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Fig. 4. Infrared spectra of dried films of 
erythrocyte membranes cast from 80 per- 
cent 2-chloroethanol (a), dimethylform- 
amide (b), and pyridine (c). All were 
recorded at room temperatures. 
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lipids, to temperatures as great as 
+ 150?C does not produce a detectable 
transition to a fP-conformation. This 
may indicate that some residual lipid 
tightly bound to protein can protect the 
membrane protein from transition by 
thermal denaturation to a p-conforma- 
tion. Bulk extraction of membrane frag- 
ments with a mixture of chloroform and 
methanol (1: 1), according to the 
method of Reed et al. (8), leaves a 
residue which, when examined by infra- 
red spectroscopy, shows a broad asym- 
metrical amide I band with peaks at 
1652 cm-1 and a shoulder at 1628 
cm-1. Membrane films cast from or- 
ganic solvents, for example, 2-chloro- 
ethanol, pyridine, or dimethyl form- 
amide (Fig. 4), show a marked splitting 
of amide I band with peaks at 1652 and 
1628 cm-', indicating a transition of 
a great portion of membrane protein 
to a p8-configuration. A similar effect 
is observed with dimethyl sulfoxide or 
formic acid. 

Another feature of the infrared spec- 
trum of the membrane is a shoulder at 
1711 cm-1 associated with a lipid car- 
bonyl group. The infrared spectrum of 
the lipid extract does not show this 
band. The presence of this band may be 
associated in some way with the inter- 
action of lipid and protein. Further 
studies of the infrared spectra of other 
membranes will be useful in providing 
information about their structure. 
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Actinomycin D: Inhibition 
of Phospholipid Synthesis 
in Chick Embryo Cells 

Abstract. When chick embryo fibro- 
blasts are exposed to actinomycin D for 
30 minutes to 3 hours, there is progres- 
sive inhibition of phospholipid synthesis, 
so that by 3 hours the inhibition is 40 
percent. All phospholipids are affected. 
Since this inhibition is twice as great as 
the inhibition of protein synthesis, some 
effects of actinomycin D previously 
ascribed to decreased protein synthesis 
must be reevaluated. 

Although widely used as an inhibitor 
of DNA-dependent RNA synthesis (1), 
actinomycin D has many effects which 
are not clearly related to this inhibition. 
These include inhibition of the replica- 
tion of the RNA viruses poliovirus (2), 
influenza virus (3), and reovirus (4); 
inhibition of the replication of the RNA 
bacteriophage MS2 (5); interference 
with the assembly of the DNA bacteri- 
ophage T4 (6); inhibition of intestinal 
amino acid transport (7); and stimula- 
tion of the breakdown of messenger 
RNA (8). The rate of protein synthesis 
falls in cells treated with actinomycin D 
(9); this decrease is thought to be sec- 
ondary to inhibition of RNA synthesis. 
Thus, the effects of actinomycin D on 
viral replication and amino acid trans- 
port have been ascribed to decreased 
protein synthesis. We now report that 
actinomycin D also inhibits phospholip- 
id synthesis, and that the inhibition of 
phospholipid synthesis greatly exceeds 
the inhibition of protein synthesis in our 
system. 

Chick embryo fibroblasts were pre- 
pared as previously described (10). They 
were exposed to actinomycin D (0.5 ptg/ 
ml) for 30 minutes to 3 hours, washed 
with Eagle's medium, and incubated 
with various radioactive substrates for 
30 minutes; the cells were then scraped 
from the glass. The phospholipids were 
extracted by the method of Folch et al. 
(11). The incorporation of uracil-H3 into 
RNA, and of leucine-H3 into protein, 
was measured by the Schmidt-Tann- 
hauser procedure (12). 

Actinomycin D inhibited the incorpo- 
ration of 32Pi into phospholipid (Fig. 
1). The magnitude of the inhibition in- 
creased with time of exposure to actino- 
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creased with time of exposure to actino- 
mycin D. Phospholipid synthesis was 
decreased by 10 percent in cells treated 
with actinomycin D for 15 minutes and 
by 25 percent in cells treated for 30 
minutes, whereas protein synthesis was 
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Fig. 1. Inhibition of phospholipid (*), pro- 
tein (A), and RNA (0) synthesis by ac- 
tinomycin D. Chick embryo fibroblasts 
were exposed to actinomycin D (0.5 ,ug/ml) 
for 30 minutes to 3 hours, washed, and 
incubated with 8Pi (1 tc) for 30 minutes; 
the phospholipids were extracted, and the 
radioactivity was measured. Each value is 
the mean from three experiments. 

barely affected. In cells treated with 
actinomycin D for up to 3 hours, phos- 
pholipid synthesis continued to be inhib- 
ited more than protein synthesis. 

The phospholipids of treated and 
control cells were extracted and then 
separated by thin-layer chromatography 
(13); the concentration of each phos- 
pholipid and its content of 32p were 
determined. Treatment with actinomy- 
cin decreased the incorporation of 32Pi 
into all phospholipids; sphingomyelin 
was most affected (Table 1). There was 
no detectable effect on the phospholipid 
composition of the cells. 

It seemed possible that the decrease 
in the incorporation of 32Pi into phos- 

Table 1. Effect of actinomycin on the incorp- 
oration of 32Pi into various phospholipids. 
Cells were exposed to actinomycin D (0.5 ,ug/ 
ml) for 2 hours, washed, and then incubated 
with 32Pi (10 ,c) for 30 minutes at 37?C. The 
cells from three 100-mm plates, each con- 
taining about 10s cells, were pooled for each 
analysis. 
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Phospholipid Specific 
concentra- activity 

tion (count/min 
(nmole phos- per nmole 

Phospholipid pholipid per phospho- 
mg protein) lipid) 

Con- Actino- Con- Actino- 
trol mycin trol mycin 

Sphingomyelin 72 81 0.55 0.12 
Lecithin 368 362 38 19 
Phosphatidyl- 

serine 20 22 140 77 
Phosphatidyl- 

inositol 66 59 345 162 
Phosphatidyl- 

ethanolamine 174 154 14 9.4 
Unknown 29 16 78 64 
Total 729 694 
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pholipid might not represent a decrease 
in net phospholipid synthesis, but might 
be due either to an inhibition of phos- 
phate uptake from the medium or to a 
decrease in the specific activity of intra- 
cellular adenosine triphosphate second- 
ary to inhibition of RNA synthesis. We 
therefore investigated the incorporation 
of other precursors into phospholipid. 
In cells treated with actinomycin D for 
4 hours, the incorporation of choline- 
C14 into phospholipid was decreased by 
30 percent. When the phospholipids 
were separated by thin-layer chromatog- 
raphy, both sphingomyelin and lecithin 
were affected. Actinomycin D also 
caused a 35 percent decrease in the in- 
corporation of glucose-C14 and glycerol- 
C14 into lipid-soluble material. With 
these precursors, neutral lipids which 
account for about one third of the total 
tissue lipid were present in the extract 
and were not separated from the phos- 
pholipid. 

The mechanism by which actinomy- 
cin D inhibits phospholipid synthesis is 
unclear. Chick embryonic fibroblasts 
are rapidly differentiating into adult 
cells with extensive internal membranes, 
and actinomycin D may inhibit mem- 
brane formation. Alternatively, actino- 
mycin D may inhibit the activity of an 
enzyme required for phospholipid syn- 
thesis. 

In tissues treated with actinomycin D, 
a decrease in cellular function which is 
not directly related to a decline in RNA 
synthesis is often ascribed to a fall in 
protein synthesis subsequent to de- 
creased RNA synthesis (2-4, 7, 8). Our 
finding that actinomycin D inhibits 
phospholipid synthesis in chick embryo 
fibroblasts more than it inhibits protein 
synthesis offers an alternative explana- 
tion for such findings. 
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National Institutes of Health, 
Bethesda, Maryland 20014 
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Dimethyl Sulfoxide: An Inhibitor 
of Liver Alcohol Dehydrogenase 

Abstract. Dimethyl sulfoxide inhibits 
horse liver alcohol dehydrogenase. In 
the direction of aldehyde reduction, this 
inhibition is competitive with aldehyde, 
with an inhibition constant of S X 
10-3M. Dimethyl sulfoxide reacts with 
the binary complex consisting of en- 
zyme and the reduced form of nicotina- 
mide-adenine dinucleotide to form a 

highly fluorescent ternary complex, with 
a dissociation constant similar to the in- 
hibition constant. The inhibition of alde- 
hyde reduction can be interpreted as 
due to competition between aldehyde 
and dimethyl sulfoxide for the carbonyl 
binding site of the above-mentioned 
binary complex. 

Dimethyl sulfoxide (DMSO), a by- 
product in the manufacture of paper, 
has recently gained notoriety as a po- 
tentially useful agent in the treatment 
of rheumatoid arthritis and sclero- 
derma, and as a solvent for the topical 
administration of other drugs (1). Al- 
though DMSO has numerous biological 
activities, the chemical bases of these 
activities are unknown, and the specific 
interaction of DMSO with tissue con- 
stituents has not previously been re- 
ported. In the course of studies on the 
inhibition of dehydrogenases by thy- 
roxine, we found that DMSO is an in- 
hibitor of liver alcohol dehydrogenase 
(ADH). In this report we present 
some kinetic studies of this inhibition 
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Table 1. Fluorescent properties of free and 
bound NADH. All data were obtained in 
0.1M tris HC1, pH 8.6, at 25?C. 

Excita- Emis- 

Fluorescent tion sion Relative 
sece maxi- maxi- -quantum 

spmum mum yield* 
(nm) (nm) 

NADH 340 465 1 
ADH-NADH 325 435 3 
ADH-NADH- 

DMSO 325 435 10 
* Quantum yields are expressed relative to the 
quantum yield of free NADH, which is taken 
as 1. 
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