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The effects of the anesthetic steroid alphaxalone and its inactive analog At6-aiphaxalone on model 
phospholipid membranes were studied using 13C and 2H solid-state nuclear magneUc resonance spec- 
troscopy. Aqueous multilameilar dispersions of dipalmitoyiphosphatidylcholine (DPPC) with specific 13C and 
2H labels as endogenous probes at the carbonyl and the C-7 methylene groups, respectively, of the sn-2 
chain were used to study the conformational and dynamical properties of the bilayer as a function of 
temperature. There were no significant changes between the t3C and 2H spectra of the DPPC preparation 
containing the inactive steroid and that of DPPC with no drug However, the physiologically active steroid 
produces significant spectral 2H and 13C changes. These changes include a reduction of the main phase 
transition temperature and a broadening of that transition. Aiphaxalone also increases the relative number of 
gauche conformers in the liquid-crystalline phase of DPPC and increases the rate of axml diffusion in both 
the gel and liquid-crystalline phase The thermotropic properties of the above preparations, as momtored by 
differential scanning calorimetry, were congruent with the spectroscopic data 

Introduction 

In many classes of anesthetics, there is a good 
correlation between a compound's potency and ~ts 
od/water  partmon coeffioent [1] suggestmg that 
anesthetic activity results from a nonspeofic rater- 
action with the membrane hpids However, m the 
case of the anesthetic steroids, small structural 
changes with no significant effect on their partl- 
tlomng properties can lead to large differences m 
activity [2,3] This has led investigators [4] to 
postulate speofic interactions between the 

* To whom correspondence should be sent 
** On sabbatical leave from the School of Pharmacy and 

Institute of Materials Science, Umvers~ty of Connecticut, 
Storrs, CT 06268, U S A 

anesthetic steroids and synaptlc membranes ]o  
account for the structural specificity some lnves- 
ugators [5] have suggested that anestheuc steroids 
act after binding at a &street site on a target 
membrane protein, wl~le others [6] have hy- 
pothesized that the sites of action are membrane 
hplds capable of a high degree of structural &s- 
cnrmnataon Evidence for ttns latter hne of argu- 
ment was obtained from electron spin resonance 
experiments [6] with spin-labeled hpld bdayers 
containing cholesterol These experiments showed 
that steroids with anestheuc acuvlty caused a 
flmdlzatlon of the model membrane whale struct- 
urally related macuve analogs produced much less 
disorder 

Our mmal studies focused on two structurally 
related steroids (Fig 1) with widely &fferent phys- 
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lologlcal properUes One of them, alphaxalone, 
has potent anesthetic propertms and ~s used cl ini-  
ca l ly  as the mam actxve component in the 
anesthetic, Althesm The other, A~6-alphaxalone, 
which differs from alphaxalone only by a double 
bond in the 16-posmon, lacks anesthehc activity 
In an attempt to deternune whether the observed 
differences m actlwty on the nerve could also be 
observed in other membrane systems, we tested 
the above two steroids for their abdlty to inhibit 
amon transport m human erythrocytes [7] We 
found that the anestheUc, alphaxalone, inhabited 
sulfate transport to a much greater extent than its 
nonanestheUc, A~6-analog The two steroids dif- 
fered only slightly m their o d / w a t e r  partluonmg 
properues [8] 

Recently, we investigated [9] the interactions of 
alphaxalone and A16-alphaxalone with phosphau- 
dylchohne bdayer vesicles that were used as model 
membranes The steroids were incorporated m the 
bdayer and the preparations were studied with the 
help of 1H and ]3C tugh resoluUon NMR spec- 
troscopy Examination of the spectra suggested 
that m such preparatmns alphaxalone ~s consMer- 
ably more mobde than N6-alphaxalone These 
findings were corroborated by high resoluUon 2H- 
N MR experiments on vesicle preparations con- 
taming the same steroids, lsotoplcally labeled w]th 
deuterium Our results showed that the two 
steroids experienced very different motlonal prop- 
ertles in the hpld bllayer and were interpreted [9] 
as ewdence that the biologically active steroM 
perturbs the phosphohpld bdayer more effectively 
than ~ts mact~ve analog 

In another study [10] we used a multdamellar 
bdayer dispersion of dtmynstoylphosphaudylcho- 
hne with perdeuterated acyl chains (DMPC-d54) 

as a model membrane We showed that alphaxa- 
lone consistently decreased the quadrupolar spht- 
tings of DMPC-ds4 in the hquld-crystalhne phase, 
an observation which was explained as an increase 
in the number of gauche segments of the acyl 
chains of DMPC The inactive A16-alphaxalone did 
not produce flus effect These preferential effects 
of alphaxalone in the bllayer were attributed to 
the observed differences in the conformations of 
the two steroids 

Our present study was motivated by a desire to 
obtain more detailed molecular information on 
the interactions of the steroids with the phos- 
phollpld bdayer We used dlpalrmtoylphosphati- 
dylchohne (DPPC) with speofic ~3C and 2H labels 
as endogenous probes m the phosphohpld bdayer 
The ]3C label was placed in the carbonyl group of 
the sn-2 chains while the 2H label was placed on 
the methylene group of C-7 m the same chain We 
have now obtained 13C- and 2H-NMR spectra as 
a function of temperature that shed some light on 
the conformaUonal and dynamical changes that 
occur m the phosphohpld bdayers as a result of 
their mteracUons with the drug molecules 

Materials and Methods 

5 a-Pregnan-3a-ol- l l ,20-dlone (alphaxalone) 
and 5a-pregn-16-ene-3a-ol-ll ,20-dlone (A16-al- 
phaxalone) were kindly donated by Glaxo Re- 
search, Middlesex, U K 2[I 'J3C]DPPC and 2- 
[7' ,7'-2H2]DPPC were synthesized according to 
hterature procedures [11] 

Samples for N MR experiments were prepared 
by dissolving the phosphohpld (50 mg) with and 
without the steroid in 2 ml CH2C12 The solvent 
was then evaporated by passing a stream of 
mtrogen over the soluuon at 50°C and the residue 
was placed under vacuum (0 1 mmHg) for 12 h 
The phosphohpld or drug/phosphohpld  (molar 
ratio 2 10) m~xtures were subsequently intro- 
duced in 7 mm glass tubes appropriately con- 
stncted and 2H-depleted water (Sigma) was added 
to produce 4 6 (w/w) l ipid/water  preparations 
The samples were sealed under high vacuum and 
equilibrated at 5-10 K above the phase-transition 
temperature for one hour before recording the 
spectra 

13C-NMR spectra were obtained on a home- 



built solid state pulse spectrometer operating at 
6 8 T (73 9 MHz for 13C and 294 MHz for 1H) A 
cross-polarization experament was used with a 180 ° 
refocusing pulse [12] Typical parameters used were 
4 0 ffs for the ~r/2 13C pulses and 2 5 -3  5 ms for 
the mixing time Sample heating due to ~H decou- 
phng was minimized by employing the minimum 
decouphng power necessary to obtain sharp spec- 
tra and by using long recycle delays (3-5 s) The 
number  of ~3C free-induction decays accumulated, 
ranged between 1000 and 3000, depending on the 
sample temperature 2H-NMR spectra were ob- 
tained (at 45 3 MHz) using a 90~°-~--90v ° quadru- 
pole echo sequence [13] The 2H ~ / 2  pulse width 
was 2 1-2  4/~s, the 90 ° pulse separation (~-) was 
40/~s while dwell times were 2 #s and 5 #s for gel 
and liquid-crystalline spectra, respectively Re- 
cycle delays were 02  s and 4000-16000 echos 
were accumulated for each spectrum Differential 
scanning calorimetry (DSC) traces were obtained 
on a Perkin-Elmer DSC-2 Samples consisted of 
5 -10  mg of lipid and the scanning rates were 1 25 
K / m i n  

Results 

13C spectra of 211'- s3C]DPPC 
Three sets of proton-decoupled 13C spectra as a 

function of temperature are shown in Fig 2 The 
third column (C) includes spectra of 2[l ' -  
i3C]DPPC preparation d~spersed in H 2 0  and con- 
taming no drug molecules, while columns (A) and 
(B) show spectra obtained from similar DPPC 
preparations containing 0 1 M alphaxalone (A) 
and 0 1 M N6-alphaxalone (B), respectively 

The broad band (65-146 ppm) on the far right 
of each spectrum is due to the natural-abundance 
i3C of the protonated acyl chain carbons To the 
left of it are smaller signals due to natural-abun- 
dance ~3C of the headgroup and the glycerol 
carbons The most dormnant feature in the spectra 
is the powder pattern on the far left, due to the 
13C-enriched sn-2 carbonyl group (from - 1 0 0  to 
0 ppm) The ~3C spectra of pure dispersed 2[I '- 
13C]DPPC have been discussed in detail elsewhere 
[111 

At 18°C the component  of the spectrum due to 
the 13C=O group shows an axially symmetric 
powder pattern with a residual anisotropy (Ao)  = 
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Fig 2 Temperature dependence of the 13C-NMR spectra due 
to the 2[l'-13C]carbonyl group of DPPC Spectra were ob- 
tained using a cross-polanzauon experiment and 1000-3000 
scans were signal-averaged for each spectrum (A) DPPC+ 
0 167 M alphaxalone, (B) DPPC+0 167 M A16-alphaxalone, 
(C) DPPC 

o,  - o2 = - 112 ppm This represents a reduction 
in the breadth of the spectrum when compared to 
that of the dry lipid (Ao = - 1 4 8  ppm) and Indi- 
cates that the dispersed lipid molecules undergo 
some anlsotroplc motion faster than TH o Ao ~ 104 

s -1 At 27°C the spectrum begins to show the 
presence of two overlapping components The pre- 
dominant component  is the axially symmetric 
powder pattern observed at lower temperatures 
while the nunor component  consists of a symmet- 
ric line of width approximately 1 kHz with a 
chemical shift ( o )  = - 4 4  ppm, a value equal to 
the average tensor values from the spectrum of the 
dry lipid As the temperature is increased, the 
narrow component  increases in intensity and be- 
comes the only component  present after the tem- 
perature exceeds the principal phase transition 
temperature (T~ = 41 3°C) 

There is considerable evidence that in the two- 
component  spectra the powder pattern is con- 
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tributed by the gel phase (La,) of DPPC while the 
narrow component  is from a hquld-crystalhne (L~) 
phase The Ltr and L~ components coexist for the 
temperature range correspondmg to the mono- 
chnlc Pp, phase of hydrated phosphatldylchohnes 
The ~3C spectra that characterize this phase are 
made up of a gel superimposed on a hquid-crystal- 
line-like component  and the two components ex- 
change at a rate which is mtermediate on the ~3C 
time scale ( =  103 S 1) The strlkmg difference m 
the hneshapes of the two spectral components has 
been explained by invoking a conformatlonal 
change at the sn-2 carbonyl group TMs revolves a 
realignment of the C=O bond from 0 = 24 ° m the 
L#, phase to 0 = 54044 ' (magic angle) in the L~ 
phase, where O is the angle between the umque 
shaelding tensor of the C=O group and the axis of 
motion This interpretatmn is congruent with 
computer simulations for the sn-2 carbonyl por- 
tion of the spectrum that compare well with the 
experimentally obtained spectra The simulations 
assume two orientations of the symmetry ax~s of 
the carbonyl tensor, one tilted at approximately 
24 ° with respect to the diffusion axis. D. the other 
tdted at 54 ° Both tensors are allowed to execute 
rapid 3-fold jumps about b and to exchange with 
each other 

The ~3C spectra of the DPPC dispersion con- 
taming the physiologically inactive steroid N6-al - 
phaxalone, are virtually ~denucal to those of the 
pure DPPC sample On the other hand, the pre- 
paration contammg the active steroid alphaxalone 
gave spectra that were s~gmficantly different Most 
striking are the differences m the spectra above 
33°C (a) The spectra become isotropic-hke with a 
sharp line for the 13C=O component,  at 38°C. 
approximately 3 K below the correspondmg tem- 
perature of pure DPPC, (b) In the two-component 
spectra, the L~-type component  is larger than m 
the corresponding spectra of DPPC at the same 
temperature It thus appears that the presence of 
the steroid in the bdayer decreases the main tran- 
smon temperature for DPPC At the same time, it 
enhances the L~-hke component  among the two 
components that make up the PB" phase 

:H Spectra of 217", 7'- "-H,]DPPC 
Fig 3 mcludes a selection from three sets of 

2H-NMR spectra of 217',7'-2H2]DPPC obtained 
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Fig 3 Temperature dependence of the 2H-NMR spectra due 
to the 2(7 '7 ' -C2H2)  segment of DPPC 4000-16000 echos 
were signal-averaged to obtam each spectrum (A) DPPC+ 
0 167 M alphaxalone, (B) DP P C+0  167 M A16-alphaxalone, 
( ( )  DPPC 

as a function of temperature, from 18 to 53°C As 
with the corresponding 13C spectra the third row 
(C) has spectra obtamed from a pure hydrated 
DPPC preparation whale the other two rows show 
spectra of hydrated DPPC into wluch 0 167 M 
alphaxalone (A) and 0 167 M A16-alphaxalone (B) 
were incorporated, respectively 

Above T c, all the 2H spectra of DPPC are 
axially symmetric powder patterns with sharp 
parallel and perpen&cular edges These spectra 
have residual quadrupolar sphttmgs (Avo) below 
40 KHz, an Indication that they are fast-hmlt 
( >  10 7 s - l )  and that the molecules undergo fast 
axial diffusion coupled with rapid gauche-trans 
~somerlzatlon in the acyl chams As expected, the 
value of Av o decreases as the temperature in- 
creases because of an mcrease m the gauche-trans 
conformer ratio As the temperature is lowered 
below T ,  the spectra of pure DPPC assume the 
broadened features of a gel-type spectrum At 
temperatures just below T c and through the pre- 



transition temperature range (P#,) the spectra 
acquire a flat-top appearance However, the paral- 
lel and perpendicular edges are still discernible 
but severely broadened In the gel phase the spec- 
tra of pure DPPC become rounder with no sharp- 
ness in their features At 18°C the 2H spectrum 
has a comcal shape with a rounded top 

The DPPC preparation containing the inactive 
steroid A]6-alphaxalone again gives spectra virtu- 
ally identical with those obtained from pure DPPC 
However, as with the corresponding 13C spectra, 
the anesthetic steroid alphaxalone produces sig- 
nificant changes in the 2H spectra (a) Fast limit 
purely liquid crystalhne-type spectra appear at 
39°C, approximately 2 K below the corresponding 
temperature for pure DPPC (b) The quadrupolar 
sphttlngs are slightly smaller (0 5-1 5 kHz) than 
those of pure DPPC in&catmg a slightly increased 
gauche population in the acyl chain segments (c) 
The spectra between 35 and 38°C show consider- 
able more 'hquld-crystalhne'  character compared 
to the corresponding spectra from pure DPPC 
Unlike the flat-top appearance of the correspond- 
lng pure DPPC spectra, the alphaxalone-contain- 
ing spectra show a depression in the center and 
have deaf ly  discermble perpendicular and parallel 
edges The increased character of the L~ phase in 
these spectra is compatible with the ]3C observa- 
tions of a corresponding increase of the L a iso- 
tropic-hke component  Differences between the 
two sets of 2H spectra can also be observed in the 
L#, phase where the alphaxalone containing pre- 
paraUon gives spectra with somewhat sharper 
edges and flatter tops presumably because of the 
faster motional rates of the phosphohpld mole- 
cules 

In Fig 4 we have plotted AVQ for the L~-type 
spectra We have also included the corresponding 
values for spectra that are not purely L~ but are 
two-component spectra in which the fast moUon 
component  is easily recogmzable As can be seen, 
the pure DPPC preparation and that containing 
the inactive steroid show a sharp main phase 
translUon However, the alphaxalone-containing 
preparation has a broader phase transition These 
spectroscopic observations are corroborated by the 
corresponding calorimetric data (Fig 5) 

Fig 4 also includes graphs representing changes 
in the absolute 2H spectra intensities as a function 

53 

N -r  

(.9 
z 
) -  
t -  
.._l 
CL 
o9 

n,- 
< 
J 
0 
a. 

FF 

< 

0 

40 

30 

/ 

(A) 

'o 

b 

~0 -. -0- 

I I I I I I I I I 

20 30 40 50 60 

10 

40 

50 (B? 

i 

• ,~ ~ 

bo 
i 

%. 

20 l l I l I I I I 

30 40 50 60 

0 
m 
C3 
-t- 
O 

5 
> 

F" 

C 
O 
m 

40 

i 

i 
i 

i 

• ' e , i  

CO001 
I 

i 
I 

3o (C) ~Oo." 

I I I I 2'o 3 'o '4o 5'0 do 
TEMPERATURE (°C) 

F~g 4 Temperature dependence of the 2H quadrupolar spilt- 
tings (O) in the 2H-NMR spectra of the 2(7',7'-C2H2) seg- 
ment of DPPC and relative echo amplitudes (e) (A) DPPC + 
0 167 M alphaxalone, (B) DPPC+0 167 M A16-alphaxalone, 
(C) DPPC 

of temperature These measurements are a reflec- 
tion of the effecUve T 2 values If  the T z value is 
very short, the magnetization from the first ~r/2 
pulse is not totally refocused by the second ~r/2 
pulse resulting in a loss of spectral intensity In all 
three DPPC samples, there is a gradual loss of 
intensity during the pretransitlon temperature 
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Fig 5 Dffferenual scanning calorimetry traces of hydrated 
DPPC (60% wt H20 ) samples using a scanning rate of 1 25 
K/roan (A) DPPC+0 167 M alphaxalone, (B) DPPC+0 167 
M A16-alphaxalone, (C) DPPC 

range and a sudden recovery just before the main 
transition The drop In spectral intensity which 
seems to characterize the DPPC pretransitlon is 
indicative of an exchange process either inter- or 
intramolecular 

Differential scanning calorimetry 
The DSC traces obtained from preparations 

identical with those used in the N M R  experiments 
are shown in Fig 5 Clearly seen are the two 
endotherrmc transitions characteristic of pure 
DPPC, a broad low enthalpy pretransitlon (T~'= 
35 3°C) and a sharp higher enthalpy mare transi- 
tion (To---41 3°C) The inactive steroid A16-al- 
phaxalone broadens the pretransltlOn but does not 
alter T c' and Tc In contrast, the anesthetic steroid 
alphaxalone produces a distinct lowering of T c by 
4 -5  K Also, the presence of the steroid results in 
a significantly broader transition which seems to 
be made up of at least two overlapping compo- 
nents, while the low enthalpy pretransltlOn is not 
discernible The broadening is an in&cation of 
decreased cooperativity at the phase transition 
These DSC results confirm the spectroscopic eva- 
dence that alphaxalone lowers T¢ and broadens 
the range of the main transition 

D i s c u s s i o n  

The data described here are congruent with our 
previously reported work and provide additional 
ewdence that alphaxalone and A16-alphaxalone m -  

teract differently with membrane bIlayers Fur- 
thermore, our present results provide us with more 
Information on changes in the conformational and 
dynamical properties of the bllayer that accom- 
pany the phosphohpld-sterold interactions The 
changes are summarized below 

(a) The physiologically active steroid, alphaxa- 
lone. reduces the main phase transition tempera- 
ture by approximately 5 K On the other hand, the 
inactive N6-analog fails to do so, but only broad- 
ens the pretransltlOn The differences in the ther- 
motroplc properties between the two steroid-con- 
taming preparations are closely reflected in the 
corresponding spectroscopic data In general, al- 
phaxalone produces significant spectral (2H and 
1~C) changes in the DPPC preparations, while the 
N6-a lphaxa lone /DPPC preparation gives spectra 
virtually identical to those of pure DPPC 

(b) Alphaxalone broadens the main phase tran- 
sition Dunng that temperature range both t3C 
and 2H spectra show more L .  character with 
faster motlonal rates in the phosphohpid mole- 
cules 

(c) Alphaxalone Increases the relative number  
of gauche conformers in the acyl chain in the L .  
phase as Indicated by the decrease of AVQ of the 
2H spectra This behavior sharply contrasts that of 
cholesterol which produces a considerable increase 
in AVQ due to a decrease of gauche conformers in 
the phosphohpld chain (Cholesterol 0 15 M in 
2[7 ' ,7 ' -2H]DPPC increases AVQ by 103 kHz at 
42°C [14]) 

Some tentative conclusions can be drawn about 
the manner in which anesthetic steroids affect 
biological membranes based on our present data 
with the model membranes Work described in the 
hterature using solid state 2H-NMR has already 
established that hpld onentatlonal order and chain 
dynamics in model membrane systems closely mir- 
rors the behavior of biological membranes [15] It 
is also well established that the dynamic and 
phase properties of the membrane hpld phase can 
significantly affect the function of membrane-as-  
sociated proteins (Ref 15 and references therein) 
The anesthetic properties of the biologically active 
steroid can be ascribed to its ability to 'per turb '  
the hpld membrane component  Based on our 
present data, it is tempting to associate the °per- 
turblng' effects of the anesthetic steroid with its 



ablhty  to reduce faster axial diffusion accompa- 

nied by increased gauche cont r ibut ions  in the 

phosphohpld  chains 
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