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The Escherichia coli AmtB protein is member of the ubiquitous
Amt family of ammonium transporters. Using a variety of ["*C]-
methylammonium-uptake assays in wild-type E. coli, together
with amtB and glutamine synthetase (g/nA) mutants, we have
shown that the filtration method traditionally used to measure
[**C]methylammonium uptake actually measures intracellular ac-
cumulation of methylglutamine and that the kinetic data deduced
from such experiments refer to the activity of glutamine synthetase
and not to AmtB. Furthermore, the marked difference between the
K., values of glutamine synthetase calculated in vitro and those
calculated in vivo from our data suggest that ammonium assimil-
ation by glutamine synthetase is coupled to the function of AmtB.
The use of a modified assay technique allows us to measure

AmtB activity in vivo. In this way, we have examined the role
that AmtB plays in ammonium/methylammonium transport, in
the light of conflicting proposals with regard to both the mode of
action of Amt proteins and their substrate, i.e. ammonia or ammo-
nium. Our in vivo data suggest that AmtB acts as a slowly conduc-
ting channel for NH; that is neither dependent on the membrane
potential nor on ATP. Furthermore, studies on competition be-
tween ammonium and methylammonium suggest that AmtB has
a binding site for NH,* on the periplasmic face.

Key words: ammonium channel, ammonium transport, AmtB,
glutamine synthetase, methylammonium, nitrogen metabolism.

INTRODUCTION

The Amt (ammonium transporter) or Mep (methylammonium per-
mease) proteins form a family of novel membrane proteins that
are present in all three domains of life [1]; in animals they are
represented by the Rh (Rhesus) proteins [2]. Escherichia coli
encodes a single Amt protein, AmtB, encoded in the glnK amtB
operon whose expression is almost negligible in ammonium
excess, but is induced substantially when ammonium is limiting
for growth. Under these conditions, ammonium is assimilated by
the combined activities of GS (glutamine synthetase) and gluta-
mate synthase. [Throughout the present paper, we use the term
ammonium to refer to both the protonated (NH, ™) and the unproto-
nated (NH;) forms. Chemical symbols are used when the pro-
tonation state is important.]

AmtB is a stable trimer in the cytoplasmic membrane and
retains this structure when purified and reconstituted in two-di-
mensional crystals [3,4]. GInK is a member of the Py family of
signal transduction proteins that interacts with AmtB to regulate
its activity in response to intracellular nitrogen status [5,6]. This
regulation occurs in response to micromolar changes in the extra-
cellular ammonium concentration and is tightly coupled to the
intracellular glutamine pool, indicating that AmtB activity and
ammonium metabolism are intimately connected [6].

AmtB is essential for uptake of the ammonium analogue, [*C]-
MA ([**C]methylammonium), in E. coli [7]. However, the appli-
cation of a variety of experimental approaches has not provided
clear evidence for the mechanism of transport into the cell. The

prevailing view has been that these systems function in active
transport of NH,*, to concentrate it within the cell [8]. Studies of
ammonium transport in Corynebacterium glutamicum suggested
that Amt proteins are uniporters that take up NH,* by amembrane-
potential-driven mechanism [9]. This proposal was reinforced
by electrophysiological experiments in which a Lycopersicon
esculentum Amt protein (LeAMT1;1), was expressed in Xenopus
oocytes [10]. Both ammonium and MA induced voltage-depen-
dent currents, and the K, for NH, ™ was independent of the external
pH, arguing that NH,* is the Amt substrate. Subsequent electro-
physiological studies of the Rh protein RhBG suggested that this
protein also mediates NH, " transport, either as an electroneutral
NH,*/H* exchanger [11] or as an electrogenic NH," transporter
[12].

An alternative model was proposed by Kustu and co-workers
who investigated the roles of E. coli AmtB and the Saccharomyces
cerevisiae Mep proteins and concluded that these proteins
facilitate diffusion of ammonia (NH;) across the cytoplasmic
membrane [13,14]. The X-ray crystallographic structure of E. coli
AmtB has now been resolved, and structures with and without
bound ammonia or methylammonia indicate that the protein does
indeed have the characteristics of a channel that conducts NH;
[15,16]. A similar conclusion was reached using stopped-flow
studies of facilitated NH; movement across the erythrocyte mem-
brane by RhAG (Rh-associated glycoprotein) [17].

In the present paper, we report the application of a variety of
assays to address the mode of action of E. coli AmtB in vivo.
Our data provide insight into the conflicting in vivo data reported

Abbreviations used: Amt, ammonium transporter; CCCP, carbonylcyanide m-chlorophenylhydrazone; E,, activation energy; GlpF, glycerol facilitator;
GlpK, glycerol kinase; GS, glutamine synthetase; MA, methylammonium; Mep, methylammonium permease; MSF, L-methionine sulphone; MSX,

L-methionine-S-sulphoximine; Rh, Rhesus; RhAG, Rh-associated glycoprotein.

" Present address: Department of Biology, University of York, P.O. Box 373, York YO10 5YW, U.K.
2 To whom correspondence should be addresed (email mike.merrick@bbsrc.ac.uk).

© 2005 Biochemical Society



216 A. Javelle and others

Table 1 Strains and plasmids
Strain/plasmid Genotype or phenotype Reference/source
E. coli strains

ET8000 rbs lacZ::IS1 gyrA hutCy [40]

ET8004 rbs lacZ::IS1 gyrA hutCy gInA1885 [41]

GT1000 ET8000 A ginK amtB [5]

GT1001 ET8000 AamtB (5]

GT1002 ET8000 AginK [8]

GT1004 ET8000 AamtB gInA1885 Present study
S. cerevisiae strains

23344c MATe, ura3 [20]

31019b MATa, ura3, mep1A, mep2 A, mep3 A [20]
Plasmids

pMM286 amtB cloned into p416MET25 Present study

pMM288 amtB cloned from pMM286 into p426MET25 Present study

p416MET25 Low-copy yeast expression vector [42]

p426MET25 High-copy yeast expression vector [42]

previously. They suggest that the flux of ammonia through AmtB
may be closely coupled to its subsequent metabolism by GS and
they show that the channel model proposed from analysis of the
AmtB structure is consistent with in vivo data.

EXPERIMENTAL
Strains, plasmids and culture conditions

Strains and plasmids used in the present study are listed in
Table 1. Strain GT1004 is a AamtB derivative of ET8004 con-
structed in an identical manner with GT1001 [7]. For growth of
E. coli under nitrogen limitation, an altered M9 medium [18] was
used, in which ammonium sulphate was replaced by 200 11g - m1~!
glutamine (M9GIn medium). Cells were grown overnight at 30 °C,
using 10 ml of growth medium in a 50 ml conical flask, shaken
at 250 rev./min. Chloramphenicol was used at 15 ug-ml™" and
ampicillin at 100 pg - ml™".

Plasmid construction

To enable expression in yeast, amtB was amplified by PCR from
pGC2 with the following primers: AMT7, 5'-GCTCTAGAC-
ATATGAAGATAGCGACGATA-3', and AMT2, 5'-CCGGATC-
CTTACAGATCTGCGTTATAGGCATTCTCGCC-3, thereby in-
troducing an Xbal site at the 5" end of the gene and a BamHI
site after the stop codon. The Xbal/BamHI-cut PCR product was
cloned into the Xbal/BamHI sites of the low-copy yeast shuttle
vector p416MET25 forming pMM286. From this, a Sacl/HindIIT
fragment was cloned into a high-copy-number derivative,
p426MET?25, creating pMM288.

['“CIMA transport assays

MA uptake and assimilation rates were determined essentially
as described previously [7]. This methodology is subsequently
referred to as a ‘washed’ assay. Radioactivity in the samples was
counted with a Wallac 1409 scintillation counter, which had been
calibrated with a known set of standards.

Unwashed assays were modified from the method of Jayakumar
and Barnes [19]. Cells were prepared as for washed assays, and
80 ul samples were spotted on to a double filter consisting of a
polycarbonate filter overlaid on two Whatman filter paper disks.
Samples were filtered to dryness within 1 s. Radioactivity on the
polycarbonate filter was measured using scintillation counting
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essentially as described previously [7]. Unless otherwise stated,
both washed and unwashed assays were performed at 22 °C.

RESULTS
E. coli AmtB can transport ammonium

Although AmtB is essential for ['*C]MA uptake, deletion of the
amtB gene does not result in detectable growth impairment on
low concentrations of ammonium at pH 7.0 [7,13], whereas, in
S. cerevisiae, deletion of all three mep genes renders cells unable
to grow on less than 5 mM ammonium [20]. A number of eukaryo-
tic Amt proteins can complement growth of the S. cerevisiae
triple mep mutant. We confirmed that E. coli AmtB is capable
of transporting ammonium (either as NH,* or as NH;) by
cloning amtB into a yeast vector and transforming this plasmid
(pMM288) into a triple mep mutant. This construct grew on
minimal medium agar plates buffered at pH 6.1 and containing
1 mM ammonium, conditions in which 99 % of the ammonium
is present as NH, " (see Supplementary Figure 1S at http://www.
BiochemlJ.org/bj/390/bj3900215add.htm).

Use of washed compared with ‘unwashed’ assays for MA transport

In the ['*C]MA-uptake assay that has been used almost universally
to assess Amt activity in vivo, free intracellular MA is removed
from cells when the filters are washed. Consequently the radio-
activity measured is only from metabolized products of MA [19].
In many bacteria, including E. coli, [*C]MA is converted by
GS into ["C]methylglutamine, accumulation of which can be
mistaken for concentrative MA uptake. Consequently, the kinetics
derived from these assays compound data for ['*C]MA uptake and
for its subsequent assimilation by GS (Figure 1).

Using this assay in E. coli, Soupene et al. [13] saw no accumu-
lation of MA in a GS mutant, and concluded that AmtB does
not concentrate MA and that the transport is a passive process.
However Jayakumar and Barnes [19] developed an assay that does
not require a washing step, and allows determination of both free
and metabolized intracellular MA. Using this unwashed assay
with a GS mutant allows measurement of ['*C]MA uptake without
its subsequent assimilation. The application of both the washed
and unwashed assays has allowed us to analyse AmtB-dependent
MA uptake in E. coli and thereby to clarify the interpretation of
previous data.

AmtB-dependent uptake of ['*CIMA can be separated
from assimilation

We confirmed findings of a previous study [19] that, in the un-
washed assays, only a small fraction of the radioactivity added to
the filter was retained in the absence of washing. We obtained a
value of less than 1 % retention of radiolabel under all conditions
tested. We then compared MA uptake with and without washing
in the wild-type strain, ET8000, using time points of 5, 10, 30,
120, 180 and 240 s. There was a highly significant difference in the
initial rate of uptake measured in washed or unwashed assays, but,
after 30 s, the rates of uptake were similar under both conditions
(Figure 2A).

We hypothesized that the rapid phase of uptake in the unwashed
cells (compared with the washed samples which effectively
measure what has been assimilated) is due to the activity of AmtB.
To test this hypothesis, we repeated the experiment with the
following isogenic strains: g/nK amtB deletion strain GT1000,
amtB deletion strain GT1001, g/lnA (GS™) strain ET8004 and the
amtB ginA deletion strain GT1004. The levels of AmtB in ET8000
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Figure 2 Time course of ['*CIMA influx using washed versus unwashed assays

["CIMA transport activities were measured by adding 20 M (final concentration) of ["*CIMA at zero time. (A) ET8000 (wild-type), (B) GT1000 (ginK~ amtB-), (C) ET8004 (g/nA-). (D) ET8000
(<) and ET8004 (TJ) minus the GT1000 uptake rate. Open symbols, unwashed assays; closed symbols, washed assays. Values are means + S.D. (n = 6). (E) Whole-cell extracts (WC), cytoplasmic
(C) and membrane (M) fractions were subjected to SDS/PAGE, followed by Western blotting using an anti-AmtB antibody. Each lane was loaded with 5 z.g of protein, but the membrane fraction was
concentrated x 20 compared with the whole-cell extract. (F) as (E), but using an anti-GS antibody. Extracts were prepared from ET8000 (wild-type), GT1000 (g/inK~ amtB~) and ET8004 (g/nA~)

grown in M9GIn medium.

and ET8004 were shown to be equivalent by Western blotting
(Figure 2E). The intracellular levels of GS in ET8000 and GT 1000
were also shown to be equivalent by Western blotting, and a
significant proportion of GS was membrane-associated in an
AmtB-independent fashion (Figure 2F).

The initial rapid uptake of MA in the wild-type strain is not
seen in GT1000 (Figure 2B), or in GT1001 and GT1004 (results

not shown). In ET8004, which lacks GS and therefore cannot con-
vert [“CI]MA into ["“C]methylglutamine, an initial rapid uptake
occurs that is identical with that seen in the wild-type strain,
but, after 30 s, the intracellular level of [*C]MA remains con-
stant (Figure 2C). Although there is an increase in radioactivity
counts in the absence of washing (Figure 2B), this is probably
due to non-specific association with the biomass. If it was due to
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diffusion of methylamine across the membrane, it should increase
with increasing external pH, but we saw no change when the
experiment was carried out at various external pH values (results
not shown). We could detect methylamine diffusion by measuring
the trapped methyglutamine in a washed assay of an am?B mutant
(GT1000) at various pHs. However, the levels are negligible,
amounting to only 3% of the total under these conditions
(compare Figures 2B and 7A). AmtB-independent accumulation
of MA can become significant at very high, but non-physiological,
external MA concentrations, such that, at 2 mM MA, this accounts
for approx. 30 % of total MA assimilation (see Figure 4).

For clarification, we subtracted the data for GT1000 from that
for ET8000 and ET8004, thereby obtaining a direct comparison
of AmtB-dependent uptake in the presence or absence of GS (Fig-
ure 2D). Initial MA uptake is equivalent in wild-type and g/lnA~
strains and therefore reflects AmtB-dependent movement of MA
across the membrane (see Figure 1). After 30 s, the MA level in
the g/lnA~ strain does not change, whereas, in the wild-type strain,
accumulation continues at a linear rate, indicating conversion
of MA into methylglutamine. Identical rates of methylglutamine
accumulation are seen in both the washed [0.093 nmol - min~' -
(mg of dry weight)~'] and unwashed [0.086 nmol - min~" - (mg of
dry weight)~'] assays, consistent with the interpretation that this
accumulation reflects the activity of GS in both cases (Figure 2D).

An independent demonstration of the role of GS can be provided
by the use of GS inhibitors. The inhibitors MSX (L-methionine-
S-sulphoximine) and MSF (L-methionine sulphone) are analogues
of the tetrahedral intermediate formed in the course of glutamine
synthesis by the reaction of ammonia with enzyme-bound y-
glutamyl phosphate. We found that MSF is a much more effective
inhibitor of E. coli GS activity in vivo than MSX (results not
shown). In washed assays, methylglutamine accumulation was
progressively inhibited with increasing MSF concentration, such
that the maximum inhibition (approx. 80 %) was achieved at
above 20 uM MSF (Figure 3A). In unwashed assays, 20 uM MSF
produced an identical accumulation curve in the wild-type
(ET8000) to that seen in the g/nA strain ET8004 in the absence of
MSF (Figure 3B). Addition of 20 ©M MSF to ET8004 or GT1000
had no effect. These results substantiate the proposition that MA
uptake occurs in two phases, the first of which is AmtB-dependent
and the second of which is a consequence of GS activity.

Kinetics of ['*Clmethylglutamine accumulation

Previous studies of GS have been either in vitro with the purified
enzyme [21] or in vivo using E. coli cells treated with the deter-
gent hexadexyltrimethylammonium bromide to render the cells
permeable to the reactants [22]. Using washed assays, we are
able, for the first time, to assess the in vivo activity of GS without
permeablizing the cells. We determined rates of ["*C]methyl-
glutamine accumulation for ET8000 and GT1000 grown at
pH 7.25, over a substrate concentration range of 10 M to 2 mM.
We confirmed that, even at 2 mM [“C]MA, the washed assay
measures only ["“C]methylglutamine accumulation, and not
methylamine diffusion across the membrane, because the level
of *C measured in ET8004 does not increase from 10 uM to
2mM [“C]MA (results not shown). The GS activity measured
in ET8000 is saturable and follows Michaelis—Menten kinetics
(Figure 4). From a Hanes—Woolf plot of the data, we determined
an apparent V. of 1.5 nmol - min™" - (mg of dry weight)™' and a
K., of 380 uM. In further support of the argument that the washed
assay measures GS activity, the Arrhenius plot for data from a
washed assay was linear from 4 to 37°C with an E, (activation
energy) of 14.1 kcal-mol™' (see Supplementary Figure 2S at
http://www.BiochemJ.org/bj/390/bj3900215add.htm). This may
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Figure 3 Effects of the GS inhibitor MSF on [*CIMA uptake

(A) Inhibition of GS by MSF. GS activity was measured by calculating the slope of the curve
for ["*CImethylglutamine accumulation in washed assays from time points at 30, 120, 180 and
240 s with or without MSF pre-treatments. MSF (1-100 M) was added to cultures 4 min before
starting the transport assays by adding ['*C]MA. Results are expressed as percentage inhibition
compared with the activity in the absence of MSF, and are means + S.D. (n = 4). (B) Effect of
MSF on MA uptake measured in unwashed assays. ET8000 (wild-type) without pre-treatment
(<), or pre-treated for 4 min with 20 M MSF (@), ET8004 (g/nA-) (CJ), GT1000 (g/nK~
amtB~) (A). Results are means + S.D. (n=4).

be compared with a previous independent in vitro calculation of
the E, for E. coli GS of 18.3 kcal - mol~' [23].

The linear kinetics observed for MA assimilation in GT1000
(Figure 4) could be due to methylamine diffusion across the mem-
brane and its subsequent assimilation by GS, or to protein-
mediated, AmtB-independent MA accumulation. This process
accounts for 3 % (at 20 uM MA) to 30 % (at 2 mM MA) of total
MA assimilated.

AmtB acts as an NH; channel

The unwashed assays shown in Figure 2(D) used a starting
external concentration of 20 uM MA at pH 7.25, and, in the
absence of GS, the internal MA concentration reached a steady
state level of 0.3 nmol - min~! - (mg of dry weight)~! within 30 s.
Using ET8004 and GT1000, we investigated how this internal
steady-state MA level changed when the external concentration of
MA was varied. Both strains showed a completely linear depend-
ence over a range of external MA concentrations from 10 uM
to 2mM (Figure 5). As discussed above, MA accumulation in
GT1000 is due to a combination of non-specific association with
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Figure 4 In vivo kinetics of GS activity

GS activity was measured by calculating the slope of the curve for [*CImethylglutamine accu-
mulation in washed assays from time points at 30 s, and 2, 3 and 4 min over a ['*CIMA concen-
tration range of 10 M to 2 mM. Accumulation was measured in GT1000 (@) and ET8000 (O).
Data was fitted to Michaelis—Menten kinetics using Prism version 3.02 software (GraphPad).
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Figure 5 Kinetics of ['*CIMA uptake based on unwashed assays

The AmtB-dependent accumulation of ["*CIMA at equilibrium was determined by calculating the
mean level from time points at 30, 120, 180 and 240 s in ET8004 (g/nA~) (1), GT1000 (glnK~
amtB~) (A\), and data were derived after subtraction of accumulation measured in GT1000 from
that measured in ET8004 (O). A concentration range of 10 .cM to 2 mM MA was used with the
unwashed protocol. Results are means + S.D. (n=4).

the biomass, diffusion, and AmtB-independent accumulation. The
subtraction of these data from those for ET8004 (Figure 5)
indicates that the internal MA concentration reaches an AmtB-
dependent equilibrium within 30 s of the addition of MA to the
external medium in a manner that is completely consistent with
AmtB acting as a channel.

Membrane proteins that function as channels rather than as
transporters can also be readily distinguished by their E,. Chan-
nel proteins such as aquaporins have an E, of < 5 kcal - mol~! [24],
whereas the E, of transporters fall in the range 11-27 kcal - mol™
[25]. Furthermore, the E, for NH; permeability through a cell
membrane is also relatively high at 11.7 kcal - mol™' [26]. Using
unwashed assays, we determined the E, for AmtB activity.
The Arrhenius plot was linear from 4 to 37°C with an E, of
1.6 kcal -mol™"! (see Supplementary Figure 2S at http://www.

BiochemlJ.org/bj/390/bj3900215add.htm), strongly supporting
the proposition that AmtB functions as a channel.

Using estimates of the cell volume of 1 um® (measurements
determined from electron microscopy of thin sections of cells
grown in M9GIn medium) and of cellular dry weight of 3.6 x
107" g-cell™!, we calculated a cell volume of approx. 3 ul - (mg
of cellular dry weight)™". The data from Figure 5 (mean from 12
external MA concentrations) was then used to calculate the
relative accumulation (internal/external), giving a ratio of 3.9 +
0.6. In principle, if AmtB acts as a channel through which NH,*
(or the analogue [*C]MA in our experiments) is driven by the
membrane potential AW, then, with a AW of 140 mV [27], we
would expect a substrate concentration gradient of 200-fold. Such
a concentrative effect is not observed (indeed the calculated ratio
is relatively close to unity), and our in vivo data are therefore
consistent with the model from the X-ray structure of AmtB
[15,16], namely that the species conducted by AmtB is NH;.

AmtB activity is independent of the membrane potential and of ATP

Previous studies using protonophores, such as CCCP (carbonyl-
cyanide m-chlorophenylhydrazone) or 2,4-dinitrophenol have de-
monstrated inhibition of MA uptake in washed assays and have
concluded that Amt activity is dependent on the AW [9,28,29]. In
E. coli, CCCP has pleiotropic effects on cellular metabolism, such
that although 5 uM CCCP is sufficient to completely dissipate the
AW, 50 uM CCCP causes a fall in the intracellular ATP pools to
35-50% of that in untreated cells within 45 s of addition [27].
Using washed assays, methylglutamine accumulation was in-
hibited almost completely by addition of 40 uM CCCP. In un-
washed assays, 40 uM CCCP produced an identical accumulation
curve in the wild-type strain with that seen in the g/nA~ strain
ET8004 in the absence of CCCP (Figure 6A). These data are
consistent with an indirect effect of CCCP on GS activity, as
a consequence of lowering the ATP pool, and demonstrate that
AmtB-dependent uptake is not dependent on ATP. However,
10 uM CCCP, which should completely dissipate the AW, had no
effect on GS activity, as measured by methylglutamine accumu-
lation in washed or unwashed assays, nor on AmtB-dependent
MA -uptake activity in both ET8000 and ET8004 (Figure 6B).
These data substantiate the proposal that E. coli AmtB function
is independent of AW.

pH-dependence of MA uptake by AmtB

The pK, for MA/methylamine is 10.25 and, consequently, avail-
ability of methylamine varies strongly with pH, such that an
increase of 1 pH unit will lead to a 10-fold increase in the methyl-
amine concentration. We therefore investigated how AmtB-
dependent MA accumulation varied if the external pH was 6.25,
7.25 or 8.25.

Initially, we measured MA assimilation in an amtB~ mutant
(GT1000). The rate of MA assimilation increased by a factor of 2.7
between pH 6.25 and 7.25 and a factor of 6.4 between pH 7.25 and
8.25 (Figure 7A). Hence, we do observe a pH-related increase, but
not of the theoretically expected magnitude. Such discrepancies
with respect to the movement of ammonia across membranes
have been observed in other systems [26] (see the Discussion).
We then used unwashed assays to determine the pH-dependence
of AmtB activity at the same three pH values. There was no signifi-
cant difference in MA equilibration between pH 6.25 and 7.25,
and the equilibration level increased by only a factor of 3.8
between pH 7.25 and 8.25 (Figure 7B). Hence, the intracellular
AmtB-dependent MA accumulation does not depend only on the
concentration of the uncharged species in the bulk solution as
implied by Soupene et al. [13].

© 2005 Biochemical Society
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Figure 6 Effects of the protonophore CCCP on ['*CIMA uptake

Unwashed assays in which CCCP, at (A) 40 M or (B) 10 «M, was added to cultures 3 min
before the addition of ['*CIMA. ET8000 (wild-type) without pre-treatment (<), or pre-treated
with CCCP (@), ET8004 (g/nA~) without pre-treatment (C7), or pre-treated with CCCP (),
GT1000 (g/nK~— amtB~) (A). Results are means + S.D. (n=4).

Inhibition of MA uptake by ammonium

In previous studies using washed assays of [*C]MA uptake by a
variety of Amt proteins, inhibition by ammonium has often been
used to determine a K; for ammonium that has been interpreted
as being equivalent to the K, of the relevant Amt protein for am-
monium [20]. We have now shown that such an approach in E. coli
would actually measure the K; for ammonium of GS and, con-
sequently, inhibition studies of AmtB require the use of unwashed
assays.

Data from unwashed assays at 22 °C suggested that a 5 s time
point is just within the linear phase of AmtB-dependent MA
uptake (Figure 2), but, to examine this further, we carried out
washed and unwashed assays at 7 and 16°C in strain ET8004
(see Supplementary Figure 3S at http://www.BiochemlJ.org/bj/
390/bj3900215add.htm). The time to reach equilibration of MA
varied inversely with the temperature, and it was apparent that at
7°C we see true kinetics up to 30 s; at 16°C, the 10 s time point
is within the uptake kinetics, and therefore at 22°C, the 5 s time
point is a reasonable measure for the initial uptake.

Using 20 uM [“C]MA, we determined the amount of ['*C]MA
accumulated after 5 s and the effects of this accumulation on the
coincident presence of ammonium at concentrations varying from
0.01 uM to 2 mM. For each condition, we compared ET8004
and GT1000. [“C]MA uptake was inhibited significantly at
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Figure 7 Effect of pH on [*Clmethylglutamine accumulation and [*CIMA
uptake

(A) ["*CIMethylglutamine accumulation measured in using washed assays in GT1000 (ginK~
amtB-) at pH 6.25 (0), 7.25 (O) and 8.25 (<). (B) [ CIMA uptake measured using unwashed
assays in ET8004 (amtB~) at pH 6.25 (M), 7.25 (@) and 8.25 (). Cells were prepared as
described in the Experimental section, but re-suspended in the final M9 minimal medium
buffered at the desired pH using 0.2 M Tris/maleate buffer.

0.4 uM ammonium and, with 8 M ammonium, the uptake level
was equivalent to that in GT1000 (Figure 8). The ammonium-
inhibition profile in ET8004 was not significantly different from
that in ET8000 or the glnK~ strain, GT1002 (results not shown).
Hence, MA equilibration by AmtB is significantly inhibited by
ammonium, suggesting that the two substrates compete for initial
binding to the periplasmic face of the protein.

DISCUSSION
AmtB function is coupled to ammonium assimilation

It has been recognized by some authors that the in vivo analysis
of Amt-mediated transport of the ammonium analogue [*C]MA
using washed filter assays potentially compounds the processes
of transport and metabolism [13,28]. Nevertheless, the unwashed
assay protocol devised by Jayakumar and Barnes [19] has not
been widely adopted. This technique allows direct measurement
of the kinetics of MA uptake through AmtB and its separation
from assimilation by GS. We have now demonstrated that, in
E. coli (and, by analogy, potentially in other bacteria), the washed
assay of [*C]MA uptake measures [“C]MA assimilation by GS
and consequently kinetic parameters determined in this way do
not relate to AmtB.
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Figure 8 Inhibition of ["*CIMA accumulation by ammonium in unwashed
assays

The level of [*CIMA accumulation was measured 5 s after addition of the substrate. [*CIMA
(20 M) was used with ammonium (0.01 .M to 2000 M) added at zero time. ET8004 (g/nA-)
(OJ), GT1000 (g/nK~ amtB~) (A). Results are means + S.D. (n=4).

Table2 K, values for GS

In vitro In vivo
Organism K- -+ MA (mM) Ammonium (M) MA (M)
E. coli 79* 79* 380+
100%
A. vinelandii 78§ 89§ 25]|
1509

References: *[21], Tpresent study, £[301, §{31], ||[33], 9[32].

Previous studies examined the in vitro affinity of GS from E. coli
and Azotobacter vinelandii for both MA and ammonium [21,30—
32]. The K, of 380 uM determined in our studies is the effective
in vivo K, of E. coli GS for MA and the equivalent in vivo K,
for A. vinelandii GS was calculated previously [33]. When these
data are compared, it is very apparent that the results determined
independently for the two organisms are remarkably similar and
that there is a very large difference between the K,;s of GS for
MA in vivo and in vitro in both organisms (Table 2). Furthermore,
there is an approx. 1000-fold difference between the in vitro K,
of the enzyme for ammonium and MA. The in vivo K, of GS for
ammonium has not been determined and, as mentioned above,
such studies have traditionally utilized permeabilized cells [22].

In summary, the substrate affinity of GS is significantly greater
when determined in vivo than when calculated in vitro using the
purified enzyme, and a possible explanation for this discrepancy
is that the function of GS can, at least in some circumstances, be
closely coupled to that of AmtB. In keeping with this concept,
we have shown that, in E. coli, significant amounts of GS are
membrane-bound, although in an AmtB-independent fashion
(Figure 2), and, in A. vinelandii, 30 % of GS activity was found
to be membrane-associated [32].

This proposed mechanism of AmtB action is reminiscent of the
glycerol channel GIpF (glycerol facilitator). Although the channel
properties of GIpF can be characterized when the protein is
heterologously expressed in Xenopus oocytes [34], in vivo GlpF

functions in concert with GlpK (glycerol kinase) which traps
glycerol inside the cell as glycerol 3-phosphate [35]. In vivo
studies suggest that GlpK may interact with GIpF to facilitate
glycerol transport, although no interaction between the two
proteins has yet been demonstrated [35].

In principle, if metabolic coupling of AmtB to GS occurred,
we might expect that there would be little or no free ammonium
pool in the cell and hence no significant difference between the
uptake profile in washed and unwashed assays. However, it is
important to note that the assays reported here all employ the
ammonium analogue MA rather than ammonium itself. MA is a
poor substrate for GS and our ammonium-inhibition data indicate
that it is also less effective than ammonium as a substrate for
AmtB. Consequently, MA is a poor analogue for ammonium both
biochemically and physiologically.

The use of ['"*C]MA is also non-physiological in other respects.
Post-translational inhibition of AmtB activity is mediated by
interaction with GInK and occurs in response to external am-
monium concentrations of 10-100 uM, consistent with a role
for AmtB in scavenging low concentrations of ammonium [6].
Consequently, AmtB is unlikely to facilitate ammonium uptake
at concentrations above ~ 100 ©M. However, unlike ammonium,
MA does not promote deuridylylation of GInK (A. Javelle and
M. Merrick, unpublished work) and, consequently, high levels
of MA do not lead to GInK-dependent inactivation of AmtB. As a
result, we can measure ["*C]MA uptake at external concentrations
of 2 mM or more (see Figure 4).

AmtB functions as a channel

A number of different experimental approaches reported in the
present paper indicate that E. coli AmtB acts in vivo as a channel.
The intracellular MA concentration reaches an AmtB-dependent
equilibrium within 30s of the addition of MA to the external
medium. AmtB function is independent of the AW and of the
intracellular ATP pool. The E, of AmtB is characteristic of a
channel, not a transporter, and is similar to that of aquaporins.

Our experiments using different external pH conditions show
that AmtB does not thermodynamically equilibrate NH; between
the extracellular bulk solution and the cytoplasm as implied by
Soupene et al. [13]. It is well recognized that adjacent to the
membrane is a so called ‘unstirred’ layer that acts as a diffusion
barrier and in which the chemical conditions deviate substantially
from conditions in the bulk extracellular solution [36,37]. As a
consequence, pH changes in the bulk solution are not directly
reflected in the immediate vicinity of the membrane. We observed
a marked increase in MA equilibration when the extracellular pH
was increased from pH 7.25 to 8.25, but not of the magnitude
expected if this were to reflect the concentration of the uncharged
species in the bulk solution. Very similar phenomena have been
reported by others studying the permeability of lipid bilayer mem-
branes to a variety of weak bases, including ammonia [26,36].
We therefore suggest that our in vivo data are compatible with the
model derived from the X-ray crystal structures of AmtB in which
NH," is bound in the periplasmic vestibule and deprotonated
before the equilibration of NH; through the channel [15,16].
If ammonia conduction involves binding of NH," followed by
subsequent deprotonation, then ammonium might be expected to
compete with MA and to inhibit MA uptake [15], and indeed
our data (Figure 8) confirm that such competition does occur at
approx. 1 uM ammonium.

Although it is attractive to extend the channel model for AmtB
to other members of the Amt/Rh family [15], this remains to be
proven, although recent studies have shown that RhAG also
acts as an NH; channel [17]. Current data on other systems are

© 2005 Biochemical Society
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inconclusive, but those studies may not be discrepant because, as
shown by the CIC protein family, the same molecular architecture
can support either a channel or an active transport mechanism.
The eukaryotic CIC-0, 1 and 2 proteins are Cl™-selective channels,
while E. coli CIC-ecl is a secondary active transporter [38].

Based on a variety of in vivo data, Zheng et al. [16] estimated
that AmtB might move ammonia at a rate of only 10-10000 mol-
ecules/s per channel compared with the rates of 103-10° ions
or molecules/s that typify ion channels that operate close to the
diffusion limit. Our in vivo data are consistent with AmtB acting
as a slowly conducting channel, such that, at 22°C, equili-
bration of MA takes a number of seconds and, at 7°C, it takes up
to 2 min (see Supplementary Figure 3S at http://www.Biocheml].
org/bj/390/bj3900215add.htm). Furthermore, the fact that the
protein apparently contains a binding site for NH,* would pre-
dictably reduce the turnover to a few events per s [39].
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