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The Role of Hypermodified Bases in Transfer RNA - f :
Solution Properties of Dinucleoside Monophosphates

by

Mark Terrill Watts

ABSTRACT
The hypermodified dinucleoside monophosphates, uridylyl-
(3'=-5'")N-[9(B-D~-ribofuranosyl)-purin-6~-ylcarbamoyl]threonine
(UptGA), adenlel(B'-5')N6~(Az-isopentenyl)adenosiné (ApisA),
adenylyl(3'—5')N6-(Az-isopentenyl)—2-methylthio—adenosine

2i6A),_and adenylyl(3'—5f)l—NG—ethenoadenosiné (Apea -

- (Apms
a synthetic model for adenylyl(3'-5')wybutoéine, ApyW),

which represent the most common seéuences found as the

third lettér of the anticodon triplet and its adjacent 3'-
neighbor, have been isolated. Upt6A was purified after an
enzymatic degradation of yeast tRNA, and ApisA, ApmszisA,

and ApeA were isolated subsequent to their chemical synthe-
ses from their component nucleosides. Their solution
properties have been investigated using UV absorption, cir-
cular dichroism (CD), and high resolution proton magnetic

- resonance. The properties. of these molecules have been
compared‘to those of their unmodified counterparts, uridylyl-
(3'-5')adenosine (UpA) and adenylyl(3'~5')adenosine (ApA),

in order to learn of the function(s) of the hypermodified
bases in trahsfer RNA.

The properties measured as a function of temperature

have been analyzed employing a two-state intramolecular



stacking model. The results from all of the techniques
uéed indicate that hypermodification of the unmodified di-
nucleoside phosphates changes their.stacking abilities.
Static measurements of the properties suggest that the
stacking differences are caused by conformational changes

‘induced by the hypermodifications of the A residue.

- All of the properties show that the stacking of_UptGA

GA, ApmsziGA, and

ApeA are destabilized relative to ApA. Thus, UptGA, ApiGA,

Apmszi6

is stabilized relative to UpA, while Api

A and ApeA have comparable stacking equilibria, in-
dicating that the modifications remove the large difference
in stacking between UpA and ApA. Fﬁrthermore, cytidylyl-
(3'-5')adenqsine (CpA), which is the most common unmodified
sequence in this particular anticodon region, exhibité a
stébility similar to those of the hypermodified dinucleo-
side phosphates. |

Hypermodification therefore seems to keep the fléxibili—
ty of this crucial part of the tRNA constant. It is
proposed that this may result in a more smoothly regulated
translatiqn step. Also, it is proposed that the enhanced
stacking of Upt6A relative to UpA prevents the incorrect
wobble base-pairing of this U residue in the tRNA during

translation.
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Chapter 1

INTRODUCTION

I. Purpose

>WE‘begin the study of biological phenomena with the
premise that the attainment of an understanding of the
workings of a process will lead us to the solutions of the
inevitable malfunctions, and eventually to the contrgl of
the system. We will set our sights on the lével of under-
standing the chemistry of certain biomolecules and their
interactions with one another, with the expéctation that
this knowledge will guide ué to the more general comprehen-
sion of the biological processes.

All of a living organism's hereditary information is
contained in its DNA. This information is transcribed
onto RNA molecules, and from there is tranélated into pro-
tein molecules, which.perform or control most of the
functions of the organism. While a great deal is known
about these transcription and translation stepsvof protein
synthesis, ﬁhey are deceptively complex, and many of the
quantitative and even qualitative aspects remain a mystery.
How is it that the transcription and translation can be so
incredibly accurate, as we know they must if the synthesis
of_faulty proteins is to be prevented? What are the rates
of these steps, ané how are the rates‘controlled, and con-
trolled they must be to repress unbridled growth? In order

to answer these kinds of questions, we are obliged first



to compromise by limiting ourselﬁes tovmanageable”tasks,
and then to carefuliy-define these tasks, so that their
solutions necessarily will form a basis for an understand-
ing on a grander scale. |

We turn to\a consideration of the translation step,‘
and the molecular species involved. Transfer RNA molecules
‘act ‘as crucial middlemen in this process by deciphering the
. code written from the DNA into the messenger RNA. = The mRNA
consists of a series of codes, each called a codon, and.
each tRNA possesses a corresponding anticodon. The tRNA
'reads' the message on the mRNA and performs the transla-
tion by adding successive amiho acids onto a_growing-
protein. The accuracy, rate and regulation of theSé codon-
anticpdon interaétfbns must follow the same reétrictions as’
the whole of protein synthesis. We look for insight into
these features of the reaction by narrowing our vision to
the tRNA molecule itself, and more appropriately to the
region of the molecule containing the anticodon.

-In many species of tRNA, lérge naturally occurring
modifications of the common structural features §f the tRNA
are found in the region near the anticodon. These modifi—
cations have been implicated in controlling the accuracy
and'rate of the codon-anticodon interaction, but their
ébility to carry out these functions is not understood. By
following the precept that the structures and energies of
biomolecules often dictate thei:.functions, this dissgrta—

tion addresses itself to the function of these modifica-



tions, through a study of the physical properties of

portions of the anticodon region.

II. Background

(A) Hypermodification - Definition and Description

The term hypermodified refers to structurél modifica-
tions of ceftain nucleosides in tRNA which are rather
elaborate alterations of the major nucleosides, as opposed
td the modified nucleosides found in RNA and DNA, which
only contain relatively simple changes in the structure.
These large modifications generall§ result from the attach-
ment of a complex side chain or in some cases, an adduct
ring, to the base portion of the nucleoside. )

The additions create more bulk for the nucleoside, and
by providing organic functional groups not commonly‘found
in the major nucleosides, they confer on these bases dif-
ferent and often new chemical reactivities, as well as
different possibilities for physical interactions. For
reasons that will become clear later, we will be more in-
terested in the physical interactions, and hence the reader
is referred to references 1 - 3 for a detailed discussion
of the chemical reactivities of these bases and nucleo-
sides. |

Figure 1 illustrates the four predominant hypermodi-
fied nucleosides. From ihspection it can be seen that isA,
msziGA, and t6A all appear to be derived from adenosine,

whereas yW (designated previously as the Y base - see refe-
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' has been detected in all but Mycoplasma

rence 4 for new ACS approved nomenclature) is probably de-
‘rived from guanosine (see discussion of biosynthesis in the
next section).

" Other hypermodified bases which occur naturally to a

W

lesser degree include N6—(cis-4-hydroxy—3-methylbut—2-enyl)

5

adenosine” and N6—(cis-4-hydroxy-3-methylbut—2—enyl)~2-

methYlthioadenosineG, derivatives of 16A and msZiGA respec-

tively, N-[N-methyl-N-(9—B-D-ribofuranosy1)purin-6-y1car—

bamoyl]threonine (thA)7; a methylated derivative of t6A;
and Wyosine (W) and Wybutoxosine (OzyW), both derivatives

of yW4. Recently, analogues of t6A, N-[9-(B-D-ribofurano-

syl) purin-6-ylcarbamoyllglycine (gGA)B, and a corresponding
derivative containing aspartic acid9 in place of thrednine,
have been found. Also known are some derivatives of ‘cyti-

dine and uridine which will be briefly discusséd in the

following section.

(B) Occurrence
The isolation and characterization of hypermodified

bases has only been realized in the past decade. i6A was

10,11 2.6

first characterized in 1966 , ms"i A and t6A were iden-

12,13,14

tified in 1968 + and the structure of yW was solved -

finally in 197015. Various combinations of these have been

found in all organisms investigated, except for the Myco-

plasmals, which are the smallest free-living cells that

have been examined. As for the individual nucleosides, t6A

50, and iGA is found



in most organisms aside from Mycoplésma and E. Eéii' The
prééence of ywitype nucieosides has only beén discerned in
eucaryotic organisms, while mSZiGA has been discovered bnly
in E. coli. |

A closer look af the occurrence of these nucleosides
qguickly reveals that they are found only in the tRNA (or
in the pool of metabolic products of the tRNA) of the
dfganisms. Sequencing studies to date of approximatély
thifty tRNAs containing hypermodified bases, further
disclose their appearance only in the position immediately
adjacent to the 3' side of thé anticodon triplet (éee Figure
2 and Table I, which lists the anticodon loopvsequenées that
conﬁain ﬁypermodified bases next to the anticodon.). (Not
included in this category . are those‘hypérmodifications of
uridine and cytidine, which are located in the anticodon it-
self. Because of this difference in location, we feél that.
their function, though unknown, will be different and perhaps
even unrelated to the before-mentioned bases, and thus we
will henceforth be concerned only with the hypermodified
nuéleosides located adjacent‘to the anticodon.)

Even more striking than this_regularity of position is
the almost uncanny presence of a pridine or an adenosine
residue in the anticodon next to the hypermodification.
Notice in Table I, that without exception, a %2 is always
preceeded by a U, and all other hypermodifiéations are in-
variably preceeded by an A. With only a few exceptions, the

converse is also found to hold - a U in the first position



Figure 2: tRNAPhe

from Baker's Yeast; exhibiting the

locations of the anticodon triplet and
hypermodified nucleoside in the anticodon loop.
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Table I.

Amino
Acid
Arg 3
Ile

Ile 1
Lys 1
Lys 2
Met

. Met

Met

Fth  th Hh o Hh

Met
Ser 2
Ser 3

Ser 3

Phe
Phe
Phe

Phe

Leu -
Phe
Ser 1

Trp

Anticodon‘loop sequehces of tRNAs containing
hypermodified nucleosides. 5'=~3', left to right.

‘Organism

Br. Yeast

T. Utilis
E. coli
E. coli

Bk. Yeast

Bk. Yeast

Rabbit liver

Sheep liver

Mouse myeloma

E. coli
Rat liver
E. coli

Rat liver

Bk. Yeast

T. Utilis

Wheat germ

‘Rabbit liver

coli(T4)

coli

coli

coli

o H

=)

W .
a o o o O o o o o o o 0

w N

Q 2 = 0

0O

Cm

Cm

Cm

c

U

c ¢ g @ A0 0 c aa e c

c a o o

- Anticodon Loop

triplet
v ¢ v £8a
I A U téa
G A U tfa
mam°s?U U U t%a
mam®s?U U U t8a
¢ a U toa
C A U 8a
C A U 62
C A U %2
aclc a U £%a
G Cc U £5a
G C U 62
G C U tGA
Gm A A YW
Gm A A W
Gm A A ozyW
Gm A | A ozyW
.U* A | A msziGA
¢ A A ms?i®a
‘osac4U G A msziﬁA
C C A msziGA
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Table I.

Amino
Acid
Tyr 1,2
Tyr (mut)

Ser 1
Ser 1
Ser 2
Tyr
Tyr
Tyr

Ser

* -~ unidentified modification

(Continued)

Organism

E. coli

E. coli

Br. Yeast
Rat liver
Br. Yeast
Bk. Yeast
T. Utilis

Sacc. C.

Sacc. C.

E. coli(T4)

N - unknown base

(@]

c o o g o c<c c

a

Anticodon Loop

(9] Q @ M

(9]

triplet

U A mszi6A
U A msziGA
c a i®a
G A i%a
G A i%a
vy a i%a
¥ A i%a
Yy A i%a
U U A*

A A%

See abbreviations in references for definitions of all
othe: letters.

References:

All sequences are in

Barrell, B.G.

and Clark, B.F. Handboock of Nucleic Acid

Sequences, Joynson-Bruvvers Ltd., Oxford (1974).

except Lys 1 E.

coli (Nucl. Acids Res.

2(11),

2069 (1975));

Phe T. Utilis (J. Biochem. 75(5), 1169(1974));
Tyr Sacc. C. (J. Biochem. 72, 1185(1972)).
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of the anticodon always haé tGAsas its 3° néighbor, and an
A will have one of the other hypermodified‘nuﬁleosides as
its 3 neighbof'(séé Table II.for‘a listing of the present.
known anticodon loop sequences wh?ch do not contain hyper-
modified bases next to the anticodon.). Furthermore,
hypermodified bases have been established as present in cer-
tain unsequenced tRNAs which code for specific amino acids.
The first letter of the codon for each of these amino acids
is ﬁnambiguous, and is listed in Table III with the appro-
priate tRNA, and the corresponding hypermodified nucleoside
detected in that tRNA. Obviously, since the code is unambi-
quous in this position, the first letter in the anticodon
must be the Watson-Crick counterpart of that codon letter.
And, on the other hand, it would be surprising considering
the trends present in the éequences amassed, if the hyper-
modified bases occupied positions other than that next to
.the anticodon. If this is indeed é general rule, we see
again that with few exceptions, a U in the first position
of the anticodon has as its 3' neighbor a‘t6A residue, and
an A will have as its neighbor one of the other hypermodi-
fied nucleosides. We will discuss the implications of
these interesting facts as well as those of the exceptions
in following sections.

i Biosynthetically, these hypermodifications are be-
lieved to result from enzymatic transformations of the
normal nucleosides in intact tRNAsl7. In some cases,

enzymes have been isolated which will fully transform the

11



Table II. .Anticodon loop seguences of tRNAs that do not
contain hypermodified bases. 5'-3', left to right.

Amino Organism - Anticodon Loop

Acid . . triplet

Arg 2 Br. Yeast cC U I C G A A
Gly 1 Yeast» y U G C C A 4
Gly 3 E. coli U u G C G A A
Gly 1  S. Typh. U U c ¢ ¢ A A
Gly 1 E. coli U U c ¢ ¢ A A
Glyins E. coli U U U C C A A
Gly E. coli(T4) c U U* ¢ ¢ A A
val 1,2 Bk. Yeast ¥y U I A C A ¢
val 1,2 T. Utilis Yy U I-AaA C A C
val 2aA,B E. coli U U G A C A U
Arg 2 E. coli Cc U G Cc G G A
Gly 1 Staph. c u ) c C " C G
Gly 1 Staph. cC U U Cc ¢ u G
Arg 1  E. coli s?c U I C G m?A A
Asp 1 E. coli - c U Q U C m?A  C
Gln 1 E. coli Um U N U G m?A ¥
Gln 2 E. coli Umn U C U G mlA ¥
Glu 2 E. coli C U mam’sU U C méA C
His 1 E. coli U U Q U G m2A ¥
His 1 S. Typh. U u Q U G m2A ¥ -
val 1 E. coli C U o2% a ¢ ®A A
Asp 1 Br. Yeast b4 §) G U C mlG C
Leu 1 E. coli- U U C A- G mlG A



Table II. (Continued)

Amino Organism ' " Anticodon Loop

Acid triplet

leu 3 Bk. Yeast v U ¢ c c mle ¢
Phe Mycoplasma . c U G A A mlG C
Pro : E. coli(T4) 'Um U N G G mlG A
Leu ‘1 S. Typh. U U 'C A G G* vy
leu 2 E. coli U U G A G G* ¥
Ala 1 Bk. Yeast U 0] I G C mI b4
Ala 1 T. Utilis U U I 6 cC mI Y
Metf E. coli Cm U C A U A A
Trp 1,2 Br. Yeast Cm U Cm C A A A

* -~ unidentified modification
N - unknown base
See abbreviations in references for definitions of all

other letters.

References:
- All seguences are in

Barrell, B.G. and Clark, B.F. Handbook of Nucleic Acid
Sequences, Joynson-Bruvvers Ltd., Oxford (1974).

except Arg 2 Br. Yeast (Nucl. Acids Res. 2(10), 1787(1975));
Phe Mycoplasma (Nucl. Acids Res.'l(lZ), 1713(1974)).

13



Table III. Hypermodification content of unsequenced tRNAs.

Amino . Organism First Codon Modification’

Acid Letter Present
Cysi' Yeast §) iGA
Cysii E. coli 4] msZiGA
Leu 1a,2+%%  E. coli U ms?i%a
asnt? E. coli A o2
‘Argv' ~ E. coli A t6A
Met;? Rabbit livér A .t6A
ThrtV . E. coli A 2
TyrVt - Rat liver U 92
Tyrvi Silk worm U _ t6A

References:

'FEBS Let. 46(1), 268(1974).

11Biochem. Biophys. Acta 247, 170(1971).

*11proc. Nat. Acad. Sci. 67, 1448(1970).

lvProg. Nucl. Acid Res. Mol. Biol. 12, 49(1972).

V3. Biol. Chem. 247(20), 6394(1972).

ViBiochimie 56(5), 787(1974).

VilNature 263, 167(1976).
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appropriate nucleosides in hypermodified~deficient tRNAsls'lg.

iGA and msziGA are known to be derived from adenosine (with

ms2i%a being synthesized from iGA)20’21'22, and t°a is

thbught to be derived from adenosine23'24. yW on the other

hand, is believed to'originate from a guanosine residuels'

48’49. (In this regard, notice in Table I, that yW-type
nucleosides are found only in tRNAs specfic for phenylala-
nine.) Léter it will be seen, that it is important that
we keepvin mind these origins‘of the hypermodified nucleo-
sides, as one approach in gaining further insight into the
functions of these bases, will be to ask ourselves the

question, - why were theboriginal nucleosides adjacent to

the anticodon not sufficient for the tRNAs' functions?

(C) Biological Significance of Hypermodification -

aExperiménts with tRNAs and Protein Synthesis

.- As in all scientific endeavors, it is esseﬁtial that
we familiarize ourselves with the past work of others, and
in the case of hypermodification, it is'peculiarly'impor-
tant that we do so. The striking occurrence in tRNAs seen
above, reflects only a small portion of the literature of
these bases; the more important segmént comprisesvthose ex-
periments which demonstrate a biological function of the
hypermodifications. Acquaintance with these findings
clearly indicates fhe need for further investigationé, and
oftentimes sets the directions for these studies. This

section briefly describes the eXperiments that plainly

15



show a biological significance of the hypermodified bases,
and that, in doing so, set the basis for the studies des-
cribed in this dissertation.

It has been observed by several authors, that tRNAs

deficient in their proper content of i6A or mszisA, are

less efficient than the normal tRNAs in in vitro protein

synthesis, or polymer directed polypeptide synthesis.

Fleissner, in 196725, found that an undermethylated E. coli

tRNAPhe performed the transfer of phenylalanine into poly-

phenylalanine more slowly than normal tRNAPhe. He also

found this submethylated tRNA to bind less efficiently to
ribosomes and.synthetic mRNAs. Presumably i6A-was in place

of msziGA (see biosynthesis references). Faulkner and

26 he

Uziei'in 1971"" determined that E. coli trNAP , containing

anrmsziGA residue which was modified by treatment with tri-

ibdide, did not function in polyphenylalanine synthésis.

Thiosulfate treatment reversed the I3 modification, and the

tRNA's activity was thereby restored. Kitchingman et al.

27 he

in 1976%°, showed an undermodified tRNAP from relazed con-

trol E. coli to be only 60% as efficient in poly U directed

polyphenylalanine synthesis. Here also, iGA had replaced

mszisA.

"Binding assays using ribosomes and synthetic polymer

messages have also been found to depend upon the content of

ms2i®a and i®A. Fittler and Hall in 19662° modified the i°a

Ser

residue in yeast tRNA with I;, and found the change to

interfere with the binding of this tRNA to the ribosome-

«



mRNA complex. Similarly, Furuichi et al. in 197029, found

that when the iPA in yeast tRNATYT was modified by bisulfite,
there resulted a decrease of the ability.of the tRNA to bind
in ribosomal binding assays. Stern et al. (1970)30 esta-
blished that methyldeficient E. coli tRNATP® exhibited a
marked reduction in ribosomal binding to poly U.

The most convincing and perhaps the most ideal experi-
ments however, were performed by Gefter and Russell in
196931, when they were able to isolate three forms of a sup-
pressor tRNATYT from E. coli. The forms differed only in
their content of hypermodification, and contained the resi-
dues A, iGA, and msZiGA, respectively. The tRNAs were
found té differ markedly in their abilities to support pro-
tein synthesis in vitro, with the abilities ranking with

the extent of modification, as msziGA>i6

A>A. Likewise,
the same trend was found in their ability to bind to ribo-
somes. These results are undeniable, for the authors
possessed excellent experimental controls. The tRNAs were
modified in only one residue, as opposed to the methyl-
deficient tRNA experiments, and the change in the hypermod-
ification was to a biologically relevant lower level of
modification, and not, as was described above, a chemical
treatment that produces derivatives not normally found in
t.he_tRNA. Furthermore, the authors demonstrated large
differences in both in vitro protein synthesis, and riboso-

mal binding assays.

If this listing seems lengthy and overwhelming, then
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the reader hasafeeling for the breadth of facts which suggest
'a biological funcﬁion of mszisA and‘iGA. Moreover, there
exists a corresponding number of reports which associate a
similar biological significance with yW and t6A. While a
discussion of these in the manmer of those above is unneces-
sary, it behooves us to briefly summarize the results, and
reference those who have laid the groundwork for this

present study. )

The base portion of the yW nucleoside can be Selecﬁ-

he by a mild treatment

ively cleaved off of the yeast tRNAP
with acid. After this treatment, the yW can be replaced
with other analogues such as proflavin. Several workers
have found the resulting various types of yW deficient
tRNAs to be less efficient in polypeptide synthesis and/or
show reduced binding in ribosomal assays (Thiebe and
zachau (1968) 3%, Ghosh and Ghosh (1970) >3, Wintermeyer
(1971) 34, and odom et al. (1974)3%). Yoshikami and Keller
made a minbr change in the o, yW of tRNAPhe in wheat germ,
and found a reduction in polyphenylalanine synthesis36.

Grunberger found a o,yW deficient tRNAPhe from a rat liver

2
hepatoma to be less efficient in ribosomal binding'assay537.
Experiments delving into the significance of t6A havé,
been slower in coming, but recently, Miller and Schweizer38,
and Miller ét al.39 isolated tRNAIle from E. coli which was
deficient in tGA. Here again the polymer directed ribosomal
binding was significantly less than with the normal tRNA.

In addition, it is important to mention, that in all
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of these studies, with tRNAs deficient or changed in their

content of hypermodification, the aminoacylation of the

- tRNAs were affected little if at all by the changés, as op-

posed to the large changes observed in the binding or
transfer reaction. (See also references 40-43).

It would be more than just a little biased if we were
not to include the conflicting evidence uncovered by some

workers. Litwack and Peterkofsky44 engineéred a mixture of

. Lactobacillus acidophilus tRNAs that was 50% deficient in

.iGA. They found no effect upon in vitro protein synthesis

caused by this reduction. Kimball and $811%° found tmnafPe

from Mycoplasma, which has mlG instead of a yW type base,
to be completely functional in polyphenylalanine synthesis.
These reports are few in number. However, we can not simply
dis‘count them, as they ihform us that the picture perhaps
is not as clear as we suspect. Nevertheless, we choose to
ride “the crest of the cbservations in favor of a biological
significance of the hypermodifiéd‘nucleosides, and forge on.
Ha&ing seen that polypeptide synthesis and ribosomal
binding were impaired by a loss of hypermodification, some
workers turned to less compliéated systems involving tRNAs,
in order to probe the effects of these bases. HOgenauer et

46 Met

al. in 1972°°, found that yeast tRNA - "f bound the trinucleo-

tide complementary to its anticodon significantly stronger

than did E. coli trva™e . Both tRNAs have identical anti-

codons, but the E. coli tRNA has only an A residue adjacent

- to the anticodon, whereas the yeast tRNA has a tGA. In a

19



47 studied comblexes'between

different light, Grosjean et al.
tRNAs with compiementary anticodons. They report a special
stabi;ization of the complex due to the yW base of up to a
factor of seven over the stability of a similar complex of
trinucleotides. Thus, as with the ribosomal binding assays,
these binding experiments also showed an effect, due to
hypermodification, upon the 'codoﬁ'-anticodon'interactioh.

" We close this section witﬁ very definite impreséions-
of the importance of these hypermodified nucleosides. It
is almost beyond a douwbt now, that they indeed perform some
function which alters the characteristics of the transla-
tion step in protein synthesis. With few exceptions, the
presence éf these bases has been demonstrated to affect in
vitro polypeptide synthesis; This effect, at least in part,
is due to a more efficient binding 6f the tRNA to the

ribosome-mRNA complex.

CIII. A Need for Modification?

 Aside from_the observed effects of the presence of the
hypermodifications as seen in the last section, we may gain-
fully speculate about possiblé roles of the bases in tRNA.
A brief look at some of the aspects of the anticodon~codon
interaction suggests that there may exist the necessity for
hypermodification, in order for protein synthesis to be ad—
curate and well regulated. In this section we will discuss
three rather obvious possibilities for a hypermodification's

role in aiding the necessary progress and outcome of the



codon-anticodon interaction.

@) An Anticodon 'Quartet'’

One of the simplest roles that hypermodifications may
play is to prevent the formation of a fourth base-pair be--
tween the tRNA and mRNA (which would result in a kind of a
51-53

4

'frame shift' error). This has been suggested by many

and stems from the fact the hypermodification replaces one

- of the possible hydrogen bonding protons of adenine in the

case of £6A, i6A, and mszisA (see Figure'l). Although

there remains a hydrogen on the N6 which could conceivably

pair with a U, x-ray studies of crystals of the bases and
| 51-56 6

-nucleosides rule this out . They indicate that in t A4,

6 2.6

i’A and ms“i A, the side chain(s) invariably is in a position

relative to thé ring that would prevent base-pairing. Like-
wisé,'the-strucfure of avyW type base has been determined57,
and it is not too difficult to visualize the interference
with normal base-pairing.

However, then we must entertain qﬁeStions of the sort:
i) why are there several tRNAs with no hypermodifications?,
ii) why would such an elaborate modification be necessary
just to eliminate_base-pairing?, and iii) why aré there not
hypermodifications on the other side of the anticodon trip-
let? These questions make it seem unlikely that a hypermodi-
fied base's only role is to prevent base-pairing in that

position. Let us also consider two other possibilities.

21



22

(B) Wobble
An interesting‘body of literature deals with the sug-
_gestion»fhat the role of t6A is to prevent wobble on the

3" side of the tRNA (references 58«60 and those about to be

fMet fMet

-discussed). E. coli tRNA and yeast tRNA possess

identical anticodon triplets, however the E. coli tRNA
lacks t6A whereas the yeast tRNA contains t6A (see Tables I

and II). Dube et_al.61 showed that both AUG and GUG are

‘read by E. coli trnatMet, whereas Stewart et a1.%? found

fret read only AUG. Ribosome binding

aSsaYs by Takeishi et al.63 exhibited similar trends. The

that the yeast tRNA

E. coli tRNA bound AUG and GUG to the same extent, whereas

the yeast tRNA preferred AUG. A comparison between the E.

coli tRNATM®Y ana E. coli trNA™®® (which contains t°a) sup-
ported the same idea64. tRNAfMet could initiate with poly

rUG, however the tRNAMet could not read this and thus no

methionine was incorporated. Unfortunately, the trimer
binding both with and without ribosomes generally produced
conflicting results46’63'65_67. Because of this, and of

the fact that these experiments are really observations and

not explanations, it is useful to view the wobble story in

s.\

the following way.

Figure 3 illustrates the tRNA—mRNA interactions which
afe allowed by the genetic code and the concept of wobble68.
As is indicated, wobble is only allowed on the 5' side of

the anticodon triplet (the third letter of the anticodon

or codon). The lower portion of the figure demonstrates



Figure 3: tRNA-mRNA interactions which are allowed by the genetic code and wobble.
Pictured are the anticodon arm and triplet, and the codon triplet in a
strand of mRNA. Solid lines indicate Watson-Crick base-pairs; dashed lines
indicate wobble base pairs. X and Y are two complementary bases. Wobble
is only allowed on the 5'~side of the anticodon triplet.

14
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Vthat only Watson-Crick pairing is allowed in the first
letter (3' side of the tRNA) of the codon and anticodon.
Therefore, the anticodons 5'-XXG-3' and 5'-XXU-3', pictured
at a slant, cannot interact with the lower codons.

The wobble hypothesis states i) that the anticodons,
5'-AXX~-3' and 5’-GXX—3', must belong to tRNAs which transfer
the same amino acid, and ii) that 5'-CXX~-3' and 5'-Uxx-3' |
must beloxig to tRNAs which transfer the same amino acid.

The available data bears ii) out (see Lys tRNAs and Gly
tRNAs in Tables I and II); however, no 5'-AXX-3' anticodons
have been found, and hence i) has not been as yet verified.

On the other hand, the anticodons 5'-XXA-3' and
5'-XXG-3' are found not to belong to tRNAs which transfer
the same amino acid (e.g. see Phe and Leu tRNAs in Tables
I and II). Likewise, the énticodons 5'-XXC~-3' and 5'-XXU-3'
do not belong to cognate tRNAs (see Arg and Gly:; Ile and Val;
and others in Tables I and II). Thus, the 5iXXG-3' and
5'-XXU-3' anticodons pictﬁred cannot interact with the mRNAs
in the lower portion of Figure 3.

The important point to notice is this: for some rea-
son(s), simply a change in the order of the codon letters,
e.g. 5'-UYY-3' to 5'-YYU-3', results in the inability of a
wobble base-pair to form. If we assume for the moment that
this change in letters does not change the properties of the
mRNA, then we must look to the tRNA for the asymmetry of
structure and properties which produces this position selec-

tive wobble. (This seems like a reasonable. assumption, un-
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less one invokes the ribosomes to produce an asymmetric
codon reading triplet. However we must remember that se-
quence isomers of even dinucleotides - e.g. UpA and ApU -

often have very different physical Prépertie569'72.

)
We cannot attribute this asymmetry to a special order-
ing of the sequences in tRNAs, for we can find examples of

mirror image anticodon triplets (5'-XYZ-3' and 5'-ZY¥YX-3')

for tRNAs (compare E. coli Val 1 and Met tRNAs; E. coli
Glu 2 and Sacc. C. Lys 1 tRNAs) - one of which will wobble
and the other that cannot. For any asymmetry then, we must
look to the bases on either side of the anticodon triplet.

Following this notion, the wobble allowed on the 5'°'
side of the anticodon may perﬁaps'be expléined by the con-
étént occurrence of a pyrimidine (almost exclusively a U
residue) immediately adjacent to the 3rd letter of the anti-
codon (see Tables I and II). It is well documenéed that the
pyrimidines, and in particular U, show the ieast tendency of
the four regular bases to stack69-72, and thus a flexible
linkage at this point in the tRNA may allow thé 'mispairing’'
of wobble’3,

On the other hand, in almost no case do we find a U or
C adjacént to the first letter of the anticodon. This
alone, without invoking hypermodification, accounts for a
significant asymmetry. We do not always observe a hypermod-
ified base in.this position. However what we do find, as

was mentioned in section II B, is the occurrence of t6A ad-

jacent to almost every first letter - when that letter is a

25



U. It is now important to remember as above, that a UpX
linkage is relatively flexible; and hence that the t6 modi-
fication of A may be nécessary to.prevent this flexibility.
and the resultant probable mismatching.

.This speculation is useful, and that will be
readily apparent in the next chapter. While it is a possible
explanation for the observédrfacts, it‘éays nothing about
the role of the other hypermodifications. I£ is also con-
ceivable that the other hypermodified bases play a role in

preventingwobble59

, although devising such a simple picture
as that above is'not as obvious. For now then, we will
close this discussion simply with the thought that hyper-
modification may very well be needed to prevent incorrect

wobble. Let us turn to one further possibility for the

necessity of hypermodification.

(C) Regulation

-, One might suspect that it would be desirable for trans-
lation to be regulated as is the whole of protéin synthesis.
More specifically, this thinking could be extended naively
to the codon-anticodon interaction. If the different amino
acids are to be incorporated at a uniform rate into the
~growing peptide chain, this would require the codon-antico-
don interaction to proceed with the same efficiency from one
codon to the next, and from one tRNA to the next.

Without at this time delving.into the dynamics of

double helix formation, we can say that the equilibrium
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Chapter 2
THE DESIGNED APPROACH

I. Preface

‘'The foregoing chapter contains the observations.
Aside from somevvery brief speculations in section III of
that chapter, it contains only the observations, and not the
explanations. At this time there are no molecular explana-
tions for the functions of the hypermodifications. Indeed,
some of the functions themselves are quite possibly'unknown.
Nor’will this present chapter offer explanations. What will
be put forth here are the hypotheses adopted to encompass
the observations. More importantly, these hypotheses will
guide us in the investigatidn of new observations. Hope-
fully thué, the careful choice of hypotheses will suggest
manageable expefiments which will test these hypotheses, and
ideally confirm them. |

We would liké to define and explain in molecular terms
the function(s) of hypermodifications. It should be obvious
that only observations made on a molecular scale can lead to
ﬁhis understanding. Thus for instance, until we comprehend
the dynamics of protein synthesis on the scale of molecular
interactions, the in vitro protein synthesis assays of the
'function' of hypermodifications (discussed in Chapter 1)
will not yield molecular explanations. Of course, one can
argue that we -understand little even of the mononucleotides

(or of the atom for that matter). But, it will be my con-



tentidn»that we must study the smallest scaled system in
WHiCh the effects of thé hypermddifications are Still evi-
dent. "The experiments.on the grander scales (e.g. in this
case protein synthesis experiments) will then serve to test

the hypotheses formed by the findings of these studies.

II. The Hypotheses

" The hypotheses we formulate must reflect these ideas.
We must attempt.to choose the most precise postulate which
is consistent with £he observed facts, so that only the
Very‘specific'of new observations can test it. Othérwise,
the new experiments may not in reality'test the hypothesis;
they ' may again only be consistent with a vague all-encompas-
sing postulate.

"The attainment of this type of ideal hypothesis, in
which the suggested experiments essentially.yiéld a yes of
no answer concerning the validity'of the postulate, may in
practice be very difficult. However, we can avoid hypothe-
ses such as: i) the hypermodification is "essential for the
conformation of the anticodon loop and the formation of an

56

anticodon-messenger-ribosome compiex" , and ii)‘the hyper-

'modification "promotes .a Single stranded conformation for

the anticodon loop"sl.' While these statements may in fact

be correct, they are too ambiguous and do not lend themselves

well to experimental testing. With all of these things in
mind then, let us now design the approach to the problem.

In the case of the possibility of several functions of

~
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‘the hypermodifications, the desirability of a precise hypo-
thésis compels us to limit our visién at first to a single
function. Thus, for a first approximation for these basic
studies I will ignore the possible effects of the ribo-
sonmes, although some believe a function(s) of the hypermod-
ificétion is linked to them>2¢76, I will ignore the

' possibility of a function brought about by the chemical
reactivities of the hypermodifications76. Finally, in this
thésis I will not attempt to deal with the anticodon quartet
hypothesis (see Chapter 1, section III A). That there even
exist functions aside from tﬁese that I am bypassing seems
evidént from the trimer binding studies in the.absence of
the ribosomes (see again Chapter 1, section'II C). In these
studies, in spite of the absence of ribosomes, detected
chemical reactions, or a fourth base-pair, an effect due to

46,47. We

the presence of the hypermodifications was found
then set our directions on the study of the effect of the
hypérmodifications upon the isolated phenomehon of the mRNA
trimeﬁ—tRNA ihteraction.

Just a glance at the literature however‘quickly re-
veals the true complexity of this interaction, and the
difficulty in the measurement of its characteristics46’65—67.
An attempt to understand the differences (bréught on by the
hypermodifications) in these characteristics therefore
appears unlikely by the direct study of tRNA-trimer binding;

Here arises the second reason for working on the smallest

scaled system which exhibits observable differences (see the



pfeface of this chapter for the first reason). By studying
smaller.systems in which aﬁ effect is still evident, the
measurements becéme much easier and more interpretable.

The smaller system in this cése will be the isolated
tRNA molecule. The structure of the anticodoh,lodp and mRNA
trimer, aﬁd'the stability of these structures, will determine
theIOutcome of the interaction between them. We will begin
by aésuming that the hypermodification on the tRNA does not
alter the st:ucture of the mRNA trimer during this inter-
action. Thereby, we ¢an focus our attention on the struc-

ture and energy of the anticodon loop.

X-ray studies on crystals of yeast tRNAPhe

us -information about the anticodon lbop77-79. The important

have given
pointS'to mention are the following. The various studies
were not performed at a resolution sufficient to give repro-
ducible details around the hypermodification (the yW base).
Furthermore, the loop is thought to be flexible in solution
aﬁd perhaps in a different conformation than in the Crystalso,
Fihally, x-ray tells us nothing about the relative stabili-
ties or energies of the wvarious linkages in the loop. In
short, the x~-ray data has yielded little information concern-
ing the hypermodificétion's function. Aside from some
sﬁccess in the case of the fluorescent yW baseso, solution
studies of intact tRNA molecules have also been unable

to yield good information concerning the structure around

the modifications, or of their effect‘upon the properties of

the anticodon loop (see for instance reference 81).
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It is clear that onelmust look to even émaller systems
for the molecular information. In following with this
realization, I have chosen to study the properties of the
smallest unit of the tRNA containing the hypermodification
which still exhibits the characteristics of a polynucleo-
tide - the dinucleqside monophosphate. There is of course
no guarantee that the dimers containing the hypermodifica-
tions will show different physical characteristics than
vtheif unmodified counterparts. More importantly, in looking
at such small molecules I have sacrificed the assay of
biological function (e.g. - thé trimer binding assay). But
I will cqntinue with the thinking that the structure and
ehergies of biomblecules dictate their function, and thus
that knowledge of the former informs us of the latter..

"This now brings us to the working hypothesis which I
chose in the beginning of this study: Through their stacking
interactions with the first letter of the anticodon triplet,
hypefmodifications function to lock the terhinal AU base-
palr into a correct reading frame, thus promoting mRNA bindF
ing, eliminating wobble, and perhaps regulating translation.
This kind of idea is not new32:38/39 ' wnat this particular
formulation offers however (although it is still rather
unfoftunately vague), is the suggestion of expefiments to
perform which will test it. Since dinucleotides exhibit
polymef-like characteristics with regard to intramoleculér
stacking, the dimers containing hYpermodifiCations should

exhibit different and in factvstronget stacking interactions
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than those without. If not, then we must revise our hypo-

thesis; but in so doing,'we will have learned something about

the function. The real supposition here is that khowledge
6f the structures and energies of the dinucleotides will

yield information as to the function(s) of hypermodifications.

III. The Dinucleoside Monophosphates

The specific nature of my hypothesis requires that the
dinucieotides we choose be those which contain the first
letter of the anticodon triplet and the hypermodified base.
I will not in this fhesis delve into theApropefties‘of the
othéf possible dinucleotides containing hypermodifications.
Thus the molecules XpH) where H is the hypermodified base
and X is either an A or a U, will be studied. The dimers
HpZ, where 7 has so far been found tQ'be‘only an A residue
in the tRNAs (see Tables‘I and II), will not be investigated
" here. | |

I-desire then to examine the properties of the follow-
ing dinucleoside monophosphates: UptGA,vApiGA, ApmszisA,
and ApyW. Unfortunately, because of the complexity of pro-
tecting the side chain of yW, the synthesis of the ApyW
dimer through chemical means is not practicai by present
day methods (see Chapter 3, Section I E). Even thé‘nucleo-
side YW is difficult to obtain4. And.since itvoccursAin
only one of the'many species of tRNA (Phe), it seemed un-
reasonable to attempt to obtain the dimer by means of a de-

gradation of that tRNA (e.g. see in Chapter 3, Table I which
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.giveé the amount of bulk tRNA requiréd for the obtainment of
-UptGA, which occurs in severai of the species of tRNA pre-
sent) . Becausevof these reasons, the properties of ApyW
were'not investigated. However, the properties of the di-
nucleoside'phosphate ApeA have been examined, where gA

(l—NG-ethenoadenosine)82

is pictured in Figure 1. €A is a
synthetic compound not found in tRNA. It is however perhaps
the closest synthetically obtainable model of ywW (cbmpare'
with yW in Figure.l of Chapter 1 - Actually, it is a closer
model to W, a derivative.of yW which lacks the large side
chain4). Hence, we may through this modei compound learn
something about the propertiés of dinucleotides’chtaining_
yW or its derivatives.

"In addition to UpvtsA, ApisA, ApmsziGA, and ApeA, the
unmodified counterparts UpA and ApA Have been studied. Also,

in order to characterize the dinucleotides, the pertinent

properties of all of the component monomers have been examined.

IV. The Experiments to Perform

Again, the nature of.the hypothesis suggests Very de-
fiﬁite experiﬁeﬁts to perform. If we desire to learn of the
'stacking' interaction we must choose those techniques
which will monitor this interaction. Since stacking is in-
deed a dynamic equilibrium, we must look not only at the
static properties, but also at the prbperties as a function
of the position of the equilibrium.

We further desire to study the stacking interaction as
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Figure 1l: The synthetic nucleoside €A.

HOCH

OH OH
€A |

1, N6 -ethenoadenosine
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an isolated event, and will therefore work at concentrations
low enough to avoid intermolecular effects. These more or
less 'physiological' concentrations demand the sensitivity
of spectroscopic techniques. Consequently, the optical ab-
sorption, circular dichroism (CD), and high resolution NMR
properties of the dimers in solution have beén studied.
(Due to a lack of crystals of the dinucleotides, no x-ray
data were obtained. Even if the crystals and expertise
were available for an x-ray analysis, it is not clear how
the packing and intermolecular forces would affect the ob-
served structure.) Since the equilibrium of the stacking
is very temperature dependent, the spectral characteristics
of the dimers have been obtained as a function of tempera-
ture. Thus, we can begin to talk about the structures and

relative energies of the dinucleotides.

V. Summarz

In this, the most important of chapters, we have pro-
gressed from the observations to the hypothesis and finally
to the approach chosen to test the hypothesis. I have em-
phasized the desire for a molecular understanding of the
function of the hypermodifications, and in so doing have
scaled the system down to the point of very basic molecular
interactions. I have also emphasized the advantages of a
precise hypothesis, and as a result have chosen very pre-
cise experiments to perform on a well-defined series of

molecules. This approach has in a large part derived from



39

‘the belief that the physical chemistry of small biomole—
cules can lead to an understanding of the biological func-
tioning of larger sYstems. Thus as the title of this
dissertatibn states, we wil% how attempt to learn about the
role of hypermodified bases in tRNA by studying the solution

physical properties of dinucleoside monophosphatés._
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Chapter 3
PREPARATION AND PURIFICATION OF MONO- AND DINUCLEOTIDES

I. Techniques

(A) Glassware

Glassware was routinely cleaned in L.0.C. detergent
and in ordinary cleaning solutions when necessary (sodium-
dichromate-sulfuric acid or aqueous ethanol-sodium hydrox-
ide). This was followed by drying in Precision Co. ovens
"at approximately 200°C. Sterile polypropylene tubes and
vials (Falcon) were used and then discarded or éleaned in
a similar manner as the glassware above. Pblyproleene
fraction collector tubes (Gilson) and Teflonware were cleaned

as the glassware, and dried in lower temperature ovens.

(B) Chromatography

(i) Column Chromatography

 Columns were, in general, buret-style cylinders with
teflon stopcocks and fittings for teflon needles. They
were packed with sterile glass wool (v1 cm high), fdllowed
by acid-washed glass beads (Schwarz/Mann 900806, ~1 cm high),
and then followed by the resin, under flow.

.Resins included both ion-ekchangers and gels. DEAE
A-25 Sephadex (Pharmacia) was the only ion-exchange resin
used. This resin separates mostly on the basis of charge,
but also shows differential affinities for the various bases

(e.g. see Figure 1l). Chelex-100 (Bio-Rad), a chelating resin,
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was used for removing divalent cations. Bio-Gel P-2
(Biq—Rad,.SO - 100 mesh),va sizing gel, was used for de-
'saiting. (The desalting is very efficieht with dimers, but
much less so with monomers.) Sephadex LH-20 (Pharmacia) is
an affinity gel fér lipophilic groups.. Thus, it proved to
be Gery effective for the separation of modified and unmod-
ified molecules having the same ionic charge. All were
equilibrated, packed, and cleaned according to the manufac-
turers' instructions. Degassing, in ayPregision Co. vacuum
oven, of_equilibrated resins was performed prior to packing
of columns to be run at low temperatures (cold room at 4°C).
Eluents varied of course, depending upon the resin
used. Distilled water was used alone with Bio-Gel P-2 and
Chelex-100. A mixture of ethanol and water was used for
‘elution with Sephadex LH-20 (33% v/v of 95% EtOH/HZO). By
farwthe most common column run was the ion—éxchange DEAE
A-25 ‘Sephadex resin, using a salt solution as the eluent.
In:all these cases, the salt chosen was triethylammonium
bicarbonate (TEAB). This is a volatile salt, which under
reduced pressure forms triethylamine (TEA) and carbon diox-
ide (this is enhanced in the presence of methanol), and
hence simplifies greatly the desalting of column fractions.
In order to prepare the TEAB solutions, TEA (Aldrich,
13, 206~3) was glass distilled with a Vigreux column over
Molecular Sieve (Linde, 13X) at atmospheric pressure (heat
controlled by a Gias-Col mentel in conjunctién with a Power-

stat regulator). In the case of a column run as a final



ste? in a purification,'this distillation was repeatéd up
to fivé times. 1'g solutions of TEAB were prebared‘by'dis-
solving 139 ml of TEA (p=0.7255_g/ml, MW=101.2 g/mole) in
cold water by extensive bubbling of_CO2 from dry ice. Bub-
blfﬁg was coﬁtinued until the pH was ~7.5, at which point
the TEA was essentially all in the form of the aqueous salt.
Molar solutions were generally prepared shortly before a
columh run, but were stored cold if not used immediately.
TEAB'columns reQuiringvlong times were run in a cold room,
as the volatile salt will evaporate, forming bubbles in
columns, and changing the salt concentration and often the
pH as well. Solutions left cold for later use, and all those
made by dilution of stock solutions, were purged with CO2
again before elution, until a pH of at least 7f5 was obtained.
Thus; all DEAE A-25 columns were run at pHVT.,

-Y”All eluents were applied to the top of the column,
utilizing closed system siphoning from a reservoir with
1/8" flexible plastic tubing (Tygon). Reservoirs included
both single bottle reservoiré and gradient reservoirs. Salt
gradients were used only with DEAE A-25 Sephadex columns,
and were simply comprised of two beakers or two flasks
(of the same dimensions - all gradients were linear), con-
taining the extremes 'of'the salt concentrations desired,
and connected via a gléss U tube. Drainage to the column
was. always from the vessel with a lower salt content, and
the two salt concentrations were mixed by magnetic stirring

(Thermolyne). A few columns were run under higher pressures
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than could be obtained by raising the reservoirs. In these
cases, a péristaltic'pump was used (Gilson Minipuls II).
The eluate from all column typés was fractionated by
automatic fraction collectars (Gilson VFC, or Micro Frac-
tionator FC 80L). Fractions were collected either in poly-
propylene tubes in the case of the VFC (15 ml capaéity, 200
- 400/spool), or in glass tubés when using the micro col-
lector (10 ml capacity, 80/rack). Monitoring of fractions

was performed by measurement of UV absorption on a Cary 15.

(ii) Paper Chromatography

While column chromatography was the most often used
separation technique for preparative purposes, paper was
alSO‘OCCASidnally uséd for large scale separations."hore
‘freqUently however, paper was used for analytical separa-
tions of degradation and identification assays. Chromato-
graphy paper (Whatman-3ﬁ) was cut into 20 x 57 cm strips and
attached to glass racks made to order (glass shop). Concen-
trated samples and markers of a few pl were applied'to a |
region near the top of the paper, in either spots or
streaka,-depehding upon the size of the samp1e83»(using Drum-
mond disposable Microcaps).v For a descending elution, the
tops of the racks were placed in glass or metal trays con-
taining the eluent (100 - 200 mls), and thése were set in
chromatography tanks (either made by the glass shop or Dohr-
mann) preequilibrated with the ?apor of the eluent.

Eluents were ﬁost often mixtures of 95% ethanol and
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3, after elution, the papers

_ivg‘ammonium acetate.(pH 7y8
wefe,removed from the tanks, air dried in a hbod, and then

' monitored with a UV lamp (Mineralight UVS-12). When collec-
‘tion of the samples was desired, the resulting spots were
cut out,-and a preliminary desalting step was performed by
repeatedly washing the papers in a tray of 100% ethanol, |
followed by a rinée of ethyl ether to facilitate drying.

The papers were then rolled and placed into plastic spin

thimbles (Reeve Angel), and these were placed in 12 or 15 ml

centrifuge tubes. They were SuccessiVely washed with ~v1/2 ml

2
tube (International Equipment Co. clinical centrifuge), until

of H,O, and the sample was spun down into the centrifuge

no UV absorbing material remained on the paper (v5 - 10 times).

"(C),EVapbrations'

‘. Pooled column fractions and paper washes were evépora—
ted with either a rotary’vacuum evaporator (Blchi/Rinco),
for larger sample volumes, or a shaker vacuum evaporator
(Buchler 3-2100), for‘small samples. Both were used in
conjunction with a Vacqporr 20 pump, and a dry ice-methanol
trap. .The rotary evaporator also utilized a preliminary
ice water trap. After evaporation of TEAB containing
pools, methanol was repeatedly added and evaporated until
no salt crystals remained, or until the odor of TEA was un-
detectable. Careful heating was someéimes'used to ease the
evaporations, and waé effected by the built in heat bath in

«

the shaker, or by a water bath (Corning hot plate) with the

!
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b_rO£afy evaporator.

Frozen samples of various volumes could be evaporated
with a freeze dryer (Thermovac). A Duo Seal vacuum pump
(Welsh Sdientific) was used with an additional trap of ab-

solute ethanol cooled by a CryoCool cold finger (Neslab).

(D) Degradative Assays

Enzymatic and chemical cleavage of phosphoester bonds
'in nucleotides and dinucleotides were performed as an aid
in identifying their sizes and compositions. These deg?a-
dations were also carried out for preparative and quantita-
tive reasons, but those procedures will not be covered in
this éection. |

*‘Phosphomonoester bohds of nucleotides were cleaved by
the action of bacterial alkaline phosphatase (BAP) (Worth-
ington 3.1.3.1 (E. coli)). The enzyme solution was pré-
pared by dialyzing the Worthington solution_against'lo mM
MgClz, 0.1 M NaCl (both Mallinckrodt), and 10 mM tris-HC1l
(Sigma/Allied) (pH 8)83. The sample was shaken down.or ly-
opholized to dryness in a conical tube, whereupon for a
sample of 2 - 3 mg, 50 ul of Q' buffer (25 mM MgClz, lvg
NaCl, and 0.5 M tris-HCl (pH 8.2)) and 15 pl of BAP were
added (smaller samples were scaled accordingly), thé tube
sealed with Parafilm, and the mixture incubatéd'at 37°C for
3 hours (Precision Scientific Co. incubator 66648). The

sample was then shaken down and spotted on paper with

markers.
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- The phosphodiester bonds of dinucleosidé monophos-
phates could be cleaved with several agents. Snake venom
phosphodiesterase (svp) (Worthington 3.1.4.1 Phosphodiesé.
térase I) was used when the desired products were the
nucleoside on the 5' side of the dime; plus the 5' nucleo-
tidé (X + pY from XpY). 'Boviqé spleen phosphodiesterase
(BSP) (Worthington 3.1.4.1 Phosphodiesterase II) was uéed
to obtain the products Xp + Y from XpY. Degradation using
simply NaOH also yielded the products X>p + Y (X>p here
' being the 2' - 3' cyclic phosphate).

- The SVP assay was run with a 1 mg/ml enzymé solution,
0.5 M ammonium formate (Eastman) (pH 9.2), plus a sample of
5 mg/ml in water;‘with a ratio ovaolumes of 5:5:184. The
mixture was sealed and incubated at 37°C for 24 hours.

lThe entire contents of the BSP vial (wio - lS.Worthing,
ton units) were added to 1 ml of H20. For the assay, this
solution was mixed with 0.25 M sodium succinate (Eastman)-
HCl1 (pH 6.3), substrate at 5 mg/ml, and water, with a ratio
of volumes of 1:2:2:4. This was incubated at 37°C for 24
hours.

The OH degradation was performed by adding 5 M NaOH
(Allied) to a 5 mg/ml solution of.sample in thé ratio of
1:10. Again, this was sealed and uncubated at 37°C for 24

‘u

hours.

(E) Chemical Synthesis of Dinucleotides

'The synthesis of dinucleoside monophosphates contain-
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ing[hypermodified bases was performed according to a
procedure by Follmanas. This procedure entails the conden-
satidn of a protected 3' nucleotide with an unprotected
nucleoside usingvdicyclohexylcarbddiimide.(DCC).- As a re-
sult of using an unprotected nucleoside, a mixture of phos-
phodiester isomers is obtained. Fortunately, the 3'-3' and
3'-2" isomers are formed in smaller amounts than the de-
sired 3'-5' compound; and more importantly, the-former’
isomers are preferentially hydroiyzed upon treatment with
methanolic ammonia.. A short synopsis of this procedure
.will.be presented here, as the experimental details differ
slightly from those of Follman's.

Dry pyridine was prepared by careful distillation of
reagént grade pyridine (Mallinkrodt, 7180) with practical
grade éhlorosulfonic acid (Eastman, P669) (set up as with
the TEA distillation), followed'by distillation over spe-
cial ‘reagent grade KOH pellets (MCB, 11170) with a calcium
hydride (Alfa Products, 19111, -4+40 meth) drying tube. It
was then tightly sealed and stored over molecular sieve
(linde, 4X).

In order to ensure that little if any H20 was present
in the reaction mixture, the appropriate'amounts (see fol-
lowing sections) of protected nucleotide and the hypermod-
ified nucleoside were rendered anhydrous by repeated
evaporation with dry pyridine. This was performed in a
hood, utilizing the'rétary vacuum evaporator with a 50 ml

round bottom flask (%$14/20). The usual preliminary ice trap
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Wasfby-paSSéd) and the dry ice-methanol trap was replaced
'withia liquid N2 trap to prévent ekcessive_contamination of
the‘pump oil with pyridine. Hot water was pumped'through
the evaporator's‘éboling coils, such that the pyfidine was
coll ected only in the LNZ trap.

fAfter fodr.or fivefevaporatiOns'(mlO - 15 ml pyridine
each time), the preweighed DCC” (Aldrich, D8000-2) was added
to the ‘flask. Enough pyridine was added to dissolve the
_bulk;of the reagents (nv5 - 10 ml), a flea stir bar (Tekpfo,
58304-3) was added, and the vessel was sealed with a“§i4/20
stdpper, teflon tape, and parafilm. The flask was pléced
in a beaker, which’was then covered entirely withAalﬁminﬁm
foil, and this arrangement was'placed‘én a magnetic stirrer
(Lab—Line,”1250) insﬁlated‘withftWO'iaYérs of dsbestos
sheets (to minimize heating caused by long hours of stir-
ring); ‘The beaker was further covered with a black box,
and the mixture was stirred at room temperature for 12 -. 14
7“daysf |

At the completion of this time, the reaction wés
stopped by the addition of A5 - 10 ml of H,O0, thus forming
insoluble dicyclohexyl urea from unreacted DCC. This was
filtered through baper on a sintered glass crucible with
suction, and rinsed with more water. The combined filtrate
was’then extraétéd at leastvﬁhreé'timeé with petroleum -
ether (Mallinkrodt, 4980), the pet ether fraction being
discarded. The aqueous mixture was placed in a 100 ml rb

flask (®14/20), and evaporated to dryness using the same
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assémbly in the hood as described above. To the resultant
fiimzwas added N35_ml of cold methénolic ammonia (MeOH sat-
-uréted'with NH3 gasrat 0°C), and the flask was tightly |
séaled.and left to stand.overnight at. room temperature. -
The NH3'was consequently removed by aspiration, and the
MéOH'remdved using the"rotovap'assembly used for TEAB evap-
orations. The final film was dissolved in H,0 and chroma-
tographically purified. |

11. t®a compounds

(A). Preface.
pt6A and pUptsA were two of the numerous products

formed from SVP digests of crude tRNA, carried out accord-

ing to a procedure outlined by Cunningham and Gray84. A

short summary of‘the digest procedure will be given here,

as some slight modifications have been made, and this will

be followed by a more detailed discussion of the isolations;
beqause they differ markedly from those of the above authors'.

Also described with the isolations, is the formation of

6

UptGA, which was isolated after BAP treatment of pUpt a.

(B) Snake Venom Phosphodieéterase Digest

For this digest, we utilized mixed bakers' yeast tRNA

(Plenum) which was deficient in tRNAPhe and tRNAfMet.

86,87

(S. Freier passed the mixed tRNA through BD Cellulose in ‘

order to isolate tRNAfMet. That tRNA passes through first,

and the remainder of the tRNAs, with the exception of
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tRNAPhg, are reédily eluted with NaCl. 'We'uséd this NacCl

eluate.)

. The enzyme used was the SVP described in section I D
of this chapter. The enzyme:tRNA ratio, and their concen-
trations, were similar;to those used by Cunningham84. The
activity of the enzyme (Cunningham's unit of activity is not
equal to_Worthington's unit) waé determined using the yeast
£RNA instead of rRNA.

To minimiée the size of the chromatography column
ﬁsed, the tRNA was divided, and two separate degradations
were carried out. Table I describes the conditions used.
At the ends of the reaction times, the preparations wére
titrated to a pH of A7 with formic acid (MCB, 5044). .Theyb_
were then, as is described in the next section, chromato-

graphically purified.

(C) Isolation and Purification

The isolation and purification of‘pteA and UptGA can
be most easily described by the Tables II and III. Figures
1l - 5 illustrate some of the representative steps formula-
ted.in these tables. (Volumes of the columns refer to the
lowest salt conditions. After the columns had been loaded
with the samples,‘they were routinely washed (2 - 3 column
vblumes) with the solution they were initially packed in -
i.e. the lowest salt concentration. This removes uncharged
molecules, e.g. nucleosides, from the column.) We will

discuss here only those details of the steps which have not
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tRNA

Enzyme

Buffer
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Conditions for the SVP digestions of yeast tRNA. v

Preparation A

53,000 A units

260

in 250 ml H,0

15 botties*
in 130 ml H,0

125 ml of 0.5 M

Ammonium Formate**

pH 9.2

Preparation B

60,8000 Ase0

in 250 ml H20

units

15 bottles*

in 125 ml H20

same as prep. A

All the ingredients were simhltaneously mixed, and the

preparations carried out in sealed 500 ml polypropylene

vessels at 37°C for 21 hr.

* - 100 Worthington units/bottle or v4 mg enzyme/bottle

*k B&A, #1292 -~ titrated with NaOH



 Table II. Steps in the purification of UptsA; * marks the

*ll.

12.

13.

'14.

" steps which are pictured in subsequent Figures.
See text for further details of certain steps.

Large DEAE A-25 Sephadex column of Preparation A
(see Figure 1)

Large DEAE A~-25 Sephadex column of Pfeparation B.

Small DEAE A-25 Sephadex column of pUptGA from
Preparation A.

Small DEAE A-25 Sephadex column- of pUptGA from

Preparation B. (see Figure 2)

Pool pUpt6A from Preparations A and B.

Paper chromatography in system A?4.

Paper chromatography in system 384.

Remove terminal phosphate with BAP treatment.
Small DEAE A—25 Sephadeg‘column.

Chelex-100 column.

Final DEAE A-25 Sephadex column. (see Figure 3)
Change cation from TEAB+to Na+.,

Bio-Gel P-2 column.

Sephadex LH-20 column.

53



Table III. Steps in the purification
steps which are pictured in subsequent Figures.
See text for further details of certain steps. -

*12.

- Large DEAE A-25 Sephadex column

(see Figure 1)
Large DEAE A-25 Sephadex column

Small DEAE A-25 Sephadex column
Preparation A.

Small DEAE A-25 Sephadex column
Preparation B. (see Figure 4)

54

of ptGA.' * marks the

of Preparation A.

‘of Preparation B.

of pt6A from

of pt6A from

Pool pt6A from Preparations A and B.

Paper chromatography in system A84.

Paper chromatography in system 884.

Chelex—~-100 column.

Final DEAE A-25 Sephadex column.

. . +
Change cation from TEAB to Na .

Bio-Gel P-2 column.

Sephadex LH-20 column. (see Figure 5)
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Figure 2:

DEAE A-25 Sephadex Column of
pUptGA from Preparation B.
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0.4 x 53 cm column (v7 ml)
v1.9 ml/min flow rate '
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First DEAE A-25 Sephadex Column
pt6A from Preparation B.

8 ml fractions

0.4 x 53 cm column (v7 ml)
undexr pressure’

v1.9 ml/min flow rate
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Figure 5:

Sephadex LH-20 Column of

ptGA.

1l ml fractions

50 ml buret column
v0.08 ml/min flow rate
95% EtOH/H,0 (33% v/v)

10 20
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been covered in the Technigues section of this chaptet.

Note in Figﬁre 1 thé tiny amounts of pt6A and pUptGA
relaﬁive to the four major nucleotides. Also note the
relatively good separation of.the complex mixture with only
a‘single column (which can further be seen by the small im-
impurity peaks in subsequent columns, e;g. seé Figures‘é and
4). ‘The identities of pt6A and,pUﬁteA were initially de- |
termined by their characteriétid UV spectra, as well as
with paper chromatography with markers kindlj supplied by
Gray84.  (Gray supplied us with 40 A260 units of partially
burified pUptsA. A portion of this was used for markefs,'
and the remainder was pooled with our pUptGA.) Both p£6A
'and'pUptGA were subjected to the same preparative paper
CHroﬁatography_uSed by Cunningham84.

- For ease of comparison to unmodified dimers, of which
most have been previously studied and characterized, we
chose to remove the terminal phospnate from pUpt6A. The
pUptsA was run through a very small (5 ml) DEAE A-25 Sephadex
column after the paper chromatography, in order to remove
the large amounts of ammonium sulfate (which precipitates
proteins). Then, to the pUptGA in v0.4 ml of HZO’ was
added 600 Wl of Q' buffer, 100 Ml of BAP, and the mixture
ingﬁbated at 37°C for 3 hours (see Section I D of this
chapter). This was then follgwed by a 5 ml DEAE A-25 Se-
phadex column and a V40 ml Chelex-100 column (sample applied
in a few ﬁl - ‘elution with H

2O only), followed by a final

DEAE A-25 Sephadex column. For reasons that will become
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cléar-when we discuss the properties of Upt A, TEA+ was re-

vplaCéd by Na+ as the counterion for the dimer. This was

accomplished by the addition of NaHCO, (Fischer, S-233) in

3
a five fold excess of the dimer}itself. Repeated evapora-
tion with methanol liberated the TEAY as TEA_and CO2 (the
CO2 coming from the NaHCO3). The excess NaHCO3 was then to
a lafge degree removed by a Bio~Gel P-2 column. The ef-
flueﬁt from this column was monitéred.conductometrically

with'the aid of a conductivity electrode (Radiometer, CDC

-114) and a Wheatstone bridge arragnement. The conductance

of the dimer fraction was approximately equivalent to that

4

of a 5 x 10 M solution of KCl; and the dimer concentra-

tion of the pool was also ¢5'x 10-4 M, indicating that the
désélting was very successful. The relative absorbances at
268 nm and 213 nm also show that the salt elutes in later

fractions than the dinucleotide (salt absorbs much greater

at lower wavelengths than at higher wavelengths). NMR spec-

tra show that the exchange of cations was also complete (there

were no TEA peaks).

ptGA'was subjected to similar steps as was UptsA. The
exchange of cations and desalting were hot as compléte as
with Upt6A however, and the consequences of this will be
discussed in later sections.

One can calculate, from thé several DEAE A-25 Sephadex
columns run with pUptsA; UptGA, and ptsA, the average salt

concentrations at which they elute from the columns. These

numbers are 0.29 M, 0.14 M, and 0.20 M TEAB, respectively
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(see Figures 2 - 4).

1. i%a Compounds

(A) Preface

6A nucleoside can be obtained in a pure form from

6

The i
Sigma (D-7257). pi A had to be synthesized from PA, in a

manner analogous to that described by Walker and Uhlenbeck88

and Grimm and Leonardsg: pi6A was also obtained from a SVP

degrédation of Api6A. Api6A was synthesized as described‘
in section I E of this.chapter, and és is also described by
Schweizer et‘al.go.' Again, the pertinent details of the
syntheses, when they differ from those of thé literature,
will'be_briefly discussed; while the purifications will be
covered in slightly more detail, because they tend.tb

'deviate.from those described in the references.

(B) pi°A - Synthesis and Purification

88 was followed almost verbatim,

The procedure of Walker
except that pA (Sigma,‘A-2002) was used in place of ppA.
The reagents used were l-bromo-3-methyl-2-butene (Chemical
Procurement Labs, B6147), DMSO (Aldrich, 15 493-8), acetone
(Mallinckrodt, 2440), and dilute NH4OH.(FSN, 6810; a 1:100
dilution of the concentrated reagent). The monitoring
steps described88 were omitted.

In this instance, the purification was very similar to
that of Walker's88. A DEAE A-ZS Sephadex column (see Figure

6) was followed by a Sephadex LH-20 column identical to
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6a and,ptGA. An equivalent amount of

. that used for Upt
’ Néﬁco3 was‘added to the piGA, and repeated MeOH evaporations
carried out. No Bio-Gel P-2 column was theréfore run, as

no excess NaHCO3 was expécted to be present. (The exchange
of cations was performed in this fashion after noting the
less than ideal desaiting results with ptGA.) ‘The exchange
here also wés not complete. The identity of pi6A was ini-
tially detérmined by its characteristic UV spectrum.

However, as we will discuss later, the NMR of this pi6A '
pre?aration éosed questions as to its'authenticity. Thus,
'pi6A was also isolated from an SVP degraéation pf Api6A in
the following way. 150 A, 3 units of Api6A were dissolvéd
in 0.5 ml H,0. To this was added 0.25 ml of the ammonium
formate buffer (see Section I D of this chapter) and 0.25 ml
of 1% (w/w) SVP. This was incubated for 48 hr. in a 37°C
bath. It was purified by passage through a large DEAE A-25

Sephadex column similér to that in Figure 6. Again, its

identity was determined initially by its absorption spectrum.

(C) Api6A - Synthesis and Purification

Api6A was synthesized according to the procedure in
section I E of this chapter. The amounts of the reagents
used were as follows: 0.5 mmole of NG,OZ',OS'-triacetyl—
adenosine 3'-phosphoric acid (Sigma, T-1630), 0.75 mmole of
i6A, and 3.0 mmole of DCC. The reaction was allowed to

proceed for 12 days.

The purification of Api6A was accomplished by a large
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DEAE A-25 Sephadex column (see Figure 7), folloﬁed'by_a
Sephadex LH-20 coluﬁn similar to that used for all of the
above compounds.: An exchange of cations was attempted in a
manner like that for piGA, bpt for unélear reasons, it
again was not complete. Thus, the final product was the
pure TEAT salt. The identity was initially determined by
its characteristic UV spectrum and by the degradation to-

the component monomers, using NaOH, SVP and BSP assays.

IVQ_gé Compounds
(A) Preface

‘g¢A can be obtained in a pure form from Sigma (E 2378),
but for the bulk synthesis7of ApeA, it was'synthesizéd by
Dr. Ché-Hung Lee of this laboratory, accordiné to a procedure
given by Secrist et a1.82. PEA also can be obtained in a

pure form (Sigma, E 9127). ApeA was synthesized according

to section I E of this chapter.

(B) ApeA - Synthesis and Purification

The amounts of ﬁhe reagents>used were as follbws:
0.42 mmole of N6,02',05'-triacetyl adenosine 3'-phosphoric
acid, 0.75 mmole df €A, and 3.0 mmole of DCC. The reaction:
- was allowed to proceed for 12 days.

ApeA was purified by first passing it through a large
DEAE A-25 Sephadex column (see Figure 8). This was followed
by preparative paper chromatography (see Section I B ii of

this chapter) using 95% EtOH/1 M ammonium acetate (70% v/v).
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This was followed finally by another DEAE A-25 Sephadex
column. The final product was a very pure TEA+ salt. The
ideﬁtity of the dimer was verified by its deéradation to
the component monomers with NaOH, SVP and BSP, as well as
by its very characteristic UV spectrum,

V.. msziGA‘Compounds

(A) Preface

A very Qracious gift of 200 mg of msziGA was made by
Dr. Roy O. Morris (Dept. of Agric. Chem., Oregon State
Univ;). ApmsZiGA was'synthesized according to the procedure

in section I E of this chapter. pmsziGA was obtained from

an SVP degradation of Apmszi6A. Only a few of the important
details of these syntheses and thefpurifications will be

discussed here.

(B) ApmszisA - Synthesis and Purification

‘The amounts of the reagents used were as follows:

0.33 mmole of N6,02f,05'-triacetyl adenosine 3'-phosphoric
acid, 0.49 mmole of mszisA, and 2.0 mmole of DCC. The
reaction was allowed to proceed for 14 days.

-It was purified by paSsage through a large DEAE A-25
Sgphadex column (see Figure 9). This was followed by a
Sééhadex LH-20 column run in water alone. The ApmsZiGA
fractions yielded the TEA+ salt as a fluffy white compound.

Its identity, aside from its characteristic absorption and -

NMR spectra (see later sections), was demonstrated by its
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degradation with OH yielding the essentially insoluble

msziGA) and by the SVP degradation used to obtain pmsziGA

(see the next section).

(C) pmsgiGA - Source and Purification

2.6

pms“i A was obtained in a fashion similar to the second

procedure used to obtain piGA. It was isolated after the
SVP degradation of ApmsziGA. - 200 A260 units of ApmszisA‘

were suspended in 0.5 ml of H,0. To this was added 0.4 ml

2
of the ammonium formate buffer and 1 ml of 1% SVP. vThis was
sealed and incubéted at 37°C for 48 hours.

| It was theﬁ diluted to 2 liters and loaded onto a DEAE
A=25 Sephadex column similar to that used for ApmszisA.
Elution was carried out with 0.13 M TEAB followed by 0.5 M
TEAB. This column waé followed by a Sephadex LH-20 column
using 95% EtOH/HZO (33% v/v). _The resulting nucleotide was

left as the pure TEA+ salt.

.VI. Unmodified Compounds
All unmodified nucleosides, nucleotides and dinucleo-
side monophosphates were purchased in very pure forms from

'Sigma.
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Chapter 4
EXPERIMENTAL'PROCEDURES - THE ACQUISITION OF PRIMARY DATA

- I. Absorption

' (A) General Techniques

Absorption spectra were OBtained on Cary specﬁropho-
tometefs (Models 14, 15, and ii8c). Pyrocel quartz cells
were washed first in dichromate cleaning solution (see
Chapter'B,ISectioh I A) and rinsed extensively with water.
They were then washed with L.0.C. detergent, rinsed, and
dried using a Preéisibn Ceels,FIhé. cell washer. In using
the double beam'spectrophotometers, samples were often run-
against a blank containing the solvent. Alteinatively,
the sample was run against“air followed by the éolvent VS..
air. This was perfdrméd régularly éince the air vs. air
baselines themselves were not flat, and thus a subtraction
by hand was necessary regardless of.the'method chosen.

Unless otherwise designated, solvents were generally

merely water (pHrn5.5 - 7), or more frequently 2 mM sodium

3 3

phosphate buffer (pHv7; 1.22 x 10~ M Na,HPO,, 0.78 x 10 ~ M

2 4’
NaH2P04). This low concentratioh buffer was used since it
eliminated changes due to CO2 absorption, but allowed easy
titration to other desired pHs.

The température'of the spectra obtained, unléss other-
wise specified; was 23 - 25 degrees Celsius (the measured

room temperature). Samples were generally kept frozen, then

allowed to equilibfate to room temperature before their



~spactra were measured.

{B) Absorption Characteristics
| * (i) Monomers

Hypermodification of the adenine moiety generally
produées characteristic changes in its absorption spectrum.
Figﬁfes 1l and 2 illustrate the very characteristic absorp-
tion spectra'of the hypermodifications‘studied in this
dissertation. The spectra were obtained as described above.
They were then scaled to the extinction coefficients at the
wavelengths of the maxima, which are reported in the litera;

91; i6A89; ms2i6A6; eA82; tGAl). These spectra

ture (a,U,C
are eésentially unchanged from the nucleoside to the nucleo-
side.ménophosphate, or to the triphosphosphate. Of course
they are affected (sometimes to a great extent) by the pro-

tonation of the base moiety itself, and thus these spectra

were obtained near neutral pH (unprotonated bases).

(ii) Dinucleoside Monophosphates

Figures 3 - 6 illustrate the absorption spectra of
the hypermodified dinucleoside_monophosphates used in this
study. Their extinction coefficients (g) were determined as
described in the following section. With them are the spec-
tra of the component nucleoﬁides. It is easily seen that
the dimers' spectra are approximately the sums of tﬁe spectra
of the component monomers. Thus they are useful in ini-

tially determining the identity of the dinucleoside mono-
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Figure 5: UV Absorption of ApeA
and its component monomers.
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phbsphates. waever. if one makes careful measurements, one
finds that a dimer's spectrum is not exactly the sum of its
monomer spectra; Figure 7 demonstrates this.phenomenon with
the simple case of ApA; in which both monomers are identical.
ApA's spectrum has beenvdivided by 2 in order to allow for
the fact that there are 2 adenosines/mole of ApA. This

well-known and often-studied change in absorption upon poly-
72

merization of monomers is known as hypochromism (H) '“. Speci-

fically, as is diagrammed in the figure,'hypochromism is the
difference between monomer and dimer in the integrated in-
tensity of a given band. A more easily measured difference
which is closely related in origin to the hypochromism, is
the percent hypochromicity (%h - also defined in the figure)
- the difference in the extinction at a.given wavelength.
For ‘reasons to be diécussed in thé next chapter, the percent
hypochromicity will be used as a measure of the interaction

of the bases in dimers.

(C) Determination of £ and %h for the Dimers

.Since the %h of a dinucleotide is genérally in the
neiéhborhood of only 10%, accurate measurements of the ¢'s
for the dimers were imperative. The general procedure for
this determination was very similar to that used by Borer83,
with some important changes adopted to increase the accuracy.
Also, some variations on this procedure were necessary in

the cases of Upt6A and ApeA. Thus the detailed steps of the

determinations will be described here.
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A éample of'dihucleoside monophosphate*Was prepared in
which the ébsorption (optical density - OD) at"the wave;
length (A\) of the maxima was close to ‘1.0 in a small volume
0.5 cm path length cell. This was chosen because of the
small volume used for the determinations (~0.5 ml), and to
minimize the baseline corrections to the final spectra
(correctioné for the absorption of the resulting salt and
_buffef solvent - a 1.0 OD in 0.5 cm cell éorresponds to an.
increase in the ratio of sample:salt of a factor of 2 over
the usual 1.0 OD in a 1.0 cm cell). The sample was dissolved
in Héo only; the pH was never found to be beléw m5.5,'nor
did the absorption vary with pH over this neutral range (n5.5 -
7).

From 4 - 8 aliquots of 0.50 ml each of the sample were
pipetted (Gilson Pipetman) into preweighed glass screw cap
vials (SP B7805-1X) and weighed. 30 ul (also designated as
A) of 5 N NaOH was pipetted into each vial (30X Drummond
‘Microcaps) and the vial weighed again. The vials were then
further sealed with Parafilm and placed in a 37°C incubator.
At the end of 48 hours, the vials were removed, dried with
tissue, and the Pafafilm,removed. The vials were then
weighed. |

‘Then 30X of 5 N HCl was added to each and the vials
weighed. Finally, 30\ of 1 M sodium phosphéte buffer (pH 7;
0.61 M Na

HPO4, 0.39 M NaH PO4) was added and the final

2 2
~weighing of the vials performed.

The spectra of the contents of each vial were then

83



84

measured. The pH was routinely checked andvalways found to
be’véry near neutrality. A correction to the‘spectra was
performed in allowance for the absorption of the varioué
additives in the water (NaCl and buffer). On a few occasions
a Smal1'corre¢tion had to be made for scattering by.the final
solution. The essentially linear artifact in the absorption
was corfected by.noting the absorption at long wavelengths
and extrapolating to the wavelength of the maxima. Thus a
cbrréct value was obtained for the OD at the wavelength of
the'maximum of the resultant monomer mixture. (This wave-
length was usually close but not necessarily equal'to the
dimers' maxima - particularly in the case of Upt6A and ApcA
as we will discuss below.)

The ihitial volume of the sample added was determined

from its weight and the density of H,0 at 25°C (the dimer

2
was' at a concentration low enough not to significaﬁtly affect
the density of water - ~1074 M). The volume of the sample.
after the addition of NaOH, HCl and buffer (after the incu-
bation) was determined by summing the initial weight of

sample plus the weight gained upon the various additions.
There was often v5 mg gained just upon incubation and re-
weighing. .Téstswere run however with vials containing sample
only (no NaOH) and samples insensitive to NaOH which contained
NaOH. 1In all cases this ~5 mg was gained, but no change in
absorption was noted - therefore no evaporation or dilution

occurred. Thus the weight gained upon incubation was not

included in the total final weight (it is sﬁspected that the



plastic screw caps can retain moistﬁre). .The volﬁme of the
final solution determined by its weight and its density which
I determinéd as 1.020 g/ml.v

From the OD of the final solution and the extinction
coefficients of the monomers at the wavelength chosen, a
concentration of the monomer ﬁixture was calculated:

Conc. of monomer mixture = OD..
_ final

O'S.X (Emonomer 1 ¥ €monomer 2)
From the final volume, a number of mmoles of mixture was
obtained:

mmoles ofvﬁixture = (Conc. of mix) x (final volume)
This mmoles of mixture equals the mmoles of dimer in the

beginning, and we can thereby calculate the original con-

centration of the sample:

mmoles dimer

Conc. of dimer =

original volume

Lastly, the € can be determined from the initial OD

measurement:
D. ...
€~ = © initial
dimer

0.5 x (Conc. of dimer)

Table I lists the €'s of the dimers studied, and the %h's
calculated from them. They are insignificantly affected by
variations in salt'conditions (see Section I E of this chap-

ter).

t6A and €A are degraded by the NaOH treatment and

require a slightLy different analysis. t6A is converted

13

smoothly and completely to A (as was also observed in the
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Table I. The extinction coefficients (e) of the dinucleoside monophosphates -at 25°C.

Dimer

A
ApmsziGA

Api’

ApeA

UpA

Upt A

CpA

e's and %h's.

A of
max

Monomer
Mixture

259
264
263
260.5

260

260

260.5

e(x10_3)

Monomer
Mixture

at Amax

30.8
33.4
26.4
19.2

25.3

23.1

22.7

The derivation of the *

-

Shown also are the sum of extinctions of the monomers used in obtaining the
values is discussed in Appendix 2.

e(x1073) $h

of e(x10™ )
max .
Dimer Dimer Monomer
at A x' Mix at-
ma " Dimer A
- max
258 27.1+.1 30.7 11.7 0.7
262.5 29.5%,2 33.1 10.8 +0.8
263 24.4%.2 26.4 7.7 1.0
260 17.6%.1 20.1 13.1 £1.0
258 24.4%.1 25.3 3.4 +0.9
268 30.4%.4 34.3 11.2 #1.3
261.0 21.2%.1 22.8 7.1 +0.9
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degradation-of ﬂptGA, yieldipg a spectrum character;stic of
U + A only). Thus, the‘extihetion of A was used for tGA

after treatment with NaOH. €A was unfortunatelyﬂdegraded to

a mixture of productsvwith different spectral characteris-
tice. -However, after V36 heu:s of treatment with NaOH an
ispsbesﬁic point with time at 260.5 nm was observed. An
extinction coefficient~equal'to (3.84i.06)x103 was determined
for the resulting mixture of two products at that_time.

From v36 hours and longer this is the value of the extinction
for the unknown mixture of products formed from €A at 260.5 nm.
As with the other dimers, ApeA was treated with NaOH for 48
hours.

Enzymatic digests to obtain €'s were of little use with
dimefs‘containing hypermodifications. They are in this re-
gard unfortunately very resistant to the action of phospho-
diesterases.

%H (percent hypochromism) values were obtained for the
dimers ApA and ApiGA. The %H was determined by integrating
(weighing) the first absorption band (230 nm and up) of the
monomers and dimers. ApA gave 12.9 %H, and Api6A yielded
9.98 %H at 25°C. As expected, they are approximately the
same but not equal to the corresponding %h's at the
vxmax72,92.. |
(D) Determination of $h vs. Temperature.

As was mentioﬁediin Chapter_z,)the stackingvequilibrium

. 1s temperature dependent. This is well-known, and has often
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been studied in an attempt to obtain the thermodynamic para-
‘meters describing the equilibrium (AH®, AS°)72. Thus I have
monitored the %h vs. temperature as a measure of the change

in the stacking equilibrium. Since the changes observed aré
small over the temperature range studied>(0 -~ 80°C), careful
attention to detail in the 'melting' experiment is required.

A short description of the procedure will be given, followed

by the processing of the raw data into %h vs. temperature.

(1) The‘EXPerimental Arrangement

The experimenﬁal setup ¢onsisted of a hodgepodge of
components. The optics arrangement (lamp, monochromator,
slits) was that of a Beckman DU. The sample cémpartment,
detection system and recording system.wés a Gilford Multiple
Sample Absorption Unit. This also consisted of auto slit,
ﬁhérmosensor, and high absorption offset controls. The
teﬁperature of the circulating ethylene glycol was controlled
with a Neslab.bath and bath cooler, in conjuction with a
Bodine fractional horsepower gearmotor and Minarik speed
regulator (which continuously changed the thermostat on the
bath). Thus, the absorption at one A of 3 samples and blank
could be monitored smoothly from 0 - 80°C.

| Cells had 1 cm path lengtﬁs and ground glass stoppered

tops. Samples with OD's of ~1 (in H,O0, dilute buffer, or

2
salt) were sealed in the cells by wrapping Teflon tape
around the stoppers and firmly seating them. Checks for

~evaporation after the-~heating of the experiment were always.



made after the cell had feequilibrated to_rdom temperature.
Those few runs which gave différent absorptions before
and after tﬁe me}t were‘simply discarded.

The melts were always'run from low to high temberaturés
after a steady reading of the absorption was obtained at
the lowest temperatufe. The temperature was generally in-
creased at a rate of V10°C/hour - with absorption and temp-
erature monitorfng taking.place every 1 minute. The A chosen
was that tabulated in Table I as the Amax of the dimer. Each

of the component monomers and the dimers were melted at these

Als.,

(ii) The Analysis to Obtain %h vs. Temperéiure'

It was found thét the simplest method was to calculate-
the % change in the absorption from the lowest temperature
to any given temperature. From this quantity the %h was
determined:

RT = Chart reading at Temp. T (not the OD ~ because of the
arbitrary offset control).

ODL = Absorption at the lowest temperature

Y = pL/pT (pL = density.ofaHz) at lowest temp.; P
‘density of H,O at temperature = T) .

X = Chart reading at lowestvtempérature

FS = Full scale of the chart expansion - usually 0.100
| absorption units

Then,

(Rp = X)FS + OD = ODj



90

(corrected to volume at lowest temp.)

oD

HQ

: (0Dg) ¥
= (Rp = X) (FS)Y + (op; )Y
The % change in absorption from temp. L to T is

8, _p = [(ODg - OD;)/0OD; 1100

(RT - X)(FS)Y +
{

o (Y - 1)1100

= [(eTCL - eLCL)/eLCL]lOO

€
—L - 17100
5

We know €25°C of all the monomers and dimers, and hence by

rearrangement we can obtain € at all temperatures:

. - €25 ]
.T (T + 3__,./100)

[1 + % _./100]

From measurements of this sort on each of the component
monomers and dimers, I arrived at the %h vs. temperature
values tabulated in Table II. The melts did nét change
upon variations in the salt conditionsvas will be described
in the next section.

In certain cases (especially UpA, in which Ehe changes
were so small) the melt had to be repeated several times.
The results were averaged in order to arrive at a meaningful
mean value for the %, .p at every T. The implications of the
errors inherent in these meésurements will be discussed

~ later when we attempt to derive conclusions from the mel£
data. For now, the reader may choose to refer to Appendix

. 2 for a discussion of the errors - particularly in order to

understand the tabulation of three significant figures in



Table II.

The %h vs. temperature for the dinucleoside
See Appendix 2 for a

monophosphates studied.
:.discussiqn of the errors.
T(°c) aApA 2pi®a Apms®i®a
2 14.8  13.3 8.69
4
5 14.4 12.8 8.58
10 13.7  12.2 8.44
15 13.3 11.7  8.19
20 12.4 11.2 . 7.97
25 11.7 10.8 7.72
30 11.1  10.4 7.46
35 10.4 9.93 7.20
40 9.67 9.43 6.91
45 9.03 9.08 6.61
50 8.33  8.64 6.35
55  7.62  8.26 6.06
60 6.94 7.85 5.65
65 6.30 7.62 5.23
70 5.75  7.18 4.93
75 5.26 6.82 4.59
78  4.87  6.70
80 4.33
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ApeA  UpA UptsA CpA
16.8 4.20 13.0
9. 30
16.2 4.13 12.7 9.22
15.4 3.93 12.3 8.73
14.6 3.75 11.9 8.14
13.8 3.60 11.6 7.64
13.3 '3.44 11.2 7.14
12.4 3.37 10.9 6.63
11.7 3.21 10.6 6.21
11.0 3.14 10.4 5.79
10.6 3.06 10.1 5.41
9.80 2.95 9.82 5.02
9.17 2.79 9.56  4.59
8.48 2.71 9.23 4.25
7.94 2.56 9.06 3.72
7.55 2.52 8.73  3.28
6.91 2.48 8.37 2.93
7.95 2.63
7.80

91



92

Table II.

(E)“e and %h Dependence Upon Salt,- pH and Solvent

A llmlted number of studles were performed to determine
the effects upon the ¢ and %h of parameters other than temp-
erature. These included the effect of the addition of
NacCl, MgClz, HC1, ahd ethanol to solutions containing some

of the dindcleotides.

(i) Salt Dependence

The absorption was monitored for ApaA, ApiGA, and UptGA
as Mg++ was added (10 mM), and then as EDTA was added (15 mM).
There were unfortunately rether large baseline corrections
neceseary after the addition of the EDTA. Hence, if actuel
small changes due-to Mg++ binding were occurring; they were
lost in experimental error (vi13%). Api6A showed a very
small (V1%) decrease’at.the Amax upon the addition of Mg++.
ApA:and UptsA showed even smaller changes if any at all.
The absorption melts of each of these dimers (and UpA) were
determined in 2 mM Na phosphaterbuffer with and without
10 mM MgCl, or 100 mM NaCl. No changes in the melts could
be detected. Thus, it is believed that salt variations (up
to the limits studied) or Mg++ binding (if any)vdo not
significantly alter the absorption, nor in fact the stacking
of these dimers. 1In particular, there were no changes be-~-

tween the dimers containing hypermodifications and the ones

that did not (ApA, UpAd).

-t
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' (ii) pH Dependence

It is known that the Stacking equilibrium is dfastically
affected by protonation'of the bases72. For ApA and ApiGA
“and their monomers, én experiment was performed to determine
the ch&nge in %h upon a change at room temperature from pH 7
to pH 1 (in which both bases of the dinucleotide will be
éssehtiallyICOmpletely protonated) . This required gbtaining
the e€'s of the monomers in their pfotonated states. For ApA
‘a cﬁaﬁge of 9.7% in the peréent of hypochromicity was ébserved.
For ApiGA, a change of 8.9% QaS‘obSérved. Thﬁs, in both
casesﬂprotonation of the 2 bases does ﬁdtvcadse compleﬁe
destacking of the dimers. In fact, using the values of the
%h's in Table I,‘these changes correspond tb an 83% change
in'fhe base-base interaction present at 25°C for both ApA
and Api6A.' Therefore, an analysis of the sort deécribed in
'referencev72;vin which thexmodynamic'parameters of the
sﬁacking.equiiibrium are obtained from titrations, was hot

feasible.

(iii) Ethanol Dependence
Also known to affect the equilibria of stacking is the

addition of ethanol’?

. This was performed with ApA and
Api6A in an attempt to note differences in theif ethanol
‘mel£'denaturation' behaviof.

'ihChangés in the absorption were monitored for the dimers

and their monomers as the concentration of ethanol was

varied from 0 to 11 M (60% by weight EtOH). The concentra-
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tion of EtOH and the resultant volume changes were determined
by dire¢£ weighing and the use of published density values

for EtOH-H,0 solutions (CRC Handbook). The % change in the

2
% hypochromicity between these 2 concentration limits was
found to belﬂll.B % for ApA and n9.9 % for ApiGA. This
cbrresponds to.a v97 % loss of the stacking present ét 25°C
for ApA, and a “93 % loss for ApiGA.. Furthermore,. the
shapes‘of the % change in the percént hypOchromici£§ curves
calculated ih this way were virtually identical (see Figure

8). Thus, no significant difference in the'ethanol melts

were observed between ApA and_ApisA.

II. Circular Dichroism (CD)

(A) Techniques

CD spectra were ﬁeasured with a Cary Spectropolari—i
meter (Model 60).equipped with a circﬁlar dichroism assembly.
The data were directly encoded to a PDP8/e minicomputer,
where it was smoothed and corrected for baseline deviations..
Variable temperatures wére obtained with the help.of a
frigistor heating and cooling system which was controlled
by a Hallikainen Thermotrol. | |

Cells used were:%l_ml capacity 1 cm path length cy-

iihders:(nyocel). These were fitted into a holder special-

‘ly made by the shop, and then placed in a reproducible posi-
tion in the instrument's cell holder. For variable tempera-
- ture measuremehts, the-cell's ground glass stoppers were

wrapped with Teflon tape and firmly seated.



Figure 8: ‘Ethanol denaturation of ApA and ApiGA.‘
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The cell containing solvent (biank) was first inserted
and a baseline recorded. Subsequently, the sample of OD V1
was placed in the cell and spectra recorded with the baseline
automatically subtracﬁed by the PDP8/e. As with the absorp-
tion variable temperature experiments, the CD samples were
checked for evéporation and the data discarded if

necessary.

(B) CD Characteristics

(i) Monomers

The CD of adenosine and the hyperﬁodifications of it
arise from the asymmetry of the sugar portion and the res-
tricted rotation about the glycosidic bond’2. The CD
characteristics of the nucleosides essentially do not change
as the phosphate is added. All bf the monomers CDs are
small, and will not be studied in any detail more than that
:equired to interpret the spectra of the dimers'cdntaining
them. .

Figures 9,10 and 11 illustrate the CD of the hyper-
modified monomers studied. They of course will différ from
that of adenosine's because of their different absorption
charac;eristics.. Aside from this, the only thing to note is
that the magnitudes of thé bands afé not significantly larger
(except for tGA) or smaller than those of adenosine's, and
thus that the rotation about the glycosidic bond is not
greatly affected_by the addition of the hypermodification.

6
The CD of t A could contain some contributions from the
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attachment of the asymmetric amino acid threonine.

(ii) Diméfs

- The CD of the dinucleoside monophosphates studied are
shown in Figures 12.- 14, Aside from the spectra»of UpA and
UptGA, they are significantly larger than would’be expected
if we only summed the monomers' spéctra. As a‘matter of
fact, the CD of the monomers have been subtracted from the
dimers' spectra to obtain these Figures. Thus, the CD
pictured is due only to the interaction via stacking of
the component base moieties, and the resultant interaction
of the electronic transitions on these bases (not the ésym—
metry of the sugar moieties). The monomer CD is believed
not to change as a result of base-base interaction’ 2.

The quantity which we will be interested in then, is
the (eL - eR) of the dimer minus the (eL -eR) of the
monomers. From conventioh, the dimer CD is per residue
(divided by 2 in the case of dimers), and hence we subtract
1/2 the sﬁm of the monomers' CDs to obtain the CD due to

base-base interaction. This will_be referred to herein

simply as Ae.

(C) Ae Temperatﬁre Dependence

The PDP8/e yielded‘the 'smooth data' (SD) which was
the ellipticity 6° (in degrées) multiplied by a factor
which was usually 100 (determinéd simply by the arbitrary

numbers fed into the program). Figure 15 illustrates a



Figure 12: CD of some of the hypermodified dimers. pH = 7. Monomer CD's have been:
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Figure 13: CD of ApeA. pH

= 7, 20°C.

Monomer Contributions
have been subtracted.

(per residue) :
5 . SN
Ae 4 :.
0 ;f —r- L yes e ree e, | ey A
4 ) .'.
..5 -1 oo..‘.
-
| | | J L L A ¥ v L]
200 220 240 260 - 280 300 320

A (nm)

coT



UpA

Figure 14: CD of dinucleoside = .
A monophosphates. pH 7.
4 0°C. Monomer contri-
butions have been 6
2.0 - subtracted. (per - - w = Upt A
residue)
ﬁ
1.0 4
N N
d : "
. Y
Ae Foos N
: 2 \ A P
0.0 E 7 .-.. N .
b . * S~ s
:, ‘- -
IA : ..' -
-1.0 : o
. . L | L] "l.l  § L] LI§ L
200 220 240 300 320

€E0T



Figure 15: CD 'melt' of ApisAf’pH 7. The
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typical CcD melt experiment. The Ae at the wavelength of
the dimer's CD max or min vs. tempereture was then obtained
as follows:

e°(r) 100 1 ProomT
) _

dimer‘T) = (conc.) 3300 2 P

”(eL - €g

where tﬁerCOncentration was detefmined by an absorption
measurement (at room temperature) and the extinction coef-
. ficient.

‘Determinations of the (eL - eR) of the component
MONOoMErs et the same A used for the dimer were also made.
In most of those studied, no temperature dependence within
_eXperimental error at the wavelengths.chosen'could be
found. Then,

(T, 01 = Flle -

) ()

(2]

R’ monomer 1

A (T, ) = [lep = €p) gimer

* (EL - €R)monomer 2
However Up showed a marked change with temperature, and
. this was corrected for in the calculation of Ag of dimers

which contained U. Table III contains the values for Aeg ob-

tained in dilute Na phosphate buffer near pPH 7.

(D) Ae Dependence Upon Salt

Because of the negative resulﬁs concerning possible
effeets upon the absorption by the addition of NaCl or
MgClz, only a limited number of studies were performed with
the CD. The CD of Api6A was unchanged at room temperature
upon the addition of 5 mM Na phosphate buffer, or 10 mM

MgCl, or 100 mM NaCl, or combinations of those. Likewise,

-
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Table III. CD of the dimers minus fheir monomers' contri-
butions. pH 7. Wavelengtn chosen shown below
dimer. All magnitudes are in error by ~#0.26 -
See Appendix 2 for the derivation and explanation
of this number. ‘

Ae = 1/2(ep - ep) giger ~ 1/2[(ey - €R)monomer 1
(eL - €R)monomer 2]
o .6 2.6 6
T(°C) ApA Api A Apms“i A ApeA UpA Upt A
271 279 264 231 270 280
0 11.1 2.34 0.47
1 6.28 -7.83
2 -5.79

10 9.29 5.28 -5.49 ~6.70 0.18

20 7.66 4.35 -5.17 -5.36

25 1.31 0.03

30 6.11 3.62  -4.88 -4.13

40 4.99 2.91 -4.54 -3.18 0.04

50 3.86 2.42 -4.23 -2.72 0.59 -0.05

60 3.00 - 2.00 -3.79 -1.99 -0.06

70 2.43 1.70 -3.15 ~-1.69

75 0.36 \

80 1.77 1.45
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the CD melt of ApiGA was unaffected by the addition of salt.
Similar results were obtained with UptGA; in which no

effects of the addition of 1o'mg MgCl2 cduld be discerned.

ITII. Nuclear Magnetic Resonance (NMR)

(A) Techniques
| ":(i) Instrumentation

High resolution NMR spectra were obtained on a Bruker
HFX 360 MHz spectrometer located at the Stanford Magnetic
Resdnaﬁce Laboratory. These spectra were obtained with the
_help"of Dr. Che-Hung Lee of this laboratory and Dr.'s Conover
and Patt of the resonance laboratory. Spectra were run at
vérious temperatures in the FT mode. The pulse widths’&ere
generally on the order of microseconds with a period between
pulses equal to v1/2 sec.. Pulse amplitude, duration, and
délay.were‘kept at a level such as not to cause appreciable
saturation. Pulses were continued until a good signal to
noise rati§ was obtained (usually 50 - 150 for the concen-
trations used). The entire spectrum was then recorded on
paper, followed by expansions of the frequency rangevin

order to accurately determine coupling constants.

(ii) Sample Preparation

Unless otherwise specified, samples of both monomers
and dimers were run at a concentration of 5 mM. The reésdns
for this will be discussed later. The concentration was |

accurately determined by the measurement of the OD of a
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dilution of a stock solution containing the sample in pure
water. Using the extinction cdefficients,-an appropriate
amount of the stock-soiution was then removed for the pre-
paration of the NMR sample. To this was added 5% of 1 N
TSP (sodium trimethylsilylpropionate - Stohler Isotope’Chem—
icals) (l.g in protons = 1/9 M)

3) 3=8§1-CD,=CD,-c00™ Na®

used as a reference because of its solubility in D,0 and

(cH

its upfield position (very near TMS). All the samples were
made up in 0.5 ml of DZO’ so that the TSP concentration was

10 mN. The sample at this point was usually in H,0 and

2
was therefore frozen and lyopholized to remove the water.

2
freezing and lyopholization repeated.

Then ~1 ml of 99.8% D,O (Stohler D320) was added and the

After 2 or 3 times of repeating the addition of D,0 and

2
lyvopholizing, the pD (-log[D+]) was determined and altered
if necessary in the following way. To the lyopholized
powder, ~l ml of DZO was again added. A Radiometer electrode
(CDC 114), adjusted to either pH 7.00 or 4.01 with standard
buffers (the choice depending upon the final pH desired),
was.then inserted after being carefully rinsed and blotted
dried. The pH was then measured on a Radiometer pH meter.
.The_pD ? pH measured on the meter + 0.4093. For reasons to
be given later, mononucleotides were prepared with pD = 5.5
(pH 5.1), and dimers and mononucleosides were prepared with

pD = 7 (pHv6.6). Thus titration of the samples was in gene-

raly required and petformed by the addition of 0.1 N DCl or
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0.1 N NaOD (Stohler) in D20. This was carefully achieved

- with the help of Hamilton gas tight syringes (#lOOl)‘with

Teflon needles, while the sample was gently mixed with a

vortex mixer. When the pD desired was obtained, the elec-

trode was rinsed with D20 intb the sample below so as not

to lose any sampie. The sample was then again frozen and
lyopholized. The freeze dry cycle was repeated usually 2 or
3 times again after the titration.

“Dt, Che-Hung Lee of this lab devised the following steps
which were then performed. On the final lyopholization, the
samples were placed in a lyopholization bottle equipped.
with-a valve of its own. In this way the entire bottle eon-
taining the samples could be removed from the lyopholizer
wittht breaking the vacuum in the bottle. The bottle
was then placed in a transparent glove bag (Instruments for
Research and Industry X—27;27) along with the NMR tubes and
other paraphenalia required for the sample preparation. The
bag was sealed, evacuated and then filled with dry N,
(passed through a condensing trap and NaOH pellets).v Several
evacuations and fillings were performed in order to insure
a dry N2 atmosphere in the bag.

At this point the bottle was opened and the samples in
their polypropylene vials removed. To each was édded 0.50 ml

of previously unopened 100.0% D,0 (Bio-Rad 710-5008) with a

2
Hamilton syringe. They were then in entirety transfered to
the clean (acid washed and extensively rinsed and dried) NMR

tubes (Wilmad Glass Co. 527PP). These were sealed with the

109
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tubé caps, and then tightly sealed with a small strip of
parafilm. Sampleé'prepared in this were generally kept
frozen in the freezer of a refrigerator; déep freezing oftgn
cracked the tubes. |

This entire procedure was absolutely hecessary to

remove residual HDO and to prevent H,O in the air from con-

2
densing in the sample. The samples spectrum at a concentra-
tion of 5 mM was easily obliterated in the region of 4 - 6

ppm if this procedure was not followed.

(B) Characteristic NMR Information

The informaéion obtainable frdm NMR investigations of
monomers and dimers is well documented72’93—101. I have
'foiléwed essentially in the footsteps of these workers in

my approach. Thus, only the highlights of the properties to

be measured will be pointed out here.

(i) Monomers

NMR of the nucleosides and nucleotides will contain
the information concerning the addition of the side chain
to the unmodified base. 1In all cases this'unmodified base
~was A. This information will include the effect of hypér—
modification upon the syn-anti equilibrium of A, and upon
all the non-~exchangeable protons of A. This data is presented
in Table VIII, and will be discussed in a following chapter.
The monomers' properties studied as a function of tempera-

ture were those which would aid in interpreting the dimers'
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‘spectra. These consisted of the chemical shifts of H8 and
H2 bethe adenine moiety, and the chemical shift and coupling

constant of the H1l' sugar proton93'98'99

» and the protons of
the hypermodified side chain. These are the easiest pro-
tons to assign, and their shifts are often monitored as a
function of base-base interaction.

Since the moqonucleotides protons are affected by the
different ionizations of the phosphate group, the spectra
of the monophosphates were obtained at a pD % 5.5. At this
. pD, the‘phosphate carries essentially a -1 charge, similar
to the dimer's charge at pD = 7 (see pK values at the
equivalent salt conditions in reference 102 - note that at
this pD no significant protonation of the adenine base’
hoiety will occur). Thus changes in chemical shifts between
mononucleotides and dimers will not be caused by £he in-
fluence of the phosphate group.

Nucleosides were studied in some cases, in order to
determine the effect of the deletion of the phosphate group
upon the hypermodified nucleotideé' properties. These were
run at a pD = 7.

The assignment of the protons was easy in the case of
the monomers, since most had been assigned previously in

14,82:104. In the case where there was

the literature
question concerning the base proton assignment, comparisons
between nucleoside and nucleotide, or between different pD's
100,101 : :
were performed . Also useful for the assignments is

the fact that H2 is more easily saturated than H8, and thus
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they are relatively easily differentiated.

(ii) Dinucleoside Monophosphates
The chemical shifts and coupling constants of several
of the protons of the nucleotides are changed dramatically

by the stac’:king93_99

. As with the absorption and CD, these
changes resulting from the stacking equilibrium havé been
measured as a function of temperature.

| ‘The concentration chosen to study the stacking wasv
5 mM. Above 10 mM it is known that significant intermole-
cular stacking occurs, which also affects thg chemical

shifts’3/99,

The pD was set at neutrality to ensure that
changes observed were due only to intermolecular stacking,
and not protonation. The temperature was varied over a
similar range as with the absorption and CD experiments
(~0-.- 80°C). '

.Because of the presence of a body of literature
dealing with the affect of stacking upon certain protons,
and the relative ease of assignment of these certain pro-
tons, not all of the protons on the dimer were studied.' In
general, the base moiety protons H8 and H2 were studied as
was the H1l' proton of the sugar. The side chain protons
weré studied when they céuld be easily assigned (some were
in a region containing many sugar protons). Assignments
were made by comparing high temperature dimer spectra with
- their monomer spectra. Since they approached the already

characterized monomers' spectra at high temperatures, this
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method was generally quite straight forward. The differeht
saturation characteristics of the base protons verified‘this
type of assignment, as did the characteristically'varied
temperature dependences of the various protonsg3-99.

The quantity desired is the change.in the NMR property
due only to intramolecular intéraction. Thus the dimeriza-
tion change93'wasvmeasured for both the chemical shifts and
the coupling constants, as a function of temperature. This

is simply the difference between the chemical shifts or

coupling constants of the dimer and its constituent monomers.

(c) Temperafure Dependence of the Dimerizatidn Changes

in the Chemical Shifts

The chemical shifts were easily dbtained‘from the
recorded chart. First, the position of the internal ref-
erence was noted. (TSP - however, in several instances
the residual HDO peak was used as a reference. Since its
position is very temperature dependent, the HDO peak was
always referenced to samples run at the same temperature

which contained TSP - immediately after those samples were

run.) Then the Various'peak positions were obtained and
the distance in cm between them calculated. Using the
printed scale expansions this was cénverted into Hz or
ppm (STSP)’ Figure 16 illustrates a sample NMR spectrum.
The monomers' protohs exhibited relatively small'changeé

in their GTS 's as the temperature was changed (typical

P
changes ranged from 0.005 to 0.08 ppm from 0 - 75°C). The



NMR of UptGA. Bruker 360 MHz; 5 mM; -60°C; pD = 7.37. Boxed insert

TSP

Figure 16: M ,
is a T60 scan, which demonstrates the need for the use of 360 MHz
FT spectra. Other expansions are from the complete spectrum at the
bottom of the figure. '
|
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'stp's were plotted vs. temperatﬁre and smooth curﬁes were
drawn through the points to obtain the values to be ﬁsed in
calculating the dimerization shifts. This was done-td obtain
more accurate monomer cheﬁical‘shifts, since their tempera-
ture dependences were often linear or with only slight
curvatures. . The;GTSP's obtained in this way are given in
Table 1IV. |

The dimers' § 's were then recorded, and the.appro-

TSP

- priate monomer's STsplvalue (obtained from the smooth

graph) was subtracted from it. In this way I obtained the
PR | v :

AGTSP s shown ln Table V.

KD) Temperature Dependence of the Dimerization Changes.
‘in the H1' Coupling Constants e

The dimerization changes in the coupling constants of
the H1' protons were obtained in a fashion similar to that
vused in thé previous section. All coupling constants were
obtained from scale expansions on the order 6f i - 2 Hz/cm.
The mononucléotides coupling constants were agéin obtained
from a graph of the raw data as they showed little or no
temperature dependence. Then, these values (in HZ) were
subtracted from those of the dimers at the various tempera-

tures. Table VI lists the Ji151"'s of the dimers and Table

VII lists the dimerization changes vs. temperature.
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Table IV. Chemical Shifts of the Mononucleotides

(s

).

H1'Up 5.975 5.973 5.968 5.962 5.955 5.

pD = 5.5 ; Concentration = 5 mM. TSP
(8 £0.005 ppm)
Temp. -+ 0 10 20 25 37 45° 60 75
Proton ) '
v
HS8ApP 8.381 8.380 8.378 8.378 8.375 8.373 8.369 8.363
H2Ap 8.231 8.247 8.261 8.268 8.283 8.290 8.302 8.308
H1'Ap . 6.137 6.134 6.132 6.130 6.127 6.125 6.121 6.117
HSpA 8.527 8.523 8.518 8.515 8.507 8.500 8.484 8.462
H2pA . 8.245 8.265 8.277.8.283 8.294 8.298 8.303 8.305
H1'pA 6.161 6.161 6.159 6.157 6.156 6.154 6.150 6.145
H8pi6A 8.473 8.469 8.465 8.462 8.456 8.450 8.440 8.427
H2pi6A ' 8.254 8.270 8.285 8.291 8.302 8.307 8.312 8.314
H1'pi6A 6.159 6.158 6.156 6.157 6.155 6.154 6.150 6.144
=CH- 5.426 5.428 5.430 5.432 5.434 5.436 5.439 5.442
- (CH3) 5 ©1.758 1.759 1.760 1.761 1.763 1.764 1.766 1.768
~CHp- 4.132 4.150 4.164 4.171 4.185 4.192 4.202 4.205
H8pms2i6A 8.281 8.278 8.274 8.271 8.264 8.258 8.245 8.229
Hl'pms2i6A 6.086 6.088 6.088 6.088 6.086 6.085 6.080 6.074
=CH- 5.382 5.387 5.391 5.392 5.396 5.398 5.401 5.402
-CH3 a ~ 1.764 1.765 1.765 1.765 1.765 1.765 1.766 1.767
~CH3 b 1.753 1.754 1.754 1.754 1.755 1.756 1.757 1.758
-CHy- 4.133 4.155 4.169 4.173 4.183 4.187 4.193 4.197
-5-CH3 2.577 2.584 2.592 2.595 2.602 2.606 2.612 2.616
H8peA 8.623 8.621 8.617 8.615 8.608 8.602 8.589 8.573
H2peA 9.126 9.132 9.138 9.141 9.148 9.153 9.162 9.171
H1'peA 6.288 6.288 6.287 6.286 6.285 6.284 6.282 6.281
H10 7.991 8.006 8.018 8.023 8.032 8.036 8.042 8.045
H11 7.585 7.603 7.615 7.620 7.630 7.636 7.642 7.647
HS8pt6A 8.829 8.815 8.801 8.795 8.778 8.767 8.746 8.725
H2pt6A 8.695 8.696 8.696 8.696 8.697 8.697 8.698 8.699
H1'pt6a 6.270 6.264 6.258 6.255 6.247 6.243 6.233 6.224
~CH3 1.283 1.280 1.277 1.275 1.272 1.270 1.265 1.261
H6Up | 7.957 7.941 7.917 7.898 7.885 7.861 7.838
H5Up 5.895 5.908 5.921 5.925 5.925 5.924 5.922
940 5.921
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Table V. Dimerization Shifts of the Dinucleoside Monophos~-

phates (AGTSP). pD = 7 for the dimers; pD = 5.5

for the mononucleotides. (v+.010 ppm)
Temp. ' 0 4 10 20 25 37 45 60 75
ApA’ |
H8Ap .160 .149 .142 .118 .119 .1ll6 .108 .119 .101
H2Ap : .330 .320 .299 .251 .239 .202 .177 .158 .128
H1'Ap .302 .291 .281 .247 .244 .212 .194 .194 .160
H8pA . .282 .280 .280 .241 .231 .196 .166 .147 .106
H2pa .137 -.133 .131 .114 .097 .099 .085 .080 .065
H1l'pa .209 ..209 .197 .153 .153 .116 .101 .100 .069
ApisA
H8Ap .221 .210 .192 .180 .162 .1l60 .159 .143
H2Ap .336 . .314 .266 .253 .212 .194 .174 .142
Hi'Ap .367 .366 .354 .344 .317 .302 .288 .255
H8pi6A .260 .242 .225 .207 .182 .171 .160 .133
H2pi6A - .192 _ .183 .162 .150 .126 .114 .102 .082
H1l'pi6A .181 .172 .143 .134 .112 .106 .104 .084
=CH- . 345 .331 .304 .287 .265 .242 .215 .207
~CH3 a .158 o .149 ,137 .127 .111 .112 .112 .101
-CH3 b .122 .115 .106 .097 .085 .086 .089 .082
~CHy- . 322 .231 .193

2.6 '

Apms 1 A
H8Ap .154 - .154 .147 .157 .150 .159 .155
H2Ap .165 .167 .141 .149 .130 .131 .117
H1'Ap .395 . . 392 .376 .378 .354 .342 .303
H8pms2i6A .233 .227 .197 .194 .170 .156 .130
Hl'pms2i6A .139 . 140 .120 .123 .104 .098 .081
=CH- .386 .394 .348 .307 .267
-CH3 a .091 . .096 - .085 .110 .093 .102 .096
-CH3 b .123 .126 .109 .137 .109 .118 .104
-S-CH 3 .016 .023 .028 .045 .045 .042 .042
ApeA _
H8Ap .272 .260 .240 - .241
H2Ap .356 .294 .233 - .162
H1'Ap .494 .472 : .412 ‘.339
HB8peA .263 .218 .169 .128
H2peA .086 .063 .047 .076
Hl'peA .158 .126 .098 .080
H10 .221 .229 .210 .176

H11l .265 .259 .230 .178



Table V..

(Continued) AS

TSP
Temp. 0 10 20 25 37 45 60 75
UpA
H6Up .170 .157 .146 .142 .141 .133 .126 .115
H5Up .171 .154 .142 .130 .108 .093 .094 .085
H1l'Up .303 .272 .251 .230 .194 .172 .159 .126
H8paA .087 .072 .067 .062 .066 .064 .063 .049
H2pA .037 .025 .020 .019 .019 .013 .016 .015
H1l'paA .049 .034 .032 .023 .021 .017 .028 .022
Upt6A
H6UpP .166 .159 .158 .150 .136 .141 .136 .118
H5Up broadened -~ = = == = = = = = = = - - -
H1'Up .261 .240 .216 .205 .171 .155 .139 .113
- H8pt6A .227 .216 .209 .198 .184 .188 .186 .1l71
H2pt6A .009 .006 .003-.005-.013-.006 .003 .001
H1'pt6A .044 .037 .029 .024 .016 .0l6é .017 .020
-CH3 .010-.002-.004-.005-.009-.010 .009 .000
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Table VI. Coupling Constants of the H1l! proton of the
dinucleoside monophosphates ('Jl'2' Hz). pDb = 7.
(0.2 Hz) '

Temp. (°C) 0 4 10 - 20 25 37 45 60 75

ApA. _ _

H1'Ap 2.6 3.0 3.4 3.5 3.9 4.0 4.3 4.4
H1'pA 3.1 2.6 3.5 3.8 4.0 4.4 4.8 4.9
2pia
" H1'Ap 3.6 3.9 4.1 4.2 4.6 4.7 4.8 5.0
H1'pi6A 4.0 4.0 4.1 4.1 4.3 4.4 4.6 4.8
Agmsz-iGA |
H1'Ap 3.8 4.8 5.7 6.2 5.9 6.2 5.6
Hl'pms2i6A 3.6 4.2 4.3 4.9 4.2 4.4 4.3
ApeA

H1'Ap 3.4 4.5 5.3 5.8
H1'peA 3.4 3.8 4.2 4.6
UpA

H1'Up 3.7 4.0 4.4 4.6 4.7 4.8 5.0
H1'pA 4.2 4.3 4.6 4.7 5.0 5.0 5.2 5.2
UptGA

H1'Upg 4.1 4.8 4.7 4.9 5.0 5.1 5.2
H1'pt A 4.3 4.2 4.6 4.5 4.7 4.8 5.0 5.0
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Dimerization Changes in the H1' Coupling Constants
(xv0.3 Hz) ‘

(AJl'Z' Hz) .

Table VII.
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Table VIII. NMR chemical shifts_(GTSP) of the naturally occurring hypermodified
monomers of A. All are at v room temperature (20 - 25°C). All shifts

are in error by *0.005 ppm. ‘

.6

2.6

piGA

2.6

Monomer A i A ms i A pPA pisA. pms i A pt6A

pD = 8.30 6.89 7 5.43 5.50 5.5 5.5 5.38

Concentration 2 mM 1.4 mM 5 mM 5 mM SmM - 3.1mM 3 mM 1 mM
' ~in synthe- SVP 2 +

CD,0D tic ¢ EDTA

Proton § ¢ *

H8 - 8.345 8.284 8.121 8.518 8.495 8.465 8.274 8.795

H2 8.265 8.253 8.284 8.316 8.285 . 8.696

H1' 6.081 6.076 5.927 6.164 6.165 6.156 6.088 6.255

H2' 4,811 4.804 4.762 4.775 4.775 4.779 4,808 4,872

H3' 4.431 4.436 4,346 4,514 4,514 4,507 4.519 4,572

H4' 4.298 4.306 4.159 4.401 4,398 4,395 4.355 4.427

H5' 3.923 3.927 3.886 4,132 4.124 4.121 4.104 4.071

H5" 3.840 3.843 3.757 4,132 4.124 4.121 4.104 4,071

(i®a, ms?i®a) ,

=CH~- 5.431 5.396 ? 5.430 5.391

-CHy- 4.153 4.196 4,637 4.164 4.169

~-S-CH3 2.576 2.592

-CH3 a 1.764 1.779 1.927 1.762 1.765

~CH3 b 1.764 1.767 1.971 1.762 1.754

(t%a)

>CH-COO 4,305

-CHj 1.241

§ ms216A is essentially insoluble in D30.

¢ the synthetic pi6A lacked a =CH- proton!
pi6A from the SVP degradation.

* the final pt6A preparation evidently still contained some divalent cations, and small
amounts of EDTA were added to sharpen the lines. Essentially no changes in peak
positions were observed upon the addition of EDTA.

Thus all the dimers were referred to the
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Chapter 5 ANALYSIS OF THE DATA - THE TWO-STATE MODEL

I. Comparisons of Stacking Abilities - A Dynamic Model

II. The Two-State Model

III. An Additional Analysis - The 3'-Endo Method

IV. Summary



Chapter 5

ANALYSIS OF THE DATA - THE TWO-STATE MODEL

‘ I;.Cbmpariéons of Stacking Abilities - A Dynamic Model
' 1The static properties of dinucleoside monophosphates
have often been used to compare their stacking interac-
tidns72’95. Thus, the %h at a given temperature_caﬂ be used
as a rough measuré of the relative stacking abilities of the
various ﬁnmodified dimerng. Likewise, the magnitudes of

dimers' CD at a given temperature cén also be interpreted

in terms of stacking abilities. NMR dimerization shift mag-

nitudes also can be used for a first approximation of relative

séacking interactionsg3.

 'The problem with this simple approach is that we are
not certain that a given amount of stacking will yield the
same:values for the measured properties (%h,Ae,AdTSP) for
dimers containing different monomers. ' This uncertainty is
especially true in the case of hypermodifications. For in-
stance, the hypermodified monomers exhibit very different
absorption spectra from that of adenosine's. The present
theories of hypochromism show that these differencés‘in,the

monomers ' absorption properties (g, A 's, and transition

max
moment directions) will significantly affect the value of

the hypochromism (and most likely the %h as well)72. Like-
wise, the ring currents of the hypermodifications may very

- well be different from that of adenosine's, and thus the

dimerization shift magnitudes of the bases ‘adjacent to the

123



124

hypermodification may very even without invoking structufal
changes. CD spectral magnitudes of dimers are also subject
to variation with monomer properties, even thouéh the mono-
mers' spectra have been subtracted. New absorption bands
or'different_transition directions caused by hypermodifica-
tion could greatly‘affect the dimers' CD72.

" "For ﬁhese reasons, a more detailed analysis is neces-
sary in order to extract»information about the relative
stacking abilities of the dimers studied. Of coﬁrse, one
way to do this would be to determine the properties of the
monomers (electronic trans;tion magnitudes and direqtions,
ring currents, etc.). Then with the proper theories we
could relate these static properties and structural infor-
mation to the properties of the dimers. However, these
monomer properties are exceedingly difficult to obtain.
Moreover, the existingvtheories, which utilize these proper-
ties in predicting the properties of dimers with given'
structures, Would prdbably be insufficient in explaining
measured differences in terms of structural differences.

Instead, I have chosen the alternatiQe of .studying the
properties of the dimers as a function of the position of
the stacking equilibria. Since we have seen this equilibrium
to.be temperéture dependent, it is possible to extract re-
lative thermodynamic parameters of the stacking interactions
through the use of a model which describes this equilibrium.
The simplest model éhat can describe the stacking equilibrium

is the two-state model72’95. This is the model which I have

t



chosen to utilize.

II. The Two-State Model

This model consists of a dynamic equilibrium between
an hnstackedbstate and a stacked state which can be described
by a single equilibrium constant (which is temperature de-
pendent) :
y K(T)
Unstacked State . (U) = Stacked State (S)
K(T) = [S]1/[U] | (1)

We can then define:

o
i

“Property of the stacked state S

v
it

‘Property ef the unstaeked state U

Both of these we will assume to be temperature independent.
Then the measured property at any temperature (P(T)) will

be some combination of these properties, since the relative
amounes of U and S will change with tehperature:

P(T) Pu(fraCtion u) + Ps(fraction S) (2)

P, (MUl/([Ul+[s])) + P_([s]/([Ul+[S])) | (3)
It is known that the properties of dimers closely approach
the sum of the properties of their component monomers when

the stacking equilibria is sufficiently perturbed72'95.

~In
this present study for inetance, we have seen the hypochro-
micity, the CD differences, and the dimerization changes
approach zero with increasing temperature (see Chapter 4,
Tables II, III, VvV, VII). Also, the absorptions of ApA and

lApiGA very closely approach their monomers' absorptions with

the addition of ethanol (see Chapter 4, Figure 8). ﬁikewise,
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protonation of the_basés tends to change the‘dimersﬁ absorp-
‘tion almost completely to their monomers absorptidn (sée.
Chapter 4, Section I E ii). |

For these reasons, and since the monomers' properties
have been subtracted from all of the dimers' measured
properties, I have chosen the value zero for the éroperty
of the unstacked state, P - Then, using this.assumption,
and combining equationsll and 3, we arrive at:

K(T) = [P(T)/(P_ - P(T))] | (4)

Thus, we maesure P(T):

Absorption $h(a)
eR)

NMR 63imer ~ ¢

CD (EL - dimer Z(eL - €R)monomers

; . - Jd
monomer’ Jdimer monomer

Unfoitunately however, Ps is very difficgl;, if not impos-
sible, to qbtain experimentally. One can see from the
Tablés in Chapter 4 that none of the propertiés at the
-lowest teméeratures have begun to even level out to some
fihal value for a 100% stacked state. Some workers have
used high salt cohcentrations in order to lodk at the very

70,92

low temperature properties . This type of experiment

is not only difficult to perform, but seems undesirable in
light 6f the poséible effects of the high salt upon the
stacking equilibrium70’95.

What I have instead chosen to do is make one more
assumption about the physical model such that I could arrive

104,70

at a value for Ps via a data fitting procedure The

idea is to assume that the AH® for the stacking equilibrium
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is temperéture independent. There is sdme basis for this
in the literaturelq4'70.
;Then, the Vah't Hoff equation applies
2n R(T) = -AH®/(RT) + AS°/R (5)
and Zn K(T) vs. /T should yiela a straight line. Thus,
the cfiteria\bf fit will simply be to choose the value of
Pé which when substituted into equation 4 will result in a..
Set;Of K's which form the best straight line in a van't
Hoff plotlo4:
 1). Choose a‘value'for_Ps - Obtain K vs. T (equation 4).
2) Plot €n K vs. 1/T - Calculate least squares line and
note least squares deviation. 4
3) Choose a.new Ps.
4)v‘Repeat.steps 1 - 3 until minimize the deviation from
the.least squares line.
(Appendix 1 gives the Fortran program used to perform
this type of fit. The deviation used was the average devia-
tion from the least.squares line of each of the Zn K values,
diviéed by the total Y range. This was done because the
value chosen for PS greatly affected the size of the Y
range - see the program listing.)
From the straight line of best fit I obtained AH°,'AS°;
Py and a calculated set of equilibrium constants KC(T)
(these latter'we;e calculated from the AH° and AS° values).’

Then we could obtain the actual calculated fit through the

experimental data PC(T):

P(T) = [P -K (T)/(1 + K ()]
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The listing for the Fortran programs used iﬁ calculating
‘and plotting these fits is also shown in Appendix 1.
To summarize the two state analysis then, the assump-
tions are: |
1) Only two states, which are in equilibrium with
one another, are present.
"2) The values of the properties of these two states
are temperature independent - only the ratio of
the states' populations change with temperature.
3) The unstacked dimers' properties are identical With
the sum of the respective monomers' properties,
and our choice of measured properties thus yields
.Pu = 0.0
" * 4) The heat capacities of U and S are the same and
hence AH° # f(T). |
The Weaknesées of this approach will best be discussed after

we have looked at the results obtained from its use (see

the following chapters).

III. An Additional Analysis - The 3'-Endo Method

‘Another approach utilizing the two-state model has

been used with the J coupling constants. In this case,

1'2°
the value for Ps was chosen from a consideration of x-ray
data of stacked double strands, and NMR theory. It is
known that the sugar conformation of monomers is an equili-~
brium between 2' and 3! end096’97. Upon formation of a

double stranded stacked helix, the sugar conformation changes
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to éssentially 100% 3' endo. This has been observed by
1x;ray?6. In this sugar conformation, the vicinal angle
-betWéen the 1' and 2' sugar protons is 90°. According'toA
the modified Kafplué equationgs, this will eliminate the
‘coupling between these protons and hence Jyigr = 0.0.

Thus for this model, we take as our fully étacked state
the stacked conformation found in double stranded stacked
helices. The geometry found for the sugar residues in this
conformation, coupled with the'pertinent NMR theory, leads
to ﬁhe value for the stacked state's coupling = 0.0. Once

again, the unstacked state's propertiés are taken as equal’

to the monomers' properties. Then, we can define

- AT = observed splitting -in the dimer
B(T) = splitting of the monomer
o X = fraction of stackedvform = (U] [i] [S]
Then,
A(T) = X-P_ + (1 - X)B(T) - - (8)
Combining equation 1 and 6 we arrive at |
K(T) = [(B(T) ~ A(T))/A(T)] | ()

Using this equation, which relates only measured properties
with the equilibrium éonstant; We can at every temperature
obtain. a K. From a least squares line of the &n K's vs.
-1/T, I have arrived at a 'best' set of K's.

This method differs from that in section II of this
chaptér in that the value of PS is obtained in a different
manner. Thus, the assumption of AH® béing independent of

temperature did not have to be invoked in order to arrive

-
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‘at P or the set of equilibrium constants (it was invoked to
. 8 .
obtain the 'best' K's). Otherwise, the methods are identical

in their basic assumptions.

IV. Summary

In this chapter I have described the analysis method
used in treating the primary‘data._ I have chosén the two-
state model to simulate the dynamic stacking equiiibrium.

I did so in order that I could arrive at more méaningful
comparisons of the stacking abilities of the various dimers
| than could be made éimply by a study of the static préper—
ties of the dimers. This of course requires the use of a
model, and I have in this chapter carefully pointed out the
assumptions made in‘using the model, so that we will have

a realistic view of the results obtained from its use. The

next chapter describes these results.
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Chapter 6
RESULTS

I. Introduction

"This chapter is essentially only a tabulation of the
'thermodynamic' results obtained from the analyses of the
primary data presented in Chapter 4. Also included are fig-

- ures which illustrate some of the representative fits obtained.
The next chapter will deal with the interpretations of the

results presented here.

II. Absorption Results

‘The parameters obtained from the two-state model analy-
sis of the percent hypochromicity vs. temperature data are
presented in tﬁis section. Figﬁre 1 illustrates typical
types of plots generated in obtaining the best fit (Ln K vs.
1/T). Figure 2 gives some examples of the actual data and
the Calculated curves.fitted to the data points.
| The fact that there exists a mathematically best fit
is demonstrated in Figure 3. This figure illustrates
examples of how the best fit was determined by minimizing
the deviations from the least squares line (see Chapter 5).
Care was always taken to check that there was only one -
minimum as a function of the Ps chosen.

Table 1 presents the absorption results. The inter-
pretations of the various parameters will be discussed in

the following chapter. The values for the probable lower
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Figure 2: Sample fits (smooth curves) to the
.. actual experimental data (points) using.
the best fit parameters obtained from the
lines shown in Figure 1. Shown are the th
values for ApA (X, 258 nm), ApibA (+, 262.5
nm) , and ApeA (0, 260 nm).
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Figure 3: Error from least squares line (Zn K vs. 1/T - see
Figure 1, and see Chapter 5 for definition of the
error) as a function of the P_ value chosen.
This, as in Figures 1 and 2, ¥s for the sh vs. T

\ data for ApA ( ), Apiba (" ")

-05 - .

\ and ApeA ( - - - ). Arrows point
' to the best %hs values.

.04+
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.02+

.01
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Table I.

The results from absorption data (%h (A) vs. 'Listed

T) for the two-state model.
are the best fit parameters obtained as described in Chapter 5.  Listed in
parentheses are the likely lower and upper limits for each value. These numbers
were obtained as described in Appendix 2. They do not relate to the accuracy of
the two-state model in describing the dimers' stacking.
Dimer AH® . As® | S P_ Error *
o . o .
(kcal/mole) {cal/°mole) (ahs) _ (x102)
ApA -7 (-5,-9) -20 (-17,-27) 1.4 (0.9,1.8) 18 (15,21) 0.7
api®a -3 (-2,-5) 11 (-9,-15) 0.9 (0.4,1.8) 20 (15,37) 0.6
rpms®i®a -6 (-4,-9) -18 (-10,-27) 2.9 (1.1,4.5) 10 (7,13) 0.7
ApeA -4 (-3,-6) -14 (-12,-20) 0.9 (0.5,1.3) 24 (18,36) 0.8 -
UpA -2 (-2,-6) -8 (-8,-17) 0.3 (0.1,2,8) 13 (4,25) 1.5
upt®a -3 (-1,-5) -8 (-6,-16) 1.4 (1.0,3.9) 18 (12,37) 1.6
CpA -6 (-4,-10) ~19 (-14,-30) 0.9 (0.6,1.9) 12 (9,19) 1.4
* Error = error in best fit, defined in program (see Appendix 1 and Chapter 5) as the

‘mean deviation of all of the points from the least squares llne, divided by the
total range of the oralnate.

9¢€T1
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and upper limits (shown in parentheses) were obtained via a
detailed graphical analysis which is discussed in Appendix
2. They do not represent any error inherent in the choice

of the two-state model itself.

1III.'Circular Dichroism Results

- Parameters from the two-state model analysis of the

data for Apa, ApiGA, ApmszisA, and ApeA are presented here.

Unfortunately, because of the small CD magnitudes observed
6

fdr.UpA and Upt A and the small changes in thesé\magnitudes
wifﬁvtemperature variation, their CD melting curves could
not be fit using this method (i.e. no minimum in the Errorb
vs. Ps‘plot'could be obtained). |
"Figﬁre 4 illustrates some typical best fits to the
actual experimental.data. Table II présents the results

along with probable lower and upper limits (again see

Appendix 2).

IV. Proton Magnetic Resonance Results

(A) Two-State Fitting Results

It is possiblé to obtain minima in the Error vs. P
curves for many of the protons for the various dimers.
However, many of the protons exhibited such small dimeriza- -
tion changes or small changes with temperatufe ?ariation,
that no minima could be obtained. These latter include
most‘of the protons of ApmsziGA,vUpA, and UptSA. Even those

protons whose changes could be fit exhibited large’fitting
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-60 -40
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Figure 4:

Sample best fits (smooth curves) to.the
experimental data (points). -~ Shown are
the CD magnitudes (per residue after
monomer subtraction) for ApA (X, 271 nm),

- Api6A (+, 279 nm), and ApeA (O, 231 nm -

all points are multiplied by -1). Wavelengths
are for band maxima.
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Table II. The results'from the CD data (Chapter.4, Table III) for. the two-state model.
Listed are the best fit parameters obtained as described in Chapter 5. " Also
listed in parentheses are the probable lower and upper limits for each para-

meter (see Appendix 2).

.Dimer AH® | AS® ' K37°C Ps Error *
(kcal/mole) (cal/°mole) (Aes) (xloz)
- ApA -6.5 (-6,-7.5) =23 (-21,-25) . 0.4 (0.3,0.6) 17 (14,20) 0.7
apia °  -4.5 (-4,-5.5) -18 (-17,-20) 0.2 (0.1,0.5) 17 (10, 30) 0.4
apms?i®a -5 (-3,-9) -16 (~9,-25) 2.4 (0.7,4.0) -7 (-6,-11) 2.8
ApeA -6 (-5,-7) -22 (-20,-25) 0.4 (0.2,0.5)  ~-14 (-11,-21) 1.4
* Error = error in best fit, defined in program (see Chapter 5 and Appendix 1) as the

mean deviation of all of the points from the least squares line, divided by the total
range of the ordinate.

6€T



errors compared with those of-absorption or CD fits. The

protons of ApeA were not fit because of an insufficient
number of data points with temperature.

The results from the analyses of the proton changes

140

that were fit are given in Table III. The likely errors in

the parameters are listed for a few cases of the data which

gave better fits. The reader is referred to Appendix 2 for

a short discussion of the error analysis of the NMR data.

(B) 3'Endo Method Results
Presented here are the results of the 3'-Endo method

of analysis of the Jl'2' coupling constants. This method
6

has not been applied to the 3' Up residues of UpA or Upt A

The results are listed in Table IV. Figure 5 illustrates

some of the van't Hoff plots used to arrive at the 'best'

parameters in Table IV.

97



Table III.

Dimer

The results from the two-state fitting of the NMR data. Listed are the best
fit parameters obtained as described in Chapter 5, Section II.
referred to Appendix 2 for a brief description of the probable errors in the
parameters listed. :

Y-
(cal/°mole)

K3vec

AH®

(kcal/mole)

-3 = -13
-6 + -20 ¢
-2 -9
-3 =12
-5 -16
-3 + 2 -13 #
-5 -19
-3 &£ 2 -12
-4 -13_
-3 %2 -11 #
-5 -14
-2 -11
-8 ~24
-7 -21

0.3 (0.1,1.0)
1.4 (0.6,2.2)
0.3
0.8
0.6

0.5 (0.2,1.6)

0.2

0.4 (0.1,1.0)
0.7 a

0.9 (0.1,1.8)

4.2
0.2

2.3

S

.9 = 0.

.3 £ 0.
8 + 8
10

.7 £ 0.8

.4 £ 0.8
2

The reader is

Error *

(x10%)

IvT

i
£,

E"&
¥
H

e
2
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Table III. ({Continued)

Dimer AH® AS°® K37°C Ps Error *
(kcal/mole) - (cal/°mole) : _ (xloz)
2.6
Apms 1 A .
H8pn15216A -5 -16 2.6 0.3 ’ 3.9
UpA
H1'Up -4 -13 0.7 , 0.5 2.2
6 -
Upt A
H1'Up -4 - =14 0.9 0.4 2.0
H6 Up -3 -8 ' 2.5 0.2 6.8
AJl,Z,ptGA - ~11 0.1 ' 9 7.8

* Error = error in best fit, defined in program (see Chapter 5 and Appendix 1) as the
mean deviation of all of the points from the least squares llne, divided by the total
range of the ordinate.

vt
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Table IV. Results from the 3'-Endo Method. See Appendix 2
: for a discussion of the K * values. They do not
include uncertainty due to the choice of the

model.
Dimer AH® | As® K37e¢
. o
(kcal/mole) ~ (cal/°mole) (+0.08)
3' Residues :
(Ap) |
api®a | -3.0 -11 0.45
(2p) '
ApmsziGA | - =7.5 | 29 0-10
(Ap) v B
Apea 4 -7.5 ~27 0.22
(Ap)
5' Residues
ApA - , -5.5 ' -20 0.38
(pA) |
Api6A6 -2.9 . =12 0.30
(pi~A)
2.6 ' |
Apms i -2.2 - =10 0.24
( ;
pms“i~A)
 apea -3.9 -15 0.31
(pea) - ' |
Upa -4.4 -18 - 0.17
(pa)
Upt6A6 -2.3 -11 0.22

(pt A)



Figure

Zn K

{on

Van't Hoff plots of 4n K's derived from the
3'-Endo method. The lines are the least squares
lines for ApA (Ap, ), and ApiGA (Ap, = - - ).
See Appendix 2 for derivation of error bars.
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Chapter 7
- DISCUSSION

I. Dynamic Stacking

(A) Literature Comparison

Before discussing the stacking properties of the mole-
cules studied in this thesis, it is necessary to compare the
results obtained herein to those reported in the literature.
No répOrts have been made of the dynamic stacking properties
of any dinucleotide contéining hypermodifications. However,
numefousvstudies have been made of the unmodified dimers,
ApA and UpA. Table 1 summarizes the pertinent thermodynamic
parameters obtained for these dimers (most arrived at via a
£w545tate model analysis of some sort).

That this is not a very useful comparison‘is rather‘ob-
vious when one notices the large variations in the values
from one author to the nexﬁ, and from one property to the
next. There is essentially no comparison to make wifh the
NMR data. The authors réporting the —ll:kcal/mole for

99, obtained the value from a very questionable 'sigmoidal'

AH®
dimerization shift vé. temperature curve. Of all the dimer-
ization shift curves of the various protons of ﬁhe'numerousv
dimers studied here, sigmoidal curves were never observed.
The analysis of ﬁheir data naturally yielded high AH® values.
The absorption and CD (or ORD) literature values offer

a better, but still not a very useful comparison. With the

absorption of ApA, the AH°'s vary as.might be expected from
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Literature Comparison. Thermodynamic parameters
for models describing the stacking equilibrium
Most authors have utilized a

two-state model in arriving at these values.

Table I.
| of ApA and UpA.
Dimer  Property AH®
ApA
| Absorption -7
" Absorption ~-8.5
Absorption -9.4
Absorption -10.2
co ~-6.5
CD © -8.5
ORD -8.0
ORD "=5.3
NMR(HZApcSTSP) -3
NMR(H2ApS,,on)  -11
NMR(all
dimerization
changes) -2+-6
NMR(3'-
"Endo Method)
Ap o -3.5
PA ' -5.5
Absorption
Titration ——
Calorimetry -3.4
UpA
Absorption -2
ORD -5.1
NMR(H1'Up$ ) -4
NMR(3'- . TSP
Endo Method)
PA -4.4
Absorption
Titration ———

As®

-20
-28
-29
-33

-23
-30

-28
=20

-13

-9--20

-12
=20

K37°C Reference
1.4 This Work
0.7 70,92

1.9 105

0.9 106

0.4 This Work
0.3 107

0.3 108

0.2 70,92

0.3 This Work
—— 99

o This

0.2+l.4 Work

0.71 This Work
0.38 This Work
5.0 71

—_— 109

0.3 This Work
0.10 70,92

0.7 This Work
0.17 This Work
0.00 71
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the error analysis presented_here. The same is true with .

the AS° values. In general, the K 's don't show as much

37°C
scatter as the AH°'s or AS°'s. The value obtained here is

in the range of those found by others, within the error limits
reported here. The same story is true of the CD and ORD

data. The K37°C's‘in these cases however are actually rather
close.

An_interesting trend in the literature that seems to be
rather constant is that the K's from the absorption are
generally higher than those from thé CD. The data in this
thesis also bear this out.

'Thus in light of the variation found by the different
authors, let it suffice to say that the vélues obtained in
this thesis fall within experimental error of those in the
literature. This is not a good confimation of the data,

considering the size of the experimental errors reported

here and the scatter found in the literature.

(B) The Property of the\Stacked ‘State, Py

Aside from the choice of the two-state model, the major
difficulty in arriving at thermodynamic parameters is in the
attainment of values of Ps' Since this property has not
been measured for the two-state fits, one can attempt to
aséertain that the value obtained from the fit is physically
reasonable. This of course is not easy, or we would‘simply
have chosen a Ps from pﬁysical intuition; However, some

things can be said about the possible values; and about the
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“trend of_Ps Values from one molecule to the next. |

For the absorption; one might expect the %h 6f the
stacked state of the dimer to approach that of a longer
polymer, in which the stacking is believed to be greater at
measurable temperatures. High molecular weight‘poly A is

believed to be almost fully stacked near zero degreeslos’llo.

.Its %h at 0°C at 257 nm was found to be between ~25 - 35%105'

110;, The %hs determined in this thesis for ApA was 18%.
Since the hypochromism is chain length dependent, this
roughly corresponds té a %h for an infinite polymer of A to
be (assuming nearest neighbor interactions only)72
N H(n) =((n - 1)/n] H(w)
$h(dimer, n=2) = 1/2 %h(infinite polymer, n=eo)
or. sh(poly A) = 2 x 18 = 36% |
’v:-Thus,_the %hs found for»ApA is certainly reasonable.
No such data have been obtained for polymers cohtaining the
other dimers. |
| 'However, the theory of hypochromism can be used to de;
duce how changes in the monomers' properties will affect the
$H (or %h). Assuming that a set of dimers have identical
geometriesvin the stacked state and'identical monomer tran-
sition directions, the dimer which contains a monomer having
higher extinction ¢oefficients in its UV bands will have the
higﬁer %h7?.' In'the case of the hypermodifications of A, ﬁhe
monomgfs extinctions are generally significantly largef than

those of A's. 1If the UV bands are indeed an indication of

the sizes of the bands at the lower A's (whose interactions
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with the 260 transitions greatly influence the %h), then one
could on the basis of these assumptions expect dimers con-
taining them to exhibit larger $h's than their unmodified
‘coUnterparts{ In fact, this is found to be the case with

6A, ApelA, and UptGA_(see Table I, Chapter 6). It is not

Api
the case with ApmsZiGA, and one might well wonder if a value
of 10% for its %hs is physically reasonable. |

‘A check of the Ps values for the CD band maxima is more
complicated. CD bands can superimpose onto one another and
often cancel each other. The band shapes and sizes are thus
dependent not only upon the stacking, but also upon the
sequence and the monomers' prcperties. It happens that 3 of
the 4 dimers studied (ApA, Api6A and ApeA) show similar Pé
magnitudes while that of ApmsziGA is smaller than the rest
(as was the the case with the absorption). However, it is
difficult to argue over the significance of this because of
the factors already mentioned.

- Using a simple nearest neiénbor approach, the.AeS for
ApA of 17 translates into a Ae = 35 for a poly A 100 units
in length. Poly A at 0°C gives a Age = 23111. It is not
known whether this difference is significant..

Values for dimerization shifts of fully stacked states
can be derived from calculations of ring current fieldsllz.
Of course this requires a knowledge of the geometry, and
moreover, the theoretical values of the ring currents tend

112,113

to change with time . If we assume that the base

adjacent to an A approaches within van der Waals radii of



£hat A, and that a proton on that base falls in the.regidn
- of highest'ring current, then its AGTSP could be no greater
‘than l.6‘ppm,: This is rather high, and it is not surprising
that all of the P_'s found for 8§pgp's fall within that
limit. The dimerization changes in the Jl'2! coupling con-
_stént§ are expecﬁed to be appfox;mately that of the monomers
at low temperature for the fuliy sfacked dimer (This is
beéaﬁse the fully stacked dimer will exhibit essentially no
ééupling inqits pure 3'-Endo stafe, as described in Chapter
5.).1‘There_isAs§mewhat of a scatter Qf these P valugs. PA
of Up£§A and ApA give high values while Ap of.ApiGA gives
é low Vél#@.u The derived K's ﬁéy thus be in question. |

| Thus in summéry,the Ps yélues arrived at byhthe fitting
procedures appear.for t@e most part io'be physically reason-
able. waéver, for the vériation which could be allowed in
the P_ values and still be considered 'reasonable’', the
scatter in the resulﬁant fit parameters is high. This section
has contained onlf some necessary checks upon the Ps values,

'~ and does not COnstitute a sufficient verification.‘

(C) AH® and AS°

In ordér to érrivé a?:£w04stété équilibriﬁm donstants,
the stacking'equilibria have been stﬁdied as a fuﬁction of
;eqpératufe. This then also yields values for the standard
éhéngés.;n the enthalpy (AH°) and entropy (AS°).  Sinée
stéck§ng:is mainly caused by attractive forcesg4, it has

924

often been described in terms of its AH® . However, mostly
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becauée of our lack of knowledge of the rolevof the sblvent
(Héo)‘in stacking, it is very difficult to interpret.the
counterbalancing effects of the AH or AS in terms of mole-
cular models.

It is interesting to note howéver, that with few excep-
tiohs the hypermodified counterparts of ApA have been found '
here to have less favorable enthalpic contributions relative
to ApA. That their free energies are not widely different
frbm:ApA's is a result of a more fa&orable entropic contri-
bution in each case. (The exceptions ére résults for
ApmsziGA and ApeA from the 3'-Eﬁdo analysis of their Ap
residues). 'It is evident that thése trends are difficult to
interpret in terms of the properties of the additional side
chains when one considers the available data on monomer
interactions. For instance, methylation of the base moiety
of nucleosides generally increases the favorable enthalpic
contribution to the stacking94. This is in direct contrast
to what is found here for the hypermodifications if they weré
to be considered simply as 'methylationsf. Changes in the

entropic contributions are even more difficult to'interpret72'

94. It is also difficult to.assess the effects upon the
AH or AS of the hypermodifications whén one conéiders both
the stacked state and the unstacked state.

Unfortunately because of the large experimental errors
in both the AH°'s and AS°'s (not to mention the uncertainty

due to the choice of the two-state model), this_discussion

may be academic. In fact, the experimental error alone in



almost all cases allows an overlap of the values of AH®° and
AS° for ApA and its hypermodified dimers. Thus, within exeb

périmental error these parameters could be equal for all of

the dimers. Also, although the mentioned trends are the same

from one technique to the next, the absolute values of the
AH®'s and AS°'s are in general different for the absorption,

CD or NMR results.

(D) Two-State Stacking Equilibrium Constants

Becaﬁse of the difficulty in interpreting changes in
the separate contributions to the free energies, the remain-
der of the diécussion of the dynamic stacking abilities will
be c¢centered about the equilibrium constants. This is also-
advantageous in light of the experimental errors in the K's
felative to those in the AH®°'s and AS°'s. Because of the
restrictions put on the parameters as a result of the exper-
imental curve shapes, the errors listed for the AH°'s and
AS°'s do not propagate into the K's. Thus, it is generally
"found that when the AH®° becomes less favorable the AS° will
éomewha£ compensate and become more favorable. The limits
tabulated for the K's in Chapter 6 were derived from the
curve shape errors described in Appendix 2, and not from a
pfopagation of the.total separéte errors poséible in the

AH®°'s or AS°'s.

(i) Differences in K's Between Dimers

I have mentioned that the absolute values of the equi-
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librium constants fall within ranges found by others in the
literature. Of more interest for this study are the differ-
ences between the K's for the various dimers.

"~ In fact, the most important finding in this disserta-
tioh'is that the dimers containing hypermodifications do
have different stacking equilibrium constants than their un-
modified counterpartsf Thus even on the small scale of the
dimer, hypermodificétion appears to affect the physical in-
teractions between the neighboring residues. As a first
step.then, the design of the dimer approach-iS'sound for
the"stuay of the role of hypermodifications.

‘The conclusion that the dimers exhibit different stack~
ing abilities is of course subject to the gssumptions made
in arriving at the K's (two-state model, P_, etc.), as well
as to the experimental errors. The effecté upon the K's of
the choice of the model are difficult to assess in terms of
+ -values. Indeed, a simple equilibrium constant may not
be justifiable if more than two states are involved in the
'stacking. 'And although the experimental errors are less
than those in the enthalpy and entropy, thefe is enough over-
lap between the ranges of the K's that the equilibria could
be the same regardiess of the extent of hypermodification.
However, because of certain trends in the 'best' K's that
emerge from all of the properties monitored, I will discuss
these best values in relation to the affect of hypermodifica-
tion upon dimer stacking.v This data set taken as a whole

strongly indicate that the dimers containing hypermodifi-
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cations exhibit different stacking properties than the un-

modified dimers.

(ii) Differences in the K's Between Techniques

Aside from the‘differenceé in the K's amoung the dimers,
the next most obvious observation of the results in Chapter
6 is that the K's for a given dimer are different from téche
nique to technique. Hence, one notices different K's for
ApA from the absorption (1.4), the CD (0.4), and the ﬁMR
(0.7, 3'-Endo). Even within the realms of one techhique,
NMR, there is a variance of K's depending upon the particu-
lar dimerizaﬁion change (proton shift or coupling'constant)_
monitored (0.2 - 1.4). |

It is possible that in some of these cases, the discre-~
pancies can be explained by experimental error. However,
‘because of the general lack of agreemeht in the best values
for the various dimers from technique to techhique, it is
beliéved that the discrepancy is the resuit of the choice of
the two-staté model. This is also suspected becaﬁse of the
trends in the K's from technique to technique. The K's
from absorption tend to be generally higher than those found

by CD or NMR (3'-Endo).

(iii) Trends in the Equilibrium Constants
With only a few exceptions, certain trends are evident

from technique to technique in the K's for ApA, Api6A(

ApmsziGA and ApeA. It appears from the best K's in Tables

i
H
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I, II and IV that these hypermodifications slightly decrease
the stacking ability relative to ApA. The notable excep-
~ tions to this are the rather abnormally high K's found for
ApmsziGA with absorption (2.9) and CD (2.4). It was mentioned
in section I B that the P values for this dimer with CD and
absorption éould possibly be uhreasonable, this possibility
being véry likely for the %hs. Even without invoking this
question, the experimental errors found with the K's for |
ApmszisA were generally large (V1.7 for both the absorption
and the CD). ' This is a result of the fact that the proper-
ties monitored for Apmszi6A generally showed small changes
with temperature relative to the changés observed for the
other dimersb(See Tables II and II in Chapter 4). This is
also evidenced in the large fitting error for thé ApmsziGA
CD data (0.028). The small changes with temperature might
lead one to suspeét a lower AH®°, but the PS values obtained
from the fits yield relativély high AH® values. If one
quite arbitrarily picks values of Ps close to those found
with the other dimers (18 - 24 for %hs} 14 - 17 for Aes -
this is admittedly dangerous with the CD) then values for
the K's obtained with both the absorption and the CD are
less than that for ApA. Considering the large ekpérimental
efrors in the K's of ApmsZiGA, the large CD fitting error,
ahd the possibility of unreasonable Ps values, it is easily
conceivable that the actual data are consistent with the
trend of lower stacking stabilities with the extent of

hypermodification. Certainly the 3'-Endo results of ApmsziGA

ok
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are consistent with this trend.

‘Because of the large wvariation betWeén the K's for the
various protons of a given dimer, it is impossible to judge
whether the dimerization change fits agree with this trend
(Table III, Chapter 6). Also, large fitting errors relative
to the absorption or Cleits were observed with almost ail
protons. Likewise, for a given proton (even those with the
better fitting errors) the t values for the K's are large.
Even if one compares corresponding protons from ApA to Api6A,

no consistent trend is observed:

Proton | K37°C(ApA) K37°C(Api6A)
"H2Ap 0.3 < 0.4
" H2pA (pi6A) ‘ 0.8 > 0.7
H8pA (pi°a) o 1.4 > 0.9
H1'Ap 0;3 < 4.2
‘Hl'pa (pi®a) | 0.6 > 0.2

All this stems from_the fact that the changes from the ex-
tremes of the temperature range were generally no more than
only ~0.15 ppm and often only 0.1 ppm or less. Thus, the.
dimerization changes unfortunately cannot be taken as either
supporting or conflicting evidence for the trend mentioned
abo?e;

The other important trend‘to be noticed iﬁ Tables I, III
and IV is the fact that'with.all the techniques used, Upt6A
appears to be stabilized reiative to UpA. The absorption

yields a large difference in the K's (1;4 vs. 0.3) while the

NMR shows a smaller but consistent difference (0.22 vs. 0.17,



3'-Endo). The H1'Up dimerization chaﬁge fit also yields the
same trend (0.9 vs. 0.7), but is unreliable éonsidering the
discussion above. _
The results taken together indicate that i6A, msziGA
and €A destabilize the stacking of ApA, while t6A stabilizes
the stacking of UpA. The fact that these ﬁrends appear in

all of the techniques used adds weight to their validity.

(E) Deficiencies of the Two-State Model

There is a large body of literature dealing with the
two-state model and its use in describing dimer stacking
equilibria (see references 72,95 and references therein).
The basic arguement against the use of the two-state model
for this system is that different thermodynamic parameters
are obtained for different properties monitored. It is my
opinion after conducting these experiments, analyses and
error analyses, that disagreement between parameters from
different authors using different techniques is not a suf-
ficient arguement against the validityvof the two-state
model. I have shown in Appendix 2 that simply experimental
and fitting errors can account for large variances in the
thermodynamic parameters. Thus, differences in experimental
techniques and analysis procedures could possible explain
ﬁany‘of the differences found in the literature.

However, I have presented in this thesis parameters
obtained from absorption, CD and NMR utilizing ﬁhe same

énalysis technique. I have found with several dimers that
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the parameters obtained with the different methods are not .
equivalent. In féct, even certain trends are followed in
the differences (absorption K's > CD or NMR K's). vThus, as
the preQiousyliterature has time and again suggested, the
work‘presented here indicates that more than two states are
involved in the dimer stacking.

More recently, static NMR measurements have been. inter-
preted in terms of a stacking equilibrium involving more
_thanvone stable stacked state’ ’°8. |

In light of all this, it is somewhat surprising that
clean isosbestic points were obtained in the CD_melfing
curves (e.g. see Figure 15, Chapter 4). These isosbestic
points were observed for all of the dimers studied by CD.
This type of obsgrvation has been studied by Powell et al.114
for absorption and CD of ApA and CpC. These authors conclude
that for optical data, thermodynamic parameters can be ob-
tained from a two-state model. They state that if there are
more than 2 states, the "intermediates between the stacked
and unstacked forms do not have récognizable identities in
terms of spectroscopic properties". It is possible that
there exists a set of stacked states which exhibit indis~
tinguishable absorptions. Likewise there may be a set of
vstates with similar CD spectra. That these two sets of
staﬁes might not overlap would be conceivable when one consi-
ders the different geometry dependences of the absorption‘
ahdeD72'92. The absorption tends to be less geometry de-

-pendent, and depends more on simply the distancé between the
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bases than does the CD. Perhaps this is why the CD appears
to 'melt' out with increasing temperature before the absorp-

tion does (Kab > K in general). NMR, with its probes

S. CD
(protons) on various portions of the dimer, may be more
sensitive to the nature of the stacked state597’95. This

could explain the differences between results from different
protons. Each proton may 'melt' away iﬁ a different fashion.

. Thus, it is clear that there exist more than two states
for the dimer stacking. It is not clear whether the use of
a two-state model is a valid means of obtaining thermo-

dynamic parameters from temperature data. Ts'o95

points

out that it is not a bad approximatibn,to use for optical
spectroscopy, while obtaining o&erall thermodyhamics for

the stacking from NMR fit procedure is not valid.

" The 3'-Endo method is also-a two-state model, and is a
specific probe on only one portion of the dimer. From the
above discussion, the results fromvthe 3'-Endo method pro-
bably ao not reflect how the dimer melts - only the sugar
region. However, if we are only to compare that region
from dimer to dimer (and not from property to property), then
the trends obtained in the parameters may very well describe
the trends in the 'overall' stacking of the different dimers.
It is of interest to note that the parameters from the 3'-
Endo analysis of the Ap residue of ApA agree quite well

with the fit parameters from the dimerization change AJl.z,Ap '

(which has the smallest fit error - 0.010):
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ApA AH® AS° K, Table
N , o - 37°C (Ch. 6)
3'-Endo (Ap) -3.5 -12 0.71 IV
ATy, (AP) (£it) -3 -13 0.5 ITI

(The differences in the twovénalyses'is in the choice of Ps
and the assumption of AH # £(T) - see Chapter 5.)

The other major assumption used in fitting the data to
the two-state model is that AH® must be independent of temp-
erature. Aéide from the rationale given in Chapter 5,

Figure 5 in Chapter 6 presents data which supports this.

The £n K's from the 3'-Endo method (which places no restric-
tions upon AH°) plotted vs. 1/T give very reasonable straight
lines. |

| In conclusion of this discussion, although thére are
difficulties in using the two-state model to analyze the
data, it is worth while to use in obtaining relative thermo-
dynamic parameters. One should not expect the values to

be consistent from technique to technique. For a series of
“dimers however, the two-state model when applied to a single
property should yield meaningful relative stabilities. Thus,

it should be useful in attempting to learn of differences in

stacking abilities - not absolute stacking.abilities.

(F) Errors
The errors for a set of K's derived from a single
property should then arise mostly from experimental and cal-

culational errors - not, as was discussed above, the choice
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of the model (i.e. the error Qf‘the absolute values of the
K's will of course include the error due to the choice of
the model - the error of the 'relative' K's should not).
However as we have seen, even the experimental and fitting
errors are substantial. This is the reason for the impor-
tance of monitoring several different properties.

"Some of the properties measured have shéwn smaller
errors than others. This can be seen first of all by the
fitting error of the best fit (lést column of Tables I, IT
and III, Chapter 6). Those éurves yielding larger fit errbrs
generally gave higher errors in the fin&l parametefs, With
the absorption the error ranged from 0.006 to 0.016. The
CD fit errors ranged from 0.004 to 0.028. The NMR fit errors
'ranged from 0.010 to 0.078. The relative confidence that-
one places in the values obtained from the fits shouid be
based upon.these relative error_magnitudes. Absorption
(with the most data points) is probably safer than CD, with
both of these being much more-reliable than the NMR fits.

The 3'-Endo method is.héwever an altogethér different
approach to the NMR, and the relative~confideﬁce level is
not clear. In Table IV though, the same types of trends in
stability are observed for both the Ap and pA (pA*) residues
(ApA being more stable than its‘hypermodified counterparts) .
‘Also the agreement with the good AJl'Z'Ap fit (fit error =
0.010) is also encouraging. Finally, assuming that the model
is correct, the experimental propagated error in tﬂe K's is

small.
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(G) - Summary of the Dynamic Stacking

In this section I have presented the major findings of
this dissertation. It has been pointed out that the results
obtained generally agree with those thermodynamic values
reported in the literature. It is important to remembet in
this regard that an agreement with literature values is
probably only a necéssary criteria for the validity of the
values, and does not constitute a sufficient check upon the
parameters.

I have discussed the values arrivea at for the proper-
ties of the stacked states and have concluded that in most
cases the values obtained from the fits are physically rea-
sonable. The choice of the PS values however, remains as
one of the most difficult problems in this type of analysis.'

"The AH°'s and AS°'s are difficult to interpret in
.molecular terms. Thus, the possible trend that hypermodifi-
cations of ApA exhibit less favorable enfhalpy contributiéns
and more favorable entropic contributions to the stacking
free energy, can not be readily explained in terms of the
side chains' properties. Another difficulty is the quite
large uncertainty in the values obtainea.

For these reasons and others which I have discussed, it
is most useful tovcompare the gquilibrium constants of the
Stacking equilibria. While it is difficult to attain abso-
lute K's becausevof'the use of a model, it appears that re-
lative values of K's can be derived. Thus stacking differences

have been deduced between dimers containing hypermodifica-
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tions and those without modification. Because the trends
have been observed from technique to technique it is believed

that i6A, msziGA and €A destabilize the stacking of ApA,

while t®

A stabilizes the stacking of UpaA.

Finally, the use of the two-state model has been dis-
cussed in detail, along with the effects of the experimental
Iand calculational errors upon the thermodynamic parameters.

I have concluded that the two-state model ié a useful model
in detecting stacking differences, but only when used with
several techniques. The inherent errors of a model and of
the experiment itself require one to check by different ex-
periments the resultant trends which may be apparent from
the analysis of a-single technique..

This has been performed,in_this dissertation, and the
stability trends observed are felt to be an accurate descrip-
tion of the stystem. In the next section, we will see if the

static properties of the dimers are consistent with the

thermodynamic results presented here.

II. Static Properties

Up to now I have made no attempts to construct molecu-
lar models for the stacked states of the dimers. This is
a difficult problem, especially because of the likely pre-
sencé of more than one stacked state. This is one of the
reasons why the preceeding thermodynamic approach has been
used. With that type.of analysis no real detail of the

molecular states are specified, aside from the fact that the
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stacked state is characterized by considerable base~base
interaction, and the unstacked state has properties similar
ﬁo the monomers.

-~ Certainly however,'conformational information can be

»

obtained from the static properties. This section describes

the effects of hypermodification upon the properties of the
monomers and dimers, in an effort to learn of the effects of

hypermodification upon the conformations of the monomers

and dimers.

(A) Monomer Properties

"It is important in a study of dimer properties to in-
vestigate the constituent monomers' properties. The optical
and ‘NMR properties of the monomers ﬁa&e been tabulated and
briefly discussed in‘Chapter 4, In this section, I will in-
terpfet as much as possible these properties in terms of
conformational differences.

‘The absorption is of course markedly‘changed as-the side
' chains are added to adenosine. Unfortunately beceuse of the
complex changes in the electronic properties of the base
moieties, it is impossible to extract conformational infor-
mation from this. For exémple,-it is not possible to learn
from the absorption about the affect of the side chain's
addition upon the glycosidic bond angle (syn-anti equilibrium).
Nor is it possible to deduce the positioh of the side chain |
relative to the basé or sugar moiety. Of course, detailed

theoretical calculations could yield more information about
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the relative geometry of the side chain, but the difficulties
are numerous.
Becaﬁse of the changes in the absorption bands,‘the
hypermodifications of A will exhibit differént CD spectra
as well. As mentioned‘in Chapter 4 though, the only conclu-
sion that can be drawn in ?he absence of more detailed
theoretical considerations, is that the syn—anti equilibrium
is not greatly influenced by the addition of the side chain.
The NMR of the monomers (nucleosides and nucleotides)
is by far the best technique to learn about changes in the
conformations‘brought about by hypermbdification. Table VIII
in Chapter 4 gave the pertinent :NMR shifts of the hypermod-
ified monomers. Here, In Table II, are presented these data
in a more useful mahher - the changes caused by hypermodi—-
fication. The differénces between the shifts éf A and A*,
or PA and pA*, will yield information about the affect of

the modification (*) of (p)A upon its chemical shifts. The

difference betweén A* and pA* tells us about the effects of
the phosphate upon the protons' shifts of A¥*. |

From the lst column in Table II, i6A - A, we cén note
two things. First, the base protons of i6A are shielded
relative to thoée of A. This is the trend éxpected from the
addition of the electron donating alkyl grouplls-ll7. H8 is
more shielded than H2, even though H8 is further away from
the influénce of the side chain's inductive effect thqanZ;

It is suspected from the small magnitudes of the shifts

however; that the shielding is due to the inductive effects,



at room temperature.

Originallshi¥§§

Error in difference propagates to ~t0.010 ppm.

DIFFERENCE BETWEEN MONOMERS

Differences in chemical shifts (A§,..) for the naturally occurring monomers
are in Table VIII, Chapter 4. A (-)
number denotes an upfield shift relative to the compound being subtracted.

Table II.
Proton 16
: i'Aa
minus
A
H8 -.061
H2 -.012
H1l' -.005
H2' ~.007
H3' +.005
Hq'! +.008
H5' +.004
H5" +.003
=CH-
_CHZ_
-S~CH3
-CH3 a
-CH3 b
* m5216

2 3 4 5 6 7 8 9
msziGA : piGA pmsziGA pt6A pPA pi A pmszi6A pisA
minus minus minus minus minus . minus minus (synthetic)
A PA pPA pA A i6A ms2i6A minus
* ‘ ' - * pibA (SVP)
-.224 -.053 -.244 +.280 +.173 +.181 +.153 +.030
+.001 +.410 +.019 +.032 +.030
-.154 -.008 -.076 +.091 +.083 - +.080 +.161 +.009
-.049 +.004 +.033 = +.097 -.036 -.025 +.046° -.004
-.085 -.007 +.005 -~ +.058 +.083 +.071 +.173 +.007
-.139 ~-.006 -.046 +.026 +.103 +.089 +.196 +.003
-.037 -.011 -.028 -.061 +.209 +.194 +.218 +.003
-.083 -.011 -.028 -.061 +.292 +.278 +.347  +.003
-.001 -.005 ?
+.011 -.027 "+.473
-.01e
-.002 -.014 +.165
-.002 -.013 +.109

A was insoluble in DZO and was dissolved instead in CD30D.

L9T
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rather than throﬁgh—space interaction of the side chain with
the base near H2 which could possibly conteract the inductive
effects. The second thing.to notice is that within experimen-
tal error, the shifts of the sugar protons are not changed.
Thus no significant interaction of the side chain with the
sugar is occurring.

‘The pi6

6

A - pA data verifies the infdrmation derived from
the i°A - A data. Again HS8 is‘shieldea more than H2 while.
the sugar protons are essentially unaffected.

In the second column, msziGA - A, the rather large
changes can probably be attributed to the solvent effect.

Because of its insolubility in D20, ms2i6A was run in CD,OD.

3
However, H8 of ms2iPA is shielded relative to A significantly
more thah the sugar protons, énd_this is again probably due
to ‘the electron releasing inductive effects of the isopen-
tenyl group and the thio-methyl grouplls—ll7. The availa-
bility of the pmsziGA ;.pA data (below) allows us to learn
about the side chain in the absence of data for A in CD3OD{

Column four, pmsziGA - pA, yields more information thah

mszisA - A, Aéain, we see the H8 shielded relative to PpA.
The value is much greater than that for piGA, and is more
than likely due to the combined inductive effects of the 2
side chains. 1In this case, the sugar protons do show some
changes which cannot be experimental error. Possibly
the glycosidic bond angle has changed, or the side chain is

interacting somewhat with the sugar, but the effects are

small.
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ptsA - pA yields large changes in the base and sugar

proﬁons. The H8 and H2 are deshielded as expected from a
cbmbihation of the inductive‘and resonance effects of the
side chaint1® 117 phig is supported by the difference.in
pKa values for the N1 nitrogen. ‘ptGA and pA were spectro-
photometrically titrated at y = 0.l. The PK_'s from the
midpoints of the titration curves Were 3.4 for.pt6A and 3.8
for ApA. Thus the électron donation from the side chain
makes N1 more basic. Héwever, the sudar protons also exhi-
bit éhanges which can not be explained simply in terms of
through-bond effects of thé side chain. A comparison.between
pD 5.5 and pD 7 spectra shows that the H2 and —CH3 protons
are not affected by the phosphate ionization. Thus the syn-
anti equilibrium. is probably not affected by the addition
of the threonine side chain. This comparison also shows that
the side chain is probably notvextending back twoard the HS8
vportion of the ring. This is as expected'from crystal
structure studies, which show the side chain extending away
from the base moiety55’56. Also, the NMR of %2 base in
pyridine showed with one exception the side chain's protons
not to be different from those of free threoninel4. The
exception Was the aN-H proton which the authors felt was
'Hebonding to the.ring,nitrogen- of t6A (see also the x-ray
structure references above).

_The effects of the phosphate group also yield useful
information. Column 6 demonstrates the well-known effect

of the phosphate group94’loo’101, which is the selective
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deshielding of H8. This is evidence'fér the anti conforma-
tion. Aléo, the sugar protons adjacent to the phoéphate are
deshielded from the electron withdrawel of the phosphate
group.

6A - iGA exhibits almost identical values as with

pi
pAb- A. Thus, as has been'found by othersgo, the side chain
does'notvaffect the syn-anti equilibrium. Also however, the
side chain'protqns are not affected‘at all which wouldvsuggest
that they are not near the H8 side of the ring.

Although pmsziGA -_msziGA is somewhat complicated by the .
solvent difference, the‘relevantlinformation can be obtained.
Since columns 2 and 4 show essentially identical'diffefences
for H8,_the solvent probably does hot affect this proton's
shift. Then; the difference hoted in column 8 is similar
to those in 6 and 7, indicating that the syn-anti equilibrium
has not been affected. It is interesting to note that the
combination of the solvent difference and the phosphate |
group have very little affect upon the side chain protons.
Unless the two effects of.solvent and phosphate fortuitously
cancel one another; this also points to an anti conformation
(-S-CH3 is more restricted than the isopentenyl). Moreover,
the_isopentenyl group must not be in the region of the HS
portion of the base, or it would be deshieided by the
phOSphaté.

The final column (9) demonstrates why piGA had to be
obtained from an SVP degradation. The synthetic pi6A for

some. reason lacked a =CH- proton. The'-CHz— protons appeared

-
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'thentas a singlet. The possibility of a D replacing the H

in =CH- was tested by heating the sample in Hzo. No exchange

was observed. Also, the -CHZ- protons and —CH3 protons were

shifted downfield very much. The -CH, resonances of the

3
synthetic sample were also less equivalent than those of
the‘SVP sample. It is snspected that an electrenegative
bromine atom is in place of the vinylic hydrogen. The
- synthetic sample was thus rejected. All shifts in Chapter 4
are for the SvVP piGA. (Incidentally, the absorption spectra
of the two_different piGA'S“were identical.)

A further point to note in Table VIII of Chapter 4 is
3 groups in the isopen-
tenyl.chains are different for pi6A and pmsZiGA. A broad

that the non-equivalences of the -CH

singlet is observed for pi6A and iGA, while a definite
‘doublet appears for pms216A and m5216A This is most likely
due to the closeness of the —S--CH3 group and the isopentenyl
group. This is again suggestive ofvthe isopentenyl side
chain being swung away from the H8 side of the base moiety.
In summary of this section, it appears that in general
the additions of the large side chains do not greatly alter
the conformation of adenosine or adenosine monophosphate.'
The CD and NMR data consistently give the plcture that the'
syn antl equilibrium is not noticeably affected. Also, as
is con51stent with the crystal structures of some of the
base mo:LetJ.esSl 56, the side chains do not seem to interact

significantly with the base or sugar portions (with the pos-

sible exception of t6A). The chains apparently do not fold
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. back toward the H8 portion of the ring as judged by the lack
of effects upon the chains caused by the phosphate's addition

or ionization.

(B) Dimer Properties

(i) Absorption

The static absorption p;operty of intereét is the %h
at 25°C (see Table I, Chapter 4). This property has in the
past been used_in comparing the stacking abilities of
dimers®?772. It should be of interest then to see if the
values are consistent with the dynamic stacking results
diécussed in this .chapter.

‘The value for Apmszi6A (7.7%) is below that of ApA,
Api6A and ApeA. Based on this alone, we would predict‘thé
base-base inﬁeraction to be smaller, with the possibility
of diminished stacking strength. This is in disagreement
with the thermodynamic analysis of the absorption_and'the
CD, in which ApmszisA was found to stack more than ApA,
Api6A and ApéA. However, I have pointed out the abnormally
high K's derived for Abmszi6A from both the absorption and
the CD. These are probébly a result of an incorrect Ps‘value,
as discussed in section I B of this chapter. In light of
the small error in the %h's as compared to those large
errors found with the absorption and CD K's for ApmsziGA,
the static data in this case may be a more reliable meéSure

of stacking. Furthermore the diminished %h is consistent

with the thermodynamic 3'-Endo method results. From the
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3'-Endo analysis of both the 3' and 5' residues, ApmsziGA

is found tb stack.less than ApA, Api6A and ApeA. Thus, this
¢h for ApméziGA is'épnsistent'with the trend of stacking
abilities of ApA type dimers found by the dYnamic analyses.
Hypermodification of ApA seeﬁs to diminish the stacking
ability.

" The value of 13;1% for ApeA is on the other hand in-
coﬂsistent with the trend. The use of the simple arguement
that the higher $h means a higher stacking gives a picture
which is inconsisteéent with the thermodynamic parameters found.,
from absorption} CD, and NMR, ' One can argue however, that
the %h is also affected by the strength of the monomer
absorption band stféngfhs, and in this case, €A has a band
at 230 nm of ¢ = 32 x 103;  This is much larger than-the
bands of A, and in fact the fit of the absorption data pre-
dicts a high value of the %hé (24 as opposed to 18 for ApA).
Hence for a given amount of stacking we might expect a higher
¢h for Apta; then, the %h value could be consistent with the
trend that €A destabilizes the staéking of ApA.

The dafa for ApiGA as compared to ApA, and for Upt6A
as compared to UpAvagrée with the trends found from the
dynamic analysis of all the techniques. The Api6A data
presented here is in disagreement with the results found

122. ‘Compounds with tri-

for synthetic models of this dimer
methylene'bridges'between the base moieties (instead of
sugars and a phosphate) showed stronger stécking for (A)C3(i6A)

than for (A)C3(A). Thus these type compounds do not appear
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to be good models for dinucleoside phosphates.
" The ethanol denatﬁration.experiﬁent, though not exactly

a static measurement, yields some information about possible
conformations. ApiGA and ApA exhibited identical melts with
EtOH. Thus the interactions stabilizing the stacked étates
(as 'seen' by the EtOH) must be approximztely the same. It
seems unreasonable then that‘the isopéntenyl side chain could
be inserted between the bases as proposed by Schweizer et
a1.99, |

'The salt binding experiments described in Chapter 4
demonstrated no affect upon the absorption from the addition
of salt or Mg++. The results for Api6A are in contradiction
tobthe experiments with poly iGA in which the authors attri-
‘buted Mg*+ induced chaﬁges in the optical melts fo specific
interaction of the ion with the base moiety121. Upt6A does
not appear to bind any cations that affect the absorption.
That salt binding to the -COO might change the absorption

at all, was supported by the large absorption changes ob-

served when the -COO group was protonated. - (In fact, it

Pl

was observed during the spectrbphotometric titration of ptsAV
that the absorption change due to the -COO~ protonation was
greater than that for the N1 protonation.) On the basis of

these observations, the Mg++ binding to tGA in'g; coli

tRNAIle proposed by Miller et al.39 may be in question. The

mélt data of the various dimers also show the stacking not

to be influenced by salt or Mg++.

In summary, the kinds of arguements used for ApmsziGA
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and ApecA demonstrate the difficulties described in Chapter
5 in relying on the static properties alone in comparing

staéking abilities. The conclusion I have reached concerning

the agreement between the static absorption, and the dynamic

analyses f:om the absorption, CD and NMR, is that they are
noﬁ'igponsistent.. In some cases they agree, and the other
differences can be rationalized, but only when.we consider
the'entire set of data from various methods. Thus, we will

also consider the static properties of the CD and the NMR.

-~ (ii) cp
The CD of ApA, ApiGA, ApmsZiGA and ApeA at room tempera-

ture (Figures 12 and 13, Chapter 4) are conéistent in their
magnitudes with the hypermodifications causing decreased
stacking of ApA.  The differences are not very large, but
in mo case does the CD‘of the hypermodified dimers equal or.
exceed that of ApA.

"~ The CD of UpA_and.UptGA (shown in Figure 14 of Chapter
4) however are far from what would be expected on the basis
of the trends observed so far. On the other.hand, the extre-

mely small CD of the Upt6A may be the result of a cancella-

tion of larger positive and negative CD bands. Also, since

.the CD is much more geometry dependent than the absorption, .
_tilting of the residues cbuld explain the variance in the
two methods. Certaihly though, on the basis of»the CD alone,
‘UptGA would not be predicted to exhibit larger base-basé

interactions than UpA.

175
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As with the absorption no affects upon the CD (and mostv
likely then upon the stacking) of ApisA or Upt6A were observed
after the addition of salt or Mgf+'(Section II D, Chapter 4).
| Thus, the CD static spectra are like the static absorp-
tion.properties in that they often afford both supporting
and conflicting evidence for the relative stacking abilities
obtained from the dynamic analyses. It is clear that in the
absence of the knowledge of the optical properties of the
'fully-stacked' states, the static absorption or CD cannot

in themselves offer conclusive evidence for stacking abili-

ties.

(iii) NMR

With its many probes on the various portions of the .
dimers, NMR remains as the most defailed conformational
analyéis technique. Because of its specific nature however,
the true complexities of the stacking reaétion and conforma-
tions become evident. The ability to make simple comparisons
of bése-base interactions or of stackiﬁg abilities can easily
be erased by the complications of rationalizing all the
chemical shift or coupling constant changes. It is clear
that the base proton and H1l' shifts of dimers "can not lead
to a conclusive solution of the detailed dynamic confbrma—
ti&ns of these molecules"97.v

Thus, I will not in this section describe conformations

of the dimers. However, one can obtain from the shifts

monitored here some information about conformational changes
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between dimers, as well as information concerning the hyper-

modified side chain's environment in the stacked state. A

final analysis would require the assignment, shifts andﬁ

coupling constants of all the protons of the dimers, not

to mention the more difficult consideration of the several

posSible stable conformations of stacked dimersg7.

The major points for a simple discussion of the base

protons and the Hl' protons are the following. First, if

dimerization shifts are different for a given proton on an

unmodified dimer and a modified dimer, then a) there is

a difference in the eonformations, and/or b) there is a

difference in ring current or anisotropy of the modified

monomer relative to the unmodified monomer. Second, if we

compare just the protons on the pA* residue of‘ApA* (where

* refers to the various modifications), the second factor

above (b) is removed. 1In all cases, the neighboring residue

is Ap. Finally, increased (or
of even the pA* residue do not
or less base-base overlap. If
lated ring current diagram, it
twisting of two bases relative
protons to move into different

base-base overlap could remain

(according to the most recent values

decreased) dimerization shifts
necessarily indicate more

one examines a typical calcu-
is apparent that simple

to one another can cause base
shift contours. Thus, the
essentially-unchanged; while

112) most of the changes

observed in this thesis could be explained by a change of

only contour line (N0.4 ppm) .

I will not present the salient

With these factors in mind,

differences observed between
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the modified and unmodified dimers (see Table V, Chapter 4).

a) Api6A
Protons H8pA*,‘Hl'pA* and H2Ap exhibit identical dimer-
ization shifts within expefimental error for ApA and Api6A
(v+0.01 ppm for each dimerization shift - the erfor in the
difference is even larger nt0.02 ppm) . Protons H8Ap, H2pA*

and'Hl‘Ap exhibit larger dimerization shifts with Api6

A (at
low temperatures, ~0.06, 0.05, and 0.07 respectively).:-The
changes in H8Ap and H1l'Ap could be due to ring current changes,
but HZAp has not changed, and thus this would seem unlikely.
Furthermore H2pA* has elso changed. Hence, the differences
must be attributed to conformational differences. H8pA*
ehdeZAp are the protons generally giving the largest effects

upon stacking for these types of dimers (AS§ 's ~0.3 ppm),

TSP

and these are the very protons that show no change upon the

addition of the isopentenyl side chain. It seems then that

the change in base-base overlap must be a small one. This-

is also evident from the %h and CD at 25°C (see previous

sections), which indicate slightly less base-base interaction.
According to recent proposed models, the H1'Ap change

could represent a change from conformation-I to IT and 11197

(see Figure l). However, the changes (and lack of changes)

observed for the base protons are not consistent with any

transformation between the different conformations.

The side chain protons exhibit large dimerization

changes. The order of shifting is -CH,- > =CH- > -CH,. In

2”7 3



Figure 1

Proposed conformations for'dlmers. The examples shown are. plctured as -

ApA dimers. View is perpendicular to the planes of the bases.- ,
Conformations I, II and I1I

RNA 11 geometry is shown for comparison 123,
Ap residue (fine line), pA residue (dark line).

are those proposed by Lee 97.

RNA 11 11

IT1
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agreement with the EtOH 'denaturation'_data,‘this order is
not to be expected from a situation where the chain is foldéd
between the basesgo. Here, the further the proton is from
the attachment to the base, the less its shift. This is not
to say there is no inte:action of the chain with the
neighboring bése, for even the methyl groups show significant
shifts (mO.lS ppm, as compared to the base protons 0.2 _'
0.3 ppm). Furthermgre, the two methyl groups are now very
much more inequivalent than in the monomer. Thus the side
chain certainly feels the ring currents of the neighboring
A, |

All bf these results are generally in large &ariance
with those reported by Schweizer et al.go. These authors
generally found smaller dimerization éhifts for Api§A than
ApA.‘VThese workers ran their spectra aﬁ 20 mM concentra-
tions after having themselves shown large concentration de-
pendent shifts. All the spectra recorded in this thesisv
~were obtained at concentrations of 5 mM of less, where
.concentration dependent shifts were not observed.
6

Api A then exhibits some change in conformation rela-

tive to ApA, though the base-base overlap is not greatly

affected. The side chain is in close proximity to the neigh-

boring A residue, but does not appear to be inserted between
the bases.
b) ApmsziGA

'Protons H8pA*, Hl1'pA*, and H8Ap show similar if not
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identical dimerization shifts for ApmsziGA and ApA.'-HZAp of
Apmszi6A is significantly deshielded relative toIApAV(O.l7
ppm) . Since it is one of the protons most sensiﬁive'to‘ |
stacking, ApmsziGA must have some significant change in the
base-base orientation (a change in ring current due to
electron donation would affect the shift of H2Ap in the
.opposite direction). Theboverlap must not be seriously
affected though, since H8pA* remains unchanged.

H1'Ap is shielded much more in ApmsZi°a. This taken
with the change in H2Ap coﬁld suggest a higher population
of conformation II for ApmsziGA (see Figure 1 and réference
97). This conformation has less base-base overlap than

that of,I (which is expected to be the major form for ApA97’

98), as was noted with the %h and CD at 25°C.

. The -S-CH, protons are essentially not shifted at all.

3
This is not too surprising since the H2pA* protons in general
show the smalles£ effect from stacking of éll of the base
protons (-—S--CH3 is attached to C2 of pA*). The'isopentenyl
chain again shows some large dimerization shifts. As with

Api6

A, =CH- is shifted much more than the --CH3 protoné and
thus the chain is probably extending into:solution rather
than between the bases. The =CH- experiences a very iarge
shift (larger than in ApisA) while the methyl groups‘are
again more inequivalent than in the monomer (but shifted
lesé than in Api6A).

In summary, the mszi6A modification changes the confor-

mation of ApA, with this most likely resulting in a slight
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reduction in the base-base overlap. While the thio-methyl.
group does not feel the effects of the neighboring A residue,
the portions of the isopentenyl side chain nearest the atiach-
ment to N6 greatly feel the influence of the néighbor; The

free end of the isopentenyl chain appears to be further away.

c) ApeA

Protons H8pA*, Hl'pA* and H2Ap are not affected by the
EA mOdification. H8Ap and Hl'Ap are shielded much more
with Ape€A. The additional ring certainly adds more ring
current in a particular location. It is not inconceivable
that H2Ap would be unaffected by the addition ring current
while H8Ap and Hk'Apvwere affected. However, H2pA* is de-
shielded somewhat in ApeA, and all of tﬁe changes probably
result from both factors - a change in cohformation and ring
curfent. Lee97 has proposed from the large_Hl'Ap changes,
that Ap€A has larger populations of conformationsII and III.
However, the base proton changes (and lack of changes) are
not entirely consistent with this picture. H1l0 and Hll are
shifted essentially as much as the other base protons.

Thus ApeA appears also to have a different conformation
than ApA, though the extent of change in base-base interac-
tion is difficult to estimate.

d) Upt6A
Protons H6Up, H1'pA* and H2pA* all exhibit similar dimer-

ization changes with UpA and UptGA. H5Up was unfortunately
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broadened out enough to make accurate chemical,shift measure-
ments impossible. The cause of this is not known . H1'Up

of UpA is slightly shielded relative to Upt6A (0.04 pﬁm).

The only large difference between the two molecules is with
H8pA*., 1In UptGA this proton is‘shielded much more than in
UpA (0.14 ppm). The dimerization shift is still relatively
small (~0.23 ppm) compared to other dimers. This is expected

93,95

on the basis of the weaker ring current of Up . Neverthe-

less, the difference cannot be attributed to a différence in

ring current since'Up'is'the shielder in UpA andAUptGA. Thus

there appears to be greater base-base interaction with UptGA.
This agrees with the %h but not with the vefy low CD magni=-
6

tudes. The -CH; protons of Upt

A are completely unaffected
by the presence of the neighboring u. | |

‘Again, hypermodification has caused conformational
changes. Upt6A seems to have more base-base overlap than
UpA. The free end of the side chain threonine does not

interact at all with the U residue.

(C) Summary of the St&tic Properties

Unlike the dynamic analysis, a study of the static
properties can yield conformational information. The NMR
evidence indicates that hypermodification induces conforma-
'wﬁional changes. The sum of the techniques point to aﬁ ”
increased base-base interaction of’UptGA relative to UpA.
ApiSA and ApmsziGA appear to exhibit slightly smaller base-

base interactions than ApA. The conclusion for Api6A is in



agreement with the conclusions reached by Schweizer et al.90

on the basis of some static properties. The relative base-
base interaction of ApeA has been difficult to determine
because of the large change in electronic properties upon

6A and mszi6A

modification. The isopentenyl side chains of i
.may interact to stabilize (or destabilize) a conformation,
but probably not‘by the insertion of the chain between the
base méieties.

Since the different methods occasionally yield conflict-
ing evidence for the amount of base-base interaction, it is
evident that a study of the base stackingvproperties must be
approached from as many different évenues as possible. Ob-
taining detailed conformational pictures appears unlikely

at present, but the attainment of information concerning

conformational changes represents a feasible task.

III. Summary

The static and dynamic properties of the dimers studied
have been discussed. More realistically, I have discussed

differences in the static and dynamic properties between

UpA, ApA and their hypermodified counterparts. The thermo-

dynamic results point to a situation in which i6A, msziGA

ahd €A destabilize the stacking of ApA. t6A stabilizes the
stacking of UpA. These differences are probably brought

'about by the conformational changes induced by hypermodifi-
cations. From most indications ApiGA and ApmsZiGA have less

base-base interaction than ApA. The large € modification
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gives rise to conflicting results with the diffefent tech-
niques, and hence ApeA may have more or léss base-base inter-
action than ApA. Most of the properties of UptGA‘point to

a greaﬁer base-base interaction thah that of UpA. Thus, if
base-base interaction is the determining stabilizing factor
in the stacking of these dimers, the staticvproperties for
the most part agree with the trend found from the dynamic

+

analysis.

6A stabilizing UpA, and iGA, mszi6A and

Thus, with t
gA destabilizing ApA, the large difference in stacking
ability between UpA and ApA may'be removed by hypermodifica-
tion. The implications of these dimer results to the possible

role of the hypermodified bases in tRNAs will be discussed

in the next and concluding chapter.
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Chapter 8

CONCLUSIONS

I. The Hypothesis
We must now consider the relation between the results

obtained with the dimers, and the hypothesis proposed in

Chapter 2: Through their stacking interactions with the first

lettér of the anticodon triplet, hypermodificétions'function
to lock the terminal A-U base-pair into a correct reading
frame, thus promoting mRNA binding, éiiminating wobble, and
perhaps regulating translation. If a correct reading frame
is enhanced by stronger stacking'of the dimer immediately
adjacent to the anticodon triplet, then the results with

6A, Apmszi6

Api A, and ApeA (a model of ApyW) are not consis-
tent with the hypothesis. Each of these hypermodified
dimers exhibits somewhat less stacking than ApA.

On the other hand, the stronger stacking of UpfsA
compared to UpA is consistent with the hypothesis. ' The
enhanced stacking observed here may offer the explanation
of why wobble is not allowed on the_3' side of the anti-
codon‘triplet. As mentioned in Chapter 1, there is always’
a pyrimidine (and usually a U) next to the 5' side of the
anticodon triplet. UpX dimers are known to exhibit very
little stacking relative to dimers not containing‘U69’72’95.
Thus in all tRNAs there exists a very flexible linkage ad-
‘jacent to the 5' side of the anticodon triplet73. However,

on the 3' side of the anticodon triplet, the only UpX dimer
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found is UptGA, which exhibits less flexibility than UpA.

6

Hence on the basis of this work, the t A modification of A

may be necessary to prevent the flexibility which is believed
to be the cause of wobble73.

It may very well be that the stabilization of the ApA
dimer is not required to prevent wobble on the 3' side.
Since ApiGA, Apmszi6A and ApeA appear to be only slightly
less stable than ApA, they are all still significantly
more stacked than a UpX dimer. ‘Thus, in the presence or
absence of hypermodification, the flexibility next to the
3' terminal A-U base pair of the codon-anticodon complex
may be small enough to pfevent the mismatching of wobble
at that point.

On the basis of the work of Martin, et al.75, Grosjean,

et 31.47, and Yoon, et al.80’118, the stackihg of single
stranded residues next to a double stranded helix enhances
the 'stability of the duplex. Using this simple thinking,

in order for the tRNA to bind more efficiently to the mRNA
when hypermodifications are present, would require the
stacking interaction of the‘noan—bonded hypermodifiéd base
to be stronger than were it not modified. Agaih, the results

for ApiGA, Apmszi6

A and ApeA are not consistent with the
‘hypothesis in this regard. The t6A modification however,

through its stronger stacking with the terminal U-A base-

pair, may enhance the stability of the codon-anticodon duplex.

- Yet, no experiments with dangling ends have shown whether

weaker or stronger stacking of the non-H-bonded residues
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enhance the duplex stability. Only the presence of these
re;idues has been shown to be important. 1In faCt, the
enhancement of the Stability of the anticodon-codon interac-
tion is believed to be caused by entropic effects, and not
enthalpic effects which.might-be expected from a stronger

stacking of the hypermodified base onto the‘duplexll8.

1I. An Additional Hypothesis

" If one agrees that there is indeed a function for the

6A,'msziGA and yW modifications, then we must formulate

1
a new hypothesis to explain the dimer results. Also, it

is my feeling that all of the hypermodifications (t6 in--
cluded) will have a related function.

Therefore, it is important to remember that with tsA

stabilizing UpA, and i6A, ms?i®a and ea destabilizing ApA;-
the 1arge difference ‘in stacking ability between UpA and -
ApA may be removed by hypermodification. . Then, if the
dimer stacking stabilities are a good indication of the
flexibilities allowed in the linkage adjacent to the anti-
codon triplet, tRNAs containing these hypermodifications
will have similar flexibilities at this crucial point in
the anticodon loop.

With this in mind, I examined the relative stacking
abiiity of CpA, the next most prevalent dimer found in |
this position in tRNAs (see Téble 11, Chaptef 1). The
results of both the static and dynamic analyses (Table I,

Chapter 4 and Table I, Chapter 6) indicate that the stack-~



ing ability of CpA is between those ovapA and UpA. In

fact, it is close in stability to those of ApisA ahd ApeA
found by absorption. Thus, 38 of the 65 tRNAs in Tables I

and II of Chapter 1 contain dimers in the region adjacent

.to the lst letter of the anticodoh triplet which exhibit

very similar stacking abilities (if ApeA is a reaéonable
model for ApyW type dimers). It may very well be that the
small modifications of A,'G and.I shown in Table II of Chapter

1 (mzA, m6A, ml

G, mli), confer on the aimers containing
them stacking abilities similar to the other 38.

- Assuming that thé similar stacking abilities of the
dimers studied here accurately represent the flexibility ,
of the region in the anticodon loop of all tRNAs, we must
ask why (or if) hypermodification and thus constant flexi-
bility is desirable. One distinct possibility is that a
constant flexibility at this point can aid in making the
anticodon-codon complex proceed with the same efficiency
o£ rate in all tRNAs. This could be of help in the regu-
lation of protein synthesis by allowing a smoother progres-
sion ofvcodon-anticodon interactions. However, similar flexi-
bilities and similaf reaction dynamics may be in contradiction
if one considers only the nearest neighbor calculations of
duélex.stabilities74. Thus, for A.U 'rich' codon-anticodon
complexes (of Which those containing hypermodifications -
would be classified) one would expect different stabilities
than those with more G-C pairs. But in light of the large

47,118,75

effects of dangling ends , it is possible that the

]
[
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maintenance of a particular confofmation‘near the 3' side
is more important in keeping the duplex stability cdnstant
than  the nearest neighbor contributions.

| Therefore, an additional hypothesis which is consistent
with the data presented here.isi Hypermodifications serve
to maintain the flexibility of the linkage immediately
adjacent to the first letter of the anticodon in all tRNAs.
Thefeby, all codon-anticodon interactions will have
neérly corresponding geometries at this point, which Qill'
result in similar interaction dgnamics;

One test of this hypothesis would be to synthesize

and examine the other dimers such as GpmzA,'GpmlG ahd
CpmlI. However, the real test will be to compare anticodon-
codon interactions of tRNAS with and without modificaﬁiohs
for a series of different hYper- and smallervmodificatibns.
Whether or not the constant fiexibility results in a step of

regulation is more difficult to assess.

III. Anticodon Loop Conformations

While the step from dimer results to a role of hYper-
modifications in affecting protein synthesis is father
large, we can with more confiderice relate these results
to the hypermbdifications' role in'affecting.the loop cbﬁfor-
mation. Thus, there does seem to be a constant asymmetry
of stacking abilities on the 3' and 5' sides of the anti-
codon triplet. The 3' side of the triplet is less flexible

than the 5' side.  Two interesting.excéptions'to'this may
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be the dipyrimidine dimers found on the 3' side of two Staph.
Gly tRNAs (CpU and CpC, Table II, Chapter 1). These dimers
may be present in order to allow base-pairing of the C and G
residues occurring as the ist and 7th letteré in their
anticodon loops. Thus these two tRNAs may have 5-membered
anticodon loops. |

What I have completely'neglected in this study are the
properties of the dimers A*pA (* meaning all hypermodifica-
tions). The properties of these dimers will also affect
the conformation of the anticodon loop. Studies by'Lee97
have shown dimers of the type (Pu)p(Pu*) to be less.stable
than (Pu*)p(Pu) (where Pu* is a larger purine than Pu -
e.g. GpeA vs. €ApG). Likewise, Kan et al.119 reached the
conclusion from some oligomer studies that ApyW was less
_stable than yWpA. Finally, the work of Schweizer et al.90
may indicate more interaction of isApA aé compared to
ApiGA. Each of the dimers, (Pu*) p(Pu) , may be more stable

thén (Pu}p(Pu)97’119

. Careful studies of the actual
dimers occurring in tRNA are_nécessary in order to verify
these trends. 1In their absence however, it seems that the
hypermodification may serve to form a less flexible 1iﬁkage

on the 3' side of the hypermodification, and a more flexible

linkage on their 5' side (both relative to an ApA linkage).

- IV. Further Questions

Because of the little data available on the effects of

dangling ends upon duplex stabilities, it is difficult to



relate the.dimers; results to the resuits observed on the
larger scales of tRNAs.  In Chapter 1, it was pointed out
that the effect of hypermodifications upon in vitro poly-
peptide synthesis was caused in part by a more efficient
binding of the tRNA t6 the ribosome-mRNA complex. Whether
or not a destabilization of the region around iGA or-mszi6A
is responsible for enhanced binding is not known. Perhaps
the properéies of isApA or msziGApA influence this function.
The effects of the stabilization by t6A upon tRNA-mRNA
binding are also unknown. |

' Hence, the pressing problem is to be able to relate
the conformational properties of the tRNA and mRNA to -
their interaction. This present work has served as a study
of the influence of the hypermodification upon thezproperties
of’ the anticodon loop. (in this regard, another pressing
question is the applicability of dimer results to poly-
nucleotide conformations.) The effect of hypermodification
upon the codon-anticodon interaction is purely by inference,
as was pointed out in Chapter 2. Also neglected of neces-
sity in this study were the possible physical interactions
of the hypermodified base with the mRNA (or the ribosomes).
The best test of the hypothesis put forth here will then
be one in which the codon-anticodon -interaction. (or a reason-
able facsimile) is studied as a function of the extent of

hypermodification.
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v. Summarz

This work has progressed from observations of the
literature to hypothesis, from hypothesis to experiment,
and finally from these new observations to a new hypothe-
sis. -The initial observations in the literature pointed
out the affects of hypermodification upon translation.
From thése observations a testable hypothesis for the
functions of the hypermodifications was formulated, which
suggested experiments to perform on a smaller scale than
attempted before.

- Studies of the stacking abilities of dinucleoside
monophosphates showed that differences in the stacking
upon hypermodification were present. These stacking
differences are attributed to changes in the dimers' con-
formations. It was found that i6A, ms2i®a and ea (a model
for yW) destabilize the stacking of ApA, while t6A stabi-
lizes the stacking of Upt6A.

The tGA stabilization effect points to its role in
preventing incorrect wobble on the 3' side of the anticodon
triplet. The hypermodifications as a group remove the
stacking differences between ApA and UpA, the dimers which
would be present in the absence of hypermodification.
Furthermore, the stacking abilities of the hypermodified
dime:s are similar to those of another very prevalent dimer,
CpA. The flexibility next to the lst letter in the anti-

codon triplet may then be the same throughout all tRNAs,

with the possibility of a better regulated translation step.



Because of the necessity of making inferences from
smé;l scale studies to translation, the dimer work is only
the first step in gnderstanding the functions of hypermodi-
fications. Howevér, fhey have served as important in dis-
pelling certain béliefs of their properties, and in propos-
ing new hypotheses for the functions of hypermodificétions.
Hopefully these hypotheses will be tested by further

observations-oh the scale of tRNA and mRNA interactions.
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Appendix 1
COMPUTER PROGRAMS

The Fortran program used in obtaining the best fit
parameters was WATTSK. Illustrated here is the listing of
this program- (using a PDP8/e) containing the %h vs. T data
of ApA. Following the listing is a sample run of the
program with the data for ApA. Once the program has been
edited to contain new data (PH(I)), then the only variable
is the 'PERCENT HYPOCHROMICITY' which is entered upon
request in the run mode. In performing a fit then, the
user must enter his data, PH(I) vs. T(I), in the edit mode.
Then upon calling the program - R WATTSK -the user is in-
structed to 'INPUT HYPOCHROMICITY OF THE STACKED STATE'.
Then upon entering a value for the stacked state property,
the program lists the results of the besﬁ fit.

.The prbgram used in matching the actual experimental
curve (i.e. the calculation of PC(T)) was WATTSH. Following
the WATTSH listing is a sample run, again using the para-
meters for ApA which were obtained from the results of the
WATTSK prdgram. Thus, the input of the WATTSH program is a
portion of the output of WATTSK.

Plotfing was done with the program PLTTR (Dr. Alan

Levin).
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"R EDIT
#WUATTSK. FT<WATTSK. FT

#R

#L :
DIMENSION T<28),PH{20),EQK{28), T1(28), REQK(29),DX(28)
DIMENSION DY<28), DAX’QB);TIA(29);DXDV(29) AY(28), ¥(28)
DIMENSION ?B(20):TT(29)
X=17.
N=17
T{1)=2.
T2)=5. 0
DG 1 1=3,N
i T¢I)=T<(1~-13+S.
' T<(N)=78. 0
DO 2 I=1.N
TC1)=T{(1)+273. 16
2 TI<10=4.68/T1)
PH(1)=414.
PH{2)=14.
PH{3)=13.
PH{4)=13.
PH{So=12.
PH{6)=11.
PH(?)3=41.
PH{(8)=10.
PH{9)=9. 67
PH(168)=2. 83
PH<{(11)=8. 33
PH(12,=?. 62
PH(13)=6. 94
PH<C143=6. 38
PH{13)=3. 7S
PH{16)=3. 26
PH{17)=4. 87
WRITEZ1, 4)
RERD 1, 23),PHS
4 FORMAT(” INPUT HYPOCHROMICITY. OF STRACKED STATE’)
3 FORMAT(F18. 5)
STI=08.8
SAEQK=08. 08
DO S5 1=1,N
40 CONTINUE
: EQK{1)=PH(1)/{PHS-PH{1))
REGK(I)=ARLOGCERK{II)
STI=STI+TI<I)

-&P'\l-&l—i‘\l-&m

S SREGK=SAEQK+AERKZ1)
GO 70 z88 :
WRITE<4,41142, (TI<I), REQK{1), I=1,1)
11 FORMAT(1X, F10. 6, 5X,F8. 4)

200 CONTINUE
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T1B=5STI/X
REGKB=SAEQK/X

DO 6 1=1,N
CONTINUE o
DXC1)=¢TI¢1)~T1B)
DY<1)={AEQK<1)~AEQKB)
DRRCI)=DR (1) w2
TIXCII=TICI)#%2
DXDYC1)=DX<1)#DY {17
XYCII=TICII*AEQKLT)
CONTINUE

SDX=0. 8

SDY=9. 8

CONTINUE

SDXX=8. 0

STIX=9. 8

SDXDY=8. 8

SXY=0. 8

DO 7 1=1,N
SDX=SDX+DX(1)
SDY=SDY+DY(1)

SDXX=SDXX+DKKC 1)

STIX=STIX+TIX{1)
CONTINUE
SDXDY=SDXDY+DXDY¥{1)

- SKXY=SXY+KYC(I)

B=(REQKB#*STIX-TIB#*SXY)/SDXX

Bi=SDXDY/SDXX

DH=~BM»*1. 9872

DS=Bx»1. 9872

HRITE<1,9),DH, DS

FORMARTC(“DELTAH = “,F6.8,5X,“DELTRS = “,F6.1)
SyB=9.0 :

CONTINUE

Do 8 1=1,N

Y{I)=BH*TIC(1>+B

TT{1)=T1{1)-1. /(88. +273. 16)
YBC(I)=ABS{AEQK(I)>-Y<(1))

S¥B=SYB+¥YB(1>

YBX=SYB/X

ALNK37=BM/318. 16 + B

AK37=EXP{ALNK37)

WRITE{1.14), AK37

FORMRT( EQUILIBRIUM CONSTANT AT 37 DEGREES5 = “,F10.5)
CONTINUE

HRITEC1, 12), ¥YBX

FORMAT{"AYERAGE %Y DEVYIARTION = “,E12.5)
YR=Y{NI-¥(1)

Y¥=YBH/ Y

WRITE<1,13), ¥YX, vY -
FORMAT(’Y RANGE = 7,F18.5./, AYE. ¥ DEY. /Y RAN. =,E12. 5)
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L

00w 04802237

CALL OOPEN¢-SY¥5’, “HATTSA")

HRITE(4:199)(TT(I):1=1:N);(HEQK(1):I =1, N)

CALL OCLOSE
FORMAT(SE12. 4
CALL OOPEN(’SYS”, “HATTSB")

HRITE(4:1@@)(TT(I)¢181;N)(V(I)a1=1.N)

CALL OCLOSE
STOP
END

R WATTSK

INPUT HYPOCHROMICITY OF STACKED STRTE
17.5

"DELTRH = -6523. DELTAS = -206. 4

EQUILIBRIUM CONSTANT RT 3V DEGREES =
AYERAGE Y DEYIRTION = 8. 17408E-01
Y RANGE = -2.381780

AYE. Y DEVY. /Y RAN. =-8. 67427E-62

. 35788

205
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*WATTSH. FT<KWARTTSH. FT

#R
#L

100

#E

DIMENSION T<(S58), TC{58).,PH(S8), X(38), EX(58)
T<{9>=1463. 16

DO 1 1=1,31

TCI>=T(1~1)+10. 8

TCCIX=T(1)-272. 16

CONTINUE

TT=318. 16

TT1=-1. 87T

XKX=4. 358
WRITE <1,86)
FORMRT<” INPUT DELTAH, EQGK RND PHS”)
READ <1.,2)3, DELTAH, EQK, PHS
FORMAT <(3F18. 5>
DO 3 1=1,31
XCId=(<4. B/TC1D)+TT1)%{DELTAH/KX)
EX(I)=C18. ##X{1))>*EQK
PH{1)=PHS*(EX{1)/41. B+EXKI)))
DO 4 I=1,31
WRITE1,5), TCCI), EX¢1), PHCI)
FORMART(1X,FS. 8,F8. 3,F9. 3>
CRLL OOPEN(”SYS”, “HATTSH")
WRITE<4,1883¢TC<1), 1=18, 21), (PH(1), 1=18, 21)
FORMATC(SE12. 40
CALL OCLOSE
SToP
END



VUG I 88U 2z
R WATTSH
INPUT DELTAH, EQK AND PHS
6523. 1. 358 17. 5
-180. 5833. 523  17. 497
-98.2074. 368  17. 492
-80. 820. 934  17.479
-78. 355.939 17.451
-608. 166.915 17.396
-58. 83.779 17.294
-48. 44.603  17.116
-38. 25.812  16. 827
~-28. 14.682 16. 354
-18.  8.975  15.746
8. 5.687 14.883
18.  3.722  13.794
28. 2.587 12. 510
38. 1.734 11.898
40.  1.227 9. 643
58.  @.88S 8. 229
68. 8. 654 6.923
70.  8.491 5. 765
88.  9.375 4. 771
s0. @.299 3. 937
108. 8. 228 3. 247
119. 8. 181 2. 684
128.  @. 146 2. 226
138.  @.118 1. 854
140. 0. 897 1. 552
156. 8. 851 1. 306
168. 8. 867 1.186
178. 8. 857 8. 941
188. 8.048 0. 806
198. 8. 8441 8. 694
200. @ 9. 601

. 8386
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Appendix 2

ERROR ANALYSES

" All errors have been estimated by the formulalzoz

mean deviation for a function, f(xi), = Af

= [z(a€/ax) 2ex, 211/

where 5% is the estimated error in each of the variables of

the function.

$h - (1 -g4/e )100 = 100 - 100ey/e

2 252, 241/2

A%h =‘[(-100/€m)26€d m

+ (lOOed/ém Se

Then substitute in the appropriate values for each dimer:
ed/ €’ 6€mw Seg
dem-waS‘estimated at +0.1 for each monomer, or 0.2 for-
. the sum of the two monomers.
Seq was taken as the standard deviation of the mean from
the several measurements of the £q°

_ 2 _ 1/2
N, the number of measurements, was usually 5 - 10. This is

assuming no error in the monomer ¢'s and thus is probably an

underestimate of the total error. Thus, for example with

ApA:
= 27.1 x 103
€d - N
e = 30.8 x 10°
Se. = 0.2 x 103
3

(Sed = +0,1 x 10
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The error in the %h for each dimer was thus calculated.

II. Error in the Absorption Two-State Fit Parameters

The errors in the fit parameters will originate from
the error in the shape of the %h vs. T curve and from the
scaling of the %h axis. Assuming error only in the ordinate
(i.e. not temperature), the two sources of these errors are
the errors in the

1) 3%h at 25°C,.

and 2) % change in the absorptlon w1th temperature.
The 2nd source dlctates the error in the shape of the %h vs.
T curve, while the sum of the lst and the 2nd determines the
scaling error (with the lst being >> 2nd). Thus, I have
separately determined the errors in the parameters from the
scaling error and the shape error via graphical procedures.
These errdrs have been summed in order to obtain the total

likely errxors in the fit parameters.

(A) The Scaling Error

I have added and subtracted from each %h value the sum
of the #1 and #2 errors. Then I obtained the best fits of
these '+' and '-' curves. The parameters obtained from the
2 new %$h vs. T curves served as limits for the error allowed

by scaling errors:



0004804249
211
Bl + #2 ~ .
errors\‘::::l ..
T . + curve .
+ .u.. . ’
$h . . .
L] ..
‘d—— _ curve
T -

Thus, for each dimer two new sets of data were fit with the

program WATTSK.

are shown here:

High
AH®. -6.0
AS® -19
K375C' 1.4
%hé 19

For example

-23
1.3

16

the high and low fits of ApA

These were determined by adding
and subtracting the total of
source 1 error (+0.7) and

source 2 error (+0.3, see below).

The attainment of the #1 error was shown in the section I of

this Appendix.

as follows:

The derivation of the source #2 error is

For two of the dimers I calculated the average devia-

[}

tion for the %

change in the absorption. "This was not a

standard deviation, just an average deviation

This ranged from a low value near zero at the start of a

run (2°C) to #0.2 for the dimer and monomers at the high



temperatures. For the % chaﬁge at 25°C the error was
iO.l‘for the dimer
$0.05 for the monomers
" This has to be translated into ¢ values in order to arrive
at the A%h valués. For the monomers and dimers both then,

€ legg/(1 + %, _55/100)1([1 + %, ./100]

T=
Neglecting the source #l1 error (8eyg) s

2

beg = [(3eg/a%, )2 (6%, 5007 + (dey/0%, ) 2 (s, 2112

And typical values for the dimers and monomers were chosen:

For the Dimers

_ 3
€55 = 25 x 10
%L-ZS = 1.5
%L-T = 4.0 (where T is the highest used,&75°C)
_G%L-ZS = £0.1
G%L_T = 0.2
For the Monomers
_ 3
€55 = 28 x 10
%L-25 = -1.0 .
3 ,.p = —3.0 (T = highest)
G%L-ZS = +0.05
S%L-T = +£0.2
For both monomers and dimers the Ae worked out to be

+0.06 x 103. This propagated into the %h (as in section I)

as an error = +0.3.

(B) The Shape Error

In order to determine the error in the parameters due

212
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to shape errors, various Vélues of Py (%hs) were inserted
into the WATTSK program and then plotted. When these curves
just fell outside of the error bars allowed by the shaping
errors (+0.3), the parameters obtained were considered aé
limits. Figure 1 illustrateé this approach for ApA. The

limits obtained in this example were

AHS  =5.4 5 =7.9
AS® -18 -+ -24
Kyjoo 0.97 > 1.8

%h 20 > 16
S

This procedure was followed for each dimer.

(C) Total Error

In order to tabulate estimated total errors in the fit
parameters the errors from the shaping and the scaling were
simply added. Since however the error around the best value
was not symmetrical (e.g. the lower limit of the AH°'s and
K's were often further from the best than the upper limits),
ranges are listed in the tables in Chapter 6, rather than

+ values. Thus with the example of ApA:

~ Scale Limits _ Shape Limits
best 'high' 'low' 'high' 'low'
AH® -6.5 ~7.2 -6.0  -7.9  -5.4
Difference -0.7 ~ +0.5 -1.4 +1.1
total 'high' limit = -6.5 - 0.7 - 1.4 = -8.6
total 'low' 1limit = -6.5 + 0.5 + 1.1 ='-4.9

Thus,



Figure 1: ApA Absorption shape error analysis. Dashed line
is the best. Dotted lines are the limits of .
g . fit allowed by the shape error bars (%0.3).
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AH® = -6.5 (-4.9, -8.6)
This addition method of errors was checked by adding the
scale error only to the ApA data (+0.7). ,The best fit was
obtained, then the shape error analysis on these sets of
data was performed. The 'high' limit to the AH® came to be
-8.5, in very close agreement to the ~8.6 from the addition

method. Likewise, the errors in the AS°, and %hs

K370¢
cOrrésponded very closely to those obtained by the simple
addition of the scale and shape errors.

In general, the shaping errors were larger than the

scaling errors for all the parameters, even though source

#1 error was greater than source #2 error.

III. Error in the CD Two-State Fit Parameters

A graphical analysis similar to that used for the shape
error analysis in the absorption parameters was utilized for

the CD cﬁrves.

Alep = ex) gimer op = [((1/2)(100/3300) (1/Conc.))? (s8°)
monomer . (_ge(100,/3300) (1/2)(1/Conc.?)?-
(GConc.)'Z]l/2
For d¢Conc.
AConc. = [(1/eb)2(s2)2 + (-A/ezb)z(de)_zll/2

And typical values were chosen:

§A = £0.005

§e = 0.2 x 10°

A=1

e = 25 x 10
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b=1
Then,
| AConc. = 0.04 x 107>
Typicél concentrations were 1/(25 x 103) =4 x 10-5,

and typical 6° = 0.01. &6° was taken as *0.0002. Thén,

Algy, = eg) = £0.09
This was for the dimers and monomers, and thus upon monomer
subtractions the error propagated to +0.15. Figures 2 and
3 illustrate some of the plots used to set the limits shown
in Chapter 6. The limits for each dimer were thus separately

determined.

IV. NMR Parameters Error Analysis

(A) Two-State Fit Parameters

Errors in the chemical shifts were estimated at +0.005
ppm. Thus the erfor in dimerization changes are ~*0.01 ppm.
'Coupling constant errors are *0.2 Hz, and dimerization
changes Vv+0.3 Hz. Using these values, some graphical
analyses (aswith the CD) of some of the better fitting data
were performed. In most cases, no lower limits on K's
could be achieved because of the relatively large fitting 
errors. Thus, in determining some of the errors listed in
Chapter 6, values of Ps greater than 2.0 ppm were ruled out
as ﬁighly unlikely - thus the limit was arbitrarily set.
Those fits with larger fitting errors (E;ror X 102, tabulated
in Chapter 6) will exhibit correspondingly larger errors in

the fit parameters.
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Figure 2: 'ApA‘CD ‘ _
fit through the experimental points (corrected for
- monomer CD and per residue). Dotted lines are the
limits of fit allowed by the error bars (+0.15).
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Figure 3: ApmsziGA CD error analysis. Dashed

line is the best fit through the
experimental points (corrected for
monomer CD and per residue). Dotted
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(B) 3'-Endo Method Errors

" Errors in the K's were determined as follows:

8K = 101/3) 13 141mer] 2683, 1,02 + (=831 131771 12 dimex)
(87 1'2"' dlmer) 11/2
831 1919= ¥0.2 Hz o
6AJ1,2, = $0.3 Hz
Typical values:
l'2'd = 4 Hz
AJl'Z' 2 Hz

Thus K = +0.08

ALn K = [(3&n K/aK) (8K) 11/2 = £0.027
These error bars are shown in Figure 5 of Chapter 6. No
estimaté has been made of the resulting errors in the AH®
or AS°, as even the best line lay outside of the limits of
the error bars. It is suspected that £he error in the
assumptions made in-obtaining the K's will be much‘greater
than any due to the actual measurement'bf'the coupling

constants.
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Appendix 3

. ABBREVIATIONS

Some commonly used abbreviations are:

A
Ap(or any Xp)
ApiGA

ApmszlsA

- ApeA
€A

260
BAP
BSP

CD
DCC
DNA
EtOH

NMR
oD
‘ORD

adenosine _

(3'AMP) adenosine 3'4monophosphoric acid

adenylyl (3'-5" )N —(A —1sopentenyl)aden051ne

adenylyl(3'-5')N -(A ~-isopentenyl)-2-
methylthioadenosine _

adenylyl(3'-5')l—NG-ethenoadenosine

l—NG-ethenoadenosine'

Absorbance in 1 cm pathlength cell at
wavelength = 260 nm

‘Bacterial alkaline phosphatase

Bovine spleen phosphodiesterase
cytosine |

circular dichroism
dicyclohexylcarbodiimide
deoxyribonucleic acid

ethanol

guanosine

percent hypochromism

percent hypochromicity
standard enthalpy change
isopentenyl attached to N6df adenosine
coupling constant |

‘equilibrium constant

messenger RNA

thiomethyl attached to-C2 of adenosine
nuclear magnetic resonance '
optical density unit

optical rotatory dispersion



pA(or any pX)
ppm |

RNA
As®

O @ > rr M

TSP

Lo
g7
adix,
<o
Lo
9
B
Fow
-,
Q*\
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(5'AMP) adenosine 5'-monophosphoric acid

parts per million of electromagnetic field
frequency

property of the stacked state

ribonucleic acid

standard enﬁropx change

Snake venom phosphodiesterase

temperature |

triethylamine

triethylammonium bicarbonate

transfer RNA

threonine attached via ureido bond to N6
of adenosine

uracil

uridylyl(3'-5')N-[9 (8Dribofuranosyl)~
purin -6—ylcarbamoyl]—threonine

ultra violet

the 'Y' base

extinction coefficient

micro, or ionic strength
6 .

‘lambda (10 ° ml), or wavelength

ellipticity
chemical shift relative to sodium trimethy-
silylpropionate '
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