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Summary some of our own contriltions to the field fit within the

L , , i i grand scheme of things.
1. This is a concise wew of the field of ion

pumping from the perspeet d the authors. Visvitalis, the vital force
2. The period ceered spans the diseery of Na ) ) _ _
and K concentration gradients across animal cell Until recently progress in resolving the mechanisms

membranes by Carl Schmidt in the 1850s, through tif ion pumps has been a long wl@rocess, with man
isolation of the N§K*-ATPase by Sku in 1957 (for which hurdles and setbacks along thaywf one wishes to trace
he was warded the 1997 Nobel Prize in Chemistry), to th&h€ origins of the field, it is necessary to go back to the

publication of the first crystal structure of the enzyme ifnid-19" century. _ _
2007 and beyond. lon pumps are o recognized to be responsible, at

3. Contritutions of the authors’ research group to thi#ast in part, for markedly different ion concentrations
resolution of the questions of the mechanism of tH@side and outside ofviing cells. In particularthe Na
allosteric role of AP within the N&K*-ATPase reaction concentration in the cytoplasm of cells isvJavhereas that
cycle and har protomericversusdiprotomeric states of the In the extracellular medium is refegly high. In the case of

enzyme influence its kinetics are discussed within tHBe K ion, the reerse is true (see Figure 1). Thact vas
context of the research field. first recognized by the pioneering ysiblogical chemist

4. The results obtained indicate that thdcarl Schmidtin the early 1850s duringestigations on the
Na*,K*-ATPase has a single ATP binding site, which can Jathology of c_holeré,yvhu_:h was endemic in his nag
catalytic or allosteric in diérent parts of the enzynge’ RUSSia at the time. This disewy came while Schmidt as
reaction cycle. comparing blood of cholera victims with that of heglth

5. The long-running contr@rsy over whether P-type individuals. A
ATPaes function as protomers or diprotomers can be During the course of the second half of the"19
resohed in the case of the N&*-ATPase by an AP- century it became clear that the ionic concentrations of all

induced dissociation ob@), diprotomers into separate animal cells were significantly different from those of the
protomers. 2 extracellular fluids and that the secretion and absorption of

5. Kinetic data suggest that protein-proteinions or nu_trients o_ften volved th(_ai_r meement against a
interactions between the ovaiB protomers within ang(@), ~concentration gradient, thus requiring a source ofgynev
diprotomer result in a much lower enzymatic twaipi.e, Minority of physiologists at the time still attted this to
a lower gear when only one of thex sulunits of the the presence of a vital force within alviig omganisms,

diprotomer has bound T® The inactve ap protomer €V though a decise mail in the cofin of vitalism within
within the diprotomer can be thought of as causing a dr&gemistry was already detred by Friedrich Wohlet one

on the actie protomer. of Carl Schmid8 doctoral advisors (the other was Justus
von Liebig), in 1828 when he stved that urea, an ganic
Introduction compound, could be synthesized from gamic starting

materials. By the end of the ®entury howeve, many
Professor Alg Hope? was ane of the founders of physiologists were attempting instead to understand
the Australian Socier of Biophysics. The topic of thiﬁnembrane transport purely in terms of theysital
paper based on the inaugural McAulay-Hope Lecture, i$rocesses of filtration and flision. In the 1890s, major
devoted to one of his main research interests:vecti,york rejecting the imolvement of a vital force as the source

transport,i.e. the energy-dependent transfer of ions angs energy for the transport across cell membranes and at the
molecules across the membranes\ihg omganisms. In his same time accepting the inadequacf filtration and
own research Professor Hope concentrated on th“’eaCtUiffusion, was carried out by both Rudolf HeidenRain

transport processes of plant cells, whereas we ShéL'Jniversity of Breslau) and Ernest ®xorf (then at the
concentrate here on animal cellsyt bthe fundamental University of Ziirich).

principles of actie transport are the samegeedless of the Heidenhain (doctoral advisor of da Faviov of

type of oganism. . . _ salvating dog fame) concluded that, if filtration and

~ The aim of the paper is to pide an erview of the  itrysion cannot completely explain membrane transport,
field of actie ransport, in particular ion pumping, from theyyhereby in both cases the\drig force lies outside of the
personal perspewt d the authors. Whope to gie OMe  cell membrane,i.e. due to differences in ydrostatic

insight into hev the field has desloped wer the years to its pressure on each side of the membrane in the case of
present state of knowledge and to descrilve, oour view,
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moved with his family due to a chronic iliness of his mother
to Switzerland, where he started to study bptanh the
University of Zirich in 18849 Perhaps his relation to
Darwin may hse partly influenced him in his total
K+ rejection of vitalism.
In 1901 Owerton meoed to the Unwersity of
Wiirzbug in Germary, where he carried out further redat
= work on the topic of acte transportt! There he bgen
investigating muscle contraction. In what he considered at
the time to be surprising results, he found that the presence
of Na' ions in the solution bathing a muscle fibraswv
+ necessary for muscle contraction and could not be replaced
a by an isoosmotic swag solution. Based on these findings, he
correctly attributed an exchange of 'Nand K" ions across
the muscle membrane as the origin of a change in electrical
voltage leading to muscle contraction; an amazing
) S _achierement for the time. Furthermore, he realised a
Figure 1. lonic distributions across cell membranes. M™ 5 ohjem associated with thig/pothesis,i.e., that the N&
represents impermeant anioresg. negatively hiarged pro- 54 k+ concentrations across the muscle membrarer ne
teins. '_I'yp|cal intacellular (||_1t) and gtrqcellular (ext) con- equalize during an animal’ entire lifespan. Thus he
centations of the small inorganic ions ar [K*];, = concluded that there must be a “mechanism” whichke
140-155 mM, [K],, = 4-5mM, [CI'];, =4 mM, [CI"] ., = 5qinst the equalization of the concentrationse Vibw

_ + — 7,8 . . .
120 rT1M, [Na], = 12 mM, [Na'], = 145-150 mM-® |y that this mechanism is in fact the f\&"-ATPase or
(Note: In the special case daéd blood cells [Cl],, is sig- sodium-potassium pump.

nificantly higher (48-53 mM) and [C],, is lower (98-109 Unfortunately Owertons hypothesis of Naand K
mM) dgue to echang with HCO;™ across the plasma mem- gy change across the membrane as the origin of muscle
brane;’ which is important for CQ excretion and the“mam- excitability was either not widely accepted at the time or
tenance ,?f blood pH. Thiehang: is known as the “blo-  gygy totally dismissed. It took 50 years before the
ride shift”.) hypothesis was re-diseered and erified by the work of
Hodgkin and Huxlg!? for which the both receved the
filtration, and differences in chemical composition in th&lobel Prize in Medicine or Physiology in 1963. According
case of diffusion, then the diig force should lie within to Kleinzeller'® Andrev Huxley once commented that, “If
the membrane itself. As an analogy he used the idea oP@ople had listened to what @ton had to say about
“microscopic steamship” tvalling against a current. Later excitability, the work of Alan (Hodgkin) and myselfould
in his paper Heidenhairven used the term “pump”, which have keen obsoleteT his raises an interesting philosophical
we use today. question. What value are scientific digeges if they are
Overton was ware of Heidenhairg work and came hot passed on to future generations for the benefit of
to similar conclusions. For example, he was convinced théciety? Ifa dscovery needs to be re-diseered, it would
the uptak of NaCl from the gut into the bloodstream couldseem that the initial diseery can be rgaded as wrthless
not be due to a pure osmotic process and must inste¥cBt most in hindsight of pure academic interest.
require endgy, because otherwise oneowuld expect the It seems that Overton was not able to convince a
NaCl to flav in the opposite direction. He considered thagufficient number of his contemporaries of the value of his
the epithelial cells of the gut must baimjng the necessary Na'/K* exchange hypothesis to ensure its seavi The
enegy for the NaCl uptak from metabolic processesreason for this may lie in part in his character and his
within the gtoplasm of the cells. He termed this ar@Pproach to scientific researcfihroughout his scientific
“adenoid”, i.e. gland-like, activity of the cells. Although career Overton only had one collaborator with whom he
we do not use this term toda@verton was describing, pUb'lShEd tvo papers and he had no student collabordfors.
quite preciselyactive ransport. He seems to va peferred generating data with hisvio
As in the case of Heidenhain, &wn made it ery hands and what he did publish, he published mostly alone.
clear that he as not proposing gmreturn to vitalism. He Therefore, he ner accumulated around him a group of
sav the energy necessary for the waetransport of Naas disciples who could spread the “goodord” of his
Coming direcﬂy from so-called “Mio|ogica| combstion” discoveries and ypotheses. It is clear that Overton ismno
of an animak food intake. Thus, the transport could’€cognized as a pioneer of membrane physiology and some
continue throughout the animalifetime, i.e. as long as its Of his ideas€.g.the pharmacology of narcotic action) were
metabolism of nutrients continued. There was no need acepted in his own lifetime,ub his impact on the field
assume an vital force. It is interesting here to considercould hae keen much greater had he had the ability to
Overtons family background. In fact he as a distant sufficiently publicise his wrk. This stresses the impevati

relatve o his mothers sde of Charles Darwin and he task of @ery scientist to publicise and promote their ideas if
they want them to survie, rather than be fgotten and
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gaher dust on library shelves. was Professor of Pisical Chemistry at the Uwersity of
o _ Liverpool13 In this paper Donnan suggested that if the
Kinetics versus thermodynamics cytoplasm of cells contained electrolytically dissociated

In the history of science, the beginnings of quanturﬂon'di"’uys“”Ible saltse.g. protein anions, which tyedo,

theory and disogeries on the structure of the atom l,j“:)pe‘,jﬁmall permeable ions would partition themselves across the
to overshadev other scientific achieements of the late 10 membrane so as to maintain electroneutrality in both the
and early 20 century At the time, haever, diffusion was cytoplasm  and ‘the xtracellular medium. Thus, t.he
another hot topic of research ocyig mary top plysicists cytoplasm would naturally tend to attract small cations,

and physical chemists. For example, in 1901 mObwhereas the »racellular medium would accumulate
Henricus an't Hoff rec.ei/ed the first 1Nobe| Prize in anions. Referring back to Figure 1, one can see that this

Chemistry in part for his deelopment of a quantitate @dea clearly makes sense for the disniidxp of K" and Ci
theory of osmotic pressure.aWt Hoff, together with lons across a cgll membrane. Donsafveory th.erefore,
another Nobel prizeinner Wilhelm Ostwald (a former quickly gained wide acceptance. The problem isyder,

doctoral student of Carl Schmidt) are generally consideregi',"’ltt tgﬁ SO'C?Itlﬁd llil);nnan quumzrludeoes n:]t expla|”n the
at least in the German-speakingnid, to be the founders of IStribution of the lons. Based on Donnanheory a

the discipline of physical chemistry due their establishmeﬁ{arm&aple lons of the sal;ne @E:Erslhoﬁld r::\d(()jpt t.T)e. same
of the Zeitsdarrift flr physikalisbe Chemiein Leipzig in Istribution across a membranejtiziearly the distribtions

1887. Another major deelopment in the theory of of Na" and K are the opposite of one anqthwhich h‘?‘d
diffusion in this period &s Einsteirs dscovery in 1905 of been known since the days of Carl Schriidia reconcile

the link between difision and random Brownian motion,Iﬂ'i'ncﬁnsmem”mw p;)hysmloglsts felt forci?(;c;ﬁ;sgime
one of the four major disweries of hisannus miabilis; the at, whereas cell memboranes were permea

others being hisxplanation of the photoelectric effect (for'ons’ thy should be. compIeFer impermeable to*Nans.
which he was warded the 1921 Nobel Prize in yRiics) The N& concentration gradient across the membrang the
the special theory of relativity and the egignce of mas,s concluded must ha aiginated at the earliest stages of cell

and energy (E = & In 1888 Walther Nernst had alreadyd_iviSion and persisted throug_hout an a_nimhﬂespan. This
developed the theory of equilibrium difsion potentials, view, popular for mag years, is epitomised by the work of

and in 1890 Max Planck praled a theory of the Irish biochemists, Boyle and Coayypublished as late

electrodifusion, summarized by what iswdnown as the as 194% following an initial outline inNature two years
, iarl5
Nernst-Planck equation. In 1917 the Polishygitist S2€"

Smoluchaevski published his theory of the rate offdgion- At Fge time tlhatfoylet a:jn(_j g.on\?./ay \t/\r/1ere vvtr|t|ngt;)_t|.k:e|r
controlled chemical reactions in solution. In terms of thBaP€r evidence alreadyested indicaling the untenability

topic of this paperhoweve, the most releant work on of the notion of an impermeant sodium ion. In his paper
L 6 . .

diffusion published in that period is that by the IrisHO™ 15/99} for exatmp;e' Od".e”"”. based h'y'dt“’thes's °f|t

physical chemist Frederick Donnan on the effect of norft" ace Tansport ot Sodium ions in part on Tesufts

dialvsabl It&3 which il d ibe i detall pu_t?lished in ;856 by the German high school tegcher
bgg’;a Ir? fhae "g\]l\;]tlcof Wilwcl)f tﬁ:gg 2&&;{:&5 einal Wilibald Schmidt® who demonstrated that dead animal

) o
understanding diffusion, it is natural, therefore, thalrpemlbr(jan;s t\r/]vetre _(faast;;:y permeta)lble o I:ﬁns. Ol\erton
physiologists of the period would attempt topéain conclude at | € membranes hemselvwere
membrane transport in terms of thewhe developed intrinsically permeable to Na the N& concentration
theories, rather than to adopt @tons and Heidenhairs gradient across living membranes must be maintained

idea of actie ransport. Anotherdctor against the idea of during the life of an animal by the aai expenditure of

active transport was its apparent wastefulness of ascellegter.QY Conter::pqra(tjr_lest_of B(l)ylel a?:mgoaw wert()e also
energy resources. obtaining results indicating clearly ing membranes

Since the time of Thomas Grahamhork on @s are permeable to Ndons. By 1940 Wallace Fenn and his

diffusion, dialysis and colloids in the first half of the"19 B‘g'ibﬁraéc}f Dloris C%?Bhatdthe Urwr(]arsity CS Rocrlr:e;zr
century Britain had lost the lead in pkicochemical » nad firmly established an exchange betwee

research to mainland Europe, in particular GegmHrwas, K™ occurring on stimulat_ion of WUSC"?’ as syggested by

therefore, logical that, folleing his undergraduate giese Overton aver 30 years (_earhe%l In this period, rad_|0|sotopes

in Ireland, Donnan should trd to the geographical focus §tarted to becomevala_ble for research, which greatly

of his research interests at the time. He carried out his P reased the aqcuryaof lon trans_port mea_surements. L?On
eppel, a medical studentovking part-time in Fens

studies under the supervision of Oaldvat the Uniersity borat d radioags 2“Na* iniected into th |

of Leipzig, and, after graduating in 1896, he spent sonI% or? otry urslelsrti '??)‘Z th at mJeI(I:(Ia m% .? muicle

time working with van't Hoff in Berlin. He was greatly N +ras 0 she at both extracetiuiar and ntracetiuiar
Na" could rapidly exchange with Nan the blood plasma

influenced by these pioneers of physical chemistrgl, in . . :
the years follwing his return to Britain, the experience heOf the animals. Shortly afteasds, Steinbach at Columbia

had gained in Germgnhelped him to strengthen the(LjJniversitty, ;%A’ foIIOV\{%(Ij up OR Heppte;f:i’f(perin;\tlentz aKr:d
discipline in the British IslesFor the topic of ion pumping emonstrated a revasible excnange between Nan

th t rebeant h blishedas in 1911 while h in isolated muscle. fibres. Prompted by the results of Fenn,
€ mostre paper he publishedas in while he Heppel and Steinbach, Robert Dean (also from the
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Department of Pysiology of the Uniersity of Rochester word “pump”.
where Fenn and Heppel were located) publi&heal

detailed criticism of the Donnan-equilibrium-based theor§ €& enzyme
of Boyle and Conway. The logic which he used as
identical to that used by @xton in 1902. Quoting directly not i

from.DeanS paper: “It is dificult Fq see he the mus_cle can  .oched by reading the papers of Heiderihaimd
get rid of the sodium by grequilibrium process since the Overton51 published at the turn of the “9century.
activity of potassium must increase in the fiber and thl‘—elowa/er’ the reneva of the idea of actie tansport

activity of sodium must increase in the plasma duringollowing the work of Fenn, Heppel, Steinbach, Peters
recovery. Therefore, there must be some sort of PUMy anawski, Harris, and Dean éid muas'te,a nev gener,ation ,
possibly IocaFed in the fibgr mem_brane, which can pumy scienti,sts to 1go in search of the sodium pump. As
out th_e sS)d|um orwhat is equidlent, pump in the described by Robinsditacceptance of the need for a pump
potassium.” was ot immediate, bt because of the weight of support for

Deans aiticism of Boyle and Conway does not, it, there was no ay it was going to disappear again from

however, mean that the theory of Donnan is incorrectthe scientific radar as it did in @xon’s cay. By the middle

Certainly the Donnan effect is real and it needs to be eith&r the century acte ransport of Nawas an stablished
taken into account or fictively suppressed.€. by adding __fact for both muscle and red blood ceftd,e. for both an

excess TertTh eIecFrct)Iyte)th tmth egu”'b”ruﬁemaf dlalyf"sexcitable and a non-excitable cell type.
experllmteln S | (.e pmnd.lst m.a e onna” cal;nno To fulfil the criteria for identification as the sodium
completely explain ion distriliions across cell mem ranes.pump it was then clear that an enzyme should be

The_lle{;T and K éont:|str|but||cl>n§“ aret_ n afCtht 'T fmembrane-bound, require Nand K" for its activity and
equrlibnium &/én under the so-called Tresting condiions= ot ;76 5 source of engy. Howeve, before the sodium

e€<C|tgblet ctells sgcth_asdngmotrhrruscléa., but Tstegd n a ump could be dissmred, or more preciselybefore
steady-state maintained Dy he sodium-potassium bUNRPsentists could be in a position to realize that an enzyme

Henci tthtlal Donr}ap tthheoqu %_pltrgbect:]_umbnumhtheqr,yclan they had stumbled across was actually the sodium pump,
hever tolafly expiain the lon cistrbutions. A{rr: emical or = ¢, rther information was requiredFirstly, what could the
b|0|()_g!cal system W|II.¢en.tuaIIy reach equilibrium, but for enegy source be? Shortly before the publication of Dean’
ary living system equilibrium equates to d_eath. critical review, the Russian scientist Vladimir Engelhardt

In paraliel to the wrk of Dean and h.'s g:olleagues %Mand his PhD student (who was also his wife), Militsa
muscle, a dferent route, but equally convincing one, to thq_yubimwva, discoverec?® in 1939 that hydrolysis of PP
idea of a sodium pumpas being followed by researchers

. ovided the energy for muscle contractioe, that myosin
working on blood. In the late 1930s and early 1940s blol as in fact an APase. That the coupling of biochemical

Péactions to the transfer of high energy phosphate bonds,

@grticularly that from AP, is a Wbiquitous mechanism for
iving otherwise non-spontaneous reactionaswsoon

recognized. Solid xéews by both Fritz Lipmam{ and

Hermann Kalck&® in 1941 contributed to the quick

from 37°C to 7°C sqdium anq po_tass!um ;eemed to Crog ceptance of this realisatioAlready in the 1940s, it thus
the cell membrane in opposite directions in nearly equg peared likely that the sodium pump should be a

amounts, clearly in contradiction to the idea of al embrane-bound BPase. That the uptakof potassium
impermeant Naion. Furtherzgperiments by Danowski in ions in red blood cells did inaét require ATP s
tr;e same I%bo;]atory abveoebt?at when the a‘ljpply gf confirmed in 1954 by Gard&hrough direct eperimental
glucose an ence metabo IC_energy w agste measurements, in which he introduced ATP into red blood
potassium flowed out of the cells irohange for sodium at_ cells and showed that theould continue to accumulate'K

room temperature. Similar experiments were bem% ; - 2
: ns even in the absence of glycolysis as long as“Mgns
conducted by John Harfisat the same time at the Stat%ere present as a cofactor fgosltheyATP g 9

Ufn:;/?r ?ity of l?éva‘tm aéddbifiond, ':?;;is ds?ovtveddthatkyhet.loss A final crucial disceery leading up to the actual
0 rom cold-stored blood Tollwed Tirst order KINCUCS ;qq1ation  of the sodium pump was the finding by

directly from the time of cooling without gag, indicating Schatzmant? in 1953 that sodium and potassium transport

that it could not be due to ywrold-induced deterioration of in red blood cells could be specifically inhibited by heart

Ehe pells with tlr_ne. Summarizing his results Harris stqte :chosides,e.g. digitoxin. Since Schatzmann could gho
Plainly, the viev that the erythrote membrane is

. . . . > that the heart gl ides had no infl the glycolysi
impermeable to cations, the distrilon of these ions being a. the heart glycosides had no nfluence on the glycolysis

) . of the cells, he was able to conclude that/thes direct
a datic phenomenon, must be abandoned. In its place mﬁibitors of the sodium-potassium pump

be substituted a concept of hormal membrane permeability By the mid 1950s it was cleaherefore, that apart

to sodium and potassium, their concentrations in the ce}s being membrane-bound and requiring’ ltad K for

being ma}intained by one or more metabo!ic functions of ”?Fs actvity, the sodium-potassium pump should requitdA
cells’ This corresponds precisely to thewseexpressed by as an energy source and Mas a cofactor and it should be
Dean based on musclexcept that Harris did not use the

Deans proposal of a membrane-bound ion pumgsw
n fact entirely ne. The same conclusion would be

developed in the USA, just in time for the Seconanil
War. A practical concern in those days was the cold-stora
of blood. In 1940 Solomon, Hald and Peters aleY
University, USA, found?! that when blood as transferred
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inhibitable by heart glycosides. Then in 1957 such drorbush and Hdfman at the Department of Piology,
enzyme was isolated by Jens ChristiamBk (University Yale Uniersity School of Medicine. Unfortunately

of Aarhus, Denmark) from crab nerve. lacf Slou's unphotolysed cagedT® can modify the observed kinetics
discovery was serendipitous, because he was simplyy blocking ATP binding sité& and this inhibition needs to
looking for an enzyme on which to test the action of locdde taken into account if one is to accurately determine rate
anaesthetics. Initially heag too cautious in the title of his constants.

paper on the topic to identify the enzyme he had deed
as the source of agé ransport of sodium and potassiumr
In the following year howeve, Skou met the American
physiologist Robert PosE soon to be a pioneer in sodium
potassium pump research in red blood cells, at
biochemistry congress in Vienna. Post askedou®k
whether his enzyme as inhibited by ouabain, a hear
glycoside. Skou was notvare of Schatzmana'work3 and
did not knav what ouabain was. On returning to Aarhu:
however, Skou conducted the crucialkgeriment and found
that his enzyme was in fact inhibited by ouabain.
publishing the results of this experimento8kthen clearly
suggestetf a link between his isolated enzyme and tt
active ransport of sodium and potassium in the title of h

paper Almost 40 years latem 1997, when there had long ®
been no further doubt that &Ks Na',K*-ATPase
incorporated the complete aai ransport machinery for o s

sodium and potassium ions, he reedithe Nobel Prize in [aTP ®
Chemistry for his disogery.

©

4

O Na* @ K

M echanism

After it had become clear that the N&'-ATPase Figure 2. Albers-Post model of the mechanism of the

was in fact synonymous with the sodium-potassium pump¥a’,K*-ATPase. The sequence of intermediatesnir1 to 6
the most fundamental chemical questions were what is f#&und the cycle correspond to the followingactions:
structure and he does it function. Information on the EL(N&),ATP - E2P(N&), - E2P - E2P(K"), -
complete mechanism of yachemical reaction can only be E2(K"), - ELl. Thediagram has been modifiedom
determined by kinetic measurements. In the early dafdarke (2009)*

following the isolation of the NegK*-ATPase by Shu,

much \aluable mechanistic information was obtained by An alternatve method to simultaneously actie

steady-state measurements of the enzyraetivity. l—shg mary pumps is to produce anTR concentration jump by
led to the widely-accepted Albers-Post or E1-kele rapid mixing with ATP using the stopped-floor quenched-

describing the sequence of reaction steps the enzygi&y technique. In ourwn research we ha incorporated
undegoes in transporting Neand K" ions (see Figure 2). an electrochromic fluorescent dye into the membrane

However, to determine the detailed mechanism of compleggjacent to the protein to monitor ion pump kinetics. The

multi-step mechanisms, asvaived in ion pumps, requires sy ryinyridinium dye RH421, desloped in the laboratory of
one to be able to res@\vhe kinetics ofindividual reaction  Gyinvald and Hildeshei? at the Vizmann Institute,

steps. Because thendego relatvely large conformational grael, responds to intramembrane electric field strength

changes as part of their reaction cycles, ion pumpe h&:panges induced by ion binding and release steps of the
relatvely low turnover numbers. The tumner of the protein, A similar experimental approach was used by
Na’,K*-ATPase is approximately 200"sat 37°C* This is  professor Ale Hope in resolving the mechanism of the
far below the measurable ion flgx through a smg!e proteigytochromebf complex of the photosynthetic apparatus of
channel of around & 10° s* (equivalent to 1 pA) using the ¢pjoroplastd3 except that in the case of thgtachromebf
patch-clamp technique, didoped® by Neher and Sakmann ¢omple the electrochromic chromophoreas intrinsic to

in 1976 (for which the receved the Nobel Prize in he protein, whereas the NK*-ATPase has no intrinsic
Physiology or Medicine in 1991). Thus, electrical recording|ectrochromic chromophore and hence axtrirsic

of single ion pump agtity is currently impossible. In order fluorophore has to be added to redte approach feasible.
to measure the kinetics of imitiual partial reactions, it is An interesting question, which stoppeddflo

necessary to synchronise ryapumps and aotete them measurements using RH421vhatelped answeris the
simultaneously One means of rapid aettion is via an  gjosteric role that AP plays in the NaK*-ATPase

ATP ncentration jump, achied by “releasing ) it mechanism. Of course ATP provides the ggeto drive
photochemically from an inawg recursor (‘caged P°")  Ng+ and K* transport, and it does this by transferring a

triggered by a laser flash, a method introdd€bg Kaplan, phosphate group to the enzyme, forming high-gner
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intermediate states. Maver, ATP also plays an important the effect of ATP on the E2/E1 conformational transition of
allosteric role in accelerating the E2 E1 conformational the N&,K*-ATPase does not conform with the original
transition of unphosphorylated enzyme, whictolmes the definition of the word when it as first introduced by
release of Kions to the cytoplasm, and helping tovérihe Monod, Changeux and Jad8#? in the early 1960s. The
enzyme in the forward gkiological ion pumping direction. etymology of the wrd is that it dexies from the Greek
This was first recognised by Post and akers®37in the aAAop (allos), meaning “other”, which Monod, Changeux
early 1970s. &r mary years after this initial dissery, and Jacob specifically chose to imply an interaction of a
however, it remained a contk@rsial question as to whether small molecular species with a site distinct from, or not
the enzyme had wvATP binding sitesj.e. one catalytic overlapping with, the actie ste. Thereforethe question
phosphorylating site and one allosteric site, or whetheradtises as to whether TR should be described as an
had a single AP site, which could alternate betweerfallosteric” efector of the N§K*-ATPase at all. Since
catalytic and allosteric roles as the enzyme proceedbtbnod, Changeux and Jacsb&arly work, havever, a
around its reaction cycle. number of cases of substrateelildfectors binding to the

In 1982, Askari and Huarg provided kinetic active ste of allosteric enzymes ta keen identified®
evidence indicating that ATP can bind to theHence, it seems unreasonable to excludeveastie
Na'",K*-ATPase prior to dephosphorylatiore. ATP and B interaction as a possible mechanism within the definition of
can be bound to the enzyme simultaneou$his would an allosteric déctor A wider definition of the wrd
certainly exclude the possibility of a single ATP bindindgallosteric”, ignoring its original etymologyvould seem to
site fulfilling both catalytic and allosteric roles, if th@R be appropriate. #riyan and Eisenbg?' suggested the
binding site and the phosphorylation site were natefinition of allostery as regulation of a protein through a
sufficiently spatially separatedHowever, recent crystal change in its tertiary structure, quaternary structure or its
structural data indicate that there in fact separated. Of flexibility by a small molecule or other proteiwithin this
particular relgance here is a structure of an E2PPA broader definition ATP can still be classed an allosteric
analogue form of the sarcoplasmic reticulun?'oATPase effector of the N§K*-ATPase.
(a P-type APase related to the N&*-ATPase), published )
by Oleseret al#in 2007, in which the authors used AIF Monomersor dimers
as an analogue of imgenic phosphate and the non-
hydrolysable ATP devative AMPPCP This structure
shavs that P-type APases possess separate ATP bindi
and phosphorylation sites, and that phosphorylation do
not preclude ATP binding. Hence there is no reasonamh
allosterically bound AP could not function catalytically at
a later point in the cycle on a single ion pump molecul
Stopped-flv measurements utilizing RH421 shed"’
conclusvely that this in fact occurs for the N&K*-ATPase.

By rapidly mixing the enzyme in the absence ofMg
ions simultaneously with NaCl andlTR a perturbation of
the E2 - E1 equilibrium of unphosphorylated enzym
could be induced through_ the formation of the Etjhia ublication of the first crystal structures of P-typEPAses
state. The AP concentration depe.r?de.nce of the rate (gftarted to appeAPS+ it has become clear that
relaxatlon of the E.2H I_El equilibrium showed an dimerisat
accelt_eranon occurring I tw sagest’  In .the athway lon transport for the NeK*-ATPase, for gample,
submicromolar ATP concentration range (typical og

X L . ccurs through the centre of thesulunit. This does not
catalytic ATP binding to the E1 state) an acceleration of tl?ﬁecessarily mean. hever. that in a natie @ll membrane
reverse reaction, E1» E2, was observed, indicating that ’ '

. L ) . .the protein does not aggjae into diprotomers or higher
patalyt|c ATP binding, Wh'ch can st_lmulate phOSphoryI"’lt'orbligomers, or that oligomerisation has no physiological role
in the presence of Mg ions, simultaneously has an play

allosteric effect on a conformational transition of the The occurrence of heated discussions at ion pump

enzyme. At higher ATP concentrations, in the range %eetings ver whether the NBK*-ATPase exists as a
hundreds of micromolar (typical of aIIosterid’F\_ binding protomer or a diprotomer pres how passionately certain
o the !E2 state), a second phasg ﬁP_/accelerauon of the individuals fivaur one viev or the otherlIn fact, perhaps the
.rela_lxat.lon of the EZH E1 equilibrium vas obsered, truth lies somehere between. The proportion of araog
indicating acceleration of the foand reaction, E2- .Eli people within the scientific community who begbkethat
Therefore, the results shed that the same ATP bmdmgthw possess thavhole truth is probably just as high as

s:}?hcan bet.catal31t|c or a}llosterltl:dde_pen(_jrlﬂg on which p?thin society in general. But, in the authorgperience,
ot the reaction yrie one Is considering. There 1S No NEeGejantists are also not stupid. If agarenough number of

for the enzyme to possess separate catalytic and aHOSt%réFentists argue inafraur of either monomers or dimers
ATP binding sites. '

N - then there would seem to be a highelikood that both
In fact, then, the use of the adj&eti“allosteric” for

The Nd&,K*-ATPase consists of a major catalytic
a-sukunit, a smaller B-sutunit and an een gmaller
sutunit or FXYD protein. One of the most fiercely
8bated guestions of the ion pump fielderothe last 40
years has been the composition of the functional unit of the
enzyme,i.e. (ignoring the y-sutlunit) does the enzyme
function as anq(B) protomer or andf), diprotomer? That
the Nd&,K*-ATPase might function as a diprotomeasfirst
suggested by Steigt al®? and Repk and SchoR®in 1973.
From that time on, manarguments for and agnst
diprotomers or higher oligomers \rea been presentetf.
€Since the bginning of the 2% century when the

ion is not necessary to form an ion transport
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groups are in possession of some of the truth. In this context A possible synthesis of the protomeric and
it is worthwhile recalling the hypothesis of the great"19diprotomeric lypotheses of the N&*-ATPase structure is
century German philosopher g concerning the processthat the oligomeric state of the protein can vary depending
by which scientific knowledge adrces. According to on the experimental or ghiological conditions. There is
Hegel, the acquisition of scientific truth passes througtiear evidence fromx@eriments in which the protein has
three phases: the thesis, the antithesis and finally theen reconstituted into synthetieesicles that anaf
synthesis (although Hegelvee used these specific terms). protomer can carry out pumping of both*Nad K* ions>8
A classic example is the nature of matfEne thesis put However, recent stopped-fle kinetic studies on
forward by the ancient Greek philosopher Democritas w Na*,K*-ATPase membrane fragments from mammalian
that matter \as composed of particles (atoms). Other Gredidney preparations ha indicated that botlk3 protomers
philosophers, notably Anaxagoras and Aristotle (supporteasd (), diprotomers are capable of carrying out ion
of the viev that “nature abhors aaguum”) proposed the pumping, but with different kineticsj.e. the enzyme
antithesis that matter is continuous. The synthesis finalhpssesses twgear§”>° (see Figure 3). The higher gear
came w@er 2,000 years later with the proposal of thawe  with a tenfold higher rate constant for phosphorylation and
particle duality of matter by Louis de Broglie in 1924, corversion of the enzyme into the E2P state, occurs when
the enzyme is in the monomed§ state, whereas thever
P, oK+ gear is associated with theafl), dimeric state.
Measurements conductedvep a wide range of AP
\ / concentrations providedsiglence that a transition from the
(ap), to theaB state and a consequent shifting from thve lo
3Na* to the high gear is induced byl R binding to both of thea
/ \< sutunits within a dimerThe kinetic model shen in Figure
3 thus incorporates both the monomeric and the dimeric
E2(K*), ATP : E1(Na*); @ E1P (Na%);: E1(Na*); points of viev and provides a link between the protein’
quaternary structure and its mechanism. X-ray crystal
Na+%\\ % structures of the sarcoplasmic reticulun?CATPase hae
ADP shavn that AP binding causes a closing of thegaplasmic
2 domains into a more compact conformafi®f? It seems
E1(Na")s ATP : E1(Na*)s likely, therefore, that the PP-induced dissociation ofif3),
ATP diprotomers inta3 protomers could be due to a reduction
in contacts between theytoplasmic domains of adjacent

4K* ATP . T
/ \ a-subunits within the membrane.
6Na*

Conclusion

E2(K"), : E1(Na*); ==——== E2P:E1(Na‘)3

2E2(K*), ATP 2E1(Na*); ATP , .
From the disceery of the Nd and K concentration

2P, gradients across the plasma membrane of animal cells by
” 2ADP Carl Schmidt in the 1850s, one hundred years passed before
@ the enzyme responsible for these gradients, the
Na',K*-ATPase, was isolatet}. Another fifty years passed
2E2PATP 2E1P(Na*); before the first crystal structure of the N&'-ATPase vas

determineéP in 2007. This slo progress indicates what a
\ % comple process ion pumping is. Mertheless, great strides
forward hae keen made, we avenues of research are
2ATP 6Na* .

2E2P opening up and further progress can be expected.

At the molecular leel the mechanism of the
Na',K*-ATPase is nw well understood. With the
publication of crystal structures of the \a"-ATPase and
other P-type APases since 2000, it has wadbecome
feasible to obtain a more detailed understanding of the
mechanisms of the enzymes at #dtemiclevel. Atomically
resohed structures are a pre-requisite for molecular
dynamic simulations of protein function. Although it is still
very early days, an increasing number of theoreticians are

the cente of he cyclesepresent the physiodpcal direction now likely to brare he compleity of ion pumps and obtain

of cycling by the enzymélhe diggram has been modified new insights _mto ha they work. .
from Clarke & Kane5’ Even if the structures of and mechanisms of

individual ion pumps areventually fully resolved, the
more medically relant questions of ha they interact with

Figure 3. Two-gear dimeric model of the Na*,K*-ATPase
mechanism. The upper cycle (1)epresents the lowear
pathway followed at low concentrations ofFFAwhen only
one of the ATP binding sites of arsulunit is occupied.
The lower cycle (2)epresents the high-gear pathway fol-
lowed at high concentrations offR when both of the PP
sites of an §g), dimer ae occupied and the enzyme has
dissociated into two sepate ag protomes. The arrows in
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other cellular proteins and Wwothey are regulated will

remain actie aeas of research for magears to come. The 10.

Na" and K gradients across the plasma membrane created
by the N&,K*-ATPase provide a secondary source of

enegy driving the actiity of numerous ion channels and11.

transporters. In this way the NK*-ATPase plays a crucial
role in such a derse range of physiological processes as
nutrient uptake, muscle contraction, refunction and cell
volume reyulation. The heat that it produces as a by-product

of ATP hydrolysis is wen thought to be a major 12.

determinant of body temperature. In studies of all of these
physiological processes and the pathological conditions
associated with thene(g. cardiosascular disease, diabetes,

epilepsy high blood pressure) the information gainedro 13.

the last 150 years and particularly the last 50 years on the
structure and mechanism of the *N&-ATPase will
provide a solid foundation on which to build.
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