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Summary

The Mep/Amt proteins constitute a new family of
transport proteins that are ubiquitous in nature.
Members from bacteria, yeast and plants have been
identified experimentally as high-affinity ammonium
transporters. We have determined the topology of
AmtB, a Mep/Amt protein from Escherichia coli, as a
representative protein for the complete family. This
was established using a minimal set of AmtB—PhoA
fusion proteins with a complementary set of AmtB-
LacZ fusions. These data, accompanied by an in
silico analysis, indicate that the majority of the Mep/
Amt proteins contain 11 membrane-spanning helices,
with the N-terminus on the exterior face of the
membrane and the C-terminus on the interior. A
small subset, including E. coli AmtB, probably have
an additional twelfth membrane-spanning region at
the N-terminus. Addition of PhoA or LacZ «-peptide
to the C-terminus of E. coli AmtB resulted in complete
loss of transport activity, as judged by measurements
of ['*C]-methylammonium uptake. This C-terminal
region, along with four membrane-spanning helices,
contains multiple residues that are conserved within
the Mep/Amt protein family. Structural modelling of
the E. coli AmtB protein suggests a number of
secondary structural features that might contribute
to function, including a putative ammonium binding
site on the periplasmic face of the membrane at
residue Asp-182. The implications of these results are
discussed in relation to the structure and function of
the related human Rhesus proteins.
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Introduction

Movement of ammonium across biological membranes is
an important process in many organisms, including
humans, plants and bacteria (Knepper et al, 1989;
Kleiner, 1993). The identification of high-affinity ammo-
nium transport proteins in Saccharomyces cerevisiae and
Arabidopsis thaliana has stimulated renewed interest in
this process (Marini et al., 1994; Ninnemann et al., 1994).
These proteins, which have been named Mep/Amt, form a
new family of transporters with over 30 currently identified
members from all three domains of life (Saier ef al., 1999)
(Fig. 1). They also exhibit significant sequence similarity
to the Rhesus proteins of human erythrocytes (Marini
et al, 1997). The ability of the Mep/Amt proteins to
transport the ammonium analogue ['“C]-methylammo-
nium has been demonstrated in a number of organisms in
addition to S. cerevisiae and A. thaliana. These include
Azorhizobium caulinodans, Azospirillum brasilense, Azo-
tobacter  vinelandii, — Corynebacterium  glutamicum,
Escherichia coli, Klebsiella pneumoniae, Rhizobium etli
and Synechocystis sp. PCC 6803 (Siewe et al., 1996; van
Dommelen et al., 1998; Michel-Reydellet et al., 1998;
Meletzus et al., 1998; Montesinos et al., 1998; Soupene
et al., 1998; Taté et al., 1998; Jack et al., 1999). Despite
being widely characterized genetically and functionally, no
structural analysis has yet been reported for this new
family of transport proteins.

Current members of the Mep/Amt family vary in length
from around 400-450 amino acids, although some
members have extended C-terminal regions increasing
their length to about 600 amino acids. They have been
predicted to be integral membrane proteins of around 45—
50 kDa containing between 10 and 12 transmembrane
(TM) helices (Siewe et al., 1996; Montesinos et al., 1998).
In order to determine the secondary structure of this
family of transporters, we have chosen to investigate the
topology of the E. coli AmiB protein. This is the only
Mep/Amt family member in this organism and is
essential for ["*C]-methylammonium transport (Soupene
et al., 1998). It is encoded by the amiB gene, which is
the second gene in the ginKamtB operon (van Heeswijk
et al., 1996). As expected for a proposed high-affinity
ammonium transporter, it is only expressed when the
amount of ammonium in the growth medium is limiting
(Atkinson and Ninfa, 1998). This control is dependent on
the nitrogen regulatory (Ntr) system, which induces
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Fig. 1 Phylogenetic analysis of the Mep/
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expression of the glnKamtB operon approximately 2000-
fold during nitrogen-limited growth (Atkinson and Ninfa,
1998). This regulatory pattern is also consistent with
previous studies examining the regulation of ['*C]-methyl-
ammonium transport in E. coli (Servin-Gonzalez and
Bastarrachea, 1984; Jayakumar et al., 1986). The gene
preceding amtB encodes the GInK protein, which has
recently been identified as an additional component of the
Ntr system in E. coli (van Heeswijk et al., 1996; Atkinson
and Ninfa, 1998; 1999). The co-expression of a ginK-like
gene with an amtB gene is a conserved feature of many
eubacterial and archaeal genomes. The identification of
conserved gene pairs in microbial genomes indicates that
their products are likely to interact physically (Dandekar
et al., 1998). Therefore, a physical interaction between
AmtB and GInK might be expected, although this has not
yet been confirmed experimentally (Thomas et al., 2000).

The 44.5 kDa E. coli AmtB protein contains 428 amino
acid residues and has been predicted to have 12 TM
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Fig. 2. Average hydropathy profile of the Mep/Amt proteins. The
bold line represents the family hydropathy profile, whereas the thin
lines are the individual profiles for the selected family members.
Vertical bars at the top of the profile indicate the positions of gaps
in the multiple sequence analysis.

helices (van Heeswijk et al, 1996). In this study, we
determine the membrane topology of this protein and,
from this, deduce a general topology model for the Mep/
Amt protein family. We also investigate the effects on
transport activity of fusing protein domains to the
C-terminus of AmtB and use sequence analysis to identify
regions of the protein that might be involved in the
transport process.

Results
Hydropathy analysis of the Mep/Amt family

A collection of Mep/Amt sequences was obtained from
published sequences, sequences in EMBL/GenBank/
DDBJ and those in uncompleted microbial genome
sequences (see http://alize.ulb.ac.be/~bandre/
Mep_List.htm). These include phylogenetically distinct
family members from Caenorhabditis elegans, plants,
yeast, Eubacteria and Archaea (Fig. 1). The structural
conservation between these proteins was investigated by
analysing their hydropathy profiles to determine whether a
global structure could be assigned for the complete family
(Lolkema and Slotboom, 1998). Average hydropathy
analysis of 23 members of the Mep/Amt family demon-
strated a conserved structure of 11 hydrophobic regions
(Fig. 2) with a low structure divergence score of 0.116. A
small subset of the family, including E. coli AmtB, contains
proteins with an additional hydrophobic segment at the
N-terminus that might constitute a 12th membrane-
spanning helix. Gaps in the alignment are almost always
found in regions of the proteins that are predicted to be
hydrophilic loops interconnecting the helices (Fig. 2).

To investigate the structure of the Mep/Amt proteins,
we chose to use the AmtB protein from the bacterium
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Fig. 3. Proposed topological model of the E. coli AmtB protein. Positively charged residues are shown in black, and the overall charge of each
loop is indicated. Black boxes indicate positions of AmtB—PhoA fusions that were blue on indicator plates (between 1400 and 7160 AP units),
whereas boxes that are white correspond to fusions that were white on indicator plates (between 20 and 120 units). The numbers in the boxes

are the positions of each fusion within AmtB.

E. coli, as it is the only member of the Mep/Amt family in
this bacterium. Also, E. coli is very amenable to genetic
methods of topology determination.

Generation of a topological model for the E. coli AmtB
protein

The sequence of E. coli AmtB was analysed using
topology prediction programs that make assignments
based on a combination of hydropathy and topogenic
signals located within the primary amino acid sequence.
We used MemsAT (Jones et al., 1994), Tmprep (Hofmann
and Stoffel, 1993), Tmap (Persson and Argos, 1997),
ToPPRED2 (von Heijne, 1992), HmmToP (Tusnady and
Simon, 1998) and T™vHMM (Sonnhammer et al., 1998), of
which the last two methods use recently developed
hidden Markov models (HMM) for predicting topology.
The outputs of MEMSAT, TOPPRED2, HMMTOP and TMHMM gave
similar results; they all predict 12 TM helices and an
orientation with both the N- and C-termini in the cytoplasm
(NinCin)- This topological model is presented in Fig. 3 and
uses the helix ends predicted by memsat. The other two
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programs, TMPReD and TmaP, do not predict helix 1X within
the protein and, consequently, predict an NCout
topology. The positively charged residues in the E. coli
AmtB protein are also illustrated in Fig. 3. After helix 1V,
these are found exclusively in regions of the protein that
are predicted to be cytoplasmic loop regions. The
absence of helix IX, as predicted by t™mpreD and Tmap,
would reverse this distribution along the rest of the
protein, so we favoured the 12 TM helix NjyCyy alternative
as an initial model. The majority of the putative TM helices
are linked by short loop regions. Application of the
algorithms of Deleage and Roux (1987) and Chou and
Fasman (1979) predicts that most of these short loops
have a high propensity to form B-turns, a common feature
of linkers in membrane proteins (data not shown).

Testing the model using PhoA fusions

To determine experimentally the topology of the E. coli
AmtB protein in the cytoplasmic membrane, we used a
genetic approach of constructing gene fusions between
amtB and phoA, which encodes the location-specific
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reporter protein alkaline phosphatase (AP) (Traxler et al.,
1993). Alkaline phosphatase characteristically exhibits
high activity when located in the periplasm. As the
topology modelling generally favoured a single model
with a maximum of 12 helices, we used the approach of
Boyd et al. (1993), in which a series of fusions are
constructed to residues around the C-termini of each
predicted hydrophilic region of the protein. The sites of
these fusion junctions are illustrated in Fig. 3. We also
constructed an additional fusion at the start of the loop
between helices VI and VIl (residue Gly-209) to determine
whether the properties of this fusion differed significantly
from a fusion at the start of TM VII (residue Val-223).

Thirteen specific polymerase chain reaction (PCR)
products containing regions of amtB were cloned in
frame into the phoA vector pSK4158, and transformed
into strain ET8000 (Paulsen et al., 1995). The activity of
each fusion protein was initially assessed on indicator
plates. Bacteria containing AmtB—PhoA fusions displayed
an alternating blue and white colour throughout the full
length of AmtB (Table 1).

AP activities were determined for all AmtB—PhoA fusion
proteins, and the alternating pattern of blue and white
colonies observed on indicator plates was reflected in the
calculated PhoA activities (Fig. 3 and Table 1). Colonies
that were blue on indicator plates give AP activities
between 1400 and 7160 units of activity, while those that
resulted in white colonies had activities between 20 and
120 units. There is a clear separation of these two classes
of fusion, over 10-fold in all cases, which can be seen in
Fig. 3 overlaid on the topology model. The high-activity
fusions all have fusion junctions that are predicted to be
periplasmic, whereas all the low-activity fusions have
fusion junctions that are predicted to be cytoplasmic.

To complement this data, we also used Western
blotting with anti-AP antibody to distinguish between
fusions with a periplasmic or cytoplasmic location. This
method is based on the observation that the amount of
immunoreactive products on a Western blot is much

A A33 Q69 H122 A150 A180 G209 V223 1248 5279 G305 D335 Q375 Ad28 C

Table 1. AP activities and B-galactosidase activities determined for
the AmtB—PhoA/LacZ fusion proteins.

Position of fusion Colour on M9GIn  PhoA activity LacZ activity

in AmtB XP indicator plates (Miller units®)  (Miller units)
No fusion White 10 (= 1) 20 (= 10)
Ala-33 Blue 7160 (* 1390) 2480 (* 925)
GIn-69 White 26 (= 4) 1290 (+ 255)
His-122 Blue 3070 (+ 290) 740 (= 130)
Ala-150 White 48 (= 5) 2920 (= 290)
Ala-180 Blue 2290 (+ 380) 25 (= 5)
Gly-209 White 105 (+ 40) ND
Val-223 White 120 (% 5) 2730 (* 215)
lle-248 Blue 2770 (£ 665) 545 (* 240)
Ser-279 White 30 (£ 5) 2240 (= 440)
Gly-305 Blue 1400 (*= 420) 1950 (% 490)
Asp-335 White 20 (= 8) 990 (= 305)
GIn-375 Blue 3200 (= 750) 390 (* 215)
Ala-428 White 50 (= 15) 30 (= 10)

All assays were performed in the E. coli strain ET8000 and are
averages from three independent duplicate experiments. All values
are rounded to three significant figures.

a. As defined by Manoil (1991).

greater for periplasmic fusions than for cytoplasmic
fusions. This results from the greater stability of the active
periplasmically located PhoA, either as fusion protein or
as cleaved PhoA, over the inactive cytoplasmically
located PhoA, which is misfolded and rapidly degraded
(Geest and Lolkema, 2000). Again, the same pattern was
seen as with the AP activities (Fig. 4A) with the exception
of the full-length fusion (A428), which accumulates to a
much greater level than the other cytoplasmically located
fusions. Despite this fusion protein being more stable,
perhaps because of the presence of the complete AmtB
protein, the corresponding AP activity is low, suggesting
that the attached PhoA moiety is located in the cytoplasm.
The Western blot also illustrates that a band of the correct
size for each fusion protein can be identified, demonstrat-
ing that all fusions are being expressed. The shortest
fusion accumulated to a much greater degree than the
other fusions, to the extent that it could be visualized on

Fig. 4. Western blots of whole-cell extracts
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from ET8000 transformed with either (A)
amtB—phoA fusions or (B) amtB—lacZ
fusions. The positions of the fusion junction
are indicated above each lane. On both
membranes, the lane labelled C contained
an extract from untransformed ET8000.
Arrows indicate the positions of free PhoA
and LacZ.
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Coomassie blue-stained whole-cell extracts that had been
separated by SDS—PAGE. This phenomenon has been
seen in other studies and is thought to be related to
differential mMRNA stability during the synthesis of each
fusion protein (Sarsero and Pittard, 1995).

The unambiguous nature of the AP fusion data clearly
agrees with the predicted topology. It also eliminates the
alternative structure suggested by the topology prediction
programs TMPRED and TMAP.

Testing the model using LacZ fusions

Although the PhoA fusion data confirmed our in silico
topology model, we felt that a complementary data set
using LacZ fusions would be desirable. We first used a
system that had been used previously to complement the
pSK4158-derived phoA fusion data (Paulson et al., 1995).
This involved cloning the same set of PCR products used
for the phoA study into the lacZa gene of pUC118. These
were then transformed into DH5a and assayed for
B-galactosidase. The resulting fusions at positions A428
and D335 were blue on indicator plates, whereas all other
fusions were white. The amount of B-galactosidase activity
in the fusions at positions G305, D335, Q375 and A428
was determined and, despite the D335 and A428 fusions
giving positive results on indicator plates, no activity could
be detected. This weak complementation of strain DH5a
with the AmtB—LacZ «-peptide fusions may be the result of
the location of the a-peptide in proximity to the membrane,
where it is physically constrained from interacting with the
rest of LacZ.

Therefore, we cloned the same set of PCR products
into plasmid pNM480, which generates in frame fusions to
full-length LacZ (Minton, 1984). When the resulting series
of plasmids was transformed into ET8000 and grown on
indicator plates, all fusions yielded blue colonies. The
B-galactosidase activities were quantified in ET8000
(Table 1), and Western blotting was used to assess the
amount of LacZ-immunoreactive polypeptides that accu-
mulated in these cells. The presence of a number of these
fusion proteins can be seen in Fig. 4B and, in each case,
there is an additional band that migrates at the same
position as B-galactosidase.

These engineered AmtB—LacZ fusions gave activities
that were complementary to the PhoA fusions, except for
the fusions at Ala-33, Gly-305 and Ala-428, which
required further interpretation. The fusion at Ala-33
gives high levels of both AP and B-galactosidase activity;
however, more weight is put on the AP data, as the PhoA
moiety requires active translocation across the membrane
to give activity (Sarsero and Pittard, 1995; Geest and
Lolkema, 2000). The fusion at Gly-305 also yields high AP
and high B-galactosidase activity; however, examination
of the Western blot (Fig. 4B) reveals that the predominant

© 2000 Blackwell Science Ltd, Molecular Microbiology, 37, 331—344
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LacZ-containing polypeptide in this strain is free LacZ.
This suggests that most of the fusion protein is being
degraded and that the majority of the B-galactosidase
activity in this sample can be ascribed to the degradation
product. The fusion at the C-terminus of AmtB (Ala-428)
gave no detectable signal, which agrees with the
B-galactosidase assay data, suggesting that, for some
reason, this construct is not expressing a fusion protein.

We also attempted to generate random amiB-lacZ
fusions using infection and selection with the transposon
TnlacZIn (Manoil and Bailey, 1997). After eight indepen-
dent infection and selection procedures, we located seven
different fusion positions within the amitB gene that had
detectable B-galactosidase activity. DNA sequencing
across the fusion junctions revealed that only three of
these were in frame with amtB. However, when products
of these three active in frame fusions were analysed by
Western blotting of whole-cell extracts with anti-LacZ
antibody, bands were only identified that corresponded to
free LacZ (data not shown). This indicated that the fusion
junctions selected were in positions in which the LacZ
protein was either being independently translated or being
rapidly cleaved from AmtB during or after insertion of the
hybrid protein into the membrane.

Subcellular location of the Ala-33—PhoA fusion

The low activity of the PhoA fusion at Ala-428, combined
with the clear appearance of the intact fusion protein on a
Western blot (Fig. 4A), provides evidence that the C-
terminus of the protein is on the cytoplasmic side of the
membrane. The location of the N-terminus is also
proposed to be on the inside of the cell, but this is difficult
to determine using fusions to short N-terminal fragments
of AmtB. We have established that fusion of PhoA after
the first predicted TM helix (Ala-33) has a high level of AP
activity, which demonstrates that this region provides
sufficient topogenic information to target PhoA efficiently
to the periplasmic side of the membrane. The addition of
residues that include TM Il (GIn-69) locate PhoA back on
the cytoplasmic side, resulting in low AP activity. We can
deduce the location of the N-terminus by localizing the
position of the Ala-33—PhoA fusion within the cell. If the
fusion is membrane bound, a genuine TM helix is being
formed, which means that the N-terminus must be on the
inside. Alternatively, if the N-terminus is on the outside,
then the first 33 residues cannot form a TM helix and are
probably being used as a signal peptide by PhoA for its
localization to the periplasm, where it will have high
activity.

To determine whether the Ala-33—PhoA fusion is
membrane bound or periplasmic, we prepared periplas-
mic extracts and sphaeroplasts from a strain expressing
the Ala-33 fusion. We made similar fractions from cells
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expressing longer fusions at His-122, Asp-335 and Gin-
375 as controls. The PhoA-reactive polypeptides within
these fractions were determined by Western blotting
(Fig. 5). The three controls illustrate that accumulation
of the membrane-bound fusion proteins results in release
of some PhoA into the periplasm when the fusion junction
is periplasmic (Fig. 5A, compare H122 and Q375 with
D335). However, in all cases, the full-length fusions were
only found in the sphaeroplasts. In cells expressing the
Ala-33 fusion, there are some PhoA-reactive bands in
the periplasm, but the majority of the signal is retained in
the sphaeroplasts (Fig. 5B). This distribution can be seen
most clearly on a Coomassie stain of the membrane
(Fig. 5B).

Additionally, the AP activities of the two subcellular
extracts were determined using the same quantities of
extracts used in Fig. 5 (=25 ng of protein). Each of
the fusions with periplasmic fusion junctions, including
the Ala-33 fusion, had > 10-fold more AP activity in the
sphaeroplasts than in the periplasm. Hence, the
majority of these fusion proteins appear to be membrane
bound, from which we can deduce that the first 33 residues
form a genuine TM helix and that the N-terminus is
cytoplasmic.

Ability of AmtB and hybrid proteins to transport
['*CJ-methylammonium

To investigate whether full-length AmtB could function
with an additional protein domain at its C-terminus and
what effect the progressive C-terminal deletion of its TM
helices would have on activity, we first constructed an
E. coli strain containing a deletion of the amtB gene. An
unmarked deletion of amtB was introduced onto the
chromosome of strain ET8000, generating strain
GT1001. The loss of amtB in this strain resulted in the
complete loss of the ability of washed bacterial
suspensions to transport and assimilate the ammonium
analogue ['“C]-methylammonium (data not shown).
This is in agreement with similar data reported by
Soupene et al. (1998). Transport activity is restored to
over 200% of wild-type levels by complementation of
GT1001 with a plasmid containing amtB (pGT14).
Transformation of GT1001 with a plasmid expressing
full-length fusions (Ala-428) of AmtB to both PhoA and
LacZa resulted in no detectable restoration of ['*C]-
methylammonium assimilation (data not shown). Simi-
larly, no restoration of transport activity was seen with
any of the shorter fusions at positions Gly-305, Asp-
335, Asn-375 and Ala-428. This demonstrates that the
insertion of a large protein domain at the C-terminus of
this protein has a dramatic effect on its ability to
transport ['“C]-methylammonium.

A H122 D335 Q3ars
P 8 P 8 P 8

Fig. 5. A. Western blot of periplasms (P) and sphaeroplasts (S)
prepared from ET8000 expressing amtB—phoA fusions at positions
His-122, Asp-335 and GIn-375. The stars represent the positions of
the intact fusion protein.

B. Extracts from ET8000 expressing the amtB—phoA fusion at
position Ala-33 stained with Coomassie blue (C) or Western blotting
with anti-PhoA antibody (W). Both images are of the same
membrane, which included purified AP (AP) as a relative size marker.

Conservation and variphobicity of amino acids within the
Mep/Amt family

Multiple sequence alignment of 16 Mep/Amt proteins
known to be able to catalyse transport of ['*C]-methyl-
ammonium (identified in Fig. 1) reveals that only 27 amino
acids are conserved in all these sequences (Fig. 6).
These 16 sequences are from phylogenetically distinct
sources, including plants, yeast and eubacteria, which
give a good representation of the Mep/Amt family (Fig. 1).
No Archaeal sequences were included, as none of these
has yet been functionally characterized. The conserved
residues cluster in four main regions of the protein. Fifteen
of these residues are found in three pairs of adjacent
helices, I/, V/VI and IX/X (see Discussion for new
numbering of TMs). Eight of the remaining 11 are located
on the cytoplasmic side of the membrane, whereas of the
three that are periplasmic, two are located directly
adjacent to helices V/VI. Ten of the 16 conserved
residues that are within TM helices are glycine residues.
In contrast, six of the eight conserved cytoplasmic
residues are charged.

Variphobicity analysis based on the 16 sequences with
known transport ability is summarized in Table 3, with
specific amino acid positions given for the E. coli AmiB
protein. Variphobic residues in the transmembrane
helices were identified as those residues that were not

© 2000 Blackwell Science Ltd, Molecular Microbiology, 37, 331—-344
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identified using a subset of Mep/Amt proteins (see Experimental procedures), which were aligned using cLusTALx. Black balls represent
residues that are completely conserved in this analysis, whereas grey balls are those in which a conservative substitution is found. The
location of a putative ammonium binding site at Asp-182 is indicated.
conserved in identity across different members of the number of potential interhelical fits were identified
Mep/Amt proteins, but that always maintained a hydro- (Table 2).
phobic nature. The variphobicity index suggests that a
number of helices, namely TM [, I, V, VI, IX and X, reside
in a generally buried environment, with less interaction Discussion

with the lipid bilayer, as they have a low to moderate
number of variphobic residues and a number of con-
served polar residues. In contrast, TM Il has the highest
variphobic index so, therefore, is more likely to present a
hydrophobic face for interaction with lipids. The most
prominent ridges are present in TM |, Il and VI, and a

Topology of the E. coli AmiB protein

In this study, we have used a minimal set of protein
fusions between AmtB and AP (PhoA) to test an in silico-
derived model and thereby determine the topology of the
E. coli AmtB protein in the cytoplasmic membrane. This is

Table 2. Variphobicity and ridge/groove analysis for the E. coli AmtB protein.

™ Position (length) Variphobic Conserved Variphobicity Conserved residues forming Interhelical
helix residues polar residues index potential ridge/groove fits

0 9-27 (19) NA NA NA NA NA

| 34-58 (25) 5/25 = 0.20 2/25 = 0.08 0.12 F34, F44, Y54/G44, G56 V, VI, IX

1] 70-91 (22) 7/22 = 0.32 1/22 = 0.05 0.27 W81, Y84, Y86, F90/G85 VI, VI, IX, X
Il 123-141 (19) 3/19 = 0.16 1/19 = 0.05 0.11 F128, F132/G140 V, VII, X

I\ 150-166 (17) 5/17 = 0.29 117 = 0.06 0.23 Y163 X

\Y 183-205 (23) 4/23 = 0.17 3/23 = 0.13 0.04 F183/G185 I, 1, VI, VI
Vi 220-237 (18) 4/18 = 0.22 3/18 = 0.17 0.05 Y231, W234, F237/G226, G233 I, 1, V, X

\ll 248-270 (23) 5/23 = 0.22 1/23 = 0.04 0.18 None None

VI 280-299 (20) 4/20 = 0.20 0/20 = 0.00 0.20 G286, G290 I, v

IX 306-324 (19) 2/19 = 0.11 119 = 0.05 0.06 G310 I, 1l

X 336-360 (25) 3/25 = 0.12 3/25 =0.12 0.00 H341/G345, G348 I, 1, 1V, V, VI, XI
Xl 380-396 (17) 3/17 = 0.18 0.17 = 0.00 0.18 w387 VI, X

NA, not applicable.
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E. coli AmtB

I31] STy,

A. thaliana AtAMT1;1

S. cerevisiae Mep?2

Asnd

T O—c

the first secondary structural information for any member
of this new family of ammonium transport proteins. The
final model for the E. coli protein contains 12 TM helices
with an NjCjn orientation (Fig. 6). The distinction
between high- and low-activity AmtB—PhoA fusions was
large enough to ascribe the cellular location of each fusion
junction unambiguously (Fig. 3). Western blotting demon-
strated that each fusion protein was being expressed
(Fig. 4), although the total amount of signal was much
greater for the periplasmically located fusions. Here,
degradation of the fusion proteins releases AP into the
periplasm where it is stable (for examples, see Fig. 5) and
contributes to the total AP activity measured. We included
two PhoA fusions in one cytoplasmic loop, which were
positioned near the start and end of the loop (G209 and
V223). However, there was no significant difference in the
AP activities of the two fusions (Fig. 3), which demon-
strated that the region between residues 209 and 223 is
not required for efficient insertion of the previous TM helix.
This might be because of the presence of two positive
charges at residues K206 and R207 (Fig. 3), which would
be sufficiently strong topogenic signals to ensure efficient
insertion of the preceding TM helix.

Although the data from the AmtB—PhoA fusions was
quite conclusive, we constructed a complementary set of
fusions to B-galactosidase. However, despite using both
in vivo and in vitro methods with random or engineered
sites, the resultant data were not completely unambig-
uous. This was mainly because of the tendency of the
LacZ domain of the fusion protein to be cleaved off, either
during synthesis or after insertion of the fusion in the
membrane. As LacZ is active in the cytoplasm, this
cleavage gives false-positive results that confuse the
analysis. These problems have been reported by others

Human Rh50

Fig. 7. Schematic models of three
members of the Mep/Amt proteins and the
human Rh50 proteins. Shaded helices are
those in which topology is conserved
through the Mep/Amt and Rh families.
Hatched boxes represent helices that are
not homologous. The balls represent
positive charge in these protein sequences.

(Hennessey and Broome-Smith, 1993; Geest and Lolk-
ema, 2000), and we are led to conclude that this is not a
reliable method of topology analysis.

Topology of the Mep/Amt protein family

The hydropathy profile alignment of the Mep/Amt proteins
(Fig. 2) illustrates the conservation of a core of 11 TM
helices within these proteins. We have concluded that the
E. coli AmtB protein may have an additional 12th TM helix
at its N-terminus and, in the subset of 16 functionally
characterized Mep/Amt sequences, up to five other
bacterial sequences might have an additional helix at
the N-terminus (A. brasilense AmiB, A. caulinodans
AmtB, A. vinelandii AmiB and Synechocystis PCC6803
Amt1 and Amt2). The balance of charge in these regions
of the six proteins also suggests the presence of an
additional helix. However, there is no sequence conserva-
tion in any of these regions, and most contain a number of
prolines. Therefore, they would probably only form short
broken helices, which would be unlikely to pack tightly
with the other core 11 TM regions and are unlikely to be
important for function. In E. coli, large integral membrane
proteins favour a topology with 12 membrane-spanning
regions and an NjC,y orientation (Jones, 1998; Wallin
and von Heijne, 1998). Given that the proposed ‘functional
core’ of the Mep/Amt proteins is 11 TM helices, it is
possible that there are evolutionary reasons for the extra
helix in E. coli AmtB, perhaps related to protein folding
during insertion into the cytoplasmic membrane.

As we conclude that the general structure of the Mep/
Amt proteins contains 11 TM helices, we propose that the
homologous TM helices in different proteins are always
numbered in the same way. Therefore, the 11 conserved
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TM helices should be designated TM 1-11 and, in cases
such as E. coli, the additional N-terminal TM should be
designated TM 0 (see Fig. 6).

Figure 7 shows the proposed topology models for Mep/
Amt proteins from S. cerevisiae and A. thaliana, the
organisms in which these transporters were first discov-
ered, compared with the E. coli AmtB protein. In agreement
with the proposed topology, a glycosylation site has been
identified at residue Asn-4 of the S. cerevisiae Mep2
protein, demonstrating that the N-terminus of this protein
has an extracytosolic location (A. M. Marini, and B. Andre,
personal communication). The distribution of positive
charge is also illustrated in Fig. 7, showing that the positive
inside rule is maintained in each case. Recently, two
homologous proteins with identical hydrophobic regions
were shown to have opposite topologies (Saaf et al., 1999),
and this was correlated with an inversion of the distribution
of positively charged residues in loop regions. Hence, the
conservation of positive charge distribution throughout the
Mep/Amt family further supports the concept that their
topology is conserved.

Structure—function relationships in the Mep/Amt proteins

Multiple sequence alignment of the Mep/Amt proteins,
combined with our determined topology, offers some
clues to structure—function relationships in this family of
transporters. If the determined topology is superimposed
over the hydropathy profile (Fig. 2), then it is apparent that
there is more variation in the periplasmic loops compared
with the cytoplasmic loops, suggesting that the cytoplas-
mic face of the protein is more conserved. In agreement
with this, we find that, of the 11 ‘non-TM’ amino acid
residues that are totally conserved within the Mep/Amt
proteins, eight of them are located on the cytoplasmic side
of the membrane, whereas two of the three that are
periplasmic are directly adjacent to TM helices (Fig. 6).
Helices V and VI have low variphobic indices and might
form a ridge/groove arrangement with the conserved Trp-
234 in helix VI and the conserved Gly-185 in helix V.
Helices | and X, which contain multiple conserved
residues, also have low variphobic indices and again
might not be directly adjacent to lipid. Both these helices
might form potential ridge/groove associations with TMs V
and VI. As illustrated in Fig. 6, the region of the protein
that has the greatest level of sequence conservation is the
helix V/VI region. At the periplasmic face of TM V is a
conserved Asp-182 residue. As an aspartic acid residue
has been implicated in binding ammonium ions in E. coli
glutamine synthetase (Alibhai and Villafranca, 1994; Liaw
et al.,, 1995), we suggest that this residue is a potential
candidate for an initial ammonium binding site within the
protein. This might be aided in the formation of a binding
pocket by the highly polar conserved asparagine at a
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similar position on the periplasmic face of helix VI. The
ammonium ion might then pass through a polar corridor
formed by the conserved glycines present at different
depths in a number of TM helices. Finally, the two
adjacent conserved negative charges in the loop IX—X
region might associate with the ammonium ion as it
passes from the membrane to the cytoplasm. Although
the mechanism of these proteins is unknown, the
structural features described above all lead us to favour
the hypothesis that ammonium is the substrate for this
family of transporters. However, it has been proposed
recently that the E. coli AmtB actually uses the ammonia
molecule as the substrate instead of the ammonium
cation (Soupene et al., 1998). The precise mechanism of
the Mep/Amt proteins clearly still remains to be demon-
strated experimentally.

E. coli AmtB has a C-terminal cytoplasmic tail of 32
residues that is present in all Mep/Amt proteins and
includes three completely conserved residues (Fig. 6). In
other members of the family, especially in eukaryotes, this
region is extended by up to another 80 residues. This
conservation suggests that the C-terminus has a struc-
tural or functional significance and, in agreement with this,
we found that perturbation of the C-terminus of AmtB by
the addition of other protein domains abolished its activity.
Additionally, if the C-terminal tail of the AmtB protein is
removed, then activity is significantly reduced, but not
abolished (G. Coutts and M. Merrick, unpublished data).
Within the cytoplasmic face of E. coli AmiB, there is a
marked complementarity of charge distribution, in that all
but one of the cytoplasmic loops has a net positive
charge, whereas the cytoplasmic tail is negatively
charged. This may indicate the presence of significant
electrostatic interactions between charged residues in the
tail and the exposed cytoplasmic face of the protein, a
situation that is not unprecedented. Recent data for a
metal-tetracycline/H™ antiporter (TetA(B)) have demon-
strated the presence of an important charged pair that is
formed by residues in two cytoplasmic loop regions
(Someya et al., 2000).

Implications for Rhesus protein structure and function

The Mep/Amt proteins are homologous to the human Rh
(Rhesus) blood group polypeptides, a family of polytopic
membrane proteins that display antigens involved in
transfusion-incompatible immune reactions (Marini et al.,
1997; Avent and Reid, 2000). The different rhesus
antigens are displayed on one of a number of Rh30
proteins, which form a tetrameric core complex with the
Rh50 glycoprotein. Both the Rh30 and the Rh50 proteins
are homologous to the Mep/Amt proteins, although the
similarity is stronger for Rh50. The physiological functions
of the Rh proteins remain unknown, but the Rh50 proteins
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Table 3. Strains and plasmids used in this study.

Strain Genotype or phenotype Reference.
ET8000 rbs lacZ::1S1 gyrA hutCy Jayakumar et al. (1986)
GT1001 ET8000 AamtB This work
DH5«a endA hsdR17 supE44 thi-1 A~ recA1 $80dLacZAM15 Bethesda Research Laboratories
CC118 araD139 A(ara leu) 7697 AlacX74 phoAA20 galE thi rspE rpoB argE recAt Manoil and Beckwith (1985)
Plasmids
puC118 lacZ «-peptide fusion vector Vieira and Messing (1987)
pSK4158 phoA fusion vector Paulsen et al. (1995)
pNM480 lacZ fusion vector Minton (1984)
pWSK29 Wang and Kushner (1991)
pPWVH141 mdl ginK* amtB™*'tesB van Heeswijk et al. (1996)
pWVH153 AginK1, amtB* Arcondéguy et al. (1999)
pGT14 AginK1, amtB* This work
PA33pHO/LACILACK This work
PQB9pHo/LACLACK This work
pH122p0/aci ACK This work
PA150pHo/AC/LACK This work
PA180pHo/LACLACK This work
pGZngHo/LACa This work
PV223po/ACiLACK This work
P1248pHo/LAc/LACK This work
PS279pHo/LACLACK This work
PG305pH0/LAC/LACK This work
pD335pHoAc/LACK This work
PQ375pHo/LACILACK This work
pA428PHO/LACa This work

have been suggested to be involved in transmembrane
solute transport, and Rh,, erythrocytes have abnormal
cation permeability (Ballas et al, 1984; Anstee and
Tanner, 1988). Therefore, given their homology to the
Mep/Amt family, one potential function of these proteins is
that they transport ammonium.

Hydropathy analysis, together with immunochemical
studies, has resulted in topology models for both Rh50
and Rh30 proteins with 12 TM helices (Eyers et al., 1994;
Avent et al., 1996). To determine whether the topology of
the Rh proteins and the Mep/Amt proteins is identical, we
have extended the analysis of Marini et al. (1997) and
compared the two protein families. A schematic model of
our finding is presented in Fig. 7. Both Rh and Mep/Amt
have homologous sequence and identical topology over
the majority of the polypeptide (helices Ill to XI in Mep/Amt
correspond with helices 1V to Xl in Rh). However, this
alignment breaks down towards the N-terminus of both
proteins, and we do not find any significant similarities
between helices | and Il of the Mep/Amt proteins and
helices Il and lll of the Rh proteins.

In terms of the sequence identity between the two protein
families, it is significant that the match is strongest to the TM
V/VI region of the Mep/Amt proteins. This includes conserva-
tion of residues equivalent to Asp-182 and Asn-238 in E. coli
AmtB, which we have proposed as being involved in the
binding of ammonium. Four of the intramembrane glycines in
the protein and one of the aspartates in the cytoplasmic loop
IX—X region are also conserved. Although this suggests that
the Rh proteins might be able to transport ["C]-

methylammonium, it is also possible that the absence in the
Rh proteins of the conserved residues from TMs | and Il of the
Mep/Amt proteins (Fig. 6) could change or impair their
transport properties.

Experimental procedures
Bacterial strains, plasmids and culture conditions

The bacterial strains and plasmids used in this study are
listed in Table 3. Bacteria were routinely grown aerobically on
Luria medium [Luria broth or Luria agar (LA)]. For growth
under nitrogen limitation, an altered M9 medium was used, in
which the ammonium sulphate was replaced by 200 wg ml~"
glutamine (M9GIn medium). For growth of strain CC118 on
M9GIn medium, thiamine was added at 1 ug ml™", arginine
at 25 pg mi~' and leucine at 25 ug mi~". Antibiotics were
used at the following concentrations: carbenicillin,
100 wg mi~ " and chloramphenicol, 40 pg mi~".

DNA methods

Plasmids were isolated using a plasmid miniprep kit (Qiagen)
in accordance with the manufacturer’s instructions. The
methods of Sambrook et al. (1989) were used for restriction
enzyme digests and ligations. Automatic sequencing was
performed using BigDye polymerase (Applied Biosystems),
which was analysed on an ABI sequencer.

Sequences and alignments of Mep/Amt proteins
The sequences of most Mep/Amt proteins can be found in the
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Prodom domain PDO001450 (http:/ www.toulouse.inra.fr/
prodom.html). A number of additional members of the family
were identified in searches of uncompleted genome
sequences (http://www.tigr.org/). Multiple sequence align-
ments were generated in cLustax (Thompson et al.,, 1997).
The average hydropathy plots were determined using the
PROFILE program described by Lolkema and Slotboom (1998).
The window size was set at 19 residues, and a subset of 23
sequences with pairwise alignments of between 21% and
64% was used in the alignment.

Enzyme assays

AP activities were assessed on M9GIn agar plates by
breakdown of the chromogenic substrate 5-bromo-4-chloro-
3-indolyl phosphate (XP), which had been incorporated at a
concentration of 40 ug mli~'. Similarly, B-galactosidase
activities were assessed on M9GIn agar plates by breakdown
of the chromogenic substrate 5-bromo-4-chloro-3-indolyl-3-p-
galactopyranoside (Xgal), which had been incorporated at a
concentration of 40 g mi~'. For enzyme assays, bacteria
were first grown in LB medium, then diluted 50-fold into
M9GIn medium for overnight growth. AP activities were
quantified after growth in M9GIn medium using the method of
Manoil (1991). B-Galactosidase activities were determined
using the method of Miller (1972), and activities are
expressed in Miller units.

Quantification of the AP activities was initially attempted in
the phoA mutant strain CC118, which is frequently used in
studies of this nature, but activities were surprisingly low.
Furthermore, when the AmtB-dependent ['*C]-methylammo-
nium transport activity of CC118 was compared with that of
ET8000, a wild-type strain used in our laboratory, strain
CC118 had a 100-fold lower activity than strain ET8000 (data
not shown). This same difference in activity was seen when
plasmid pGT14, which contains amtB expressed from its
natural promoter, was transformed into both these back-
grounds. Expression of the amtB—phoA fusions is driven from
the natural ginKamtB promoter, which is induced by the Ntr
system during growth under nitrogen-limiting conditions (van
Heeswijk et al., 1996; Atkinson and Ninfa, 1998). We
conclude that these low levels of activity were caused by
some defect in nitrogen regulation in CC118, but the nature of
this defect was not determined. For subsequent quantifica-
tion of the AmtB—PhoA activities, we used ET8000, which,
although phoA*, is white on indicator plates and gives levels
of AP activity of around 10 units, presumably resulting from
repression of phoA synthesis caused by the high level of
phosphate (20 mM) in M9 medium.

Western blotting

Whole-cell extracts from E. coli strain ET8000 transformed
with each amtB—phoA and amtB—lacZ fusion construct were
prepared from washed stationary phase cells broken by
sonication. Periplasmic proteins were released from bacteria
by treatment with lysozyme and EDTA according to the
method of McEwan et al. (1984). The resulting sphaeroplasts
were then disrupted by sonication at 10 um for two 30 s
steps. Protein concentrations were determined using the
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Bio-Rad protein assay, and 25 p.g quantities were separated
by SDS-PAGE. After transfer to a nitrocellulose filter
(Hybond C; Amersham), the membranes were reacted with
either anti-PhoA antibody (5 Prime — 3 Prime) or anti-LacZ
antibody (Promega) and detected using the ECL detection
system (Amersham). After exposure, membranes were
stained with Coomassie blue to confirm the uniform transfer
of the proteins to nitrocellulose.

Construction of an amtB strain

A strain of E. coli containing an unmarked deletion of the
amitB gene was constructed using the method of Link et al.
(1997). The following PCR steps used Taq DNA polymerase
(Gibco BRL) and plasmid pWVH141 (van Heeswijk et al.,
1996) as template DNA. Plasmid pWVH141 contains the
complete ginKamtB region and the ends of the flanking madl
and tesB genes. The PCR primers AmiBNo (5-CG
CGGATCCGTGCACTGTCATAGTGCGTT-3’) and AmtBNi
(5’-CCCATCCTCTAGACTTAAACATATCGTCGC-3') were
used to amplify a 400 bp region upstream of amtB, which
ends with the first six codons of amtB. A similar pair of
primers AmtBCi (5’-TGTTTAAGTCTAGAGGATGGGGATG
TCAACAGCCACGGCGAG-3’) and AmtBCo (5'-CGCGG
ATCCGCGCAAATGGTAGC-3') were used to amplify a
500 bp region extending from the last seven codons of
amtB into the downstream tesB gene. The two PCR products
were purified, mixed and used as templates for a second
PCR reaction using primers AmtBNo and AmtBCo. The
resulting PCR product was digested with BamHI and cloned
into BamHI-cut pKO3 (Link et al., 1997). This unmarked
deletion of the amtB gene was crossed onto the chromosome
of strain ET8000 using the double selection method
described by Link et al. (1997), creating strain GT1001.
Resolution of the recombination was checked extensively by
PCR to confirm that no wild-type sequence remained.

Construction of an amtB expression plasmid

We constructed a plasmid that contained amtB under the
control of its natural regulated promoter. The starting point for
construction of this plasmid was pWVH153, which contains
the glinKamtB region with an unmarked deletion of gihK
(AginK1) in the pUC18-Not vector (Arcondéguy et al., 1999).
The AginK1,amtB* region was removed by digestion of
pWVH153 with Hindlll and Smal, and this was then cloned
into the low-copy-number vector pWSK29, creating pGT14.
This construct therefore contains full-length amtB expressed
from its natural NtrC-dependent promoter.

Construction of amtB—phoA and —lacZ fusions

For each fusion, an upstream primer preceding the ginK
promoter and a specific primer, which annealed within the
coding sequence of amiB, were used to amplify DNA
fragments from plasmid pGT14 by PCR. These PCR
products were purified and then digested by restriction
enzymes to facilitate cloning into phoA (pSK4158) and lacZ
(pUC118) reporter plasmids. The phoA gene in pSK4158 is
truncated so that it expresses a version of the protein without
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a signal peptide. To construct the phoA fusion series, the
PCR products were digested with Hindlll and Bgll and
cloned into Hindlll-BamHI-cut pSK4158. Similarly, to con-
struct the lacZa fusions, the PCR products were digested
with Smal and Bgll and cloned into Smal-BamHI-cut
pUC118. A list of the plasmids generated using this method
is found in Table 3; they have been named after the last
AmtB residue in the in frame fusion. Fusions to full-length
lacZ were constructed using the same PCR products cut with
Smal and Bglll and cloned into Smal—BamHI-cut pNM480.

The in vivo isolation of mutants was attempted according to
the method of Manoil (1991), using pGT14 as the starting
construct for infection with TnlacZIn (Manoil and Bailey,
1997). Colonies that were blue on indicator plates were
purified, and the location of the fusion junction within the
plasmid was estimated using PCR with a primer in the md/
gene and another at the 5’ end of the lacZinsert. Fusions that
were within the amiB gene were sequenced to determine the
exact location of the fusion junctions.

Measurement of ['*C]-methylammonium assimilation

Methylammonium uptake and assimilation rates were deter-
mined essentially as described by Jack et al (1999).
However, the growth medium was M9Gin, and filters were
dissolved in Filter Count scintillant (Packard Biosciences).
Radioactivity in the samples was then counted with a Wallac
1409 scintillation counter, which had been calibrated with a
known set of standards.

Analysis of hydropathy, variphobicity and potential ridge/
groove arrangements

For the variphobicity analysis and the determination of
conserved residues within the Mep/Amt proteins, a subset
of 16 proteins was used that had been experimentally
determined to transport ['“C]-methylamine (identified in
Fig. 1). Transmembrane regions were predicted by averaging
the outputs of a number of hydropathy analysis programs,
namely TmMPReD (Hofmann and Stoffel, 1993), TorPreD 2 (von
Heijne, 1992), Hmmtor (Tusnady and Simon, 1998) and TMHMM
(Sonnhammer et al., 1998). The predicted transmembrane
regions were then aligned to identify variphobic residues
according to the method of Donnelly et al. (1993). A
variphobicity index was calculated by subtracting the propor-
tion of conserved polar residues in a given helix from the
proportion of variphobic residues, as shown in Table 2. For
this purpose, polar residues included asparagine (N), proline
(P), glutamine (Q), serine (S), threonine (T), tryptophan (W)
and tyrosine (Y) together with any of the charged residues,
namely aspartate (D), glutamate (E), histidine (H), lysine (K)
and arginine (R). The hydrophobic residues used in the
variphobicity measurements were alanine (A), cysteine (C),
isoleucine (1), leucine (L), methionine (M), phenylalanine (F)
and valine (V). These classifications were made according to
the hydropathicity scale of Kyte and Doolittle (1982).
Interhelical ridge/groove scores were obtained for E. coli
AmiB using two-dimensional mMem-mAP, a graphic software
application (J. Antoniw and J. G. L. Mullins, unpublished).
This software can be used to identify potential interhelical

ridge/groove fits, as described by Chothia et al. (1981),
through detection of compatible amino acids (aromatic
residue on one helix, glycine on another), which reside at
similar depth (* 1.5 A) in the membrane. Ridge/groove
arrangements between two helices were accepted if there
were two or more aromatic/glycine fits predicted between a
pair of helices.
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