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ABSTRACT

ROBRISH, STANLEY A. (University of Cali-
fornia, Davis) AND ALLEN G. MARR. Location
of enzymes in Azotobacter agilis. J. Bacteriol.
83: 158-168. 1962.-If the cells of Azotobacter
agilis are disrupted by osmotic shock, respiratory
enzymes and the compounds characteristic of
cell wall and cytoplasmic membrane are recovered
almost completely in large particles. The large
particles obtained by osmotic shock were found
by electron microscopy to consist of cell wall,
cell membrane, and an internal membrane
appearing as either vesicles or tubules in section.
These envelopes are free of all the soluble
cytoplasmic material and are essentially free of
ribosomes.

Small particles obtained by osmotic shock are
ribosomes; small particles obtained by sonic
oscillation consist of both ribosomes and amor-
phous material, presumably fragments of the
envelope.

i\lost methods of mechanical disruption of
bacteria result in the recovery of respiratory
enzymes in the centrifugal fraction containing
submicroscopic particles (reviewed by Alexander,
1956; Mitchell, 1959; and Marr, 1960). Stanier
(1954) predicted that the cell membrane was
the locus of respiratory enzymes in bacteria.
He based his prediction on the discovery by
Weibull (1953) that ghosts obtained by osmotic
lysis of protoplasts of Bacillus megaterium were
rich in cytochromes.
Marr and Cota-Robles (1957) found that the

submicroscopic particles containing respiratory
enzymes were formed by comminution of a larger
structure, presumably some part of the envelope
of Azotobacter agilis. This paper will describe the
disruption of A. agilis by direct osmotic shock,
a technique which permits recovery of the cell
envelope almost intact but emptied of cytoplasm,
and will show that the respiratory enzymes are
in this structure.

MATERIALS AND METHODS

Growth of cultures. A. agilis (A. vinelandii
strain 0) was grown at 30 C in 10-liter bottles
with 8 liters of Burk's medium modified by
reducing the calcium concentration to prevent
the formation of a precipitate (per liter: KH2PO4,
0.2 g; K2HPO4, 0.8 g; MgSO4 *7H20, 0.2 g;
CaSO4-2H20, 0.025 g; FeNH4(SO4)2. 12H20,
0.0086 g; Na2MoO4-2H20, 0.00025 g; and sucrose,
20 g. The culture was aerated through a porous
stainless steel sparger (Micro Metallic Corpora-
tion, Glen Cove, N. Y.). The cells were harvested
by centrifugation shortly after the end of ex-
ponential growth (30 hr), and washed free of
slime by four successive centrifugations from
distilled water at 2,000 X g for 45 min. After
low speed centrifugation a loose overlayer of
slime containing some cells was decanted from a
pellet of well-packed cells and was discarded.
Cells were either used immediately or stored at
4 C.

Cells labeled with p32 were obtained by growth
in Burk's medium with one-fourth the normal
amount of phosphate, which contained 107
count/min of P32-orthophosphate. The cells
were harvested by centrifugation and were
washed by successive centrifugations from water.
An appropriate quantity of cells labeled with
p32 was added to a larger amount of nonradio-
active cells for the estimation of phospholipid.

Chemical analyses. Hexosamine was deter-
mined colorimetrically by the method of Boas
(1953) in samples hydrolyzed in 4 N HCl at 100 C
for 15 hr. Chromatography of the hydrolyzate
on Dowex-50 was unnecessary, since there were
no interfering materials. The quantity of hexos-
amine was computed with reference to standards
of glucosamine.
Rhamnose was determined by reaction with

cysteine in sulfuric acid (Dische and Shettles,
1948). Samples were hydrolyzed in 1 N HCl at
100 C for 1 hr. After the HCl was removed by
vacuum distillation, the hydrolyzate was washed
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through a column of Dowex-50 (H+ form)
resin to remove interfering cations. After re-
action the absorbancy was measured against a
reagent blank at both 396 and 427 m,u. The
quantity of rhamnose was computed from the
difference in absorbancy at the two wavelengths.
Since this color reaction is general for methyl
pentoses, rhamnose was identified by descending
paper chromatography of hydrolyzates on What-
man no. 1 paper in butanol-ethanol-water
(52:32:16). The Rp of the methyl pentose in the
sample corresponded to the RF of an authentic
sample of rhamnose.

Phospholipid was determined by measuring
the radioactivity of ethanolic extracts, using cells
labeled with p32. The samples were precipitated
with 5% trichloracetic acid (w/v), and extracted
three times with ethanol at 60 C. A portion of
the extract was evaporated on a planchet and
counted. A sample was analyzed for total phos-
phorus (Allen, 1940) to determine the count/min
per mg phosphorus; 1 mg of phosphorus in the
ethanolic extract was taken to be the equivalent
of 33 mg of phospholipid.

Ribonucleic acid (RNA) was determined by
alkaline hydrolysis and adsorption of the re-
sulting inucleotides on an anion exchanger.
After elution the nucleotides were determined
with orcinol. Analyses for RNA by orcinol re-
action after fractionation by Schneider's (1945)
procedure were inconsistent with measurements
of ultraviolet absorbancy and acid-insoluble
organic phosphorus. We, therefore, adapted the
method of Cohn (1957) for quantitative, ion-
exchange chromatography of ribonucleotides to
isolate the total nucleotide fraction. A sample
containing 0.05 to 0.5 mg RNA was digested in
0.3 N NaOH overnight at 37 C. The hydrolyzate
was neutralized with Dowex-50 (H+ form), and
the resin was filtered and washed. The filtrate
was titrated to pH 8 with tris(hydroxymethyl)-
aminomethane (tris). The sample was trans-
ferred to a 1.8 by 2 cm column of Dowex-1
(200 to 400 mesh) resin which had been pre-
viously equilibrated with 0.01 M tris-Cl buffer
at pH 8. After the application of the sample,
the column was washed with 10 ml of 0.01 M
tris-Cl buffer, pH 8.6, and the washings were

discarded. The nucleotides were eluted with 10
ml of 1 N HCl, and were estimated by the orcinol
reaction (Mejbaum, 1939). The difficulties we

encountered in the estimation of RNA from

bacterial extracts were also found by de Deken-
Grenson and de Deken (1959), who developed a
similar method.

Enzymatic assays. Hydrogenase was de-
termined manometrically, using methylene blue
as an oxidant (Marr and Cota-Robles, 1957).
Samples were treated and maintained under an
atmosphere of H2 at all stages prior to assay,
to prevent the inactivation of hydrogenase
(Green and Wilson, 1953). One unit of enzyme
was taken to be that amount required to oxidize
1 Amole of H2 per min at 30 C.
Cytochrome was measured by the difference

in absorbancy at 414 m, (Soret maximum of the
principal cytochrome) and 390 m,u. The samples
were treated 5 min at 4 C under an atmosphere
of H2 at full output in a Raytheon sonic oscillator
to decrease light scattering. Samples were re-
duced with sodium borohydride, and the ab-
sorbancy was measured against a water blank.
The mount of cytochrome is expressed as the
difference in absorbancy per cm at 414 and 390
mA.
Reduced diphosphopyridine nucleotide

(DPNH) oxidase was assayed by the decrease
in absorbancy at 340 mA resulting from the oxida-
tion of DPNH. A 1-cm absorption cell contained
2.9 ml of 0.05 M tris-Cl buffer, pH 8.6, and the
enzyme (50 ,liters or less), which was added
with a microsyringe. The reaction was started
by the addition of 0.1 ml of a solution containing
2 mg DPNH per ml. One unit of enzymatic
activity is defined as that amount of enzyme
required to change the absorbancy 1.0 per min.

Glucose 6-phosphate dehydrogenase was de-
termined by the rate of increase of absorbancy
at 340 m,u resulting from the reduction of di-
phosphopyridine nucleotide (DPN) by glucose 6-
phosphate. A 1-cm absorption cell contained 0.2
ml of 0.02 M glucose 6-phosphate, 0.1 ml of the
enzyme, and 2.5 ml of 0.0033 M MgSO4 in 0.05
M tris-Cl, pH 8.6. The reaction was started by
the addition of 0.2 ml of a solution containing
10 mg DPN per ml. One unit of enzymatic
activity is defined as the amount of enzyme re-
quired to change the absorbancy 1.0 per min.
Adenosine deaminase was measured as the

rate of decrease in absorbancy at 265 m,u as
adenosine is converted to inosine. A 1-cm ab-
sorption cell contained 0.6 ml of enzyme, 2.2
mi of 0.05 M tris-Cl (pH 8.6), and 0.2 ml of
0.0006 M adenosine. The reaction was started
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by the addition of the adenosine. One unit of enzy-
matic activity is defined as the amount of enzyme
required to change the absorbancy 1.0 per min.

All of the spectrophotometric measurements
of reaction rate were made in a Beckman DU
spectrophotometer adapted for recording linearly
in absorbancy at fixed wavelength (Marr and
Marcus, in press). The temperature was main-
tained at 30 C by water from a constant tem-
perature bath flowing through a heat exchanger
in the cell compartment.

Electron microscopy. Pseudoreplicas were
prepared essentially according to the method of
Hall (1956). The sample was sprayed on freshly
cleaved mica, shadowed with Pt at an angle of
180, and overlayered with a film of carbon. The
carbon film was floated on water and picked up
on copper grids for observation. Samples to be
observed air-dried were dispersed with a Brink-
man 1 Mc emulsifier (Brinkman Instruments,
Great Neck, N. Y.), deposited on a Formvar
grid from a mist obtained with a Brinkman 3
MIc nebulizer, and shadowed with uranium at an
angle of 110. Thin sections were made of samples
fixed in osmium tetroxide; the fixed samples were
embedded in polymethylmethacrylate and sec-
tioned with a Porter Blum ultramicrotome (Ivan
Sorvall, Inc., Norwalk, Conn.) fitted with a glass
knife (Chapman, 1959). All samples were photo-
graphed with an RCA EMIU 3 electron micro-
scope.

Osmotic shock. A centrifuged pellet of cells
was mixed with an equal volume of 3 M glycerol.
After 5 min the mixture was drawn into a sy-
ringe and slowly ejected into 10 volumes of
mechanically stirred 0.05 M tris-Cl buffer (pH
7.5), containing 0.001 M MgSO4, at 4 C (Robrish
and Marr, 1957). This buffer was chosen to
stabilize ribosomes (Gillchriest and Bock, 1958;
Bolton, Hoyer, and Ritter, 1958). Less than 4%
of the cells remained intact. After disruption,
the preparation was treated with 0.5 ,g crystal-
line deoxyribonuclease per ml and allowed to
stand at room temperature for 20 min. This
treatment reduces the viscosity, which would
otherwise interfere with subsequent centrifugal
separation.

Sonic disruption of cells. A 40-ml suspension
of cells in 0.05 M tris-Cl (pH 7.5) containing 0.001
M MgSO4 was treated at full power output for 5
min in a 10 kc Raytheon magnetostrictive sonic
oscillator at 0 to 3 C under an atmosphere of
H2. Less than 0.5% of the cells remained intact.

Centrifugal separation. The disrupted cells
were separated arbitrarily into large particles,
small particles, and soluble fraction by the
following method of differential centrifugation.
The extract was centrifuged at 10,000 X g
for 15 min; the resulting pellet was washed once
by recentrifugation from the same buffer used
for disruption. This pellet is termed "large
particles." The supernatant liquid and washings
were combined and centrifugfed at 100,000 X g
for 2 hr; the resulting pellet was recentrifuged
from buffer. The second pellet is termed "small
particles." The supernatant liquid and washings
from this step are termed "soluble fraction."

RESULTS

Location of enzymes. If the small particles
containing respiratory enzymes found after
sonic disruption of cells arise from the envelope
(Marr and Cota-Robles, 1957), the disruption of
cells by osmotic shock, which opens but does
not comminute the envelope, should allow a
quantitative recovery of the respiratory en-
zymes in the low-speed centrifugal fraction
which contains the emptied envelopes.
Equal samples of washed cells were disrupted

by osmotic shock and by sonic treatment. The
materials from the disrupted cells were separated
by centrifugation into large particles, small
particles, and soluble fraction, and were as-
sayed for various enzymic activities (Table 1).
The hydrogenase, DPNH oxidase, and cyto-
chrome are recovered mainly in the small particles
after sonic treatment but in the large particles
after osmotic shock. Two soluble enzymes,
glucose 6-phosphate dehydrogenase and adeno-
sine deaminase, were released equally by the
two methods of disruption. Thus. the recovery
of the respiratory enzymes in the large particles
after osmotic shock is in accord with the as-
sumption that these enzymes are contained in
the envelope. The release of the soluble enzymes
indicates that the disruption of the cells bv
osmotic shock is complete.
Two components of the cell walls of bacteria,

rhamnose and hexosamine (Salton, 1956), were
recovered almost completely in the large particles
after osmotic shock, but were distributed be-
tween the large and small particles after sonic
disruption (Table 2). Phospholipid, a likely con-
stituent of both the membrane (Gilby, Few, and
AIcQuillin, 1958) and the cell wall (Westphal
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TABLE 1. Distribution of enzyme activity

Osmotic disruption Sonic disruption

Large Small Large Small
Enzyme Total units* particlest particles Soluble Total units* particles particles Soluble

% % No % %o
Hydrogenase 3.75 69 3 0 3.12 30 60 0
DPNH oxidase 0.743 82 12 0 1.05 5 100 0
Cytochrome 0.00565 93 0 0 0.00725 9 64 15
Glucose 6-phosphate 0.239 0 0 100 0.239 0 0 100
dehydrogenase

Adenosine deaminase 0.159 0 0 100 0.159 0 0 100

* The total is the activity of the unfractionated extract in units per mg dry wt. The units are defined
in Materials and Methods.

t Large particles sediment at 10,000 X g for 15 min, and small particles at 100,000 X g for 2 hr; the
soluble material is that which does not sediment at 100,000 X g for 2 hr.

TABLE 2. Distribution of chemical components

Osmotic disruption Sonic disruption

Large Small Large Small
Total* particles particles Soluble Total* particles particles Soluble

NoNo% No No~~%
Phospholipid 120 103 4 3 119 35 62 16
Rhamnose 18.1 82 8 3 17.4 31 52 14
Hexosamine 11.0 82 7 18 10.8 49 46 16
RNA 72.5 15 56 28 65.7 7 66 27

* The total of each constituent (mg per g dry wt) is based on analysis of unfractionated extracts and
is taken as 100%.

et al., 1958), was also recovered in the large
particles after osmotic shock, and distributed
between the large and small particles after sonic
disruption. A much larger fraction of the rham-
nose, hexosamine, and phospholipid than of the
cytochrome and DPNH oxidase are found in the
large particles after sonic disruption.
The distribution of RNA in the centrifugal

fractions is essentially independent of the
method of disruption (Table 2). Approximately
60% of the RNA appears in the small particles
and 30% in the soluble fraction. Osmotic shock,
compared with sonic disruption, results in slightly
more RNA in the large particles and correspond-
ingly less RNA in the small particles.

Morphology of the large particles. Since the
compounds characteristic of bacterial cell walls
were recovered in the large particles after osmotic
shock, this fraction would be expected to contain
the cell wall and any other structures of the cell
which do not escape. Figure la is an electron
micrograph of the large particles obtained by
osmotic shock after air-drying and shadowing.

The fraction consists of structures, approxi-
mately the same size and shape as the original
cell, which appear to be envelopes enclosing
material dense to the electron beam. Some regions
are quite transparent to electrons, but other
regions are more opaque than purified cell walls
(Salton and Horne, 1951).

Figure lb is an electron micrograph of a thin
section of large particles obtained by osmotic
shock. The outer layer of the structure is pre-
sumed to be the cell wall, and the inner layer
(M), which in some regions is well separated
from the wall, is presumed to be cytoplasmic
membrane. The wall is obviously torn in sections
of some of the envelopes (0). All the envelopes
show an internal structure which appears most
commonly as empty vesicles (V) of varying
diameter. In less damaged envelopes the internal
structure is tubular (T). This internal structure is
restricted to the area circumscribed by the mem-
brane; it is absent in the region between the wall
and membrane if these two structures have sepa-
rated. We assume that the regions of high opacity
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FIG. 1. Large particles after osmotic shock. (a) Pseudoreplica of an air-dried specimen. (b) Thin section.

The cell wall (W) appears torn in some of the sections (0). The outer cell membrane (M) is partially detached
from the wall. Internal membrane is evident within areas bounded by the outer cell membrane but absent be-
tween the wall and membrane. The internal membrane most commonly appeairs as vesicles (V); however, in

less daataqed envelopes it appears as tubules (T). A few envelopes contain dark granules which are probably
ribosoites (R).
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to electrons of the air-dried envelope result from
the membrane and the internal structure that
it encloses and that the more transparent regions
result from the retraction of the membrane from
the wall.

Figure 2 is an electron micrograph of the large
particles obtained by sonic disruption. The
particles are flat and transparent to the electron
beam; the particles are of various sizes, all of
which are much smaller than the envelopes ob-
tained by osmotic shock.

Small particles. Electron micrographs of the
small particles obtained by the two methods of
disruption are showvn in Fig. 3. The small particles
obtained by osmotic shock (Fig. 3a) are spherical
to polygonal. The larger particles appear to be
aggregates of one particle of intermediate size
and two smaller particles. The major axes of
the three sizes of particles measured from the
electron micrograph are 42, 56, and 70 m,u,
respectively. The small shadows suggest con-
siderable flattening. The size and appearance of
the small particles obtained by osmotic shock are
those of ribosomes (Hall and Slayter, 1959).

The small particles obtainedl by sonic disrup-
tion (Fig. 3b) include a considerable amount of
amorphous material in addition to the ribosomes.

Electrophoresis. Since the electron micrographs
showed amorphous material as well as ribosoines
in the small particles obtained by sonic treatment,
the particles obtained by the two methods of
disruption were examined by analytical electro-
phoresis. The small particles obtained by osmotic
shock were resolved into three coml)onents
(Fig. 4a) all of which move anodically. Most
of the material is in the leading peak, which has a
mobility of -8.75 cm2 per sec-' per v'- at pH
7.5; this mobility is approximately that ex-
pected for ribosomes (Petermann, Hamilton,
and Mizen, 1954). The particles obtained by sonic
treatment (Fig. 4b) have the same leading com-
ponent; however, they show additional major
components of low mobility. The schlieren pattern
in Fig. 4b is obscured by the light scattering of
the components which remain near the origin.
Visual observation revealed at least two peaks
in the region obscured in the photograph by
light scattering; the combined area of these

FIG. 2. Large particles after sonic treatment. The photograph is a pseudoreplica of an air-dried specimen.
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FIG. 3. Small particles obtained by (a) osmotic shock and (b) sonic treatment. Both photographs are of air-
dried samples shadowed with uranium at an angle of 110.

two peaks was comparable to that of the leading
component. Presumably, the components of low
mobility correspond with the amorphous ma-
terial which distinguished the electron micro-

graphs of the small particles prepared by sonic
disruption.

Ultracentrifugation. Figure 5a shows an ultra-
centrifugal analysis of the small particles pre-
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FIG. 4. Electrophoretic analysis of small par-
ticles. The concentration of particles was approx-
imately 5 mg per ml in 0.05 M tris-CI (pH 7.5)
containing 0.001 M MgSO4 (r/2 = 0.043). The
electrophoretic cell had a cross-sectional area of
3 cm2 and was operated at a cutrrent of 5 ma. Both
photographs are of ascending bouindaries taken with
a diagonal slit and cylindrical lens (magnification
1.9 X). The initial bowndary was formed at the
extreme left of the pattern. Migration toward the
anode is in(licated by movement from left to right.
(a) Particles prepared by osmotic shock photo-
graphed after 34 min. The leading component has a
mobility of 8.75 X 10-' cm2 sec-' volts-'. (b) Par-
ticles prepared by sonic treatment photographed
after 49 min. The leading component has a mobility
of 7.37 X 10-' cm2 sec-' volts-'. The left portion of
the pattern is obscured by components which scatter
light. Two peaks were visually evident in this region.

pared by osmotic shock. Three major com-
ponents are evident, with sedimentation con-
stants of 67S, 49S, and 31S (uncorrected for
concentration). These values correspond with
the three size classes of ribosomes obtained from
A. agilis by Gillchriest and Bock (1958). Only
two major components are evident in the particles
prepared by sonic treatment, with sedimentation

FIG. 5. Analysis of the small particles by ultra-
centrifugation. Particles at a concentration of ap-
proximately 5 mg per ml in the same buffer used
for electrophoresis (Fig. 4) were centrifuged at
10 C in a Spinco Model E analytical ultracentrifuge.
The photographs were made with a diagonal slit and
cylindrical lens 16 min after the rotor reached a
maximal speed of 42,000 (magnification 5.1 X).
(a) Particles obtained by osmotic shock; the major
peaks from left to right have sedimentation con-
stants of 31S, 49S, and 67S, respectively, uncorrected
for concentration. (b) Particles obtained by sonic
treatment; the two major peaks have sedimentation
constants of SSS and 51S, uncorrected for concen-
tration.

constants of 51S and 33S. No boundary was
observed corresponding to material present in
the particles prepared by sonic treatment but
absent in particles prepared by osmotic shock.
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DISCUSSION

Hydrogenase, DPNH oxidase, and cyto-
chromes, as well as the compounds characteristic
of the cell wall, rhamnose and hexosamine, are

recovered in the large particles if the cells of A.
agilis are disrupted by osmotic shock. In electron
micrographs, the large particles appear as flat-
tened envelopes; however, the opacity of the
envelope to electrons is much greater than that
observed by others for purified cell walls. Cell
walls prepared from gram-negative bacteria
are more opaque to electrons than cell walls
prepared from gram-positive bacteria; this has
been attributed to undefined cytoplasmic con-

tamination (Salton and Horne, 1951). The basis
of the high opacity is revealed by thin sections
of the envelopes as the cell membrane, together
with an internal membrane which appears in
section as vesicles or tubules.
The loss of cytoplasm from the envelopes ob-

tained by osmotic shock is evident from (i)
the complete release of two soluble enzymes,
adenosine deaminase and glucose 6-phosphate
dehydrogenase, and of the soluble RNA, (ii)
the lack of cytoplasmic matrix, particularly
the lack of ribosomes, in most of the sectioned
envelopes, and (iii) the almost complete re-

lease of particulate RNA by osmotic shock. The
respiratory enzymes, which are retained in the
envelope, could not be located in small, unat-
tached particles dispersed like the ribosomes
throughout the cytoplasm.

Since the envelopes emptied of cytoplasmic
matrix by osmotic shock are complex structures
composed of at least three distinguishable com-

ponents, wall, cell membrane, and an internal
structure, we must face the question of which of
these houses the respiratory enzymes. After
sonic disruption, the components of the cell
wall are found in both large and small particles,
yet the DPNH oxidase and cytochrome are

absent in the large particles. The resolution of
wall components from these enzymes suggests
that the cell wall is not the locus of the enzymes;

however, a more direct demonstration is desirable.
Either the outer cell membrane or the internal

membrane or both could be the locus of the
respiratory enzymes. The internal membrane
could be a structure passively trapped in the
envelopes opened by osmotic shock, distortions
of the cell membrane induced by the osmotic
disruption, or extensions of the cell membrane

pre-existing before osmotic disruption. A further
investigation of this problem, which demon-
strates the internal membrane in envelopes
prepared by several methods of disruption as
well as in intact cells, will be published separately.
The internal membrane in the azotobacter may
be related to the internal membranes previously
demonstrated in streptomycetes (Glauert and
Hopwood, 1959; Stuart, 1959), bacilli (Glauert,
Brieger, and Allen, 1961), Rhodospirillum rubrum
(Hickman and Frenkel, 1959), Alcaligenesfaecalis
(Beer, 1960), and blue-green algae (Shatkin,
1960; Hopwood and Glauert, 1960).
The small particles obtained by osmotic shock

consist almost exclusively of ribosomes, a con-
clusion based both on the appearance of electron
micrographs and on the high electrophoretic
mobility of the major component of these
particles. The small particles obtained by sonic
disruption contain not only the ribosomes but
also particles of various sizes and shapes and
light-scattering components of low electrophoretic
mobility, presumably fragments of the wall and
membrane. It has been demonstrated previously
that hydrogenase and cytochrome are con-
tained in the components of low electrophoretie
mobility, not in the ribosomes (Cota-Robles,
Marr, and Nilson, 1958; Tissieres et al., 1959).
The small particles obtained from bacteria are
analyzed most commonly by ultracentrifugation.
Because of the appearance in the ultracentrifuge
of a predominant boundary concommitant with
a particular enzymatic activity in the pellet from
centrifugation, it has frequently been assumed
that the enzymatic activity is located in the
sedimenting species which forms the boundary.
Several enzymatic activities were identified
with a 40S component on this basis by Schach-
man, Pardee, and Stanier (1952). Similar inter-
pretations for enzymes and chemical constituents-
have been made subsequently (Billen and Volkin,
1954; Saperstein and Starr, 1955; Hunt, Rodgers,
and Hughes, 1959). It is evident from Fig. 5
that the nonribosomal components in the small
particles obtained by sonic treatment do not
result in additional boundaries in the ultra-
centrifuge. The fragments of wall and mem-
branes would be expected to have a wide range
of sizes and shapes, which precludes the forma-
tion of boundaries. Thus, ultracentrifugation
would be unreliable in detecting the presence of
such components.
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In more recent experiments, an early inter-
mediate in protein synthesis (McQuillen, Roberts,
and Britten, 1959) and small amounts of enzymes
(Aronson et al., 1960) are reported to be bound
to ribosomes. The hazard of random fragments
of wall and membrane contaminating the prepa-
ration, even after centrifugation in a density
gradient, should be eliminated by electrophoretic
separation. One cannot rely on ultracentrifugal
analysis as a criterion of purity of ribosomes.
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