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Preface

.For there to be progress in science, there must first be communication between experts of
different disciplines. This is particularly true of modern biology which is becoming more and
more of an interdisciplinary field. The present situation in cell biology clearly reflects this devel-
opment and demonstrates that the application of physical techniques was necessary before this
field of biological research could be developed on an objective and quantitative basis. The
utilization of optical phenomena as measuring parameters at the microscopic level has provided
the basis for the development of quantitative cytochemistry. This rapidly growing extension of
conventional cytochemistry and histochemistry is based on the visual oberservation of qualitative
chemical criteria in correlation with the microscopically resolved structure of cells and tissues.
Furthermore, the introduction into cytochemistry of such optical measuring techmques as ab-
sorption photometry, interferometry, and fluorometry, as well as the measurement of optical
anisotropy, diffraction and scattered light, has provided the methodological bridge for the ex-
change of knowledge between cell biology on the one hand and biochemistry, or molecular
biology, on the other.

Travelling in one direction across this bridge, the cell biologist in general and the cytochemist
in particular profit by the accumulated experience of the biochemist concerning the theoretical
basis and the application of these optical measuring techniques and the interpretation of results
at the molecular level. The traffic in the opposite direction involves an essential part of the results
obtained by biochemistry: unless these data are applied and interpreted in terms of the functional
structure and organization of the cell, they will lack most of the desired biological significance.
Thus, what cell biologists have learned in this field should be of equal interest and value to the
biochemist. There is probably no better example of this fruitful interaction than the applicatian
of quantitative fluorescence techniques in both biochemistry and cell biology.

More than any other method, fluorescence techniques are not just a tool for applying quanti-
tative cytochemistry to cellular composition, but must also be seen as providing perhaps the most
important basis for “biochemistry at the level of the single intact cell and its structure” and may
be expected to make an essential contribution to the understanding of the molecular organization
of the cell.

The subject and scope of the conference the proceedings of which are published in this volume
should be seen against this background. The organizers of the conference habe tried to construct
a scientific program which reflects not only the present stage in the application of quantitative
fluorescence techniques in biochemistry and cytochemistry, but also the increasing interaction
between these two disciplines. Moreover, the program was intended tc pinpoift crucial problems
which probably cannot be solved except by such an interaction. They confidently hope they have
gone some way toward meeting this goal, despite the sometimes highly divergent views with
regard to the material to be investigated, the application of fluorescent techniques for obtaining
quantitative information, and the interpretation of the results. There is still much to be done in
overcoming “language problems”.

The sequence selected for sessions I to V is certainly not the only possible one. However, the
methodological aspect of the conference was the dominant consideration. Thus, it seemed
reasonable to start with two reviews (Part I) on the utilization of two fluorescence parameters
— fluorescence polarization and decay time — that have been succesfully used for the biochemical
investigation of solutions, suspensions and homogenates, but have not yet been fully utilized for
measuring single cells at the microscopic level.
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The papers in Part II deal with the instrumental and standardization requirements for micro-
scope fluorometry and spectrofluorometry on single cells. Not only do they reflect the present
state of the art in this field, they also open the way for the systematic introduction of spectro-
fluorometry on solutions into ultramicroanalysis at the microscopic level. This in turn permits
the direct comparison of information obtained for cells and solutions under identical microscopic
conditions, which is most welcome because the data can be used for calibration and standardiza-
tion and also for interpreting the results obtained for single cells. These contributions thus form
a bridge to Part IIT and the papers dedicated to the central subject of quantitative cytochemistry:
the chemical composition of cells and cellular compartments. In addition to the progress
achieved in the cytofluorometric determination of DNA, RNA, proteins and mucopolysac-
charides microscope fluorometry has successfully penetrated new areas: chromosomal analysis,
study of biogenic amines, and immunology.

The new techniques of automated cytofluorometry permit the rapid assessment of cytochemi-
cal parameters in cell populations and their recording in histogram form. Such techniques open
up new horizons for studies of cell population kinetics, for instance in pharmacology and for
clinical diagnostics. '

The same is true, at least in part, of the application of microscope fluorometry to the measure-
ment of cellular activity at the level of the single cell and its compartments (Part IV). For instance,
it has been used to investigate the intracellular turnover of fluorogenic substrates of different cell
populations under vatious influences. A further step towards the ultimate goal of revealing the
functional structure of the living intact cell is to apply techniques for the rapid microfluorometric
recording of fluorescence intensity and spectrum to the study of intracellular enzyme reactions
and transport phenomena and to correlate the findings with the microscopically resolved cellular
structure.

Finally, the various papers in Part V deal with the use of fluorescent substances as molecular
probes to study the configuration, conformation and reaction sites of biological macromolecules.
This session illustrates particularly well the complementary nature of studies on known solutions
on the one hand, and those on organized biological material like fractionated cellular compart-
ments and even intact cells on the other.

Models like artificial membranes are becoming increasingly important in the study of such
properties of well-defined macromolecular structures. Models can aid in the interpretation of the
. results obtained by measuring the fluorescence parameters of fluorescent molecular probes
bound to cellular structures. There is no doubt that during the next few years this very promising
application of fluorescence techniques in cell biology will considerably increase in importance,
for it correlates biochemical information and cell structure, i. e. the morphology and chemical
topology of the intact cell.

The editors — who were also responsible for the organization of the conference — gratefully
acknowledge the cooperation of all authors who contributed to this volume and their under-
standing of the editors’ problems. They also wish to thank the session chairmen, Dr. H NEURATH
(1), Dr. 5. S. West (II), Dr. F. RucH (III), Dr. B. TroRreLL (IV) and Dr. G. WEBER (V), for their
effective coordination and their determination to make each session a real success.

The organizers’ and editors’ heartfelt thanks are due to Dr. T. CASPERSSON for taking on the
conference chairmanship, and for his valuable advice concerning the preparation of the scientific
program, his introductory remarks to the conference, and his own outstanding contribution,

The conference was made possible by the generous support provided by the Battelle Institute,
Life Sciences Program. The organizers would like to express their sincere thanks to Dr. H. N£u-
RATH, University of Washington, at that time coordinator of the life sciences activities sponsored
by the Battelle Institute, for his deep and permanent interest in the organization of the conference
and for his suggestions concerning the preparation of the scientific program. )

The help of the staff of the Battelle Seattle Research Center, in particular of Mr.L. BoNNE-
FOND and his staff, before and during the conference is also gratefully acknowledged.
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OPENING REMARKS

by
T. Caspersson

I am very pleased to have been asked to give some openiné remarks on this occa-
sion, for I believe that this will be an unusually productive conference, and that it
is being held at precisely the right time. Work in the field of biological fluores-
cence is in a period of almost explosive development, but it is proceeding along so
many different lines — biophysical, methodological, organochemical, cell physiological,
genetical, etc. — that it is impossible for one man to follow more than part of it.
Thus, just now, there exist real information gaps, and this conference is very ably
planned to begin bridging these gaps. One of the crucial reasons why development has
accelerated so quickly during the last few years is that, at long last, really quanti-
tative methods have been developed and used. It is thus very proper to use the quanti-
tative approach as the common denominator in our discussions this week.

The field of microscopy was the first field in biology to benefit from fluores-
cence approaches. The great microscopy pioneer, August KShler, gave the first impetus
as early as in 1904, and in 1911 Lehmann built a good instrument and produced the first
photographs in 1913. I believe it is correct to say that above all, it was the primary
fluorescence of porphyrins that lay behind the great widening of the work in the late
twenties and the thirties, even though interesting work was performed using secondary
fluorescence on different cell constituents, Acridine orange was even then a very
popular substance.

At that time the fluorescence microscopes used carbon arcs or sparks between metal
electrodes as light sources and functioned quite well even if their stability was not
very good. Optics and filters were of a very satisfactory standard, although the
choice was not very wide. . Moreover, soon after came the gas discharge lamps which re-
placed all other light sources. Many different lines developed and many types of bio-
logical materials were studied. -

Little or nothing was then heard of microscope fluorometry. We tried twice in
the early forties to build ultramicrofluorometers at our laboratory. In applying them
to biological objects on a microscale, however, fluorescence decay became such a pro-
blem that we had to abandon the project.

While optics, filters, and light sources were satisfactory, the photoelectric.
aspects offered almost insurmountable difficulties until photomultipliers came along
after the war. Then suddenly, everything improved. At the same time, however, there
were so many other fields for the new sensitive light detection systems that, to my
knowledge, little was done on fluorescence until in this last decade, when work was
taken up in many places, and really quantitative work on cells was started.

Fluorescence analysis is a complex field. Many physical and chemical factors
influence the intensity and the character of the fluorescence of an object. It is
most encouraging that during these last years these fields have grown so rapidly and
that therefore the amount of information available has also greatly increased. We
will be hearing a great deal on this subject during .our meeting.

Furthermore, physicochemical studies have shown that fluorescence analysis can
offer much more than a means for quantitative chemical determinations in biological
materials. Methods such as measurement of fluorescence polarization and depolarization
and work on relaxation kinetics have opened new vistas in the study of the macromole-
cular organization of cellular compounds.

During the last two decades we have received hardly any essentially new basic
tools in the field. However, different types of biological problems make very dif-
ferent demands on the instrumentation to be used, both in routine fluorescence mea-
surements and in measurements of more sophisticated kinds. This field is well cov-
ered in this symposium.

all in all, this syposium presents surveys of a number of fields, often of very
different kinds, but all aimed at really quantitative work on the composition and
structure of cellular constituents. Many of these ostensibly rather unrelated fields



2 -

are difficult for workers in other areas to penetrate. Thus this symposium is an un-
usually meaningful convocation of research workers who share a common interest.but
who are foéllowing different lines, '

There will also be a series of papers giving examples of applied biological work
in several fields, from enzyme kinetics to nerve function, and these, together with
the presentation of physical and chemical background information, will, I am sure,
stimulate all of us to a further widening of the realm of biological fluorometry.

We are all very grateful to the Battelle organization for this opportunity.
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POLARIZED FLUORESCENCE

Gregorio Weber

Roger Adams Laboratory, Deparﬁment of Biochemistry
University of Illinois,Urbana, Illinois

ORIGIN OF FLUORESCENCE POLARIZATION

The emission from a fluorescent solution is always polatized to some degree. By
this we understand that an observer who sees the light emitted in a direction at right
angles to the direction of the excitation through a polarizer observes changes in the
intensity of theé emission as he rotates the polarizer (Figure la). This polarization,
first discovered by Weigert (1920) has received considerable attention; its origin
and significance are well understood in the case of fluorescent solutions. Briefly,
the polarization results from the existence of a preferential orientation in the mole~
cules at the time of the emission. The exciting light produces a selection of the
érientations because the molecules preferentially excited are those in which the trans-
ition moment in absorption is parallel or at a small angle to the electric vector of
the polarized excitation. This original orientation is preserved if the molecules
undergo negligible motion between excitation and emission, in which case the polari=-
zation is a maximum, called the fundamental or limiting polarization PO‘

EFFECT OF MOLECULAR MOTIONS

On the other hand, if the brownian motion of the molecules is very lively, the
initial orientation is all but lost in the few nanoseconds elapsing between.excitation
and emission; in this case only a residual polarization of the order of a few parts
per thousand to a few parts per hundred is observable. . It follows that in dilute
solutions the polarization of the fluorescence is a good indicator of .the motion of
the particles responsible for the fluorescence. In.fact, the polarization observed -
is determined by only three factors: the limiting polarization Po which woyld obtain
if no disorientation followed the exditation, the rate of rotation R of the particles,
and the interval between excitation and emission, T. In 1926 Francis Perrin showed
that these quantities were linked by the relation: ’

T

1.4 _1
-1- (PO - (1 + 6RT) Z | )

The simplicity of equation 1 is deceptive. While P, Pp and T have a simple physigal
significance and can be subjected to direct experimental measurement, R can have a
very complex origin. If the fluorescent elements are attached to rigid spherical
particles, R is the rate of rotation of a sphere, which Einstfein in 1906 showed to be
equal to:

- LEkT

T 6 v

Here k is the Boltzman constant, T the absolute temperature, 7 the viscosity of the
solvent in which the particle moves, and V the volume of the particles. While some
.simple molecules of weight of a few hundred daltons.may.be considered to come close
to "rigid spheres,” the fluorescent mbletules of the biclogical specimens cannot
always be assumed to have both of these characteristics. Some particles will be ir~
regular, so that their motion is not characterized by a single rotational rate but by
three rates R;, R,, and R3 about a set of cartesian axes attached to the particles.
The effects that the rotations about these different axes would produce as regards .the
polarization of the fluorescence will depend upon the angles .that the three axes make
with the transition moments in absorption and emission. Both a phenomenoiogical (Weber
1971)and a rigorous diffusion theory(Perrin 1936 ;Belford et 31.1972;Ehrenberg4and
Rigler1972) have been. developed to account for the rotational motions and the ensu-
ing depolarization of the fluorescence of these irregular particles. We shall not dis-

(2)
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Figure 1b. Intensity of the polarized components Iz, Ly, Iy, present when the
solution is exeited with light polartzed along 0L

cuss these here, but will refer the interested readers to reviews and wriginal papers
on this subject.Some general conclusions,however ,may bé stated. If we consider the <7 /!
conditions of the experimental observations,we see (Figure 1)that the excited molecus ¢
les form a system with an axis of symmetry determined by the electric ve ctor of the '
polarized excitation.As a result of this symmétry;some molecular rotatory motiosis:do
not produce depolarizing effects.It follows that the depolarization reflects the ro-
tations very much like a two-dimensional picture reflects a three-dimehsional object.
In the latter case, the three-dimensional object may be seen in its true shape by
taking pictures from various angles. The analogy here is the observation of the de-
'polarization under excitation by several different wavelengths. The limiting polari-
zation Pp can be shown in fact to be a function of the exciting wavelength. Accord-
ing to an equation originally due to Levshin (Perrin 1936; Weber 1971) " 2
cos2e = 2t 3F : )
g 3 -Py - . sy

where 6 is the angle between the transition moments in absorption and emission. The
emissi®n oscillator is placed in a fixed direction in the molecule, while the absorp-
tion oscillator has a different direction for each electronic absorption band.

POLARIZATION N AROMATIC FEUOROPHORES

Most, if not all, of the fluorophores extensively employed in biochemistry and
biology ‘are aromatic molecules in %hich the absorption transitioh¥ as well as the ¥
unigue fluorescence transition are of typical w -+ w* nature. There is general' agree="
ment (Platt 1949) — if not extensive experimental proof — to the effect’ that thé 3
transition moments of m - mw* fransitions ‘in aromatic molecules are’ all contained in
the plane of the aromatic rings. Consider then an 1rreguiar particle, typically a
macromolecule carrying an aromdtic fluorophore rlgldly dttached ¥6'it in & uniqiie’
orientation (Figure 2).’ The rotatlonal notion of the particles takes placé about
three axes of which one, R3, is normal ‘€6 the plane of the aromatic rlng. Ag the ab= -1:
sorption falls upon different dlrectlons contained in the plane of the ring, different
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Figure 2. Phenomenological axes of rotatton, when an aromatic fluorophore is
rigidly attached to a masromolecule .

weights are assigned to the effects of the rotational axed} when the absorption and
emission oscillators are at 45 to each other, that is when P_ , according to equa-
tion 3, equals 1/7, the effect of R, upon the depolarization ecopes null. This re-
sults from the fact that under these conditions all orienéuﬁions ébtained by rotation
about R, are equally represented at the time of excitation.Furthexr rotation about R
can only exchange positions;it cannot, destroy the original random; orientation.In thgs
case therefore, the only active rotat;ons are those that bring the aromatic rings out
of the plane that they originally occupied at the time of the excitation (out-of-plane
rotations). On the other hand, if the absorption and emission are coincident (Po

1/2) the rotations that bring the aromatic ring out of .its own plane, and those about
R3 that keep the rings in it- (in-plane rotations) have equal welght‘ This generaliza-
tion is valid only if the rotations are small, that is, if the values of P observed
are not very much smaller than those of Pb.- In these cases Perrin's Equation 1 will
apply, with R being some weighted average, £, of Ry, R, and R3. From our description
of the motions we can write for this average wvalue R,

R = (Rip + Rop)/2 <if P, =1/2
) . (4)
R = Rop if Po =1/7 ]

where Rip = rate of' in-plane rotations, Rop = rate of odt—of—plane rotations.

Therefore, simple observations of the dependence of the polarization at these values
of Py can tell us whether the, 1n-p1ane and out-of-plane rotations of the ring are
equivalent or otherwise. The f;gures below show observations of this type for two
different fluorophores: perylene (Figure 3 and 4) and l-naphthylamine (Figures 5 and
6). In both cases, but particularly so in perylene, the out-of-plane rotations are
markedly more sluggish than the in-plane rotations.

POLARIZATION.OF FLUORESCENCE FROM E&g}EJN CONJUEKTES‘

In the case of a protein carrying a fluorophore rigidly attached in a fixed orien-
tation as depicted in Figure 2, the same considerations apply. Witholt and Brand (1970)
have studied the effect of changing the wavelength of excitation upon_the observed.
value of E in complexes of anilino naphthalene sulfonate (ANS) and bovine serum albumin

(BSA). They found that as PO decreases the value of R alsc decreases which, from the
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above remarks, is easily interpreted as showing that the ANS planar ring system is
oriented in the complex so that the in-plane rotations are faster than the out-of-
plane rotations, or in other words that R3 is an axis of fast rotation as compared
with R; or R,.

EFFECTS OF ENERGY TRANSFER-UPON R. R
EQUIVALENCE OF THE DEPOLARIZING EFFECTS OF TRANSFER AND ROTATION

When two identical fluorophores are close by in a rigid macromolecule, and by
"close by" we mean 20 or 30 R units, there is a distinct probability that energy
transfer between them will take place, so that the exciting radiation may be absorbed
by one and the fluorescence emitted by the other. Pavis then determined by the angle
between the absorption oscillator of one molecule and the emission oscillator of the
other, since this is the polarization that would be obserwed for the motionless par-
ticle. If the particle is now allowed to rotate by decreasing the viscosity of the
medium, the two mentioned oscillators determine the plane containing R; and R, in
Figure 2, and therefore also the normal direction R3. Serum albumin is capable of
binding four or five molecules of ‘ANS with high fluorescence efficiency. ' If the
wavelength of excitation is kept fixed and the average numbex 7 of ANS molecules
bound per BSA is allowed to increase, R is determined increasingly by the absorption
and emission oscillators belonging to different ANS molecules. If there were no pre-
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Figure 7. Data of Weber and Anderson replotted‘ to show the dependen‘ce of the
apparent rotational rate upon limiting polarization when this varies due to energy
transfer among ANS molecules



