
r 

• 

, . 

\ 

' lFeE.IVEO pv OTII= MAY 1 5 fS7U 
UCRL-19721 

mrm 

STRUCTURAL IMPLICATIONS OF MINOR NUCLEOSIDES IN RNA: 
INOSINE AND DIHYDROURIDINE 

Carl Joseph Formoso 
(Ph. D. Thesis) 

March 1970 

AEC Contract No. W- 7 405 -eng -48 

c: 
0 
~ 

I"'AWRENC:E Rr'\l)lA'"fiON LAB()RA1'()RY t 
lTNIVERSI'I'Y of (~AI.~IFORNIA RERKEL~:Y 

...0 
-.J 
N ,..,. 

I l I 
I<.:.N1 lli t 'M ·riJ:> 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



• 

• 

i 

DEDICATION.: 

This thesis is dedicated to two group~ or people too easily 

ignored and forgotten: those who refrained from helping 
I 

me thus allowin~ my independence and self confidence to 

develop; and those who did not hinder me thus enabling 

my creativity and imag1f~tion to grow . 

.------LEGAL NOTICE---
This report wa11 prepared aa an account 01 uoveruweui avuuuU0'6• 'I'.'V!'Ir · N'althP.r thn Un1l04 
States nor the Commission, nor nny person acting on behalf of the Commtaston: 

A• Makes nny warrDnty or representation, expressed or Implied, with respect to the s~cu
racy ~ompleleness or usefulness of the tn!orm.o.Uon contnlned in lb..! a report, or that th( uae 

01 a~y inluuna.Uuu,' apparatus, method, or p~~ae disclosed ln this report may not lnfrtnge 

prlv~~~~::.::::~:n~ltUes wtth respect to the uu of, or for damages resulting fronl tho 
use of nny Information apParatus, method, or proceBI! dtscloaed In this report. 

As used In the above, "person ocUng on 1:-ebalf of tho Commission" Includes any ~m
ployee or contractor of the CommtBaton, or employee of sucb contractor, to the extent that 
such employee or contractor of tbe Commission, or employee of aucb contractor prepares, 
dlaaemtnatea, or provides nccCss to, 0.11y Information pursuant to bla employmenJ or con1rnct 
wltb the Commlsalon, or bls employment with aucb contractor. ' 

. , M.EN'I IS uNI..WlTED 
. "'TlON oF rHJs oocu . . . . . . Ov~ 

!JJS'\'Ilfll" . "" I 



• 

~· 

Structural Implication pf Minbr Nucleosides in RNA: 
. I 

. , I . 

Inosine ~nd Dihydro~~idine . r 
( 

Carl 3'. Formoso . 

ABSTRACT 

I I 

Using dinucleoside phosphates ~s models for single-

ii 

stranded RNA, the effects of the minor nucleosides inosine 

and dihydrouridine have been investigated. A nitrosyl 

chloride deamination of ApA has been used to obtain some of 

the dinucleoside phosphates containing inosine. A photo-

reduction with sodium borohydride has been used to produce 

the dimers containing dihydrouridine. The stacking inter-

actions of these dimers has been studied at a variety of 

conditions by means of circular dichroism, optical rotatory 

dispersion, and ultraviolet absorption spectroscopy. 

The results indicate ~hat= IpA; Api·arid:·Ip~ stack, 

while IpU stacks very little. Studies with varying 

concentrations of Ipi in low salt and 1 M NaCl indicate 

that the stacking geometry of this compound is sensitive to 

ionic strength of solution. The CD of poly I is presented 

and compared to the data for Ipi. Little cha~gecwas found 

in the CD of poly (G,I) (1:1) with change of salt concentra-

tion, and we conclude that, unlike poly I, there is 

no major structural change. From the CD of poly (G,I), 

Ipi, and GpG, the CD of IpG plus Gp1 1s calculatetl u::;l:ng 

. I 
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the nearest neighbor approximation. From the calculated 

spectrum, we tentatively ~onclude that there is stacking 

in one or bdth of IpG and Gpi. 

The results show that HpA is strongly stacked, but that 

ApH, GpH, and probably HpH are not stacked at room tempera-

ture. The temperature dependence of the CD suggests that 

the stacking is unusual. The results with dimers containing 

open-ring forms of dihydroU indicate that there is more 

intramolecular interaction when the ring is open than when 

it is closed. 

The tetramer rTpwpCpGp was studied and compared to the 

calculated CD and ORD for UUCG. It is suggested that TwCG 

possesses a structure different from that of UUCG. 

An attempt is made to relate the results to tRNA struc-

ture and function. 

Two appendices ~re included: the first lists four 

subroutines written ror a .PU.P 8/S computer; the second 

describes a simple analysis of the kinetics of the NaBH4 
reduction and attempts to relate the kinetics to stacking 

in dimers. 

.. : 
I 
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A,U,C,G 

a' 

N or X 

Np 

pN or NMP 

NpX 

poly N 

poly(G,I)(l:l) 

A 
e:N 

ODA 
• N 

ODA unit 
~1, 

CD 

ORD 

uv 

viii 

ABBREVIATIONS 

the ribonucleosides adenosine, uridine, 

cytidine, and~guancsine, respectively 

(abbreviations used for minor nucleosides 

are given in Figure 1) 

a-ureidopropanol riboside; the product of 

the reduction of dihydrouridine with 

sodium borohydride 

a-ureidopropionic acid riboside; the prod-

uct of the ring opening (hydrolysis) of 

dihydrouridine with NaOH 

any ribonucleoside 

a 3' (or 2') ribonucleotide 

a 5' ribonucleotide 

a. 3 '-5' dinucleoside phosphate 

a polynucleotide of N 

a random copolymer containing equal 

amounts of G and .I 

the extinction coefficient (liters/mole em) 

of N at wavelength A (m~) 

the optical density of N at wavelength A 

the amount of material that will give an 

OD of 1.0 at the specified wavelength in 

1.0 ml of solution with a 1.0 em light path 

circular dichroism 

optical rotatory dispersion 

ultraviolet 



tris 

pDAB 

ix 

a buffer; 2-amino-2-(hydroxymethyl)-1,3-

propanediol, adjusted to the given pH 

with HCl 

p-dimethylaminobenzaldehyde 
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I. INTRODUCTION 

Since the announcement in 1953 of the structure of DNA 

by Watson and Crick1 an tmmense amount of research has been 

done and much knowledge has been gained concerning the 

functions and inter-relationships of DNA, RNA, and proteins. 

But, while·the basic scheme of genetic action is well laid 

out and solidly founded in experimental results, many of the 

precise details of this action are still unknown. For 

example, the exact way in which DNA is duplicated in vivo 

is uncertain. Though this is a dramatic gap in our know-

ledge there are, of course, many others less dramatic. The 

work presented here is an attempt to fill some of these gaps 

concerning RNA. 

For the most part RNA is a polymer made up of four sub-

units: adenosine, uridine, guanosine, and cytidine. But 

there occur in some RNA's other nucleosides which are 

modified forms of the above, or, as they are sometimes 

called, minor nucleosides. These occur to the extenL of 

approximately.lO% in transfer RNA, 2 ' 3 3% in ribosomal 

RNA, 4'5 have b~en reported to compose 27% of chromosomal 
6 . 

RNA, and possibl.y also appear in other RNA's. The minor 

components in ribosomal RNA are pseudouridine, base

methylated nucleosides, an~ ribose-methylated nucleosides. 76 

Those reported in chromosomal RNA have been restricted to 

reduced pyrimldines. 6 ' 82 Transfer RNA contains the.most 

diverse selection of minor nucleotides. Figure 1 presents 
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a fairly complete list of the minor nucleosides in transfer 

RNA. 

The primary interest of this study is to learn more 

about how the minor bases might i~fluence the structure of 

transfer RNA. As models for single stranded RNA the simplest 

units, dinucleoside phosphates, have been used. If an under-

. standing of how minor bases affect the structure of these 

simple compounds can be obtained, then a basis exists for 

predicting how a minor base might influence the secondary 

structure of the region of RNA in which it occurs. 

The techniques used for the study of the structures of 

the dinucleoside phosphates were optical rotatory dispersion 

and/or circular dichroism spectroscopy, arid ultraviolet 

absorptipn spectroscopy. 

I-A. Biological Background 

In this section an outline of the basic scheme of genetic 

action will be given, and some specific applications to minor 

bases pointed out. 

The making of protein according to the master plan laid 

down by DNA can be divided into three steps: (1) DNA 

replication, (2) transcription to RNA, (3) translation of 

the RNA message into protein. The first step maintains the 

genetic message by creating more DNA. This is accomplished 

by virtue of the specificity of base pairing. Adenine pairs 

only with thymine, and guanine pairs only with cytosine. In 

this way an accurate copy of the genetic message is made. 
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In transcription messenger RNA is formed on the DNA template. 

Again accuracy is guaranteed by the specificity of base 

pairing. The final step, translation, requires two more 

units, rioosomes and amino-acylated transfer RNA's, to be 

available. Ribosomes are essentially RNA packaged up in 

protein~ Their structure is complex and much remains to be 

learned about it. The ribosomal RNA is, of course, formed 

on a DNA template. The ribosome is made up of two subunits. 

Messenger RNA is bound to the smaller subunit and tRNA 

interacts with this mRNA by the base pairing of three nucleo-

tides and also interacts with the larger subunit of the 

ribosome in a manner which is not yet entirely clear. There 

are two sites on the ribosome; an entry site and a polymer 

site. Each tRNA carries a specific amino acid and as such 

is bound to the entry site. After that amino acid is joined 

to the polypeptide already formed, the tRNA, now carrying 

the polymer, is moved to the polyme~ site and a new tRNA with 

its amino acid is bound at the entry site. Three nucleotides 

in the mRNA thus indicate that a specific amino acid is to 

be added to the polypeptide. The list of the 64 possible 

trinucleotides and the corresponding amino acids (and 

punctuation) constitutes the genetic code. 

Transfer RNA is also formed on a DNA template. The minor 

bases are generally thought to be formed after this stage 

by the action of enzymes which alter the appropriate bases. 

There is conclusive evidence of this for sulfur containing 

bases, 7 meth~lated bases, 8 and isopentenylated bases. 20 All 

P; 
i 
' 
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known tRNA 's do contain minor bases. T.hus it is justified to 

conclude that minot bases are necessa~y to the function of 

tRNA. This leads to the expectation that each minor base 

. should have some unique ·biolo"gical property. (or propertie3) 

differing from t~e corresponding pro~erty of any normal base. 

This will perhaps be clearer if we cons.ider a minor nucleo

side B. If A; G, U, or C could replace B and not disrupt 

the .functions of tRNA, there would be an evolutionary 

advaritage fdr this happening. For th~ appearance of a 

normal base in tRNA only one DNA base pair need be expressed, 

while for the· appearance of B many more than one must be· 

expressed for the synthesis of the necessary enzymes which 
.. 

convert the appropriate normal base to B. If there were 

nothing special about B, organisms which could use A, G, U, 

or C in B's place would be sele~tively favored. 

While this argument may or may not be valid, there is 

some support gained by considering the methylated bases, 

particularly N,N-dimethyl G, N,N-dimethyl A, 1-methyl G, etc. 

These have the obvious property of being unable to base pair 

in the Watson-Crick configuration. This, of course, is 

untrue of the normal bases, and could have a decided effect 

on the structure of a tRNA molecule. The proposed structures 

for tRNA 3 all show these methylated bases in single strand 

regions. 

That minor bases do affect the function of tRNA has been 

shown in a number of ways. The effects of methylation have 

been studied by use of methyl-deficient tRNA from a mutant 
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strain of E. Coli.77,B This methyl-deficient tRNA has been 

compared with normal tRNA in both the acylation and transfer 

functions. While methylation does appear to have an effect., 

different laboratories have obtai~~d contradictory results. 

An excellent discussion of the experimental results is given 

in a recent review arti~le. 79 Some of the reported results 

concerning dihydrouridine and pseudouridine will be discussed 

in Section VI. 

The ::>p~t:lf lt:l ly uf eac:ll CRNA lulerC:!,t: llug wl lll llle t:ur·r·et: 1., 

amino-acyl synthetase and with the ribosome-mRNA complex must 

be related to its structure. And that structure must 

certainly be influenced by the minor bases. The study of 

structure, then, is most likely a good place·to begin looking 

for unique properties in the minor bases. 

I-B. Optical Theory. 

The theories of optical activity and hypochromism will 

briefly be given and applied to dinucleoside phosphates. The 

presentation will be by no means complete and most of the 

mathematical manipulations will be omitted. There are 

. 9-18 
sufficient works where the theory can be found so that 

it need not be presented in detail here. 

The rotational strength, Ra, is a measure of the intensity 

of optical activity for a transition a and in general is 

(1) 

where Im means the imaginary part, ~Oa is the transition 

... 

. i 
I 
I 

,,. i 
i 
I 
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electric dipole moment of the transition O+a, and maO is 

the transition magnetic dipole moment Qf the transition 

7 

a+O. In order to keep the presentation simple only inter

actions tetween electric dipoles ~ill b~ considered, and 

for a model, a dimer whose monomers have only one transition 

is used. With these assumptions 

t ::a) r ..... ...lo. 

(2) R = . lJb X 1J a a 

~ 

whe~e ~a is the frequency of dimer transition, a, r is the 

distance from monomer 1 to monomer 2, and lJa and lJb are the 
! 

electric dipole moments of transition a and b. This can be 

written in terms of monomer properties v 1 , v2, 1-1 1 , and 1-1 2 . 

Thus 

(3) 

where v12 is the electrostatic interaction potential and cari 

be written explicitly as 

( 
<il 1 ·r) cc 2 .r)) 

1 nl.n2 - 3 .. r2 . 
r3 

(4) 

This expression assumes that the separation of the dipoles 

is large which may not be valid for dinucleoside phosphates . 

The expression is sufficiently accurate to fit our purposes 

here, however, and when v12 is replaced 

'( 5,) 

··- ·:-

·.-: 

., ' ... 
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..... 
If we now apply unit vector notation using k 1 as the unit 

~ ~ -"- ~ 

vector along ~ 1 , k 2 as the unit vector along ~ 2 , and j as 

the unit·v~ctor along~ we have 

(6) 

. Thus Ra has been fac~ored into a term which depends only on 

the magnitudes of various physical parameters and a t~rm 

which depends only on the geometrical arrangemeul of the 
~ .... 

dimer. If the geometry is restricted such that ·k1 and k 2 
..... 

are perpendicular to j some predictions can easily be made 

which will be useful in interpreting the CD of dinucleoside 

phosphates. With this restriction the geometrical term will 

become 

cos e sin·e = 
r2 

..II. ~ 

with e the angle between k 1 and k 2 . Three conditions can 

immediately be seen which would lead to zero rotational 

~trength: e = 0° e = 90° and a large value of r. Also, ·' ) 

if the dimer can take on many conformations some giving 

positive rotational strengths and others giving negati~e 

rotational strengths, the net observable result may well be 

-· 

\ . ._, 

close to zero.· If the indices in Equation (~) are exchanged T 

and Rb constructed, it can be seen that Ra - - Rb. Thus 

if va is very ~lose to vb (~egenerate transitions are 

discussed below) there may be a large amount of cancellation. 

But if there is g preferted orientation, with the ba~es· 
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close together, va not close to vb and e ~ 0°; 90°, then 

there will be an observable rotational strength. We could 

remove our geometrical restriction and add more transitions 

to the mod.el to get a more realistic (and more complicated) 

picture, but we would arrive at the same type of conclusions 

as above. When there is an interaction b~tween the bases 

which limits the range of structures available to the dimer 

there will usually be optical activit~. Certain cbnforma

tions, however, will g~ve little optical activity either 

because of cancellation (close juxtaposition of positive 

and negative rotational strengths) or low rotational strengths. 

In general, therefore, we can say that if there is optical 

activity it indicates a secondary structure, whereas tne 

lack of optical activity does not necessarily mean the lack 

of secondary structure. 

One further complication arises when we go to the real 

dimers. The monomers are themselves optically active. We 

must therefore compare the optical activity of the dimers to 

that of the monomers. This has been done for all of the 

normal-base dimers.l9, 72 However, the CD of the monomer is' 
i 

determined by the conformation of the base relative to the 

sugar. If thi~ conformation changes radically on formatiori 

of the dimer a misinterpretation of CD and ORD results might 

occur~ The best evidenc~ to date indicates that such changes 

do not occur. 78 

The treatment of hqmodimers is. slightly different than 

that given above. Obviously Equation (6) cannot be used since 

., --·· ··-·--- .......... -- .. 
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v
1 

= v
2 

leading to an infinite Ra. In general, however, 

"a I vb I v
1 

because of resonance splitting causing one 

transition to occur at a higher frequency, "+' and one at a 

lower frequency, "~' given by "± ~ "1 ± vl2" 

our simple model, 

.Then using 

This appears to have a different geometrical dependence than 

Equation (6) but in reality it does not. Though R± would riot 

be zero at large values of r and a = 90° there would be no 

optical activity observable because v 12 becomes zero and 

\) = \) + . 
The.rotational strength can also be obtained experimentally 

from a CD spectrum by an integration if the spectrum can be 

resolved into individual bands. Thus in principle an 

accurate knowledge of the geometry of stacking interactions 

could be obtained from the study of optical activity. In 

practice this is never possible. An insurmountable problem 

is the resolution of the CD spectrum into individual bands. 
. . 

And there are further problems, such as uncertainty in 

monomer properties. Even if these problems could be 

perfectly solved there would be no unique solution to the 

geometrical problem unless some restrictions could be made 

or assumed. This is why optical activity calculations are 

usually done in the opposite direction. A geometry is 

exper1rneutal. :->pectrum. 

.. 
., 
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This ~11 means that the intepretation of the CD of 

dinucleoside phosphates cannot be expected to give definite 

results. While it can usually. be determined if there is an 

interaction between the bases, not much can be said about 

the geometry of that interaction without a great deal more 

effort. 

16-18 Hypochromism is anothe~ property which can be 

related to structure. It is a measure of changes in intensity 

of ultraviolet absorption. The property is called hypo-

chromism when the intensity decreases, and hyperchromism when 

there is an increase. For nucleic acids the low energy 

transitions (260 m~) are usually hypochromic. 

Though the total intensity of absorption cannot change 

there can be a shifting of intensity between bands. For 

bands that closely overlap these shifts are not seen. A 

simple model to consider, therefore, is a dimer formed of 

monomer 1 with a transition in the 260 m~ region and 

monomer 2 with a transition in the 200 m~ region. The 

intensity is measured by the oscillator strength, f 0 in the 

dimer and fM in the monomer. Hypochromism is given by 

H = 1 - f 0 /fM. And 

Hl = hv:~i cr~i V 12 tl .t 2) 
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where H
1 

is the hypochromism of transition 1. 

~ ...:.. 
Again a geometrical term is factored. If k 1 and k 2 are 

.:0. 

constrained perpendicular to j it becomes 

Thus.· the geometrical term is· always positive or zero 

(ate= 90° or larger). With this constraint on the model 

H
1 

is likewise always positive or zero, and H2 , the hypo

chromism of transition 2, is seen to be always negative or 

zero (exohange indices). The low energy transition can 

only be hypochromic and the high energy transition can only 

be hyperchromic. 

Other geometries need not be considered here. The above 

is sufficient to show that hypochromism can be used as an 

index of ataclcing. Primarily it io a meaoure of the proximity .. 
of the bases (the effect of the r~3 dependence). The 

angular dependence can only be important when the ba~es are 

close to each other. The largest value observ~d for hypo

chromism in a· dimer is approximately 10%. 19 

,. 

' . ' 
i 
' 

.. 
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II. EXPERIMENTAL MATERIALS AND METHODS 

II-A. Chemica·ls 

Dimethylformamide was reagent grade from Matheson, 

Colman, and Bell. Nitrosyl Chloride was obtained from 

Matheson Gas Co. Trizma Base from Sigma was used. p-

Dimethylaminobenzaldehyde (pDAB) was from Eastman Kodak. 

13 

Sodium borohydride was from Ventron Corp. All other chem-

icals used were reagent. grade from either Mallinckrodt or 

Baker and Adamson. 

II-B. · Nucleic Ac.id Ma·ter·ials 

It seems simplest to present this section in tabulated 

form. Many of the commercially obtained dimers were used as 

starting materials to obtain the dimers prepared in this lab. 

These preparations are described in detail in Sections III 

and IV·. 

Commercial sources: 

Calbiochem 

Cyclo 

Gallard Schlesinger 

l'-L Biochemicals 

Miles Labs 

Zellstoffabrik Waldhof 

· 'Gifts: 

Jo.mee: Ofengand 

Olke C. UhJenbeck 

ApA, rT, Hp, 6-chloropurine 

dihydrouracil, H, Ap 

GpU 

pA, A, pU, pC, pG, pT, I 

IpU, Ipi, poly. I, poly (G, I), 1:1 

ApA, ApU, UpA, UpU 

rTplJipCpGp, 1Ji 

UpApi 
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II-C. Separation Techn'i'q·u·es 

Throughout this work ·three se~aration or purification 

methods were used exte~sivelj: paper chromatography, paper 

electrophoresis, and column chromatography. The general 

procedure for each will be described here. 

Water-washed Wha~man 3 MM paper was used for paper 

chromatography. It was cut to the desired size and the 

starting material applied in as small a spot as pos~ible. 

Then it ~as allowed to equilibrate with the solvent vapors 

in the closed chromatography tank for about 18 hours. All 

paper chromatograms were developed in descending fashion at 

72°F. The duration of development varied with the particular 

use. 

The oamc type paper wao uocd for electrophoresis. The 

Savant Instruments C~. electrophoresis tank was used. Buffers 

were either 0.025 M ammonium formate, pH 3.6; or 0.05 M 

formic acid, pH 2.7. The paper was attached to the electro

phoresis rack, saturated with buffer, and allowed to equilibrate 

in the electrophoresis tank for at least 1 hour. After this 

time the paper was removed from the tank, the sample applied 

as quickly as possible, and the paper returned to the tank. 

The electrophoresis-proceeded at 2900 volts for 2 1/2 hours 

at 72°F. 

After separation on paper the spots were detected under 

UV light, and the areas which contained the desired spots were 

cut from the paper and eluted with water. This generally gave 

a final volume of 0.1 ml or less. Usually there was background 

i 
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contamination from the paper. This was not troublesome if 

the eluate was h~ghly cdricentrated, i.e., from a very dark 

spot. The dilution neces:sary reduced the cont·amination to 

a ne~ligible level. When this b~ckground contamination was 

t~oublesome, .it was removed by ion-exchange ch~omatography. 

Two types of column ch~omatography were used: . gel

filtration and ion-exchange. Bio Gel P-2 (Calbiochem), a 

polyacrylamide resin, and Sephadex G-10 (Pharmacia), a 

cross-linked dextran, were tised for gel-filtration. In this 

procedure the column, containing some water, was aligned. 

vertically and a slurry of hydrated resin poured in. After 

allowing the resin to settle for a while, flow was started 

to pack the resin. The packed column was washed with 5-10 

bed volumes of distilled water before use. To load the 

sample the water level in the column was drained to the top 

of the resin bed and the sample, in as small a volume as 

possible, applied to the top of the resin bed. Car.e W'as taken 

not to disturb the resin. The sample was then drained to the 

top of the·bed, water added, and elution begun. These columns 

could be saved for re-use, since with the small pore sizes 

there is no compression of the resin. If the column is to be 

stored for very long it is advisable to add an agent, such 

as chloroform, to prevent bacterial growth. 

In ion-exchange chromatography only the anion-exchange 

resins AG 1 x 2 (Calbiochem), a polystyrene resin lattice 

with basic quaternary ammonium groups, and DEAE Sephadex 

A-25 (Pharmacia), a cross-linked dextran with diethylaminoethyl 
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functional groups, have been used. The resin is prepared 

in the form desired and .the· ·column is packed in much ·the same 

way as the gel columns. Th~ column is wash~d with at least 

10 volumes of low ionic strength buffer. Th~ sample, 

dissolved in the same buffer, is then applied and the 

negatively charged species will be bound to the resin. The 

column is then washed with 2-5 bed volumes of starting 

buffer.· A linear salt. gradient was always used for elution. 

These rcainG were discarded after one use. 

The optical density of the column eluent was monitored 

in the UV with either the Beckman DB, Gilford Model 2000, 

or Isco Model UA-2 instruments. Fractions were collected 

using either the Gilson or Isco collectors. 

II-D. Optical Techniques 

TTltraviolet absorption spectra were taken with .a Cary l5 

recording spectrophotometer, and.CD and ORD spectra with a 

Cary 60 recording spectropolarimeter with a 6001 CD attach

ment. Because the CD attachment was installed after the work 

had begun only ORD spectra are reported for some of the early 

work. Where there was a duplication, only the CD spectra were 

chosen for presentation. All absorption, ORD, and CD data 

presented are on the basis of one mole of base residue. The 

concentrations of all samples were determined from the UV 

absorption, using a known or assumed extinction coefficient. 

Temperature control for the CD studies was obtained by 

use of a cell block designed by Dr. D. M. Gray. This block· 

features Dynatech Frigistor heating-cooling modules and a 



{,. 

17 

circulating water heat sink. The frigistors are controlled 

from a Hallikainen Th~rmotrol i053A. 

The data from bOth the ·cary 15 and Cary 60 .was reduced 

by an on-line PDP 8/S computer (Digital Equi.pment Corporation) 

using a program written by Drs. M. S. Itzkowitz and B. L. 

Tomlinson. 21 , 22 This program smooths both high and low 

frequency noise, and records the data in both punched tape 

and printed format. The punched tape can then be used for 

further calculations on the spectral data. The routines to 

calculate oscillator strengths and rotational strengths were 

written by the present author and are given in"Appendix A; 

To determine extinction coefficients and oscillator 

strengths for the dimers, they were degraded to monomers and 

the known monomer extinction coefficients 46 , 47 used. A 

digestion with venom phosphodiesterase (Worthington) was used 

for all dimers except Ipi, where an alkaline hydrolysis was. 

used. Iri the enzymatic method the following samples were 

prepared in triplicate: buffer; buffer + dimer stock; buffer + 

enzyme stock; dimer stock + enzyme stock. The dimer concentra-

tion in the second and fourth samples were, within experimental 

error, .identical. The dimer stock and enzyme stock were in the 

same buffer so that the first sample was a blank for the 

second, and the third sample was a blan~ for the fourth. The. 

samples were tightly sealed and the enzyme-containing samples 

were placed in a 37°C bath for 18 hours while the other samples 

were frozen. The UV spectra of all samples were then taken. 

With Ipi, a·stock solution was prepared and the UV spectrum 

taken. Tnen with triplicate s~~ples and blanks 4 M NaOH was. 
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added to give a final conceritration of 0.5 M. After hydrolysis 

at 37°C for 18 hours the· s·amples and blanks were neutralized 

with ·4 M HClo 4 containing concentrated pH 7·.3 b~ffe~. The 

UV spectra of the resulti!lg monomers thus gave, after 

correcting for dilution, th~ concentration of Ipi in the 

stock solution. In all cases the CD of the hydrolysate was 

checked and was, within experimental error, that of the 

monomers. 

The extinction coefficients and oscillator strengthR of 

the dimers could then be calculated. From these values . 

hypochromism was calculated as: % H = (1 - f 0 /fM)iOO; and 

hypochromicity calculated as: 

% h = (1 -

The wavelength chosen for the hypochromicity calculation is 

that where the maximum occurs in the UV spectrum, unless 

otherwj.se stated. 

These values and others determined from the UV spectr~ 

are given in Tables 2 and 4 with mean deviation listed for 

% h and % H. Though the mean deviation in basic UV data 

(£ or f) was always less than 2%, and usually less than 1%, 

the nature of the calculation magnifies this basic error to 

the level given in the tables. 

i 
I 

. I 
I 

L' I 
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III. INOSINE 

III-A. Prepa:r·a·tiori of Api 

The trimer UpApi, generously given by Dr. 0. Uhlenbeck, 

had been enzymatically synthesized by a method previously 

described. 48 To obtain Api the trimer was digested with 

RNAase A (Sigma) in the presence of phosphatase .(Worthington), 
' 

0.1 M tris pH 8.2, and 0.01 M MgC1 2 for 45 ~inutes at 34°C. 

After digestion this mixture was diluted and loaded onto an 

AG 1 x 2 column, and separation accomplished by elution 

with a NaCl gradient at pH 3.6 (0.025 M NH 4Hc0 2 ). The d1mer 

peak was collected, lyophilized, and redissolved in pH 7•3 

phosphate buffer for subsequent optical work. 

III-B. The Deamination of ApA 

The· dimers IpA and Ipi were obtained by deamination of 

ApA using nitrosyl chloride. The procedure of Sigel and 

Brintzinger23 in slightly modified form was used. An 

ethylene glycol constant temperature bath with a circulating 

pump was used to maintain the reaction vessel at -8°C. The 

reactiqn is carried out in N,N-dimethylformamide (previously 

dried by refluxing at 153°C for 1/2 hour, and stored under 

dry N2 ). One-tenth mJ. dimethylformamide is added to 3-5 mg 

ApA, ·and the slurry cooled to -8°C. Gaseous NOCl is added 

and will liquify at this temperature. 24 After adding NOCl, 

gas evolution can.be noticed, and the slurry will begiri to 

clear .. For a partial react:i.on care must be taken to av<;>id 
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an excess of NOCl. This can easily be checked by noting 

the color of the reaction mixture because NOCl is a dark 

red-brown color. Anything darker than a light yellow 

indicates that too much NOCl .has been added. A dark brown 

color in the reaction mixture should never be tolerated 

because it means that extensive degradation to monomers 

will occur. Excess NOCl can be removed by flushing the 

reaction vessel with dry N2 . After waiting 15 minutes, 

more NOCl is added. The second addition of NOCl can be 

omitted for a partial reaction. The reaction mixture is 

left at -8°C for approximately 1 hour for a partial reaction, 

or up to 3 hours for a fairly complete reaction. After this 

time the reaction mixture is slowly warmed to room tempera-
' . 

ture. While it is warming most of the unreacted NOCl can 

be removed by flushi?g with N?. The mixture is then cooled 

to -8°C~ 0.1 m~ water added, and the mixture neutralized 

with solid KHco 3 . Sufficient KHC0
3 

is added so that a 

few crystals remain on the bottom of the vessel. This will 

usually insure a pH between 7 and 8. 

Deaminations of A and AMP wer~ used for controls with 

the same procedure. It was found that the dimer reacted 

more slowly than the monomers. 

The probable mechanism of the NOCl deamination is shown 

in F~gure 2 along with other reactions in the procedure. 

Si~el and Brintzinger23 report that a diazonium ion is not 

stable under the reaction conditions, and indeed gas evolu-

tion is seen soon after the addition of NOCl. Two expected 
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Figure 2. Probable reaction mechanism of the NOCl Deamination 
··of Adenosine. 

Possible Side Reactions: 

@ Cl 

t~N~ + HCI -;::. 
N N 

I 
R 

N~N~ 
~NJj_N 

k 
NOC I + OHG -> NO~ + HCI 

N02 

e . N~::il ~ -} N02 --> ' 
~N N 

I 
R 

Other Reactions: 

... 

H20 + NOCI ~ HN02 + HCI 

HC03 + H+ ~ 1120 + C03 t 
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side products from the reaction would be a chloropurine and 

a nitropurine. The reactions leading to these products are 

shown. In our work products were obtained which may have 

been one ~r both of these, but no ~ttempt was made to identify 

any of the side products. One of the side products exhibited ~ 

absorption pe~ks at both the 270 m~ region and the 250 m~ 

region. This may have been a nitropurine. Shapiro25 has 

reported the isolation of a 2-nitropurine from the reaction 

of guanosine with nitrous acid. But apparently no side 

products are obtained in the deamination of A with HN0 2 . 26 

The deamination using HN0 2 should be similar to NOCl 

deamination except that the attacking species is N0 2~ The 

benefit of using NOCl.is that a non-acidic medium can be 

used, shorter reaction times are necessary, and higher yields 
. 23 

can be obtained. Once the carbonium ion is formed the 

possibility of side products should be less with NOCl. Any 

anion should react with the carbonium ion, but only OH- will 

give the desired product. Since the HN0 2 deamination is 

carried out in acidic medium the OH~ concentration must be 
. . 

small. There ~re other anions available for reaction in 

both cases. In the NOCl deamination there will be Cl and· 

NO;present .. These ions may be particularly troublesome if 

the dimethylformamide is not dry (see Figure 2). Nevertheless, 

since the diazonium ion is not stable, the OH- ion should be 

most proximate to the reaction site of the carbonium ion. 

This is true in both methods and is probably the reason the 

desired product, inosine, is produced in reasonable yield 

I 
. I 
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by either method. 

Since th~ NOCl deamination gives larger yields, there 

must be a greater number of carbonium ions formed during the 

reaction. Thus a higher yield of side products might also 

be expected. A higher yield of side products might also 

occur if the diazonium ion is more stable, hence giving 

more tim~ for the OH- ion to be displaced from its favorable 

position. Both of these factors are probably important 

in the NOCl deamination. 

Th~ amounts of IpA and Ipi obtainable from the NOCl 

deamination of ApA vary considerably, while the yield of 

Api, if any, is always small. Starting with 5 mg of ApA, 

less than 0.5 OD unit of Api (see Section III-C) is recovered. 

By changing the reaction conditions the yield of Ipi can be 

varied from less than·l OD unit to milligram amounts. More 

NOCl and longer reaction times: are necessary for larger 

yields of Ipi, but this will also lead to more cleavage of 

the dimers. When large yields of Ipi are obtained, no Api 

or IpA will be produced. With light reaction conditions IpA 

is always obtained, ~ometimes as the sole product. We can 

write the following kinetic scheme in an attempt to explain 

this: 

ApA fast IpA slow 
I pi 

I slow ......_ ____ ._, Api fast I pi 

This could be possible if the conformation of the dimer during 

the reaction were such that the reaction site of the adenine 

on the· 3' end .were shielded. The rate-limiting step would 
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probably be the addition of NOCl to the NH 2 group. This 

addition shOuld proceed better in the polar environment of 

the dimethylformamide solvent than in the relatively non-

polar region surrounding the purine bases. One conformation 

in which shielding may happen is the DNA planar conforma

tion. Figure 3 shows ApA in this conformation, where it 

can be seen that the NH 2 group on the adenine on the 3' end 

is more shielded from solvent than that on the 5' end. Of 

course, many other conformations could lead to shielding at 

this site_; and we have no other informat~on on the structure 

of ApA (or anything else) in a dimethyl formamide-liquid 

NOCl solvent. What can be said is that there is definite 

secondar~ structure to ApA in this solvent. The low yield 

of Api, and also the fact that the monomer reaction proceeds 

more rapidly than does the dimer reaction, point out that 

there is an interaction between the bases in ApA. 

In addition to the above products, some unexpected prod-

ucts were obtained. One of these was similar to ApA in 

absorption and ORD spectra but had a different mobility than 

ApA in both the paper chromatography and electrophoresis 

systems which are described below. This product was obtained 

only when a sizeable yield of IpA was produced; that is, 

small amounts of NOCl and short reaction times were necessary. 

Under harsher reaction conditions another product was found 

which may or ~ay not be related to the above. This product 

had a UV absorption similar to Ipi but a dissimilar CD 

spectrum. It was discovered when the reaction mixture was 

- I 
I 

I 
I 
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ApA in DNA planar conformation sho~ing that the · 
NH 2 group of adenine on the 5' end is more exposed 
to solvent (adapted from Figure IV-2, reference 19) . 
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separated by column chromatography on AG 1 x 2 resin at 

pH 3.6 (see Figure 4). The CD of this product, shown in 

Figure 10, seemed to have a large negative ~ontribution in 

the 260 ~~ region in a~dition to· the normal Ipi CD spectrum. 

After refrigeration for 2-1/2 months the CD was retaken and 

proved to be a normal Ipi spectrum. A portion of the same 

reaction mixture had first been separated by paper chroma-

tography and the material from the origin then subjected to 

column chromatography. The "complexed" Ip.I did not appear 

in this elution (Figure 4) .. There seems to be two possibil-

ities: ·that a complex is formed as a result of the NOCl 

deamin~tion, o~ that a physical aggregate of Ipi is formed. 

During the reaction the concentration is certainly high 

enough (5 mg/0.1 ml) so that an aggregate might form. The 

dissociation of this aggregate would have to be a slow 

process. On the other hand, there is evidence of a "cross-

linking" slde reaction with the nitrous acid deamination of 

DNA. 27, 28 , 29 If this is happening in our case the site of 

"cross-linking" would have to be in the sugar or phosphate 

portion of the molecule. It seems highly unlikely that an 

attachment could be made to the bases themselves without 

affecting the UV spectrum. The attachment ·would also have 

to be unstable since the observed "complex" dissociates. 

Though there is insufficient evidence to eliminate either 

possibility, the formation of a physical aggregate seems 

more reasonable. 

.. ' . 

... 
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III-C. Separation of the Dearnination Reac·ti·on· Mixtu·re 

After neutralization the reaction mixture is lyophilized 

and redissolved in a small volume of water. It is then 

spotted for chromatography. The solvent used is 99% n

butanol saturated with water + 1% concentrated NH 4oH, 30 

and the chromatagrarn is developed for about 5 days. This 

is an important step in the separation because compounds 

which c6ntain inosine do not move in this system, while 

non-inosine compounds and salts are washed away. Here we 

may add that KHC0 3 appears to be the best means of neutraliza

tion; other salts do not wash away from the origin as well. 

Ammonium formate (pH 6.8), pH 7 phosphate buffer, and NaOH 

have been tried with unsatisfactory results. Some examples 

of the developed chrornatagrarn are shown in Figure 5. The 

spot at the origin (a) contains IpA, Api, Ipi, and some 

monomer I and/or pi and/or Ip. The spot at 1.9 ern (b) 

contains the compound like ApA which is discussed· above. 

The spot at 2.8 ern (c) contains ApA. The .spots further from 

the origin (d, et~.) are faint and probably corttain monomers 

and/or side products. 

The first four spots were eluted and respotted on washed 

Whatrnan 3MM paper for electrophoresis. This was carried 

out at pH 3.6 in 0.025 M NH 4Hco 2 . A separation is affected 

as shown in Figure 6. This figure does not represent one 

particular electrophoresis, but is intended to demonstrate 

and summarize the results of several. 

A pH of 3.6 for elP~trophqresis was chosen because the 
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largest charge difference between the sequence isomers IpA 

and Api is expected to occur near the pK of either I (8.8) 
30 or A (3.5). We have not tried varying the pH to see if 

a better separation could be achieved. 

The movement of ApA towards the positive pole is in 

agreement with the titration data of Simpkins and Richards.3l 

They report that ApA is isoelectronic at pH 3.5. The spots 

which moved toward the negative pole were discarded since 

the desired products, IpA, Api, and Ipi, should all be 

negatively charged. These positively charged species are 

most likely nucleosides or bases. The material from spots 

(b) and (c) had similar UV and ORD spectra, and these spectra 

would ordinarily be sufficient to identify these compounds 

as ApA. The mobility of the material from spot (c) was 

identical to authentic ApA as seen in Figure 6. The material 

from spot (b) may have behaved diffei·ently because 1 t was 

still "complexed," or because it had a slightly different 

salt concentration, or other unknown factors. If nothing 

else, at least this confirms that we must look to the 

material from spot (a) for our desired products. In our 

first attempt at identification of this material an alkaline 

hydrolysis was done. Only the first spot, a-1, gave 

conclusive results because of the small amount of material 

in the second and third spots. A paper chromatography in 

propanol/H20/conc.NH 40H (55/35/10) was used for 1dent1f1ca~ 

tion. The developed chromatagram is shown in Figure 7. 

Unfortunately, there was no Ip on hand at that time 

• i 
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Figure 7. Paper chromatography of alkaline hydrolysates 
and controls in propanol/H20/conc. NH 40H · 
(55/35/10); 2.1 1/2 hours of development. 
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(it is not commercially available), and, as can be seen from 

the figure, our sample of "authentic" Ap was not very good. 

Nevertheless, the alkaline hydrolysis of spot a-1 produced 

A and nc I; and spot c-1, used for a control, produced A as 

well as Ap. From this, it can be argued that spot a-1 is 

most likely IpA. An_ alkaline hydrolysis was also done on 

a later preparation of this compound.. After neutralization, 

the hydrolysate was separated on a Sephadex G-10 column. 

Only two peaks were eluted and they were in the order expected, 

that is, Ip first. 49, 50 No Ap or I was detected in the 

elution. It is quite certain that the material from spot 

a-1 is only IpA. 

The identification of spot a-2 is inconclusive. Th9ugh 

it may be Api, preliminary optical work did not agree with 

results with authentic Api. Other possibilities are that 

it is a monomer~ and/or contains one of the s1d~ products 

o~ the reaction. The UV spectra is argument against both of 

these possibilities. ·Because in the paper chromatography 

only I containing compounds are expected to remain at the 

origin, any m~nomer retained at the origin should be I. 

However, the UV spectrum of spot a-2 is not that of I. Nor 

does it .appear to be the sum of the spectra of I and A. But 

the UV spectrum is not abnormal, having a maxima at about 

255 m~.. It could not contain a nitropurine, but may contain 

a chloropurine. The UV spectrum of 6-chloropurine was taken, 

and has a maxima at 265 m~. Thus spot a-2 may possibly 

contain Api and a dimer containing 6-chloropurine. 

I. 

• 



Spot a-3 is Ipi. It is identical t6 Ipi purchased 

from Miles Labs. After erizymatic or alkaline hydrolysis 

the UV and CD spectra are identical to the monomer. 
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The: last spot is monomer Ip·and/or pi, as determined by 

UV and ORD spectra, and electrophoretic mobility. 

Several attempts were made to obtain a separation by 

column chromatography. On AG 1 x 2 resin at pH 3.6 Ipi is 

el~ted first (see Figure 4). This is contrary to expectations 

since Ipi is mo~e negatively charged than ApA at this pH. 

This must mean that A is much more strongly adsorbed to the 

resin than is I. If this is the case there is little hope, 

of obtaining a resolution of the sequence isomers IpA and 

Api with this resin. The small difference in charge would 

be overshadowed by the adsorptive effects. There may be 

hope of a separation on DEAE Sephadex or DEAE Cellulose 

where adsorption is iess.3 2 , 33 ,3 4 It was found that ApA i~ 

eluted before Ipi at pH 3.6 on Sephadex A-25 but the two 

peaks were quite close together and this column separation 

has not been pursued. 

The Ipi obtained from the AG 1 x 2 column was quite pure, 

but the other products were contaminated by side products 

and by NO~ ion, which absorbs in the UV. To obtain only 

Ipi, the column separation is the desirable method, and has 

been used for. this purpose. To o~tain IpA, however, the 

paper chromatography and electrophoresis procedure seems the 

best at prP.RP.nt. 
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III-D. ReB~lts and Discussion 

We have observed the CD spectrum of Ipi under various 

conditions of temperature, ionic strength, and dimer concentra-

tion. It is well known that the structure of poly I is 

dependent on ionic strength; it is single stranded at low 

ionic strengths and becomes triple stranded as salt concentra

tion approaches 1 M.35, 36 , 37 Ipi in essentially zero ionic 

strength solution (less than lo- 8 M Cl-) was obtained by gel-

filtration on a Bio Gel P-2 column. A. solution of Ipi in 

1 M NaCl was prepared by lyophilizing a portion of the zero

salt sample and redissolving it in 1 M NaCl solution. Neither-

of these samples was buffered, but this does not cause any 

difficulty because the pH of distilled water is always on 

the acid side of neutrality within a range where there is no 

protonation of I. The results were spot-checked with buffered 

(pH 7) samples and no differences were found. ¥igure 8 shows 

the CD spectra of the zero salt sample at various temperatures, 

and also the CD spectrum of the monomer pi for comparison. 

There was no change in the CD spectrum of the monomer with 

salt concentration in the range 0-1 M NaCl, with temperat~re 

between 0°C and 60°C or with monomer concentration from 
. . . ' 

1-20 OD 248 units/ml. Also the CD spectrum of I is identical 

to that of pi. The CD spectrum at various temperatures of 

the 1M NaCl sample of Ipi are shown in Figure 9. It can 

be seen that the CD of Ipi is not like the CD of pi under 

any of the conditi~ns studied. And, as has been reporte~ 

for other dimers, 42 , 43, 44 the CD of Ipi approaches that of 

' . I 

. I 
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the monomer as the temperature is raised. Thus, we may 

conclude that the base-base interaction is considerable at 

room temperature (25°C) and below, while at 60°C the inter-

action is diminished, b~t not ins5gnificant. Using.the 

standard two-state analysis, 43 we determine 6H0 of unstacking 

to be 14 Kcal/mole, which is considerably higher than 

42 6H0 values reported for normal dimers. . 

Observe also that ionic strength does affect the CD 

spectrum of Ipi, indicating a structural change. This fact 

has also been reported for Ipip by Inoue and Satoh.3B The 

CD in high salt solution·is increased in magnitude, but of 

approximately the same shape. The increase in magnitude 

is about the same as would occur if the temperature of the 

low salt solution were lowered by about 20°C. The change 

in magnitude can also be appreciated by looking at the 

rotational strengths reported in Table 1. To learn more 

about this structural change we have observed the CD and/or 

ORD spectra of Ipi over a 200 fold concentration range in 

both zero salt and 1M salt solutions. For this purpose 

' cylindrical quartz cells of path lengths 0.05 em, and 10 em 

were employed. Since the Cary 60 CD attachment will·only· 

hold up to a 3 em path length cell, it was necessary to 

revert to ORD for measurements using the 10 em pathlength 

cell. However, there was no change in the ORD for either 

the high salt or the low salt case in going from the 1 em 

cell to the 10 em ceJ.l (di]Jlting from Ax 10-5M to 

8 -6 . ) 
x 10 M in base residue . Obviously there would likewise 



be no change in the CD. 

Table 1 

Rotational Strengths (esu-cgs) 
Calculated from CD Spe~tra of Ipi 

+ 1038 * R230 R . 
T, oc 

zero salt 1 M NaCl zero salt 

oo 1.28 

50 0.60 1.30 

25° 0.46 0.45 

40° -0.75 -0.68 

60°. -0.88 -1.42 

+Integration from 350 m~ to 230m~. 
* 

1. 00 

0.36 

-0.12 

-0.14 

40 

1038 

1 M NaCl 

1. 63 

1.48 

0.72 

0.21 

-0.17 

Integration over the region of the first positive band; 
264m~ to 244m~. 

In low salt solution, using the U. 0? em cell, thei•e wa::$ 

no change in CD up to 39.0 oo 248/ml (3.25 x 10- 3 M). In high 

Ralt solution we believe that there is no change in CD using 

the 0.05 em cell, but we did observe one exception. Previous 

to this, the Ipi prepared by deamination was similar in all 

ways to.that purchased commercially. But the 1M NaCl sample 

prepared from the commercial· Ipi (concentration 1.77 x 10-3 M) 

showed an altered CD spectrum (Figure 10) while three samples 

prepared with our Ipi,. with concentrations 1.48 x 10-3 M 

(in 1M NaCl.), 1.84 x 10-3M (1M NaCl), and 2.70 x 10-3M 

(1.7 M NaCl) showed no change in CD. There seemed to be 

little doubt about the validity of the CD spectrum which 
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did show a change. The spectrum was taken twice consecutively, 

and a baseline was taken both before the first spectrum and 

directly after the second spectrum. Thinking that the 

difference might be due to a tra6e amount of metal ion in 

the commercial sample, we added MgC1 2 to the remaining portion 

of our most concentrated high salt solution. With 10- 2 M 

++ Mg , 1.4 M NaCl, and a base residue concentration of 

2.32 x 10~ 3 M, there was no change in CD. We have since 

learneq that the commercial sample was also prepared by 

deamination of ApA (probably using HN0 2 ), and should not have 

contained any heavy metal salts. 51 There appears to be no 

clear explanation of the observed anomaly. If an aggregate 

actually was formed, it is not thermodynamically stable. 

Possibly the aggregate dissociation process is kinetically 

slow. Though the CD is vastly different (Figure 10), the 

slow dissociation·of the "complexed" Ipi from the NOCl 

deamination (see Section III-A) may be further evidence for 

a slow process. On the other hand, though it is unlikely, 

the anomaly may be a CD artifact. 

We there~ore must conclude that there is no.stable 

aggregation of Ipi in 1 M NaCl at ordinary optical concentra-

tions. ·The structural change caused by the increase in 

ionic strength must thus be an internal one, i.e., a change 

in stacking geometry. We have reproduced the ORD data of 

Inoue and Satoh in Figure 11 for comparison with our data. 

It can be seen that the terminal phosphate on Ipip causes a 

sizeable change in ORD. This effect can not be due to 
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steric factors since the ORD of Ipip in l M KCl becomes 

very like the ORD of Ipi in low salt. This is probably 

+ . T because of electrostatic shielding by the K ion. hus the 

stacking geometry is also quite sensitive to the coulombic 

influence of the terminal phosphate group. 

The hypochromism of 2.7% and the hypochromicity are 

consistent with the conclusion that there is a stacking 

inter·action in I pi. While the hypochromici Ly ls only 1. 5% 

at 248 ·m11 (A ) a maximum difference in extinction of 550 
~ J!IO.X --

is reached at 259m~ which gives a hypochromicity of 7%. 

This closely agrees with the hypochromicity of 6% reported 

by Inoue and Satoh for Ipip at 260 ml.l. The extinction 

coefficient of Ipi in 1 M NaCl solution was determined by 

preparing solutions of equal Ipi concentration in zero and 

1 M NaCl, respectively. The results are given in Table 2. 

The hypochromism of ~.2% would imply that stacking is 

increased in 1 M NaCl. 

Although ORD spectra of poly I have previously been 

reported, 37 we have taken the CD spectra (see Figures 12 

and 13) for direct comparison with our Ipi data. The polymer 

concentrations were determined by using an extinction 

coefficient of 10,200 for poly I at 248 m~ in 0.1 M NaCl 

solution, 37 and assuming it was identical for our low salt 

sample. The samples were prepared in such a way that the 

polymer concentration would be identical in both the low 

salt and high salt samples. This gave an extinction 

coefficient for multistranded poly I in 0.85 M NaCl of 6500, 
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Table 2 

Values Determined from Ultraviolet Absorption Spectra 

A.max(mll) -3 * % h+ 
.. Compound Experimental· e:max" 10 f230 % H 

Conditions 

p: pH 7.3, 25°C 248 12.2 .261 

I pi zero salt, 25°C 248 12.0 .254 2.7 ± 0.2 1.5 ± 0.2 

I pi 1 M NaCl, 25°C 248 11.9 .250 4.2 ± 0.2 2.5 ± 0.2 

pA + pi pH 7.3, 25oc· 252 12.3 .288 

I9A pH 7.3, 25°C · 251 11.0 .261 g.~ ± 0.9 10.6 ± 0.9 

A pi pH 7.3, 25°C 252 11.6 .281 2.5 ± 1.6 6.7 ± 2.9 

pU + pi pH 7.3, 25°C 251 9.7 .246 

IpU pH 7.3, 25°C . 251 9.6 .243 1.2 ± 0.4 0.8 ± 0.5 

* Integration of UV spectrum was from 360 mll to 230 mll. 

+calculated at A.max· 
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which is comparable to that obtained from other sources.3 6 ,39 

The CD data for poly I can be compared with that for 

monomer and dimer by the following equation~ 4 5 

If the secondary structure of dimer and ·polymer are identical, 

and if only nearest neighbor interacti~ns contribute to the 

CD, then this equation will be a good approximation. In 

Figures 14, 15, and 16 we show the reoults of this calculation 

compared to the experimental CD of single-stranded poly I. 

For poly I at high temperature (50-60°C) the calculated CD 

is not.too bad for either the high salt or low salt case. 

While the agreement between experiment and calculation is 

good for low salt at 27°C, it is poor for low salt at 5°C. 

This may mean that at 5°C in low salt multistand poly I is 

formed; however, no sharp transition is seen. It may 

alternatively mean that the temperature dependence of the 

structure of the polymer is different from that of the 

dimer. As we have stated above, I-I stacking .ineractions 

are senstive to electrostatic environment. Certaintly the 

electrostatic environment of the polymer is different· from 

that Which the dimer experiences. This may be sufficient 

to cause a difference in stacking geometry and temperature 

dependence. Perhaps it is only fortuitous that the 

secondary structures of dimer and polymer are approximately 

the same at room temperature. Both Ipi and single-stranded 

poly I show unusually sharp melting profiles. This would 

- I 

1 
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mean that slight differences in stability could lead to 

considerable differences in structure. 

The CD of poly (G,I) (1:1) was observed in low salt and 

1 M NaCl solution. The ~clymer concentration was estimated 
4 . 

by assuming an extinction coefficient of 10 at 251 fill 

(Amax). Since we were mainly interested in determining if 

multiple strands formed, this was sufficiently accurate for 

our pUrpose. The CD (Figui'e 17) 1::; imlepemleut. ur :::;alL 

concentration indicating that the strandedness of poly (G,I) 

is also independent of this factor. The CD is unlike that 

of poly I, and there is more of a similarity to that of poly 

a. 52 Thus G-G interactions probably dominate the various 

contributions to the poly (G,I) CD spectrum. 

Assuming a random sequence, one can estimate the I-G 

interaction by using the nearest neighbor formulation for 

circular dichroism:53 

The result of this calculation is also shown in Figure 17 

(CD data for GpG from Warshaw and Cantor). 54 Since the 

calculated spectrum is significantly different from the 

monomers spectrum, we conclude that at least one and 

perhaps both of the dimers, IpG and Gpi, stack. This 

would not be surprising since purines usually do show a 

tendency to stack. The calculation was also made by using 

the CD data for poly I and poly G in place of that for Ipi 

and GpG. While the CD calculated in this manner differed 
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significantly from that presented above, the conclusion 

concerning stacking in IpG and Gpi is not altered. The 

differences between the two calculated spectra may be due 

to aggreg~tion in poly G. or to other unknown factors. 

Certainly, both calculations are subject to doubt because 

poly (G;I) may not be sufficiently random in sequence; and 

also it may not be completely single stranded. 

The CD spectrum of IpA at three temperatures is sl)OWn 

in ~i~~re 18. The CD spectrum of the monomers is also 

shown for comparison. It.was found that ionic strength did 

not affect ·the ORD between 0 and l M NaCl. There was also 

-4 no change in ORD in diluting the sample from 10 M 

(l em cell) to 10-5 M (10 em cell). The base-base inter-

action in IpA is quite extensive as may be concluded from 

the CD data, hypochromism of g.4% and the hypochromicity 

nf 10.6~ (Table 2)~ There is no change in structure with 

changes in salt concentration. 

The CD of Api is given in Figure 19. There was only a 

very slight increase in both positive and negative CD bands 

when the salt concentration was raised to l M NaCl .. The 

CD res~lts demonstrate that there is stacking in Api, and 

this is supported by the hypochromism of 2.5% and the hypo

chromicity of 6.7% (Table 2). There is only a small change 

in CD with ionic strength. Thus the sensitivity of inosine 

to this factor may be restricted to self interaction. 

The CD spectrum of IpU is reported at three temperatures, 

along with the monomers CD, in Figure 20. There was only a 
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very small increase in CD in 1 M NaCl solution. The CD 

spectrum of IpU is not very different from the sum of the 

monomers CD at room temperature. But the difference that 

does exist indicates some degree ·or interaction. The 

hypochromism of 1.2% also indicates that there is some 

interaction. . 1 17,18 This is consistent with. previous resu ts 

with dimers containing U; they usually exhibit less stacking 

at room temperature than do other <limers. 

A portion of the UpApi sample had been saved for CD 

measurements. The extinction coefficient of the trimer 

was calculated to be 10,600 at 254 m~ from the extinction 

19 . 53 of Api and UpA using the nearest neighbor approximation. 

The CD of the trimer was also calculated with this approxima

tion using our data for Api and Warshaw and Cantor's 54 data 

for UpA. The results are shown in Figure 21 with the sum 

nf the monomers CD. While both calculated and experimental 

trimer CD's indicate consid~rable stacking, the agreement 

between the two is generally poor. Hence, either there is 

interaction between electronic transitluns of U and I in 

the trimer, or relative positions of the bases differ in 

the trimer and the dimers, or both. 

• i 
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IV. DIHYDROURIDINE 

IV-A. The Reduct~on of Urid~ne 

The selective photoreduction of uridine was first reported 

in 196.5. 55 While A, G, or C do not react; U is reduced to 

dihydrouridine by sodium borohydride in the presence of UV 

light. There are also other reactions which can occur when 

uracil is irradiated with UV light in the presence of NaBH 4 . 

Reactions which do not depend on NaBH4 are photodimerization 

and photo~ydration. These do not occur .to any appreciable 

extent under the conditions used in this work.5 6 However, 

once uracil has been reduced to dihydrouracil, there is 

further reaction with BH 4- to produce the.open-ring, 

* a-ureidopropanol. This reaction is independent of UV 

irradiation, and does occur at our conditions. There is also 

a side product to this dark reaction, but this is not extensive 

and th~ product has not been identified.57 

The reaction has been studied as a function of both pH 

and temperature during irradiation. 56 It was found that the 

optimum conditions for formation of dihydrouracil was about 

pH 9.5 and 50°C. While the reduction of U is slower at 50°C 

there is essentially no photohydration. The reaction is 

correspondingly faster at 40°C and l0°C, but with appreciable 

photohydrntion, especially at l0°C. The higher temperature 

also retards the dark reaction of dihydroU with BH 4-. The 

* Structure 
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photoreduction has been shown to be irreversible, while the 

photohydration is not. The h~gher temperature favors the 

breakdown of the water addition product.5 6 

The mechanism of the primary photoreduction has been 

studied by the use of labeled redticing sistems and nmr 

58 spectrosc6py. This study used thymidine, but the mechanism 

should be similar for uridine. Thymidine reacts more slowly 

than ~ridine, but dihydrothymidine cannot be isolated; it is 

a short-lived intermediate. The open ring (2 epimeric forms) 

* 3-ureido-2-methylpropanol is the major product. The reaction 

was carried out in NaBD 4-H 2o, NaBH 4-o 2o, and NaBD 4-D~O 

labeled systems. From the nmr of the products from these 

systems it was concluded that the hydrogen donated by NaBH 4 

enters the molecule at C-5, but that hydrogen added to C-6 

comes from the water solvent. 

The dark reaction with NaBH 4 has also been extensively 

studied.57 With both dihydrothymidine and dihydrouridine 

the two hydrogens which are added to C-4 come from BH 4-. 

Under. the conditions used the minor nucleosides N4-acetyl-

cytidine and 4-thiouridine also reacted with NaBH 4 . 

·The general procedure. used for the sodium borohydride 

reduction·i.n the current work is quite simple. A solution 

of NaBH 4 in pH 9.5 NaOH is added to an equal volume of 

solution 2.10-3 M in uracil residue. This· is covered with 

a quartz window and irradiation began with a Hanovia 

* Structure 
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#30620 "Utility" mercury arc ultraviolet lamp. There are 

no filters used with th~ lamp. The irradiation is carried 

out at 50-55°C in a. glove box with a nitrogen atmosphere. 

The glove box eliminates any danger of explosion from 

released H~, and also protects the eyes from stray UV light. 
c. 

After irradiation, excess borohydride is destroyed by adding 

an appropriate amount of pH 2 HCl. The reaction mixture 

is then neutralized and diluted for loading on an AG 1 x 2 

column by adding 0.01 M NH4Hco 2 , pH 6.8. The two variables 

in the general procedure are NaBH4 concentration and duration 

of irradiation. In Table 3 the compounds being reduced are 

given with conditions used and yield of products. An equal 

volume of pH 2 HCl is used for quenching with the lower 

concentration NaBH4 reactions, and twice the volume with the 

higher concentration. Some interesting inferences can be 

made from the product distributions observed, and these are 

discussed in Appendix B. 

IV-B. Separation of Reaction Mixture 

In most of the preparative reactions 1 ml of uracil 

solution was added to 1 ml of NaBH4 solution. After irradia

tion and HCl addition, 100 ml of pH 6.8 0.01 M NH 4Hco
2 

was 

added~ To prevent problems in the subsequent column chroma-

tography, this mixture was degassed under vacuum for 10-30 

minutes. An AG 1 x 2 column of approximately 5 ml bed volume 

·was used. After the sample was loaded, elution proceeded 

with either an NH 4Hco 2 or NaCl gradient at pH 6.8. With 



Table 3 

NaBH4 Relative Yield* 
Starting concentration Time (min) of 
material in reaction irradiation unreduced containing H containing 

u 1 . 10- 2 M 15 0.5 

H 2 . 10-2 10 0.5 0.5 

VI 1 . 10- 2 20 0.3 

·ApU 2 . 10- 2 40 0.6 0.4 0.01 

Up A 2 . 10-2 40 0.25 0.75 0.003 

G-pU 2 . 10- 2 40 0.7 0.2 0.1 

UpU 2 . 10-2 40 0 0 1.0 

UpU 1 . 10- 2 10 unde~ermined 

* ' Estimated fer monomers by monitoring the OD of the reaction mixture, and for 
dimers from the elution on AG 1 x 2. 
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either. gradient the elution order was the same. It was 

quite easy to determine which peak contained the dihydroU 

dimer by adding NaOH to a sample portion of the peak. The 

character~stic ring opening of the reduced pyrimidine59, 60 , 61 

could be observed by monitering the UV absorption at 235m~. 

Neither the normal dimers nor the e-ureidopropanol dimers 

show this behaviour. The ring opening in basic solution will 

be discussed in more detail in Section IV-C. The unreacted 

dimer could be detected by its known UV and/or CD spectrum. 

The remaining peak thus contained the open ring form. This 

was checked in the GpU reaction using a staining test sensi

tive to ureido groups. 62 A portion of the peak was spotted 

on chromatography paper and sprayed with pDAB solution. The 

characteristic intense yellow stain was seen, proving the 

identity of the peak. For controls e' and urea, which gave 

the color reaction, and H, which gave none, were used. 

The elution profile of an ApU reaction is shown in 

Figure 22, and is typical of the other dimer reactions, 

except that of UpU. After elution the desired peaks were 

lyophilized tq remove NH 4Hco 2 , and redissolved in pH 7.3 

phosphate buffer for optical studies. The ApH peak was 

checked for purity by dissolving a portion of the lyophilized 

powder in double distilled water and spotting it on paper 

for electrophoresis at pH 2.7. Only one spot resulted. The 

spot was eluted and the CD after electrophoresis was identical 

to that without electrophoresis. Since the other separations 

were similar the purity was not checked. 
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With the photoreduction of UpU, the separation of 

reaction products is considerably more complicated. There 

are potentially nine dime~s to separate. In F~gure 23 the 

elution pattern of one reaction is shown. The elution was 

monitored at both 260 m~ and 230 m~ using the Gilford Dual 

Wavelength Selector attachment. Since HC0 2- absorbs light 

at 230m~, the linear g~adient is seen in the record of the 

reference cell. The-previous column results (see Figure 22) 

can be summarized: H containing dimers are eluted first~ 

U containing dimers second, and a containing dimers third. 

From this it can be predicted with fair certainty that HpH 

will be eluted first and epa last. This does seem to be 

the case. Using the same reasoning the assignments in 

Figure 23 have been arrived at. All peaks (except that 

labeled apB, which was not tested) showed the characteristic 

ring-opening upon addition of NaOH. Thus it is certain that 

the third peak is not only Upa and apu. The HpH peak was 

lyophilized and redissolved in double distilled water for 

CD measurement. The peaks which absorbed at 260m~ were 

used for CD measurement as they came off the column·. The 

epa peak was not used. 

IV-C. Results and Discussion 

Though extinction coefficients have been reported for 

dihydrou, 60 , 61 , 6 3 the values reported at pH 7 are few. To 

be certain that the absorption.of H is negligible at the 

absorption maxima of the normal bases, and for use with the 
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HpH dimer, the extinction coefficient of dihydroU in neutral 

solution has been determined by two methdds. 

Using the borohydride reduction with a known starting 

concentra~ion of U, the concentration of H was determined ty 

measuring the concentration of U after reaction. This was 

done by taking 100 A aliquots of the reaction mixture, 

quenching with 100 A pH 2 HCl, then adding 1 ml pH 7 phosphate 

buffe~ and taking the UV spectrum. A blink was prepared in 

the same manner with H2o used jn place of the uridine stock. 

The extinction of dihydroU was then calculated as follows: 

= 
[H] [H] 

This assumes that only U absorbs appreciably at 262 m~~ later 

shown to be a fact, and that only dihydroU is produced in 

the reaction, which is reasonable in the early stages of the 

reaction. The extinction at 230 m~ was .chosen since it is 

closs to the minimum in the U absorption spectrum. After 

irradiation for ~s minutes 20% of the u had been reduced 

and E~30 was determined to be 1650 ± 50 with dtiplicate 

samples. 

The second method used the reported extinction coefficient 

of Hat 235m~ in 0.1 M NaOH. 60 One hundred A 1M NaOH was 

:added to 0.90 ml of dihydroU in double distilled water and 

the UV absorption at 235 m~ monitored. When the NaOH is 
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added there is a sharp increase in absorption as H becomes 

ionized, th~n a slow dedrease as ring operii~g occurs. By 

extrapolating to t ~· 0 th~ OD, and thus the conc~ntration 

of the ionized species can be founct. Adjusting for dilution, 

one c~n also determine the concentration and extinction of H 

in neutral solution. This method gave an extinction at 

235 m~ of 1110 ± 30 for Hp and 1050 ± 3 for H with triplicate 

samples for each. The difference cannot be considered 

significant. One of the H samples was allowed to proceed 

to the entirely open ring form and thus an extinction 

. coefficient of 140 at 235 m~ was determined for s-ureido-

propionate riboside in 0.1 M NaOH. From the ~? 235;oD 230 
ratio of the UV spectrum of H and Hp and the above values 

an extinction coefficient of 1700 at 230 m~ is calculated, 

in close agreement with the first method. The first value 

would be expected to be a little low because of the dark 

reduction. Using the 1700 value, the extinction of 

dihydroU is seen to be negligible (less than 100) above 

250m~. The extinction of dihydroU was included in 

calc~lating the extinction of GpH (at 252 m~) but neglected 

in the extinction of ApH and HpA. 

I11 Figure 24 the room temperature. CD of H, Hp, . and B 

at•e presented. B was prepared by reduction of H with 

borohydride. S' was prepared by the alkaline ring opening 

reaction. The ORD of 6' was negative with no Cotton 

effects above ?00 mu. Thus the CD of S' above ~00 m~ is 

negli~ible. These data are used for the ~omparison of 



'\ 
\ 

'Ucr:. -0.5 -
I . . __... 

-1.0---

-1.5 
' 

---'--·_L._r_L __ L __ .J. 
200 220 240 2GO 

~( ffiJ.L) 

Figure 24. ·The CD of dihydroU monomers: 

--- H, 
--- Hp, 
------a (open ring form). 

70 

I 
I . ' 

' 
·• I 

' 
' 



71 

dimer and monomer properties. 
. 64 

Published CD spectra for 

dihydroU sho'w a significant difference in magnitude between 

the 3' and the 5' riucleotides. Our CD results with Hand 

.Hp also s~ow a significant difference. The CD of H was 

found to be sensitive to temperature, though the effect is 

small .. Over the range 5°-70°C the total change in 6£ is of 

the same magnitude as the difference between H and Hp, with 

the 5°C curve being the larger. 

The CD of ApH was taken at several temperatures and the 

results are presented in Figure 25.along with the sum of 

the monomers. The hypochromism of 0% and the hypochromicity 

of 2.7% were determined by enzymatic hydrolysis as described 

in Section II-D. Table 4 lists these and other values 

determined for ·the dimers in this section. While a hypo-

60 chromicity of 7% has been reported for ApHp at 260 m~, the 

same report gives a hypochromicity of 11% for ApUp. We 

expect that their results are consistently high since other 

workers report a hypochromicity of 5% for Apu. 72 Both our CD 

and UV results for ApH indicate that there is very little 

interaction of the 260 m~ transitions of A with the transi-

tions of H. It is therefore expected that there ~s little 

stacking in ApH. The 5°C CD spectrum may be interpreted 

to mean that stacking does occur at lower temperatures. 

Fig~re 26 presents the CD data for HpA, and Table 4 

presents the UV data. The CD ~urve for the sum of the 

monomers is the same as that used in Figure 25. Since the 

position of the phosphate group influences the conformation·· 
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of the monomer, the monomer conformation is probably not 

equivalent to that in the dimer. Thus it is likely that 

no.monomer CD spectrum is exactly right for comparison with 

a dimer CD. I have simply chosen to be consistent. The 

differences which may exist should be small and would not 

change any of the conclusions. 

Substance 

pA + H 259 

A pH 259 

HpA 259 

pG + H 252 

GpH 252 

Table 4 

Values Determined from the 
UV Spectra at 25°C, pH 7.3 

e: ·10-3 
max 

7-7 

7.5 

7.3 

6.9 

7.0 

0.162 

0.158 2.7 

0.153 5.5 

0.194 

0.197 -1.4 

± 0.3 

± 1.4 

± 1.2 

* 360 m~ Integration of the UV spectrum was from to 

+calculated at :>.. max 

0 ± 

7.7 ± 

~··2. 8 ± 

230m~. 

5 

2.2 

2.3 

The CD of HpA indicates a strong interaction that is little 

changed from 5° to 75°C. The UV values of 5.5% hypochromicity 

and 7.7% hypochromism also suggest a strong interaction. For 

comparison, ApA shows a hypochromism of 6.8% and is thought 

to strongly stack. 72 The change in CD in the 260m~ region 

over the temperature range is very close to the limit of 

experimental error. Though CD changes with temperature below 

225 m are larger, they are in the wrong direction. That is, 
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usually the dimer CD approaches the sum bf the monomers CD 

as the temperature is raised. With HpA the CD below 225 m~ 

appears to approach the sum of the monomer~ a~ the temperature 

is lowere1. Though the CD of H changes with temperature, 

the change is small and could not account for the observed 

behavior in the dimer. The phenomena is also seen to a 

certain extent in the ApH CD at low wavelength. This suggests 

that stacking in these compounds is unusual, and could not 

be con~idered by either the two-state model or the torsional 

oscillator model. The observed temperature dependence of 

the CD.of HpA may be evidence for intramolecular hydrogen 

bonding, except that one would expect such bonding to be 

unstable·at 75°C. Though the structure of HpA seems remarkably 

stable, it is certain that if any intramolecular bond exists, 

it is a weak bond. When the phosphodiester link is broken 

(by venom phosphodiesterase) the CD becomes just the sum of 

the monomers. 

The CD of GpH is given in Figure 27 and the UV data in 

Table 4. While the CD of GpH above 240 m~ is only slightly 

larger than the sum of the monomers CD, it has two negative 

bands (except at 70°C) instead of one. Again the temperature 

dependence of the CD at lower wavelength seems anomalous. 

From the 21° spectrum there appears to be. little stacking .. 

Though the -2.8% hypochromism may belie this conclusion, the 

range of error of this value means that it cannot be 

considered strongly. 

Tt1e results with the photoreduction of UpU have not been 
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entirely satisfactory. With HpH there was sufficient residual 

formate and/or scatterin~ material to make it difficult to 

determine the optical density and thus the concentration of 

the sampl~ used for the CD measurement. There was insufficient 

material to proceed with further puriti6ation. With the 

partially reduced dimers there is the problem of incomplete 

separation. The CD data that have been obtained, presented 

in Figure 28, indicate that there is little stacking in any 

of these compounds. The pos~tive band of the HpH spectrum 

is of th~ same magnitude as that of H, but slightly shifted 

to lower wavelength. This may mean that there is some 

stacking, but it is really difficult to say anything conclusive 

with these results. The CD curves for the partially reduced 

dimers are quite close to the respective monomer curves 

(not shown), particularly the positive band centered at' 

270m~. The peak at 270 m~ is interesting because it indicates 

that there is very little UpU contained in these fractions. 

Warshaw and Cantor report the peak of the UpU CD at 277m~. 

There may be ca~cellations of the CD's .of the various components 

of the fractions, but this does not seem likely. 

The optical properties of some dimers containing open

ring forms of dihydrriU have aiso been studied. The extinction. 

coefficients of these dimers have not been determined; the 

~xtinction coefficient of the normal base was assumed. This 

should not introduce any ap~reciable error into the ORD and 

rn rr-:r.\ll1.r;. 'T'lw G conta:l.n1ng <1tmers were obtalned from the 

NaBH 4 reduction. 

The ORD of Ap8 at several temperatures and in 100% 
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methanol is shown in F~gure 29. Under all conditions the 

ORD is 4uit~ different from that of the sum of th~ monomers. 

For this comparison th~ ORD of B was obtained f~om a Kronig

Kramers transform of the. CD using a program written by 

M. S. Itzkowitz. This dimer was treated with venom phos

phodiesterase and the hydrolysate ORD was, within experi

mental error, that of the monomer. There can be no doubt 

that there is extensive interaction in this dimer, which I 

hesitate to call stacking. The meaning of the term is unclear 

when one is dealing with an open-ring structur~. The results, 

particularly the spectrum in methanol, may indicate intra

molecular hydrogen bonding. 

To obtain ApB', 1M NaOH was added to a solution of ApH 

so that ring opening occurred. The reaction was allowed to 

proceed for about 20 minutes and then the solution was 

neutralized. The mixture was loaded onto an AG 1 x 2 column 

and elution accomplished with a NH 4Hco 2 , pH 6.8 gradient. 

The ApB' peak was collected and lyophilized. The CD· is given 

in Figure 30 compared to that for the monomers. This dimer 

also appears to "stack" well. 

Th~ ORD of BpA is compared in Figure 31 with the ORD of 

HpA. The sum of the monomers ORD for BpA is that shown in 

Figure 29. Certainly the large ORD for SpA would indicate 

interaction, especially since HpA is stacked. 

When the CD of GpB is compared to the sum of the monomers 

(Figure 32) the conclusion is a~ain that there is considerable 

interaction in the dimer. 
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It seems to be a general conclusion that the open-ring 

dimers exhib:lt considerable "stacking." We can even go 

further and say tha·t the·y show more interaction than do the 

corresponding closed-ring dimers·with dihydroU. This is 

obviously the case with ApH and GpH, which show little stacking. 

With HpA vs. BpA, the larger ORD of BpA can reasonably be 
•, 

interpret~d to mean more interaction in BpA. The electronic 

transitions of a are at higher energy than those of H, and 

further removed from the 260 m~ transitions of the normal 

bases. In substituting the electronic transitions of B for 

those of H the frequency term in the expression for rotational 

strength (see Section I-B) would become smaller. To maintain 

the same intensity of optical activity, or to increase it, 

some bther term must become larger. This may well be the 

distance term. With the open ring some parts of the B or B' 

moiety may be able to get very close to the normal base 

moiety of the dimer. 
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V. rTl/ICG 

The tetramer sequence· Tl/ICG is found in ·approximately the 
. . . · 6S 

same .position in all tRNA's that hav~ thus .far been sequenced. -

While both rT and l/1 are modified forms of U, they do exhibit 

properties different from U. Poly U is unique in its lack of 

secondary structure, b~t both poly l/1
66 ,75 and poly rT 67-70 

show considerable secondary structure. CD results reported 

by Zavilgelskij and Li71 indicate that there is considerable 

stacking in the dimers Apl/lp and rTprT. The corresponding 

dimers containing U show little stacking.l9,7 2 

V-A. Result~ ~nd Di~~~~~ion 

The CD spectrum of rTpl/JpCpGp was obs~rved between 5° 

and 60°C. Figure 33 shows these CD curves and presents also 

the sum of the monomers CD. These results agree·with a 

previously reported CD for Tl/ICG 71 a~d, as expected, indicate 

extensive stacking in the tetramer. · This is confirmed by 

the hypoohromicity of 13.3% at 260m~ (pH 7).73 The CD of 

UUCG, calculated by the nearest neighbor formulation,53,5 4 

is compared in Figure 34 with the CD of the sum of its 

monomers and with the CD of Tl/ICG at 25°C. The large differences 

that exist between the CD of UUCG and its monomers indicate 

a good deal of ~tacking in this t~tramer. There are also 

large differences between the calculated CD for UUCG and the 

CD of TlJ!CG. To the extent that the nearest neighbor approxima-

tion can be trusted, this indicates extensive structural 

differences between th~ two tetramers. Certainly, the slight 
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differences in energy and intensity o.f the UV transitions 

betwe~ri U and ~ or T could not alone accotint for the CD 

differences·. Th~ 1~0°. rotation of ~ relative to U may be 

important, however. 

To carry the comparison· between T~CG and UUCG further, 

we have calculated the temperature dependence of the ORD of 

UUCG. This was done by using temperature coefficients for 

dimers, which had been calculated by S. :H. Jask~rtas 74 from 

42 the ORD data of R. C. Davjs. The results are shown in 

Figure 35 with our data for T~CG. While the curve for T~CG 

is somewhat more steep, the difference is unremarkable. Thus 

the structural stabilities of the two tetramers may be rather 

sim4.lar. 
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VI. CONCLUSIONS 

Wh~t, finally, can b~ said abdut how the~e ~inor nucleo

sides might influence th~ £unctiqn of tRNA? We can con~lude 

from our studies that Ipi and IpA stack considerably at room 

temperature, but that IpU does not. The stacking does not 

appear unusual unless I endows stability to a structure not 

allowed by other bases. This cannot be determined from CD 

st~dies without a great deal of calculation. Of course, the 

hydrogen bonding properties of I are unlike those of normal · 

bases but to a good approximation I base pairs like G. What 

does seem important, and unique, is the sensitivity to ionic 

environment of the conformation of oligomers of I. While this 

may be influential in the single to triple strand conversion 

of poly I there is no clear interpretation in relation to 

tRNA structure since the sequence --Ipi-- does not occur in 

any known tRNA. Perhaps in the geometrically specific 

environment of the ribosome complex or the synthetase complex 

this sensitivity of I may play an important role. Inosine 

seems to appear only in the anticodon loop in the "wobble" 80 

position. Thus sensitivity of I to electrostatic environment 

might possibly be a mechanism through which "wobble" could 

occur. 

Looking at specific sequences, -UpipG~ occurs in yeast 
. 3 . 3 

alanine_and serine tRNA's. while -UpipA- occurs in valine 
. . 81 

and T. utilis isoleucine tRNA's. Thus of the nearest 

neighbor interactions involved we can only make a definite 

statement on IpA. But can we suppose that there will be 
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little .stacking in Up! since there is little in IpU? In 

the re~ults of Warshaw ~nd Tinoco 72 UpG shows. ~Vid~nc~ of 

stacking while GpU sh6ws little. Thtis Up! may. be able to 

stack, w1:::1e IpU does not. The calculated spec·trum of IpG + 

Gpi suggests that there is stacking of IpG. Thus we can 

tentatively say that I does not disrupt stacking in the 

anticodon loop, but allows the loop to maintain a rigid 

structure with the possibility of subtle structural variations, 

necessary for "wobble," caused by the sensitivity of I to 

coulombic environment. 

Summarizing our results with dihydrouridine: HpA stacks, 

but ApH, GpH, and probably HpH stack little. The stacking 

appears unusual, particularly as reflected in the temperature 

dependence of the CD. While in the 260 m~ region the CD 

of the dimer approaches that of the monomer as the temperature 

is raised, at lower wavelength it does not. In HpA the change 

in CD above 230 m~ with temperature is very small, while 

below 230 m~ the change is larger. This suggests that 

temperature changes cause relative motion of the transition 

dipoles withiD a base. This may be possible for dihydroU. 

Since the reduced ring structure is not planar, there may·be 

changes in·ring puckering with temperature. While this 

would not.necessarily have a large effect on monomer CD, it 

could have a large effect on dimer CD, where the electronic 

transitions of H are interacting with the transitions of A, 

for example. Puckering could lea~ to motion of the transition 

dJ1·ectlo.tt.; ui' 11 wlth respect to one another. Another possibility 

is that, as seen by the normal base, the transitions of H 
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appear .to move with respect to one another. Figure 36 shows 

a mode ·of oscillation which could cause this.· This type of 

oscillaiion would pre~timably b~ ~lso possible ~or th~ normal 

bases, but the temperature dependence of th~ optical properties 

of normal b~se dimers does not indicate that it occurs. This 

motion might occur with dihydroU because of the nature of 

the intramolecular forces causing the interaction of ~he bases. 

Also, if the bonding at the glycosidic nitrogen of dihydroU 

is ammonia-like, and could possibly undergo configurational· 

inversion, the oscillation described above would result. This 

inversion, similar to puckering, would probably cause in 

addition actual relative motion of the transitions of H. All 

this, of course, is pure speculation; but it does seem that 

there are several possibilities at the molecular level for 

explaining the observed CD data. Other physical methods, 

such as IR or NMR~ would be useful for investigating these 

possibilities; and also the possibility of intramolecular. 

hydrogen bonding. It has been found that dihydroU does not 

base pair with A, using poly A and partially reduced poly u; 83 

and that dihydroU in partially reduced poly U has no template 

activity for binding aminoacyl-tRNA to ribosomes. 84 It is 

not readily apparent why H does not base-pair, but if stacking 

of dihydroU is unusual, it could lead to these results. For 

example, if dihydroU is_ most stable in the polymer with its 

plane parallel to the helix axis rather than perpendicular 

to it, base-pairing may well be impossible. The unusual 

stacking would also be a good recognition point when tRNA 

interacts with the synthetase or. ribosome complex. 
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R1,ng-opening is another unique possibility with dihyd!'oU. 

If an enzyme exists which :co~ld open and close the ring at 

the· polymeric level, this could be structurally important in 

tRNA. Our results indicate that· intramolecular interactions 

are stronger when the ring is opened. Several laboratories 

have studied the effect of ring-opening on tRNA by using the 

dark reduction reaction with NaBH 4. The results, however, 

· . . 63 ser are contradictory. Molinaro, et al. · studied tRNA , 

tRNAala, anrl tRNAval for amino acid acceptance, and tR~Aser 

for ribosome binding as a function of the amount of dihydroU 

destroyed. They conclude that there is no effect on either 

function. Cerutti 85 studied the aminoacylation of tRNAser 

and tRNA val that had been treated with NaBH4 • While he found 

no effect with tRNAser, he concluded that the acceptor activity 

of tRNAval is decreased by the reductive cleavage of dihydroU 

residues. He suggests that this may be due to the H residue 

· va.l · · sPl" in the 3' half of tRNA which ha~ no ~ounter-part in tHNA- · . 

No effect of the da~k reduction of .ye.as,t .tRN.A w.i.th sodium 

borohydride on the acceptance of valine was observed by Roy and 

Tener. 86 It is difficult to relate this work to ours. Perhaps 

if dihydroU is important in the acylation or ribosome binding 

functions, it is the open-ring form that is involved. If 

there is an "open-ase" the dihydroU residues could serve as 

triggering points for structural changes in the tRNA molecule. 

With its various and specific functions, tRNA may have to take 

nn dtffprent and specific conformations for each task. There 

is no evidence on this, and it would be difficult to obtain 

such evidence. 

.• I 

.. ' 
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DihydroU has beeti found ~n only two regions of tRNA: 

the 11 dihydroU loop" and .the 11 extra arm." The. greatest 

dissimilarity b~twe~n the Sourteen sequen~ed tRNA's ~s in 

the 11 extr2. arm." 65 Of the loops, the dihydroU loop is the 

most varied, other than the triplet codon. Thus the dihydroU 

residu·es are in a region where they could influence the 

specificity of each tRNA molecule, and our results give 

some indication of how they might do thal. 

At best the results with TwCG suggest that the T and w 
residues may alter the structure of the loop in which they 

occur (compared to the U residues they supposedly replace). 

That the T~CG region is necessary to the function of tRNA 

is indicated by the loss of acceptor activity which results 

from cyanoethylation of thew residues in tRNA. 87,SS 

While it has been reported that ~ is photoreduced with 
89 . 

NaBH 4 at a much slower rate than is U, our results indicate 

that the rates are comparable (see Section IV, Table 3 and 

Appendix B). Unfractionated yeast tRNA has been treated with 

NaBH4 under photoreductive conditions, and it was reported 

that only U residues of the tRNA were reduced.90 If this 

is correct, it means that under 6onditions where a large.· 

fraction of the monomer would have been reduced, none, or very 

few, of the ~ reGidues in tRNA are reduced. Hence the~ 

residues are probably protected by the tertiary structure of 

the tRNA~ Previous work with cyanoethylation has also implied 

that w residueR are protected in the native form tRNA's. 88 ,9l 

In summation then, the major findings of this study are:. 
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for I, the sensitivity of $tacking to electrostatic environ-

ment; for H, .th~ tinusual stacking propertiei, and th~ 

possibility of ring-operii~g b~ing able to erido~ ~ultiple 

structures to tRNA. 

' i 
~ ' 

I' 
I' ; ; 

! . 
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APPENDIX A 

SUBROUTINES FOR THE PDP 8/S COMPUTER 

Des c rip t i o \1. 

There are four subroutines listed which calculate integrals 

of UV or CD spectra using a' Simpson's rule numerical integra

tion.40 There is no attempt at curve resolution made and the 

integration ·is performed on the unsmooth~d data .. Th~ integrals 

calculated are: 

oscillator strength, F (unitless) 

F = 4.318 . 10-9 I ·.E dA 
A2 

dipole strength, D (debye 2 ) 

D = 9.18 . 10-3 I fdA 

rotational oscillator strength, C (unitless) 

I 
[8] 

C = 3.28 · lo-13 . dA .;_-2 

and rotational strength, R (esu-cgs) .. 
R = 6.959 . 10-43 f [8 J dA -A-

The first two are measures of the intensity of light absorption, 

and the se.cond two are measures of the intensity of optical 

41 
rotation, The values calculated by the subroutines will be 

F, D a 10 8 , C · 1010 , and R · 10 49, respectively. The· 

I 



subroutines are written in numerical format because that 

seemed the simplest way to' make them compatible with the 

larger program 21 of which 'they form a part. Th~ meanings 

of the m:.'nerical format are described in sm·all Computer 

Handbo'ok distributed by Digital Equipment·corp. 

These subroutines destroy most functions of the main 

program, super spectrum. Most importantly, the program cannot 

be used for taking data or.smoothing data.while it contains 

these subroutines. There v-ra.o a small patch written which 

restores super spectrum to its normal state, and it is also 

listed. 

Operation 

This write-up assumes a familiarity with the operation of 

super spectrum. The binary tape for the desired integration 

is l0(;1r'IF>n whP.n RllpP.r spectrum is in the computer. The sub

routine .occupies what is ordinarily the baseline storage 

array. The calculation is performed on data occupying the 

spectrum storage array from the starting wavelength to any 

given wavelength, with the restriction that there must be an 

even number of increments. The result of the integration· is 

multipled by E/OD and the appropriate constant. Operation 

is the same for all four subroutines: 

1) Load the appropriate tape. 

2) Start at 0200. 

3) Enter monitor, type "G." The current heading will 

be typed out, then a lower limit of integration will 

be called for. This will be "LLIM(A)=." 

.. 

-.I 
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4) Type in the desited lower limit of int~gration in 

angstroms, th~ri hit the space bar. Th~ computer 

will proceed with the calculation and type the 

d~sired value, unless an odd number of increments 

has been requested, when "NO" will be typed. After 

either case the monitor will automatically be 

entered. 

5) Type "A" if a different lower limit is desired. 

6) Type "S" if a different ID, OD, or E is desired. 

7) Type "D" to read in another spectrum. This option 

operates normally.· 

8) When finished the patch which restores super spectrum 

to normal operation should be loaded . 
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PATCH TO SUPERSPECTRUM FOR CALCULATING OSCILLATOR STRENGTHS 
(UNITLESS) . 

2231 73U8 
2232 3062 
2233 562-L! 
223LJ LJ@(\2 

3LJ31 LJ0GQ"i 

4000 7300 
11001 552LJ 
Ll002 7300 
4003 1371 
4004 L:501 
11005 60~6 
4006 4LJ05 
LJ007 LjL!07 
4010 6333 
40.1 1 5330 
4012 2330 
4013 6330 
401 ,, 0000 
4015 11 63 
4016 1326 
4017 3010 
4020 LJ312 
4021 4407 
4022 6330 
4023 5063 
4024 1066 
4025 6063 
4026 0000 
4027 73(•0 
403f:i il312 
4031 L1LIC?J 7 
4032 33LILJ 
4033 i330 
403/J 6330 
4035 506:1 
4036 1066 
4037 6~!63 

4040 2332 
4041 7~)08 

4£?1LI2 6336 
40Li3 0000 
4044 73GO 
40LJ5 1336 
.1!046 7L!40 
110/!7 5267 
4050 4312 

*2231 
7300 
3062 
563L: 
LJOS2 
*3'4.31 
L!(~00 

*LI000 

C. J. Formoso 
April ·1o, 1969 

7300/0SCILLATOR STRENGTH 
552·'1/LMt,BDA= STRTLL, INCF:E~·i=If\JCR 

7300 
1371/ MESS: LLHi(A) = 
LJ5C1 
6036 
LJLJ05 
LJ LJ0 7 
6333 
5330 
2 33(l/ OS ST = 0 
6330 
0000 
1163 
1326 
3010 
LJ312/ FIRST-POINT 
LJ-'107 
6330 
5(163/ I f\J CREMENT LAt'IBDA 
1£166 
6063 
0000 
7 300/E VEN POINTS 
-'!312 
LJL!07 
33LJLI/ X 4 
1330/ + OSST 
6330 
5063 
1 'iJ 661 IN Cf~Er-1 LM-:BDA 
6063 
2-333 
7000 
63~6 
0000 
7 3vJ0/CHECK LLIM 
1336 
711LJ(l 
5'?..67/ GO TO ODD POINTS 
J'j 312/ LAST POINT 

• i 
i 
I 

I 
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- 4051 Lt/if3 7 LJL!07 
4052 133e, 1330 
1)053 3154 315''!/X E 
405Lt 4151 LI151//0D 
Lt055 3:i52 3352/ X -f). 000Lt318 
~056 3066 3C66/ X I NCi.;Er·: 
LJC57 .lt3 55 L;255/ DlV BY 3 
4060 (I~';(;; 0 0000 
I) 061 73NJ 7300 
4062 1373 1373/ riESS: F= 

!l 4063 LtS81 Lt5CJ 1 
406LJ 7300 ~/30(: 

LJ065 4406 LJ Lt0 6 

,, LJ066 5522 5522/GO TO t-iOi'! I TOR 
L!067 .1!312 Lt312/0DD FO Ii'>JTS 
4070 LjLt0 7 4Lt07 
4071 33LJ7 33LJ 7/ X 2 
4072 1330 1330/ + OSST 
4073 6330 6330 
407'' 5063 5063 
.lJ075 1066 1066 
407.6 6063 6063 
4077 2333 2333/ INC LAi.t;BDt\ AND CHECK LLii"l 
4100 7000 7(100 
.1!101 6336 6336 
4102 0{(.l00 0000 
4103 7300 7300 
4104 1336 1336 
41'0 5 7LJLJ0 7LJLt0 
4106 5227 5227/ GO TO EVEN POINTS 

'4107 1372 1372/ l"iESS: NO 
4110 LJ501 LJ 501 
411 1 5522 5522/ t'iON I TOR 
4112 00N) 000CY SUBROUTINE TO GET .SPEC PO I 1'-JT 
LJ 11 3 1 Lt10 1 Ltl.0 
4 11 LJ 3045 30L!5 
411 5 30LJ6 3046 
4116 1327 1327. 
4 11 7 30LtLJ 3844 
4120 L!/t07 LIL!07 
4121 7000 7000 
4122 LJ063 LJ(iJ63 
4123 Ltf)63 IJC63/ DIV BY LAI\180"1\ SG ,. 
412Lt 0000 00C'JI::l 
4125 5712 5712 
4126 7777 7777/C-1 
4 12~/ 0013 0013/(13 
4130 00~l0 0800/ OS ST 
4131 0000. 0000 
4132 0000 0000 
4133 0000 00~iG/ LL li'-'1 
4 f3Lt Ct':JCO 0000 
4135 0000 occo 
LJ136 r:0on 0f-JOCV CHEI< 
4137 ecr-10 0C00 
41/J~l '000[:> 00C:J0 

' ' 
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41 L!} 0C00 0008/ ~PEC 
41L!2 0(lfi0 GGO£. 
.ii1LI3 0000 E,0C:J0 
41Ll4 0003 efJ03/FL Lj 
41 Lt5 2000 2GC·0 
41Lt6 Of.:i00 0GC0 
4 1"17 0062 0002/ FL 2 
4150 2009 2(}(!0 

JilSl 01(.'di)8 000(t 
4152 7765 7765/. FL -O.OOOL!318 
4153 435Ll· L!35L! 
4154 7161 7161 .I 
4155 0002 0002/ FL 3 

.4156 3000 30~!0 .I 
4157 00e.0 0000 
4160 3LI14 3L!}L!/ ~·lESS: LLH'i< A>= 
4161 1 411 1 41 1 
4162 1 55C 1 5 SV.i 
4163 0151 0151 
41(,Lj 7500 7500 
4165 1 61 7 1 61 7/ l'iESS>:< NO 
4166 000G 00.00 
4167 3406 3Ll!o 6/ MESS: F= 
4170 7500 7500 
4 J 71 4160 4160 
41 r/2 4165 4165 
4173 4167 4167 

•. i 
I 

I 
- ! 
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PATCH TO SUPERSPECTRUM FOR CALCULATING DIPOLE STRENGTHS. 
ANSWER. WILL BE D*l0E~8 .(bEBYE SQUARED) 

2231 7300 
2232 3062 
2233 563LI 
2234 LtQJ!J2 

3431 Ll(\Q\C 

4000 7200 
4001 552LJ 
4002 7 3 CcdZl 
l!003 1371 
4004 Lt501 
4005 6fl36 
4006 L!4CS 
4 0f?J'7 LJLt07 
4010 62.33 
4011 5330 
4012 2330 
4013 6330 
4014 00('.0 
4015 1163 
4016 1326 
4017 3010 
4020 4312 
4021· 4407 
l!022 6330 
4023 50 63 
l!02Ll 1066 
4025 606:i 
4026 £•CC0 
4027 7300 
4030 LJ312 . 
4031 1'140 7 
4032 33L!4 
4033. 1330 
4034 .633(1 
4035 5063 
4036 1066 
4037 6!?63 
lJ[2.1Lt0 2333 
40L! 1 7000 
4 0 L!2 6336 
401'!3 OGV.O 
.tt0LJ't ~/3C0 

l!0L!5 1336 
l!0L!6 7 .t1 NJ 

C. J. Formoso 
April io, 1969 

*2231 
730.0 
3062 

.563t; 

'"~ (i 2 
*3'131 
4000 
*'t000 
7300/DIPOLE STF:ENGTH 
5524/LAi'-iBDf,= STF~Tl·:L .. INCREi'i=INCR 
7300 
1371/ tv1ESS: LLHiCA)= 
L!SOI 
6036 
LJL:(.i) 5 
LtLJ07 
6333 
5330 
2330/ OS ST = 0 
6330 
0000 
11 63 
1326 
3010 
Lt312/ FIRST POINT 
LJ407 
6330 
5063/I NCEEl>~Ei'lT Lf:t'-18DA 
1066 
6063 
~10C0 

73e•0/EVEN POINTS 
4312 
4 L![)7 
3344/ X ,, 
1330/ + OSST 
6330 
5063 
10 66/ Il'JCHH'i L?\i'$DA 
M.i63· 
2333 
7000 
6336 
e·CE·C 
~, 3 C•G/CEE.CK LLI:'•l 
1 :;,36 
7 Lj L!C:j 
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~0/t./ 5267 5267/ GO TO ODD PO!i'!T.S 
Lt~50 1:312 4312/ Li\ST POINT 
i1051 44C7 4407 
Lt!352 1330 1330 
4~53 3154 3154/X E 
Jl054 4 1 51 '-1151//0D 
4055 3352 3352/ X -0·0G0~318 
4056 3066 3066/ "X INCEH1 
4057 4355 4355/ DIV BY 3 
4060 Ot:HJO 0000 
4061 7300 7300 
4062 1373 1373/ MESS: F= 
4063 "t5 0 1 ~!50 1 
4 0 6.tt 7300 7300 
4065. 4406 LJ406 
.iJ066 552.2 5522/GO TO f'i0N I TOr\ 
4097 4312 lt312/0DD POINTS 
4070 Lt407 4407 
Lti2J 'I 1 33il7 331t7/ X 2 
40"'/2 1330 1330/ + OSST 

.4073 6330 6330 
407LJ 5063 5063 
4tns 1066 1066 
40?6 6063 6063 
4077 2333 23331: INC LA~~ BOA AND CHECK LLH1 
.il100 7(100 7000 I 
4101 ·6336 6336 I 

. 4102 0~~0 0000·· 
•4103 7300 7300 l 
J\104 1336 l336 I 

4Hl5 71JIJ({) 74 il0 ; 
410 (. 5~C7 5227/1 GO TO EVEN POTNTS 
JJ107 1372 1372/ [viESS: NO 
411 e· 4501 4501 
4111 5522 5522/ MONITOR 
4112 0000 0000/ SUBF;OUTINE TO GET .SPEC PO I f\:T 
411·3 1410 1 LJ10 , 
JI}}Lt 301'15 3045' 
411 5 3046 3046; 
411 6 1327 1327 
4117 3044 30LtLI 

41213 4407 4407' 
. 4121 . 7000 ./000 • 
4122 Lj063 4863. 
4123 7000 7(100/D IV BY LAt--;BDA 
IJ 124 0000 0000· -
4125 5712 s·n 2 
Jl126 7777 .1777/(-1 
4127 0013' 0013/C13 
Ll130 0CGP· 00 C.C:.II OS ST 
J1 I ~-~. I ("' (' (' c er-f'C 
111Je ~i(' il 0 coc~·; 

Ll133 cor.o 0 c; Q(;f Ll.I 1·1 
Li 1 3 Lt 000.(1 00CO 
Lt135 0(i)00 00~j0 

I 
·I 

I 



105 

4139 0000 0000/. CHEK 
4137 1000C 0C~)vJ 

41LJ0 0C?i00 000C 
.lt1Lll ·0000 0000/ SPEC 
41LJ2 0(100 0000 
.lt1LJ3 (':00G 0000 
41LJLJ 0f)03 0~:03/FL LJ 
41 Lt5 2000 2000• 
41 Lt6 00~HD 0000 
41LJ7 0002 0eo2/ FL 2 
4.150 2000 2000 
4151 0000 0000 
4152 0013 0013/FL - 918·0 
4153 6152 6152 
415LJ 0000 0060 
4155 0002 0002/ FL 3 
4156 3000 3000 
.1!157 0000 0000 
4160 3Ll14 3Ll1LJ/ !'<lESS: LLHHP.>= 
4161 1 LJ 1 1 till 1 
4162 1550 1550 
4163 01 51 0151 
4 1 64 7500 7500 

. 4165 1617 1 61 7/ ~:JESS* NO 
4166 0000 0000 
4167 3Lt04 3LJ0LJ/i'!ESS: D= 
4-170 7500 7500 
4171 41 60 Lj 160 
41 72· Ll I 65 4165 
4173 .tJ167 4167 

• 

• 
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PATCH TO SUfEI-·~~PECTf;U·1 FOR CP.LC:L'Lf;Tli'IG ROTf,TIG:-.!I:L ~ThEf'JGTH~ 

AN.SLEF: \-.'ILL r:E H*IEE+L!9 B < ESU-C:C:S l_l.i·-J!T~) 

2?.31 7 3(i~:) 
2232 3062 
2233 5 634 
2234 4V.i0?. 

3431 . .tt0l'O 

4000 7380 
4001 5.52LJ 
4002 7 ~vJV! 
4C:Jftj.3 1371 
4004 4 Sf:J 1 
4005 6036 
4006 4LJ05 
4007 4LJ07 
4010 6333 
4011 5330 
4012 2330 
401.3 6330 
4014 0000 
401~ 11 63 
4016 1326 
4017 3010 
4020 4312 
4Ci?::=-t tl.?ir.J7 

4022 63::~0 

4023 5063 
402Lt 1066 
4025 6063 
4e2.6 0800 
4027 7300 
4030 4312 
4031 .ta.t1 0 7 
403?. 334Lt 
.cHl~~ 1~30 

4034 6330 
4035 .5063 
4036 1066 
4037 6063 
40Li~i 23~3 

4041 780D 
I.HM2 6336 
4043 f)[\[i(:) 

4044 73GG 
'40.tr5. 1336 
40.lJ6 7LJL!0 
40LJ7 ~·267 

4050 .ta312 

*2231 
. 7 30(1 
. 3062 

563L; 
4002 
*3431 
4000 
*4!UH?) 
73~tt;/KOTAT I Oi':r•.L STRENGTH 

c. J. FOR;;;o~.o 

APfdL 10 .. 1969 

5 52 .tl/ Llll',iBD!\= STRTbL ... l N c; i~ E ~IJ = I N C R 
7300 
1371/ MES~: LLII":<A>= 
4501 
6036 
4405 
4LJ!37 
6333 
5330 
2330/ OS ST = e 
6330 
0000 
1163 
1326 
3010 
LJ ~ }2/ flF:ST POINT 
4LICi.'o7 
6330 
50 63/ I NCREt'iENT LAMBDA 
1066 
6063 
00Z·0 
730!iJ/E VEN POINTS' 
LJ312 
.trtr07 
33LtLJ/ X 4 
133£'./ ~ OSST 
6330 
5063 
1066/INCHH-: LAt·~8DA · 
6063 
2333 
7£10{) 
6336 
00C:fi 

' 
7380/CHEC~< LL It·~ 
1336 
74.118 
5267/ GO TO ODD POINTS 
LJ312/ LAST FOHJT · 

I 
~ ! 

.. i 

·! 

• . ! 
.... ·. : 
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-4051 LlL'1G 7 L'JLl07 
.lj {:)52 1338 1330 
4053 315-4 31 5L'!/X · E 
.11054 41 51 4151//0D 
4055 3352 3352/ X -O.SC0Li318 
4056 3866 3066/ X INCRE:·l 
-4057 LJ355 L!355/ DIV BY 3 
4060 00CO 0000 
4061 73Gvi 730tl 
LJ062 1373 1373/ i'1ESS: F= 
4063 .I.J501 4 501 
4064 73!iJ0 7300 
4065 LJLJ06 4406 
406.6 552?. 5522/GO TO i'10NI TOR 
4067 .11312 4312/0DD POINTS 
.IJ070 .I.J.IJ0 7 4407 
4071 3347 3347/ X 2 
4072 133[; 1330/ + OSST 
4073 6330 6330 
40p/4 5063 5063 
4075 1 C66 1066 
4076 6063 6063 
4077 2333 2333/ INC Ll>.f"JBDA AND CHECX LLH'i 
4100 7C:W0 70£.0 
410l 6336 6336 
4102 0000 0080 
4103 7300 73C0 
4104 1336 1336 
4105 74LI0 74.110 
4106 5227 5227/ GO TO EVEN POINTS 
4107 1372 1372/ MESS: NO 
41 H> Lt501 4501 
4111 5522 5522/ MONITOR 
4112 0000 ~!000/ SUBROUTINE TO GET SPEC POINT 
4113 UllO 1 LJ}0 
4114 . 30LJ5 3045 
"1 t 5 38116 3{:;46 
4116 1327 1327 
4 11 7 3044 3!'i-44 
4120 LJ407 4407 
4121 ·7000 7000 
4122. 4063 .1!063 

• 4123 7000 7800/DIV BY LAtijBDA 
4124 000(1 0000 
4125 5712 5712 
4126 •7777 7777/(-1 
4127 C013 00 1 3/ ( 1 3 
4130 0000 00!30/ OS ST. 
4131 0f~C~0 e:0CO 
4132 00C0 0000 
4133 c;;GC0 0000/ LLIM 
4134 0 r. ~~ Q.~ ~~Ul!0 

L!135 0(i(7i0 0000 
4136 0Ci.i!30 0000/ CHEl< 
4l37 00~.18 000.0 
4140 CCOG fl(JQJO 
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.1!1.1!1 0800 000£1/ SPEC 
41.1!2. 0000 0000 
41Ll3 0000 0000 
4.1 .1!4 0803 0003/FL 4 
4145 . 2000 2~00 

41.1!6 0000 0000 
4147 . 0002 0002/ FL 2 
4150. 2000 2000 
4151" ~10~10 0000 
4152 0016 0016/FL -6956.0 
4153 6232 6232 
415il 1000 1000 
415.5. 0002 0002/ FL 3 
4156 .3000 3000 
4157 0000 0000 
4160 3.14 1 4 341L:/ ~'lSSS: LLI t'lC A>= 
4161 1 .Ill 1 1 41 1 
4162. 1550 1550 
4163 0151 0151 
416./J 7500 7500 
4165 1 61 7 1617/ l'-1ESS* NO 
1!166 0000 (l(i)Q0 

4167 3.IJ22 3 L: 2 2 / f:J E .S .S : R= 
4170. 7500 7500 
4171 4160 "'160 
4172 4165 4165 
4173 4167 4167 

•• 
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PATCH TO SUPERSPECTf.W~·~ F'OR CALCUL?.TING hOTATICli·}AL O.SCILLP.TOH 
STRENGl·H. ANS~[R WILL BE C*l8 t+t0 C UNITLESSl 

2231 7300 
2232 2.06:? 
2233 563L: 
223Lt Lt0~:2 

3LI31 Lt0f.0 

4000 7300 
4001 552Lt 
4002 7300 
4003 1371 
400Lt 4501 
4005 6036 
4006 LJ/;05 
4007 LJL:0 7 
4010 6333 
401 1 5330 
4012 2330 
4013 6330 
401Lt 0000 
4015 1 1 63 
4016 1326 
401 ., 3(') 10 
4020 Lt312 
.lJ021 LJIJ07 
4022 6330 

"4023 5063 
4024 .1066 
11!(1~ 5 nO 63 
4026 0000 
4027- 73~:.ca 

4030 L!312 
4031. LJLJ07 
4032 331~1! 

4033 1330 
403L! 6330 
4035 5063 
IJ036 1066 
4037 6063 
L!040 2333 
40./.tl ·tr:;ee' 
40LJ2 6336 
40.1~ 3 0000 
il0Llll 73C0 
40115 133(, 
40.1!6 7 /j.IJ8 
Lt0.1-t7 5~~67 

4050 Lt312 
. LJ051 4LJ07 

*2231 
73G8 
3062 
563L: 
Lt002 
*3'!31 
Lt00G 
*4000 

c.J~ FOF<I'iOSb 
P,.PHIL lS .. 1969 

. 7300/ROTATION?\L OSCILLATOR STRENGTH 
5 524/LAr·lBDA= STRn··L, HICF;Dtl= I NCk 
7300 
1371/ ~'it:SS: LL I ~~1 <A>= 
LJ501 
6036 
LjLJ£15 
L:t1C1 
6333 
5330 
2330/ OS ST = 0 
6330 
0000 
1 1 63 
1326 
3010 
Lt312/ FIRST POINT 
4Lt07 
6330 
5063/INCREMENT LAI\1BDA 
1066 
60 63 
0000 
73G0/E VEN POINTS 
Lj 312 
Lt L1C 7· 
33LJLJ/ X Lj 
1330/ + OSST 
6338 
5063 
1 fld::.6/ I NCf~Et-1 l..I\1'-:BDA 
60£<1 
2333 
7000 
6336 
0000 
7380/CHF.:CK LLIM 
1 3~~6 
7L!LJ0 
5267/ GO TO OfJD FOHHS 
LI31 2/ LAST POINT 
LIL!87 

•,. ·.· 
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4052 1330 1330 
·4053 3J5Lf 3154/X E 
405.11 Lll 51 Lfl51//00 
4055 '3352 3352/ X -0.0004318 
4056 3066 3066/ X I NCREt'i 
4057 Li355 4355/ DIV BY 3 -. 
4060 0800 C8CO 
4061 . 7308 7300 
4062 1373 1373/ r·1E s~: F= 

~' ! 
.4063 4501 4501 I 

I 

4064 730(1 7300 
I 

: 

4065. 4486 4406 
4066 5522 5522/GO TO r~ON I TOR 
4067 4312 4312/0DD POINTS 
4070 4407 1!407 
Lj (i) 71 33.117 3347/ X 2 
4072 1330 1~30/ + O.SST 
4073. 6330 6330 
407LJ 5.063 5063 
4075 1066 1066 
4076 6063 6063 
4077 2333 2333/ INC LN·lBDA AND CHECK LLIM 
4100 7000 7000 
4101 6336 6336 
4'102 0000 0000 
4103 7300 7300 
4104 l336 1336 
4105 74LJ8 7440 
4106 5227 5227/ GO TO EVEN POINTS 
4107 1372 1372/ MESS; NO 

. 4110 4501 4 5.01 
4 1 1 1 SS??. ss~~~ l·:nN J TnR 
4112 0000 0000/ SUBROUTINE TO GET SPEC POINT 
4113 1 .Ill (i) 1410 
4lllr 30'-15 3045 
411 5 30Ll6, 3046 
"''ll .6 1327 1327 
411 7 3044 3044 
4120 4LJ~i7 4407 
4121 70(;0 700£; 
4122 4063 4063 
4123 4063 LJ063/ DIV BY l.M'fBDA so ... 
4124 0000 0C:J00 
4125 5712 5712 
4126 7777 7777/C-1 I 

4127 0013 0013/(13 ~ ; 
413[1 0000 000!V OS ST 
4131 0000 0000 . ' 

I 

4132· 0000 0~00 

4 13:~ CiJOGO 0~iQ()/ LLHl 
413LI 00CIG 0000 
4135 ~~ ~\ C·J vJ 00CDO 
4·136 00f1(:J 0COC•/ CHEK 
4137 0000 0fj(;(3 
4 1 Li!?J 0000 0000 
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4141 k.:000 0000/ .SPEC 
4142 0000 0000 
4143 . 0000 0000 
4144 . 0003 0003/FL 4 
4145 2006 2~00 

4146 0000 0000 
4147 0002 0002/ FL 2 
4150 2000 2000 
4151 0000 000(1 
4152 0013 0013/FL -328·0 
4153 727(: 7270 
4154 0000 0000 
4155 0002 0002/ FL 3 
4156 3000 3000 
415i 0000 0000 
11160 3LJ} 4 3LJ14/ ~'iESS: LL lt'lC A>= 
4161 1 4 1 1 1 4 1 1 
11162 1550 1 550 
4163 0151 0151 
416LJ 750C 75f.:00 
4165 1617 1 61 7/ t•lESS* NO 
4166 0000 0000 
4167 3Ll03 3LI03/i'1E.SS: C= 
4170 7500 7500 
4171 4160 4160 
4172 4165 . LJ165 
4173 4167 4167 

• 



PATCH WHICH RESTORES SUPERSPECTRUM TO NORMAL OPERATION 

2231 7tiu4 
2232 7010 
2233 . 7420 
2234 5267 

3431 1544 

*2231 
7604 
7010 
7420 
5267 
* 3431 . 
1544 

C. J. Formoso 
April io, 1969 
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APPENDIX B 

KINETICS OF THE NaBH4 REDUCTION 

In preparing the dimers containing dihydrouridine, it was 

noted that the product yield varied with th~ particular dimer. 

Though the reaction mechanism is unknown, these yields can be 

meaningfully compared since the reactions were carried out 

under equivalent conditions. From Table 3 (Section IV) it can 

be seen that, of the dimers, UpU is most extensively reduced, 

followed by UpA, ApU, and GpU in that order. Thus the reaction 

rate is sensitive to some property of the dimer. It would be 

interesting if this property was stacking or could be func

tionally related to stacking. Since the monom~r U is reduced 

more rap~dly than the dimers, and it cannot stack, it may be 

possible to do this. The yields may also reflect changes in 

the pK. of the uracil residue, the ionization of U being 

apparently important in the photoreduction. Ionization of U 

may also reduce stacking, but ~ stacking interaction could 

in turn-influence the pK of U. Thus stacking may be responsible 

for the observed yields. 

Looking at the yields of the open-ring dimers the order 

Gpa > Apa > apA is seen. This may again be related to stacking, 

but here it is harder to compare the monomer with the dimers. 

We can do this, and also get a rough estimate of the relative 

rates of reaction, by making a simple kinetic analysis. It 

should be pointed out that this analysis is being made. on 

reactions designed for another purpose; the production of 

dihydrouridine. No effort was mad~ to preci~ely control the 
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reaction conditions. However, the range of product yield 

appears too large to b~ ~ritirely due to th~ ·small variations 

which rna~ h~ve existed in the reactiori coridit~ons. Since we 

do not know the kinetics of th~ ~e~ctions, let us assume fo~ 

our purposes that both the photoreduction and the dark 

reduction follow second order kinetics and that the concentra-

tion of NaB~4 ~s constant. This, in essence, means we are 

assuming first order reactions. The NaBH4 concentration is 

ten or twenty'times that of the uracil concentration, so 

using first order kinetics will not be much worse than using 

second order kinetics. Writing the reaction for ApU: 

kl k2 
ApU ---;p.~ A pH ---•)or .Ap S . 

where k1 = [BH4-Jk1 '. and k 2 = [BH4-lk2 '. Writing the rate 

equation for ApU, 

(l) d(ApU) 
dt = -kl(ApU) 

and integrating from t=o to t gives: 

( 2) ln (ApU) k 
(ApU)

0 
= - lt or 

The rate equation for ApH, 

(3) d(ApH) = k (ApU) - k2 (ApH), when k2· (ApH) is dt 1 

assumed small (see values in Table 3) 

is integrated to 

( 4) (ApH) = k1 (ApU)
0 

•, . 

'l 
i 
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Using this expression in the rate equation for ApS, 

and integrating gives: 

·( 6) 

Using .values from Table 3 and Equation (2), k 1 and k 1
1 ~an 

be determined. Once k 1 is known the value of k 2 can be 

found using Equation (6). The :values for k 1
1 and k 2

1 are 

listed in Table 5. The analysis could not be carried out 

for UpU,_ but k
1

1 would obviously be larger than for the other 

dimers~ ~he assumption made in Equation (3) may not be valid 

for GpU; with a steady state approximation the larger value of 

1.5 for k 2
1 is obtained. The k 2

1 for H was calculated as: 

( -2 t)-1 k2 1 = 2·10 

Table 5 

Calculated Rate Constants for th~ NaBH4 Reduction 

kl 
I k2 

I 

Reactant -1 -1 -1 -1) .C liters moTe min ) (liters mole min .. 

ApU 0.6 0.07 

UpA. 1.8 0.008 

GpU 0.4 0.9 ( 1. 5) 

u 4.6 

H 3.6 

lP 5.9 

. i· 
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An ordering of rate constants can be seen, with the 

monomer·s having the lar.ges·t values in both the· photoreduction 

and th~ dark reduction. Both ~eactions look promising as 

tools for the investigation of sta~king. A study of the 

statistical variation in reaction yields under carefully 

controlled conditions is needed; and also a more profound 

kinetic analysis would be necessary before anything could be 

said. 

If w~ assume for the moment that the rate constants in 

Table 5 can be used as an index of stacking, we can compare 

the predicted stacking order to that determined by other 

methods. This is done in Table 6. Unfortunately, there is 

no previou~ work on stacking at pH 9.5 for comparison. There 

is some agreement seen, particularly that UpU stacks least 

by both optical properties and photoreduction. GpU stacks 

most at p~ 11.5 by optical properties and at pH 9.5 by 

photoreduction. The order determined by ~H0 values uue::; uul 

agree with that predicted by the kinetics. The two methods 

probably measure different aspects of stacking: 6II0 reflects 

the energy required to displace the dimer from its equilibrium 

conformation; while the kinetics are influenced by other · 

factors, such as idnization or shield~ng at a critical position. 

The order of stacking for the dihydroU dimers predicted by 

optical properties and by the rate constants shows fair 

agreement, considering the difference in pH. 

A i 
I 
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Table 6 

A Comparison of the Order of 
Stacking Predicted by Various Methods 

Conditions. 

pH 9.5, 50°C 

pH 7, 25°C 

pH 11.5, 25°C 

pH 7 

pH 9.5, 50°C 

pH 7.3, 25°C 

* 

Method 

photoreduction · 

. 72 
optical properties 

optical prope~ties7 2 

f1Ho42 

dark reduction 

* optical properties 

This work, Section IV. 

. Order 

GpU > ApU > UpA > UpU 

ApU >. UpA > GpU > UpU 

GpU > UpA > ApU > UpU 

ApU > UpU > GpU > UpA 

HpA > ApH > GpH 

HpA > GpH > A pH 
'\, 

0 c 
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LEGAL NOTICC --------.-·o..-.-. ....- IP"I '--""""'1 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






