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Amino Acids omenclature

Amino Acid One Letter Abbreviation Thrcc Letters Abbreviation
---

alanine A la
.

R Argargmme
asparagme Asn

aspartic acid O _ 0sp - ---

cysteine C Cys
-- f- - - - - - --- -- -.

glutamic acid E Glu
---- -

glutamine Q liln
glycine G Gly

histidine H 1-1 is
-- -_.._---- _ ._- - - -

iso leucine I Ilc
- - - - -- - -- -- - ------- - --- --- - - - - f--- - - ------ -

leucine Leu
ly ine K I lY -.

methionine M Met

ph nylalanine F Phc
- - - - -- ~- ----- --

prolin P Pro
~- - - -- -

enne
.,

Ser
thrconine l ' 'rhr

~-- trypt phan W 'I'rp
-- --- - - - - -

I tyro ln Y --ryr
~ ---- - - ---- I------ -- - -- . - - --- --

valine V Val
- - - - - - - - - - - - - --- - -- --- -- - - --- ----- --- - --------

I .
acid XI any_a.m l.o

- - --- -- --- --- - -- __ o . -- ..

lw ) f( llowing onvcntions are u ed within thc text:

I) umbe l s d with the amino acid abbrcviation represe nts a posit ion in the

protein sequ ne , e.g., K501 ar IJysSOI denotes a lysi r e residue on the position

:2) utat i ins are xpres .ed by the onc letter ami no acid abbreviation, followed by a

number and by econd one lctter min acid abbrevia tion. First letter denotes

the riginaJ amin a id, the number it po.. ition in the protein sequence and last

I tt r notes the n w I mino acid, e.g., K501 A denotes the .ubstitution of the

ly sine resid e on the position 501 or the lanine residue .
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Abbreviations

2-azido-ATP
8-azido-ATP
ATP
ATPase
B A
D A
d TP
DT1~

El
E2
EDTA
FITC
G T
~I4-~15-1oop

IP'T~G

K60S

()

p

L/I~ m m
t / t ,. '1>a - a..

,I) ., J~ .:

2-azidoadenosine 5'-triphosphate
8-azidoadeno ine 5'-triphosphate
adenosine 5'-triphosphate
adenosine 5'-triphosphatase
bovine erum albumin
deoxyribonucleic acid
mixture of deoxyribonuclotide 5'-tripho sphates
DL-dithiothreitol
conformation of P-type A'TPases with high aťfinity to J\TI)
conformation ol' P-typc ATI>ases with low affinity to A"fr
ethylenediarn inetetraacctic acid
f1uoresce in 5'-isothiocyanatc
glutathione- -transfera 'e frorn l chistosomajaponicum
loop between thc fourth and fifth tran membranc heliccs
isopropy1- ~~- D-th iogalaetos ide
wild-type sequence (Lc u354_ lle604) of thc Na+/K t-A'TPase frorn
mouse brain, fuscd with glutathionc-S-transferase from
Schistosoma japonicum
di ociation constant charactcrizing hinding of A'lP to the
nzyme

dissociation constant
dissociation constant characterizing binding of Iluorcsccnt probe
to the enzyme
growth medium for bactc ria according to I.uria and Bertani
adeno ine 5'-tripho.. phata e tran .porting sodium and potassium
i( n: ( ther ATl'a: s are de ignatcd analogously)
nuclear m gnetic re onance
t rgitol, type P-40
polymera e chain reaction

r< ein ata ank, http .z/www.rcsl rg/pdb/
ph nylmethane ulfonyl tlu ride
polyacrylamide ge lectr phoresis, samples are denatured by
sodium dodecyl ulpha

a2t _A ase from sarcorer o)plasmic reticulum
2' (or ')-O-(2,4~6-tr·n ·trophenyl) adenosine 5'-triphosphate
wild-typ
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1. Introduction

O ne of the most irnportant issue every cell ha -, to cope with i -, the transport of anou

chemical substances into and out nf the cell. Full control over thc composition of thc

cytoplasm i cruc ial for the proper functioning of cvery cellular proce -s. Cells havc

evo lved two major tools for it regulation : biological membrane that forrns the

irnpcrmcable barrier for many chemical compounds.. and mcmbranc transport proteins

that can transport these com pounds acro .ss thc barrier into or out of the cytoplasm,

Variabi lity hetwcen the membranc tran port protcins is hugc and although these

molecule wcre thc subj ect of thorough cx amination for rnany ycars, a lot of thcir

structura l and functional fcatures remain unclear.

In thi s work, we were intcrcsted in the protei n transporting sodium and

pota: ium ion .. acro "S thc plasma membranc callcd the a tiK · A'IPasc. Wc focuscd on

the structure of one of its int racellular domains and, in part icula r, on thc structurc of the

A'lP binding sit rcsiding on this domai n ( .haptcr 3).

Th a' !K-t TPase belongs to the P-type A'I'Pases Iamily, which cncompasses

structura lly and functionally imi lar membrane trans port protc ins (Chapter 2). One of

th mo: t intcnsiv ly stud ied P-type A r-fl ase is thc calci um pump (Ca2 t A'I'Pase).

ccently, thc .tructure of the Ca2
t- T Pase from the sarco tendo jplasmatic reticulum

(.'I·:R ' W # . ' so lv od by thc means if X-ray crystallography (Toyosh irna 2000,2002,

_()()4 ). c t a high rate f hom II gy bctween th cal ci um and sod ium pump, these

'i ndings w r v ry i port. tf rtheco truction of th m lecu lar model o f the Na'Zk '

. 'I' ase ( : t t ri~h 200 I) ( -:hapt- r 5).

ln order o e plore th truct re ) the a t IK-t A'TPasc experimenta lly, several

m uta ti ns propc .ed the basis nť jhe n )Iecular mode l (C hapte r 6). These

mutations w rc perf ml d n the wil type (W ) equence of the Na+IK+ ATPase,

rnutat d prot in eon structs were pre .. ed and puri fi ed (Chapter 6) .

teady .tat and time resolved fluo re cence spectroscopy ex per iments were used

to aluate the infl nce ol' the mutations n thc function " ~ r the Na+/K+ ATPase

( "hapter 7). bility to bind P was estimated for both, mutated and wild type

.on nructs II ing the T 1)- P, a fluorescent analog of A'Tf (Kubala 2003, 2004).

R suit , of fluore sc énce experiment were interpreted on the basis of the

mol cular model oi the a '-/K +- ATPase. They are presented together with their

6



discussion in the Chapter 8., which is divided into three subchaptcr ~ according to three

main experimental areas of aur project. The overall stability ať the domain., where the

A'TP binding site re ides (N-domain) i discu sed in the Chapter 8.1. umber and

precise position of ATP binding itcs as well as the amino acid residues supporting the

shape of the Ar-rp hinding pocket are discussed in Chapters 8.2 and 8.3. 'hort

description of the currently running project which directly follows the A'lP binding itc

study is in the hapter 9. The presentation of achicved rcsults in international journals is

umrnarized in thc Chapter 12.

7



2. P-type ATPa e

Every living cell is isolated from its surroundings by a biological mernbrane, which i

ba ical1y a fluid lipid bilayer that ho t a manifold of variou mernbrane protein . The

lipid bilayer (Fig . 1) is impermeable for various polar reagent , e.g., ion, nutrient or

toxins , due to it lipophilic character. However, the e sub tance, for I arnple to ln

that should be expelled from the intracellular space, ar ion that are e sential for the

maintenance of proper mernbrane potential, have to find their way acro s the

membrane.For thi purpose cell have evolved vast quantity of mernbrane protein that

transport different molecule into and aut of cell. The e protein can be divided into two

main categories. Channels, the first group, enable the flow of pecific molecule in the

direction of the concentration gradient . Pump , on the other hand, work again t the

direction of the concentration gradient (Fig. 2) and therefore need some form of energy

for thi proce . Thi energy cornes often frorn the TP hydroly i . The e proteins are

thu denoted a ATPases .

Fig. 1
Biologi al membrane - lipid bilayer .
( ) Viewing direction is parallel to the membrane. The hydrophobic tails are depicted
in green, water molecule are depicted in red (oxygen) and white (hydrogen).
(B) l-palmitoyI 2-0leoyl phosphatidyl choline bilayers (200 molecules totaI), hydrated
with about 15 layer ofwater on each side (Heller 1993).

8



tein

Fig.2
Differencc hetween the channel and thc carrier (pump). (http. ř/www.binlogymad.com)

Channel protein passively transport molecules in the direction ol' the concentration
gradient. Carrier, on the other hand , uses encrgy to transport molccules actively across
the plasma membrane.

L everal hundreds of various transport A'lPascs with specificity for one ar fcw

ub trate were idcntified. Based on particular structural similarities., they can be

divided into three superťami lies (Kotyk 1(98):

(1) mu lti-subunit nzyrnes anchored in thc mem branc by a spccial sector with a

r lativ ly larg cxtramembrane cytoplasmic part (s ubtypcs rand V).,

(__ ) 'I' as s with two sirnilar domains in thc principal subunit (AB(~ subtype with a

singl .'U unit and rs ubtype with wo subunits).,

(~) 'I'I ases with a singl catalytically significant polypcptide containing a

phosph rylatir n srtc (subtype

se, which has b n thc subj ct of ( ir tudy., comes under the P

subtyp 'I' a.. ~ I he nam -Ar a.. e co s from the obscrvation of a transient

phosphorylation uring the catalytic cy, le; the v-phosphatc of the A'I'P is transferred to

he · ~ p: rta e r s OJ e belonging to the ph phorylation site motif DKrreiT present

thr ugh t th , mily. In I 8, xelsen and almgren analyzed 211 sequences

) P-type ~ rPa ~ s, and carried out further classification of these enzymes according to

h ir substr áte .pecificities Fig, 3). ccording to their work, P --- type ATPases can be

cd into ti e main categ ries.

The irst category includes bacteriaJ K t--A'TPases, aJso denoted as Kdp-ATPases

{Type I ) and TPases transporting heavy metal ions, Cu2
+ and Cd2

+ (Type lB). The

cond cat gory (Typ II) i the largest one and can be further separated into several

9



subfamilies exhibiting various level of con ervation. Type II and T pe lIB TPa e

transport Ca2
. Type IIC family contain clo el related a 'IK ' and { ' I ' - TPa e

characteri tic by the as ociated ~40kDa glycoprotein, de ignated a ~- ubunit. The co

translation association of the ~-subunit i absolutely required for the maturation,

targeting, tability, and functional e pres ion of the e protein (Geering 2001). II P

ATPase a-subunit expres ed in absence of the ~- ubunit exhibit n cation tran port

function . The la t ubfamily of the econd category (Type lID) i formed by fungal

ATPases. The third category encompas eH '-ATPa e (Type III ) and a mall group

of bacterial M.g2 -ATPa e (Type IILB) . The fourth category (Type IV) i formed by a

family of enzymes found only in eukaryotes, ome of which have been shown to be

involved in the transport of aminopho pholipid . TPase having no assigned

specificity form the fifth category (Type V) ofthi phylogenetic y tem (Fig 3).

Type I

lB
IA

Type V

IIA

Type II
( ' '.! .

; 1

liB

110

lilA
Type IV IIIB

Type III
Fig.3
P-type TPa e family phylo enetic tree .
Thi simplified and schematic tree with highlighted positions of the proteins of our
intere 1

1
i.e. a r-lK r- ATPase and Ca2 1 A'TPase, represents the relationships between the

main branches of the P-type ATPase family. Complete version of this tree can be found
on the P-type ATPa e Databa e internet site: http : //biobase.dk/~axe/Patbase,html.
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We have studied the ATPases ofType II ., that have their catalytic subunit fonn d

generally by 10 transmembrane hcliccs, and during the catalytic cycle thc subunit

switches its conformati on between two main conformational states. Thcre are eight

conserved sequence sections that define the core ofP-type A'TPascs. 'Ihese regions were

identified., designated A-H and arranged in a linear scquencc (Fig. 4). The largest

percentage of homology i: found on the large cytoplasmatic loop bctwecn th ťourth

and the fifth tran rnembranc egrnc nts (114-H5 loop) whcrc region E-l-I rcs ide. Region

E contains the aspartyl residue, which is phosph orylatcd during thc catalytic cycle.

Furthermore, one can find ano ther conscrved sequencc (designated I) on thc H4-l-15

loop, when the Type I TPases are excluded (Mollcr 1996). Another highly conserved

region i the loop connecting tran smembranc heliccs 2 and 3.. whcre thc scquences A-(,

can be found . The only inter-membrane conservcd region is thc lourth transmembrane

h lix containing th equence D.

Due to th tructural and. functional similarity of its mcm bers, the P-type

Tf'a c farnily can be considered and explored collectivcly to a substantial extent. The

re sult relating tone particular enzyme can be useful for thc whole research within the

P-t P region fint re t.

PEGL

Hl /""' :",~

[ DKTGTLT (

Extrac ellular part

Membrane

Intracellular part

C termmus

r,

~'" -- ~ 1VAVTGDGVNDSPALKKADIGVAM"'" 'L--- _

~;

F19.
n outlin t the u- ubunit of the P-type A Pase.

Th ns r d regions are de ignated A-H. ne more conserve .. region (I) can be
found, when the ype I A Pa e are excluded. The phosphorylation site resides in the
region E.
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3.
+ +

a IK ATPa e

During the 5th decade ol' the previous century.. many e: pcrimental works were carried

aut conceming the regulation and maintcnancc nf thc intraccllular conc ntration of

sodium and potassi um ions (rcv iewed in Glynn 2002). This issue is vcry important

because the gradients of the c ion' across thc plasma mcrnbrane provide thc cnergy for

several essential cellular functions as e.g. control of thc mcmbranc potential, cell

volurne, pl l homeo tasi and many othcrs. Onc of the greate t achievemcnts ol' this

experimental effort was the idcntification and isolation of thc enzyme rcspon .ible for

thc active tran port of the odium and potas ium ion across the pla 'ma membrane, i.c.

thc at lK+ A'TPa corthesocal1cd .odium pump tSkou lvy'Z, 19()O.. 1962).

A the function of the a+fK t ATrase is rathcr crucial, it 1S not surprising that

thi: m mbran tran port protein is prcscnt in cclls of most higher cukaryotcs. The

a' I +- Pa "e i a h tcrodimeric protein consisting of an (1 and f3 subunits prcsent in

th 1:1 toichiornetry. In ome casc , for cxamplc when thc enzyme is purifi ed frorn

kidn ·y , the a-B heterodimer i " accompan ied by another smal l protcin ; thc y-subunit.

Thi: p i nal " bunit com ' ťrom th " l-XYl)" protein family, which has bcen recentl y

idcntifl d and de cribcd ( weadner 2000).

) rin J thc catalytic ycl thc a t I t A'lPase cornes through two mam

cor ťo rmat i ms (d noted : 1 and r~2 ) transporting thrce sod ium ions out of the cell and

t ( pot: '.. il m i ms in () th ce l. ' h enzyme works ag: : is t a concentration gradient,

, nd n cd " therefore a o urce o l' energy for its func i ming. The energy for the

· nnpletion )t hc transp rt cycle c ime: fr) thc hydrolysi: of a single ATP molecule.

12



3.1. tructure

3.1 .1 . a-subunit

The a-subunit of the a+/K t- ATPas i ~ composed of appro irnately 1000 amino acid

residues and its molecular wcight is app roximately II () kl)a. Four distinct isoforms of

the u- ubunit have been identified. Th scquencc and functio nal diffcrcnccs among thc

isofonn ~ are very mall. Howevcr. the iso forms are uncqually distributcd in various

ti ue ~ represcnting their different physiological necds. Thc major (l l ťorm is Iound in

most ti sues and is the major in kidncy and 010St cpithclia. ln cardiac tissuc, diffcrcnt

iso fo rm s (al and U2)., notably, have uncvcn di stribution in di ffe rcnt parts nf a single cell.

Ti __ ~ ue pecifity i ~ most ignificant in sperrnatozoa, where thc (14 forrn rcsides and its

inhibition has been hown to elirninate sperm motility (Kaplan 2(02).

. oth - and - termini of the u- .ubunit of the a t /K t A r] Pase are loca ized on

h intrac lIular ide of the pia 'ma mcmbrane (Antolovic 1991). The number of

rncmbn ne spanning egments, on the othcr hand, was the subject ol' many discussion .

lhree maj r hypoth s ..' mcrged, uggesting eight (Jorgenscn 1988)., mne

( I z ' ndzhu azy n 1 4) and en (Moller 1996) mcmbrane-spanning segmcnts.

F()II< wing many bi ich mical studie a consensus nf ten transmembranc segmcnts

· ppearcd ( ar i h 1 93)., although the fina vindication ol' this idea camc with thc

r I a .c ť a2
t ~ ~ ( y hima 200 ) crystallograpl i : .tudies.

Iher rc fiv v ry h rt e trac I ular I op.. (exc t for 117- 18 loop) and three

iam intn .cllular structures n th u- tuh nit (Fig. 4). hcse structures are long N

terminal tail ( ~ O ami no cid res idues), e 12 11 {lOP ( -'-'120 amino ac id res idues) and

the I- rge f14-11 I p c mp sed f appr ately 430 amino acid rcsidues. Similarly as

in th high r ' lution dies t ,2+ a e (Toyoshima 2000)., cryo-elec tron

nu ro se )py of a t / t ATase ( ice 200 I) exhibited three major domains cons isting of

th large intracellular loops and the -terminal ta-I. he (nuclcot ide binding) and P

ph .phorylati n) omains r ides on the 4- 5 10 p, whereas the A (actuator) domain

tormed by the amino-t rmina tail and the f12-H3 loop.

One oťthe most striking discrepancies between the Nat/K+ ATPase and the Ca
2
+

TPas i the arg ex racellular H7-H loop, which is significant y longer in Na+/K+

Pa 'e than ln E A. This loop, and the sequence

13



S94 DVED YGQQWTFEQRKIVE/FrrCH1-~A919 in particular, wa shown to form the

irnportant contact region with the associatcd ~-subunit (Lemas 1994). ite directcd

mutational analy is aimed at the f-17-118 loop howed also the great importancc ať thi

region during the potas sium ion transport ( chncider 1997). Another important

characteristic is the position ol' binding sites for various inhibitors on thc e tracellular

regions of the o-subunit . ome of these inhibitors are widcly uscd in clinical medicinc.,

for e ample for the treatmcnt of the hcart failure (l lorisbcrger 2004). One of the most

examin d, highly specific and efficicnt inhibitor nf thc a+/K + ATl'a se is ouabain.

Whcn ouabain i.. bound to thc a f- /K t- A'TPas ., thc mutual movcment ol' thc mcmbrane-

panni ng egment i blockcd , hence di abling thc transitions bctwecn conformational

state of th a "/K+ A'IPase. Thi ' blocking results in thc cornpletc inability to transport

.. idiurn and potassium ion acros the pla 'ma membranc. Comparison of ouabain

, n itiv and ouabain-r sistant isoťorms of thc sodium pump., togcther with mutagcncsi s

pcnrn nt po inted out everal regions involved in the ouahain binding. Thc rcsidues

. n l l l -H? loop that are direct ly in contac t with ouabain are (iln 111 'I Pro 118'1 Asp 121

· nd sn 122 ( ent 1987, Price 1990). Moreover., on thc J-I3 -1-14 loop therc is thc Ty r308

and ln th 11 7- 8 loop there is the Arg880 (kchulthe is 1993).

'ation hinding ites are formed by the membrane spannmg hclices, whose

01 nu: I m lve Ion duri g the tran sit ions betwccn the - ~ 1 and E2 confonnation ca use the

pta c and relca.. 'e of the i ns. ev ral mutational cxperi mcnts were carried out to prove

h c . a t posi tion f th cation binding it . Effcct of these riutation didn ' t always lead

' I nificant hang s fthec ti nafťinityofthe a+/K-J lPasc and thc rcsults of this

~ perimcntal wor weren ' t m ch convincing (Vilsen 1993, 1995 ). Thi s is probably due

to th nat re ( the c tion bindi ng. he ca í r s, a. ..suggcsted by Scheiner-Bobis (2002),

ar c ordinat d by carbonyl gro p aiong t c b' ckbone of the protei n and their mutual

int ra ti n with the peptidic chain has rather an ion-dipolc than an ion-ion character.

igh rc .olution ' L t ase str ctur might bring some more light upon this issue.
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The cry tal of SERCA ha two clearly defined Ca binding it appro imatel

at the middle ofthe membrane. Site I is located between tran mernbrane gment and

6, and site II is formed by a hort unfolded region of the tran mernbrane gment 4 and

resides between the transmembrane segment 4 and 6 (Toyo hima 2000) (Fig . 5). the

stoichiometry ofthe aT/K ~ ATPa e i 3 a ' / 2K ; / 1 TP, th enzyme hould b able

to provide three a-- binding sites . Ogawa and Toyo hi ma (2002) propo ed that two

sodium ion occupy two ite h0l11010gou to the I and II a" ; binding ite of RC .

They also predicted the third binding site at the ame level in the mernbran e, but clo er

to the tran mernbrane egment 9.

Fi 1 . 5a
R cation binding sites (Toyoshima 2000) .

The viewing direction i normal to the membr 11 from the cytoplasmatic side with the
A-domain on the right hand side. Cyan pheres represent the Ca2

t ions (I and I I) . The
circl repre ent the likely position of the outlet ofCa

2 t
pathway

15



Fig. Sb
Detail ofthe transmembrane Ca

2 t
binding sites (Toyo hima 2000) .

Cyan phere represent the Ca2
+- ions and red spheres represent the water molecules . The

vi w ing direction i normal to the membrane from the cytoplasmatic ite . The
coordination of oxygen atoms to Ca2

f are indicated by white dotted lines.

ig . Se
Detail of the tran membrane Ca2

t binding sites (Toyoshi ma 2000) .
C an phere repre ent the Ca2

r ions and red spheres represent the water molecules. The
viewing direction is paral1el to the membrane. The eoordinat ions of oxygen atoms to
Ca2

' are indicated by white dotted fines .

16



The A-domain probably take part in the regulation of thc a t !K+ TPa e

function. This statement is based on thc tindings ať scvc ral rcscarch group . Daly

( 1997) showed that the mutation 01' C}lu233 (E233K) dramatically changed the kin tic

properties of the rat a"IK+ ATPase. The changes includcd a higher affinity for ATP

and a lower catalytic turnover, which were intcrprctcd as an cff cct on the L~ 1 - ~2

confonnational equilibrium. Earlier studies on the protcolytic digcstion of thc renal

a-+/K+ A'TPase al o pointed aut thc regul átory role of thc 112-l llloop and postulatcd

the interaction with the large J-I4-1-15 loop (Lutscnko 1994). Similar cffects were

thcreafter propo ed and detectcd between thc A and P domain ol' SL~ I{(' A (Toyoshirna

200(»). It was also proved that the altemations in length and cornposi tion nf thc amino

tcrminal tail affected thc cation spccifity and thc conformational cqu ilibria (Kaplan

2002).

"h ' P-domain is composed of - ( L,euJ54_Asn3 77 ) and ('- terrnini (i\la590_L1Cu77J)

f thc 1-I4-~15 loop. The namc of this domain suggcsts thc presence of thc

ph isphorylation site, which, indeed, is forrncd by the ASpJh9 residuc that is

phosphoryl cd uring the catalytic cycle. As the mutations performed on thc Pvdomain

I · t ) misí lded pr tein ( .hapman 1998), thc studics of this region are rather

C ln pli at d t p rl' rm and the prcci e mechanism ar the phosphorylation is stili not

co r pl tcly .larified. _~ pcriments carried out by Patchornik et al. (2000, 2002) using

thc : t; 2
t ataly cleavag if the atlK t A'T ase predictcd thc rclationship of A Py

ph sp at \ g t and s vral high ly conscrved residucs in the proxirnity of ASpJ69

during thc phos ph ryl ti n proce s. "h se predictions are in agrecment with the

c er t y publi .shed .tructurcs of -'a2
+ A1~ ase (Soren cn 2004, Toyoshirna 2004). As

cll as on oth r branch s f atlK+ A Pase rescarc h, reso lved structurcs of SERCA

will be probab y very important f r f rther steps in the exploration of the

ph ) .phorylati n m chani

I 378 589'h In' ln IS cornp sed b he ntral part f the H4-H5 loop, name y Arg -Arg

an th main region of int rest on the -domain is the A P binding site. A lot of

perim nts sing a broad range of methods were performed during the last two

cad ., in order to localize amino acid residues involved in the ATP binding. During
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the 1984., Farley et a1. revealed that the addition of Ar-rp prc ents thc labclling of L Ol

by FITC . This result together with the fact that FI1-~C' attachcd to I,. S:OI cannot be

quenched by antifluorescein (Linnertz 1999) led to thc conclusion that this amino acid

residue is involved in the ATl) binding and that it i localizcd in thc dcpth of thc Ar-rl)

binding site. U ing the pyridoxaI5~ -diphosph()·-5~-adenosine and pyrido: al pho .phate

Hinz and Kirley ( 1990) showed that Lys4XO is thc rcsiduc utiIizcd for thc rccognition o!

the ATP pho phate moiety. In the 1994~ Tran ct al. rclcased two subscqucnt

publication .. on the labelling of Gly502 and I1ys480 hy thc 2-aziuo-A'I'P and 8-azido-ATP

meaning al o that the e rcsidues are likely to bc involvcd in thc A'lI' rccognition. Thc

modification of Cys549 perfonned by Linnc rtz ct al. (1998) inhibitcd the ATP binding as

w ll. l Jsing the point mutations, -'chciner Bobis and Schreiber (1 <)<)<)) confirmcd thc

importance of the Ly .,480 and proposed thc signifi cance of (JIU472 for thc activity of thc

rl ~ + TPa c as well a: Teramachi (2002 ) did for thc ťol1owing rcsidues: PhC47
) .,

I 4 o T 501 rl 44__ y ., ., ' an rg

ln ..,()OO., Toyoshima et al. published thc high resolution structurc ol' the C_~a2+

-1 asc, a rnod I ( f the 14-H5 loop nf the a·/K t- A'TPasc was than cornputcd using

th rmparative protein modelling method (Ettrich 200 1). Scveral arnino acid rcsidues

pr dic ted t ) be in a ose contact with thc AT!' molecule on the hasis ať this model

'u this hypc th si' was t sted using thc S445A., f-<~446Q., I~475W (Kubala., 2002) and

-l 7 42_ ., 23 r ~, 4 2 " I~505 'I F548(, and F54XY mutants (Kubala 2003a).

ln ) s 'tu ies, one if hc o t important ami • ., ac ids involved in thc A'I'P

inding · cm' t b thc h 47 re i e. It probably stabilizc: the A'TP molecule within

h binding p c ct hr ugh thc tacking interaction between its aromatic ring and the

ad .nin ring f the n cleotide ( ig. 6) Arn her essc ntial residue is the GIU446 that forms

, hydr g rl br nd with the 2 hydrogen d ir ot thc Al'P adenosine moiety. Gln4R2 is

not invol v d in th binding directly, The NH2 group of this residue stabilizes the

') echain ol' ' lu446 by hydrogen bond over a distance of 2.51-\ attrac ting the glutamic

.loser to th ~1 2 group f A ~ and thus cnabling the Glu446··A
r rp hydrogen bond

. rmation (Fig. 6 . no ther indire tly involved re idue is the Arg
4

2:l . Although it resides

utsi he T'P binding pc , the Arg423 re idue can fonn the hydrogen bond with

Jlll-l 2 o cr a di 'tane o ť 1.7 (Fig. 6 ). hi s hydrogen bonding was hypothesized to

~ pport the ov rall hape of the bind ing p cket and its breaking was hought to result in

th .ornplcte inability to bind the ATP. Indeed, this hypothesis wa recently verified
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within the framework ofthi tudy ( ee Chapter 8.3 .3 .1 ). irn ilarl Ph ~ 4~) i not directl

involved in the binding of ATP but play a key role in the upporting th tru tur and

shape of the ATP binding pocket.

A

i
J

75
:" ;r

E472

Fi }. 6
TP-binding ite ofthe a

r

/K 1- ATPase (Kubala 2003).
Overall view (panel A) howing some ofthe key residues for the binding of ATP, and a

10 er look (panel B) on the hydrogen bonding between Arg423 and Glu472
, and Glu446

and TP (represented by green dotted lines).
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3.1.2. ~-subunit

The ~-SUbUl1it is approximately 55 kDa.. mcmbranc protcin cornposcd of 370 amino acid

re idues. It ha a inglc membrane spanning segment.. and it -, amino terminus re ides in

the cytoplasm. Four isoforms of this protcin havc bccn reportcd. First JO amino acids

are exposed to the cytosol., rcmaining 300 arnino acids ťorm thc cxtrac llular part of thc

~-subun it (Kaplan 2002). There are three -glycosy lation scqucnces ( S or X'l) on

the extracellular tail and al1 threc are c tensively glycosi latcd. Morcovcr, threc S- "

bridges (Kotyk and Amler 1995) can bc ťound in th is region (Fi g. 7).

everal studie suggested that the ~- ubunit can bc dcglycosylatcd without the

Jo..' Oe o f it: nzymatic ac tivity. otably, even the suhsti tution nf csscntial asparagine

re idu prcven ts glycosylation., but has practically nt) cffect on the catalytic activity

(B ggah 19(7). In addition., thc Jack of glycosylation has no c ťťcc t on thc protein

d li ry tl) th plas ma mcmbrane (Kaplan 2002). These find ings are in a grcat contrast

ith ly re latcd r3-subunit of the I i I)K I A'lPase, w hcrc thc dcglycosylation

r -ults in thc ll) . ( f enzyme act ivity.

, j g h ~ purified enzyme sugge .tcd that both subunits (1 ano f~ are

's nti: I for th mzymati act ivity. AH experiments using the scparatcd subunits led to

tl I )s'-\ )f thc ~ . tal tic · ctivity . In conclu ' ion, 0-S11bunit has probably several rolcs, Its

',,' nti: I rol II is ln the proper del ivery and inscrtion o f the wholc enzyme into thc

pla: · n o gh I 90). eeent tudies also rcvealcd that thc f)-subunit

can b dirce I nv lv d ln the mechanism of active tran port (Haslcr 1998) or in

)11, n eri.« ti ) 1 )t tne a t / t 4 ~r a e (Iv nov 2002). It has becn also shown that the

red cti n tracellular' bridges rcsu (-~J in the loss of enzymatic activity

( I J t .en t al. 19 4) fo th, the changes in the p-subunit can affect

thc .ati n affinity o · th a t / t A P c.
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3.1.3. y-subunit

y-subunit is a relatively small peptide with the molecular wcight appro: imatel 7 kDa

and is a member of the "F~XYD"" protein family. There are three vcry .imilar i -. iforrn of

this protein that di ffer only in several amino termin ál rcsidues (Ku 'ter 2(00). Thc y

peptide is the mallest ubunit of the a +- /K t ATPasc ~ nd is prescnt l nly hcn the

enzyme is purified from kidneys. lts role is stili unclcar. Rccently, IJ u ct al. (2002)

present cl a hypothe i that the y-subunit may infl ucnce and rcgulatc thc cquilibrium

between the main conformational statcs nf the a t /K I A 'lPasc in an analogy with

F YD regulator that were identi ficd in othcr tissucs.

S' I

li'..

.....--. --" -.---------"'--'---'---'---~."i---". ---,----- -'-'-- ....-.----.-.--. '---'-'" --- _.

~:.-~~:~

~f •

.)'."'..
.~:' ř-;

d:~~'-'íl

i r.

r i J. 7
)utltne )f th ~- ubunit. (Kaplan 2002)
~he h a y lin repre ~ nt: th eg enc involved in the association of the p-subunit with

th I 7- 1{~ o p th a-subunit. rey v L repre ent the three N glycosylation sites. S
in .ir .les rep re sents the ' -.. ' bridges.
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3.2. Function - the Catalytic Cycle

Thc a /K+ ATPase use ' the energy frorn thc A'lP hydrol ysis to tran port acti cl

sodium and potassium ion into and out of the cell. I Iydrolysis ol' onc molecul of A'T'I)

results in the eftlux ol' threc a t and uptake of two K I ions. Thc a t /K t A'lPasc

affinities for the sodiurn and potass ium molccules are di ffcrcnt on thc oppositc sidcs of

the pIa ma membrane. On the intraccllular side the affi nity is high for thc sodium (Ků ==

O.6m j and Iow for pota sium (K, == 10mM ). On the cxtraccl lular sidc thc affinities are

vice ver a., low for odium (KJ == 600mM) and high for potassium (KJ == O.2tllM). Thc

a+/ + TPase molecule undergoes two main conformational changcs during the

catalytic cycle. The main confonnations are dcnoted as l ~ 1 unci 1 ~ 2 (Jorgcnscn 1975).

imple ehemat ic model of the catalytic cyclc, known as thc Albcrts-Post

, c l ., wa propo ed (Fig. 8) and rcccntly reintcrpreted in tcrms n f thc ncwly published

tru tures of th Ca2
+- T Pasc (l lorisbcrgcr 2004). Somc fcaturcs ol' this cyclc are stili

unclcar nd are ubje t to a thorough exploration. In partic ular, thc transfer ol' the

ph sphatc from the A 1 binding si te to thc pho .phorylation sitc, belongs among these

puzzl ~. " h an dornains of the u- subunit forrn thc "corc cngine" of thc I -type

. T Pas s. Th is .ore ngin ha th sam function in all P-typc A'IPascs and as the

'Cll CI C ' f t s r '''1ase ' are conscrved to a substantia l cxtent, it can bc ex pected that

th wil bc .imilar among all P-typc A'TPascs. An analogy with

( , wiII be .' d s .ribe this proce: s (Hori bergcr 2 )04) in the next paragraph.

. ' tart in ' i th ~ I e nform tion with the bound A'T'I moleculc (Fig. 8., step 1).,

threc . ! I t i ) .' cnter thr ugh the pen interna) gate and hind in their high-affinity

binding sites . This induce the following conror ational change. First, the N-d()main

n .rgocs a larg rc tationa m vement that positions the v-phosphatc of ATP elose to

th ph isphorylati n sit . In thi position bceomes a sort of crosslinker bctween the

t - an P-d()mains and can be the reafter cleaved aJlowing thc phosphorylation of the

D 76 re .id e ( 'tep 2). econd, the A domain rotates by r-J30° around a horizont ál axes

(' I o o .hirru 2004), prod cing the large translation of the first transu embrane segment

ard th .otra ellular i nd : 0° kin in the internal third of this helix. According

t 10.1 o .hima (2()O ) and 'orensen (2004), this movement ofthe helix is responsible for

he .lo 'ing oť the internal gate (step 3). Th is step is also accompanied by the release of

the I)P and re sults in the J l-P tate. This high energy E l-P state relaxes rapidly to the
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E2-P conformation with opening of the e .tracellular gate ( tep 4) accornpani d ith the

change of the cation affinity and release of the a ' ion to th
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atalytic eycle of the a '/ . TPase. (Horisberger 2004)
The tep are described in text. Circular arrow shows the direction of the physiological

cle driven by the high TPIADP ratio. However, al1 of the steps are reversible and
under appropriate circumstances, the cycle can run in the reverse direction.

e trace l1u lar space ( tep S). The enzyme is now ready for the uptake of two extracel1ular

K· ions ( tep 6) . Binding of these resu1ts in two major changes, the dephosphorylation

of D376 and the oeclu ion of the K ~ ions by the closure of the extracellular gate (step
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7). The -domain is now accessible to the intracellular nucleotidc, which binds to the

ATP-binding site (step 8). This promote the conťonnationaI changc frorn thc I~2 to

the El confonnation which includes the opening 01' the intraccllular gate (step 9) and

the release of Kt- ions to the intraccllular space (step 10). otabl ~ these steps may also

occur in the absence of the nucleotide but at a 11111Ch lowcr rate (Horisbergcr 20()4). The

catalytic cycle is also a reversible proccss, thc a-t /K TPasc can thus, undcr spccific

condition, ynthe ize ATI) (Garrahan 1967).

lthough the description of the cata Iytic cyc lc summarized in preVIOUS

paragraph i based on the .. imilarity to thc (1a2 ~ A'lPasc and is in accordance with thc

majority ofthe e perimental work, somc results cxist that cannot bc thus c plaincd (for

details ee A kari 1982). everal alternative modcls wcre, hence .. suggestcd. Thc idea of

scveral TP binding ites per molecule (Ward 1996) was rejcctcd during thc ycars by

many author ., however th possibility that a ~/K ~ A'lPase works as a dimer (Rcpke

197 3) r ven tetramer ( aniguchi 2001) was nt t still cithcr provcd or declincd . Thc

idea if an ligomeric character ot the a t-/K~· A'IPase was also supportcd rcccntly by

th finding that the a -subunit (Donnet 2001) as well as the [I-subuni t (Ivanov 20()2 ) can

r rm ilig m r .
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4. Re: earch trategy - Molecular Modelling, Prot in Mutag n

and Fluore cence pectro copy

.
1

ln order to obtain structural information about thc 1-14-115 loop of thc u-subunit of thc

a+/K+ A'TPase. two re earch methods werc employcd sirnultaneously. lirst, it is a

theoretic prediction of the structure li 'ing thc restrai nt base-o homology modclling.

econd it is the protein mutagencsi ' and cxprcss ion and con scqucnt cxamination ol' the

mutated proteins by the mcans ol' thc fluorescence spcctroscopy. '1'1esc two branches of

our re earch ran more or les independently, and thc results of both, thc modclling and

pectro copic part, were thcn confrontcd (Kubala 2004a).

ln thi: work., we werc mainly intcrcstcd in thc charactcrisation nf thc A'ľl>-

hinding it if th at-I t TPase. For this part., scvcral amino acid residucs P()S .ibly

in olv d in th P binding were sclected. mutatcd and the A'lP hinding to these

mutants wa.... ubs quently analy 'cd. Thc numbcr and position 01' thc ' ľN I>-i\ 'rp hinding

'jt wa: noth r que tion . In order to invcstigatc this part, anothcr set ol' point mutants

and ' v ral run "a rl 114-1-1 10 p -, were proposcd, constructcd and the ligand binding

',L' I I Iyz d. Finally, we were int re sted also in the structural stahility ol' thc large

t iplasmatic II - I loop 01' the a tiK t- A'TPase, which was inspectcd by thc

tlu iresccnc a i..'( tropy me urement '.

ľh · th - .on t uct i n of a molccular (l 1( del of thc 114-1-1 5 loop. This

m d I W" s iriginally m d in r analogy with the ci t r r: 'Pase from the cndoplasmatic

retic lum ( .ttricl 2( 1), hat wa crys ta lizcd at 2.6;\ resolution (Toyoshirna 2000).

.cntly, thc crysu st uctur th -do in of he a f-/K+ A'TPase (1lakanson 2003)

· ppear d. ll) vcr, this 'tr cture lac es thrce .. eg ents, so we had to combine both

rnentioned cryst: I struct res to obtain the bcst possible model of the 114-1-~ 5 loop, as

es ribed in the lec la ode lling x cti n. AH point mutants and truncated loops

e in this .tudy as ell as the interpret tion of all re ults were hased on this model.

, cond '1-P was the construction 01' the mutated proteins and truncated loops.

I he [) .oding thc 114- 15 Il)()P was ligated into the p -IX vector, c ntaining the gene

fo the ampi .iline resist: nce an sequence coding the , so that our constructs were

c presse . ' . (J .. ') -H -H5 loop tusion protein . The expression of the proteins was

pcrtormed in E. coli bacteria using the p EX e pression vector. The purification of the
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enzymes wa carried out using the tandard procedures nf thc affinit .. chrornat rgraph .,

the G T part of the fll ion protcin wa bound spccifi call to thc glutathionc-: cpharo

col umn and the fusion protein was subsequcntly c lutcd hy the rcduccd glutathione. The

presence of the G" 1"' in the fusion protein didnt affcct thc rcsults in thc hinding

experiment due to the lack of ATP binding site. For thc fluorescence anisotrop

studies, the Cl T fu ion protcin was clcavcd by throrn bin and thc G 'I' was thcrcaftcr

removed by the incubation with the glutathio ne-Scpharose colurnn . }:( r dctailed

dcscri ption of these procedures, sec the Molccular Biology section.

The fina l part of our ..study was thc a ialysis 01' thc A'lP binding, and the

inve.. tigation of the structural tability of thc t14-115 loop using thc c: prcsscd and

purified pr tei n constructs.

The P binding wa.._ ex plored usmg thc '1' }l _;\ 'ľp ., thc ;\'r Il- tlu()resccnt

analog. Thi fluore c nt dyc i sen itivc to thc polarity o f its cnvironmcnt, St) that the

prob hinding an be monitored by thc inc rcased inte nsity o f fluorescence. 'lhc protcin

.ample was titrat d by the aliq uots of 'T'"NIJ-;\'I'P., thc intensity uf fl uorescence was

r .ord d and fitt d to the theoretical curve (Kubala 20(3 ). In this way, thc dissociat ion

, ins ant for rl' - 'T' was asse ssed. l Jsing this dissoc iation constant, thc dissociation

C mstant for rl' wa __ d t nnincd by thc compctition ol' thc 'f NP-;\' I' P and thc A'IP for

thc 'r l -bindin J sit . Th c mpetition cxpcrimcnts werc carried out in an ana logy to

thc r -A'l! hi d ing e perirnents. he protein __.amplc conu ining the A'I'P was titratcd

h the 'I' I' ., t P r"mental poin s wcr fittcd t( thc theorctical dcpcndence

( r ubala ~O()4) d th di .. c iation con tant for Ar-rl was cxtracted. The A'Fl'

Ji ' ciation ' ns tant f a point mutant lac ' ing sorne particular amino acid rcs iduc was

, im pared to the wild-type iss iciation c( nstar '1 d the in fl ucnce of this amino acid

rest ue f n the --I' binding wa.. interp ~t cd sil g the rnolecular modcl (Lansky 2004).

Ihc Fll fluore cence anis tropy meas rerncnts as well as the eosi n steady state

h irescenc rnea .ur m nt -. were performed to investigate the rigidity of thc N-domain

ol the 1' · tl ase. 'o r detai s, 'ee the ~ ) u rescence Spectroscopy and the Results

, n [) i .c s '( )n ~ :AC t ( )n '.
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5. Molecular Modelling

5.1. Homologou ry tal tructure - Ca2
+ TPa e

"Tne mai n object of our tudy was the structure ať thc 1 atiK f TPasc.. howc er ..

have also to mention the main characteri stics nf the ( a2
t- f 'IPase ťrorn

sarco(endo)plasmatic reticulum (SE RCA) .. (F ig. 9) .. sincc it IS onc 01' thc mo t

inten ively studied homologous protcins to thc sodium pump, which provide: a

..signifi cant ource of relevant information to the a f/K f A'lPasc rescarch. Thc ('a2
f-

Tf'ase, which belong to the Type IIA family of the P<typc A'lPascs (Axclscn 1()98)..

involv rl in the .. kel tal muscle relaxation through thc transport of ('a2 ions across

th m mbran of sarcopla matic reticul urn. .l hix integral mcmbranc protcin of

m ular weight 110 k a and containing approxirnatcly 1()On amino acid rcsiducs

( a I. nnan 198 ) .an tran.. port 2 Ca2
+ from thc cytoplasm to thc 1urncn of

sarcopla smati r ticulum against the concentration gradient, in cxchangc for 2 or 3 II f

r r hydroly.. d (Toyoshima 2004). In musc le cc lls, thc ('a2
f- ions are storcd in

.arco pla smati .. r ticulum and are released to the cytoso l for contraction and the Ca2
t

i rl '-1..' L" responsiblc f r pumping thc /a2 t ions back to sarcoplasmatic rcticulum

.ausing th mus .lc relaxation.

Re .ently, high res lution structures of St~I{C';\ in scveral con fo rrnations wcrc

dctermined u. i g hc -ray cry tal lography. The most important are thc two main

. m ormati ns: -. 2
r_b und ~ 1 tate, olved at 2.6/\ resc lution (P l)13 acccssion code

II:lJI ,) (I oyo .hirna 200(), nd Ca2
+-u boun 1'2 .tatc stabilized with thapsigargin,

)) d at 3.1 re olution ( acce SI) co t.; I 'O) (Toyoshima 2002). In addition

) thes ') th nzyme was also cry talli z · with other bound ligands, as for example

r P analog r gl r c- oyo hima 2004, 2004a). Several publications followed these

Iundamental results and analyzed the implications of the structural changes on the

.atalytic cycl and transport mechanism of Sř:R A (revie wed in Toyoshirna 2004a).

These findings had also a great impact on the Na"fK" ATPas research. After the

publication 01' the -' I contormation of E A, the model of the H4-H5 loop could be

ump t d · ccording to the Ca2t A Pase crystal t.ructure (Ettrich 200 1). This model had

an s ' ntial irnpact on further experiments (Kubala 2002, 2003a, ofbauerova 2002,

2003) · n i.. s d for the interpretation of the experimental results ur to now with just
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several improvements. During 2004, the -dornain wa nev 1 r mod II d a c rding to

the crystal structure of the -domain of the porcine a '/K'

Haue 2003),

Pa ( akkan n 200J ,

Fig. 9
Crystal structure of the Ca2

' ATPase.
Panels (A) and (B) depict the
conformation (PDB code I UL,
Toyoshima 2000) of the calcium pump
from opposite directions. Color changes
gra; uaIly from the -terminus (blue) to the
C-terminus (red) . E2 conformation (PDB
code l IWO, Toyoshima 2002) depicted in
the same color coding is on the panel (C) .

ote the large movement of the N- and A
domains towards the Pvdornain.

t< IH V ~ A .-FYZ. FAKULTY 28
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which lacked three 6'1 10 and 6 anuno acid rcsidue long loops important f ir th 

nucleotide binding.

imi larly, the enzymatic cycle of thc a 1 IK t ' ľ Pa se is rcccutl- interpret d in

terms of th e Ca
2
+ ATPase crysta l structures (Horisbcrgcr :2004). Onc ol' the greatcst

mysteries of the catalytic cyclc of the Na tiK t A'lPase had bccn for a long timc thc

proce s of pho phory lation, bccause thc A'lP binding sitc and thc phosphorylation .. it

are approximately 30 apart. Thc reccnt crystal structurcs oť ~ ' 1 ~1{( ' j pro ide a

completely new view on this i sue. Likc for SI ~I{(~A~ it has been suggcstcJ that thc

domain move upon the T I) binding towards thc Pvdomain .. with thc A'IP Iorming a

~ ort of cro lin er' betw -en them (Ho risbergcr 2004). This largo movcmcnt hrings the

y-pho: phat near th pho phorylation site. Togcthcr with thc movcment ol' /\-donlain it

sub equent ly leads aL o to the closi ng of thc internal gatc ano occlusion ol' Na
t

ions. A

mpu ation f thi larg mutual movcment of thc - and P-d(lnlain is currcntly in

pro Jr ln rd r to v -ri fy thi hypothc is uggcstcd hy thc (~ a 2 t A'lPasc analogy .

" ven I nan ' C od ofthe life ofthe 1-14-1-15 loop will he siru ulatcd using thc molccular

ynamic and th re ult will be. compared to the crystal structu rcs of SE RC:/\ in

iffc r nt .o nf nnati ns.
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5.2. Restraint Ba ed Homology Modelling

Two method are usually employed for the invcst igation 01' the 31)-.'tructurc nf protcins:

the X-ray crystallography and MR .pectroscopy 'r hcse mcthods are er .

sophisticated and require highly purificd protc in samplc in rclativcl big quantitics.

Moreover, the probability of obtaining a satisfactory rcsult is rathcr low in thc casc of a

large protein.

Re traint based homology modelling, which l S rclativcly quick and

.. traightforward, i .. a great tool of protein structu rc analysis in cascs whcn thc protcin

pre sion I vcl i relatively low or thc protcin is too largc. Thc only condition that

allow th II agc of thi__ method is an existence ol' thc tcmplatc: a homological molcculc .

detailed d cription of the procedurc of the rcstrai nt based homology modelling is

h y nd the cope of thi __"' w rk. Thereforc a rough outli nc will onl y bc mcntioncd. For

mcr inform tion, .. ce th rl scription and manuals of thc so ft ware uscd in this study:

htt ://www.~ ...ctnbnct.or IDoc/clustalw/cIustal x"hl1l1L

htt :// "'a lilab.or z/rnodeller/,

htt s.edu/mb/olson/doc/autodock/,

httQ ;l!~w~.b i h -m.u~l.ac .uk/~romanl rochcckl rochcck.h trnl,

htt

'I' h imol gy m rl lI ing of prot ins consi sts of thrcc major stcps, the

· lignrn nt l · h primary sequences f thc known 3D-struc ure and the dcsircd protcin

f thc model it el f and thc rcfinerncnt ol' thc co mputed

01 xlel . lhe m d I has to bc chce cd afterwards hy a specialiscd software and additional

cat rex as fo r e ample Iigand c mg. can 'or puted.

C ' d th
, 2 t
/a - ase frorn t e sarcop asmatic reticulum as the original

t mplat prot in. This pr t in h w 32. ~/Ó identity and 53.30/0 similarity to the Na t)K+

'I P...c .. nd its t rtiary .tructur has bcen olvcd at 2.6Á resolution by the X -ray

.rystallography (r oyoshim 2000) . Another, newer, template was the crystal structure

.. the -domain ol the p rcine a+/K f--ArrPase solved also at 2.6Á resolution

( ~1 " an "on 2003)., which h ver lac s three 6, 10 and 6 amino acid residue long loops

- t th ru .i: I region o ' the protein. The first model of the H4-H5 loop of the Na+/K+

i 1 Pa ~ ., made by Ettrich t l. in 2 01, was based on the Toyoshima' s SERCA crystal
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structure. After Hakansons publication. aur model was rcfincd according to this n

structure (Fig . 11 ).
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Ji mm nt f the -ck main of the n.-subunit of rnousc hrain Na ·/K I -A'lPasc
f th, por in U2- ubunit of a t /K t -A'Fl'ase, whose tcrtiary structure has he .n

r ntly r t 2.6 r .olution by X-ray crystallography and for which thc PDI~

lna ~ ar r v: ilable . hr e 6'1 10, and 6 residue lang pcptides frorn our published
'truc urc )f he mpl te pig-ki ney a+/Kt-Al 'Pase wcrc aligncd to fill thc gaps in thc
rc ntly publish d structure. Id ntical amino acids are marked by 'ln astcrisk .

lh prim: ry struct re f the mouse brain a I /K t r 'r Pasc from i\rgJ 7X to !\Sp)X6

uli med with th tml te sequences by ClJUS1'1\I ,X (Thorn pson ]997). Thc

us d f r the modelling is shown in Figure 10. Thc thrce -

irnensional m xlel C mstituted by all non-hydro 1 ~ atoms was built and cxamined hy

thc 4 )[)[:LJJl: 6 pac age ( 'ali 1993). r 'hc tertis ry structurc model was chccked with

PR( ( l l «: (I/ S ows i 19 3).

lhe crystal structure _ArT' was extracted from the PDB coordinates filc,
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using the parameters and methods publi hed ťor pig kidney 1 a '/K ' TPa e (Ettrich

2001) . Several molecular dynamics runs were set up for a canonical en emble. One

molecular dynamics run was a single interval ať 120 ps at '00 K, and 343 K,

respectively, with a femtosecond time step, re ult being recorded every 25 fs. The shake

technique wa applied to all bonds . Force field pararneter were the same as for the

minirnization FITC was connected to K501 via a covalent bond using the BUILDE R

module included in I ~ IGHT II and its position in the binding ite was optimized

A

..-..
AT'P .~ .. f

'-
/

/

"I

\ \
/ I,

-- N-domain

P-domain

B

- I,

...... .t..'.

)

'..

Fig. II
Model of the H4-lf5 loop constructed in the analogy with the SERCA crystallographic
structure (Toyoshima 2000) and the structure af N-domain of the Na+/K-+- ATPase. Two
different color representations : (A) a-helices are depict ed in red, ~-sheets in yellow and
the phosphorylation site (D369) in blue. (B) Colour changes gradually from the N
terminus (blue) to the C-terminus (red) .
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6. Molecular Biology

6.1. ite Directed utagene iL

Proteins with the IJcu354_lle604 seq ucncc dcnotcd also ~L' wild-type (W'I) or K60S and all

point mutants wcrc produced by thc Iollo wing process. The I14-1-1 _/ ( l,cu354_ lle777)

sequence was obtained by polymcrasc chain rcaction (PCI<) using a -suhunit of the

mou e brain a+/K+ A'IPasc as a tcmplatc. Thc D !\ scquencc was amplificd by thc

Pť'R in the pre -cncc of P(~R primer pairs for thc dcsircd scquence and subsequcntly

purified on an agaro e gel. This D A scqucnce was thcrcaftcr subcloncd to the pGEX

2T - prcssion vector using the 13(ln111 I and ! j'col{I restr iction cnzyrnes; thc .top-codon

wa inscrted on the po .ition 60S. Thc pU~~X-2'r plasm id contains thc gene for the GS'f

an j thc gene cau 'ing thc ampiciline resistance (Fig. 12) (Obsil 1998) .

"h - wild type [) A sequence was u ' d for further point mutat ions. These

nu ati ) 0 ,,' wer performed by the Pt..R using thc QuickChangc Kit (S tratagcne ). The

I) 'R procedure is as follows :

I . [ cnat r' t ion ol' thc p asmid at }S "C for 60 s.

_. )cnat ration of h P' smid t 9S "C for JO s (upstrcam and downstrearn strands of

the circular ouble-strandcd [) are separated).

1. nne: Jing if prim rs at 51 o , for 60 ' (thc decrease in the temperature allows the

prirners t ) , ttach t circu ar single strands of denatured [)NA).

. 1~xt n .ion at 6 "C f r min ( A P )Iy~ .ras ynthesizes the reverse complement

to .ach strand of [) A; this temper' l r is iptirnal for the synthesis by PfuU ltra™ HF

polymerase).

't p 1 2-4 are r peated 2() time , each cycle results in duplication of ONA molecules.

"'.l 'h mi ture is incubat d for' dditional 10 min at 68 "C,

6. Th nonm tated, m thylate parental

nzyme Dpnl (10 /~l) nf I h at 37 -c.

A is digested with J J.tl of the restriction
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And the peR reaction mi ture was:

40 J.ll disti lled watcr

TM5 J.ll 10x PfulJltra I-I F reaction buffer (Stratagcnc)

1 J.ll 10 mM d TP

1 f.ll te rnplate O A (50-100 ng)

1 J.l1 the up trcam primer ( 100 pmoIIul)

1 ul the down tream primcr (1 00 pmol/ul)

rM1 J.l1 Pful Jltra I II~' O A polyrnerasc (2.5 l I/ul)

~rhe PťulJltra™ I-II~' reaction buffer consists of 10() mlvl Kel, 100 mlvl (NI-14)2S04, 200

m Tri -H(~ I (p I 8.8), 20 mM Mgl 0 4, 1% rl riton'" X-l 00 and 1 mg/ml nuclcase-free

ho lne rum albumin ( A).

Ih int mut tions w re introduced into the wild-type scq ue ncc using the P ~ R primers

(step _) with ~ Itered nucl otidcs. The upstream prirners for pcrťormcd mutations were

(nu .leotid '" n bold and underlined font encode the rnutated arnino acid) :

7 : 5' - rl J (JA '

1 ,

7

: 5"- ' "I'

,
- J J A 'f'A -" G (, A'IY Te AAC r e c ACC-3' ,

· l j (' .x A C AAC AAG TAC CAG Te

: 5'- t 'A ' AAG AA _ A AAC G A CG GAG CC-3' ,

-( ' 'T - A J _A ' c ~ AA ,oe G ' ~ CCA GAA AGG-

: 5' -UA A l' i '1' .J 'r 'T r T AAC C (i J ~A O'rC} TT /AC-'

G A -3' and primer tor mutation E472A (used subseq uentJy).

'-uc'r G ~ " ACA GAG "A AG GG J TC T -3'

'- ~ A C A TG T C AAGACTGGAAC' rr GA C-3'

Th own tream prim rs were reverse complementary.
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Loops of different lengths were produccd frorn thc H4-l-15 (Lc lr~54- l i 777) sequencc by

the insertion of stop codons into the scquence at the position: of K605~ R589, 577 ,

G542 and K528 ~ rcspectively. Thc -tcrminal shortencd co ns truc t 1390- l 601 was made

by subcloning the eorresponding D A sequence into thc multipl e elo ning sitc ol' an

em pty pGEX-2'l' vcctor bctwecn 8(1111111 and /j'coRI sitcs as dcsc ribed above. The

fo llowing primers werc used for thc amplification of difťercnt constructs, with the

re levan t ite in bold and underlined font in cach casc:

3 4- 777 sen c with Bgl 1I site: 5"-('( ,' 1' AGA TeT ("1'(; (iAi\ o cr G'I'C.J (;AG

. CC-]" ,

L nse with B~III site: 5' -(J C:GT GA TeT ;\1'C C/Arr CjAA GCT GA .

antisens with Eco I 'j e: 5' -A~r i (1 ,0 (" r Ci eGG C~AT TTCl ce ACA-----
i( - .

.c se with t p codon: 5' -A T (i A ce: CCT .A GCT (1 T G C

se se with stop codon: 5' -('(' ( J JA AA C: C GA TT GTG

'I' " 1" -3';

ith 't p codon: 5' - .1(1" G JA __ccr-r JTC. CTA GGT

( rl' ., -3 ';

7 ense with 't p codon: 5' - / C CT J JAC A/\ (' A J CTG AA GA

h .yrnlx I means that · n .sen: primers of the -terminally shc rte ned

.onstructs were usually complementary.

h D ~ quence containing the point mutation or shortened I p was transformed

into the E.. coli XL l-Blue supercompetent cells using the heat hock method. This
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method i based on a temporal disruption of thc cell mcmbranc integrit) using veraI

sudden changes of temperaturc allowing a pcnctration of thc O

heat shock sequence was:

1. The cells wcre incubated with thc plasmid on icc for 30 min.

2. The mixturc was inscrtcd in a bath of 42 0(-' for 45 S.

into the cyto ol. The

3. The mixture was placed on icc for 2 min .

4. 200 ul of LB medium ( l Og bacto-tryptonc, 5 g bacto-yeast cxtract and lOg NaCl in

1 liter of di tilled water, pI-I adj u .tcd to 7.4 hy Na()I-I) warmed to 42 0( ' was added

and the uspen ion was incubated at 37 "C for 1 h.

The cell were grown overnight at 37 O(~' on the agar platcs containing the I.,B medium

with mpicilin (50 ug/ml) in ord r to upprcss thc non-t ransformcd cells. ingle colony

wa: chos n and cultivated overnight in 3 ml ol' liquid IJH medium containing ampicilin

( O ug/rnl) at 37 o . The cell werc thcreaťter disrupted and thc DNA was harvested and

purified u ing QIAprep 'pin Miniprep Kit (Qiagene). [)NA was eluted into -O JlI of Tl:

buffer (10m ris- -I -, ., 1 mM EDTA'\ pl I 8.0) and storcd in -20°C. Sequencc of the

mutat A was d t rn ined by A I rism automated sequencer.

+- oso
I

p " - 114- H 5 10 0 P

/

322 oJi

L~ · 1/r 19. ....
tch ol' th pression vector pG EX-2T containing the 14-H5 loop insert. he

pGI~X-2rr ector co ntains the gene coding the GST and the gene causing the ampicillin
re --i anc . G T protein can be removed by the cleavage of the sion protein using
hro mbin, he cleavage ite is represented by a black circle.
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6.2. Protein Expre ion and Purification

Mutated [) A (pG~~X-21 plasmid containing thc I) A coding for a point-rnutated 114

1-15 loop) wa transfonncd into E. coli BI.l 21 cclls using thc hcat-shock mcthod, a..

described above. Cells werc grown ovcrnight on agar platcs containing th ~ LB medium

with ampicilin (50 ug/rnl) in order to upprcss th non-transforrned cell s. Single colony

wa choscn and cultivated ovcrnight in 3 ml of liquid L13 medium containing ampicilin

(50 ug/rnl), Th i.. suspen ion was diluted into 250 ml ol' liquid IJB medium containing

ampicilin (50 ug/rnl ) and cultivatcd to () .l). () .S at 60() n111 . l Jp to thi.s point the

tcmperature was 37 "C for al1 cultivations. ll'Tti, that induccs the cxprcssion of the

G rr-fu ion protcin ., was than added (fina l conccntration 0.1 InM) and thc cell ' wcre

culti vated ovem ight at 30 ° '.

u spension was centrifuged at 4 0( ' and 500() g for 30 minutcs and thc pellet,

ontai ning th E. coli bactcria was col lcctcd. It was rcsuspcndcd in l 'ENG buffer (50

m r) rl '-11 :1., pl-I 7.5~ 1 mM E~DrrA: 100 rn M aC~ I~ 1O°IÓ glycerol; 1 ~) NP-40 ~ 1 mM

T ) cc ntaining the protease inhibitors (1 mM PMSF, 2 ug/rnl lcupeptin, 2 ug/ml

p ' po. tatin, 20 ug/rnl aprotinin) and incubated with lysozyme (0.5 ug/rnl) for 15 minutes

on ice. Cells wcrc disrupted by .. onication . Cell debri s was ccntrifuged at 4 °C and

I OO() J or 3() minutcs ~ nd thc supernatant was loadcd into thc 2 ml glutathione

' ephč rose 4 colurnn (eq ilibrated with r 'r~N J buffer). It was incubated for 1.5 hour

. nd ash b _(ln ml . b ffer (20 mřvl Tri ' - f l (~ 1 pll 7 . 4~ 140 mM NaCl). The Gsrr

f 'on protein was luted by threefold addition of 2 ml 50 mM Tris-H'Cl, pH 8,

.onta ining 10 Jl rcd .ed glutathionc ( ~ r .itl and Johnson 1988., -Jnnis 1997) and

ialyz d overnig t at 4 J against th · ()( )Id excess () SOmM ns-HCJ, pl-I 7.5 and
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29

p . 9

Fig. 13
L O -PAGE: E pres ion and purification ol' GST fusion protcins. The expression level
for the 1)489 mutant was lower than that for thc wiId type. AII othcr mutants were
xpres ed comparably to the wild type.

Protein purity was dctcrmincd by thc 12 <X> (w/v) SDS-f>A(J~~ process. Single

band orre sponding to approximatcly 53 kDa was dctectcd on the clectrophoresis gel.

II mutants had th expre sion lev I .imilar to the W'I', cxccpt for the P489A rnutant ,

that a: .. ignificantly less (Fig, 13). Conccntration was estimatcd by thc

Bradf()rd method ( radford 1 76) using 1mg/ml RSA as a standard.
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7. Fluorescence pectro copy

7. 1. ATP Binding M ea urements

ATP binding to thc 1-14-1-15 loop - (,Sl' ťusi on protei ns was measured indircctly using

2' ~ 3'-O-(2 ~4 ó-trinitrophcnyl) adenosine 5'-triphosphatc (T 1)-A 'rI)) (Fig. 14)., a

fluoresccnt analog ol' ATP.

Quantum yicld nf T P-A TI> is scnsiti vc tl) thc polarity of its environment

(Hiratsuka 1973 ., 1973a). Thcrcforc, the binding ( l l' the prohc to the protcin could be

detccted by the changes in fluorescence intensity. The increasc o f the fluorescence

inten ity accompanied by a blue shift is obscrvcd upon the hind ing of thc probe (Fi g.

1 ). Binding of the rl P-ATP was characterizcd by the titration of a protcin sample by

thc fluor c nt pr bc and evaluation of thc dissociation constant. A method of data

ana ly i mploying the nonlinear least square titting proccdurc (Kubala 2003) was used

in o r c rmputation instead of classical Scatchard-plot approach (Moczydlowski and

-orte 1 1)., which artificially shifts the estimatcd valuc of dissociation co nstant as

d mon strated by rubala et al. (2003).

I
- )- - (

II

I
- ~

II

I
- -()- I I? -, O

~I ~ I

2

f i . 1
2' (or 3')- - 2,4,6-trinitrophenyl) adenosine 5'-triphosphate (lNP-ATP), the fluorescent
, na og of r P.
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When a di sociation eon tant ťor T I)-A'rp is cstirnatcd one can ea .ily e timate

the dissociation constant for A'IP. This is achicved by thc measurcment 01' the change

in cmi sion spcctra of T P-A'I'I) during thc cornpctitive displaccmcnt of A'lP by T P-

ATP.

7.1.1. T p-A~rp Binding .

Thc signal of buffer (1 ml, ol' 50 mlvl 'I'ris- f r(~ l) ano buffer containing 1.6J.lM protein

wa collccted heforc the addition of T }-l _/ "r l> (purchascd frorn Molccular Probcs,

lJ A)., and this valuc was subtractcd írorn all ťurthcr raw data as a background . Aliquots

of P-ATP were ub.. equently addcd to sam ples. The mi xtures wcre gcntly stirred,

and thc fluorescence intensity was recorded. Dilution co rrcctions ol' the protcin and

pro be conccntration wcre calculated. Thc fluorescence in tens ity was normalized so that

th flur resc .nce intcn .ity of a I ulvl frcc probc was sct to unity. T hc dcpcndcnce of

norma liz d fluore cence intensity on the TNl'<A 'lP concentration was fittcd to thc

cq uatio n (K uba la 2003)

here 1/ is th irm: ized fl ircscence inte nsi ty, fl ll' i ~ ' t c conccntration of rrNP-Arr p,

IF~ J r i " the cc ncent r ti n o ' the protein, y is thc fluorescence intensity enhancem ent

actor )t th bound probe relative to he f e pr be, and Kp is thc di sociatio n constant.

'I he tl int n .ity enhanc r c a t -'1' y" which is the ratio o f respective

uantum yields 01' bo und t fr e probe was cstimated to be y -= 2.3 + 0 .2 . Alt the

paramet rs e cept Kp were ept c n tant d ring the fitting procedure. The Kp values are

pr nt d as a rnean _ ir: fr m at least thre independent measurements.

Formula ll) can be extended to proteins with n identica l and non-cooperative

binding sites per protein molecule s ollows (Kubala 2003):

[2]
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Fi ). 15
T p, P ernission spectra in the absence (black dots), and in thc presence of the WT
pr .t in (whit d t ). P-A1 P., a fluoresccnt analog of A'Il', is scnsitive to thc polarity
if its mi n - nvironment. Binding o t thi s dye to a protein can be thus dctectcd by

111< nit ring th changc: in emission spectra., a blue shift and an enhance ment of the
intcn: ity of fluore .cen ce.

•••.....•-e lnt~III yA

--r as purchased from 'igma-AJdrich (Gcrmany). T c expe rimcnta l procedure was

th sam S for "1 , binding, c ce that itration was pcrformed in 1 ml. of 50

m Tri '-H '1 containing 20 mM A" ., l -t 7.5. A'I'P is a weak acid and in high

- mcentration can caus a substantial shift ol' pl-I; the refore., pI-I was adjusted by titration

ith II ' I nly after dition ol' A . ATP competitively di splaced the --m p-AT P from

thc binding .it s, re lting in the ower fluorescence intens ity as c mpared to that ofthe

titr: tion in th · b sence of A'I'P. The ignal of buffer and protein (if present) was

.oll ct d bet re the dd it on of ' P-A P, and this value wa: subtracted from all

urther raw ata as a background. ilution corrections o f the protein and probe

onc ntration were calculated. The fluorescence intensity was . ormalized as described

pendence ot normalized fluorescence intensity on the concentration of

P- TP was fitt d to the eq ation (Kubala 2004)
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· " r - 1( [ 1 r ~] ' 1\ /'F = rPl,. + 2 P I + E r + A I' + lAL K
oj

) , , " K / ) :2 4["I> ] [OL'] 1 [3](I ! L+ Ir,Jr + 1\ " + [ AL K ) - r LJ r I'
, A)

which de cribes the situation wherc probc and A'lP compete ťor the samc binding site .

[A [r is the total concentration of A1'1)., and K/\ is the dissociation constant for ATI). Al1

the parameters except Ki\ werc kept con .. tant during thc fitting procedure. The Kp value

was calculated as dcscribed abovc. AH thc K/\ values are prcsented as the mcan + SEM

of at least thrce indepcndent measurcmcnts.

II TNP-ATl> fluorescence intcnsitymcasurcmcnts werc performed at room

t mperatur (22 Oe) u..'ing the Fluorořvlax -? (Jo bin Yvon/Spex) stcady-statc

fluorom ter, in 0.4 x 1 cm quartz cuvettcs. Excitation and cmission wavelengths were

..set to 462 and 27 nrn, respectivcly. Both thc cxcitation and ernission bandpasscs were

1Onm and the integration time was 5 s.

e.. enc ea urcments

sir n pr >t in ~ 54- 58 (1 Jl ) in 20 mM Tris/lK' I, pH 9, was labeled

ir O rnin with 30 f.l 1'[ ~ in dark a r o n temperat re. Residual free FI1'C was

remov by dialy i ov r night agai . large excess of 50 mM Tris/HCI , 150 mM

a 'I., 2.5 m Ca -' 12., p I 7. . 'he OSl"' tag was split off by 10 lJ of human thrombin

per mg o ion protein >r 1 h ~ t ro m temperature with gentJe shaking. The ,ST

prot in was rern ved by incubation of the mixture with I ml. of pre-equi librated

lutathion pharose (.. ee the Molecular Biology section). This procedure was repeated

ic . t inal ly., thrombi and buffer components were removed by size exclusion

hromatography on a 3 ml . ~ ephadex 0-25 colurnn preequilibrated with 20 mM

Tri '/HC I., pl l 7.. The concentration of the FITC labeled loop was ]45 ug/rnl. (2 .88

), the molar ratio ol' Frr bound to peptide was 1.2.
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teady- tate fluore cencc ani sotropy ať FTlC-labcled -domain wa ~ measured

ln L-format using the PcrkinElrncr IJ~ SnR tl uorometcr. Thc e: citation and cmi sion

wavclength wa ~ 480 nm and 525 nm, respectivcly. 'I'hc c citation and emis ion

bandpasscs were 5 nm, and thc integration tirnc was 1 s.

The e cited state lifetimc and thc anisotropy decay I11Ca .urements were

perfonned with thc K2 Phase-Domain fluorometer in I - formatc with the modulation

frequ ncie ranging frorn 10 Mllz to 200 Mllz (thc excitation wavelcngth was set to

480 nm ). A fi ltcr in thc cmi s: ion channcl was uscd instcad of thc emission

monochrom átor . Data anal ysis was perform d using a K2 software.

Eosin Y i a fluorescence labcl compcting with A'TP for its binding site in the

m mbrane-embeddcd enzyme. It has becn used to dcmon strate Ar-rp competition as well

a ~ Mg2
+- and K+ induced eonfonnational changcs in a +-!K ~- A'TPasc (Skou 1988, 1983.,

f~~ sm: nn 1994). Interaction of co 'in Y with GST fusion proteins was studicd according

t( s ou Esrnan (1988) in 20 mM ' rri s/ I-I C' ~ , pI17.8, at 37 -c. Excitation (48 530 nrn

with Acnl -= 53 nm) and emission (530-580 nm with Acxc == 518 nm) spcctra in the

prcs n of 1 ~ lr IO ~M ( 1~354-P58 8 GST fu ion protein, and GST-frcc controls

rc r ~ ird d ln a Hi achi F-3000 Fluorescence Spcctrophotomcter with 5 nm

b. n pa: '. t ~a y- ..~tate fluor cence .. tudi es were performed with the (L.l35 1777)-OS'-[

lusion protcin ir thc same buffer at 37 "C on a Per rinFJ mer LSSOB Luminescence

, cetr met r e citing the probe at 51 8 nm and record ing thc emittcd fluorescence at

and pa..sses each) and using an emi ssion fi ltcr of 53() nm. The following

ligands w rc st c with r p ct to their in I ucnce on the steady-state fluorescence of

100 n in 20 m r ri / I I, pll 7.8, in the presence of the 114-~IS loop: 10 mM

a', m gl.t, 5 m 4
3
-, 1.5 m an 3 mM A P. The largest construct, the

1777} - ' "1 usion protein, and thc "-te rm ina lly shortened construct L354-P588

re sed for a comparativ study.
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8. Result and Discus ion

8.1. tudie on the tructural tability of the -domain by FITC ni otropy Deca

and Eos in Fluorescence

8. 1.1 Motiva t ion

Following the ~ ~~RCA analogy" thc -dom ain nf thc a t /K t A'Tl'asc hould bend

towards thc the Pvdomain upon the binding of ATI) (Chapter 3.2 ). This process may

thereby al o plain the amino acid labclling of the Pvdornain rcvcaled by experiments

with - 3_
r

[ P-!\DP (Ward 1998 ). The samc considcration may apply tl) the labelling

of P668 by 4- J-2- ()2-phcnylphosphate (Tran 1996). It was thcrefore justified to learn

more abo ut thc rigidity of the -dornain. This issue was investigated by FITe

tlu re -c ne' nisotropy decay ano lifctirnc mcasurernents as well as by steady-statc

cn ' tud i .

2.

-T ( 1 label d J154-- 588 loop protein with a molar ratio of fluorophore/protein of 1.2

· s prep. red LL' scrib d in the Chapter 7.2. Its steady- .tate fluorescence anisotropy o f

.25 .' itc high f r a soluble protein, indicati g a low flexibi lity in the N-

d mam. r- his v I c is, however, ~ ignificantly lower than the r == 0.34 of the Fl e
lab lol Jod a t / t . r- 'I ase in membranex (A I r 1992). Additional ly, to get a deeper

in__.ight into thc rigidity of the Fl /- bc cd 1-J3 5 P588 H4-H5 loop, the excited state

li ctime and ani otropy decay the Fl -Iabeled protein fluorescence were determi ned

using a ph ' omain fluo r meter a described in hapter 7.2 . We found a two-

.ornp nent fl re cenc intensity decay with the major lifeti me component SI == 3.5 ns

(~I - 0.77) and the minor component S2 == 1.7 n (f2 == 0.23). The c rresponding average

lifetirnc of the .xcit d t te wa determined as == 3.1 ns .

The ani .otropy ecay of I -labeled L35 P588H4-H5 loop was determined

in L-tonn' t. two-c m ponent rl cay with a larger component of ql == 11 .3 ns and a

shorter comp nent of q2 == 1.2 OS, seemed to satisfactorily fit the c llected data.
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ln contras t to result ~ reported for thc mcmbrane-cmbedded a /K t- A'TPa e

( kou 1988~ E smann 1994)., we ohscrved no changc in thc Ci citation or in the emis ion

fluo rescence pectra of eos in Y in thc presence 01' any ot 114-1-15 loop--(J '"I' fusion

pro tei ns. o e ffec t of a t-.. Mg2t
., P()4 - or A'lP on the eosin Y steady-state fluore cence

wa: seen in thc presence 01" 1 ~tM (JST ťusion protein 1. ,354--1777.

8..3.
. .
I CU ~ Ion

Fonner studies with pyrcne i sothiocyanate indicated a rigid structurc 01' the ATP

binding site in the membrane embcddcd sodium pump (I.inncrtz 1998). Conformational

tability of thc -domain is also evidcnt fr0111 thc high stcady-state fluorescence

ani otropy of r -= 0.25 for thc PlI'Celahclcd 114-1l5 loop and from its long anisotropy

d 'cay of q l of 11._ ns. The shorter cornponcnt ol' the aniso tropy decay (q 2 == 1.2 ns) is

short nough to bc ascribed tl) the wobbling of the fl uorophore around its binding site.

1 h longcr co rnpo nent (q , := 11 .3 ns), on thc ot he r hand , is long enough tf) reflect the

m ti n of t whol TfCvlabclcd 114- 15 loop and not only segmenta l motions,

fa iring th ' vi -w that the whole loop tumbles in solution.

dd itio 1 .upport t thi onclusion cornes fro m the fact that, in contrast to the

mcmbr: n .-en bed cd atiK t ATPasc. thc loop a lone when stained with eo in does not

re .pon to ad itio ('O A' "P, a ' r Mg2
+ by fluo rescence changes (Skou 1988). The

findi J that there is i tl u nce of ligand bindi ng tl) the (JST fusion proteins on the

sin Y t .ady-stat f ir ~ c nce i r rather urpri ing because osta et al. reported on an

ism interfere cc wi th gA

sta 2003).

in the di n r fc rmation of a 1-14- 15 )()OP protein of

owever, it · cm to support a conc lusio n that the N -

d m: in ) th 1.: lated H-l-l 15 10 p isnablc to twist down to the P-domain (Jorgensen

_003) . ' uch mform ational change .s needed in the membrane em bedded Na+/J<.+

'('P' se to nable both, 8- 3-'1 P-A P (Cavieres 200() and 4-azido , 2-nitro

phen Ipho .phat (' ran I9 6) to label the P-domain at an amino acid -terminal f

736 (( a ieres 2000) and ' t 668 ( ran 1996).
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Fig. 16
C-Terrninal truncation of the H4-H 5 loop leads to loss of TNP-ATP binding due to
unfolding of the -domain as revealed by molecular modelling. (A) The complete H4
H5 loop starting at L354 and ending at L773 contains the N-domain interacting with
T P-ATP and the P-domain (D369 shown in blue) . (B) The size of the isolated H4 -H5
loop hortened by the C-terminal part 01' the P-domain to L354-1604 is without effect
on T P-ATP binding . (C) The stability of the N-domain and its ability to bind TNP-

TP i lest, however, when the sequence C-terminally oť L527 is rernoved, although all
the amino acids known to interact directly with ATP, and shown in purple are stilI
pre ent (E446, Q482, F475, 477, K480, K.SOI, E505) . The mobility of the structure in
the residual -domain of L354-L527 forming the ATP binding site is indicated by red
arrow .

either method provided any indication of a conforrnational change of the N

domain upon ligand binding in the investigated GST fusion protein. It is thus very likely

that the -domain of the isolated loop forms a rigid structure, unless essential parts of

the backbone are removed (Fig. 16). Consequently, we can conclude that the N-domain

containing the ATP-binding site is a rigid structure, without flexible segments.
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8.2 Truncation of the Cytoplasmic H4-HS Loop of the a+/K+-ATPase u -subunit

and the T P-ATP Binding

8.2 .1 Motivation

Molecular modclling o f the 114-H5 loop ol' thc a t/K f
_ TPase according to thc El

Ca2
+ TPase ( ttrich 2001) rcvca led thc - and Pvdomaiu structurcs that ha been

almost idcntieal with those found with r -ray crystallography and NMR analysis

(Hakan.. on 2003~ Hilge 2003). In silico dock ing o! A'IP and r-r N P-/\ 'r l> to thc 114-115

I op .. how d a. .ingle A r-rp binding sitc only (Kuba la 2( 03) (Fig. 16). In this active site

rc iding b twecn 1390 and L~576 (Tahle 1)., cight arnino ac ids interaet with A'TP (Kubala

200 ).

o co .. ure that thc docking experimcnts reflcct actually thc propcrtics of thc loop

ln .o lutio n W F nalyzed T P-ATI cquilibrium hinding to thc (I J354- I777 )--CiS
r r fusion

prot in th: t ontain.. hoth thc -domain and P<dornain. Experimcntal titration rcsult

wcre fittcd t f) th oreti cal curvcs (Chapter 7.1.1)., desc rihing thc TNP-ATP binding for

on I J .-nd two (2] binding sites in ordcr to assess thc numbcr of hinding sites on the

~1 -1151) p.

Furth r me ns to earch for a second AT'P binding site was thc prcparation of

scvcral .h rter iop onstructs. Conscqucntly, a number of GS'ľ fusion proteins starting

, t 1..1 ·n ng r t · ryi g '- t rminal ends wer cxprcssed and purified. Their

, bi i ies to bi d '( w re measurcd and analysed .

. mino tcrminal L hortcning of th 1) .P protein was testcd as well . W e prepared

h 'on .tr c 13 0- '6() I that lacks hl: p sphorylation itc at D369. With these

'on ' T t · the .arne meas urernent and analy i procedure was performed as with the -

t rminaI 'h )rt nin J ) ne -,.

Ihe r p- Tl' titration xperiment with the (L354--1777)--GST fusion protein revealed

hat l' P- 'lP bind to a ingle ite only. Fitting af the flu orescence enha ncement to

th theo retical .urves rl, 2), the single site nucleotide binding m del and the bind ing

model for o bi ndi ng sites (Fig. )7), gaye no indication fo r a second site.
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The construct without the C-tcnninal part 01' thc l)-donlain showcd unaltered Kl)

values of the H4-H5 loop-Třvl'<A'lP cornplcxcs oscillating around a mean value of 3.35

J.l M (Tahle 1). 'r he PvA'l P binding propertic ~ changed drastically, however, when C-

terminal .. hortening down to 1~ 5 2 7 rcrnovcd thosc parts 01' the -dornain that apparently

stabiIized its backbonc (F ig. 16). Wc obscrved an approxirnately 4()% increase of the

dissociation constant KJ) for the hortcned construct, I,J 54- 1,54 1 (Kl) ::- 4.73 ulvl), but a

harp ignificant increase of the Kl) for 'I' P-A'ťP ťor thc shortest construct, LJ 54-t~527

(2000/0, Kl) == 10.05 JlM; 'Tahle 1). We should add that shorter constructs could not be

purified because they showed an incrcasing tcndency to prccipitate in solution. This

, hortcst con truct I J 3 54- L~5 2 7 stili containcd all amino acid s known to bc neccssary to

bind rr p (Fig . 16) (Chapter 3.1 .1 .1.) .

Th -term ina l shortencd construct (I390-S60 1) showcd a single 'rNI)-Arr p

binding .. itc a ' well . The protcin had thc samc ' rN I > - !\' ľ l ) binding propcrties as the

long .. t prot in 1.135 1777 with Kl) -= 3.50 ~lM (Tahle 1).

.--- ------- -- - --- -,.----- --- ---- ---

[ .I ngth/arni no ' I~p-A' rp

- min acid sequcncc Bindingacid
or mutation (without G Fr ) Kl) (JlM)

Mean SEM
_.._--

354-L777 324 3.55 0.35
..- ---
I 354-1604 251 .3 0.06

-

390-860 1 212 3.5 0.07

I L354-P588 235 2.95 0.05
I ... - '.-

L354-L576 222 3.6 0.07
I

_ _ _ o

I L354-L541 188 4.73 0.19
I
I 354-L527 174 10.05 0.95I
I 398D (L354-1604) 251 3.3 0.2

1D369A (L354-1604) 251 3.5 0.5
-- --- --- - --- - '--- - --- _____ ___L __.______

I . b. I
1 . p. 'lP binding to II -HS loop- JST fusion proteins of different lengths. Ko values

ere .al .ulated using equation [ I J. The numbcr of binding sites for ATP for a H4-H5
Joo p as considered 1 for aJl investigated proteins. Mean values ± SEM are given at
I ast for si independent experiments.
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Fig. 17
Rinding f p, r-r r to the (IJ354-1777 ( .Srl' fusion protcin, and fit of the data to
quation.. f r 1 or 2 ' p-A'rp bind ing .ites. Thc (L354-1777 (]s rr fusion protein (1 .6

~l ) was titrat d with r- P-ATP in 50 mM Tris/I rCI., pll 7.5 at 37°C. Regression
r nalysi..' ce rdir g t thc equations [1) and (21 (sol id line: cquation t1) ~ broken line :
.qu tion [21 ., f r n-řl; also able I).

'hc int rpreta i ( ť the abov reported data on thc truncation of the l14-1-15 loop is

~)O id rably facilitat d by h avail ability o f a m lecu lar model (Ettrich 2001).

lJnfortunat ly, the str cture if the 14- 15 1<. m seerns to vary depending on the presence

f the phosphorylation irnain as .s a arent from the ťo llowing example. The model

ba .. cd on the I: I crystal structure of "a2
t- A'IPase (Toyoshima 2000) and respecting the

- and -termina! parts 'O h -do main ( ttrich 2001), hows ť'548 as part of the A P

.it (Fi J. I ). ( n the other hand, in the model based on the cry stal structure of the N-

om: in ot u' ! t ase and not including the -domain (Hakanson 2003) ( ig.18 ),

F - is buried und r the -. rfa ce of the ATP site. The role oť f~548 on the A'-fP and

r p, rl' binding has b en investigated carlier (Kuba la 2003, Hofbauerova 2003,

....002) The tl" ct o ť mutation of this speci fic amino acid on the nucleotide binding

prop rty o" the i olated 1-I4-H5 loop is rather drastic (Kuba) 2003). It remains,

howev r, unclear whether F548 directly interacts with ligands or whether its importance
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is just in the formation of the structural backbone of the ATP binding pocket. The

adjacent amino acid residue C549, can be labeIed by erythrosine isothiocyanate in the

membrane embedded a -/K ' ATPase after bIocking of the E 1 ATP binding site with

FIlC (Linnertz 1998). In the H4-H5 Ioop model of a'/K ' ATPase (Ettrich 2001)

obtained analogous ly to E I-Ca 2
' ATPase (Toyo hima 2000), F548 i part of the ATP

binding site and C549 is also accessible . However, in the crystal structure derived

exclusively from the -dornain (Hakanson 2003) , both arnino acids are hidden under

the surface as part of the structural backbone. lt seems therefore, that the model

respecting the Pvdomain-forming peptide exten ions of the N-donlain (Ettrich 2001) fits

better to these experimental findings .

. .",'

7I
I

..l

::J!" \' ~~" ~

I

Fig. 18
Recognition of FITC by amino acids forming the ATP binding site of the N-domain .
(A) Model of the whole loop in analogy to the E I-Ca2

t- ATPase structure (N- and P
dornains, L354--L773). Covalent coupling af FITC to K501 is accomplished by a
hydrophobic interaction of the benzoyl-group within FITC with F548 . (B) Model based
on the -domain crystal structure of U2 Na +-/K t- ATPase (N-doma.i n only, R378-D586).
F548 is buried under the surface of the protein and therefore not able to interact with
ligands in the nucleotide binding pocket .

Molecular modell ing of the truncated H4-H5 loop revealed that a big part of the

-domain can be removed without decreasing the TNP-ATP binding properties

( ompare Table 1 with Fig. 16). The increase in Ko value of the TNP-ATP protein
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complex as found upon the extremc -terminal shortcning to the LI35 L527 con truct,

could be anal yzed by dynamic and encrgy minirni zation runs, and attributed to the

inc reased mobility ofcertain parts of thc loop structure (Fig. 16).

Consistent with recently reportcd data on NMR analysis (Hilge 2003), 1 })- 1 P

binding studics (Gatto 1998., Kubala 2003) and in silice docking experimcnts (Ettrich

2001), the abovc rcported data indicate (Figs 16 and 17., Tahle 1) that thc isolated 1-14

H5 1<)OP of a tiK t A'I'Pase contains a .inglc A'lP sitc only . Fonner reports on the

exi tence of two ATP binding sites on both thc -domain and Pvdomain (Tran 1996,

Cavieres 2000) in the membrane cmbcdded sodium pump .hould therefore bc rc

interpreted in term of the existence of othcr protcin conformations (Thoenges 1997,

1999) differing from that of the isolated 1-14-1-15 loop in sol ution.
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8.3 tructure of the TP Binding ~ ite

8.3.1 Motivation

MR study of isolatcd 'rhr~)7-LJCll()O() segment of ~ EI{('!\ (corresponding to the N

dornain) showcd that Glu4J9~ Ser4XX and Val ) 14 are intlucnced by nucleotide binding

(Abu Abed 2002)~ corresponding residucs in a+/K t -A'lPase are A 'p443 ., -' cr477 and

et500 re pectively. Moreovcr, Fe2
+-oxidative cleavage ol' a tiK t_ATPase suggested

that ASp443 plays an irnportant role in A'I'P binding to and/or phosphorylation of the

enzyme (Patchornik 2002). The homology modelling of the Ha-Hx-loop predicted that

er477 could participate in A'T'}) binding (Ettrich 200 1). Finally, Met500 is closely

connected to the important LysS01_Ala503 region . Using site-directed mutagencsis, we

rl 441 477 d M ')00 . hlt" h . .d . Ar[,Pmutate sp 'I'" er an ct to c stim atc t c ro es o t esc ammo aCI s ln -

binding.

ln our previous work (Kubala 2003) we rcported. that thc mutation of Arg42J
,

hi .h is n th r di stant from the AT]' binding ite, resulted in a strong inhibition of both

'I' 1>- 'r p r od TP binding (K[)(l-- P-ATl") == 18 + 2 u.M and Kn(ATI)) == 31 + 10 mM).

This wr , rather surprising because this residuc is approxi mate ly 7Á from the bound

rn )1 10
(.: Je · nd lies outside the binding poekct. We pro sed, hence that Arg423 forms a

hydrogcn b ind wi h Jlu472 over a di: tance of 1.7 [~ and that thi s hydrogen bond

't biliz · the .hape )f th ~ wh I A'T binding poeket ( rubala 2003). Another distant

., which c uld b important for th proper shape of the A'T binding pocket, is

hich ÍL' eon .erv d am ng -A 'I' las .s. 'o verify these hypothcses we performed

I ~ m tation ~
, 472 d 489
JU an r .

Th ff ct o the m tations W' s evaluated by the bindi g of l~P-A P to the

i 'o l' t d - omain containing the given point mutation. We estimated earlier that some

mutations coul afteet only the -A binding but not the Ar P binding.

ompetitive di .placernent O r -A P by A was therefore used to test the intluence

o the point mutatk n on th -- binding of pure ATP.
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8.3.2 Re ults

AH the mutants wcre expressed as (J ~ ,rr - ťus i on proteins ln E'. coli and puriťied a

described in Chaptcr 6. Thc purity of proteins was checked by 120/0 (w/v) D -PAG .

We observed a single band at 53 kOa (Fig. 13). Thc cxprcssion lcvcl was high for all

mutants, cxcept for the P489A onc (Fig. }J). ll owever, cvcn in this case the synthesis

was sufficicntly high to perform all our C .pcrimcnts.

To verify that the G ~ T protcin itsclf does not hind 'rN I)- Arr l), thc G rl' protein

was incubat d with -I' I>-A'rl> and thc fluorescence was recordcd . The fluorescence

inten ity of r: PvA'l'P in buffer did not changc upon thc addition of the GsrI protein.

Thus, there wa no significant binding ol' 'I' P-A'I'P to (,S'I' observed over the whol e

rangc of 1 P- TP conccntrations used in our study. Accordingly, thc GST-H4-H5

I op fu sion protein was considered to bc a suitable model system for studying the

binding of T p_ . ' P to thc Af'Pvbinding site. In contrast, incubation of al l fusion

proteins with T p-A'rp re sultcd in a clear and significant incrcase in fluorescence

intensity corn parcd tf) Ol T in buffer or buffer alonc.

, infirmcd our previous result (Kubala 2()()2) and es imated that thc hinding ofl~P

'r l t the i ,rr-rI JCU154_ lIe604 ) fu ion protcin (wil type) yielded the valuc of the

Is..' iatir n .ons ant Kp =- 3.1 _ 0.2 J.lM (Tahle 2). A new founding is that the M500A

mut: ti in did n t significantly v ry the r s ts { 1 i also mutati n E472A influenced the

l I binding only moderatel y n t ie ithcr hand , titration in the presence of

· 72 and 477 mutants resul ed i r c nsiderably ~ mailer increase of fluorescence

inten .ity as c im par d to wild-type. his ifference suggest.. that the NP-A P binding

as inhibit d in thes cases (Fig. I ). ven larger decrea.. e was observcd for the E472A

mutant, and interestingly, urther mutation ol' Arg42J (i.e. the I 423LE472A construct)

had no .ignificant additi na) intluence on this e ffect ( able 2). The most dramatic

.hange W'- s b rved with the P489A construct; the TNP-A P titration curve of this

mutant as un i stinguishablc from that in the absence of any p otein (Kp > 100 JlM).

Th timat d dissociation constants values are ummarized in the able 2.
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T P- TP binding to the 4-115 loop protein with point mutations in the presence and
ab enc ot 'I P, respectively. GS'T' fl sion proteins (1 .6 J.lM) con taining point mutations
( 500; B: 43A; 477A; D: E472A; E: P489A; F: wild type) were titrated

ith 1 p- rr p in 50 m Tris-H I, pf-I 7.5 (triangles) and in 50 mM Tris-H I, 20 mM
TP., pll 7.5 (ci rcles). For comparison, titration in pure buffer is shown (squares). Open
mb ls in graph O represent data for the double mutant R423LE472A.
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'r P-Al~P rl P-Binding
Binding

Mutation
K n (~M) Kl) (mM)

Mcan S~:M Mean EM

wild type 3.1 0.2 t 'J 0.7J .....
-

D443A 3.7 0.2 32 8

R423Ij 18 2 31 9

E472A 15 4 20 11

R423LE472.t\ 17 5 35 15

'477A l) I 7 1

P489A / 100 not analyzed

M500A .6 0.6 5 2
'--------- - -- - -- ---- --- '--- - - - _._--L-. ----

~ rah . 2

Dissoc iati ln con stants for T P-ATP and ArI P binding to thc Gsrr- f-14-}-15 fusion
protc in__". The resented data are the average and S~~M values frorn at least three
inu p nd nt m a urements.

2 2 ......·1• • _ o o
.

o ro eIO".

Ih · issociation - )ns a t ll' A'fP bindi ng to thc 11 - f IS-Joop of Na ~/K ~ -A'TPasc is

· boi t three r ers ť magnitudc highcr than the onc if 'T P_ArrP (Table 2). This

sug Jest · a certain stabilizin J role of the trinitrophenyl moiety of the fluorescence probe

in t irming of he c mple with protein. J ence., ( ne has tl) admit that the interaction of

the tri itr ph nyl m i ty i ," lf with h . 'l l -bi ding it might affect the apparent Kl)

, Iu ~ foun for our mutants. herefc rc, we determined the di ssociation constant of

rP-peptide c mplexes for all constructs as well .

mpetition a r th binding site betwccn A P anc r -ATP was used to

.han .t riz th binding of T to thc t si n proteins. r: 'hc presence of ATP in buffer

( ithout any protein) did ot infl uence the fluorescence intensity of rrN P-ATP.
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However, it ha changed significantly the fluorescence inten ity of P-ATP in the

titration experiment pcrformcd in thc presence of 477A and t\1 500A mutant (Fig.

19). A lower fluorescence intensity in thc presence 01' A'I P ind icated that some binding

sites were occupied by ATP. This effect was much smal lcr in thc presence o f D443A

and E472 A mutants, suggesting that the TP was bound to these mutants very weakly.

Indeed, we observed an increase of the valuc of the di sociation constant 6.2 + 0.7 mM

estimated for the wild-type (Tahle 2) to 32 + 8 111M for [)443 A and 20 + 11 mM for

E472A. In contrast, no signifi cant changc vas obscrvcd wi th the mutations 477A (7 +

1 m ) and 445 A (5 + 2 mM). The fact that mutant P489A didn't signiťicant l y interact

with p, 'lP disabled the cstimation of the dissociation constant for the ATP binding

in thi ca .e. The results of p-A'rp- and A'ťl)-binding to all mutants are ummarized

in Table 2.

IH V AT.- Z. FA LTY
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8.3.3 Discu
.
Ion

A part of the H4-t15 loop of a '-;K' -TPase ( equence Leu354_lleú(4) wa II ed to te t

the influence of point mutation on the binding of TP. T P- TP, the tluorescent

analog of ATP, ha been II ed to evaluate the e change in TP binding in term of

T P-ATP dissociation constant , a de cribed in Chapt r 7.1 .

All residues were replaced by re idue of imilar or lower polarity . Thi can, ln

principle, increase the T P-ATP microenv ironment polarity within the binding pocket

and, thu , intluence the a e srnent of the dis ociation constant . Fortunately, this effect

is likely to be much less then the observed difference between K l ) value for the wild

type protein and most mutant s. Fir t. the ATP binding ite is cornpo ed ať eight arnino

acids, and thus, one point mutation can hardly cau e a dramatic change in its polarity.

econd, we performed model calculation to how that even a relatively large error in

the y value estimation would vary the dissociation con tant for ATP only moderately ;

e.g., increa ing thev value from 2.3 to 4.5 would increase the calculated K l ) (ATP) for

E472A from 20 to 24 m.M only. Therefore, we could treat the fluorescence enhancernent

ťactor a a con tant for all the mutants .

I

j

Fig. 20
Difference in binding between ATP and TN-P-ATP. (A) The most important interactions
in TP binding are the aromat ic stacking between the adenosine moiety and F475 and
the hydrogen bonding of its H2 hydrogen donor with Q482 and D443 . (B) The
adenosine moiety ať T P-ATP is in the opposite position compared with ATP, and its

H2 hydrogen donor lies too much in the back of the picture to form a hydrogen bond
with D443 .
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The new model, based on the Hakanson s .tructure (1lakan 'on 2003 ) ~ was used

in computational docking experiment with Irce ATI) and '1' IJ-A'rp. In ilico docking

e perirncnts identified wcll the A'l'P binding site and re sul ted in the binding of both

substrates. The actual power of our model to interpret the rcsu lts of the tudie ofTNP

ATP and A'I P binding to the l-I4-H5 loop (Tahle 2) needs to be tested further.

Additionally, this model had to interpret hy mcans nf ln silico docking e periments

(Fig. 20) th obscrved changcs in tcrms ar interaction with specific amino ac ids (Table

2).

8.3.. 472 423ydrogen Bond Between (.Iu and Ar~

To v rify the hypothesis ol' thc (, lu4 72
- Arg4 23 hydrogcn bond existence w e m utated

(Jlu472 to ee whether thi: mutation would havc an cffect similar to that of the mutatio n

of rg42J
. Indeed, a .tr ng decrease of nucleosidc triphosphatc hinding was o bserved

f( r r 1>- Tl' (Kn == 15 + 4 ~lM) and A'lP (Kn ~ 20 + 10 mM), and the values matched

i hin th range of crror va lues fo r Arg42J
. Morcovcr, the performance of the R423l",

mutation on the construct alrcady co nta ining the E472A mutation (i.e. the doub le

nu r nt I 423lJi472 ) did not hri ng any sign ificant additional effect on both TN ll-ATP

( Kl) t: 17 + S ~M) and ATP (Ku ---= 35 + IS mM) bind ir g, and again, the values match

cll th vr I s btained fc r the R423L mutant. hus, we can see that these two

m t' ti ns has n additive cffect on thc nucleot ide binding, and this finding strongJy

p rts the hyp th sis that a hydrogen bo nd e ists between Arg42J and GIU472 (Fig. 21).

"' uch i n ťorma i n is beyond the resc lution ) .. both -domain structures mentioned

I lx ve . rea ing this hydrogen bond -a t instability in the stre tch of amino acids

. h d h 47"5 L 480 I 482 - hi h bi di k hi h .ntam ng t e resi ues e , ys ar n W1t ln t e ln Ing pac et, W JC are ln

pr imity of the other residues involved in the ATP bindi g, such as Lys501 or Glu446
.

1 hi ~ o rre .ponds t ur observation that nl tation of Arg42J
BJ1(j <Jlu472 1ead to a strong

inh ibi tion o f Pase (Scheincr obis 1999).

o 89 esmu

E n more dramatic hanges were observed after mutation of the c nserved residue

Pro48
\} . We were did not detect any TNP-ATP bi nding, suggesting that the performed
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mutation substantially inf1 uenced the tructure of the nucleotide-binding ite. lndeed,

Pro489 is located on the loop connecting the third and fourth ~- trands of the -domain

(Fig . 22), and forrn a kind of hinge between them . Proline i the onI re idue that

forces the peptidic backbone to adopt the cis-conformation. Thu , the replacement of

Pro4R9 by any other amino acid i 1 expected to re ult in the change of the mutual po ition

of the third and fourth ~- heets . The third ~- trand c .mtain re idue Ly 4XO and Gln4R2
,

while the fourth ~- trand contain the egment Ly 501 _ la503
. Proper mutual po ition of

these residues is required for the effecti ve ATP recognition . Thus, thePro4X9 mutation

atTect the backbone forrning ofthe TP binding ite rather indirectly, imilarly to what

was discussed for Arg 421 and Glu472 in the previou paragraph.

Fig. 21
Hydrogen bond between Glu472 and Arg423. The shape of the ATP-binding pocket is
upported by a hydrogen bond between GIU472 and Arg423 that brings the stretch of

amino acid containing residues Phe475 and GIU482 (not shown) elose to other residues
involved in TP binding, such as Glu446 and Lys501 (not shown) .
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8.3.3.3 Difference Between the ATP and the T »-ATl' Binding

Mutation of Ser477 resulted in a modcratc chanuc of thc dissociation con tant ťor 'I'NP-
~

ATP binding, whcrcas A'IP binding was not afťectcd at al1 (Tahle 2). Although this

residue i localizcd more than 4.1 A away ťrom A'll' its closest di stance to the

Meissenhcimer complcx of TNll-ATP is only 2.5 J\. We concludc thcrcfore that er477

interact clo cly with the trinitrophcnyl residuc oť thc more bulk y 'I'Nll_A'I' P.

However, such an argument failcd in thc casc ar thc Asp443 mutation (Table 2),

for which, we obscrvcd practically no differcncc in 'I' Il_Arrp binding., while the

binding of pure ATP was strongly supprcsscd. In silico docking of both substrates

rcvealed that the position oť thc A'I'P in thc binding pocket is not precisely the same as

the position of the adenos ine tripho phate part of thc 'l P-ATI>(F ig, 20). The aromatic

ing int raction betwce n the adcno ine moiety and f>he475 and hydrogen bonding of

th ~ adeno ine H2 hydrogen donor were described tl) be thc most important interactions

of T!' and the protc in (Kubala 20()2~ Kubala 2003a~ Hilge 2003). On the basis of

m rlecular modclli ng of both substrates in thc binding pocket, we hypothesize the

ist nce .lf th di rect hydrogen bonding of thc 6-NH2 gro up of the adenine moiety with

dn4S2 and ~ ' p44J in the case of ATP. It hould be emphasized that three-dimens ional

fitting o thc .tructure and our model structure, both with bound Ar-rp, shows that

t c ~ denosin 2 hydr gen donor in both structures i: in nearly the same position,

mly ( . frorn ach ther. r: P-A 'P., however, lies in a slightly differcnt orientation

in the binding P)C et, and we are unahle to observe hydrogen bonding of its 6-N f -I2

hy r ig n donor. ot that A Sp44J is I pproxi ately 6 A from the adenosine moiety in

th R .tructure, which mak s the direct interaction rather unlikely. However, if one

mpares th binding pocket o the crystal structure with that of both NMR structures, a

i .crepancy in th po ition of D443 (D450 in the NMR structures) is found. he

carbo yl zro p f the 443 in the crystal structure is 2.7 A fr _m the position in the

nructure witho t and 3.4 A with ATP. Moreover, recently published

rn tagen si ' (lmagawa 2003 and iron-oxidative cleavage (Patchomik 2002)

periments suggested the importance of this residue for ATP binding. This discrepancy

.o Id re eet different transient ubconformations of the protein and/or some segmental
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dynamics. However, e .planation ať the di crepan y between the

other experiments may need further inve tigation

R tructure and

8.3.3.4 t500 R ider e I ue- o Interacti on with TP

from the TP molecule, it

M . f M "00 1 d . hutation o et- a tere neit er T P-ATP nor

backbone of thi re idue i 6.1

TP bindinu....... lt hough the peptidic

ide chain i probably

buried under the surface, and its mutation cannot intluence the ligand binding (Fig. 22).

F· ??19. --
-domain of the H4-H5 loop with Pr0489 and Met 500 residu es highlighted. Pr0489 is

located on the loop connecting the third and fourth ~-strands of the N-domain, forming
a hinge between them. Proline is the only residue that forces the peptidic backbone to
ado pt the ci -conformation and its mutation results in complete loss of ability to bind
ATP. ide chain of Met500 is buried under the surface of the protein and its mutation
doe not intluence the ATP binding.
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9. Perspectives

9.1 . Motivation

ln order to obtain more information on thc quartery structure of the Na t) K + A'TPasc, on

the possibility of the dimer formation and also (ln thc conformational changes of thc

H4-f-J loop during the catalytic cyc lc, a ncw projcct is currently in progress . Its goals

cannot be meet with thc molccular biology n cthods wc u cd for the characterisation of

thc A'IP binding site, structural stabi li ty and the e ffcc ts of the loop truncations, The

main i ~ ue i ~ thc existence of the CJ I- T tag. GST is a rel atively large protein

approximately of thc amc size as thc 114-1 15 loop, and thus, when in the form of a

fUL ion protein, can di sablc possiblc multimerization and/or confo rma tio na l changes of

th f-14-~I5 loop and thcir monito ring. Thc fusion protcin can be clcaved by thrombin

an d the G therealter rcmoved, as was done in the I:ITC aniso tropy stud ics for the

LJ -4-P588 con truct. l lowever, for íuturc experirncnts \NC eons idered not having the

(J L_ tag in our co ns truct at all to be the casicst ano most rigorous way.

Th is wa achieved by subcloni ng thc W'I' DNA to ano thc r express io n vector,

pl: -- 21 b. Thi: vcctor contains thc cqucnce coding the Kanamyci n resistance ., and thc

sequcncc c ding thc lis t r g - a .equencc f 6 histidi ncs, which fuses with our 1-14-115

loop and .s e ployed in the purific tion process in a: alogy with thc GS'I '. Hi s tag is

rather ' · II ln c parison with thc (Jsr-r and its cffect on the 1-14-1-15 loop

multim riz ti n n i s m nitoring can be neglected.

e c · the tryptophane fluc rcscer .e o be a measure of the con formational

changes r dimerization. ryptophan orescence is known to be sensit ive to the

p )Iarity of its cnvironment. onformational change ar a dimerization can be thus

tect d by a change in the emi sio n spectra when an originally water-exposed

tryptophane re sidue becornes buried in the hydrophobic protein environment or vice

rsa. The change in emissio n spec tra can be correctly interpreted only if a single

tr ptophan re sidu ig a l is co llected. Hence, it was essential to construct several

'in le tryptophane mutants. here are two tryptophan residues within the wild type H4

ll- loop, i.e., II and W3 5 (Fig. 23). These tryptophane residues were mutated for

phen lalanine residues, thus producing two different single-tryptophane mutants

II F and 3 5F, and no-tryptophane mutant W411 FW385F. Having used this no-
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tryptophane double-rnutant a a template for other mutation , we obtained another et of

single non-native tryptophan mutant : F404W, F571 W, F426W, V684W, L733W,

F683 W, 1627W and H4 96W. ln thi way, tryptophane residue were in erted into

different parts ofthe H4-H5 loop where they perforrn like a " natural" fluore cent probe .

: =- •

(

~-domain

Pv dornain

Fig. 2~
odel ofthe H4-Hs loop (two different views) . Both the natural and mutant positions of

tryptophane residues are shown in red. The constructs, with a single tryptophan residue,
were prepared and used in order to e. pl re the conformational changes and the
quaternary tructure of the a ~ IK t ATPa e.
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9.2. Experimental Procedures and Preliminary Result

ln order to induce and dctcct a dimcri zation or a conformational changc ol' the ingle

tryptophane mutant, the sample was ti trated by di ffercnt 1igands and the tryptophane

fluorescence emi .sion was rccordcd . Custorn software was dcvcloped for thc evaluation

of emi sion pcctra using thc Matl.ab cnvironmcnt. Thc background was subtracted., the

emis ion peak was ťitted to a scco nd ordcr polynomial, and thc po sition of the

maximum of this curve was rccordcd. The titration curves wcre plotted in two different

ways: (i) as thc wavclength at the cmissi on spectrum maximum versus the ligand

conc ntration, and (ii) the fluorescence intensi ty vcr us thc ligand concentration.

R ., ult: ol' thc first cx pe rimcntal sequcnce sho w that seve ra l amino acid residues

(W 85, W411 ., W571 , W627 and W683) exhibit a shift o l' thc fluore cence maxima and,

notably, the W627 and W683 residucs cxhibit thc blue shift, which indicates that these

particular amino acid residues are locatcd within a segment that i , buricd upon the

c nformational change. Another, intcresting hypothc .is deals with a possibility that the

particular amine) acid residc.. in the contact site of thc dimer during its ormation.

Unfort nately ., we dont havc cnough information yet to makc any conclusions.

dditional expcrimcnts are thcrefore to bc performed. Thc first part of this

future pr ijecr w ill rc ly on thc tryptophanc fluorescence quenchi ng. It is expected that

thc solvent-c pose r s idue: will be quenched casie than the residues enwrapped

wi thin hc cor f t e protei n, thus providing similar inf rmation as the ligand titration

p rimcnt . r 'he di fc rcnc ~ betw cn the conformationa changcs and the dimerization

íll be th reafter e: plored by means )f im. csolved fluore cence spectroscopy. The

anis nropy ecay the tryptophane f re cence wil l be measured for particular

mutant ' .n the prc .ence o f the ligands nd the distribution of the rotational corre lation

times ill cornp t d . hi will provide us better insight in the changes in size

· n r e ibility f th l 4-1-- 5 loop upon the ligand binding.
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1O. Conclusion

ln this project we have analyzed the structural properties of the a-i/K t- A'TPase and, in

particular, characterized its ATP binding sitc. The overall tability ol' the N-domain of

the 1--14-1-[5 loop of the a +-/K +- A'lPase was c amined by thc means ol' teady state and

time resolved fluorescence spectroscopy. l Jsing the I-Il~C ani sotropy decay and eosin

fluorescence we have shown that thc -dornain of thc 114-1-15 loop ťonns a rigid

strne ur without any fl exible scgrnents.

sing the too ls of molecular modcl ling, we have built a model of the l-I4-1-15

loop of the a-subunit of the a IK t ATPase. This molecular model was used for the

truncation pcrimcnts, The wild type scquencc ol' thc H4-1-15 loop of the o-subunit of

the a+/K+ ATl'ase wa.. trimmed from both, - and C-tennini and the ability of the

truncated c nstructs to bind the 'I p-A'rl) '1 a fluore sccnt analog of A'I'P, was tested in

ord r to timate the number and localizat ion of the ATP binding sites. lt was shown

that th re is only onc A']'P bindin g .ite rcsiding on thc -dornain of thc H4-1-l5 loop ol'

thc a tiK + ATPase.

The molecular model of the 1-14-1 15 loop of the Na tiK + A 'TPasc was also used tc

pint out ( mino acid residues that might bc involvcd in thc ATP binding. These residues

were n utated and the ability of these mutant constructs to hind the ATP was tested and

c rnpar d t th wild type protcin. T lP-A II titration and eompetition experiments

.rc us d for the ctermination of thc AT binding. Apart frorn previously reported

f min ) (cid re .id Je nec .sary for thc AT binding, w nave found everal amino acid

resi ues thé t ~ upport the overal form o ' the A1~P binding site and we have confirmed

that th " hydrogen bond between JI 4 7
1

ar ' /\rr
J

423 is c sential for the maintenance of

th proper .hap of the P bindi 1 c eL Jsing the in ilico docking procedure we

hav al o pointed out the difference between the A and P-ATP binding to the

Pbin ing site o the a tIK t- A ase.
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