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BIOPHYSICAL INVESTIGATION OF BIOMOLECULAR STRUCTURE AND INTERACTION 

Nelson Nan-Hsiung Teng 

Laboratoryof Chemical Biodynamics 
. Lawrence Berke 1 ey Laboratory 

University of Ca 1 iforni a 
Berkeley, California 

ABSTRACT 

This thesis describes the investigation of the structure and inter-

action of biological molecules by various spectroscopic techniques. In 

Chapter I we present a theoretical treatment of the optical activities 

of mononutleosides in the hope to understand the following: a) The 

steric hindrance of th~ rotation of the bases about glycosidic bonds; 

b} the furanose contributinn to the optical activities of polynucleotides 

and, hence, to faci 1 itate the interpretation of the circular dichroism 

spectra of polynucleotides. The rotational strengths of the two longer 

wavelength transitions B2u, BlU' 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 transition monopoles; the sugar is treated as a sum of 

bond polarizabilities. The interacti.on among these polarizabilities is 

also considered. Rotational strengths were calculated using three dif­

ferent sets of transition monopoles and many combinations of bond 

polarizabilities. He conclude that adenosine, uridine and cytidine may 
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have primarily one .confonnation, but that in guanosine the base is not 

definitely fixed w1~th respect to the ribose. This finding may provide 

a physical explanation of the pai~fng df codon a~d anticodon. Calcula­

tion on different anomeric nucleosides of adenosine and uridine shows 

that the·configuration at the anomeric carbon (Cl'l determines the sign 

of the optical rotatibn. The cOnfiguration at C2' influences the glyco­

sidic angular dependence of rotational strength more profoundly than that 
. . . 

at C3' and C5'. These results are i.n good agreement with experiments. 

The signs and magnitude of the calculated 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 rota­

tional strengths of the nucleosides in the polynucleotide are very 

different from those i.n solution. 

In Chapter II the conformation of a slightly larger nucleotide, 

flavin adenine dinucleotide (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 investigated. The 

determination of the temperature dependence of the FAD, flavin mono­

nucleotide (FMN), and adenosine diphosphoribose (ADPR) proton shifts 

1"'ere found to be necessary for a correct assignment of the isoalloxa-

zi ne protons in FAD and hence for determining the confonnati on. The 

FAD proton shifts in D2o solutions have a sigmoid dependence on tem­

perature which is discussed in terms of a two-s tate mode 1, where an 
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equilibrium exists between the folded and unfolded states of the mole­

cule. Sigmoid curves are not observed in D20/dioxane solutions, sug­

g~sting that dioxane lo\'Jers the transition temperature. Dioxane 

decreases the fraction of folded FAD molecules in solution by lowering 

the energy barrier between the two states and also reduces the inter­

molecular stacking of FAD and FMN. 

Ch~pter III attempts to understand the mechanism of action of 

Q-hydroxybenzoate hydroxylase from Pseudomonas putida, strain M-6. The 

aromatic substrate analogues, benzoate, _p_-fluorobenzoate, _p_-chloro­

benzoate, .Q_-nitrobenzoate , . .P_-ami nobenzoate, and 6...;hydroxyni coti nate; 

are found to be competitive inhibitors .. This finding differs from the 

previously reported noncompetitive behavior in a different buffer system. 

Deuterium isotopic effect on the enzyme activity is presented. 

The optical 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 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 simi 1 ar to those evoked by 

the substrate, and the other does not cause significant changes. This 

difference may be understood in terms of a steric hindrance effect at 

the hydroxyl bindinq site. The CD of the enzyme-NADPH complex under 

anaerobic conditions suggests that the oxidized enzyme and reduced 

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

the substrate _p_-hydroxybenzoate. Nr1R study of the enzyme-NADPH complex 

indicates that the adenine moiety of NADPH binds to the enzyme more 
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tightly than the n-icotinamide region. Furthermore, evidence for a 

ternary complex is given. 

In Chapter IV the NMR relaxation behavior of phosphorous-31 in 

orthophosphate and adeno~ine 5'-triphosphate (ATP) are studied. The 

longitudinal relaxation (T1) times of phosphates are strongly in­

fluenced by low levels of paramagnetic metal ions and by pH. Deu­

terium isotopic effect on the phosphorous ~elaxation rate of both 

orthophosphate and ATP is presented. A-d~tailed investigation of the 

phosphorous NMR chemical shift and T1 relaxation rates as' a function 

of pH and Fe3+ concentration is given. Fourier transform double 

resonance (FTDR) technique is i 11 ustrated. The NMR re 1 axati on mecha-

nism of phosphorous is discussed. 
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I. CONFOru·~TION OF MONONUCLEOSIDES 
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A. INTRODUCTION 

The understanding of the chemical structure and molecular inter-

action of nucleic acids are fundamental in elucidating many of their 

biold~fcal functions. Since the nucleic acids are optically active, 

circular dichroism (CD) and optical rotatory dispersion (ORO) are useful 

techniques in studying the molecular structure. The theory of optical 

activity has been treated extensively in several articles. 1 A general 

consideration of the origin of optical activity will be given here. An 

optically active molecule must not possess a plane or a center of sym­

metry. Generally, optically active molecules can be separated into two 

classes, the class containing an inherently dissynvnetri c chromophore, 

and the class containing a symmetric chromophore in a dissymmetric molecu­

lar environment. Hexahelicene, skewed dienes, are examples of the 

inherently dissymmetric chromophore. Azosulfonamide is optically inac­

tive; however, lipan binding to carbonic anhydrase, a large visible CD 

is produced. 2 The resulting optical activity, apparently, is induced 

in the symmetric chromophore by the dissymmetric potential field of the 

protein. Four principal mechanisms have been proposed for the origin 

of optical activity: (1) The coulombic field of the substituents mixes 

the electronic states of the synvnetric chromophore such that a magnetic 

dipole transition acq~ires a minor electric dipole character and vice 

versa. (2) The incident electromagnetic radiation producing an elec­

tronic excitation in the symmetric chromophore induces a transient 
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electric dipole moment in the substituent which, then couples with the 

magnetic or the electric dipole moment of the chromophore transition. 

l3) The electronic transitions of two chromophores interact as coupled 

oscillators. (4) In an inherently dissymmetric chromophore, each elec­

tronic transition will have both magnetic ~nd electriG dipole moments. 

The optical activity in the dissymmetric chromophore is, usually, much 

larger than those in (l), (2), and (3), where the optical activities are 

derived from vicinal perturbation of the symmetric chromophores. 

Recently, theories have been developed to facilitate the interpre­

tatiQn of the spectra of polynucleotides. 3' 4 However, in these theories, 

the CD and ORO of the monomer units themselves have been ignored. 

Therefore, the conformation of nucleosides has been the subject of 

interest, both experimentall~ and theoretically. 5-8 The optital acti­

vity of mononucleosides falls into mechanism (2) described above. 

In this chapter we have used an improved version of Kirkwood 

polarizability theory to include 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 

critically. Three different sets of transition monopoles have been 

employed ~vi th various degrees of success. The effect of different va 1 ues 

of bond polarizability and variation of the positions of furanosyl OH 

groups has also been examined. The calculated rotational strengths as 

a function of the glycosidic angle are in qualitative agreement with 

calculations of Miles et E..L,_, 8 using bond tr,;nsition dipoles on the 

bases .. 
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In the next section a detailed description of the theoretical method 

i~ given; in section C we discuss the numerical methods and the data used, 

and in section D we demonstrate the application of the theory to the four 

mononucleosides found in nucleic aCids ~nd to various anomeric isomers of 

adenosine and uridine. 

B. THEORETICAC CONSIDERATION OF OPTitAL ACTIVITY 

Orig1n of Optical Activity 

Condon 1 modified the familiar constitutive properties for a homo-

geneous, isotropic, optically inactive medium to incorporate time varying 

terms with prooortionality constant g, thus: 

D = tE - g~ 
'V 'V v .. 
B = ~H + gE 
'V 'V 'V 

( 1) 

(2} 

where £ is the dielectric constant, w is the magnetic permeability, 

and ~ ~ 1 for nonmagnetic media. ~' ~ are electric displacement and 

magnetic induction, respectively. ~' ~are the electric and magnetic 

field intensities. 

A sol.ution of Maxwell's equations, then, yields 

nR = El/ 2 ~ 2nv g 

. 1/2 
nl = £ . + 2nv g 

nR, nl are the 'indices of refraction for left and right circularly 

polarized light, and v is the frequency of the incident light. 

Then the rotation per unit length ~ is given by definition 
2 

(3} 

(4) 

4TI C 
9 = -2 g • (S) 
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g can be related to the microscopic parameter B if 
-eff · 

~ = a~ . - B/C ~ (6) 

Eeff is the local eff~ctive electric field~ and, if one assumes Lorentz' 

expression, then 

. g = 4rr Nl(B/c) (e:+2) 
-~ 3 . (7) 

N1 is the number of mole.cules per unit volume. The param·eter a can be 

calculated by a q'uantum mechanical expansion of the expectation value 

of the'electric dipole moment~ in the ground state as induced by the 

electromagnetic field. When the induced dipole moment is averaged over 

all occupied molecular states and then over all possible molecular 

orientations, B is gi.ven by the fo Jl owing expression: 

B=-c-L: 
3nh A 

Hm <OI ~ lA> <AIm IO>} 
(8) 

jb> and jA> are the wave functions from the ground state and excited 

state respectively. Im denotes the imaginary part of a complex number. 

Definition of Rotational Strength 

Rosenfeld9 characterized the optical rotation by the rotational 

strength for the optical transition from 0 to A, R0A = Im(~OA · ~AO). 

~JJA is the electric dipole transi.tion moment vector and !lJAO is the mag­

netic dipole transition moment vector defined as follows: 

ltoA = J. <Oj~jl A> (9) 

m = __ e_L: o x <AI P. jO> +~<A jm'j 0> 
rvAO 2 me j ~j "'J J fUj llO) 

where ~j is the vector distance from an arbitrary origin to the origin of 

group j; ~j is the electric dipole moment ope~ator of group j; ej is the 

,. 

I 

\.i 
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linear momentum operator of group j; J2j is the magnetic moment operator 

of group j relatfve to the origin fn group j (illustrated in Figure 1). 
I 

The origin is usually selected to minimize the contrib~tion of ~j to 

rotational strength. c, e, m are the usual notations for speed of light, 

electronic charge and electronic mass. The molecular wavefunctions for 

states 0 and A are 10> and lA>. The expectation value of P. between 
. ~J 

state 0 and A can be related to ]J.OA bv the relation 
~J ~ 

~jOA = t -2n im/e) vOA ~jOA (11) 

vlhere Jl...oA is the frequency of the transition from 0 to A. Therefore, 

for an electrically allowed, magnetically forbidden transition 
I 

m. 1 0> = 0) the expression for rotational strength is 
~J . 

R0A = ( -nv OA/2c) . ~. R •• <0 I~ ·I A> x <A I JJ ·I 0> 
· 1 r J ~1 J · ~ 1 ~J 

{12) 

where R .. = R. - R .• 
~, J ~J ~, 

It can be seen that the optical activity originates from the inter­

action between electric transition dipoles located asymmetrically with 

respect to one anot~er. In equation 02) we have resolved ROA into groups. 

The obvious separation into groups for mononucleosides would be to treat 

the base as the major chromophore and the furanose as an asymmetric sub-

stituent. The furanose is further subdivided into bonds. For a 
. 

particular transition 0 -+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 induced in a classical polarizability pla~ed within 

the transition field of the base. 

~jAO = • (13) 
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Figure 1. The vectorial relationship of group i,j and of electrons in 

the group ( r. , r . t) . 
lS J 

.. 
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where .fCj is the polarizability tensor of the jth furanose bond and 

~jeff is the eff~ctive field at the jth bond due to.the transition 

o-A. 

Nonopole Approximation 

To evaluate the effective field E.~ff, one expands the mol~cular 'VJ 

\'Javefunctions in a linear combination of atomic orbita·ls, 

We obtain 

IO> = ~ Cas Is> 

lA> = ~ CAs l·s> 

E.eff=- v.<Aj-·11 0> 
"'J J rj 

= V L * 1 
- j s, t cAs c0 t · < s 1 -r.- 1 t:. 

J 

The standard point monopole approximation sets 

<S I - 1 I t> = 8 • - 1-r. st r . 
J SJ 

where ost is the Kronecker o. 

ll4) . 

(15) 

Alternatively, one may treat 1J!oi1J!A· as a charge distribution and 

do a multipole expa.nsion (~ ~.eff} about the center of the charge. 
. J J 

The practical l1mit in terms of computer programming on the CDC 6600 

computer used for our calculations is the octupole term, and convergence 

is poor. We abandoned this method in favor of the use of equation (15). 

In the hopes of increased accura-cy we calculated the integrals <st-;l-1 s> r. 
1 

in terms of Slater 2pn orbitals to obtain ~/ff. This was found to 
. . . -

make a negligible correction to rotational strengths; we therefore used 

for a zero order ~jeff: 

E eff = E P ~ 
"'j s s Jr~J.:S JS 

• 
t 16} 
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where Ps = CAs c0s i.s the monopole c11arge of atoms due to the base 

transition 0 + Aa (js i~ a positton vector from the jth group to the 

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

e~pression for the rotational strength of transition 0 +A in the base 

of a nucleoside. The base is represented by transition monopoles on 

each atom and the furanose is approximated by bond polarizabilities. 

JL - ( 'IT vOA, I: I: R •. l . }/ 3 ll7) 
·uA- - 2c 1_ i1'j s Ps rvij .\:iAO x Zj ,[js rjs 

where ~ij is the distance from the base transition dipole ·t~,iAO) to 

bond j in the furanose. 

Induced Dipole-Uipole Interaction 

Equation (17) is the most commonly used expression for calculating 

optical activity under conditions mentioned above. However, this expres-

~ion 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 ali­

phatic chaina 10 But in the furanose ring, for the most part, the sugar 

bonds are much closer to each other than to the base, so each bond will 

feel the effect of the induced dipo1es in all other bonds. To include 

this effect we replace ~jeff by a more complete expression 

J.l·Ao = a. 
~,.J rvJ 

ff ... r. 
E.e =a .• [L. rvJS 
rvJ rvJ s Ps jr. 13 

JS 

I: 

k {jk • kkAOJ ( 18) 

2 1 \'there :(J·k = q-: 3 r.k r.k/ r.k H--3) the dipole interaction tensor 
r_,J ·\,J J rjk 

between points j and k. 

These coupled linear equations 
I: -1 1.: 

~jAO = k (l + ~~)jk ~k s 0 s 

can be so} ved for ICjAO. 

-t'js 
lrjsl3 

. I 

ll9) 
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Substituting equation (_19) in. (12}, we have.the final expression for the 

rotational strength .with the furanose interaction treated self consistently. 

R ( 1T voA) r r L . R • ( 1 + T} -1 •. • I I 13 
OA = '-- 2c i;fj k s Ps -vij ~iAO x "' · ~-'\, jk Zk {ks rks (20) 

FCJr all calculations RoA was evaluated using transition monopoles only as 

in equation (17) and also self consistently including .the sugar bond-bond 

induced dipole coupling as fn equation (20). 

C~ CALCULATION OF THE ROTATIONAL STRENGTH 

All 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 function of glycosic rotation (ROSTRN) and temperature 

dependence of rotational strength (TEMROT} are given in Appendix IIA 

and liB respectively. 

\ We cons1der each base to have two 1r ~ 1r* transitions with maxima between 

240 m~ and 280 m~. The transition frequency v0A is taken as the location 

of the majot experimental UV absorption maximu~. 4 

Coordinates. The coordinates used in the computation are taken from 

Spencer11 for the bases (Table I) and Sundaralingam and Jensen12 for the 

2tendo ribose and 3 1 endo ribose. The coordinates for the a anomers were 

obtained by reflection from that of 8 nucleosides about the plane of Cl •, 

C2' and 0' of the furanose. The numbering system and the nomenclature for. 

th~ pentofuranoses is shown in Figure 2. 

The conformation of the furanose has been subject of debate. 12- 15 

We have used 2'endo conformation, consistent with the majority of crystal 
• 

structures of nucleosides, for most of the calculations. The 2•endo 



ribose and 3•endo deoxyribose coordinates are given in Table II. Coordi­

nates of the other sugars were obtained by interchanging H and OH atoms 

and changing bond lengths. In solution, the positions of the hydroxyl 

groups of the furanose are not precisely 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 arL,d uridine. The effect on 

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

I 
I 

'-i 
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N6 N4 
HOC~B ~ 'N~~ 3N~s 

~6 H H ,8-D~RIB 2lN 4 N a 
20 ~ a-D-RIB 

3 9 

~~ p ADENINE CYTOSINE 

06 04 a-O-ARA ,8-D-ARA 

~N~~' }~: D D ~N 4 N 
N 3 9 20 I 2 
GUANINE URACIL a-D-LYX ,8-D-LYX 

·~ .-c) 
a-D-XYL ,8-D-XYL 

CONFIGURATION·. OF THE NUCLEIC ACID BASES AND THE 
PENTOFURANOSES 

XBL 709-5401 

Figure 2. Nomenclatures and configurations of the hucleic acid bases 

and the pentafuranoses. 
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vs. the glycosidic angle 4cr~) is not significantly altered. SHght 

variation in magnitude of RnA fs found when the OK at tile C1 2 posi.tion 

is rotated; however, no noteiceable change is observed in the case of 

C1 3 and C1 5, This finding is consisten~ with our conclusion (Section o) 

about the importance of configuration at C1 2 position. 

Glycosid i c Rotation 

We have chosen the definition of glycosidic rotation by Donohue and 

Trueblood. 16 The sugar-base torsion angle ~CN is defined as the angle 

formed by the plane of the base and c1 
1 -01

1 bond of the furanose ring 

when viewed along the c1 
1 -N bond. ¢eN is taken as zero when c2 of the 

base is anti-planar to 01 
1

• Positive rotation is clockwise rotation of 

c1 
1 -0

1
1 when one looks from c1 

1 to N. Donohue and Trueblood define 11 anti 11 

+ confonnation for ¢eN equal to -30° -45° and .. syn .. for ¢eN equal to +150° 

~45°. The 11 anti 11 and 11 Syn .. conformations of adenosine and uridine are 

1llustrated 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 17 

and those calculated from self-consistent field with and without con-

f . t. . t t. lB Th 1 b t . d f B h 1 1gura 1on 1n erac 1on. e monopo es o a1ne rom us were ca cu-

lated by a SCF-LCAO-CI method done by H. De Vee 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 expe~imental directions, or what were 

inferred to be the most likely directions. Bush 1
S procedure assumes the 
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Anti 5'-AMP Syn 5'-AMP 

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 C4' as determined in Chapter IV . 

X BB 727 - 3725 
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order of the excited state i:n energy may be incorrect. The magnitudes 

of all the monopoles were scaled to give the measured transition moment 

magnitudes .. The scaled monopoles for the B2u and BlU transitions are 

given in Table III. 

The base transition dipoles were calculated from the transition 

monopoles placed on each nucleus of the base. The paint transition dipole 

· is assumed to be at the center of transition charge·· of the base (Tab 1 e IV). 

The effect of different transition monop~les and the use of a self­

consistent treatment of the furanose bond interactions is shown in 

Figure 4. Orie sees that the self-consistent theory for induced dipoles 

in the sugar [Equation (20)] gives very different results from Equation 

(17). We use Equation (20) for all the calculations discussed in this 

chapter. 

Pol ari zabi 1 i ties 

.Bond polarizabilities have always been the subject of controversy. 

The merits of different measurements of pol arizabil ity have frequently 

been discussed, especially by users wanting to evaluate optical acti­

vity.4~8,22 Because of the uncertainties in the bond polarizabilities, 

the agreement qetween experiment and the result of any. calculation which 

is sensitive to the values of bond polarizability should be examined 

cri ti ca lly. 

Different sets of values of bond polarizabilities have been pub­

lished (Table V). These values include those which have been proven 

satisfactory for other workers, 10 and those existing in the current 

literature. The rotational strength of uridfne resulting from different 
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Table III.a,b tl.~nopo1cs for the s20 and 91U transitions 

trans. Ezu . 1rans. 3w 

AtnM · SCr/Cl20 s.c;; 19 Bush/CeVce 17 SCF/Ct SCF. Sush/DeVoe 

Adenine 
m -0.17:1 0.035 -0.030 0.023 -0.064 
C:2 O.bDl -0.072 -0.037 -O.CG3 -0.050. '-:' 
N3 -0.129 o~ go -0.107 O.Oil7 -0.014 
C4 -o.c:3 C.Oi8 -0.291 -0.0~!) -0.051 
cs -O.OlS 0.032 o.J2o 0.088 O.OGO 
CG 0.156 -0.114 0.232 -0.033 0.031 
N7 0.0~6 -0.085 0.055 -0.020 0.009 
CB -0.180 0.134 -0.106 0.050 o.ozu 
~!9 0.069 0.031 o .. n2 0.03~ 0.023 
N6 0.206 -0.117 O.C46 -0.070 0.030 

Guanine 
N1 0.051 0.041 -0.032 0.116 0.039 -0.044 
C:2 0.100 0.101 0.030 -0.060 -0.013 -C. 165 
N3 -0.101 -0.080 -0.050 0.097 o.om 0.075 
C4 0.090 0.060 -0.104 0.108 0.125 -0. i 51 
cs -0.112 -0.083. -0.034 -0.045 -0.079 0.165 
C6 -0.013 -0.000 0.035 -0.008 0.007 0.003 
N7 O.C09 0.003 0.043 -0.039 -0.063 -0.0!;2 
C8 -O.OCO -0.067 -0~291 0.207 0.099 0.127 
rl9 -0.009 -0.010 0.249 -0.088 0.000 O.C23 
('!6 -0.003 -0.002 o. 1 eG -0.243 -0.1 ~1 0 r::! 

• \..¥ • 

N2 0.049 0.039 -0.003 -0.046 -0.005 -O.C~9 

Cytosine 
rn -0.202 -0.135 -0.097 o. 129- 0.095 -0.007 
C2 -0.006 -0.029 0.0~5 0.011 0.004 0.012 
tl3 0.311 0.256 -0.135 0~ 187 0.105 -0.043 
C4 -0.121 -0.112 O.b70 -O.tl43 -0.043 0.039 
cs 0.167 0.079 0.044 0.021 0.175 -0.05i 
C6 -0.15G -0.118 -0.032. 0.000 0.047 -C.C?S 
N4 -0.117 -0.083 0.155 -0.215 -0.136 0.014 
02 0.123 0.142 -0. Oll -0.089 -0.011 -0.111 

Uracil 
m 0.1 C'l 0.080 -0.090 -0.017 -o.oes o.oon 
r.2 -0.006 -0.001 -O.OC3 o.ooo 0.03-~ 0. :Jl 
fl3 0.024 0.017 -0.005 0.151 0.292 -0.052 
C4 -0.017 0.030 -o.c:;a 0.054 0.129 -0.021 •' 
C5 -0.286 -0.185 0.262 0.012 0.132 0.001 
C6 0.237 0.179 0.235 0.008 -0.013 -O.Cl7 
C'4 -0. C53 -0.136 0.036 •0.178 -0.365 -0~001 <.,;; 
(l2 0.005 0.016 -0.005 -0.029 -0.124 C.C91 

a Yh, " ·-"2 ; r. .. - ~ th t: . - • F- 1 ... ., .. t. ....... r .g s_ys~c .• O· · .e .ilses 1s g1ve:~ 1n 1gure • 
b The nonopn1cs arc sci1c~ to cxperi:nents. 

' ··-, 
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TaJ 1 e IV. Data for transition moments 

Trans.-energy (ev) Expt1. trans.( ) Calculated trans. Trun~lfion 
. . (a) moment ma!)nitude a 

vector(~)- teR) 
center (R) 

__ J}_~_s !'_ -~~_o_n_C?I'9_l_c_s __ Tii_g.Q!:Y __ Expt l • _ eX Debye X y 
f\t~c:d n~ 82u 

SCF /CI '1.8 4.77 0.813 3.90 +0.02 i + 0.81 j 1. 2'1 3.GS 
SCF 5.2 -0. 14 i - 0.8 j 1.02 3. ~I 
tlusll/Ol'Voe 5.6 -0.22 i t 0. 78 j 0.96 3.10 

Bw -
SCF /CI 5.0 5.17 0.35 1. 68 -0.1 '1 i - 0. 32 j 1. 21 3.26 
SCF 5.5 -0.34 i + 0.08 j 1. 41 3.47 
Oush/DeVoe -

Guanine 0 2u 
SCF/GI 4.3 4.47 0.514 2.46 +0.51 i + 0.07 j 1. 7'1 2.92 
SCF 4.4 +0.50 i + 0.10 j 1. 73 2.P.5 
Bu~h/DeVoe 5.8 +0.22 i + 0.45 j 0.34 2.92 

Bw -
SCF/CI 5:1 4.94 0.806 3.87 -0.21 i - o. 78 j 1.06 3.4'1 
SCF 5.4 +0.08 ;· - 0.80 ~ 0.86 3.65 
Cush/DeVoe 4.2 -0.80 ! + 0.07 ~ 1.33 3.0~ 

Uracil 82u I .... 
SCF /C I 4.8 4.72 0.685 3.29 -0.09 i - 0.68 j 0. 76 2.94 . ~ 

I 

SCF 5.1 -0.06 1 - 0.68 ~ 0.57 3 ,(] 
[lush/ DeVoe 5.2 +0.05 1 + 0.68 J o.eo 3.01 

Bw 
SCF/CI 5.4 5.17 0.241 1.16 -0.08 i - 0.23 ~ -0.50 4.14 
scr 5.5 +0.04 1 - 0. 24 ~ . -0.43 3. 79 
Bush/ DeVoe 6.3 -0.15 i - 0.18 ~ -1.29 2.5?. 

Cytosine 82u 
SCF/CI 4.1 4.57 0.632 3.04 -0.62 i + 0.09 ~ -0.25 3.02 
SCF 4.2 -0.63 i - 0.04 ~ -0.47 2.95 
Bush/OeVoe 5.4 +0 .18 i + 0.60 J -0.1'2 3.64 

Bw 
SCI'/CI 5. 1 5.17 O.!.i'l9 2.63 -0.00 i - 0.55 ~ -0.62 3.'l9 
SCF 5.3 -0.11 ! - 0.54 ~ -0.09 3,5? 
!lt:~h/Ot:Voe 6.8 -----~-(1.~0 _l _"':_ Q_. 38 J 0.06 2.85 

(a) l!!!solvt~d fru'l spectra of Pobst L«horatoriPs. · 
(b) Tr<JJos i tio11 J:or;::;r~rot vectors arc scaled to cxpcdmentil1 lllil!)ni tude. i • j arc unit directional vectors 

rcfcrri11~ to X,Y or.es defined in lublc I. 
{c) Coordio"!lt:~ vre d<:fincd in Table I. 
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Tahle II f\"~nd rolarizabilities <r.3) .. 

Gond UJJ(a) .:~11 (a) 

! 

I. (22) ' i' ···; 

C-1! 0.4G a. n 
c:..c 0.99 0.27 

C-0 · 1.23 0.27 

II. (23) 

C-H 0.13 0.6 

C-C 1.85 0.02 

II I. (24) 

C-H 0.64 0.64 

r-c 0.99 0.27 

C-0 0.,89 0.46 

IV. {25) 

·.>- C-H 0.77 0.59 

._: .. ····· C-C 1.35 0.23 
' . :;,~ 

(a) a..,.., 
..);. 

is along the bond and Ctll is perpendicular to the bond. 
,..: 

....: . 

• 

., 
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Figure 4 .. The effect of different transition monopoles and the self­

consistent treatment of furanose bonds on RB(ZU)vs. ~CN of uridine. The 

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

bottom three curves are without the self-consistent furanose treatment 

[ e q u at i on ( 1 7) ] . 
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combinations of possible values of bond polarizabi.Hties, using the 

SCF/CI monopoles, is shown in Figure 5. The calculated RoA is more sensi­

tive to C-0 and 0-H bond polarizabilities than C-C and C-H bonds. The 

same conclusion is obtained with the other t\'10 sets of monopoles. This 

is unfortunate because the bond polarizabilities for c..:o and 0-H bonds 

are the least we'll known. For all the computations, unless otherwise 
15. 

stated,.we have used Le Fevre's (1955} bond polarizabilities (set II in 

Table V) and treated carbon and oxygen equivalently (curve 6 in Figure 5). 

D. RESULTS AND DISCUSSION 

Results of the calculations are given fn tables VI, VII, VIII, and 

Figure 5. The rotational strengths of the B2u and BlU transitions were 

calculated using equation (20} for each of the four nucleosides (Table 

VI). The effect of the 2'endo and 3'endo furanose confonnation is also 

included. From the results, it can be seen that the rotational strength 

calculation depends critically on the choice of wavefunctions. 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 experi­

mental rotational strengths are given to one significant figure, or the 

sign is simply given. The calculated values are shown for two confor­

mations: anti_ (¢eN= -30°} and~ C<t>cN = +150°). The experimental 

value, of course, represents an average value over the conformations 

actGally present in solution. With SCF/CI or SCF monopoles the signs 
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0 

c/JcN 
+90 +180 

XBL709-5403 
.f_ig_ure 5. Calculated rotational strengths of B2u transitions of uridine as 

a function of ~CN using di-ferent values of polarizabilities. The various 

sets of polarizabilities are given in Table V. (1) Set I, treating OH 

equivalent~to CH; (2) set III, ~reating OH eq~ivalent to CH; · (3) set II, 

approximating OHby a33=0.~, all=0.6; (4).set IV, treating OH equivalent 

to CH and CO equivalent to CC; (5) set I, approximating OH by 0.8, 0.6; 

(6) set II, treating OH equivalent to CHand CO equivalent to CC. 
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Table VI. Calculated rotational st~engths for different monopoles and 
Furanose configurations and conformations. The four ribo-
nucleosides are in the 2'endo conformation. 

i 
40 

I 

Expl. 40 Theoretical 
.r.l 

RCA x 10 e.s.u. RoA x 10 e.s.u. j 

B 
Anti

810
s,Yn Compound t1onopol es Anti 2U Syn 

l"i 

Adenosine -·2 (B2u+Bl(J) SCF/CI -2 +3 +0 +0 
SCF -2 +3 +2 -4 
Bush-DeVoe +8 -8 

Guanosine . -O(B2u) ~CF/CI . +2 -4 -2 +3 
-1 ca, u> 5CF +2 -4 -2 +2 

Bush- DeVoe -7 +7 +a -16 

Uri dine +9 (B?u) SCF/CI +1 +0 +0 -0 
-4CB1u> SCF +1 +0 -2 +2 

Bush- DeVoe +2 _, 
+0 -1 

Cytidine +12'(B2y) SCF/CI +27 -31 -7 +7 
-6(a1u SCF +19 -24 -5 +5 

Rush-DeVoe -6 +6 -2 +0 

2'deoxy A -1(Bzu+a,u> 
2' en do SCF/CI -2 ·+4 
3' endo SCF/C! -7 +0 

2'deoxy G -OCBzu> 

2' en do 
-O(BlU) 

SCF/EI . +1 -5 
3' endo SCF/CI +5 -0 

2'dcox.v U 

2' cndo 
+3(B2u) 

SCF/CI +5 +2 
3' endo SCF/CI +3 +1 

2'dcoxy C + (R2l!~ 
. 2' en do 

(I31U 
SCF/CI +24 -34 "!' .. 

3' en do ~CF/CI +35 +0 



.. 

I~ 

-23-

Table VII. Comparison 6f calculated and experimental rotati anal strc:ngths 
for different anomeric adt::nosines 

Exptl~ Maximum . D +4Q 

Cc:npound (m~) molar ellipticities(a) 
RoA(~zu) x 10 e.s(u) 

:X b) Theory c max. Expt.(a, anti syr. 

o-Lyx 260 375.0 2.7 (c) 3 -7 

e-Lyx . 256 -3560 -2.7 -2 6 

o-Ri bo 256 5410 4.4. 3 -6 

a-Ribo 265 -2970 . -2.5 (c) -2 3 

o-Ara 258 3570 2.8 1 
,. 

-o 

s-Ara 258 -5380 .. -4.1 -2 4 

orXyl 258 6960 6.0 5 -7 

' 3-Xyl 259 -2450 -2.0 -3 5 

(a) ·The experimental res~lt.s from Ingvlal1(28)~. t~olar ellipticities are 
in units of deg t/mole em. 

(b) The rotational strengths are evaluated by fittin9 the spectrum by 
Gaussian curves on a duPont ~~rve reso~ver and comp~ted usinq 
the formula7 R; = 1.23 x 10- (ei lli/).;) \'Jhere t~; 1s tb:.: half 
width of the resolved Gaussian. , 

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

(d) SCF/CI monopoles used. 
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Table ,_r;n.Calcu1ated RoA(B2u) of nucic:osid2s(a) \•rith glycosidic 
.· . angle ¢CN present in iJ~lyn~.;cieotides 

ROA(B2u) 
+40 .· 

x 10 e.s.u. 

Base ~ (b): 
'i'CN . -110 (RNA-11) -14° (DNA-A) -86° ( DNP.-8) 

A -3 -3 +5 

G +1 +l -1 

u (T) +2 +6 +} 

c +31. +32 . -25 

(a) SC~/CI ~onopoles and 2•endo conformation for ribose and deoxy­
ribose were used. 

(b) ¥o.:'s are from Ref. (26). 
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of the calculated rotati.onal strengths for the first two transitions 

are consistent with three of the four mononucl eosi'des in the anti confor­

mation. Calculations for guanosine are not consi'stent with experiment 

for either w_ or anti conformations. 

Figure 6 shows what values of the glycosidic angle give correct 

results for the calculated signs of the B2u and B1u rotational strengths. 

For uridine and cytidine about half the possible range of angles (+150° 

¢eN > -30°} give the correct sign for both B2u and BlU' For adenosine 

only the anti range C-10° >¢eN> -90°] is consistent with the signs of 

the rotational strengths. For guanosine a very small overlap occurs 

(¢eN."' -100°) between values of <~>eN which give the correct sign for both 

B2u and BlU rotation a 1 strengths. This probably indicates that guanosine 

~oes not exist mainly in one 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 molecule. \·Je speculate that the conformation mobility of guano-

sine may explain some of the anticodon-codon degeneracy when the steric 

consideration is important. For example, the mobility may be the cause 

of inosine not pairing with guanosine at the third position of the codon, 

whereas inosine pairs with all other three nucleotides. 26a 

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

rotational strength by weighting each calculated rotational strength at 

angle ¢eN by the probability of finding the molecule with this value of 

~CN' He used a probability distribution for the glycosidic bond (¢eN)' 

which had been estimated earlier, 27 to obtain an average rotational 

strength for the B2u transitions for each mononucleoside. The probability 



a-Pyrimidine 
a-Purine 

o.a T. ±180° 

~-Pyrimidine 

-25a-

~-Purine 

G-1 

\ 
/ 

/ 
/ 

'- G-2 

'I 
" o.aT. 

XBL 709-5402 

Figure 6. Glycosidic angle (¢eN) and calculated sign of the rotational 
. 

strength. The range of angles labeled a,S-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 B2u and B1u transitions of 

adenosine and guanosine; (b) pyrimidines, the measured signs are plus for 

the ~2U transitions and .m.inu_~ f_Qr__the BlU transitions of uridine and cyti­

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

structures of guznosine.26 
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distribution calculated by estimating the potential energy of inter­

action of each base with ribose as a function of ~CN i_s reproduced in 

Figure ~ Although magnitudes were changed, no signs changes, so a 

positive B20 rotational strength was still obtained for guanosine in 

disagreement with experiment. 

The temperature dependence of 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 13 as the temperature is lowered from +90°C to -70°C. For cytidine 

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 given. The calculated results for the anti conformation 

agree well with experiment. The agreement between theory and experiment 

is excellent when one considers the a and B pairs of the different isomers. 

The calculation gives not only the correct sign for each one of the pairs, 

but also provides the correct relative magnitudes. We see that experi­

mentally the sign of the CD for the anomeric adenosine depends on the 

configuration at carbon ci ': a gives a positive CD at high wavelength, 

s 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. 

Experimentally, 29 it was found the rotational strengths of s-D-ara-U and 

S-0-lyx-U were similar and approximately twice that of e-D-rib-U. The 
-40 -40 ROA calculated for these compounds are +10 x 10 , +ll x 10 , and 

+2 x lo- 40 for 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 potenti.al energy of inter­

actfon of each base with ribose as a function of ~CN i_s reproduced in 

Figure ~ Although magnitudes were changed, no signs changes, so a 

positive B2u rotational strength was still obtained for guanosine in 

disagreement with experiment. 

The temperature dependence of the rotational strengths was also cal­

culated. This gives an increase in rotational strengths with decreasing 

temperature as expe~ted. It also gives the correct order of magnitude 

change13 as the temperature is lowered from +90°C to -70°C. For cytidine 

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 given. The calculated results for the anti conformation -- \ 

agree well with experiment. The agreement between theory and experiment 

is excellent when one considers the a and 8 pairs of the different isomers. 

The calculation gives not only the correct sign for each one of the pairs, 

but also provides the correct relative magnitudes. We see .that experi­

mentally the sign of the CD for the anomeric adenosine depends on the 

configuration at c~rbon Cl ': a gives a positive CD at high wavelength, 

8 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. 

Experimentally, 29 it was found the rotational strengths of a-D-ara-U and 

13-D-lyx-U \·tere similar and approximately twice that of a-D-ri b-U. The 
-40 -40 ROA calculated for these compounds are +10 x 10 , +11 x 10 , and 

+2 x l0-40 for ara, lyx and rib U respectively. The Bush/De Voe monopoles 

were used and anti conformation was assumed. 
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Fir.:ure 7. Calc:.1la:2d probability of findLg a mono:1ucleoside in a parti-

cul ar co:1forr.w.ti on at two te1~1peratures (Ref. 27). 
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We have found that a configurationchange at the. C2' position of 

the furanose alters the glycosidic angular dependen.ce of ROA more sig­

nificantly than that at the C3' position. The calculate.d R0A vs. <PeN 

for ribo ~nd xyl compounds 3re similar in curve shape, positions of 

maximum, minimum and zero crossing, whereas·the same holds for ara and 

lyx compounds. Experimentally, it was found that the configuration at 

· C2' profoundly affects the magnitude of the Cotton effect. 8 •28 , 29 It 

\'las reported previous ly30 that a tis-oriented hydroxyl group at C2' 

interacts with the base and that cis-nucleosfdes gave a Cotton effect 

1 arger in magnitude than the trans anomers. It was found that29 the 

amplitudes of the Cotton effect of a-0-rib-U, a-D-UMP are larger than 

their 8-anomers; however, the magnitudes of a-lyx nucleosides give 

. smaller Cotton effects compared to their s-anomers. Examination·of 

.molecularmodel suggests that the Cl'-C2' trans configuration allows 

the base to rotate more freely about the glycosidic bond. By inspec­

tion of the ROA vs. <PeN curve, it can be seen that a range of allowed 

values of <PeN always results in decreasing the amplitude of a trans com­

pound. 

From X-ray studies of oriented fibers of DNA, three different geo-

metrical s tructw1 es designated by "A", "B" and "C" form have been 

observed. 31 •32 These different structures are obtained by manipulating 

the chemical environment of the molecule, namely, the salt of the acid, 

salt concentration, and the relative humidities. The "A" fonn exists 

for Na salts of DNA at relative humidities ranging from 75 to 92% 

depending on the amount of Na and the "C" form is found for Li salts 

of DNA at similar range of relative humidities. The "B" form occurs 

.... , 

~-
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in very high hydration level and is belieyed to be the structure fn 

solution. The CD and absorbance spectra of DNA, \'then manipulated into 

different geometrical structures, have been investigated recently. 4 ' 33 ,34 

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

when condition of hjdration df the DNA fiber is reversed. 35 Correlation 

of these observations with X-ray works have shown that the 1 arge di f-

ferences observed in CD of DNA under different environmental conditions 

is caused by ~hange~ in the geometrical structure of DNA molecules. 

Another receht work 36 on the CD spectra of double-stranded RNA have 

indicated that it is not double-strandness of the molecule that could 

account for the difference of CD behavior between RNA and DNA. Some 

other factors must be postulated. 

We have tablulated in Table VIII the rotational strengths, R8(2U), 

of the four bases of ribose and deoxyri.bose: at the <PeN for RNA-11, DNA-A 

and DNA-B given by crystal structures. 31 ' 32 The monomer R8(2U) of RNA-11 

and DNA-,A are very similar, however, are significantly different from 

that of DNA-B. This finding is extremely interesting in light of the 

fact that the CD of DNA-A form is very similar to that of double-stranded 

rice dv1arf virus RilA, whereas CD of the 11A11 and 11 8" form DNA are radi­

cally different. 33 This study suggests that the base-sugar interaction 

is important and should not be ignored, as commonly the case, in inter-

preting the differences of CD spectra of DNA vs. RNA. Furthermore, 

this result supports the experimental observation that base-sugar 

geometry is the main factor affecting the optical activity of DNA, and 

the differences of the base and sugar species only enter indirect1y. 33 

We would also like to point out that because of the different *eN for 
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the monomer and polymer it is not vali.d to account for the mononucleo­

side contribution to the optical activity of polymer b,y simply sub-· 

tracting the CD of monomer in solutlon from that of polymer. Finally, 

it is our hope that although the. 11 face 11 values in Table VIII cannot be 

taken directly to correlate the polymer CD spectra, a comparison on a 

relative basis ll'CIY give fruitful insight to the interpretation of the 

optical activity of nucleic acid polymers. 
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A. INTRODUCTION 

The flavoproteins constitute an important class of enzymes. The 

enzymes are dehydrogenation c~talysts and utilize either flavin adenine 

dinucleotide (FAD) or flavin mononucleotide (FMN) as one of the co­

factor requirements. The modes of action of the cofactors, therefore, 

are of great interest. The interest and importance of flavins and 

flavoproteins are evident at the three international symposia on 

flavins and flavoproteins. 1 From a spectroscopist's point of view, 

flavins are ideal structural probes because of the possession of a unique 

visible absor~tion spectrum which changes drastically upon reduction. 

The flavins also possess fluorescence, which is.readily quenched upon 

binding to apoenzyme. The semiquinone in many flavin-catalyzed 

reactions can be detected by electron paramagnetic resonance (EPR) 

technique. -

Among the flavins, FAD is particularly intriguing .because of the 

adenylic moiety (Ar-1P) in the FAD. This group does not participate in 

the oxidation-reduction reactions carried out by FAD nor does it 

modify its electromotive potential; 2 nonetheless, it is usually essen­

tial for normal enzymatic activity. For example, the flavoenzyme 

p-hydroxybenzoate hydroxylase, studied. in the next chapter, is ex­

tremely specific for FAD. 

The knm·tledge of the conformation of FAD is imperative in under­

standing the role of FAD in FAD-requiring enzymes. The quenching of 



-36-

the fluorescence of riboflavin by non-hydrogen bond forming aromatic 

compounds leads to the prbposal of a parallel stack model for the iso­

alloxazine and aromatic rings. The complex is speculated to be 

stabilized by electrostatic and dispersion forces between rings and 

by hydrophobic forces due to the solvent rather than via a charge­

transfer mechanism. This is oecause no evident charge-transfer 

absorption band was found in the complex.J In this chapter we use 

_NMR to investigate the structure of FAD further. NMR was chosen 

since it yields valuable structural and conformational information. 
. 4-7 For example, the pyridine dinucleotides have been studied alone, 

and in a complex formation with several enzymes6 in solution. In the 

present study, the FAD molecule is found to prefer a folded structure 

in D20, where the adenine ring is folded over the isoalloxazine ring. 

In the folded dinucleotide conformation the adenine c2H proton is pre­

ferentially located over the aromatic ring (A)*of the isoalloxazine of 

FAD, whereas the isoalloxazine c5H proton is in the proximity of the 

pyrimidine portion of adenine. The dinucleotide tends to unfold by a 

decrease of solvent polarity or by an increase in temperature. The 

dinucleotides associate as dimers in solution by way of vertical 

stacking of isoalloxazine rings. This folded structure agrees with 

the model proposed by Sarma, Dannies and Kaplan; 9 however, it differs 

from that proposed by CD study, 10 and also differs from that arrived at 

from X-ray investigation of adenosine-riboflavin complex. 11 -Never­

theless, all the studies seem to agree on a folded structure with long 

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

*see Figure 1. 
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B. EXPERIMENTAL PROCEDURE 

The NMR spectra were obtained on a Varian high resolution HR 220 MHz 

spectrometer. The- spectrometer was an axially symmetri ca 1 s uperconducti ng 

solenoid made of niobium alloy wire. A magnetic field strength of 52 

kilogauss is achieved. The resolution of spectrom~ter is 1.1 Hz at full 

linewidth at half maximum amplitude. The sensitivity is such that a 55:1 

signal 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-silapentane~5-sulfonate (from Merck Sharp and Dohme of Canada) used as 

internal reference, and calibrations were carried out by side-band 

modulation. The precision of the measurements is .2:_0.5 Hz. Temperatures 

were calibrat~d usins the temperature dependent chemical shifts of 

ethylene glycol and methanol samples and the calibration charts pro­

vided by Varian Associates. The precision 'of the measurement is .2:_ 2.0°C. 

Calibratiohi were carried out before ahd after all measurements. High 

temperatures had no effect on the ambient temperature (l7°C) spectra of 

the molecules, indicating.no irreversible conformational changes or 
I 

decomposition of the molecules had occurred. All solutions were at 

neutral pH. 

FAO·and FMN were obtained from Sigma Chemical Co. and K&K Labs., 

Inc.; AOPR was attained from Cal Biochem. These compounds were used 

without further purification but were lyophilized twice from 020 to 

remove cxchangrable protons. Tile solvents 020, dioxane-d-8, and 

rnethanol-cl-4 are from the International Chemical and Nuclear Corp. 
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C. RESULTS AND DISCUSSION 

Assignment of Lines 

Selected regions of the 220 MHz proton magnetic resonance spectra 

of ADPR, F11N, and FAD (0.025 M) in a D20/dioxane-d-8 solution (70/30, 

v/v~) (pH 7.) are shown in Figure 2, and the concentration dependence 

of these proton shifts is illustr~ted in Figure 3. The peaks were 

assigned to their corresponding protons in the following manner: For 

ADPR, the singlet at lower field corresponds to the'adenine c8 proton 

(AC8H) as shown by purine exchange experiments with D2o. 12 , 13 The 

singlet at higher field is then assigned to the adenine c2 proton (AC2H) 

while the doublet arises from the c1• ribose proton in adenosine 

(AC1 ,H). The observed splitting corresponds to the coupling constant 

J(H1 '-H2 ') between the ribose protons. 

Sarma et _<D._. g assigned the isoalloxazine protons of FMN and FAD on 

the basis of the computed w-electron densities at the carbon to which 

the proton is bonded. The uncertainties involved will be described. 

Correlations between n-electron densities and aromatic proton chemical 

shifts have been discussed by severa 1 authors (14 and references there­

in). The proton bonded to the highest n-electron density carbon 

experiences the largest diama§netic (high-field) shift. On this 

basis the lower of the two aromatic proton lines was assigned to the 

isoalloxazine c5 proton in FMN (FC5H) (C5 n-electron density 1.004). 

·The higher field lirie is then assigned to the c8 proton (FC8H) (c8 n­

electron density 1.063). Computedn-electron densities at the methyl 
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Figure 3. Concentration dependence of ADPR, f:\N and FAD chemical shifts 
~'----

in D20/dioxane-d-8 (70/30 v/v%) solutions (pH 7. 0, l7°C). 
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protons were used to assign the FMN methyl resonances .. Hence the c7 
methyl protons (Ft7cH3) occur to low field of the c6 methyl protons 

(FC6cH3) (1r-electron densities 0.943 and 0.949, respectively). These 

1r-electron densities were calculated by Pullman and Pullman15 for the 

oxidized form of the isoalloxazine r1ng of Fr~N. 

The uncertainty in this approach is evident from Figures 3, 4, 

and 5. From Figure 3 the FMN FC5H proton shifts appear to become equi­

valent in n2o;dioxane solutions at infinite dilution. The temperature 

dependence shows that these two resonances collapse into a single line 

at 68°C in o20/dioxane solutions (0.025 M) (Figure 4), and at 9l°C in 

020 solutions (0.025 M) (Figure 5). These results are unexpected from 

electron density considerations alone. 

An unequivocal assignment of the FMN proton resonanceshas been 

·.carried out experimentally by Bullock and Jardetzky. 16 These authors 

observed the exchange of the Fc7cH3 protons at 90-95° in o2o solutions 

and a consequent decrease in the amplitude of the lower field methyl 

line. McAndless and Stewart report on similar deuterium exchange ex­

periments of the methyl protons in two lumazine derivatives. 17 From a 

comparison of the spectra of lumiflavin and 8-deuteriolumiflavin, the 

higher field aromatic proton in the isoalloxazine ring was assigned to 

the FC8H proton. This assignment (Figure 2) is in agreement with that 

predicted on the basis of the Pullmans• calculations. 

In FAD, the resonances in the dinucleotide occur at higher fields 

than they do in the corresponding mononucleotide. This arises from 

the ring-current diamagnetic shielding effects of the dinucleotide 

protons in the folded structure as well as from intermolecular ring-

.. :: ...• 
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Figure 4. Temperature dependence of ADPR, F~~ and FAD chemical shifts 

in n20/dioxanc-d-8 (70/30 v/v%) solutions (0.02S.M, pH 7.0). 



-44-

0 () ()-

1860 
~ 0 -o- AC8H· •, 

ACsH 

1820 AC2H '..;,' 

. 40 60 80 100 
TEMPERATURE (°C) 

XBL693-4162 

Figure S. Temperature dependence of ADPR, fMN' and FAD chemical shifts 

in D20 (0.025 M, pH 7.0). 
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current interactions between isoalloxazine rings. The lowest field 

FAD resonance (Figure 2) is assigned to the At8H proton on the basis 

of our exchange experiments in which the D20/dioxane solution was kept 

at 85°C ~or 4 hours, res~lting in the almost total disappearance of 

this line. The AC2H proton is assigned to the next resonance; it is 

we 11 removed from the flavin peaks and the shift difference between 

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

creases (Figures 4 and 5). This is interpreted as reflecting a partial 

unfolding of the dinucleotide with temperatur~ which removes the AC2H 

proton from the ring-current shielding influence of the neighboring 

iso~lloxazine ring. The result is that at higher temperatures the 
' 

FAD AC2H proton shift' tends to approach the observed shift for the 

corresponding proton in ADPR. 

The most difficult assignment was that of the FAD FC5H and FC8H 

protons, and again the requisite information \<Jas derived from the tem­

perature measurements. The temperature dependence of the chemical 

shifts (Figures 4 a~d 5)' shows that the chemica 1 shift differences 

between the ~or~esponding AC8H, AC2H and AC 1 .H protons in ADPR and FAD 

decrease with inc~easing temperature. The shift differences between 

the Fc6cH 3 and the Fc7cH 3 protons in FMN and FAD also reveal a similar 

inverse temperature dependence. In fact, at higher temperatures 

several of the curves for the ~orresponding protons almost merge. 

Similar reasoning should also apply to the FAD and FfvlN FC5H and FC8H 

proton resonances. U~ing the assignments of the FC5H and FC8H proton 

resonances in FMN, we assigned the corresponding resonances in FAD. 

A co~~cct ~ssignmcnt of' the isoalloxazine ~rotons in FAD would have 
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been very difficult without the. temperature measurements. Finally, 

the FAD AC 1 'H, FC7CH3, and Fc6cH3 protons were assigned as in ADPR 

and FMN. 

Recently, Kainosho and Kyogoku 18 published an article on the 

conformation of FAD using high-solution proton and phosphorous NMR. 

The authors, again, discussed the difficulty in assigning the FC5H 

and FC8H resonances. A nuclear Overhauser experiment was used to 

assign the flavin resonances. The nuclear Overhauser effect (NOE) 19 , 20 

is observed during nuclear magnetic double resonance experiments. The 

intensity of the absorption of one member of a pair of spatially proxi­

mate nuclei is enhanced as a result of irradiating the other. NOE is 
' ' 

very useful in studying nuclear-nuclear mutual relaxation processes 

(see Appendix IliA) and conformational analysis. 21 Kainosho and 

Kyogoku have observed that when FC6CH3 groups are irradiated, the inte­

grated intensity of the higher field resonance. (FC8H, our assignment) 

is enhanced by 9%, whereas that of the lower field resonance (FC5H, our 

assignment) is only enhanced by 1%. Based on this finding, they con­

cluded that the assignments should have been reversed from ours. How­

ever, when the FC7CH3 group is irradi.ated, the intensity of FC5H is 

enhanced by 65; and that of FC8H is enhanced by 4%. This finding is 

puzzling. One would expect the FC8H resonance to be enhanced signifi­

cantly more than the FC5H resonance, because Fc 7cH3 is closer to FC8H 

than to FC~H judging from the CPK space filling model. Furthermore, 
:> 

the argument given by Kainosho and· Kyogoku is difficult to comprehend. 

They claim that the 11 reversed,. enhancement is due to the small chemical 

shift between FC8H and FC5H protons. We feel that because of the small 

' i-
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NOE enhancements observed and possible nuclear relaxation from adenylic 

ring protons in the folded conformation, their assignment is inconclusive. 

An NOE experiment on a FMN molecule with irradiation of the FC1 'H2 
protons~on the ribitol side chain will, perhaps, determine the assign-

ment unequivocally. 

In order to arrive at a cotrect model ftir the folded conformation 

of FAD or the structure of the Fr1N and FAD stacked dimers in solution, 

an unambiguous assignment of the proton resonance is required. · An 

example of an incorrect assignment that could easily be made is seen 

from the data in Figure 5. In 020 solutions at low temperatures the 

FAD FC8H resonance occurs to high field of the FC5H resonance. With 

an increase in temperature these peaks coalesce and cross now with the 

FC8H to lower field. Consequently, only at experimental temperatures 

below 40°C can a correct assignment of these FAD proton resonances be 

made based solely on electron density calculations. 

Intermolecular Interactions 

Intermolecular interactions may be studied by examining the con­

centration dependence of FAD, FMN, and ADPR proton shifts in D2o; 
dioxane solutions. Table I and Figure 3 show that the flavin protons 

are the. most sensitive to concentration and must therefore be involved 

in intermolecular associations. Since the FC8H proton both in FAD and 

FMN experiences the gre~test shift to low field with decreasing concen­

tration, Sarma et ~. 9 argued that in 020 these molecules associate by 

way of vertical stacking of the isoalloxazine rin~s. The FC8H proton 

of one of the isoalloxazine rings spends on the average a considerable 
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TABLE I 

Concentr<ltion Dependence .2£. the~. B-N, Md AnPR Proton Chemical Shifts 

~ Qzf\/Dioxane-d-8 Solutions (70/30, v/v%)(17°C) --
·Compound Cone. (M) AC8H · ACzH. FCsH FC8H AC 'H(h) 

1 FC7Q-13 FC6Q-13 

FAD Oe025 1855 1761 1693 1697 1309 531 517 

o.o 1862 1764 1703 1735 1309 .546 533 

tS(a) 7 3 10 38 0 15 16 

'f1.1N 0.025 1735 1716 557 531 

o.o 1762 1760 .. 566 546 

. 27 44 9 15 

ADPR 0.025 1876 1812 1339 

o.o 1883 . 1815 1339 

7 3 0 

(a) o-Shift at 0.0 M-shift at 0.025 ~f; positive m.nnbers represent a shift to 

high' field·.. Shifts are m Hz. 

(b) The couplmg constant J(H1 '-Hz') is 5.5! 0.2 Hz in FAD, and 5.8: 0.2 Hz 

m ADPR. 

•lJ 

I 
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timein the proximity of the aromatic ring A of another isoalloxazine 

ring, and vice versa! Then these protons experience the largest dia­

magnetic shielding arising from'the ring currents in the A ring. In 

D20;dtoxane solutions (Table I), the FC8H proton also experiences the 

greatest dtamagnetic shift (FAD: 38Hz; FMN: 44Hz). The data in 

Table I are consistent with the stacking model for FAD and FMN pro­

posed for the D20 solutions. Adenine protons .both in ADPR and FAD are 

insensitive to concentration, and therefore are not involved in inter-

molecular asso£iations. 

Intramolecular Interactions 

The shielding effect of one ring on the proton resonances of the 

second ring in FAD may be studied by a comparison of th.e respective 

mononucleotide and dinucleotide proton shifts at infinite dilution. 

This assumes that intermolecular interactions and their effect on the 

chemical shifts are zero at infinite dilution. The A(ADPR-FAD) and 

A(FMN-FAD) values represent the difference in. chemical shift between 

respective protons in the mononucleotides and the dinucleotide. In 

D20/dioxane (Table II) all A values are positive, indicating that in 

FAD all protons are diamagnetically shielded. The AC2H proton is more 

highly shielded (51 Hz) than the AC8 proton (21 Hz). The FC5H proton 

also experiences a larger diamagnetic shielding (59 Hz) as compared 

with the FC8H proton (25 Hz). Therefore, the conformation of FAD in 

D20/dioxane is in agreement with the folded structure proposed for this 

molecule in 020 solutions by Sarma et ~-
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TABLE II 

The Di ffcrcnc:e in Chcr.d c:al Shift between Resnec:tive Protons jn the 

D]nuc:lcotide f-An cmd the Hononuc:lcot]des F1-1N and ADPR in 

f20/Dioxane-d-8 (70/30• v/v%)(17°C) 

6(ADPR-FAD)Ca) 
0~0 M 21 51 . 30 

6 (R-1N-FAD) 
o.o M 59 25 20 13 

(a) 6 a Difference in the proton shifts at infinite dilution. The 

positive numbers represent a shift to high field. 

) 
l 
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Temperature Studies 

In Figures 4 and 5 we have summarized the temperature dependence 

of the chemical shifts in both o20/di6xan~ and o2o solutions. With an 

increase in temperature the proton lines shift to lower field (excep­

tion: the AC8H protons in ADPR iri both solutions and in FAD in o201 

dioxane). Changes in temperature will affect both the inter- and 

intramolecular interactions and associated proton shifts. The shifts 

to low field may be explained by a decrease in the ring-current dia-

magnetic shielding of the protons when ·intermolecular associations 

decrease by partially destacking as well as by a partial unfolding of 

the FAD molecules. 

The temperature dependence of the intramolecular interaction in 

FAD may be deduced by taking the difference between the mononucleotide 

and dinucleotide proton shift at every temperature. This assumes that 

chemical shifts for equivalent protons in both mononucleotides and di­

nucleotides, arising from any intermolecular associations, have the 

same dependence on temperature. 

Several interesting features are evident from a comparison of the 

curves in Figures 4 and 5 and from the data in Table III. The first 

is the decrease in the chemical shift separation between corresponding 

protons in the mononucleotides and .in FAD as the temperature is in-

creased. For example, the shielding effect on AC2H in FAD decreases 

from 92 Hz at 5°C to 49 Hz at 90.5°C (D20) (Table III) as the high 

temperatures tend to unfold the FAD molecules. However, even at 90.5°C 

thr~ di nuc 1 eo ti cle proton resonances are always at higher fields than 
, 

they are in Ffvif·l Jnd J\DPR. This indicates that at this temperature 

adenine-isoalloxazine ring interactions are still present. 



Table III 

'Ts;::I~~ ~r.cnc1C'nC!:_ of the Difference in C'hcmicnl Shift bctNccn Pespcctivc Proton~ in ~ 

DinucJcotjdc fAD nnd the ~!ononucleoticles FMN and AnPR ------ ---
.. ACgH AC211 r:c511 rc8u AC1 '11 f.C70!3 fC6013 . . . 

A. I'lz0/clio:xane-d-8 (70/30,v/v~)(0.02S r-o 
1. S°C 

• I .. .-•• ::~ • ,· 

b. (MPR· FAn) ( n) ·. 28 57 33 

b.(R-N-f.AD) 47 24 30 16 

2. 90.5°C: I 
Ul 
N 

tJ. (Anl'J~- r:P.n) 8 23 17 I 

A (P,.';~- !-AD) 23 9 12 3 

• n. n2n co.ozs ~0 

1. S°C 

f.. (J\nPR- FAD) 59 92 62 

ll CT~·lN-FAn) 63 29 44 28 

2. 90.S°C 

.b. (J\D1'Tl- f.M) 23 49 40 

6 (F:'·N- t-An) 30 8 16 8 

(n) f.. c niffcrcnce in the proton shifts nt 0. 02S ~f. Positive numhcrs represent n shift to hir.h field. 



,. 

-53-

Secondly, the FAD temperature curves in D20 solutions are roughly 

sigmoidal in sh~pe, with apparent asymptotic limits at both high and 

low temperatures (Figure 5). ···Sigmoid curves are also obtained when 

the differences in the chemical shifts t1(ADPR-FAD) and i1(FMN-FAD) are 

plotted as~ function ~f temperature (Figure 6). The sigmoidal depen­

dence of the chemical shifts could arise from chang~s in the relative 

conformation of the t'v'Jo rings in FAD. Similar curves were obtained 

for adenylyl (3'-5') adenosine (ApA) by Chan and Nelson. 13 

Sigmoid curves and cooperative transitions have been discussed in 

terms of the "two-state" hypothesis or "all-or-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 processes 

are the phase changes of solids and liquids and the conformational 

changes in proteins~ The theory, character and properties of coopera­

tive transitions have been.developed for the conformational transitions 

of proteins, together \'Jith tests for the validity of the two-state 

. t' 22 approx1ma 1on. 

The melting of dinucleoside monophosphates has been interpreted 

in terms of this model. The two states correspond to folded and un­

folded molecules. 23 These results are based on temperature changes in 

the circular ~ichroism spectra. 

Considering the proton chemical shift vs. temperature plot 

(Figure 6), the shifts at the two asymptotic limits at low and high 
r 

temperatures approach the chemical shifts of the protons in the folded· 
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and unfolded states, respectively. Hence the sigmoid dependence of 

the shifts on temperature arises mainly from changes in the distance 

between the two rings, and therefore from 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. 13 

Patel8 has applied NMR in studying the conformation of the co­

enzyme nicotinamide adenine dinucleotide (NADH). He suggests that a 

rapid equilibrium of open and one folded conformation of NADH favors 

the open form at higher temperatures and the folded form at lower 

temperatures. The observed NMR signal at any temperature is the 

weighted average of open and one folded conformation in rapid equili­

brium at that temperature. We therefore suggest that FAD molecules 

in D20 solutions are in a rapid equilibrium between a folded and an 

unfolded state. 

Sigmoid curves are not observed in D20/dioxane solutions (Figure 

4) nor \'Jhen the difference in the chemical shifts t~(ADPR-FAD) and 

t~(FMN-FAD) are plotted as a function of temperature. Dioxane must 

therefore lower the energy barrier and hance the transition tempera­

ture between the folded and unfolded states. This results in a de­

crease in the intramolecular shielding of all FAD protons (Table III). 

For example, at the lowest and highest temperatures that were studied, 

the FAD AC2H proton at 5°C in D20 is shielded by 92 Hz and this 

shielding decreases to 49 Hz at 90.5°C, whereas in D20/dioxane the 

shielding decreases from 57 Hz to 23 Hz over this same temperature 
• 

region. 
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Temperature dependencies of the coupling constant J(H1 ,-H2,) 

have been interpreted in terms of a conformational change of the ribose 

ring in several dinucleoside monoph~sphates. 24 I~ ApA this coupling 

increases from 2.3 to 4.7 Hz (4° to 71°C}. In the molecules under 

consideration the temperature variation of this coupling is small. 

In 020 the coupling ~bnstant increases from 4.5 to S.2 Hz in FAD (5° 

to 90.5°C}, and remains at 5.6 Hz in ADPR. In D20/dioxane, the 

coupling constant in FAD is 5.4 Hz but decreases in ADPR from 6.0 to 

5.4 Hz (5° to 90.5°C). Because the changes are very small, no appre­

ciable geometrical change in the relationship of H1, and H2• takes 

place in this temperature range . 

.. Solvent Effects 

A comparison of Figures 4 and 5, together with the data shown in 

Table IV, shows that the addition of dioxane to o2o solutions of the 

solute molecules induces a shift to low field for the protons with 

the exception of the AC1,H proton in ADPR (l7°C). These solvent 

shifts to low field may arise from (a) the decrease in the ring­

current diamagnetic shielding of protons, and (b) hydrogen bond 

formation. 

:solvent ~hifts of the FAD protons in going from o2o to o2o; 

dioxane arise since dioxane decreases 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 deshi~lding}. 

Therefore, ·from Table IV, the solvent shift'S are ahJays greater for 

I 

I 
·j 

' 



-57-

TABLE IV 

· Solvent Effect ~the FAD, B-N, and~ Proton Shifts 

A -= (D20/dioxane-d-8 (70/30, V/v%)) - n2o proton shifts (0. 025 ~Q 

Compotmd 

T 17oc emp. 

FAD 

fl.N 

ADPR 

FAD 

FM-J 

ADPR 

40 46 

6.5 6.5 

15 20 

0 -6 

52 

34 

37 

30 

71 

66 

29 

30 

• 

23 

·9 

16 

-7 

27 

11 

10 

6 

29 

16 

. 13 

8 
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the dinucleotide than for the respective mononucleotideprotons. For 

the AC2H proton, these shifts are 46 and 6.5 Hz for FAD and ADPR, 

respectively. 

Considering the intermolecular solute-solute stacking interactions 

further, the data in Table IV show that the FC8H proton undergoes the 

greatest shift (66Hz in F~1N Qnd 7.1 Hz in FAD). Since this proton 

shift is also the mos~ concentration dependent (Table I) the dioxane 

must greatly disperse and decrease the fraction of stacked FMN molecules 

in solution. ADPR proton shifts are only slightly concentration depen­

dent. Therefore, these molecules are not involved in intermolecular 

associ at ions and experience a very small solvent shift (Table IV). 

These solvent shifts may be explained by the decrease in the ring­

current diamagnetic shielding of protons as neighboring rings are 

dissociated by dioxane~ An increase in temperature also increases 

the dissociation, as evidenced by the smaller (solvent) shifts at 

90.5°C (Table IV). 

FAD protonshifts were also studied in 50/50 (v/v%) D20/dioxane­

d-8 solutions (Table V). All protons experience a further shift to 

low field with increasing concentrations of dioxane. This indicates 

that all dissociations are further enhanced. 

Solvent shifts for the AC 2H, AC8H, and Ac 1 
1 H protons are in agree­

ment with those observed by Hruska et ~. 25 for purine, 6-methyl­

purine, and 9-ribosylpurine in D20/dioxane soluti?ns for the solvent 

composition ratios under consideration. These authors also found 

that the AC 8H protons form hydrogen bonds with the solvent molecules, 
• 

since the AC 8 carbon is the most electron-deficient center in purines. 
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Protons involved in hydrogen-bonding interactions are invariably 

shifted to low field. 26 The an~malous shifts to high field of the 

AC8H proton as a function'of temperature in ADPR and FAD in o20/ 

diox.ane (Figure 4) and in ADPR in o2o solutions (Figure 5) may indi­

cate the presence of this hydrogen bond. The FAD AC8H proton in o2o 

does not exhibit a shift to high field with an incre·ase in temperature. 

This may arise because contributions to the chemi.cal shift due to 

hydrogen-bond breaking (a net shift to high field) nearly equal the 

contributions from a decrease in the ring-current diamagnetic shielding 

of the protons (a net shift to low 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 AC8H shift to high field with temperature (020) 

may then also be ascribed to a decrease in the fraction of hydrogen 

bonded species in solution. 5 

Temperature Dependence of Line Widths 

The line width at half height of the AC8H proton tn ADPR shows a 

temperature dependence (Table VI) which is not observed for the AC2H 

proton in ADPR nor for the FAD protons. In o20/methanol, 50/50 (v)v%), 

. a sharp AC8H line is observed at low temperature (-29°C), broadens as 

the temperature is increased, and finally narrows again at temperatures 

above 60°C. In 020 and o20/dioxane solutions this proton line width 

narrows with an increase in temperature (5°C to 68°C). Over this 

temperature region, the line widths of other protons in ADPR and FAD 

show a very s 1 i ght temperature dependence. )he ADPR AC2H proton 1 i ne 

width at soc is 3.0 Hz and decreases to 2.0 Hz at 90.5°C. Furthermore,· 



, TABLE VI 

Temperature llcpcnclcnce ££. the ADPR Proton Une Widths* ,!!: Three ~olvcnt Systel"'!s. 

n2o D20/dioxane (70/30, v/v%) n2oJ,mcthanol (SO/SO • v/v%) 

T°C AC8H AC2H AC~ ACzH AC8H AC2H 

-29 4.3 3.9 
I 

'Q\ 

-13.5 4.4 3.8 
....... 
I 

5 s.o 3.5 8.2 3.0 s.s 3.7 

17 6.5 2.5 7 .o. 3.0 6.0 3.0 • 
37 4.5 3.0 6.5 . 2.5 s.o 3.5 

52 3.0 2.0 s.s 2.0 5.3 2.5 
'• 

68. 2.5 2.0 3.5 2.0 4.0 2.0 . 

82 2.0 2 .o . 2.5 2.0 

90.5 2.0 2.0 2.0 2.0 

*The nt.D'Phcrs represent the proton full line l'lidths at half heip,ht in Hz. 
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the line width of ADP AC8H and AC2H at ambient temperat~res (l7°C) · 

are nearly equal. 

These observations are, most probably, caused bythe presence of 

paramagnetic metal impurities in ADPR (see Chapter IV for a detailed 

discussion). When ADPR is passed through a Dowex 50 column to remov~ 

metal contaminants, th~:preferential broadening of AC8H to AC2H is 

not observed. In ADPR ~he metal appears to bind closely to AC8H, 

presumably, to N7 of the adenine ring. A similar investigation by 

Berger and Eichhorn28 on binding of copper (II) to adenine nucleotides 

shows the same. result~ A preferential broadening of AC8H resonance 

peak to AC2H is observed in 31 -AMP, s•-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 M1P and N-7 of the other. 

This model is consistent with our temperature dependence study. In 

o2o and o20/dioxane solution, when the temperature is raised, the 

AC8H resonance of ADPR ~harpens, possibly because Of the dissociation 

of the binuclear complex. The observation in o20/methanol, however, 

is less 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. 

• 

r 
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III. · ENZYr·1E-SUBSTRATE INTERACTION OF A FLAVOPROTEIN -

D-HYDROXYBENZOATE HYDROXYLASE 
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A• INTRODUCTION 

'':, . 

In Chapter II, we ·hav~ pointed out that one of the advantages in 

the investigation of flavoproteins is that the characteristic chromo­

phore - flavin - is contained in the coenzyme. Valuable information 

on enzyme-substrate interaction and mechanism of enzymatic catalysis 

can be obtained~ In this chapter, we choose to study a flavoprotein, 

£-hydroxybenzoate hydroxylase. Hydroxylation plays an important role 

in the oxidative metabolism of aromatic compounds by bacteria. As a 

consequence, the mechanisms of action of those enzymes that mediate 

these hydroxylation reactions have stimulated profound interest. Two 

mono-oxygenases, £-hydroxybenzoate hydroxylase and salicylate hydroxy­

lase, have been purified to homogeneity and investigated actively. 1- 4 

Both mono-oxygenases are inducible. They are. flavoproteins requiring 

FAD and reduced pyridine nucleotides as cofactors; however, they differ 

in specificity. Salicylate hydroxylase is specific for NADH, whereas 

· Q-hydroxybenzoate hydroxylase is specific for NADPH. 2 The precise role 

of the flavin prosthetic group and the mechanism of action of the re-

duced pyridine nucleotide are not clear. Recently, investigation of 

the nature of the enzyme-substrate ternary complexes of sa 1 i cyl ate 

hydroxylase by fl uorometri c methods have been reported by Takemori 

5-7 et ~- Nakamura, Higashi and co-\vorkers have reported kinetic 

studies on the reaction mechanism of Q-hydr9xybenzoate hydroxylase 

from Pseudomonas desmolytica. 8•9 



.. 

-67-

.E..,-Hydroxybenzoate hydroxylase was induced in Pseudomonas putida. 

The two subspecies, putida and desmolytica, have functionally the 

same .E..,-hydroxybenzoate hydroxylases; however, they differ in the 

itibsequent oxidation of protocatechuate. The former uses the ortho 

cleavage pathvJay,yielding e-carboxy-cis-cis-muconate; 10 the latter 

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

.. ld h d ll sem1 a e y e. _ . 
.. 

To elucidate the mechanism of enzymatic catalysis, it is p~rti-

nert to study the intermediate enzyme-substrate complexes and also 

the interactions of various analogues. Hesp et ~. 2 reported that 

the CD spectrum of £_-hydroxybenzoate hydroxylase was perturbed signi­

ficantly upon addition of the substrate, Q_-hydroxybenzoate. CD 

measurements thus provide a sensitive method of studying the enzyme­

substrate complexes. In this chapter, we present the results of a 

kinetic study which indicates the competitive inhibitory behavior of 

some of the substituted benzoates, contrary to previous findings, 1 

and the CD and NMR studies which suggest the interaction of the sub­

strate and the bound FAD. 
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B. EXPERIMENTAL PROCEDURE 

Material 

Reagents used routinely for enzyme preparation and assays were 

the purest grade available. Ammonium sulfate was the special enzyme 

grade reagent of Mann Research Laboratories. Calcium phosphate gel 

. was prepared according to Keilin and Hartnee. 12 DEAE-cellulose was 

obtained from Mannex Company and washed with 0.005 M phosphate buffer 

(pH 6.85). Whatman Chrom~dia CF II cellulose powder was sbaked in 

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

(grad~ II), NADH (Sigma grade), NADP+ (grade III), NAD+ (grade IV), 

FAD (grade III), £~fluorobenzoate, and £-aminobenzoate were purchased 

from Sigma. 6-Hydroxynicotinic acid was obtained from Aldrich. Phenol 

was from ~1all inckrodt Chemical, and £-chlorobenzoate, £-nitrobenzoate 

were from Eastman Kodak. All the benzoate derivatives and phenol were 

twice crys ta lli zed from water before use. A 11 other reagents were used 

directly without further purification. 

Enzyme Preparation 

£-Hydroxybenzoate hydroxylase from Pseudomonas pu ti da, strain 1'1-6 

(ATCC 17428), was prepared and purified by a modification of the method. 

d ·· db 'J k ar1d Stan1·er. 1 escr1oe y ~oso awa The method is similar to that 

reported in reference 2. The balance sheet for the purification proce­

dure is given in Table I. The purified enzycnc: \·:as stored in a stabi­

lizing mixture at -70°C until use, as described previously. 2 The enzyme 

.. 
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TABLE I 

Purification of ~-H~drox~benzoate H~drox~lase 
,f 

Step Volume Total Total Specific Yield 
protein Activity activity % 

ml ~ units units/mg 

1. Cell-free extract 3260 . 123,500 44,270 0.36 100 

2. Protamine sulphate 
treatment and first 
ammonium sulphate 
fractionation 
0.4 to 0.5 saturation 365 23;580 23,650 1.0 53.5 

3. 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 

4. Calcium phosphate 
gel column · 115 1 ,960 13,200 6.75 29.8 

5. DEAE-cellulose column 
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 

£_-Hydtoxybenzoate hydroxylase was assayed by spectrcphotometri c 

measurement of the substrate-dependent oxidation of NADPH. The proce­

dure has been described earlier. 1 The standard assay system.is slightly 

modified from the previous method. The standard system contained in 

3.0 ml, 67 mmoles K2HP04-KHl04 (pH 7.0), 3.3 J.lmoles of FAD, 0.13 mmoles 

of NADPH, 0.67 mmoles of£_-hydroxybenzoate, enzyme and deionized water. 

The unit of enzyme activity is defined as that amount of enzyme which 

oxidized 1.0 J.lmoles of NADPH/min under the conditions of th.e spectro­

photometric assay. 

Kinetic Measurements 

The kinetics \vere studied spectrophotometrically by measuring the 

substrate-dependent oxidation of NADPH at 340 mJ.l. Various substrate 

analogues were incubated for 2 min (or longer) before the measurement. 

All substrate analogues were adjusted to pH 7.5. All experiments were 

carried out at 20°C + l°C. Each experiment was repeated at least t\'Jicc 

until consistent results were obtained. 

Optical Measurements 

The absorption spectra were measured in a Cary Model 15 spectra­

mete!'. The circular dichroism measurements ltJere obtained ~tiith a Cary 

Mode 1 60 s pectropo 1 arimeter \·lith a standard No del 6001 CD accessory 

attachment.· A Cary thermostattable temperature cell compartment vJas 

used. CD spectra of the enzyme and p_-fluorobenzoate and NADPH complexes 
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were studied at both 20°C and 2°C~ Since spectra at the two tempera­

tures were identical, subsequent experiments were carried out at 2°C 

+ O.l°C. The slit width program was set for 15 A resolution and the 

time constant and scan speed were adjusted for best signal :.noise ratio 

for each individual experiment. In all cases, optical path length of 

l.O em was used. 

Nucl~ar Magnetic Resonance Measurements 

The NMR spectra were obtained on a Varian high resolution HR 220 MHz 

spectrometer described in Chapter II. The enzyme was dialyzed against 

o2o potassium phosphate buffer (pD 7.4)* extensively to remove the ex­

changeable hydrogen. The sample was freeze-thaw degased to remove 

molecular oxygen. The temperature for all measurements was maintained 

a-t 4°C ~ 1.0°C All measurements were made in o2o potassium phosphate 

buffer system (pD 7.4) containing 0.001 M EDTA and 0.001 M OTT (dithio­

erythrei tal). 

Anaerobic Experiment 

To efficiently achieve the anaerobic condition without denaturing 

the enzyme in a cuvette suitable for optical activity measurement and 

still permitting th~ addition of various reagents has been found to be 

difficult. We have used the method described previously. 2 The space 

above the enzyme solution in the cuvette is first flushed \'Jith oxygen­

free helium for 30 rnin. The enzyme solution is then bubbled \·Jith o2-

free helium at a rate of 1.5 cc/min for 15 min .. If the enzyme is noticed 

to denature during the assay procedure, the result is discarded. · We have 

been able to achieve.strict anaerobic condition with negligible amount 
of denaturation. * --,---
The glass electrodes can be standardized with a correction factor of 0.4 
unit added to the "pW reading to give the pD value.l3 
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C. RESULTS 

Chemical Structure of Substrate Analogues 

Several aromatic compounds which are structurally related to .E_­

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 

substituted benzoic acid is characterized by a substituent constant cr. 

The more electron-attracting a substituent is, the more positive is its 

a value (relative to benzoate ~s zero). Conversely, the more strongly 

a substituent donates electrons, the more negative is its a value. 

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

Kinetic Study 

It was reported previously1 that benzoate and a series of its ana­

logues ~Jere inhibitory to the activity of Q-hydroxybenzoate hydroxyl as e. 

Using Tris-HCl buffer system for assay, the inhibition was found to be 

non-competitive. However, enzyme activity drops very quickly during 

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-HCl buffer with a phosphate 

buffer system (pH 7 .5), in \vhich oxidation of Nfl.DPH proceeded almost 

linearly even at very lm·J concentrations of HADPH and enzyme. 

By employing the improved assay system, we have found that benzoate, 

Q_-fluorobenzoate, Q_-chlorobenzoate, Q-nitrobenzoate, Q_-aminobenzoate, 

and 6-hydroxynicotinate are all competitive inhibitors. Figut~es 1-6 
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TABLE II (a} 

Summary of Hammett Substituent Constants, a 

Cor1pound a Estimated 1 imits 
of uncertainty 

E_-Aminobenzoate -0.66 0.1 

E_-Hydroxybenzoate -0.37 0.04 
Benzoate 0 
Q-Fluorobenzoate 0.062 0.02 

Q-Chlorobenzoate 0.227 0.02 

Q-Nitrobenzoate 0.778 0.02 

(~} a values were based on ionization of substituted benzoic acids. 14 



I v 

-74-

40 INHIBITION BY, BENZOATE 

30 

20 

10 

0 2 3 4 
I xi04 M-I 

[POB] , 

1.33 X 10-3 

8.33 x to-5 

0 

5 

XBL 7010-5463 

Figure 1. Effect of benzoate on the activity of Q-hydroxybenzoate 

hydroxylase: double reciprocal plot. The data are plotted by the 

method of Lineweaver and Burk. 17 Assay conditions were described 

under .. Experimental Procedure ... The reciprocal velocity, 1/v, is in 

arbitrary units. The concentrations of benzoate in t1 are indicated 

on the plot. The same conditions stated above are used in Figures 2 

through 6. 
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50 lNHIBlTION BY p-.NITROBENZOATE 

4.0 

30 

20 

lO 

0 2 3 4 
1 'x 104 M- 1 

[POB] 

5 6 

XBL 7010-5465 

Figure 2. Effect of Q_-nitrobenzoate on the activity of p_-hydroxy-

benzoate hydroxyiase. 
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INHIBITION BY p-CHLOROBENZOATE 
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f.ig_ure 3. Effect of E_-chlorobenzoate on the activity of £_-hydroxy­

benzoate hydroxylase. 
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50 INHIBITION BY p-FLUOROBENZOATE 

40 1. 33 x ro-3 

0 2 ' 3 4 5 6 
I X 104 M-I 

[Poe) 

XBL 7010-5462 

Figure 4~ Effect of Q-fluorobenzoate on the activity of ~-hydroxy­

benzoate hydroxylase. 
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Figure 5. Effect of ~-aminobenzoate on the activity of £-hydroxy­

benzoate hydroxylase. 
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40 INHIBITION· BY 6-H.YDROXYNICOTINATE 
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XBL 7010-5460 

Figure 6. Effect of 6-hydroxynicotinate on the activity of £_-hydroxy­

benzoate hydl~oxylase. 

, 
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show the Lineweaver-Burk plots of the enzyme activity in the presence 

of these inhibitors. All of them are typical competitive inhibitions. 

The Ki values were determined by the method described by ~Jilkinson 13 

and Cleland. 16 The results are given in Table III. 

A Hammett plot of the action of the substituted benzoate deriva­

tives is given in Figure 7, where the logarithms of the inhibition 

constants K1 •s are plotted against their a-values. They fit the 

Hammett equation very we 11 . The "reaction constant", p, which is the 

slope of the Hammett plot, is estimated to be 1.78. The significance 

of p is that 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 reactivity of the carboxyl group. 

Phenol shows no inhibition at concentrations below 0.01 M. Inhi-

bitory effects occur at concentrations 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 \'/ell known that biological systems are affected by isotopic 

substitution .. Enzymatic activity has been shm-m to be influenced by 
18 deuterium replacement. Because of the necessity of substituting o2o 

for H20 to reduce solvent proton signal in ~MR experiments, the enzy­

matic activity in o2o 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 II I 

Inhibitory Effect of Substrate Analogues 

Substrate analogues Inhibition (%}(a} K. (_b} 
1 

p-Nitrobenzoate 16 (4.2 + 1.3) x 10-4 M -

6-Hydroxynicotinate 17 (3. 1 + 0.4) X 10-4 -

p-Chlorobenzoate 12 + (1.8-0.3) X 10-4 

p-Fluoroberizoate 35 + (7.6 -1.9) X 10-5 

Benzoate 25 + (5.9 - 0.5) X 10-5 

p-Aminobenzoate . + 10-6 . 81 (4.2 - 0.9) X 

(a) Inhibition was measured by the p-hydroxybenzoate-dependent oxidation 
of NADPH in the presence of 3.44 llg enzyme, 0.1 mM p-hydroxybenzoate, 
0,33 mM substrate analogue and the other conditions were the same as the 
standard assay system mentioned in section on experimental procedure. 

(b) Ki values were ~alculated, assuming ~ completely competitive inhibi­
tion, by a linear regression analysis· of the equation 

ill = ill + ~ (_1 + ill) 
v Vmax Ymax K; 

where S and I denote the substrate, p-hydroxybenzoate, and inhibitory 
substrate ahalogue, respectively, v and V x are the reaction velocity rna 
and maximal reaction velocity, ~is the Michaelis-t·1enten constant and 
K. is the inhibitor dissociation constant. In our kinetic measurement, 

1 
the velocity determinations, probably are reasonably homogeneous in 
variance. If the variance of v is a2 , the variance of [S]/v can be 

shm·m to be o
2[s] 2;v4. 15 Therefore, in fitting the linear form to 

the above equation, the proper weight v4;[s]2 is used. The standard 

error of Ki is estimated by standard procedure of propagation of error. 

All computations 1t1ere done on a CDC 6GOO comf1Uter. The listing of the 

computer program (LESQW) used for the calculation is given in Appendix 
II I C. 
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Log Kj 

~ 
Benzoate -5:0 

-6.0 

-0:8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 

Hammett Substituent Constant (}"' 

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 K. are indicated by the vertical error bars. The Hammett substi-
1 

tuent cons~ants a are summarized in Table II. The estimated errors of 

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

Phenol Inhibition(a) 

Phenol concentration 

1 o-1 r1 

5 X 1 o-2 ~1 

1 o-2 M . 

10-3 t1 

5 8.3 X 10- ~~ 

0 

%'Inhibition 

78 

51.5 

0 

0 

0 

0 

(a) The standard enzyme ~ssay system was utilized 

. with l mt1 £_-hydroxyb(!nzoate. 
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TABLE V 

Time dependent study of deuteri urn effect on 

p-hydroxybenz'oate hydroxyl asea 

VH 0 (0.0./min) 
2 

v0 0 (0.0./min) 
2 

0.348 0.184 

0.322 0.176 

0.327 0.174 

' 0. 322 0.188 

0.294 0.159 

Vo oiVH 0 (%) 
2 2 

52.9 

54.6 

53.2 

58.4 

54.1 

aEnzyme was kept at 0°C. The assay was carried out at room temperature . 

(or 23°C) in a standard assay system with 99.9% o2o replacing H2o 

.• 
i 
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performed in the standard assay mixtures described in Section B with 

D20 replacing H 2o~ The reaction velocity in D20 (vD) decreases to 

approximately half of that in ~ 20 (vH), immediately, and the ratio 

vD/vH remain~ constant over a period of 15 hours. This observation 

is similar to a study by Thomson and Bummert18 on the reduction of 

pyruvate by NADH in the presence of lactate dehydrogenase. When the 

reaction rates were compared at the pH or pD of maximum velocity, an 

isotope effect of vD/vH = 0.53 was observed, which is identical to our 

result of vD/vH = 0.529 at zero .time. 

Circular Dichroism Studyof the Enzyme-Inhibitor Complexes 

The CD spectrum of the holoenzyme of Q-hydroxybenzoate hydroxylase 

has been reported previously. 2· The effect of the substrate, £_-hydroxy­

benzoate, on the holoenzyme manif~sts itself in the visible region of 

the FAD absorption. The perturbation of .the holoenzyme CD spectrum 

upon addition of .e_.;.hydroxybenzoate was given in reference 2. The CD 

spectra of the enzyme-bound FAD holoenzyme in.the absence and presence 

of the inhibitors and substrate, .e_-hydroxybenzoate, are given in Figures 

8 and 9. The effect of benzoate on the CD spectrum of .Q_-hydroxybenzoate 

hydroxylase was described earlier. 2 A large ·change was observed in the 

CD spectrum of Q_-hydroxybenzoate hydroxylase upon addition of benzoate. 

Q:Fluorobenzoate 

The CD spectrum of the enzyme was changed by the addition of 10-3 M 

.e_-fluorobenzoate. The 367 nm CD was slightly shifted and decreased. 

The 455 nm band also decreased. Addition of 1 o-3 ~1 .Q_-hydroxybenzoate 

to the enzyme Q_fl uorobenzoate sys tern produced the familiar· change of 

the CDspectrwn characteristic of the enzyme Q-hydroxybenzoate complex. 
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-,---,ENZYME ALONE (6.7 x 10-5M) 

300 350 400 450 500 550 

>. lnm) 

XBL6912-5~~ 

Figure 8. CD spectrum of £-hydroxybenzoate hydroxylase in the presence 

of 6-hydroxynicotinate and Q-hydroxybenzoate. The enzyme (6.7 x 10-5 M) 

is in 0.05 M potassium phosphate buffer, pH 7.5; temperature 2°C; path­

length, 1.0 em. 

..·.· 
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---, ENZYME ALONE (6.7 x to-5 M) 

. ~OH 
"" ----,ENZYME+? (10-3M} 

,\ ~OOH ~OH 
~\---..:....,ENZYME+? (10-3M}+~ (10'"'3M} 

\ . . 

:-.. 
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>.. (nm) 
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Figure 9. CD spectrum of Q-hydroxybenzoate hydroxylase in the presence 

of Q-fluorobenzoate and Q.;..hydroxybenzoate. The enzyme (6.7 x 10-5 M) 

is in 0.05 ~1 potassium phosphate buffer, pH 7.5; temperature 2°C; path-

1 ength, 1 . 0 em. 
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6-Hydroxyni cotinate 

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

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

455 nm CD bands decreased markedly. ~</hen 10-3 t~ Q-hydroxybenzoate 

was added to the system, enhancement of the 455 nm band was observed. 

The general ap·pearance of the CD spectrum resembled that of the enzyme 

.2_-hydroxybenzoate system. 

p-Aminobenzoate 

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

and 6-hydroxynicotinate, the addition of 10-3 M Q_-aminobenzoate caused 

almost no modification of the CD spectrum of the enzyme except a slight 

decrease of the shoulder a~ 340 nm. Even after the addition of 10-3 M 
I 

Q_-hydroxybenzoate, no further change was observed. This experiment 

was repeated with the order of addition of .2_-aminobenzoate and .2_­

hydroxybenzoate reversed. The same final CD spectrum was obtained. 

Since .2_-aminobenzoate did inhibit the enzyme, ·this may suggest that 

the interaction of .2_-aminobenzoate with the enzyme is such that it does 

not·manifest itself in a CD modification. This result indicates the 

possibility of a different mode of binding behteen the enzyme and Q-

aminobenzoate than that betwee~. the enzyme and Q_-fluorobenzoate. 

.e.::.fb.l orobenzoate and p-Ni trobenzoate 

These have been shown to 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 NAOPH to p~Hydroxybenzoate Hydroxylase 

Circular Dichroism Study 

Since CD spectra of .2_-hydroxybenzoate hydroxylase served as a sensi­

tive means of detecting the formati~n of the enzyme-substrate complex, 

we now extend CD measurements for studying the interaction of NADPH 

v1ith the enzyme. A summary of the results is in Tab 1 e VI. 

Under anaerobic condition, produc~d by flushing the system with 

helium, the effect of NADPH on the CO spectra of plain E_-hydroxybenzoate 

hydroxylase was examined. Upon addition of NADPH, there were marked 

changes, as shown in Figure 10, in the CD spectra of the enzyme. In 

the presence of NADPH, both the negative and positive CD bands of the 

plain enzyme (maxima at 455 n~ and 367 nm, respectively) are blue 

shifted. In addition, a negative contribution·to the optical rotation 

is observed. When .2_-hydroxybenzoate is added in addition to NADPH under 

anaerobic condition, the broad negative band of the CD spectrum of the 

enzyme-NADPH mixture becomes even more negative. The results suggest 

that .2_-hydroxybenzoate hydroxylase forms a complex with NADPH both in 

the absence and presence of E_-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 enzyme was examined. Under anaerobic conditions, there are no 

significant changes in the CD spectra of the enzyme upon addition of 

NADP. NADP does not affect the familiar substrate-induced changes in 

CD spectra of the enzyme under aerobic conditions. These facts indi­

cate that there is probably no interactiq.n bet\';een NADP and £_-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 

£!!!_the CD ~Qectrum of E-h_ydroxvbenzoate h_ydroxyl ase 

Condition .Q..-Hydroxy~ NADPH NADP NADH 
benzoate 

·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. changes. 

Anaerobic absent Marked changes. No effect. No significant 
changes. 

present Further changes,, more Slightly 
than above. affected. 
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0.02 

en 
Q) 0 Q) .... 
0> 
Q) 

-o 

Q) -0.02 

XBL 712-5035 

Figure 10. The effect of NADPH on. the CD spectrum of Q-hydroxybenzoate 

hydroxylase. The enzyme is in 0.05 M potassium phosphate buffer, pH 

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

enzyme alone (6.9 x 10-5 M); -------enzyme in the presence of 

10-3 I~ N!\DPH; -------enzyme in the presence of 10-3 M NADPH and 
-3 

10 M Q-hydroxybenzoate. · · · · · · · indicates region of the curve where 

signal/noise is poor~ 

I 
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NADH does not induce significant changes in CD spectra of plain 

enzyme ~elution under anaerobic condition. Therefore, the enzyme-NADPH 
I , , . . 

1 2 complex.is highly specific, which is consistent with previous reports. ' ,,. 

Fr~rn the resul ~t described above, we cannot determine the order of 

the binding of thet~~bstrates, NADPH and £_-hydroxybenzoate, to the homo-
·, 

enzyme in the ternary enzyme-£_-~ydroxybenzoate-NADPHcomplex. 

Nuclear Magnetic Resonance Study 

The line widths in NMR spectra can, potentially; provide important 

information concerning binding of small molecules by macromolecules. A 

. . f th \ :.b.· t 19 d b f . 1 . t. f th th d20-22 rev1ew o e ~u JeC an a num er o app 1ca 1ons o e me o 

have appearedC1d hFtheory, the .1 inecwi dths in NMR spectra are sensitive 

to the degree and kinds of molecular motion present in the sample. An 

increase in line widths can be interpreted as a restriction of molecular 

motion, provided the other broadening factors have been properly taken 

into consideration (for example, presence of paramagnetic metals, mag-
. 20 

netic field inhomogeneity). Using this method, Jardetsky et ~·, 

Ho1.1is 21 and Sarma22 have reported the investigations of NAD and NADPH 

binding to alcohol dehydrogehose and lactate hydrogenase. 

Jardetsky suggests that the pyridine moiety interacts with the 

enzyme and, to the contrary, Hollis proposes that the adenine moiety is 

involved. Sarma, utilizing a 220 MHz NMR system~ concludes that both 

adenine and pyridine are involved in the binding and, furthermore, NADH 

remains in a folded conformation. Table VII summarizes our NMR results 

of NADPH and NADP binding to Q_-hydroxybenzoate hydroxylase. In the 

absence of .2_-hydroxybenzoate, it appears that the oxidized pyridine 

nucleotide, NADP, 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 

pyridine nucleoti~es in p-hydroxybenzoate hydroxylase 

p-Hydroxybenzoate 
NADPH (5 x 10-3 M) NADPc (2 X 10-3 M) hydroxylase 

{7 x 10.:.4 M) AC Ha,b 
8 AC2H PC2H AC8H AC2H PC2H PC4H PC6H 

Absent 1.3 0.8 3~5 3 3 4 4 4 

Present 11.0 7.0 8.0 3 3 5 5 4 

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

system is given in Figure 11. 

b The line 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. Ho1t1ever, NADPH shows definitive line width broadening 

in the NADPH + enzyme 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 

portion. Assume a fast exchange between enzyme and NADPH 20 ,22 and using 

t:.v = -
1-, where t:.v is the line width at half maximum amplitude and - 1 

nT2 T2 
is the transverse relaxation rate, the bound line width t:.vb can be 

. p p 
estimated from the formula f- = T. f + T b ~ where +is the observed 

2 2f 2b 2 
relaxation rate, ~and ~are the relaxation rates of the molecules 

2f 2b 
in the free and bound phases; Pf and Pb are the corresponding fractions 

of molecules in each phase. Pf and Pb can be estimated from Fi9ure 12, 

knowing the total concentration of the enzyme (E
0
), the total concen­

tration of the substrate (NADPH)(S ) and the dissociation constant for 
0 . 

-5 * 1 the enzyme-NADPH complex (Kd = 2.27 x 10 ) . 

Figure 12 indicates approximately 14% of NADPH should be bound. 

The calculated line widths of bound AC8H, AC2H and PC2H 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 enzymatic activity. The adenine part of NADPH 

with its c2 '-phosphate group must serve as a recognition site and~ 

perhaps, acts as an "anchor" for the pyridine nucleotide in the enzyme-

NADPH complex. 

* The dissociation constant Kd is estimated in H2o buffer system. 
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lo- 1 ~----~~--------------------y.,o 

BINDING OF THE SUBSTRATE TO 
ENZYME AS A FUNCTION OF 
SUBSTRATE-ENZYME RATIO 

AND PARAMETER y 
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So 

Jo-3~----~---~------------~----~----------­rs 1000 

XBL 719-5366 

Fi]ure 12. Binding study of the enzyme-substrate complex. The binding 

of substrate to enzym~ is computed according to the equation 
Kd 

ES :;=:::::::: E + S ; Kd, E
0 

and S
0 

are the dissociation constant, total 

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

As has been reported, discrepancies were found among the modes of 

inhibition of £-hydroxybenzoate hydroxylase by a number of substrate 

analogues. The analogues, such as £-fluorobenzoate, £-aminobenzoate, 

benzoate and others; inhibited Q_-hydroxybenzoate hydroxylase from Ps. 

putida A3.12 in a ~on-competitive manner? whereas these analogues were 

competitive inhibitors to the Q_-hydroxybenzoate hydroxylase from~ 

putida M-6 (this chapter) and Ps. desmolytica. 8 These discrepancies 

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

buffer, pH optimum is 8.0 as compared to 7.51 and 7.02 found in potas­

s i urn 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.* This inhibitory action of chloride 

ion made the calculation of enzyme activity inaccurate and resulted 

earlier in an erroneous interpretation of the mode of inhibition. 
. 23 

Recently, Howell and Massey, using flavin fluorescence, have demon-

strated the 6-hydroxynicotinate binding in competitive with the sub­

strate Q-hydroxybenzoate. This is consistent with our present finding. 

The competitive behaviors of the benzoate derivatives indicate 

strongly that the carboxyl group is essential in the binding. Phenol 

does not inhibit the enzyme up to a very high concentration \'Jhere non-

specific binding may take place. The above findings, in conjunction 

vJith the fact that the enzyme will only catalyze Q_-hydroxybenzoate and 

*Roland G. Kallen and Keiichi Hosokawa, unpublished results. 
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will not catalyze the other analogues to any significant extent, 1 lead 

to the following hypotheses: the carboxyl moiety participates in 

binding v1ith the primary site, providing an 11 anchoring 11 and,· subse-

quently, the hydroxyl group is bound to a secondary site to facilitate 

the catalytic activity. This is in agreement with the two binding sites 
2 8 9 model proposed before. ' '· The positive 11 reaction constant 11 (p = 1.78) 

obtained from the Hammett plot (Figure 7) suggests that the primary 

binding site is favored by a nucleophilic attack. 

Examination of the enzyme-inhibitor complex by CD spectr~m showed 

that there are two classes of substrate analogues which competitively 

inhibit enzyme activity. One class of substrate analogues causes 

changes in CD spectra, and the other class shows no significant changes. 

Q_-Fluorobenzoate belongs to the former, and .12_-aminobenzoate is an example 

of the latter. A summary of the substrate analogues, their structure, 

formulae and effects on the enzyme is given in Table VIII . 

.12_-Fluorobenzoate binds to the enzyme, as evidenced by a remarkable 

change in CD spectrum upon addition to free enzyme. If £_-hydroxyben­

zoate is added to the Q_-fluorobenzoate-enzyme complex, the CD spectrum 

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

This indicates that Q_-fluorobenzoate binds to the same site as the 

substrate, and can be displaced by the .2_-hydroxybenzoate. On the other 

hand, Q_-aJninobenzoate does not produce significant changes in CD spectrum 

of the free enzyme, although it inhibits the enzyme activity in a compe­

titive manner. Q_-Aminobenzoate may bind to a site other than the one 

binding Q-fluorobenzoate, and thus interfere with the overall reaction 

of Q_-hydroxybenzoate hydroxylase. Furthermore, the CD spectrum of the 

Q-aminobenzoate-enzyme mixture is not affected significantly upon 
- 1 . 
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Table VIII. Surrmary of Substrate Analogues 

A. Stibstrate analogues which perturb the Bond angle and 

CD spectrum of p-nydroxybenzoate length of para-

hydroxylase · substituent(a) 

1. Benzoate H-@cooH C-H = 1.081 A 
OH 

2. Salicylate H-@cooH 

3. p-Hydroxybenzoate · Ho-@cooH C-0 = 1.36 

4. 6-Hydroxyni coti nate Ho-@-cooH 0-H = 0.96 

5. fb) - -@~0 107.3° p-Hydroxybenzoate\ HO Q C......_ 4-COH = 
methyl ester CH3 _ 

6. p-Flurobenzoate F-@cooH C,..f = 1.328 

B. Substrate analogues which do not perturb 

the CD spectrum of p-hydroxybenzoate 
hydroxylase 

H2N-@cooH 
.C-N = 1.426 

l. p-Aminobenzoate N-H = 1.036 

2. p-Nitrobenzoate No2-@cooH N-0 = i.24 

3. p-Chlorobenzoate c1-@-cooH C-Cl = l. 70 

4. p-Methoxybenzoate(b) cH ro..:@-cooH C-0 = 1.428 

5. Phenol HO-@-H 

(a)Reference 24 

(b)Reference 2 

Inhibition 

constant KI 

5.9 X 10-5 

+ 

1.2 X 10-5 

3. 1 X 10-4 

+ 

7.6 X 10-5 

4 2 10-6 
• X 

4 2 10-4 
. X 

1 8 l 0-4 
• X 

+ (weak) 

,, 
' ' 
l 
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addition of Q-hydroxybenzoate. Conversely, the CO spectrum character­

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

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

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

dary effect on the substrate binding site so that Q-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 (-NH2, 

-N02, -OCH 3, -Cl), bulkier than that of the other class (Class A) 

(-H, -F, -OH). 

By CD studies, we obtained evidence that NADPH binds to free Q­

hydroxybenzoate hydroxylase. The binding is so specific that NADH does 

not become associated with the enzy~e. These findings will explain the 

specific requirement of NADPH for the enzymatic hydroxylation of Q­

hydroxybenzoate. 

Proton magnetic resonance study of the relaxation tirnes of the 

oxidized and reduced pyridine nucleotides in the presence of Q-hydroxy ­

benzoate hydroxylase reveals NADPH bindin g with the enzyme. but not NADP. 

This result supports th e above described CD study that NADPH specifically 

interacts vii th the enzyme. Furthermore , the NHR result indicates a 

preferential binding of the adenine moiety with the enzyme, which pro­

vides a physical Ut1d ers tanding of the biological specificity for NADPH 

as a coenzyii iE' rat her than NADH. 
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Benzoate 

H ( l. 00) 

OH F ( 1. 35) 

Cl (1.80) 

Figure 13. Corey-Pauling and Kolton (CPK) models of benzoic acid and 
0 

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

XBB 727-3724 
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IV. PHOSPHOROUS-31 RELAXATION STUDY OF 

ADENOSINE TRIPHOSPHATE 
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A. INTRODUCTION 

The recent advance in Fourier transform nuclea~ magnetic reso­

nance1 has virtually opened up an entirely new ~imension in magnetic 

resonance. In the past, the biophysical use of NMR spectroscopy has 

been mainly limited to the static information of chemical shifts and 

spin coupling constants. The dynamic aspect of NMR has not been 

widely investigated except for line width measurements (Chapter III) 

and occasional application of transient NHR method, usually done by 

way of adiabatic rapid passage. The Fourier transform technioue en­

ables the experiment to be performed at a great saving of time which 

in studying biological systems is nece~sary·. Furthermore, this 

method provides a direct measurement of the relaxation times T1 and 

T2 of each individual nucleus within a biological molecule in an 

elegant fashion. · The measurement of the relaxation times and their 

temperature dependence can furnish the much needed biological exchange 
2 . 

rates. For example, the forward and bacb'lard reaction rate constants 

K+l and K_ 1 in a substrate-enzyme complex can be deternined. 3 The 

relaxation data can, potentially, orovide information about molecular 

structure and dynamics that is difficult to obtain by other physical 

techniques. For example: (i) changes in the mobility of parts of a 

flexible nole.cule may be deduced fror.1 relaxation rates; 4 (ii) distances 

between a paramagnetic center and nuclei giving NMR signals may be 

calculated fror.1 the paramagnetic enhancement of rJI1R relaxation; 5 (iii) 
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slow equilibria betvJeen conformational states may be identified and 

characterized by relaxation measurements. 6 

As a background fo~ future 31 P-NMR relaxation studies of biola-

gical molecules we have investigated the influence of ionic strength, 

samole concentration, pH or pD, and paramagnetic ion concentration 

on phosphate chemical shifts and T1 (longitudinal) relaxation. ~/e 

have studied orthophosphate (Pi)' tripolyphosphate, and adenosine 

triphosphate (AlP). 31 P-W1R titration curves have previously been 

pub1i"shed for P/ and ATP. 8 In addition, the effect of metal ion 

bindin~ on the 31 P-NMR chemical shifts,9 linewidths9-11 and relaxation 

timeslO,ll of ATP have been reported. We have extended these studies 

by making use of the conveniences afforded by Fourier transform 

spectroscopy12 for signal enhancement and r 1 determination. 13,14 He 

present here more detailed phosphate chemical shift data and data per-

taining to the mechanisms underlying phosphorous T1 relaxation in 

phosphates. Although a detailed interpretation is not yet possible, 

several general comments are in order. 

B. EXPERit1EfiTJl.L PROCEDURE 

t1aterial 

Na 2HP04 (Raker), sodium pyronhosphate (!1aker), sodium tripoly­

phosphate (Alfa), and ATP (Sigma) were purified by passage through a 

Chelex-100 column (9.2 x 99 em) at pH 6-8. r-1etal ion impurities \vere 

removed fror1 some ATP samp 1 es by repeated extraction \·Jith 8-hydroxy­

quinoline.15 Levels of paramagnetic ion contaminants (largely iron 
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and copper) were monitored by X-ray fluorescence spectroscropy. 

Purified samples contained less than 1 ppm iron or copper which was 

the lmver limit of detection by X-ray fluorescence. Metal levels 

in purified Pi samoles were well below 1 ppm since it was found that 
3+ addition of 0.1 ppm Fe to these samples produced significant 

enhancement of T1 relaxation. Table I gives the results of X-ray 

fluorescence analysis of ATP samples. 

Great care was exercised to exclude metal ion contaminants 

from the samples. Solutions were prepared using column deionized, 

glass-distilled water. The conductivity of the deionized wateris 

2 1 -6 -1 -1 . d h x 0 Q em . The pH of H20 solutions was adjuste with igh 

purity HCl and NaOH (Alfa); the pD of o2o (Biorad) solutions was ad­

justed with DCl and NaOD (Diaprep). Glassware was acid washed and 

rinsed with deionized water. 

The concentrations of nucleotide solution was measured spectra-

photometrically. The orthophosphate solution used for titration 

studies contained 0.3 M rJaCl (r,1ann, high purity) added to mask changes 

in ionic strength and sodium ion concentration on titration. Metal 

ions \<Jere introduced by adding microliter quantities of concentrated 

metal salt solutions. 

The nH measurements were made at room temperature on a Corning 

Model 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) 

equioped with teflon needles (Hamilton). The oH values in 020 solutions 

are actua 1 pi I meter· readings uncorrected for the de uteri urn isotope 

effect at the glass electrode. 
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TABLE I · 

X-ray Fluorescence Analysis of Metal Contaminants 

in S'ATP 

* Source Fe Cu Zn 

Sigma (Lot #11 OC 

-741 0) 42 ppm 9 3 

Cal Biochem (Lot 

#800685) 275 1 4 

8-Hydroxyquinoline 

(treated once) 16 2 4 

Chelex 100 column 

(treated at pH 6) 1 1 3 

* All contaminants are expressed in parts per million. 

Pb 

5 

4 

3 

3 
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NHR Spectra 

Spectra w~~- obtained at 24.3 MHz using a home-built Fourier 
. ·. ~--: ~:~~- . 

transform NMR ins''t;:rliment based on a Varian qP-60 magnet and V-21 00-B 

povJer supp1y. The field was stabilized by means of a proton external 
,·. - ,, . ~ )'. 

lock. The width o{;,.{90° pulse was 'typically 40 llsec. Pulse program­

ming was acconplished with a series~~( time base oscillators. The 

free induction decays were digitiz~d ;nto 2048 12-bit words and accumu-
\ 

lated on a PDP-8 computer with disc storage. Completed experimental 

data was transferred to magnetic ta_p,e and processed later by a large 
- "' 

computer using a fast Fourier transform prog~am. The spectra were 

plotted on a Calcomp recorde"r. 

All spectra were taken at 30°C.·~~;::sarnple volumes were 1 nl. The 

samples were placed in gla~s spheres that fit snugly inside a standard 

15 mm NMR cell. The tmR cell holding the sphere was spun by a VJilmad . 
:: 

turbine. The signal-to-n9;ifs,.e,~:~ratio for a 0.1 M phosphate solution 
·'"""'- 1 . 

was generally 10 for a single 80° pulse. Spectra were usually the 

result of 10-25 passes. A thin capillary containing 50% Hl04 was 

inserted in the sphere as an external reference. Chemical shifts 

are reported in Hz from 50% ti3Po4 which, within experimental error, 

is the same as that of 85~~ Hl04. 50% Hlo4 is a more satisfactory 

reference than 855; Hl04 because it is 1 ess vi secus and pro vi des a 

sharper peak. 

Relaxation Time Measurement 

~ ; . ,. 

T t d . th b th . . . 13 . 
1 measuremen s were rna e e1 er y e sp1n 1nvers1on or sp1n ·~-

t t • 
14 

< • d d d • tf 1 th f T sa ura 1 on me cno , epen 1 ng on 1e eng o , 1. Both methods gave 

similar results. Relaxation times were determined by a computer pro-

gra~, TIFIT~ that gave a least squares.fit of the data to an 
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exponential recovery of the magnetization vactor. The errors reported 

are based on standard deviation from the best fit. However, the repro­

ducibility of the ·T 1 experiments was generally only within 5% from one 

sample to another. Thus the actual errors in the T1 values are probably 

determined by contamination of samples rather than by the r1 measurements 

themselves. 

C •. RESULTS AND DISCUSSION 

Orthophosphate 

pH and Solvent Dependence of Relaxation Rate and Chemical Shift 

Control experiments were carried out to test the influence of 

metal ion contamination, dissolved oxygen, sample concentration, ionic 

strength, and proton concentration (D2o vs. H2o) on Pi T1 relaxation 

(Table II). 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 T1 value of purified Pi does not increase signi­

ficantly when 10-l M EDTA is added, indicating the removal of metal 

ions is complete. T1 relaxation aopears to be relatively insensitive 

to Pi concentration in the range 0.1-0.3 M and ionic strength in the 

range ~ 0.9-l .2. The T1 value increases two.;.fold at pH 7 when D2o is 

used as the solvent instead of H20. 

The pH dependencies of the relaxation rate (T1-1) and chemical 

shift of Pi in H20 and D20 are given in Figure 1. The chemical shifts. 

of P; are very similar in D20 and H2o. The close corresrondence of 

the first and second inflections indicates that the deuterium isotope 
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TABLE II 

Phosphate Relaxation Values 

Sample . T 1 (sec) -1 
T 1 - (sec-1) 

0.3 M unpurified Na2HP04 pH 7.00 

H20 0.69 1.5 

0. 3 t4 purified (Chelex) Na2HP04 pH 7.00 

H20 11.8 + 0.5 0.085 + 0.004 

Purified (Chelex) H20 12.3 + 0.1 0.081 + 0.001 

H20, degassed 10.1 + 0.1 0.099 + 0.001 

020 25.0 + 0.7 0.040 + 0.001 

o2o, degassed 23.2 + 0.2 0.043 + 0.001 

0.1 M purified (Chelex) Na2HP04 pH 7.0 

H20 12.1 + 0.3 0.083 + 0.002 

020 . 26.8 + 0.9 0.037 + 0.001 

0.3 t1 purified (Chelex) Na2HP04 + 

0.3 M NaCl 

H2o 13.7 + 0.1 0.073 + 0.001 

0.3 t4 purified (Chelex) Na2HP04 + 
:-

10-3 M EOTA 

H20 13.0 + 1.7 0.077 + 0.010 
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effects on pK1 a~d pK2 of Pi are nearly equa 1 and opposite to the deu­

terium isotope effect on the glass electrode {+0.4 pH units). 16 

Because of the absolute necessity of removing metal ion contami-

nants from samples in NMR relaxation measurements, we chose Pi as a 
3+ model study. Consequently, Fe was added to purified Pi' and the Tl 

relaxation rate was measured as a function of pH (Figure 2). The 

results indicate that very low levels of Fe3+ (0.2-1.0 ppm) have a 

pronounced influence oh P. relaxation. An explanation of the observed 
1 

curves may be based on the following equilibria: 

pK=1.5 pK•6o8 pK•lO.S 
H+ W"~ H+ 

H3PO,. H2PO-.- HP0-.2- Po,.s-
' 

~ 

Fe'+ J t Fe'+J t Fes+J t 
FeHlPO~t 2+ FeHPO,.+ FePo,. 

fes+ + 30~ ! Fe(OH)s ' pKsolubility = 36 

The amount of ferrous ion in solution should be negligible since the 

ferric ion binds much more strongly to phosphate. 

(1) 

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

uncharged form which does not bind Fe3+. At higher pH, hydrous ferric 

oxide forms and Fe3+ is removed from solution. Above pH 9 the Po4
3-

species is formed which appears to compete ~ith ferric oxide for some 

of the Fe 3+. The data at 0.2 ppm Fe3+ fit this model very well 

.I 
' i 

~ 
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Figure 2. 3+ .. 
Influence of added Fe on the T1 relaxation rate of phosphate 

ion as a. function of pH. 

i~aCl. (a) iio added Fc 3+. 

F-e 3+;p. 
1 

add:::d; 

The solutions contained 0.3 M Na2HP04 in 0.3 M 

(b) 0.2 ppm Fe 3+;P. added. (c) 1.0 ppm 
1 
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(Figure 2b). On the basis of the solubility product of hydrous ferric 

oxide one eipects a fall in free [Fe3+] to occur about pH 4. In view 

of the large errors in the data at 1.0 ppm Fe3+, the apparent shift in 

the pH maximum from 2.5 to 5 may not be significant. It is puzzling, 

however. that the relaxation ~nhancement does not seem to be linear in 

F J+ t t" . e concen ra 10n. 

Relaxation Mechanisms 

The relaxation mechanism(s) of 31 P in phosphorous compounds is (are) 

not well understood. Several investigators 11 •18 have investi~ated small 

phosphorous compounds and ctincluded t~at spin-rotation interaction is 

the dominant relaxation mechanism in compounds such as PBr3, PF3, and 

POC1 3• The spin-rotation interaction arises from magnetic fields 

generated at a nucleus by the motion of a molecular magnetic moment 

which arises from the electron distributi~n in a molecule. Since this 

interaction is proportional to the angular velocity of rotation, and 

inversely proportional to the moment of inertia of the molecule, in 

general, the smaller the molecule the more dominant will be the spin-

rotation relaxation. Furthermore, symmetric molecules with no inter-

molecular interaction will be most affected. Our T1 observation of Pi 

in o2o and H2o seems to reject the magnetic moment of the proton as a 

significant relaxer. This is because of the small variation of T1 in 

going from H2o t'6 02'0. A factor of 2 change is observed, instead of 

I{I+l) yH
2/S(S+l) y 0

2 = 15.9 as in the case of proton dipolar inter­

action, where I, and S are the spin quantum numbers of proton and 

deuteron; yH and Yo are the magnetogyric ratios of proton and deuteron. 

The lack of IJH 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 relaxation mechanism via 

the local fluctuating magnetic field caused by the anisotropic chemical 

shift tensor. We feel in a relatively symmetric molecule, Pi' this 

mechanism is unlikely. In addition, the relaxation rate via chemical 

shift anisotropy is proportional to the molecular correlation time Tc 

which can be related to the viscosity n and the 11 radius .. of the molecule 

b h 1 - 4nna3 h k . h B 1 • y t e Oebye formu a Tc - 3kT , w ere 1s. t e o tzmann s constant 

and T is the absolute temperature. Theref6re, the relaxation rate would 

be directly proportional to the viscosity if chemical shift anisotropy 
. -1 

prevails. The observation that T1 is shorter in 020 than in H20 is 

opposite to what one would expect from chemical shift anisotropy, 

knowing the viscosity.of.020.is 20% greater than that of H20 at 30°C. 

The other possible relaxation mechanism is spin-rotation which is in­

versely dependent on 1c and, hence, the viscosity n. This would explain 
-1 . . 

the shortening of T1 in o2o; however, the mechanism cannot account for 

a factor of 2 change in magnitude of T1. Nevertheless, we propose spin­

rotation as an important relaxation mechanism of Pi at the temperature 

the measurements were made. A small contribution from the proton-

dipolar interaction could compensate for the discrepancy in magnitude 

of T1. We gain further confidence by noting that the magnitudes of the 

relaxation rates observed in PBr3, PF3 and POC1 3 at the.same temperature 

as our measurements are comparable to the values we observe. A defini-

tive test of spin-rotation interaction is a detailed study of the 

relaxation rate as a function of n/T. The temperature dependence of 
• 

spin-rotation relaxation is opposite to that observed for all other 

relaxation mechanisms. 
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Figure 3 shows a first order 31 P NMR spectrum of ATP which consists 

of three peaks from the alpha, beta and gamma phosphates. Beta and 

gamma phosphorous give rise to a sharp triplet and doublet respectively. 

Alpha phosphorous resonance is a doublet broadened by proton- hyperfine 

structure from the c5•H 2 of the ribose. The phosphorous-phosphorous 

JI 1-r 2 spin interaction is abserved to 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 coupling constant seems to be caused by the formation 

of H-0-P bonds of some covalent character in the acidic solution. 

Similar decrease has been observed in condensed polyphosphate. 19 The 

coupling constant is, however, independent of the concentration 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'-monoph~sphate and guanosine-s•~monophosphate, and is appre­

ciably lower than the JPH values for phosphates of normal alkyl alco­

hols.20 Tsuboi, Kainosho and Nakamura 20 estimated JPH for pho~phorous 

trans in relation to the proton to be 22.1 Hz and gauche in relation to 

the proton to be 2.3 Hz. We therefore conclude that the ATP molecule 

assumes mostly a conformation in which the alpha phosphorous is gauche 

in relation to the methylene protons 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, 21 three potential energy 

·minima corresponding to the staggered conformations are usually found. 
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Figure 3. 31 P-NMR spectrum of 0.3 M 51 -ATP at pH 7.DO. The spectrum is 

the Fourier transform of 10 averaged free induction decay spaced 40 

. seconds apart. The reference is 50% H3Po4 in an external capillary. 

is an impurity present in the sample. 
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They are illustrated schematically in Figure 4. If we let Pt represent 

the population of the conformation, in which the ~-phosphorous is trans 

to c4•, then 1/2{1-Pt) corresponds to the population of conformation 

p 

H H H 

p 

H 

Figure 4. A schematic drawing of the three energetically i~vored rotamers 

when looking along c5•-o 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 J
0 

is given by the relation, 

J = 
0 

. 20 
Using the estimated value of Jt and J

9
, we calculate Pt to be 0.71. 

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

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 31 P in ATP as a function of concentration. The chemical 

shift changes are presumably due to intermolecular diamagnetic shielding 

of the ring current in the adenine moiety. This is consistent with the 

proton magnetic resonance f1ndings. Ts'o et ~. 22 have shown that the 

chemical shift of the proton resonances of the base is a sensitive 

probe for intermolecular association in ~ucleotides. furthermore, the 

nucleotides are known to form stacked dimers with a concentration as low 

as 20 mM. The relaxation values extrapqlated to zero concentration are 

presented in Table III. 

Table III and Figure 7 show the cx- 31 P having the most concentration 

dependent T1 and y-
31 P having the least. This is probably because y-

31 P 

is at the end of the phosphate chain and ·has, relatively, unrestricted 

and independent motion. The ex and a-31 P, because of a closer proximity 

to the adenine ring, are more influenced by intermolecular association. 

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

tation of pH dependent study.· 

pH Dependence of Chemical Shifts 

Figure 7 shows the effect of pH variation on the chemical shifts of 

demetalized ATP. This result is a refinement of that of Cohn and Hughes. 9 

In those previous investigations, which were limited by 16w resolution 

and possible presence of trace metal, the chemical shift of the alpha 

phosphorous appeared to be independent of pH and the chemical shift nf 

the beta phosphorous showed a linear dependence of pH, shifting approxi­

mately 1 pprn dmvnfield \'Jith decreasing acidity. Our data indicate that, 
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Figure 5. · Relaxation rate {T1-1) of ATP as a function of concentration. 

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

Concentration Study of 31 P Relaxation .Value in 51 -ATP (pH 10.0) 

a-P f3 -P y-P 

T1 (sec) T 
1 
-1 (sec-1 ) T 1 (sec) T 

1 
-1 (sec - 1 ) ( ) -l ( -1) r1 sec T1 sec 

4.95 + 0.31 0.20 + 0.01 8.64 + 0.41 0.11 + 0.005 10.57 + 0.26 0.0946 + 0.002 

14.7 0.068 l 18.5 0.054 12.05 0.083 

, __ -- .. -~ . i•- _. ...•.... ~---··- ---- ___ ,_, ... I. ' 

I _. 
N 
N 
I 



-<:::t 
0 

540 

520 

()_ 260 
r<) 

:r: 

~ 
0 240 
L() 

E 
0 
lo-

'+- . 220 
N 

:r: 

(f) 

I­
LL 

:r: 
(f) 

_j 

<l: 
0 

~ 
w 
:r: 
0 

200 

180 

160 

140 

-123-

• • • 

~---.....·~--• .____~---· a-31 p 

2 4 6 pH 10 12 

XBL 727-4697 

£j_gure 7. 31 P W"Rcher:1ical shifts of 0.3 M ATP in H2o solution. T!12 pH 

valu2s given are uncorrected for the deuteri1.1m isotope effect at the glass 

electrod2. 
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in the demetalized ATP sample, the chemical shifts of all the phosphorous 

resonances have a sigmoidal dependence on the pH with inflection points 

around pH 6.0. This apparent pKa is considerably lower than the 6.48-

7.68 values reported from glass electrode and other spectroscopic inves­

tigations.23 This pKa value corresponds, 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 reflect the effect of overall 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 31 P studies of ATP 24 had shown a strong dependence 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 molecul.e or whether 

the pH dependence could simply be explained by interaction of unremoved 

metal ion contaminants with the phosphates. The results of a pH depen­

dent relaxation study on both demetalized 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 de~eta1ization 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 

s 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 s and y phosphorous nuclei in the above 

stated conditions be at least 11 seconds to,within the limits allm·1ed by 

the signal-to-noise ratios. 
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Figure 9. Tha r1 -l relaxation rate of commercial ATP sample (Sigma) 

without demetalization. 



TABLE IV 

The pH Dependence of 31 P Relaxation Values of Demeta1ized and Undemeta1ized ATP 

Sample I pH a-P B-P y-P 
I 

-1 1 -1 -1 ( -1) T1 (sec) Tl \sec ) T1 (sec) . T1 sec T1 (sec) 

Dem2talized 10.0 6.13 + 0.54 0.163 + 0.014 14. 1 + 0.74 . 0.071 + 0.004 13.58 + 0.34 
(Chelex) - -

ATP (0.3 !~) 7.0 6.34 + 0.51 0.157 + 0.013 11.67 + 0.81 0.085 + 0.006 8.74 + 0.93 -

2.0 3.00 + 0.25 0.336 + 0.027 4.57 + 0.28 0.218 + 0.014 2.55 + 0.23 
-

Undemeta l i zed 10.6 1.48 + 0.05 0.676 + 0.025 0.77 + 0.06 1. 30 + 0.09 0. 71 + 0. 03 
(Sijma) - - - - -

ATP ( 0. 3 r~) 7.0 0.72+0.06 1. 398 + 0. 113 0.24 + 0.03 4.37 -+ 0.55 0.21 + 0.01 -

---- ~ 

-1 ( -1) T1 sec _ 

0.074 + 0.002 

0.114 + 0.012 

0.39 + 0.036 
~ 

1. 41 + 0.06 

4.73 + 0.25 

I ...... 
N ......, 
I 
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Figure 9 shows the relaxation rates of a and a phosphorous nuclei 

in the undemetalized ATP have almost identical pH dependence and the 

rates of all three phosphorous nuclei decrease ~s the acidity is in­

creased. A" similar explanation as that in the case of orthophosphate 

can beapplied here- i.e., at high pH, hydrous ferric oxide starts to 

form and Fe~+ is removed from solution and, consequently, T 1 relaxation 

rates become short'e,r~ Because of the complexity of the ATP-iron equili­

bria and large nu~ber of equilibrium species involved, it is not possible 

to establish the equilibrium constants· from our data. It is most curious 

to observe, in the undemetalized ATP sample, that a and y-31 P have much. 

larger relaxation rat~s than a~31 P_in the whole pH range tested (4.0-

10.6). ·. Furthermore, the line widths of,the a and y-31 P resonances are 

affected significantly more than that of a- 31 P. The P:...P splitting of 

a and r-: 31 P resonances cannot be resolved for pH lower than 8.5, whereas 

the a-31 P resonance stays ~s a doublet until pH 5.0. The broadening of 

the phosphorous peaks due to the presence of paramagnetic impurities is 

illustrated in Figure 10. Considering that a and y-31 P resonances are, 

intrinsically, muc~. s_harper than the a resonance which is broadened by 

the c5• methylene protons (Figure 3), the broadening effect on the a and 

r- 31 P peaks due to paramagnetic transition metal impurities is remarkable. 

These.evidences suggested that the a andy phosphates are involved more 

strongly in the bindirig of metal ions (presumably, Fe3+ and cu2+) than 

the a phosphate (see discussion in Chapter II, section C}. This finding 

agrees with the study of Sternlicht et ~. 11 on Cu-ATP complex, where 

they proposed that the cu2+ binds predominantly to the a and y phosphates. 
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Figur'-' 10. 
31

P-NMR spectrum of 0.3 M undemetalized ATP at 

pH 8.5. TlH' spectrun1 is the Fourier transform of 6 averaged 

free induction decay at 15 seconds apart. 
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As a result of demetalization, the relaxation times of phosphorous 
. . . 31 

nuclei are an order of magnitude longer. The a- P has the shortest r1 
in contrast to the undemetalized ATP in which a~ 31P has the longest T1. 

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

ions. Figure 8 shows that the T1-l curves of B andy phosphorous nuclei 

as a function ~f pH have inflection points around pH 4.4 and 6.4 corres­

ponding, approximatelyj to the pKa's observed by glass electrode. The 
·. . . -1 

a phosphorous, however, has a T1 that linearly increases when the pH 

is lowered below 6.0. The relaxation time measurements indicate an 

ionization scheme where first protonation (pKa 6.5) corresponds to 

adding a proton to the y phosphate group and the second protonation 

(pKa 4.0) corresponds to adding to the B phosphate. The protonation 

of the a phosphate is not observed (pKa <2.0) in our measurements. 

Relaxation Mechani~ms 

It was observed that samples of ATP dissolved in o2o relaxed with 

the same rates as samp~l~s..:dissolved in H2o and in addition showed a 

dependence on pO similar to the pH dependence. Relaxation rates of 

tripolyphosphate in 020 were also the same as those measured in H2o. 24 

The observation that the measurements yield the same results in o2o as 

in H20 shmvs that the magnetic moment of the proton ~Jhich is being 

titrated makes no significant contribution to the relaxation rates. 

This is not surprising, since the phosphorus-oxygen bond prevents 

protons hom approaching very near to the 31 P nuclei. 

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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Therefore, the random motion of the molecule which determines the 

relaxation rate is pH dependent. However, the following observation 

tends to argue against concentration effects as being responsible for 

the pH dependence of the relaxation rates. Ts•o et ~ .. 11 have shown 

that a sensitive probe for intermolecular association in nucleotides 

is the concentration dependence of the chemical shift of the proton 

resonances corresponding to the 2 and 8 positions of the base. Any 

change in the state of association should be reflected by a change in 

chemical shift of these proton resonances. Recent measurements26 of 

the pH dependence of the chemical shifts of the 2 and 8 positions of 

the adenine 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 of pH in the concentration range of 0.5 to 0.001 molar. 

However, these proton resonances are strongly concentration dependent. 

Thus, changing the pH from 5 to 9 does not appear to change the state 

f . t. T. f l tl h th . t d f th 31 P 1· t. o. assoc1 a 1 on. ilere ore, a 1oug e magm u e o e re ax a 1 on 

rates in ATP is concentration dependent, but at any given concentration 

the rates wou1d not be affected by pH changes in the range 5 to 9. 

If the extent of intermolecular association is rejected as the ex­

planation for the relaxation-titrations, t0o other mechanisms, both of 

whicn could be pH dependent, are possible. These are: (i) chemical 

shift anisotropy, and (ii) spin-rotational interaction. 

Tile anisotropy in the chemical shift as a relaxation mechanism 

offers an explanation for the pH dependence of the relaxation rates 

in ATP. The lack of pH dependence in orthophosphate and tripolyphos-

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

tropy by noting thvt these two molecules are symmetrical at the position 
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being titrated, whereas ATP is not. Therefore, changes in the pH might 

be expected to change the anisotropy in the chemical shifts of ATP but 

not in these other two molecules. The chemical shift anisotropy in 

pyrophosphate has been measured. 27 The 31 P chemical shift tensors in 

the pyrophosphate group show axial symmetry about the bond between the 

phosphorous and bridging oxygen atoms. It would be reasonable to assume 

a chemical shift anisotropy of similar order of magnitude (100 ppm} 

exists in tripolyphosphate and ATP, and hence, causing relaxati6n. In 

the extreme narrowing limit, which is the situation in our case, the 

relaxation rate due to chemical shift anisotropy is given by5 

(2) 

where H
0 

is the de magnetic field, a
11

· and cr1 are the parallel and per­

pendicular components of the chemical shift tensor z· Assume 'c = 
-10 -1 -3 10 sec, T1 is estimated to be ~10 sec. This is certainly insig-

nificant.· However, without an accurate determination of the values of 

(cr11 -cr1 ) and 'c' relaxation via chemical shift anisotropy cannot be 

rejected. 

Spin-rotational interaction has been invoked to explain 31 P relaxation 

of orthophosphate earlier. Considering the size of ATP compared with P1 

and other small molecules, it is difficult to see how the spin-rotational 

interaction would be significant, unless the localized motion of the 

phosphorus nuclei in each molecule were responsible for the dominant 

relaxation process. However, since this mechanism depends on the elec­

tronic charge distribution around the 31 P nucleus, the pH dependence 

could be explained. 
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E~ther Df these mechanisms can explain .the concentration dependence 

stl.ldy. In the case of spin-rotational interaction, if Hubbard relation 28 

and Oebye formula are used to express the angular momentum correlation 

time, then, for molecules undergoing isotropic molecular reorientation 

the relaxation rate is given by 

(3) 

where I = Ma 2 is the moment of inertia of the molecule, M is the mass 

and a is the effective radius of the rotating molecule, h is the Planck's 

constant. Ceff is the effective spin-rotation constant 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 

(4) 

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

association constant of ATP dimer (KA = 5M-1), 25 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, r 10-l, at 0.3 M is given by 

T -1 
10 

. -1 
3.8 TlM 

Tllis result agrees vlith the a-P relaxation rate change (Table III), 

v.mere a factor of 3 change \vas observed between T 1 -l ·at 0. 33 M and 
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Tl-1 at infinite dilution. However, this agreement could be fortuitous. 

In the case of chemical shift anisotropy, the same relation as in Eq. (4) 

can be obtained from Eq. (2). Therefore, a similar argument can be 

given. 

From the. measurements completed so far, definite conclusions are 

not possible. Ho~ever, a study of the temperature and magnetic field 

dependence of the~~\~elaxation-titration effects should lead to an ex-

planation for thes~;observations. 

·. 
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APPENDIX I 

31 P-HOMONUCLEAR FOURIER TRANSFORM DOUBLE RESONANCE 

Several forms of homonuclear multiple resonances are commonly em­

ployed in conventional continuous wave NMR spectroscopy. A nuclear 

magnetic double resonance employing the Fourier transform technique· 
. . 1 

with continuou~ wave preirradfation (H2) has been reported by Freeman. 

We report here an analogous experiment of Fourier transform double 

resonance (FTDR). The experimental procedure combines the standard 

pulsed-Fourier2 and time-shared3 modes of operation, for which an appro­

priate pulse sequence is showri in figtire 1. A non-selective pulse at v 1 
mutates the complete spectrum through a suitable angle followed by digi­

tizing pulses at rates appropriate to the 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 Rf at v2 is applied to the system. 

Fer digitizing rates large compared with i~direct coupling constants, and 

for values of yH2 less than the couplings, lines which are coupled to 

that at v 2 exhibit spin-tickling4 effects. For values of yH2 greater 

than the J's, decoupling of the other lines results, and ultimately for 

appropriate values of yH 2, relaxation rates, and relaxation mechanisms, 

Overhauser enhancements will ensue. 

The time-sharing prevents the Rf at v 2 from entering the receiver 
. ~. ' 

while permitting observation of the signal resulting from spins preces­

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

i .,~ 
I 

"': 
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Figure 1. The pulse sequence of H1, H2 and receiver used in FTDR experi­

L1::nts .. t is the pulse le:-~gth of H2 and T is the digitizing rate. A 

typical length of = 10 ~sec, T = 500 ~sec and n/2 H1 pulse is 40 ~sec. 

r 
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of double irradiation of a single line5 are manifest in the 31 P FTDR 

experiments and illustrated in the accompanying Figure 2. Th~ experi­

ments have been carried out on an extensively modified Varian HR-60 

spectrometer with a PDP-8 cdmputer and Data Disc. Rf pulse lengths 

and timing intervals are derived from external programmable time bases 

commanded by the 'PDP-8 computer. Two Hewlett-Packard frequency synthe­

sizers are used ~~d the transmitte~ amplifiers are isolated from each 

other by a Rf relay switch ( Dai co Industries). An externa 1 proton 

reference provides the field-frequency lock for the system. 

In Figure 2, the irradiation of the lower field resonances of tri­

polyphosphate by v2 have produced two side bands for each resonance of 

the doublet placed symmetrically about v2. The resonance condition of 

the side bands has been derived for a weakly coupled system5 ' 6 and is 

given by 

where v is the observed resonance frequency, va is the resonance fre­

quency of group A phosphorous nuclei in the unirradiated spectrum, t is 

the length of the v2 pul~e and T is the digitizing rate. Qualitatively, 

the side bands can be understood by considering the spin system in a 

frame rotating ~Jith the angular velocity -v2. 

perform a precession in the effective field 

The magnetic moments 

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

\'lhich can be decomposed into two couterrotation components with the same 
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Legend to Figures 2a and 2b 

The FTDR spectra of tripolyphosphate {Alfa lnorganics), 0.3 M, 

pH 10.0, ambient magnetic temperature 30°C. The effective Rf irra­

diation yH 2t/2nT is given in Hz in each spectrum. The theoretical 

calculated line positions and intensities are given below each spectrum. 

(a)_ is the unirradiated spectrum with Jpp = 19.0 Hz; X denotes 

impurity. (b) through (d) show the double resonance effect when H2 is 

irradiating in the middle of the doublet. There is a small amount of 

H2 leakage through the Hewlett Packard mixer used for receiver gating. 

l~h en the amplitude of H2 is increased, the resonances of the doublet 

move further apart due to side band modulation, which is discussed in 

the text. Spectra (e) through {g) show the multiplet splittings when 

the lower field line of the doublet is irradiated. In these spectra, 

the pair of side bands symmetrical about the irradiating frequency 

can be more clearly identified. (i) and (ii) denote the two pairs 

cif side bands associated with the two resonances of the original· 

doublet. 
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angular frequency, yHeff/2~, and amplitudes M+ = M
0
/2 (l +Cos e), M_ = 

M /2 (l - Cos e) where Cos a = 2~ (v -v2)/yH ff' M is the unirradiated o a e o 

intensity. When v 2 is on resonance the side bands are of equal inten-

sities,·but half the magnitude of the unirradiated resonance. When 

(va-v2) >> Y~; , one of the side bands M_ becomes negligibly small, 

whereas M+ approa.ches the uni rradi a ted intensity M
0

• The separation of 

the side band~ provides an accurate calibration of the amplitude of the 

Rf field H2. Furthermore, knowing the unirradi~ted splitting of the 

doublet, the exact resonance condition va~v2 = 0 can be determined 

precisely. 

Figure 2 shows a typical AX2 spectrum where the chemical shift 

difference is large compared to the spin-spin coupling. The irradiation 

of the end phosphorous causes a splitting of the original triplet of the 

middle phosphorous into submultiplets. These spin multiplets agree 

reasonably well with theoretical prediction. 7 The total integrated 

intensity of the multiplets appears to remain constant as H2 is increased 

from zero. The relative intensities of the triplet also remain 1:2:1 

for weak pert~rbing field, yH212~ ~6.5 Hz. 
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APPENDIX IIA 

Program ROTSTRN, a Fortran IV program for calculating the rota­

tional strengt:b:.as a function of bond rotation. The transition moment 

direction, str~~ngth and center are also computed. The program has the 

option for either monopo 1 e approximation or exact integra 1. Further­

more, the program allows option for self consistent field computation 

of the polarizable bonds. 
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90S 
90f 
907 
90S 
9 (lc; 

·:-91" c 
·FC~MAT( 0 ~~~AL V~tUf FOR RBANO TN T~IS CONFIGURATION= ~tEiS.Bl 

.. _f_Qr.;Mf.T ~o~nllfl. r'YI!Ji.~_!_,./o~,:~P..• ~-~~C~QS~~!.fiF~ _ _()l,.,_*-.!.J_· --------­
fr.~:;MATCt!OTl) 

9ll f()r:M~TllX~tSi TERHt; «tLL RE USED TN THE MULTIPOLE EXPANSION OF THE:.. 
S PCTENTIAt. (J~ ZrROt MONOPOLE A~PnOXl~ATION IS HADEJ~t/ 
!7ttX t* CIF •· EG~i'IVr: •EXACT INTEGRALS ARE USE.O)OJ 

913 FOIOr-tt.T (.Q.iit-Ot-0 Rf'T.1TION PARAf'So,/,* 80~JO r-.o.,xt,X2,Ar-.tGLE,NPTS,NROT 
______ ss• f~ =-~~-~ .. --.-- -----...------- -~:.._ ____ . _, _________ --::--:~~=-------'-----

914 fCFMAT(l~T~t2Xt2(A~t*(*tllt*J*t2~)tE15.Bt2(5XI5ltlOX,4A6 
91~ FC~HATtA6~4X.~6t~~.2~10•6) 
916 F~~~ATCtx.~t'~··ci.t~,•Jo,jx,,zcEis.a,sxtJ 
91~ F~~~ATCoo~CLtRilAHTLtTIES0/0 PTl PT2t PAHALLELtPERPENOICULAR CO~P 

. . 'C~FNTS*• . 
_____ 9le _ Fc~:-iATtA6.4X3tF':I.~~lxll. _ -~-· __ ~--------· --·----'--·-------

91~ FC~MAT(o ~lELnS AT T~E RESPECTIVE POLARIZABILITIES WILL COMPUTED 
§SELF•CCNSi!T~MTLV~~ . 

92~ Fnr.;MAT(8CAtt4X)) • . _ 
921 FC~M~T((l~XtE(A6t*(*•Tlt0 )*t2X))) 
922 FCc;MATC 0 Prit-T HUH6E~i,i3,o INMU=r•El5e8flHt•El5e8tlHttE15•8tiHJ) 

; __ _c ______ -------
~ ~ET UF EPSILO~ 
c 

_ lOL.: 

c 

cc 101 I=i,3 co 101 J=i,J 
tr. 101 K:t,J 
EPS IL( h.J • K l.= Q---------------___;,----------"-----­
Er:siLClt2•~)=l• 
EPSIL(2t3el)=l• 

fFSIL<~tie2l=t• 
EP51Ll2tl.::J=-l• 
fPSILClt3.2l=·l• --~­
£PSILCh2•1J=-l• 
CALL UATO::.rCO,..?!TC2~:H) 

Cr."'Tlfi.Ut: 
S::F:A'J 9C3, CCC':II\!T rtt tT:ilt24) 
Fctt~'IT c;o4~CO~:!T 
IF (CC=-11\_T _( j l •EJ•Et-•OFlU _CALL EX.l . .T. 
"EAD 91~, I~[!CtiP~l~telPRT2 

·--~.-------------·---·····-.- .... 



.. 
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--C-- --------·- ---·------~=-------- ------------.,--------c ~E•c I~ coo~ci~iTEs 
c_. 

lFCI~DICC~).~E•Cl ~0 TO 401 
·F:EA!J 9C2•"CPTS 
Ct1 3Gl K:l ,t;.(pTS . 
JiEAll 9HJ,pr H .. TS <4.!!l. tPOlNtS U t.Kl..~l~.it3~------------­--l0l. CC~TINLE 

40l FJ:y~IT c;oq 
tc J:l K=;~!l.irPTS 
F~I'·JT c;(il:.!( • C (POtr.;·S(ltK) •t=it4l) 

.Jsi · ccr- rrr:LE 
·._c ___________ ·-------------------""'"------------------

e ~E'c ~~ FIELc F~RA~~,E~s 
c 

CALL MFREAr. (T~Alh-'llt Tt:EtiT eltiDiC (3) ·, 
IFCI~OICC4>•tt•0> ~o TO 403 
~E~O qcz. ~TEe~ •ISCF 

... 40j , :FPI NT c; 11 ~ ~ TERJ"l-'-- ~-~: ----------------------------
.: .. - ·. IFCISCFoE,.OJ PRi~IT 'H9 
c -
C Q[AC .tN PCLA~TZ~~ILifi C~TA 
e 

I~ci~OICC~).~E·O~ ~0 fO 404 
----·· .. -~EAO. ....9..C2, ~,.,AX--

. CO 303 K:i,K~AX 
· ~F'O 915 .~~FnL1fK)t~~POL2(K~t(PO(PRN(l,K)•I=1•2J 
lkFOLlCK)~C . 
IKF0L2CK>=C 
tc 3:'!4 K?.:l ,,..r,PT~ 

. -. 

--· _:__lF!Xt<.PCLl Ct<) .r:J.PortJTSC4tK2l 1 IK.POLl (KJ=K2. ______________ _ 
lFCXKPCL2Ct<>•FQ•POTNTS(4tK2l)JKP0(2t~)=K2 

304 - CCI\ TI rJL E 
IFf (li<J:=OL] CK) .EO. ~l .rR. liKP0L2 CKl .EQ. 0)) GO TO 8000 
Ccr. TJNLE JOJ 

404 F~tNT t;l7 
-. -·--·-- .tc_ 3(.15 .1':: 1,Kt-· l.X. ______ _ 

;30~ 
c 

FAt fliT ~il f. • xKFnLl CK) t JKPOLl (K) t XKP11L2 :(K J t IK~ .... L2 (10 t C PoLPRN Clt K) t I= 1 
s,t~t· 

CCt<TINLE 

C. PEAC !N BCND ~OTiTIO~ OA~A 
---C--- -----·------- ----- ··--·· -----

IFci~orcc~l.~E-0~ ~oro 405 
f=EJD 9;:2,~FOII.Q 
IF(N~O~U .~q.~) ~G TC 200 
Co 2Cil I:;,NFnNO 
I=EAO 9:S,xt (I) t:.<2.(Tl •••TIMES(!) ,ttPTS (I), Cf!f~!JICitltJl ,J~lt4) ,NROTSCIJ 

-----·-· IFrtli<::JTS (t) •E·1•~l •:Rr.TS(IJ:::tiTh,ESti) 
· h:ELF. (!) :; • op {/l-IT I vE~ ( 1) 
•.,;P~T="JFTS C J) 
IXl €I l=O 
IXeCP=O 
CC 2n5 K2~l~~~PTS 

,. --·- .lFCXl (I} a~="t.:•FoltiTSC4•K2) L IX} CI)=K2----------------­
IF CX2 (I) .~c eFOitlTS f4 •K2)) IX2 (I) =1<'2 
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~-....... . 

- -2C~ - -C~~ TINLE . -- ------ • 
IFrt~lCil.E0•6•0R.tX2tl).EQe~) GO TO SOOZ 
FEAU 920•tXP~oTO(j,l)tJ~ltJROT) 
co 203 J=f .JJ::oT . · 
IF~OT~(J,Tl=r -
CO 2~4 K:i,NCPTS -

. ···-·IF C Xr:-P.cTo <·J t (l .EC.P:O~NTS CittKU IPP.nTO (.,Jt Il~-"---------_;.,.-
204 CCI\ TTNt..E 

. ZCl 
20i 

IFCIPRCTDt.Jtll•EO.~) GO TO 8002 
cc~. TpJt..E . : 

CCr< TJr~LE 
~PL0T=~ROT~(~~ON6~ 

~--. ______ ,srE;.:.=MJ13Lt: tt· r~o,~r, o57.2957a, __________________ ___ 
·CO 2r;2 I=; • NFt. OT 
XPL0TCil=~L0t~(I-i~ 0XSTEP 
C~l\ TINI.E 
XFwAX=XPLnT<~PLOf~ 

-. • .J~!NCR:XP~~X/JOO, • _ · 
_.;. ~ 0~ .:· __ .IF (I~·~ 01\ 0, ~E:t; • C L GO __ JQ_2.0.0!__ _____ .;___~......,.;:._ _____ _;_ __ _ 

ICt;q6D=NBI'l~D 
. FAiiH c;13 
~C 210 l=i•N~ONO 
It.r.Ex (I J=ry 

--
~RXNT c;l4~ItXiCI\,jXi~I)tX2CileiXiCI~tANGLE(I)eNPTSCiJtNqOTS(j), 

... ---. s CP.f\J~·IC ( tw'J) 1.1=1.4).. _______ .... -.~--·---
Fcy~T t;2l,(XF~OTc~jt]ltlPROTO(Jtl~tJ=l•JROT) 

2lt CCt. TINLE 
200 CCII. TINLE 

·FAINT 'i04~CO,.-t.'JT 

CC~TINl.E 
tc lo4 K=i,KfiAX 
FP:O 
ll(l=tKFOLlCK) 

------ ___ 1"2= I KF 0L2..tX1 ___ ------------- __ _:_ _______ _ 
CC 2o I=l.~ 
FrtPT(JtK):O.~~(POiN~SCltiKl)•POtNTSCltiK2)) 
~~r.CitK):PCLFTll,~)-TCENT(j) 
I,...,!J(ltK):O• 
~fJ):PCI~TS(I,lKi~-PCJNTSCitiK2) 

_20 _. ___ F.P.=R~ •c U >..!t.D_l tl. __ _ 
c 
c 
c 

EV~LL4TICN nF FoLAQiZA2ILlTY T(NSOR AT POINT K 

~tFF:PCLPc,(j.Kl-P~LPRNl2tK) 
lF(D!FF.E~.o.j Go yO 21 

______ f<P:S;:~T (PPJ __ -----------------------------

51 

. CTr:::r,C;:)/OF 
-ST~=SQRTCi.-tfP•~i~ 
fOP:P.,.'oSTP 
IF' (l~r'.EO.-i) <:n To SO 
.(~5==1: ( 1) /OJ: 

.; SPF=C (2) /PF_ -·- - - --- - .. - .. - -----:----------"'------------
1FCL<1,2t~)=CifF~~STF~STP•cPPosPP~ 

----'-'· ___ ..;....; ...... ~--- -· 
• 
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JCPCL ( 2 • 1,~) :)(POL.'(} • 2, K) .. ------------~--------------­
~PCll2•3•~l=[TFfoSTPocTP•SpP 
JPCL(3.2t~l=~~0L(ie3tK) 
XPrLtlt3~~l=rrrF~srPoCTP•CPP 
~FCLC3~l,~)=~P0L(j,J,KJ . 
~PCLCltl,~)=F0LPR~CZ,~l•tCCTP~CPP~oo~+SPP•~2)•POLPRNCltKJ~ftPP•STP 

s1 ••z ---"-· _____ -~- ,-~--__ _::_-'- :_ __________ --= =-=--=~,..-----.-,-~--::=-""-
xFrLc2.2,~,=F"LP~~cz,KJ•<ccTP•SPP,••2•CPP~•2,•POLPRN<l•KJ•tsrP•SPP 

s1••z . · 
XFCL(3t3t~):FnLP~~(2tKJ•STP*o2+Pn~PRNC1,KJ•CTP••2 
Go Tc 104 

50 SFF=l. 
_ . _ ------ _._CPF=(I. ___ _ 

21 
-GO TC :1 c, 23 L=i ~~ 

22 
:23 
.104. 
c 

co 22 ~'<'=i .. ~ 
)CFCL,Ltt-1ti<)=C. 
~PCLCLtlt~)=~oLPRN(ltKJ 

.COI\TlNL.E.__ __ ~----------_:_..--=-~---'-------

t 
c 
c 

C~LCLL~TION CF iNOUC£0 DIPOLES 

~XTER~AL FIE! C PART 
to ll5_K=l,K~'<'AX 

. --· ----- Ip~Joi{-J__ -----'-'--------------.,-------..;....-----

10:! 

CO le3 I=i ,J 
e CIS• I) =c. 
EFTOT( I) :n s 

CALL MFFELC(FoLPT~itK)tEFTOT,NTERMJ 
. co 6o .L=i ·-~ ______ to 6!Ll'=l ,3 . . 

60 eCtri+LJ=Bft8•Ll+XP~L(LtMtKJ 0EFT0T(~J 
115 CC~TlNLE . _ 

IFfiSCF.~~.OJ GO TO 110 
c 
C ytJTEFlP.I.L FIEi.C i:nUPLi~rG TENSOR EVALUATION· 

.__:.c._ ______ ------ .. --- ------ -------- ----------------'-:-...;..;..--'--
"IFCK~A~.E"-1> GOT~ 110 
IAPJX::3*KI"~)C 
CC 120 I:J t Ur-~X 
CO 121 J=i, I~r-1X 

121 ACI•J>=O • 
... l2L .. .aUt!>=l •. ~ ----­

co 122 Kl=~t~~AX 
tt2~o~4X=Ill•l 
l4Kl:3°Ki-~ 
CO 122 K2~ltK?MAX 

. !AK2:30K2-~ · 
---C ---· ---------

C cALCULATE rcr,J) 
c 

F<CiST=C • . 
to 123 I~i,J 
f: ct » =PCLPT n;;.K > -PnLPl·r 1 •KZ) 

. ' 
' 

------- C:r.!ST:I=(;IST+,'i; .(I) •r-H-l)-...,--'-----· ________ ;___....;_ ___ ~.__ ___ _ 
123 CC" TINLE .· 

- - .. ----------- ·--------
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-------···---
- -··- I=C I ST=SQ~T C HC jSTl,:...: ----~-------~-,--------­

Tr.tAG=1./CC15T003 
£C 124 1=1· ,3 
te.12s J=i,J _ . · .. 
TtJ•~>=-~.•~Cy) 0~CJ)/AOlST••s 
TCitiJ=Tc;,I>•TDi~G 

·----·· cc 121 .11~1 •3 · 
co 121 JJ~l•:! 
tr 127 KK:lt~ . 
~iJA~2•I!,tA~i•JJ~~ActAK2+Il 9 IA~l+JJ)+X?OLClleKK,K21oT(KK,JJ) 

i27 
'(TA~l•ll•JAK~+JJ):AC!AKl•IltlAK2•JJ)+XPOLL11tKKtKlJ•TCKKtJJ) 
CCr- TtrJLE . 

-· 122 
c 

---CCt-.TitlLL.--- -~---'-.,..-------~------'------------

c T~VEAt ~Af~ii A~5 SOLVE FOR INMU-S 
c 

C'L.L . c . . S1ME~C4t90tii~x.o,OETER~) 

__ . .-_c_·_·. ~ECCFY r.C-. .. 1!--'~ u~ .. s ___ _ 
c· 
11a CC 1{'7 K:i,KrotAJC 

IP=l•K-3 
CO 107 I:i,J 

J07 lM·~~~_!_tK_);;E(JR+fJ . 
___ c_ ·---·-- -. ·---------·---=-=-

c EV-LlATlCN. OF FOTATJ~NAL STRENGTH 
.c.· . 

. lSG. F:P.ANC=C 
· CC 1Q2 K:J 9 Kr-6X 

.. IFCIPR1NT.~E.5> 
.. --C----·.·-·-·-. __ . -· 

C TRIPLE PS:.ODIICT 
c 

TPS:OC=~ rc 7o L.=i ~:! 
to 7o ,=i.:! 

PRiNT 922tKt (1NI1U(ltl() •I=lt3) 

-- ~ . 

·---.- cc: .. 70 t-=1.~. -~---- ,-.--- ··- --··· . - ·---· .. -------- ----
70 TP~OD:TPPn(+~~0(L,<)o~PSIL(M 9 N 9 L)oTRANHU(MJ•JNMU(NtK) 

F~A~C=~BA~C~3.84E-39~TPROOiTCENl(4) 
102 C~l\ TI~!LE 

IF<NeOhD.~C·G~ GO to 30 
I~LOT=INOFl(J~UR~ri~•i . 

. ____ YPtOT < Ie.UH) :q8AN[J __ 
c 
c 
c 
30 

iRI~T FINAL VALL~ ~OR R~iNO lN THI~ ~CN~IGURATlON 

CCt.. TIM .. E . . -- , .. --··--·· 
. IF r IPRT2.!="c .c; Go ro -Jz· 

.---· _fr:ctrlr_ 90.9 ........... . 

31 
32 

tC 31 ~=l,~D~TS 
FPJNT ~06.~t(P0INfSCTtKltl~lt4) 
cc~ Tt~JLE 
cc~ TitlLE 
F~TNT ~~8 ,ReiNO 
..l£F~EO~ D a FC • C L. Go _jo __ l 0 00. ~--. __ ...__ ___________ ..;...... __ 
Fi;Jt\IT t;07. (lt>a)~X(t) •t=l•NBONO) . - -··-----.--."·--·-· 
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..... - -------·--··--·- -------
------ -IF t I~.OEX (li!J;C!-..~1)-a.!!is..,.t:r:;n!St.NHOII:OJJ Gn-T0-2.o~Q..,3 ________ _ 

FJ:Oy~H c;u4 •CO"'·IT · _. . 

--- C4LL P~f·Jr'L T C ll;.iLOT, vPLOT t XPt1AX t XPt~JCR, YMAX t YHJCRt 0, lt~JPLOT) 
FI:OFIT c;o7, Cl":JEXCt) • !=ltNBONO) 
F I= I' J T c; l. 4 , C C .. till T 

20C3 Il\rEx ( IC•,•6:;U) ~H!Df:V ( tCUR80) •i 
·-~---· .IOtO=ICU~rit . --- _____ __ ----=--~-.;..;,_------

IFCl~UEXcTC~~~O),GT•~~OTSciCURRDJ) GO To 2001 
IXlCUR=Ixi C ICiJ~bO.) 
llC2CUR= I~=' (I CIJ~Hr., 
CaU. SETPI'lT (f:Olf!TS f 1, t XlCUR) tPOI~ITS ( i • I X2CUR) tANGLE ( ICURF30)) 
I~AX:NFTS~tCLRilD~ • 

__ CC 20C4 I~hl:•AX_:_ __ ------­
KwrT=IFNOTCCJ.ICUR~O) 

20C4 CALL RCTJ'T~ Cl=oHITS f !.KROT) ,X, X) 
LPC~'-10= I CU~F 1.1+ ,-
IF CL!"l0r,O.~T .~.oo~UN['') GC TO 2005 . 
tr. 2(!0~ L=Lt;)C•JOtP.'fH')NC 
:ll\tEX(Lhn .. 

20.0'-. C~l\ T I Nl.E 
ICLRF.ID=NBf'I"O 

200~ CCI\ TINLE 
. GC TO 200n 

·~--

20Ci ICLRi4D=tCtlfO~C-l . 
. . --=--IF c Icy~ UO. E Q. :!.:L:GO-.J.Ll.O.D.D ______ ____.. _________ _ 

GO TC 200~ 
80~ij . FRINT ~8n~ 

. 98~~ FCR~AT<~lFOt~RIZi~ILtTY SYM~OL ~OT i~ DATA SET0 t 
CALL EXIT 

8Cf~ FRJNT ~8~~ . . _ . 
.. _ 9&C2- f~C::MAT .c• ~~CHT.lOtLE_OINLS.Y.i:!BOL_~n.r._I_N.llAl4_S.ET0::..ol!...------­

CALL EXIT 
£1\:C 

.... --------·-----



c 
c 
c 
c 
c· 
c 
c 
c 
c 
c 
c 
c 
c 

1 

c 
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SUBROUT P~E ROT I\ TEl Xl, XZ, ANGLE) 
PR~GRAM FJR R!1T .\T IJN 1\B:JJT AR:HTRARY AX IS • ARBITRAF.Y A~GLE IN 3-SP~CE 

f\ IGHT.;~A~HJ~O F.OTATHm ANi) CCJ~DW4TE SYSTE't USED 

CALLING SEJUENC~S . 
lJ CALL SETPOT()(l,lCZ,ANGLeJ 

S~TS UP TRA~SLATIUN VECTOR ANO ROTATION ~ATRIX FOR RCTATICN OF 
AI~Gli: •A'\IGLE• A30JT .\.ICIS ~HOSE + UIRE:CTICt. IS O;FINED AS THE 
VECTOR DIR5CTE~ F~OM ~Xl• TO •(Z~ 

2J CALL ~OTATCIATI'J"hXtO . 
PERFORMS THE ROTATJO~ OESCRIBEO IN THE LAST CALL TO SETROT ON THE 
PO INl: ·~AT0'4• 

ou-tENSimJ ATOM I 3,, ,R C3 ,3,, xTRANSC 3,. SCRAP c 3J .xlC 3J ,xz c 3 • ,o 13, 
CO 1 I•l.3 . . 
SCRAP II J =( 11 I J-XTRA~IS ( 1 J 
ou 2 1=1.3 
Xl (I) =.<T~ANS I It 
DO 2 . J=l,3 
Xl(IJ=XlCIJ+RCI~Jj•SCRAP,JJ 
RETURN 

INITIALIZATia~ ROUTINE 

ENTRY SETROT 

C ANGLE IS ASSUMEO IN RADIANS 
c 

3 

5 

SW•SINCAN~LE) 
CW= CCS UNGLEJ 
RADzO • 
DO 3 1=1,3 
JCTRANSCI J=Xl ( IJ 
0 ( I ) = '(2 ( I J -lC lf I J 
RAD•~AO+~CIJ**Z 
CONTINUE 
RAO•S,RT (RAOJ 
CTHETA=~H 3 J/RAO 
STHETA=SaRT(l.-CTH5TA**21 
IFCSThETA.GTel·E-Oot GO TJ 4 
CPHI =leO 
SPHl=O • 
GO TO 5 
RAC=R AO*STHET A 
CPHI=O(lJ/P.AO 
SPHI•C l2 J /IUD 
S2T=STHETA~*2 

C2T=l·-S2T 
SCT=STHcT~*CTHETA 
S2P= SPHl ~~2 
C2P=l·-S2P 
SCP•SPHI*CPHI 
RCltlJ=C~*IS2P+C2T*C2PJ+SZT*C2P 
Rl2tlJ=-C~~S2T~ScP+S~~CTH~TA+$2T*SCP 
R I 3, l J=-C 1~* SC T•CPH 1-Sri*S Trli::T A* SP~ 1 +SC T *CPHI 
R(l,ZJ=-CA•S2!•SCP-s~•CTH:TA+S2T*SCP 

·. 

··-·--····· 

. -

Rl2r2J=CA*(C2P+C2T*S2PJ+S2T*S~P 
RC3,ZJ=-C~$SCT=SPHI+S~*ST~~TA*C?Hl+~CT*SPHI 
R ( lt 3) =-C:~ .:.sc T*C f.IH 1 +S;·i*5 TriET Ae<SP tt t +SC T *CPHI 
RlZe!l=-CW•SCT*SPH!-S~*ST~ETA*CPrli+SCT•SPHI 
R(3,3J=C~*SZT+C2T 
RETURN 
END 
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iiBFTC ~POL LISTvCECK 
SLRRCL TINe HPFcLO ( FPO!I\!T 9 FI ElCv t\lERPS) 

c 
C ~ULTIFCL~ EXPA~S~~~ CF FIELD CUE TC A~ .• SSE~SLY OF POiNT CHARGES 
C ~~~ CALCUL~TEC FI~LO Ii ACDEC TC THE VALUE STt~ED UPON ENTRY 
C SO C~~i ~UST ae TAKE~ TO J~ITIALJZE FPYO~ TO CALLING MPFELD 

-~C~--'~1\TE-F~·s$- Er\~S· i~·J Tl-fE EXP~f\SIC~ .tRE--lJ-SE-D ---·--·-- -----
C IF NTE~~S =G T~E EXACT FIELD FRJM THE CYA~~ES IS CCMPUTEO, 
C AS ~Ell ~S T~E FIELD FRC~ ~CII\i DICCLES LOCATED AT THESE SA~E 
C FCINTS o Trf CIPCLES lRE IG~CREC I~ THE ~ULTIPOLE EXPANSION 
c 
C DEFI~ITIO~S OF VAPIABLSS LSED I~ THIS PROGqAM 

---c·---:c"""H--.::iRGES-·AR-E H: -ESU~ DISTA'\ICES -·!N--Ai-.-GSTRCMS- --'-------------
C 
C HC:I~TU» I tO~DONENT Cf Je-,E FIELO POINT. 
C FliLC(I) . I CO~P01~NT CF CALCUL~TED FIELD AT ABOVE POINT 
C RZERC(!) I COMPO~=NT CF THe Cc~lER OF A3SOLUTE CHARGe ' ·C CollfJ~ocaSI I~JoaoooS CJ~~C~E~T CF T~E 2**o MULTIPOlE 

...,_--:=C:-----:t\DPTS -- -- - --·1\UMBE~ Or- (AT A PO lr•TS ··n:l CCHMON· BLOCK----.:=.--~--~-
C FCXNTS(iwJl CGO~DS A~D OESIG~ATIC~ FOR JTH DATA POINT 
C Jt~AX 1\!U:-!a~a,. .. 1F f I HC PC I~HS 
C XFPTS(J! JNO!X ~Q~ JT~ FIELD PCINT 
C ~FPTS(J) SYMBOL FOR JTr FIELD FCINT 

-~Co----.:::D~JPPT fl ti'J J I CDt-1PC'n:NT C F DIFCLE AT FIELD POINT ,;:_J-----~--
C f;fl(JJ CHARGE- 1\T fiElD P{INT J ---
c· 

CI~E~SICN FPriNTf3)~FIELC«4) 
Ctlll=f\SICN Qlf3P"':l2f3,31oQ3(:!e393» 
CI~Ef\SICN R!3J.RlEK0t3l~T(393) 
CI~Ef\SlCN QPT(3QJ,DIP?T(3,3C~,IFFTS(3Qi,XFPTSC3QJ 

---~-':'cC~fJCi\ ./PCINTS/Pu!NTS &4,6C) ./NDP1S/"-!CPTS·----·- ------~---

c 

( 

~Cl 

CitJEf\SION F«3l 
REAL INTf3D ,IOCTC3» 
lNTHfR ALPHA 

FCRM'Aif*S:~uCrTPc[E--Ex-Pe\ri;_s_x'tfn-sci:r-cEN"iER_o_f. T~.AkGE ;;T*F1o .. 4, *• *' F 
$lC$4o~r~oFlOo4~*»* ) 

S02 FC~MAT(l6I5~ 
~03 FC~M.ATClHO,lOX* MO~OPCLE=~v~lS.e! 
SC4 FGi=fJAHlHudOX* L)IPOLE=*t2( EJ5.,8glh I,El5.,8J 

___jll__ f G k:u 1 f l_':!.u_,_l_c;_~:- _ou~D~uocL E=_*:: L~_l ~- ';_, 1!-.!. 1_, E ~5__ .. 8! 2.CJJ_3X? (_El_?~S- ,J_~!)_, __ 
$215.ell 
f(k~ATilH0olOX* CCTIJPCLE=~2Cf15.E~l~9JrE15.8,8(/21X2(El5.8,1H,i,El 

$5.!:!) l 
~C7 FC~~lT(*CFI~LC POI~T*olOXn*CIPOLE ~C~2MT*vl6Xo*CiARGE* 
~08 FC~~Al{lXA6t*(*,I39*1*5X,~{FE.5vl>l ,~XFS.S) 
~09 FO~~AT(At,4X,4IF9.6olX)) 

--c;~-FC~I-'/lT l *Or!O t~CL TI P~LE i:XPt/':5 it~~- ~-ITCeEI·-iADE-*1"­
~11 FC~MAT(6FlCo?l 

~12 FCF~AT(*OTRa~SIT[(N MC~ENT~~~312)F9.~!~2X,*(lENGTH=*rF8.5,o) C~NT 
$ER=* 9 ~(2XF!.5J,2X*FRE1JENCY=•o2Xf8.4,*E+l5 CPS*) 

S901 FC;~AT(l~O,I5* TERMS CA~NCT EE USED I~ EXPA~SIJ~80 USED*) 
-:>!.'--::-c·--- ----·--·-----·-·--·---

!F(NTER~~.LE.0J GO TO 100 
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·----------·-· 
. .· . . . 

------:I~F.C_Nt-}~ji, EJ: .•. a.GQ.JQ;...2Q.x._ ______________ _ 
MSC=O. 
CC 1 1=1,3 
~CIJ=FPCINTCIJ-RZEROCI) 
~ S C= fl SO+ P. ( I ) •P. l 1 J 

1 CCI\TII\UE 
P.AC:S,RTlRSQI -----=c·c· 1 c· · (i o 1, 201, 3o=--=-t,-4-=-o=-t:-:-J ~"~r~e~,.::-:M-:-:s;;------------

·. 

~oo PPTNT ~9Cl,NTERMS 

c 
c 
c 
~01 

1\TEf<"S =0 
1\ .. ANG=l ~-

GC TC 100 

OCTUPCU: cc NTRISUTIONTCf FI ELO 

cn~f"JNUE 
DC! 402 1=1,3 
CC 4C2 J=l•3 
OC 402 K=l;3 ------!c-o4c2 --~LPHA=l, 3-------~------_;,_ .. -------
GEC~=7.•RCIJ•~cJI•RtKJ*RCtLP .. AJ 
IF fi .EQ.ALP._;A) GECM=GEO~-j:SC 'f~ l J 1*R l K) 
IFCJ.EQ.ALPHA) GECM=GEC~-FSC~Rll 1*ROO 
IFCK.~Q.ALPHAJ GEO~=GEOM-FS,~R(Il*~(J) 

~02- --F It:"~_Ul,PHA t..~.lTE.LD~AL.?_~~J.:HJlU .. t.J ,K J •G~GM/ ( 6. *RAD**9 J 
c 
C ~AORUPCLE CCI\ TRISUTION TO FI Elt 
c 
301 CC~TINUE 

cc 30~ t=t.3 
____ ,:,<.c_,.c_~P2 __ ~.=.1, 3·----------------------

~02 

cc 302 tlPHA=lt3 
.GEC~=~-*~(II*RlJI*~lALPHAJ 
IF(J.lO.ALPHt) G2C~=GEC~-FSC4R(J1 
IF(J.f.Q.ALPHAJ GEC"t=GECM-FSC~R(I1 
FlELCCALPHAJ=FIELD(ALP~AJ+CZli,J1•~EC~/CZ.*RAD**7J 

------~-------·-· -· C OIPCLE CCNTRIBUTICN TO FIELC 
c 
~01 CCI\ THUE 

CO 2C2 1•1,3 
CC 2C2 j\LPHA=1,3 

___ __,GECY._=.::?·!~ (I)~--~ ( "LPHA ) __ _ 
IF(I.lQ.ALPrAI GcC~=GEO~-~SC 

Z02 FIELCCALPHAJ=FIELD(ALP~AJ+Cl(IJ*{EC~/PAD**S 
c 
C "CI\OPfLE CCNTRieUTION TC FIHC 

.c 
tot C.ctbT.UlUE 

CC lC2 ALPHA=l,3 
1C2 FIELCCALPHAJ=FIELOIALP~AJ•CC~~~~LPHA)/RAD*•3 

. RETURN 
c . 
C DIRECT EXPANSION OF PO-It.T f'Cf\CPCLES lf\0 DIPOLES 

lC( DC lC J=lrJMAX 



• 
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--~--~J~P~l=J_[P-~tJJ. ____________________________ _._ __________________ __ 

c 
C CALCULATIC~ OF EFFECTIVE FIELC FRCM Pl J TO FPOINT 
c 

RDISTzO 
cc 40 1=1,3 
R ( i )=FPOP~T( 1)-POINTSCI ,JPT, 

--,4:-:0~--=R.-=c IS 1 =P 0 IS i +R (.I )**l- . --. =...;...;:......::.. _ ___, ___ __,..;... _ _._ ______ __, ___ _ 

RCIST=SC~TCRCJSTI 
IFlNTCR~S.LT.OI GO TO 700 

c 
C IF LESS THAN ZERO EXAtT TWO-CE~TER INTEGRALS ARE CONE 
c 
c otPcte touPLINGi.Ei.fsoR_F.!lR lHese1•c Ptn~Ts 
c 

DO SO l=l•3 
00 50 ~-1.3 

;,.;· T CL,f'!J..;+3 ~*R c l l*R n-tfi ... Ji()tS t•• ~ 
. ~0 CCt-;TU.UE • 

ltiAG~t:7Rb1sr••3---------------~-~---------------------
tc !1 AlPHA=1t3 
Tl~L~tA,ALPHAJ=T(ALPHA,ALFH~l-TDtAG 

~l FIELC(ALPHAJ=FIELOCALPHAJ•QFTCJ)!R(ALPHAJ/~DIST**3 
CC ~3 ALPHA=l,3 

· -· -·-oc 53 I=l ,3 . 
. =3 . . FIE LC-fA1. PHA-f=F ai[OiALPii:.fJ +tTH PHA, I f•bTPPTfi',~J:-oi-----------

GO TO 10 
.·c- . 
. ( EXACT T~C CENTER INTEGRALS ·c 
70C R~C=l.625*RDIST/0.527 

E XPR-.. (=EX P(-2 ~·RHO) ·--
. RHCSC=RH0**2 
SJG=C1.+3./P.HOSC+EXPRH~•C-3./FHOSC+2.+3.$RH0+2.*RHOS0+0.75*RHOSO 

.S*RHC) )fRO IST . 
Pl=tl.-1.5/FHOSC+EXPRHO*ll.~/RH0~0-2.~-1.5*QHOSQ-0.25*RHOSOJJ/ 
S~CIST 
s r Gcct-;T-1.- ~-~~-Ytis·a··exPR .. c-• ,:..:9:· /P"i-c-s·c=-!»:-l·~,.;o.:.z:::4-~-·Rt-toscJ"=-2. •RHo-­

s-z.s•hHoso•R .. a-l.s*RHosc••2 ,,,qcisr••2 
PICOT=(-1.+4.5/PHCSQ+EXDP .. C• (~4. S/RHSQ-3./RH0+2.5+S.•RH0+2. 75* 
$Pt-CSQ+0.5•~HCSO*~HOJ)/aOtST*42 
If\ TCl J=PI 
II\ TC 2 J-=P I 

----ct~rC31;s-ze;-:---------------------------------

Iocnu=Procr 
ICCTI2t=PIDCT 
ICCT OJ =SI GCCT 
CC 7Cl .ALPHA=l ,3 

----:,F.!l.l.~t-~ J 7_0. ----------------'------------------
00 7C2 1=1,3 . . 
FCtLP~AJ=Rlit••2~R(ALPHAl•C2:/ROIST••4•I~TCIJ-l./PDIST**3*IDOT{J)) 

S+F (ALPHA) 
IFCI.EQ.ALPH.AJFtALPHAJ=F(ILF~AJ-2.*R(I)/~DIST**2*1NTCIJ 

702 CCI\ T U;UE 
1Cl FJclC(ALPHAJ=FIELOC~LPH~I•QPT(JJ~F:~lA~l~P~H~A~J~---------------------10 CC~Tif\UE _______ . ... -·-------··-

--- ·-·------ --···. ____ ....... ___ _ 
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(_ 

E~TRY MPREAO 0 

C RHLLY MPRt:~O(TRAN~UeTCE~T,INOtCI .. 
' RSAOS IN T~E FIELD POINTS,C~~RGES A~C DIPOL~S. AN~ ~HEN USING THESE 
t . ChtRGlS ONLY CO~PUT~S THE CE~TER 0~ ABSOLUTE CHA~GE AND THE 
C ~CNOPCLE,DIPCLS,OUAORUPCLE,CCTUPCLf ~~0 HEXADECAPOLE HO~ENTS A~OUT C lHlS-CEtHER ... ···-- - ······O-· ~----,--·· ------. -----,--------------

. C USES CEI\TE~ OF CHARGE FOR TC£NT ~NO CIPCLE ~O"tENT FOR TRAN!o!U. READS 
C IN FPc'JUEN€Y OF TP.ANSITIOI\ ~1\.t TCE~n,TP.AWtU IF C~LY DIPOLES. 
c.; . ~ "'/,:: : . · • . A·1 · 

IF(NTER~s···Nt.-oJ GO TO llOC 
R E AC C:OZ, J ... ~ .. ~ ----.!c-o -rc-c-o--·J ,;.;1~ .J~1 A:x·'",;----...;._ _______ _:.,. __________ _..;._.;...;..._. 
R E~D c19, XFPTS CJ J • (0 I r"PT( I.·J 1, I=lt3), CPT ( J J 
IFPTSCJ)=O 
DC 1CC2 KZ=i,NOPTS 
IF I X FPTS C J). EC:. FQINT S (4,K2) l JFPT S(J JsK2 

0 ° 1002 C C_f(T.J NUE ____ ·-------~---- . 
lfCifPTS(JJ.EC.O) GO TO SC~O~l-------------:...--------~------~---

1000 CCI\TII':UE ---· . ·-
PEAC ~ll,FIELC(4J ,TMLEN 

c 
C CtiMPLTE fllJLTIPOLES AND RZERO 

00 1CC3 1=1,3 
C: 1CU=O. 

10C3 RZERC(IJ=O. 
C:l=O. 
C:O=O. 

------~C~Q_lCl~ J=l,JMA~X~~~--~--------~~----------------------------­
JPI=I FPTS ( JJ 
Ql=QT+ABSCCPT(JJI 
OO=OC+QPT(JJ 
DC 1010 I=lt3 
C: 1C IJ='U (I J+C:PH J J * PC nn 5.( I •JPT 1 

__,.~~-.:.:.R ZEP C (I J .:=RZ£ ~.CJOI) :t-ABS ( Q P_T_(~ J .1~-~-CJf\l.IS C! . ..! I~J.!...P...:.T..!.J---,_.----------
1010 CCNTJNUE 

IFtCT.EQ.O.J GC TO 1052 
NHANG=l 
T~=Cl(l)**2+ClC~I**2+0113J••2 
1 fl= SQi< TC TtH 

___ _.XF_"CJ_=.:r.~.LEN~J~. __ _ 
.IFCXFtCT.E~.C.J XF~CT=l• 

C IF XFACT CCMES CUT Z~TRO, CO~~T SCALE 
... CO lC 12 J J=l, JP.:Ax 

CPT ( JJ) =OPT ( JJ) *XFA"CT 
l·Jl2 CC~TI~UE 

_____ C..C=~O.:*XF_ACT~ 
H'LH=Ti>i*XFACT 
DC 1011 I=l,:! 
RZERCCI)=RZERC(IJ/QT 
Fl~LC(ll=RZc?O(II 

·. C:l(JJ=~l(II*XFACT-OO*RZERC(II 
·! 

lOll .C....C~ TJ HJc ____ =------:---------------,.------:...---------
00 l02i) l=lt 3 
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_..,.. _ __;_,__ _______ _ 
-----=:'co t_c.~o.: ~~1L3=-----------:---~--------­

c:21t.JJ=o. 
DO 1C20 1<•1,3 
0~1 l,J,KJ=O. 

1020 CCNTI t-:Ui: 
CO 1C10 JJ=1,J~AX 

•. 

JPT•IFPTSCJJ~J~------~--~-----------~------------­RSO=C.----
CC 1C!l 1•1,3 
~CIJ=~JINTSCI,JPTJ-RZERO(J) 
RSC=R!Q+~(IJ•RCit 

1031 CCI\ T I 1\UE . 
DO 10~2 I =1, 3 ____ __;cc-ic32-J-;;.l,-=3~----------~----------

GECM=3.•RciJ•RcJJ 
IFCI.EO.JJ GEC~=GEJM-RSO 
Oili•• Jl=02 (I ,J J+CPT C JJJ *GfOP' 
CO 1032 K=l; 3 
GEC~=15.•~CIJ•RCJJ*R(K) ----,c:-;c:-;t,;::..;.·_=-:.:f .. -*RSO -------:-~-----------------
IFIJ.EQ.JJ GECM=GEO~-CO~*~CKJ 
IFCJ.EO.KJ GfC~=G~C~~CGN*~IIl. 
1Flf.£Q.K) GEO~=G20M-CO~*~CJJ 
'3CI,J~K)=03CI,J,KJ+QFTCJJJ•GECM 

10"52 ___ CCf'oT I fi:UE 
l030CC.NT·i~Tj~---.......,-------...,.--------'-------

JOitC c . 
c 
c 
uoo 

oc 1C40 I =1, 3 
FFCI,..TCIJ=QlUJ 
CC~ TINUE 

. PRI"T CUT MULTIPCLLE_~P~JiSIOI\ ____ ,---...--------

PI<If\T 907 
DC lCCl J=l,JHAX 
PRINT 908,XFPTS(JJ,JFPTS(JJ,(CIP~T((,JJ,I=lt31,QPT(J) 

10 0 1 C Cl\ TI NUE . 
1101 JFICT.EQ.O) GO TO 1050 _..;;;.;;;...;;;. ___ F,-Rf,;i 901' ;~i e iff--- -----·----------

PRINT 9C3,QO 
PRINT 904,Ql 
PRINT :JOS,02 

' PRINT 906,03 
10~1 PRINT 912, FPOI~T,TMLENeFIELC 

R'Eni~-N --- · ---- · ·· ·· --· 
~·JCSC PRINT 910 

GC TO 1051 
10~2 RE~O ~11,FPOINT,CFIELO(IItl=l,3J 

NHANG-=0 
-=--~~-Gg_rc _1o~o 

EOCI FF:INT ~801 
~SCI FC~~AT(*1FIELC POINT SV~eCL ~OT l~ CATA SET*)· 

CAll EXIT 
EMl __ . 

-------·--· -·-·-··--
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~- -- ·-····-· -- .. ·--· ···-···--··-- -· ··-. ·-·-··-·--··-· ···-·-··------- --- -------------,I,;rrt. "~&.T FULTST·DEr.:l( . . . 

5U~~~IJTT~F ~W~PLT(XtYtAMAXt~INCRt~MA~tYlNC~tlS~tiSY~NPlS) 
C P~l"ITE.-i PLOT HOUTI~~E . • 
c 
C DLOTS THF ~NPTs• POJNlS GIVEN ~y •XCl)tYil)- ON A Sl A 101 GRID 
C ttSt..,.:; A TOTAL OF S, Ll-..ES OP.! l11F.. .,_A INTER . . . . .. 

_C ___ lF -1!-iU OH -ISY• AKE NON•ZE.ROt THE CO~~ESPO,IIUlNG MAXIMUM AND 
(· t~CR~~F~TAL STEP SIZE AR~ COMPUTED 
C tF-~lT~~R lNrREME~TAL STEP SllE IS ZERUt TriE P~OGAAM E~ITS 
C NElf~~H OF T~E INPUT A~~AYS ARE DESTKOYEO, . lF SCALING IS UONE 
C TH~ CO~RESPO~OlNG NE• VALUES OF MAXIMUM ANO STEP SitE ARE RETURNED 

__ c oi,..ENSION. x·(~PTS) ,·v CNPTS; ·,-i<iRio.f}o.S) ·, XAX.I S eli,--------- ·-··-··· .... 
c 

INTEGF.q ~LAN~tOOTtSTARtlGWlOtPLUS . 
DATA BLANKtOOTtSTARtPLUS I ~M ,,Hetl~•tlH+ I 

c 
_Ci_O_l_Fnrii4AT ll4Xt11)5Al) ·-·-· . _. ------··--. --·-------.-·-·--· .... ...,.·---··· 

9Ul FO~~ATil~El0~3~2XtlH+t105Alt1H•) 
903. FO~MATI1SX•l~~11He)l 
904 FO•MATCqx,Un0,3t2H Ctl4t5i1 PTSJ ) 
~US F0~~4Til6Xill1lH•e9Xl) . 
~duO FO~MAtc•lSCALJNG.ER~OR tN~HNPLlt EXECU!lON TEAMINA(ED*) _<:________ -- .. ·-- -·-·· ' . . ..... __ .. _______________ . ___ _ 

IFCI5XeNE,O) CALL PLSCAL(VtXMAXtXINC~tNPTS•lOO) 
tFl1~Y.NE,OJ CALL PLSCAL(~tYMAXtYlNC~tNPTSt50) 
tFlXINCReE~•O•eOR.YlNCR•EY•O,) GO TO SOO 
YA("(N:OeOl 0 YINCR 
XAAMTN=O•Ol•XINCR 

_____ tZE.~():YMAX/Y (NCA+leS. ·-- -------··---
JZt~11:103,5•~~AX/XlNCR 
tFlJZ~~O.GTel03·0H.JZE~O.(T!4J JZEAO=Z 
Pf.UNT 905 
PRINT 903 
00 lo I=lt51 . . 

____ tF .. J .. I•NE, IZF.ROJ.~O._TO _16 __ :...·---- ·------
un 14 J=lelOS · 

14 tG~lOCJ):pLUS 
GO TO 15 

16 00 11 J:l,lOS 
11 tG~lp(J):BLANK 

----·-·· .-·--·-

1~ IG~lO(JZF.RU):PLUS 
-~---iltiHlO 1104) =OnT -. ~-- ---'--'-----,---· --------------

tGHill(2J=OOT 
fJO 12 K:l,NPTS 
!TEST :IYMAX-Y(K))/YTNCR•l•S 
IFllTEST .NE,Il GO TO 12 
J:l03.~•(XMA(•K(K))/XJNCR 

-------·~IF (J.r.T ~ lOl) J=lOS ·- -· -----···· 

12 

tFCJ.LT.3) J:l 
lG~lU(J):STAR 
COt-.TtNUE 
IFl~00(ltlOJ.EQ,l) GO TO 13 

---·--··· ···-

, P~I~T 90le1G~ID 
1 · r;n·· to·· to ·· ···· 
~lL-.YA~lS:YMAX- ( T-1 J •YJNCR -·-·-· __ _ 

JFlA~s,vA~ISJ.LT.YAX~JNJ vAxts=~o~.----~~-----------------
PRI~r ~02tYA~ISei!G~IOCJJeJ=ltl0S) 

'. 10 COIIITtNUE 
~Rlt~T 903 
J;JWl~T 905 

_____ o9_ 2o r-4= 1 • 11 · 

20 

u.qc:; 1·", =x~wtA,:XINCR;fFLOAT lll•MJ, •lO•O:-·------·------....;__ 
tFC~"SIXAXlSC~)),LT~XAXMJN)~AXlSCM)=O, 
COt-. J TNUE: 
PRINT ~04,XAXJ5tNPTS 
~F. TURN 

_tl_l!.Q__.f'UlNT 9~00 ·-------------------------CALL E~l T ··--
ENO . 

. . ·-- -·- ... -------·------------ ·-------··----··-

l 
' ' ' ,.i 
i 
j 
I 
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~RFTC PL~C FULISTeDECK 
-- SUijQOUTt~t PLSC~L(VeVMAXt~~~cR,NPTStNOIVTS) 

SC~Lt~E PROGRAM FOR USE ~ITH PR~PLT 
c 
c 
c 
r. 
c 

THIS VE~~lON AOJUSTS THE FULL ~CALE TO 2•5•5•0• OR 10. TIMES 10••~ 
.:!.NO .lO,JtJ5TS THE "'tl.ltiMUM POJ!'!J_J_n __ AN INTEGER M•!JJ.If'.I.LOL SoVl_t:-ICR~--

c 

io 

40 

c 
c 
4~ 

42 so 
t; 
c 
c 

52 

51 

Ol~ENSION VCNPTS) 

""'I~=IJ(l) 
\W.l)(:Y ( 1) 

01) l•J I=l tiiiPTS 
U:' ( V l {) • l T • V '~.;.I ~""""· ),...-,V..,..M"""t'"'"N,...:~V -( l) 
IFCvtlleGT.VMAX) VMAX=V(l) 
COtJTII\ltE 
QRA·JGI:.=O• 4342944-GALOG ( VMAX-Vt.tlN) 
IFC~PA~GE>2nt20t30 

· !'<A"JGE:QRANGE 
GO ro 40 
II"A•:5E =-QR 4111GE: 
1RA~GE=-IR4NGE•l 
QRA~G~:QRANGE-FLOAT(IRANGEJ 
~ANGE=lC.~•ORA~GE 

RANGE 15 ~ET~EEN leO A~O 1~~0 

IFCRA~GE.GT.2.5) GO TO 41 
RA!'\IG£=2.5 
GO TO 50 
1FC~A~GE.GT.5~oJ GO TO 42 
4A 1-J•'iF.=S.o 
GO TO 50 
H~Nr.E=lO.O 
TRA~G~=RANGE•tio.o0.IRANGE) 

VtNCN=TRA~GF./FL04T(N01VlS) 
IF(VM~~l5lt5lt52 
I~AX=VMAX/(5.04ViNCR) 

~~Ax==.o~VINCRoFL04TCIMAX+l) 
uo ro S3 
IP •d=- il•'~ll X It 5 .,IT*V["!On 
'WA~=5.0*VINCR~FLOATI-tMAA+i) 
IFfv•"'IrJ.t.H.XMAX-TAANGE) GO TO 100 
H~•Jt;~ :p ArJGE .. 2., 1J 
lFCUA~GE-10.) 43o43,54 

--·-· 

54 R~~c;E=HA~G-E~/~1~0~·------------------------------------------~-----
ll'iAITut =I;:rllNGE + i 
GO TO 43 

io~ V~AX=X~AX . 
~~JN:XMAX-TQANGE 

RETUqf\ 
ENO 

-.. J 
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APPENDIX liB 

Program TEMROT,. weighs the rotational strength by ·the population 

distribution at different temperatures. Two versions of integration 

routines are given. · ~ :. 
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-------PROGRAf't- TEM~OT ·(fNPUTt 1)UTPUTt-TAPE-3--:-&-~UTPUT+---~-----,---
C NE.L.SOiof TENG JULY 9, 1970 

-----C-------- TE.>liJt:.~ATUHE UEPE:NOENCE OF ~O~ATIONAL-ST~ENGl''+-t----------­
CO~r-•ON/ ~ l.ll ( 1 0 0.1/ Y I Y ( 1 0 0 J I Zl Z ( 10 0 J I Y V Y Z. ( ~ 0 0 J I I /N /SI?~OT(lOOJ 

--------·~EA~~~~--------------~----------------------------------
00 30 1= 1 •L 

------- REAO ct·· (SPoTCUt-·hh8t--------------,-----------­
l FORr4AT C l U 

---l F0"'-4AT -f 8Al OJ-----~--------------------­
. REAO lOOtNt(YCIJ, IzttNJ 

----~READ--14.1lt lilt UCU 9 I'!hN 
100 FOR~AT Cl4/ 18FlOe4)J 

·---1 01 FOR~"~ AT- «14/- -( &E 10 • 4-H·-------------------------­
\'(Nel)&::V(l) ----z Clll•l) 3 Z H)---~---__:_ ________ ___,. ____________ ~ 
.DO S .J=t tN 

__;_------vz~~-~~z~+------------------------------~--------------s XCJJ = CJ•lJ*5 • 18~ 
·---- J( ( .... u c -"".l(( u -----------------.,.---:------------~ 

. .· YZCN•lJ c YZ Cl) 
------- M • N+l----- -------------------------

PRINT 200t CX(IJ, Y(!J," ZUJt YZCIIt I=p1'4) 
--..;;12~00-f0Rt4.o\-T4-0l UE-GREE PROB-A8ILlTV- RO'F 1 STAN 

1S R*IC5Xt FtO•lt -SXt F10e4t SX• El2·!·, S~t E:2e4) l - .. 
-----PRINT-~~- c= SPOTC!J' ·I=hA)·---------------------

3 FOR~AT (lHl, 101, 8A10) 
-----· · SUMY=O ·- ·-----------------!.-.-----.:..---..,....__ 

SU"tYZaO 
----DG-2()---4.::1 . 

; · SUMY=SU~V+((Y(J);Y(J+l))O(X(J+lJ•X(J)))/2 
--·---SUMYZ:SUMYZ+C CYZ{J) +YZ (J+H )~ (XCJ•H.,M.J~2----------,,--­

JJ=J+l 
----- P.RINT JOOt- X(JJt.- SUMY-------__:_---------------­

PRINT •oo,XtJJ)tSUMYZ 
--~,~-f10RH~ OEGREE---+'P~ROSASIUTY _l_NTE6RATE0°/ 

1(5Xt Fl~elt 5Xt £12.3//)J 
-_.400-:FORt-4AT---1°------DEGREE-· ---PT-1ME~ftt~-GR-A-"ft-ot4o-t;---------

1(5X• F"l:l,lo SAt El2.S //) J 
·-- >0 CONTit-4UE ------· -------------'-------------

30 CONTlr-.UE 
e 

---------
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'-

------- SURHOUTINE- SIMPS--cA,~hEtto4AXI•XI~Tc;..x.tP ... ~OEx:..a-----
.. FAFd:AiNTGUJ +4INTG(·fU . . . . • .. . 

----·~ X11:o•A . ·----·­
XJR:XH•.!r» 

------~~~&4l~~F~~~------------------~--------------------
. XNEw=a•.(lR 

----·---X~A=Al~'3.-~------------------------~--------------
l"l0£.(:0 

--l0l'6· FNEwX:AI~ TG C XN[W)-..-------~-------------
1001 IF Cl~UEA eGTe OJ GO TO 1003 

-l0#'2-IlllOE;<.=i--------~--".-------------­
Xl•AMA•CFAFB+FNEWX*~•) 

--1 oo._ x~= c x~·~ 1°3 • J • •25-· ----'-·--------------------­
It,iDEx:~l.""o£x•l · 

-IF f IN~E4-- eGT e-M-Xl )-4io-T0.-1.009-----------
1010 XH:xH•eS 

------~XN[~:A·~~--~----------------~-----------------------
5=0• 

-· -lOnS -IF· (XNEIIf eLTe-B) ·-G0-TO·-lG0,66.-------------------
1007 XlP:(X~•~H•2••SJ/3e 

----1-WRITE C3ti) INOEXtXI~ 
2 FOR·..,AT C30Xt6HlNOEX=l4t2Xt41iXIPi:lPE12•4//) 

-----Jif---tA.~~t~:i:-}--.-t.E-T-Af.JS cf-4A-I·PJ, ca-re· l&e9 
1008 Xl=AIP 

----- GO TO ltt04------------
l003 S=S•FNEy;x· 

--··-·-- X•"EIII=ANEIII+XH 
GO. TO lnOS 

--~1~8~09-RETURM------------~------~----~-----­
ENO 

. .... .. ..... -.-·---·-----·--------- ·- ·-· 

'1 
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PFOGR~~ TE~F~T flNP~T, CUTPUT, TAPE 3 = CUTPUTJ 
C . P~EL SC~i J~II;G JULY S, 177C 
C TEMPEAATUP~ CEPE~CE~C~ CF RCTATICNbl STRENGTH 

CC~~~~/X/XflCCl/XIYllOCI/7/lllJCJJYZ/YZil1CJ/I/N /S/S~OTClOOI 
:XT:F'.r:Al P ,p~ 

-' R = tC 1 C_lj_,_!,,.__, (LY.!....l-( ~IJ~o~l..,..z;;..l~ta.;ll.~) _. ~-------------------­
REt~ lClr ~. fl(I), l=l,~ J 

100 ~C~~~T (.t~~/~C~2~F~l~C~·~'~)~}~----~-----------------------~---~--­
l01 FQ~~AT (.4/ (6~10.4)) 

Y(N+l):Y(l~~~---------~-------------------------------z Ct(+ u = l c 1 ) 
oc 5 J= l t. 
YZCJ)= Y(JJ*Z(J) 

5 X(JJ = (J-1)*5 - 180 
X(t-;+U = -xt lJ 
Y Z PH 1 I = Y Z ( 1) 

" = N+l 
--~~-:P::-:1\:::-:I:-::r-':-1 T:-::.-.:2:_:-.:::':; Q., ( X ( I) , Y (l ), l( I) r Y Z (I J , I = 1 , fll J 

200 FCF~ATC*l CEGREE PRCe~eiLITY ROT. STR~ 
lS ~*/(5X, F1C.l, 5X, Fl0.4, 5X, ~12.4, 5Xa ~l2.4)) 

)rsrART = -1ac.cf---
PHT = 0 
DO 10 J= 1, lE 
XX a J*ZO -18C 
CALL SI~PS ( XSTA~T, X)o ~.CC5, sa, P, DFINAL , INC~X 
IF ftND~X.LT.5Ct ~~INT !JO,XX,~FI~Al 

300 FaRMAT(• C~GR~~ PROaAEILITY I~TEG~ATED•/ 
l(?Xr FlJ.l, SX, El2.3//tJ 

IF· I INIT. r.~. o. O~.PFH~.:l.L. EQ. C.CJ GC TO 10 
p;q~n sec, PFit\U 

SOC ~C~~AT 1• ~FI~Al ECUAL TC*IC1CX,El2.3) 
. !NIT = 1 
XST~~T = (J-11 * 2C - lEO 

lC CCt\TI'\:UE 
DC 20 .J:l,ld 
XX = J*2C -18C 
lF (X~. L~. XSTAPT) GO TO 20 
CALL SI~PS C XSTA~T, X~, O.C05t 50, PR , PRFI~Al, t~DEX) 
IF flNC~X.LT.S~I ~Flt\T 4CC, xx. P~~~~~l 

P Tlf.IE 

4~C ~o~~AT I* CECREE FTI~ESR I~TEC1ATEC*I 
1( sx, l=lJ.l, sx. :12 .. 5 //)) .......;...;;;..;:;....;.. ________ _ 

ZO CGNTINUC: 
cNC 

FU~CTICN PCPHI 
--------~C-"~~~~=:~·~~·IwXl~i10CJ/V/YflCCI/Z/ZClOOJIYZ/YZClOGJ/I/N 

OClO I=l,~ . 
IE l~ti.GT.XII+lJ.CR.fti.tT.,IIJJ GC TO IC 
P=Y(l)+(Y(I+l)- Y(!)) .e: (FI-'1-XCJ))/(XIl+lJ-X(l)) 
~ =rJ.P 

lC C'J:~T I;-:.N'::U-:-::E:-------~-----........ ----------------
-~. 

-----------------------------------------------------~ 

FLf\CTIO"J P~(Pt-IJ 

Crt'1~.o::J~~/X/XC1CJ) /Y /Y( lOC J/Z/l( 1CCJ /Yl/YZ ( l~Q~C~J:...!/~I~/...z;N~---------
D:10 1=1,~ - · · 
! I= I PH I • G T • X ( l + 1) • ( ~ • P t-I • l T • .!!_I !Ur;i~· ;-T;-:0;-:-:1:;-:C~~-:-::---:-::-:-::--------­
p R =· Y Z ( I ) +I Y ll. 1 H } - Y l( I J ) * ( P ... 1- X f I J J1 (X ( I+ 1)-XC I) J 
~lTUK~~ 

10 CJ~TH•UE 
Er1c 

--~=-----:------"-----------,------··--

---........_ 



-166-

APPENDIX IIC 

Program LESQW, a fortran IV. Jinear regressive analysis of the 

Linew~aver and Burk kinetic equation~. 

\ 
\ 

f• .--~ :, l.jl 
.. · -~-

1 

~I 
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... ·-·---- -------------·--------· -----------~·---- .. -------·-···· .. . ... - -. -------------------·-------- ·---

PROGRAM LESQ~ fiNPUT~OUTPUTJ 
____ C ___ . LF~ST SOIJAPE ANALYSIS OF FNZY'~E KINETIC OAT~-. --· --~-----

C WEIGHTEn l~AST SOUARE A~ALYSIS ON-li~E Y = A • B*X 
01~~~~10~ X(500), Y(5~0t, VPR~n(500t, YOEV(~OO),W(!OO) 

-----DIME~S·I·o·~ -SYf 500) 'sXf 5::>oi .svv·( SOOt ,sihooJ 9 x·K( lOOJ-;s·Fii"fiOo) 
-_-_-.:.. ___ O.l~PJSIO~I StM·~~flOO) ... -··--- -------'----'---

REAO 4 ,(S~AMEfllt 1:1,81 
____ 4 __ FO~MAT. fr!A10t ··-------------­

PPINT 3efS~A~!:fiJ, 1=1,81. 

____ ; fO~~-'-' l.!tl.t.J.~.l.Q .... r __ -:---------....---------------­
J=o 

----- P.EA!J .. lO, M ·- . --·--- --·· ------ ·- ---· -· . 
RF.AD 9, f·SJ(IJ, Jet; r.tJ 

__c __ B!:I\rl_SUBSTR!oTE __ CO:>~CE~J:iJ.4.I.lON ____ .._ ___ __._ __ --'--
REAO 10, N 

---:--R!: AJ) .. 1!, . ( .SX f lJ .t._l:l•~ 1,__ ______ ...... _______ ...__ __ _ 
11 FO~MAT fE10.21 

__ ....Al_,CO N.TJ. ~UE _ 
J=J+l 

----·II c:.O ___ . __ .. __ _ 
.c «EAD SAMPLE SIZE 

_,_ .. ...__--:~.EMLl.O • "'------------------~~.----------· ---PRINT lO.N 
__ .-J9_ fOf{~AT __ f E 10 • 2) _____ ----------------.-------------

10 FOR!ot·\Tf I~ t 
_____ l~- f.N.EO.OJ _GO_ TO 1~0 

C RFAO VELOCITY 
____ -P.-~2_.1~, _ f_S'fl I t,_ilLIJ_, _t=l...t.~~·-------------_;...--

14 FO~~AT (2F10.51 
...:..._£ ___ l_F Wf lJ _IS _NOT .G1VP~ .. SI;T_W.f_l_)_-:_~YJ I 1**4,__ ________ _ 

IFCW(lJ.NE.O.Ot GU TO 15 . 
____ 0~1.12_1=1 !.~-- ~ 

W(l) = SY(ll**4 
__ _...1~-~p~~Tl.,NU!; __________________________ _ 

15 CONTINUF. 
c tlv_v.s. _It s __ .A~o-~tv_vs_~_$ ________________ _ 

no 6 I=leN 
__ .,--XJ U_=_ __ l.Q/.SX(IJ 

Yfll = 1.0 /SY(-1) 
------~SVY~LL-~-!~lt *S~X~C~l~t------------------·--------------------

6 C!) \ITI NUF. 

___ __,_7_CO'"!INUE. ··----------· -'-------------....;.:..--'-------
c DO CALCULATIONS 

---- ~~-.= .. JL __ 
SU"tw = 0.0 
5!t.,~lC__=.. 9-.()_. __________ ~_,....._ _______________ _ 
$tJ)of:'Y = 0.0 

---- _SU'-'W.X)(__= O.Q ___________ _ 
su: .. wxv = o. 0 

____ SIJ'-1 ~'(_\' __ -= _ 0. Q. __ _ 
SU'1Z = 0.0 
no 20 r -=1, ~ 

----su·~.; .. -=-·si.Ji~·~+-w-rn-----·------------___,--- ----
su""·..~x = Stt!-1wX + ..,, u•xc u 

--~-s·u~~WY =· SU'-11-/Y: ... --.,,I) *Y( I,-----
SU~~XX = SU~~kX ~ ~III*Xfll**2 

---SU'-tWXY = SU~W'XV .. + --I(J1tXtlJ1!:Vfli--···~--------

SU~WYY = SU~~yy + WIII*Y(IJ**2 • ----= -----------.-.----'--------·-----------,.. 
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. ··- ..... -----------~ 

SU4Z = SU~Z + YCit•S~~T(~(J)J 
__ c_..-?O~~ ~~6~~~~ { COl: FF.icie-Nr -a-A ~-f)--Pn E-R-C-EPT-,-· . _________ ...;_ ___ _ 
__ __,;_.._....,Du..E'L.: S U'-1W*SU ~A :of XX_:- SIJ"1WX**.2 -···- -=---· ------------.,...---

8 = _,su~~·su~wxv -.su~~x•sti~~YJ/OE~ 
_____ _.A_i!i!_fSU..,.,XX*S;JY.Wy __ :-. SU'1wX*SlJ'-''.,XY J /.DE'\1 .... 

c CALCUL.1TE PREDICT EO VALUES. DEV lA TlONS AND SU~ OF SQUARES _____ ss __ ._o.o ·__ · · 
DO 30 l=l•N 

__ ........,_YuP~EI)l I t __ :,_A. +B*X.UJ_ 
YOE VU-l · = Y PQ EO Cl l ..;. Y~C~I~I----------------------

____ ..,SS....: .• SS_-t: YOEVC.U*-*? .O:iolJ.l~--------------=-------­
~0 CONTit.::.JE 

__ __ss~_.=_.'SS/(XN - ~2•Q.L 
C CALCULATE ST~NOA~O E~RO~S 

___ __.Sf __ ~_.S9RJ ~ SW-\.4~S~Q[O~NL.-.----------....;_-.,..----------­
SEYI\1T = S.JR T( SU'4loiXX *SSO/OENJ 

_ _.C.._· __ _..C=Al..CULATE~COKRELAtl0\1 t.OEF:FJ.CIE.N:T ... _____ ---:·..;...,..---..,...-----,-----
R a SO~ Tl U*SU'·•~•V• B*SUMWXY- SU!~7.**21XNJ/CSU'1WYY- SU~Z**Z/XNI) . 

____ .P.,I!Jt{T _10 .~~ "'7"'----· ______ __. ___ ---....; ___________ _ 
PRINT 100• ll.A 

___ ........ ~B..l~!._l.Pl.~_se .... ~-=---------------....... -----------
P~tNT 104, SEYINT --

PR t.N.:r_l 0'- • __ IL .. - ------- ------·---------------
PRI~T 103, CX(I •• Y(JI, YPRE~CII, YOEVCIIo ~CIJ, fcl,NJ 

__ _.l~Ol_E.O.o:<'~.H- (4$JHTf.iE STA~OI\RQ .ER~O~ OF: _THE_COEFFICJ~~T .JS .S.E •--~ _E_l~-·-~ t_ 
100 Frl~"''AT 123!-iTHE co=FFICIE~T IS B. = Ell.5,Z7ti THE YINTERCEPT IS 

--~.,..l...A--C- EJJ,_."iJ . '-------~~--=-=-:-~~~~--
102 Fn~MAT t3~HTHE CORaELATION CCEFFICIENT IS q = Fl0.6,/7~•*X*~\1Xt 

___ .A.___lX.t ~y~ ____ ll.X, ... _ ...... ~ ------- _ --------------------
. 1· *YPREO*tlOX,*VnEV*,~4Xt*~*) . 
_. _1.03 . .1:0~..,AT _ C El0.3 ,5X, ElO. 3, SX,Fl o.~ ,SlC.•f~.S, 7X,E.lO.}_t._ _________ _ 

104 FQR"'1AT (52H THE STANDARO ERROR. OF THF. l~TEf(CEPT IS S.E.C INTI = El6 

-------~~~· ------------CAlCULATIO~ nF KIIJ ANO STANOARO EPROR FRO"' SiYVS. S PLOT c 
____ ll:_nr. E.Q •... o _)_Go __ r.n_.5_1 __ 

IF ( SICJI. NE. 0.0 J GO TO 50 
____ B'l!!.S. 

XK(J) = A 

------~s~~~~~ SOYI'\IT = Sf~Y~~~~~JT~.-.~S~E~Y~I~N~T~---------------------------------------
____ S_EKJ.J.L . .::_S.~"(l!'JJ'. __ ...,--_ _._ _____________ _...._;_ _____ _ 

GO TO 51 . 

__ _.....co_~:•:L ---- ------------·-:--~~--...,..-------~--------
XKCJ) = SICJJ I U/XK(K)- 1 , 

____ __,S_I sq_~SJ !!.l .* __ s__u J..:..J...,_,..-------------------------­
OE~a = (4- XK(K). 1**4 

_____ S.f_~_f_J_)_~SCJ~T.. ( l ~EY_IN_T~_~2_ *SJ~.:..J..!.S_~X.fSl /OE~O + ( SOY_lNl:OI.~l~O"'A':'~Lf!~_MOt__ 
IFtJ. ~E. MJ GO TO 51 . 

___ __,X K (!0 -= X K C.!< J _IE\ !I 
PRINT· 1 Of> 
PRI~T 1.05,( Sf( U.· XK(JI. SF.KCil. 1=1•114) 

__ 1_0_5_ F(J ~~;4-T'-c"'Ei o-:-3- ~ 5 X-; F. i 0. 3 ~ s·x:; . E 10 ;·-='3...,,~.:.:..~-------------
106 FO~~AT (lHlo $f~~J3ITOR . K(ll · STAN~ARO ERROR.*///) ----c-- ··-·c:A"t."EuLI\TioN r)F .• \ve~-AGE Kc"li--ANn siA:.,-o·A-~o· ERR!JR·-----··-- ..:...:..----

_____ sxJc7o.JL _____ _ 
SSEK = 0.0 

----------"~~n~z~o~o_J=?-~"~-----------------------------------------------

r 
i 
I 
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SXK = SXK • XK.f it---,-----·. 
200 SSEK = SSEK + SEKlii*SEKfii 

~XK ~ SXK/(M~lt . . --

·------· ·-- -- -· .. --
------.....,---·-----------

___ __:.F.S 1;!<_=-..c~o.: .. LC.S~-E~ C.:""-111 l '1-l '-'-----------~---­
PRINT 107 

. .· · D~trJT lOA , FXK, FSEK · . -----·-- -·----·- -----·- -· 
--lC>7Foq:~tH Cll,-11•* FINAL.AVE. Kll) AVE. STA~DARO ERROC!.*) 
______ _1013 fDR'A AT (/I ,~X t El 0.3., .14~, El0 •. 3t _________ .-'---'--

GO TO 150 
----:.-;1.._ It= II + 1 . . 

~~=--· ii~~Ge:z:i~To-rji"""l 
---· _po 2 .1=1. N ____ .. ______ . ______ . _ __ :__. 

XC H=SX (I J 
_____ ..Y.J JJ==. .. '$.VV ( 1 )_ __ 

wctl =we It 1 sxrrt ••2 

. .. ·--. ___ .__ __ __ 
___ 2.__C.P~!J~U.F:.:.... ----.,..-------------------------

GO TO 7 
___ UQ STO~-­

END 

--------- --======= ===-:----.. -.-.... ~~,~-~~ .. --=-
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TH& JouaH.u, or UIOLOOJCAi.. Cnt:MJ!'I-TRT 

VoJ. 244, No. 20, laue of Octn~r :!.S, pp. -~;&-5642, 1989 
/'r1..Ud ;,. U.S.A.. 

The 220 1\IHz Nuclear Magnetic Resonance Study of a 
Solvent-induced Conformational Change in 
Flavin Adenine Dinucleotide* 

(Received for publication, April 21, 1969 

GEORGE KOTO\\'YCZ,! XELc;O~ TE.. .... G, ::\!ELVIN P. KLEIN, AND :\!ELVIN CALVIX 

From the Laboratory of Chemical Biodynamics, Lawrence Radiation Laboratory, ~·nit·ersily of California, 
Berkeley, California 94.720 

··suMMARY 

Proton magnetic resonance studies at 220 MHz have shown 
that the conformation of flavin adenine dinucleotide in D 20-
dioxane·d·8 (70:30, vfv) solutions is in agreement with the· 
model proposed by Sarma, Dannies, and Kaplan (Biochemis· 
trg, 7, 4359 (1968)) for D,O 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 a 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-diotane solutions, suggesting that 
dioxane lowers the transition temperature. Diol'ane 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 8H proton in ADP·ribose 
is observed and may be interpreted in terms of rotational 
isomers in solution. 

During tltc cour'e of :111 inn•.<ti:.;:otion of n fla\·in-contuining 
enzytne, J•·hydroxyh"nz,_.:tle h.Ydr"'·' '""'• '""circular tlichroiml 
'Jieclmm was ohsr.·n·ed to t•xhi!.it :1 nri!:tlivc h:mtl at .J:iU run. 
1\cithcr the apoprutcin 0!: """flavin ud-·~nine dinucleotidt! (Fil!;. 
1) .<ho\\'ed any opti .. :d a..ri1·it_,. in thi> 'l"'dral n•giutl (1, :?). 
Tlli" .J50 um circul:tr didoroic "'""·! may be indwoc•l by the 
p:trti!'ular mode of hma.Iin~ bo:tlh't.·n tht' pmtcin aud the FA]) 
or by a conformational ch:111~e in F.\V upon binding. The 
necc.,,-ity of dctP.rmining tlte F.\ll t'uufonnation bccumt• impera­
tive for an interpretation of the optit'alme:tsun•menb. Xudear 
lll:.tg:ru~tic rc5onanc:e .... jH.!t·rro~ropy wa:-:o clu)~en :-.incc it. vieid.s 
1·aluahle ~tructural :ottd coni<•l'lll:tt ionnl information. Ft;r ex-

•. This rc,carch wos '"JlJlorl<"tl in part hy the l:nitcil Stat~s 
~\tomJl' Er•ergy Commi . ...:sinn. 

! Hold('r nf n. ~atiofl:d Hf':-:('arl'lt Co11J11'il of ('all:ul:t-~orth 
Atlar1tic Trraty Orj!anintl inr1 Po:-; I ,f,.(•tnrul_ VdlowHhip. 

ample, the p;J~Tidine 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, Dunnies, and Kaplan (8) 
have published a model for the confommtion of FAD in D20 
based on their 60 1\Uiz N1IR1 spectra. In that model, the 
adenine ring is folded over the isoalloxazine ring and the dinu· 
cleotides associate us 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 (A in Fig. 1) of the i:>oalloxazine of FAD, 
whereas the isoalloxazine C,H proton is in the proximity of the 
pyrimidine portion of adenine. 

The pre;;ent study is concerned with the investigation of the 
conformation of the folded dinucleotide as a function of temper­
ature in D,O and D,,-dioxane solutions. Our chemical shift 
data support the folded structure for FAD in D,, which is 
partially unfolded by D,O-dioxane ~elutions or by an increase 
in temperature. A significant line width change of the adenine 
C-sH proton, only in the mononucleotide adenosine diphos­
phoribose with temperature, is discu5sed in terms of se\·eral ro­
tational isomers of this molecule in ~olutiou. Finally, we recog­
nize the diffi.,ultics in line nssignntcnts in FAD und in flavin 
monouudeotide '""'~" ,oldy ou chetnical ;;hift inferrctl fr~m 
electron density calculations. 

EXPERI~tE;-;oTAL PROCEDURE 

Tlu• X:\lH 'l""'tl':l Wt're obtained mi a Varian high re,;olution 
HR :.!:.!0 :\IIIz >pt>ctmnod•!r. The ,hifts 1wre measured with 
rt•,pccl to sodium 2,:.!-dinoeth.d-2->il:lpculanc·.'i-sulfonatc (from 
:\Icrck Sharp and Dulm~e of Canada\ u<ed a; an intem:tl refer­
t~ncc, arul 1·alihratinus W('l't' t•arrit>tl out hy ,-idehand modubtion. 
The preci;iou ul th,, ""'"·'tu·,·ment;; i.> ±IL; liz. Temper:otures 
were calibrated u,:ing the t<•mperaturt•-dcpt•tuient ciwmical ;;hifts 
of ethylcncglycol uml methanol "amplt>' and the calibrat~on 
dmrto; pro\·ided l;y Vuri,tn .\•,;ociutcs. Tltc preci:;ion of the 
mra:;urement i~ ±2.0'. Calibrations wprc carried out before 
and after all mea,.urcments. Hi!!;h tcmperatue; hud no t'ITcct. on 
the ambient femperature (li 0

) spectra of tlH' molecules in­
dicating no irrewr:;ible coufonnatinn:tl ch:ut:;t•,; or rlecompMition 
of the molecule,; has occurred. :\II solutions were ut neutral pH. 

FAD and F:\IX were obtained from Si~;ma antl K atid K Lab-

1 The uhbreviation 1i;cd i~: '1\:\llt, mid~ar magnetic resonance. 
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·H 
.. H<=O 
2 6_ 0_ . 2 
H-O-g-o-~o-C~N '-H 

HO • I 

H H 
H 

1 s~a ll·o.)(o z i ne 
H H 

Adenosine diphosphoribose (AD P R) 

Flavin mononucleotide (FM N) cl~~ 
H H H 0 0 H {N)L,;l, 
Ill II II r?"H 

CH2"'C-C-C-CH2""Q-P-o-P-O-Crg2 

I I I I I I 
H OH OH OH 0_ 0_ ' 

CH~N 0 4 I 

3 ·, """' v_ ~ 1~ H ~ 
6 5-"" A~c"" '·· CH3 - N .., 

H 8 
Flavin adenine dinucleotide (FAD) 

Fw. I. Structur .. l formulae 

omtories; ADP-riho.e wa,; ohtuii1ecl from Calloiochem. These 
compou-nd, were usP•I without furth('l' pmification but were 
lyopltilizNI twice from l ).,() to ro~nlo\'e ~xchangeable- protons. 
Tlw ,;ol\'eut~ D,O, dio:\ane-d-8, ancl m<'thanol-d-4 are from the 
Jnt••ru:olinn:1l Cltt•mical :11111 ::'\ul'lt•ar Corporation. 

.ls•ignmenl of Lincs-;..;,.t,•etf'cl i·t·g-ioo" of tloi· 220 ~!Hz proton 
roo:I~IH'Iit· rt~>oll:llot·e "l"'t'lra of .\1>1'-rihtN', F~I::'\, and FAT> 
(ll.ll:!.i ~11 in,, ()J)-oli""""'-d-S .-.ol111ion (i'll::~o. \'i\') {pll /.0) 
an· :--how11 in Fig;. 2, aod tlu· t'OIIt't'!ltr:Jtion dt'Jil'tlllt•llt'l~ of tlw:o:e 
prolon -ltifrs is ilhl>!ratt•d in Fi~. ;j_ ThP l"'ak> ll'l'l'l' a,o;igne•l 
to tlu·ir t~orre:-:potuliug·pn•tfiiiS in tiH· following; ma1111er. Fur 
.-\ D 1'-riho,oc till' singlt•t· ttl lo\I'CI' field !'t'JI'I'l':'pO!Id,< to till' udt•flille 
~·1 pr-utoll (-lCIJH) a:' :--hown h_\· purine cxc:hau~-..· C'Xpt'rimPut~ 
with D,O (\J, 10). Th<' >ill)?;l•_•t at lti:.:hcr fidd i' the11 a,.,igou•tl to 
the adl'ninc C: proton (\(',Ill, wloil<'·tlll' doubl;·t :ori>t'> fmm the 
(' 1' riho<l' prutoll in adt•nn•ine (_\C 1'll). Till' """'"'·cd ~plitting 
con·p,,_,u,ds to the rouplin~ toll>tant J(H,'-11/) between the 
rilou-e proton:'. 

:"ai'IJI:O rl al. (S) a><i:.:n••d thf' ;,.oalloxazilu' proton,- of F::IIX 
:ond F_\ll ""tilt' h:o>i- .. r rlu• o·onq•uted ,- ""'dnuo """"iti•·s nt 
tlw l'arhon to whieh tlw pn111'11 i .... hc,radL·Il. The uru·t·rtaintit·..-· 
irH:•,h·t"d art' rlt':.f'rilwd. ( 'nnf'latinn' bt•f\\"t't'll tr t'l£'t'll'oll ricu­
..-itit·~ ;tfld :t!"lllll:tlic prnfttll .-hc•JIIic·:tl ... lJi(t .... h:t\'4' IH'f'll cli:--c:u:o::-:.ed 
h_, .... ,.,·,·r:d auth11r ... ( ... t't' Bt·ft·rt•llt't' II :111d rc·ft•rt•ru·t• ..... th.-reiu). 
The· pndlfll h11tldPcl to tht· hidlt·'t 1r t.'lt't'll'nll dell:--ity t':trhclll I'X-

periences the largest diamagnetic (high-field) shift. On this 
basis, the lower of the two aromutic proton lines wa:; "'"igned to 
the isoalloxazine C, proton in F~I::'\ (FC,II) (C', ,- d('l'ti'On dl'n­
sit~-, 1.004). Th(' highPr field lin!' is thPn us:;igned to the c. pro­

ton (FC0Il) (C.,- Pl£'clrooi dt•n,ity, 1.00:3). Conopull'd ,- l'il't'tron 

dcusities at the rnethy1 proton" W£'rc W'l'd to n~>ign the FS!~ 
methyl resouance:;. Hcn~e the C, methyl proton,- (FC1CH 3) 

oct·ur to low field of thP C, methyl proton~ (FC0C'JI,) (,-electron 
dcn,-iti<''• O.!H3 anrl 0.!1-Hl, l't'.<i>t'<'til·ely). The>e ,- dt'dron dcn­
sitie" \H'rt' eall'ul:otPd hy Pullman aoul Pullnoun (1:?) for the 
oxidiz.-1 fonn nf thf' i,-.,:ollox:ozioll' rin:.: of F\1 :\'. 

The uncertainty iu thi" appro:lf'h i' Pl·idt·nl froon Fi!!•. :J, -t, 
:1111! 5. From Fig. :3, tho· F:ll::'\ Ft',Il and FC',II protoll ,loift;; 

appear to ht•<:ome equi,-,;l<·ut in ]),{)-dioxane >olution> at in­

finite dilution. The tPoup!'ratun• dPp£'ndl'lll'l' :;h""'" tlwr tlw-e 
two n:.,onauce" ~ollup>!' ioito a ,iugiP line at ti8° in D,O-diox:one 
,-olutions (0.02.5 ~1) (Fig. -t) :uul at 91° in 1>,0 "'lutit>ll> (O.It2ii 
~1) (Fi~- 5). The"'' rr,ult.< an· Ulll'X(I('t:ted fr .. no elt•l'tron dl'n,ity 
notHi<IPration~ alone. · 

.\n uncqui\·oc:tl :l.•>igun><'nl of tht• F~l::'\ proton r('.-nn:llw<·s 
h:o; lll'cll curried oi1i1 t•xpPrilllt'llt:oll.'· hy 1\ulltwk a.nd .lanl<·tzk,,­
{1:!1 who olo"·n-.-1 th<· I'Xf·lt:lllgt' of thl' H ';('If, proton.; at !Ill !l;i0 

in ll}l >oint ion> aoul a con.-t'tt'll'llt d<'t'l't'a"' in tht• amplitud<· of 
the luwcr fipJ,j nu·thyl liu ... ' Fn1111 :o •·ontp:ori-ol! of tht• >Jw!'!r:\ 

% fll !\ p:i(lf'T h~· \f('.\llcf!f':-":0: :11111 :'IP\\·arl (}-I) :-:i111ii:Jr tft'llll'l"iiiHI 
ext·la:ul.&:;t~ t'XIM'tim•·•H~ n{ !Ill' nw1h.d proiiiiiS iu two lmnnziue 
~IPri"·at"ivPs :in' rt~portf'd. 

.... 
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ADPR 

IJG2H 
AC8H ~ 

l i; 

AC 'H . 11 

~V:'~~'""''/J~'N,,~"''\J~i'tl~· 

FC7CH3 

FMN . ~ 

Fe H /FCaH II li . ~I .,.........;·\...w~J \ 

2000 1500 500 Hz 

Fw. 2. The :!:!0 :\ll!z protcHt magn~tir rt.>sonance spectra of 
AIJP-rio•>•e (A.Dl'/1), D!X, and F.\IJ 10.025 ") in D,()-dioxnne­
d-8 (10:30 v/v) at Ji 0 (pll 1.0). Only the aromatic, C',-rihose 
anrl ntPthyl prnt(•ll rPgions of t lte !'pertr~l n~~ ~how~. AH shifts 
art~ with resp<.•rt 111 internal ~odium :?,:!-dimethvl-2 sil:qwutane~ 
5-:.;ulfnn:ltf". . 

t)f hllnift;l\·in awl ·"·d<•lltt•ri<lllltlliHaYill, thP lti!,\lll•r field :II'OIIIUtil' 
proton ii1 tlu~ i..:o:dluxazitu' rill.!!: \\~a:;: ~t:-::->ig;ned tt) the F(\H pro­
tun. Thi:-" :t ...... jg_lllllellt (l"i;!. :!) j..; in ;lgl·,·t·tneut with that prc­

Jil'll'tl on the ha.-i" of the t'al.·ubtioth of l'llllman. 
In F.\1>, the re.<un:onceo in the dintwiPoticlt: oeeur at higher 

fidtl., than thPy do in tltL' ,.,;l'l'l'"P'.IIlding nlunonucleotidc. Thi:; 
ari~t.·s front the rill!.:>ClllTt'llf diatna~netit~ ;-:;hiclding t-fft.~cts of the 
tlinuc\Putide prc•teon,; in the folded ,tntctnrc a:; well :L• from 
illlel"JJll,lPettlar ritJ~-ecJrn•IJt.. interaetion:-. h('lWt\l'll i:-otlalliJXazine 
rill;!.•. The lnwc•l tide! F.\11 l't·-onanc·l' (Fi~-:. 21 i,; a"i;t:n(•d to 
tl"· .\C.II proh>l\ CHI the h:~-i< of our t•xdiange experiment,; in 
\\ hich thl' J l,().di~>X:tl!C~ :'<.>llltioH \1';1,: ki'J>l at S;)0 for-! hour,, TC· 

sultin:;: in till' :dmn.-t t<>t:tl di . .-appc·aranc•e of thi,: line. Thl' .\C,II 
proton i~ a..- .... igned to tlte 111'\:t. J"t.• .. nn:tnt·e; it i"=' well removecl !'rntu 
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0 

FIG, 3. Concentration d!'pendenre of ADP-ribo.~e (ADPR), 
F:\IN, and FAD t•hemical.shifts in D,O-dioxane-d-S (10:30 v/v) 
solutions (pH i.O, 17°). 

the flavin pt'aks and the shirt difference between this resonance 
in FAD and in ADP-riho:;c decreases us the tempemture increases 
(:Figs. 4 and 5). This is interpreted as reflecting U: partial un­
folding of the dinucleotide with temperature !'·hich removes the 
.AC,II proton from the ring-current shielding influence of the 
neighboring isoalloxazine ring. The result is that at higher 
tcmperntures th(• FAD AC',H proton ~hift t(•nds to approach 
the ohi<:rwd l'hift for tlw t'OITC$ponding proton in .\DP-ribo;e. 

Th,• ntost difli!'lllt tt>>ignntPnt mts that of the F.\() FC,H ancl 
FC'8 H J>l'ototL", :wei a;.:ain thc> r<'•tlli,ite information \\·as clt•ri\'t~tl 

frotu tiH• tt•ll1p<'raturc nu•a;llrCHII:IIt>'. Tlw h•uJprmturt• clt•­
petH!en.:c· of tht• •·lll'H>ic:tl .... ltifh (Fi:;:,. ·1 awl;;) ,-how,: thut thP 
c~hetnil':d ,hift ditlt•retiC't'" hi'!IWt•n thP rorn·spnndin~ .'\(',II, 
.\C,l!, and .\l\'11 prnton8 in ,\l.ll'-riho-e and F.\11 ckt·n·a"J 
with illt·n•a,-ing h'lllJWI'ature. The ~hift diffc>renc<'• hPtWPPn the 
FC,('Jl, ami the FC,C'H3 prc,lon,; in F:\1?\ :uul F,\() abo reHal. 
a ~imilar iiiYer,;e tempemtur'r clt·penclt·llre. In faet, at hi~her 
tcrnpt'ratun\:-: ~en.'ral of-tlw cun·.e~ for tltc corre~poncli11~ pr;otons 

altllO>'t nwn!t'. :::itnilar rc:L-oni11:;: ,hould :1bo appl.'· to the• F.\ll 
and F\1:\ FC,l! awl }Tsli protun n•,onanet'."· .C,ill!.!: tit,• a•· 
si:;nml'nts of the FC,II and Fc.,H prntc111 rt>onanc·t•;; in F\1:\, we 
,.;,igned thl' t·orrc;pomling rt'"OIIanc''' in F.\D. .\ c·urrert a;;­
~i~lltllellt of the i.•oalloxazi11r prot•Jll:; i11 F.\1 l \H>IIIcl ha\'P (t,,.n 
Yt;ry dillieult without the t!'tr.pcratlll't' lllt':J;Itl'('llit'llh. Vinally, 
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FIG. 4. Temperature d;opendenee of ADP-ribose (ADPR), 
F-'1:.'\, and FAD chemi<"al 'hifts in D,.O-dioxane-d-8 (i0:30 v/v) 
solutions (0.025 "• pH i.O;. 

tlw F,\D ,\C' 1H, FC,CI!,, all(( FC.CH, protons were assign('d 
::rs in .\DP-ribu•e and F\1\". 

lu ordt•r to nrri,·e at a t'otTt~<"l. model for the folded conforma­
tion of F.\D or till' >tnHHr" of th., F\1\" and F.·\ll stnckPd 
diul!'r> in wlntiou, all H>.:IIHhi~uon< a.<>ignrnent of the proton 
rf•:-=oii:J!H.'t .. :-! is requin•d. .\11 ex:arnplc of an incoJTt~d a ... :-:.ignm~nt 

th:tt ('ollld t~a:-oilv be ln:td·· i:-: . ..:PI'Il frolll tit(· data in Fjg . . !). In 
lJ.p >olutinns ,;t low """'l"'rawn·" the F.\ll FC,H re;onance 
or~·urs to l1i~h Hdd nf tht· FC;,I r n·.~on:lnct~. \rith an incrt•a ... (" in 
tt-111pt·r:ttl1n~- the~t' pP:d~ .. ,.,,:fi, . .,.u· :nul cru..: ... with the FC'sii tn 

ltl\Wr liPid. (.'on:"t''l"""''-'·, o<dy al <'\)H•rinwntal tt'l!liH'ratnres 
lwlo\\' ~0' can n. correct ,,.,ico;nnu•nt of the,<' F.\ll proton re~o­
llanct·> be made ba!'cd ,-oJ...!y on electron dt:nsity calculations. 

1 lllcrmohc<tlar I lllaac~i·.l!IS-lntcrnrolccnbr ittteractions may 
ln· >ll!rlil'd !.\· cxarnittinco; :!w c<>ttCPtttr:<tion d .. pewlcnee of F.\D, 
I::\1\", aut! .\lli'-riluH· 1·:·•.>1011 ,hi[!,< in ]),0-diox;Uit' <ohuiono<. 
T:d>le laud Fi!!. :3 ,Ito\\· li.:Jt th•· flavin proton;; arc tlw mo>t iocll­

siti\·t: tn· concentration :m I tiltH thc·n·fore he im·oln•d in iulcr­
lllOI•·•·IIlar ;t>S<JciatitJtt,;. :<:inc•c tltt• FC',If proton, both in FAD 
and F~l\", expt.·rieuces th gn·at.c't shift to lo\\· field with de-

560 FC7CH3 

FC7CH3 
FC6CH3 

520 FC6CH3 

A FMN, o ADPR 

. 40 60 80 100 
TEMPERATURE ("C) 

FIG. 5. Temperature dependence of ADP-ribose (ADPR), 
F-'l);, and FAD chemical shifts in D,, (0.025 ~r, pii 7.0). 

creasing concentration, Sarma el a/. (8) argued that in D,O these 
molecules associate by way of vertical stuckiug of the isoalloxazine 
riH!\S. Ou the a,·cr,.g•~, the FC,H proton of one of the iso:tl­
loxazine rings spends u cor"idt•rablc time in the proximity of the 
nrcuuatic ri11g A of ttliother i:--o~.dloxazine ring·, ancl vic:e Yt·rsa. 

Tln·H these r;rutou.-; c~pPrielLt'C the largest di:.tlltaguclic :--hil'ldiug 
nri~ing front tlw rin~ c·urrt11lt:-" in the _\ riu~. In T>l>-dioxttue 
'nlutiolh (Tultlc 1), thc}·l',ll protou aL-oexperiCtl\'e> the )'.rt·atest 
di:rrn!l~nctic :;!rift (F.\D, :3.'> Hz; F:\1\", ~~liz). Th•· d:rta in 
Tab!,• I are t"Ott;i,lt:til wi.tlt the >tack itt~ mndd for 1-'.\1 I :rml 
F':\1:.'\ prnpo;ccl for the I 1,0 .-olutioti,;. .\dt·tlillt' prot ott> h<'!tlt in 
.\DI'-rioo"' and F.\1 l :rre ill.-cn>itin• to t'<Hit'f.'llll'atlnlt and tht·re­
forc arc not im·oh-etl i11 itllcrruulet·ular a>>oci:tt ion,. 

Intramolecular lntcraction.~-Tht' ;hiddillg; <'lfcct uf one ring 
on tht' proton rc>Oil:IIH'e:; nf tht' :;ct·und ring in F,\] l rtla_,. be 
:;tntlit'd hy a cump:rri'"" oi the rt•:;pt.Ttin· llllllltHIUclt•otid•· ancl 
ditnlrlt•otidc proto11 ,!Jift• at i11fillitc dilution. Thi, "'''""t'" 
t h:r t intc•rmolt'elllar int.,r:wt iou ... a 11d t h .. ir ..rT,•t·t on tIll' .. hcrnit:a I 
,;hiih :rre zero at i~tfittilt· dilnti<>n. Tht• ..'.(.\1 1!'-rilto,;p.J-'.\P tall< I 
.l(F.\1\"-F.\D) \'ahit•.< rcpn•"•nt the rlilfen•nt·.c iu ..!rcmit·al >hi(t 
bt'l\H'Cll re;;pecti\'e protott:> itt the tnouollll\"lcotides :ttl\1 tht' di-
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T.,uu: r 
Conrr7!1ralirin dtpmrlrn•·•· "f FA D. F. II X,. am/ A DP-rioose prut011 

,-h,:mil.'al •h•JI• it& D,U-diu:rtltw-d-8 .w/ulioll.< tlO:SO, v/t•) (/7°) 

~:~::uad ~~~.-,~:-G-~~::·::,~ -;C:I~Fc:·:AC'dl"l ~ I ~ 
--·----·-·---! --·------

FAll 
1 " ' //: 
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• The Cf>ttpling Coll"ttlll .Jill',- II',) is 5 .. 1 ± 0.2 Hz in F.-\D, 
and 5.8 ± 0.'2 flz ill .-\llP-riho"'· 

' li signifies shift at 0.0 " - shift at 0.02;; "' positive numbers· 
repn•sent a shift to high field. 

T.\IH.E II 

Dijfc,.,_.,,·e in duunirulshift hctu·,!t.:/1 l'f8JJt~dil:t' prulun.~:~ in diru1.cleotide 
I·' A/) and mo,onllrit'flfi,f,._,. F.ll.\" ond A /J/1-rifuMe in D20-dior­

atu·-ri-H c70:.i0, ,.;,.,. (17°) 

Comt•outul 

A(.-\1 Jl'-rihose-FAD)," 
0.0" 

t.(F\1:\-F.-\.D), 0.0 '' 

, "~.~~ 1 A~~~:r,·,~:~J~.-.,,-,A~·~;~I 3 ~-~--
, I I I .... .... 

~ i ------··--- ------li-:----------
1 I 
I :!1 51 1 

5!1 I 251 :JO 120 I 13 
----

0 .l represents the dilfNPII('C ill the prulclll shifts Ut infinite 
dilutiou. The positive llll!llhers represent a shift to high field. 

nudt•otide. In D,O-diox:tlte (Tahlt· I 1), all ;l \·altJt•s art• po,itive, 

illdi•·at in~ that in F.\11 all prot oil> tll't' diantaJ.:netically ,-hielded. 

The .\C'J-I pmton i> II tore hi~hly ,hi .. ld!'d (;j] Hz) than the .-\.C,H 

prutn11 (21 liz). Th., 1:-'(';H proton abo expcrienc!':; a lar!!;er 

diaru:t~netif' :<hieldi11~ (;j!) liz) a; eomp:tr<'•l with the FC8 H pro· 

ton (::?5 liz). Tht•rt·fon•, tlu• <:onformatioll of F,\D in D"O· 
UiiiX!tiH' i:-~ in ugn·Pmt•Ht with tlH' foldf•d ~tnwture propo:-:pfl for 
thi:; IHolt•eulc in ]),() .-olllti•.>ll> J,,- :'arma t! a/. {8). 

1'nnpi'rtti11Tf' S!tulit·s--··fn Fig ... -l and ;) WP hav«.• !"=lllHIIIarizt'd 

tlu• f<'llll •<'l':t I Ill'<' dl'l ·•·lld<'!l>'l' of rll<' c·lu•iui•·:tl -hift:; in hot h !>,(). 
ditl_\allt' :frtd I>J) ~~dlllil.rl··. \\.itll ;111 in~·n•a:-:e in tt•nqH'rat\lr(' 

1tw jll'ldul\ Iiiii'.~ .... hift !11 (r,\\~·l'lit•ld (t'\l't'ptioll~ tht' .\l\11 protnll:-' 

i11 .\1 H'.rihu-.(· i11 l•nllt I J~t ).dio\:llw :111d I J.~o :-;ulutioti:-O and in 
F.\IJ 111 ll.,ll-dtox:lltf'). l 'h:ll>l:•·.< ill lo-IIIJH'I':tllii'P will atTt't'l hot It 
tfH· iutPr- :11111 inlr:tJit'dl't'l!l:tl' inltT:wli,HL-· ;tltd a..;=--m·ia~t·d proton 

:-.hilt. ...... Ttw .-.hifl."' to J;.w lit·ld rnay· lw t•.\plained by a dt•c·n•:t:-=t~ 
iu ll11· rirtg,-cun·c·rH dl:tln:t:.:,lu·tir· ... Jti1·ldi11~ nt' tht· protons wlu·n 

irlfl'fltluiPc'Uiar .:t:-...:~wiatiotl~ dt~t·n·:t--t' h_,. a partial tlP~I:If'kin,~t :t"i 

W•·ll ,.., hy a p:trtinlllllf.,]dim: of tho· F.\llutolc••·lllf',-, 

Tlw IPIIJ!II'I'a1un• dt:fll'l!dcllt'l' of tilt> intrill!rnlt•t·ubr ilttt·r:wtioll 

i11 F.\1 > tuay lw clt'dll<·•·d l•y tnkiu~ tl"· clill' .. n•tto·e hPtWl~·n tl"• 
JtJnllolllwlt·cHidt• and dittlldt•otide prorc,n :o:hift:o: at en~ry lt>mJwra­
tun·. Tfti,; "'''lllllt'' tlt:tl ..Itt'lllit·:d ,hift:; r .. r <'']lli\·alent protoll,o 
i11 both IHOIIoltllt'lt 1olidt·-- :tncl di!lllt·IPntidt', :tri.-.i!IJ,!; fro111 an~-

T:\BLF. III 
Temperature rh·pemleu<e of difference in rhemicnl shift belruen re· 

:<~pt!rlil:e pro/on." in di~tudeotidt! F.·l D awl mononur.lcofirleR 

F.l/.\' am/ .-IDP-ribo.•t• 

I I I I I 
I -= 

Solvent compounds ~ u ... ~ c::; ~ i3 w w .., < "" 
.., .. ;.. 

H: 
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I 133 
' 

(0.025 \1) al 5" 
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i 28 57 
.l(F\1:\-F.-\D). 47 u ;ll). Ill 

JJ,O-dinxune-d-8 (70::!0, v/v) i 

I 
(0.0'25 M) nt !10.5" 

J.(ADP-rihose·FA!l i. 8 2.1 17 
11(F:\IX-FAD). 2.1 

I 9 

]•) ' 3 - I 
D,O (0.025 M) at 5"C t 

A(.-\1 lP-riho~e-FAD). 

I 
.59 92 62 

11(1"\IX-F.-\IJ) 6.1 •29 H 28 
D,o (0.025 M) at !l0.5" I L>(.-\IJP-rihnse-FATl). '23 49 40 I 

.l(F:II:\ -FAD). ·I 130 8 IIi i 8 
' 

• .:1. equals the difference ill the proton shifts at 0.025 M. Posi· 
tive numbers repr;,scnt. 11 shirt to high field. 

intennol!'cular a"oeiation~, have the ;am!' tl!'peruienct' on ft•m­
pcratur£'. 

~cn~ral iutPJ'(':;Iin~ fP:Itun·~ un~ cvidPnt. fronL a c~otnpari~oll of 
th<' curve:; in Fip;>. -1 :lito I;; :nul front tho• datn in Tnhle Ill. Tim 
first is the dt•t'rl'H><' in the Phcntit"tl shift· "']>ttr:ition lwt\\ecn 
correspon_ding pn,tons ju tlw mcmultuelt\otidt~~ ·awl in F.\ll ns 

the temperuture is inc-n•n,-erl. Fo1· t>Xarnplt•, t hi' shielding Pfl'ect 

on .-\.C,H ip F.-\l> dt•rrf'n:;cs front !12Hz at 5• to-!() Hz at \10.5° 
(1>,0) (Tub!t•. Ill) as the high ten•pcraturt'-' tt•nd to unfold the 
1''.\.D moleetiles, However, c\'t>n at 90 .. 5° thP dinncleotitle pro­

ton resonances arc alway~ at highei' field> tha11 they are in·F:\!N 

and .-\DP-riboSI'. This indicates that at thi,; temperature 

admine-i>:oalloxuzine ring interuciions are still pre;ent. 

Secondly, the F.\1> tentpentture curve" in 1>,0 80lution:< are 

roughly sigmoidal in :;!tape, with appart"tt a>.\'lll]ltotic limit; ut 

both hi~h anti low temperatures (Fig. 5). Si:nnoirl CUI'\'t'> :rrc 
also obtained when the diffen•nccs in the ehPmical :<hifts 6{.\J)}'. 

rilto,oe-F.-\D) and 6(F.\!X-F.-\.IJ) arc plotted a:< a fruwtion of 

temperature (Fig. fi). Tlw ,-iJ,:moidal depenclPnCI' of the eh<'rnical 

:;hifts could. ari:;t• from •·haitJ!('S in tht• relati\'1' ennfonnation of 

the two· ring:< in F.\J J. :-'itnilar ('lilT<'" wert' oltt:tiJl('fl for adc­

ll~·lyl-t_:l' ,5')-ad•~tHi'ill<'.(.\p,\J h~- ('han anci \'t•l""' (10). 
:'i:,!ll111id l'ttf\'t'." :tnd j'llnJ~t'rati\'(• tr:IIL"'itioJJ...; han• ht'l'll di:-o~ 

C'lb ... t•d i11 tPnn:-o of tht• ··~wo·- . ...:t;llt'" IJ_\·potht> ..... i.~ or ·'all-or··Jiulle" 

prot·t• ..... ,...... Tlu·;..;p tPI'IIt~ i111pl,,· a di...:(•oratinnity i11 tllf'l'lnodyu:tlt)it~ 

:-:taft• ... ...:twit thai nnl.~· tlllt' tlu•nwulyuautit· :-ta1t• j:-; :--tahlt> },t·low 

thf' "tran:-.itinu 1t'ltl)lt'l':tlllrt•" and olll' :1hon·. :\t alt.\· gin~u 

tc·llql('ratlll'l' tlw Hudl't:lllt•...; in tlu• IW11 :--t:tlt• ... :an• iu t•ttllild,rium. 

ThP lu•:-:t known lwn- ..... tatt• proi.·l'~:--t'~ an• thP plta: ... t' t·h:tll:,!t'.' nf 

~olid~ :uul liquid...: :tnd tlw t'I.Jitfurm:atioual c·h:tlll;t'~ in prolt•in:-:. 
Th(' tlH.'OI)·, ('h:tr:tc•tt>l', anti prupprlit•:-: of c·onpl~ratin• lntll:-itiou:-o 
han· h~~en dt.·\·clupPd_ f,)r tht> t'llllt'nnnatinllai tran...:ition~ of pro­

!f•in,o lngclh<'r witlt tP>I." for thl' \'alidity of tlH• twn-,ot:tt<' :tjl· 

proxirnation (IS). 
The ntdting of dinut·.lt•o,idP lllflllopltn"ph:tt<'' ha;; h.-~ll inter­

prefer! in l!•nn" i>f tlti; rnoclt·l. Thl' two ,;talt·-' eorr!',IH>Iltl to 
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TEMPERATURE (•c) 

Fw. 6. The corrdaliuoo hPtwcPn the ditTcrimce in the proton 
chemiral shifts MAL>P-riho,c-F :\D) and:. (I':\! X -FA I>) with tem­
perotture (0.025 ~ D,O solutions, pH 7.0). ADPTt, adenosine 
diph·•~phorihuse. 

foldP<I uml unfoldl•d molecull'" (16). These rp,;ults are ba;;ed on 
temperature <·hungcs in the cirrular dirhroi;;m spectra. 

Con~idering the proton .:hemil'al shift t•ersus temperature plot 
(Fig. !l), the ,;hift~ at the two a;;ymptotir limits ut low t~nd high 
temperatureti approa('h the chemical shift;; of the protons in the 
folded and unfolded state:<, re:;pecti,·ely. Hence the sigwoid 
dependence of the 'hift.,; nn tE'mperature ari~l':i mainly from 
chauges in the di~tance Letwf'en the two ring,;, and therefore 
from chungt•:; in the ring-current shielding. The upplicability of 
interpretiug riug-current ~hift ch:mge~ in .-\p,\. in terms of the 
tl\·o-,;tate model has be<'" di:;cll:;,;ed by Chan uud Xel,;on (10). 

Patel (i) ha~ applied X:\IH iu "tudyiup; the ronforwation of 
the l'oenzyme nicotinamide adenine rlinudeMide. He :;ugg<'sts 
that u rapid equilibrium of opl'n atul one folded conformation of 
X.\!JTI fa,·ors the open form nt. hig;lwr tl'mperutures and the 
fololt•d form at lnwt•r tr•llt!'l'l'atllr<''· The ohc'l'l'l't•d X:\IH "ignal 
at uooy tPnqwraturP i,; tho· \n•i):hled :1\'l•rag;c of OJll'll and nne 
folclt•ol confornoation i11 r:opid P<(ltilibriwoo at that tcmpo~rut11re. 
\\"t• thPrl'fort' -llg;!o•,;t tlo:ot F.\1> ltlnlo•o:ult•, in 1>,0 'olutinn,; urt• 
ioo a r:opiol <'qllilihriolln l~t•t\\·o·o·n a fo(.J, . .J :uool all llllfololl'ol 'tate. 

:o'i~moid <:un·t .. .: :n·p not oh . ..:l·n·t·d in l >::0-dinxanc :--olutiuns 
(Fi,~~;. -l) 11or wlll'll the dill'l'I'CII<'" in the l'lll•mir·:!l ;hift,; tl(ADI'­
riloo-o·-F.\D) awl ..\(F.\1:\-F.\Il) arl' plotted'" a fouodiou of 
lt'IIIJH.·rarure. Dif-n:alte IllH.-..t tlu•refun• lower the ('Jl(•r·~y barrier 
atod lu•tl<'e tht· tran,ition t•'"'l"'r:olllrt' 1«!1\\'PPn thP fold"! aoool 
lllofoldo·d c'l:ttt'."· Tloi,; n·.-nlt; in a olo·~r••n.:e ito tlw intr:~noolt'elll:or 
,hielditog uf :oil F.-\ J) prot""" rrat.le II I). :For rx:onoplr·, at. the 
lowo·<t and hil-{ht'"' templ'l":oinro·< that 1n•rc ,:tudied, the F.\Tl 
.\C'~Il protnn at .~o in n,o i.- .<hidoled IJ_,·n:.? Hz :ott<lthi,- ,hit'ldill~ 

do•o•n.':t><'" to -!!I liz :ot !lll.i;', wh .. n•:o.' in I l/.>-olir,x:otu• tho• ,hit'lolito.~ 
dPt·r,·a ... t'"'i irorn :.)"';to 2:! liz o\·1'1· rhi:-- :->am£' tenqwr~ltUrt' rt"g-iou. 

To'llll'i'r:ltlii'C rl<'pt•oodo'lll'''' of tilt' t'otllplilll-{ r·oto.-l:otot .J(If,,-11~') 
h:tn~ ht.•f•n intPrprt•tt•d iu tt·rnt:-: "fa t•unfonn:llit~n~d t·halt~l' of the 
rihtl:--t• rill~~ in :-:t~\·pral dilluclt·n-idt· IIIOIIfii'IH·,,. .. plt;ttP:; (JI). fn 

T.\BLF. I\' 

Solt•ettt effect on FAD, F.lf.\', anti ADP-ribooe proton shifts 

A= (J),O-dloxnne-t/-8 (70:30, v/vl)-D;o proton shifts (0.025 M) . 

' ACoH I I -~ I , 
Compound ~ .4.CeH FCoH j FColl I AC'oll ~rc,cH.~ FCoCHo 

I 
I I 

H141 17° 

FAD. I 4o I 
46 I 52 I 71 

I 
23 '!i 29 

n1:-;. ·I 6.51 
3-t i 66 II 16 

AUP-ribose. 6.5 I -9 

i H: ol90.5' 

FAD. I 15 20 :li I 29 

i 
lG 10 13 

F.\! X. •.• i ao i 30 6 8 
' ADP-ribose. "! 0 -6 

! 
-i 

TABLE V 
FAD pro/on shift.< as function of D,O-dioxane-<1-8 ratio (v/t•) 

(0.026 M, n•) 

Soh ent ratoo ~~-A_c_,H__c~A-c_,l_I_!.__F_C_oi_!_!__F_c_,~I!--'.I_A_C_'_u_l _cl_r_c_,_c_H_, "-' f_·c_,_c_n_, 

H:'l 

wo:o ISI5 Iii.; W4I w~f; 1:?&; so.; 488 
70:30 I 1855 17tH !ll9:1 [(;!17 1309 532 517 
50:ii0 I 181ii Ii80 1i22 li2tj !:WI 5-12 526 

T.\hLE VI 

Tempera/rrre dependence of ADP-ribose proton line width.<• in three 
solr·ent systems 

o.o D-:0-dioxane DtO-metbanol 

Temperature 
(70~JO. vf\·) (50: 50, v/v) 

.. 

ACoH I AC•H ACoH 
I 

AC,l! ACoH 
I 

AC,H 

. H: H& n. 
-29 -!.3 

I 
3.!> 

-13.5 -!.4 3.8 
5 8.0 3.5 8.2 :l.O 5.8 I :l.i 
li 6.5 2.5 i.O 3.0 6.() 3.0 
3i 4.5 

I 
3.0 G.5 2.5 8.0 :!.5 

52 3.0 2.0 

I 
5.5 I 2.0 5.3 2.5 

(i8 2.5 2.0 3.5 I 2.0 i 4.0 2.0 
82 2.0 ! 2.0 2 . .5 \ 2.0 I I I I 
!10.5 2.0 i 2.0 

I 
2.0 2.0 I i ---· 

a ThC' 11muhPrs repr('~l'nt tht> proton full-line wjdths at half 
hei!!;lot. 

.\p.\ this t·ouplill~ iru·rt·u'l'" frotu 2.3 to -t.j' Hz (-l--il 0
). In the 

rnnlt•t·ttft· . ...; undc·r t'fJibidt.•r:tf inrt t hi' h'IIIIU'ra tun~ \·a rial io11 of thi:; 
cc•Hplin~ j~ :-:mall. In ])J) the c·c•Uplin."' c·oll.-.:t:lllt irwrea:-<p:; frorn 
-t.5 to ii.2 Hz i11 F.\J) (ii-\JO.iY'), :our! r<'lu:oill.- :ot ii.H liz ito .\JJI'­
rihot't'. lu )1,0-dio\atoo•, lht' <'<JIII'Iillg r·ooH:otll ito F.\1 J i,- .';.4 
liz hoot deo-rt':O>l'' i11 .\IJ!'-ribo.<e frotol fi.ll In .'1.4 Jlz (.'>-\11)..~0). 

Het:tll~t· tlu• f'h:In~t·_..; arc \"<.'1"_\" !'lll:tll,·no appn•f'i:thle gf'onwtrit·:JI 

o:hato~t' in tlot' relatiom.<hip of ll1 • :Lnolll,, t:okt•, place i11 I hi,- tl'lll­
peralllrt~ ranJ,!;l'. 

Sohni/ Ejf(c/s-.\ cotlll':ll'i,;on of Fi'-~·'· 4 :ntd :i, lol-{t'thrr with 
tht' d:ot:o "'""''" in T:thh· n·, ,how tlo:tt tho· aolditioto of dio\anr 
to J)~() ,;nlo11io11; Of tlw ,;ollllt' ntolt•t·lllo•, itodlltl'>' a ,ftift to low 
fic·ld for the prolou,; 1rith tht• rX<'I'ptiotll otf lhr• .\(','If I'I'Otoll in 
.\IJI'-riho>t' (li''). TJ..,,, . .:uh·t·tol 'hift,- to loll· liPid llo:oy :~ri:'o' 

frotn (u) tilt' tlt·erl·a~t· in thf' rin~·t:IIITPIII diamagiiPiit• :-Ohit·ldin~ 

of pn•loll."" and (h) h.\··drct!!.t'll hfuul funnation. 
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Solvent ,;hift~ of the FAD proton:; in going from.D20 to D,O­
dioxaia• arise since dioxane dt·rrea,-c:; both the "fruction of folded 
mulecnle:; (all protono an• dt·,hit'l<h·d n111l l'XJll'rience a "hift to 
lnw til'ld) ""\\'I'll a,; the fraction of iut~nnolPculal'ly "tackt•d F.-\D 
molt•t·ulc" in "olntion (!Iavin proton< t•xperient't' un additional 
d~.-hiclding). Tlwrt'fon·, frori• Tahle 1\', the "olvent >hifts are 
alway,; greater forth<' dinudcntide than for the re~pectin~ mouo­
nucleotide protons. .For the AC,H proton, these shifts arc 46 
and 6.5 Hz for FAD '""I .\DP-riho.;f', r~,;peetively:. 

Considering the interrnol~>cnlar solutc-",;olute ,;t;icking interac­
tions further, the data in Table I\' :;how that 't];;;··FC1H proton 
undergoes the grcate:;t _i'hift (66 Hi in F:\1:\ and 71 Hz in FAD). 
Siuce this protou ~hift i:; abo the most concentration-{lependent 
(Table I) the dioxane must greatly di.;perse and decrease the 
fraction of stacked F:\1:\ lllOlecules in :;olution. .\DP-ribose 
proton shifts are only ~lightly concPntration-dependent. There­
fore these molecUle.; are not im·olved in intermolecUlar associa­
tions and experience a very ~mull soh·ent shift (Table IV). 
These solvent shifts may be explained by the decrease in the_ 
ring-current diun~:~gnctic ~bidding of protons ns neighboring 
rings are di~sociutrcl by dioxane. An increase in temperature 
also incren>'CS the dis,-ot·iation as evidenced by the ~nhtHer 
(solvent) shifts at 90.5° (Table 1\'): 

F.-\D proton •hift~ 11·cre al.;o stndietl in .'i0:50 (vjv) DoO­
dioxane-d-8 ~olutioll·,. (Tab!(• \'). ,\11 protons experiem·e a 
further shift to loll' tl••ld with iru:rc:ti'inp; concentrations of dioxune. 
This_indicate; that all di.;>oeiations nrc further enhancer!. 

SolHnt ,;hift;, for till' .-\C',Il, .\C8U, and .-\C1'H proton~ are in 
agn•t•ntl'lll with tl"H" nh•eiTcd hy l!m,-ka tl a/. (18) for purinP, 
6-methylpurine, anrl !l-ribo.;ylpmine in 1>20-dioxanc ~olutions 
for the ,;nh·ent t:ompo.;ition ratino lUidcr consideration. Ilruoka 
et a/. abo found that the .-\C,H protons form hydrogen bonds 
with the soh·ent molecules, .;incc tht> .-\('8 carbon i~ the most 
el<•ctron-dcficient c••ntl'l' in purines. Protons invol\'E'd in hy­
droJwn-bonding intPraetion:; are invariably i<hifted to low fil'ld 
(19). The nnomalou,- shift, to high fiPI<I of the AC,H proton as 
a function of tC~IIlJWrature in .\ DP-riho.;(' and F.\D in n,O­
dioxunr (:Fig. 4) and in .\DP-ribo"C in JJ,O i<olution:; (Fig. 5) 
may indicate tlw preo<:r1cc of this hydrogen bond' Shift; to 
high fid!l of hyclrog;r·n-honc.lecl protou> nre oftf'll ob:;f'I'\'ed with 
inereasing tl'mpNature ,uul r .. ;ult from u decrea>'<' in the fraction 
of hydrogen-bondo·cl o<JH.·c·ie~ (20). The :\"\D :\CsH shift to high 
field with tt•mperature (D,O) may then ubo be u;cribt•d to n 
decrease in the frar.tion of hydrngen-honded specieo in solution 
(4). 

1'emperalure lJfJwlldUICe of Line ll'idt/c.l'-Thf' line width at 
half height ot tht: .\C,H protnn in Al.IP-riho;;e Fhow' a temperu­
turt• depend .. nce (T:tblc YI) whirh is not ob:'l'I'\'Cd for "the .\C,H 
proton in .\DP-riho•e nor for the }'.-\TI protou>;. In D,O­
""'thanol, i'>ll:i)O (,· \'}, :1 ,J,,tl·p· .\C,TI line is ob;f'!'n•d :tt low 
lc•rnpcratun~ ( ~:!!1.), broacl<•n, '"the h'<npt•rature i,- iuerr·a,,·d, 
:11ul finally uarrn\\> :t;.:ain·at to•rnp<.'ratun·.- ahon~ liO". In JI,O 
awl I );:O.di()X:tiH\ .'tJIIIt in1.1:-= thi . ...: l'rotou li111\ width narrow:; with 

'The FA!> A(',JI pr.,t•m in V,(l ciO<':< not rxhiLit n shift to hip;h 
tif'ld with an incrt>a:->t\ ii1 tc'tHT>t'rature. This m:t.\" nri;o;c hcl'an~e 
<'olltrihut i<tll~ to 1 h" l'!u•miral !"hift l.lut" to hydrngf'J;~honrl hrf'nking 
tn net :o'hift to hi)!h fiPid)· lH':Irly t'f}tlal tla• t'Oiltrihntinn~ frout u 
tlt•cn·:t~(l" il! tht' rin_c:·l'liiTt'llt dinlll:_lgllf'ti,• ~hil'IJing uf th£> prntntlR 

Ia net ~hifr tu ''"'" lidd). · 

:m incrPase in tern~rature (;}..()6'). Over thi~ temperature 
r .. gion, the lim~ wiJi},; of oth!'i· protons in ADP-ribost> ami F.-\D 
show n nry slight te~~erature dependenct•. The .\JJP-ri.bose 
.\CJI protcm line wi!lth ut 5° i.' 3.0 liz :nul dt•crea;.es to 2.0 Hz 
ttl 90.5°. Furthcrruo'rc, the lillt' width of AI> I' ACaH and .\C',H 
at ambient temperat~rcs (1 7°) arf' nearly t>quul. Thc:;e ob­
sl'rmtions led U$ to pO><tulate the pre:;ence of rotutionui isomers 
in· :\DP-riho"e arising from re.-;tricted rotation about the. gly­
cosidic C' 1-:X 0 bond. At -29• a "frf'l.'zing in" of a pn•ferred 
rotational i:;omer may occur, re,ulting in a shnrp line. \Yith an 
increase in it>mperaturt>, the. rnolt•cules may populate "C\'eral 
states euch with a slightly different .\C8H proton :;hift. This 
will give rise to line. broad!'ning (5°). As the temperature is 
increased above oo• the .\C,H and .\C,II proton line widths are 
equal, indicating a rapid rotation which will average out the 
.slight variation in .\CaH chemical shifts (21). A temperature 
dependence of the line width of the ACaH proton in FAD is not 
ob;;erved, possibly because the"C molecules are folded and stucked 
in solution. 
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SUMMARY 

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-fiuorobenzoate, 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. 

llytlruxylation pb.'·' an i111portant rol., in the oxiduti\'e metah­
oli'fll of aron.atir com!"'"'"'' by badPri:t. As a cou';equcnce, 

. • This work W<t.< ~up~orted by the United Stutes Atomic Energy 
Cummt~:.•qon ~Hlli hy (,r!tnt f :\t-1:!!):~~ from the Nn.tiona.l Iusti .. 
tuli!S of ~l<;alth n111l t_;ruut ;>;(.;J: tH-UIJ:l-O:!U from th~ ~ational 
Aerc~nautac.'i und ~p:~t~n :\druinistratinn to the Universit.v of Cu.li· 
foruw, Herkeley, C:tlift)rnia. P:tpf:r I of thi::~ HCries i.s H~ferclfCC 1 
au,f Paper II is li~.•f,~r,:ueP. :?. 

1 He.cipient of n :\arioual ltc.;careh Council of CnnuJa.Xorth 
At!anttc Tr~aty Or>;:111iwtion l'o.;tdnctoral Fellow~hip (l!lt•'! to 
1%9). Present nddreos, Hepartmcnt of Chcmistrv The Uni­
\'crsity of Albert:J, Edtnontoll i, Alherta, C:ut:tuu. ·' 

§!'resent audre,s, The Worec,tcr Founuation for Experimental 
B;olo~y. Shrewsbury, :'>hs,,.·hu>'Ctts. 

th~ mechanisms of action of those enzymes that mediate these 
hydroxylation reactions ha\'e stimulated profound interest. 
Two mono-oxygennses, p-hydroxybenzoate hydroxyluse and sa­
licylate hydroxylase, h1we been purified to homogeneity and in­
vestigated actively (1-4). Both mono-oxygenuses are inducible. 
They are flavoproteins requiring F'AD and reduced pyridine nu­
cleotides as cofactors; however, they differ in specificity. Salic­
ylate hydroxylase is specific for NADH, whereus p-hydroxyben­
zoate hydroxylase is specific for NADPH (2). The vrccise role 
of the flavin prosthetic group and the meehanism of aetion of the 
reduced P)Tidine nucleotide arc not cleur. Recently, investiga­
tion into the nature of the enzyme-substrate ternary complexes 
of salicylate hydroxylase by fluorometric method bus been re· 
ported byTakemori et al. (5) und Suzuki, Takemori, and Kata­
giri (6). Higashi ei al_ (7) and Nakamura et al. (8) ha,·e reported 
kinetic studies on the reaction mechanism of p-hydro,.·ybeuzoate 
hydro:q·lase from Pseudomona"s 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 analo~ues. He,:p, Cah-in, 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 beha,·­
ior of rome of the sub,tituted benz•>:ll.!''• anti the ('D \vhirh Sll!;· 

gests the interaction of the sub,trate ut~~l the. bound FAD. 
p-llydro.,ybcnzoatc hydroxyl:>,;e wus indnr!'d in l'srudmnoaas 

putiJa. The two sub;pL'C'ie;, 1'. putidtl and /'. dcsmo/yti.-a, h:l\·e 
fnnt·tionally the same p-hydroxylwnzon. te·hytlroxyla.''''; howc,·er, 
they differ in the subsequent oxidation of proto.:atcdurate. The 
f~~rmt.·r ll>e.-; the urtlw cle:w:tge pathw:~y, yil.'lding p-carl.•,xy-eis­
cis-mueonatc (9); tlu~ I:Lttcr uses 11H:/11 denntJ!<', yiddin~ a-hy­
droxy·')'-carlw>xy-cis-ci;;-tllllt'ht•ie :il·miahlehyrlc ( 10). 

EXPEIU)ft:ST.U, PROCt:ll\iRI; 

Malcria/.~--He:tJ.:cuts u>!'d routinely for enzyme preparation 
and a~;ays were the purest graJe obtainable and purcha,;etl from 

1 The abbreviation used is: CD, circular dichroism . 
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i'<>Urt·cs dl•scribed prcviou,(y (I). XADI'H (KJ'IIde II), X.-\DH 
(:'i~rn:1 grad!'), X.\Dl'+ (gr:ldc III), XAO+ (Knl<ie !\'),FAD 
(~ru<lt• Ill), p-lhioroht•nzoate, ami p-uminoht'n&~.te we,.;_• pur­
c·ha .... •d from :-;i::ma. H-IIy<lnJ\~·nic-otinic: acid was· obtain.,.! fmm 
.\ldric·h. l'h<'ll"l wa< from :'llallinc·krodt ( 'lu·mii·ul, u111l ~hloro­
l~·nz"alt• and p-nitroiJC~nzoato• 11'<'1'1' fo·ono Ea,:tmnn Kodak. .-\11 
till' lwnzoatP cl..rivatin·• awl plu•u"l wc•rc• twitc Cl')''talliJE'cl fi·om 
wat<'r lx•fore "'''· .\II othPi' l'f':tl!t'llt- 1wrc• u"''cl dilt>ctl_,. \\'ithout 
furtlwr purifit·ution. 

En:yme l'rcpamtiull·-p-llydroxyhenzoate hpln•xylu:<e from 
P. p11tidn, 'train :\[-1) (.\TC'(' I j' ~~Si, wa, jli'CparPrl and puritil'd 
by a modification of the• nwthod <i<'>~'l'il•·d in l'ap<•r l of this 
.<c•ric•-. Thl' nwtltod i.- -intilar to that. n·port!'d in l':tjX'I' II. The 
purifi<'d Pnzynw wa.< <ton·d in a ,tal>diziul! mixtmc ut - i0° until 
u•c•, n.< cle,erihed pre1·iuu-ly (2). Tltt• t•nz~·me wa' fouud to de­
ltature <lowly""'''' a jt<•rii>d of I y\'al'. Tht· pre~n·ution of the 
Pnzyme was improved hy 'loring it umll'r an ox~·g;en-free helium 
atrnMphere. 

Enzyme .-hsays-p-llydroxybenzoate h.nlroxyla"' was as,uyed 
by '(>edrophotometri!' .mt'a:;urt•mt'nt of the sub~trate-dt'jll'Hden.t 
oxidation of XADI'l!. The Jll1)l'Cdun' has lxoen d!':<~ri~l ear­
lil'r (1). The ~tundanl a'>ay ,;y,;tem is ~lightly modified from 
the pi·el'ious nwthod. _Thl' 'tand:ll'll system contained in 3.0 ml, 
67 mmoles of K,lll'0.,-1\IU'O, (pH i'.O), 3.3!-'rnole~ of F.-\D, 0.13 
mnoole of X:\Dl'II, O.fii mmolt• of p-hydroxyhcnzonte, enzyme, 
and dPionized water. Thl' unit of t•nzym!' activity is defined as 
that amount of l'nzyrnt' whic·h oxidiz!'." l.O l'lllole of X.-\DI'JI per 
min undN the condition.< of the 'i>edmplwtoml'tric n:;:<ny. 

1\inrlir .1/eas~<remcrols-Tht> kill(•tit·s were studil'cl SJll'<"tro­
photornl'trically by inea:<urin)!; th•~ suh4ratl'-dt>Jll'nclent oxidation 
of :\_.\i)PH nt :140 tlllL Y:u·ioH:< suh>trate analogut'S were incu­
btttPcl for 2 min (or long;er) bf.'fot'f' the nwa,;uremeut. All sub-. 
str..tte annlop;ues were udju;;tecl to pH i.5. .-\11 experiments were 
curried out at 20° ± 1°. Each expPriml'nt was repented at least. 
twil'e until con,i:<t!'llt rP•nlts Wl'r!' ohtained. 

Sperlrosropic Jfl-lhod~--ThP uh<orptiou sj>ectru were mea:;un•d 

in a Cary model 15 spectrometer. The rireulur dichroi'm meus­
memeut.~ were obtain('() with a C'ury mOl It· I ti(f ;[>ertn>polurime­
ter with u stuudnrd model 6001 CD uct't'~>OI'Y attadlment. A 
( 'ary thl'rinc>'tatuhlc I'CII comp:u'tmt•nt wa' n""rl. ('D 'IM'dru of 
the t~uzymr awl the p-Huomlw~tzmitl' :111d :\.\DI'll. r·omplcxe~ 
with till' euxyme were ;ttuli;•d at i•>th 21!" :lltd 2'. :-iitw<· ,,>e..-trll. 
at tit!'· two· tt•uopc•ratul'f':< \l·ei-c identic·:tl, "'"*'luent inhibitor 
<tudit•, IH're t·arri<'d otlt at 2° ± O.l' wht•n· the t'IIZ)'llll! is more 
~talile. The ,]it width pro~ram "'"' 'rt for 1.~ A re;oluticin and 
tht' time cot;:'tant unci , .. a·u sjl(•pcl WNI' adju.-te<l for be't 'i)!;ntil to 
uoi,e ratio for t'a"lt i11dividu:tl t'X[H'rinwnt. In all ca""'• nn opti­
cal path lt•n:,:th of 1.0 c·m wa> u'"'l. 

.·liuteroDir E.cpaimntl--· \\'p fouwl it diJfi,.ult to :t('hiel·c an:i"ro­
hie r·onditimt.- t•ffi,·il'ntly witi>Out clt·naturilt~ the pnzynte in a t·u­
\'ette suitable for optit•a] :u'ti\·it~· nwa,;urc.'!ll<'nt, whill' <till per­
mittin).( thl' addition of Yariou' o-ea)!:t'u(,. \Yr hiln• u.<l'tl the 
method de><eribed prel·iow,fy (2). Thr ,;pac·e aho1·e the Pnzyme 
solution in thl' cu1·ette i:; fir4 flu;lu•rl with oxy).(en-free helium for 
30 min. The enzyme solution is then bubhlr•cl with 0,-frr'C hdium 
ut n rate of 1.5 cc [>er rniu for 15 min. If it i' noticed that the l'll­
zyme is undN)!;oing d!'oiaturatiou rlurinp; lhP ""Ill' jH'O<:t·clur<', the 
l'l'~ult is di:;eulxlt·d .. We hal'e heen uhle to at·hiel·e ~trict anaero­
bic conditions with a nl'gligihle amount of dl'nuturntion. 

RE.....;;ULTS 

Chemical Strudure of Subslral1: Ann/ogue.~-,'ieYerul aromatic 
compounds whir:h ure.~trueturully r!'lat('r]. to p-hydi'OxylX'nzoate 
but l'Ututot :;en·e u,; a ,;uh-trutt•, inhihit tilt~ enzyme. Tht• ben­
zoic ncid deri1·uti1·es 1·ary in 'tt'f'IIJJ,th at•t•nrrlilt).( to the tmttu-c of 
the sub~tituent awl it~ riu~o: positir>u. Thl' n•lutin• strt•ugth of n 
substituted benzoic a!'ici i~ chumdc•o·izt><l by a sub,tituent con­
Rtant a. Thl' more e]Pc~tron-attrartinJ~; a "'h<titucnt i.<, tht• more 
positive i~_it~ a \'alttt> (reluti1·e to ll!'nwute a,; zrro). C"om·t·r,t•ly, 
the more ~trongly n "uhstitttl'nt dnuul<•' Plt•dron~. the ll>Ort' lll').(U­
th·e is its a valul'. Thi'<C \'Uiues for thi• inhibitory hcnzoute,; are 
gi\·en in Tuhll' I. 

T.IRLE I 

Inhibitory effert of "'"'"trait analogues 
------------------,---------------,---------'-----,.---------:--

Substrate analogues Hammett substituent constants (cr)11 Inhibition"' 

-------- ----------------1 

·p-~itn,heuziJat(' 

6-JfydriiXYIIit••,t i uatp 
p-Chlorobeuz,wte 
p -.Fiuorubf'uzon tc 
Henzoatt• 

p-..\miwll)('JI/.flal i• 

p -II yd r• 1,\~·}u• liZ I 1:111' 

% 

O.ii8 ± 0.02 16 (4.2 ± 1.3) X w-• 
1i (:l.1 ± 0.4) X IO-• 

0. 2'!i ± 0.02 12 (1.8 ± 0.3) X 10·• 
o.062 ± o.o2 3.:; (i.6 ± I.!lJ x w-• 

o 2~. 1-i.!l ± o .. ;J x w--' 
-O.HH ± 0.1 81 14.2 ± O.llJ X w-• 

------·-------~-0 :~-=- ~:-~-------------~------' 1..:.~; <_'::! ± o . .-,1 x w-• 
'' (7 \·alut>:-; wen· h~t:--c·d utl.ionization of ~nhstitoH•d lw!lzoic- :wicls (1]}. 

'· lnhihitic•ll \\a:-> nwasllrt'd 1,_,. du•J'~h_nlrox_\·h,-.llzoaH··dPftt<lldc>nl oxidutiou of X.-\I)PJI iu thf' prP~t·au·f'_of :L..J~ ~I!· of Pll7.~·na!', 0.1 11\\1 

fJ·In·dr .. \..dwll/.flaH•. ;111.! II:~:; tJI\1 :--I:L:.;:ra!t• anollogue. ThP uther f•oudiriol!:-> wt•re tlu• s:uut~ :ts tlw :-;.t:uulard :1;-;-:ay sy:-;tPm nwnlinJH'd 

'''~·l··r···F\JH'J"inl•'l!l:-11 l'nw .. d•trc· •• 
... h. valtH'~·\\Trt' l":dc·td:•lc•cl. :t:-: . .itnnia•L! a ~··•IIIJ>It'IPiy c·omfH•titi\·p inhibiri .. u. by a linPill' l"f'J.!rt•"s:-.iun an:d_,·.-:j;-; of tlw equation 

~ = -~·~_!_ + .;-~- (t + l!j) 
V J ''''·" l mnt 1\; 

\\ht·n~ S :ul(l/ d1·not,•du· _...;I!L:'fl:tlt•. p-h.nlro.\,dH•tt7.oafP. :uti! tluo iuhiUitury :-.ul •. ...:rratf· au~dog:lll'. l't'-'lll't'li\t·l.'·· ,. :111d 1'11,.., an· tlu· l"t':tC· 

ti1111 ,,.Junt~· :111d 111:1'-ltll:d rc·:••·~j.,,, \t·!,Tit.\ ./\ ... i~ 1hP :\lidwPJi..;~:\lt-lllt•Jt c·••l•:-'l:lltl. :111d /\.. i.-.. t},t• iad1il,it••l' di.--~oc·i;tliou t·on_..:la!ll. In 
Hill" kllt('fh' IIH';t~llrl•flt•'lll. 1lu• ,,.J,_wtl_,. dl'lc·nuiuali"ll:-' prol•:thly art• r••:1:-:nnaltl_,. hontc•J.!PIII'IIII:-: i11 varia11c·c•. lf fill' vari:tlll't' nf r i . .-. o~, 
tlw \".:lri:u•c·t•·oi j."\j,1 •·:111 lw :-:IP•\\Jtlo l•t'n:;,'\J-:,· 1 (1~). Tlwn•fcH't•, i11 fi11i11~ !It" lillf':lr fnnn In d11' alt11\"t' t•quatiqtt. tlu• prPpt'l" ''''i~ht 

r' !.~· 1 ~ i:-< 11-~.t·d Tfw :--::tlu!:•rd t'/Tol' uf /\., 1 .... t•.-..tin_I:UI•d lt.\" sl:t!Hiar,( pru.·e•d!!rt• of (JI"II(t:t~:ttiPII uii'ITnf. .\11 c·ompulalinns Wt~n· dono 
Htl a ('I •C UtiOO c·nrHplltt~r. 

• 
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Kinetic Study-It wa,; rt•por!t•<l previou,;ly (I) thai henzoate 
and a series of its !lntl!o~llt',; IH'I"l' inhibitory. to the Udil"ity of p­
hydroxybenzoate hydn>xyla><•. With Tris-IH'I. hnfft•r ,;ystem 
for u:;,;ay, the iuitibition was founrl to he nom·ompetitin•. How­
e\·er, enzyme at·til"it~- drop:; wry quickly durin~ the us,uy in 
Tris buffer system (pH S.O). .\.-.-ordin~-:ly, thPre wus iuat·cumt·y 
in de!t'rmiuing the initial n·lwity of the reaction. \\"e could 
overcome thi;; problem by n>pla.-in~ Tri,;-11("1 buffPr with a phos­
phate buffer ~ystPm (pH i.b) iu whieh oxidation of X:\DPII pro­
ceeded almoO"t linPnt·ly PI"Pn at l"t'ry low contentrutions of 
K.-\DPH and enzyme. 

By employiug the irnprm·p,J ''''"~: ,;~-.!em, we haH~ found that 
benzoate, p-ftuorobcnzo:ite, p-!'hl()'robeuzoate, p-nitrobcnzontP, 
p-aminobenzoate, and 6-hydmxynit:otinnte are all competitil·e in­
hibitors. Fig. I .shows the Line11·t'a1·er-Burk plots of the enzyme 

0 2: 3 4 
TP.bar' lo4 M_, 

activity in the pre~nce of the.e inhibitor~. .\11 of them are typi­
cal CO!Ill)(>titi,·e inhibition,;. The K; vahtPS 11·ere determined by 
the method.described h~' Wilkin'"" (12) uud Clelund (1'4). The 
rl'~ults are gil"en Tithle I. 

A Hammett plot of the ut•tiou of the ;;ub;;tituted. IX'nzoote 
dcrinttin•,; is J.(il·en in Fi)(. 2, iu which the logarithms of the 

. inhibition cun,tanh (K ;) are plotted aguinst their u l"ulul's. 
The~' fit the HummNt equation very well. The "reaetion t•on­
~tant," p, whith is thl' ,JopP of the Hammett plot, is l'~timuted to 
be LiS. The 'ignifitunce of p is thut it meu,;ures the ~en,;itil·ity 
of the renction to tlw (')ectrir.alt•fft·ds of ,uh;;tituents in the meta 
4i1d para p(,sitions. .-\ l""iti\·e p l"ulue suggl'sb that the inhibi­
tion is famred by increasing the nucleophilic reactivity of the 
carboxyl group. 

Phenol shows no inhibition ut concentrations below 0.01 ll. 

INHIBITION BY p-NtTROBENZOATE 

43CO~ 1NHI8!TIOr.. BY 1)-CHLOROBENZOATE ~ 4500 ~ 1.33•10~3 

I 
v 813110-4 

20r ~ ~ .. o·•v 30/r-

INHtBtTION BY p-FLUOROBE:NZOATE 

I 
-~-

IO~~·o·• 20 l_ ~'""0-4 
e llo!O-~ 

L_ __ , 10 0 

~ r::==c. ------

•~t'l8 TOr.; BY j)-t.f.;! f'.;0~E

7
NZCATE 

,. 113)ot0•4 

I ~' • 11"·3 

/ 

,_-._ ·-

8 , •• :;·~ 

'··' 
;..._-

____ ... 
--.-------

~-- .. ---·v .... ---.~-=~-=---~- _; __ ,_. 
'1 •. ·.:·I 

' v 

L..L----..1.-----l--___..L,_-_,_ __ .~. 

·t 
I 
l 

:!•") ,_ 

2 ' .... 1 .:y"l-,,-1 
l"'JBj 

ltlt-!:9:TtC·~ Ell 6-1-o-D<•'JX~NtCO"!"iNATE 

-----· 

,. •.· .. ,.,~ --
3 ~ • • '· -. 4 - --~. 
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FtG. 1: EtT~d ofhf'IJ7.oale :w:t!PI!;III':-> ou11tr :H·th·it~· nf j)-hyclrvxyht~llzo:tfe },~-tlrnx~·Ja:-:;,·: double rPciprtu':ll plot. The d~lt:t an• plot· 
t•~d by tile uwthntlt~f l.irH\w,·:t\'t•r arnl Hurk (1:5). .-\~s:ty ('UIIditions Wt'n! <h-::=:t-rihPd u11dl'r ·•Lxp~·rinu•l&t:d PrCJt'etllrre." Tht• rel"ip­
rol'al \-'('locity, 1/v, i.s in arbirr:lr_\" 1111its. The ruulut t'Oitt't'tttr:di•ws olht.·IIZo:'tt~ :trc iudic-att~tlnll llu· pl"ol. 
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-o.a ~as -0.4 -oz o o.z 0.4 0.6 08 

Hammell Subslilue?~t Col'lstonl tT 

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 co1t.~tants (a) are summarized in Table 
I. The estimated errors of" llre plotted as h.orizonta! error bars. 
The slope of the line is.l.7S. 

Inhibitory effects occur at <"OIIcentrations greater than O.Ol M, 

due pre;umably to noii='Jl<'rilir binding to the enzyme. The 
re"ults are given in Table I I. 

The above findin:!> .-:ug-,c:P=-t =-trongly that the ~arhoxyl group 
i,; neee,;..;aiJ· for the •nh=-tratt' analogues to inhibit the enzyme 
and po;;.-ibly is involve<! in the bi1lding at the acti\·e site. 

Circular Dichroism Spertra of Enzyme-Inhibitor Comple:ces­
The CD spectrum of the holoenz~·me of p-hyrlro,.-ybenzoate hy­
drox~·la..;e has been reported pre,·iou,.Iy (2). The effect of the 
Hlh=-trate, p-hydroxybenzoatl', on the holoenzyme manifests it:;elf 
in the ,·isible region of tht' F,\D ah,;orption. The perturbation of 
the holoPnzyme CD spertmm upon addition of p-hyrlroxybenzo­
atu \\'US given in Paper I [. The en SJ.'M'Clnl of the pnzyme-bounrl 
FAD holot'nzym<' in tlw >ih-<'lwe anrl presence of the inhibitors 
and substrate, p-hyrlroxyh<.'JJzoute, are given in Figs. 3 anrl' 4. 
The effect of benzoate on the { "D o;pectrum of p-hyrlroxyhenzoate 
hyrlroxylase was de-:erihed Parlier (2). A la1·ge change was 
ob..;cn·ed in the CD >'jlf'drum of p-hydroxyhenzoate hydroxylase 
upon adrlition of benzoat!'. 

p-Fluorobenzoate-The CD '!>ectrum of the enzyme was 
chan:,:Prl by the adrlition of 10-3 ~· p-fluorobenzoate. The 36i nm 
CD was ~lightly ~hifted and rlt·c-rcai'ed. The 455 nm band al~o 
dP<·rea•<'rl. Arlrlitinn of Ill ' ~~ p-hyclroxyb<.•nzoute to the !'n­
zyme p-llunroiJ<•nz<~alt· "-"·'t""' prculuc·pc\ the fnmiliar chiiiiJ!C of 
th.., (")) spP<"Irum c·haract<'>i•tic· of thf' <'IIZyme p-h~·drnxyl,..·nioate 
t·ompl<'x. 

1;.1/ !Jdroryllirotiuol•·· · Thl.' .. tr .. ,·t "" tht' CD sped rum of the 
t'nz~·mt' eatt>•Pd by aclcliti<>ll of to-• \1 fJ-hyrlroxyni<"otinate wa,o 
'iJ!Hific·ant. Both t IH· 31ij lei< I and -t.';;i ~em CD ha11tl" det·n·a=-Ptl 
lll:crkeclh·. \\l1P11 10 .. ' \1 1•-h.n\rox~·bpnzoatc was ari<l!'rl to 
th<' :--y:-:terH, enhalll.'l'lttf'llt ·111 tlJC' -!.');) nn1 hand Wa:-' ob:-iPlTPd. 

Thr .!;<'ll!'ral app~""'""'" oi till' ('!) ,;wctrum I'C:'!'IIlhled that of 
the enzyme p-hyclr•>xylM'Ilmat .. =-~·,t<'nL 

p-.Jminohenzoalt--1" , . .,lltra,t to :he PITP<"t produc!'d hy 1>­
Ruorol><.•nzonte, \,..'IIZ•>at<·, .:cud fi-hn\rnxynicotinat!', tll!' a<i<litio11 
of \tl- 3 ~I p-amillnhl'!IZCJ!Il<' t::l\l.<t•tl ahno,t llfl modilit•!ltioll nf the 
( '!) 'lll'l'lrtllll of thP !'llzt·rn•' <'X<'t•pt !I ,Ii~ht dc•o·n':I:'C of ti,e 
-l11•uld!'r at 3~0 11111. E<·o·11 ;oflc·r tl"' addition f•f 1o··• ~~ p·hy­
droxyhPnzn:.ttt't 110 t'urtL1•r di:llJ!.!.C w:L..: nh:--<'1'\"Nl. Thi_..: C.\}lPI·i­

lllt'llt W!\:' n~j><.•;ttPcl \\·ith tht· orcl<'r of a•l•litinll of p-amiuolK·nzc.atc 

T.\IILE II 
Pht·nol inhibition 

The ·standard enzyme assay system was utilized with t nut 
p-hydroxyhenzonte. 

0.04 

002 

-002 

Pbenol concentration 

Jl 

to-• 
5 X IO-• 

IO-• 
IO-• 

8.3 X to-• 
0 

IDbibitioD 

% 
78 
51.5 
0 
0 
0 
0 

300L-~~~~,~5~o~~~~~~oc--------~5oo~--~~~550 

~ (nml 

FIG. 3. CU spectrum of p-hydro.xybenzonte hydroxylase in the 
presence of 6-hydroxynicotinate and p-hydroxybenzoate. The 
enzyme (6.7 X to-• M) is in 0.05 ~~ potassium phosphate butTer, 
pH 7.5; temperature 2•; path length, 1.0 em. 

FIG. 4. CD spectmm of p-hyt!roxyhc117.nnte hydroxyla•e in tho 
pr.,scncc of p-fluorohcuzoutc aucl p-hydruxyh<.'nzoatc. The cu­
zymt• (G.i X to-• "i is in 0.0.5" potn~oilllll phosphate buffer, pH 
"i.:); tempera t urc :! 0

; J).:lt It lenJ,!t h. 1.0 em. 

!111<1 p-hydrox~·lwnzo,ttl' IT\'t'r=-P<l. Tire same final CD spectrum 
WH:-- oht:tiut•d. :'int·{' /J*aJninohP!IZIIatt• did i11ltibit the flllZ\.Iltt', 
thi:-o ma~· :--u~~P:-::t th:1t tlw intf'r:u·tion of p-:ullinoht•nzn:ttP wit it llw 
enzym<" i> :'ll<'h th:.t it cl>~!'.< not 111anit'c·-t it,dt' in a ('I) mi•dilic·:t­
tion. Thi, n·.-tilt indi<'ate.' th<' i'"''ihilit.1· of a difl,·n·nt ""''Ito ;,f 
binding- hi'!WI'<."II tlw t'·nzynrt' arrd /J·atninollPnzoate from that 
ht'tWPPH tlu.• f'HZ.\'Illt' and p-fluornht>nznatP. 

p-Chlorolwn.:orrll' tltlfl p-Xitrolu H:oot.- .. -Tl1e,p ~uh-tratt~ ;~na­

ing:w•:-- han• ht·t:n :--lto\'."11 to ht' tlw Wt•akt•:--t itthihit11r:-- (Tahlt· 1). 
Tht' ("f) .<JU'<'tra nf tho• ;ouh,trat<.· analo_~ll<'-enzynt~• mi~tun•,; arc 
not =-ignific·antly n!~>dilil'(l. 
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T.,nr.E III 
l!."jfetl of rl'<f,i<.et(and oritliut/ p!fridine rwdeotit/es on CD spef'irum• of p-hydrorybcnzoalc hytlror•Jia.;e 

Condition p-llyrl roxybenzoo.te XADPII X.-\DP Xo\011 

Aerobic Ahs<'nt ~u t·hauges, but the courlusion t·nnrtot 
be dedu<:ed, because ::-\ADI'H is oxi­
dized in this system. 

::-\u ehauges. 

Present 
Absent 
Pn•:'Pnt 

:!S'AI>PH is oxidized <t'lit>kly. Familiar changes. 
::-\o effect. Anaerobic :\larked changes. 

! .F'urt ht.'r changes, more than ahu\•e. 
::-\o significant chan~res. 
~lightly atY.,eted. 

"Wuve length het\H'<·n :mo and 500 nm. 

FIG. 5. The elfcet of::-\ ADPll on the CD spectrum of p-hydroxy­
benzonte hydroxyl:tse. The euzyme is in 0.05 M potassium phos­
phate buiTer, pll i.5; temperature 2°; path length, 1.0 em; au­
aerobic conditions. --, enzyme alone (6.9 X 1o-• ~•); ---, 
euzyme in the presenc<• of Jo-3 " ?.; A DPH; ----,enzyme in the 
preseuce of 10-' " :\AI WH an<l 10-' ~~ p-hydroxyhenzuate. ---, 
indicates region of the curve where signal to noise rntio is poor. 

f.'rideru:e for I>i.recl Binding of .V.-lDP/1 to p-Hydroxy/;enzoale 
llytlroxylase-Sinet• CD ;;pedra of p-hydroxybcnzoute hydroxyl­
tbc ,-ern~d :b u N.'tl:<iti\'e mean:< of d<'teeting the formation of 
the enZ\'11\C-:<uh,;trate t•omplex, we ext!'nded CD measurements 
tn the ,-imh- of tlH' i111!-nwtion of X.\Dl'll with the enzyme. 

l"nder U1;aerohi•· e"ndition,;, which ·were produced b~· flu,;hin!( 
the "';!em with l><'li•••n, tiH' Plf<••·t of :\'ADPII on the CD '[Jertra 
of fr~ p-hydrox~·l~·11zoatc h:-·tlrox~·[:t,;(' \\'~s examinP<I. l"pon 
additio11 of X.\Dl'll, thl'l'<' \WI'<' markPd eh:lli!(C:< (a,; ,;]lfJ\\'11 in 

Fi!!. 5) in the Cll "l"';·u·a of the enzyme. In the pn•,;ence of 
~.\Dl'H, hoth thl' 111'_e:1tin· and po•iti\'1~ CD hand" of tll!' free 
enzynw (maxim:1 at .j;,;, 11111 aml :~til 11111, l'<'>pl'di,·cly) are hlul'­
~hiftP<L In addition, a ll<'!!atin• eontrihuliou to thl' nptit·al 
r•l\:diull j ... nh--PJTt••l. \\'lwn }'-h.nlrnxyht•!l?.n:ttr i!"' adclt'd in :Hidi­
tinH to :\.\DPII nndt·r :llt:wrnhi•· t'olulltion:-:, till"' hro:ul llt'~ati\'1; 
ha11tl of tlu• ('1.> 'i"'.-11'11111 "f tlw PIIZ,\'1111'-:\'.\DI'II mixture 
h.•t'OIIII.'~ en"'n JWIIt' IH'g:;Jtin·. TiH• n• .... ult;-; . ..:u~~l·:-'t that. p­
h\'llruxd>!'llzoat<' hnlr"'"·la•<' fon11~ <l <'ompiPx with :'\.\DI'H 
h;>tli in. tht• a[,,,.,,..,.' :111d lll'l'><'lll'C of p-h~·dn•xyh<'IIZilatc•. 

In onlPr !!>lind \\lll'tlwr ::\.\DI'II or it,; oxidatillll prn<hwt, 
~.\DI', i,; n•;pou,ihl<' for thi> biudin!!, tlu• dTt•t•t of :'\.\DI' nn 
th!' (.'J) :'[l<'l'tra of till' <'I<Z,\"111" \\"a:' l'X<IIIlillf.'!l. t•nder aiiMrnhit· 

""wlition:<, thn<' <~re uo >i!!Hifi,·<~nt t:h<~n!!•'·" in the CD "P<'l'lw 
of tlte t•uzynu• upon addiiinnni ~.\DI'. ~.\Tll' dol'5 uot afTett 
t[,.• r:.·111iliar ,;nlHr:~t•·-indul'l·d .-liall;!l':' in TD "i"'t·tra oi the 
('JJzynw Hlldt•r :wn•hi·· •·oHditi•HI:'". TIH•:--t' fac·t=-- incli.-ah• th:lt 
tJwn· i:-: pn~h:d~J.,· 1111 illlt.'l.":ll'lioll lwtWt'Pil :\·.\1>1' HIH} p­
li,\·.Jrc,\yht•IIZII:t1•' ll_,dr .• ,_, i:J .. e HI', at h•a ... 1, it cloe:-> not rnallift•:--t. 
il:--t'lf in :t ('() lnodilit":lfion. 

~.\DH does not iwlure ,jgnifi<-ant clutnl(e,; in CD ,;pedl'!l of 
free enz\'mc solutio11 under <maerohic t•ou<lition,;. Th<'rcfon•, 
the enz,:mc-~,\DI'!l eomplex is highly :'[>l'rifi<', whieh is eou,;i,;­
tent with pre,·iou:< n•port> (1, 2). 

From the re,ult:< tlt';l'rihed ubon•, we cannot determine thl' 
ordPr of the bin<lin).!; of th<' ,;ub,;trate,;, ~ .. \DI'II and p-hy<lrox,·­
henzoutc, to the holoenzyme in the tl'rnary cnzynH•-p-hydrox~·­
bt•nznate-~.\l)['JI t·<>mplex. \\'p 1<':1\'P it f•>r future ,;tudy. 

As has been fl'[>OI'tl'd, di,;<'repancie:; were found among the 
motle,.; of inhibition of p-hydroxyht•uzoate hydroxyla,o(' h~- a 
nurnber of ~uh:->trate aualog;ue:;. Tlw annlog;ue:-~, ::>uf'h a~ p­
fluorobenzoall', p-aminobeuzoate, benzoat!', and otht•r,;, inhihih'd 
p-hydroxybenzoatt• hyflt-ox.\'la,e from P. putidfl A3.12 in a 
uoncom[)('titin· mat111er (1), whert•a., tlw;e analo).!;lll'' were 
competiti,·c inhibitors to the p-hydroxylwnzoatt• hydroxyla;.e 
from P. putida :\l-6 (thi,; rl'[~>rt) and /'. tlrsmolytim (I). The,c 
discrep.ancie~ may he a.~crilwrl to the rliffrrent buffer "Y"t<'lllS 
u,;cd. In the Tri.,-H('l buffer, pH optimum is 8.0 as c<Hllpttr!'cl 
to 1.5 (I) nnd 1.0 (2) fount! in the pota,;,;ium pho,;phatf' bufl'Pr 

"·stem, und furthermore, the enzyme ueti,·ity i~ fouud to he 
i;1hihited, int·•-ea;in!!,ly and nHtrkPdly, during the u""ay due to 
tht> pre>'Cnce of t·hloridP inn.' Thi,; inhibitor~- aetion of t·hloride 
ion made thl' eakul:ltion tlf Pnzymr acti,·ity inateurate :11ul 
re,ulted purlit•r in an erronpous interpretation of the mod!' of 
inhibition. 

The <'Oill]W~titin· il!•ha,·inr~ of tht• be11zoatt· rlt•riYati\'t\"' indi!'ate 
:;trongly that tht• carboxyl ~J:roup i:; e,;,;eutiul in tht• bimli11g. 
Pll<'nol dt)('> not inhibit the l'IIZ\"nll' up to~ nry hi).!;h COIII'!'IItra­
tion at whidt tll>ll>[><'t·ific bin<lin~J; may takt> plat'<'. The aho\·e 
tindin).!;>, in <'t>njunction with tlie fad that. the !'IIZYIHt: will o11ly 
··atalyz<' p-hyd•·oxylwnznat<• aut! will not !'atalyzt~ thl' oth<'t' 
au:dotnw~ to a1n· :--i:,!niflt'allt PXtPllt (I), l(·acl tn the follnwilll.!: 

h\'[>lltlu·...,,;; till' ·~·:n·box~·l moil't~· partit·ip!lf<'> in binding: with 
tlu.\ primary :-oih•, pro\··itlill~ an ":tllt'l1orin;.r'' and, ...-uh:-Pqttent ly, 
the hnlmxd ).!;l"t>UJl i> hotuul to a >'l't'fliidaty ~itt· to f:wilit:lt<· 
the r:.-tah·ti~· adi,·it\'. Thi,- i• in !l!!l'l'<'llll'llt with lhl' two hi11di11!! 
>ite tlltlll;·l propo•<·<·l ['1'1'\'inu>l:-· (2, I, I>). Till' po>"iti\'<• "n•:~t·tiou 
eou,-tant" (p = 1.7~) oht:liut'<l from the llanlllll'lt plot (Fil-(. :.?) 
:--U.!.!,gl':--t~ that thP priuwry hiuding :'itP i:-: fa\·ored by a Jlllt'IPII­

philil' att:tek. 
Exatnitwt ion oi the !•nz~·ml'-illhihilor <'<>mpl!•x by ('I I >[lt·!'t n•.•­

eop~· :--lwwrd that tlt~•n_• an• two t'Ja..;_ .. t'."" 11f :-:uh·lratP a11alo.c.u'.':-. 
\\'hi•'h <'UIII[<-titi\'1'1~· iuhil•it <'11~.\-1111' :~t·li,·it,\·. tl1w da.-, of 
:--Hh··traft• :ua:tlt,~ . .uw ... t·au:-t•...:. c·knt).!.t':-- i11 ('() !"pt·l'tra, atul till' 

'H. G. K:tll<'ll and K. Husokawa, unpuhli>lietl n·~ult". 
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other class shows no si~ificant changes. p-Fluorobenzoate 
belmrgs to the former, and p-nminobenzoate is an example of the 
latter. 

p-Fiuorohcnzontc birub to tire enz.nnc, ns eviden<,ed by a 
change in the CD spl•ctrum upon addition to free enzyme. If 
p-hydroxybenzoate is auucd to the p-lluorobenzoutl'-cnzyme 
complex, the CD spectrum is converted to one similar to the 
spectrum for the p-hydroxybenzoate-enzyme complex. This 
indicates that p-lluorobenzoate binds to the sn.me site as the 
;oub:;trate, and can be di;placeu by the p-hydroxybenzoate. 
On the other hand, p-arninobenzoate doe;; not produce sig­
nificant changes in the CD spectrum of the free enzyme, al­
thou~;h it inhibits the enzyme activity in a competitiw manner. 
p-.-\minobenzoate may bind to a site other than the one binding 
p-fluorobenzoate, and thus may interfere with the over-all 
reaction of p-hydroxybenzon te hydroxylase. Furthem10re, the 
CD spectrum of the p-aminobenzoate-enzyme mixture is not 
affected significantly upon addition of p-hydroxybenzoate. 
Com·ersely, the CD spectrum characteristic of the enzyme­
substrate complex is converted to the one similar to the free 
enzyme spectnrm hy the addition of p-aminobenzoate. The 
results show that the binding of p-aminobenzoate to the enzyme 
causes a serondary effect on the substrate binding site so that 
p-h~·dro~:·brnzoate can no lon~<'r bind to its site, resulting iri the 
inhibition of activity. 

Tlw difft•rPrrt modes nf bind in~ may be understood in. terms 
of a st.eric hindrance ellect at the hydroxyl bindin~ site. Ex• 
anrination of the ( "PK space tilling models and int<'ratomic 
disttlllces and configurations (l.'i) of the inhibitors indicates that 
the class of inhibitors which doc~ not modify the CD spectrum 
of the enzyme has u benzoate ~ub;;tituent (-NH,, --NO,, -Cl) 
bulkier than thnt of the other class (-H, -F, -OH). 

By CD studies, we obtained e\·idence that NADPH binds to 
free p-hydroll:ybenzoate hydroxylil!ie; 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. 

.\ preliminary proton magnetic rewnance study of the relaxa­
tion times of the N.\DI'Hprotons in the presence of p-hydroxy­
bcuzonte hydroxyla:<e rt•vealt•d NADI'H hirruing with the en­
zyme. This rc"rlt. supporl'l the a hove-described ( 'D study 
that NADI'II ~prcilieally interncts with p-hyuroxybeuzoute 
hy~roxyla;;e. 

A.ckiWWledgmeni~·We wish to thank l\Irs. Ellen G. Aguayo 
for her assistance in tire purification of p-hydro:·;ybenzoate 
hyclroxyla;;e and Dr. Richard :\L Lemmon for helpful discus­
sion. 
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Calculation of the Rotational Strengths of Mononucleosides1 
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Chemical Biodpwmics, Lawrence Radiation Laboratory, University of 
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Abstract: The rota tiona I strengths of the two longer wavelength transitions. Ba· and Bn-, of four mononucleosides 
(adenosine, guanosine, uridine, and cytidine) as a function of the glycosidic rotational angles have been investi~ 
gated theOJeticnlly. The transition in each base is characterized by transition monopoles; the sugar is freated as a 
sum of bond polarizabilitics. The interaction among these polarizabilities is also considered. Rotational strengths 
were calCulated using thret: dilferent 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 dclinitely fixed with respect to the ribose. Calculation on dilferent 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 than that at C-3' and C-5 '. These results are in good agreement with experiments. . The signs and magni­
tude of the calcubied rotational stn:ngths are in good agreement with experiment for the anti conformation of all 
the isomers of adenosine. A~ 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 dilfcrent from 
those in solution. 

M any workers ha,·c nu:asurl·d the circular dichroism 
(CD) and optical rotatory disp-:rsion (ORD) of 

polynuckotidcs. and ha,·e shov. n that optical acti' ity is 
an impnrtant wnl for conformational assignments. 
Theories have hL'L'Tl de\ dtlped t•.' facili IJ lc the i ntcrprc­
tatinn of the spcc·tra t>f pnlvnuc·kntidcs."·' Ho"'"cr. 
in thL·se theorie,. tlh· CD a;HI ORIJ nf the nwm>mer 
unih thL·m,;d'<·' h.1,,. h;;,·n i:~n<>rn!. R,·,·cntly. <.:\peri­
mental and the,,r,·tical ,tudi,·s nf the optiL·al :lcti,·ity and 
C<lnformation of nudensiLk:; have appeared.'·-' In 

particular, an extended series of articles by Miles et al . ." 
have investigated this problem in detail. 

In the present pap<'r we ha\ c used :tn improved ver­
sion of Kirkwood poh1rizability theory to include the 
presence of a classical polarizahility ncar a quantum 
sv~tcm. The rotational strcnc:ths ,,f nwnonuckosidcs 
:;recalculated using transition~ nwnnpoles on the bases 
intnacting with pnlari1abk hnnds of the sugars. \\'.: 
try to examine the cakulatillns critically. Three 
diflcrent sets of transition monopoks have hecn em­
ployed with 'ari<JUS degrees of success. The efl'eet of 

(I) Supported in r.,n h.\ rc.:~,.·.m:h C.r.1n1 :"o. G\1 IO~..lt) from thl.! 
~.1ti~);1,d lm-tituh:S nf tk.d:h :t:td !'y th..: l:. S. ,\h)tni~,.· En~q;y Com~ 
llll .. "1•1:1. 

1 :J L'ni'·"·r ... it:- of C.difnrnl.\ Pr..:tl•'•:tt>r.d F\·l!o\' . ..:.hir. 
1 ); C. -\. B~t ... h .1nJ 1. Tiil~~~-~'. Jr .. 1 .. \! .. /. !l1r~l .. ~J. i>Ol (191,7). 
1-t1 \\". ( )f''ll~-, ... ,,n, Jr .. :1nd L 111\<~(1\ .lr., ,1,'i••r.,.'.l mrr.'i, 7, 7~7 t1969l. 
f.'l 1" . ..\. ll.H! a1hl J P. D.:\:-../. ·f••lt'r. c;"''"· Sue: .• 91. ~~~ (146')), 
"" (J. r kt,:,:L'r' .lr~d I I. \'. l.'ll·ndll, Ut .. Cirt•m. /Jifl[lltrs. Rc•s. 

C(.•/1'111/m., JQ, ~. ~1--l 1 l'l71JL 
t7) G. '1 lt!"•f.\:n •. 1nd '1. I.\' l'lhri~.:ht, ihi.J., J9, 41'1 fll}7l)). 

. clilkrent values of twnd polarizability and variation of 
thc positions oC furan.,-;yl Oil grnups h~t\·c also been ex­
amined. The calcuLJt;;cl r<'tation:tl ~arL·ngths as a func­
tion of thL· giyL'Lhidi~: angk arc in q nalitati,-,. agn:.:mcnt 

tl--1 D. \\'. \1ik-., \\'. 11. lihJ... ... · .. :p, ~1. J. Rn1•in'. \1. \V. \\'i1~!..ky, 
R . .....__ J<.,,hii\S, :fuJ H. Lyring, J. Ama. Cl:cm. Snc., 92, 3S72 ( 1970), 
and r~.:f\!n.:m.:~~ th..:r..:in. 
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with calculations of Mi!t:s, et a/., using· bond transition 
dipoles on the bases. 

In the next section a detailed description of the theo­
retical method is given, in section II we. discuss the 
numerical methods and the data used, and in section III 
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 9 characterized the optical rotation by the 
rotational strength for the optical transition from 0 to 
A, RoA = Im( ~·oA · inAo). Im denotes the imaginary 
part of a complex number. t'oA is the electric dipole 
transition momenl vector and mAo is the magnetic 
dipole transition moment vector defined as follows 

t'OA = L (O!t~I\A) (I) 
) 

e 
2
-L:;R1 X (A!P1!0) + L (Aim,'!O) (2) me, , 

where R1 is the vector distance from an arbitrary origin 
to the origin of group j; p; is the electric dipole moment 
operator of group j; P 1 is the linear momentum oper­
ator of group j; m,' is the magnetic moment operator 
of group} relative to the origin in group j. This origin 
is usually selected to minimize the contribution of mj'' to 
rotational strength. c, e, and mare the usual notations 
for the speed of light, electronic charge, and electronic 
mass. The molecular wave functions for states 0 and 
A are I 0) and I A). If we drop the magnetic dipole 
term which is expected to be small, the expression for 
rotational strength is 

RoA = (~7rv0.J2c)L:;R,J"(O!t~t!A) X (A/t~1/0) (3) 
i#i 

where "oA is the frequency of the transition and RtJ. = 
R1 - R,. 

It can be seen that the optical activity originates from 
the interaction between electric transition dipoles lo­
cated asymmetrically with respect to one another. In 
eq 3 we have resolved RoA into groups. The obvious 
separation into groups for mononucleosides would be 
to treat the base as the major chromophore and the 
furanose as an asymmetric substituent. The furanose 
is further subdi,ided into bonds. For a particular 
transition 0 -+ A of the base, which is far removed in 
energy from any transitions in the furanose, it is a good 
appro.xirnation 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 
tram.ition field ofth.: base. 

(4) 

where cr1 is the polariza!>ility tensor of the jth furanose 
bond and E/'1 is the elf<'::ti\e field at thejth bond due to 
the transition 0-+ A. 

To evaluate th~ etfc:cti\c' field E/11• one expands the 
nwkcular w;l\ c functiL'ns in a linear combination of 
atomic orbitals 

lo> 

!A) 

(9) L. Rn'<nfdd, /. l'h•·s .. 52, 161 (!9:1i). 

We obtain 

(5) 

~ -V1~CA,•co.(s!klt) 
The standard point monopole approximation sets 

(6) 

where o.., is the Kronecker o. 
Alternatively, one may treat >¥ 0 I>¥ A as a charge dis­

tribution and do a multipole expansion (!jEr) 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!I/r,!s) in terms of Slater 
2p7r orbitals to obtain E/'r. This was found io make a 
negligible correction to rotational strengths; we there­
fore used for a zero-order E/11 

(7) 

where p, = CA,Co, is the monopole charge of atom s 
due to the base transition 0 -+ A. r1, 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 0-+ 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. 

( 
7rlloA) RoA = --2-. LLP,Rw(t'iAO X arrJ,)Iiri,IJ (8) 

C l;tt) II 

where R,, is the distance from the base transition dipole 
(p;Ao) to bond j 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. 10 But in the furanose ring, for the 
most part, the sugar bonds are much closer to each other 
than to the base, so each bond will feel the effect of the 
induced dipoks in all other bonds. To inl'!ude this 
effect we replace E/fi by a more complete expression 

tljAO = crrE:fT = «r[LP,
1

_!_islj- L:;Tjt'l'kAOJ (9) 
.~ ru J ~,· 

v.'here Tp. = (1 - Jrj,r,,/r,,')(l/rj,'), the dipole inter­
action tensor. between points) and k. 

These coupkd !incur equation-; can be sohed for 
l'jAO· Substituting .:q 10 in 3, we have the final c.\-

(10) 

pression for the rotational strength with the furanose 

(10) K. ihilipson, S. ·h.>i, and K. Sauer, J. l'hrs. Chem., 75, 1440 
(1971). 
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interaction treated self-consistently. For all calcula-

Ro" = 

(11) 

tions RoA was evaluated· using transition monopoles 
only, as in eq 8, and also self-consistently including the 
sugar bond-bond induced dipole coupling as in eq II. 

There arc other potential contributions to rotational 
strengths whid1 "e d<> not consider at this time. These 
include effects of magnetic dip,,!.: transition moments 
and effects of the s:atic fields of the sugar. We think 
thes.: terms an:. small, in agreement with ·_;the earlier 
workers,' but they should be investigated more 
thoroughly. 

II. Calculation 

We consider each base to have two 1r ...... 1r* transi­
tions with maximJ between 240 and 280 nlJL. The 
transition frequency voA is taken as the location of the 
major experimental uv absorption maximum. 

Coordinatl's. The coordinates used in the com­
putation are taken from Spencer 11 for the bases (Table 
I) and Sundaralingam and Jensen 1 ~ for the 2'-endo 

Table 1." Atomic Coordinates of Purine and Pyrimidine Bases 

Atom X. A Y.A Atom x.A. Y. A 
Adenine Cytosine 

N-1 -2.791 4.407 N-1 0.000 1.470 
C-2 -3.201 3 13~ C-2 -1.207 2.139 
N-3 -2.391 2.078 N-3 -1.231 3.489 
C-4 -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 I. 181 2.125 
N-7 0.763 3.598 0-2 -2.253 1.511 
C-8 1.055 2.2RO N-4 -0.094 5.472 
N-9 0.000 1.470 
N-6 -1.0~1 5.M92 

Guanine Uracil 
N-1 -·2. 799 4. 3-IR N-1 0.000 1.470 
C-2 -3.205 3.051 C-2 -1.207 2.139 
N-3 -2. 37R 2.010 N-3 -I. 159 3.518 
C-4 -1.079 2. 29R C-4 0.010 4.251 
C-5 -0.604 3. 583 C-5 1.205 3. 50~ 
C-6 -1.462 4. 702 C-6 L 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 -~.sn 2.807 
0-6 -1.045 5.848 

rih,>sc and ~ '-cndo ribnsc. Tht: coordinates for the a 
an.mt-:rs w-:r<: <>ht;tine·d hy re•llc-ction fron) that of 13 nu­
de'<>>idcs ab,Hll tit-: plane· <>f C-1', C-~'. and 0' of the 
furarhh<:. Tit-: llllllth.:ri11~ ,l·q,·m and the nPmt:nL"Ia­
tur.: f,)f the r.:nl<>fur<illl"l"~ a~.: shL>II 11 in Figure I. 

Thc cnnf<>rnntie>n <>f the• fur;llh'": has been th.: sub­
j,·.:t ,,f '-khat<:.'·.,._ \\'-: ha1-: th,'d the 2'-endo n>nfM­
Ill<~ti<>n. c<>n,i,te·nt 11ith the· rn.ti<•ritl of <:rvstal struc­
ture:~ of nu..-k,"id.:,. t'<>r nl<>,;t ol' th.: ~-akutaiions. Th.: 

til J \1. Sp\.'lh.'~r. f<.".t ( r1 _\{,;!/o.:r., 1!. ~') ( f•U,II). 
I I~) \1. Sund.tr.dul;' Ill\ .md L. II. L·1~ ... ~n. 1. \lol. Riol .• 13. <) l..l I 1')0~). 
rill 1<. ('. ll.t\t". Ph fl. Ill~·,,,, t·ll!\\,'l'il:o- of C;iii!'IJI\11.1, lkrl..,;h.:~. 

1'1~<7, p I~:-; II. 
11·'1 ().II. ().t\IO''\ .IIlii s S. ll.ltt\lllt., t-hh n •.• phy~i~.lf Sct~h."l)' \h'l'l· 

,,,_ ... 1 ,;h 111:'o. 

t 15) A. L \'. I f.t,.:lh..·tu\,·~ ,;r ,111d A. R11.:h, J. \lol. /Jiol .• 27, 36•) t l•)c,7J. 

&h -~. -o 
a-D-All 

--0-lh8 

' • ,o ' 

Q ·"'(:) ACE I'll tiE CYTO'SINJr 

b.·6 G-0-AAA .fi·D-AAA 

D d , •.. . A 
GU.Afllllt( URACIL a-o-ux ti·D-Ln. 

Q. 'C) 
o-D-••L ,IJ·D·n'L 

(;"t.:r:.o:.\toC'l or , .. ( Nv0:L£t0: f•(tC OA';(<:; ANO TH( 
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Figure I. Nomenclatures and cgnfigurations of the nucleic acid 
bases and the pentofuranos~s. 

2'-endo ribose and 3'-endo deoxyribose coordinates are 
given in Table II. Coordinates of the other sugars were 

Table 11. Coordinates of 2'-Endo Ribose and 
3'-Endo Deoxyribose" 

Atoms x y 

2'-Endo Ribose 
C-1 0.00 0.00 
H-1 -0~51 -0.16 
0-1 1.35 -0.43 
C-2 -0.62 -0.58 
H-2 -0.26 0.08 
0-2 -2.02 -0.57 
OH-2 -2.60 -1.09 
C-3 0.08 -1.94 
H-3 0.02 -2.33 
0-3 -0.53 -2.80 
OH-3 -0.48 -3.80 
C-4 1.51 -1.59 
H-4 1.81 -2.46 
C-S 2.48 -1.28 
H-5 3.37 -0:73 
H-5' 2.98 -2.14 
0-5 1.95 -0.44 
OH-5 1.88 -1.15 

3'-Endo Deoxyribose 
C-1 0.00 0.00 
H-1 -0.40 -0.53 
0-1 1.37 -0.43 
C-2 -0.68 -0.65 
H-2 -1.28 -1.47 
H-2' -1.35 -0.16 
C-3 0.52 -1.08 
H-3 0.87 -0.28 
0-3 -0.24 -2.16 
OH-3 0.06 -3.00 
C-4 1.57 -1.37 
H-4 1.20 -2.36 
C-5 3.02 -1.26 
H-5 3.71 -1.64 
H-5' 3.28 -1.80 
0-5 3.27 0.!19 
OH-5 4.06 0.23 

z 

0.00 
0.74 
0.00 

-1.25 
-1.89 
-1.26 
-0.59 
-1.31 
-2.02 
-0.34 
-0.42 
-0.86 
-0.38 
-1.97 
-1.40 
-2.36 
-3.00 
-3.69 

0.00 
0.96 
0.00 

-L2t 
-1.11 
-1.86 
-2.10 
-2.80 
-2.96 
-2.40 
-LOS 
-0.70 
-1.52 
-0.80 
-2.39 
-2 o.i 
-2. 7J 

obtain.:d hy interchanging H and OH atoms and 
changing h,,nd lengths. In SL'Iutinn. the P<'Sitinns of 
the hydr,l\~ I gr,>ups nf the fur;IIHlS<' are not rr.:ci"ly 
kn,ll\11. In an ctrl'ft h' d<:te·rmin~ the· inllucnc.: ,,fOil 
pnsiti,,n nn R<>.\· we ha,·.: Tl'tatcd th.: 011 gwurs about 
their indi' idual CO ax.::s for b•>lh adcnnsinc and uridine. 
The cll"cL"t nn the r:tkulat<:d R"'' is small: the shape of 
thL" cunc "'J<"Il R.,_, is pl<>ttc"d rs. tlte· )!lyn>sidi.: ;tngh: 
(•/•,-_,) is ll<'t ,i,:nilic-artlly :tlt.:rc·<l. Sli).dtt \:tri;ttinn in 
magnitude ,,f R"-' j, found "h.:n tlic: <.>II at tire: C-2' 
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Table 01.•·• Monopoles for the Bw and B"' Transitions 

Transition B,u .-----·---Transition 811, 

Atom SCF-CI< scp·· Bush-DeVoe• SCF-CI SCF Bush-DeVoe 

Adenine 
N-1 -0.178 0.035 -0.030 0.023 -0.064 
C-2 0.091 -0.072 -0.037 -0.063 -0.050 
N-3 -0 .. 129 0:140 -0.107 0.087. -0.014 
C-4 -0.063 0.018 -0.291 -0.089 -0.051 
C-S. -0.018 0.032 0.126 0.088 0.060 
C-6 0 156 -0.114 0.232 -0.033 0.031 
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 
C-4 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 -O.ooO 0.035 '-0.008 0.007 0.003 
N-7 0.009 0.003 0.043 -0.03?. -0.063 -0.042 
C-8 -0.060 -0.067 -0.291 0.207 0.099 0.127 
N-9 -0.009 -0.010 0.249 -0.088 0.000 0.028 
0-6 -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 
N-1 -0.202 -0.135 -0.097 0.129 0.095 -0.007 
C-2 -'0.006 -0.029. .. 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 O.OOt 
N-3 O.Oi4 0.017 -0.006 0.151 0.292 -0.062 
C-4 -0.017 0.030 -0.008 0.054 0.129 -0.021 
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 
0-4 -0.063. -0.136 0.086 -0.178 -0.365 -0.001 
0-2 0.005 0._016 -0.005 -0.029 -0.124 0.091 

• The numbering system of the bases is given in Figure I. • The monopoles are scaled to experiments. • H. Bert hod. C. Giessner-Prettrc. 
and A. Pullman, Jut. J. Quantum Chem., I, I 23 ( 1967). d H. Bert hod, C. Gicssner~Prcttrc, and A. Pullman, Theoret. Chim. Acta, 5, 53 ( 1966). 
• Reference 17. 

position is rotated: howc\'er, no noticeable change is ob­
~crv.:d in the cas.: of C-Y and C-5'. This finding is con­
sistent with our cnndusinn (,ccti,Hl Ill) about the im­
portance of configuration at thc C-2' position. 

Gl~·cosidic Rotation. We ha\'e chosen the definition 
of glycosidic rotation by Donohue and Trueblood. 16 

The sugar-base torsion angle 4>o: is ddincd as the angle 
formed by the plan.: of.th~ .base and C-1 '-0-1' bond 
<>C the furannsc ring \\hen \icv.eJ al<>ng th.: C(l)'--N 
i>~>nd. <Pc:-. is taken as z.:t,, whcn C-2 of the base is anti­
planar to 0-1'. Positi\'C rotation is clockwise rotation 
,,fC-1 '-0-1' wlh:n one: looks fromC-1' toN. Donohue 
~tnd Trueblood define '·anti" conformation for ¢ 0 ; 

-J0±45°and'"svn""f,Jr¢c, = +150±45'. 
Transition :\lon;1poks and Dipoles. Three sets of 

monopoks ftlr the vari,,us tran,itions of the ft,ilr bases 
were used in the computation. \\"e us..:d mori<IP<'ks 
de,cribcd by Bw.h" ~tnd tlll•sc ctkulat.:d from sl'lf-n,n· 
sistcnt field with and \\ ithnut c,,nti~urati<lll intcrac­
ti,,n.'' The nwrwpoks ,,btaincd f;om Bush' w..:n: 

IIOl J. Dnnnhu~..· .llhl h.. S. Trt•~·l,lnn~l, J .. \to/. /liol .. 2. 363 ( 19#\0). 
( 17) c.,\, uu ... h, Ph. [ )_ riK''l', ... Lll\t.:l':-.il) orc •• !ifl)rnia, n~.·rkd..:y, 1965, 

r 6::! tl. 
( J"~) \At'. C. Jnllil'l'll, pl'iV.ik I.:OilllllUI)j~;l(jllll. 

from an SCF-LCAO-CI calculation by DeVoe of the 
National Institutes of Health. His method was that of 
Viellard and Pullman'" extended to t h.: excited states. 
The monopoles selcl:ted 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 infi:rred to be the nH)St likely 
dir..:ctions. Bush's. procedure assumes the order of thc 
excited states in energy may be incorrect. The mag­
nitudes of all the monopt>les w..:rc scaled 1<1 gi\'e the 
measured transiti<'n mom.:nt magnitmks. The scakd 
monopoks for the B,u and B11 · transitions arc gi\cn in 
Table Ill. 

Th.: base transition dip<'h:s were calcuhitcd from the 
transition monopoks plao.:cd on eao.:h nucleus of the 
base. The point transitit'n dipok is assumed to b.: at 
the center of transition charge ,,f the ba~c (Tabk IV). 

The effect of dilkrent trarbiti<'n lll<>nopoks and the 
usc of a self-i:,,n,i,t<.:nt tr<:~ttnll.:nt of the furanose b(md 
int.:ractions arc ;lwwn in Figure 2. On.: sees that the 
sdf-consistcnt thc<>ry for induc..:d dipoks in the sugar 
(cq II) gi\t:s H'ry ditfercnt rc,;tdt, fr<'lll eq ~- We usc 
eq II fnr ;~II the calculation' disl"lrssc·d in this p~tpcr. 

( 19) A. Vidl.1rt..l and B. Pullm.ln. J. Tht•or. lliol .• 4. J7 ( lt16.l). 
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Table IV. Data for Transition Moments 

Exptl transition 
Transition energy, eV mom!!nl magnitude" .....,...Calcd transition-~ Transition center,• A 

eA Base Monopoles Theory Expti• eA D Vector• X y 

Adenine O.u 
SCF-CI 4.8 4.77 . 0.813 3.90 +0,02i +0.81j 1.24 3.65 
SCF 5.2 -0.141 -0.80j 1.02 3.47 
Bush-DeVoe 5.6 -0.221 +0.78j 0.96 3.10 

Bua 
SCF-CI s.o 5.11 0.3SO 1.68. . -0.141 -0.32j 1.21 3.26 
SCF 5 .. s .,-0.341 +0.08j 1.41 3.47 
Bush-DeVoe 

Guanine S.u 
SCF-CI 4.3 4.47 0.514 2.46 +0.511 +0.07j 1.74 2.92 
SCF 4.4 +O.SOI +O.lOj 1. 73 2.8S 
Bush-DeVoe S.8 +0.22i +0.45j 0.34 2.92 

S.u 
SCF-CI 5.1 . 4.94 0.806 3.87 -0.211 -0.78j. 1.06 3.44 
SCF S.4 +0.081 -0.80j 0.86 3.65 
Bush-DeVoe 4.2 :...0.801 +0.07j 1.33 3.04 

Uracil O.u 
SCF-CI 4.8 4.72 0.685 3.29 -0.091 -0.68j 0.76 2.94 
SCF 5.1 -0.061 -0.68j 0.51 3.27 
Bush-Devoe 5.2 +0.051 +0.68j 0.80 3.01 

S.u 
SCF-CI 5.4 5.17 0.241 1.16 -lf08i -0.23j -O.SO 4.14 
SCF 5.5 +0.041 -0.24j -0.43 3.79 
Bush-DeVoe 6.3 -0.151 -0.18j -1.29 2.52 

Cytosine S.u 
SCF-CI 4.1 4.51 0.632 3.04 -0.62i +0.09j -0.25 3.02 
SCF 4.2 -0.631 -0.04j -0.47 2.95 
Bush~DeVoe 5.4 +0.181 +0.60j -0.22 3.64 

S.u 
SCF-CI 5.1 5.17 0.549 2.63' -0.001 -0.5Sj -0.62 3.49 
SCF 5,3 -O.lll -0.54j -0.09 3.52 
Bush-DeVoe 6.8 +0.401 +0.38j 0.06 2.85 

• Resolved from spectra of Pabst Laboratories, Milwaukee, Wis. (Circular OR-10, 1967). • Transition moment vectors are scaled to experi-
mental magnitude. i, j are unit directional vectors referring to X, Y axes defined in Table r. ' Coordinates are defined in Table (. 

Table V. Bond Polarizabilities (A•) 

Bond aoi' a:uo 

I• 
·_ C-H 0.46 0.77 

C-C 0.99 0.27 
c-o 1.23 0.27 

II• 
C-H O.il 0.6 
C-C 1.85 0.02 

Uld 
C-H 0.64 0.64 
C-C 0.99• 0.27 
c-o 0.89 0.46 

IV• 
C-H 0.77 0.59 
C-C 1.35 0.23 

• a, is along the bond and a 11 is perpendicular to the bond. 6 See 
ref 20. 'Sec ref 21. 4 R. J. W. le Fevre, .. Adnm. Phys. Orl(. 
Chcm., 3, I (1965). • R. J. W. le Fevre, B. J, Orr, and G. L. D. 
Ritchi_e, J. Chem. Soc. B, 273 (1966). 

Polarizabilities. Bond polarizabilities have always 
. been the subject of controversy. The merits of 
different measurements of polarizability have frequently 
been discussed, especially by users wanting to evaluate 
optical activity. H:!n 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 sets of values of bond, polarizabilities have 
been published (Table V). These values incluJe those 

(!0) C. Houssicr and K. Sauer, J. A mer. Ciltm. So(., 92, 779. ( 1970). 

whi!=h ~ave been proven satisfactory for other 
workers, 10 and those existing in the current literature. 
The rotational strength of uridine resulting from 
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.. . 1·--- Bush/ Devoe\ ', 

/ ----~ SCF \~, ,-
_ _...; ·-·-SCF/CI "': 
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.PeN 

Figure 2. The effect of different transition monopold. and the 
sdf-consistent.treatment of furanose bonds on R(B,d,t1;:ks of uri­
dine. , The top three curves are self-consistently treated as in eq II. 
The bottom thr~-c curves are without !he self-consistent furanose 
treatmcni (cq 8). 

different combinations of possible values of bond polar­
izabilities, using the SCF-CI monopoles, is shown in 
Figure 3. The calculated RnA is more sensitive to 
C-0 and 0-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 to•• ·esu 
---S.u-·-~ ~--B,u~ 

Compound Exptl RoA X 10"' esu Monopoles Anti Syn Anti Syn 

Adenosine -2(B,u + Bw) SCF-CI -2 +3 +0 +O 
SCF -2 +3 +2 -:4 
Bush-DeVoe +8 -8 

Guanosine -O(B,u) SCF-Ct +2 -4 -2 +3 
-l(B,u) SCF +2 -4 -2 +2 

Bush-DeVoe -7 +7 +8 -16 
Uridine +9(8,~) SCF-CI +I +O +0 -0 

-4(B,u) SCF +I +O -2 +2 
Bush-DeVoe +2 -1 +0 -I 

Cytidine +12(B,u) SCF--CI 
-li(B,u) SCF 

Bush-DeVoe 
2'-Deoxy A -I(B,c + B"') 

2' endo SCF-CI 
3' endo SCF-CI 

2'-Deoxy G -O(B,u) 
-O(B,u) 

2' endo SCF-CI 
3' endo SCF-CI 

2'-Deoxy U +3(B,u) 
2' endo SCF-CI 
3' endo SCF-CI 

2'-Deoxy C +(B:u) 
-(B,'u) 

2' endo SCF-CI 
3' endo SCF-CI 

• The four ribonucloosides are in the 2'-endo conformation. 

the other two sets of monopoles. This is unfortunate 
because the bond polarizabilitics for C-0 and 0-H 
bonds are the least well knol'<n. For all the computa­
tions, unless otherwise stated, we have used Le Fevrc's21 

100 

00 - ' ,--~~ ?:2~~---:: 
i= -..:__--A/' "."-·. 
~ .. /' ·,~ ; ol·~-z / 
0 ' / s -50 

·' ' • 

~ -to -"•so---c'•o=---~ +c'•o:--+-:-t~s"'o 
<PeN 

Figure 3. CakulateJ rotational strengths of lh· transitions of uri­
Liine as a function of c,,.~ u')ing di!rl.!n:nt \a[ut:s of polarizabi!Jti~:s. 
The various sc1s of polariLal1iliti~s arl.! giv..:n in Table V: (I) set r, 
treating OH <ljui\alcnt toCH: 12! sd Ill. tr.:atingOH equivalent 
to CH: 13) sci II. "l'f'ru\lnntinc' 011 by a,-, = 0.8, "" ~" 0.6: 
(4) set IV. treat in~ <HI Ccllll\·aknt to CH and CO cljuivalent to 
CC: 15) 'ctl.at'l'r"'"n:tttn.c•OIIh:ll.'.<l.li: (6) setll,trcating 
01-1 eljuivaknt to CH anJ CO cqtmakntto CC. 

bond polarizabilitic·s (s-:t II in Table V) and treated 
carb<Jn and <'\ygcn equi,akntly (cunc 6 in Figun: 3). 

Ill. Hl·sults ami l>io;ruso;ion 

Re,ulh nt' tlh' ,·,tkttl:ttl•'-'" :tr.•· :'.'' ··n in Tabk,.Vl, VII, 
:tnd \1 Ill. ;and _1-t,·ttt<' ·1. lite' 1'11lOtt1LtiiOtl 'trc'llt!tit, nt'thc· 

121) ( (i. t \.'I·. \I• .tild 1~. ,I I~· lo\1.:, /,','!'. 1•1/ft' ·lpJI/. ('/,.-,,,, S, 
ltd ~ 1')<.~). 

+27 -31 -7 +7 
·+19 -24 -5 +5 

-6 +6 -2 +0 

-,2 +4 
-7 +O 

+I -s 
+5 -0 

+5 +2 
+3 +I 

+24 -34 
+35 +0 

Tahlc VI!; Comparison of Calculated and Experimental 
Rotational Strengths for Ditfercnt'Anomeric Adcnosines 

Exptl max ~RoA(B,t:) X tO+" esu~ 

molar ~Theor•-~ 

Compd . Anm:s;, mJJ ellipticities• Exptl•·& Anti Syn 

a-Lyx_ 260 3750 2. 7• 3 -7 
f:l~Lyx 256 -3560 -2.7 -2 6 
a·Ribo 256 5410 4.4 3 -6 
ll·Ribo 265 -2970 -2.5• -2 3 
a-Ara 258 3570 2.8 I -6 
!l-Ara 258 -5380 -4.1 -2 4 
a-Xyl 258 6960 6.0 5 -7 
ll-Xyl 259 -2450 -2.0 -3 5 

• The experimental results arc from lngwall (personal communi­
cation). Mobr ellipticitics are in units of dcg 1./(mol ern).· & The 
rotational strengths are evaluated by fitting the spectrum by 
gaussian curves on a DuPont curve resolver and computed using 
the formula, Ro = 1.13 X tO-" (8,!!../X,) where!!., is the half-width 
of the resolved gaussian. ' Single gaussian is not possible. Com· 
posite gaussian curves are used. "SCF-CI monopoles used. 

Tahlc VIII. Calculated R,_,!B,I') of NucleosiJcs·• with Glycosidic 
Angle .;>··~ Present in Pol) nudeotides 

Base 

A 
G 
U(T) 
c 

-------------------
~------RI)A(B-H· X 10"" esu-------~ 
<><·~'=-II" -l-l 0 -86° 

(RNA-II) (DN.-\-A) (DNA-B) 

-3 -3 +5 
+I +1 -1 
+2 +6 +I 

+31 +32 -25 

·• SCF Cl monOi'Oks ~nJ tho 2'-cnuo conformation for ribose 
and dt.'O\~nho"'-' \'-l'rc u:-.~..:d. 1

' ('', ·s arc from 1\1. Sumbrahngam. 
IJifl(>tll)'lll<'rS, 7, H21tl%'1). 

ll,~:"atll-1 11 11 ·tr;trhiti••no; \\eTc' c·;!lcul:tt<·d u'ing c·q I I for 
each L>t' til.- t'otrr llll<'kn,idn (T.thk VI). Tif,· l'll'cct nf 
the 2 '-cndn and 1'-l'ildtl t'm;tntl"' c•>nt'nrmatiut! i\ also 

lmtrnal of rite .·lnwrinm Clu·m;,·,d S,>cict•· I 9J:2J I Nnremha 17, 1971 
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included. From the results, it can be seen that the ro· 
tational strength calcuhltion depends critically on the 
choice of wave functions. However, the rotational 
strengths from the S(:F-CI and SCF monopoles nearly 
always agree in sign and magnitude with each o.ther. 
Quantitative comparison with experiment is difficult, 
because of the uncertainty in assignment and resolution 
of the CD spectrum into bands. In Table VI the'ex­
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 (ebeN =c. 
- 30°) and syn (ebcx = + 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. 

Figure 4 shows what values of the glycosidic angle 
give correct results for the calculated signs of the 8 20 
and Bm rotational strengths. For uridine and cy­
tidine, about half the possible range of angles (+I 50° > 
<PeN> - 30°) give the correct sign for both Bm and B1u. 
For adenosine only the anti range (- 10° > ebeN > 
- 90°) is consistent with the signs of the rotational 
strengths. For guanosine a very small overlap occurs 
(ebeN ~ - 100°) between values of ebeN which give the 
correct sign for both B,u and Bw rotational strengths, 
This probably indicates that guanosine does not exist 
mainly in one 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 ¢eN by the probability of 
finding the molecule with this value of ebeN· We used a 
probability distribution for the glycosidic bond (ebeN), 
which we had estimated earlier, 2' to obtain an average 
rotational strength for the B,u tr•insitions for each 
mononucleoside. Although magnitudes were changed. 
no signs changed, so a positive B,,, rotational strength 
was still obt:1in~d for guanosine in disagreement with 
n .. pcriment. 

The tempcrature dcpcnd,·ncc of the rotational 
~trcngths was •ilsn c·akul.•kd. This gives an increase in 
rotational strengths \\it h dccn:asing temperature as ex­
pe..:tcd. It alsn gi\cs the enrrccr order of magnitude 
change 13 as the temperature is lowered from +90° to 
·-70'. For <.:ytidin.: then: is a cakulatcd 3:'~ in<.:rcase. 
for adenosin.: a cal.:ulatcd 30 ~,; irKrcasc. 

In Table \'II the rcsult'i f<lr the an0meric cis-trans 
isom.:rs of adcll<''inc arc !!i\c'n. the calculated results 
for the anti c,,nformatin~ agree well with experiment. 
The agreement between theory and experiment is ex­
cellent when <'nc considc·rs the a and {J pairs of t·.he 
different is.,:ncr-;. The ..:akulatinn gi\·cs not only ihe 
.:nrrcct sign fnr cad1 ''nc of th.: pairs, but also provides 
the correct n:lati\·c magnitudes. W.: sec that experi­
mentally the sign ,,f th.: CD f,,r thc anomcric adenosine 

~~:i I. Tittl)~o:n. Jr., R. C. D.n.i'. ;tnd S. R. J;,skunas. "Mokcular As· 
so.:i.uion in Blol.,t.~)_," B. Pu!im.111, Ed., ..\(";llkmk Press. N..:w York'. 
N.Y .• l'lbX, p 77. 

a 

b 

ti!IO" 

c:J ..... •~~toMtla.l•· 
o ......... ,.. .. ..,.-

o• 

±lBO" 

~of" c::J uu•·~~• ftoa t•••' • -

o• 

oc,,;,,,."Dalltol·• 

D c,,.,l ... "- Ullol•-
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~igure ~. Glycosidic angle (<,ilc") and calculated sign of the rota­
tu:>n~l strength .. The range of angles labeled a.IJ·purinesand -pyri­
nudmcs shown rs that found in crystals by X'ray scattering (see 
Sundaralingam. Table VIII, footnote b). The rotational strengths 
w.:re calculated with SCF .. ('l monopoles: (a) purines, the mea­
sured signs of the rotational strengths are minus for both Bw and 
Bill transitions of adenosine and guanosine; (b) pyrimidines, the 
measured signs arc plus for the B"· transitions and minus for the 
B,,. transitions ofuridine and cytidine. 

depends on the configuration at C-1 ': a gives a posi­
tive CD at high wavelength, fJ gives a negati\'c CD. 
The good agreement with the calculated rotational 
strengths is strong evidence that all eight of these mole­
cules arc primarily in the anti conformation. 

We also carried out cakulations on uracil with 
ditfcr.:nt sugars. Experimentally .. ,. it was found that 
the rotational strengths of 1:l-o-ara-U and J:l-t>-lyx-U 
were similar and approximatdy twice that of p-n-rib-U. 
The RnA calculated for these compounds arc + 10 X 
JQ-(n, +II X JO-"'. and +2 X JO-•" for ara-, lyx-, and 
rib-U, respcctivdy. The Bush- Devoe monopol..:s were 
used and anti conformation was assumed. 

We have found that a configuration change at the 
C-2' position of tlw furanose alters the glycosidic an­
gular dependence of RoA more significantly than that at 
the C-J' P•'sition. The ~·al..:ul:itcd R .. " rs. ¢ 0 ; fnr ribo 
and xyl compounds arc similar in cun·c shape and posi­
tions of maximum. minimum, and L..:Tl' crossing, 
whereas the same holds for ara and lyx compounds. 

(13) T. Ni~himura, B. Shimizu, anJ I. h\,li, J]i(lchim. Bioplr_rs .. .tf.cta. 
157. 22t ( t'l6~). 
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Experimentally, it was found that the configuration at 
C-2' profoundly affects the magnitude of the Cot~on 
effect.'· 22 It was reported previously 24 that a tis­
oriented hydro:<yl group at C-i' int~:racts with the base 
and that cis nucleosides gave a Cotton effect larger in 
magnitude than the trans anomers. It was found thacz..:~ 
the amplitudes of the Cotton effect of a-D-rib-U and tY­

o-UMP are larger than their {3 anomers; however, the 
magnitudes of a-lyx nucleosides give smalkr Cotton 
effects compared to their {3 anomers. E:<amination 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 RoA 
os. </>eN curve, it can be seen that a range of allowed 
values of</>..::·.; always r..:sults in decreasing the amplitude 
of a trans 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. J. Swan, Biochem. 
Biophys, Res. Commun., 22,505 (1966). 

ciliated Bu2 rotational strengths for nucleosides with the 
glycosidic angle found in different double-stranded nu­
cleic acids: A-form DNA, 2'• B-form DNA,'6 and 

'"RNA-II. 27 One sees that in. B-form DNA the cal­
culated rotational strengths arc very ditl'erent from 
those of A-DNA, or anti tnononucleosides. 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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