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INTRODUCTORY REMARKS

Merard M Gertler
nd Krbabalsiatron, ¥ r.i Unkeerniy-Bela
Vedicel Ceier Sew Tord, ¥ d

In recent years attention bas been focsed on the etiological factors con-
trbuting to chronze hesrt decuse, that b, the hypertensve, atheroscherone
thrumatic, and congenlial factors  The termimal long-term problem (i the
alsence of sudden death) i often congestive beart faflure  For variots ressam,
it ta duffrcult to Xnow at the present thne the exact modence of congestive bewrl
fallore A bosputal ward survey and a survey of 1000 consecutive private pa-
trents discosed (1) 31 cases of grades 3 to 4 congestive fafhare in 120 ward beds,
and (Z) 63 prrvate cass with grades 1 to 2 congestive farlure (no attempt was
made to chmfy the etiokogiaal type of heart dwease)  Thi termmat espect of
heart dmegse creates s high degree of morbedity 1n our popuiation.

Iv.udxmnﬂnodﬂemmenpzuentwbeﬂm thological strurtarel changes
1 the myocardinm peecede cm:alchugel,(htu,phymoc}nmm
alierationy thet may resull in wnx imbat mrcrostructural
pm(em!a-lh.n lhtnpmdu:ulplnmu!ancnmlnmulamuulmgm
curduc fashure.

Tt = assumed, x5 & working hypotbems, that ono of the prmcpal and ol
canwes of congestive heart fallure o in cmence & fafmre of the evalable chem-
ulemrgylobelnmfmncdudunluudumcdunxdwbymbun

The purpose of the monograph 1 10 generate and promots new concepo

concerning congestive beart faudure that may bo amepable to exxmmation by
tachmquubn.}m.owwdinlhnplnmcta In additron, tt s thought that
if the problem of congestive heart fathure were presented by thoss famihar with
the problem to mdrviduals of other docipl who were d with
the problem, new spprosches for study might become sppurent  Acrordimgly
the conference on which this monograph 1 based was designed o brng to-
gether chinraans, ph hiocheousts, brophyucmts, and physcais in
order that they might discum the peoblem of congestrve beart fature from ther
diverse viewpornts, The cross fernlisation of such an approech has peoved

10 be of imordinate value i other atudses, and s e hope that it w{ll prove to be
vafuable 1n tho fiekd &y well

Instabeis of Firprucal Meadicrse




IONS AND THEIR RELATIONSHIP TO HEART MUSCLE
A ( ENTRAL SURVFY OF 10N CONCENTRATION

(eorge C Cnffth
Departmont of Uedsciwe { iernd of Seibern Cal fornts Scheel of A edcine and the Lot
tmgries County Uospuial Lok A geles Col

In 1954 I yoined Butt and Walker of the University of Soathern Californis
Schoo! of \edicine 1n the publication of data on the ~oncentrations of copper
iron, kad merury manganese and ninc in various orgam of the body  Our
data had been obtained through spectrographic and chemical analysit of trssues
taken at autopsy from 910 patients stodwed at the Los Angeles County Hos-
pital  Invustigation into the phymological and pathological sgnlficance of
(race metals tn Man was petting, under way at that tme and there wea need
for m{>rmation an the notmal levels of each metal in vanous body tosues, in
order that we mught £o on to kentify and investigute the deviant patterns
mcurnng 1n discased siates,

Tbe arerage smounts of copper kead, manganese, and xnc found In hearts
of matents 1n the age range of the fourth through the nuinth decades are grven
m Tamir | Amounts are cxpressed m mg /100 gm of dred thwue Our

urre ¢ sty does not embrace a sufficent number of hearts to esteblush porms

for the ther metals.  Amounts { iron m these patients are much higher than
the amounts reporied m 1958 and we are forced 1o conctude that the earller
Aport was in error

Ina ocoperatie ftudy now in prosres In the pathology department and the
cardidogy section of the Department of Medicine, Unbversity of Southern
Cabfornia School of Medrcine we are seehing 10 determine w hether conditions
such xs my ocardml nfarclion or atherosclerotic beart disense are mimrored in
changes In oncentration of mdridual trace metals or in altered trace-metal
patterns.  Hepde # young physcman from Indm working tn our sectfon, has
studied filty bearts In the past yrar  In each instance he has obtained speci-
mens from the fight ventride the beft ventdde and the intersentricular sep-
tam. Where cofonary vesacls have been involied he has also obtalned sec
tions of my ocardium mclading the invol ed arteries, and In special instances he
has taken sections from the atrka, the sorta, the endocardinm or the papillary
muscks  \ problem confronted s in determining which areas to sample  In
the study of heart trewue from a patient with infarction of an aren of the left
ventride for exvample was it peceseary to sample both the infarcted and the
noafafarcted ares or would the metal patterns of both areas be sufficlently
similar that only one sample woukl be repeesentati €2 We found that enly
the one sample was necessary unles both & new and an old infarct were present

Ne used especral care in establuhing our dagnoses, When the bhearts
were gren to us by the autogry sarpeon they bore only an sutopy number
we had no cluc a3 10 the diagnoas  Hegde remoned the sections in shrch we

The ork rrporterd dn th! puper w ed in part by gt from Lakedde Lab-
Clocagn be Orange cart \socutiom, Sinta Cabf  and the
T o e Loy s o
n
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were Interested, labeled thern, and establihed the dugnous histologically
He then traced the patwent s chart through the sutopsy number and checked
his findings punst (1) the chnical mpression of the petient s physican (2)
entnes on the chart tself and (3) the findings of the autopsy surgeon  In
most instances an electrocardiogram was available for confimanon of the
dmgnoan.  In cases of suspected myocardial infarction, & serum transmminase
study usually was available

Patients were grouped as follows (1) acut mryocardui fnfarction (2) acut
and chronxc myocardul infarction (3) chronkc myocardul infarchon (4)
atherosckerutic beart disense {5) ddlopathic bypertrophy (6) endosclerons and

We have jmt recetved spectrographic analyses of 13 metals 1n the fint 32
{ 50 hearts included In our stody but we heve not had suffcent tme to
make » thoroagh unalyms of the findings and to check the clinla! hwtones
of patients whose metal patierns deviate from tbe normsl  Howmever wehave
made a pnumber of interesting and suggestrve findings. Thirteen metals were

hypertrophled
patient with berd rarkedly elevated in his heart thwses proved toba e 2 grossly
enlarged right ventricular wall and  hoge | ver

A secord trace metal ttudied, mangnoese proved most mteresting  When
areas of recent infarctfon were analyred the manguness conentrathon was
foand t be quite low bat In areas contai g older nfarcis the concentrations
of thr metal wers marledly elevated  As an illustration 1n one beart wltk
bothan old and  fresh infarct tbem.npnuemncemnmulnhmeon
fresh infarctson was oaly 003 mg /100 gm of doed tssue but o the
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the old Infarct the mangancse \alue wasas highas 029 mg (the average value
for manganese m 143 persons of ages between 31 and 9030148 mg )

The copcentrations of both ninc and atuminum were elevated in two patients
with puimonary edema plus tracramal hemorrhage and m & thrd patient
with mtracrana! hemorthage, but »1thout any suggestion of pulmonary edema.

Chromium and nickel were lowered and sl er was elevated sharply na pa
thent with epilepsy who had suffered a rupture of an ancurysm of the splenic
artery and & lowered amount of cobalt was found m the heart of a patent with
hemoptyxs.

A 90-yearokd woman with anomalous ongin of the Icft anumfles antery
marhedly sclerosed coronary artenes, and hea - cal ification of the mitral and
trwcuspid valves was foand to ba € 506 mg calaium 100 gm of dred true in
the tricuspid area and 3R mg  aluum 10 the mitral val e area (the mnge of
calcum fn the hearts of our 32 patients in the urrent study s 58 to 160.30
mg  the average value for the 3 measures)

For cur initial studies, representative values were  btaied by averaging the
concentrations of the metal 1n tbe night ventrule the left ventrile and the
1\ septum  Aswegoint maoredetail we plan to give attention to differences
in metal concentrations and patterns in each urea of the heart  We are now
trying to deternune why m one mtient with atute and chronk myocardsl
mfarction, for exampie absence of detectable molybdenum b amocated with

pormal levels of the other trace metals and in a sccond patient absence of
Ietectable moly bdenum m a conmpaned by atwence of cobalt and chromium in
the ventricks  There are many s h situntions In the investipation, nhatever
metal we are studying
Interrelat onsh p Betwerm 3 eals Compler

Relationships of other trace metal to molybdenum serve to ilhmtrate the
interdigutation of the trace metals m the nutntion and metabolum of the
body VMost in tigators ha e been amare for some ime of the antagonism
betneen copper  nd molyixdenum especially in amemal nutntion Copper le-
ficaency meatthem v be doe either to low copper concentration of masture grasses
of to high mol txk um ontent  However & third factor enters mto the
mtustion, and perhaps a fourth  The degres of molybdenum suppresdon of
coppet on the mount of Inorganxc sulfate in the diet  and the com
Iuned inhibton effet of the motvixdenum and the salfate on copper ntflization
«cemns t depend upon the amonnt of manganese avmhble  High manganese

ontent w1l block the moly bdenum-«ullate suppresuon of copper storege and

utMzation e mu t add  further ualification if the diet s very high in
protein, mangancse may augment rather than ok the effects of molybdenum
and salfur on (opper atilzation

Ynother trace metal that  prarently interacts with molybdenum b tungsten,
which s known 1o mhi! ¢ the 2 tn 1wm of niestinal xanthine ovudase.

Metal  Artersal Hyperten lon

Permy and Schrocder’ ha pmerred elwodating the rofes of the tra €
metals 1n arteral hypertenuon  Mter the dnemeny that hydralazine an



Gnffith Heart Muscle Ton Concentration 393

antinpertensnve sgent  selectively binds manganese ferrous won,
mlver tm and mercary and that bydrshanne o ornbaed with the btxnuoa
of mirogen by vamedium and ferne won, these mvestigaios teated & oumber
of chelating and metabbindmg egeats and found that severxd would Jonexr
artern} hypertemson. They then ambyxzed the hemxal strovtures of nt
hypettenshe substanies now 1 use o undergong chaxcat tral, and found
thst many apporently dewmdar sgents, none of  hich sct on the sutonoms
nerves, Tl the comemom propert) of bundmyg trace metah

Occasronslly perwons tnouted with dinerospropeopanot (BALY o ethylene
dmminetetrnacetate (EDTA) two chelating agents that have been wsed to
lomer npertention, respond paradoacally » th a forther elevuton 1n blood
premare M This suggests that mobilization of metals can sffect vamniar
homeostass in eitber direchon

Sclroeder o of 2 B have molated & pepixde, pherentssm, from tbe arieml
blood of hypertepane patwnis Pherentasin i mwectussted by ench of sx
mrtak-bindmg of chelating agents, providing evidence that the coustriction of
wascular smooth muacke may be lnfluenced by a metallopeptide m the blood

Cadmim, kevd, and manganese are found m 1creased amoants m the unme
of persons with malignant bypertension ¥ Thus soggests that these metals may
be present in hyperiensive patwents in aboarmally large amounts 49 mught
ha e heen pwedwcted when hypertensive patients are trensed with agents sach
o3 bydrsiaznne, bagh urinary levels of these metals drop towsrd pormal  Ex
urebon of one metsd, vamadom, » cooudersbly kas m hyperlemuve patents
thant 10 novmal perwons  Only after & lasge 3emies of tases has been thoroughly
stodied wifl it be posdble to d the role of 1k me mbafance
1 arterml hypestesseon and t apportion with certanty 1he contnbution of
ench trace metal to that mbelance, In our lsboratory we shall be mteresied
1 yoctal sweyn af amoe mmples from the hearts of hypertenswe pabents m
our senes

Aidals x Atherosdersn

Meials also mey pizy & past in atberoscheroms. e have evulence that
seetaly are wtsantely mrohed s fxtty acid meteholn  Tov example, Cur
run has shown that in rats chromeam Increases by 150 per cent the incoepora
1iop of C1 -abeled acetate into cholesterod and fatty acide.  Manganese tong
recognized as & Lipoiropluc agent  Increases synthests by 125 per cept vam
Qo decrtames yymibess by 90 per cent The muodutiion of the chelator
8-hydroryqaicoline dececases cholesterol and fatty aod syuthesis, soggesting
that different meisls are moblheed oc removed by the metal-bmding agent

Afrisls in Rhcumatic Faer
The detectian of xpc coproporphyrin in the wnne in acete rirumatic fever
sugyesis that noc mey be mrolved in this baurt-crippling discwse 7 Often
the suncular appendsges removed routinety daring mitral commisarotomy
thow mgm of scine rheumstic disease  We bave been ming these tissars
and plan 1o asmy therr trace metal content by rocnns ot the embmlon speciro-
maph
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Aetals 1w Congestite Fatlure

W e are learning more and more about the roles of sons other than sodium in
the pathogenens and control of congestne failare  Tn the cdmx conducted
at the Los Angeles County Hospital we have mamtained patients free from
agnificant renal disease for months or years on modtrate or mamrve doses
of organomercunals x1thout myury to kidney function, provded nertber ohiguria
nar hyporatromis 18 present.  Analysis of the Ludney tssue fram 45 patients
with congestrve fmture shomed an incresse of mercury deposit i the Lxdney
with contimed adminmtratron, but gave no evadence of mterference w1th Lidney
acton  \onproteln mtrogen  alnes for these patsents could not be Interpreted
a1 indscatmg that the larger amounts of mercury m the tosyes were harmfnl

Less well Lnown s the method of action of carbonic anhydrase mhibitors.
Here, too a metal 8 of prmary mmportance, for carbonic anhydrase mhibitars
work by blockng the actron of zme, the metal that 1 an mdspensable part of
the carbonic anhydrase molecule  Removal of the zme results m rres ersible
Inactrvation of the metalloenzyme reveraible mactivanon s effected by enzyme
mhilators that combine w th nnc, such as dmercaprol cyzmde sulfide, ande,
and the sulfomamdes

1 shall not drscus other discases affecting the cardios ascular system 1n which
metals may play important rales, but I shall outline the paths our own intestr-
ptions will follow

(1) Weshallmale tharough study of the metal concentrations in the bearts
now under study and shall my to find an explamation for abnormal metal
copcentrations or unusual trace-meial patterns m the pabents dmsenl hs-

tones.

(2) Hegde aho bas preserved sdditiona! thwoes from the sanoas chambers
of the fifty bearts under study Theae ysues %I be studied for enzyme pat
term, which will be compared with the thwne metal profiles.

(3) In most mstances the pabients in our sercs with acute or chromwe myo-

infarction ba e had serum transzmmase studies m the penod before
death Comparmons will be made between the serwmn tansminase studes
and tissue caryme patterns

(4) We ba ¢ made arrangements to mject rachoactne-tagged mangunese
1nto patients with myocardm! mfarcton and thus to follow the incorporation
of the tagged mangansse mto serum cholesterol

(5) As I mentioned previoasly by means of emslon spectroscopy we plan
to study trace metaks in the aurkcntar appendages of perwons undergoing sargers
for mitral commreurotamy

When we first undertook the study of metal concentrations i cardwovascular
and related timsucs i the earty 1950, I was convinced that we had in the metals
a tool that would permut us to dmgnose and treat pathologica! conchtions Jong
hefore these conditions bad advanced 1o the point where they could be detected
by means of the slxde and the mxroscope.  Dev elopments b e been even more
rapxd then I envesoned, and evidence is mounting that metals hold the Ley to
an entirely pew dunengon of medical Imvestfgation that will one day enable the
dmichan to treat disease w th the wccuracy expected of the chemust or the
physicist
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MAINTENANCE OF CONCENTRATION GRADIENTS AND
RE( ULATION OF CELL \OLUME

Alexander Leaf

Dxpartments of U odscrne \aggackmais s umumu.&dw
end the Howerd T ‘Aal!d.n:dl"“

Tt has long been recognuzed that a high mhce—\wvo}nmc metlo is (mportant
to rapdly metabol cells that are dep on for supplies of
axygen and nutrients from the mirrounding medfum. It 15 also well known
that the cell has a high protein content a significant proportion of which evists
m a soluble state in which 1t may be expected to exert an oncotic presere The
mterstitial flusd bething the cells, however m relatively low fn its content of
collods  From studies with motopscally labeled tracers aver the past twenly
years it s now well established that the cell membrane {3 permeable to water
snd to all the solutes that contnibute sigmficantly to the osmolahty of the
extracellolar luids  These solutes are largely the salts of sodiom

With these facts m mind one might expect that the oncotic pressure exerted
by the intracellular proters would cause dimasirous smelling by drwmg fhud
from the extruceltular compartment into the cells. Such sweling of cells
obviously does pot occur m healthy trsoes tw t1te One 18 therefore justified
1n Inquuring into the nature of the forces that normally counteract this tendency
toward sweling of body cells and thereby preserve the normal mtracellular
floxd volume

The e of normal int Jlular volume has been shomn to be a
process requung encrgy  In 1M9 Stern of f  observed that the swellmg of
vAnous tosies ta tiro was dependent upon ussue respuration.  They tested
the effect of aerobic versus anaerobic incubation in an sotonic saline medrom
on the fluid content of vanous tssues of the gumes pig.  Whereas only small
changes m weght octurred dunng acrobic mcubation, anserobec conditions
resulted )n 2 conmstent large weight gain attributable to an increased water
content of the timne  Thm type of ocbeervation has been repeated by a num-
ber of other workers using varjous tissues and vanoos means of inhibiting
metabolum  Modge, Robimson, Deyrup and Whittam and Davies* have
a1l repeatedly confirmed ths finding umng enncroblosms, chillmg dinltrophenol,
ande und other metbods of interfering with thsue metabolsm  In afl instances
mhibitlon of metabolivm has been found to be amocuted with increased water
content { the tissue studied

A much older observation that goes back at least to Sabbatani s work at
the start of This century s that swellmg of tismses in fily  can be prevented oy
substituting hypertonic solutions for the usual isotonic saline media  Gbmon
and \loloar Opx  Robfmson, Aebl, and others have confirmed this finding

The obscrvations that tmwue swelling m dependent upon tissee metabolmn

The ork desebed in a1 sapported i part by funds from The John A

Hartfonl Fe EITMIII Nr‘ \anN ) from the N tooa! TTeart It t t (Grant

H m.z:k'Pon Heahb Sun ¢, Bethesls, Md  and from the Amerxan Heart Amocmtion

ew )
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and thet st can be prevented 1o hypertoox medm have g1 enrmet 1he comept
that the mtracelluler fuds bave 2 higher osmot pressure than that of the
extracellular fuid and that tbw ommotc gradent w presered x tr1s and m
metabolnng tisoe dliced % U by an active exronon of water from the cell
Such an active extroxon of water o muntain cell volume seemed 10 be & neces
mary requuement a3 stidbes with motopically lebeked water have atablwhed
lbepumobfhtyoimﬂmcmhuwtonlﬂ

tho abactme b plotted concentration of the medzum ctpresded an factars of § 15
Al mlme and on the ordinate 1 shonn the s 2ter content of the trwne (rat udoey
cartex slicen) expeemed a3y percenige of wet tewue wesght  The powt of
mtersection of the 2 perpendicnlar broben lmes wdicates the normal water
oatent of metabolinng tiswse 11 & medinm Bolonx to extracellular flaid  The
Iawer curve shons the changes in water content resulting fram changes i con
centration of the medrunt for metaboluing timoo wcubated a1 33° C whereas
the UPPET curv ¢ represents the water content of twoe whose metabolm was
1hibited by incubstion at 0* C

Inlubtion of metaboliem without chenge m tomclty of the medhum o see
to produce & large tcresse in thaue water ontent  Over s conmdersble g
of comentration, 1he water cantent nas found to he higher when twsie metal
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olam was inhibited than when the t3sue was metsbolnng  Furthermore, an
1ncTense 1n concentration of the medrum, in ths wase to 1 65 tnes moton
was effective 1n preventing twsue swellmg even though metabolsm was 1t
hibated.  As stated, these findings have been interpreted as evidence for &
higher mtracellular than extracellular crmoth pressure that 1 maintined 10
mbﬁ!mng tssae by the acthve extrumon of water as rapsdly as 1t enters the

Thss argument u supported by the evidence thus far presented nly of the
timne s clling 1 due to net shifts of water alos into the twues  If pet move-
ments of camotically active solnte alse accur across cell membranes during
such 18 ifre studses, such an mterpretation s not justified

TApLF 1 shows the effects on the water sodum potasstum, and chlonde
content of 01 to 0.2 gm sbices of guinea g kxdney cortex when incubated 30
to 50 mun. at 0° C m a saline medrum mmular to medram 3 of Krebe! wthout
additton of the arganic substrates Control slxces were unincubated, freah
slices of thete Results are cxpressed per Lilogram of trmue solds. The
tursue suelling B mdxated by the incrense 1n tissue water of 094 lters. The
increase 1n tissue sodium and decrease in tismue potassium noted by others b
seen.  Of perhaps moee umportance to the present argument i the harge in-
cresse in thwue chloride that occurred.  One aan calculate the concentration
of chloride In the increment of watergamed 154 mEq /1. As the concentration
of chiande in the mcubating medrm was 135 mEq./]  the dats strongly suggest
that the gain in tissue water content {n these experiments rewesented es-
sentnlly an isotonic entry of medinm into the tssne.  This finding frvahdates
the assumption that teue swelling it due only to net movements of water be-
tween tisues and medrum.

Smilar results have been obtamed when other mamamlien tissues have been
stodied and other means of inhibiting thsue metabolm utflized! These
resalts confirm studxes by Mudge who had previonly shown that the timuc
swelling produced by & vadety of mhibltors of metabolism was ssocated with
an uptake of jons as well a3 of water by the swollen tsoe. Our findings are
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fully i sccord with ha conclu that & loa of bolie actvity w,
iherefore amouated with an Baemotc wzense m celhalar hydestion ™

The gein in tosoe water and salute m the present experments 1 probebly
ahared by bath tbe mira and extraceliutar phaves of the tse  Thos, Robm-
»or* frund by megsarement of the mmilie and sucrose spaces m aizces of rat renel
cortet that the extracellulss’ water remeims an eppecamately constent
fractwon 26 per cent, of the weight of the shees whether usure hydration
nermsl of creassd  Thar finding has been confinmed with sleces of guives pig
Lidrey cortex incubated acrolncelly at 0° C by Whittam.?

Froe the above 3t 1 apperent that the trsue swelling that ocours when
metabol vm o mitnied results from a imovement of both sohute and water
into the tmnes.  Th mvadudates the argument that 1t & due to water alone
mMaVIDg 1 responwe toan oamotic gradwnt  This type of evadence cansot how
ever provide an Answer 1o the fundamentsl questson of whether ¢ gradsent
does 1n fact evtst betwesn the water actrety of the extracelivlar fhind and thet
of the flaad wrthm the cells  To answer the question, we must tumn 1o & more
direct expermuental xppeorch

To 1901 Sabbatam sought to determme the freenmng pomt of vanoas dog ts-
sues and otrased values that svereged aboat 150 per cent greater then that for
bood Collp® Yeovey and herpet-Fronoo® Gomon and Motnar  and
Pitchotla e of  ail confirmed Sabbatam's findings, as dud Ope’ vaung mefimy
paint depresmon These cryoscopsc measarementy havo been Catwared, how
over becamse sutolyss occornneg danng the mierval betwern removet of the
tiwne fram the racmal and the end pomt of the messurenwent wifl yaeld spur-

for 1he evpected antolyus, »as the mame as for the wruy Broddy o &
were unable to confirm theme extrapolated vahues  Howmever by beatmg -
waet i waier at 987 C for 30 min ummedutely upon removal t reduce sutod
yos and then messonng the freenng point of the hented muixtare, Appetboom™
bas recently reparted sotonkaty with extracetlular fluds

In our aboratocy LaRoy H Maffly recently has atilued & new techmque for
obtamuny tamse-melting curves  Alammalin Gwaswes were frozen by mumenion
m Iqusd mtrogen inmedmiely npan remavel from anesthriued ammals At

bqusd snspention of tusee thet coakd be stered vigorousy and warmed grado-
ally 1o the presence of & senmtnve teperature messanng devwe. By tha
means, thue wutolyna wus avoded, a3 mere thermat gradients m the thawmg
tmue  Detafs of 1th stody will soon be publohed chewhere but nooxx 2
show s the resilts JafMy has obtained for cardiac mssde of the rat Here are
plotted for ampareon the {orminal porbon of the meltiag curves of rat heart
normal rat serum having e oncentraton of 311 rmOmn | (a8 mewnred by s
mdependent  prease | cering pomt method) werom toacenuated by de-
rydration to 308 mOwn /1 and serum dilated to 100 mOwn 1 The ordmate’
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POTONTEMETER  SCALL

Frorax 2 Meltng conves for rat heart ( eatrcnlar orusche) compared those
mormal rat serwm and concestrated and ! s a

portions of Lumes of eTOM contaming cqeal total quantities of  ter  The ardmat s the

rempectn curves curve mean

vertal bars or ros of dots show the standard error of the mex for each pamt plotted
It s evident that there s mo difference betwern the measurements for beart mmascle and for
s

the percentage of ice, in trmue of serom, that has melted and the abscisa s
the potentiometer scale proportional to the temperature of the meltmg sus-
penmon or to its oemolality  Each curve w the mean of 12 separute messure
ments. The standard error of the mean for ench pomt 1 shown by the small
vertscal bars or rows of dots. It is evident that the vatues for heart muscle do
not differ mgnificantly from those of the scrum  Sumilar results ha ¢ been
obtamed by Maffly for skeletal muscle, fiver beatn, and kidney coctex of the

Tt

These dlrect measurements prove concluslvely that the water actaty within
the cells 19 the same as that of the extracellular fids and that no asmotk
gradient exisis between the intracellnlar compartment and the interstithal
fud. What then, i the force that causes timucs 10 swell when ther metab-
ofizm 1 inhibited and how 18 this swelling prevented 1 tr1e and n metabolizmy
tissnes im 1itre? 1 propose ooe view that Is consistent with current knowledge
of m cancentrations in tsues

Tt has long been recognized that the fluld contalned within cells is high in
potasstum and lom 10 sodium and chlonde concentrations while 1n the extra
cellular fluds, thn relstiomstup b reversed  that fa, sodium and chleride
fons are prescnt as the major solutes while potassrum exists at a low concen
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trrtion  Stwe ¥indies with rwones have demonvtrated that e cefl mem-
branes are permeable to sodmm, potasiun, chlonde, and water 1t s evadent
1hat malateance of the o gradients by thwes requires the evpendstare of
eneryy  Specific active tramsport sy stems hece been dewcribed foar sodram ®
poismum B and chlonde™ m wnowd ceils and tssuer,  Whether these
mnsponprwumofmteung}yw%m-ﬂ il 10 extrude sodnrm and
Wackle and to sccymalate ga onder t the ch
mpﬂmudwﬁmhnﬂlumkﬂmmd The obreried won gradients
In many trssues condd smply et from an acuve outward eviruson of sod nm
alone from the cella, wuth other wrs follrwing pasivety ® R:cemsmdm
rodscste that the actur! situstion & move complets than tha™ ® and
actny transport process for at kemat potessium as well as sodmm®® In nﬂ
mrtences, hawever cells utthze energy deruied {mm metaboleun to operace
thear o pumpa

The mnterfor of woat cells o electrically negatne relatne (o the evtenor of
e cell  The electral polarty of the el membrane o sttnbuted 1o the
wontent m the cedf of tived or nondiffusible anxonsc growpe on murscelluha peo-
temy and other large molecules and (o the outward extrosion of sodium  One
effect of tha ehectric potentl acros cefl wails o to contribute to the rucuscn
f chionde and gther negatively charged small v of the mednm  The
atrscelhular pegaiman electroktatically opposes the lhe negatne charge |
hlarude was

When metebotm 3 mhihited, the energy required for the wn tramsport
process » no Jooger a dabie  Sodinm that diffuses down 8 oncentration
gradient 1nto the celbs axa oo koger be extroded  polasmam leaka out of the
cxila wto the surrounding extruceiluler fusd  As & result of the ac amulstion
of sodmm 1a the cell and Jos of potassum, the membrane poteninl o rede od
20 that chlonde as ucll &3 sodnum enters tho cell  Thw resalts m » grexter
entsy of sodium than Jom of potsswum by the towe ax showa m Tasie §
The net gain of solate by the umae 18 sccompanied by anmotorse gam o water
and the tmme becomes swollen t The process 8 rvermble—for & tme ot
lenit—u0 that resamphon of metsbobmm causes the high flmd  optent of the
mollen Leaue to retum toward normat * B

Yathe demonsteated ™ (9079 that the cunate (Rersire exerted In a gnen
oncentratam of protein decreases with maessmg  cocentratien of nentral
salis m the medum It s theoretwoally posaible therefore  that swelling of
tomses may be prevented even mhen ovtabolum o mb boed by placioy tem
m hypertonn selt solauoas  This as shown m FoURK 1 b ety ot
Opse Robinson, and Aeta have found expenmentally It o dexr from  hae
has been stated above howmer that thi findmg doos aot justsfy the chm that

For mmmwmmdmmm\aw

“Q:Anumudpumhhydmﬂm 0drim 1a) enaindate ts the win

crifwinr sccomeiion of e oo b stabolem w nkileted unamcd of sodon

pzr:’nhh:;hpummh\mmmmlm B

~



402 Annals New York Academy of Scences

the cell becomes mmollen V4 hether chaxges in cell membrane permacability to pasen  entry

of 1004 a0 occur  ben metaboksm m inhibited gnd

i

tribat t the eotry of solat [nt the

the high concentration of sich media repeesents the true total solute concen
tratson nithin metabolinng cells

Frovre 3 summanzes schemaucally the vies presented here. Ficome
3a shows a normally metabolinng cell of usual volume  The content of non-
drffusible intracellular maternm), largely protem with pet negative charge at
physiclogical pH, B indicated by A" An sctive transport mechanm
depicted as a wheel rotating m a clockwne direction to extrude sodiom from
the cell and to take up potesaium from the medium at a rate sufficient to main
tain steady-state concentrutions of these smalt jons 1n spite of & slow pasmve
diffuson of sodmm into the cell and leakage of Intracellular potasum to the
medium. The relative concentrations of jons are roughly mdicated by the
slze of the letters  The oncotic pressare within the cell B8 thus offset by the
obligatory extracellular position of sodium, which s maintained at the expense
of energy from tssue metabolism A double Donnan system s set up, and
swelling does not occur
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T'ooax 3b showa the effect of mhilxting metabolam  The actinity of the
wn parap i reduced 3o that 5 can no Jonger extrude sodium or take up potas
sum a3 rapdly a3 sodim diffises down 1ts concentration gradeent nto the
cril of a8 potawaum s oot from the coll  The result b e pet guin of asmotcally
active sotute wlthin the ot and the (el snedh. A return of metabolsm f)
result in sodnim extruson and potasiur uptake ith return to the woswollen
normal state.

Fuully I msake one further sperulation What 1 the mgmficance of thn
mechaniam (o the cell?

The aiternetive adjustment posible to the cell ta prevent the snellirg that
woukt result from its content of mtraceliular colioxd » oakd be 10 surround rteelf
with & ngul camng to withstand th force Homever & high membrane
termon would be very duadvantageons to small cetls, which are dependent for
oany vital processes oa 4 hgh surface valume relationshp  Furthermare m
thoss mstances 1n winch membrane fenaons of anmma! cells have been messured,
very low values have been obtained. B N Harvey™ sunmmanzed this fiding
by satmg Ve are acvustomed to thurlong m terms of wr-nater sarface {en
son of 73 dynes, cm 90 that it @ hard 10 realie that the tenmon of colhs o et
leust 1000 tores perbaps 10,000 trmes Jess.  These low membrane tenusons
are posuble § beheve because the anmmat ceils have betroed to svoid dmattrous
eweling by developung the lon pumping mechannm jint docosed  Cerfam
cells scem 1o have evolved secondary uses for the enerKy stoced 10 the wa grads-
ents or m the resulung cel) membane potentials  Nervous oaductivity and
muscular contractiity pechape, represent coumples of such secondary evolu
tsopary adaptstions, Thus we one the ontractility of the myocardiom end,
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PHY SICLOGICAL EFFECT OF 1I00S

Richard R Overman
ZTustetwie of Chaweel [mcesbigaivn L wherssty of Texwesser
(Caﬂqtvllldm M empdis Ta:f
Intrednctron

41 ooe Mage 1 the devthopmem of our modern concrpwy of remet function
a wellhnown phywologst sud, Al we Loow fm noe about the Ludney 1 that
st makes unne 7 M&\ms!\lbehtm\urenbmndu. h;vnhu:umymd
chever pamataling and even thaeghtful
o{mmwdntinmmmeuhkdywmndudc umnpenuduﬂbc:m
tera! that All me hnow far sive sbont the phy nolopeal effecia of wox 5 that
there are sose 1t shoudd be added, In haste, that follow tng the quoted ut
terance on badpey fopction mech has been kearned—enough mdeed, t bong
on the equally Bamous remark that the Ludoey 13 the only thinkisg orgen
m the body  Althongh, at me shall ser, our present positon regardmg wn
effecta s precancus, we thus have ecellent rerson to bope that umiar progres
will dccur mn relation 1o thb problem

Reviews on wnx dopomtson, wox conctinabon (both sctual  nd relative)
and ware macement, end theones of wnic effects m 2 wwde vaoety of anumst
forms and trmeoes abound With the combined sdvent of wotope snd
fame photometre methods, the research reports in th field are mpadly m
creauny tn both mamber and value  Thas, the taad of revemmg even
lumted portion of the fiekd o momanentat

Cordiac fon D pesrison and 3Sembrane Paieni als

The miraceilutar prosse of beart muscle hle moat soumai ceils, has & hrgher
K and £ lowey \a ndﬂrummmmlhmnprmtmlht

fud, »beress Ca appenrs n sppe mde
and ontaxde the cell Ttx(vm&mlhlm‘hm;nmdafwthmdnmm
twne) mequalities 1w probably ot the amtomal cell border bur ruther the
subcutscular fayer of the ¢l protoplamm the properties of  hich appear 1o
differ from those of the contiguous cell mterror

The mupoctance of this hmutmg o partafly mmijog membreoe m effectmg
yonse pariron durmg both rest snd sctivity malea & bl deserpton of 1ty
probahble structure germane 1t o assurned trom comparatne \ay dffrcton
studies, from water sofubelily messurements, and fTom ¥arface 1erinon conmder
stom 1hat a few hyﬁrdm&mmktu}ambhmeﬂnnbm posdat
materal—Ahe combuned system bemg of the order of 200 A m
Thaterver the mtumate stroctuee bowever themtm;pmeuml-cemm}y
rehtcd\aLbedxﬂermcsmmmmlmaulheuouduunbcfnm:
tronal barner I dng from the p acToms the resting
cardiac fiber membrane { 0 to 100 m ) snd from what ae know or can sur
e regarding the s coentrations of the mimcelinlar phase we can infer
that the membiane 13 more permesble (0 Loms thant anwnas,  Swumtardy b

05
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can be seen that whule K+ and Ct~ move w17k the potentul gradient (but bn
oppaste directions) Na* leaving the fiber must be transported agoiasf both &
condentraton and an electric gradwent

Vost of the statements usually made regarding ron disposition and move-
ment are only partully true and sre based upon net results of movements in
both directions, the dynamus of which are only sfightly understood Never
theless, 1t has been necessary to posit some theory as to the mechanism wheseby
an wn can be transported agamst an elevtrochemcal gradient, and 1t  recog-
nued thet m the final anatyms mich & “pumping’ meechanksm must depend upon
energy ylelding metabolx events within the cell  Such theories may be neces-
mary (0 explan mfow of K wons as nell as the ejection of Na bons, although no
ﬁn;;v:dmcfortbelm(ufuu(hehmn is concerned) bas yet been pro-
duy

Amuming the foregoing to be approximately true, 1t 1 clear that the mpomi-
uon of external current flow (action current) or any effective reductron 1n the
metabolic activities governing membrane permenbility would rewult in lowering
the resting potentsl to the point of allowing a simble Na mflaxy  Whether &
copcomitant depression 1n Na expulsion occurs B not known but 1 any case,
the extrumon 1 for \a ly overcome and the polanty 1
reversed  Thus the ring phase of the (arduc action potentm] appears to be
the result of the entrance of Na woos int  the cedl The {alling phase, on the
other hand, 18 apparently the result of (1) & recovery of effectivenesss of the Na
extruson mechanmm (or reduction m Na perroeability) and (2) an increese in
membrane permeatalny to K brnging about a net outflow of pantrve charge
and tending to restore the resung potentml Homever the pbenomema ss-
socmted with repolerizstion of cardiac membranes are bess well extabluhed than
those accounting for depolariztion  The fact that the resting potentral 1 not
re-establahed for about 200 to 300 meee indicates that In heart muscle either
the outfigw of K* 18 delayed or the elteration of the membrane toward again
acitvely extrudmg Nat o alow reletive to the conditions found in nerve It
has been suggested that part of the recovery phase » due to metabolic actlon
of the mitochondm,*  the membeane propertses of which scem to be such that
Na can be held against o concentration gradsent

Temperature Effects Electnie Fremts and Tomic Dispesiiren

Trautwen of o snd, more recently \Marhall and otbers have shown quite
consistent changes 1n the membsane potentials of polated atrial fibers sub-
Jected t cold In general, these changes cooxst of a reduction in the resting
potential the most stnking reductson appears at temperatures below 20° C,,
but definite downward trends are shown cven at 25° C The results of cooling
have been so commient indeed that there has heen considerable speculation
that such potential redu twons are the result of cold depression of the metabolic
phenomena responsible for either Nat outfiow and/or K+ inflow  Conclusive
evidence of these assumed woax events [ the iolated hiber preparation o not
avalable, however

Studies on the effec ts of cooling the whole ammal oo cerdiac won dmstribution
have been made.  Some of these investigations utihze coronary arterio-
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L Pulmaiem Cheiaride Camtert
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] rvetarmn O Hpetarnan mn..-._
Fuouse | Avernge beft ventoceolar Nu, K, CL, and HO
ten animale cooked to

Tahos

t 415°C for 1 boor Thmd&dmhalbmmhhnmluhnl lhucwwln
mnduudutht?m-d-dmehm The bold{are wumbers demgnat matstrcally
mgruicant diferences, P 2 003

total trssuc tons  Few groups bave maintained anmals at  hypothermic kevel
for & penod saffictently long to have been studymg 2 steady-state mtuation
Recently Sparr ¢ al** bave mantuned anmabs at 25 C for & 2-hour penod
poor (o anatysis of ventncular muscle for Mo, K, O and water At the time
of taking cardme towoe for analyms, these anmabs had reveaked few electro-
cardiographic abnorma! ties other than & rused S-T segment A portwon of the
results obtwuned i shown m rigukx 1 Tt will be seen that contrary to ex
pectations rased by studses of electre responses of cooled mrgle fibers and, in
general contrary to other studses of the whole animal m which anmals nere
cooled to about 25° C and tmmetiately smpled the resnlts of this study to-
dicate & mguiieant reduchon m ventncular musclo Na and o glgmificant nse m
K There are no changes noted m Cl concentration noe m water content of
the mmuscle
\\'bauld\eungkﬁberlludnmmdkmprucuuuuddeﬂrtmu
and hls withoat 1ng sonic data, the whole animat
nnd.ﬂthmh:—muﬂngulbtymolchemh!mmmymdmdm
dymamxs—have {ailed t present sonultaneous electric patterns either of static
charges or activity potentials. Wedmann™ has previomly polnted out the
desirabul ty of obtaming data ‘tbat allow dstinguishing between tumnaver in
the resting beart and the increment or decrement due to act vity Tt
probably equally impoxtant to male studies 1n the steady state 10 ke
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able account of pH alterations, to study multiple lon mo\ements all in the
same preperation, and 1o attempt (o corretate such findings with dectnc events
or at Jeast, with potentml differences.

The paucity of information regarding kow temperature effects on fon distn-
bution in the beart s exceeded only by that relating hyperthermn to bnk
movement and electnc activity  T1GURE 1 indicates that in the steady hyper
thermic state (31.5 C for one hour) ventriculsr muscle gaim no Na* bat
shows a K+ risc that whilke less than that of the hypothermic heart = yel
signdicantly different from control alues. Agaln however intimate Lnowk
edge of simultaneous electne events (other than external EKG) b lacking

Charges & Cencentraton of “Extrecellylar” Ions

It bs genemally conceded that increamng the extracellular K concentration
peoduces & shorterung and a reduction in megmtude of cardiac action poten-
tuals, a3 mell as 2 decTense in the membeane potentm]  Perfuston with & K free
solution om the other hand, increases the resting potential s well as the dura
uon of the action potential  \iexdmann! has shown that, in the polated
turtle entncle, increaung the K concentration in the perfusate causes tranuent
depolarimuon of the restng fiber wberens wnch an extracellolar increment of
K produced an earlser and incomplete repolanmtion of the same fibers when
stnulated  The aluc of the resting potential then, 18 assumed to depend
upon the rtio of mtracelluler K to extracellular K However the repolans
ing effect of K m the actrve preparation must be explained either on the besie
that an mcrease m outward K current has occurred or that there has been &
decrease in inward \a carrent, or that somehown the nse m extracellular K has
stimulated the \a pump and thus increased Na estrusion

Whereas the mfluence of K 1 lumuted pnmenly to the establshment or

¢ of a grven b potenual and to the repolanzation

in an actrve fiber Na v pancipally concerned n the depolanmtion process
Thus, increasng extracellular Na concentration leads to a higher action po-
tentml and & greater overshoot “hyponsatremta”™ brmgs sbout the reverse.
Insofar as L1 can replace Na (up to approdmately one thurd of the externsl
concentration) 1t acts as does N\a.  In higher concentrations the effects of Lt
are more like those of decrensed extracellular Na concentration except that it
shorters the duratlon of the action potentul. The pounary effects of Ca
{which arc understood) are those of altening the threabokd and of antagonizing
or reverting the changes brought about by K.

Effect of “\ormal” Incirepic Agenis on Cerd ac Iex Pariitt »

Recently Burn! reviewed the paradoxical action of acetykcholine on atrial
tissse and related these phbenomena to jonkc distribution and to changes in
membrane permeability tosons.  The normal inhibitory action of acetylcholine
and 1ts effect on increasing the polarization of the atrl cell are well known. If
atral timse 1 cooled to samenhat lem than 20°C  contractions ceasc and
action potentials are no loager propagated in the perpheral atrial tosue
Under these conditions, however small, riythmic, nonpropagated potentials
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are still present 1n the preemaker and, if acetylcholine is ndded (after u beief
delay} regubir nocmsd impulses agam appear in the periphera! atrisl muscale
fure, and contractons are resumed.  1f the preemaker mmpulses slso demppesr
acetylchohine bs without effect and, therefore, It cannot be acting by depolarinng
the memhranes. These findings have been confirmed and evtended by Mar
sl Smitarly i the atris are allowed to beat untl K bows lowers the resting
potentisl to the polnt where perpherad atral nction potentsal propagation 5
unsupported, the addition of acetykbollne restarts contractwn. It can be
shown also that vagal shmuhation acts in exactly the mme way and, furtber
that the excitatory action of the vagus under these cooditions can be blocked
by atropine.

As previourdy stated, the action of acetyicholme 1 not one of fiber depolan
aahon, but miber of dhteration of atnal cell permeshility to K ions, thus rte-
g the restng potenttal  Hoffman and Suclhng™ he e shown that acetyl-

acetykholme effects » mutable restmy membrane potentul by affectmg mem-
brane permeability to K, and be has shown that atrm that have ceased t beat
tave lost most of therr abllity to form acetylchohne.

X during acetylcholine perfanon, the atrial mascle u tectnally strmulated,
fibnlaton occurs and will contimse if the K concentration 1 smruitanecotly
reduced m the bath  Such fieDlation will perust nlem (1) the acetylcholme
perfusion & stopped or (2) the K concentration in the medrom w ramed  Hoff

dlectne stimulation can be thooght of as leaving the fibers ot of phase
then the presence of acetylchalme  pparently leads t fibers continoowmly and
werlly stmmiatmg one another and thus fibrillatmg  In such a mtuation,
removal § cetyicholine by eBowing the repotarimilon peocess t

gun makes continuorn suto-re-exataton mpoessble

The detaked mode of operation of the well-know i epmephrine-scetykcholne
antagoonm has been studwed by Webb and Hollander ® wbo have shown that

dectric strmulation that will produce fibelliation I the presence of acetyl
choline fa without sach effect if adrenahn-acetylcholine mixtures are employed
m the perfuste

1t has been mentioned previomly that fibnllatxon can be prod ced by elec
tric stmolatlon dunng ecetylcholine mfumon only when the h concentrton
wredoced S ch hbnllation can be stopped eltber by removmg acet.

or by ramng the K concentration of the medium  This kends credence o
»w that reduction i the length of the action potentia] by aeetyhl
accompanied by an mcreased outward flux of K through  membeane

]
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more permeable  Such a view has been strengthened further by the rdw-
1sotopx work of Harns and Hutter who have shomn that a two- to threefold
increase 1n the rate of loss of K= from previcusty K®-equilibrated preparations
15 occasroned by the additon of acetykholine  Ther findings extend as well,
1o K® uptake, although the magnitude of K9 mward flox is comsxderably lem
affected by acetylcholioe than K9 outflux  Their work also adds to the moent
mg eviderke that the pacermaker region bs electrochemsally different from the
petipheral atnal musculature 1n that acetylcholine affects the pacemaker area
m 1ty K® permeability more than 1t does the rest of the atrom

Unfortunately there 18 |ittle evidence bearing upon the question of whether
membrane alteratson brings about functional cardie changes through speciic
effects on son concentation differenices, inmmide \ersus outnde, or whether these
effects are, instend mediated through rates of change of wn concentration of
even possibly by rates of pamage through the membeane In question, Bumn!
siates that varymg the rate of clectric stimulation of the atria, 1o the absence
of added acetykcholine, from  frequency of 200/mun (o 1200/min increased
the rate of K loss but little (0 76 mM/kg /min. at 200 to 0.94 m)/kg /min at
1200) On the other hand addition of acetylcholine incrensed the rate of K
loss at all frequencees, the rate t 200 min being 136 mM/kg /min (or about
doable the rate seen in the absence of added acetylcholine) and rmung to a value
of 210 m3{ kg /min at a stmulation frequency of 800/min  at which polnt
fibrllation ensned  Such findmgs tend to suggest that ft is the rafs of lom of

K that w ymportant and this presumably but not necessarily o the rate of
net losa

Ifect f Foreipn Insirepic Agents on Cardiac Iew Partriien

Quinidine acts strongly as an antagonst to acetylcholine In cardc muscle,
as well as 1n smooth and sleetal muscle.  In the atrium this matenal reduces
both the amplitude and rate of contraction and, if the exposure to suffioent
concentrations of quinidine 18 prolonged, atmal contractions cease  If after
qumudine depression, acetybcholine = added to mich preparations, contraction
begms again  Acceptance of the mechantsm of acetylcholine action as being
that of increasmng membrane permeability to K ons keads, then, to the as-
sumption that quinidine acts by reducing K outflux Quinkdine mduced atrial
arrest can be reversed by reduclng the external K concentratson.  This pro-
cedure increases the fnside-tooutnde K gradient and such & stumulus to K
effiux reverses qumidine action thes fact tends to support the assumption that
quinxdme has opposte effects on membeane properties from those of acetyl-
choline. The analogy 1 not strctly true In that quinidine has no apparent

effect on the reasting potenthal of the memhrane, whereas acetylcholine does.
Procaine snd other surlace anesthetks and dipbenythydramine may act in s
manoer slmilar to quniline at Jest they all ixTense both the duration of
1he action potential and the durntion of depolarimtion  Digitals, lodoacetate
carbacha! and physostigmune while produang no effects on the magoitade of
cither the resting patential or & -tion potential, act to shorten action potental
duration. E dence from the wark of Ghynn™ and Schatrmann,® who Rudied
the action of strophanthin scillaren and other cardiac glycomdes, indicates
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that these sabstances probably exert therr effects by altermg exther wonic perth-
thon or sox tranwnembeane d mamcs

T wscapillary Lentc Meorements

A doscumnon of won mobility acrows what has the appearance of beng a
mmpler membrane, the caplllary endothelrmm, » pertment.  Although not
muoch 13 Loown about 1t (it will be apparent that oar mnorance of 1t m at keast
a3 great as our ignomance of the phymologpcal effects of wons on the heart)
1t will fllostrate the long way we have yet to go before won effects are thoroughly
understood

There 1 now & conmderable history on the me of the motopac tracer technigoe
m reveahng mioarmation concerning the dmmppearance of Jons from the ascular

1 providing a large amoont of pertinent anallary data
Frotze 2 1losirates mmultaneoss thne-concentration cunves for & protem-
bound dye (T 1824) \a znd K® followmg the sudden infection of a small
ahug of these materiah mt e large :m,tbemmtmnomh:mbu-nde—
termined m arteral blood cbtamed by raphd serial mopimg  From sach
curves t bs pomabie to caknlat (1) the cardiac outpat, (2) the modal cardso-
pulmorary crenlation tme, (3) the central blood olume, (4) the rate of loss
of motope from the vascular system, 5) the blood +oltme (G)m:unq:-npue
and, if mean hlood pressare » table, (7) the total
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Faourx 3 Typscal K® demppesrance curve ]
tune  The iecried dmgram reprewnts the WMMWMM
E—hmdthnx'd:-nnnmmmwnmudb, virtual concentrmtions denived from

Inspection of these wrvesand { the type curve shawn 1n rouRs 3 indicates
that, due to the heterogeneity of disppearance rates and the oeset of forac

resolved 1nto components  Slope analyms of the early c partion of the
matope curve (shown replotted 1n the insert of FIoTRr 3) yiekds the mean rate
of exchange of botope betw een vascular and extravascular pools  For steady
state condstions, this s equal to the cutward transport rate expresscd as the
fraction of total Na or K that lea "es the arculation per sumte, ar ¢ value that
Walker and Wikde® expressed as  turnovers per minate

Barkw ¢f ol ® have reported the results of such messurements 1p 65 normal
dogs. These results indicate that Na and K leave the vasculer system at
individually constant rates, but at significantly dufferent rates for the two wa
spcocs.  Thus, the average vascular slope (transport rate) for Na™ is 1.38 &
030 while that for K9 222+ 039  The difference between these numbers
s adgnificant at the 0 1 per cent level  The dmappearance rates for Na and K
ars highly reprodacible not only in the seme 2nunsl, but elso froem one anip)
to another and, Indeed from species to species  Furthermore, these rate con-
stants appear to reflect fundamental properties of the endothchal barner or the
Interaction of the 1ons with the barner snce severe alterathons in hemodynamices
fa}) 10 alter the rates of Jom  Evadence has been presented by Sheppard of of ®
that the Indrvadual tissue transport rates do not differ markedly from the mean
rate. These autbors showed that slopes of the early aperiodic portion of
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wotope time-<oncentruton curves derned fren semplmg duferent veins weee
quite sioulas even though such cueves were variowsly daplaced horzontally 1
time and vertically 1n concentration.  These rates, then, are not  circulaton
mited e it appesns § oo expenments snolving gross sltenatiom
bemodynamics that &s long as capaifanes xre avadable to the inperted rotope
the mute of lows 1 wdenticel It also appears that all cupillarses have aprrioe
mately the sume propertes at fur a8 & and K tramfer b concerned

Despute the dificuity encoantered m changing the reported rmte comtants
they #n be ciaoged m s number of ways that peesent Interesting avenoes of
speculation rogarding the functional anatomy of the endotbelnd Turrer  Ex
posure of smmah to whole-body Wradation sugments both Na and K tram-
part mtes  Intratenon hatamme moreases X\l trampoct, but has po effat
upon K On the other hand, mir d hyzh dsae m-
num}(mm\nnunbam&pcrmtumwnhmg\lmmpon From
tho foregomg tt o clenr that \a and K paemally lesce the vascidar syatem by
routes or mechanim thet aee sot only different but thet can be mdependently
or rautaally altered  Application of this method t lxbeled materals of dif
{erent moleculss w2 and confpraimont tas sl brooght to Ight & number
of mterestmg and challenging facts  The vascolar dope (dneppesrance rate)
of patural radoualin, for example, 15 sbout equal to the mt of jows of the
akn  Om the other hand, tem such wwohn » nbjecled 1o denaterston
with lkels slibongh there s bat little change w molecalar weght, the duap-
pearanct tute o vesy sow and approwches thet of the protan-boand dye,
T 1824

Elocdatson of the meder  perand of the capliacry bamer then, swmts the

ta! description of the rates of los of many other meteruls ey xell as

the efecta of other substances (such ay aldogierone cardimy ghytosdes, nita
nim) and xgeeces (heat, cold, ancod) upon these phtnosvera Eiven then,
ouly & bexmnng wilf have been made, for know ledge of the functsona] capaaties
of thus and other membruney may explam much of pew wmportence tt dagnoss
and rherzpeatics

Ax an exampie of the comt of the of & w th toial
tratme 1on determmanion kod ceiculations of twoo and plase spectfic activibes
and relative specific  ctivibes in the eluadstod of sonic transpoct and dostnibuo-
twon chasactenatos, the recent work of Habwh of o ™ o useful.  Collowing &
two-hoar penod of vrexhmlyss sgairst a K-free fluid, the et of joss of K from
the blood of dogs was deteramned, ss well a3 the electrolyte and water content
of heart Jiver and sheletal muscie A wamiboant morese m R oontewt of
carduc muscle xas foand and hver Na wee abo ugodicantly elevated  The
mean rat of s of K from the vasular systiem under these condasonm (foc
exanple, 20 mm after cemation of dulyss) was sgmbcantly redaced

Sach expeniments generally rume mare questioos than thev anamer and yet
they diosteat woportsnt points refatne to wax phviwlogy  They pxat ta
the demrzbality of ampilmg dats on the dynemics of matermls tranwport they
resnd us of our ebymmal oomace of a o6 they Hloateat  the oed
for todses, ot only of the stendy state (d such cxuts) bat of vanous phases
of the numeroas critsen) actvities of body tesues (hey beckon us with the

/
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enticing possibality 1hat the solution of these problems will bomg & new e in
the therapy for and preventon of disease
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EFFECT OF 1ONS O\ THE ACTIVITY OF ENZYMES
DERIVED FROM CARDIAC TISSUE

Jobn A Muatx
Depoimcot of Bischomisky A}nvvl]?kdwjudn Tnrrersuty

Introduciron

An amlyms of the varions facton mvolved In crdme comtaacnbty mar
take knto consideration the umque fetures of thus hughly writable Lismoe, a2
well ax theme it bokds i common with other more gnbform types of mmsde the
mr  Such 2 constantly workmg rmusche with 1 innue as welf ay sxinipne

fined often have peofound cfiecis Thi, an eevalion or depeession of Kt
mﬂnﬂ)ydlmlhcdtdmfdmmnndthehunwl S homeostatic
control of the n imhed by mmany other
s, Ldney xad bves mp-mcnhr the bypotbens has bren edyswed that
many cardime aboormaites 4o not sem froen cardme pwae dy doncuon
pemnanly bat, secondanly a3 & result of alteration m wax compontion of
extracetfulay fiud

The sypergatc & on tbe oaher hand, sntagonntae fopcioos of extraceloler

frcting ensyme

charge dntriution of sarface cotiods b & mattes of speenietion.  Tnanxeflular
organmm, yrasts, and bacterm vanow was can exert prafound effects at the
< I membenoe

Cardwme Lsur, ke most other tsnes, control 85 intracetfular lor compon
tson for the most part by actrve transfer mechaowm, whch are membrane
phesomens o the Ant mstance  These mechamus have been extensnely
mveshipated m rerve and some rienmon to uscle bas been made  Thus, the
wirtunl exchuman of Ne from the o) intethor even though the membrane »
permeable 1o \a ncmbedwmm}re\ﬂeuhxsmmb:mmtcdin
of peaT the memiwane  The socorporation of worgrax phaspbate, to which
e membrane o not rewdily permealie manact € process invoivmg & epecial-
wed membrane tramport mechansm  Even the uptake of glucose, which
wught be thonght (o enter the wuscle cell by pasn ¢ duffoson and then undecgo
enxymate attack @ the cytoplssm, seemn to reqidre o hughy specuiined, e

underiyag
phenmoens » mesger And i langely 1n the descrpirve kuege of development
Iaummcmenuunbemmju lhndwﬁwl)emmu,lmitbc:ﬁtndn;y
ing sach pa or mhiluiot codcrntrktony
mbumdnmbcd mm&nam‘, » that mmmaian cell membraney
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are difficolt to 1solate and when apert from the intracellular environment they
have few messurable enzymatic properties. Perhaps 1t fsallusory to view the
entire transport mechanism a8 occuenng i the membrane the coerxy foe the
process 18 probmbly provaded Uy the intracellutar enzymath machinery and
icated to the b

The metabolic machinery of the heart s geared primanly to energy liberation
By supplying approprately labeted subatrates it has been shown that the main
pathways of metaboluum are via the Emden-Meyerbol scheme of ghrolyss,
fatty acd degradation, and the atnc acid cycde  Hydrogen and electron trams-
port to oxygen occurs on organired enzyme chains within the mitochonxdri.
All of the cytoplasmic ensymes and subccllular partkdes are Influenced by wons
to & grenter or lemer degree  In & broad sense cellnlar metabolm carnes oat
2 dua) fonction whide 1t b providing the encrgy for the working muscle it Is
also mamtamng the intracellular wnic envronment, the high K+ Mg+
HP(O= and the jow Na+ and Cat+

In most mstances the only way 1o assess the cffect of a given Jon upon an
enrymatw reaction 1 to study the reaction kinetics with as pure an enzyme as
pomible thus ehminating nde effects that might cause spurious results This
18 not of course the s tuation in which the cnryme it foand wathin the cell
There & number of competmg 0 Wupporting reactions may alter the activity of
the enryme N\evertheless, as a finst approach results obtained on
systems aro at least gudes to the characteristicn of & reactson when 1t i3 inte
grated into & metabolic pattern  From thus point of view on effects on the
major enrymatic reactions oncerned with energy reicase will be review ed, and
then certain generalirations will be dumcuseed

Ensymes Concerned with Givelysis
Jloee 1 known about wn effects on this group 1ban on any otber pnmanly

bttlumlormmyof(hccnxymﬂhlvebccnm].lledinlu’yiuﬂ.mearhjghly
purified state (TanLe 1) Heart twsne bezokinase as woleted from homogenates

Tamix 1
Ioe Frrzcms ox Glreowsnce Excmas

Furyme “and for Actr srmg 2ome Indmbhary st
Hezvlarmse ATP Mg Gloc 6-P
Phosphoberost Lsomerase nona DODe Co* Ant+ Mg

ATP Mgt X oe NHy | ATP Ag

Am ol Heavy metal
Trowpbospbat debydrogemase | DFN Zn Heavy metal
3 Phegphogiyeerd kinase 2 ;\:A;Ppm g
Phospboghyreric wetase i w P Catt st
Pymavic phosphaferase ADP Mgt K o NH, |Ca*™ Na L
Lactie dehydrogromse DPN In

Tweaty o 30 per cent minbioon £ 004 A1
Adenosine tripbomkat (ATP) sdencene L:(ADP)WM
i et e gt e o ¢ (GRhe s F)
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euss 1 both & perticulate and soluble form  As with moat of the hinasces 3¢
o activnted by Mg+t and the products of the reactions, ADP and gtucose-6-
phosphate, are stroogly inhibitory  Both the glucose and the phosphate
moietses of ghicone-5-phosphate are implicated 1 1ty inhibitory effect  Phos-
phofractol.muse also requures Mgt and the partwlly punfied bram enryme o
markedly stmulated by VHit slthough, uniike crude preparations, it o not
wumuisted by K+ won It o oot mbebated by walfbydryl blocding reegents
woch at wdomcetamide yetat i very sermtive toRheroos It must be employ,
nzed that thes olwervations pertain to the train entyme nmilar stodwes on
enxyme from heart have not been rmede  Aldolase resernbles phosphofructo-
kmase with reapect 1o mhibstory agents beavy mets] wony insctivate it shle
doacetate doex not

The much atuded trose phosph dryd t revesd new
facets of 1ts structare It has recently been shown to contam mne, end this
meta! may be one Imk betwern protem and the bound DPN that remeim with
thtenz_vmcdu;xt:mputcd recrysiallivanon The other debydrogenase o
the glycolytic schome lactic debrydrogenase w alao & dnc-cootaumng ensyme,
and it ikew ne requires 0o other speafic i for 18 entymatic acivity
Enolase activutson and inhuintian ere mmportant beceose they tlustrete ooe
way m whach both cations and anwns mfinence these phenomena  Mg™ the
activator combines with the ithibwtar £~ and phosphate 10 form « magnesum

te comtpiex thet 1 the true mhuntor  Although Mo and Za+

10 Jow oncentratuss sre better scifvatoes than AMgH for the yeust enzyme
u amumed that Mg+ m the preferred activatoe wathin the cell, mnce @ 18 more
sflective at concentratwm that are representative of mrwcefiular concentrs
tons,

Pyruwn phosphof m abao of ¢ derable hustorieal smportance becsuse
mn\uwofmcﬁmmzymdqm\ampmcx*immnmummmty
In fact the sight revermbnlity of the transphosphory lase reaction could not

ionger plays sach a vital roke in reversal of ghyeolysas.
Faasymes of tes Krcke Cycle
oo requoements for tha group of enzymet have pot been thozoughly in
vestigated (Tastr 7 When the cnsymes are studied a3 past of the comples
mutochondrm of which they are micgral parws, they are already i & mediom
optumal for preservation of mitochondrs, geperxlly contammg appropaste
concentrations of Mg Mo+ K and phosphate wom A they bave been
extracted and purified, wmote shout thew has ap-

Crysalhne ondenung cnzyme, prepared by Ocbon of f  fram peg beact
was always ameyed with Kt present  In the away employieg photpho-
traceacety lane thr way necemany sm  this ensyme requwes K or N, far
actnity however tielt aneetthed the wn requmements for the condensng
rewcton Iz studying the same reachon bn an extract of frosen-tis od mito~

7e
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Tantr 4
Ton Lrracre ov TeITMES T8 SUPTORT TN Mary Scuzwrs or Earesy Mimisos

Exyme ’ Corarme madce }Anmu--— Taintary e
Malkc enzyme TPV A
Ormlacetate decarboxy lase FYaRas {n’hl .
Pyrovic cndsse DPN DPT (oA, maloa
Glatamic dehry drogenase DPN er TN In ig Hgv
Glatamc esparic imamminase Pyndowal P i1g
tarmc-alanime transmmnese Pyndoal I

Pyndowal phosphate (pyndowal P) thoctse sad (pac)

order to mamtain optimal activity of the Krebs cycle 1t 1 necesmary to replenish
vanous intermediates, particchrly oxalacetate The malc  ensyme 1s
present in heart tmsuc and may be the Ley enzyme for this purpose It
polyfunctional the same enzyme atalyzres the formation of mallc acid from
pyruvate and COy and also the detarboxylation of ovalacetate which s sub-
sequently formed from malate by the a tinty of malic dehydrogenase ™
JMangancse w required for both the COfiting reaction and the ovalacetate
acuvity  Inhib tion of the decarboxyluse activity by malate

would seem 1o be o useful protective device serving to maintain the oxalacetate
for the vital condemation reaction with scetyl CoA

The omplex pyruvic oxidase reaction that s the main link betneen gholyms
and the Krebs ytle involves one or more ensymes and four cofa tom A
preparation from pig heart was tested by measurmg citrate formation 1o the
presence of added condenting enzyme Mg+ and K+ oma®™  When tested for
1ts  bility to form seetylphosphate in the presence of added bacterial tmns-
acetylase Mgt was pot requred  Trom this 1t may be concluded that the
oudsse does pot requme Mgt The requirement for other om was not
adequately emmined

Heart tissue contalns considerable amounts of glutamk dr.hyd.rngmno an

enayme that might function to furnmh a-ketoglntarate hence another Ley
hunlethatmntummum(he}lrdxq-de_ Vallecof /@ ha ¢ thomn
that hver gl & nnc metall herrce 1t 1 posible

that the muxlc mzym: -lso contalns mnc, No other wn requirements ha ¢
been reported other than \NH* which s & substrate In the reaction

The tranmminases have not been sufficaently punfied to permit a rigotous
analysis for trace metals homever it has recently been reported that Mg+t
stimulates the activity of glutamic-oxalacetic transaminase as much xs 80 per
cent above the acti 1ty observed m its abserce ®

Role of Tors 1w Iu=ymallc Reactions

Alnting of 10 requirements and other modifying effects of ions In enzymatic
reactions serves tho useful purpose of emphasiring those that must be present
in order to aseure adequate activity In addltion to contiderations of speci-
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fraty 1t would be desirable to delimit the contentrations of wrn required for
peoducing an optimal effect Turthermore (¢ wowld be very desrable 1o koow
hos & enaon wotkt ih & st reaction or svktem, sirke this wonld be wefut
w unestyations on the ontrollivg mechanmms m enzymatic resctioms
Defimtive exphinations of 100 effects m thi mree sre fer and, at tbe ik of
reiteration, some representaine theones will now be beiefly emmmed,

Tt 1 asefd to clasafy wons commonty mvolved in ensymatsc reactiom mto
the follon mg categones (1} was that are integret purts of &n enxyme complet
essentally nondusocisble, and that remalin with the ennvme throagh extensrve
punificatson procedures (2} ke that are bound to the proten mowety of an
enxyme and often to an avoumted colactor as well but are more o less
drocighle and consequently must be present m the {ree state m some definte
concentration (they may also be bound o cofactor or sabatrate 1 the first
imstance and then, secondanly (o proteio a3 2 metal-sobstrate compisx) and
(3} sors that are bound feebly of st ell, end serve mainly to pronde & fa or
able environment for the ensyme

(1) Tex as Inegral Ensyme Componenis

These complet eraymes by often been oafied the true metslloproseim
Typusl representatves cootaln mop a3 15 the beme protewns and m certam
favoprotemns  In the former Lron undergoes revermble ondation reducton
hosever it » uncertam whether the mon nndergoes a valence  bange 10 re
ectians mmolvmg the flavoprotans Exmmples of enxymes contammy copper
are tyromrasc and also some recently dscomered flvoprotems.  Carboosx
anhydrese 1 the cemx rmccontammy ensyme more recenth  carbovy
pcpuhr:andlnnmbum"" bave been o wed &3 nnc

i CnEyInes such & xanthine madase,
aod artrate redoctase d:a i m thu category

Except for certain heme protens, oor knonledge of the mture of the tandung
betwemn metal and protem o mexger  Studies on yeast alcohol dehydrogenase
and mowle lacte acd dehvdrogenase have revesled the fact that thare s an
atoo of s far every molecule of bound DPN which suggests that the metal
u coaremed with the andmg of cofactor 1o protesn  Perhaps one of the best
exampies of the mnoer i which & metel ought act asa bioding sgent and at
the swme tmne parterpate m the camalytic functiar of the enavme coenen from
model sadies wrih pyndaxal, the cofactor of the trensammases
has ehown that seintons consstang of pyndoal, pyndommine an amino aod
aket acd, and & meial sch 1 O+ form mixed courdinaton cmpmnd:of
the type dustrated w rigex 1 In the amuno acd denoted by R
reseted soth the pyridowal past of the omplex and the Leto aod R lr{htbg
pyndommne part This then undergoes slectron and proton rearrangements
a3 shown m b wherrin R bas beeome the heto 2od and R the new amme
tod  Postultmg that the metal could be coordinated 1 #n emzyme tha
mught represent the interconversion that occurs in an enzymatcatly catsly sed
tranammatin Unfortunstely the tn  rnost abundant tramemmases ha
not bren prepased m s stxte of sfficent panty mpﬂmlrdnbknm}

¢
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Eaayma Coorrme o | pctrvatmg rema | Talobciory rems
Alalic enxyma TPN Al
Oualacetat decarboxy lase Y {““h"'
Pyruvic oxkuse DPN DPT C A/ maloaats
Glatamic dehy drogenase DPN or TPN Ag Hev
Glatarmce sapartsc transanmnese Pyndoul P Mgt
G -alanme Pyndoul P
Soccmyl CoA transferase

Pyndoul phospbal (pyndosal P) thioctic acd (bposc)

order to mantain optumal a treity of the Krebs ycle it m necessary to replenish
varios Intermedites, particularly axalacetate The ‘malic enzyme ®
present in heart tissue and may be the key ensyme for this purpose. It B
polyfunttiomal 1he same enzyme catalyzes the formation of malic acid from
pyruvate and CO4 and also the decarboxylation of oxalacetate which b sub-
sequently formed from malate by the ‘actvity of mali dehydrogensse ®
Manganese 1 requured for both the ( Orfiting reactson and the oxalacetate
decarboxylase actvity  Inhuibatson of the decarboxylase xctivity by malate
would seem to be & ureful protectne device serving to muuntam the oxalacetate
for the vital condensation reaction with acetyl CoA

The complex pyruvic oxxdase reaction that s the maun link beiw.cen ghycolyses
and the Krebs cycle involves one or more ensymes and four cofact re. A
preparation from pig beart was tested by measunng atrat foemation in the
presence of added ¢ ndenmng ensyme, Mgt and K* 10 ™ \When tested for
1ts ability to form acetylphospbate in the presence of added bacterm! trans-
acctylase Alg* was not required  From this it may be oncluded that the
oudase does not require Mgt The requirement for other rons was ot
adequately cxammed

Heart tmsuo contmins derab of glutamic dehyd an
enryme that mught function to furnsh a-ketoglutarate hence another Ley
substrate that serves to mamtam the Krebscvele  Vallee o @f @ bave shown
that biver gl lehyd 5 a nnc 1k hence 1t is posble
that the muscle enryme also contams xme.  No otber ron requrements have
been reparted other than VHy* which o a substrate m the reaction.

The tosammuses have not been sufficiently purified to permit a ngecous
analyss for trace metals homecver 1t has recently been reported that Mg
stimultes the activity of glutamic-caalscetic tramsaminese as much as 80 per
cent above the activity observed in its absence.®

Rol [ Tons tn I'asymalic Reactions

A listing of Jon requirements and other modifying effects of foms in ensymatic
reactiions serves the usefnl purpose of emphasizing those that must be present
1n order to sssure adequate actlvity In addition to corsuderations of spec
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fiaty t would be demrahle to delmut the concentrations of »ns required for
producing an optimal effect  Furthermore, It would be very dewmable to know
how a g1ven jon works in & specific reaction or system, unce this would be useful
m imvestigations on the controlling mechanixms in enrymatic reactsons.
Definltive explamations of n effects m this ares are few and et the nak of
reiteration, sotme repreesentative theones will now be brefly examined

It 1 useful to clasify loms commonly mvolved in enrymatic reactions nto
the follow Ing categorwes (1) soms that are integral parts of an enzyme complex,
essentully nondmsociable, and that remam with the engyme through extenarve
punfiation procedures (2) »ns that are bound to the protemn mosety of an
entyme and often to an assocsted cofactor w3 well, but are more or less
dwsocrable and consequently must be present 1n the free state m some defimite
concentraton (they may also be bound to cofactor or subsirate in the first
instance and then sccondanily to protem as  metalsubsirate compler) and
(3) roms that are bound feebly if at all, and serve munly to provide a favor
able environment for the enzyme

(1) Jons os Integral Ensyme Componsnis

These commplex enzymes have often been called the true metalloprotems
Typxcal represent trves contam iron, as m the beme protewns and m certain
flavoproters  In the former ron undergoes revermble oxidatwon reduction
however 1t 1 uncertam whether the ron undergoes  valence change in re
actions 1rvolving the flavoproteins  Examples of enzymes contalning copper
arc tyrosmnase and also some recently dmcovered flavoproteins. Carbomc
anhydrase o the clasic mnc-contanmg enryme more recently carbaxy
peptidase and a number of dehydrogenases have been chamactenred as zmc
metall H Molybd enxymes such a3 mnthie andase,
and mitrate reductase 2lso fall In thes categrey

Except for certam heme protens, our dmowlerdge of the nature of the bmdmg
between metal and protein s meager  Stodies on yeast alcohol delrydrogenase
and muscle lactx 1cd dehydrogerase have revealed the fact that there s an
atom of muc for every molecale of bound DPN which suggests that the metal
1 concerned with the binding of cofactor to protan  Perhaps one of the best
examples of the manner m which  metal mght act as e binding agent and at
the mme time participate in the catalytic function of the ensyme comes from
model studies with pyndoal, the cofactor of the transammases. Baddiley®
has shown that solutsons conswsting of pyndom! pyndoamme sn ammo acid,

ket acxd and & metal such as Cott form mixed coordination compounds of
the type ilustrated n 716URE 1 In &, the amino acid denoted by R has
reacted with the pyndoml part of the complex and the keto acd R with the

part. Thus then undergoes electron and proton re 3

a3 thown 1n b wherem R bas become the Leto ackd and R 10
acd  Postulatmg that the metal could be coordinated to '
might represent the mterconvermon that occurs n an enry
transammation  Unfortunately the tx  most abundant
not been prepared m o state of saffcent purity to permit
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metals however a punfied tyromue-k 1 te t from Iner

has been found t contain copper ®  With the recent improvement m glutamic
ASDATIC tranmmmast punfication, it may be possible to emmine the problem
of metal requirement moce ctscally
Onemnv:pccuhlclbnlhethmdcpktmnufnmnﬂnquu—ed
continual resynthens of & metalloensyme could bead to Fn(rcmvcdfjoj;nur
tion of active enxyme and that ultumately 1t might become the heuting step
1D energy relense I.ndutctewdenceuntthncmocmrm--pcaﬁcmxyme
system has been presented by Vallee o «f ¥ whose studics on patients with
postacobolic crthoss bed them to conclude that a conditnned minc deficency
develops as a result of the bouts of alcobolsm that lead to progr
dmivution of Liver akcohol dehydrogenase activity and, altimately of proten
me

(2) Tons that Hare 8 Cooperains Action

The {om most frequently encountered as activators m enzymatic reactions
are Mgt Aot and occamomally Catt A commoa property of all these s
their ability to form cheiate stru-tures with a vanety of substrates, particalarly
those contalning phosphate or condensed phosph groupa.  Thus, Mg s
an aimost unrversa! comporent of reactions fnvolving ATF or ADP  Man-
ganese may abwo fanctioo in these reactions, frequently ot as well as Mg
On the other hand, Mn+ s much more efficacious in the decarbaxylations of
f-ketoacids These jons play a dual role In chefating with the sabstrate they
alter the electronic structure so as to make certain groups of the substrate more
vulnerable to attack and at the same time, they furnuh a lmk to the protein
in formmg the ensyme-substrate complex
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A ooat imatructive cxamplt o apun 8 moded system, the metal-catatymd
decarbaxyhtion of dunethylosalacetse aod investgatad by Stenberger and
Westhenner ® 1f ome propets ther resuind to the cnryme-atalyred de-
crrbaxyistion of axalacenx aod 1he mechanmu ghown tr AGURE 2 would be
operatrvt.  The metal n this cise w mangancse By chelating with the acd

the carbary! and edpmoent kelo group minganess ruses an slactron
shafe from the carbatyl carbon, thes wexkenmy the —C—~COO bond and
i berating €Oy The resiting enol 3 then cleaved from the <omple by o
pecton, and pyravic acd o formed. By binding 10 the proteln, tbe axnganese
chelate undergoes he Teaction very npadly  In tht ponenxymatx modd
mmmmtmmmwxmmmmmmw
1o the th eaxyme
lnmm&mlig“m&tﬂdpwmm potebly thow oc
cornng 10 the froctokunese end ;hngwlmdohnuemcm Lardy wnd
Parke™ bave poutted out that the ATP/J gt reho o very mpoctant I ths
nmmmevcd«u slues grester than 1 progresmvely mote Stifistoon w8

y because the umumplacd ATP mtafered wth the

bmdlngofM(Al?wmxymemd drmuntshed the mate of reaction
rau t mechannm of this effect » not known bat egaun © woodd sppear that
the binding, of 3g* to the pyrophosphate group renders (he termmal phos-
phate more resctive and hkewo promotes the tanding of Mg ATT 0 enzyme.
Klota® has discossed varous types of grofedn bindiog with such compleves

{3) Ten thut Fonhiaie ihe U % on of Subsirat { mpler with Daxyme

The monovalent ayons, K+ and NI are the moat common sxumples of
the tam  Thert are fes roactiom i which these s s abeotutely e
yored Only those catalyzed by pymmﬁ«qisdmxnd,p:d&{(.,{(

@

£
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condensing enzyme among those thet we have been conmdenng here  Sevenl
others are sumulated to vanous extents when these fons arc present  The
manner in whxh they exert their effect s especully pumling since they do pot
scem to bo bound to any mportant extent either 1o enzyme or substrate.
Homever Carr® employmg an electrometnic method has adduced evdence
that k*  bound to & smmall extent with certain proteins  Although Nat was
also bound, the extent of binding was usually smaller than with K+

The differences between K+ and NHy* on the one hand and Na* oa the
other bave been emphanized over and over agmun  Quite generally when K+
stimulates a rexction, the addition of Nat to the system will inhibit 1t Yet
this phenomenon 13 pot & typeeal 1on antagonusm  Thus, Kachmar and Boyer®
have shown that Na will sumulate the pyruvic phosphoferzse reaction slightly
even though 1t exerts a pomerful nhibitlon on the h+4timulated reaction
From thewr hinetic data these authors exclude the binding of K+ to substrate
and suggest that it 1 10 some sort of combination with enzyme, »hile Mg*
the ather indspensable 1on 0 the reaction » bound wutially to substrate
{pytophosphate mowty of ADP)

The same preference for K+ over Na* was well shown by Gamble® in b
work with Iner mitochondna  Carefully prepared mitochondna with ther
oudauve phosphorylating capacity mtact wil bind 25 tumes more K+ than
Na* per mg N Ths K+ binding capacty 8 still retmned although to 2
lesser extent 1n mitochondnal fra pared by d In treatment, which
also preserves ondatrve phosphorylation  However mechanxcal fragments
tion, nhich destroys the latter also abolshes the K+ binding ability

It 1 difficult to vismalize anything other than electrovalent bond forma
tron between the monovalent alkall cations and peoteins It 18 known that
polyncrylate macromolecules m solution can amocate conmderable amounts
of alkall metal on  Extenmon of ths finding to proteins should also account
for the high selectvity for K+ or other catoma  In FIGURE 3 18 depicted a
model to account for K+ binding and the way 1n which this influences reaction
veloaty 1n an ensvmati system  Most of the enxymes we have been dmscusaing
besr a net negative charge at mtracellnlar #H Thus charge would tend to
repel 2 hughly negatively charged substrate sich as one with & pyrophosphate
group. Complexmg of ths group with Mg+ would reduce its electronega
thity but not sholsh 1t The net negatrve charge on the protein is contrib-
uted by many carbovyl groups and, in some cases, by pbosphate groups as
well. If these occur withm the proten structure {within the belx cotls or
elsewhere In the mierioc) & cation would bave to penetraic to ths site, and
parameters such as hydrated sue and mobiity of the cation would nfluence
the penctration  Assocition with these interlor sites would reduce the net
negative charge on the protem and perout & more facile approach of the sab-
sirate complex to the enzymatically acthe mte  Thms might or mught not be
the mme as the K ttracting mte.

The selecthaty for atons of certain dimenmons brings to mind a clase of
compounds called lathrates®* 3= formed by locking a guent” compound within
spaces formed by the urson of several host  compounds There m con
nderable selectivity f  guests of (hey are 1oo large they cannot be enclosed
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and, if too small, they can slp out of the cage hke structure  Zeoltes, ben-
tonites, and synthetic resins ha ¢ been conmdered to be solid macromolecular
structares of this type 1t would not be amm t extend the analogy to proteins
1n sotutlon.

In cond 1t should be t d agam that ecven of we accurately
define the wa requirements fo lnmhtcdmxymc,ﬂ:cu]umnt goal must be
to understand the factors that regulate ta activity m tie There m ample
evidence that many enzymes cannot be workmg st maxmum veloaty » thm
the cells  Consequently even uf the sonic envronment m not optimum  there
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INTERACTIONS OT GLYCOLYSIS AND
OXIDATIVE PATHWAYS
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When I was approached to partkipate {n this symposium on metabohe fac
tors m beart contrmetility with & review on glycolyss and the shunt pathway
I attempted to convmce the program committee that my ignomnce of heart
contractility m almost equalied by my {gnorance of heart metabohsm Thm
dsd pot ehminste me an & contmbutor to this monograph since I cannot spesk
about the carbolydrate metabolum of the heart, and since ths fs & symposium
on the heart, T will diacuss what Thope can be called  the heart of carbohydrate
metabohsm

When we attempt to study the role of metabolke factors m the phymology of
an organ such as the heart we try t learn as much as we can about the enzyme
systems that function m that crgan Lnonk_rtodo-),lthmcmrymdmrpt
the organ structure and 1o molate the individnal ensym Enxymology o
relatrvely young science Topu‘phnneBemudSha' "Yom.hulwondn:ful
thing 1t seems & pity to waste it on the purificatum of ensymes  However
wolation af the enxyme systems hus been the most rabonal approach to the
stody of mechanmms and now that ensymology begins to approach matunty
we find that some af the ensymologists are willing to part with some of the pmn-
tarucal views of thelr scentifi adolescence

Previowsly ensymologists used wntact tmue cells merely as sterting matenal
for the purthcation of enzymes mmumhruuﬂy(hcycujldtrmn.beu-nu,
the better they lked 1t. “u.hLbemmgnlnﬂn mmcd.lu].l.rmucmm
such as mutochondna and boll

1 mare gentle appeoach t Lh cell Notu:\lydﬂl.hqunl.m
world of mmultienryme systems t  them, but they ould now take advantage af
the structural dutribution of ensymes for purposes of purtfication

Among these ensymologmsts a few have talen & further step and turned to
the study of enxymes m mtact cels  The difficulties that confront them here
are quite different from those encountered with purified ensymes or even with
ell-free multienzyme systers  In order to cvmhuate observations that they
male with intact cells, they must know th major alt rnative pathways they
must learn what hmits the rute of exch of these multlensyme systems they
must be aware af interactions between the majo sywtems and of the numerous
sxde reactsons that exfat m the complex metabolic machinery of the cell  Per
hups this generalimtion will become clearer when »  deal with 1 more concrete
problemr—the tilimaton of glocose

The ork described pnpﬂ‘ - ty Geant C 3463 from the N
ucnl():mh-m;{t Pubisc %m-udnwtb) gant from the
m.rch} Coan
chDﬂ'nth_]l.n:CcﬂinChkh“m—njrund nrlledn.linn.rch Preseat
drem  Department of Biochonestry Hadesssh Unvu-tySchnuldlIed:dn:,
Jormalem, Inncl /
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There are three major pathways in anmal tissues responsible for the break
donn of glucose to COs and water (1) the glycolytic pathway (2) the tricar
borylc acd cycle (TCA cycle) and (3) the oxdative pentose phosphate
cycle(P Pcycke) Thse catabolic systemsare Interhinked with the metabollm
of {ats, proteins, and nuclerc 2ckds m an almost continuous network of enzyme-
catalyzed reactions  These relatons will not be discussed here.  Instead, I
shall concentrate on phenomena of interactions between the three major multk
enzyme systems of carbohydrate metabolmm and pomnt out some of thelr
aumlanties and differences

Tirst 1 shall dscuss the mterplay between glycolyws and the TCA cycle
The cnzymes of glycolyms and of the TCA cycle are stroctunally separated
insade the cell and we can amume that there is little direct mteructon at the
enzyme level However both systems reqmre nucletide cofactors and inor
ganic phosphate A phenomenon such as the Pasteur effect indicates that
intracellular metabolism imvolves competitive processes  In our hboratory
Wu has studsed ths phenomenon In recent years in intact asclies tursor cells,
and we have ko nvestigated 1t 10 a reconstructed system conssting of liver
or heart mitochondna and s mixture of punfied glycolytic ecnzymes  In the
studics with thz recomstructed system 1t was poemble to vary at il the
indnadual  omponents, and I shall give o fow examples of the competitive
phenomena observed 1n such experiments

1t 1s now well establshed that carefully prepared mitochondria require ADP
and lnorgany phosphate for respiration  To permut the study of competittve
phenomena, adenine nucleothdes were used 11 catalytc amounts together with
an ATP regenenating system  The eflect of varying ATP coocentrations in
the presence of ewens inorgenic phosphate hexokmase and glucose » shown
in FIGURE 1 In most subsequent experimenta, 3 to 5 X 1074 Al ATP were
used which 1 just below optrmal  Instead of ghuose and hexokinase ATPase
was added m some cxpermments, a8 shown 1 FIGUXE 2 We can sec that a
prooounced stimulaton of resprstion was produced by the additton of this
enzyme A -~omparmon of F1GURE 1 and r1gURE 2 thows that, while there was
hardly sny respiation withoat added adenine nocleotide even in the presence
of glucose and hexolnnase considerable respiration »as obtained when catalytic
amounts of ATP were added alone without an lcceplnr lyn:m In fact

FIGURE 2 1 not entirely representative m this respect as, cxperments,
only twe- to threefold stimulation was schieved by the lddxtbu o.f bexokinase
or apyTase

e suxpected that resparation in the presence of catalytic amounts of ATD
might be due to mhnchcmdznl ATPage activity Such an activity was readily

dris! preparatioms I should say ‘readily ” be-

ause other investigntors have nporied dlificulties with accurale megwrements
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rare satance an obvieus exphanstin turned out to be & corect eme.  ADP
at concentrations beyand 107 M was found t nbibit mitochondral ATPase
an observation made previoasly by Foelley and Kietkey  The mhubition of
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Just us the addition of 4 phosphate accepior syntem enbances respraton of
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There arc three major pathways m animal tasues responsible for the breal
down of glucose to COs and water (1) the glycolytic pathnay (2) the triaar
boxylxc acid cycle (TCA cyck) and (3) the otdative pentose phosphate
cycle (P Pcycle) These catabolic systemsare mterlinked with the metabolsm
of fats, proteim, and nucleic ackds 1n an almost continuous network of enzryme
catalyzed reactions  These relations will not be discussed here  Instead, I
shall concentrate on phenomena of interactions between the three major multe
enxyme systems of carbohydrate metabolam and pomt out some of ther
sumlantics and differences

First I shall discuss the interplay between ghycolysts and the TCA oy ce.
The enzymes of glycolyss and of the TCA cycle are structurally sepamated
e the cell and we can asgume that there 1 little direct interaction at the
enzyme level Homever both systems require nucleotde cofactors and {nor
ganic phosphate. A phenamenon such as the Pasteur effect indicates that
intracelluler metabolism mvolves competitive processes  In our laboratory
1\ u has studied this phenomenon in recent years In ntact ascites tumor cells,
and we have also investigated 1t in & recomstructed system consiimg of lrver
or heart mutochondra and a muvture of punfied glycolytic ensymes  In the
studies with thos recomstructed system 1t was posuble to vary at will the

fodividual components, and I shall give s few examples of the competiuve
phenomena observed 1n such experiments

Tt s now el extablsbed that carcfully prepared nutocbondria require ADP
and jc phosphate for respi To permit the study of competitive

used, mhich 15 fust below optmal  Imtead of glucose and hetckinase, ATPase
was added 10 some expeniments, us shown in riauxe 2 Ve can see that a
pmmunccd sturlation of resprration was produced by the addition of tho
enzyme A compartson of FIOURE 1 and FIGUXE 2 shoms that, while there was
hardly any respiraben withoat added adenine nudeotide, even in the presence
of glucose and hexokinase canmderahle respiration was obtained » hen catalytic
amounts of ATP were added alone without an acceptor system  In fact
FIGURE 2 1 pot ertirely representative in this respect as, in most expeniments,
only two- to threefold stimulation was achieved by the additfon of bexolinase
or apyTase

W e suspected that respuation in the presence of catalytic amounts of ATP
might be due to mitocbondral ATPase acti ity Soch an actrvity was readily
demonstrated m our mitochondral preparations I should sey “readily ” be-
cause other investyat ™ have reported difficulties with accurate measurements

Abbees lations osed  hroughoat (ks paper \1P and ADP for adenowae tripbnaphat and
Iphowphat DI\ and 11N\ for ombized d l}in-r-bq ruime ockotide and |
rubme muckeot | C 3 for gheeraklehyde 3 phophat | 4 p for enythrome 4
G 6 p foc gha ma € 6 p for frect we 6 phophate- S 7 p for sedobep-
fo mrelom 1 7 oo P17 o el st EDT fr b
or or nnat  EDTA far
tetrmacetat PP o ke for peatose phosphat = FCA Tor trearbony e 90d
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1t was also posmble to 1mitate the Pasteur effect In these reconstructed malti-

1 the presence  { Limiting amounta of inorgansc phospbate t was necemary t
devise & system of ghycolyms that proceeds under soch condrtsons  As sho
m F1GURE 4 glycolyms can be maintained t law P1 concentrationa by sel
th carrect amount of ATPase.  Without ATPase Little lectic acd wae
-
7
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Because of the mtber narros runge of AT ase activity optimal for glycolysls,

as epected in view of the need for 1porganlc phosphate for glycolyss while
the experiments on the Pasteur effect in the reconstructed system with hmiting

ewens of ATPase ihluted glycolyns because 1t effectively competed with

hexolfnase for ATP
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mitochondna inhibits both lactate formation and glucose uptake from the
Seft hand portio  of the FIGURE 5 one can ded ce the reason for this mhibrtion
In the presenc | muitochondna, inorgame phosphate m depleted o mpadly
that it 1 not avmlable for erther glyralytic or xidative regeneration of ATT

It must be understood that we ook upon these experiments with the recon-
structed system o ly as models for the study of interaction of multengyme
systerns  Although we bave produced a Crubtrer o Pasteur effect with
these enrymes, we cannot tate that these tpermments are representative of
intracellular events smce wed not know what s limiting in the intsct cell and
since competitive effects can be obtafned in the cell-free system by exther Hmut
ing Pror ADP ot both  However the bove experments enabled us U under
stand under what conditions competitive phenomens take place and perpared
us for th nextstep the lovestigation of the intact cells  Before turning to thn
sapect homever I ahall drascuss some of the mteractonn between the glycalytc
pathway and the pentose phosphat cycle
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Frourx 6 Seqence of carbon andatum of ghecose donag TCA oyt

The glucose molecule which travels via the Emden-Meyerhof pathway »
spht into 2 molecules of pyruvate In such ¢ manner that carbons 3 and 4 of
glucose become Lhe carboxyl group of pyruvate  Dunng the subsequent ou-
dation via the Erebs cycle the carboxyl group of pyrurate is detached hn,
then carbon 2 18 oxdized, and finally the methy] carbon of pyruvate s andized
t COy With reference to the goucose molecule the sequence of oudation
i carbons 3 and 4 first, carbons 2 and 5 secood and aarbons 1 and 6 last
(riourc 6)

In the course of the peniose phosphats cycle shown in ri6ure 7 arbon 1
is oudixed fint nbulose-S-phosphate, the product of cudation cycles back to
glucose-6-phospbate  Carbon 2 of the onginal ghucese o now carbon 1 of the
newly formed glucose-6-phosphate and aguin B oudised to nbulose-5-phos-
phate.  After another recyclmg of the pentose phosphate, carbon 3 i ondreed
1n the same manner after becoming carbon 1 of the pewly formed ghucose-6-

condensed with another triee phosphate to FDP  FDP 15 clewved to fructose-
6-phosphate which re-enters the cycke and thus carboos 4 5 and 6 are burned
by the same

Tve can see, therefore that the sequence of carbon axdation differs, depend
ing oa which of the two altermatrve pathways of ghucose oodaton functions.
If we attempt to evalmte the relative contributians of these pathways by using
Cr of Celabeled glucose we must realize that wme are dealing with rate ddffer
enres in complex multiensyme systems  In cells with very actrre transketolase
and transakdolase there can occur such & rapid scrambling of the carbons of
glucose that it becomes difficult to evaluate pathways by the use of glocose
tabeled in & mngle carhon ®  Fortunately in most mammalun tiues the PP
cycle fs slow enough to permut qualitative studies of the mode of ghucose utilua
thon by intact cells but 1n view of the exchange reactions catalyzed by transke-
tolase and transaldolase it seerns almost fmpoesible to arrive at accumate
quantitative conclunons

Let us consider the kind of Interactions between glycolysis and the P P cycle
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P6p F-b6-p . Fantose Phesghate
rlw T:ﬁ:\’”\ l

e —Aldelare P P Crole Imtarmediave
(eze) (G-3p TAp 8-7p)

Lactate

GLYCOLYSIS PP CYQLE
Frovax 8 Interrelaton bets eon ghy cobyms and the P P oy cle

that we might expect  Froure 8 iliustrates some of the synerpsms and antag-
onigms between the glycolytic and the pentose pbosphate patbways. Hevo-
kmase cts Iin both systemns In the same direction pamely from glucose
glucase-6-phosphate.  However In the case of three other enzy mes, ghuco-
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phosphate Bomerase aldolase and glyceraldehyde-3-phosphate lsomernse the
ceactions proceed 1n ghycelysh in the direction of lactate formation mthe PP
yeke the reactions procue §in the o) posit dircction namdly tomand glucose-6-
pho<phate formatton At those points there s an interboching of the molabohe
whecls that forees them towork in oppositedirections  Inde d ifthe P 1 yuke
13 viry aclive om can soualc it gaans pushing the triow, phosphat  formd
by glycolyss back 10 gliwose-6-phosplat  nd, perhapa, cven farther (oward
pol synthesis  This reversal an proceed via FDPase as shosn
1n FIGURE 8 or via another sequence written as follows

(1) G-3p + $7-p — E~-p + I'6-p (transaldolase)

(2) DHA-p + E-4-p — SDP (akdolase)

(3) SDP - $7p + Pt (SDPase)

Sum 2 trosep — F6-p+ P1

The enxyme that catalyzes reaction 3 which we refer to as SDPase bas been
discovered quite recently It appears to be widely distnbuted m micro-
organtum, and vanous arumal tssues  An SDPase punfied from yeast
was found to have & high degree of spevificity  The ensyme cleaves SDP to
S-7-pand P1 1t does oot attack -7 p F-6-p or FDP  Incontrastt an FDP
asc from spimach leaves that acts only at an allaline pH, SDPusc 15 active at
#H 70 and may therefore play an mmportaat role in the reversal of giycolysia
To recapitulate we can now see how the pentose phosphate ycle may pa
tiapate 1 reverung reactions of glocose catabolsm. Transketolase and
transidolase push the pentose phoaphates beck to fructose-6-phasphate the
u-qn:nualn.u_bnulmnnldohu aldolase and SDPasc together push ery
th 1-phosphate and trioee phosphate back to the hexose bevel

The ondation of glucose v, Lhe TCA cycle and via the PP cycle have tno
factors in common Mg*+ and thiamme pyropbosphate which are requred for
the ondanoa of the a-keto acids in the Krebs cycle and for tramiketolase action.
On the other hand there are some sinking disimitanties between these two
multienzyme systerms  DPN 1 required for both glycolyms and oxidatne
phosphorylation TP\ 1 required for the PP’ cycke  Inorganic phosphate fs
an ementhal reactant in glycolyals and oudative phospborylation, but 1t In-
hibuts the direct oxdaton of glucose-6-phosphate via the shunt pathway ?

Space permits only a very cursory review of our attempts to study intact
wscites tumor cells  Ellng Kvamme began these investigations of the Crab-
tree effect In ascites tumor cells several years ago in our laboratory As
circumstances did not permit him to complete the »od for publication, I shall
descnbe the experiments he carried out on the effect of ghucose concentrations
on the relative participation of altermative pathways of glacose breakdown
Glucose labeled in C or C¢ position was added to ascites tumor cells at hugh
and ko concentrations of glucose both in the presence and in the absence of
2 4-dimtrophenol  TAnLx 4 shows that at high glucose concentrations the

which represents the first step of the PP cycke m favored The C/C nato
changes from 2 at low glocose concentrations to a mtlo of 8 at high ghicase
concentrations.  In the second expermnent, TARLE 5 the effect of dimtrophensl
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morganic phosphate, and Intermediates of glycolysis strongly pomied to woc
ganx phosphat as bmiting factor  Since ATP levels were high durmyg odds
rnn,lt!umndudrdt}ml,rﬂhcrtrcluzolmpnmtnuﬂnrhuubtam
of the presence of  Inhilit ¢ the utflmtion af ATT for ghuose phophony
tlon was inefbroent under these conditions
(3) The lmitation of gly colyws by the intracelluly P1 concentration was abo
indxated by expenments on the ffect of high coocentrations of added Inorgansc
phospbate 1t was found that, both serobacally and  aerobacally high con-
entratioms of 1norganic phosphat stmnmiat glucose uptal and lactic acl
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formatson with the result that the per cent Pasteur effect duminishes with i
creasing phosphate concentrations.

(4) The transport of hospbate, thercfore apparently limits carbo-
hydrate metabolism of ascites tumor cclls. As determined by phosphate
analyms, as well as by P® messurement the transport of norganc phosphte
is promoted by etther glycolyms or respiration  These tw 0 metabolic processes
can be used mdependently mmce thefr contributions to Pr uptake are almost
additive

In stedying the carbohydrate metabolsm of wntact cells we have begun
with a study of enxymes we proceeded to a study of the intracellular concentra
tions of termediates and cofactors and we are sull left with an unsolved
problem of permeability and ective transport
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DISEASES O GLYCOGEN STORAGE WITH SPECIAL REFERENCE
TO THE CARDIAC TYPE OF GENLRALIZED GLYCOGENOSIS

Panl A di Sant
Departmond of Pedrsirics, Cllumies Unkersity and the Bables Anmpiad, Kcw York K T

Duscascs of glycogen storage are mre disordens due to congenltal and at
times famitial errors of carbohydrate metabolem leading to abnocmal accumu-
lation of glycogen in certain organs of the body which as a corsequence may
become greatly entarged  In most imtances several organs or tissues are af
fected to some extent, but the largest accumulations of glycogen are pt to be
foand efther in the liver or {n the heart, 80 that two dutinct subdrvenons of
glycogen doesse have been traditiomally distingunhed the hepatc form and
the cardiac form.  The latter is in reality & geperalized glycogenoss
whose major clinical expresnon s cardiac entargement and faflure of the heart
functhion  In addition, other types of dwturbances leadmg to glytogen storage
bave been recognued fn recent times

In th last five years momentous advances have been made In the study of
these diseases  These developments have shed an enturely new light on the
study and dmgnoss of these conditions and have clanfied t a certain extent
the true pature of some of them. The chemical studies of Gerty Corlt m
particolar have greatly clnfied the subject and have shown that m some
imtances & single enxyme defect 18 responaible for the disturbances m carbo-
hydrate metabollam and for the abnormal accumulation of glycogen

Chemicol Backgrowmd

Glycogen i ¢ highly branched polysacchande with a treehke strocture
Glucose 13 1ts only building block  Alost glucose units are ) med together by
a1 4-glnconkdic linkages to form chalne  In addition there are a1 6-linkages

at banch pownts (rigues 1)
Thecnxymephmphoryh:eun}ym-kaorbmhthell—hnhgultryn-
thesizes straight-chain polymechandes  When phosphorylase acts m co junc
tion with ammylo-1 4-1 6-transglucosidase or branching enxyme the prodact m
Lhchmmnh;iytogm Foc the spltting of 1 6-bonds still another enryme,
1 6glucoskdase oc enzyme i3 requured  When glycogen »
dep\dcdbyp}nq;boryhsemednlub-:meg}umxnndmmdglucme-l
phosphat 15 farmed ph b siops as the of branch
pomo!uzhmdccukulpprm:btd dncep}mpbcryhxcnnmuhutrml
Dor bypass the branch polats. The pofysacchande thus obtained is cafied

Limit dextrin.
anhm; then removes free glucose from thm limit dextnn
GhrunelmiLunndﬂn'lnmLumtheoultrmlurrdhimhpoh\um(he
reaction products  Phosphorylasc [n the presence of morgamc pbasphate can
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Faorax 1 Madclol lq,mml ﬂyuTm Open Hiucose remdoes
m-—llhnluc- 6 bnlagm Reproduced by persusmon of

act aguin on ths polysacchande  Acting onc after the ther the two ensymes
degrade the entire glyvagen molecule  In the digestion mivture only glucoss
and glucose 1-phosphate are found  Ther mtio w a measure of the percentage
of branch points in each glycogen sample Therefore the separate and al-
m—numtuscnf phosphorylase and debrancher » an enzymatic method for
the study of glycogen structure
In body tmsucs glucose 1-phospbate 13 transfarmed to ﬂucme—6—phc-phate,
2 revermble reaction medmted by the engyme
Tbelxvm'ulnm-pnnmu'u.ﬂcdnthmeh)gh}y:mpunmtluku{mun—
taming blood glucose at narmal levels 1t performe glycogenolysis, casential to
pruper homeostams, by breaking down glycogen through of course glucose-6-
phosphate to glucose, which 18 then made available to the blood stream.  This
last reaction 11 mediated by a specfic entyme the hepatic glucose-6-phos-
phatase, which 1 also found m small amounts in the kidneys  The function of
of replennhing the giycogen stores and of decreasing 3 raed blood
level of glucose, is carned ont by phosphyorylating glucose to glucose-6-phos-
phate, a reaction medmted by the enryme hexokmase It can then be trans-
formed to glycogen through the reactions described n the prececing paragraph.
Amde from this highly specrfic function of the liver glucose, 1n itself & meta
bolically mert substance fs phospborylated m all normal cells to glucose-6-
phosphate through the catalytic action of hexokinase an enryme ubsquitoasly
present in all tissues  From thus point 1t may go ope of two ways, dependmg
on the needs of the body at the moment. It may be transformed to giycogen
and stored for fature use or it may be broken down by way of the Emden-
Meyerhof cycle to pyruvate  Several pathways are open for further process
ing of pyruvic aod again depending on Lhcrequlremennd(h:cdhntlhe
thme.
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Recognized Types of Drseasss of Glycegen Storege

Von Grerke® fn 1929 descnbed the chnical and pathological findings In two
children wbo had dicd w{th massive entargement of the Liver and kidneys due
to depoaftion of glycogen in these organs  He mmed the condition hepato-
pephromegalia glycogemen  Chemical studies wete subsequently carmed out
by Schoenheimer* on materml from one of these patsents, showing that the

from this case could not be degraded by minced nocmal human Ever
In 1932 Porpe® In Holland end BischolP and Putschar® in Germany inde-
pendently described patients dymg in infancy with an enommous enlsrgement
of the beart du  to diffuse deposltion of glycogen m thrs organ.  The lbver and
kidneys were not significantly affected m these mfants. By analogy with the

m the clinxcal pleture between what came to be called the bepatic and the
cardac types of glycogen storage dmease It was thooght for mamy year,
bowever that the metabolic defect canung the excessive accumulation of
glycogen was mmilar 10 both types
The confumnon has been heightened mnce by the reporting of cases charuct
ued by depomtlon of glycogen i vanous ofgias of vanous combingtions af
organs.  These reports have been poorly documented and they have relied
prmarfly oo clinical and patholopcal findings. It must be stressed that
m rphologic changes due to the accamulstion of ghycogen are very smlar
even thongh this palysacchande may be quite different In {ts structure  With
few exceptions, etther there were no chemical studies or they were lmmuted to
determination of the percentage of ghycogen present in the tsues subjected t
anatyms as compared w th normal findings  In very few mstances the behavior
of glycogen in the presence of healthy minced liver tesue was investigated
In 1950 tno casey of the cardne type of glycogen storage disease were reported
from this cmc! and extensively studied from the cimical pathologcal and
chemical standpomts  From the findmgs m these patients end & review of the
literatnre 1t was concluded that the cardiac and hepatic types of giycogenosts
were entirely separat diseases attributable to different metabolic errors It
was suggested by Stetten and reported in our paper that the kength of the
outer branches of glycogen might be sbnormal  This hypothesis proved to
be prophetic in view  f subsequent developments,  However Itum}ylnrrcmt
yunlndw{thtbe-pplnmnofthattdmtruudcvebptdby&n‘thllwme
light has been shed on this cbsaure field
To pat the curdiac type of generalised glycogenoms in the proper perspective
the vanous types of disease of glycogen storage rust finst be briefly conmdered
Five distinct types have been recognized thus far (raecc 1) Types L IO, IIT
and I\ are femihal  The inlormation avaab! on type V s inadequat
Tvpe I Ths type the most ommon, B the so-called bepatic glycogen
storage disease the hsle dase of von Cierke of which more than ooe hun-
Ired cases ha ¢ been reported many more he Deen seen withont bofng regis-
tered m the Lterature  In thms form th liver and l_tlhncl.thckd.nty‘lre
primaniy affected and usually greatly enlarged. The chemlcal structure of the
-
i
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glycogen 13 nocmal, but the glucose-6-phosphatase 1n the lver and sometimes
in the kudncys 1s absent or reduced.  Aw a consequence the carbohydmate cycle
in the lover 18 interrupted and glycogenolyms docs not take place m the usual
manner Clmally bypoglycemis, ketoms, and hyperhpemia occur and there
is faiture of the normal glycemic response after mjecton of epmephrine  Ths
Iatter s & very moportant climcal test for this type of dscase.

Typs II Thbe cardiac type of geperalired glycogenosis or Porpe s discasc 1s
much less common only about twenty cases that are acceptable as such have
been described 8o far  Here agun the structure of glycogen is normal, and
the defect leading to the massrve accumnulation of glycogen throughout the body
and having its most mportant clinial expression 1n the cardsomegaly Is un-
Inown All ciinical investigations of carbohydrate function and specifically
the epinephrine tolerance test are pegative as the glycogenolytic functlon of
the lrver 18 preserved  Thw particular form will be further discussed later m
this paper

Type III  Thys form u chanactenired by a glycogen of abnoemal structure
with short outer branches duc to absence of amylo-1 6-glncosidase activity
(debranching enzyme)'! leading to = glycogen molecule resembimg a “hmit
dextnn Con, whofirst ducovered this type of glycogencam, has proposed the
pame Hmt dertrinosss, bat perhaps Cons dsease might be a umpler one
Speciment from nime cases have been analyzed by Con thus far  but only one
of them has been reported 1n the ciinical htermture ®  Avaifable {nformation
s therefore scanty It  apparently established that this conditron m famihal,®
that the lrver 1s greatly enlarged, and that mincle » cakness of modernte degree
may be present  Glycemic response to mjectlon of epmephrine occurs, but
may be Jess than normal  The heart fs apparently not enlarged roentgeno-

hically or electrocard hically although this fs not Lnown for all cases

The patbologeal findings at autopsy abso are not available although, on chem-
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ical anatyms, specimens from tv o patients who had post mortem examinatiomtt
showed glycogen in excemsive wmounts 1n the myocardium, as well ay in the
lrver und in the striate muscle  The percentage of this polymochende in the
myocardrum way lower than in the cardmc type of glycogen storage discase
Con records that in som Instances a dmgnoen of the hepatic type f glyco-
genoss (von Gierke s dmense) bad been made chnically but chemial

showed the glycogen to be abnormal and the case in reality t belong m this

group

Typs IV The hver and reticuloendothelial systems are affected in this form
of the discase and there  marked hepatic cirrhosis and hepatomegaly  Only
one case, observed at Babies Hosp tal, New York, N Y  has been reported
n which chemacal studles were dooe ¢ ¥ The structure of the glycogen was
aboormal m that this polysacchande had few and excesstrely long outer beanches
1t was thought to be doe to decreased actrvity of the branching enryme amylo-
1 41 6-transglucosidase

Typs ¥V Evenleminformabon costs concerning TypeV ®  Onc patient,abo
seer. st Babues Hospital, clmically presented as a child two and one half
years old with general muscle wesknems and palatal pamiyss  Cases mrmilar
to this one have been described m the Hteratore, but not studwed chemically
Strat muscle on pathologacal examination had an appearance smmilar to that
of types TTand I, The heart was nirvolved chmcally bically
and electrocardlographically and tests of carbohydrate function were noc
mal  Chemical emamination of a blopsy speomen of stniate muscle re-
vealed that the giycogen content was 13 per cent, but that the structure of the
gycogen was normal.

Tt s worth whnle to note agam that the pathologacal appearance may be smutar
n different types of glycogen storage disease and that only chemcal analyss,
1n addition to the chnxcal findings, has gven & choe aa £ the banc procens

Cardiac Glycopen Siorage Duisars

At Babies Hosp ta) three cases of generalized glycogenoas or cardiac glycogen
storage dmcase have been obeerved  The first two were  beother and a ster
and have been previously reported

The tree of the WV family h repeesented 1n Figuee 2 The patient s father
was barn m sonthern Italy and the mother was barn 1n the United States, b t
her parents had emigrated from southern Ttaly and were first coumns  Both
parents had many mblings, some of whom bad died m infancy of unknown
causcs

The first child Lacy was born m 1922 and delivery was pormal - A few
weeks atier Birth the parents noted what eley descrrbed £ Tarvy Sracthing”
and, some time later theappanncenfmlu-mmentq:m,mtxemﬂcd
during feeding  The patient was admutted at the age of four mo ths 1n a
manbund condition  The infant died nme hours after

At autopty the heart was greatly enlarged  On microscopx examination
the cardisc rrmche bad what % later called & typical laceweark
with much of the myocardm! fiber replaced by gtycogen. In the sections still
avallable, evidence o glycogen depomtion was found in other tmwues A
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diagoosss of diffuse rhabdomyamatons of the heart was made at the time
Vv ben, about ten years later cardmc glycogen storage disease was
a3 an entity the dingnoss was carrected.

Of the next eight mblings, tmo Anthony and Theresa, died at other hospitals
at the age of three and one half and four months, respectively of an lliness that
m all ways resembled that of the first child ~— The clinleal and, In one case the
autopsy records were unfortunately no longer available

Lewms was born to the same motber tn 1948 a3 a result of the tenth
Pregnancy delvery and carly neonatal period were uneventful At the age
of 7 weeks the parents noted & peculiar type of “heavy breathmg’ that attracted
their attention because 1t was mmilar to that of the 3 cluldren who bad died
At the age of 2 months the 1nfant began having spells of cyanoss, especilly
noticeable after feeding or when crylng At the age of 3 months the patient
was admitted for investigation.  The heart was found enlarged inall dmmetens,
the sounds were  { poor quahty and there was a soft blowing systohc murmur
heard all over the precordrum  The lrver was felt 3 cm bedow the
margin the tp  f the spleen was palpable. Because of the family hatory ¢
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tentative cugnosds of cardiomegalia glycogenka was made  Cyanoans was
present only on feeding in the first few wecks.  The apical heart rate rematned
between 130 and 140 per min - Tho patsent deterlorated gradually hus respira
tions became mare rupid and labored cyanosls became constant  He died after
33 days In the baspital
Amwmoithechutsdly:dluldmhimlhondnﬂobuhxhan
enormomly enlarged I afl diameters (ricuxe 3)
vuledlnn.:kui\dtlmdcnnﬁm,lhlchhvﬂylhmrmﬂ(orlpadmlol
this age markedly inverted T waves in leads II and T and ciphasc In lead
I The ST wegment was depressed in Jesds T and T AMany ante mortem
chemical investigations were carried out and were all pegatrve. Inp-mcu].u
glmc,phctme,lndlcvulommknm!mx“mmrmd glycemic
and actle acd , to injection of epinephrine were

At pecropsy the hmn-ucmxmn}ycnhrgudhwﬂgbedﬂﬁgmu
compared with the normal 29 gm It was globular and the enlargement was
symmetnce] and pamesily ventricober with deproportiomisdly small  mrcles,
qute typscal m appearance for ths dmease The ventrcular walls were
thickened and the myocardhum paler and fimer than usaal NI

the myocardium had the typkal lecework appear nee (11 orr 1) each fiber
bollow cylinder surrounded by thin, delxate ¢y toplasm, the muclen 1yng free
1n the enter due t the massne infiltration of glycogen The change In
stricture was 5o great ag to make recognition of myocardml tmeue difficult
Stnking changes were also found in shelets! muscle. The average dmmeter

Pl
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vaned greatly in different muscles. In virtually all other tissues, including
mmooth muscle, liver and others, glycogen was present m large amounts.
Results of post-mortem chemical studies showed that the glycogen content
was highest mn the heart (98 per cent) but ot much lower 1n the tongoe
(6 6 per cent) peoas muscle (6.3 per cent) and liver (7 1 per cent)  Noemal
values for giycogen content as given by Van Creveld vary from 0 07 per cent
for the myooardium to 0103 per cent for the heputc tivues  After other
samples of the same trmues had been kept for 24 hours i the incubator at
375 C chemscal anelysh revesled that antoglycogenolysis had taken place m
all inatances, althoagh the degree vaned in the different ocgans.

The third patrent we cbscrved xas D B the thurd child of the B family
A previons slbling had saffered from the carduc type of glycogen storage
dsesse and was reported In the Jiteraturet  She had died at the age of five
and one balf months  The second chikd 1n the family was normal as was the
fourth sfbling  The parents nere both of Englsh extraction, borm in the
United States, and not related

D B was born st our bospital and followed from birth which aflorded an
unusoal oppactunity to study the development of this dsease  On physcal
examination shortly after delivery the child appeared quite normal, bad a good
muscular tone, but was found to kave a harsh murmur  Roentgenogram of
the chest on the fourth day of Jife shoned the heart shadow to be greatly
cnlarged {n afl dumeters  However the clectrocardiogram, done on the sitth
day was comidered normal
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The buby appeared to act and grow normally and be had no difficulty feed-
mgnnﬂ]lhclgtulélc&:,wbenbcbcglnlalnvemulcdrcqimtaydhm
Heh:dlmculutmynl:llﬂmerthcpuhnmkmlmtbe“vummrk
edly enlarged  He wan consldered to be I falture. After admission be
improved conslderably nglu]uv\ughen The beart was marledly en-
larged oo X ney and the ol showed £ of the T waves
and depreselon of the S-T segment 1n several leads  The changes contlmued
progremively  Many chemical tests were performed and were oll ®rthin
normal Imits. Inplnknh:magbtﬂnkmmetorpmeﬁnmhpcﬂnn
mquhnno-rmd Suh&qumtq)bodel characterized by cyancsts,

v distrems, and of the liver Fttdlﬂﬁbmm:djﬁu]t
Lhnplletbcumep'mpt-hdy\mn: and he died at the age of 3 months.

At necropsy the findings were mmalar to those of the other patient There
was an enormously enlarged, globular beart  Microscopically the appearance
of the myncardiom was quite typial of this disease and there was microscopc
evulence of depoxtion of glycogen 1n all tissucs of the body The
of the tisenca and {n particular of the striate muacke was fn all wayy gmlar t
Ll:nxo(o(h:r;x:x.nu

All tsoes were fruzen 90 min after death and were sent on sevenl oc
cuiombymh\dryictl Gerty Cori tn St. Louls, Mo who performed all of

the chermal amalynes.  The results are luted in TasLe 2.

All tismes urvestigated contamed a large amoant of glycogen  The content
of this polyssccharide was a htile higher in the myocardhum than in most
tomes with the exception of the tongue but the fgures are closely comparable
in the Fiver tissne. Thetre were 650 mg of free ghacose per cent in the hepatic
tiasue oo amlysis, and another 150 mg formed after incubation of the Fver
tissue for 3 hours at 30° C.  In the adductor strlate muscle thuue there were
273 mg. of lactic ackd per 100 gm. These resaits indicat  that in both Hrer
and mmmcle ﬁycopnmuldbrmkdann,q\ﬂlehkcqing!lthprnhmnudh
Glucose hatase activity wis Ined in both fiver and kxdney tiwne””
-ndwu!oundl be normal  Structure analyss of glycogen was
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with the enzymatic method umng alternately phosphorylase and the de-
branching enryme amylo-1 6-glucosidase. Tihe glycogen siructure was coo-
ndered normal.

Spectmens from svern) smilie cascs bave been subscquently anatysed by
Gerty Con and havo yiclded simular findings

Conclusions

It 18 evident, therefore, that so-called glycogen storage disease of the heart
(Type IT) m & scparate and distinct entlty among the dmcases of glycogen stor
age. It min reality a generatized disorder due to a metabolic error affectmg
carbohydrate metabolism throughout the body and not caly in the beart.  Car
dwac enlargement 18 1ts major chnical expresoon and the cause of death. The
so-called cardmc type of glycogen storage is incompatible with life for more than
s few months, dunng which cardiac functon cootinuously regresses The
most plausble explanation 13 that of a mechanical desth produced by an
accumulation of glycogen in the mryocardial fibers to & point where ther
contraction 1 tmpeded and effective carduc action no longer posmble.

It @ interesting m this respect to note that in the glycogen st mge dmease
called hmut dextnnoss or  Corl s disense, our Type 110, charactensed by an
abnormal glycogen structure analyws by Con 1o two cases! shows an excems of
glycogen 1n the myoardrum, xy well as in the strute muscle  The levels in the
camined specimens have been leas than 5 per cent of wet weght and, insofar
as 1 known, patients have peither been 1n serious trouble chnically because of
their cardiac function, por have their electrocardiograms or roentgenograms
been aboormal  Apparently the percentage of glyrogen m the myocardiom
most be above this level to cause symptoms when 1t reaches 7 per cent or
above 1t becomes mcompatible with cardme function.

What metabolic defect leads to thw generalized and abnormal glycogen ac
cumuolation 1n the myocardum and throughout the body in the carduac type
of storage discase has not been ascertained but the studies we have made
thus far shed some bght, 1n & negative way on thw checure subpct On
chnical grounds we knew the glycogenolytic function of the liver was preserved
and now we have the measurement of glucose-6-phosphatase showing it »
narmal.  The structure of glycogen » also narmal in this type of discase
There 18 reason to bebeve that glycogen can be utilized by the body 1n these
cascs because of a preserved capadlty in the hver and the muscle to break
down ths polysacchande and because of the absence of demonstrable ac
curmulation of Intermediste products of carbohydrate metaboltun, such as
pyruvate or lactate, or of any evidence pointing toward the combustion of
large amounts of fat

The carduc type of glycogen storage ducase fs hereditary and presumably
it is transmitted as a recessave It B rare, as shown by the fact we have seen
anly 3 cases of this conditson in two familics at Babies Hospital {n 37 years,
and 1n moce than 3000 autopsmes, and only 20 cases have been recorded m the
Hterature, although many more have been seen, but not reported  Criters
can be listed as follows for estabhahment of this diagnoms (1) mared e
largement of the beart (2) death within the fist year of fe due to heart



d1 Sant Agnese Disenses of Glycogen Storage 49

faiture (3) typical lacemork appearance of histologacal sections of the myo-
cardrum  resulting from mambve depoadtion of stored materhl in all cardlac
fibers and (4) post mortem chemical studles demonstrating & normal glycogen
structure and preserved glycogenolyms m the liver and m the strmate moscle

and aberrant origin of the coronary artery Ekﬂm:dn—
tr phx fincings sugpestrve of myocardil demage can be seen 1n many of these
conditions and the oentgenographic appearance 1 5ot conchusne. A blopsy
of the striate mowcle showing th hmtological and hwtocherncal evidence of
exresmve giycogen depomtion w th the characterstic degrnemuon of muscle
fibers that accompames 1t Is hughly suggestive of this drscase.

It shoald also be Lept in mind that there are many other circumstances in
which excess glycogen 1 present in the mryocardrum, but la & spotty and not
genernlued dustribution  Rimbdonryomna of the heart, so-called cardiomegala
glycogenica arcumseripta, and cases of sudden death 1n which excessive but
localired accumulation of glycogen m found m the myocardmm after death
are amoog these conditions  There 8 evidence that, when myocardul cells
are destoyed by & vanety of agents, infiltratson with glycogen occurs This
s obviomly due to a cifferent mechanwm and thoold not be comfused w th
th unknown metabolic defect that leads to excesave ghycogen storage in afl
trmues of the body mcladmg the myocardram

In conclumswon the dmeases of ghycogen storage, 1 particular those of the
cardac type, comstitute » very obscure field o which a faint glimmer of kght

be due to contmued cooperation among dmciphnes  In particular appheation
by the chemist of his specralized knowledge and technigues will undoubtedly
prove rewnrding
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Scrrax 1
Posspix Exrecme 0 COrFn  Reacnows o Oxmarive MEcmawis
COs + pyruvate + TPKH 3= malats + TPNY

COw + + GDP =2 + GTP
+
-myuscw\>\
~
prruvats dratw, e,
fatty aclds
Scarux 2

Poszrprx Ro1x or COv FIXATIOR 1n Tnx FoxwamoN o
PHUSFBOPINUYATE TR0 PYRUVATE

COy + TPNH + pymumat
1
malto
J'nm

omlacetate -+ DPNH
%r? 0\.\
P

CO4 + phowphapyruvate + GDP DPN*
It 1 poemble to vrsualize a roke for the COrfixatlon reactions m the forms
tion of phosphopyruvate fram pyruvate, as shown in scrrae 2 In the
sequence pyruvate s coaverted to phosphopyrurate by the com-
bined sction of the two COgfinng enzymes, although o« number of other
ensymes are also required to supply TPNH and GTP to remove DPNH, and
to oxdize malate to cmlacetate
The pet reaction 1 essentully the conversion of pyruvate and GTP to
phosphopyruvate at the expense of the oxdation of TPNH
pyravate -+ GTP 4+ TPNH + 34 Oy —
phosphopyruvate + GDP + TPN*+ H,0

This resction sequence provides a mechanum for the reversal of the pyruvic
kinase reaction

@

phosphopyruvate + ATP #t pyruvate - ATP #®
Rexction 4 hes bern shown to be reversible, but scarsx 2 was proposed a8
& mare feamble pathway for phosphopyruvate formation an th
grounds* * The equilibrium constant of REACTION 4 hes far to the right
while the equilibnum of Reactson 3 ahould favor phosphopyruvate synthess
Although GTP is believed to be the phosphate donor in scare 2 it can be
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farmed from ATP and GDP by the nucleomde diphosphok huse reactian
ATP + GDP # ADP + GTP O]

The present dmcusdon will aftempt to cmamme the avalable data with
occamonal references to SCHEWE 2 to see {f the concept embodied In scrmer 2
bas any validity It will be of particuler interest to consider vanous tremes

tly
Data cbtained by the use of motopically labeled substrates suppoct the
belef that COy tixation fs fnvolved i the formaton of liver glycogen from
substrates at the level of lactate ar pyruwate It has been well establuhed
that isotopicaily labeled COs b incorparated into the 3 and 4 pomtions of the
hexose molety of hver glycogen  In addition, Topper and Hastmgs' and
Shreeve® showed that, m the comverson of 2-pyruvate-C% t giyocogen by
Irver shees, the dmtribution of G4 m glycogen W that expected if the pathway
mryolves & symmetncal intermedmt  such as fumarate, as shown In scarur 3

Scuxwx 3

Covwmxmon  (H, C*0 COOH 1 G ToodEN
CHy C0 O ——

!

-
COOE CEbmC*H CDOE T COOE. A 0ol

N
CO0f O €0 0008 =TTy CH: € Q1POSEY COOE

coccoo
(oo mmanaty of whyoagen)

If pyruvate labeled as indicated 1 canverted to melat by COy fration, the

hbel will be mndammed between the two poncarboxylic carbon atoma by
with the result that th p ¥ formed sut il

phosphopyrmvate synthems  Unfortunately as often 1 the case In motople
experments, the rexalts can abso be mterpreted as the resalt of exchangs
reactions that do not necesmarily reflect net synthems. In scamee 3 if phos-
phopyTuvate w formed drrectly from pyravate (dotted lme) equilibration af
the phosph

of the label m the phosphopyruvate and a subseq {ocmatwe of gycogen
with the observed labeling

W bave invesagated the posmible relationship of the COyfiung resctiom
to pbosphopyTuvat formaton {n & somew hat different fashion. Pennington
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Tanrr 1
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pyrovate MnClh end

Taus 2
PrioSrEOrTROVATE FORMATION »Y Drcaz»oxrisc Aco Parws
fem Phaepbapyrevats Phomagtroant
ey -y
(_‘,‘ﬁhn 041 016
008 0
DPN 0 0
TP 0 [
Pyrovat 0 0

Canditsons and eomponents wera the same as those m Tawix 1 Tume, 60 mun

and I first tned to accomplmh the formatisn of phosphopyruvate from

by an s 1o system composed of the vanous enzymes and substrates that
hed been suggested as taking part m such a sequence of reactions. These
attempts have been successful, but will be touched on only very bnefly  As
shown m TABLE 1 when malx enryme and PEP carboxyhinase are incubated
uthpyrm-ltc.CO, :pbaph.ltedona undLh:rtqmrtdlubmd.u:ymzymu
and cafactors, uvate and hoglycerute, are farmed  Tamre
Ilbqwlthuthewrkxuoohctmnndmbsmtamnﬂnecmaryform:
resction to proceed  These experiments demonstrate that it is posslble to

Tamx 3
Exrmanic Mrastaesams o Ra Tmwrxs

Tuew EEE wes | Male eymet | T
Skeletal mancle o [ ] 52
Brain 0 16 93
Heart on 17 17
Kudney 29 15 28
Lbrer 14 23 13

An:hty-pmalc-/m.l (10 protea.
A.r-yl‘mcl.rrr.d at mw‘;’“&‘imbgﬂv‘%.?
malke entyme oy wmay q)tn:m‘:ho(w\tmﬂy t PEP carboxy Linase
by CHO, exchango ».
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firk together purlfied enzymes to carry oat the dicarbotytc pathnay of phos-
phopyravate formation.  Stated 1n other terms, this pathw v bas been thown
to be feasdble in & hinetic sense.

The foregoung experiments were performed with ensymes obtamed from a
variety of sources If the dicarbovylic acxd paths y hay any ahdity ol
these entymes mmst be present in reasonabl amounts m & engle tusme e
were Interested particulardy In the two COrtiung enzy mes, unce other evadence
was available to indicate that the remainmg enrymes have a wide dumbutson
and were probably present in all the tmauces tested  Acrorcingly Hauand I
have messared the amounts of malic enzyme and PEP arbotylinase n anoas
tanes.  Tasrr 3 shows the relati ¢ emounts of these enrymes m evtracts of
acetooe powders of five mt timnes. Pyruvic kmase has aiso been mcloded,
smce It constitutes a passble altermate route for phosphopyruvate synthens
The most significant findings scem to be these

(1) PEP carbovykinuse is found in lver and kudney  The small xmounts
found In the other tmenes eppronch the senmin ty of the asmay method, ak-
though the values for heart and bruin may be sygnihcant

(2) Makic ensyme has » fairly unform dtnbution m the tataes tested, with
the exception of 2 Jower value for skeletal mmmcle  Even in muacle (b vatoe
fa signibeant although in earber studics wsmg a deffereat amay procedure,

mzymehdmtbecndncuedmnp;ﬁuntmu

(J)Pymtkimxh[wndmmmmmmmh:hm
varlion with skeleta! mruscle contalning abont forty trmes as moch of tho
enryme as b contained m Irver

The quantitative estimatson of enzymes m tmeues bas many pitfalls, and
mmMmynqmmmhnunuLbchmhnzmdm
ﬂouoftbc&-x,thcu-ypmctdﬂmlbeptﬂmﬂ‘&mdﬂ‘mam
and the species of anmual employed A vanety of p has been wsed
hlbcdﬂu—m;mnhnoftbmthmcmymumngnbht,udchhicnmmu
nnddLhonghmevdnuobulncdw:ymevhudepmdmgmtbenhwe
Mmhmmmmp‘umubtdmnhnnLEJ I bebere
Mmm‘mmmbec-annﬂymmnthmhﬂwﬂng
spectes differences mcoradn!mxymumcamdmﬂyhx;humuqxuﬁc
activity baus in avhn lver dmpanty 1n pyrovac kmese content of various
mammm:ﬂmnwmmﬁmu’mmumﬂm

rat trmues In TARLE 3
Hq'do:hued.umbutinnmdn-meﬂthlhcprwbmlymmndmhd
ith other knos ledge of the blochermstry  f the

the COyfiration reactions and »
various trres bility of the hver to form giycogen from lactate pyru-
The A el knamn, and there s also considersbl

acids B
vate, and certaln amuoo

via the dicarbovylic ackd path these
strates - ]_('}ycogmufacmtd patheay
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It might be polnted out that phosphopyruvate syntbeshs by a patheay
such as the dicarboxylic acd route would be largely negated by the presence
of an excess of pyruvic knase, as this enzyme would reconvert
pyruvate to pyruvate 1n the presence of ADP and 2 mechanhm for the
regenerntian of ADP from ATP There s httle evidence that skeletal muscke
or brawn can form glycogen at any apprecmble rate from substances such a3
pyravate or lactate  These useues contam little or no PEP carboxykimzse,
but are the highest 1n pyTuvic kimase content  COy firatyon may still play &
role tn these tmues 1n the synthems of the dicarbovy ic acuds needed for the
operation of the Krebs ~ycle, since malic engyme o present 1n both cases

In a qualitatrve way then, the results of the ensyme dustnibution studies 10
the four tiesues yust mentioned support the hypothesis that CO; firaton plays
a part in glycogen synthems from 3-carbon acids  The mtuation with regard
to the heart 13 less stafactory On the bass of the enrymatic studics one
would conclude that the couverston of 3-carbon acrda to glycogen by the
dicarboxylic acrd pathway must be skow or perhaps absent  Other types of
evidence suggest that lactate may be oaverted to glycogen in heart although
this point cannot be regarded an settled  The heart has a substantm] glycogen
content and utilrres lactate rendity a3 & substrate  Observations that lactate
could scrve as & major substrate for fsolated heart preparations, meanwiule
mamtamng th glycogen content, led to suggestions that lactste might be
converted to glycogen ™

As wa3 made clear in the ongunel reports, the results can be interpreted
equally well as & spanng action of lactate on glycogen and cannot be con-
ndeed a3 cooclmve evidence for glycogen synthesis from hctate  Stadie
e @™ showed that slices from mt heart could form glycogen from glucose
but they were umable to demonstrate glycogen formation with lactate pyruvate
or alanine as substrates  Perhaps the most substanthl evidence that hexrt
may form glycogen from 3-carbon precimsors 1 provided by the experiments
of Lorber o «f'* on the incorporation of CHO; into the glycogen of the mo-
lated cat heart when ipcubated with glucose and latate These workers
found that heart glycogen acquired a mubstantial labcling under these ar
cumstances in & relatively short ime  Therr reaults suggest thet the molated
heart has the cepacity to synthesue glycogen by the dicarbovylc acsd pathnay
by reversal of the pyruvic kinase reaction or by both mechanums Tt ¢hould
be noted, however that 1t » posmible to suggest mechannms by which C*0y
could enter glycogen by exwhange reactons that do not lead to net synthess of
Ld

It = unlikely that & specses difference f3 involved In the apperent contradic
tho between the engymatic and perfusion experinents snce cat, dog, chicker,
and rat besrt preparations all grve ementlally the same results m enzymatc
stodles. At present the question of glycogen formation from 3-carbon acads
1n beart must be regarded as umettled. However mahc enryme s present
m all beart tisyues tested in relatrvely high amounts therefore, CO, fimation
may play & rele in the tssue in the formation of the 4-carbon dicarbovyfic
aclds needed for oddative reactions.

The intracellular dntnbution of the same three enzymes is of some Interest
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Fractiopatson stodics of homogenates of hxck n Iner by the usual centnfugal
techniques are summarized in TABLF 4 Asindi ated malic enzyme is almost
completely locatzed In the supernatant fra twn whil PEP carbovykinase
found malnly in the mitochondrial fa bon  \ amall bot varable amonnt of
PEP carboxylinase appears {n the sapernatant probably becamse of mito-
chondrial destruction durmg the handlng provedures  Pyruvic kinase ap-
pears to be distributed between the microsomal nd supermatant fraction a
wmall amount s also found amocuated w th the mitochondris, probmbly as
contammant.

According to these findings, the general relationship between the enzymes
of the mitochondron and the cytoplasm might be represented as shown in
scmue 4 According to this hypotbess the converso  of pyruvate to phos-

Scurmz 4
Rriamromearrt  MrrocwosmmioN  \D Crrorias
Jrtocondron Cy tophewry

omlscetat 7 PEP PTP 2 ghucose, ghcoprn
mrnate P ravet
I's
scety 18 Cod HTPVECO-
t oalat
Phopyruvate would mvolve both the cytoplasmic and mitochondrial elements
of hver cells, with th pyrovateto-malat convenlon occurming 1a the eyto-
plasm and the further comversion of malate t phosphopyTevat occurring
within or on the mitochondnon.
T'erthermore mitochondria should be able to form phosphopyravate from
= Kalkhar® showed that
1 t from malate Bartleyns
: e that Lver mitochondria a0 form
thphapyrmtnlmndmhovirlcﬂs.-ndunholnw!mudlhht be
troe.

o view of the uncertafnties concerning the posnble formation of phospho-
Pymmunhun.xnwldbeonmmtto-:ei!hennmho:}mdrhu,/,l
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2l form phosphopyTavate from roalate.  Thus far our efforts in this direction
have been completely unsuccesful

Up to this pomt the conuderation of COy-fixing resctsons in phosphopyTuvate
and glycogen syntheas has been himited to a discusmon of qualitatve stodies.
e pow have attempted to secure more quuotitative informstion in the cese
of one tswue, chicken lrver  Even if hormons| dietary and other factars are
neglected the following information is required 1n order to determine whether
the dicarborylic acxd pathway 13 safficiently active to accomnt for phospbopyru-
vate and glycogen synthesls (1) the rate of glycogen synthess (2) the con-
centration of the ensymes involved (3) the relationship between substrate
concentration and reaction velocities of these ensymes and (4) the s #to
concentration of the substrate or substrates  As will be readily seen, it 8
difbcult to find & metabolic pathway for w huch this type of detailed quantitative
informauon m avalable we do not have al! of these data for the dicarbotylic
acd pathway  However 1t may be of interest to present beefly the avaflable
information, as it permits certain tentatrve conclusions coocerning the route
of phosphopyruvate synthesis, and abso because 1t i illustrative of & type of
problkem that will appear moce frequently in heochetnical studies as the quanti-
tative evalmtion of potentml pathwiys becomes necessary

The first question concerns the rate of glycogen synthess  Lven this ques-
ton canpot be amywered with certainty In typscal experments® m which
fasted rats are grven sodum lactate the amount of glycogen laid down in a
two-bour penod m equivalent to perhaps 1 wmole of trrose per munute per
gram of bver The rate m lrver slices 1 slower perhaps about 0 25 pmole of
trinse per minute per gram® These valoes can be consdered oaly 23 rough
appraxumations mnce they are calculated from & mngle tune interval and moce
the glycogen may not all arse from lactate

The concentratons of pyruvic kinase, malic enzyme, and PEP carbotykinase
m chicken liver are shown 1n TABLE 5 with the resnlts expremed as xmoles of
actvity per minute per gram of liver 2t 37° C The second column from the
nghlnhonlmcmunoltbedamtmmlm‘kso(mchxi:m Far
practical rewsons each of the three ensymes was memsured m the oppemte
direction from phosphopyruvate synthems, and it was necessary to calculste
the rate (n the direction of phosphopyravate synthems  This was accomplshed
by the use of ratios of the velocuties of the forward and back reactions obtained

Tamx §
Acrrvrts or Exavues Conarnnam w e ProorwonarY 1@ St (Ciocax  Lvrn)

Exzyme Asm i/ drctn of

x Linsse !‘_‘;nnlzlﬂmbm 712 005
Mabe ey o NH formatsn 50 55
PEP curboxy kinase C0smt  oxalacetat 109 5

Actrvities corrected to 37% C
1 Cadculated from previous column umng ratios of forward and backward velocities
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fa-ume-qxﬂmmu\hhp\mﬁcdmxym«: T ilustrate pyruvic kinase nas
tned by a h nic sy as shown in REACTIONS 6 and 7

R bnge
pbotphopyruvate + ADP =222 prrrvate + ATP (6)
Inctic dehvdrommase

pynrrate + DPNH lctat + DN (7)
For » mmber of reasons 1t s Dot pomsible to messare REACTION 6 m the
reverse directlon In crude extracts  Therefore the ratso of the mnitul forward
and bacl velocities of this reaction was measured usng highty punfied pyravic
Linase ]ohn)lcQuztecnn)cdoulnmﬂare\pcﬂmenummhbcl\turyud
found that the ratio of the fornard and bad velocities i abouat 140 at pH
74 despite the fact that the K of the reaction at the mme pH 13 approd-
matdy 6000 Similar experiments  ere carned out with malc enzyme and
PEP carbowyhinase to obtain the ratio of the mitml veloaties m the txo
directions.  These ratios were then atiled to cakulate the values shown in
the nght hand column of TABLE 5 These ahues represent the maxmom
attainable velocities of the thres enzymes in the dmrectzon of phosphopyrmvate
syntbens under optimal condrtons

velocities under optimal conditions of sulmtrate concentrabon. Ix ore the
conditions Ty be bess favorable and the actoal velocities will probably be less
than those show o
The values show n in TABLE 5 arc subject to commderable error but probably
ﬂubﬁahthegmﬂﬂurddolmgmmde. Even allowiog for the probable
mm.ltnuuki.ppcn:mtthcpyrmthmxbll}vuam:ccwm!rxm
lpprechblepnndthcpbmpbopymvnelynmaumthntm There is
mwghma]menzymetouxamtfmphapbopymﬂiesymbuq
although the manmum rate attamable, 1.55 wmoles, i falrly cose to the
atimated rate requred (1 0 xnole) The concentration of PEP carboty Linase

vﬂuuiam:mzyfmundudmmmmyvenm1ma,m.,mey
are xvaflable Oncoftbemc‘lnrﬁing[nﬂuhlbcvuyh!gh]{,}mmle
of pyruvic kinase (9 X 10- A0 This valve may be contrasted w th the K.
dpyrwn!clurm;ﬂcmxym\hkhkvcrymnchlunu@x10—4\1)._nd
Wuhﬂymmhmhumdﬂthphyndodulmmdmdmm
m&iwmfamhmmhmlkwnnimmmwlw
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Tamx 6
K. VALUIE 70 SUBITRATES INYOLYXYD 1Y PuosesorYRTY Tr STermosm

Laryme J Babairats J K
yruvic Linase rovat 9 X 10431
b r{‘l’? EX M
Afabe enryms} ToYate X 1M
NH Yay lom
<oy e X 1040)
PEP carboxy hmaset GTP Very ow
Calcetate Low
{rom rablut mosche

Punified
1 Purlfied from avwn hver

is very high When the natunally accurring concentrations of enzyme arc
conudered this reaction can bardly accomnt for the mte of photosynthetic
CO, fixation ®

The tentative conctusions that may be drawn concermung the roke of the COr
fixing reactions carned out by malic enxyme and PEP carboxykinase m animal
tsucs seem to me to be as follows malic ensyme has a very wide dsmbation
in anmmal tosues and potentially can participate in the oxidative resction of
these tirsues by supplying dicarbovylic acids.  In addrtion, in liver and Lidney
there 13 evidence to suggest that malic ensyme and PEP carboxykinase form
part of a mechanwm for the synthems of phosphopyruvate from pyruvate
during glycogeneshs  Quantitatrve studies of the amounts of enrymes present
and therr kinctic properties are not suficaently detailed to permit a definitive
answer to the problem of »hether phosphopyruvate formation by a pathway
imvolving CO: fixation 1 the major route of syntheals
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ENERGY-GENERATING SYSTEMS

Santago Grisola
Uwswersily of Kansas Ladkcal Schowl Kanses Chly Ken

¥ It 1s genenally accepted that cardme hypertrophy and failure occur a3 the
result of factors connected with an mcreased load to the muscle and that the
hypertrophic fuling muscle B wefficient  This, bowever s illopcal since,
by Increamng its muze the organ parnndodcally increases its duficulties for moce
efficlent oxygenation. The heart muscle, although m general an acrobic organ,
 falrly well endowed with glycolytic enrymes. I wonder if the increase m
size when the axyhemoglobin supply s lowered is the primary defect and 1t
results in adsptetion to a more asacrobic condition at the cell level with a
corresponding increase In glycolytic ensymes. I wonder also sboat the pos-
aibllity that the control mechanim for glycogen storage m the heart, under
normal and abnormal coodittons, keads to cardiac faflure

Thus latter problem is of particular interest in view of the recent discovery
and Mentificatina of an adenylphosphate anhydnde as the co-factor for actva
ton of hiver phosphorylase! and of the new pathway for ghycogen synthens?
from oridine diphosphate glucose (UDPG) Is it posaible that glycogen

mace than Just a storage function? Some of these queston bave been asled
previously and, biochemically speaking, there does seem to be & marked dif
ference between muscle and liver phosphorylase however o defimte answer
yet to be grven
For many years there have been reports-n the literature on nonoetbodox
noclkeotides, the tr- dr and monophosphates of adenomne (ATP? ADP and
AMP) for emample the ATP type Il of Banga or the adenme dinucleonde of
Kuemllng and Meyerhoff* that appears to resemble If not to be rdentical with
the co-factor for fermentation of Ohlmeyer*  Are these cofactors, or simflar
ones, perhaps the heart nucleotide H, mportant to cardiac muacle or to 1ts
regutation, whether or Dot at the carbohydrate level” In regard to thm, an
initlal ATP splitting 1n muscde coatruction has been challenged recently
However the direct tramfer of phosphate from 1 3-diphosphoglycerate to
creatine to form phosph tine withont the drate action of an adenine
nucleotsde has been shown recently  Perbaps, since the enxyme® thet pro-
duces the reaction 1 3-diphospboglycerate — creatme phosphats scems to be
lacking in beart muschk, this organ shoukl be used to test whether ATP fs
split 1umlly dunng contraction Heart muscle bas much less phospho-
creatme and ATP than has skeletal muscle! and would therefore, provade &
better experimental model It should be remembered that there was splittieg
of an unidentlfied organic phosphate* durmg a single musle twitch, although
442




Grisoln Energy -Generating Systems 463

the ATP and creatmo phosphate cancentratwn did pot change  Therefare
the 1 3-diphosphoglycerate — creatme phosphate reaction, or 2 smibar one
may fnterfere seriously with th ATP and ruetme phosphate balance stud:es
Since some derangements of crdsc furkon appear to be fmtally related
to metabolic, rather than to mechanwal defects as in berbben and m hypo-
thyresdism, s it possible that there are more 1mtml metabolic defects n the
ardac muscle, both before and at failure than we are aware of at present?
In my opmlsn we should not cxpect to find early dramatic changes, at lenst
m biochemlcal parameters, 1n conditiens whih develop gradualty  Iam sare
that a contimuous, for ewample @ 5 per ent, change 1n metabohc reguletion
would hive a very sericus effect 1o the bong run bomever 1t 1s exceptional to
be abde to measure biochemucal reactions 10 crude samples wthin a S-per cent
noge.

Thumine thetspy has been recommended on the basfs of better response of
the parthally thlamme deficient heart to carduac ghycosides in the presence of
additiona] thmmine ! Certamnly there are some clmical cardiopathics labeled
Idiopathic which occur mostly m young ar muddle-aged people these patents,
although they are withont apparent mechanical defect, cventmally display
cardiac dilatation and failure Pu-hap:nfurthcrmdnmdm
susceptibility s the apparent fundamental defect m alcoho! cardiopa
for that matter the extreme varability of the fiver m resisting curhosts whether
due to alcohol or other camses

The hormone thytoxne appears to wnffuence both glycolyms and respiration,
and the {nterdependence of these proceeses 18 well known (Pasteur and Crab-
tree cffects)

effecta of thyroxnne upon oudative phosphoryla
ﬁc::’ud:‘emli‘tmlhe mmgmhn‘z observanon® that the swelling of mitochondma
pmd\x:tdbthhhxmomudEPmdmlanLhercdmmttdlhcmnochondm

(aince under anacrobic conditions or m the presence of cyanide there & no
effect) the posibifity of umng thes observation &3 an experimental testing
model for permesbility effects of digitals, lnilhc?nfryoh-:rvn.mu:

i CTenl

ydroge
kinese, will be drscumsed here.

Rcumctticy 1t lnjnmbcmob-ﬂvvddntthnborme thyrodne inhibits com-
plctdyuyipha-plnux‘“menxymmn,lmanxotbcr substrates, can
dephosphorylate 1 3-d phosphogiycerate! (1 3-DPGA) Recent waek In our
hb@ltmyn&hi‘hlymﬁtdtﬂ!ﬂuﬂh’muﬂxmylpwmw 2
Appuntumdmukmarhmyipbapbnuumduﬁpbuphmemw
mme enzyme® This enryme whxch Is pi
corded 31 T = 10,000 ot Jess) may be Important in both carbobydrat and
nltrogen metabollsm

?ﬂgmmmhkemmmepodﬂehnpuimdthhmn since
there are Indications for  sclf-regulatory cycic at the phosphogiycerate level
uﬁntw(cdbyw- \Whether this hacmone affects the phospho-
giywitecyde.hmnmmnxlmalmmbcmuupud_ Recen
it was oberved in oar laboratory that crode muscle extracts can cony,
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most quantitatrvely 3-ph glycerate to 2 3-diphosphoglycerate ® I am
not certain that this 1 & physlologxal effect—perhaps 1t 13 only an mx wifre
artifact bowever we are sesrchmg for alterations that may lead to the better
understanding of heart fathmre

A block 1n the pyruvic kinase (ar enolase) reaction, for example, or mply
low levels of inorganic pbosphate and ADP could result 1o accumulstion of
3.phosphoglycerats (3PGA) Tha, i turn, would sumulate the coavermon
of 1 3-DPGA to 2 3-diphosphoglycerate (2 3DPGA) Although the 2 3
DPGA would stumulate the phosphoglycerate mutsese reaction,® ths would
result in further accummulation of 3-PGA mnce the eqmbbrum » 1n faver of
3-PGA formatton® and thereby further 2 3-DPGA accumulation  Further
mare, 3-PGA inhbits the dephosphorylation of 2 3DPGA to monophaspbo-
glycerntes® However once the block m removed, the accumuleted 2 3-
DPGA would increase the activity of the 3-PGA mutase and therefore,
glycolyms, AtLbe-anmne,tnurpnlcplmuphue-nimmophmphogiytcr
ate would be formed via the 2 3-DPGA p!

Although we have demonstrated 2 3DPGA nu:umuhﬁ.unmmnny tisenes,®
1t is not known whether any ar all tissues are under such regulatory mechaniym.

Perhaps the hugh concentration of 2 3-DPGA 1n the human erythrocyte®
and 1ts variations m disease reflect such & mechanem (2 3-DPGA may or mey
Dot perform any other rolo in erythrocyte viability)

It bs likely that the moxed 15 muiro effects thus far demonatrated with thyroxine
will be shown to have a complex result 1n the living animal, as antiapated for
e long time by phymologmts

1t must be remembered that most of our chemical methods are not adeguate
to reveal smll but perhaps important differences between nocmal and ab-
narmal tesues and that, to my knowledge, it & very dificult to vmsaahre
experimental heart faflure comparsble to that in the human patient Thm
clearly Indicates the need for a careful quanttative study of blochemucal
parameters 1n the human noemal and abnormal myocardinm. Post-mortem
materlal may be useful m sach studles since & number of components, par
ticularly some ensymes, are relatrvely stable.



Gnsoha Energy-Generating Systems 465

References
1 Soramaw, LW &T W Raic 1957 The proparbes of 2z ademse nibooockotds
So:l.lhttﬂuhx):nrtﬂ:l,.\'n’ ) \ons l.nrlql.nrph-n'- goagm | Am
LLIJ.CII,LF lC.l:Cum:n 1957 Bm-n(hc-unl cogen from wadme dapbos
sz Am Chern Soc T8 €30 ®
S.BA.u, 47 Thccugru:htuld:n M A\TP oo myomn  Z ¥ tamm, Hormon
Xn.ﬂ.r\a,“ & O Moyrmmor an Ademmdcinockentyd der Hef Dy
51h§:bcr-m s 2 B8 i1
S Ouwiwxyrn, O 1951 A pen compme of akubolc fermentation. J Bl Chem,

n.
6 Xmammartaw P A & W F H M Mow s 1953 Nodeotde mctaboban m
crdac sctvity 1T Reschons n svitole  Cuculaton Resewch. 1 12
7 Mowourxs, B F H M 195 T  deousme tnpbosphat hroken dom  donng
mucle tartch  Natore 174 108
.TWATJAMRED mlllemll%-lCm
mlm withoat famon of sdcoceme Trpbasphat or tine phowphats Nnml'lh

9 Couwr,0 F Amircs, R Frrvom & A T viuso Comr 1958 of phowpho-
eart and shcictal mawcke th:ad 1231

L] “mmnby\\ B AT 1951 The ohmuon of poosnbets
=
" 7 Phomborea Metabolaan 1 851 Jnh:!::tml‘m-ﬂ-ﬁme,ﬁd
E 1957 The rescton beart to stropheatin donng
m ; m aguannm AL: 848 Faglsh transle-

ton, nY
uum.nm,ALLBL;u m-rcd-ru--t.udmimm(m.
¥nd the acton. ulv.ky'nnnl
1 5 &N Iro 1987 Amwlhmdmdd.pnh I Dp
ks Thomes
14 Lo F 1946  Acety] phowpbat  Advances in Entymology 8: 231 Ioter

aence  New Yo
15 Hazawr L l”7a§1nlb&vlyﬁwmdll hogl; s0d by acy1 pbosph
Acta
Aamsarr 195 annﬂ:dcmv-tmnllhu-cdnhu;
wedat’ b atraboe Acta 145
17 Gumous, 8 D.P\\u.uaknjcum C-rh-mluu-fum.
carymac preparshons Aml'l
quS]Cnnv‘LlBlmeBm.

19 Rarorcer § & J Luommeo 1951 Ghorrate 2,3 dphosphatase  J Biol Chen.,

ot J Blal

]95&. Stuches on ghcerate 2 3 diphasphatese. ] Riol,
Chen

nTﬂmﬂ{unu d:pbq:\hb nud Jmhmﬁ



CONSERVATION OI' ENERGY IN CARDIAC AMUSCLE*

RohcrtE.OhnunndDomthyA Purgc_k

Deportment of Brochomsiry end Fubic Oealth
Unrarsity '/thqn, m».,n, P vkl

Far the past few years our laboratory has been engaged 10 the systematic
examimation of the biochemical pathw ays in the normal and failing beart for
evidence of a biochemical lesion that could be mpheated in the pathogenesls
of cardlac faflure  Since the ability of the heart to pedform mark depends
upon the intactness of all of the biochemical resctions that lead from the
oxidation of substrate to the fmal contracifle procem, 1t seemed poesible that
nterruption of this sequence at any point might kead to cardiac fallare Thb
paper reviews the evidence that has been obtamed regarding the energetics
of the myocardium m the dog and 1n man urder normal condltions and
under two conditions that may lead to congestrve heurt failure namely thyro-
toxicosis and severe valvular disense.

Metabolxc processes 1n heart muscle may be divided mto three genmeral
phases (1) coergy Liberation (2) ¢nergy corservation, and (3) energy utilma
tion. These are presented diagramma I rrooxe | The phase of
energy hberation 13 visunlzed as including those reactions by which the car
bon—arbon and carboo—hydrogen bond energy of oudizable substrate B
Liberated as free energy  In thw phase cardiac fael which consists chefly of
free fatty aads (NEFA) giucose lactate and pyruvate bs extracted from the
coroaary blood and 1 metabolired to a common intermediste, acetylcomnzyme
A, The acetyl group condenses with owmlacetate to yield atrate that fa then

sent the energy content of the acetyl frugment and are equivalent to the 4
hydrogen atoms assoceted with the acetyl group plus 4 that come from water
added to cycle mtermedistes m effectmg the ondation of the fragment. The
functon of the glycolytre Lipolytic, and aitnic acd cyxle enzymes 1s thus to
convert the bord energy of substrates available to the carduc mmcle cell into
energy-nch  electrons for tramsport to oxygen  This phase of energy ibers-
tron merges with the next phase of cnergy conservatron through the meche
nnms of ondative pbospborylation, some of which occur at the substrate level
however the most mportant (quantitatively) of them occur m smocution
with the electron flow along the hydrogen transport chain  This s depicted
1n ¥1GURE 1 as coupling the phosphorylation of ad dipbosphate (ADP)
to the oxidation of the cytochrome ensymes. Wiith en average P O ratio for
carbohydrate oc fatty acds of sbout 30, which i well validated, the eficlency
of comvermon of the chemical bood energy of substrate to adenosine tnpbos-
p!nte (ATP) :ppmn to nmge from 60 to 66 per cent. Creatine pboqin!e

H-nnA-n-nm. adam LhnN-mm.ch-nv‘I.{-‘anbtym (uum Pnhl.tﬂulfl
Scrvicn,nﬂhcd-l,ﬂd and the Lif Immrance Medical Research Fond, New Yok, N
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(CP) stores in cardizc nruscle are refatrrely small (equvalent to 12 to 15 mg.
per cent P) but provide some high energy phosphate buffer capacity by way
of the enzyme transpho<phorytase

The third phase of cardisc energetcs 1 that of energy uglsation. The
high-energy phosphate bond energy of ATP i channeled int  the contrectile
mechanism and results In the performance of mechanical work  Although
there B8 considerble controversy about the model that best represents the
contractle system,” Urcmvddpmt:dmmmlh.nbe-dnnn;eof
beang slmple. In ths system, actin (fibroas) pius free myomn are postulated
to combine In diastole under the Infiuence of ATP to yleld actomyosin und
ADP  Esxcitation of the membranc at the tme of dlectnc systole then stimu-

the peoduction of mechanical work. The work effickency of this phase may

e-bood
nochtcpmpcrfymlbeurdncrydc T th light of this hypotbesis w stall
cmmune the data that bave been obtained in the mterim W shall emphasiee
the events that occur dunoy the phases of coergy Iiberation and conservatio
h\normalhunmusdcnnd!nhcnnmuscktmmmlmhmdm‘imthym/

tormcoat and bow-outpat congestive heart fallure.
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Metabodism of \ormal Cardiac Muscle

\uch evidence 1 available to indicate that cardiac muscle! ' otlues 2
varlety of substrutes a3 sources of energy including glucose lactate pyruvate
fatty acsds and 1o a lesser extent acetate ketone bodies, and anuno acds
The evtent to which esch substrate coatributes to the epergy requirement of
the heart 18 1o 13 mfluenced by 1ts concentration in artermal blood, as well =8
by the state of nutriuon and the endocrine balance of the organuen  In addr
thon, since data obtained » rifre on the oxdative dupemtion of substrates
by cardiac musclke have been applied to the intact beart, 1t shoukd be pointed
out that the bebavior of cardinc musche slices 1x t1/ro differs 1n several respects
from that of the intact heart It has been shown previously? that the detay
of the pyruvik oxrdese gystem in carduac muscle alices from rats and ducklings
1 a loganthmx fution of the time of incubation at 37°C  Only at very
short tmme intervals after mftianon of the incubation of prevously chilled
ahces could Qo, values somenhat (ompareble to those obtained 1o miact
mammalian hearts be obtained Additional omparative data on the extrac
von of pyruvate lactate and glecose by ardiac muscle s ttre and 1 tre
are prescoted in FcuRE 2 Cardu muscle slices from well-fed ducklmgs
were prepartd as previously described and ncubated In phosphate-saline
medigm with glucose lectate and pyruvate seporslely at vanous concentra
tons from 10t 120 mg per cent for 1 hour 10 an atmosphere of oxygen  The
dependence of rate of extraction upon  arterial level that b, mutial concen-
tration m the medrum, 18 shown m the keft hand plot  For companson mith
this, the extraction of thesc three substrates from srtenal blood by fntact dog

LA EXTRACTED /e / 00 et WCLE
A _ &

ANTERUL LTV M ANTCRM, LWL B4R

Framr 2 LCxtrxtwn of glocose dactat  and pyruvat I

The kit band bugram lescnbes the beha wor of cardac mosche sbot Incabat 4

1th {hese respeetn  mulntrates at  arvows concentrations i phowpbat s medoem Wk

a0 oTygen _tmoepbere for one how  The nght hand duagran describes the behavior of the
mmgwummlnmdh-mmmmwﬂd



Olzon & Putnek Eneigy Consenatwon 169
myocardium as a function of arterwl »x  traton mshos n th nght-hand

plot  The hatter data w re obtain 11 1 athtt 7 ton of b lth
postatmorptn e and postprandial ka1 I Uuod Tetes  er  akulated
from the product of the artennon mw 1 s for ea h wubstr te nd the
coronany binod flow measured by th wl techmque

Certaln dilfureees In the evtrn | wena by bt musche ot
and { thw are immediat Iy ppan I st tion of wubstrate
beging at rcro concentration and b tumt  of tutul ancentration
of glucose and lectate ths s pot re 1} u U hxh s tacted most
rapidly at bow concentrations 1 rt there b d Amt  threshold
of utilizmtion for each substrute  Although (| w ar ery lose t zero for
pytuvate (06 = 02 mg percent) nd b 1 15 + 01 mg per cent) the

threshold b considerably higher for glu re (5) £ 6 mg per cent) Abane
the threshold the extraction mates © ¢ mar fum Gom of their respecthee ar
terha] concentratuons in the ranges ‘ommonh  cuntered 1n the postabsorptly
dog It 1 poteworthy that these hoes w th thy eweption of that for pyro-
vate, bave steeper slopes than those obeenn d ardn moscle stiees At
levels of blood glucose about 100 ;g per cent the vtraction curve for giucose
becomes curvilinear appeoaching 8 maumum evtraction of 25 mg /100 gm.
muscle/min. at blood sagar \alues greater than 250 mg per cent.
Tbelhruboldphmemn{arﬂlmwnolglncmeuﬁthe}nrboundds
by Intact benrt Is apparently lost in the sice  That this threahold behas for
E‘lnmnmyom:dlumhnhnx(molmmudtdluhrmtmhn ¢ s suggested
by(l)tbelcmddtkbchmhlhedlm,lndby(lznmahfc;iondlhe
threshold for glucose changes m endocnine balance in the ¥ amuma
Ungar o l”u\d(}o:gdedd“hl e show that the threshold for the ex
Ulctbndg!ncognmrlcd}ydﬂuttdh\dnbﬂﬂmﬂﬂhnunixmmd
toward normal by msuhn treatment In porma! dogs treated with large
doses of Insulin, Hackel has shown that the threshold for the extraction of
neose can be komered to 10 £ 3 mg. per cent

gl“.l'metr Empoctant pont should be made regarding the metabolic behe for
of 1ntact heart muscle as opposed t  cardlac muscle slices 1o the former
the extraction and oddaton of substrate
wate To the latter therc 1 a dopartty betaeen the amount of substrat
extracted and that oudired a3 shown in TABLE 1 In this expenment cardiac
muscle ahces from bealthy duckhogs were mcubated In sextoplicate Warburg
flasly with pyrnate Lactate, and glacose fogether m concentrations usually

found in arterfal blood

the
r:;lfeb:.‘:hﬂ\madnncdh dummMMIJC'Q capiared In the
tmlcrlcllmnzo-mmpcrbd‘udewmmtd by end-»mdow counting
of BaC"0, Both the extraction and oddanon of cach substrat are ex
pressed In terms of &} t‘klm‘tdmlwdptrmgdryld‘h(w
hoar It may be scen that wheress the total extraction of pyrinat  lactate e
mﬂmb}lbedmeuxfdtddntdnmcdhhuﬂbmnmk/ﬂ,



470 Annals New York Aendemy of Saences

Tamx 1
Exmeacrioy o Comumos or CAXsomYDIATE 1y
Caxnuuc Musax Ir Fr ro s [ bivo
B ents fu)
Sebatrate D ) mrta buliond mg.
concratrutum
Subeinits I em 1 e
M
parorsiage | WM/ Lrtractis | Extncties | Combmbm
Pyrmy t 18 02 03 18 06
Lactat 120 10 3s 52 (]
Ghicoss 108 0 60 43 68 03
e o i
swbeirate ex
tracted oodieed 100 10
£ oge
P e sabiimre % »

oodation of the extracted substrate to CHOy was markedlh reduced in the
dices  Only pyruvate was bumned as rapldly tx vire as in tite  Compan-
sons between the mtact heart (postprandml) and the slices Indwcated that
wherens carhohydrate  extracted by the miact heart was bumned to com-
pletion, that extracted by the slkes was axddized to the extent of only 10 per
cent  The total rate of ovygen comsumption of the slices mas 2bout 50 per
cent of that of the intact heart, and the combustion of added substrate in the
shices accounted for only 30 per cent of this oxygen coosumption. It must
be conutuded fram these experiments that slthough  tifre studies of cardiac
metabolm may partly reflect the quabtative aspects of cardue metabolam

» trre there are marked dufferences in the rates and patterns of metabolism
1n the two preparations.

Pyruvate o a prime substrate for cardisc muscle both i vl » and 1 1o
In FIGURE 3 are prescuted the resalts of an 1x /o experiment with pyravate
2-C' in the intact dog 10 which the apparent half bfe of blood pyTuvate
15 min  Following the mtravenons admmistration of 10 mg /kg. of tagged
pyruvate, the corooary sings blood became rapadly enriched with CH#0y that
remained hotter” than the mixed venous C1Oy for nearly an hour The
dotted line represents the cumulathve ewcretlon of radioactivity 1o the breath
that reached 30 per cent of the adminstered dose In 2 bourw. It is estimated
that about 20 per cent of the pyruvate oddued in the first hour was catabo-
ltzed by the beart.

The state of nutntlon of the organism influences markedly the kmd of sub-
strate used for enefgy production by the beart  Under phywologacal coodi-
tions of feeding and fasting the heart shifts from the predommant utihzstion
of catbohydrate to the almost exchudve utilation of fatty acids as & source
of energy  Under pastprandhil condutions or after ghicose [nfuslons the myo-
cardium of both dogs  and man utilizes mainly ghicose, lactate, and pyro-
vate as sources of energy and the respiratory quotient of the heart approaches
1.0 After an ovemnight fast, the pattern of metabolism shifts to a greater



Olson & Putnel Energy Coneen ation 41

metabolsen ry'rl
o - ntd.'b‘txty:dhn‘ the "Ln:, o

o curm recorveny of radeoactn
eoath 12 DO copremen (nght octant ) o e o al e e (g

dependence upon fatty scids,” with a drop n myocardil respar tofy quotlent
to bout 082 Gordon and Cherhes' huve rcently shomn that the source of
the fatty acids utllized by the heart 13 the novestenficd fatty acid fction
(NEFA) bound to serum albumin  In thelr study of postabsarptive human
subjects, it was found that 25 1o 70 per cent of the pmultaneous axygen usage
of the beart could be accounted for by the uptake of nonesterified fatty acids.
These shifts are presented In TABLE 2 Vith prolonged fasting and sith
dubetes mellitns, the uptake of carbobydrate by the heart b further depremed
with & decrease In the extraction coeffickents for ghucose pyravate and lactate
the myocardial respratory quotient drops to 0 70 and the beart depends almost
solely upon fatty acids for energy ¢

Dunog transitons | nutritional states from feeding to fasting, the uptake
of total carhobydrate and NEFA varks reciprocally and correlates with

Tamix 2
Lyrrcr o Froomeso anp F ormo orow 3 ocarpear
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the obsery ed respiratory quotrent for the heart supggesting that these are the
muafor substrates for c<nergy production m heart muscle Carbohydrate
appears to be the preferred substrate of 1t 15 avaflable and the animal s m 2
fed” state therefore 1t appears that artenal level of carbohvdmte o the
active  determinant of the fuel muxture taken up by the beart and that the
NETAs are ”

In thizmme deficency in rats, dogs, and man,™ the myocardial extraction
coeffictents for pyruvate and lactate are markedly depressed the respiratory
quotient fa reduced, and fatty auds are utilized to an increased evtent  There
also appeany to be reduction in total myocardul ovygen consumption under
these conditions and a dmcordant relatiomahip betw een myocardul otygen
evtraction coefficient and corenary flow  Thus failure to increase oxygen
consumpthon 1n proportron to incTeased work load may be the critical factor
in the genems of the high-output congestive heart faflure scen in man with
berberi.

Meiabolism of Heart Muscle n Dogs witk Thyrelevicasis
and Serere | afrsda Disease

Sixe thyrotovrcoss 13 & caume of high-output beart falure and vahular
discasc o cavse of Jow-cutput fatlure 1n man, 1t nas thought of some mterest
to compure the metabolmm of the heart under these two conditions in a sult
able expenumental anima]  The dog was hosen for these studies chiefly be
gause of the large amount of data oo cardiac metabolsm and heorodynamics

nilable m the hterature for ths ammal under physological conditrons, and

A cause both thyrotoxxons® and congestrre heart falure secondary to vahvu-
lar disesse™ have been produced 1n this species

In our study thyrotoncoss was produced by feeding healthy dogs 1000
mg Lg dayof USP thyrod ponder for two to four manthy, Weight loms
n the presence of markedly increased calodic inteke markedly increased
total oxvgen consmmption mild tachycardw, incrensed excitabillty meressed
rectal temperature increased hematocnit and increased levels and turnover
rates of protein-bound rodine were noted ®

Chroax lox -cutput congestive heart faflure characterized by edema, asdtes,
wenkness, reduced exercme tokerance cardlo- and hepatomegaly and eleva
ton of both nght and left ventncular end-diastolic filing pressures was pro-
duced 10 dogs by surgical avulnon of the tncuspid valves (TT) and atenosis
of the pulmonary artery (PS)® Although initinlly pghtsided beart
faflure induced 1n this way cventually becomes generalized as indicated by
elevation of filling presyures in the left ventncle and a pasitive Inotropic re
sponse of both  hambers to digitalis, In FrouRk 4 is shown a senes of pres-
sure tracings obtained by cardmc catbetenzation in two chambers (nght
suncle and nght ventricle) aod of the heart and three great vessels (corosary
sdnos, pulmonary artery and femoral artery) of & typieal dog befoee surgeny
after Induction of failure and after treatment of the fallure with zcetyl stro-
phantbidin, & rapidly actmg digitals dreg ™ Right ventricular end-dastolc
pressares, markedly elevated after the onset of fallure were reduced within



Olson & Putnek Fnergy Consirvation

FAILURE (TI/P8) PAILURE (TIPS}
CONTROL BEFORE DiQ 1 AFTER 2 CU AKX |
RA Doe 85 naHE
30|
f o
10
n
\AYA o
o 30
201
w S ;
J 0
ny
201
10
°
M :
N e
[[-3
WY

J\\MNMMWN .

o

Fiiur 4 Represcntative
venmd:x mm...Jlrm-hrtuyd
bbucr, ond after unmmldl}-ebm‘;‘

Fach weroem of tracues 1

¢t wone,
mm‘ﬂz’h‘gm

coronary Aoy
sorpeny aftec oot

cat ooits of acetyl stropber

473



474 Annals New York Academy of Sciences

one bour after admimstration of 2 cat units of acetyl strophanthudin with an
irerease In nght ventncular systolic pressure and an Increase in carduac oot
t.
puThcc-rdu:meubolumc{lltnuol!.h}-mtoncdoglmdu’lmddugl
1n congestive beart fallure due to vahular discase was compared with that
Ior 1 series of bealthy contrel anlmals  Cardlac cathetenzation with fntuba
ion of the pulmonary artery and the coronary sinus was performed on cach
snimal wnder Nembutal-dabmaorphine anesthesfs. Presvures in the major
vesels and the chambers of the nght heart were meagured electronically and
carduc ontput was measured by the Fick principle  Coromary flos was
determined by the mtrous oude maturation method Artenovenows differ
ences of ovygen, carbon dwude, glucose lactate, pyTuvate, and nonestenfied
fatty acids were measured manometncally or chemically on samples of arterna!
and coromary mous blood  After cardmc catbeterization artificial respuation
was mitiated the chest nas opened, and the animsl sacrificed by evcision of
the beating. beart Delnmlmdom of zoul acid-soluble phospborus, troe
b and ad bate were made on quck-frozen
samples of ventricular upev by o modiﬁmzhn of the barfum fractionation
techmque proposed by Lepage and Umbreit
Vatues for reating cardiac output, coronary blood flom cardiac ovygen usage
expresed as ml min 100 gm and =3 Q,, for pormal and hyperthyrold dogs,
and for dogs with congestrve heart faflare secondsry to TI/TS are presented
In TABLE 3 It may be seen that whereas the cardinc output it decreased 1n
dagestive heart falure smoclated with valvular disease, it 15 as mankedly
_Augmented in expd'h:ncntll thyrotodcosis fn the dog as in man ™ Caronary
blood flom snd trvocardial oxygen wsage were unchanged from normal in
congestrve heart failure due to valvolar disease 1n the dog, but significantly
aogmented m thyrotoxicoss.  Although Bing™ reported no mcrewse I the
otygen consamption of the myocardrum in man with hyperthyroudism, con-
wincing evidence that coronary flow and total myocerdial ovygen consumption
are increased m homan thyrototicords bas been peesented by Rowe and hn
co-workers ®
Dats on myocardml substrate and ovygen evtraction by postabsarptive
normal od hyperthyrold dogs and dogs in congestive heart failure due t
TL/PS are prescated m TABLE 4 It may be scen that the individaal artermal
levels and arteriovenous differences for glucose Iactate, and NET'A are not

Tamx 3
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one hour after administration of 3 cat units of acetyl strophanthidin with an
incresso in right ventncular systolic pressure and &n increase 1n cardiee out

put
The cardiac metabolim of & senes of thyratone dogs and of & series of dop
in congestree heart fallure doe to valvular discase was compared with that
for & series of bealthy control animals. Cardlac catheterization with ntubs-
tlon of the polmonary artery and the coromary mnus was performed on each
anfmal under Nembutaldulmorphine anesthesis  Presures m the major
vessels and the chambers of the right heart were measured electronlcally and
cardiac output was memsured by the Fick prnociple Coronary flow was
determined by the utrous oxide saturaton method Artenovenms difier
ences of oxygen, carbon dwnde, glucose, lactate, pyruvate, and nonesterthed
{atty acads were d ma nically of (b lly on samples of arteral
and coronary maus blood  After cardiac catheterization artifica] resplration
was initlated the chest was opened, and the animal sacnficed by excluion of
the beating heart Determumations of total acid-soluble phosphorus, true
ic phospharus, and ad; triphosphate were made on qunck frosen
mmples of ventricular apex by a modificatron of the barmum fractionation
technique proposed by Lepage and Umbrelt ™
\ alues for resting cardiac output, coronary blood flow cardiac oxygen usage
asml min, 100 gm and as Qo for normal and hyperthyroid dogs,
and for dogs with congestive heart faflure secondary to TI/FS are presented
in TaBLE 3 It may be seen that, whereas the cardinc output w decrensed in
congestive heart failure asoclated mith valvolar disease, it  as markedly
augmented in cxpermental thyrotoxicosts 1 the dog a8 1n man®  Coronary
} blood flow and myocardial otygen usage were unchanged from normal in
congestive heart failure due to valvolar disense in the dog, but mgnificantly
angmented in thyrotoxicoms Although Bing™ reported po increase in the
ovygen consumption of the myocardiom in man with hyperthyrmdism con-
vincing evidence that coronary flow and total myocardia! axygen consumption
are increased 1n human thyrotoxcosis has been presented by Rowe and b
co-worken ®
Data on myocardial substrate and oxygen extracton by postabsorptive
normal and hyperthyroid dogs and dogs in congestive heart faiure due to
TI/PS are presented m TABLE 4 [t may be seen that the indrndual artenal
levels and arteniovenous differences for glucese, lactate, and NEFA are not
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vahular discase 1o changes in (P of ATP kevels were noted In the spostancoas
fulmg myocardium of the buart lung prepanation. Since CP levels fall In
resportse to failure of energy liberation (anota) or encrgy conservation (D\I)
In the beart-lung preparrtion 1 1 probable that no biochemical duturbance
of this type exiats in aither { ilure due 1o valvular disease or thyrotodcoals.
On the othcr band (hese data d  not gie us an lnsight to the mechanhm by
which these allments do  use ongestt ¢ heart fature  The shift in ovidath e
metabolum toward the utlization of fatty sods in thyrotodcoss that also
occurs in diabetes, by 1tself hurdly would constitute a sufficient renson for the
myocardrmm to farl  Turther study of thes problem i in progress.

‘As regards the blochemical lesion in the myocardium of dogs with congesth e
feart failure due to valvular discasc  vidence recently obtain d in our labora
tory sugests that a blochemual kf tmay 3t in the contractile mechantam
itsdi® ® \lyomn was molated from the bearts of anlmals In failare and
saltable controls, ngoroualy punted and physcochemical charactennaiion
seccomphshed by study of mdiment tion enstants, chffunon constanta, parthel
specific volumes, mtnow  xosities, nd hght-sattering bebavior of the tuo
peeparations  From these onstants th moleculer meight of cardlac myosin
from pormn! dogs was estmat d t be aboat 225000 whereas that from dogs
b fatluce due to -atvular descase was found t be of the order of 750,000 The
datn are conmutent with th view that 0 abnormal stable aggregate of myogn
A b formed 1n cardisc fasture od that thu prevents the formaton of an - cto-
myomn with normal ontractle properted These findings are comistent

ith the obsers ations that ectomyos  prepiranons from fuling heart musce
of dop® wnd man® show certal baarmal propertres and reduced contra
tlity

Summrary

y be drvaided 10t ‘tjfrn}m-bré!)m ;-h;lubn,
tion, 4od (3) evwergy atihzation er norml ]
&m:ﬁ[mmn chemual energy to mechanical work ¢ rates
of effirency as high as 40 per_ent Glucose, luctate, pyruvate and bonesten-
Bed fatty  wds prpply th bull, af the energy for cardiac muncle, nd the state
of nutrtson o endocnne balance Ay shuft the substrte mixture extra ted
by the rdwn {rom pn-pa\dmﬂy carbohydrate fo prepooderantly I ¢
Prokn d’ fasung, wntrested dubetes mellitus, and thyrotovcous tend (o
shift th pattern of 1} oodation to & greater utilization of fatty acxds
In Ly bc;n{uhmmdcw.ndmwer:um t alter tion
D e e i & 1oy of the Satnibution araoey

wﬁmmWMmm-nmded
the 1 mp,l a both nhymtudopmddqa congestn he 1t
patture I cuggest that no WOt buxchetucal eson bt the
fulure  The dat \on o Tergy “omseriation in ather thyrmt wous or
ant { dure secondany to Lrula dme e Although

ow tput congestre b brormal ty of amlac myoun esmt  th

that sn al
(@ whvular dmscax no clear xplanaton of th dide

b falure due
‘nnnnuh;htdldlh‘mldmhwmym:dnlhmclmu pparent ?
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coffects of hypermetabolism and hyperthyrosdism upon the amsimflation of
phephate-bond energy by the contractile proteins and the effects of the con-
tractile protans themselves should be further studied
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Discusazon

E ELENBOGEN (L mttersily of Pufsburgh Prisburph Pa) My remarks will
concern the characteriation of myoun ~olited from nofmal dog bearts and
*f be fimited to thowe pomi that h th 1> have been often peglected by
poyuaal chemngs.

Finy, the heart must be  pormul o all phywologscal criterta, such ag
parmal finns rhy thm, poemal (ardiogram nd nocmal siaxe The chest of the
£mal mast be opened under standurd sumgn ) techriques, reapintion mus
be matntained, and excrtion must be rapsd and so effickent that normat begts
coatmue afier the etcsed heart has been dropped mto ice cold water  Even
* choet termina) ventncular fibnlliton  ll prevent the bolation of nofmal
arduc myosin  Second onte must go { extrune pains to parlfy the Bolared
mosin  So-called crystaline myosn m always contammated with seere
stomyosin, and & socceswon of prpur tn ultrweentrifugations aod repee-
eDitations 18 vecesary for the prparaton of myosm that s bomogencous fn
Al rexpects. Ay a consequence the yicids of ths protein are rather gmall,
of the ocder of 300 to 400 mg 100 gm of tasue  Finally &l phyncocbemmeal
oeamrements must be carrted out to ey dilut  solotions, in order to male
ortain thar evtrapolstions to Zcto protam  ONCCOITAUDG wre L
Falfere to do 90 il result 10 a8 set of physcochemical comtants that wlit

produce erroncoas molecular wexghts #od shape comarants
With these critena 10 mmd, ¢ hs cbaudmx:tdu.rdhcmp,ﬁﬁm

norzal dog bearts by sed oo docity

tpproach to sedmentatron equiibaum, vwcoaty partml specific volume,

free duffimaon, sed bowndary sprescing, snd Iight-scattening meas.
of 612 S Dw O(ZMXIU".q

mements 1 our values for am
Cm-'ﬂ:"lnd“?olﬂ”l moleutlar eight of 726,300 13 calcnfated  From

ments s molecular weght
datu, ag well as from the ot

edly sitered for myosin ols
& presented 12 forthcomiog COMMUNKALING
:..ﬂ],d:m. stodsrd, nbbhn?ﬂmy'd{"ummﬁbe
y o
way and studed U R umliade ,'m'
cabculated from sedument thon 00 roes heht
::l‘l‘::ugd;u:’arnhblliekulrnymnmlnlmm ¢ bout 450,000




ELECTRON TRANSPORT IN CARDIAC TISSUE

Thomas P Singerf
Edsel B 1 ord Instststd for L edscal Revearch Houry Tord Haspiial Detrok Mick

Introduction

The normal cootractility of cardia  muscle s dependent on & complex serns
of events beglonmg »ith the entry of ondizable substrates into the cell and
ending with the reveruble tansformation of actomyosin.  An mterrupticn of
major slteratron of the process anywhere long 1ta path may be expected to
result in important changes m the efbcency of the work of the beart.  Since
this serres of interdependent and mterdigitating biochemical events 1 ob-
viously enormouly complex, for the sake of mmplicity m dscussng congestne
heart dscase we may arbitranly divide 1t into 5 groups of reactions (scErme 1)

(1) The senies of enxymatic reactions whereby metabolites are converted
mte CO and H O 1 other words, the chemical transformations of the sub-
strate  Whether we are concerned with the burning of carbohydrate or of fat
the majonty of these enzymatic steps serve merely to roahape the chemcal
structure of the metabolite 1n preparation far the ondative step dunmg » hich
energy will be liberated It = logxal to evamune the ondative steps in metab-
ohsm m more detall oot oaly because they are the ultmately uscful steps but
because they are of 2 much greater order of complexty than the nonandstive
steps precedmg and following them

(2) Dunng each oxidative siep machinery must be provided to trap the
chemacal energy hiberated dunng the oudation and to pem ft slong with
mmimum of lows to another enzymatic system capable of gencrating ATP
The machmery performing this ask s more or bess similar in all the mdrvidmal!
ovdattve steps of metabolsm, and 1t 1 commonly refared to 49 the elextron
transport system  In an organuzed metabolic system 1t must make functions!
connection with the dehydrogenases associated with the substrate on ope hand,
and 1t must be mumately linked to the ATP-generating system on the other
band.

(3) The ATP-gencratmg or axdatn e-phosphoryhition system must then
trap the enerxy Liberated dunng electron transport and utilize 1t for the syn-
thests of ATP ATT then, may be directly otilized as the primary fuel for
muscular contraction and for synthetxc processes, ot 1t may be converted to
other compounds m equillbrium with 1t (creatine phosphate and varioas nucleo-
mde tnphosphates) for purposes of storage or for utilizatson 10 energy-requinng
tramsformations.

The ork desnbod m upported Ly gra ulrumlhehh‘r-]"mn
Tret t | l‘-l.k llnhh Stnn and lhe Amercan lewrt r\«mlr- and 1 cmntract

¢ 4l Resenrch, rmemt of the Na 3 anl the I B tord I

«n 1 fut\ld.nlilc-clrrh,\mlb%(ﬂ)!

1 stabivhed 1 estwator of the \menca Hun \socuton

The folkmog  bbrestions re oscd & dnhw{\hl(e, ADP adenoune tophkot
ATP B U<k anulenbst BAL tf-mnrw Ay kY

PN reduced DPN DPNTT ¢ tochrome h m-h-r-'ved 1\D nt >

hm.'»];l_;ﬂ:hkl\( redoced AN Illh'il. traphowpbopy ncos neckotide TPY

ey
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~ormx [

(D) Ionmam ke daion of metaboktes
W [t and aodeton, Keeim oy chy

tgh oh
() Tneps e | om dative stepe
{ ctron N
(3) Tormavon o A1)
(oudatn (i ~phon Mt )
R o

3 Tomc effic

(3) The actomyomn-ATP «  + m then vaverts the chemuenl emrgy of
lb: terminal phosphate bond of AIT into mechamaal work

5) The latter process appc vt be ot olled by changes In the comeen
lons of duffuatble s duning (e atrac e process tr
From the viewpomt of th biowbem 1 nvmco(lhucspm,_.,mybe
Patentlal mtes of 4 metaboi dwturbun  that ultimately expeesses ftaelf
1 1 cllnwcally recognuablt  oogostn fad o We have omitted from thm
bxt & number of other Luctors that obviousty wfluence th mechanical work
of the heurt wace prevadling opmon does not regird thes as common cauges
in the etrology of the dmeasc Thus, although Oy supply may be clearly 5
h.'nlxing[uuurmlhcemurmndondam-en-cnu,mx‘uhﬂymm
muacke tolerates only aboat one hith a8 much O debt as does wkeletal muscle,
lh:rl(euanuh]mmnm(heluIm‘hcd.ﬂmybtmulwmhj‘hﬂth.n
i & pormal heart  Alterstions o the permeabihty of cardac el ¢ metgbe.
btes will not be ommdered ther unce Bmg'y studies’ of rtenal-vencas
differences m coronary vessels show that the extraciion of afl impartant .
wrates from the irculitson w withm normal imits in myocardu! fulare
Sirafterty « ful re of nervous catrol docs not seem to be regarded as o
primary cause of congestn  tature although expenments oo deaervated heart
(sch a3 heart-hung prepar tons) pomt t the inportance of mervous control

m det; the off aency of huart e t

crml‘l;K"‘(m fnted 0 scEEVE 1 othe third fourth and fifth are da-
m{““N“m 1; 1h monograph  The hrst topc the enrymauc teps m
the catabolsm of rates, partculedy of arbohydrates, ha aloo been die-
cumed  Howenn st mwellt remember that arbohydrate metaboliom s not
th ouly waporient rce of encrgy of mummalun heart  The owdation of
glocose 1 wsmally ( ted to be of M nof wnpoTiance in upplying the energy
nts for ATP geoerwtian In fa t fatty od and lactate oxdation
m“”lb:m‘ e af energy for ardc tsie and ardue glycogen may
ol P’“m”"’n“’: y foel Tasix 1 ialen from the wook of Bing
regarded .ha' m@“wg“ﬁmmc fthe O plal of the normal humen
ﬁe“ *“’"‘h v of cacbonydrat and tholy drte mtermediates
art refl 1ot ¢\ detaked drcorson of the pathmay of faity et
docs m‘hr:f;‘“ dulined «s  resalt of the cutsianding iny evtrga tions
degradation that of Wraonun, Madron, Wre § Ochax New Yo
NewSod N 3 ndF Lvnen 3 x Plnck
Un ernh‘ La;;;oﬂltdl;: «h, Germany However soce fatty aod

é:::inunmﬂmdm for ATT gencration in bewrt timue, h

1
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Tamx 1

Rawa’ ConTR3UTION 0 CARBOSYDRATIS D NOMCARBORTDRATER
il 10 Torar M ocamour 0y Usasx

Carbelydam [ I N eacarbmiydrats -
e
17 % Fatty ackde 670
g’rm“’“‘", 051 Ameo sads 56
e 16 46 Ketoons 43
Total 3190 79

Repredaced by permamion of the % B Saunders Coropany

mention must be made of the sites along the fat catnbollsm pathway where
energy 1 genernted for ATP synthems  Fatty acids are oudized in the form
of therr CoA derfvatives 1n a senes of 4 steps leading to the formation of &
fatty acyl CoA thuoester with 2 carbon atoms bess than the parent compound
and a mole of acetyl Cod

RCH,CH,C0OSCoA — RCOSCoA + CH,COSCoA

Of the 4 crxymatic steps involved in exch of these S-oxdation steps, 2 are
oudatrve m nature and are probably coupled to ATP-forming systerm. The
acetyl CoA generated m fatty acd catabolism fs then oudized vi the Krebs
tnecarbovylic acld cycle a3 B the acctyl CoA generated from carbohydrate
oddation The catabolism of ketone bodies, s supplementary source of
energy for heart muscle, also leads directly to the formation of acetyl CoA
Thus, while the termmal ondatrve steps m carbohydrate and fat metabolam
are common, from the standpownt of energetxcs, fatty acd and carbohydrate
oudation differ in one Important respect, namely that in fat oxidation a
relatively larger fraction of the encrgy 1 released prior to reachmg the stage
of the tricarboxylic acid cyche

This brings us to the second topic, the electron traospott system, the mamn
subject of thes paper What follows i intended prumanly for the nopspe-
clalmts m the field and, therefore I have nttempted to keep the discussion on
& relatnely mmple kevel, minimiring the presentation of onginal data at the
evpense of affering very hitle mformation with which most ensymologists
are ot already scquainted

Hectran Transport Mechanisms

Dunag the acrobic catabollam of any oddizable foodstuff st each ondative
step » pair of hydrogens and of electrons are removed from the metabohite
The passage of these clectrons and hydrogens to Os throagh a serics of steps,
the electron transport chram, entails the stepwise liberation of epergy (scrmr
7) Each portion of eneryy Eiberated a3 in going from X to Y is Linked to
the phosphon lation of ADP t form ATP  In cardiae thssue the entire proc
em occurs n the sarcosomes.

For the purposes of this discussion we may chslfy the mmportant mech-
ankms of electron transport n heart under four major headings (scuirue. 3)
As we karm more about these systems, it becomes increasingly apparent that
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Smrwr 2
i
Metaloht 1
LTINS
Metabolite B
i
Metabolit €
(lﬂ AN A}
Metabotn 1)

> wed

Merw o ar fueerroy Taaseroar Hxur
() Fla opeoten, — Fla oprotas — Cy tochrooes — Oy
(2) Dein drogenase ~— Crochrome »etem ~ O«

13) Debn drgrnsse — DPN — ( tochrome = stem — Oy
13} Deby drogenam — TP = DPN\ — C tochromse £ stem — Oy

th:wmbrhulmmglhcmmmnchnmmrnm than are the differences

The first type of reaction npresents th oadstion of a substrate by « fave.
Protem, which then requires the medition of & sccond favoprotein, the dectron
trunferring flavoprotern (ETF) t [mb 1 ta the cy tochrome system.

The second type inchsdes  ~ytochrame reduring dehydrogenasey  thet gre
wber Mvoproters ¢ metabils oprotens and are apparently capebie of
Prmng electrons more ar jess directly oot the ¢ tochrome syatem withoart
the medistion of & dimormble coconym

The third type of systern tarts w th the redction of DPN by one of the
DP\requining d bydrogenases the DPNH may then be dmsocated and
paned on 1o & cytochrome-reduang dein drogensse system of the second type
that accomplishes ts revadsion In some matancrs the mtaaton may he
mare complex the reduced DP\ mav be first requrred to resct with boand
srcosamal DPN praor to jomzng the cytochrome pathway

mmmmmmﬁvmgdchydrwmm TPNH oy
bereondiced it manner anmlogoas t that of DPNH but there i considerable
evidence that i heart m order to bk the reoudaton of TPNH to the forma

dderent path Lg;agt;:;c:t;moh—u-mm
bydroge: P\ and TPNH thus fortoed generates
nation bet <o D W\ shall pon cvamme ench of thexe pathways in

4 LTF The miml step m the dehydrogenation of fatiy
ampouncds

Oxnides sms
the «.gunmt mted o pmmal teves 1
cﬂj:‘;ﬁ&uﬂﬂ‘ ',{ fh oentymes (C Y nd Y mscra 4),

rd t speeiwaty for the ham kogth
hch d & (hemsel eonly in e,
-“hf‘“::“:i“:mm, Alrhongh the parteutar enzymt nnder discusson
ha  been molited from lver there & bitke doubt that & mmilar stmation
o hmbanmkacbmdmtmebecn-prdundmlw



484 Annals New York Academy of Sciences
Scaxwx 4
Patuw  0r LLrcTRow TRAMPOXT 1N TNE DFMDEROGCIMATION O
Tam At Deavarrers or Cod
C-C G

N
I ity Aol CoA {GC ¥ = ETT — Accepton
,

cC Y
| rors Bemert and Crane  reproduced by permamon of The Johns Hopkins Press

{he molation of many of the ensymes Involved 1n the oudation of fatty 4 s
The peculiar pmpmyu{lhesdchydmgrrmu (G Y and Y) 1 that they
arc unable to react with electron acceptors at appreciable rates m the absence
of another flavoenzyme ETT whose funcuon 1 to mednte dlectron fransfer
from any of these dchydrogenascs to electroa acceplors The natural electron
acceptor of ETF bs not known but m highly purtfied preperations, reduced
ETT n readily oddlzed by artificaal acceptors such a3 mdopheno! dyes, phen-
axine methosuliate, and ferricyande more siowly and to a vamable extent by
cytochrome ¢ and only extremely slorly by Or  In this lat cytochrome ¢
is the only cffcctrre natnn! electron transfer agent but 1t is doubtful that 1t
accepts clecirons derectly from reduced ETF In intact systems  One of the
reasons for this » that the interaction of reduced ETF with cytochrome ¢

fa very omplet (satFur 5) Bemert and Crane  who first descnbed thas en-
e hove found that while highly punfied prepartions of reduced ETT
T rapidly with dyss and connderably more slonly with  ytochrome ¢

tions scquire 2 high actvity toward cytochrome ¢ after acd

and some further fractionation, but ther activity to-

dyes rermauns ath
d’]r% £¢ the mtuation event more complex, the same punfied prepara: o
ETF pror toacd ,SO treatment, contain a high diaphorase (DuomP\'n
and TPNH dehydrogenas) actmity tonard dyes but very little abahity to
Soamx §
< Rrroscl mm Morear Inoovrencr of ETE ax 1w
iy TFNH]‘;::D:GJMNEWT sz 10 C TOCTIRIN Mm
et A mnnunmmlmnm I TrEATNT™

Cy tochrome
™"
T
Before st tratwest. G 33 i)"‘ x‘np\m
~

- ar 3 =TIl D

F‘Buntrlu
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tal the oxidation of redoced pyndim e leotides to o hrome
ad (NH)SO treatment froctions may be nbuu-cdci—:lh bigh EETFA::;
hﬂhph"::tmn'h) and other fre t 1w th high duphorase and low
ETF scthity the Littcrarc atw w ikt fochrome reductases.  To other
vords, acld (NH bSO treatment permat ke s purations of ETT and DPAH
eodinng acthities to a large extent and m ascs the abiity of both types of
VIS to resct with cytochrome i ng of the tno preparations re
etablishes conditiony slmikar to thos that  nted pooe to acd (VH,),S0
treatment that ks, inhibiton of  te hrome redis tion by aither ETTH, ar ty
redoced pyTidine mackeotdes  $tw m that m!htmgrmluntrnxrdm
e cudation of DPNH and of fatt «d 1w ET by ylochmese  are mupu
sy InbibHory  On farther m et gatinn thes ught peme t be some type of
oot mechaobm that may ho  on-xder ble IMPOrtaDc in tiystes w hece
gy genenation b largely dependent on faity aod metabobam

The s tockrame-redwang dokwdropema e For many yean a group of ovide
Iag enzymes known (o pas eheutrons ¢ the ) tochrome system withous the
bencfit of medition by mobal soluble coenrvmes ba ¢ been referned (o a5
ytochrome reducmg dehydrogenases  1n hesrt the most moportant mem,.
bens of thry group are the enrvines responmibie for th ondaton of succmate
and of DP\H  Because of the key pestion of the former w (b Kreba cycle
exd of the latter m  oupling pyndine-puckotide demydrogenases to Oy by
fr the majonty of energy gencration tr cArdEme UL 10V otves the
thidtbgguom;yme.yunm In fact 1 &l bhehbood we are Dot dealmg
»h t o enryme systema, but with one stroctural and functiona) umi inter
Imking somex bere near the level of viochrome # which o called the electron
transport cham (scrma 6)

Mammalan heart bas alx ys been the favons maternal for the study of

thy chaln of and much of hat we Loow bas been feamed from ex
corycs, In heart e0d even m b

An mportant role 10 the activity
dxumixv:iwz:;,—maum)dbempnxhk Although, uatd & few yeans
440, 1o wolat the ompooents of the gystem met  th undorm fai
Are mruch was leated aboat the propertes of the » hole from epectroscopic
nndla-nd&omhmmc‘pmnumunmduumnlmhuemdpp\y
mmwmulm:dmgmnnﬁlnebemmnmdmunmdm

Scxmwex 6
- o or 7ax ELrcrsos Tasseroar Caary
Bace — Irom fa gpfolan
S N — Ot — 0 — ) —
cye b= OF > t yt & — Oy

DP\H — Irom Flsvapeoteo
(DFNH D)
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spectra in such particulate preparetions. In sddition to the hemoproteins
Jisted the exstence of & factor acting between b and <1 has been repeatedly
proposcd on the bams of the inhibition of the chuin by BAL, antimycin,? and
certain naphthoquinones, which were thought to combine mith it hewever
drrect proof of the cuastence of this factor e not yet been found.
“c.hgllnmvhncﬂymrm the satent properties of this chain starting
with the promary Secante dehyd wolated from
heart as a soluble pmtem. contais oce maleofﬁavmmdfom atoms of Fe
prosthetic groupa! The flavin mosety (FAD) » umique among fiavopro-

dmmzhulub)mmdlotbepmlemmmchltroughnhgut_b.nltcmm(
be sepurated from the bulk of the protein except by proteotyma of the latter
cven then 1t dotd not come off a3 FAD  The particrpatton of ths flavin m
the catalyss w unambiguous 1t 1 the prdmary oxadant of succimate and the
reductant of famarate  The four bonhemin Fes are more loosely attached
since they are set free upon densturation of the proten  Therr role [n the
catalytic actrvity 1 atill uncertan At Jesst two of the four Fe atams are
essential for the activity of the soluble enzyme, but despite extensve nvest-
gat1ons no evidence has been found to support the posmbility that they undergo
oxdoreduction

The catalytic propertss of the d:hydmg:mxmqum\muve)y the same
1n the mofated highly punfied state as in sarcosomal preparatrons the enzyme
s inhibited by malonate and other substrate amlogues but not by antmycin
or BAL 1t occurs m & form of low catalytw activity and muy be a thrated
many times by contact #ith succnate or with analognes of the robstrate &
In one respect the sofuble enxyme bebaves very ddfferently from fts coanter
part in particulate heart preparations upon solubiliation the resctmvity toward
many electron carriers is lost altogether and 1t b greatly reduced toward others
Tha b largely due to the separatron and removal of other reaction sites {that
5, other proteris) by the solubnlization peocedure  The refative reaction rates
of the dehydrogenase o & typical particulate preparation of the orgamzed
respiratocy cham from heart are shown 1o TABLE 2. Phenamme methosulfate
measures the full actmty omdation via the eleciron trampont chmn, sappie
mented by externally added cytochrome ¢ mensures most of the activity
dyes like methylene blue measure caly a fracton of the actvity and that only

Tamx 2
Activrozs of Kxiry FAXTIIE PAresRatmoy s Vamors
Accxrroes AT 38 C (Vaus Vairm)

poer | =
Phenarine methomellats 552
Y i
Oy (with added
Fertieyanide 2’%
Letin lene blue 12.
Bofwnt cresy] bloe 23
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e T wr i
T2 REACTION RATYS o¢ Brey fiaxr N DETYDROGINASE AT 287 (.

When we ompars thess ctnvities w th sunidar daa for the soluble defy
d Ity b stat (TAMLE ) some stnking differ

man )
ences become evnkent | As expeeted from the fact that the cytochrome cham
ith Oy and cytochrom  have dim

hﬂbccnmnovtd,
end those with dyes (such as peotetrasohum) that reect far aloog the cyto.

chrome
Bas at beant two reaction sites,® the chief one being at the level of cytochrome
o 3 and the leyer ooe with the dehydrogenase the faolated debydrop nase
reacts refatively | ttie with femcysmde  The reaction of methylene Wue
and brillant cresyl blue dyes that ooce served | the routine vy of (he
dehpdrogenase 1n tasres, with the dehydrogenase 11 o neglidlle an we
Muy gunmwe therefore that they react somenhere above the Ly | W (he
Whydrogensse  In the reverse ru ction, electron doors, hrch ¢ hnetly
dehydrogenase, retam thar ful a (i gy on sotu-

with the FAD molety of the
Bilustron snd wolatron of the neyme  The most sarprising fact In this table
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i that, a3 compared with FNINH; 23 clectron donor even the activity with
methosulfate had been reduced to about one half after molation of
the cagyme. As we now know this is because phenanne methosulfste abo
has tno reaction sites in the transport chaln, one with the dehydrogensse a8
we knaw it and one slightly farther elong the chain the latter s lost when the
s olated It may be of interest to illustrate some of the

sechaiques by which such conclumons may be resched
In mitochondra the oddaton of suctinate by neotetrazolim and related
dyas s antumycin-sensitive hence ther reaction wte should be above the
level of cytochrome & In fact there m some evidence that cytochrome
oxkdese is the site of the reactton  Similary in such a system a majoc part
of the secainate-ferncyanude reacton 1 inhibited by antimycin thus 1t »ould
dearty be cxpected that a major part of the srccinate-ferncyansde resction
woukd be lost i separting sucanie dehydrogenase from the cytochrome chain

Thia I, in fact, the case

Another techmque 1 to compare various types of prepamtions of the efectron
trangport chan and of fragments thereof all of them capable of oudinng
sucainate at high rates, with regand to their relative reactivatles wath vanous
electron cceptors The vanous types of particulate succnic oxidese and
soccnic dehydrogenase preparatiens 10 TABLE 4 have been claimed to have
very different dye specificities, one of them reacting only wath brilhent cresyl
blue bat not with methylene blue, others only with such substances as indo
phenol dyes  Such contentions scemed unlikely mnce the reactlon mtes in
the cytochrome cham could hardly have equaled in number the different
preparations clumed to have 8 ngular indvidaa! specfiaties. In fact, each
group of nvestigators had 1ts oxn {2 ante preparation endomed with @ specwl
pame and for those not working directly n the field, the situation must bave
scemed somewhat chaotic. It appeared quite probable that many of the
differences were reflections of the different assay techniques used by mdividual
workers In fact, most investigators asayed ther preparatrons 4t a mngle
arbitrary dye concentmation which may have been o low for one dye thet 1t

Taux 4
RELATIPP AcTrorriy of VA OUW PAXTNULATE PREPARATIONS FEOM A DAL
Trmors wiw Dyrrtarvr C oy

—— ==
Rl tres sevma] o ()Y (Vs )

Trpe of Dreparsisen - -

-m—m[ua— (a‘dg- Forcymacde | Tndepbonst

Keln Hartree 100 24 ° 123 1%
Ball Cooper micie codase | 100 16 H u »
Bl Cooper deomycholst ex
iract 00 17 3 b 15
Qirews “SDC™ 100 2 10 1 ©
] A (ebolat
Suete o 8 O w | ° s o n
‘ e e —

T llsn taac .  bastdEC pHITS
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messured ooly a fraction of 1 tnaty and o high for nother dye that the
curyme was almost comph( v hbited by 1t As we haye discussed clpe-

bere, reliable turnoner  t th ovidinng ennvmes may be derived
from maumal activithes at plated 1nfinite dye mn}cmxn!iou l::z
o0 precee Lmetie data.

The nryme prparations | 1 Tamir 4 Include some that posscas (ke
camplete clectron transport | ~omd (hat contain oaly Sytochrome b and
¢ andsome that although 111]  late are hrgelydcvnido{cyxmhmﬂ
In our laboratery Grudut f 1 + U by taking the activity with
methosutate as 100 the r 1 th dyes whose reaction slte Is cloge to
the debydrogcnase (meth | nl Inlbunt cresyl blue FMNH) b the
mme in afl the preparation W i ptors such a8 cytochrame ¢ or neg.
tetrazolhum, the actrvity woukl o m h:gcﬁmloomdlu_hdm
carriers such as ferncyanude ol 1l Alhelmdmplcﬂfnm
toos in which the cytochrome h Ird t From this type of data and

trom cur knowledge of the  tochrome oot t of the dfferent
e may deduce which electron  armers act utomdhydx\;étp'q:‘:ﬁ
which have reaction mtes farther removed from 1t
A very different technique for the exploration of reaction sites [n the ehectr
transport chain 1 the ose of differentml mactvation. Low cancentrations
of cyande of course tnata tancously inhibit cytochrome oddase As n
Lnown from the work of Teou  higher ommmtlomdcy-ln]dcﬂm.“.h‘}y
Lnactbvate the ondation of succinat with ertain acceptors {n mccinke  id.
Peeparations Asa result of  systemanc study of this phenomenon, Grucht i
has shown that when th cyamde e trvation o omplete 0 of the reactlvity
of the dehydrogenase with methykene biue and belliant cresyl blue  logt
but oaly 50 per cent of the  uvity with phenazine methosulfate and about
"0 per cent of the activity with ferncyanide (correspooding to the antumyein-
bolmhed In other words, that part of the actrvity
of a0 edectron carrier that reflects durect reaction with the dehydrogenase fx
fully retamed As ewpected the cyandeimctivated enryme still reacts
Tins mactvatson by cyande coaverts o highty
one that beha es much ble the molated pn-

deh,
mary dehydrogenase
hs phase of the otk on the sicaink ocudase
One rewson for mphauﬂ-ﬂzl'm );nplmlmu\dlbecunxqutnl dapger 1n
lht.mryaltbelyﬂﬂhlﬂ;m’u;ﬂotp-lbdqn]
non of the dequacy the asmy method
mmples without due wd mhub tions 10 one sssay but not {n another are
mﬁ;‘lw@m-ﬁuhwdﬁmmm ov:ﬂ Such
ancoasly” and may besd t Dous results
effects often occur "Po‘l’szuc;";.,mtamt biologusts  In animal theses
m}m:mm%mdw‘m continoous supply of energy
phymologscal as m beart the properties of sucanic dehy
derved from m:hu "qP“"" nent evcellently In that the formard or energy
Mdmsmwm“" (sacemat oodation) predominates by far over the reverse
ing
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or reductive, reaction.  The mme 1 true of other cells with sunilar metabobe
requirements, as, for example, acrobic yeasts In contrast, in obhgate an-
acrobes tho enzyme catalyzes the reductive reaction about thirty times faster
than the oxidative one in the pure state 1n whole cells 1ts ahuity to oudie
wuccinate 1 further depressed by the presence of an mhubitor! that selectively
inhibits succinate oxndatmn without affecting fumarate reduction so that
fumarate redoction predominates one hundred imes over succimate oudation
In facultative bes, wuch a3 Preprenth and P ewdparss which requre
the oudative process under aerchic conditions and must also be abl to
weduce fumarate under anserobec conditions, the properties of the enzyme are
agam ecxcellently suited to the phymological needs, since the formard and
reverse reactions function approumately equally well (zasLE 5)

Turnimng to the rest of the electron tramsport system we find that the m-
formation oa 1ts other components s conderably more hmited  Only cyto-
chrome ¢ has been noluted 1n pure state from ammal tsssues  Cytochrome &
type protelns have been obtained 1n highly punifed soluble form from micro-

and from Jiver microsomea® T but the wolation of the clamcal
cytochrome 3 of the respiratory chain of ammal tresues has not yet been ac
complsbed  Like cytochrome & from heart, cytochromes ¢ and & and &
(tbe Iatter two together known as cytochrome oxidase) have been obtamed
only as partully punfied partale fractions or os bile malt preparations  In
view of the lack of hughly punfied preparations and of specific amays for the
measurement of the catalytic actvitwes, it {8 pot surpriung that informaton
on their chemutry and properties 1 very hted.

Tith the advent of methods for the purification of submutochoodral par
tickes and of their lipoproteln comstitnents, recent years have mitncssed on-
siderable succem in the molation of vanoas fragments of the cytochrome chan
fn several laboratories  Scamam 7 talen from Green and his assocustes, B o
dmgmmatic repeesentation of what happens when a preparation of the eotire

Sace tha revicw  as wntten, Jirnefelt & o reported the laolatran of © tockrome &
s sl kpopeotam®™
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extracted preparation coitld be even more effes tively accomplahed by a vanety
of peutrnl fats and other lipuds, including oleomarganne Becawse of the
unspecifianty of this reactivation and the fact that only about 10 per cent of the
vitamin E content of the preparations was removed by solvent extraction
resulting in almost camplete actvation,™ Slater and others have questioned
the role of vitamin E 1n the electron tramsport system ®  The idea nevertheless
deseryes senous attention but the phenomenon 18 hughly compler, a3 11 eveny
thing else 1n ths field, and 1ts conclusve demonstration = fraught mth expen-
mental difficultses Thus, more recently Donaldson and Nasoo™ have been
ablke to show that in ertan aged prepamtions reactrvation of solvent-extracted
samples i3 brought about quite specifically by vitarmin E and suggested that
the explanation for the unspecific reactivations observed may be that vanous
Lpxds move the vitamun E still remalmng in extracted semples to the active
site where it then functioos
Among the Iipkd compounds extra“ted from heart sarcosomes by mo-octane
and similar solvents 13 & qunone of as yet undetermined structure to which
its dicoverers, Crane of «f ¥ refer a3 Q275  The quinone 1 sid to be much
more ~oncentrated in purified preparations of particulate succinie debydrogen-
ase than mn the onginal sarcosomes. Prepanations of the electron tramsport
chain wre capable of oudlnng and reducing 1t this, in atself, 3 not & good
cniterjon of phymological activity but more sgnificantly 1t has been reported
1o be 13alable in the sridized form w hen the preparations are extracted after ex
posure to alr but 10 the radwced form when they are extracted following v
posure to cyande and sucamate  As seen m TABLE 6, heart preparattons
in which succinic oddase actrvaty has been abolabed by solvent evtractron
are fully reactivated by & small amount of Q-275 but not by other fats tested,
includmg vitarmun E.  The interpretation of their observations b agun con-
pixated by the fact that beides the quinone cytochrome ¢ also reactrvates
at Jow levels, despite the fact that cytochrome ¢ o not evtracted by the sok-
veata used however the intereat of the observations 1 upderable
Another highly foteresting observation whose full mgnificance cannot be
assctecd at this time has been reported recently from the sme laboratory *
by sdcaba®=  1h ohiqn prcvioosty tclaled 18
nor&g!mmy- F:&ml‘:‘ﬁudm;ﬂhﬁcwmdum:ﬁ*
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According to this report follow ing akobol treatzment of mromoracs & lpnd.
bomnd cytochrome  that ;s sotuble in nonpolar solvents but not la water
may be extracted by mo-octane  The sam  lpidcytochrome  n Lamed
from ordinary cytochrome  upon 4dd tion of 4 phospboleud fra 1on nolaged
from the sarrosomes  Wherras sahvent-c (racted succinie oudase
Uons, as Just shown are fully rea-trvated by ither Q- 75 or ordinary cyto-
chrdene ¢ 1n regard to the w mat oy tochrome reaction the DPNH-omdigng
ability of the ame sampies 11 oty sightly rustored by ord nary  ytochrame
bat 1 fully reactivated by lged ytochrome ¢ (samx 7))  The

of this repart 1 that above ytochrome § where thn factor 1 presumed 1o
&ct, the pathway of electran transport 1 generally thoaght to be a common
one for mccingte and DPVH ondation

Before kmving the subject mmtmibou)dbcundco(ﬂ;trden{ stamumn b
m the cham as postulsted by Martus and Vits Litrox ™ (sCIEME 8) who
state that vitamm K woakd act bet een DPNF and cytochrome b nd thug
%ould pot play & dimect role ;m soconat oxdatwn homever they otmder
vimmin K Lnh:oulb-eunrm.llpthlly[O(DPNHnndlLbn‘hm(behth
n coupled to the grnerabon of ATP wlie the ytochrome reductuse pathway
wouid p}mq)horyhnngbypc.-

ml:-:i: on nhich tha scheme rests 1 mdurect, and altempis o roeat
»ome of th key obarrvations bave be n uwuccosdal  Colpa Boonste und
Slater™ by shuwn that stamn Ky 1 act vely ondind and nduced by re-

Serrux 8
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spiratory chaln preparations with attendant omdative phosphorylation  This,
1o itsedf B only compatible with a physiological rale but in po way proves i,
since a large number of substances unrelated to phymological procemses behave

An active partcpation of vitamin K in the chain remain a posn-
bility but no good evidence hus as yet been found to sapport It.

As may be surmmed from the foregolng, investigations of the constitution
and mechannm of action of the electron transport system are In a vigorous
state with a multipbaty of unexplamed observations awmting evploration.
I feel that clearcut answers to many of these problems will have to anat
the molation of the individsal enzymatic components 1n a hrgh state of purity
the development of specific asays for each and possibly the reconstruction of
the whole from its compoaents,

DP\H ondatiox  In hewrt the oxudatron of DPVH, like that of succinate,
is amociated with mrcosomes and i mediated by & cytochrome reducng
dehydrogenase. Certam important differences emst, however between the
events m secanate and in DPNH oddation

While the mutml resction oo the sucamte path is an wambiguous one
between succipate and 1ts debydrogenase, the imtl events m DPNH omda
tlon are more complex  Aboat 20 years ago Stranb® molated from heart a
flavoprotein DPNH duphorase, which catalyzed the oxdation of DPNH by
dyes but not by cytochromes  Aboat 10 years later Mahler & of ® molated
another mitochondnal flavoprotem from the same source, DPNH-cvtochrome
reductase, which catalyzred DPNH oxdation by cytochrome ¢ Thes enzyme
while possessing duphorase xctivity was dstingushed from Straubs di-
aphorase by virtue of a much higher noohemm iron content (4 atoms per
mole, ns m succmie dehydrogenase) Some years leter Mahler and Elowe®
proposed on the bass of some indirect but chver experments, that the mon
conrpenents In the reductase participate 10 dectron transport to cytochrames
and that the diaphorase, being largely devedd of these, cannot reduce cyto-
chromes and ls therefore & degradation product of the reductase  Subeequent
upcnmmtlbyl\h-ey“rrmcvzdtbc:xpcmnmulhmfornmmlugmn
iron bas an oxidareductrve rode in this enryme (although thrs still remeins o
possibllity)  The iron nevertheless appears necenaary for the diading of cyto-
chrome ¢ by the sofuble redactase, but the phymological aigmficance of ths
fact 13 uncertain since, In the electron transpart cham ot cytochrome ¢ but
cytochrome ¢ (ot possibly &) i the first hernoprotein to be reduced by DPNHL

The contenthom that dmphorase & an artifact of the molation procedure
thas 2 degraded cytochrome rrductase, s wesk mnce (1) the procedures for
the sotubilsation of both enzymes from sarcosomes are drastic and very simi-
ler (2) diaphorase has been shown to exat in intact circalating reticulocytes,™
and (3) recently an important physiological functfon bas been proposed™ for
thdmdhndnngh function we must consider how DPNH generated by
pyndine Tockotide enxymes inside and oatsude heart mitochgndria gets to

Maseey ™ haa demonstrated conchstdly that dmphorase o not  de-
mﬂzmm b hes thos al30 that duaphorusc sct a4 ny poleat bpaic
V54 deky drogenase
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8 DPNH ]

30 60

MINUTES
Frorre 1 The cudition of DPNH and TPNH Cach expeniosentel Warberg  escd
tthe start, 20 ml of 01 M PO baffer, pH 74,01 m! of & tochrume ¢, 6 X
10~ 3 8 mg (sppronmately 10 xmoles) of DPNH or TPNH and HO  After 10 mo
wiearm T vesee! contmmng

3
|
&
%

fnal m 03 30 m)  The cootrol yessel comtamed
DPNH, but all other conmponents, mchwding 05 mg of DP\  From Ball and Cooper

1nto two derivatives, one with the characterstics of cytochrome otudase and
the otber with sorme of the properties of DP\ H-cytochrome reductase in that
it catatyzes the oudation of DPNH by cytochrome ¢ ® There are two out
standing differences between the cytochrome reduang particle obtaned by
th fragmentation and Jahler ¢ punfied DP\H-cytochrome reductase.  The
latter s devosd of hemoproteins and s anumycin-nsenmtrve the former ~on-
(ains heming, which are reduced by DPNH, aod the oudadon of DPNH by
this preparation 1 antimycin-senmtive

Arc we then to assume that there are two scparate pathways for DPNH
oudation m sarcasomes, the antimycm-senmtrve ebectron transport chain and
the DPNH cytochrome reductase o even worse, thut the latter o another
artifact of mofation? Notatall It s well to recal] that the abibity to redwe
cytochrome C rapudly is a basic chemucal feature of flaving, retained and s
centeated 1n the flavoproteln DPNH-cytochrame reductase. The reductase
muy well be the 1ital dehydrogenase in the chaln of DPNH ondation, pas-
Ing dectrons on through s) to cvtoch ¢ When solubiled
and molated from the rest of the ¢ytochrome chmn 1t may sull retain its
ability to reduce the  ytochrome compoent with whih 1t normally rencts
(thrs pasnt has et er been tested since pure preparations of ¢y ba e Dot been
obtaloed) but becanse of a structurat mmilanty 1n the active center of homo-
protems, it € o alse | el and react with cytochrome ¢

TP\ exidatien  The last subject I should Iike U touch upon briefly &
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2100 hew in the fatt that one of th kmhtwkmz,mubi‘p\w‘tm
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beart metabolsm  The owndat phosphacyixton Accompanying TPNH
vtﬁamamhmrtmuochmndmnmdlobemuchk-mm‘wemmkme
as with DPNA ¢ In fct partilly punhed preparatons of the electran
trarspart system from heart annat  en onduze TPNH A clire to the pos-
sble mechansm of TPVH oudatton and & ompanywng phosphorylation {n
hnncmnnbmﬂxwm{dmphn’u\dhu(ouam:bahvedcmm.
Hmted that the enaxyme pyndioe nuckntdd trnsbydrogenase which cat
alyzes oodoceductions between pyndine nuleotide coenzymes,  present m
mammalan mitochondne Fxcvlzlmprodlrtdfrbmﬂeﬂmdcm.m

Pecparation
sudres DPNH bat not TPNA and » catabytc mount of DPN mutiates e
ovidation of TPNH  Samur 9 peevent Kaplans deas { the sequence of

wteracts w th DPY v transhydrogensse regeneratng TTN
and forming DPNE - The latter o then  vdierd v the DPNH  widase pagh-
way wiih the concomstant generaisan of ATP A part of the TPNH cacapes
thss route and  reducts e procesess, such as fatty 2ot wwnthesss  Thyg
& waukd scsusnc & povsible role here as & potenta) regulator of

1 rogeoe:
TPNH myiaboluar

Comcimding Riwearks
The foregung description even 1f setchy and pechaps on ermmplified, de-
sciibes the state of our Lnowledge of flectron transport mechanmms i beart,

be (he problemt are amplex and the experimental diffeuliiey
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sample is no Indication of the functioning of the gver-all system.  Furthermore,
2 mensurcment of the rate of removal of oxdizable substrates, and cven of
total Oy uptake, grves no indication of how much of the oudative energy was
conserved 1n the form of ATP The possbilities of metabolic derangements
are numerous many of them may kead to uncouphng of exidation and phos-
pborylation

From the stendpoint of localinng pathologrcal changes, the effictency of
the over-all functioniog of the encrgy-generating system 1 open to and rpe
for systematic study cven though the mtricate details of the machinery are
pot yet clearly defined A systematc comparison of the rates of oxidation
af some key metabolites and of the efficzency of the accompanying phosphoryl-
ations in sarcosomes from normal and pethological hearts seems to be highly
desarable.
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OXIDATIVE PHOSPHORYLATION IN MUSCLE MITOCHONDRIA
AND ITS POSSIBLE REGULATION

Philip Suckevits
The Rockefeler Justitats for A odical Rasearck Now York K }

As my work has been done on liver mutochondria mther than on heart
muscle, 1t becomes incumbent wpoa me to compare the work on Lver mito-
chondna w1th that reperted on heart mitochondru, also called mrcocomes
Oradatrve phospharylation per se w1ll not be covered as, at present the subjert
Is too abstruse and controversal, and the mechanisms are still sought T ahall
cmphasize the regulation of oudation through the coupled oudative phosphor
ylton system, a process well known in Irver mutochondrna and somewhat bes
well known 1n heart muscle mitochondna and consder how this regulation
might be reflected in the nork of the heart

Fint I shall discuss briefly the knonn rediments of phosphoryhtion s
coupled to substrate ondation and to electron transport The sequence of
reactions 1n the respiratory chain, as grven below 13 known chuefly through
the work of Chance and Willams, while the pomtions 1 thn chaln where
ATP s formed are known pnmanly through th expenments of Lehninger

Substrate ~ DPVH — flavoproten —
| — ATP = | 2 ATP

Cyt b —~Cyt c— Cyt 6 — Cyta, — Oy

— ] — A

[¢}]

In the case of some substrates such as glatamate or succinate there 8 no phos-
phorylation at the substrate — DPNH step. It » defimitely known that the
oddation of reduced cytochrome ¢ by otygen grves oot phosphorylation
while the axxdatron of reduced DPN by cytochrome ¢ gives two phosphoryls
tloms, one probably between DPNH and flavoprotein and the other probably
between cytochromes 4 and ¢ In all cases where the pyndine nuckondes
participate in the electron transport chain three phasphorylations occur dunng
the passage of dectroas toward oxygen

This 1 all that was known about coupled phospborylation Recent dm-
covenes, however have gven us more innght to these rea bons It was
found that if norganic phosphate was labeled with I and there was ATP
i the medium with the mitochondra, an exchange of the radwactivity be-
tmeen the worgamc phosphate and the estenfied high-energy phosphate of
ATP resulted this occurred 1n the absence of substrate  Furtbermore ADP
lbeled in its peurine motety with CH gave an exchange reaction with ATP
which then became habeled In its purme molety  Since these resctions are
reversible and Ence po net eleclron transport occurs, it was postalated!
that there exmts w thin the mutochondrm a high energy compound that results
when ATP rcacts mith a postulated unknomn component  The rea tions
below p ¢ an sk up-to-th t explanation of the recent expen-
mental findings, ®ith P ~ X being the postulated Intermediate.

500




Sukevitz Oudative Phosphon lation 501
ATP+ P  ADI + P~ (@

1t o thought that '~ \ rracts with som m mber(s) of (he
o tbongh T ber(s) electron transport

P~\+1\ A~N4P @

Then, during revcnible el tron tr ny 1
A~\X+ BH \H -\+B )

nd
AH — N\ 4H + Y} )

Reaction 2 by ftself could @ th ADI A exchange while rexctions 2 and
3 could give the I ATP exchange

It has been thought for 2 lorg time that qumosd structures, as exemplified
by the flavins, could not oaly 4t 43 ek tron armers but, because of thelr
uricture could aho partx pat o phosphate esterificaton At the present
tme therefore, & great attempt v bong mad by biochemits 16 dentify the
™ componcnt postulated bove ( axertun whether It -omprses one com
potund or three different compounds, eoe mvolved at euch mte where ATP y
lormed whetber 1t 1 som quinosd compound such a3 vizmin K o evey
hether ft might be sentical with the favims durectly mnvolved i electron
inmport. Briefly this m the present fiate of the mitochondoal ndative
problern T beleve thar the whole mechanmen of ondative phosphoryla tion
il be worled oat very soon However at our present state of know ledge,
I think 1t would be more frutful t demcuss a higher order of orgeruration,
mmely the regulation of the cudative rate of muochondna that 1 brought
#bout by the tight coupling between substrate ondation, electron transpoet,

and te eatenficuton

mww‘"ﬁ‘“ soted i bver mutochoodm by Kielley and
X ’AndbylA!dyADd“'dlm‘" These workers noted that fresh mito-

chon exb bited very little ATPase actrvity and very Lttle oxdat ve
tvity even when they were presented with substoat  Mg** and ATP When
ome fes that down the ATT were dded  bumt of ondatne
From the natare of the sobstances dded it was deduced
1 r was th presence of or the producton of a
ADP o this ompound were peesent, one could cbtain
Rf_:‘ﬁnlc .‘I;?:; (0 submtrat oudabon In ther nords, ln these fresh
formaf st occur in order to achien  oudation of

substrate TA‘BL!]pﬂ:IAE;P
mnﬁmﬁa:huﬂmmhmbmkdo‘ndﬁn‘ even In the
presence of Mgt nnta--cumpoundnxhub\'Phnddrd This being
the mitochondna, in medram coataning ATP nd all the requirements
‘wmﬁ\mwmhwmyutderupmlhnmkULMATPuwmdmn
to ADP t pquem.crrplarfunbth:gmnrphoq:h-:eam. betrat
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AD the flesks contymed phosphate buffer cytochrome  AMgClh ATP and glatemat m
1 amounty
%mﬁdbypowdfhlwdlwm

podaton. Not only will added DNP heve this effect If hexokinase and
glucoss are added, glucese-G-phosphate and ADP are formed and respiration
increases. I creatine and creatine kinsse are added, phosphocreatme and
ADP are formed and rapiation agun v uxressed By sctting up the ap-
wuprhtswnd;bam,l)rdylnd“dlm&n‘llloxho‘wcd that the concentrapon
morganic phosphate could be the miting condiion 1f thre concentratnion
fc]lbdawctuumlcvthvmdnughmmgbADPmpxﬁmt,m‘phbm
leveled off because no ATP could be formed
The hexokinase and creatine kinase systems are extrancous to tho mito-
choodna the DNP system 1, in effect, an artuficial one.  Potter and I* there-
fore demonstrated that synthetx events i the mtochondna, unng ATP
could ncrease the mitochandnal respuatory rate  TABrx 2 shows such o
result  To the mediom contaming the substrate and ATP we added the
other necersary components of the dtrulline-synthesiang system, the respons-
ble enxyme being found mmde liver mitochondrm  If i3 apparent that while
this system did not grve o hugh a regrratory increase as did berokmawe ¢
substantzal mcrease was, neverthelen, elways observed  TaBLr 2 ahso shows
the interesting obscrvation that the hevokinase added to the medim could
ompete with the atrullnesynthennng system withio the mitochondria for
the ATP bang formed within the mitochandna.
We also wanted to find out what happencd to the ATP thst was belng
broken down by the hexokmase or by DNP during the course of the stmuala

Tamz 2
SrquzaTion Y Crrepilone SYsmmm OF Oxinatron o Lovme Mromomats
Adedapxcmn M otraliess fermnd | x] Cu wptake/s ma
o : 8
Hexokinase, ghacose
Carbary] gintymate, ornttime, NHC1 313 65
nanﬂn’.:z..«me,mmmamﬂ 0 100

potamate
AD the fasks contarsed phospbate boffer MgC, ¢ tochrome 6 ATP fomanate, and
pyrn smoonts
n;p:d::dgpambmdrulwymuw
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buffer MgCh cyvachrome ¢, ATP wd glatergty
o ketogiataret m the spproprmt _emoants
W;mdlrhlwi""’f"“‘"m

ton: of oxidation by tiess agrnts  Tanu 3 givea the Intereating and some.
“hat supramg resols It a0 be seen Ut a5 the DNP and bexokinase
aiems are the oxd: of 1 mcrowsed, ly duo
o & faster rate of breakdown of ATP However P to & certain level of
s3ition of hevalinase or of DNP the ovidative rate and the
Ate of the mitochondria cen keep pace and thus continuoualy resynthosize
(&Anmmpmmweuuuhnmmm
by the added agents I thuak that these expenments demonstrate wighin
mwummlmmmwmmmhﬁmdm
=pon them, whether these demands are exteroal, a In the case of hexokinage
or of creatine kimase or internal as 1 the case of DNP or of the crtrulting.
synthesinng system It could be said that the oddatrve mechanmm of mito.
chondr iy o p}mclbem at:;jﬁot‘r:m:lwhrmh
regulated by meane of the tight cou i
tion for 1t happens tha the produect of oxaisve phoephorylation s s (be
A for syntbetic reactions, and the thon prodact
d‘“h'h“'m mmmwpu.holbemtthmfmnndl&w

Poosphorylation huh bver nutochondna can be fnduced to
mowwwdw&mmhmwmm

he medlum, hav 2 grest effect on respls tory and
by hinging the took ‘l:d;xa-m.— 1 shall bot cliborat on this, Lecause
a] sgnificance

of relevance, such as experiments with
B n.xymdml:gh‘ﬁ'mﬁimmmm contradictory  Homever Tahall
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prescnt some brief and ewlusive reports oa the chemical meanieg of rito-
chondrial structure
TInolated rat Irver mutochondn, when placed in water swell up this smellng
is rather dmtinctive, far these membrane-bound structures do not sct like
balloons. Water secms to enter the space between the two mitochoadral
membrancs and m a short while, the outer membrane begins to detach itself
from the inner membrane at a particular spot oo the mitochondrlal surface,
The matrices of the mitochondria become kem demse &8 protelns leak oat, and
the over-all mitochondrial dlameter reaches two or three times normal, due
undoubtedly to {mbibing water Something simular to thi, altbough not as
drastic, happens even m 0 25 Al sucrose solution, particularly if the tempera
ture i dlevated At the same tume, the acd-soluble, ultraviolet-absorbmg
compounds wnithin the bondra begin to leak cut of them @ Together
with these compounds, which are mostly the adenme nucleotides, AMP ADP
ATP DPN and TPNH,™ the 3g+ Nat* and R+ rons initally in the mito-
chondra come cat @ Also the ATPase cheractenstics of the mitochondria
are altered from & DNP-senuitivity to o MgH-sentltivity and the ability
of the mitochondria to couple phospboryhtion to oxdation 1 lost.
Some of these phenomens can be prevented and some can be reversed by
having the mutochondria do some work for evample, by oxiduing substrate
and making ATP ¥ and 1n some cases even by adding Mgt and/or ATP™ or
by adding DPN™ ® to th¢ medum  Even though the functional mesning
of these apparent reveralbulities s not ciear I wush to emphasnre the fmportant
part that structure plays m rutochondriel metabolism
Relevant to the entire dscusmon of the manufacture of ATP the following
facts are known ¥ that liver mitochondria contain ATP that this AT »
bound for it can be released only after the mitochondria are damaged that
the phosphates of the ATP are in equilibnium with the phosphates of inorganx
phosphate and of ATT-phosphate during ovidative phasphotylation ® and
that during coupled phosphorylatson the ATP manufactured by the mito-
chondria {s not stored within the nutochondrm, for there seems to be prescat
only a certam number of speafic binding sites ®  In other words, the hver
mitochondria act as secretory bodies for the ATP they manufacture  And,
since the sites of the electron-transport enzymes and posmbly those of the
phosphorylative enzymes are located in, os are & part of the mutochoodnat
membranes,® any alterations of these membranes can have mgnificant effects
on the manufacture and sccretion of mitochondrial ATP At the present
time, homever onc cannst say any more than this, mnce the eeriments
relevant to funcbonal regulation of structure have ot yet been performed
1o the remainder of this presentation I shall compare lver and beart musche
mltochondra and shall try to show that some of the sarme fa~tors that regulate
(he metabolsm of Iiver mitochondra can aho be operative in hewrt muscle
An efectron micrograph wa used to produce ricozrs 1 and L
(be katter <bow ng rat heart muxcte Gbers. There seems t be o strict
ratwon of the m tochondna either at the level of the A-bands orof th T band
Ficuzr 2 <howms o typeal heart muscle mitochoadron Heart mu~le mito-
chondra are sbout the wame size and shape s lbver mutochondris they bavea
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Fiouer 2 Rat myoourdmm (ventnde) X 55,200

mmcle mitochondria have mamy more cristae than do Ifver mutochondma,
Palade™ has pointed out that this might be the morphological counter
part of the increased terminal respirutory activity of muscle over liver mito-
chondria.
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Certain other aspects of the ek on beart moscle mitocbondsts
Plaut und Plaut™ found that heart mitochondria mu.ldodd}u:nnrﬁ:t;u;
substrates of the Krebs cyule homever atrate was not ovidized unless DPA
a3 added, and even then a sos rate of avdation ocourred. Dexplte this
finding, these worhers had good mmeth-lxthn-h;q-ckmmdu‘
Ochind and Slater™ found that 1y differential centrifugation they conld
taotate partiches, which they calkcd sir owmes These particles, like liver mito.
chondria, muhrdacunﬂddib(cmld(henxdnkdch}mmm
tochrome ovddase actntties of the mhole muscle bomogenate, Although
thls fraction contalned a0 & hugh ponentage of the aLetoglatanate oxidese
syrem, it was found that all of the myolinase or adenylate Linese activiy
»hich b found m Frrer mitochondra nuiound.no(hjmlndelﬂ-rcnlnmgln{g
In the marcoplagm Lt could be argw 1 that myokmase, which b enslly ey
tracted Irom Hver mitochondra byt as lost from the mewche mrcosomes
durtag the Bolation procedires
Maky and Plaut* showed that heart mutochoodna could give &5 good
<oupled 1100 as does hva mitochondma. These workers demog.
strated that the one-step otidation of a-ketogloterut to sucelnate by wuince-
P beart mitochondria gave & P O ratio of 34 10 the absence of fhuoride,
which b as good as has been obtasned with Iner mutochoadrm Furthermare
the oxidation of glutamete, fumsrate, malate and A-bydroxybutyrate ave
P O ratios of at kast 25 mberews swcunat ondston gave (8. Hglioy
dd'obabzddmﬂumuamntdh:nﬁu;:hordmmmthzm
cbtabued exceptionally fow P O mtas ) for soccmate oxdetion
Most workers 1n thes field seem to agree that beart mitochondria do not have
an fmpaired phosphocylative efficrency at kast as compared to Hver mitp.
chondris  Another menns of malmg ths comparson m fo teat different
axidetive phosphorylatron mhibitors &t Jow cosoentrations on the aohted
Iitoubondsia of dferent orgam (Tuix B To geoent beart macko mlto.
susceptible to are hondny
chondria ure lew ecketal muacle  As the concentration of thy

from beain and
e ey e eart and skcictal mmsce oitochontse wees

Tasrx 4
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Apgxrax Nrvaxormos arp Hoxoanus ov
Resrrramion of Hrasr Sarcosoues

Lrrxcrs ¢

Ti+1+1

All the fusls contuned phowpbate bafler foonde Myt versene, and glotamete
amounts
d by of The Bk / Jowrnel »

more resistant than the mitochondra from other organs ®  From this aspect
isolated mruscle mitochondna are hardter then kidney Irver gnd brun muto-
chondra

Can respinatory control, as exhubited by the acceptor effect and 22 has bern
shown by liver mitochondna, also be demonstrated with heart muscle mito-
chondna? From the deta 1n 7ABLE § 1t would appear that respiratory con-
trol exists m heart sarcosomes, for addition of the adenine mucleotides, with
and without the additton of hexokimse, increases the respiratory rate many
fold  Chance and Conunelly® and Packer ® both using ADP found the same
thmg & two- to threefold incretse in resprration, wa had Slater and Holton ®
At the same time 1ncidentally Packer® found & P O rato of from 3t 4 for
the oudaton of a-letoglutamte that agreed with the earlser findings of Makey
and Plaut @ Slater and Holton™ also found that during the oxidative syn-
thems of ATP ADP was a much better phospbate acceptor than AMP (hn
finding agreed with the earirer work of Lindberg and Ermster ® However of
I have already mentloned, this result could come abont from the possible
extraction of myohinase from the muscle mitochondna for in hiver mutochon-
dria, both nuckotides act equally as well as phosphate acceptors. TabLE
6 pves some figures beanng more directly on this problem of respmatory on-
trol It can be scen that the clasaic additsons (classc 1o the case of liver mito-

Tamr 6
Reerzaron  Covrrol Doex wrmt Ra H o er S woosowes
Adkiet s —[ Oy mptake/ mm
Nose 30
Hegokiness, glocree s
DNP B

A e e — e e U
All the fasls contamcd phosphat Laffer fucrude, Mg AT erwewe, and glutimat
t amoants
g Repwodoced ey (ermarbon of The Bischomicol Jowrnel ™
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choudeiz) of ADP DNP and bewk inase-glucose 2l grve in
tondoldhnu;emrupmlm e this case & four
Another axpect of the same pIvblem fmvalves the realdann of ATP by
freth mutochondna 1o the presence of added Mgt Liver miochondna carr.
rot do this honce o substrate and InotEanic Phasphate are addeg "o resphn
lhnanunbngmofl}uhdafmf’mmuphuqﬁd acceptor K|
mitochondry, & empheared by Sater and by co-worlers, have 5 high
bas! metabol rat xmdth»cn:uonlormiamuxdlmintl~mo|:..._-n,,l;_§ms
that added Mg+ and added D\F both pve equat IncTewses in ATDuse acthy
Mes with henst sarcomes of both are sdded together x further doubiing of
the rate of hydrob as takes place ® Of course another
oudatve rate cauld be due to the greater amotnt of the cytochromes than fn
the ltver mitochondna ™ TbembahtyoitheATPaxmhq&,dm
mxlmhondmpnnudalhmedlrwrmﬂochmﬂrh,ﬁxtbcb\?gﬂm‘u
Dot lost after storage for hours at 0°C and the Myttactivatapty ATPase
*a3 not decreased after storage for daya n the coki ™ However both Byer
and heart mutochondns will bose theas DNPactivatable ATPase it they are

rat ar thanmm‘ullmedmmxymmmwnyuk m
125 C for 10t 1S mm™ Onwthmhmlrwqmuuu({:nmihmr:;
bcl-mlwﬂmhanmkmtmbondrnanbcwmduy
The following ciisnons may lhwmmcphymhm}nmﬁa:n Vitake
dd“cmdmdnpcruncuumwhmhﬂnyu’dmdnuum\m,
huulndmmmmvdthcphapimyhumt&nxydzhcm

hoodrw, but not in liver mytochondna Both of these effects are
;y(htm:wnulnn;nwnm SmteﬂanwnLh.ltCOumntdLhym
mmnmdmxmemmkvddmmmmumnm(by
Ro medns conclusvely a8 the suthors themselves acknon ledge) the poamble
exstend of  mehanmn by wheh thyronve can increase th metabolic raze
That m, by wiouphing oudstion from phospborylation through an Vo
roedwted effect  regulatory device o breke o0 wdstion 1 doat and ron-
oy i d:?:uf integrated stoches, 1t 3 Dot mupraing that sindies on the
eamdmmmhuurymummm:bnbmwfmdnuﬁ
hwwwmtomdmmmbammtmm%
the morphologics! characteristics of the cail It bas been found™
i fhus case, ammﬂtdl'!ﬂmltb-ummdbyopmﬂdﬂmry
“““"’“‘“”‘w, o of ext Inws and Ladney mitochomdris
Onmtmbﬂhnd‘mnmmdemnxhwdrhmnﬁmdmlvdi‘bdy'
hmmlmmd’funhﬂ:bnmmhﬂqmu,mud@tmb,hn
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In the latter casc, phosphocreatine the phosphate donor to ADP must be
generated by the acton of ATP on creetine thus no net gain of ATP accrues
Of course depending on 1ts capacity this system acts as a reservolr of ATP
and its release of ATP can be and probably 13, physlologically controlled
In the long run, honever the system can get {ts supply of AT only from the
Tt Therefore it s evident that the mitochondria are the mam
sources of the ATP necessary for muscle contraction, and that the rate of
production of ATP through oxidative phosphorylation can be regulated by
the rate of supply of ADP the ADP comung from the actomyosin system of
the muscle fibnl  VMuscle working at a low rate supplies 2 emall amount of
ADP to the mitochondria which will generate only the small amount of AT
necessary fo maintdin this low load. If the work of the muscle i ncrensed,
more ADP hence mare ATP will be supplied enoogh to mamtam the 1n-
crensed work load of the musche

‘This mited picture of muscle functioqing omits many obvious factors but
leads to severa! conclusions

Any damage to the mutochondra will immeduiately affect the functioning of
the muscle

Any damage to the contractlle fibers that produces bow output ADP a
damage that might be corrected by increanng the input of ATT will not be
corrected becanse the amount of ATP » controlled, m the Jong run, by the
amount of ADP prodoced by the fibrillar system

It is pornble that both the fibnis and the hondra became
if they are coatinuously subpected 10 & bow work load.  Muncle atrophy hus-
trutes thi, as does the finding, in experiments with Liver mitochondra  that
under xdentscal condiions those mitochondrie that have been allowed to
function will last loager than those kept from functionmg  Therefore damage
to one component, the mitochondria, will also damage the other component
the fibrils, and vice verm.  In tome thm damage may become ureversible, 30
that even if we could somehow supply the damaged fibnls with undamaged
mitochondna to act a3 ATP donors or if we could supply the damaged mito-
chondria with newr fibrils to act as ADP donors, the fibrils will pot contmct
nor will the mitochondria generate ATP

Despite this pemsimutic prcture of the imling heart I hope that this ddiber
ately exclusve viewpount will bave shed some light on the bochemcal mech-
anmms involved and that events are not s rrevocnble as T have emvisaged

them

' 4
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OXIDATIVE PHOSPHORYLATION STUDIES IN NORMAL AND
EXPERIMENTALLY PRODUCED CONGESTIVE YEART
FAILURE IN CUINEA PIGS A COMPARISON

G W E._I’Elynd}\lm:dlLGcnh-
New Vork Usocorruty Collage of Lsdwcwns, Yew Tork, & T

As ooc tries to formulate & blochemlcal approach to the heart in failure or
to the effect of certain drugs such as digitoxm, one s intrigued by an observa
thon made many years ago with the heart-ing peeparation.  Frovex 1 from
Evany' shows the effect of Increasing ventdcular pressure on

dhastolic volome and the otygen curve 2) whow a parallel re,
the diastollc volume
begms to decline. The Interestiog fact 1 that while the dmstalic N

Tberdureltn.ppc-n&mbcynnducmﬂnvmubmh;pmtheeﬁhmcy

the mme Fm(h!c\mlt'wldlp‘pcl:ﬂnt,mbbchcmhltml,d}!j_
talm w, recouphng” a system that 3 ‘uncoupled

With these congiderations m mmd wclockuifurnpmmmuluchmqm
that woald make t posmble to approsch the problem of faibure and th effect
of certain drugs, such as, digitain, on & biochemical bass It seemed to us
that there woald be three general arcas where ooe could look for these effects
mmmﬁmhwgmmmm(mmwmj
second, an encrgy transfernng system, sach as, oyokinase and mucleosd
d.pbqunhmxmd,\hnd,themﬂgyuuhdngm!ml,fmmmple‘m

.
n the mitial expermnents? the yield of ondatrv phosphorylation of cardac
mnocho;dmfmmdmulmd narral guines piga was compared to that of
noemal ed arumals (TABX 1)
m&u;mmuw(e\-cdmmmhmmmu{nm".mo_
glutarate with » malonate block thnmumy\euuom-nup axdanon of aketo.

almost 1n the treated and the untreated anmmals
%@:kma.:m pmu;henﬁuumx achkd and with acetate as substrates.
Thos £ wor d.w,rmtdigmhnmnohbemmnlminumdoum‘hd
©e mmmdmmpwhmdbumcﬂmw
th_ rute of wbeirate SRS effect of digltals might show p m mito-
Itm:dpuﬁhn“m beart failure. However in order to
mgmmu‘h‘umﬁmt devise & method for pro-
s
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Tamx 1
QXIDATION OF SCRSTIATES AND PHOAFHOR LATION 3 CARDLAC AlTOCROIDRIA FRON NORWAL
AsD DaorraLzep Gors Piae

ro an,
Subairats —
Nermal Dngata b Mermal | Dipnbeed
a Ketogintarate + 001 3 oo 308 3z 563 o
Tt
Glatamate 2% 29 837 &85
Acetat n 23 k2. 481

T enty armokes potasturs scetate plos 1 amoke socxim saccmate

duang fadure fnanumals, Gertler? developed such & surgecal procedure The

manifestations of the congestrve beart faflure produced m the guines pig are

mynmﬂ-n.rwtbm:otnm'edinhmnﬁﬂmr_

TABLE 2 shows s comparison of the yickls of ovidative phosphorvienon of
mitochondm from pormal guines pas and from animals with the

expermentally produced faiure.  When glutamate s used as & substrate
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Tamx 2

OxmATIOY oF SUMTIATES ) PRoErROTVIATION & Caxniac Alrnakonons  wxow
Noawar Axpears axp Ourvrs Pios v Conorsmive Fanrar

o o,
Swbwtrube
Crmirat Operascd [ Opecased
Keogiotarat 4+ 001 A walo- 3P 1 640 248 136
e
Chatamat 1 n 6 618
«Ketogiatarat L 585 438

there 13 po tifference in yield of oadative phosphoryiation or In substrate oal-
datlon rate betneen the normal and the operated ammals,  The same thiog
n true with a-ketoglutarate as substrate (in the absence of malocate) In
addition, these mitochondria show very little adenosine triphopbatase activity
when frah However ibe adenosine triphophatase activity can be developed
up to & maxmmum level by the eddinon of graded levels of 2 d-dinitrophenat
There #s no difference m the degres of develop af ad triphoph

EurqmmmdcdduuolZMnhmphmo!whmmhodnﬂmhm
normal guinen pig hearts are compared to those from anmals in expenmental
fulore It would seem {rom these experiments that there i no difference in
the of mitochondra from normal and operated anmals  However

sed gt:nthad:ux\meﬁcctd L on
wth mtochondria from operated snimals.  In fact, from the verages shownin
uml.onemdldm&mmmuynmﬁncnnmvhrhthﬂcn
mmw-mmmmaemm:mmm of 0005 )M
malonate  We are interesied in this effect of malonate pnmanly because 1t n
the first drfference we have ever found betwetn carduc mitochondria from
normal and operuted ansmals  Fowever we have no explaoaton for the
pbmumcmuuuhnume.mddomkmwhowuhmhwdm\h experamental
fattare

In geersl oar results are in agreement with those reported by Glaon eise
where in this monograph The procems of ondative phosphorylation {energy
mnm)doumtmmbclﬂmtdmcowu\nemm What we d
pot know however 1 whether m cases of falure m ammmats there might not be
deferts n&cmmndnsﬂm&hat(dhﬂ&egmmmdl\ﬂm
(b oxlative procos ot in the energy utflizing system (coatrectile elements)

mmpwum\auhczvynmm\hc-nmmhhﬁum

Agude from th p(_b{cddccuontbtmzyrmllclaﬂnthh the ccll

mhmmm‘mdmummmghtmtbcdnngnmcmdnphp
cal systems, sach a3, permeabatity
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SYNCHRONY OF STRUCTURAL AND FUNCTIOVAL CHANGES IN
CARDIAC MUSCLE MITOCHONDRIA

Lester Packer
Eliridps Recims Jaknson Frondeswn Usnersty of Fomsylusie Pilaidpkie, Fa.

The metabolic factors that influence the contractility of cardlac muscle may
be infloenced by the osmotic properties of the mitochondria present m the
twsue,  Heart sarcosomes are the major site of synthesls for high-energy phos-
phate bonds m heart muscle and these cellular structures have been alded
to as the 1onic pump 1 cells because of the acton of energy rich compounds
in the control of osmotic propertes  Since the work of Rasflaub! 3 there
have been numercus reports’ $ that adenosine triphosphate (ATP) phus Mg
joms can reverse or prevent the swelhng of bolated mitochondrs.
and shrmking of mitochondria are also known to be sccompanied by changes ln
{ntranutochondrisl water and ions, by changes 1n hght-scattenng properties,
and by functioml changes such as the ability to carry out axidative phosphoryl
anon

How does ATP keep mutochondria in the shrunken or contracted state?
Since the intramitochondrial regulation of respiratory rate has been shown to
be largely under the confrol of adenosine diphosphate by the work of Lardy
and Wellman, Swckemits and Pottar? Chance and Wilhams® * a3 well a3
as many others, it seemed possible that adenosine diphosphate (ADP) rather
than ATP was rosponuble for the control of mitochondris! structure. Thls
hypothemy bas been exammed by simultaneously mordtaring the structunl
and functional changes m ixolated mitochondris, with synch el
spectroph nc and pok hic methods.  Thus far the results of
theso expermments have been found to be mmilar for heart muscle sarcosomes
btalned from scven llan and two amphibian speces A typical experi-
ment 1 shown 1n FIGURE 1 The methods used are as follows. The functional
parameters mensured are respration and oddative phosphorylaton s shown,
in the trace obtained with the vibrating platimmm microdectrode. The oz
dation-redoction state of cytochrome b shown in one of the spectrophoto-
metric traces was measured by followmg the specific change due to the oxida-
tion or reductson of thrs resphratory enryme at 430 mu. These changes at
430 rup arc corrected for nouspecific changes in light absorption st & nearhy
wave length, in this case 410 ma using the duat-beam spectropbotometer de-
scribed by Chance$ In the lsst parameter structural changes were follosed
by the commonly used practice of uring turbidity or p of Dght
transmmsion at a poospectfic wave bength 410 mu In this expenment. These
ﬂmctun]chnngucnnbeobcrvtdn!mylnvvhgthnmndngkbmﬂ
technicque or Iy mensuning scnttered lixht at 920° which has been done In controd
expenimenta.

A decrease 1n optical dermty here corresponds to an ovkdation dq'“'d’m;
b in the 430~ 410 ma trace amltoanculngnltbemmnhthc-ﬂ
mg trace. nenbpeuflhedolnnrddcﬂccdﬂndthephduum

58




Packer Structoral and Functlonal Changes 519

250uM
ADP
Resplration [ \/
Vibrating Piatinum G M 0y
Microslectrode T

Cytochrome b
(430-410 mp} ‘3ﬁ

Rat Heort Sarcosomes Plus
4mM « Ketoglutarate

Structure
410 mp

Frovez 1

~—0Optical Dansity Increase

trode trace indicates the rute of oxygen uthspon Thentaolmpb-.dm
ha  been calculated In pmoles O comsumed/sec /1 and are written below
the trmc
The peeparation msed hero was composed of rat beart sucosomes iwolated in
0 32 M sucrose medm coatamung 0 001 Al Yersencat pH 7 4 The ar-saturated
reaction mixture was of £ 30-ml volume m 18 cm. cuvetre t contabned
005 A mucrose, 001 AT EC1, 002 Al phosphate at #H 73 and 3 mg sarcn.
somal protemn At the start of th evpenment 4 mA a-d etoghutarate was added
a5 the ovdmble mibstratc and 230 31 ADP was added as the phosphate
acceptor The extreme left hand portion of the traces wiows the san oauney
to be m the active state of respmation, called State 3 which fs charuq (el
by the preseace of phosphate acceptor end substrate this state i sccomymnd f
by rapsd respiratio and  relatively oxidused steady-state of cytohrome 4
mmmmman!ohﬁwmmwm,h'
respiration w scen to skow donn markedly  This chacge ln veloclty of ¢l ypia,
{runspart @ by.mdna.mmtytochrum)mdﬂltnnmunn
are now aud t be m Stat 4 the gmescent state. Thhunteh,,hu,,,,,ﬂ,”
by the presence of substrate and by the absenco of phosphate acc gy
Theso acrobwc metabolic states of mitochondria are well known (e (he
work of Chance end T ulmms! "dm‘-“"“’m“"wm‘ﬂulhnu"mm‘
to point out that the metabobe siates dewcrbed £07 Other mit u yelyis) gy

tems are cqually
ST:'es t 4 mn-u:], t):o-u: gntb;rsseﬂmdmnm nl;]h‘nmdﬁzh the singht-
1 (rnDet
(&0 e{hutbe-mm-hm&ewm,;:"
)

ﬂpﬁclnllblﬁ 1
::-TeoulyﬂW"meADP o k
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the extent of the bight sbsorption change caused by swdling & verv much
larger than the speafic change observed with cytochrome 4 and the bght
absorption change would mdeed have been very much larger than that shoxn
if it were allowed to continue without Interuption

Tollov ing this, & sccond addition of 250 M ADP as made, causing a State
4103 transitron.  The followng events datingunh this change (1) respiration
is Increased by a fxctor tenfold greater than that observed in State 4 (2) tha
Increased rate of electron transport results 10 an ondaton in the steady-state
of cytochrome & and (3) a shrinking of the sarcosomes takes place

Altochondnal shrinking takes place at & rate slower than that of cytochrome
bondaton. It can be scen Lhat the sarcosomes did pot shrink to their former
slze ths was only because the small amount of ADP added nas coaverted to
ATP in approumately 45 scconds that 1, a larger addition of ADP woald
have resulted 1n the complete reversal of swclling a3 shown by other evpen-
ments. When the intmmitochondrial ADP coocentration decreases due to
phosphorylation, v eling begins aguin, and the other changes chanactenstic
of the State 3 to 4 trapmition are chearly seen. A thurd additon of ADP 5
accampansed by stmular changes

The two -omplete cycles of ADP addition are sccompanked by ADP O
ratios of 3 2and 3 1 and respiratory stimulatrons greater than 10 times  These
ratios are easily calculated from the amount of G utlized during State 3 and
the amount of ADP 2dded these results are 1n agreement with the high phos
phorylation efiency o beart sar osomes reported earler by Maley and Plagt
and by others  Although ATP 1 bemg accumulated daring the succoave
periods of phosphorylation shox n 1n the evperiment, the rate of swelling of the
sarcosames s amffected  Indeed, the addition of ATP itself appears ineflecthre
1n controlling mitochondnial sue except by virtue of 1ts abulity to form ADP
Thus, the addition of 3[g rons to mrcosomes 1ncubated 1n the presence of ATP
results 1n ATDase activity and & comsequent reversal of sucling

Other expenments thus far have indicated that reactlons that serve to
decrease the mtramitochondrial ADP concentration result 1n seling  Thus,
otidumnble substrates initlate swelling, and the kmetics of the swelling reactond
are found to be rehated directly to the mte of respiation  Conversely reac
thots that increase the intramitochondral ADP concentration reverse swcllig
some examples of these resctions are anaeroblos, miubition of clectron trane
port, ATPasc sctivity and evhaustion of oddunble substrates

In conchusion it has been found that the tntramitochondnal ADP -oncen
tration i involved 0 structural and functronn]l changes 1n heart sarcosames,
21 judged by the [ of hoodrisl wre ropa3
thon, oudative phospharylation, and the steady state of the respiratory e
xryracs, a3 exempliied by cytochrome b Thee findmgs indicate that ADP
myphynpnm:.rymkh:ﬂwcmuoldmmpmoma
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the cvtent of the light absorptron change caused by mmelling i viry much
larger than the specific change observed with -ytochrome & and the light
absorption change would indeed have been very much larger than that shown
If It were allowed to continue withoat interoption.

Follow ing this, 4 sccend addition of 250 #M ADP was made, cavamg a State
4103 transdtron  The following cvents dtinguish thus change (1) respuation
is increased by & factor tenfold grester than that observed i State 4 (2) ths
increased rate of electron transport results in an oddation in the sieady-state
of cytochrome b and (3) & shrinking of the sarcosomes takes place

Alitochondral shrinking takes pla-e at a rate gower than that of cytochrome
3 oddaton. It can be scen that tire ser osomes dud not shrmk to thetr former
slze this was only because the kmall amount of ADP added was converted to
ATP 1 approumately 45 sceonds that m, a larger additon of ADP woald
have resalted in the complete reversal of swelling as shown by other expen
ments. When the 1t hoadmi ADP ¢ tion decrezses due to
phosphorylation, swelling begins again and the other changes charscterhtic
of the State 3 to 4 transison xre clearly seen. A third addition of ADP 8
accompaned by smular changes

The two camplete cycles of ADP addition are accompanied by ADP/O
mtios of 3 2 and 3 1 and respiratory stimulstions greater than 10 trnes These
ratios are eanly caloulated from the amonnt of 0y utilized durng State 3 and
the amount of ADP added these results are m agreement with the high phos-
phorylanon efficseticy of heart sarcosomes reported earher by Maley and Plant
and by others  Although ATP 1 bang sccumubated dunng the socemtve
penods of phosphorylation shown in the expenment the rate of swelling of the
sarcosomes 13 unaffected  Indeed, the addition of ATP itself appears ineffectn e
in controllmg mitochondrml size, exiept by virtue of its abullty to form ADP
Thus, the addition of Mg 109 to sarcossmes incabated 1n the presence of ATP
results In ATPuse actvity and a consequent reversal of swellng.

Other evperments thus far have indtcated that reactions that serve to
decrease the intramitochondrmal ADP concentration result 1n swellmg  Thus,
axrdizzble substrates initiate sweilng, and the kinetxs of the mwelling res tons
are found to be related dmectly to the rate of respration.  Coaversely reac
ons that {ncrease the intramitochondral ADP concentration reverse swelling
some exxmples of these reactions are anacrohions, mhibition of electron trans-
port, ATPase activity and exhaustion of dduable substrates

In conclumon 1t has been found that the Intramitochondral ADP  cocen-
tration 1 involved [n structaral and functional changes in heart sarcosomet,
u]udgtdbyLbehquwoﬂimmmmmlofmxmchoudxhlm respira-
tion, oudstive phosphorylation, aod the steady state of the regpmatary o
symes, as cvemplified by cytochrome &  These findings indicate that ADP
myphyl[mm:rym(eintbecunuololl}rﬂepm
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Therefors we twm to the clegant expenments of A V Hll, who sorted out these
nergy changes. Wemucmdamududnhoutmmltodymuﬂ
assame that shoctening 1 so small theat changes in t pary
tern, such as tetanic terapon, can be  eglected Tbhmumtl:-.trvmtbough
the muscle shortens, the length always remaint in the region of the broad roax.
mmum of the tenslon-length curve (Ramacy and Street, 1940)

FIoURE 2, from Hill s clamoc 1938 paper (FHill, 1938) shows how the tenslon
developed by & muscle depends on the speed fco ttaction Th ordloate b
the shortening velocity In sotonx ronirction, and the abacraa is the load, p
or since the velocity # 1 copstant, it 1s the force exerted by the muscle. The
Intercept on the abactesa 18 the tetan tension, pv Th+ anooth curve ks the

hyperbolic { ree veloaty relation,

P+OO+H~Kate [t}
Whuecnndbmch;nrtemmcmﬂmudtbemmh. The mis of dofng
work, v = dw/dl ul_hnpmdm-toiﬁ;e{ctcelniﬁwnh:hy

ey @

that n, the product of the &
vanishes both when thers 15 00

shortening. There
m]_n!mgdutmﬂmh:ldnmeddmngnurk_

pfonleg e mechanimnl energy Jeaves the muscle is controlled

CQlearly th rate st which
byn.hzlpcedufdutmins-
-
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Fravzx 2 Reaton betwern  the yoloaty of shortenmug, and # the mechandeal load o

motoaxc contrachon
Reproduced by permuson (rom Preceatsags of Lhs Royel Sscsly of Londss (Hill, 1933)

Encrgy also leaves the system as heat. Fioure 3 shows that the speed of
shortenng also controls this process. In each case total heat output from
tetanxcally strmulated muscle fs shown a3 & function of time before during,
and after shortening  In the set of expeniments m y1oURE 3 the muscle as
released 1.2 sec after the start of tetanic stmulation and allowed to shorien
varjous distances under constant lomd Curve A represents the total heat
from an Bometnc contraction curves B C and D represent the heat for m-
creasing amounts of shortening  Dunng shortenung the rate of heat produc
tion Increases relative to the rate for nometric contraction and the total extra
heat is proportional to the amount of shorteung  When the velocity returns
to zero (fimal sections of curves B C and D) the heat flux o essentnlly the
seme in the shortened state as m the corresponding mometnc state

The heat from the same moascle shoctening ¢ constant dmtance under
increaung boads is shown in curves ] H G and F respectively 10 rioume 36
The muncle was released at 1 2sec  the end of ahortening bs indicated by arrons
Curve E represents an kometnic contraction.  Since, at the end of shortening
curves | H, G and F are all displaced from the mometnic contraction by &
comtant amount the extra heat azsochted with shartening does ot depeod
on the velocity of coatraction, but oaly on the dutance shortened. Thly
means that —() = —&0/d! the rale of heat production, i a hnear function

of the speed of shortening
O=hto ®
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coastant leogth
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cnrrtyrrlu!tdmrt.cuwA Th modulaton energy flux by the speed

dmmmmplﬂlhllﬂwﬂltd\htdmmﬂmbﬂullwlm{rd(o‘bc
parametel Tolorllhuoulmblnl.b' w begm with the first baw of
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‘n“mﬂ“}n}p fumlmmldrmtm,udwhlm ok
s the m cx o of the anon worl, PAT Differuntmties
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d.m:emangmﬂ‘lﬂybetrwtdun constant quantity The terms on the
right band side of XqUATION § can be obtamed from the empirical relations
of Hil. Comblning pquaTOx¥s 1 2 and 3 with §

E-phtE ©

vbmf.-u}-/t‘rﬁ the reactson rate when v (and consequently w) s sero and
B = 1+ b{ps + o)/de 1 collection of constant parameters of the muscle.
Thus the chewcal reaction rate £ is & hyperbolkc function of the mechenicl
reaction rate, v
Equation 6 can be evaluated numencally by using the empirieal observa
tions (HII, 1939)
ho=ab ]

and
b= 4o @)

Then 8 I3 ¢qual to 6 and the maxmmum contrachon velocity ¢ = hb/s
(PQUATION 1) 1 cqual to 46 With these relabions EQUaTION 6 tales the
atmple form
o p 1t /e
£ é‘m ©)
When » = v, that b, when the contraction Is unloaded the chemical reactson
mate, st least m frog sartorrus moscle, increases five imes relative to the mate
for mometric contraction.  Thos relation s plotted as ¢ solid line in yrooxe 4
The abschma is the relative speed  the ordinate, on the keft, is the refatlve resc
tion rate. The dotted linc is d€/dz the extent of reaction for a gven amount
of shortening, and s calculated by dividing the chemica! reaction rate by the
mechawical reaction rate. We see that for & given amount of shortening,
conmderably more chembcal energy must be made available {f the muacle
moves aslowly ratber than rapidly This means that the driving resction A &
not geared to the displacement of the muscle Ike & rack and pinion device
Rather the mechanochemical coupling is more like a fluld drive that permita
slippage betw een inpat and output shafts
Kinelics of Modd Sysiems
What chemical systems have these properties?  For clues we tum to micro-
scope stodies of contracting strated muscle.  Photographs made by Hudkey
and Niedergerke (1954) with an mterference microacope illustrate the changing
stratlon pattern a2 a Lving moscle contracts botonucally (rrovrs §)  Short
enmg, {rom top to bottosm tales ph e almost entirely In the Iight 7 bands,
the »udth of the dark 4 bands remaining comstant  This B ghown ey en more

dramaticall the experiments of Husley and Taylor (1955) In which Loe-
tractwon b :ml\.;inuic to 2 mngle surcomere stimulated directfy with » microph
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N
Fiuxs 4 Sweeth con rein Tty of reucton, iy 8 faocoon of the regre
Wy T e Kiactct for  shdieg mosde] are plottrd mg
AT oy ol w0e crowns (AProencx) Both modeln £re

-
i o cove £ = 02amd = 10 (closed arces)

scled "'wdmhmmmlh-mmo(mlw ot deetamco of toatractlon,
&/dz, 1 the veiocity of axmtmction

putte (ruure 6)  Th picture on the right shows the prpette nevt § the fber
Petore sum As shown on the {eft, when current w passed throagh
the pipette, depol the b the / band d in width untll
o 4raw e, togetber adjacent A bands
vmuhuvs ut gher magruficktion with the electron mucroscope pof t to a
ﬁj_.mmdﬂmt d atrux ture of the moscle fibeil shos n dugrammatically i a7
The man point t ot s that there are 1no hids of filament whose
fon gnv o8 e to the characteritic snatons The 1 band 1 due t
Slaments that appear thh 10 the electron microacope and are thought by some
be made of myomn The soad act of tlaments, thinner tha  the first
:dpmﬂuymdmh.mﬂdfm‘h’zumw'h“wm
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Frotee § u-rkuudm.nm‘mrlmma i haods are durk / bands en bobt
engih for each phase of contraction = mabcated on the keft

thvd-nﬂ:dbyptrml_rom Votwe (H hey and Noedergerke 1954)
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soox 6 Baoctenng of M'MW womll

p-;u 1t mpper edgo of fba) ‘nght, before ey, after & "““;-‘;‘nﬁﬂo-
RMMWW!“-{MGI@MTW 1953)

mzAb.nd.ghmmxudxpuUngnuh&nthchﬁhmm The thick fila
ments are definitely discontinuous the thin filaments appear to be contimuoun,

durmg

moton of thin and thick flament Insprred by these findmga, A F Hudey
(1957) noted that f complementary siits ®€T¢ Yocated n the thin and thick
ﬁmunmﬁvﬂymd lmlmﬂuan\ll“!‘n\hﬁfdf-ﬂdepmd:dm‘hd_r
relatrve postion the lnetics of mieracuon will depead on the mpeed with
which the filaments OvE past cach ther  Furthermore, if the interacbion

chemxally hinked w1th the driving reaction,
Lhucouldnphlnhuv\hc,pmiddmrmnzmﬁmﬂtbem t which

exmsentul lmcld(hnldelmobol mroves 8 The thick and thin
T e and thin st { mterd:ptating Slaments Sltes T
on the thm filament  The 7 and

s 1

of sl fbnl
R dw‘ﬁw(mm”ﬂhm (1 ey 195D
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Frooar & Thck and (hin fleroents of - musche fibnl - Ser text for description.

21 2 § site approaches & T «te the probability of interaction mxreases untl
the stes are directly opponte each other  As the motwon continues, the mter
action probabdlity decreases, finally reaching zero when the distance evcesds
the radius of the bell.  For a grven amount of shartenmg, thers will be more
internction the dower the relative veloaity mnce the extent of interxction s

nal to the time avatable for interactson  As shown 1n rigure 4 ths
fs what happens, qualitatrvely at keast, In Irving mimscle.

We do not know the nature of the T interaction  Tortunately this does
not block further exploration of the model becamse, 1n order to push ahead, »
need to know only the statntrcal nature of the interaction. Ve shall assume
that n the course of a tranmt of a / mte past a T ute the mieraction event
(1) ether does nor does not happen, and (2) can happen only once  For ex
\nmple, suppose / 15 a binding mte for adenosine triphosphate (ATP) and T
/unuATPueme Then, as the mtes move past each other the ATP erther
docs or docs not get spit.  The probability for interxctton (splitting of ATP)
s greater the slower the speed, but the reaction can happen only once far each
molecule. If this reaction 18 tho rate-lnuting step 1n the cham of coupled

reactsons comprming the initial proces (FIGURE 1) 1t can control the mte of
the reactlon sequence  In thrs case the T+ interuction rate can be equated
to d¢/dt

To dertve the kmetics of the T/ interaction procesa, connder a par of mtes
maoving past cach other with relatve velodty ¥ Suppose the duplacement of
t relative to T I8 £ Then the probability that wnteraction will bave occurred
siready 5w The protability s that ¢ and T will interact 1n the next che-
ment of time ¥ is the product of (1 — » ) the probabulity that they have not
yet interacted and k& the a priort probability factor for interaction or

de=(1—n)kl 10
Since 4z the dwtance traversed mn the dlement of tme & 1 s/
in = (1 — )k bc/x [(4Y)

Integration across the entire transit grves # the probability for interaction 10 &
complete transit at velocity #
nemt—aH 12)

'hm)-fbl the area under the bel-shaped probability curve. The
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Fiouxz 9 Shding and fokbog contractsos mecharmms ceonter
o tep and bottom, srcomsers after contrachon BT BT oy 4,

resalt m ntuitrvely stsfymg when the speed » 13 mfin te, the exponcngy
amity and the probabiity for mteraction, x vanhhes when & b aro L
punem.hlxmnbclmduhumgy Te abo b that the d-h.
the probababty curve does not matter  In prnciple the P"mjdl‘mhrhv:h,:
an asymmetrical shape wstead of the symmetnical one chosen for Hhusirmior,
Before this analyss ~an be pphed to contracting nroscle e dutrllaor
sites and of relatrve  eloc ty along the t» Lmde of £ s ot e
W ""”mm‘“““‘“md‘"“’“‘“"‘hmmmrmlymk
each wet of Glaments Each T+ wteraction m aseumed to be Indep, tent of

previous mteractions

region gverlap In the folding model the ends of (he u
entire cd::b:ﬁcdrﬂ-lln lolbelhkLﬁhMudnhlb:hlnw
o ths s, 'mlm“m“"‘”‘h"hlm,‘,‘w“'ﬁmﬁq.
A " the Alnimg model BOReer the g b .
w7 nds on thelr position loag the - Exs
-ndTn\umIdepe on g ) S
end of th \h\nﬁLum'ﬂllberd-luvt\ ty o rero ‘hﬂfﬂul&f&‘
epring, the relath vekoctty Increuey o
:;]L-mchmglmwnmnaxlhnlhmd. incarly

The forc
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Do these differences In the contraction ); kexd to corresponding
differences In the dependence of the interactron rate of the whole muscle on the
speed of shortemung?  The answer depends on how much e know about the
Interaction sttes  If we try to At the preductions of the shding and folding
mechanism to the thermodynamic consequences of Hill's energy relations, ne
can do so remarkably wel] with both models (FrouRe 4)  The circkes show the
dependence of the T4 nteraction rate on the muscle contraction rate using &
sliding model the cromes were cakculated fram a folding mode! (ArrEsomx).
These can be campared with the sobd curve denved from experiment  The
solid points were used for fitung  We oce that both models can be adputed
to fall well within expenmental uncertainty slthough of a chorce must be made
on mathematical grounds, the folding model provides a shightly better appron-
mation to the hyperbola than does the shdmg model

To make the calculations agree with the hyperbola at refathe +elocities of
0.2 and 10 different values must be assurned for the number of T mtes per unrt
volume and the distance between ¢ ntes (Arrenpry)  However unce we have
no independent values for these quantities, tha canpot be used to differentiate
betwesn the two “ontraction mechanmms Ve must conclode that the chem-
jcal kinetxs denved from Hill s enargy relations can be accommodated by
Jork models with equal facility

The Contraciile Mechanism

e now consider the interuction between the moving filaments on the molec
ular eve! In the shding model the mteraction between filaments generates
the contractile force (Husley 195 ) and also regulates the flux of chemical
energy  The mie on the thick filament 18 placed on an asallating “ade prece
which can attach itself to m complementary site on the thin filament  If the
sttachment i made when the oscillating mte s to the nght of 1ts equthbnum
positson, 1t will tend to pull the thin filament to the left  Comversely f the
connection occurs when the mde pirece is on the other mde of 1ts equilbrum
pomtion, 1t will tend to pull the thin filament in the oppoute direction T get
unidirectional (shortening) temaron it must be aseumed that the probability of
attach and detach ™ asy trical with rexpect to the equilibnom
panitron of the osllaung site  Huviey shomed that if the appropoate  ym-
metrical interaction probebulity functions wire postulated, the temaon ould
depend on the speed of shortening 10 the way described by Hl s force veloaty
relation (oqoaton 1)

The folding model homever requres no such restrictron Assme, for ex
ample, that the contractile force 10 the thm Glament stems from n unbalance
in the ehectrostatic and catropic forces 1 a flexible polymer Rueman and
Kirkwood (1948) aod Morales and Botts (1952) made thls assumpticn in do-
cusmng rehated modeh  The arpument presented Deglns with the unharged
fitament {FoURE 10u)  The cods of the filament nill tend toward the prution
\hat maumizes the number of configurations the filament can asmume Thn
tendency the entropr fore wlldean the cods of the filament together  How

nether model, boncner  ceoants for the boat of  ctration, ¢
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Frovax 11 Tbnd-uven-m,)/g a3 function of the rate of T/ mieachon  the
latter has been eqated to £, the rate of reaction  pa = {yommetne tenmon, £ =~ mat
of chemmenl reaction wben the contraction cloaty w $o1o, £ = rate of cheancsl rescton
ben the contruction  eloaty m mmoanum

next ATP sticks on, when the / mte » vacant In ths way the average
number of ATP molecubes on the thip filament at any time wul decrease a1
» the nteraction rate increases Tha smple mechanmm relates teasmon to the
interaction rate since, m the first approxmation, the temson developed by
the filament will be proportional to the amount of neutralization of positn e
charge by negative charge adsorbed on the / sites (F1GURE 10¢ d sod ¢) Thia
the rclation between relative tension, p sy and reaction rate, £ shown 1n
rigurE 11 follows quite naturally from the clectroatatic-entropic mechanmm
evelopment. The tenslon will be maximum when the chemcal
reaction rate ks minmum, for then the pomtrve charge on the filument will
suffer the greatest amount of charge neutralumtion by adsorbed negutne
charge. As the reactton ratc increases, decreesng the average smount of
neutralization the tension decrenses  Stated algebraucally

S el AR )
E—6 il
where & and &a are the reachion rates for sometncal and unloaded cotra

m’?"b’z mode] -ynaw complete and can explam quaatitathrely the velooty
dcpmdmcenfm:nm:hmnlnndmamdmgyﬁumminuahviuz
mmoscke  The argument rests o the mmumption that the Lmiting factor 1
£, the mute at which chemical energy b made available to the contractmg
theue 1 the rate of reaction of substances coastrained to sites 1n relative
motion, that 1, the mte of T Interaction _ Since the kinetics for mteractiom
aflhutypclmlho'nwbehamcnmmphk‘nhlhyperbobcrrbumh*

The abactane of 720TEE 11 18 sealed 20 that fu/fr = 3 2310 frog srtorms mrosdke
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tnvewn Fand the peed of shortening, v (NGVRE 4 und Arrrvbre) the fane
thoa { {¥} can be approaumated by FQUATION 6 The function £ (3) is taken
from the relathn between chemical reactlon rate and tensian, p foherent fn
the electrostatlctotrope mechanmen for developing the contractile foree
(vouarroxn 13)  The characteristics of the muscle can then be obtained ax
follows.  The clasic farce-velocity retstion {(LQUATION 1) results from elbming.
thon of ¥ betnecn £ouATIONS 6 and 13 1nd (he Wentification

8~ f/b

b — 1 4}
Using the forcesclocity relation we can alculate w the naie of doing w,

x a function of the gpeed of shortening Tbn!bcbulpmjnhnw&
can be derrved from the first law of thermodynamucs (£quatioN §) and the
kinetics of the T mteraction peocess (EQUATION 6}

=

EPIO CNCE OF THE T 1 INTRRACTION RAT? WX SEOSTEUNE § 1LOCITY PR Sarang
Tes D ot Faneno Mooris o CoNTReCTION
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= probabality of T4 mteracton in & complete tranm
- uﬂhﬂinnc:al site from the Aved end
f:zmm faite m!.htlcn‘v.hdtheldnlm(rrp!

lexgth of  sarcomere
rchukyu{lm-rd-m to T sites
qdmmdtbuﬂadmm(cqu:dmmmhh;u-/u)

area wnder the pmhhhtycnmrax T i mteracton
Studrag wedel In the shiding model the u(tltuuuﬂ:-dxnﬁh.m—n\nhd
le\.ueul.hclthﬂlmquhl-.ne lm‘:: the s vekoaty
1 relted t the e of shartening  of the mtact musce,
=na as)

vepted wth 7 Do o T dtesec of v riros
bere 3 w (he numl cc of muscle, Ls the probabuity of T interachon
In tranmt trcmtive veboaty Using the funcion () oW
T 1 internctions/cc of muace/amt tume 1 ¢ 509 70w 17, tho pmber of
v
F=Ttao o a6

Combumtion of TQUATION 15 th 16 fives the rat of chemical reachos as  (unctsan of the

Carrying out the Integmtion,
N-?u(l— /-+x[ /-+‘}:(-*)]) s

‘bmc‘(__")..._hmmlmwfu (:)h The funcbon ¥() rosalt

nwmwls‘
..u:uu.m-uxh-malndp—mr -
the driving reaction for contraction i by per

dlhulldm(ud were
nb::v ):c'ballll fr =02and /r =10
of U/land X era I'u'enci (U el (U /Tt g = OAS hiid e/ B rmblame =
20 Haing scdected U/7 and A, vadoes of ¥ ere caleolated accordng to ruanoss 16
and 18 and h‘mttd ardies aod crosees, rempectively in PGTAF 4

org, A £ 8 % Prax 1998 Some olecry tions on lht Jocalmatom of oy own, sctin,
e the rblat myohbn!  Haockem ) 6212

1 of artenung and Use dy namsc comslants of ke Proc
London  B128: 136

199 The mech nical effickney of frog  mrmscle Proc Row Sac Lendon

434
i 1951 Thenmody namics of meaacke.  Natore. 1673 377
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AMUSCLE PROTEINS AND ENERGY UTILIZATION

J Gerpelyt

Cardsac Bbﬂ-mﬂm Toend Lo o U‘Tmu Geewrdd
1 wonder if the difficulty that one faces n trying to correlate the structare
and enrymatic activity of muscle protains with muscle function and with the
utflztlon of energy in moscle 1 sufficiently realized  Ordibanly the enzy
mologiet bas a faurly traightfornard task  He begins with the knowledge that
a certain organ or tn ue performs o certain bk hemical function he then
to prepare slices, brews, and extracts from the trwue and in soliting

a syatem he bs gnded by the chernical rexction he has in mind
However the muscle or heart blochemnt or physiologat 1 in & much more
difficult position, ash 18 1n the entre phymnl 1 or biophymcal
process of contraction. He soon encounters & form of the complementanty
peinciple  This principle s a fundamental one of modern phyucy, and 1t
sets certain lmmits to our inquunes and to our knowledge A stated by Nieh
Bobr Ewidence obtamed under different cxpermmental conditsons cannot be
comprehended within o single px ture bat must be regarded as tary
i the semse that only the totality of the phenomena exhamts the possible
information about the objects  Thus the behavior of light can be described
depending on the experimentsl arrungements, cather a3 & wave or as & stream
of particles.  As another example, 1t 15 1mpossible 10 measure af fhe same (1me
#with very high accurucy both the posmtion and the veloc ty of wn electron
Euther however can be determuned separately  Th  sort of complementanty
may be opersting when one stodies musclke  Oue may obtain the type of m-
formation that was produced by the brilant work of Hill and his school? who
approached the muscle with the tools of the lasucal phywologt t including
the most Intricate measurements of thermal, electnical and mechanical phenam-
ena, If bowever s biochemust approaches the muscle be will hrat tear 1t
apart and with lock, get some bochemical information however t will be
extremely difficult to my anything about the place of the hemical phenomens
In the context of contruction  In the past by the use of these two approaches,
much detmled information ba been accumulated by the phynologats on the
one land and by the biochernists on the other  However t seems to me that
today’s moat urgent task 1 to attempt to achweve a syntheus betneen muscle
phvsiology nltrastrocture, and biochemnitry e can only hope that ths ~
possible, and we can at least pursue our inquines to the llmit set by u principle
similar to that of complementarity

od by grants from the Natiosal Heart Tostt
The work reported {n this paper )‘l’dm oml He
wnd, Nem York ¥ 3 and

TPublc Health Service, Betheada,
IT&‘ Yod N Y ?‘hl_ﬁ' Inmxroce Meducal Research F
\emachmactis Heart Association, Bostom, Mxse
Lh'rb-nnotlnunh-nm revsen of Lhe mbpect, bat mertly  ducummon of some probleos
of muxchkt teocherustry that are of particaar wterest { the author mn bus 0w rescurch, or
partenlarty difficokt to soh “The reader whshmg t ) foller oneala

thut sppess 1o be
erred of scveral recent =
lﬂ%?:&ms:&’wnnﬂMmlm New York N Y
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Tt should be noted that the panciple of complementarity in its proper that
B quanium mechanxal, sense way sho be plaguing v The concepts of
classtcal chemhiry and phywes may 206a be inedequate fn dexcribing an in-
trxcate system such as muscle and we shall have to tum to the proper use of
qummmmrchmndnehopetu-dﬂmanﬂddacﬁpum_ We awe a
tremendous debt to Albert Saent (yongy1 who has been a champlon of this
e {or the last trenty yemrs

Tu any attempt to bradge the gap between phymlology and buochemistry in
the case of rauscle 1t v apparent lhtlr_bcﬁmpmbkmliulndlddmg(l)
nhx:hpmmnamdenzyme-yncm:thatmbenbuimdfmm.mmd,
extract bave a ro} 1o contrachon peoper {2) which are posible artifects and
(3) which functsop merely s nonspectfic supphiers of energy i the form of
high-cnergy phosphat  ompounds I think the sorting out of those proteing
and enxymes that fall in the third class s relanvely slmple slnc we Lpow
much about the processes responble for the generation af encrgy both in the
peesence and 10 the absence of yged these processes recerve consderable
attention clsewhere m thn mooogreph  Therefore  ben we speal about
protems oncerned with muscle contraction e think 1n terms of those prot ing
that om into thewr own {ter the protemns that supply energy have done ther

pr:um deielspmrnss wenscle rescorck  The last few yeaars bave br tx
uemmdmn:d-vmmthuﬁdd this s doe t scvera] factors  Fst, there
nulhcdw:myolcvﬂnmmu’demodeh,dulu systerns that stend baffany
bdnnmzhewbo}emuxk\htwutbcohmtdmmmdlhc
proten and earyme preparation studsed 10 th boochanical aboratery Ay
+ result of Albert Seent-Gyorgy st drovery itskno nikat ooe can extract o
sascle with 50 per cent glyverol nd store 1t for o almost indefinn

of tme 0 & deep freexe, and still obtan  ontraction When thu fiber having

aated momie 1 suddenly

m’f‘ﬁ’fm;ofn'“ﬁuﬁm but after this sudden drop there
will be a dow rmwnncwcqumhnumkv\:lwmtpmdmgtulhem length,
T‘tnnmephena-n:mnc-nlxohurwdmlxiymtcdm\nckﬁbq Thers
umirrtees, and \ummtut\olythl&h:mm(dmuk
;:um:;:becmndﬂ'fd farly good $mk betmeen the wbole muscie and the
soluble prla™ of the muncle pmtan b also occurred
Moy ‘i m::‘: Srnkn:mmdmwd-, and propertw of thaee Lnown for
e e pm(hcn Lrfied Itm sclf-evadent that before one mal
parmons between whote mumte d the proteum evtracted from ft, ooe
r;:t L now much more abogt these proteio, tbar strocture, and thelr fone
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tson, The third ares In which great advances have been made m that of the
fine structure of moscle. The important festures of this work are the at
tempts to determine the localimtion 1 the muscle fiber of proteins obtalaed
% Tiire
The fourth ares in which mteresting developments have occurred 1o the
lest few years is m the study of chemical changes in muscle dunng contraction.
Work of this type has been done in varions laboratories, including those of
W I' H Mommaerts, Univernty of California Medical School Los Angeles,
Cahf Carison s and my o%n 1n colfaboranioa with A Casps of The Rockefeller
Institute, New York, N '} These studles have rared intereating and per
pledng questions, and nature, so far has refused to grve a direct answer to the
question  “What chenucal changes occur in & mngle twitch?™
I now return to the dmpler thingy, which actmlly turn out to be not s0
gimple that 1, to the proteins that can be studied in solation The term
myosmn has been In use for pearly one hundred y ears, having been introduced
{n 1859 by Kuhne* although {ts onginal meanmg was different from the
sense [n which 1t hater came to be used  Untd the dncovenes of Albert Szent
Gyorgy: and Stragb™ i the carly fortics, myosin denoted the substance or
substances thet could be exircted from ground musche at 2 fndy high joan
strength, about 05 M but were imsoluble at low wmc trength  In 1930 von
Vluralt and Edsall® showed that sach an extruct passesses a very strong doabke
refraction of flow mduating the presence of clongated, rather large, moleculs
)In the meantime, the lactic acid theory of musc! contraction had been div
carded and the phosphate ing comp is that today are cotnmon-
phce to blochenusts came to the forefront of interest  Durmg the late thirtres
and early forties several groups were able to show that myomn, the viscows
extract obtained from muscle reudue, shows some remarlable reactions with
ATP It was discovered thet, on the one band ATP ha s profound effect
oo the physcochemical propetties of myoun  The double refraction of flow
disappears, or consderably decreases, on additian of ATP and threads peepared
by squrting myoun 1oto water contracted mith ATP  On the other hand,
ATP tteelf Jost a phosphate group when it was brought together with thrs
ke extract.  These discor eries are associated with \eedham o af ™ Engel
hardt and Ljubimova,! and Szent Gyorgyl and bn co-workers
Thus it wes apparent that ATP can sffect the mechanical and physxo-
chembal properties of the muscle proteins, and that the proteins, of the
protein as it was thought 10 those dayw, can in tum act ensymatically on
ATP The tempting thought arosc that these must surely be the reactioos
that underlie muscle contractiot. The work of Lundsgsard had already
shown that muscle contraction s somebow linked to the breakdonn of orgnx
te compounds.
Uyete-B and “reconstituied actomyssin It was soon found that the
subsinore re-oamed myosn-B by Szent-( yorry § and his olle gues” s not the
only interesting substa xe abtamahle from the muscle rendue it was poaible

e oot
Ko Lsportant docovery beaneg oo Uos poblen 1 mede 1y Davas od
Jeagoey® aoce the preperation of thes paper
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ta abtain a gwotein that had the shihity to aplit ATP bat

o change under th nflome AT W’ium mh.m‘bh: an;“mfd
« rl name myoun \{moan, rvatalfinge myvosin, or simpd H‘\:‘SI’
Stift anothery pmt 0 oautn P tx cxtra ted fom mncle and ﬂn’m’[ nh
om0 gne o prodint that moaery smttar ¢ the old moyosdn-B A‘:“‘n
B e P tnc form 3 flobular form and a Gbrow form.  Und e
fnftuence of alt the globalar 1 (randormed into the fibrous form 1t E‘; the
tatter that ntera 1 muhmeun and {ormys what may be called reconstituted
) od conwdered 3
Myoun-B the myomn has been in genera}

yotin  Indeed 1t behaves s exy manch ke & combmation of actm :?,db;m
altbough wotit receatly there bas not been much direct proof that {t actually
oty of mvosm and sctn Sone werh offeny good clrcomatantind evi

defimedly Onc-mdmxhemmﬂmﬂundmyndnmdmm

helweves that thr omplex > the same qmywn—Btbalmgm“mf::
mm(klndd’hltnbebevtdt be the contract le rotem One mst be sure
ﬁnl{hﬂ’!umppmmw A Vi eher™ has conducted wome experiments
that, ‘o oy mind, make this poutod trong  Recently however owing to the
work of -on Hippel o € 5d of Komins of ol * the problem of the Kanut,
of actornyoun .ndmywn—ﬁmbnmnenxhﬂm:ml mfﬂummg-ri

u\dxuabmmcdmmvh}xmtmyhy\nmmb

I:.pparcd\huchcnmpb&.mmch\mﬂdhex attempt the molathon
(mwsdgwmnwmmdm Martonost

MM!MMWMM! (b dutitled water W the same way
umcdodmthtp:qxnzm«i tuame | actim cxeept that m the latter ex
wmn,muuuthemuxkn»dm iwelf with wietonc  He obtamed o

protein ol rom MYCRD-
o ted £ " peosenie of Mg+ (tamer 1) Therelore
the waiated compound bebaved ety mwh bk gemune

Tenum

ares of musck research  Thss et proved quite
Manhall :mn moxhrr“ an waubady sgamt Factin In inecting
aseful B or and obtained  wTUT xh, wt & high alt

the Tabbit P“"“‘: mmp:‘:mp‘m il actm Thoe  Bs 1o Cies feac
con enirtion, B "t yomn sheredore  © felt fanly ondulent that thr
uon  th Teben the antacti mes brought together w th the
mtmm";hl:(dﬂxw‘d‘mmg a precipitat formd,  oofirming the realty
oot (ranx 7 Frally in coroborbog the amino sod com-
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tion. The third aren in which great advances have been made i3 that of the
fine structure of muscle. The important features of this work are the at
tempts to determine the localtzation 1n the muscle fiber of peoteins obtalned
in ouire

The fourth area in which wnteresting developments have occurred in the
lugfewyunhmthenmiyo(chemhldnngammmdedmngmnmrﬂou.
TWock of this type has been dane 1n varous laboratones, including those of
W F H Mommaerts, Unrrersity of Californa Medical School, Los Angeles,
Calif Carlson s and my own in collaboration with A Caspé of The Rockefeller
Institute New York N Y These studes have rased interesting and per
plenng questions, and nature so far has refused to grve a direct answer to the
question, What chemlcal changes occur 1n a mngle twitch?

I now return to the mmpler thinga, which actually turn out to be mot 3o

slmple that s, to the protelns that can be studied in solutbon. The term
myosm has been m use for nearly one bundred years, having been ntroduced
in 1859 by Kubne although its engmal meamng was different from the
sense fn which 1t later ame to be used  Until the discovenies of Albert Szent
Gyorgyr and Stranb™ * i the carly fortsey, myoein denoted the suhstance o
substances that ould be extra ted from ground muscle at 2 faurly high lome
strength abont 05 M but were muoluble at bow wnic trength  In 1930 vou
Muralt and Edell* showed that such an eviract possemos a very sirong double
refraction of flow indrcating the presence of elongated, mther lange molecules.
In the meantime the lacti acwl theory of muscle (ontruction had been ds-
carded and the phosphatecontuming compounds that todsy are common-
place to biochemusts came to the forefront of interest ¥ Duning the late thirties
and eatly forties several groups were abie to show that myonn,” the viscous
extract obtalned from muscle rendue show  some remarkable reactions with
ATP It was discovered that on the one band, ATP has a profound effect
on the physcochermacal propertses of myoun  The double refraction of flow
duappears, of consxderably decreases, on addition of ATP and threads peepared
by squirting myosm nto water contracted  th ATP  On the other hand,
ATP itsclf bost a phosphate group when it was beought together wth thh
musche extract  These discoveries are associated with Needham ¢f ol Eogel
hardt and Ljubimova, * and Szent-Gyoegyt and ht co-morkens?

Thus it was apparent that ATP can affect the mechanical and physco-
chemial propertses of the muscle proteins, and that the protefus, o the
pmtdnullmthwghtlu(baxdly\clnmlumlctmxymlhﬂyw
ATP The tempting thought arose that these must surely be the reactions
that underlie muscle contraction. The work of fad already
shown that muscle contraction i somebow [inked to the breakdown of orpanic

€ COIm| wd’

Afposin B and  reconstiinled aclomyastn 1L was soon found that the
substance re-numed myosin-B by Srent Cyorgyd and hns collegues’ 1 not the
only Intereuting sulntance obtanable from the muscle reddoe 1tw 9 persibk

hhpﬂuldm:mcrybu.m(mlhpmbkﬂ undebyDnlumdhml
m‘mmmmdmm
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Prxcr 15 Formanow  rm Cr -
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Rasctoem
Myosm —
F-actm (Strawb-Mommaerta) —
F-acta from o oso-B ¥
Tropomyomn

Tocutwbon of rablat antgen  th aatweron ¢ 35°C far fotion
o o e e eubaion mretare contad 18 3 L O oo R, Aoy

drony methyJammometbane bufler pH 74 The antecrum
e mnged {rom 003 mg /m} to 023 mg /mal wesdiated 11 and the anty

chymotrypan® and subtilmin digerton,™ the term may have outlved ity usefal-
Dess. meﬂypmntuiwe'mﬁmmlhn[h.,Amm
e e brasmess end of myoam, because 1t 3 Dot only an ATPase, bt beengee
1t also able to react with sctin this has been demonstrated m th ul e
fuge by Alihalys and Seent-Gyorgy1™  Molecular weights P it
obtawed by proteolytic digestion are still not scttled definitely b“llmlmh;_
lined to accept the most recent measnrements btaned by e
mmyhba'lmy'vhthconﬁrmedbyslmlmeymm meKthOd‘I‘_b.
amtory of Harvard Univernty Cambrdge, Mam and t eay that the most
Bty values are about 320,000 fo_the beavy and aboat 120,000 for the Light
fracton, so that one of each of th two kinds of fragments ppears on digestion
of ons myoun mokcule It seems that there must exat two fady d ¢
mgwmmt.bcmyuﬂnmﬂltcukmd ws w reslt of th  cbon ! proteolytic
become separated and partly degraded Th intact
pm——th:yulﬂp-noimzmuumiobrnﬂyldlmumﬂmu'h‘
)omdyhnvcbctncnﬂcdmcmmymml
There bas been some queston & whether the proteolyhc ensymes thet
p:uiuccnmnmmywﬂlnﬂudactupmeo}ymm Ml
hmok'Ir_hmk.unnlma:lmbd.\evethtLhcvprudncele{rgﬁ,,c”,y_:mc
unh)o'nmgd:nnmn,bmlnbcmld-y on tbe basa of oor own work™ and
mnoqudmmdrdk-mmhnctammllmlppmnngdunwn
.ndchymuypnnuumtmthevaonaMcouldhmmlhht
enzymes lcicdu:pcd:ﬁcPrut:dthcnxyma
ed from a muscle resdn from which

ther soluble protens bave been extracted.  After thiy n‘nd’uz

th mikd alkah and scetone, the dry resdue can be ex

tra ted W

tioned enrlrer ealts change the G-fornn mt another form tEat be
ﬁvitu:nmmy;@ccuumwﬂdhhhmdmh‘%tmb_:m
b:h.w_,mdhnbcmtu-mdl-‘wlu(Ffurﬁhmm) It appwears 53 A7
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fs in some way involved m this polymenzation reaction, snd 1t may be an
integral part of the actin molecule  The prewence of ATT n actin was fist
demonstrated by Straub and cuer  and sulsequently by Laki of o/ ™ and
by Mommacria® It appeass that glabular a1 tin contuns approvmatcly one
mole of AT for wach mole of G-actin, having & molccular wught of about
60,000 on polymerzntion ATP o (ramformud mto adenomne diphosphate
(ADDP)® It secms that wx vtro ATD m ementinl for mamtainung the Gactm
in & polymerirble form, but the F-actin 13 much mare stable.

Reaction of adomysnin wuk ATP and pyrophosphcie. Ome aof the most
striking propertres of F-actin 1 its abiltty to form a complex with myesn
This so-called actomyosin has & moch higher viscouty than woukl
to the sum of the vacomties of the (wo components and has ¢ marked dogble
refraction of flow  Its ATPrse activity in the presence of Algt* far exceed
that of myosln.

As mentiened above in the early pheses of the maore recent vestigations on
muscle proteuns several rescarch groups found that myostn-B which s e nould
now call netural actomryoun, undergoes strking phystcochemical changes in
that its double refrection of flow dmappears and 13 viscouly drops markedly
when ATP 13 added  Simubar hanges have been found to occur m light-scat
termg studies ® ¥ Dunng the last fen years 1t has become an mmportant
problem to decide what actually happens when ATP b added to ether the
natural or the recomtitated actomyonin # - The nignlficance of the problem lies

the fact that 1t fs concervable that the interaction betneen a tm myosin, of

/ﬁ’:wm}mln,mdATPudlhe\mnmma) g1ve us a clue to the events that
take place 1n musche if these proteins are indeed those responuble for musck
contraction.  The phenomena occurning i the xctomyoun ATP sy stem depend
very strongly on the sonw strength of the medrum At Jow 1oni strength
actomyoun 15 bardly voluble and, under these ~onditiors, one can study either
suspensions or threads  Addition of ATP = I produce a synaerests of the
suspenion or a contraction of the thread  In fact, the observaton orpimalhy
made by Albert Szent-Gyoegy? of ATP-induced actomyoun thread contraction
15 ope of the most sugyrestrve preces of evidence favoring the view that actomvo-
an 1 mvolved in coatraction m the wholke muscle

However at a higher ronl strength, about one-half molar for cample 1t v
possible (0 study the proviously mentioned changes i the viscouty light
scattenng, double refraction of flow It 1, of course, of great interest to know
what molecular changes underlie the bull changes It has been amamed for
» long time timt ATP and pyrophosphate and some other substances ause
the dissochation of actomyosm into actm and myvemn - 3]y own opinwa =
that, mn fact, this is the case my vien s besed on Lght-scnttering ts
that show & decrease 1n the average molecular seight on addition of ATI ™ ®
.ndnl’uondwrcccnllmloflhnomhourhhana) By wwng &
differential ammonrum sullste aliing-out technrque ke nasable t show that
whereas an (tontyoun sotution shows onc Pf‘: at about -':IJJP“"D:;”‘D;‘:

&deunum peaks are obta thar
von to the powtion of the peaks of mowun and

tloos \&¥y Jascly correspood
f:tdln(ncmf) Tf t Is Indeed the case that ATP or pyropho<phate catres
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the dusouavon of the  tomyown omplex and of the o
happers even 4t the oo atrength prevailing v muscle Mc;“.m.:t:,ﬂy‘h“
may be of greet sgmfance in underst nding some of the "m“dt!uk
modehmdlmﬁdprmmdennmlauhrmahmnmdmmmmmm
Trepempostn  Tropomyown o apother protein asumed to be o some wiy
rvolved m contraction  Its role m rather uncertain 'mn’(h‘ﬂutbeb.d,
ol 1ts amuno scxd  ampoution Badey™ ooginally suggvated as the name

that it might be a buddmg block of mvoan Th"'d“h-‘mmr)ybem
1ab d upoa with ¢ b and much bard orh by Laki ®
He seggests that uq)amvmmdlmn.\qzﬁm‘nbmmherm(m_
pletely charw tenzed protans, are the real subunits of myoan

Heart myss 1 shall pow add somrthiog sbout heart muscle proteina,
Tucdamentally the beert sctomyomn system scens lo behave eny much ke
the sheletal one  youn from beast mucls, according to our own mewsare-

eun, and the rescbons  th actm and ATP show 0o sinung differences »
Grern and his ollcagues™ huve a different vien bat the dacrepancy has not
vet been stnfactonly resolved  There are, bowe & (o pomts an which
duffers from te keetal counterpurt Iiret we ATPase (et
ud that of myosmn Scr;:-od n mmr}:‘-xdbemmhnurn-
wsian apd  hymotrypsn It roqooes o the proteaiytic
‘J;&Wﬁlmwtomlhmwlym In
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Relaxation of models  Clycenpated muscle fibers are as I mentioned eardier
halfwzy between the isolated 14 vire protein symems and the Lving musde
W eber and hes colleagues have furnished, I think, very clear evidence for the
close relation between ATT sphitting and tenmon developtment 1n these fibers.
They have shonn that various factors that affect the mtc of ATP splitting
also affect the development of tenson. This has been demonstrated for o
wide variety of factors such as temperature changes, ATP concentration, and
sulfhydryl reagents it has also been shown® that there 15 a close panaliclom
between the rate of splitting and tension development for & wide variety of
rackeotide tnphosphates

An important development was recognrtion of the fact that there are certain
components {n muscle that can effect relamton of the glycernated muscle
fiber @ The observations of Marsh® and Bendall? were the first anes to
suggest that muscle itself containg a relaung system. Subsequent work by
Goodall and Szent-Gyorgy,® and Lorand* appeared to pinpoint this relaxing
factor tn the creatme phosphokinase system and 3Moos and Lorand® later
succeeded m showing that the phosphoeno! pyruvatepyruvic kinase combina
tion can aleo act as a relaxing factor  The posmble role of myokinase has been
suggested by Bendall®  All of these systems are phosphor ansferrng en-
rymes. For the fist two the phosphate donors are creatine phosphate and

phosphopyravate, respectively for the last the phosphate donar s ATP
The phosphate scceptor m ADP 1n all three cases  These systerms resemble
the onginal Marsh factoc 5o named by Bendall,? in their requirement of 3g+
)mnsfurrehxmglmvuylud m being mhibited by Cattioms It was very
tempting to speculate that these systems somehow act through the rephos-
phorytation of ADP bound to the muscle structure but all attempts to dem
omstrate & mechanmsm of thrs type faded
Another feature that has been demonstrated for most of these systems
the fact that coocomitantly with the relaxing effect there occurs an inhubison
of the ATPase of the fibers.® This appeans to be consntent with the e
chborated by Weber mentioned earlier that tenslon development and
ATPase actvity go hand In hand

The first suggestion that a simple phosphate transfer 1 not all that might
be involved came from Kumaga and bis colleagues,® who showed that they
needed at least two peotein fractions to achicve a refaxing effect One of these
coatained myokmase the other appeared to be manlar fo its sedmmentation
characteristics to the particnlate ATPase of Kielley and JMeyerhof ® Ths
observation has recently been amplified by Portsehl and Lorand of o™
However Brggs and Portzehl™ have what to me appeans to be good evidence
that the meed for & rephaspborylating system arbues from the fact that most
{ovestigators of this problem bave used rather thick fiber bundles. In thes
n_g\heA’I‘Pconcenmtkmlnthetmo!l}rcﬁbn‘aﬂdbemuLhlmruthm
that in the penphernl parts and in the buth Tt has been shown by Weber
and Hamclbach®™ that the relaxing effect dependson a ertaln  ntcal ATP
oncentraton below which there b no relavation.  Thus, a cording to Binges

and Dortach! ® the repbosphorylating systerms &ne 10 tame the ATP con-
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ceatration fn the central portion of 1he fiber to the Tequired
hnuelwb.;um in rd'dngk ﬁhcncﬁ oich 5y 3tems a3 crenting ol level 1y
ve no ung effect 1n Incresse sadon o myo-
concentration iy very low fact. they the tc # the ATP
Briggs bas now retured from Helded to Harvarq
reocatl; Raldar and 1 have colbborated apare, & v elegg sy and,
bgbt 1o ihis peoblem of the relnung actor ® Urtng sngs) e Jring moee
(0 the concluson thac the rekaung 7} stem consdnty of at Legyy W‘cmamem
ocither of whach o any of the ¢ eneymes '“l i s,
By entnfuging  trosh muwche extract prepared with o — curlir
AL35000 ¢ frecton 1 obtaned that by :muhnmarm}yulgw

o
The fact that we were able 1o separuie the relanng
tor> ha  aho opened up intereting powibilities Iwur;};m t%o fac
the relavorsbip of ATPuse and rchmon  Altbough g 52t lata
gramiles mbabt xyafibnllar ATPaw it Goalier amsonty the ot o
qurement can be demonstrated als  th ATPase aystera (Tamir §) !
From ume to time pyropbosphat (PP) alwo bas been mmplicated i
relaung mechansam, partk ularly by Badet ¥ W ebe Y and Beodall 4 3, \he
ome hai Lanecap 3 tem e ner ble 10 how that P 1 concemtneny s
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TasLr §
Lrrrcr of Tar “Retaxno S o1ew ow M ormaniax ATTas

e
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out 1n the mediume weed for the om of the graxmles

In total ml contammg 5 ml{ of ATP and 5 mM of 31, The bamc svstem
containad 01 mi of myofbnfar myomn  Other additions arw as mcheated m thas table
The maxima! pbtimg emoanted to 11 abf m min incubabon at 23°C  Ip-
chl acud mocordmg

5
ocgunic xy after = th

of about 2 m3{ does pot by iselfl prodxe relaxation. If however PP b
added to the granules, it can replace the dalymble factor  Clearly however
1t 13 not tbe active substance of the dulyrate in view of the Libility of th
,ulu.d dlalymble componeut ond rts sbeorption on charcoal  Mareover o
organic PPase fohibits PP relaxation in the presence of gramules, but keaves
the dralyzable compooent from muscle fully acthe PP has & amibar effect
on the ATPase of muscle fibribs in that concentratlons of PP that by themsehwes
have no effect on the ATPase activity become mhubitory in the presence of
such amounts of the partrenlate fraction that by themselves do not 1nhibit the
ATPase (TABLE 5)
With this relaxing system, as with the muscle protemns I discussed earler
yslological alnays booms large w our minds
A,"pjnmorelmghlmlalhelodmgu!mhrchnnglyﬂcmne-haﬂ
want to Loow does it work in the intact muscle bow o it incorporated 1ato
the general scheme of exataton and relamtion of the development and the
decay of the active state? We should like to know how it 1 localieed 1n the
mosck that 1 the same question we aslh m connection with thove musche
protemns about which we bave rruch more detafled Lnowledge at this time
However nhﬂeweanmtmlcrtbu:quadomnthr:qxctwthtrrhnng
factor 1 think we have much more information about the structural proteina

docmeed carller

wxcxlar strucinre and proleins As regards the problem of the locallza
t_k::foflhtlumi:;lpm(dmhthemmdaﬁbﬂ the model developed by
Hmudﬂmky"msmbempfnﬁtdhydxcvﬁcuce altbough some
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investigators, indudlluﬂndge“lhlnklbntb&c:modchm
Podohky ehemhbere in thes monograph has thown that ¢ M"&:’ I(Jlllufblﬁ
mode} bvolving shartenmg of protern filaments, or the ‘.B\_ﬂ‘d_\'{u”_n‘h
based on the relatrve motion  f peotein chains whowe ~onfiguration dm""'
change, could a  ount for the rate of nergy ”b""h"mdla'l{uL ot
The proponents of both |,vpelo{modehh:vclmnned\h.nmmmd
actin as welnow the proieins in sotution, alo cxist In the o Sber | Holy
et and Marshall* recently reported some expenments with fhooreacent
bodres that  t irat glance might render the suppoaition ntenable,
These investigators prepared flvorescent antibodie agalnet the
meromyosrs and {oand that thcmuh:dvagﬂm‘hchnvy ro-called
m}yvhhmemﬁdlcn“be\bmd,themaurdﬁm“m,mmtu
appears to be bound to the reat of the A-band. Id"""‘“’d‘f‘tﬂntnm
bc-Bnt!hum.gethntLhuurndmforLbeemumhhmmmed
these units smaller than myosin Hmmm"m‘:‘h‘"&m:mu_
bodies mere mdeed, closely related to the fragments againgt wh 4 the apty.
bodies mere abtmined and i, indeed, m:mﬂ«muu:m[,dhmwh
wddytp-ntcdnwl!wuﬂbcmwdmmm.bo* .
of the myosin molecule  This s all rather new matenal Mldam[m}a
thet we heve nufficrent evidence for Lrulymtu]dnc\mnu,bu” .
that t1s qute oncetvable that lhcnmmlrdamh:p.mh‘hmgi
may wnterfere with the na wnuld:eanubodm.ndwdmmmlny
t}utlheruultmgpaltrrnuthcancdnaﬂrdhy!!u-hﬂdedmm
It may be more than comadence that the ant-H-meramyosin reacts onty
1n that part of the mrcomere where.dncrurEng to the Huxkey Hansops! Pture
B no st R ik t Iy TACHS x tibre i

mnmybcpmblubumlh rutoflheA-tundzhnructkmmﬁ
th combination with the antibody

T would urge greet cautron m the use of terminolagy Meromyoain hay be
ome ¢ genenic term for venous fregment produced from myown by

encymes  Strctly speaking, these {ragments cennot be dentcal with any
thing 1 muscle because of the chemical changes brought about by the proteo.

the ‘h :]l:;:;nﬂ??m past ha ¢ vsaally onmdered the contractron ay
s

e nges th sctomyosln rookecule or of some uthor ha
h;‘ te u}u ertlTu that they m'al-n-ly hawe conaldered changes 1
rt\b: qu;dl tont of sorme rook #3 resporsible for co
shape s
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For sotne time, however one difficulty has been pointed out that 19, the fact
that in X ray studies oo sgnificant changes could be detected among refaxed
contracted and stretched muscles. If a grosa coling er unceting occurs 1n
the contraction cycle it should be visible 1n the diffraction diagrams.® How
ever the model propased by Huxley and Hanson produces an entirely different
ptustion. Here we have a longitudinel disphcement of molecules with
respect to each other without permanent changes in the molecular configura
tions of the molecules themselves  In a recent review A. Huxley™ hus ex
plored the umplications of the Huxley Hanson model and has aitempted to
show that soch & model would lead to consequences consistent with the known
peopertics of muscle as & whole elsewhere 1n this monograph Podoliky dis-
cusses pome more genernl features of thermodynamic theones of muscle con-
traction. I now propasc to discuss the implicatioms of the Hudey Hanson
model 1n terms of known chemxcal and ensymatic properties of the muscle
tefns

pn;t:ppmnwmethlllcoumﬁonpblnbntdmthccﬂnbmuouo[
myoun and actn jovolving sulfhydryl groups of myosin »ould be consstent
with the known tendency of myosin and actin to combine. If as I earler
suggeated ono could take the reaction of actin and myomn i solution with
each other and wth ATP as an Indxation of what happens m muscle, one
woukd see that, If ATP was somehow allowed to combine with the relevant
mte, it would cause dissocaation and, hence, 1n terms of this model relaxation
As long as ATT could be present around the sites involved 1n the combination
with actin, the actin and myosin would rematn dimociated and no contractron
would occur There B good correlation between the effect of sulfhydryl
resgents on the tenmon exerted by glycerinated fibers and the requrements
of this picture in which the blocking of such sites would be expected to lead to
dmsocation and relzwmuon  The relaning system, by mhibitng ATPase ac
trvity tends to increase the number of ATP molecules pear the mtes involved
both in splitting of ATT and 1n the combimation with actm  The persistence
of ATP in the relaxed state would also be favored by the fact that in the pres-
ence of magnesium, myosmn dissocuated from actin bas very low ATPasc actity
Energy soxrcs of musds comiraclion I now turn to some problems of the
energetics of muscle. The first question that comes to mind 1 ths Is ATP
mvolved In the dementary cvent of muscle contraction? Answers to ths
question have generated considerable Interest, some beat, and posably some
light, tbanks to the wock of Mommaerts, Fleckensten, Krebs, and othes ® &7
Therr work suggests, prims faae that dunng a mngle twitch of even during &
short tetanns, no detectable changes occur in ATP ADP inorganx phosphate,
or creatine phosphate. In my own mind there 1 no doubt that Mlom-
maerts ¥ ® careful experiments bave shown that, as far as ATP and ADP
one can unhemtatingly sy that under conditns where re-

concerned
lation both aerobic and anaerobic, 1 not infubated no changes occur

to technical dificulties T am pot certaln that ooe can sy that the
g:?mw exclude changes In the creatlne phosphate devel mnce the total
expected change would be about one quarier to one half pM/gram of muxle
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and the total creatine content w 10 ¢ 20 K31 The data of
b colleages,® due to ther we of » different technique, ﬂfﬁ‘ﬁfﬁh’w
< fa the creatine phosphste el moce convincing,  Hawever 1 ndtb:
of these experuments was the glycolytic cycle inhibited, god § think 1t w ool 4o

t\pm,lthk\lnrnmneruhupmblblymuhrume

sure that muscles do not mimxuﬂnmtlheymﬁ;td},;nfmm!
Homever uuu\c(hmgmwyﬂmt}mchmv&lu:mmmuon.;;dnﬁ
Another 1o ammme that ne  fwmical 5 tivaton leading :odnn,,f,,q]ﬁ:
phosphat  datrintion has oc urred Spectroscopc DeAIEment of (he
ypo camed out by Chane snd his co-warlery® “ may eventually g
moce lyght on ths question although at the moment lbdrttpq—{mmum
nat conclusve
ThmumqwtmdutmlhchngﬁmdtmwbaATdem
pear We could ot the clasmc work of 2nd, mare recemtly qb
pork of the Deckension o ol 8 Rocenly both Copd and mmpmet s o
(,urhondd“hnve-hmntmmﬁmmtamtnlhwchmumm
phosphate, and there m a fairty good hnexnty betwesn the durstion of etimoly
twn and the changes b the creatme phosphate level M""b)\ningmc

t o perh ‘d!mtbcnmpanmdbvthan;umwy’smmmh,um
Howerver tTlnmuum could obtan d ATP reacted mmedutely and of g
turn ¢ was rephowphocylated very mpwdly  Therefore T thnpl that the
m-xqucnmumzufmlnnmmdmto{nmrbmmuymdmnw
ance studies an sery mlyuumimrhmwmtmmntm(wy
of the chemical mechunmm of ungl twitch
Tar the parpose of th foflow ng doctiaeon I shall swume and I (hunk mont
wilf agree, that the vitumat source of th entrgy of musbe cantractian
people P }mm;)hq:hllﬂ,mmd‘hthm[n
ATP snd creatme phosphats  In the most geveral terms thy problem of
utilimton m one of tharmodymumicy, ia the senae that the first taw of
ey will not pertzt us t prodoce mar wark than

fHeiency 1o that oaly the free energy of & chemical reaction
ua:'mhmmdmnm wor  Since eventually the liberation of esergy
H
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from the high-cnergy phosphate compounds involves the hydrolysis of one or
moce phosphate bonds, the obvious thing to do 1 to look for a system that
can spht phosphate bonds. \lost people workung in the fiekd of muscle re-
search bave concloded not unnaturelly that the ATPase actnity of myodn
and xctomyosin cannot be considernd as wwodental but that they must have
an important roke m the hberation of energy for ontraction  Certan dif
Frultses have been raised in this connection by Mommaerts,® »ho bas pointed
out that the ATPuse actlvity of myosm 13 too low to account for the phosphate
Lberation 1n living muscle. However the recent work of Momles and hu
colleagues® has sbomn that substances that apparently have no knomn role
in the metabolsm of muscle, such as aminaethylisothiouronum can con-
mderably incrense the ATPase activ ty of muscle. Therefore, by ammaming
the eustence of gimllar unknown actrvators in musce or by assuming that the
structural relatyons have sgnificant effects on the ATPase activity the gap
could be considerably narmowed In connection with the latter pomnt 1t
should be noted that the activity of punfied cytochrome ¢ 1 much lower 1n &
reconstructed system than in the intact system ®

The ‘how of the converson of the phosphate bond energy 18 of the grestest
theoretical interest 1n the problem of wbat might be called chemicomechanical
couphng  The theories coald be d vaded into two groups classcal ones and
perhaps, those that might be calied quantum-mechankenl theories. In the
latter group Albert Srent-Gyorgys n one of the pioneers® ®= Of course, 1t
shoul be erophasized that cven the clamlcal  hemusts of today are cognimnt
of the use of quantum mechanics the most clasmcal-Jooking argans chemical re
action can be described 1n term of delocalized  rhitals within vanous organn
molecules.  The effect of certain substituents on the reactivity of aromatic com-
pounds has been most elegantly discised, for emmple by Longuet Higgms **
For the purpose of thxs discusion bomever we can male me f coneept sxh
a1 group transfer charge effects, change 1n shape due to entropc fa tory, and
other  Szent-GyorgyP advocates the coomderation of the povability of
energy tramsfer throughoat the biological fabne umibar to that occamng m
an electnc conductor or semconductor with an electron gas  If the structural
views suggested by the expeniments of Holtzer and Marghall * mere to prevail,
some such mechansm would be almost inevitable mnce the ATT splitung
would occur fn spatisl separation from the rest of the contractile mechantsm
Even In this case onc would eventually find it necesmry to make use of the

concepts 1n descnbing the actual mechantsm of contrection  Just as,
. for exnmpk 1n which the

sich as momentum, gears, and axies It i postible homcver
m?nﬂf;:clercmy eventually arrive at a description that can dupense
with afl localized roncepts sach as shortening of bonds, folding of makecules,
2nd softing of chain ;mi,uS.::nl—Gyorgl‘mms.dmmybe:‘bdo
sale change In the water structure %0 that the whole structure could collapse

+f the enayy somehow either lealed out or were put Into it
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MY(K ARDIAL ETTICTENCY

R J Bingand G \licbal

Department of Vodurne 0 ashinpreon { arosw Schwel of sdrctns ¢nd the [ erits,
Unrernt Media Scmcx ) cirams Udmimsnracson Hespsial St Lowis, 3 0

thfnlldhﬂmlolhcmpndbmncﬁnmcy‘ouﬁkldloldhtmm:
of dymamic events, sach as ressunc flon  and presaure  The
Pngrapht, however are rostricted t revue® of ino factory that mffuercy
the calculation of myocardml efickncy  anaerobic metabolum (lycolan
and atvgen consumpuon of the nonbeating heart. The final portions of ..
paper are devoted t disoseson of myocardis] energy utilintlon.
Tbeeﬂiczqulbehnncnnbedammuedbywmbolthethm:,
q lent of the wocd p d t the heat liberated. Py
be indirectly caloutated by anpunnglbelcrk[nrform:dluhtbgm%
ongen wage Th former m synonymous » th energy utllimtion the Ly

unlesy

that anaerobic givcolyss 1n heart muscie # abdent  An additloa)
meec-kuhLmulmyurudchﬂ'ncncyuhufmlbehqlhuT
nkuhlmmnhdwlyubu‘ulheﬂwrﬂﬂﬂad,ubigfmls‘

degraded into beat, 1 utilized exclusvely for ‘wful wark.” Thyy
unlyLbemecthnI‘orLetpaﬂtdhylhehunhwumjn‘wl:'_
memmmwmmmmmmmwm“_
blood stream Therefore a Lnomkedge of the ovygen ddr
Doti-beating heart s emental in th determination of myocardly L
1 mmam«nnmmme&myd.hh%‘hr
depends t .h:pmemoaneaxymcmmmprndthemcd ta~
Cathetennmton of the coronary sinus has made ft posshy m‘:';lb

have indicated that fatty scids farnsh lhh:upnten m““{buﬁmmﬂ:f"
epergy production of th beart  In the D slate, the relation L
the contnbution of carbohydrates od noo-carbohydratey 1o wbm.:
production » bout 1 103 The heart can ose all subatratey e
Blood, and m geoeral the amouat of |y individual subatear oy Ty -
o0 1ts rtestal concentration.  Storage of foodstufl bym:mh‘d%:,
campl  carbobydrates arc stored a5 glycogen and fatty acidy gy !
There 18 0o evadence of glycolyms m the normally beating heart .n:“nl{n
ccrmnnbmnmlcoodnjous,hmmg}ym}ymdm.m O

ardual infarction and follow ipg arrest of the corvoary circuje et & -
these oodibons, lactate and pyruvale concentrations n l"‘:‘c
weed those in artetal Bood Anserobic glycolyss iy m""chbv

The ok 0 the u fund fraen tie Py
1 Gt N mupu'fﬂnmgn“gnmm nﬁnl:.;._(
\fadacal Fund, the Axencan Heart Amocution, Nurreagiy ke
ennd the Tobacen Tnckatry Research Cowwaaitre, New Yok N Y
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Tamz 1
Propacetes [
s i et
‘Tomos shees (rat) 15 n
Arrested dog 100
Beating dog beart H0
trog kuman beart 254

the penod of mchema and anoxemia o ot too extenmve (less than 2 (0 3
hours)

The second factor that plays an impartant role in determining myocardul
efficency s the oxygen consumption of the arrested heart It has been
demoustrated that the otygen usage of the beart arrested with potasmum
chlonde varies berween 20 to 35 per cent of that of the paturally perfused
heart 1 sux Thuﬁndmgl:mn.grrmtmmruuluobumcdby(.m
and Sabmton *

A may be made between the O consumption of trasue sles
and that of the wbole arrested heart 12 six  This necessitates conversian of
myocardil Oy mage into umits of dry weight, which can be accomplshed by &
factor 522 represenning the relatonship between dry and wet welght of thmuc

Tho results of these calculations are presented n TasLe 1 Studies
{from this laboratory have shown that there s no mgmficant difference betw een
the otygen consumption of the heart beating with empty ventrcles, the
fibrillating heart, and the beart arrested wath potassium chionde ¥ In contrast
Lorber! has found the oxygen comsumption of the fibnllating bheart to be
greater than that of the arreated or of the normally beating heart It s
posmble that the hugh myocardial oxygen usage reparted by Lorber remults
from the fact that 1o hrs preparation the chambers of the heart are filled with
blood therefore, the temsron and length of the muscle fibers are greater than
in the experiments reported from this laboratory where the cardiac chambers
were empty * The relatrvely high oxygen consumpuion of the arrested per
fused heart necesatates & Tuation of p: ly publshed data on myo-
cardal efficiency  Such cakculations can now be made from the difference 1n
O, usmye between the naturally beating and the arrested dog beart
(mmnojwdmbud.ughmnuuuml/nun mean Oy of the arrested
heart is 483 mlymin)  Consequently the Oy ¢ ton of the [atter 18
19 4 per cent of that of the beating beart Accordingly 19 4 per cent of the
tamo,mmnmpunno“h:kftvmukkhuwd{orbnnlmeuh)l:pmtm
exclusive of wock. The efScwency of muscalar sctivity of the beart can there
foce be obtalned as follows
Work of beart
G commamiAion /i X 2059 X 0806
equvalent ml) of L ml of Ozatan RQof @82
where 2 059 Is the energy md"lgfh:w)umnﬂclminhbehnmly
mouhmwdm B approximately 37 per

“ccording to these calculations, myocardial efficlency = app

cent in the dog and 39 per cent [n man
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