
shore birds. In this latter group there 
were a number of fresh-water forms 
characteristic of the ponds of the region, 
in addition to the ubiquitous unicellular 
green algae. Some of the more interest- 
ing algae found in a representative 
group of birds are listed in Table 1. 

As a rule, more algae were present in 
birds shot during the spring than at any 
other time of the year. This probably 
reflected the greater diversity of algae 
normally present in the playas at that 
season. A scarcity of seeds and insects 
also may have caused the birds to ingest 
increased amounts of algae. 

A microscopic examination of fecal 
material shortly after it was removed 
from the birds disclosed that Gonium, 
Pandorina, and at least four genera of 
desmids had passed through the alimen- 
tary canal as vegetative cells. Since 
many blue-green algae as well as a num- 
ber of smaller unicellular green algae 
have no specialized resting stages they 
also must have passed through as vege- 
tative cells. Viable filamentous green 
algae were never observed in any part 
of the digestive tract beyond the giz- 
zard, although partially digested cells 
were often present. Filaments of Spiro- 
gyra and Oedogonium, present in the 
flasks after approximately one week, 
probably developed from zygotes. 

Attempts to germinate intact Chara 
zygotes found throughout the guts of a 
coot and a blue-winged teal were un- 
successful. Neither motile yellow-green 
algae nor dinoflagellates were ever ob- 
served in cultures from any of the birds. 
The afore-mentioned three groups are 
known to have relatively complex cul- 
tural requirements, and the possibility 
cannot be ruled out that failure was due 
to unsuitable media or environmental 
conditions. 

From a consideration of the rate of 
movement through the alimentary tract 
(4) and flying speed (5) of common 
migratory water birds, it seems reason- 
able to conclude that many fresh-water 
algae can be carried easily between lakes 
100 to 150 miles apart. Cells or colonies 
in the caecum may be carried several 
times this distance. 

VERNON W. PROCTOR 
Department of Biology, Texas 
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Effect of Light on Motility, 
Life-Span, and Respiration of 
Bovine Spermatozoa 

Abstract. Exposure to light of bovine 
spermatozoa suspended in various media 
results in a progressive decline in meta- 
bolic activity followed by the premature 
death of the cells. The inhibitory and 
spermicidal effects of visible light resemble 
a photodynamic action; the photosensitizer 
is an intrinsic component of the cell. 

The deleterious effects of short-wave- 
length radiation on spermatozoa have 
been examined in some detail by a num- 
ber of workers (1). Wells and Giese (2), 
studying photoreactivation of ultravio- 
let-irradiated sperm of the purple sea 
urchin Strongylocentrotus purpuratus, 
observed that visible light was also very 
harmful to these cells, immotilizing them 
and rendering them incapable of ferti- 
lizing normal eggs. A later investigation 
(3) showed that glycine exerted a pro- 
tective effect during exposure to visible 
light. 

With the development of an artificial 
medium in which bovine spermatozoa 
can be maintained at room temperatures 
in a physiologically active state in vitro 
for several days (4), it has become pos- 
sible to study experimentally the re- 
sponse of these cells to visible light. 

The collection and processing of bo- 
vine semen was carried out essentially as 
described by Norman et al. (4). The 
sperm were suspended in a modified co- 
conut-milk extender which contained, in 
final concentration, 15 percent coconut 
milk, 2.16 percent sodium citrate dihy- 
drate, 0.068 percent dihydrostreptomy- 
cin sulfate, 0.031 percent sodium penicil- 
lin, 0.3 percent sulfanilamide, and 2.5 
units of mycostatin per milliliter. The 
final concentration of the cells, deter- 
mined with a hemocytometer, was be- 
tween 10 x 106 and 15 x 106 cells per 
milliliter. Plastic vials containing the 
cell suspension were illuminated for 
varying periods on a glass plate 7 mm 
thick, placed 33 cm from a bank of two 
40-watt white fluorescent bulbs. These 
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Krebs-Ringer phosphate 
10 56 30 2.0 
60 63 39 0.5 

Krebs-Ringer phosphate 
10 56 30 2.0 
60 63 39 0.5 

3.5 
2.5 
3.5 
2.5 

Krebs-Ringer phosphate plus 
antibiotics* 

10 74 38 0 
60 100 52 0 s 

Krebs-Ringer phosphate plus 
antibiotics* 

10 74 38 0 
60 100 52 0 s 

0.85% NaCI 
10 89 32 0 
60 100 68 0 

0.85% NaCI 
10 89 32 0 
60 100 68 0 

0.85% NaCI plus antibiotics 
10 88 32 0 
60 100 100 0 

0.85% NaCI plus antibiotics 
10 88 32 0 
60 100 100 0 

4.0 
2.5 

3.5 
0 

4.0 
2.5 

3.5 
0 

15% Coconut milk in Krebs-Ringer 
plus antibiotics 

10 51 22 0 4.5 
60 100 34 0 3.0 

Skim milkt 

15% Coconut milk in Krebs-Ringer 
plus antibiotics 

10 51 22 0 4.5 
60 100 34 0 3.0 

Skim milkt 
24 
60 
24 
60 

0 3.0 
95 36 0 2.5 

0 3.0 
95 36 0 2.5 

* Same as in coconut-milk extender. 
f Temperature, 5?C. 

lamps have a spectral range from 0.4 
to 0.7 E- (5). The light intensity at the 
level of the sample vials was 300 ft-ca, 
as measured with a model 756 Weston 
illumination meter, and the ambient 
temperature was maintained at 26? ? 
2?C during the experiment. The param- 
eters used to determine the light sensi- 
tivity of the cells were the percentage 
of dead cells, as measured by the differ- 
ential staining method of Campbell, 
Dott, and Glover (6); motility; and 
oxygen consumption, expressed as Zo2. 
Appropriate controls were kept in the 
dark. 

Table 1 is a summary of the results 
of three replicate experiments on con- 
tinuous illumination of the spermatozoa. 
These data indicate that exposure to 
light results in concomitant loss of mo- 
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f Temperature, 5?C. 

lamps have a spectral range from 0.4 
to 0.7 E- (5). The light intensity at the 
level of the sample vials was 300 ft-ca, 
as measured with a model 756 Weston 
illumination meter, and the ambient 
temperature was maintained at 26? ? 
2?C during the experiment. The param- 
eters used to determine the light sensi- 
tivity of the cells were the percentage 
of dead cells, as measured by the differ- 
ential staining method of Campbell, 
Dott, and Glover (6); motility; and 
oxygen consumption, expressed as Zo2. 
Appropriate controls were kept in the 
dark. 

Table 1 is a summary of the results 
of three replicate experiments on con- 
tinuous illumination of the spermatozoa. 
These data indicate that exposure to 
light results in concomitant loss of mo- 

Table 1. Effect of light on spermatozoa suspended in various media. Light intensity, 300 
ft-ca. Values are averages for three replicate experiments. Temperature during exposure, 
26? ?+2?C. 

Exposure Dead cells (%) Motility* Zo2 
time 
(hr) Light Dark Light Dark Light Dark 

Table 1. Effect of light on spermatozoa suspended in various media. Light intensity, 300 
ft-ca. Values are averages for three replicate experiments. Temperature during exposure, 
26? ?+2?C. 

Exposure Dead cells (%) Motility* Zo2 
time 
(hr) Light Dark Light Dark Light Dark 

Coconut-milk extender (10 x 106 to 15 x 106 cells/ml) 
24 50 32 0 3.0 0.4 
72 100 36 0 3.0 

Coconut-milk extender (10 x 106 to 15 x 106 cells/ml) 
24 50 32 0 3.0 0.4 
72 100 36 0 3.0 

5.34 5.34 

Coconut-milk extender and catalase (10 mg%) (10 x 106 to 15 x 106 cells/ml) 
24 36 2.0 
Coconut-milk extender and catalase (10 mg%) (10 x 106 to 15 x 106 cells/ml) 
24 36 2.0 

24 
72 
24 
72 

Coconut-milk extender (2 x 108 cells/ml) 
32 36 2.5 3.5 
73 31 1.0 3.0 

Coconut-milk extender (2 x 108 cells/ml) 
32 36 2.5 3.5 
73 31 1.0 3.0 0.0 3.5 0.0 3.5 

* Motility ratings: 5.0, excellent; 4.0, good; 3.0, fair; 2.0, poor; 1.0, vibratory; 0.0, nonmotile. 
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tility and decrease in respiration of the 
sperm, followed by death of the cells. 
Apparently, with a more concentrated 
suspension of cells, sensitization is pro- 
longed. The reason for this is not known 
at the present time. The protection af- 
forded by the addition of catalase to the 
medium indicates that a photochemical 
oxidation producing H202 is occurring 
as a result of the radiation. 

In order that this phenomenon may 
be defined as photodynamic action, it 
is necessary that there be some fluores- 
cent substance present which can absorb 
radiant energy (7). The activated sen- 
sitizer transfers its energy to an accep- 
tor, presumably a cellular protein, which 
then undergoes oxidation. To determine 
the source of the photosensitive agent, 
the effect of light on spermatozoa sus- 
pended in various media was tested. 
Since these cells will not survive at room 
temperature for a prolonged period of 
time, except in coconut-milk extender, 
it was necessary to modify slightly the 
experimental design and expose the sam- 
ples to a higher light intensity (1400 
ft-ca) for a shorter time. The results are 
shown in Table 2. The data clearly re- 
veal that the photosensitive agent is not 
a constituent of any of the media tested 
or of the antibiotics which supplement 
them, although the latter may enhance 
the photochemical reaction. Comparison 
of Tables 1 and 2 indicates that the 
effect of radiation-presumably an oxi- 
dative process-is in accord with the 
Bunsen-Roscoe reciprocity law (7). Fur- 
ther, the effect is independent of tem- 
perature, as demonstrated by the results 
with the skim-milk diluent at 5?C. 
These are characteristics usually identi- 
fied with a photosensitized oxidation 
(7). 

On this basis, then, it can be con- 
cluded that there is a photosensitizer 
present within the sperm itself and that 
the radiation affects the cell directly. 
Calcutt (8), working with Paramecium, 
suggests that light has a direct action 
upon the test material, inducing a cellu- 
lar change which facilities the photo- 
dynamic response. This phenomenon 
apparently involves cytoplasmic dam- 
age, as compared with the nuclear ef- 
fects of ultraviolet radiation (9). 
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Department of Biology, 
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Mechanism of Enzyme Inhibition 
by Phosphate Esters 

Abstract. A theory for the rapid specific 
reaction of certain phosphorous-contain- 
ing esters with many proteolytic enzymes 
based on the ability of phosphorous to 
form one additional bond relative to car- 
bon is presented. A stable tetrahedral 
phosphate ester is compared with a labile 
tetrahedral orthocarbonyl ester and a rela- 
tively stable pentagonal enzyme-phosphate 
ester complex is compared with a pen- 
tagonal enzyme-carbonyl substrate com- 
plex. The latter complex is assumed to be 
the transition state in the enzyme-cata- 
lyzed reaction. If the theory is correct, it 
opens up the possibility of studying inter- 
mediates and transition states from the 
known structures of chemical inhibitors. 

The specific reaction of a group of or- 
ganic phosphate esters of the type 

0 

R'(RO)PX 

where R is an alkyl group and R' an 
alkyl or alkoxy group, with a class of 
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esterases and phosphoglucomutases has 
long been known. Some pertinent chem- 
ical facts concerning the inhibition re- 
action are: (i) The reaction products 
are the degraded fragment (X) and the 
enzyme, phosphorylated on the hydroxyl 
group of a serine residue (1). (ii) The 
reaction is stoichiometric with the num- 
ber of enzymatic sites and not with the 
total number of serine residues. (iii) The 
reaction proceeds with a high velocity 
with all the enzymes for which the stoi- 
chiometric relationship holds. (iv) The 
phosphorylated enzyme is catalytically 
inactive. 

The extreme velocity of the inhibition 
reaction contrasts with the rates of ho- 
mogeneous solution reactions of the phos- 
phate esters. Tetraethylpyrophosphate, 
for example, is remarkably stable in neu- 
tral aqueous solutions. Even di-isopro- 
pyl-phosphofluoridate is much more 
stable than acetic anhydride (2). None- 
theless, it reacts much more rapidly and 
specifically with suitable esterases. 

In this report we wish to suggest that 
the action of the phosphate esters dif- 
fers from that of most other enzyme 
inhibitors in that it is the unstable tran- 
sition state of the enzyme-substrate com- 
plex which is imitated by the inhibitor 
in one of its stable combinations with 
the enzyme. More frequently, it is as- 
sumed that inhibitor action is effected 
by imitation of either the substrate itself 
or a stable combination of substrate with 
enzyme. 

If our postulate is correct, one can 
understand why the side group specific- 
ity of the inhibitors is so different from 
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