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Bacteroides ruminicola did not take up 14C from exogenous "C-labeled L-proline
or 14C-labeled L-glutamic acid and took up very little 14C from exogenous 4C-labeled
L-valine. Growing cultures of B. ruminicola rapidly took up 14C from "4C-proline-
labeled peptides of molecular weights up to 2,000 and incorporated it into tri-
chloroacetic acid-insoluble cell material. Uptake and incorporation did not occur
at 0 C and were reduced or eliminated in glucose-starved cells, depending upon the
length of time the cells were starved. The initial rate of uptake of peptides seemed
to exhibit saturation kinetics, but it was impossible to establish this conclusively.
The initial uptake of 14C from peptides was not affected by chloramphenicol but the
incorporation of it into trichloroacetic acid-insoluble cell material was virtually
eliminated. Only moderate amounts of trichloroacetic acid-extractable, labeled
material were present in cells during peptide uptake, whether or not chlorampheni-
col was present. "4C-proline was rapidly released from labeled peptides during up-
take, whether or not chloramphenicol was present. The amount of "IC fixed into
trichloroacetic acid-insoluble cell material was directly related to the size of pep-
tides originally supplied in the medium. It is concluded that B. ruminicola possesses
a general system for the uptake of peptides, that peptides are rapidly hydrolyzed
during or after uptake, and that oligopeptides function only to supply amino acids
in a form available to the organism.

The growth of some bacteria has been shown
to be dependent upon or to be stimulated by the
presence of small peptides. In all such cases, the
peptides have been shown to function as carriers
of amino acids which are used inefficiently or with
difficulty, but not to function as specific growth
factors (14). Alterations in the composition of the
growth media used sometimes have eliminated
peptide requirements (11, 14). Utilization of small
peptides occurs by transport of peptides into the
cell, hydrolysis of the peptides by internal pep-
tidases, and subsequent metabolism of the free
amino acids released (3, 14, 18, 21, 22, 32, 37, 38).
Peptides appear to be absorbed by systems dis-
tinct from those mediating free amino acid trans-
port (3, 14, 18, 21, 22, 32, 37), and the mere ex-
istence of transport systems for peptides different
from those for free amino acids often has been
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by K. A. Pittman to the faculty of the Graduate
School of the University of Maryland in partial ful-
fillment of the requirements for the Ph.D. degree. A
preliminary report of this work was presented at the
Annual Meeting of the American Society for Micro-
biology, Atlantic City, April 1965.

sufficient to explain the biological activity of the
peptides (14). For example, it has been shown
that transport of some dipeptides can occur at
greater rates or to a greater extent than transport
ofthe constituent amino acids (11, 21, 37) and that
there are bacteria which lack a transport system
for a given amino acid but possess transport sys-
tems for peptides containing that amino acid (22,
26). In addition, it has been shown that uptake
of a required amino acid may be reduced by com-
petition with other amino acids for the same
transport system, whereas peptides which contain
the same amino acid but which are not in com-
petition with free amino acids in the medium may
be taken up rapidly (19, 21, 32).
The use of larger peptides by bacteria has not

been understood as clearly as has been the use of
smaller peptides. Oligopeptide stimulation of
bacterial growth has been demonstrated (12, 27,
36). In general, this stimulation has been shown
to be relatively nonspecific in terms of the size and
composition of the active peptides (36), and in
one case such stimulation was eliminated by alter-
ation of the composition of the growth medium
(20). Because of these facts, it has been suggested
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that oligopeptide utilization does not differ from
the utilization of small peptides (20). On the other
hand, bacterial requirements for oligopeptides
larger than a certain minimal size have been dem-
onstrated, as has an apparently absolute bac-
terial requirement for oligopeptides (12, 15, 36).
The demonstration of lower size limits for oligo-
peptide utilization, the fact that such utilization
may occur in the absence of the utilization of
small peptides or free amino acids, and the fact
that the ability of bacteria to utilize small pep-
tides does not ensure their ability to utilize large
peptides (13, 23, 31) raises the question of whether
or not there is a real difference in the means of
bacterial utilization of large peptides as opposed
to small peptides and free amino acids.

Bacteroides ruminicola is very efficient in utili-
zing oligopeptide nitrogen as the sole source of
cell nitrogen, but is very inefficient in utilizing
small peptide and amino acid nitrogen as a source
of cell nitrogen. The oligopeptides are neither
required nor stimulatory if large amounts of am-
monia are present in the medium (28). Other
features of oligopeptide utilization by B. rumini-
cola are similar to those of oligopeptide-stimu-
lated or oligopeptide-requiring bacteria. The re-
search reported here was begun because it was
thought that an investigation of oligopeptide
utilization by B. ruminicola might provide a gen-
eral basis for understanding oligopeptide function
in other bacteria.

MATERIALS AND METHODS
Organisms and culture methods. Escherichia coli B

was obtained from the Carnegie Institute of Washing-
ton, and Selenomonas ruminantium var. lactilytica
strain HD4 (5) was obtained from Lorraine Gall.
Streptococcus bovis strain FD10 and B. ruminicola
subsp. ruminicola strain 23 (8) were isolated by this
laboratory. All cultures were maintained by the
anaerobic culture methods indicated by Bryant and
Robinson (6). For uptake experiments, E. coli B was
grown under nitrogen gas in a salts medium (29)
with 0.0001% (w/v) resazurin (34) and 0.5% (w/v)
glucose added. The other strains were grown in a
defined medium described for the growth of B. ru-
minicola (28), ammonium sulfate being added to a
concentration of 7 X 10-S M. Cultures were prepared
for uptake experiments as follows. The afternoon
before an experiment was to be run, 5 ml of the ap-
propriate medium was inoculated from a fresh over-
night agar slant culture of the organism desired. The
next morning, the 5-ml culture was added to 50 ml
of the same medium in a 100-ml round-bottom flask.
The culture was incubated until the desired ab-
sorbancy had been obtained. Dry weights were ob-
tained by determining the absorbance of the cultures
in 13-mm rubber-stoppered test tubes in a Bausch &
Lomb Spectronic-20 colorimeter at 600 mnu and read-
ing dry weight on calibration curves of dry weight
versus absorbancy which had been previously pre-
pared from cultures grown in the same medium.

Materials. Uniformly labeled 14C-L-glutamic acid
(75 c/mole) and uniformly labeled 14C-L-valine (99.6
c/mole) were obtained from Volk Radiochemical
Co., Burbank, Calif. Uniformly labeled 14C-L-proline
(158 c/mole) was obtained from Nuclear-Chicago
Corp., Des Plaines, Ill. Sephadex G-25 was obtained
from Pharmacia Fine Chemicals, Inc., New Market,
N.J. Chloramphenicol (Chloromycetin) was the kind
gift of Parke, Davis & Co., Detroit, Mich. Crystalline
trypsin was obtained from Sigma Chemical Co., St.
Louis, Mo. The other chemicals used in this study
were of the best grade commercially available.

Preparation of 14C-peptides. All labeled peptides
used in these experiments were from a single prepara-
tion of E. coli protein, and were obtained as follows.
14C-L-proline (150 ,uc) was added to 320 ml of a culture
of E. coli grown in glucose-salts medium and con-
taining about 0.22 mg (dry weight) of cells per ml.
The culture was allowed to grow for about 1 hr to
0.29 mg (dry weight) of cells per ml. The cells were
then harvested and extracted by the method of Roberts
et al. (29), modified to include an extra trichloroacetic
acid treatment and extra acid-alcohol and ether ex-
tractions, to yield a protein residue containing 53.8
mg. This residue was placed in a small beaker con-
taining a small stirring bar, and 2 ml of 10 M urea was
added. The suspension was stirred for 20 min, and
enough 10% NaOH was added to clear it (pH, ap-
proximately 8). The mixture was allowed to stand for
about 4 hr with occasional stirring, 6 ml of distilled
water was then added with stirring, and the pH was
adjusted to 8. After standing for 1 hr, the mixture was
centrifuged, and the supernatant fluid and a 1-ml dis-
tilled water wash of the precipitate were combined.
This procedure was necessary to remove a urea-in-
soluble fraction which was resistant to trypsin diges-
tion. A 1-mg amount of trypsin in 1 ml of distilled
water was added to this solution, and the mixture was
incubated for 4 hr at room temperature. The entire
volume was then placed on a bed (3.65 by 40 cm) of
Sephadex G-25, medium grain. The column had been
previously equilibrated with 0.050 M NaCl, and the
hydrolysate was eluted with the same solution. Frac-
tions of 5 ml each were collected at a rate of 2 ml/min.
Samples of 10 ,uliters were taken from each fraction
for liquid scintillation counting, and the fractions
were then autoclaved for 5 min at 120 C and stored in
a refrigerator. Previous experience had shown that
the Sephadex column fractionation was quite re-
producible. To avoid wasting the labeled material,
analyses were run on the same amount of unlabeled
material prepared and fractionated in exactly the
same manner. Total nitrogen (35) and amino ni-
trogen (30) were determined. The ratio of total
nitrogen to amino nitrogen was used as an approxi-
mate measure of the average size of peptides in each
fraction. There was a linear decrease in this ratio, from
16 to 2, from the first emergence of nitrogen on the
column to the emergence of urea. Urea did not emerge
from the column until almost 95% of the radioac-
tivity had been eluted. Paper chromatography of
various fractions in several solvents, followed by
radioautography, showed that no free proline was
present. Thin-layer chromatography of representative
fiactions, after hydrolysis with 6 N HCI, showed only
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one radioactive spot, the position of which corre-
sponded to the position of free proline.

Uptake studies. The methods used were essentially
those used by Britten and McClure (2), both whole-
culture samples and 5% trichloroacetic acid-treated
samples being membrane-filtered and counted for
radioactivity. Filter holders and filters used were from
Millipore Corp., Bedford, Mass. Type HA (0.45-,u)
filters could not be used because of the slow filtration
rate with B. ruminicola. Type DA (0.65-,u) filters were
acceptable. Filtration time was about 1 sec, and losses
through the filter, as estimated by culture and filtrate
cell counts, were 0.5 to 1.0%, depending upon the
amount of growth in the cultures. Damp filters re-
tained 0.02 to 0.03 ml of solution. To insure anaerobic
conditions during an experiment, cultures in 100-ml
flasks were gassed continuously with carbon dioxide
which was freed from oxygen by passage over hot,
reduced, copper filings. Temperature was mdin-
tained by suspending the open flasks in a constant-
temperature bath. All experiments were run at 37 C,
unless stated otherwise. Just before an experiment
was begun, 5 ml was removed from the opened culture
for absorbance measurement. All radioactive ma-
terials were introduced in 0.5-ml volumes from carbon
dioxide-equilibrated solutions. Samples of 1.00 ml
were removed from experimental cultures with a
Cornwall syringe pipette without the filling assembly
but with a 4-inch no. 16 needle attached. The Luer
Lock was painted over with a neoprene paint to pre-
vent air from leaking into the sample or culture. Cells
on filters weighed 0.04 to 0.12 mg/cm2, and were con-
sidered to be infinitely thin. Planchets were counted
for 40 or 100 min in an automatic, windowless, gas-
flow counter, operating in the Geiger region.

Recovery of "4C-proline. Two methods were used to
recover labeled proline from culture supernatant
fluids. In one method, the trichloroacetic acid-con-
taining samples from uptake experiments were
centrifuged, and the supernatant fluids were extracted
with dry ether to remove excess trichloroacetic acid.
The solutions were then placed on beds of Dowex
50W-X 8, fine mesh, hydrogen ion-form columns (1
by 10 cm) and washed through with distilled water.
The columns were then eluted with 15 ml of 2.5 N am-
monium hydroxide (33) and the eluate was dried and
chromatographed in two directions on thin-layer
plates of Silica Gel H (Brinkmann Instruments, Inc.,
Westbury, N.Y.), first with an acetic acid-water
(10:1, v/v) solvent and second with a liquid phenol-
water (85/15, v/v) solvent. Radioautograms were
made with Kodak No Screen X-ray film to locate
radioactivity. Active spots were scraped off and trans-
ferred to vials for direct liquid scintillation counting.
Counting was done on two channels, and the counts
were corrected for quenching (4). Only one discrete
spot, corresponding to free proline, appeared on the
chromatograms. The other method used was the
preparation and separation of dinitrophenyl deriva-
tives by the method of Matheson (24). Though every
effort was made to use this method properly, it was
found difficult to control the R values of compounds
being eluted from the columns. The results were not
considered satisfactory. Fractions containing the
derivatives were dried and counted on planchets.

RESULTS
Free amino acid uptake. Since B. ruminicola.

like most of the anaerobic bacteria of the rumen,
is quite sensitive to oxygen, or at least to systems
of high redox potential, all investigations had to
be carried out under as strict conditions of an-
aerobiosis as possible. To establish positive con-
trols on the experimental technique and degree of
anaerobiosis maintained in experiments, pre-
liminary amino acid uptake experiments were run
with three organisms known to utilize free amino
acids. Growing cultures of E. coli and S. bovis,
facultative anaerobes, and S. ruminantium, a
strict anaerobe, were supplied with 1O5 M 14C-
L-proline, anaerobic conditions being maintained
throughout the experiments. All three organisms
were able to fix 14C into trichloroacetic acid-pre-
cipitable cell material, and the amount of 14C
fixed was directly related to increase in cell mass
(Fig. 1). Under the same conditions, B. ruminicola
was able neither to concentrate 14C from L-proline
or L-glutamic acid nor to fix 14C from these com-
pounds into trichloroacetic acid-precipitable cell
material. 14C from L-valine was taken up, but
slowly, during the experimental period of 2 hr,
the final amount fixed being 8% of that in the
medium.

Peptide uptake. The inability of B. ruminicola
to take up free '4C-proline precluded the possi-
bility of mistaking the uptake of any free 14C(
proline which might have been released from la-
beled peptides outside of the cell for the uptake
of the labeled peptides.
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FIG. 1. Relative uptake of'4Cfrom '4C-L-proline by
Escherichia coli (0), Selenomonas ruminantium (A),
and Streptococcus bovis (X). All organisms were
grown under strictly anaerobic conditions at 37 C.
The increase in the percentage of 14C-L-proline per
milliliter retained by trichloroacetic acid-insoluble cell
material per milliliter was plotted against the corre-
sponding change in dry weight of cells per milliliter.
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Four fractions of '4C-L-proline-labeled peptides
of molecular weights of approximately 1,650,
1,200, 700, and 250 g per mole were tested in-
itially. B. ruminicola rapidly took up the label
from these peptides and incorporated it into tri-
chloroacetic acid-precipitable cell material.
Although uptake of the label began immediately,
incorporation of label into trichloroacetic acid-
precipitable material exhibited a short lag (Fig.
2). The curves representing 14C uptake were of
similar shape in all experiments. Experiments
with three of the fractions were repeated, and
similar results were obtained. In each of the ex-
periments, the concentration of nonprecipitable
14C in the cells rose rapidly to a maximum and
as rapidly decreased (Fig. 3). Though this easily
extractable material was by definition an intra-
cellular pool (2), the nature of labeled compounds
in this pool was not readily apparent. Since
intracellular hydrolysis of peptides would be al-
most certain to precede the incorporation of label
into protein, the pool was probably composed of
some of the peptides taken up, of partial hy-
drolysis products of these, and of free amino
acids. At the time of maximal pool size, 14C from
the larger peptides was about 300 times and from
the smaller peptides about 150 times more con-
centrated in the cells than in the medium.
Because the nature of the pool would be of

considerable interest in determining the nature
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FiG. 2. Uptake of 14C from 14C-proline-labeled
peptides (average molecular weight, 1,200, 1.6 X 10-6

M) by actively growing Bacteroides ruminicola (0.14
mg, dry weight, of cells per ml) under oxygen-free
carbon dioxide at 37 C. Samples of 1.00 ml of the
culture were membrane-filtered to recover whole cells
(@) or treated with 5% trichloroacetic acid and mem-
brane-filtered to recover insoluble cell material (0).
The radioactivity on dried filters was compared with
the total radioactivity originally present in 1.00 ml of
culture.
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FIG. 3. Intracellular accumulation of trichloroacetic
acid-extractable 14C during uptake of 14C from 14C-
proline-labeled peptides by actively growing cultures of
Bacteroides ruminicola under oxygen-free carbon
dioxide in four experiments at 37 C. Points represent
the difference between radioactivity in whole cells and
in trichloroacetic acid-insoluble cell material (see Fig.
2). Symbols: (0) 8.2 X 10-7 m peptides; average
molecular weight, 1,650; 0.15 mg (dry weight) of cells
per ml; (A) 1.6 X 10-6 M peptides; average molecular
weight, 1,200; 0.14 mg (dry weight) of cells per ml;
(@) 2.3 X 10-l6 X peptides; average molecular weight,
700; 0.13 mg (dry weight) of cells per ml; (A) 1.8 X
10-6 m peptides; average molecular weight, 250; 0.15
mg (dry weight) ofcells per ml.

of the peptide uptake mechanism, an attempt was
made to increase both the size of the pool and
its duration by inhibiting protein synthesis. Up-
take experiments were designed in which chloram-
phenicol (10) was added at a final concentration
of 20 j,g/ml to cultures 10 to 20 min before the
labeled peptides were added. It was hoped that
large, stable pools of labeled materials would
form in the absence of protein synthesis. The re-
sults of three such experiments, using a peptide
fraction containing peptides of an average mo-
lecular weight of 1,200 g per mole, showed that
no stable pools were formed even though incor-
poration of label into trichloroacetic acid-pre-
cipitable material was virtually eliminated (Fig.
4). Uptake apparently occurred without inhibi-
tion, because transitory pools formed, and
because the formation of these pools followed a
similar time course and similar concentrations as
for the pools formed in experiments with the same
peptide fractions without chloramphenicol. A
reasonable explanation of the results would be
that the peptides were rapidly hydrolyzed to free
amino acids after uptake and either that no mech-
anism was available to retain the amino acids or

I"'- -A I
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FIG. 4. Uptake of 14C from 14C-proline-labeled
peptides (average molecular weight, 1,200; 1.6 X 10-6
M) by Bacteroides ruminicola in the presence of chlor-
amphenicol (20 ,g/ml) under oxygen-free carbon
dioxide at 37 C. Solid line, radioactivity in whole cells;
dashed line, radioactivity in trichloroacetic acid-
insoluble cell material as a percentage of total culture
radioactivity (see Fig. 2). Vertical bars indicate the
range of values observed in three experiments. Dry
weights of cells in the three experiments were 0.16,
0.17, and 0.12-mg/ml.

that specific exit mechanisms for amino acids were
present.

Three more chloramphenicol inhibition exper-
iments were run in the same way with a peptide
fraction containing peptides of an average mo-
lecular weight of 1,250 g per mole. The trichloro-
acetic acid supernatant fractions from each run
were saved and processed to recover '4C-labeled
proline. The rapid appearance of free 14C-proline
(Fig. 5) indicated that B. ruminicola was able to
hydrolyze the peptides, and that its inability to
form stable pools of labeled material in the ab-
sence of protein synthesis was probably due to
its inability to retain free, intracellular proline.
The amount of 14C-proline recovered was not the
same in all experiments. This was probably due
to the difficulties experienced in the recovery of
the dinitrophenyl derivative of proline.
To determine whether or not cells taking up

peptides under normal conditions released free
amino acids from the peptides as they did when
inhibited with chloramphenicol, cation-exchange
and two-dimensional thin-layer chromatography
were again used to recover free 4C-proline from
culture supernatant fluids. The results again
showed that an increase in free proline occurred
during 14C-proline-labeled peptide uptake (Fig.
6).
The fact that the uptake of 14C from labeled

peptides showed a marked dependence upon tem-
perature (Table 1) suggested the possibility that
peptide uptake by B. ruminicola was an energy-
dependent process. If peptide uptake is an energy-

dependent process, then it should be dependent
upon the presence of energy sources in the medi-
um. In the anaerobic, defined medium used, glu-
cose was the only source of energy. To test
uptake dependence on the presence of glucose,
cultures were grown in 5 ml of medium contain-
ing growth-limiting amounts of glucose. Growth
was followed by absorbance methods until it
stopped. Incubation was continued to force the
cells to exhaust endogenous energy reserves, and
the cultures were then added to fresh media con-
taining no glucose. Regular peptide uptake ex-
periments were then run, using a fraction con-
taining peptides of an average molecular weight
of 1,200 g per mole. Three experiments, differing
only in the incubation time between growth ces-
sation and the addition of labeled peptides, were
run. The times allowed for endogenous metab-
olism were 2, 4, and 17 hr. Complete inhibition
of uptake was obtained only after prolonged
starvation of the cultures (Fig. 7). In the third
experiment, after 2 hr of incubation with labeled
peptides, glucose was added to 0.5% (w/v). The
cells began to take up peptides after a lag of 30
mn.
An attempt was made to determine what effect,

if any, substrate concentration might have on
peptide uptake by B. ruminicola. A series of ex-
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FIG. 5. Release offree 14C-proline from 14C-proline-
labeled peptides (average molecular weight, 1,250,
1.5 X 10-6 M) during peptide uptake by Bacteroides
ruminicola (0.20 mg, dry weight, of cells per ml) in
the presence of chloramphenicol (20 ,ug/ml) under
oxygen-free carbon dioxide at 37 C. Proline was
recovered and identified by cation-exchange and thin-
layer chromatography. (0) Radioactivity in recovered
proline, and (0) radioactivity in whole cells as a per-
centage of total culture radioactivity (see Fig. 2).
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periments was designed in which uniabeled pep-
tides prepared by the Sephadex fractionation of
Casitone (Difco) were used to increase the con-
centration of peptides in labeled fractions. Since

40
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FIG. 6. Release offree 14C-proline from '4C-proline-
labeled peptides (average molecular weight, 800;
3.0 X 10-6 m1) during peptide uptake by actively
growing Bacteroides ruminicola (0.16 mg, dry weight,
of cells per ml) under oxygen-free carbon dioxide at
37 C. Proline was recovered and identified by cation-
exchange and thin-layer chromatography. (A) Radio-
activity in recovered proline, (0) radioactivity in
trichloroacetic acid-insoluble cell material, and (a)
radioactivity in whole cells, all as a percentage of total
culture radioactivity (see Fig. 2).

TABLE 1. Effect of tempterature oni uptake of 14C
from '4C-proline-labeled peptidesa by

Bacteroides ruminicolab

Timec (min after
-peptide

addition)

0.25
60
120
180
242
248
249
251
255
265

Tempd

C

0

0

0

0

0

37
37
37
37
37

14C founde

Whole cells

1.5
2.0
1.7
2.2
1.8
1.4
1.5
2.0
4.1

20.4

Trichloroacetic
acid-

precipitable
cell material

1.8
17.7

a Average molecular weight, 1,250; 1.5 X 10-6 M.
b With 0.04 mg (dry weight) of cells per ml.
c Minutes after '4C-peptide addition.
d Temperature rapidly changed from 0 to 37 C

at 247 min.
e Expressed as a percentage of total radio-

activity per milliliter of culture.

the labeled peptides being used were undoubtedly
heterogenous, we felt that the addition of heter-
ogeneous peptides of the same size class from
casein would not bias the results unduly. The
results of these experiments were combined with
the results of various other uptake experiments,
regardless of the size of peptides in the various
fractions, and were plotted as the reciprocal of
initial uptake velocity versus the reciprocal of
initial substrate concentration (Fig. 8). The ini-
tial rate of substrate uptake was estimated as
accurately as possible by determining the slope
of a line drawn through the first two experimental
points of a graph of uptake versus time. The
slope y intercept of the line was taken to be the
value corresponding to 2% of the total concen-
tration of substrate, since this was the average
amount retained on unwashed filters. Since cell
densities were not the same in all experiments, the
individual data on initial uptake velocity were
adjusted to the basis of 1 mg (dry weight) of
cells. The regression line established by points
representing casein peptides plus labeled peptides
has a positive slope, but the slope is not signif-
icantly different from zero. The regression line
established by all the points has a positive slope
not much different from that established by the
points representing only casein peptides plus la-
beled peptides, but one which is significantly
different from zero at the 1% level of signifi-
cance.

Although the size of peptides in fractions tested
did not seem to have an effect upon the initial
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FIG. 7. Effect of glucose oni the uptake of'4C from
14C-proline-labeled peptides (average molecular weight,
1,200; 1.6 X 10-6 3r) by Bacteroides ruminicola under
oxygen-free carbon dioxide at 37 C. Cells starved for
2 (A), 4 (B), and 17 (C) hr before the additional of
labeled peptides. Glucose (0.5%, w/v) added at 125
min (arrow) in experiment C. Cultures contained 0.08
(A), 0.05 (B), and 0.03 (C) mg (dry weight) of cells per
ml. (A) Radioactivity in whiole cells and (0) radio-
activity in trichloroacetic acid-insoluble cell material
as a percentage of total culture radioactivity (see
Fig. 2).
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FIG. 8. Double reciprocal plot of the effect of sub-
strate concentration upon the initial velocity of uptake
of 14C from 14C-proline-labeled peptides (molecular
weight, 250 to 1,650 in different experiments) by ac-
tively growing Bacteroides ruminicola under oxygen-
free carbon dioxide at 37 C. Double circles represent
experiments in which casein peptides were present in
addition to labeled peptides. The regression line, l/v =
(0.53 mg of cells per min per liter) (103/S) + 0.47 X
109 mg per min per mole, was calculated from all the
points shown.

rate of 14C uptake, the size of peptides seemed to
have an effect upon the amount of 14C finally
retained by cells of B. ruminicola. Comparison of
the results of experiments in which peptides of
widely varying sizes were used showed that the
amount of 14C fixed per mg of dry cells was di-
rectly related to the size of the labeled peptides
available (Fig. 9). All data were taken after 30-
min incubation of labeled peptides with cultures,
at which time no further changes in whole cell
4C or trichloroacetic acid-precipitable 14C were
occurring. Initial concentrations of peptides in
various fractions differed by a factor of 3, and
total carbon in different fractions, by a factor of
2; fractions of intermediate size were generally
more concentrated than those at the extremes of
size. The possibility that these results are partic-
ularly biased by the presence of more than one
proline residue per molecule is not great, since
only one proline residue would be expected, on
the average, in a peptide containing 21 to 22
amino acid residues, the mole per cent of proline
in E. coli protein being 4.6 (29).

DIscussIoN

The fact that B. ruminicola takes up no 14C
from proline or from glutamic acid and little 14C
from valine is in accord with previous nutritional
results (28) showing that the nitrogen of free
amino acids cannot be utilized, and with results

showing that little 14C from acid-hydrolyzed pro-
tein is used during growth in a complex medium
(7). Whether or not B. ruminicola is permeable
to free amino acids is not known with certainty.
It is always possible that the acids can diffuse
through the membrane but not reach metaboli-
cally active areas of the cell, and the fact that
proline can leave the cell might support the possi-
bility of its entering by diffusion. The technique
used in this study would not detect concentra-
tions of intracellular proline equal to the external
concentration. Many bacteria are known to be
impermeable to amino acids, and this would sup-
port our view that free amino acids cannot read-
ily penetrate by diffusion the cell membrane of
B. ruminicola.

This study established that oligopeptides are
taken up by B. ruminicola. The nutritional study
(28) showed only that the nitrogen of oligopep-
tides was utilized for cellular synthesis, but it did
virtually eliminate the action of extracellular
enzymes as agents responsible for the utilization.,
since free, extracellular amino acids could not be
utilized as nitrogen sources for growth but am-
monia could. It was concluded that the nitrogen
of peptides somehow got into the cell as a direct
consequence of its existence as a part of the pep-
tide molecules. The present experiments with
labeled peptides showed that the carbon of pep-
tides also rapidly entered the cell, and that again
it was necessary that the carbon be in peptides
rather than free amino acids. There is little doubt
that some form of transport of even large oligo-
peptides is carried out by B. ruminicola.
What then is the biological function of the

peptides taken into the cell? In terms of size and
specificity for oligopeptide utilization, the results
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FIG. 9. Effect of peptide size upon 14C retained in
trichloroacetic acid-insoluble cell material after 14C-
proline-labeled peptide uptake by actively growing
Bacteroides ruminicola. All data were taken 30 min
after addition of labeled peptides to cultures. Radioac-
tivity is expressed as a percentage of total culture
radioactivity (see Fig. 2) per mg of dry cells.
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obtained with peptides in the previous nutritional
study (28) are remarkably similar to the results
obtained with the Lactobacillus bulgaricus pep-
tide growth factor and to the results obtained in
studies on the strepogenin peptide growth factor
(15, 36). In the latter studies, it was evidently
considered that oligopeptides functioned as
growth factors in a vitamin- or hormone-like
manner, or at least that the peptide structure was
important in itself, and not just as an available
form of amino acids. In all of these studies,
growth was the only criterion used to determine
the response of the organism to oligopeptides
added to complex media. B. ruminicola would
have exhibited much the same need for peptides
as did the other organisms studied, if it were
grown in a very complex medium, provided that
little free ammonia was present. The techniques
used in the present study allowed a more critical
interpretation of the function of oligopeptides
than did growth response. The rapid release of
free 14C-proline from a mixture of 14C-proline-
labeled peptides of various sizes in which the
proline could occupy any position in the peptide
in relation to any other amino acid indicates that
rapid hydrolysis of all peptides taken up occurs.
Proline release appears to begin more rapidly
than does the incorporation of 14C into trichlor-
oacetic acid-insoluble cell material, indicating
that peptide hydrolysis must precede the utiliza-
tion of peptide carbon in cell synthesis. If this is
true, then the peptides can function only to
supply amino acids in an available form,
and whatever specificity is shown in utilization is
a reflection of the selective nature of the mem-
brane and not of peptide-requiring systems inside
the cell. One observation common to all of the
studies of oligopeptide utilization in bacteria is
that a certain minimal size of peptide must be
present before stimulation occurs or before signif-
icant amounts of the available nitrogen can be
utilized. This study would tend to support those
findings, in that less carbon was retained from
smaller than from larger peptides. Small peptides
appear to be taken up as rapidly as large ones,
suggesting that discrimination does not occur in
the uptake process. In this particular study, the
fact that free amino acid seems to leak out of the
cell rapidly might explain the inefficient use of
small peptides, especially dipeptides, by the or-
ganism, since a greater number of free amino
acids would be released per bond hydrolyzed per
unit time with small peptides than with large
peptides.
Of interest is the mechanism by which B.

ruminicola is able to utilize oligopeptides. There
must be some means to effect passage of the
plasma membrane. Free diffusion is unlikely,

since bacterial membranes are known to be rela-
tively impermeable to even small hydrophilic
molecules, and since it is probable that B. rumini-
cola is impermeable to amino acids. Also, the
data collected on initial uptake rates suggest that
the rate of entry of peptides into the cells has a
maximal value. The rate of free diffusion across
a membrane would not saturate, since it is pro-
portional to the concentration gradient. A re-
stricted diffusion through pores cannot be ruled
out on the basis of the available evidence, but it
seems unlikely that pores large enough to allow
peptides to enter could at the same time prevent
the passage of amino acids.

It has been found that the rate of uptake of pep-
tides by bacteria may follow saturation kinetics
(21, 37). In this regard, the data acquired in this
study are far from conclusive, but do suggest that
the same relationship may obtain and that the
mechanism of oligopeptide uptake by B. rumini-
cola might be similar to that involved in the up-
take of small peptides by other bacteria. Con-
sidering that the peptide substrates were mixtures,
that their sizes varied greatly, and that cell con-
centrations in different experiments varied
somewhat, it is fortunate that any relationship
between uptake velocity and substrate concentra-
tion was observed. No particular effects of peptide
size upon uptake velocity could be observed, and
so it is likely that the mechanism of peptide up-
take by B. ruminicola is quite general with respect
to size. Whether or not peptide structure is im-
portant in controlling uptake by B. rwninicola
could not be adequately determined in this study.
The uptake of peptides by other bacteria has

been attributed to a carrier-mediated process.
Evidence for active transport is often presented.
Saturation of uptake velocity is not enough to
conclude that the uptake process is consistent
with a carrier-mediation hypothesis. It is neces-
sary to demonstrate that substrate appears un-
changed in the interior of the cell in a form
sufficiently free in solution to be extracted with
fairly mild procedures (17, 30). As in many other
studies of peptide uptake by bacteria, this study
could not show that B. ruminicola accumulated
peptides, only free amino acids. In a single ex-
periment, an attempt to show intracellular pep-
tide by exchange was unsuccessful, and this also
fails to support a carrier-mediated transport
mechanism. Though the pronounced temperature
dependence shown in the uptake of peptides by
B. ruminicola may be taken as evidence for active
transport, the moderate dependence upon a
source of metabolic energy appears inconclusive.
Only the most transitory accumulation of labeled
material occurred in the intracellular pool, and,
since most of this material was free proline and
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not peptide, it is impossible to conclude that the
reactions involved in uptake required coupling to
an energy-yielding reaction. Rapid, intracellular,
peptide hydrolysis would in itself ensure low in-
ternal peptide concentrations and serve to drive
the uptake reactions. Considering the available
data, the group-translocation theory of Mitchell
and Moyle (9, 25) seems as attractive as any other
theory. Such a mechanism should function par-
ticularly well for peptide transport because of the
essential irreversibility of peptide hydrolysis, and
might be useful in explaining the indiscriminate
nature of oligopeptide uptake and the fact that
fairly large peptides are taken up with as little
difficulty as smaller ones. It might be possible to
test the pertinence of this theory, if pure mem-
branes similar to those prepared by Kaback and
Stadtman (16) could be tested for ability to take
up and hydrolyze oligopeptides. The data avail-
able at present do not permit any conclusions as
to the mechanism of peptide uptake in B. rumini-
cola.
The very rapid loss of an amino acid released

intracellularly after intracellular peptide hydrol-
ysis is a somewhat unusual observation. Rapid
peptide hydrolysis might cause a rapid increase
in the osmotic pressure inside of the cell, so that
release of amino acids might be necessary to re-
duce such pressure. The exit of amino acids in-
dependently of uptake and apparently without
carrier mediation has been attributed to the fact
that internal osmotic pressure causes temporary
lesions in the cell envelope (1).
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