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The first part of the thesis discusses the interaction

specificities of sixteen oligopeptide amides with salmon sperm

DNA. The peptides are of defined sequence with a N-terminal

L-lysyl-L-phenylalanine
. The extent of upfield chemical shift

and signal line broadening of the H nmr signals of the aro-

matic protons of the peptide (in the presence of excess DNA)

are found to depend on the primary sequence and chirality of

the a carbons of the amino acids in the oligopeptide amides.

Viscometric titrations of DNA with the peptides show that in

all cases the peptide causes a reduction in helical length;

however, there is a greater change with peptides which con-

tain a D-amino acid, instead of L, in the 3 position from

the N-terminal. Peptides with a D-amino acid in the 3 posi-

tion also exhibit stronger binding affinity to DNA and



greater stabilization of the helix-coil transition than do

peptides with only L-amino acids. The results obtained with

the different di-
, tri-, tetra-

, penta- , and hexapeptides

are found to be consistent with a model whereby the peptide

assumes a slightly modified single-stranded 6-sheet structure

which is wrapped around the nucleic acid helix in a manner

similar to that described by M. H. F. Wilkins ((1936) Cold

Spring Harbor Symp. Quant. Biol.
, 21, 75).

The second part of this thesis involves the study of 11

new anthracycline derivatives, daunorubicin , and adriamycin

with DNA. The anthracyclines
, daunorubicin, and adriamycin

undergo hydrolysis of the glycosidic bond leading to water

insoluble aglycones which have been suggested to be the cause

of the drugs' accumulative toxicity. The derivatives which

have been prepared lead to water soluble aglycones upon gly-

cosidic hydrolysis, thus, reducing the biological half-life.

The anthracyclines in the presence of DNA exhibit an

induced circular dichroism and a red shift in the maxima.

The visible absorption spectra of the anthracyclines show a

pronounced hypochromic effect upon the addition of DNA. It

is shown that the extent of hypochromism in the electronic

transition of the anthracycline upon binding to DNA is

directly proportional to the apparent binding affinity Kj > a >

of the drug to DNA as determined by spectral titration methods

Both the rate of dissociation of DNA-anthracycline

complexes and the effect of the anthracyclines on the activi-

ty of DNA-dependent E_^ coli RNA polymerase were examined.



It is found that the rate of dissociation of the drug from

DMA is inversely proportional to the extent of inhibition of

the polymerase reaction. This is consistent with the results

of W. Muller and D. M. Crothers ((1968) J. Mol. Biol, , 35,

251) on the interaction specificities of actinomycin D and

its derivatives with DMA.

In vivo tests on the anthracycline against P-388 lympho-

cytic leukemia show that (i) the optimal dose and toxic dose

of the new anthracycline derivatives are higher than for

either daunorubicin or adriamycin, (ii) the aglycones have

biological activity although much lower than that of the an-

thracycline, and (iii) two of the newly synthesized anthra-

cycline analogs exhibit greater biological activity than

does daunorubicin. The lack of enhanced biological activity

f the other analogs may be explained by (i) the inability

f the aromatic ring to fully intercalate between the base

pairs of DNA due to steric bulk, (ii) the reduced lipid solu-

bility of the analogs, and/or (iii) the increased suscepti-

bility of the analogs to glycosidic hydrolysis as compared

to daunorubicin.

o

o



CHAPTER I

INTRODUCTION

The determination of the fiber structure of deoxy-

ribonucleic acid in 1953, by Watson and Crick, is undoubt-

1 ?
edly a milestone in biological science. ' Watson said of

it, "The gene was no longer a mysterious entity whose be-

havior could be investigated only by breeding experiments.

Instead, it became a real molecular object about which

chemists could think objectively in the same manner as

3smaller molecules

.

DNA may have a molecular weight into the billions of

daltons and if fully extended may be as long as 2 centi-

4
meters. In fact, a complete DNA molecule, as it exists

inside the cell, is difficult to isolate due to the mole-

cule's extreme length which imparts to it a susceptibility

to break under minimal shearing forces. Therefore, during

the isolation process the DNA breaks into fragments and

studies are usually conducted on the fragments of the

initial native molecule. Homogeneous DNA (i.e., DNA with

a defined molecular weight and sequence) may be obtained

from (i) viral or bacterial sources, (ii) selective iso-

lation of an organism's genome, (e.g., satelite DNA), and

(iii) via direct synthetic procedures.



The most common commercial DNA are obtained from calf

thymus and salmon sperm. The nucleic acid concentration is

generally expressed in units of phosphate per liter and is

determined on the basis of the molar extinction coefficient

of the bases at 260 nm (e.g., for salmon sperm DNA e =

c, P
6,500)

.

DNA Structure

Watson and Crick published their concept of the struc-

ture of the DNA molecule on the basis of X-ray diffraction

data on DNA fibers and on the chemical evidence of Chargaff

12 7and Lipschitz. ' ' In fact, without their pioneering work

on the chemical approach to discerning the molecular struc-

ture of DNA, Watson and Crick would not have been able to

propose their structure of DNA, since X-ray analysis of

fibers produce low resolution data that must be fitted

through use of models

.

On work involving DNA from numerous sources, Chargaff

and Lipschitz noted that there were certain similarities

for DNA's of various species. These observations, known

as Chargaff s rules, are that (1) the amount of adenine (A)

equals the amount of thymine (T)
; (2) the amount of guanine

(G) equals the amount of cytcsine (C) ; and (3) for a partic-

ular species, the A-T/G-C ratio is a constant.

The Watson-Crick model of nucleic acid, seen in Figure

1, consists of two antiparallel polynucleotide strands held

together by specific hydrogen bonds formed between the
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7 A

major
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minor
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Figure 1. Schematic Representation of the Watson-Crick
Double Helix of DNA . The outer helical strands
represent the sugar-phosphate backbone, the
horizontal lines represent the base-pairs, and
the vertical line is the helical axis.



complimentary bases as well as by hydrophobic forces that

favor a stacked base geometry. Figure 2 illustrates the

specific Watson-Crick base pairing scheme which accounts

for Chargaff's rules.

major groove

^K p HNH

/
N
^f N HN

HNH $ \

R

minor groove

G-C

major groove

^HNH °a/CH3
/
N-f\ wT%

R N^
° R

minor groove

A-T

Figure 2. Watson-Crick Base Pairs

The individual DNA strands are composed of monomer

nucleotide units which have been enzymatically joined to

produce an alternating sugar-phosphate-sugar backbone, while

the bases are stacked on top of one another (Figure 3) . The

D-deoxyribose sugar, which exists in the furanoside form,

has two hydroxyl groups at the 3' and 5' position. In

order to obtain maximum symmetry, the two complimentary

strands are placed anitparallel . In other words, one strand

has its sugar-phosphate chain directed 3
* ->5

' while the other

chain is directed 5'^3'. This aspect of the double helix

was proven correct by Josse and coworkers using nearest
Q

neighbor analysis.
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Figure 3. Structure of a Section of a DNA Char



The phosphate groups are formally phosphate diesters.

At neutral pH
,

the phosphates exist as monoanions and, due

to this charged character, the oxygen atoms are not equiv-

alent in that one lies parallel to the helical axis (axial)

and the other lies perpendicular to it (equatorial).

Langridge and coworkers found from X-ray diffraction

data that the double helix makes one complete turn every

9
34 angstroms. In addition, there are ten base pairs in a

pitch, or a translation of 3.4 angstroms between each base

pair on the average. Since one turn of the double helix

encompasses 360° of rotation, the model predicts that the

average angle between successive base pairs is 36°. The

planes of the base pairs are perpendicular to the helical

axis .

As a consequence of the twist of the double helix,

there exists two distinct grooves (i.e., the major and minor)

Inspection of Figure 2 shows the positions of the major and

minor grooves and, in addition, that (1) the third hydro-

gen bond of the G-C base pair is located in the minor

groove, and (2) the methyl group of thymine is located in

the major groove. These facts are important to the inter-

calation of small molecules with DNA.

All X-ray work on DNA has been done with fibers. Unlike

X-ray analysis of small crystals, fibers do not produce

enough definable data points so that a definite arrangement

of the atoms can be made. Usually, molecular models are

built and fitted to the available data. In this way,



models which are inconsistent with the data or are stereo-

chemically unfeasible are ruled out. Eventually, this

elimination of models yields at least one model which is

consistent with the available X-ray data. Donohue has

questioned this method of X-ray analysis and has suggested

10-12
that it not be used.

In the B form of DNA (where the base pairs are perpen-

dicular to the helical axis and the pitch is 34 angstroms

with 10 base pairs per turn) , X-ray studies of the fiber

13cannot distinguish between a left- and a right-handed helix.

It is only because the A form of DNA (where the base pairs

are at an angle of 15 from perpendicular and the pitch is

28 angstroms with 11 base pairs per turn) can be established

as a right-handed helix that it can be assumed that the B

form is also. There have been at least eignt structures

proposed for nucleic acids, all varying in the angle of

tilt of the base pairs from perpendicular and the pitch of

the helix (i.e., A, B, C, P, ?
2

, J-,, J
2

, and S).
14

Different media from which the fibers of DNA are drawn

for X-ray analysis yield slightly different structures for

+ + + 2+ 9
the same DNA molecule (i.e. , Li , K , Na , or Mg salts).

Above 80% relative humidity, X-ray data suggest the B, but

below 807o relative humidity the data suggest the A form.

In addition to dependence on salt and humidity, it has been

shown that the A-T/G-C ratio of the DNA will cause a change

in structure, suggesting that the secondary structure of DNA

14
is a function of the primary sequence. It is apparent



that DNA structure is a function of many variables and

extrapolation of fiber structure to solution may not be

justified. The necessity of using DNA in its fiber form

for the X-ray analysis and then using these results to

postulate a structure for DNA in solution, assumes that its

molecular structure does not change upon solvation. In

fact, Bram's studies using a low angle X-ray scattering

technique on DNA in solution, supports the contention that

fiber and solution structure of DNA are different. 15,16

Physical Properties of DNA

It was pointed out earlier that DNA is a delicate

molecule in terms of breakage due to shearing forces.

However, there are a number of other precautions that must

be observed when working with nucleic acids in solution.

If a DNA solution is heated gradually and the absorption

at the wavelength maximum for DNA is monitored (i.e., at

260 nm) , a sigmoidal curve as shown in Figure 4 will be

17 L&
observed. ' "Similar behavior is also observed for the

temperature dependence of the viscosity and molar ellipti-

city. The results are consistent with a molecular trans-

formation, i.e., a helix-coil transition. The descriptive

term, denaturation (and/or "melting out") of the native DNA

structure is used to describe this phenomenon.

Hydrogen ion concentration also affects the structure

of DNA. The viscosity-pH profile of a DNA solution is

19shown in Figure 5. It is seen that at pH extremes of 4.5



A
260

Tm

T

Figure 4. Absorption-Temperature Profile for DMA

Cq]

pH

Figure 5. Intrinsic Viscosity-pH Profile for DNA



10

and 11.5, the viscosity of the solution starts to decrease

rapidly, indicative of a "melting out" of the native DNA

structure. It is for this reason that DNA solutions are

always prepared in buffered solutions, usually in the pH

range of 6 to 8. A titration curve of a DNA solution is

20presented in Figure 6. Curve A represents a titration

starting at pH 6.9 while curve B represents the back

titration from pH 2.5 or 12.5 to neutral. Two observations

may be made: 1) DNA has both acidic and basic titratable

groups, and 2) the titration curves are not reversible.

3
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In addition to temperature and pH, the DNA structure

is also dependent on salt concentrations. Thomson et al

.

have shown that a DNA solution undergoes denaturation when

the sodium chloride concentration is below 10 M or when

the magnesium chloride concentration is below 10 M. The

helix-coil transition is again not reversible and, conse-

quently, in preparing DNA solutions the ionic strength must

be kept at a minimum of 1 mM.

The dielectric constant and hydrogen bonding capacity

of the solution medium are also important in controlling the

structure of DNA. Solvents such as formamide , DMF, or DMSO

cause irreversible DNA denaturation. DNA, of course, is not

soluble in pure organic solvents and these experiments are

carried out by adding the organic solvent to an aqueous

22
DNA solution.

It is evident from the above studies that many types of

forces may be important to the maintenance of the DNA helix.

To gain insight into the mechanisms of the interactions of

nucleic acids with other molecules and to understand the

nature of the forces that influence the structure of DNA

in solution, it is necessary to analyze these systems from

a chemical standpoint. Unfortunately, macromolecules do

not easily lend themselves to the classical chemical experi-

mental approaches that are successful for small molecules.

As a result, model systems often employing the monomer and

oligomer units of nucleic acids (i.e. , nucleosides and

oligonucleotides) are used. A brief outline of some of the
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more revealing studies in this regard is now presented

with the intention of specifying the forces that control the

structure of nucleic acid in solution.

Hydrogen Bonding Forces

While the geometrical constraints of colinear hydrogen

bonds and hydrogen bonding lengths of 2.8 - 3.0 angstroms

would allow for the formation of 29 possible base pairs

connected by two or three hydrogen bonds, it has been found

that even rather simple base derivatives exhibit surprising

specificity in the hydrogen bonding schemes employed in

23 24practice. ' In fact, only three different schemes have

been found in the crystalline state. Calculations based

on dipole-dipole interactions have shown that the Watson-

Crick scheme is favored markedly for guanine-cytosine base

pairing, but adenosine-uracil pairs can exist in three

25
forms, two of them of approximately equal energy. Indeed,

two crystal structures have been found for substituted A-T

base pairs. Cocrystals of 9-methyladenine and 1-methylthy-

mine have been found to assume the Hoogsteen base pairing

26 27
scheme (Figure 7a) .

' It was postulated by these authors

that this structure was not seen in nucleic acids due to the

fact that the electrostatic repulsion between strands was

lower in the Watson-Crick base pairing scheme. This

assertion was based on the fact that the two phosphodiester

chains are further apart in the Watson-Crick than they are

in the Hoogsteen scheme. Moreover, adenosine and 5-bromo-



13

,H

^N^N.M

N

R-

N-0
N-— ...

(b)

Figure 7. (a) Hoogsteen-Thymine Base Pair
(b) Anti-Hoogsteen Adenine-Thymine Base Pair

uridine have been found to assume the anti-Hoogsteen base

28 29pairs (Figure 7b). ' On the other hand, single crystals

of guanine and cytosine have yielded only the expected

30 31Watson-Crick base pairing scheme. ' This may well be

due to the fact that the Watson-Crick scheme (for G-C) has

three hydrogen bonds while the others have only two.

Specific H-bonding has also been detected in aqueous

solution. It was found that when a given nucleoside was

covalently attached to an insoluble support and a mixture of

the other three nucleosides was passed through this modified

support, only the compliment to the covalently bound nuceo-
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32side was retarded. In addition, elution of the column

with aqueous urea instead of water abolished the associa-

tion, thus strongly implicating hydrogen bonding as the

force responsible for the binding of the complimentary

nucleoside

.

H nmr studies monitoring the downfield chemical shift

of hydrogen bonded protons indicate that base pairing de-

creases as the hydrogen bonding ability of the solvents

increases. Moreover, H nmr studies in nonhydroxylic

solvents showed that the base pairing is quite specific.

For example, the chemical shift of the N-l proton of guanine

was downfield shifted only when the complement cytosine was

added, with little effect being seen upon addition of other

33nucleosides. A similar observation was also noted for

34
the N-3 proton of uridine in the presence of adenine.

While these studies show that hydrogen bonding may be quite

specific in nonhydroxylic solvents , it is hard to imagine

that it plays a major role in stabilizing the double

helical structure. In aqueous solution, the competition

for the hydrogen bonding sites on the bases by water would

minimize the importance of these forces. The answer to the

question of the importance of hydrogen bonding in the aqueous

environment lies in the realization that the double helix

has a nonpolar interior region where the bases are located.

The aqueous solvent is excluded from this region due to the

hydrophobic nature of the bases, thus making this region

ideal for the formation of hydrogen bonds.
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Infrared spectroscopy studies monitoring the appearance

of new absorption bands between 3500 cm and 3000 cm for

the N-H stretching frequency also indicate specific hydrogen

3 5bonding between complementary bases. For example, a

mixture of 9-ethyladenine and 1-cyclohexyluracil exhibited

two new bands at 3490 and 3330 cm" which were maximized

when the components were mixed at a ratio of 1:1. Similar

results have been obtained with derivatives of guanine and

- • 36cytosme

.

Stacking Forces

In addition to the hydrogen bonding interactions

between bases, hydrophobic forces are very important to

maintaining the DNA double helix. The bases are essentially

nonpolar molecules which tend to vertically stack in aque-

ous solution. This phenomenon is thought to be entropy

driven since the associated bases are less hydrated than

37the individual bases. ' Therefore, stacking causes the

release of water from hydration. This can be represented

by the formula below:

Hydrophobe • XH
2

+ Hydrophobe YH
2

->

2 Hydrophobe • ZH
2

Z < X+Y; AS = +

Hydrogen bonding interactions are accentuated in organic

solvents; however, DNA is denatured by these solvents.

Therefore, it must be concluded that other forces are im-

portant to the double helix. Presumably, the major forces

in maintaining the helix are hydrophobic interactions.
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Determination of the osmotic coefficient for several

purine and pyrimidine systems in aqueous media followed by

calculation of activity coefficients by the Gibbs-Duhem

equation show large deviation from ideality indicative of

association. Hydrogen bonding was ruled out since urea,

which hydrogen bonds extensively in water, exhibits a much

greater activity than the bases. Purines have been found

to associate to a greater extent than pyrimidines ; and,

methylation of the bases increases the stacking interaction.

The stacking interaction was investigated by H nmr

based on the observation that as the concentration of purine

increased, the chemical shift of the protons became increas-

es 1

ingly upfield shifted. From H nmr theory on ring current

anisotropy, illustrated in Figure 8, it is possible to pre-

dict that the association results from vertical stacking of

39
the purine bases

.

A

H o

shielded
proton

Figure 8. Shielding of the Aromatic Protons Caused by
Vertical Stacking



17

From the magnitude of the H nmr chemical shifts of

the various protons of adenosine, it was noted that the six-

membered ring of the purine experiences the greatest shield-

ing followed by the f ive-membered ring. Two models are

proposed for the geometry of the stack and are shown in

Figure 9

.

(a) Alternate

(b)Straight

Figure 9. Geometry of Nucleoside Stacks

If the purine nucleoside is substituted with an amino

group in the 6 position (e.g., adenosine), it is found that

the degree of stacking increases. Similarly, 5-bromouradine

stacks to a greater extent than thymidine. From such con-

parisons, it is concluded that a hydrophobic force is not

37
the sole factor in governing the stacking interaction.

Rather a correlation is found with the polarizability of
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the bases. The conclusion by Hanlon chat London dispersion

forces are responsible for the stability of the DNA helix is

in line with this concept.

Investigations of dinucleoside phosphates has provided

further information on the details of the stacking inter-

actions. Chen and Nelson used H nmr techniques to show

/ 9
that ApA exists in the 3 ' -anti-5 ' anti right-handed stack.

It should be noted that the Watson-Crick structure of DNA

requires the bases to be in the anti conformation. Further,

striking differences have been observed from one dinucleo-

side phosphate to another regarding their stacking ability.

It was found that UpU lost its ordered structure readily

upon elevation of the temperature, while ApA ' s structure

persisted. This was explained as being due to differing

stacking interactions for the two dinucleoside phosphates.

Electrostatic Effects

The phosphate groups along the backbone of the DNA

double helix are negatively charged at neutral pH . The

charge repulsion between the two strands is the primary

disruptive force of the double helix. It was previously

stated that the DNA structure is not stable if the ionic

strength is decreased below a minimum level. The reason

is that the cations shield the anionic charge of the phos-

phate groups, thereby reducing the Coulombic repulsion be-

tween strands. In addition to the interstrand forces,

intrastrand phosphate interactions are an important factor
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in controlling DNA structure. The distance between adjacent

phosphate groups along the same chain of the Watson-Crick

double helix is roughly 7 angstroms. In concentrated salt

solution the length of the DNA helix decreases as evidenced

44by a decrease in intrinsic viscosity of the DNA solution.

This decrease is due to the lowered repulsion between intra-

and interstrand phosphates, allowing the helical molecule

to contract.

Electronic Effects

That the nucleic acid bases interact with each other

electronically is quite well known. The exciton theory

unifies a number of experimental results and states that,

for molecular crystals, energy is not absorbed by a single

molecule but is distributed over many. If the ordered

polynucleotide is considered a one-dimensional crystal, the

exciton theory is applicable.

As seen in Figure 10, the excited state energy levels

of the bases are considered to be split to produce two new

AE

Figure 10. Exciton Splitting of Energy Levels
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levels. The lower energy transition has the electronic

vectors of the bases antiparallel , while the higher energy

transition has these vectors parallel. Quantum mechanical

selection rules forbid the transition to the lower excited

level, so the transition seen is the one of higher energy

than the original uncoupled transition. The absorption

maximum is thus shifted toward the blue. Also seen is a

hypochromic effect, with the intensity of the new transition

being lower than that of the monomer. This fact is ex-

plained by the theory of intensity interchange of coupled

transition momements and is illustrated in Figure 11.

(a) Card Stack Arrangement

A B

A is hypochromic

B is hyperchromia

A B

(b) Head-to-Tail Arrangement

A B

V ti
B

(c) Herringbone Arrangement

A
No intensity interchange

Figure 11. Intensity Interchange Between Two Interacting
Transition Moments
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If the transition moments are in a card stacked orien-

tation as in the DNA molecule, the higher energy transition

is hyperchromia
, and the lower energy transition is hypo-

chromic. The effects of the blue shift and hypochromism

on the uv spectrum of oligoadenylic acid can be seen in

Table l.
48

The technique of circular dichroism also demonstrates

49the theory to be correct. ' Contrary to the situation in

absorption spectroscopy, transitions to both the upper and

lower states are allowed by pertinent selection rules.

Thus, one sees both a red and blue shifted band as compared

to the absorption maximum of the monomer. The signs of

tne CD bands, however, cannot be predicted without the

consideration of more complicated quantum mechanical argu-

ments. It may be stated, however, that the two transi-

tions are found to be opposite in sign, thus yielding the

very distinctive double Cotton effect for the polynucleo-

tide.

Dynamic Structure of Nucleic Acids

Several lines of evidence point toward a rather re-

markable quality associated with the helical polynucleotides

It appears that the hydrogen bonded base pairs are in a

continued state of flux with respect to their nonhydrogen-

bonded "open" forms. The work of von Hippel and coworkers,

utilizing tritium exchange have established a firm basis

for the existence of the "open" forms of the nucleic
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Table 1. The Effect of Increasing Length of the Polynucleo-
tide (Ap) A on tne uv Absorption Spectrum

- Amax cmax/n+l

260 15 000

1 257 13 600

2 257 12 600

3 257 11 300

4 257 11 300

5 257 10 800

300 (poly A) 256 9 000
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ac
51-53

ids. Incubation of the nucleic acids in.tritiated

water and rapid separation of the labeled polynucleotide

from radioactive solvent via gel filtration enabled these

workers to show that the kinetics of exchange were much

faster than for protein systems. Further, it can be shown

that the observable exchange is taking place with protons

involved in the base-base hydrogen bonding of the double

helix. Three possible models were examined by McConnell

52 53and von Hippel
.

'
'' These were (1) unstacking without

hydrogen bond breakage, (2) hydrogen bond breakage without

unstacking, and (3) hydrogen bond breakage with partial or

complete unstacking and strand separation. By studying

tritium exchange and pH studies, it was concluded that

the "breathing model" (3) is correct. Kinetic studies of

intercalation by Muller and Crothers and Gabbay et al.

agree with this hypothesis. '

Genetic Control

The genetic code for all proteins of a particular

organism is contained in the DNA of each cell, yet protein

biosynthesis is a highly controlled operation (i.e., not

all the proteins are made at once) . This selective syn-

thesis of protein requires a mechanism which is sensitive

to the cell's needs and only allows the required section

of DNA to be transcribed at any given period during the

growth cycle. The regulatory mechanisms involved are still

under intense study, but the general scheme has been pre-
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sented by Jacob and Monod and will briefly be outlined for

tne lactose operon of Escherichia coli

schematically represented in Figure 12

tne lactose operon of Escherichia coli. This oueron is

regulator operator
gene gene

gene 1 gene 2 gene 3

Figure 12. Schematic Representation of the Lactose Operon

It has been shown that the utilization of the sugar,

lactose, by E. coli requires the synthesis of three pro-

teins, g-galactosidase
,
g-galactoside permease, and galacto-

side transacetylase . These proteins are necessary for

the conversion of lactose into useable nutrients. The in-

formation for these proteins are coded by three genes that

occur in a cluster on DNA. This cluster, in addition to a

site called the operator and a gene for the regulating

protein, is known as the operon, in this case, the lactose

operon. The regulator gene codes for an repressor protein

which has a specific affinity to the DNA sequence of its

operator. When the repressor is bound to the operator, no

transcription can take place. If, however, lactose is

present, the sugar specifically binds with the repressor

protein, rendering the protein incapable of binding to the

operator, thus allowing the operon to be transcribed. When
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the lactose in the cell is depleted, the free repressor

reassociates with the operator and protein synthesis of

the lactose operon ceases.

The above description of genetic control is by no means

complete, yet the complexity can be appreciated. It is

apparent that there are a number of specific nucleic acid-

protein interactions of which the mechanisms are largely

unknown. It is one of the purposes of this thesis to shed

some light on this subject.

Peptide-Nucleic Acid Interactions

From the above discussion of control of genetic in-

formation, it is apparent that the experimentalist who

wishes to determine the interaction mechanisms between

nucleic acids and proteins is faced with the problem of

dealing with at least two macromolecules . It is not in the

realm of current technology to study the interactions of

two large and complex macromolecules in detail. Therefore,

a more practical approach to the problem is to utilize

model systems. With a knowledge of the interaction mech-

anisms of small diamines , amino acid amides , and reporter

molecules available, it is possible to study the specific

interactions of oligopeptide amides with DNA and consider

these systems as crude models for protein-nucleic acid

systems

.

The forces available to a protein molecule interacting

with nucleic acid are: (1) electrostatic interactions
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between charged amine groups of the protein and the phos-

phate anions, (2) hydrophobic forces involving intercala-

tion of the aromatic amino acid residues as well as inter-

actions with the apolar amino acid residues (e.g., alanine,

valine, etc.), (3) hydrogen bonding interactions between

functional groups on the purine and pyrimidine bases and

available hydrogen bonding sites on proteins, (4) topolog-

ical recognition of the surface structure of the nucleic

acid (i.e., tertiary structure), and (5) electronic inter-

actions between bases and intercalating amino acid moieties.

The importance of these forces in providing specificity in

the interaction of protein with DNA and RNA is currently

a matter of conjecture. However, several recent studies

employing small protein model systems (i.e., amino acids

and peptides) with DNA systems have suggested that all of

the forces could play important roles.

Electrostatic interactions are not expected to be

specific, yet a number of studies done with oligolysine,

polylysine, and polyarginine show that these molecules ex-

hibit base pair specificity toward double stranded nucleic

acid when the polymerization number is greater than four. '

Polyarginine is specific for G-C rich regions of DNA,

whereas polylysine is specific for A-T sites. However, to

observe this specificity the ionic strength must be on the

order of 1 M, indicating that electrostatic forces are not

responsible for the specificity. Also, Shapiro et al. found

that the A-T preference of polylysine increased as the pH
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CO
of the solution was increased from 7 to 10. Since the

extent of ionization of the e -ammonium groups is expected

to decrease, the increase in base pair specificity must

be due to forces other than electrostatic interactions.

The binding of these polybasic amino acids to DNA is known

to be cooperative, thus, another explanation is that A-T

and G-C rich regions of DNA have characteristic secondary

and tertiary structures that facilitate the binding of the

polylysine or polyarginine molecules and allow for a topo-

59graphic recognition of DNA sequence.

Hydrogen bonding interactions are known to be highly

specific in nonhydroxylic solvents and/or in aqueous solu-

tion under conditions of water molecule exclusion as in the

case of Watson-Crick base pairs. Formation of specific

hydrogen bonds between protein amino acid side chains and

the externally exposed hydrogen bond donors and acceptors

of the DNA base pairs has been postulated by many researchers

as a contributing element in the DNA-protein recognition

60,61..,, , ,

process. Although hydrogen bonding may strengtnen

the binding, such interactions probably do not contribute

significantly to the recognition specificity for the follow-

ing reasons: (i) the presence of hydrogen bond donors and

acceptors at the DNA base pair sites and along the protein

chain, (ii) the flexibility of both macromolecules may

accomodate the formulation of numerous hydrogen bonding

schemes, and (iii) the possible modification or exchange

of such bonds by the intermediacy of water molecules. In
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support of the latter contention is the observed high

diffusion rate of the lactose repressor protein along the

circular DNA of E. coli .

62

Evidence for intercalation of aromatic amino acids

exists with both double and single stranded nucleic acids.

H nmr studies using L-phenylalanine , L- tryptophan , and L-

histidine with poly A indicate that these molecules cause

a destacking of the adenine bases as evidenced by the down-

field shift of the H-2 and H-8 protons of adenine in the

complex. The destacking of adenine in poly A is con-

sidered the result of intercalation of the aromatic ring of

the amino acid. The relative magnitude of this interaction

is tryptophan > phenylalanine > histidine

.

Helene et al . have shown that tyramine, tyrosine, and

tryptamine derivatives also intercalate and destack poly A,

since it was found that the chemical shifts of aromatic

protons of the former are upfield shifted in the poly A com-

f>/x — ft f>

plex due to ring current anisotropy. "' CD studies using

DMA and poly A confirmed the possibility that intercalation

causes a slight destacking of the bases of the nucleic acids,

since the magnitude of the 280 nm peak is decreased in the

nucleic acid-amino acid complex relative to the uncomplexed

nucleic acid. Quenching of the fluorescence of these amino

acid derivatives by nucleic acids was also taken as evidence

for an intercalation model.

Brown, in a study of several dibasic peptide methyl

esters, found that arginyltryptophan methyl ester has a
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very large stabilizing effect on the Tm of DNA compared to

c -i

other similarly charged dipeptide derivatives. To account

for his, he suggested the "bookmark" hypothesis whereby the

aromatic rings of amino acids may behave as bookmarks and

thus anchor the proteins to specific sequences of nucleic

acids via an intercalation mode of binding.

In addition, work by Kapicak and Gabbay on model systems

shown in Figure 13 has revealed that the extent of insertion

NO

N
+

(CH
3

) 2
(CH

2)3N(CH3)3-2Br

n s 1 -4

Figure 13. Reporter Molecule, ,1

of the aromatic ring between base pairs of DNA has profound

effects on the tertiary structure of the latter, i.e.,

either shortening or lengthening of the helix. ° For ex-

ample, it is found that at n = 1, the nitrophenyl ring of

the reporter molecule, I, is partially inserted between

base pairs of DNA as evidenced by the lower viscosity of

the DNA-reporter complex and by the lack of H nmr signal

broadening of the aromatic protons. Moreover, it is found
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that the A protons of the aromatic ring of the reporter

molecule, I, (n = 1) experience a greater upfield chemical

shift than the B protons in the DNA-reporter complex which

is consistent with the "wedge type partial insertion" model.

On the other hand, with n = 3 and 4 the aromatic cationic

reporters cause enhanced viscosity of DNA solutions and

tne H nmr signals of the aromatic protons are totally

broadened and indistinguishable from baseline noise. Pep-

tides containing the aromatic amino acids, tryptophan, phen-

ylalanine, and tyrosine, exhibit effects identical with the

aromatic reporter, where n = 1, i.e.
,
partial insertion

between base pairs of DNA leading to shortening of the DNA

69length. Presumably, the single methylene group (CH~) be-

tween the peptide backbone and the aromatic ring of tyrosine,

tryptophan, and phenylalanine is not sufficient to allow

for "full" insertion and lengthening of the helix.

Gabbay et al . have also presented evidence which in-

dicates that L-lysyl-L-phenylalanine amide (L-lys-L-pheA)

and the diastereometric L-lysyl-D-phenylalanine amide (L-

lyl-D-pheA) interact in a stereospecific manner with salmon

70
, 1 . .

sperm DNA. In particular, the H nmr, viscometric, and

flow dichroism data suggest that the aromatic ring of L-lys-

L-pheA is partially inserted between base pairs of DNA

whereas the aromatic ring of L-lys-D-pheA points outward

toward the solvent. In order to account for this specificity

it is necessary to conclude that the e- and a-amino groups

of the N-terminal L-lysyl residue interact in a stereo-
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specific manner with DMA which dictates the positioning of

the aromatic ring of the C-terminal phenylalanine residue

of L-lys-L-pheA and L-lys-D-pheA. Since no significant

differences in the binding of L and D-phenylalanine amide to

DNA have been found by H nmr studies, the specificity ob-

served with L-lys-L-pheA and L-lys-D-pheA cannot be attrib-

uted to the chirality of the phenylalanine residue by it-

self.

Statement of Problem I

In this thesis, the synthesis of oligopeptide amides

containing an N-terminal L-lysine and L-phenylalanine were

undertaken in order to determine the effect of the primary

sequence and the stereochemistry of the a carbons of the

peptides on the binding of the aromatic ring (used in this

case as a probe) to DNA.

An thr aeye lines

Adriamycin, daunorubicin , and carminomycin (shown in

Figure 14) are glycosidic anthracycline antibiotics isolated

of S treptomyces peucetius and are being used in the treat-

ment of acute leukemia and solid tumors in man. Both

adriamycin and daunorubicin have been shown to inhibit

nucleic acid synthesis in various cultured cell lines, while

autoradiography and fluorescence quenching experiments show

that daunorubicin concentrates in the nuclei of normal and

TO OO
tumor cells. ~ These results are consistent with selective

O O

binding of the drugs to chromatin.
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PH
COR-

adriamycin

daunorubicin

carminomycin

CH.

CH.

CH
2
OH

CH,

NH.

Figure 14. The Anthracyclines

Cell cycle phase specificities of the antracyclines

h^ve been studied by several investigators and there appears

to be conflicting data. For example, Silvestrini et al.

found that daunorubicin caused significant inhibition of

DNA and RNA synthesis in the G, , S. , and G,-, phases of the
Q A

cell cycle in rat fibroblasts. On the other hand, Tobey

and Kim et al . found that the effects of daunorubicin are

S-phase specific in HeLa cells. '
' Mizuno et al . observed

a cytotoxic effect as a result of daunorubicin administration
Q -j

in all phases of the cell cycle.

Substantial evidence exists which is indicative that

the cytotoxicity of the anthracycline drugs is due to DNA

template binding and concomitant inhibition of the replica-

tion and translation processes. However, there appears to

be evidence for an alternate mechanism of action. Silvestrini

et al. noted an antimitotic activity on cultured mouse cells
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at levels of daunorubicin which are too low to effect nucleic

84acid synthesis. In addition, it was demonstrated that

the drug abruptly Dlocks mitosis when given only a few min-

utes before prophase. Gasalvez et al. found that the res-

piration of isolated mitochondria as well as that of intact

tumor and normal cells is significantly inhibited by adri-
O Q

amycin and daunorubicin. ' Similarily, Folkers and coworkers

found that the anthracyclines inhibit NADH oxidase and res-

89
piratory enzymes which require coenzyme Q,„. It has been

suggested that adriamycin may cause changes in the cell sur-

face based on the dramatic enhancement of concanavalin A

90 91
induced agglutination of S180 cells caused by the drug. '

Based on the observed induced resistance to vincristine and

vinblastine in Ehrlich ascites tumor in the presence of ad-

riamycin or daunorubicin, it has also been suggested that

these drugs may act by interfering with the microtubule for-

92 93
mation during mitosis. ' It should be noted that in the

above studies, it is not clear whether the observed activity

of the anthracyclines is due to the drug itself or to one

of the metabolites (e.g., the aglycone)

.

DNA-Anthracycline Binding

The interaction specificity of the anthracyclines with

DNA is generally accepted to be by an intercalation mechan-

ism. This conclusion is based on (1) the spectral changes

induced in the DNA bound drug (i.e., red shift and hypo-

chromism, induced circular dichroism, and fluorescence
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quenching); (2) the enhanced viscosity of DNA solutions in

the presence of drug; (3) flow dichroism data which indicate

that the anthraeye line ring system is in a plane perpendic-

ular to the helix axis of DNA; (4) decrease in the buoyant

density of the DNA-anthracylcine complexes
;(5) unwinding of

closed circular supercoiled DNA; and (6) the X-ray diffrac-

tion patterns of fibers of DNA-daunorubicin which are con-

sistent with the intercalation model. It should be

noted that at an ionic strength in excess of 0.05 M and drug

to DNA phosphate ratios less than 0.1, the intercalative

mode of binding Is predominant; however, at lower ionic

strength and higher drug to DNA phosphate ratios, extensive

external electrostatic binding is observed. The maximal

binding by the intercalative mode has been shown to vary

from one drug per 2 to 4 base pairs with an apparent binding
C

f.
_ 1

constant of between 2 x 10 and 12 x 10 M , depending on

94-97
the ionic strength of the media. ' The external mode of

binding appears to saturate at one drug per base pair and is

97nearly abolished at ionic strengths greater than 0.2 M.

Toxicity of the Anthracyclines

The anthracyclines unfortunately exhibit a deleterious

effect on humans . The development of cardiopulmonary symp-

toms such as congestive heart failure have been observed in

a number of patients who have received a total of 25 mg/kg

or more of the drugs . Work by Mhatre et al . and

Herman et al
.

, using adriamycin, daunorubicin , and N-acetyl-
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daunorubicin, a biologically less toxic compound, showed

that all three drugs are accumulated in heart and lung

tissue soon after injection. ' In addition, a rapid

conversion of adriamycin and daunorubicin to the corre-

sponding aglycones is found while comparatively little con-

version of N-acetyldaunorubicin was detected. Thus, these

workers concluded that the observed toxicity may be related

to differences in the metabolism of the three compounds and

the aglycone is the toxic agent. The observed long bio-

logical half-life of the anthracycline drugs, probably due

to the water insolubility of the aglycone, leads to a

cellular accumulation of the metabolite upon repeated in-

j ection

.

Statement of Problem II

From the above studies, it appears as though the tox-

icity of the anthracyclines arises due to the aqueous in-

solubility of the aglycone leading to its accumulation in

tissues. If this hypothesis is correct, an anthracycline

drug which yields a water soluble aglycone upon hydrolysis

should demonstrate decreased toxicity. However, such a

drug must remain biologically active against leukemia and

other tumors to be of medicinal importance.

The second part of this thesis includes the synthesis

of anthacycline derivatives which could lead to water sol-

uble aglycones upon glycosidic hydrolysis and the develop-

ment of in vitro techniques useful to the rapid evaluation

of such drugs

.



CHAPTER II
PEPTIDES

The interactions of oligopeptide amides containing an

N- terminal L- lysine and L-phenylalanine (shown in Figure

15) with DNA have been examined by pulsed Fourier trans-

form H nrnr, viscosity, circular dichroism, equilibrium

dialysis, and melting temperature (Tm of helix-coil trans-

ition) studies. The results are presented below.

H nmr Studie s

The H nmr studies conducted in this work monitor the

change in (i) line width (i . e
.

, Av 1/? (in Hz) = Av
1/2

bound

a ,

free , . bound , , free , , .

- ^ v i/2 -
where Av, ,~ and Av, ,„ are the line

broadenings in the presence and absence of DNA)
,

(ii) spin-

lattice or transverse relaxation times (T, ) , and (iii) the

upfield chemical shift (i.e., A5 = 5 C -5, ,, wherefree bound

6, j and
bound .r are the chemical shifts in the presence

and absence of DNA) of the aromatic protons of the peptide.

The change in chemical shifts is related to the proximity

of the observed protons to the ring current of the DNA base

pairs. The spin-lattice relaxation time (T, ) is dependent

(among other things) upon the correlation time (T ) and the

mean residence time (T ).
39,11

'

113
The 1

H nmr signal line

broadening can be explained by several mechanisms: (i) slow

36
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H CH2 Ph

1 L-lys-L-pheA NH
2
(CH

2
)

4-C-CONH-C-CONH 2
NH

2 H
H

tf

2 L-lys-D-pheA NH^CH^-C-CONH-C-CONI-^
NH2 CH2 Ph

H CH2 Ph
3 L-lys-L-phe-glyA NH2(CH2 )4-C-CONH-C-CONHCH ?CONHp

NH 2 &

H CH 2Ph
4 L-lys-gly-L-pheA NH2(CH 2 )4-C-CONHCH2CONH-C-CONH 2

NH
2 H

HJ CH2Ph
5 L-lys-L-phe-diMeA NH

2
(CH

2 )4-C-CONH-C-CON(CH 3 ) ?
NH

2 H

H CH 2 Ph
6 L-lys-L-phe-gly-glyA NH 2(CH 2 )4-C-CONH-C-CONHCH2

CONHCH2CONH 2
NH-, H

H CH2 Ph CH2CHCH 3 )2
7 L-lys-L-phe-L-leu-glyA NH

2(CH 2 )4-9-CONH-C-CONH-C-CONHCH?T:ONH
NH

2
H H

H CH2 Ph H
8 L-lys-L-phe-D-leu-glyA NH 2(CH 2 )4-C-CONH<:-CONH<-CONHCH 2CONH 2

NH 2 H CH2CH(CH 3 )2
H CH2 Ph H CH2CH(CH3 )2

9 L-lys-L-phe-D-ala-L-leuA NH
2
(CH

2 )4-C-CONH-C-CONH-C-CONH-t-CONH 2
NH 2 H CH

3 H

H CH2 Ph Ch^CHO-^
10 L-!ys-L-phe-(gly-L-|eu)

2
A NH2 (CH 2 )4-C-CONH-C-CONH(CH2CONH-C-CONH) ?H

NhU h h^

H CH 2 Ph H Ch^CH hj

11 L-lys-L-phe-D-leu-L-leu-D-leuA NH
2
(CH

2 )4-C-CONH-C-CONH-C-CONH-C-CONH-C-CONH 2
NH H CHCH2 h CHpCHCH^

(H3C)p
H CH 2 Ph

J d CH2CH(CHp)3
12 L-lys-L-phe-gly-L-leuA NH

2
(CH

2 )4-C-CONH-C-CONHCH?CONH-C-CONHp
NH

2 H hi

H CH 2 Ph C^H 3
13 L-lys-L-phe-L-alaA NH 2(CH2 )4-C-CONH-d-CONH-(j;-CONH2

NH
2 H H

H CH2 Ph H
H L-lys-L-phe-D-alaA NH2 (CH 2 )4-C-CONH-C-CONH-C-CONH 2

NH 2 H CH
3

H CH2 Ph CH 3 CH(CH
3 )2

15 L-lys-L-phe-L-ala-L-valA NH
2
(CH

2
)4-C-CONH-9-CONH-C-CONH-C-CONH 2

NH 2 H H H

H CH2 Ph H CH(CH
3 ) 2

15 L-lys-L-phe-D-ala-L-valA NH
2
(CH

2 )4 -C-CONH-d-CONH-C-CONH-C-CONH 2
NH

2
H CH

3 H

Figure 15. Structure of the Oligopeptide Amides
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rate of tumbling of the observed proton, (ii) slow rate of

exchange between nonident ical sites, (iii) large differences

between the chemical shifts of the various protons observed

(i.e., the ortho, meta, and para protons of the phenyl ring

of phenylalanine)
,
or (iv) a combination of the three mech-

anisms above. It should be noted that under the condition

of the experiments (i.e., at a base pair/peptide ratio of

7.5 and 15) the peptides, 1-4, are almost fully bound to

DNA ( 95%)
.

This was determined quantitatively by equilib-

rium dialysis on the H nmr samples themselves utilizing the

f luorescamine assay technique described previously by

Gabbay et al.

°

9

The results of the above studies which are shown in

Figures 16-19, Table 2, and Table 3 lead to the following

observations

.

(1) The upfield chemical shifts, A6, experienced by the

aromatic protons of the peptides upon binding to DNA depends

on the primary structure and stereochemistry of the

carbons of the amino acids contained therein. For example,

the following order of decreasing upfield chemical shifts

is observed (see Table 2): L-lys-L-pheA (1) > L-lys-L-phe-

(N,N-dimethyl)A (5) > L-lys-L-phe (gly-L-leu)
2
A (10) =

L-lys-phe-glyA (3) - L-lys-L-phe-gly-glyA (6) - L-lys-L-phe-

D-ala-L-leuA (9) = L-lys-L-phe-gly-L-leuA (12) = L-lys-L-

phe-D-alaA (14) = L-lys-L-phe-D-ala-L-valA (16) * L-lys-L-

phe-L-alaA (13) = L-lys-L-phe-D-leu-L-leu-D-leuA (11) a

L-lys-gly-L-pheA (4) - L-lys-L-phe-L-ala-L-valA (15) -
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725 ppm

Figure 16. H nrnr Signal of the Aromatic Protons of Peptides
1-4 in the Presence and Absence of DNA. DMA
base pair to peptide ratio is (a) 0, (b) 15.0,
(c) 7.5, (d) 2.0, and (e) 1.0.
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5 L-lys-L-phe- liMeA 6 L-lys-L-phe-gly-g|yA

?50 725 ppm

7 L-lys-L-phe-L '"u-glyA

l—_j—

i

_j |_i_

'50 725 ppm

8 L-lys-L-phe-D-leu-glyA

7,50 725 ppm 750 7.25 ppm

Figure 17. H nmr Signal of the Aromatic Protons of Pep-
tides 5-8 in the Presence and Absence of DMA.
DMA base pair to peptide ratio is (a) 0, (b)
15.0, (c) 7.5, and (d) 2.0.
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9 L-lys-L^phe-D ala-L-|euA

750 7.25 pprn

10 L-lys-L-phe^gly-L-leuL-A

11 L-lys-L-phe-D-l- j-L-leu-D-leuA

7.50 725 ppm

12 L-lys-L-phe-gly-L-leuA

750 7.25ppm
1 : ; 1 . . I

750 725ppm

Figure 18. H nmr Signal of the Aromatic Protons of Pep-
tides 9-L2 in the Presence and Absence of DNA.
DiJA base pair to peptide ratio is (a) 0, (b)
15.0, (c) 7.5, and (d) 2.0.
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1_3 L-iys-L-phe- L-ala A H L-lys-L-phe-D-alaA

7.50 725 ppm

15 L-lys-L-phe-' ala-L-valA

750 725 ppm

16 L-lys-L-phe-D- ala-L-valA

7.50 725 ppm 7.50 725 ppm

Figure 19. H nmr Signal of the Aromatic Protons of Pep-
tides 13-16 in the Presence and Absence of
Sonicated Salmon Sperm DNA . DNA base pair to
peptide ratio is (a) 0, (b) 15.0, and (c) 7.5
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L-lys-L-phe-D-leu-glyA (8) > L-lys-L-phe-L- leu-glyA (7) >

L-lys-D-pheA (2)

.

(2) The extent of the H nmr signal line broadening of

the aromatic protons of DNA bound peptides is also found to

depend on the primary sequence and chirality of the amino

acids. For example, the following order of decreasing H

nmr line broadening is observed (see Table 2) : L-lys-L-

pheA (1) > L-lys-L-phe-gly-glyA (6) - L-lys-L-phe-glyA (3) -

L-lys-L-phe-gly-L-leyA (12) = L-lys-L-phe-D-ala-L-valA (16)

> L-lys-L-phe-D-alaA (14) * L- lys-L-phe-D-leu-L-leu-D-leyA

(11) = L-lys-L-phe-D-ala-L-leuA (9) - L-lys-L-phe (dimethyl)

A

(5) - L-lys-L-phe(gly-L-leu)
2
A (10) * L-lys-L-phe-D-leu-

glyA (8) > L-lys-L--he-L-leu-glyA (7) = L-lys-L-phe-L-alaA

(13) = L-lys-L-phe-L-ala-L-valA (15) = L-lys-D-nheA (2) =

L-lys-gly-L-pheA (4)

.

(3) The spin lattice relaxation data (Table 3) suggest

that the phenyl rings of all peptide amides in the DNA com-

plexes experience restriction in tumbling to approximately

the same degree. For example, the peptides (1, 2, and 3-

16) exhibit similar T, values (for the aromatic protons) at

various base pair/peptide ratios, although there are dis-

tinct differences in both the change in chemical shift (AS)

and the signal line broadening ( Av 1/2 ) Tt should be noted

that the effect of viscosity of the DNA solution on line

broadening is found to be small (e.g., the signal line

broadening of the internal standard, 2 , 2 , 3 , 3-d, -3-trimethyl-

silylpropionate (TSP) is found to be 1.5 + 0.2 and 2.5 +
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0.3 Hz in the absence and presence of 70 mM DNA phosphate

per liter, respectively). Also, the measured T-, values are

found not to be sensitive to dissolved oxygen in solution;

however, considerable variations in T-. values are obtained

if paramagnetic impurities are present in the DNA. The work

reported in this thesis was carried out with sonicated salmon

sperm DNA which has been extensively dialyzed against EDTA.

Viscosity Studies

A number of investigators have shown that planar aromatic

molecules such as proflavine, acridine orange, and ethidium

bromide intercalate between base pairs in DNA. This process

has been shown to increase the viscosity of DNA solutions

and is presumably due to an increase in the length of the DNA

molecule. The most definitive study to prove that the DNA

length increases involves the determination of the intrinsic

viscosity, [n] , of the solution. Intrinsic viscosity is

defined by the equation,

n so
[ n ] = Limit

c _>()
~^-

where n is the specific viscosity of solution and c is the
sp K J

concentration of the solute (e.g., DNA phosphate). However,

these types of experiments are uninformative since the peptide-

DNA complex dissociates at high dilution (probably due to the

very low binding constant of the peptide to DNA) and the in-

trinsic viscosity of the complex approaches that of the DNA

alone

.
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Thus, the effect of increasing concentrations of the

oligopeptide amides on the relative specific viscosity,

n sp /n Q
(where n and n Q

are the specific viscosities

of DNA solutions in the presence and absence of peptides,

respectively) at 2.6 x 10 M DNA phosphate/ liter (in 10 mM

2- (N-morpholine) ethanesulfonate (MES) , 5 mM Na
+

,
pH 6.2)

was studied at 37 C using the low shear Zimm viscometer as

modified by Pearce et al . (see experimental). Native salmon

sperm DNA with a molecular weight of approximately 6 x 10

was used. Since the study was carried out at low concentra-

tions of DNA, the relative values of n /n are close
sp 'spo

approximations of the relative values of the intrinsic vis-

cosity of DNA-peptide complex to free DNA ( [n ] / t n

]

Q ) The

results of the viscometric titration studies, shown in Figures

20 - 22, indicate that the oligopeptide amides lower the

specific viscosity of DNA. It should be noted that peptides

1, 14 and 1_6 decrease the viscosity to a greater extent than

do the peptides 2, 1_3 and 15, respectively.

Circular Dichroism Studies

The interaction of the peptide amides with native salmon

sperm DNA were studied by CD. However, there was little or

no change in the trough at 245 nm or the peak at 275 nm in

the CD of the DNA upon the addition of the peptides (Figures

23 - 25). Thus, there are no gross changes in the structure

of the DNA that occur upon the binding of the peptides.
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1_ L-lys-L-pheA O
_2 L-lys-D-pheA Q

Figure 20. The Effect of Peptides 1 and 2 on the Relative
Specific Viscosity of Salmon Sperm DNA
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1.0 r

13 L-lys-L-phe-L-alaA Q
14. L-lys,-L-phe-D-alaA q

%z /r
\

Figure 21. The Effect of Peptides 13 and 14 on the Relative
Specific Viscosity of Salmon Sperm DNA
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1_5 L-lys-L-phe-L-ala-L-valA D

1_6 L-lys-L-phe-D-ala-L-valA O

\sp Ispo

Figure 22. The Effect of Peptides L5 and 15_ on the Relative
Specific Viscosity of Salmon Sperm DNA
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J_ L-Iy& -L-pheA 2_ L-lys-D-pheA

-4,0
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240 260 280 300
nm

240 260 280 300

nm

Figure 24. The Circular Dichroism Spectra of Salmon Sperm
DMA in the Presence (- - -) and Absence ( )

of Peptides 13 and 14
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240 260 280 300
nm

240 260 280 300
nm

Figure 25. The Circular Dichroism Spectra of Salmon Sperm
DNA in the Presence (- - -) and Absence ( )

of Peptides 15 and 16
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Equilibrium Dialysis Studies

Direct binding studies of these peptide amides with

native salmon sperm DNA were carried out using equilibrium

dialysis. The quantitative analysis of the peptide concentra-

tion was accomplished via the fluorescamine reagent. The

results of these studies are shown in Table 4. It should be

noted that these studies were carried out in duplicate at a

single peptide and DNA concentration (i.e., at 3.5 x 10 M

DNA phosphate/liter and either 2.5 x 10~ 5 M or 5 x 10" 5 M

peptide) using 10 mM MES buffer (5 mM Na
+

,
pH 6.2). Attempts

to carry out Scatchard- type binding studies in order to as-

certain the maximum number of binding sites as well as the

average binding constant have been unsuccessful. The most

probable reason for this failure is due to the fact that the

binding constants of the peptides to DNA are very low compared

to systems such as proflavine, acridine orange, and ethidium

bromide, where Scatchard plots have been successfully em-

ployed. ' Thus, the apparent binding constant, K , was

evaluated according to the equation,

R
b

K
a " (P

t
- R

b
)R

f

where R^ and R, equal the concentration of free and bound

peptide, respectively, and P. is the total DNA phosphate con-

centration. This model assumes that each DNA phosphate

group binds independently to a peptide molecule and that the

maximum number of binding sites per DNA phosphate is one.

Obviously, this may not be true; however, since the binding
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data from the interactions of peptides to the nucleic acids

are always evaluated in the same manner, the differences in

values of K
a

shown in Table 4 do reflect the differences in

strength of binding. This situation would especially be true

if the total DNA phosphate, P is present in large excess

as compared to R, , It should be noted that in all cases

examined P
t
/R

b
is found to be greater than 30. It is noted

that peptides 1, 14 and 1_6 bind more strongly to salmon sperm

DNA than do peptides 2, 13 and 15, respectively (Table 4)

.

Melting Temperature Studies

The effect of the various peptide systems on the melting

temperature, T of the helix coil transition of the DNA was

studied. The results (Table 5) indicate that the peptide

amides stabilize the helix with respect to the random coil

and that the transition exhibits monophasic melting behaviour.

In addition, the data indicate that the least stabilization

of the helix is obtained with peptides containing L-leucine.

The interpretation of these data is not clear because

the helix-coil transition is complicated by the fact that it

involves relative interactions of the peptide (P) with the

helix (H) and the random coil (C) . Nevertheless, the observa-

KH Kc
H + P t H-PJC-P Z C + P

tion that T is increased in the presence of the peptide

system suggests that K„ is greater than K"
c , although Gabbay

and Kleinman have pointed out that only when the constants
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K^ and K
c

are directly determined is this conclusion warrant-

, 115
ed.

Discus sion

A great deal of interest in the past decade has centered

around the recognition process between nucleic acids and

protein systems. It is recognized that the interaction speci-

ficity between the two macromolecules is a problem of immense

complexity and probably involves numerous types of forces

operating at several sites along the nucleic acid and protein

chains. In addition, recent studies on chromatin suggest

that protein-DNA binding specificity is not only a dynamic

process which is continually modified during the cell cycle,

but may also involve specific protein aggregates-DNA recog-

116-125
n 1 1 1 on .

The study presented here has taken a simplified approach

to the above problem by studying the interaction specificities

of small oligopeptide amides with DNA . Studies by Gabbay

and coworkers have revealed that the nucleic acid helix may

bind to small molecules via electrostatic, hydrogen bonding,

a v a u u- c 69,126-128 „ , , , .and Hydrophobic forces. ' Hydrophobic-type inter-

actions are of particular interest since at least three kinds

have been noted, i.e., (1) intercalation between base pairs

of DNA as exemplified by aromatic cations, (2) "partial"

insertion or intercalation between base pairs demonstrated

with sterically restricted aromatic ring containing compounds,

and (3) external hydrophobic-type binding which is noted in
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in the nucleic acid-steroidal amine complexes. '

127
'
129

' 130

In 1956, Wilkins proposed a model based on X-ray studies

whereby basic proteins are wound in a helical fashion along

131the grooves of DNA .

" The polypeptide chain appears to

assume a slightly modified B-chain conformation with an approx-

imate helical increment angle of 20° per residue. This model

has recently received added support from the observation that

3-chains are not linear but rather helical in nature with

dimensions similar to the DNA helix as evidenced by X-ray

132data of several proteins.

In an attempt to provide experimental evidence for (or

against) (3-chain-DNA binding, the synthesis and study of

interaction specificities of the oligopeptide amides were

undertaken. Gabbay et al . have presented evidence that strong-

ly suggests that L-lysine in the diastereomeric dipeptide

amides, L-lys-L-pheA (1) and L-lys-D-pheA (2), binds stereo-

specifically to DNA and dictates the positioning of the aro-

matic ring of the C-terminal residue. This conclusion is

based on the following.

The H nmr data (Table 2) indicate that the protons of

the aromatic ring of L-lys-L-pheA (1) experience a large up-

field chemical shift (23.5 Hz) and line broadening, whereas

the aromatic protons of the diastereomeric peptide L-lys-D-

pheA (2_) is relatively unaffected upon binding to DNA. A

model which assumes that the aromatic ring of (1) points

into the helix (i.e., partial insertion between base-pairs

of DNA) and the aromatic ring of (2) points outward toward
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the solvent can best explain the data. The larger upfield

chemical shift experienced by the aromatic protons of (1) as

compared to (2) is indicative of closer contact to the DNA

base-pairs and is due to ring current anisotropy. ' On

the other hand, the large H nmr signal broadening of the

aromatic protons of (1) (Av-wo = 31 Hz) as compared to (2)

(Av-j_ 12
= 6.5 Hz) could be explained by several mechanisms:

(i) slower tumbling rates of the aromatic ring of (1) in the

DNA complex as compared to (2), (ii) slow exchange between

various DMA binding sites for DNA- (1) as compared to DNA- (2)

complex, (iii) larger differences in the chemical shifts are

experienced by the ortho, meta and para protons of the aro-

matic protons of (1) in the DNA complex as compared to (2)

,

and/or (iv) combination of all 3 mechanisms. In order to

discriminate between the above alternatives, the spin lattice

relaxation time (T,) measurements were performed on the DNA-

(1) and (2) complexes under conditions of total binding.

Since (a) the value of T-, is determined (among other things)

by the correlation time (t ) and the mean residence time ( T )

and (b) the observation that the T, values of the aromatic

protons of (1) and (2) in the DNA complex are nearly identical

(T-^ = 0.65 sec, Table 2) it is concluded that the tumbling

rate (1/t c ) and the chemical exchange rate (1/t ) of the aro-

matic protons of (1) and (2) in the DNA complex are very

39 112 113 1similar in magnitude. * ' Therefore, the large H nmr

signal line broadening observed for the aromatic protons of

(1) in the DNA complex (avt/? = 31 Hz) can only be due to
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large differences in the chemical shifts experienced by the

ortho, meta, and para protons. The observation of two H nmr

signals for the aromatic protons of (1) in the presence of

excess DNA (Figure 16) would result from the greater upfield

chemical shift experienced by the meta and para protons than

by the ortho protons as a consequence of ring current anisot-

ropy of neighboring base pairs. The results of the T-, studies

of peptides 13 - 16 (Table 3) are consistent with this inter-

pretation .

Since the magnitude of the ring current anisotropy

experienced by the ortho, meta, and para protons of the aro-

matic ring of L-lys-L-pheA (1_) depends on the geometry of the

latter with respect to the base pairs in the DNA complex,

large H nmr signal line broadenings are observed. On the

other hand, the H nmr data of L-lys-D-pheA (2) indicate a

small upfield chemical shift and absence of signal line

broadening for the aromatic ring protons which is consistent

with the interpretation that the aromatic ring of this peptide

points outward into solution. Thus, the H nmr techniques

may be used to differentiate between and/or evaluate the ex-

tent of the "in" or "out" geometry of the aromatic ring of

phenylalanine residues in the DNA-peptide complexes.

Figure 26 schematically illustrates the Wilkins model

for peptide-DNA binding whereby the polypeptide chain assumes

a helical 3-sheet structure which is wrapped around the nucle-

ic acid helix. It is noted that for polypeptides composed

of L-amino acids, the side chains of the amino acid residues
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Figure 26. Schematic Representation of the Wilkins Model
for Peptide-DNA Binding. The peptide shown is
composed of only L-amino acids and the side
chains alternately point into and out of the
helix
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would alternately point "into" and "out" of the helix. Poly-

peptides composed of alternating L- and D-amino acids can

form two types of complexes with DNA, i.e., all side chains

point into or out of the helix. The rationale for the synthe-

sis of the oligopeptides amides, 1 - 1_6, now becomes a little

clearer, i.e., the effect of chain elongation and chirality

on the H nmr of the aromatic protons of the phenylalanine

residue may be used to provide experimental evidence for (or

against) the Wilkins model. The initial starting point, the

N-terminal L-lysine residue, is assumed to be anchored to

the DNA in a sterospecif ic manner which would allow the

side chain of the neighboring amino acid, as well as amino

acids at the even-numbered positions, of the L-configuration

to point into the helix. In addition, it is assumed that

substitution of hydrophobic amino acids of the L and D con-

figuration at the even- and odd-numbered positions, respec-

tively, would allow close contact of the aromatic probe of

L-phenylalanine with DNA base pairs if the former is present

at an even-numbered position. On the other hand, it is

reasoned that hydrophobic amino acids which are not in "reg-

ister" with the aromatic probe would compete for the internal

DNA site and, thus, weaken the interaction of the probe with

the DNA base pairs

,

If the above model is correct it should predict that the

aromatic ring in L-lys-L-pheA (1) , L-lys-L-phe-glyA (3) , L-

lys-L-phe-gly-glyA (6), L-lys-L-phe-D-leu-glyA (8), L-lys-L-

phe-D-ala-L-leuA (9), L-lys-L-phe (gly-L-leu)
2
A (10), L-lys-
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L-phe-D-leu-L-leu-D-leuA (11) , L-lys-L-phe-D-alaA (14) , and

L-lys-L-phe-D-ala-L-valA (16) is in close contact to the

bases of DNA. Similarly, the model should predict a lesser

contact between the aromatic ring "probe" and the DNA bases

for the following peptides: L-lys-D-pheA (2), L-lys-gly-L-

pheA (4), L-lys-L-phe-L-leu-glyA (7), L-lys-L-phe-L-alaA (13).

and L-lys-L-phe-L-ala-L-valA (1_5) . The H nmr evidence

(Table 2) is completely consistent with the above prediction

except for two peptides. For example, large upfield chemical

shifts, A5 (indicative of close contact to the nucleic acid

bases), and large signal line broadening, Av-, ,^ (indicative

of the "in" geometry) , are observed for the following peptide

amides: 1, 3, 6, 9, 10, 12, 14, and 16; but not for 8 and 11

The small upfield chemical shift and signal line broadening

for the aromatic proton signal of 2, 4, 7_, L3, and 15 are

accurately predicted.

The inaccurately predicted binding of the oligopeptide

amides, 8 and 11_, to DNA by the model may be due to steric

factors which prohibit the simultaneous "internal" binding

of the L-phe and D-leu side chains at the 2 and 3 positions

of the peptide, respectively. In line with this explanation

is the observation that substitution for the D-leu at the

3 position by an amino acid containing a small side chain

(e.g., glycine or D-alanine) results in a peptide in which

the aromatic ring probe is in closer contact with the DNA

base pairs, e.g., the peptide amides, 6, 9, and 10.

It is tempting to suggest that protein-DNA interactions
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are mediated via a single chain, helical peptide 3-sheet

structure especially since the primary structure of histones

contains a statistically significant number of sequences

in which basic and/or hydrophobic amino acids alternate with

133small hydrophylic amino acids, e.g. glycine and serine.



CHAPTER III
ANTHRACYCLINES

The anthracycline drugs are some of the most important

antitumor agents in use today. The biological activity

seems to be a result of formation of a complex with

7 Q _ Q 9

chromatin DNA. " "' In vivo, anthracyclines inhibit both

PvNA and DNA synthesis, while, in vitro, DNA and RNA polymer-

ases are inhibited. However, the anthracyclines ex-

hibit high toxicity in humans which is thought to be due to

the accumulation and long biological half life of the hydro-

lytic product (i.e., the aglycone, see Figure 27) in heart

COCH3

H3CO O OH OH

Figure 27. The Aglycone of Daunorubicin , Daunorubicinom

tissues.
u/

'
i

- in an attempt to overcome the toxicity, the

synthesis of anthracycline analogs, which would lead not only
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to water soluble aglycones (should glycosidic hydrolysis

occur), but also to the retention of template binding prop-

erties, was undertaken.

Compounds which lead to water soluble aglycones have

been synthesized by reaction of the 9-ketomethyl group of

daunorubicin in such a way as to form an amine at the C-13

position. The analogs shown in Table 6 were studied by

several in vitro techniques. In vivo activity against

P-388 mouse lymphocytic tumor was also determined. The

results of these studies are presented in this section.

Ultraviolet and Circular Dichroism Studies

Absorption and circular dichroism data on the anthra-

cycines, 17-29, are given in Tables 7 and 8, respectively.

The CD spectra of the anthracyclines , 17-29, indicate the

presence of two electronic transitions above 300 nm, e.g.,

at 340 and 470 nm for daunorubicin, 1_6 (Figure 28). The

allowed low energy transition (c ~ 11 500) at 470 nm is

typical of the short axis transition of cx-nitrogen or a-

oxygen substituted 9, 10-anthraquinones . The disallowed

higher energy transition (c - 2 000) at 340 nm is typical

of the long axis transition of unsubstituted and/or

alkyl-substituted 9, 10-anthraquinones. Consistent with

this assignment is the observation that the 340 nm long

axis transition (sensitive to 3 substituents) shows larger

optical activity than the low-energy short axis transition

at 470 nm. For example the values of the dichroic strength



Table 6. The Anthracycline Drugs Studied
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O OH

OCH
3 O OH

H
* *

Q

(
CH

3
^

HO\
NH-,

O OH
OH

I

Compoundd NSC

17 Adriamycin 123127

18 Daunorubicin 82151

19 D
g
-NH

?

20 D
g
-MoMeA 25 7455

21 D
9
-PrA

22 D
9
-BuA 263673

23 D
g
-EolA

24 D
g
-PolA 266537

25 D
g
-GlyA

26 D
g
-Gly-L-LeuA 277454

27 Dg-Gly-L-PheA

Substitution
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3
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3
)CH

3

I; R = CH(NHC
3
H
7
)CH
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Table 6 - Continued

Compound NSC Substitution

28 Ag-MoMeA - II; R = CH(NHCH
3
)CHo

29 A
g
-3uA 277453 II; R = CH(NHC

4
H
g

) CH
3

71

The compounds (1_9 - 2_9) may in fact be a mixture of two dia-
stereomers (R and S configuration at C*) which cannot be
separated

.



72

B
o

.£
u
o
a
>-,

W
"a
c
03

C
o

a
M
O
w

<

'Si



73

o
co



74

T3



75

Ae./e. (where Ae. is the difference in the molar extinction

coefficients for the left and right cicular polarized light,

and £. is the molar extinction coefficient of the i th

transition), are found to be 1.5 x 10 and 1.2 x 10 for

the long and short axis transitions, respectively. Since

the asymmetry in the anthracycline systems resides at the

3 position of the 9, 10-anthraquinone ring and the long

axis transition is strongly affected by 3 substitution as

compared to the short axis transition, the above assign-

ments are reasonable.

Large hypochromic effects on the short and long axis

transition of the anthracyclines , 17_-2_9, are observed in

the presence of excess salmon sperm DNA. It is noted that

hydrolysis of the amino sugar moiety to form the aglycone

(compounds 28 and 2_9) lowers the hypochromic effect observed

for the anthracycline transition (320-600 nm) upon binding

to DNA. For example, the following order of decreasing

hypochromism, H, is observed: daunorubicin (18) >

adriamycin (17) = D
g
-MoMeA (20) > D

g
-BuA (22) = D

g
-PrA ( 21)

> D
9
-NH

2
(19) = Dg-PolA (24) > D

g
-Gly-PheA (27) > D

g
-EolA

(23) = D
g
~GlyA (25) > D

g
-Gly-LeuA (26) > A

g
-MoMeA (28) =

A
q
-BuA (29) . It should be noted that the absorption studies

were carried out under conditions of total binding to DNA

and at a base pair to drug ratio of 10. In all cases, the

absorption spectra of the DNA bound anthracyclines reach a

limiting value at a base pair to drug ratio greater than 3

under these conditions (2 mM PIPES; 21 mM Na
+

;
pH 7.8).
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A large red shift in the circular dichroism of the

short and long axis transitions of the anthracyclines

,

17-29, is observed upon binding to DNA . For example, the

peak at 470 nm (short axis transition) is red shifted by

approximately 20-35 nm for compounds 17-19. The extent of

the red shift of the peak at 340 nm (long axis transition)

of 17-19 in the presence of DNA, however, is found to depend

on the anthracycline structure , i.e., the values decrease as

follows: D
g
-EolA (23) > A

g
-BuA (29) > D

g
-MoMeA (20) = D

g
-

PolA (24) > Adriamycin (17) = D
g
-BuA (22) > A

g
-MoMeA (28)

> D
g
-GlypheA (27) > Daunorubicin (18) > D

g
-GlyA (25) = D

g
-

GlyleuA (2b) > D
g
-NH

2
(19) > D

g
-PrA (21). Similarly, the

molar ellipticity, [8], for the long axis transition at

340 nm is observed to remain unchanged or decrease for

daunorubicin (1_8) , adriamycin (17) , and A
q
-BuA (29) while

it increases for the other drugs, 19-2_8, upon addition of

DNA. It should be noted that the circular dichroism

studies were carried out under conditions of total binding

to DNA and at a base pair to drug ratio of 10. In summary,

the absorption and circular dichroism spectra indicate

that the aglycones , 2_8 and 29, exhibit both lower hypo-

chromicity and induced CD comoared to the other semisynthetic

derivatives, l_9-_2_7, and the naturally occuring drugs, 1_7_

and 18, with DNA.

Binding Studies

The binding of the anthracycline drugs to salmon sperm
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DNA was studied by spectral titration techniques. It should

be noted that the more direct equilibrium dialysis method

has been found to be unsatisfactory due to the strong bind-

ing of the anthracyclines to the membrane.

The effect of increasing concentration of salmon sperm

DNA on the absorption of the anthracycline drugs, 17_-29 (7

x 10 M) , at 480 nm was studied in 2 mM PIPES buffer (pH

7.8) at two ionic strengths (i.e. , 51 mM and 201 mM Na ) in

a 10 cm cell which was thermos ta ted at 25 C. The spectral

data were analyzed by the Scatchard technique according to

the following equation:

£ = K n - K nD^ a max a

where n is the number of moles of drug bound per mole of DNA

phosphate, D_p is the concentration of free drug, K is the

apparent binding constant, and n is the maximum number^^ b max

of binding sites per DNA phosphate. A plot of n/D
f

versus n gives the values of n (X-axis intercept) and Kb max v
' a

(negative slope). The values of D
f

and D, were calculated

from the spectrophotometric data in a manner similar to that

described by Hyman and Davidson utilizing the determined

480
, r 480 _, . . **. . + cvalues of E r and £, , the extinction coefficients or

f b

the free and DNA-bound anthracylcines , respectively. The

results of the binding isotherms are summarized in Table 9.

.

It should be noted that the data was analyzed using the

least squares method for fitting a straight . line and the

correlation coefficient was calculated. The minimum
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Table 9. Binding Isotherm Data for the Anthracycline Drugs
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acceptable limits of this analysis were taken to be four

points within the binding range of 5 to 95% and a correla-

tion coefficient of not less than 0.95. The most striking

observation which can be seen in Table 9 is the greatly

reduced binding affinity of the aglycones , 28 and 29, as

compared to the unhydrolyzed drugs, 20 and 22.

Distribution Coefficients

The determination of the distribution coefficients of

the anthracycline drugs 17-2_9, ±n an n-octanol/water system

(2 mM PIPES; 21 mM Na
+

;
pH 7.8) was determined spectro-

photometrically . Such studies provide a comparative estimate

of the potential in vivo cell membrane permeability of the

newly synthesized derivatives. From Table 10, it is evident

that addition of another positive charge increases the

hydrophilic character of the molecule (e.g., compound lj?

versus 1_8) while addition of a hydrophobic amine increases

the lipophilicity (e.g., compound 22 versus 18). Hydrolysis

of the drugs to the aglycones greatly enhances the hydro-

phobicity of the analog as compared to the parent molecule

(i.e., 2_8 and _29 versus 20 and 2_2, respectively). It should

be noted that each study was determined in triplicate and the

values did not vary by more than + 157 .

Inhibition of DNA-Template Activity

The effect of the anthracyclines (17-29) on the DNA-

dependent E. coli RNA polymerase is summarized in Table 11.
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Table 10. Distribution Coefficients of the Anthracyclines

.

,a
Compound q

Adriamycin (1_7) 0.48

Daunorubicin (1_8) 2.76

D
9
-NH

2
(19) 1.05

D
9
-MoMeA (20) 0.31

D
g
-PrA (21) 1.12

D
9
-BuA (22) 4.28

D
9
-EolA (23) 0.861

D
9
-PolA (24) 0.841

D
9
-GlyA (25) 0.251

D
9
-GlyLeuA (26) 2.32

D
9
-GlyPheA (27) 4.98

Ag-MoMeA (28) 2.24

A
9
-BuA (29) 23.3

The distribution coefficient D (concentration in octanol/
concentration of the drug in 2 mM PIPES buffer, 21 mM Na+;
pH 7.3) was determined by spectrophotometry analysis of the
drug concentration in both solvent systems with a Gilford
240 spectrometer.
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Table 11. Relative Inhibition of RNA Polymerase by the
Anthracyclines

.

,a
Compound % Enzymatic Activity

Control 100

Adriamycin (17_) 9

Daunorubicin (18_) 9

D
9
-NH

2 (19) 12

D
g
-MoMeA (20) 10

D
9
-PrA (21) 14

D
9
-RuA (22) 13

D
9
-EolA (23) 19

D
9
-rolA (24) 10

D
g
-GlyA (25) 36

D
g
-GlyLeuA (26) 36

D
9
-GlyPheA (27) 46

A
9
-MoMeA (28) 73

A
g
-BuA (29) 49

The E. coli RNA polymerase catalyzed incorporation of
(5- JH)UMP was carried out according to published procedures
utilizing 0.12 mM calf thymus DNA as the template and 0.12
mM of the anthracyclines. The correlation coefficients of
the data are greater than 0.95 in all cases.
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The extent of the inhibition is determined from the rate of

3incorporation of 5- H UMP into RNA. The rate plots for

daunorubicin (18), D
g
-PrA (21), D

g
-EolA (23) and the control

(absence of drug) are shown in Figure 29. It is noted that

the aglycones (2_8 and 29_) inhibit the polymerase activity

although to a much lesser extent than the corresponding

parent compounds in which the amino sugar moiety is still

attached, that is, Dg-MoMeA (_20) and D
g
-BuA (22). In

addition, the derivatives with peptide amides, 25-27,

show less inhibition than the analogs with less bulky side

chains, 17-24.

Kinetics of Dissociation

The effect of increasing ionic strength on the dissocia-

tion of the DNA-drug complexes was studied by stop-flow

techniques utilizing sodium dodecyl sulfate (SDS) according

to previously published methods. The reactions are found

to be first order to at least 2.5 half-lives with respect

to the DNA-drug complexes. In addition, increasing the

concentration of SDS (0.1-1%) and/or the concentration of

DNA (base pair/drug = 3-30) has minimal effect on the ob-

served first-order rate constant, that is, the value of k

remains constant to + 5%. The data are consistent with the

following mechanism whereby the first-order rate constant,

k, of the dissociation process in the rate-controlling step

and the bimolecular sequestering process, k~ , is diffusion

controlled.
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Figure 29. The Effect of the Anthracyclines 1_8, 21, and
2_3 on the Incorporation of [5-3H]UMP into RNA
by DNA- Dependent E. coli RNA Polymerase
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k
DNA-D >DNA+D

SDS+D ^SDS-D

The results of the dissociation of the anthracycline drugs

from salmon sperm DNA in 2 mM PIPES buffer (pH 7.8) at

various ionic strengths are given in Table 12. The kinetics

of dissociation were measured at 480 nm using 0.6% SDS . It

is noted that the rate of dissociation of the DNA-Dq-BuA is

found to be considerably slower than the rate observed for

the corresponding DNA-Ag-BuA complex. In addition, the

rates of dissociation of the anthracyclines 17^-^9 from DNA

complexes increase with increasing ionic strength.

Hydrolytic Stability of the Anthracyclines

It is commonly accepted that the anthracyclines, e.g.,

daunorubicin, are stable in neutral aqueous media, even
Q O

under reflux conditions. The rate of glycosidic hydrolysis

of daunorubicin 18, adriamycin 17, and the daunorubicin

analogs, D
g
-MoMeA (20), D

g
-BuA (22), and D

g
-PolA (24) were

determined by a technique based on the detection of nanomole

quantities of daunoseamine (see Figure 30) (in 10 mM phos-

phate buffer; 150 mM Na
;
pH 7.5). The method utilizes the

highly sensitive fluoropa reagent for the detection of

sterically unhindered primary amines which was recently

described by Roth and Hanpai and Benson et al. ' It

is observed that the intact anthracyclines (i.e. , 17 , 18 , 20,

22 , and 2_4) do not react with the reagent. However, the

hydrolytic product, daunoseamine, rapidly reacts with

137fluoropa to yield a highly fluorescent adduct.
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H^AOH

H
2
N H

Figure 30. The Amino Sugar of the Anthracyclines , Daunosamiru

The data were fitted to a straight line by the least

squares method and correlation coefficients were calculated.

The following equations were employed in the analysis of

the rates

:

dC dD = kc
dt dt

In ^ - In A__ , kt

t o t

where C is the initial concentration of the anthracycline

.

C and D are the concentration at time t of the unhydrolyzed

anthracycline and free daunoseamine , respectively.

The results of the temperature-dependent hydrolysis of

the anthracyclines are summarized in Table 13. It is noted

that the glycosidic hydrolysis of the drug is enhanced with

increasing temperature and is quite rapid at 70 C and pH 7.5.

On the other hand, the hydrolytic rate (with one exception,
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ie., adriamycin) exhibits a negative temperature dependence

at pH 9.7.

From the data in Table 13, the values of the enthalpy,

AH , and entropy, a S , of activation for the hydrolysis of

the anthracyclines at pH 7.5 were calculated and shown in

Table 14. It is noted that the hydrolysis has a positive

enthalpy of activation and with one exception a highly

negative entropy of activation. The exception, D
q
-BuA (22),

exhibits a positive value for both the enthalpy and entropy

of activation suggesting that the mechanism of hydrolysis

of Tl may be different from that of 17, 18, 20, and 24.

The effect of pH on the rate of hydrolysis of the anthra-

cyclines was studied at 50°C (Table 15). The results in-

dicate that the rate of glycosidic hydrolysis is enhanced at

higher pH.

Because of the possible catalytic role for the C-6

phenolic proton of the anthracyclines, the pK of the

latter was determined at 25° and 50°C in 25 mM borax
1 O Q

buffers according to Bates and Bower. The results in-

dicate that daunorubicin has a pK of 10.1 + 0.05 and 9.7r a

+ 0.1 at 25 and 50 C. respectively.

It should be noted that in addition to the aglycone

and daunoseamine , it was found that at 70°C and at pH 7.5

a third product of hydrolysis of daunorubicin (18_) was

formed. This product has been shown to be the totally

aromatic aglycone system (II) shown in Figure 31 and accounts

for approximately half of the total aglycone formed after

14 hours of incubation as shown by thin layer chromatography
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Table 14. Enthalpy (AIT ) and Entropy (AS^) of Activation for
the Hydrolysis of the Anthracyclines at pH 7.5

Compound

Adriamycin (17)

Daunorubicin (18)

Dg-MoMeA (20)

D
9
-BuA (22)

D
9
-PolA (24)

AHr
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Table 15. Effect of pH on the Rate of Hydrolysis of the
Glycosidic Bond of the Anthracyclines at 50°C.

k (sec" 1 )xl0 6
;

(t
1/2

; hrs)

Anthracycline a
pH 5 . 7 pH 7.5 pH 9.7

Adriamycin (17) 1.04(185) 7.33(26) 29.6(6.5)

Daunorubicin (18) 1.44(133) 2.75(70) 21.0(9.2)

D
9
-MoMeA (20) 1.67(115) 8.76(22) 31.7(6.1)

D
g
-BuA (22) 7.87(24.5) 16.7(11) 14.2(13.6)

D
9
-PolA (24) 1.69(114) 16.7(11) 41.8(4.6)

Buffers used: pH 5.7 - 10 mM MES, 200 mM Na
+

;
pH 7.5 -

50 mM phosphate buffer, 200 mM Na+ ; and pH 9.7 - 50 mM borat
buffer, 200 mM Na+ . The correlation coefficients of the
data are greater than 0.93 with the exception of 18, 20,
and 24 at pH 5.7 and 22 at pH 9.7 where the correlation ' is
greater than 0.95.

e
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OCH
3 O OH

COCH-

Figure 31. The Totally Aromatic Aglycone, II

(silica gel, CHClo) . The assignment of structure is based

on results of both H nmr and mass spectroscopy studies

.

H nmr studies of the totally aromatic aglycone (II)

in CDClo show no protons above <5 7 ppm with the exception

of a singlet at 6 4.12 ppm for the methoxy protons (A) and

a singlet at 6 2.77 ppm for the 9-ketomethyl protons (B)

.

It should be noted that daunorubicinone shows two complicated

multiplets centered at 6 2.2 ppm and 6 3.0 ppm. Moreover,

high resolution mass spectroscopy of this material showed

a base peak at 362.0804 which is well within acceptable

tolerance for the calculated molecular mass of 362.0789

(C
21
H
14 6

).

Biological Activity

Preliminary screening results obtained by the Drug

Research and Development Branch of the National Cancer In-

stitute on selected anthracyclines in the treatment of
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mouse P-388 lymphocytic leukemia are shown in Tables 16 and

17. T/C is the mean survival of treated/control animals

in percent. The values of T/C for daunorubicin in 5

separate determinations varies by + 10%. It is noted that

the toxic dose (i.e., the daily dose at which the onset of

drug toxicity is observed, i.e., T/C = 100) and the optimal

dose of the newly synthesized analogs are considerably

higher than that for daunorubicin (1_8) and adriamycin (17) .

Discussion

The anthracyclines , daunorubicin and adriamycin, under-

go rapid in vivo hydrolysis of the glycosidic bond, leading

to highly insoluble aglycones (see introduction section).

Herman and coworkers have suggested that the observed

cardiotoxicity of the anthracyclines is due to the accumu-

lation of the insoluble aglycone in the heart tissues.

The synthesis of the derivatives 19-27 was undertaken in

order to overcome the latter problem. For example, if in

vivo hydrolysis of the glycosidic bond in Dg-MoMeA (20)

occurs, the resulting aglycone, Ag-MoMeA (28), would still

retain aqueous solubility and DNA binding properties. The

results of the in vitro studies indeed show that the water-

soluble aglycones, Ag-MoMeA (28^) and Aq-BuA (2^), are bound

strongly to DNA. However, it is noted that the inhibitory

activity of 28 and 29_ on the DNA-dependent RNA polymerase

is diminished and the dissociation rate of the DNA complex

is substantially enhanced as a result of excision of the

amino sugar moiety (Table 11) . It appears that the role of
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Table 16. Biological Activity of the Anthracyclines against
Mouse Lymphocytic Leukemia.

Toxic Dose Optimal Dose
Compound mg/kg mg/kg T/C

Adriamycin (17)
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Table 17. Biological Activity of the Anthracyclines against
Mouse Lymphocytic Leukemia.

a Toxic Dose Optimal Dose
Compound mg/kg mg/kg T/G

Daunorubicin (18)
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the amino sugar moiety of the anthracyclines is important

in conferring a specific electrostatic and hydrogen bonding

interaction in the DNA complex as has previously been

ID?postulated by Pigram and coworkers.

The data obtained via in vitro studies indicate that

the peptide daunorubicin derivatives (25-27) exhibit a lower

binding affinity to DNA than daunorubicin. It was hoped

that hydrogen bonding between the peptide and the nucleic

acid would increase the binding affinity. The fact that

such is not the case indicates either the hydrogen bond

acceptors and donors are not in the proper geometry, or un-

favorable steric effect of the peptide side chain.

On the other hand, in vitro data for the simple

alkylated amino derivatives of daunorubicin (19-24) in-

dicate that the binding properties to DNA are similar to

those of highly active antitumor agents, daunorubicin and

adriamycin. For example, (i) high binding affinity to DNA

(Table 9) ,
(ii) high template inhibitory activity (Table

11) , and (ii) low rates of dissociation of the DNA complexes

(Table 12) are observed. However, the results of the bio-

logical activity of those compounds are somewhat disappointing

It is noted, for example, that the observed T/C values in

the treatment of P-388 mouse leukemia are found to be lower

than that for adriamycin in all cases and only slightly

higher than that for daunorubicin in the cases of Dq-BuA (22)

and Dg-PolA (24). Moreover, it is noted that the optimal

dose for all of the newly synthesized anthracyclines which
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have been tested is considerably higher than that of 17 and

18. The observed lower in vivo activities of 20, 22, 24_, and

26 are probably due to (i) low lipid solubility (especially

for compound 2_0 where the observed distribution coefficient,

D, is 0.3) and/or (ii) the observed higher hydrolytic

susceptibility of the glycosidic bond as compared to

daunorubicin , 18.

The results of the temperature dependent kinetic studies

on glycosidic hydrolysis (Table 13) indicate the following

order of increasing sensitivity: daunorubicin (1_8) <

D
g
-GlyA (25) < Dg-GlyLeuA (26) < adriamycin (17) < D

g
-MoMeA

(20) < D
g
-BuA (22) - D

9
-PolA (24). It is noted that the

rate of hydrolysis is lower at 60°C than at 50°C at pH 9.7.

Since the pK of the anthracylcines is approximately 9.7 at

50 C and decreases with increasing temperature, these re-

sults are consistent with the C-6 hydroxyl group playing a

catalytic role in the hydrolysis.

There are two general routes for the hydrolysis of the

glycosidic bond of the anthracyclines , i.e., either A or

B cleavage (Figure 32) . Glycosidic linkage is known to

undergo acid catalyzed hydrolysis at the B position, however

139sucn bonds are stable under basic conditions. It is,

therefore, unlikely that a similar mechanism is involved for

the anthracyclines since the rate is observed to decrease

at lower pH (i.e., in the range of 5.7-9.7 (Table 15).

Figure 33 shows one possible working mechanism involving

an Snl A-cleavage and the intermediacy of a 2 benzylic
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Figure 32. Positions of A and B Cleavage of the Anthra-
cycline Glycosidic Bond

carboniura ion. The C-6 hydroxyl group is tentatively

assigned the role of a general acid catalyst. Further

studies are in progress to shed further insight on the

140
mechanism of the hydrolytic reaction.

There appears to be a high degree of correlation be-

tween the observed hypochromicity , H (Table 7), and the

apparent binding constant, K (Table 9), of the anthracy-

clines with DNA. This finding is consistent with an inter

calation mode of binding of the aglycone ring between base

pairs of DNA and such aromatic stacking interaction leads

to intensity interchange between neighboring chromophores

Since the intensity interchange parameter is strongly de-

pendent on distance (as well as orientation) between the

interacting transition moments, comparative hypochromism

45-47
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OH
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Daunorubicinone

OCH-. O OH

Molecule II

Figure 33. Possible Mechanism for the Glycosidic Hydrolysis
of the Anthracycline
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data may reveal the extent of formation of "intimate com-

plexes" of the drug with DNA base pairs. Thus, hypochromicty

is a quick, simple method of determining comparative bind-

ing affinities of newly synthesized analogs with DNA.

Muller and Crothers have shown (through extensive

studies of the interaction specificities of actinomycin D

and its derivative with DNA) that the extent of in vitro

inhibition of template activity is inversely proportional

to the .rate of dissociation of drug-nucleic acid complexes.

A similar finding is observed for the anthracyclines studied

in this thesis, that is, the observed dissociation rate

constant of the DNA-drug complex (Table 12) is inversely

proportional to the extent of polymerase activity (Table 11)

.

Extension of the results of the two techniques to in vivo

systems is not readily possible due to the problems associ-

ated with pharmacodynamics (such as glycosidic hydrolysis)

,

cellular permeability, and biological half-life.



CHAPTER IV
EXPERIMENTAL

Analyses were performed by Atlantic Microlab, Inc.,

Atlanta, Georgia. H nmr spectra were recorded on either

a Varian A-60A or a Varian XL-100-15 spectrometer at 34°C.

The Varian XL-100-15 employs a Nicolet Technology Corp.

Fourier transform accessory. Chemical shifts determined

in deuterium oxide were measured relative to the internal

standard 2 , 2 , 3 , 3-d, -3- trimethylsilylpropionate (TSP) , where-

as chemical shifts determined in organic solvents were

measured relative to the internal standard trimethylsilane

(TMS) . Circular dichroism measurements were recorded on a

Jasco J-20 spectropolarimeter and molar elliplicities , [0],

were measured relative to the elliplicity of a standard

D-camphor sulfonic acid solution (Durrum Instrument Co.).

Ultraviolet and visible absorption measurements were re-

corded on either a Cary 15 or Gilford 240 spectrophotometer.

Quantitative assay for peptide concentration was made using

69
fluorescamine according to previously described procedures.

Quantitative determination of daunoseamine concentration
IOC 1 0£

was made with fluoropa reagent in the same manner. '

Both assays used a Earrand ratio fluorimeter with primary

and secondary filters designed for excitation at 390 nm and

emission at 490 nm. Melting points were taken on either

100
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a Mel-Temp or a Thomas Hoover apparatus and the measurements

are uncorrected. Viscosity measurements were performed with

a low shear Zimm viscometer (Beckman Instrument Co.). Stop-

flow kinetics were measured with a Durrum-Gibson apparatus

(Durrurn Instrument Co.) thermostated with a Lauda K-2/R

constant temperature circulator. Radioactivity was counted

on a LS-133 liquid scintillation counter (Beckman Instrument

Co.) .

All amino acid derivatives used in the synthesis of the

peptides were purchased from Sigma Chemical Corp. and used

without further purification. The anthracyclines

,

daunorubicin and adriamycin, were generously supplied by Dr.

Georges Jolles (Rhone-Paulenc , France) and Dr. H. Wood (Drug

Development Branch, NCI). Salmon sperm DNA was purchased

from Worthington Biochemical Corp. All solutions containing

DNA, peptide systems, and anthracycline drugs were prepared

in buffers made with deionized water .

Synthesis

Peptides 1-12 and Ag-MoMeA were synthesized, charac-

terized, and graciously supplied by Drs . K. Sanford, L.

Kapicak, P. D. Adawadkar, and W. D. Wilson.

Preparation of L-lysyl-L-phenylalanyl-L-alanine amide hydro -

chloride , 13

The peptide systems were synthesized by the general

method of Anderson et al . To a three necked flask con-

taining 30 ml of freshly distilled tetrahydrofuran (THF)

,

3.0 mmol (1.24 g) of dicarbobenzoxy- (CBZ) -L-lysine (Sigma
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Chem.) was added. The solution was protected against

moisture by the use of a calcium chloride drying tube and a

constant flow of nitrogen through the flask. The solution

was cooled to -10 C in an acetone/ice bath and 3.0 mmol of

triethylamine added. To this solution 1.1 mmol of isobutyl-

chloroformate (Aldrich Chem.) was added and allowed to stir

for 10 minutes. A precooled (-10°C) solution of L-phenyl-

alanine ethyl ester hydrochloride (Sigma Chem.; 0.69 g; 3.0

mmol) in 5 ml THF , and 3.0 mmol of triethylamine was added

followed by stirring of the reaction mixture at -10°C for

one hour. After this time the bath was removed and the

solvent evaporated by a stream of nitrogen. The resulting

solid was disolved in ethyl acetate which was then extracted

three times with 1 M HC1 , saturated sodium bicarbonate, and

deionized water . The organic phase was dried over magnesium

sulfate, filtered, and the solvent evaporated. The solid

obtained was recrystallized from ethyl acetate/hexane to

yield 1.29 g (2.4 mmol) of di-CBZ-L-lysyl-L-phenylalanine

ethyl ester (79% yield)

.

The ester was hydrolyzed in 30 ml ethanol containing

4.8 ml 1 M NaOH for one hour at room temperature and the pH

adjusted with 6 M HC1 . Excess water was added and the di-

CBZ-L-lysyl-L-phenylalanine extracted with ethyl acetate.

The solvent was dried over magnesium sulfate, evaporated,

and the resulting solid recrystallized from ethyl acetate/

hexane to yield 1.07 g (2.1 mmol, 86% yield). H nmr in

CDCl^. showed a broad 6 H multiplet at 6 1.3 ppm, a broad 3
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H multiplet at 6 3.0 ppm, and 4 H singlet at 6 4.1 ppm, a

broad 1 H singlet at 6 6.1 ppm, a 5 H singlet at 6 7.1 ppm,

and a 10 H singlet at 6 7.3 ppm.

The protected di-CBZ- tripeptide amide, di-CBZ-L-lysyl-

L-phenylalanyl-L-alanine amide, was synthesized from 1.0

mmol (0.518 g) of di-CBZ-L-lysyl-L-phenylalanine , 2.2 mmol

triethylamine (total), 1.1 mmol isobutylchloroformate , and

1.0 mmol (0.113 g) of L-alanine amide hydrochloride (Sigma

Chem.). Workup and recrystallization from ethyl acetate

yielded 0.98 mmol (0.564 g, 98% yield) of product. This

solid was dissolved in 50 ml of methanol and 100 mg of 107o

Pd/C and 10 drops of glacial acetic acid added. The mixture

was hydrogenated in a Paar shaker under 2 atmospheres of

hydrogen for 4 hours. The catalyst was removed by filtra-

tion, the solvent evaporated, and the residue dissolved in

deionized water . This solution was passed through a column

containing an ion exchange resin (Amberlite CG-400, bromide

form). The effluent was collected and lypholized to give

after recrystallization from ethanol/diethyl ether 0.58 mmol

(0.28 g, 58% yield) of L-lysyl-L-phenylalanyl-L-alanine amide

dihydrobromide, (m.p. 155-159°C) . H nmr in D
2

showed a

doublet at 6 1.3 ppm and a broad multiplet at & 1.5 ppm

accounting for 9 H, a broad 5 H multiplet at 6 3.0 ppm, a

2 H multiplet at <5 4.1 ppm, and a 5 H singlet at 6 7.3 ppm.

Anal, calculated for C
n Q H Q1 Br o o N c

• 1 H o 0: C, 39.79; H, 6.12.

Found: C, 39.46; H, 5.90.
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Preparation of L-lysyl-L-phenylalanyl-D-alanine amide di -

hydrobromide \
14"

The tripeptide amide, A, was synthesized in the same

manner as compound 1; however, D-alanine amide had to be

prepared first. To a solution of CBZ-D-alanine (5.3 mmol;

1.12 g) in THF at -10°C, 5.5 mmol of triethylamine and 6.5

mmol of isobutylchloroformate were added and ammonia gas

bubbled through for 10 minutes. The solvent was evaporated,

the solid dissolved in ethyl acetate and washed with 1 M

HC1 , saturated sodium bicarbonate, water, and the organic

layer was dried over MgSO , . The residual solid after evap-

oration of the organic solvent was recrystallized from ethyl

acetate/hexane (2.6 mmol, 0.59 g, 49% yield"). H nmr in

CDClo showed a 3 H doublet at 6 1.4 ppm, a 1 H broad peak

at 5 1.8 ppm, a 1 H quartet at 6 4.2 ppm, a 2 H singlet at

6 5.1 ppm, and a 5 H singlet at 6 7.3 ppm.

The protected alanine amide was then hydrogenated and

passed through an ion exchange column (Amberlite CG-400,

bromide form) giving after recrystalization from ethanol/

diethyl ether, 2.3 mmol (0.358 g) of D-alanine amide hydro-

bromide (87% yield) . H nmr in D~0 showed a 3 H doublet at

6 1.3 ppm, and a 1 H quartet at 6 4.2 ppm.

The protected tripeptide amide, di-CBZ-L-lysyl-L-phenyl-

alanyl-D-alanine amide, was prepared by reacting 1.0 mmol

(0.518 g) of di-CBZ-L-lysyl-L-phenylalanine with 1.1 mmol of

triethylamine and 1.1 mmol of isobutylchloroformate at -10 C

followed by the addition of 1.0 mmol (0.570 g) of D-alanine

and 1.1 mmol of triethylamine. Workup and crystallization
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from ethyl aeetate/hexane yielded 0.99 mmol (0.57 g, 99%

yield) of product. Hydrogenolysis of this solid in a Paar

shaker followed by ion exchnage and recrys tallization from

ethanol/diethyl ether yielded 0.74 mmol (0.36 g, 74% yield)

of L-lysyl-L-phenylalanyl-D-alanine amide dihydrobromide

,

2 (m.p. 146-149°C). H nmr in D
2

<D showed a 3 H doublet at

6 1.0 ppm, a 6 H broad multiplet at 6 1.6 ppm, a 3 H multi-

plet at 6 3.0 ppm, a 2 H multiplet at 6 4.1 ppm, and a 5 H

singlet 6 7.3 ppm. Anal , calculated for c
i3

H
31

Br
2 3

N 5

'

lH 2° :

C. 39.79; H, 6.12. Found: C, 39.99; H, 6.24.

Preparation of L-lysyl-L-phenylalanyl-L-alanyl-L-valine
amide dihydrobromide

, 15

The protected dipeptide, CBZ-L-alanyl-L-valine methyl

ester was first synthesized by reaction of CBZ-L-alanine

(Sigma Chem.) (3.19 mmol, 0.67 g) with 3.2 mmol of triethyl-

amine and 3.3 mmol of isobutylchloroformate at -10°C followed

by 3.0 mmol (0.503 g) of L-valine methyl ester (Sigma Chem.).

Workup and recrystallization yielded 1.7 mmol (0.575 g) of

product (57% yield) . This was then hydrogenated in a Paar

shaker and isolated as the acetate of L-alanyl-L-valine

methyl ester (1.2 mmol, 0.316 g, 81% yield). H nmr in

CDCl^ showed a 6 H doublet of doublets at 6 0.9 ppm, a 3 H

doublet at 6 1.4 ppm, a 3 H singlet at <5 2.1 ppm, a 3 H

singlet at 6 3.7 ppm, and a broad, 3 H singlet at 6 5.0 ppm.

At -10°C, di-CBZ-L-lysyl-L-phenylalanine (1.0 mmol,

0.51 g) was reacted with 1.1 mmol of triethylamine and 1.1

mmol of isobutylchloroformate followed by 1 . mmol (0.262 g)

of L-alanyl-L-valine methyl ester acetate. The reaction
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yielded after workup and recrystallization from ethyl acetate/

diethyl ether, 0.684 mmol (0.48 g) of the protected tetra-

peptide. Ammonolysis of the ester was accomplished in 30 ml

of methanol, saturated with ammonia gas (at -10°C) in a

sealed glass tube for 3 days at room temperature. The

solvent was then evaporated and the solid residue recrystal-

ized from ethanol/water to yield di-CBZ-L-lysyl-L-phenyl-

alanyl-L-valine amide (0.486 mmol, 0.33 g, 71% yield). This

was then hydrogenated in a Paar shaker and passed through

an ion exchange column to give 0.289 mmol (0.165 g) of the

tetrapeptide amide, 3 (m.p. 148-152°C, 59% yield).
1
H nmr

in D
2

showed a broad 6 H doublet at 6 0.9 ppm, a 9 H broad

multiplet at 5 1.5 ppm, a 5 H broad multiplet at 6 3.0 ppm,

a 4 H multiplet at 6 3.9 ppm, and a 5 H singlet at 6 7.3 ppm.

Anal, calculated for C H Br N : C, 44.24; H, 6.45.

Found: C, 44.27; H, 6.51.

Preparation of L-lysyl- L-phenylalanyl-D-alanyl- L-valine amide
dihydrobromide~ 16

This tetrapeptide was synthesized with the same sequence

of reaction that was used for the preparation of 3. CBZ-D-

alanine (3.19 mmol, 0.67 g) was coupled with L-valine methyl

ester hydrochloride (3.19 mmol, 0.503 g) which after workup

and recrystallization from ethyl acetate/hexane yielded 1.7

mmol (0.575 g) of the protected dipeptide. 1
H nmr in CDC1

3

showed a 6 H doublet of doublets at <5 0.9 ppm, a 3 H doublet

at <5 1.4 ppm, a 1 H multiplet at 6 2.1 ppm, a 3 H singlet

at 6 3.7 ppm, a 2 H multiplet at 6 4.4 ppm, and 2 H singlet

at 6 5.1 ppm, a 1 H broad doublet at 6 5.7 ppm, a 1 H broad

doublet at 6 6.9 ppm, and a 5 H singlet at <5 7.3 ppm.
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The CBZ-D-analyl-L-valine methyl ester was then hydro-

genated and isolated as D-alanyl-L-valine methyl ester

acetate (1.25 mmol , 0.328 g, 84% yield). Ci-CBZ-L-lysyl-

L-phenylalanine (1.0 mmol, 0.518 g) was then coupled to 1 .

mmol (0.262 g) of D-analyl-L-valine methyl ester acetate by

the mixed anhydride method yielding 0.78 mmol (0.55 g) of

the protected tetrapeptide after workup and recrystallization

from ethyl acetate/hexane (78% yield) . Ammonolysis of the

ester was carried out in 30 ml of methanol saturated with

ammonia (at 10 C) and placed in a sealed tube at room tem-

perature for 3 days. The solvent was then evaporated and the

solid recrystallized from ethanol/water to yield 0.71 mmol

(0.48 g) of di-CBZ-L-lysyl-L-phenylalanyl-D-analyl-L-valine

amide (90% yield) . Hydrogenolysis was carried out followed

by ion exchange to form the bromide, 4 (0.52 mmol, 0.31 g,

73% yield). H nmr in D
2

showed a 9 H multiplet at 6 1.0

ppm, a 6 H broad multiplet at 6 1.5 ppm, a 3 H broad multi-

plet at 6 3.0 ppm, a 4 H multiplet at 6 4.0 ppm, and a 5 H

singlet at 6 7.3 ppm, (m.p. 159-163°C) . Anal , calculated

for C
24

H
42

Br
2 4

N
6
-lH

2
0: C, 43.00; H, 6.59. Found: C, 43.11;

H, 6.60.

Preparation of Dq-NH
2 , 1_9

To 10 ml of methanol, 28 mg (0.05 mmol) of daunorubicin-

HC1 (1_8) was added along with 100 mg (1.9 mmol) of ammonium

chloride and 0.2 ml of 0.25 M NaOH in methanol. The result-

ing solution was refluxed for 30 min
.

, cooled to room tem-

perature and 1 ml of freshly prepared 0.1 M NaCNBHo (Aldrich
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Chem. ) in methanol was added. The reaction was allowed to

continue overnight and then was quenched with 50 ml of CHClo

and 10 ml of pH 10.4 aqueous borate buffer. The aqueous

layer was extracted 3 times with CHC1.,, and the organic

phase was subsequently washed with water, separated, dried

over Na2S0^, and evaporated under a stream of nitrogen. The

resulting solid was dissolved in 10 ml of methanol. The

solution was cooled in an ice bath, 0.1 ml of 1 M HC1 was

added, and the solvent evaporated under a nitrogen stream.

The resulting solid was recrystallized twice from methanol/

ethyl acetate to yield 12 mg (0.02 mmol) of D
g
-NH

2
, 19 (40%,

m.p. 186-188 C) . H nmr in CDC1- showed three complex

multiplets at 6 1.30, 1.73, and 3.08 ppm, a singlet at 8

4.09 ppm, two broad singlets at 5 2.57 and 5.51 ppm, two

doublets at 6 7.38 and 8.06 ppm, and a triplet at 6 7.78 ppm.

Anal, calculated for C -,H 0/ Cl o nN o : C, 53.92; H, 5.70.
2/ 34 2 9 2 '

Found: C, 54.16; H, 5.79.

Preparation of D
q
-MoMeA , 20

Daunorubicin-HCl (466 mg , 0.825 mmol) was dissolved in

20 ml of methanol containing 1.35 g (20 mmol) of methylamine

hydrochloride, 8 ml of 0.25 M NaOH, and 1.6 ml of freshly

prepared 1 M NaCNBHo in methanol. The reaction was allowed

to continue overnight and then was quenched with 50 ml of

CHC1,. and 50 ml of pH 10.4 aqueous borate buffer. The

aqueous layer was extracted 3 times with CHClo, and the or-

ganic phase was subsequently washed with water, separated,

dried over Na~S0, , and evaporated under a stream of nitrogen.
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The resulting solid was dissolved in 30 ml of methanol. The

solution was cooled in an ice bath, adjusted to pH 5 with

1 M HC1 and the solvent evaporated under a nitrogen stream.

The resulting solid was recrystallized twice from methanol/

ethyl acetate to yield 253 mg (0.41 mmol) of D
g
-MoMeA (50%,

m.p. 179-182°C).
1
H nmr in CDC1

3
showed a triplet at 6

0.98 ppm, two complex multiplets at 6 1.26 and 2.57 ppm, a

singlet at 6 4.06 ppm, two broad singlets at 6 5.28 and

5.52 ppm, two doublets at 6 7.37 and 8.07 ppm, and a triplet

at 6 7.78 ppm. Anal . calculated for C^oHo^CI-OqN- • 2H
2

:

C, 51.62; H, 6.18. Found: C, 51.39; H, 5.59.

Preparation of Dq -PrA , 21

Daunorubicin- HC1 (188 mg ; 0.33 mmol) was dissolved in

10 ml of methanol containing 200 mg (3.3 mmol) of propylamine

The resulting solution was refluxed for 30 min
.

, cooled to

room temperature and 0.67 ml of freshly prepared 1 M NaCNBHo

in methanol was added. The reaction was allowed to continue

overnight and then was quenched with 50 ml of CHCl^ and 30

ml of water. The aqueous layer was extracted 3 times with

CHClo, and the organic phase was subsequently washed with

water, separated, dried over Na-SO, , and evaporated under

a stream of nitrogen. The resulting solid was dissolved in

20 ml of methanol, cooled in an ice bath, and 0.67 ml of

1 H HC1 was added, and the solvent was evaporated under a

stream of nitrogen. The solid was recrystallized twice from

methanol/ethyl acetate to yield 70 mg (0.11 mmol) of D^-PrA,

21 (337c, m.p. 176-180°C). 1
H nmr in CDC1

3
shows a triplet
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at 0.94 ppm, two complex multiplets at 6 1.26 and 2.58 ppm,

a singlet at i

1

, 4.06 ppm, two broad singlets at 6 5.27 and

5.51 ppm, two doublets at 6 7.38 and 8.08 ppm, and a triplet

at 6 7.77 ppm. Anal, calculated for C
3()

H
40

Cl
2
O
9
N
2

• 3H
2

: C,

51.65; H, 6.64. Found: C, 51.64; H, 6.52.

Preparation of D^-BuA, 22

To 15 ml of methanol, 0.275 mg (2.5 mmol) of butylamine

hydrochloride, 56 mg (0.1 mmol) of daunorubicin HC1 , and

2 ml of 0.25 M NaOH were added. The solution was stirred

at room temperature for 2 hours and 2 ml of freshly prepared

0.1 M NaCNBHo in methanol was added. The reaction was

allowed to continue for 24 hours, and then was quenched

with 20 ml of CHC1
3

and 20 ml of pH 10.4 aqueous borate

buffer. The aqueous layer was extracted 3 times with CHC1-,

and the organic phase was subsequently washed with water,

separated, dried over Na
2
S0

4 , and evaporated under a nitrogen

stream. The resulting solid was dissolved in 10 ml of

methanol, cooled in an ice bath, 0.2 ml of 1 M HC1 was

added, and the solvent was evaporated under a stream of

nitrogen. The resulting solid was recrystallized twice with

methanol/ethyl acetate to yield 45 mg (0.067 mmol) of D Q -BuA

(67%, m.p. 160-162°C).
1
H nmr in CDC1

3
showed a triplet

at 6 0.94 ppm, two complex multiplets at 6 1.29 and 2.52

ppm, a singlet at 6 4.08 ppm, two broad multiplets at 6 5.26

and 5.50 ppm, two doublets at. 6 7.39 and 8.07 ppm, and a

triplet at 5 7.76 ppm. Anal, calculated for ^i^ 01
2 °9

N2

'

H
2
0: C, 55.11; H, 6.56. Found: C, 55.44; H, 6.31.
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Preparation of Dg-EolA, 23

Daunorubicin-HCl (188 mg , 0.33 mmol) was dissolved in

10 ml of methanol containing 200 mg (3.3 mmol) of ethanol-

amine. The mixture was refluxed for 30 min
.

, cooled to

room temperature, and 0.67 ml of freshly prepared 1 M NaCNBH^

in methanol was added. The reaction was allowed to continue

overnight and then was quenched with 50 ml of CHC1- and 30

ml of water. The aqueous layer was extracted 3 times with

CHCl^ and the organic phase was subsequently washed with

water, separated, dried over Na
2
S0, , and evaporated under

a stream of nitrogen. The resulting solid was dissolved in

25 ml of methanol, cooled in an ice bath, 0.67 ml of 1 M HC1

was added, and the solvent was evaporated under a nitrogen

stream. The resulting solid was recrystallized twice from

methanol/ethyl acetate to yield 134 mg (0.21 mmol) of

D
9
-EolA (63%, m.p. 177-179°C).

X
H nmr in CDC1- shows two

complex multiplets at 6 1.28 and 2.55 ppm, a singlet at 6

4.06 ppm, two broad singlets at 6 5.27 and 5.51 ppm, two

doublets at 6 7.38 and 8.08 ppm, and a triplet at 6 7.77 ppm.

Anal
,
calculated for C

2 9
H
38

C1 2°10N 2
: C

'
53 - 96

>
H

>
5.93.

Found: C, 53.75; H, 5.95.

Preparation of D
^
-PolA , 24

To 20 ml of methanol, 2.4 g (22 mmol) of 3-amino-i-

propanol hydrochloride was added, the pH was adjusted to 8.0

with 0.25 M NaOH, 451 mg (0.8 mmol) of daunorubicin • HC1 and

1.6 ml of freshly prepared 1 M NaCNBH^ in methanol was added.

The reaction was allowed to continue for 24 hours, and then
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quenched with 50 ml of CHC1
3

and 20 ml of pH 10.4 aqueous

borate buffer. The aqueous phase was extracted 3 times

with CHCl^ and the organic phase was subsequently washed

with water, separated, dried over Na
2
S0, , and evaporated

under a stream of nitrogen. The resulting solid was

dissolved in 50 ml of methanol, cooled in an ice bath, 1.6

ml of 1 M HC1 was added, and the solvent evaporated under

a nitrogen stream. The resulting solid was recrystallized

twice from methanol/ethyl acetate to yield 201 mg (0.3 mmol)

of D
9
-PolA (38%, m.p. 174-176°C). l

E nmr in CDC1 showed

three complex multiplets at 6 1.29, 1.74, and 2.59 ppm,

a singlet at 6 4.10 ppm, two broad singlets at 6 5.29 and

5.52 ppm, two doublets at 6 7.37 and 8.05 ppm, and a triplet

at 5 7.76 ppm. Anal , calculated for C^H, n Cl o 0-, AN : C,
30 40 2 10 2

54.61; H, 5.96. Found: C, 54.71; H, 5.97.

Preparation of Dq-GlyA, 25

To 10 ml of methanol, 56 mg (0.1 mmol) of daunorubicin

•

HC1 was added along with 220 mg (2 mmol) of glycinamide and

0.8 ml of 0.25 M NaOH in methanol. Sufficient amount of

H2O was added for dissolution of the glycinamide together

with 2 ml of freshly prepared 0.1 M NaCNBH-. The reaction

was allowed to continue overnight and then quenched with 50

ml of CHCl^ and 20 ml of pH 10.4 aqueous borate buffer. The

aqueous layer was extracted 3 times with CHC1~ and the organic

phase was subsequently washed with water, separated, dried

over t^SO,
, and evaporated under a stream of nitrogen. The

resulting solid was dissolved in 10 ml of methanol. The



113

solution was cooled in an ice bath, 0.2 ml of 1 M HC1 was

added, and the solvent evaporated under a nitrogen stream.

The resulting solid was recrystallized twice with methanol/

ethyl acetate to yield 15 mg (0.023 mmol) of D„-GlyA (23%,

m.p. 179-183°C).
l
E nmr in CDC1

3
showed four complex

multiplets at 6 1.31, 1.76, 2.61, and 3.42 ppm, a singlet

at 6 4.07 ppm, two broad singlets at 6 5.26 and 5.53 ppm,

two doublets at 6 7.38 and 8.08 ppm, and a triplet at 5 7.78

ppm. Anal
,
calculated for C

2 9
H
37

C1 2°10N 3
: C

'
52 - 89

:
H

>

5.66. Found: C, 52.64; H, 5.64.

Preparation of D
g
-Gly-L-LeuA , 26

To 10 ml of methanol, 113 mg (0.2 mmol) of daunorubicin

•

HC1 was added along with 0.9 g (4 mmol) of gly-L-leuA

hydrochloride and 1.6 ml of 0.25 M NaOH in methanol. Freshly

prepared 0.1 M NaCNBH
3

(4 ml) was added to the solution.

The reaction was allowed to continue overnight and then

quenched with 50 ml of CHC1
3

and 20 ml of pH 10.4 aqueous

borate buffer. The aqueous layer was extracted 3 times with

CHCl^ and the organic phase was subsequently washed with

water, separated, dried over Na^O^, and evaporated under a

stream of nitrogen. The resulting solid was dissolved in

15 ml of methanol. The solution was cooled in an ice bath,

0.4 ml of 1 M HC1 was added, and the solvent was evaporated

under a nitrogen stream. The resulting solid was recrystal-

lized twice with methanol/ethyl acetate to yield 52 mg (0.066

mmol) of D
9
-Gly-L-LeuA, 25 (33%, m.p. 166-170°C) .

1
H nmr

in CDC1
3

showed five multiplets at 6 0.95, 1.28, 1.69, 2.58,
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and 3.44 ppm, a singlet at 6 4.09 ppm, two broad singlets

at 6 5.27 and 5.51 ppm, two doublets at 6 7.38 and 8.06 ppm,

and a triplet at 5 7.78 ppm. Anal . calculated for C-eH^g-

C1 2°11 N4' H 2
0: C

'
53 - 24

;
H

>
6 - 38 - Found: C, 53.42; H,

6.11.

Preparation of D
g
-Gly-L-PheA , 27

To 10 ml of methanol, 113 mg (0.2 mmol) of daunorubicin-

HC1 was added along with 1.1 g (4 mmol) of gly-L-pheA-HCl

and 1.6 ml of 0.25 M NaOH in methanol. Freshly prepared 0.1

M NaCNBH^ (4 ml) was added to the solution. The reaction

was allowed to continue overnight and then quenched with 50

ml of CHCl^ and 20 ml of pH 10.4 aqueous borate buffer. The

aqueous layer was extracted 3 times with CHC1- and the

organic phase was subsequently washed with water, separated,

dried over Na S0, , and evaporated under a nitrogen stream.

The resulting solid was dissolved in 15 ml of methanol.

The solution was cooled in an ice bath, . 4 ml of 1 M HC1

was added, and the solvent evaporated under a nitrogen stream.

The resulting solid was recrystallized twice from methanol/

ethyl acetate to yield 34 mg (0.041 mmol) of Dg-Gly-L-PheA,

27 (21%, m.p. 166-170°C). l
H nmr in CDC1

3
showed five multi-

plets at 6 0.88, 1.30, 1.66, 2.47, and 3.28 ppm, two singlets

at 6 7.39 and 8.09 ppm, and a triplet at 6 7.80 ppm. Anal .

calculated for C
38H46

G12°11 N4 '
H2° : C

'
55 - 41 >' H

>
5.87.

Found: C, 55.16; H, 5.62.

Preparation of Ag- BuA , 29

D
g
-BuA, 22 (20 mg , 003 mmol) was dissolved in 10 ml
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of 1 M HC1 and warmed on a steam bath for 15 min . The solu-

tion was adjusted to pH 8 with 1 M NaOH and the product was

xtracted with CHC1-. The organic solvent was dried over

Na
2
SO^ and removed on a rotary evaporator. The solid was

dissolved in methanol, 1 ml of 1 M HC1 added, and the

solvent evaporated. The resulting solid was recrystallized

twice from ethanol/diethylether to yield 10 mg (0.02 mmol)

of A
g
-BuA, 29 (68%, m.p. 177-179°C). L

H nmr in CDC1
3

showed a triplet at 6 0.94 ppm, two multiplets at 6 1.24 and

2.44 ppm, a singlet at 5 4.08 ppm, broad singlets at 6 7.36

and 8.06 ppm, and a triplet at 6 7.76 ppm. Anal , calculated

for C
25

H
3()

C1
?
N: C, 61.04; H, 6.15. Found: C, 60.78;

H, 6.09.

Preparation of the Totally Aromatic Aglycone , II

Daunorubicin HC1, 18 (4.5 mg) was dissolved in 10 ml of

methanol and the volume of the solution brought up to 25 ml

with 2 mM phosphate buffer (200 mM Na
+

,
pH 7.5). In a sec-

ond flask, 3.2 rng of daunorubicinone was dissolved in the

same manner. Both solutions were incubated at 70°C for 14

hrs and extracted with CHC1
3

. Silica gel chromatrography

using 47 methanol in CHC1
3

showed that the daunorubicin had

been hydrolyzed to a mixture of the aromatic aglycone, II,

and daunorubicinone in a ratio of approximately 1:1. How-

ever the daunorubicinone was found to be stable under these

conditions

.
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The aromatic aglycone, II, was purified by thick layer

silica gel chromatography and was eluted with CHC1„. The

desired product was extracted from the chromatography support

with a mixture of 5 ml of 1 M HC1 and 50 ml of CHC1-. The

organic layer was dried with Na
2
S0, , filtered, and evap-

orated .

H nmr of the product showed four singlets at 6 2.77,

5 4.12, 6 15.20, and <S 15.64 ppm, and four multiplets at

6 7.41, 5 7.64, 6 7.81, and 6 9.05 ppm. Mass Spec calcu-

lated for C
2 1

H 14°6 : 362 - 078 9. Found: 362.0804 (100%).

Analytical Methods

H nmr Experiments

The nucleic acid used in the H nmr studies was son-

icated salmon sperm DNA prepared and supplied by Dr . P. D.

Adawadkar. A stock solution of the latter was prepared by

dissolving 72.4 mg of the DNA in 2.41 ml of D
2

containing

. 2% TSP (internal standard) to give a solution that was

72 mM phosphate/liter (3.3 mM Na
+

, 1 mM phosphate buffer

pD 7.3) of each peptide (0.1 M) were made in D
?

(0.2%

TSP) and aliquouts of the latter were added to 5 mm nmr

tubes containing 0.5 ml of the DNA stock solution. The

concentration of the peptides was varied from 2 to 70 mM.

H nmr spectra of the peptides and the DNA-peptide com-
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plexes (at different base pair to peptide ratios) were

taken on a Varian XL-100-15 spectrometer at 34°C . The spin-

lattice relaxation times, T, , were measured by the inver-

sion recovery method with a Nicolet Technology Corp. FT

accessory. 2
Pulse widths of 64 (180°) and 32 sec. (90°)

were used, and 10 scans were accumulated for each delay time,

t. Twenty seconds was taken as the infinite delay time and

16 K transform was used. A typical series of partially re-

laxed Fourier transorm H nmr spectra at various delay times,

t, are shown in Figure 34. The T, value for the observed

protons is the time, t, when I - T (where I and I are the

peak intensities at delay times of infinity and t, respec-

tively) has fallen to (I^-I )/e, where I is the peak in-

tensity at t = 0. In order to achieve accurate I values,J o

log (I^-I ) versus t was plotted to obtain a straight line

from which the T-. value may be obtained.

Chemical shifts (in Hz) from the internal standard, TSP

,

are reported. It is found that the chemical shifts and T-,

values are reproducible to + 0.2 Hz and + 10%, respectively.

Viscometric Apparatus and Measurements

A Beckman rotating cyclinder viscometer was used as

supplied except that the rotors allowing for different shear

stresses were prepared in a manner similar to that of Zimm
I/O

and Crothers. The instrument was modified so that the

timing of the rotation of the cyclinder is based on the re-

flection of light from a thin styrofoam strip of width

slightly less than the internal diameter of the rotor and a
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t:4.0s

t=aos

Figure 34. Typical Partially Relaxed Fourier Transform
M{ nmr Spectra
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length approximately two- thirds of that of the rotor.

The s tyrofoam, with one side painted black, is placed in

the rotor during viscosity measurements and differentially

reflects light from the unpainted side into a phototransistor

.

The signal thus generated at the phototransistor is pro-

cessed by the circuit illustrated in Figure 35.

When light falls on the phototransistor (Q, ; MRD 450)

current flows resulting in a voltage drop at the collector.

This creates the base current required to saturate the PNP

transistor (Q 2 ; 2 N 5142) and causes the collector voltage

of Q 2
to be approximately the voltage of the battery used

(V
i ; 6 V). This is then followed by a voltage divider so

that the signal may be attenuated to a suitable level for

recording. E^ , R
2

,
R
3

, and R
4

are standard 1/2 watt, + 5%

resistors of values 5.1 K, 1.0 K, 62 K, and 10 K, respec-

tively. The output voltage (V ) is approximately 1 mV.

The electronic apparatus was constructed such that it

could be enclosed in a small piece of 1/4" diameter heat-

shrunk tubing. This was mounted on the stator support with

the phototransistor against the glass of the stator as

shown in Figure 36. A standard 15 watt light bulb was

placed on a ring stand behind the phototransistor to pro-

vide enough light for the measurements.

A salmon sperm DM solution (3 x 10~ P/l) was pipeted

into the viscometer which was thermostated at 37.5°C with

a Haake cons tant- temperature circulator. The rotor was

placed into the viscometer and the height of the rotor
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Figure 35. Schematic of the Photoelectric Timing Device.
R l> R 2> R3> and R4 are standard 1/2 watt, + 5%
resistors of values 5. IK, 1.0K, 62K, and lOfl,
respectively. Qi is a MRD 450 Phototransistor
and Q2 is a 2N5142 PNP transistor. The battery
is a standard 6v lantern battery. The recorder
is connected between V and the system ground.
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Figure 36. Diagram of the Viscometer with the Photoelectric
Device in Place. Components in the figure are
A, water jacketed stator; B, stator support; C,
rotor; D, reflector; E, rotating magnet" assembly

:

F, metal pellet; G. motor; H, photoelectric de-"
vice as attached to the stator support.
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adjusted with respect to an etched line on the stator. The

total volume of the solution in the viscometer was 2.5 ml.

A total of 100 rotations was counted with the photoelectric

device and the length of chart paper measured. This was

divided by the measured length required for 100 rotations

in buffer to obtain the relative viscosity (n ,) of the

DNA solution. The calculation of the specific viscosity

(n ) is straightforward (i.e., n = n
, ~ ). To the DNA

•s* p S X) IT Q -L

solution, aliquots of a 0.01 M peptide solution were added

and after mixing the viscosity of the solution was deter-

mined.

Helting Temperature (Tm) Measurements

Tm measurements were run in 1 ml quartz cuvettes

thermostated with a Haake constant- temperature circulator

equipped with a constant speed motor to provide a heating

rate of 0.71 C/min. A Gilford 240 spectrophotometer equipped

with automatic recording accessories was used and the tem-

perature of the cell compartment was measured directly with

an iron-cons tantan thermocouple connected to a chart re-

corder which had been standardized at 0° and 100°C.

The experiment consisted of 0.8 ml of a 6.75 x 10 M

salmon sperm DNA P/l in 10 mM MES buffer (pH 6.2) and 10 or

20 pi of a 0.01 M solution of peptide. The volume of the

solution was adjusted to 1 ml with 10 mM MES buffer (pH 6.2).

The solutions were placed in the thermostated compartment of

the spectrophotometer with a buffer blank and allowed to

equilibrate at 45 C for 10 minutes. Initial absorption was
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recorded and the temperature programmer was initiated. The

temperature and absorption were recorded continuously

throughout the procedure

.

Circular Dichroism Measurements

CD spectra of salmon sperm DNA and peptide solutions

were taken in a 1 cm cell at DNA and peptide concentration

of 2.4 x 10~ 4 M P/l and 2.0 x 10~ 4 M, respectively, in 10 mM

MES buffer (pH 6.2). Spectra were recorded between 220 nm

and 320 nm using a Jasco J-20 spectropolarimeter at ambient

temperature. CD spectra of the anthracycline in the presence

and absence of salmon sperm DNA were recorded between 300

nm and 600 nm. A 10 cm cell was filled with a 2 x 10 M

solution of the anthracycline in 2 mM PIPES buffer (21 mM

Na
,
pH 7.8) and titrated with a 6 x 10~ 3 M DNA P/l solution

- f)

containing 2 x 10 M of the anthracycline until saturation

was obtained.

Equilibrium Dialysis of Peptides

Equilibrium dialysis studies of the binding of the

peptides to salmon sperm DNA was carried out using Visking

dialysis tubing (26/100 ft. NOJAX castings) which was cut

into 20 cm strips. The membranes were cleaned by boiling

- -3
in 507o aqueous ethanol containing 5 x 10 M EDTA and 5 x

_2
10 M NaHCO^ for 1 hour and repeated 3 times. The mem-

branes were then boiled in deionized H„0 for 5 hours and

this was repeated 6 times. The clean membranes were stored

in deionized H
?

containing 2% CHClo.

The dialysis experiments were conducted in a pair of
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plexiglass blocks with 10 shallow cylindrical depressions

cut into each (3 x 0.25 ran). A clear membrane was placed

between the cells to form 2 chambers. Each half of the

plexiglass block, prior to placement of the membrane, was

lightly coated with silicone grease to prevent leakage. The

blocks were fastened together with 12 screws and 4 C-clamps.

To one side of the membrane 0.2 ml of 3.5 x 10 M of salmon

sperm DNA P/l in 10 mil MES buffer (pH 6.2; 5 nM Na
+

) was

added. To the other side of the membrane 0.2 ml of a peptide

solution (either 2.5 x 10" or 5 x 10~ 5
M) in the same

buffer was added. The top of the cells was sealed with a

strip of lightly greased parafilm. Equilibrium was allowed

to take place for 48 hrs . at 4°C. Blank determinations

showed that the absorption at 260 ran was never greater than

0.030 across the membrane from the DNA solution. The con-

centration of peptide on both sides of the membrane was

determined with the f luorescamine reagent as described by

Gabbay et al.
69

Absorption Studies

Absorption spectra (320-600 ran) of the anthracycline

(in the presence and absence of excess salmon sperm DNA)

were recorded on a Cary 15 spectrophotometer using a thermo-

stated cell compartment at 25°C in a 10 cm cell. A 7 x 10~ 6

II solution of the drug in 2 nM PIPES buffer (21 mil Na
+

,

pH 7.8) was added to the cell and the spectra taken. This

_3
was tnen titrated with a 6 x 10 M salmon sperm DNA P/l

solution which also contained 7 x 10 M drug until saturation

is obtained.
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Hypochromic ity , H, is defined by the equation:

H = 100(l-f
b
/f

f ),

where f
fa

and f
f

are the oscillator strengths of the DNA

bound and free drug. Quantum mechanical calculations show

that the oscillator strength, f, is proportional to the area

of the absorption spectrum by the formula,

f = 4.32 x 10" 9 (edv

where t: is the extinction coefficient of the molecule at

wave number v. ' Thus, the spectra were replotted (absorp-

tion vs. wave number) and the area under the curve determined

for the free and bound anthracycline , Ar and A, , respectively,

and the hypochromicity calculated as follows:

H = 100 (1-A
b
/A

f
)

.

Binding Studies of the Anthracyclines

The apparent binding constant, K , and maximum number

of binding sites per DNA phosphate, n , were determined by1 r r max J

spectral titration in a 10 cm thermostated cell in a Cary 15

at 25 C. A 7 x 10 M solution of the anthracycline in 2

mM PIPES buffer (pH 7.8; either 51 or 201 mil Na
+

) was added

to the cell and the absorption at 480 nm determined.

Aliquots of 6 x 10 M salmon sperm DNA P/l and 7 x 10 M

drug in the same buffer were added. After each addition the

absorption at 480 nm was recorded. This procedure was con-

tinued until no change in the absorption at 480 nn is ob-

served. The parameters necessary to make a Scatchard plot,

n and n/R,-, are calculated by the following equations:

D(A -A )— on 7

n =

(A -A )P_v o s
y

t
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R
f

D-n P

where D is the total drug concentration, A , A , and A are
o s n

the initial absorption, at saturation, and for a given

alliquot of DNA solution added, respectively; n, and P is

the total concentration of DNA added. The data were then

plotted and least squares analysis performed. All calcula-

tions were carried out on either a Digital PDP-8E computer

or a Texas Instruments SR-56 programmable calculator.

Distribution Coefficient of the Anthracyclines

A 1.2 x 10 II solution of the anthracycline (1 ml) in

2 mil PIPES buffer (pH 7.8, 21 mM Na
+

) was vigorously

shaken with 1 ml of n-octanol for 2 minutes at 25°C. After

separation of the layers, the absorption at 480 nm of each

was determined on a Gilford 240 spectrophotometer at ambient

temperature. The distribution coefficient was calculated

as the ratio of the absorption in octanol to the absorption

in buffer.

RNA Polymerase Assay of the Anthracycline Template Inhibition

The kinetics of DNA-dependent E. coli RNA polymerase

(Sigma Chem.) reactions were followed by the incorporation

of [5- 3
H] UMP (ICN) into TCA insoluble RNA according to the

procedure of Preston et al. ' The final reaction contained

the following: 50 mM tris buffer, pH 7.8, 4 mM MgCl
?

, 1 mM

mMCl
?

, 5 mM B-mercaptoethanol , 0.4 mM of nucleotide triphos-

phates ATP, GTP, CTP, AND UTP , 150 mM KC1 , 0.12 mil calf

thymus DNA P/l 0.12 mM anthracycline, 4

.

2% ethanol , and 4
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Sigrna units/ml of enzyme. All components in the above mix-

ture were brought to 37°C and the reaction was initiated by

addition of the polymerase. Samples of 100 yl were with-

drawn at different intervals and immediately placed into a

test tube containing 2 ml of 10% TCA at 0°C. The tube was

shaken and allowed to incubate for 30 min . The mixture was

then filtered through a Whatman GF/C fiber disks which had

been prewashed with 5 ml of 10% TCA solution. Each disk

was then washed 3 times with 5-10 ml of TCA, 3 times with

5-10 ml of an ether-ethanol solution (2:1), and 3 times with

5-10 ml of ether, dried at 80 C, placed in scintillation

vials containing 5 ml of toluene, 0.4% 2 , 5-diphenyloxazole

,

0.017o 1 , 4-di [ 2- (5-phenyloxazolyl) ] benzene, and counted

for 20 min in a Beckman LS-133 liquid scintillation counter.

Rate of Dissociation of the Anthracyclines DMA Complex

A solution which was 4 x 10 M anthracycline and 8 x

10 II salmon sperm UNA P/l was prepared in 2 mM PIPES buffer

(pH 7.8, either 21, 51, or 201 mM Na ). Solutions of sodium

dodecylsulfate (SDS) (0.6% concentration) were made in the

same buffer and at 21, 51, and 201 mli Na . The rate of

dissociation was determined by mixing the two solutions at

15 C in a Durrum-Gibson stop-flow apparatus (Durrum Instru-

ment Corp.) thermostated with a Lauda K-2/R constant- temper-

ature circulator.

Hydrolysis of the Glycosidic Linkage of the Anthracy c lines

A 5 x 10 M solution of the anthracycline was prepare

in the appropriate buffer and the concentration of daunose-
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137amine was determined as a function of time as follows. A

solution of o-phthalaldehyde (floropa) , 2 ml of 8-mercapto-

ethanol and 0.4 M borate buffer (pH 9.7) was continuously

passed through a flow through fluorescence cell in a Farrand

ratio fluorometer connected to a Texas Instruments integrat-

ing recorder. A sample of the reaction mixture was injected

into the buffer stream and the concentration of daunoseamine

was determined from the area of the fluorescence peak by com-

parison to a standard curve. The data were calculated and

plotted according to first order kinetics by a Digital PDP-8E

computer. Least squares analysis was also performed.

pK of Daunorubicin

Spectra of daunorubicin at pH 6.5 and 12 showed that

the transition at 480 nm had an extinction coefficient of

11500 and 3000 at pH 6.5 and 12, respectively. Solutions

of daunorubicin (7 x 10 M) were made in 25 mM borax

buffers at various pH, i.e., 9.2-10.8. Ten different borax

buffers were prepared according to Bates and Bower.

Upon equilibration at either 25° or 50°C, the pH was deter-

mined with a Ratiometer Model 26 pH meter which had been

standardized at the appropriate temperature with 0.1 molal

borax buffer and a saturated Ca(0H)„ solution according to

the procedure of Bates. The absorption of each solution

was determined at 480 nm on a Gilford 240 spectrophotometer

equipped with a thermostated cell compartment at either 25°

or 50 C. The pK was then determined from a second deriva-r a

tive plot of absorption vs. pH

.
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