itic acid and a trace amount of [1—14C],palmitie id. All of the
radieactivity (92.5% of the initial counts) was eluted coincident

with the OD 300 nm peaks. No other radioctivity peakwas

subsequently eluted, indicating the absence of smaller structures.

L4
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Fig. 18 Electron micrograph of egg phosphatidylcholine / sphingo-
myelin vesicles containing 11,11,12, 12"[2HA] palmitic
acid. Magnification 170,700 times.

g



Figure 49:. Histogram of unilamellar
vesicle sizes containing selectively

deuterated palmitic acid.
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Elution yrofile of unilamellar vesicles con-

Figure 20:

7 : taining 5 mol % 5,5,6,6-[2H%] palmitic acid on
. Sepharose 4B at 4°C, Elution solvent was -0.15 M
NaCl plus 0.02% sodium azide; Sr—w)’is the
optical density at 300 nm, (0-9 1-] 4C] palmitic
acid. The volume of each fraction is 5amLs,
The column dimensions are given in the Materials

and Methods section. : -

- ;
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v Phospholipid in Native HDL2

We have incorporated 5 mole % of selectiyely’deuteréted”

phosphatidylcholine into native HDL, particles by mild sonication

at 400C. Figure 21 shows an undeéoupled phosphorus -31 NMR of

HDL2 containing PC-d3 as well as that of native HDL2- It con-

sists of a strong resonénce.due to phosphat{@quholine and a
weaker resonance shifted ~69sz downfield due té sphingomyelin.
The width at half height, AV1/2 = 32 + 3 Hz for native HDL,
comparés with AV1/2 = 31 + 3 Hz in thé case of HDL2/PC-d3-
Thus; it appears thaf the size of HDL, particle is not
significantly altered with addition of "5 mole % phosphatidyl-

choline.

To discount the possible existence of unilamellar phospho-
lipid vesicles in the HDL2/PC sample, the solution density was
~adjusted to 1.06 gm/ml., The sample was centrifuged for 6 hours.
The unilamellar vesicles have a hydrated density = 1.02 gm/ml
compared with 1.09 gm/ml for HDL, Table I (85,86). Therefore,
vesicles are expected to float to the top of the tube and HDL2 to
the bottom. The spectra obtained forAthe bottom half of the
sample containing 4,4.PC-d2 in HDL had ~94% of the original
signal intensity. The line width at half-height at 250C 4+ 10C,

HV1/2 = 310 Hz compared wifh the original unspun sample whose
AV 1/2 = 320 Hz at 250C + 10C. Hence we conclude that approx-
imately 94% of the added phospholipid is in association with

HDL,
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Figure 21:

An (undecoupled) 1P NMR (102.2 MHz) spectra of

native HDL, and of HDL) containing ~5 mol Z 16-
[2H3] phosphatidylcholine.

Spectral parameters: pulse length = 16 ps (7600
flip angle); data size = 2048 points; delay

‘before acquisition = 250 ps; delay between

subsequent pdlses = 1.51 s; sweep width = 2000 Hz;
lne bf?adening = 2.0 Hz; number of acquisitions =
35,329 (native HDL2) and 7,140 (HDL2 + PC-d3)-

]
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Figﬁres 22a-c depict 2H ﬁMR spectra of seiectifqu
deuterated phosphatidylcholine in ﬁDLz as a function of temp-
eratufe. . In addition to absofption to the deuteréted
phospholipid in HDL2, the spectra also contain siénal due to
residual deuterium.in water. This is minimized for the positions

[2,21; [4,41; [7,7]; and [11,11,12,12] by an inversion recovery

method when appropriate values for T are used to obtain the

Moo value (see spectral parameters). However, for the 16,16,16

c - position, Z2HOH absorption is pronounced.

A single Lorentzian gives a satisfactory fit to each of
%\Q\\\Q;hese‘spectra. Control experiments revealed that the intensity
of the signal and the line width at half height for the HDL2/PC
sample remains unchanged over the time span of the NMR run (up to

36 hours). Hence no sighificant changes in structure of the

sample occur over the length of the experiment.

The line Qidths for selectively deuterated phosphatidyl-
choline in HDL,; as a function of temperature are presented in‘
Table IX. The values 470-420 Hz of line widths, AUV1/2, are
approximately constant for C4 to C7 positions, then decrease
sharply at Cll and Cl12 before reaching a minimum at Cl16. The
line widths for the [2, Z‘ZEJ position of the sn-2 chain of phos-
phatidylcholine in HDLo are noticeably higher at all temperétures'
than [4,4_2H2] and [7,72H2] position. This contrasts with the
results obtained for the same probe in egg-phosphatidylcholine
multilamellar liposomes and unilamellar vesicles (see Section

R.VIII, pp.l142-149).
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Figure 22a:

Deuterium NMR spectra of selectively deuterated
phosphatidylcholine in native HDLy 55 3 function
of temperature. The deuterated position’is given
at the top of the page and the temperature at
which spectra were taken is in the centre of the

page.

Spectral parameters for 2,2-: sweep width =
5000 Hz a (1800 -T -900-T) pulse sequence was
used to obtain these spectra. T = 0.10 s (150C);
T = 0.125 (250); T = 0.16 s (400C). T = 0.1 s
(150C and 250C); T = 0.16 s (400C); data size =
1024; delay before acquisition = 50 us; 1line
broadening = 30 Hz (150C and 250C); 1line broaden-
ing = 25 Hz (400C); number of acquisitions = 1.12
x 105 (150C); 7.5 x 104 (250C); 7.92 x 104 (400C).
All spectra were left shifted 1 point to reduce
the baseline abberations; pulse length = 6.5 us
(900 flip angle). Spectra parameters for 4,4-:
same as 2,2- except T = 0.11 s; and T = 0.1 s for
all temperatures; line broadening = 20 Hz (150C
and 250C) and 25 HZ (40°C); number of acquisitions
= 1.2 x¥105 (150C and 25°C) and 6.0 x 10% (400C).
The spectra for 150C was left shifted 2 points.
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Figure 22b:

Deuterium NMR spectra of selectively deutérated
phosphatidylcholine in native HDL,) ag a function
of temperature. The deuterated position is given
at the top of the page and the temperature at
which spectra were taken is in the centre of the
page. Spectral parameters for 7,7- same as 2,2-
in Figure Q2aexcept T = 0ull s and T = 0.1 s for
all three ,temperatures; nghber of acquisitions =
1.2 x 105 (150C); 8.4 x 104 (250C); line broaden-

~ing = 20 Hz (150C and QSQC); 25 Hz (400C).

Spectra parameters 11,12+ same as 2,2- in Figure
azaexcept T = 0.12 s (150C, 250C); 0.20 s (400C);
T = 0.2 s £or all three temperatures; numbenof
acquisitions™= 6.9 x 104 (150C); 8.0 x 104 (250C);
4.5 x 104 (400C); line broadening = 15 Hz (150C);

10 Hz (25°C and 400°C). '
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Figure 22c:

2

Deuterium NMR spectra of 16,16,16—[2H3] phospha-
tidylcholine ( 5 mol %) in native HDL, z5 a
function of temperature. The spectra exhibit two
resonances, the methyl [2H3] signal and 2HOH
resonance shifted 150 Hz downfield (to the left)
due to residual deuterium in water. Spectral
parameters: sweep width = 2000 Hz; . pulse 1length
19 ms (900 flip angle); number of acquisitions =
3010; delay before acquisition = 150 us; delay
between subsequent pulses = 1.0 s (150C and 250C);
1.2 s (400C) ,1ine broadening = 1.0 Hz, data size =
2048. : :

G
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TABLE IX 2H NMR line widths ( AU1/2) of a phosphatidylcholine
selectively labelled at the sn-2 chain incorporated
into native HDL7 @s a function of temperature..

s Line Width (Hz)(a) ’
Chain Position. 150C 250(C 400(C
2- 470 400 330
4 - 420 330 260
7- 420 330 260
11,12~ 290 195 90
16- 18 12 9

(a) Uncertainty in the line width measurements in approximately

+107%.
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Longitudinal relaxatioh times, T7, were measured by
inversion-recovery method (Vold et al., 159). Figures 23a-e are
plots of 1n (M,; - Mx ) vs T for var;ous positions as a
function 'of temperature. Mg is the/magnetization in the Z

direction obtained when T > 5 Ty where T is timé in second

after 1800 pulse. The straight lines drawn are the least squéres

3

fit to the experimental points. In this analysis the last point,
i.e. the highest T value was ignored'as it is subject to large
error. The correlation coefficients for all of the fits were
greater than- 0.95. Due to low amplitudg of the signal of
methylenes, C2, C4 and C7 at 150C, the intensity measurements had
an uncertainty of + 20%, whereas for the spectra oﬁtained for Cl1l1

and Cl12 methylenes and methyl, the error in‘intensity measure-

ments was reduced to + 10Z%.

The spin-lattice relaxation times, T{, are presented in
Table X. The T] vValues are approximately constant for Cl1-Cl2
methylenes while the methyl Ty jis puch larger. It is noteworthy
that the T] remain essentially unchanged over the temperature
interval of 250C (150C-400C) for C2-Cl12. This contrasts with

dipalmitoylphosphatidylcholine bilayers where T] increases 50-

‘lOOZ, for the C2-Cl2 positions when the temperature is increased

from 50°9C-80°C (Brown et al., 152).
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Figure 23a:

Deuterium longitudinal relaxation time(s) measure-
ments of [2!2_2H2] phosphatidylcholine incorp-
orated into native HDL79 as a function of
temperature. The spin lattice relaxation times
were measured by inversion recovery method, (1800-
T-900) where T is in seconds. The figure is a
plot of 1n(Msw -Mt ) vs. T . Mo is the mag-
netization after waiting T. , following a 1800
pulse. As there is large error, +20%, in the peak
height measurements, integrated areas were used to
calculate the magnetization.

Spectral parameters same as in 2,2- of Figure 22a
except T was varied from 0.001 s to 0.0225
(150C): 0.001 s to 0.025 s (250C); 0.02 s to 0.03
s (400C). Number of acquisitions = 3.3 x 10
(150C); 2.5 x 10% (25°C); 7.2 x 103 (400C). Mo
is whenT= 0.1 s (150C); 0.1 s (25°C); Q.16 s
(400C). - ' P
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Figure 23b:

Reuterium longitudinal relaxation time(s) measure-
ments of [4s4-2H2]— phosphatidyl-choline
incorporated into native HDL2 a@s a function of
temperature. Tjy's were measured as described in
the legend -of Figure 22a. Spectral parameters were
the same as in 2,2~ of Figure 22a legend except T

was varied from 0.001 to 0.022 & for all three.

temperatures. Number of acquisitions = 4.0 x 104
(150C and 250C); 2.0 x 104 (400C). M is when

T = 0.11 & for all temperatures.
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Figure 23c:

Deuterium longitudinal relaxation time(s) measure-
ments of I7,7‘2H2]— phosphatidyl-choline
incorporated into native HDL2 as a function of
temperature. Tj's were measured as described in
the legend of Figure 23a. Spectral parameters were
the same as in 2,2~ of Figure 22a legend except T
was varied from 0.001 to 0.025 .4 for all three

temperatures, Number of acquisitions = 3.5 x
104 (150C); 2.1 x 104 (250C); 1.0 x 10% (400¢C).
Mo is when T = 0.11 &« for all three temp-

eratures.
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Figure 23d:

Deuterium longitudinal relaxatlon time(s) measure-
ments of [11,11,12,12-2H,]_ phosphatldylchollne
incorporated into native HDLp as a function of
temperature. T;'s yere measured as described in
the legend of Figure 23a. Spectral parameters were
the same as in 2,2- of Figure 22a legend except T
was varied from 0.001 to 0.035-4 (150C and 250C);
0.002 & to 0.055 -« (400C). Number of acquis-
itions = 1.5 x 104 (150C); 2.0 x 104 (250C); 1.5
x 104 (400C)., M, is when < -0.12 & (150C
and 250C); 0.20 & (4000C). .
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Figure

23e:

o

5 e
A

Deuterium longitudinal relaxation time(s) measure-
ments of [16,16,16-2H,_ phosphatidyl-choline
incorporated into native HDL2 a@s a function of

temperature. T;'s yere measured as described in
the legend of Figure 23a. Magnetization (Moo or

Mz ) was obtained from the peak height measure-
ments. Spectral parameters sweep width = 2,000 Hz

data size = 2048; pdlse 1éngth = 38 s (1800-flip

angle); delay after the 900 pulse = 1.0 (]150°C
and 250C); 1.2 (400C). Line broalening = 2 Hz;
number of acquisitions = 1500 for all three temp-
eratures. T was varied from 0.1 « to 0.35 <&
for all three temperatures. Moo is when T =1.0
4 (150C and 259C); 1.2 « (400C). )

—
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TABLE X

2H longitudinal relaxation times T1'S of a phos-

phatidylcholine selectively deuterated at the sn-2
chain incorporated into native HDL2 @s a function of

temperature,

. T (ms)(2)
Chain Position & 150C 250C 400C
2= 10 11 13
b 13 14 14
7- 19 17 19
11,12- 15 18 18
16- 148 172. 237

(a) Uncertainty for the positions 2-, 4-,

7 -

is approximately

(+20%7) and for the 16- position it is approximately (+103).
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VI The variation of 31p NMR line with of HDLp containing 16-
' [2H3] phosphatidylcholine .

Figure 24 shows the undecoupled 31y NMR‘spectré of native
HDL9 containing 5 mol % 16, 16, 16 :[2H3_]'phospﬁatidylchoiine
as a function of the'solvent viscosity. Only representative
spectra are shown in this figure. The spectr; contain two
resonances, an intense phosphatidylcholine peak and a weaker
resonance 69 Hz downfield due to sphingomyelin. Although both
of the resonances have the same line widths only those of phos-
phatidylcholine peak are measured as th sphingomgelin peak
becomes less discernible at higher glycerol concenatration. At
high viscosities, the line widths are measured by drawing a
perpendicular at the centre of the phosphatidychollne peak and
doubling the half width at half height (éee Figure 24), The line
;idths measﬁred in this manner are'presented in Table XI. For
convenience the line widths are plotted as a function of the
solvent viscosity‘in Figure 25. A smooth curve is drawn through

the points. The error bars represent the +10% accuracy in the

line width measurements.

From the Table XI and Figure 25 it is apparent that the line

width of the phosphorus resonances in HDLp increases with
increasing viscosity. However, it-is important to note that the
-increase in the line width is not linear but instead gradually
levels off. 1In fact, the 1iﬁe widths for 7 = 29.0 cp and N =

34,5 cp are virtually identical within the experimental error.
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Figure 24:

Ty
3lp NMR spectra of native HDLp. containing approx-
imately 5 mol %Z [16,16,16~2H3] phosphatidylcholine
as a function of the solvent viscosity. Only
representative spectra are shown in this figure.
The perpendicular dotted line is drawn through the
centre of the phosphatidylcholine resonance (see

text).

Spectra parameters: resonance frequency 102.2
MHz; sweep width = 2000 Hz; data size = 2048
points;delay before acquisition = 250 ps; delay
between subsequent pulses = 1.51 s; pulse length

= 16 us (for a 600 flip angle); number of acquis-
itions = 3432 (M= 3.8 cp); 5024 (M= 11.7 cp);
6845 (M = 34.5 cp); line broadening = 3.0 Hz (M
= 3.8 cp); 5.0 Hz (N = 11.7 cp); 8.0 Hz (M=
34.5 cp).
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TABLE XI The 31p NMR line width of native HDLy containing ~5
mole 7% [16’16v16‘2H3] phosphatidylcholine as a function
of the solvent viscosity.

=
Solvent Line Width
Viscosity (Hz)(a)
S (cp)
0.89 27
3.8 42
5 44
11.7 68
18.4 80
29 : 102
34.5 110

(a) Uncertainty in the line width measurements is approximately
+107%.

“U
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Fig2s: The variation of *'p linewidth of -HDL,

as a function of solvent viscosity
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In order to analyze the line widfh variation as a function
of the solvent viscosity results using equation 30, p.46, the
value of the constant "C" is required. C is usually taken as the
natural 1£ne width of the phospholipid in chloroform, which is
the isotropic value. Figure 26 shows\an undecoupled 3lp NMR
spectrum of egg phosphatidycholine in_ chloroform/methanol
(2:1 v/v) in 2 mM EDTA. The sample wés prepared from sonicated
vesicles containing ZmM/EDTA, which were freeze driea and
dissolved in chloroform/methanol. The spectrum is a quintuplet
of 1:4:6:4:1 due to phosphorus coupling to the nearby methylénes.
The coupling constant, J 6 Hz (117). The isotropic line widths
‘of phosphorus in egg pﬁosphatidylcholiné was obtained (15 Hz)

from this spectrum as the line width at half height.

Thus using equation 16, p.31, and the above results, the

value of Mg can be approximated provided Te in equation 16 is
also known. In 31P NMR the value of'Mz can also be obtained)from
the line width measurements as a function of the resonance
frequency (see pages 44-46). We have obtained the undecoupled
31p NMR of HDL) at three difference resonance frequencies. The

‘results are shown in Table XII.

129



Figure 26: The Undecoupled 31P NMR Spectrum of Egg
Phosphatidylcholine in Chloroform/Methanol.
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TABLE XII Undecoupled 3lp NMR line width of native HDL, as a
function of resonance frequency.

Line width : Frequency
(AV1/2 in Hz)(a)* (MHz)
21 40.5
28 102.2
35 162

(a) * Uncertainty in the line width is approximately +107%.
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VII Viscosity dependence of 2H NMR line width of methyl
deuterated phospholipid in native HDL,

Figure ‘27 shows the 2H NMR spebtrﬁf/;f "5 mol 7%
[16{16,16’_2H3] phosphatidylcholihe incorporated into native HDLj
as a function of the solvent viscosity. The line width of 6.5 Hz
observed for 3 = 0.89 (0Z glycerol) is in agréement with that of
[16,16,16—2H3] palmitic acid incorporated into native HDLp (162).
Figure 27 contains only the representatiye 2H NMR spectra of

[16,16,16-2H3] phosphatidylcholine in HDLp as a function of the

solvent viscosity. The two resonances due to natural abundance
deuterium in glycerol, 117 Hz and 184 Hz, downfield to the
methyl resonance are not shown for the'sake of brevity. The line
widths as a function of solvent viscosity are presented in Table
VIII. For convenience the liné widths are plotted as a function
of viscosity in Figure 28. A smooth curve is drawn through the
points. The error bars represent the + 10%Z accuracy in the line

‘'width measurements.

From Table VIII and Figure 28, it is readily apparent that
the line width of the methyl resonance/ﬂ%creases with increasing
viscosity. However, it is noteworthy that the increase in the
line width is not linear but instead gradually levels off. In

particular, the line widths{for7f= 27; 29; 32 are virtually

identical within the experimental error.
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Figure 27:

ZH NMR line widths of [16,16,16~2H3]- phos-
phatidylcholine in native HDL,; as a function of
solvent viscosity (7M). Only .representative
spectra are shown in this figure.

Spectral parameters for %M== 0.89 are: Pllse
length = 12 us (600 flip angle); ssweep width =
1000 Hz; data size = 2048 points; delay between
pulses = 1.12 s; delay before datazacquisition =
250 ps; number of acqu131t10ns = 4373; line broad-
ening = 0.5 Hz.

Spectral parameters for ¥ = 5.0 cp were the same

as M = 0.89 except number of acquisitions =
30,000; delay between pulses = 1.22 s; line broad-
ening = 2 Hz.

Spectral parameters for N = 29.0 cp were the same
as Y] = 0.89 excpet number of acquisitions =

25,000; delay between subsequent pulses = 1.22 s;
11ne broadening = 2.0 Hz.

134



135



TABLE XIII 24 NMR line width of [16,16,16—2H3]— phosphotidyl-
choline incorperated into native HDL2 as a
function of the solvent viscosity.

/ ~

Solvent Viscosity Line Width(a)

Centipoise-. Hz

0.89 6.5

5.0 11.7

8.0 14.4

11.0 17.1

16.0 21.5

22.8 22.4 .

W~ 27.0 - 28.5

. 29.0 26.7

32.0 L 27.3

(a) Line width megsyrementskhad approximately + 10% uncertainty.

. @
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VIII Selectively Deuterated Phospholipids in Unilameilar Vesicles

Although fatty acids are considered to be reliable probes of
the phospholipidyacyl chains if multilamellar liposomes, the
possibi%ity still remains whether they adequately refléct the
acyl chain ordgring in the unilamellar vesicles. The fatty acids
afe also known to Cause vesicle fusion (135). This is a serious
problem as there‘may;bg time dependent changes in the yesicle
diameters in our study. We didfﬁot ob:%rve this phenomenon, as
‘both the signal intensity and the line widths remained unchanged
over the period of 36 hours. Neverthelesgtﬂﬁp alleviate such

problems, we have examined the acyl chain order in unilamellar

vesicles using selectively deuterated phospholipids.

-~

For the initial part of the present work we determined using
2y NMR, the acyl chain order in egg!phosphatidylcholine multi-
lamellar liposomes coritaijling ("5 mol%) a saftlrat:edf
phosphatidylcholine seléctively deuterated along the sn-2 acyl
chain. Figure 29 contains 2HiNMR spectra of such liposomes 50%
w/v iﬁ deuterium depleted water at 259C. The 2H quadrupolar
splittings obtained from each spectra are presented in Table XIV.
The two depterons at the 2-position of the sn-2 chain are
inequivalent, Hence two quadrupolar splitings are observed (137).
These results, listed in Table XIV, are in substantial agreement
with those egg phosphatidylcholine and dipalmitoyl'phosphatidyl-

choline multilamellar liposomes (96,106).
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TABLE XIV: 2§ quadrupolar splittings 5 mol % selectively

deuterated phosphatidylcholine in' egg phospha—
tidylcholine multilamellar liposomes.

Chain Position Quadrupolar Splittings
in kHz
- 2- 11.62, 17.93
4- ’ 27.53
7- 28.7 :
11,12- 20,30, 22.73
16 : - 2,65
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Figure 29:

Deuterium NMR spectra of 5 mol % selectively
deuterated phosphatidylcholine along the sn-2
chain in egg phosphatidylcholine multilamellar’
liposomes in deuterium depleted water. Spectral
parameters: 2,2-: sweep width 200 kHz; data set
= 4 K; number of acqusitions (NA) = 2.2 x 105;
line broadening (LB) = 200 Hz. 4,4-: same as 2,2~
except NA = 1.0 x 105§ LB = 300 Hz. 7,7-: same as

2,2 - except NA = 2.0 x 102; LB = 100 Hz.
11,11,12,12-: same as 2,2- except NA = 1.0 x 105;
LB =50 Hz; T = 260 ms. 16,16,16-: same as 2, 2-

except NA = 1.963 x 104; LB = 10 Hz; Ty = 1.21
S. The number to the left of each spectrum
indicates the position of deuterium substitution
of the sn-2 palmitoyl chain of deuterated
phosphotidylcholine. '
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Since the purpose of the present study was to compare the
organizational order in uniiamellar vesicles obtained from
selectively deuterated palmitic acid and selectively deuterated
phospholipids, the liposomes containing "5 mol % deuterated
phosphatidylcholine were diluted to 3 mLs with deuterium depleted
- water and subsequently sonicated (see Material and Methods). The
deuterium NMR spectra of 7% w/v egg phosphatidylcholine
unilamellar vesicles at 250C are shown in Figure 30. The spectra
fog the 2-, 4- and 7- positions do not provide an excellent fit
to ; single Lorentzian line. Whereas, the 2H NMR spectra for the
11,12 and 16- positions do show a good fit to a single Lorentzian

line. These results are in agreement with those obtained from

selectively deuterated palmitic acids in unilamellar vesicles.

We have obtained a size distribution of vesicles by the
negative staining method. Two separate samples of vesicles
containing [11,11,.12',12-21{4], [16,16,16-23] - phosphatidylcholine
were examined. The results from the two samples were pooled to
reflect the siz; distribution present in all 6f the samples
studied. Sizes wre categorized into six fractions,with each
category having the size range of 40 Z.j The results of such an

analysis are shown in Figure 31.
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Figure 30:

Deuterium NMR spectra of approximately 5 mol Z%
phosphatidylcholine selectively deuterated along
the sn-2 chain position in unilamellar vesicles of

7% w/v egg phosphatidylcholine in deuterium

depleted water. The position of selective deuter-
ation is indicated to the left of each spectrum.
Spectral parameters: 2,2-: sweep width = 50 kHz;

data set = 4 K; delay between subsequent pulses =
241 ms; delay before data acquisition = 10 wus;
number of acquisitions (NA) = 2.5 x 105; 1line

broadening (LB) = 25 Hz. 4,4-; same as 2,2-
except NA = 2.0 x 105; /7,7-: same as 2,2- except
NA = 1.5 x 102, 11,11,12,12-: same as 2,2- except
NA = 5.0 x 10% delay between subsequent pulses =
291 ms; LB = 10 H; 16,16,16-: same as 2,2- except
sweep width = 2 kHz; NA = 5.0 x 103; delay between
subsequent pulses = 1.22 s; delay before data
acquisition = 50 ws; LB = 1.0 Hz. .
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Figure 31: Histogram of Unilamellar Vesicle Sizes Containing
Selectively Deuterated Phospholipid. :
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Figure 31: Histogram of unilamellar
vesicle sizes containing selectively

deuteratedcghospholipid
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DISCUSSION ' | a

1 Molecular Dynamics of Cholesteryl Palmitate in the
Reconstituted HDL -

L]

Selectively deute;ated cholesteryl palmitate has been
incorporafed into reconstituted HDL particles composed of apo-
proteins, egg phosphosphatidylcholine and cholesteryl oleate.
The molecular motion of cholestefyl palmitate in the core of
reconstituted HDL was studied by 2ZH NMR. The reconstituted HDL
was employed as a model of native HDL since its chemical compos-
itiog can be controlleg using artificial lipids. In addition to
cholesteryl esters, the core of native HDL also contains tri-
glycerides and cholesterol which may influence the dynamics of

-

cholesteryl esters.

Reconstitution of HDL was performed using the established
procedure of Hirz and Scaﬁu. (126). ~This method does not alter
rhe circular dichroic properties of HDL apoproteins (126). The
half time of cholesterol efflux from rat hepafoma cells is ident-
ical to native HDL indicating the surface properties of
reconstituted HDL are similar to native HDL (74). 1In addition,
the high resolufion 13¢ NMR spectrum of reconstituted HDL is
essentially identical to that of native HDL‘(73L

We ﬁive also characterized the reconstituted HDL particles

using electron microscopy, 31p NMR spectroscopy and chemical

analysis. Table III shows the chemical composition of

147



reconstituted HDL which can be compared with native HDL (Table
I).  Although a very similar chemical composition to native HDL-
is found in the reconstituted HDL particle, the protein/pyos—
pholipid ratio is slightly lower in reconstituted particles
(1.21) than in native HDLj (1.39). The diameter of recopstituted
HDL is 7.8 nm * 1.2 nm is similar to native HDL. But the range
of particle size distribution of reconstituted HDL is greater
from 6.0 nm to 12 nm. This suggests that the native HDL sub-
classes HDL2 and HDL3 are more homogeneous than the reconstituted
particles useq in the present study. The réconstituted particles
probably repfesent the entire spectrum of HDL present in human
plasma, i.e. both HDL, and HDL3. In addition, S!P NMR line
widths of native HDL3 and of HDL reconstituted using either total
lipids or egg phosphatidylcholine (cholesteryl oleate/cholesteryl
palmitate are identical within experimental error (Fig. 76)
(130)." This indicates a similar particle size in the three
systems and also suggests that there is no appreciable difference
in phospholipid head group conformation (1493. Thus, on the
basis of electron microscopy 31P NMR and chemical composition, we
believe that these particles are good models of native HDL.
.

2H NMR line widths of selectively deuteratedicholesteryl
palmitate in reconstituted HDL (Table IV) may be compared with
those obtained with the deuterated cholesteryl palm}tate in egg
phosphatidylcholine‘unilamellar:vesi?les. The linéf;idths ob-
tained for deuterated cholesteryl palmitgte in the reconstituted
HDL particles are very much larger (Table IV) than those for the

equivalent position of cholesteryl palmitate deuteration in uni-



lamellar vésicles with the exception of the terminal methyl
(59,60) The mean diégeter of reconstitu}ed HDL (7.8 nm) is
approximately 1/4 that of egg phosphatidycholine vesicles (30
nm); hence, smaller line widths would be expected in ;econ—
stituted HDL. Therefore, the larger line widths in reconstituted
HDL suggest that ester motion is considerably more restricted in

the lipoprotein than in vesicles.

- Insight into the dynamic behaviour of deuterated cholesteryl
palmitate in reconstituted HDL can be obtained by calculating a

theoretical 2H NMR linewidth for an ester chain undergoing given

motions. The simplest case is that of a static all-trans chain -

embedded in a lipoprotein particle such that particle tumbling is

the only motion responsible for line narrowing. A 2H NMR line
width, AU1/2, can be calculated uslgg equation 12. Assuming a
spherical lipoprotein particle, Te in equation 12 is estimated
from the Stokes-Einstein formula (equation 17). For a recon-
stituted HDL ﬁarticle, with " = 0.89 cP, R ~ 40A° and f = 298°K
we obtain Te 5.9 x 107%s; hence, a line width, AVU1/2 = 2350 Hz
is estimated for a rigid C2H2 segment, For a deuterium attached
to a terminal methyl group, it is also necessary to include the
effect of fast rotation about the C-C bond joining it with the
adjacent CHj éroup (141), and then we calculate AV 1/2 = 260
Hz. Clearly, the experimental line widths (Table IV) for
deuterated cholesteryl palmitate in reconstituted HDL are much
smaller than these predicted §a1ues. Therefore, we conclude that
cholesteryl es£gr chain has significant motion inside the 1lipo-

~
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protein particle.
L

Qur observations are in agreemeht with those of Hamiiton and
Cordez (68) who obtained 13c NMR dafa of n;:;;e HDL. These
authors described the cholésteryl esters in terms of being more
inquid like" than "solid like" - a rather general description.
In the case of native HDL,-whiéh contains triglycerides, it has
been suggested that the dynamic behaviour of cholesteryl esters
is similar to that in a triglyceride/cholesteryl ester mixture
(67). However, on the basis of our data, it is clear that the

EH

presence of triglycerides is not necessary for the ester chains

to undergo significant motion. For native HDL the presence of
triglycerides and cholesterol certainly could influence the

dynamics of %holesteryl ester acyl chains., .

The physical state of a cholesteryl oleate/cholesteryl palm-
itate mixture is solid at abproximately 259C. The féct that
there is considerable motion when in reconstituted HDL suggests
that the bulk phase packing propertie{?of the ;ster are altered
due to the small size of the HDL core such that chains become
more m%bile. Cholesteryl esfer chain mobility may also be due to
the interaction of the ester chains in the core with the phos-
pholipid ;nd/or protein components of the outer monolayer. 7ﬁ?
present, it is not possible to rﬁle out either or both of these
hypotheses. However, it should bé noted tHZt native HDL does not
show any thermal transitions between 0°9C-60°C, whereas its

extracted lipids do show a phase transition between 20°9C-40°C

(4G)., This suggests that if altered chain packing in HDL was the
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sole mechanism leading to chain mobility, then there should be

k]

some evidence of a phase transitidn between 00C-600C even though

it may be broad and depressed.

: ~
The two most popular models for the conformation of

cholesteryl esters in HDL particles (Fig. 32) are the "horseshoe"
(Structurerlj (Edelstein et al., 22) and the extended form
¢Structure II) (Laggner and Muller, 58). Tréating the mot&ons.
uqdergone by the ester acyl chain in the lipoprotein as symmetric
égout the labelled axis (Fig. 32), the quadrupolar splitting,
AVq, is modified by a factor 1/2 <3C0S%e -1>, where & is the
angle between the symmetry axis for 'the molecular motion and the
C;éH bond, and the angular brackets represent the time average
over all conformations of the molecule (95). Hence 1if
cholesteryl palmitate adopted a horseshoe confo?mation in recon-
stituted HDL, a dramatic variation f the 24 NMR line width versus
chain pésition in the highly curved region of the acyl chain
would be expecfed as a consequence of the changes in the average
~value of 6.. In phospholipid lipbsomes containing deuterated
cholesteryl ester, a local minimum of q:;érupolar splitting is
indeed observed at C4-C5 of the ester chain (;42).‘ A variation
of thismfprm is cleariy not the case for the line width of
deuterated cholesteryl palmitate in reconstituted HDL. bn the
other hand, if the ester chain were extended, the variation of
the line width versus chain pﬁsition-might be expected to
resemble the profile of quadrupolar splittings for the ggjllchain

in phospholipid bilayers, which-is known to adopt an extended
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Figure 32:

Proposed conformation for cholesteryl ester in
HDL. I, horseshoe conformation; II, extended
conformation. the dashed lines represent the
assumed axis of symmetry for the molecular
motions. '

152



. 453



conformation (143), This is in fact observed for deuterated -
cholesteryl palmitate in reconstituted HDL (Table IV). 1In the
present case, we observe a region of relatively constant line

widths, which encompasses deuterons on C2-C6, while further down

the chain the line widths decrease until reaching a minimum at

- C/6.

It has been shown tha£ cholesteryl palmitate has finite
solubility (up to 5 mol %Z) in phospholipid model membranes (59~
62). Therefore, we expect a small amount of ester to be assoc-
iated with the phospholipid monolayer of reconstituted HDL. The
siénal from the monolayer ester will be masked by the core-
located ester. Thus the "extended" form probably refers solely
to thé ester in the core, as the ester in the surface monolayer
would probably be in the horseshoe conformation.

by

“%ek the core located ester our observations gre consistent
with the extended confo;mation (Structure II) proposed previously
by Laggner and Muller (58). These autlors also proposed that the
cholésteryl ester mplecples were radially distributed within the
HDL particles. Assu@ing such an orde}ed distributioﬁ of
chdiestefyl palmitate- in the liﬁoprotein, the carbon;deute;iu;:
order parameter ISCDl can be calculated using equation 15. Add-
itional assumptions made are the presence’of a radial director,
and Te is due predominantly to the igotropic tumbling of the

lipoprotein particle. The absolute values of the order para-

meter, Is|, calculated from the observed 2H NMR line widths, are



\shown in Fig. 33. For comparative purposes, we have also in-
cluded the values for the sn-1 chain of l—palmitoyl—Z—éleyl
phosphatidylcholine multilamellar liposomes. While the shapes of
both order parameter profiles are quite similar, .the values of
Isl for cholesteryl palmitaté arerhigher than those’of the equiv-
alent positions of l-palmitoyl-2-oleoyl phosphatidylcholine.
This indicates tﬂat the angular excursions updergone‘by the ester
thains in lipoprotein are more restricted than those of the acyl
chains in multilamellar phospholipid bilayers. The highest order
parameter (|s| 0.38) for cholesteryl palmitate is observed at C2
of thé acyl chain, which probably reflects the motional restricn
tions imposed by the rigid cholesteryl‘moiety. However, the fapt
that all of the order parameters are less than the value of 0.5
expected for a chain undergoing only rapid rotation about its

A

long axis %uggesas that significant angular fluctuations do
[ )

occur. These fluctuations betome of larger amplitude approaching

the terminal methyl group, as evidenced by the progressive de-

1

crease of |s| along the chain.

The longitudinal relaxation times, T;, for the acyl chain of
deuterated cholesteryl ﬁélmitaté fh reconstituted HDL are
relatively éonstant at 15 ms for all the C2H2 segments studied,
while Ty for the terminal C2H3 group is much larger at approx-
imately 150 ms. This implies that the fast molecular motions
responsible for longitudinal relaxation have approximately the
same rate for the C2H2 segments but are significantly slower than

those of the C2H3 group. Such a behaviour has been encountered

previously for deuterated cholesteryl palmitate in phospholipid

&
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Figure 33:

Plot of order parameter versus acyl chain pos-
ition. Plot of the absolute value for the C-2H
order parameter (Isj) versus chain position for
selectively deuterated cholesteryl palmitate in
the reconstituted HDL at approximately 250C

(m__ @), and for the sn~1 chain of 1- palmitoyl

x2 oleoyl phosphatldylchollne at approx1mately
27°C C (s _n ), Seelig and Seelig (143)

b

156



8 10 12 14 lo

S

i
O

ISl 43

R
O

L3INVHVYd 43Q¥0 Hz-0

CHAIN POSITION

r

1571



vesicles (59,60;}’ A quantitative interpretation olf the,loﬁg—
itudinal relaxation times of cholesterYl palmitate in
reconstituted HDL is, unfortunately, difficult due t the small‘
size of these paréicles. For deuterated chplééteryl paimitate in
phospholipid vesicles,}particle tumbling ( Te ~ 10 6s) is too
slow to appreciably influenée Tl, and fast segmental motions
appear to dominate longitudinal relaxation (60). This|may not be

the case for much smaller lipoprotein pprtix:les
(‘Ce = 5.0 x10"8s), so that an extreme narrowing conditioﬂ does

3
1

not apply. ) i
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II vMolecular Motions of Phospholipid Surface Monoiayerfof
Native HDL as Inferred from Selectively Deuterated Palmitic
Acid. ) o '

-

o

Small amounts (<5 mol %) of selectively deuterated palmi{ic
acids have been incorporated inr; native HDL, and HDLj. Tﬁe

intimate association of palmitic acid andeDL was confirmed by
Sepharose 4B gel exclusion chromatography (Figures 16 ‘and 11).
The electron microscopy studies of HDL3 and 31p NMR of HDL3 and

HDL) indicate that the added fatty acid does not alter the struc-

ture of native HDL; The mean diameter of 7.5 * 1.4 nm for'HDL3

2

containing "5 mol % [5,5,6,6-2H,] palmitic acid is similar to
native HDL3 whose mean diameter was 7.;:t]42 nm in substantial
agreement with literature value (Table I) (18). Furthermore, rhe
mean diameter obtained from electron microécopy is in good agree-—
ment with.the vdlue of 7.8 X 0.3 nm determined by sedimentation
(134). In the case of HDLy we have used the value of 10.0 X
1.0 nm for the hydrodynamic mean‘diameter~as determined from

gradient gel electrophoresiss and sedimentation velocity by

Anderson et al. (134).

Fatty acids iﬁcorporated at low levels (<5 mol Z) are known
to be reliable probes of thé dynamic behavior of pHospholipid
acyl chains in model membranes (l44) and erythrocyte ghost mem-
branes (145). Moreover‘in a recent comprehensive study, Pauls et
al. (l144) found that the carbonfdeuterium order parameters of as
much as 20 mél %7 of deuterated palmitic acid incorporatéd into

dipalmatoylphosphatidylcholine multilamellar liposomes were with-

in 107 of those of the phospholipid itself.
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Tables V and X show that the line widths of selectively
deuterated fatty acids in HDL's are dependent upon the position of

selective deuteration and the type of lipoprotein. The values

for deuterated palmitic acid in HDLp are somewhat larger than the

‘

equivalent positions of deuteration of palmitic aci& in HDLg,
VThis might Be expected as HDL is a larger‘particle than HDD3-
The variation of line width with the position of deuteration of
palmitic acid in both lipoproteins suggests the acyl chains of
the surfaceAmonolayer possess anisotropic motions. The degree of
anisotrqpy for a carbon-deuterium bond on the pélmitic acid can
be calculated by using equations (15 and’16). We will assume the
anisotropic mofions of palmitic acid intercalated into the sur-
face monolayer of HDLs are axially symmetric about a radial

director.

In order to calculate the segmental order Scp for deuterated
palmitic acid, a knowledge. of the effective correlation time,i‘te
in equation 16, for the isotropic motions is required (103). By
use of our experimentally determined HDL3 radius (3.75 + 0.7 nm),
the viscosity M= 0.89 dP of pure water and T = 298°K, we obtain
the correlation time for particle tambling T, = 4.8 x 10=8s.
The value of Tt for HDL, using a radius of 5.0 % 0.5 nm,ln =
0.89 ¢P, T = 2989K is 1.13 x 10-7s. The second contribution to
Te is due to laterél diffusion of a phospholipid molecule arqund
the highly curved lipoprotein surface. We have determined the

diffusion coefficient of a number of lipids in both HDL2 and
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vesicles using the method of Cullis (117). Using 20— and 31P NMR
spectroscbpy we find the value of D = (2.0 + 1.0) % 10-8 ¢cmn2 g-1
for phospholipid in HDL» (sée below). This approximates the
value of D = (2:5 i>0.4) x 10-8 cm2 s-1 me;sured for_phosphalipidi
" diffusion injegg ﬁhosphatidylcholine vesicles at 25°C, buE is
lower than the value of D = (721) «x {0‘8 cm? S-1 for [2H31]
palmitic agid in egg phosphatidylclioline vesicles (Wassall, S.R.,
Gorrissen: H., and Cushley, R.J., unpublished results). Using D
=-(2i1) x 10-8 cm?2 5‘1, we obtain ‘Te = 4;8 x.10“85 for HDL3 and
Te = 1.06 x 10~7 for HDL,. From the “H NMR line widths in
Tables V and X the absolute values of the order parameters'|SCD|
for the selectivély deuterated palmitic acids in HDLs were deter-

mined by means of equation 15, The values are listed in Table

- XV,

For comparison we have also shown the Scp values of select—
’{vely deuterated stearic acids in egg phosphosphatidycholine

multilamellar liposomes (106).

In HDLy| the values of Scp are 0.29-30 for deuterons on the

Cp-C¢ positions and 0.23 for‘the 11, 12 pOSitiODS;\ These values
are somewhat lower than for ‘the corrésponding positions in HDLg,
TheAdifference‘in the order parameters between HDLy and HDL3 has
also been observed from the ESR measurement using 5% doxyl-
stearate incorporated into HDLs; More importantly, the acyl
chains in the surface monolayer of both HDLs are considerably

more ordered than those of the multilamellar 1ip$§gy%f.

k)
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TABLE XV: The order parameter lSCDI for selectively deuterated
‘ fatty acids in'HDLzhand HDL3 '(palmitic acids at 25-
270C) and egg phosphatidylcholine multilamellar 1lipo-

somes (stearic acids at 30°C).<v\

Chain Position - | Multilamellar3
lHDsz 2HDL3 Palmitic Acid Stearic Acid Liposomes
0.27 0.38 2 2 0.24
0.30- 0.38 4 4 0.24
0.30 0.37 5 (6) 7 0.23
0.23 0.23 11 (12) 12 0.17
0.04 0.05 16 - 18 0.02
&

lBased upon Te = 1.06 x 10-7 s
2Based upon Te = 4.8 x 10-8 s

3From Stockton et al. (106)




Since both HDL, amdHDLz have—small diameters (<1004), this
leads to a high degree of curvatu:§\for the phospholipids in the
surface monolayer. It is conceivable that the high curvature in
the surface monolayer may affect the acyl chain packing which maif
contribute to the obser;ed line width. Therefofe, we have
studied phospholipid dispersions, i.e. unilamellar vesicles whose
surface is also curved as models of the surface monolayer of

=1

HDLs.

As stated in the results section, the 2H NMR lineshapes"
(Figure 17) for selectively deuterated palmitic acids in the
unilamellar vesicles composed of egg phosphatidylcho-~
line/sphingomyelin are a superposition of Lorentzian lines of
varying widths produced by vesicles having a distribution of
sizes. Therefore, simple line width measurement cannot be used
to obtain an order parameter as in the case of HDL. Instead” the
heterogeneity of vesicle sizes must be categorized by binning the
distribution since each fraction (bin) in the sample will result
in a Lorentzian line of different width. Small sizes will con-
tribute to the centre of the 2H spectrum and the larger sizes
will be reflected in the wings of the resonance. We have frac-
tionated the vesicle size diotribution into six size categories
(Figure 19). Using equation 19, a theoretical 2H NMR line shape
was calculated by taking a superposition of spectral lines,
statistically weighted in intensity according to thé proportion
of vesicles in each size category. Spectral simulations were

computed for Sgp from 0.01 to 0.20 in 0.01 steps. The critical
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test for a simulation based upon summing a series'ofVLore tzian
lineshapes of different widths at half %eight f§ to be found in
the faithfulness of the fit im the wings, i.e. far from the

central frequency. Figure 34 shoW@ the best fit simulation of

[2,2‘2H2] palmitic acid in unilamellar vesicle spectra. The.

order parameter ISCDI = 0.08 yiélds a faithful reproduction of

the observed spectra, whereas the value of |SCDIV= O-ZO is clear-

ly much too broad. The best simulations of the other pbsitions

of deuteration are shown by dotted lines in Figure 35. For

[16,16,16-2H3] palmitic acid éimulations{were computed for Sgp

from 0.01 to 0.02 in 0.001 steps. The order parameters obtained

i

" from the simulations -are plotted in Figure 36. As the purpose of .

the unilamellar vesicle study was to compare and contrast the
« . \

acyl chain ordering with those of the surface mgnolayer of HDL,

AN -
N \ . .
" we have also plottedlthe\HDL3 values in Figure 36.

As can be seen in Figure 36, the shape of the order para-
meter profiles of palmitic acid in HDLs and egg phosphatidyl-
:choline/sphingomyélin unilamellar vesicles are yery similar.

There is an "order plateau" of almost constant Sgp for the first
- ‘

- few carbons in the chain followed by a progreséive‘decrease

towards the terminal methyl group. The |Sgpl values for deuter-

ated palmitic acid 1in e lipoprotein outer monolayer are

considerably higher ( 3-5 times) in the plateau region than the
X y ,

equivalent chain position in the vesicle:bilayer.



Figure 34

Deuterium NMR spectrum (solid lines) of approx-
imately 5 mol % [2,2-2 palmitic acid in
unilamellar vesicles of 157 W/V. egg phosphatidyl- -
choline/beef brain sphingomyelin (85:15 W/W) in
deuterium depleted water. The dotted line is a
simulation obtained frdm equation 19 using ISCDI =
0.08 and 0.20.
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Figure 35:

Deuterium NMR spectra (solid lines) of ~5 mol %
selectively deuterated palmitic acids in uni-

‘lamellar vesicles of 157 W/V egg phosphatidyl-

choline/beef brain sphingomyelin (85:15 W/W) in
deuterium -depleted water. Position of selective
deuteration is indicated to the left of each spec-
trum. The dotted lines are the best fit
superposition of Lorentzian Tines simulating the
spectrum by using the order parameter ]SCDI indi-
cated. . .
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Figure 36:

13

Plot of the absolute value of the order parameter
|SCD| vs., acyl chain position for selectively
deuterated palmitic acid incorporated into HDL3
(e—) and into egg phosphatidylcholine/sphingo-

myelin unilamellar vesicles (m m) at 25-270°C.

The SCD values for selectively deuterated stearic
acids in egg phosphatidylcholine multilamellar

liposomes at 30°C (a s), Stockton et al. (106),
are also included. .

-
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A possible reason for the higher order of the surfacé mono-
layér in HDL's may be due to the presence of cholesterol. 1In a
comprehensive study, Sfockton and Smith (146) found that the
molecular order of egg phosphatidylcholine multilamellar 1lipo-
somes in liquid crystalline phase increased linearly with the
addition of cholesterol. , At approximately 33 mol % cﬂolesterol,
the acyl chain molecular order for the positions 2-11 inﬁreaséd
approximately‘1.7 times. Using the comﬁosition of native HDLs,
we have found that if all of the cholesterol is associated with
Vthe surface monolayers, then mol % cholesterol with respect to

" the phdspholipid in the monolayer are 23.1 and 26.4 for HDL2 and

HDL3, respectively. Using Figure 11 in Smith et al. (92), we
expect an increase in [Scp| of 1.33 times for HDL, and 1.47 times
for HDL3. This should be considered an upper limit since there
is some evidence that 40% of the HDL cholesterol may be in the
core (74). Thefefore we . conclude that higher acyl chain order in
the monolayer pf HDL is not due solely to the presence of chol-
esterol in the monolayer. %

It may be argued that f;tty acid in HDL, aéd HDL3 exhibits a
higher orientational order due to the presence of proteiﬁ ih the
outer layer. Using the number of protein and phospholipid
molecules per particle reported by Verdery and Nicholls ( 147 ).we
obtain a molar ratio of phospholipid/protein of 14/1 for HDL3 and
26/1 for HDLy. At such a low phospholipid/protein ratio a sub-
stantial effect of the protein on the behaviour of the

phospholipid chains might be expected. However, 2H NMR studies
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of protein/phospholipid model membranes (148,149) indicate that,!

at least on the 2H NMR timescale, there is no appreciable acyli

chain ordering effect due to the proteins.

Laggner and Muller (58) have proposed a’mo&el for the
structure of HDL in which cholesteryl esters, triglycerides and
perhaps some cholesterol occupy the core of HDL particle and are
arranged in a radially symmetric patfern. Such an arrangement
would result in the interdigitation of the phospholipid aéyl
chains, located in the surface monolayer, with the ester and
triglyceride.acyl-chainé as well as with the rigid'cholestéryl
molity of the cholesteryl esters. This interdigitation and the
resulting spatial restrictions within the outer monolayer could

conceivably result in higher order parameters of the phospholipid

chains, hence also fatty acid probes, in HDL.

"It is also important to note that the acyl chain order
ibbserved for the phosphatidycholine/sphingomyelin vesicles is at
least two times lower than egg phosphatidycholine multilaﬁellér
liposomes. It may be argued that the presence of 157 sphingo-
myelin results in the lowering of the acyl chain order‘in the
unilamellar vesicles. However, the 2H NMR spectrum of 5 mol %
[5, 5, 6, 6- ZHA] palmitic acid in egg phosphatidylcholine
vesicles yielded AV1/2 = 520 Hé which approximates the line
width obtained in the presence of sphingomyelin (Table VIII).
These results are in contrast to the 2H NMR and %H NMR studies of
unilamellar vesicles, where it was concludéd that the acyl chains

of both vesicles and multilamellar liposomes have the same order
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(150,103,106). \ﬂM\f

The present results with selectively dedteréted palmitic
acids can be compared directly with the pioneering work of
Stockton é& al. (106) whd studied selectively deuterated stearic
acids in egg phosphatidylchﬁiine unilamella;ivesicles. The 1line
widths obtained by those authors were 1.2 - 1.3 kHz for positidns
C9-C1g and 800 Hz for the Cyo Position. These values are con-
siderably larger than obtained in this stud&. We do not know the
basis for this discrepancy. However, as can be seen from
equations 16 and 17, the value of the line width obtained depends
upon the size of t vesicles; hence, Stockton et al. (106) may
have larger vesicl4s«in their preparation than the present study.
In calculating the order parameter, Sgp» those authors assumed
homogeneous (with respect to size)'vesicles with a diameter =
20.0 nm. In contrast, we have measured the size of unilamellar
vesicles by negative staining electtron miéroscopy. We found
vesicles to be very heterogeneous having diameters <25.0 nm to
60.0 nm, with a mean d}ameter of about 30.0 nm, Figures 18 and
19. The heterogeneity of vesicle sizes has also been observed by
Bloom et al. (103). We have considered this heterbgeneity in our

P
linewidth analysis (see above). %

An objection to our method of size measurement (i.e.
negative staining) is that during the staining procedure (drying)
vesicles tend to collapse on the grid to produce flattened
structures. Therefore, the measured size is artificially higher.

t
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If this were the case, we should expect to see a random diétrib—
ution of on edge and on face views of the flattened structures in
the micrographs. We &o not observe this (see Figure 18) and, 1in
fact, most of the structures exhibit circular dimensions. Assum-
ing all of the structures are flattened disés we have calculatag
the decrease in diameter on transforming a disc Fo a'sphericas
vesiéie. A disc of 8.0 nm thickness and diameter ranging from
20.0 nm to 50.0 nm corresponds to a decrease in diameter from 5-

13%Z. Using these values for the diameter, the value of Scp is

only 0.02 higher.
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III Selectively Déuterated Phosphatidylcholine in Native HDL2

'As stated earlier, deuterated fatty acidé yield a reliable
measupement of |SCD| for the HDL phospholipids. NeQertﬁeless,
the presence of fatty acid introduces a net negqtive charge to
thé HDL particle. Hénce the value Of'ISCD] obtained for the
upper position of the acyl chain may bérinaccura We have,
therefore,rincorporated (<5 mol %) a phosphatidylchol neu%elect—
ively deuterated along the sn-2 acyl chain into natdive HDL)
particle by mild sonication. This technique ’ielde¢ha§ un-

X; (see Results,

perturbed lipoprotein particle as shown by 31P NM

Section R.V.).

The 2H NMR line widths obtained for the various positions of
deuteration as a function of temperature are shown in Table IX.
As in the case of selectively deuterated fatty acid (Secgy}ﬁ
D.II), we have\calculated the carboijéeuterium order parameter
ISCD| uéing equations 15 and 16. We have used the literature

o : !
value of HDL) radius = 504 (138). The |Scp] calculated for the

various positions are shown in Table XVI.

At 150C there is a plateaﬁ region of the positions Cyp-Cy of

nearly constant ISCDl. ’The order parameter decreases at C11, C12
before reaching a minimum at the C2H3 segment. These results are
in good agreement with the results obtained from selectively
deuterated palmitic acid in HDL,, At 25°C the ]SCDI profile of
selectively deuterated phospholipid remains the same at 15°C

except that the value for the [2, 2- 2H2] position is increased
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TABLE XVI:

v

ence of the order parameter:

The temperature d;;ﬁﬁx%
|SCD| of phosphatidylcho¥ine selectively deuter-

ated along the sn-2 chain incorporated ( 5 mol %)

into native HDL9-
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) | sco|
Chain Position . 150C" 250(C " 400C
v 2- 0.28 0.30 0.32
b 0.27 0.27 0.28
7- 0.27 0.27 0.28
G 11,12- 0.22 . 0.21 0.15
K 16~ 0.05 0.05 0.05
L ~
[ f
rv)
S !
N
} +
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and the [fl, 11, 12, 12 - 2H4] position is. decreased. As the
témperaturelis raised to 400C there is a further increase in

order at [2, 2 - 2H2] position and a dramatic decrease in SCD‘fOr

the [11, 11, 12, 12, - 2H;] position.

By aqalogy to multilamellar liposomes where the 2 position
of the sn~2 chain has smaller quadrugolgr splittings than the
rest df‘thé\Blateau region, we expect a smaller line width for
the 2 position of the sn-2 chain labelled phospholipid in HDsz
(96), In fact a higher value of the line width and consequently
the |Scp| is observed, compared to the remaining position of the
plateau region, at éll\femperétures sfudied. Furthermqse,.thé
increase in ISCDW for %@e upper positions of the selectively
deuterated phospholipid acyl chains in HDL» witn.temperéture is
in contrast to a uniform decrease in |SCDI observed for the-
deuterated phospholipid in multilamellar liposomes (96). On the
basis of the above observation, we beliéve that either the
conformation or the ordering of the phospholipids is different in
HDL, as comparé& with the phospholipids in multilamellar lipo;
somes., We favour the conformati;n hypothesis because-such a
hypothesis is also put forth to account for the large 31p ;hemfw
ical shift anisotropy measured for HDL), (see Section D.V, pp.187-
204). We suggest that the phospholipid headgroup is extendéd in

HDL> i.e. the O0-P-0 plane is parallel to the monolayer surface.

. -
<

The increase in .order parametér for the upper region of the

£ ' :
"Hydrocarbon chain obtained as the temperature is increased is
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also observed in potassium palmitate bilayers (151). This is
explained by Ehe facf that the polar group of the sbap molecul;r
is anchored at the lipid/water interface. At_lowe?‘temperature
in the Ly bhase, the mol;cular axis is not strictlyvbarallel fo
the bilayer normal. But higher temperatures, the area pef polar
head group is larger, énd the molecular axis bgcomes essentially

parallel to the bilayer normal, Thus an increase in the apparent

order parameter, |Spp|, is observed. Such a hypothesisamay also
explain the 6rder’parameter increase with temperature obseryéd
for the selectively deuterated phospholipid in HDL,; monolayer.
Another possibility for an increase in ISCDl observed with
increase in temperature for the upper region of the acyl chains
is "liquid-protein" interaction. It should be noted that such an
interaction has not been obsérved on the 2H NMR timescalé for
fluid 1lipids (148-149). We consider this possibility because the
HDL\apoproteins are significantly‘differenﬁAthan those proteins
studied previously. The HDL apoproteins are surface proteins,
i.e. they do not traverse the HDL particle (41). These apo-
proteins are arrénged in anramphipathic helix which oriehés
parallel to the curvature of the HDL surface (42). It has been
proposed tHfat the ionic (polar amino ‘acid residues) may interact
with the zwitterionic phosphate headgroup of HDL phospholipids.
It is conceivable that,‘as the temperature is raised the protein
occupies a greater surface area on the HDL, particle and through
electrostatic interaction restricts the motions of the headgroup;
hence an increase in |SCD| for the upper portion of the phos-

pholipids is observed.
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The disordering effect in the Cl1, Cl2 region of the phos-
pholipid acyl chains may be interpreted as follows. At higher

temperatures the area per polar headgroup is larger causing an

increase in the lateral pressure within the HDL2 monolayer. The

anchoring of the polar headgroup maintains the higher order in
the upper region at higher temperatures. The increase in area

for the acyl chains reduces the order for the lower region of the

acyl chains,

It is\AISd possible to argue that increase in disorder at
higher temperature observed for the Cl1, Cl12 region is due to the
intercalation of the core constituents into fhe monolayer. Upon
heating, ;he core constituents (cholesteryl esters) become dis—
ordered; hence their ordering effect on the phospholipid acyl

chains would be reduced. This effect being greatest at the Cl1,

Cl2 position may reflect the extent of interdigitation of the

J

I

core components.
It is clear from the above comments that the temperature

dependence of lSCDl is not fully understood at present. Further

research is required to clarify this important point.
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IV Longitudinal Relaxation Times

The 2H NMR longitudinal relaxation times measured for

selectively deuterated palmitic acids in HDL9 and HDL3 (Tableé
VII and VI) and for selectively deuterated phospholipid (Table X)
exhibit a profile in which the relaxation rate 1/Tq is approx-
imately constant at ~70’1205—1 for positions 2-11,12 and falls
off to "5 5-1 at the 16 position. The shape of this profile,
with its plateau region of approximately constant valueé for the
upper portion of the acyl chain, is quali%?tively similar tb that
observed for liquid crystalline diéalmitoylphosphétidylcholine
membranes (152). In contrast, the a tuai rates in HDLs are,
apart from the terminal methyl, a factoé;bf >2 X greater than in
the phospholipid bilayers. Although the difference in.resonant
frequency Vo of the two sets of measurements (38.8 vs. 54.4 MHz)
may be a significant contributing factor, the higher longitudinal
relaxation rates suggest that the molecular motion(s) responsible
are slower in the lipoprotein monolayer than in the model mem-
brane and/or the preseﬁce of additional motion(s) in the case of
HDL3. 13C NMR relaxation times for HDL that are shorter than for
liposomes prepared from HDL lipids have been repo:ted previously
(48,49).

No definitive interpretation of spin lattice relaxation in
lipid bilayers has been présented. Analysis solely in terms of a
fast correlation time representing segmental motions is in-

adequate, since, in particular, a dependence of resonance

frequency is observed of the form
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1 = AT; + B/Wol/2

T1 g

where A and B are constants. Slow collective order fluctuations
described by a distribution of correlation times (111) and
diffusion of defects (e.g. kinks) up and down the acyl chains

(112) are the relaxation mechanisms that have been proposed.

Table VI illustrates that the Tl's measured at 25°C for
[5,5,6,6—2H4] palmitic and [16,16,16-2H3] palmitic acids in'HDL3
increase by ~45 and 17% respectively.between 38.8 and 61.4 MHz.
13C NMR relaxation times which increase with resonant féequency
have similarly been reported for HDL (53). The trend is thus
qualitatively in agreement with the behaviour seen in liquid
crystalline phospholipid bilayers. On the basis of the current
2H NMR data, obtained at only two resonant frequencies, it is not
possible to decide upon the exacf nature of the molecular motions
determining the relaxation in the lipoprotein monolayer. The
situation in HDUs is further complicatedbby the possibility that
particle tumbling (T£ T10-7s) is itself fast enough to influence

the longitudinal relaxation time (153).

Table X shows the Tp behaviour of deuterated phospholipid in

HDL9 as a function of temperature. As the temperature is in-
creased from 15°C to 409C the Tl's remain essentially unchanged
for the Cz - Cl1,12 positions; however, the terminal methyl Tj is

increased from 150 ms to 240 ms. The invariance of T1 with
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temperature for the upper positions is in contrast to the behav-
iour of phospholipid bilayers 'in the liquid-crystalline phase
(152). The exéct nature of the motions in HDL is not knowﬁ.
However, it could be that the acyl chains of the HDL sfrface_

monolayer are less flexible than the corresponding positions of

the phospholipid Bilayers.
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v Diffusion of Phospholipids in HDL?

Both the sphingomyelin and phosphatidylcholine resonances of
HDLy had similar 31P NMR linewidths (6%1 Hz at 40 MHz and 2913 Hz

at 102.2 MHz) suggesting these lipids are homogeneously mixed in

HDL. We have measured the lateral diffusion coefficient of.

surface phospholipids in HDL) by the method of Cullis (117). 1In

this technique the rotational correlation time of HDL, T+ , hence

the linewidth of HDL, phospholipid resonances is varied as a

function of the medium viscosity (see Section D.II, pp.45—46%7

\

aliquots of glycerol to the sample.

< L0
S i

The linewidth, AV1/2, is given by eQuation 30 which can be

expressed as follows:

(32)

AN

1 = 1 3 kT + 6D '
AVu=C W | Maym w) Mo R*
/

A plot of (AV1/2-¢)-1 vs‘v]‘1 gives a straight line for which the

ratio of intercept/slope is given by

Intercept = 8 77 DR (33)
Slope kT

Thus, making no assumptions for the value of second moment, My, D

can be obtained provided R is known.
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From the 2H NMR and 31P NMR linewidth‘vari;tion as a fun-
ction of the solvent viscosity (Tables XI and XIllﬂiwe have
obtained plots of ([[UI/Z_C)’I vs Y]‘l., Both 31lp NMR (Figure 37)
and 2H NMR (Figure 38) data give a good fit to a straight line.
The solid line is the least squares fit to the data, with
correlation .coefficient = 0.9956 and 0.9907 3lp NMR data (Figure
37) and 2H NMR data (Figure 38), respectively. The dotted 1i;es
in Figures 37 and 38 are drawn through extremeskof the error
limitss Using a radius of 5.0 nm for HDL,, we obtain D = (2i1)7x
10-8 cm2 s-1 for 3lp NMR data (725°C) D = (l.6%x1) x 10-8 cm2 g~1
for 2H NMR data (7259C). These values proximate those obtained

for pure phospholipid bilayers (117).

Employing the equations 15, 16 and 30 and D = 2.0 x 10-8 cm?2

s~1, a theoretical variation of linewidths can be generated for

1
the solvent viscosities employed. Such.predicted linewidths are
plotted (solid lines) on Figuresi25, 28, Close agreement is
found between the experimental data agggthose predicted by

eqﬁation 30.

In calculating the theoretical curve we have used the value
of the second moment obtained from the graph for both the 2H and
31p data (Figures 28 and 25). Using Sgp = 0.02 we calculate the
residual second moment Myy to be 2.04%0.5 x 107 s=2 which is in

substantial agreement with the value of 2.14 x 107 s-2 obtained

from a ( AlJl/z—C)_l vs V) -1 plot (Figure 38).
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Figure 37:

Plot of ( AV1/2-C)-1 vs.w -1 obtained from 31P NMR
(undecoupled at 102.2 M Hz) line widths of native
HDL, containing qu[2H3] phosphatidylcholine as a
function of glycerol concentration.
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Figure 38: Plot of (AV1/2-C)-1 vs.N-1 obtained fromZH NMR
- line widths methyl deuterated phosphatidyltholine
in HDLy as a function of glycerol concentration.
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The va/ne»of the residual chemlcal shx@ﬁ anisotropy obtained
from the 31P NMR data (Flgure 37) of ﬂDL = 75+10 ppm is con-
siderably larger than A0 s 40 ppm for phospholipﬂg/bilayers.
In order to account for the dlscrepancy we have varied the
lateral diffusion coefficient and .the radius of the partlcle.
Assuming AQ = 40 ppm and R = 5.0 nm, w& have obtained theo-

retical curves for D = 0, D =5 x 10*9, andi f= 2.5 x 10"8 which

.4 R
£

are plotted on Figure 39. It is apparent that none of the values
of lateral diffusion coeff1c1ent‘f1t the experimental data. In
Figure 40 the value of R was varied from 6.0 to 8.0 nm, with A0
= 40 ppm and D = 2 x 10-8 ¢m2 s-1, A satisfactory fit to the
experimental data is observed when R = 7.0 nm. This value of R
for HDL, is considerably larger than’reported iafthe literature
(134). Anderson et Ei;(134) have measured the raQius of part-
icles from the deasity range = 1,063 - 1.125 g mL-1, which is
gsimilar to the preparagion in the present study. 'Using negative
staining electron miscroscopy, sedimentation velocity and grad-
ient gel electrophorosis the values of diameter obtained were
11,0 iO:S nm, 10.0 + 0.5 nmnm, respectively. Therefore it is un-
likely tﬂat’we have underestimated the size of HDLo to such a
large extent. The large value of A¢ obtained for HDLy may
indicate differences in the headgroup conformation and/or motion
betwen HDLz and phospholipid bilayers. The value ef the 31P
-residual chemical shift anisotropy is known to depend upon the
motions of the headgroups in phospholipid bilayers (115). For
dipalmitoyl phosphatidyl choline bilayers A O decreases from

69 ppm in the gel phase at -109C to 45 ppm in the liquid
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Figure 39:

- B

Plot of 31 NMR Line Width of HDL, @s a Function of
Solvent Viscosity. The Dotted Lines are Cal-

“culated Fits with the Different Lateral Diffusion
Coeffi%ient;‘ﬂ, and using AC = 40 ppm and Radius -
= 50.0A. S
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The variation of >'P Iinewidth of ,HDLZ‘

.as a function of solvent viscosity
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Figure 40: Plot of 31PNMR Line Width of HDLg as a Function of
Solvent Viscosity. The Dotted Lines are Cal-

culated Fits with Different Radii and using AQ =
40 ppm and .D = 2.0 x 10-8 ¢cm2 5-1,
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crystalline phase at  48°C (115). This décrease in AQ is
attributed to the onset of rapid rotation about the C(2)-C(3)
axis of the glycerol backbo&e and wobbling of the headgroup
coupled with the conformational transitions. The large'valﬁe'bf
A observed for HDL9 cannot solely be due to the absence of the
above mentioned motions as the HDLZ phospholipids are well above
the gel-liquid cfystalline phase transition at 250C. This is
borne out by the fact that the lateral difusion coefficient, D =
2 x 1078 cm? s-1 at ~259C which is similaf in value (117, 89) to

the pure phospholipid bilayers in the liquid crystralline state.

The headgroup conformation of egg phosphatidylcholine bi-
layers have been examined by neutron diffraction and of
dipalmitoylphosphatidyl-choline bilayer by 31P NMﬁ‘(114,154L
The H,0/D90 différential neutron diffraction results are consis-
tent with the choline group being in the plane bf the bilaygr.
The 31p result of the dipélmitoylphosphatidyl—choline in the’
liquid~crystalline phase, with AT 745 ppm is consistent with
the O-P-0 plane of the headgroup being oriented 50° with respect
to the bilayer plane (154). Griffin et al. (154j.have also
calculated AY for dipalmitoylphosphatidylcholine bilayer in both
the gel and liquid crystalline phase with the O—P—Orplane
parallel to the bilayer plane. The extended conformation of the
headgroup yields spectra whose breadth is 80 ppm in the liquid

crystalline phase. This value is coincident with the value of

AQ = 75% 10 ppm obtained for HDL2-
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Since the residual chemical shift anisotropy of HDL, g
considerably larger than that of phospholipid bilayers,\the poss-
ibility that glycerol altered the HDL, gstructure was considered.
The effect of glycerol on the 31p NMR of phospholipid multi-
lamellar liposomes has been studied by Cullis (117), who observed
no change in the residual chgmicai shift anisotropy even at 857%
glycerol conéenfration. Glycerol also has no effect on the
dipalmitoylphosphatidycholine multilamellar liposomes in the
liquid crystalline phase as shown by X-ray diffraction (155).
However, glycerol caﬁses extensive interdigitation of the acyl
chain below the liquid-crystalline phase. Following these ob-
servations we believe that glyceroi probably has very little
direct affect on the phospholipid headgroup in HDL, but could
affect the HDL), apoprotein structure and thereby cause changes i;

the phosphate group conformation.

Control experiments were performed to check the indirect
effect of glycerol on the HDL) structure. Firstly, an 7 = 26 cp
sample was diluted to ¥ = 19 cp. The 31P NMR linewidth of the
diluted sample was 84 Hz, which is in close agreement to that
obtained from Figure 25. Secondly, exhaustive dialysis of the 7]
= 19 cp solution yielded?a linewitith in close agreemept with
nativé HDL,, To alleviate the problems associated with glycerol,
we have attempted to measure the 3lp residual chemical shift

anisotropy by examining HDLy in the absence of any perturbadis.

By substituting equation (31) into equation (30) we obtain
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AUL/2 =160 AG2 ~A)2T, +C
- ‘45 :

where U, is the resonance frequency. Thus, a plot of (AVU1/2 -C)
vs. ’1)02 yields a straight line from which the value of A can
be obtained -provided Te is known. We have measured the
undecoupled 31p NMR linewidth of HDLp at three different fre-
quencies {Table XII). Using Te = 1.06 x le7 s and the slope
from the graph in Figure 41 we calculate AO= 69 ppm. This is
in substantial agreement with the AQ = 75 * 10 ppm obtained
from the viscosity experiment. However, as the linewidth
measurements have large (£10%) uncertainty associated with them
and the fact that we have only three points describing a straight‘
" line, the A® obtained from the field dependence is probably not
very accurate, Thus, further research is required to establish

the origin of the apparently large value of AT in HDL,,

196



Figure 41: Plot of (A1)1/2—C) vs. ’Uoz of 31P NMR
(undecoupled) line widths of native HDLo obtained
at different resonance frequencies. ’
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Vi The Acyl Chain Orientational Order of Deuterated Phospho-

lipids in Membranes \
i

L]

Previously, from the results obtained using selectively
deuterated palmitic acid, it was concluded that the orientatioﬁal
order in unilamellar vesicles is at least two times 1ower‘than
the corresponding liposomes (Section D,II, pp. 163-178). Al-
though fatty acids reflect the orientational order of
phospholipids in multilamellar liposomes'adequately,_the poss-—
ibility remains that they may alter the unilamellar bilayer
structure. For example, fatty acids are known to induce veéiclé
fusion (135). Therefore, we have examined the acyl chain order

using selectively deuterated phospholipids.

Unilamellar vesicles of egg phosphatidylcholine containing
(<5 mol %) sn-2 chain labelled phosphatidylcholine derived from
egg lysolecithin anq‘selectively deuterated palmitic acid were
prepared by sonication. The 2H NMR spectra of such vesicles are

shown in Figure 30.

Fast isotropic tumbling of the vesicle and the laterai
diffusion of the phospholipid averages the quadrupolar inter-
action such that the quadrupolar splitting disappears. Hence,
the spectra have to be analysed using equafion 19 to obtain S¢p-
Here, in obtaining ISCDI we have ignored the contribution to the

line width resulting from local segmental motion (i.e. the 1/ Ti

term in equations 15 and 19) and any other slow motions. There-

fore, we report only an upper limit of Sgp-
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The correlation time, Ty, requires the knowledge Qf the
radius-of particle and the value of the lateral diffusion
coefficient of phospholipid molgculesr The radius of'the
particle was obtained directly from electron iicrographs of
negatively stained vesicles. We have measured the phosphollpld

dlffusion coefficient at- 25°C in egg phosphatidycholine ve31c1es

—

by the method of Cullis (117) and found D = (2.5 + 0.5) x {6:8

cm2 S-1 .

Unilamellar vesicles have an additional problem in that they
are heterogeneous with respect to size., Hence a supﬁrpositibn'of

Lorentzian lines i observed. We have measured their size dis-

tribution, shown in%Figure 31. Employing equation 19 we have

simulated the spectra re 42) in exactly the same manner as

T

described in the vesicles containing selectively deuterated palm-

itic acids (see pp.l67-168). The order parameters which exhibit

best visual fits are shown in Figure 42 and Table XVII.

For comparison we'have examined the orientational order of
multilamellar liposomes made from the samgnlipid mixture as
unilamellar vesicles. The quadrupolar splittings obtained from
the various positions of selective deuteration are shown in Table
XIV. We have calculated ISCDl using equation 8, which are shown
in Table XVII. The two values of |Sgpl = 0.09 and 0.14 is ob-

tained for the 2 position of the sn-2 chain are due to

inequivalence of the two deuterons (137). The value of lSCDI =

0.22 for (C4) and 0.23 for (C7) position are representative of

200 /;>\\



Figure 42:

Deuterium NMR spectra (solid lines) of approx-
imately 5 mol % sn-2 chain labelled phosphatidyl-
choline in unilamellar vesicles of 7% W/V egg
phosphatidylcholine in deuterium depleted water,
The position of selective deuteration is indicated
to the left of each spectrum. The dotted lines are
the best fit superposition of Lorentzian lines
using the order parameter indicated.
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TABLE XVITI: Order parameter ISCD| for sn-2 chain labelled
phosphatidylcholine in egg phosphatidylcholine
unilamellar vesicles and multilamellar liposomes
at 250C.

| . o |scpl
Deuterium position
on sn-2 acyl chain : Vesicles Liposomes
e s 4 “ s
2- | 1 0.09 0.09, 0.14 ~fw¥
4~ 0.09 0.22
7~ 0.09 0.23
11,(12)- 0.06 0.18, 0.16
16- 0.015 0.02
2
"
o ¥
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-~
the "order parameter plateau™which %fgends to C10 as shown in
other multilamellar dispersion (106,96). The order parameter
decreases at 0.18 and d€f6 at Cl1, ClZé@efore regphiﬁg a minimﬁm

w

of 0.02 at CZH3. These results are quite similar to those ob-

4

&

tained from dipalmitoylphosphatidycholinevmultilamellar.bilayers‘

(143).

Based upon an inspection of the results in Table XVIi we are
led to conclude that acyl chain order in unilamellar vesicles is
approximately one-half of that found in ﬁultilamel%ar liposomes,
These results of deuterated phosphblipids are in agréement with

those obtained from selectively deuterated palmitic acids (107). -

—~

The differences in hydrocarbon chains of multilamellar bi-
1ayer§ and unilamellar vesicles are also seen in thé gel to
liquid-crystalline phase transition (82). Multilamellar dipalm-
itoyl phosphatidylcholine liposomes undergo a highly cooperative
(nearly isothermal) gel to liquid-crystélline phase transition at
T41.2°¢C. In Edﬁtrast, small unilamellar vesicles made from the
same lipid have broad gel to liquid-crystalline phasg transition
at. about 36.90C. The enthalpy associated with unilamellar
vesicle phase .transition is approximately 507 of that of multi-
lamellar liposomes. It is suggested that the phosphdlipid'acyl
>chain in highly curved unilamellar vesicles have different pack-
ing compared to phosphatidylcholine packing in an essentially
planar bilayer of multilamellar liposomes. Our 24 NMR results

show these differences quantitatively in acyl chain packing in

o3
e
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two systems. - . -

The lower values of the carbon-deuterium order parameter in
: v

vesicles may ygccount for several interesting observations in the

literature: insulin binds to small unilamellar vesicles of egg

phosphatidyléholine, but not to corresg?nding multilamellar
liposomes (156){ protein fan‘transfer<from erythrocyte membranes
into small unilamellar vesicles but do ﬁot transfer into multi-
lamellar liposoﬁes (158); and phospholipid exchangé protéins
utilize small unilamellar vesicles as effective substrates but

are not active with multilamellar liposomes (157).
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CONCLUSIONS

- Human plasma high density lipoproteins are spherical micro-
emulsions consisting of an apolar (cholesteryl ‘esters and
triglycérides),core.surrounded by an outer phespholipid méno—
layer. Surface bound apoproteins stabilize the microemulsions.

In the present investigation, we have studied the molecular

motions and conformation(s) of 1lipids in HDL2 (density = 1.063 -

1.125 g/mL) and HDLj (density = 1.125-1.21 g/mL) by 2H and 31p
NMR. The lipoprotein particles were characterized by electron

microscopy, gel exclusion chromatography and wet chemistry.

For comparison, the model membranes, unilamellar vesicles,
having a phospholipid composition similar to HDL were "also

studied by 2H- NMR.

High Density Lipoproteins

Reconstituted high density lipoprotein was prepared by soni-
cation and préparative ultracentrigation of mixtures containing
the apoproteins of HDL3, egg phosphatidylcholine, cholesteryl"
oleate and acyl chain deuterated cholesteryl palmitate in aqueous
buffer. The resulting structures have a size and chemical com-
position very similar to native high density lipoproteins (Table
III). The 2H NMR line widths for the deuterbns on the chain
positions C2 - C6 varied from 350-430 Hz (Table 1IV). Such a
variation is consistent with an average ester conformation where-

in which the ester acyl chain is extended. This conclusion is in .
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contrast to the HDL models proposed on the basis of compositional
analysis (22), but agrees with the model proposed on the basis of

low—~angle x-ray diffraction (58).

Furthermore, a theoreticai line width was calculated‘for the
deuterated cholesteryl palmitate in reconstituted HDL. Using a
radius = 4.0 nm, a line width of 2350 Hz is expected for an all-
trans C2H2 segment of so0lid cholesteryl palmitate in the core of
reconstirdted HDL. Thus, the narrow line widths observed (Table
IV) indicate that the cholesteryl palmitate acyl chains have

considerable anisotropic motions when in the core of recon-

dtituted HDL.

A possible reason for the presence of anisotropic motion is
that the small size of the core may.prevgnt the ester from paﬁk—
ing as it does in ghe bulk phase, therefore, léading to chain
mobility. Another explanation may be that the ester acyl chains
interdigitate into the surface of monolayer and rhe ester chains
are influenced by surface components, i.€. the phospholipids or
apoproteins. Whatever may be the explanation, it shauld be noted
that the cholesteryl ester chains have mobility even in the
absence of triglycerides. Hamilton and Cordes (68) have proposed

that the motions of the cholesteryl moiety are due primarily to.

the triglycerides in HDL.

The orientational order Sgp, of the phospholipid surface

monolayer .of HDL; and HDL3 was monitored by incorporating
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"5 mol % selectively deuterated palmitic acid into native HDL.

At ~2$°C, the average order barameter, Scp fordthe,C-D bonds at
chain positions C2-C6 = 0.29 and 0.38 for HDL, and HDL3, respect-
ively (Table XV). These values may be compared to the eqUivalent
positions on selectively deuterated stearic acid in egg phospha-
tidylcholine multilamellar dispersidns where Scp = 0.21 (106).
The higher orientational order in HDL may be due to the presence
of cholesterol in the surface monolayer, lipid-protein inter-
actidns; partial ix{Z}digitation of the core components into the
surface monolayer and/or high curvature of*the surface monolayer.

These possibilities are discussed in Section D.II, pp. 163-178.

We have also incorporated sn-2 chain deuterated‘phospha-
tidylcholine into the surface monolayer of HDL,, The line widths
Qere 430—560 Hz for the deuterons on chain positions C2-C7 at
15 ©C (Table IX). These results are in géod agreement with those
of deuterated palmitic acid (see above). But the C-D ordej
parameter for the positions were higher than the rest of the
positions in the "plateau regiona (Table XVI). This is in con-
trast to the results obtained for the 2 positions of sn-2 of
phospholipids in multilamellar dispersions (96). We suggest that
the C2 segment of the sn-2 chain of HDL phospholipids has differ-
ent conformation than in multilamellar liposomes. Possible

reasons for the above difference are discussed in Section D.III,

pp.179-186.

The lateral diffusion coefficient, D, of phospholipids in
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- HDLy was also determined by the method of Cullis ()17 ) using 2y
‘.;nd 3lp NMR. A value of D = (2+1) x 10-8 cm?2 s-1 at 7259C was
obtained using both 24 and 31P NMR. This value indicates that
phospholipids in the HDL surface are in the liqﬁid—crystalline

phase.

The 31P residual chemical shift anisotropy (CSA) calculated
from the,viscosity dependence of 31p NMR line width of HDLy was
"75 ppm, whereas, CSA of ~45 ppm is observed in phospholipid
bilayers (115). In another experiment, HDLj 31p NMR line width
was obtained as a function of the Larmor frequency. A CSA
“69 ppm was calculated. The apparently higher value of the
residual chemical shift anistropy for HDLZ compared to a bilayer
may reflect conformational and/or motidnal differences of the

head group in the two systems, Griffin et al. (154) have cal-

culated a CSA ~80 ppm for phospholipid bilayer§ where the 0-P-0
plane is parallel to the surface of the bilayer plane. " This
suggests that the phospholipid head group in HDL has an extended

conformation.

&

W

2y NMR longitudinal relaxation times were measured for the
selectively deuterated palmitic acids in HDL9 and HDLg (Tables VI
and VIII) are approximately 15 ms for C2H2 and 170 ms C2H3_
These values are shorter than those found in phospholipid bi-
layers (152), suggesting that the molecular motions are more
effective in the lipoprotein monolayer than in the model mem-
brane. In HDL, the particle tumbling ( T, 10~ 7s). may itself

influence the longitudinal relaxation.
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The Tl's for seléctively deuterated phosphotidylcholine in
HDLy were also measured as a function of temperature. The Tp'S

for C2H2 segments from C2-Cl1,12 was the same within experimental

error, This result contrasts with the temperature dependence
behaviour of phospholipid bilayers in the liquid crystalline
\

phase.

The Ty's for 5,5,6,6—[2H2]'pa1mitic and 16,16,16—[2H3] palﬁ—
itic acid in HDLg increase by ~45 and 17% respectively between
38.8 and 61.4 MHz. The frequency dependence of Tl may indicate
the presence of slow motions of the form shown in bilayers
(111,112). Clearly, much research is required to explain the

differences in HDL and phospholipid bilayers.

Unilamellar Vesicles

The higher orientational order observed for phospholipids in
HDL than for multilamellar dispersions may be due to the high
curvature of the HbL surfaced. Therefore, we have studied uni-
lamellar vesicles composed of egg phosphatidyl-
choline/sphingomyelin/selectively deuterated palmitic acid whose
surface is also highly curved. The average order, Scp» for the
"plateau region" was 0.09. This value is approximately 3-5 times

lower than that found in HDL. Furthermore, the Scp = 0.09 for

the highly curved unilamellar vesicles is at least two times

lower than that found in much less curved multilamellar lipo-
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somes. For comparison with selectively deuterated palmitic acid
in bilayers, we have incorporated phoéphatidylcholine,Vselective—
ly deuterated along the sn-2 chain in eég'phosphatidylcholine
multilamellar liposomes and unilamellar vésicles. In the case of
multilamellar 1iposbmés, the value of Sgp was 0.09, 0.014 (C2),
0.22 (C4) and 0.23 (C7). These values of Sgp are significantly
different, Ccp = 0.07 (C2), 0.09 (64) and 0.09 (C7) from those
obtained fbr unilamellar vesicles. We therefore conclude that
the acyl chain orientational order of highly curved unilamellar
vesicles is at 1easf two times lower than in multilamellar lipo-

somes.

This significant finding may have importaﬁt consequences.,
Firstly, care must be exerted in extrapolating the results ob=-
tained from unilamellar vesiclés to the planar regions of the
biological membranes. Secondly, unilamellar vesicles are excel-
lent models for the hiéhly curved regions of biolggical
membranes. The biological activity associated with tgijurved
regions such as cristae in the mitochondria may be in part due to
the structure of the phospholipid acyl chains. Recently, Madden
et al. (160) have shown that the coupling ratio of the cytochfome

c oxidase reconstituted system increases as the size of the

vesicles is decreased.
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