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Whole cells of Bacillus subtilis transported D-alanine and L-alanine by two
different systems. The high-affinity system (Km of 1 gM and Vaax of 0.6 to 0.8
nmol/min per mg of protein) was specific for the two stereoisomers of alanine.
The low-affinity system (Km of 10,uM for L-alanine and 20,uM for D-alanine and
glycine) had a Vmax of 5 to 12 nmol/min per mg of protein. This system
transported glycine, D-cycloserine, and D-serine, in addition to D- and L-alanine.
Azide inhibited the uptake of these amino acids and caused the efflux of
D-alanine from preloaded cells. These data suggest that transport of these amino
acids is energized by the electron transport chain.

D-Alanine is an integral component of the cell
wall polymers, peptidoglycan and teichoic acid,
and of the membrane polymer, lipoteichoic
acid, in Bacillus subtilis 168 (16). In searching
for mutants in cell wall biosynthesis, we con-
structed a mutant deficient in D,L-alanine race-
mase (EC 5.1.1.1) (3). This enzyme catalyzes
the racemization of L-alanine to D-alanine (8),
which is the first step in the incorporation of
D-alanine into peptidoglycan. The D-alanine is
condensed into a dimer, D-alanyl-D-alanine, by
the action of the ligase enzyme (D-alanine:D-
alanine ligase [adenosine-5'-diphosphate-
forming] [EC 6.3.2.4]), and this dimer is trans-
ferred to uridine 5'-diphosphate-muramyl tri-
peptide to form uridine 5'-diphosphate-mura-
myl pentapeptide, the building block for pepti-
doglycan (16). The enzymatic reactions in-
volved in the incorporation of D-alanine into
wall and membrane teichoic acid are not well
understood (11, 17). Since D-alanine is a neces-
sary component of wall and membrane poly-
mers, it may serve a role as a regulatory element
in the coordination of wall and membrane
synthesis. For this reason, we have begun a
study of the metabolism and function of D-ala-
nine in B. subtilis. The first step is the study of
the mode of transport of D-alanine into the cell.

D-Alanine transport has been studied in
whole cells of Escherichia coli (2, 5, 15, 18, 19,
22, 23), Lactobacillus casei (9), and Streptococ-
cus faecalis (14), as well as in membrane
vesicles of E. coli (12), Staphylococcus aureus
(20, 21), and B. subtilis (6). Whereas it is found
that D-alanine, L-alanine, and glycine are all

carried by one system in E. coli membrane
vesicles (12), it has been observed that there are
multiple systems in whole cells of E. coli. There
also seems to be some disagreement about the
nature of the system(s) that carry these three
amino acids. Schwartz et al. (19) reported that
a D-serine-resistant mutant of E. coli was defec-
tive in D-serine, L-alanine, and glycine trans-
port, implying that these amino acids are trans-
ported by the same system. Kessel and Lubin
(5) determined that glycine, L-alanine, D-ala-
nine, D-serine, and D-cycloserine are all trans-
ported by the same system, which was not
involved in the transport of L-serine. However,
Piperno and Oxender (15) reported the presence
of a common transport system for glycine,
alanine, and serine that was not stereospecific,
transporting both D- and L-isomers of the latter
two amino acids. Wargel et al. (22, 23) subse-
quently reported the existence of two related
transport systems responsible for the accumula-
tion of D-alanine, glycine, and D-cycloserine,
and a third separate system for the transport of
L-alanine. The most recent work on the trans-
port of these amino acids in E. coli (2, 18)
described the existence of two transport sys-
tems, one specific for glycine, D-alanine, D-Cy-
closerine, and D-serine that may also be capable
of transporting L-alanine, and a second system
specific for L-alanine which may also transport
L-serine. In L. casei (9), two transport systems
are present, one specific for glycine, and the
other specific for both stereoisomers of alanine.
S. faecalis (14) contains a single transport
system for glycine, L-alanine, and D-alanine.
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Thus, in whole cells there is no constant pattern
for transport of the stereoisomers of alanine and
serine.
Membrane vesicles of E. coli (12), S. aureus

(20, 21), and B. subtilis (6) contain only one
system which transports glycine, L-alanine, D-
alanine, and D-serine, but not L-serine. With the
exception of the histidine and the leucine-
isoleucine-valine transport systems of' E. coli
(12), the amino acid transport systems seen in
membrane vesicles contain only one Km value
for the amino acid transported, although trans-
port systems are known to occur in whole cells
that have multiple saturable components with
dif'fering affinities for the amino acid trans-
ported (1, 4, 22, 23). Therefore, it has been
postulated (12) that some of' the components
necessary for transport may be lost during the
preparation of the membrane vesicles.
We would like to present evidence for the

existence of two transport systems in whole cells
of B. subtilis 168. The first, a high-aff'inity
system, accumulates D- and L-alanine, and the
second, a low-affinity system, accumulates D-
and L-alanine, glycine, D-cycloserine, and D-
serine.

MATERIALS AND METHODS
Strains. B. subtilis 168, carrying dal-I, hisAl, leuA,

and metB10 (3), was used throughout this study.
Strains carrying dal-J are blocked in D,L-alanine
racemase; therefore, this strain requires D-alanine for
growth.
Growth conditions and preparation of cells for

transport. Cells were grown at 37 C in Spizizen
minimal salts medium (24) supplemented with 22
mM glucose, 0.5% casein hydrolysate, and 0.5 mM
D-alanine. Turbidity was determined with a Klett-
Summerson colorimeter at 620 nm. The medium was
inoculated from an overnight culture of cells to give
an initial turbidity reading of 10 Klett units. The cells
were grown to late exponential phase (about 150 Klett
units), harvested by membrane filtration (Millipore
Corp., 0.45-am pore size, 45-mm diameter), washed
with Spizizen minimal salts, and suspended in Spizi-
zen minimal salts supplemented with 0.5 mM D-ala-
nine. The addition of D-alanine was necessary to
maintain transport and membrane stability (V. L.
Clark and F. E. Young, manuscript in preparation).
Portions (10 ml) of cells were removed at time periods
ranging from 5 to 30 min after resuspension, filtered,
washed, and suspended in 30 ml of Spizizen minimal
salts without D-alanine. These cells were incubated at
37 C for 5 min and used in all transport studies.
Measurement of transport. Uptake was initiated

by the addition of 2.0 ml of cells to 0.5 ml of minimal
salts containing the 'IC-labeled amino acid to be
transported plus transport inhibitors when appropri-
ate. The cells were incubated at 37 C for 30 s or 15
min, depending upon whether initial rate or net
transport, respectively, was measured. Azide sensitiv-

ity was determined with cells preincubated for 5 min
at 37 C in Spizizen minimal salts plus 10 mM sodium
azide. Transport was terminated by membrane filtra-
tion (Millipore Corp., 0.45-MM pore size, 24-mm
diameter). Cells were washed once with 2 ml of
Spizizen minimal salts, and the filters were placed in
scintillation vials and dried overnight at 45 C; 5 ml of
scintillation fluid (15.2 g of Omnifluor per 3.8 liters of
toluene) was added, and the vials were counted in a
Beckman LS 230 liquid scintillation spectrometer.
The protein concentration was determined by the
method of Lowry et al. (13) for trichloroacetic acid
precipitates, with bovine serum albumin as a stan-
dard.

Materials. The D- ["C ]alanine was purchased from
Amersham/Searle Corp. and had a specific activity of
36 mCi/mmol. L-[14C]alanine (specific activity of 153
mCi/mmol) and ["C Iglycine (specific activity of 92
mCi/mmol) were obtained from New England Nu-
clear, as was the Omnifluor used in the preparation of
the scintillation fluid. The unlabeled amino acids.
D-alanine, D-cycloserine, and L-alanine, and the so-
dium azide were purchased from Sigma Chemical Co.
Glycine was bought from Fisher Scientific Co., D-ala-
nyl-ri-alanine from Cyclo Chemical, and D-serine from
General Biochemicals. All other chemicals were of
reagent grade purity.

RESULTS

The rate of D-alanine uptake by whole cells of
B. subtilis was constant for the first 2 min (data
not shown). To insure that the initial rate was
being measured, cells were allowed to accumu-
late amino acid for only 30 s. Kinetic analysis of
the substrate saturation characteristics for the
initial rate of uptake of D-alanine (Fig. 1)
revealed the presence of two apparent Km
values for D-alanine, 1,uM and 20,uM. Identical
Km and Vmax values were obtained when uptake
occurred in the presence of' 0.4%,( glucose (data
not shown). The deviation from linearity in the
Lineweaver-Burk (10) plots at high concentra-
tions of' D-alanine was due to azide insensitive
uptake and was eliminated by correcting for
this by subtraction of' the uptake that occurs in
the presence of azide from the uptake that
occurs in the absence of' azide.

If' net transport was measured by determining
the amount of D-alanine incorporated after 15
min of incubation, when influx and ef'flux were
in equilibrium, only one apparent Km value for
D-alanine was observed (Fig. 2). The Km value
of 20 uM D-alanine corresponded to the value
obtained for the higher Km system for initial
uptake seen in Fig. 1. The Vmax of 100 nmol per
15 min per mg of protein represented the
maximal accumulation of' D-alanine in the pool
within the cell.
We also investigated the initial rate of trans-

port of' L-alanine and glycine. Figures 3 and 4
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I
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FIG. 1. Lineweaver-Burk plots of D-alanine up-

take. Velocity (v) is expressed as nmol/min per mg of
protein. Symbols: *, the observed rate of uptake; 0,
the rate of uptake that occurs in the presence of 10
mM sodium azide; A, the rate of uptake after
correction of the observed rate for the azide-insensi-
tive uptake.

show Lineweaver-Burk plots for the transport of
these two amino acids, respectively. There ap-
peared to be two Km values for L-alanine, 1 AM
and 10,M, but only one Km value for glycine
transport, 20 AM. The kinetic parameters for
the transport of these three amino acids are
given in Table 1.
To determine whether D-alanine, L-alanine,

and glycine were transported by the same
systems, the ability of L-alanine and glycine to
exchange for D-alanine was investigated (Fig.
5). Cells were allowed to accumulate 1 MM or 20
MIM D-["4C]alanine for 3.25 min, at which time
excess D-alanine, L-alanine, glycine, D-cycloser-
ine, or sodium azide was added. D-Alanine,
L-alanine, and glycine caused exchange when
added at a 1,000-fold excess. D-Cycloserine
caused inhibition of further D-alanine accumu-
lation when added.at low concentrations (1.5
mM), but caused exchange when added at

Km= 20uM D-ala

Vmax 00floo mOOS15min mg protein

0 2.5 5.0 75 10.0

/[uM D-ala]
FIG. 2. Lineweaver-Burk plot of net D-alanine

transport. Velocity (v) is expressed as nmol per 15 min
per mg of protein. Symbols: 0, the observed rate of
uptake; 0, the rate of uptake that occurs in the
presence of 10 mM sodium azide.

higher concentrations (75 mM). The simultane-
ous addition of a 1,000-fold excess of unlabeled
D-alanine and 1.5 mM D-cycloserine produced
an inhibition of exchange at 1 MM D-[14C]ala-
nine but not at 50 MIM D- [14C ]alanine concentra-
tions. The addition of sodium azide resulted in
efflux at both D-[14CIalanine concentrations.
To further explore the interdependence of the

transport of D-alanine, L-alanine, and glycine,
the inhibition of the transport of each of these
amino acids by related compounds was deter-
mined. The inhibition of transport was deter-
mined at two concentrations of the amino acid,
1 MM and 20 MM. The inhibitor was added at
two concentrations, 10 times the concentration
of the amino acid transported and 1 mM. These
two inhibitor concentrations were used to mea-
sure, respectively, the ability of the inhibitor to
compete with the labeled amino acid when
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FIG. 3. Lineweaver-Burk plots of L-alanine up-

take. Velocity (u) is expressed as nmol/min per mg of
protein. Symbols are the same as in the legend to Fig.
1.

present in only slight excess and the maximal
inhibition that is obtained.

D-Alanine transport (Table 2) was inhibited
by L-alanine, glycine, and D-alanyl-D-alanine
when the D-alanine concentration was 1 MLM and
the inhibitor concentration was 10 MM. Increas-
ing the concentration of the inhibitors, D-cyclo-
serine and D-serine, to 1 mM caused substantial
inhibition. The same general pattern was seen

when the D-alanine concentration was 20 AM,
except that in this case D-serine inhibited sub-
stantially when present in 10-fold excess. L-Ala-
nine was a more effective inhibitor of D-alanine
transport than was D-alanine, and glycine was

less effective than D-alanine. The dimer, D-ala-
nyl- D-alanine, inhibited significantly when
present in a 10-fold excess, but this inhibition
was not greatly increased by an increase in
D-alanyl-D-alanine concentration to 1 mM. The
unrelated amino acid, proline, caused inhibi-
tion which appeared to be independent of pro-
line concentration. Surprisingly, L-serine was a

poorer inhibitor than proline.

0 5 10 15 20

'[uM glycine]

FIG. 4. Lineweauer-Burk plots of glycine uptake.
Velocity (v) is expressed as nmol/min per mg of
protein. Symbols are the same as in the legend to Fig.
1.

TABLE 1. Kinetic parameters of D-alanine, L-alanine,
and glycine transport

Amino acid K. (MuM) V,,,., (nmol/min
per mg of protein)

D-Alanine ....... 1 0.6
20 10

L-Alanine ........ 1 0.8
10 5

Glycine.20 12

L-Alanine transport was substantially inhib-
ited (Table 3) by L-alanine, D-alanine, glycine,
D-cycloserine, and D-serine at 1 MM L-alanine
and 1 mM inhibitor concentrations, but only
unlabeled L-alanine was able to inhibit approxi-
mately 50% at a 10-fold excess. When the
L-alanine concentration was increased to 20,gM,
L-alanine, D-alanine, glycine, D-cycloserine, and
D-serine all inhibited significantly at both in-
hibitor concentrations. The dimer, D-alanyl-D-
alanine, caused a low amount of inhibition

3.0i

30
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FIG. 5. Efflux and exchange of D-alanine. Cells were allowed to accumulate D- ['4C]alanine at either of the
two concentrations shown for 3.25 min, at which time the following additions were made: (A) 0, none; 0, plus 1
mM D- [12C]alanine; A, plus 1.5 mM D-cycloserine; A, plus I mM D- [12C]alanine plus 1.5 mM D-cycloserine;
O, plus 75 mM D-cycloserine; 0, plus 1 mM L-alanine or 1 mM glycine; V, plus 10 mM sodium azide. (B) 0,
none; 0, plus 50mM D- [12C ]alanine; A, plus 1.5 mM D-cycloserine; A, plus 50mM D- [12C ]alanine plus 1.5 mM
D-cycloserine; *, plus 75 mM D-cycloserine; 0, plus 50 mM L-alanine or 50 mM glycine; V, plus 10 mM
sodium azide.

TABLE 2. Inhibition of D-alanine transport

Inhibition (%) of

Inhibitor Concn D-alanine
1MM 20,uM

None (0.83)a (8.4)a
D-Alanine ......... 10xb 32 65

1mM 90 84
L-Alanine ......... lOx 52 86

1mM 92 91
Glycine ........... lOx 22 44

1mM 82 81
D-Cycloserine l......lx 0 0

1mM 42 35
D-Serine .......... lox 5 57

1mM 86 80
D-Alanyl-D-alanine lOx 22 16

1mM 34 30
L-Serine..x.l0X 7 0

1mM 35 0
Proline ..lO.lx 32 24

1mM 34 19
Azide.. .10mM 82 86

TABLE 3. Inhibition of L-alanine transport

Inhibition (%) of
Inhibitor Concn L-alanine

1 AM 20 AM

None ............. (0.76)a (4.8)a
L-Alanine ......... lOxb 49 80

1mM 94 89
D-Alanine ......... lOx 27 59

1mM 81 79
Glycine ........... lOx 12 42

1mM 77 69
D-Cycloserine ...... lOx 19 41

1mM 58 56
D-Serine ........... lOx 3 43

1mM 76 68
D-Alanyl-D-alanine lOx 11 0

1mM 29 13
L-Serine ........... lOx 21 0

1mM 41 29
Proline ............ lox 15 3

1mM 13 2
Azide ............. 10 mM 90 84

a Velocity at this concentration is expressed as aVelocity at this concentration is expressed as
nmol/min per mg of protein.
'The concentration of inhibitor is 10 MM when the

concentration of L-alanine is 1 MM and 200 AM when
the concentration of L-alanine is 20 gM.

nmol/min per mg of protein.
'The concentration of inhibitor is 10 jiM when the

concentration of D-alanine is 1 MM and 200 MM when
the concentration of D-alanine is 20 MM.
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when the L-alanine concentration was 1 ,M, but
had little effect when the L-alanine concentra-
tion was 20 gM. The best inhibitor of L-alanine
transport was L-alanine and D-alanine was the
next most effective, followed by any of the
amino acids in the group of glycine, D-cycloser-
ne, and D-serine.
Glycine transport was inhibited (Table 4) by

glycine, D-alanine, L-alanine, D-cycloserine, and
D-serine to essentially identical extents at both
glycine concentrations. There was very little
inhibition of glycine transport by D-alanyl-D-
alanine.

DISCUSSION
The transport of D-alanine and L-alanine

appears to occur by two kinetically distinguish-
able systems. The high-affinity system, which
has a Km value of 1 ,uM D- or L-alanine and a
Vmax of 0.6 to 0.8 nmol/min per mg of protein,
appears to be specific for these two amino acids.
The structurally similar amino acids, glycine,
D-cycloserine, and D-serine, are not able to
compete effectively, as evidenced by their lower
ability to inhibit when present in a 10-fold
excess relative to the D- or L-alanine concentra-
tion. The dimer, D-alanyl-D-alanine, appeared
to be able to inhibit D-alanine uptake when it
was present in a 10-fold excess, and this inhibi-

TABLE 4. Inhibition of glycine transport

Inhibition (%) of glycine
Inhibitor Concn

1 AM 20guM

None (0.73)a (7.1)a
Glycine ........... l xb 28 57

1 mM 86 83
D-Alanine ......... lox 35 77

1 mM 85 85
L-Alanine ......... lox 30 60

1 mM 86 89
D-Cycloserine ...... Olx 23 69

1 mM 83 82
D-Serine ........... lOx 27 55

1 mM 76 76
D-Alanyl-D-alanine lox 3 1

1 mM 19 0
L-Serine ........... lox 4 0

1mM 39 10
Proline ............ lox 19 0

1 mM 20 0
Azide ............. 10 mM 85 93

a Velocity at this concentration is expressed as
nmol/min per mg of protein.

I The concentration of inhibitor is 10 gM when the
concentration of glycine is 1 M and 200 gM when the
concentration of glycine is 20 ,M.

tion was not substantially increased by increas-
ing the D-alanyl-D-alanine concentration to 1
mM. The interpretation of this result is clouded
by the observation that proline was more effec-
tive than the dimer at low concentrations of
D-alanine. The dimer is not an effective inhibi-
tor of alanine transport when the concentration
of alanine is 20 AM. If it can be assumed that
the two transport systems are completely inde-
pendent of each other and that the rate of
transport is linear with respect to substrate
concentration at concentrations that are less
than the Km for transport, then calculations can
be made based upon the kinetic parameters for
transport given in Table 1 as to the percentage
of amino acid transported by each system when
the concentration of alanine is 1 AM.

Calculations for D-alanine transport were
made as follows. In the high-affinity system, Km
equals 1 MtM D-alanine and Vmax equals 0.6
nmol/min per mg of protein. Therefore, when
the D-alanine concentration is 1 ,uM, the veloc-
ity is 0.5 Vmax or 0.3 nmol/min per mg of
protein. In the low-affinity system, Km equals
20 gM and Vmax equals 10 nmol/min per mg of
protein, so that when the D-alanine concentra-
tion is 20 ,M, the velocity is 0.5 Vmax or 5
nmol/min per mg of protein. If the rate is linear
with respect to substrate concentration at D-ala-
nine concentrations less than the Ki,, then the
velocity at 1 AM can be determined by dividing
the rate at 20 ,M by 20, yielding a velocity of
0.25 nmol/min per mg of protein. The total
velocity at 1 AM is the sum of the velocities of
the two systems, 0.55 nmol/min per mg of
protein, and the contribution due to the high-
affinity system is 0.30/0.55 x 100 = 55%.
Similar calculations can be made for L-alanine
transport, with a Km equal to 1 MM, Vmax equal
to 0.8 nmol/min per mg of protein, and Km
equal to 10 ,M, Vmax equal to 5 nmol/min per
mg of protein, as the kinetic parameters. In this
case the high-affinity system contributes 0.4
nmol/min per mg of protein (60%) and the
low-affinity system contributes 0.25 nmol/min
per mg of protein (40%) for a total velocity of
0.65 nmol/min per mg of protein at 1 AM
L-alanine.
At a 1 MM D-alanine concentration, 55% of the

D-alanine is transported by the high-affinity
system and 45% by the low-affinity system, and
at a 1 MM L-alanine concentration, 60% of the
L-alanine is transported by the high-affinity
system and 40% by the low-affinity system.
Therefore, a specific inhibitor of the high-affin-
ity system would have a maximal inhibition
capability of 55 and 60%. for D- and L-alanine
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uptake, respectively, and a specific inhibitor of
the low-affinity system would have a maximal
inhibition capability of 45 and 40% for D- and
L-alanine uptake, respectively. L-Alanine ap-
pears to be the preferred amino acid for trans-
port by the high-affinity system, as evidenced
by the fact that L-alanine inhibits both D-ala-
nine and L-alanine transport better than D-ala-
nine or D-alanyl-D-alanine.
The low-affinity system (Km of 20 MM for

D-alanine and glycine and 10,MM for L-alanine,
with a Vmax of 5 to 12 nmol/min per mg of
protein) appears to transport D-alanine, L-ala-
nine, and glycine, based upon substrate satura-
tion data, as well as D-cycloserine and D-serine,
based upon transport inhibition data. Glycine,
D-cycloserine, and D-serine are not effective
inhibitors at 10-fold excess to the 1 ,M concen-
tration of transported amino acid, but are
effective inhibitors when present at 1 mM or
when the transported amino acids are at 20,uM.
Presumably the inhibition observed when the
inhibitor concentration is 1 mM could be due to
exchange as well as to inhibition of uptake. The
transport of D-alanine and L-alanine at 20 ,M
each is inhibited better by D-alanine and L-ala-
nine than by glycine, D-cycloserine, and D-
serine. This would be expected if part of the
transport is due to the high-affinity system,
which is not inhibited by the latter three amino
acids. Glycine transport, on the other hand, is
equally inhibited by glycine, D- and L-alanine,
D-serine, and D-cycloserine, as would be ex-
pected if glycine was transported only by the
low-affinity system. D-Serine is a less effective
inhibitor, which may indicate that the transport
system has a lower affinity for D-serine than for
glycine. D-Alanyl-D-alanine is not effective as an
inhibitor of glycine transport. Although this
transport system shows little stereospecificity
for D- and L-alanine, it is specific for the
stereoisomers of serine. D-Serine is a good inhib-
itor of the low-affinity transport system, but
L-serine is not. Transport of aromatic D-amino
acids in E. coli (7) was found not to be stereo-
specific. Most systems (2, 5, 12), however, do
show stereospecificity for serine.

Further evidence for the common transport
systems for D- and L-alanine and glycine is the
ability of L-alanine and glycine to cause D-ala-
nine exchange. D-Cycloserine inhibits D-alanine
uptake at both 1 and 50 MM D-alanine, and is
capable of causing exchange only when present
at a high concentration (75 mM). Therefore,
D-cycloserine is probably transported by a low-
affinity system that also transports D-alanine at
a higher affinity. The D-alanine taken up into

the cell is probably not chemically altered, since
most of it can be effluxed from the cell by
sodium azide.
Sodium azide, an uncoupler of electron trans-

port, inhibits the transport of all three amino
acids, D- and L-alanine and glycine. There
appears to be a higher amount of azide insensi-
tive uptake of D-alanine (Fig. 1) than of L-ala-
nine (Fig. 3) or glycine (Fig. 4). In the Line-
weaver-Burk plots, the reciprocal of the azide
insensitive uptake extrapolates to zero, indicat-
ing that the Km foi this uptake extrapolates to
infinity. This type of uptake is indicative of
passive diffusion. We postulate that the devia-
tion from linearity of the azide-insensitive
transport at low substrate concentrations is due
to binding of the substrate in the absence of
transport. This suggestion is supported by the
observation that D- and L-alanine can inhibit
the uptake of D- and L-alanine better than azide
can. Such a result would be expected if they are
able to compete for binding as well as for
transport.

In conclusion, there are two systems observed
in whole cells of B. subtilis 168 for the transport
of D-alanine, L-alanine, and glycine-a high-
affinity system specific for the two stereoiso-
mers of alanine, and a less specific, low-affinity
system which transports D- and L-alanine, gly-
cine, D-cycloserine, and D-serine. This transport
can be inhibited by sodium azide, and azide can
cause efflux. Since azide is an uncoupler of
electron transport, its action indicates that the
transport of these amino acids is probably
linked to the electron transport chain as postu-
lated by Kaback (4) and by Konings and Freese
(6).

ACKNOWLEDGMENTS
This work was supported by Public Health Service grants

5TI-GM-00592 from the National Institute of General Medi-
cal Science and 5ROI-AI-10141 from the National Institute of
Allergy and Infectious Diseases.

LITERATURE CITED
1. Celis, T. F. R., H. J. Rosenfeld, and W. K. Maas. 1973.

Mutant of Escherichia coli K-12 defective in the
transport of basic amino acids. J. Bacteriol.
116:619-626.

2. Cosloy, S. D. 1973. D-Serine transport system in Esche-
richia coli K-12. J. Bacteriol. 114:679-684.

3. Dul, M. J., and F. E. Young. 1973. Genetic mapping of a
mutant defective in D,L-alanine racemase in Bacillus
subtilis 168. J. Bacteriol. 115:1212-1214.

4. Kaback, H. R. 1972. Transport across isolated bacterial
cytoplasmic membranes. Biochim. Biophys. Acta
265:367-416.

5. Kessel, D., and M. Lubin. 1965. Stability of a-hydrogen
of amino acids during active transport. Biochemistry
4:561-565.

6. Konings, W. N., and E. Freese. 1972. Amino acid
transport in membrane vesicles of Bacillus subtilis. J.

VOL. 120, 1974 1091



CLARK AND YOUNG

Biol. Chem. 247:2408-2418.
7. Kuhn, J., and R. L. Somerville. 1974. Uptake and

utilization of aromatic D-amino acids in Escherichia
coli K-12. Biochim. Biophys. Acta 332:298-312.

8. Lambert, M. P., and F. C. Neuhaus. 1972. Mechanism of
D-cycloserine action: alanine racemase from Esche-
richia coli W. J. Bacteriol. 110:978-987.

9. Leach, F. R., and E. E. Snell. 1960. The absorption of
glycine and alanine and their peptides by Lactobacillus
casei. J. Biol. Chem. 235:3523-3531.

10. Lineweaver, H., and D. Burk. 1934. The determination of
enzyme dissociation constants. J. Amer. Chem. Soc.
56:658-666.

11. Linzer, R., and F. C. Neuhaus. 1973. Biosynthesis of
membrane teichoic acid. A role for the D-alanine-
activating enzyme. J. Biol. Chem. 248:3196-3201.

12. Lombardi, F. J., and H. R. Kaback. 1972. Mechanisms of
active transport in isolated bacterial membrane vesi-
cles. VIII. The transport of amino acids by membranes.
prepared from Escherichia coli. J. Biol. Chem.
247:7844-7857.

13. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

14. Mora, J., and E. E. Snell. 1963. The uptake of amino
acids by cells and protoplasts of S. faecalis. Biochemis-
try 2:136-141.

15. Piperno, J. R., and D. L. Oxender. 1968. Amino acid
transport systems in Escherichia coli K-12. J. Biol.
Chem. 243:5914-5920.

16. Reaveley, D. A., and R. E. Burge. 1972. Walls and
membranes in bacteria, p. 1-81. In A. H. Rose and D.
W. Tempest (ed.), Advances in microbial physiology,

vol. 7. Academic Press Inc., New York.
17. Reusch, V. M., Jr., and F. C. Neuhaus. 1971. D-Alanine:

membrane acceptor ligase from Lactobacillus casei. J.
Biol. Chem. 246:6136-6143.

18. Robbins, J. C., and D. L. Oxender. 1973. Transport
systems for alanine, serine, and glycine in Escherichia
coli K-12. J. Bacteriol. 116:12-18.

19. Schwartz, J. H., W. K. Maas, and E. J. Simon. 1959. An
impaired concentrating mechanism for amino acids in
mutants of Escherichia coli resistant to L-canavanine
and D-serine. Biochim. Biophys. Acta 32:582-583.

20. Short, S. A., D. C. White, and H. R. Kaback. 1972. Active
transport in isolated bacterial membrane vesicles. V.
The transport of amino acids by membrane vesicles
prepared from Staphylococcus aureus. J. Biol. Chem.
247:298-304.

21. Short, S. A., D. C. White, and H. R. Kaback. 1972.
Mechanisms of active transport in isolated bacterial
membrane vesicles. IX. The kinetics and specificity of
amino acid transport in Staphylococcus aureus mem-
brane vesicles. J. Biol. Chem. 247:7452-7458.

22. Wargel, R. J., C. A. Shadur, and F. C. Neuhaus. 1970.
Mechanism of D-cycloserine action: transport systems
for D-alanine, D-cycloserine, L-alanine, and glycine. J.
Bacteriol. 103:778-788.

23. Wargel, R. J., C. A. Shadur, and F. C. Neuhaus. 1971.
Mechanism of D-cycloserine action: transport mutants
for D-alanine, D-cycloserine, and glycine. J. Bacteriol.
105:1028-1035.

24. Young, F. E., J. Spizizen, and I. P. Crawford. 1963.
Biochemical aspects of competence in the Bacillus
subtilis transformation system. I. Chemical composi-
tion of cell walls. J. Biol. Chem. 238:3119-3130.

1092 J. BACTERIOL.


