
Reports 

Some Physical Aspects of the 
Bacterial Cell 

The volume and weight fractions of 
protoplasm and wall, and the water con- 
tent, are, in the case of the bacterial cell, 
interlocking elements of knowledge. 
When the water content of the cell, and 
the weight fraction and the volume frac- 
tion of either the protoplasm or the wall, 
are known, the remaining elements can 
be calculated. The information obtained 
not only provides additional knowledge 
concerning the structure of the organ- 
ism but also tests the self-consistency of 
experimental results. The information 
necessary for the calculation has, within 
the past few years, become available for 
several organisms. 

On the basis of direct isolation proce- 
dures, Cooper, Rowley, and Dawson (1) 
concluded that the cell wall of Staphy- 
lococcus aureus accounted for 20 percent 
of the dry weight of the organism. 
McCarty (2) has reported, also on the 
basis of direct isolation of cell-wall ma- 
terials, that the cell walls of group A 
streptococci make up at least 10 to 15 
percent of the dry weight of these cells. 
More recently, Barkulis and Jones (3) 
concluded that cell walls make up 23 to 
25 percent of the dry weight of group A 
streptococci. The thickness of the wall of 
both S. aureus and Streptococcus faecalis 
has been estimated by means of the elec- 
tron microscope to be 150 to 200 A (4). 
Electron diffraction studies of group A 
streptococci (3, 5) suggest that the wall 
of this organism may be somewhat 
thicker than that of Staphylococcus 
aureus. Since the electron diffraction 
studies pertain to desiccated structures in 
which shrinkage has occurred, the thick- 
ness of the walls of the wet cells may be 
considerably greater than 200 A. The vol- 
ume fraction of the protoplasm of cocci 
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amounts to 0.87 if one uses 4500 A for 
the radius of the cell and 200 A for the 
thickness of the wall, and 0.81 if one uses 
300 A for the thickness of the wall. 

From the data of Weibull (6), the 
Bacillus megaterium cell contains 80 per- 
cent water and the volume fraction of the 
protoplasm amounts to 0.54. Weibull 
(7) has estimated that the wall of B. 
megaterium represents 20 percent of the 
dry weight of the cell. 

In this report (8) an attempt is made 
to consider the structural features of the 
cell which are implied as a consequence 
of the limitations imposed by the data 
reported above. 

Assumptions and calculations. The 
water content of the cell is an important 
parameter in the calculations which fol- 
low. Group A streptococcal cells, when 
removed from a water suspension by cen- 
trifuging for 15 minutes at 20,000 xg, 
yield a tightly packed pellet which, after 
being lyophilized, has amounted repeat- 
edly to 17 percent of the wet weight (9). 
The interspace volume for close-packed 
rigid spheres is 26 percent. If the above 
interspace volume is taken into account, 
the water content of the cell becomes 77 
percent. In the case of cocci, however, 
chains of cells are usually present in the 
culture which would cause the interspace 
volume of the centrifuged pellet to be 
greater than 26 percent. When an arbi- 
trarily selected interspace volume cor- 
rection of 33 percent is applied, the 
water content of the cell becomes 75 per- 
cent. It is apparent that even a consid- 
erable error in the correction for inter- 
space volume does not greatly influence 
a calculation of the water content of the 
cell. 

Mitchell and Moyle (10), employing 
osmotic methods, found an effective 
phosphate-impermeable cell volume of 
2.42 ml/g of cell dry weight for Staphy- 
locoaccus aureus. If we assume the partial 
specific volume of the "cell solids" (11) 
to be 0.72, the water content of S. aureus, 
according to Mitchell's data, becomes 63 
percent by weight. The method used by 
Mitchell, however, may provide the vol- 
ume of the protoplast rather than that 
of the whole cell. We have adopted a 
value of 0.70 as representing a reasonable 
approximation of the weight fraction of 
water in the cells of cocci. 

The average specific volume of the cel- 

lular constituents, other than water, is 
assumed to be 0.72. The partial specific 
volumes for most simple proteins, nucleo- 
proteins, and glycoproteins lie between 
0.68 and 0.75. The quantity of lipids 
and dialyzable material (9, 12) repre- 
sents such a small fraction of the cellular 
dry weight that the value of 0.72 seems 
reasonable. Weibull (6) reported a value 
of 0.70 for the average partial specific 
volume of the "cell solids" of Bacillus 
megaterium. The factor of electrostric- 
tion can be ignored as not seriously af- 
fecting density and volume (13). 

For simplification the cell is consid- 
ered to consist of a protoplast surrounded 
by a wall. It is assumed that the coccus 
can be represented as a rigid sphere. It 
seems reasonable to assume, also, that the 
portion of volume of wall not occupied 
by "solids" is fully occupied by water. 

With volume and weight fractions es- 
tablished, the proportion of water to sol- 
ids in both wall and protoplast can be 
readily calculated in terms of an average 
partial specific volume of the solids. 

Results. In the case of cocci, the vol- 
ume fraction of the protoplast has been 
calculated to be 0.87, as mentioned 
above. If the relative weight of the cell 
is taken as 100, and the weight fraction 
of water in the cell is 0.70, the cell con- 
tains 30 weight units of solids. If six 
weight units-that is, 20 percent-of the 
solids are in the wall, the relative vol- 
ume of the cell is 

30 x 0.72 + 70 = 91.6. 

The relative volume of water in the pro- 
toplast becomes 

0.87 x 91.6 - 24 x 0.72 = 62.5 units. 

The wall, therefore contains 7.5 weight 
units of water, and the weight fraction 
of water in the wall is 0.56. If a weight 
fraction of water in the cell of 0.75 is 
used, the fraction of water in the wall is 
increased to 0.63. It can be seen in Fig. 
1 that the thickness of the wall, in the 
case of cocci, is not especially sensitive 
to either the radius or the water content 
of the whole cell. As is shown in Fig. 2 
the water content of the wall is, however, 
for the parameters stated, sharply de- 
pendent upon the thickness of the wall. 
Since the thickness of the wall is related 
to the structural organization of the sol- 
ids constituting the wall, the water con- 
tent probably becomes invariant if the 
thickness can be established. 

In the case of Bacillus megaterium, it 
can be shown that approximately 10 g of 
water must be present for each gram of 
"solids" in the wall, for the relationships 
reported by Weibull (6, 7) to obtain. 
The protoplasm of this organism, on the 
other hand, would, according to Wei- 
bull's data, contain only 2.5 g of water 
for each gram of solids. As calculated, 
the wall of B. megaterium contains 91 
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percent water, whereas the water content 
of the protoplast is only 71 percent. The 
result seems bizarre. It also follows, on 
a wet weight basis, that the wall repre- 
sents 45 percent by weight of the total 
cell, which agrees with the experimental 
findings of Weibull (14). The weight 
fraction of water in the protoplast, 0.71, 
obtained from the calculation also agrees 
quite well with that required by the 
phosphate-impermeable volume found by 
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Fig. 1. (Top) Relationship for cocci be- 
tween the cell radius and thickness of the 
wall in terms of the parameters listed. 
Water content of the cell, 0.70; wall dry- 
weight fraction, 0.20; wall 60 percent 
water by weight. (Bottom) Relationship 
for cocci between the radius of the proto- 
plast and the water content of the cell in 
terms of the parameters listed. Radius of 
cell, 4500 A; wall dry weight fraction, 
0.20; wall 50 percent water by weight. 
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Fig. 2. Thickness of the wall of cocci as a 
function of water in the wall in terms of 
the parameters listed. Radius of cell, 4500 
A; wall dry weight fraction, 0.20; weight 
fraction of water in cell, 0.70. 

15 AUGUST 1958 

Weibull (6) to be 2.9 ml/g dry weight. 
The phosphate-permeable volume ac- 
counts for a volume fraction of the cell 
of 0.54 (6). A volume fraction of 0.54 
for the protoplasm is consistent, further- 
more, with dimensions for the proto- 
plasm and the cell listed by Weibull (6), 
for B. megaterium. 

Discussion. In the case of cocci, if all 
the cellular water and only 50 percent 
of the cell solids (dry weight) were pres- 
ent in the protoplast and if the proto- 
plasmic constituents were dissolved in 
the water, the concentration of solids 
would be greater than 17 percent by 
weight-a quite unlikely situation. Avail- 
able evidence indicates that only about 
10 percent of the cellular constituents 
are dialyzable materials of low molecular 
weight (9, 12). The remaining 90 per- 
cent solids (dry weight) appear to be 
complex proteins and polysaccharides 
of high molecular weight (9, 12). Few 
of these substances are likely to be solu- 
ble in water to an extent greater than 2 
or 3 percent. It seems necessary to con- 
clude that a large fraction of the mate- 
rials in the protoplast must be present 
in an undissolved although probably 
heavily hydrated form. If the weight 
fraction of the protoplast (dry weight) 
is substantially greater than 50 percent, 
the quantity of undissolved matter must 
increase accordingly. 

An alternative possibility would be a 
protoplast existing as a thick gel. The gel 
hypothesis has been considered by Mit- 
chell and Moyle (10), and there is evi- 
dence against this concept. A third pos- 
sibility, that the solids present in the wall 
amount to a much larger weight fraction 
of the cell than has been reported, should 
not be ignored. 

The above considerations suggest that 
a quantity of water amounting to more 
than the weight of the solids is present in 
the walls of bacteria. In order to accom- 
modate such a quantity of water, the wall 
could be pictured as a fenestrated three- 
dimensional network of solid material in 
which the openings are filled with water. 
Such a structure would confer the ri- 
gidity noted in bacterial walls (15). In 
addition, the structure would readily per- 
mit the physical passage of molecules of 
some size, which from a metabolic view- 
point is a necessary quality of the wall. 

It can be shown by the method indi- 
cated above that an increase in the 
weight fraction of solids in the wall, the 
volume fraction of protoplasm, or the 
water content of the cell either indepen- 
dently or in unison, requires an increase 
in the water content of the protoplasm. 
Weibull's data are self-consistent in that 
the calculated water content of the pro- 
toplasm agrees well with that found from 
phosphate-impermeable volume. Other 
relationships can be found which will 
provide a protoplasmic water content 

agreeing with that obtained from the 
phosphate-impermeable volume. Such re- 
lationships require a decrease in one of 
the variables when another is increased. 
For example, if the volume fraction of 
protoplast is arbitrarily increased to 0.70, 
the water content of the cell must be 
decreased to 0.70 for the protoplasmic 
water content to remain constant. Under 
these conditions the wall would still con- 
tain 4 g of water for each gram of solids, 
an amount quite inconsistent however, 
with experiment (14). 

Irrespective of variations in the param- 
eters, the conclusion appears inescapable 
that the wall of Bacillus megaterium con- 
tains far more water than solids. Fur- 
thermore, the self-consistency of Wei- 
bull's data lends credence to their 
correctness. 

In order to account for 10 g of water 
for each gram of solids in the wall of 
the cell, an open meshwork in which the 
wall solids form the structural elements 
seems a feasible model. In the meshwork 
the relatively large open spaces could be 
filled with water. The proposed model 
is consistent with permeability behavior 
(6, 10) and electron diffraction studies 
(16). Bacterial cell walls examined with 
the electron microscope are relatively 
transparent (3, 5, 16). An electron mi- 
crograph of the wall from Spirillum in- 
dicates a fenestrated structure with a 
hexagonal pattern (16). 

While it may be coincidental, it is of 
interest that the thickness of the desic- 
cated wall of Bacillus megaterium was 
found by Piekarski and Giesbrecht (17) 
to be 150 to 300 A in thickness, which 
is approximately one-tenth the thickness 
observed with wet organisms (6, 18). 

The factors considered in this report 
suggest the usefulness of experimentally 
determined values for the weight frac- 
tion of the dry weight of the cell form- 
ing the protoplasm and also for the 
weight fraction of the total cellular water 
present in the protoplasm. The present 
information presents a picture of the bac- 
terial cell as a rigid water-filled mesh in- 
side of which there is a heavy suspension 
of particulate material. While the con- 
cept is not new (10), it was arrived at 
by reasoning to the best of our knowl- 
edge not heretofore applied to micro- 
organisms. The analytical principle util- 
ized is applicable to other bacterial cells 
and provides a test for self-consistency of 
assembled physical data. 
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In 1954, Woolley and Shaw (1) for- 
mulated the working hypothesis that a 
cerebral serotonin deficiency or serotonin 
excess might be a cause of mental dis- 
turbances such as those characteristic of 
schizophrenia. The evidence available at 
that time which suggested that serotonin 
played a vital part in the functioning of 
the central nervous system was of a two- 
fold nature: (i) serotonin occurs in the 
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standard error. 
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(No.) S.E. S.E. 
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brain, especially in the hypothalamus 
(2, 3), and (ii) some drugs which act 
as antimetabolites of serotonin on smooth 
muscle preparations also cause mental 
aberrations (4). This is especially true 
of the powerful psychotomimetic agent 
lysergic acid diethylamide (LSD). Ad- 
ditional evidence has since been pre- 
sented by Woolley (5). Further, Sano 
(6) has reported that the administra- 
tion of reserpine to psychotic patients 
causes a temporary increase in urinary 
5-hydroxyindoleacetic acid (5-HIAA). 

Whether serotonin is involved in the 
etiology of schizophrenia might be de- 
cided by establishing whether serotonin 
metabolism differs in nonpsychotic well 
subjects and in schizophrenic patients. 
We therefore investigated the urinary ex- 
cretion of its principal metabolite, 
5-HIAA, in both groups (7). Untreated 
male chronic schizophrenic patients (me- 
dian age, 42 years; range, 24 to 63) were 
selected from the research wards of the 
Worcester State Hospital and main- 
tained on the normal hospital diet. 
Acutely ill male schizophrenic patients 
(median age, 33 years; range, 16 to 57) 
were selected from the admission wards, 
and urine samples were obtained before 
therapy was instituted. All urine samples 
were collected in the morning and ana- 
lyzed by the Udenfriend colorimetric 
procedure for 5-HIAA (8). The results 
are shown in Table 1. Statistical analysis 
shows that there is no significant differ- 
ence in the excretion of 5-HIAA be- 
tween chronic or acute schizophrenic 
patients and nonpsychotic well subjects. 
These findings agree with those of others 
(6, 9). The output of 5-HIAA in normal 
subjects ranged from 0.7 to 13.2 mg/day 
and in schizophrenic patients from 0.3 
to 31.6 mg/day. Bellak (10) has com- 
mented on the greater variability of val- 
ues for almost any factor investigated. 

In order to determine the effect of 
diet on the rate of excretion of 5-HIAA, 
three normal subjects were maintained 
for 3 days on each of the following diets 
with suitable control periods before and 
between the diets: (i) high carbohy- 
drate, (ii) high fat, (iii) high protein,. 
and (iv) 750n-mg/day of L-tryptophan. 
No unusual effects were found, and all 
5-HIAA values were well within the nor- 
mal range. 

In a longitudinal study carried on for 
5 weeks, 20 urine samples were collected 
from each of two chronic schizophrenic 
patients and from one normal subject, a 
hospital attendant who ate approxi- 
mately the same food as the patients. 
Patient No. 1 excreted an average of 
11.0 mg of 5-HIAA per day with a range 
of 0.7 to 18.9 mg/day. Patient No. 2 ex- 
creted 8.6 mg/day with a range of 2.2 to 
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creted 8.6 mg/day with a range of 2.2 to 
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patients' psychiatric behavior and uri- 
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nary excretion of 5-HIAA could be dem- 
onstrated. The normal subject excreted 
an average of 5.9 mg/day with a range 
of 3.1 to 9.8 mg/day. 

We also studied the effect of LSD on 
5-HIAA excretion in four normal sub- 
jects, each of whom received 75 tg of 
LSD orally. Urine samples were col- 
lected immediately before the adminis- 
tration of LSD and 2 hours after. The 
typical symptoms of the LSD psychosis 
were evident in less than 2 hours. No 
significant change in 5-HIAA excretion 
was observed. 

The evidence based on urinary 
5-HIAA excretion in chronic and acute 
schizophrenic patients does not indicate 
a causal relationship between serotonin 
and schizophrenia. Preliminary results 
indicate also that blood serotonin values 
of chronic schizophrenic patients, meas- 
ured by the fluorimetric method of 
Udenfriend and coworkers (11), do not 
differ significantly from those of normal 
subjects; the values of both groups 
ranged between 0.1 and 0.3 itg/ml of 
blood. However, serotonin metabolism, 
as measured by serotonin levels in blood 
and by 5-HIAA in urine, reflects sero- 
tonin primarily from the larger body 
stores. A hypothetical defect in mecha- 
nisms involving serotonin would most 
likely exist in the brain and might not 
be detectable by the methods employed. 
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nary excretion of 5-HIAA could be dem- 
onstrated. The normal subject excreted 
an average of 5.9 mg/day with a range 
of 3.1 to 9.8 mg/day. 

We also studied the effect of LSD on 
5-HIAA excretion in four normal sub- 
jects, each of whom received 75 tg of 
LSD orally. Urine samples were col- 
lected immediately before the adminis- 
tration of LSD and 2 hours after. The 
typical symptoms of the LSD psychosis 
were evident in less than 2 hours. No 
significant change in 5-HIAA excretion 
was observed. 

The evidence based on urinary 
5-HIAA excretion in chronic and acute 
schizophrenic patients does not indicate 
a causal relationship between serotonin 
and schizophrenia. Preliminary results 
indicate also that blood serotonin values 
of chronic schizophrenic patients, meas- 
ured by the fluorimetric method of 
Udenfriend and coworkers (11), do not 
differ significantly from those of normal 
subjects; the values of both groups 
ranged between 0.1 and 0.3 itg/ml of 
blood. However, serotonin metabolism, 
as measured by serotonin levels in blood 
and by 5-HIAA in urine, reflects sero- 
tonin primarily from the larger body 
stores. A hypothetical defect in mecha- 
nisms involving serotonin would most 
likely exist in the brain and might not 
be detectable by the methods employed. 
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