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ST mesRCT
An investigation into the nature and sites of interaction

between the, Mn(II) ion and adenosine Si-triphosphate (ATP) has been ;

made. Modeis °f P°SS1b1e Mn-ATP comp]exes have been examined. Tech~“_-_

1

niques used were 'H and 3

P nuciear magnetic resonance (NMR) measure- .
ments in both the continuous wave mode and the Fourier transform mode.
. The longitudinal (Tlp) and transverse (Tgp) reiaxation timest

of protons H 2 H 8 and H- 1! due to the manganese (II) ions were i*
measured as functions of temperature The resu]ts of these studies N
show that Tlp'= T2p for H- 8 at all temperatures whereas Tlp .sz for‘ f
H 2 be]ow room temperature Aii vaiues of Tip.or sz increase at low
temperatures in contrast with the resuits obtained by Sterniicht ;:ﬁ L
etal M e l_ |
_ Lam et ai (2) used 13C NMR asa tool to investigate the Mn-, -
ATP system, and a]so appiied their resuits to data from proton studies R

“ carried out by Sternlicht et al. . Lam et ai showed that the -
) :distance between the metal ion and proton H- 2 was much shorter than
that predicted by model studies.;.»;« ]’ L”“ o ,_»? L

s Using equations originaily proposed by Soiomon and

Bioembergen (3 4) “the. pertentage of netal fon binding at N- 1 1s ca]- s
- cuiated as appro&imately (2 6 1) % In order to rationaiize this,
an Mn(ATP)z spéties couid be postulated with one ATP moiecu]e bigp
to ‘the Mn(II) ion via the triphosphate chain. and the other boun to »f_"
;_N The presence of such a compiex has not‘been proven A more

feasibie expianation would be to postulate the existence of a 1 1 -

rf/ Mn(II) ATP compiex in which a smaii percentage of ATP molecuies in o

*



" solution arg“inhche _x_:cchformation Mcre-research 1shneededﬂtof L
u. estab]ish the percentage of ixg;conformers present 1n ATP soJutions

. o ‘The contributions of the E1gén Tamm mechanism ahd the direct'
1igand exchange mechanism to the 31P NMR 11new1dths§were examined The.
results are in acceptab]e agreement w1§h those predicted on the basis

3 of equations formu]ated by Kuntz et a] (5).'
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4« . INRODUCTIN .G | ég? NN

' T e ' - : D
S Nuciﬂbtides present in ceiis partiCipate in nany fundamentai

"reactions, especiai]y those of 1ntermediary metabolism and energy trans-

p fer. They also serve in transferrin organic moiecuies and . in oxidation- ‘
':_reduction reactions Therefore nmgiﬁotides haVe roles in the ceii which

, _,are varied and of vitai importance Adenosine 5'-triph05phate ATP is

such a nucieotide Like ali nucieotides, it consists of 3 sections '
(Figure 1) | | o

5 ‘ _ o
(1) a nitrogenous base: . adenine (G-amino purine),:

(2) a’ S-earbon sugar ribose,

;(3)_ phosphate groups three covaient]y bondedgphosphates
. In 1929 Fiske and Subbarrow (6) first isoiated ATP from acid
\t;:extracts of muscie A few years Tater its structure was deduced by
o 'degradation experiments and in 1949 Baddiiey et al. (7) confirmed.it by
f‘, total chemicai synthesisi 1 | o ’_ .

| | | The N 1 position on the adenine ring (Figure 1) has a pKa- of
~around 4 0 The three phosphatf groups have fOUi uissociaQie protons.

| Three proton pKa s are Tess than 2 .0, and the terminai phosphate group

' _<has a pKa of approximateiy 6.7, depending on the prevaient experimentai

'.-, conditions (8 9) Thus at pH 7 0 ATP is a. highiy charged anion, as

_p‘“the structure in Figure 1 shows The protonS'with pKa s of. iess than |
»v;i72 0 are compieteiy dissociated at this pH and the terminal phosphate B
’(agroup is about 75% dissociated | | .
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, . o . .
e The adenine base of ATP absorbs at about 260 nm with a high

o | i ~

s extinctioh coefficient of 1 .57 x. 104, which is useful in,both the detec-~>

. tion and quantitative anaiysis of ATP ATP;pan also be quantitative]y )
ana]yied by paper e]ectrophoresis thin layer chromatography or ion-
éxchange chromatography | " . o "
| Specific enz§ﬁes e. g crehtine kinase (10), dre-capable of
_ seiective]y hydro]yzing ‘the third phosphate group without cieaving other _ﬂ
bonds. ATP can be hydro]yzed by boi]ing in 1M hydrochioric acid for at
| 1east seven minutes this removes the¢§(cond and third phosphate groups,
Ieaving the a-phosphate group intact. but the N-glycosidic Tink is aiso

c &

broken by this procedure (11)

, Even at the time it was firs vdiscovered ATP was suspected of

participating in processes of ener transfer within ceils “and in 1941 '

R

Lipmann (12) postulated that‘ATP was‘required whenever processes invo]v-.v
ing transfer of chemica1 energy occurred within cel]s In fact the n
ATP/ADP (adenosine 5'-diphosphate) system is the principai means of
ceiiu]ar energy transfer This is because ADP is capabie ofbaccepting

r)

| ft_ and the ATP thus formed is capab]e of donating its terminal{phosphate f-xp

2 phosphate group in coupied energy-yielding reactions of metabo]ism.i' =

group in coupied energy-requiring reactions. B , R |
;2/4_;9.»‘g":f The iast two. phosphate bonds of ATP are described as “high- e
f "energy phosphate bonds“ -The term phOSphate bond energy" represents
}ff‘}the difference in free energy between products and reactants when a r,"
o phosphorylated compound is hydroiyzed to inorggnic phosphate This .
~‘;energy, in the case of ATP. is the standard free energy of hydroiysis

A

;~’AGhyd as obtained from the r{action

ATP + uzo e ADP + inorganic phosphate. "v L



_'Many studies with different enzymes have been made A value of AGhyd AN
‘.of ATP of 9 5 kcals. moie -1 Ras been established though some pubiished
values differ from this mainiy because measurements were made under 1
-different conditions of pH, magneSium ion concentration etc (13)
. It m~st/aiso be remembered that the standard free energy . refers to
reactant and product concentrations of 1.0M, which is far- from actuai -
*fcei]uiar conditions Nhen adJustments are made for true intraceiiuiar \'te
‘<'pH magne51um ion concentration and steady “state concentrations of ATP,
; ADP and’ inorganic phosphate AGhyd of ATP turns out to be c]oser to

-1

- —12 5 keals.mole L. Even within a. ceii however, this can vary depend- o

ing on exact intra- ceilu]arqunditions at a certain Tocation, 1i.e. more
. S S '
locaiized vaiues of pH," etc. -

) The high concehtration of negative charges around the :\h
'.triphosphate group at neutrai pH 1eads to its hav1ng a high affinity for f
‘ ' cations the ph sphate groups have been shown to comp]ex with»b; ‘h

A 2 2+‘ g e
\\metai 1ons, e.g. 19, M, Ni< s etc (14 15) Because the

intracei]uiar concentration of magne51um ions is very high ATP exists ’

Apredominantiy as an Mg-ATP comp]ex. In fact in many enzymatic reactions
'which requ1re ATP, Mg fons cataiyze the reaction by forming a complex

;'with the substrate (16 17) ‘An adequate expianation of the specificity
'or advantages of this type of compiex has not been found

The~conformation of ‘the. Mg-ATP compiex has not been exclu- |

? gsiveiy estab]ished In 1957, Szent-Gyorgi (18) proposed that the metai
v:ion forms a bridge between the triphosphate end of the mo]ecule and 4
the adenine ring Much research has been done based on this hypothesis,-".' |
“and -on the subject of metai ion- adenine ring interactions (16, 17)

Ihe resuits have been ambiguous and contradictory, even for the same '.~’



¥ . . . o . : Y {
~ I

metal ions Methods which have been used 1nclude,0RD IR and optlcal

*

absorpt1on techn1ques However, the results of work done. wlth proton
 NMR shifts and broadening {1, 14) have f1rmly established that at least-
e, Cu2+"N1?+, tozf and MnZ* ons allﬂ{nteract to some extent with
the rlng | - ' | N
’ D1fferent netal dons form metal ATP complexes of d1fferent |

. structures The structure of the complex formed wlth Nl(II) or Co(II) B

o has been established" (19 20) there is a bridging water molecule e

between the metal 1on and the adenine ring, and this water probably

forms a hydrogen -bond with N- 7 whlle slmultaneously the metal ion binds

. to the three phosphate groups

In order to determine the nature of the Mg-ATP complex in v'
‘\osolutlon, 1nclud1ng dfstanées between the metal on and var1ou$ nuclei
" of the ATP molecule, the NMR approach has been applled In thls case,’
however, the paramagnetic Mn(I1) 1on complex wlth “ATP has been studled,

!

- ‘since paramagnet1c 1ons have ‘Jarge and speciflc effects on NMR'spectra

‘These effects are discussed in the following chapter. A study of the - -

} Mn-ATP complex may shed much Tight on the nature of the Mg-ATP complex B

.because it has been shown that Mn(II) ions substltute 1n vltro for o
¥ Mg(II) 1ons 1ncmany ATP-enzyme catalyzed reactlons (21 22) e
_ ‘. In a recent paper. Lam et al (2) have applied 13C NMR
- techniques to the study of the Mn-ATP complex in solutlon It was
‘y»found that for,100% binding of the Mn(II) ions. to the. oxygen atoms of
| the three phq;phate groups.-about 20% of the metal 1ons were simulta-

: neously bound to" the N-7 positlon of the r1ng For the Mn-ATP complex,i* o

;"distances were calculated between the metal 1on and the c-4 c 5, c-s

| and C-8 carbon nucle1 of the base as well as to the H-Z and H-8 protons:_

g ST e <
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In view of the results from this paper {2), and those of Sternlicht

and co- workers (1), it was felt that perhaps the metal 1on to proton

H-2 d1stance was rather short It was therefdre thought that there f

':may be some metal-ion 1nteract1on with the N-1 nitrogen that coul&
rexplain this anomaly The object of the present research is therefore,"

- to eva]uate on the basis of proton NMR measurements, the degree of

| 1nteract1on of the manganese fon with the N-1 position of the adenine

.ring



CHAPTER TWO

~ THEORETICAL INTRODUCTION

Stabiiity constants of Mn-ATP and Mg -ATP systems were—worked
N out by Mohan and Rechnitz (23) From ion eTectrode studies they proved: 1
the existence of a Mgz ATP species as. weiT as Mg ATP They carried dutfv,’
measurements on the Mn-ATP system at PH vaTues Tess than13 since '
Mn(OH)2 precipitates out at high pH vaTues Under these»and other
prevaient Experimentai conditions e. g Mn /ATP 1, an Mn(ATP)2
structure was not found present in significant concentrations since _
the trend in KMn vaTues was opposite to that expected if Mn(ATP)2 was -
formed‘ T "." |

‘, ‘ The effect of paramagnetic ions on the nuciear longitudinai
(TTM) and transverse {Tom) reiaxation times has been worked out -
by SoTomon and Bloembergen (3 4) ThTS theory has been extended by _
Rubinstein et al. (24) but the functionai form of the equations remains;

the same¢‘ Thus the caTcu]ated reTaxation times for the nucTei in. the o

coordination sheTT of the metaT ion are ®




S ,between solvent molecules and‘the ﬁompIex, thust o

| ‘.where the symbols g, B and 3 have the1r usua1 meanings and s 5/2‘ ‘
~ for the Mn(I1) fon; also | | T o
— yi = ﬂmagnetogyric ratio of nuc]eus I
or h=’ nuc]ear e]ectron distance,, o
g = angular e]ectron precession frequency (rad sec, ]) r,h
' A/h w fScalar coupling constant (Hz) between the\n5c1eus and the

o paramagnet1c centre Symbols(r ], T, K, ]/and T 2 are defined thus

my,

41,1
1 TR + i 3
. \ _L =. ..]— + __]__ " ‘ 4
' Te2 TR Te2
] | ) 1.l 1. ] ‘.
Tel T\_ Te
A Mea 6

i et

- \i\“:r

hvwhere rRi' crotatfbnal correlation time; ';*,_ua};'_; -

1"_;=; lifetime of a 119and 1n the coordination sphere,

‘.Tit.g' longitudinal eiectron spin re]axation t1me~'

| Tye = 'transverse}e]ectron,spin-re]axation timeg

e th1oembergen and Morgan (25) re]ated an effective e1ectron sp1n re]axation .

'{ftime, ‘s' to. the modulation of the zero-fie]d sp]ittfng due to co111510ns '_ffﬁ .




@

- where . coiiisionai corre]ation time, ‘

- )

' a constant dependent on the zero field spiitting

]

parameter

} This equation assumes that r is much smaiier than Tg and that the ei___i

;'. eiectron iongitudina] reiaxation time is much greater than the

eiectron transverse Jrelaxation time. Mor recent]y Rubinsteinoet a].

| (24) have shown that 7, = T1 under thesei)hnditions and that otherwise

L exact expresstons for T1e and- T2e cannot be given. If Tg is used asl' -

. the general eiectron spin reiaxation time, it wili be temperature o
dependent through | | | L R

o where E activation energy for the motion characteriz%d
As Ty decreases, the change in Tg 1 wi]] be positive 1f wsz v2 5> 1,

uand;negatdve ifvwszx;?'<< 1, therefore it can be stated that _ 4,' .

| d’ where the p]us or minus signs allow for a positive or negative v
3?.i-:/temperature dependence._ ,'. o e o
| ’ The temperature dependence of the 1igand 1ifetime is given
-‘;v.\ by the,Eyring equation (26) -f;') '_f-¥& ,a;;;;;’ii_a_"

i~‘

1 h exp T L R S PSR
LT [RI T] e

- ..: . ; o .' ‘. . -. : . ﬁ"_ .’ N

';?7jﬁherE-Ah*fand?AS* are'the>gnthalpy and entrop&’of_activa}ionj

P



‘;5';direct1y observed Nhat is observed is the concentration-weighted

respectively, and the other tgrms have their-ﬁgual'meaning. B

R IAiso' e ex ER o 9'11.“ S
. [*’ Rggfs TR p RT S ‘ L ‘ R
‘ _ . : o e
~ where E is the activation energy associated with rotationai

‘motion. - ‘dhvd.' ?' _ _
| .; o Equations 7 to 11 inclusive thus account for the observed

- temperature dependence of T]M - and TZM 1;

. A - In\the. case of Mn(I&) ions under the present experimentai
~“conditions,

sTc)z >> 1 and equations 1 and 2 reduce to (24)
L _ Ny _
53(5"‘1)9282Y12T 1’ ps o " .. ST 3 12 |
'.xj : c R : o e e )
R 1 7 2 6 a2

o ,From now on, %cl wi]l be referredato as.Tc.. Th!scalar term indicates
.“f two types of interaction‘ a pseudocontact ”through space" interaction,.
! and "leakage“ of the unpaired spin density on the Mn(II) Ton over to the
‘bound Iigand through chemicai bonds . These two interactions are detected
™ ;' and Tznl . : :', .
ln the present study, the ATP concentration is very much

;tgreater than the concentration of the Mn ions—ﬂfﬁdrefore neither the 'f1~"

'by the differences in T

7:"bound linewidth nor the bound Iongitudinal relaxation time is ever

ui.average relaxation time of- free and compiexed ATP Swift and Connick

?f,: (26) reiate the observed transverse reiaxation rate to the bound trans- ff\tf""

7verse re]axation rate and to the NMR exchadge rate. Under conditions

:s'where AwM << EMTZh] s where AwM 1s the diffekence in resonance




oy R

' ::frequenc1es between free and bouhd ATP the;r equat1on for the nuclear

;,E'u:paramagnet1c EransverSe relaxation time sz, js } ‘_~> '“3, A \f~,A i

| _2.p. 2,0bs

e

where - 1 .transverée relexefion time of metal fon-
2 obs : T LT
;‘]igand solution, S SRR :
L
Tap

;transverse re]axation time oﬁopure 11gand _
"“solution R o

= [meta’l 10n]/[1'lgand]

-~

.‘&

‘In ‘th slow chemica] exchange region this equation reduces to o

o~

I2p o TM;

fand for rapid’chemica] exchange at high temperatures 1t becomes

B -

1'These two dbnditions occur because the temperature'dependence of T2M 1
T : |
M CoN

| genera]ly 1s less than that of T o
S Luz and Meiboom s (27) equetion for the 2- site exchange 1nvo1v-

iing the 10ngitud1na1 re]axation time dua to the paramagnetic 1on is given ¢§5

f."“ﬁﬁé»fip.c’: longitudina1 relaxation time due to paramagnetic
| 1ons, ‘“J'\” »k ;,,'ﬂ | v' : S
-h_- 7longftudmﬂ relaxation time of metal ion- : :L“

ligend so]utioh' "'



Tlno'_e Tongitudinai reiaxation time of pure Tigand j N

o solution .

'These equations and princip]es have been applied by many

o workers in an. attempt to- work out the nature of the metal ion-ATP

| complex in soTution

Cohn and Hughes (14) investigated the effects of metaT ions A

"l:on the proton NMR spectra of nucleotides Tooking for. interactions

between the ion and ‘the adenine ring They aiso studied the effects '

of paramag\Etic ions on the 31P NMR linewidths They interpreted

2+ 2 2+

:7th 31P data as showing that Mg » Ca £ * and Cu ions bind onTy ‘

2+ ions :

| to the 8 and y phosphate groups of ATP They observed that Mn™
" broadened aTT three phosphorus resonances. indicating bjnding to aii

ifthree phosphate groups Their shift studies showed that oniy proton

K- 8 in the In- ATP compTex experienced a noticeabie shift Paramagnetic

'ions tended to broaden ‘the resonance peaks of protons H 2 H-8 and

:'.H T ' especiai]y that of H~8 from which Cohn and Hughes conciuded

'that -all paramagnetic ions form a simiiar compiex with the adenine ring.:f o

55__They postu]ated N-7 as the bihding site for these ions, but not for

.IH 'ipjthe Mg-ATP compTex. as the H- 8 resonance in this case did not suffer a
R ,gshift They acknow.il ;,

i Gyorgi S (18) intramo]ecular cheTate structure, but could not eiiminate*“:

§gse possibiiity of an intermoiecuiar complex - 7:f"I 'rt-ygiyf*f' g

SternTicht and co-workers extended these studies on the L

'fﬂun-ATP system In their IP NMR studies (15). the ATP: concentration o

;‘ajgwas kept constant at approximateiy 0: 35M Measurements were made at

:-jedifferent metal ion concentrations. and temperature studies were

';' carried out For the Mn-ATP compiex at ail temperatures, fT2p= TM, i esfl- o

that their data was consistent with Szent- S

12



sz is in the chemicai exchange region - Therefore no structure informa-"
_tion could bé obtained Ton il

'-V;equation 13. ' In contrast i"T]p = TiM’ and T, 1‘\: dipoiar-determined

1s sca]ar determined and is defined by

.'and defined by gqUation 12, DiTution of the soiutions by a factor

. of a han did not alter the Tinewidths nor did reducing the pH to 3. 0

_ There were no observabie shifts between pure ATP and Mn-ATP soiutions :
» 'Hithin experiuentai error of about 10% aii three 31P Tinewidths j' |
i were the same They aTso observed that at room temperature\the-a peak

“saturated somewhat sooner than the 8 or Y peaks and from this they

estimated that TTpIB v ® T]p[a At higher temperatures ai] three

’ .'_isaturated simuitaneousiyaand equa]iy, Therefore there was a Smaii ;?ef-'

. differehte*in“the”metai»ionvphosphate distances In a unique Mn-ATP

[N

L comp]ex. these aimost equaT distances impTy simultaneous binding to aTT

T-_groups was compiete

'-three phosphate groups They caicuiated vaTues of the hyperfine coupi-
B ing constants for the three phosphate groups and compared these vaiues Ti
: with those obtained by Mays (28 29) The agreement of thgir vaiues h»
= with Mays Ted them to conciude that the binding to a11 three phosphate h':.‘

Further studies on manganese-ATP interactions were made by

1 ;”i.;Brown et ai (30) They measured Tip as. a function of temperature and; "

‘f:,interpreted their resuits in terms of the dipoiar interactionfbetﬁéen,%,;p.
geTectron and nuciear spins They confirmed that the a-phosphate grouplif'.

':'"iis more distant from the Mn(II) ion than the B or y groups, and thata A :

, fifslthe distances of the metai ion from the B or y groups were the same,v,,fA"'
T Sterniicht et aT ‘e in their proton NMR studies of metai

| 'r:ion ATP binding.measured Tlp and sz as a function of temperature
' o , _ | R S



| The reTaxation times for H-8 and H- er\re found to be approximateiy :
- equa] within the experimentai uncertainty of 20% However, for H- 1

‘T]p was 2 to 3 times greater than sz‘ These workers professed that
HY ' measurements were difficuit to do accurately, and differences :
between T]p and sz couid have been due to experimenta] errors. They -
oconciuded that fT]p = szp within experimental uncertainties of 20% - S
for H- 2 and H- -8, and 100% for H- T‘ Therefore fT]p = TTM = TZM fTZp},T
'since the data are in the rapid chemical exchange Timit In the B

= expression for TZM -1 (equation 13) the dipoTar term must dominate

_the sca]ar term Beiow room temperature the H- 8 resonance narrowed L ‘k
) because it had entered the r° region .The . TM vaiues were identicai o ~yt] -
| with those obtained from the 1P data (TS) B 4 |
| These results were interpreted as showing that whenever a
| metai ion binds to the triphOsphate moiety the metai ion must also
"bind to the ring, since the an ion binding to the phosphates is 100%
“’these authors said that metai ion ring binding must aiso be 100%

o h Be]ow room temperature proton -2 and H-T' resonances con-
’tinued to broaden, The behaviour of .H- 2 and H-T‘ was anomaious
because these protons had not entered the TM region, whereas H -8. had
| rr;Sternlicht et ai (1) offered no expTanation for this anomaiy ’

| - The conformation of the: Mn-ATP compiex in soiution couid
thus be obtained from either TiM or TZM measurements using equation 12

. i . -ﬂ' I
“'_isince for proton NMR TiM = TZM Stern]icht and his coiieagues (1) SN

lVS,ichosé to- use the vaiue of the correiation time 1. (3 x 10'10 sec) (15)“

"“.:*agreement with those for the corresponding Ni*

Zi;ffOP the water Tigands, since the resuTts thus obtained were in better “;a:

2 and Co2 compiexes andjfi:

were consistent mn binding near N-T and N-7 VaTues of the distance o
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werd calculated

r bei:we'en-t:he‘an+ ion'and protons'H'B ‘H'2'and‘
“iassuming 100% binding to the ring ‘at one unique 51te Nfi wasvrejected
'f-as a possibie Binding site for three reasons: o
| (1) No difference was detected in the spectra between measure--
}_‘ments at pH 4 and 7. At pH 4 N-T is protonated therefode’a change might
ba expected which was not observed o
(2) MEasurements of T]p and sz for a particu]ar proton gave
the :ame vaiue of rM.- If there had been a variety of complexes then B . |
different vaiues of TM would have been e pected However, studies .4 | 't:> .
}'_’performed by Lam et ék__jgl\using ]3c NM nd Kuntz et al (5) u51ng "»"' |
_gdglp NMR techniques have since shgdh that different TM va]ues are not N
’-expected IR e L '-j» '7 'ﬁ,, o |
RS (3)a The cobait compiex with inosine triphosphate (ITP) gave
‘.the same distance resuits as Co-ATP In Co-ITP Sternlicht et ai (1)

- said there was iess reason to é&pect severai binding sites. although

"1:vthe resuits were quite different and studies by Kuntz and Kotowycz (31)

have shown binding of the metai ion to the C=0 grOUp and to N- 7. )
: . Stern]icht and co-workers (1) discussed possible modeis fh

'"/for the Mn-ATP comp]ex with regard to their experimenta] resuits | h o
Nt compiex was either an intramolecular (back bound), one meta1 ion one i'j.; L

“ ATP moiecule complex, or one of various suggésted intermoiecular

: iil_Complexes Their resuits strongiy favo'red the former. . .77'

‘ Since Mn ions substitute for;Mg2 fons in vitro in enzymatic :”
A’;_reactions invoiving ATP 130 22),.the Mg-ATP ¢

vfiex may well be back-vi

‘d}beU"d 3750 at bOdy temperature Sternlicht et al. (1) fe]t that the - s
‘1f:tf absence of proton chemieal shif!s in the Mg-ATP‘complex (14) does not el

_h:}meon that there is no binding to the rgng, but oniy refiects the e fdfw'-”'i >

N A



insensitivity of the proton chemicaT shifts to the bound Mg2+ ion
' Three years later, Sterniicht and co-workers postuTated the t
| presence of a Mn(ATP)z comp]ex at high totai ATP concentration (32).
'. ; In this compiex, they proposed that the meta] ion bin:;> 0 the tri-

- phosphate group o? one ATP moTecuTe, and to an adenos e nitrogen of
'vthe second in a stacked*confornation forming what they terméﬁ an. |
_‘ApMAr compTex They said that binding to N- 7 predominates in such agn
. compTex &he resuits of the ATP/AMP competition studies in the -

2+

;presence of Mn™. ions support the existence of. this 1 2 species At i

._ high ATP concentrations (0 02 - 0. SM) the an don to proton H 8

2+

'vdistance was found to be 3 5 and the Mn ion to proton H-2 distance :A _.;'u PN

| was 4. BK Hence ApMAr was the\simpiest compTex consistent with. these f
‘resuits with perhaps{, an ApMA str cture being a minor species based
| on eTectrostatic considerations andoresuits from 31P competition studies
:_nsz for 31P was exchange controTTed at room temperature, i e.. the rate- ,'
.”determining step, for relaxation was the rate at which a iigand binds to":e
[ Mn (once binding occurs. reTaxation is very rapid) Therefore ‘
| .i' szfj = f/rM and TM corresponds to the Tifetime o$7the bound 11- ; g ,'f‘;
,gand in soTution before exchanginq chemicaTTy with another Tigand bound -

: 9 o
Ato the metaT ion As the temperature is increased the exchange rate

.'iincreases. until rM < TZM and the rapid exchange 1imit is then reached:
o -1
‘p»Then sz

- the coordination shei] of the metai ion | IR |
Recentiy, however. Hee et aT (33) have re investigated the

= /1 2M’ where T2M 1§ the reTaxation time qj the Tigand in

/ f*»M“'ATP study approaChf:’ means of proton NMR and observed 2 disagreement-iiri" J
'*;;fbetween measurements d thase of Sterniicht et aT (32) This paper
7§’{f715 discussed in detail }a€Er¢ L I B |
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Studies have been carried out on other metai ion ATP g;'f~ \

compiexes in addition to the Mn-ATP system Proton studies were

[ ,carried out by Giassman et al. (19) and Kuntz et %é- (20) on ATP - -

,compTexes w1th nickel and c?bait ions as weTT as with. manganese ions

kS The work by Giassman et al. 1(19) showed that in ‘the Ni(II) ATP com-

.'plex there is a water moTecuTe which is bound to the meta] ion.and

is simuTtaneousTy hydrogen bonded to N 7 of the adenine ring The
'._latter conciu51on was derived from a comparison between shift and

B .broadening studies of metaT complexes with tubercidin phosphate ,Ine';
:.addition the metaT ion coordinates to the three phosphate groups

o T] and T2 studiee of the soivent water were also carried out
'1by these workers (19) If the ring does not enter the 1nner coordina-
'tion sphere of the metai 1on then the ion shoqu stiii have three o

i_water moleeuies in its inner sphere These were measured indiréctiy by
-comparing w1th a standard the an -cytidine triphosphate (Mn- CTP)

‘.'compTex thCh contains a known nUmber (three) of compiexed water '

2+ and Co2 comp]exes

T'»moiecuies and no ring 1nteractions . For the Mn
uhit wag found that the soivent water proton reTaxation times were the f,;
| “same':ithACTP as with ATP, thus impiying no direct metal ion ring bond

For soTutions’of Ni-ATQ and Ni- CTP,Athe ratio of water Tl s was 2 3

L Glassman et aT. suggested two possibie expianations for this that the

i u;‘Ni-ATP compiex was. either : o | o

| (T) An inner sphere compTex' or ‘5'T§ 'hffwii "'“, f\ [ i;?.?
(2) A complex containing a bridging Hzo moiecuie, with the A

'r:f_ Hzo exchanging very sTowTy Slelo R
N The authors aTso Tooked at. shifts in a~simiiar Niz compTex e L

containing a direct Ni2 -N bond and these shifts were smaTT compared‘to

Nl .
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thosc in the Ni ATP complex which is strong evidence for explanatlon B
~{2).-- Thus they concluded that the N1-ATP complex contalns two fast-
) RL exrha qing H20 molecules and one slow (brtdgang) one. '}_ d L.

Kuntz et al (20) contlnued this work, look1ng more closely

:Jil at the Co ATP structure through ]70 and 'H NMR studles They 1nvest1-
_ §3§* qated the shifts in both Co- ATP and Co CTP complexes and found that
, Co-ATP was 2/3 as effective as’ Co- CTP in shifting the solvent water .
';ﬁggslgnan ;Ihas seemed to disagree with preV1ous work (19) However, -
?-the lCSU]tS were interpreted to 1nd1cate a model for the Co-ATP a
comtlex wh1ch 1nvolves a water molecule coord1nated to the phosphate-
""bound metal 1on and this water molecule 1s also hydrogen-bonded to the
3 ring Thus for both N1 ATP and Co-ATP the complexes each contain two .
*xchanging water molecules and one bridg1ng water molecule which o
1 exchanges sTowly.’ | o *3; {; T '&
The bound water exchange rate in the Mn-ATP system with the
“rat1o Mn2+ ATP approx1mately equal to unity was measured by Zetter
‘ 'f'etfgl, (g;;”*;rom measurements of the coupl1ng constant A/h they .”'l‘
.obtained a‘value of three water molecules in the-Mn-ATP>system. They ;
'.suggested that these water molecules were in the inner sphere of the _ o
| _‘ complex and . erefore kinetically equivalent, but could not eliminate
- zentwely a’ structure contain1ng two kinet1calealent water |
-molecules and a third wh1ch exchanges either very rapidly or very
"-;,slowly *} '

o

Zetter et al. (34) compared kinetlc parameters for water

2

"exchange 1n the Mn-ATP complex to klnetic data/for the substitution
t‘of B—hydroxyquinoline (ﬂx ) 1nto the 1nner sphere oA Mn-ATP The '
. diffe.ences were ass1gned to differences in binding betweep Mn-ATP
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and Ox- Mn—ATP They also compared kinetic data for the formation |

a of 0x-Mn- ATP and 0x Mg-ATP complexes Zetter and co—workers (34)

said that some process other than H20 exchange was rate det%rmining
in ‘the formation of the Ox-Mn-ATP complox Ox could substitute into
Mg ATP and the rate-determining step would be the 1oss of H20 For-
Mn-ATP which is more highly substituted they proposed that a change .

- _ must ‘take place in the Mn-ATP binding before 0x~ could substitute into

r the inner sphere Hence it was postulated that in Ox-Mn—ATP either -

the ring or a- phosphate group, or both are no longer bound to the

metal If this were correct then the structures of the metal ion Ox-ATP :

' complexes would be almost'identical The interchangeability of an 'i d'
Mg in enzymatic tranSphosphorylation could be more easily’rationalized
in terms of ternary complexes with similar structures. rather than ,.'_l

dissimilar structures of binany complexes Hopes were expressed by

| N Zetter et al (34) for further investigations into ternary systems,

A “the answers to Mg /Mn activations lie in these systems, they
o / o
o believed and not in binary systems
| The mostﬁeefinitive work on the Mn-ATP system was done -

recently by Laﬂ et al (2) using natural abundance ]3C NMR They found i :

' that all the ring carbon resonances were broadened to some extent
by the addition of manganese ions to ATP solutions with those[

carbons C 5 and c-8 being the most broadened whereas the ribose df

carbon resonances were upaffected Data were analyzed in terms of a o

| l 1 an+ ATP complex, in agreement with the stability constant measure— '

ments of Mohan and Rechnitz (23) . | A
lhe distances between the Mn(II) ion and the onrbon nuclei

of‘the base were obtained from the T]p studies. Distance calculations

LU e R

.eh
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| | “were also carried out on. the proton T]p data obtained by Sternlicht f:
L et al. (l) In contrast to the, nickel (19) and cobalt (20) complexes
~in which there 1s a bridging HZO molecule between the metal 1on and
Bt N- 7 the “Mn- ATP complex had a direct Mn2+-N 7 bond N | ,
| , S Interpretation of the 130 T1p and sz data led to the follow-
'.";; ing kinetic scheme L e R,

‘withno M+ L < ML

.‘ M+|_ 42* MLP*:-)MLP-I- |"  p‘+b.r
. where M = manganese'ion; . -
R ~ 6
L = Tigand (ATP) | :
"MLp' :j'Mn-ATP complex with an bound only to triphos-
L lphate moiety, L o -
ML ooy = M-ATP complex_ with Mn?’ bBlmd to both triphos-' o
. phate moiety and to riag at N 7 '
~or one'can'say a = b= —c with no a «= c. Also, [a] >>“{b] or [c])-'

B Thus this corresponds to a 3-site exchange Equations for a 3 site o
’.exchange problem have previously been worked-out by Swift and Connick
I (ze) and Angerman and Jordan (35) | ’

lp ‘and sz were different because they are governed by,;,s

_\

‘different relaxation mechanisms Under the prevailing experimental

o conditions, the Solomon and Bloembergen equations become

oo
TR 22,28 g
._ _‘(“._19),_[ —S(S+l)g 1 S U  .17_
o '7,-?(f 29) b 'S(Smt.z 01 B U
__/: /n



where f'. = [Mn2*] bound at N-7/total [ATP].
T T T

©* These equations assume that Typ s controlled by dipolar relaxation,

'bUt'Tép in the‘rapid exchange'region‘(high*temperatures)"is contro11ed' |

by sca]ar re]axat1on Contrast this with the 31P sz data” (15) wh1ch

are in the s]ow chemica]-control1ed region and '‘H sz data (1), which |

- are determined by the d1polar re]axation h
3 »

In the Tow temperature or chemical contro11ed region, for o

31,

“example for the P data. . h o e'.',' ‘l %
s o
-1 _ _ -] ~1
Top = Kap ™ Tap [a] 19
3 where. 7., = 11fetime of spec1es a going to species b
: ;5ifbaﬁ = 1ifet1me of species b going to species a;
:i'kab'xg rate constant,ofsreactjon a 1-b, '

N

iHence the NMR 1s sensitive to the exchange rate of the entire mo]ecu]e f_

From their graphs they ca]culated that
flo= o;z.f
where_'.f f = tota] [Mn2+]/tota1 [ATP]

. i e. that there 1s not 100% binding of the metal 1ons to the ring asi;
| Sternlicht et a1 proposea (1) but only 20% bind there.. Sternlicht-

~tr3t al. (1) claimed that the exchange rate between the Mn(II) ion and”‘- y

_;f;the ring was the same as the exchange rate between the Mn(II) ion and '

“ffphosphate groups, 1 e bonds were made and broken simultaneously, but -
_ Lam et al (2) found this not to be so Hhat Sternlicht and co-wdrkers'?f

21



», saw was a rate-determining interaction of the’metal ion with the ‘ |
i"oxygens of the phosphate groups, followed by a rapid interaction with . :
'a ring p051tion (36). Lifetimes obtained from proton resonances only

- reflect the slower/process . | |

Further proton studies on the Mn- ATP system were performed

‘:by Nee et al, (33) They made the assumption that linewidth was a func- ,j_"d o

| tion of visc051ty, and from their results of linewidth dependence on
; ftemperature pD and concentration drew the conclusions that ﬂWn ATF]
| “was greater than about 25% with [Mn(ATP)z] less than about 75%. ,
) o Their results at pD 8 4 imply that both Hp8 protons in the -
1: 2 complex interact with the manganese ion to the same extent meaning
?that they are equidistant from the metal ion They then erroneously |
compared this infornntion with the structure of the 1:1 "Mn ATP"
-'complex studied by Glassman et al. (19) (erroneously because Glassman
'”'et al. only elucidated the‘structure of the Ni-ATP complex). and E
- deduced the presence of two H20 molecules bridging between the Mn(II)
','ion and N- 7 of each adenine ring However, the ]3C data obtained by
Lam et al (2). shows that an ions coordinate directly to N-7.
E | Detailed kinetics and mechanism of exchange in the Mn—ATP -
E system were worked out recently by Kuntz' et al (5) From 31P‘studies‘,w

g;they identified two NMR‘exchange mechanisms in solution' .

(l) The Eigen-Tamm mechanism. basically
Mt et ML--;,-_: -

oy

| where the reaction M q H qL is diffusion-controlled, BT

‘.;wf_ "agL ML is the rate-determining step.

: A° . . . o . el S e TS



ML s an inner sphereacomp1ex}:'

“ The'onerai1?feaCtion is thenf‘ . , .

hnhene k] = fOrward‘ratechnstant’for"the:formatibn of'ML;'

) k_11= ,fevense_ratenconstantffok;theiformatjon of”ML;ln_ o

‘ (2).hDineCt ligand.exchange:d
ML*+I;;;"" _ML_+,L*; o o -
where L* indicates that th1s ligand has Just 1eft the
‘ | - complex,r _'
'ké'»= rate constant for direct 11gand exchange ,

. mech sm,
,?.mec an1 s

Y

; Considering both mechanisms to operate. express1ons for lifetimes are

L 'arrived at, viz.:

Sy

lifetime of L 1n state L

aq .
= lifetime of L in complex M.

s'hf_nhefeerif

e

3 TM

diﬂ-Equation 21 had previous]y been worked out by Pearson and Lanier (37)
"'In woré\?g out the magnitudes of. k1 and kz, Kuntz et al studied ATP

A"‘ie-;concentrations between 0 IM and 0 2;? k wés calculated ‘to be Hf; L

R AR
ol

kd_l L] . kz[L] e

23
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(611) x 108 and ky (1 810, 3) X 105 M-1 sec-1 for a typical equi]ibrium
tconstant value of 104 M“’ Ca P ';‘ !
| Recent work by Kuntz and Kotowycz (31) based on 13C T]p on the

cmanganese 1nosine 5'-tr1phosphate system shows the presence of al: 1

v complex with no. bridging H20 molecu]es Their sz studies using 130:":

. NMR 1nd1cate two sites of 1nteraction on the hypoxanthine ring.

»dnamely N-7 and the carbony1 group They derive equetions for 4- site .

_ exchange and discuss the misinterpretation of ‘the data that Nee et a1

' (33) made in relating proton T] measurements of pure ATP solutions to
j"the viscosity of the so]ut1ons ’ | f_ | ,_' |
. o summarize, 1t is firmly establdshed\~hgx a]] three .
'phosphate groups in ATP bind v1rtua11y 100z, of the Mn(II) 1ons (14 15), '

-',f

"dl’iand "the. adenipe ring also coordinates wdth the Mn(II) 1ons to some |

fextent (14 15, 30 32 34) Of the b1nding sites on the ring suggested |
N1 was dlsmissed by Stern11cht et a] (1) Lam et al (2). confirmed

“N- 7 as a binding s1te, and ca]cu]ated 20% for the degree of direct\
‘",coordination.. _{‘, S ',' | f S -
o Various mode]s have been suggested for the Mn-ATP structure'; ".
d"tue(l 2 32 33 34), but the most feasible one: to date seems to- be the 1 1“j""

::__complex with no bridging uzo molecule (2) This 1s in contrast to |
~ the equivalent M) (19) -and Co(II) (20) complexes, which have a.
:451f,H20 bridge between the metal ion and N-7 of the adenine ring - ‘
"':' In the light of my experimental results. a possible bfnding;.ﬁi;' ffti‘y
e'f;’site for an+ ions at N-l wil] be discussed. and other modeIs for “bh_?_-;‘ o
h“;‘;the Mn—ATP system will be examined "Qj;r; fffcff e



 ‘CHAPTER THREE

- EXPERIMENTAL

- i ATP (disodium salt, from equine muscle) and adenosine 5'- N

B monophosphate (AMP sodium salt, from. yeast) (both of highest purity),

-~ were obtained from Sigma Chemical Co.- 020 solvent Was obtained from '
rColumbia Organic Chemical Co., Tetramethyl ammonium chloride (TMA), é?&
N(CH3)4Cl was obtained from Eastman Kodak Co Sodium hydrox1de ‘ I
(certified concentrated solution standard), manganese chloride crystals

;MnCLz 4H 0 and manganese nitrate Mn(N03)2 standard solution were . _{v; h

.-.obtained from Fisher Scientific Co N ' N

"l. Preparation of Solutions e

' | Stock solutions Of manganese chloride, about 10’2 and 10'3M
f: in Mn(II) 1ons were’ prepared in Dzo and were used in the preparation of o
“ffalllsubsequent solutions containing metal ions Using calibrated ‘

" H. E Pedersen micropipets the metal solutions were added to the ATP
E solutions as required to obtain final solutions with given Mn(II) ATP
4;}ratios, i e certain values of fi (see Table I) | R |

A solution of approximately 4 mg/ml of TMA in 020 was- prepared'df”'"

‘to be used as the reference standard A solution of ATP in this was pre-__'jli

 pared, and sufficient NaOH/Dzo solution was added to make the final <on- o
Ifcentration 0 2M at a pD of 7. 4 0 2 (38) (Solution Al) Somg of this ;;g i

ﬁ;solution was diluted in the TMA/020 solution to prepare a 0 OZM ATP ‘
'ifsolution (Solution Bl) The pD of this solution was- checked and was. in -
" the prescribed range Initial purification of ATP was not carried out
Tson these particular ATP solutions. nor uas extensive replacement of
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H20 by 020 as the presence of some H20 is necessary to provide a
‘sufficiently strong lock Signal " o

Solutions of the following f values were prepared from the

: -:;aboVe ATP solution§ by adding the necessary amounts of the stock Mn(II)

',’solutions

: ' T
1 : - Y

T ¢ o
from the 0 2M ATP solution 2 00 x 10‘4 6.00 x 4

!

from the 0, o ATP solution 2. 53 X 10‘4 1.52 x 1074, and
| 7 04 X. lD -3 (solutions BZ 83 and B4 respectively)

) -;_iSince preliminary measurements of transverse relaxation times (T2) were:

: *a“made on: these solutions the values: of f were chosen in.order to obtain |

f'the optimum linewidth for each proton resonance at- each concentration of

L LATP Measurements on: H 8 were optinal at the lowest f values on H-l' :

1at the intermediate n values, and on H 2 at the highest £ values !

ATP used for all other NMR measurements was purified as

L

;*follous solid ATP as su plied was dissolved in the minimum amount of .

"’f;,water, and passed twice through a Dowex 50 cation exchange resin column

;to eliminate traces of metal ion The effluent was evaporated to dryness

"[ﬁ»The residue was then redissolved in Dzo and again evaporated to dryness.
gEnough ozo was then added to the purified m to prepare a.0. 3sn ATP PR

- ‘solution This replacement of HZO by DZO is necessary since T1 measure-

".7f_ments are strongly affected by the large Proton HDO peak The solution f‘;""'. |

was stored frozen..‘”_ . - ; ST
Hhen needed. enough NaOH/020 uas added to some of the stock

f,j,o 35M solution to make the final ATP concentration approximately 0 2M
N .,;,.;,. S e S

and l 20 X 10’3 (solutions A2, A3 and A respectively),



A'*f;(Solution GZ) resPeCt1V51y' were prepared

‘at a pD of 7 4 0 ? (Solution Cl) Some of this: solution was dil:
| in D20 to prepare an approximately 0.02M: ATP solution (Solution D1).
The pD of. this solution was’ checked and found to be within the. accept-
,_able range, when checked by-u. v. spectrometry, the - concentrations of

~'solutions a1 and D were found to be 0 17M and 0.011M tespectively

Sufficient quantities of the stock Mn(II) solutions were added'j

'to solutions Cl and Dl to prepare samples with f = 2.35 x 107 (Solu--
“tion C2) and 4 60 X lO (Solution DZ) respectively In addition a:
Q;solution of 0 DllM ATP containing metal ions,\of f = 2 76 X lO -3

s',(Solution DB), was similarly prepared

2.8',_'

"’7 Proton T1 experiments were performed on solutions Cl C2 o1, 02’,“ :

_ and 03 .) ;\41_ ' f_"l o ,‘”4_ "[ . », i . ,;;

| | “Hhen the concentration of solution C1 had been determined

i"pspectroscopically, further so}ﬁtions were prepared from the stock 0. 85M
i.ATP solutio . of identical cbncentration A solution of pure ATP was

prepared as before. for the blank (Solution El) In addition, two =

| solu;ions containingmun2 ions one of f = l 4l x lO =3 (Solution E2)

V"Z(and the other of fo = 2 25 x 10 (Solution E3) were prepared..,. o

| | 1 Proton-T2 measurements were carried out on- solutions El E2

- and E3 ) , ~ 3 PR

__vxtfurther solutions were prepared from the stock 0 35M solution as- o
:y described for-the proton studies Pure ATP solutions of strength 0 16M

‘ ‘f5h§}(Solution Fl) and 0 016M (Solution Gl), and ATP solutions containing S
" m(1D) dons with f, = 2.50 x 107 (solutfon! F2) and £, = 3.17 x 10 4 L

Finally, graphs of T1 0 vs T uere,plotted for all three

1} For the measurement of 31P transverse relaxation times, _.fif'



prOtons{for'sdlutiOns'Cl and El, see Figure 6.

2. Analyses of Solutions ' | ' |
pD measurements were made initially ‘on an Orion 801 digital
B pH-meter and are accurate to 0., 01 pH units Later these. measurements

were carried out on a Fisher Accumet 420 digital pH-meter. and the

measurements are also accurate to £0, 01 pH units -Afmeter-reading of

L 7 0 corresponds to a pD of 7.4 (40)

The true ATP. concentrations were determined by u.v, spectro-»}.-;

o photometry, using a Carey model 15 recording spectrophotometer with

5 mp. quartz spectral cells by observing the characteristic adenine _

t7i.d_absorption at 260nm, Emax = 1 57 x 104 Thus the ekact values of the .

.29

. VJATP concentrations and hence f W calculated f o ‘.'_ - o
i l 'j The concentrations of t::e;tobk Mn(II) solutions Were checkedj~ ,

' *aby calibrating against a standard manganese nitrate solution This

’was]do_]““‘*w““: :fingle absorption peak in the phosphorus spectrum -

vgthe NMR experiments had been completed, various

. | L ;tlc), to check the degree of hydrolysis This showed
"Qithat there': 1 ._eextensive hydrolysis of these solutions This was |

fnprobably'

B hhf_itures of up_tovand inpluding BO‘C and hence the data are not presented SO

'*llafThe extent of hydrolysis of the O 17M ATP solutions was evaluated by

- :'»'g;§frunning the phosphorus Tz spectra at room.temperature and observing the -*7'“>;

qsn the solutions used The only check made on solu-,’V*‘

fused for the preliminary Tz experiments Was‘thin-layer s
he fact that the samples had been subjected.to tempera- i__gt'

'kfnghe final pD values of all the remaining solutions weré checked,' ;.‘
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peaks due to‘inorganicvphOSphate"'The proton continUOus-ane spectra |
of these soTutions at ‘room temperature were aTso recorded to determine '

'.the degree of repiacement of H & by D

3. NMR Experiments L -t‘ ' i""_ o

(a) Proton Transverse ReTaxation Time (T9) Measurements .

- Spectra were recorded on a V?rian HA 100 12 or Varian
A.HA—IOO -15° 100 MHz NMR spectrophotometer operating in the continuous -
wave mode using the proton HOD resonance as the Tock*signa] and TMA
:vas the reference signaT The spectraT range studied was 500 Hz down- _
‘: fier from the HOD Tock signal Spectra were taken at various tempera-
| tures The peak under study (H 8, H 2 or H 1 ) was expanded over a
*Arange of either 50 or 100 Hz depending on the width of the signaT. The
":do nfier shift of each resonance was caTibrated The Tinewidths at |
| ‘han—height were measured The broadening due to the presence of ‘the
metaT 1ons, A“l/Z m Was caTcuTated and T/f sz found using the equation iiwa
'?Ti;;" ?‘ fA“i/z.obs T A"1/2 o} "-_» o2 -
L where szy= transverse reTaxation time, _.f e
Av1/2 obs = Tinewidth at han-height of solutions containing

M 2+ ions,

“'i‘.

1 Av]/Z 0° = Tinewidth at half-height of pure ATP solutiJn,

Av1/2 obs" Av1/2 o,? A\’r/z m*

(b) Proton Long_tudinaT Relaxation Time (T,) Measurements |

| Spectra were recorded on a Varian HA~100-15 100 MHz NMR
L spectrometer interfaced with a Digitai FTS/NMR-3 data system. the Nova e
ua.1200 computer and the puise unit FTS/NMR 400-2. operating in the Fourier ’fa*f(f‘f



¥
¢ !

. transform mode. The deuterium resonance of the so]vent DZO was used

L ~as the Tock signal A reference signa] is not necessary: when T1 experi- S

f:ments are performed For each spectrum, ten free induction decay
:signals were stored an 2K (2048) data points over a corresponding fre- .

quency domain of 500 Hz. [bccasiona]]y 4K (4096) data points were used ]
V.The Digilab system yie]ds 2K data pOints in the transformed real

"spectrum by zero fi]]ing and- carrying out a 4K transform The two- puise o

- J’sequence (- 180’ - T - 90"— T ) was used (31 40) where T is the de]ay
- time, T= 25 seconds and no= 10 scans Va]ues of T useq var1ed depend-
_ing on the experiment | | | | »
Spectra were recorded at various temperatures A set of
3 spectra ‘was: obtatned at a given temperature for,g<particular so]ution
o by varying the delay time © from 0 seconds to a maximum vaiue determined_f‘
‘aby the longest 1ongitudina1 re]axation’time involved A typicai set |
;of spectra are. shown in Figure 2. . ’ o _> ’
' For each set of spectra the norma]ized height HN, of a

5peak due to a particu]ar proton was measured at each va]ue of 34 and'i‘

. :subtracted from the value of HN at maximum Ty HN(MAX)' to obtain the?"_"* .

.parameter M = HN(MAX) - HN Graphs of 1og M vs T were plotted as in,i*v~“
‘f'Figure 3, and va]ues of the 1ongitudina1 relaxation times ca]cuiated~ |

*ffrom the plots., This ana]ysis is based on the foliowing equation

“!(HN(MAX) - HN) 'IRZHN(MAX) - ' (4-' )'D | : 22 IR |

Ap©

""Values.of T, were ca]culated ustng equation 16

\

Lo
where: Ty, = Tongitudinal relaxation time due ‘to presence of:

v
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' paramagnetic metal ions.

TlM- =‘;_longitudinal relaxation time of a solution Con—

‘ ‘ taining metal ions, , |
‘ T1“0-= longitudinal relaxation time of a pure ATP o

- solution

y

e

(c) Phosphorus Transverse Relaxation Time (T,)gMeasurements _"'

Proton noise decoupled 31P NMR spectra were. recorded on an .

HFX290 NMR spectrometer (35 4 an) interfaced with a Nicolet 1085 data o

.'!system; operating in the Fourier transfonm mode . ozo was used as the

g -

lock. signal No reference signal was necessary as only linewidths were -
measured R .

For each spectrum. between 128 and 4K free induction decay -

v’»gsignals were stored in 16K or 8K data points depending on the resolution - 1.

| :required over a corresponding frequency range of 3012 Hz fhe Nicolet
.'ststem then yields 8K or- 4K data points in the transformed real spectrum
t Spectra were taken at temperatures within the range 0 to 60 c
| as seen from Figure 6. Each group of peaks corresponding to the as B

: and y phosphate groups was expanded over a range of 200 Hz. The line- :f‘

width at half-height of each peak was measured At certain temperatures. -

"} there was partial cpllapse of the doublet or triplet structure due to

‘ the presence of the metal ions._ For these cases a "curve-fitting“
M_‘lprocedure was carried out using average values of the coupling coostant
i;lJ obtained from each series of spectra and the true linewddths at
»i half-height were thus ebtained The broadening due to the addition

fﬁof paramagnetic ions, Avllz.m, was calculated, as described for proton.



() _Témpefature Control

. Temperatures were controtled using the Varian and the Bruker -

temperature'cohtroj units and weré‘glways ca11bratéd,beforé7and-after‘an

' o _experimeﬁt u§1hg a themeCOUplé.';.



CHAPTER FOUR =
© RESULTS

| Values of the'concentratiOns'of the ATP'solutions used,‘vaTUesh”

_'!'determined by u. v analy51s have already been given in the previous

".'_ solutions

| chapter T values have also been quoted The pD-of_a]l,solutions.was~vz
d»7 4:0.2(38). | I | I |
. " The phosphorus T2 spectra of solutions used for proton T1 |
'_experiments were recorded after’ all the proton. experiments had been com-w“; “

pleted, and showed there had been virtually no hydrolysis of these -

- The integrated proton continuous wave spectra of solutions CI
' and C2 were measured at the conclusion of all T1 measurements These -
‘f'showed that there had been about 25% replacement of H- 8 by D. The o

d;'f'same spectra of solutions El EZ and E3 showed that there had been over f
- _30% replacement of n-a by . i R R

All curves were drawn visually

,1"f'Discussion of Errors

The error limits for the proton T]p and sz measurements Lo

| e7,shown in Figure 4 are 110% as optimum values of f were used to- increase-'»*

,"'}the accuracy of the measurements for each‘of the protons The error

:’hu'limits are larger for the T1p date shown in Tables II and III since

. L these measurements uere carried out on the 0. OllM‘ATP solutions uhere

_'the signal-to-noise ratio becomes a Prgblem In addition, these 1atterp'*f~'
p»;experiments (Tables II and III) Nere carried out only once.,‘i_f:’* -

ap



"The'sz data for proton H- 2 shown in Tab]e Iv is in. slight :

2 disagreement with the data in Figure 4 The data in Table v were

obtained by carrying out 1inewidth measurements in the Fourier transform

T mode and there were phasing and baseiine difficulties However, the i

. generai temperature dependence is the same’ as the sz data for H 2
shown in Figure 4 - . o | |
| f 1In Figure 6 the scatter of- the T],O ] data for two different
‘ -'_'sampies is likely due to a trace amount of paramagnetic meta1 1on impurity L

-f_in the sampies which was not removed by the co]umm However, the straight |

'.ﬂ; iines indicate the degree of contamination is. very sma]l

o In Figure 5, the 31P sz data«ds accurate to 110%
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TBLE T1IT

SRR " Longitudinal Re]axation Time Measurements Foﬂi l' In So]utions R
| | 0 and 02 b s‘
[ATP] - o onn £, = 4.60 x 10’4

- T 103/r k ‘? I, 0( ) T]M (sec) T”,r(sec) 10‘ /fT (sec' ;-
s 360 .28 . 0.560 0.9 = - 022 o
37 326 _._2.55. R U FERRE 1Y £ N .,__o.)s_v T
323\ 30, 335 - 200 > 4% .. 0048

et



TABLE TV

Tranverse Re]axat1on T1me Measurements For H 2 In So1utions

B and E2 [ATP] o ]7M

L g
pud 103/T (k) Av]/Z Obs_g_;l Av]/z Of(Hz) 10 ﬁlim_Zp g )
75 3e . ws 23 ", s, 7

o 355 o 16 8 o 21 3 | ' 3 3

I T VA T TR a6 5
w9 3w }  ‘8 41fﬁ'h'-'_7 1;3]j‘ﬁ '_'7f e

39 33 :~4.7?7”.f o1 e

o 300 ' 4;4"7";1.:'1;255,  oo v
Coms o305 a0 o 2 o6
B X B o.491,‘-i‘;) A



qum-: 4 A p]ot of (f T]p)", and’ (f Tz )" 1 vs T ‘ for protons H- 8, |

- LEGEND -gﬂ,p " for H-8

T TTTTT]

|,

I

_l i »"l R I vl

o

a1l

I

B | f3';o,'_ 32 34
| 03/T (°K"‘) | \

and Hm forO]?MATP, pD— 74+ oz

for H-8

CH szP -1 for H-2 }f = 2 35 X 10'4’[}
'.z.-.:;a(fr} Vfor w10l R

oDyl for H-Z,rf

'.*0(fT; )~‘ for H-Z,
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CHAPTER FIVE.
 DISCUSSION

’ It is well established that virtually 100% of the an ions t:‘t' 5
bind to the phosphate groups of ATP as shown by the large stability ’ N
| jconstants for- this complex (9, 10), and the experimental conditions j
' -_used From proton NMR studies Sternlicht et al. (l) concluded that the
Ld'metal also binds to the adenine ring at a position in space between the
v', amino group on carbon C- 6 and the nitrogen N 7 They state that the
_ bonds to the ring and to the phosphates are made and broken simultaneously
Lam et al. (2) have shown, from ]30 NMR studies, that the |
metal jon- binds directly at N~7 of the adenine ring, and they calculate ; a

';"the percentage of ions bound there as apprO‘ '

‘f':.ZD%. They explained
.“-the discrep ncy with the results of Sternlicht and co-workers (1) by
:1nvoking FnZy and Stuehr s (36) reasoning. which was the suggestion S
é?hat what Sternlicht and his colleagues (l) obtained were lifetimes ‘i;.*' je%;
- due to an initial rate determining interaction of the metal ion with
the oxygén atoms of the phpsphate groups._ Then, Frey and StUehr say. ;
there is a second, rapid ste in which the metal ion interacts with .
a ring position Therefore ram et al (2) pos@glated a ponsecutive i; r7~7".
‘;., binding mechanism ’,if EER _'”:f~j;h7: o VV,',“,':'e |
L*;./-vf J'f;7:;‘5:': .sijidif.chdftd'fhl g Jw s‘:‘qu;:tf W
. . T 5’%#?“by¢=#7¢_' . ; o
'“iiaw”il; .“ where a k pure ATP, i’;éfbi:'“?fli“f,5ﬁﬂ‘ ';f-uf.ffff'fh;;;
. ﬁ.” lef_;b ATP with metal ionlbound at phosphate groups. - ‘
| i;dQ;fc = ATP with metal ion bound at phosphate groups and 73' fﬁi

L




. o - - .
- Lam et al. (2) show that the recalcu]ated meta1 1on to h
- | proton H 2 distance (4 4&) using Stern11cht 's (1) data for the’ complex -
:f in which the metal 1on bfnds only at N-7 is much shorter than that of
| a model study (6. 8A) 0 er experimental an 1on to carbon nuc1e1 or
5Mn2+ fon to proton ‘H- 8 distances were in exce]]ent agreement with those .

' predfcted by the modeI Therefore it was fe]t that there was some

v,'}Mn(II) 1on binding at N-1 that onTy proton H- 2 NMR data cou]d detect

(Binding at N-3 was not considered feasfb]e, since 1n the —y__confor--
'i.mation, the N-3 nitrogen is. not accessib1e to ‘the meta1 1on ) In the-

.'present study. an attempt 15 made to calcu]ate the percentage of metal "f,.v"

' ‘-'ufons bound to a second r1ng posftion. namely N- 1 _»"; f_", L\ '

As was done by Lam et a1 (2), equatxon 12 1s employed in .

S lthe ana]ysis of the proton T]p data shown 1n Figure 4, name]y

'-f-_ri_(f'-.-\r,p.)'-»‘..,;=-° s(s+ngzs?- 2t

- where f"= mp]j,baund at N-J?’/totai
ffand all other terms have been previously defined The_conStants are as -

'*follows

ll o

5/2 for the Mn(II) 1on. S
2 00 (free electron) ’

n“

9 27 X 10-21 erg gauss-]a _ j‘

.
i

\ y/fgyi;g 2 675 X 104 rad sec"1 gauss.ffi g -
' 3 4 X 10'8‘cm (Mn(ll) ion to proton H-2 distance). L
7 s X 10'"’ e T T

-,
"

"*;‘L‘T7Thé;va]he;Quote¢:for;r;fséactoailyﬁthat‘calcd1ated;hy.Lam'":L;thih"‘



0

2 ion to proton H- 8 distance .-In this study

2+

et al (4) for the Mn”

it is assumed that this 1s the value of the Mn’ .ion‘totproton H-Z:z

~ distance. . _ | . . |
_ }, The vaiue of T for the pnesent ATP concentration of 0 17M was -

}arrived at by taking a weighted average between the value ‘obtained by |

Brown et al.”(30) for 0.4 ATP at 20°C (6 x 10710 sec.) and that by

"-‘,Sternlicht et ai (1) for approximateiy 0.35M ATP at room temperature “

(v X 10 -9 sec ) | ‘ N ::>
'f.i'. Solving the above equation using these vaiues one, obtains

f(fuT] )" =;*4;185x,105‘se°f1f =

':‘From Figure 4 a vaiue of (f T]p) -1 for. proton H 2 at 300°K is' 1. 10 X: ~§

4 sec. 1, SO that
' fu _ 1 L
».?;- 0.0gﬁ.'}
: Thus (2 6+ i)% is the extent of binding of Mn(II) ions at N 1 A con-'*" o

-1

tribution to the H 2 T value due to the Mn-ATP comp]ex in which the

Ip -
'_M 2 ion binds to ‘N- 7\ﬂas ca]culated using equation 12_and a- vaiue of
"r = 6 SK This complex contributes iess than '10% to the observed T1p !

N .of H-Z and therefore this’ correction was no made "ﬁ. B
| ' This same analysis is appiied

| the proton H 8 T]p data in |
]f figure 4 to consider the binding at N- 7, using the vaiue of (f T]p)’] R

" for ke 8 at 300°K of 1.44 x 105 sec.”!. Hence - T
-§ﬁ? = 0.34', -
£ 0

ST

~_This analysis indicates that about 34%'9f?the~met&1fion5sbindvatiN47,¥



”_ in disagreement with the calculations of Lam et al (2) However, in :
this calculation a tangent must‘e drawn in the high temperature region

for the proton H-8 T]p and T data The value of 1. 44 X lO5 sec -1

2P

is obtained by extrapolation and is subject to a large error 'FOrf

data are well into the fast-

"‘proton H- 2 however, the T]p‘and sz
- ,exchange region at 300° K o .
: _ The next question tﬁat must be considered is: wheth_ " the
‘ .fiNMR measurements could detect such a low degree of binding at N- .
D lLam et al {2) did not see an effect of the Mn(II) ions on the 13
’data of carbon C-2. - o r L ‘i’; f" 'h//i o o

This can be analyzed in the following manner

First, estimate the Mn(II) ion to carbon C 2 distance as

3. lK the same as the Mn(II) ion:to carbon c-8 distance Equation 12

13

-‘_is then applied -and using the value for yI of C of 6 73 X l0 ‘rad.

r-:;s c. T gauss one obtains
"(fﬁTi')f‘

.‘Now. for 2 6% binding at N 1, one can calculate that for f 2 35 x lO >

: a value used in thelpresent study and within the range covered by Lam f

o _‘_t__l. (2), the va]ue of Tlp is 0. 28 secs This value was not detected

-~ by Lam etal 3 | . |
| Finally, how can one rationalize a small degree of manganese

"ion binding at N-l? First of all nucleotides (42) including ATP (l 43

1‘“1,‘ d4) have been showa to self—associate or base-stack An Mn(-ATP)2 com-

;7plex was originally postulated by Sternlicht et al (32), and in their
| '_{mod 1 the metal ion 4§s bound to the phoSphate groups of one ATP
ecule and. to the N-7 of the neighboring ATP molecule ;his complex |

47

4-“HA



OATP molecule is also bound. Tp

M"‘i ;at N-l S

e 'paper by Sternlicht and his colleagues (l) It se

N

| was‘disCarded byfwee g__a_ (33) In addition an Mn(ATP)2 complex was
not detected by Mohan and Rechnitz (23) o .'
‘ Hee et al (33) postulated the existence of al: 2 complex o

,containing two water. molecule bri{i:s between the Mn(II) ion and N- 7 o

:positions of both ATP molecules e metal jon wasqg}multaneously
- dbound to the triphosphate chain of “one ATP molecule - However, Lam and

;co-workers (2) show that Mn(II) 1ons coordinate directly to N 7.

Secondly, ATP exists largely in the anti-conformation as. -"'

f_“shown in Figure 1 Therefore if one conSiders the possibility of a l l

: fmetal fon:ATP complex. some ATP molecules must be present in solution -

iin the _y_;conformation in order for the metal ion to bind at N- 1.

’ \ ' hlh An Mn(ATP)2 complex may be considered a minor species,

R such Tow concentrations that it has not yet been detected\ In such a

4""complex there would be no water molecule bridges, one ATP molecule must

- have its phosphate groups bound to the metal ion, and N- l of the second
\this structure both ATP molecules L

.:would be in the anti-conformation Such a species of course, cannotv

'flbe present in significant amounts

I we ‘say that the small amount of Mn(II) ions binding at N 1 |

._is due to both of these factors to differing extents. then any method

R to detect either of these would have to be extremely sensitive

"_.i_Certainly. a small fraction of dyg;co formers could not be readily

9 B

_-_:48.

'”fdetectable and Sternlicht et al (l) fa_ ed to detect ahy binding i"" o

The data in Figure 4 can be compared

E :data for T1p of H-l' is in disagreement with theirs.‘

R A T ey

', the data in the o
';h that the present -l
The plot in o



- ,they do not do in the paper by Stern11cht et a] (}) - L ¢%~di"

"fd;and equation 21 wi]l be applied. name]y

L v:?,'% el k + k [L]

Py

»'VF1gure 4 bends over'at 1ow temperatures whereas that of Sternllcht et a]
. does not also, in the present study, the p]ot for H 1' is’ very close R

i graph1ca11y to that for H-2, whereas the resu]ts of Stern11cht et al

show that the p]ots for H- 1' .and H- 2 are we]] separated But-1t must

8 be noted and Stern11cht et al. a]so po1nted out that there may be ‘,'ﬁ_
'.1arge errors of up to 100% 1n their measurements concern1ng H-1" due :*»”.
_: to exper1menta1 d1ff1cu1t1es | | DS | ; d
‘f? | _:7' It 1s seen from Figure 4 that T]p 2p for proton H 8, and
*'_ifor proton H 2 at and above room temperature For proton H 2 be]ow room ;ab
:stemperature'the curves for T1p and sz d1verge and T]p > sz The data
'-.1ndlcates th@t sz is.in the fast exchange region wh1]e T]p has entered
| Frthe s]ow exchange reg1on Th1s anoma]y cannot be exp1a1ned '
) It 1s also 1nterest1ng to see that the p1ots for T1p of :5-”:7*'0

'proton H 2 and H 1' in F1gure 4 bend over at 1ow temperatures wh1ch

By perform1ng proton T]p and sz measurements at a low ATP

' -;hconcentrat1on around 0. 02M it was hoped that a change 1n the degree of
fbindin at N 1 cou]d be seen Unfortunate1y, the stud1es at such a Iow
'; ATP co centratlon proved d1ff1cu1t %o perform ﬁn pract1ce and the results

: ..were B conciusive._ 1  : T_s .‘}”-f; "5ﬁ'*'j-,9if""‘ | 1-‘5;;*"

S ;:consistent and that the samPIes were reasonably Dure. metal 1on 1mpur1-’.r'

t;:ties’wou1d have given r1se to curvature 1n the plots

The 31P data 1n F1gure 5 wil] be exam1ned 1n the laght of the

iuthheory deve]oped by Pearson and Lanver (37), and Kuntz et a] (5),._

m,'/_

.;TMg.v

P ~/’. 3

The stra1ght lines 1n Figure 6 show. that the data 1s se]f_ e



.

:‘A_ Calculated and ExgerimentAI Va]ues of Ty — T for 0. 16M (F] and F2)

o "_o._lr_aM_'ATP?_ 38 x10°

ey
5

and 0 016M (GT and 62) ATP So]utions Obtained from 31P-,NMR Data .-f3. -, ‘;

C e

;]1:_ —M;— (exper1menta1) sec.

Iy (ca]qqlated) sec.

1;_j .

2.32 x10°

'fmmmAﬁ .U'&wxiﬁj;”= 17,';4@5xwfrl~'



. 'ATT symboTs were def1ned 1n the Theoret1ca1 Introductton The resuTts
' »'of this ana]ys1s are g1ven in TabTe V. 1t is seen that for the O TGM

ATP soTut1ons there is.a factor of about 0.7 difference between the

caTcuTated and exper1menta1 TM -1 va]ues and for the 0. 016M ATP soTut1ons 3

| th1s factor 1s about 0 5‘ However, Pearson and Lan1er (37) point out

-1

kilthat the graph of rM s T1gand concentrat1on is T1near onTy ovbr a : a

B 11m1ted T1gand concentrat1on range and the curve leveTs off at htgher |

| ton 0 016M and 0 TGM ATP soTutlons Poss1bTy the 0. TGM ATP data are 'eA e

B beyond the Ttnear regvon

'»ff'f;' considered acceptable

'"')f; distance is known from X-ray studies for LiMnP04 Crystals (3 3&) (28 29)5¢"

f'concentrat1ons This 1s typ1caT of- the k1net1cs of the present study
o -The work performed by Kuntz et aT (5) was carr1ed out us1ng ATP con-

“1~fcentrat1ons between 0. OT and 0 TM and the present work was carr1ed out

' N . ~

E There are severaT posswae reasons for the differences

7'?fbetween the present data and that caTcuTated using the ‘above- equatton ?vaVQ'.

(T) Kuntz et a] (5) performed their exper1ments at a constant
1on1c strength of 1.0, whereas in the present study the ionic strength
was not controTTed' i#tf ia[« o ' o

| (2) The pD J%Tues are dtfferent' S T

(3) Equat1on 2] assumes b1nd1ng onTy to the phosphate groups, ';f.f

with no ring bindtng Sl s "“‘ e ”Vd f :
| In view of these differences, the agreement of the data 1s o

It was hoped that a study of the T,p temperature dependence of RO

phosphorus NMR at a high and a Tow ATP concentration woqu Tead to

accurate vaTues of the correTation time r since the an ion to P
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.However, the equ1pment necessary to perform such stud1es was not- ava11—r
.iable, and Te Was obtalned by takwng ‘the wetghted average of the correla-'

| .t1on t1mqrbased on the work of Brown et a1 (3Q) and,Stern11chthgt;91;;‘~
J _ In cbnc]us1on, I shou]d 11ke to postu]ate a smal] but not. in-.
M'f.svgn1f1cant amount of meta] jon b1nd1ng to the aden1ne r1ng at N- 1 :
:dt:Th1s may p0551b1y be due to some Mn(ATP) spec1es but more 11ke1y due R
to an M ATP spec1es in wh1ch the ATP molecu]e 15 1n the _1;;conformat1on,u1.' :
and the meta] 1on is bound to both the tr1phosphate mo1ety and N- 1 of )
Ut the aden1ne ring. N | S o

| | . Further work 1n th1s f1e1d cou]d inc]ude measurements of the
percentage of s _x_;conformers present 1n ATP so]utions at d1fferent ATP
‘-»concentrat1ons 1n order to e]ucidate the nature of the metal 1on b1nd1ng :

rat N-1. Also, accurate determ1nat1ons of T shou]d be carr1ed out by
31, -

/ ' 1;perform1ng T]p stud1es on’ P NMR for each ATP concentratlon '-_l»

v’_
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