
R E V IE W  O F  T H E  R E L A T E D  L IT E R A T U R E S

T h e  literatures w ere  r e v ie w e d  in  2 to p ics
1. S tr u c tu re -fu n ctio n  stu d ies o f  the N a - K - A T P a s e
2. P h y s io lo g y  o f  e x e r c ise
3. F lu id  and e le c tro ly te  m eta b o lism  in  e x e r c ise

S tr u c tu r e - fu n c t io n  s tu d ie s  o f  th e  N a -K -A T P a s e  

In trod u ction

T he N a -K -A T P a se  or sodium  pum p represents a universal 
m achinery in the m em branes o f  anim al ce lls , w hich  transfers ch em ica l energy  
o f  hydrolysis o f  A T P to potential energy o f  electroch em ical ion  gradients for  
N a and K across the ce ll m em brane. A  large num ber o f  basic and 
specia lized  cellu lar functions like regulation o f  ce ll vo lu m e, excitab ility , 
cytop lasm ic en zym e activity  or m u scle  contraction essen tia lly  depends on the 
intra- and extracellular N a and K + concentrations(F ig . l ) .  T he  
electroch em ical gradients for K + and N a + contribute via  io n -se le c t iv e  K and 
N a channels to the resting potential across ce ll m em branes and the 
generation o f  action  potentials. A  variety o f  secondary active system s that 
transport C a2 , H ions or nutritions across the ce ll m em brane are driven by 
the inwardly directed electroch em ical gradient for N a  . T he m aintenance o f
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the ion gradients w ith low  intracellular [N a ] and high [ K ] is ach ieved  by 
the operation o f  the N a -K -A T P a se  that transports under p h ysio lo g ica l 
conditions three N a ions out o f  the cell and tw o K ions into the cell 
m olecu le  o f  M gA T P  hydrolyzed . C hanges o f  pum p activ ity , therfore, w ill 
have pronounced effects  on ce ll functions.

The p h en om en olog ica l description o f  the transport is based on the 
hypothesis proposed in the late 60’s by A lb e r s ( l9 6 7 )  and Post et a l ( l9 6 9 )  
that the en zym e ex ists in tw o different conform ation, an Ej and an E 2 
conform ation. A ccording to the extended A lb ers-P o st reaction sc h e m e (F ig .2 ) ,  
the N a -K -A T P a se  undergoes a sequence o f  transitions b etw een  the £ 1 
conform ation w ith in w ard -facin g  cation binding sites and high affin ity  for  
N a and the E 2 conform ation with ou tw ard -facin g  cation binding sites and 
high affin ity  for K . Transitions betw een  these tw o conform ations are 
induced by p h osp horylation-dephosphorylation  rea ctio n (P -ty p e  A T P a se). In 
the E jA T P form , three intracellular ions becom e bound. H yd rolysis o f  ATP  
and phosphorylation  o f  the protein leads to occlu sion  o f  the three N a ions 
fo llo w ed  by a transition to the E 2P form . N a is now  released  externally , and 
instead tw o K ions b ecom e bound; this leads to spontaneous  
dephosphorylation  and o cclu sion  o f  the K ions. Stim ulated by A T P , a 
conform ational change back to the Ej form  is induced, K is liberated to the 
cytop lasm , and the transport cy c le  is com pleted .
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S tr u c tu r a l fe a tu r e s  o f  th e  N a -K -A T P a s e  

A . A m in o  a c id  seq u en ce  a n d  tra n sm e m b ra n e  to p o lo g y

N a -K -A T P a se  is com p osed  o f  tw o subunits, a larger catalytic c t  
subunit w ith a m olecular m ass o f  about 112000 D a and a sm aller g lycosy la ted  
(3 subunit w ith a m olecular m ass o f  about 55000 D a (F ig . 3 ) . T he a  subunit 
com prises an acceptor for the y -p h o sp h a te  o f  A T P ; phosphorylation  o f  the 
aspartic residue A s p - 36 9 leads to form ation o f  the phosphorylated  
interm ediate during the reaction cy c le . In addition to the cation  b inding sites, 
also the receptor for the cardiac g ly co sid es is located  on the oc subunit(Price  
and L ingrel, 1988). T he (3 subunit w as for a lon g  tim e b e liev ed  not to 
participate d irectly  in the catalytic c y c le  or the binding o f  cardiac g ly co sid es. 
R ecen tly , it w as dem onstrated that the assem bly o f  an ( c e P )  heterodim er is 
necessary for a stable and functionally  com petent configuration o f  the pump; 
in particular, the p  subunit is needed for the oc subunit to ex it from  the 
endoplasm ic reticulum  and to the correct con figu ration (G eerin g , et a l., 1989). 
A  third subunit w ith a m olecular m ass o f  about 12000 D a  has been detected  
as a part o f  the native en zym e assem b ly (C o llin s and L eszy k , 1987., Haarris 
and Stahl, 1988). H ow ever, the im portance o f  this s o -c a lle d  y  subunit for 
neither A T P ase or phosphatase activity nor ion  transport characteristics has 
been dem onstrated so far. In addition, there are m ultip le isoform s o f  both  
subunits. In ca se  o f  the oc chain , three isoform s ex ist(S w ea d n er , 1989). The  
OCl isoform  is found in all ce lls  w h ile  0C2 is the m ajor isoform  in skeletal 
m uscle and is a lso  present in neuronal tissue and heart. T he OC3 iso form  is 
lim ited to the neuronal system  and the heart. A t least tw o isoform s ex ist  for 
the p  subunit in m am m alian ce lls  w ith P i  being found in all tissu es, w hile
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p 2 is predom inantly in the nervous sy stem (M a rtin -V a sa llo , et a l., 1989).
T w o distinct explanations have been proposed to account for the ex isten ce  o f  
several N a -K -A T P a se  isoform s differentially expressed  in various tissues  
(T ak eyasu , L em as and Fam brough, 1990). One possib le  explanation for the 
ex isten ce  o f  a m ultigene fam ily  is that it represents a se lective  advantage in 
evolu tion  b ecause it sim p lifies the problem  o f  regulating gene expression  to 
suit the needs o f  each developm ental stage or each ce ll type o f  the organism . 
A lternatively, each isoform  could  be d istinct from  each other by sp ecific  
functional characteristics.

In the m id 80’s a m olecular genetic  approach com bined  with  
sequencing o f  proteolytic fragm ents o f  the N a -K -A T P a se  a llow ed  to 
elucidate the entire am ino acid sequences for oc subunits first for sheep  
k id n ey (S h u ll, Schw artz and L ingrel., 1985) and pig k id n ey(O vch in n ik ov , et 
a l., 1986). A t present, the primary structure o f  a oc subunits o f  hum an is 
k n ow n (K aw ak am i, et a l., 1986).

S ix  to 10 transm em brane segm ents w ere derived from  hydropathy  
plots and w ere suggested  for the m odel o f  tw o -d im en sio n a l transm em brane 
top o logy  o f  the N a -K -A T P a se (J o rg en sen  and A nderson, 1988., M od yan ov , et 
al., 1992). T he transm em brane dom ains form  40-50%  o f  the total protein  
m ass that are protected from  in tensive tryptic d igestion  by m em brane lip ids 
(Jorgensen , 1992). In early exam inations o f  the transm em brane organization, 
a cytop lasm ic orientation o f  the N -term in u s o f  the oc subunit has been  
dem onstrated and becam e generally  accepted. (G iotta , 1975., Jorgen sen ,1975.) 
Previous uncertainty concerning the orientation o f  the C -term in u s seem s to 
be settled now  in favour o f  a cytoplasm ic lo ca tio n (A n to lo v ic , et a l., 1991., 
M od yan ov, et a l., 1992). On the basis o f  the c lo se  sim ilarity o f  hydropathy  
plots o f  the N a -K -A T P a se  to the Ca2+ and H +- K +-A T P a se  a m od el o f  10 
transmembrane dom ains m ay be favoured also for the N a -K -A T P a se . Ten
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transm em brane segm ents seem  also reasonable from  observations on a 19 
kD a tryptic fragm ent with an N -term in a l a sp a ra g in (A sn -8 3 7 ) that has a 
cytop lasm ic location (K arlish , G oldsh leger and Jorgensen., 1993).

B. S tru c tu re  a n d  a sse m b ly  o f  su b u n its

The th ree-d im en sion a l structure o f  crystallized  N a -K -A T P a se  has 
been analyzed  by electron m icroscopy and im age processin g(S k river, et al., 
1992). The best resolution obtained in these crystals so  far in the range o f  
2 0 -2 5  ๐A . T o identify  am ino acids residues in m em brane proteins, a 
resolution better than 3 °A  is required. H ow ever, even  at the above lev e l o f  
resolution som e gross inform ation on intram olecular association  has been  
w orked out. The en zym e seem s to con sist o f  (Oc[3) 2 dim ers under the 
conditions o f  p u m p -en rich ed  m em brane crystals(Skriver, et a l., 1992., 1989) 
T hey protude about 4 0 °A  to the cytop lasm ic side o f  bilayer w here according  
to labeling and sequence studies m ost o f  the m olecular m ass o f  the oc 
subunit is lo ca lized (K aw ak am i, et a l., 1985., Shull, Schw artz and L ingrel., 
1985). M uch less  o f  the m o lecu les, about 2 0 °A , extends to the extracellular  
sid e(S k river, et a l., 1992). A n opening betw een  adjacent (C t|3 )-p ro to m ers  
w as observed  on the intracellular side and an opening o f  som ew hat sm aller  
depth on the extracellular sid e(S k river, et al., 1992). The tw o rod -sh ap ed  
protom ers are connected  by a bridge that is d ifferently p laced in the lipid  
bilayer depending on whether crystals w ere induced by vanadate or 
m agnesium  favouring the E 2 conform ation, or by cob a lt-te tra a m in e-A T P  that 
binds to the low  affinity A T P -b in d in g  site and produces tw o different 
populations o f  the crystals(H ebert, et a l., 1990).
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The oligom eric  structure o f  the N a -K -A T P a se  has a lso been  
investigated  in radiation inactivation studies com bined  w ith m easurem ents o f  
enzym atic activity and ligand binding in purified en zym e preparation. In 
recent experim ents by N orby and J e n s e n ( l9 9 l)  tried to determ ine the 
m inim al structural unit at w hich the en zym e still p ossesses  catalytic activity  
o f  N a -a n d  K -a ctiv a ted  hydrolysis o f  A TP. Target size analysis suggests  
that m em brane bound N a -K -A T P a se  is structurally organized in ( 0 c j 3 ) 2 

diprotom ers. Structural contact betw een  tw o (O cP ) units seem s to be required  
for com p lete  catalytic activity o f  the en zym e. H ow ever, findings about the 
num ber o f  cation  and substrate binding sites per functional catalytic subunit 
have led  to controversy with respect to the num ber o f  subunits that form  the 
fu lly  active unit. The sin g le  (O cP ) unit can exhibit A T P ase activity  and 
cation binding. E ven w hen w hen oc subunit the has been partially destroyed, 
som e partial reactions o f  the en zym e are still observed (N orb y  and Jensen,
1991) .

c .  Isoform  and species differences

T he history o f  characterization o f  the isoform s o f  the N a -K -A T P a se  
can be traced back to the early experim ents o f  S k o u (l9 6 2 )  w h o  reported that 
brain contained N a -K -A T P a se  with higher cardiac g ly co sid e  sensitiv ity  than 
kidney or heart. The observation o f  tw o com ponents for [3H ]ouabain binding  
in brain indicates heterogeneity w ithin the population o f  N a -K -A T P a se  
m olecu les. On the m olecular lev e l, heterogeneity o f  the oc subunit w as 
initially dem onstrated by Peterson et a l., 1978 and S w e a d n er (l9 7 9 ). T w o  
electrophoretically  separable form s o f  the oc subunit o f  rat brain designated  
as OC and oc + isoform s (S w ead n er,1979) had different affin ities to ouabain - 
insensitive form  w as found in all tissues and is the on ly  isoform  in
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x jto ?  ก/นÂm am m alian k idney. The m ore s lo w ly  m igrating oc + form , w hich  is more 
sensitive  to ouabain , w as found in brain tissu e (S w ea d n er ,l9 7 9 ). Later on , it 
becam e clear that the ex isten ce  o f  doublets on SD S g e ls  is not su fficien t to 
indicate the presence o f  m ore than one isoform . In fact, heating conditions o f  
SD S treated isoform  preparations m ay lead to form ation o f  subunits m igrating  
as a d ou b let(S w ead n er, 1990), or even  produce m ultiple bands corresponding  
to conform ational "pseudoisozym es". N everth eless, clear ev id en ce for the 
existen ce  o f  isoform s o f  the N a -K -A T P a se  w as provided by the finding o f  
distinct gen es en cod in g three rat ot subunit , w hich according to m odem  
nom enclature are designated as OCi, 0 C2, and 0 C3(S h u ll, Schw artz and 
L ingrel., 1985). The OCl subunit is encoded  as the largest polypeptide with  
1021-1023 am ino acids and corresponds to the ou ab a in -in sen sitive  kidney  
form  earilier marked as ot. The polypeptides o f  1017-1020 am ino acids 
correspond to the OC2 or 0 C+ isoform  with higher affinity for ouabain  
though a larger apparent m olecular m ass o f  this isoform  has been determ ined  
on the basis o f  its electrophoretical m ob ility(S w ead n er, 1990). T he am ount o f  
0 C2 isoform  is h igh in skeletal and heart m u scle, adipose tissue and stom ach. 
The 0 C3 isoform  con sistin g  o f  1010-1013 am ino acids is predom inantly  
expressed  in brain(Specht, 1988), but w as also found in other vertebrate and 
hum an tissu e (L in g re l,l9 9 2 ). A m ong the sam e isoform s o f  different sp ecies  
h om ology  is very h igh (m ore than 90°/o  o f  identity) w h ile  the degree o f  
identity b etw een  different isoform s o f  the sam e specious is on ly  about 87°/o  

(S w ead n er, 1989).
Sen sitiv ity  towards cardiac g ly co sid es for a g iven  tissue is h igher for 

OC2 and OC3 isoform s com pared to the OCl isoform s. H ow ever, pronounced  
variation o f  ouabain sensitivity  have been dem onstrated for the sam e  
isoform s o f  different tissues or sp ec ies(S k o u  and E sm m an., 1992). T herefore, 
this parameter can hardly be used for an absolute defin ition  o f  the isoform s.
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Present identification  o f  isoform  is based predom inantly on the com parison o f  
the am ino avid sequence o f  the N -term in u s. The degree o f  variability in this 
range is h igher b etw een  isoform s o f  the sam e sp ecies than for the sam e 
isoform s o f  different sp ecies that are evolutionary d istant(Shu ll, Greeb and 
L ingrel., 1986., Sw eadner, 1989). For exam ple in the ch icken  N a -K -A T P a se  
the am ino acid residues that are b elieved  to be iso fo rm -sp ec ific  are located  
predom inantly at the N -term in a l end and m ostly  include charged residues 
(T ak eyasu , L em as and Fam brough., 1990). The boundary am ino acids o f  the 
first ectodom ain  im plicated in ouabain binding are also considered  to be 
iso fo rm -sp ec ific  attributes.

In contrast to the h ighly  g lycosy la ted  (3 subunit, the oc subunit is 
not recogn ized  as a glycoprotein . Indeed, it has been dem onstrated that the 
OC subunit can be g lycosy la ted  with carbohydrate chains facing the 
cytop lasm (P ed em on te , Sachs and K aplan., 1990). In a m ore recent report 
(P ed em on te and K aplan., 1992), it has been show n that on ly  a sin g le  
N -a ce ty lg lu co sa m in e  is the N -lin k e d  carbohydrate m oiety  attached to the oc 
subunit o f  the sodium  pump.

F u n ction a l d om ain s o f  the N a -K -A T P a se

A. R ecep to r fo r cardiac glycosides

T he N a -K -A T P a se  is the receptor for the cardiac g ly co s id e  c lass o f  
com pounds w hich  are used in the treatment o f  co n g estiv e  heart failure and 
certain arrhythm ias. The en zym e, o f  course, is inhibited by this c la ss o f  
drugs in all tissues and, w h ile  an understanding o f  the ligand receptor  
interaction m ay be helpful in d evelop in g  better drugs, it is a lso  lik ely  to



1 6

Fig. 4 Structure o f ouabain
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provide an im portant approach for exploring structure-function relationships, 
the cardiac g ly co sid e  m ost often  used in the laboratory is ouabain , a 
pow erful inhibitor o f  the en zym e w hich is a lso readily so lu b ilized  in water. 
O uabain, as w ell as other naturally occurring cardiac g ly co s id es , is com posed  
o f  a lactone ring, a hydrophobic steroid m oiety , and a sugar. The structure o f  
ouabain is show n in Figure 4. B ecau se ce lls  require N a -K -A T P a se  for 
survival, se lection  procedures can be used to identify  alternations in the 
enzym e w hich  prevent its interaction with ouabain or other inhibitors o f  this 
class o f  drugs. T his approach w as used initially to determ ine the structural 
d ifferences responsib le for the differential ouabain sensitiv ity  exhib ited  by 
naturally occurring resistant and sen sitive  iso form s(P rice, 1988). The rat and 
the m ouse express both high and low  affinity isoform s o f  the subunit. The 
I50  for the low  affin ity  OCi isoform  is approxim ately 1000 - fo ld  greater than 
the I50  for the high affinity 0 t2 and 0 C3 isoform s. W hen the o ti subunit o f  
rat, that is , the low  affinity form , is introduced into an exp ression  o f  the 
isoform  confers resistance to 1 (IM  ouabain. H eLa ce lls  are o f  hum an origin  
and therefore express a sen sitive  o ti isoform . W ithout the exp ression  o f  the 
transfected cD N A , H eL a ce lls  are k illed  by this concentration o f  inhibitor.
T he identity o f  the am ino acids responsib le for the differential sensitiv ity  
betw een  the sen sitive  and in sen sitive  isoform s w as determ ined by preparing 
chim eras b etw een  the insensitive  rat OCi isoform  and the sen sitive  sheep oc 
isoform . T he chim era containing the N -term in a l half o f  the resistant rat oti 
isoform , and the C -term inal half o f  the sensitive isoform  did not confer the 
resistance w hen expressed  in sensitive  ce lls . B ased  on this find ings it w as 
concluded  that the determ inants o f  differential sensitiv ity  reside in the N -  
term inal h a lf o f  the m olecu le . This half contains the first tw o extracellular  
regions and these are considered targets for ouabain b ind in gs, as it is know n  
that this class o f  drugs binds to the outside o f  the ce ll. Interestingly, the



1 8

am ino acid sequence o f  the second  extracellular dom ain is identical betw een  
the sen sitive  and insen sitive  isoform s, and therefore cannot be responsible for 
the differential sensitiv ity . The first extracellular region , h ow ever, contains  
four am ino acid d ifferences. W hen these residues in the sen sitive  sheep OCi 
isoform  w ere changed  to those found in the resistant rat o ti isoform , the 
resulting en zym e is able to confer ouabain resistance to H eL a ce lls  and 
exhibits an affin ity  for ouabain identical to that o f  the rat o ti isoform (that is, 
the affin ity  for ouabain w as reduced 1 0 0 0 -fo ld ). T hese four am ino acids 
w ere then substituted singly  and in various com binations to determ ine  
w hether all o f  a subset o f  residues is responsib le. The double substitution  
G l n i l l  to Arg and A sn l2 2  to A sp  w as necessary and su ffic ien t to low er the 
sensitiv ity  o f  the ship o ti subunit to that o f  the resistant rat o ti subunit.
T hese tw o am ino acids are located at the border o f  the H 1- H 2 extracellular  
dom ain and are depicted  by bold arrows at am ino acid p osition s 111 and 122. 
The Bufo marinus toad and the m onarch butterfly(D anaus p lex ippu s )  also  
express a ouabain insensitive  N a -K -A T P a se . Interestingly, the en zym es from  
these organism s contain a charged residue at only one o f  the border 
p osition s, not both, as in the resistant rat CXi isoform (Jaisser, C anessa, 
H orisberger and R ossier ., 1992., H olzinger, Frick and W ink ., 1 992 ) .
U tiliz in g  the sam e transfection assay , sp ecific  m utations w ere introduced into 
other regions o f  the oc subunit and the alterted en zym es w ere tested for their 
ability to confer resistance w hen expressed  in otherw ise sen sitive  H eL a ce lls . 
Initial studies exam ined  additional am ino acids in the first extracellular  
region. Substitution o f  one am ino acid in this region , aspartic a c id l2 l ,  y ield  
an en zym e able to confer resistance, although, not to the sam e degree as the 
rat OCi isoform . M utations in the second  extracellular region , h ow ever, failed  
to y ie ld  resistant co lo n ies. T hese and other substitutions w h ich  fa iled  to 
confer resistance are show n in Figure 4 and are depicted  by sm all arrows.
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Transm em brane am ino acids containing side chains capable o f  participating in 
hydrogen bonding w ere a lso substituted. E nzym e containing alanine at 
cystein e l0 4 (S ch u lth e is , 1993) and tyrosinelO S in the first transm em brane 
region are able to confer resistance to ouabain. W hile it is unknow n at this 
tim e w hether am ino acids in other parts o f  the m olecu le  contribute to 
ouabain. W hile it is unknow n at this tim e whether am ino acids in other parts 
o f  the m olecu le  contribute to ouabain sen sitiv ity , it is clear that residues in 
the first extracellular region and the first transm em brane region are involved . 
This finding su ggests that this region m ay represent a binding site for 
ouabain. It is a lso  p ossib le  that the binding site is located e lsew h ere in the 
m olecu le  and that substitutions in the first transm em brane and extracellular  
region in flu en ce ouabain binding through indirect e ffects  or changes in 
conform ation.

B. C ation b inding sites

T he am ino acid residues in vo lved  in the binding and transport o f  
cations have not been  identified . The overall enzym atic m echanism  o f  N a - K -  
A T Pase is depicted  in sim plified  form  in Figure 2. It is en v ision ed  that N a + 
binding sites exp osed  to the cytop lasm ic surface bind three N a + ion s, 
perm itting the phosphorylation o f  the en zym e. Phosphorylation triggers a 
conform ational transition from an E l form o f  the en zym e to an E2 
interm ediate exp osin g  N a + binding sites to the exterior surface w here they are 
released. Potassium  ions then bind to their respective sites on the outside o f  
the ce ll. T he sites for potassium  m ay or m ay not be d istinct from  those  
binding sodium . T he binding o f  K + stim ulates the dephosphorylation  o f  the 
en zym e, and fo llo w in g  dephosphorylation , another m ajor conform ational shift 
occur (E 2  to E l ) ,  exp osin g  K + sites to the inside o f  the c e ll, w here the K
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ions are liberated. It has been proposed that negatively  charged am ino acids 
m ay be an integral part o f  the cation binding sites, as these residues w ould  
be exp ected  to neutralize the p ositive  charge o f  the cation. Furtherm ore, these  
n egatively  charged residues are thought to be located w ithin m em brane- 
spanning regions o f  the en zym e. In theory this should low er the activation  
energy required to m ove cations across the hydrophobic environm ent o f  the 
plasm a m em brane.

C hem ical m od ifica tion /p rotease  d igestion  stud ies(K arlish ,
G oldsh leger and Stein ., 1990., G oldshleger, et ฟ ., 1992., C apasso, et a l.,
1992) along with the high degree o f  conservation o f  E955 and E956 am ong  
isoform s and sp ec ies, suggest the in volvem en t o f  glutam ic acids at positions  
955 and 956 in cation b in d in g(L in grel, et a l., 1990). In the current studies, 
each o f  these residues w as converted to aspartic acid and g lu tam in e(V an  
H u ysse , Jew ell and L ingrel., 1993). T hese substitutions w ere introduced into 
a cD N A  en cod in g the rat CXi isoform , w hich is relatively resistant to ouabain  
(th is  isoform  is approxim ately 10 0 0 -fo ld  m ore than the hum an o ti en zym e, 
and thus has the ability to confer ouabain resistance w hen expressed  in 
sen sitive  c e lls ) .  If the am ino acid in question  is required for cation transport, 
the subunit carrying a substitution at the sam e position  should  not be active  
and should  therefore lack the ability to confer ouabain resistance to sensitive  
ce lls . On the other hand if  the substitution does not a ffect activity  o f  the 
subunit, it w ill confer resistance and co lon ies should be observed  in the 
presence o f  ouabain. Interestingly, substitutions at either o f  these positions  
(E 955 or E 956) confer resistance as co lo n ies are obtained in the presence o f  
the drug. The num ber o f  co lo n ies obtained in transfections w ith all mutant 
cD N A  w as sim ilar to the num ber obtained with the unaltered rat OCi cD N A  
indicating that the encoded  substitutions have little or no e ffec t on the 
enzym atic activity o f  the expressed  en zy m e(F ig . ธ). W hen the expressed



21

en zym e w as iso lated  and analyzed for N a + and K + dependence o f  A T Pase 
activ ity , on ly  a m odest alternation in apparent N a + and K + affin ities w as 
observed . On this basis, it is reasoned that these tw o am ino acids are not 
absolutely  required for function and are unlikely to be integral com ponents o f  
the cation binding site. The other n egatively  charged transm em brane am ino  
acid residues still represent potential cation binding sites and are presently  
being tested for their role in m aintaining overall N a -K -A T P a se .

c .  A T P  binding p o ck et

The m ain strategy for elucidation o f  the A T P binding pocket w as 
based on using spectroscop ic probes and chem ical m odification . The fact that 
A T P prevents inactivation o f  enzym atic activity o f  fluorescent labeled  N a - K -  
A T P ase w as interpreted as an indication that the m odified  residues form  the 
A T P -b in d in g  site. The labeled  residues w ere identified  by seq uencing  o f  the 
peptide fragm ents containing the label. In Torpedo  electroplax, seven  am ino  
acid residues A sp -3 7 6 , L y s-4 8 7 , L y s-5 0 7 , C y s-6 6 3 , A sp -7 1 6 , A sp -7 2 0  and 
L y s-7 2 5  are suggested  to participate in the form ation o f  the A T P binding  
p ock et(P ed em on te  and K aplan., 1990). A sp -7 1 6  and A sp -7 2 0  are the residues  
se lectiv e ly  labeled  w ith the A T P derivative y - ( 4 - N - 2 - c h lo r o e t h y l - N -  
m eth y la m in o )b en zy la m id e-A T P  ( C lR - A T P ) ,  C y s-6 6 3  and L y s-7 2 5  by an 
affinity analog o f  adenosine p -(flu o r o su lfo n y l b en zoy lad en osin e) (F S B A )  
(O hta, N agano and Y osh id a ., 1986), L y s-5 0 7  is the binding site labeled  by  
flu o resce in -iso th io cy a n a te  (F IT C )(F a r ley , et a l., 1984) and a ls0  by N - ( 2 -  
n itr o -4 -iso th io p h e n y l)- im id a z o le  (N IP I )(E llis -D a v ie s  and K aplan., 1992) 
and by 4 -a c e ta m id o -4 '-iso th io cy a n a to stilb en e -2 , 2 '-d isu lfo n ic  acid  S IT S ) 
(P ed em on te, et a l., 1992). T w o other residues L y s-4 8 7  and L y s-7 7 3  w ere  
also reported to be labeled  by FITC in an A T P -p rotectab le  w a y (X u , 1989)



suggesting  that three L ys residues are clustered around the binding site o f  
FITC. R ecent investigation , h ow ever, dem onstrated that 5 '-d ip h o sp h o -5 '-  
adenosine A P 2PL and pyridoxal phosp hate(H in z and K irley, 1990) labeled  
on ly  L y s-4 8 7 . Therefore, it w as suggested  that this ly sin e  participates in the 
form ation o f  the putative A T P -b in d in g  dom ain, and p ossib ly  is in c lo se  
proxim ity to the phosphorylation site A sp -3 7 6  and a lso  to the generally  
accepted  F IT C -b in d in g  site L y s-5 0 7 .

S h o r t-term  regu lation  o f  N a -K -A T P a se  activ ity

2 2

Short-term  regulation o f  activity has been traditionally v iew ed  
m ainly as secondary to changes in intracellular sodium , w h ich  a lon e am ong  
its primary reactants is ra te-lim itin g  for pum p in intact ce lls(J o rg en sen , 
1986). T his rate o f  pum ping is exactly  balanced by the p assive  entry o f  N a+ 
and the lo ss  o f  K +. W hen the N a -K -A T P a se  w ere partially inhibited by  
reducing the concentration o f  external K +, the rate o f  pum ping no longer  
balanced the p assive  leak, and the ce lls  began to rise, h ow ever, it stim ulated  
the pum ps, resulting in a slight increase in the rate o f  transport. T his 
stim ulatory e ffec t o f  N a+on the pum p rate partially counterbalanced the 
accum ulation o f  N a+ via  the p assive  leak and w ould  even tu ally  estab lish  a 
new  steady state. C onsideration o f  the short-term  response illustrates a key  
factor in  the m o m en t-to -m o m en t control o f  the N a -K -A T P a se . T he rate o f  
N a -K -A T P a se  by the pum p depends on the intracellular N a + concentration, 
w h ich , in turn, is  a com p lex  function o f  the num ber o f  pum ps and the 
passive perm eability o f  the m em brane. A lthough the num ber o f  functional 
pum ps m ay be reduced sligh tly , say by partial inhibition  w ith  ouabain , the 
total rate o f  p u m p -m ed iated  transport w ill not change appreciably. B ecause  
o f  the increase in intracellular N a + concentration, each  o f  the rem aining
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pum ps w ill operate at a faster rate. Indeed, the binding o f  the first to its 
internal site on  the pum p facilitates the binding o f  the secon d  and the third. 
W ith this coop erativ ity , a slight increase in intracellular N a + concentration  
can produce a sign ificant increase in pum ping rate. A s a co n seq u en ce , any 
increase in the perm eability o f  the m em brane to w ill stim ulate p u m p -  
m ediated transport w ith a m inim al increase in the intracellular concentration  
o f  that ion . C onsiderable inform ation has now  em erged , h o w ev er , suggesting  
that, in addition to fluctuations in intracellular sodium  concentration , and 
structural intracellular netw orks and that this regulation is  ce ll sp ec ific  and 
has p h y sio lo g ica l relevance.

Transporting ep ithelia , particularly the renal tubule, are rich in N a -  
K -A T P a se , and its regulation is critically im portant both to the 
countertransport o f  sodium  and potassium  at the basolateral m em brane and to 
the translocation o f  several so lutes cotransported w ith sod ium  across the 
apical m em brane o f  tubule ce lls (D o u c e t, 1988). T he m am m alian nephron is 
high ly  h eterogen eou s, and so is the distribution o f  N a -K -A T P a s e  and its 
regulation a long its longitudinal a x is(K atz , 1982). C ontrol o f  N a -K -A T P a se  
activity  varies according to the sp ecific  function o f  each nephron segm ent 
and the loca liza tion  o f  sp ecific  horm one receptors therein, as illustrated in the 
fo llo w in g  se lected  exam ples:

D opam ine  E n d ogen ou s dopam ine ( o f  renal or ig in ) is an im portant intrarenal 
natriuretic factor that acts in paracrine a n d /o r  autocrine fash ion  to m odulate  
tubular sod ium  transport, thereby contributing to the regulation  o f  final 
sodium  excretion  and body sodium  h om eostasis(F eld er , et a l., 1989 .). That 
its action  is on  the tubule is suggested  by observations that enhanced  sodium  
excretion can occur w ithout detectable changes in renal h em od yn am ics. The 
cellular m echanism s in vo lved  in the action  o f  dopam ine at the tubular level
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include inhibition  o f  N a -K -A T P a se (A p e r ia , Bertorello and Seri., 1987) and 
N a /H  exch an ger a ctiv ity (G esek  and Sçhoolw erth ., 1990).
N orepinephrine  N orepinephrine and other OC-adrenergic agonists J ia v e  an 
effect op p osite  to that o f  dopam ine, stim ulate N a -K -A T P a se  activ ity (A p eria , 
et ah, 1992), e sp ec ia lly  in the proxim al convolu ted  tubule. It is lik e ly  that 
the final sod ium  excretion  (a s  far as catecholam ine are con cern ed ) represents 
a balance b etw een  the dopam inergic and ot-adrenergic on  transporter function  
in renal tubules(IB arra, et ฟ ., 1993).
E ndothelin  E ndothelin , a peptide synthesized  by vascular en dothelia l c e lls , is 
a potent vasoconstrictor agent. Its action on the renal tubule, w h ich  can result 
in natriuresis, appears to be located  both in the proxim al tubule and in the 
m edullary co llec tin g  d u ct(IM C D ) and to in vo lve , at least in part, inhibition  
o f  N a -K -A T P a s e  activ ity(G arvin  and Sundus, 1991). A lthough several 
intracellular m echanism s fo llo w in g  m em brane receptor activation by  
endothelin  h ave been  described in various tissues, its e ffect on renal N a - K -  
A T P ase has b een  attributed to stim ulation o f  prostaglandin E 2 (P G E 2 
syn th esis).
P ara th yro id  h orm on e  Parathyroid horm one (P T H ) inhibit sod ium  transport 
in the proxim al tubule. A lthough  this e ffect could  be secondary to inhibition  
o f  the apical sod iu m -p roton  exchanger, it has been recently reported that 
PTH also  d ecreases N a -K -A T P a s e  activity(G arvin  and Sundus, 1 9 9 l) .  
C ytokin es  Produced by the im m une system  and other tissu es, cy tok in es  
regulate resp on se in lym p h ocytes (e .g .  activation o f  ch em o ta x is), as w e ll as 
diverse fun ction s in other tissu es, including PLA 2 activation and increased  
transcription o f  c y c lo o x y g en a se  m R N A  in endothelial and sm ooth  m u scle  
cells(H ajjar and Pom erantz, 1992). In the kidney in terleuk in-1  is natriuretic 
w hen g iven  in travenously , and it m odulates sodium  excretion  w ithout changes
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in renal h em o d y n a m ics(B ea sley , D iarello  and Cannon, 1988), largely by  
inhibiting its reabsoiption in  the co llectin g  duct(K ohan, M erli and S im on , 
1989). Inhibition o f  N a -K -A T P a se  activity by interleukin-1 has been  
dem onstrated in IM C D  c e lls , and this e ffect has been im plicated  in part in  
the natriuretic action  o f  in ter leu k in -1 in the co llectin g  duct.

L on g term  regu la tion  o f  N a -K -A T P a se .

A s e ffec tiv e  as short-term  regulation m ight be in lim iting the 
accum ulation o f  N a + in response to lo w - K + treatment, it could  not account 
for the partial recovery o f  the intracellular concentration o f  N a +. It w as  
recogn ized  that this recovery w as m ediated by a lo n g -term  regulatory  
response: an increase in the num ber o f  functional N a -K -A T P a se . I f  the total 
num ber o f  pum ps w as increased, the overall rate o f  pum ping w ou ld  be  
su fficien t to reverse the accum ulation o f  N a+, despite the continued partial 
inhibition o f  the pum ps by the low  external concentration o f  K +. I f  that 
inhibition w as suddenly rele ived  by the addition o f  K + to the m edium , the 
rate o f  pum ping m ight be exp ected  to greater than norm al. A lthough  several 
attempts w ere m ade to test this prediction, the rates o f  N a + extrusion w ere  
m uch too fast to m easure reliably. O f course, the rapid ex it o f  N a+ cou ld  
only be sustained for the few  m om ents required to reduce the intracellular 
N a+ concentration.

R ecen t ev id en ce  su ggests that regulators show n to have short-term  
effects on  N a -K -A T P a s e  activ ity  m ay also in fluence the total poo l s ize  o f  
N a -K -A T P a se  m olecu les. For exam p le, B aines et a i .( l9 9 2 )  estab lished  that 
inhibition o f  dopam ine production in anim als on a h ig h -sa lt  sign ifican tly  
increased proxim al tubule N a -K -A T P a se  activity and CXI subunits abundance



Factors that in fluence the num ber o f  pum ps in the m em brane are 
listed in the fo llo w in g  topics:

S tero ids

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

r e d u c e s d  N a - K - A T P a s e  a c t i v i t y  b y  d e c r e a s i n g  t h e  n u m b e r  o f  N a - K - A T P a s e

CCI s u b u n i t s .

G lucocortico ids adm inistration to adrenalectom ized rats have been  
show n to restore N a -K -A T P a se  activity  in the liver(M in er et al., 1980) the 
subm andibular g lan d s(B a to lo m ei et al., 1983), and the cardiac m u sc le (K le in  
et al., 1984). K lein  et al.(  1984) dem onstrated that corticosterone increased  
cardiac N a -K -A T P a se  activity  w hen adm inistered in m ultip le d o ses , a single  
d ose , and d ifferent d osages. T he possib ility  that enhancem ent o f  m yocardial 
N a -K -A T P a se  activ ity  by corticosterone is m ediated by early ch an ges in 
intracellular N a + and K+ w as investigated . T he results dem onstrated that the 
increase in N a -K -A T P a se  activ ity  preceed the changes in intracellular N a + 
and K . In addition, corticosterone did not change the transition tem perature 
and activation  energy o f  the reaction in m yocardial N a -K -A T P a se . This  
im plies that corticosterone d oes not act by altering the lip id  m atrix in the 
m icroenvironm ent o f  the N a -K -A T P a se  system . C orticosterone a lso  increases 
renal N a -K -A T P a se  (R od rigu ez, S inha and Starling., 1981), renal b lood  
flo w , and glom erular filtration rate (K leem an , L ev i and B etter., 1975). The 
elevated  N a -K -A T P a s e  activ ity  in the kidney cou ld  be due to the enhanced  
glom erular filtration rate and filtered sodium  load. O ne possd ib ility  w as that 
a change in net N a + reabsorption cou ld  m ediate the change in N a -K -A T P a se  
activity on treatm ent w ith g lu cocortico id s. T he results indicated that the 
corticosterone restores renal N a -K -A T P a se  activity in adrenalectom ized  rats
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prior to any enhanced sodium  delivery (K le in  and L o , 1992). U sin g  the 
m o n o sp ec ific  p o lyclon a l antibodies o f  the rat oc and (3 renal N a -K -A T P a se  
subunits, it w as dem onstrated that after adrenalectom y, N a -K -A T P a se  ot  
and (3 subunit lev e ls  decreased 48% and 52% (p <  0 .0 5 ), resp ectively , below  
th ose found in control anim als. A fter adrenalectom y, m R N A  oc and (3 
subunit lev e ls  w ere reduced 61% and 64%, resp ectively , b elow  control.
W ithin 1 hour o f  corticosterone adm inistration, m R N A  returned to control 
v a lu es(K le in  and L o, 1992). It w as concluded  that corticosterone restores 
N a -K -A T P a se  activity  in adrenalectom ized rats by acting at the lev e l o f  
renal tubular epithelial c e lls , prior to any enhanced sodium  d elivery , to 
increase the lev e ls  o f  the N a -K -A T P a se  subunits, at least in part, though  
increased  m R N A  con ten t(K lein  and L o, 1992).

T h yro id  horm ones

T hyroid horm ones increase the activity o f  N a -K -A T P a se  in various 
tissues from  hypothyroid and euthyroid rats, resp ectively , including sm all 
in testine(L iberm an, A san o , and L o ., 1979), skeletal m u sc le (A sa n o , Liberm an, 
and E delm an ., 1976), cardiac m u scle(P h ilip son  and E delm an., 1977) and 
k id n ey (L o , A ugust and L iberm an., 1976). B ecau se hypothyroid ism  results in 
a decrease in glom erular filtration rate(G F R ) and in renal p lasm a flo w (R P F )  
in the rats, Katz and L in d h eim er(l9 7 3 ) suggested  that decreased  tubular 
sodium  transport is a major determ inant o f  the reduction in N a -K -A T P a se  
activ ity  in the th yro id -d efic ien t rat. A  change in net N a + reabsorption m ay  
m ediate the change in N a -K -A T P a se  activity on treatm ent w ith T 3. T o test 
this p ossib ility , experim ents w ere carried out to com pare the tim e course o f  
the changes in G FR , filtered N a + load, and cortical N a -K -A T P a s e  after 
adm inistration o f  a sin g le  d ose o f  Tg (5 0  JLtg/1 0 0  g body w e ig h t). T he cortex
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sh ow ed  an increase in at 24 hours and progressive increases to a peak o f  
62% at 48 hours. GFR and filtered N a + load show ed  no ch an ges at 24 and 48 
hours. A t 72 hours, how ever, sign ificant increases o f  62% and 63<#>(per rat) 
w ere observed  in G FR and filtered N a + load, r e sp e c tiv e ly (L o ,l9 7 9 ). In 
addition, clearance o f  P A H (C pah)  and sodium  reabsorption(R Na)  sh ow ed  no 
changes at 24 and 48 hours. At 72 hours, how ever, sign ificant increases o f  
41% and 42%  (p er  g k idney w et w t) w ere observed in CpAH and R N3, 
r e s p e c t iv e ly (L o ,l9 8 l) .  The results show  that the early increase in N a - K -  
A T Pase activity  upon Tg treatment precedes the increase in G FR , filtered  
N a load , CpAH and R Na su ggestin g  a direct effect o f  Tg on the regulating o f  
N a -K -A T P a se  activ ity  in the hypothyroid rat kidney cortex , rather than a 
secondary response to a primary increase in filtered N a + lo a d (L o ,l9 7 9 ) .

B ecau se N a -K -A T P a se  activity is increased sign ificantly  in the 
transition from the hypothyroid to the euthyroid and hyperthyroid states in a 
variety o f  tissu es, including rat subm andibular g lan d (E n g  and L o ., 1987).
The enhancem ent o f  N a -K -A T P a se  activity and energy consum ption  coupled  
to active N a, K transport both correlate w ell with the lev e l o f  T 3 
occupaaaancy o f  sp ecific  nuclear binding sites.T 3 -in d u ced  enhancem ent o f  
N a -K -A T P a se  results from  an increase in the num ber o f  en zym e sites rather 
than a stim ulation o f  p re -ex istin g  un its(K im  and Sm ith ., 1984). M oreover, 
the stim ulation o f  N a -K -A T P a se  activity occurs in the absence o f  a change  
in either the affinity o f  the en zym e for A T P, N a +, and K +, or in the energy  
o f  activation o f  N a -K -A T P a se (A sa n o , Liberm an, and E delm an., 1976., 
P hilipson  and E delm an., 1977). It has also been show n that T 3 increases the 
abundance o f  N a -K -A T P a se  in the renal cortex by stim ulating the rate o f  
synthesis o f  both ot and (3 subunits w h ile  their degradation rates rem ained  
unaltered(L o and E delm an., 1976). The enhanced b iosyn th esis o f  N a - K -  
A T Pase in the renal cortex w as found to be associated  w ith increased in vitro
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translational activ ity  o f  m R N A  directing the synthesis o f  the OC-subunits o f  
the p u m p (E d elm an , P ressley  and H iatt., 1984). T hese data su ggest that 
thyroid horm one stim ulation o f  N a -K -A T P a se  activity results from  an 
increase in the num ber o f  N a , K -p u m p  sites-m ed ia ted  at the pretranslational 
lev e l rather than a m odification  o f  preexisting sites.

Insulin

Insulin  enhances pum p activity in adipose tissue and skeleta l m uscle. 
The m ech an ism  appears to in vo lve  either an unm asking o f  latent pum p sites or 
an increase in the turnover rate o f  the pum p rather than the syn th esis o f  new  
pum p units. T his action  o f  insulin  m ay underlie the ability o f  this horm one to 
shift K from  the intracellular com partm ent, an important com p on en t o f  
nonrenal K  h om eostasis.

C ircu lating in h ib itors
C irculating factors that m ay affect electro lyte balance by  

inhibiting the N a , K  pum p have been postulated to play a role in 
hypertension. Such  inhibitors have been referred to as one o f  potential 
factors in regulating N a  excretion  by the kidney.

E rythrocytes have been w idely  used as a ce ll m od el for  
dem onstrating d efect o f  the en zym e in human because the ce lls  are easily  
obtained and the m ethods for analysis are sim ple and not in v a siv e . T he  
num ber o f  N a ,K  pum p can be determ ined by evaluating sp ec ific  binding  
o f  [3H] ouabain  to the ce lls  and activity o f  N a -K -A T P a se  in  erythrocyte  
m em branes as can be by m easuring ou ab a in -sen sitive  K + -d ep en d en t



generation o f  inorganic p h osp h oru s(P i) after hydrolysis o f  A T P or by 
m easuring the rate o f  N a + or K + transport ce ll m em branes. Schm alzing et 
al, 1981 and D elu ise  et al, 1985 have dem onstrated a constancy  o f  
ou ab ain -b in d in g  capacity o f  erythrocyte m em branes in an individual. 
D ecreased  num ber o f  ou ab ain -b in d in g s ite (O B S ) indicates reduction o f  
the N a ,K  pum p unit and, consequently , correlates w ith decreased N a - K -  
A T Pase activity or increased intracellular sodium  concentration [C heng et 
al., 1984]. A bnorm alities in num ber and activity o f  N a ,K  pum p on 
erythrocyte have been reported in various d iseases [table 1]



T a b le  1 T h e  c h a n g e  o f  e r y th r o c y te  N a -K -A T P a s e  s ta tu s  w ith  v a r io u s
d ise a se s

D isea ses  Erythrocyte N a - K -  R N a R eferen ces
A ctiv ity  A TPase  

number
1. H ypertension D D I R ashm an et al, 1986 

Q uintanilla et al, 1988.
2 . H yperthyroidism D D I D elu ise , F lier, 1983, 

D asm ahapatra et al, 1989
3. Chronic renal 

failure
D D I C heng et al, 1984, 

Kaji, T hom as, 1987.
4. ID D M  and N ID D M D D — Finotti, Palatin i, 1986, 

B aldini et al, 1989.
5. H ypothyroidism I I D Dasm ahapatra et al, 1989 

D elu ise , F lier, 1983.
6 . K warshiorkor I I — N arayanareddy, K aplay, 

1982
7. M yoton ic dystrophy I I - M ishra et al, 1980.
8 . S ick le  c e ll anem ia I I I Luthra, S ecirs, 1982, 

Izum o et al, 1987.
9. H ypokalem ia I I D R ubyton, M organ, 1983, 

Cum berbatch, M organ, 
1983

D  = d ecreased , I = increased , - = no data available



3 2

P h ysio logy  o f'ex erc ise

M eta b o lism -P ro d u ctio n  o f  en ergy fo r  w ork

Energy  is defined as the ability or capacity to perform  w ork, 
w hereas w ork  is defined  as the application o f  a force through a distance. 
For exam p le , lifting the book  from  the d esk  to the b o o k sh elf w ill 
constitute a certain am ount o f  w ork requring a certain am ount o f  energy. 
Energy and work are inseparable.

The im m edia te  energy sou rce- A T P

T he hum an eat food  for energy. H ow ever, the im m ediate energy* •■1>

needed at rest or to perform w ork does not com e directly from  the food  
w e eat, but rather, from  a chem ical com pound called  adenosine  
triphosphate, or m ore sim p ly , A TP. A T P is stored in various quantities in 
m ost liv in g  c e lls , particularly in m u scle  ce lls . A s its nam e im p lies, the 
structure o f  A T P consists o f  a com p lex  com ponent ca lled  ad en osin e  and 
three sim pler com ponent ca lled  phosphate groups. W hen A T P is  
ch em ica lly  broken dow n, betw een  7 and 12 k ilo ca lo r ies(k ca l) o f  energy  
are liberated. C h em ically , this can be represented as:

ATP<-------------> A D P  + Energy
This energy b ecom es im m ediately  available to support any w ork required  
by the c e ll, such as m uscular contraction. In other w ords, the body's 
im m ediately  usefu l supply o f  energy is that W'hich is released  w hen  A TP  
is chem ically  broken dow n.



The principle of coupled reactions

The arrow pointing to the left in the above chem ical equation  
indicates that energy from  another source is required in order to 
resynthesize A T P. The energy for resynthesizing A T P com es from  three 
different series o f  chem ical reactions that also  take p lace w ithin the body. 
The energy released  from  any one o f  these sen es  o f  reactions, such as 
from the breakdow n o f  the food  w e eat, is coup led  with the energy needs 
o f  the reaction that resynthesizes A TP. In other w ords, the tw o series o f  
reactions are functionally  linked together such that the energy released  by 
the one is a lw ays used  by the other. B io ch em ica lly , this is referred to as 
coupled  reactions and is the fundam ental principle in vo lved  in the 
m etabolic production o f  ATP.

M etabolic produ ction  o f  A T P

A s just m entioned , the energy needed for A T P resynthesis com es  
from three different series o f  reactions. A lthough all three series o f  
reactions take p lace w ithin the ce ll, tw o o f  them  do not require the 
presence o f  o x y g en  and are thus anaerobic. The third series o f  reactions 
can operate on ly  under aerobic cond itions, i .e ., in the presence o f  
o xygen . D uring exerc ise , both anaerobic and aerobic series o f  reactions 
are im portant sources o f  A T P energy.

O ne o f  the anaerobic series o f  reactions is referred to the 
phosphagen system , and the other is term ed anaerobic g lyco lysis . The  
aerobic source is referred to as oxidative phosphorylation.



The Phosphagen system

P h osp h ocreatin e(P C ) is a chem ical substance c lo se ly  related to 
A TP. L ike A T P , PC is also  stored in m uscle ce lls , and w hen it is 
ch em ica lly  broken d ow n , a large am ount o f  energy is re leased (at least 12 

k ca l). T he end products o f  this breakdow n are crea tin e(C ) and inorganic  
ph osp h ate(P i). C hem ically:

PG----------- ♦  Pj + c  + Energy
The released  energy, o f  course, is coup led  with the energy requirem ent 
necessary for the resynthesis o f  A TP. In other w ords, as rapidly as A TP  
is broken dow n during m uscular contraction, it is continuously  
resynthesized  from  A D P  and Pi by the energy liberated during the 
breakdow n o f  the stored PC. A gain  on chem ical terms:

PG----------- ►  Pj + c  + Energy
A T P <--------------  A D P  + Rf--------- '

T h e  m u scu lar  stores o f  A T P  and P c (c o l le c t iv e ly  referred  to  
as p h o sp h a g e n s)  are very  sm a ll, o n ly  about 20  m M  per k g  o f  m u sc le .  
F or an a v e r a g e -s iz e  m a le , th is w o u ld  b e  a total b o d y  store o f  about 
0 .6  m o le , and for  an a verage s iz e  fe m a le , about 0 .3  m o le . T h u s , the  
am ou n t o f  en erg y  a v a ila b le  from  th is sy stem  is  q u ite  lim ited . In fact, 
in  a 1 0 0 -m e te r  d a sh , the p h o sp h a g en  stores in  the w o rk in g  m u sc le s  
w o u ld  p rob ab ly  b e  em p ty  b y  the en d  o f  the run. H o w e v e r , the  
u se fu ln e ss  o f  the stored  p h o sp h a g en s  lie s  in  their rapid a v a ila b ility  
(p o w e r )  rather than in  their q u an tity . A lth o u g h  th is is  n o t im portant 
at rest, it is  e x trem ely  im portant w ith  resp ect to  the k in d s o f  p h y sica l
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a c tiv itie s  p erform ed . A c tiv it ie s  su ch  as sp rin tin g , ju m p in g , sw in g in g ,  
k ic k in g , and oth er  sim ilar  m o v e m e n ts  that require o n ly  a fe w  sec o n d s  
to  c o m p le te , are a ll d ep en d en t u p on  the stored  p h o sp h a g en s  for  their  
prim ary en erg y  so u rce . F or e x a m p le , in  sprin ting 100 m eters, it can  
b e  estim a ted  fro m  e n e r g y -c o s t  data that a total o f  o n ly  0 .43  m o le  o f  
A T P  is req u ired , but at an a v erage rate o f  u tiliza tio n  o f  2 .6  m o le s  per  
m in u te . A s  w ill  b e  p o in ted  ou t later, su ch  a p o w er  req u irem en t can  
b e  m et o n ly  b y  the p h o sp h a g en  sy stem .

A n a e r o b ic  g ly c o ly s is

T h e  term  g ly c o ly s is  m ean s to  break d o w n  g ly c o g e n , and , as 
m en tio n ed  earlier , an aerob ic  m ean s w ith o u t o x y g e n . T h u s, as the  
n am e im p lie s , in  an aerob ic  g ly c o ly s is ,  g ly c o g e n  or g lu c o s e  is  b rok en  
d o w n  w ith o u t o x y g e n , and en erg y  is  re lea sed  for  A T P  resy n th es is . 
H o w e v e r , s in c e  o x y g e n  is  not required , g ly c o g e n  can  b e  b rok en  d o w n  
o n ly  p artia lly , w ith  the en d  prod u ct b e in g  lactic  acid . W h en  la c tic  
a c id (L A )  a ccu m u la tes  in  the m u sc le s  and b lo o d  to  v ery  h ig h  le v e ls ,  
tem porary m u scu la r  fa tig u e  resu lts. T h is , o f  co u rse , is  a v ery  d e fin ite  
lim ita tio n  during e x e r c ise .

A n o th er  lim ita tio n  that a lso  stem s from  o x y g e n  n ot b e in g  
required  is  that o n ly  a fe w  m o le s  o f  A T P  can  b e  r e sy n th es ized  from  
g ly c o g e n  during an aerob ic  g ly c o ly s is ,  com p ared  w ith  th e  y ie ld  
p o ss ib le  w h en  o x y g e n  is  p resen t, for  e x a m p le , during an aerob ic  

g ly c o ly s is  o n ly  3 m o le s  o f  A T P  can  b e  resy n th es ized  from  b reak in g  
d ow n  180 gram s o f  g ly c o g e n . A s  w ill  so o n  se e , in  the su ffic ie n t
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o x y g e n , the c o m p le te  b reak d ow n  o f  the sam e am ou n t o f  g ly c o g e n  
y ie ld s  39 m o le s  o f  A T P .

T h e su m m ary eq u a tio n s fo r  A T P  resy n th esis  from  an aerob ic  
g ly c o ly s is  are:

( C 6H 120 6) ท --------------- » 2 C 3H 60 3 + E n ergy  J
( g ly c o g e n )  (L a c tic  a c id )  /

3 A T P --------------- » 3 A D P  + 3Pj
D u rin g  e x e r c ise , the u serfu l A T P  p rod u ction  from  an aerob ic  

g ly c o ly s is  is  actu a lly  le s s  than 3 m o le s  o f  A T P  sh o w n  in  the a b o v e  
eq u a tio n . T h e  reasd on  for  th is is  that during h ea v y  e x e r c ise , the  
m u sc le s  and b lo o d  can  to lerate  the accu m u la tio n  o f  o n ly  about 60 to  
70 gram s o f  la c tic  ac id  b efo re  fa tig u e  se ts  in . I f  all 180 gram s o f  
g ly c o g e n  w ere  b rok en  d o w n  an aero b ica lly  during e x e r c ise , 180 gram s  
o f  la c tic  ac id  w o u ld  b e  form ed . T h erefore , from  a p ractica l v ie w p o in t , 
o n ly  about 1 to  1 .2  m o le s  o f  A T P  can  b e  m anufactured  from  
an aerob ic  g ly c o ly s is  during h ea v y  e x e r c ise  b e fo re  la ctic  a c id  in  b lo o d  
and m u sc le  rea ch es ex h a u stin g  le v e ls .

F lu id  and e lectro ly te  m etab olism  in exercise

In ex erc ise , a series o f  reactions are initiated that serve to convert 
ch em ica lly -b o u n d  energy into m echanical work. In this p rocess, tw o-th ird s o f  
this ch em ica lly -b o u n d  energy w ill be lost as heat, w h ile  no m ore than o n e -  
third can be transform ed into m echanical work. T hus, an o x y g en  uptake o f  3 
liter /m in  w ill be accom panied  by a heat production rate o f  about 14.5 k a l/m in  
(875 k a l/h r ) . D uring exercise , m axim al sw eat rates m ay be as h igh  as 20  to 
25 m l/m in ( l  to 1.5 liter /h r ), thereby providing for a m axim al lo ss o f  heat by
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evaporation o f  12 to 15 k a l/m in  (900  k a l/h r ) . R etention o f  no m ore than 70 
kal m ay increase body temperature by 1 ๐c .  T herefore, this ev id en ce  indicates 
an im portant role o f  the thermal exch an ge system  in exercise: in its absence, 
exercise  w illb e  lim ited  to very short p eriod s(N ad el,1979).

D uring exerc ise , the heat produced w ill flo w  dow n a temperature 
gradient from  m uscle to body core and further to the skin: from  there, heat 
w ill be d issipatedinto the environm ent. The start o f  m uscular exerc ise  is 
fo llo w ed  quick ly  by a rise in body core tem perature, brought about by a high  
rate o f  b lood  flo w  from  m uscle to body core induced by the increased  
requirem ents o f  m u scle  for o xygen . The rise o f  body core tem perature is 
prim arily the result o f  con v ectiv e  heat transfer by b lood  flo w , rather than by 
p asssive  conductance across body tissues. The subsequent d issipation o f  heat 
from  the skin to the environm ent is ach ieved  by conduction , con vection , 
radiation, or evaporation. H ow ever, an increasing environm ental temperature 
w ill reduce the temperature gradient betw een  skin and environm ent. 
C onsequently , heat lo ss by conduction , con vection , or radiation w ill also  
decrease, and dissipation o f  m etabolic heat then hinges on evaporation o f  
sw eat.

T he ability to sw eat is in fluenced  by both physica l tra in ing(G iso lfi 
and R obinson , 1969., P iw onka and R obinson , 1967) and acclim atization  to 
heat(W yndham , 1967). W ithin ten days o f  rigorous training an increase in the 
sw eat rate is noted, and the sw eat produced w ill have low  concentration o f  
sodium  and chloride. If m oderate exercise  training is then continued  to for 
ten m ore days in a hot environm ent, the effects o f  acclim atization  can be 
observed. A cclim atization  causes a decrease in the threshold o f  sw eatin g , but 
there is m inim al effect on the gain o f  the sy stem (N a d el, et a l., 1974). Thus, 
an individual w h o  is both trained and acclim atized  starts to produce sw eat rate 
than before. H e w ill therfore store less heat during exercise .
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Total w ater loss

It fo llo w s , then, that an increasing intensity o f  m echanical work w ill 
be paralleled by an increasing water lo ss from  the body. T his is prim arily the 
result o f  increased sw eat production. W hen trained and acclim atized  athletes 
ran for one hour at room  temperature and at 37-74%  o f  their aerobic capacity, 
m ore than 90% o f  the fluid  lo ss from  the body w as attributable to sw eat. At 
the sam e tim e, urine production w as decreased. M etabolic w ater production  
rose, but it replenished no m ore than 6-10%  o f  water lo sses(P ivarn ik , Leeds 
and W ilkerson ., 1984).

The electro lyte concentrations in sw eat vary: they depend on the state 
o f  the state o f  hydration(H orstm an and H orvath., 1972), physical training, and 
acclim atization  to heat (tab le  2 ) . The sw eat o f  a trained athlete is usually  
h yp oton ic , w ith low  concentrations o f  sodium  and chloride; h ow ever, the 
concentrations o f  potassium , m agnesium  and calcium  essen tia lly  rem ain  
unchanged.

T able 2. E lectro ly te  con cen tration  in sw eat d u rin g  exercise  (m m ol/liter)

Sodium 2 5 -8 0
Chloride 15-70
Potassium 4 -8
C alcium 0 .4 -1 .3
M agnesium 0.2-0.5
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Plasm a volum e in exercise

T here is  no clearcut correlation o f  body water lo ss  and 
subsequent reduction o f  plasm a vo lu m e, and con flictin g  data have been  
reported on the effects o f  exercise  on  plasm a vo lu m e. T h ese d iscrepancies  
m ay be exp la ined  by d ifferences in one o f  the fo llow in g: state o f  
hydration, m od e o f  exercise , duration and intensity o f  ex erc ise , am bient 
tem perature and heat acclim atization , and physical training.

M ode o f  exercise

T here are m any w ays by w hich  different m od es o f  ex erc ise  cou ld  be 
involved: for instance, the changes in vascular vo lu m e fo llo w in g  treadm ill vs a 
b icy c le  ex erc ise  differ. In this respect, it has been found that b icy c le  exercise  
w ill induce anaerobic m etabolism  at a low er leve l o f  m axim al o x y g en  
consum ption  than w ill treadm ill ex erc ise (K o y a l, et a l., 1976). On the other 
hand, endurance athletes such as cross-cou n try  sk iers(A strand and saltin .,
1964) sh ow  little or no reduction o f  b lood  volu m e at the end o f  the contest. 
This occurs desp ite a water lo ss  corressponding to 3-5%  o f  body w eigh t. In 
contrast, b icy c le  exercise  at 50% o f  m axim al O 2 uptake w ill be associated  
w ith a reduction o f  plasm a vo lu m e by 6- 12%; plasm a vo lu m e w ill return to 
b aselin e w ithin  10 to 20  m inutes after cessation  o f  exercise .

H ow ever, at m axim al w ork intensity on  a c y c le  ergom eter, a plasm a  
vo lu m e reduction as high as 17.2 i  1 .2 % has been ob served (M oh sen in  and 
G on za lez ., 1984); this w as accom panied  by increased concentration o f  plasm a  
sodium , ch loride, lactate and protein, as w ell as by a rise o f  p lasm a osm olality
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and colloid osmotic pressure (table 3 ) . It is of interest that the plasma 
potassium concentration increased regularly by 1-2 mM/liter during exercise 
(Affrime, Lowenthal and Falkner., 1981., Carlsson, et al 1978). This change 
has been attributed to | 3 - adrenergic stimulation(Carlsson, et al., 1978) or to a 
H+/K + exchange during the acidosis of exercise(Kilbum, 1966).

The reduction o f  plasm a volum e fo llo w ed  the onset o f  exercise  such  
as iso ton ic  handgrip exercise  alm ost im m ediately , and before any production  
o f  sw eat. It is correlated to the work load; a m axim al reduction o f  around 1896 

is reached w hen relative (ว2 uptake ex ceed  6596 o f  m axim al o x y g en  uptake 
(G reen leaf, et a l., 1977, 1979., L undvall, et a l., 1972., Sjogaard and Saltin., 
1982). T w o factors, both o f  w hich are proportional to w ork in tensity(K jellm er,
1964., M iles, et al., 1983), have been im plied  in the g en esis  o f  the initial 
reduction in plasm a volu m e. T hese are an increase in m ean capillary pressure

T able 3. H em ocon cen tra tion  in exercise  w ith  m axim al w ork  in ten sity
for  3 m in u tes on  a cycle  ergom eter (M ohsen in , 1984)

Before After
Plasma volume 17.2 ±  1.296
Sodium mmol/liter 142.6 ±  0.5 148.1 ±  1.0
Chloride mmol/liter 101.8 ±  0.6 104.6 ±  0.9
Lactate mmol/liter 1.4 ±  0.2 14.0 ±  1.5
Osmolality mOsm/kg 283 ±  2 299 ±  3
Protein g/L 7.0 ±  0.2 8.1 ±  0.3
Colloid osmotic pressure mm. H g 2 5 .1 +  0.6 30.6 ±  1.4

due to an increased blood flow(Lundvall, 1 9 7 2 )  and an increase in cellular 
osmolality because of glycogen breakdown and of lactic acid production. In
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the steady state of exercise, these driving forces appear to reach a new 
equilibrium within minutes. This is brought about by balancing factors, such 
as increased interstitial pressure and elevation of intravascular oncotic pressure 
(Mohsenin and Gonzalez., 1984). As a net result, direct measurement of 
muscle water content have demonstrated a 10%  increase in exercise(Sjogaard 
and saltin., 1982).

During exercise, plasma potassium increases proportionally more than 
the plasma level of other electrolytes during exercise chiefly reflecting of 
potassium from the working skeletal muscles. When exercise is performed at 
moderate intensity, mixed venous potassium concentration increases by 
approximately 0.5 meq/L. At higher work levels, the rise in mixed venous 
potassium concentration may amount to as much as 1 or 2 meq/L. In extreme 
circumstances, especially when work has been sustained for a long period of 
time at high intensity, potassium concentration invenous blood have been 
recorded between 9 and 10 meq/L(Greenleaf, et al., 1979) (fig. 7). Such 
changes are of sufficient magnitude to produce important electrocardiographic 
changes of hyperkalemia. Because of such events, it is possible that 
hyperkalemia during exercise could be a cause of sudden death.

Gisolfi and Robinson, 1969, provided evidence that exercise-induced 
hyperkalemia canbe reduced in human subjects by moderate training, according 
to that experimental, venous plasma concentration from 15 conscripts was 
followed during exercise on a training bicycle before and after 10 weeks of 
moderate physical training and a putative relationship with skeletal muscle Na- 
K-ATPase was evaluated. Peak plasma potassium concentration obtained at 
exhaustion was 6.1±0.2 and 5.6±0.2 mmol/L before and after training, 
respectively. Neither peak values nor after training was correlated to the 3H- 
ouabain binding site (Na-K-ATPase) concentration in vastus lateralis muscle. 
The moderate improvement of capacity to clear intracellular potassium during
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e x e r c i s e  m a y  b e  d u e  to  i n c r e a s d e d  a c t i v i t y  o f  e x i s t i n g  N a - K - A T P a s e  in

s k e le t a l  m u s c l e  f i b e r s .
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