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ABSTRACT

v

Magnetlc .resonance technlques have been appl1ed
to study the stéblllty and conformatlon of the complex
formed between Mn(II) 1ons ahd NADP in. aqueous solut1ons at
a pH of 7.5 and 20 C. The EPR data 1nd1cate that at low
“'Mn(II) 1on concentratlons [Mn(II)] <1l mM [NADP] =5 mM),

‘a 1:1 complex is formed wlth an apparent stablllty ‘constant

3’K1-“ 370. + 50 M1 at ‘an ionic strength of 0. 22 in the pre—

“ sence of 0.19 M C1 . The enthalpy of formatlon of this
complex as measured by EPR technlques is + 1. 3 + 0. 2 Kcal/

31P NMR has been used to establish that the complex

-6

mol.
is characterlsed by an exchange llfetlme of TM —\4 x 10
‘sec. and an enthalpy of actlvatlon for chemical exchange

| ;of 13. 7 + 0.5 Kcal/mol under the same . condltrons At blgh |

' Mn(II) ion concentratlons a Mn(ll)2 NADP spec1es .w1th an

'apparent Stablllty constant K2 = SS + 15 M. 14 15\pr,sent tn

The dlpdlar correlatlon tlme (T ) for NADP at
20 C was calculated to be 1.7 x 10° r10 sec.; based on.the

measurement of proton 1ong1tud1nal relaxatlon t1me ratlos

o and a 11terature value of Tt for NAD. At low Mn(II) 1on

concen&rqtlons, where there is only'one dlStlnCt blndlng
‘51te for the Mn(II) 1on per: NADP molecule the Tc and re-
laxatlon data together with the measured K1 Value, were -

used to calculate dlstances between the Mn(II) 1on and the

31p and observable 1H nuclg‘ These dlstances are for‘
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fhé 31P nuc1e1 '—phosphate* 3.3 A; low-field llnkage

;phosphate 3 6 A hlgh fleld llnkage phosphate 3.7 A;

is dlstlnctly closer to the adenine base. 'The adenine base

715 in the anti confdrmation‘whereas the‘nicotinamide moiety

free NADP caused no observable shlft of the aromatlc proton

and for the protons: adenine 8 ‘3\8 A;gadenlne 1Y, 4.5 Ay

- RN . "
adenlne 2, 5 0 A' n1cot1nam1de 2, 5.3 A; nicotinamide 6,

‘

. . b o .
5. 4 A n1cot1nam1de S 5.5 A-vnlcotinamide 1', 5. 8 A;.

n1cot1nam1de 4 6.3 A Based on these dlstances a model

is proposed for ‘the Mn(II) complex w1th NADP In{tHis

‘complex, the Mn(II) ‘ion is bonded to the oxygen .atoms of

ali three phosphates and the adenlne and n1cot1nam1de

:bases are 7 to 8 A apart and parallel Hence the Mn(II)

1on ‘18 located between and to one 51de of the two bases but

<

can be either.in the syn or anti conformation.  Hence

there ‘is little or no c10$e stacklng of the two bases in

the complex. The addltlon of Mg(II) 1ons to a solutlon of

.peaks of ‘the NMR spectrum 1nd1cat1ng that the rlngs are

51m11arly oriented in both free and metal- bound NADP

o
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CHAPTER ONE-. .. ~~ SN

. — INTRODUCTION * ' . ° . .

- S

The pyrldlne coenzymee, n1cot1nam1de adenlne
p;dlnucleotlde phosphate (NADW Flgure 1) and n1cot1nam1de o
| adenlne d1nuc1eot1de (NAD), whlch dlffers from NADP only
chln not- hav1ng the adenlne 2'—r1bose phosphate group, are
itv'lmportant 1n the matabollsm of . ali organ1sms They are .

. essenglal coenzymes for the largest group of Qx1dat10n—

‘;reductlon enzymes the pledlne— dependent dehydrogenases

p‘The reactlons of these enzymes 1nvolve the ox1dat10n,§nd
freductlon of the coenzymes NADP Oor. NAD 1s reduced and an

:_Hﬁ.lon 1s added to the nlcotlnamlde rlng, formlng NADPH or

'_NADH respectlvely, or the reduced form of the coenzyme has. o

" a proton_removed

o

_ : L4 -
At pH 3, NAD is a neutral molecule and NADP has )

o v "
a charge of fl The pK for the p@iton at the Al n1trogen

is 3 9 and there .1s a pK of 6 0 for the deprotonatlpn of ,;;A~
- the: 2' phosphate of NADP (Sarma and’ Mynott 19727/’ Thus

at neutral pﬁ, the 1onlzat10n of ‘the’ phosphate groups of

o these molecules 1s essentlally complete and the blndlng;pf

,,,,,,

4 metal 1ons to the coenzymes 1s a’ p0551b111ty B ' . fgv;

! \

Dlvalent metal catlons Lﬁspec1ally Zn(II), arejffh
'.'-;requ1red for MANY. Mrvidifna—lsmbas oo :

.-
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least one case the Mn(II)- NADPH complex i% requ1red for an
enzymatic react1on (Maloney and Dennls 197?1

The conformation of a substrate or substrate—
metal ion. complex in solution is generally unrelated to the
conformatlon of .the substrate when bound to the enzyme
(Mlldvan and Gupta 1978). However, me solutlon conforma—'.
tion of the subStrate or complex may be of.interest in
assessing ronformatlonal changes that tak2 place on blnd—‘
ing to an enzyme or the affinity of the enzyme for the

' substrate.

- |

The solut1on conformatlons of NADP and NAD have
exten51ve1y studled by nuclear magnetic resonance (NMR) ; .
technlques (Jardetzky and Wade Jardetzky, 1966; McDonald et .
al.,1972; Blumensteln ‘and Raftery, 1973 Egan et 31.3.1975;
Bose ¢ 1 Sarma,.lQ?S; Zens,et al., 1976; and references
therein)l A spectrum ef‘NADP'is.shown in Figure 2. Chemlt
cal sh1ft measurements 1mply that these. coenzymes exist in
an equ111br1um of folded and extended forms at room temper-
ature and neutral pH (Jardetzky and Wade- Jardetzky, 1966; |
McDonald et al., 19 ). However,'the nature of .the unfold- ¥
—ed form is unclear czelsler and Hollls (1975) found that
‘N- methyl n1cot1nam1de and aden051ne dlphosphate (ADP) asso-
Ciate in solutlon; and concluded that the adenlne and nicof‘
tinamide rinws must associate'in folded NAD. Sarma and
Mynott (1975) proposed a model in which the two rlngs are .
stacked and are 3.5 A apart, “but Fllls and coworkers (Zens

et al., 1976) concluded from ‘their studices that the rings
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x‘do not approach each other closer ‘than 4 E A for a tlme
comparable to the rotatlonal correlatlon time of NAD

S X- ray ‘studies (Saenger et al 1977) show that
in the SOlld state Li(I)-NAD is extended w1th adenlne.qux
stacked 1ntermoleculaﬂly onwn1c0t1nam1de and the Li(I) 1ion
‘h_ls coord1nated to the AT nltrogen and to three of the phos—
_phate oxygens NMR studles of Co(ll) b1nd1ﬁg to NADP

'(Torrellles and Crastes de Paulet 1973 Torrellles et al

- 1975) show dlrect blndlng of Co(II) to the phosphate llnk-

age 1n solutlon _ ‘ ST )

~ The- stab111ty constant for the MnQII) NADP com-
.plex has been determlned to be approx1mately 800 M- 1 (Malo-
'ney and-Dennls 1977'vColemar 1972) near neutral pH and at -
1on1c stremgth less ‘than or equal to 0.1. It is strongly

dependent on pH near pH 6.0 where the 2°'- phosphate group

- .-\
-

Jionizes. ‘
| | fn the present study, the‘Mn(II) ion’ complexes
‘wlth NADP ha;e_been studled'using'electron“paramagnetic
v resonance (EPR)¢and 1H¢and 31P NMR’relaxation techniques /‘
.in'an effort .to elucldate the structurebof these,comple%es
and. the solufion conformationiof free-NADP | The’ apparent

stablllty constant and number of blndlng 51tes have .been

’determlned from EPh data, based on the method of Cohn and

Townsend (1954). Thls»lnformation together with the . 1H.

andy31/'relaxatfon data has been used to calculate the
‘distances from the bound Mn(II) ion to elght of the NADP

protons and the thrce 31P nucL01 in the aid of a correla-
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CHAPTER. TWO
~THEORY

| - o - \
(a) EPR | _

.e

Although the binding constant for the Mn(II) -NADP -
complex has been detennlned by other workers (Coleman, 1972,

\ Maloney and Dennls 1977), the blndlng constant 1s of course

dependent on experimental condltlons and as the condltlons of
: \

thlS study were somewhat dlfferent than those in the 11terature,;

it was, neccessary to measure the binding constant and number of

L3

b1nd1ng 51tes under the condltlons of the present study

”

The blndlng of Mn(IT) to0 a small molecule may . be con-

L

_venlently monitered by measurlng the 1nten51ty of ‘the EPR spectrum
~of the. Mn(II) 1on in the presence and absence of the molecule of-
.1nterest 51nce the 1nten51ty of the manganese 51gnal drops dras—
tlcally on blndlng, and the 51gnal observed is essentlally only \
due to the frée Mn(II) (Cohn and Townsend 1954) This loss of |
1nten51ty 1s due to a decrease in the transverse electronic
. relaxat1on time (T ) of thean(II) don whlch Qccurs on blndlnn -
(Reed et al 1971) . | o
In the case of a metal ion blndlng to n equlvalcnt
51tes on a molecule data,on the concentratlon dependence of
‘ blndlng 1s rcadlly analyscd to ylcld the number of blndlng 51tes

u.and the stabllltv con)tant K deflned as

1

K ML . ’(1.)
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‘ where ML = concentration of filled binding sites = . - S

Mg = concentration of the free metal ion -

A\

Lfl= concentration of -the free ligand

Since ML =‘Mb’ the’Cdncentration of metal ion bound,
( .

and an + = M, vwhere L“ total-ligand concentratlon
equatlon 1) may . be written as: | | - o
. Rl
T ‘(iu,'w \M?bh )le ' I\P:tb/L N (n-l-j )M @
= Mb/L is the average number of metal ions bound per
11 and Equatlon (2) may be wrltten as: | F”Q@
WMf = KS (1'1 - T-l) o | . (5) .
Hence a plot of u/M versus {i ylelds a stralght line
w1th ay 1ntercept K n and an x 1ntercept of n, with g slope of
. -K “This is known as a Scatchard plot
) A plot of the present EPR data however gave a curved
\

11ne w1th an'x intercept about 2 1nd1cat1ng two non-equ1valent
- 51tes. The blndlng scheme r the case of two non- equlvalent sites
may be repre<ented as’ shown

N
fal

lli(l)

pan /2

" Le=

vherc L = the free. llgand molecule



' from a flt to the follow1ng equation CV1llafranca and Mildvan 1971):

e . LA 1 KM+ 2KIGM,

\
| . ‘\. \@q
IAKZ) =-the 11gand w1th a metal bound at site (2)
M, = the ligand metal bound at both sites™and k| kZ’

- klZ’ and k2 are the mlcroscoplc blndlno constants

If the two b1nd1ng sites do " not interact, that is,

\ b1nd1ng at one site does not affect the other, then k k21 and

o -

k2 = k12 and th mlCrOSCOplC binding constants may be extracted

1
M

: ='k1 +:k2 + 2ktk2Mf - (K +}k2 + K, kZMf)u | -

If the sites do 1nteract and microscopic binding |
constants are difficult to measure, then the macroscoplc binding

constants may still be obtalned Deranleau (1969) glves the equatlon

Arelatlng the UV absorbtlon to the macroscoplc binding constants K1

- and K2 for the genera% case (51tes may or may not 1nteract)

| \ = - " e S . (5)
: e T KM + K KM Z -.
1 B

172
: absorbance

5
=
¢]
p-2
I

S = saturation fractlon - the fractlon of total Sites
oécupled | |

€ =‘ext1nct10n coeff1c1ent of LM2

K, = first macroscopic blndlng constant = klv* k2‘ f

2 second macroscoplc binding constant and

o= 1/k + 1/k l/LZ + l/k21

P
N
1

-

.
"0

"

Hcre it has'oeen assumed that only the domplexcs ahenrh



s 7

and that the two LM species have equal extlnctlon coeff1c1cnts equal

to E/Z \

For the EPR case, this equation may be applled for the case

) Yoo
7

where the bound Mn(II)-ion does not contribute to the EPR signal -

1nten51ty This is a good approx1mat10n for metal- nucleotide complexes

(Cohn and*Townsend 1954) For, two b1nd1ng sites, u = 2s, and equation

(5) may be rearranged as follows

= € +:2K K A
M% 1 Me | L ®

1+ K M + KlKZM

Once K1 and K2 are determlned an 1ndependent determlna-

~

t10n of one of the mlcroscoplc blndlng constants W1ll allow the |
lcalculatlon of all the m1croscop1c constants of the system

 Note that fop two 1nteract1ng 51tes the x and x inter-
‘cepts of a ngtchard plot.(u/Mf vs 1) have meanlngslanalogOUSito
- those for the Scatchard plqt in tht Case\of n equivalent and in- -
- dependent binding siteS'-the y intercept (that is, the value of u/M

as Mf * 0). equals Kl, and the x 1ntercept (the value of ¥ as Mf > 09

equals 2, thelnumber of binding sites.

Ly
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The equatlons for the relaxatlon tlmes ofa nucleus bound
- near a paramagnetlc spec1es have been derived by Solomon (1955) énd
'Bloembergen (Solomon and Bloembergen 1956) and modlfled by Connigk |
and Fiat. (1966) and Reuben et al. (1970) Thesé equatlons are

written as follows assumlng w

. ‘22 2

1+ ey

sl

spin of the paramagnetic species

]

magnetogyric ratio Qf'nucleus'I‘

electron g factor

Bohr magnetron |

1

distance from nucleus to the paramagnetic ion

’\'l 1



Yi = angular nuclear precession frequency
%’? scalar coupling'constant'between the nucleus and

the paramagnetiC'species' v

—
|

= the dipolar.correlation time

‘ci N

R 1/tg + 1/t + /T, and
TR'; rotational correlation time S o -
Ty = exchange llfetlme mean tlme that a llgand is bound
T, = electron relaxation tlme _
Strictly speaklng, the equation should be modlfied to take into
\actount the fact that the transverse and longltudlnal electron
relaxatlon times for Mn(II) are each characterized by three e~
1axat10n times (Rubensteln et al , 1971), |

Fortunately, the magnltudes of A/h and r for octahedral

Mn({l) complexes are such that (Rubensteln et al., 1971; Sw1ft l973 )

Dwek, 1975) the second (scalar) term in equatlon (7) is negllglble

. and furthermore for a small molecule such.as NADP, the magnltudes
of the electron relaxatlon tlmes and the exchange llfetlme for Mn(ll)
are. generally much larger than TRe Thus,. toxa good approximation

lfrc =*41/TR and there 1s only one correlation time to. cgnsider. In

addition, at 100 MHz, for a molecule as small as NADP, STC >> 1,
so that equation (7) may be wrltten as:
v 2%+ 16l [ 3
1 _2'1 SR .
T 15 6 , 77| - )

“1M : T 1+ w

12
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)6 __IRLZ_Z R V"(10).

. where\C is‘a'cohstant edual to 812 for protons and 601 for

1.

4

‘31P nuc1e1 For a system 1n‘vh1ch not all of the ligand molecules

| are bound to the paramagnetlc spec1es TlM (i=1or2) 1s related

to the observed relaxation time, Tl M by (Luz and’ Melboom 1964,
Swift and Connick, 1962) -

S S S U CER
T o e Tt T, k
o 4.‘ . \ :
\ 1 1 .1 2
+ I F -
I TR U U T YR v vl
| T+ Ty M
M M
b a  ap
"2,0.s. T
where 1/T. = contrlbutlon of the paragnetlc spec1es to the
relaxatlon rate
VT, o o= contrlbutlon to the relaxation ratewby the
; »0.5S.

paramagnetlc species not d1rect1y bound k
(outer sphere relaxatlon)
2 f = fraction of nucle1 ‘bound to paramagnetlc species

. A“li= ehemlcal shlft dlfference between bound and free
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It can be seen from ‘equatlon (9) and (11) that dlstances } 4
4‘ may be obtalned from Tip measurements only if TlM >> 1y If Ty << |
‘ '_ M (fast exchange reglon) and l/T o.s. << 1/fT. » then 1/fT
TR for wpTp << 1. Slnce the temperature dependence of - TR is glven
by ‘the following equatlon (Dwek 1975) _
R TR=r§exp§§ '. s
vhere ™=a constant | | |
. ER —> actlvatlon energy assecmted w1th the rotational
motlon | | |
R = the -1deal gas ‘Con‘sta“nt. .___\ ' /\ o o s e
- » T temperature (°K) K . | /,'\ ! | |

\

‘a plot of ln ;l/fT versus l/T wrll glve a stralght lme of p051t1ve' /
vslope ER/R\ On the other hand, 1f TM > TlM (slow exchange condi-

tlons) and l/T S << l/fl‘ P’ then l/fT ip @ l/TM The temperature

g g
dependence of TI\ is glven by (Dhek \1975) - NG
oo
. + + .
1 _kT . -aH _as™ - o
CVRD R i 15
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T

LH¥ = enthalpy of actlvatlon for chemical exchange

a l1ne of.negatlve slope and a plot ‘of ln(l/fT

©

vull give a stralght line of slope —AH*/R

AS=t = entropy of actlvatlon for chemlcal exchange

- In thls case, a plot of 1n(l/leP) versus 1/T w1ll give
- kT/h) versus l/If;

15



CHAPTER THREE Y
EXPERIMENTAL . o

r_' NAD (free acid) and ;. JP (monosodium salt) from Sigma
Chemlcal Co. and N- ethyl morpholine, from Eastmén Organic Chemical
Co. were purlfled as descrlbed below, thlz 4H20 from Flsher |
.Sc1ent1f1c Co., and KCl from J.T. Baker Co., were used without

further purlflcatlon
The NAD and NADP were purifled-by passing ‘a solution

of the coeniyme through a 1 x 20 cm colum of Chelex 100 {(from’
V»Bio;Rad Laboratqries) which had been rinsed with HCl; methanel,
and NaOH followed by'equilibration with}NaKH_PO4 buffer‘atpr 7
- and extenslve rinsing With doubly'deionized distilled wéter-until
~ the eluted water was at pH >9.- After purlflcatlon ‘the coenzyme
was lyophlllzed ‘then 1yoph1112ed 2 3 times more from D.O and

2
31P linewidths of undegassed

stored.frozen in a desicca ur. The
samples Which}were purified in this manner were l S Hz.

\. The D 0 was 99.7% substltuted and was vacuum dlStllled
The N- ethyl morpholine was used w1thout purlflcatlon for the EPR

experlments and was vacuum dlstllled for the NMR experlments.-

All glassware was Cleaned thorougly to elunlnate

v'paramagnetic'contamination of the samples: itemsrwere‘washed, soakede

in 203 nitric acid for at lecast 8 hours, rinsed three times with -
distilled water,vrihsed with<EDTA solution, ringsed three more times
with distilled water, and then rinsed three times with doubly dis-

| tilled water.

coopoicn R 1 TR T P TS L G SN R
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PREPARATION OF /BOLUTIONS

Stock solutlons of MnCl .4H

27772 2

-3

" made up with the Mn(II) concentratlon vayylng from 2 x 10 M to 4 x

-2

107

M and were uéed for all experlments The small amount of H.0

2
introduced 1ntQ the NMR samples by using these stock solutions did

not affect the _present experiments. Stock solutions of 0.250 M

“N-ethyl morpholine in 0.100 M KCl (pH was adjusted to 7. 52 by addi-

tlon of HC1 and NaOH), and 0. 365 M KC1 were prepared in H O for the

EPR experlments and in D O for the NMR measurements NADP and NAD

_ stock solutlons at a concentration of about O 25 M in O 100 M KC1

were prepared for 2 or 3 samples. at a .time. For each coezyme stock
|

solution, the concentration was measured by UV absorbtion (€= 1.80
s : ,

-x 10" at 260 nm and pH 7.4; Pabst, 1954) and.the‘stock1501ution was  °

stored frozen.

After several preliminary experiments, the’ follow1ng |

procedure was devised for preparing the EPR sample All samples
- were made- up with a nominal ionic strength of{O.Zéz\E‘ngOSand a

C1” ion concentration of 0.203 + 0.005 M (sée Table I). For each
experimental point,a standard solution was prepared using 1.00 ml of
N-ethyi morpheline stock solution, 5.250—2 50 mi of MnCl2 stock

sglution, and zero to 1. 25 ml of 0.365 M KC1 in a 5 ml. volumetrlc

flask which was. then fllled to volume with 0.100 M hCl For the sampIe

solution, 1dent1ca1 amounts of the stock solutlons were measured ‘ \

‘into a 5 ml beaker, the pH measured on an Orion. 85& dlgltal pH meter

\ 7

0. 250 to 1.00 ml of coenzyne stock solution added, and the pH (Wthh

vchanoed by 2 less than 0 15 pH units on the addltlon) was readJusted

with d11ute NaOH (less than 50 pl was requlred) “The beaker Was then

. R L N AR 2 e

0 in 0.100 M KCl 1n H,O were: .

17
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emptled into another 5 ml Volumetrlc flask. The beaker and pH - R
-probe were then rlnsed into thls flask and the flask fllled to
volume w1th 0.100 M KC1. A1l samples and standard solutions had
a measured PH of 7.52 + 0.10. The. Mn(II) ion concentrations Varled
from 0.8 mM to 20 mM and the NADP concentrations varied between
1.33 mM and 4.5 mM.
After rfhxmg, the sample and standard soiutlons were then
each drawn up into n 25 Ul or 50 yl dlsposable mlcroplpet and the
‘ micropipet sealed w1th wax at both ends. The micropipet was then
placed in the EPR spectrometer and a rsp‘vectrum recorded. Samples with
“high Mn(I1) concentretion‘ (6 mM or greater) started to precipitate
| after 2 to 3 days and SO were Tun mmedlately after memg EPR
51ghal mten51ty ratios (sample to standard) remalned constant’ for
at 1east sever){ 1 ‘hours after mixing. | - N |
For the NMR experiments the ionic strength (0.219) and the
Ci ion concentratlon (0. 193 M) were’ sllghtlyt dlfferent from those
for the EPR experlments but not enough to. 51gn1f1cantly affect the
:results A Mn(II) ion stock solution was prepared by dllutlng a

portlon of the 2. OO M Mn(II) stock used for the EPR 1n D 0. Unlike

2
the "EPR sa.mples NaCH was not added after the addltron of the I\\J‘P

\
: the méasured pH was about 7.6 (pD 8 O Lumry ct al » 1951) and 1t‘

‘was felt this was hl-g'h enough that the risk of contamihation involvedl '
by addition of another reagent was not worthwhile. The N/\DP concentra-
tion was about 4.5 mM for all samplcs ’and the 1-31(11') concentration
‘ \‘varled frc. J to 6.0 mM, The concentration of NADP in all samplcs

‘was measured by UV. 2’ >rption. |

Thra e nrn drnndnnescs A€ WWie il oo 2



h. blndlng due to the first macroscoplc b1nd1ng constant would be

at the lowest concentration of Mn(IIS used for the Scatchard,plot

experiment (0,800 mM). A low concentratlon was used\so that only

observed. The temperature ‘dependence of l/Tlp for protons was
studied using a solution with an optimum concentratlon of Mn(II)
for measuring the relaxatlon of the fastest-relaxing nucleus (1.0
uM). The concentration of Mn(II) chosen for the 31P linewidth
temperature study balanced two requlrements lowvconcentration for
readily observable 51gnals and- hlgh concentratlon for a large
amount of- broadenlng The nuclear Overhauser effect(nOe) experlment
.was Yun at 304°K on a sample snnllar ‘to the other NMR samples, *
. excont that the NADP concentratlon was 0 05 M and the sample:was

Ve 11 n degassed, - . | : ».‘ ‘&

' EPR EXPERIMENTS =~ A ,,
' \‘ \ o

{ - EPR measurements were obtalned using a Bruker B- ER 4OOX

EPR console X band) 1nterfaced w1th a Varlan V3601 12 1nch magnet

and Varian VFR F1e1D1al Controller. P01nts for the Scatchard

plot ere measured W1th TOOoMm temperature N (293 °K) blown through

: the caV1ty. Most of the spectra were obtained u51ng a Varian double
resonance cav1ty with the . 1nten51ty ratlos of the sample and stan-
dard belng taken as the average ratlo of all six hh(II) ion peak
helghts for both possible arrangements of the samples (sample in
front w1th standard in back or- Glce -versa). Some of the spectra

for the plot and those for the temperature dependence study were run

-_usrng a Bruker 51ng1e cavrty whlch gave mich greater sen51t1vity and

equal reproduclblllty For the temperature StUuy, the temperature

e

BRRUIERRE D220 iy c SOV
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was controlled using a Bruker B-ER 100/700 tempe'rature control unit|
 Wand T/Mn (I\hf = [MJ’I(II)]f reo ) were calculated from the

mten51ty ratlo usmg the following expressmn

- signal of free Mn(II) _ signal of sample ' S
f 51gnal of total M (IT) X Mn signal of blank = Mn _(16)

where Mn [Mn(H)]total

Hence it is p0551b1e to calculate the concentratflon of Mn(II) bound

to NADP Mnb, from a measurement of the relative 51gnal intensities

(G

and thus # and\ LMMn if [Mn(II)]t tal is known . | \

/

Because Mn(II) ions are known to bind C1” :Lons w1th a K '\

for MnC1™ of 3.7 M (Gryzbowskl et al. 1970), pomts were also

calculated corrected for- Cl blndlng This was done accordlng to the
-\followmg procedure, - Using the known value of K and total concentra-
ions of Mn(II) and C1, the_ actual free Mn(II) concentration in the
standard aomtion was _cal'culated and assuming that MiC1* do“es not

‘ contribute to- the _sdgnal mten51ty, the free Mn(II) concentra-

tion in thevsample ‘mas alculated from signal 1nten51t1es (In a
- separate experment the EPR spectrum of the Mn(II) 1on in saturated

KC1 was obtalned and the results mdlcate that the&MnCl ion glves ~
rlse to some 31gnal 1ntens1ty, but 1t 1is relatlvcly small, ) ThlS -
value for the free Mn(II) ion conccntratlon was then used to calcul—

~ate the conccnt1at10n of ‘InCl and then the actual amount of Mn(II).
bound to I\\DP The pOSSlblllt) of Mn(II) 10n blndlng to N ethyl |
morphollne was Nnored as the I\ for this interaction is km\xgto :
be small (O'Sulllvan and Cohn 1966) AEE



- NYR EXPERIMENTS
(a) Proton T1 measurementsd
- Proton magnetic resonance spectra at 100hih u51ng the
deuterlum resonance of DZO as the lock 51gna1 were obtalned u51ng :
a Varian HA- 100 15 NR spectrometer 1nterfaced with the Digilab
FTS/NMR-3 Fourier transform system, the pulse unit (FTS/N\R 400-2)
and the Nova 1200 computer. The.temperature was maintained using a
Bruker B-ST 100/700 temperature control unit. T1 measurements were
'_carrled out u51ng the 180°—r 90° inver51on ~recovery pulse sequence {
(50-100 pulses). A typlcal set of spectra so obtained is shown~in
Flgure 3. For most experlments the residual HDO peak was saturated
u51ng a Hewlett- Packard HP 5100B frequency synthe51zer wh1ch ;;;>)
proved the 51gna1 to-n01se ratio with no apparent change in the
measured,T1 values. Peak helghtrmeasurements from the spectra
were used for the T, calculation; for the nicotinamide.N4 and N6
‘proton resonances, average peak heights of Qﬁe doublets were used,w
but for. the nlcotlnamlde N5 and N1' and the adenlne Al' proton‘
resonances only one peak could be used due to the overlap of
,51gnals Data for the amplltude and T were computer 51mulated to the
equatlon governlng Tl relaxation, A = A (1 2exp (- T/Tl)) to obtaln a
" value for. Il w1th an uncertaintly of + 10° '

- (b) 31P T1 and Tz‘measurements

31P 11neu1dths of NADP in the presence and absence of
hh(il) (0 33 pV) were measured on Bruker HFX-90 BBR spectrometer

at four tenoelatu1cs Tcmpelatu1c was contlolled using the Bruker
» A . >

B-ST 100/700'unit. l/fT2 for cach“rcsonancc was-calculated from the .

L

lincewidths:

22
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el AC 1/2,Mn ” “1/2,0)

where A\ﬁ/z ﬂﬁi= 1inewidth at half-height of the resonance in

‘the solution containing Mn(II) 1ons

A\i/Z‘O 11new1dth at half helght of the resonance ‘in.
' b

the pure NADP solutlon ‘

31P T meefurements were run at a frequency of 110 Miz

(28°C) and at]a frequency of 146 MHz (25 C) o T

I
I
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CIIAPTER . FOUR
RESULTS

Typlcal PR spectra of Hn(IIP ions with and without NADP
added to the solution are shoyn in Figure 4. The 1nton51ty of the-
51gn11 dccrcasos 1n the prescnce Pf AADP due to binding. It provcd
1mpO§Slb10 to dctect 8; signal due to the Mn(II) -NADP CON“lCY at
hlnh ratio of \M(II) to NADP COHLCHtI&thﬂ the free Mn(II) signal.
wds Very strong (duc to the weak binding congtant) and at low con-
¢entration latlos the high conccntlatlon of NADP resulted in ex- e
ten51ve stacklng and increased tho solution viscosity"stacking
and incre ased v15cosLty would both be expccted to broaden the 51gna1
\»maklng 1t difficult ot observe. | , |
;flgures S and 6 arc Sc atchnrd plots based on the LR data un-
corrected and correctod for the- presence of DMCI rcspectlvoly The 5011d
llnes roprescnt the best computcr fits, obtdlned assumlng 2 1nteract1n0
blndlng sites. A welqhtcd non- ancar 1cast squares prooram was used, with
the p01nt5 welghtod by l/c ;(\hore c is the effectlve Ccrror assunnno
a 2% error in thc ratio.M /Vt(/Thc temperature dopcndunce of the flrbt
macroscopic binding constant ﬁs shown in Figure 7.

If two, ngLICJ arc giqse to each othor the intensity of,'

H : v
the P“W signal of one may Cth”C 1f the' othcr is. 1rrad1a§pd at 1t€7

rcsouunt‘froquoncy;‘ihls cffoat is termed the nuclea
effect (xgkﬁ. In thc n0c experinent performed in Zhis work (figurc 8)
irradiation at thc N2 proton peak posltjon caused an 1ng1ca>c in

Lnton th of the right- hJHU'(UPIJC]d) peak of the anomeric trinlet s
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" imposed), 1nd1cat1ng that for NADP under the conditions of this
study, the N1' doublet is to high field of the Al' doublet. All
of the other protom resonances labelled ‘have ‘been assigned pre-
‘viously (Jardetzky and Wade-Jardetzky, 1966; Sarma and Mynott, 1973)
The temperature dependence of l/fT1P for five of the N
protons is shown in Flgures 9 and 10. Plots for the three other'

observable protons are not shown because of the large error in-

- volved resultlng froT using a metal concentration Wthh was hot high

enough for accurate measurement, of, 1/fTlP for these protons.

‘ |
‘ The protonﬁ@ecoupled 31vapectrum of NADP obtained

‘ \ R S . .
in this-work is essentially the same as that réported previously
(Blumenstein and Raftery, 1972 Sarma and Mynott 1972):,

peak at low field correspondlng to the 31

P of the 2" -phosphate
group, near the inorganic phosphate region, and an AB quartet about
13 ppm to high field of this resonance, corresponding to the two
SIP-nucleivof the phosphate iinkage.'An undecoupled spectrum was
obtained at llo’hf& and the P H couplfng constants between thc
linkage 1P nuclei and the non-equivalent CS' protons ‘were measured
to be 4.6 Hz apd 3.2 Hz for the 1ow fleld 31 P resonance of the

- quartet and 7.4 Hz and 4.4 Hz for the high fleld Tesonance. Un-
fortunately-\these values. do not correspond closely to ‘the coupllng
' constants obtalned from the proton spectrum by Dosc and Sarma (1075)
and,an unamblguous assipgmment. of the 31P resonances to the respective

.31

‘linkage*™P nuclei cammot be‘made at this time. ////

Hﬂhe‘Tllva;uos obtained for the varioas My(II)-NADP

ne

e
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F1nally3 the temperature dependence of l/fT2P for. the

31P nuclel ‘is shown in Flgure ll One . line was drawn to fit the
‘points for both of the linkage phosphate 31P nuclei, because
linewidths for these nuclei could not be separately resolved 1n
the spectra of the Mn(II) contalnlng sample. A separate plot
(not shown) of ln(l/fT - kT/h) versus 1/T gave AH# for all 3
nuclei to be 13.7 + 0.5, Kcal/mol | :

Comparlson of the Ti values- for the N-ethyl morphollne

proton resonances in a pure NADP solution with ‘those measured‘for

ethyl morpholine in a solutlon contalnlng 1.0 uM Mh(II) ions
gave a value of 1/TlP for these resonances of\about 0. 05 sec 1.

As N—ethyl morphollne complexes very weakly. w1th Mn(II) 1ons

(0'Sullivan and Cohn 1966) thlS value ‘may be regarded as ang
Q)‘upper 1imit on l/T 0. for the NADP protons A comparasion of
‘this number with l/T1P for the NADP protons under the _same con-
d1t10ns shows that outeT sphere relaxatlon w1ll not 51gn1f1cant1y

affect any of the dlstances calculated from /T lP

27
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'FIGURE‘S. The nOe experlment on NADP. The top spectrum is an ordinary | M

: spectrum of NADP. All conditlons for the bottom spectrum are

- 1dent1cal except that the sample was 1rrad1ated at the
,‘ ., ; J’tﬂ

~ P frequency of the NZ proton resonance Peaks 1abclled BI are
&‘- ‘images of the N- ethyl morphollnc resonances ‘at § = 3 1 and
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- TABLE 1III. Experimental 31p T 0 'and T, ]@f data for\Nh(II)
R -NADP solutions together w1th calculated TlM

values (sec) (a)

i :Saﬁgle(b) [Mn(II)]

pR(C)"pL(C): ()

2,57 1.53  1.39

=
o
3

L 1,0

1,0 3.16 v1.86‘ . '.1.74 Lo

1.37 1.14  1.20

w N
o
LI o
[ o8]
o |

\ o 0 o

| C Ty @ 5.2 7.8 7.9
4 0.33 T 82 . .88 .86 |
3 | ‘TlM(d), 8.5  12.2  25.6
5 0. - o Il,Mn’. g5 .90 o4 o ji*g
| | -y 74 12 o208

(a). "TlM values are multlplled by 104

(b) ‘Samples 1,3, and 5 were Tun at 146 NHz samples 2 and 4
were run at_ 110 MHzn |
" (c) PR, PL, and PH represeht-the 31P resonances correspondlng »
to the 2'—r1bose phosphate the low field llnkage phosphate
and the hlgh f:Leld llnkage phosphate respectlvely.
| _(d)- ’)TlM Values are calculated usmg the blank value of T

1,0

obtained at the same. frequency as T1 M
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CHAPTER FIVE
" DISCUSSION
I
The fit of the uncorrected EPR points (Flgure 5) glves
apparent macroscopic blndlng constants of K

K, = 54+17M1

1 =373 + 12 M and x
‘The error limits represent ‘the calculéted’99% -
confldence limits, but a ualue'of 370 + 50 ML for the first
blndlng constant is probably more approplate if the experlmental
error 1n each p01nt is considered.

- This value of K;» in the presence.of 0.2 M C1 ion, is
smaller‘thén the yalues'obtained by Maloneyfand Dennisv(1977) and

1 ang 911 M respectively, in the presence of

Coleman (1972); 760 M
~ 1little or no C1™ ion. However, the value determined in the present
study is used in 1nterpret1ng the NR results as the NMR and EPR \

: sampl_ee were_ 'prepared ~with essentially the same (’ lon concentra—_
‘tion and ionic strength;dlf: ra"

When the EPR polnté*are_correctedlfor the C1” ion
,concentration as explainedfin Chapter 3 (Figure 6), the fitbappeersk
- to improve slightly for p01nts at hlgh values of 1, and blndlng
._constants of K1 642 +7 M1 and K, =88 + 13 M } are obtained.

As before the error llmlts quoted are 99% confidence limits and =
a more reallstlc value for K1 would be 640 + 90 ML, This value of
X is in good agreement with the V?lue of 760 M - reported by
Maloney and Dennis (1977) w1th no Cl present espec1ally con51der-
ing that the 1on1c.strength employed in the'present study 1s much \

hlgher (O 23 as opposed to 0.026). Coleman s corrected value of

1280 ML (1972) is much hlgher and the reason for this unknown,



Maloney and Dedni@ (1977) and?Colemah.(1972)>did not . |
obscrve two blndJn“ sites for M (I1) Lons on the NADP molecuje but :
« they never considered the Possibility, and at low COHCCHT]JthHb of
' bh(Il) lons, it is poss1ble to explaln thelr observations i terms
of one binding site. |

-

In‘ordor to Cblabllbh "the temperature-dependonce‘of KJ
~so that the v1r1able f in equatlons (17) and (13) could be dcter-
mincd for all experlments a plot of In hl XEEEEE.l/T wvas nude
(Flgure 7) Thls plot shows that the enthalpy of the Mn (IT)-NADP
1nteractlon 1s smaLl and pOSlthC (+1 3+ 0.1 heal/mel) Values for
the two related ﬁOl*CUlCS adenosine diphosphate (ADP) and adenoslne
triphosphate (ATP) have been reported to be +2.6 hcal/mole and -4,9
Kcal/mol respectively (Jallon and Cohn, 1970). The Value obtalned
for(NADP is much closer to that reported for ADP
4 The nOe experlment (Ilgure 8) ended the. uncertainty"in
the llterature concerning the assignment of the anomeric NI and {
‘Al'-proton pedks The assjgnments for these protons in the literaturc
vary, apparent1> dependlng on the experimental condltlons (Jardetzky
and Wagde- Jardetzky 1966 ; Sarma and A&nott 1973; Bose,anq\Sarma,
1975).
Egan et.dl (1975) ob%erved hn nOe in nicotinamide mono-
nuclootlde (NMN) of 0, 14 for the N1 proton signal thﬁ the N2
proton was 111Jdiated‘and 0.17 when~the_N6‘proten was irrudiated.

N

at ncutral pH und 35°C. In 1he noOc e\perjnont reported here, the

A \

: Jll!lldtlon was centered on 1hc N2 peak pQSltiOH, but.this lrradiation
dlLO 5ltUTILt( most of the No“sional. Thus i increase in $ignal
1nL\nklt\ of thic NIt pelh of 304 (143 +‘17T) wis observed,

{

l

4(
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By examlnihg\the structure of NADP (Flgure 1), the two

prlmary binding sites for Mn(II) 1ons can be- readily” located These
- are phosphate llnkage oxygen atoms and the oxygens ‘of the 2' |
,phosphate group\ The p0551b111ty of dlStlnCt blndlng sites at either
the n1cot1nam1de C=0 oxygen or the adenlne N7 nltrogen seems unllkely ‘ o
as these would be much weaker blndlng 51tes for’ the Mh(II) 1on\than
either phosphate group. Although there are obv1ously two Mn(II) ion |
v blndlng sites at high Mn(II) 1on concentratlon it appears that under )
the condltlons of the .NVR relaxat1on measurements that 1s _when the
Mn(11) 1on concentratlon 1s much less than the NADP concentratlon
.one Mn(II) ion binds 51multaneously to both the 2'—phosphate‘group
and the phosphate llnkage ‘ : |

- Examination of molecular models shows that it is: quite o o
fea51b1e ﬁor Mn(II) to .bind to both phosphates as long,as the S Y
»adenp51ne r1bose is in the 2'-endo conformation. This 1dea is =
further supported by comparlson w1th Mn(II) binding to NAD. If
at low concentratlons of Mn(II) ions, there are two dlstlnct
blndrng sites, then one of the second mlcroscoplc blndlng constants
(the one for Mn(II) ions binding to the species in which one Mn(II)
ion is. already‘bound to. the 2'-phosphate of NADP). should’ equal that.
for Mn(II) 1on b1nd1ng to NAD However, a separate EPR experlment
on the Mn(II) -NAD complex gave the binding constant equal to 26 M 1

‘Thls result 1s inconsistent with the measured second macroscoplc

blndlng constant for Mn(II) NADP of 54 M (l/K =-l/k +1/k,‘ =

N 1/k +1/k and hence k 2 and k2 are both greater than hz) ThlS

- implies that. only one and not thD dlstlnct spec1es of Mn(II) -NADP

L2
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are present in solution at low Mn(II) ion concentratlons "’
.' ‘ In addition, the plot of 1n l/fl‘ZP versus 1/T (Flgure 11)

for the P resonance has a stralght 11ne w1th negatlve slope\

: indicating that TZP for. these nuclei ds in the reglon of slccy)u ex-_

- change and therefc Ufrzp equals 1/ 7,. All three P nucl’ei have

alnnst the same value of- Ty at 20°C (4 X 10 -6 sec) and the same an¥

_ (13 7+ 0 5 Kcal/nnl) These results are cons tent with the one

bmdmg 51te mterpretatlon of the data. xanq gue agamst two dlstmct o
| ,:bmdlng sites, namely one at the 2'—phosphate and one at the llnkage o

o 'phosphates It is unllkely that _two bmdmg sites. would have the U

same values of TM andAH*

o It 1s obvlous froh equatlon (9) that a value of TR

requlred :m orde%to carry out dlstance calculatlons for the Mn(II)—
RIS TR : o
‘ 'NADP: compw %ﬁ;}srder to obtaln a reliable value of TR, the T

- values for : 5t

I N
der the conditions of the present study (0 005 M
_ NADP, pD 8. 0, 20° C) were c:omparedl with the T data obtalned by ElllS
and co-workers (Zens et al » 1975, 1976) for NAD under snnllar con- ,'
‘ ."dltlons (see Table V). ElllS and co- workers (Zens et al 1976) |
measured TR for NAD to be 2 8 x "0 sec under thelr condltlons

. (0.005 M NAD, pD 7. 0, 5°C) Since @ 1t for intramolecular dipolar
‘ relaxatlon the\ ratio of the . "El valuns should allow the calculatlon of
;a value for 3y for NADP since NADP and NAD are very smllar in

Pl

' structure Tabrie IV mdlcates that for 6 of the 8 protons whlch may

be compared T, NADP/ l NAD is close to 1. 7, hence t NADP/TC JNAD = |
0.60 and thus Ty for NADP is 0,60 x 2.8 x 1020 sec = 1.7 x 10710 sec.

'I'he smaller Tl NADP/Tl NAD ratlos for the A8 and Al'



protons can be- attrlbuted to the presence of the 2'-phosphate group

in NADP Al' and A8 arc both close to this phosphate and the 31?

nucleus may be expected to contrlbute to thelr relaxatlon

Alternatlvely, *R,NADP M3 be claculated from TR, Nad \

The Stokes-Einstein

from the massaand temperature dependence of R

- equation predicts that for similarly-shaped molecules, T o the

- molecular mass. Thus, at the same temperature,

R

N "R, NaDP/ R, NAD ©dUaLs
massNADP/massNAD.‘Furthermore, the temperature dependence of TRiS

'~ given by equation (14). The temperature dependence of T may be

predicted if the rotational correlation activation energy is known.
«

If Ty o T, and ‘it is known at two temperatures T, and T,

f then T) | Ty p @P(E/R(YT | - /T _))) and Ep may be determined.

Values of T for NADP at: 20°C and 30°C have been compared (see Table -

IV) and yield a mean value of ER =4.9 + 0. 4 Kcal/mol “This agrees

well Wlth the values of 4.6 + 0.3 Kcal/mol obtalned by Ellis and

o co-workers (Zens et al., 1975) for NAD. Using‘an'average.of 4,75

Kcal/mol’for‘ER‘gives T = 2.8 x 10710 masSNADP/massNAD X

exp(44750/R(l/278—l/293)) sec.= 2.0 x 10720 sec for NADP at 20°C.

. This is reasonably close to the prev1ously calculated value and

N
%~ Sl
5

the small dlfference may be caused by the dlffelence in experlmcntal

\. 1

N

condltlons in thls work as compared w1th those of Ellis and co-workers

s
o0

(Z&ﬁs et al. 1975 1976) The value of ' 7 x. 10 10 s. 1is used for
the. subsequent calculatlons as. it 1s deriv.  from a simple conpari-
son of experlmental values.

J Althouch l/fTlp f01 thc protons was obtaincd at only

four temperatules the plots of l/fTl P Versus 1/T (Figures 9 and’

lO) 1nd1catc that the protons arc ln the fast e\change rcnlou

¢

A4

44



, M) for the A8 proton at 20°C (2.25 x' 10 5

Proton A8 which is the proton closest to the slow exchange region,
1s not in the slow'exchange reglon until the temperature drops L

below 15°C. Also a comparlson of the magnltudes of fT 1P (= TlM

'see Table II) with

*~

: the’value for TM of 4 x 10 -6 sec obtalned from the 31P data shows

3

that TM is 1ess than 20% of the value of fT under these condltlons

A comparlson of the 31P l/fTlp (Table III) and l/fT

~(F1gure 11) values shows ‘that for all three nuclei the ratio of \

l/fTZP to l/fTlP is greater than 13. That is (T1 M + rM)/M is
greater than 13 and therefore Th is less than 10% of l/fT
.Although the 31P T2P values are in the slow exchange region, the TlP
values are in the fast exchange region. Hence the equations for
the dlstance\calculatlons can be applied to the present Tl data

The Mn(II) ionl to proton dlstances are glven in Table \%
and those to the phosphorus nuclei are 1lsted in Table VI, These
were calculated u51ng equatlon (10) ‘For ‘the protons the Mn(II)—

adenosine dlstances are all shorter than the Mn(II)-nlcotlnamlde

dlstances which is to be expected in light of the location of -

the b1nd1ng 51te In principle, the Mn(II)-proton dlstance for A8

should be corrected for the contrlbutlon of Ty to leP but this |

.would only shorten the dlstance calcu%ated by O“lA much less than

B

the error quoted in Table 1IV. ’ - ;1;

Before a detalled dlscu551on of these dlstancés is made

©

it 1s approplate to consider whether these dlstances are relevant 5,3.

in con51der1ng the solutlon conformatlon of free NADP In order t%» Y

assess the effect of metal ion blndlng on the NADP conformatlon
¢ h :

&N

T YN S T e
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P L
" TABLE VI. T,y values and calculated Mn(II)-phosphorus
idistances for Mﬁ(il)-NADP?
3lp Nucleus(a)_ | PR PL ' PH
TlMx 10t S(oMiz) sz 7.8 7.8 .
e miz)® 78 13is 232 :
T(A) (110 Miz) - , 3.2 3.4 . 3.4 Lo

L (146 Miz) - 3.4 3.8 4.1
,/j. . ° | oL | | \-4 ' -
raverage(A)  ‘3,3 :336 . 3i7'
0 pm. Mg, O o
(a) PR, PL, and PH represent the P resonances corresponding
to the 2'-ribose phosphate, tﬁé low field linkage phos-
phate, and the hlgh field llnkage phosphate, respectlvely.
(b) These values are® averages of those for samples 3 and S
. . A\
Table III.
\ ~
\A
( -
\
* A

47
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NR spectra of 0,003 M NADP in«the“‘presence and absence of Mg(II).
ions (0.006 M) were obtained, Since the chemistry of Mg(II) and

I‘vh(II) is smllar, it is 11ke1y that these two ions form SJJnllaI‘

B complexes with NADP. Maloney and Dennis (1977) measured the K for
the Mg (IT)-NADP complex and it is equal to 430 M1 as compared to a
K for NADP of 760 ML Assummg a smular ratio of stability
constants under the expenmental COI'ldlthTlS of ‘the present study,

approxlmately 1/2 of the NADP will. be complexed Differences in
the peak p051t10ns )acnt;he two spectra ‘(with and without Mg(II) rons
added) of more \than 0.5 Hz were not observed The chemlcal ShlftS

[ 18 |
of the n1cot1nam1de and adenosme protons are known t& shift 0,1-0.3

e Bds s wd 8 areetne e e

ppm to high field relatlve to those of NMN 5! adenosme monphosphate

(5'AMP), ‘and adenosme dlphosphorlbose (ADPR) due to 1ntramolecu1ar

rl_ng current shleldlng in.NADP' (Jardetzky ax\ld Wade- Jardezky, 1966
Sarma and Myriott, 1973). Any significant. chapge in the spatlal 1e1
thnShlp of the two rings would be expected t change this ring 2\
current stht and the absence of any dlfference between the two' o \
spectra argucs that such a change does not ‘occur on the bmdlng of \
Mg (1I1) 1ons The p0551b111ty of opposmg effects (a change in con-
former populations to a set of conformers with identical shlfts)
cannot be ruled out, however. As the ribose reglon of the spectrum
could not be e)tamlne*d in detall at 100 MIIz concluslons czmnot be
dra\m with 1espect to confomutlonal changcs for the rCst of the -
molecule on bmdmn Nevcrtheless, 1t is lll\oly that our conclusions
regarding thc‘.relatwc position of the t\o rings in the complex kan

bc extcndcd to free n.'\DP . o | S

In add1t10n, both rings may be in cither the Syn or anti

N ) . \ o \’\r\



S

\
conformatlon with respect to thelr contlguous.rlbose groups Ellis
and co-worker® (2§is et al., 1976) found that the addnlne ring was
92% anti at 5°C and that similar molecules had a similar syn to anti
ratio in the range- 5°C 30@? For the nicotinamide portion of the

,imolecule however the situation is less clear. ElllS and c0hworkers
”(Zens et al., 1976) found nearly equal syn and anti populatlons in
,'NAD wheas»Sarma and Mymott (1973)tstate that the nicotinamide ring
' 'is predominatély syn in NAD. On the other hand, Egan et al.(1975)
found a sllght preference for the anti conformatlon in NMN A
ftheoretlcal study (Thornton and" Bayley, 1977) found a sllght pre—.
ference for the syn conformatlon for the nlcotlnamlde ring in |
‘ stacked structures of NAD. |
In view of these Tesults, the data in Table IV may now‘
be analyzed. The hm(IIjQN4 (6.2 A) and Mu(ID)-N1' (5.7 A) distances
are 1ndependent of the’ syn to anti ratio of the nlcotlnamlde rlng,
and thus these two dga;dnces can be used to place the Mn(II) ion
_approx1matel 4.5 X frgm the rﬂng centre. The other three nlcotln-:l
amide distances are all equal (5. 3 5 4 A) and constraln the vector

from the rlng centre to the Mn(II) ion to within 30° of the normal .

- to. the rlng plane that 1s the Mn(II) ion is located more or less

dlrectly above one of he ring faces but whlch face it is cannot
be determlned. ;> )

The hm(ll) A\vko 8 A) and the hT(II) Al' (4.5 A) distances
can bC~USLd to place thc Mn(II) ion relatlve to the adenine rulg,‘
but the Dm(I]) A2 (5.0 \) dlstance is too short to bc con51stcnt

with the other t10 ddeno»Lne proton dlstances This can be explalned

in terms of the approximately 90% anti, 100 s$yn Lonformdtjon ratio -

BN
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for th° adenlne base in similar molecules gZens et al , 1973% As
" we are observ1ng a distance that is an average over l/r R shorter
distances are more heav11y welghted Thus, 1f A2 in the syn con-
formatlon is roughly 3.5 A away, a value near 5 A w1ll be observed
11 even if the A2 proton is nuch further away in the antl conformatlon
- | The measured hhl(II) aden051ne distances are shorter than
those observed for the Mn(II)-ATP system (Mlldvan 1977) The, dlstances
- for Mn(II)-ATP are; A8, 4 S A Al', 6.4'A; and A2, 6.2 A. These
different distancgs may be reconciled with those of the preseht
study when we consider the effect of the 2'-ribose phosphate of
NADP, which ATP does not have Space fllllng models show that if
‘the ‘linkage phoSphate bound Mn(II) ion 1s to 51multaneously bind
to the 2'-phosphate group, the adenlne mist be pulled much closer
to the Mn(II) ion in NADP'than 1n ATP

v

The calculated Mn(II)-‘ P dlstances (Table V) are 3 3 A

to the 31

P nucleus in the 2'—r1bose phosphate group, 3.6 A to the
’.linkage phosphorus resonating at lower field, and 3.7 A‘to the -
linkage phosphorus resonating at higher field' Blur . zein and ‘
‘Raftery (1972) tentatlvely a551gn the h1gh fleld of the AB quartet |
for the llnkage phosphate resonances to the lP nucleus nearest the

adenine base..These 31

P to Mn(II) ion distances, together with the
" Mn(II)-proton dlstances allow us to con51der the conformation of
- the Mn(I1)-NADP complex. | ‘

Flrst of all, the hm(II) ion 51ts in a pocket between
the three phosphates bound to one oxygen of.each of the linkage

phosphates and to one or two of the rlbose phosphate oxygens° The
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adenine ring lies above*@nd is tilted over the planc formed by the
three phosphoris atoms, and is close to the Mn(II) ion. "The nicotin-
vam1de rlngxls 4,5 A away from the'Mn(II) ion and faces it. Since the

-

' nlcotlnamlde Ting can move 1n an “arc w1th respect to the hﬁlb?@@'

- a famlly of conformatlons is p0551ble ranglng froh one in Wthh

N

' both rlngs are parallel and 7-8 A apart to one in which the rlngs
are roughly perpendiculat and close to each other. Conformatlons

with close and. perpendlcular rlngs may be ruled out as in dlnu-

-

~'c1eot1des and other systems such as DNA, the base planes are always

\

parallel to each,other. Hence in the Mn(II)‘if'
| essentlally-no close stacking of the rings;
Although it must ‘be remembered that we are measurlng
tlme averaged distances for a molecule which is thought to exist ‘ﬂ
“in an equilibrium of folded and extended forms when not bound
djardetzky and Wade- Jardetzky, 1966; PhDonald et al., 1972) our
measurements are not conslstent w1th the ex1stence of ‘an equ111—
' brlum involving an extended and a folded form with closely stacked
rlngs unless the folded form exists only a few percent of ‘the time.
) For free NADP, Sarma and.hmnott (1973) concluded that |
in the folded form thc two rlngs are stacked 3. 5 A apart which’
- 1s not 1n anroement w1th the conc1u51on reached in the prescnt
study. On the other hand,,Ellls and co—workers (Zens EE.QL" l976)
concluded, bascd on the abscnce of any effectbof adenine deutera-
tion on the nicotinamide proton Tl values thatithe Iuo'rlngs in
- NAD are at lcast 4.5 K apart and therefore there i? no ajénlficant'

-stacking of the rings in NAD.. lhlb -conclusion is conslstont w th

%

\ _y " R it

s
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' of Zens et al. (1976) 15 that IENAD 1s folde, 2 &

P

the results of the present study §or NADW One drawback% the : work

time (Jardetzky and Wade Jardetzky,i1966 McDonald et af

the t1me averaged dlstance measured by Zen et al, (1976) would%%e

~ greater than 4.5 A even if the rlngs are 3.5 A apart in the folded

\

- NADP molecule

form. ' ] - X lgwf‘“

A o o
/ .Q\{ In conclusion, the Mn(IIJ”ion i

./

®
is bound 51multaneously to both phosphate groups, and the two r;ngsf

l are about 7-8 A apart from each other -in the complex. It appears

that there is no. 51gn1f1cant stacklng of the rlqgs in Qhe complex,

and thls conclusion may be extended w1th reservatlons to the free
There is much work which could be done to further eluci-

date the nature of the Mn(II)- NADP complex and to show the relevance

of the results obtalned in the present study to the conformatlon of

free NADP. Slmllar work to that already carrled out on the aromatlc

protons should be carried at frequenc1es above 100 MHz in order to
/

Jwg,ZOﬁ Qf‘the -

the Mn(II) -NADP complex”

52

,\determlne distances to the rlbose protons, Wthh cannot be resolved o

prov1d1ng that the effect of these shift. reagents on the conformatlon

. at lOOIW{z Alternatively,‘repeating the Tlp measurements with a

_ suitable shift reagent added in addltlon to the Mn(II) ions ml”Ht‘b

prove useful in analy51ng the ribose reglpn of the spectrum

tould be evaluated

Another hloh frequency study whigh mlght be of 1nterest

hOUld bc to 5kdlCh for changes in the ribose region of the Epectrum

_L on blndlng of Mg(IT) to NADP in 01der to determine what, 1£ any \%f

coniornmtaonal changes arc lnduccd by metal ion binding,

—
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