
188 Speeialia EXPI~RIENTIA 33/2 

f lushed ou t  w i th  0.9% saline solut ion while the  ra t  was 
under  e ther  anaesthesia ,  the  entire in tes t ine  t h e n  quickly 
r emoved  and  ever ted  over  a s lender steel  rod. Only the  
j e j u n u m  and  dis ta l  i leum were used. Rings were p repa red  
by  cu t t ing  the  gut  into segments ,  each app rox ima t e l y  
1 m m  long. A suspens ion  of mucosal  epi thel ial  cells was 
ob ta ined  by  10 min low-ampl i tude ,  h igh  f requency  vibra-  
t ion  of a 10-15 cm segmen t  of ever ted  in tes t ine  using the  
t echn ique  of LEVINE and  WEINTRAUB 4 except  the  saline 
in the  original m e t h o d  was replaced by  a 10 m M  solut ion 
of E D T A  in physiological  saline, for cell recovery  w i t h o u t  
t he  E D T A  was  poor. Cell yield f rom animals  infected for 
7 days  was poor  and  several  animals  were discarded as 
insuff icient  quant i t i es  of ceils were recovered to measure  
oxygen  consumpt ion .  Oxygen  up take  by  isolated mucosal  
epi thel ial  cells (4-8 mg protein)  and rings (approx imate ly  
100 mg we t  wt) was measured  wi th  a Clark oxygen  elec- 
t rode.  The mater ia l  was incuba ted  at  37~ in abou t  4 ml  
Krebs -R inge r  b ica rbona te  solut ion conta in ing  10 m M  
D-glucose oxygena ted  wi th  5% CO s in oxygen.  P ro te in  
assays 5 were made  on the  isolated cells af ter  each experi-  
ment .  The d a t a  were ana lyzed  by  S tuden t ' s  t-test.  

Table 1. Oxygen uptake ([xl/mg protein/rain) by mucosal epithelial 
cells isolated from the jejunum or ileum of uninfected rats and rats 
at various times after infection with 4000 larvae of N. dubius 

Experimental group Jejunum. Ileum 

Control 0.662 ~ 0.069 (13) 0.460 =~ 0.025 (10) 
7 days 0.873 ~ 0.064 ~ (12) 0.520 ~ 0.083 (10) 
29 36 days 0.680 q- 0.050 (16) 0.474 j= 0.032 (14) 

Means • S.E.M. (n). ~Significantly different from control and 
29-36 day groups at 5% level. 

Table 2. Oxygen uptake by jejunal rings of uninfected rats and rats 
7 days after infection with 4000 larvae of N. dubius 

Experimental group Qo2 �9 S.E.M. (ILl/rag dry inass/h)(n) 

Control 15.60 ~- 1.40 (16) 
7 days 15.43 • 0.85 (10) 

Results and 'discussion. Table  1 shows Qo2 of isolated 
mucosal  epi thel ial  cells. In  each of t he  t h r e e  groups Qo9 
of cells f rom the  j e j u n u m was s ignif icant ly  grea ter  t h a n  
cells f rom the  i leum (p < 0.01), as prev ious ly  no ted  by  
o thers  for no rma l  ra t s  a,7. There  were no signif icant  dif- 
ferences in Qo9 be tween  expe r imen ta l  groups  for t he  
ileum, which  was largely uninfec ted ,  bu t  Qo~ of cells f rom 
the  j e j u n u m of ra t s  infected for 7 days  was s ignif icant ly  
grea ter  t h a n  controls  or animals  29-36 days  af ter  infec- 
t ion.  In  the  la t t e r  group in tes t ina l  absorpt ion ,  which was 
s ignif icant ly  depressed by  7 days,  had  r e tu rned  to normal  
and  the  gu t  was free of paras i tes  9,a. The poor  recovery  
of epi thel ial  cells f rom 7-day infected j e j u n u m m a y  be 
associa ted wi th  the  villous a t r o p h y  t h a t  o f ten  accom- 
panies  h e a v y  infect ions 8. A m o n g s t  the  cells t h a t  were 
recovered were p robab ly  m a n y  i m m a t u r e  crypt- l ike  cells, 
which  are p resen t  on the  villi dur ing  infect ion wi th  
Nippostrongylus brasiliensis 3, a gas t ro in tes t ina l  n ema t ode  
which  also causes ma labsorp t ion  1. The higher  Qo2 of t he  
cells f rom infected in tes t ines  m a y  ref lect  the  ac t iv i ty  of 
these  i m m a t u r e  cells as the  Qo9 of t he  cells f rom the  base 
of the  villus is ap p ro x i ma t e l y  twice t h a t  of cells f rom the  
villous t ip  10. 

These resul ts  con t r a s t  wi th  those  ob ta ined  f rom ra ts  
infected wi th  N. brasiliensis in which  the  resp i ra to ry  
ac t iv i ty  of je junal  epi thel ia l  cells or mi tochondr i a  dif- 
fered l i t t le f rom the  normal  je junum9,  n.  This difference 
m a y  e i ther  reflect  t he  differing m e t h o d s  used for ob- 
t a in ing  the  cells or a more  p ronounced  effect  of the  para-  
site on the  hos t ;  the  ma labsorp t ion  associa ted wi th  N. 
dubius infect ion is more  severe t h a n  wi th  N. brasiliensis 
infect ions 3, a, ~2. 

There  was  no s ignif icant  difference in Qo9 of je junal  
r ings be tween  contro l  and infected animals  (Table 2), 
which  suggests  t h a t  oxygen consumpt ion  by  the  bulk of 
in tes t ina l  t issue is no t  affected b y  infection.  
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Summary. The Ca++-ATPase sys tem of sarcoplasmic re t icu lum (SR) was resolved into several  subuni t s  b y  isoelectric 
focusing and i so tachophores is  in acry lamide  gels. The results  ob ta ined  suppor t  the  concept  t h a t  the  ATPase  sys tem 
of SR is oligomeric forming a t e t r a m e r  of 100,000 mol .wt  subuni ts .  

The b iochemical  funct ions  of the  Ca++-pump sys t em of 
SR  have  been extens iveIy  charac ter ized  9-a. However ,  
the  molecular  a r r a n g e m e n t  of the  Ca++-pump in SR  
m e m b r a n e s  has  no t  ye t  been  character ized.  The ATPase  
sys t em wi th in  the  lipid phase  of the  m e m b r a n e  t rans -  
duces chemical  in to  osmot ic  energy,  p robab ly  t h ro u g h  
its ionophore t ic  ac t iv i ty  5, which canno t  be expla ined 

in t e rms  of a r o t a t o r y  diffusion carr ier  4. Recen t  detai led 
biochemical  and  s t ruc tu ra l  analysis  of SR e and  the  re- 
sults  of th is  work  suppor t  the  concep t  t h a t  t he  ATPase  
enzyme m a y  be a r ranged  in the  m e m b r a n e  as an oligo- 
meric  sys t em forming,  a hydrophy l i c  channel  specific for 
t he  t r a n s p o r t  of Ca ++. 
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Fig. 1. A Isoelectr ic  focusing of SR. All the gels, except  the gels 1 
and  4, have  1% Tri ton.  The prote in  (80 ~xg) was loaded at  the a lkal ine  
ca thoda l  ternfinal (top) in gels 1, 2 and 3, and  i t  was loaded at  the 
acid anodal  t e rmina l  (bottom) in gels 4 and 5. The isoelectric points  
of the bands  range from about  6 (upper  bands)  to about  5 (lower 
bands  of gels 1, 2 and 3) or to about  4.5 (lower bands  of gels 4 and 5). 
B Second dimension eleetrophoresis  in SDS slabs of gel 3. The dense 
bands  correspond to a mol .wt  of 100,000 daltons.  The heavier  band  
corresponds to the 2 polypept ides  not  sharp ly  separa ted  in gel 3 
(heavier mark) .  Fa in t  bands  of mol .wt  60,000 correspond to the 
minor  proteins of SR. 
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Fig. 2. A Isotachophores is  of SR. Gels 2 and  3 differ f rom gel 1 since 
they  have  1% Tri ton.  Migrat ion in gel 1 was al lowed for 90 rain 
(2 iliA) and t h a t  of gels 2 and  3 was al lowed for 90 and  105 rain, 
respec t ive ly  (2 mA). B Second dimension electrophoresis  in  SDS 
slab of a th in  d iamete r  gel (0.3 cm) s imi lar  to the large d i ame te r  gel 3 
(0.6 cm). The  heavier  spot  in the middle  (mol.wt 100,000) corresponds 
to the 2 upper  bands  of gel 3, and the l ighter  spot  (inol.wt 60,000) 
corresponds to the lower b a n d  of gel 3. Note the over loaded  p a t t e r n  
at  the left  s ide of the gel, due to the pro te in  which did no t  pene t r a t e  
in the f irst  d imension gel. 
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Mater ia ls  and  methods. F r a g m e n t e d  SI~ was i so la ted  as 
descr ibed  e lsewhereL and  t h e  Ca++-pump e n z y m e  was 
pur i f ied  accord ing  to  W a r r e n  e t  al. 8. The  re la t ive  a m o u n t  
of Ca++-ATPase  (mol.wt.  100,000) was  a b o u t  80~ an d  
96% of t h e  t o t a l  p ro t e in  for c rude  S R  and  pur i f ied  en- 
zyme,  respect ively ,  as e s t i m a t e d  f rom dens i t ome t r i c  
t r aces  of SDS po lyac ry l amide  e lec t rophoregrams .  
Isoelectr ic  focusing was car r ied  ou t  in  gels c o n t a i n i n g  4 %  
acry lamide ,  0 .125% b isacry lamide ,  8 M urea,  1 .12% car-  
r ier  a m p h o l y t e s  (pH 3.5-10) a n d  1~ T r i t o n  X-100  (where 
noted) .  The  e lec t ro ly tes  were  50 m M  H~SO a (anodal)  a n d  
30 m M  N a O H  (cathodal) .  The  gels were loaded  w i t h  
80 ~zg of p ro t e in  in  5% Tr i ton ,  8 M urea,  1% 2-mercap to-  
e t h a n o l  a n d  20 m M  Tris  (pH 7.4). Isoelectr ic  focusing pro-  
ceeded a t  260 V for 5-18 h: Some gel rods  were electro-  
phoresed  in second d imens ion  wh ich  was pe r fo rmed  in 
s labs (10% acry lamide ,  0 .135% b ioacry lamide)  con ta in -  
ing 025~ SDS.  Sepa ra t ions  were car r ied  ou t  for 6 h a t  
15 m A  and  p H  8.9 (50 mM Tris-glycine  as buffer  system).  
I so t achophores i s  was  car r ied  ou t  accord ing  to  Gri f f i th  
a n d  Cats impoolas  9, b u t  some t imes  8 M urea  a n d  1% Tri -  
t on  were inc luded  in t he  gels. Sample  p r o t e i n  solut ions  
(1 m g  t o t a l  pro te in)  were p r e p a r e d  in the  t e r m i n a t i n g  
buf fe r  c o n t a i n i n g  3 . l %  T r i t o n  X-100,  8 M u rea  a n d  
15.8% car r ie r  a m p h o l y t e s  (pH 4-6).  A b o u t  140 ~zg or 

70 ~zg of t o t a l  p ro t e i n  were appl ied  in each  gel rod  of 
0.6 cm or 0.3 cm d iamete r ,  respect ive ly .  Separa t ions  in  
second d imens ion  were pe r fo rmed  as descr ibe  above .  
Results  and  discussion. T h e  Ca++-ATPase  e n z y m e  of our  
S R  p r e p a r a t i o n s  (80% of t h e  t o t a l  pro te in)  was  resolved  
in to  4 m a i n  s u b u n i t s  w h e n  t h e  solubil ized m e m b r a n e s  
were s u b m i t t e d  to  isoelectr ic  focus ing  (figure 1). 4 well- 
def ined bands ,  w i t h  is0electr ic po in t s  r an g i n g  f rom 6 to  5, 
were s e p a r a t e d  (figure 1A). The  i nd iv idua l  pep t ides  of t h e  
A T P a s e  s y s t e m  h a v e  mol .wt  of a b o u t  100,000 da l tons  as 
revea led  b y  second d imens ion  e lec t rophores is  in SDS  
s y s t e m  (figure 113). 
W h e n  t h e  p ro t e i n  was loaded  a t  the  acid t e r m i n a l  of t h e  
gel (figure 1A, gels 4 an d  5), a b a d  reso lu t ion  was o b t a i n e d  
a n d  t h e  resu l t s  were n o t  reproduc ib le ,  p r o b a b l y  because  
t h e  p ro t e in  p rec ip i t a t e s  a t  t h e  acid t e r m i n a l  and,  thus ,  
free p e n e t r a t i o n  in to  t h e  gel is n o t  possible.  Thus ,  ad-  
d i t iona l  e x p e r i m e n t s  des igned  to follow the  b e h a v i o u r  of 
t h e  p h o s p h o r y l a t e d  Ca++-ATPase  ( the p h o s p h o r y l a t e d  
complex  is on ly  p re se rved  a t  acidic pH)  could n o t  be  
car r ied  out .  
The  resu l t s  o b t a i n e d  agree  well  w i t h  those  o b t a i n e d  b y  
M u r p h y  1~ on  cross- l inking exper imen t s ,  an d  b o t h  rein-  
force t h e  conclus ion  t h a t  t h e  A T P a s e  pep t ides  associa te  
in  t h e  m e m b r a n e  as a t e t r a m e r .  F u r t h e r m o r e ,  i t  was  
s h o w n  t h a t  t h e  smal l e s t  ful ly ac t ive  Ca++-ATPase  par -  
t i c l e s . o b t a i n e d  b y  d e t e r g e n t  t r e a t m e n t  con ta in  3 -4  AT- 
Pase  polypeptides11.  On  t h e  o t h e r  hand ,  s t r u c t u r a l  d a t a  
revea led  t h a t  t h e  par t ic les  ass igned to  A T P a s e  are ar- 
r a n g e d  in  t h e  m e m b r a n e  as regu la r  complexes  ~. 
I so tachophores i s ,  w h i c h  p e r m i t s  t h e  s epa ra t i on  of ions 
in to  consecu t ive  zones accord ing  to  t h e i r  mobil i t ies ,  was  
also appl ied  to  SR. As fa r  as we know, t h i s  t e c h n i q u e  was  
n o t  p rev ious ly  appl ied  to  m e m b r a n e  pro te ins ,  s ince i t  is 
di f f icul t  to  b r i n g  such p ro t e ins  in to  so lu t ion  w i t h o u t  modi-  
fying t he i r  mob i l i t y  charac ter i s t ics .  The  non ion ic  de- 
t e rgen t ,  T r i t o n  X-100,  in c o m b i n a t i o n  w i t h  urea,  was  
used to  solubi l ize  SR. I t  was  possible  to  ca r ry  o u t  v e r y  
reproduc ib le  s epa ra t i ons  which,  depend ing  on exper i -  
m e n t a l  condi t ions ,  gave  2-3 m a i n  i nd iv idua l  pep t ides  be- 
longing  to t h e  A T P a s e  s y s t e m  (figure 2). The  on ly  draw-  
b a c k  is t h a t  t h e  p e n e t r a t i o n  of t h e  p ro t e in  in to  t h e  gels is 
s o m e w h a t  diff icult ,  a n d  th i s  effect  is more  p r o n o u n c e d  
when  t h i n  gel rods  (3 m m  diameter )  are used in o rder  to  
p e r fo rm  a d d i t i o n a l  second d imens ion  e lec t rophores is  in 
SD S  s y s t e m  (figure 2 t3). 
T h e  pur i f ied  A T P a s e  (96% of t h e  t o t a l  prote in)  w h e n  sub-  
m i t t e d  to i so tachophores i s  gave  also 2-3 m a i n  b a n d s  
d e p e n d i n g  on  t h e  e x p e r i m e n t a l  cond i t ions  (figure 3). The  
resul t s  o b t a i n e d  s u p p o r t  t h e  concep t  t h a t  t h e  Ca ++- 
A T P a s e  of SR is a n  ol igomeric  compiex.  F u r t h e r m o r e ,  
t h e  p r e s en t  t e chn iques  open  t h e  poss ib i l i ty  of col lec t ing 
t h e  i nd iv idua l  m o n o m e r s  for f u r t h e r  b iochemica l  char -  
ac te r iza t ion ,  n a m e l y  molecu la r  r econs t i t u t i on  of t h e  
Ca++- t r anspor t  sites, t h u s  p e r m i t t i n g  c lar i f ica t ion of t he  
v a s t e r  p r o b l e m  of ion t r a n s p o r t  across b i o m e m b r a n e s .  
S tudies  are in  progress  to  isolate  p r e p a r a t i v e l y  t h e  AT- 
Pase  pep t ides  b y  i so tachophores is .  

Fig. 3. Isochachophoresis of purified Ca++-ATPase: Gels 1 and 2 are 
identical and contain 8 M urea. The protein loaded in these gels was 
dissolved in the normal medium. The migration was allowed for 
105 rain in gel 1 and for 120 min in gel 2 (2 mA). The gels 3 and 4 and 
the protein samples did not contain urea. Gel 3 was 8 em long and 
migration proceeded for 112 min (2 mA), whereas gel 4 was 13 cm 
long and migration proceeded for 150 rain (2 mA). 
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