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Branched-Chain Amino Acid Transport in Streptococcus
agalactiae
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The transport of the branched-chain amino acids in Streptococcus agalactiae
was characterized. Glucose-grown cells were able to utilize only glucose as an
energy source for transport of L-leucine, whereas lactose-grown cells could utilize
both glucose and lactose. It was determined from metabolic inhibitor studies that
energy from glycolysis and substrate level phosphorylation was required for active
transport. Energy was found to be coupled to transport by the action of adenosine
triphosphatase and the generation of a proton motive force. The branched-chain
amino acids were found to share a common transport system that may consist of
multiple components.

Streptococcus agalactiae has long been rec-
ognized as a primary agent of bovine mastitis.
Although S. agalactiae strains are highly sen-
sitive to the penicillins in vitro (10, 19), the
incidence of new infections of the bovine udder
has remained a problem. More recently, this
organism has also been identified as the cause of
serious neonatal infections in humans (10). An-
tibiotic prophylaxis ofpregnant women has been
reported to be of questionable value, and treat-
ment of infected infants with large doses of
antibiotics has often been ineffective (10). An-
other approach that may prove to be useful is
the study of nutritional immunity, which has
been described by Kochan (14) as the study of
nutritional requirements of parasites in host tis-
sues to uncover new ways for developing effec-
tive immunity to microbial parasites. The most
documented application of this concept has been
the infection-promoting activity of iron (13, 15,
16).
The concept of nutritional immunity is being

pursued in this laboratory by studying the fac-
tors in milk that can affect the growth of S.
agalactiae and influence the susceptibility of
the udder to infection (4, 5, 22). The diet of dairy
cows has been shown to influence the composi-
tion of milk and the incidence of clinical mastitis
(4, 30). Since S. agalactiae grows in the milk
inside the mammary gland, the composition of
milk may have a role in determining whether
the organism can establish a successful infection.
Brown (4) has found that the addition of small
amounts (4 to 6 ,ig/ml) of L-isoleucine and other
branched-chain amino acids to milk partially
inhibits growth and acid production of S. aga-
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lactiae. Milk is a complex system containing
very small amounts of free amino acids (17, 30),
some peptides, and various proteins which are
available to the organism as nitrogen sources
(17). Since the organism does not have a biosyn-
thetic capacity for the branched-chain amino
acids (22, 34), this study was initiated to deter-
mine if the growth inhibition caused by L-isoleu-
cine could be due to the inhibition ofa branched-
chain amino acid transport system. The trans-
port of these amino acids has not been described
in the streptococci.

(Portions of this work were presented at the
79th Annual Meeting of the American Society
for Microbiology, Los Angeles, Calif., 4-8 May
1979.)

MATERIALS AND METHODS
Cultures and maintenance. S. agalactiae 660

was obtained from R. W. Brown and has been used in
previous studies from this laboratory (4, 5, 22, 23). The
culture was maintained in brain heart infusion broth
at 40C.
Growth conditions. Cultures for all experiments

were grown in Mickelson (22, 23) chemically defined
medium. A 4-ml tube of this medium was inoculated
with the stock culture and grown at 370C to the late
logarithmic phase of growth. A portion of this culture
was inoculated into the required amount of fresh me-
dium and incubated overnight (17 h) at 370C. The
cells were in the stationary phase of growth. They
were harvested by centrifugation in a Sorvall RC-2B
refrigerated centrifuge (0 to 200) at 10,000 x g for 5
min. The cell pellet was washed twice in 100 mM
potassium phosphate buffer (pH 7.0) containing 10
mM MgSO4.

Cell dry weights were determined by trapping cells
on tared 0.45-,um membrane filters (type HA; Millipore
Corp., Bedford, Mass.). The filters were thoroughly
washed in sterile distilled water and dried at 850C to
a constant weight.
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Transport assays. The washed cells were sus-
pended in 100 mM tris(hydroxymethyl)aminomethane
(Tris)-maleate buffer (pH 7.0) to a density of 2 mg/ml
(dry weight). For measuring transport, a portion of
these cells was diluted in 100 mM Tris-maleate buffer
(pH 7.0) to a density of 1 mg/ml (dry weight) and
equilibrated to 30°C. An appropriate energy source
(10 mM), usually glucose, was added, and the suspen-
sion was incubated at 30°C for 5 min. Chloramphenicol
was not ;outinely included in the reaction mixture,
since, under the conditions of this experiment, the
incorporation of amino acids into protein was negligi-
ble. The reaction was initiated by the addition of "4C-
amino acid (0.1 mM); 200-1.l samples were removed at
the indicated intervals and rapidly filtered through
0.45-,um membrane filters. The filters were immedi-
ately washed with 5 ml of 100 mM Tris-maleate buffer
(pH 7.0) at room temperature. The filters were dried
and placed in scintillation vials containing 10 ml of
scintillation fluid. The scintillation fluid was composed
of 0.5% 2,5-diphenyloxazole (PPO) and 0.03% 1,4-bis-
[2]- (4-methyl-5-phenyloxazolyl)benzene (dimethyl-
POPOP) in toluene. The radioactive samples were
counted in a Beckman LS-8000 liquid scintillation
counter.

For determination of the kinetic parameters, the
initial rate of uptake at 0.5 min for various substrate
concentrations was measured. The apparent Km and
Vmax values were determined from the biphasic Line-
weaver-Burk plots by the formula of Neal (25).

Chemicals. The branched-chain amino acids, car-
bonyl cyanide-m-chlorophenyl hydrazone (CCCP),
and oligomycin were obtained from Calbiochem, La
Jolla, Calif. Other amino acids, valinomycin, adenylyl
imidodiphosphate, and 2-heptyl-4-hydroxyquinoline-
N-oxide (HOQNO) were obtained from Sigma Chem-
ical Co., St. Louis, Mo. N,N'-Dicyclohexylcarbodi-
imide (DCCD) was obtained from Aldrich Chemical
Co., Milwaukee, Wis. Sodium amytal was obtained
from Eli Lilly & Co., Indianapolis, Ind. Dinitrophenol,
CCCP, DCCD, HOQNO, valinomycin, and oligomycin
were dissolved in ethanol and added to the cell sus-
pension so that the final ethanol concentration did not
exceed 0.1%. L-[U-'4C]leucine (10 mCi/mmol), L-[U-
"4C]isoleucine (10 mCi/mmol), and L-[U-'4C]valine (10
mCi/mmol) were purchased from Amersham Corp.,
Arlington Heights, Ill.

RESULTS

Energy requirements for L-leucine up-
take. When S. agalactiae cells were grown in
Mickelson chemically defined medium with glu-
cose as the carbon source, they were able to
utilize only glucose, of the catabolites examined,
as an energy source for transport (Fig. 1). Lac-
tose and arginine did not serve as energy sources,
although they gave slightly greater accumula-
tion than did no energy source. There was no
evidence of significant nonmetabolic uptake
such as has been observed in Streptococcus fae-
calis (2, 3). When the glucose in the growth
medium was replaced with lactose, both glucose
and lactose served as energy sources for trans-
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FIG. 1. Energy requirement for L -leucine uptake
by glucose-grown cells of S. agalactiae. Cells were
incubated for 5 min at 30°C with an energy source
(10 mM) before the addition of L -[U-'4C]leucine (0.1
mM). Symbols: A, control (no exogenous energy
source); 0, glucose; 0, lactose; A, arginine.

port (Fig. 2). Arginine has been found to serve
as an energy source for the transport of amino
acids in Streptococcus lactis when the cells are
grown on a carbohydrate other than glucose
(32); this was not the case in S. agalactiae (Fig.
2).

Effects of metabolic inhibitors on L-leu-
cine uptake. The uptake of L-leucine in the
presence of various metabolic inhibitors was
measured with glucose-grown cells to determine
how energy is coupled to transport. The proton-
conducting uncoupler CCCP and the inhibitor
of membrane-bound adenosine triphosphatase
(ATPase) DCCD completely stopped active
transport (Fig. 3a). Dinitrophenol, another un-
coupler, was not as effective as CCCP. Arsenate,
which interferes with adenosine triphosphate
(ATP) generation from glycolysis, was only par-
tially inhibitory. Two sulfhydryl group reagents,
iodoacetate and p-chloromercuribenzoate, com-
pletely inhibited uptake of L-leucine (Fig. 3b).
Another sulfhydryl group reagent, N-ethylmal-
eimide, was only slightly inhibitory. The glyco-
lytic inhibitor fluoride was also very inhibitory.
Azide, which acts primarily as an inhibitor of
cytochrome oxidase, caused about 50% inhibi-
tion of uptake. Sodium amytal was a potent
inhibitor of L-leucine uptake (Fig. 3c). It has
been found to inhibit reduced nicotinamide ad-
enine dinucleotide (NADH) oxidation in S. aga-
lactiae (21). HOQNO had no effect on L-leucine
uptake; it is an inhibitor of NADH oxidation in
some bacteria, but not in S. agalactiae (21).
Valinomycin, a potassium ionophore (28), in-
hibited L-leucine uptake. Oligomycin, which in-
hibits membrane-bound ATPase in mitochon-
dria, but not bacterial ATPase (6), did not in-
hibit uptake. Adenylylimidodiphosphate also
did not inhibit uptake; it is an analog of ATP
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rate of L-leucine uptake in the presence of up to
a 500-fold excess of L-isoleucine. It was also
noted that L-isoleucine displayed typical com-
petitive inhibition Michaelis-Menten kinetics for
L-leucine uptake (data not shown).

10
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FIG. 2. Energy requirement for L -leucine uptake
by lactose-grown cells of S. agalactiae. Cells were
incubated for 5 min at 30°C with an energy source
(10 mM) before the addition of L -[U-'4CJleucine (0.1
mM). Symbols: A, control (no exogenous energy
source); 0, glucose; 0, lactose; A, arginine.
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that competitively inhibits mitochondrial ATP-
ase (27).

Effect of unlabeled amino acids on

branched-chain amino acid uptake. The up-

take of L-leucine was measured in the presence

of 1 mM (10-fold excess) and 10 mM (100-fold
excess) unlabeled amino acids. The branched-
chain amino acids, L-leucine, L-isoleucine, and
L-valine, were very inhibitory to labeled L-leu-
cine uptake even at only a 10-fold excess (Table
1). D-Leucine was inhibitory at a 100-fold excess,

and L-norleucine was slightly more inhibitory.
L-Alanine, L-phenylalanine, and L-methionine
were somewhat inhibitory when present in a

100-fold excess. L-Cysteine was also somewhat
inhibitory. Twelve other unlabeled amino acids
did not inhibit L-leucine uptake. Branched-chain
amino acids strongly inhibited the uptake of L-
isoleucine (Table 2) and L-valine (Table 3) by S.
agalactiae cells. In contrast to the situation with
leucine and isoleucine, D-valine was not inhibi-
tory to L-valine uptake.
Kinetics of branched-chain amino acid

transport. The initial rates of uptake of L-leu-
cine, L-isoleucine, and L-valine were measured
for the concentration range of 10 to 500 ,IM. A
double-reciprocal plot of the data for L-leucine
uptake is shown in Fig. 4. Similar plots were

observed for L-isoleucine and L-valine uptakes.
The biphasic nature of the plot is suggestive of
a multiple-component transport system such as

has been reported for Escherichia coli (1, 29)
and Salmonella typhimurium (12). These plots
cannot be described by a single set of kinetic
constants. The kinetic constants shown in Table
4 were determined by assuming the presence of
two transport systems for each amino acid. Some
evidence for a leucine-specific component, which
accounted for less than 10% of the total L-leucine
uptake, was obtained by measuring the initial
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FIG. 3. Effect of metabolic inhibitors on L -leucine
uptake by cells of S. agalactiae. Cells were incubated
for 5 min at 30°C with 10 mM glucose plus the
appropriate inhibitor before the addition of L-[U-
"4Clleucine (0.1 mM). (a) Symbols: 0, control (ethanol
only); 0, CCCP (50 uM); A, DCCD (0.3 mM); A,
dinitrophenol (4 mM); arsenate (10 mM). (b) Sym-
bols: 0, p-chloromercuribenzoate (1 mM); 0, iodoac-
etate (10 mM); A, fluoride (10 mM); A, azide (10 mM);
N-ethylmaleimide (1 mM). (c) Symbols: 0, HOQNO
(10 tm); 0, adenylyl imidodiphosphate (0.17mM); A,

valinomycin (10 pM); A, oligomycin (0.1 mg/ml); U,

amytal (10 mM).
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TABLE 1. Inhibition ofL ['4CJleucine uptake by addition of unlabeled amino acidsa

Amino acid Concn Uptake A.ino acid Concn UptakeAnunoacld (MMd) (o)b _ nn cd(MM) (%)b

L-Leucine 1 15 L-Cystine 1 131
10 5 10 97

L-Isoleucine 1 26 L-Glutamic acid 1 109
10 8 10 93

L-Valine 1 17 Glycine 1 90
10 8 10 75

D-Leucine 1 88 L-Histidine 1 98
10 38 10 78

L-Norleucine 1 54 L-Lysine 1 103
10 35 10 91

L-Alanine 1 115 L-Proline 1 126
10 55 10 107

L-Cysteine 1 66 L-Serne 1 91
10 33 10 75

L-Phenylalanine 1 92 L-Threonine 1 112
10 45 10 102

L-Methionine 1 88 L-Tryptophan 1 106
10 33 10 105

L-Arginine 1 145 L-Tyrosine 1 87
10 111 10 79

L-Aspautic acid 1 120
10 104

a Control uptake for 1 min was 1.15 ymol/g (dry weight).
b Uptake is shown as a percentage of the control.

DISCUSSION

The results reported in this study demonstrate
that energy is required for active transport of
L-leucine in S. agalactiae cells. Glucose-grown
cells can use only glucose as an energy source
for transport, presumably because of the effects
of catabolite repression (26) on the enzymes
necessary to use other energy sources. Lactose-
grown cells were able to transport L-leuclne by
using either glucose or lactose for energy. Argi-
nine was not an efficient energy source for trans-
port. S. lactis can convert arginine to ornithine
with the production of 1 mol ofATP per mol of
arginine utilized (31); this energy can then be
used for amino acid transport (32). S. agalactiae
apparently does not have this capability.
The inhibitors that were most effective in

preventing active transport of L-leucine were
those that interfered with efficient ATP synthe-
sis by glycolysis or with the coupling of that
energy to transport. In agreement with the find-
ings of this study, it has recently been reported

that p-chloromercuribenzoate and iodoacetate
specifically inhibited glycolysis in S. lactis by
acting on glyceraldehyde-3-phosphate dehydro-
genase, whereas 1 mM N-ethylmaleimide had
no significant inhibitory effect (33). Fluoride was
another potent inhibitor of L-leucine transport;
it stops glycolysis by inhibiting enolase (11).
These sulflhydryl group reagents and fluoride
have also been found to inhibit sugar transport
in S. agalactiae (23). Arsenate was only partially
inhibitory to L-leucine uptake, perhaps because
of limited uptake (7).
CCCP strongly inhibited active transport of

L-leucine; this compound acts to collapse the
proton motive force by making the cell mem-
brane freely permeable to protons (2, 8). It also
partially inhibits both substrate and oxidative
phosphorylation in S. agalactiae (21). DCCD,
which inhibits membrane-bound ATPase (9),
also strongly inhibited active transport of L-leu-
cine. Valinomycin was a potent inhibitor of L-
leucine transport in S. agalactiae; it has been
shown to act by making cell membranes freely
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TABLE 2. Inhibition ofL -[4 C]isoleucine uptake by
addition of unlabeled branched-chain amino acidsa

Amino acid Concn UptakeAminoacid ~ (MM) (%)b

L-Isoleucine 1 13
10 5

L-Leucine 1 21
10 9

L-Valine 1 26
10 10

D-Isoleucine 1 83
10 37

a Control uptake for 1 min was 1.08 ,umol/g (dry
weight).

b Uptake is shown as a percentage of the control.

TABLE 3. Inhibition ofL -[l C]valine uptake by
addition of unlabeled branched-chain amino acids'

Amino acid Concn
(mM)

Uptake
(%)b

L-Valine 1 25
10 7

L-Leucine 1 19
10 9

L-Isoleucine 1 27
10 12

D-Valine 1 120
10 107

a Control uptake for 1 min was 1.23 fimol/g (dry
weight).

b Uptake is presented as a percentage of the control.

permeable to potassium ions (28). The effect of
valinomycin on amino acid transport in S. fae-
calis has been found to be dependent on the
concentration ofpotassium in the cytoplasm and
in the medium (2); transport was inhibited at
high external potassium concentrations. Vali-
nomycin has been used with a potassium-free
medium to artificially create a membrane poten-
tial and induce transport (2, 18). In S. lactis, this
valinomycin-imposed membrane potential was
dissipated after 5 min, and the intracellular ATP
level fell to the steady-state level (18). Thus,
with the low-potassium 100 mM Tris-maleate
buffer used in the current study, any membrane
potential generated would probably have been
dissipated during the 5-min incubation period
with valinomycin. The intracellular potassium
ion concentration would have approached the
extracellular concentration (by intracellular
loss), with the corresponding collapse of the
electrical component of the proton motive force
(2).

The respiratory inhibitor azide is a classical
inhibitor of cytochrome oxidase and was found
to be only partially inhibitory to L-leucine up-

take. S. agalactiae has been found to possess an

aerobic metabolism mediated by NADH oxi-
dase, but no evidence for the presence of cyto-
chromes was obtained (20). Recently, it has also
been found that incubation of cells with cyanide
did not affect the transport of glucose (23). Some
evidence for the involvement of respiratory en-
ergy in L-leucine transport was obtained by the
finding that amytal, but not HOQNO, inhibited
transport. Mickelson (21) has previously shown
that amytal, but not HOQNO, inhibits NADH
oxidation in S. agalactiae.
The results of the inhibitor studies suggest

that S. agalactiae transports L-leucine with en-

ergy derived from glycolysis and substrate level
phosphorylation; additional energy from oxida-
tive phosphorylation via the NADH oxidase
may also be used. Results also suggest that the
energy in the form of ATP is coupled to trans-
port via the action of ATPase, which couples
the hydrolysis of ATP to the extrusion of pro-
tons from the cell (18). This action of proton
extrusion creates a proton motive force that
drives the energy-dependent transport of L-leu-
cine in accordance with the chemiosmotic con-
cept of Mitchell (2, 24).
The results of the specificities of branched-
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FIG. 4. Double-reciprocal plot of the initial rate of

L -leucine uptake by cells of S. agalactiae.

TABLE 4. Kinetic constants for the branched-chain
amino acid transport systems in S. agalactiae

K. ~~~~V..KMM) (Asmol/min per
Substrate (mM) g)

1 2 1 2

L-Leucine 0.006 0.31 1.00 0.49
L-Isoleucine 0.006 0.53 1.16 0.47
L-Valine 0.007 0.29 1.16 0.92
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chain amino acid transport have revealed that
these amino acids share a common transport
system. The system apparently has some affinity
for the D-isomers of leucine and isoleucine, but
not of valine. Transport activity was somewhat
inhibited by L-alanine, L-phenylalanine, L-me-
thionine, and L-cysteine; these findings are very
similar to those reported for S. typhimurium
(12) and E. coli (1). The inhibition of various
transport systems by L-cysteine has been re-
ported in several organisms (1), including Strep-
tococcus faecium (3); part of its action may be
as a sulfhydryl group reagent acting on transport
carriers. The kinetic studies revealed that the
branched-chain amino acid transport system in
S. agalactiae may consist of multiple compo-
nents. This situation is well characterized in the
gram-negative bacteria, such as E. coli (1, 29)
and S. typhimurium (12), but has not been stud-
ied in the gram-positive bacteria. The elucida-
tion and verification of these systems will await
the isolation of specific transport mutants.
The results of this study have revealed that

the observed growth inhibition of S. agalactiae
by L-isoleucine (4) was probably due to an ov-
erloading of the common branched-chain amino
acid transport system, with a subsequent inhi-
bition of L-leucine and L-valine uptake. Com-
plete growth inhibition was not observed be-
cause of the presence of peptides and various
proteins in the milk system (17).
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