Sonderdruck

Hoppe-Seyler’s Z. Physiol. Chem.
Bd. 357, S. 905 - 915, Juli 1976

Verlag de Gruyter Berlin - New York
Printed in Germany

13C-.NMR Studies of the Membrane Structure of Enveloped Virions (Vesicular

Stomatitis Virus)

Wilhelm STOFFEL, Klaus BISTER, Christfriede SCHREIBER and Budi TUNGGAL

Institut fiir Physiologische Chemie der Universitit K6In

(Received 22 March 1976)

Summary: The mobility of the lipids in the
bilayer of the envelope of vesicular stomatitis
virus has been probed over its complete space by
the biosynthetic incorporation of [N-!13CH;]-
choline as a probe for the polar head groups and
[3-13C]- and [11-'3C]oleic acid and [16-'3C]-
palmitic acid for the hydrophobic region of the
bilayer. These precursors were effectively incor-
porated as established by the concomitant ad-
ministration of the same precursors in radioactive
form. Spin lattice relaxation time measurements
(T)) of the 13C enriched segments in complete
virus envelope allowed estimation of their mobil-
ity. The mobility of the polar head groups is re-
stricted, probably due to ionic interactions with

neighbouring acidic phospholipids (phosphatidyl-
serine) and/or acidic side chains of the glycopro-
tein (G-protein). The rigidity of the hydrophobic
part of the bilayer is due to the high cholesterol
content and interaction with the immersing poly-
peptide chains of the G- and possibly M-protein.
The rigidity is limited to a depth of about 15 A
ranging from the inner and outer surface, whereas
the inner core of the bilayer is fluid. Tryptic
cleavage of the hydrophilic part of the G-protein
allows the lipophilic immersing polypeptide
fragment to enter further the bilayer which then
reduces the fluidity of the hydrocarbon chains in
the core region by lipid-protein interactions.

13C.NMR-Untersuchungen iiber die Membranstruktur von Virushiillen ( Vesicular-Stomatitis-Virus)

Zusammenfassung: Die Beweglichkeit der Lipide
in der Doppelschicht des membranhaltigen
Vesicular-Stomatitis-Virus (VSV) wurde iiber
ihre gesamte Ausdehnung mit Hilfe der !3C-mar-
kierten Vorstufen [NV-13CH; ] Cholin fiir die pola-
ren Kopfe, [3-13C]- und [11-13C]Ol- und
[16-13C]Palmitinsiure fiir die hydrophobe Re-
gion als Sonden gemessen. Diese Vorstufen wur-
den in guter Ausbeute iiber die Wirtszelle in die
Virushiille eingebaut, wie die Analyse der gleich-
zeitig mitverabreichten radioaktiv markierten

Vorstufen bewies. Spin-Gitter-Relaxationszeit-
Messungen (7';) von !3C-markierten Segmenten
in der kompletten Virusmembran erlauben die
Bestimmung ihrer relativen Beweglichkeiten. Die
Beweglichkeit der polaren Gruppen ist eingeengt.
Als Ursache erscheinen ionische Wechselwirkun-
gen mit sauren Phospholipiden (Phosphatidyl-
serin) und/oder sauren Seitenketten des Glyko-
proteins (G-Protein). Die Starrheit des hydropho-
ben Teils der Lipiddoppelschicht kann einmal auf
den hohen Cholesteringehalt und zum anderen

Abbr

forming unit.

VSV = Vesicul

stomatitis virus; BHK 21 cell line = a baby hamster kidney cell line; pfu = plaque
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auf die Wechselwirkungen mit den eintauchenden
Polypeptidketten des G-Proteins und — nicht aus-
zuschliefen — des M-Proteins zuriickgefiihrt wer-
den. Die Rigiditit ist auf eine Tiefe von etwa 15 A
(C-11), von der inneren und dufieren Oberfliche
gemessen, beschriankt, wihrend der innere Kern
der Doppelschicht fliissig ist. Tryptische Abspal-

tung des hydrophilen Teils des G-Proteins erlaubt
dem lipophilen Fragment tiefer in den hydro-
phoben Teil der Doppelschicht einzudringen, wo-
durch die Fluiditit der Kohlenwasserstoffketten
in der Core-Region durch Lipid-Protein-Wechsel-
wirkungen abnimmt.

Key words: Lipid phase, dynamics in enveloped virus; [! 3C] precursors, incorporation; 13C-NMR spectroscopy with
complete virions; spin-lattice-relaxation time measurements with complete virions; virus envelope, rigidity.

The membrane of a number of enveloped animal
viruses consists of an assembly of host cell derived
lipids and virus specific proteins. The number of
component species is relatively small and there-
fore the virus envelope represents a membrane of
limited complexity for the study of its structural
organisation!!] which implies the question for the
lipid and protein interactions.

The enveloped virus used in the previous!?! and
present study is the vesicular stomatitis virus
(VSV). Its envelope contains one glycoprotein
(G-protein) of 75000 daltons and an M-protein
somehow associated with the envelope, whereas
the viral polymerase (L-protein) and the nucleo-
capsid protein (N-protein) apparently do not
interact with the envelope membranel3:41, The
contradictory reports about the organization of
the glycoprotein and the membrane protein(5-$!
with the lipid bilayer point out that a broad
chemical and physical methodology is required
and must be applied to the study of even this
simple membrane. In fact chemical labelling of
the envelope proteins by enzymatic iodination!®!
and pyridoxalphosphatel], electron spin
resonance (ESR)!®! and fluorescence spectro-
scopy[1] have all been applied to the problem.
We have recently reported '3C nuclear magnetic
resonance studies(2] performed with whole VS
viruses, in which the carbon 13 isotope has
been enriched either in the choline moiety or
in position 11 of the oleic acid chain of the main
phospholipids of the envelope. The labelling of
the envelope lipid phase has been achieved with
specifically !3C enriched precursors of the host
cell lipids. Our general approach is as follows:
The !3C labelled precursors are incorporated in
well defined positions of the lipid molecules of

the host cell plasma membrane and therefore, after
virus propagation in these cells, in the architecture
of the virus membrane. The !3C probe does not
disturb the structures under study. The signals
obtained from this probe can be detected un-
ambigously by their known chemical shifts. More
important spin-lattice-relaxation time measure-
ments of these probes may lead to information
about the mobility of the complete molecule or
of its segments in the architecture of this enve-
lope. The degree of the mobility may reflect
interactions between lipids or lipids and proteins,
Removal of the glycoprotein surface projections
by proteolytic enzymes could shed light upon the
influence of these structures on the dynamics of
the lipids in the envelope. Finally liposomes pro-
duced from the viral lipids should serve as con-
trols since their structures have been intensively
studied by '3C NMR spectroscopy! 11!,

In continuation of our previous studies we report
in this paper on the incorporation studies of 13C
enriched precursors into the lipids of the VSV
envelope. Due to their localization they permit
insight into the dynamics of the whole lipid
bilayer in the presence and absence of the glyco-
protein. The choline moieties of lecithin and
sphingomyelin, representing to a large extent the
hydrophilic groups, and C-3 and C-11 of oleic
acid and C-16 of palmitate of the phospholipids
of the VSV envelope, representing parts of the
hydrophobic regions, have been labelled with 13C
and their spin-lattice-relaxation times (7', ) deter-
mined. The conditions chosen in the experiments
led to an efficient incorporation into the host cell
and subsequently into the viral phospholipids. The
results indicate that the mobility of the polar
head groups of the phospholipids is not meas-
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urably influenced by the glycoprotein protruding
from the surface. The mobility of the major part
of the oleic acid chain is markedly reduced,
whereas that of the terminal methyl group of
palmitic acid in the hydrophobic region is unal-
tered in the complete virion as compared with
the liposomes prepared from the viral lipids.

The NMR data, which confirm the rigidity of
the viral envelope, are interpreted in connection
with the analytical data as lipid-lipid and lipid-
protein interactions.

Material and Methods

13¢ labelled compounds

[N—”C!-Ig]chol.ine iodide was synthesized by quaterniza-
tion of N-dimethylethanolamine with 13CH3I (90%
enriched) in ethanol according to Ferger and Du
Vi,gneaus[ 12lin2779% yield (based on theory). [*3Cmeth-
yl iodide was purchased from Amersham Buchler, Braun-
schweig. [3-13C]Oleic, [11-13C]oleic and [16-13C)-
palmitic acids were synthesized in this laboratory(2].

Incorporation experiments

The baby hamster kidney (BHK 21) cell line was grown
in monolayer cultures in Roux flasks (250 cm?) in
Dulbecco’s medium!13] containing 10% tryptose broth
and 5% fetal calf serum. !3C labelled choline and fatty
acids were added to the medium before the cell mono-
layer reached confluency and 3H labelled choline chlor-
ide, oleic and palmitic acids were admixed with the
respective ! *C precursors to facilitate the quantitative
and qualitative analysis. The following concentrations
were applied in the labelling procedures of the BHK 21
host cells: a) 0.30 umol [N-13CH3]choljne and

1.40 x 10° dpm IN-14CH3]chuline per m! medium;

b) 35 pg (0.125 umol) per m! of either [3-13C]-,
[11-13CJoleic or [16-!3C]palmitic acid supplemented
with [9,10-3H2]oleic acid (specif. radioactiv.

1 x 107 dpm/umol) and [14,15-3H, ] palmitic acid
(specif, radioactiv. 2.7 x 107 dpm/umol} or [1-14C]-
palmitic acid (specif. radioactiv. 1.6 x 108 dpm/pmol).
Fatty acid synthesis de novo was inhibited by the ad-
dition of 2.85 g desthiobiotin/ml of mediuml 14,

Cells were grown in this supplemented medium for a
period of 24 h, the medium decanted and the monolayer
rinsed once with phosphate buffered saline, VS virions
were adsorbed (0.1 - 1 pfu/cell) for 1 h at 37 °C. 50 m/
Dulbecco’s medium supplemented with 10% tryptose
and 2.5% fetal calf serum was added to each flask and
incubated for 18- 24 h. After this period of time a com-
plete cytopathic effect was observed.

Virus purification

Virions were purified essentially as described before by
ammonium sulfate precipitation and sucrose gradient (15
to 45% w/w) centrifugation(2:5:15:16] The integrity and
purity of VSV particles were controlled after negative
staining (2% phosphotungstic acid in phosphate buffered
saline) by electron microscopy using a Philips EM 300.
The concentrated virus preparations were suspended in
2.5 ml of phosphate buffered saline, 1% in fetal bovine
serum and 0.5 m/ of D40 for NMR spectroscopy.

13c. NMR spectra and spin-lattice-relaxation-time
measurements

Proton noise decoupled 13C-NMR spectra were regis-
tered at 22.63 MHz with a Bruker WH 90 pulse spectro-
meter operating in the Fourier transform mode. For
spin-lattice-relaxation time (7y) measurements a
180-7-90° pulse sequErlce[”] (7 = delay time between
180° and 90° pulse) was employed and T'y-values de-
duced by the inversion recovery technique [Mo—M, =

2 My exp. (—7/T)] with an estimated error below 5%
in repeated experiments. A Bruker ST 100/700 variable
temperature control unit with an accuracy better than
+ 1 °C permitted an exact temperature setting. Sample
tubes with 10 mm i.d. were used; the samples were
flushed with argon and sealed before the NMR ex-
periment. Intact and trypsinized virions were suspended
in 2.5 m! phosphate buffered saline. containing 1% fetal
bovine serum and 0.5 m/ D,0. Liposomes were formed
in 2.5 m! 0.9% NaCl and 0.5 mI D;0.

Not-infected controls

The monolayer of one Roux flask prelabelled with the
labelled fatty acids in the manner described for the
general experiments but not infected with VS virions
served as a control in order to determine the radioactivity
and thereby the amount of 13C labelled fatty acid in-
corporated into each host cell lipid class.

Extraction of lipids

Lipids were extracted as described beforel2], Most of
the hematoside appeared in the Folch aqueous upper
phase. The rest eluted with the acetone/methanol frac-
tion during silicic acid column chromatography (8 g
8i04) by which neutral lipids, neutral glycosphingolipids
and phospholipids were eluted with 75 m/ chloroform,
75 ml acetone/methanol 9:1 and 150 m/ methanol,
respectively. These fractions were analyzed and further
purified by preparatiye thin-layer chromatography. The
following solvent systems were used in thin-layer
chromatography: petroleum ether (30 - 60 °C)/ether/
acetic acid 70:30: 1 for neutral lipids, chloroform/
methanol/water 100:42: 6 for neutral glycosphingo-
lipids and chloroform/methanol/acetic acid/water
25:15:4:2(18] for the separation of phospholipids.
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Radioactive bands were collected in Pasteur pipettes
plugged with chloroform washed cotton by water pump
aspiration and eluted with chloroform/methanol/water
100: 50: 10, Spots and bands on thin-layer plates were
located by a short exposure of the plates to iodine
vapors in a closed chamber, Iodine evaporated from the
plates on storage in a vacuum thermostat at 30 °C. Radio
thin-layer chromatography was performed on a Berthold
thin-layer scanner, model LB 2723, gas liquid chromato-
graphy on a Packard gas chromatograph of the eight
hundred series using 2-m columns of 2.5% ethylene gly-
col succinate polyester (EGS on Chromosorb).

Results

Three independent but similar experiments were
carried out by which VS virion lipids were enriched
in their envelope lipids in the hydrophobic region
with [3-13C]- and [11-13C]oleic acid and with
[16-13C] palmitic acid. Radioactive [9,10-*H, ]-
oleic and [1-14C]palmitic acid were added for
tracing and quantitative determination of these
precursors incorporated into the complex lipids
of the host cells (BHK 21 cells) and subsequently
of the virions. Fatty acid synthesis de novo in the
host cells was inhibited by the addition of
desthiobiotin to the medium.

BHK 21 monolayer cultures were grown almost
to confluency in Roux flasks, the precursors then
added in order to label the host cell lipids and
the monolayer infected after 24 h. Virions were
harvested by standard procedures.

Quantitative aspects of incorporation of 13C and
radioactively labelled precursors

a) BHK 21 cells: The BHK 21 monolayer of one
Roux flask was used as control for the quantita-
tive determination of the labelled precursor fatty
acids, either oleic or palmitic acid, which were
later used as '3C probes. The yield of radioactive
fatty acids incorporated into the membrane lipids
reflects the amount of 13C labelled acid present in
the respective lipid class since an isotope effect
by the two nuclei can be neglected. After 24 h
the medium was depleted of about 85% of the
[®H]oleic or [1*C]palmitic acid. About 70% of
the radioactivity was recovered in the lipid extract.
The total lipid extract was obtained by Folch ex-
traction. The lower phase was separated into the
neutral lipid, glycosphingolipid and phospholipid
fractions by silicic acid chromatography!!®). The

upper phase contained almost all of the hemato-
side, which amounted to 3 to 4% of the total
radioactivity present in the lipid extract. The
quantitative aspect of the analyses is summa-
rized in Table 1.

Table 1. Distribution of radioactivity (% of total) in
lipid fractions and in phospholipid classes of BHK 21
cells prelabelled with [3-13C; 9,10-3H; - and [11-13C;
9,10-3H, ] oleic acids.

Lipid fraction | Ral.iloa[itlv. of the incorp.
| oleic acid

[dpm] | [% of total]
Neutral lipids 2.56 x 107 37.5
(free fatty acids,
glycerides, chole-
sterol esters) |
Glycosphingolipids | 0.29 % 107 4.2
(hematoside, ceramide, |
mono- and di-
glycosylceramide) i 2| =4
Phospholipids 3.89 x 107 58.3
(phosphatidylcholine, |
phosphatidylserine)

The distribution of the radicactive fatty acids in
the neutral and phospholipid fractions is exem-
plified in Fig. 1a, 1b, which illustrate the prepa-
rative thin-layer chromatographic separation of
these fractions. A portion of the neutral lipid and
phospholipid fractions of the BHK 21 cells was
transesterified and the fatty acid methyl esters
obtained for analysis. Table 2 summarizes the
analytical data. These analyses proved the high
level of incorporation of oleic acid into the en-
velope lipids.

b) Lipid analysis of VS virions: The purification
procedure of VS virions by ammonium sulfate
precipitation and sucrose and potassium tartrate
gradient centrifugations led to preparations which
appeared to be homogeneous by electron micro-
scopy following negative staining with phospho-
tungstic acid. Virus preparations in the mono-
layers of 100 Roux flasks yielded about 70 mg

of virus protein, which corresponded to about
100- 110 mg VSV dry weight in each experiment.
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Fig. 1. Distribution of radioactivity in a) neutral lipid
and b) phospholipid fraction of BHK 21 cells grown on
[9,10->Hy;11-'3Cloleic acid.

a) Solvent system: petroleum ether/ether/acetic acid

70 :30: 1. Standards of 1 = triglyceride; 2 = free fatty
acid; 3 = diglyceride.

b) Solvent system: chloroform/methanol/acetic acid/
water 50:30: 8: 4. Standards of 1 = phosphatidyl-
ethanolamine; 2 = phosphatidylserine; 3 = phosphatidyl-
choline; 4 = sphingomyelin; S = start, F = front.

30 mg of crude lipids were extracted after the
NMR experiments had been performed. The puri-
fied VS virions contained 4.5 to 5% of the radio-
active precursors used in the different experi-
ments for prelabelling the host cells.

Table 2. Distribution of the main fatty acids in the
neutral and phospholipid fatty acid fractions of BHK 21
cells after supplementing the medium with [3H]oleic
acid.

Fatty acid Phospholipids Neutral lipids
14:0 = 4.4
16:0 27.2 18.0
16:1 5.2 5.4
18:0 17.1 6.9
18:1 50.5 65.3

The analytical procedures were those described
for the lipid separation and analysis of the BHK
21 cells. Table 3 compares the data of the distri-
bution of the radioactive precursors in the neutral
and phospholipid fractions of VS virions grown
on [3-13C; 9,10-*H; |- and [11-13C; 9,103 H, |-
oleic acid and [16-13C; 1-14C] palmitic acid.

The radioactive components of the neutral lipid
fraction were free fatty acid (50.8%), diglyceride
(42.4%) and triglyceride (6.8%) in the palmitic
acid experiment (Fig. 2a) and 61.9% free fatty
acid, 21.4% diglyceride and 16.7% triglyceride
in the oleic acid experiments. Hematoside was re-
covered to its largest extent in the Folch upper
phase, the rest of it residing in the lower phase
was eluted with acetone/methanol (1:9 v/v) du-
ring silicic acid chromatography together with

Table 3. Distribution of radioactive precursors in lipid
classes of the envelope of VS virions grown on [3—l 3C;
9,10-3H, J- and [11-13C; 9,10-3H, Joleic and {16-13C;
1-14C] palmitic acid.

Radioactive precursor
Oleic acids | Palmitic acid
[% of total radioactivity]

Lipid fraction

Neutral lipids 20.1 18.5
Glycolipids?® b
(hematoside) 2.3 13.1
Phospholipids 74.5 68.4

2 The predominating component was hematoside, with
gaces of mono- and diglycosylceramide.

This fraction contained traces of phosphatidylcholine,
-serine and -ethanolamine, which eluted with acetone/
methanol 9: 1 on silicic acid chromatography. The main
component was again hematoside (see Fig. 2b).
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Fig. 2. Distribution of radioactivity in neutral lipids,
glycosphingolipid and phospholipid classes of the VSV
envelope grown on BHK 21 cells prelabelled with
[16-13C;1-14Cjpalmitic acid. <l
Radio thin-layer chromatographic scan after separation
on silica gel H plates of

a) neutral lipid fraction, solvent system: petroleum
ether/ether/facetic acid 70 : 30 : 1; 1 = triglycerides;

2= cholesterol esters; 3 = free fatty acids; 4 = diglycerides;
b) glycosphingolipid fraction, solvent system:
chloroform/methanol/water 100 :42 : 8; 1 = ceramide,
2= monglycosylceramide; 3 = phosphatidylethanolamine;
4 = diglycosylceramide; 5 = phosphatidylcholine;

6 = hematoside;

¢) phospholipid fraction, solvent system: chloroform/ I3 I3
methanol/acetic acid/water 50 : 30: 8:4; 1 = phos- .
phatidylethanolamine; 2 = phosphatidylserine; 3 = phos-

phatidylcholine; 4 = sphingomyelin.

ceramide, mono- and diglycosylceramide lost on mild alkaline hydrolysis. Mainly four phos-
(Fig. 2b). This fraction was contaminated with pholipid classes were heavily labelled, regardless
traces of phosphatidylcholine and phosphatidyl-  of the radioactive precursor fatty acid used:
ethanolamine. About 8% of the radioactivity was  phosphatidylcholine, sphingomyelin, phospha-

Table 4. Distribution of radioactivity in phospholipid classes in the envelope of VS virions grown in a medium
supplemented with [11-13C;
9,}2-3H2]ol.eic and [16-'3C; Radioactive precursor

1-**C] palmitic acid as precursors. [111-13c; 9’10_3[,}2]_ [16-13¢; 1-14C)-

Oleic acid Palmitic acid

Lipid fraction

[% of total radioactivity]

Sphingomyelin 19.2 (22.7)2 42.6

Phosphatidylcholine 38.4 (28.4) 35.2

g Phosphatidylserine 6.2 ( 4.8 18.5
Values in parentheses are the Phosphatidyl-

data from the [3-13C; 9,10-3H,]- eﬂf’:fm;;ii : 36.2 (44.1) 3.7

oleic acid experiment.
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Table 5. Gas chromatographic analysis of the fatty acid composition of phospholipids isolated from the envelope of
VS virions grown on BHK 21

cells enriched with 13C and Radioactive precursot

radioactively labelled oleic and [11_1 3¢:9.10-3H - [16-13C' 1-14C]-
almitic acid as precursors, Fatty acid et 2 TR

p p : Oleic acid Palmitic acid

[% of total radioactivity]

14:0 2.2 -
16:0 27.1 (40.5)2 54.0
16:1 3.2 ( 2.0 5.0
18:0 9.1 (9.5 14.8
2 Values in ?a.rentheses are the data 18:1 49.4 (45.0) 26.2
from the [3-13C; 9,10-3H, | oleic 18:2 9.0 ( 3.0) =
acid.
tidylethanolamine and phosphatidylserine depending on their structure (chain length and
(Fig. 2c). However, due to the selective distribution unsaturation) differences in the labelling pattern
of the acyl residues in the phospholipid classes were observed. They are summarized in Table 4.
S
* 116-"C)ts.0
10 VSV{intact)
= Ir=1515ms
=
§ T
g &00 100 1600
tims] —=—
1600 ms
100 ms

Fig. 3. Determination of

spin-lattice-relaxation time 500 ms
(Ty) of [16-13C]palmitic acid

containing lipids in the envelope

of complete VS virions.
Viri : 100 ms
irions were suspended in phos-

phate buffered saline 1% fetal
bovine serum at a concentration
of 20 - 30 mg virus protein/m/.
The broad band between

& =24 and 31 ppm corresponds
to resonances of the natural
abundance of '3C nuclei of the
hydrocarbon chains of the lipid.
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vesicular stomatitis virus and liposomes formed from total envelope lipids.

For comparison T values are added of phosphatidylcholine (PC) and sphingomyelin
(SPM) substituted with fatty acids of different saturation.

The figures added to each T'; time represent the error introduced by the graphical

evaluation.

13C Labelled precursor

‘ Spin-lattice-relaxation times (T in ms) at 37 °C

i Complete VSV " Liposomes 1 Trypsinized VSV
[3-13C) Oleic acid 127+ 10 157 + 20 120+ 15
(11-13C) Oleic acid 169 = 38 225+ 15 =
[16-13C) Palmitic acid 1489 + 70 1626 + 80 1348 75
[ N-13CH;]Choline ‘ 238+ 18 J3eat | 16522

[N-13CH;]18:2/18:2-PC 470+ 7
[N-13CH;]16:0/16:0-PC ‘ 300 = 20
{A-13CH;118:0/18: 0-PC 260+ 10
[V-13CH;)-SPM 341+ 6
[16-13C]16:0/16: 0-PC ‘ 1470

Relaxation times of labelled model substances in liposomes

|

The transesterification of the neutral lipid and
phospholipid fractions of each experiment and
subsequent gas chromatographic analysis of fatty
acid methyl esters confirmed the enrichment of
oleic and palmitic acid in the respective experi-
ments as expected from their enrichment in the
lipids of the host cells, Table 5.

13C.NMR-measurements

The high level of enrichment of oleic acid and pal-
mitic acid in the lipids of the VS virion preparations
allowed the direct 13C-NMR study of a) the com-
plete virions in suspension, b) the virions after
tryptic digestion of the glycoprotein surface
projections (“‘spikes”) and c) the lipids ob-
tained from the virions and arranged in lamellar
vesicular structures (liposomes) by ultrasonica-
tion. A typical '3C-NMR experiment is presented
in Fig. 3. [16-13C]Palmitic acid, which had been
incorporated into the lipid classes of the envelope
gave a single resonance line with a chemical shift
of 14.0 ppm (relative to Me4Si). The signal is
rather sharp, although sitting on a broadened
basis of the resonance line. The inversion recovery
method demonstrated in the Fig. 3 allowed the
calculation of the spin-lattice-relaxation time 7' =
1515 ms. With the same method 7' times of the
trypsinized virions and the lipid vesicles of this

virus preparation and those propagated in BHK 21
host cell monolayers enriched with [3-13C]- and
[11-13C]oleic acid were determined. Table 6
summarizes these spin-lattice-relaxation times
and their corresponding correlation times (7,.).

Discussion

We have extended our studies of the physical
properties of the lipid phase of the enveloped
rhabdovirus vesicular stomatitis virus (VSV) by
13C.NMR spectroscopy. Its envelope represents a
simple natural model membrane because of the
few protein components (viral polymerase L-,
nucleocapsid N-, membrane M- and glycoprotein
G-protein), which are virus specific and only the
G- and possibly the M-protein interact with a
lipid bilayer the former protruding from the
outer surface. The envelope lipids, which are host
specific, offer the possibility of being labelled bio-
synthetically with appropriate precursors. We
have chiosen choline and fatty acids labelled with
13C in specific positions which were effectively
incorporated via the host cell (BHK 21) mem-
brane into the virus envelope lipids. The fatty
acid incorporation was enhanced by the inhibi-
tion of the fatty acid synthesis de novo by
desthiobiotin. As demonstrated under Results
the use of free fatty acids is as effective as that of
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fatty acid-tween estersl!4], as shown earlier in
this laboratory!2:20]_ This biosynthetic incorpora-
tion of our !3C labelled precursors for biophysical
studies or of fatty acids with photosensitive
groups for chemical studies of lipid-lipid and
lipid-protein interactions is much superior to the
secondary addition of spin labelled fatty acids(®!,
fluorescent probes like 12-anthroy] stearic acid
[10] to the purified viruses or the attempt to in-
corporate spin labelled phosphatidylcholine
vesicles by fusion with the virus envelopel?2].

As reported in previous publications !3C-NMR
spectroscopy in conjunction with spin-lattice-
relaxation time (7', ) measurements give insight
into the dynamics of the lipid molecules. The
enrichment of the !3C isotope in particular
segments of the lipid molecules, into polar head
groups via [N-13CH; |choline and along the fatty
acyl chains by the incorporation of [3-13C]- and
[11-13C]oleic acid and [16-'3C] palmitic acid
opens up the possibility of directly estimating the
relative mobilities of the particular hydrocarbon
segments in the complete virus envelope.

Because the T’y times correlate directly with the
trans-gauche isomerization and kink formations
which this respective segment undergoesl!!:23-26]
conclusions can be drawn from any changes of
this parameter.

We carried out these spin-lattice-relaxation time
measurements with suspensions of whole virions
and compared these with those measured in
liposomes prepared by ultrasonication(27] from
the extracted envelope lipids and liposomes of
other model phospholipids or mixtures of lipids.
Changes of T; times allow us to estimate inter-
actions qualitatively and in the case of our !3C
labelled precursors to localize these interactions
exactly. The mode of interaction, however, can-
not be specified.

Since spin-lattice-relaxation times of only pro-
tonated C atoms are measured contributions by
other relaxation mechanisms than dipol-dipol
relaxation can be excluded(11],

It is striking that the polar head groups of the
phosphatidylcholine molecules have a rather low
T, value. The quaternary ammonium group has
a restricted mobility both in the complete virion
and the liposomes of the envelope lipids (238 ms
and 213 ms). The mobility is further reduced

after tryptic release of the glycoprotein (G-pro-
tein) (165 ms).

Reduced rotational mobility of the N-CH; groups
in phosphatidylcholine and sphingomyelin can
be caused a) by highly saturated hydrocarbon
chains of the acyl residues, e.g. the N-CH; group
of choline in dipalmitoyl- and distearoyllecithins
have T, times of 300 = 20 ms and 260 + 10 ms,
respectively, due to the close packing of the acyl
chains and cooperativity of the polar head groups
and therefore reduced availability of space. In
contrast dilinoloyllecithin has highly mobile
N-CH; groups in its choline residue (470 + 7 ms).
Since half of the fatty acyl residues of the phos-
pholipids of the VSV envelope are oleic and
palmitoleic acids one would expect an intermedi-
ate T; time but not this short time below that of
distearoyliecithin. b) The high cholesterol con-
tent of the envelope (cholesterol/P 0.7) cannot
account for the immobility of the polar head
groups. In previous relaxation time studies of
mixed liposomes containing sphingomyelin/
phosphatidylcholine/phosphatidylethanolamine/
cholesterol in a ratio of 1:4:1:3 and sphingo-
myelin/phosphatidylcholine/-ethanolamine/-se-
rine/cholesterol 1:1:1:1:3 we measured 7',
times of 480 + 16 ms and 430 + 37 ms, respective-
ly. ¢) Ionic interactions with neuraminic acid
residues of hematoside molecules which are
asymmetrically integrated into the external layer
of the envelope seem to be unlikely. We have
previously demonstrated that the choline group
of phosphatidylcholine in hematoside containing
liposomes before and after complete hydrolysis
of N-acetylneuraminic acid by neuraminidase
preserves its mobility unchanged (340 and

350 ms). d) The rather high content of phos-
phatidylserine could lead to the immobilization
of the positively charged quaternary trimethylam-
monium group by ionic interactions with the
carboxy group of serine. Also a contribution of
ionic interactions with negatively charged side
chains of the G-protein cannot be excluded. This
however would require phosphatidylcholine-
cluster formation around the immersing G-poly-
peptide chain. The ionic interactions of acidic
phospholipids with the zwitterionic polar head
group of phosphatidylcholine and sphingomyelin
could be facilitated after enzymatic release of
the G-protein which for steric interactions of
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their carbohydrate side chains could hold the
outer bilayer in a more expanded state and cause
the further reduced Ty time of the N-CH, groups
of phosphatidylcholine and sphingomyelin to
165 = 22 ms. e) A closer packing and thereby
reduced rotational freedom could also be induced
by enhanced interactions of the phospholipid and
sphingolipid hydrocarbon chains clustered around
the hydrophobic part of the G-protein.

The rigidity of the lipid phase of VSV envelope

is most strikingly documented by the low T,
values of the 13C nuclei within the alkyl chain

of the incorporated oleic acid. Although about
50% of the acyl residues of all phospholipids are
oleic acid, the 13C enriched carbon atoms 3 and
11 are slightly more immobile in the complete and
trypsinized virus than in liposomes. The inter-
action with cholesterol certainly exerts a con-
densing effect. In 18:0/[11-13C]18:1-phos-
phatidylcholine vesicles C-11 exhibits a T'; time
of 278 ms but in cholesterol containing vesicles one
of 210 ms. An additional contribution by interac-
tions with hydrophobic polypeptide regions im-
mersing into the lipid bilayer might also be con-
sidered.

The T times of [ 16-13C] palmitic acid incorporat-
ed into the virus envelope require some interpreta-
tion. This terminal CH; group located in the
center of liposomal bilayers has a high mobility.
Pure dipalmitoyl vesicles possess a high degree

of order. Its T'; is 1470 ms, but that of 18:0/
[16-13C] 16 : 0-phosphatidylcholine with less order
due to the unequal chain lengths is 1840 ms.
Mixed vesicles also enhance the disorder and lead
to increasing spin-lattice-relaxation (7' ) times.
The mobility of the terminal CH; group s slightly
reduced in the complete virion but more pro-
nounced in the trypsinized virus particles (Ta-

ble 6), when compared with liposomes formed
from the viral lipid. We interpret this change in
mobility in the following way: After tryptic
digestion of the G-protein the residual lipophilic
polypeptide which has a molecular weight of
52001#] after thermolysin or of 4700 to 11000(28]
after trypsin or pronase treatment, may further
immerse into the hydrocarbon environment lead-
ing to stronger interactions in the central region

of the bilayer thereby reducing the T time of the
[16-13C]palmitic acid residue. Brown et al.[29]
stated that the G-protein penetrates the bilayer

and contacts the nucleocapsid. However a stronger
alteration of the mobility parameters of [16-13C]-
palmitate containing phospholipids in the com-
plete VS particle would be expected.

We suggest that the glycoprotein might be inte-
grated into the outer half of the bilayer in which
interactions between phospholipids and cholesterol
cause similar immobilizing effects to those of the
hydrophobic polypeptide of the G-protein. Our
13C-NMR data regarding the fluidity (rigidity)
changes of the viral membrane of complete VSV
and trypsinized virus particles are contradictory
to the ESR data on the Sindbis virus envelope of
Sefton and Gaffney!22], The data of these au-
thors are based on the fusion of spin labelled
phospholipid vesicles with the virus. However, any
proof of such a fusion is lacking and therefore so
is the certainty of the interaction in the structure
being probed. This uncertainty and drawback is
inherent in many spin label-addition experiments.
The approach chosen here used the biosynthetic
pathway which places the 12C labelled precursor
in the genuine membrane with an exact localiza-
tion of the probe. Also no perturbating structures
are attempted to be integrated.

Combinations of different physical, chemical and
enzymatic methods must be further used to gain
insight into the molecular array of the virus en-
velope which represents a suitable membrane
model for studies of lipid-protein interactions.

We express our gratitude to the Deutsche Forschungsge-
meinschaft (SFB 74) which supported these studies.
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