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BIOPHYSICAL INVESTIGATION OF BIOMOLECULAR STRUCTURE AND INTERACTION

. Nelson Nan-Hsiung Teng
‘Laboratory of Chemical Biodynamics
- Lawrence Berkeley Laboratory
" University of California

Berkeley, California

ABSTRACT

‘-‘ThiS”theSiS‘describes the {nvestigation of the structure and inter-

action of biological molecules by various spectroscopic techniques. In

'Chapter [ we present a theoretical treatment of the optical activities

of mohonuc]eosidestjﬁ the hope to understand the following: a) The
stériC'hindrance-oftthé rotation of the bases ébdut glycosidic bonds;

'b) the furanose cohtributioh to.the optical activities'oftpo1ynuc1eotides'
and, hence, to’féci1itate the interpretationlpf the'cirCu1ar dichroism

spectra of'po1ynuc1eotidés. The rotational strengths of the two longer

wavelength transitions B2U, B]U’ of four mononucleosides (adenosine,

guanosine, uridine and cytidine) as a function of the glycosidic rota-

tional angles have been calculated. The transition in each base is

characterized by trénsition monopoles; the sugar is treated as a sum of

'ﬂbond-po1arizab11itfes. The interaction among these polarizabilities is

also considered. Rotétiona] strengths were calculated using three dif-
ferent sets of trénsjtioh monopoles and many combinations of bond

po]arizabiTities.':Hé.éohclude that adenosine,'uridine and cytidine may
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have:prfmafily_dnedebefprmation,'but that in guénd§fhe,the'base is not
'”dejf'ini*tely 'f'_i_xedwft'h; respect to the ribose. This finding may provide
a physfcal,expiéheﬁien of the pairing:of codon ahdiahticodbn.' Calcula-
tidn’on‘diffekent,anomefic nuc1eosides of adenosine and uridine shows
thaffthe'configdfation at‘the ehomeric carbon (C1') determines the sign»
of the optical rotation. The configuration at C2'”inFIUehces'the‘g]yco-
‘sidic angular dependence of rotational strength more profoundly than that
at C3' and C5'. These resd]fs are in good agreement with experiments.
The signs and'magnit&de of'thencalculated rotatibna1 strengths are §n
good agreement with eXpeFiment for the anti'conformation of all the
isomers of adenosine. As the conformation‘of‘the_nutTeoSides in B-form
DNA is quite dffferent'from the anti form, we calculate that the rota-
tional strengths of the nuc]eos1des in the po]ynuc]eot1de are veny
d1fferent from those in solution. |

In Chapter Il the conformation of a slightly Targer nuc]eetide,
flavin adenine dinue]eotide‘(FAD), is studied.  Proton magnetic
resonance have shown_that FAD assumes a conformation where the adenine
ring is folded over the isoalloxazine ring and the dinucleotides asso-
ciate as dimers in solution at the concentration ihvestigated. The
determination of the tempereture dependence_df.the FAD, flavin mono-
nucleotide (FMN), and adenosine diphosphoribose (ADPR) proten shiffs
were foend fo be necessary for a correct.aseignment of the isoalloxa-
zine protons in FADfand hence for determining the conformation. The
FAD protdh shifts in'DZO se]utions haveva sigmoid dependence on tem-

perature which is discussed in terms of a two-state model, where an

e &
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eqUiTibrium,existé between,fhe fo]déd.and unfolded states'of the mole-
¢u1e.  Sigmoid curves are not observed in DZO/dioxanevSo1utions, sug-

gestfng fhat-dioxane Towers the;transition temperature. Dioxane

| deéreaées_the fraction of folded FAD molecules in solution by lowering

the energy barrier between_the two states and also reduces the inter-

> molecu1ar‘$tack1ng of‘FAD and FMN.

.- Chapter III attempts tb'understand the mechanism of action of

g-hydroxybenzoate hydfoxylase from Pseudomonas putida, strain M-6. The
arohatic‘substrate énaibgues, benzoate, p-fluorobenzoate, p-chloro-
benzoate, p-nitrobenzoate, p-aminobenzoate, and 6-hydroxynicotinate;
are fdund to be competitive inhibitors. This finding differs from the
previously réported'noncompetitive behavior in a different buffer system.
Deuterium isotopic effect on the enzyme activity is presented.

The optica1'activity of the enzyme-inhibitor complex is studied.

From the kinetic and circular dichroism (CD) measurements, we have

'found‘that the carboxyl moiety is necessary and sufficient fof'the

ehzymessubstrate binding, whereas the hydroxyl group alone will not
lééd fo binding. .Tﬁere are two ﬁ]asses of inhibitory analbgues: One
cauées changes in CDzépectra of the.enzyme similar to those evoked by
the subsfrate, and the other does not cause significant changes. This
dffference may be ynderstood in terms of a steric hindrance effect at
the hydroxyl bindinq_sité. Thé CD of the enzyme-NADPH complex under
anaerobic conditions.suggésts that the oxidized enzyme and reduced

pyridine huc1eotide form a complex, both in the absence and presence of

‘the substrate g;hydroxybehzoate. NMR study of the enzyme-NADPH complex

indicates that the adenine moiety of NADPH binds to the enzyme more
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t1ght1y than the n1cot1nam1de reg1on Fuhthermore,’eVidénce'for a

ternary comp]ex s g1ven

In Chapter IV the NMR re]axat1on behav1or of phosphorous -31 in

orthophOSphate and aden051ne 5'-tr1phosphate (ATP) are studied. The

Iongitudina] relaxation (T]) times of phosphates ake‘strong]y in-
floenced by 1ow.1eyé1$'of paramagnetic mefa] ions and by pH. Deu-
terium isotop{C»éfféot on the phosphorous relaxation fate of both .
orthophosphate ahdeTP is presented. A'détaf]ediinvestigation of the
phosphorous NMR chehical shift and T] relaxation rates as a fuhction
of pH and Fe3+-concentration.is given. Fourier transform double
vresonance'(FTDR) technique fs illustrated. The NMR relaxation mecha-

nism of phosphorous -is discussed.
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1. CONFORMATION OF MONONUCLEOSIDES



~ A. INTRODUCTION

The_understanding’ofvthé ChemiCaI'stkucfure and'molecu]ar inter;
actiqp of nucleic acfds:abeﬂfuhdamental in eTucidating many:of their
bioiééfﬁai funCtiohs.\_Since the nuc]eic-aéids are'optically active,
cirdu]ér dichroismf(CD) and optfca]’rotatory diépersion (ORD) are useful
téchniques in studying the molecular structure. The theory of optical

1 A general

activity has been treated extensively in several articles.
consideration of the origin of optica]lactivity will be given here. An
optically active mo]ecu]e}must not'pOSsess a plane or a center of sym-
metry. bGeneral1y,-optica11y active molecules cah_be.separated into two‘
classes, the c1éss_éontain1ng an 1nherent1y'di35ymmetric chfomophbre,

and the class containing a symmetric chromophore in a diéSymmetric molecu-
lar eﬁvirbnment. Hekahe]icene, skewed dienes, are examples of the |
inherently dissymmetric chromophore. 'Azosulfohamide'is optically inac-
tive; howeyer, upon binding to carbonic anhydfase, a large visible CD

is produced.2 The resulting Optical aétivity, apparently, is induced

in the symmetric chromophore by the dissymmetric potential field of the
proteih. Four principal‘meChanisms have.been proposed for the origin

of optica1‘activity: (1)'The cou]ombic fie]d_oflthe substituents mixes
the electronic states of the symmetric chromophore such that a magnetic
dipole transitidn acqqires a minor electric dipole charactef and vice
versa. (2) Thé incident electromagnetic radiation producing an elec-

tronic excitation in the symmetric chromophore induces a transient
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-2a.
e]ectr1c d1pole moment 1n the substituent wh1ch then coup]es with the
magnet1c or the e]ectr1c d1po]e moment of the chromophore transition.
L3) The.e}ectron1c trans1t1ons of two chromophores interact as coupled
oscillators. (4) In an 1nherent1y dissymmetric chromophore, each elec-

tron1c trans1t1on will have both magnetic and electric d1po]e moments .

" The opt1ca1 act1v1ty in the dissymmetric chromophore is, usually, much

1arger than those in (]), (2), and (3), where the ‘optical act1v1t1es are
der1ved from vicinal oerturbat1on of the symmetr1c chromophores.

Recently, theor1es have been deve]oped to fac1l1tate ‘the interpre-

3,4

tation of the spectra:of polynucleotides. However, in these theories,

‘the CD and ORD .of the monomer units themselves have. been ignored.

‘Therefore, the conformétion of nucleosides has been the subject of

»

interest, both_ekoerimenta]]y and theoretica1]y.5'8' The optical acti-
vity of mononucleosides falls into mechanism (2) described above.

In this chapter we have used an improved version of Kirkwood

- polarizability theory to inc]ude the-presence of a classical polariza-

bility near a quantum system. The rotational strengths of mononucleo-

sides are calculated using transition monopoles on the bases interacting

with polarizable bonds of the sugars. We try to'examine the calculations
' tritica11y}"Three different sets of transition mohopo]es have been
.e-empioyed with varioos.degrees.of succeSS. The effect of different values
tof bond polarizabilftY'and variation of the positions of furanosj] OH
| groups has a]éo‘béen examined.. The ‘calculated rotational strengths as

. affonctionjof the ‘glycosidic angle are in qua1itative agreement'with

oaleulationsiof Miles gt“gl;,B using bond tréhsition dipoles on the

bases.
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In’the“nextvSectidn a detailed'deschibtfen_of the theoretical method
1'--'**?ig.iven; in sectfon”C'we-diScuss.the nnmerfcal methods and the'deta'dsed,
and in sect1on D we demonstrate the app11cat1on of the theory to the four
mononuc]eos1des found in nuc1e1c acids and to various anomeric isomers of

adenos1ne and ur1d1ne.
B. THEORETICAL CONSIDERATION OF OPTICAL ACTIVITY

Origin of Optical Activity

Cdndon"modified the familiar constitutive properties for a homo-
' qeneous, isotropic, opt1ca1|y inactive medium to 1ncorporate time vany1ng -

terms w1th prooort1ona11ty constant g, thus:

R= <k - _9*1_ | | (1)
R - - @

wnere s__is the dieTectric constant, u is the magnetic permeabiiity,
and'u =] fok nonmagnetic'media | D, Q.are'electricvdisp1acement énd
magnet1c 1nduct1on, respect1ve1y £, H are the-e]ettric and magnetic
field. 1ntens1t1es |

A so]ut1on of Maxwe]l s equat1ons, then, y1e1ds

np = - 2n g | | — (3)
72 |

nL + 2mv g _ | | : | (4)

R; n, are the’indices of refraction for left and right circularly

_po]ar1zed 11ght and v is the frequency of the 1nc1dent light.

Then the rotation per un1t tength ¢ is given by definition

2 :
4- , . .
A SR ©
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g can be re]ated to. the microscopic: parameter B :if ‘ v
Eeffy_ B/c Ho o (6)

s the ]oca] effective electric field, and, if one assumes Lorentz

i

Eeff

expression, then o

o= 2 M) (er2) B 7]
N, is the number,Of-molecules per unit thdme."The_parameter 8 can be
calculated by atadantum mechanical expansion of the expectation value
of the‘e]ectrit’dipo1e moment u tn the‘grouhd state as induced by_the
electromagneticffie]d;' When the tnduced'dipole moment is averaged over

all occupied”mo1ecu]ar states and then over all possible molecular

or1entat1ons, B is q1ven by the following express1on
{zIm <0 u |® <Al p |o>}
3 73 | (8)

\)A "‘\)

|o> and |A> are the wave functions from the ground state and excited

state respective]y@ Im denotes the imaginary part of a complex number.

Definition of Rotational Strength

Rosenfe]d9 characterized the optica] rotationvby the rotational
strength for the opt1ca1 transition from 0 to A, ROA = Im(¥0A mAO)
HOA is the e]ectr1c dipole trans1t1on moment vector and a0 is the mag-

netic dipole transition moment vector defined as follows:

o : o
Mop = 5 Oligl A o o (9)
. _ e Z z L S . .
Tao = 7 mc Jj Bj x <A Rj |o> + j <A l@j' 0> - (10)

where Rj is the vector distance from an arbitrary origin to the origin of

group Jj; gjvis the electric dipole moment operator of group j; Ej is the
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R
linear moméntum operatok of group.j; mj is the magnetic moment operator

of groubvj relative to the origin in group j»(i]]ustrated in Figure 1).

The origin is usuaT]y'selected to ‘minimize the contribution of m; to

v

'rotat1ona1 strength c, e, mare the usual notations for speed of 11ght

e]ectron1c charge and e]ectron1c mass. " The molecular wavefunctions for
states 0 and A are |0> and |A>. The expectat1on value of PJ between
state 0 and A can be re]ated to I 50A by the relation

RJOA ( 2n 1m/e) voa X308 - | (11)

vihere pon 1s.the_frequency of the transition from O to A. Therefore,
for an e]ectrically allowed, magnetically forbidden transition
(<A] m ] 0> = 0) the expression for rotational strength is

(-w op/2¢) #J 513 <0 fu;| A> x <A] B | 0> | (12)

- where R =R. - R.

f\,J i
It can be seen that the opt1ca1 act1v1ty originates from the inter-

act1on between e]ectr1c transition dipoles located asymmetrically with

'respect-to onejanother. “In equation (12) we have_reso]ved ROA into groups.

The obvious separation into groups for mononucleosides would be to treat

the base as thevmajof chromdphore and the furanose as an asymmetric sub-
-stituent. The furanose is further subdivided into bonds. For a

'pérticular transition 0 > A of the base, which is far removed in energy

from any transitions in the furanose, it is a good approximation to

-fep]ace the_transition dipole from the bonds of the furanose by the

dfpo]e that would be induced in a classical polarizability pldced within

the transition field of the base.

_ _ . o eff S . A v
Min0 T gy Ej S | (13)



Ri

Figure 1. The yectbria] relationship of group i,j and of electrons in

the group (r, , r

is jt)'

B S
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where_%j is the polarizability tensor of the jth furanose bond and

eff th

EJ - is the'Efféctive field at the j ‘bond due to. the transition

0—A.

eff

" To evaluate the effective field Ej , one expands the molecular

wavefunctions in a linéar combination of atomic orbitals,

ine = I
,0>'_— S COS ,S>
P
|A> - S CAS IS>
We obtain - |
eff _ P PP
Kj = 'VJ<A!TI 0>
= -y, ! x L 1.,
Js,t CAS Cot <s| ;j-|t> . (14)
PR
The ‘standard point monopole approximation sets
1 1 o |
<s| — [t> =6, " — : - (15)
‘where §_, is- the Kronecker 6.
Alternatively, one mayftreat wolwAlas a charge distribution and
do}a multipole expansion (g Ejeff) about the center of the charge.

The practical 1fmit in terms of computer programming on the CDC 6600 '

~computer used for our calculations is'fhe octupole term, and convergence
is poor. We abandoned this method in favor of the use of equation (15).

"In the hopes. of 1ncrea$ed accuraty we calculated the integrals <s+7;1s$

eff

in terms of S]ater-pr orbitals to obtain gj This was found to

make a,neg1igib]é.éofréttiotho rotational strengths; we therefore used

for a zero order gjeff:

_eff _I Lis ‘ S : '
Ej T s PsTr. T3 . (16)

_ Js _
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where o = Cp Cyo is the monopole charge of atom s due to the base

transition 0 > A. XJS is a position vector from the jth

'sth monpole. By combining equations (12}, (13) and. (16], we have an

group to the

expression for the rotational strengthvof transifion 0 > A in the base

‘of a nueleoside The base 15 represented by transition monopoles on

each atom and the furanose is approx1mated by bond po]ar1zab111t1es
Ron = (- Ecoé); 1§J SosBiy Gimo Xgg Il i U7)

where B1j is the d1stance from the base transition dipole (u AO) to

bond j in the furanose.

Induced Dipole-Dipole Interaction

Equation (17) is the most commonly used expression for Ealculating
optical actiyify under conditions mentioned above. However, this expres-
sion has only considered the monopole field caused by the bese and has
ignored the interaetion among the furanose bonds . This approximation
may be good in situatibns where the asymmetric perturbation is an ali-

10 ‘But in the furanose ring, for the most part,’the sugar

phatic chain.
bonds are much closer to each other than to the base, so each bond w111

feel the effect of the induced dipoles in all other bonds. To include

this effect we replace EJ.eff by a mofe complete expression
. .peff_ .oz Tis .
viao =% Ei Ty Loes Irss 137k Tik " ¥kol (]8)

where Ijk =] -3r. k/ ik )( 3) the dipole interaction tensor
ik

Jk {3
between points j and k.'

These coup]ed linear equations can be solved for KJAO‘

‘ 1 L Z ‘,13.
£ino ~ k 1+ “)Jk }%k s s !;~l%§- (19)

Js
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,Substituting equafioh_(jQ)'in,(IZ), we have the final expression for the

rotetional_strength-with the furanose interattion_treated self consistently.

|3

R = (- TTOA) r I.Z. -1

0A = i# ks °s Rig ~ Kino X (U + elli " % s/ Inesl™ (20)
Fur all calcu]at1ons ROA was eva1uated using transition monopoles only as
in equat1on (17) and also self consistently 1nc1ud1ng the sugar bond-bond

induced- d1po1e couo]1ng as in equat1on {20).

C. CALCULATION OF THE ROTATIONAL STRENGTH
| A1l the computations'were carried out on a CDC 6600 Computer. The
listings of the computer programs used for the calculation of rotational
strength as a funetiqn of glycosic rotation (ROSTRN) and temperature

dependence of rotational strength (TEMROT) are given in Appendix 'IIA

and 1IB respectively.

We-cohsfdef each base'to'have two m > 7* transitions with maxima between
240 mu and 280 mu. The transition frequency'vOA'is taken as the Tlocation
of the major*experimehtal_UV»absorption maximun{.4 »

COordinates.  The coordinates used in the computatioh are taken from

n fOr;the bases (Table I) and Sundaralingam and Jens_en]2 for the

“2'endo ribose and 3'endo ribose. The coordinates for the « anomers were

obtained by reflection from that of 8 nucleosides about the plane of C1',

€2' and 0' of the furanose. The numbering system and the nomenclature for.

~ the pentofuranoses 1s shown in Figure 2.

The conformat1on of the furanose has been subject of debate.lz_]5

We have used 2" endo conformat1on, consistent with the majority of crysta]

| structures of nucleos1des, for most of the calculations. The 2'endo
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Table I 11

Atomic Coordinates of Purine and Pyrimidine Bases

‘Adenine - ~ Cytosine
Atom @& YR Aton X&) Y(R)
N, -2.791 4.407 N 0.000 1.470
02 -3.201-  3.134 C2 -1.2C87 2.139
N3 -2.391 2.078 N3 -1.231 3.489
C4 -1.079 2.298 C4 -4.070 4.132
C5 ~0.604 3.583 C5 1.157 3.504
C6 -1.500 - 4.633 : C6 1.181 2.125
N7 0.763 - 3.598 02 -2.253 1.511
Cg 1.055 2.280 Ny -0.094 5.472
N9 0.000 - 1.470 '
Ng -1.041 5.892

Guanine - - Uracil
N] - =2.799 . 4,348 _N] 0.000 1.470
C2 -3.205 - 3.051 - C2 -1.207 2.139
N3 -2.378 2.010 N3 -1.159 - 3.518
C4 -1.079 2.298 C4 0.010 4,251
C5 -0.604 3.583 o C5 - 1.205 3.504
C6 - =1.462 - 4.702 06 : 1.181 2.125
N7 ' ~ 0.763 3.598 02 =2.269 1.538
C8 1.055 2.280 04 0.010 5.471
Ng' 0.000 1.470
N -4.523 2.807
O6 ~1.045 5.848

ribose and 3'endo denxyriboée coordinates are given in Table II. Coordi-
nates of tne other sugars were obtained by interchanging H and OH atoms
and changing bond lengths; In so]ution,.the positions of the hydroxyl
groups of the furanose.are not preciée]y known. In an effort to determine
the influence of OH position on ROA’ we have rotated the OH groups about
their individual CO axes for both adenosine and uridine. The effect on

the calculated ROA is small; the shape of the curve when R,, is plotted

0A

e A et e i e e e e
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ADENINE CYTOSINE

AN4N> Ajj

GUANINE . URACIL

a-D-XYL B-D -XYL -

CONFIGURATION OF THE. NUCLEIC ACID. BASES AND THE
' PENTOFURANOSES

XBL709-540I1

~Figure 2. Nomenclatures and configurations of the nucleic acid bases

and the pentafuranoses.
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Atdms

2'endo ribose ..

X v 'z
cl 0.00 0.00 0.00
- H -0.51 -0.16 0.74
01 1.35 -0.43 0.00
C2 - =0.62 -0.58 -1.25
H2 - -0.26 0.c8 - -1.89
02 - =2.02 -0.57 -1.26
OH2 - =2.60 -1.09 -0.59
3 0.08 -1.54 -1.31
H3 0.02 -2.33 - -2.02
03 - -0.53 -2.8) -0.34
0H3 -0.48 -3.2) -0.42
ca 1.51 -1.59 -0.86
H4 1.81 -2.45 - -0.38
5 2.48 -1.28 -1.97
H5 3.37 -0.73 -1.40
E5! 2.98 -2.14 -2.36
05 1.95 -0.44 -3.00
0r5 1.88° -1.15 -3.69
- 3'endo ceoxyribose
Atoms X oy -z
Cl 0.00 0.00 0.060
H1 -0.40 -0.53 0.96
01 1.37 -0.43 0.00
c2 -0.68 -0.65 -1.21
H2 -1.28 * -1.47 -1.11
H2* -1.35 -0.16 -1.86
C3 0.52 -1.08 -2.10
H 0.87 -0.28 -2.80
03 -0.24 -2.16 - -2.96
CH3 0.06 -3.00 -2.40
cé 1.57 -1.37 -1.08
Ha 1.20 -2.35. -0.70
5 3.02 -1.25 -1.52
) 3.71 -1.64 -0.80
ES! - 3.28 -1.80 -2.39
5 3.27 0.09 =2.04
45 4.00 0.23 - =2.73

K,y

: - . o . -
- Tadle II. Coordinates of 2'endo ribose and 3' endo deoxy ribcse
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vs. the glycosidic angle (¢CN)-15 not significantly altered. Slight
variation in magnitude of ROA is found when the OH at the C'2 position
is rotated; however, no noteiceable change is observed in the case of
C'3 and C'5. This finding is consistent with our conclusion (Section p )
about the importance of configuration at C'2 position.

Glycosidic Rotation

We have chosen the definition of glycosidic rotation by Donohue and

Trueb1ood.16

The sugar-base torsion angle N is defined as the angle
formed by the plane of the base and C]'—O]' bond of the furanose ring
when viewed along the C]'-N bond. deN is taken as zero when C2 of the

base is anti-planar to O] Positive rotation is clockwise rotation of
C1‘—O|' when one looks from C1' to N. Donohue and Trueblood define "anti"

conformation for equal to -30° T45° and "syn" for oeN equal to +150°

en
145°. The "anti" and "syn" conformations of adenosine and uridine are
11lustrated in Figure 3.

Transition Monopoles and Dipoles

Three sets of monopoles for the various transitions of the four
bases were used in the computation. We used monopoles described by Bush]7
and those calculated from self-consistent field with and without con-

figuration 1'nter‘act1’on.]8

The monopoles obtained from Bush were calcu-
lTated by a SCF-LCAO-CI method done by H. De Voe of National Institutes
of Health. His method was that of Viellard and Pullman (1963) extended
to the excited states. The monopoles selected by Bush were not just the
lowest energy transitions but were chosen so that the transition moment

directions were consistent with experimental directions, or what were

inferred to be the most Tikely directions. Bush's procedure assumes the



Anti  5'-UMP Syn 5'-UMP

Figure 3. The "anti" and “syn" conformation of 5'-AMP and 5'-UMP. The

5'-phosphorous is trans to C;' as determined in Chapter IV.

XBB 727-3725
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order of the excfted stefe“in'enekgy hey be incokrect.. The'magﬁitudes
.of>a1i the ﬁoﬁopo]es.were eeefed'to'giQe the_measured transition moment
magnftuees;. Theiecaled monoﬁeles.fof the BZU and B1U transitiehs ere
© given in Table IT1.
| The base-tranéitfqn dipoles were“calculafed from the transition
monopo]es'p1eced on:each.nUCTeUS'of the'base.~»The'pofnt transition dipole
is aseumed to be at_the.eenter,of transition cﬁargeﬁef the base (Tab]e V).

The effect of different transition monopoles and the'use of a self-
- consistent treatment of the fuﬁanose bpnd interactions is shown in
‘FiQUre 4. One sees that the‘se]f-consistent'theory for induced dipoles
1nv£he sugaf [Equation (20)] giVes veny'different resg1ts from Equation
(17);' We use Equation (20) for a]i the caicuiations discussed in this
chapter. |

Pd]akizabi]ities

| Bond po]ar1zab111t1es have a]ways been’ the subject of controversy.
The mer1ts of d1fferent measurements of po]ar1zab111ty have frequently
been d1scussed, especially by users wanting to evaluate optical actl-

4.8, 22 Because of the uncertainfies in the bond polarizabilities,

S vity.
theAagreement_between exper1ment and the result of any calculation which
s sensifive“te the Va]ueé of bond peTarizabi]ity shoqld‘be examined
cr1t1ca]1y - | | N

. D1fferent sets of values of bond polar1zab1]1t1es have been pub-
Tished (Tab]e V). These values 1nc1ude thos which have been proven :

10

satisfactory for other workers, and those existing in the current

]1terature, The-rotat1ona] strength of uridifie resulting from different



~a,b :

’j -16-

b The ronopoles are scaled to experiments.

. Table III. Nonopoles for the Szu'and SIU transitions
frans. EZU . } - Irans. By
Atom - scrsci20  scrl19 pysh/peVeel? SCF/CT - SCF - Bush/DeVoe

Adenine o o :

- N1 ~-G.178 - .035 -0.020 0.023 -0.064
r2 0.0 -0.072 -0.037 -0.C63 -0.050
N3 -0.129 - 0.140 -0.1C7 - c.ca7 =0.014

c4 -0.0€3 0.0i8  -C.29% -0.029  -0.05
C5 -0.018 0.032 0.120 C.028 0.LGOo
Co 0.156 = -0.114 0.232 - -0.033 0.031
N7 0.Cs6- ~0.085 0.035 -0.020 0.009
c8 -0.180 0.134 -0.106 0.050 - 0,020
M 0.069  0.031 0. Ti12 0.034 0.023
M6 0.206 -0.117 D.C46 -0.078 0.030

Guanine ; ' T v : g
M 0.051 = 0.041 -0.032 - 0,116 0.039 -0.044
c2 0.100 . 0.101 0.030 -0.0€0 -0.013 -C.185

- N3 -0.101 -0.080 -0.050 0.097 0.021 06.375
4 ‘ 0.090 - 0,0E0 -0.104 0.108 . 0.125 -0.7131

- “=0.7112 -0.083 -0.034 -0.045 ©~  -0.079 0.155
Cé -0.013 -0.000.  0.035 -0.008 - 0,007 0.033
N7 -0.Co¢S . 0.003 0.043 -0.039 -0.063 -0.0%2
c8 -0.0¢0 -0.067 -0.291 0.207 - 0.099 6.127
NS -0.G09 - -0.010 0.249 -0.088 0.0C0 0.023

- 06 -0.003 - =0.002 C.1€6 -0,243 -0.191 - 0.C3L
N2 . - 0,049 0.039 -0.003 -0.046 -0.005 -0.C38

Cytosine : o ] ‘

11 -0.202 - «0,135 -0.097 0.129- 0.095 -0.307
C2 -0.0C6 0,028 - 0.035 . 0.011 0.004 0.0i2
N3 . - 0.31 0.256 -0.135 0.187 0.105 -0.023

- C4 -0.121 " -0.1712 -0.070 -0.043 -0.C43 C.C39
C5 - 0.167 - 0,079 0.C24 0.021 0.175 -0.057
- C6 -0.156- -0.118 -0.032 0.000 0.047 -C.C78
N4 -0.117 -0.083 0.155 -0.215 -0.136 0.034
02 0.123 0.142 -0.011 -0.089 -0.01 -0.111

Uracil :

N ..0.184. - 0.080 -  -0.09D -0.017 -0.085 0.003
c2 -0.0C6 - -0.001 -0.0C3 0.000 0.034 0.:N
N3 0.024 . 0.017 -0.00% 0.151 0.292 -0.C32
¢ -0,017 0.030 -0.622 0.C54 0.129 -0.221
Cc>5 -0.286 -0.185 C.282 0.012 0.132 0.0
Co 0.237 0.179 0.235 0.0C8 -0.013 -0.C17
04 -C.C33 - -0.130 0.03¢ -0.178 -0.3€5 -C.C0
02 0.C35 - 0.016 ~0.005 -0.025 ~0.124 2.09

a The numbering systen of the bases is given in Figure 1.

\'1)



Table IV, Data for trahsition moments

L.

referring to X,Y axes defined in Table I,

{c) Coordinetes ore defined in Table 1.

Trans, energy (ev) Exptl. trans,(a) Calculated trans. Tran?"Eon
_ (a) moment magnitude () “center' S’ (R)

_%ase _ Monopoles Theory ~Exptl. el Debye vector'>! (ef) X Y

Adening CByy T o S Co .
SCF/CI . 4.8 4.717 0.813 3.90 +0.02 1 +0.81 3 1:24 3.65
sCFo 0 5.2 : B : -0.14 7 - 0.8 J 1.02  3.47
Bush/Devoe 5.6 -0.22 1 0.78 0.96° 3.10

R . S |
- SCF/CI 5.0 5.17 0.35 -1.68 -0.144 -0.32 j 1.21 . 3.26
SCF 5.5 i : - ~0.34 1 +0.08) 1.4 3.47 -
Bush/DeVoe ; - - )

' SCF/CI 4.3 4.47 0.514 2.46 40.51 1 +0.07 § 1.74 2,92
SCF 4.4 ’ 40.50 1 +0.10 § 1.73  2.85
Bush/DeVoe 5.8 +0.22 1 +0.45] 0.3¢  2.92

B - 4
U
SCF/CI 5.1 4.94 0.806 3.87 -0.211 -0.78 ] 1.06 3.44
_ SCF 5.4 . +0.08 i+ - 0.80 i - 0.6  3.65
" Lush/DeVoe 4.2 -0.80 1 +0.07 ) 1.33  3.04

Uraci) B2U .

SCF/CI 4.8 4.72 0.685 3.290 . -0.09i - 0.68 J 0.76 - 2.94
SCF 5.1 : -0.06 1 - 0.68 i 0.7 3.27
Bush/DeVoe 5.2 +0.05 1 + 0.68 j 0.60 3.0
' By . . R

SCF/C1 5.4 5.17 S 0.241 1.16 -0.08§ -0.23j§ -0.50 4.14
SCF 5.5 . . +0.04 7 - 0.24 J - -0.43. 3.79
Sush/DeVoe 6.3 -0.15{ -0.187] -1.29 2.52

Cytosine BéU : _
SCH/CL 4.1 4,57 0.632 3.04 -0.62 i 0.09 §j - -0.25 3.02
SCF 4.2 ) -0.631 - 0.04 J -0.47 2.95
Bush/DeVoe 5.4 +0.18 1 + 0.60 §  -0.22 3.64

By _ . - :
scr/cl 5.1 5.17 0.549 2.03 -0.00 i 0.55 j- -0.62 3.49
SCF 5.3 -0.11 { - 0.54 3 -0.09  3.52
Bush/NDeVoe 6.8 +0.40 1 + 0.38 j 0.06 2.85
{a) Pesolved fron spectra of Pabst Lahoratorios.”' '
(b) Transition mument veclors are scaled to experimental magnitude. i, j are unit directional vectors

=Ll
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. . 7 . CN ) . . . Lo . X o
- Table V. Pond Polarizabilities (A3)

Bond a33(d) | ap, (a)
I.(ZZ) : _ ‘ .
-t 0.46 077
c-¢ 099 0.27
- -0 23 [ ¥ 3
17, (23)
C-H 0.8 0.6
o c-c - e 0.02
111 (28) |
| c-t . 0.64 | 0.64
- | e 0.9 | 0.27
) o S0 089 0.46
1v, 85)
C-H 0.77 0.59
- C-C 1.35 . 0.23

(2) ¢33 is along the bond and_a]] is perpendicu]ar.to,the bond.
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10.0 ‘?-

l

Bush/DeVoe

SCF/CI

| |

Figure 4. -.The effect of different transition

0
PeN

+90 +180

XBL709-5404

monopoles and the self-

‘consistent ‘treatment of furanose bonds on RB(ZU)VS. By of ur}dlne. The

~top three curves are self-consistently treated as -in equation (11). The

[equation (17)].

- bottom three curves are without the self-consistent furanose treatment
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comﬁinations-ofvpossibfe values of bond'po1arizabiiities, using the
SCF/CI_monopo]es,ﬂfs}$h0wﬁ_in Figure 5. The ca]éu]atéd ROA'is:more sensi-
tive to C-0 and 0-H bond 'po]ariza’b’i]ities than C-C and C-H bonds. The
same conclusion is obtained Witthhe'bfher two'seté of monopoles. This

is unfoffunate beéause}the bond po]ériiabﬁ]ities;for c-0 and'O-H'bonds
,afe thé ;éa5£.we11 kﬁOwn. For all the’computations; un1éss otherwise -
'stated,.we have used Le Fevre's (1955) bond pd]a?izabiTities:(sét II in

Tab]e'V) and treated carbon and oxygen equivalently (curve 6 in Figure 5).

‘D, RESULTS AND DISCUSSION

ReSuTts of the calculations are given in Tables VI, VII, VfII,'and
Figure 5'? The'roﬁatibnal.strengths of the BZU and B]U transitions wére
calculated using equation (20) for each of the four nucleosides (Table
VI), The'effect}of:the:Z'endo and 3'endo furanoée conformatibn is also
included. - From the results, it can'be seen that the rotational strength
caipulatibn‘depends'Critica11y on the choice of wavefunctions. However;
the rotationa]'strengthsvfkom the SCF/CI and SCF monopoles nearly always
agree ih sign and magnitude with each other. Quantitative comparison
with e*periment {s}difficu]t, because of the uncéftainty in assignment
andfresolgtioh‘éflthe CD spectrum into bands. In Table VI the experi-
mental rdtationa] strengths are given to one significant figure, or the
sigh iS'Simbiy_given,_ The calculated values are shown for two confor-
mations: 'gg;j_(¢CN = -30°) and §xg_(¢CN = +150°);‘ The éxperimenta]
value, of course, represehts an average-va]uevover the conformations

~actually present in solution. With SCF/CI or SCF monopoles the signs
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- Figure 5. Calculated rotational strengths of BZU_transitidns of uridine as
a function of'¢tN uSihg di—ferént vaiues of polarizabilities. The various
sets of po]arizabi]ities are given in Table V. (1) Set I, treating OH

,equiva]ent‘ﬁd CH§ (2) set IIIthreatinngH equivalent to CH; (3) set II,
approximating OH by d33=0,§,,a]1:0.6;,.(4),set IV, treating OH eduiva]ent

~to CH and CO equivalent to CC; (5) set I, approximating OH by 0.8, 0.6;
:(6) set II, treating OH equivalent to CH and CO equivalent tovCC.



-Table VI. 'Cé]tuTatéd rbtationa]:stfehgths for different monopoles and
' Furanose configurations and conformations. The four ribo-
~nucleosides are in the 2'endo conformation.

‘Expl.“RoA;xﬂ]04°e.s.u; ~ Theoretical Roa X 10%0e.s. u.
A T - Byy B,
Compound T Monopoles Anti 2u Syn Anti ‘”syn
Adenosine  ==2(By#Bry) SCF/CT 2 43 20 40
- - : SCF ‘ -2 +3 + -4
' Bush-DeV¥oe +8 -8
Guanosine .  -0(Byy) - ser/er 42 4 -2 +3
aes5)) SCF 2 4 2 42
_ , - Bush-DeYoe = -7 47 +8 1€
Uridine  +9(Bny) = SCF/CI A 40+ 0
. -4(B]U) . SCF +] +0 -2 +2
o Bush-DeVYoe +2 =1 +0 -1
©cytidine  +12(Byy) SCF/CI 27 -3 27w
26(813) . SCF #9245 45
_ - ‘Bush-DeVoe -6 . 46 -2 +0
2'deoxv A -1(B,+B. ) . -
2" endo U W SCF/CI 2 44
3' endo : SCF/CI -7 +0
2'deoxy G °0(BZU)'- |
2' endo o SCF/E1 B 3 - =B
3' endo _ ' - SCF/CT +5 -0
2'deoxy U | : v
+3(BZU) o
2' endo ‘ - SCF/CI ' +5 +2
3' endo o SCF/CI 43 +]
2'deoxy. C i'ggzug |
'2' endo 10 SCF/CI w24 .38

3' endo - seR/cl #3540
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‘Table VII. Comparison of calculated and experimehta] rotational strengths

. for different anomeric adenosines

0740 ¢ s u)'
Theory(C

Exptl. Maximum (a) Roa(B2y) x 1
Expt.(a’b) anti  syn

Cempound 'fxma* (mp) - molar ellipticities

olyx 260 3750 - 2.7 {e) 3 -7
B-Lyx 2% -3560 ) o -2.7 2 6
wRibo 256 5410~_ SRR 4.4 3 -6
s-Ribo 265 -2970 C25() -2 3
«-Ara 258 3570 2.8 1 -6
8-Ara 258 -5380 | -8 22 4
Xyl "258 | 6960 . 6.0 5 .7
Xyl | 259 -250 2.0 -3 5

(a) The experimental results fromVIngwaT](zs);: Molar e11ipticities are
in units of deg 2/mole cm. '

(b) The rotational strengths are evaluated by fitting the spectrum by
- Gaussian curves on a duPont Egrve resolver and computed using
the formula, Ry = 1.23 x 107%¢ (8; a;/Xj) where 8y is the half
width of the resolved Gaussian. L

(c) Single Gaussian is not possible. Composite Gaussian curves are
used. See Ref. 28,

v(d)'SCF/CI’monOQOTes used.
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Ta ble ‘\JT;'“ Tculated an(bzu) of nucleosidas s(a) with g]JCOS1Q1C'
R anq]e ¢cn present in pslynucieotides

ROA(BZU).X 10740 e.s.u.

Bese gy (D)= S11° (RNA-T1) - <14° (DNA-A)  -86° (DNA-B)
A | -3 | -3 -

I R R
u(m 2 46 | pS!
c o 31 +32 | -25

(&) sce/CI monopoles and 2'endo conformation for ribose and deoxy-
ribose were used. ' :

.(b)l¢CN‘s are from Ref. (256).
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- of the ca]cu]ated rotat1ona1 strengths for the first two transitions

are cons1stent w1th three of the four mononuc]eos1des in the anti confor-
mat1on. Ca1cu1at1ons.f0r guanos1ne are not cons1stent with experiment
for either s x or ant1 conformat1ons

Figure 6 shows what va]ues of the. g]ycos1d1c angle give correct

"resu1vs for the ca1cu1ated signs of-the BZU and B]U rotational strengths.

1Forfurid1he and cyfidine about half the possible range of angles (+150°

¢CN > -30°) gfvé the correct sign for both B2U and B]U' For adenosine
on]y the anti range (f]0° > $eN > -90°} is consistent with the signs of
the‘rOﬁational sfnengths. For guanosine a very small overlap occurs
(¢CN - ,]OO°)vbeﬁwéen values of SeN which give the correct sign for both

BZU and B]U rotational strengths. This probably indicates that guanosine

~does not exist mainly in one conformation, but instead, includes a wide

range'bf conformétipns.v There is éome evidence that the conformation

of guanosine depends on pH, aé might be éxpecteq for a conformationa]Ty
mobile ﬁo1ecu1e. ke speculate that the conformation mobility of ‘guano-
sine may exp1a1n some of the anticodon-codon degeneracy-when the steric
consideration TS important. For example, the mobility hay be the cause
of inosine not_paifing with guanosine at the third position of the codon,
whereas,inosine bairs with all other three nuc]eotidés.%a

‘One way of testing this idea further is to calculate an average

rotationaI'étfength by Weighting each calculated rotational strength at

 ang1e Yex by the probability of finding the molecule with this value of

o We used a probability distribution for the glycosidic bond (¢CN),

which had been estimated ear]ier,27 to obtain an average rotational

- strength for the’BZU transitions for each mononut]eoside. The probability



p.aT.  +180°% . | ~ -25a-
syn £45° ~ B-Purine

Guanosine Ra(-)

Uridine Rp(+) -1
S \
Cytosine Rp(+) P /

a-Pyrimidine
a-Purine _
Adenosine Rp (™) onti £45

B—Py‘rim idine

| XBL 709-5402
0° |
vfiggrgﬁg. Glycosidic angle (¢CN) and calculated sign of the fotationa]
strength._}he range of angles labeled a,B8-purines and pyrimidines shown
are those found in crystals by X-ray scattering.26 The rotational strengths
_were calculated with SCF/CI monopoles. (a) Purines, the measured signs of
the rotational strengths are minus for both BZU and B]U transitions 6f
adenosine and guanosine; (b) pyrimidines, the measured signs are plus for
thé EZU transitions and minus for_the B]U transitions of qridine.and cyti--

dine. DG, G-1, G-2 represent different glycosidic angles found in crystal

structures of guznosine.26
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diStributionscaICUIated'by_estimating the potential edergy.of ihter?
action of each_béée with fibose as a function of ¢CN'1§ reproduced in
Figufe 7. _A]though‘magnitudésiwere changed, no signs changes, so a
positive 82U Fptétfbna1'strength was 'still obtained for guanosine in
disagreement with experfment.
| The temﬁerature'dependence of the‘rotationai sfrengths was é]so cal-
cu]atéd.  This gives.an increase in rotational strengths with decreasing
‘ iehpérature»as expécted; It also gives the correct order of magnitude
(:hange]'3 as the tempefature is lowered from +90°C to -70°C. For cytidine
ﬁherexis a calculated 3% increase, for adenosine a calculated 30% increase.
In Tab]e VII the results for the én0meric cis-trans isomers of

adenosine are given,. The ca]cu]ated results for the gg;i;conformatibn
agfee well with experiménf. The agreemeht between theory and experimeﬁt
'.is‘ex;e11entVWh¢n oné considerslthe o and'B pairs of the différent isomers.
Thevcalculation'giyes not only the correct sign for each one of the péirs,
‘ but-aTso_provides the'cqrrect relative magnitudgs; We see that experi-
mentally the sfgn of the CD for the anomeric adenosine depends on the
configuration at cafbon Cl': o gives a positivevCD at high wavelength,
B gives a negativé CD. The good agreement with the calculated rotational
strengths is strbng.eVidence that all eight of these molecules are pri-
marily in anti conformation.

e also carried but_caTcu]ations on uracil with different sugars.

29

Experimenta]1y, it was found the rotational strehgths of g-D-ara-U and

"B-D—1yx5U viere similar and approximately twice that of a—D—rib-U. The

Rop Calculated for these compounds are +10 x 10749, +11 x 107, and
+2 X 10_40Afor ara, lyx and rib U respectively. The Bush/De Voe monopoles

~were used and anti conformation was assumed.
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distribution calculated by,estimating the potential energy of inter-
action of each base with Eibose as a function of #., is reproduced in
Figure 7. A]though_magnitudes were changed, no éigns changes, so a
positive BZU rotational strength was still obtained for guénosine in_
~disagreement with experiment. | | | | |

The temperature dependehce qf the rotational strengths was also cal-
culated. This gives an increase in rotational strengths with decreasing
“temperature as expected. It also gives the correct order of magnitude
change.l3 as the temperature is lowered from +90°C to -70°C. Fbr'qytidine
there is a calculated 3% increase,.for adenosine a calculated 30% increase.

In Table VII the results for the anomeric cis-trans isomers of
adenosine are giveh. The ca]éu]afed résu]ts for the anti conformation
agree well with experiment. The agreement between theory and.experiment
is excellent when one considers the o and g pairs of the different‘isomers}
The calculation gives not on1y the corfect.sign for each one of the pairs,
but also proVides the correct relative magnitudgs} We see .that experi-
mentally the sign of the CD for the anomeric adenosine depends on the
configuration at carbon C1': a gi?es a positive CD at high wavelength,
B gives a negative CD. The good agreement with the calculated rotational
strengths is strong evidence that all eight of these molecules are pri-
marily in anti conformation.

We also carried out calculations on uracil with different sugars.

29

Experimentally,” it was found the rotational strengths of g-D-ara-U and

B-D-1yx-U were similar and approximately twice that of B—D-rib-U. The

40 4111 x 10790

ROA calculated for these compounds are +10 x 10~ , and
+2 X 10_40 for ara, lyx and rib U respectively. The BUsh/De Voe monopoles

were used and anti conformation was assumed.

Dl
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cular conformation at two temperatures (Ref. 27).
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We have foUnd.fﬁaf\a ;onfiguratiqn'change'af thé'CZ‘ position of
the.furanose'éTters the glycosidic angular dependence of Ryp more sig-
nificantly than that at the C3'"POSifion. The caICU]ated'RoA VS. dey
for ribo and xyl compounds - are similéf'in curve shape; positfons.of
maximum, minimum ahd zero crdssing,'Whéreasttﬁe-same'holds fbr‘éra and
lyx compounds. sExperimehta]]y; it was found that the COnfigurétion at
'C2' prof0uhd1y affects the magnitudé'of the Cottonvefféct.8’28’29 It
was reported prévious1y3O fhat a'tis—driéﬁtéd’hydroxyl group at C2'
intéracts with the base and that cis-nucleosides gave a Cotton effect
larger in magnitude than the trans anomers. It was found th_at29 the
amplitudes of the Cotton effect of a-D-rib-U, a-D-UMP are larger than
their B-anomers; however,'thé magnitudes of a-lyx nucleosides gfve_
~smaller Cotton effects compared to their B—anoméré. Examination of
Amolecﬁ1ar:mode1 suggests that‘the'01'—C2"£kans cohfiguration allows -

the bésé'fo rotéte mofe freely about the glycosidic bond. By inspec-
tion‘of theNﬁoA vs. ¢CN curve, it can be seen that'a fange of a]]owed
values Of.¢CN a]ways results in decreasing the amp]ftudevof'a trans com-
pound. | | .

Féom X-ray studies of oriented fibers of DNA, three different geo-
metrical structures designated by "A", "g" and "C" form have been |
obs‘ér‘ve'd.'3]"3-2 THeSe»different structures are obtained by manipulating
the chemical environment of the molecule, namely, the salt of the acid,
,Sélt:ééhcentrétioh, ahd»the relative humidities. The "A" form exists
for Na salts of DNA at relative humidities ranging from 75 to 92%
depénding on the amount of Na and the "C" form is.found for Li salts

of DNA at simi}ak»range of relative humidities. The "B" form occurs
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~in.very high hydration level and is belieyed to be the structure in

so1ution. The CD and ébsdrbance spectra of DNA, when manipulated into

different geometrica]vstructures; have been investi‘gated.recent]y.4’33’34

In particular, the reversibility of CD spectra of DNA is demonstrated

35

wHen»Conthion of hydration of the DNA fiber is reversed. Correlation

of these observations with X-ray works have shown that the large dif-

,vferencesvobserved in CD of DNA under different enVironmenta] conditions.

is caused by_changes in the geometrical structure of DNA molecules.

3 on the CD spectra of double-stranded RNA have

Anothér recent work
indicated that it is not double-strandness of the molecule that could
account for the diffefence of CD behavior between RNA and DNA. Some
other factors must be postulated.

We have tablulated in Table VIII the rotational strengths, RB(ZU)’

“of the four bases of ribose and deoxyribose at the ¢., for RNA-11, DNA-A

and DNA-B given by crystal structures.S) 32

| Thé monomer RB(ZU) of RNA-11
and DNA-A are very Simi]ér, hdwever,'are significantly different from
that of DNA—B...This finding is extremely interésting in ]ight»of the
fact fhat the_CD of'DNA—A form is very siﬁi]ar to that of doub]e-stranded
rice dwarf virus.RNA, whereas CD of the "A" and "B" form DNA are radi -
ca]1y'different.33' This study suggestsvthat‘thé base-sugar interaction
is fmpoftant and should not be_ignored,jas commonTy the case, in inter-
pretingvthe differéhces_of CD speétra of DNA vs. RNA. Furthérmore,

thfs result supports thevexperimental observation that base-sugar
geometry fs the main fattor affecting the optical activity‘of DNA, and

the differencés‘df the base and sugar species only enter indireCtly.33

We would a]so.]ike to point out that because Qf the differeht_¢cN‘for
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the monomer and polymer it is not valid to‘account fof the mononucleo-
side contributidn to the optical activity of polymer by simply sub--
tracting the CD of monomer in solution from that of po]ymér. Finally,
it is our hope fhat a]thodgh the "face" values in Table VIII cannot be
taken directly to correlate the polymer CD sbecfra, a comparison on a
relative basis may é{ve fruitful insight to the interpretation of the

optical activity of nucleic acid polymers.
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II. CONFORMATION OF FLAVIN ADENINE DINUCLEOTIDE
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A. INTRODUCTION

The flavoproteins constftute an important class of enzymes. The
‘en;ymes are'dehydrogenation cata]ysts and utilize either flavin adenine
diﬁuc]éotidé (FAD).or flavin mononucleotide (FMN) as one of the co-
factor réqUiréments. The_ques of acfion of the éofactors, therefore,
are of.gkeaf intérest. The interest aﬁd impoftance of flavins and
flavoproteins are evident at the three international symposia on
flavins and'f]avoproteins.] From a spectroscopist's point of view,
flavins are ideal structural probes because of the possession of a unique
visib]e ébsorbtion’spectrum which changes drastically upon reducfion.
‘The_f]évihs also poSsess‘f]udresgence; which ié_readi]y quénched upon
bindfng to apoénzyme.v The semiquinone in many flavin-catalyzed
reacfions can'be detected by e]ectrdn‘péramagﬁetic resonance (EPR)
technique}" | _ ,

Among the fiavfns, FAD is particularly intriguing because of thé
adeny]fc,moiety (AMP) in the FAD. This group does not participate ‘in
the oxidation-reduction reaétionstarried out by FAD nor does it
moaify ité e}e;tromotive potentia1;2 nonethe]eés, it is usua]]y essen-
tia]'for normajvenzymatic activity. For exahp]e, the flavoenzyme |
'p—hydrbxybenzba;e hydroxy]ase,_studied,in the next chapter, is ex-
tremely Spetific'fof FAD.

The know1edge of ‘the conformation of FAD is imperative in under-:

Standing the role of FAD in FAD-requiring enzymes. The quenching of
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,the f]uOreScenCe‘of:ribof1a9in by non-hydrogeh bond-fb?ming'aromatic
compounds leads to the proposal of a para]]e] stack model for the iso-
a]]oxa21ne and aromat1c rings. The complex is specu]ated to be
stab111zed by e]ectrostat1c and d1spers1on forces between rings and
by hydrophob1c forces due to the so]vent rather than via a charge-
" transfer mechan1sm. This s because no evident charge-transfer
abgdrption bandFWag found in the comp]ex.3' In this chépter we usé
NMR to fnvestigate thé strutture of FAD further. NMR was chosen
since ft'yields-va]uab]e'sfruétura1 and’confprmationa],information.
For example, the pyridine dinucleotides have been studied a]onve,a'7
and in a complex formation with sévera]'enzymés6 in ﬁblution.} In the
present stgdy, thé_FAD mo]ech]é'fs found to prefer a folded structure
i in’DZO, where the adeninevring is fo]ded’ovek the isoalloxazine ring.

- In the fo]ded-dinuc]eotide conformation the adehihé C2H proton is pre-

ferentially located over the aromat1c ring (a)* of the isoalloxazine of

FAD whereas the 1soa1]oxaz1ne C H proton is in the prox1m1ty of the
’pyr1m1d1ne port1pn of adenine. The d1nuc]eot1de,tends to unfold by a
decrease of so]vent‘pblarity or by an increase in témperature. The

: dinuc?eotidés.associate as dimers in solution by way of vertical

stacking of isoalloxazine rings. This folded structure agrees with

9

the model proposed by Sarma, Dannies and Kaplan;® however, it differs

from that pkbposed by CD stuciy,]0

N .Never-

from X-ray 1nvest1gat1on of adenosine-riboflavin comp]ex
~theless, all the studies seem to agree ¢n a folded structure with long

axes of the adehiné and isoalloxazine rings parallel to each other.

*See Figure 1.

and also dwffers from that arrived at

v
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B. EXPERIMENTAL PROCEDURE.

The NMR spectra were obtained on a Varian h1gh resolution HR 220 MHz
spectrometer The spectrometer was an ax1a11y symmetr1ca1 superconducting
solenoid made of n1ob1um alloy wire. A magnet1c field strength of 52
leogauss is achieved. The resolution of spectrometer is 1.1 Hz at fuTT
Tinewidth at half maximum ampli tude. The sen51t1v1ty is such that a 55:1
:signaT to noise ratio can be obtained in 1% (by volume) of ethyl benzene
~solution. The shifts were measured with respect to sodium-2,2-dimethyl-
2—51Tapentaneesrsquonate (From Merck Sharp_ano Dohme of Canada) used as
1nterna] reference, and calibrations were carried out by side-band
| modulation. The prec1s1on of the measurements 1s +0.5 Hz Temperatures
g were ca]1brated us1ng the temperature dependent chemical sh1fts of
ethy]ene gTycoT and methano]l samp]es and the ca11brat1on charts pro-
vided by Varian Associates The precision‘of the measurement is + 2.0°C.
Calibrations were carr1ed out before and after all measurements High
temperatures had no effect on the ambient temperature (17°C) spectra of
the mo]ecuTes, indicating.no irreversible conformational changes or
decompositicen of the moTecuTes had occurred. All solutions were at
neutraT pH. |

'FAD and FMN were obtained from Sigma Chemical Co. and K&K Labs., -
Inc.; ADPR was ottained_from Cal Biochem. These compounds uere used
without further purification but were Tyophilized twice from DéOIto
. remove exchangeah]e protons. The solvents DZO’ dioxane-d-8, and

methanol-d-4 are from the International Chemical and Nuclear Corp.
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"Figure 1.  Structural formulae.
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C. RESULTS AND DISCUSSION

Assignment of Lines

Se}ected_regions of the 220 MHz protoh maghetic.resonance spectra
of ADPR, FMN,.and;FAD (0.025 M) in é‘DZO/dioxané-da8 solution (70/30,
v/vE) (pH 7.) areishdwn'ih Figure 2, and the concentration dépendence
- of these pfoton thfts is i]]ustratea'in Figure 3. The peaks were
assigned tovtheik corresponding protons in the following manner: For
ADPR, the singlet at Tower field corresponds to theadenine Cg proton

12,13 The

(AC8H) as shown by purine exchange experiments with DZO’
singlet at higher field is then assigned to the adenine C, proton (ACZH)
while the doub]et'arises from the C]' ribose proton in'adenosine '
(ACyH). The observed splitting corresponds to the coupling cqnsfant
J(H1'—Hé') betweén'the ribosé protons. |
Sarma g;_gl,g assigned the isoalloxazine protons of FMN and FAD on
-the basis of the-éomputed r-electron densitieg at the carbon to which
the proton is bonded. = The uncertaintfes involved will be described.
Corre]atibns bétween n;electron densities and aromatic proton chemical
shifts haye been diScussed by seVerél authors (14 and references thefe—
in). The brotbn bonded to the highest n-electron density carbon
experienceS‘theiiargest diamagnetic (high—fie]d)'shfft. On this
“basis the lower of the two aromatic proton lines was assigned to the
isoalloxazine Ce protdh in FMN (FCSH)’(C5 n-electron density 1.004).
‘The higher field Tine is then assigned to the Cg proton (FCgH) (Cg n-

- electron density 1.063). Computed n-electron densities at the methyl
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. Figure 2. 220 Miz protomr magnetic resonance  spectra.of ADPR, FMN and
FAD (0.025 M) in D,0/dioxane-d-8 (70/30 v/v$) at 17°C (pH 7.0).
Only the arcmatic, Cf-ribése and methyl proton regions bf_the

spectra are shown. All shifts are with respect to internal DSS.
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protons were: used to ass1gn the FMN methy] resonances Hence'thebt7r
methy] protons (FC7CH3) occur ‘to 1ow f1e1d of the C6 methy] protons
(FC6CH3) (v-electron ‘densities 0.943 and 0.949, respect1ve1y) | These

-; n-electron dens1t1es were ca]cu]ated by Pu]]man and Puﬂman15 for the.

|
' ox1d1zed form of the 1soa1loxaz1ne ring of FMN.

The uncerta1nty in th1s approach is evident from F1gures 3, 4,
and 5. ‘From F1gure 3 the FMN FC5H proton shifts appear to become equi-
valent in 'D,0/dioxane solutions at infinite di]ution.A The temperature

dependence shows that these two resonances collapse into a single line

at 68°C_in[DZO/dioxene'so]utions (0.025 M) (Figure 4), and at'91°C'inv'

D,0 solutions (0. 025 M)'(Figure 5). These results are unexpected from
electron density cons1derat1ons a]one
An unequ1yoca] ass1gnment of the FMN'proton‘resonances.hes been

16 ‘These authors

~carried out’experimenta]]y by‘Bu]lock‘and Jardetzky.
obseryed-the'exchenge of the FC7CH3 protons ac éO-QSf in DéO so]utions
and a conseqdent decrease in the amplitude of the 1owen field methy]
line. ,McAnd]eSS*end SteWart’report on similer deuterium exchange ex-

7 From a

periments of the_methy] protons in two lumazine derivatives.
comparfsonvof the_specira of Tumiflavin and'8-deoterio1umif1avin, the
higher field aromatic proton in the isoa11oxazine ring was assigned to
the FC8H'proton. This assignment (Figure 2) isvin agreement with that
predicted on the basis of the’PuT]mans"ca]cu]ations.

| In.FAb,_the resonances in the dinucleotide occur at higher fields
- than they do in the corresponding moncnucleotide. This arises from

the ring-current dﬁamagnetic shielding effects of the dinucleotide

protons in the folded structure as well as from,intermoTecu]ar ring-
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CUrrent interactibns between‘isoa1]oxazine rings The Towest f1e1d
FAD resonance (F1gure 2) 1s ass1gned to the AC8H proton on the bas1s

of our exchange exper1ments 1n wh1ch the DZO/d1oxane solution was kept

- at 85 C for 4 hours, resu1t1ng in the a]most tota] d1sappearance of

this line. The AC H proton is ass1gned to the next resonance; it is

- well removed from the_f]av1n peaks and the sh1ft difference between

this resonance in FAD and in ‘ADPR decreases as the temperature in-

| creasee (Figures 4'and”5).' This is interpreted as ref]ecting a partial

unfolding of the dinucleotide with temperature which removes the ACZH
proton from the fing-current'shie]ding'influence of the neighboring
1$oalloXaiﬁne ring. The result is that at higher temperatures the-
FAD ACZHTproton shift tends to-epproach the observed shift for the
corresponding‘proton in ADPR. o ‘ '
‘The.mqst difficult assignment was that of the'FAD FC5H and’FCéH
proténs, and again the requisite'information was derived frbmvthe tem-
pératune measurements. The tempenatune dependence of the chemica1
shtfts.(Figures 4 and 5) shows that the chemical shift differences
between the corresponding AC8H, ACZH_and AC].H protons in ADPR and FAD
decrease with increasing temperature. The shift differences between

the FCGCH3Zand the FC,CH, protons in FMN and FAD also reveal a similar

'1nverse texverature dependence - In fact, at higher temperatures

_several of the curves for the correspcnding protons almost merge.

SimiTar‘réasoniné_shou1d also apply to the FAD and FMN FC5H and FC8H

proton reSonanceé.' USing the assignments of the FC5H and FC8H proton
" resonances ‘in FMN, wezassigned the corresponding resonances in FAD.

A correct assignment of' the isoalloxazine protons in FAD would have
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beén veny.difficuit without the,femperature measuremeﬁts.  Fina]]y,
thé_FAD AC]'HQ FC,CH3, and*FCSCHé'prdtons were assigned as in ADPR
and FMN. IR B |
’ Recént]y; Kainosho and Kybgokﬁ]B published an article on the
conformation of FAD usingbhigh-so1utionv proton and phosphorous NMR.
The authors, agqfﬁ, diécussed the\difficﬁ]ty ih asSignfng the FC5H
and FCéH resonaﬁéés. A nuclear OVerhauser'experiment was used to
“assign the.flaVin resonances. The nuclear Overhauser éffect (_NOE)]Q’20
is observed during nuclear magnetic double resonance experiments, The
<, intensity of the absorption of one mémber of a:pair of spatially proxi-
mate nuclei is enhanced as a result of irradiating the other. NOE is
very useful in studying nucTéar—nué]ear mutuaivkelaXation prdcesses
.(SEe Appendix IIIA) and conformational ana]ysis.21 Kainosho and

Kyogoku have observed that When'FC6CH3 groups are irradiated, the inte-

grated intensity of the higher fié]d resonance. (FCgH, our assignment)

is enhanced by 9%, whereas that of the ]dwerﬁfie]d resonance (FC5H, our

assignment) is only enhanced by 1%. Based on this fihding;'théy'con-‘
c]uded.that the asSignments‘should have been‘revérsed from ours. How-
ever, when the FC,CH, group is irradiated, the intensity of FCH s
enhanced by 6% and that of FCéH is enhanced by 4%. This finding is
puzzling. One would expect the FC8H resonance to be enhanced signifi-
cantly more than the FC.H resonance, because FC7CH3'is cTosér to FCH
than to FCéH judging from the CPK space.fi]]ing model. Furthermore,

~ the argﬁment given by Kainosho and- Kyogoku is diffiéu]t to comprehend.

-They claim that the “reversed" enhancement is due to the small chemical

shift between FC8H and FC5varotons. We feel that because of the small

o
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NOE enhancements observed and poss1b1e nuc]ear relaxation from adeny11c
r1ng protons 1n the fo]ded conformatlon, their a551gnment is 1nconc]us1ve.
An NOE exper1ment on a FMN mo]ecu]e with irradiation of the FC1'H
protons,on tnevr1b1to1,s1de cha1n will, perhaps, determine the assign-
ment'uneqoiVoca]1y. | | v
_ In order'to arrive at a correet_modei for the folded conformation
of FAD or the,structure~of'thevFMN'and FAD stacked dimers 1n.so1ution,
an unambigu0us assigoment of the'proton'resonance is'required.' An
exampie of an'ihcorrect assignment that could easily be made is seen
:'.from the data in Figure 5. In D20 solutions af;]ow temperatures the
FAD FCGH resonance.occurs to high field of the FC,H resonance. With
o an increase fn'temperature these peaks coalesce and cross now with the
FC8H to'1ower fié]d Cohsequent1y, only at>experimenta1 temperatures
below 40°C can a. correct assignment of these FAD proton resonances be

made based so]e]y on e]ectron dens1ty calculations.

‘Intermo]ecu1ar-Interactions

IntermoTecu]ar interactions:may'be studied»bybexamining the con-
centration dependence of FAD, FMN, end ADPR proton shifts in DZO/ |
dioxane solutions. Table I and Figure 3.show that the flavin protons
~are the most sensitfve to:concentration and must therefore be,ihvolved

in intermoleco1ar associations,  Sinoe‘the FCgH proton both in FAD and
PN experiehoe§,the greatest shift to']ow field with decreasing concen-
'trat1on, Sarma _E._l ? argued that in 020 these mo]ecu]es associate by

way of vert1ca] stack1ng of the 1soa1]oxaz1ne r1ngs The FC8H proton

of one of,the 1soa1]oxaz1ne rings spends on the average a considerable
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TABLE I

‘Concentration Dependence of the FAD, RN, and ADPR Proton Chemical Shifts

in th?b’ioxanc-d-S Solutions (70/30,’ v/v$) (177°C‘)

Compound  Conc. (M) ACgH - ACHH - FCgH FCgH AC,'H(®) FC, Qi3 FC,GHy

FAD 0,025 1855 1761 1693 1697 1309 531 517

0.0 1862 1764 1703 1735 1309 546 533
&(a) N 7 3 10 38 0 15 16
AN 0,025 . 1735 1716 557 531
0.0 1762 1760 . 566 546
& 21 4 9 15
ADPR 0,025 1876 1812 1339
0.0 1883 1815 1339
& 7 3 | 0

(a) &-Shift at 0,0 M-shift at 0,025 M; positive numbers represent a shift to
high'field.. Shifts are in Hz,
(b) The coupling constant J(Hy'-H,") is 5.5 2 0.2 Hz in FAD, and 5.8 % 0,2 Hz

in ADPR,
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time in ihe prqxfmity.of the aromatic ring A of another isoalloxazine -
" ring, and vice versa,‘ Then these protons experiehce the largest dia-
magnétic §h1e1din§ ar{Sing from the ring currénts'in the A ring. In

' Dzo/dfoxané so]utiohs (Tab]e I), the FCgH proton aTsd experiences the

greatest diamagnetic shift (FAD: 138 Hz; FMN: 44 Hz). The data in

~ Table Ilare“cdnsigfeﬁt‘wjth-thé staékfng modél‘fof FAD and FMN pro-
posed for thg D20’501Qtions. Adenine_protbns_bothvin'ADPR and FAD are
insensitiVe to concentration, . and thefefore-arebnot involved in inter-

molecular associations.

_Intramo]ecu]ar_Interdétions

The shie]ding»effeét of one ring on the proton‘resonanceé of the
second rihgvin.FAD may be studied by a comparison of‘the respective
mondnuc]eOtide and dinucleotide proton shifts at.infinite dilution.
This aésumegifhéf intermo]ecuiar'iﬁteraﬁtioﬁs‘and their effect on the
chemica1 sﬁifts are zero at inffnite dilution. The A(ADPR-EAD)'and
' A(FMNeFAD)-valuééhrepresent the difference in,¢hémica1 shift betWeen
brespective protons in the monohuc]eotides and the dinuc]eotide. In
DZO/dioxane (Tab]e 1) a]]lA values are positivé; indicating that in
| FAD’a11 protth»afé diamagnetica]iy shie]ded.v The ACéH proton ié more
highly shie]déd (51 Hz) than the ACq proton (21 Hz). The FC.H proton
also eXpefiences,é 1arger-diamagnetic’shfelding (59 Hz).as compared
 with the FC8H'proton (25 Hz). Therefore, theréonformatioh of FAD in
DZO/dioxane is in‘égfeément with the folded structure proposed for this

| molecule in DéO solutions by Sarma et al.
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TABLE II

The 'Dif'f'cre‘n'c_eb 3_13_ Chemical Shift betwéen Respective Protons in the

Dinucleotide TAD ‘and the Mononucleotides FMN and ‘ADPR in

D,0/Disxane-d-8 (70/30, v/v3)(17°C)

ACgH ACH FCGH FCgH AC)'H FC,Qfy FCeQHy

a(ADPR-FAD)(3) |
0,0 M 21 51 . - 30

A(PN-FAD) o | | |
0.0 M | 59 25 20 13

(a) 8 = Di’ffer'gh_ce in the proton shifts at infinite dilution. The

positive numbers represent a shift to high field.



- -51-

Température'Studieea |

In Figuresf4 and 5 we have summari;ed the temperature_depéndente:
of thevchemi‘(‘:_al 's'hif,ts in both D,0/dioxane and péo solutions. With an
h-increasedih temperature the proton lines shift to lower field (excep-
tion: the ACgH protons in ADPR in both solutions and in FAD in D,0/
dioxane). 6hanges in temperature Wi11 affect both the inter4 and
intramo]ecd]arvinteractions and associated broton shifts. The shifts
to 1ew'fteid may’be_explained by a decrease in the ring-current dia-
. magnetic Shie]dihg of the’protons when -intermolecular associationél
decrease by part1a11y destacklng as well as by a part1a1 unfolding of
the FAD moTecules. | o

The temperature‘dependence of the intramo]éch]ar interaction in
.FAD may be deduced by taking the difference between the mononucleotide
and dtnuc1eotide proton shift at every temperature; This assumes that
E ,chémical'shifts}for equivalent protons in_both mononucleotides and di-

‘ nucleotides, arising from any intermolecular associations, have the

same'depehdehce Qh temperature; |
| Several interesting features are evident from a comparison of the
curves ih FigUres‘4*and 5 and from the data in Table III. The first
is the decrease in the chem1ca] shift separation between corresponding
protons in the mononuc1eot1des and in FAD as the temperature is in-
creased. For examp]e, the shielding effect on AC,H in FAD decreases
- from 92 Hz at 5°C to 49 Hz at 90.5°C (D,0) (Table III) as the high
temperatures tend to unfold the FAD molecules. However, even at 90.5°C
the dindcteotide Proton resonances are always at higher fields than
they are 1n FMN and ADPR. This indicates that at this temperature‘

adenine-isoalloxazine ring interactions are still present.



Table ITY

‘Temperature Nenendence of the Difference in Chemical Shift between Pespective Protons in the

Dinug_]_cotidc TFAD and _t_!_x_g Mononucleotides PN and ADPR

—— —— Gy AT Cot——

...AC8}¥ ACZ“ FCSIl_ FCS!{ ACI'H .FC-,C!.IS. FC60[3

A, Dy0/dioxane-d-8 (70/30,v/v%) (0,025 M)
1. s°C | |
8CATPR-TAD) () 28 57 SR - S
A(RN-TAD) - e 300 16
2. 90.5°C - | |
ACADPR-FADY 8 23 17
ACTAN-FAD) R 23 9 o '3

B. 1,0 (0,025 M)
1. s°C |
ACAIPR-FAD) 59 92 .62
ACIMN-TAD) - e 29 4 28
2. 90,5°C |
A(ADPR-TAD) ' 23 48 40
8 (AN-TAD) - - 30 g8 16 8

(a) & = Difference in the proton shifts at 0,025 M, Positive numbers represent a shift to hiph field,

-26-
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| Sétohd]y; the:FAD tempekaturé curves in D20'so]Utions aré roughly
sigmoida]Ifn shapé, with apparent-asymptotic 1imits at both high énd
Tow temperafurés (Figure 5). " Sigmoid curves are also obtained when
the differences in the chemical shifts A(ADPR-FAD) and a(FMN-FAD) are
'plotted és a,func£ion 6f temperature.(ngure 6). The sighoida] depen-
dence of the chemical shifts could arise from changes in the relative
| confofmétion of the two rings in FAD. Similar_curVes'were obtafned
for adény1y1v(3'¥5‘) adenosine {ApA) by Chan and Ne]son.]3
Sigmoidicurves and cooperative transitions have been discussed in
. terms of the "twq-state" hypothesis or ”a]l-qr—none“ processes.
These terms imply a discontinuity in thermodynamic states such that
only one thermodynamic state is stable below the “transition tempera-
ture" and one above. At any given temperature the molecules in the
two states are in equilibrium. The best known two—state~processés
are the phése”chanéeérof So]ids and 1iquids and the conformational
- changes in}proteinsg The theory, character and properties of coopera-
tive transitions have-been"deveioped for the conformational transitions
of proteiné,'together with tests for the ya]idity of the two-state
_approximation.zz A R

The me1ting of dinucleoside monophosphafés has been interpreted
vin terms .of this model. The two states correspond to folded and un-
folded ﬁo]ecu]es.23' These resu]ts are based on temperatdre éhanges in
the circu]ar_dfchrojsm spectraf |
Considerihg_the.proton chemical shift vs. temperature plot

(Figure 6),,the shffts at the two asymptotif 1fmits at Tow and high

temperatures approach the chemical shifts of the pfotons in the folded -

|
I .
|
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and unfo]ded'states,‘respecfiVely. ‘Hence the sigmoid dependence of
. the shifts on temperature arises mainly from changes in the distance
between‘the'two rings,vand therefore from changes in the ring-cukrent
shielding. The app]jcabi]ity'ofeinterpketihg ring-current shift
changes ih'ApA in terms of the two-state mode]vhae'been»diSCussed by
Chan and Ne1son;]3 | _
| ?ate18 has abb]fed.NMR in studying the QOnformation of the co-
enzyme nicbtinamide adenine dinﬁc]eotide (NADH). He suggests that a
rapid equflibrium 6f open and one folded coﬁformation of NADH favors
the:open form at higher femperatUres and the folded form at lower |
temperatures. The.ebseryed,NMR sfgna] at any temperature is the
 weighted average of open and one folded conformation in rapid edui]i-
‘brium af that temperature. We therefore suggest that FAD molecules |
in D50 so]utipne are in a»rapid equilibrium between a folded and an
unfoided'state,'
| Sigmoid curves'ere not observed in DZO/djOXane solutions (Figure
| 4) nor when the difference in the chemical shifts a(ADPR-FAD) and
A(FMN—FAD) are pjotted as a function of teﬁperature. Dioxane must
therefore lower the energy barrier and hance the transition tempera-
ture.befween thevfolded‘and uhfo]ded states; This results in a de-
crease inethe intramo1ecu1ar shieiding of all FAD protons (Table III).
" For example, at fhe Towest and highest temperatures that were studied,
the FAD AC,H proton at 5°C in D,0 is shielded by 92 Hz and this
shielding decreases to 49 Hz at 90.5°C, Whereas in D,0/dioxane the -
| shielding decreases from 57 Hz to 23 Hz‘over this same temperature

region.
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Temperature dependencies of the.coupling cbnstanth(H].-Hz.)
have been interpreted in terms of a conformational change of the hibosev
ring in several dinucleoside monophbsphates.24 .In'ApA_this couﬁ1ing
increases from 2.3 to 4.7 Hz (4° to 71°C). In the molecules under
- consideration thé_temperatufé variation of this coupling is small.
In D0 the coupling Constant increases from 4.5 to 5.2 Hz in FAD (5°
to 90.5°C), and remainélat 5.6 Hz in ADPR. In DZO/dioxane, the »
cbup]ing constant in FAb is 5.4 Hz buf dec}eases in ADPR from 6,0 to
5.4 Hz (5° to 90.5°C). Because the changes are very small, no appre-
ciable geometrical changevin the relationship of H;, and H,. takes

place in this temperature range.

'501vent Effects

A comparison of Figures 4 and 5, togethér with the data shown in
Table tv, shows that fhe:addition of dioxane to D,0 solutions of the
solute molecules induces a shift to Tow field for the protons with
the exception of the AC;.H proton in ADPR (17°C). These solvent
shifts to Tow ffe1d may arise from (a) the decrease in the ring-
current diamagnétic shielding of protons, and (b) hydrogen bond
formation, ,' | .

“Solvent shifts of the FAD protons in going from DéO to D,0/
dioxane arise since dioxane decreéses both the fraction of folded
molecules (all protons are deshielded and experience a shift to low
field) as well as the fraction of intermolecularly stacked FAD mole-
cules in solution (flavin protons experience an additional deshielding).

Therefore, from Table 1V, the solvent shifts are'always‘greater for
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- TABLE IV

j Solvent”Effeét on the FAD, F\N, and ADPR Proton Shifts

A= (DéO/dioxéne-d—S (70/30, v/v%)) -. D0 proton shifts (0.025 M)

- Compound ACGH AGH  FCH  FCH  AC'™H FC;(Hy  FCuCHy

Temp, 17°C _ _
FAD . 40 4 52 71 23 27 29
RN ~ 3 e 11 16
APR 65 6.5 ;'- | 9 |

| Temp. 90;S°C » '

CED 15 20 37 29 16 10 13
o S 30 30 B 6 8
ADPR  _7 0 -6 a7




e |
the dinuc]eotide.then for the‘resoective mOnonucleotide'protons. 'For
| the ACH proton, these shifts are 46 and 6.5 Hz for FAD and ADPR, |
v respect1ve]y . |
Cons1der1ng the 1ntermo]ecu]ar so]ute so]ute stack1ng interactions
further, the data in Table IV show that the FCBH proton undergoes the
greatest shfft (66 Hz‘in FMN and 71 Hz in FAD). ante this proton
shift is also the most‘concentration dependent (Table I)}the dioxane
must greatly d1sperse and decrease the fraction of stacked FMN molecules
in solution. ADPR proton shifts are only s]1ght]y concentrat1on depen-
dent. .Therefore,vthese mo1ecu1es are'not involved in intermolecular.
associations and experience a very small.soTvent:shift (Tab]e Iv).
These solvent sh1fts may be exp1a1ned by the decrease in the ring-
current d1amagnet1c sh1e]d1ng of protons as ne1ghbor1ng rings are
dissociated by d1oxane. An increase in temperature also increases
the dissdcfation, as evidenced by the smaTTer (so]Vent) shifts at
90.5°C (Table 1V). !
FAD proton,shffts were also studied in 50/50 (v/v%) D20/dioxane~
d-8 solutions (Table V). A1l protons experience a further shift to
Tow field with incheasing concentrations of dfoxane. This indicates
~that all dissociations are further enhanced K - _
Solvent shifts for the ACZH AC8H, and AC] H protons are 1in agree-
25

ment with those observed b y Hruska et 1.

for purine, 6-methyl-
- purine, and 9-ribosylpurine in DZO/dioxanedsolutions for the solvent
composition ratios under consideration. These authors also found
that the ACBH protons form hydrogen bonds with the so]vent molecules,

since the AC, carbon is the most electron-deficient center in purines.



Table V

" FAD Proton _Shifts as a Function of the DZO/dio‘xane-d-Sv ratio

(V/VE) (0.025 M, 17°0)

Solvent

FCH

FC.H

olvent Al ACH  FRCeH 5 ACy'H _§¢7c{3 s
100/0 1815 1715 164l 1626 1286 505 488"

70/30 1855 1761 1603 1697 1309 532 517
50/50 1867 1780 1722 1726 1319 542

526

-65-
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Protons involved in hydrdgen—bohdihg‘intekactions are invariably

shifted to Tow field.®

 The'an§ma1ous shifts to high field of the.
ACGH protonvasla'functiOn'éf temperature in ADPR and FAD in D,0/
dioxane (Figure 4) and in ADPR in DZO'so]utiQn§‘(Fjgure 5) may indi-
cate the presence df this hydrogen bohd..'Thé FAD ACgH proton in D,0
does not exhibit a shift to high field with an.increase in temperature.
This may afise beéause‘cbntfibutions to the Chémical shift due to
hydrogen-bond breakfng (é netfshift to high field) nearly equal the
contfibutidns from_é decreasé_in the ring-current diamagnetic Shie]ding
of the protons (a net shift to Tow field). Shifts to high field of
hydrogen-bonded protons are often_observed with increasing tempera-
ture and result from a decrease in the fraction of hydrogen-bonded
'speCieS.27 The NAD ACBH shift to high field with temperature (DZO)
"~ may then also be ascribed to a decrease in the fraction of hydrogen

bonded species in_soTution.5

Temperature Dependence of Line Widths

The line width at half height of the ACgH proton in ADPR shows a

~temperature dependence (Table VI) which is not observed for the ACH

“proton in ADPR nor. for the FAD protons. In DZO/méthano1, 50/50 (v/v%),

-a sharp ACgH Tine is observed at low temperature (-29°C), broadens as
the temperatufe’is jncYeased, and finally narrows again at temperatures
above 60°C. In D,0 and D,0/dioxane solutions this proton line width
narrows with an inércase in temperatufe (5°C to 68°C)._ Over this
temperature region, the line widths of other protons in ADPR and FAD

show a very slight temperature dépéndénce. ,The ADPR AC2H proton- 1ine

width at 5°C is 3.0 Hz and decreaseé to 2.0 Hz at 90.5°C. Furthermore,’



" TABLE VI

Temﬁcmtixre Dependence of ‘the ADPR Proton Line Widths* in Three Solvent Systems

| -DZO‘ - - ‘v’DZO/dioxavne- (70/30, v/v%) :" Dzo[mctﬁaﬁol (50/50, v/v%)
T°C A ACH LA A Ac  ‘,"Ac2u" ’ |
-13,5 S | | 44 3.8

5 8.0 3.5 8.2 3,0 ,'» - 58 . 37
17 ° 6.5 25 10 30 I X 8 3.p v
37 45 30 65 2.5 80 3.5
52 30 2.0 S 20 53 2.8
63. 25 2.0 35 2.0 . 40 2.0
22 20 20 25 2.0 | o
90.5 20 20 2.0 2.0

*The nurhers represent the proton full line widths at half height in Hz,

-19-



: o . -62;
the line width of ADP»ACEH.and ACZHvat ambient tempgratUrés (i7°C)‘
are near1y~eqUa1.. SR | | |
These observations are, most probab]y, caU$ed'by'the presence of

'pafamagnetic”meta1’impurities ithDPR'(Sée Chabter IV for a detailed
di#cussion). When ADPR is passed fhfough a Dowex 50 column to remoQé
meté] cohtaminahfs, thgipreferentia] broadenfng of AC8H to‘ACZH is
not observed. In_ADPR'tHe metal appears to bind closely to ACgH,
presumably, to N7‘of thé adenine ring. A'similar inQestigation,hy"

| Berger ‘and Eichhorn28

‘on binding of ccpper (II) to adenine nuc]eotides
shows the same result. A'preferéntia1 broadening bf'AC8H resonance
‘peak to ACZH“is‘observed in 3'-AMP, 5'-AMP and poly(A). They postu-

late a binuclear 2:2 Cu-AMP complex in which the two bases are stacked

with each Cu (II) bound to a phosphate of one AMP and N-7 of the other.

‘This model is consisteht with our temperature dependénce study. In
.'DZO and DZO/dioxane so]ution; wheh_the temperature is raised, the
ACgH resonance of ADPR sharpens, possibly because of fhe dissociation
of the binuc]ear cbmp]ex. The observation in'DZO/méthano1, however,
is ]eés clear. A possibility of solvent effect on the complex cannot
be ignored. FAD proton resonances do not show any preferential
broadenings can be attributed to either a cleaner sample or a dif-

~ ferent mode of metal binding.
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CIII. ENZYME SUBSTRATE' IHTERACTION OF A FLAVOPROTEIN - ’
Q HYDROXYBENZOATE HYDROXYLASE
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“A. INTRODUCTION

'"7win Chapﬁér I, we ‘have pointed out that one of’the'advantages in
the %nVeStigationIOf flavoproteins is that the characteristic chromo-
phore"—.f1avin - is contained in the coenzyme. Va]uéb]e information
on enZyme-substréteainteraction:andrmechahism of enzymatic catalysis
can be obtained. Ihvthisvchapter, we choose to study a flavoprotein,
"E}hydroxybenzoafé hydroxy]ase. Hydroxylation p]ays an.imporfant role

in the oxidative metabo]ism of aromatic compounds by bacteria. As a
consequence, the.mechanisms of action of those enzymes that mediate
these hydfoxy]ation reactions havé stimulated profound interest. Two
mono-qugenases;-thydroxybehzoate hydroxylase and salicylate hydroxy-.
lase, have been purified to homogéneity and investigated dctive]y.]'4
Both mono-oxygenases.are inducible. They are,f]avoproteins requiring -
FAD and reduced pyridiné nucleotides as cofachrs; however, they differ
in specificity. SaJicy]ate hydroxy]ase is specific for NADH, whereas
l thydroxybenzoate hydroxylase is specific for NADPH.2 The precise role
of the flavin prosthetic group and the mechanism of action of the re-
duced pyridiné nucleotide are not clear. Recently, investigation 6f
the nature.of the enzyme-substrate ternary complexes of salicylate
hydroxy]ése by f1uorometric.methdds have been répofted by Takemori
' g}_gl,5'7 Nakamura,»Hfgashi and co-workers have reported kinetic
>studies'on'the reaction methanism of p-hydroxybenzoate hydroxylase

from Pseudononas désmolytica.8’9v
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Q}Hydfoxybenzoate hydroxy]asefwas induced invPseudompnas putida.
The two subspecigé, Qggigg and desmo1ytiéa, have functionally the |
,vsamebgfhydroxyben?date.hydroxy1aSes; however, they differ in the -
SUbSEquehtfoxfdation 6f_proto¢ate¢huate. fhe.Formér uses the ortho

10

cleavage pathway;y1e]ding 34carboxy-cis-Cis-muccnate; the latter

uses meta cleavage, yielding a-hydroxy-y-carboxy-cis-cis-muconic

semia]déhyde;jlﬂ'

To elucfdaté'the.mechanism of ehzymatic catalysis, it‘is perti-

nentito sfudy the intermédiate enzyme-substrate complexes and also
" the interactions of various analogues. Hesp et gl.z réported that
the CD sbectrum of Eyhydroxybenzoate hydroxylase was perturbed signi-
- ffcant]y upon addition of fhe substraté, p-hydroxybenzoate. (D
.vmeaéurements thﬁs.proyidé a sensitive method of'studyiﬁg thé enzyme-
. substraté éomp]exeé;' In this chabter, we present the resu]ts_qf a

: kihetié study which indicates the tompetitive ihhibitory behavior of
sté'of the substituted benzoates, contrary tq‘prerous findings,]v
and thé CD and NMR stddies which suggeét the fnteraction of the sub-

strate-and the‘bound FAD.
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B. EXPERIMENTAL PROCEDURE

Material o

Reagenté‘used routinely for ehiyme preparation and assays were
the purest grade.évai]abIe{' Ammonium sulfate waé the special enzyme
'_gradé reagent of Mann Research Laboratories. Calcium phosphate gel

.waé prepaked,according to Keilin and HaN:nc—:e.]2

DEAE-cellulose was
obtained from ManneX'Company and washed with 0.005 M phosphéte buffer
(pH‘6.85).-.Whatm§n Chromedia CF 1I cellulose powder was soaked in

3 M EDTA overnight and washed 10 times with deionized water. NADPH

10°
(grade 1I), NADH (Sigma grade), NADP® (grade I1I), NAD® (grade IV),

FAD (gradé I11), E;f]uorobenzoate, and Q;aminobenioate»wére purchased

- from Sigma. 6eHydroXynicotinic acfd was obtained from Aldrich. Pheno]
was from Mal]inckrpdf-Chemical, andvE;chiorobenzoate, p-nitrobenzoate
were from Eéstman‘quék. A11 the benzoate derivatfves and phenol were

twice Crystallized from,water before use. A1l other reagents were used

“directly wi thout further purification.

Enzyme Preparation

E;Hydrdxybenzoate hydroxylase from Pseudomonas putida, strain M-6

(ATCC 17428), was prepared and purified by a modification of the method
'describéd bvaosokawa and Stanier.] The method is similar td that |
‘reported.in,referenbe 2. The balance shéet for the purification proce-
dure is given ih'T§B1e’I. The purified enzyme Qas stored in a stabi-

1izihg mixture at -70°C until use, as described previous]y.2 The enzymé



- _69-

TABLE I

' Purification of p-Hydroxybenzoate Hydroxylase

¥

. R _ Total Total Specific  Yield
Step - Vo]ume protein  Activity activity %
A ml - mg units units/mg
. 'Cell-free extract 3260 123,500 44,270 0.36 100

. Protamine sulphate

treatment and first

ammonium sulphate

fractionation | : v ) _

0.4 to 0.5 saturation 365 23,580 23,650 1.0 53.5

. First Sephadex G-200

treatment and concen-

tration by ammonium

sulphate precipitation , '

0.3 to 0.6 saturation . 52.5 3,150 14,700 4.67 33.2

. Calcium phosphate v o . ‘
. gel column 115 - 1,960 13,200 - 6.75 - 29.8

. DEAE-ce11u1ose.co1umn
-and concentration by . '
ammonium sulphate - 17.5 590 - 3,600 6.1 8.1
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was found to denature slowly over a period of one year. The preser-
vation of the enzyme was improved by storing it under an oxygen-free

helium atmosphere.

Enzyme Assays

E;Hydfbkybenzoate hydroxylase was aséayed by spectrcphofometric
measuremenfﬁbf the subsfraté-depéndent oXidation of NADPH. The proce-
dure has been described'éar1ier.] fhe standard assay systeﬁiis slightly
modified from the previous method. The standard system conta1ned in

3.0 m1, 67 mmo]es KZHPO4 KH2P04 (pH 7.0), 3.3 ymoles of FAD, 0.13 mmoles

of NADPH, 0.67 mmoles of p-hydroxybenzoate, enzyme and de1on1zed water.
The unit of enzyme activity is defined as that amount of enzyme which
oxidized 1.0 umoles of NADPH/min under the conditions of thé spectro-

photometric assay.

Kinetic Measurements

The k1net1cs were studied spectrophotometrically by measurlng the
substrate-dependent ox1dat1on of NADPH at 340 my. Var1ous substrate _
analogues were incubated for 2 min (or longer) before the measurehent.
A1l substrate analogues were adjusted to pH 7.5. A1l experiments wére
carriéd out at 20°C + 1°C. Each experfment was repeated at least twice

until consistent results were obtained.

Optical Measurements

The absorption spectra were measured in a Cary Model 15 spectro- -
meter. The circular dichroism measurements were obtained with a Cary
Model 60 spectropolarimeter with a standard Model 6001 CD accessory

attachment. A Cary thermostattable temperature cell compartment was

used. CD spectra of the enzyme and p-fluorobenzoate and NADPH complexes | i
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'.were stud1ed at both 20°C and 2°C. 'anCe»SDectra at the two tempera-
tures were 1dent1ca1, subsequent exper1ments were carr1ed out at 2°C
+.0. 1 C The slit w1dth program was set for 15 R resolution and the
time constant and scan speed were adJusted for best signal:noise ratio
for each'individuaT experiment. In all cases, optical path length of

1.0 cm-was used.

Nuclear Magnetic Resonance Measurements

- The NMR spectra were obtained on a Varian h1gh reso]ut1on HR 220 MHz
| .spectrometer descr1bed in Chapter I1. -The enzyme was d1a]yzed aga1nst
vDZO potassium phospnate buffer (pD 7.4)* extensively to remove the ex-
__ohangeable hydrogen; The'samp1e was‘freeze—thaw degased to remove
molecular oxygen The temperature for all measurements was maintained

at 4°C i_1.0°C. A1l measurements were made in D,0 potassium phosphate
buffer system (pD 7.4) containing 0. 001 M EDTA and 0.001 M DTT (d1th1o-

erythreito1).

Anaerob1c Exper1ment

-To eff1c1ent]y achleve the anaerobic cond1t1on without denaturing
the enzyme in a,cuvette suitab]e for optical activity measurement and
-sti]].permittﬁng the.addition of various reagents has been found to be
difficult. We have used the method described previously.z‘ The space
above the enzyme solution in the cuvette is first flushed with oxygen-
o free'helium for 30 min. The enzyme solution iS'then bubbled with 02-
free he11um at a- rate of 1.5 cc/mln for 15 min. . If the enzyme 1is noticed

to denature dur1ng the assay procedure, the result is discarded. We have
been able to achieve strict anaerobic condition with negligible amount
of denaturation.

The glass e]ectrodes can be standardized with a correction factor of 0.4
un1t added to the “pH“ reading to give the pD va]ue 13
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C. RESULTS

Chemical Structure of Substrate Analogues

Several aromatic compounds which are structurally related to p-
hydroxybenzoate, but cannot serve as a substrate, inhibit the enzyme. .
The benzoic acid derivatives vary in strength according to the nature»
of the substituent and its ring position. The relative strength of-a
sqbstituted benzoié acid is chéraéterized by a substituent constant o.
The more electron-attracting a substituent is, the more positive is its
o value (relative to benzoate as zero). ConVerse]y, the more strongly
a substituent donates electrons, the more negative 1s.its o value.

These values for the inhibftory benzoates are given in Table II.

Kinetic Study

It was reported previous]y] that benzoate and a series of its ana-
logues were inhibitory td‘the activity of p-hydroxybenzoate hydroxylase.
~Using Tris-HC1 buffer system for assay, the inhibition was found to be
non-competitive. However, enzyme activity drops very quick]y dgring
. the assay in Tris buffer system (pH 8.0). Accordingly, there was in-
accuracy in determining the initial velocity of the reaction. We could
overcome this problem by replacing Tris-HC1 buffer with a ﬁhosphate
buffer system (pH 7.5), in which oxidation of NAPPH proceeded almost
Tinearly even at very Tow concentrations of NADPH and enzyme.

By employing the improved assay systemb we have found that benzoate,
p-fluorobenzoate, p-chlorobenzoate, p-nitrobenzoate, p-aminobenzoate,

and 6-hydroxynicotinate are all cempetitive inhibitors. Figures 1-6
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TABLE 11(2)

_v,f'-Summaryvbf Hammett Substituent Constants, o

~ Compound o o _ Estimated ‘1imits
' ' S of uncertainty

Q;Aminobéhzoate T v . -0.66 o 0

~ p-Hydroxybenzoate R . :_0.37 . 0.04
Benzoate o B 7 R

:'E;F1uor05enzqate :; o vo,062 - : 0.02

| Q;Ch]orobenzdéte - o 0.227 | 0.0

' ErNitrobenZoate_ - | 0_7781v ' 0.02

14

' .(9)vc values were based on jonization of substituted benzoic acids.
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40 - INHIBITION BY BENZOATE

' 1.33x 1073
30 —

<|—

8.33x10°4
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FC‘)_B_JX 104 m~!

XBL7010-5463

Figure 1. "Effect of benzoate on the activity of p-hydroxybenzoate
hydroxylase: double reciprocal plot. The data are plotted by the

method of Linéweaver and Burk.]7

Assay conditions were described

under "Experimental Procedure". The reciprocal ve]ocify, 1/v, is in
arbitrary unifs. The concentrations of benzoate in M are indicated
on the plot. The same conditions stated above are used in Figures 2

through 6.
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Figure 2. ,Effect'of'E;nitrobenzoate on the activity of E;hydroky—

“benzoate hydroxyiaée.
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40 |- INHIBITION BY p-CHLOROBENZOATE
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Figure 3. Effect of p-chlorobenzoate on the activity of p-hydroxy-

benzoate hydroxylase.
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- Figure 4. Effect of Q;f]uorobenzoate on the,activity'of p-hydroxy-

- benzoate hydroxylase.
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950 INHIBITION BY p-AMINOBENZOATE
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'Figure 5. Effect of E;aminobenzoaté on the activity of p-hydroxy-

benzoate'hydroxy]ase.
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a0l-  INHIBITION BY 6-HYDROXYNICOTINATE
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'v Figure 6. Effect of 6- hydroxyn1cot1nate on the act1v1ty of p-hydroxy-

benzoate hydroxy]ase
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show the Lineweaver-Burk plots ofvthe~enzyme activity in the presence
of tnese inhibitors.‘ A1l of them are typical competitivé inhibitions.
The Ki values were determined by the method described by Wilkinson 13
and C'le]and.]6 The results are given in Table III.

A Hammett plot of the action of.fhe substituted bénzoate deriva-
tives is given in Figure 7, where the logarithms of the inhibition
constants Ki's aré'biotted against their g-values. They fit the
Hammett equation very well. . The "reaction constant", ,, which is the
slope ofbthe Hammetf plot, is estimated to be 1.78. The significance
of p is thaf it measures the sensitivity of the reaction to the elec-
trical effects of substituents in the meta and para positions. A
positive p value suggests that the inhibition is favored by increasing
the nucleophilic reacfivity of the carboxyl group.

Phenol shows no inhibition at concentrations below 0.01 M. Inhi-
bitory effects occur at concentrétions greater than 0.01 M, due pre- |
sumably to nonspecific binding to. the enzyme. The results are given
in Table IV.

| The above findings suggest strongly that the carboxyl group is
necessary for the substrate analogue to inhibit the enzyme and pos-

sibly is involved in the binding at the active site.

Effect of Deuterium on the Activity of p-Hydroxybenzoate Hydroxylase

It is well known that biological systems are affected by isotopic
substitution. . En;ymatic activity has been shown to be .influenced by
deuterium fep]acement.]8 Because of the necessity of substituting 020
for HZO to reduce solvent proton signal in HMR experiments, the enzy-
matic activity in D20 is tested. A time dependent study of deuterium

effect on enzymatic reaction is given in Table V. The assay is
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- TABLE IIT

Inhibftory'Effe¢t gj.SUbstrate Analogues

Substréte ana]ogﬁes . Inhibitibn (%)(a) Ki(b)‘
p-Nitrobenzoate - | .16 .(4;2 11.3) x 107%m
6-Hydroxynicotinate | 17 (3.1 1 0;4) x 107
p-Ch]orobénzoateb - | 12 : (i.8 i70.3) x 1074
p-Fluorobenzoate 35 | (7.6 £1.9) x 107°
Benzoate - .‘ 25 - (5.9 % O.5)'x 107
p~Aminobénzoate - _ -8 v'(4.2't 0.9) x 1076

(a) Inhibition was measuréd by the p—hydroxybenzoate-dependent oxidation
of NADPH in the presence of 3144,pg enzyme, 0.1 mM p-hydroxybenzoate,
0.33 mM substrate analogue and the other conditions were the same as the
-standard -assay system mentibned in sectiOh'on experimental procedure.

(b)'Ki values were calculated, assuming a completely competitive inhibi-
tion, by a linear regression analysis of the equation

[ 1L oy )

max max

' where S and I denofe'the substrate, p-hydroxybenzoate, and inhibitory

‘substrate analogue, respectively, v and V are the reaction velocity

and maximal reaction ve]otity, Km is the ﬁ?ﬁhaeTis-Menten constant and
Kj is the inhibitor dissociation constant. In our kineti¢ measurement, -
the velocity determinations, probably are reasonably homogeneous in
variance. If the variance of v is 02, the variance of [S]/v can be
“shown to be 02[5]2/v4.]5

the above equation, the proper weight v4/[S]2 is used. The standard

Therefore, in fitting the linear form to

error.of Ki is estimated by standard procedure of propagation of error.:
A1l computaticns were done on a CDC 6600 computer. The listing of the
computer program (LESQW) used for the calculation is given in Appendix
I11 C. |
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Log K;
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XBL 712-5036

Figure 7. Action of the substituted benzoate derivatives. Ki are the
inhibition constants evaluated in Table III. The standard errors in
log Ki are indicated by the vertical error bars. The Hammett substi-
tuent constants ¢ are summarized in Table 1I. The estimated errors of

o are plotted as horizontal error bars. The slope of the line is 1.78.
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TABLE- IV

" Phenol Inhibition'?)

Phenol coﬁcehtratioh‘j;. o % Inhibition
wle s
sx102w 515
1072 ERER. 0
10'3 M 0
8.3x 1072M 0
0o 0

(a) The standard enzyme assay-system.was utilized

~ with 1 mM p-hydroxybenzoate.
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TABLE V

Time dependent study of deuterium effect on

p-hydroxybenzbate hydroxy]asea

Time (min) - VH20 (0.D./min) VD20 (0.D./min) VDZO/VH20 (%)
o 0.348 0.184 52.9
80 o 0.322 0.176 54.6
175 - 0.327 0.174 | 53.2
275 o 10.322 0.18  58.4

15 (hrs) 0.294 0.159 54.1

aEnz_yme was kept at 0°C. The assay was carried out at room temperaturé‘

(or 23°C) in a standard assay system with 99.9% D,0 replacing H20
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performeddin_the standard-aSSaycmintukeS’described in Sectioan with
DZOdrep]acing H20 ' The reattionfve1ocity in 020 (vD) decreases to
approx1mate1y half of that 1n H 0 (vH), immediately, and the ratio
D/v 'rema1ns constant over a per1od of 15 hours This observation

18 on the reduction of

is similar to-a study by Thomson and Bummert
pyruvate by NADH in .the presence of Tlactate dehydrogenase When the
: react1on rates were’ compared at the pH or pD of maximum ve]oc1ty, an-

_1sotope effect of-vD/vH = 0.53.was-observed, which is identical to our

. result of vy/vy = 0.529 at zero time.

CirCu]ar'Dichroism Study of the En;xmé-lnhibitor Complexes

The CDvspectrum of-the'hoioenzyme of Q;hydroxybenzoate hydroxy]asev
' has.been reported_previoUSly,Z»vThe effect of the substrate, p-hydroxy-
'benzoate,ion theehOJoenayme manifests.itself in the visible region of
the FAD'abSQrption.- The perfurbacion-of.thevho]oenzyme CD spectrum
uoon‘addition.of p-hydroxybenzoate Was‘given in reference 2. The CD

- spectra of the enzyme-bound FADdhO]oeniyme in the absence and presence

~ of the inhibitorS‘and.substrate, thydrokybenzoate, are given in Figures
A8 and 9. The effect of benzoace onvthe CD spectrum of p-hydroxybenzoate
hydroxyiase Was described ear]ier.g A large -change was observed in the

CD‘spectrum'of Q;hydroxybenzoate hydroxylase upon addition of benzoate.

dP F]uorobenzoate

Tne CD spectrum of the enzyme was changed by the addition of 10 -3 M
E}f]uorobenzoate. The 367-nm CD was slightly shifted and decreased.
| The 455 nm bandvalsobdecreased. Addition of 10_3.M E;hydroxybenzoate
'co che enzyme Qf]uorobenzoate system produced the fami]iar‘change:of

the CD'spectrum characteristic of the enzyme thydroxybenzoate'comp]ex.
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Figure 8. CD spectrum of p-hydroxybenzoate hydroxylase in the presence
of 6-hydroxynicotinate and p-hydroxybenzoate. The enzyme (6.7 x 1072 M)
is in 0.05 M potassium phosphate buffer, pH 7.5; temperature 2°C; path-

length, 1.0 cm.
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Figure 9. cD sbectrum of E;hydroxybenzoaté hydroxylase in the presence
of'g4f]u0robénzoate and thydﬁbxybenzoate. The enzyme (6.7 x 107° M)
is in 0.05 M pbtassium phosphate buffer, pH 7.5; femperature 2°C; path-

length, 1.0 cm.
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i

6-Hydroxynicotinate -

The effect on the CD spectfum of the enzyme caused by addition

of 10'3 M 6-hydroxynicotinate was significant. Botn the 367 nm and

455 nm CD bands decreased markedly. When 1073

M p-hydroxybenzoate
was added to the system, enhancement of the 455 nm band was observed.
The general apﬁgékance of the CD spectrum resembled that of the enzyme

E;Hydroxybenzoatévsystem.

p-Aminobenzoate

In contrast to the effect produced by p-fluorobenzoate, benzoate,

3 p-aminobenzoate caused

and 6-hydroxynicot%nate, the additioh'ofvlo-
| almost no modifibation of-ﬁhe Cb spectfum of the enzyme except a slight
| decrease of the shoulder a% 340 nm. Even after the addition of 10'3 M
Q;hydroxybenzoate, no fukthék change was observed. This experiment
was repeated with:the order of addition of p-aminobenzoate and p-
hydroxybenzoate réVersed. The same final CD spectrum was obtained.
Sincevgfamiﬁobenzoate did inhibit the enzyme, this may suggest that
 tﬁe intefaétidh of»g;aminobehzoate with the enzyme is such that it does
not’ manifest itself ih a CD modification. This reéu]t indicates the
bossibi]ity of a dffferént mbde of binding between the enzyme and p-

.aminobenzodte than that between the enzyme and p-fluorobenzoate.

p-Chlorobenzoate and p-Nitrobenzoate '

These have been shown tp be the weakest inhibitors (Table II).
The CD spectra of the substrate analogue-enzyme mixtures are not

significantly modified.
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"Evidence for the Direct Binding of NADPH to p-Hydroxybenzoate Hydroxylase

Circular Dichroism Study

Since CD spectra-of thydroxybénzoate hydroxylase served aé a sensi-
tive means of detecting the formation of the enzyme-substrate compliex,
we now extend CD measdrementS'for‘studying the interaction of NADPH
with the'enzyme. vA summary of the results is in Table VI.

~ Under ahaerobic condition, produced by %1ushing the system witH
helium, the efféct of NADPH on the CD spectra of plain E;hydro*ybenzoate
hydroxylase‘was examined. Upon addition of NADPH, there were marked
changes, as shown in Figure 10, in the CD spectra of thé enzyme. In
the presence of NADPH, both the negative and positive CD bands of the
plain enzyme (maxima at 455 nm and 367 nm, réspective]y) are blue
shifted. -In,éddition, a negativebcontribution'to the optical rotation
is observed. When p-hydroxybenzoate is addéd,in addition to NADPH under
anaerobic condﬁtion, the broad negative'band of the CD spectrum of the
enzymé—NADPH mixture becomes even more negative. The results suggest
that p-hydroxybenzoate hydroxy]ase»forms a complex with NADPH both in
the absence and pfesence of p-hydroxybenzoate.

In order to find whether NADPH or its oiidation producf, NADP; is
responsible for this binding, the effect of NADP on the CD spectra of
the enzyhe was examined. Under anaerobic coﬁditions, there are no
significant changes ih the CD spectra of the enzyme upon addition of
NADP. NADP deces not affect the familiar substrate-induced changes in
. CD speﬁtra of the enzyme under aerobic condifions. These facts indi-
cate thatbthere is probably no interactign between NADP and p-hydroxy-
benzoate hydroxylase or, at least, it does not manifest itself in a CD

modification.
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TABLE VI -

Effect of reduced and oxidized pyridine nucleotides

gg_thevgg_sgg;trum of p-hydroxybenzoate hydroxylase

Condition R-Hydroxy= NADPH  NADP NADH
benzoate : ' Y .
‘Aerobic absent  No changes, but the  No changes. ---

conclusion cannot be
deduced, because NADPH
is oxidized in this

-system.
present  NADPH is oxidized . Familiar -
quickly. u changes.
“Anaerobic absent  Marked changes. ~ No effect. No significant
’ changes.
present Further changes:, more - S]ighf]y

than above. , - affected.
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“Figure 10. - The effect of NADPH on, the CD spectrum of thydroxybenzoate
hydroxylase. The enzyme is in 0.05 M potassium phosphate buffer, pH

7.5; temperature 2°C; pathlength, 1.0 cm; anaerobic condition.

- enzyme alone (6.9 X 10_5 M); —=—-=--- ,enzyme in the presence of
1073 M NADPH; -4-}—f—f*-—¥enzyme in the presence of 107 M NADPH and
__3 M thydroxybehzoate. """" indicates region of the curve where

10

signal/noise is poor.
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NADH does not induce significant changes in CD spectra of plain
enzyme -solution under anaerobic condition. Therefore, the enzyme-NADPH
.:.comp1exﬁjs highiy specific, which is.consistent with previous reports.]’2
FroW;the_nesn1ﬁ§ﬁde$cribed above, we cannot determine the order of
the bind{ng of the substrates, NADPH and p-hydroxybenzoate, to the homo-

enZyme in;the ternary enzyme-g;hydroxybenzoate—NADPH-comp]ex.

Nuc]ear Magnet1c Resonance Study

The 11ne w1dths in NMR spectra can, potent1a]1y, provide important
1nformat1on concern1ng binding of sma11 molecules by macromolecules. A
rev1ew of the §ub3ect19 and a number of app]1cat1ons of the method20 -22
have appeaﬁedog-Inrtheory, the linetwidths in NMR spectra are sensitive
to the deg}ee:;nd kinds of no]ecu1ar motion‘present in the sample. An
increase in line widths can be interpreted as a restriction of molecular
motion, pronided the other broadening factors haverbeen properly taken
into consideration (for’examp1e, presence of paramagnetio metals, mag-

netic field inhomogeneity). Using this method,’Jardetsky g}_gl,,zo

Hof]isZ] and Sarma22 have reported the inveetigations of NAD and NADPH
binding to_alooho1 dehydrogenose and ]acfate hydrogenose.
Jardetsky_suggests that the pyridine moiety interacts with the
enzyme and, to the contrary, Hollis proposes that the adenine moiety is
involved. Sarma,'uti1izing a 220 MHz NMR system, concludes that both
adenine end pyridine ane involved in the binding and, furthermore, NADH
remains in a2 folded conformation. Table VII summarizes our NMR results
of NADPH and NADP binding to p-hydroxybenzoate nydroxylase. In the
absance of p hydroxybenzoate, it appears that the oxidized pyridine

nucleotide, MADP, does not bind to the enzyme, because no significant

broadening effect of the proton resonances is observed. This confirms
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Table VII

~NMR line width measurement of reduced and oxidized

pyridiﬁe nucleotides in p-hydroxybenzoate hydroxylase

p-Hydroxybenzoate -3 _ . 3
hydroxylase NADPH (5 x 107> M) NADPS (2 x 107> m)
-4 a,b ‘ .
(7x 1070 M) ACGHT® ACH PCH | ACGH ACHH PCH PC,H PCAH
Absent 1.3 0.8 35 | 3 3 4 4 4
Present ~  11.0 7.0 8.0 3 3 5 5 4

@ A and P denote adenine and pyridine rings respectively; the numbering

system is given in Figure 11.

The 1ine widths are full width at half maximum height of each peak,

and are expressed in Hz.

c Due to the low concentration of NADP, the signal/noise does not permit
line width measurement more accurately than 3 Hz.~
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the CD finding that there is probably no interaction between NADP and
the enzyme. However, NADPH shows definitive line width broadening
in the NADPH + ehzymé system. Comparing the-relative extent of

broadening of each proton, the adenine moiety of the pyridine nucleo-

tide seems to interact with the enzyme more strongly than the nicotinamide

20,22 and using

portion. Assume a fast exchange between enzyme and NADPH
Av = } » where Av is the line width at half maximum amplitude and T;
2

is the transverse re]axat1on rate, the bound Tine width Avp can be

P P
. estimated from the formula _—l-=,—;i-+ ——E-, where —l—-1s the observed
o2 Ter Top Ty
relaxation rate, T and = are the relaxation rates of the molecules

T
2f 2b
in the free and bound phases; P £ and Pb are the corresponding fractions

of molecules in each phase. Pf and Pb can be estimated from Fiqure 12,
knowing the total concentration of the enzyme (EO), the total concen-
tration of the substrate (NADPH)(SO) and the dissociation constant for
the enzyme-NADPH complex (Kd = 2.27 x 10'5)*.]

Figure 12 indicates approximately 14% of NADPH should be bound.
The ca]cu1ated.]ine widths of bound AC8H, AézH and PCZH are 71 Hz,
45 Hz and 35 Hz, respectively. These values seem to reflect a less
- mobile molecular environment for the AC8 and AC2 protons than for PC2
protons. This finding may suggest a model where adenine moiety inter-
acts more strongly with the enzyme. The model is reasonable in view of
the fact that the enzyme is very specific for NADPH and NADH cannot
substitute NADPH for enzymatié activity. The adenine part of NADPH
with its C2'-phosphate group must serve as a recognition site and,
perhaps, acts as an “énchor" for the pyridine nucleotide in the enzyme-

NADPH complex.

* .
The dissociation constant Kd is estimated in HZO buffer system.
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~ Figure 12. Binding study of the énzyme—substrate complex. The binding-

“of substrate to enzyme is computed according to the equation

Kg _
ES i £ 4 S 5 K

E

d’ o

~and S are the dissociation constant, total

enzyme concentration and total substrate concentration, respectively.
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D. DISCUSSION

As hés been'reporfed, disckepan;ies weke.fouhd among the modes of
inhibition of E}hydrbxybenzoate-hydroxylase by a nﬁmber of substrate
‘analogues.' The analogues, such as Eff]uorobenzqate, p-aminobenzoate,
benzoate and others; inhibited gfhydroxybénZOate'hydroxylase'from Ps.

- putida A3.12 1n'azﬁon-competitivé manner;] whereas these analogues were
competitivevjnhibitors to the p;hydrbxybehzoate hydroxylase from Ps.

Eutida.M-sb(this chapter) and Ps. deSmo1ytica.8_ These discrepancies

may be ascribed to the different buffer systems used. In the Tris-HCI

T and 7.0% found in potas-

buffer,'pH optimﬁm is 8.0 as compared to 7.5

sium ph03phate bufferZSystem,‘and furthermore, the enzyme activity is

found'to'be'fnhibited, increasing]y'and'marked]y,'during the assay due

to the preserce of chloride ion.” This inhibitory action of chloride

jon made the caléu}ation of enzyme activityAinaCCUrate and resulted

earlier in an errOneoué intekpretatiqn of the mbde'of inhibition.

Récenf]y;'Howe11 and Massey,23 using f]avih f]uoreséence, have_demon—"

strated the 6-hydrqunicotinate binding in competitive with the sub-

Strate p-hydroxybenzoate. This is consistent with our present finding. :
The‘comﬁétitive behavior§ of the benzoate derivatives indicate

-strongly that the carboxy] group is essential in the binding. Phenol ;'

does not inhibit the enzyme up to a very high concentration where non-

specific binding may take p]ace. The above findings,vin conjunction

with the fact that the enzyme will only catalyze p-hydroxybenzoate and

*Roland G. Kallen and Kefichi'HQsokawa, unpublished results.
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:will nOt'céta]yzé the other ana]ogues to any sighificaht extent,I lead
to the following hypotheses: ‘the carboxyl moiety participates in
binding_with.the'prfhary Sfte, prOVidihg an'"ahéhoring" and, subse-
Quent]y,‘the_hydroxyl.group'is;bound to a secondary site to facilitate
the catalytic activity. This is in agreément'with the two binding sites

2,8,9 1pe positive "reaction constant" (é = 1.78)

- model proposéd before.
| obtained frofn'l the Ha.r'nme.tt‘ plot (Figure 7) suggests that the primary.
binding site is favored by a nucleophilic attack.

Examination of-the-enzyme-inhibitor C6mp1ex by CD spectrum §howed
that there are two classes of substrate éna]ogués which competitively
inhibft enzyme activity. One class of substrate.ana1ogues causes

changes in CD speétra, and the other class shows no significant changes.
 EfF]u0robénz§ate-belbhgs to the former,.and E;aminobenzoate is an example
of the Tattér.- A'summary of the sUbstrate aha1ogues,vtheir structure,
formulae and effects on the enzyme is given in Table VIII.
_E—F]uorobenéoate binds to the enzyme, as evidencéd by a remarkable

change in CD Spectrum upon additionbto free.enzyme. Ifigfhydroxyben-’
szate is addéd to the Eff]uordbenanfe—eniyme_cdmp1ex, the CD spectrum

is converted .to the one similar to p-hydroxybenzoate-enzyme complex.

This indicates that_g~f1uorobenzoate binds to the same site as the
substfate, and,can be displaced by the E;hydroxybenzoaté. On the other
hénd,‘g;aminobenzoate does not produce significant changes in CD spectrum
of tHe free enzyme, although it inhibits the enzyme actfvity in a compe-
titive manner. E;Aminobenéoate may bind to a site other than the one
. binding'gff]uordbenzoate, and thus interfere with the overall reaction
of E;hydroxybenéoaté hydroxylase. Furthermore, the CD.spectrum of the

p-aminobenzoate-enzyme mixture is not affected significantly upon



e -98-
©* Table VIII. Summary of Substrate Analogues

A. Sdbstratevana]ogUeS'Which perturb'the_~:, Bond angle and |
CD spectrum of p-nydroxybenzoate -  1ength of pafa- Inhibition
“hydroxylase. = SR “ substituent(d) constant K;
1. Benzoate H-<::>FCOOH C-H=1.081%F 5.9 x 107°
2. Salicylate R HCOOH R +
3;Hp-Hydroxybenzoate' L 1 HO-<::>>COOH €-0 = 1.36 1.2 x ]0'5
4. 6-Hydroxynicotinate HO-@COOH 0-H =096  3.1x10"
5. p-Hydroxybenzoate® HO—@—C\ 2COH = 107.3° .+
- methyl -ester T » - CHy _ v
6. p-Flurobenzoate F@COOH C-F = 1.328 7.6 x 1072
B. SUbstrate‘ana1OQUés which do not perturb
the CD spectrum_of'p-hydrOXybenzoate
hydroxylase - '
N TW=T1.426 ¢
1. p-Am1ngbean§te | v H2N4<::>~COOH N-H = 1.036 4.2 x 10 |
, . X .,.3 : . . ’ . | : ) - 5 | -4
2. p-itrobenzoate N0, O)-Co N0 =124 4.2x10
3. p-Chlorobenzoate cl-@COOH c-C1=1.70  1.8x 107"
4. p-Methoxybenzoate!P) CH3-0-@(:0_0H C-0 = 1.428 + (weak)

5. Phenol Ho-(O)H S .

(a)Reference 24

(b)Reference 2.
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addition of p-hydroxybenzoate. Conversely, the CD spectrum character-

istic of the enzyme-substrate complex is converted to the one similar

to free enzyme spectrum by the addition of p-aminobenzoate. The results

show that the binding of p-aminobenzoate to the enzyme causes a secon-

dary effect on the substrate binding site so that p-hydroxybenzoate

can no longer bind to its site, resulting in the inhibition of activity.
The different modes of bindings may be understood in terms of a

steric hindrance effect at the hydroxyl binding site. Examination of

the CPK space filling models (Figure 13) and interatomic distances and

configurations (Table VIII) of the inhibitors (Class B) which does not

modify the CD spectrum of the enzyme has a benzoate substituent ('NHZ’

-NO

, -0CH,, -C1), bulkier than that of the other class (Class A)

2 3*
(-H, -F, -0H).

By CD studies, we obtained evidence that NADPH binds to free p-
hydroxybenzoate hydroxylase. The bindiﬁg is so specific that NADH does
not become associated with the enzyme. These findings will explain the
specific requirement of NADPH for the enzymatic hydroxylation of p-
hydroxybenzoate.

Proton magnetic resonance study of the relaxation times of the
oxidized and reduced pyridine nucleotides in the presence of p-hydroxy-
benzoate hydroxylase reveals NADPH binding with the enzyme, but not NADP.
This result supports the above described CD study that NADPH specifically
interacts with the enzyme. Furthermore, the NMR result indicates a
preferential binding of the adenine mojety with the enzyme, which pro-

vides a physical understanding of the biological specificity for NADPH

as a coenzyiie rather than NADH.
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Figure 13. Corey-Pauling and Kolton (CPK) models of benzoic acid and

[o]

various para-substituents and van der Wall radii, A.

XBB 727-3724
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IV. PHOSPHOROUS-31 RELAXATION STUDY OF
ADEMOSINE TRIPHOSPHATE
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A. INTRODUCTION -

The recent'advanCe in Fourier transform nuclear magnetic:reso-
nahce] has virtually opened up an entirely new dimension fn magnetic
resonance.v In the past, the bjophysical use'of’NMR spectroscdpy has
been mainly Timited to the static information of chemical shifts and
spin coupling constants. The dynamic aspect of NMR has not been
wide]y investigated'éxcept for line width méaéurements (Chapter 111)
and occasional application of transient NMR method, usually done by
way of adiabatic rabid passage. The Fourier transform technique en-
ables the experiment to be performed at a great'savinq of time which
-~ in studying'bio1ogica] systems is necéssary;‘ Furthermore, this
method'prbvides a_direct measurement of the relaxation times T] and
T2 of eacn individua] nucleus within a bio]ogi;é] mo]écu]e in an
 elegant fashion. - The measurement of the reiaxation,times and their
temperature dependence can furnish the much needed biological exchange
rates.2 For example, the forward and backward reaction rate constants
K+] and K_] in a substrate-enzyme complex can be determined.3 The
relaxation data can, potentially, provide information about ho]ecu]ar
structure and dynamics that is difficult to obtain by other physical
techniqués. For example: (i) changes in the mébi]ity of parts of a
flexible mo]eﬁule may be deduced from relaxation rates;4 (ii) distances
between a paramagnetic center and nuclei giving NMR signals may be

calculated from the paramagnetic enhancement of NMR re]axation;5 (iidi)
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s]ow.equilibria between conformétiona] states may be identified and

. ' U .6
characterized by relaxation measurements.

31

As a background for. future P-NMR relaxation studies of biolo-

-gical molecules we have investigated the influence of jonic strength,
samole concentration, pH or pD, and paramagnetic jon concentration
on phosphate chemical shifts and 7 (longitudinal) relaxation. \e

have studied orthophosphate (Pi)’ tripolyphosphate, and adenosine

triphosphate (ATP). 3]P—NMR titration curves have previously been

7 8

and ATP.” In addition, the effect of metal ion

9-11

published for'Pi

binding on the SIP-NMR chemical shifts,” linewidths
10,11

and relaxation

times of ATP have been reported. We have extended these studies
. by making use of the conveniences afforded by Fourier transform
| 13,14

é,pve(:t]r'oscopy]2 for signal enhancement and T]vdetermination. We
present here more detailed phosphate chemical shift.data and data per-
taihing to the mechanishs underlying phosphorous T]’re1axation in
phOSphétés. ‘A1thdugh a detailed interpretation is not'yet-poésible,'

several general comments are in order.

B. EXPERIMENTAL PROCEDURE

Material

NaZ’HPO4 (Baker), sodium pyrophosphate (Baker), sodium tripoly-
| phosphafe (Al1fa), and ATP (Sigma) were purified by passage through a
| Ché]éx—]do-column (9.2 x 99 cm) at pH 6-83. Metal jon impurities were
removed_from some ATP samples by repeated extraction Qith 8—hydroxy—

. .15 : : .. . .
quinoline. ™ Levels of paramagnetic ion contaminants (largely iron
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and coppef) were monitored by X-ray %luorescence spectrOSCFopy.
Purified samples contained ]essbthan 1 ppm iron»dr_Copper which was
 the Tower Timit of detection by X—ray-f]uorescenceQ Metal‘]eve]s’
in purified Pi samples were we]]vbé]ow 1 ppm since it was found that
addition of 0.1 ppm Fe3+ to these samples produced significant
enhancement of.T] relaxation. Table I giveS‘the results of Xjray
fluorescence:ana]ysis of ATP samh]es.

Gréat.care was exercised to exclude metal ion contaminants
from»fhe samp]eé} Solutions weré prepared uéing‘co]umn deionized,
‘glass-distilled watéf. Thé‘conductivity of the deionized water is

6 o1 cm']. ~The pH of H,0 solutions was adjusted with high

2 x 10
purity HC] and NaOH'(A]fa); the pD of'DZO (Biorad) solutions was ad-
justed with DC1 and NaOD (Diaprep). ’Glasswqre was acid washed and
rinsed with deipnized water. .

The coﬁcentrations of.nucleofide solution was measured Spectro-
photometrically. The orthophosphate1501ution used for titratjon
studiesvtontained 0.3 M NaCl (Manﬁ, high pdrity) added tovmask changes
in jonic strength and sodium ion concentration on titration. Metal
jons were ihtrdduced by adding microliter quantities of concentrated
metal salt solutions.

The pvaeasurements were made at room temperature on a Corning
Mode] Digital 110 pH meter with a small combination electrode (Instru-
mentation Laboratories). Titrations were carried out with»concen-
trated acid or base dispensed with micrometer syringes (Cole Parmer)
equipped with teflon needles (Hamilton). Tﬁe DHrvalues in D,0 solutions

are actual pll meter readings uncorrected for the deuterium isotope

effect at the glass electrode.
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TABLE T -

v: Xéray F1uorescehce_Ana]ysis of Metal Contaminants

in 5'ATP
 Source iu ' vFe* . Cu In
. Sigma (Lot #110C |

._-7410)' j : 42 ppm 9 ._ 3
Cal Biochem (Lot

#800685) . 275 1 4
48—Hydroxyquin011ne : |

(treated once) 16 - 2 4
Chelex ]OO.c01umn | | |
. (tréated‘at pH 6)1' | 1 ' R . 3

* . ey
A11 contaminants are expressed in parts per million.

-
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NMR Sgectra.

Spectra. we@e obta1ned at 24.3 MHz us1ng a home-built Fourier
transform HMR 1nstrument based on a Varian DP €0 magnet and V-2100-B
power supply. Tne fleld was stabilized by means of a proton externa]
lock. The width of a 90° pulse was ‘typically 40 usec. Pulse program-

ming was accomplished w1th a serles;of,t1me base oscillators. The

- free induction decays were digitizéd!tnto 2048 12-bit words and accumu-

lated on a PDP-8 computer with disc'Storage. Completed experimental
data was transferred to magnetic taoe and processed later by a large
computer using a fast Fourier transform program The spectra were

plotted on a Calcomp recorder

A1l spectra were taken at 30°C taSamb]e volumes were 1 ml. The
samples were placed in q]ass spheres that fit snugly inside a standard

15 mm NMR cell. The NMR cell hold1ng the sphere was spun by a Wilmad

“turbine. The'signa11t0~néfteiratio for a 0.1 M phosphate solution

=,
7.

wasvgenera]]y 10 for a single 90° pulse. Spectra were usually the
result of 10-25 passes.. Aithin capillary containing 50% H3PO4 was
inserted in the sphere as an external reference. Chemical shifts

are reported in Hz from 50% H3PO4 which, within experimental error,

is the same as that of 85% H3PO4. 50% H3PO4 is a more satisfactory

-reference than 85% H3PO4 because it is less viscous and provides a

sharper peak.

Relaxation Time Measurement

T, measurements vere made either by the spin 1'nvers1'on]3 or spin

4 ‘ _
saturation]* method, depending on the length of T]. Both methods gave
similar results. Pelaxation times were determined by a computer pro-

gram, TIFIT, that gave a least squares.fit of the data to an
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exponential recoVeny of the magnetization vactor. The errors reported
are based on standard deviation from the best fit. However, the repro-

ducibility of'the‘T]'experiMents'was genera]Ty only within 5% from one

: samp]e-td'another.j Thus the actual errors in the T] values are probably

- determined by"contamindtion of samples rather than by the T] measurements

thémse]ves.

C. ~RESULTS AND DISCUSSION -

Orthophosphate

EH and Solvent Dependence of Relaxation Rate and Chemical Sh1ft

Control experiments were carried out to test the influence of

metal ion contamination, disso]ved oxygen, sample concentration, ionic

Strength,.and proton concentration (D,0 vs. HZO) on P; T, relaxation

(Table 11). The Pi relaxation is extremely sensitive to metal ion
contaminants which can be removed by passage of the sample through a

Chelex-100 column. 'The’T] value of purified Pi does not increase signi-
_ 3

ficantly when 107~ M EDTA is added; indicating the removal of metal

ions is'cohp]ete. T] relaxation abpears to be relatively insensitive
to Pi concentration in the range 0.1-0.3 M and ionic strength in the

fan e u 0.9-].2. The T, value increases two-fold at pH 7 when D,0 is
g 1 _ , 2

| used as the so]vent 1nstead of H20

The pH. dependenc1es of the re]axat1on rate (Ti-]) andvqhemica]
shift of Pi in H20 and 020 are given in F1gure 1. The chemical shifts.

of Pi are’vény similar in 020 and HZO' The close correspondence of

the first andbsecond inflections indicates that the deuterium isotope

i
!
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 TABLE II

'Phosphaté Relaxation Values

Sample - T] (sec) T]']. (_sec'])
0.3 M unpurified NaZHPO4 pH 7.00.
H,0 | 0.69 1.5
0.3 M purified (Chelex) Na,HPO, pH 7.00
H,0 | 11.8+ 0.5 0.085 + 0.004
Purified (Chelex) H,0 12.3+0.1  0.081 + 0.001
H,0, degassed 10.1+0 0.099 + 0.001
D,0 | 25.0 + 0 0.040 + 0.001
D,0, degassed 23.2 + 0. | 0.043 + 0.001
0.1 M purified (Chelex) NayHPO, pH 7.0 ”
Hzo o | 12.1+ 0.3 0.083 + 0.002
D,0 1 26.8 + 0. 0.037 + 0.00]
0.3 M purified (Chelex) Na,HPO, + |
0.3 M NaCl |
H,0 | 137401 0.073 + 0.00]
0.3 M purified (Chelex) Ha,HPO, +
1073 M EDTA
| 13.0 + 1.7 0.077 + 0.

H20

010
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Figure 1. Dependénce of chemical shift (bottom) and Ty relaxation rate

(top) of purified 0.3 M Na,HPO, in HZO-(§2119),aﬁd>DZO (dashed) solutions
containingho.3 M- HaCl. The pHVValueé'for the DZO sqlutfons are actual
pH'méiér:?eadings‘uncorfected_fpr the>6euteriuh iéotope effecf at the

glass electrode.



oz I
effettsxéﬁ_pK]'and pK, of P, are nearly equal and_bpposite to the deu-
terium 5soﬁopé effectron ihe glass electrode (+O.4_pHvunits).]6

Because of thé“absoluté necesSity of remévihg métal ion contami-
nénts from sampJeSIin NMR re]axatiqn measurements, we "ch_ose‘Pi as a
model study. Consequently, Fe3+‘was added to purifjed Pi’ and the T]
" relaxation rate was measured as:a function of pH (Figufé 2). The
results indicate that very low levels of Fe3+ (0.2-1.0 ppm) have a

pronounced influence on Pi relaxation. An explanation of the observed

curveskmqy be based on the following equilibria:

pk=1.5 ~  pK=6.8 .pK=10.5
H L L A
PO, T H,P0.~ T HPO,™ T PO\’ )
Fe”'"! f | F.e""” Fe’_*l r

FeHaPOL2T FeHPOL®*  ~ FePOs

Fe** + 30H" T Fe(OH)s » PRooiupitity = 39

" The amount of ferrous ion in solution should be negligible since the
ferric ion binds much more strongly to phosphate.

At low pH, the phosphate is predominantly in the fully protonated

3+. At higher pH, hydrous ferric

3—.

uncharged form which does not bind Fe
oxide forms and-Fe3+ is removed from solution. Above pH 9 the PO4

species is formed which appears to compete with ferric oxide for some

of the Fe3f. 3

The data at 0.2 ppm Fe>' fit this model very well
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Figure 2. Inf]uénce of added Fe3+ on the T]-re1axation rafe.of phosphate |

- ion as a.function of pH. The solutions contained 0.3 M Na,HPO, in 0.3 4

“HaCl. (a) o added Fe>'. (b) 0.2 ppm Fe>*4p. added. (c) 1.0 ppm

Fe/p. addad.
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(Figuré 2b). .On’the‘basis of the solubility produét of hydrous ferric : %
oxidé one eXpectsla'faTl in freé [Fe?+]'td.occur,about pH 4. In view _ i
. of:the large errofs in thé data at 1.0 ppm Fer, the abparent shift in
‘the'pH'max{ﬁumﬂfrOmTZ.S.tb S-ﬁéy hot be significant. It is puzz]ing, o
however; that the re]axation.enhancemént does not:seemvtofbe.]inear in

+ : .
Fe3 concentration. -

Relaxation Mechanisms
3p in phosphorous compounds is (are)
1,18 ,

The relaxationaﬁeéhanism(s) of
not well understood. ‘Severql investfgators have.investigated'sma11
phdsphorous cbmpounds,and concluded that sbin-rotation interacfion'is
the dominant relaxation mechanism in compounds such as PBr3, PF3, and
POC13. The spin~rotation interaction arises from magnetic fields |
generated at a nucleusvby the moinn of a molecuTar magnefic momént
which arises from the'éléctron distribution in a mo]eculé.‘ Since this
interacfion is pkoportiOnal'to the angular vé]ocity of rotation, and é
inversely proportionaT to the moment of inertia 6f the molecule, in
general, the smaller the mo1ecuTé the more dominant will be the spin-
rotation relaxationf ~Furthermore, symmetric molecules with no inter-
molecular interactioﬁ will be most affected. Our T, bbsekvation of P,
in D,0 and H20vséems to reject the magnetic moment of the proton as a
significan{ reiaxer. This is becaﬁse of the small variatibn'of f] in
going fromvH20~te DgO. A factdr-of 2Vchange ié'observed, instead of
CI(I+1) YHZ/S(S+1) YDZ = 15.9 as in the case of proton dibo]ar inter- | {
action,’whére I, and S are‘fhe spin quantum numbers_of‘pfoton énd
deuteron; Ty and {D are the magnetogyric ratios of broton and deuteron.

The lack of pH dependent relaxation rates also supports the notion that-
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proton makes no significant contribution to the relaxation rates. .The
| chemical shift anisotropy can also provide a re]éxation mechanism via
the 1oca].flﬁctuating-magnetic field caused byvﬁhe aniéotropic chemical

shift tensor. We feel in’a:rélétfve1y symmetric molecule, P., this

i
~mechanism is unlikely. In add1tion, fhe.re1axatibn rate via chemical
shift anisbtropy.is pfoportiona} to the moleculiar correlation time Te
which can be related to the viscosity n and the fradius"'of thg molecule
by the Debye formula rc'= &%E%E-, where k is.the_Bo]tzmann's constant
and Tlis the absolute temperature. Therefore, the relaxation rate would
be directly propoftiona] to the viscosity if‘chemicalvshift anisotropy
prevaf]s._’The observation that‘T]'] is shorter in bZO,than in H20 is
opposite tothat one would‘expect from chemical shift anisotropy,
knowing the viScdsi‘ty.of,DZO,is 20% greater than that of H,0 at 30°C.
The other possible relaxation mechanism is'épin-rotation which is in-

versely dependent on 1

. and, hence, the viscbsity n. This would explain

the shortening of T]'] in DZO; however, the mechanism cannot account for
a‘factor of 2 change in magnitude of T]; Neverthe]ess, we propose spin-
rotation as:an ihportant relaxation mechanism of Pi at the temperature
‘the measurements were made. A small contribution from the proton-
dipolar 1nteractioh could compensate for the diécrepancy in maghitude
of T]. Ve gain further.confidence by noting that the magnitudés of the
relaxation rates observed in P3r3, PF, and POCT 4 at the;same temperaturé
as our measurements are comparable to the values we observe.. A defini-
tive test of spin-kotation interaction is a detailed study of the
relaxation rate as a function of n/T. The temperature dependence of
vspin—rotation relaxation is opposite to that observed for all other

relaxation mechanisms.
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Adenosine Triphosphate

Spectrum

" Figure 3 shows a first order 3]P NMR_Spectrum'ovaTP which consists
of three pedks from the a]pha; beta and gaﬁma phosphates. Beta and .
gamma phosphorous give rise to a sharp triplet and doublet respectively.
Alpha phosphorous resonance is a doublet bfoadened by proton- hyperfine
structure from the_CS'Hirof the ribose. The phoSphorouS-phosphorouS
JI]-I2 spin interaction is observed tb be 19.0 Hz for all the peaks.
The spin coupling constant is pH dependent. -As acidity increases, the
coupling constant decreases from 19.0 at pH 12.0 to 18.0 Hz at pH 2.0.
The decrease of coeplfng constant seems to be caused by the formation
of H-0-P bonds of some covalent character in the acidic solution.

19 The

Similar decrease has been observed in condensed polyphosphate.
coupling constant is, however, independeﬁt of the concentratien over
the range tested (0.33-0.05 M).. The proton-phosphorous spin inter-
action is 5.2 + 0.5 Hz. This value is similar to those observed in |
inosine-5'-monophosphate and guanosine-s'FmonOphosphate, and is appre-
ciably lTower than the JpH values for phosphates of normal alkyl alco-

hols. 20 20

Tsuboi, Kainosho and Nakamura™ estimated JPH for phosphorous
trans in reTation to the proton to be 22.1 Hz and gauche in relation to
tne proton to be 2.3 Hz. wé therefore conclude that the ATP molecule
assumes mostly a conformation in which the alpha phosphorous is gauche
in relation to the methylene pfotons of C5‘ of the ribose or trans to
C4', as shown in Figure 3 of Chapter I. From a general consideration

of internal rotation about the C-0 single bond,2] three potential .energy

‘minima corresponding to the staggered conformations are usually found.




7117- ,

ABSQRPHON

L L L Y l

B} 1 ' l vl

200 0 200 400 - 600
| ~ FREQUENCY (Hz)

. XBL727-469

Figure 3. 3]'PM-NMR spectrum of 0.3 M 5'-ATP at pH 7;00. The spectrum is

the Fourier transform of 10 averaged free induction decay spaced 40

~seconds apart. The reference is 50% H3PO4_1n an external capillary. P%

is an impurity present in the sample.
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They_ére illustrated schematically in Figure 4. If we let Pt represent
‘vthe,popu1ation Qf the conformation, in which the a-phosphorous is trans

to C4F, then 1/2(]—Pt) corresponds to the population of conformation

e .

P Trans-tovC4‘ ' P'(Gauche)] to C4‘ P (Gauche)2 to C4'

'Figure 4. A schematic drawing of the three energetically favored rotamers
when looking along C.'-0 bond in 5'-ATP.

where a-phosphorous is gauche to C4'. Remembering Jt and Jg are defined

as the coupling constants when P is trans and gauche to the proton, res-

pectively, then the observed Jo is given by the relation,

t
The P-H coupling does not seem to be dependent on pH and concentration

Using the estimated'value'of‘dt and Jg,20 we calculate P, to be 0.71.

in the limit of our resolution. The spectrum of ATP, however, is depen-

dent on the concentration of nucleotide, the pH and trace metal concen-

- tration.
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Concentration Dependence

Figures 5 and 6 and Table III show the chemical shifts and relaxa-

tion rates of 3

P in ATP as a function of concentration. The chemical
shift chgnges are;préSUmab1y dUe to‘1ntermolecu1ar”diamagnetic shielding
of the ring current in the adeniné moiety. This fs'consistent with the
proton mégnetic resonance findings. Ts'o g}_glgzz have shown that the.
chemicaf shift of the pfoton'resonancés of théfbaSe‘is a sensitive
probe for intermolecular association in nqc]éotidéé. ‘Furthermore, the
nucleotides are known to form stécked dimeré_Wifhfa‘éoncentraffon‘asklow
as 20 mM. The relaxation va]uesvextrapglatedffo zero concentration are
presented in Table III.

TabTe.III and Figure 7 show the a-B]P having'the most_concéntration

3,

dependent T] and y—3]P havfng the 1e§$t.  This;1s:probab1y becauseiy_
is at the end of the pﬁosphate_chain and-has,'re]ative]y, unrestricted
and’independeht motion.  THe « and 8-3]P,vbecause.of a closer proximity
to the-adenjne rihg; are more influenced by intermo1ecu1ar association.

A discussion of the relaxation mechanisms will be given after the presen-

tation of pH dependent study.

'pH_Dependence of Chemical Shifts |

| Figuré 7 shows the effect‘of pH variation on thé chemicaT'éhifts of

~ demetalized ATP. This result is a refinement of thét of Cohn and Hughes.9
_In’those-previous_ithstigations, which were iimifed by Tow resdlution
and possible presence of trace metal, the chemical shift of the alpha
phosphorbus appeared to be indepeﬁdeht of .pH and fhe chemical shift of

Vthe beta phOSphorous showed a 1ineqr_dependence'of pH, shifting approxi-

mateTy 1 ppm downfield with decreasihg acidity. Our data indicate that,

o4
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figgrg_gfavRelaxation rate (T]']) of ATP as a function of concentration.

The concentration is determined by UV absorption at 259 nm.
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TABLE 111

Concentration Study of 31p Relaxation Value in 5'-ATP (pH I0,0L

[ATP] | a-P T R T

] T (sec) Ti_l‘(sec']) :fT] (séc) : T]'] (sec']) . ':T] (sec) *T]'T (sec*])'

0.33  4.95 + 0.31 0.20 + 0.01 8.64 + 0.41 0.1 +0.005 | 10.57 + 0.26 0.0946 + 0.002

0.0 14.7 0.068 185 . 0.054 12.06 . 0.083

-z2l-
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valuas giveh are uncorrected for the deuteriym 1sotope'effect at the glass

e]ectrodé.
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-in the demetalized ATP sample, the chemical shifté of all the phOSphoréus
resonanées have a sigmoidal_dependence on theka with inflection points
around pH 6.0.. This'apparent pK; is considerabiy Tower than the 6.48-
7.68,va1ués reported from glass electrode and other spectroscopic inves-
tigations.23 This pKa va]ye cdrrespoﬁds, perhaps, to the dissociation
of a proton on the y phosphate group. The reason for the discrepancy is
yet to be determined. It should be remembered, however, that glass
electrode titration curves ref]ect the effect 6f_overa1] acid-base equili-
bria on the concentration of free hydronium ion, Whereas NMR data reflects

a localized perturbation caused by the bound'protons.

pH Dependence of Relaxation Times

Previous 3]P studies of ATPZ4

had shown a strong depehdence of the
relaxation rate on pH in the range 4-6. it was of interest to investi-
gate whether this was a special feature of the ATP molecule or whether
the pH dependence could simply be explained by interaction of unremoved
metal ion contaminants with the phosphates. The resu1t§ of a pH depeh#
dent relaxation study on both demeta]ized and undemetalized commercial
ATP are presented in Figures 8 and 9 and Table IV. Because of the high
binding constant of iron to ATP, a dependable demetalization procedure

is crucial. We have found treatment of ATP over freshly regenerated
Chelex-100 column is able to produce 11 second T1 relaxation time of

g and y phosphorous in 0.3 M ATP at pH 10.0 or higher. “From observations
of many samples we establish as a criterion of purity the requirement

~ that the relaxation times for the g and y phosphorous nuclei in the above

stated conditions be at least 11 seconds to within the Timits allowed by

the signal-to-noise ratios.
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Figure 8. f] relaxation rate (Tlf]) of 0.3 M demetalized ATP. The pH
values ar2 uncorractad for the deUtefium’isotopé'effect at the glass
electrode. |
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Figure 9. Tha Tj'] relaxation rate’of'commértid] ATP sample (Sigma)

without demstalization.



TABLE 1V

The pH Dependénce of 3]P Relaxation Values of Demetalized and Undemetalized ATP

Sample

4.37 -+ 0.55

0.21 + 0.01

pH a-P - 7 y-P
S IS PU S ; SRS N
T] (sec) T] (sec ). T (sec) - T] (sec™ ') T] (sec) T (sec ')
Denatalized |10.0 6.13 + 0.54 0.163 + 0.014 | 14.1 + 0.74 . 0.071 + 0.004 | 13.58 + 0.34  0.074 + 0.002
Chelex ' o B o ' .
ATP (0.3 M) | 7.0 | 6.34 + 0.51 0.157 + 0.013 | 11.67 + 0.81  0.085 + 0.006 | 8.74 + 0.93 = 0.114 + 0.012
2.0 | 3.00 + 0.25 0.336 + 0.027 | 4.57 + 0.28 0.218 + 0.014 | 2.55 + 0.23 0.39 + 0.036
-%ndeme§a11zed 10.6 | 1.48 + 0.05 0.676 + 0.025 | .0.77 + 0.06 1.30 +0.09 | 0.71 + 0.03 1.41 + 0.06
Sigma . o - -
ATP (0.3 M) | 7.0 | 0.72 + 0.06 1.398 + 0.113 | '0.24 + 0.03

4.73 +0.25

-L2l-
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Figure 9 shows the re1axat1on rates of a and B phosphorous nuclei
in the undemeta11zed ATP have almost 1dent1ca1 pH dependence and the
rates of a11 three phosphorous nuc1e1 decrease as the acidity is in-

' credsed. A s1m11ar explanat1on as that in the case of orthophosphate
can be applied here - i.e., at h1gh-pH hydrous ferric oxide starts to

form and Fe3

is removed from solut1on and, consequent1y, T relaxation

" rates become: shorter. Because of the comp]ex1ty of the ATP-iron equ1]1-
bria and large number of equ111br1um spec1es involved, it is not possible
to establish the equ1]1br1um constants from our data. It is most curious
~to observe, in the undemetalized'ATP'sample, that g and'§-3]P have m”Ch;

3]PAin the whole pH range tested (4.0-

3]

larger relaxation rates than -

_10.6).* Furthermore, the Tline widths of the g and y-
.31

P resonances are

 affected sfgnfffcant]y more than that of a-"'P. The P=P Sp]itting of

31

g8 and v-" P resonances cannot be resolved for pH 1ower than 8.5, whereas

the'q-B]P resonancebstayS-as a doublet until pH 5.07 The broadening of_
the phoSphorous peaks dde-to the presence of'paramagnetio impnrities is.
i]]ustrated.in Figure.10. Consfdering that 8 and y-3]P'resonances are,
intrinsica]ly; mueh sharper than the « reSonance which 15 broadened by
the C5 methylene protons (F1gure 3), the broadening effect on the B and
31P peaks due to paramagnetic tran51t1on meta] 1mpur1t1es is remarkable.

These evidences suggested that the 8 and y phosphates are 1nvo]ved_more

3+ 2+

. strong]y in the b1nd1ng of meta] ions (presumably, Fe” and Cu”') than

“the o phosphate (see d1scu551on in Chapter I1, section'C). This finding

1. 11

agrees w1th the study of Sternllcht et al on Cu-ATP comp]ex; where-

2+

they proposed that the Cu™" binds predominantly to the g and y phosphates.
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Figure 10. 31P-NMR spectrum of 0.3 M undemetalized ATP at

pH 8.5. The spe'c,trum is the Fourier transform of 6 averaged

frec induction decay at 15 seconds apart.
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As a result of demeta]ization,'thé'reTéxationltimes.of phosphcrous

31

nuélei'are‘an.okder of maghitUde 1bnger..‘Théxq¥ P has the shortest T

in contrast to‘thé‘undemetalfzed ATP in which a¥31P has the 1ongést T].

We believe this is an evidence of the success in removing trace metal

-1 curves of 8 and y phosphorous nuciei-

ions; fFigure 8 shows that the T]
as a function ,of pH have inflection points around pH.4.4 and 6.4 corres-
ponding, approximatefyg?to the pKafs observed by glass e]ectfode. The
' avphoéthrous,vhowever,fhas alT1f] that 1ﬁnear]y ihcreases when the pH
is lowered below 6.0. The relaxation time measuremeﬁts indicate an -
ionization schemé_where first protonationf(pKa 6.5) corresponds to
adding a proton to the y phosphate group and the second protonation
(pKa 4.0).;orreép0nds to adding to the g phosphate. The protonation

of the o phosphate is not observed (pKa <2.0) fin our measurements.

Relaxation Mechaniéms

It was observed tﬁatvsamp1es'6f ATP dfséo]ved in D,0 reTaxed with
the same ratés as samptes.dissolved in HZO and in addition showed a
dependencé'on pD similar to the pH dependehcé. .Re]axation rates ofv'
tripolyphosphate in DZO were also the same as those measured in H20.24
. The observetion tnat the measurements yield the same results in DZO as
in 1,0 shows that the magnetic moment of the proton which is being
tifrated nakes no significant contribution to the relaxation rates.
This is not surprising, since the phoéphorus—oxygen bond'prevents

3]P nuclei.

protons from approaching very near to the
Since ATP at high concentrations is known to be extensively asso-
'ciated,25 a possible explanation for the pH-dependence of the relaxation

rates is to assume that the state of association is pH dependent.
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Therefofe, the.rahdom-motion'df the molecule which determines the
relaxation rate is pH dependent. Howevér, the following observation
tends to argue égainst concéhtration effects as befng responsible for

n have Shown

the pH dependence of the relaxation rates. Ts'o et al.
that a sensitive probe for intermolecular association in nucleotides

is the toncentration dependence of the chehical shift of tre proten.
resonances corresponding to the 2 and 8 positions of the base. Any
éhange'ih the state of association should be reflected by a change %n
chemical shift of these proton resonances. Recent measurements'26 of
the pH depéndéncé of the chemicéT shifts of the 2 and 8 posftiohs of
the adeﬁine base in ATP as a function of concentration show that in the
pH range of 5.0 to 9.0 the chemical shifts of these proton resonances
are independent bf pH in the concentration range of 0.5 to 0.001 molar.
However, these protoh resonances are strongly concentration dependent.
Thus, changing tne pH from 5 to 9 does not appear to change the étate

of association. Therefore, a]fhgugh the magnitude of the 31

P reTaxation
rates in ATP is cdncehtration dependent, but at any given concentration
the rates would not be affected by lechanges in the'range 5 to 9. |

If the extéht of intermolecular association is rejected as the ex-
planation for the relaxation-titrations, £Wo other mechanisms, botnh of
which could be pH dependent, are possible. These éfe: (i) chemical
shift anisbtropy, and (ii) spin-rotational fnteraction.

fhe anisotropy in the chemiéa] shift as a relaxation mechanism
offers an explanation for the pH dependence of the relaxation rates |
in ATP.. The ]ack of pH debéndence in orthophosphate and‘tripo1yphos-

phate could be rationalized on the basis of the chemical shift aniso-

tropy by noting that these two molecules are symmetrica1 at the position
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being titrated, whereas ATP is not. Therefore, chaﬁges in_the pH might
be ekpected to change the anisotropy in the chemjcé] shiffs of ATP but
" not in these other two molecu]és.»_The chemical Shift anisotropy in

27 The'3]

pyrophosbhate has been measured. P chemical ;hift tensors in
thie pyrophosphate group show axial symmetry about the bond between the
phosphordus and bridging oxygen'éfoms.' It woqu be reasonable to assume
a chemical shift aniéotropy of similar order of magnitude (100 ppm)
exists in tripblyphosphaté and ATP, and hence, causing re]axatidn.r In
the extreme hafrowing 1imit, which is the sftuation in our casé, the

relaxation rate due to chemical shift anisotropy is given_by5
2 2 | -
1 7 157 oy (oy=o1)™ 1o - _ ' - @

where Ho'is the dc magnetic field, o, and g, are the parallel and per-

pendicu]ar components of the chemical shift tensor o. Assume t =
’ 4

c
10 gec, T]'] is estimated to be ~107° sec. This is certainly insig-

10
nificant.-»Howevek; without an accurate determination of the values of
(on-o0,) and T, ré]akation via chemical éhift anisotropy cannot be
rejected. - . |

3]P relaxation

Spin-rotationa]»ihﬁeraction has been invoked to explain
of brthophosphate earlier. Considering the size of ‘ATP compared with Pi
and other small molecules, it is difficult to see how the spin-rotational
_ihteraction would bé signiffcant, unless the localized motion of the
phosphorus nuclei in each molecule were responsible for the dominant
relaxation procesﬁ. However, since this mechanism depends on the elec-

31

tronic charge distribution around the “ P nucleus, the pH dependence

gou]d be explained.



-133-

Either of these mechanisms can exp]ain,thé concentration dependence
study. _In;thé case of spin-rotational interaction, if Hubbard re]ation28
and'Debye formula are used to express the angular momentum correlation
~ time, then, for mo1écu1es'undergoing isotropic molecular reorientation
the relaxation.rate is given by |

1,7 = (qkind) A sand® Q)
where I = Ma2 is the moment of inertia of the molecule, M is the mass
and a is the effective radius 6f the rotating mo]ecuTe, h is the Pfanck's
constant. Coge 15 the effe;tivé spin-rotation cohstant for molecules in
liquid state. Assume Ceff and n remain constant upon dimerization of
ATP and, furthermore, assume the mass and radius of the dimer molecule

are approximately twice those of the monomer, Eq. (3) yields
-1 ;
8T | , - (4)

where D and M denote the dimer and monomer unit of ATP. Knowing the

—1)’25

association constant of ATP dimer (KA = 5M we estimate that the

degree of dimerization at 0.33 M of total ATP concentration should be

about 41 per cent. Assume a fast exchange, and use Eq. (4), the ob-

served relaxation rate, T]O-]’ at 0.3 M is given by

S :
Tg = 3.8T

~1
™

Tinis result agrees with the «-P relaxation rate change (Table III),

-1

wnere a factor of 3 change was observed between T] ‘at 0.33 M and
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T]'] aftihfinite'dilutioh. However, this agréemeht could be fortuitous.
In the'casevof_chemical'shift~anfsotropy, the same relation as in Eq. (4)
| cén‘berbtajned frdm Eq. (2), Therefore, a simi]ar argument can be
giveh.“. | | |

From the measurements completed so far,.défihite conclusions are
‘not possib]e.i{Hdwéyer, a study of thé temperature and magnetic field
'dependence'offthesé?%e]axatibn-titration effects éhou]d'lead'to an ex-

planation for theiéﬂpbservations.
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| . APPENDIX 1
3]P HOMONUCLEAR FOURIER TRANSFORM DOUBLE RESONANCE

Severa] forms of homonuclear mu1t1p1e resonances ‘are commonly em-
fployed in convent10na1 cont1nuous wave NMR spectroscopy A nuc]ear
magnetlc double resonance emp]oy1ng the Fourier transform techn1que '
with cont1nuous wave pre1rrad1at1on (H2) has been reported by Freeman.]
‘We report here an ana]ogous exper1ment of Fourier -transform double
'resonancev(FTDR) “The experimental procedure combines the standard
po]SedéFourierz-and t1me-shared3 modes ‘of operat1on, for which an approF
'prfate pulse sequenCe fs shown in Figure 1. A non-selective pulse at vy

mutates the comp]ete‘spectrum through a suitable ang]e followed by digi-

tizing puTses at rates appropriate‘tovthe frequency width of the spectrum.

In the present experiments, however, the receiver is held off for a short

time during which a low-level pulse of Re at vé is applied to the system.

_For digitizing rates large compared with indirect coup1ing constants, and
for values of YHZ less than the couplings, 1inestwhich are coupled to

~ that at vz_exhibit spi’n—tick]ing4 effects. For values of yH2 greater
than the J's, decoupling of the other lines resu1ts, andvultimately for
approprfAte‘vaiues.of YHZ, relaxation rates, and re]axation mechanisms ,
~ Overhauser enhancements will ensue.

The time- shar1ng prevents the Rf at vy from entering the rece1ver

wh11e perm1tt1ng observation of the s1gna1 resulting from sp1ns preces-

sing at this frequency, an observation normally precluded. The effects

oA
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T,
/a2
O_n‘
Hy
off : e . . L
o : _— - . _
H . on - ) . ,
- on
RCVR
off

XBL727-4692

Figure 1. The pulse sequence of H],__H2 and receiver used in FTDR experi—
ients. t. is the pulse 1ength of H2 and T is the digitizing rate. A

typical length of = 10 usa2c, T = 500‘u$éc and.n/Z H]»puise_is 40vuset.
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‘of double irradiation of a single Tine> are manifest in the 3'p FTDR

_exberimenfs:ahd i]Tustrated in the accbmpanyfng FiéUré'Z.' The experi-

- ments have been carried out on an extensive]y,modified.Vakian:HR-GO |
'SpectrometekjWith a’PDP-8‘COMputer and Data Disc. Re pulse lengths
1and timing.interva]s are.derived from exferna] pkogrammab]e time bases

'commanded bylthe;PDP-8 computer. Two Hew]ettePéckard frgduency synthe-
sizers are used gﬁdﬁthe transmitter amplifiers are isolated from each
other by a Re relay switch (Daico Industries). An external proton
reference provides the field%frequency 1ock for the system.

In Figure 2, the irradiation of the Tower field resonances of tri-
po]yphogphate by-_v2 héve produced two side bands: for each resonahcé of
the doublet p]ated symmetrically about Vo- The_fesbnance condition of
the side bahdsrhas been defived for a weakly coupled Systems’6 and is
given by | |

_ e, | 21/2'

Vo= v, + _{(\)a-vz) + (szt/ZnT)v }

where v is the»dbserved resonanée freduéncy, va'i§.thevresonance fre_
quency of group A phosphorous nuclei in thé_unirradiated spectrum, t is
the length'of‘the vzrpulse‘and T is the digitizing rate. Qualitatively,
the side bands cén'be understood by considering:thé spin system in a
frame rotatihg‘with the angular velocity ~Vo. vThe mégnetic moments
perform_afprecession in the effective field | .
1/2

_Heff. = 1/9 {(Vz-va)z + (szt/ZWT)Z}

This motion when projected into the x,y plane appears to be an ellipse

~which can be decomposed into two couterrotation components with the same
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Legend to Figures Za-and 2b

The -FTDR spéctra of'tripo]yphosphéte (A1fa Inorganics), 0.3 M,

pH 10.0, ambient magnetic temperature 30°C. The effective R irra-
diation:YHzt/éwT is gjven in Hz in'each‘spectrum. The theoretical
ca]cu]atéd line positions and 1nten$itiesbare_given bé]ow each spectrum.

| (a) is the_unirradiated_spectrum with JPP = 19.0 Hz; X denotes
impurity. (b).through (q) show the doub]ebresohance'effect when Hy is
ir%adiating in‘the middlé of the doub]et. There is a small amount of
_ H2 leakdge through the HeW]ett Packard mixer used for receiver gating.
~ When the amp]itdde of.H2 is increased, the kesonancés ofvthe doublet
move further apart due to side band modulation, which {s discussed in
the fext.' Spe;tra (e)'through (g) show the'multip]et splittings when
the lower field 11ne.of the doublet is irradiafed. :In thése spectra,
the bair of'side bands symmetricaT about the irradiating frequeﬁcy |
can be more cTeafly identified. (i) and (ii) dehoté the two pairs
of side bands assbciated with the two resdnances:of_thé ofigina]-

“doublet.
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- Figure 2a
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angular frequency, YHosp/27, and amplitudes M, = My/2 (1 + Cos @), M_ =
M0/2 (1 - Cos 8) where Cos 8 = 2n (va-vz)/yHeff, M, s the unirradiated
intensity. When v, is on resonance the side bands are of equal inten-
- sities, but half the magnitude of - the unirradiated resonance. When

H ,
(va~v2) >>-Y2§ , one of the side bands M_ becomes negligibly small,

whereas M, approaches the unirradiated fntensity Mo.' The separation of-_
the side baﬁaé provfdes an_acéurate ca1ibration of the amplitude of the
Rf field H,. Furtﬁérmore,:knOWing the unirradiated ép]itfing of the
doublet, the exact resonance condition Va~Vo =0 tan be determined‘
precisely. | | “ |

Figure 2-shows a typica1 AX2 spectrum where fhe chemical shift
djfference is ]afge_compared to the spih-spin coupling. The irradiation
of the end phosphorous causes a sp]ftting of the 6rigina1 triplet of the
middle phosphorous into submultiplets. These Spin‘multiplets-agree
reasonably we]j with theoretical brediction.7 The total integrated
intensity of the multiplets appears to remain constant as H2 is increased
from zero. :The réiatﬁve intensities of the trip]et also remain 1:2:1

for weak perturbing field, yH,/2n <6.5 Hz.
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APPENDIX IIA

Program ROTSTRN, a Fortran IV program for ¢a1cu]éting thé rota-
tional Strengﬁhggs a function of bond rotation. The transition moment
diréction,‘st#éhéfh and center are also computed. The program has the
option for either monopole approximétion or exaét integral. vFurther- 
more, the program a]]oWs option for self consistent.fié]d”computation

of the polarizable bonds.
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FFCGFAM RQTSTQN(13=UT.0UTPUT)-

Fashn

_IsaneuIy_

TCenuT(Y)
TcENT (4)
rRETS
FOINTS(Ieon)
KpaAX

XKFOLO‘K)

nEFIrIVIOhs 0F AFuVF VACIABLES/

~IKFOLs(K)

FCLPRM (T g}

FOLPT (I 9K

XPCL{Iedex)

Frr (lok)
CINMUT (T oK)
EFTOY(I’

_hTEPu

1ScF

éty)
ApCHND

~1CLREO

Senriciies)
Xy
Ixi(1)
¥
Ix2¢(I1)
ATI~ESCI)

TARCTS(T)
___BMNGLECYY _
INCEX(T)

APYSLD)
YPROTD (J,yT)
IPEQTO(Je 1)

-1 coMEONENT OF TRAMSITION MOMENLT

2 SY0L FOR pOINT onE oF BOHD _AXIS_ T

(ESU~CGS)

[ {E=aNGY -
1 crOrp OF CEMTER nF TRANSITION MOMENT (ANG)
FuestJenCY OF THRANSTTION {(xl.F=15 RAD/SEC)

MiraaEs OF DATA 20714TS IN COHMON BLOCK R

I Cr¢FONENT OF «TH CATA POINT I=4 FOR SYmMgOL.
tywsEe OF POLARTZAGILITIES -

CROTATINMNAL STRENGTHM FNR THIS CNHFIGe.

_INpEX FOR oTH POIMY OF POLASNIZABILITY K

SyuaQp FOR TH POIMT OF POLARIZAKILITY K

- PanaLLEL(I= 1) AMD PERDL(122) cO~PS. UF POLARIZ. K
I CAMFONENT OF CEMTER CF PULARIZARBILITY K :
I+J COMPONENT OF PALARIZABILITY OF PT K (A8®3)

1 CnMeoNENT OF VECTCR FROm TCENT TO PT K

_ 1 ~aveoNENT_OF INDUCED OIPULE AT PT_K_(E~a)

"1 coMEQNFNT OF TOTAL eFF. FYELD AT CURR PT(E/a®®2)

NUuwaES OF TERMS IN VU, TIPOLE E€£XPANSION OF FIELD

Ir ZEROQsMONQPOLE 4PPRAXIMATION IS MADE .

Ir MELATIVE. EXACT INTEGRALS+HMOMNOPULE APPROX.

IF ZES0Ds FIELD IS c0MeUTED SELF CONSISTENTLY

) _____DIPALE COUPLInG TENSOR BETWEEN_Tw0 CURRENT POINTS_

Cou=L MG TENSAR BET«EEN INHUES
VECTOS OF EFTNT#S ¢nNR ALL POINTS
MURER OF RONDS FOF ROTATIONS
CUNQENT BOND REIMG ROTATEL ARQUT
FOUR WORD 1D KEADING FOR HUUD I

IrngX FOR POINT Omg OF BOND AXIS |

Sy 201, FOR eOINT Two.GF BOML AXIS i

ItoEX FOR POINT Tun OF BOND AXIS |

tig. OF ROTATINUS ApcUT HONU 1 FOR COMPLETE CIRCLE .
HUnaEs OF RQTaTtrors FOR BCHO [ TO BE PEQFORMED
_huGLE OF ROTATYION £CKR BOMD Y

CounTeEr FOR ROTATTNLS aBOUT BOMD |

MUtaES OF POINTS ROTATED ARGUT ROND I
SyuaClL FOR JTr POIMT ROTATED agoUT ROND I
IrpeX FOR JTH PoINT RATATED AzoUT ROND 1

InpIc(I) IF 2Ec0 9 MEW DaTa FOS THE ITH GROUP 1S READ
_ : 1F_NCMZEROy DATA £PO+ PREVIOUS RUN_IS USED
1 CATA
1.
2 POINTS
3 FIELD CATA¢ TRANS PARAMS
4 " FIELD APPROX. PAPAM (NTERMS)
> .S. e FULARIZASILITY . —
[ RO«C ROTaAaTIOGN PARAMS
IFRIANT lr NON=ZEROD, [HriU#e ASE PRINTED
1eRT2 If ~On=ZFR0Os COQPLs PRINTED AT ALL oRxEnTATIous
Epsit Iy Jox) COopLETELY ANTISYtaETEIC 3RD RAMK TENSOR

[ 4
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e e e s —— ¢ ottt s

o CINENSIOM cOMSTHS sz:!PLOTtab)axPLntjaé.;EPSILtazava)

CIVENSIO: YNCIC(1NY -
C CIVERSION TRE MU () e TCENT(4) 4D (3) . EFTOT(3)oNEWPU(3)oP(3)oT(3,3)
CIMEMSION IxXFOLI(IV)«TKPOL2(36) 9 XxPOLY(30) « XKPOL2(30) ¢POLPT (343000
SFCLPFN{243C) 9xPGL (302430) 9RHN(3937) 9 INMU(3430)
CIVMEL SION w1(S)ex2¢5)HTIMES(S) 4HOTS(S) JIPPOTN(3045)4IX1(5),,1Ix2(S)
—— s.anGLEt5>.1fch(<).x=aorDt30,s).excln(s,a).Nuor515)

CIVENSION 5(9199 )08‘90)
B cata PI / -o14159?65’S/0ENDFIL/6H$EOF /
c .
"'99]1  FCRMAT(B(FG.€, 1x,,
- 802  FrEMAT (14]5)
. 903 .FCFYAT(124¢) .

904 FCeuaT(1nayelx9122671X12A6, ngalO)

T FORMAT (2(BE44Y) 97 TE 419X ¢6A696%,15)

90¢ ‘FGRMAT(IX.ISo:XB(FQ'CqZX)c5XA6)

907 FORMAT(®  CRIFNTATION INDICES= . ,5(1S+5X))

908 . FORMAT(® FIrAL VAL UF _FOR RBaMND tu TuIS CONFIGURATION = 0.£15.8)
.. 905 " _FORMAT(®ANATL PUINTS oe/® PT,uo.' COCRUS ySYMROL®):

91; Fo:MnT(dOTl) )

oly FoemaT(1X. 5% TERME «tLL RE USED §N THE MULTIPOLE. EXPANSION OF THE -
$ PCTENTIAL (JF ZFROe MONOPOLE APPROXIMATIUN IS MADE)@e/
E70X98(IF MEGOTIVE 4£XACT INTEGRALS ARE USED)®) '

913 FORMLT («nean RaTaTION PARANS“./.“ aoMD NO..Xl.xz.ANGLE.NPTS,NROT
—_Ssey

914 FCF”ﬁT(lXT’ch!Z(A‘-G(“013,°)0g2X),EIS Be2 (5X15) 910X 4446 )
: 915 FC:”AT‘AG.‘X.Aﬁ'“x.ZFI006) . )
Sle FOE4AT(IXoZ (A oo (a,012,%)991X)92(ETS+815X))
917 rr:naTt°caCLAQIZaatLtTIES6l° PT1 PT2» PARALLELvPERPENDICULAR Co~p
. SCREMTSS)
_91E _ FCFIAT(AGL4XIIFY.&1Y))

91s FCeMAT (¢ S1ELNS AT ThE RESPEcTIVF DOLARIZABILtTIES wILL COMPUTED
. SCELF=CCNSTSTEnTLY®)

S2¢ FREMAT (B8 (8694%))

821 FPF4AT((1PX|E(A6o°(°uI30°)°'2X)’)

922 FCRMAT(® PCINT uunae:aox3,o INMU-(GElscaaleoEIS BvIHovEIS Ble))

¢ ,._C..._‘. .

C <ET UF EPSILOMN

cc 10l I=i,3
£o 1ol J=1,3
o _ €6 lol K=1,3
._ 101m:.E==IL(IvJ.K) 8-

EFQIL(I’ZQ’)-IQ
-EPSIL(2’3'1)310

EFSIL(291,2)=Te
- EFSIL(Z2vle2)==1"

e EPSIL(19342)z=le .
' EPSIL(2y201)==10
. .. CaLL LATE(COMIT(25))
10¢~  CONTINUE . .

. " RFAf)-9C3s (CC-INT(Tr9T1=1924)
- FEINT S0s.cOT
e - IF(CCHAT (1) oE0eErnEIL) _CALL EXILT.

READ 910y INCICyIPIINToIPRTZ
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€ " REAR I cOOSCINATES =
IF(INDIC(3) «hEeC) =0 TO 401
READ 9C240CPTS
En 301 K=140CPTS
. FEAD 918an1h15(4.f)-lPOlNIS(ItKLa1€1s31'

301 CorTINLE -
40Y FRIMT Su9.
S LG 381 K=1.NCPTS )
. FEHT QOFqK'((POI'TS(IQK)tI 1’4))
~251" CCnTINLE

c FEir xn "FIELC FARANETEFS

CALL MFREAR (TRAHMI, TEENTSINDIC(3))
IF(INDIC(4)spEeO) . ~0 TO 403

) FEAD 972+ NTEOM L1SCF '
. 403 . FRINT SL1NTERM_ __ .

L IFUISCFeEne0) PRINT 919 . - : e
€ - . , e ' . i C
'€ REAC 1N PCLARYZLs8ILITY CATA

e o S S
IF(INDIC(S) oAE0) 50 TO 406 S
e READ QL2 o kn AX . L :

L0 323 K=¥,KpaX ' -
- READ 915 .rxanl(xavaPOLZ(K).(PnLPRN(I.K».1 1¢2)
IXEOL1 (K)=¢
IKFOL2 (K) =¢
£C 374 K2z1.0pPTS
__~1F£XKPCL1(K).F«oPOTNTS(4oK2’)IKPOLI(K)=K2

: IFcXKPCLZ(K).F&.porwrc(bvxz))IKPan(K) =K
304 CerTINLE ' v
o, IF((IKFOLI(K) EQ, ﬁiorR.(IKPOLZ(K) EO 0)) GO To 8000
303 CerTINLE '
404 FRINY S17

e £€.305 K=T(KraX

FRINT GléoxKFnLl(K3'1KPOL1(K)'KKPnL2(K).IKP»LE(K)v(PoLPRM(I'K)oI =1

$q:21
308 COATINLE
[
C. pE4C M BCND FOTATIOH DaTA
I S

IF(INDIC(&)oAE 0) 0 TO 405
READ 9T248E0Nn
IF(N—O\U £0,:) 6D Tr 200

" Co 261 I=7.NEOND

READ 92 Soxl(!)cKZ(ri.HTIPES(I),HP?<(I)¢(PLDID(I:J)vd 1.4).NR07$(1)
e IFENEDTS(T) eENe D) RETSUI)=NTIMES (I)_

n‘hCLF(I)-?.“FI/“TIVE‘(I)
WRET=HETSET)
IXi(I)=0
Ixz{I)=0 .
EC 205 K2=219NNPTS '
e mmeeee IFERIUL) P GeFOINTS(4eK2) ). IXT (1) K2

IF(X2(1I) FCeFAIMNTS (4sKk2)) IX2(I)=k2

e ot tame s ee————— T S —— e e —— ee S = e
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CF'\TINLE

IF(1%1(I).g0. o.on.xxz(1>.Eo.r) G0 TO 8002
FEAD 9<»olXpFoTD(JoI)oJ-lOJROT,

€0 203 J=YV.JFaT

204

‘2c¢3
201

202

40s -

S BRNCEC(T6J) v.1=1e4).

. 21§
200

c_
C
20¢A

e ——————

OOON

IFE0TO(JeT)=C
Lo 2na Kal.hCDTS
_IFIXPRCTR tye1) «EC, PQINTS(4:K)JIPPnTD(uyll‘K

CCNTTINLE
IFCIPRCTDEJe1) «EQ,.H) Go TO 8902
COrTINLE

COATINLE N _
APLOT=NROTS (1 eOkD) : '
_.XSTEF=ANGLE (rs0N[)257,29578

€6 202 I=VeNFOT
XPLOT(I)-rLOLT(1-1)°XSTEP
CONTINLE

XFwAX= XPLnT(kPLOT)
 XPTNCR=XPmMAX/100,
LIFNM0NDorG e G). GO yQ_zoo

IctReD=NRAND
"PRINT S13 -

e 210 I=1.NeoND
IAREX(I) =g

FRINT 914010X1(IionI(I)cXZ(I)oIXZ(I)vANGLE(I)oNPTS(I)oNROTS(I)'

FepuT Gzlo(xFQOTB(J’I)OIPROTD(JOI)’J‘IoJROT)
COATINLE :

CCATINLE
CFRINT S04,COMNT

CCATINLE )
Cc 104 K=1.KvaX
FP=0

Ik1= IKFOL1(K)
Ixz=1IKFOL2 (K)

CALCLLATE _TREOFETICAL FOTATIONAL . STDENGTH I THIS ORIENTATle

£C 20 I=1,2

FOLPT(IvK)=0, q“(anNTS(I91K1)oPOquS(Iv[KZ))
RreCIok)=oCLFT{L,K)=TCENT(])

InNVU(TeK) =00

T =PCINTS(I,IK]1)=PCINTS(Is1K2)
__FP=RF+C(1)eD(1) _ -

. EVALLATICN oF FnLAnirAaILITv TENSOR AT POINT K

'CIFF-PCLPD\(I.K)-P“LFQN(BQK)

CIF(OIFF.EN.0,y Gc 10 21

"1

RP=SGRT(RDY__ .

CTe=n(3)/cF

STE=SART (1, ~CTP®63)

Fe=Pr®sSTP _

IF(RP.EQ.A) o Tn 50
Cer=n({1)/c¢F
- SPE=R(Z)/RE.

YECL(149247) CIFFO(sTFOSTP°CPP°SPP)
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e . XP 201 P pOL o?oK’
: ngt§2v3:k; gYFFngPQCTPospP
'xFCL(BCZ'V) XDOL(’ 3,K)
XBeLtle3yx)=C1FFogTPoCTPeCPP
XFCL(3919K)-¥POL(I.3'K)
g XFCL(lola*)=FoLPau(2.K)0((chacPP)oozoSppﬁoz).poLpnNcl,xagtcnposrp
.. 8)®82 .l

XFFL(2o2.k)—FnLPRH(2'K)°((CTP“SPP;6¢20CPP°°2)OPOLPRN(IQK)O(STPOSPP
$)ea2
XFrL(3,3.w)-FnLPp~(2. )’STP‘OZoPnLPRh(l.K)’CTP“*Z
L Go Tc 104 - .
. 50  SPF=l. S o o
e CPFR0e_ s

€0 TC E1
2l  Cno 23 L=l'_
Lo 22 v=1.3 '
22 XFcL(LgM.x)—c.
23 . xpCL(LoLQV)°F0LPRN(19K)

1104 -ccnrqus
c _ T | ,
C CALCLLATION CF INCuceD DIPOLES
c .
€ FXTERNAL FIEIC PART

€6 115 K= ngVAx e
NS € z36K=3_ e

o 1l¢3 I=Y,3
o E(!Bol)~c.
103 EFTOT(I)=a,
- Cagl MFFELC(FOLPT(IokyoEFTOT NTERM)
T £0 60 .L=),.3 .
f_,____“cc 60 _M=},2

60 E(IﬂoL)°R(IBoL)‘xpoL(LoMoK)“EFTOT(V) 7
11€  COMTINLE SR
. IF(I<CF.nr 0) GO To 1i0
c
¢ !NTEFBAL FIELC COUPLING TENSOR EVALUATIoh
RS SN

'IF(KVAX.En.l) GO To 110
1AM X=39KMAYX
Cec 120 I=71.,1amX
Lo Ce 121 J=1.18mX
12} AlTvJd)=0, '
_-.12C—.~A‘I’I’=.1.o-: . ——

Co 122 Kl=Z9sKk~AX
K2pAX=K el
{8K1=3%K) =2

£o 122 K2= lox?MAx

IAK2=39K2-2 - e - N S T
RO S . : s . e
c 'CALCULATE T(I.J)
c
ROIST=C. _
Co 123 1=7,.3

| F(I)-PCLPT(twk)'POLPY(I'KZ)
e FP'SY‘FbISTﬁn(I)ODlI)

123 CCNTINLE
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. — ”,.FrxST-canr(nr;ST;
TRIAG=1le/cC1ST®93
€C 124 I=1,.3

.. Ce 125 J=1,3
128 Ttrol)==2 69(1)“=(J)/nDIST"5
124 T(I21)=T(5e1)eTDIAG :

-

immeeee £C 127 112143
Co 127 JU=1+2
Ce 127 KK=1,3
A(TAK2IT,TAKT&JY) = A(IAkzolx.Inxl.JJ)oxpOL(Il.KK K?)OT(KK Jay
) AUTAKLOIT o TARZ¢JJ)=A(TAK]I®IT9IAKQeJJ) ¢ XPOLLIT 9K K1) 8T (KK JY)
127  CorTINLE ’
122 ~__c:;y«'rlr.t.E___,v..

c . :
C INVERT PATRIX ANG SOLVE FOR INMU#S

c
X - CaLL SIMEo(4’90oxAnx.a-DEtERw)
¢
G RECCEY. TC_InwUzs _ °
¢ —
1l0 Cc 107 K-chFAX

IrR=39K=3
- to 107 I= \93
107 IhNU(IOK)—E(IBOI)
I

¢ EVALUATICN nF ROTATIANAL STRENGTH

€L
- 156 FRAND= ¢
' -€C 102 K= !,Krnx ;
IF(IPRINT NE, ,) PQINT 9229K9(INHU(19K)oI=1'3)

C . TRIPLE PRODUCT
¢ ) _
TPROC=C

te 70 L=1.2
CCc 70 v=1.3
e - CO.TO A=1,2.

70 TPROD =TP90COFﬂO(L.K)6fpSIL(M N.L)GTRANMU(M)OINMU(NqK)
o FRANC=RBANE =3 84E--9“TPROD“TCENT(6)
102 COATIMLE
IF(MNRORD,.FCeG) GO TO 30
IfLOT= INrFx(Icuan)ol
o YPLOT(IRLAT)=RBAND ___

¢ . o L
C PRIMT FINAL vaLUE FOR REAND IN THIS CONFIGURATION

c .

30 - COATINLE . oo . o~ e
‘~XF(IPRT2.FC-CS Go 70 32 o _ e

_FRINT_S09.. . : : :

£¢c 3) k= lthFTS
- C FRIMT QOe.nv!POIstt!qK)qI 1'6)
31  CCATINLE
32 COATIMNLE
FRIMY SUB ,REahD . :
_.JF!JEOFD.=CoCL.GO_IO_1000 .

FeInNT GQTQ(Ihq~X(I)lI =1 +NBOND)
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o IF(IPD:X(\:”\1)4“F,PROISLNHQAD)JGO.TG 2003

FRINT SG4ecOrT

‘caLL PFREPLT (XPLOT, VPLOTQXPMAX,XPIMCR YMAX.YIMCR.oolonPLOT;
FEINT SUTe(I*HEX(TY e 1= 1eNBOND) :

. FRINT SU4 _<CCanT .

_zoca INCEX{IC!z=0) = INnrw(tcuRBD)*l

-

eem— . . .10L0=1lCURARC .

: IF(IrUEX(VCUFED).GT.nROTS(ICURno>) Go To 2001
IX1CUR=IXT (ICiRbD) - v R .
IxZCUR=IX> (ICyREL) - '
CaLl SETPOT(FOINTS(lonICUR)9POIMTS(1 Ixzcun),ANGLE(ICURBo))
INAX:NrTﬁlICL&BD) .
L0 2004 I=1eT.0AX_

.  KRET=IFROTC (T.1ICURaD)
205&  CALL RCTAT:(annr5¢1,KRor).x,x)
' LRCHO=ICUREU Y
CIF(LRORD,aT.ha0HD) GC TO 2005
Cr 2006 L= LuC:D'hpnNc ‘
"INCEX(L)=n . _

2004 . CONTINLE o —
.. I1CLRRO=NBAND : * - o
2005  CCNTINLE _
.. €e TO 2000 . L
2007 ICLRRD=ICIIRHEC=] o Lo -
= IFCICURRD, EQ.J.BOMIQ_IQDO

€c TC 2693
BoCA . FRINT S8an v
- 98¢ FchAT(¢1poLqRIZAnILITY SYMEOL MOT IN oATA SET®)
CALL EXIT _
acc7 FRIMT 68r5

P )
cou.)._

.98c2 Fﬂ:MAT(*LQCTATID&_EDINI_§Yﬂ80L,N01_IN DATA_: SET®)
‘ CaLL EXIT :
ENC o e
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SUBROUTINE ROTATE(XL, X2, ANGLE ) N
PRSGRAM FOR RNTATIIN ABOJT ARSITRARY AXIS ,ARBITRARY ANGLE IN 3-SPACE
RIGHT=FANDEN FOTATION AMD CUIRDINATE SYSTEM USED

CALLING SEQUENCES
1) Calt S‘T°0T(X1vi2¢AVGLEi
' 'STTS UP TRANSLATIUN VECTOR AND ROTATION PA?RIX FOR RCTATICN OF
" ANGLE #ANGLE® A303JT AXIS WHOSE + UXRECTICh IS DZIFINED AS THE
VECTOR DIRECTED FROM axlc T3 t&ZS

2) CAlLL ROTAT'(ATO“.K.X)

PERFORS THE ROTATION DESCRIBEO IN THE LAST CALL TGO SETROT ON THE

POINT tATDﬂt

DIMENSIOﬂ ATOn 3)oR(3v3),XTRANS(3).SCRAP(3)oXl(B)pXZ(Bl,D(B)
00 1 I=1.3 :
SCRAP(1)=X1{1)- XTRANS(X)
Do 2 1=1,3
XI(I)SXTRANS(ID
‘D0 2 J=1.3
XL{II=XLUD)+R(T,JISSCRAPLS) o o
RETURN _ o . e o o

INITIALIZATION ROUTINE S EEE -
ENTRY. SETROT S
ANGLE IS ASSUMED IN RADIANS

SH=SIN(ANGLE)
Cw= CCSIANGLE) N _ o S
RAD=0 « . o o

DO 3 I=1.3 ’ : ’ ' :
XTRANS(T)I=X1(1)
DCId=X2(I¥=-X1C1)
RAD=RAC#)( [)=%2
CONTINUE
RAD=SQRT (RAD? ] o , S
CTHETA=2(3)/RAD : o _ o T
STHETA=SORT(1.-CTHETA%%2) oo T ’ :
IF(STHETAGTo 1 E-06) G0 TI &
CPHI=1.0

SPHI=0,

GO TQ 5

RAC=RAD®STHETA o . o
CPHI=DI1)/RAD e R e
SPHI=C(2)/RAD

S2T=STHETA®%®?2

C2Ts1.=-52T

SCT=STHZTA%CTHETA

S2P=SPHI*%2

C2P=]=52P

SCP=SPHI*CPHI

RELoLI=CAX{S2P+CATHC2PI+S2T=C2P

RU2531)==CH*S2TASCP+SHCTHITA+S2T=SCP
R{3,1)==CH*SCT=CPHI-Sei*STHETA®SPHI+SCT*CPHI
CRULe2)==CA®S2TESCP-Sa*CTHITA+S2T*SCP

RU222)=CA*(C2P+C2TES2PI+S2T2S2P

RU3¢21==CaSCT=SPHI+SAASTAZTASCPHI+ SCT*SPHL

RU1¢3)==CHASCTRCPHI+SusSTHETARSPHI+SCT2CPHI
RE2:2)==CWESCTESPHI=SAXSTHETA#CPAI+SCTaSPHI -

R{353)=CH%S2T+C2T e

RETURN L : _ :

END : . ‘ : T o '
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FTC FFOL LIST,CECK
SLRRCLTINE MPFELD(FPOINT,FIELCoNTERFS)

MULTIFCLL EXPANSICN COF FIELD CUE TC AN ASSEMSLY CF POINT CHARGES
THZ CALCULATEC FICLD 135 ACDELC TCQ THE VALUE STCRED UPON ENTRY
SO_CARS_MUST BE TAKEW TO INITIALIZE FPT0R TO CALLING MPFELD

$ATEFFSE TERPS IN THE EXPANSICN £RE USED

IF NTERMS =G THE EXACT FIELD FR3IM THE CHARGSGES IS CCMPUTED,
AS wWELL AS THE FIELD FR(NM PFCINT DIRCLES LOCATED AT THEST SAMES
FCINTS o THE CIPCLES ARE IGNCREC IN THE %ULTIPDLF EXPANSION

DEFY&YTIONS 0F VAPIABLZS LSEZD IN THIS PROS QAM

" CHARGES ARE IN ESUy, DISTANCES I ANGSTRCMS

FECINTAT) I COMPONENMT CF THE FIELD POINT.

nnnnﬂﬂﬁnénmnnnnﬁnnnnnn

€

FIcll(ld . I COMPONENT CF CALCULATED FIELD AT ABOVE POINT ,
RIERCELY - I COMPONENT CF THE CENTER NF A3SOLUTE CHARGE N
Q ‘IOJVaooSB ___.IvaoeooS CUVFCNEAT CF THE 2**0 MULTIPOLC )
NDPTS NUMBER OF EATA POIATS 1K CCHMMON BLOCK

ﬁczm?szEQJz : CCORDS AND DESIGNATICA FOR JTH DATA POINT

JHAX © e NUMBER-AF. FIZLLC PCINTS -
1FPTS LSS ’ INDZX FOR JTk FIELD PCINT: » ' .
XFPTSES) _ SYMBOL FQOR JTH FIELD FCINT - -

CIPPT{T.J) I COMPCNENT CF DIFCLE AT FIELD P POINT J

CFT(J} CHARGE AT FxELc PCINT

CIFSASICN FPCINTI3) FIELE (4}
CIVEASICN Q1031:02(3,35,Q202:3,35
CIFMEASICN RI3)RZERDIZE,T(3,2)

CIMENSICN QPTL300 DIPPT(3,3CI,IFFTSI30}+XFPTS(30}
CCPPCN /PCINTS/POINTS(406C) /NDPIS/NCPTS :

CIMENSION F(3)
REAL INTI3D ,IDCT(3)
INTECER ALPHA

<Ci

$02
cC3

T 5G4
S5

€0¢

€§C7
€08
€09

S10

Sil
+3 ¥

FCRM&T(*J4LLTIPCL& EXPARSION ABCLT CENTER OF CHARGE ={%F]10, 49*v*sF
$1C4o2p%Fillcbo®lx )

FCRMAT{16IS) S

FCRMATIIHO,10X% MMDPOLE=%$,815.81 ’

FCRPAT{IHOs10X® UIPDLE=2,2(E15.851F;1,E15.8)

$315.8)1)

CFCR¥ATELIHD,10X* CCTUPCLE=%22(E15E¢lbks)yEL5.8,8(/21X2{E15.8,1Hs)4EL

$5.81%) ' '
FCAMATIXCFIZLD POINT#,10X ¢ CIPOLE MONEMT*,16X,#CHARGE® §
FERMATIIXAS o3 #, I3,%1*5X,2(FEo541%) s EXFR,5)
FORMATIALE y4X 34 1FG6,1X1}

FORMATUIHO,1CX% QUADRUPCLE=*2{Z12:391Fo 1 9E15.852(/23X2(E15.81Hy 0,

CFCRMAT{#QMO MULTIPOLE EXPENSICN WILL BE MADE®)

FCRMATI6FLIC. 7] ' .
FCEMAT(*OTRANSITICON MCMENT=#:3(2¥F8.53,2X s *{LENGTH=%,F8:5,%) CENT -
SER=%,3(2XC8, 61y ZXFFRIVUENCY=9,20F8,4,%E+15 CPS*}

€901 FCRMATULIHQ,IS* TERMS CANNCY BE USED IN EXPARSIONGO USED*}

IF(NTERMS.LE.D). 6O TG 100
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1F( ur:vc Ec.gl go TOAEOQ'

RSC=0.
CC 1 I=143 “
K(I)= FPCINT(I)-RZERO(I)
v nsc=pso¢P(x)tP(1)‘
1 CCATINUE
__RAC=SERT(RSA]

GC TC (101,201,201,4011 ANTERMS
€00 PRINT S9C1,NTERMS -
' ATERMS =0 .
A-ANG=1 ' -
GC TC 100 .

¢ : . .
€ OCTUPCLE C(NTRIBUTION TO. FIELD
€

4

1401 CCATINUE *
: 0C 402 I=1,3
CC 4C2 J=1+3

BC 402 _K=1,3

CO 4C2 ALPHA=1,3 s -
GECP=7.*R(I)*R(J)*R(K)*R(ELPFA) -
IF(TEQ.ALPFA) GECM=GEOM=-RSCHR(JI*R(K)
IF{JEQ.ALPHA) GECM=GECM-FSCER(I I*R (K] .
IFIK EQeALPHA) GEOM=GECM=RSCER{II*R{J)
402"‘FIELC(ALPHA) FIELD(ALPHA)+Q3(le,K)‘CEOHI(é.*RAD**9)

c
C  QUADRUPCLE CCATRIBUTION TO FIELC -
c
301  CCATINUE
 CC 302 I=#1,3
£C 302 J=1,3

CC 3202 2LPHA=1,3

CGECM=C.*F (T)*R{JI*Q(ALPHA) =

IF(T.EQ.ALPHL) GSCM=GECM—-FSTHR(J)

IF(J.£Q.ALPHA) GECM=GECM-FSCHR(I . :
FIZLCCALPHA)=FIELDIALPHA) +C2(1,J143ECHM/ (2. 3RAD**T)

[=}
N

DIPCLE CCNTQIBLTICN TO FIELC

MOAYWY
Q.
— .

CCATIMUE

€O 2C2 I=1,3

CC 2C2 ALPHA=1,3 .
GECV=2.2R (1) 2R (ALPHA).

IF{l.LQ.ALPHA) GECM=GEIN=~FS(C
02 FIELCUALPHAY=FIELD(ALPHA)3CI{I)®CECM/RAD*%5

¥CAGPCLE CCNTRIBUTION TC FIELD
_101___CONTIMUE

aoAanm

CC 1CZ ALPHA=1,3 -
1C2 FIELCC(ALPHA)= Fl:LD(ALP#A)4CC*R(ALPHA)/PAD**3

. RETURN ,
c CIRECT EXPANSION OF POINT MCANCPCLES AND DIPCLES
C ' -

1cC CC 1C J=1,JMAX

U
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JPT_JFPTS(J)'

C
C .- CALCULATICN OF EFFECTlV. FIELC FR(N PT J TO FPDINT

RDIST=0
£C 40 I=1,3

R(IV=FPOINT(1)~ 901NTS',I'J"’ — -

%0 RCIST=RDIST+R(1)e%2
RCIST=SCRTIRCIST) -
IFINTCAMS LT .0) GO TO 700

c ) N ) - S :

C - IF LESS THAN ZERO EXACT TWO-CENTER INTEGRALS ARE COME

C . R, o B ' . '

C DIPCLE COUPLING TENSOR FOR THESE TMC PCINTS

. 00 50 L=1,3 . ,

" . DO 50 M=143 ' -
T T(LeMI=e3, *R(LD*R(MDIRDIST*#‘

£0  CCNTIMUE_

£3 FIELE(ALPHA! =FIELD(A

70€ _ RFC=1.625%¢RDIST/0.527

TCIAG=1./7RDIST#*3 e T
CC El ALPHA=1,3 o ' ' -
- TUALPHALALPHA)I=T{ALPHA,; ALFHAI-TDIAG : '
g1 "FIELC{ALPHA)=FIELD(ALPHA)#QFT(J)!R(ALPHA)IQDIST**B
CC 53 ALPHA=1,3 ‘ '
= —0C S3 I=1,3

ﬁﬁ") IALPHA,I’#DIPPT(I.J)

" . 60 TO 10
T -
.C  EXACT TWC CENTER INTEGRALS

"€

EXPREC=EXP{~2.*RHO)
‘RHCSC=RHD*#2
SIC={1.+3./PHOSC+EXPRHI* (=3, /FHOSC+2, 03.*RHO+2.*RHGSQ*O T5*RHOSQ
$¢RHC}Y)I/RDIST

Pi={l.-1. SIFHOSC+EXPRHD*(l.EIRHO‘O-Z._-l :*QHOSQ-O 2‘#RHOSO))/
SRCIST

SICCCT—( ~1.-%. /RHDSQ*‘XPRFC‘(-9./PHCSC—6 /2#0—2.—4.‘RHOSQ'Z.*RHO

=2-53kHOSU*REFC~1.5%¥RHOSC*%2 ) 1/RCIST#e2

PICOY {-1l.+4, S/RHLSO+EX°RFC#(-4.SIRPCSQ° 3./RHO+2.5+5.%RHO+2,.75%

. $REFCSQ+0.5%RHCSQ*RHT))/RDIST #42 ‘ .
INTI(L)=P1 o
INT(2)=PI

INT(3)=516G
I0CT(1)=PIDCT
TCCTE2)=PIDCT
ICCT(23)=SI1GCCT
CC 7C1 ALPHA=1,3
F(ALPFA)=0.

D0 7C2 I=1,3 - -
FUALPHA)=RII)e2¢R(ALPHA) #( /RDIST**4*IVT(I)~1 /PDIST#23¢IDOT(I))
- $+F(ALPHA) ’
IF{1.EQ.ALPHA)FLALPHA )= F(ILFPA) <.*R(I)IQDIST**2*!N7(I)
702 CCATINUZ

€1 FIZLC(ALPHA)=FIELD(ALPHAD4QPT(J) oF (ALPHA)
10 CCATIAUE ,
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RETURN

ENTRY ‘MPREAD . )
REALLY MPRLAD(TRAN“U.TCENT lND!C)

. CHARGES GNLY COMPUTES THE CENTER OF ABSOLUTE CHARGE AND THE

READS IN TFE FIELD POINTS,CHARGES AANC DIPOLS Se AND THEN USING THESE

PC&DPrLEyDIPCL;.OUAORUP'LE.CCTUPCL: AND HEXADECAPOLE MO“LVTSVABOUT

THIS CENTER . -
USES CENTER OF CHARGE FOR TCENT BND CIPCLE QOMENT FOR TRANMU.
IN FPZQUENCY CF TPANSITIDA ANE TCE?T TPAN?U IF CNLY DIPOLES.

,41
i

fannnAan N

IF(NTER"S. gO) GO TO 110C
REAC S02,JIMAK

'READS

CO 1CCO J= 1eJtax

RELD =39, XFPTS(JD.(DIrPT(X'J’1I=1'3)’CPT(JI
- IFPTStJ)I=0 .
- DC 1CC2 K2= l,NDPTS

IF{XFPTS(J).ECQC. FﬂINT$(4vK2)llFPT<(J)=KZ :

A lQQZ CCNTINUE

IF({IFPTS(JI.EQ.O0) GO TO 8CO1
10060 CCATINUE
REAC S11.,FIELC(4) TMLEN

¢ .

€ CCMPLTE MULTIPOLES AND RZERD
00 1€C3 I=1,3
cl(1)=0.

10C3 RZERCI(I)=0.
€0=0. )

£0 1Cly. J=1vJMAX

JPI=1FPTS(J)

QT=OT+ABS(CPT(JI)

Q0=QC+QPT(J)}

0C 1010 I=1,3 ' '
CLLII=NLLII+CPT(IN* PC!VTS(I.JPTi

RZZPCII)= QZLFC(I)#ABS(CPT(Jli*PClNTS(IlJPTﬁ
T1010  CCNTINUE 4
IF(CT.EQ.0.) GC TO 1052
NHANG=1 o
TP=CL1)%224QL(2)s*2+QL{3 )% %2 R
TM=SQRT(TH) A : :
XFACT=TMLEN/TM

IF(XFACT.EQ.C.) XFACT=1.
C IF XFACT CCMES CUT ZETRO, COMN2T SCALE
TCO 1012 JJI=sleJMAX
T CPTIJJ)I=0PT(JJ)=XFACT
1312 CCATINUE
T CC=R0#XFACT.

‘TNLEA =THEXFACT

DC 1011 I=1,2

RZERCUII}=RZERC{TIIZQT

FIGLCCIVI=RZER0C(ID !

c1(1)-01(I)#xFAcr-oochERC(XI
___lnll__cngIruL

0O 1020 I=1,3
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co 1920 J=153

CZ(I.JI=0. :

DQ 1C20 Kk=1,3
02(1,JyK)=0s -
CONTINUE

‘CO 1C20 JJ=14IMAX
JPT=1FPTS(JJ)

1031

RSQ=C."

Cc 1c21 1=1,3 .
'F(I)=FJINTS(IrJPT’“RZEQU(I)
RSC'R‘Q*’(I)*R(I’
- CCATINYE . .

D0_1022 I=1,2

CC 1C32 J=1,3
GECM=3,3R(1)*R(J)

IF(l1.EQ.J) GECM=GEIM-RSQ
.041I.J)=OZ(I'J)*CPT(JJ)‘G£OP

© C0 1032 k=133

CECM=15.2R(T)R(JI*R(K)

1032

1030

lehc
[«
C

CCA=3.2RSQ

IF(I.EQ.J) GZ CM=GEO“‘CON¢F|KI v
IFCJ.EQK) GECM=GEC-CON&R{IY .
IF(I.EQ.K) GEON=GZOM-CONSR(J]}
CaionvK)=°3(XQJ'K)*QFT(JJ,*CECH
CChTIhUs

CONTINUE :
DC 1C40 I=1,2
FFCIAT(I)=01(II
CCNTINUE

_PRINT CUT MULTIPCLE EprNsxon‘

C
1100

1001
1101

\

1081
\-...q!csc
1082

" €0Cl

s8cl1

PRINT 907
DC 1CCl J=1,JMAX

PRINTY 908;XFPTS(J).IFPT5(J).(CIPFT(I:J)»I 103150PTL)

CCATINUE
TF{CT.EQ.0) GC TQ_}OSO

PRINT 901 ,RZERC
PRINT 9C3,Q0
PRINT 904,01
PRINT 305,02
PRINT 90&,03

PRINT 912, FPOIhT.TWLEN.FIELC

T RETURN ‘
PRINT 910 -

6C TO 1051 :

RELD GII,FPOINT'(FIELD(IloI=ls3)
NHANG=0

GC_YC .1050

FRINT <301

FCRVMAT (*1FIELC POIMT SYMecL NDT IN CATA SET*)‘

CALL EXIT
END
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sIGFTC PPLT FULTST.DECK

SUAATINF ?kMpLT(vaolnAXoXINCR.YMAxoYINchstoISYoNPts)

c o:lurea PLOT ROUTINE

[¢]

C
C
¢
c.v
C
c
c

C

(o]
—.90}
ue
803
90«
9us
gaun
C

1o
16
15

12

- 13 _yArIs=z YMAX=(]=]1)0YINCR

10

20

800 PHINT 9800

OLOTS THF 3N9TS$ POINTS GIVEN HY 3!(1)-7(1)’ ON A 51 4 101 GRID
__USING A TOTAL OF 56 LINES OM THE HRINTER

1F #1S%2 OR #]SY2 ARE NON<ZEROs THE COQRESPONDING MAXIMUM AND
INCRE#FNTAL STEP SIZE ARE COMPUTED :

IF EITHER INCREMENTAL STEP SIZE IS ZERUs THE PROGRAM EAITS .

NZLITHER OF TwgE INPUT AKRAYS ARE DESTROYED, [F SCALING IS VONE :

THe CORRESPONDING NEw VALUES OF MAXIMUM. AND STEP SILE ARE RETURNED

DIMENSION X(NPTS).Y(NPTS).IBRIDlIOS)oXAXXS(11$

INTﬁerq aLANKooor.STARoXGHIDoPLus
DATa BLANKoDoToSTARvPLUS /7 IH 01H.91H°91H0 /

__FORMAT(16Xs105A) . . _ » — — s
FORMAT (LXELOQ, 3.2!01Hoo105A111H0) - : SR
FORMAT(1SXe103(1He))

FORMAT(9X911E104342H (11645H PTS) ) | ’ ;

FONAAT(16X911.(1He 49X))
FORMAT (®1SCALING.ERROR IN"PRNPLT, EXECUTION TERMINAIED':

IF(ISX.NEL0) CALL PLSCAL(IoXMAl-XINca.NPTSoloo)
TFLISYSNEL0) CALL PLSCAL{YsYMAXsYINCHINPTS950)
IF(XINCREWeNe e ORYINCRIEGOU4) GO TO 8OO '
YAXMIN=0e01®YINCR

XAAMINZ=0+ 01X INCR

JZERN=YMAX/Y (NCRe1eS_ C e em
JZERN=103,5=xMAX/XINCR -
IF(JZFRO.GTo103.0R.JZERO.LTo4) JZERO=2

PRINT 905

PRINT 903

DO 10 I=1,51

IF {_T.NELIZERO) GO YO 16_ _ ' i
U0 14 J=1e10%: . : o ’ . .

IGRIN (J)=PLUS

GO 70 15

no 11 U=14105
IGR1ID (J) =BLANK
lGdIn(JZFRO)sPLUS
16%10(104)=00T
IGRID (2)=n0OY

DO 12 K=14NPTS

"ITEST =(YMAXaY(K))/YINCRe1e5

IFCITEST JNELI) GO Tn 12
J=103, S-(XMA(-K(K))/XINCR '

IF(ld.LTe3}) J=}

I6R1ID (1) =STAR .
CONYINUE N ) ‘{
IF (00114100 ,EQe1) GO 10 13 '

PRINT 90141610
GO To 10

IFLAQS(YAXIS)oLToYaXMIN) YAX[S=0,
PRINT 9024YAXISe (IGRID(J) 0J=]14105)
CONT INUE

PRINT 903

BRINT 905

N0 20 mM=1411
XAAIQ(A)-xMAx-xlNCR'cFLOAYlll-M))“lo.o
IF(unS(xAXlS(M’).LT.XAXHIN)XAXIS(M) =0,
CONTINUE

PRINT G044XAXISNPTS

RE TURN

CALL EXIT
ENOD

——o—— s e
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€I9FTC FL§C FULIST:DECK
- SUHQOUTINE PLSCAL (VsVMAXsVINCR, NPTSvNDIVtS)

c
c SCALING PROGRAM FOR USE WITwW pnNDLT ‘
¢ THIS VER2IUN ANJUSTS THE FULL SCALE TO 2¢5+5¢09 OR 10, TIMES 100eN
€ _anD 30 YSTS THE MaXIMuM POINT Tn aN INTEGER MuLIIPLE_pF SeyINCR
C
. uleNSION VINPTS)
¢ o \
VPIN=V(1) ' . -
vmMax=v(l) . . .

DO 13 I=14NPTS

IF (VD) LT VMINY VMINSV(])
IF(v L) eGTAVMAX] yMAX=V(I) \
10 CONTINUE ,
. QRAIGE=0,43429445A1L 0G(VMAX=YYIN)
. L IF(ARANGE) 2042030
3 - lSANGE=QRANGE: ..

207 IFANGE==0RANGE
IRAMGE=-IRANGE=]
40 QRANGC=QRANGE=FLOAT(IRANGE)
d&NGE 1C . "¢ ORANGE .

- ————

N~
c RANGE IS wETWEEN 1.0 AND 10.0
c
&

3 IF(RANGE.GTo25) GO TO 41
RANGE=2,.5
. G0 TO S¢ ’
41 IF(RANGE.GT45.0} GO TO 42

TBNGFES,0
- GO TO S0
92 RANGE=10.0 . .
50 TRANGE=RANGE® (] 0. ##TRANGE) .

C__ TRANGE. IS NOW 2,5+5.00 OR 10.0 TIMES A POWRR "F TEN

VINCR=TRANGF/FLOAT(NDIVIS)
IF(vMix151451e82
52 Imax=vrax/(5,08VINCR)

XMAXSZ o 0@V INCROFLOAT (IMAX )

G2 70 53
'""ST'””“T?TTE$VGKX7TS'GVVTNCRT

) A¥AX=S o Q4 VINCRUFLOAT (=IMARS])

82 IF Ly IteGT o XMAX=TRANGE) GO 0 100
HANSESRANGES®Z 40
IFtRANGE=~10c) 43043956

54 RANGESHANGE/Z10,

ITRENGCEETRANGESY
GO 70 <23

160 VAR =XrAX
VPINSXMAX=TRANGE
RETUSN
Enn

//EJV’“ ,‘ i
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- APPENDIX IIB

‘Program TEMROT,:Wéighs~ the rotational strength by the popu]ation
distribution at different témperatures; Twovveksions'of intégratibn

routines are given. '~
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e PROGRAM-- TEMROT -(INPUT bUTPuT'—%APE—sfs—QUTpe?:
c NELSON TENG JULY 9, 1970
mme G- TEMPENATURE UEPENDENCE OF ROTATIONAL-STRENGTH

CU““ON/‘/X(IOU)IY/Y(IOOIIZ/Z(XOO)IYZ/YZ(IOO)/I/N /75/3PpT(100)
——ere RE A D18

v 00 30 I= le '
—— ———-. RE&AD 2¢. (SPQT(I). Izl.B‘
' 1 FORMAT (ID)
2 FORJ4AT -(8Alp} '

) CREAD 100eNe(Y{I), IzjeN)
—READ- ] U b Z{ T u TN}
100 FORMAT (I4/ (BF1Qe4))

c——-101 FORMAT--(]4/-({BEL1QooM)
. YiNeRYBY {])

p—— 4 T TS R XS
DO 5 JUmlelN .

YZ"'MNNS‘V:
85 X(J) = (J=1)95 = ]18n
— - K igel) S X)) —
o YZ(nel) = YZ (1)

————— M 3 Nel : :
: PRINT 2009 (X(I)y Y(I1s Z{I)e. YZ{I}o szoﬂi ‘ .
.___—geo—FORMA149L—____——u GREE———PRO

1S R*/(5Xs Floele 5Xy Floeés 5Xe E12, 49 SX9 EL2e4))
~PRINT- 39 - (-SPOT(I)s I=1v8)
3 FORMAT (LlHl, lO0Xe BAl0) :
— e — SUMY=0g - -
SUMYZ=0 '
, —————D0-20—=1¥
SUMY=SUMY e { (Y (J)eY(Jol1) ) (X(Jel)=X(J))) /2
-————~-~SUMYZ=SUMYZo((YZ(J)OYZ(JOi))°‘X(d°li“£4dl4+*
' o JJdaJdel}
~-—g"--prN7 300e- X{JJ) o- SUMY
PRINT 4009X(JJ) eSUMYZ
-u———qoa-FORMA443~——————DEGREE—————«—PRO8&B%t44¥—4N4E6Rk¥EB“*—~——————-————'""
1(5Xs Floels SX9 E12.3/7))
ey 0 Q- FORMAT - — @ —~“~—OEGREE—*-———PTIHESR~%N{§GR#
1(5Xs Floele SXe E12,5 /7))
c——— 20 CONTINUE
‘30 CONTINVE
——reEND
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—_— suauouTxNE SIMPS.. ¢A.q.e.uax;gxxwrs,xqu}Nosx+——————-—
- : FAFd-AIVTG(A)0£INTG(8)
U 1T T-0 Y S —
XIRSXHE®,S
——— XJRAIR®EAF
: XMEwSa®X]IR
XAASKAIN/3 ot
INDEX=0
———3006- FNEWX=AINTG (XNEW)
. 1001 IF (IMUEK oGTe 0) GC TO 1003
——1002—-INDEX=]
xI:th'(FAFaoFNwa’a.)'
1004 XJS(XJ*X123,) Pe25
INDEX=INDEXe]
.;_;._,..IF INUEL-.GT.~MAxIr-GO—TO—iOO°
10l0 xH=AH°oS -
-XNEW=A P XHE o5
o - S§%0.-
_;___xons IF - (XNEw: .Lr- 8)- GO*TO ldo&
1007 XIP=(XJeXH®2,0S) /3,
Ce——— - 1-WRITE (392) INDEXsXIP— -

.~ 2 FOR4AT (3ox.6HINoEx-Ia.zx.4HxIP 1PE12s4//)
-—-——————{F—+48§—4x!&-‘%%-thv—iﬂs—+E‘*{P++—69—¥e—+099-————--'
‘1008 XI=x1P
--- GO 10 1004

1003 S=SeFNEWX
e XNEWSANEW ¢ X —
' GO TO 1005
-——%ﬂﬁ9~REY“°“
’ . END -
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PFOGRAM TENFLCT (INPLT, CUTPUT, TAPE 3 = CUTPUT)
NELSCMN TENG JULY S 137C

TEMPERATUFc CEPEALENCE TF KRCTATICMAL (TRENuTH

CCNV”KIXIX£1_C)IYIY(IOC)IZIZ(ljgllYZIYl(1"CJIJIN [SIS’OT(IQO)

EXTEFNAL P4PR
RZ2C JChe%e(Y(I)s I=1,N})"

CREED 1Cle Ny (l‘l’v I=1.0 )
100 FCIVAT (J«u/ (2F1C.2)1)

131

FORNAT (i4/ (8%10. 4))
Y{N+1)=Y{]])

Zik+ld=2(1)
DC 5 J=1,h

YZ(J)¥= Y{JI=2Z{J]) ' :
X{J) = (J-1)%5 = 180 -

5
X¢{N+1l) = —-XU1) .
Y2{nN+l) = ¥YZ (1)
N = N+l .
PRINT 270 (XU1)y Y{(Idy ZC1)y YZ(1), I=1,N)
200 FCOFRMAT (%] TZGREE PREBARILITY ROTe« STRN P TIME

15 3*/(5X, F10.l, 5X, F10.4, 5X, E12.4, 5Xs €12.4)})

XSTART = —IBu.C
INIT = 9 :

D0 10 J= 1, 1€ -
XX _*= J%20 =18C

CALL SIMPS ( XSTART, XXo B.CC5, 52, P, PFINAL , INCEX
IF {IMDEXLLTL5C) P=INT 330 o XX+ PFTINAL

)

ENC

vaoo FORMAT(= - D&G PROBAEILITY I*TFCRATCD*I
1{5Xy F1lo1ls EX, cl 3//!)
IF { IMITe NZe Do ORLPFINAL. Ec. c.C) GC TO 10
PRINT S5CC, PFINAL
500 FCMAT (#* PFRINAL EQUAL Tc*/(lcx.axz.B) )
JINIT = 1 :
XSTART = (J=1) & Z2C - 1€C
1€ CENTINUE ‘
DC 20 . J=1,13
XX = J*¥2C =-18€
IF (xx. LS. XSTAPY) GG YO zc ' N
CALL SIMPS ( XSTART, XX, 0.005s 50, PR , PRFINAL, IANDEX)
IF (INCIXeLTe5C)} ERINT 400, XXe FRFINAL i
43C FORMAT (% - CECREE FTYINESR INTECTATEC#®/
1{8Xy, Fllely 5X¢ El2.5 /7))
20 CONTINUE '
eNC
FUACTICN P(PFI
cnvw"/xlzilac)/Y/tilCCJ/Z/z(100)/Y2/YZ(10C)/I/&
D210 I=1.K -
IFE (PF 1 CTX{1+1) CR.PFrT.tT.¥(1)) CC TO 1C
PEYCIIH(YI+1) = YUID ) *= (FREI-X{TD)/Z(X(I+1)=-X{1))
AETUPN
1C CONTINUE
EnC
FUNCTION PRIPHIY
g“?;1;/:/:(1€3)/¥/¥(IOC)/Z/Z(ICG)/YZ/YZ(IGC)II/N
1F (PH1.OT.X(1+1).CR.PHILLT.X{I)) GC TO 10
PR =" YZUL) +(Y20 141} = YZUIDI=(PrI~X(IDI/(XCT+10=X{1))
RETURN _
10 CINTINUE =
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'APPENDIX IIC

Program LESQW, a'Fortranlllflinéar regressive analysis of the

‘Lineweaver and Burk kinetic equation,.

~
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_ _ PRUGRAM Lesow [NPUT.DUTPUTI : '
_..C___LEAST SJQUARPE ANALYSIS UOF FNZYME KINETVIC oara A
N WEIGHTEN LEAST SOUARE ANALYSIS ON-LINE Y = A & B#X

DIYENSIOM _ X(500) ¢ _Y(570), YPREN{300}, YDEV(300),wW(500) ___

DIMENSION sv(SOOi.sx(aaol.svvt=oon.sx(100). XK{100) +SEK{100?}
__NIMENSION SNA*E(100)
. READ &4 L(SHAME(1), 1=1,8)
4 FCQRMAT. (RA10}

o ————

PRINT 3,(SNAME(I), I=1,8). ' ST
3 FORMAT _(1Hl, 8 8410) ; : L

J=0
R _READ 10, ™ e e e e e i e e e e
READ 9, (Sl(l,y lél’ L} ] .
€ ____READ_SUBSTRATE. CONCEMTQ&TIOV
READ 10, N

_READ 11, (SXUL1)s T=leN)
‘11 FORMAT (E10.2}) :
—_—— ] _CONIYJNUE.
: J=J¢l
11=0 *
C - READ SAMPLE SIZE
o READ 10, N : . o - o
: PRINT 10,N - . T
._____9 FORMAT (£10.2) : o ‘
io FORMAT(!’D
—— _IF _{N.EQ.O) GO TO 150
c READ VELOCITY
TREAD 14, (SY(I), wu,__, 1=1,N)
14 FARMAT (2F10.53)

2. €C ___JF W(I)_ 1S NOT GIVEN SET WLLL__}Y(I)**4'
- IF(W(1).NE.O.O) GO T0 15
DD 12_T=1eN . _

, WII) = SY(1)%%4
12 _CONTINUE
15 CONTINUF i
€ 1/V_VS. 1/S_AND S/V _VS._S
NO 6 I=1,N
X{I)_= 1.0/5X(I)_
YL} = 1.0 /5YCD)
SVYLI) = Yil) #SX(1)
6 CONTINUE
— T CONTINUE, ___
c D0 CALCULATIONS
_EN_=_N ' :
SUMW = 0.0
_SUWX_= 0.0_
TSUMNY = 0.0

134

SUMHXX = 0.0 - -
SUMKHXY = 0.0 =
_SUMNYY = 0.0

SUMZ = 0.0

N0 _20 TI=14N
SUMW = SUMW + W(IY

SUMWX = StAWX ¢ A(1)=x(I)
SUMWY = SUMHY + W{I)aY(I) o

L SUMWXX = SUMWXX + W(I)ex(l)=e2 " .
SUMWXY = SUMKXY + <“{IV&ExXtI)=y(l)

SUMWYY SUMIYY + WL EY(I)e22 .
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Su4z = U"Z + Y(l)‘SQRY(H(I’D,
20.CONTINUE
c CALCULATE COFFFICIENT 3 aND IVTERCEPT A
_‘___,__QEN__ SUMWESUYMYXX = SUMAX*®2
- £ SUMAESUMWXY . = SU*dX*SU“dY)/DEN
;;_______A_E_(SJ“JXX*SJVHV =, SUMWXES4dXY) /DEN ' -
€ CALCULATE PREDICTED VALUESc DEVIATIONS AND SUM OF SQUARES =~ | = : =

_SS- -00 : . : ;
DO 30 I=1,N R - o -
—YPREDUI) = A *B*x(l) e ' -
' YDEV(IY. = YPQED(Xl - Y{I1} . _ L . L s
— .55 = .SS_+ YDEVLK!**’ *de])_ ' _ L S

. 30 CONTINUE ‘ C : A : ' :
e 'SS52_=SS/7(XN ~ 2.0)_. ] : = o
c CALCULATE STANDARD ‘RROQS ' S R
SE_=_SQRAT(SUMW=SSQ/DEND_
SEYINT = SIRT(SUAWXX #SSQO/DEN)
€. CALCULATE .CORRELATION COEFFICIENT
: R = SOIT((ARSUNNY+ B*SUMHXY- SU“7*¢ZIXN)I(SUWHYY— SUMZ**Z/XN!).
PRINTY _10,N__ .
. PRINT 100, BeA , R . . - )
_PRINT 101,_SE___ S : L ~
PRINT 104, SEYINT o ' ' ' _— o
__PRINT_102,_R. o ‘ v ’
PRINT 103, (X(Il. Y(T), YPRENCI Vs YOEVII). Will), J=1l,N)}
— 101 FORMAT_(4BHTHE STANDARD ERROR OF THE COEFFICIENT IS S.E._= _El6.5)
100 FORMAT (23HTHE COZFFICIENT IS B = E11.5,27H - THE YINTERCEPT IS
1A:—=-F¥1.5) : : _ '
102 FOR4AT (3SHTHE caRRELATxou CCEFFICIENT IS R = Fl0.69/TXe®EX%E411Xs:
.\ 3K TYE _ 11)(, e e : i
, 1 tvpasﬂ*olox.*vo=Vt TLXy Erix) .
— 103 FORMAT (E10.3,5X+E10. 3,5X.FlO..v5¥.FB 5.7x.E1o %)
104 FORMAT (52H THE STANDARD ERROR OF THEF IVTE*CFPT IS s. JE.{INT) = El6
A CALCULATIUN NOF KEI) AND STANDARD ERROR FRCM S/V vs. S PLOT
IF_(Il. EQ..0_)_6GO TN 51 )
IF ( SI(JI. ME. 0.0 ) GO TO 50

>

BV=8
XK(J) = A
SQXK = A%A

"SOYINT = ssvrur E sev:ur . ‘ o -
SEK(J)_=_SEYINT ; ' : -
G0 YO 51
S0 K=} .
CXK$J) = SIHJ) /7 (A/XKIKY -~ 1 )
SISQ_= SI(4)* SI(J)_
T DEMO = (A= XK(K) V1=%4 « o , -
SEX(JI=SQRT ((SEVINTE*2 #SISeSIXKI/DEMD + ¢SQVINT*SISQ=A" H JEMD)
IF(J. ME. M) GO TQ 51 T T _ | |
XK(K) = XK(K)/BV ' .

PRINT 106 - B
PRINT 105, STUY)a: XK(I)s SFKCI), 1=1,M) o
105 FORMAT (E10.3,5X, F10.3,5X, E10.3) ‘ i
105 FORYAT (1H1, *INHISITOR ___ K(1) - __ STANDARD ERROR%///) o
c CALCULATION NF AVERAGE K(I) AND STANDARD ERRIR g
SXK _=0.0 , - ;

SSEK = 0.0 - |
NN 200 1=2,M : ' :
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TSXK = SXK ¢ XK(I) ;
200 SSEK .= SSEK + SEKLII*SEK(I)

FXK =2 SXK/{M=1})
FSEK = SJtY (SSFKI(“-!'I(MQI)J

PRINT 107
—— . __DRINT 108 , FXK, FSEK -
e 108 FORMAT (//44Xy E1Do3y . 14X. E10.30_
GO TO 150 .
51 l!=ll*1

107 FORMAT (/7777 4% FINAL'AVE;'k(ti"'-'——

TAVE.. STANDARD ERROR‘)

DO 2 I=1'N

WII) = W(I) /7 SX(I) %2
2 _CONTINUE

6o T3 7

150 STOP
T eno

[ =
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- SUMMARY

Proton magnetic resonance studies at 220 MHz have shown

that the conformation of flavin adenine dinucleotide in D,O-

diozane-d-8 (70:30, v/v) solutions is in agreement with the

model proposed by Sarma, Dannies, and Kaplan (Biochemis-
try, 7, 4359 (1968)) for DO solution. The determination of
the temperature dependence of the FAD, flavin mononucleo-
tide, and adenosine diphosphoribose proton shifts were found
to be necessary for a correct assignment of the isoalloxazine

protons in FAD and hence for determining the conformation.

The FAD proton shifts in D.O solutions have & sigmoid de-

pendence on temperature which is discussed in terms of a

two-state model, where an equilibrium exists between the

‘folded and unfolded states of the molecule. Sigmoid curves

are not observed in D.O-diofane solutions, suggesting that
dioxane lowers the transition temperature. Dioxane de-
creases the fraction of folded FAD molecules in solution by
lowering the energy barrier between the two states and also
reduces the intermolecular stacking of FAD and FMN.
Line broadening of the adenine AC;H proton in ADP-ribose
is observed and may be interpreted in terms of rotational
isomers in solution.

During the course of an investigation of & flavin-contuining
enzyme, p-hydroxybenzoate hydrovylase, the eircular dichroism
spectrum was observed to exhibit a negative band at 430 nm.
Neither the apoprotein (1) nov flavin adenine dinucleotide (Fig.
1) showed any optical activity in this speetral region (1, 2
This 450 um ¢iréulur dichroic band may be induced by the
particular mode of bouding between the protein and the FAD
or Ly a conformational cliunze in FAD upon binding. The
neeessity of determining the FAD conformation became impera-
tive for an interpretation of the optical measurements,  Nuelear
maghetic resonance speciroseopy was chosen since it vields
valuuble structural aud conformational information.” For ex-

*This_research was supported in part by the United States
Atomic Energy Comunizsinn,

P Holder of a Nationwl “(‘S(‘:Irl‘ll Counvil of Canada-Nerth -

Atlantic Treaty Organization Postdoctoral Fellowship,

’

ample, the pyridine dinucleotides have been studied alone (3-7)
and in a complex formation with several enzymes (5) in solution. -
While our work was in progress Sarma, Dannies, and Kaplan (8)
have published a model for the conformation of FAD in DO
based on their 60 MHz NMR? spectra. In that medel, the
adenine ring is folded over the isoalloxazine ring and the dinu-
cleotides associate as dimers in solution by way of vertical stack-
ing of the isoalloxazine rings. In the folded dinucleotide con-

“formation the adenine C;H proton is preferentially located over

the aromatic ring (4 in Fig. 1) of the isoulloxazine of FAD,
whereas the isoalloxazine CsH proton is in the proximity of the
pyrimidine portion of adenine.

The present study is concerned with the investigation of the
conformation of the folded dinucleotide as a function of temper-
ature in DO and D:O-dioxane solutions. Our chemical shift
data support the folded structure for FAD in DO which is
partially unfolded by D,0O-dioxane solutions or by an increase
in temperature. A significant line width change of the adenine
GsH proton, only in the mononucleotide adenosine - diphos-
phoribose with temperature, is discussed in terms of several ro-
tational isomers of this molecule in solution. - Finally, we recog-
nize the difficulties in line assignnients in FAD and in favin
mononucleotide haxed solely. ou chemieal shift inferred from
electron density. caleulations.

EXPERIMENTAL PROCEDURE

The NMR speetra were obtained on a Varian high resolution
HR 220 Mz spectrometer.  The shifts were measured with
respect to sodium 2, 2-dimethyl-2-silapentane-3-sulionate (from
Merck Sharp and Dohme of Canada) used as an internal refer-
ence, and ealibrations 'were carried out by sideband modulation.
The precizion of the measurements is 0.5 Hz.  Temperatures
were calibruted using the temperature-dependent chemieal shifts
of ethyvleneglycol and methanol samples and the calibration

- eharts provided by Variun Associutes. The precision of the

measurement -is £2.0°.  Calibrutions were carried out before
and after all measurements.  High temperatues had no effect on
tlie ambient temperaturé (17°) spectra of the molecules in-
dicating no irreversible conformational changes or decomposition
of the moleeules has occurred.  All solutions were at neutral pH.

FAD and FMN were obtained from Sigma and K and K Lab-

! The abbreviation used is: NMR, niiclear magnetic resonance.

5656



=172 -

Issue of October 25, 1969

HO

G Kot_awycz, N.Teng, M. P. Klein, and M. C(ilvir_z . v 5657

o_ _o ﬁ_ o CH2<NI»>\H

) o _ .
A H
H OH : H OH'

H HH
CHZé_(:: |
L l _ OH OH OH 0
CH3 , L. va 0
CH3 s N (':/ N
H 6

Adenosine diphosphoribose (ADPR)

- R 4
Hz*cl:‘“‘cl: ?—CHz—O—P —0H
H OH OH OH

Flavin adenine dinucleotide. (FAD)

- F16. 1. Structural formulae

orutories; ADP-ribose was obtained from Calbiochem. These
compounds were userd without further purification but were
Ivophilized twice from D0 to remove exchangeable protons.
The solvents .0, dioxane-d-8, and methanol-d-4 are from the
International Chemical and Nuelear Corporation.

RESULTS AND DISCUSSION

Assignment of Lines—Sclected regions of the 220 \[Hz proton
magnetic resonance spectra of ADPrihose, FMN, and FAD
(0.025 M) in a DO-dioxane-d-S solntion (70:30, v,v) (pll 7.0)

are shown in Fig. 2, andd the coneentration dependence of these”

proton <hifts is illustrated in Figo 3. The peaks were assigned

to their corresponding protons in the following manuer. For

ADDP-ribose the singlet-at lower field carresponds to the adenine
Cy proton (AGH) a= shown by purine exchange experiments
with 2:0 (9, 10).  The singlet at higher field is then assigned to
the adenine Ca proton (AC.11), while-the doublet arises from the
€'’ ribuse protou in adenosine (AC'H). The observed splitting
corre=ponds to the coupling (Olhl.nl( J(H/-11.") between the
ribose protons.

Sarnu ef ol (8) assizned the isoalloxazine pmlum of FNN
and FAD on the basis of the compatted 7 eleetron densities at

the carhon to which the proton is bonded. The uncertainties”

mvolved are dezeribed. - Correlations between 7 clectron den-
stties and aromatic proton chemieal <hifts have been discussed
by <everal anthors (e Reference 11 and vefercuies therein).
The proton bonded to the highest o clectron density carbon ex-

periences the largest diamagnetic (high-field) shift. On thig
basis, the lower of the two aromatic proton lines was assigned to
the isoulloxazine Cs proton in FMN (FCSH) (C; 7 electron den-
sity, 1.004). The higher field line is then assigned to the Cs pro-
ton (FCID) (Cy w electron density, 1.063).  Computed r electron
densities at the methyl protons were used to assign the FAIN
methyl resonances. Hence the C; methyl protons (FC;CHy)
oceur to low field of the (' methyl protons (FCCH3) (7 electron
densities, 0.943 and 0.949, respectively). These m electron den-
siticx: were caleulated by Pulinan and Pallman (12) for the
oxidized form of the isonlloxazine ring of FNIN,

The nncertainty ih this approach is evident from Figs. 3, 4,

and 3. From Fig. 3, the FMXN FCH and FCH proten shifts

appear to become equivident in 12.0-dioxane solutions at in-
finite dilution. The temperature dependence shows that these
two resonances collap=¢ into a single line at 68° in D.O-dioxane

solutions (0.025 M) (Fig. 4) aad at 91° in DO solutions (0.025

M) (Fig. 3).  These results are uncxpm:tcd from electron density
conziderations alone. -

An unequivoeal assignment of the FMN proton resomanees
hus been earried Sut experimentaily by Bullock and Jardetzky
(1:3) who observed the exchange of the FC;CH; protonsat 4 05°
in DO solutions and a consequent decrease in the amplitude of

»

the luwer field methyl line? From @ comparison of the speetra

tIn a paper by MeAndless and Stewart (14) =imilar denterinm
exchauge expeiiments of the merhyl protons in two Jumazine
derivatives are reported.
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Fig. 2. The 220 MMz proton magnetic resonance spectra of
ADP-ribose (ADPR), F.\I.\',_ and FAD (0.023 ») in D-O-dioxane-
d-8 (70:30 v/v) at 17° (plt 7.0). Ouly the aromatic, C',-ribose
and methyl proton regions of the spectra are shown. All shifts

are with respeet to internal sodiun 2,2-dimethyl-2 silapentane-
J-sulfonate.

of lumiflavin amd S denteriolumiti avin, the higher field aromatic
igned to the FCH pro-

dicted on the busix of the ealeulitions of Pallman.

In FAD, the resonances in the dinucleotide oceur at higher
ficlds than they do in the corresponding mononueleotide.  This
arizes from the ring-current dimagnetic shielding effects of the
dinucleotide protons in -the folded structure as well as from
intermoleendar ring-current inferactions between  isoalloxazine
rings,  The lowest ficld FAD resonance {(Fig, 2) i3 assigned to
the .\( H proton on the hasix of.gur excliinge experiments in
which the 1LO-dioxiane solution was kept at 85° for 4 hours; re-
sulting in the almost totad disuppearanee of this line.  The AC:H
proton is assigned to the next resonanee; it is wetl removed from

vement with that pre-
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.| ) . . s
§ 1340 — . AC{H 4
z - _ _ _ N
5 1300 f - T AcH
M FC7CH3 .
540 M FCeCH3 |
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F16. 3. Concentration dependence of ADP-ribose (4ADPR),
FMN, and FAD chemical shifts in D:O-dioxane-d-§ (70:30 v/v)
solutions (pH 7.0, 17°).

the flavin peuks and the shift difference between this resonance
in FAD and in ADP-ribose decreases as the temperuture increases
(Figs. 4 and 5). “This is interpreted as reflecting 4 partial un-
folding of the dinucleotide with temperature which removes the
AC.H protonr from the ring-current shielding influence of the
neighboring isoalloxuzine ring. The result is that at higher
temperatures the FAD AC.H proton shift tends to approach
the observed shift for the corresponding proton in ADP-ribose.

The maost difficult assignment wus that of the FAD FCyH and
FCGH protons, and again the requisite information was derived
from the temperature meszurements. The temperature de-
pendence of the chemieal shifts (Figs. 4 and 5) shows that the
chemienl <hift differences between the ecorresponding ACH,
AGH, and ACYIH protons in - ADP-ribose sd FAD deerease
with incrensing temperature.  The shift differences between the
FCoCH; and the FC;CHj protons in FMN and FAD also reveal,
a similar inveérse temperature dependence.  In fact, at higher
temperatures several of the curves for the corresponding protons
almost merge. . Similar reasoning should also apply to the FAD
and FMN FCH and FCH proton resonances. Using the as-
signments of the FClL and FCH proton resonances in FMN, we

Cassigned the corresponding resonanees in FAD. .\ correct as-

signment of the izoalloxazine protons in FAD would have been
very difficult without the temperature measurenients. Finally,
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TEMPERATURE (°C)

Fi1G. 4. Temperature iependence of ADP-ribose (4DPR),
FMN, and FAD chemical shifts in 1D.0-dioxane-d-8 (70:30 v/v)
solutions (0.025 M, pH 7.0,.

the FAD ACY H, FC;CH;, and FC¢CH; protons were assigned
as in ADP-ribuse and FMN. :

In ovder to arrive at a correct model for the folded conforma-
tion of FAD or the strveture of the FNIN and FAD stacked
dimers in solution, an wambiguous ussignment of the proton
resonunces is required.  An example of un incorrect assignment
that conld easily be i is =een from the data in Fig. 5. In
D0 solutions at low tenperstures the FAD FGIH resonance
oceurs to high field of the FOCST resonanee. With an inerease in
temperature these peaks conlesce and eross with the FCI to
lower field,  Consequently, ondy at eaperimentad wemperatures
below 40° ean a correct a-~ignnwent of these FAD protun reso-
nances be made bazed solaly on electron density ealculations.

Intermolecular Imteructions—Intermolecular interactions may
be studied by exarnining the concentration depeudence of FAD,
FMN, wnd ADP-ribose proton ~hifts in 1D:0-dioxane solutions,
Tuble T and Fig. 3 ~how that the flavin protons are the most seu-
sitivee to coneentration atl nwst therefore be involved in inter-
molerular associutions. Sinee the G proton, Loth in FAD
and FMN, expericnces the greatest shift to low field with de-

TEMPERATURE (°C)

FiG. 5. Temperature dependence of ADP-ribose (4DPR),
FMN, and FAD chemical shifts in D:0 (0.025 v, pH 7.0).

creasing concentration, Sarma et al. (8) argued that in D:O these
molecules associate by wuay of vertical stacking of the isoalloxuzine
rings.. On the avernge, the FCH proton of one of the isoal-
loxazive rings spends a cousiderable tinie in the proximity of the
aromatic ring A of auothicr isoalloxazine ring, and viee versa.
Then these protons experience the largest diunmagnetic ~hiciding
arising from the ring currents in the \ ring.  In D:O-dioxane
solutions (Table 1), the FCH proton al~o expericnees the preatest
diamagnetic shift (FAD, 35 Hz; FAN, 44 Hz). The data in
Tuble 1 are consistent with the stacking model for FAD and
FMN proposed for the DO solutions.  Adenine protons both in
ADP-riboxe and FAD wtre insensitive to coneentration and there-
fore are not involved in intermolecular associations,
Intramolecular Interactions—The shielding effeet of one ring
on the proton rezonanees of the second ring in FAD muay be

studied by a eompurizon of the respective mononueleotide and

dinucleotide proton shifts at infinite dilution.  Thi= assumnes
that intermolecular interactions and their effect on the chemical
<hilts are zero at infinite ditution. The M(AD P-ribose-F A and
AFMN-FAD) valnes represent the difference in chemical shift
between respective protons in the mononucleotides and the di-

i
{
1
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TasLe T
Concentration dependence of FAD, FMX, and 4 DP-ribose proton
chemical shifts in Dyf)-diorane-d-§ solutions (70:30, v/v) (17°)

: . o : I £ 0=
Compound ~ [SONCED A¢yit | AGH | FCM ' FOH Actairl @ | §
' | ] | =i
o N n:
FAD 0.025; 1855 | 1761 | 1693 1 1607 1 1309 | 531 | 517
0.0 | ase2, 1764 1703 0 1as | 1300 | 546 | 533
‘,A i 7’ 30 0, 38, o0f 15 16
| I
FMN 0:025; 1735 1 1716 | 557 | 331
0.0 | R TCARTY 566 | 546
5 , 1 P27 a4 9| 15
I i
ADP-ribose | 0.025 1876 ' 1812 1 11339
i 0.0 | 1883 1815 j 1339
8 | { 7 ’ <3 i : 0
) i 1 !

o The coupling constant J(H'; — I'2) is 3.5 % 0.2 Hz in FAD,
and 5.8 = 0.2 Hz in ADP-ribose.

b & signifies shift at 0.0 » — shife at’ 0.025 »; positive numbers’

represent a shift to high field.

Tanre 11

Diflercnce in chemical shifi between respective profons in dinucleotide -

FAD and mononueleotides FMN and ADP-ribose in DyO-dioz-
ane-d-8& (70:30, v/r)y (17°

' i - -
| = =
Compound f.\(:.ll;A(?:lll FOHLFGHACH] 9 2
i i ! g 2
e o [ |
! : H: .
A(ADP-ribose-FAD) = | | | .
0.0M 2] 5| 30 [
A(FMN-FAD), 0.0 | 59 125 | 20|13
. | i : [

s A represents the difference in the proton shifts at infinite
dilution. The positive numbers represent a shift to high field.

nucleatide.  In DO-dioxane (Table 11), all A values are positive,
indieating that in FAD all protons are dinnmagnetically <hielded.
The AC.H proton is niore highly shielded (51 Hz) than the ACH
proton (21 Hz), The FCOH proton alzo experiences a larger
diamagnetic shielding (59 1z) as compured with the FCgH pro-
ton (25 Hz). Therefore; the conformation of FAD in 1.O-
dioxune is in agreement with the folded structure proposed for
thix molecule in DO ~olutions by Sarma ¢ al. (8).

Temperature Studies—In Fig<. 4 and 3 we have summarized
the tenipersture dependenee of the cheinieal <hifts in both 1,0
dioxane and DAY solition-. With wn inerease in temperature
the proton lines shitft to dower field (exeeption: the ACH protons
in ADPribose in both PO-dioxane and 1.0 solutions and in
FAD wm DO-hoxane), Changes in temperature will affeet hoth
the inter- and intromoleenbar internetions and associated proton
shifts. The shifts to low fielll may be explaned by o decrease
i the ringecurrent dinmacietie <hickling of the protons when
intermolecular gssociations deerense by o partind destacking s
well i by o partinl unfolding of the FAD molecules,

The teraperature dependence of the intranoleculiar mteraction
in FAD may be dedueed by taking the difference between the
mononueleotide amd dinueleotidle proton <hifts at every tempera-
ture. This assunmies that chenieal shifts for equivalent protous

‘i botl mononueleotides and dinueleotide, arising from -any

Vol. 244, No. 20

TasLe HI

Temperature dependence of difference in chemical shift belween re-

spective protons in dinucleotide FAD and nononucleotides
: FUN and ADP-ribose

= | =
Solvent compounds l 5 é z: = :.: :‘-: i :‘;
: 21glgigl2ig'e
Uz
D40-dioxane-d-8 (70:30, v/v) i
L (0,025 M) at 5° ;
A(ADP-ribose-FAD )« ..., 28 | 57 33 !
A(FMN.-FAD). ... ... .. R V- | .'{l)i 16 -
D.O-dioxane-d-8 (70:30, v/v)- i
(0.025 M) at 90.5° : ! :
A(ADP-ribose-FAD)..........| 8|23 17
A(FMN-FAD)................ 231 9 12, 3
DO (0.025 m) at 3°C . |
A(ADP-ribose-FAD). ... ... 591 92 62 i
A(FMN-FAD). .. 6329 4128
DO (0.025 M) at 90.5° i
A(ADP-ribose-FAD). ... ...t 23|49 40 {
A(FMN-FAD)....... PR " 308 16 é 8

e A equals the diﬂerél\c_e in the proton shifts at 0.025 M. Puosi-
tive numbers represent a shift to high field.

intermoleculur associations, have the same dependence on tem-
periture, ’ .

Several interesting fentures are evident from a comparison of
the curves in Figs. 4 and-5 and from the datacin Table 1T The
first ix the decrense in the chemical shift- separation between
corresponding protons in the mononucleotides and i FAD as
the temperature is increased.  For example, the shielding effect
on AC.H in FAD) decreaxes from 92 Hz at 53° to 49 Hz at 80.5°
(DL0) (Table I11) as the high temperatures tend to unfold the
FAD moleciiles. However, even at 90.5° the dinucleotide pro-
ton resonances are always at higher field= than they-are in-FANN

“and ADP-ribose. This indicates that at this temperature

adenine-isoalloxazine ring interactions are still present.
Secondly, the FAD temperature curves in 13,0 solutions are
roughly sigmoidal in-shape, with apparent asvmptotic limits at
both high and low temperatures (Fig. 5). Sigmoid curves are
ulso obtained when the differences in the chemical shifts A(ADYP-
ribose-FAD) and A(FMN-FAD) are plotted as a function of
temperature (Fig. 6).  The sigmoidal dependence of the chemical
shifts could. arise from changes in the relative conformation of
the two ring=s in FAD.  Siniilar curves were obtained for ade-
nyvlvl-(37,5")-udenosine (ApA) by Chan and Nelson (10).
Sigmoid eurves and cooperative transitions have been dis-

cusserd i terms of the “two-state™ hypathesiz or “all-or-none”
provessex. These termis imply o discontinuity in thermodyismie
states =ueh that only one thermodynanie state is stable helow
the “trmsttion temperature’™ and one above, At any given
temperature the molecides in the two states ave i equibibirium,
The best known two.sfate processes are the phase chinges of
solids and liquids and the conformational changes in proteins,
The theory, charaeter, aned propertios of caoperative transitions
have been developed for the conformational transitions of pro-
teins together with tests for the validity of the two-state ap-
proximation (13). ) o

The melting of dinucleoside monophosphates has been inter-
preted in terms of thiz madel. The two states.correspond to
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L I ok | Hz ot 90.5° : e
L . . O
Lt . '] FADb... . ... ... '| 15 § 20 | 37 ' 2 | 16 | 10 | 13
= FMN......... | 30 | 30 | 6| 8
z h ADP-ribose. .. f 0 l —6 i -7 f
a ] - . |
= :
s TasLe V. |
E ACgH -1 FAD proton shifts as function of D:O-diorane-d-8 ratio (v/v) i
9 ACIIH = (0.025 u, 17°) i
= - : - . :
< acgH ‘Sol\cntrauoi ACH | acit i FCGH , Fedr 'AC’JI 'FCrCH:‘ FCiCH: ]
. . B {
o) i i b 1 i l Hz, q‘
o) 20 40. 60 80 100 100:0 1815 | 1715 | 1641 | 1626 1 1286 ¢ 505 | 488 .
TEMPERATURE (°C) ’ 70:30 \ 1855 | 1761 | 1693 | 1607 ] 1309 | s32 | 517 ;
. 0 1867 | 17 7220172 g 2 26 :
Fii. 6. The correlation between the difference in the proton 50:50 | 867 | 1780 | 17 17 i 1319 | Sz l 52

chemical shifts A(ADP-ribose-FAD) and A (FMN-FAD) with tem-
perature (0.025 M D:0 solutions, pH 7.0). ADPR, adenosine
diphosphoribose.

folded and unfolded molecules (16).  These results are based on
temperature changes in the circular dichroism spectra.
Considering the proton chemical shift versus temperature plot
(Fig. 6), the shifts at the two asymptotic limits at low and high
temperatures approach the chemical shifts of the protons in the
folded and unfolded states, respectively. Hence the sigmoid
dependence of the shifts on temperature arises mainly from
chunges in the distance between the two rings, and therefore
froni changes in the ring-current shielding. The applicability of
interpreting ring-current shift changes in ApA in terms of the
two-state-model has been discussed by Chan and Nelson (10).
Patel (7) has applied NMR in studying the conformation of
the coenzyme nicotinamide ardenine dinucleotide.  He suggests
thut a rapid equilibrium of open and one folded conformation of
NADU favors the open form at higher temperatures and the
folded form at lower teniperatures.  The observed NMR signal
at any temperature ix the weighted average of open and one
folded conformation in rapid equilibrium at that temperature.
We therefore ~uggest that FAD molecules in D0 solutions are
o eapid equilibrinm berween a folded and wne unfolded state.
Rigmoid curves are not obzerved in D.O-dioxane solutions
(Fig. 4) nor when the ditfference in the chemieal shifts A(ADP-
ribose-FADY and A(FMN-FAD) are plotted as a function of
temperature.  Dioxane must therefore lower the energy barrier
atud henee the trun<ition tewmperature between the folded and
unfolded states, This results in a deerease in the intraniolecular
shielding of Wl FAD protons (Tuble HI).  For example, at the
lowest and highest tempersiures that were studied, the FAD
ACH proton at 3% in 1200 1= shielded by 92 Hz and this shielding
decrenses to 49 Hz at 90.57, whereas in DO -dioxine the shielding
deereases from 37 1o 23 Hz over this sime temperature region.
Temperature depercdences of the coupling constant J(H,2-110)
hive been interpreted i terms of a conformational change of the
rnihose ring in several dinucleoside monaphosphates (17). In

TasLe VI
Temperature dependence of ADP-ribose proton line widths® in three
golvent systems

D:0 D:O-dioxane D:0-methanol
{70: 30, \/\) {50:50, v/v)
Temperature
ACH AC:H ACH | AC:H ACH AC:H
° i Hs /4
-29 ’ 4.3 3.9
-13.5 4.4 3.8
5 8.0 3.5 |© 8.2 3.0 5.8 3.7
17 6.5 2.5 7.0 3.0 6.0 3.0
37 4.3 3.0 6.5 2.5 ‘8.0 3.5
52 3.0 2.0 5.5 2.0 ; 5.3 2.5
[ 25 ! 20 3.5 2.0 ! 4.0 2.0
82 20 | 20 2.5 2.0
90.5 2.0 i 2.0 2.0 2.0

e The numbers represent the proton full-line widths at half
height.

ApA this coupling inereases from 2.3 to 4.5 Hz (+-71°).  In the
moleciles under consideration the temperature variation of this
cnnplin'r i =mall. In DO the coupling constant inereases from
1.5 10 5.2 Hz in FAD (5-90.5%), and remains at 5.6 Hz in ADP-
ribo<e.  In D.O-dioxane, the coupling constanmt in FAD ix 5.4
Hz but decreases in ADI-ribose from 6.0 to 5.4 Hz (3-490.5°).
Beease the changes are very snuatdl; no appreciable geometrical
chunge in the relationship of Hyr and . takes place in this tem-
perature range.

Solvent Eficcts—A conparizon of Figs. 4 and 5, together with
the duta shown in Table IV, ~show that the addition of diosane
to 1.0 solutions of the <olute molecules induces 2 <hitt to low
field for the protons with the exception of the AC/H proton in
ADP-ribose (17°). These solvent shilt= 1o low field may arise
from («) the decrease in the ring-current diamagnetic shieldin
of pratons and {h) hydrogen bond formation.
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Solvent shifts of the FAD protons in going from D,O to D»O-
dioxane arise since dioxane decreases both the fraction of folded
molecules (all protons are deshielded amd experience a shift to
low field) us well as the fraction of intermolecularly stacked FAD

molecules in solution (favin protons experience an additional -

deshielding). - Therefore, from Table IV, the solvent shifts are
always greater for the dinucleotide than for the respective mono-
nucleotide protons. For the AC:H proton, these shifts are 46
and 6.5 Hz for FAD and ADP-ribose, respectively..-
Considering the intermolecular solute-solute sticking interac-
tions further, the data in Table IV show that the’ FCgH proton
undergoes the greatest shift (66 Hz in FMN and 71 Hz in FAD).
Since this proton shift is also the most concentration-dependent
(Table 1) the dioxane must greatly disperse and decrease the
fraction of stacked FMN molecules in solution. ADP-ribose
proton shifts are ouly slightly conceutration-dependent. There-
fore these molecules are not involved in intermolecular associa-
tions and experience a very =mall solvent shift- (Table IV).

These solvent shifts may be explained by the decrease in the
ring-current diamugnetic shielding of protons as neighboring .

rings are dissociuted by dioxane. An increase in temperature
also increases the dissociation as eu(lonced by the smalier
(solvent) shifts at 90.5° (Tuble IV):

FAD proton shifts were also studied in 50:50 (v/v) D:O-

dioxane-d-8 solutions (Table V). All protons experience a
_further shift to low fiehl with inereasing coneentrations of dioxane.
This indicates that all dissociations are further enhanced.

Solvent shifts for the ACUH, ACH, and ACH protons are in
agreement with those observed by Hruska ef al. (18) for purine,
6-methylpurine, and 9-ribosyipurine in 1;0-dioxane: solutions
for the solvent composition Fatios under consideration.  Hruska
el al. also found that the ACsH protons form hydrogen bonds
with the solvent molecules, ~ince the ACs carbon is the most
electron-deficient cénter in purines. Protons involved in hy-
drogen-bonding interactions are invariably shifted to low field
(19). The anomalous shifts to high field of the ACsH proton as
a function of temperature in ADP-ribose and- FAD in D.O-
dioxane (Fig. 4) and. in ADP-ribose in 1.0 solutions (Fig. 5)
nmay indieate the presence of this hydrogen bond.? Shifts to
high field of hydrogen-bonded protous are often observed with
increasing temperature and result from u decrease in the fraction
of hydrogen-bonded species (20). * The NAD AGsH shift to high
field with temperuture -(12:0) may then also be ascribed to a
decrease in the fraction of h\ drogen-bonded species in solution
4)-

Temperature Dependence of Line Widths—The line width at
half height of the ACH proton in AIYP-ribose shows a tempera-
ture dependence (Table VI) which is not observed for the AC.H
proton in ADP-ribose nor tfor the FAD protons. In D.O-

~methanol, 50:50 (v, v), a ~harp- ACGH ine is observed at low
temperature (=207, broadens us the temperature is inercased,
and finally narrows again‘at temperatures ahove 60°. In D, 0
and DO-dioxane ~olutions thi= proton Lne width narrows with

.3 The FAD ACH proton in DO does not exhibit a shift to high
ficld with an increase in temperature.  This may arise because
contributions to the ehemical shift due to hydrogen-bond breaking
(s net =hift to high field) nearly equal the contributions from a

decrease in the ring-current dinmagnetic shielding of the protons’

(a net shift to low field).

slight variation in ACsH chemical shifts (21).

© 17, Hurvska, FLE.

21. PiinLies, W, D, Aun. N, V.
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an inecrease in temperature ()—bb°) Over this temperature
region, the line widths of other protons in ADP-ribose ard FAD
show a very slight tgmperutmo dependence. The ADP-ribose
ACH pmu‘m line width at 5° is 3.0 Hz aud decreases to 2.0 Hz
ut 90.5°.  Furthermo¥e, the line width of ADP ACH and ACH
at ambient temperatures (17°) “are nearly equal. These ob-
servations led us to ‘postulate the presence of rotational isomers
in-ADP-ribose arising from restricted rotation about the.gly-
cosidic C';—N, bond. At —29° a “freezing in” of a preferred
rotational isomer may occur, resulting in a sharp line.  With an
increase in femperature, the. molecules may populate several
states each with a glightly different ACsH proton shift. This
will give rise to line.broadening (5°). As the temperature is

- increased above 60° the ACsH and AC,H proton line widths are

equal, indicating a rapid rotation which will average out the
A temperature
dependence of the line width of the ACgH proton in FAD is not
observed, possibly because these molecules are folded and stucked
in solution.
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SUMMARY B ;

The mechanism of action of p-hydroxybenzoate hydroxyl-
ase from Pseudomonas putida, strain M-6, has been investi-
gated. The aromatic = substrate analogues, benzoate,
p-fluorobenzoate, p-chlorobenzoate, p-nitrobenzoate, p-ami-
nobenzoate, and 6-hydroxynicotinate, are found to be com-
petitive inhibitors. This finding differs from the previously
reported noncompetitive behavior in a different buffer system.

The optical activity of the enzyme-inhibitor complex has
been studied. From the kinetic and circular dichroism (CD)
measurements, we have found that the carboxyl moiety is
necessary and sufficient for the enzyme-substrate binding,
whereas the hydroxyl group alone will not lead to binding.
There are two classes. of inhibitory analogues: one causes
changes in CD spectra of the enzyme similar to those evoked
by the substrate, and the other does not cause significant
changes. The results indicate that more than one mode of
enzyme-inhibitor interaction is involved. The CD of the
enzyme-NADPH complex under anaerobic conditions sug-
gests that the oxidized enzyme and reduced pyridine nucleo-
tide form a complex, both in the absence and presence of the
substrate, p-hydroxybenzoate. Furthermore, evidence for a
ternary complex is given.

Hydroxylation plays an important role in the oxidative metab-
olism of aroniatic compounds by bacleria.  As a consequence,

* This work wus supported by the United States Atomic Energy
Commission and by Grant GN12932 from the National Insti-
tutes of Health and Grant NGR 04-003-020 from the Nautional
Aeronautics and Space Administration to the University of Cali-
fornia, Rerkeley, Californin.  Paper T of this scries is Reference 1
aud Paper I1 is Reference 2. :

} Recipient of a Nuational Resesurch Council of Canada-North
Auluntic Treaty Organization Postdoctoral Fellowship (1968 to
1969). Present address, ‘Department of Chemistry, The Uni-
versity of Alberta, Fdinonton 7, Alberta, Canada.

* § Present address, The Worcester Foundation for Experimental
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the mechanisms of ‘action of those enzymes that mediate these
bydroxylation reactions have stimulated " profound interest.
Two mono-oxygenases, p-hydroxybenzoate hydroxylase and sa-
licylate hydroxylase, have been purified to homogeneity and in-
vestigated actively (1-4). Both mono-oxygenases are inducible.
They are flavoproteins requiring FAD and reduced pyridine nu-
cleotides as cofactors; however, they differ in specificity. - Salic-
ylate hydroxylase is specific for NADH, whereas p-hydroxyben-
zoate hydroxylase is specific for NADPH (2). The precise role
of the flavin prosthetic group and the mechanism of actioun of the
reduced pyridine nucleotide are not clear. Recently, investiga-
tion into the nature of the enzyme-substrate ternary complexes
of salicylate hydroxylase by fluorometric method has been re-
ported by Takemori et al. (5) and Suzuki, Takemori, and Kata-
giri (6). Higashief al. (7) and Nakamurs et al. (8) have reported
kinetic studies on the reaction mechanism of p-hydroxybenzoate
hydroxylase from Pseudomonas desmolytica.
~ To elucidate the mechanism of enzymatic catalysis it is perti-
nent to study the intermediate enzyme-substrate complexes and
also the interactions of various analogues. Hesp, Calvin, and
Hosokawa (2) reported that the circular dichroism spectrum of
p-hydroxybenzoate hydroxylase was perturbed significantly
upon addition of the substrate, p-hydroxybenzoate. CD! meas-
urements thus provide a sensitive method of studying the en-
zyme-substrate complexes. This report presents the results of
a kinetic study which indicates the competitive inhibitory behav-
ior of some of the substituted benznates, and the D which sug-
gests the interaction of the substrate and the bound FAD.
p-lydroxybenzoate hydroxyvlase was induced in Pseudomonas
putida.  The two subspecies, P2, putida and P. desmolylica, have
funetionally the same p-hydroxybenzoate hydroxylases; however,
they differ in the subsequent oxidation of protocatechuate. The
foriner uses the ortho cleavage pathway, vielding g-carboxy-cis-
cis-muconate (9); the latter uses meta cleavape, yiclding a-hy-
droxy -y-curboxy-cis-cis-muconic semialdehyde (10).

EXPERIMENTAL PROCEDURE

Materials—Reageuts used routinely for enzyme preparation
and assays were the purest grade obtainable and purchased from

1 The abbreviation used is: CD, circular dichroism.
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“sources described previously (1), NADPH (grade 11), NADH

(Rigma grade), NADP+ (grade 1H), NAD* (grade IV), FAD
(grade III), p-luorobenzoate, und p-aminobengoate were pur-
chased from Sigma. 6-Hvdroxynicotivic acid was obtaied from
Aldrich,” Phenol was from Maltinekrodt Chemiial, and pchloro-
benzoute aned p-nitrobenzoate were from Fastman Koduk! Al
the benzoate derivatives and phenol were twice erystallised from
wiater before nse.- All othei rengents were used directly without
further purification. :

Enzyme Preparation—p-Hydroxybenzoute hydroxylase from
P. putida, stesin N6 (ATCC 17428, was prepared and purified
by a modification of the method deseribed in Paper T of this
series, The method i~ similar to that reported in Paper 1L The
purified enzyme wax stored in a stabilizing mixture at —70° until
use, as described previously (2).  The enzyme was found to de-

nature slowly over i period of .1 yvear.  The preservation of the

enzyme was improved by storing it under an oxygen-free helium
atmosphere. .
Enzymev.-!ssay's—p-ll}'dx'okj'bellzr)zite hyvdroxylase was assayed
by spectrophotometric . measurement of the substrate-dependent
oxidation of NADPIL. The procedure has been described eur-
lier (1). The standard assay system is slightly modified from
the previous method.  The standard system contained in 3.0 ml,
67 mmoles of K.HPO-KILPO, (pH 7.0), 3.3 umoles of FAD, 0.13
mmole of NADVPH, 0.67 mmole of p-hydroxybenzoate, enzyme,
and deionized water.  The unit of enzyme activity is defined as
that amount of enzymé which oxidizes 1.0 gmole of NADPH per
min under the conditions of the spectrophotometrie assay.
Rinetic Measurements—The kinetics were studied spectro-
photometrically by measuring the substrate-dependent oxidation
of NADPH at 340 nm.  Various substrate unalogues were incu-
bated for 2 min (or longer) before the measurement.  All sub-
strate analogues were adjusted to pIl 7.5.  All experiments were

- carried out at 20° = 1°.  Euach experiment was repeated at least .

twice until consistent results were obtained.

Spectroscopic Methods—The absorption spectra were measured

in a Cary model 15 spectrometer.  The circular dichroism meas-
urements were obtained with a Cary model 60 spectropolarime-
ter with a stindard model 6001 CD accessory attachment. A
Cury thermostatable cell compartment wus used.  ('D spectra of
the enzyme and the p-fuorobenzoate and NADPH complexes
with the enxyme were studied at both 207 aud 27, Since spectin

- at the two temperatures were identical, subsequent inhibitor

studies were carried out at 2° & 0.1% where the enzynme is more
stable.  The =lit width program was set for 15 A resolution and
the time constant and seun speed were udjusted for best <ignal to
noie ratio for cach individual experiment.  In all cases, un opti-
cal path length of 1.0 em was used,
- Anacrobic Ezperiment-- We found it difficult to achieve aniero-
bic condition~ etficiently without denaturing the enzyme in a cu-
vette suitable for optical activity measurement, while =till per-
mitting the addition of vurious reugent=. We have used the
method described previocusly (2). The spuce above the enzyme
solution in the cuvette is first flushed with oxygen-free helium for
30 min. The enzyme solution is then bubbled with Os-free helium
at a rate of 1.5 cc per' min for 15 min.  If it is noticed that the en-
zyme is undergoing denaturation during the assay procedure, the
result is discarded.  We have been able to achieve strict anaero-
bic conditions-with a negligible amount of denaturation.
RESULTS

Chemical Structure of Substrate Analogues—Several aromatic
compounds which are.structurally related to p-hydroxybenzoate
but cannot serve as a substrate, inhibit the enzyme. The ben-
zoic acid derivatives vary in strength according to the nature of
the substituent und its ring position.. The relutive strength of a
substituted benzoic acid is characterized by a substituent con-
stant a. -The more electron-attracting a substituent is, the more
positive is its o value (relative to benzoute us zero).  Conversely,
the more strongly a substituent donutes electrons, the nwre nega-
tive is its o value. These values for the inhibitory benzoates are
given in Tuble I.

TanLe I
Inhibitory effect of substrate analogues

Substrate anzlogues ! Hammett substituent constants (o)® Inhibition® " Ki©

? % - I o
‘p-Nitrohenziate 0.778 + 0.02 16 : #.2£1.3) X107
B8-Hydroxynicotinate . l K 17 l (3.1 £0.4) X 107
p-Chlorobenzoate >i 0.227 4 0.02 12 (1.8 +0.3) X 107
p-Fluorubeuzoate ! 0.062 + 0.02 35 (7.6 £ 1.9) X 1078
Benzoate ‘ .0 25 (5.9 £ 0.3) X 107*
. p-.-\nlilmh(‘u/.n:nli‘ ; —-0.66 = 0.1 81 | (4.2 £ 0.9) X lOs
p-Hydroxybenzoate - II =037 £ 0.04 i 0. i K, = (1.2 £ 05 X 107

2 g values were based anionization of substitoted benzoie acids (11).

" Inhibition was measared by the p-hyvdrosybenzoate-dependent oxidation of NADPIH in the presence of 344w of enzyme, 0.1 mw
p-hivdraxybenzoate, and 035 mist substrate analogue. . The other conditions were the saime as the standarvd assay system mentione)

nnder CExperimental Procedare !

K. values were caleulated, asinming o completely competitive inhibition, by a Huear regression analvsis of the equation

{S! st

PIREE R at

v l’m\x

+ ,,_\-_T, 1 + [_I.J
Vmas K;

where N and 7 denote the xubstrate. p-hyvdroayhenzoate, and the inhibitory subsirate analogue, fespeetivelve e and Valcare the veac.
tion veloety and monamed reaetion veleeitn, Ky i the MichaelisMenten constiad. and K, i= the inhibicor dissociation constam . In

our kinetie measurement, the veloeiny determinations probably are reasonably homogeneous in varisnee. I the varianee of ris o2,

reoNE
o a CHC 6600 computer.

inee-ol (810 can he shown o be a0t 12),0 Therefore, dnc fitting the linese form to the above equation, the proper weight
ixused. The standard ervor of K,os estimated by standared procedure of propagation of ereor. A compntations were done
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Kinetic Study—It was reported previously (1) that benzoate
und a series of its analogues were inhibitory to the activity of p- -
hydroxybenzoate hydroxyluse. With Tris-HCl buffer system
for assay, the inhibition was found‘to be noncompetitive. How-
ever, enzyme activity drops very quickly during the assay in:
Tris buffer system (pII 8.0).  \ecordingly, there was inaceuracy
in ‘determining the initial velocity of the reaction.  We could
overconte this problem by replacing Tris-HCH buffer with a phos-
phate buffer system (pH 7.5) in which oxidation of NADPH pro-
ceeded almost linearly ev en ‘lt very low concentrations of
NADPH and enzyme. )

p-H ydfo;rybenzoale Hydroxylase: Enzyme-Substrate Complex -

. dern atives is given in- Fig. 2, in which the logarithms of the
-inhibition constants: (K;) are plotted against their ¢ values.

Vol. 246, No. 17

activity in the presence of these inhibitors. . All of them are typi-
cal competitive inhibitions. The K; values were determined by .
the method described by \\'ilkin.sun (12) and Cleland (14). The i
results are given Tuble I. . )

“A Hammett plot of the action of the substituted. bonzmlte

N

They fit the Hammett equation very well. The “reaction con-
stant,” p, which is the slope of the Hammett plot, is estimuted to
be 1.78. The significance of p is that it measures the sensitivity S
of the reaction to the electrieal effects of substituents in the meta

hd

]
!
By emploving the improved assuy <ystem, we have found that and para positions. A positive p value suggests that the inhibi- |
benzoate, p-fluorobenzoiite, p- chlombenzoate, p-nitrobenzoate,  tion is favored by increasing the nucleophilic reactivity of the i
p-aminobenzoate, and 6-hydroxynicotinate are all competitive in-  carboxyl group. i
hibitors. Fig. 1 shows the Lineweaver-Burk plots of the enzyme = Phenol shows no inhibition at concentrations below 0.01 M. .
50-f' INHIBITION BY p-NITROBENZOATE i
4| INWIBITION BY BENZOATE ;
a0} !
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Fia. i Effect of benzoate anwdogines on the activity of p-hydroxybenzoate hvdrosylase:

ted by the method of Lineweaver aud Burk (133).
rocal velocity, /v, is in arbitrary units.

Assay conditions were deserthed under
The molur concentrations of benzoate

s double reciproeal plot. The data are plot-
“laxperimental Procedure.”  “The recip-
are indicated on the plot.
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Log K;
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T p-NOp-8

prNHo-B

Benzonte
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08 -06 -04 -02 o 02 04 06 08

Hammett Substituent Constant O

FiG. 2. Action of the substituted benzoate derivatives. K
represents the inhibition constants evaluated in Table II. The

standard errors in log K are indicated by the vertical error bars. .

The Hammett substituent constants (¢) are summarized in Table
I. The estimated errors of o are plotted as horizontal error bars.
The slope of the line.is 1.78.

Inhibitory effects occur at concentrations greater than 0.01 m,
due presumably to nonspecific binding to the enzyme. The
results are given in Table [I. '

The above findings suggest strongly that the carboxyl group
is necessary for the substrate analogues to inhibit the enzyme
and possibly is involved in the binding at the active site.

Circular Dichroism Spectra of Enzyme-Inhibitor Complexes—
The CD spectrum of the holoenzyme of p-hydroxyhenzoate hy-
droxyviase has been reported previously (2). The effect of the
substrate, p-hydroxyhenzoute, on the holoenzyme manifests itself
in the visible region of the FAD absorption. The perturbation of
the holoenzyme CD spectrim upon addition of p-hydroxybenzo-
ate was given in Paper II.  "The CI) spectra of the enzyme-bound
FAD holoénzyme in the abzence and presence of the inhibitors
and substrate, p-hydroxybenzoute, are given in Figs. 3 and 4.
The effect of benzoate on the (‘D spectrum of p-hydroxybenzodte
hydroxylase was described earlier (2). A large change was
ob=erved in the CD spectrum of p-hydroxybenzoate hydroxylase
upon addition of benzoate.

p-Fluorobenzoate—The CI) spectrum of the enzyme was
changed by the addition of 107y p-fluorobenzoate.  The 367 nm
CD was slightly shifted and decreased.  The 455 nm band also
deereased.  Addition of 107 m p-hydroxybenzoate to the en-

zyme p-fluorobenzoate system produced the familiar change of -

the €D spectrum characteri=tie of the enzyme p-hydroxyhenzoate
complex.

#-Hydroxynicotinate- - ‘T'he offect on the CD spectrum of the
enzyme caused by addition of 107% st 6-hydroxynicotinate was
sigmificant.  Both the 367 nm and 455 um CD bands decreased
markedlv. When 1073y p-hvdroxyvbenzoate was added  to
the sveteny, enhancenent of the 4535 mm bamnd was observed.
The general appearance of the CD spectrum 1(‘~mnhl(’r1 that of
the enzyme p-hydroxybenzoante svstem.

p-Aminebenzoale--In contrast to the eflect produced by p-
fluorobenzoate, henznate, qud G-hydroxynieotinate, the addition
of 107% » p-aminobenzoate cansed almozt no modification of the

CD spectrum of the enzvmi exeept a slight deerease of the'

shoulder at 340 nm. Evenc after the addition of 107% ar p-hy-
droxybenzoate, no further chiunge wiis observed,  This experi-
ment was repeated with the order of addition of p-aminobenzoate

N. Teng, G. Kolowyez, M. Calvin, and K. Hosolawa 5451

Tasre IT -
Phenol inhibition
The standard enzyme assay system was utilized Mth 1 mm
p-hydroxybenzoate.

Phenol concenln(ion ) Inhibition
- : { %
107 78
5 X 107t 51.5
1073 0
1072 0
8.3 X 107 1}
0 0.
L ENZYME ALONE {671 10'5;4)
. 00H
004[- -—--—.Euzmzfé‘ 1o-3m}
H
: NS 00K 00H
002 —-——.zuzw(»é‘ no"u)&@ (1g°3my
:“ P a" L
- e
A N
= 7
bt d
©
~00z2-
o ! 1 s 1

300 350 400 450 500 550
X {nm} g

FiG. 3. CD spectrum of p-hydroxybenzoate hydroxylase in the
presence of 6-hydroxynicotinate and p-hydroxybenzoate. The
enzyme (6.7 X 107% M) is in 0.05 M potassium phosphate buffer,
plIl 7.5; temperature 2°; path length, 1.0 cm.

e, ENZYME ALONE (6 721073 M)

0.04 oo
) - ENZYME +@> (1073w
e~

.\\ OOH O0H
\ — ==L enzme+O) 03wy + ©o-dm)
H

002

8 {degrees)
o

1 1

1 (
300 350 400 aw0 500 : 550
A (nm)

Fig. 4. CD) spectrum of p-hydroxybenzaate hydroxylase in the
presence of p-fluorohenzoate and p-hydruxybenzoate. The en-
zyme (6.7 X 107% m) is in 0.05 M potassium phosphate baffer, pH
7.5; temperature 2°; path length, 1.0 em.

and p-hydroxybenzoate reversed.  The same final CD spectrum
was obtained. Since p-aminobenzoate did inhibit the enzyne,
thiz may suggest that the interaction of p-uminobenzoate with the
enzyme is stich that it does not manitest itself ina CD misdificu-
tion.  This result indicates the possibility of u different mode of
binding between the enzyme and p-aminobenzoate from that
between the enzyme and p-fluorohenzoate,

p-Chloroherzonte and p-Nitrohenzoate- These substrate ana-
fogues have been sliown to be the weakest inhibitors (Table 1),
The CD zpectra of the substrate ans qln--uv -enzyme ll\l\llll(‘\ ure
not sipnificantly maditied.
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. » Tanre 111 o
Effect of reiluced and oridized pyridine nucleotides on CD specirum® of p-hydrorybenzoate hydrorylase
Condition ' p-Hydroxybenzoate : : : NADPH 3 NADP NADH
- ' ! 3
Aerohic : " Absent . No changes, but the conclusion cannot ‘ No changes.
| *  be deduced, hbecause NADPH is oxi- :
! dized in this system. - i . !
! Present i NADPH is oxidized guickly. ! Familiar chauges.
Anaerobic ' Absent i Marked changes. : i No effect. No significant changes.
! Present { Further changes, more than above. .I Slightly atfected.
| i !

* Wave ]cngth‘het\\'o(-n 200 and 300 nm.

004

v
<
3 »
> 2
i 7
< g2~ '\z\\__—’_
—
-oeel § 1 1 :
L. JY N
100 350 co 500 550
Alnm)

F16. 5. Theeflect of NADPI on the CD spectrum of p-hydroxy-
benzoate hydroxylase. The enzyme is in 0.05 x potassium phos-
phate buffer, pH 7.5; temperature 2°; path length, 1.0 em; an-

aserpbic conditions. ——, enzyme alone (6.9 X 1075 »); - -,
enzyme in the presence of 1072 M NADPH ; — - —| enzyme in the
presence of 1073 M NADPH and 1073 m p-hydroxybenzoate. —-—,

indicates region of the curve where signal to noise ratio is poor.

Fvidence for Direct Binding of NADPI! to p-Hydrozylenzoate
Hydrorylase—S8ince CD speetra of p-hydroxybenzoate hydroxyl-
ase served as a sensitive means of detecting the formation of
the enzyme-substrate complex, we extended DD measurements
to the study of the interaction of NADPH with the enzyme.

Under anaerobic conditions, which were produced by flushing

the system with helinm, the effect of NADPEH on the CD speetra
of free p-hydroxybenzoute hydroxyluse was exumined. Upon
addition of NADPI, there were marked chauges (ns shown in
Fig. 3) in the CI) specura of the enzyme. In the presence of
NADPH, hoth the negative and positive C1 bands of the free
enzyme {maxima at 455 nm and 367 nm, respectively) are blue-
shifted.  In uddition, @ negative contribution to the optical
rotation isobserved. When p-hydroxvhenzoate is added in addi-
tion to NADPH under anaerobie conditions, the broad negative
band of the CD spectrame of the enzyme-NADPH  mixture
beeomes even more negative.  The resultz sugwest that p-
hydroxybenzoate hydrosyvlise forms a complex with NADPH
both in the abrenee and presence of p-hydroxybenzoate.

In order to find whether NADPH or its oxidation product,
NADP, is responsible for this binding, the effect of NADP on
the CD spectra of the enzyine was examined. Under anacrobic
conditions, there are no siznificant ehanges i the CD spectra
of the enzyme upon addition of NADP. NADP does not affect
the familine substrate-indueed changes in " CD spectra of the
cuzyme wider aerobic conditions. These fact= indicate that
there s probably noduternction: between NADDP and p-
hyvdreavhenzoate hvdroxyhuse or, at least, it does not muanifest
el jnce CD nodification,

NADH does not induce significant changes in CD speetin of
free enzyme solution under anaerobic couditions.  Therefore,
the enzyme-NADPH complex is highly specific, which is consis-
tent with previous reports (1, 2). -

From the results described above, we cannot determine the
order of the binding of the substrates, NADPH and p-hydroxy-
benzoate, to the holoenzyme in the ternary enzyme-p-hydroxy-
beuzoate-NADPH complex.  We leave it for future study.

DISCUSSION

As has been reported, discrepancies were found among the
modes of inhibition of p-hydroxybenzoate hydroxyluse by a
number of subxtrate analogues. The analogues, such as p-
fluorobenzoate, p-aminobenzoute, benzoate, and others, inhibited
p-hydroxybenzoate hydroxylase from "P. putida A3.12 in a
noncompetitive manner (1), whereas these analogues were
competitive inhibitors to the p-hvdroxybenzoate hydroxyluse
from P. putida M -6 (this report) and P. desmolytica (7). These
discrepancies may be aseribed to the different buffer =ystems
used. In the Tris-HCI buffer, pH optimum is 8.0 as compared
to 7.5 (1) and 7.0 (2) found in the potassium phosphate buffer
system, and furthermore, the enzyme activity is found to be
inhibited, increasingly and markedly, during the assay due to
the presence of chloride ion.2  This inhibitory action of chloride
ion made the caleulation of enzyme activity inaccurate and
resulted earlier in un erroneous interpretation of the mode of
inhibition,

The competitive behaviors of the benzoate derivatives indicate
strongly that the carboxyl group is essentinl in the binding.
Phenol doe= not inhibit the enzyme up to a very high conecentra-
tion at which nonspecific binding may take place. The above
findings, in conjunction with the fact that the enzyme will only
eatalvze p-hvdroxvhenzoate and will not eatalyze the other
analogues o any significant extent (1), lead to the following
hypotheses: the carboxyl moiety participates in binding with
the prinry =ite, providing an “anchoring” and, subzequently,
the hvdroxyt group ix bowd to a =ccondary site to facilitate
the cutalvtic activity. This i i agreement with the two binding
~site maded proposed previously (2,7, 8). The positive “reaction

constant™ {p = 1.78) obtained from the Hammett plot (Fig. 2)

sgrests that the primary binding site ix favored by a nucleo-
philie attack.

Examination of the enzyme-inhibitor complex by CI spectros--

copy showed that there ave two classes of substrate analogues
which competitively inhibit enzvme setivity. One class of
subatrate anslogues canses changes in CD speetea, and the

R, G. Kallen and K. Hosokawa, unpublished n-sujts,
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" other class shows no significant changes. p-Fluorobenzoate

belongs to the formcr and p-aminobenzoate is an example of the
latter.

p-Fluorobenzoate binds to the enzyme, as evidenced by a
change in the CD spectrum upon addition to free enzyme. If.
p-hydroxybenzoate is added to the p-fluorobenzoute-enzyme
complex, the CD spectrum is converted to one similar to the
spectrum for the p-hydroxybenzoate-enzyme complex. This
indicates that p-fluorobenzoate binds to the same site as the
substrate, and can be displaced by the p-hydroxybenzoate.
On the other hand, p-aminobenzoate does not produce sig-
nificant changes in the CD spectrum of the.free enzyme, al-
though it inhibits the enzyme activity in a competitive manner.
p-Aminobenzoate may bind to a site other than the one binding
p-fluorobenzoate, and thus may interfere with the over-all
reaction of p-hydroxybenzoate hydroxylase. Furthermore, the
CD spectrum of the p-aminobenzoate-enzyme mixture is not
affected significantly upon addition of p-hydroxybenzoate.
Conversely, the CD spectrum characteristic of the enzyme-
substrate complex is converted to the one similar to the free
enzyme spectrum by the addition of p-aminobenzoate. The
results show that the binding of p-aminobenzoate to the enzyme
causes a secondary cffect on the substrate binding site so that
p-hydroxybenzoate can no longer bind to its site, resulting in the
inhibition of activity.

The different modes of binding may be understood in.terms
of a steric hindrance effect at the hydroxyl binding site. Ex-
aniinution of the C'PK space filling models and interatomic
distances and configurations (15) of the inhibitors indicates that
the class of inhibitors which does not modify the CD spectrum
of the enzyme has a benzoate substituent (—NH,, —NOQ,, —CI)
bulkier than that of the other class (—H, —F, —OH).

By CD studies, we obtained evidence that NADPH binds to
free p-hydroxybenzoate hydroxylase: The binding is so specific
that NADH does not become associated with the enzyme.
These findings well explain the specific requirement of NADPH
for the enzymatic hydroxylation of p-hydroxybenzoate.

N. Teng, G. Kotowycz, M. Calvin, and K. Hosokawa - ’ 5453

A preliminary proton magnetic resonance study of the relaxa-
tion times of the NADPH protons in the presence of p-hydroxy-
benzonte hydroxylase revealed NADPH binding with the en-
zyme. This result supports the above-leseribed (D study
that NADPH specifically interacts with p-hydroxybenzoate
hydroxylase.
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hydroxylase and Dr. Richard M. Lemmon for helpful discus-
sion.
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Calculation of the Rotational Strengths of Mononucleosides

1
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Abstract: The rotational strengths of the two longer wavelength transitions, B, and B, of four mononucleosides
(adenosine, guanosine, uridine, and cytidine) as a function of the glycosidic rotational angles have been investi-
gated theoretically. The transition in each base is characterized by transition monopoles; the sugar is treated as a
sum of bond polurizabilities. The interaction among these polarizabilities is also considered. 'Rotational strengths
were calculated using three different sets of transition monopoles and many combinations of bond polarizabilities.
We conclude that adenosine, uridine, and cytidine may have primarily one conformation. but that in guanosine
the base is not definitely fixed with respect to the ribose. Calculation on different anomeric nucleosides of aden-
osine and uridine shows that the configuration at the anomeric carbon C-1' determines the sign of the optical

rotation. The configuration at C-2' influences the glycosidic angular dependence of rotational strength more pro-
foundly thun that at C-3’ and C-5’.  These results are in good agreement with experiments, . The signs and magni-
tude of the calcutated rotational strengths are in good agreement with experiment for the anti conformation of all
the isomers of adenosine.  As the conformation of the nucleosides in B-form DNA is quite different from the anti
form, we calculate that the rotational strengths of the nucleosides in the polynucleotide are very dittferent from

those in solution.

any workers have measured the circular dichroism

(CD) and optical rotatory dispersion (ORD) of

polynucleotides, and have shown that optical activity is
an important tool for conformational assignments.
Theories have been developed (o facilitate the interpre-
tation of the spectra of polynucleotides. ™ However,
in these theories, the CD and ORD of the monomer
units themsehes have been ignored. Recently, experi-
mental and theoretical studies of the optical activity and
conformation of nucleosides have appearcd.™7  In

(1) Supported in part by rescarch Grant No, G\ 10840 from the
National histitutes of Heabth and by the Ul S, Atomic Energy Com-
s,

€2) University of Calitorns Predoctoral Fellow <hip,

3 Co AL Bashand V. Tinaco, Jo, 10 Mol Biol. 23,601 (1967),

4 WO Joteon, Je and L Tiace, Yo, Bivpody mers, 7, 727 11969,

(5 PoADHareand 30 PO Davis L0 e, Chen, Soc,, 91, S12 (19699,

(0 Go T Rogers and 1oLV, Ulericht, Bochem, Biophvs. Res.
Coenrmun,, 39, 2, 314 (1970,

7y G T Rogversand T V. Ulbricht, dhid., 39, 419 (1970).

particular, an extended series of articles by Miles es al.
have investigated this problem in detail.

In the present paper we have used un improved ver-
sion of Kirkwood polarizability theory to include the
presence of a classical polarizability ncar a quantum
system. The rotational strengths of mononucleosides
are calculated using transition. monopoles on the bases
interacting with polarizable bonds of the sugars. We
try to examinc the caleulations critically.  Three
different sets of transition monopoles have been em-
ployved with various degrees of success.  The effect of

-different values of bond polarizability and variation of

the positions of furanosyl OH groups have also been ex-
amined.  The calculated rotational strengths as a func-
tion of the glycosidic angle are in gualitative agreement

(5 D0 WO Aites, WL Toskeep, ML) Rn“in\‘; MWL Winkley,

R. k. Robing, fud H. byring, J. Amer, Chem, Soc., 92, 3872 (1970),
and references therein.
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with calculations of Miles, ef al usmg ‘bond transition
dipoleson the bases. - :

In the next section a detailed descnptlon of the theo-
retical method is given, in section II we.-discuss the
numerical methods and the data used, and in section I11
we demonstrate the application of the theory to the four

- mononucleosides found in nucleic acids and to. various

anomeric’isomers of adenosine and uridine.

I. Theory

Rosenfeld® characterized the optical rotation by the
rotational strength for the optical transition from O to
A, Roa = Im(uoa o). Im denotes. the imaginary
part of a complex number. wupa is the electric dipole
transition moment vector and muo is the magnetic
dipole transition moment vector defined as follows

¥oa = Z (OlusiA) (b

Mo = 5, TR, X (AIP0) + T (Am/[0) @

where R; is the vector distance from an arbitrary origin
to the origin of groupj; u; is the electric dipole moment
operator of group j; P, is the linear momentum oper-
ator of group j; m,’ is the magnetic moment operator
of group j relative to the origin in groupj. This origin
is usually sélected to minimize the contribution of mj’ to
rotational strength. ¢, e, and m are the usual notations
for the speed of light, electronic charge, and electronic
mass. The molecular wave functions for states O and
A are |0) and |A). If we drop the magnetic dipole
term which is expected to be small, the expression for
rotational strength is

Rox = (= o200 TRy-(O] | A) X (Alw]0) (3)

where vo, is the frequency of the transition and Ry, =
R; — R.

It can be seen thdt the optical actmty originates from
the interaction between electric transition dipoles lo-
cated asymmetrically with respect to one another. In
eq 3 we have resolved Rp, into groups. The obvious
separation into groups for mononucleosides would be
to treat the base as the major chromophore and the
furanose as an asymnictric substituent. The furanose
is further subdivided into bonds. For a particular
transition O — A of the base, which is far removed in
energy from any transitions in the furanose, it is a good
approximation to replace the transition dipole from the
bonds of the furanose by the dipole that would be in-
duced in a classical polarizability placed within the
transition field of the base.

wao = o EfT @

where «; is the polarizability tensor of the jth furanose
bond and E 7 is thc cifective field at the jth bond due to
the transition O —

To evaluate the meti\‘c field K, one expands the
molecubiur wave functions in a linear combination of.
atomic orbitals

[0} = S Co,ls
[AYy = 32Cals)

(9) L. Rosenfeld, Z. Phys., 82, 16t (1925).

We obtain
= = oAl
) ry . .
)
. 1
= _’VJZCA: COI< r
. l
The standard point monopole approxxmatnon sets
) 1 1 :
.<s -, t>.—- 6.,r" (6)

where §,, is the Kronecker 4.

Alternatively, one may treat ¥o| ¥, as a charge dis-
tribution and do a multipole expansion (Z,E %) about
the center of the charges. The practical limit in terms

-of computer programming on the CDC 6600 computer

used for our calculations is the octupole term, and con-
vergence is poor. We abandoned this method in favor -
of the use of eq-6.  In the hope of increased accuracy
we calculated the integrals (s| 1/r,|s) in terms of Slater
2p orbitals to obtain E;*%.  This was found to make a
negligible correction to rotational strengths; we there-
fore used for a zero-order EST

= Zon

where p, = Ca,Co, is the monopole charge of atom s
due to the base transition O — A. r,;, is a position
vector from the jth group to the sth monopole. By
combining eq 3, 4, and 7, we have an expression for the
rotational strength of transition O — A in the base of a
nucleoside. 'The base is represented by transition mono-
poles on each atom and the furanose is approximated
by bond polarizabilities.

M

™Y
Roa = (_ zgé)ggp,&r(vmo X as-r)f|r|® (8)
where R, is the distance from the base transition dipole
(uiao) to bond ; in the furanose. This is the most
commonly used expression for calculating optical ac-
tivity under conditions mentioned above. However,
this expression has only considered the monopole field
caused by the base and has ignored the interaction
among the furanose bonds. This approximation may
be good in situations where the asymmetric perturbation
is an aliphatic chain. But in the furanose ring, for the
most part, the sugar bonds are much closer to each other
than to the base, so cach bond will feel the effect of the
induced dipoles in -all other bonds. To include this
effect we replace E,* by a more complete expression

wjao = ﬂf'E = o [ZP;]

where Ty = (1 — 3rur,/r?)(1ru’), the dipole inter-
action tensor, between points jand k.

These coupled lincar equations can be solved for
wiao. Substituting ©q 10 in 3, we have the final ex-

vr/l. l'kAO:] (9).

, Cs
wao = L (U+ «D e Top ", (10)
R « 18 .
pression for the rotational strength with the furanose

(10) K. Bhilipson, S. Tsai, and K. Sauer, J. Phys. Chem., 75, 1440
(1971).
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interaction treated self-consistently. ~ For all calcula-

. v
Roa = (—?r OA)ZZZP:Ru Wiao X

i#) ks

(A + «Dp T axTef |7 (11)

tions Roa was evaluated " using transition monopoles
only, as in eq 8, and also self-consnstcntly including the
sugar bond-bond induced dipole coupling asineq 1.
There are other potential contributions to rotational
strengths which we do not consider at this time.  These

include effects of magnetic dipole transition moments.

and effects of the static fields of the sugar. = We think
these terms are. small, in agreement with'ithe earlier
workers,> but they should be investigated more
thoroughly.

II. Calculation

We consider each base to have two = — #* transi-
tions with maximua between 240 and 280 mu. The
transition frequency voy is taken as the location of the
major experimental uv absorption maximum. »

Coordinates. The coordinates used in the com-
putation are taken from Spencer!! for the bases (Table
I) and Sundaralingam and Jensen!® for the 2’-endo

Table L Atomic Coordinates of Purine and Pyrimidine Bases

Alom  X.A Y. A Atom X, A Y.A
Ademm. ) Cytosine

N-1 -2.791 4.407 N-1 ©0.000 1.470
C-2 —~3.201 3.134 C-2 —1.207 2.139
N-3 —2.391 2.078 N-3 -1.231 3.489
Cc4 —1.079 2.298 C-4 -0.070 4.132
C-5 -—0.604 3.583 C-5 1.157 "~ 3.504
C-6 —1.500 4.633 C-6 1.181 2.125
N-7 0.763 3.598 0-2 —2.253 1.511
C-8 1.055 2.280 N-4 —0.094 5.472
N-9 0.000 1.470
N-6 —1.041 5.892

. Guanine Uracil
N-1 -2.799 4,348 N-1 0.000 1.470
C-2 —3.205 3,051 C-2 —~1.207 2.139
N-3 —-2.3718 2.010 N-3 -1.159 3.518
C-34° ~1.079 2,298 C-4 0.010 4.251
C-5 —-0.604 3.383 C-5 1.205 3.504 .
C-6 —1.462 4.702 C-6 1.181 - 2,125
N-7 0.763 3.598 0-2 —2.269 1.538
C-8 1.055 2.280 0-4 0.010 5.471
N-9 0.000 1.470
N-2° —4.523 2807
0-6 —~1.045 5.848

ribose and 3’-endo ribose.  The coordinates for the o
anomers were obtiained by reflection from that of 8 nu-
cleosides about the plane of C-17, C-27, and O’ of the
furanose.  The numbering system and the nomencla-
ture for the pentoluranoses are shown in Figure 1.

The conformation of the furanose has been the sub-
ject of debute 7 We hane usad the 27-endo confor-
mation, consistent with the majority of crystal strue-
tures of nucleosides, tor most of the caleulations. The

ChEy MoSpencer, tenr Crystallogr, 12059 (1969,

CE2) ML Sundaralinz mmand Lo HL Jensen, . Mol Biol,, 13,914 (1965).

PO ROCD Davis, PRDL Thess, Unnersing of California, Berkeles,
BT p A28,

A4 DB Davies st SOS0 Dan ek, thilh Brophysical Soacty Meet-

i, Eoh 1000,
C5) ALE YV Haschemeser and AL Rich, J. Mol Biol., 27, 369 (1967),
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S ,
B 3, 5
" -0-mo
4 ,o'*, #
ASEmIRE  CYTOSINE ) 'Cj

auAmn: uMCM. a-p-Lvx B-0-Lyx
Y
e-D-xvL B-D-xvL
LIV TURATICS OF TWE NUCLETS ACIC DARES AND THE
PENTOFURGNDSES

Figure 1. Nomenclatures and cenfigurations of the nucleic acid
bases and the pentofuranoses.

2’-endo ribose and 3’-endo deoxyribose coordinates are
givenin Table Il. Coordinates of the other sugars were

Table II.  Coordinates of 2’-Endo Ribose and
3’-Endo Deoxyribose!?

Atoms x Ly z
2’-Endo Ribose
C-1 0.00 0.00 0.00
H-1 —-0.51 -0.16 ] 0.74
o-1 1.35 —0.43 0.00
C-2 —0.62 —-0.58 —1.25
H-2 —0.26 0.08 -1.89
0O-2 -2.02 -0.57 -1.26
OH-2 —-2.60 -1.09 -0.59
C3 0.08 -1.94 —1.31
H-3 - 0.02 -2.33 —2.02
0-3 -0.53 —~2.80 -0.34
OH-3 —0.48 —3.80 —0.42
C-4 1.51 —1.59 —~0.86
‘H-4 1.81 —2.46 —-0.38
cs . 2.48 -1.28 —1.97
"H-5 ) 3.37 -0.73 -1.40
H-5' ' 2.98 - —2.14 ’ —2.36
0-5 - 1.95 —0.44 —=3.00
OH-5 . 1.88 —1.15 —3.69
3"-Endo Deoxyribose
C-1 0.:00 ©0.00 . 0.00
H-1 -0.40" -0.53 . 0.96
O-1 - 1.37 - —-0.43 0.00
C-2 —0.68 -0.65 -1.21
H-2 —1.28 " —-1.47 —1.11
H-2' —1.35 ' —-0.16 —1.86
C-3 0.52 —1.08 -2.10
H-3 0.87 -0.28 —2.80
0-3 —0.24 -2.16 —2.96
OH-3 0.06 -3.00 —2.40
C-4 1.57 —-1.37 —-1.08
H-4 1.20 —2.36 —0.70
C-5 S 3m -~1.26 -—1.52
. H-§ 3.7 —1.64 . —~0.80
H-5' 3.28 —1.80) ~2.39
0-5 3.27 0.09 -2
OH-§ 4.06 0.23 -7

obtained by interchanging H and OH atoms and
changing bond fengths.  In solution, the positions of
the hydross! groups of the furanose are not precisely
known. Inan effore to determine the influence of OH
posttion on R,y we have rotated the OH groups about
their individuat CO axes for both adenosine and uridine.
The effect on the caleulated Roy is small: the shape of
the curve when R,y is plotted exo the glycosidic angle
(hox) is not sigmiticantly adtercd. Shight sariation in
magnitude of Ry is found when the OB at the C-27

Teng, lizkowitz, Ticoco | Rotational Strengths of Mononucleosides
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Table ITL.a»  Monopoles for the B,y and By Transitions

Transition Byy;

e Transilion Byy——

Atom SCF-ClI ;- SCF¢~ - Bush-DeVoe* SCF-Cl - SCF Bush-DeVoe
Adenine ’ . S ‘ o '
© N- . -0.1718 - 0.035 -0.030 0.023 . —0.064
. G2 0.091 —-0.072 —0.037 —0.063 - =0.050
N-3 -0.129 0.140 -0.107 0.087 . -0.014
C4 —0.063 0.018 -0.291 . —0.089 . - —0.051
C-s. -0.018 .0.032 0.126 - 0.088 0.060
C6 - 0.156 - —=0.114 0.232 ~0.033 0.03}
N-7° 0:046 —0.085 0.055 -0.020 0.009
C-8 -0.180 0.134 -0.106 0.050 0.026
N-9 0.069 0.031 0.112 0.034 0.023
N-6 . 0.206 -0.117 0.046 ~0.078 0.030
Guanine : ) ) _
N-1 . 0.051 0.041 -0.032 0.116 0.039 -—0.044
C-2 0.100 0.101 0.030 ~0.060 —0.013 —0.165
N-3 -0.101 -0.080 —0.050 0.097 0.081 0.075
C4 . 0.090° 0.060 ~0.104 0.108 0.125 -0.151
C-5 -0.112 —0.083 —0.034 —0.045 —-0.079 0.165
C-6 —-0.013 —0.000 0.035 ~0.008 0.007 0.003
N-7 0.009 0.003 0.043 -0.039 —0.063 —-0.042
C8 -0.060 —0.067 - -0.291 0.207 0.099 0.127 .
N9 —0.009 -0.010 0.249 —0.088 0.000 0.028
06 —0.003 —0.002 0.166 —0.243. ~0.191 0.054
N-2 0.049 - 0.039 -0.008 -0.046 --0.005 —0.049
Cytosine : ) o :
N-1 - -0.202 —0.135 -0.097 0.129 - . 0.095 —0.007
C-2 —0.006 —0.09 - - 0.005.. 0.011 0.004 - 0.012
N-3 0.311 0.256 —0.135 0.187 01.05 —0.043
C-4 -0.121 -0.112 0.070 —0.043 —0.043 0,039
C-5 0.167 0.079 0.044 0.021 0.175 —0.061
C-6 -0.156 -0.118 —0.032 0.000 0.047 ~0.078
N-4 -0.117 —0.083 0.155 -0.215 —0.136 0.014
0-2 0.123 0.142 -0.011 -0.089 -0.011 -0.111
Uracil ' ) -
N-1 0.104 0.080 —~0.090 -0.017 . —0.085 0.008
C-2 "—0.006 —0.001 —=0.003 0.000 - 0.034 0.00!
N-3 . 0.024 0.017 -0.006 0.151 0.292 .—0.062
C4 -0.017 0.030 —0.008 0.054 0.129 —-0.02t.
C-5 —0.286 —0.185 0.262 0.012 ~0.132 . 0.001
C-6 0.237 0.179 0.235 0.008 =0.013 '—0.017
04 —-0.063 —~0.136 0.086 - —~0.178 —0.365 —0.001
0-2 0.005 0.016 1. =0.005 —0.029. C—-0.124 0.091-

2

* The numbering system of the bases is given in Fiéure 1. The monopoles are scaled to experithents. - H. Berthod., C. Giessner-Prettre,
and A. Pullman, lur. J. Quantum Chem., 1, 123 (1967). 4 H. Berthod, C. Gicssner-Prettre, and A. Pullman, Theorer. Chim. Acta, 5, 53 (1966).

¢ Reference 17,

position is rotated : however, no noticeable change is ob-
served in the cuse of C-3 and C-5’.  This finding is con-
sistent with our conclusion (section 111) about the im-
portance of configuration at the C-2/ position.

Glycosidic Rotation.  We have chosen the definition
of glycosidic rotation by Donohue and Trueblood.'¢
The sugar-base torsion angle ¢¢ v is defined as the angle
formed by the plane of.the base and C-17-0O-1’ bond
of the furanose ring when viewed -along the C(1)’-N
bomd.  ¢ey is tuken as zero when C-2 of the base is anti-
plinar to 0-17. Positive rotation is clockwise rotation
of C-1'-0-1" when one looks from C-17 to N. - Donohue
and Trueblood define “anti” conformation for ¢y =
—30 % 457 and “syn" for g = 4150 = 457,

Transition Monopoles and Dipoles. Three setsnf.'

monopoles Tor the various transitions ol the four buscs
were used in the computation, We used monopoles
deseribed by Bush '™ and those cafeulated from self-con-
sistent field with and -without configuration intérac-
tion.' The monopoles . obtained  from Bush were

(161 ). Doanhuc and K. N Traehlooid, J. Mol Biol. 2,363 (1960).
(17) Co AL Bush, PID, Thesis) Unversity of Califoraia, Berkeley, 1968,
P62 Y
T(IRY WL C, Johnson, private communication.

from an SCF-LCAO-CI calculation by DeVoe of the
National Institutes of Health.  His method was that of
Vicllard and Pullman' cxtended to the excited states.
The monopoles sclected by Bush were not just the lowest
cnergy transitions but were chosen so that the transition
moment directions were consistent with experimental
directions, or what were inferred to be the most likely
directions. Bush’s procedure assumes the order of the
excited states in energy may be incorrect.  The mag-
nitudes af all the monopoles were scaled to give -the
measured transition moment magnitudes. The scaled .
monopoles for the B.y and B, transitions arc given it
Table 111. - _ -
The base transition dipoles were calcufated from the
transition monopoles placed on euch nucleus of the
base.  The point transition dipole is assumed to be at
the center of transition charge of the buse (Table 1V).
The cffect of ditlerent transition monopoles und the
use Of a scli-consistent treatment of the furanose bond

‘interactions are shown in Figure 2. One sees that the

sclf-consistent theory for induced dipoles in the sugar
(cq 11) gives very different results from eq 8. We use
eq Hl for :l’“ the caleulations discussed in this paper.

(19) A Vicllard and B, Pullman, J. Theor. Biol., 4,37 (1963).
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Table IV. Data for Transition Moments
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" Monopoles

Transition energy, eV moment magnitude®

Exptl transition -

"~—Calcd transition-—

Transition center,s A
¥ ‘

Base . Theory  Exptle eA D - Vector® e .
Adenine By X : ‘ .
SCF-C1 4.8 - 4.77 . 0813 . .39 +0.02i +0.81j 1.24 3.65
SCF 5.2 ) - —0.14i -0.80j 1.02 3.47
Bush-DeVoe 5.6 —0.221 - +0.78j 0.96 3.10
. . B!!l . T .
" SCF-CI - 5.0 5.17 . 0.350 - 1.68 . . —=0.14i ~0.32j 1.21 3.26
SCF 5.5 . C=0.3i +0.08j 1.41 3.47
Bush-DeVoe : : '
Guanine B i :
SCF-CI 4.3 - 4.47 " 0.514 2.46 +0.51 +0.07j 1.74 2.92
SCF 4.4 . : : +0. 50i +0.10j- 1.73 2.85
Bush-DeVoe 5.8 +0.22 +0.45) 0.34 2.92
By N ’ B ' )
SCF-C1 5.1 - 4.94 0.806 3.87 —0.21i -0.78j 1.06 3.44
SCF 5.4 . 4-0.081 —0.80 0.86 3.65
Bush-DeVoe - 4.2 © —0.80i +0.07j 1.33 3.04
Uracil B ) o ; g
o " SCF-CI - 4.8 4.72 0.685 ° 3.29 —0.0% —0.68j 0.76 2.94
- SCF 5.1 —~0.06i —0.68j 0.57 3.2
Bush-Devoe 5.2 © +40.05i +0.68f 0.80 j.o1
B . o
SCF-CI 5.4 5.17 0.241 1.16 —0.08i -0.23j -0.50 . 4.14
SCF 5.5 : +0.04i —0.24§ —0.43 3.79
Bush-DeVoe 6.3 —0.15i -0.18j -1.29 2.52
Cytosine Byu : . o o :
SCF-Ci 4.1 4.57 0.632 7 3.04 —0.62i +0.09j -0.25 . 3.02 -
SCF | 4.2 -0.63i —0.04j ~0.47 2.95
Bush-DeVoe 5.4 +0.18i +0. 60j —-0.22 3.64
) Biu i
SCF-CI 5.1 5.17 0.549 2.63¢ —0.00i —0.55 -0.62 3.49
. SCF 5.3 : —0.11 —0.54j -~0.09 3.52
‘Bush-DeVoe - 6.8 +0.40i +0.38j 0.06 2.85

2 Resolved from spectra of Pabst Laboratories, Milwaukee, Wis. (Circular OR-10, 1967). * Transition moment vectors are scaled to experi- .

mental magnitude. 1, j are unit directional vectors referringto X, Y

* Table V. Bond Polarizabilities (A%)

axes defined in Table I. < Coordinates are defined in Table L.

which have been proven satisfactory for -.other

workers,® and those existing in the current literature.

Bond as® an®
" 'S
. C-H 0.46 0.77"

c-C 0.99 0.27

C-0 1.23 0.27
1

C-H 0.8 0.6

Cc-C 1.85 0.02
11

C-H 0.64 0.64°

Cc-C 0.99- 0.27

C-0 0.89 0.46

. Vs )

C-H 0.77 0.59

c-C 1.35 . 0.23

The rotational strength of uridine resulting from

100 -

Ld
o

o

|
by
(-]

.been the subject of controversy.

o a3 is along the bond and ay, is perpendicular to the bond. ¢ See
ref 20. <See ref 21. 4 R. J. W. Le Fevre, Advan. Phys. Org.
Chem., 3,1 (1965). <R.J. W. Le Fevre, B. J, Orr, and G. L, D.
Ritchie, J, Chem. Soc. B, 273 (1966). ' B

3

Polarizabilities. Bond polarizabilities have always
The merits of
different measurements of polarizability have frequently
been discussed, especially by users wanting to evaluate
optical activity.*%* Because of the uncertainties in the
bond polarizabilities, the agreement between experi-
ment and the result of any calculation which is sensitive

to the values of bond polarizability should be exam-

ined critically.
Different scts of values of bond polurizabilities have
been published (Table V). These values include those

(20) C. Houssicr and K. Saucr, J. Amer. Chem. Soc., 92, 719,(1970).

ROTATIONAL STRENGTH x 10%40

s

y < SCF/CI

Bush/Devoe \ . -

100 S —e--> SCF \\ i
o
L= L 1 AL - A"
-180 -390 ] +90 +180
C¢en .

 Figure 2. The effect of ditferent transition monopoles and the
sell-consistent treatment of furanose bonds on R(B.() £5. di-x of uri-
dine. . The top three curves are setf-consistently treated as in eq 11.
The bottom three curves are without the self-consistent furanose
treatment (eq 8).

different combinations of possible values of bond polar-
izabilities, using the SCF-CI monopoles, is shown in
Figure 3. The calculated R, is miore sensitive to
C-O and O-H bond polarizabilities than C-C
C-H bonds.- The same conclusion is obtained with
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Table VI. Calculated Rotational Strengths for Different Monopoles and Furanose Configurations and Conformations®

Theor Roa X 104 esy—-————a

. . - Bgu BIU
Compound Exptl Roa X 10¥ esu Monopoles Anti ’ Syn Anti Syn
Adenosine —2By + Bivw) SCF-CI -2 +3 +0 +0
: : SCF -2 +3 +2 -4
. Bush-DeVoe +8 -8 .
Guanosine —0(Byy) SCF-CI T 42 -4 =2 +3
: —HYByy) SCF +2 -4 —2 +2 -
) Bush-DeVoe =T 47 +8 -16
Uridine +9(Byv) SCF-CI +1 +0 +0 -0
~d4(Byu) SCF +1 10 -2 +2
Bush-DeVoe +2 -1 +0 -1
Cytidine +12(Byy) SCF-CI +27 -31 -7 +7
-6(Bv) SCF ‘419 —=24 -5 +5
: Bush-DeVoe ] +6 -2 +0
2'-Deoxy A ~ 1B + Biw) .
2’ endo SCF-CI -2 +4
3’ endo SCF-CI -7 - 40
2'-Deoxy G —0(Byy)
—O(Byy) .
2’ endo SCF-CI +1 -5
3’ endo SCF-CI +5 -0
2'-Deoxy U +3(Byy)
2’ endo SCF-C1 +5 +2
3’ endo : SCF-C1 +3 +1
2'-Deoxy C +(B:v) ’
=(Biv) .
2’ endo SCF-CI +24 —34
3’ endo SCF-CI . +35 +0

s The four ribonucleosides are in the 2’-endo conformation.

the other two sets of monopoles. This is unfortunate
because the bond polarizabilities for C-O and O-H
bonds are the least well known. For all the computa-

tions, unless otherwise stated, we have used Le Fevre's?!
o
<
)
r
z
Q
4
® . h]
£ 0 — <+
T R
3 ~
% 50}
]
-4
100 L L t i 1
=18 -90 [+] +30 +180
K

Figure 3.  Calculated rotational strengths of Bue transitions of uri-
dine as a function of oy using ditferent values of polarizabilitics.
The various seis of polarizabilitics are given in Table Vi (1) set ],
treating OH equivalent to CH: (2)  set HIL treating OH eyuivalent

to CH: (3) sed L approsimating OH by s = 0.8, ayy = 0.6
() set IV, treating OH cquivident to CH and CO eguivalent to
CC; (5) sctloapprovmatiog O by 05 0.6 (6)  set 11, treating.
OH equivaleat to CH and CO cqunaient to CC. .

bond polarizabilitics (set 11 in Table V) and treated
carbon and onygen cquivalently (curve 6 in Figure 3).
.

Results of the caleubations are siven in Tables VI, VI,
and VHE and Firure 40 The rotattonal strengths of the

Results and Discussion

D CoGo e o and 1O Le Vesag, Reed Pare dppl. Chem, S,
201 (1985),

Table VIL. Comparison of Calculated and Experimental
Rotational Strengths for Ditferent’Anomeric Adenosines

Exptl max ~—Roa(Bw) X 10¥9 esu—

. f molar ~—Theord-—
Compd - Apax, mp ellipticities®  Exptls:® Anti Syn
a-Lyx 260 3750 2.7 3 -7
B-Lyx 256 ~3560 -2.7 -2 6
a-Ribo 256 5410 4.4 3 -6
B-Ribo 265 —2970 —-2.5 -2 3
a-Ara 258 . 3570 2.8 1 —6
B-Ara 258 —5380 —-4.1 -2 4
a-Xyl 258 6960 6.0 5 -7
B-Xyl 259 - 2450 -2.0 -3 5

s The experimental results are from Ingwall (personal communi-
cation). Molar ellipticitics are in units of deg L./(mol cm). * The
rotational strengths are evaluated by fitting the spectrum by
gaussian curves on a DuPont curve resolver and computed using
the formula, R = 1.23 X 107# (§:4./A;) where A, is the half-width
of the resolved gaussian, < Single gaussian is not possible. Com-
posite gaussian curves are used. ¢ SCF-CI monopoles used.

Table VITL  Calculated R.a(By) of Nucleosides® with Glycosidic
Angle oex Present in Poly nuckeotides .

— == Roa(Bar X 1071 gsu——r———oms
ot = ~ 117 -1 —86°
Base (RNA-11) (DNA-A) (DNA-B)
A -3 -3 45
G +1 +1 ~1
u(m . v +2 +6 +1
C +31 +32 -25

+ SCF CIl monopoles and the 2'-endo conformation for ribose
and deonyribose were used. P on s are from M. Sundacalingam,
Bivpolymers, T, 821 (1969).

B'uf;ln_(-l B transitions were caleubated using ¢g 1l for
cach ol the four nucleosides (Table VI The effect of
the 27-endo and 3-endo furanose conformation is also

Journal of the American Chemical Society | 93:23 | November 17, 1971
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included. From the results, it can be scen that the ro-
tational strength calculation depends: critically on the
choice of wave functions. However, the rotational
strengths from the SCF-CI and SCF monopoles nearly
always agree in sign and magnitude with each other.
Quantitative comparison with experiment is difficult,
because of the uncertainty in assignment and resolution

of the CD spectrum into bands. In Table VI the éx-

perimental rotational strengths are given to one signifi-

cant figure, or the sign is simply given. The calculated -
values are shown'for two conformations: anti(¢cx = .

—30°) and syn (¢cx = +150°). The experimental
value, of course, represents an average value over the
conformations actually present in solution. With
SCF-CI or SCF monopoles the signs of the calculated
rotational strengths for the first two transitions are con-
sistent with three of the four mononucleosides in the
anti conformation. Calculations for guanosine are not
consistent with experiment for either syn or anti confor-
mations. - o

Figure 4 shows what values of the glycosidic angle
give correct results for the calculated signs of the By
and B,y rotational strengths. For uridine and cy-
tidine, about hall the possible range of angles (4 150° >
@cn > — 30°) give the correct sign for both B.y and Byy.
For adenosine only the anti range (—10° > ¢on >
—90°) is consistent with the signs of the rotational
strengths. For guanosine a very small overlap occurs
(Pcn =~ — 100°) between values of ¢y which give the
correct sign for both B.y and B,y rotational strengths.
This probably indicates that guanosine does not exist
mainly in onc conformation, but instead, includes a
wide range of conformations. There is some evidence
that the conformation of guanosine depends on pH, as
might be expected for a conformationally mobile mole-
cule.

One way of testing this idea further is to calculate an
average rotational strength by weighting each calculated
rotational strength at angle ¢cy by the probability of
finding the molecule with this value of ¢cy. Weused a
probability distribution for the glycosidic bond (¢cn),
which we had estimated carlier,** to obtain an average
rotational strength for the B.y transitions for each
mononucleoside.  Although magnitudes were changed,
no signs changed, so a positive B.i; rotational strength
was still obthined for guanosine in disagreement with
eaperiment. -

The temperature  dependence of  the  rotational
strengths was also caleulted. This gives an increase in
rotational strengths with decreasing temperature as ex-
pected. 1 oalso gives the correct order of magnitude
change'® as the temperature is lowered from +90° to
--70°.  For cytidine there is a caleutated 3°7 increase,
for adenosine a calculuted 3079, increase.

In Table VI the results for the anomeric cis-trans
isomers of adenosine are given.  The calculated results
for the anti conformation -agree well with experiment.
The agreement between theory and experiment is ex-
cellent when one considers the « and 8 pairs of the
different isomers.  The caleulation gives not only the
correct sign tor cach one of the pairs, but also provides
the correct relative mugnitudes. We sce that experi-
mentatly the sign of the CD for the anomeric adenosine

1221 1L Tmovo, Jr, RO CL Davis, and S. R. Jaskunas, *Molecular As-

sociation in Riologm ) B, Puliman, Ed., Academic Press, New York,
N. Y., 1968, p 77.
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Figure 4. Glycosidic-angle (¢cx) and calculated sign of the rota-
tional strength. The range of angles labeled a.8-purines and -pyri-
midines shown is that found in crystals by X-ray scattering (see
Sundaralingam, Table VILII, footnote 6). The rotational strengths
were calculated with SCF--Cl monopoles:  (a) purines, the mea-
sured signs of the rotational strengths are minus for both B,y and
Byv transitions of adenosine and guanosine: (b) pyrimidines, the
measured signs are plus for. the B, transitions and minus for the
B\« transitions of uridine and cytidine.

depends on the configuration at C-1’: « gives a posi-
tive CD at high wavelength, 8 gives a negative CD.
The good agreement with the caleulated rotational
strengths is strong evidence that all eight of these mole-
cules arc primarily in the anti conformation.

We also carricd out calculations on uracil with
different sugars.  Experimentally ®® it was found that
the rotational strengths of g-p-ara-U and p-p-lyx-U
were similar and approximately twice that of g-p-rib-U.
The Ropa calculated for these compounds are + 10 X
1074, +11 X 10~*, and +2 X 10~* for ara-, lyx-, and
rib-U, respectively.  The Bush-Devoe monopoles were
used and anti contormation was assumed. ‘

We have found that a configuration change at the
C-2’ position of the furanose alters the glycosidic an-
gular dependence of R more significantly than that at
the C-37 position.  The calculated Roa 5. ¢~ for ribo
and xyl compounds are similar in curve shape and posi-
tions of maximum, minimum, and zero crossing,
whereas the same holds for ara and lyx compounds.

(23} 1. Nishimura, B, Shimize, and [, Iwai, Biochim. Biophys. Acta,
157, 221 (19638).
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Experimentally, it was found that the configuration at
C-2’ profoundly affects the magnitude of the Cotton
effect.*?t It was rcported previously? that a Cis-
oriented hydroxyl group at C-2’ interacts with the base
and that cis nucleosides gave a Cotton effect larger in

-magnitude than the trans anomers. It was found that*3 .

the amplitudes of the Cotton effect of a-p-rib-U and «-
D-UMP are larger than their 3 anomers; however, the

magnitudes of a-lyx nucleosides give smaller Cotton .

effects compared to their 8 anomers. Examination of
molecular models suggests that the C-1'-C-2' trans
configuration allows the base to rotate more freely
about the glycosidic bond. By inspection of the R,
vs. dcn curve, it can be seen that a range of allowed
values of ¢y always results in decreasing the dmpllludt.
of atrans compound

The main reason for beginning this study was to esti-
mate the contribution of base-sugar interactions to the
CD of polynucleotides. Table VIII shows the cal-

(24) T. L. V. Ulbricht, T. R. Emerson, and R. ). Swan, Biochem.
Biophys, Res, Commun., 22, 505 (1966).

culated By rotational strengths for nucleosides with the
glycosidic angle found in different double-stranded nu-
cleic acids: A-form DNA,* B-form DNA,? and

"“RNA-11.7 One sees that in B-form DNA the cal-

culated rotational strengths are very different from
those of A-DNA, or anti mononucleosides., This
means one .cannot ignore base-sugar interactions in
understanding the CD of double-stranded nucleic acids.
The CD of the mononucleoside in solution may be very
different from its contribution to the CD of the nucleic
acid.. . .
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