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Electron and atomic force microscopy of the trimeric
ammonium transporter AmtB

Matthew J. Conroy’, Stuart J. Jamieson'’, Daniel Blakey?*, Thomas Kaufmann?, Andreas Engel?,

Dimitrios Fotiadis>, Mike Merrick? & Per A. Bullough'*

Department of Molecular Biology and Biotechnology, Krebs Institute for Biomolecular Research, University of Sheffield, Sheffield,

UK, Department of Molecular Microbiology, John Innes Centre, Norwich, UK, and *ME Miiller Institute for Structural Biology,

Biozentrum, University of Basel, Basel, Switzerland

Escherichia coli AmtB is an archetypal member of the ammonium
transporter (Amt) family, a family of proteins that are conserved
in all domains of life. Reconstitution of AmtB in the presence of
lipids produced large, ordered two-dimensional crystals. From
these, a 12A resolution projection map was determined by
cryoelectron microscopy, and high-resolution topographs were
acquired using atomic force microscopy. Both techniques showed
the trimeric structure of AmtB in which each monomer seems to
have a pseudo-two-fold symmetry. This arrangement is likely to
represent the in vivo structure. This work provides the first views
of the structure of any member of the Amt family.
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INTRODUCTION

The transport of ammonium across the cell membrane is important
in nearly all organisms, although the mechanism is not fully
understood. It is known, however, that high-affinity ammonium
transporters (Amt) constitute a distinct protein family found in all
domains of life (von Wirén & Merrick, 2004). Many organisms
encode several Amt paralogues that show different affinities for
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ammonium (or methylammonium), and in higher eukaryotes,
these paralogues are expressed in a tissue-specific fashion
(von Wirén et al, 2000).

In animals, the Amt proteins are represented by the Rhesus (Rh)
proteins (Marini et al, 2000). In humans, some Rh paralogues are
expressed in the erythrocyte membrane (Eyers et al, 1994) and
others are expressed in the kidney, liver and skin, the main organs
of ammonia genesis (Quentin et al, 2003). Evidence is accumulat-
ing that the Rh proteins facilitate the transport of ammonium
(Westhoff et al, 2002).

Escherichia coli contains a single Amt gene (amtB), which
encodes a 428-amino-acid polypeptide (AmtB) with a deduced
molecular mass of 44.5 kDa. The protein was predicted to have 12
transmembrane a-helices (TMH) with both termini located in the
cytoplasm (Thomas et al, 2000). However, recent work indicates
that the first predicted TMH is actually a signal sequence, which is
cleaved to leave a mature, 11 TMH protein of 406 residues with
a periplasmic N-terminus (von Wirén & Merrick, 2004). This 11
TMH structure is characteristic of Amt proteins from bacteria,
fungi and plants but not of Rh proteins, which have 12 TMH (Eyers
et al, 1994).

E. coli AmtB purifies in detergent solution as a homotrimeric
complex with a molecular mass of 135kDa (Blakey et al, 2002).
So far, E. coli AmtB is the only Amt protein to have been purified,
but genetic and biochemical evidence indicates that Amt proteins
from fungi and higher plants also form oligomeric complexes
(Marini & Andre, 2000; Monahan et al, 2002; Ludewig et al,
2003). The erythroid Rh proteins have been proposed to form
hetero-oligomers (Eyers et al, 1994).

Despite their important role in cellular metabolism, there have
been no structural studies on Amt proteins. In this paper, we report
the first structural view of a member of this protein family. We
describe the reconstitution of E. coli AmtB into two-dimensional
(2D) crystals and their imaging by cryoelectron microscopy
(cryoEM) and atomic force microscopy (AFM), both of which
show the likely in vivo structure when viewed perpendicular to
the membrane.
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Fig 1| Western blot of protein extracts from wild-type E. coli strain
ET8000 grown under nitrogen limitation to induce expression of AmtB
from its native promoter. Lane 1 is from a His-tagged construct, while
all other lanes are wild type. Lane 1: purified AmtB; lane 2: whole-cell
extract; lane 3: cytoplasmic fraction; lane 4: membrane fraction. Samples
were separated on a 10% SDS-polyacrylamide gel and visualized with a
rabbit polyclonal anti-AmtB antibody.

RESULTS

AmtB is trimeric in the native cell membrane

Polyclonal antibodies prepared against purified AmtB were used
in a western blot of cellular fractions from wild-type E. coli grown
under nitrogen limitation. This blot identified a principal band
with an apparent molecular mass of ~90kDa and a mobility
identical to that of purified trimeric AmtB. A minor fraction (<5%)
was observed as a monomeric species of about 30kDa. AmtB is
completely localized in the membrane fraction (Fig 1). These data
confirm that E. coli AmtB is almost exclusively trimeric when
expressed at normal levels from the native amtB promoter, and
that it is extremely stable in the presence of SDS.

Crystallization and AFM

The best-ordered 2D crystals were formed from a mixture of AmtB
and 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) at
a lipid:protein ratio (LPR) of 1.0 (w/w). Crystals formed as (>3 um
on an edge) angular edged sheets. AFM of AmtB crystals showed
that the majority are 127+3A thick (labelled ‘3’ in Fig 2),
sufficient to accommodate two bilayers stacked together, although
63+2 A ‘single’ thicknesses (labelled 2" in Fig 2) could sometimes
be seen at the margins of these sheets. Adjacent particles were of
the same height, suggesting that all molecules in the crystal have
the same orientation relative to the membrane plane. While the
127-A-thick layers showed much greater crystalline order than the
63 A layers, it is apparent from Fig 2B that particles in both types of
layer show the same surface characteristics, implying that both
‘single’ and ‘double’ layers show the same surface of the protein to
the AFM tip. Thus, double-layered crystals are most likely to be
composed of two membranes stacked ‘head-to-tail’. At a higher
maghnification, AFM topographs (Fig 3) showed ordered arrays of
particles each of which showed three prominent protrusions
(arrows) 15 A from the three-fold symmetry centre and a further
three more peripheral protrusions (arrowheads) 34A from the
centre. Correlation averages of 213 trimers (Fig 3C,D) show these
features clearly.
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Fig 2| Morphology of crystals. (A) Overview AFM topograph of single-
and double-layered AmtB sheets adsorbed on mica. Regions denoted
with numbers 1, 2 and 3 correspond to mica, single-layered sheets and
double-layered sheets, respectively. (B) AFM image of a crystal recorded
at the border between single- and double-layered sheets. The insets show
scans of regions 2 and 3 at higher magnification. The topographs in the
insets of (B) are shown in relief, tilted by 2 °. Scale bars represent 2 um
(A) and 120 nm (B). Vertical brightness ranges: 25 nm (A) and 20 nm
(B). Frame sizes are 32 nm for the insets in (B).

-

Fig 3 |High-resolution AFM of AmtB. (A) Height image of the upper
layer of a double-layered 2D crystal. An AmtB trimer is marked by the
broken circle. The area indicated by the broken frame is magnified in
(B). (C) Correlation average of 213 AmtB trimers and (D) with three-fold
symmetrization. The arrows mark the prominent protrusions near the
three-fold axis of the AmtB trimer and the arrowheads indicate the
smaller, peripheral protrusions; the dashed lines indicate apparent
pseudo-two-fold symmetry axes. The topographs in (A,B) are shown in
relief, tilted by 15°. Scale bar in (A): 15nm. Frame size in (B): 12.3 nm.
Vertical brightness ranges: 1.3nm (A,B) and 1.2nm (C,D). Frame sizes
in (C,D): 11.2nm.

Cryoelectron microscopy

CryoEM  showed crystals with unit cell dimensions
a=b=157.5+1.5A and y=11940.7 °. The Fourier components
of one image are represented in supplementary Fig 1 online.
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Fig 4| CryoEM projection maps of AmtB to 12 A resolution, represented
as grey levels. White corresponds to maximum density. (A) Map from
six merged images of AmtB crystals with p3 symmetry imposed. One
unit cell is outlined. The dashed circle denotes one trimeric particle of
AmtB. (B) Projection map as in (A), but with p321 symmetry imposed.
The unit cell is not outlined but is the same as in (A). The dashed lines
show two-fold symmetry axes. In both maps, the two crystallographically
independent particles are labelled ‘a’ and ‘b’. (C,D) Three-fold
rotationally averaged density maps of particle ‘b’ from the p3 and p321
maps, respectively. Scale bar, 50 A.

Analysis of predicted symmetry-related phases to 12 A resolution
showed the data to be consistent with p3 and p321 symmetry (see
supplementary data online). Amplitudes and phases from the six
best images were averaged with p3 or p321 symmetry imposed,
giving phase residuals to 12 A resolution of 59.4° and 59.2°,
respectively (see supplementary data online for a more detailed
analysis). Projection maps are shown in Fig 4. Both maps show
similar features; one unit cell (outlined in Fig 4A) contains four
triangular particles, approximately 53 A on a side. One particle,
‘b’, lies on a strict three-fold crystallographic symmetry axis. The
three remaining (crystallographically equivalent) particles, ‘a’, do
not lie on a crystallographic symmetry axis in the p3 map, but are
each bisected by an in-plane crystallographic two-fold axis in the
p321 map. In this instance, three such two-fold axes also bisect
particle ‘b’.

In both maps, those particles (‘a’) that do not lie on a
crystallographic three-fold axis nevertheless seem to show three-
fold symmetry, confirmed by determining rotational correlation
coefficients for these particles. An unambiguous three-fold
symmetry is shown for particles from both maps (Fig 5A). The
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Fig 5| Features of the AmtB trimer. (A) Rotational correlation analysis of
particles ‘@’ from p3 (solid line) and p321 (dotted line) maps that do not
lie on a crystallographic three-fold axis. (B) Contour plot of particles
from the p321 map, one of which (right) lies on the crystallographic
three-fold axis while the other (left) is bisected by a single two-fold axis
only. Both particles show a low-density region (w), surrounded by three
peaks of high density (x) and a ring of six areas of lower density

(y and z); those marked with the same letter are related by either
crystallographic (right) or noncrystallographic (left) three-fold symmetry.

similarity of the two crystallographically independent particles is
even more apparent when three-fold averaging is applied to
particle ‘a’ from either map (Fig 4C,D), and was confirmed by
a rotational alignment of particle ‘a’” on ‘b’, giving maximum
correlations of 98.7% and 98.4% for p3 and p321 maps,
respectively.

The density features common to both particles are indicated in
Fig 5B. Each particle contains a central region of low density,
marked ‘w’, surrounded by a ring of three density peaks (marked
‘x’). Six regions of lower density, marked ‘y’ and ‘z’, in turn
encircle this central arrangement.

DISCUSSION

Here we present the first structural view of a member of the Amt
family. CryoEM and AFM of 2D crystals showed particles with
three-fold symmetry when viewed perpendicular to the membrane
plane. The two crystallographically independent views indicate
that the most likely molecular envelope is as shown in Fig 4A.
AmtB thus seems to form a trimeric structure, consistent with the
trimeric nature of the purified protein observed by analytical
ultracentrifugation (Blakey et al, 2002). Each particle of projected
density occupies an area of approximately 4,900 A2, which is
entirely consistent with a single trimer of AmtB containing 33
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TMH (Thomas et al, 2000; von Wirén & Merrick, 2004), assuming
an average projected area of approximately 140A2 per TMH
(Veenhoff et al, 2002).

Determination of the oligomeric state of membrane proteins is
a topic of growing interest, particularly as the structure of the
protein in detergent may not always reflect the physiologically
relevant state (Veenhoff et al, 2002). However, in this case, the
unusually stable state of AmtB in SDS allowed us to confirm that
the protein is a trimer in the membrane of wild-type E. coli cells.
Consequently, we can be reasonably confident that the trimeric
crystal structure reported here reflects not only the structure of the
purified protein in solution but also the native state of the protein.

With our data limited to 12 A resolution, the EM projection
maps fit both p3 and p321 symmetry. The apparent p321
symmetry could arise through one of two routes: either the crystal
is composed of two oppositely oriented layers of protein related by
an in-plane intermolecular two-fold axis, or there exists an
intramolecular pseudo-two-fold symmetry indistinguishable from
a crystallographic two-fold at the current resolution. AFM
measurements of the thickness of most crystalline sheets are
consistent with the notion of a double layer, but the surface
topography of the single layers seems similar to that of the double
layers, albeit more disordered. If so, both layers are oriented in the
same way and therefore not related by a two-fold symmetry. On
the other hand, an intramolecular pseudo-two-fold axis in the
crystal plane could also be caused by an internal homology
between N- and C-terminal halves of the protein (Dutzler et al,
2002; Murakami et al, 2002; Van den Berg et al, 2004). However,
multiple alignments of over 100 Amt sequences showed no
obvious evidence of such internal homology in this family at the
sequence level (M. Merrick, unpublished). It is interesting to note
that AFM images, showing only the surface features of the
molecule, rather than projected density, also seem to have an
internal two-fold symmetry (Fig 3D). This apparent symmetry can
only arise as a pseudo-symmetry manifested at the limited
resolution currently attained.

AFM and cryoEM show complementary structural information,
namely, surface features and internal structure, respectively. In
AFM experiments, it is likely that the cytoplasmic face of the
protein, with an overall positive charge, binds to the negatively
charged mica substrate. Therefore, the surface features ob-
served are in all probability those of the periplasmic face of
AmtB, and the most likely cause of the prominent feature near
the three-fold axis is the 31-residue loop between helices Il and Il
(Thomas et al, 2000).

AFM showed that double-layered crystals were generally better
ordered, as EM images were selected for computer processing on
the basis of diffraction quality, it is likely that these were from
double layers. The 12 A projection map of these AmtB crystals
(Fig 5B) shows several low-density regions that may represent
pores in the protein and several high-density regions that
may represent projected o-helical density. However, given the
uncertainty of the nature of the superposition of densities from
different crystal layers in the projections of Fig 4, a definite
identification of such features is not possible. The one feature that
must be coincident in both layers of protein (that is, the centre of
each particle at the three-fold axis) is also the lowest density
feature within each AmtB particle (‘w’ in Fig 5B). This is of a
comparable density to that of the lipid surrounding the protein,
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suggesting that it is not a perpendicular channel running right
through the protein, because such a feature would be expected to
have considerably lower density (Mindell et al, 2001).

Of the known quaternary structures of membrane transport
proteins, a trimeric architecture seems comparatively rare. For
example, the majority of secondary transporters studied in detail
seem to be monomeric, dimeric or tetrameric (Veenhoff et al,
2002), and channels of known structure are all dimeric,
tetrameric, pentameric or heptameric (Chang et al, 1998; Doyle
et al, 1998; Bass et al, 2002; Dutzler et al, 2002). We are not
aware of any trimeric channels. However, we are aware of
structural data for three secondary transporters that are trimeric:
the multidrug-proton antiporter, AcrB (Murakami et al, 2002); the
tetracycline-proton antiporter, TetA (Yin et al, 2000); and the
sodium-glycine betaine symporter, BetP (Ziegler et al, 2004). In
the case of AcrB, it is clear that the trimeric assembly is necessary
for function, as drugs are transported through a channel formed at
the interface of the three subunits. In the case of TetA, it is more
likely that, by analogy to other major facilitator superfamily (MFS)
proteins, each monomer contains a transport channel (Abramson
et al, 2003) so that the role of the trimeric architecture in function
is less clear. BetP is notable in that the monomers within the trimer
seem to have different conformations. We have found no evidence
for this type of conformational heterogeneity in AmtB. Both AcrB
and members of the MFS, which includes TetA, lactose permease
and the glycerol-3-phosphate antiporter, show a pseudo-two-fold
symmetry within the monomer. We see evidence for a similar
pseudo-symmetry in our projection structures of AmtB.

Speculation

In bacteria and archaea, amtB is invariably linked to the gene
gInK, and in E. coli we have shown that AmtB activity is regulated
by interaction with GInK, which is also a trimer (Coutts et al,
2002; Javelle et al, 2004) and has a similar footprint to AmtB when
viewed down the three-fold axis (Xu et al, 1998). It is possible that
the trimeric structure of both proteins may reflect a symmetry
required for interaction between the two proteins. Whether the
trimeric state of AmtB is necessary for function is as yet unknown,
but we would speculate that each monomer contains an
ammonium channel. Furthermore, as Amt proteins from bacteria,
archaea, fungi and plants show a high degree of homology, it is
tempting to suggest that this conservation could be reflected in the
tertiary and quaternary structures. Fungal and plant Amt proteins
and human Rh proteins are thought to be oligomeric (Eyers et al,
1994; Marini & Andre, 2000; Ludewig et al, 2003) and may also
occur as homo- or heterotrimers.

METHODS

Crystallization. C-terminally  histidine-tagged ~AmtB  was
expressed in E. coli and purified as described by Blakey et al
(2002) with the exception that the construct did not contain a
linker between the native sequence and the tag. AmtB was
concentrated to 0.5 mgml~" using Amicon Centricon concentra-
tors (molecular weight cut-off 100,000). Purified protein was
mixed with DMPC (Avanti Polar Lipids, Alabaster, AL, USA)
solubilized in 2% decyl-B-D-maltoside to yield LPRs of between
0.4 and 1.4 (w/w) at a final protein concentration of 0.4 mgml~!
and total volume of 100ul. The solution was dialysed against
50 mM Tris buffer at pH 8.0, 250 mM NaCl and 0.005% sodium
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azide in a home-built dialysis machine (Jap et al, 1992) at 20°C
for 10 days.

Electron microscopy. Crystals were embedded in 1% (w/v)
glucose. Micrographs were recorded on a Philips CM200 FEG
EM. Grids were mounted on an Oxford cold stage and cooled to
around —180°C. Images were recorded at 200kV at a magnifica-
tion of about x 50,000 and a total dose of ~10eA~2 on Kodak
SO-163 film, developed in concentrated D19 developer for 12 min.
Image processing. Micrographs were digitized in steps of
7um on a Zeiss SCAl densitometer. Image processing followed
procedures described previously (Henderson et al, 1986;
Crowther et al, 1996). Origin and phase CTF refinement were
performed with Fourier terms limited to 12 A resolution and
symmetry analysis was carried out using ALLSPACE (Valpuesta
et al, 1994). Amplitudes from individual images were corrected by
temperature factors of between 110 and 967 A2 with SCALI-
MAMP3D (Schertler et al, 1993) before averaging. Rotational
correlation coefficients were calculated using IMAGIC (van Heel
et al, 1996).

Atomic force microscopy. A stock solution of crystals was diluted
tenfold in 20 mM Tris—=HCI, 150 mM KCl and 15 mM MgCl, at pH
8.1 (imaging buffer) and adsorbed for > 60 min on freshly cleaved
muscovite mica. After adsorption, the sample was gently washed
with imaging buffer. AFM experiments were performed using a
Nanoscope Multimode microscope equipped with an infrared
laser head, fluid cell and oxide-sharpened silicon nitride
cantilevers of 100 and 200pum length, and nominal spring
constants of 0.08 and 0.06 Nm~' from Olympus Optical Co.
(Tokyo, Japan) and Digital Instruments (Santa Barbara, CA, USA),
respectively. Topographs were acquired in contact mode at
minimal loading forces (<100pN). Trace and retrace signals
were recorded simultaneously at line frequencies ranging between
4.1 and 5.5 Hz. Correlation averages were calculated from AFM
topographs with the SEMPER image processing system (Saxton,
1996). Perspective views were prepared using the SXM program
(University of Liverpool, UK).

Western blotting and cell fractionation. These were carried out
as described by Coutts et al (2002).

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).

Note added in proof. Since submission of this manuscript, the 3D
crystal structure of AmtB has been published by two groups
(Khademi et al (2004) Science 305: 1587-1594; Zheng et al
(2004) Proc Natl Acad Sci USA, in press). These crystal structures
confirm and extend the findings presented here.
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