
shikawa, T .  Kitagawa, J. Am. Chem. Soc., in cytochrome oxidase. This is supported 
by evidence from model compound stud- 
ies (12), in which only those compounds 
with weak trans ligands [for example, 
Tpiv PP THF (CO)] or no trans ligand at 
all [for example, Tpiv PP(CO)] have fre- 
quencies as high as 520 cm-'. Also, the 
frequency of the Fe-histidine stretching 
mode in reduced cytochrome oxidase is 
214 cm-', a value lower than that for all 
other proteins except the a chains of T- 
state deoxyhemoglobin, which is also 
proposed to have a destabilized iron- 
histidine bond (17). This frequency in the 
reduced enzyme is therefore consistent 
with a strained (weak) Fe-histidine bond. 
Finally, in low-temperature magnetic cir- 
cular dichroism (MCD) studies, the pho- 
todissociated heme in cytochrome oxi- 
dase was found to have the same MCD 
spectrum as the fully reduced heme (18). 
In contrast, the spectra of photodisso- 
ciated hemoglobin and myoglobin differ 
from that of the corresponding deoxy 
preparations. The MCD data were inter- 
preted (18) as indicating that the histi- 
dine-heme complex is confined to the 
same conformation when six-coordinat- 
ed as it does when five-coordinated, 
which is the conformation with the iron 
atom held out of plane. This interpreta- 
tion is consistent with our discovery of a 
weakened Fe-histidine bond in the six- 
coordinate heme. 

Our conclusions as to these structures 
(See Fig. 3) clarify some of the physio- 
logical properties of cytochrome oxidase 
binding to both oxygen and carbon mon- 
oxide. The affinity of MOX for CO is 
lower than that of myoglobin (19). We 
found that the bound CO is tilted in the 
MOX presumably because of an amino 
acid residue present in the distal pocket. 
This should result in a restricted and 
unfavored entry to the binding site for 
the CO and consequently in a low on- 
rate and low affinity. The measured on- 
rate for CO (-1 x lo5 M-' sec-') (19) is 
lower than that of myoglobin (-5 x lo5 
M-' sec-')] (20). The off-rate, which 
results from a unimolecular dissociation, 
would be expected and is observed to be 
similar in MOX and myoglobin since the 
Fe-C bond strengths are comparable 
(that is, the stretching frequencies are 
both in the 500-cm-' range). The steric 
interaction in the binding site would not 
affect the oxygen binding since it binds 
preferentially in a bent orientation. 

The intrinsic affinity for oxygen bind- 
ing to MOX is difficult to measure be- 
cause the oxygen is reduced by the oxi- 
dase and the cytochrome a3 is oxidized. 
Values for the association constant have 
been reported to be from lo6 to 10' (21), 
although the results of low-temperature 

experiments have been interpreted (22, 
23) as evidence for a lower value for the 
actual binding to the iron. The apparent 
high affinity under physiological condi- 
tions has been described as a conse- 
quence of secondary reactions that are 
subsequent to binding to the iron and 
culminate in the oxygen reduction (23). 
Our data on (C0)MOX indicate that the 
Fe-histidine bond is strained when the 
oxidase is six-coordinated. We interpret 
this strain as evidence that the iron 
movement into the heme plane is re- 
stricted upon oxygen binding and causes 
a weak iron-dioxygen bond. These data 
support proposals that oxygen binds 
only weakly to the iron in cytochrome 
oxidase and that the apparent high affini- 
ty for oxygen results from additional 
reactions. 
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Mechanical Wounding Induces the Formation of Extensive 

Coated Membranes in Giant Algal Cells 

Abstract. Mechanically wounding giant cells of Boergesenia forbesii induces the 
formation of bristle-coated, plasma-membrane invaginations (coated pits) and 
coated vesicles, easily providing a plentiful source of coated membranes in a clean 
cellular system unencumbered by other tissues. Contractions evoked by wounding 
partition the cytoplasm into hundreds of spherical protoplasts with approximately 40 
percent less total plasma-membrane surface area than the original cell. Ferritin 
labeling and the appearance of numerous large coated pits and vesicles at the peak 
period of contraction indicate that these organelles play a role in extensive endo- 
cytosis of the plasma membrane. 

Giant cells of plants (1-3), animals (4), 
and protists (5) heal wounds through the 
activity of putative contractile mecha- 
nisms (3, 6). In some plant cells (1, 2), 
being wounded induces cytoplasmic con- 
tractions that result in the complete seg- 
regation of cytoplasm into numerous 
spherical protoplasts within 90 minutes 
(Fig. 1, A to E). Ultrastructural studies 
of this phenomenon in the giant-celled 
green alga Boergesenia forbesii (7) re- 
veal that approximately 45 minutes after 
wounding, extensive coated pits and ves- 

icles become evident in and near the 
plasma membrane (Fig. IF-H). They 
continue to be abundant as long as 75 
minutes after wounding, whereafter they 
are only infrequently observed. The 30- 
minute interval of their observed occur- 
rence corresponds to the peak period of 
cytoplasmic contraction that leads to 
protoplast formation (2). The average 
sizes of coated pits and coated vesicles 
are 250 nm (range, 80 to 625 nm) and 175 
nm (100 to 350 nm, outside diameter), 
respectively. This variability in size is 
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typical of such structures in algae, but Table 1. Total plasma-membrane surface area 
the dimensions are relatively large (8). in five sizes of Boergesenia cells before and 

~h~ coating can be seen ir! considerable after segregation of the cytoplasm into hun- 
dreds of tiny spherical protoplasts. 

detail, even with standard preservation 
techniques, and it resembles the typical 
protein (clathrin) coat reported for these 
organelles in various cell types (8). Graz- 
ing sections reveal the characteristic po- 
lygonal pattern (Fig. 11); each polygon 
has a 26-nm diameter, and the sides of 
the polygons are 11 nm wide. Longitudi- 
nal sections through the coat show that 
the sides of the polygons have an aver- 
age height of 26 nm (15 to 44 nm) and an 
average spacing of 20 nm at their distal 
ends. Cells wounded in the presence of 
fenitin (7) exhibit similar coated mem- 
branes, with the femtin lining the pits 
and filling the lumen of the coated vesi- 
cles (not shown). Preliminary evidence 
indicates that the femtin is eventually 
deposited in nascent vacuoles through- 

Total plasma- 
membrane sur- 
face area (mm2) 

De- 
Cell crease 

Intact Proto- (%I 
cell plasts 

1 29.61 13.52 54.3 
2 14.98 9.76 34.8 
3 21.73 12.88 40.7 
4 26.06 15.03 42.3 
5 53.26 37.03 30.2 

Mean 40.5 

out the peripheral cytoplasm of the pro- 
toplasts. 

The simple geometry of intact cells 
and of the resulting protoplasts permits 
quantitative analysis of surface areas 

Fig. 1. Cytoplasm in surface view of Boergesenia forbesii (A) 30, (B) 45, (C) 60, (D) 75, and (E) 
90 minutes after wounding. Note the aggregation of the cytoplasm into many spherical 
protoplasts within 90 minutes of puncturing the cell with a needle or making a small incision in 
one end of the cell. (F to I) Electron micrographs of cells fixed about 60 minutes after being 
wounded, showing longitudinal sections at or near the plasma membrane. (F) Numerous large 
coated pits occur in the plasma membrane (arrows), invaginating into the thin cytoplasmic layer 
between the cell wall (out of view to the left) and the large central vacuole (V). Higher 
magnifications of a coated pit (G) and a coated vesicle (H) revealing the distinctive coating on 
the cytoplasmic surfaces of the membranes. Tiny discontinuities in the membranes may 
represent clathrin attachment sites. (I) Grazing section of two coated vesicles, revealing the 
polygonal pattern of the clathrin-like coat. Scale bars: (A-E) 1.0 mm, (F) 1.0 pm, (G-H) 0.1 pm, 
and (I) 0.2 pm. 

with an image-analysis computer system 
(Zeiss IBAS) (9). The total plasma-mem- 
brane surface area of intact cells and that 
of the protoplasts resulting from wound- 
ing B. forbesii cells appear in Table 1. On 
the average, the total plasma-membrane 
surface area of the protoplasts formed 
from a single wounded cell is 40 percent 
less than that of the original cell before 
being wounded. This dramatic decrease 
in total plasma membrane is correlated 
with the appearance of coated mem- 
branes in wounded Boergesenia, and it 
implicates their role in the endocytosis of 
a considerable quantity of excess plasma 
membrane. Cvtochemical evidence from 
other investigators reveals that coated 
pits and vesicles function in endocytosis 
in many cell types (10). Femtin labeling 
and quantitative analysis in this study, 
which correlate coated-membrane for- 
mation with the decrease in the amount 
of surface membrane, also support this 
role in Boergesenia. This extensive en- 
docytosis apparently occurs without the 
complementary exocytosis reported in a 
few other organisms (11). Also, the scar- 
city of extracellular membranes or vesi- 
cles observed indicates that virtuallv no 
membranes were lost to the exterior dur- 
ing protoplast formation. 

The functional multiplicity of clathrin- 
coated pits and vesicles is apparent from 
the literature. They play an endocytic 
role in receptor-mediated uptake of sub- 
stances, in recovery and recycling of 
Golgi membranes, and in pinocytosis (8, 
10, 12). We believe that coated pits and 
vesicles in B. forbesii may retrieve ex- 
cess plasma membrane during protoplast 
formation, since their sudden appear- 
ance is temporally and spatially correlat- 
ed with cytoplasmic contractions that 
lead to the marked decrease in total 
plasma membrane. Our findings differ 
from those reporting a thousand-fold in- 
crease in surface area during cyst forma- 
tion in the green alga Acetabularia, in 
which coated vesicles function in exocy- 
tosis (13). This apparent discrepancy can 
be explained: cyst formation in Acetabu- 
laria involves complex cytoplasmic 
cleavages that require additional mem- 
branes (13) instead of the substantial 
cytoplasmic contractions leading to pro- 
toplast formation in Boergesenia. 

To our knowledge, this is the first 
report of "mechanical" inducement of 
coated-membrane formation in any orga- 
nism, although physiological (chemical) 
induction has been investigated in sever- 
al other systems (10, 14). The only re- 
quirements of contraction in Boerge- 
senia and related algae are metabolic 
energy and micromolar amounts of free 
Ca2+ (3, 6). The contractile function of 
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the extensive cytoskeletal system in 
these algae (15) suggests several possibil- 
ities in using B. forbesii for studying the 
functions of microtubules and microfila- 
ments in endocytosis and the develop- 
ment of coated membranes. The size and 
abundance of coated organelles, com- 
bined with their easily inducible and pre- 
dictable occurrence, make this unusual 
alga a model system for isolating and 
characterizing coated membranes. 
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Adsorption to Fish Sperm of Vertically Transmitted 
Fish Viruses 

Abstract. More than 99 percent of a vertically transmitted j s h  rhabdovirus, 
infectious hematopoietic necrosis virus, was removed from suspension in less than I 
minute by adsorption to the surface membrane of sperm from two genera of 
salmonid jishes. The vertically transmitted, infectious pancreatic necrosis virus 
adsorbed to a lesser degree, but no adsorption occurred with a second j s h  
rhabdovirus that is not vertically transmitted. Such adsorption may be involved in 
vertical transmission of these viruses. 

In a review of vertical transmission of 
viruses, the role of semen in viral trans- 
mission was pointed out as being largely 
neglected by virologists (I). Most studies 
of mammalian viruses in semen have 
dealt only with venereal (horizontal) 
rather than vertical transfer (2). Investi- 
gators have rarely discriminated be- 
tween virus in semen unassociated with 
sperm (3) and viruses within the sperm 
cell (4), but surface adsorption of virus to 
sperm cells has been described only for 
simian virus 40 with sperm from a rabbit, 
an atypical host (5). In oviparous species 
with external fertilization, venereal in- 
fection by viruses in semen is less likely 
to occur than vertical transmission. In 
vertical transmission, virus closely asso- 
ciated with the sperm would be more 
efficiently transferred to the egg than 
unassociated virus. We now report evi- 
dence that a vertically transmitted fish 
rhabdovirus adsorbs rapidly to fish 
sperm, whereas a closely related rhabdo- 
virus not vertically transmitted does not. 

Infectious hematopoietic necrosis 
(IHN) is a common rhabdoviral disease 
of salmonid fishes found on the west 
coast of North America and can be trans- 
mitted both horizontally (from fish to 
fish) and vertically (from generation to 
generation). The disease has occurred in 
fish in other parts of the continent, ap- 
parently associated with the shipment of 
eggs from infected fish (6).  Both the 
history of the disease and the character- 
istics of the virus have been reviewed 
(7). To determine whether IHN virus 
adsorbs to sperm and thus whether it is 
involved in vertical transmission, we ob- 
tained milt from several steelhead (anad- 
romous rainbow) trout (Salmo gairdneri) 
and pooled them (6.8 x lo9 sperm per 
milliliter); the pooled milt was centri- 

fuged, the seminal plasma was decanted 
and saved, and the sperm cells were 
washed twice with diluent (cell culture 
medium without fetal bovine serum). 
The milt was assayed for the presence of 
IHN virus; no virus was found. The 
sperm was then divided into equal por- 
tions and centrifuged, and 1 ml of an 
IHN virus suspension was added to each 
of six sperm pellets and to each of six 
control tubes containing a volume of 
diluent equal to the volume of sperm. 
The mixtures were incubated at 15°C for 
1 hour with continual agitation and then 
centrifuged, and the virus remaining in 
the supernatants was measured by a 
plaque assay (8). The presence of sperm 
reduced the amount of virus remaining in 
the supernatant by 99.6 percent com- 
pared to controls (Table 1). 

To determine whether reduced virus 
counts were due to inactivation by resid- 
ual seminal plasma, we sterilized by fil- 
tration the fluid recovered from the ini- 
tial centrifugation of the milt and added it 
to a suspension of IHN virus at a ratio of 
9 to 1 (by volume). Control tubes re- 
ceived an equal volume of diluent. After 
1 hour the amount of virus remaining in 
the supernatants was measured. Seminal 
plasma did not inactivate the virus (Ta- 
ble 1). For all further work, the seminal 
fluid was not removed from the sperm. 

Cavity fluid is a viscous liquid ex- 
pelled by female fish along with the eggs 
and can contain high concentrations of 
IHN virus. We tested its influence on 
adsorption of virus to sperm by adding 
cavity fluid from virus-free steelhead 
trout to IHN virus at a ratio of 9 to 1 (by 
volume). Sperm was added to one group 
of tubes, and diluent was added to con- 
trol tubes. After incubation, more than 
99 percent of the virus had been removed 




