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The Rhesus (Rh) proteins are a family of integral membrane proteins
found throughout the animal kingdom that also occur in a number of
lower eukaryotes. The significance of Rh proteins derives from their
presence in the human red blood cell membrane, where they consti-
tute the second most important group of antigens used in transfusion
medicine after the ABO group. Rh proteins are related to the ammo-
nium transport (Amt) protein family and there is considerable evi-
dence that, like Amt proteins, they function as ammonia channels. We
have now solved the structure of a rare bacterial homologue (from
Nitrosomonas europaea) of human Rh50 proteins at a resolution of
1.3 Å. The protein is a trimer, and analysis of its subunit interface
strongly argues that all Rh proteins are likely to be homotrimers and
that the human erythrocyte proteins RhAG and RhCE/D are unlikely
to form heterooligomers as previously proposed. When compared
with structures of bacterial Amt proteins, NeRh50 shows several
distinctive features of the substrate conduction pathway that support
the concept that Rh proteins have much lower ammonium affinities
than Amt proteins and might potentially function bidirectionally.

ammonia channel � ammonium transport � Rhesus 50 protein �
x-ray structure

The Rhesus (Rh) blood group system is the most polymorphic
of the human blood groups and, next to the ABO system, is

the most clinically important in transfusion medicine. The Rh
antigens are carried by two red blood cell membrane proteins,
RhD and RhCE (also termed Rh30; apparent molecular mass 30
kDa), which have been proposed to be associated in a complex
with a related erythrocyte-specific glycoprotein RhAG (Rh50;
50 kDa) (1). The two other human nonerythroid Rh50 glycop-
roteins, RhBG and RhCG, are expressed in kidney, liver, brain,
and skin (2). Rh50 proteins are found throughout the animal
kingdom and also occur in green algae and slime molds.

Despite their clinical importance, the function of the Rh proteins
remained unclear until it was recognized that they share low but
significant sequence similarity with ammonium transport (Amt)
proteins (3). Amt proteins are ubiquitous integral membrane
channels found in bacteria, archaea, plants, and fungi (4), the best
characterized being Escherichia coli AmtB (5). Structural data
predict that Amt proteins function as ammonia channels and have
an extracellular binding site for the ammonium ion that is depro-
tonated before translocation of ammonia (6–9). In vivo studies on
E. coli AmtB support the model of ammonia translocation (10), but
other Amt proteins have been suggested to act as NH4

� uniporters
or NH3/H� cotransporters (11, 12). Comparable studies on Rh50
proteins have mostly supported a role in ammonium transport (13),
and in some cases it has been suggested that Rh50 proteins can
mediate ammonia efflux (14–16). However, the Rh1 protein of
Chlamydomonas reinhardtii, has been proposed to function as a CO2
channel (17, 18), and Rh30/RhAG proteins have been claimed to
contribute to the high CO2 permeability of the human red cell

membrane (19). Rh30 proteins appear to have evolved from Rh50
proteins early in fish speciation (20). Unlike for Rh50 proteins,
there is no evidence, either from experimental data (21, 22) or from
structural models (23, 24), that Rh30 proteins function as ammo-
nium transporters, and they are currently thought to have a
structural role in the erythrocyte membrane (25).

The human Rh erythrocyte complex has been proposed to be a
tetramer, comprising two RhAG polypeptides and two Rh30
polypeptides (1, 26). However, x-ray crystal structures of E. coli
AmtB and the related Archaeoglobus fulgidus Amt-1 protein show
these proteins to be homotrimers, each subunit of which has 11
transmembrane helices (TMH) and contains a central conduction
channel (6, 7, 9). Sequence alignments suggest that other Amt
proteins also have 11 TMH, whereas studies on human Rh proteins
suggest that they have 12 TMH, the extra helix being at the N
terminus (1, 27). Both Rh50 and Rh30 proteins have been modeled
on Amt proteins, and these models challenge the view of the Rh
complex as a tetramer and favor a trimeric model (23, 24). They also
predict that Rh proteins should lack the high-affinity ammonium
binding site seen on the extracellular face of Amt proteins.

Rh and Amt proteins are clearly derived from a common
ancestor (20, 28), and, although Rh and Amt genes are found
together in a many lower eukaryotes, Rh genes predominate in
vertebrates where Amt genes are absent (28, 29). However, recent
genome sequences have revealed rare occurrences of Rh50-type
genes in prokaryotes, including the chemolithoautotroph Nitro-
somonas europaea (30, 31). The NeRh50 protein has been shown to
function as an ammonia transporter (32, 33), and it offers an
excellent opportunity to investigate the structure of a member of
the Rh protein family. Here, we report the x-ray crystal structure of
NeRh50 at 1.3 Å resolution and discuss its implications regarding
the mechanism of ammonium translocation.

Results
Comparison of the Overall Structure of NeRh50 with Amt Proteins.
N-terminal sequence analysis revealed that NeRh50 is processed in
E. coli by signal peptidase, which cleaves off the first 24 aa. The
refined NeRh50 structure comprises residues 8–369; thus, residues
1–7, the most C-terminal residues 370–401, and the His6 tag are not
resolved. The monomer in the asymmetric unit is part of a tightly
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packed trimer (Fig. 1) generated by the crystallographic threefold
axis. The monomer structure is very similar to the homologous Amt
structures (Fig. 2) (6, 7, 9), and major differences only occur in the
loops and in the C-terminal region (CTR) after M11 [see support-
ing information (SI) Fig. 6]. The extra N-terminal TMH (M0)
predicted to be present in human erythroid Rhesus proteins is
absent in NeRh50 expressed in E. coli.

Our structure-based alignment (Fig. 3) reveals that a bidimen-
sional hydrophobic cluster analysis (23) correctly aligned the trans-
membrane helices of human (Hs) Rh proteins with EcAmtB except
for M2 and M4, where their alignment is out by one and four
residues, respectively. Within its structurally defined region,
NeRh50 shares 21.9% (58.4%) sequence identity (similarity) with
EcAmtB and 36.3% (64.9%) with HsRhAG. Furthermore, many
structural differences between NeRh50 and EcAmtB are family-
specific. This is particularly evident along the conduction pathway,
which is primarily shaped by residues of the pseudosymmetry
related M1/M3/M5 and M6/M8/M10 helices, respectively (Fig. 2).
For the subset of residues of these six helices (121 residues in total),
identity between NeRh50 and HsRhAG increases to 55%, whereas
it remains at 22% for EcAmtB. We conclude that the NeRh50

channel architecture should be highly representative of all Rh
proteins.

Structural Characteristics of Channel Vestibules and Pore. Based on
the structure of Amt proteins (6, 7, 9), four regions, (i) an
extracellular vestibule with an ammonium binding site, (ii) a
‘‘phenylalanine gate’’ at the extracellular pore entry, (iii) a central
twin-histidine-containing pore, and (iv) a cytoplasmic vestibule,
have been discriminated in discussing mechanistic questions related
to substrate conduction (13). A primary interest is, therefore, to
analyze the structural differences that discriminate Amt from Rh
proteins in these functionally critical regions.

Extracellular Vestibule. The extracellular ammonium ion binding
site identified in Amt structures (6, 7, 9) is shaped by three highly
conserved residues (Phe-107, Trp-148, and Ser-219 in EcAmtB)
implicated in hydrogen bonding and cation-� interactions. Only the
Phe residue is conserved in the Rh family, and the architecture of
the solvent-accessible extracellular vestibule is not conserved be-
tween Rh and Amt proteins.

The extracellular vestibule is very differently shaped in NeRh50
(Fig. 4A), and, as predicted (7, 8, 24), no equivalent ammonium
binding site exists. The NeRh50 residue that aligns with EcAmtB-
Ser-219 is Ile-198 (Fig. 3), and, with few exceptions, this residue is
Ile or Leu in Rh proteins. Ile-198 is quite differently positioned to
AmtB-Ser-219 (Fig. 4A) and occupies space very close to the
ammonium binding site in Amt protein structures. AmtB-Trp-148,
located at the C terminus of M4 and implicated in a cation-�
interaction with ammonium in Amt proteins, has no structurally
equivalent residue in NeRh50. Five well defined water molecules
occupy the corresponding free space in NeRh50.

Phenylalanine Gate. In Amt structures, the pathway from the
ammonium binding site to the central pore is severely obstructed by
a ‘‘gate’’ formed by the stacked phenyl rings of two conserved Phe
residues (Phe-107 and Phe-215 in EcAmtB). This obstruction is
much reduced in NeRh50. The ring of the first Phe (Phe-86) is
oriented perpendicular to that of the second (Phe-194), whereas a
parallel orientation is observed in Amt protein structures. In Rh
proteins, such a parallel conformation would cause a steric clash
with the side chain of the well conserved Ile-145. The opening
resulting from the perpendicular orientation of Phe-86 permits a
water molecule (O1) to be �2 Å deeper along the channel entry
path than the Am1 site in EcAmtB (Fig. 4A).

We also observe another opening at one edge of the phenyl ring
of Phe-194. It is right above the first of the two conserved pore
histidines and is occupied by two water molecules, O2 and O3 (Figs.
4 and 5C). In EcAmtB, the equivalent space is occupied by Thr-273,
which structurally aligns with Gly-251 of NeRh50 (Figs. 3 and 4).
This Gly is highly conserved in all known Rh proteins (29). The
larger opening at the pore entrance of NeRh50 is a consequence not
only of this Thr to Gly substitution but also of an increased distance
between the corresponding main chains. The C�-C� distance
between NeRh50 Phe-194 and Gly-251 is �1 Å larger than between
EcAmtB Phe-215 and Thr-273.

The observed water positions, O1 and O2, delineate a likely
substrate path from the extracellular vestibule across the Phe gate.
O1 and O2 are 5.4 Å apart and separated by a constriction formed
by Phe-194, Ala-195, and Ala-140. However, the phenyl ring of
Phe-194 could easily be tilted to allow substrate passage. The same
rotation would also widen another constriction, between O2 and
the central pore region, such that smooth substrate transfer from
O1 into the central pore appears easily possible (Fig. 4).

Central ‘‘Twin-Histidine’’ Pore. The central pore lumen, lined on one
side by the two conserved imidazole side chains of His-146 and
His-300, is similarly shaped in NeRh50 and in the known Amt
structures (Fig. 5). Trp-191 is highly conserved in Amt and Rh

Fig. 1. The NeRh50 trimer structure. The periplasmic face of the trimer is
shown in surface representation at Left with the extracellular pore entry
marked by a yellow circle in one monomer. The ribbon representation at Right
shows a side view with the approximate bilayer boundaries indicated. The
C-terminal segments showing only backbone density (see SI Fig. 7) are shown
as orange C� traces.

Fig. 2. Comparison of the monomer structure of EcAmtB and NeRh50.
Superposition of the transmembrane helices (numbered in white) of NeRh50
(yellow) with those of AmtB (gray, D subunit of PDB ID code 2NUU) yields an
rms displacement of 1.4 Å for 268 C� atoms.
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families, whereas the pseudosymmetrically related residue Phe-31
is highly conserved in Rh proteins but is more variable in the Amt
family. In AmtB, residual electron density peaks in the pore have
been interpreted as partly occupied ammonia or water molecules,
indicating preferred sites along the conduction pathway, and those
in the central pore have been designated Am2, Am3 (7) or S2, S3,
respectively (34). In the NeRh50 structure, we do not observe any
such residual electron density in the lumen of the central pore.

Cytoplasmic Vestibule. In the NeRh50 and Amt structures, the Phe
gate has no comparable counterpart on the cytoplasmic side of the
central pore. The residues pseudosymmetrically related to NeRh50
Phe-86 and Phe-194 are Asn-241 and Leu-34, respectively. Both are
highly conserved in Rh proteins. We consider this region to be part
of the cytoplasmic vestibule, because it does not severely constrict
the substrate pathway as does the Phe gate on the periplasmic side.
However, this asymmetry is less pronounced in NeRh50 than in
Amt structures (Fig. 5).

C-Terminal Region. The length of the CTR varies considerably within
the Amt/Rh family, and the sequence of the Rh CTR differs
markedly from that of Amt proteins. However, the chain traces of
NeRh50 and EcAmtB superpose well over a short, type I turn

segment, NeRh50 356–359 (EcAmtB 395–398) (see SI Fig. 6C). In
both cases, this turn and some adjacent residues form numerous
contacts to the cytoplasmic M1/M2 loop of the same subunit. In
Amt proteins, the CTR reaches over into the vestibule of the
adjacent subunit (6, 35, 36), which has led to speculations of
cooperativity or cross-talk between the subunits (37–39), but such
an interaction is not seen in NeRh50.

Electron density is well defined up to NeRh50-Glu-369, which
roughly corresponds to the length of the CTR in the erythrocyte
proteins RhAG and RhCE/D. Beyond this, weak density indicates
that �12 of the remaining 32 residues may have a tendency to form
a trimeric coiled coil along the threefold axis (see Fig. 1 and SI Fig.
7B). However, owing to sequence divergence, this cannot be
regarded as representative of Rh proteins. An extended H-bonding
network in NeRh50 involves Arg-40, Ser-44, Glu-35, and Asp-356,
residues that are well conserved (R/K, S, E/D, D) in all human Rh
proteins, strongly indicating a similar local structure. Contact of
segment 357–361 with the M7/M8 loop of an adjacent trimer
subunit is also likely to be conserved in Rh proteins (SI Fig. 7A).

NeRh50 Trimer Interface as a Model for Mammalian Rhesus Oligomers.
The erythrocyte Rh complex was originally proposed to be a
heterotetramer, mainly on the basis of coimmunoprecipitation

Fig. 3. Structure-based sequence alignment of NeRh50 and EcAmtB. The program Sequoia (58) was used to carry out the structure-based alignment and
combine it with a sequence-based alignment for HsRhAG and RhD. The alignment before the start of M1 was adjusted manually. Other minor adjustements were
made in the structurally nonhomologous parts of loops. The vertical arrow at the CTR marks the position beyond which the alignment is not meaningful, and
the sequences are merely shown for completeness. Negative sequence numbers are assigned to the processed leader peptides of EcAmtB and NeRh50, hence
the mature proteins as expressed in E. coli start at residue �1. Transmembrane helices M1-M11 as observed in the NeRh50 structure and M0 as predicted (23)
are indicated with bars below the aligned sequences. Residues with large interface contacts (see SI Fig. 8) are in boxes colored according to whether they belong
to the green or dark blue subunit in Fig. 1. The corresponding residues in RhD are shown in lighter colors if different from those of RhAG. Selected residues along
the substrate pathway as discussed in the text are marked in red.

Lupo et al. PNAS � December 4, 2007 � vol. 104 � no. 49 � 19305

BI
O

PH
YS

IC
S

http://www.pnas.org/cgi/content/full/0706563104/DC1
http://www.pnas.org/cgi/content/full/0706563104/DC1
http://www.pnas.org/cgi/content/full/0706563104/DC1
http://www.pnas.org/cgi/content/full/0706563104/DC1
http://www.pnas.org/cgi/content/full/0706563104/DC1


data that permit other interpretations (1). However, the ho-
motrimeric nature of the homologous AmtB protein strongly
suggested a trimeric structure for Rh proteins (24), and this is
now firmly supported by the NeRh50 structure.

We have examined whether the formation of mixed oligomers
between RhAG and RhCE or RhD is a plausible model. Most
trimer interface residues in NeRh50 and EcAmtB (Fig. 3 and SI Fig.
8) occupy equivalent positions in the structure-based sequence
alignment indicative of conservation of the quaternary structure
across the whole superfamily. However, few of the interface resi-
dues are identical, so the detailed interactions are quite distinct. We
selected 43 of the 76 residues involved in interface contacts in
NeRh50, namely those with a contact surface �40 Å2. Most
equivalent residues in AmtB (Fig. 3) are similarly involved in major
interface contacts. Twenty of these 43 residues are identical in
RhAG and either RhCE or RhD: a sequence identity of 46%
compared with 36% overall identity. A modest increase in identity
for interface residues is quite typical for homologous oligomers
(40). However, here we have examined whether these proteins
could form mixed oligomers with a tightly packed extended inter-
face, which requires a very good match for both the underlying
monomer structures and the packing of their interface side chains.

Our analysis suggests that the formation of mixed oligomers is
unlikely. First, the overall sequence identity of 36% appears too low
to be compatible with precisely matched protein backbone struc-
tures. An overall sequence identity of 75% and higher is observed
in two cases of Amt family paralogs for which the formation of
mixed oligomers has been postulated, namely between ScMep1 and
ScMep3 (41) and between LeAMT1;1 and LeAMT1;2 (42). Sec-
ond, the high number of different interface residues, 14 of 23
different side chains have very low similarity, is likely to generate
severe packing mismatches in mixed interfaces. Third, analysis of
only those side chains located right at the threefold axis also reveals
several large discrepancies. Three such residues in NeRh50, Val-14,
Ala-15, and Asn-18 are well conserved in both RhD and RhCE
(Val, Ala, and Gln, respectively) but are quite different in RhAG
(Phe, Glu, and Pro, respectively). Similarly, NeRh50-Phe-179 is
conserved as Phe in RhAG but is Ser in RhD and RhCE. Although
this does not prove that mixed trimers cannot form, it seriously
questions their existence.

Discussion
The high-resolution structure of NeRh50 provides answers to
several questions related to the tertiary and quaternary structure of

Fig. 5. Substrate conduction pathway of NeRh50 and AfAmt1/EcAmtB. (A and B) Cross-sections cutting the pores of NeRh50 (A) and AfAmt1 (B) (6). The dark
areas represent cavities after removing all water molecules from the structure models. The side chains of conserved pore residues are shown as sticks, and water
molecules are shown as red spheres. Af-Amt1 is shown here because it is better suited to compare hydration of the cytoplasmic vestibules (EcAmtB structures
are affected by disorder, bound detergent, or bound GlnK in that region). The pore shape is very similar to that observed for EcAmtB, whose residue numbers
are given in parentheses. (C) Stereoview of the superposed central pore lining residues of NeRh50 (magenta) and EcAmtB [gray, from D subunit of PDB ID code
2NUU (35)]. Selected residues of NeRh50 are labeled. Transparent spheres (1.4-Å radius) represent observed water sites in NeRh50 (O2, etc., light magenta) and
the putative NH3 sites Am2 and Am3 in EcAmtB (7).

Fig. 4. Stereo views of the periplasmic vestibule of NeRh50. NeRh50 (ma-
genta) was superposed to EcAmtB [gray, PDB ID code 1U7G (7)], using the C�

positions of the structurally equivalent residues. Water molecules (labeled O1,
O2, etc., as discussed in the text) are shown as red spheres, and the postulated
ammonium/ammonia sites of EcAmtB (Am1 and Am2) are indicated with blue
spheres. (A) View illustrating the absence of an ammonium ion binding site in
the NeRh50 periplasmic vestibule. (B) View illustrating the significant opening
in NeRh50 at the inner conserved phenylalanine (NeRh50-Phe-194). The hy-
drogen bonding interactions of O2 and O3 are depicted as dashed black lines.

19306 � www.pnas.org�cgi�doi�10.1073�pnas.0706563104 Lupo et al.

http://www.pnas.org/cgi/content/full/0706563104/DC1
http://www.pnas.org/cgi/content/full/0706563104/DC1


the Rh family proteins that could not be resolved from structures
of the related but distinct Amt proteins. Many of the Rh/Amt
family-specific sequence differences correlate directly with specific
structural differences between the channels of NeRh50 and Amt
proteins. Consequently, the detailed NeRh50 channel architecture
can be deduced to be highly representative of all Rh proteins.

Mechanistic Aspects of Ammonia Conduction in Amt and Rh Proteins.
A primary objective of this study was to gain insight into
structural differences between the substrate conduction pores of
Amt and Rh50 proteins that were predicted to differ particularly
in the extracellular vestibule (7, 8, 24). The following discussion
solely addresses ammonia conduction, because we see no indi-
cation from this structure that Rh proteins have a distinct
substrate, namely CO2, as has been suggested (43).

As expected, the external ammonium binding site found in Amt
proteins is not present, and there is no indication of a structurally
well defined alternative binding site. Potentially related structural
changes occur in the adjacent Phe gate region that is much less
constricting than in Amt structures, although both phenylalanines
are highly conserved in Amt and Rh50 proteins. The widening of
this constriction is not simply the result of different side chain
conformations, as observed for the first Phe, but is the combined
effect of Rh/Amt family-characteristic side chain substitutions, most
notably Gly for Thr at position 251 of NeRh50, and a larger
separation between the corresponding main chains, namely trans-
membrane helices M6 and M8, in this region.

Overall, the vestibules at either end of the pore are more similar,
both in their shape and their accessibility to water (or NH4

�/NH3),
in the NeRh50 structure than in the known Amt structures. There
is a well defined path by which a substrate molecule could pass the
Phe gate that separates the extracellular vestibule from the central
pore lumen at the first His (Fig. 5A). This path is likely to be the
same in the Amt proteins, except that it appears more difficult to
generate sufficiently large transient openings for substrate passage.
The main chain carbonyl group of NeRh50-Ala-140 (EcAmtB-Ala-
162) appears to play an important role in providing some hydrogen
bond acceptor capacity to translocating substrate molecules in this
otherwise nonpolar region as suggested for AmtB (9) and observed
in a molecular dynamics simulation (44).

Mechanistic aspects of ammonia transport by EcAmtB have been
addressed in a number of recent molecular dynamics simulations
(13, 44–51). The calculations confirm that ammonium ion transport
through the central pore lumen would be energetically very unfa-
vorable and support the current view that Amt/Rh proteins conduct
uncharged NH3.

Amt proteins have to recruit ammonium at very low concentra-
tion and appear initially to bind their substrate in the more
abundant ionic form (8); therefore, an efficient deprotonation
mechanism is required before NH3 passage through the central
pore can occur. Different mechanisms for ammonium deprotona-
tion have been proposed, involving Ala-162:CAO (44), Asp-160
(49), Ser-219 (51), or water (46) as primary proton acceptors. We
consider the mechanisms where deprotonation takes place between
sites Am1 and Am2 (44, 46), that is, during passage of the Phe gate,
as more plausible. The proposed Ala-162:CAO deprotonation site
(figure 6 of ref. 44) closely corresponds to O2 observed in the
NeRh50 structure, except that the second Phe of NeRh50 is not
required to rotate by 90° to provide sufficient space. This putative
deprotonation site would assign a defined role to the first pore
histidine, found to be essential for methylammonium transport by
EcAmtB (34). In the NeRh50 structure, its N� atom provides a
hydrogen bond to water O2 located at this site. Initial proton
transfer to Ala:CAO, to N� of the first histidine, or to a water
molecule accompanying NH4

� across the Phe gate, all remain
viable possibilities in our opinion.

Because Rh proteins lack a defined ammonium ion binding site
(Fig. 4A), they might recognize and conduct the neutral form, in

which case no deprotonation site would be needed, but a strong pH
dependence of the transport rates would be expected. The mam-
malian Rh50 proteins fulfil their function at significantly higher
substrate concentrations (52) and show apparent Km and Ki values
in the millimolar range for methylammmonium transport and its
inhibition by ammonium, respectively (22, 53, 54). For NH3, the
respective values would be low micromolar, unreasonably low in our
opinion (see SI Appendix). Furthermore, the methylamine trans-
port rate of human Rh glycoproteins increases considerably less
with pH than the concentration of the unprotonated substrate (11,
54). Therefore, despite the lack of a high-affinity ammonium
binding site, Rh proteins may still rely on the recruitement and
deprotonation of the charged form in the respective vestibule for
optimal ammonia conduction. The structure of NeRh50 supports
this view as important structural features observed in its Phe gate
region are similarly observed in transient states associated with
possible deprotonation states in EcAmtB MD simulations (44, 46).

Because water and ammonia are rather similar molecules, am-
monia channels must discriminate against water to be effective. For
Amt proteins, the ammonium ion binding site, which has micro-
molar affinity in EcAmtB (10), represents a highly selective filter
against water, but at the price of a reduced maximum conduction
rate (8). Based on simple assumptions, we estimate that Rh proteins
must prefer NH3 by at least 103-fold compared with water (see SI
Appendix). Discrimination at this level appears easier to achieve
between NH4

�, rather than NH3, and water and would have to take
place in the vestibule region before deprotonation. The apparent
millimolar affinity of Rh proteins for ammonium may thus reflect
a weak ammonium sequestering capacity of the vestibule.

Implications for the Structures of Mammalian Rh Proteins. The
trimeric nature of NeRh50 corroborates homology modeling using
Amt structures (23, 24). Hence, it seems likely that Rh proteins are
trimeric rather than tetrameric, as proposed originally (1) and still
widely accepted. The Rh30 proteins (RhCE/D) are expressed in red
blood cells (RBC) and have been found to be in association with the
RhAG glycoprotein and other erythrocyte membrane and mem-
brane-associated proteins (55, 56). However, there is no evidence
that the Rh complex is a structurally and stoichiometrically defined
entity; rather, it is likely to be a complex, and probably dynamic,
network of interacting molecules that appears important for the
regulation of red cell shape. The trimer interface observed in
NeRh50 provides a very good model for examining whether mixed
trimers between Rh30s and RhAG appear plausible. Our analysis,
based on examining the conservation of the most important inter-
face residues predicted in RhAG and Rh30 proteins (Fig. 3),
seriously questions the existence of mixed trimers and calls for a
different interpretation of their interaction in the erythrocyte Rh
complex.

Whereas Amt proteins typically have 11 TMH, human Rh
proteins have been predicted to have an extra N-terminal helix
(M0), and N-terminal sequencing of RhAG and RhD isolated from
RBCs is consistent with this (56). However, the structural equiva-
lent of NeRh50 M0 is a strongly predicted signal peptide that is
indeed cleaved when expressed in E. coli, although we do not know
whether it is naturally processed in N. europaea. A signal peptide is
similarly removed during maturation of EcAmtB (57). Certainly
any Rh helix M0 would have to be located on the periphery of the
trimer as suggested (23, 24). In this case, the eight residues in
NeRh50 connecting the predicted end of M0 and start of M1 (Fig.
3) near the threefold axis are just about sufficient to position M0 at
the periphery between M2 of one monomer and M7/M9 of its
neighbor.

Presence and Function of Rh50 in N. europaea. To date, genes
encoding Rh50 homologues have been identified in just four
prokaryotic genomes, N. europaea (30), Nitrosospira multiformis
(31), Acidobacteria bacterium, and Kuenenia stuttgartensis (32). Of
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these four, the two ammonia oxidizing bacteria (N. europaea and
N. multiformis) lack amt genes, whereas A. bacterium and K.
stuttgartensis encode both Amt and Rh proteins. When expressed in
a Saccharomyces cerevisiae �mep strain, NeRh50 can restore am-
monium-dependent growth, indicating that it is competent to
conduct ammonium/ammonia (32, 33). Hence, in N. europaea and
N. multiformis, the Rh50 proteins may functionally replace Amt
proteins to facilitate ammonium uptake, albeit with a predicted
lower affinity. The supply of ammonia to ammonia monooxygenase
is of fundamental importance for the metabolism of ammonia
oxidizing bacteria. This process is not presently well understood,
although Rh50 could potentially play a role.

Methods
Protein Preparation and Crystallization. The Rh50 protein from N.
europaea was heterologously expressed in E. coli with a hexa-
histidine tag at its C terminus. The protein was solubilized from the
membrane with 5% (wt/vol) n-octyl-�-D-glucopyranoside (OG)
and purified by affinity chromatography, using Co2�-loaded Sepha-
rose beads. The concentrated eluate was first desalted on a NAP-10
column and then concentrated to �15 mg/ml in a buffer containing
10 mM Tris�HCl (pH 7.6), 100 mM NaCl, 10% glycerol, and 0.5%

OG. Crystals belonging to space group R3 (a � 100.1 Å, c � 143.8
Å) were obtained at 20°C from sitting drops set up in a 1:1 ratio
from protein stock solution and reservoir solution [10 mM Tris�HCl
(pH 8.5), 0.2 M NaCl, and 24% PEG 3350]. Details are given in SI
Materials and Methods.

Structure Determination. Data for crystals mounted on cryoloops
were recorded at 100 K on a MarCCD detector at the protein
beamline X06SA, Swiss Light Source. The structure was solved by
molecular replacement, using EcAmtB structures as search models,
and contains one monomer in the asymmetric unit. The final 1.3-Å
resolution model has Rwork and Rfree values of 0.147 and 0.171,
respectively, and excellent geometry. Details on the procedures and
data collection and refinement statistics are given in SI Table 1 and
SI Materials and Methods.
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