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RNA SYNTHESIS IN YEAST
Siwo R. de Kloet
In the past year I have been studying mainly certain aspects
of RNA synthesis in yeast.

The following paragraphs will describe

our latest results as well as our future research plans.
I.

Methylation of messenger RNA in yeast

An investigation of yeast messenger RNA revealed that this
RNA species contains an average of two methylated nucleosides
per molecule.

As in other eucaryotic mRNA's the 5' terminus of

yeast mRNA is cappod by a 7-Meguanosine residue linked by a 5'
PPP bridge to a ribose methylated nucleoside in the main body of
the mRNA molecule.

No other methylated nucleosides have been

found (Andrean and de Kloet, Biochim. Biophys. Acta, in press).
Further recent investigations have shown that yeast nuclei can
methylate all RNA species, including mRNA .in vitro.
We will continue these investigations and are concentrating
our efforts on the following points:
a) We are trying to establish whether there is base sequence
heterogeneity at the 5' terminus of the yeast messenger, by
investigating the sequence of T1 and pancreatic ribonuclease
degradation products containing the capped terminus.
b) We are further exploring the mechanism by which the mRNA
in the yeast nucleus is methylated by investigating whether
newly synthesized RNA is methylated or whether all methylation
takes place on old pre-existing RNA.

We employ for these experi-

ments inercurylated UTP as a high density precursor and separate
the "heavy" RNA from old "light" RNA by buoyant density gradient
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centrifugation in potassium iodide gradients (Andrean and de
Kloet, 1971) or affinity chromatography.
II.

Ribosomal DNA satellite

An investigation of yeast DNA by fractionation with the
aid of sodium iodide density gradients showed that yeast DNA
contains two satellites, both with a higher GC content than the
average yeast DNA.

Only one of these satellites carries the

ribosomal RNA genes (Lusby and de Kloet, A.rch. Biochem. Biophys.,
in press).
III.

Double strand RNA in yeast

Investigations by several authors have shown that yeast
killer strains contain double strand RNA.

Two components can

be detected and the smaller of these is usually absent in cured
non-killers.

The base composition of the larger component (M.W.

2.2 x 10 ) obeys Cbargaff's rules, but the base composition of
the smaller component

(M.W. 1.4 x 10^) is recognized by a rela-

tively high adenine content.

We are at present investigating

whether this latter RNA species is possibly a mRNA with a very
special secondary structure which may cause the molecule to
exhibit certain properties common to truly double strand RNA
such as RNAase resistancy, binding to hydroxyapatite at high salt
concentrations.

Our results indicate that by these criteria

the RNA is indeed double stranded.

However, it binds also very

strongly to poly U sepharose, indicating the presence of a poly
A moiety.

Our further plans with respect to this subject include:

a) a study of the sequence homology of the ds RNA components
of yeast with respect to each other, but also with respect to

Siwo R. de Kloet

yeast DNA and yea^t single strand RNA.

These studies will give

information about the genetic origin and autonomy of the ds RNA
species;
b) an investigation of the messenger activity of the presumed
ds RNA components because of the presence of polyadenylic acid
in at least one o f the components;

c) a further study of the molecular properties of yeast ds
RNA like the methyl ation, etc.
IV.

Localization of the genes of certain transfer RNA

cistrons in yeast
In the recent past I have become interested in investigating
the localization of transfer RNA cistrons in yeast.

Most of our

*

knowledge of the genetics of transfer RNA originates from the
study of suppressor mutations.

This is true for E. coli as well

as yeast, but since only a few aminoacyl tRNA's are used in suppression the obtained information is of necessity only limited
to these few tRNA species.

We will try to obtain at least some

crude information with respect to the localization of a number
of tRNA species by hybridizing labelled transfer RNA with DNA of
disomic yeast strains.

I have spent two months in Seattle in

the laboratory of Dr. B. D. Hall at the University of Washington
to familiarize myself with certain aspects of this subject.

In

Seattle I have investigated the iodination of transfer RNA with
I^-2^.

Iodination yields transfer RNA with a very high specific

radioactivity, which is needed for these experiments since the
molecular weight of transfer RNA is so small and there are relatively few cistrons for the individual transfer RNA species.

I

Siwo R. de Kloet
was able to iodinate tyr. tRNA and hybridize this iodinated tRNA
with yeast DNA.

The result was that I found eight cistrons for

this tRNA species, a value in close agreement with the data obtained from suppressor studies.

We are at present investigating

in detail the following aspects of this problem.
To examine the specific iodination of transfer RNA with
I 1 2 ^ , the best procedure will most likely involve the iodination
of the aniinoacyl residue, since this will circumvent extensive
purification of the different transfer RNA species.

We will

first derivatize the aminoacyl tRNA with parahydrcxyphenyl
propionic acid and subsequently iodinate this derivative enzymatically with horse radish peroxidase.

Already now some problems

0

have arisen, since the isopentenyl residue in several tRNA's
can be iodinated very easily, a phenomenon that interferes with
the specific iodination of any given transfer RNA through the
amino acid.

We hope to overcome this problem by pre-iodinating

the underivatized tRNA with unlabelled iodine.

On the other

hand, we might also make use of the easy iodination of isopentenyl
adenine, since this nucleoside is present in only a few transfer
RNA species (tyr, cys and ser tRNA).

We will also have to sepa-

rate isoaccepting tRNA species by column chromatography in order
to obtain information with respect to related transfer RNA
components.

Eventually we will carry out hybridization with

DNA isolated from well characterized disomic strains.

This way

we hope to obtain information with respect to the number of genes
for different transfer RNA spicies as well as to a limited extent
some knowledge about the location of the different genes.

REGULATION OF NITROGEN METABOLISM
J. R. Fisher
1.

Summary of Progress 1975-76
a.

Research Highlights

1)

Mechanism of the Glutamate Dehydrogenase Reaction

Our kinetic studies of this enzyme system have culminated in
the identification of a mechanism that quantitatively accounts for
all steady state kinetic properties, binding constants and the
overall equilibrium constant for the system (Wells et al_. , submitted
for publication).

This complex mechanism contains 35 enzyme com-

plexes, all of which are necessary.

Circular dichroism studies of

this enzyme have raised some doubt about the evidence suggesting
a second NADH binding site.

Such binding sites are not necessary

for interpreting the kinetic properties of the system (Wells, B. D.,
Arch. Biochem. Biophys. 171> 287-91 (1975)).
2)

Theoretical Studies

We are continuing to systematically develop chemical and mathematical models for biochemical processes.

The principal accomplish-

ment this past year was the development of an "n-step" model for
the synthesis and degradation of enzymes.

This has been used for

the quantitative treatment of our extensive data on the regulation
of xanthine dehydrogenase levels in the chick.

These studies will

be submitted for publication in the near future.
3)

Regulation of Enzyme Levels

We have been studying the regulation of a group of enzymes in
chick 1
iver that are involved in nitrogen metabolism and
excretion.

F i s h e r , J.

R.

Background - A group of hepatic enzymes--including xanthine
dehydrogenase (XDH)> purine nucleoside phosphorylase (PNP), tyrosine amino transferase (TAT) and tryptophan pyrrolase (TP)--have
been shown to respond coordinately to dietary protein and to a wide
variety of hormones, metabolic antagonists and pharmacologically
active agents.

This regulatory system is characterized by the

following properties:
- The relative pattern of increases in activities of the
various enzymes is maintained.
- All agents and dietary conditions tested give non-additive
responses when used in combinations.
- All agents tested increase the rate of XDH synthesis without
#

affecting degradation.
Our recent results and conclusions are summarized below:
a)

Any source of a-amino nitrogen will increase the hepatic

levels of these enzymes including dietary protein, dietary and
endogenous natural amino acids (Fisher et al., Enzyme, in press)
and even unnatural amino acids including a-amino isobutyric acid
which is not metabolized
b)

(unpublished).

We have shown that regulation of one of these hepatic

enzymes (xanthine dehydrogenase) is at the level of enzyme synthesis
and that degradation is unaffected (Fisher ert aJ. , Enzyme, in press).
c)

Insulin has been shown to give the same effects as dietary

protein and is non-additive when used in conjunction with protein
and amino acids.

Since this hormone causes the uptake of amino

acids into various tissues, it has been suggested that this accounts
for its effects (Wu et al., Enzyme, in press).

Fisher, J.

d)

R.

Melatonin increases the level of XDH when used in combina-

tion with monoamine oxidase inhibitors (Woodward and Fisher, Arch.
Biochem, Biophys., in press).

This is one of the first enzyme

responses shown for this hormone.
e)

A liver slice system has been developed during the past

year to test the effects of amino acids, hormones and antimetabolites
for their direct action on liver.

Early results indicate that none

of them act di7-ectly on the liver insofar as this system is concerned.
f)

A wide variety of agents known to affect the central ner-

vous system also induce this group of hepatic enzymes giving the
same response pattern as dietary protein.

Active agents include

reserpine, lithium salts, several monoamine oxidase inhibitors
and several hallucinogens.
g)

All antimetabolites active against vitamin B5 requiring

processes that have been tested increase the levels of these enzymes.
So far we have tested deoxypyridoxine, hydrazines and amincoxy
acetate.
Conclusions - From all of these results we believe that chicks
respond to a-amino nitrogen through a detecting mechanism in the
brain and that the brain secondarily signals the liver to start
synthesizing the enzymes necessary to metabolize and excrete
nitrogen.

Furthermore, we believe that the detecting mechanism

involves pyridoxal, pyridoxamine or related compounds (our current favorite is a Schiff's base with a-amino acids).

F i s h e r , J.
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Proposed Research
a.

Personnel

W. Woodward - Research Associate
J. Nickels
Research Technologist
P. Do
Graduate Assistant

Fisher, J.

a.

Personnel

J. Cassidy
J. Thompson
J. Hansen

R.

(continued)

- Graduate Assistant
- Graduate Assistant
- Graduate Assistant

b.

Goals for the Coining Year

1)

We hope to begin stopped-flow studies of the glutamate

dehydrogenase system and in this way test the model we have proposed.

2)

We expect to complete the systematic development of

a system of models of enzyme synthesis and degradation.

3)

We

anticipate increasing our understanding of the mechanism by which
nitrogen metabolism in chick liver is regulated in the following
ways:

(a) show whether or not the liver is directly responding

to the various inducing substances; (b) identify and isolate
inactive forms of XDH that are suggested by labelling studies;
(c) obtain specific antisera to tryptophan pyrrolase so that
degradation and synthesis of a second enzyme in the group can be
followed; and (d) follow changes in blood and tissue concentrations
of a-amino nitrogen inducers and correlate these with changes in
enzyme levels aud synthesis.
3.

Outside Research Support
USPHS - $50,000/year 9-1-74 to 8-31-77
We will probably be submitting one or two new grant applications

in the next several months.

BIOLOGICAL TOXICITY OF INTRACELLULAR RADIOISOTOPE DECAY
Kurt G. Hofer

Introduction
The biological toxicity of radionuclides which
decay by nuclear beta emission has been studied
in recent years.

extensively

Particular interest has centered upon

the consequences of radioisotope decay following
3
of beta emitters such as
cells.

H,

incorporation

14
C into the DMA of proliferating

The resulting selective irradiation of the cell

genome was shown to produce pronounced biological damage
(chromosome aberrations', genetic mutations, tumor
induction, and cell death).
In contrast, very little is known about the hazards
attendant to the use of radioisotopes which decay by
electron capture, many of which emit bursts of Auger electrons
or internal conversion electrons (sometimes also Coster-Kronig
electrons) with energies of 1 keV or less.

Emission of such

dense showers of low energy electrons results in a highly
charged daughter atom and a high density of electron irradiation in the immediate vicinity of the disintegrating radionuclide.

Thus, decay by electron capture produces highly

localized damage and if such isotopes become concentrated in
radiosensitive biological structures, such as the DNA of dividing cells, extensive damage to the genetic apparatus can be
expected.

Kurt G. Hofer
Work vTith radioisotopes emitting low energy electrons
has potential significance in 3 areas:
(i)

Cellular and molecular radiation biology, where

the focus is on the mechanism of action of such radionuclides
(very high linear energy transfer, small volume of action,
charge transfer reactions leading to molecular disintegration
and fragmentation).
(ii) Health physics, where the focus is on providing
appropriate dosimetric assumptions for the purpose of
radiation hygiene, particularly in environmental and medical
application.
(iii) Radiation therapy, where the focus is on the
possibility of utilizirfg the radiotoxic effects of suitable
isotopes in conjunction with preferential uptake in tumors.
Summary of Research Programs
1) Nuclear vs. Non-Nuclear Radiation Effects:

The most

extreme examples of electron emitting radioisotopes in use
125
67
today are .iodin.e-125 (
I) and gallium-67 ( Ga). We have
12 5
shown elsewhere that
I, incorporated as the thymidine analog
125
iododeoxyuridine (

IUDR) into the DNA of proliferating

mammalian cells, causes radiotoxic effects which exceed those
of DNA associated tritium by a factor

of 12 to 15 even

though the ratio 'of intranuclear energy deposition
per decay
67
is only 2.6.

In contrast, intracellular

Ga, which is located

primarily in the cytoplasm of labeled cells, produces very
little cell mortality.

Microdosimetric evaluation of these

Kurt G. Hofer
results revealed that the biologica] damage resulting from
the decay of these 3 radionuclides can be explained exclusively
on the basis of radiation deposition within the cell nucleus,
with little or no contribution from cytoplasmic absorption
of radiation energy.
These studies were done in vivo on L1210 murine
leukemia cells.

As proposed in last year's research summary,

we have extended these studies to tissue culture cells.
Synchronized suspension cultures of Chinese hamster ovary
3

cells (CI-IO) were labeled with various doses of

H-thymidme

12 5
or

I-iododeoxyuridme to evaluate the cytocidal effects

of intranuclear radionuclide decay.

Damage produced by

radionuclide decay outs'ide
the cell nucleus was studied
125
on cells exposed to
A.

I labeled, monovalent

concanavalm

After labeling, the cells were resynchronized in G^

phase and incubated for 36 hours at 4°C to permit dose
accumulation.

Cell lethality was evaluated by the standard

colony assay.

Based on radionuclide incorporation data,

cellular dimensions, and subcellular radionuclide distributions,
the cumulative dose to whole cells, cell nuclei, and cellular cytoplasm was calculated from the known decay properties
of

3

125
H and
I.
As expected,
DNA associated 125 I (LD 5 Q : 60 decays/cell;
3

45 rad) was much more toxic to CHO cells than

H CLD,^: 1350

decays/cell; 380 rad) or external x-irradiation (LD & q: 330 rad).
125
In contrast, membrane associated
toxic (LDcr,: 19,600 decays/cell).

I was surprisingly nonAt 19,600 decays/cell the
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dose to the cell membrane was approximately 52 krad and
the overlap dose into the cytoplasm was about 247 0 rad.

Even

at these high dose levels, membrane damage or cytoplasmic
damage apparently did not contribute significantly to radiation
induced cell death.

With 19,600 decays on the plasma membrane

the CHO nuclei received an overlap dose of about 410 rad.
3
As can be seen from the LDj-q data for

H and x-rays, a nuclear

dose of 410 rad should be sufficient to account for 50% cell
death.
These findings indicate that, although intranuclear decay
by electron capture is extremely destructive, identical decay
events in the plasma membrane cause only minimal cell damage.
67
This parallels our earlier studies on

Ga labeled leukemia

cells which showed that electron capture decay in the cytoplasm in also highly ineffective in killing mammalian cells.
It therefore appears that radiation induced cell lethality
in dividing mammalian cells results primarily from nuclear
damage.

Cytoplasmic or membrane contributions to radiation

induced cell death, if any, must be minimal.

By implication,

these findings refute the enzyme release hypothesis and
similar theories designed to explain mitotic death in terms
of cytoplasmic or membrane damage rather than nuclear damage.
2) Molecular Mechanism of Radioisotope Damage:

Two

hypotheses have been advanced to explain
the extreme biolo12 5
gical toxicity of DNA associated

I:

(a) high local con-

centrations of radiation energy from low energy Auger electrons;
(b) charge induced molecular fragmentations in the DNA.

To

Kurt G.

Hofer

distinguish between these two hypotheses an attempt was made
to evaluate the molecular events associated with electron
capture decay, to calculate the microdistribution of radiation
energy after

J

' I decay, and to relate the microdosimetry

data to the biological toxicity of 1 2 5 I and 3 H.
To evaluate the molecular mechanism of 12 5 I toxicity,
lododeoxyuridine labeled with both
and the effect of

125

I and

]_4

C was synthesized

125

T decay on the molecular structure of
iii
lododeoxyuridine was studied by monitoring the fate of
C
12 5

activity after

I decay.

The results of this experiment

12 5

indicate that

I decay does not cause molecular fragmen-

tation in iododeoxyuridine, only deiodination.

Moreover,

microdosimetry calculations show that at least in small target
spheres more radiation energy is deposited on the average by
12 5

decaying

I than by a high LET a particle traversing a

sphere of equal diameter.

These findings greatly strengthen

the hypothesis that the high LET-type damage produced by
Auger emitters results from high local concentrations of radiation energy rather than from charge induced fragmentation
of the DNA.
Proposed Research Program
We have performed initial experiments designed to
evaluate other unsolved problems in radiation biology by the
use of differential subcellular irradiation with radioisotopes.
1) Radiation Induced Mitotic Delay: Neither the mechanism
nor the target responsible for radiation induced division delay

Kurt G.

are known.

Hofer

Differential subcellular irradiation with Auger

emitters will reveal

the primary sensitive target.

The

experiment will be performed on CHO cells using a modified
version of the isoleucine depletion technique described above.
A comparison between the

effects of external x-irradiation

and internal radioisotope decay should indicate the mechanism
and target for division delay in precisely the same fashion
as described above for radiation induced cell death.
2) Radiation Induced Malignant Transformation:

It is

known that irradiation of nonmalignant mammalian cells causes
malignant transformation of a small fraction of the
cells.

irradiated

Again, the mechanism and target organelle responsible

for malignant transformation are unknown.
is contradictory.

Evidence available

Some evidence points to the nucleus as

the primary target, other evidence implicates cytoplasmic
organelles or the plasma membrane.

Irradiation with external

radiation sources irradiates all cell compartments equally.
Thus, it is not possible to determine the target organelle.
We propose to carry out radioisotope studies with Auger emitters •

As pointed out above, highly differential irradiation

of different subcellular

compartments can be achieved by

internal Auger emitters.

This system, therefore,should make

it possible to accurately pinpoint the region of the cell
(and perhaps the mechanism) responsible for malignant transformation.
Expected Number of Personnel
Four persons will be involved in these projects (a technician, two doctoral students and myself).

THE MECHANISM OF ENERGY CONVERSION IN CHLOROPLASTS
Peter H. Homann
The research in my laboratory is concerned with the mechanism
of light energy conversion on the photosynthetic membranes of
chloroplasts.

It has included biochemical aspects of photosynthetic

CO2 fixation as well as problems related to the interaction of
electron carriers in the photosynthetic electron chain, and their
modification due to changes in the membrane structure.

During

recent months we have analyzed the kinetics of the electron transfer
events around the reaction center of the oxygen evolving photosystem II as expressed by the kinetics of chlorophyll fluorescence,
and the interaction of the' phosphorylation cofactor N-phenazinium
methylsulfate (PMS) tfith the chloroplast membranes.

Some of the

results are summarized below:
I.

Kinetics of the fluorescence induction on chioroplasts poisoned
with 3-(3,4-dichlorophenyl)-1,1-dimethylurea

(DCMU)

The fluorescence of the chlorophyll in photosystem II of
chloroplasts is affected by the rate of photochemistry in this
system, but it is also influenced indirectly by events in photosystem I.

An addition of DCMU to isolated chloroplasts accomplishes

an elimination of the dependence of the fluorescence yield on the
interaction between the two photosysterns, and thus permits an
isolation of the effects of events around the system II reaction
center.
Fluorescence studies have been used for years in many laboratories around the world to analyze the light-induced electron
flow in chloroplasts, but kinetic analyses of the time course of

Peter H. Homruin

the fluorescence have usually been restricted to the changing
fluorescence yield which, however, only reflects the changing
rate of photochemistry.

By analysing the kinetics of the growth

of the area over fluorescence induction curves, we have studied
in detail the kinetics of the progress of successful photochemical
charge separations in system II.

Our results revealed:

(a) The area growth is biphasic, with a slower exponential
process apparently superimposed on a faster, nonexponential reaction.

Both phases were limited by photochemical events only,

and a f f e c L d in jimilar fashion by the pH of the modiuih and by the
oxidation state of the water oxidizing enzyme in system II.
(b) Structural changes of the chloroplast membrane system due
t

to differences in the ionic composition of the medium affected
nearly exclusively the fast process.
(c) The reaction centers involved in the fast phase of growth
of the area over the fluorescence curve were more efficient in
establishing a stable charge separation during a bright light
flash, but had a faster recombination rate of the charges in subsequent darkness.
(d) The data were consistent with the existence of two types
of photochemical centers in different pigment beds.
II.

The interaction of energized chloroplast membranes with
phenazinium methylsulfate

(PMS)

PMS, a widely used cofactor of photophosphorylation in photosystem I of chloroplasts mediates a slow, light dependent decline
of the fluorescence yield which is not related to electron transfer
events in photosystem II.

It is assumed to be the result of

Peter H. Homruin

conformational membrane changes in the wake of a light dependent
creation of a high-energy membrane state related to the potential
for ATP synthesis.

During its action, we found that PMS be-

came reversibly associated with the chlor^plast membrane and
comitantly lost its absorption at 388 nm.

Surprisingly, both

fluorescence lowering and PMS photobleaching in DCMU poisoned
chloroplasts were not as sensitive to uncouplers of photophosphorylation as would have been expected from their dependence on a.
membrane energization.

However, when the experimental conditions

permitted the formation of some reduced PMS, and with it a more
efficient cyclic electron flow in photosystem I, both phenomena
became highly sensitive to uncoupling.

This can be explained by

a concept developed by others according to which an energization
of the chloroplast membrane in terms of a pll gradient is accomplished
efficiently by PMS only in the presence of some PMSH2.
Research Plans
Our preliminary experiments have indicated that changes in
the organization arrangement of the inner membrane system of
chloroplasts have profound influences not only on the fluorescence
kinetics, but also on the effect of events in photosystem I on
properties of photosystem II, e.g. as measured by PMS reactions
described above.

It is known from previous research in my labora-

tory, and from studies of other groups, that the interaction of
the photosystems in terms of exciton exchange as well as electron
transfer are affected by conformational changes brought about by
modifications of the ionic environment of the chloroplast membranes. Occasionally related changes can be found with variations

Peter H. Horaann

of the membrane organization due to genetic differences or different stages of chloroplast development.
In order to use PMS as one tool for studying the modes of
interaction between the photosystems and their dependence on the
membrane structure, we shall have to ascertain first the type of
interaction of PMS with the membrane which produces its bleaching.
It is quite difficult to distinguish between a simple partition
of PMS between the outer aqueous phase and membrane or lumen as
long as the involved interactions are unknown.

A study of the

involved spectral changes, of the influence of substituents on
the PMS molecule, and the behavior of structural analogs
help answer this problem.

shall

Functional modifications of the mem0

brane either experimentally, or by use of mutants, will provide
an approach from the other direction.
The involvement of anions in the stabilization of charges
in sysr.em II will be another line of research which is based on
quite contradictory reports on the effect of halogenide ions on
photosynthetic oxygen evolution.

These investigations are expected

to shed light on the function of the membrane structure and organization in preventing a thermal reversion of the photochemical events.
Our kinetic analysis of the fluorescence induction should, in
conjunction with other methods, aid in elucidating the anion
effects on the function of the manganese containing oxidase for
water which is still very little understood.
An extrapolation of these studies to 111 vivo systems on the
one hand, and membrane particles on the other, will be

important

to assess the validity of any conclusions concerning their relevance

Peter H. Homruin

to the function of the complete photosynthetic apparatus, and to
the structure-function relationship of partial reactions.
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Financial Support
Research during the past year was supported by NSF.
for renewal of support is pending.

A proposal

PROMOTING VIBRATIONS IN SPIN-ORBITAL COUPLING
IN VIBRATIONALLY DEFICIENT MOLECULES
Clayton Baum and Michael Kasha

A theoretical study applying Group Theoretical analysis
to the matrix elements for spin-orbital interaction in polyatomic molecules is proposed.

It is known from the high-resolution

laser spectroscopy results of E. Schlag (Munich), that firstorder spin-orbital interaction in molecules is absent? these
results show that a second-order spin-orbital perturbation is
required for intersystem crossing.

Thus, it is evident that a

*

promoting vibration is needed to facilitate intersystem crossing.
previously we have published research on the limitations of
vibrational coupling in radiative transitions in molecules.
concept of vibrational deficiency was introduced.

The

The vibra-

tionaLly deficient molecule was defined as a molecule whose
normal modes of vibration failed to span the irreducible
representations of the point group to which it belongs.

This

study is now being extended to the spin-orbital promoting
vibration case, to investigate the possibility of intersystem
crossing restriction in vibrationally deficient molecules.

ELECTRONIC EXCITATION AND HYDROGEN BONDING
Clayton Baum and Michael Kasha

We plan to continue our investigation of the behavior of
hydrogen bonds in the ground and excited electronic states of
molecules.

This study covers a variety of excitation and energy

transfer pnenomena associated with hydrogen bonding as detailed
bel ow.
A.

The Role of H-bonding in Intermolecular Energy Transfer
This research is an extension of work published by

El-Bayoumi and Kasha.

They noted that the quenching of carbazole

emission by smaller concentrations of acridine in dilute
-4

( <. 1x10

mole/liter) hydrocarbon-glass solution is greater than

expected even if it is assumed that complete association of
carbazole with acridine (via H-bonding) occurs.

We hope to dis-

criminate between Forster and exciton-type energy transfer in
this system by observing the energy transfer as a function of
changes in the concentration of carbazole (or N-methyl carbazole)
and acridine.
As a necessary preliminary to this energy transfer study,
the influence of H-bonding on the electronic states of acridine
is being determined.

Emission studies have shown that in hydro-

carbon glasses the lowest excited singlet state of acridine is n7r
(J. Yau dissertation).

Strong hydrogen bonding raises this state

above the lowest^tttt* state ("'"L ) .

*

Michael Kasha

The energy transfer study will be extended to include
analogous proton acceptors (pyridine, quinoline) and proton
donors (pyrrole, indole).
B.

Photoinduced Double Proton Transfer
Kasha, El-Bayoumi, and their coworkers have discussed

in detail many of the properties cf the 7-azaindole (7-AI)
doubly-H-bonded dimer, which undergoes proton transfer in the
excited state.
explored.

However, several important aspects remain to be

The triplet states of the monomer, dimer, and tautomer

have been virtually ignored.

For instance, the phosphorescence

of the monomer is almost identical in energy and contour to the
tautomer fluorescence, yet this "coincidence" has not been noted
previously, much less explained.

The similarity of these

emissions suggests to us that the triplet state may indeed play
an important role in the two-proton phototautomerism and we plan
to measure the phosphorescence properties of the 1-methyl (monomer)
and 7-methyl (tautomer) derivatives of the parent compound.
We have recently completed further work on the excitedstate proton transfer between 7-AI and alcohols.

These results

clearly show a competition between 7-AI-alcohol and alcoholalcohol H-bonds.

We are extending our 7-AI study to closely

related molecules, many of which should also undergo photoinduced
double proton transfer.

Michael Kasha

C.

The H-bonding Potential in rt?T* Excitation
Stikeleather and Kasha demonstrated that the H-bonding

potential is repulsive in the n7r* singlet state.

Dellinger and

Kasha have shown further that viscous solvents provide a barrier
to dissociation in the ^n^r* state.

As n?r* and

TXTX*

states approach

they should mix and the n"""* state should develop a minimum.
This hypothesis can be tested by an appropriate choice of molecules.

It would also be of interest to examine the H-bonding

potential in the n^* triplet state.

ELECTRON TRANSFER EXCITATION IN ' W . CONTEXT OF WATER PHOTOLYSIS
Craig Brown and Michael Kasha
Electron transfer spectroscopy of closed shell ions is an
old topic which presents new interest in terms of the photolysis
of water and possible fuel cell coupling.

Not only are new

techniques available in this very old field {which had its origin
with Franck and Scheibe in 1925 in their study of the spectra and
photochemistry of halide ions in water), but new theories and
applications are now possible.
The halide ion excitation process in water, e.g. I
+ (H_0)
z

I atom

under UV photon irradiation leads to H atom production
«
—

after tH^O)

+ H

reaction.

Thus hydrogen gas is evolved.

similar reaction occurs when Fe

+2

is photooxidized to Fe

+3

UV photon irradiation leading to hydrogen gas production.
+4

A
under
In

+3

contrast, the photo-reduction of Ce

to Ce

by UV photon

irradiation, with { ^ O ) * as an intermediate, leads to oxygen gas
production as a consequence of OH radical recombination.
The results described above have been known for over 30
years in the photochemical literature.
are on the order of 5 percent,

The yields of gas produced

since the study of dissipative

or radiationless processes has advanced very greatly in the last
decade, the efficiency could be greatly modified by appropriate
changes in experimental conditions.

For example, heavy water

as a matrix would probably lead to a very great change in photochemical yield.

Michael Kasha

The simultaneous production of hydrogen gas and oxygen
gas suggests adaptation to a solar fuel cell model.

Here water

is photolyzed, with the inorganic ions as catalyst.

The gaseous

products could feed into the H2/C>2 fuel cell, with production of
electricity, and regeneration of the water (heavy water).

To

be perfectly cyclic, the redox-couples involved in the photoredox system should be spontaneously reversible through a second
electrochemical cell connection.

A serious effort will be made

to find such a system which (a) cyclically photolyzes heavy
water using inorganic ion catalysts, (b) produces two stages of
EMP output, (c) uses low-energy (solar) photons.
Not only is such a system as described of great intrinsic
interest as a unit solar energy device, but its study suggests
mechanistic application to the photosynthesis redox mechanism
for water photolysis as a two-stage process.

Here may be a

perfect example of the interplay of biophysics of a natural
process and a model system of practical importance, with mechanistic features which help to elucidate each in turn.

ENERGY TRANSFER BETWEEN RARE EARTH IONS
AND SINGLET MOLECULAR OXYGEN
Gamal Khalil and Michael Kasha
After a 1st order success, in which we showed that some
electronic interactions are taking place between the rare earth
ions and molecular oxygen, two types of experiments were done.
In the first type of experiment, the chemically excited
molecular oxygen was shown to interact with Sm
ions.

, Eu

, and Yb

In the presence of these ions, the chemiluminescence bands

of molecular oxygen were enhanced.

This process was called back

transfer of electronic energy.
In the second type of experiment, the rare earth ions were
excited by intramolecular energy transfer from an organic chelate.
In the presence of oxygen there was a very good indication that
the electronic excitation energy was transferred from the rare
earth ion to the singlet molecular oxygen, a direct transfer.
A systematic experimental research study is proposed, to
permit the deduction of the mechanism of the energy transfer
between rare-earth ion chelates and singlet molecular oxygen.
A theoretical model for the energy transfer based on spin-of oneorbit-of-the-other electron

coupling is under investigation.

This model, if established, would constitute a rare case in
excitation energy transfer phenomena.

PHENOMENOLOGY OF ENVIRONMENTAL PERTURBATION
David Lorenz and Michael Kasha

A theory of environmental perturbation of molecular
potentials has just been developed and published by B. Dellinger
and M. Kasha, based on the Born-Oppenheimer approximation.

This

theory adduces the addition of a Gaussian viscous-flow barrier
to large molecule motions restricted by a solvent cage.

Pre-

dictions of new phenomenology for various molecular systems have
been made, and experimental tests of these have been made and
are under active investigation.
A particular aspect of interest in connection with the above
development is the study of .intermolecular quenching effects.
For example, the quantum yield of phosphorescence of aromatics
by oxygen is known to depend on solvent conditions.

Our study

is being planned to investigate the viscosity barrier penetration
by the quencher.
The new theory has opened up a host of new environmental
excited state studies which will clarify the mechanisms of
proton transfer, electron transfer, and energy transfer phenomena
in condensed systems.

SPECTROSCOPY AND ENERGY TRANSFER IN
SPHERICAL EXCITON ARRAYS
Pradeep Sengupta and Michael Kasha

Strong coupling exciton theory has been applied
primarily to molecular aggregates of diverse geometries
with characteristic prediction of state splitting and
energy transfer phenomena.
The subject of liquid crystal zones and sensitizing
dyes adsorbed on the surface of micelles has not been
treated by molecular exciton theory.

The object of this

research is to explore tractable solutions of the
molecular exciton band generation for spherical surface
and bulk arrays.

Experimental correlation of energy

transfer properties will be used to confirm the qualitative
results of the theory.

MACROMOLECULAR BIOPHYSICS
Leo Mandelkern
Our research program involves several areas of macromolecular
biophysics.

One of these is the study of the conformation of

poly-L.-pro line and related homopolypeptides and sequential copolypeptides.

Studies of optical properties, such as circular dichroism,

coupled with thermodynamic and hydrodynamic measurements in water
has lead to the concept of a statistically conformed chain with
all trans imide bonds and a puckered pyrrolidine ring.

However,

we have recently completed some very sensitive high resolution
proton Fourier transform nmr experiments which showed a new
resonance.

This resonance could be assigned to the cis isomer

and is present in about 2% concentration.

This new result has

necessitated a re-examination of the deduced conformation of
poly-L-proline and has made a unique interpretation, relative
to any specific theoretical conformational energy map very difficult.
We are also concerned with the interpretation of circular
dichroism spectra of dilute solutions of polypeptides which do
not exist in one of the usual specific ordered conformations.
We now find at least three, and possibly four, distinctly different
circular dichroism spectra which can be attributed to polypeptide
chains in disordered conformations under specific circumstances.
These results indicate a great sensitivity of this optical property
to the population of rotational state; i.e. the details of the

Leo

disordered structure.

Mandelkern

To study this matter in more detail we

have been examining the optical and nuclear magnetic resonance
13
5
properties (particularly

C) of poly (N -w-hydroxyethyl-L-glutamine),

(PHEG), in water and upon the addition of certain salts.

This

polypeptide was chosen since it is not ionized and has been shown,
by standard physical chemical methods, to be in random conformation.
Upon addition of salts, the intrinsic viscosity decreases and
there are major changes in the circular dichroism and shifts in
1
13
both the

H and

C magnetic resonances.

However, contrary to

the results for poly-L-proline, when salts are added, no new
resonances are observed.
isomers are formed.

We thus conclude that no new rotational

The changes in circular dichroism and in
0

the chemical shifts with the type and concentration of salt do
not correlate with one another, indicating a substantial contribution from changes in electronic structure without any
conformational change.

Model compounds, wherein conformational

changes will be minimized, are now being studied to attempt to
separate these two effects.
In another set of problems concerned with polypeptides, we
are interested in the mechanism of aggregation of ordered structures from dilute solution and the conditions for formation and
the description of different morphological forms.

We have already

developed an outline of the kinetics of the process for poly-L.glutamic acid and have established the importance of nucleation
control in this case. "We plan to study the quantitative kinetics

Leo
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and the deLails of the different morphological forms and the
requirements for their formation.

In these studies the use of

molecular weight fractions is mandatory and improvements are
being made in our previous fractionation methods.
We ?.re also studying the application of certain principles
of polymer physical chemistry to the mechanochemistry (the
utilization of chemical free energy to perform useful work) to
fibrous proteins and muscle.

We have shown, in a recent paper,

that the force-length relations of muscle fibers display all the
characteristics of a system in phase equilibrium, similar to that
found for collagen and synthetic polymers. We are planning to
13
study the
C spectra of various muscle constituents, as the
*

solvent medium is changed, to see if any structural changes take
place.

We plan to first study the thick filaments by themselves

before investigating the individual myosin molecules.

TIIE SYNTHESIS AND MATURATION OF RNA
Robert H. Reeves
Our research, effort is concentrated on two projects involving
RNA synthesis and maturation:

1) investigation of the modifica-

tion of tRNA in Salmonella typhimurium; and 2) the study of the
effect of bacteriophage infection on host RNA synthesis using
S. ty^himurium and two of its phages, P22 and SP6.

Both projects

are being pursued using genetic and biochemical techniques.

Our

approach has been to select for mutants in bacteria or phage
involving RNA transcription or maturation.

The mutant strains

are analyzed, for the in vivo effect of the genetic lesion and
the molecular alterations responsible for the mutant phenotype.
Our efforts on the modification of tRNA have concentrated
on the supK mutants of JS. typhimurium.

These mutants are defi-

cient in a single tRNA methylating enzyme.

In the past year we

have purified and characterized this enzyme, and found it to
be unusual in several respects.

It has a much lower pH optimum

than most tRNA methylases, and it is very unstable in comparison
to other methylases.

There is even a possibility that it is

associated with a ribonuclease activity in Salmonella.
methylated product is also unusual.

Its

Only alanine and serine

tRNA species are methylated by the enzyme, and the methylated
nucleotide is a U derivative which is both acid and base labile.
The methyl group can be removed from the tRNA by hydrolysis at
pH 9.0 as a volatile product (probably methanol) and can then
be added back enzymatically using S-adenosyl methionine.
We are also locking for other bacterial mutants involving
tRNA modification.

We have isolated another type of UGA

Robert

H.

Reeves

suppressor mutant which, may be a tRNA modification deficient
mutant.

It has properties similar to the supK mutants, but it

does not map at the same genetic locus.

Also frameshift sup-

pressor mutants isolated in the laboratory of John Roth will be
tested for deficiencies in tRNA modification.
We are now developing an affinity column for the purification of methylating enzymes.

This procedure should help us in

the characterization of tRNA methylases.
The ivork on bacteriophage P22 has led to elucidating the
action of gene 23 product.

This protein is a positive regulator

of late phage gene functions such as coat proteins and lysozyme.
We originally isolated bacterial mutants that do not allow the
*

expression of late genes.

We do not know whether this is due

to a block in the synthesis of gene 23 product or whether normal
amounts of gene 23 product are made, and it cannot promote late
gene synthesis.
in P22.

Thus far no one has characterized gene 23 product

We intend to isolate and characterize this regulatory

protein using double labeling techniques--proteins from a 23+
phage infection labeled with ^ C
labeled with 3 H.

and proteins from a 23

phage

Ths proteins will be separated by gel electro-

phoresis and/or column chromatography in an attempt to identify
gene 23 protein.

We also hope to devise an assay for this

regulatory protein involving the stimulation of late gene transcription.

Little is known about the action of positive regula-

tory elements.

We hope this work will contribute to the know-

ledge of these important regulatory proteins.

ELECTRONIC RESPONSE PROPERTIES OP BIOMOLECULAR SYSTEMS
William Rhodes

The primary focus of this ..^research is on the role of
elementary electronic processes in determining the physical
and biological properties of biological molecules.

It is our

premise that molecular biological mechanisms involve subtle
interplay among structural subunits, whereby interactions
have effects over relatively large distances.

This naturally

leacJs to an emphasis on importance of such factors as
structural heterogeneity and quantum mechanical coherence.
Our current research, can be divided roughly into two areas:
(1) the selective excitation of molecules by light of varying
characteristics? and (2) optical properties of biopolymers.
The former deals with the effects of the absorption spectrum
of the molecule and the properties of the exciting light on
the dynamic behaviour of thr prepared excited state.
is concerned with the dynamic asspects of interactions.
exciting light behaves as a roagent.

This area
The

The latter deals with the

effects of electronic interactions among structural components
on such optical properties as circular dichroism, absorption
spectra, and luminescence.

This area is concerned with the

effects of interactions on the stationary state properties of
the system.

The exciting light behaves as a probe.

The general method of approach is to formulate theoretical
descriptions of the phenomena and to apply the results to the
predictions of the experimental behaviour of real molecular
systems.

Specific theoretical methods include linear response

William
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theory, time development operator and Green's operator
techniques.
Continuing Research Topics
In the following, a "brief description is given of the
specific research projects now being developed, which fall
into the two broad areas described above.
A.

Optical Properties of Biopolymers
1.

Effects of composition on circular dichroism
(with D. Cravens) .

Starting with the linear response tensor for the response
of the current density. Cravens has found that taking the
spatial average of the components for CD leads to a formulation
in terms of Bessel functions instead of the usual Rosenfeld
rotational strength.

This form is ideal for large molecules

whose dimensions approach the wavelength of the light and in
the small molecule limit it reduces to the Rosenfeld theory.
We are applying this Bessel function form to the CD spectra of
polynucleotides.

By taking the derivative of the CD with

respect to various monomer parameters, we can determine the
effects of varying the composition of the polymer one or more
sites at a time.

Since it is a linear approximation, this

approach depends on the monomer parameter being similar.

This

is true for transition energies and dipole strengths, but care
must be taken with transition dipole directions.
2.

Effects of geometry on circular dichroism
(with S. Redmann).

The linear response tensor expression for CD, which was
developed in this laboratory several years ago, lends itself

William
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to the analysis of CD in terms of the geometry of the helix.
This expression is the sum of three terms?

(a) the helix

term, arising from polarization perpendicular to the helix axis;
(b) the radial term, due to the monomer optical center lying
off axis; and (3) the residue term, which gives the contributions of the monomer as perturbed by the "helix.

We are

currently calculating these terms for the A, B, and C forms of
DNA in order to determine the contributions of the degree of
twist, tilt, and radial displacement of the base-pair.

We

have shown that the expansion of our terms to first order in the
interaction leads to the Johnson-Tinoco theory.
One of the most important questions in the theory of CD is
concerned with the effects'of electronic band shapes.

Existing

theories are based on the tacit assumption that the absorption
spectrum consists of discrete lines.

This would be satisfactory

if these individual transitions were each evaluated in the
calculations.

In practice, however, it is necessary to treat

clusters of transitions collectively by the ad hoc introduction
of a band width and an average transition frequency.
the monomer band shape is used for the polymer.

Usually

Consequently,

dispersion effects resulting from monomer interactions are
omitted.

We propose to study the effects of band shape on CD

by considering the monomer electronic bands to each consist of
a set of Lorentzian (or Ketteler-Helmholz) bands.

Preliminary

studies of similar effects on absorption spectra have already
been published by this laboratory.
B.

Selective Excitation of Biological Molecules
1.

Single photon pulse excitation

This work deals with the nature of the excited state

William

produced by light acting for time internal f
initially in its ground state.

Rhodes

on a molecule

We are interested especially

in absorption spectra which consist of a high density of
spectral lines so that the observed absorption spectrum
consists of broad, continuous bands with (at most) only
coarse vibronic structure.

This is characteristic of most
it

biological molecules (e.g., it -*• it
nucleotides.

bands of amides and

Earlier work dealt with effects of stationary,
ACD of the type produced by a

chaotic light of bandwidth
typical thermal source.

In current studies, we are considering

excitation by a single photon pulse; the time and frequency
bandwidths of which obey the minimum uncertainty relation,
AOOAT _

2..

'

The primary objective of these studies is to determine
whether the radiative decay of the excited state can depend on
the bandwidth of the exciting light.

We have already studied

the case in which the molecular absorption band has a Lorentzian
profile and have found that the excited radiative state always
decays with a lifetime given by the absorption band width.
This is consistent with the known results for continuous
Lorentzian bands,

we are now studying more complex absorption

spectra which may be regarded as composites of Lorentzians.
It is important that we distinguish the effects of homogeneous
and inhomogeneous broadening since they lead to different
characteristics of the prepared excited state.
Another objective of this work is to separate the terms
corresponding to resonance fluorescence and resonance Raman
scattering.

The quantum yields of each are being determined

William
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as a function of the frequency and bandwidth of the exciting
light.
Future research in this area will include the effects of
intensity and degree of coherence of the exciting light.
2.

Effective molecular excited states (with A. Ziv).

We have recantly shown that the set of excited states of
a molecule which are involved in light absorption from the
ground state can be transformed into a set of states with the
following property:

one state, called the radiative state,

contains all of the absorption strength with respect to the
ground state; the radiative state is coupled by intramolecular
interactions to another excited state which is coupled to a
third, etc., until there is a final excited state that has
constant coupling with a manifold of excited states.

This

sequence of coupled states is termed the spectroscopic channel
basis.

Langhoff and Robinson have carried the analysis as far

as the first two members of the series.

In this work we have

also shown that the spectroscopic channel basis can be transformed to a set of effective excited states.

Each effective

excited state contributes to the absorption spectrum in the
form of a skewed Lorentzian.

The amplitude for the decay of

the radiative state is given by a sum of exponentials, one for
each effective excited state.
We have given a prescription for the calculation of both
the spectroscopic channel basis and the effective excited states
in terms of the absorption spectrum of the molecule.

In future

work we plan to apply this method to the absorption spectra of
nucleotides for the band system in the vicinity of 260 nm.

William
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The purpose is to determine the practicability of the method,
i.e., whether the absorption spectrum of a molecule such as
adenine in the range 230-300 nm can "be represented by a small
number of skewed Lorentzians.

Also, the physical meaning of

the effective states {e.g., association with vibronic states,
spin character, etc.) needs to be determined.
Research Outlook
Biological control mechanisms at the molecular level are
generally presumed to involve primarily local site interactions
between molecules in which specific bonding or nonbonding interactions occur.

On the other hand, it frequently appears that,

in macromolecular systems,'interactions and events in one region
of the system have a definite effect on the behaviour of remote
parts of the system.

It is not unreasonable to expect that the

coordination of molecular processes in complex biological functions employs the transmittal of signals over relatively large
distances.

From this point of view, an in situ biological

macromolecular system would be considered as a complex signal
transmitting network in which signals (and possibly forces) are
channeled in a selective manner.

This places an emphasis on

the possible importance of the tremendous structural heterogeneity
of biomolecu.lar systems, in contrast to the ordered, periodic
nature of nonbiological solid state systems.
The underlying thesis of this area of research is that the
selective channeling of electronic and conformational forces
(or signals) plays an important role in the molecular mechanisms
of many biological functions.

The consideration of such

William
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processes has been limited by our lack of detailed knowledge of
the structures involved.

However, examples which are suggestive

include specific conformational changes associated with electron
transport in cytochromes, protein conformational changes during
oxidative phosphorylation, and the "wheel" mechanism of acyl
group transfer in fatty acid synthesis
One possible mechanism for the channeling of signals
through molecular networks is by the propagation of local
polarization.

Most of the work on polarization response of

molecular systems has been carried out in terms of linear
response theory, which is applicable to ordinary spectroscopic
processes such as single photon absorption.

However, the

polarization response we are considering here is a nonlinear,
coherent polarization response of the type which may be
produced by the strong local fields associated with chemical
reactions.
Such nonlinear responses in molecules are generated by
laser pulses and lead to such fascinating phenomena as superradiance

and self-induced transparency.

These processes have

required the theoretical description of a new class of molecular
states, called coherent states, by F. T. Arecchi and others.
A system in a coherent state carries microscopic polarization
in contrast to excited states (or polarization) produced by noncoherent excitation.

Preliminary studies of coherent response

are being undertaken in collaboration with P. Richter.

It 1b

our supposition that coherent states may provide a basis for
the understanding of certain biological control mechanisms at
the molecular level.

FriJhlich has also put forth a similar idea.

William
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It is interesting, in this connection, that low frequency
(10*-- Hz) laser irradiation of living systems has a pronounced
effect on growth properties.
Further studies in this area will require application of
nonlinear response theory.

We propose to study the conditions

for the propagation of a local strong polarisation, using
coherent states as a basis.

•i

CHROMOSOME STRUCTURE AND FUNCTION AND CHROMOSOME DAMAGE
Randolph L. Rill
Current research activities and interests in my laboratory
include ()) elucidation of the molecular structure of chromosomes
(chromatin) of higher organisms, particularly the local ordering
of histones and other chromosomal proteins along chromatin fibrils,
(2) studies of the relationship between chromatin structure and
functions such as replication, chromosome condensation and regulated
transcription and (3) studies of the alterations of DNA and chromosome structure by harmful agents such as heavy metals, aromatic
hydrocarbons and heterocyclic compounds.
Most of my research efforts over the past three years since I
have had an operating laboratory in the Institute have concentrated
on area (1), chromosome structure.

Over this period research in

this laboratory and elsewhere has dramatically improved our understanding of the molecular structure of chromatin fibrils, as is
described below.

Because of these advances and the growth of my

research group (now to five graduate research assistants and a full
time technician), some promising research has been initiated in
areas (2) and (3) in the past year.

Our research progress and

future research plans in each of these areas are summarized under
separate headings below.
1.

CHROMATIN STRUCTURE
Chromatin, the chromosomal material of higher organisms, is a

fibrous substance consisting of extremely long DNA molecules complexed with an oqual weight of very basic histone proteins plus
other proteins that together fold DNA into the compact state
required for nuclear packaging and regulate DNA replication and
transcription.

Until recently little was known about the local

structural features of chromatin fibers, i.e., the manner in which
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proteins are organized, and DNA folded, along the fibers.
In 1974 research in this laboratory and elsewhere showed that
nucleases digest chromatin into discrete nuclaoprotein particles
that appear
"subunits."

to be fundamental structural repeating units or
During the past year we have obtained more information

about the structure and composition of the subunits and a better
understanding of the action of nucleases in the following ways.
i.

Extensive studies of the time dependence of the size dis-

tribution of DNA fragments produced by digestion of nuclei and
chromatin with staphylococcal nuclease and DNase II were undertaken
to understand the differences in actions of these enzymes as they
relate to chromatin structure, to clarify discrepancies in the
literature concerning the size of DNA in the basic repeating unit,
and to determine the origin^, of "submonomer" size nucleoprotein
fragments discovered in our laboratory (see below).
ii.

To determine the size, composition, structure and hetero-

geneity of the subunits, methods for isolating large quantities
of pure submonomer, monomer and larger units were developed.
Attempts to characterize these different units by chemical analysis,
electron microscopy, physical measurements, and reactivity towards
specific chemical reagents are in various stages.
Results
Nuclease Digestion Studies - Analysis of DNA Products
Nuclei isolated from chicken erythrocytes, Chinese hamster
ovary (CHO) cells, calf thymus and rat liver were digested with
staphylococcal nuclease.

DNA was isolated and electrophoresed on

1.4% agarose and 6% polyacrylamide gels.

The i.izes of DNA in the

resulting characteristic multiple band patterns were determined by
comparisons to the mobilities of endonuclease R Hae III fragments
of PM2 phage DNA.

Brief digestion yielded 180 to 200 base pair
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(BP) long "monomer" DNA and oligomer DNA species that were
multiples of this size with the exception of the CHO nuclei which
yielded oligomers that were multiples of 155-165 BP.

Further

digestion caused a rapid decrease in the size of the monomer
and oligomer DNA to a limit of 140 BP and multiples of 140 to
160 BP, respectively.

The late stages of the digestioii were also

characterized by the appearance of a very discrete spectrum of
10 to 11 "submonomer" DNA species differing in size by approximately 10 BP.

In contrast, digestion of chromatin gels isolated

from nuclei yielded, at equal rates, the full spectrum of submonomer fragments plus monomer, dimer and trimer size DNA that
were multiples of 140 to 160 BP.

Electrophoretic patterns of

DNA isolated from nuclei or chromatin digested with DNase II were
basically similar to, but much less distinctive than, the corresponding patterns obtained with staphylococcal nuclease.
Isolation and Characterization of Monomer and Submonomer
Nucleoprotein Units
Staphylococcal nuclease digests of nuclei or chromatin were
partially fractionated by sedimentation on 40 ml., 5% to 20%
linear sucrose gradients at 25,000 rpm for 24 hr. in an International SB 110 rotor (6°).

Further sedimentation of subtractions

on 12 ml., 5% to 20% linear sucrose gradients for 16 to 18 hr.
at 41,000 rpm in an International SB 283 rotor yielded clearlyresolved monomer and three major submonomer fragments with sedimentation coefficients of 11S (monomer), 9S, 5S and 3S.
Purified l i s monomeric units from chick erythrocyte nuclei
contained predominantly a 140 BP DNA species complexed with, and
tightly folded by, two copies each of histones H2A, H2B, H3 and
H4.

Preparations frequently contain smaller amounts of somewhat

longer or shorter DNA due to incomplete cleavage or internal
cleavage, depending on the extent of digestion.

Histones HI and

K5 were found mostly in monomers with longer than average DNA.
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Electron microscopic observations confirmed that the l i s units
appear identical to the "beads" of the "beads on a strong"
appearance of intact chromatin fibrils reported previously by
Olins and Olins (Science 183, 330 (1974)).

Preliminary studies

indicated that planar aromatic dyes bind to the subunits, but
predominantly not by intercalation in the DNA.
Characterization of the major submonomer fragments is
partially complete.

The 3S fragment contains close to 50 BP of

DNA and one copy each of histones H2A and H2B.

The 5S fragment

contains70 BP of DNA and approximately one copy each of histones
H2A, H2B and H4, while the 9S fragment contains 90 BP of DNA and
the four histones, H2A, H2B, H3 and H4.
We conclude from our studies that the fragments obtained from
nuclease digestion of chromatin accurately reflect the clustered
arrangement of histones on DNA.

The IIS fragments described above

are the primary structural units of chromatin fibrils.

These

compact units are joined by small, somewhat variable length regions
of more extended, nuclease susceptible DNA that averages about 4060 BP in many species but may be smaller in certain cases such as
CHO cells.

Lysine-rich histones Hi and H5 are probably located on

the "edges" of the subunits and are not required for the conformational integrity of the sabunits.

The initial action of nucleases

on chromatin in nuclei occurs in the interconnecting regions
followed by a reduction in the size of monomer and oligomer DNA
due to further digestion of spacer "tails."

As the subunits are

released from the bulk chromatin, specific sites within the subunits become accessible to cleavage, thereby producing submonomer
fragments.

Inter- and intr&subunit sites are equally accessible in

expanded chromatin gels.

Preliminary analyses of the submonomer

fragments indicate that histones occur in the order (H2A, H2B) H4 #
H3 along DNA.

The differences in action of DNase II and staphylo-

coccal nuclease can be explained by the fact that the latter enzyme
has exo- and endonucleolytic activity and can thereby cleave up to
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a point of intimate histone-DNA contact, whereas DNas<3 II is
strictly an endonuclease with little activity on small oligonucleotides.
Future Research
Studies of the composition and properties of submonomer
fragments will be completed.

These data should enable us to

determine the specific ordering of histones along DNA in the
subunits.

Sedimentation, viscosity and circular dichroism

measurements will be made on whole subunits, histone-depleted
subunits and subunit fragments to try to determine the role of
specific histones in maintaining subunit conformation.

Specific

chemical reagents reactive towards DNA or specific protein side
chains will be used to probe the conformation and accessibility
of DNA and histones in subunits.
2.

CHROMATIN STRUCTURE—FUNCTION RELATIONSHIPS
Results
Another goal of the past year was to determine the feasibility

of several methods for isolating other structurally or functionally
distinct portions of chromatin.

In particular we are interested

in isolating portions of chromatin that are "active", i.e., able
to support RNA synthesis, and the structurally unique portions
of chromatin that contain highly redundant (satellite) DNA and
are permanently condensed.
With the aid of Dr. William Marzluff (Dept. of Chemistry, FSU)
a mouse myeloma tumor line has been established.

Very brief

nuclease digestion of mouse myeloma nuclei followed by lysis and
sedimentation on steep sucrose gradients has yielded a small
fraction of chromatin that sediments slowly and is soluble at
physiological ionic strengths, unlike bulk chromatin.

Preliminary

analysis by electrophoresis on SDS-containing polyacrylamide gels
indicate that the histone and particularly the non-histcne protein
composition of this fraction is different from bulk chromatin.
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Currently we are repeating and refining procedures to characterize
and optimize yields of this? fraction.

Once we are certain that

this fraction is, in fact, unique in terms of protein composition
we will test for RNA template activity by analyzing for endogenous
RNA polymerase, and for the presence of active genes (by hybridization of the DNA with immunoglobin m-RNA or c-DNA).

This fraction

will also be analyzed for subunit structure, specific non-histone
proteins and c-RNA species.
We are also attempting to isolate the portion of crab chromatin
containing highly redundant, very AT-rich DNA.

Methods have been

developed for isolating clean nuclei and chromatin from crab blood
cells.

Digestion of crab nuclei with staphylococcal nuclease

yielded DNA and nucleoprotein fragments virtually identical to
those obtained from vertebrate tissues.
satellite DNA have been isolated.

Whole crab DNA and

The feasibility of using

restriction endonucleases to isolate portions of crab chromatin
containing the AT-rich DNA tracts will be explored in the near future.
Characterization of this chromatin fraction in terms of subunit
structure and protein composition should aid in explaining the
function(s) of highly redundant DNA in higher organisms.
3.

DNA AND CHROMOSOME DAMAGE
Research in this has recently been initiated.

Since this

research is most directly related to the interests of ERDA it
will be introduced in some detail.
It is well known that byproducts of the utilization of coal,
oil and gasoline additives such as aromatic hydrocarbons, heterocycles and heavy metals bind to, and alter the function of, proteins
and nucleic acids.

The binding of such agents frequently causes

harmful effects such as local or general poisoning of cellular
functions, mutation of simple organisms and cultured cells, and
malignant transformation of normal tissues.
of these agents is the chromosome.

Often the target site

The specific interaction site
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on many of these substances on chromatin is frequently difficult
to predict.

While some chemicals, such as aromatic hydrocarbons,

may interact predominantly with DNA, others, such as ionic
intercalating agents analogous to the acridine dyes, heavy
metals, and oxides of nitrogen and sulfur, bind strongly to both
DNA and proteins.

Prediction of the effects of specific sub-

stances is further complicated by the fact that a molecular
description of the binding to even simple biopolymers is often
lacking.

The proposed research will involve studies of the

mechanism of binding of aromatic hydrocarbons and heterocyclic
compounds (with and without functional side groups) and heavy
metals (particularly lead, mercury, iron and copper) to DNA, and
studies of the target sites of these substances on specific
regions of chromatin.
The objective of the DNA^small molecule binding studies will
be to determine the effects of the small molecules on the conformation of DNA and the conformation of the small molecule in the
bound state.

Binding data will be determined by appropriate

standard methods such as equilibrium dialysis, spectral shift,
or fluorescence enhancement measurements.

Conformational changes

in the DNA will be monitored by changes in melting behavior,
circular dichrcism, hydrodynamic properties and degree of supercoiling (see below).

The confo:nnation of the small molecule in

the bound state will be examined by NMR spectroscopy using the
Bruker 90 Mhz and 270 Mhz, Fourier Transform spectrometers which
can observe proton, C*"^, N*^ and a number of other nuclear
1
3
ie
4
lb
resonances. Where possible C * and N
enriched compounds will
be used to observe these resonances in addition to the proton
resonances.

We are somewhat hopeful of being a[bie to observe

conformational changes in DNA by using very small DNA molecules
enriched in N 1 5 and perhaps C^ 3 .

Such small, labelled DNA can

be obtained by cleaving a labelled phage DMA with appropriate
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restriction nucleases which act at a limited number of very
specific and well-defined sites.

This work will be carried out

in collaboration with Dr. George Levy of the Department of
Chemistry who is very experienced in NMR techniques.
Since a unifying picture of the structure of chromatin is
beginning to emerge, and will surely become more well-defined
in the near future, it is feasible to inquire into the specific
sites o£ action of atergy utilization byproducts on chromatin.
The binding of specific substances to chromatin and the effects
of binding on the properties of chromatin will be determined as
is described for the case of DNA above.

By comparing the binding

to whole chromatin to that of chromatin which has been treated with
nuclease, we can determine whether binding occurs on the protected
subunits or on the unprotected "spacer" regions.

If binding

occurs to the subunits, therv the separation schemes we have
already developed will enable us to determine which subunit(s)
contain the binding sites.

Specific effects on the function of

chromatin can be assessed by the in vivo transcription assays
described above.

Obviously, as the structure and function of

these different subunits and spacer regions become more welldefined, we will be able to more clearly understand, and probe
in more detail, the effects and mechanism of binding of the
harmful substances.
Results
An assay system for monitoring changes in DNA geometry caused
by the binding of small molecules is being developed.

This

assay involves using unwinding enzyme and closed circular PM2 DNA
to measure changes in the degree of supercoiling caused by the
small molesule binding.

Strains of Pseudomonas (PM2 host) and

PM2 phage have been established and a few mg. of PM2 DNA have been
isolated.

We will soon begin to isolate the unwinding enzyme.
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We have begun to look at the accessibility of DNA in chromatin
and isolated chromatin subunits to planar aromatic dyes.

Prelimi-

nary results indicate that ethidium bromide binds to the subunits,
but probably does not intercalate into the DNA.

We plan to

continue the studies of ethidium bromide binding and also examine
the binding of some acridines and actinomycin D
future.

in the near

DNA REPLICATION AND CHROMOSOME STRUCTURE
J. Herbert Taylor
DNA Replication in CHO Cells in Culture.

Our progress

in understanding the replication of D?TA and the regulatory
systems in mammalian cells which control chromosomal reproduction may have progressed further than anticipated a year
ago.

We published a paper in Chromosoma which has generated

considerable interest.

In addition we have data for 2

additional papers which are in preparation.

These data relate

to the demonstration by electron microscopy and sedimentation
that single stranded fragments presumed to be intermediates
in DNA replication may have rather long segments of RNA attached.
These RNA segments were estimated to be as long as 150-180
nucleotides and are presumed to act as primers at initiation
sites.

Whether all of the DNA is primed by such segments or

only the first segment at an initiation site is still not
clear, but we found a high ratio of the Okazaki fragments
(single strand intermediates) to have RNA attached apparently
by covalent linkage to nascent DNA.

We demonstrated that the

RNA was not attached merely by base pairing and that the ratio
of nascent chains with the RNA tc those without RNA attached
could be increased by depleting the cells of thymidine for a
few minutes before pulse labeling.
In another study by Michael Kurek, who has just finished
his Ph.D. degree, we determined that it is possible to effectively synchronize and block CHO cells precisely at the
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beginning of S-phase by mitotic selection and fluorodeoxyuridine
(FdU) treatments.

When such cells are pulse labeled for 4-8

minutes and quickly lysed at low concentrations the nascent
DNA, both single and double stranded, is released from the
chromosomes.

The size of the released fragments increases

nearly linearly with pulse time up to 20-30 minutes, but after
12 minutes an increasing amount of the nascent DNA is not
released from tho chromosomes as free segments.

Since the

release of the double stranded DNA requires both template
strands to have breaks at or near the replication fork, we
have begun a careful study of the structure of the DNA released.
After an 8 minute pulse it appears to be a linear fragment
with a molecular weight of 10-12 x 10*> daltons and a length
of 5-6 microns.

Why it should be released is still a mystery,

but we are working on the hypothesis that the release is
enzymatic and a result of the maeromolecules involved in
replication.

DNA fiber autoradiographs, prepared from identi-

cal cells as those used for preparing the nascent DNA, show
that extended replication loops, which do not break out from
the chromosome in low salt buffers, are on the average 5
microns in length after an 8 minute pulse.

This is in good

agreement with size of the fragments determined by sedimentation and indicates that the breaks in the template chains
which release the nascent DNA are localized at or near the
replication forks.
The other addition to our knowledge of units of replication was obtained from DNA fiber autoradiographs of chromosomal
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DNA pulse labeled with ^-thymidine after synchronization by
mitotic selection and blocking cells at the beginning of S
phase with J;dU.

The cells were released and pulse labeled

for 4, 8, 12, 24 and 40 minutes with 10~ 6 M

3

H-thymidine.

Autoradiographs were prepared and developed after six months
exposure.

The labeled segments were measured and the center

to center distances
recorded.

of tandemly oriented segments were also

Rather surprisingly the center to center distances

fell into modes at multiples of a single repeating unit 4
microns long.

Within 12 minutes those separated by 4 microns

had disappeared presumably by fusion into single large replicating loops.

The concept derived from these data is that

potential initiation sites are repeated every four microns
along the DNA.

Any of these are usable, but normally only

about 1 in 10 is used in cells of the adult.

In the very

early embryo as shown by others nearly every potential
initiation site is utilized.
Instrumentation:

Construction and Use of a Viscoelastometer.

We have now in operation the second and improved version of
the Zimm-Klotz viscoelastometer for measuring the recoil of
stretched DNA.

The technique is perhaps the only one suitable

for determining the size of the very long DNA polymers obtained
by very careful lysis of cells under conditions approaching
zero shear.

The instrument is a viscometer with a very stable

system for measuring the back-lash of a Cartesian diver-type
rotor when it is wound up in a solution of very long, coiled
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The technique

may be adapted to measuring recoil of single strands or
denatured DNA, but this aspect of the work has not yet been
explored in

our laboratory.

The recoil, or more correctly

the retardation time in the recoil, is a function of the
polymer length, and therefore the technique can be used to
estimate lengths of very large molecules which frequently
behave anomalously in centrifugation.
To date we have determined the size of DNA from cells of
Drosophila melanogaster and obtained the same retardation
times as reported by Kavenoff and Zimm, i.e., measurements
indicating chromosome,size segments.

However, comparable

determinations with Chinese hamster cells showed segments
with molecular weights in the range 1-1.5 x 10 1 ® daltons,
which is equivalent to a length of 5.0 - 7.5 mm.

This is only

about one-fourth the size of the DNA in the larger chromosomes
of D. melanogaster.

Yet the larger chromosomes of Chinese

hamster are several times the size and DNA content of those
in cells of Drosophila.

We are working on the idea that the

chromosomes may dissociate into G-band sized subunits during
the lysis.

In the transition from gyres to bands during

treatments for staining, chromosomes go through a stage in
which the number of bands divided into the total DNA per cell
equals the size of the measured subunits.
Proposed Research
DNA Replication and Chromosome Repair.

We propose to
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continue our analysis of the released, nascent DNA, both single
chains and double stranded segments.

We hope to learn much

more about the segments released by the use of electron
microscopy and sedimentation with the hope that we can present
a better picture of the regulation of DNA replication and the
degree to which environmental agents (radiations, chemical
carcinogens, antibiotics and certain metabolic inhibitors)
can disturb the system and lead to abnormal growth or cell
death.

The evidence that numerous potential replication sites

are available in adult cells changes the design of many
experiments.

We will now look for RNA priming at initiation

sites as distinct fronj priming of all Okazaki segments.

We

will not necessarily expect the scattered initiation sites
utilized to represent the total available sites and the same
ones used in one replication may not be used in the next.
However, once initiated the replication forks pass over many
potential sites with no interruption or at most a brief pause.
We want to use the fiber autoradiographic method along
with hydrodynamic techniques to study the kinetics of initiation
of DNA replication.

We know the potential for incorporation

of ^H-thymidine increases linearly with time.

Does this mean

that initiation si :="3 continue to accumulate in restricted
regions of the chromosome or do more and more chromosomal
sections prepare for division?

The control and understanding

we have of the system proA/ides a good material for studying
chromatid exchanges and their relation to induced breakage by
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We are now ready to return to the use

of the light microscope and some analyses of exchanges by
use of differential staining which can be accomplished following
incorporation of BrdU

(bromodeoxyuridine).

After a replication fork passes a potential initiation
site it should not be usable again until the next S phase.
What mechanism is used to tag the once replicated initiation
sites?

One idea we have is that methylation may be involved

as a marker.

We are studying methylation of cytosine to see

if we can find a suitable substate to search for methylases
which will only methylate DNA after a round of replication
leaves one chain unmethylated.

We know that in bacteria

replication of DNA will not be reinitiated until both chains
are methylated.

On this basis we might propose that a delay

in methylation at initiation sites could prevent reinitiation
during an S phase.

Specific methylases would then operate at

the G2 stages or possible G1 stage to make the DNA available
for another round of replication.

Our attempts to prevent

methylation by eliminating all methionine from the culture
medium has so far been only partially successful, but we hope
to use such under-methylated DNA to search for the desired
methylases.
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We will continue our testing and use of

this instrument to study the size of DNA in mammalian
chromosomes, the degree to which native DNA is broken by
very mild mechanical shear and the changes which are
associated with transition of cells into S phase from Gi.
When the DNA is short enough to allow comparable measurements
to be made by sedimentation, we will make comparisons by the
two methods.

INFLUENCE OF PHOSPHOLIPIDS ON THE
DYNAMIC PROPERTIES OF RHODOPSIN
T. P. Williams
We have recently investigated the bleaching behavior of three
lipid-altered preparations o f rliodopsin.
tion are:

The methods of prepara-

(1) the toluene-triton extraction of Futterman; (2) a

new method described first by Hong and Hubbell and modified by
E. 0. Plante which utilizes the lipid dissociating capacity of
aliphatic non-ionic detergents and the separation of lipiddetergent and protein-detergent complexes by gel filtration; and
(3) the removal of the polar head group of associated phospholipids by phospholipase C.
The results of these three studies will be summarized before
presenting an overview of'our knowledge to date.
1.

Toluene-triton extraction

Zorn and Futterman reported that this method yielded a
rhodopsin which was not regenerable and which possessed a lower
extinction.

No such lowered extinction has been seen in our

hands; however, we have used digitonin as the final solvent for
this preparation.

This was done in order to provide a standard

solvent system across different preparations.

When the triton-

toluene extraction is performed on rod outer segments (ROS)
and the resultant dried residue taken up in digitonin there are
20-30 phospholipids associated with the rhodopsin.

When the

metarhodcpsin II production of this preparation is compared to
that of digitonin-extracted RCS, two effects of lipids are
apparent.

1) The observed fast rate constant is decreased with

decreasing lipid content.

2) The fraction of fast meta II is

also a function of lipid content.

The difference seen in our
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preparation compared with that of Zorn and Futterman prompted
an investigation of rhodopsin extracted with different surfactants.
2.

The delipidation of rhodopsin by solubilization of ROS

in dodecyltrimethyl ammonium bromide (DTAB) followed by chromatography on Bio-Gel A 0.5 yields a rhodopsin which has less than
one mol. phospholipid/mol of rhodopsin
of rhodopsin).

CO-2molphospholipid/mol

When this delipidated rhodopsin was investigated

a new and somewhat surprising result was found.

Namely, in

the absence of all phospholipid, two forms of meta II are still
observed.

We have also investigated the conversion of lumi-

rhodopsin to metarhodopsin I in this lipid-free preparation.
Again the results show two forms of lumi being converted to two
forms of meta I.

The ratio of the concentration of the two forms

is dependent on temperature.

All our evidence thus far is con-

sistent with the existence of two conformers of rhodopsin which
exist in equilibrium.

The temperature dependence of this equi-

librium has been investigated and two manuscripts are in press.
We are currently looking at the effects cf environment and pH
on this equilibrium.
3.

Studies of the bleaching behavior of digitonin-extracted

ROS which had been subjected to phospholipase-C action before
extraction is currently underway.

In agreement with the results

of Borggrevfcn e_t al. (1970) the preparation contains 4-5 phospholipids rhodopsin.

The meta II production for this preparation

shows no significant effect of the removal of the polar head
groups of the phospholipids by phospholipase C.

On the other
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hand the thermal stability of this preparation is decreased to
an extent similar to that of a preparation in which nearly all
the phospholipid molecules have been removed.

In this work nexane

extraction of the phospholipase C treated ROS was not used since
we wanted to investigate only the effect of polar head group
removal.

Therefore the preparation still contains the diglycerides

which result from the phospholipase C action.

This study is

still underway so that it would be premature to say the polar
heads are not concerned in any way with the light bleaching
behavior of rhodopsin but, at present, their importance appears
minimal.
4.

Additional points

We have also developed a sonicated ROS preparation which
allows us to compare all preparation with the most native environment possible.

The results of the sonicated ROS investigations

are being reported in a manuscript already mentioned.
Overview
The picture so far developed from our investigations shows
two conformers of rhodopsin whose equilibrium is dependent on
environment, temperature and pH.

At physiological temperature

the two conformers exist in a ratio of approximately 3.S to 1
in the rod outer segment.
remains obscure.

The significance of these conf'ormers

Whether they play a physiological role or

merely result from solvation or location differences in their
membrane environment must still be investigated.

In any case*

the realization of their existence has provided a better understanding of the kinetic behavior of rhodopsin following light
absorption.
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We have also found that the observed rate ccnstant for
meta II production does indeed depend on the degree and extent
of phospholipid association.

Detergents which displace lipids

and result in protein-detergent complexes give rise to rate
constants which are larger than those seen for sonicated RQS
and digitonin-extracted preparations.

More work will be neces-

sary before it will be possible to understand the properties
of lipids or detergents which result in the increasing or decreasing of the rate of meta II production.

Our finding that

the rate is unaltered by removal of the phospholipid head group
suggests that the control of rate in this system involves the
nature of the hydrophobic interactions of the protein.

The use

*

of completely delipidated rhodopsin should allow us to evaluate
these hydrophobic interactions.

