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SUMMAIKY. Ca l f - l i ve r  rough m i c r o s o m e s  i n c o r p o r a t e d  N-ace ty l [  3H] 
g l u c o s a m i n e  f r o m  U O P -  [ 3HI OlcNAc  or [ 14C ] m a ~ o s e  f r o m  GOP-  [ 14C ] Man 
into p roduc t s  soluble in c h l o r o f o r m - m e t h a n o l  (2:1). The [ 3HI GlcNAc-  
labe led  m a t e r i a l  had the hydro ly t i c  and c h r o m a t o g r a p h i c  p r o p e r t i e s  of a 
po ly i sop reny l  N - a c e t y l g l u c o s a m i n y l  pyrophospha te  whe rea s  the 14C- 
mannol ip id  exhibited the c h a r a c t e r i s t i c s  of a po ly i sop reny l  mannosy l  
phosphate .  Tun icamyc in  inhibi ted the p roduc t ion  of the [ 3H]GlcNAc- l ip id  
but did not affect  the synthes i s  of the 14C-mannol ipid .  This inhibit ion 
accounts  for  the effect  of the ant ibiot ic  upon g lycopro te in  fo rma t ion  in vivo 
since po lypreny l  sugar  phosphates  a re  i n t e r m e d i a t e s  in the b iosyn thes i s  of 
ce r t a in  g lycopr  oteins .  

Tunicamycin is a glucosamine-containing antibiotic (I)that 

i n t e r f e r e s  with g lycopro te in  b iosyn thes i s  in m a m m a l i a n  (2) and m i c r o b i a l  

ce l l s  (3, 4). T r e a t m e n t  of y e a s t  p ro top la s t s  with the antibiot ic  rap id ly  

stops the fo rma t ion  of expor ted  g lycopro te ins  such as inve r t a se ,  a c i d  

phospha tase  and mannan  pept ides  but does not inhibit  the product ion  of 

i n t r a c e l l u l a r  n o n - g l y c o s y l a t e d  p ro te ins  (e. g . ,  a - g l u c o s i d a s e )  o r  wall  

p o l y s a c c h a r i d e s ,  such as glucan or chitin, which a re  not cova len t ly  

a s s o c i a t e d  with pro te in  (4, 5). TM does not exer t  its effect  on p ro top la s t s  

by  blocking the uptake of mannose  (4) or  g lucosamine ,  the two suga r s  that  

iAbbreviations: TM, tunicamycin; UDP, uridine diphosphate; GDP, 
guanosine diphosphate; GIcNAc, N-acetylglucosamine; Man, mannose; 
CM, chloroform-methanol (Z:l, v/v); tlc, thin-layer chromatography. All 
sugars mentioned in this report are in the D configuration. 
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c o m p r i s e  the p o l y s a c c h a r i d e  por t ions  of the expor ted  g lyeopro te ins ,  or  by 

i n h i b i t i n g  the f o r m a t i o n  of UDP-  GlcNAc (Kuo and Lampen ,  unpubl ished 

re su l t s ) .  

This evidence  sugges t s  that  TM i n t e r f e r e s  d i r e c t l y  with the 

g lycosy la t ion  r eac t i ons  leading to the f o r m a t i o n  of Man- and GlcNAc-  

containing g lycop ro t e in s .  Since po ly i sop reny l  sugar  phosphates  funct ion as 

sugar  donors  in these  r e a c t i o n s  (6, 7, 8), we have inves t iga ted  the inf luence 

of TM on the synthesis of the polyisoprenyl derivatives of Man and GIcNAc. 

MATERIALS AND METHODS. Tun icamyc in  (lot T-11-05) was supplied by 
G. T a m u r a ,  Dept. of A g r i c u l t u r a l  C h e m i s t r y ,  Un ive r s i t y  of Tokyo, Japan.  
GDP-  [ 14C ] Man (160 m C i / m m o l e )  and U D P -  [ 3HI GlcNAc (6.6 C i / m m o l e )  
were  p u r c h a s e d  f r o m  New England Nuc lea r  C o r p . ,  Boston,  Mass .  Whatman 
m i e r o g r a n u l a r  D E A E - c e l l u l o s e  (DE-52,  H. Reeve  Angel and Co . ,  Clifton, 
N. J. ) was conve r t ed  to the ace ta te  f o r m  as d e s c r i b e d  by R o u s e r  et al. (9). 
Si l ica  gel  (60 - 200 mesh)  was obtained f r o m  J. T. Baker  Co . ,  Ph i l l ipsburgh ,  
N . J .  Other  c h e m i c a l s  and solvents  were  r eagen t  g rade  c o m m e r c i a l  p roduc ts .  

M i c r o s o m e s  were  p r e p a r e d  f r o m  calf  l iver  by the p r o c e d u r e  of 
Tetas  et al. (10) and fu r t he r  f r ac t i ona t ed  into smooth  and rough m i c r o s o r n e s  
as d e s c r i b e d  p r ev ious ly  (llb The rough  m i c r o s o m e s  were  washed  by gentle 
homogen iza t ion  in 10 mM T r i s - m a l e a t e  buffer ,  pH 7 .5 ,  containing 0.1 M KC1, 
followed by cen t r i fuga t ion  at i06 ,000  x gmax  for  60 rain. Washed pel le ts  
w e r e  s to red  at -70 C, 

Incubation mixtures containing 200 ~i rough microsomes (3.35 mg 
protein) suspended in 50 mM Tris-maleate buffer, pH 7.5, 5 ~i 0.5 M 
MnC12, 10 ~ I G D P - [ 1 4 C ] M a n  (40,000 cpm) or  U D P - [ 3 H ] G l c N A c  (70,000 cpm) ,  
30 ~1 H20,  and 5 ~1 50 mM NaOH with or without  1.Z5 ~g TM were  incubated 
at 30 C for  va r i ous  i n t e rva l s .  Labe led  l ipids were  e x t r a c t e d  d i r e c t l y  by the 
addit ion of 1.0 ml -quan t i t i e s  of c h l o r o f o r m - m e t h a n o l  (Z:I, v /v)  followed by 
thorough  mixing.  Af te r  phase separa t ion ,  the aqueous  phases  w e r e  
d i sca rded ,  and the o rgan ic  phases  were  washed  th ree  t imes  with 0.5 ml  
por t ions  of m e t h a n o l - w a t e r  (1:1, v /v) .  To obtain C M - e x t r a c t s  containing 
sufficient radioactivity to permit further characterization of the labeled 
components, larger reaction mixtures (with H20 replacing the NaOH and TM) 
were prepared and processed maintaining the volume ratios given. 

Protein was estimated by the Hartree modification of the Lowry 
technique (12) with bovine serum albumin as standard. For radioactivity 
measurements, liquid samples were quantitatively transferred to counting 
vials, and the solvent was removed by evaporation. The residues were 
suspended in 10-ml portions of Aquasol (New England Nuclear Corp. ) and 
the BE or 14C determined with a Packard liquid scintillation spectrometer 
(Model 3320, Packard Instrument Co., Inc., Downers Grove, Ill. ). 
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T h i n - l a y e r  c h r o m a t o g r a p h y  was  p e r f o r m e d  on M e r c k  p r e c o a t e d  
p l a t e s  of S i l i c a  Gel G (0 .25 m m  th ick ,  wi thout  f l u o r e s c e n c e  i n d i c a t o r ,  
B r i n k m a n n  I n s t r u m e n t s ,  I n c . ,  W e s t h u r y ,  N .Y.  ) in  c h l o r o f o r m - m e t h a n o l -  
w a t e r  (60:25:4,  so lven t  A or  60:35:6,  so lven t  B). 1 4 C - L a b e l e d  c om pone n t s  
w e r e  l o c a t e d  by  r a d i o a u t o g r a p h y  with  Kodak B l u e - S e n s i t i v e  m e d i c a l  X - r a y  
f i l m  (SB-54);  3 H - p r o d u c t s  w e r e  d e t e c t e d  e i t h e r  by  so l id  s c i n t i l l a t i o n  
f l u o r o g r a p h y  (13) us ing  the s a m e  x - r a y  f i l m  or  by  s c r a p i n g  0 .5  c m  bands  
of s i l i c a  ge l  f r o m  the  t l c  p l a t e  into count ing v i a l s  and m e a s u r i n g  the 
r a d i o a c t i v i t y  by  l iqu id  s c i n t i l l a t i o n  in Aquaso l .  Wha t m a n  no. 1 p a p e r  was  
e m p l o y e d  fo r  d e s c e n d i n g  c h r o m a t o g r a p h y  with  e thy l  a c e t a t e - p y r i d i n e - w a t e r  
(8:2:1, so lven t  C) or  n - b u t a n o l - p y r i d i n e - w a t e r  (6:4:3, so lven t  D). Authen t ic  
Man and OlcNAc w e r e  d e t e c t e d  with  a lka l i ne  s i l v e r  n i t r a t e  (14), and the 
1 4 C - l a b e l e d  m a t e r i a l  was  l o c a t e d  with  a P a c k a r d  R a d i o c h r o m a t o g r a m  
S c a n n e r ,  Model  7201. C h r o m a t o g r a m s  b e a r i n g  3 H - l a b e l l e d  m a t e r i a l  w e r e  
cut into 1 c m  s t r i p s ,  and the r a d i o a c t i v i t y  was  m e a s u r e d  by l iqu id  
s c i n t i l l a t i o n  a f t e r  c o n v e r s i o n  of the l a b e l e d  p r o d u c t  to 3H20 in a P a c k a r d  
Sample  O x i d i z e r ,  Model  306. 

RESULTS.  Incuba t ion  of c a l f - l i v e r  rough m i c r o s o m e s  with  e i t h e r  UDP-  

[ 3 H ] G l c N A c  or  O D P - [ 1 4 C ] M a n  at  pH 7 .5  in the p r e s e n c e  of 10 m M l ~ u  2+ 

l ed  to the r a p i d  i n c o r p o r a t i o n  of r a d i o a c t i v i t y  into C M - s o l u b l e  p r o d u c t s  

(F ig .  1A and 1B). C M - e x t r a c t s  f r o m  15-minu te  i ncuba t ions  w e r e  u s e d  fo r  

c h a r a c t e r i z a t i o n  of the l a b e l e d  m a t e r i a l s .  E x a m i n a t i o n  of the 1 4 C - l a b e l e d  

e x t r a c t  by  t ic  in  so lven t  A r e v e a l e d  the p r e s e n c e  of a s ing le  r a d i o a c t i v e  

compound that had an Rf of O. 25 and that migrated with calf-pancreas 

dolichyl [14C]mannosyl phosphate prepared as described previously (II). 

One r a d i o a c t i v e  componen t  wi th  an Rf of 0.15 was  found when the 3 H - l a b e l e d  

extract was subjected to tlc in solvent B. 

As shown in Table i, treatment of the CM-extracts under mild 

alkaline conditions which bring about the deacylation of glycosyl diglycerides 

did not convert the labeled lipids to radioactive water-soluble products. 

In contrast, both radioactive compounds were rapidly degraded by mild acid 

o 
hydrolysis (Fig. 2A and 2B); incubation at 80 C in 50% n-propanol containing 

0.01 N HCI converted 90 to 95% of the radioactivity to water-soluble material 

within 20 min. Upon paper chromatography (solvent D) of the 3H-labeled 

material released in that interval, a single radioactive component that 
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FIG. I. Incorporation of radioactivity from UDP-[ 3H]GIcNAc (A) and 
GDp-[14C]Man (B) into CM-soluble products in the presence (---@---@---) 
or absence (---O---O---) of tunieamycin (5 ~g/m]~. Each point 
represents the average of duplicate determinations. Reaction mixtures 
containing boiled microsomes were processed to obtain the zero-time 
value s. 

migrated with authentic GIcNAe was found. Similarly, Z0-minute mild acid 

hydrolysis of the 14C-labeled lipid yielded one radioactive water-soluble 

compound that behaved as mannose during chromatography in solvent C. 

When the CM-extracts were subjected to silicic acid column 

chromatography, the labeled lipids were not eluted by acetone which removes 

neutral glycolipids (9), but were recovered in the chloroform-methanol 

eluate along with phosphatides (Table 2). The acidic character of the 

radioactive lipids was also evident by their behavior during DEAE-cellulose 

chromatography (Table Z); both lipids remained bound to the column packing 

in chloroform-methanol-water (i0:i0:3) but were eluted when ammonium 
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T A B L E  1. S t a b i l i t y  of  t he  r a d i o a c t i v e  l i p i d s  to  m i l d  a l k a l i n e  a l c o h o l y s i s  a 

Sample 

Percent of Recovered Radioactivity 

In the In the 
Aqueous Phase Organic Phase 

[ 3H] G l c N A c - l a b e l e d  C M  e x t r a c t  

b e f o r e  a l c o h o l y s i s  

a f t e r  a l c o h o l y s i s  

[ 14C] M a n - l a b e l e d  CM e x t r a c t  

b e f o r e  a l c o h o l y s i s  

a f t e r  a l c o h o l y s i s  

5. Z 94.8 

3.8 96. Z 

1.4 98.6 

3.4 96.6 

a 
The  p r o c e d u r e  of  L a h a v  e t  a l .  (15) w a s  e m p l o y e d  w i t h  the  e x c e p t i o n  

t h a t  t h e  i n c u b a t i o n  of  l i p i d s  in  a l k a l i  w a s  e x t e n d e d  to 30 r a i n .  C o n t r o l s  
no t  e x p o s e d  to a l k a l i  w e r e  i n c l u d e d  f o r  c o m p a r i s o n .  

f o r m a t e  w a s  a d d e d  to t he  s o l v e n t .  T h e [ 1 4 C ~ r n a n n o l i p i d  w a s  r e l e a s e d  a t  a 

s a l t  c o n c e n t r a t i o n  of 1 m M  w h e r e a s  the  [ 3H] O l c N A c - c o m p o u n d  w a s  o b t a i n e d  

w i th  Z0 m M  a m m o n i u m  f o r m a t e .  

The  e f f e c t  of T M  on the  f o r m a t i o n  of t he  r a d i o a c t i v e  l i p i d s  i s  

shown  in F i g .  1. A t  a l e v e l  o f  5 ~g/n~/ (ca .  6 MM), t he  a n t i b i o t i c  c o m p l e t e l y  

i n h i b i t e d  the  f o r m a t i o n  of  t h e  [ 3H] G l c N A c - l a b e l e d  c o m p o u n d  b u t  d i d  n o t  

a f f e c t  the  s y n t h e s i s  of t he  1 4 C - m a n n o l i p i d .  

DISCUSSION.  In  a d d i t i o n  to s p h i n g o -  and  g l y c e r o - g l y c o l i p i d s ,  m a m m a l i a n  

t i s s u e s  p r o d u c e  g l y c o s y l a t e d  d e r i v a t i v e s  of  d o l i c h o l ,  a l i n e a r  p o l y p r e n y l  
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FIG. 2. Mild acid hydrolysis of the [ 3H] GlcNAc-labeled lipids (A) 
and the [14C]Man-labeled lipid (B). Lipid residues obtained by 
evaporation under N 2 were dissolved in I00 ~I portionsoof 50%o n-propanol 
containing 0.01 N HCI. After heating the mixtures to 80 C for the 
intervals indicated, the samples were neutralized with I00 ~I quantities 
of 50% n-propanol containing 0.01 N NaOH and thoroughly mixed with 
Z00 ~I HzO , 300 ~I methanol and 800 }~I chloroform. Upon phase 
s e p a r a t i o n ,  t he  a q u e o u s  p h a s e s  w e r e  t r a n s f e r r e d  to  c o u n t i n g w i a l s ,  
and  t h e  o r g a n i c  p h a s e s  w e r e  w a s h e d  w i t h  Z00 ~1 p o r t i o n s  of m e t h a n o l -  
w a t e r  ( l : l ,  v / v ) .  The  w a s h e s  w e r e  c o m b i n e d  w i t h  t he  a p p r o p r i a t e  a q u e o u s  
e x t r a c t s ,  a n d  the  o r g a n i c  p h a s e s  w e r e  p l a c e d  in  c o u n t i n g  v i a l s .  T h e  
r a d i o a c t i v i t y  in  t h e  a q u e o u s  ( - - - O - - - O - - - )  and  o r g a n i c  ( - - - @ - - - @ - - - )  p h a s e s  
w a s  m e a s u r e d  as  d e s c r i b e d  in  M a t e r i a l s  and  M e t h o d s .  

a l c o h o l  t h a t  h a s  a s a t u r a t e d  i s o p r e n y l  r e s i d u e  a t  t he  h y d r o x y  t e r m i n u s .  

T h e s e  d e r i v a t i v e s  a r e  s t a b l e  to  m i l d  a l k a l i n e  c o n d i t i o n s  u n d e r  w h i c h  the  

e s t e r i f i e d  f a t t y  a c i d s  in  g l y c o s y l  d i g l y c e r i d e s  a r e  r e l e a s e d  and ,  u n l i k e  

s p h i n g o - g l y c o l i p i d s ,  a r e  r a p i d l y  d e g r a d e d  in  d i l u t e  a c i d  (6). I n s t a b i l i t y  

in  a c i d  e x i s t s  b e c a u s e  t he  s a c c h a r i d e  m o i e t i e s  a r e  b o u n d  to the  p o l y p r e n y l  

c h a i n s  v i a  p h o s p h o d i e s t e r  o r  p y r o p h o s p h a t e  l i n k a g e s .  

B e y o n d  the  h y d r o l y t i c  d i f f e r e n c e s ,  the  c h r o m a t o g r a p h i c  

p r o p e r t i e s  of the  d o l i c h y l  d e r i v a t i v e s  d i s t i n g u i s h  t h e m  f r o m  n e u t r a l  
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g l y c o l i p i d s .  T h u s ,  on s i l i c i c  a c i d  c o l u m n  c h r o m a t o g r a p h y ,  n e u t r a l  

g l y c o l i p i d s  a r e  e l u t e d  w i t h  a c e t o n e  (9), w h e r e a s  the  d o l i c h y l  s u g a r  

phosphates elute with chloroform-methanol (i:i) along with other 

phosphatides. Behrens e_t al. (16) have shown that dolichyl phosphodiester 

compounds may be differentiated from the corresponding pyrophosphates 

by chromatography on DEAE-cellulose in chloroform-methanol-water 

(10:10:3) containing ammonium formate; elution of derivatives having 

single phosphate residues occurs at salt concentrations of 1 - 3 aM, but 

those with two phosphate residues remain bound until the salt concentration 

is raised to 8 - i0 aM. 

The [14C] Man- and [ 3H]GlcNAc-labeled lipids formed in calf- 

liver rough microsomes were identified as polyisoprenyl derivatives on 

the basis of their resistance to mild alkaline treatment (Table i), 

susceptibility to mild acid hydrolysis (Fig. Z), and behavior on silicie acid 

column chromatography (Table 2). Paper chromatography of the 

radioactive products of mild acid hydrolysis indicated that the saccharide 

moiety of each glycolipid consisted of a single sugar residue, and the 

results of column chromatography on DEAE-cellulose (Table 2) suggest 

that the sugar was attached through a phosphodiester linkage in the 

[ 14C]Man-lipid 2 and a pyrophosphate linkage in the [ 3H] GlcNAe-lipid. 

Further support for the conclusion that the 14C-mannolipid from calf 

liver is a polyisoprenyl mannosyl phosphate was provided by the finding that 

it had a mobility on tlc identical to that of calf pancreas dolichyl [14C] 

mannosyl phosphate. The detailed characterization of a polyisoprenyl 

mannosyl phosphate from bovine liver (18) and the formation of polyisoprenyl 

N-acetylglucosaminyl pyrophosphate in particulate preparations from rabbit 

and rat liver (i0, 19, Z0, ZI) have been reported previously. 
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Evidence  f r o m  s e v e r a l  l a b o r a t o r i e s  sugges t s  tha t  p o l y i s o p r e n y l  

suga r  phospha t e s  p a r t i c i p a t e  in the b i o s y n t h e s i s  of Man-  and GIcNAc-  

containing g l y c o p r o t e i n s  (6, 7, 8), and the e x p e r i m e n t s  r e p o r t e d  h e r e  have  

shown that  t u n i c a m y c i n  p r e v e n t s  the f o r m a t i o n  of p o l y i s o p r e n y l  N - a c e t y l -  

glucosaminyl pyrophosphate. Although this reaction may not be the only 

GIcNAc transfer reaction affected by the antibiotic, its inhibition accounts 

for the action of TM on glycoprotein synthesis in vivo. 

ACKNOWLEDGEMENTS. We are indebted to Dr. G. Tamura, University of 
Tokyo, for supplying the tunicamycin, Dr. C. D. Warren, Laboratory for 

2Hsu et al. (8) and Ghalambor e_t a_l. (17) have reported that dolichyl mannosyl 
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