INFORMATION TO USERS

This was produced from a copy of a document sent to us for microfilming. While the
most advanced technological means to photograph and reproduce this document
have been used, the quality is heavily dependent upon the quality of the material
submitted.

The following explanation of techniques is provided to help you understand
markings or notations which may appear on this reproduction,

I.

5.

The sign or ‘“‘target” for pagesapparently lacking from the document

photographed is “Missing Page(s)”. If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages.
This may have necessitated cutting through an image and duplicating
adjacent pages to assure you of complete continuity.

. When an image on the film is obliterated with a round black mark it is an

indication that the film inspector noticed either blurred copy because of
movement during exposure, or duplicate copy. Unless we meant to delete
copyrighted materials that should not have been filmed, you will find a
good image of the page in the adjacent frame,

. When a map, drawing or chart, etc., is part of the material being photo-

graphed the photographer has followed a definite method in “sectioning”
the material. It is customary to begin filming at the upper left hand corner
of a large sheet and to continue from left to right in equal sections with
small overlaps. If necessary, sectioning is continued again—beginning
below the first row and continuing on until complete.

. For any illustrations that cannot be reproduced satisfactorily by

xerography, photographic prints can be purchased at additional cost and
tipped into your xerographic copy. Requests can be made to our
Dissertations Customer Services Department.

Some pages in any document may have indistinct print. In all cases we
have filmed the best available copy.

Unive%’
Microfiims
International

300 N. ZEEB ROAD, ANN ARBOR, i 48106
18 BEDFORD ROW, LONDON WCI1R 4EJ, ENGLAND



8006448

KAPLAN, DAVID JOEL

CHANGES IN THE MACROMOLECULAR PROPERTIES OF DNA INDUCED
BY MITOMYCIN C

City University of New York PH.D. 1979

University
Microfilms
International iow. zee Road Ann Arvor, 148106 18 Bedford Row, London WCIR 4EJ, England
Copyright 1979
by
Kaplan, David Joel
All Rights Reserved



PLEASE NOTE:
In 211 cases this material has been filmed in the best possible

way from the available copy. Problems encountered with this
document have been identified here with a check mark »~ .

1. Glossy photographs
. Colored il1lustrations

Photographs with dark background ~//

ITlustrations are poor copy

Print shows through as there is text on both sides of page __

G o B W N
-

. Indistinct, broken or small print on several pages ___ L/ throughout

7. Tightly bound copy with print lost in spine
8. Computer printout pages with indistinct print

9. Page(s) tacking when material received, and not available
from school or author

10. Page(s) seem to be missing in numbering only as text
follows

11. Poor carbon copy

12. Not original copy, several pages with blurred type
13. Appendix pages are poor copy

14. Original copy with light type

15. Curling and wrinkled pages

16. Other '

Unmlm
International

300 N. ZEEB RD.. ANN ARBOR. M!I 48106 {313} 761.4700



©

COPYRIGHT BY
DAVID JOEL KAPLAN

1979

i1



CHANGES IN THE MACROMOLECULAR PROPERTIES OF DNA INDUCED

BY MITOMYCIN C

by

David Joel Kaplan

A dissertation submitted to the Graduate
Faculty in Bilochemistry in partial fufillment
of the requirements for the degree of Doctor
of Philosophy, The City University of New York

1979



iii
hpproval Page

This manuscript has been read and accepted for the Graduate
Faculty in Biochemistry in satisfaction of the dissertation
requirement for the degree of Doctor of Philosophy.

date Chalrman of Examining Committee

Mé’//?///75 | (%M W

§/22/l94 ) ﬁﬁ«m- &t

date EﬁgCutive Officer

Dr. Joseph Krakow

Dr. James Wetmur

Dr. Charlotte Russell

Dr. Horst Hoyer

Supervisory Committee

The City University of New York




TABLE OF CONIENIS

BABSTRACT . o evvvnnnnne s, et e ceas

ACKNOHLEDCEYENT . vt s v v iie v v rnsaannn ch st aesanean Teeee st anaen
LIST OF TABLES. .. vt iinrenisrinnanonns ceterearranaeee cre s
LIST OF FIGURES ... .. cvnusnsn terneesasann N
LIST OF PLATHES, it iiieerrisnntnannnnansacan R A

INTRODUCTION. v vvvvnnnnae. S emensaansen e s ee ettt RN

I'U&.‘I.‘EI{IJ\LS--cooocn--o ------ LI N R A R I A ] S e eV e ’o-o-..i.

T T D P W ks ok

R—ES]II‘j-‘SI * + 8% & ¥ ke kAo LI I R 2 L L B I I IR I ® ¢ & & @ s # 8 4 ad s E e s eSS eae
TEERMAL DENATURATION EXPERIMENTS AT 260 nm...... it rearara e
DOUBLE HMELTING PROFILES..... S etrereeaaaeena aerserrean s .o

VISCOSITY EXPERIMENIS.....vn... Ceve et e veas e e ernn

* = aw

LR

CLTRACENTRIFUCATION OF DNA-MC COMPLEXES IN NEUTRAT SULNOSE DENAITY
GRADTEN S . et s eeerrrvnrannnnns et e cee
SEDTUENTATION OF "MIXED UNSONICATED-SONICATED" DNA-MC COMPLEZES....
ULTRACENTRIFUGATION IN ALKALINE SUCROSE GRADIENTS...... e e
FLOW DICHROTSM..... Creeeaeeanes e eaaaan e eee e
GEL ELECTROPHORESIS OF UNSONICATED DNA-MC COMPLEXES......eveeausses
DETECTION OF CROSSLINKED DNA BY GEL ELECTROPHORESIS. . .eeeer.ereean.
GEL ELECTROPHORESTS OF SONICATED CALF THYMUS DNA-MC COMPLEXES......
ELECTRCH MICROSCOPY OF UNSONICATED CALF THYMUS DNA-C COMPLEXES....
ELECTR0N MICROSCOPY OF SONICATED CALF THYMUS DNA-MC COMPLEXES......
LEGENDS FOR PLATES 1-2.......... e reeereeaaaas [

DISCUSSION PART T.vueecanansnan Cee e N iresecattionnreareranns

INCREASED Iy, OF DNA~MC COMPLEXES IS PROBABLY DUE 10 THE CROSSLINKS.

THE CROSSLINKING OF DNA BY MITOMYCIN C PROBABLY PLAYS A MAJOR ROLE

IN THE BROADENINC OF THE MELTING TRAWNSITON OF THE DNA-MC COMPLEXES.

iv

vi

[

G
21

21

26

28

99

iv



TADLE OV CONTENTS

PAGE

DIFFERENCES IN SOME OF THE MELITING CHARACTERISTICS O DNA-MC

COMPLEXES IN AQUEOUS VS. AQUEOUS-ORGANIC BUFFERS....

A A

LR ]

THE POSSIBIITY OF INTERCALATION AND THE VISCOSITY OF DNA~MC COM-

PLEXES.

RATE OF SED[MENTATION OF SONICATED DNA
FLOW DICHROISM O DNA-MC COMPLEXES...... N

DISCUSSTON PART _TT

.

......

LI R B )

SEDIMENTATLION AND VISCOSITY OF UNSONICATEDL. DNA-MC COMPLERES......

ELECTROPHORESIS OF DiA-MC COMPLEXES
ELECTRCON MICROSCOPY OF DNA-MC COMPLEXES

SUMMARY AND CONCLUSTON

LY

FOOTHOTL
FOOTNOTE
FOOTROTE
FOOTNOTE
FOOTNOTE
FOOTNOTE
FOOTHOTE
FOOTNOTE
FOOTNOTE

APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX

REFERENCES........

*

+
-
-
-

[oed P07 B S EEOL TR, BF o B SO RN OV I

=

P Y

-----

----- .. .
--------
------ LR PR I T I R S
---------------- T I T S ]
- » - s T r e res e .
% a2 s 4 e CRE I R B I LR )
- LR R N LR RN I ) TR
----- . + e b et ..
* 5 e 8 5. a2 e waw LI ..
LR -+ LR IR ) L]
* e e LR R R B LR CRCI ]
LU I ] 4 F e e s s s A .
+ - . . » * e LIC I
L I R I R I | . *
CEE T I a5 4 0 9 a8 LI
----- . " LR B S I A
LRI R ) s r e e re e . LI}
# 4 % 2 4 F B e e .
-8 s v a9 s s e - v e
LI S LR N A ] e m e .
4 d e e " 29 e vs s CEE RN )
* @ 4 9 a0 b4 L0 naen »an .
L A R B B I R B R I B

------

LRC RN RN ] -
" ase o .
4% u me e LY

LU RE I R Y )

LR ) .
----- LIRS
LR B [}
----- CERIE Y

- s

------

NN ENE ]
LR S S S )
" 59 8. * e

s ts 0o

103

105

108

110

114



ABSTRACT

CHANGES IN THE MACROMOLECULAR PROPERTIES OF DNA INDUCED
BY MITOMYCIN C
by

David Joel Kaplan

Adviscor: Professor Maria Tcmasz, Ph.D.

An increass in the coefficient of sedimentation, and
a reductlon in the reduced viscosity for unsonicated DNA
occurs when 1t is complexed with the drug mitomycin C (MC).
The altered hydrodynamic properties, when correlated with
the substantial decreases seen in the electrophoretic mo-
bilities of these complexes, indicate a2 coiling or bending
X DNA with the resulting effect of a decrease in the radius
of gyration for DNA in the complex. This interpretation of
the results is supporfed by the direct electron microécopic
observations of these DNA~MC complexes which demcnstrate a
significant caoiling of DNA in the complex relative to the
uncomplexed ONA cr control. A éontrast is seen when these
fiﬁdings are compared with the results obtained from simi-
lar experiments using DNA-MC complexes formed from the soni-
cated, or rod-like, form of DNA. Contrary to the results for
the unsonicated complexes, sonicated conmplexes exhibit an
increase in the reduced viscosity, marginal decreases in the
glectrophoreatic mobilities, and no change in the coefficients
.'of sedimentation, and in appearance under the electron micro-

scope. These comparisons indicate, then, a molecular weight

vi




vii

or size depancdent change in DA properties which 355 acouirad
upon the binrding of MC to DHA.

The crosslinxing of DNA is implicated as the most like-
ly cause for the increases in the melting temperaturass and
melting breadths observed in the DNA-MC complexes. As the bind-
ing ratio range {.10-.15) appears to be a likely saturation
point for possible crosslinking sites in ‘calf thymus DNA, it
also is a leveling off point indicating maximum decrezses in
the viscosity and electrophoretic mobilities f&r the unsoni-~ -
cated DNA-MC complexes. The correlations between these vari-
ables suggests strongly that the bifunctional (crosslinking)
binding of mitemycin C to DNA is responsible for the cksexrved

.y -~
LKet

1=

conformanional changes, 7 ropossebility is Fhai omons
molecules fiﬁ DNA into looped forms by binding distant parts
of DN& togethef. An alternative possibility for these chances
is a non-covalent self aggregation of distant heavily mitomv-
ciﬁ C-bound segments of DNA.

Another set of findings resulted from the analysis of
size-~indepencdert changes in DMNA properties, It was shown that
the crosslinks not only cause reversible denaturation in DNA
but also cause an increase in the temperature required for DNA
strand separation., It was alsc deduced, through f£flow dichroism

measurements, that mitomycin C is not bound to DNA by intercal-

ation,
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INTRODUCTION

The mitomnycins are a series of chemically related anti-

biotics produced by Streptomvces verticillatus (Lefemine et al.,

1962), and related species of yeast (Kirsh, 1967). The most stud-
ied member of the mitomycins is mitomycin C (Mc)l, a knowﬁ and
potent antibiotic (Iyer and Szybalski, 1963), mutagen (Szybalski,
1958), carcinogen (Kawawata et al., 1966}, antitumor agent (Hata
et al., 1956}, lysogenic inducer (Otsuji et al., 1959; Xorn and

Weissbach, 1962), and agent known to stimulate the expression of

inserted genes in Col E. plasmids (e.g. as in the case of insert-

1
ed tryptophan synthetase < gene from Salmonella (Selker et al.,

1977). Mitomycin C is known also to selectively inkiibit DNA syn-

ey ey f i . e
58} . This inhikiticn which e sooomnan-

[0

. - # oy L]
Lhesis (3hiiba 1., 1

E3
ied by BNA degradation (Xersten and Rauesn, 1961} was correlated
with an observed enhancement of magnesium dependent DNAase ac--
tiwity in MCLtreated cells tReich et al., 1961). It has been
shown furthermore that the template, activity of DNA treated with
initomycin C is significantly reduced for both RNA and DNA poly-
merases in vitro (Pricer and Weisshach, 1965). Studies of DNA
treated in vivo with MC, however, show a reduced template active-
ity only for the DNA pblymerases (Pricer and Weilssbach, 1964).

Cn the molecular level it has beén shown that mitomycin C
is relatively inert to DNA in vitro, unless it is activated in
situ by a cell free extract, in the presence of NADPH or by

chemical reducing agents (e.g. sodium dithionite (Na25204), and

sodium borohydride {NaBH4ﬂ, demonstrating that in the cell this



drug is activated metabolically (Iver and Szybkalski, 13864),.
It has been demonstratéd furthermore (Matsumato and Lark,
1963; Iyer and Szybalski, 1963) that exposure of bacterial
cells to MC leads to the covalent crosslinking of the com-
plementary strands of bacterial DNA. The degree of such
crosslinking has been shown to increase with increasing GC
content of DNA (Szybalski and Iyer, 1964b). In addition to -
the crosslinks, i£ is notéd that mitomycin C binds to DNA
monofunctionally (Szybalski and Iyer, 1964¢)Weissbach and
Lisio; 1965); a form of binding that is about ten times
more prevalent than the number of crosslinking chromophores
This binding is also covalent and guanine specific, as es-

Baby

et

imned hy hinding studies psing syonibeiic polyiuciceotides
(Tomasz et al., 1974) and DNAs of varying GC content (Lipman
et al., 1978). At excessive drug concentration, however,
strong electrostatic binding of mitomycin C to nucleic acids
is observed in addition to the covalent binding, resulting
ultimately in 1l:1 drug/nucleotide ratio in the complex. No
base specificity wés detected for this electrostatic non-
covalent binding (Lipman et al., 1978). It is also important
to point out that the erosslinks were oriéinally suggested

to be the direct cause of the observed inhibition of DNA syn-
thesis and death of bacteria upon exposure to the drug (Iyer

and Szybalski, 1963). Mcre recently the predominant mono-

functional binding has also been implicated as biologically



significant in the damage to DNA (Weiss et al., 1968; Kinoshita
et al., 1971; Mercado and Tomasz, 1972; Small et al., 1976).
The chemical nature of the covalent interaction between
the reduced MC molecule and DNA is still largely unknown. Iyer
and Szybalski (1964) presented a detailed hypothesis for the

reductive activation of MC as follows:

Scheme 1:
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According to this hypothesis, reduction and loss of
CH,O0H activates the carbamate function and the aziridine
ring into alkylating groups which will react with nucleo-
philic groups of DNA. Only the following indirect evidence
exists to date for this scheme, however: DNA-bound MC has
the ultraviolet spectra corresponding to the characteristic
mitosene chromophore (X .y 31¢, 248 nm) rather than to mito-
mycin C ()\max 367, 220 nm; scheme l({Tomasz et al., 1974}).
Aziridine lacking analogs bind monofunctionally but cannot
crosslink DNA (Otsuji and Maruyama, 1972; Tomasz et al.,

1974; Lipman et al., 1978), indicating that one of the bind-
ing sites is absent from the drug molecule. It has also bsen
shown that the aziridine ring 1s nasded for the guanine speci-
ficity of the binding (Lipman et al., 1978).

While work on these chemical aspects has been in pro-
gress .in our laboratory, knowledge of the physico-chemicai
characteristics of the DNA-MC complex is 1acking. In the case
of many other drug-DNA interactions the changed physico-chem-
ical properties of DNA have given valuahle information about
the nature of the interagtion. The case of intercalating drugs
is a well known example where Viscosity, helix stability, flow
dichroism measurements etc. have been used to recognize inter-
calation. Another is the case of bleomycin where ultracentri-

fuge 'studies led to recognition of its DNA-cleaving action

D ——

(Haidle, 1971)., It was then the purpose of tlHe present work




to physically characterize the DNA-~MC complex with the aim of
understanding better its chemical nature and to possibly re-
late the nature of any DNA structural changes found in these

complexes to the biological phenomena caused by mitomycin C.



Materials

s r

E.Coli Klz DNA was obtained from General Biochemicals,
Chagrin Falls, Chio and further purified by digestion with
ribonuclease Ty (ca. 40 units/ml in a 1 mg/ml of DNWA solution
in'DSC1 (1/10 SSC)l, 1 hr. at 37°C), followed by precipita-
tion and repeated deproteinization by CHCl, according to
Marmur (1961l). Calf thymus DNA (same source and also Worth-
ingtoﬁ) was treated similarly. Pneumococcal DNA (gift of

Alexander Tomasz, Rockefeller University) was prepared from

wild type strain of Diplococcus pneumoniae as described by

Hotchkiss (1957). Pneumococcal 3H-labelad DNA was prepared
3

by biosynthetic labeling in a medium supplemented with -“H-
thymidine. The activity of the stock sample of pnzumococeous
DNA was 3.9X10870pm/ml. Sonication of calf thymus DNA, where
indicated,was carried out in either a Branson model W 140
sonicator at 60 power or in a Branson model W 185 sonicator
at 100 watts, with a large sonicating head in a Rosette cell
under cooling in an ice bath for 7 two minute intervals and
1 one minute interval with one minute intervals between soni-
cations. By viscometry (see methods) the average molecular
weight of the sonicated calf thymus DNAS depended upon the
sonicator type used: when gonicated by the Branson W 185

the molecular weight was approx. 1.7X10° daltons, sonica=-

. tion by the Branson W 140 gave molecular weights of 3,8-

5.0X10° daltons. Pneumococcal DNA as prepared by the Hotchkiss




procedure had a molecular weight average of approximately 10?
daltons. Unsonicated calf thymus DNA had a molecular weigﬁt
average of approximately 5%10% daltons,

Alkali denaturation of DNA was obtained by the addition
of 3N NaOH to a DNA solution to pH 12.7 and stirring for‘lO
min., féllowed by neutralization‘with 1IN HCl and dialysis in-
to either .017 M phosphate (pH 7.4) or DSCl, Heat denatura=
tion was achieved by heating a DNA solution in the latter
buffer at 100 C for 10 min. and then quickly cooling in an

ice bath.

Mitomycin C and Analogs: Mitomycin C was purchased from

Kyowa Hakko Kogyo Co., Tokyo, Japan. Compound A (MC hydro-
lysis product) was prepared from MC by the procedure of

Taylor and Remers (1975).

DNA-MC Complexes: As a standard method for the formation

of DNA-mitomycin C complexes in vitro the following pro-
cedure of reductive activation was used: Depending upon

the extent of desired binding ratio the appropriate quanti-
ty of mitomycin C was added to 2 umoles of DNA in a solu-
tion of .017 M phosphate buffer, pH 7.4, (The total volume
of the reaction mixture was 3.0 ml). (See figure 1 for the
) binding ratio as determined by the ratio of MC to DNA in

the reaction mixture,) This solution was then in turn de-

~3



aerated by bubbling He gas (Matheson, research grade, 99.9993%
pure) through the solution for 20 min., Then .02 M Na,5,0, (so=
dium dithionite (a reducing agent) freshly prepared by adding
the solid to H,0 deaerated by the same procedure) was added,
via an appropriate Hamilton syringe, in 1.5 molar excess to
the anéibiotic in five equal portions, at 5 min. intervals.

He bubbling continued for 5 minutes after the last addition,
then the mixture (pale yellow) was exposed to air., The pur-
ple color of the reoxidized antibiotic returned guickly. The
l'nucleic acid-antibiotic complex was isolated through gel £il-

tration usihg Sephadex G-100 equilibrated in DSC.

DHNA-Congound A Comnplexes: The vronedurs for the formaticn of

DNA-compound A complexes was identical to that outlined for
DNA~-MC domplexes except for the following: for reactions us-
ing sonicated DWNA and compound A, heating of DNA and the com-
pound separately at 37°C was necessary in order to prevent
slight precipitation of. DNA £hat tended to occur when these
reactants were mixed. Despite these precautions, complexes

of unsonicated DNA and compound A could not be made due to
the significant precipitation that occurred when these re-

actants were mixed.

: Binding Ratios: Binding ratios are defined as mole antibio-

tic bound per mole mononucleotide., The binding ratios of the

complexes were determined by phosphate analysis (Ames and



Dubin, 1960} or UV absorbance at 260 nm for the nucleic acid

and by UV absorbance at 310 nm for the bound drug (molar ex-

1 1 1

tinction coefficient for bound MC = 11,500 liters "moles ™ ‘cm
and bound compound A = 11,400 ].j.te:r:s"lmr.)les"lcrn“:L (Tomasz et
al., 1974}). The Gilford 250 spectrophotometer was used for

albsorbance readings.

Other DNA Complexes: The formation of nitrous acid (HNOz)

crosslinked DNA was made possible by following the‘procedure
of Geiduschek (1961).

Polyvinylsulfateﬂmitomycin complexes were prepared fol-
lowing the procedure of Lipman, Weaver, and Tomasz (1978).

Actincmycin-DNA (sonicated czif thymus) complexes were
prepared by mixing predetermined proportions of actinomycin-D
(Boehringer-Mannheim) and DNA together in DSC as indicated by
: binding isotherms of Miller and Crothers (1968).

Ethidium-DNA complexes of varying binding ratios vere
prepared by mixing predetermined proportions of ethidium bro-
mide and hative calf thymus unsonicated DNA in DSC as outlined.

Aktipis and Kindelis (1973).

DNA Complexes Formed in the presence of Catalase and Superox-

ide Dismutase: The procedure was the same as described for DNA-

: MC complexes except that 100 ug of each enzyme (Worthington)
per pmole of DNA was added to the reaction mixture (pH 7.4}

prior to the addition of sodium dithionite (Na,5,0,).



DNA Complexes Formed in the Presence of Catalase (for

viscosity experiments): Stock solution of catalase (5760 un-
its/ml or 5.76 units/ul) was prepared by taking 10 mg catal-
ase and dissolving in 2.0 ml of .0425 M phosphate buffer {pH
7.4). One ml of this solution in turn was'diluted to 5 ml with
distilled H,0. The set of reactions (all requiring the 5 step
reductivelactivation procedure as described) used in this ex-
periment are as follows: (a) 3 pmoles Na55,0y + 2 pmoles DNA 4
2 pmoles MC, (b) same + 80 pnl catalase, (c) same as (a) minus

MC, and (d) same as (c) + 80 nl catalase.

PNA WMelting and Coeling Curves, Calculation of Praction of

Crosslinked DNA: DN2& melting and cooling curves were taken

on a Gilford 240 spectrophotometer with heating compartment
connected to a Haake heater (Haake Inst., New Jersey),.liquid
circulating pump and thermostat unit. A Honeywell chart re-
corder (Honeywell, Ft, Washington, Pa.) connected to the Gil=-
ford recorded the absorbance and temperature of 3 samples

(buffer, control and DNA complex) at 3 second intervals. The

——

fraction of crosslinked DNA was calculated from the extent of
reversibility of the melting curve on cooling using 50% methan-
01/50% DSC buffer, pH 7.4 according to Geiduschek (1961). The
equation used is:

Fraction Crosslinked = :
l b fc

fs= fractional loss of hyperchromicity of melted sample (com:
plex) upon cooling to 30°C.

f.= fractional loss of hyperchromicity of melted control upon
cooling to 30°C (Geiduschek, 1964)
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The reproducibility of résults was better using 50% methan-
0l/50% DSC buffer than using aqueous buffers. However, aqﬁe—
ocus buffer (DSC) was used for Tm (melting temperature) and
m.b. {melting breadth) determinations of DINA samples. The ab-
sorbancg (AZGO) of the DNA-MC complex was corrected For bound
déaa—absorbance at 260 nﬁ by subtracting 1.34 X the total

310 nm absorbance of the complex from its total 260 nm ab-~

sorbance (Agso)?

Chromatography: Silica gel plates (Macherey-Magel +10 40X80 mm

polygram Sil G/UV 254) for thin layer chromatography were run
with either absoclute methadol\or isoprovanol:1% MNH,OH (Z:1)

HC03 buffer

FPor Sephadex G-25 chromatography .01 M NH4

was used.

Viscosity of DNA Complexes: The viscosities of various nucleic

acid solutions were measured in a Zimm-Crothers (Zimm and
Crothers, 1962) model A rotary viscometer (Beckman). The aver-
age shear stress for DNA solutions of 25 pg/ml was no more than
.015 dynes/cﬁk(zimm and Crothers, 1962). Measurements for tur-
bulance (Taylor, 1936) were negative with the rotor speed and
concentrationé of DNA used. Constant temperature for the appar-
atus was provided by a MGW Lauda-thermostat and pump {Messger-
ate-Werk Lauda) connected via tubing to the water jacket of the
viscometric apparatus., The buffer used for all viscometric ex-~
pefiments was DSCL and 9x1074 M EDTA; pH 7.4..Concentrations of

nucleic acid solutions used varied depending upon the size of




DNA sample {e.g. for sonicated DNA, the concentrations were
from 0.40 to 1.20 mg/ml, where for larger DNA (unsonicated)
the concentrations used were from 0.0l to 0.05 mg/ml). The
intrinsic viscosity [70] of each sample was found in the fol-
lowing way: The relative viscosities of an individual sample
at sevéral different concentrations were calculated (the time
in seconds for 15 revolutions of the rotor for a sample div-
ided by the time for the same number of revolutions of the ro-
tor for buffer alone}. The division of specific viscosity (rel-
ative viscosity = 1) by the DNA concentration gave the reduced
viscosity (dl/gm). The plotting of the reduced viscosity (or-
dinate) against concentration (abscissa) in gm/dl K10'4 for
geveral diflflerent concentraticns gave z linear plot {wiith rhe
aid of linear analysis by Texas Instrument SR-51 g¢alculator).
The Y intercept of this plotjwhich is the reduced viscosity

of the DNA sample at infinite dilution,is the intrinsic vis-
cosiﬁy or the viscosity of the moleculé itself. The molecular
weights of unsonicated nucleic acid samples were calculated

by the Zimm-Crothers modification (Crothers and Zimm, 1965) of

the Mandelkorn-Flery equation (Mandelkorrn and Flory, 1952):
665 log M.W. = 2.863 + log( [A] + 5)

The molecular weights of sonicated DNA above 3X10° daltons

. were calculated by the equaticn of Doty, McGill and Rice (1958):

[71] = 1.45%1076 1og M.w.1.12

X




The molecular weights of sonicated DNA below 2X10° daltons

were calculated by the equation from Eigner and Doty (19653):
[72] = 1.05x107 m.w.0.132

Moderate corrections for molecular weight determined by the
above equations was achieved through the use of the Cox equa-

tion (Cox, 1960; Douthart and Bloomfield, 1968):

intrinsic viscosity of DNA
concentration of salt

slope from log (Nat) vs. leg{7t]
plot for specific BNA (Douthart
and Bloomfield, 1858)
Superscript zZero denotes some
reference solution.

[72] _ N~m [7]
7 &) .

|| I

o
!

Thiz cguation allows fox changes, by variations in sallb coin-

centrations, on DNA molecular length.

Fractionation of Sonicated DNA by Sucrose Density Gradient

Ultracentrifugation: Fractionation of polydisperse (hetero-

geneous 1in M.W.) sonicated DNA (calf thymus) was achieved by
ultracentrifugation on discontinuous sucrose gradients follow-
ing the procedure of Godfrey (1976). Sucrose {(ultrapure den-

sity gradient grade; Schwarz/Mann Bééfon)"éolutions of 20%,

15%, 10% and 5% were hand layered as described by Brakke and
Pelt (1970) into 6 (38.5 ml) polyallomar tubes (Beckman, Spinco
Division). The bhuffer used was ,017 M phosphate, pH 7.4. One ml
of sonicated DNA (conc. = )l mg/ml) in the same buffer was then

carefully lavered over the discontinucus gradients, Then an

T———— . T
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appropriate quantity of paraffin oil (Fisher) was lavered
over this until 1 mm below top of polyallcmar tubes. All
tubes were balanced to within 0.1 gm before centrifugation.
The rotor used was SW 27 (Beckman, Spinco Division). The
centrifuge used was an L3-50 Beckman. The speed of run wvas
25,000‘r.p.m. at 14°C using high acceleration and deceler-
ation as suggested (Beckman manual for L3-50) for large tubes
to prevent wobbling due to velocity changes. The time of run
was 48 hours. After centrifugation tubes were punctured by

a Buchler piercing unit and the fractions (78 drops per tube)
were collected in 30 tubes via a Gilson fraction collector.
Fractions from tubes were read at 260 nm in ¢Gilford 250 spec-~
trophotometer. Pluls Of DWA concentiaticns {(im C.D.,g, units)
vs. tube number gave reproducible sedimentation peaks. Appro-

priate peaks were pooled and dialyzed.

Ultrécentrifugation of DNA-Mitomvcin C Complexes in Sucrose

Density Gradients: Sedimentation of DNA=MC complexes were

done in continuous density gradients made by the technique

as outlined by Brakke (1970}. The conditions for centrifuga-
tion were the same as outlined for the fractionation of soni-
cated DNA except that for unsonicated DNA, the time of the
runs was less (9-24 hours). The sample size was 1 ml of DNA
(1 uwole/ml) solution, Via the puncturing device and frac-
tion collector, samples were collected into 40 tubes (58
drops of sucrose per tube). Distance of peaks from the top

of gradient was calculated by the relationship of 0.1 c¢m per




0.50 mls of sucrose collected as measured according to the

SW 27 polyallomar tube. Correcticns for volume difference

due to the convexing at bottom of tubhe, where volume per dis-
tance changes, was taken into account. The concentrations of
DNA in fractionated samples were measured via their optical
densities at 260 nm. When 3H-labeled DNA was used, the activ-
ity, in counts per minute (tritium) was measured in a Unilux
Nuclear Seintillation counter, For these measurements 10 ml
of New England Nuclear Aquasol-2 cocktail was mixed with 1

ml of DNA solution.

Ultracentrifugation in Alkaline Sucrose Density Gradients:

Theone gradients were prcpared in the samc manner ac
describad for neutral gradients except that the individual
stock solutions varying in sucrose concentrations were ad-
justed to pH 12 with NaOH prior to the formation of the gra-
dients. The samples for sedimentation in alkali were adjust-
ed to pH 12,7 immediately prior to their appli&ation unto
the gradients, The polyallomar tubes, as previously described,
were piercad and fractionated into 40 test tubes. DNA concen-
trations were determined spectrophotometrically at 260 nm

while taking into account the 'slight absorption of the blank

at this wavelength due to the presence of alkali.

Flow Dichroism of DNA-MC Complexes: These measurements were

carried out by me in the laboratory of Dr. E. Gabbay, Univers-
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ity of Florida. Flow dichroism measurements were carried out
at 260 nm or 310 nm using the Cary 17D spectrophotometer with
a Glan-Taylor calcite polarizing prism. DNA--MC complex solu-
tions (1.5-1.8 mM) were allowed to flow through a quartz cap-
illary (0.415 mm radius) via a Sage syringe pump (model 341,
Sage Ingtruments). The shear rate for all experiments varied
from 65 to 2573 sec”l. Spectra were taken with poiarizing beam
at 0" (parallel) relative to flow of solution and at 90° (per-
_pendicular) relétive to flow of solution. The reduéed dichro-
ism in units of absorbance at either 260 nm or 310 nm was

calculated according to the equation of Gabbay et al.(19761%)

(L} Icduced Dichroism = AL. - Al
A
A= 260 nm or 310 nm
AL= absorbance perpendicular to flow
A= absorbance parallel to flow
A, = absorbance of stationary solutien

The reduced dichroism corrected for bound drug absorbance in

the 260 nm region utilizes the following equation:

(2) Reduced Dichroism = (Ay 5 1.34A% Y (AU ~ L34Al )

L0 3

(Rager 1.3423,)

A3 = absorbance at 310 nm due to bound drug

344, = A, ,0f bound drug alone
B~ 13% Ay, = A, ,Of DNA alone

-




The shear rates for flow dichroic studies were calculated by

the equation frcom Davidson (1959):

(3) Shear Rate = _SY __
3Tr3t

. . t
r = capillary radius

it

v volume of flow in time (t)

Volume (V) per time (sec.) on Sage syringe pump
were at these 'positions:
.2167, .1117, .0517, .0233,

.0l17, and .0055 ml/sec.

Gel Electrophoresis: The method of gel electrophoresis used

was that of Dewachter and Fiers (1971). The vertical slectro-

: : . - oo
phoresis slab apparatus with upper and lower resevoirs was em=-

ployed. The power supply used to provide current to gels was

& SP-17A Heath Schlumberger power unit. The voltage applied

was 90 volts (approx. 9 volts/cm gel) with a current of approx-
imately 15 milliamps. All electrophoresis runs were made at
room temperature.

Agarcse Gels: Buffer used was a 1:25 dilution of 1 M Tris,

0.5 M sodium acetate, 50 mM éodium EDTA (adjusted to pH 7.2
with acetic acid). 1.8% égarose gel was prepared by placing
1.8 gm of agarose (Seakem Marine'Colloids) inta 100 ml of the
buffer. This mixture was then boiled until the agarose dis=-
solved completely. Gels were ready for use approximately 1/2

te 3/4 hrs., later.

D ——
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Polyacryvlamide Gels: Buffer used was 1XTEB (l0XTEB is 108 gm

Tris, 9.3 gm disodium EDTZ, and 55 gm borate per liter of sol-
ution, pH 8.3). 3.5% polyacrylamide gels were made by mixing

7.5 mls of 10XTEB, 8.75 mls of 30% acrylamide solution (29 g
acrylamide + 1 g of N,Nimethylene bisacrylamide/L00 ml), 3 mls

of 1.6% ammonium persulfate (freshly prepared) and adding dis-
tilled water to a final volume of 75 mls. After degassing, the
solution was polymerized by the addition of 25 ul of N,N,N N-
tetramethylethylene-diamine (TEMED, catalyst). Polymerization

of this dilute gel took 1/2 to 3/4 hour. Howevér, the gel was not
used until 1.5 to 2.0 hrs., after layering gel so as to ensure

complete polymerizaticn.

Layering of Samples: 20 ul of DA (DNA conc. = 2.0 O.D.zso/ml)

solution in DSC buffer was mixed with 5 ul of sucrose solution
{8% sucrose + ,025% bromophenol blue as indicator) and was la-
vered over appropriate slots via capillary tubing. Both upper
and lower resevolirs contained the appropriate buffer (Tris and
TEB, respectively for agarose and polyacrylamide electrophor-
esis},

Electrophoretic Runs: Runs were commenced by turning on volt-

age with the anode in bottom reservoirand cathode on top and
current through gel. The time of runs fcor unsonicated DNA was
approximately 9 hrs. (the exact times were noted to calculate

' mobilities) and approximately 2 hrs. for sonicated DNA samples.



Staining and photography of Gels: After terminating the run,

the gel slab was placed in a glass tray containing 500 ml of
TER buffer scluticn and .1 ml ethidium bromide (5 g/l) for %
hour to stain DNA. Gels were then washed with distilled
water. In the dark under UV light the ﬁluoréscent DNA bands
were photographed by a Polaroid Land 195 camera stand system
‘using close-up 1ensé and red gelatin filter. fhe film used
was # 107 Polaroid. Exposure time depended upon br;ghtness
(as determined by distance) of UV lamp and bands, but was
usually 30 seconds using f-8 stop in camera.

Distances Moved by Bands: Distances were measured by metric

ruler. Relative mobility was taken as the distance traversad
by sample band (midpoint of band} &n millimeters divided Sy
distance traversed in gel by control (native DNA). Mobilities
were calculated in units of cmz/volt-sec. by multiplying dis-
tance. traversed by sample in centimeters by the height of gel
(cm) and dividing this by the voltage and the time of zrun in

seconds.

Molecular Weight Determination by Electrophoresis: Molecular

weights of DNA samples used in electrophcresis runs were es-—
timated by their distance migrated in gels relative to that .
of standard DNA fragments of known molecular weight. The stand-
ard DNA was fl(RFI) viral DNA digested with RHae III restricw-
tion enzyme (kindly supplied by Dr. Ken Horiuchi of Rockefeller

University). The molecular weights of these fragments were 1,90,

1.18, 0.59, 0,09, 0.07, and 0.05 million daltons respectively




{Horiuchi, 1975). The moleacular weights of various DNA samples
were estimated from the linear plot of log M.W. vs. mobility
of the standard fragments (Maniatis, 1875: Peacocke and Dingman,

1971).

Electron Microscopy: These experiments were performed in the

laboratery of Dr. Alexander Tomasz at Rockefeller University,
New York, with the help of Ms. Maria Fazio.

The electron microscopy of DNA-MC complexes and aﬁpropriate
control DNAs were performed with a Sieman's 101 electiron micro-
scope at magnifications of 25,009X to 50,000X. Davis and Hyman's
version (Davis and Hyman, 1971) of the Kleinschmidt procedure
(KLeinschmidt andAZéhn, 1959) was used for the preparation and
spreading of DNA samples for electron microscopy. DN2-MC com-
plexes for electron microscopy were made following the stand-
ard procedure as outlined in the methods. For DNA samples pre-~
pared in the presence of the enzymes catalase and superoxide
dismutase (see methods) a subsequent deproteinization by chloro-
form was performed (Marmur, 1961). The final concentration of
DNA in the samples used in these electron microscopy procedures

was 0.5 ag/ml.
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RESULTS

Thermal Denaturation Experiments at 260 nm

The thermal deﬁaturation profiles of the MC complexes
of calf thymus sonicated and unsonicated DNa)and.of E.Coli
DNA in DSC buffer are displayed in figs. 2,3, and 4, respec-
tively, along with controls. One of the several and distin-
guishing characteristics of the various DNMA-MC complexes is
the ability to renature spontaneously upon cooling, depending
ﬁpon the extent of drug binding (binding ratio; tables 1 and
.2).

A second pattern is the increase of Tm (temperature of
melting or midpoint of DNA hyperchruvmic rise} of the complexcs
relative to their controls. As shown in fig.5, the AT (Tm dif-
ference between complex and control) in agueocus buffer, increas-
és with greater binding ratio of the complex and levels off at
a maximum value (between 7 and 9°C) near binding ratioc 0.10-
0.15 for both calf thymus and E.coli DNAs.

A third characteristic present in these melting profiles
is the increase in the melting breadth (defined as the temperm
ature interval between 10 and 90% melted DNA (Dove and Davidson,
1962)) with increasing binding ratio for these complexes relative
to their controls (sez fig.6 and 7). The curves for & m.b.

- vs. binding ratio {(fig.7) and AT VS, binding ratic (fig.5) are
guite similar.

A contrast is seen in a number of melting characteristics

when one compares high and low molecular weight complexes (un-
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sonicated and sonicated DNA-MC complexes, respectively; see

table 1) . Sonicated DHNA and their complexes, exhibit lower

T, values and higher melting breadths relative to the complexes and
controls of the higher molecular weight DNA forms,

An additional characteristic seen in the comparisons of
. ]

the melting profiles for sonicated and unsonicated cowplexes
(see table 1} is the diminished ability of sonicated DNA-MC

complexes to renature relative to complexss formed with lar-
ger DNAs (e.g. unsonicated DNA),

Findings exceptional to the ones obtained with DWA-MC
complexes are displayed by complexes of DNA mads with com-
pound A, the open aziridine derivative of mitomycin C. These
complexes display no appreciable change in Tyyr melting breadth
or renaturability of melting profile (see figuress;]and 8).

Thermal denaturation studies of native unsonicated calf
- thymus DNA-MC complexes similar to those completed in aqueous
buffer, were also conducted in a 1l:1 methanol/DSC buffer sys-
tem (see figures 10 and 11, and table 3). {In figure 9 is the
melting profile of a fully nitrous acid crosslinked DNA sample
used as a comparision for the DNA-MC complexes in 1:1 (50/50)
buffer). This system was—chosen since it allows for greater
reproducibility and consistency of results in DNA thermal de-
naturation studies (Szybalski and Menningham, 1962), While re-
versible denaturation was readily observed in this buffer, the
increase of T (é.Tm) and melting breadth {Am.b.)at a given

m
binding ratio was much lower than that observed in DSC (see

fig.5, fig.7 and table 1B and 3),




“Double Melting Profiles”

The thermal denaturation profiles of a DMNA-MC complex
and its control in agueous buffer are shown in figure 19, Both
the complex and control have been thermally denatured and, upon
cooling to the premelting temperature, were reheated, as in the
originai thermal denaturation, and then again recoocled. in the
DNA-MC complex there is very little change in the meiting tem-
peratures (75.0°C vs. 76.5°C), meltiﬁg breadths and in the lev-
els of renaturation petyeen the first and second melting-cool-

ing cycles.

Viscosity Experiments

A. Drug Complexes of Sonicated DNA: The relationship bhetween

DNA~drug complex concentration and reduced viscosity for a ser-
ies of sonicated calf thymus DNA~MC complexes and control DNA
is shown ip figure 24. All complexes display a distinct in-
crease of intrinsic viscosity relative to the control; an in-
crease which becomes more apparant, as shown in figure 25, with
greater binding ratio of complex. The viscosity plots for two
sonicated DNA-compound A complexes of binding ratios ,12 and
.06 are displayed in figure 28, These complexes display ins
creases in viscosity relative to the control comparable to those
shown by DNA-MC complexes.

A plot of reduced viscosity versus concentration for an

actinomycin-sonicated calf thymus DNA complex (binding ratio of
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.13) and its control (in duplicaté) is shown in figure 26.

In view of the.fact thet aggregation can lead tb lar§e
viscosity increases (Eigner and Botyv, 1262), the viscosity of
a solution of stored (2 weekg) sonicated DNA~compound A com-
plex wﬁich may have containad an aggregate form of its com-

plex was measured (fig. 27) against control to demonstrzate

the pattern the viscosity increase would take in the presence

of probable aggregaition. The exceptionally large slope of the
viscosity-binding ratio relationship for the complex, relative

to the'control, demonstrates the concentration dependent effect

of aggregate formation (e.g. formation of dimers, trimers etc.)

Theeams ww——

tration dependent effects are not seen in the viscosity~binding
ratio plots for the DNA-MC complexes (figures 24 and 28) and
thus aggregation is eliminated as the cause of increased vis-

cesity in these samples.

B. Unsonicated DNA-MC Complexes: Figure 29 shows a plot of

reduced viscosity versus DNA-MC complex concentration for two
unsonicated calf thymus DNA-MC cowmplexes and control. In con=
trast to the marked increase in viscosity displayed by the soni-
cated complexes, these complexes (binding ratios .12 and .10)
display a pronounced drop in viscosity (intrinsic viscosities

of 34 and 35 respectively) which represents approximately 80%

of that shown by control DNA ( [21»43). Since these values for
the viscosity possess a precision (ma:imum percentage devia-

tion) of 4.3% or less (see table 7), they represent real differ-
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ences in the viscosity of the samples. The relative intrin-
sic viscosity (sample[ZﬂS/control[ﬁﬂc) for a series of un-
sonicated DNA-MC complexes of varying binding ratios is shown
in figure 25 and table 6. In this plot it is apparent, that
thefrglgtive intrinsic viscosity diminishes as tha DNA be-
comes more extensively bound with mitomycin C. (This effect is
also reproduced with DNA-MC complexes made from E.coli DA, see
table 6)., As shown in figure 25, furthermore, the decreaso in
viscosity levels off near a binding ratio of 0.10 fone drug
molecule per 5 base pairs).,.

Visconetric measuraments made in an effort to deter-
mine whether the decrease in viscosity was the result of DNA
chain srission (double strand brezkage) are displayed in ta-
bie 6. Here thé viscosities of a series of calf thymus DA
samples containing the enzyme catalase (used to preveni: chain
scission of DNA by catalytically converting H,0, (hydragen
peroxide) to H,0 and 0, (Morgan et al., 1976) was measured.
The results show no change_in the viscosities of the follow-
ing samples; (1) DNA - Na28204 {reducing agent), (2} DNA +
Na,8,0, + catalase, (3) DNA& + Na,S,0, + MC, (4) DNA + Na,S,04 +

MC + catalase.




Ultracentrifugaticn of DNA-MC Complexes in Neutral Suerose

Density Gradients

A. Sonicated DNA-MC Complexes: An analytical examination of

the DNA-MC complexes was possible in these gradients since the
sedimentation characteristics for all samples complied with the
linear relationship (Burgi and Hershey, 1963y found between se-
dimentation coefficienté, distance and time ¢f sedimentation

for nucleic acids in sucrose gradients. The maximum average per-
centage deviation (a ﬁeasure of precision, Skoog and West, 1865)
found in any set of runs for the samples was no more than 2.5%
(e.qg. iﬁ fig. 31 is a triplicate run of unsonicated calf thymus
native DNA whose precision was 1.4%; see also table 8).

Toe sedimentation profilos for two sonicaied DNA-MT com-
plexes (binding ratios 0.1¢ and €.05), and a control sample in
neutral sucrose are shown in fig. 32, With the exception of a
slight increase in the distance of sedimentation, and an in-
crease of peak heights_(due to drug absorbance at 260 nm} for
the comélexes, relative to the control, ‘there is no significant
difference in the sedimentation patterns of these samples.
(There is a 1.7 to 3.4% increase in the distances sedimented
for these complexes (binding ratios 0.05 and 0.10, respective-
ly] relative to the control, These increases, which are due to
the added mass of bound drug in these complexesf are relative-

ly small and statistically inéignificant.)

[




27

"B. Unsonicated DNA-MC Complexes:

The sedimentation curves for 3 unsonicated DNA samples
(in duplicate; control, and 2 DNA-MC complezes of binding ra-
tios 0.10 and 0.05)are shown in fig. 33, The main character-
istiec is the difference in distances sedimented by the varicus
samples, The éhange cf distance sedimented (as measured by
peak of curve) by complex III (b.r., = 0.10) is approximately
42% (see table 9) over that of control, while there is a 17%
increase of distance sedimented by complex XI (b.r. = 0.05),
‘These increments of increase are greater than what one expects
_for the increased mass due td bound drug. The increase of mass
of DNA due to bound drug will increase the distance of sedi-->
mentation (Bloomiield, Crothers, and Tincee, 1974) to an ex-
tent that can be calculated depending upon the binding ratio
(see table 9).

The smaller height of peak III (unsonicated coﬁplex of
OyiO‘E.rﬂ, see fig. 33) can be best explained by a diminishing
peak compénsated by curve broadening relative to the width of
control peak I. This broadening becomes more significant at

lower 0.D.s {see fig. 33).




Sedimentation of "Mixed Unsonicated-Sonicated" DNA-MC Complexes

The éedimentation curves (in duplicate) of DNA-MC complex-

es made from equimolar quantities of sonicated (3H-labeled) and
unlabeled unsonicated DNA are shown in figure 34. {(Controls:

a DNA mixture of the same ratio without standard MC reaction).
The purpose of these euperiments was to see if labesled sonicated
ﬁNA could be "linkgdj via mitomycin C, to unlabeled unsenicated
DNA (intermolecular cresslinks). Apparantly, from these curves,
there is complete retention of label in the sonicated DNA peak
(in sonicated complexes as well as with controls). The results
thus show no observable "linking" or complexing between soni-
caved and unsonieatad OOA, via the veductively acliveicd MO G-

action.

Ultracentrifugation in Alkaline Sucrose Gradients

The sedimenting peaks for several native calf thymus sam-
ples in neutral sucrose gradients are seen in figure 35, DNA
treated with Nazszo4 displays no apparent difference in its dis-
tance of sedimentation relative to the untreated.control. The
DNA-MC complex of binding ratio .087 sediments, as expected,
ahead of the control DNA,

The sedimenting peaks for the same samples in alkaline

sucrose gradients are seen in figure 36. While the complex, as

anticipated, sediments ahead of control DNA, the sodium dithio-~
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nite treated DNA lags behind the ﬁontrol in its ability to
sediment, a finding which suggests the presence of single-
stranded breakage (see discussion).

| When Na, 5,0, treatment of DNA is carried out in the
presence of catalase and superoxide dismutase the effects
aof Nazséod are prevented since no shift to lower sedimenta-
tion coefficient is observed, as seen in fig. 37. Catalase
and superoxide dismutase have no effect on the DNA-MC com-

plex, hovever (sse appendix 10).

Flow Dichroism

The change observed in the reduced dichroism for sever-
al pNA (unsonicated)-MC complexes and their control versus
shear rates at 260 nm and 310 nm is shown in figure 41. Firom
these plots, several . distinguishing patterns aré discernable.
One such pattern is the unequal reduced dichreoism of oppositle
sign for DNA (260 nm) and bound mitomycin C (310 nm). Another
characteristic is the increase and approach towards a level-
ing off of the reduced dichroism with increasing sﬁear rate
for the DNA samples. This pattern displays the expected be-
havior of the reduced dichroism of DNA with increasing shear
rates (Bloomfield, Crothers and Tinoco, 1974). A third pat-

tern displayed is the decrease in magnitude of .the reduced



dichroic curves for the DNA samples with increasing binding
ratio of drug. A similar pattern is also found for the 310 nm

reduced dichroism of the bhound drug.

Gel'Electrophoresif of Uasonicated DNA-MC Compleles

In plate C¢2 the electrophoretic patterns in 3.5%”poly—
acrylamide for several lnsonicated calf thymus DNA~MC complex-
es of varying binding ratip are shown. The essential character-
istic displayed in this pattsrn is the reduced mobility of drug-
DNA complexes compared ito control DNA, a characteristic which
becomes more apparent in complexes with higher binding ratios.
The mobility for these unsonicated complexes, as shown in tig-
ure 38 (see alsb table 10), dedreases linearly until a binding
ratio of 0.10~0.15 where a leveling off appears. A second char~
acteristic seen is the reduction or the quenching of ethidium
flou?escence intensity in these complexes with increasing bind-
ing ratio of the complex. (Ethidium bromide, a fluorescent
stain for DMA, has heen shown by Lown (1956) to be, in some
manner, sterically blocked by mitomycin C, from entering that
portion of the nucleic acid responsible for the enhanced fluor-
escence). A third pattern seen in all electrophoretic runs with
unsonicated DNA complexes is the immokile band at the top or
- eﬁtering portion of the gel. {Bands appear larger in photo~

graphs due to angle of U.V. light entry). These bands appear
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to be large DNA (see appendix 9).

To test the possibility that the pattern of reduced'mo-
bility was unique {o calf thymus DEA, the electrophoretic runs
on two E.coli DNA—MC‘complexes were performed under identical
conditipns {see plate Al). Thé fact that the reduced relative
mobilities of these two complexes (binding ratios .05 and .08)
fell on the plot (fig.38) established for calf thymus DNA dem-~
onstrates that the reduction in mobility is not exclusive for
calf thymus DNA,

An electrophoretic run of native calf thymus DNA treated
with sodium dithionite in the absence of mitomycin C is dis-.
player in plate AZ. The wvesnlts show no change in tha mobility
of a Na25204 Q:eated DNA sample shown Lo contéin single strand-~
ed breakage (see sedimentation results) reiative to control.
As second control a DNA-MC complex (binding ratic .087), made
with MC and an identical qqantity of reducing agent, was also
used and displayed the expected decrease in «lectrophoretic
mobility.

‘Unsonicated DNA samples crosslinked with nitrous acid
show only a slight reduction in electrophoretic mobility rel-
ative to control (plate B2}.

Unsonicated DNA-ethidium complexes formed from ethidium
. bromide, on the other hand, display (plate Cl) a broadening as
well as a lowering in the electrophoretic mobilities relative

to controls (table 10 and figure 38).
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Detection of Crosslinked DMA by -Gel Electrophoresis

Crosslinked DNA renatures spontaneously to the nativé
state after denaturation in contrast to control (linear)} DNA.
Denatured DMA, on the other hand, migrates more slowly and
appearé mo;efsmeared than native DNA iq polyacrylamide gels
(Lyons énd Kotin, 1965). Consequently, after applying denatur-
ing conditions, the migration of crosslinked DNA remains un-
changed, while the mobility of control DHA, now denatured, is
reduced. If the sample is only partially crosslinked, a hetero-
geneous pattern is seen. Plate El shows the gel patterns of a
series of DNA-MC complexes which demonstrates these principles.
Complex IXI is 100% crosslinked by MC (as established from UV
agsay, see methods) and shows no difference before and after
submission to denaturation conditions. Complexes IIT and IV
yhich are only partially crosslinked display some renatured ma-
terial but mostly denatured after submission to denaturation
conditiong. (The small renatured bands seen here and in plate
' E2 indicate the presence of intrinsic crosslinks in calf thymus
DNA {Alberts and Doty, 1968).) Note that thermal and alkaline
denaturation give the sgame results. To demonstrate that these
principles are true for crosslinking agents other than MC, HNO, -
crosslinked DNA was also investigated and the results shown in
plate B2 indicate that this is so: After submission to denatur-
ating conditions, crosslinked DNA is clearly distinguishable

from control.
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Gel Electrophoresis of Sonicated Calf Thymus DNA-MC Complexes

For these experiments sonicated DNA was fractionated in-
to different M.W. ranges by sucrose density gradient ultracen-
trifugation as described in the methods, The polyacrylamide
gel patterns for two sets of fractionated sonicated DNAs with
varying molecular weights aré shown in plate Gl. The molecu-
lar weights range from 3X105 to 1x100 daltons, as assessed by
direct comparison to a standard M.VW. reference_pattern from
£, (RFY) DNA (plate F1).

Mitomycin C complexes formed from fractions of sonicated
DNA were run electropheretically against their DNA controls
{cce wlates Fl and F2) ., With the binding ¢f MZ to DA, thore
is the expected reduction in electrophoretic mobility for the
‘" complex relative to controls. The reductions, however, for
‘these complexes are less drastic than those displayed by un-
sonicated DﬁA—MC complexes of comparable binding ratios (see
figure 38 and table 10)., In consideration of this difference
it. is interesting to note that the plot (fig.39) of the rela-
tive mobility vs. M.W. of different size DNA-MC complexes hav~-
ing an identical binding ratio of 0.09 shows clearly that the
decreased electrophoretic mobility of DNA-MC complexes ié a
DNA size-dependent effect.

Sonicated DNA-compound A complexes, on the other hand,

regardless of their binding ratio, show little or no reduction

in electrophoretic mobility relative to controls (see plate G2),
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The presence, however, of residual immobile bands .on top of

gel patterns for some of the complexes (slots 2 and 6) sug-
gests some form of DNA breakdown or aggregation-like phenomen-
on in DNA-compound A complexes of higher binding ratios which
prevents a fraction of the DNa (as indicated by ethidium fluor~
esence) from entering the gel. Furthermore, in plate G2 the
bands for complex 2 (sonicated DNA~compound A éomplex of bind-
ing ratio .23) show a decrease in ethidium fluorescence suggest-~
ing, as already described for DNA-MC complexes, the presence of
bound drug. Nevertheless, it is understandable that removal of
a certain portion of DNA, in the form of an immobile band, if
significant, will naturally lower the coﬁcentration of DNA in

the mobile band, thus explaining its decreased flouresence,

Electron Microscooy of Unsonicated Calf Thymus DNA-MC Complexes

Plate 1 is a photograph (50,000X)y of an electron micro-

scopic grid pattern for a control {unsonicated native calf thy--

mus) DNA sample, In this pattern several molecules of DNA are
displayed whose strands are relatively smooth in contour.

In plate 2 the grid pattern (50,000X) is shown for con-
trol DNA treated with a gquantity of sodium dithionite used in
the standard procedure for the formation of DNA-MC complexes.

(This quantity is also known to produce significant single

stirand breakage; see sedimentation studies.} Relative to plate 1,
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the contour cof the double strands of plate 2 DNAs display,
overall, a slight curving or bending of strands.

Plates 3a and b represent the grid patterns (50,000X)
of an unsonicated DNA~MC complex of binding ratio 0.,1l. In
these grids a number of DNA molecules exhibit a definite

coiling or bending in strand contour which cannot be ex-

plained by the natural overlap or tangling of DNA strands

that may stem from variation in the techniques of spread-

ing of DNA onto microscope grids (Beer, 1968).

In plate 4 is displayed the pattern for control DNA
treated with the enzymes catalase and superoxide dismutase.
The prevalent aspect observed, relative to the non-enzyme
treated control (plate 1), is a jaggedness in the contour ot

the DNA strands. (Magnification is 50,000 X.)

In plate 5 is displayed the pattern for control DNA
treatgd with sodium dithionite (as in grid 2) in the pre-
sence of catalase and superoxide dismutase. The contour of
the DNA strands exhibited in this pattern are similar to
those displayed in plate 4. {(Magnification is 50,000 X.)

In plate 6 is displayed the grid pattern for a DNA-MC
complex (binding ratio O;l) formed in the presence of~catal—
ase and suéeroxide dismutase., A definite increase in the coil-

ing of DNA strands fbr many of the molecules displayed here

reproduce the patterns shown in plates 3a and 3b. (Magnifica-

tion is 50,000 X.)




Electron Microscopy of Sonicated Calf Thymus DNA-MC Complexes

Electron microscope grid patterns for sonicated ;alf
thymus control DNA and a sonicatea calf thymus DNA-MC complex
of binding ratio 0.10 are displayed in plates 7 and 8, res-
pectively. A comparison of these plates indicates that there
is no diff@rence in the contouxr and shape of DNA strands in

the complex and contrel. (Magnification of pattern is 50,000 X.)
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Legend: Fig.2 . Relative 0.D.5¢q versus Temp. for sonicated

calf thymus control DNA (—) and it$

mitomycin C complex

(b.r.=.06) in DSC f{(---). Fig.3 - Rel. 0.D.50g Vv.s5. Temp. for

unsonic. calf thymus control DNA () and it's MC-complex

{(L.r.=.02) in DSC {--).
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Fig.H . A’I‘,n versus Binding Ratio for a series of native DNA-mitomycin complexes.

Legend is as follows: Unsonicated cal# thymus DNA—mitomy.cin C complexes in DSC (©Q),
unsonicated calf thymus DNA-mitomycin C complexes in 1:1 methanol-DSC buffer ((3),
unsonicated E.Coli DNA-mitomycin C complexes in DSC (A), sonicated E.Coli DNA-come—

pound A complexes in psScC (&) ' and scnicated calf thymus DNA-mitomycin C in DSC (o).
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DNA-compound A complexes.
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unsonic. calf thymus DNA complex (--}, and it's con-

trol (—) in 1l:1 methanol-pSC buffer.
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unsonicated (©®) and sonicated (F) calf thymus na-

tive DNA-mitomycin C complexes.
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for an unsonicated calf thymus DNA-mitomycin C complex of
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"hyperchrohic effect” (—). Rel. 0.D.37p V-5- Temp. for

bound drug (-=~). The T, and melting breadth (m.b.) for the
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complex is 73.5°C and 20.0°C as opposed to 73.0°C and 17.5°¢C

for the corrected wmelting profile.
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Legend: Relative 0.D. g _Versus Temperature for an

unsonicated calf thymus DNA-mitomycin C complex of
binding ratio .11 in DSC (-+—), and a corrected profile
(corrected for the "hyperchromic effect" associated
with the 260 nm absorbance contributed by the bound
drug) of the same complex (——-)}. The T and melting
breadth (m.b.) of the complex are 76.5 C and 19.5°C
'respecﬁively. The Th and m.b. for the corrected pro-

file are 76.5 C and 17.0°C.
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"260

for a calf thymus DNA-mitomycin C complex (I) of

binding ratio .11 and it's control (II). f—ﬂ-) c
and (-——))respeétivelylrepresent the 1lst and 2nd
melting profiles for the complex and the control.
For the complex,the T, and the melting breadth for
the lst profile are,respectively, 76.5 and 19.5°C
as opposéd to 75.0 and 20.0°C for the 2nd profile.
The T, for the control is 70.5°C. The buffer used

is DSC.
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Legend: Relative 0.D.56p versus Temperature

for a calf thymus DNA-mitomycin C complex {=#<)
and it's control (--—)'which were sonicated.

The melting breadth and temperature for the com-

plex was , respectively 18.5 and 70.5°CJas compared

-]
to 11.5 and 69.0°CJrespectively for the control.

Melting profiles were taken in DSC buffer. The

binding ratio of the complex was .12,
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Legend: Relative O.D.260 versus Temperature

for a calf thymus DNA-mitomycin C complex (==~
and its' control (——) which were sonicated.

The melting breadth and temperature for the com-
plex was respectively 17.0 and 70.0 C as compared
to 11.5 and 72.0°C for the control. Melting pro-
files were taken in DSC buffer. The binding ratio

of the complex was .04.
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complex with b.r.= .15 (), complex with b.r.= ,1l0
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determinations), and a DNA-actinomycin complex (3@ ) of

approximate binding ratio of .125 (drug/phosphate).
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Legend: Reduced Viscosity versus DNA Concentration

for a sonicated native calf thymus DNA-compound A complex
that was stored {(® ) and its control (e ). Measure-

ments were taken in DSC-EDTA buffer at 25.0 C.
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'REDUCED VISCOSITY

L i 1 | 1 i \
4G0 BOO 1200 1600

DNA CONC. (3=/40x 10"

Fig.28 - Reduced Viscositvy wversus DNA Concentra-

tion for a series of native sonicated DNA-compound A
complexes jn DSC-EDTA buffer at 25.0°C. M.W. of DNA

was approx. 2x10° daltons, Contrel DNA (e ), complex

with b.r.= .11 (@), and complex with b.r.= .06 (A).
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"REDUCED VISCOSITY

40

30

VR

10 20 30 40 50

DNA CONC™ (3m/4)x 10

Fig.zg . Reduced Viscosity versus DNA Concentra-

tion for unsonicated native DNA-mitomycin C com-
plexes in DSC-EDTA buffer (pH 7.4) at 25,0°C.

Control (2 determinations, (@) & (O)), complex

58

with b.r.= .10 (A), and complex with b.r.= .12 (0O).
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04 .08 L2 e .20

BINDING RATIO

, [7.1 o
Fig\B(). Relative Intrinsic Vi50051ty‘ﬁﬁff versus Bind-

ing Ratio for various DNA complexes. Complexes made with
proflavine (@), and 9-amincacridine (&) in'.OOSM Nat.
(Unsonicated DNA was used. (Drummond, D.S..et al., 1966)).
Complexes formed from actinomycin D (@), iﬁﬂlzﬁ Naf.‘(DNA
M.W., &= 10° daltons. {Muller, W., and Crothers, D.M.,
1%68) ). Complexes made with mitomycin C (), and com-
pound A (B ) in .015M Na*, ( DNA M.W. was approx. 2X10°

daltons}. Complexes made with adriamycin (%), and it's

B anomer (W) 'in .1M Nat. ( Zunino, F. et al., 1977 ).
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Legend: 0.D. versus Volume Sucrose Fractionated for calf thymus native unsonicated

260
DNA in 017 M phosphaiie buffer (pH 7.4) in triplicate (I, II, & III, (——)). CPM (xlO_B}

v.s. Vol. Sucrose Fractionated for unsonicatec pneumococcal DNA labled with 3H {~~=~) which

was run under identical conditions. Run conditions: 24,500 r.p.m. for 17 hrs. at 14°C.
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F'ig.32.. O0.D.5¢q Versus Tube _Number for sonicated native DNA-mitomycin C com-

plexes in neutral sucrose gradients. Run conditicens: 24,500 r.p.m. for 93 hrs.

min. at 14 C. Control DNA (—e=), cc‘:nmplex'_'(b.r.== .05, (——)), and complex
(b.r.= .

and 40

11, (=~-=-=)). All samples were run in duplicate.
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.~ TUBE # | |

-Fig.s?)-.

O'D'260 versus Tube Numker for unsonicated native DNA-mitomycin C

\
complexes in neutral sucrose gradients. Run conditions: 24,500 r.p.m. for 9.5
hrs. at 14°C. Control DNA (-}, complex (b.r.=.05, {(—)), and complex (b.r.

10, (-=-}). All samples were run in duplicate.
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3000

1000

TUBFE Z&E& ‘

| Fig.34 . 0.D. ey (—) and C.P.M. (-~—) versus

Tube Number for native calf thymus DNA samples in

neutral sucrose gradients. I and II are dublicates
of labled sonicated and unlabled unscnicated DNA
reacted under standard reductive activation condi-
tions with mitomycin C (binding ratio = .,08). III
and IV are duplicates of controls for runs I and II
{controls are a similar mixture of labled sonicated
and unlabled unsonicated DNA without mitomycin C).
U represents the sedimentation of the unlabled un-

sonicated DNA. Run conditions: 24,500 r.p.m. at 14°C
for 49 hours.
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Fig;355. 0.D.550 versus Tube Number for Calf Thymus DNA samples in neutral

sucrose gradients., Run conditions: 23.5 hrs., and 24,500 r.p.m. at 10°c.

Control DNA (-e9, control + Nazsgfh; -}, and DNA—mitcmycin C (b.r:=.087, (---)).
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0.b. 260uy

TUBE ##

Fig.361 0.D. versus Tube Number for alkali denatured DNA in alkaline

260
sucrose gradients (pH 12.0). Run condtions: 24,000 r.p.m. for 24 hrs. at 10°C.

Control DNA (-s-), control + Na, S, O, ==}, and DNA-mitomycin C (b.r.=.087, (=v).
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CTUBE £

Fig.B? . O'D'260 versus Tube Number for alkali

denatured Calf Thymus DNA samples in alkaline

sucrose gradients (pH 12.0). Run conditions:
24,000 r.p.m. for 22 hrs. at 10°¢c. Contéol DNA
(—o—) , control + Na,S,04 (—), DNA-mitomycin C
(b.r.= .09, (<-~-~)), control + Na25204 + catalase
4 suéeroxide dismutase {-++}, and DNA-mitomycin C

(b.r.= .09) + catalase + superoxide dismutase &2-o7.
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Legend: Electrophoretic Mobility (L) wvs. Binding Ratic for a series of DMNA complexes in

3.5% polyacrylamide. Complexes are unsonic. calf thymus DNA-mitomycin C with DNA MW of~3.6
}cl()6 (®), c. thymus DNA-M{ with DNA MW of«:lC'6 (@), unsonic. E. Coli DNA-MC.with DNA MW

of'-'3.6:':l06 (E ), unsonic. c¢. thymus DNA—~ethidium (A}, and sonic c. thymus DNA-MC (®),
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Tegend:

Relative Mobility wvs. DNA Molecular Weight for a series of calf thymus

DNA-mitomycin C complexes of binding ratio .09 in 3.5% polyacrylamide.
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Log M.W. wvs. Electrophoretic Mobility ({L)x10° for a £, RF] DNA

digest (@ ) in agarose. 3v extrapolation: U is unsonic. calf thv~

mus DNA, and E, M, & F respectively are the end, middle, and front

portions of a sonic. c¢. thymus DNA electrophoretic band.
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Fig.44 . Uncorrected Reduced Dichroism versus

Shear Rate for a series of native unsonicated
calf thymus DNA—ﬁitomycin C complexes. C (con-
trol), I (complex, b.r. = .15), II (complex,
h.r. = .09), ITII {(complex, b.r. = .06). Reduced

dichroism at 260 nm (9). Reduced dichrcism at

3210 nm (o).
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Fig.42 . Reduced bichroism versus Shear Rate for

a series of native unsonicated calf thymus DNA-
mitomycin C complexes. C (control), I (complex,

b.r. = .15), IX (complex, b.r. = ,09), III (complex,
b.r. = .06). Reduced dichroism at 260 nm (e}.

Reduced dichroism at 310 nm (0).
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Legend: The Variance in Physico-bhemical Prozerties (Relative Intrinsic Viscosity [’fz,]r

Relative Electrophoretic Mobility(u], A Melting Temperature, and A Melting Breadth)

with Binding Ratio for Unsonicated Calf Thym:s DNA-Mitomycin C Complexes.
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Plate Al : 3,5% Polyacrylamide

Slot Description
C Control Native E.Coli DNA
I Native E.Coli DNA-MC Complex
(B.Ratio = 0.17)
II Native E.Coli DNA-MC Complex
(B.Ratio = 0.08)
ITI Native 1.Coli DNA-MC Complex
(B.Ratio = 0.05)
i/2 A Two-Fold Diluted Control
1/10 A Ten~Fold Diluted Control

4

Plate A2 : 3.5% Polyacrylamlde

Slot Description
C Native C,Thymus DNA Control
Na Control Treated with Na,S,0,
(13.5 umoles to 6 umoles
of DNA)
I Native C.Thymus DNA-MC Complex

(B.Ratio Approx. 0.09)
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Plate H : - 1.8% Agarose Gel Electrophor-
esis of Several Nucleic Acid

Samples.

Slot Description

U Unsonicated Native Calf Thymus
DNA.

s Sonicated Native.Calf Thymus
DNA,

R, flRFl Restrictioned Fragments

(See Results and Methods).

R, Single Stranded DNA f1 form

Restrictioned (See Results and
, Methods) . ‘

-t Plate B2 : 3:5%_P5I§écfffémide - Unsonic-
ated C.Thymus DNA Crosslinked
with Nitrous Acid.{HNOz).

%)
'_.l
o}

ot

Description

- Control DNA

- Control DNA Alkali Denatured

~ Control DNA Thermally Denatured
HNOZ-Crosslinked(lOO%)-DNA (Sample 4}
- Sample 4 Thermally Denatured

Sample 4 Alkali Denatured

- HNO,-Crosslinked(80%)-DNA (Sample 7)
- Sample 7 Thermally Denatured

- Sample 7 Alkali Denatured

-~ DNA-MC Complex of B.Ratio(0.02)-Samp.l0
- Sample 10 Thermally Denatured

HOWwWoo -1 0nd b
{

=

¥L
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Plate Cl : 3.5% Polyacrylamide - Unsoni=-
cated C.Thymus DNA-Ethidium
Complexes. (Native)

Slot Description
C - Control Calf Thymus DNA
1 - DNA-Ethidium Complex (B.Ratio 0.24)
2 = DNA-Ethidium Complex (B.Ratico 0.21)
3 -~ DNA-Ethidium Complex (B.Ratio 0.10)

Plate C2 : 3.5% Polyacrylamide - Unsoni-
cated C.Thymus DNA-Mitomycin C
Complexes. (Native)

Slot Description
C - Control Calf Thymus DNA
1l - DNA-MC Complex of B.,Ratio 0.16-
2 - DNA-MC Complex of B.Ratio 0.05

3 - DNA-MC Complex of B.Ratio 0.01

SL
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Plate E1 : 3.5% Polyacrylamide - Unsonicated
Calf Thymus DNA-MC Complexes Sub-
jected to Thermal and Alkali De-

naturation.
Slot Description
c Control Native DNA
Ca Control Alkali Denatured
Ch Control Thermal Denatured -
I DNA-MC Complex (Nativa) (B.Ratio 0.26)
11 DNA-MC Complex (Native) (B.Ratio 0.05)
IIp DNA-MC =%B.R,=0,05) Alkali Denatured
IIy - DNA=-MC - (B.R.=0.05)Thérmal Denatured
11T DNA-MC Complex (Native) (B.Ratio~u005)
IITp DNA-MC (B,.R.~.005) Alkali Denatured
III, DNA-MC (B.R~»,005) Thermal Denatured
IV, DNA-MC (B.R £ .005) Alkali Denatured
IVp DNA-MC (B.R.<.,005) Thermal Denatured

Plate E2 : 3.5% Polyacrylamide - Unsonicated
Calf Thymus Denatured DNA-MC Com-

plexes. (Alkali Denatured)

Slot Description

N ‘Native Control DNA
. D Denatured Control

I Denat.DNA-MC Complex (B.Ratio 0.29)
II Denat.DNA-MC Complex (B.Ratio 0.08)
IIT Denat.DNA-MC Complex (B iRatio 0.02)
Mc Native DNA-MC Complex(B.Ratio 0.07)

9L
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Plate F1l

: Pol&crylamide 3.5% - Sonicated
Calf Thymus DNA-MC Complexes

(Native).
Slot Descrlptlon
385 Native Calf Thymus DNA
(Controls for Slots 2&4).
254 Sonlc. DNA-MC Complex (B Ratio 0.08).
8&10 Natlve Calf Thymus DNA
{Contreols for Slots 7&9). .
789 Sonic. DNA-MC Complex (B.Ratio 0.23).
1 A repeat of sleot 7&9 runs using 2X
the Normal DNA Concentration.
6 flRFl Phage DNA Restrictioned by
Endo R Hae IIT Enzyme.
Plate F2 : Polyacrylamide 3.5% - Sonicated
Calf Thymus DNA-MC Complexes
(Native).
Slot Description
1&3 Unbound DNA Controls for Slots 2&4.
2&4 Sonic. DNA-MC Complex (B.Ratio 0.09).
5&7 Unbound DNA Controls for Slots 6&8.
6&8 Sonic DNA-MC Complex (B,Ratio 0.21).
9s11 Unbound DNA Controls for Slots 10&12.
10&12 Sonic. DNA-MC Complex (B.Ratio 0.04).

LL
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Plate Gl :

Plate G2 :

Polvacrylamide (3.5%) - Sonicated
DNA Fractioated by Sucrose Gradi-
ent Ultracentrifugation. Samples
in Slots 11 to 7 (From left to
Right) are DNAs in Increasing M.W.
Fractionated One Test Tube Apart
Via a Punctured Polyallomar Tube.

Samples in Slots 8., to 5¢ are sim-
ilar Except this Set of Fractions
was from a Duplicate Preparative
Centrifugation.

- Polyacrylamide (3.5%) ~ Sonic=-
ated Calf Thymus (Native) DNA~-
Compound A Complexes.

Description

5 Unbound Controls for Slots 5

5 Sonic, DNA-Cpmpound-A Complex
of B.Ratio 0.09,.

6 Unbound Controls for Slots 6

6 Sonic. DNA-Compound A Complex
of B.Ratio 0.11,

2 Unbound Controls for Slots 2

2 '~ Sonic. DNA=-Compound A Complex
of Binding Ratio 0.1%8

8L
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Legends for Plates 1-8°

Plate 1l: Unsonicated calf thymus DNA {control).

Plate 2: Unsonic. calf thymus DNA treated with Na,S,04-

Plate 3: Unsonic. calf thymus DNA-MC complex, b.r. 0.1
(a&b) :

Plate 4: Unsonic. calf thymus DNA + catalase + super-
oxide dismutase.

Plate 5

Unsonic. calf thymus pNA + Na25204 + catalase +
superoxide dismutase.

Plate 6: Uﬁsonic. calf thymus DWA-MC complex (b.r.— 0.1) +
| catalase + superoxide dismutase.

Plate 7: Sonicated calf thymus DNA (control)

Plate 8

Sonicated calf thymus DNA-MC complex, b.r. 0.1



_—
E
3]
D
I
0
n
o~y
@
33
I
b |
o

EfE
L

-
by

Plate 1 (Top)T

o

3
N

5

..
.@W.:.v;.

A ke a3 ..r.#-

e A Xk ; L
pb....u.“ﬂ_mww. ; } fix it




¥
STRICES ]

-

Y

A
TN Yerg

H e T
(AR IR




e ot

.

hina

),

Plate 5 (Bottom)l

Plate 4 (Top)T

e

A

v

Ly
i

1Y




™

3

e

x

i
LA
S

Nt 3L ke




84



Table 1-A.

Sample
Control
.Complex
Complex
Complex
Complex
Complex
Coqtrol

*
Complex

*
Complex

* These samples of DNA and complexes were sonicated after their formation.

dix 3.

Melting Characteristics of Sonicated Calf Thymus DNA—Mitomycin c

Complexes in DSC Buffer

Binding
Ratio

0.20

L}

68.5 -
75.8 7.3
75.2 6.7
72.5 4.0
71.0 2.5
68.5+ 0.0
69.0 -
70.0 1.0
70.5 1.5

Tm ¢ ATme

32.9

30.7

33.1

34.3

36.7

35.6

33.0

29.2

31.0

ZHyperchrom-
icity

g2Crosslinked

43.1

37.4

33.9

35.5

21.9

39.6

43.1

Melting"-
Breadth

18.0
31.Q
28,5
23.0
29.0
21.0
11.5
17.0

18.5

A Melting®,
Breadth

13.0-

11.0

3.0

5.5

7.0

See appen-

** Melting breadth is the temperature differénce between 10% and 90% hyperchromicity
for a DNA sample

(Dove and Davidson,

1862

1
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Table 1-B - Melting Characteristics of Unsonicated Calf Thymus DNA~-Mitomycin C
Complexes in DSC Buffer . .

-

Sample Binding ™m ¢ ATm ¢ $Hyperchirom- %Crosslinked Melting ‘¢ AMelting “¢

I Ratio 1 | - icity ! ! Breadth Breadth - --
Control - § 72.0! - 39.3 5 0 11.5 f -
Complex 0.20  80.5: 8.5 34,5 80.3 25.5 | 14.0
Complex - 0.14 79.8 7.8 34.6 74.1 . 25.5 i 14.0
Complex 0.10 - 78.1 6.1 34.5 75.3 . 23,5 i 12,0
Complex 0.08  76.9 4.9 34.3 77.2 225 11.0
Complex 0.06  76.0 4.0 35.3 77.4 'o19.2 7.7
Complex 0.04 75.3 3.3 36.1 89.9 " 1.0 6.5 .
Complex 0.03 74.9 2.9 36.0 87.0 : 19.2° ‘ 7.7
Complex 0.02 74.0 2.0 37.7 . 86.4 . 21.5 10.0

.

Complex 0.01 72.0 0.0 38.4 82,3 C17.0 5.5

98



Table 2. lelting Characteristics of Unsonlcated E.Coli DﬂA-ﬁltomy01n C
Complexes in DSC Buffer

-

Sample Binding Tm'c ATmE $Hyperchrcm~ %Crosslinked Melting % A Melting N

. Ratio ( ;- , icity . , Breadth , Breadth __

Control ~-.  _771.0 - 34.0 0 7.0 -

Complex 0.20 86.0 9.0 32.5 85.1 17.0 10.0
Complex 0.16 85.0 8.0 34.0 74.5 2205 15.5
Complex 0.06  84.0 7.0 32.5 73.9 21.5 14.5
Complex 0.05 82.0 5.0 31.3 . 85.2 19.5 12.5
Complex 0.03 80.0 3.0 34.5 72.1 - 13.5 6.5-
"Complex 0.02 79.5 2.5 35.0 96.5 10.0 3.0
Comples 0.10 77.0 0.0 34,5 77.2 7.5 0.5

L8



Table 3. Melting Characteristics of Unson:cated Calf Thymus DNA-Mitomycin C
Complexes in '1l:1 Methanol:DSC Buffer.

Sample Binding Tm ¢ AdeL‘ $Hyperchrom- $Crosslinked Melting ¢ AMelting €

., Ratio \ ! | icity . i Breadth , Breadth
Control - 56.0 - °  46.0. 0 _ 13.0 -

58,0 -~ (Av.)
Complex £ 0,005 5.0 0.0 43.5 16.2 12.0 ~-1.0
Complex < 0.005 56.0 0.0 42.4 - 37.7 13.5 0.5
Complex 0.01 56.5 0.5 44.1 B4.6 15.5 2.5
Complex 0.02 56.5 0.5 43.1 = 97.7 17.0 4.0
Complex ~ 0.05 57.5 1.5 16.3 96.7" 16.0 3.0
* .

Complex 0.08 57.0 1.0 42.7 100.0 18.5 5.5

' *
Complex 0.15 58,0 2.0 40.0 100.0 19.5 - 6.5

* 3%Crosslinked values represent corrected values taking into account abscrption in
the 260 nm region due to bound drug. See appendices 1&2 and fig.'s 11,16,17&18
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Table 4. Observed and Corrected Melting Temperatures for a Series of Sonicated
and Unsonicated Calf Thymus DNA-MC Complexes in DSC Buffer

Fraction Fraction i P a1
Sonicated gigiza Non-Cross- Tgbs' Unsonicated! Fraction| Observed T, | Corrected~
DNA p linked ] DNA Cross-— of 'I‘m(Tc.l.i
Samples c.l. ifn-c.l. i Samples | linked Unsonic, DNA m g
: I : :
i 1
Cogggél - - 68.5°C P - - : 72.0°¢c -
Complex .58 .42 75.8°C Complex 1 80.5 C 81.1°¢C
bnr.= -20 b.rl= -20
. o
Complex - .53 .47 75.2°C Cocmplex 1l 78.l°C 8l1.1 C°
b.r.= '10 : b.r.= .10
Complex .49 .51 72.5°¢ Complex 1 76.0 C 76.7 ¢
b.r.= .06 ' b-r.= ‘06.
Complex .50 .50 71.0°C |  Complex 1 74.9 ¢ 73.5°¢C
b.r.= .04 b.z.= .04

68



Table 6. Relative Intrinsic Viscosities (723 of Various -
DNA-Mitomycin C Complexes in DSC and EDTA (9X10 *M)

p

Samples and Descriptions Binding Relative {77 ¢
, Ratio (rt}Sample/[n) Control
Unsconicated Calf Thymus
DNA-Mitomycin C Complex - 0.02 1.00
" 0.07 .85
o o o 0.09 0.81 i
" 0.10 0.79
" 0.32 0.77
Unsonicated E.Coli
DNA-Mitomycin C Complex . 0.08 ‘ 0.92
' " 0.18 0.45
Sonicated Calf Thymus
e EmESMitomycin O Complex 05 L.5T
" S ’ 0.10 - 1.37
" 0.07 1.31
Sonicated Calf Thymus
DNA-Compound A Complex 0.11 1.40
" 0.06 1.31
Unsonicated DNA + Na,S,04 * - 1.00
Calf Thymus .
Unsonicated DNA (C.Thymus)
+ Na,5,0, + Catalase - 0.98
-. 25274 ‘s ; -
Unsonicated Calf Thymus 0.10 . 0.88
__DNA-Mitomycin Complex : -
. * %
Unsonicated C.Thymus 0.10 0.85

- DNA-MC Complex + Catalase

*-  Viscometric studies of unsonicated Calf Thymus DNA with
- = - - or without Na28204 show no change (LaRusso et g&., 1978).

**~ All DNA-MC Complexes are formed in the presence of
N6.25204. ’ ! )



Table 7. ﬁiéééélﬁy Measurements (in triplicate) and

Precision for Samples of C.Thymus & Pneumococcal
Native DMa. ' T T o :

Sample Intrinsic
.._.Viscosity

Calf Thymus
Unsonicated 16.9
DNaA

— (Sample-l)

" 42.5

Calf Thymus
Unsonicated 46.6
DNA

. {Sample=2)

" 44.6
" 42 .4
Pneumococcal

Unsonicated 70.6
DA

" 69.0

* - The methed of Skoo
the precision,

I
g

-

Mean

44.0

n

44.5

9.3

1§

and West

Average

+1.9

(1965)

T g

is used

Percentage Average
Value Deviation, Deviation(Precision)

4.3%

1.3%

to calculate
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Table 8,

for Native DNA-Mitomycin C Complexes.

Sample

Unsonicated
Calf Thymus
DHNA

Unsonicated
C.Thymus DNA-
MC Complex

Unsonicated
C.Thymus DNA-
. MC Complex

Triplicate Run

of C.
. Unsonic.

Thymus
DNA

3H7Labeled
Pneumccocous
Unsonic. DNA

Sonicated
Calf Thymus
DNA

Sonicated
Calf Thymus
DNA-MC Comple

Sonicated
Calf Thymus
DNA-MC Comple

®*- Maximum %Average Deviation (Precision)

92

Sédimentation Measurements and Characteristics

Binding Fig. Time
Run

Ratio

9.5
hrs,

33

0.10

0.05 33 "

31

31 17.0

32 893.7

.11 32 93.7

X

0.65 32 93.7

X

17.0

. . [

A L. *&k _ . _

Av, Dist. M.W. Sediment.
Sedimented (Daltons)Coeffic.
| - . [l
1.20%,05 em  5.4%X106. 15.0 g
1.70%.05 cm " 21.28
1.40%,05 ¢cm " 17.5 &
2.10%,05 cm L 15.0 S
2.60%.05 cm 10.0x10% 18.6 s
'i .

5.90%.05 cm  3.8X10° 7.6 S
6.10%.05 cm L 7.9 S
6.00%.05 cm " 7.7 &

found amongst samples

was 3.5%. Precision for C.Thymus was l.4%, but nevertheless
=.05 cm was used to express widest possible deviation.

**. See footnote 7.

fication

(Zimm and Crothers,

+- M.W. calculated by Zimm-Crothers modi-
1965) of Mandelkorn-Flory Eq.

and use of the Cox (1960) Eq. for M.W. corrections due to
. differences in salt conc.
Eigner and Doty (1965) Eq.

4o

i- M.W: calculated by the

Obtained through extrapolation using plots displaying the
variation of (8) and [72}jwith counterion conc.

(Eigner and Doty,

1965) and also using the equation shown in footnote 7.



Table 9. Actual and Expected Disgances of Sedimentation
for Native Calf Thymus DNA-Mitomycin C Complexes.

(A) . (B)
Sample Binding Actual Dist. % Expected (A - B)
RN . Ratio  Sedimented  Change Dist. Sed'mt. cm
Unsonic. | '
C.Thymus - 1.20%,05 em 0 1.20%.05 cm 0
DNA
Unsonic. 0.10 1.70%,05 cm 41.7 1.20%.05 cm 0.50%.05
C.Thymus
DNA~-MC
Unsonic.
C.Thymus 0.05 1.40%,05 cm 16.7 1.20%.05 cm 0.20%,05
DNA-MC
Sonicated
C.Thymus - 5.90£.05 em © 5.90.05 cm 0
DNA L
Sonicated
C.Thymus.  0.11 6.10%.05 em 3.4 6.10t.05 cm 0
DNA~-MC _
Sonicated .
C.Thymus =~ 0.05 6.00%,05 em 1.7 6.00%,05 ecm 0
DNA-~MC

(A) - Data obtained from Table 8,

(B) - Expected distance sedimented, after correction for M.W.
increase due to bound drug in DNA-MC complexes. The
factors of 1.10 and 1.05 were used {respectively for
binding ratios 0.10 and 0.05) for correction.{by mult-
iplying the M:W. of control by these valuesone obtains
the expected dist. of sediment. when using the appropri-
ate equation (see footnote 7)

(& - B)- Is the increase in distance sedimented, relative to
control, not due to bound drug.

*~ Is the percentage increase of the control distance sedi-
mented by the complex:
He
D = Distance Sedimented $Change = Complex)- ControlD
! - ' ControlD

X100




Table 10. The Electrophoretic Mobilities According to
Binding Ratio for Calf Thymus DNA Complexes.

Samples and Description  Binding Relative Electrophoretic
Ratio Mobility *#*%
P ‘ - - . e ey
Unsonicated Native calf = 0.01 0.92-% .02
. Thymus DNA-MC Complex '
" 0.02 | 0.86 * .02
" 0.05 0.47 £ .02
" _ 0.08 0.42 £ ,02
f" 0.15 0.26 t .02
" 0.16 0.20 £ .02
0.31 0.18 * .02
n
" Unsonic. C.Thymus Native
DNA~Ethidium Complex G.04 5.%0 T .oz
" . 0.22 0.75 % .02
¥*Sonicated Native Calf 0.04 0.90 ¥ .02
__ . Thymus DNA-MC Complex
" 0.08 0.75 T .02
" 0.23 0.63 = ,02
Sonic. Calf Thymus Native 0.04 1.00 £ .02
____DNA-Compound A Complex B i o L
" 0.11 1.00 ¥ (02
" ©0.23 0.98 ¥ ,02
Unsonic. C.Thymus Native - 1,00 tv.02
DNA treated with Nazszoq- _
"7 Unsonicated Native o mmm e
C.Thymus DNA-MC Complex* 0.09 0.56 £ .02

o d

——— [ I

"' *2 Molecular weight of DNA in this complex was approXiMately,
as assessed through electrophoretic determination of M.W.,
1X10° daltons. _

**- Molecular weight of the sonic, DNA used here waSﬂa4X105.
***~ The electrophoretic mobility of complex 'divided by that
of the control. ,



DISCUSSION

Part I: Thermal Stability, Viscosity, Rate of Sedimentation,

and Flow Dichroism of DNA-MC Complexes.

Increased T.. of DNA-MC complexes is probably due to the cross-
3

links: Increased Tps~ of DNA-MC éomplexes compared to that of
control DNA have been found previously (Tomasz et al., 1974)
and were on theoretical grounds (Crothers and Zimm, 1965) al-
leged to arise from the crosslinks present in these complexes.
No clear~cut experimental proof exists, however for this hy-
pothesis. In order to test it, an attempt was made to find an

experimental correlation between the degree of crosslinking

and the observed T of DNA-MC complexes. No such correlation in
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general has been described previously, due to inherent difficult-~

ies associated with most crosslink systems. These difficulties

ére: (a) crosslinking agents (e.q. UV,‘bifunctional mustards,

nitroﬁs acid,.iow pH,.etc.} usually induce additional "mono-
functionai" damage confusing the T, effects of the crosslinks
alone. (b) quaﬁtitative assay of crosslinks is feasible only
at extremely low crosslinks/base pair rétios. The reason for
this is the following: All known assays of crosslinked DNA
are based on the extent of spontaneous renaturation of dena-
tured DNA., (Geiduschek (1961) explains this renaturation as
. being due to a bifunctional covalent bonding {crosslinking)
between the complementary chains of DNA. As a result of this,

and despite secondary structure loss of the DNA due to therm-

al denaturation, the contiguous base pairs (those bases con-



nected and proximal to the bifunctional link (crosslink)
are constrained to remain in a small volume zone. Once the
conditions become thermodynamically favorable {cooling)
for the reestablishment of ordered structure (reannealing
of complementary DNA strands)’' those nucleotides which were
confine& in a limited volume element reassociate in the
correct sequence and, by doing so, provide a nucleus from

which a complete reannealing of the specifically paired

double helix is possible (see tables 1,2,3, and figures 3

and 11).) In view of this it is important to note that the
average number of crosslinks per DNA molecule (m) is usual-

ly calculated from the Poisson relationship:

m = ln-L
F
where P,= 1 -~ (fraction of crosslinked DNA). The fraction of

crosslinked DNA is experimentally determined by denaturing
DNA and measuring the amount of the spontaneously renatured
(i.e. crosslinked) fraction by various methods (Iyef and
Szybalski, 1963). In this work the melting curve reversibil-
ity method was used (see methods, p.10). As an example of an
application of this assay method, assume that the melting

curve of a crosslinked DNA-MC complex shows 80% reversibility

. compared to 0% reversibility of control DNA. Thus the number

of crosslinks per DNA molecule (m) is:



and the numbexr of crosslinks per base pailr (approx. M.W. of .

654) of DNA (average M.W. = 10%) is
1.61 | -6
= 1.61 X 654 X 10 = 0.001
106, 654

or reciprocally, one crosslink per 1000 base pairs.

This example demonstrates that,even at this low level
of crosslinkage, 80% of the DNA population is crosslinked.
Once the entire DNA population is crosslinked (100%; minimum
of one crosslink per each DNA molecule), an upper limit in
the assaying of crosslinkage by- these methods is reached;
that is they will become insensitive to further increases
in the numbew of crosslinks. Tt is also obvious that {his
limit is extended higher, on a crosslink/base pair basis,

if the M.W. of the DNA is lower. This is easily understood

from the following diagram: " (B): Low M.W. DNA
= }(A): High M.W. :
- DNA
Dena- 100% Reversed ///W" F§<\\

tured f_\’/,m;
(A) and (B) are identical amounts of DNA containing one
crosslink per that amount. Since the average M.W. of DNA

in (A) is twice that in (B), one crosslink in (A) gives

' 100% crosslinked DNA, while one crosslink in (B) gives on-

ly 50% crosslinked DNA.



The difficulties described so far in the’ study of cross-
linking (e.g. inherent difficulties described in (a) and (E)
in the preceding pages) are also associated with the mitomycin-
-induced crosslinks. For example, the monofunctional "damage" |
{i.e. binding) i& 10-20 fold more frequent than the crosslinks
(see introduction). Nevertheless, by a new method of analysis,
it was possible to distinguish the effects of the crosslinks
alone, as follows: In order to test whether a corfelation be-
tween T, and crosslinks exist, Tp,S of sonicated DNA-MC complex-
es were compared with T s of unsonicated DNA-MC complexes. The
complexes to be compared had identical'drug binding ratios.
These results zre shown in table 4. The measured T, -5 obvious-
Iy a composite of TS ©f the crosslinked and non-crosslinked
molecules in the sonicated DNA case,and it is the T, of the
pure crosslinked molecules alone in the unsonicated DNA case
(100% crosslinked). We argued that if the higher T, of the
latter is due to a greater degree of crosslinking, then cor-
rection of the Ty ©f the former sonicated complex for its non-
crosslinked fraction-sﬁould give‘ﬁhé same highef T, value for
its crosslinked fraction as that of the latter unsonicated com-

plex. The basic formula for this correction is

<fc.l. X Tﬁ'l‘) + (fn-c.l. X T;ontrol) - Tgbs.

and, consequently, (Tg'l')= Tgbs. - (fn_c.l. X Tgontrol)

fc.l.
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(T;'l' is the hypothetical T of the crosslinked population,

Tgbs. is the observed T, Tgontrol is the T, of control soni-

cated DNA, fc 1 is thé fraction of the total DNA crosslinked,

and £ is the fraction of total DNA non-crosslinked.) If

n-c.l.
we apply this, for example, to the complex of binding ratio

0.2 (table 4) we obtain
( o pe.-l. = 75.8 ={0.42%68.5) . g1.1%c
m

) 0.58

This is indeed very close to the T, ©f the corresponding unson-
icated (100% crosslinked) complex (T, = 80.5°C). These Tg-l}
values were calculated for each of the sonicated complexes in
table 4 and are shown in the column "corrected Tm". It is clear
that the agreement between these and the chserved T, of the’

non~crasslinked complexes is excellent in most cases. These re-

sults suggest that the original assumption, namely that the cross-

links are the cause of the T increase is valid. This is said despite

the fact that the formula for the correction (p.98) does not take in-

to account the crosslinking density of a heterogeneous popﬁlatibn'oflx

DNA molecules where the relationship between the fraction of mole-

cules containing no crosslinks and the weight fraction of reversible

DNA can become less direct (Geiduschek, 1964), Nevertheless, the origi-

nal assumption that the crosslinks are responsible for the inecrease of

Ty of DNA is maintained "since the number of sites in each molecule

(DNA) available for crosslinking must be very large' (Geiduschek, 1964).
An additional and independent support for crosslinking as

the cause of T, comes from the thermal behavior of DNA complex-

es of the monofunctional MC derivative "compound A". Compound A

binds to DNA but is unable to crosslink it (Tomasz et al., 1974).

The finding that there is no increase of Th of these complexes

(figure 7 and 8) is consistent with the conclusion that the

T, increase is the consequence of the crosslinks.
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The crosslinking of DNA by mitomycin C probably plays a major

role in the broadening of the melting transition of the DNA-MC

complexes: Paralleling the T increase for the DNA-MC complex
is the finding, obtained here (see figures 6 and 7) and else-
where (Cohen and Crothers, l970h of a broadening in the trans-
ition of melting (transitional breadth)}. As the process of DNA
melting is one , in generxal, of high cooperativity, where the
entire chain, or large segments thereof,, change directly from
the helix to the random coil form (van Holde 1971), then a broad-
eninq4 in the transitional breadth can be related to a non-co-
operativity in the strand separation process for DNA. Such
broadening in the thermal transition, for instance, has been
reported (Stewart, 1968) for samples of DNA bound with acridine
orange (a known intercalator (Lerman, 1964)) and is explained
as a result of the transfer of chromophores of acridine orange
from denatured Lo native DNA during the melting process., Acri-
dine molecules, in other words, during the heating of DNA, are
released from eérly'molecules, thus increasing the effective
acridine concentration for the stabilization cf‘the femaining
molecules. This process eventually leads, therefore, due to
the continual formation of complexes with higher thermal sta-
bility, to an increased transitiocnal breadth. In contrast to
this however, the binding of the mitomycin C chromophore to
DNA has been shown to be covalent (Iyer and Szybalski, 1963)
and stable to heat (Szybalski and Iyer, 1964a; Szybalski and
Iyer, 1964b) and thus the increase in the transitional breadth
of the DNA-MC complex cannot be explained by a mechanism which
involves a release of drug alone. It appears, therefore, that

the non-cooperativity in the DNA strand separation process for



the DNA-MC complex stems from some other factor.

In the attempt to determine the cause of this non-co-
operativity in the melting of DNA-MC complexes, it is essen-
tial to briefly cutline the accepted mechanism for DNA maltihg.

It is understood that the duplex strands of high molecular

- weight DNA separate at internal points with the subsequent form-

ation of alternating regions of helix and coil {(Bloomfield,
Crothers, and Tinoco, 1974). With the formation of these alter-
nating internal points, a process of looping or ring-like form-
ation comes into play allowing for a ccoperative melting of the
DNA (Crothers et al., 1965), (there is a free energy decrease

when planar 37 electron systems are stacked rather than more

fu
¥}

disporsed in leeping, and gince the trangitional breadth is
controlled by this free energy of base stacking, a cooperativ-
ity or sharpness (smaller transitional breadth) in the melting
process occurs (Crothers et al., 1965). Low molecular weight
DNa (several hundred thousand daltons M.W.; the size range of
the sonicated DNA used in the thermal denaturation studies),
on the other hand, melts by a mechanism involving strand sep-
aration from the ends of the molecule (Crothers et al., 1965).
This mechanism which depends upon the increased importance of
melting originating from the ends of the molecule does not in-
clude the cooperativity of internal strand separation, charac-
teristic of high M.W. (unsonicated) DNA, This then results in

an increased or broader transitional breadth for the shorter

{
DNAs. The contrasts in the size of the transtional breadths-
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for sonicated vs. unsonicated DNAs, as well as their complexes,
are shown in table l{a&b),

In view of the foregoing discussion, involving mechanisms
for strand separation, one may propose that since the efficien-
cy of strand separation sharpens the transition of DNA, then it
appears that the crosslinks, in their interference of strand
separation, play a major role in the transitional broadening of
DNA (Cohen and Crothers, 1970). A support for this reasoning is
the fact that DNA-compound A complexes contain no crosslinks
(Tomasz et al,, 1974} and no broadening in melting transition,
while DNA-MC complexes display both of these characteristics,
(A further support for this is related also to the fact that
the point (binding ratio 0,10~0.15) indicating the leveling
off of the increases observed in the melting breadths of the
DNA~MC complexes (figures 6 and 7) coincides with that point
where the melting temperature increases similarly level off
{(fig.5). This concurrence suggests,strongly,a common element
kcrosslinking) as the cause for both the melting breadth and
Tm increases.} The fact, furthermore, that similarities in the
melting breadths (see appendix 5) and A melting breadths, for
the sonicated and unsonicated DNA-MC complexes exist despite
the fact that forms of DNA in these complexes exhibit differ-
ences in the mechanisms of melting, as indicated'by wide dif- -
ferences in the magnitude of their melting breadths (for the
- c&ntrol or unbound forms), demonstrates, it appears, that the

general mechanisms of strand separation for short or long DNA
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are being disrupted through a general crosslinking of the
DNA duplex. It can then be said that the two different mech-
anisms (end melting or loobing) of strand separation are
"masked" through crosslinkage. In other words, although the
mechanisms of strand separation for both high and low molecu-
lar_weight DNAs are different, as expressed by differences in
their melting breadths, the absclute difference, as a result
of crosslinkage, between the melting breadths of any one com-
plex, at any cone specified binding ratio, and’it's control,
is independent, more or less, of the size {(e.g. sonicated vs.

unsonicated DNA, see table 1) of the DNA.

Differences in Some of the Melting Characteristics of DNA~MC

Complexes in Agueous vs. Agqueous-Organic Buffers.

The melting profiles of DNA;MC complexes in methanol-DSC
buffer exhibit lowered AT, and Amelting breadths (am.b.) rela-
tive to those profiles obtained from DSC alone. It is interest-
ing to note, however, that for the DNA-MC comélexes, the ratios
of¢$Tmﬁmm.b. in agueous and organic buffers differ substantial-
ly (e.g. comparisons {see tables 1 and 3), for instance, of a
complex of binding ratio 0.15 shows a AT&Jhm.b.r in aqueous
buffer, of~ .6 while this same ratioc in methanol-DSC buffer is
. x.3). From this difference, it appears that the rises in T
and melting breadths for the DNA-MC complexes stem from differ-
ent sources, an assertion that contradicts the view that the

change in these two variables originates from the crosslinking



of DNA by mitomycin C. Supporting the view that these two vari-
ables are not necessarily concurrent is the fact that a number
of compounds (e.g. ethidium bromide, netropsin, and methyl
green) are known to increase the Tm of DNA significantly with-
out increasing its breadth of transition (LePecq and ﬁaoletti,
1967; Zimmer et al., 1971; Krey and Hahn, 1975). With regard

to this independence of Tm increase, it can thus be said that
these compounds are able to stabilize their respective complex-
es to melting (in respect that additional thermal energy is
needed in the dissociation of the helix) without changing the
cooperativity of DNA strand separgtion). It is important to
note however, that the two solvent systems being compared here
differ somewhat in the effects they have on DNA melting. For
inStance, since it is known that DNA in solutions of increas-
ing methanol concentration display properties indicating se-
condary structural changes (e.g. decreases in viscosity and in
the radius of gyration and increases in the sedimentation co-
efficients (Herskovits et al., 1961)} then it is understood

that direct comparisons of the AT /Am.b. ratios for aqueous

and organic systems cannot be made with any degree of certain-

ty.
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The Possibility of Intercalation and the Viscometry of

DNA-Mitomycin Complexes

Although the previously described analysis of the melt-
ing behavior of DNA-MC cémplexes shows that the crosslinkage
of DNA by mitomycin C is a very likely cause for the observed
T increase, other modes of chromophore binding, known to in-
crease the Tm of DNA, deserve brief consideration in this dis-
cussion. Compounds (e.q,. ethidium bromide and varibus.é£85atic
cations) known to intercalate the base pairs of DNA (LePecq
and Paoletti, 1967; Gabbay et al., 1973) for instance, have
been shown to increase its melting temperature by a significant
degree; even as high as 25-30°C (Lerman, 1964; Gabbay et al,,
1973; Zunino EE al., 1977; LePecq and Paoletti, 1967), This in-
crease is due to the ability of the intercalating chromophoré
to increasé thé amount of effective base pairing in denaturing
DNA. As explained by Lerman (1964), the increase in T, corres-
ponds to'the additional energy needed to dissociate the inter-
calating agent from the helix in addition to separating the

strands. The fact that covalent interaction is usually lacking
in the instances of compéunds reported to bind to DNA through
the intercalative mode does not, in itself, rule out mitomycin
as a possible intercalating agent.

Viscosity measurement is another method used as probe for

the nature of drug-DNA interactions. Variations in the viscosity
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of DNA are due to changes in the length and flexibility char-
acteristics of the DNA molecule (Lerman, 1%961; Lerman, 1964)
attributed to the various ways in which compounds may bind
to the helix. With a lengthening and/or stiffening of the
DNA helix, DNA solutions encounter a greater restriction to
flow with the resulting effect of increased viscosity (Lerman,
-1961) . The non-intercalating antibiotics distamycin A and ne-
tropsin, at certain levels of binding, are known to increase
DNA viscosity by binding along the DNA strands in a manner
(e.g. probably on the outside of and perpendicular to the he-
lical axis (Zimmer et al., 1971) which allows for a stiffening
of the helix. On the gther hand, compcunds that intercalate
between the baze peairs of DNA {e.g. ethidium bromids and pro-
flavin, (Lerman, 1961), increase the viscosity mainly by in-
creasing the length of the DNA molecule (Drummond et al., 1966).
This is made possible by an insertion (resulting in slight un-
windiﬁg of the DNA double helix} of the intercalating agent's
poly-, or:heterocyclic aromatic ring structure between the DNA
base pairs; a condition which then maintains adjacent base
pairs to remain separated by a length about twice their norm-
al distance apart (Lerman, 1961).

The flexibility of DNA diminishes as its molecular
weight decreases and approaches the persistence length (a
size parameter, 0.8-3.3%X10° daltons, characterizing the lim-

it of flexibility of DNA) or rod-like state of DNA (Bloomfield,

Crothers and Tinoco, 1974). In view of this circumstance, changes
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in viscosity of short rod-like DNA are the result of changes
in the length of the DNA molecule rather than in its flexi-
bility (Gabbay et al., 1973). Therefore the viscosity increas-
es observed for the sonicated DNA~-MC and compound A complexes
(figs.24, 25, and 28),using DNA of approximately 200,000 dal-
tons M.W.,are explained, it appears, by the lengthening of the
DNA helix obtained upon its reaction with mitomycin C. This
condition of lengthéning is generally concluded to result from
the‘intercalation of chrombphores into the DNA helix, since
this mode of binding is the more likely, and prevalent form of
binding responsible for extending the bNA molecule in the he-
lix axis direction (Gabbay et al., 1973; Kapicak and Gabbay,
1975). (The qualitative effect of a small molecule on the ob-
served viscosity of a DNA solution is a test for substances
that might be intercalators (Lerman, 1964).)

The extent of the viscesity increase for the DNA-MC com-
plexes'fits into the patterno(fig.BO) of viscosity change dis-
played by a variety of complexes containing intercalated DNAE.
_Is MC therefore an intercalator? The @ anomer of adriamycin
has been shown (Zunino et al., 1977) not to intercalate DNA
(atypical scatchard plots (Muller and Crothers, 1975) and
sigmoidal binding curves {Blake and Peacocke, 1968) indicates
a cooperative outside binding process for this anomer). Yet,
sonicated DNA complexes containing this anomer display signi-
ficant viscosity increases (Zunino et al., 1977) (see fig.30).

This demonstrates that viscosity measurements alone, for the
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determination of intercalation, are not sufficient, and that
other experimental techniques[}ﬁ.g. sedimentation, flow di-
chroism, light and low angle X-ray scattering etc., (Blcomfield,
Crothers, and Tinoco, 19749, are necessary to conclusively
show the presence of intercalation. In view of this, therefore,
no definite conclusion can be made from the viscosity results
aé to whether MC or its analeg (compound a) intercalates DNA.
In recognizing, however, that the increments of viscosity in-~
crease for both MC and (A) complexes are similar (see figures
24,28 and 30} suggests strongly that it is the monofunctional
binding, or some form of it, that is responsible for the ob-
served viscosity increase (compound A is monofunctional in

binding).

Rate of Sedimentation of Sonicated DNA

In order to probe further into the question of possible
intefcalation, another property of DNA-MC complexes was inves=
tigated; the sedimentation coefficient. Variations in the length
and/or stiffness of DNA are known to lead to changes in its hy4
drodynamic volume (Lerman, 1961); a characteristic which in
turn determines the coefficient of sedimentation for DNA
(Bloomfield, Crothers, and Tinoco, 1974)}. However, for DNA
samples that are rod-like (e.g. sonicated DNA) a possible in-

. ¢rease in stiffness should have negligible effect on the sedi-
mentation coefficient, and thus the hydrodynamic changes can be
interpreted in terms of the dimensions of the rod. In regard to

this it is important to note that since the minor axis (e.q.




width of helix, perpendicular to helical axis or length) of

DNA is assumed not to change significantly (Cochen and Eisenberg,

1968}, as in the case of acridine intercalation (Lerman, 1961),
then variaticns in sedimentation for these rod-like molecules
are assumed to derive directly from changes in its molecular
length (major axis). For compounds that intexrcalate in DNA, an
increase in the length of the helix occurs hy a process of he-
lical unwinding (Waring, 1970) made possible by the tendency

of these chroﬁophores to slip in beﬁweeﬁ and stack with the DNA
base pairs. As a result of this linear expansion of the helix,
there is an increase in the hydrodynamic volume (or decrease in
the density) of the molecule with the resulting effect of a de-
creagse in itks coefficient of sedimentation (see appendix 8). As
our results show hdwever, there ié no significant change in the
sedimentation coefficients for sonicated DNA-MC complexes cﬁﬁ—
pared to control DNA (other than that from the increased mass
of DNA due to bound drug; see table 91. From this absence of
change in the coefficients of sedimentation, one may immediate-
ly conclude that there is no intercalation present in the DNA-
MC complexes. One notes, however, that the magnitude of the de-
creases in the sedimentation coefficients for DNA vary aécord-
ing to the intercalator used (Bloomfield, Crothers, and Tinoco,
1974f and that when these decreases are expressed as the frac-
tion of the control sedimentation coefficient, they can range,
fér binding ratios of 0.10, for example, from 0,88 {(proflavin;

Waring, 1970) to 0.97 (actinomycin; Muller and Crothers, 1968).
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0.88 and 0.97 represent, respectively, a 12% and 3% difference
in the coefficients of sedimentation, or a 12% and 3% differ-
ence in the distance sedimentéd. In consideration of this and
the fact that these sedimentation experiments contain an inher-
ent maximum average deviation of approximately 3.5% (seec re-
sults), no one can then exclude the possibility, with absolute
certainty, on the basis of these results, that intercalation

is taking place in DNA-MC complexes.

Flow Dichroism of DNA-MC Complexes .

As yet another test of intércalation, flow dichroism of
drug-DNA complexes has been used successfully by various in-
vestigators. The DNA helix, when oriented by flow in a shear
gradient perpendicular to polarized iight, will absorb light
maximally since the electronic transtion moments in the bases
are perpéndicular to the helix axis (i.e. they lie in the plane
of the base ring (Van Holde, 1971)), parallel to the electric
vector of light. Any factors that affect this orientation, such
as thosé that cause base tilting, will decrease the reduced di-
chroism of the DNA helix (Lerman, 1963), since DNA will absorb
minimally when its axis is parallel to the polarized light
(Bloomfield, Crothers, and Tinoco, 1974). In the case of inter-
calation where the planes of the intercalating chromophores are

shown to be parallel to the base plates (Lerman, 1963}, the mag-
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nitude of the flow dichroism and the sign are similar for both

the DNA bases (as observed at 260 nm) and dye chromophores (as

observed at a wavelength unigue to the bound dye) in these com-
plexes (Bloomfield, Crothers and Tinoco, 1974) .

The flow dichroism results (fig.42) display an increase
of reduced dichroism with ihcreasing shear rate, This increase
can be best characterized as an initial rapid rise followed by
a leveling off of the dichroism at higher shear rates. A linear
dependence of flow dichroism for DNA has been observed at low

shear rates (Lee and Davidson, 1968) and is the expected pat-

tern according to theory (Blocmfiéld} Crothers and Tinoco, 1974)..

However, at higher shear rates, the dichroism becomes saturated
{Collins and Davidson, 1569) and levels off; a characteristic
indicating that the DNA is becoming deformed and oriented, with
réspect to flow, to a maximum extent. Our results (fig.42) con-
form to these patterns., The term deformation refers to the
stretching of the DNA ﬁelix which has been observed at higher

shear stresses (Lee and Davidson, 1968), It is known that the

stretching of DNA fibers, presumably through the introduction

of a tilt to the base pairs, reduces the dichroism of the double-

helix (Lerman, 1963).

The dichroic curves for the complexes (fig.42) either
approach closely (curves I and II), or assume the magnitude of
the reduced dichroism for control DNA. (The discrepancies in
the magnitudes of these curves may stem from experimental devi-
ations. However, it is noted (fig.42) that ghe order of decrease

follows the pattern of increasing binding ratio. Therefore, the
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‘1ike1ihood, especially in curves I and II, of some form of DNA
deformation, at very low levels, may be occurring.

In contrast to the positive reduced dichroic spectra
found at 260 nm for DNA, the reduced dichroism curves for
“bound mitomycin C at 310 nm (fig.42) display negative values
which decrease (become more negative} with increasing drug
binding ratio.Since intercalated drugs would show positive
flow dichroism (Lerman, 1963) these results strongly indicate
that mitomycin C is not intercalated in DNA. The small negative
value observed indicates that the bound drug shows some prefer-
ence for polarized light parallel to the DNA axis (equation(),
P.16 ). If the magnitude of this negative flow dichroism were

eguivalent to the positive flow dichroism of DNA alone, cne -

qould say that the drug chrdmophore is fixed in an orientation

parallel to the helix axis (i.e. perpendicular to the bases}).
Such a case Qas described by Krey and Hahn (1970).(In their
studies with distamycin- A-DNA complexes, the flow dichroism
for both the DNA bases and drug chromophores in the complex
have eqgual magnitudes but are of opposite signs. Due to the
negative flow dichroism of the chromophores, the alfignment
of the bound drug is thus believed tb be parallel to the he-
lix axis of the DNA molecule) If the orientation of the mito-
mycin C chromophore were not complete, however, a Fraction of
the full magnifude of dichroic change would result as seen in
figure 42. It seems, thus, that only a percentage of the bound

mitomycin C chromophores are oriented in the DNA complex, and
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that this orientation, as evidenced by the slight negative
reduced dichroism, is perpendicular to the DNA base plates.
The percentage orientatioﬁ (or.fraction of chromophores
orientated in this manner) for complexes I, II, and III are
approximately 25%, 20% and 15% respectively. (The percentage
orientation of drug at 310 nm was calculated by dividing the
ingrement of absolute reduced dichroism (.175) for control

DNA (at 260 nm) into the increments displayed for each compléx
(at 310 nm); see fig.42 .) The variance in these values, which
indicate an increased orientation with increasing binding ra-
tio, suggests the possibility of a specific type of binding
process which becomes more prevalent at higher binding ratios.
One such possible binding p:ocess_that shonid be‘considered
is one of electrostatic nature,since this form of binding ap-
pears to predominate at binding ratios greater than 0,10

(Lipman et al., 1978).

In conclusion: The results of the flow dichroism measure-

ments show that MC does not intercalate DNA.,
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DISCUSSION

Part II: Size Dependent Changes of DNA Properties

of DNA-MC Complexes,

Sedimentation and Viscosity of Unsonicated DNA Complexes

The decrease in viscosity displayed by the unsonicated
DNA-MC complexes (figures 25 and 29) is in obvious contrast
to the increases of viscosity shown by sonicated DNA complexes.
This indicates a size (DNA molecular weight) dependent effect
on the hydrodynamic properties of DNA-MC complexes, The follow-
ing hypothesis to explain these effects was at first considered:
It is conceivable that the decreased viscosity of the unsonicat-
ed DNA~-MC complexes is due to DNA strand breaks (double or main
chain breakage). If stfand breaks, such as those occurring by
an oyerlap of single strand breaks on opposing DNA strands of a
helix (Povirk et al., 1977) are felaﬁively rare, they will ef-
fect the physical properties of long (unsonicated) DNA more so
than those of short (sonicated) DNA. Such a phenomenon of mol-
ecular weight dependence in the scissioning of DNA was reported
by LaRusso et al. (1978) for DNAs treated with Na28204, a reduc-

ing agent shown previously to produce single strand breaks in

114

DNA (Cone et al., 1976}, Single strand breaks induced by Na,;S,0,

in two different DNA samples caused a detectable decrease of the
sedimentation coefficient only in the higher molecular weight

DNA. Through the use of catalase or superoxide dismutase, one
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is able to prevent such DNA strand breakage (Morgan et al.,
1976), as has been shown in the case of DNA-MC complexes pre-
pared in vitro (Lown et al., 1976i. DNA strand breaks which '
were shown to occur in such complexes, due to the generation

of superoxide radicals and hydrogen peroxides during the pro-
cess of reductive activation of mitomycin C, were prevented
when catalase was present. In our experiments, however, catal-
ase had no effect on the viscosity decrease as éhown in table 6.
It is thus concluded that double strand breaks are not a likely
cause of the size-dependent viscosity decrease of the DNA-MC
complexes. (Single strand breaks do not effect the hydrodynam-
ic properties of DNA in neutral solution; Parish, 1972; see
alsc appendix 7.) The fact also that no decrease of the sedi-

" mentation coefficient of these complexes is detectable in neu-
tral sucrose {(another method for determining double strand
breaks (Povirk et al., 1977); see figures 33 and 35) serves

as additional evidence against the presence of main chain

breaks in these complexes.

The size dependent effect found in the hydrodynamic prop-
erties of the DNA-MC complexes is similar to the case of DNA-
actinomycin D complexes .(Milller and Crothers, 1968). Miiller and
Crothers find, with the increasing binding ratio of drug, an
increase in the viscosity of DNA-actinomycin complexes made
from the sonicated form of DNA; a result expected for a com-
pound (actinomyc;n D) that intercalates the DNA helix. However,
for DNA-actinomycin complexes formed from the larger molecules
of DNA, the opposite effect} a decrease in DNA viscosity

occurs, Miuller and Crothers (1968) explain this decrease as
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one being due to a coiling or bending of the DNA helix, a con-
dition possible for larger worm-like coiled DNA, but not for
rod-like forms which approach the persistence length of DNA
(see pages 106-107). This is facilitated by the tendency ﬁf:
actinomycin chromophores to increase the capacity bf'héifcal
DNA to turn back on itself (a process often termed “intréﬁ$l~
ecular interaction" (Miller and Crothers, 1968) or "intramol-
ecular crosslinking" (Alexander and Lett, lQGOﬂ. This inter-
action appears to originate from the affinity of the peptide
rings of an actinomycin molecule bound at one point in DNZ,
for another part of the helix, as evidenced by the absence of
viscosity decreases for DNAs bound Qith actinomycin D analogs
lacking these peptide rings (Muller and Crothers, 1968). A

diagram can illustrate these suggestions:

e
o=

Bound Actinomycin _ . Sonicated DNA-AM

Chromophore (AM) Complex (Cannot

bend unto itself)

N\ 4

High M.W. DNA-AM Complex

(Plexible) "Intramclecularly
Crosslinked" DNA
(Lowered Viscosity)
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This explanation was consistent with another observed size-
dependent change of DNA-AM complexes: Upcn AM binding the -sed-
imentaéion cbefficient of high molecular weight DNA was in-
creasea, while that of sonicateé DMA was not (Waring, 1970;
Miller and Crothers, 1968; Rauen et al., 1969). The authors
attribute the increased rate of sedimentation of high M.W,

DNA as an additional proof for intramolecular looping or
crosslinking of DNA. In the comparison of the sedimentation
coefficients for a series of polyoma DNAs which vary in con-
figuration {linear, nicked, and closed circular), cne sees an
increase in the coefficients of sedimentation (145, 16s, and
20S respectively (Vinograd et al., 1965})) for those DNA con-
fiqurations which exhibit an increasing compacting of DNA
structure. In this series, linear DNA (14S) is the most ex-
panded structure (largest radius of gyration}, while the closed
circular DNA form (203), containing a twisted or supercoiled
configuration, has the most compacted structure {smallest ra-
dius of gyration) (Bloomfield, Crothers, and Tinoco, 1974).

The increase in the rate of sedimentation for these forms of
compacted or coiled DNA is attributed to a lowering of the hy-
drodynamic frictional coefficient for DNA {Bloomfield et al.,
1974; Zimmer et al., 1967). The frictional coefficient is a
parameter related to the frictional resistence of the solvent
which is a sensitive function of the DNA meclecular radius. As-
suming then a minimal change in the DNA partial specific volume
(Bloomfield et al., 1974), a decrease in the frictional coeffi-
cient will result in an increased coefficient of sedimentation

for DNA (see appendix 8).



In order to test further whether DNA-MC complexes repre-

sent a similar case to the DNA-AM complexes, sedimentation stud-
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ies were also undertaken. Again, a striking parallel toc the size-

dependent effect of actinomycin was found: The results of the
sedimentation of the unsonicated complexes, in contrast to

the sonicated complexes, clearly indicate an increase, with
increasing binding ratio, in the coefficients of sedimenta-~
tion for complexed DNA., The increasea coefficients for these
complexes cannot be explained by the increased mass of DNA

due to bound drug, since an increase from this source (see
table é) can only account for a fraction of the total observed
change in these coefficients. The presence of DNA aggregates,
however, whose formation may be facilitated in some manner by
the binding of mitomycin C to DNA, could be considered to ac-
count for this-effect since such forms of DNA exhibit rates of
sedimentation that are higher (Parish, 1972). (DNA aggregation,
facilitated through intermolecular crosslinking, has been shown

to occur in DNA complexes formed from distamycin A (Zimmer et

(43

al., 1971), N-acetoxy-N-2-acetylaminofluorene (Chiang-Tung et
al., 1974), and various polyfunctional alkylating agents
(Alexander and Lett, 1960; Doskocil et al., 1963}, and has

been detected as rapidly-sedimenting gels (Lett et al., 1962;
Alexander and Lett, 1960; Doskocil et al., 1963).) The fact,
however, that nucleic acid aggregates are recognized by their

. véry high coefficients of sedimentation, relative to controls,
and by pronounced bands sedimenting ahead of.sample (unaggrega-

ted forms) demonstrates the unlikelyhood, in view of the sedi-

mentation patterns for the DNA-MC complexes (figures 33 and 35),
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that aggregation is takiﬁg place.

An experiment in which a mikture of unsonicated unlabeled
and sonicated labeled DNA was complexed with MC and subsequent-
ly submitted to sedimentation indicated no "hybrid"‘material:
no label was attached to any faster sedimenting fraction (fig-
ure 34j. This rules out .ggregation of DNA=MC complex molecules
in any stable manner, |

In view of the aforesaid, and the fact that the parallel
between the size dependent effects of AM and MC on DNA hydro-
dynamic properties (viscosity and sedimentation rates) is in-
deed striking, the following conclusion is drawn: MC causes a
conformational change of high M.W. DNA, analogous to that caused
by AM; namely a change from a linear form to an intramolecular-
ly crosslinked, iooped structure. Since MC is a bifunciionail
agént it is conceivable that the same functional groups are
involved in loop formétion as in the interstrand crosslinks,
Considering the small size of MC; however, this would require
extremely close range interactions between the two duplex seg-
ments., An alternative cause of the links could be intramolecu-
lar non-covalent self aggregation of heavily substituted seg-

' ments of the DNA-MC complexq(see diagram below).

DNA

\/

DNA Segment with High Non-Covalent Self-
Binding Ratio of MC Aggregated Structure
of DNA
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Electrophoresis of DNA-MC Complexes

The large contrast in the magnitudes of the relative

mobilities for the sonicated and unsonicated complexes (figqg.,

38) is suggestive of a pattern similar to the one indicating

a molecular weight dependence in the hydrodynamic properties
(e.g. viscosity and sedimentation) of these complexes. Although
one may readily conclude, in view of this parallel, a molecular
weight dependent effect on the electrophoresis of DNA complexes,
other factors (e.g. molecular charge (Olivera et al., 1964;
Harley et al., 1973), shape (Strauss and Rees. 1959) etc.) other
than size (Danna et al., 1973) must be first considered in ex-
plaining these mobility differences.

The reduction in the electrophoretic mobility displayed
by unsonicated DNA-ethidium complexes (fig.38) represents a de-—
crease in mobility due essentiallf to the partial neutraliza-
tion of DNA charge by bound positively charged ethidium chromo-
phores (Lippard et al., 1976). (Charge neutralization will de-
creaée the average charge density of the macromolecule. Since
the charge density is the essential characteristic responsible
for macromolecular movement in electrical fields, its reduction
will result in a decrease of macromolecular electrophoretic mo-
bility (Van Holde, 1971).) In figure 38 a close agreement is
seen in the electrophoretic mobility-binding ratio relation-
ships (curves) for the sonicated DNA-MC and DNA-ethidium com-
piexes. This suggests that charge neutralization is responsible
for the reduction of mobility of the sonicated DNA-MC complexes.

This view is supported by the fact that bound MC is a positive



ion (Mercado and Tomasz, 1977). The fact that some discrepancy
is seen in the mobility curves for these two complexes (unsoni-
cated ethidium~DNA and sonicated DNA-MC complexes; see fig.38)

does not invalidate this assertion for several reasons: Since
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linear duplex DNAs of molecular weights greater than 4X105- 1x10°

daltons are believed to migrate "end on" in polyacrylamide gels

(Dingman et al., 1972; Maniatis et al., 1975), while smaller DNAs

do not, then slight differences seen in these curves could result

from differences in the modes of migration for these two DNA
forms (e.g. sonicated vs. unsonicated). Secondly, the possibil-
ity that the binding of.mitomycin C chromophores to DNA phos-~
phate oxygens may result in an overall effect of producing 2
positive charges (see appendix 6) may account for the greater
reauction in mobility (due to increased neutralization of DNA
charge) for these complexes relative to the‘ethidium DNA com-
plexes (see fig.,38). Thirdly, the broadening displayed in the
electfoPhoretic migrating bands for the ethidium-DNA complexes
(plate Cls may indicate a loss of bound ethidium cations for
the complex which would explain, at least partly, the lower re-
duction in mobility (especially at higher binding ratios; note
the leveling off in fig.38) relative to the sonicated DNA com-
plexes. {Although ethidium~DNA complexes have been shown to be
fairly stable (Aktipis and Kindelis, 1973) the use of cation
exchange (Lerman, 1961) has successfully separated bound eth-
idium from DNAi In light of this, the 9 hr. electrophoretic

runs at 90 volts may be slowly separating the drug from the
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complex and thus causing a broadeﬁing in its zone of migra-
tion.)

When the curve displayed by the unsonicated DNA-MC com-
plexes is compared with the others (fig.38) it is clear that
the chérge neutralization, alone, cannot explain the great re-
duction in electrophoretic mobility of these complexes. In the
consideration of other possible factors, the presence of aggre-
gation in DNA samples is known to cause a reduction in the elec-
trophoretic mobility of DNA. With the formation of aggregates
there is an effective increase in DNA molecular volume parallel-
ing a lowering of the electrophoretic mobility (Chrambach and
Rodbard, 1971; Parish, 1972). However a widening in the electro-
phoretic bands also ovccurs rfor such samples containing aggre-
gafes, as demonstratéd forkactinomycin'D~complexes made from Tq4.
DNA (Dingman et al., 1972), since,due to the formation of dimers,
trimers or larger aggregate forms in the aggregation process,
there.is a. tendency for a broadening in the sample migration
zZone in géls due to differential rates of aggregate mobility
(Dingman et al., 1972). In view of the fact that no such widen-
ing occurs (zone broadening) for the DNA-MC complexes, even at
the higher binding ratios, makes the presence of such DNA forms
rather unlikely, In addition, previous described experiments
(viscometric and sedimentation, pages 24 & 118) involving the
: unsonicated DNA~-MC complexes also eliminate the possibility of
aggregation.

The absence of zone broadening in the electrophoretic
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bands for the unsonicated DNA-MC complexes indicates also the
absence of double strand Breakage in these complexes, since
with such forms of DNA degradation there would appear a smear
effect, or an increased banding (zone broadening), due to the
fragmentation of DNA into units of various molecular weights
via the double strand scissioning process (Lloyd et al., 1978}.
Such increased banding has been reported to occur for bleomy-~
cin treated PM2 DNA samples. The newly formed bands, as dis-
played in these electrophoretic patterns, represent DNA frag-
ments of lower molecular weight which migrate ahead of the
main band (Povirk et al., 1977).

In an effort to test the possibility that single strand

1 I}
cleavage o

-~ £

]

DNA, which Wes reported to occeur in DRA-MC reac-
tions (Lown et al., 1976), may somehow lead to the observed de-
c¢rease in electrophoretic mobility, a DNA control treated with
a standard guantity of Na28204 shown to produce single strand
breakége (see sedimentatién results; page 28-29) was run a-
gainst the untreated control., The negative results, which in-
dicate no mobility.change (see plate A,), thug eliminate single
strand breaks as the cause of the mobility reduction for the un-
sonicated complexes.

In the attempt to explain further the reduction in mo-
bility for the DNA-MC complexes, it is pertinent to discuss
the electrophoresis of denatured DNA samples, The rather he-
terogeneous electrophoretic patterns of low mobility displayed
by these denatured calf thymus DNA samples (plate El) demon-

strates a conformation dependent effect of counterion fixa-



tion on the mobility of DNA. The denaturation of DNA is known
(Constantino et al., 1964) to induce a large decrease of charge
density on the polyanion which is attributed to the extended
conformations of the chains in the disordered region of DNA,
The decrease in the charge density is ascribed to a markéd in-
crease in the. average distance between ionized phosphate groups
in the disordered molecule (e.g. there are 7A" between phos-
phate groups in denatured DNA, as opposed to a 3.4A" distance
in native DWNA (Bloomfield, Crothers and Tinoco, 1974). Concur-—
rent with this increased extension of the polymer chains is
the increase in the activity coefficient for the counterion,
sodium (Nat), which, by virtue of its subsequent increased
screening of polyanionic charge, results in a lowering of
charge density and in a reduction of electrophoretic mobility
for samples of denatured DNA (Lyons and Kotin, 1965).

‘With respect to charge density and its effect on the
electrophoretic mobility of macromolecules, it is pertinent to
note that moving boundary electrophoresis (as performed with

the Tiselius Klett apparatus) of native and heat denatured

t al., 1964),;

e

0

calf thymus DNA in agqueous solution (Constantino

l

gives values (respectiveiy) of 1.00 and 0.73 for the relative
electrophoretic mobilities of these samples. The fact, however,
that a visual inspection of the relative electrophoretic band
positions for similar samples of native énd denafured calf
thymus DNAs (see plates E, and CZ) in polyacrylamide gels shows
a significantly larger difference in relative mobilities sug-

gests that some factor other than a decrease in dharge density



alene is leading to a reduction in mobility of denatured DNA.
In attempting to.identify factors other than charge den-
sity that lead to reduced mobility of denatured DNA it is im-
portant to briefly discuss the fact that separations of poly-
nucleotides according to size and conformations have beeh a-
chieved through the use of gel electrophoretic techniques
(Peacocke and Dingman, 1968; Fisher and Dingman, 1971; Bishop

et al., 1967). In the molecular weight range for polynucleotides

greater than 3.4X105

daltons, it has been demonstrated that
single stranded polynucleotides may be distinguishea from
their double stranded counterparts by virtue of their differ-
ent rates of mobility in polyacrylamide (Dingman et al., 1972)
and agarose (risher and Dingman, 1971} gels. The explanation
for this difference in the rates of mobility for these two

different forms of DNA (or RNA) is related to the fact that

double stranded polynucleotides migrate "end on" in gels,

thus presenting the gel with a profile of small cross sec-
tional areé. As the voltage gradient is increased (e.g. from
2 to 10 volts/cm gel) the shear stress on these macromole-
cules increases and the double strand polynucleotides would
be the forms more capable, relative to single strand species,
of orientating in a manner which would minimize the friction-
al resistance to their motion and thus maximize their rate

of migration through the gel (Dingman and Kakefuda, 1972;
Fisher et al., 1971). Single stranded species (including

those such as denatured DNA) on the other hand are assumed
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to present the gel with rather globular profiles, the crcss-
secational arcas of which are not significantly altered by var-
ious orientations of the polynucleotide structure. As a result,
the rates of migration of single stranded polynucleotides, un-
der these conditions, are low comparedlto those displayed by
duplex structures. Such "end on" movement of duplexed poly-
nucleotides in gels infers, partly, a "sieve-like" function
for these gels which is responsible for the impediment or re-
tardation of the movement of macromolecular structures accord-
ing to their size and shape. In regard to this, it is noted
that by varying the quantity of crosslinker, NwNLmethylbiSH
acrylamide, in gels (Chrambach and Rodbard, 1971) or by in-
creasing the total concentration of polyacrylamide ({(Dingman
ct al., 1972} or agaroce (Johnson «t 21 ., X877} 40 yels, wari-
ations in the separation of a number of DNA conformatibnal
isomers have been achieved, For example, by increasing the
polyacrylamide concentration in gels to 3.0% or more (Dingman
et al., 1972), optimal separations, in ﬁhe ofder of decreasing
electrophoretic mobility, respectively, for 1inearf nicked
circular, and closed circular duplexes of SV40 DNA have been
obtained. As this order of separation parallels also the or-
der of increasing sedimentation coefficients (e.g. 14.5, 15.9,
and 22.2 5, respectively for the linear, nicked, and closed
circular Sv40 DNA (Dingman et al., 1972)), and thus the order
cf increased compacting of structure, for these forms of SV40
DNA, demonstrates the ability of the polyacrylamide's "sieve-
like" matrix to selectively retard the electrophoretic migra-
tion of these DNAs whose structures contain greater degrees

of coiling.
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In view of the foregoing discussion, it appeérs that the large
reduction of electrophoretic mobility displayed by the unsonicated
DNA-MC complexes is due largely to a conformational change in the
structure of the complexed DNA relative to control DNA. Figure 39
shows a decrease in mobility with increasing DNA molecular weighﬁ for
a series of DNA-MC complexes of equivalent binding ratio. This rela-
tiopsh;p demonstrates the increased likelyhood of structural bending
or coiling of DNA with increasing molecular weight of DNA; a condition
that would explain, in analogy with the electrophoresis of the SV40
DNA conformational isomers, the decreased electrophoretic movement of
the larger DNA-MC complexes in polyacrylamide gels. It is noted fur-
ther that this decrease in movement of the unsonicated DNA-MC complexes
levels off at a binding ratio of 0.10 to 0.15 (figure 38). The fact
that this binding ratio is identical to that range where decreases in
the viscosity of unsonicated DNA-MC complexes similarly level off, is
consistent with the assertion (but does not prove it} that the intra-
molecular crosslinks discussed previously (p. 119) are the common ori-
éin of these effects. Caution is advised, however, in this interpreta-
tion, in view of the fact that aberrent behavior of some double strand-
ed nucleic acids in polyacrylamide gels have been previously reported
(Mertz and Berg, 1974; Maniatis et al., 1975; Schuerch and Joklik,
1973).

The view that the crosslinks are the cause of the conformational

change in DNA was finally explored by electron microscopy. Again, DNA
size-dependent effects were evident as follows:

Electron Microscopy of DNA-MC Complexes

(A} Unsonicated DNA Complexes, Comparisons of plates 1,2

and 3(asb) clearly indicate an increase in the coiling of

DNA in unsonicated DNA-MC complexes relative to the control
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DNAs. Although some similarity does exist in the character-

istics of contour for a number of the molecules shown in plates
1,2, and 3a and 3b, a general inspection of these plates in-
dicates a distribution towards considerable coiling for the DNA-
MC complexes., The contention that such coiling of DNA structurs
is due to the binding of mitomycin C requires, it appears, that
all such molecules exhibit this characteristic change. However,
significant distributions have been observed by measurements of
the end to end distance (a function of the molécular conforma-
tion or shape) for full length homogeneous T3 DNA moiecules
(Lang et al., 1967). Such variations stem, in part, from dif-
ferences in ceoiling from one molecule to the next (Flory, 1953).
In addition to this, the procedures of adsorption of DNA from
sclution onto the wmonolaycrs of surface denaturec cytcchrome C
protein (as in the Kleinschmidt procedure; Kleinschmidt and
Zahn, 1959}, and the subsequent consecutive procedures of film
transfer onto electron microscopic specimen grids, etc., may
also iead to variations in the patterns seen in terms of DNA
contour. The distribution of such effects, however} will indi-
cate, on the average, the degree of contour (or average con-
tour) for measured samples (Lang et al., 1967). The fact re-—
mains that there is more coiled structure in the MC complexl
than in the control DNA and that these patterns appear to be
indicating, at least on an average basis, real changes in the
conformation of DNA.

Comparisons of plates 4,5, and 6 similarly demonstrate
an increase in the coiling of MC bound DNA relative to its un-

bound. Plates 4 and 5 (control DNAs treated with the enzymes
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catalase and superoxide dismutase, with and without sodium di-
thionite, on the other hand, display non-coiling patterns that
are relatively the same, but which do exhibit some moderaté jag-
gednéss in contour. Similar patterns have been obtained in elec-
tron microscopy studies involving ADNA (Inman, 1967) and have
been explained in terms of the interaction of DNA with the rel-
atively h;@hly concentrated salt (.lM NaCl) present in the prep-
arative hypophase solutions used in these experiments .{The “smooth-
ing out" (Inman,-1967) of this jagged contour when H,0 is used,
instead of .1M salt, indicates a salt effect on the linear exten-
sion of these DNA molecules (Lang, 1967). Since the concentra-
tion of salt (.0lM Tris (Davis and Hyman, 1971)) used in the
prepafative hypophase for the calf thymus DNA samples here is
relatively dilute when compared to ,1M salt concentration {(de-
termined as the cause of this contour chaﬁge) some other factor,
it appears, is responsible for this effect in the calf thymus

DNA samples seen here. A possible cause of this effect could

be linked to the presence of excess proteins present in these
samples. By virtue of ion pair formation between DNA phosphates
and the basic amino acids of protein, a partial screening of
phosphate charge occurs, the repulsion of which is responsible
for the opposite or elongation effect (Lang et al., 1967). As

the presence of excess cytochrome C appears to be unlikely (due
to the reproducibility of the spreading techniques), it is pos-
sible that residual, but sufficient quantities of catalase and/or
superoxide dismutase escaping the deproteinizing procedure are

present and causing this effect. However, in view of the fact




that the DNA in plate 6 (which is treated similarly as the DNAs

in plates 4 and 5) lacks this jaggedness, makes such reasoning

only conjectural,)

The slight coiling in DNA structure indicated in plate
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2 (DNA + Na28204) appears to be absent in plate 5 (DNA + Na28204 +

catalase +.superoxide dismutase). This may imply that single
strand breaks are the cause of this coiling. The fact, however,
that the coiling displayed in plate 3 (DﬁA—MC complex) is main-
tained in the presence of single strand scission inhibiting en-
zZymes (piate 6) rules out that the conformational change 1is
caused by single strand breaks in DNA-MC complexes, These re-
sults clearly indicate that the conformational_chang& as shown

in plates 3 and 6 is caused by the presence of mitomycin C,

(B) Sonicated DNA Complexes. A striking support for the afore-

mentioned conclusion are the findings from the electron micro-

scopic examination of the sonicated DNA samples., The absence of
any difference in the shape or contour of the DNA strands for
the sonicated DNA-MC complex (plate 8) and its control (plate 7)
demonstrates that the coiling patterns displayed by the unsoni-
cated DNA-MC complexes are the result of the ability of long
(unsonicated) DNA to bend extensively upon itsélf as a conse-

quence of MC binding. The contrast, therefore, found in the




cémpérisons of the electron microscopy results for the soni-
cated and unsonicated DNA-MC complexes, with respect to the

assessment of conformational change in ‘the latter, parallels
the findings of the hydrodynamic and electrophoretic measure-

ments.
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SUMMARY AND CONCLUSION

The viscometric and sedimentative studies of DNA-MC
complexeé demonstrate a size dependent change in the hydro-
dynamic properties of these complexes; a change which is ex-
plained by the ability of large (unsonicated) DNA to coil or
bend upon itself. The resulting decrease in the radius of gy-
ration for unsonicated DNA, acquired upon its complexing with
mitomycin C, is in contrast to the results displayed by the
sonicated complexes, which show no such effect, demonstrating,
thus, the inflexible nature of rod-like DNA.

The size dependent changes displayed in the electrophor-
egig of DNA-MC complexes pavallelg the f£indings of the hydro-
dynamic experiments. In consideration of this, and the fact
that both electrophoretic and hydrddynamic measurements are
known to complement each other, in regard to the discerning
of conformational differences in DNA (e.g. linear, nicked and

supercoiled forms of §v40 DNA (Dingman et al., 1972)}, it ap-

pears that the contrasts seen in the electrophoretic patterns
of these DNA-MC complexes istonsistent with and may be indicat-
ing conformational differences in DNA similar to those assessed
bythe hydrodynamic measurements. This conclusion is further sup-
ported by direct electron microscopic observations of the DNA-MC
complexes which show an increased coiling of DNA relative to con-
trol DNA.

What is the molecular mechanism whereby MC holds DNA in

looped forms? The crosslinking of DNA, it has been shown, is




the most likely cause for the increase in the melting temp-
eratures and transitional breadths observed in the DNA-MC
complexes. It is important to note that while maximum rena-
turability of DNA, tantamount to 100% crosslinkage, cccurs
between a binding ratio of .01 and .02 (see fig.22), the le;
veling off of the increases in the T and melting breadths
occurs in the binding ratio range of ,10 to .1l5. In view of
this, and understanding that only one crosslink'per DNA mol-~
ecule is sufficient to permit full renaturation of such mol-
ecules (Iyer and Szybalski, 1963), it appears likely that the
binding ratio (.1l0-.15) represents a saturation point for pos-
sible crosslinking sites in calf thymus DNA. As this range of
pinding is also the leveling off point for the decrcases in
the viscosity and electrophoretic mobilities of unsonicated

DNA-MC complexes suggests strongly that the same covalent bi-

functional binding of MC to DNA is responsible for the observed

conformational changes. An alternative possibilitf is non-co-
valent aggregation of two segments of the same DNA molecule.
Another set of findings in this work resulted from the
analysis of size-independent changes of DNA properties. It was
showﬁ that the crosslinks not only cause reversible denatura-
tion in DNA but also cause an increase in the temperature re-
quired for DNA strand separation. It was also deduced that the
steric arrangement of DNA-bound mitomycin C is not the inter-

calation type between the base pairs of DNA,

The ability of mitomycin C to crosslink DNA is considered

an important factor in its antitumor activity (Dermer and Ham,
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1969) and, as discussed previously, has alsoc been reported to
be a direct cause of bacterial cell death (Iyer and Szybalski,
1963). In regard to such phenomena caused by mitomycin C it is
important to indicate that although the presently discovered
ability of MC to freeze DNA in a looped structure is demonstra-
ted only-iﬁ vitro and at relatively high binding ratios of the
DNA~-MC complex, it may occur in the cell as well. This may es-
pecially.bé the case when one considers that cellular DNA, in
general, is already folded into non-covalent structures and
therefore, unlike in solution, the kinetic barrier for the bi-
functional action of MC is not present. If this indeedlproves
to be the case,the phenomenon is very likely to cause biologic-

al consequences,
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- Pootnotes

Abbreviations: MC, mitomycin C; AM, actinomycin D;
N-Aco-AFF, N-acetoxy~N-2-acetylaminofluorene; SSC, .
saline sodium citrate (1.5 M sodium chloride and

.2 M citric acid, pH 7.4}); DsSC, dilute sodium cit-
-rate (.01l5 M sodium chloride and .002 M citric acid,
pH 7.4).

UV spectra of mitomycin C bound to DNA displays a
310 nm/260 nm absdrption ratio of approximately 1.34

(Lipman and Tomasz).

The melting or transition temperature is defined as
that temperature at which the measured parameter has
changed halfway from the value characteristic of a
helix fo that of e coil (Blromiield, Crothers and
Tinoco, 1974).

It is pointed out that a heterogeneous population of
DNA molecules will have different temperatures of
strand separation due to fluctuations in size and
individual G-C content (Bloomfield, Crothers and .
Tinoco, 1974). This heterogeniety in thermal stabil-~
ity with respect to strand separation will lead to an
"average" total transiton (transitional breadth)} that
may be several degrees wide (Hamaguchi and Geiduschek,
1962) .

Lett, Parkins and Alexander (1962} have shown that a
transalkylation mechanism is probably involved, where
purine alkylation follows esterification of the phos-
phates., The slow drop in molecular weight of DNA is a

consequence of the purine alkylation where the quatern-



136

ized purine is readily split out from the DNA leaving

an aplurinic acid residue which is known to be unstable
and to hydrolyze resulting in chain-scission.

Variations in the coefficients of sedimentation are ex-
‘plained partly, as in the case for actinomycin D versus
proflavine, by the greater mass bf actinomycin, which
tends tb make the sedimentation coefficient increase
(Bloomfield, Crothers, and Tinoco, 1974).

For sucrose gradients the relationships of sedimenta-
tion coefficient (S}, time {(t), distance sedimented (D),
and the molecular weight (M) of DNA are as follows (Ffom

Burgi and Hershey (1963)):

It should be noted here that the variance displayed in
figure 30 in the ability to increase the viscosity of
DNA, has been explained (Gabbay et al., 1973) in terms
| of differential steric interaction between DNA binding
chromophores and base pairs which may lead to differ-
ences in helical length, This is related to the posi-
tions and number of substituents on the intercalating

chromophores, which effects its "aromatic ring thick-




ness", a characteristic leading to variations in heli-
cal length and viscosity.

This intramolecular aggregation is to be distinguished
from aggregation sétween separate molecules of DNA,

which has been shown not to occur (see page 119). .
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APPENDIX

appendix (l): These corrections are in addition to the basic

correction (see page 1ll) which corrects for the 260 nm absorp: --

tion contribution by bound MC to the total 260 nm of the DNA-
MC complex. The purpose of this additiocnal correction.isltuo-
fold: (1) To account for, ét higher temperatures, the addition-
al 260 nm contribution to the total 260 nm absorption of the
complex due to a presumed 260 nm hyperchromic rise for bound
drug which may complement its 310 nm hyperchromic rise (see
appendix 4-), (2) To account for the observed irreversible

310 nm hyperchromicity, in terms of this assumed 260 nm absorp-
tion increase, after a heated complex is cooled,

-
N - e I i | .- 3 . . = 3. 8 o = ..
Since alt reoowm temperature, Rysordzig of bhound MC is l.ﬁd

Tt
we can then calculate the hyperchromic increase of Ajgg due to
DNA alone from the observed increase for the DNA-MC complex
minus the calculated increase for bound MC as follows: The Asen
of DNA alone at any temperature (t) is obtained from the follow-
**

ing formula : Rygo (DNA) . = Apgg (observed), - 1.34(A 319) ¢
from which the % hyperchromicity obtained upon heating to (t)
can be calculated in the usual manner.
k%

(Ac310) is obtained as follows: The total 310 nm absorption

(A310) times the increment of 310 nm hyperchromic increase

((Z), which varies with temperature; see fig.l2) at a speci=-

fied temp.(t) minus (Az;,y gives corrected 310 nm (Ag330):

(A310) (X) = (A3;4) = (Ac310)
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Appendix (2): Corrected 260 nm Melting Profiles

In figure 18 are displayed two melting profiles for a
DNA-MC complex (binding ratio = ,1l) in agqueous buffer. Melt-
ing profile 1 is a standard melting curve constructed as out-
lined in methods. Profile II represents profile I corrected
for the estimated 260 nm absorption increase associated with
the 310 ﬁm hyperchromicity for bound drug. Increments of 310 nﬁ
hyperchromicity (I) used for the correction, at the various
temperatures associated with the DNA melting curve, were ob-
tained from figure 12. The corrected melting profile II, al-
though showing a reduction in hyperchromicity and a slight de-
crease in melting breadth, exhibits no change in the T, rela-
tive to the uncorrected profile. The retention of the T, at
260 nm of the original DNA-MC complex (profile I, fig.1l8) by
the corrected profile II demonstrates, thus, that the 310 nm
hyperchromicity has no effect on the calculated T, at 260 nm,
Furthermore, a more complete renatﬁration, due to crosslinking,
is evident upon this correction (see also fig.ll and table 3
for similarly corrected renaturation values of DNA-MC complexes
in methanol-DSC buffer.). Corrections for 310 nm hyperchrom-
icities gre also shown in figures 16 and 17. Here the incre-
ments for the 310 nm hyperchromicity (similar to those in fig.
12) were obtained directly from the 310 nm profiles of these

complexes.
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Appendix (3): Melting Profiles of DNA-MC Complexes Sonicateqd

Following their Fermation

The melting profiles of two calf thymus DNA-MC complexes
of binding ratios ,12 and .04, resﬁectively, are displayed in
figures 20 and 21, These samples were sonicated following their
formation., Although they exhibit the expected levels of cross-
linkage (see table 1A}, they do not display the increases in T
and melting breadth expected of DNA-MC complexes formed £from
DNA. sonicated prior to its complexing with mitomycin C.

These experiments were attempted to equate two conditions
for DNA-MC complexes: That complexes formed from DNA, sonicated
prior to its reaction with mitomycin C, were equivalent to com-
plexes obtained from DNA-~-MC sonicated after its formation. Com-
parisons, as shown in table 1A, of T s and melting breadths
vary for these two conditions, and may be the result of an in-
herent difference in the relative conformations of DNA used
for sconication. (In the first condition, uncomplexed DNA is
used, wﬂile in the second condition, DNA complexed with MC,
which has been shown to be more coiled than uncomplexed DNA
(see discussicn), is used. This difference may thus lead to a

variation in the sonication of relatively linear versus coiled

DNA, which may account for the variation in melting properties.})
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Appendix (4):

"Thermal Denaturation Profiles" at 310 nm

figures léﬁ ljt 14T and lST respectively represent the
thermal.denaturation profile; for sonicated DNA-MC, denatured
DNA~-MC, polyvinyl sulfate (PVS-MC) and DNA-compound A complexes
at 310 nm (see also table Sf. All complexes show a gradual "hy=-
‘perchromicﬂ increase or shift at 310 nm. Upon cooling only a
slight “renaturation” occurs. Unsonicated calf thymus DNA-MC
complexes similarly show increases of 310 nm absorption after
“peating_{table 4), It is shown (see table 5)'that no mitomycin C
is released from this complex after heating upon extended dial-
ysis., Approximately 50% of compound A, however, is released
from heated complexes as shown by dialysis( see table 5)_A
compa;ative display of the 260 nm and 310 nm melting profile§
(see tablg 5) for two unsconicated calf thymus DNA-MC complexes
is shown in figures 16 and 17. These profiles show that the
Tms and melting breadths of DNA (260 nm) differ considerably
from the "T s" and "melting breadths" for the bound drugs (310
nm) (see table 5). These findings are similar to those of Fuchs
and Daune (1871) with respect to their cooperative melting
curves at 305 nm (for bound drug} of N-acetoxy-2~acetylamino-

‘ flourene-DNA (N-Aco-AFF)! complexes.

-

The 310 nm hyperchromic shifts for bound drug (MC and

compound A) differ from the 260 nm melting profiles for DNA in
1

* pages 148-150




several charactefistics. First, at binding ratios where sig-
nificant reversible denaturation is displayed by DNA ( fig-
ures 16 and 17), 310 nm “thermal profiles" show only a
slight to moderate reversibility in denaturation. Secondly,
the "Tms", as measured by the midpoints of the 310 nm hyper-
chromic shifts (figures 16 and 17) are higher relative to
the Tms of ghe 260 nm melting profiles for‘the same complexes.
Thirdlyv the tfansitions of the 310 nm hyperchromic shifts are
more gradual and wider relative to the transitional breadths
displayed by DNA at 260 nm.

| The irreversibility seen in hyperchromic shifts at
310 nm for the bound mitomycins are.similar in many respects
to the 305 mu hyperchromic shifis reporied (Fachs ard Daune,
1971} for DNA bound N—aéetoxy~2actyl amino f£lourene (a car-
cinogen} residues, and is interpreted (Fuchs and Daune, 1971)
as an irreversible change in the position of some of the
bound ‘chromophores with respect to the DNA helix,Fuchs and
Daune (1971) explain the 305 nm hyperchromic rise observed
for DNA-N-Aco~-AFF complexes as one due to a spectrophoto-
metric detectable change, induced through heating, in the
position of the N-Aco-AFF chromophore from it's original
position of insertion in the internal field of the double
hslix. It is the non-resonant coupling, as Fuchs and Daune
(l972) further explain of specific electron transitions of
the carcinogen chromophore with all cother transitions of

the DNA bases that is responsible for the hypochromicity
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of the drug (a condition before héating). Through the intro~
duction of heating tﬁere is then a loss of stacking of fixed
carcinogen with upper and lower corIESponding-base pairs which
allows for a decrease in this non-resonant coupling and thus
for a rise at 305 nm (Fuchs and Daune, 1972). The fact that
Chiang, Miller and Wetmur (1974) conclude however, through
electric dichroiﬁ studies of similar DNA-N-ACO-AFF complexes,
that the carcinogen ch;omophore is more probably bound along
the DNA helix winding angle of 60t4° to the helical axis (as
opposed to the stacking of this carcinogen with upper and low-
er co:responding base pairs) demonstrates the possible uncer-
tainty that can be involved in the attempt to identify the
pesiticn of the beund chreomepheore, relative +o the heliw,

that is responsible, ohce the complex‘is heated, for the hY—
perchromicity. It is pertinent to note that the.extended dial=-
ysis of heated complexes (see table 5) display essehtially no
loss of mitomycin C (Lipman et al., 1978). It has also been
shown (Tomasz et al., 1974) that, except for the expected ab-
sorption increase (310 nm hyperchromic shift for bound chromo-
phores), there is no difference in the U.V. spectra between
bound and unbound reduced MC chromophores before and after
heating; a finding supporting the absence of heat induced
chemical change of bound chromophores., Absence of change in
the silica gel and sephadex G-25 column (fig.23) chromatogra-
phies of heated and unheated compopnd A samples further sup-
ports the assertion that heating is not chemically changing

the structures of the mitomycins,



The higher midpoints of "melting" observed for the
310 nm hyperchromic shifts, relative to the Tms at 260 nm.
for DMA-MC complexes (figures 16 and 17), have similérly
been obtained at 305 nm by Fuchs and Daune (1971) for the
N~Aco-AFF-DNA complexes and is explained by an increase in
"Tm" being due to a preferential binding of the carcinogen
to DNA regions of high G~C content where the melting temper-
ature for DA ié higﬁer than in other regions of the DNA
molecule. The fact that mitomycin C similarly binds to G-C
rich regions of the DNA molecule (Tomasz et al., 1974;
Lipsett and Weissbach, 1965) may be the reason for the ob-
served 310 nm "Tm" increasé; but it is noted that the differ-
ence'(7-12GC) (see table 5) betweeﬁ ""ms" at 310 nm and ‘I'ms
at 260 nm displayed by DNA-MC complexes are highexr than those
'(1—4°C difference range for all binding ratios) reported by
Fuchs and Daune (1971) for N-ACS—AFF-DNA complexes; In view
of this it seems quite likely thaﬁ factors other than prefer-
ential binding to G-C regions are responsible for the differ-
ences observed for 260 nm and 310 nm "melting".

The broader widths of transition (as distinquished by
their smaller slopes) foﬁnd at 310 nm for DNA-MC complexes
relative to those at 260 nm, indicate some independence in
the events of DNA denaturation and chromophore "melting". It
is interesting to note, in support of this independence in
melting, that a similar "melting" of mitomycin C {or compound-
A) chromophores occpré in polyanionic structures lacking sig-

nificant helical content (e.g, denatured DNA, PVS etc.; see
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table 5). It is appropriate here to introduce the fact that
the intercalation of chromophores into the hydrophobic¢ envir-
onment between DNA base pairs would decrease- the ability of
these chreomophores to absorb light energy (Krey and Hahn,
1975} . In considering this and the fact thet a hypérchromic
shift for intercalating chromophores would more or less over-
lap, or immediately sdcceed, the separation of DNA strands
(Aktipis et al., 1975) supports the view that a general or
classical mode of intercalative binding of the MC chromo-
phores intoqthe hydrophobic regions of DNA is not occurring.
The fact, also, that the other polyanionic complexes described
are essentially "non-intercalatable", due to the lack of sig-
revicant helical content. in theis structures, furthexr su;écrts
this view. It is also important to note here that since we are
apparanﬁly dealing with an irreversible change in the position
"of a substancial quantity of MC chromophores, we can eliminaﬁe
_any bossibility of monofunctional pinaing as the cause for the
T increase of DNA. The reasoning is that the Tms for the 1lst
and 2nd meltings in the double melting profiles are equivalent

despite the presumed positional change of the MC chromophores.

In regard to the determinaﬁion of the possible modes
of binding to DNA exhibited by MC, which may be responsible
for the 310 nm hyﬁerchromic shifts, two major forms of known
mitomycin C binding (e.g. monofunctional and bifunctional
(fyer and Szybalski, 1963)) come into light. Understanding,

as previously explained, that the 310 nm hyperchromic shifts
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probably represent an irreversible change in the position

of many of the bound MC chromophores relative to the DNA hel-
ix supports the view that it is a positional change in thé
monofunctional rather than bifunctional (crosslinking) bound
MC chromophores which leads to the 310 nm shift. This is be-
cause MC mélecules bound bifunctionally (to two DNA strands)
via a minimum of two bonds are more likely to be restricted
from moleculér movement than those MC chromophores bound
mono functionally (e.g. possible pivoting, introduced via

- thermal agitation, of a molecule about a single bond is more
likely) . A support for this is the fact the DNA-A cdmplexes
(sée table 5) which contain only monofunctionally Eound
cheomophores (Tomasz et al., 1974) siwilarly diswlavy 310 1
hyperchromic shifts. Furthermore, since it is known that the
Mclchromophores responsible for the crosslinks in DNA com-
"prise only a fraction of the total mitomycin C bound (e.q.

1/5 to.1/10 0of kotal bound chromophores exist as crosslinks

(Szybalski and Iyer, 1964asb), then most likely, it is the
repositioning of a significant quantity of monofunctionally
binding chromophores that is leading to the 310 nm hyperchrom-
ic shift. The fact, also, that "310 nm hyperchromicities",
comparable to those shown by native DNA complexes, are dis-
played by complexes (e.g. PVS and denatured DNA, see table 5)
unlikely-to contain crosslinks is an additional support for
this assertion..

The heating of various complexes, cqntaining MC, as

shown in table 5, demonstrates that the 310 nm hyperchromic
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shifts are éssehtially independent of the conformation of

the polyanion. As Lipman, Weaver, and Tomasz-(1978) have
shown, the binding of compound A to various polyanions, and
the binding of MC to PVS or to DNA (above binding ratios of
0.1) is essentially electrostatic in nature. The fact, there- -
fore, -that significant 310 nm hyperchromic shifts occur with
complexes exhibiting considerable electrostatic interaction
between bound chromophores and polyanions {e.g.'PVS—MC, soni-
cated DNA-compound A, etc.) and with complexes (e.g. DNA-MC
complexes at binding ratios 0.04 and 0.08, see table 5) not
displaying, significantly, such interaction demonstrates the
possibility that it is a general form of binding (e.g. to the
phosphates of the DNA helix), independent of the nature of
the bond (e.g. covalent vs. electrostatic) involved, which is

responsible for the 310 nm hyperchromic shifts.,
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Table 5. Relative Absorbance Increase at 310 nm for vari-
cus Mitomycin C and Compound A Complexes.,- -
Complex Binding Relative®® Maximum "310% #3101
Ratio OD(310 nm) Hyperchrom- Tm" m,b?"
e iene . increase___ic Rise . .
*

o e . : e e e -
Denatured DNA- 0.14 1.14 C1.21 - -
MC Complex } . e e .

*
Sonic. E.Coli 0.25 - 1.29 1.36 - -
DNA-MC Complex _

. FPURREE _ . o -
Calf Thvmus DNA~- 0.12 1.35 - - -
MC Complex
Calf Thymus DNA~- 0.04 1.18 - - -
MC Complex : . .
Calf Thymus DNA- 0.15 1.07 1.13 85°C 38°C
MC Complex ' .
Calf Thymus DNA~ 0,08 1.08 1.14 80 c 45°C
MC Complex ' . .
Sonic. C.7Thymus 0.14 1.12 1.16 - -

. DNA-Compound A ~(0,07) ** -

. iii
Compound .A alone - ~1.03 1.06 - -
Auto-oxidized -  ~1.03 1.05 - -

Compound A alone.

Mitomycin C - - 1.00 : 1.00 - -
.alone | t TS AU

@~ 310 nm "Tm"&"m.b. (Melt. Breadth)" were measured for the 2
complexes noted. @3- At room temp. after the cooling
or renaturation of complex. %gz% Done in Methanol-DSC

®- In DSC and heated to 120°C. @3- Binding Ratio after heat-
ing and dialysis. B.Ratio of this complex before
heating was 0.14. After heating it was 0,07 (upon dialyz-
ing) . This represents a loss of 54% of drug through heat-
ing ( .14-.065/.14 X 100 = 54%). Since 54% of drug is
lossed, then hyperchromic. values for (A) complexes were
multiplied by .54 and then subtracted from complex value.

#yx(Mitomycin C is not lossed from complex by heating as

shag? by dialysis. (DNA-MC before and after heat. has b.r.
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Appendix (5) : The differences in melting breadths (see table 1)

for sonicated versus unsonicated calf thymus DNA (in DSC) com-
plexes can be explained (when taking into consideration fhe
lower degree of consistency in melting breadth measurements

as compared to those obtained in methanol-DSC solvent (see
table 3) by the presence of noncrosslinked DNA in the soni-
cated samples. For example)when comparing the melting breadths
for DHNA-MC complexes of .10 binding ratios for sonicated and
unsonicated forms, we find: |

* Unsonicated complex - assuming full 100% crosslinkage
has a real melting breadth (m.b.) 0f 23.5°C (Ty=78.1°C),

* Sonicated complex sample - has, assuming é 50% cross-
linkage (see results}, an obsefved m.b. of 28.5°C.

* Control sonicated DNA (T,=68.5C) has a melting
breadth of 18°C and represents 50% of the sonicated
sample in terms of total molecules;-

.{1) Assuming that crosslinks are the reason for change
.in melting breadth, (2) knowing that the melting
breadth in degrees centigrade is bisected by the Tm
(see melting profiles} and (3) aséuming that the
m.b. of the sonicated sample is a combination of 50%
control sonicated and, effectively, 50% of the un-

sonicated complex, then we can array the relation-
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(From the relationship below
we find an estimated m.b. of

{sonicated control] 30.3%C, a value much closer ++
to 28.5%C (m.b. of sonic.compley

ships in this manner:

T = ;"' - ToTul fzosc

- "/\J/\f\/: —
m; + T8 -6%s -—@:' 4+ ( .I;ijCQ = 30.3°%

J
y than to 23.5°C (m.b. of unson-
(T85O 3 ic.complex) ‘
N _“TE 96 i [unsonicated complex}
1 \-.—-‘-\.r—" ’: '\/‘_"-,’; Tom = v
\ % ! < 6.1 C S
' \“-“I—“—ﬁ‘b— - —{v:_/ = s o7 —_— M ——, ,___f—"/:/
Y . — e
! mb.z187 N 1175 { D-?S’ ol
i m— b —_‘—'-‘
] ‘__'____..——-—""—"'-
L] L) '
' I m.6=23.5C i
I f
E"""'-'"'"'-..._- ‘ gt ---"'--'---. - ‘—l
" : TN T — T
i
1

¢ = Supports the assumption that crosslinks lead to increases in m.b.
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Appendix (6) : BAn accepted reaction (Alexander and Lett,

1960) for alkylating agents containing the aziridine ring
-~ y >

CH,—— CH + :"_\P"—'O Na+ = P—0~—CH.~CH,~NH

2 2 = =, 2 CHy

/

N
|
R

is: (1)

R

4+ NaOH

Ethyleneimine Neutralization of
- one charge through
.esterification.

(2) In the case of Mitomycin C, a possible situation is:

Lo ]
W
l oCH S o ot =
cu 3 4 = P—O0 Na (Na25204)
3 s/
M-H ‘
L]
o .
Q

Nit,. Um0 =C ~N H,

. [

Ce, " ™ - —t=

7 A : A

+
IVH3

Neutralization of charge
through esterification +
the addition of positive charxge
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Appendix (7): Single strand breaks do not effect the flexi-~

bility of DNA in neutral buffer as has been determined by
viscosity and sedimentation measurements of nicked (éontain—
ing single strand breaks) and unnicked DNA (Hayes and Zimm,
1970) . The explanation is that the nick or single strand dis-
continuity does not result in a'universal joint"” in the mole-
cule since the stacking intzractions of the DNA bases over-
comes any weakness introduced by the break (Parish, 1972).

In reference to Na,8,04; single strand breaks have been
reported to be caused in many instances by other reducing a-
. gents including dithiothreitol, NADH, ascorbate (Bode, 1967},
sodium bisulfite (Hayatsn and Millexr, 1972) and cysteine
(Rosenkranz and Rosenkrvanz, 1871). Since aa oxvaen devendanae
of the in vitro degradation of DIJA has been shown in these
cases, it can be said, similarly, that £free radicals obtained
from the oxidation of sodium dithionite may be responsible

for the degradative effect seen in DNA.



Appendi

¥ {8): The rate of sedimentation of a macromolecule dea-

pends on the buoyancy of the particle as wriﬁten by Cochen and

Eisenberg (1969). The sedimentation coefficientr(S) is:

=M, 30 Y= (1 -TVe)My v, =

(1) s
Fuo \sca
5= 1(-5°)

7z

4%4

<

molecular weight of
Nucleic Acid

particle frictional
coefficient

Avogadro's number
density increment due
to nucleic acid at con-
stant chem. potential

of solutes

partial specific vol.
of nucleic acid

density of solvent

Now for an ellipsoid of revolution-(ﬁﬁller and Crothers, 1968),

(2}

£

.803

r (’Lr )
fo L0

it is clear that the frictidnal coefficient of DNA increases

£
r

L

i

length of DNA-drug complex with
binding ratio r
Subscript 0 denotes contrel DNA

frictional coefficient of a DNA-
drug complex of binding ratio r

as its length increases and therefore, in regard to equation

(1), the sedimentation coefficient would decrease.
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Appendix (9): Bands are apparantly some form of DNA for the

following reasons: First, all DNA has been previously depro-
teinated and further deproteinization (see methods) with sub-
sequent Lowry protein determination insures the essential ab-
sence of protein. Secondly, these immobile bands stain with
ethidium bromide and their flourescent intensity, as qualita-
tively'seen, is reduced in parallel to the reduction of flour-
escent intensity of their appropriate mobile bands upon the

binding of mitomycin C. Thirdly, unsonicated calf thymus DNA

~displays such immobile bands, but when sonicated, doe’ not (com—

pare figqgures (plates} C, and Fjy). Therefore it appears that
this band, if DNA, is being sonicated with the rest of the
DNA into shorter fragments in the sonicated DNA samples. Fur-

thermore, these bands do not interfere with the electrophoret-

ic mobility of the moving band for the following reasons: First,

~the relative mobilities of various complexes, on any given gel,
do not change in electrophoretic runs of variocus times (an in-
terference in the mobility of the mobile band by the immobile
band would probably produce different relative mobilities for
the mobile b_andr according to time of the run, for a complex
of any given binding ratio). Secondly, experiments varying the
quantity of DNA (plate A)]) applied to the gel did not effect
the relative mobility. Thirdly,.the immobile bands of the DNA-
MC Eomplex with the highest binding ratio are not any larger
than the immobile bands of control samples.

"It is concluded that the large DNA fragments appear to

be present for the following reasons: The calf thymus DNA was
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prepared (personal communication; Worthington) using the meth-
od described by Zamenhof (1957). This method utilizes repeti-
tive techniques of freezing, thawing, centrifuqationland tissue
grinder homogenizing which sheaxzs or breaks down the DNA to low-
er molecular weights, Viscosity measurements of calf thymus DNA
(Zamenhof, 1957) prepared by this procedure give molecular weights
of 5-6%10°8 daltons, va}hes which agree well with the viscometric
determination of molecular weight in this lab. Calf thymus DNA

- prépared by means of a detergént method of ﬁNA isclation (Kay
et al., 1957) avoids mechanical shear breakage of DNA to any
substancial level, As a result, the molecular weights of this
DNA are in the area of 43-51X10° daltons. From this information
one may conclude that thé immobile bands, as seen in the elec-
trophoretic slab gels, are probably very large DNA fragments

representing a small fraction of the total DNA.
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Appendix (10): Lown et al.(1976) detected single strand

breaks in DNA-MC complexes by an extremely sensitive assay:
Unwinding of supercoiled PM2 DUA by the single strand breéks.
These breaks were interpreted as being caused by superoxide

. formation. The autoxidation (reoxidation) of hydroquinones
such as mitomycin C and streptonigrin may proceed via a semi-
quinoné and the superoxide radical ('C,) which provides an ex-
planation for the breakdown of DNA (Misra and Fridovich, 1972),.
Through the use of catalase or superoxide dismutase, or by the
~use of a combination of these enzymes, one is able to retard
the induction of strand cleavage of DNA (Lown et al., 1976).
(Although the hydroxyl radical (°0H) has been shown to be the
agent responsible for DNA strand cleavage itself (Morgan et al.,
1976), the enzymes catalase and superoxide dismutase inhibit
the formation of this radical by enzymatically inactivating,
~through chemical modification, key componants {i.e, ('OE) in-
to H,0,, and H,0p into Héo and O,) involved in a mechanism
(Morgan et al., 1976) responsible for the production of this
free radical.)

I used the more conventional assay, namely sedimentation
in alkaline.sucrose density gradients of calf thymus DNA to de-
tect single strand breaks in DNA-MC complexes. (DNA containing
single strand breaks such as those caused by streptonigrin (Cone
et al,, 1976) will, in alkali, sediment more slowly than control
DNA due to its relatively shorter (lower M.W.) strands (Suzuki et
al., 1969).) The results are negative (see figures 36 snd 37)
indicating that the breaks, if any, are undetectably rare in

this system,
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