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logical activities, such as enzyme functions 
or solute transports. Similarly, lipid mem- 
branes are assembled by the interaction with 
water. When anesthetics disengage the mac- 

Anesthesia Cutoff Phenomenon: 
Interfacial Hydrogen Bonding 

romolecular structure from the constraint of 
water matrix. these structures become disor- 
dered and expand. The relaxed conforma- 
tions would be suboptimal for their func- 
tions and may be accompanied by global 

JANG-SHING CHIOU, SHAO-MU MA, HIROSHI KAMAYA, ISSAKU UEDA attenuation of biological activities leading to 
anesthesia. In fact, anesthetized states are 

Anesthesia "cutoff' refers to the phenomenon of loss of anesthetic potency in a characterized by generalized depression of 
homologous series of alkanes and their derivatives when their s k s  become too large. all metabolic activities. Eyring and co-work- 
In this study, hydrogen bonding of 1-alkanol series (ethanol to eicosanol) to dipalmi- ers proposed that the primary action site of 
toyl-L-a-phosphatidylcholine (DPPC) was studied by Fourier transform infrared anesthetics is the water-macromolecule in- 
spectroscopy (FTIR) in DPPC-D20-in-CC& reversed micelles. The alkanols formed terface, releasing electrostricted water mole- 
hydrogen bonds with the phosphate moiety of DPPC and released the DPPC-bound cules from the surface charges with disrup- 
deuterated water, evidenced by increases in the bound 0-H stretching signal of the tion of hydrogen bonds (6). 
alkanol-DPPC complex and also in the free 0-D stretching band of unbound D20.  Sandorfj and co-workers (7)  found in a 
These effects increased according to the elongation of the carbon chain of 1-alkanols mixture of secondary aliphatic mines and 
from ethanol (Cz) to 1-decanol (Clo), but suddenly almost disappeared at 1-tetrade- brominated fluorocarbons that the hydro- 
can01 (C14). Anesthetic potencies of these alkanols, estimated by the activity of brine gen-bonded N-H band decreased when the 
shrimps, were linearly related to hydrogen bond-breaking activities below Clo and temperature was lowered and disappeared 
agreed with the FTIR data in the cutoff at Clo. completely at - 190°C, while the free N-H 

stretching band increased. This was unex- 

T HE ANESTHETIC POTENCY OF 1-AL- esthetic actions, there are proponents for the pected, because lowering the temperature 
kanols increases with elongation of protein theory who advocate that anesthet- melted ice. They further showed that vola- 
their carbon chains, but the potency ics interact with specific receptors of certain tile anesthetics also disrupt hydrogen bonds 

suddenly disappears when the carbon-chain proteins ( 5 ) .  and that the anesthetic potency correlates to 
length exceeds about CIZ (1) .  NO anesthetic We contend that anesthetics interact with their hydrogen bond-breaking activity. 
potency is observed above CI4. This phe- macromolecules, irrespective of proteins or With 1-alkanols in water-in-oil surfactant- 
nomenon is known as "cutoff' and several lipid membranes, and disrupt water-macro- reversed micelles, the association constant 
explanations have been proposed, such as molecule associations. These structures are between alcohols and the hydrophilic group 
the size of the anesthetic binding site is not supported by the hydrogen-bonded matrix of the surfactant decreased with elongation 
large enough to accommodate longer alco- 
hols, or the low water solubility of longer 1- Fig. ,. DiEerence IR spectra of ,00 
alkanols limits their access to the action sites D,o-~~-ccI, reversed micellar 
(2). With DPPC vesicle membranes, the systems at 22°C after subtraction 
main transition temperature between the of CCl4 absorption bands: (a) 

liquid-crystalline and solid-gel phases de- DPPC 0.008M in the absence of 
1-butanol and (b) DPPC with 

creases by the addition of short-chain 1- O,lM of l-butanol, synthetic r alkanols, but increases by long-chain 1-al- DPPC, D,O (nominal isotopic 
kanols (3). The switchover from depression purity 100%) and 1-butanol were $ 0.50 

.t- 

to elevation of the transition temperature Obtalned Sigma, ad = 
troscopic-grade CC4 from EM occurs at the same carbon-chain length as Science (Cherry Hill, New ,er- 

the cutoff point. This suggests that the sey), Carbon tetrachloride was 
disordering effect of anesthetics on the hy- dried by activated aluminum ox- 
drophobic core of the membrane determines ide (Fluka) cohmns. The absence 

the cutoff phenomenon. of water was confirmed by infra- 
red spectroscopy. DPPC was kept 0 00 

The above result on the phase transition in ,desiccator at reduced pressure 4000 2425 850 
of lipid membranes supports the lipid theory until use. D ~ O - D ~ ~ C - C C I ~  mix- Wavenumber 
of anesthesia: anesthetics disorder and ex- tures were sonicated by a Branson 

pand the lipid membrane, and the increased ultrasonic disrupter b anb bur^, Connecticut) in a cup-horn until clear dispersions were obtained (about 
20 rnin). Each sample was scanned 20 times over the frequency range of 400 to 4000 cm-'. All spectra lateral pressure interferes with the 'Iectro- were acquired at 22.O"C. A Perkin-Elmer model 1750 FTIR spectrophotometer interfaced with a 

genic the Perkin-Elmer model 7300 computer was used for analysis. The window (FT 04-794) was a fixed- 
ensuing anesthesia (4). Against the lipid thickness zinc-selenide cell with 1.18-mm pathlength (Spectra-Tech) . The cell was calibrated against the 
theorp, which a s s u e s  nonspecificity of an- benzene band at 845 cm-'. A triglycine sulfate detector was used for all experiments. Assignments of 

the major peaks are (CH3)3-N+ stretching of the choline head at 970 cm-', P=O stretching at 1238 
cm-', C==O stretching of the ester group at 1734 cm', O=D stretching of the free and bound D 2 0  at 

Depament ofAnesthesia, University ofUtah School of 2690 cm-' and 2495 cm-', respectively, and 0-H stretching of the free and bound 1-butanol at 3635 
~ ~ d i ~ i ~ ~ ,  and ~ ~ ~ ~ t h ~ ~ i ~  service, veterans ~ d m i ~ i ~ ~ ~ ~ .  cm-' and 3400 cm-', respectively. The small absorbance of bound 0-H stretching at 3400 cm-' in the 
tion Medical Center, Salt Lake City, UT 84148. control DPPC spectrum (a) may originate from the traces ofwater contaminating the DPPC and D20 .  

4 MAY I990 REPORTS 583 



Fig. 2. The effect of 1-alkanols on the 0-H 
stretching band of alkanol-DPPC complex at the 
frequency range between 3000 and 3610 cm-'. 
Curves from the top to the bottom are decanol, 
hexanol, butanol, ethanol, eicosanol, and octade- 
canol, hexadecanol, and tetradecanol. The order 
does not follow the carbon-chain length. Alkanols 
were added to the micellar solution in a 5-rnl 
bottle with a microsyringe under nitrogen gas 
(closed air-tight by a Teflon cap) and mixed by a 
vortex mixer. The spectra shown were obtained 
by subtraction of the spectra of CC14 and alkanol 
in pure CC4 solvent. The absorbance maximum 
was found at about 3400 cm-I. 

of the carbon-chain length, and then leveled 
off at Clo (7).  Our studies (8) with Fourier 
transform infrared spectroscopy (FTIR), 
differential scanning calorimetry, 'H nuclear 
magnetic resonance ('H-NMR), and solu- 
tion densimetry showed that the interfacial 
structured water molecules were partially 
released by the addition of volatile anesthet- 
ics. Anesthetic-induced release of electro- 
stricted water molecules from   rote in sur- 
faces (8) was shown in bovine serum albu- 
min and poly-L-lysine by the increase in 
the partial mold volume. Because electro- 
stricted water structure is almost maximallv 
compressed by the surface charges, disrup- 
tion of this structure expands the system 
volume. 

In the present study, we used FTIR to 
examine the effects of carbon-chain length in 
a homologous series of 1-alkanols from C2 
to Czo on the hydrogen bonding to DPPC 
molecules in a water-in-oil reversed micellar 
system. By using deuterated water (D20)  
for the aqueous phase, we limited the source 
of the 0-H signal to the O H  moiety of 1- 
alkanols, except for a few water molecules 
that contaminated the DPPC and D 2 0 .  
Carbon tetrachloride (CC14) was used for 
the oil phase to avoid signal interference in 
the present frequency range. Because the 
solubility of D 2 0  in carbon tetrachloride is 
low and DPPC is hygroscopic, any D 2 0  
molecule added to the system was incorpo- 
rated into the micelle in close association 
with the DPPC molecules. This was con- 
firmed by infrared spectra by the ab- 
sence of free 0-D stretching band of un- 
bound D20 .  In the present study, eight 
D20 molecules per DPPC molecule were 
used to prepare the D20-in-CCb reversed 
micelles. 

The difference spectra shown in Fig. 1 
were obtained after subtraction of the ab- 
sorption bands of CCb from those of the 
reversed micelle. Figure 1A shows the con- 
trol spectrum of 0.008M DPPC in D20-in- 
CC14 reversed micelles and the assignments 
of the major peaks of DPPC-D20 in CCb. 
These assignments agree with the corre- 
sponding bands of the phospholipid spec- 

Wave number 

trum previously reported (9) .  
We found that the formation of the al- 

kanol-DPPC complex was saturated at 1- 
alkanol concentrations between 0.1M and 
0.2M. Hence, 0.1M 1-alkanol concentra- 
tions were used. Figure 1B shows the spec- 
trum in the presence of 0.1M 1-butanol. A 
sharp new band appeared at 2690 cm-I, 
which is the free 0-D stretching of the 
released D 2 0  molecules (1 0). The intensity 
of this band increased with increasing 1- 
butanol concentration. Also, the intensity of 
the broad 0-D stretching band of the 
bound D 2 0  molecules at 2495 cm-' de- 
creased. The bond between D 2 0  molecules 
and the hydrophilic head of DPPC was 
broken. When DPPC-D20 was absent, 1- 
butanol showed only the free 0-H stretch- 
ing band at 3635 cm-'. Addition of DPPC 
decreased the intensity of this band. The 
two bands at 3400 cm-' and 1644 cm-' are 
assigned to the 0-H stretching and 0 -H 
bending of the hydrogen bonds formed 
between 1-butanol and the phosphate group 
of DPPC, respectively. The intensities of 
these bands increased with the increase in 
the 1-butanol concentration. Apparently, 
D20-DPPC complex at the interface is re- 
placed by the alkanol-DPPC complex and 
released D 2 0  molecules. 

Figure 2 shows the difference spectra of 
the bound 0-H stretching region of 0.1M 
1-alkanols (ethanol, butanol, hexanol, de- 
canol, tetradecanol, hexadecanol, octade- 
canol, and eicosanol) in the reversed micellar 
system. The order of the band intensity is 
clustered in two groups: one group was 
(from the top to the bottom) Clo, C6, C4, 
and C2, and the other group was C20, CIS, 
CI6, and CI4. In Fig. 3 the intensity of the 
bound 0-H stretching band of the alkanols 
at 3400 cm-' is plotted against their car- 
bon-chain length from C2 to C20. The band 
intensity suddenly dropped at CI4, demon- 
strating the cutoff phenomenon. The inten- 
sity increased again according to the increase 
in the carbon-chain length above CI4. The 
intensity of C20, however, did not reach the 
level of C2. The intensity of the free 0-D 
stretching band also displayed the cutoff 

0"0' 2 6 1'0 14 1'8 ' 
Number of carbon 

Flg. 3. The effect of the number of carbon atoms 
in the homologous series of 1-alkanols on the 
0-H stretching of alkanol-DPPC complex at 
3400 cm-', replotted from Fig. 2. The band 
intensity increased with elongation of the carbon 
chain through Clo, but suddenly dropped at CI4. 
When the carbon-chain length was hrther in- 
creased beyond CI4, the band intensity slightly 
increased again. 

phenomenon between the carbon-chain 
lengths 10 and 14. 

The cutoff of the 0-H stretching band 
intensity at C14 may not be caused by the 
increased solubility of long-chain alkanols in 
CC14, because hrther increase of the carbon- 
chain length increased the 0 -H  stretching 
band intensity again. If this were caused by 
the increased oil solubility of long-chain 
alkanols, the band intensity should decrease 
with the increase in the carbon-chain length 
above C14. 

These alkanols may be divided into two 
groups: anesthetics and nonanesthetics. In 
each group, elongation of carbon-chain in- 
creases the intensity of the 0-H stretching 
band, but there is a large difference in the 
band intensity between the anesthetic and 
nonanesthetic groups. 

To compare the hydrogen bond-breaking 
activity with anesthetic action, we deter- 
mined the anesthetic potency in brine 
shrimps. Aquatic creatures, such as tadpoles, 
fishes, newts, and brine shrimps, have been 
used to determine the anesthetic potencies 
of alkanols because of the ease of dispensing 
these drugs. The relation between anesthetic 
potency as expressed by alkanol concentra- 
tions that inhibited, brine shrimp motion 
50% (EDSo) and the intensities of the 
bound 0-H band are shown in Fig. 4. A " 
linear relation was demonstrated between 
- ~ O ~ ( E D ~ ~ )  against log(bound 0-H) of 1- 
alkanol (C2 to CI0). The free 0-D stretch- 
ing band intensity also linearly related to the 
EDSo. The cutoff in anesthetic potency was 
observed at C l o  The ability of alkanols to 
replace interfacial water correlates with their 
anesthetic potency and also with the cutoff 
phenomenon. 

Our result shows that the hydrogen 
bond-breaking activity of anesthetics closely 
relates to the anesthetic potency. It contra- 
dicts the general contention of the lipid 
theories o f  anesthesia, which attribute anes- 
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Fig. 4. Linear relation between the logarithm of 
the 0-H stretching intensity in the alkanol- 
DPPC complex at 3400 cm- and the negative 
logarithm of the brine shrimp ED5o. Brine 
shrimps, Artemia salina, were captured at the Great 
Salt Lake in Utah. The brine shrimps' motions 
were monitored in a 5 by 4 inch shallow glass 
container by a video camera, interfaced with a 
digital video adapter XV-D3OO (Sony) and an A- 
D converter, and recorded on a floppy disk of an 
NEC PC-9801 computer. Their position in the x- 
y plane was digitized every 0.5 s, and 50 data 
points were analyzed for each scan. The alkanol 
concentration that reduced shrimp movement to 
50% of the control without alkanols was interpo- 
lated and designated as EDso. Long-chain alkan- 
01s were dissolved in a small amount of ethanol 
and added to the aqueous phase. The solvent 
ethanol concentration was well below the anesthe- 
tizing concentration. 

thetic actions to the conformational change 
of the lipid tails, hence, the membrane core 
property. Nevertheless, interfacial hydrogen 
bond-breaking action of anesthetics is 
shown in various systems. Release of sur- 
face-bound water by anesthetics has been 
shown in proteins, nonionic and ionic sur- 
factant micelles, phospholipid vesicles, and 
multilamellar phospholipid suspensions (8). 
Because of the high polarizability, apolar 
anesthetics, such as cyclopropane, are also 
shown to break hydrogen bonds (7). The 
increased hydrophobicity of the interface 
caused by dehydration, together with the 
conformational relaxation of membranes 
and proteins, appears to be the cause of 
anesthesia. The precise mechanism of how 
these changes induce the state of uncon- 
sciousness remains to be elucidated. 
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A &In2+-~e~endent Ribozyme 

An RNA hairpin identical in sequence with the one formed during autocyclization of 
the 414-nucleotide Tetrahymena intervening sequence undergoes strand scission at a 
specific site in the presence of MnZ+. In addition to representing one of the smallest 
and simplest ribozyrnes possible, strand scission occurs readily under physiological 
conditions, is unaffected by the presence of Mg+,  and displays salt, pH, and 
temperature optima of potential use in exploiting Mn2+ as a regulatory switch in intact 
cells. The chemistry of strand scission of the RNA hairpin is described, as is the MnZ+- 
dependent solvolysis of a 231-nucleotide RNA transcript containing this structural 
motif. 

A NUMBER OF RNA CATALYSTS HAVE 

been discovered in recent years; per- 
haps the best known is the group I 

ribosomal RNA intron from Tetvahymena, 
which mediates the formation of mature 
RNA by self-catalyzed processing of the 
initial RNA transcript (1). Cleavage and 
ligation involve Mg2+-dependent transester- 
ification with nucleophilic attack at the 
phosphodiester bond by an external (2) or 
internal (3) guanine nucleotide 3'-OH 
group, with concomitant release of an RNA 
strand possessing a terminal 3'-OH group. 
Viroid, virusoid, and satellite RNAs from a 
number of sources (4, 5) and human hepati- 
tis delta virus ( 6 )  also undergo self-catalyzed 
cleavage in site-specific, Mg2+-dependent 
processes. Cleavage of the phosphodiester 
bond occurs by nucleophilic attack of the 
adjacent 2'-OH group. The products, which 
include an oligonucleotide 2',3'-cyclic phos- 
phate and a 3'-fragment having a 5'-OH 
terminus, are identical with those formed 
when RNA strand scission is mediated by 
alkaline hydrolysis, aqueous pb2+ or zn2+,  
or some ribonucleases (7, 8). Relatively 
small oligonucleotides have been made that 
mimic the catalytic behavior of the plant 
RNAs (9); a few of these have been de- 
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signed to effect sequence-specific cleavage of 
target RNAs (9, 10). 

Our interest in defining novel chemical 
strategies for polynucleotide strand scission 
prompted us to focus on the role of Mg2+ in 
RNA processing and on the possible in- 
volvement of other metals. The foregoing 
processes all require Mg2+, and proposed 
reaction intermediates (11-13) suggest its 
direct participation in processes such as (i) 
activation of phosphorus toward nucleo- 
philic attack, (ii) correct spatial ordering of 
reaction components, and (iii) general acid- 
base catalysis. Polynucleotides can bind 
Mn2+ (14), andMn2+ may sometimes substi- 
tute for Mg2+ in RNA processing systems 
(8, 9, 13), consistent with its similar ionic 
radus and divalent charge. However, unlike 
Mg2+, which binds to RNA through phos- 
phate oxygens, Mn2+ can form complexes 
involving both the phosphate oxygens and 
RNA bases (15). 

Because RNA structure per se can con- 
tribute to the feasibility of processing, we 
sought to identify a structural element that 
might be stabilized by Mn2+ binding or 
hydrolysis. In this context, the 15-nucleo- 
tide (nt) hairpin excised from the 5' end of 
the 414-nt Tetvahymena intron during auto- 
cpclization (1) was of special interest. In 
addition to its formation by Mg2+-catalyzed 
phosphoryl transfer at the 3' end (I) ,  it was 
anticipated (16) that the hairpin would have 
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