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This research documents the multiplicity of L-aspartate transport in thin wastewater biofilms. A Line-
weaver-Burk analysis of incorporation produced a curvilinear plot (concave down) that suggested active
transport by two distinct systems (1 and 2). The inactivation of system 2 with AsO4 or osmotic shock resolved
system 1, which was a high-affinity, low-capacity system with an apparent K, (Michaelis-Menten constant) of
4.3 ,uM (As04) or 4.6 ,iM (osmotic shock). The inactivation of system 1 with dinitrophenol resolved system 2,
which was a low-affinity, high-capacity system with an apparent K, of 116.7 ,uM. System 1 was more specific
for aspartate than system 2 in the presence of aspartate analogs. Sodium had no discernible effect on the
incorporation velocities by either system. These results indicate that system 1 is a membrane-bound proton
symport coupled to the proton gradient component of the proton motive force and that system 2 is a binding
protein-mediated system coupled to phosphate bond energy. Analyses of diffusional limitations on the derived
transport constants indicated that internal resistances were present but that the apparent constants were close
to the intrinsic values, especially for system 1. Metabolic inactivation of the biofilm with dinitrophenol and
AsO4 did not completely inactivate aspartate incorporation, which indicated that some simple adsorption of the
aspartate anion by the biofilm had occurred. These results show that aspartate is transported by wastewater
biofilm bacteria via systems with different affinities, specificities, and mechanisms of energy coupling.

Biofilms are used in a number of fixed-film wastewater
treatment schemes, including rotating biological contactor,
fixed-bed, and fluidized-bed processes. Biofilms provide
treatment by removing soluble and hydrolyzable colloidal
substrates from the waste stream. The substrates in the
waste stream are a diverse mixture of soluble fatty acids and
sugars, colloidal proteins and carbohydrates (41, 42), and
soluble amino acids (8, 52); the relative percentages of these
substrates vary over time. Substrate removal is a complex
combination of mass transfer and metabolic processes. One
of the important events in this sequence is the active
transport of the substrate from the region near the cell,
across the cell membrane, and into the cytoplasm. Despite
its importance to wastewater treatment, there has been no
research to date on the specific properties of substrate
transport systems in biolfilm bacteria, although La Motta
(37) reports that laboratory-grown biofilms exhibit saturation
kinetics for glucose uptake.
There are a number of carrier-mediated substrate trans-

port systems present in bacteria, and the mechanisms for
coupling chemical energy to translocation are varied (13,
47). The coupling processes for two of these systems were

elucidated by Berger (9) and by Berger and Heppel (10) with
Escherichia coli. They showed that an electrochemical pro-
ton gradient generated by a proton motive force (PMF) is
sufficient to drive membrane-bound transport systems,
whereas phosphate bond energy is necessary to drive an-

other, separate system which requires a water-soluble, peri-
plasmic binding protein for transport.

Aspartate transport is one of the better-documented active
transport processes in bacteria (5). Aspartate is generally
transported by two distinct systems. One involves the mem-
brane-bound proton symport (17, 40), which is coupled to
the proton gradient of the PMF and actively transports the
aspartate molecule in conjunction with a proton. It is present
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in membrane vesicle preparations of gram-negative (27, 38,
55) and gram-positive (33, 34, 50, 54) bacteria. This system
also remains functional in osmotically shocked cells but is
inactivated by uncouplers such as dinitrophenol (DNP). The
other involves the periplasmic binding protein found in
gram-negative bacteria (1, 55, 56), which requires phosphate
bond energy (13) for active transport. It is inactivated by the
phosphate analog arsenate (AsO4), and it is removed from
gram-negative cells by osmotic shock (1, 13, 55) and by the
processes of spheroplast and vesicle formation. There are,

however, exceptions to these transport schemes (23, 49, 56,
60). Furthermore, complex incorporation kinetics are ob-
served when a Lineweaver-Burk analysis of aspartate incor-
poration in whole cells produces a curvilinear, or biphasic,
plot that is concave down (44, 56). This complexity is
attributed to heterogeneous aspartate transport by the two
systems present in the bacterium that correspond to the two
systems described above (28, 49) and in a few cases to
negative cooperation (18) or possibly to allosteric effects (21,
22) in one homogeneous membrane-bound system. Resist-
ance to diffusional mass transfer can also affect the linearity
of the transformed data (15, 24, 59), especially if the trans-
formations used are sensitive to the effects of such resist-
ance.
Our research was conducted to see whether multiplicity of

aspartate transport was present in thin wastewater biofilms
established in situ and composed largely of gram-negative
bacteria (14). Aspartate was selected as the substrate be-
cause it is present in waste water (52) and its transport
systems are well documented. Kinetic analyses of aspartate
incorporation by adhering biofilms subjected to a number of
treatments were used to resolve individual transport sys-
tems. We report here the presence of two separate and
distinct aspartate transport systems in the thin wastewater
biofilms that we examined.

(Portions of this material were presented at the Second
International Conference on Fixed-Film Biological Proc-
esses, Washington, D.C., 10 to 12 July 1984.)
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MATERIALS AND METHODS

Biofilm sampling device. We used tubular sampling devices
suitable for submersion in a waste stream and subsequent
bacterial colonization. A sampling device is shown in Fig. 1.
The details of their construction are given elsewhere (14).

Thin biofilms (less than 60 p.m thick after rinsing) were
used in the transport assays to minimize diffusional resist-
ances within the biofilm (36, 37). The biofilms were allowed
to develop for no more than 18 days on the basis of previous
work (14). The biofilms were formed by placing clean
sampling devices in a weighted rack and submerging it in a
flowing channel at the Durham, N.H., Wastewater Treat-
ment Facility. The waste stream contained domestic primary
effluent and recycled activated sludge microorganisms. The
rack was oriented in the channel so that waste water could
flow through the tubes at very low velocities. Sampling tubes
with biofilms of known age were returned to the lab and
maintained in dilute (10%) primary effluent before use. In all
instances, loosely bound bacteria were removed from the
sampling stub by gentle rinsing, so that firmly adhered
bacteria were present on the stub.

Scanning electron microscopy. Samples were prepared for
scanning electron microscopy by the methods outlined by
Eighmy et al. (14). Sampling stubs (Fig. 1) were separated
from the nylon screw with a razor and fixed in 5% glutaral-
dehyde for 1 h at 20°C. Samples were dehydrated in a graded
ethanol series before critical-point drying in a Samdri Crit-
point dryer. The stubs were sputter coated with a 60:40
gold-palladium mixture in a Technics Hummer V sputter
coater. The biofilms were examined with an AMR 1000
scanning electron microscope at a 20-kV accelerating poten-
tial. The biofilms were then photographed with the specimen
stage tilted to 110. Numerous stubs were viewed to ensure
representative sampling.

Osmotic shock treatment. Osmotically shocked biofilm
samples were prepared by the method of Anraku and Heppel
(6). Groups of four sampling stubs were exposed to 10 ml of
a pretreatment solution containing 3.3 x 10-2 M Tris (pH

7.3), 1 x 10-4M EDTA, and 20% (wt/vol) sucrose for 10 min
at room temperature. The stubs were rinsed with a cold (4°C)
shock solution containing 5 x 10-4 M MgCl2 and then held in
that solution at 4°C for 10 min. The stubs were then
transferred to 20°C buffered tap water (BT) before they were
used in transport assays. The BT solution (pH 6.8) contained
5 mM KH2PO4 and 5 mM K2HPO4.

Inactivation treatments. Resolution of the individual trans-
port systems was also accomplished through the selective
use of a poison or uncoupler. For the uncoupler DNP,
samples were treated by preincubation for 1 min before and
then during the assay in 2.0 mM DNP in BT (60). The
duration of preincubation with DNP was important for
resolving the DNP-insensitive system. Preliminary work
indicated that both 10- and 5-min preincubations in 2.0 mM
DNP disrupted all aspartate transport, but that the PMF-de-
pendent aspartate transport system was not inactivated
without incubation. A 1-min preincubation proved satisfac-
tory for producing a Lineweaver-Burk plot with good line-
arity. For the phosphate analog As04, samples were treated
by preincubation for 15 min before and then during the assay
in 10 mM As04 in BT (51).

Influence of sodium on transport. The effect of Na+ on
aspartate incorporation was determined by including 10 mM
NaCl in the incubation solution during the transport assays
(39).

Transport assays. A modification of the procedure em-
ployed by Vaccaro and Jannasch (53) was used to determine
incorporation velocities. Concentrated soluble L-aspartate
was used to vary the substrate concentrations, and a low
level of L-[U-14C]aspartate (approximately 3.0 x 10-2
,uCi. ml-') was used as the tracer. The velocities of incor-
poration were determined with the following expression: V
= (fS)(tA)-', where V is the initial incorporation velocity (in
nanomoles per hour per square centimeter of biofilm), f is a
fraction relating the disintegrations per minute incorporated
into the biofilm to the total initial disintegrations per minute
in the entire incubation solution, S is the initial total sub-
strate mass in the incubation solution (in nanomoles), t is the

PVC 1.27 cm (1/2") ID FOUR GROUPS OF THREE GROUPS OF
COLLAR PVC PIPE EIGHT SCREWS TWO SCREWS

REPRESENTATIVE SECTION
TOTAL TUBE LENGTH 50 cm

BIOFILM GROWTH
0.635

REMOVABLE CLEAR PVC
SAMPLING STUB WITH
0.635cm (1/4")RADIUS

0.78 cm(5/16 ) NYLON
HEX SCREW

FIG. 1. Schematic of the tubular sampling device. It consists of the support structure (polyvinyl chloride [PVC] pipe with 38 threaded
holes, above) and 38 sampling stubs with screws (one is shown below). Screws with clean stubs are threaded into the pipe so that the pipe
interior is hydraulically smooth. The adsorption and growth of bacteria take place on the stub surface.
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incubation period (in hours), and A is the area of a sampling
stub (in square centimeters). Velocities were corrected for
biofilm mass by dividing by the appropriate total organic
carbon (TOC) value (in milligrams of TOC per square
centimeter of biofilm) so that the actual units for velocity of
incorporation were nanomoles per hour per milligram of
TOC.

All assays were done in a dark incubator at 20°C in
Whirl-Pak bags. The incubation solutions contained BT and
label. Six samples (0.5 ml each) of this solution were taken
before the assay to determine the counts per minute in the
solution for use in the equation. Appropriate concentrations
of unlabeled aspartate (0.5 ml) and, for inhibition or sodium
assays, of DNP (0.5 ml), As04 (1.0 ml), or NaCl (0.5 ml)
were then added to the bag so that the final volume was 10
ml. Assays were begun by adding four stubs to a bag.
Previous work (27, 28, 33, 34, 44, 45, 50, 54, 56) indicates
that a 5-min incubation is adequate to produce linear uptake
with an intercept through the origin, and therefore 5-min
incubations were used. This kept the change in the aspartate
concentration in the incubation solution to less than 1%. The
incubations were terminated by adding 1 ml of 1% buffered
Formalin (pH 7.3) for a 5-s contact time (19). The bags were

drained, and the stubs were rinsed three times with BT.
Preliminary studies indicated that the Formalin treatment
did not result in a loss of incorporated label from the biofilm
and that the BT rinse was sufficient to remove any respired
label, if present, from the biofilm. The biofilms were solubil-
ized by adding a stub to a 7-ml Solvent Saver scintillation
vial (Kimball Co.) containing 0.5 ml of a 1:1 Protosol (New
England Nuclear Corp.)-ethanol mixture. All liquid scintil-
lation counting was done in approximately 4.5 ml of Dynagel
cocktail (J. T. Baker Chemical Co.), and 50 RI of glacial
acetic acid was added to minimize chemiluminescence.
Radioactivity was measured with a Beckman 700 liquid
scintillation counter. Counts per minute were converted to
disintegrations per minute by correcting for background,
machine efficiency, and counting efficiency. Where applica-
ble, the apparent transport constants K, (Michaelis-Menten
constant) and Vmax (maximum velocity of the system) were

derived from Lineweaver-Burk transformations of the data
by using a least-squares regression analysis to produce a line
of best fit. Eadie-Hofstee and Hanes transformations were

performed as well for comparative purposes.
Analysis of diffusion effects on transport kinetics. To eval-

uate the influence of diffusional resistances on the transport
kinetics of the aspartate transport systems in the biofilm
bacteria, we used the graphing procedure of Engasser and
Horvath (15, 24). The method uses dimensionless parame-
ters in an Eadie-Hofstee-type plot in which the shape of the
curve is indicative of the type and degree of diffusional
resistance (external or internal) present in the transport
assay. To use the procedure, it was necessary to visually
estimate the transport constants (K, and Vmax) from plots of

uptake versus substrate concentration.
TOC determinations. The TOC content of the adhering

biofilms was assayed by the following procedure. Twenty
stubs with biofilms of known age were stored in a desiccator

until analysed. The ampoule method outlined for the Ocean-

ography International model 526 TOC analyzer (Oceanogra-
phy International Corp., College Station, Tex.) was used.

One stub was digested per ampoule. The biofilm TOC values

were corrected for the stubs by running clean stubs as

controls. Glucose was used as a standard.
Analog specificity studies. The specificity of the transport

systems were assayed by determining the percent inhibition

of labeled aspartate incorporation in the presence of 10-3M
of an analog (1, 12, 28). The appropriate poison or inhibitor
was used as described above. The concentration of the label
in the Whirl-Pak bag was 0.1 ,uCi ml-'.

Adsorption studies. The potential for adsorption of aspar-
tate by the biofilm was determined as follows. Biofilms were
inactivated simultaneously by DNP (5-min preincubation)
and As04 as described above before being incubated with
labeled aspartate (0.1 ,uCi ml-') for 5 min. Untreated
controls were run for comparison.

Chemicals. L-[U-14C]aspartate (specific activity, >200
mCi mmol-1) and Protosol were obtained from New En-
gland Nuclear Corp., Boston, Mass. All other chemicals and
analogs were obtained from Sigma Chemical Co., St. Louis,
Mo., and were the highest possible reagent grade.

RESULTS
Biofilm characteristics-scanning electron microscopy. A

diverse group of microorganisms was found firmly adhering
to the stub surfaces (Fig. 2A). Both filaments and rods were
present. At least four distinct morphologies were observed.
The distribution of the organisms on the biofilm was patchy
and clumped, although some samples were composed of a
continuous film of rods and filaments enmeshed in a slime
material (Fig. 2B). This material corresponded to the type 1
glycocalyx which we observed in another study (14). Esti-
mated biofilm thicknesses ranged from 20 to 60 ,um; these
estimates were determined by comparing the biofilms with
other biofilms of similar composition and known thickness
(14).

Biofilm TOC. The near-linear increase in biofilm TOC over
time was attributed to the colonization and growth of firmly
adherent microorganisms (Fig. 3). The mean TOC values
shown in Fig. 3 were used to determine the velocity of
incorporation by biofilms of corresponding ages.

Aspartate incorporation. The Lineweaver-Burk plot of
aspartate incorporation velocities by untreated biofilms was
curvilinear and concave down (Fig. 4). Its similarity to
curvilinear plots shown elsewhere suggested a heterogene-
ous transport process by two systems (28, 60). Both Eadie-
Hofstee and Hanes transformations of the data also resulted
in curvilinear plots with good correlation.

Resolution of systems 1 and 2. System 1 was resolved by
inactivating system 2 with either As04 or osmotic shock
treatment (Fig. 5). Both treatments produced nearly identi-
cal apparent K, and Vmax values based on Lineweaver-Burk
transformations of the data (Table 1). The other transforma-
tions produced similar apparent kinetic constants. System 1
was classified as a high-affinity, low-capacity system. Sys-
tem 2 was resolved by DNP treatment of system 1 (Fig. 6).
The apparent K, and Vmax values for system 2 derived by a
Lineweaver-Burk transformation of the data differed from
those of system 1 (Fig. 6). System 2 was classified as a

low-affinity, high-capacity system. The other two transfor-
mations, which supported the classification of system 2 as a

low-affinity, high-capacity system, were not in as good
agreement with the Lineweaver-Burk-derived constants. We
chose to base our interpretation of the data for both systems
on the Lineweaver-Burk-derived kinetic constants because
of the wide use of that method in the literature.
We also observed, via the regression-derived velocities

for system 1 (Fig. 5, As04 inactivation) and system 2 (Fig.
6), that the sum of the velocities for systems 1 and 2 was

greater when the systems operated individually than when
they operated simultaneously. This suggested to us that the
potential velocity of incorporation for the two systems was
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FIG. 2. Representative scanning electron micrographs of the firmly adherent biofilm community. The biofilm is 16 days old. Symbols: F,
filament; R, rod; Ti, type 1 glycocalyx. (A) Note the diverse morphologies and biofilm clumping (bar, 10 ,um). (B) Detail of panel A. Note
the slime material (type 1 glycocalyx) around the cells and on the stub surface (bar, 5 im).

not attained when the two systems were operating simulta-
neously and competing for substrate.

Influence of sodium on systems 1 and 2. The presence of 10
mM NaCl in the incubation medium had no discernible effect
on either system, as an incorporation curve and its Line-
weaver-Burk plot were similar to those of a control (data not
shown) in their curvilinear shape and magnitude (see Fig. 4).

Specificities of systems 1 and 2. The specificity of each
system for L-[U-_4C]aspartate is shown in Table 2. System 1
was specific, as unlabeled L-aspartate produced the highest
percent competition. The presence of an a.-amino group was
important for substrate recognition in this system, because
four carbon dicarboxylic acids were not effective competi-
tors. System 1 preferred the L-isomer over the D-isomer. It
also tolerated substitutions on the p-carbon, because these
substances were the most effective competitors. Substitu-
tions on the amino nitrogen were tolerated as well. Analogs
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AGE OF ADHERING BIOFILM (days)
FIG. 3. Mean adherent biofilm TOC values as a function of the

time of biofilm development. The means are averages of 20 individ-
ual values, and the standard deviation is shown as a vertical line.

with substitutions on the a-carbon were not as effective in
competing with labeled aspartate for the transport protein.
The chain length of the dicarboxylic amino acid was not as
important for recognition as long as the ox-amino group was
present, because glutamate was somewhat competitive in
this system. Higher-molecular-weight analogs which had
ot-amino groups were also effective competitors. The gener-
ally high percentages of inhibition reported here were due to
the high concentration of analog in the incubation solution
(28).
System 2 was less specific than system 1 as a variety of

analogs were more competitive than unlabeled L-aspartate in
recognizing the transport system. System 2 was less ster-
eospecific, and substitutions on both at- and p-carbons were

0
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FIG. 4. Lineweaver-Burk plot of aspartate incorporation by un-
treated biofilms. The mean values are averages of individual incor-
poration velocities for eight stubs at each substrate concentration.
The average percent standard deviation about the means was 16.0%.
(Inset) Plot of velocity versus substrate concentration for the data
represented in the Lineweaver-Burk plot.
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FIG 5. Lineweaver-Burk plots of aspartate incorporation by
system 1 as revealed by As04 (El-El) or osmotic shock treatment
(O----O) of system 2. The mean values (0, E) are averages of
individual incorporation velocities for eight stubs at each substrate
concentration. The average percent standard deviations about the
means were 26.0% for As04 and 18.8% for osmotic shock values.
The least-squares regression for each set of data produced lines of
best fit (-, ---) for the data. See Table 1 for K,, Vmax, and r.

tolerated. The presence of an a-amino group was not as

important in substrate recognition, because dicarboxylic
acids were effective competitors.

Analysis of diffusional effects. By using the Engasser and
Horvath graphing method of analysis (15, 24) on the derived
data when both systems were functional, a concave-up
curve could be fitted to the data points. The shape of the
curve suggested that strong internal diffusional resistance
had occurred during the assays. When the procedure was

employed for the derived data for system 1 or 2 alone,
however, a slightly sigmoidal curve could be fit to the data
points for either system. The shape of these curves sug-
gested that small internal diffusional resistances were present
during the assays. Because the mass transfer conditions
were identical in all the assays, it is probable that the strong
resistance indicated by the data that were derived when both
systems were functional was more a result of the biphasic
nature of the curve.

TABLE 1. Apparent kinetic constants of the aspartate transport
systems in the wastewater biofilma

Trans- Vmax
System resolved forma- K, (nmolma' - mg

(method) tion (p1M) of TOC-

methodb

1 (As04) LB 4.3 5.9 0.97
EH 5.1 6.4 vg
H 14.1 8.7 0.99

1 (osmotic shock) LB 4.6 5.9 0.97
EH 4.1 5.9 g

H 3.9 6.7 0.99

2 (DNP) LB 116.7 20.3 0.99
EH 44.8 9.0 g

H 60.0 10.9 0.98

aBased on linear regressions or subjective line of best fit of mean

incorporation velocities from data shown in Fig. 5 and 6.
b Methods of linearization of data were Lineweaver-Burk (LB), Eadie-

Hofstee (EH), and Hanes (H) transformation.
' Correlation coefficient for linear regressed data. With the Eadie-Hofstee

plot, the goodness of fit is subjectively described as very good (vg) or good (g).

0

0o

01 02 03 04 05

ASPARTATE '( MM)

FIG. 6. Lineweaver-Burk plot of aspartate incorporation by sys-
tem 2 as revealed by DNP treatment of system 1. The mean values
are averages of individual incorporation velocities for eight stubs at
each substrate concentration. The average percent standard devia-
tion about the means was 16.4%. The least-squares regression for
the data produced the line of best fit for the data. See Table 1 for K,,
Vmax, and r.

Adsorption studies. In the absence of inhibitors, the mean
(+ percent standard deviation; n = 10) radioactivity was
1,892 dpm ±31%, compared with 166 dpm ±28% after
simultaneous inhibition with As04 and DNP. The percent
incorporation without inhibitors was 100%. When the aspar-
tate transport systems in the biofilm were simultaneously
inhibited by As04 and DNP, there was still a small percent-
age (8.8%) of incorporation, which suggested that some
simple adsorption of aspartate by the biofilm had occurred.

DISCUSSION
This study shows that two L-aspartate transport systems

were present in thin wastewater biofilms composed of firmly
adhering rods and filaments. Previous work shows that these
bacteria are predominantly gram-negative (14). This work is

TABLE 2. Specificity of systems 1 and 2 for ["4C]aspartate
uptake in the presence of an analog"

o% Competition'

System 1 System 2

None (inhibitor only) 0 0
L-Aspartate 98.0 87.1
Citrate 1.0 70.9
Succinate 54.0 46.9
Fumarate 3.7 68.5
L-Malate 37.2 76.1
L-Cysteate 42.7 89.0
L-Glutamate 70.9 74.7
D-Aspartate 59.8 92.4
N-Formyl-L-aspartate 85.0 90.5
N-Methyl-L-aspartate 61.9 65.1
a-Methyl-DL-aspartate 81.8 61.3
3-Methyl-DL-aspartate 57.4 91.4

L-Aspartate dibenzyl ester 78.5 76.6
P-Benzyl-L-aspartate 93.4 80.0
L-Aspartate di-t-butyl ester 36.0 23.5
L-Aspartate-3-hydroxamate 92.0 93.3

"
Concentration of L-[U-_4Cjaspartate was 0.1 ±Ci * ml-' (4.6 x 10-4 ,uM).

b Analog concentration was 10-3 M.
c Based on means from four stubs for each analog and system. The average

percent standard deviations for the means were 29% for system 1 and 21% for
system 2. System 2 was inactivated with As04 to study system 1. System 1
was inactivated with DNP to study system 2.
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significant in demonstrating that substrates can be transloc-
ated by wastewater biofilm bacteria via transport systems
with different affinities, specificities, and mechanisms of
energy coupling.

Aspartate incorporation by untreated biofilms resulted in a
curvilinear, or biphasic, Lineweaver-Burk plot. Curvilinear
aspartate incorporation plots have been reported for a number
of bacterial species. In gram-negative bacteria, this curvilin-
earity is attributed to heterogeneous transport systems (28,
49, 56). In gram-positive bacteria, curvilinearity (44, 45, 54)
is usually attributed to negative cooperation (18), although
allosteric effects have been suggested (21, 22). To determine
whether negative cooperation adequately explained our data,
we analyzed the data presented in Fig. 4 with a Hill plot,
using the method described by Glover et al. (18), and
obtained a slope of 0.80. Although this value indicates a
slight negative cooperation,, we feel that the resolution of
two separate and distinct aspartate transport systems is
evidence of heterogeneity. Heterogeneous transport for a
number of dicarboxylic acids (29, 30) and amino acids (2, 16,
20, 25, 31, 43, 48, 57, 60) has been reported for a variety of
gram-negative bacteria.
System 1 was classified as a high-affinity, low-capacity,

membrane-bound proton symport for the following reasons.
(i) Its apparent K, was very similar to those reported for
aspartate transport by membrane-bound symports in other
gram-negative bacteria (1, 27, 28, 38, 49), although it exhib-
ited a greater affinity than the membrane-bound symports
reported for gram-positive bacteria (33, 34, 44, 45, 40, 54).
(ii) System 1 was insensitive to treatments (As04 and
osmotic shock) that are used to inactivate binding protein-
mediated systems while leaving intact membrane-bound
PMF-dependent systems (13, 32, 60). (iii) System 1 was
sensitive to a treatment (uncoupling) which is used to
inactivate the PMF-dependent system (13, 32, 60). (iv)
System 1 also exhibited a degree of specificity for aspartate
that is usually associated with a membrane-bound system (1,
28). (v) Glutamate is translocated by membrane-bound por-
ters in conjunction with a sodium ion (5, 27, 39), which has
led some to speculate that aspartate may be a sodium
cotransport system as well (49). We did not detect any
enhanced substrate transport in the presence of sodium,
which agrees with the data of Kahane et al. (27) and the
opinion of Anraku (5) and indicates that the membrane-
bound system in the wastewater biofilm was a proton
symport at the pH (6.8) of the incubation medium.
System 2 was classified as a low-affinity, high-capacity,

binding protein-mediated system for the following reasons.

(i) It was inactiviated by the phosphate analog As04, which
is used to inactivate binding protein systems that are directly
coupled to phosphate bond energy (51). (ii) System 2 was

inactivated by osmotic shock treatment, which is also used
to inactivate binding protein systems (13). (iii) System 2 was
also insensitive to uncoupling, although the duration of
incubation with DNP was important in its resolution. (iv)
System 2 exhibited a specificity for aspartate that is associ-
ated with a binding protein-mediated system (1). The appar-

ent affinity (K,) of system 2 for aspartate, however, was two
orders of magnitude less than the dissociation constants (Kd)
for aspartate-binding proteins in vitro (1, 55, 56). Usually K,
and Kd are quite similar (58), and therefore there is a

discrepancy between the reported values and the one deter-
mined for system 2.
There are problems with using uncouplers such as DNP to

inactivate a PMF-dependent system to resolve a binding
protein-mediated system (48, 60). Uncouplers accelerate the

depletion of ATP pools because the BFoF, ATPase complex
(the membrane-bound enzyme with its Fo and F1 subunits)
attempts to establish a proton gradient, and consequently
less phosphate bond energy (ATP) is available to drive the
binding protein-mediated system. The DNP treatment we
employed did yield a linear plot that fit the lower portion of
the incorporation curve shown in Fig. 4. The sensitivity of
system 2 to uncouplers indicates that some error may be
associated with the Vmax determined for system 2; however,
its apparent K, should have remained unaffected. Bright and
Fletcher (11) indicate that the Vmax for specific amino acid
transport systems associated with an adhering Pseudomonas
sp. may also be a function of the surface properties of the
substratum to which the bacterium adheres.
The kinetic constants which we derived for both systems

are the apparent rather than the intrinsic constants (15, 24,
36, 59). Analyses of the effects of diffusional limitations on
the derived constants indicate, however, that slight internal
resistances within the biofilm matrix were present but that
the apparent constants are probably close to the intrinsic
values, especially for system 1, the K, of which was similar
to those reported for cells assayed while in suspension,
where resistances are minimal. The fact that the K, values
were close to intrinsic was probably the result of the short
incubation time of the transport assays which did not allow
a substrate concentration gradient to develop.
The interpretation of the data presented here is difficult

because a mixed bacterial population constituted the biofilm.
Multiphasic transport kinetics for glucose (7) and cyclic
AMP (3) have been observed in marine microbial assem-
blages. Ammerman and Azam (3) attribute the separate
kinetic phases for cyclic AMP transport to overlap among
the individual systems of the species present in the assem-
blage. The two systems we observed may have belonged to
two separate bacterial species, or they both may have been
common to one or more of the species present in the biofilm.
The latter possibility is not unreasonable, because heteroge-
neous transport in a gram-negative bacterium is common
and these biofilm bacteria are gram negative (14).
A bacterium that has both systems has ecological advan-

tages. System 1 was the predominant transport mechanism
at low external substrate concentrations, whereas system 2
predominated when the substrate levels were high (Fig. 7).
Kay (28) suggests that the high-affinity aspartate transport
system in Escherichia coli specifically transports aspartate
as a source of nitrogen, whereas the low-affinity system
transports aspartate as a carbon source for growth because
of its greater transport capacity. Additionally, the bacterium
can use both systems under anaerobic conditions in the
absence of a suitable electron acceptor as long as substrate-
level phosphorylation occurs to make ATP (or phosphate
bond energy) available (i) for the BFoF1 ATPase complex to
pump out protons and establish a proton gradient or (ii) to
directly couple the binding protein system. The potential for
competition between the two systems exists when the aspar-
tate concentration is between 40 and 80 ,uM and the percent
contributions to total uptake are similar (Fig. 7). Competi-
tion between the two systems was also indicated when their
potential velocities were not attained during simultaneous
operation. The concept of competition between the two
systems is not unreasonable considering that the sites for
transport by either system are probably situated adjacent to
one another in the cytoplasmic membrane of at least one of
the morphological types present in the biofilm.
When both systems were inactivated with DNP and As04,

a small percentage (compared to controls) of aspartate was
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FIG. 7. Percent contribution by each system to total incorpora-

tion. The lines of best fit for system 1 (AsO4 treatment) and system

2 (DNP treatment) were used to determine velocities over a range of

substrate concentrations. The predicted velocities of each system

were summed and percentages were calculated and depicted

graphically

taken up by the biofilm. If we assume that the treatments

were sufficient to inactivate both systems completely, then

the data suggest that some type of adsorption had occurred.

The bioflilm was enmeshed in a spatially extensive extracel-

lular slime (Fig. 2). This material, which corresponds to the

type 1 glycocalyx, is densely polyanionic (14). At the pH of

the incubation solution (6.8), aspartate has a net negative

charge, and specific adsorption could occur if the free energy

of adsorption were negative. Adsorption of inorganic anions

(46) and amino acid dipolar ions (26) by microbial extracel-

lular material has been documented.

In conclusion, the results presented here indicate that

aspartate incorporation by biofilm bacteria is mediated by

separate transport systems with different affinities, specific-

ities, and mechanisms of energy coupling. Such heterogene-

ous transport systems are usually subject to environmental

and genetic control (4, 31, 35). The heterogeneity reported

here may be typical for other soluble substrate transport

systems in wastewater biofilm bacteria, which indicates that

substrate removal in fixed-film wastewater treatment proc-

esses is more complex than has been assumed.
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