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Previous studies have shown the existence of an autonomous mituehondrial GDPmannose:dolichyhoonophosphote 
mannosyltransferase, located in mitochondrial outer membrane of liver cells. As nothing is known about glycusylalion 
sites in mitochendria, we have investigated the topological orientation of this enzyme in intact mitcchendria, using 
controlled proteolysls with trypsin. Mitochondria were purified sequentially by mild ultrasonic treatment and sucrose 
density gradient. Purity and homogeneity of mitoehondrlal fraction were assessed by electron microscopy and speeilie 
marker enzymes measures. Our data provide evidence for a mituehoudrial GDPmannose:dollchyhoonophosphate 
mannosyltransferase facing the cytoplasmic side of the outer membrane. However, the exposure of this enzyme to the 
water phase has been shown to he dependent on the ionic strength of the enviroumen~ 

Introdnetion 

During the past thirty years, research on mitochon- 
drial function focused almost exclusively on mitochon- 
drial inner membrane proteins as they are involved in 
fundamental processes: electron transport, ATP synthe- 
sis and ion pumping. Conversely the outer membrane 
was either ignored or limited to morphological observa- 
tions. 

In view of recent findings [1], mitochondria have 
been shown to interact with each other and with other 
cellular structures: eytoskeleton, nucleus and cytosol 
and all these interactions are mediated by outer mem- 
brane proteins. Therefore, the mitochondrial outer 
membrane appears as the key to understanding how the 
mitochondrion interacts with the other components of 
the cell. 

Few data about mitochondrial outer membrane pro- 
teins have been reported. This membrane has been 
shown to contain a rotenone-insensitive NADH-cyto-  
chrome-c reductase, glycerophosphate acyltransferase, 
kynurenine hydroxylase, monoamlne oxidase and porin 
[2-5]. More recently, enzymes involved in the bio- 
synthesis of glycoconjugates have been localized in the 
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mitochondrial outer membrane [6-10]. Particularly, a 
GDPmannose : clolichylmonophosphate mannosyltrans- 
ferase has been solubilized from mitochondrial outer 
membrane, purified and reconstituted in artificial lipo- 
somal vesicles [11]. 

Since little is known about the molecular architecture 
of the outer membrane, especially concerning the topog- 
raphy of glycosylation reactions, we have investigated 
the orientation of the GDPmannose:dolichylmono- 
phosphate mannosyltransferase "in situ" in intact puri- 
fied mitochondria. This was achieved by the use of ti) 
trypsin as a non-permeant probe and (ii) adenylate 
kinase and ereatine kinase as controls for mitochondrial 
outer membrane integrity. 

In this paper, we report that mitochondrial manno- 
syltr~,asferase is located on the outer side of the outer 
membrane. Nevertheless, its exposure to the cytosofic 
side of the outer membrane is a function of the ionic 
strength of the environment, as has been reported for 
other mitochondrial outer membrane enzymes [5]. 

Experimental procedures 

Materials 
Trypsin (EC 3.4.21.4) was obtained from Difco (De- 

troit, Michigan). Soybean trypsin inhibitor (type II s), 
dolichyl monophosphate (grade I l l )  and sphingomyelin 
(from bovine brain) were from Sigma. 
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GDP[14C]mannose (9.25 GBq/mmol)  was purchased 
from New England Nuclear. 

All other reagents were of analytical grade. 

Animals 
Mice, strain OF1 (IFFA Credo, Les Oncins, France) 

with an average weight of 20 g were used. They were 
killed and underwent laparatomy. The livers were 
rapidly removed and placec~ in a solution containing 
250 mM sucrose and 10 mM Tris-HCI buffer (pH 7.4) 
at 4 ° C .  

Preparation and purification of mitochondria 
Mitochondria were isolated according to the proce- 

dure described by Weinbach [12] and modified by 
Bustamente et al. [13]. Mouse livers were homogenized 
in a Dounce homogenizer in 250 raM sucrose, 10 mM 
Tris-HCI (pH 7.4). The homogenate was centrifuged at 
1000 × g for 15 rain. Further centrit'ugation of the su- 
pernatant at 7500 x g for 15 rain led to the sedimenta- 
tion of crude mitochondria. Mitochondria were washed 
twice [6]. Washed mitochondria were suspended in the 
same buffer and submitted to mild ultrasonic treat- 
ment: 2.5-ml aliquots containing 65 mg protein were 
sonicated with a 3 mm probe at 70 V during 10 s 
(Sonimass type 75 T) and washed again in order to 
eliminate contaminants. The mitochondrial pellet was 
re, suspended in 250 mM buffered sucrose and laid on a 
discontinuous sucrose gradient ( 2 . 0 / 1 . 6 / 1 . 4 / 1 . 2 / 1 . 0  
M). Gradients were centrifuged for 2 h at 20000 rpm 
(rotor SW 27). The fraction localized between 1.4 M 
and 1.6 M layers and identified as 'pur i f ied 
mitochondria" fraction was withdrawn, diluted to 250 
mM buffered sucrose, sedimented at 7500 × g and im- 
mediately used for enzymatic assay. 

Mitochonddal outer membranes were prepared by 
swelling of ultra-sop.ified mitochondria in hypotonic 
buffer and were purified an a discontinuous sucrose 
gradient as previol,~!y described [6]. 

Preparation of microsomes 
The post-mitochondrial supernatant was sedimented 

at 2 0 0 0 0 × g  for 30 rain. The pellet was discarded. 
Further centrifugation of the 20000 g supernatant at 
145000 × g for 1 h led to the sedimentation of crude 
microsomal membranes. 

Purity of mitochondria 
(a) Assays for marker enzymes. The activity of glu- 

cose-6-phosphatase (EC 3.1.3.9) was assayed according 
to Schachter et al. [14]. Alkaline phosphatase (EC 
3.1.3.1) was measured according to Fishmann et al. [15]. 
Assays of the activity of monoamine oxidase (EC 1.4.3.4) 
were done foliowing the procedures of Tabor et al. [16]. 
fl-N-acetylglueosaminidase (EC 3.2.1.30) was measured 
according to Svennerholm et al. [17]. Every step of 

purification of mitochondria was checked according to 
the method of De Duve et al. [18]. 

(b) Electron microscopy. For electron microscopy, 
mitochondria pellets were fixed for 2 h in 2% 
glutaraldehyde, 100 mM phosphate buffer (pH 7.4). 
Electron micrographs were performed at the Centre de 
Microscopic Eleetronique Appliqu6e/I la Biologic (Uni- 
versit6 Claude Bernard, Lyon) and taken with JEOL 
1200 Ex. 

Control of outer membrane integrity 
To monitor the extent of outer membrane damage 

during trypsin treatment, adenylate kinase (EC 2.7.4.3) 
and creatine kinase (EC 2.7.3.2) were assayed. 

Adenylate kinase was measured spectrophotometri- 
cally according to the procedure of Schnaitman et al. 
[19]. 

Creatine kinase was assayed using the Boehringer 
Mannheim CK NAC-activated UV-system. 

Protein measures 
Protein was assayed routinely according to the proce- 

dure of Gornall  et al. [21]. Bovine serum albumin was 
used as a standard. 

Treatment with trypsin 
As trypsin is a site-specific proteinase, its effect on 

mannosyltransferase was first investigated on the 
solubilized enzyme. Mannosyltransferase was solubi- 
lized from mitochondria outer membrane by 0.1% Non- 
idet P-40 as previously described [11]. To 150 lal of 
sohibilized enzyme preparation (15 lag protein) were 
added various amounts of trypsin (0.5/.tg, 1 lag or 5/~g). 
The suspension was preincubated for 5 rain at 30°C.  
The trypsin reaction was stopped by the addition of 
soybean trypsin inhibitor to 0.12 mg/ml .  The samples 
were chilled and used for mannosyltransferase activity 
measures. 

Purified mitochondria were suspended in 250 mM 
sucrose, 10 mM 4-morpholineethanesulfonie acid (Mes) 
buffer (pH 6.5), 5 mM MgCI 2 to a protein concentra- 
tion of 2 mg/ml .  To 500 lal of this suspension was 
added 20 lag of trypsin. The suspension was prein- 
cubate.d at 30°C.  At given times, the trypsin reaction 
was completely inhibited by the addition of soybean 
trypsin inhibitor to 0.2 mg/ml .  The samples were im- 
mediately chilled and used for enzyme activity mea- 
sures. In the experiments where the ionic strength of the 
medium was increased, a concentrated salt solution (250 
mM MgC! z, CaCI 2, (NH4)2SO4 or 1 M CH3COONa, 
CH3COONH4) was prepared. Addition of the ap- 
propriate salt to experimental aliquots prior to the 
preincubation achieved the indicated ionic strengths. 
Ionic strength (1) is calculated from the formula, I =  
1/2~,C~Z, ~ where C~ is the molar concentration and Z~ 
is the charge of each ion. In some experiments, the 



osmolarity of the medium was decreased from 250 mM 
to 50 mM by adding Mes buffer in order to abolish 
outer membrane integrity. 

Mannosyltransferase assay 
Mannosyltransferase activity in the presence of exog- 

enous dolichyl monophosphate  and sphingomyelin was 
assayed by the following s tandard procedure. Dolichyl 
monophosphate  (0.2 mg) and sphingomyelin (1 rag) 
were evaporated under  a stream of nitrogen. The dry 
lipid film was then swollen in 0.5 ml of 10 mM Mes 
buffer  (pH 6.5) and  sonicated with a probe sonicator 
(Sonimass, type 75T) at  100 V for 3 × 1 min at 37°C .  
25/~1 of this liposome suspension were added to 0.2 ml 
of mitochondria (0.4 mg protein) in 250 mM sucrose, 10 
mM Mes buffer  (pH 6.5). The mixture was sonicated in 
an ultrasonic water balh ( 4 × 1 0  s) at 3 7 ° C .  5 mM 
MgCI 2 was then added. ~iie reaction was initiated by 
adding 212 pmol GDP[t4C]mannose and  was carried 
out  for 20 min at  37 ° C. Incubations with mitochondrial  
outer  membranes or  microsomai membranes were per- 
formed under  the same condit ions in presence of  0.1 mg 
proteins of each sub-cellular fraction. The reaction was 
s topped by addit ion of 10 vols. of  ch lo roform/methano l  
( 2 : 1 ,  v /v ) .  The suspension was mixed vigorously, kept 
at  room temperature for 10 rain and  centrifuged after 
addi t ion of 3 vols. of  water.  The ch lo ro fo rm/me thano l  
extract  was collected as previously described [6]. Radio- 
activity was measured in a Minaxi Packard with a liquid 
scintillation counting mixture. 

Resulls 

Previous studies of our  laboratory  have shown that 
the mitochondrial  outer membrane  of  liver cells con- 
tains a G D P m a n n o s e :  dol ichylmonophosphate  manno-  
syltransferase [6]. This enzyme has been solubilized 
f rom purified mitochondriai  outer membrane  by the 
non-ionic detergent Nonidet  P-A0 and  purified by an 
original method consisting of the incorporation of the 
enzyme in splungomyelin liposomes loaded with dolichyl 
monophosphate ,  followed by separat ion of biologically 
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active vesicles on sucrose density gradient [11]. 
In order to improve our knowledge about mitochon- 

drial glycosylation processes we have investigated the 
transbilayer orientation oi" mitochondrial mannosyl- 
transferase in the outer membrane. Because preparat ion 
of isolated mitochondrial outer membrane vesicles dis- 
turb membranous organization by disrupting the junc-  
tions between outer and inner membranes, this ',opo- 
logical study was performed on purified intact mito- 
chondria.  The first part  of our work was therefore the 
obtention of purified mitochondria devoid of con- 
taminat ing membranes. 

1. Purification of  intact mitochondria 
(1) Distribution of specific marker enzymes activities 

dur ing purification of crude mitochondria. To assess the 
puri ty of the mitochondria the following marker en- 
zymes were used: monoamine oxidase for mitocl~ildria 
outer membrane,  glucose-6-phosphatase for micro- 
somes, alkaline phosphatase for plasma membranes and 
fl-N-acetylglucosaminidase for lysosomes. 

The first step of  purification was obtained by mild 
ultrasonic treatment of washed mitochondria,  resulting 
in significant elimination of the major  contaminating 
membranes.  However, as the specific activity of glucose- 
6-phosphatase still represented 5.5~o of the specific ac- 
tivity of the enzyme in microsomes (data  not shown), 
the purification was not sufficient for our purpose, since 
glycosylation processes also occur in microsomal mem- 
branes. To further purify these mitochondria,  ultrasoni- 
fied mitochondria were laid on a discontinuous sucrose 
gradient.  After centrifugation, three fractious were ob- 
tained. The fraction sedimentiag belween 1.4 M and 1.6 
M was identified as purified mitochondria (Table I): 

This fraction exhibited a high specific activity oi  
monoamine oxidase. This fraction was considered free 
of microsomal contaminants,  as ghicose-6-phosphatase 
activity was only 0.7~g of the specific activity of this 
enzyme measured in microsomic membranes. 

As seen in Table I, purified mitochondria exhibited 
significant transfer of GDPmannose  onto exogenous 
dolichyl monophosphate  (96 pmoi /mg)  resulting from 

Distel~ution of mannosylteansferase activities in mitochondria and microsomes correlatively with marker enzymes activities 

Monoamine oxidas¢, glucose-6-phosphatase and ~8-N-acetylglucosaminidase are expressed as nmol/min per mg protein. Alkaline phosphatas¢ is 
expressed in /~g phehol/min per m 8 protein. Mannosyltrasnferas¢ is expressed as pmol/m 8 prolein after 20 rain of incubation, n,d., nol 
determined. 

Subcellular Monoamine Glucose-6- Alkaline ~8-N.Acetyl Mannosyl- 
fraction oxidas¢ phosphatase phosphatas¢ g lucosamin idase  transfcvase 

Purified 
mltochondda 16 3.69 0.50 5.37 96 

Purified 
outer membranes 67 0.31 0.16 0.88 647 

Microsomes 0 502 3.84 n.d. 804 
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Plate I. Control of the purity of mitochondrial fractions by electron microscopy. (a) Washed mitochondria; (b) mitochondria purified on sucrose 
gradient. Magnification: xgO00 (original masnification: ×10000). 



the activity of the mitochondrial outer membrane man- 
nosyhransferase (as shown by the increase of manno-  
syltransferase specific activity in purified outer mem- 
branes commensurate with that of monoam~ne oxidase). 

(2) Electron microscopy. The purification of intact 
mitochondria was confirmed by electron microscopy. 
As shown on Plate I, the purification of ultrasonified 
mitochondria on sucrose gradient resulted in a loss of 
contaminat ing membranes.  Moreover, all mitochondria  
showed a continuous outer membrane and a condensed, 
densely staining matrix, therefore demonstrat ing the 
integrity of these organelles. 

II. Trypsin treatment of ptlrified mitochondria 
In order to determine the transbilayer orientation of 

the (3DPmannose  : dol ichylmonophosphate  manno-  
syltransferase in the mitochondrial  outer membrane,  we 
used limited proteolysls of intact mitochondfia with 
trypsin. As trypsin is a site-specific proteinase, its effect 
on mitochondrial mannosyltransferase was first investi- 
gated on the solubilized enzyme. The addit ion of tryp- 
sin to solubilized enzyme preparat ion led to a m:,.'ked 
decrease in the activity of mannosyhransferase,  which 
demonstra ted the existence of sites of  trypsinizaiion in 
the enzyme (data  not  shown). 

The resuRs of limited tryptic digestion of manno-  
syltransferase ' i n  situ' in the mitochondria  are presented 
in Fig. 1. Treatment  of mitochondria  for 15 rain with 
increasing amounts  of trypsin progressively inhibited 
the activity of mannosyltransferase.  A proteinase-to- 
membrane  protein rat io of  1 : 50 resulted in the loss of 

iii 
1.;100 t.~SO I.~26 ~1'3.5 

Trypslrte-memkreee pretein retie 

Fig. 1. Inactivation of mit0chondrial mannosyltransferase by tDpsin. 
Mitochondfia (2 ms/nil) suspended in 250 mM buffered sucrose, 5 
mM MgCI2 were preincabated with varying amounts of trypsin (O-S0 
/~8 per rag mitoehondrial protein) for 15 min at 30°C and assayed for 
marmosyltransferase, adenylate kinas¢ and creatine kinas¢ activities 
(expressed as percentages of controls obtained with samples prein- 
cubat~ in the absence of trypsin). Control specific activities for 
mannosyltransferas¢, adenylase kinas¢ and creatine kinase were 93 
pmol/mg per 20 rain, 152 nmol/mg per min and 220 nmol/mg per 
rain, respectively. Each value represents an averag: of duplicate 
assays, o, mannosyltransferasc activity; o, creatine kinasc activity; (3, 

adenylate kinase activity. 
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70% of mannosyltransferase activity and  a ratio of 
1 : 12.5 completely inhibited the activity of the 
mitochondrial  enzyme. The integrity of mitochondrial 
outer membrane during the course of the experiments 
was assessed by measuring the activities of two en- 
zymes: adenylate kinase and creatine kinase. Adenylate 
kinase is a soluble enzyme present in the intermembrane 
space, sensitive to trypsin at tack [5]. As this enzyme has 
been reported to be quite labile [19], creatine kinase, an  
extrinsic protein bound to the outside of the inner 
mitochondriai  membrane was also used as a probe for 
outer membrane  intactness. The sensitivity of this en- 
zyme to :.rypsin had  been previously demonstrated using 
disrupted mitochondria (data not  shown). As shown in 
Fig. 1, trypsin at a proteinase-to-membrane protein 
ratio of 1 : 50 did not affect the intactness of the outer 
membrane since adenylate kinase and creatine kinase 
were not at tacked by the proteinase. But the outer 
membrane integrity was abolished by a ratio of 1 : 12.5 
as judged by the inhibition of adenylate kinas¢ and 
creatine kinase activities ( - 1 6 %  and - 4 2 % ,  respec- 
tively). 

Using the ratio of 1 : 50, the kinetic of inhibition of 
mitodLc, n~:'ia! mannosyhransferase activity by trypsin 
was investigated. The results presented m Fig. 2 show 
that  the activity of mannosyltransferase could b¢ com- 
pletely inhibited by trypsin after 40 rain of preincuba- 
tion. However, measurements of adenylate kinase and  
creatine kinase activities under  the same conditions, 
indicated that  the mitochondrial outer membrane did 
not  remain intact after  more than 15 rain of preincuba- 
tion: 20 rain of preincubation with trypsin caused 5% 
inhibition of  adenylate kinase activity and  30% of crea- 
tine kinase activity and 40 rain of preincubation with 
trypsin resulted in the loss of 15% and 55% of adenylate 

Pre|m©ubaflem time |nlml 

Fig. 2. Effect of preincubation time on inactivation of mitoehondrial 
mannosyhransferase by tD'psin. Mitochondria (2 mg/ml) suspended 
in 250 mM buffered sucrose, 5 mM MgCI z were preincubatexl wilh 
trypsin (20 pg/mg mitochondfial protein) for various periods of time 
(0-40 min) at 30 °C and a:isayed for mannosyltransferasc, adcnylate 
kinase and creatine kinas¢, activities (expr~.~sed as percentages of 
controls obtained with samples preincubated in the ab:ence of tryp- 
sin). Each value represents an average ot duplicate assays. @, manno- 
syltransferase activity: o, creatine kinas¢ activity: ~ adenylate kinas¢ 

activity. 
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kinase and creatine kinase activities, respectively. Nev- 
ertheless, the data indicated that a trypsin-to-membrane 
protein ratio of 1 : 50 and a pretreatment of 15 rain did 
not affect the integrity of the outer membrane. More- 
over, this ratio was not limitant for the attack of 
mitochondrial mannosyltransferase. 

In view of these results, two hypotheses arise: 
- -  either a crucial domain of mitochondrial manno- 
syltransferase is located on the outer side of the outer 
membrane 
- -  or the mitochondrial mannosyltransferase is located 
on the inner side of the outer membrane and trypsin 
inhibits a sugar nucleotide carrier protein a~ it has been 
described in the case of microsomal glycosylation 
processes [22]. 

To decide between both hypotheses, intact mitochon- 
dria in 250 mM buffered sucrose were pretreated with 
trypsin at a proteinase-to-membrane protein ratio of 
1 : 50 for 15 win. The reaction was stopped by adding 
soybean trypsin inhibitor. The outer membrane was 
then ruptured by decreasing the tonicity of the incuba- 
tion to 50 mM osmolarity and the samples were used 
for mannosyltransferase activity analyses (Table II). 
Parallel to this, the extent of outer membrane damage 
in hypotonic media was monitored by measuring the 
activities of adenylate kinase and creatine kinase after 
trypsin treatment of mitochondria in media consisting 
of buffered sucrose at 175, 100 and 50 mM osmolarity. 
As shown in Fig. 3, outer membrane integrity was 

TABLE 11 

:4fect of outer membrane disruption on the accessz~ility of manno- 
syhr~..:ferase to trypsin 

V) mg of mitochondria in 1 ral of 250 mM buffered sucrose were 
~.,etreated with trypsin (20/~g/mg mitochondrial protein) for 15 rain 
at .;0 ° C. The reaction was stopped with soybean trypsin inhibitor. A 
portion of the suspension was assayed for mannosyltransferase activ- 
ity (0.4 mg mitochondrial protein/assay). The osmolarity of the other 
portion was decreased to 50 mM which czused disruption of 
mitochondrial outer membrane. The disrupted mitochondria were 
then assayed for mannosyhransferase activity (0.4 mg mitochondrial 
protein/assay). Controls in the absence of trypsin were also per- 
formed under the same conditions of osmolarity. 

Treatment Mannosyltransferase activity 
(pmol/mg per 20 mini 

Intact mltochondria 
(in 250 mM sucrose) 93 

Mitochondria outer membrane 
distL, ption 
(50 mM sucrose) 89 

Pretreatmeat of intact 
mitocbondria with trypsin 
(250 mM sucrose) 25 

Pretreatment of intact 
mitochondria with trypsin., 
then disruption of outer 
membrane 22 

lOO, 

5o 

25O 150 5O 

Osmelarity {raM| 

Fig. 3. Effect of decreasing medium osmolarity on the susceptibifity of 
crcatine kinase and adenylate kinase to trypsin. Mitochondria were 
suspended to a final concentration of 5 mg/rnl in media consisting of 
buffered sucrose at the indicated concentration and 5 mM MgCI 2. 
They were treated with trypsin (20 pg/mg mitochondrial protein) for 
15 rain at 30°C and assayed for adenylate kin~e and creatine kinase 
activities. Results are expressed as a percentage of the control ob- 
tained with mitochondria preincubated in the absence of trypsin, o, 

ereatine kinase activity, [3, adenylate kinase activity. 

abolished at 50 mM osmolarity as judged by the maxi- 
mal inhibitions of adenylate kinase and creatine kinase 
by trypsin. However, disruption of mitochondrial outer 
membrane by decreasing osmolarity after trypsin treat- 
ment had no effect on GDPmannose utilization for 
dolichylmonophosphate-mannose synthesis (Table II). 

As the inhibition of mannosyltransferase activity was 
not relieved by rupture of mitochondrial outer mem- 
brane, it appeared that it could not be attributed to 
interaction with specific transport proteins but rather to 
direct interact ion of  the proteinase with the 
mitochondrial enzyme. 

The above results therefore demonstrate that a cru- 
cial domain of mitochondrial mannosyltransferase is 
located on the m-ter side of the outer membrane. But 
they do not rule out the possibility of an enzyme 
spanning the bilayer with another crucial domain facing 
the intermembrane space. To probe the existence of 
such a domain in the inner side of the outer membrane, 
mitochondrial samples were incubated at 30°C  for 15 
rain in the presence of trypsin (ratio 1 : 50) after gradu- 
ally disrupting the outer membrane. Adenylate kinase 
and creatine kinase were assayed to monitor the extent 
of outer membrane damage during the course of the 
experiments as previously described (Fig. 3). Fig. 4 
documents the results of such an experiment where the 
outer membrane was ruptured by gradually decreasing 
the tonicity of the incubation medium. Although outer 
membrane integrity was abolished at 50 mM sucrose, no 
additional inhibition of mannosyltransferase activity was 
observed. These results are therefore consistent with a 
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Fig. 4. Effect of mitochondrial outer membrane disruption on the 
susceptibility of mannosyltra•sferase to trypsin. Mitochondria were 
suspended to a final concentration of 2 mg/ml in media consisting of 
buffered sucrose at the indicated concentration and 5 mM MgCI 2. 
They were preincubated with trypsin (20 Fg/mg mitochondrial pro- 
tein) for 15 rain at 30°C and assayed for mannosyltransferase activ- 
ity. Controls in the absence, of trypsin were also performed. Control 
specific activities for mannosyltransferase ranged from 84 to 93 
pmol/mg per 20 rain. Each value represents an average of duplicate 
assays, v. mannosyltransferasc activity in the absence of trypsin; e, 
mannosyltsansferase activity in the presence of 20 ~tg trypsin per mg 

mitochondrial protein. 

mi tochondr ia l  mannosy l t r ans fe rase  fac ing the  cyto-  
p lasmic  s ide of  the  ou te r  m e m b r a n e .  

II1. Effect o f  ionic strength on the inactivation o f  
mitochondrial mannosyltransferase by  trypsin 

As  it  has  been  repor ted  that  the  exposure  of  s o m e  
mi tochondr ia l  ou te r  m e m b r a n e  enzymes  to the  cytosolic 
s ide  of  the  m e m b r a n e  m a y  change  accord ing  to the  
ionic  s t rength  of  the  e n v i r o n m e n t  [5], the  suscept ibi l i ty  
o f  mi tochondr ia l  mannosy l t r ans fe rase  to t ryps in  w a s  
inves t iga ted  us ing  med ia  of  increas ing  ionic s t rengths .  
T h i s  was  achieved by  a d d i n g  concen t ra ted  sal t  solut ions  
( m a g n e s i u m  chloride, ca lc ium chloride, a m m o n i u m  
sulfate,  a m m o n i u m  acetate,  s o d i u m  acetate)  to a 
mi tochondr ia l  suspens ion  in 250 m M  buf fe red  sucrose  
pr ior  to the  pre incubat ion  wi th  t ryps in  ( ra t io  1 : 5 0 ) .  
Fig .  5 i l lustrates the  resul ts  o f  such  an  expe r imen t  where  
the  ionic  s t rength  was  increased  wi th  concen t ra ted  m a g -  
nes ium chloride. As  shown  in this  f igure,  a h igh  ionic 
e n v i r o n m e n t  protec ted  manaosy l t r ans fe ra se  aga ins t  in- 
ac t iva t ion  by  t rypsin.  Th i s  pro tec t ion  was  no t  salt-  
specif ic  since the s a m e  effec t  was  ob ta ined  wi th  ca lc ium 
chlor ide  a n d  a m m o n i u m  sulfa te  (Table  i I I ) .  I t  m u s t  be  
emphas ized ,  however ,  tha t  d iva lent  ions  were  m o r e  effi-  
c ient  than  monova len t  ions  in  p reven t ing  m a n n o -  
sy l t ransferase  f r o m  proteolysis  by  trypsin.  T h i s  effect  
was  no t  due  to a change  in the  osmola r i ty  of  the  
m e d i u m  as the  addi t ion  of  250 m M  sucrose  had  no  
inf luence on  mannosy l t r ans fe rase  sensi t ivi ty  toward  
t ryps in  (da ta  not  shown).  I n  o rde r  to  rule ou t  a poss ible  
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1 

o.ol o.o3 o.o5 o~or 
lunic strength of t h e  medium 

Fig. 5. Effect of different ionic environments on the susceptibility of 
mannosyltransferase to trypsin. The mitochondrial fraction (2 mg/ml) 
was suspended in 250 mM buffered sucrose with MgCI: added to the 
desired ionic strengths as indicated. After 5 min of preincubation at 
0°C.  trypsin was added (20 ~tg/mg mitochondrial protein). The 
samples were further incubated for 15 rain at 30°C and assayed for 
mannosyhransferase activity. Controls in the absence of trypsin were 
also performed. Control specific activities for mannosyhransferase 
ranged from 93 to 103 pmol/mg per 20 rain. Each value represents an 
average of duplicate assays, v. mannosyltransferase activity in the 
absence of trypsin: e.  mannosyhransferase activity in the presence of 

20 ~g trypsin per mg mitochoudrial protein. 

inhibi tory  ac t ion of  h igh ionic s t rengths  on trypsin,  
solubil ized mannosy l t r ans fe rase  was  pre incubated  wi th  
t rypsin  at two di f ferent  ionic s t rengths :  0.01 and  0.07, 
the  la t ter  be ing  ob ta ined  with  concentra ted  m a g n e s i u m  
chloride. T h e  proteolyt ic  act ivi ty  of  t rypsin  on  solubi-  
lized mannosy l t r ans fe rase  was  not  dependen t  on the 
ionic s t rength  o f  the  m e d i u m  since the same  inhibi t ion 
of  mannosy l t r ans fe rase  act ivi ty  was  obta ined at  bo th  
ionic s t rengths :  - 3 8 %  at  1 =  0.01 and  - 3 3 %  at 1 =  
0.07. It  appea red  therefore  that  the  different  inhibi tory 
ac t ion  o f  t ryps in  on  the mi tochondr ia l  m a n n o -  
syh rans fe ra se  at  d i f ferent  ionic s t rengths  was  not due  to 

TABLE 111 

Effect of various salts ~a the reactivation of mitochondrial manno- 
syltransferase activity by trypsin 

Mitochondria (2 mg of protein/ml) were preincubated for 15 rain at 
30°C in the presence of trypsin (20/tg/mg mitochondfial protein) 
with the addition of various salts at 0.025 and 0.07 ionic strength. 
Controls in the absence of trypsin were also performed. Results are 
expressed as percent of the controls without try~in. 

Mannosyltransferase activity 
after pretreatrnent with trypsin 

I = 0.025 i = 0.07 

Sodium acetate 5~ 13% 
Ammonium acetate 9% 42% 
Magnesium chloride 33% 74~ 
Calcium chloride 61~ 827.. 
Ammonium sulfate 41 ~ 79~ 
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any change in the activity of this proteinase but to a 
substantial change in mannosyltransferase topography. 

Discussion 

The present work is about the topological organiza- 
tion of mitochondral outer membrane GDPmannose: 
dolichytmonophosphate mannosyltransferase, 'in situ' 
in intact purified mitochondria. 

The aim of this study was two-fold: first, to improve 
our knowledge about the molecular architecture of the 
outer membrane particularly concerning giycosyla~ion 
sites, and second, to make possible a comparison with 
tbe organization of the enzyme reconstituted in lipo- 
somal vesicles. 

Since a GDPmanuose : dolichylmonophosphate man- 
nosyltransferase in endoplasmic reticulum is well-known 
[23], the first part of our work was the obtention of 
purified mitochondria devoid of microsomal contami- 
nants. This was achieved by a two-step purification 
involving mild ultrasonic treatment of mitochondria 
followed by a discontinuous sucrose density gradient 
centrifugation. 

The mitochondrial outer membrane has been re- 
ported to be permeable to low molecular weight com- 
pounds [24], in contrast to endoplasmic membranes. 
Therefore, the use of anion-specific inkibitors usually 
employed as non-permeant probes in topological studies 
of giycosylation reactions [25-28] was precluded. In the 
investigation reported here, we based on the sensitivity 
of solubilized mannosyltransferase toward trypsin to 
examine the topological orientation of the enzyme 'in 
situ' in purified isolated mitochondria. Since trypsin has 
a molecular weight of 24000, the outer membrane should 
be ,.',npermeable to this enzyme. However, trypsin, as a 
proteinase, can penetrate the membrane by cleaving the 
proteins, hence the necessity to control the intactness of 
outer membrane during trypsin treatment. As the ex- 
istence of an outer membrane enzyme entirely located 
on the inner surface of the outer membrane has not 
been described yet, outer membrane integrity during 
trypsin treatment was therefore assessed by measuring 
the activities of two enzymes exposed to the iutermem- 
brahe space: adenylate kinase, a soluble enzyme and 
creatine kinase, an extrinsic protein bound to the outer 
side of the mitochonddal inner membrane by electro- 
static interactions with cardiolipin [29]. These two en- 
zymes become easily accessible to external compounds 
(such as preteinases) in the case of outer membrane 
disruption. Both enzymes were efficient probes for outer 
membrane intactness as judged by the similarity of the 
results obtained. However, it is noteworthy that when 
the outer membrane integrity was abolished, the inhibi- 
tion of creatine kinase by trypsin was always greater 
than the inhibition of adenylate kinase. This fact is 
probably to be related to the amounts of these enzymes. 

in liver mitochondria, adenylate kinase being present in 
larger quantities than ereatine kinase. 

We previously reported that the activity of purified 
mannosyltransferase was most important in the acidic 
range, with a maximum at pH 6.1 [11]. Since Hanover 
and Lennarz [30] reported that at pH values below 6.5, 
the membrane permeability barrier is significantly dis- 
rupted, all the experiments were carried out at pH 6.5. 

Trypsin treatment, under conditions where trypsin 
did not penetrate the outer membrane, resulted in the 
reduction of dolichylmonophosphate-mannose synthesis 
by at least 70%. Moreover, disruption of mitochondrial 
outer membrane by decreasing the osmolarity of the 
medium did nol caus~ ~, an increase in the proteinase 
sensitivity of mannosyltransferase. These results demon- 
strate that the active site of this enzyme resides on the 
cytoplasmic face of the mitochondral outer membrane. 
However, as the existence of sugar nucleotide carrier 
proteins has been described in the rough endoplasmic 
reticulum membrane for the translocation of UDP-N- 
acetylglucosamine and UDPglucose [31] and in Golgi- 
derived vesicles for the transport of CMP-neurarninic 
acid, GDPfucose and UDPgalactose [21], and as it is 
not known whether sugar nucleotides can permeate the 
mitochondrial outer membrane, an alternative explana- 
tion was that the active site of mannosyltransferase is 
located on the inner side of the outer membrane and 
that the loss of activity is due to the proteolysis of a 
GDPmannose carder protein. The inhibition of man- 
nosyitransferase activity by trypsin was not refieved by 
disruption of mitochonddal outer membrane after 
trypsin treatment. Furthermore, no effect of outer mem- 
brane disruption (without trypsin treatment) on the 
utifization of GDPmannose for dolichylmonophos- 
phate-mannose synthesis was observed. These results 
are therefore consistent with the absence of GDPman- 
nose carrier protein and with a direct interaction of 
trypsin with mannosyhransferase. 

According to Hesler etal. [5], there appear to be two 
groups of outer membrane proteins: the first group is 
composed of intrinsic proteins such as monoamine 
oxidase and por~.n, completely protected from pro- 
teinase action whatever ionic or osmotic conditions may 
be. The other group consists of proteins such as 
glyceruphosphate acyltransferase and rotenone-insensi- 
tive NADH-cytochrome-c reductase, whose exposure 
to the water phase is a function of the ionic strength of 
the environment. In view of our results concerning the 
susceptibility of mitochondrial mannosyltransferase to 
trypsin in different ionic environments, the GDPman- 
nose: dolichylmonophosphate mannosyltransferase be- 
longs to the latter group. The variation in the exposure 
of these enzymes in media of different ionic strengths 
can be explained either by a change in the conformation 
of the proteins themselves or by an architectural change 
in the phospholipid environment of these proteins. Con- 



cern ing  mannosyl t ransferase ,  the fact that  d ivalent  ions 
were  more  efficient  than monova len t  ions  in protec t ing  
the enzyme against  t rypsinolysis  migh t  subs tan t ia te  th~ 
second hypothesis :  by  m a k i n g  bonds  be tween polar  
h , :adgroups  of  phosphol ipids ,  the divalent  ions  migh t  
change  the archi tecture of  the m e m b r a n e  in a way that  
mannosy l t rans fe rase  would  become cryptic.  

So, whether  the var ia t ion  in the cytosolic exposure  of  
mannosy l t rans fe rase  is due  to a change  in the confor -  
m a t i o n  of  the  enzyme or  to a change  in the  molecular  
archi tecture  of  the  ou te r  m e m b r a n e  canno t  be  deduced  
f r o m  the  presen t  exper iments  and  will have  to awai t  the  
d a t a  f r o m  the  o rgan iza t ion  of  pur i f ied  m a n n o -  
sy i t ransferase  reconst i tu ted in ~- l l -def ined  art if icial  

m e m b r a n e s .  
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