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The uptake of IZhl-tyramine cellobiose (TC) by isolated rat hepatocytes and by total rat liver is markedly higher than that of 
JaC-suerc~e and 12SI-PVP. suggesting that TC does not enter the cells by fluid phase endoeytosis. The distribution of radio;~cti@y 
after differential ,.entrifugation shows that the compound is shared out amongst sedimcntablc structures and unscdiment~sble 
fraction. Analysis by isupyenic ccnlrifitgation indicates that quickly after its penetration into the cells, ulost of sedimental:le 
IzSI-TC is associated with lysosnmc:~. St!oh ar intraccllular localization is confirmed by the distributions observed after free flow 
electrophorcsis and by the fact that radioactivity and cathcpsin C, a lysosomal hydrolase, are simuhaneously rele.iscd fiom a 
~itochondrial Iraclitm :'reared with glycyl-L-phenyi01a~fine-2-napbthylamide. Pretreatment of the rats with chloroquine, an 
acidotropic drug that accumulates in lysnsomes, prevent~ it) ~ome extent the entry of 1251-TC into these organelles. Experiments 
performed with ,~)urified lysosnmes show their i4C-sucrose does not cross the lysosomal mcmbranc when IzSI-TC accumulatc~i 
linearly witi: time in the fr;;cti',::;:;. Th:::::: rcsults arc explained hy supposing that the linkage of tyraminc ~o cellobios,." zdlow the 
disa.:eharidc te diffuse through the plasma and the lysosome membranes, and that the itcct.muJation of tile molecui'-" in lhese 
organellcs resu:t~ from its weak basic properties. I-~51-TC c',mld be an interesting molecule with which to slady "leidt,trupism in 
the whole animai a.d in isolated and ctdlurcd cells. 

Introduction 

Some lysosomotropic substances, such as aliphatic 
amine molecules, Call cr(P;s the lysosome membrane 
and accumulate within these organelles as a result of 
the low pH of the lysosomal matrix [I]. These molecules, 
often referred to as acidotropic, are also able to accu- 
mulatu ii: o~hcr acidic st, bc¢llular structures soch as 
endosomes. In generai, the acidotropie properties of a 
compound is inferred from morphological observations 
on culture ceils, indicating that xt induces a swelling of 
lysoscmes (vacuolatiou) resulting from the osmotic im- 
balance cau:~ed by its accumulation in tt, c ~  urganelles. 
Obviously, such a morphologic approach gives only 
qualitative information on the penetration of the sub- 
,~tance into lysosomes, it does not allow one to study 
the kinetics of the process, the inttacellul~r distribu- 
tion t~t the molecule, its con,"rmration in lysosomes, 
etc. On t~, ~ other hand, biochemical investigations that 
cc, uld bring such information, partit:ularly tnt the whole 
animal, are scarce for two reasons. (1) Many aci- 
dotropie molecules such as alphatic amines that could 
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be used as probes, are mete.bolized to a large cxtent 
before entering lysosomes and t~.~relbre detection in 
these structures is difficult. (2) Some subst-mces th'q 
could be particularly suitable, for example chloroquine, 
are not readily available in a radioactive form; there- 
fore to be detected in subc¢llular fractious by less 
sensitive methods they must be injected in high quanti- 
ties. 3uch hi[:h amount can perturb the cells where the 
molecule accumulates anti evett have general toxic ef- 
fects. 

We were awace that tyramine-cellohiose (TC) frc- 
quentiy used as a label for protein, in cndoc.~,tosis 
studies [2] could bc a convenient molecule i:c, study 
acidotropism, Indeed, it is a relatively !:"~rophobie 
secondary amine with a pK,: of 9.8, i:: not metabolized 
and can bc labelled with laSl. in the work presented 
hcrc, wc have investigated the uptakc of izSI-TC by rat 
liver and its intraccllular distribution. Thc results indi- 
cate that TC accumulates in lysosomcs, probably after 
diffusion through ihe plasw.'~ and ly~osomal mem- 
branes, and behaves like an acidt)tropic compound. 

Materials and Methods 

Experiments were performed with male Wistar rats 
weighting about 200 g. t251-TC was i:'dcctcd in'.ra. 
venously with an increasing amount of time before 
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killing. Rat livers perfused with cold 0.9% NaCI, were 
removed and homogenized in iee-c~IJ 0.25 M sto'erose. 
Differential centril'ugation was carried out according to 
De Duve et al. [3]. A nuclear fraction N, a heavy 
mitochondrial fraction M, a light mitochondrial frac- 
tion L, a microsomal fraction P and an unsedimentable 
fraction S were isolated, l~pycnic centrifugation was 
achieved according to Beaufay et al. [4]. Free flow 
electrophoresis was perfi)rrned with an Elphor Vap 22 
apparatus (Bender & Hobein, Miinchen, Germany), 
according to the procedure described by Stahn et al. [5] 
witl': slight modifications. ~l~Jriefly, L fraction was pre- 
paaed and the pellet resuspended with cold TEA (i11 
mM triethanolamine, 10 mM acetic acid, I mM EDTA, 
adjusted to pH 7.4 with NaOH)-0.25 M sucrose. The 
granule preparation was then centrifuged for 5 rain at 
1500 rpm in order to remove the small amount of 
aggregated material. The supcrnatant was introduced 
11.5 m l / h )  into the separation chamber cleated with 
the same medium. The electrode btfffer was composed 
of 100 mM triethanolamine, 100 mM acetic acid, 0.25 
P,,I sucrose, brought to pH 7.4 with NaOH. The elec- 
trophoresi~ conditions were: 5°C, 117 mamps (5-1150 
volts), 2 m i / h  per  fraction. 90 fractions were collected 
and analysed. Rat hepatocytes were isolated according 
to the p't'ocedure of Scglen [6] except that both Ca-' + 
free and -ollagenase perfi:sion were carried out at 
34~C ['or 6 rain. Purified lysosomes were prepared by 
the method of Wattiaux and Wattiaux-De Coninek i7]. 
Cathepsin C was assayed according to Jadot et al. [8] 
and proteins according to Bradford et al. [9]. The 
method of H~'si,~ et al. [10] was used to iodinate 
tyramine-cellobiose (TC). 

TC was synthesized according to the method t,r 
Pittman et al. [I 1]. t;C-Tyramine and t4C-sucrose were 
obtained from Amersharn lUKe,; collagena';e types I 
and IV from Sigma (St Louis, Me) .  

Results 

Uptake of t-'Sl-TC by isoh.ted hepatocytes and by lit'er 
Disaccharides such ~.~ cellobiosc and sucrose do not 

diffuse through the plasma membrane but can enter 
the, cell by fluid phase endocytosis. To see if this is also 
the cas~ for I 'C, we compared its uptake by isolated 
hcpatocy~'¢s with that of sucrose, Sucrose was selected 
because, like ceilobiosc+ it is not metabolized. More- 
over InC-sucrose is commercially available while ra- 
dioactive eellobiose is not, As shown by F{g. I(A)..~he 
amouut of TC taken up by hepatocyles is markedly 
higher than that of sucrose, suggesting that TC enters 
the cells by a mechanism other than fluid phase endo- 
cytosis. 

T'his is confirmed by observations made on the whole 
liver, reported in Fig. ! (B). !n these experiments the 
marker for fluid phase endocytosis was Iz'~I-PVP, since 
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Fig. I. Uptake of i z5 I-TC and 14C-sllci'ose by isnlaled rat hepatm.5'tes 
(A) I-'51-TC and 1"~51-PVP by rat liver (B). (A) Freshly isolated rat 
hepatt~.~ytes were incubated with 1251-TC (6611 nM) or 14C-sucrose 
131X1 nM) at 37+(. ` in PRMI 16411 medium. At indicated time, If'd) p.I 
mixture containing 2.7. II15 cells were sampled and laid in a Eppen- 
doff microtuhe, on the surface of 150/.tl of oil (a mixture of dibutyl 
phlhalate and ditxrtyl phlhalate of 1.211 g/ml density), and cen- 
trifuged in ;in Eppeadorf centrifuge for 311 s. After that cell's pellet 
was cut off. the pellet wax counted in a ~,-counter 0zSI-TC) or 
(laC-suerosu} added to 1).5 ml boiling SDS solullon II1,1%) in ~eintil. 
lation counlir, g vi~.l: after 5 rain. 4 ml liquid.scintillation cocktail 
(Aqualuma Lumae. Landgraaf, Nether)ands) was added. Caunting 
was perh)rmed iq a Beckman /3 counter, eo t251.TC; o.  14C-sucrose. 
(B) Radioactivity was measured in rat liver and plasma at ine~easlng 
times after i,ieetion of t:SI-TC ((IA pg/l(X) g ,~ody wt.) or IzS~-PVP 
(0.5/.Lg/l(10 g body wt.). Total value h~ the plasma was estimated by 
supl~sing it to represent 3c,~ - of animal ;',ross. 12-~l-rc in liver 1.) and 
plasma ~ • ); IZsl-PVP in liver (o) and plasl.ta ( tx ). Results are given 
as percentages of the amount added to !the culture (A) or injected to 

the rat (B). 

sucrose is quickly eliminated by the kLdney after injec- 
tion. Obviously, the amount of TC taken up by the liver 
greatly exceeds the amount of PVP, although the net 
plasma concentration of PVP remains higher than that 
of TC at any time ahcr  injection. The liver concentra- 
tion of TC reaches a maximum value 30 to 45 rain after 
inj~,iica and remains constant [or at least 2 h. 

Distribution after .differential arid isopycnie ceatrifiega- 
tion 

Livers were fractionated by differential centrifuga- 
tion according to ?~ Drive et al. [3]. The distributions 
of radioaclivity in the fractions at increasing times after 



TC injection are given in Table I, At any time, the 
radio~*,ctivity is shared out between scdimcntable struc- 
tures and unsedimentable fraction. The proportion of 
sedimentable radioactivity associated with the mito- 
chondrial fractions (M + L), where mos~' of the lyso- 
sotr, es are recovered, is high. Even 1 rain after injection 
it reaches about 50%. Analysis of M + L fractions by 
isopycnic centrifugation in a sucrose gradient shows 
(Fig. 2) that the radioactivity distribution is similar to 
that of cathepsin C, a lysosome marker. Moreover 
when a specific perturbant of lysosomes, Triton WR 
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1339 [12] is injected into rats 4 days before TC adminis- 
tration, most of the TC-Ioaded structures are shifted 
towards low density regions like eathepsin C. Thus as 
early as I min after injection, sedimcntable s',ruetures 
containing I-~Sl-TC behave like lysosomes. 

Distribution after free flow electrophoresis 
Distributions after free flow electrophoresis are in 

agreement with the centrifugation results, Fig. 3 shows 
the distributions of radioactivity and cathepsin C after 
free flow eleetrophoresis of an L fraction isolated at 1 
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Fig. 2. De nsity distribution histograms of radioactivity and cathepsin C after isopyenie centrifugation of a total mitochond|ial fraction in a sucrose 
gradient. Experih:ents were performed with normal rats (O) or rats prelnjected with Triton WR 1339 (D, 170 mg in I ml saline/rat) i.v. 4 days 
heft)re killing [12]. Total mitochondri~l (M + L) h'action isolated l, l0 and 18~.1 mill after injection of 'z~I-TC was I'.ti,f on a sucrose gradient 
extending from 1.09 g/ml to 1.26 g/ml. Centrifugations were perfor~ned .it 39(RX) rev./min in the SW 65 Spinco rotor. The time integral of the 
SClUUr¢ angular velocity was 14,~ radZ/ns, In ordinate: frequency i.¢. Q/~'Q.AI where Q represents the actMir rotund in hie fraetiun, ;L:'Q, d~v 

total recovered a.-tivity and ,.1l the increment of density from top to bottihn of the fraction. (At Radioactivity; (B) catltcfh'dl) C, 
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TABLE I 

Di.wnh,,ttorz of radioactichy after diffi,rentia/ cenlrifi~garion a¢'ctFding 
to tilt" procedure of De £hO't' ff at [3] 
Distributions of radioactiviw in rat livers were obtained at increasing 
times afcr  injection of IZSl-TC intp line animals. N, nuclear fracli~m: 
M, heavy mitochondrial fractitm; L, light mitochondrial fi-aclitm: P. 
mic~osomal fraction; S, final supcrnatent. 

Fractions K~.&oa¢tiviO i "; ~ 'oral): timc i'!::inl after injcctitm 

I Ill 3It 6~) ~80 

. . . .  111.7 11.7 4.3 7. I 5.7 
M 16.1 17.4 17.7 29.5 25.6 
L 4.8 ~ 2 17.4 15.1 18.0 
P 11.2 12.2 13.1 q.3 7,5 
S 57.tl 52.6 47.6 39.0 432 

and  5 min  a f t e r  t2Si-TC injcction.  In bo th  cases,  the  
radioact iv i ty  d is t r ibut ion  co inc ides  wi th  tha t  o f  the  
lysosomal  e n z y m e .  

Effect o f  glycyJ-L-phenylalanhle-,?-naphthylamide (GPNJ 
A s  shown  by J a d o t  e t  al. [8], w h e n  lysosomes  a rc  

i ncuba t ed  wi th  G P N ,  the  m e m b r a n e  is d i s rup t ed  a n d  
the i r  c o n t e n t  r e l e a s e d  into the  m e d i u m .  T h a t  resul ts  
f r o m  the  p e n e t r a t i o n  o f  G P N  into lysosomes  and  its 
hydrolysis  by ca theps in  C. T h e r e f o r e ,  a ce, nvcn i cn t  
m e t h o d  to see  if a c o m p o u n d  is loca ted  wi th in  lyso- 
s o m e s  is to d e t e r m i n e  if it can  be  r e l e a s e d  by G P N  
f lora  the  s t ruc tu re s  it is a s soc ia ted  with .  Mi foehondr ia l  
~ractions isola ted 1 m~n, 5 min  and  10 rain a f t e r  t ;51-TC 
injcctic~n w e r e  i ncuba t ed  with G P N  a n d  the re !ease  o f  
ratlioa~:tivlty a n d  o f  ca theps in  C was  m e a s u r e d .  Resul t s  
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Yig. 3. Distribution of rudioactivib" and cathepsin C after free flow 
eleetrophoresis of L fraction. Light mitt~:hondrial (L) fractkm was 
isolated I rain or 5 rain after injeetien of tzsI-TC, and subjected to 
flee flow electrephoresis. Ordinate: percentage recovered in frac- 

tions, m radioactivity; f.). eathepsin C. 

TABLE It 

K(fi'cl of gly4.yl-r.-phenybdanhw-2-naphrhyhunide 

Mitnchandrial fractions, *Jriginating from livers of rats killed I mm 
and 10 rain afe~" injection of tzSI-TC, were incubated at 37°C fitr 10 
mln in the absence or the presence ,,ff 0.25 mM glycYl.|.-phenyl- 
utaninc-2-naphthylamlde in a medium containing 0.05 M acetate 
buffer bi ! ft. (I.Z~ M sucrose, 5 mM Noel. After that, the mixture was 
chilled by adding 2 ml of ice-cold 0.25 M sucrose, then centrifuged at 
25000 rcv./miu fi~r 25 rain in a ~pmca 40.3 rotor. The cathepsin C 
and radioactivity released in saperl~atant were measured. Values are 
given as percentages of the amounts released under the same condi- 
tions in the presence of t).t)5~;; Triton X-lilt} 

3 imc (mint Activity released ¢¢,; of total) 

after cumrol treated 
injection 

cathepsinC radinactivity cathepsinC radimmctivity 

I 0 18.a 98.9 91.5 
Ill It 24.t~ g(U) 1l)6.{} 

p r e s e n t e d  in T a b l e  11 d e m o n s t r a t e  tha t  radioact iv i ty  
and  the  lysosomal  hydro lasc  a re  r e l ea sed  to the  s a m e  
ex ten t  c v c n  1 min  a f t e r  injection.  

Effect of  eli 'oraqmne ,,/ministration 
Chlo roqu ine  is an  ac~do:ropic dru~; thin a c c u m u l a t e s  

in lysosomes  to a ve ry  la rge  ex ten t  a n d  ~. ab le  to 
inc rease  the  lysosoma!  p H [ l ] .  W e  w e r e  i n t e : e s t e d  to 
see  if a pretrea~.ment  ot ra ts  wi th  ehloroquir~e cou ld  
affl 'ct  the  d is t r ibut ion  o f  LaSl-TC in the  liver. Ra t s  
r ece ived  ~:hloroquine (50 # f ; / g  o f  body  we igh t  ~. 50 rain 
be fo re  infection o f  t :SI -TC an:l w e r e  killed at  increas-  
ing t imes  a f t e r  injection.  T h e r e  was  no  s ignif icant  dif- 
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Fig. 4. Distribution of rz:dioactivity and eathepsin C after differential 
centrifngatkm of a chloroqnine pretreated rat liver, C'hloroquine (50 
izg/g of I~)dy weight) was injected i.p, 50 min before injecting 
J:~I-TC. L"~I-TC was given at inereasin~.t times before killing. The 
livers were fraetionated and radioactivity of the differcn! fractions 
measured. The percentage,', recovered in total mih~chondrial frac- 
tions (M -r L) and in the S fiaction as a function of the amount found 
in the hnmogenate are given in the ligure. I~SI.TC in normal liver 
M + L (11) and S ( ~ ) fractions or ill chlnroquine treated liver M + L 

( t2 ) and S ( ,~. ) [raelions. 
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Fig. 5. ,".ccumulati;m of i:+++i TC, I'lC-suer:+se in isolated l;,.,,t):,omes, 
Purified lysosomes (31111 gO) were incubated at 37°C in a medium 
containing 1)25 M sucrose and I0 mM Itepes (pH 7.4) in the 
presence of 12'Sl-gC (6611 nM) ++r ~4C-tyramine 16.6 .,!M) ot t4C- 
sucrose (300 nM). At indicated time. I110 p.I mixture were sampled 
and immediately filtered through a Whanuan GF/C glass filter (24 
mm diameter) after being diluted by I ml ice-cold PBS buffer (pit 
7,4). Filter was rapidly washed twice with 2 ml ice.cold PBS, placed 
in a scinlillaiiop counling vial containing 4 ml liquid-sci.tiliation 
cucklail. Radioactivity was counted in a Beckman/3 counter. Results 
;ire given as percentages of the amount added 1o the medium, 

I .  14C-tyramine; e, 12SI-TC; o. I'~C-suerose 

ferencc between the amount of m-'Sl-TC taken up by 
liver for chloroquine pretreated and for normal rats 
(not shown). However, as indicated in Fig. 4. the intra- 
cellular distribution of radioactivity i~ modified by 
chloroquine. In normal rats, the radioactivity associ- 
ated with the mitochondrial fractions (M + L) in- 
creases with time when that present ifi the S fraction 
decreases. In chloroquine treated animals, the radio.a.q- 
tivity recovered in M + L is significantly lower than in 
the normal rats and does not increase with time. Thus 
chloroquine pretreatment prevents the ent.~'ot 125I-TC 
into lysosomes to some extem. 

Uptake of t~C-sucrose, ~+C-tyrmnine and ~"SI-TC by 
isolated lyso~omes 

To sec whether t:~I-TC can freely enter lysosomes, 
these organelles were purified in a metrizamide gradi- 
ent [7] and incubated with i:.s I-TC or with 14C-sucrose. 
As expected, 14C-sucrose does not cross the lysosomal 
membraue when t'-Si-TC linearly accumulates with time 
in the lysos'Jmes (Fig. 5). We found (not shown~ that 
~:'~I-TC uptake is not inhibited by high concentration 
of c~llobiose, tyramine and unlabelled TC. The impor- 
tant fact is that tyramine is readily taken tip by isolated 
lysosomes (P'ig. 5). I'C and unlahelled tyrantlne el.) ,lot 
affect the kine+ics of the process (not show~,). 

Discussion 

The rate of TC uptake by hepatocytes and by the 
whole qver is several times higher than that of sucrose 
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and PVP. As the three substances can not be metabo- 
lized, such a difference must result from a difference in 
the rate of pen, tration of these molecules into the 
cells. Sucrose and PVP enter the cells by flu;d phase 
endocytosis, thu,.: another process is involved in the 
case of TC uptake. 

Two possibilities ha,'e to be considered: TC is either 
taken up by adsorptive cndocytosis or it enters the cells 
by diffusion. Distributions observed after centrifuga- 
lion are in favour of the second mechanism. At any 
time after differential centrifugation, TC is distributed 
amongst sedimentable and soluble fractions. Isopycnie 
centrifugation, particularly after Triton WR 1339 treat- 
mcnt and the effect of GPN make it clear that the 
organclles TC is associated with are lysosomes. Ac- 
cordingly, as early as 1 rain after injection most of TC 
is located in lysosomes and in cytosol which is not 
consistant wi,:h uptake by cndocytosis. Therefore TC 
probably enters these ccll~ ~v diffusion and after reach- 
ing the cytosol, aecunmlatcs in lysosomcs. If we sup- 
pose that these or~,anclles and the cytosoi occupy, 
respe~Cvely, 1% and 25% of the total ,,plume of the 
liver [13], when 45% of TC is located iti lysosomes 
rafter 180 min), its concentration in these str~Jctures is 
more than 20-times higher than that in eytosct. On the 
other hand, we have shown that TC but not sucrose is 
able to enter isolated lysosomcs. The more plausible 
exp)amation is that TC can diffuse through the lysoso- 
mat membrane and remains trapped in the organelle 
matrix like an acidotropic molecule. The effect of  
chloroquinc strengthens this hypothes)s, indeed, witch 
the drug is injected into animal before giving TC, it 
doe.~ not significantly inhibit the uptake of that com- 
pound by the liver, but prevents to a large extent its 
accumulation in lysosomes. Such a distribution is to be 
expected if TC accumulates in lysosomes as a result of  
the low pH prevailing in these particles, since chlero- 
quine is a lysosomotropic weak base [11 and the in- 
crease of lysosomal pH it can induce will lower the 
concentration of TC which can be achieved inside 
lysosomgs. 

One can not exclude the possibility that TC may 
also accnmulate in acidic compartments other than 
lysosomes. However, if it is the case, such an accumula- 
tion involves only a minor ploportion of TC. For exam- 
ple, as shown by Table 1, after 60 or 180 rain about 
80% of the setlimentable radioactivity is recoved in M 
and L fractions. At this time. atialysls of thes,: fractions 
by isopyenic centrifugation dearly shows that TC is 
associated with !ysosomes. It is partlcdarly obvi,:)u;t 
when experiments were performed with rats injected 
wi, h Triton WR 1339, a specific lysosome density pcr- 
turbant. 

Apparently adding a tyramine moiety to cellobiose 
allows the disaccharide to cross the plasma membrane 
and the lySOSOU|t. • membrane. We have recently found 
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that tyraminc enters hepatocytes by facilitated and by 
free diffusion (unpublished results). TC does not in- 
hibit tyramine diffusion (unpublished results) and 
therefore does not use the tyramine carrier to enter 
hepatocytcs .  O n  the  o t h e r  hand,  the results r epor t ed  
here  indicate  that  14C-tyraminc probably  crosscs  *,he 
lysosomc m e m b r a n e  by free diffusion sincc no  inhibi- 
t ion is observed by unlabel led tyramine.  The  samc  is 
t rue  for  TC.  These  obscrva t ions  suggest  tha t  the di f fc i -  
once be tween  ccl lobiosc a n d  TC,  with respect  to thc i r  
capaci ty  to s tep across  the p lasma and  the lyso~,ome 
memEranc ,  I;csults f rom the hydrophobic i ty  ga im 'd  by 
the d i sacchar idc  when  it is l inked to tyraminc ,  in .~;~itc 
of  the incn:asc  in molecular  sizc caused  by such a ,  
addi t ion,  in fact  wc havc found  that  the par t i t ion  
coefficient  o f  T C  be tween  octanol  and  water ,  a l though  
low (0.020(~), is I I- t imcs higher than that of  sucrose 
and close to that of  tyramine (0.033). 

TC r,'sulting from intra~ysosomal hydrolysis of endo- 
cytosed proteins labcUed with that substar~ce remains 
inside these organcllcs for a relatively long time [2.10]. 
This is nc~t incoqsistent with our discoveries tha~ TC 
can cross lysosomai membrane. On the contrary, wc 
show that after cnte, ring lysosomcs, TC accumulates 
sugges t ing  that  it can  not easily diffuse f rom inside to 
outs ide  these part icles,  p robably  because  it is more  
p ro tona ted .  

F rom a pract ical  point  o f  view, owin~ to the fac!~ 
/hat  it can be labelled with t:~l a n d  tha t  it is n,;t 
metabol ized,  T C  could bc  an  interesfin~ melc,:ule ~o 
study ac ido t rop i sm in the whole  an imal  a n d  in isolated 
a n d  cu l tu red  ce~ls. 
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