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ABSTRACT

The response of five strains of the fungus Phycomyces to linearly
polarized light was studied. The sporangiophores of the strains, C2,
C5, C9, C158, and NRRL 1555 (wildtype) differed primarily in optical
attenuation., Their abilities to distinguish between longitudinally and
transversely polarized blue light were found to be approximately the
same.

The angle (with respect to the transverse axis) at which the E
vector of the polarized light must be oriented to give a maximum re-
sponse during perpendicular incidence into the cell was measured. It
was found to be 42° + 3° for 280 mm light in the wild type strain. In
the C158 strain this angle was 7° + 3° at 456 om and 7 + 8° at 486 mm.

The in vivo attenuation of polarized light as a function of the
angle between the E vector and the cell axis was measured, The maximum
transmission differences resulting from anisotropic attenuation were
4 + 24 at 320 om, 3 £ 2% at 456 nm, and 2 + 1% at 486 om.

These results indicate that the polarized light effect in
Phycomyces cannot arise from reflections at the cell surface, nor from
attenuations due to internal screening or scattering and, therefore,
must be due to the dichroism and orientation of the visual pigment.

An attempt was made to detect the presence of the photopigment in
cell wall and plasmalemma fractions using fluorescence kinetics and
polarization. Excitation of these preparations with high intensity
488 nm laser light and monitoring fluorescence intensity with a micro-

photometer, a fluorescence decay and a periodic dependence of fluores-
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cence intensity on the E vector angle of exciting light was found. The
relevance of this fluorescence to the in vivo photosystem is question-
able because of the high excitation intensity necessary to produce any

detectable fluorescence.
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RESPONSE AND ABSORPTION STUDIES



INTRODUCTION

There exist a wide variety of processes in organisms which are
blue light sensitive. Among these are photoperiodism in insects (Zim-
merman and Ives, 1971; Lees, 1968); carotenoid synthesis in nonphoto-
synthetic plants (Batra, 1971); spore germination in fungi and ferns
(Jaffe and Etzold, 1962); zygote germination in algae (Jaffe, 1958);
photosynthetic and metabolic regulation in green plants (Voskrenskaya,
1972); phototaxis in microorganisms (Claytom, 1965); and phototropism
in plants (Thomas, 1965). Nearly all those investigated have a wave-
length dependence or action spectrum which is very similar (Bergman et

al., 1969, p. 135)

Ploeriacy L

. It is believed that they are medigted by a common
primary photoreceptor mechanism.

Phycomyces exhibits this type of blue sensitivity in its photo-~
tropic and growth responses as well as in its development. The former
two responses have been well characterized by a detailed action spectrum
(Fig. 1) and extensive response studies (Bergman et al., 1969, pp. 119~
141). All seem to indicate that either a flavin or carotenoid is re-
sponsible for the primary absorption of light and activation of the
mechanisms leading to the respective outputs. An insight into the
molecular basis of blue light effects in this organism may have a uni-
versal bearing on all of the blue light sensitive systems.

Any discussion of a photoreceptor must include mention of its
location and orientation in vivo, if an understanding of its function

is to be reached. This is especially true since in many light sensitive

systems the receptors are closely associated with a membrane. The inter-



Figure 1. Phycomyces action spectra for the phototropic and growth
responses determined by the null method (i.e.,, quantum flux at which

the standard and test stimuli are indistinguishable). Taken from Del-

brick and Shropshire (1960).
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action between polarized light and the photosensitive systems has been
used to determine the orientation and location of the receptors. This
has been possible because virtually all biologically important photo-
sensitive molecules are linearly dichroic (Jaffe and Etzold, 1965).
Linear dichroism is the preferential absorption of linearly pola-
rized light in a particular direction, A linearly dichroic medium is
characterized by three principal axes of absorption. Light will be
absorbed maximally along one of these. The two other mutually perpen-
dicular axes will, in general, absorb to a lesser extent. This implies
that absorption can be represented as a triaxial ellipsoid. The radius
of the ellipsoid represents a measure of the absorption at some orien-
tation of the electric vector of the light with respect to the medium.
Since the medium is usually fixed for measurement, only the projection
of the ellipsoid on to the plane perpendicular to the measuring beam is
detected. This will usually be characterized by two absorbancies dj
and d . | means that E, the electric vector of the polarized light, is
parallel to the major axis; L means that it is perpendicular to this
dl— d,

d”-l- d.L

dy/d,, the dichroic ratio.

axis. The quotient is called the dichroism of the system and
The linear dichroism of a medium is a result of the ordering of
the asymmetrically absorbing molecules. These molecules are character-
ized by linear absorbing groups (e.g., linear systems of conjugated
double bonds). Some examples of such molecules are aromatic hydrocar-
bons, anthracene-like dyes, carotenoids, and tetrapyrroles. Quantum
mechanically, such systems exhibit large absorption transition moments.

This quantity represents the charge migration during a transition from



the ground to the excited state of the molecule. Light polarized at an
angle 6 to the direction of the moment, will have a probability of ex-
citing a transition proportion to cos® o, Thus, a fully aligned molecule
will have an infinite dichroic ratio (dichroism = 1). 1In reality, it
will be finite (dichroism<1) because of molecular rotation, vibrationm,
and angular distribution relative to the incident light.

T and n“ﬁ* are biologically important transitions exhibiting
nonzero transition moments in the visible and ultraviolet. The T
transition arises from promotion of a delocalized T orbital electron of
a conjugated system to the higher energy, antibonding ™ orbital. Since

: *
the wave functions of the T and ™ states, g and g %, are both anti-

w
symmetric with respect to reflection in the plane determined by the con-
jugated system the electric dipole moment operator, ﬁ, must be symmetric
in order that the tramsition probability integral f ¢ﬂﬁ5ﬁ* dT be nonzero.
Thus if ﬁ lies in the plane of the bonds, it will be symmetric and the
transition will have a nonzero probability. An n, or nonbonding orbital
from a heteroatom (N,0) in the conjugated system,is usually in the plane
of the bonds and, therefore, is symmetric. Thus ﬁ has to be antisymme-
tric, that is, pérpendicular to the plane of the bonds for I¢n§¢n* dT to
be nonzero. Consequently, E must be parallel to the plane in order to
excite a T transition and normal to the plane in order to excite a
n*"* transition (Seliger and McElroy, 1965).

Nearly all of the molecules responsible for photosensitivity in
organisms contain these conjugated systems: DNA, chlorophyll, rhodopsin,

porphyrin, phytochrome, carotenoids, and flavins are some examples.

Solutions of amy of these, however, will show no anisotropy in absorption.



For any given orientation of E there will be an equal number of mole-
cules with absorption axes aligned in this direction. Consequently,
absorption will be independent of polarization.

Organisms are highly structured and show organization of their
components into various organelles. These show a great deal of ordering
on both the morphological and the molecular levels. Photosensitive
molecules in most cases are associated with these structures and are
likewise ordered; they should, therefore, exhibit dichroism macro-
scopically.

There have been many demonstrations of dichroism and ordering of
photosensitive pigments in both plant and animal cells. Liebman (1962)
has shown using in situ microspectrophotometric studies of single reti-
nal rods of frogs, that rhodopsin is oriented and dichroic. Blasie and
Worthington (1969) localized the photopigment to the disk membrane of
the fods and described its planar arrangement. In a recent paper,
Blasie (1972) describes the further localization of this pigment rel-
ative to the lipid hydrocarbon core of the membrane.

In invertebrates, the dichroism and orientation of the visual
pigment in crayfish rhabdoms has been demonstrated by microspectro-
photometric measurements (Waterman et al., 1969) and by studies of the
organism's response to polarized light (Waterman, 1966). Here it was
also postulated that the pigment was associated with the membrane in a
planar or tangetial order.

In green plants, a great deal of information has been collected
about the location and orientation of chlorophyll. Olson (1963) dem-

onstrated molecular orientation of chlorophyll in vivo by utilizing



the spectral dependence of dichroism and fluorescence polarization of
chloroplasts. The chlorophyll has been shown to be intimately associ-
ated with the chloroplast lamellae (Menke, 1963), giving rise to a highly
ordered molecular array exhibiting efficient energy transfer from one
chlorophyll to another (Robinson, 1966).

Phytochrome, the molecule responsible for red light photoregula-
tion in piants, has been shown to be oriented with respect to the cell
axis and lacalized in the plasma membrane of the filamentous green alga,
Mougeptia (Haupt, et al. 1969). Linearly polarized red and far red mi-
crobeams stimulated localized chloroplast movement. Plasma membrane
irradiated by longitudinally polarized red light attracted chloroplasts,
Membrane exposed to transversely polarized far red light repelled them.
The orthogonal polarizations had no effect. This revealed the dichroism,
orientation and location of the phytochrome.

Jaffe and Etzold (1965) reported a response to polarized red light
in the germination of spores of the moss Funaria. ﬁy a series of ex-
periments using various orientations, intensities, and spectral dis-
tributions of polarized light, they showed that some of the phytochrome
responsible for the effect was tangentially ordered. Nebel (1969)

demonstrated that the phototropic protenema of the moss Physcomitrium,

likewise, had tangentially oriented phytochrome in both the red and far
red absorbing forms.

Blue light regulated organisms are believed to have either a
flavin or carotenoid as the photoreceptor. Since these have conjugated
bond systems, they too should exhibit semsitivity to polarized light.

Indeed, spores of the fungus Botrytis and the fern Osmunda exhibit



strong germination respomnses to polarized blue light (Jaffe and Etzold,
1962) . From this it was deduced that these spores have ordered photo-
receptors located near the cell surface. Jaffe (1958) alsoc demonstrated
a similar type of response in the zygote of the brown alga Fucus and
concluded tangential photoreceptor ordering.

Zurzycki (1967a) reported that Funaria chloroplasts exhibited a
response to polarized blue light. He found that the chloroplasts mi-
grated to cell walls parallel to E. Absorption spectroscopy in cell
fractions provided some evidence that the receptors were localized
near the cell wall (Zurzycki, 1967b).

In summary then, it may be stated that virtually all biological
photosensitive processes are governed by dichroic molecules. These.
molecules are usually associated with a membrane in the cell and,as a
consequence, exhibit a varying degree of orientation and dichroism, de-
pending on the organism in which they reside.

A Phycomyces sporangiophore (spph) responds less to longitudinally
polarized light (E is parallel to the long axis of the spph cylinder)
than to transversely polarized light. When illuminated from opposite
sides by longitudinally and transversely polarized light, the longitu-
dinal beam must be 10% more intense than the transverse beam to prevent
phototropic bending (Castle, 1934). In a different experiment measur-
ing the light growth response, the longitudinal beam, at a wavelength
of 450 nm, must be 24 * 4% more intemse than the tramsverse beam in
order to produce uniform growth. At 380 nm this figure is 21 % 6%

(Shropshire, 1959).
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Castle concluded that this effect is due to differential reflec-
tion losses (see Discussion) and not to dichroism of oriented receptors.
Shrobshire added strength to this conclusion by showing that the greater
effectiveness of the transverse beam in producing a growth response is
reduced to 6 * 6% when the spph is placed in a medium of approximately
matching refractive index. In such a medium, reflection is nearly elim-
inated., He also thought that it would be unlikely that a dichroic
receptor molecule be equally dichroic at two different wavelengths.

Jaffe (1960) contested the validity of these arguments., Using a
theoretical analysis, he showed how Castle's phototropic result and
Shropshire's growth response results could be explained by the dichroic
oriented receptor hypothesis, and that reflection cannot account for the
magnitudes that Shropshire observed for the differential growth re-
sponses in air. He reasoned that surface reflections are compensated
quantitatively by multiple internal reflections within the spph.

Jaffe's analysis, however, is valid only for the limiting cases of zero
and 100% internal light attenuation. Interpolating linearly betweeq
these limiting values, Jaffe concluded that reflection can only explain
a 1.6% difference in effectiveness of two polarized beams.

The validity of this linear interpolation, however, is question-
able since it is making a dubious assumption about the linearity of the
system, The problem is better solved experimentally by utilizing
mutants of Phycomyces aberrant in carotene production. These produce
sporangiophores which differ markedly from the wild type in their opti=~

cal density when grown on various media. The carA5 (C2) and carBl0 (C5)
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mutants (Meissner and Delbruck, 1968; Ootaki et al., 1973) display a
much reduced optical attentuation, approaching the limiting case of the
transparent cylinder. carR2l (C9) (Meissner and Delbruck, 1968) has
intermediate value of attenuation, but greater than wild type. Finallx,
a newly selected mutant, car-41 (C158), has a very large optical attenu-
ation. Using these mutants, Jaffe's interpolation can be checked with
a physiological range of attenuations for which the reflection hypothe-
sis would predict a number of different values.

The existence of oriented screening pigments and structures with-
in the cell could also give rise to the polarized light effect in
Phycomyces. This can be checked by microspectrophotometric measurements
of the in vivo optical attenuation of polarized light.

1f the polarized light effect is due to the orientation and dichro-

ism of the Phycomyces visual pigment, then the maximum response need
not be for light polarized transversely. It should be possible to
measure the angle of orientation of the absorption transition moments
by polarizing the stimulating light at angles away from the longitudi-
nal or transverse directiomns.

Absorption by linearly dichroic oscillators is proportional to
cosgd, where @ is the angle between the E—vector and the absorption
transition moment. A periodic variation in response, related to this
function, should be observed when sweeping through various angles that
E makes relative to the spph axis.

This thesis discusses the measurement of the differential growth
response of the wild type and of the mutant strains C2, C5, C9, and

C158 of Phycomyces to the longitudinal and .transverse orientations of
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the E—vector of linearly polarized light. It describes measurements of
the in vivo optical attenuation of polarized light of wavelengths 306
nm, 320 nm, 446 nm, and 486 nm of the above strainms. It concludes that
the visual pigment is oriented and dichroic and details the measurement
of the average orientations of the 280 nm, 456 nm, and 486 absorption

oscillators of the visual pigment.
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MATERTALS AND METHODS

Strains

Five strains of Phycomyces blakesleeanus were used in this study
and are listed in Table I. The mutants differ from the wild type in
B-carotene synthesis. C2 and C5 are colorless, C9 is red, producing
lycopene instead of B-carotene, and Cl58 is "'superyellow", producing a
high concentration of B-carotene (Hsu, 1973).

Growth Media

The media used are listed in Table II.

Culture Conditions

Spores of all five strains were dil
broth, heat shocked for 15 min at 480C, and inoculated into 3 cm high,
1 cm diameter vials (4.5 x 1.4 cm vials for C158), containing 2 ml of
various media. Wild type was grown on PDA and PDAY, C2 on LAC, C5 on
PDA, C9 on PDAY, and C158 on GALY media. These were kept in closed
glass jars containing 20 vials at 20°C in room light of intensity 20
pwatt/cn?. When the first spph appeared the jars were opened and
placed in growth chambers. Temperature was 2200, the relative humidity
50-80%, and the illumination was 4-5 uwatts/cn? from overhead tungsten
lamps.

The spphs were harvested twice a day. The second through seventh
crops of spphs, lengths 2.0-4.0 cm (wild type, C2, C5, C9) and 4.0-5.0

cm (Cl158), were used for all measurements.

Light Sources

Spphs were illuminated by a horizontal, collimated beam of light
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TABLE II
GROWTH MEDIA
Hershey Broth
Nutrient Broth 8 g (Difco Leb, Detroit, MI)
Bacto Peptone 5 g (Difco Lab)
NaCl 58g
Glucose il g
pHE 7.2-T.4 Distilled H,0 14
PDA - Potato Dextrose Agar (L%)
Potato Dextrose Agar 40 g/% (Difco Lab)
.05% Thiamine - HC1 1 ml
Distilled HZO 148
PDAY - Potato Dextrose Agar Plus Yeast
PDA 148
Yeast Extract 1 g (Difco Lab)
LAC -~ Lactate Medium
® Agar 10 g
Ammonium Lactate 5¢g
Magnesium Lactate L g
KH, PO, 3g
MgS0,, 7H20 lg
MuS0,), ° H20 2 g
.05% Thiamine - HC1 .1 ml
Distilled H,0 14
GALY - Glucose Asparagine Leucine Plus Yeast
% Agar - 10 g (Difco Lab)
# QGlucose 30 g
I-Asparagine 2 g
L-Leucine 5g
MgS0) * TH,O 58
KHQPOh - 1.5 ¢
.05% Thiamine - HC1 .5 ml
# Yeast Extract lg # (solutions
Distilled H_0 14 autoclaved

2 separately)
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of desired spectral composition and polarization. For experiments uti-
1izing visible light, a simple single lens projector with a tungsten or
tungsten halogen lamp (Sylvania Electric Products, Iﬁc,, Danvers, Mass.)
served as the source. The lamp was powered by a voltage stabilizer
(Raytheon Corp., Waltham, Mass.) and potentiometer (Superior Electric
Co., Bristol, Conn., Powerstat) or a regulated D. C. power supply (Lamb-
da Electronics Corp., Melville, N. Y., C-880M). The beam was filtered
first by a heat absorbing filter (Rolyn Optics Corp., Arcadia, Ca., KG3,
5 mm) and either a broad band blue color filter (Corning Glass Works,
Corning, N. Y., 5-61, 5 mm), a 455.5 nm interference filter (Ealing
Optical Services, Cambridge, Mass., HBW = 10 nm) or a 486 om inter-
ference filter (Bausch & Lomb Corp., Rochester, N. Y., HBW = 7 nm).

The ultraviolet source was a déuterium lamp (Shoeffel Instrument
Corp., Westwood, N. J., Model L-201) powered by a 30 watt DC regulated
power supply (Schoeffel, Model LPS-201). The beam was collimated by a
quartz lens and passed through a 280 nm interference filter (Ealing
Optical Services, HBW = 10 nm).

.

Polarization

The light was polarized by dichroic polarizing films (Polacoat,
Inc., Blueash, Ohio, PL40 for 280 nm light; Polaroid Corporation, Cam-
bridge, Mass.,, HN22 for broad band blue light, HN38 for 455.5 nm and
486 nm light). The polarizer was mounted on an automatic device which
rotated the filter 90 every 5 minutes. The initial oriemtation of the
polarizer could be changed so that any angle of E relative to the spph

axis could be obtained.
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Intensity

The intensities of the polarized stimulus beams were independent
of E-vector angle for the monochromatic sources. The tungsten source
used for the early broad band blue experiments on the wild type and C5
strains emitted light which was 2.5% more intense when polarized trans=
versely than when polarized longitudinally. In these experiments, the
results were adjusted to compensate for this systematic error. In sub-
sequent investigations, an isotropic source was used,

The spectral composition of the light was unaffected by changes
in polarization and intensity. Intensities were monitored throughout
each experiment and were well regulated showing a maximum drift of +5% .
The absolute intensities of the different lights used were: 1.6-1.9
pwatt/co for broad band blue, 1.3 pwatt/cm for 486 mm, 1.2 mwatt/cm
for 456 nm, and 0.6 uwatt/cn? for 280 nmm light. These intensities were
measured with a photodiode (United Detector Technology, Santa Monica,
Ca., UDT PIN 5) and electrometer (Princeton Applied Research Inc., Prin-
ceton, N.J., Model 130) and with a calibrated 935 phototube (RCA Corp.,
Lancaster, Pa., Type 935) and electrometer (Eldorado Electronics, Inc.,
Concord, Ca., Model 201). The beams were uniform in cross section to
2% for an area of 7 mm in diameter for the 280 nm light and 2 cm for
the tungsten light. Spphs were always kept within these uniform areas.

Physiological Experiments

Phycomyces spphs respond to changes in light intensity by changing
their growth rate. This is called the light growth response (Bergman

et al., 1969, p. 119). A periodic 5 minute (min) step up, 5 min step
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down intensity change produces a sinusoidal change in growth rate with
a 10 min period. Because the growth response has a latency, the sinu-
soidal response is phase shifted so that the maximum growth rate occurs
halfway through the low intemsity interval and the minimum rate, half-
way through the high intemsity interval (Fig. 2b). If the stimulating
light program consists of comstant intensity but periodic changes in
polarization from 5 min transverse to 5 min longitudinal, a similar re-
sponse is observed. The maximum of the response occurs during the longi-
tudinal interval (Fig. 3a). In both cases the growth rate variation
expresses a difference in intensity perceived by the spph. Comparing
this intensity difference for various strains gives a measure of their
relative response to changes in the polarization of light.

A vertical spph was selected and fastened to the side of the vial
with tape or silicone grease approximately 1 cm below the sporangium.
The vial was placed on a platform rotated at 2rpm and mounted on a micro-
manipulator permitting fine motiomns in three mutually perpendicular
directions. By adjustments with two screws omn the platform, the sporan-
gium could be centered on the axis of rotation. This arrangement
permitted spph position measurement, symmetrical illumination, and verti-
cal growth.

The spph was centered in the beam and after adapting to the light
program for one hour, the position of the top of the sporangium was
measured to * 0.7 pm using a measuring microscope fitted with a Filar
micrometer (Gaertner Scientific Corp., Chicago, I1l.). This was done
every 5 min at the moment the polarizer ceased rotating. JImmediately

following this, the angular deviation of the spph from the vertical was
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Figure 2, Illuminatio

=]
n
8]
2}
[
3

a., Direction of irradiation and polarization of the stimulating
light. The longitudinal and transverse direction 18 indicated by T
and I, respectively. The angle of E relative to the transverse axis is
©. The sporangiophore is rotated in the beam at 2 rpm for symmetrical
stimulation.

b. Growth rate, V, in response to a periodic light program of
alternating intensities. Flux levels are IO = 1.3 pn watt/cn? and
Il = 2 Io° Growth is measured in 1 min intervals. The response of two
strains is shown: C5 above, wild type below. Horizontal bars indicate
5 min average growth rate during Io and I1 periods. The light program
is indicated by the hatched area. The height of this area is propor-

tional to the intensity.



20

STIMULUS

z:fUﬁﬁﬁwv

NRRL {555

ﬂ
o
T

50k, & ‘ V

q0p- 1
e
1 T { 1 ‘l 1 ! i I i [ T 1 I f T 1
0 10 20 30 40 50 60 70 80
t (min)

b



21

Figure 3. Growth responses to polarized light and intensity alterma-
tions.

a. Growth rate of five strainms of Phycomyces in response to a
periodic light program of alternating orientations of the E-vector of
polarized blue light. E orientations are longitudinal (L) and trans-
verse (T). Intemsity about 1.8 pwatt/cn?.

b-f. Five minute average growth rate in response to a periocdic
light program of alternating intensities Il’ Io for 5 strains of Phyco-
myces. Light programs are indicated by hatched areas. (11 - Io)/

(I, + I ) = 1.00 for upper curve, 0.33 for middle curve, 0.10 for lower
o

1

curve. For Cl58, lower two curves are a comparison with the wild type

of a respomse to (I; - IO)/(I1 + IO) = 0.2,
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measured using a goniometer accurate to #* 2°, This never exceeded 30°
and was used for correcting the measured growth for its cosine error in
the field of the microscope. The field of view was illuminated with
physiologically inactive red light (Corning Glass Works, Corming, N. Y.,
Type 2-59). An enclosure built around the apparatus kept the tempera-
ture constant to 1% and humidity constant to 5%. The temperature for
the entire experimental series was kept at 200 £ 2°¢. Fig. 4 shows the
experimental arrangement.

The total growth during a number of periods of one E orientation
was compared with that during the orthogonal orientation thus giving a
measurement of the differential growth response to polarized light.
This response was calibrated in terms of an intensity difference of un-
polarized light as percieved by the spph by alternating between two in~
tensities every 5 min. The base level intensity was kept constant at
1.6 or 1.9 pwatt/cnﬁ. Alternating the voltage between two levels every
5 min produced the desired intensity change. The maximum difference
produced was 136% with a negligible change in spectral composition. The
ultraviolet calibration was done using neutral density filters (Ealing
Optical Services).

The growth during the high intemsity period was compared to that
during the low intensity period and the response plotted as a function
of intensity change. This gave a measure of the sensitivity of each
strain to intensity differences and a way to compare the different
strains' semsitivities to polarized light.

Microspectrophotometry

In vivo absorbance measurements of the growing zomes of live
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Figure 4. Apparatus for light programs.

Legend: BF, blue filter; C, chamber with controlled temperature;
CNT, polarizer rotation control or intemnsity switching control; G,
glass plate; HF, heat absorbing filter; M, microscope; MS, microscope
source; PH, photometer; POL, polaroid; POLR, polaroid rotator; RF,
red filter; RS, rotating stage; S, stimulus source; SPPH, sporangio-

phore.
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sporangiophores were made with a Cary Model 15 spectrophotometer (Ap -
plied Physics Corp., Monrovia, Ca.) with a microscope attachment as
described by Zankel et al. (1967). This attachment was improved for
measurements of absorption anisotropy and ultraviolet absorption. The
modifications included exchange of objectives for ultraviolet trans-
mitting glycerine immersion types (Carl Zeiss Corp., New York, N. Y.;
100X, 1.25 NA; 32 X, 0.40 NA ultrafluor) and rotatable Glan Thompson
polarizing prisms (Karl Lambrecht Corp., Chicago, Ill.) mounted in the
reference and sample beams.

The absorption spectra of C2, C9, and C158 as well as their absor-
bance differences between longitudinally and transversely polarized
light (AODL_T) at 450 nm and 500 nm were measured on the unmodified
attachment. Specimens were prepared in the same way as described by
Zankel et al. AODL_T was measured for both the spph apd the blank slide
adjacent to the spph and then subtracted. The sample beam was polarized
using an HN38 polaroid (Polaroid Corp.).

Absorption anisotropy was measured on the improved instrument at
455 nm and 486 nm for C158, and 306 nm and 320 nm for the wild type.

The purpose of measurements at 306 nm and 320 nm was to obtain an extra-
polated value of the anisotropy at 280 nm, since the polarizing prisms
did not transmit sufficient light for measurement at this wavelength.
Both reference and sample polarizers were rotated simultaneously through
180° starting from an orientation perpendicular to the spph axis. The
changes in absorbance were recorded in 15° increments. The same was

done for the adjacent blank region of the slide. The results were sub-
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tracted to remove polarization artifacts of the instrument and mount.
The spectra including the ultraviolet region were measured

using the modified attachment with the specimen mounted in distilled

water, sandwiched between two quartz cover slips (Ammersil Inc., Hill-

side, N. J.).
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RESULTS

A. Differential Growth Response of Wild Type and Mutants to

Longitudinally and Transversely Polarized Broad Band Blue

Each of the strains showed respomnses typical of the alternating
light intensity programs employed by Delbruck and Shropshire (1960) .
Let L and T denote longitudinally and transversely polarized light
respectively. Fig. 2a shows the average growth rate during each 5 min-
ute, T and I, halfcycle for a typical spph of each strain. Figs. 3b-f
show similar graphs for light programs in which the intensity was
alternated between two levels, I, > I differing by 20% (Ell - 101/
[Il + Io] ~ 0.1). Both sets appear very similar in both the magnitude
and variability of the respomse. For a comparison, the response to an

intensity program, with I, = 210 and with I0 = 0, is shown in Fig.

1
2b=f. The responses in this case are much larger and show a much
smaller relative variation. Because of the small size of the polar-
ized liglt response its quantitative estimation required observation of
several spph (4-13) for many 10 min cycles (34-123).

From the measurements of total growth during each T and L half
cycle, the average growth rate for all T periods and all L periods was
computed for each spph observed. One-half the difference of the rates
during the two periods is called the amplitude of growth rate varia-
tion. The quotient of this quantity and the average growth rate is

called the relative amplitude of growth rate variatiom, r. The aver-

age, ?, was calculated for several spphs by weighting each r by its
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variance, 0 (Appendix I). Thus, spphs observed for many cycles show-
ing little variation, are much more influential in the calculation of
the mean than noisy spphs observed for few cycles. This procedure
assumes there is no correlation between spph noise and its ability to
respond. By comparing r from groups with large and small O's, it is
easily seen that the assumption is a valid one. The ratio of the
averages of the two groups is 0.9 + 0.4. Table IIT gives r for each
strain used.

For the early broad band blue experiments in the wild type and
C5 strains, it was noticed that each time the polaroid rotated, the spph
vibrated, suggesting that it was perhaps mechanically stimulated. Ex-
perimental runs, called vibration checks, were made on C5 and wild
type spph in which the polarizer was absent from the mount while the
apparatus continued to function and all readings were taken as though
a polarization experiment were in progress., A similar quantity for
the differential growth response to this stimulus was also computed
and used to correct for these vibrations. This rotator was replaced
by one which did not produce vibrations in subsequent experiments.

The quantities in parentheses in Table III refer to those meas=-
ured in early experiments which have been corrected for intrinsic
polarization of the source (IT/IL = 1,025) and mechanical vibrations

= 1.4+ 05% c5 T

produced by the rotator (Wild type r vibr, =

vibr.
1.0:t0.5%). Agreement with the values above then indicates that these

corrections were reasonable,

These values are to be compared with respect to the sensitivity
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of each strain to light intensity differences. An analogous quantity,
;', was computed for the response of the spph to alternating 5 min

intervals of light at intensities I, and Io“ Fig. 5 shows a plot of

1

' as a function of the differential intensity change (Il - IO/(Il +
IO), for each strain. This quantity can also be expressed as
[1+2 (Z%)]-% where AI/I0 x 100 is just the percent change in light
intensity. The regions where T appears to be linear depend on the
strain and were selected by inspection. Straight lines were fitted
to the data in these regions by the method of least squares.

Additional experiments with broad band blue light at a dif-
ferential intensity = 1.0 (i.e. 10 = () produced the maximum respomnse

' for these experiments was

obtained for all the strains (Fig. 3). T
always smaller than the extrapolated values from the curves in Fig. 5,
showing that the response begins to saturate., Since the value of the
differential intensity corresponding to the polarized light respomnse
was small, approximately .1, the use of only the small values of T
and the assumption of linearity seems justified.

Thus, if a spph sees a light intensity difference when it is
exposed to altermations of E, T can be made equivalent to an ' and a
corresponding AI/IO can be assigned to it. This is the equivalent in-
tensity difference perceived by the spph when the polarization is
changed from T to L. It is given alongside T in Table III. The stan-
dard deviation of this quantity was determined by the propagation of

the variance of r in the calculation of AI/Io from the least squares

parameters of the response curves.
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Figure 5. Growth response versus intensity differentials. T is the
relative amplitude of the growth rate change during a periodic stimu-
lus program consisting of 5 min of intemnsity Io alternating with 5 min
of I,. It is taken as the total growth, GO in pm, for all the I,

periods, minus growth, Gl’ for all the I1 periods divided by the total

growth G, + Go° This quantity is the ratioc of the amplitude of the

1
growth rate change (AG/5) and the average growth rate (g) during the
entire run. The mean for several sporangiophores, ¥, is plotted as
a function of (I, - Io)/(I1 + Io). The strain is indicated in the
upper right of each graph along with the wavelength of light if not

broad band blue.
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In summary, all four strains are 20% more sensitive to transverse-
ly rather than longitudinally polarized light. The transparent strains
do not show a smaller effect and the optically denmse strains show no
larger effect.

B. Microspectrophotometry

The visible absorption spectrum of wild type, C5, €2, and C9 are
given on p. 135 in Bergman et al. (1969). Fig. 6 shows that of (C158
and wild type. It also shows the U.V. absorption spectrum of the wild
type. Both strains show a very high attenuation of light at specific
wavelengths. This property has been used in section C. C9 and Q2
were grown under different conditions than listed in Bergman et al.
and consequently their spectra are shifted in the vertical direction
slightly., The absorbance values at 450 and 500 nm for all the strains
are given in Table IV.

C2, C9, C158 and the wild type were investigated for absorption
anisotropy with respect to polarized light. Tabhle V gives the optical
density differences between longitudinally and transversely polarized

light, AOD as well as the maximum optical density difference

L-T'

AQD ! encountered in measuring OD as a function E~vector angle. In

all cases, the anisotropy was very small, at most .0l4 = .009.

C. E-Vector Angle for Maximum Response at 280 nm, 456 nm, and

486 nm
The cylindrical symmetry of the spph requires that the orienta-
tion of the receptor dipoles be antisymmetric with respect to reflec~-
tion through the plane determined by the spph's diameter and longitu-

dinal axis. Thus, dipoles in the proximal half of the cell, whose
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Figure 6. Sporangiophore absorption spectra. Visible absorption
spectra of (158 grown on GALY medium, wild type grown on PDA. Optical

density (OD) is plotted as a function of wavelength.
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projections in the T-L plane (Fig. 2a) are oriented at an angle, @,
to the transverse axis, will be matched by an equal number of dipoles
in the distal half, oriented at an amgle -@. Intuitively, this means
that absorption can be maximum only at values of € equal to 0° or 9@3;
that is, when E bisects the angle 20 between the two sets of dipoles.
For @ < 45° absorption will be maximum at 6:00, and for @ > 45 it will
be maximum at 8=90", Quantitatively, the absorption is proportional
to cos® (0-) + cosa(e+a), which has extrema at n™/2 where n=0,1,2, ...
Thus regardless of what @ is, the spph will always show a maximum
response at 6 = 0° or 90°.

This difficulty

was circumvented by choosing wavelengths and
strains displaying high optical densities. At 280 nm the absorbance
of wild type is 1.9+ 0,1; at 456 nm and 486 nm the absorbance of (158
is 1.3+0.2 and 1.2 + 0.2 respectively. For these high absorbancies,
the influence of the distal region becomes negligible and T will show
a dependence on 6, indicative of the average orientation.

Let @ be the average @ for all the receptor absorption dipoles
in the proximal half of the spph. Receptor absorption for light pola-
rized at angles © and 6+9C to the transverse axis will be proportional
to I, = co§3(64§) and I, = sinF(GJE) respectively. Since r' is pro-
portional to (Il - Io)/(I1 + IO) in the intensity cycling experiments,
the corresponding r in these experiments will be proportional to
cos2(94;). This differential absorption, D, will be maximum when
e = emax = &, have the period T, and possess the property: D(8) =

-D(6+90) . These properties are also common to r, a measure of the
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differential growth response,

r was measured for light programs consisting of 5 min alterna-
tions between light polarized at the angle © and the angle 6 + 90°.

For each ©, 5 spphs were observed over a total of approximately 45
cycles. 6 took on values from 0° to 75° in 15° increments. Thus, six
values of r were obtained corresponding to the six angles.

These six values were plotted against ©, The function rmaxcosz
(e-emax) was least squares fitted to the data. From this fitted curve
& , the angle of maximum response, and r__ , the maximum differential

max max
growth response, were obtained. These results are shown in Fig, 7 and
summarized in Table VI,

In all the physiological experiments, the reading errors and
errors due to fluctuations in growth rate were minimized by running
experiments over many cycles. The largest error came from inter-
specimen variation. This variation, however, can be tolerated in light
of the conclusions made.

The intensity difference experiments showed comsistency in the
response curves. "x?", the sum of the squares of deviations of the
data points from the least square line, was close to one for all
strains, indicating a good fit.

Other errors were relatively small and, therefore did not inter=-
fere with the spph response or its measurement,

The experiments were not all done at the same intensity levels,
This fact probably has little significance. The response is a func-
tion of the quotient of (intensity x time) and adaptation level (Berg-

man et al., 1969) and the spphs were fully adapted to the intensity
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Figure 7. Polarized light responses versus 6, at high optical density.

Relative amplitude of growth rate change as a function of £ vector

angle relative to the transverse axis of the sporangiophore. The

light program consists of a periodic alternation between E oriented

at 6 and 6 + 90°. T cos2(8 - 6 ) is fitted to the data points
max max

by the method of nonlinear least squares. emax’ the phase angle, is

the angle at which maximum response occurs. L oax is the maximum value

of the fitted curve. Since an alternation of E between 6 = 0° and 90°

is the same as on alternation between 90° and 1800, except for phase,

r (900) is shown again as a dotted data point r (OO) = -r(900).
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levels of the experiments. Consequently, the stimulus produces the
same value in any intensity difference or polarization experiment for
all intensity levels in the linear range (.02 - 5 pwatt/cnﬁ)u The
levels utilized never deviated from each other by more than about a

factor of 2.
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DISCUSSTION

The Fresnel Effect

A beam of light impinging on a surface is partially reflected and
partially refracted. For a spph, this means that some light gets into
the cell and some is reflected away. The quantity of light that is
reflected or refracted is determined by the Fresmel reflection coeffi-
cients which depend on the refractive indices of the two media, the
angle of incidence, and the polarization of the beam. Castle (1934),
using these parameters, calculated the absorption of longitudinally and
transversely polarized light entering the cell perpendicularly from
opposite sides. His graphic integration showed that on the first
lap across the spph, the ratio of the light absorbed in the opposite
halves of the cell would equal 1 (i.e. phototropic balance) if the
longitudinal beam were 20% more intense than the transverse beam. In
order to perform the integration, Castle confined the calculation to
the limiting case of zero light attenuation but did not consider what
would happen on the next lap after the first intermnal reflectiom.

Jaffe (1960) took this consideration into account and showed that
it should not be mneglected. For a homogeneous transparent cylinder, he
showed that because of successive internal reflections within the spph,
the sum of the light quanta absorbed by a receptor pigment present in
low concentration in the series of successive traverses will be in=-
dependent of reflectivity, for any beam with a given angle of incidence.

Jaffe's proof runs as follows:

(1) the angle of refraction of a light ray upon entrance
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into the cylinder is equal to the angle of reflection at
each successive reflection within;

(2) the reflection coefficient for entrance into the cylinder
is equal to the reflection coefficient at each successive
reflection within;

(3) the sum of the light absorption along the total light
path within the cylinder is a geometric series in the
reflection coefficients.

Specifically, the total absorption, summed over successive laps, is
A=EK(L-R) + K (1-R) R+ K (1-R) £ + .... = K for k<<1
absorption

K = fraction absorbed during each lap between reflections

R = reflection coefficient.
For small R, the infinite series converges rapidly and can be approxi-
mated by the first two terms corresponding to omnly ome internal reflec-
tion. This approximation will be adequate to an accuracy of 34 for 85%
of light flux normally incident onto the eylinder. Thus, the first
internal reflection nearly compensates for the loss by reflection at the
first surface. Because each traverse of a light ray, undergoing internal
reflections, maintains the same radial positioﬁ and because the effect of
polarization and angle of incidence on the quantity of light entering
the cylinder can be expressed in terms of reflection coefficients,
Jaffe concludes that the net absorption is independent of these para-
meters and of the pattern of external illuminatiom.

Jaffe's theorem applies to the case of negligible light losses.

If there is attenuation due to any cause, compensation due to internal
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reflections will be incomplete. In wild type spph there is 36% light
attenuation per lap. Of this attenuation, 18% is due to absorption by
B-carotene and the remainder due to scattering. Absorption removes
light quanta from the beam while scattering redistributes them. Thus,
absorption is more effective than scattering in destroying the compen-
satory effect of internal reflectiomns. The Jaffe theorem, therefore,
cannot be applied directly to the wild type. Jaffe estimated that the
effect of different reflections for T and L light would be small, equi-
valent to a 1.6% intensity difference; and therefore, the Fresnel
effect could not account for the large experimental result measured by
Shropshire.

In C2 and C5 the optical attenuation is equal to 14% and 12%
respectively, due entirely to scattering. Comsequently, this attenua-
tion plays a relatively smaller role than it would if it were entirely
due to absorption. If reflection losses were the cause of the polarized
light effect, then they should be much smaller in the C5 and C2 strains.
In contrast, the results show that the polarization effects are as large
or larger for C5 and C2 than they are for the wild type.

The average optical density of the red mutant, C9, from 400-500 nm
is approximately 20% higher than that of wild type. Comnsequently, the
reflection hypothesis would predict a greater sensitivity to the plane
of polarization for €9 than for wild type. 1In contrast, C9 sees polari-
zation differences equally well as wild type. The same result is

obtained for CL58, a straim even more optically dense.
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In conclusion then, these experiments substantiate Jaffe's con-
tention that the reflection hypothesis cannot be correct. Reflection
losses can have only a minute effect on the responses of Phycomyces
spphs to polarized light.

Anisotropic Attenuation

We consider next the possibility that the polarized light effect
could be a result of anisotropy of the optical attenuation due to
screening pigments or to scattering structures.,

Back scattering by fibers, having diameters much smaller than the
wavelength of light, is greatest for light polarized parallel to the
iber axis (Kerker, 1969). As a consequence, the transversely
oriented chitin fibrils (20 nm in diameter; Roelofsen, 1951).
spph cell wall would allow more longitudinal rather than transverse
light into the cell--a situation producing a polarized light effect
opposite in sign to the one measured.

In addition, microspectrophotometric measurements on the growing
zones of live spphs have shown that the anisotropy of the attenuation
amounted to at most a 3% difference of longitudinally as opposed to
transversely polarized light. C(learly, this cannot explain differences
of 20-30%.

Oriented Dichroic Receptors

The remaining hypothesis to account for the polarized light effect
is the preferential absorption of transversely polarized light by the
photoreceptor molecules. This implies that the molecules are linearly
dichroic and have an angular distribution of their transition dipoles

favoring transverse absorption.
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What sort of orientation could produce the observed degree of
absorption anisotropy (1.2: 1 for transverse absorption: longitudinal
absorption)? In the cylindrical microvilli of crayfish rhabdoms
(Waterman et al., 1969), a ratio of 1:2 for transverse: longitudinal
absorption has been measured microspectrophotometrically--a bias opposite
to that found in Phycomyces. This result has been interpreted by pos-
tulating receptor dipoles tangent to the cylindrical microvillar surface
but randomly oriented in the tangential plame. Such an orientationm,
implicated in nearly all plants sensitive to polarized blue light,
predicts the measured preference for longitudinal absorption. This is
perhaps the simplest non-random orientation that can be expected in the
cylindrical case.

In Phycomyces the transverse component is absorbed more effective-
ly. This means that the dipoles cannot be ordered as in the microvilli,
but must have a bias in favor of an equatofial glignment. These possi-
bilities are illustrated in Fig. 8.

Our experiments measuring the polarized light effect for the
action peaks at 280, 456, and 486 nm put constraints on the possible
average orientation of the transition moments involved. The somewhat
involved analysis of the situation will be presented here in outline,
with the mathematical details given in Appendix II.

Perfectly Aligned Dipoles

Assume that the photoreceptor absorption transition dipoles can
be represented by a vector field:

(1) possessing cylindrical symmetry,
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Figure 8. Oblique and normal views of hypothetical receptor transition
dipole orientation.

(a) Random orientation in the tangential plane as postulated
for the receptor in the microvilli in crayfish rhabdoms. (dichroic ratio
1:2, transverse: longitudinal; Waterman et al., 1969).

(b) Ordered tangential orientation at an angle 5.5 or 33° to
the azimuthal axis. Such orientations will produce a maximum dichroism
at & = 7° and 42° respectively.

(¢) Radial orientation. (b) and (c¢) or a mixture of the two

may correspond to the situation in Phycomyces.
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(c)

(b)

(a)
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(2) confined to a thin cylindrical shell whose radius equals
that of a spph,

(3) with uniform magnitude corresponding to the magnitude of
the absorption transition dipole and

(4) with direction corresponding tc the orientatiom of the
transition dipole at any point. This orientation is
assumed to be perfect and to be characterized by the
angles g and ¥ (Fig. 16).

The relative differential absorption for a pair of test angles, 6 and

8 + 90° of the E vector, is derived in Appendix IIA, eq. (4). It is
3 5

cos28 (cos2¢ - 2sinc g + tanex sin @ + sin20 (%sinZszﬁ)

D(8,%,%x) = -
1+ sin2¢ + tan’gx sin2¢

(11A4)
For a given dipole orientation (#,X), D will be maximum (=Dmax) for a
s = . e .
particular 6 ( emax) max and the angles ¢,X are related by equation

(6), derived in Appendix IIB.

2 8 2
= — B -
tai X = 2 + = cot ¢ cot2 ax cot™ & (11B6)

The angles emax have been determined for three wavelengths. Each such

determination, according to equation (IIB6), establishes a relation

between the angles # and X for the particular dipole involved. In Fig.

9, x has been plotted as a function of ¥ for © = 7° and © = 427
max max

the values observed for 486 and 455 nm, and 280 nm respectively. Since

this relation is relatively independent of the assumption of perfect

alignment of the dipole field, we have used it in combination with



53

Figure 9. Possible receptor dipole orientation. ¥, the angle between

the dipole's projection in the sagittal plane and the longitudinal axis

is plotted as a function of g, the angle between the tangential com-

ponent and azimuthal axis. The two curves correspond to those pairs of

values of ¥ and ¢ suggested by a maximum sensitivity to light polarized
o]

at angles emax = 7 (456 om dipole) and 42° (280 nm dipole) to the

transverse axis.
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equation (IIA4) to obtain a relation between D .x and ¢ for the three
wavelengths, and have plotted this relation in Fig. 10. Similarly, we
have used the relations between ¥ and X, expressed in Fig. 9, to cal-
culate the relative magnitudes of the radial and tangential components
for each emax and have plotted them in Fig. 11.

Let us first take note that the observed Dmax is positive in each
case, This implies (Fig. 10) ¢ = 96’, i.e., that the tangential com-
ponent of the dipole rests in the first and third quadrants. Next, we
note from Fig. 9 that x is large (a strong radial component) unless ¢
is very close to its minimal value. We also note that for ¢ = 9¢0°
(dipoles confined to the sagittal planes) we have a singular case. For
symmetry reasons emax is mnecessarily 90° (for x < 550), or 0 (for
X > 550). Any other values of emax’ like those prescribed in construct-

ing Fig. 9, 10, 11, automatically require D = O, i.e., no differential
absorption, and therefore no actual maximum of D at the prescribed emax'
The measured values of D ax 2t 456 and 280 mm, inferred from the
growth responses are both about 0.06. These values are very low com-
pared to the possible range shown in Fig. 10. Presumably because the
assumption of perfect alignment of the dipole fields is far from appli-
cable. Let us for the moment, ignore this defect and take the Dm at

ax

89° and # = 850,

it

face value. We obtain from Fig. 10 the values ¢456 280
. g0 - &0 A .

and then from Fig. 9 the values X456 = 56" and X280 55" . This implies

that the dipoles are nearly parallel and close to the sagittal plane.

Parallelism, however, is unreasonable in light of a flavin recep-

tor hypothesis. Kurtin and Song (1968) and Siddmiak and Frackowiak

(1972) have shown
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Figure 10. Theoretical receptor dichroism. Dmax’ the dichroism or

maximum relative differential absorption is plotted as a function of &,
the angle between the tangential component of the receptor dipole and
the azimuthal axis, Dmax was calculated assuming perfectly aligned
transition dipoles located on a cylindrical surface for the test angles

Q

0 and 9 +-90° .
max max .
D = A(emax) 3 A(emax +907)
max AM®__ ) + A(® + 90°)
max max

—

where A(emax) is the average receptor absorption at E orien-

tation = © .
max
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Figure 11. Relative magnitudes
, e
of the receptor dipole, r/et,

tial components is plotted as a

of the radial and tangential compomnents
the quotient of the radial and tangen-

function of ¢ for & = 7° and 42° .
max

e L . ,
r/e_ was calculated for the same conditions as stated im Figs. 9 and

t
10.
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that the 270 nm and 450 nm absorption oscillators of riboflavin lie in
the plane of the molecule forming an angle of about 60° with each other
(Fig. 12) . These orientations, moreover, have been shown to be rela-
tively invariant under different molecular geometries (Song et al.,
1972) . Thus, we discuss next calculations where the assumption of
perfectly oriented dipoles has been dropped. Disorientation would
reduce the differential absorption, thus explaining the low measured
values for Dm o

ax

Flavin Receptor, 280 nm and 455 nm dipoles separated by 60°

Because a flavin or flavoprotein is strongly suspected as the
photopigment we now wish to analyze a model which constrains the angle
between the two dipoles to the known value of flavimns.

Assume that:

(1) a flavin is exclusively responsible for the actiom
spectrum of Phycomyces;

(2) absorption can be divided into a fraction due to recep-
tors that are perfectly aligned and a fraction due to
randomly oriented receptors;

(3) the random fractiomnal absorption is the same for dif-
ferent transitions of the receptor;

(4) the angle between and magnitudes of the 280 nm and
456 nm receptor dipoles are the same as for riboflavin.
Namely, 60° for the angular separation and 1.3:1 for the
ratio of strengths of the 270 nm to the 450 om transi-

tions (Kurtin and Song, 1968; Siddmiak and Frackowiak,



61

Figure 12. Assumed directions of transition moments in riboflavin.
Based on fluorescence polarization measurements of riboflavin in solu-
tion (Kurtin and Song, 1968) and oriented films (Siddmiak and Frackowiak,
1972), and MO calculations on isoalloxazine (Kurtin and Song, 1968).

The lengths of the arrows correspond to the intensities of the transi-~

tions.
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1972) (Fig. 12).

If there exist values of #,X and e, ../ which satisfy these con-

280" %456
ditions and those for emax’ then they will give the orientation of the
flavin molecule in the cell and thus imply an agreement with the flavin
hypothesis.,

The expression relating y, the angle between the two transition
dipoles, to the orientation angles ¢ and X of each dipole is derived
in Appendix TIC:

%

2805456
+1) 1%

cos (g Y + (K

2802456
[ G (&

cosy = (1IC7)

28 456
where X = tanax sit’ @ .

When combined with equation (IIB6) the requirement y = 60° severely

limits the possible pairs of dipole directions. Fig. 13 shows the re-

]

lationship between ¢28 and ¢ for y = 60 .

0 456
Either one or the other ¢ must be close to its respective minimum
value to satisfy these conditions. The transition not restricted to
the neighborhoed of its minimum can take on a broad range of values

shown to be permissible for it in Fig. 9.

Partially Disordered Receptor Molecules,

If the receptor molecules are permitted to be partially disordered
a function U = U(¢456> can be constructed which relates the absorption

due to randomly oriented dipoles and their magmitudes (see Appendix IID)

o 2
_ A456 € 280

) 2
A 280 ¢ 456

U (11ID9)

where A° is absorption due to randomly ordered dipoles
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Figure 13. Orientation of tangential compoments of pairs of receptor

dipoles constrained to lie 60° apart. (¢ defined by these

280° ¢456)’
curves, satisfy equations (IIB6) and (IIC7). The corresponding values
of X can be obtained from Fig. 9. Note that the upper curve requires

that ¢456 be near its minimum value and that the lower curve requires

this for ¢280'
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oy P

and & = ese or the square of their magnitude.
U = 1 expresses the comstraint that the ratio: random absorption/square
of the dipole's magnitude is the same for the two wavelengths. U is
plotted in Fig. l4. For most of the dipole pairs permitted by the other
constraints it is far from unity. It approaches I for two pairs of

dipoles. These will be called Cases I and II.

Case 1
#,%) 456 = (22, 77°)
U = 0.8 for
CROPENCEIL
L .
Case Il - o ol
(¢,X)456 = (5'5 3 O)
U= 1.7 for T o
(%5X) 9go = (527, 517)
L -
In Case I’¢280 is near its minimum value; in Case II this is true for

¢456' Allowing for experimental error and inaccuracies in the theory,
this result makes a good argument for these extreme values, especially
those implying radial ordering for 2456 (Case I).

For values of (#,X) differing appreciably from Case I and IIL
Fig. 14 shows U diverging from 1 quite comsiderably. This divergence
indicates that the above constraints are quite restrictive and that the
most probable values are the limiting ones.

We can use the favored values for (g,X) to calculate the relative
absorption due to the oriented and unoriented dipoles. 1In Appendix IID
we see that the quotient of absorption due to oriented dipoles and to
disoriented dipoles can be obtained from equation (IID8).

This is simply:
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Figure l4. Fractional random orientation constraint, U, plotted as a
function of ¢456' For values defined in Fig. 13, U is defined in equa-
tion (IID1O). 1If both the 456 nm and 280 nm dipoles have equally dis-
oriented distributions then U should equal 1. Upper curve shows Case II

(456 nm dipole is tangential); lower curve shows Case I (280 nm dipole

is tangential).
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where Dt is the differential absorption for the com-
plete ensemble of dipoles oriented amd not. Dt should
correspond to the experimental value.

If we let Dt equal to the measured dichroism obtained from the

differential response of the spph at X = 456 nm and A = 280 nm then for

Case I A A
380 = .06 and -ﬁ*—ié = .07
A 280 Ause
and for
Case 1T A A ‘
380 = ,1 and j?éé = .06
Ar80 Ays6

This implies that the absorption due to oriented dipoles accounts for
approximately 5 - 10% of the total absorption.

From these calculations it can be said that the measurements of
emax are compatible with a flavin photoreceptor hypothesis and that
either the 456 mm or the 280 nm transition dipoles, but not both, may
be oriented wholly tangentially (X = 0). In either case, the plane of
the flavin will be considerably tilted with respect to the tangential

plane. If e is tangential then ¢ and ¥ have the values given above

456

for Case I1. 1If e is tangential then (¥,x) will have the values for

280
Case T. These possibilities are evident in Fig. 1l4.

In Jaffe's theoretical analysis, it is inferred that aligned tamn-
gential ordering for the visible wavelengths is the most likely, since
radial ordering cannot explain the fall of the dichroic ratio in a

medium of higher refractive index (Shropshire, 1959). Therefore, the

tangential ordering of the 456 nm dipole might be favored (Case II).
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However, the large experimental error in Shropshire's measured response
to polarized light and the fact that the nature of the experiment re-
quired that the spph be immersed in a medium totally alien to the spph's
normal environment makes this argument a tenuous one.

The assumptions on which these calculations are based are quite
reasonable and straight forward, except possibly for the assumption
that the photoreceptor pigment in vivo is comprised of a mixture of
two populations, a random and a perfectly oriented fraction. It is
more likely that it has an average orientation resulting from some
kind of constrained molecular rotation and vibration.

The flavin hypothesis is a good one. Flavin absorption matches
the Phycomyces action spectrum (Bergman et al., 1969), has a high ex-
tinction coefficient (104 - 105), and has been shown to participate in
complex photochemistry (Penzer et al., 1970). It is now supported by
the results for emax at 456 nm and 486 nm. The fluorescence polariza-
tion spectrum of riboflavin (Kurtin & Song, 1968; Siédmiak and Fracko-
wiak, 1972) possesses a flat region in the 450 nm and 490 nm band. This
implies that there is only one major envelope for the transition and the
small differences in polarization, and therefore dipole orientation, are
due to vibratiomal levels of the same transitiom. emax for 486 mm and
456 nm are equal, thus agreeing with this observation.

Even if the photoreceptor contained a flavin, however, an addi-
tional assumption would be necessary concerning the UV peak of the
action spectrum corresponding to flavin absorption. This peak could be

due in large part to the protein moiety of the receptor. Calculations
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made by Pratt and Butler (1970) indicate that the UV absorbing residues
of the protein portion of phytochrome could account for a major part
of its extinction coefficient in the ultraviolet. The UV extinction
coefficient of riboflavin is approximately equal to that of phytochrome,
so 1f the proteins were at all comparable in their content of UV absorb=-
ing residues, then the UV peak of the actiom spectrum could easily be
attributable to the protein. In that case the assumption about the
angular separation of the 280 and 456 dipoles would be inappropriate,

More physiological experiments of the type described here should
be done to strengthen the flavin hypothesis. If carried out at cblique
incidence and repeated for a wavelength of 380 nm (another action spec-
trum peak), then the true angles between the 3 transition moments could
be measured and then compared with the results of Kurtin & Song.

Conclusions

The conclusions may be summarized as follows:

(1) Phycomyces spphs have greater semsitivity to transversely
polarized light because of a dichroic oriented photo-
pigment.

(2) The pigment molecules must be aligned so that the blue
transition moment lies near the equatorial plane of the
cell.

(3) The relative orientations and magnitudes of the spph's
response to 280, 456, and 486 nm polarized light is com-
patible with the idea that the receptor contains a flavin

with its molecular plane comsiderably tilted relative to



the cell wall.
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APPENDIX T

Calculation of ;, O for the differential growth response

Notation: (refer to Fig. 15)

V = average growth rate during an experimental run on an spph

V? = average growth rate during the longitudinal or low intensity
. .th
interval of the i cycle

Vz = average growth rate during the transverse or high intensity
. . th
interval of the i~ cycle

Z? = total growth during the longitudinal or low intensity in-
terval of the ith cycle

Z? = total growth during the transverse or high intensity interval

of the ith cycle
n = number of cycles observed
m = number of spphs observed
0 = standard deviation of the mean
The relative amplitude of growth rate variation for the ith cycle
is r * :
t L _ T
W, -v,)/2
i i
T, F = e———

* v

Averaging over all cycles we obtain the mean amplitude r, for ome

spph
st - vhy/2 vl - ooyt
i i i i

r = =
Z(v? + v?)/z Y ZV?
i 1 1 1

But
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Figure 15. Relative amplitude of growth rate variation (r). V, the
growth rate of a wild type spph is plotted as a function of time. The
stimulus program is shown as the hatched area. The height of this
region is proportional to the intensity of the stimulas. V is the mean
growth rate for the first six cycles. VL

4

the low intensity interval of the fourth cycle. VZ is the mean growth

is the mean growth rate during

rate during the high intensity interval of this cycle.



75

%%,

90

TAMAN

?_E\iv A

30

Ry
10 Io




76

L L
S S 1
Tzt 4T gt

1 i

Z(ri-r)2 %
O = n(n-1)

To average these values obtained for each spph;we assume that rj =T

and

of the jth spph and Oj is the error of the jth spph belonging to the
set

{rj, O-j lj:]_’ c0a m}
Following the procedure for a linear least squares one parameter fit

with a priori errors, outlined in Chapter 4 of (Hamilton, 1964), we

obtain:
_ X (x.f0)
mean T = *——Tl—~l—
Z )

W=

(r.-ir"2
o)1 k| 1
and s _im-lz e /Zozi
J j

These values were calculated on the CIT IBM 360/75 computer for all

polarization and intensity difference experiments.
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APPENDIX TT

Dipole Orientation and Dichroic Effects.

We introduce two coordinate systems (refer to Figure 16):

(1) x,y,z - the "laboratory" system

(2) r,B,2

]

"~
u_, etc
X

y = direction of incident light

x = direction perpendicular to y and to cylinder axis
(transverse)

z = direction parallel to cylinder axis (longitudinal)

the '"spph' system

r = radial direction

B = azimuthal direction, ?erpendicular to cylinder
axis

z same as in laboratory system

an absorption transition moment of a receptor molecule

with components e_, e _, e

I

the tangential component of €. éi = eﬁ + éi

Z

the magnitude of @

the electric vector of polarized light

the angle between E and the positive x axis

the angle between the tangential and azimuthal com-
—

ponents of e

the angle between the sagittal and longitudinal com-

—
ponents of e

unit vectors in the x-directionm, etc,
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Figure 16. Coordinate definitions. Skematic top and side views of a
spph section are shown. The unit vectors (1) of the coordinates used
are indicated. Below these, the angles describing the orientation of

-
the E and the absorption dipoles are also shown.
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In the "spph" system the components of the dipole can be written:

B t

-y
In the ''laboratory" system the components of E and the components of a

dipole e located at the azimuth B can be expressed as follows:

-

E=Ecos 80 + Esinf
X A

cosp =-sing O eB
2 ={ sing cosp O e. | =
0 0 1 e
: z

(The first bracket is the Euler Tramsformation Matrix for a rota=-.
tion by the angle B about the z axis,)

= (e, cosp - e, sinB) u + (e, sinp + e, cosB) uy + e u

B B

The energy absorbed by -a dipole is proportional to (E'e)g:

E'z = E{cose(e cosp - e, sinB) + sin® ez}

B

(E°e)2 = EE{COSEG (e, cosf = e sin[B)2 + sin’6 egz + sin20 e,

p
(e

cosB - e sinB)

B

Let A(®) = average absorption of light by a receptor pigment molecule on
the proximal side of the spph cylinder (the absorption on the distal
side is ignored since the experiments relate to situations in which
little light reaches the distal side).
/2 o -
gf (E°e)2dB
T /2

A(e) = 773 =
dp

=T/2
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F | 2 2 2 . 2 2 . 4 }
A®) = 5 {cos e (e + er) + sin © (2ez) + sin26 (EezeB)

B
(1)
When E is at 6+90°
oy _ __Ea_ . 2 2 2 2 2y _ s 4
A(G+907) = 5 {s:l.n ] (e(3 + er) + cos G(Zez) sin26 (Wezeﬁ)}
(2)

Now we are in position to calculate for any perfectly aligned
dipole field, the

A. Relative differential absorption, (D)

A(®) - A(O+90°)

D) = X)) T A(Gro0) © (3
cos20 (e?3 + ei - 2e‘°’z) + sin29’ (S—ezfﬁ)

&£ + & + 26°
r Z

in terms of the parameters ¢,x this becomes:

0828 (cosesé - 2sin g + tarCyx sin2¢)+sin29(-§sin2¢)

D(8,8,X) = = )
14+ sin 8 + tanex sin @
(%)
For a given 6, for instance the value of © at which D is a maximum,

this equation expresses a relation between ¢ and X.

. Th f i e
B. The angle of maximum D, ( max)

For a given dipole field D has a maximum (=Dmax) for a particular

@ (=9___ ). To calculate 9 let
max max

d = cosfg + 2sin g + tangx sin g
Q= d-bsin’ g
- d
(4/T)sin2g
b = 9

With this notation we have
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D(®) = acos20 + bsin20,

Notice that D(P) can be considered as the scalar product of two

vectors:
v, = (cos28, sin20)
v, = (a,b) (a vector independent of 9).

The product will have a maximum, as a function of ©, when vy is

parallel to V,, i.e., when

2)

in26
sin2 max b
a

cos26 -
max

Substituting for a and b and dividing numerator and denominator
by cos® g yields:

tan20 - {8/T) tend . (5)

maxoog 4 tan2¢(tan2 X=2)

For a given emax this equation expresses a second relationship
between X and ¢ which can be written in the form

tanx = 2 + (8/T) cotd COtzemax - cot’#.
X is plotted as a function of ¢ in Fig. 9 for the values of Gmax
experimentally determined at the wavelengths 280 nm, 456 nm, and
486 nm. Using this relation between ¢ and X, DmaX is then plotted
in Fig. 10 as a function of ¢ for the same two © .

max

C. The angle, y, between absorption dipoles, e, and 22

- -
Let e and e, be two vectors characterized by the position angles

P1s Xpp 80d Bop X5

The angle between two vectors is related to their scalar product:

e,e, = eje,) cos y
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e cos r
€182 Y 1

g B r z Z
1 e1 e2 + e e2 + e1 e2
. ,

t . . rr
= elez(cossé1 cos¢2 + sxn¢l 51n¢2) + eje,

t r s s e
To express e and e as functions of e and the position angles, we

let
e’ 2 2
K= (—E)Z = tan X sim ¢, and consider that
e
2 2 2 2 _ .
€ = e + e =e, (1 + K); e = ey K ;
Lo E
[ © t el K+1.
VK. K, + cos(&,.-8.)
«'s COS Yy = 12 ‘ L 2 (7
v (R, +1) (Ky+1)

Equation 6, 7 together determine permissible pairs of sets of

@,x)'s for 21 and gz. These are shown in Figure 13 for vy = 60°,
D. Mixture of aligned and randomly oreinted dipoles
N = absorption due to randomly oriented dipoles, indepen-
dent of ©
A(B) = absorption due to the aligned dipoles
At(e) = total absorption = A” + A(8)
Dt(e) = total relative differential absorption (should

correspond to the measured value)

A% (9490) = A(B+90) + A°

AS(0) - a%(6490°) _ A(®) - A(e+90°)
AP0y + a%+90°y  A(8) + A(B+90°) + 24°

Dt(G) =

A(O) - A(6+90°)
A(®) + A(B+90°)

But D(8) = as in equation (&)

Combining the last two equations we obtain, for each tramsition
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dipole a relation between the part of the absorption, A?, due to

disordered receptor molecules and the part due to aligned ones:

© o (i? i 1) [A(8) £ A0450 )] (_1_)? i 1) I, ®
: D

where A is average oriented absorption at 6 and 6 + 90°

-5 -
We assume that the dipoles e and e, belong to the same receptor

molecule and are equally disoriented.
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Substituting equations (1) and (2)
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or in terms of D, #, and K = tan° X sin ¢

e2
i N
&2

Thus, the coefficient of (ellez)2 on the righthand side must be

2

(cos % +2s1n 2 +K )(K +l) ( 1)

=) g =]

Serl
a3 o 8 13 I—‘ﬁ‘l'—‘

g; (10)

(cos ¢2+231n ¢2+K2)(K1+1)

equal to umnity if the comstraint of equal disorientation of the
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two dipoles, e.g. (9), applies. Let us call this coefficient U:
(ellez)2 - U(¢1,x1,¢2,x2,D§,D12:)(el/ez)2
This function has been calculated for the pairs of dipoles speci~
fied’in Fig. 13. The values of D1 and D2 for these dipoles were
taken from eq. (4), and the values of Dt from experiment.
Fig. 14 shows U as a function of ¢1, for the family qf dipole
pairs. permitted under comstraints (6) and (7). ¢l corresponds to

@ and ¢2 to &

280°
The values for Fig. 9 - 14 were calculated on the CIT PDP-L0

456

time sharing system.
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PART II

FLUORESCENCE STUDIES
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PURPOSE
Part II is a summary of an attempt to detect thcomyces photo-
pigment fluorescence excited at high and low intensities of 488 mm
laser light. It is purposely brief since the study, requiring more
sensitive and expensive instrumentation, was incomplete. It is in-

tended to serve as an outline for further research at a better equipped

laboratory.
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INTRODUCTION

From physiological experiments it is known that the Phycomyces
spph photoreceptors are dichroic and oriented. Attempts at isolating
the photopigment using absorption spectroscopy have been unsuccessful
because of its low concentration (10-6L10—7M) in the cell (Bergman et al.,
1969, p.135).- The orientation and dichroic nature of the pigment now
provides an additional handle with which the pigment may be identified,
localized, and perhaps isolated. With this in mind an attempt is being
made to physically measure this orientation and dichroism.

Since the pigment is oriented, it seems likely that it is fixed
to a membrane surface in the cell. The outer cytoplasmic membrane
(the plasmalemma) offers a most probable site. Furthermore, the
facility with which this membrane and the accompanying cell wall can
be separated from the rest of the cytoplasm makes it ideal for study.

The low concentration of the pigment necessitates the study of
its fluorescent properties rather tham its absorption properties.
Fluorescence techniques offer a tremendous gain in sensitivity because
the observation takes place at a different wavelength from the excita-
tion. There are two major disadvantages to this approach, however.
First, the fluorescent emission must compete with the bioclogical func-
tion of the pigment. Presumably, the organism has evolved a highly
efficient light trapping apparatus with a quantum efficiency for the
photoresponse of close to one. Consequently, most of the energy
absorbed is utilized to trigger the response and only a small part,
say one percent, is dissipated. Of that one percent, only a fraction

will be emitted as visible fluorescence while the rest is lost as
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radiationless transitions, as heat. Therefore, only a very faint
fluorescence can be expected and very sensitive equipment must be used.
The second disadvantage is that there may be other substances in
the cell which fluoresce, thus masking the pigment fluorescence. The
techniques devised should make it possible to discriminate this small
component of pigment fluorescence from the rest.
Judging from the action spectrum of Phycomyces, flavoproteins
and carotenes are likely candidates for the photopigment. The dis-
covery of fully respomnsive caroteneless mutants further limits this
hypothesis to just flavoproteins. 1In any cell there are many flavins

and flavoproteins which would fluoresce in the same wavelength

regions
as the photopigment. The majority of these reside in the cytoplasm.
Removing the cytoplasm by washing squeezed or burst spphs eliminates
most of these unwanted flavin components. What remains is the cell
wall and plasmalemma in which a sizable fraction of the fluorescent
components may be photopigment.

The small size of the spph, the necessity that the cell wall-
membrane be separated from the cytoplasm, and the requirement that
the region studied be flat and homogeneous demand that a microfluoro-

metric technique, adaptable for polarization measurements, be used.
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MATERTALS AND METHODS

Fig. 17 outlines the apparatus used.

Apparatus
A Ziess Ultraphot II microscope was adapted for use as a micro-
fluorimeter by using a laser as an external excitation source and
by fitting a custom built photomultiplier tube housing to the
camera brackets. The specimens were mounted on quartz slides and
cover slips and irradiated from above by use of a metallurgical
epi-illumination nosepiece.

The exciting light was focussed onto the specimen at near

. The

meter
beam divergence was less than 0.05 rad. (30)° The average inten-
sity of the spot was estimated to be approximately 10 watt/cn?.

Fluorescence excited by such light could be observed by eye
through the eyepiece of the microscope fitted with an eyepiece
cutoff filter. To make quantitative measurements a prism could be
slipped into the beam to direct the light to the photomultiplier
tube filtered with a sharp cutoff filter (520 nm). The tube rested
in a light-tight housing fixed to the backing where a ground glass
screen normally resides for photography.

Specimens and Preparation

Wild type, C2, Cl48 (Bergman, et al., 1973) and S18 (Cerda-
Olmedo, 1973) strains were used for these fluorescence studies,
Live, squeezed (Castle, 1938), and burst (Oort and Roelofsen, 1932)

stage IVb and centrifuged (Zalokar, 1969) stage I spphs were
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Figure 17. Microfluorimeter.
BEAM SPLITTER = To direct light to the eyepiece or P M tube or both.
ELECTROMETER - Keithley 200B to amplify P M tube current.

EXCITATION FILTER - Corning 5-61 broad band blue to cut out incocherent
red laser cathode light.

EYEPIECE CUTOFF FILTER - Kodak Orange 0302.

LASER - RCA argon ion continuous wave laser, tuned to 6 mw power out-
put at 488 nm, vertically polarized.

MICROSCOPE - Zeiss Ultraphot II used with the epi-illumination nose-
piece and H-Pr-Pol reflector insert. Objectives used were
Zeiss epiplan pol 16x or 40x.

NEUTRAL DENSITY FILTER - 0.D. = 2.

OSCILLOSCOPE - Tektronix 502 with camera.

PHOTOMETER - Eldorado 201 to measure phototube current.

PHOTOMULTIPLIER - RCA 1P28 run at 900v.

PHOTOTUBE - RCA 935 to monitor laser intensity.

POWER SUPPLY ~ Keithley 240 regulated high voltage supply--for P M
tube current.

QUARTZ PLATE - partially reflecting (7.5%).

RAYS, DASHED (-<--- ) - Optical path of laser cathode light.

RAYS, DOTTED (.....) = Optical path of fluorescent light.

RAYS, SOLID (——) - Optical path of exciting light.

SHARP CUTOFF FILTER - Schott 0G515 in combination with Kodak Orange
0302 acetate sheet--to eliminate exciting light (488nm--cut-

off at 520 nm).

SHUTTER - controlling entrance of laser beam into microscope opening.
Time = 3 msec.

SPECIMEN - Spph or part mounted in distilled H,0 on fused silica slide
and coverslip~-Amersil commercial grade TO8--to minimize
background fluorescence.
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mounted on quartz slides and coverslips in distilled water., The squeezed
and burst preparations were first washed several times in distilled
water. The slide was then placed on the stage and, using physiologi=-
cally inactive red light, the specimen was brought into focus and
centered in the laser beam target area. After shutting off the red
light, the light path to the photomultiplier was open by means of the
microscope beam splitter. The shutter blocking the laser beam was then
opened, allowing the exciting light to reach the specimen.

Fluorescence Measurements

Transient fluorescent changes were recorded by photographing

second exposures to laser light were repeated after various periods of
dark to check for dark regeneratiomn.

Fluorescence polarization was measured only in squeezed and burst
spphs. After the fluorescence reached a steady state value the speci-
mems were rotated 360° in the polarized excitation beam and the inten-
sity of the fluorescence measured in 10° or 20° increments of rotatiom.

Fluorescence was also investigated at low intensities of exciting
light by expanding the laser beam, using a lower power objective, and

several adjacent spphs (to fill the field),
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RESULTS

Fluorescence from wall preparations (Fig. 18a,b) indicates that
there is a fluorescent component in the cell wall or plasma membrane
that is 75% bleached in 30 seconds by 488 nm light of intensity 10
watt/cnﬁ. It regenerates to 50% of its original value after repeated
exposures., It is present in the growing zone and is not present outside
the growing zone. This suggests that the fluorescence activity observed
is linked to an active process in the cell and is not an artifact.

Fluorescence decay also exists in live preparations. It differs
from the activity seen in the cell wall fractioms in that it is five to
ten times more intense, decays to a lesser degree, and regenerates
nearly completely. Spph squeezates and aqueous solutions of riboflavin
(unstable in 488 nm light show a similar behavior, while rhodamine B in
ethylene glycol (stable and highly fluorescent) shows no decay. These
facts imply that most of the fluorescence in the live spphs is cyto-
plasmic in origin and that the regeneration is caused by diffusion of
unirradiated material into the spot area.

The tenfold increase in signal in the mitochondrial layer of the
centrifuged stage I spph gives some support to the idea that flavins may
be the emmitters of this fluorescence. Mitochondria are the metabolic
centers of the cell and, therefore, should have a higher concentration
of free and bound flavins.

Fluorescence polafization data (Fig. 18c,d) show that there is
a fluorescent substance in the cell wall or plasma membrane which is

oriented and dichroic. It fluoresces with a different intensity for
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Figure 18, Fluorescence decay and polarization results.

(a) Oscilloscope trace of the rise, and decay of fluorescence
from the growing zone of a squeezed C2 spph preparation and (b) out-
side the growing zome. (c) Angle at which E must be oriented in
order to give a maximum fluorescent intensity (12o + 15° to the trans-

verse axis) and (d) minimum intensity (109O * 120).
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different orientations of the electric vector of the exciting light
relative to the longitudinal axis of the spph. The angle of maximum
excitation occurs at 12° to the transverse axis (with a maximum varia-
tion through 90° of approximately 28%) in the single layer of cell wall
plasmalemma. 1In the double layer prep (squeezed spph) these values are
o® and 40%. (The direction and magnitude of the maximum excitation
agrees with the physiological data.)

In order to eliminate the possibility that this variation is not
produced by scattering of light from the transversely oriented chitin
microfibrils in the wall, this measurement must be repeated in a medium
of matching refractive index (~1.50). Calculations show, however, that
scattering should produce the opposite effect (Kerker, 1969).

The night blind mutants all show the same fluorescence decay
behavior as C2. Polarization was not investigated in these strains.

At laser light intensities less than 100 mw/cm no fluorescence
was detectable in live C2 spph. In wild type spph fluorescence became

detectable at about 10 mw/cm . No decay was observed.
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DISCUSSION AND CONCLUSION

Distribution of the fluorescence decay across the length of the
spph and the magnitude and angular variation of polarized excitation
of fluorescence imply that the emitter may be the photopigment or its
photoproduct. The major objection to these measurements and conclu-
sions is that the intensity of the exciting light is much too high.
At an intensity of 10 watts/cm (quantum ‘flux 2.5 x 1019 quanta/sec
at 488 nm) the number of excitations/molecule-sec, assuming a capture
cross~section of 1.5 x 10—16 cn?, typical for photopigments, is 3.8 x
103. This means that the photopigment must necessarily be completely
bleached in the order of milliseconds. Thus, it is highly unlikely
that the fluorescence is derived from excitation to the lowest excited
singlet state. This would only be possible if the estimate for the
extinction coefficient is too high. Since it is believed that photo-
sensitive organisms would evolve only highly efficient light trapping
systems (e.g. rhodopsin), this latter possibility seems unlikely.

The other possibility is that the pigment is completely bleached
and that the fluorescence is derived from the excitation of the bleach-
ed state. If this state is colorless, the very small absorption co-
efficient could explain the low quantum yield of fluorescence that
has been estimated (3 x 10_5). This is reasonable since at these in-

‘tensities substances normally not considered fluorescent are highly
fluorescent.

If the first hypothesis is true, them by lowering the intensity

by a factor of 104 the number of excitatioms/molecule~sec would be one.
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Expecting a quantum efficiency of 0.98 for bleaching and 10_3 - 10-4
for fluorescence, the number of photons emitted per molecule and per
growing zone of the cell wall-plasmalemma, can be estimated. These

> 106/growing zone. The latter

are 10"3 - 10-4/sec-molecu1e and 10
quantity is near the sensitivity limit of the instrument.

Experiments at low intensities of exciting light indicate that
fluorescence is too weak to be detectable on this instrument. There
are systems much superior in semsitivity and capabilities to the
crude one described here. It is hoped that this work can be repeated

on a more sensitive instrument and extended with excitation and emis-

sion spectra.
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