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to limit futile cycling of NH, /NH;
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The nature of the ammonium import into prokaryotes has been controversial. A systems biological
approach makes us hypothesize that AmtB-mediated import must be active for intracellular NH;
concentrations to sustain growth. Revisiting experimental evidence, we find the permeability assays
reporting passive NH; import inconclusive. As an inevitable consequence of the proposed NH; trans-

port, outward permeation of NH; constitutes a futile cycle. We hypothesize that the regulatory pro-
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tein GInK is required to fine-tune the active transport of ammonium in order to limit futile cycling

whilst enabling an intracellular ammonium level sufficient for the cell’s nitrogen requirements.
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1. Introduction

Until around 25 years ago, cell membranes were thought to be
fairly permeable to small hydrophilic substances. Since then we
have learned that any such permeability is not enough for the high
metabolic fluxes that living organisms maintain. Even glycerol and
water have been reported to use transport systems in certain tis-
sues. Here we address the transport by the AmtB protein of ammo-
nium,! which has often been thought to permeate as the NH; gas.
For the bacterium Escherichia coli ammonium is the preferred nitro-
gen source [1].

The protonation and deprotonation of NH3 is extremely fast and
therefore NH; and NH; concentrations are in equilibrium in aque-
ous compartments. If the sum of NHs; and NH;, the pK (9.0 at 37 °C
[2,3]) and the actual pH are known, the NH; and NHj concentra-
tions can be calculated individually. At neutral to acidic pH, NH;

* Corresponding author. Address: Section of Molecular Cell Physiology, Nether-
lands Institute for Systems Biology, Faculty of Earth and Life Sciences, VU University
Amsterdam, de Boelelaan 1085, NL-1081 HV Amsterdam, The Netherlands. Fax: +31
20 59 87229.

E-mail address: fred.boogerd@falw.vu.nl (F.C. Boogerd).

! In this paper, we will use the term ‘NH(, when the nature of the molecular
species is not relevant, but will write NH; and NHs; when the protonation state is
important. The term ‘nitrogen’ (N) will be used to refer to the element nitrogen.

dominates (>99%). We shall show that at acidic to neutral pHs
the default route of ammonia-gas permeation would not suffice
for cell growth and discuss the controversial alternative of NH;
transport driven by the membrane potential and blocked by GInK.

2. Mere passive diffusion of NH; may be insufficient for growth
at low to neutral pH and low NH,,

Because some 14% (w/w) of cell dry weight is nitrogen and
there is some 2 ml cytoplasm/g dry weight, a specific growth rate
of 1.0 h™! requires an N assimilation flux of

0.148N . 101
—142’{{ .zﬁ‘“ ~1.4mM/s [4].

mol N g DW

Using [NHSY] — [NHI] —J=biomass - Vel

PNH3 'Acell
Veell /Acell = Teen/3 ~ 1/6 pm for a sphere of radius r (and somewhat
more of a cigar-like E. coli) and P for NH; of 1000 um/s, we calcu-
late that an NH3 transmembrane concentration difference in excess

2 Experimentally a wide range of NH3 permeabilities of liposomal membranes has
been observed, ranging from 0.5 to 2000 um/s; the variation may be partly due to
differences in the experimental Ts from 10 °C to ‘room temperature’ [5-8].
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of 0.2 uM is required to sustain growth. At pH 7 this corresponds to a
20 uM NH(, concentration difference. This implies that growth
of microorganisms at extracellular NH, concentrations below
0.02 mM at pH 7 and below 2 mM at pH 5 cannot really be supported
by unfacilitated membrane permeation of NH3. Growth of an amtB~
mutant has been reported to be hampered at NHy, concentrations
below 1 mM at pH 5 [9] which is thereby just beyond the maximum
capabilities of passive NHs diffusion.

3. Facilitated diffusion of NH; is not good enough either

Recent structural and activity assay data have been taken to
suggest that NH; is bound at a high-affinity binding site in a peri-
plasmic vestibule of the E. coli AmtB carrier protein, deprotonated
before it migrates as NH3 through a hydrophobic channel, and re-
protonated and released as NH; in the cytoplasm [7,10]. This mode
of transport constitutes catalyzed but passive permeation (Fig. 1,
mechanism i). The experimental evidence (but see below) suggests
that if there is any such carrier mediated transport it does not
speed up the transport rate of NH; by more than a factor of 10. If
P is taken to be 1000 pum/s, this would help to reach the required
transport rate of NHs. However, even if the transmembrane passive
flux were fast enough, the facilitated ammonia diffusion mecha-
nism would still not be able to explain growth at such low concen-
trations (10-50 M) of ammonium, because the intracellular
ammonium concentration would not become high enough. Be-
cause the sole driving force would be the NH; gradient, the only
way for NH(,) to accumulate relative to its concentration in the
external medium is by so-called acid trapping. Since E. coli’s pH®
is approximately 7.5, NHy can only be trapped in the cytosol if
pH°"*> 7.5. However, common growth media have a pH of 7.0-
7.5 (see Table 1) and E. coli does grow at pHs much lower than 7.0.

At neutral pH®", AmtB is present only at low external NH(y, con-
centrations, i.e. <10 uM [9,11]. At 10 uM NH) and a pHI" of 7.5,
and assuming uptake of NH; via passive or facilitated NH3 perme-
ation, the intracellular NH; concentration will have been at most
3 uM. The Ky of glutamine synthetase (GS) for NH; is 100 pM
[12-14], and the other enzyme capable of N assimilation, gluta-
mate dehydrogenase (GDH), has an even higher Ky for NH;
(2000 pM) [15,16]. Would metabolic trapping of NH, suffice?

The answer to this question comes from a systems biology mod-
el [4] of E. coli’s nitrogen assimilation network, based on kinetic
characterization in vitro of its components, including the signal
transduction cascades (ATase and UTase) and the regulatory pro-
tein GInB. Implemented with protein and enzyme levels pertaining
to cells growing under nitrogen-limitation this model showed that
at least 45 uM of intracellular NH; is required to sustain the nitro-
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Fig. 1. Three AmtB-mediated mechanisms for NH(y) transport. The blue rounded
rectangle represents the AmtB carrier. Mechanism (i): facilitated transport of NHs;
mechanism (ii): facilitated transport of NH,, which corresponds to active transport
of NH3; mechanism (iii): active transport of NH; where NH; and the symported H*
follow separate routes in space or time. Note that although at first glance it can
appear that in mechanism (i) a proton leaves the cell for each NH; entering there is
no movement of protons across the membrane and the mechanism is not an
electrogenic antiport.

Table 1
Concentrations of NH; and NH; inside and outside cells as a function of the inside and
outside pH.

pHout Nngt + NHX.out NH:Om Nngt _ NHi3“ NHZ'm NHign + NHI"“
(mM) (mM) (mM) (mM) (mM)

4.0 10 10 0.0001 0.003 0.003

4.5 10 10 0.0003 0.01 0.01

5.0 10 10 0.001 0.03 0.03

55 10 10 0.003 0.10 0.10

6.0 10 10 0.01 0.32 0.33

6.5 10 10 0.03 1.0 1.0

7.0 10 9.9 0.1 3.1 32

7.5 10 9.7 0.3 9.7 10

8.0 10 9.1 0.9 29 30

85 10 7.6 24 76 78

9.0 10 5.0 5.0 158 163

The total NH(y, concentration outside cells was set at 10 mM. The pK of NH, inside
and outside was taken to be 9.0 and the pH inside was set at 7.5. The hypothetical
cells only allow permeation of NH; (AmtB is absent) and do not assimilate nitrogen.
The table shows the inside and outside distribution of NH; and NHj at varying
pHOL\tA

gen assimilation flux needed for a specific growth rate of 0.35 h™ .
Thus the intracellular NH] concentration required for growth by
the model was at least 15-fold higher than the maximum concen-
tration of intracellular NH, (3 pM) achievable by passive or facili-
tated NH; permeation, independent of the rate at which this would
occur.

4. Active uptake of NH; would sustain the growth at low pH and
low extracellular NH,) concentrations

This discrepancy between the experimental and the modeling
observation could be due to at least four factors: (a) The Ky of
GS for NHj is much lower than the reported value of 100 pM. Con-
sidering the high intracellular glutamate concentration (75 mM)
under N-limited growth conditions [11,17], the effective Ky, should
even be higher (+200 uM) [12]. In addition, the BRENDA database
[18] reveals that most of the available Ky values for NH; in other
prokaryotes are above 50 uM. (b) The experimentally determined
maximum capacity of GS is underestimated. However, the mea-
sured expression levels (3% mass/mass of total protein) and maxi-
mal capacities of GS are already quite high (10 mM/s). (c)
Channeling occurs between AmtB and GS. Although significant
amounts of GS are membrane-bound, this membrane association
occurred in an AmtB-independent fashion [19]. (d) Uptake of
NH;s does not occur via facilitated permeation, but through active
transport. It is this possibility that we shall entertain further.

5. Our hypothesis

We hypothesize therefore that, at low external NH ) concentra-
tions, AmtB-mediated NH,, transport must be active (i.e. active
transport of NHj3 or facilitated diffusion of NH}) to enable intracel-
lular NH; concentrations to attain levels sufficient to sustain the
biosynthetic nitrogen assimilation flux required for growth.

6. The existing evidence for permeation of NH(,) as NH3, i.e. the
evidence to the contrary of our hypothesis

Our hypothesis is inconsistent with the almost complete con-
sensus that nitrogen moves as NH;3 through the AmtB channel
[7,10], based on structural and activity data. On the basis of the
X-ray structure of AmtB that was determined by two groups inde-
pendently, both groups recognized a narrow hydrophobic channel
in the protein monomer. The channel would not contain any water
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Fig. 2. Futile cycling of NH; /NH; and interaction between AmtB and GInK. The blue rounded rectangle represents the AmtB carrier. (A) Mechanisms (ii) and (iii) are
combined in one scheme featuring active transport of ammonium. Intracellular accumulation of NH; and NHj is indicated by an increased font size. Passive outward
permeation of NH; is denoted by the longest arrow. After protonation of NH3, NH; will again be actively taken up via AmtB. This futile cycling goes on until NH; gets
incorporated into glutamine. (B) The brown triangle represents GInK. It physically blocks the exit of NH(y) from the cytoplasmic side of AmtB into the cytoplasm.

molecules, but might contain a single file of NH; molecules [7].
However, a recent X-ray crystallographic study suggests that it
could also be filled with water molecules [20,21]. Also, X-ray struc-
tures reveal molecules such as water and NH5 that are bound stat-
ically, but may not do so when they are bound dynamically. Solute
transfer in transporter proteins is known to be a dynamic process.
The conditions of crystallization lack the extremely high electric
field corresponding to a 150 mV membrane potential. Membrane
potentials of this magnitude have been observed to change the
spectral dynamics of bacteriorhodopsin, probably reflecting struc-
tural changes [22]. Any NH, channel should operate only at high
membrane potentials. Indeed, activity data are needed for more
definitive conclusions: Neuhduser et al. [23] demonstrated that
of two paralogous ammonium transporters from Arabidopsis, with
expected structural similarity, one transported NH; and one NHs.

Khademi et al. [7] incorporated AmtB into liposomes loaded
with a pH indicator and 20 mM HEPES (pH 6.8) and then mixed
the liposomes with 5 mM NH4CI. They reported an increase in the
intraliposomal pH, relaxing with a rate constant of 1167, i.e. 10
times faster than in the corresponding experiment with liposomes
without protein reconstituted into them.? They took this alkaliniza-
tion to reflect NH; entry and subsequent protonation to NH;. How-
ever, this experiment may not discriminate between NH3 and NH;
transport. When measuring ion transport across a liposomal mem-
brane by measuring the chemical activity of the ion, one must ensure
that there is sufficient permeability for other ions to dissipate the
electric transmembrane potential that will arise (cf. [26]). Khademi
et al. [7] had no readily permeant counterions in their medium at sig-
nificant concentrations. Consequently, movement of NH; through
AmtB would have been hindered by the rising membrane potential,
which would cause outward movement of protons leading to the
same internal alkalinization as they found indicative of NH3 trans-
port. Had the authors added ammonium thiocyanate then the alka-
linization might not have been observed. In addition, the
experiments lacked controls such as with inactive AmtB mutant pro-
tein, or demonstrating of saturability: The Ky for NH] that can be cal-

3 We are afraid that based on the primary data shown in this paper, we cannot
reproduce this factor of 10, i.e. 116/13. We calculate a factor of 2, i.e. 28/13, only, if we
fit the data for the proteoliposomes with a mono-exponential. Although the authors
did not specifically mention how the fitting was done, this is what a single rate
constant implies. However, in our hands, the fit was not very good; in contrast, a close
fit was obtained with a double-exponential, featuring an initial fast k of 60 s~' and a
second slow k of 13 s~1. Two papers on the homologous rhesus factor RhCG, the first
of which is by the same group, conclude to a rate constant of 23 s~! and not the
>100s~! claimed here [24,25]. The k=23-curve in Fig. 4a of Gruswitz et al. [24]
virtually coincides with the k = 116-curve of Fig. 5 in Khademi et al. [7].

culated from the data given in [7] amounts to 400 uM, which is 50-
fold higher than the concentration (8 M) that gives complete inhibi-
tion of methylamine uptake in vivo [19], again suggesting that Kha-
demi et al. [7] may not have been looking at the physiologically
relevant transport mode. Indeed, in a systematic effort to reproduce
the experiments of Khademi et al. [7], Javelle et al. [8] failed to ob-
serve a significant difference in the internal alkalinization rate be-
tween the proteoliposomes and the protein-free liposomes.

7. Evidence in favour of active transport of NHj3, i.e. in favour of
our hypothesis

At least for some homologous, plant Amts, electrogenic
transport of NHs was shown convincingly by current measure-
ments [27,28]. Studies with AmtB variants, including plant’s, were
not thought to be compatible with NH; as the permeant species
[23], but net electrogenic transport was not always ruled out
[29]. Methylammonium uptake studies with E. coli [30] and
Corynebacterium glutamicum [31] provided evidence for Amt-med-
iated electrogenic transport. Although active transport in the form
of an NH; uniport system (Fig. 1, mechanism ii) seemed not very
likely considering the available evidence, an NHs/H" symport
mechanism might constitute a plausible electrogenic mode of
transport in bacterial AmtB (Fig. 1, mechanism iii). After dissocia-
tion of NHy, the released proton might move separated from NH;
in space or time through the AmtB channel [21]. Provided that
the two transports would be coupled [the mechanism for which
is unclear at present], such an NHs/H* co-symport mechanism
would correspond to active transport driven by the NH;3 gradient
plus the proton-motive force. Fong et al. [30] who showed that a
single amino acid substitution at the periplasmic interface of AmtB
(W148L) greatly increased the active uptake of methylamine in a
protonophore sensitive manner, also demonstrated active trans-
port of methylamine by the wild type AmtB, supporting our
hypothesis.

8. A problem generated by NH; transport: futile cycling of
NH, /NH;

Active transport of NH; comes at a price: combined with pas-
sive outward NHs; permeation it constitutes a futile cycle
(Fig. 2A) that wastes Gibbs energy. Since the membrane potential
is around 150 mV [32], in principle the concentration of NHy,
inside the cells could reach around 300-times the external concen-
tration, assuming an infinite uptake rate. In a medium with a pH of
7.5 and a constant NHy concentration of 10 pM, the cytosolic



26 F.C. Boogerd et al./FEBS Letters 585 (2011) 23-28

NHy concentration would then be some 3 mM. An outward NH;
gradient of around 90 pM would exist. Under this theoretical con-
dition and at P =200 pm/s, futile cycling would occur on a huge
scale: the cycle number we calculate is 77 molecules flowing out-
ward for each 78 flowing inward if u is maintained at 0.1 h™".

How would the cell manage to live this dangerously? We pro-
pose that GInK is the answer.

9. The second part of our hypothesis

The second part of our hypothesis postulates that the regulatory
protein GInK fine-tunes the active AmtB-mediated uptake of NH3
from full activity to no activity at all so as to balance the trade-
off between [negative effects of] futile cycling and [positive effects
of a high] intracellular NH,, level.

10. Evidence for our second hypothesis

In most eubacteria and archaea, the ginK and the amtB gene
form an operon [33,34]. During growth with excess NH, as the
N-source, the operon is not expressed [35]. When NH) was
reduced to low levels, AmtB and GInK expression became apparent
[9,11,36-39]. The operon is also transcribed when E. coli
(Salmonella typhimurium) grows in a medium with glutamine or
arginine as the single N-source [11,35,36,40]. The evolutionary
conservation of the ginK-amtB gene pair could be understood if
NH(y) transport is regulated by GInK [39,41-43]. Trimeric GInK
forms a stable 1:1 complex with trimeric AmtB [43], reversibly
interacting via the T-loop of the former. The tip of the T-loop in-
serts deeply into the cytoplasmic pore exit, thereby presumably
blocking conduction [44] (Fig. 2B). The inactivation may occur
within seconds and in response to micromolar changes (10-
200 pM) in the extracellular NH ) concentration [19,39,45]. In re-
sponse to low intracellular glutamine levels, which is indicative
of severe N-limitation, GInK is uridylylated at a tyrosine residue
(Y51) in the T-loop [39]. Because uridylylated GInK cannot bind
to AmtB, NH(, uptake is then not hampered. In vitro and in vivo,
ADP favours complex formation between un-uridylylated GInK
and AmtB, whereas MgATP and o-ketoglutarate can replace ADP
on GInK leading to dissociation of the GInK-AmtB complex
[43,45,46]. Under N-limiting conditions a-ketoglutarate accumu-
lates [45], up to 10 mM [17]. Upon a sudden NHy pulse, a-ketoglu-
tarate decreases to submillimolar levels within a few minutes
[17,45] and full inhibition of AmtB by GInK should take place.

In view of the above conditional and partial inhibition of AmtB
by GInK, we propose that GInK’s cellular function is to prevent the
unnecessary use of the proton-motive force for NHj; uptake.
Depending on the conditions, two cases can be distinguished here:
(1) minimisation and (2) complete prevention of the use of the pro-
ton-motive force. At a constant and low level (say 10 uM) of NHx),
active transport via AmtB should be constrained by GInK such that
the cost of futile cycling is adapted to the benefit of a higher cyto-
solic NH; concentration in order not to waste Gibbs energy. If NH3
is taken up in symport with one proton (0.33 mol ATP-equivalent)
and if GInK action constrains AmtB activity such that it results in a
lower cytosolic NH; concentration (but high enough to maintain
growth) and brings the cycle number down to say 3, the rate of
ATP-equivalent consumption for futile cycling would go down to
some 10% of the total ATP-equivalent consumption rate

(100mD9AT . 0550 . 1000 1.0 5505 = 14 mM/s) at p=1.0h""

3600 s
(Un—biomass = 1.4 mM/s). This seems an investment of free energy
in the fine-tuning of the AmtB-mediated active transport that
might pay off. The second condition refers to the case when N-lim-
ited cells are confronted with a large and sudden NH,, upshift (say

10 mM). Immediately after the upshift, proton-motive force driven
transport of NH; can and should be completely stopped, because
passive permeation of NH; then suffices.

An alternative would be that GInK shifts the specificity of the
AmtB channel from NH} to NHs. The latter option seemed unreal-
istic until Fong et al. [30] suggested that a single amino acid substi-
tution in AmtB greatly affected this specificity.

Recently, the AmtB-mediated uptake of NHy, in N-limited E. coli
was modeled [47]. Passive permeation of NH; was also included, as
well as ammonium assimilation and a simplified form of AmtB-
regulation by GInK. Uptake of NH(,, was implicitly modeled to be
active. The model showed that, in steady state at low external
NHy) concentrations (5 uM, pH 7), a small intracellular accumula-
tion of NHs (1.3-fold) occurred, whereas AmtB activity was par-
tially blocked by GInK. Also, a small outward passive permeation
flux of NH3 existed. Thus, this model behaved in a manner qualita-
tively consistent with our hypothesis.

11. Conclusion

With this paper we hope to have indicated that there is insuffi-
cient experimental evidence to conclude whether AmtB uptake of
NHyy into E. coli involves transport of NH3 or NH;. We have dem-
onstrated how in a field where the molecular data seem to indicate
one type of mechanisms, a systems biology analysis suggests
strongly that an alternative mechanism is operative. The analysis
led us to experimental design: Activity assays should be done in
the presence of agents dissipating the membrane potential, should
measure the generation of that membrane potential, and if per-
formed with intact cells and their high membrane potential, should
be done at the lower concentrations of ammonia where the AmtB
protein is actually expressed. Structural evidence should extend to
mutant proteins that have been shown to catalyze NH, uptake. The
possibility should be entertained that the specificity of transport-
ers such as AmtB for NH3 can shift to NH, due to a single amino
acid change, binding of a second protein, or covalent modification
of the protein.

12. Other observations supporting the hypothesis

Below we put forward a disparate collection of seven observa-
tions that are either consistent with our general line of reasoning
(1, 2, 3) or may be considered in support of (4, 5, 6, 7) our hypoth-
esis if the results — except for those in [48] - are interpreted differ-
ently from the original publications:

(1) The observation that the enterobacter Klebsiella pneumoniae
exhibited nitrogen-limited behavior while growing in a che-
mostat (D=0.4h"') at pH4.25 in the presence of excess
(80 mM) external NHy) [49] is understandable, because the
NH;3 gradient should have been insufficient to sustain the
internal NH; concentration needed to attain the required
saturation level of GS to allow for a growth rate of 0.4 h™';
the active transport we propose would explain the growth.

(2) It has been shown for some bacteria, including E. coli, that
growth in the exponential phase at neutral pH in batch cul-
ture was not affected by NH,) concentrations up to 500 mM
[50], which by inference implies a similarly high cytoplasmic
concentration. So, it seems that for the usual media NH, as
such is not toxic for bacteria, in contrast to plants and ani-
mals. Although not addressed in [50], an interesting ques-
tion is what happens immediately after inoculation of the
batch culture, when cells are suddenly confronted with
500 mM NH,). We surmise that passive influx of NH3 occurs
on a massive scale and that active uptake via AmtB, if pres-
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ent, will be of negligible importance. As a consequence, cells
in the lag phase will have to deal with a substantial (but
probably temporary) increase of the internal pH due to rep-
rotonation of NHas.

(3) Growth on organic N-compounds (and nitrate or Nj) will
lead to NH(,) production inside cells and as a consequence
NH; will leak out of the cell. Active transport then makes
it possible to scavenge lost NHs, but this would also induce
futile cycling [51].

(4) AmtB (over)expression alone (by induction from different
expression vectors) impaired or abolished growth of E. coli
[37,52,53]. The adverse effects on growth could be conven-
tionally explained as the deleterious effect of (over)express-
ing an integral membrane protein [54], but, alternatively, in
this case, it could have been (partly) caused by excessive
futile cycling due to the drastic disturbance of the balance
between NH, transport and assimilation in the absence of
GInK.

(5) In the presence of high NH(, concentrations, NH; can be
taken up via the high affinity active K'-transporter Kdp
under K*'-limiting conditions. Coupled to permeation of
NHs out of the cell, a Gibbs energy-wasting futile cycle
emerged, as the authors concluded [48]. A Kdp-deficient
mutant strain did not show this behavior. Other limitations,
i.e. conditions where Kdp was not expressed, also did not
show this negative effect on growth? [48].

(6) Mutatis mutandis, a similar story can be told for methyl-NH,
(MA) and AmtB. MA has been used to determine the AmtB
activity in vivo (e.g. [19,30]). If the hypothesis also holds
for MA, it would imply that the AmtB activity as measured
in whole cells using MA is being underestimated to the
extent that futile cycling occurs during the uptake assay.
Moreover, Javelle et al. calculated a ratio of 3.9 for inter-
nal/external MA concentrations for a cell lacking GS, which
is indeed much smaller than a ratio of 200, expected if the
membrane potential is 140 mV and MA transport is active
transport [19]. Similarly, Fong et al. observed a 5- to 10-fold
accumulation of MA in cells that lack GS [30]. Nevertheless
both ratios are higher than 1.0. And since GInK-dependent
regulation of AmtB did not occur with MA [19], our interpre-
tation is that accumulation was limited because of unmiti-
gated futile cycling of MA.

(7) Growth of a gInK amtB* strain was in comparison to a
gInK~amtB~ strain and the gIinK*amtB* (wild type) negatively
affected in liquid cultures when after a period of N-starva-
tion excess NHx) was added: the lag phase was longer and
growth occurred at a slower specific growth rate. Growth
of the former strain on plates was similarly affected com-
pared to the latter two strains. The same phenomena were
observed when glutamine was the sole N-source [37,55].
We interpret these finding as to indicate that in the absence
of GInK and presence of AmtB, futile cycling will not be pre-
vented by GInK and growth is slower because of extra Gibbs
energy dissipation. In the wild type, GInK will stop AmtB
activity and in the double mutant, no futile cycling can occur
whatsoever.
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