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work has been directed towdrds studying the feasibility of using lan- .
thanide ions as paramagnetic nbdels fe;;,ﬁe ;lkaline,earth ions (7,

16- 20) and certain transition netels (21,22). It hes ‘been obnerved
 for insrance, that in the case of gnzymes (17 20) and various e
.nucleotides (2,23-28), lanthagi?e ipns bind ouly to the phohphate
groups (unlike Mn (1II)), and‘that this effect is of an electrostatic
nature. In addition, it al!p appears that the inthraction 18 the
same with all phosphates as in the case‘of alkali metals (29) where
there is some question of higher oxder gpecies (29,30) (i.e. ML2. M}L.
H2L2 etc.). //// ’

A .
A very recent study on the conformation of the lanthanide
. r o
ion - ATP complexes in solution has been cartied out (Ln(III)-Pr, Nd,

»

-Eu.and Yb) (23). Chemical shift data of the eight proton resonances
and of the chree 1P resonances were obtained. The analysis of the
data indicates that the lanthanide ions bind'predominately to the B
and y phosphates and Fo not interact with the ring. The distance to
the a phosphate is nearly twice as large as to the Band Y phosphates
1p measurements were.also carried out for

protons H-S;‘H-Z, H-1' and H-5' but 31? studies were not reported.

For the Gd(III)-ATP complex, T

The‘object of the present work is to compare the Gd(III) -
nucleotide complexes with the correspond1ng Mn(1I1) ion complexes that
have been extensively stud1ed The nucleoside triphOSphetes under
study are adenosine 5' - triphothate and'inosine 5° -'ééiphosphate
(Figurell); The experimental techniques used are 13C and 31? NMR. With a

total of thirteen different nuclear probes that can be observed readily,

the effects of the paramagnetic Gd(III) ion on the relaxation time of

P
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these nuclei can be easily studied. The results shed further light on

- the nature of these complexes in solution as well ag, the exchange

processes taking place.
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" The paranagnetic lanthanide metal ion (gadolinium (III)) is
used primarily ak.a broadening: reagent in NMR studies.
i

!

In fact. the

paranagnetic broadening effects are 80 large that the NHR experiments
.are usually carried out” under conditions where the metal ion concentration
is muchaless than the ligand [concen ration.’ Paramngnetic relaxation
data is thénhextracted from a reson

average of the metal-bound and meta

ce signal which is a weighted
exchange in soiution.

-free neucleotide system undergoing

In the present chapter, t le theory concerning both the
¢ transverse (T P) and longiéhdinal T ) relaxation times due to the
Uy

paramagnetic metal ian will be introduced

and analyzed with respect
to the paramagnetic lanthanide ion: Gd(III)
: times are proportional tor
~

T "’

, where r is the distance from the

~ Since these relaxation
paramagnetic ion to the nucleus'under observation, these studies offer

‘ v
a way of obtaining structural information about the metal ion -

, -

concerning the exchange rate in sdlution
1 Transverse Relaxation

: ) .
nucleotide complexes. In addition, these data yielq information

McConnell's -(31) addition of "chemical exchange" to the
. vt ) .

Bloch (32) equations was later followed by the Swift and Connick (33{
refinement for a two~site exchange.

Swifte and Connick considered
the case where the concentration of one of the components is in
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‘ -ﬁhete T -1 and Ty -1 are pseudo - first order rate constants rela dng

3 to the,exchange rate from sites A or B. ‘Thea, for the case PA »

v

\ . ’ . : . N [}

.. Con;ider . tJo - site cxchnnge protcss. ;

A

(vhere P is 'the’ fractiqn.in the i h_state)f’one obtains (34)
‘ =™ : "' ! ‘ B " -
' . , g
no=1 -1
R TR TS
v =V ,
A e T Hh2 4 e, + se )2 |
2a 2 A .
-f “/
|
where : ) : ' . L '
X M
) .2
. 1 w) !
, . $ 1,07l q2)
2p T 20s
- A 2 - .
- W .
ﬁ i v-
’ sf_ .
- [
: . e +wnm),/-* To e o .
Awp o= OB A . A B . . - v“ N . [3]
. =1, =102 2 T '
, | '
Mg+ 73 07+ (@og W),
' L
- - ' f . : ’ »‘ /
Buy “op t @ ‘; L
3 | JQ‘—\ "
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The terws' in theee equations nre defined as fnllowe: R

N 1&5 'i Trnnnvntne relexetion tine. | ' ;{"'

-)&f - Hngneti:ation vector, in the dipection of the .;.'l o
. A ;, applied fieu' o " lkCiﬂ.l .. ‘ :,.
- ‘ - - o L o
- '4Angulnr precession frequency about thel o
applied field = 'k . -\W‘ |
'-.-‘: Angular precessiOn frequency ebouq dhe i

epplied r.f. field Hl

i, S 3

u‘ - Observed engular frequency which is a veighted
{ ’ {

h(]. i . : 'avernge oi mA and Wy .:. : jv . i
o "‘v' ‘ .. o . . i * | ] . P § s
T, = Outer sphere transverse relaxation ti .« N
os : S N : :
v ~ . Observed resonance ﬁrequency..

-t

The above equatiLns dpply to "Paramagnetic - Diamagnetic" 1

exchange > where site A is coasidered tp be the free,ligand and site B ';1-

\

is the metal ionv- ligand complex. \;nder these conditions one finds o

‘»
!

OB - wOA) nay ‘become quite 15};: .,e, é-lO6>sec ),

due to the %ffect of'thefunpaired‘electrons on~the'n"

-'t.hat the term (cu

w o 0A it can be seen that the tetm (w OB - w) is usually a. 13;35,51\7

: The limiting cases dof equation 2 have been discussed in

l : B
detail (33 34 35) and it islfound that the increase in the transveése
relaxation rate induced by the patamagnetic ion (T 2p ) can‘be

analyzed in tetms of three limiting cases.
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Therefore sz ;" = (P /P ) t ogp os . # ‘2'4‘" B {6]:N .

The rhlaxation rate s governéd by the rate of chenical

exchange of molecules betweeq the bulk solvent (A) and the bound Jl"vly‘/",-”

conplex (B). including outer sphere effects. Therefore equation 2

becones - SAI "-f..._l o ,";1 T : L
1T2P”“ -n;TA -_ﬁ' T268 . = 3.:A';B'fA +. T os erfwﬁ .

RS
v

e m:" R L
CASEiII: Excﬁghgg‘nattoptng,‘? 2 . . 2 .- |

[=3

ln this case the relaxation rate is controlled by the cnaq,e

in the precessional frqu“ncy plus outer sphere effects.)‘ f
- | ’

cASE.III'-~F§§t-;§Fh§""e (T28 B) > 'TZB' , prB o o

N

The observed relaxation rete is-now controlled by the
2 .

relaxationxrate of the nucleus when it is bound to the metal ion

.,‘
o -

together with outer sphere relaxation.v“ ;‘," ':~ o ','f
-1 . L1 o o
2p.

- [

L

Hany paramagnetic systems are referred totas "broadening"

1

L rather than "shift" reagents One usually notes that for the former

case significani broadening of the observed resonance occurs with

\ .

little or no chemical shift. . This phenomenon is beleved to be due N

to highly efficient relaxation of the bound sphere nuclei such

l

Therefore(:T N ~'(PB/P ) T2B " + "208"f'¢}"”p" s 77[7]. .



(Lc. no regidh vhere '1‘ : 1

depends' on' A‘“B) (34)1(

R Hem:e equatibp Z,redﬁrcsg to~ ) !",/-" T e a‘ :
R R s .o
L ‘ . ‘{‘ ‘l .'. S ’ LI
woNe o ZP T

o

2B "“73._"‘3" S g .

PR ‘ . ' N ’ . 1

?rom now om, ‘the bo "

and equauon 8 can naw bg rewritten in the more comon f n‘n

-

i ) . ‘ = f‘ ) ] . _ . . ] . 3 - .
« Y where W o= PHIP B e

: T M ’ . ’ .
. oo h X Iy

detiil:' e L .-.. e - T
J . X

.'/ e :“"{ - ’ b I‘his teru ;13 a neasure of the rate of' chemical exchapge of

. L noI cules between the bulk solvent an&he metal :Lon cample .3 is o ‘J

K i : i e L .:_.3»..... " .
. e v__...v _1._.,1 - 7%,:‘. )

"*cribed as a -"pSeudo" first o:;der rate, constant/"k" The - | .

telperatute de?endence of *tM




- metal coupled pait (see equation 10) T

The terms in equatidn

‘ ': :\‘ Vo , " » ‘ \ ! ‘ ' : . .. ‘ v . Nz/'; h
h,"e .'Vl‘ IV~H \ ) , \ \' ‘ " . . v »
o [ ‘ . R .' . .‘. ‘_':l‘z%.' . “-.)‘ .o | { )
V!T v ..1 ’ . l R » Vv ' "’,'...‘. - ‘ \{' . R ‘y.
2M - s : . ¢ -
- BRI ’Qt 's°lﬁ'3)" and Bloembergen (36, 37) heve derived an exprésaion
‘H “for. the telaution of the nucleud‘ bound ;o the metal ion (‘1' ) where
K .(\-J,»’ . . v,“‘ .
{ ’ it is essuned )chst the Iampr p:ecessidx{ frewencyy of the electrons
:I:s gteater than t:hat for the nucleus wy (i e. wé >> uI). In addition, ‘
, - Connick and Fiat (38) have modified the equation to incorporate the
. two differenc dipolar corzelation times T 1 and‘f . The equation may
o i”. be' vritten as | B “'- . = . 4"1
e g ' RS v ~ i
- o=l 1 (s + 1)8? R S 130 .
. '.?ZHF T 6 l”(:1 + c12 2 * = 2 (11)
. . 5 o 15r ' : ' B ;
N i 1+ Wty 1+.a Te2 P
o oo K _’. I !
N I ‘ : '.‘/')' : o .j
4 S+ aMm |+
: - G o el
* - : i
‘ -1 -1 1. -1 =1 -1 121 .
Te1 SRS S TR "TN  Y 21
. ) . N : . v ’ . . :
ot a1), D a 1 i ot .
Tc2 B + v e2 " TR M ™ + Tie ',,j[13]
. ] \ N t . . -:P' . ,
o In equations 12 and 13, TR is the rotational tumbling time, -
J}.;- '. of the metal ligand complex, TM 1s the avetage lifetime of the'ligand-.. i'
°

is the longitudinél and

’}‘Tle is the transvetsegelecttonic relaxation tdme, respectively.

11 are defined as follows‘

-

- Ylj"'- Magnetogyric rétio'
B Bohr magneton .i
. . . |
. r ! ] H



;xco-ordination Sphere ‘A general formulation for this effect has been

f
8 = Electron g factor - .
o _m_S______:'___IQC_I.J-'_"_G_J._Q;_t:rf.onrapin_-_of_the_meta-l—ionr-—- R
Ys - Elecgronfresonance»frequency,’ l
wy ‘- Nuclear resonance frequency ’
I
rT | = 'Distance between the nucleus and the paramagnetic iop

' I
' (A .« Electron nuclear hyperfine coupling constant.

!
.

o , | ,
Contributions to the line broadening resulting from outer

J
sphere effects are the result of magnetic dipole - dipole interactions

fbetueen the metal ion and molecules outside the metgl ion first

-

£

/ .
developed (39) and is given by the following equation R 1.
{ : . . (.
1 v . 5 ) : 2 2 2 P . ! . v
: S S+1 g

?205 T ‘ 3 i

9t 3 . .. . -1

vhere n is the number of paramagnetic ions per cubic

_centimeter of solution and rc is the dipolar correlation time ‘ S
vcomprising exchange, tumbling and electronic effects

'.'Longitudinal Relaxation e T ~~7 o Pov o T T "J

_ Luz and Neiboom (39) have developed an expression for
-1

'; 'I'1P ainilar to that obtained for T? -1 by Swift and Connick (33)." ,»l
'The equation may be written as follows.
T, L oe. LI + T 1 _ oo [15)
“lp. 0 T + 1 * - Tlos : » S
' M M

In the above equation, both the outer sphere’(Tlos-lj term

ot

. !

/
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’ : B A

. and the chemical ep:ehange (v ) Mfetime'nre the unie'u those

ST T

for_guatim 9 t(_i. ei_T.I__A__- _42_)a _'me—e:— }—tem—heweve. .

o 1 and 1s alao deacribed by Solomon snd o
{ ’ '

Bloembe’gen (36537). Counick and Fiat (38) and Rubinstein et al (40)

is different from T

It is given by the following equation' » L

o ' s 2

- . ‘
\The terms in this equation have been defined previously for equation 11.

Factors Affecting TlM and 'I’2M ‘ - ‘ L .

The eXpressions for TlH =1 and T -1 given by Solomon and

.o , i
-‘knldzmbe:gen do contain certain restrictions whicp should be discussed.

!

" The first states that thge is no electronic‘.e. 8) anistropy, o

!

'secondly that there is only one value for Tl and one for-TZe, i

respectively

Rubinstein (40) and co workers have ealculated exact values’
for-the electronic rgéaxation times for a system where S‘- 5/2 (Mn(II)).
They obtained three different spin-spin and spin- latticé é&ectronic

relggation times. each of which had a cortesponding intensity ‘factor
L

’whose magnitude depended on the value of the- aTv term. This latter

ol I f
. L : ! ‘ i
272, 2 .. r
.2 'S (S+ AT T ¢ S "
1M~1 - 1 8:8(s l)ﬁ. ) c; > + Vo [16])
G ‘ 6 : {
. ’ 15r v f “1 Ter ‘
, .
. l
’ 2.

. a condition which is satisfied’by both Ma(11) and Gd(III) @y and o
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term originatea from the Bldembergen %}d Horsan (41) sq“ltiou ‘\ E

, uhich presents a general formulation for calculating the longitudinal

: -5
. electron relaxation time (T &) namely. o ' - '
' o | : : *
! B v B e '
.. T - B v + N 1mn-
% ' In this eouation. T, is a correlation time which relates .

I
to the rate at which the Zero Field Splitting (ZFs) is modulated by

-
!
- the impact of . the solvent molecules.. The restrictions imposed on

!

this expression are that LA Tl n, T, << :1. and also that ghe

magnitude of the\ZFS be Iegs than wg . Rubinstein et al (40) observed
n P ,

.that four of the intensity actors for the electronic relaxation times ?;jlﬁfV

. ‘\\ ’
approached zero wheg}m 2 2 << l. Hence under these conditions only
l ! ‘
‘one Tl. and one T2 value ane observed -and therefore s&tisfy the
! . i
‘previously mentioned - restriction for the Solomon-Bloembergen equatiods.

[ e Coa

It is important to note here that the . antivation energy

(E ) for the motion characterized by T,is given by- o - {l' o
T‘,' - xﬂﬁ /RI) L Lo ‘:\'\us],‘
' Therefore, as T increases, T, :decreases apd hence Tle 1 L
‘b.will show a.positive change providing wg g 9?,;< 1. | lp,”hfwwf | "ﬂlty;fm,h.L

! * - Hudson -and Lewis (42) treated a system where §=17/2 (CH(III))

I
!

four'values of T2e each of which had a cor
{

'As for Mn(1I), it was observed that when w T, < 1, only one of the

in a manner similar to that of Rubinstein 2:sa1 -(40) and obtained B
r

ponding ?ntensity factor.,

four spin - spin relaxation times ‘was found to dominateﬁi Unlike
| Hn(II), however, for which the .EPR spectrum consists of six lines

due to nuclear hyperfine effects (40), Gd(III) showed only a single

!
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o _ b line rather t,hen ‘the u:qocted seven oinoo the -1/2 -+ +1/z tunoition'
~contributes woat (1o FEL) to"the obumfbu signal (m The fact

. pmepr

" that ‘1'2 uy be obtaihtd diuctly frof the lpect:uu haa led

Dvek (35) to epeculate thet the vﬂue of the "!" end "'l' . terno in

W,

equstion 17 my thqn be calcuhted to obtain & value for fl I ¢
A Rauben (31) has obtained values for thl correlatiop tine o

uodulating electron spin telexation for three different ayotems
I
"contatning gadolinium (III) These values were then compated to

P

similsr aystens containing nanganeae (II) end it wvas, obaerved that’: the .

dise of the ligand did not. for eithe

E]

ion. aignificantly

',change the value of 'r (i.ve. "5 x 10 12 > at 300 K) In addition.

! it was alao noted that £or e:nperiments carried oﬁt at & Tgnetic field

of 12Fkilogauss,avalueofm -2:10 1atulalrangeof '1‘2 -1

Q;xe vicinity of 1 x 109 ~ 3 x 109 sec wete obtained depending on

t&e value of T, (i e. aize of ligand) Hence it nay be- concluded that _‘.
. I . 3 )
'for Gd (III), li,ke in the case of Mn(II) (40), fw T 2) > 1, foi: Y
~ l

nagnetic fieid at;ength of 12.1 kilogauss or greatet' since as the field v

{-
strength increases, w increaaes ~and '1‘2 -1 decreaaea. R s e 5
‘ e \ : : (. ' :
7 ‘ Applying this linit, equations 11 and 16 can be rewritten aa. ) '

s e

Ca L T - .
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At tbu.;om:. At wuld ba oi h:orut to‘ épnuder :he

e ;A
mm toru in «mu.uo 11 end 16 to see how :hey e!!oct ‘g,_

oburvod ulmtiom t:lan T‘Pﬁ’nd 12

“"?"

l“ﬂl ‘v

& ot t\éo teru. a di.po).’ term (ur&: portion of equetion)
a ocehr :em, (nnai.ning pb;tion) ‘l'he scalar :em is ulholly

Each of thue equati.od- n‘

rehnt!on expruohno for lanthenide 1Bns due presumably -

to :he -nhu (Alﬂ)2 term (35) _ This argument is futther oupported by

'

noti@g thet contact or scqlar terms are due to t_ln "leekege" of

meired electrono tron the oet.el to the ligand Such effectﬂare

x>
uot expected to: ocq‘ too rudily 1n lanthanides vhe}e/the velencq
(4f) ilectrons are 1n effect buried (35)

} ~1
Tm ond

(“‘I'cl) <1 | )
B xeturning back l:o c’tg expression for ‘I “ (eq. 15), it can

I be oeen that a negative value for: d(l/’I ) / d(l/'l') can ex::lse fton

three popsible sources (3 11)

T

E 4

iﬁ’ equetions 19 and 20 are conmidered then :lt up ::Lse&n that -

+1 are oee‘t-l_y!oqual (i.ye.{ -within 142) viding . that

1M

v

CD T -1 is controlled by the olow exchnnge -echanism ‘

r——,._“.

(2$ 'I‘ 1 1s controlled by tlh fut exchange nechanism

1p

-

1f only r.h[e dipolef pottions

‘l' '

whete (w Tcljz': < land T is the donimnt correlation

le

!

.time exhibiting aj negative activation ene

(3) ‘T -1 1s controlled by the fast exchang nechenism

1
) -
e vhen (mI ) 21 and the dominant conyelation time,
w.hilph way be eithe‘r; e, Tx or Tle’ has 'a. positive -

activation enet‘gy.

\

%

,\ :
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‘ If. on the otRWer ha

’/." s
X

by ‘l' (1.-¢.acan (2) or/\)). thcn‘l’ 1 .xpccud gb .h&
' fuqucncy‘( mdcucc. It (e»I cl) >, 1. thcn tl(h un bdccpn a
upxiﬁunt factor i.n equation zo.ium t.hon!an ﬁ cnngc tn fnquuet

(f.e: @ 1) mn .Qause a otable cluhgo in the value of ‘r ’l (oqauon '15)

7 ("I 1) < 1 thcn. as mdiuud in case (2),,

.

Tie becomes the nt term in tho cxprnuon for ART ‘l‘hq octhn‘tiod

‘term (E ) that fis invelved here s gi\nn by cquat:lon 18 and the ncmivc

r

("
valu. for the activation energy origiuueo Yrom th ’; :om w1 )
- =1 -1
cquntion 17 In otﬁer words, since rh rm -3 a1 ® 1'1.

(.qu.mm 12, 15 and 20) 1n case (2§, nd stnce T iV'r(uquuon 18),

-""gl
L

a negative activation encr;y h poui&c for Tie | ony 1f Tie 1,

(equation 17)u ‘!'hu conelusion hnplies that (n t ) > 1 und %dcw

such a condid;h a change in i*uqueney (u ) 9111 .1./; chnnﬁf‘rlp v gy

4‘«“&«1 17}» R oy 35@ ¢
In th:l.é ucuon. expreniun have bun ;:lven for bqth Twnd

v y

. . ,‘v»."" f ‘. ﬁ ’

For conplctencn, the temperature dcpeéd::sc of the rotation;l C

‘ cortelation tiu should lhwnoii be ineluded. I(; 1: given% the >

following equat:lon' ’ . ;‘ . ' i

T = g0 exj') (Ex/RT) SN B v 48]

¢ R
-1t 1is mterestiug to note the similatity between equatioa 21 ,

" and both equations 18 and 10. The fact that all three correhtion

tihes relating to the three different types of uechan:lns shov an ¥

exponencial energy dependence 1is another of the restrictions .for the _

.

. Solbnon—hloéﬂ_:ergga equ.!&@.'(”’. ,J . i e

1%

g

—— - I _..__‘t"”,.,_.
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CHAPTER THREE

EXPERIMENTAL )

"

Preparation of Solutions

-t

1

ATP (disodium salt) and ITP (sodium salt) of highest purity
grade were obtained from Sigma Chemical Company. Each nucleotide
salt was then dissolved in triply distilled Qatqr; passed through a

CHELEX .100 (sodium form) exchange resin to remove metal ion impurities,

and then the pH was set at 7.0 + 0.2. Solutions were then lyophilized

at least twice from DZU’ obtained from Columbia Organic Chemical

Company, and the nucleotide concentrations were determined by

U. V. Spectruscopy. (ATP, € nax = 1.37 x 104, 260 nm, pH = 7.0;

= 1,22 x 104’ 270 nm, pH = 6.6). These concentrations

. -max
were between 0.3M and 0.6M for both nucleotides, and fhe_final
soluttoné'were méde up to‘a vplume of 2 mls in DZO' )

Stock solutions of Gd(III) were prépargd from Gd(NO,), S5H,0
obtained frbm'Veﬁtron Alfa Products. The solutionslvere made up
to 0.1M aﬁd acidified to aipH_- 1. H. E. Pederﬁen minobipets were

i

used to make metal ion additions.

»

Standardization (43) of two Gd(III) stock solutions was
" . o

carried out by adding Etiochfome ﬁlack T indicator to a solution

of 25 mls Gd(NO3)3; 75 mls of HZQ; 10 mls of NHACI buffer (pH = 9.9)

and a smail amount of triethanolamine (1 - 2 mls). The red, solution

was then titrated with E.D.T.A. until the blué color of ftee'indicatbr

appearéd. The results obtained from this procedur% Qére in good



18.
\

agreement (+ 4Z) with the concentrations calculated from the weight \
3£)the nitrate salt used fo?leach stock solution. As a result, no

further standardizations were deemed necegséry and the céncegtra;ioqs
of new stock soiutioﬁs wére assuméd.fo équal thégé cﬁlcuiated-- -

from the amount of salt used.

oy . A 0.9M solution of tetramethyl ammonium nitrate (obtained
from Eastman Kodak Company) was prepared in DZO and used in the kinetic
, .. v \
study (see table VIII) to adjust the ionic strength of the 0.01M ITP

solution to that for the 0.1M ITP solution (I.E. py = 1.0M);

NMR Experiments

(a) Phosphofus Paramagnetic Transverse Relaxation Time Measurements

(T,,)
Transverse relaxation times were measured from the linewidths

31

at half height of the natural abundance, protoﬁ d;coupled P NMR

spectra obtained in .the Fourier transform mode on a Bruker HFX 90 NMR

spectrometer (36.43 MHz). Ali measurements were carried out under

3

coﬁtrolled Femperature conditions (i'lp). TﬁejDZO §o;¥ent deuterium
reébnance wés used as the lock signai. Tﬁe resulfing FID signals
Hére stored.in a Nicolet coﬁputef and the Fourier tiansformedospectfé>
(real) were recorded using 4K or Zdeata{gggnts depending-on the

required resolution féor a sweep width of 3000 Hz.

The effective paramagnetic linewidﬁﬁ?"Agip was calculated
By subtracting the observgd linewidth at half heigﬁt of a pure

nuclebtide resonance "Ale" from that of a comparable nucleotide

resonance in the presencg of' the metal fon "AVIH"’

2

i



Av]./Z,p - A"1/2’,x - Avl/Z,A -'u 1/nr2p g | [22]
) |
‘For ?pectra wvhere sufficientvresolution of the o and y phosphorus -
m"aoﬁb}ets"MEdﬁld'hét‘bejébéerﬁeéj'eerrectioné“were made for a |
J(31p - 31p) splitting of 19.5 Hz while c,a-iculations' for the

B phosphorus tripler were omitted.

(b) Phosphorus Paramagnetic Longitudinal Relaxatiun Time Measurements
|

(T ) . \ L “‘ ' . . !

Spin lattice reldxation times were evaluated from proton

\

hY

decoupled, partially re]axed Fourier ttansttmed spectra obtained

using the ("180} -1 90° -7 -) (44,45) two pulse sequence.

’

_ The naturai abundance 31P NMR spectra were obtained on a Varian

BA - 100 - 15 NMR spectrometer (40.48 Miz) interfaced with a
) o , S SRR |
Digilhb FTS/NMR-3 data system, the Nova 1200 computer, and the

FTS/NMR 400-2 pulse unit. Probe temperatures were measured directly

‘with a thermometer (i;IOC), and again the deuterium resonéncé-offther
solvent D20 was used as the lock signal. fAll required resonances were

. found to be within 2700 Hz of the carrier frequency and were racorded
| i .
using ZK data points. All_longitudinal relaxation times were obtained

from at least seven different T values.

| ,
For any given value of T, a valpe for the average peak

- height (H~) vas obtained for both the a and y doublets. . Each of
these values, along w1th the one obt%uged for the B8 triplet (i.e.
peak height of the central peak for the 8 triplet), were subtracted

from the corresponding maximum peak heights (H ) obtained when

1= (i.e. 71 i_S Tl).' The logarithm of the resulting parameter
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) ’ ’ . : 20.

U o

H(H = H max - H ) pas then plotted against the coxresponding

~ value and the longitudinal relaxation times were calculated }rom the

~

" .
graphs using the following equation (19) e

KB .
InH = 1n(2lim) - %1 h : [23)
. __,vf ' ‘ ’ . ' ] . . . .

/

The longitudinal relaxation’ tﬁﬂe due to the presence of

paramagnetic metal i‘ons was obtained b){ subtracting the Tl.A 1_’/’value

) obtained for the purified nucleotide from the TlMe-l value obtained
|

for the corresponding resonance, @dn the presence of the paramagnetic'

. 1on, namely: .
IT. -1 (- -1 ’ -1 - v
1p Me T Twma 2]
‘(). Carbon-13 Paramagnetic Transverse Relaxation Time Measurements

D - ] . o
.

Zp)

L
Instrumental conditions for obtaining the carbon-lB)NMR

spectra were exactly the same as those for phosphorus except that the

}spectrometqr frequency was set at 22.63 MHz (Bruker HFX- 90) n,‘

]

. addition, the‘%ID signals were stored.in 16K or QK'data points andé
consequently the;Fourier transformed spectra wege.outputed using SK or °
0 ‘r . ‘.C . |

4K data points, respectively ' P E

(D) Phosphorus Multiple Frequency Longiﬂhdinal Relaxation Time

i . '

: Heasurements (T ) o 'f' .

A‘Bruker'SX2 4-100‘NMR spectrometer (using~a‘tyo pulse

o o . s ‘ ' 31P' L :
—180 -1 -.90 seqpence) was used to obtain spectra for the
T

a, B and y phosphates of (Gd - ITP) at two different frequencies.

Each spectrum was the result of a single scan performed at variable

T values under ambienﬁ temperature conditions. A diode output of
. I c B .



- experiment,

N
- 21.
the combined FID for the a, 8 and y phosphorus nuclei uiiﬁobtained f

! 4

at a frequency of 23.98 MHz. The dppearancé of a null pgint'at Sdfmsl.

49__191_”&1!!2,,_,,,vel,iéé.ggd_ the original a_ggmns,ion_‘_,tha,t_;\,_the;longnndina )

telaxation timeS'of all three phosphdruJ nuclei were equal, At

12,20 MHz a higher sensitivity non-rectified output of the FID also

yielded a null poinc in the 50 ms range The nucleotide concencration ,
was [ITP] = 0.25 M\and the metal ion concentration -was [Gd(III)] = 3 7x10 4M

I am very gra;eful to Dr. R/ B Jordan for conducting this

'



| lines were assigned in accdrdance with previous work (46 47 68)

was not observed o AN

. experimental error, to the transverse rélaxation times of both the

"._of thefT

" CHAPTER FOUR

' The 130 NHR spectrum of ATP is shoun in Figure 2 The ¢

"t

/ 6

'Progressive addition of metal ions to both ATP and ITP" solutions

| - : _
caused a selective broadening of the C—S' -4' and C~3J resonancesv

3

for both nucleotides A weaker broadening effect Jwas observed for the
Ly .

.'AIP C-8 resonance, in’ contrast to ITP,. (Figuze 3) where this effect

! o ) RE
. 31 ‘1.
Figures 4 to 9 inclusive aré graphs of the. P sz lnd

Tip data as a function of the temperature for both A&P and ITP
-1

".The I, data in Figures 5 and 7 were obtained for all three f ;g

T lp!
. J ' »
(o. ‘B and y) phosphorus nuclei whereas the sz'l data in Figures

",-4 .and 6 were obtained‘for the a and y phosphorus nuclei only ~:ii"f_

It should be*noted that at-lower temperatures (i e. sharper lines),

we: found that the & for the 8 phosphorus was equal . within
Q . & . Sl

t

l

-a and, y phosphorus nuclei Based primarily on: the temperature profile a

lp 1 data, it was assumed that this situation Flso holds true -

at higher temperatures " ._". o '}

“

Figures 8 and 9 are graphs ‘of the averaged values of

- T -1 and T -1 obtained at different temperatdres for all solutions

ZP R lp _., : N

- =1-
Values of: the exchange rate, T . tqnperature dependence wvere

M
obtained visually by drawing a. tangent to the low temperature portions

.. e

a /7 oL o ‘ . _
. . . . . .
7, “



of the curves. which are ix the slow exchange region."f‘nf._i._ jf_ R
Figure 10 is a plot of 1? Avllzp vs l/T for Gd(III) ITP

'-\w‘
The concentration of_gadolinium (III),in hoth_solutions—was—the ssme——~v——

’

phile that of Il? diifered by a factor of ten. The ionic strength of

both solutions was. kept constant by adjusting the ionic strength of the )

veaker ITP solution, with tetramethyl ammonium nitrate In comparisbn

with,the previous Figures. the data in Figure 10° were obtained only! L

LS .
Voo }

frbm a single run.

'

Possible hydrolysis of the nucleotide solutions was ;‘

4checked directly by the analysis oflthe phosphorus spectra, and

\;hydrolysis was not ohserved All curves to the data were drawn Iﬁ’
. g '
*visually and all experimental data were found to be accurate

“to within + lO"-' o '~.:‘L_ : \7v_f‘ o ' ‘ o

'



" FIGURE 2:

o .of Gd(V03)3,are indicated on ‘each spectrum The top-

"f‘ spectrum is for a pure ATP solution. Mf

Proton decoupled natural abundance 13C VMR spectra,

i

measure@ at 311 K ﬁor a O 34M ATP solution. Metal

i

ion concentrations due to the progressive addition
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FIGURE 3:
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FIGURE ds Temperature dependence of the lP paramagqetic tnansveqse
1

relaxation times for Gd(III)—ATP (see Thble I)
. L

 LEGEND" Metal fon ') . ,
' cogg [M] x 10 2.5 4.3 4.9 3.7

.. | B : | ‘( c.' . - /. x ,’“.

v |8 o X a

3
PN



o

DO~

|22

el el X X -X
. L
4 o4
o~
~
&

e

°

-~
{

- ANOMOE
* l.

* e ,p s .
TN~ N

NN R

L]
@0 vy -

b (;-229) T 3/, .01

snioydsoyg - g

N

o

o4~ -

8°21 6T
0°11 Ly’
v'g L
19 €L
L' i
R 14N
TS AN
z°es .. 88
6°1y ~ - s0*
9°9€ , . €6
X1 ' 66°
Lz 89"
99T L
69 © 69"
Lﬁl

ﬁl

snaoydsoyg - o

L
I e H.aa,t.s.s

OWA®O TN

~4

MO NTN~
“NYOON

o o
.

L ] L ]
i ‘”:553:%$¥§%§lﬁi~

~4 .
"L
- g
Lad|

N
z€°0/,_0Tx0*

N AN MO

.
:

oo~

t

_0TXZ ¢

T OANN

9Lt'o

T e

QIO - (IWVTIPOT=

-

[

-
v

.cowuaﬁom_mucuauuuvva 103 .ur.auhaa.oz SUTL UoTIeKwIaY TVOTPRITHGGT

. v
1T,

. .Ndnﬂﬂ

’

o«vﬂmu.ﬂeuw-m m..nn - | .

o



31.
- q !
‘®
T T T T T T T T T
—— L
T
4
w - a——
A ]O - —
‘ o - -
F = —
E -
- n 4
~
r— e -
]03 ] 1 1 1 1 1 1 1 L
A 28 29 30 31 32 33 34 35 36
. 3 -1
°
1077 (°K™)
. & : "
J‘ FIGUQE FIGURE _ 5% Temperature dependence of the 31, paramagnetic |
‘ Adongitudinal relaxation times for Gd(III)-ATP |
L w
# (see Table II).
SR Mo .'.
. LEGEND Hgtal' ion 4 o
s conc [M) x 10 3.2 1.0
a u D
. B e o©
Y A A * "
> i



. 6Ty 0°0z oYy B 5 ¢ 98z | ’
STy 8761 . ST'y | 86T . ° w6z .
vl - 0°ST - Wl'E 0'ST €0°E o
.99°Z L2t : 99°Z L°Z1 mH,ﬁ_. .
821 19 82°T 19 LTE.
09" 8'z 09" 6°7 T .
0" 0z 2h* _ 0z LS°€ sz/, OTXL'¢
, 20°2 z'6 - 92°2 - 0T - 1z¢ o
69°1 Lt 8S°T AV 0€°€ :
26" 'y - €0°1 Ly ToLee -
Ls* - 9'z - : T R \ L9°€ S€*/,_0TX0'S
919 09T - 9T*9 091 18°7 .
* oc¢ 2 0s°¢ $'z1 68'2
"8y . . 0°11 M CrEt, 0°11 . 86°2
L€ 9'g 19°¢ '8 90°¢
182 %' 98°7 $'9 9T°€ g “
) T2 8y e " gy . '€ L
sL (1 sttt 6€°€ SE*/, 0TX5'Z
14 . -7 ¢ : ?
dz w o L d 11 G .- —_——d T \} = U—
(%8y ¢ 37, 0T - ZH) b () 7.t OH GR) Ay ( RN [a1T)/TP97= 3
| “sraoydsoyg - © . lmﬂuﬂ:ﬂmmzm. -T
I. suUoTINTOS &.HnA.HHvao 10] sjuswainsea)) QEE.. UOTIEXETOY 9BI9ABUBA] uuuaﬂscwum mHm ]
. II1 Fieve - -
. ’ : .!‘/

4
)



33.

T T T T T T T T T
- =
- —
10 |- .
. - # ,
103 1 i 1 1 1 1 1 A | i
“ 28 29 30 .31 32 33 34 35 36 >
: 3 3 -1 ,
' ) 1077 (°K )
fICURE 6: Temperature dependence of the lP patamagnetic

.
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(see Table 111).
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Averaged Valués of 31P‘fafamégnefic Transverse and Longitudinal

" Relaxation Timgs for GA(III)-ATP ' |
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‘ lines indicating the slow exchange limit vere

.;'drawn in’ visually by curve fitting the above

'data tothose of Figure 9 (see Table Vll)



 CHAPTER FIVE o A

- 'DIScUsSToN

! o | : : : ' |
: The'reason for carrying out‘the 13c NMR analysis vas td
‘ [ :
‘ determine whether or not a ring: interaction was present between

!

gadolinium (II1) and the base.  For ' ATP, the btrong broadening of
the ribose carbons folloved by a weaker effect od the adenine c-8

" was observed upqn progressive metal ion additions The observed _
| ) i

' effect on the ribose carbon nuclei indicates a strong metal ion binding

with the phosPhate oxygens (confirmed by the31P data) . ,The magnitude‘p':

'of sz for the 31P nuclei was about ten times greater, for the aame v

-'i metal 1on concentration; than that observed at the ribose carbons or
. L | |

carbon c-8.
. {

i . In order to determine any information concerning the !

cohformation of the metal ion - nucleotide system from the induceq

broadening of the 13C resonances, two restrictions must'be met (49)
J

The first of these is that the observed paramagnetic transverse
A
,relaxation time must be controlled by the relaxation rate of the. bound

'nucleus and secondly, that this effect must be due primarilx,to dipolar

| .
interactions (i.e. controlled by fast exchange without significant
————contact terms) In relaxation measurements the absence of contact .VV

q
interactions for lanthanide fons. has been previously documented (35)
|

This situation also appears to be true for the Gd(III) - ITP .and .

Gd(FII) ~ ATP systems since the lP data in Figures 8 and 9 show that,

‘within experimental error, Ii“ and TZM are equal As far as the 13C

line brOadening effects are concerned. these are nbt cpntrolled by the
‘\.

- . S, . ,

.‘2. . )



, L l -
__;__i___eeloucexchange—meehenisnr——If thie—were—the~case—ﬂnr1nnudft101diniﬁg -

of all the carbon resonances of the adenine and/or the ribose portions
! - |

of the nucleotide uould bL observed Since this was not observed

l P V.f -

(Piguxee'2|and 3) the 13C paramegnetic relaxation times are controlled

by the fast exchange mechaniam. The enelyeia of the quctre in
[ .

¥ Figure 2, indicates that there is no effective ring interaction between

l
the metal ion and the nucleotide. This conclusion is in agreenent

vith previous work (23—28) The Uroddening effects at:C-5', C-4'
I |
and C~3' are a secondary effect resulcing from the strong metal ion

binding to the pﬂbsphorus oxjgens._ In addition, since the broadening

y !
! ‘effect at C—B is not largef than that observed for the ribose carbon

nuelei, it is also-prooably a weak “through spnée“ interaction
{zb .i induced by the pr?ximity of the phosphate bound metal %on to the - Y
h '8-8 protona The ITP dara of Figure 3 are .in agreement with the ‘

ATP. daFa qo the extent that no ring iutetaction is indicat L. The'

| apparent discrepancy observed at the C—8 position is not a significant

effect anF has been obsetVbd’before (50 51). -g‘_ o ’ ',-":
l . - N - .
‘i'he date"’ in Figures 4 to 9 indicate thet fot the. Mr'us .

) ”"ﬁuclei,“rlp'1‘~‘fip -1 for the a, B end Y phoephates, fqr both B
-1 -1

inucleotides;‘ Innaddition, 1p for 1TP is qual to Ti for

ATP (1 = 1 or 2); This can be readily seen by comparing the projected

Ty values in Figutes 8 and 9 which are equal within experimental |

/)/ﬂgkrora Ihese Ty -1 values are assumed to be in the "slow exchange
region. 7 ' . e a T
According to the exptession for Tl 1 given»in _equation 13,

' ~ outer sphere effects (T os ) may contribute to. the longitudinal

. relsxation time. Since,the expression for T1 (same as T2 a-L

|



-
L4

L
¢z

kS

! .~ ' oo ' et ' : Y ¥ A
(eq:'lb)) is -imilai to‘T (i e. o is the aaneiio;n_fnz_botﬂ

| :
etpresaiona) outet ~sphere’ control of % 1p will ahou a frequency i’

0

dapendence. In addition, as nentioned in the theor$ aection. a‘; - ",1

negative slope in the plot of Tl -1 vs T that is controlled by faat

! .

exchange will allo show a frﬁhuency dependence. - " , TRV
ln order to prove that’the portion of the;curve for‘Tlp 1‘

in Figurea 8 and 9 -with. a negative aippe is indeedlin the olow exchange

l

region (i.e. TM ) and that: the tutn—over region at ,higher temperathteq ia:

due to Fhe effect of_'r1H 1, furthek variable freque y lP exptriments were
| carried out. The baaic procd‘ure and 1 trumentatLI: for thla experinent
‘nlvna described in Chapter|3 The result?sindicate that the. obaerved ‘
ftee induction decay measured at two diffetent 1? Fequencies [' _- L

(23 98 HHz. 12.20 MHz) have the same null point (1. i. L - 50 ms)

'Fherefore, i ’ 7 i ;isﬁ e .o
. L (d.8.7)23 9§ - T (a B.Y)lz 20 } ' ' ey [is;
_'and acc;rdingly to equation 23, it .can be seen tha? (43) . |
| "ro  -:‘ " constant (Tlp'), | I! A ['26]
Therefore ‘ . ‘ il
‘ 1p (2398 M) = T, {(12.20 ) e
:gﬁ In conclusion, since a frequenty dependené? was not observed
for Tlp -r in the regibn where a negative activati%} energy term
prevails. then the«observed paramagnetic relaxation times for both ,
Gd(III) ITP and Cd(III)—ATP solutions are c;ntrolle at the lower el

tempetatures exclusively by slow exchange In this

1

exchange mechanism will ¢ontrol the high temperatu \
l



. "“\ '

1 . ]
-

Aa a result, the conclusion is that the aame exchange

- [

° rate is observed for all three phosphorus nuclei and, in’ addition,
the métal ion binds equally to the three phosph{te oxygens.' ‘?his

second conclusion is based on the high temperaturerportion of the
. curves (Figures 8 and 9) where the progressive appearance of fast

Qu exchange does not impart ﬁhy differences in the phosﬁhorus Tlp_l

4
B3

- values . as were observed for Mn-ATP (11) Since the' thﬂ;e phosphorus

I

.nuclei have the same correlation time then, due to the r 6 dependence

‘ for both T -1 and sz l, significant differences in the fast exchange

M
b
rélaxation time &esulting from differént metal - ligand distances

would be observed. 1h addition, the bend-over region (i e. region where

Tzé— is controlled equally by TZM-1 and TM ) woufh not be the same

for all three nuclei. Since both the paramagnetic transverse and
Jongitudinal relaxation times”;;e equal within experimental error,

over theitemperature range under Etudy 0°® C to 600 C), the
v-‘. ® L ] ' . ' . .
_assumption that a, 8 and y are equally bound tovthé metal ion appears
. A 5 . &
quite valid. -
o .o '
A very recént paper by Tanswell et al (16), and to my -\
v \ s )
“K kh6wledge, ‘the only paper on this subject deals exclusively. with the

(onformation pf’lanthanide ion complexé% with ATP, Their experiments

with Pr(III), Nd(III), Eu(IIl) and Yb(III) indicated- that the ATP N

proton lanthanide shifts are entirely pseudocontact in nature. The

> i . . . i

v
1

experiment§ were performed under conditions where the metal ion and the
, c : . \

nucleotide concentrations werg nearlypequal (~0.02 M). Observed-3lP
shifts were found to contain significant contact contributions which once

corrected Eor resulted in equal pseudocontact shifts for the a and

. . ’ . ' . ' \
N . N N ) i



i

b \‘ ' ) "B

!

B phosphorus resonances. The smaller pseudocontact contribution

46.

observed for the y phosphorus is presumahly due to the fact that atfa
. . ' \

pH of 6.0 the terminal phosphate is still highly protonated (52).

A comouter analysis including both 1H and 31P:data was performed and

1
i

'a satisfactory fit for the Ly data could be obtained only if the
lanthanide ious bind‘predominatly to.thg 8 and Yy phosphate oxygens
and‘are further renoved from the a phosphorus. 'This dpparent
reversal‘was considered acceptable due to the large error limits
n the‘31P’data, Their use of the lanthanide gadolinium (III) is
limited since Gd(IIl)'is primarily .a broadening agen:? However,
“their prbton T data for the metal indicates that there is no

. 1p
. - .
-effective ring interaction which is in agreement with the present:

1

13C results.

Kinetic Study of Gd(III) - ITP

'In tnis discussion, two points‘concernihg the kinetics )
need to be discussed.\ The first of these.concerns‘the possibilitq‘of
the Gd(ITP)2 (ML ) species, which must be considered in addition -
to the Gd(ITP) (HL) species since gadolinium (Iil) has a large

o—ordination number (35, 53) and the experimental conditions are .

' -sueh that [%4 '>> z[M].‘ Secondly. it has been sh®wn (54) that for

the Mn(LI) (ATP) complex, two NMR exchange mechanisms Are present

in solution and that one of ‘these show a kinetic dependence on the
ligand concentration: ‘term [L] The latter of these two pointsy.

' introduces an’ interesting problem, nahely that of a 3 - site ~vchange
rather than a 2 -~ site exchange which was.developed in the thd!;y v

section. Recent analyses of the three site case, (55,56) have shown



. | .
three site case.

.for the Gd(lII) ITP system can be described in terms of a combination

| 47,
\ ) \

S ‘ . ' ! ' o
that for fast exchange, TZp' = EX T -1 where T21 is the transverse b

i 21 ‘
relaxation of the nucleus in site i and Xi is the corresponding

cdncentration or. rate convtant ratio. For the«slow‘exchange.region.

-1 -1 -1
the expression fur T2 becomes sz zTij :‘where % 13 'is the

'”lifetime of the nucleus in site 1 with respect to the 1 + exchange.

These reaults are, of great importance since they indicate that the
‘ :
qualitative analysis of fast and slow exchange, developed so far in

this thesis in terms of two site exehange, is'just as valid‘for’the _
. ' S ' v

Having thus introducedjthe»possibility.of the ML, species |

as well as the concept ‘of differentlexchange mechanisms, the kinetics

of 4 steps ' ‘ A

M+ Ll SR Tk o [28)
ML+ L S, M+ L ‘ , - .[29)

Y

[30]

\Q

K, R : o .
ML, + L* «——Tl'—’ IMx + L © : Y
. T -4 o ' i

The unbound ligand term L, is formally dependent upon the

degree of stacking HoJever, such stacking effects are due tP

intermolecular.effects and are not expected to. compete with the larget ** s
L

metal - nucleotide stability constants c - . : - b |

l

[ X A
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CASE 1:

48. .

L

RN

this point in order to simplify the analysis, two

possibilities will be discussed1

The HL complex does not exist in solution and only themﬁA

ML complex is present. In this case, equations 30 and 31 may be
i -

omitted and two mechanisms remain:

. k - ) . . ] .- N .
M + 1L % ML (Eigen - Tamm) . *
=
-1

TR . E+I.'L .(dir t ‘11' ‘d exchange)

ec Xcha e
| oo+ 1t 2‘ a ~ (direct 1igand e ng
-2 .

This particular system has been .studied in detail by 1);

Pearson and Lanier (57) and Kuntz and al (54) and expressions for the

. l. (
slow exchange region\have been dei?ved as follows:

T,
W

T R ) R mm )‘ o - [32)

Since for mechanism (28) the following relationship is valid

H/ L - k [M]/k . B
S | ‘ o S
Then by substitution,’equation 32 becomes:\

=1 . : ‘h_' ' ‘ Ce Ce
The lifetime TL,‘corresponds to np€§ies_L as it exchanges 7

i)

from one envirohment to another. A¢plot,o£‘hv1/2p vé. T 71 is ‘shown

lin Figure 10 for the 11gand "L" as a function of the concentration of L!
(A similar plot has been given for the Hn(II)-ATP syatem (54)) These

‘ date were then normalized and replotted in Figure 11 from which it can

be seen that Ty -1 does not show any dependence on (L] (within"experimentnl

'_ . ) | ) ' . : . _.
» - ) b s . i 3
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i

A.plot of (fmTzﬁ)fl vs- l/T,fbf-Gd(III)—ITP
solutions (see Figure 10 and Table VIE).
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. errorD , Hence the direct ligand exchange mechanism does not contribute to

‘any significant extent to 1 1' and equation 33 then simplifies to

) M’
‘the " form-1 -1 = Kk - -' o ' g
M T i
A - From. Figuresll (as—well -as- Figure 9) -1t~ can be seen” that
at 25 C, TM {. - k-l -; 1 5(+O S) x 106 _;. In addition

‘ Valentine and Cottam (17) calculated a dissociation constant df

V

" 0.1 uM for Gd-ATP (pH-6 0, u = 0.1, T = 28 C) . Since K -'klfk;l

and putting in the proper numbers one obtains a value of ;
|

-1, 3!
k -1 5(+1) x lOllsec aL 25° C., The magnitude of this number must

1
[ .
he considered suspect since a diffusion control limit in the range
, of ]010 (58) would bc expected for this system This apparent
’ » J

A:.‘discrepancy is quite significant since it indicates that the
Gd(lll) ITP system should be analyzed in terms of an Mﬂ} species

" Inm the above calculation it was assumed that the dissociation constant

I A
-for the Gd-ATP system can be applied to the Gd ITP system. S .

If we now tunn our attention to equation 10 and use the &
P :

v appropriate values for the exchange rate TM.I, then’ AH+_- 10.6 Kcal
'}mn"rl which compares quite well with that for Mn(II)—ATP (11) and e

Hn(II) -1TP (59) (AH+ = 11 Kcal mole 1). Houeveqn the exchange rate
-

Ty - is about an order of magnitude longer than that observed for,

the Mn(II) ITP system (2. 3x1055ec ) C593 The exact reason for \
this is not known. | e ’“'ff'“ T |

CASE’ 2: |

The MLzlcomplex does exist in. solution. For ‘this case,

"all four steps i]lustrated by equations 28 te. 31 must be considered

) in order to obtain an expression for L5 1.1

[ '!'.
‘o



L ; . . .
[T ’ B : “ .
. . . . R .
L . - .

R Cnse'2-i5’limited by .-an assﬁmption concerning the ‘ignitude of'the:

: ufdirect dependence of T

! - 510
_Therefore T__ R .;‘_‘ -‘.', _ f‘A ; f ' ;' ‘ ! :
T, = 3fL] 1 =~ k + .l__].[_l + kﬂ_@.].%_l
S T 5 N 1 u.] , kz 2 IL
‘ » ‘« e ' o + kﬁ[lellLl , ) s PR '
. . . ’ o : [ ! . . R
EE ) - B |
\‘ 'y | | | ’ ‘ _ .
: N N , - . _ o
- k;m]- +_ k, [ML] f K] -+ kML) _‘:[Blo}-

o ! . . :
. i .

' In eqpation 34. the term k [M] may be neglected since a free. '

'metal ion concengration [M] < 10 M ,(observed when;K - 10 and

1
gassuming K3 > 10 ). implies that k ' 1011 "1, Vhich-ishgreater than
fthe diffusion control limit Expressing the concentration of ML in oo
L} ‘ "

terms’ of ML and making several substitutions equation 34 now becomes
r-‘l/[ﬁf-l' DG, 4 (1/[L1>'+fk L s
L "2t 23 -3° S PR A

i
\

zAny further andlysis'of"the“sloV'exchange‘region for
o - . I L

term K3 fSpeCificallyi‘ if the stability constant (K ) is large _
“enough s0 that [ML ] does not charge significantly with [L], then the

-1 on the roncentfation term [L] indicated in

L
'iFigure 10 implies that (k /K + k_3) contributes to the IL -1
";uhile-the term (k,) does not.

In Figures 10 and 11, different turn over regions are

”observed for the 0. lM[ITP] and O OIH[ITP] solutions, indicating that .

at the higher temperatures sz (0.01)‘and sz ,(0.1) are not,equal-

[ . . o "' ) / . - . ) . .,

i . -
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. ] Y

1 ' .. ' | .- ’ . N ’4 :
According to equation'9 there are two feotors (i'e. £ o’ T ‘1) which -

; control the obs&rved transverse relexation time while undet fast ‘-.\

>

?‘qghange control. If we assume that the 12 (5pecifically rci)'

m»term id~the same - for both the 0.1M. and 0.01M.. cases then whatever s
cdifferences there may exist in sz -1 originate from the normalization |

[ v

term. f J Gince the cqncentration of the metal (M) is tpe same for :

both casesuéld the ligand (L) is in excess, then the bound sphere
|

concentration (ML ) can change only 4f the stability constant K3 - ~

h _~/is small enough to permit a significant change in/ [MLZ] with [L] (54);

X3 is large (i e. [HL ‘] constant) then the fact
|

that the 0 OlM Gd(III) ITP entets the fast exchange region at a lower o

If on the other hahd K

temperature that the 0. lM Gd(IfI) -ITP solution can be explained as a

.. result of the reduction of the sthcking of the ligand "L" in solhtion.
T o
This phenomenon would result in a smaller metal‘iOn - ligand complex . '

(i.e. deCreased.ligandfstacking) intsolution;? Hence the rotational

4 _ .
tunbling rate YR of the complex would be faster T 1 would .be

cl‘»
smaller .and therefore sz‘l would ‘be controlled by TZM -1 at lower
S

) !

t
-

'temperatures (equation 11) ; ,;v N : o j"13‘ S e

)’7Sgn§arx. o = .‘_fii; _L . t: X
R v The present results indicate that for the Gd(III)-ATP
and 6da(1I1)-~ ITP systems:‘the i‘tal ion binds equally to all three ~
: phOSphate okygens. that the extent of this binding is the ;ame for O

both nucleotides, and that there is no significant metal ion ring
o '
interaction in either case, In addition, it sppeats that there is ‘a
. 4
’ L ’ /
significant difference in the interaction of 'the metal ions»Gd(III) ‘and



&‘.

" a more extensive kinetic analysis must be chrtied out to determine .

. of techniques such .as laser T-3ump where the individual rates of

_eccept based on this study, anfunusually large tate constant for

\ . ) . i . ‘ ' o 533!

Hn(II) vith the adenosiﬂe and inosine triphosphate systems ' In £hct, .

although this study is not conclusive in terms of the atructure of

the species 'in solution, 1t does appear ‘to indicate that gadolinium (III)
l

resembles the alkaline earths (16-20) more than manganese (II) in terms‘

' 4

of binding to nucleotide§ L 4

3 Of great i portance remains the question concerning the
}
nature ot the ‘gadolini II) - nucleotide complex in eolution

In ordem to show beyond any doubt thnt the HL complex does exist,tf

‘ vr.

the. magnitude of‘k
i

3 This might ‘be best achieved through the use
/
'Y

diseociatibn and aasociatiod ¢ould be observed To conclude
: /

however, that the MLZ Species does not exist requires that we
[ . i

_the M+L->M association as well ‘as a bound sphere relaxation

/ i

extremeiy seneitive to- nucleotide atacking

L . S o : '
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