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All organisms require S-adenosylmethionine (SAM) as a methyl group donor and cofactor for various biologically important
processes. However, certain obligate intracellular parasitic bacteria and also the amoeba symbiont Amoebophilus asiaticus have
lost the capacity to synthesize this cofactor and hence rely on its uptake from host cells. Genome analyses revealed that A. asiati-
cus encodes a putative SAM transporter. The corresponding protein was functionally characterized in Escherichia coli: import
studies demonstrated that it is specific for SAM and S-adenosylhomocysteine (SAH), the end product of methylation. SAM trans-
port activity was shown to be highly dependent on the presence of a membrane potential, and by targeted analyses, we obtained
direct evidence for a proton-driven SAM/SAH antiport mechanism. Sequence analyses suggest that SAM carriers from Rickett-
siales might operate in a similar way, in contrast to chlamydial SAM transporters. SAM/SAH antiport is of high physiological
importance, as it allows for compensation for the missing methylation cycle. The identification of a SAM transporter in A. asiati-
cus belonging to the Bacteroidetes phylum demonstrates that SAM transport is more widely spread than previously assumed and
occurs in bacteria belonging to three different phyla (Proteobacteria, Chlamydiae, and Bacteroidetes).

Methylation occurs in all organismic groups, from bacteria to
eukaryotes, and is involved in general processes, such as

RNA metabolism and the regulation of gene expression and pro-
tein function, as well as in more specific mechanisms, like modi-
fication of neurotransmitters and detoxification of heavy metals,
etc. (1–3). In various synthetic and regulatory methylation reac-
tions, S-adenosylmethionine (SAM) acts as a methyl group donor,
and specific methyltransferases mediate the transfer of the reactive
methyl group to the respective acceptor molecule (4–6). Methyl
group transfer from SAM results in the formation of S-adenosyl-
homocysteine (SAH). SAH is an efficient competitive inhibitor of
methyltransferases, and accordingly, its removal by catabolizing
enzymes (such as specific hydrolases or nucleosidases) is required
to guarantee maintenance of methylation processes (7, 8). In ad-
dition to its role in methylation, SAM is also an important reagent
for posttranscriptional modification of tRNAs and is used as a
source of ribosyl groups in the biosynthesis of queuosine, a hyper-
modified tRNA nucleoside occurring in tRNAs coding for aspar-
agine, aspartic acid, histidine, and tyrosine (3). Moreover, SAM
acts as a precursor (amino carboxylpropyl group donor) in poly-
amine generation, in bacterial N-acetylhomoserine lactone syn-
thesis, as well as in ethylene and nicotinamine production in
plants and also plays an important role as a radical source in var-
ious biological transformations during, e.g., DNA precursor, vita-
min, or cofactor synthesis (3).

Most organisms are able to generate SAM from ATP and me-
thionine via the enzyme SAM synthetase (MetK [EC 2.5.1.6]) (9–
13). The Escherichia coli genome encodes only one single SAM
synthetase isoform (metK gene), and the incapability to obtain
metK deletion mutants demonstrated that SAM formation and,
consequently, methylation are essential for cellular viability and
growth (14). Interestingly, several obligate intracellular bacteria
belonging to the Rickettsiales and Chlamydiales apparently have
lost the capacity to synthesize this important cofactor because they

lack a functional metK gene (15, 16). In Rickettsia prowazekii and
in related strains that cause spotted fever, the metK gene is defec-
tive due to internal stop codons or frameshifts, and SAH recycling
also seems to be absent (16, 17). R. prowazekii harbors a drug
metabolite transporter superfamily protein involved in SAM pro-
vision (RP076) (16). A possible H�/SAM symport was suggested
to allow net uptake of SAM and compensation for the missing
synthetic activity. Competition studies performed with the rick-
ettsial carrier revealed that an excess of SAH caused significantly
reduced SAM uptake, and therefore, SAH was discussed as a po-
tential additional substrate of this transport protein (16). How-
ever, whether this carrier catalyzes SAM transport in exchange
with SAH was not investigated in corresponding transport studies.
A possible SAM/SAH antiport would supply SAM to the bacte-
rium and synchronously facilitate the export of the demethylated
backbone. Among the Chlamydiales, solely Parachlamydia acan-
thamoebae and Waddlia chondrophila harbor enzymes for SAM
generation and SAH degradation and thus exhibit a complete
methylation cycle (15, 18). Remarkably, SAM-dependent methyl-
ation (of 16S rRNA or class I release factors) is performed in these
bacteria; however, methylation of DNA most likely seems to be of
no relevance in chlamydiae due to the absence of DNA methyl-
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transferase coding sequences in the corresponding genomes (15,
19, 20).

Recently, a carrier mediating SAM uptake (CTL0843) was also
identified in Chlamydia trachomatis (15). Biochemical data led the
authors of that study to the assumption that it exhibits diverse
properties: the carrier is capable of proton-driven SAM net uptake
as well as substrate counterexchange. It is noteworthy that signif-
icant counterexchange occurred in the presence or absence of a
proton gradient. Moreover, slight SAM efflux was observed when
both proton gradient and counterexchange substrates were miss-
ing (15). Although accepting identical/similar substrates and al-
though belonging to the same transporter superfamily, the chla-
mydial and the rickettsial SAM carriers exhibit only low sequence
similarities (approximately 20% amino acid sequence identity).

A reduced genome size accompanied by the loss of biosynthetic
pathways and the recruitment of carriers for compensation for
missing or truncated metabolic pathways is a characteristic com-
mon feature of Chlamydiales and Rickettsiales (21, 22): specific
nucleotide transporters were shown to allow energy parasitism
and complementation of missing purine and pyrimidine nucleo-
tide or cofactor biosynthesis pathways (23–29). Deciphering of
more and more genomes demonstrated that many intracellular
bacteria are biosynthetically highly impaired. Moreover, several
obligate endosymbionts and intracellular pathogens also contain a
limited repertoire of transporters (30, 31). Analyses of the genome
of the obligate intracellular Acanthamoeba symbiont Amoebophi-
lus asiaticus strain 5a2, a member of the phylum Bacteroidetes,
revealed an extraordinarily high degree of reduction in its biosyn-
thetic capacities (32). The genome has a size of 1.89 Mbp, encodes
1,557 proteins, and is thus only moderately reduced in size com-
pared to the sizes of many other obligate intracellular bacteria (33,
34). However, the biosynthetic capabilities of A. asiaticus are ex-
tremely limited; its genome does not encode pathways for de novo
biosynthesis of cofactors, nucleotides, and almost all amino acids
(32). Interestingly, its genome harbors one gene (Aasi_1859) with
significant similarities to the rickettsial SAM carrier (45% amino
acid similarity) (32). Characterization of the Aasi_1859 gene
product in the heterologous host E. coli revealed that apart from
rickettsial and chlamydial species, A. asiaticus also possesses a
SAM transport protein. Its catalytic activity allows import of SAM
from the host cell by the simultaneous removal of the end product
of methyltransferase reactions.

MATERIALS AND METHODS
Sequence and phylogenetic analyses. The genome sequence of A. asiati-
cus 5a2 has recently been determined and analyzed (32) and is available at
GenBank under accession no. CP001102. SAM transporter amino acid
sequences were retrieved using BLASTP against GenBank by using
Aasi_1859 as a query, and only those sequences having more than 30%
amino acid identity to Aasi_1859 were used for phylogenetic analyses.
Amino acid sequences (101 in total) were aligned with MAFFT (35), and
phylogenetic trees were reconstructed with MEGA (36) by using the
neighbor-joining method and the Poisson correction, the parsimony
bootstrap method, and the maximum likelihood method (using the
Jones-Taylor-Thornton [JTT] amino acid substitution model); all trees
were calculated with 1,000� bootstrapping. All positions containing gaps
and missing data were eliminated from the data sets.

Transcriptional analysis. Acanthamoeba sp. strain 5a2 (ATCC PRA-
228) amoebae harboring A. asiaticus 5a2 cells were harvested by centrifu-
gation (7,000 � g for 3 min at 27°C). The resulting cell pellet was resus-
pended in 750 �l TRIzol (Invitrogen Life Technologies), transferred into

a Lysing Matrix A tube (MP Biomedicals), and homogenized by using a
BIO101/Savant FastPrep FP120 instrument (speed, 4.5 m/s; 30 s). RNA
was extracted by phase separation, precipitation, washing, and redissolv-
ing according to the recommendations of the manufacturer (TRIzol; In-
vitrogen Life Technologies). The remaining DNA was removed by using
the Turbo DNA-free kit (Ambion). After DNase treatment, RNA was
resuspended in double-distilled water (ddH2O) with diethyl pyrocarbon-
ate (DEPC) and stored at �80°C until use. The absence of DNA contam-
ination in the DNase-treated RNA was verified by performing a control
PCR with 42 cycles by using primers targeting a 361-bp fragment of the
Aasi_1859 gene (forward primer 5=-ATG GAG CCA GGG GAT TAA
AG-3= and reverse primer 5=-GTT GGT GGG AGT ACG CCA TA-3=) and
an annealing temperature of 66.4°C. DNA-free total RNA (containing
host and symbiont RNA) was used to synthesize cDNA by using the Re-
vertAid first-strand cDNA synthesis kit (Fermentas) according to the rec-
ommendations of the manufacturer. cDNA was subsequently used as the
template in standard PCRs (35 cycles and an annealing temperature of
66.4°C). Negative controls (no cDNA added) and positive controls
(genomic DNA) were included in all PCRs. All experiments were per-
formed in biologically independent triplicates.

Cloning of Aasi_1859 and heterologous protein synthesis in E. coli.
Acanthamoeba sp. 5a2 (ATCC PRA-228) amoebae harboring A. asiaticus
cells were used for DNA isolation with the DNeasy Blood and Tissue kit
(Qiagen) according to the manufacturer’s recommendations. The
Aasi_1859 gene, coding for the putative SAM transport protein, was am-
plified by using High Fidelity PCR enzyme mix (MBI-Fermentas) accord-
ing to the instructions of the manufacturer. A forward primer (5=-CCT
GCG CAT ATG TTG AAA TAT TTT AAA GCA-3=), introducing an NdeI
restriction site before the start codon, and a reverse primer (5=-CCT CGC
CTC GAG TCA AGC TTT AGG TTG ATT-3=), containing an XhoI re-
striction site after the stop codon, were used. PCR conditions were as
follows: a denaturation step at 94°C for 3 min, followed by 35 cycles of (i)
denaturation at 94°C for 30 s, (ii) annealing at 56°C for 40 s, and (iii)
elongation at 68°C for 90 s and a final elongation step at 68°C for 10 min.
The resulting amplification products were gel purified and cloned into the
cloning vector pCR-XL-TOPO by using the TOPO XL cloning kit (Invit-
rogen Life Technologies). The resulting plasmid was digested with the
restriction endonucleases NdeI and XhoI, gel purified, and inserted in
frame into the isopropyl-�-D-thiogalactopyranoside (IPTG)-inducible
expression vector pET16b containing a promoter site for the T7 RNA
polymerase (Novagen). The newly constructed expression plasmid was
transformed into and maintained in E. coli XL1-Blue cells (Stratagene).
Integrity of the cloned gene was confirmed by sequencing on an ABI 3130
XL genetic analyzer using BigDye Terminator kit v3.1 (ABI). After the
correctness of the insertion was proven, the construct was used for trans-
formation of BLR(DE3) expression cells (Merck Biosciences). E. coli cells
were cultured in standard yeast extract-tryptone (YT) medium at 37°C
with vigorous shaking. Heterologous protein synthesis was induced by
addition of 1 mM IPTG during exponential cell growth (at an optical
density at 600 nm [OD600] of 0.5). One hour after induction, cells were
concentrated to an OD600 of 5.0 by centrifugation (3,000 � g for 5 min at
8°C). Cells were either suspended in 50 mM potassium phosphate buffer
(pH 7.0) (KPi) to an OD600 of 5.0 and directly used for import studies or
applied for protein fractionation and immune detection.

Protein fractionation and immune detection of the recombinant
SAM carrier. Heterologous expression and insertion of the recombinant
protein in the membrane fraction were analyzed by immune detection.
First, cell wall integrity was reduced by freezing of the pellet in liquid
nitrogen and subsequent thawing, and incubation for 5 to 10 min at 37°C
resulted in release and activity of endogenous lysozyme of the BLR cells.
Autolysis was conducted in the presence of the protease inhibitor phen-
ylmethylsulfonyl fluoride (PMSF) (1 mM), and cell disruption was com-
plemented by sonication (addition of RNase and DNase). In a first cen-
trifugation step (20,000 � g for 15 min at 4°C), cell debris and incorrectly
folded membrane protein aggregates, so-called inclusion bodies, were en-
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riched from the homogenate. Membrane proteins of the supernatant were
afterwards separated from soluble proteins by ultracentrifugation
(100,000 � g for 30 min at 4°C). Proteins of the membrane fraction were
analyzed by SDS-PAGE (3% stacking and 15% separating gel) (37). Fol-
lowing electrophoresis, proteins were Coomassie stained or transferred
onto a nitrocellulose membrane in a wet-blotting apparatus. Expression
of the recombinant protein was verified by Western blotting and immune
detection with anti-poly-His IgG combined with a secondary alkaline
phosphatase-conjugated anti-mouse IgG (Sigma). Alkaline phosphatase
activity was demonstrated by nitroblue tetrazolium chloride–5-bromo-4-
chloro-3=-indolyl phosphate toluidine staining. A prestained broad-range
marker (7 to 175 kDa; New England BioLabs) was applied for estimation
of the molecular protein masses.

Import studies with radioactively labeled SAM. Transport studies
with intact cells are well suited to investigate SAM import because E. coli
does not possess endogenous SAM uptake systems (15, 16). Import of
radioactively labeled SAM was determined with induced and noninduced
(control) E. coli cells harboring the corresponding plasmids. For this, E.
coli cells were incubated at 30°C in 50 mM potassium phosphate buffer
complemented with the indicated concentrations of labeled SAM (NEN).
Optionally, the transport medium was supplemented with the indicated
concentrations of nonlabeled substrates or molecules. Termination of
transport was achieved by removal of the external substrate due to appli-
cation of the cells onto prewetted filters (mixed cellulose ester, 0.45-�m
pore size; Whatman), vacuum filtration, and washing (three times with 4
ml of KPi buffer). Radioactivity of the cell samples at the filters was quan-
tified with a scintillation counter (Beckman LS6500; Beckman Coulter).

RESULTS
Metabolic requirement of SAM import and SAH export in A.
asiaticus. The methylation pathway, including the SAM synthe-
tase MetK, the SAH hydrolase SahH, and the methionine synthe-
tase MetH, is completely absent in A. asiaticus (Fig. 1). However,
the A. asiaticus genome encodes 17 putative methyltransferases as
well as a homologue of the SAM-tRNA ribosyltransferase-isomer-
ase (QueA [Aasi_0780]), which is responsible for the transfer of
the ribose moiety of SAM into the modified tRNA (see Table S1 in
the supplemental material). Therefore, there is clearly a need for
SAM as a cofactor of methylation reactions as well as a donor of
ribosyl groups in tRNA synthesis in A. asiaticus. Moreover, be-

cause A. asiaticus apparently lacks SAH-degrading enzymes, spe-
cific removal of SAH is mandatory to prevent inhibition of meth-
yltransferases by accumulating SAH (7, 8). Consequently, a SAM
import and SAH export system is predicted for A. asiaticus.

Comparative sequence analyses and phylogeny of SAM
transport proteins. During analysis of the A. asiaticus genome, we
identified a putative SAM transporter: Aasi_1859 is a 285-amino-
acid protein with 10 predicted transmembrane helices and shows
45% amino acid sequence identity to the functionally character-
ized rickettsial SAM transporter encoded by the RP076 gene.
Aasi_1859 and homologues contain a duplicated (functionally
uncharacterized) EamA domain (Pfam accession no. PF00892)
and belong to the drug-metabolite transporter (DMT) superfam-
ily and the 10-transmembrane-segment (10-TMS) drug-metabo-
lite exporter (DME) family (2.A.7.3) (38). Recently, a SAM trans-
porter has also been identified in Chlamydia trachomatis
(CTL0843) (15). Aasi_1859 and RP076 show only low amino acid
sequence identity to CTL0843 (approximately 20%) (see Fig. S1 in
the supplemental material). However, all carriers belong to the
10-TMS DME family. In addition, RP076 and Aasi_1859 homo-
logues with more than 40% amino acid identity were also identi-
fied in other obligate intracellular bacteria belonging to the Rick-
ettsiales and Bacteroidetes. The highest amino acid identity (47%
amino acid identity) of Aasi_1859 is shared with a homologue
found in “Candidatus Odyssella thessalonicensis,” an amoeba
symbiont belonging to the Rickettsiales, as well as with “Candida-
tus Cardinium hertigii” cEper1, an obligate intracellular symbiont
of parasitic wasps, representing the sister lineage of A. asiaticus
(39). Interestingly, “Ca. Odyssella thessalonicensis” encodes at
least three highly similar copies of Aasi_1859 homologues. Sur-
prisingly, we also identified homologues in some members of the
green algae (prasinophytes, order Mamiellales): Ostreococcus and
Micromonas (40 to 42% amino acid sequence identity). We re-
trieved 101 homologues of Aasi_1859 and performed phyloge-
netic analyses of the (putative) SAM transport proteins. Among
the Aasi_1859 and RP076 homologues used for phylogenetic anal-
yses, no functionally characterized proteins were found; all homo-
logues belong to the 10-TMS DME family. The application of
maximum likelihood, neighbor-joining, and maximum parsi-
mony treeing methods yielded stable phylogenetic relationships:
all candidate SAM transporters and homologues of Aasi_1859 and
RP076 clustered in a stable monophyletic lineage (Fig. 2). Due to
the low sequence similarity, no calculation of phylogenetic rela-
tionships of Aasi_1859 and RP076 homologues with CTL0843 and
homologues was possible.

Heterologous expression of Aasi_1859 stimulates [methyl-
14C]SAM uptake into E. coli. The high similarity to the rickettsial
SAM carrier suggests that the homologue from A. asiaticus might
act as a SAM transporter mediating the uptake of the essential
cofactor into the endosymbiont. Reverse transcriptase PCR anal-
ysis with total RNA purified from amoebae harboring bacterial
endosymbionts demonstrated transcription of Aasi_1859 during
intracellular multiplication of A. asiaticus (see Fig. S2 in the sup-
plemental material). Because functional analyses of carriers in A.
asiaticus are hampered, if not impossible, due to its obligate intra-
cellular lifestyle, we applied the heterologous E. coli expression
system to investigate the biochemical properties of the Aasi_1859
gene product. Import measurements in intact E. coli cells synthe-
sizing the recombinant carrier were previously successfully used
to functionally characterize the rickettsial as well as the chlamydial
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SAM synthetase
(metK, EC:2.5.1.6)

S-adenosylmethionine
(SAM)

Methionine

Methionine synthase
(metH, EC:2.1.1.13)

SAH hydrolase
(sahH, EC:3.3.1.1)
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FIG 1 A. asiaticus harbors an incomplete methylation cycle. In total, 17 meth-
yltransferases were identified in the A. asiaticus genome; the remaining en-
zymes of the methylation cycle required for SAM (re)generation are absent
(crossed out in red). Methyl group transfer from SAM leads to the generation
of SAH (shaded in green and in boldface type), whereas the capacities for SAH
degradation and SAM regeneration are missing (italic type). Details on the
methyltransferases present in A. asiaticus can be found in Table S1 in the
supplemental material.
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 Alphaproteobacteria and Betaproteobacteria

 NP_888130.1Bordetella bronchiseptica RB50

 NP_884443.1 Bordetella parapertussis 12822

 ZP_09864316.1 Methylomicrobium album BG8

 ZP_09507997.1 Marinobacterium stanieri S30

 NP_102578.1 Mesorhizobium loti MAFF303099

 ZP_02188934.1 Alphaproteobacterium BAL199

 YP_521931.1 Rhodoferax ferrireducens T118

 ZP_02188937.1 Alphaproteobacterium BAL199

 YP_005029859.1 Azospirillum brasilense Sp245

 Xanthomonas

 ZP_02187509.1 Alphaproteobacterium BAL199

 ZP_00988291.1 Vibrio splendidus 12B01

 XP_001415732.1 Ostreococcus lucimarinus CCE9901

 XP_003074114.1 Ostreococcus tauri

 XP_003056183.1 Micromonas pusilla CCMP1545

 XP_002507706.1 Micromonas sp. RCC299

 ZP_08778681.1 Candidatus Odyssella thessalonicensis L13

 ZP_08778948.1 Candidatus Odyssella thessalonicensis L13

 ZP_08778332.1 Candidatus Odyssella thessalonicensis L13

 YP_003573226.1 Aasi_1859 Amoebophilus asiaticus 5a2

 CCM09891CAHE_0109 Cardinium hertigii cEper1

 YP_001248191.1 Orientia tsutsugamushi str. Boryong

 YP_001938480.1 Orientia tsutsugamushi str. Ikeda

 ZP_08971045.1 Wolbachia endosymbiont wVitB of Nasonia vitripennis

 ZP_08970953.1 Wolbachia endosymbiont wVitB of Nasonia vitripennis

 ZP_09542501.1 Wolbachia pipientis wAlbB

 ZP_01314723.1 Wolbachia endosymbiont of Drosophila willistoni

 ZP_01314795.1 Wolbachia endosymbiont of Drosophila willistoni

 NP_966388.1 Wolbachia endosymbiont of Drosophila melanogaster

 YP_001491812.1 Rickettsia canadensis str. McKiel

 YP_537191.1 Rickettsia bellii RML369-C

 YP_067024.1 Rickettsia typhi str. Wilmington

 NP_220470.1 RP076 Rickettsia prowazekii str. Madrid E

 YP_001492956.1 Rickettsia akari str. Hartford

 YP_005414415.1 Rickettsia australis str. Cutlack

 YP_246077.1 Rickettsia felis URRWXCal2

 ZP_04698757.1 Rickettsia endosymbiont of Ixodes scapularis

 YP_005301513.1 Rickettsia massiliae str. AZT80

 YP_005389962.1 Rickettsia rhipicephali str. 3-7-female6-CWPP

 YP_001498966.1 Rickettsia massiliae MTU5

 YP_005364911.1 Candidatus Rickettsia amblyommii str. GAT-30V

 NP_359743.1 Rickettsia conorii str. Malish 7

 YP_004763827.1 Rickettsia heilongjiangensis 054

 YP_005392368.1 Rickettsia parkeri str. Portsmouth

 YP_002916394.1 Rickettsia peacockii str. Rustic

 YP_001494223.1 Rickettsia rickettsii str. Sheila Smith

 YP_005294845.1 Rickettsia rickettsii str. Hlp*2

 YP_005300187.1 Rickettsia philipii str. 364D

 YP_005391833.1 Rickettsia montanensis str. OSU 85-930

 YP_004884444.1 Rickettsia japonica YH

72

78

73

83

85

89

FIG 2 Phylogenetic relationships of Aasi_1859 and related characterized and putative SAM transport proteins. An amino-acid-based phylogenetic tree calcu-
lated with MEGA5 using the maximum likelihood algorithm with the JTT model is shown. Black dots indicate nodes which are supported by maximum
likelihood, maximum parsimony, and neighbor-joining bootstrap values (1,000� resampling) greater than 90%. GenBank accession numbers are indicated. The
bar represents 20% estimated evolutionary distance. Functionally characterized SAM transporters are shown in boldface type. The group comprising (putative
and characterized) SAM transporters from Rickettsiales, prasinophytes, and Bacteroidetes is highlighted in gray.
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SAM carriers (15, 16). To allow comparison of our results with
published data, we also applied the E. coli expression system and
used S-adenosyl-L-[methyl-14C]methionine ([methyl-14C]SAM)
for the majority of import studies.

Heterologous expression in E. coli and membrane insertion of
the recombinant protein were analyzed by SDS-PAGE, Western
blotting, and immunostaining (Fig. 3A and B). Induction of ex-
pression resulted in a significant accumulation of the recombinant
carrier in the membrane fraction, whereas noninduced cells
showed no comparable heterologous protein synthesis (Fig. 3B).
Moreover, import studies with radioactively labeled [methyl-
14C]SAM demonstrated that the carrier from A. asiaticus mediates
a time-dependent uptake of radioactivity into induced cells (Fig.
3C). Import was linear for the first 2.5 min and slowly approached
saturation of about 4,500 pmol mg protein�1 at 30 min. Nonin-
duced (control) cells showed no or comparatively low import of
radioactivity, with maximal values of about 400 pmol mg pro-
tein�1 (Fig. 3C). These data demonstrate that (i) Aasi_1859 is
heterologously expressed, (ii) the recombinant carrier is func-
tional in the context of the E. coli membrane, and (iii) it accepts
SAM as a substrate and thus might act as a SAM transporter in A.
asiaticus. Here, we refer to this protein as AaSAMT.

SAM transport depends on the presence of a proton gradient.
SAM uptake via the rickettsial carrier was shown to be highly
reduced by addition of the protonophore DNP (2,4-dinitrophe-
nol) (1 mM) (16). Accordingly, rickettsial SAM translocation was
suggested to be a proton gradient-dependent process. SAM im-
port via the chlamydial carrier was also affected by protonophore
addition (50 �M CCCP [cyanide m-chlorophenylhydrazone])
but to a lesser extent (50% residual activity) (15). To elucidate the
transport mode of AaSAMT and to identify whether AaSAMT
function is also influenced by the proton gradient, transport stud-
ies were performed in the presence of protonophores. Application
of 10 �M CCCP already inhibited [methyl-14C]SAM uptake to a
residual rate of about 13%, and the presence of 100 �M CCCP
nearly completely abolished SAM accumulation (3.5% residual
activity) compared to unaffected transport (set to 100%) (Fig. 4).
In contrast to CCCP, higher concentrations of DNP (1 mM) were
required to significantly reduce SAM import into E. coli cells ex-

pressing AaSAMT (17% residual activity). This is because CCCP is
known to be a more efficient protonophore than DNP, and com-
parably low concentrations of CCCP are sufficient to deplete the
proton gradient across the E. coli membrane (40). The pro-
nounced inhibitory effect of protonophores on SAM transport
demonstrates that AaSAMT operates not identically to the chla-
mydial SAM carrier but rather acts like the rickettsial SAM carrier.

Determination of the substrate specificity of AaSAMT. The
rickettsial as well as the chlamydial SAM transporters were shown
to be specific for SAM uptake, and SAH was also suggested to be a
potential substrate of these carriers (15, 16). To obtain a prelimi-
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nary indication of the substrate spectrum of AaSAMT, we per-
formed competition experiments with molecules highly as well as
distantly related structurally to SAM (see Fig. S3 in the supple-
mental material). Import of [methyl-14C]SAM was measured in
the presence of 14 different nonlabeled tested molecules applied in
a 10-fold excess. The corresponding import was calculated in re-
lation to nonaffected SAM uptake (set to 100%). A large reduction
of the import rate might be indicative of transport inhibition or
competition of the added compound with SAM during transloca-
tion. SAM uptake by recombinant AaSAMT was highly reduced
by addition of SAM or SAH (�10% residual activity). A signifi-
cant decrease of SAM import was also obtained by addition of the
aminopropyl transferase inhibitor S-(5=-adenosyl)-3-thiopropyl-
amine (dc-SAH) (�34% residual activity), whereas the methyl-
transferase inhibitor sinefungin caused only a slight reduction
(�69% residual activity). All remaining tested molecules had no
or comparably small effects (�80% residual activity) (Table 1).
The observed effects suggest that the presence of the sulfur atom
but not of the methyl and carboxyl group is required for substrate
(or inhibitor) recognition. Apparently, AaSAMT exhibits quite
high specificity for SAM uptake, but SAH might also represent
another important substrate.

AaSAMT catalyzes counterexchange of SAM and SAH. We
investigated the possible counterexchange capacity of AaSAMT to
clarify its transport mode. Simultaneously, the effect of CCCP on
the maintenance of the intracellular label was also analyzed. So-
called chase or efflux experiments allow determination of whether
external substrates/effectors can induce the release of labeled sub-
strates previously loaded into E. coli cells. Because SAH might
represent an additional substrate of AaSAMT, we also focused on
its role during counterexchange transport.

It is very likely that viable recombinant E. coli cells exhibit
efficient methylation activity and transfer the labeled methyl
group of imported [methyl-14C]SAM to the diverse substrates of

methyltransferases. Therefore, label becomes at least partially
“fixed” in the cell during transport measurements conducted with
[methyl-14C]SAM. As a consequence, externally added substrates/
effectors might be unable to induce complete efflux of radioactiv-
ity from the cells, and also, export of demethylated SAH cannot be
monitored when cells are loaded with [methyl-14C]SAM. There-
fore, we performed a chase experiment with S-adenosyl-L-[car-
boxy-14C]methionine ([carboxy-14C]SAM) carrying a labeled car-
boxyl group. Because the 14C label is not removed during
endogenous methylation processes, the use of [carboxy-14C]SAM
enables detection of SAM plus SAH export. We determined time-
dependent uptake of [carboxy-14C]SAM (loading of radioactivity
into the cell) and analyzed whether the addition of a 20-fold excess
of nonlabeled SAM or SAH induces the efflux of label. Nonlabeled
SAM as well as nonlabeled SAH caused fast and approximately
complete efflux of radioactivity (Fig. 5). Therefore, it becomes
evident that AaSAMT acts in an antiport manner and that both
SAM and SAH represent efficient counterexchange substrates.

Addition of CCCP also led to a considerable depletion of cel-
lular radioactivity. However, uncoupling of the proton gradient
caused a slower decrease, and the plateau phase was reached at a
slightly higher residual activity than the reduction of interior label
by SAM or SAH addition (Fig. 5). This observation suggests that
transport/maintenance of interior label is dependent on the pro-
ton gradient.

A closer examination of the time kinetics reveals that applica-
tion of [carboxy-14C]SAM results in faster saturation and lower
maximal transport rates than the time-dependent accumulation
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addition of 200 �M nonlabeled substrates or 100 �M CCCP at the end of the
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TABLE 1 Effects of various metabolites/inhibitors on [methyl-14C]SAM
import by AaSAMTa

Effector SAM import (%) SE (%)

None 100 	7
SAM 8 	2
SAH 6 	5
dc-SAH 34 	4
Sinefungin 69 	5
S-Adenosylcysteine 83 	3
ATP 97 	3
ADP 100 	5
AMP 102 	4
Methylthioadenosine 95 	3
Adenosine 130 	6
Adenine 95 	5
Cystathionine 101 	4
Methionine 98 	5
Homocysteine 99 	6
Cysteine 98 	4
a Uptake of [methyl-14C]SAM by recombinant AaSAMT was measured at a substrate
concentration of 10 �M, and nonlabeled effectors were present in a 10-fold excess.
Structures of the tested molecules are shown in Fig. S3 in the supplemental material.
Import was stopped after 2 min. Rates of SAM uptake are net values (minus control,
noninduced E. coli cells) given as percentage of nonaffected transport (set to 100%).
Data are the means of data from four independent experiments. Standard errors are
given.
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of [methyl-14C]SAM (compare Fig. 5, white circles, and 3C, black
diamonds). Knowledge about the counterexchange activity of
AaSAMT helps to interpret these differences. Reduced accumula-
tion of [carboxy-14C]SAM might result from the simultaneous
export of label, more precisely from the export of [carboxy-
14C]SAM and [carboxy-14C]SAH. Whereas uptake of [methyl-
14C]SAM is not accompanied by a comparably high loss of interior
label, apparently small amounts of [methyl-14C]SAM but large
amounts of nonlabeled SAH are exported. Therefore, we propose
that E. coli efficiently converts SAM into SAH, the methyl group
becomes trapped in the cell, and significant amounts of SAH are
exported during counterexchange.

AaSAMT exhibits high affinity for SAM and SAH import. Fi-
nally, we determined the biochemical parameters of AaSAMT for
SAM and SAH import. The apparent affinities and maximal ve-
locities for [methyl-14C]SAM and for [carboxy-14C]SAM import
were analyzed by application of increasing exterior substrate
concentrations. Because the Km values for import of [methyl-
14C]SAM and [carboxy-14C]SAM are quite similar (13.9 	 0.8 �M
and 10.8 �M 	 1.2 �M, respectively), the affinity of the carrier for
SAM apparently is not or is only marginally influenced by the
position of the label (Table 2). Moreover, due to the low SAM Km

value, AaSAMT is considered, like its chlamydial and rickettsial
homologues, to be a high-affinity SAM transporter. AaSAMT im-
ported [methyl-14C]SAM with about a 2-fold-higher Vmax (104.8
nmol mg protein�1 h�1) than that of [carboxy-14C]SAM (46.6 	
3.2 nmol mg protein�1 h�1) (Table 2), demonstrating that the
observed difference in the time courses of [methyl-14C]SAM (Fig.
3C) and [carboxy-14C]SAM (Fig. 5) uptake resulted from different
maximal import velocities of the corresponding transport pro-
cesses. Generally, Vmax values are influenced by the amount of
functional recombinant transport protein in the E. coli mem-
brane. However, import studies for Vmax determination were per-
formed in parallel with exactly the same E. coli cells, which guar-
antees that identical amounts of recombinant carriers were
analyzed. A plausible explanation for the different Vmax values is
that AaSAMT mediates measurable SAM counterexchange with
demethylated products. As mentioned above, intact, metaboli-
cally active E. coli cells are capable of using SAM as a methyl group
donor. Accordingly, endogenous methylation processes at least
partially trap the methyl group of [methyl-14C]SAM in the cell,
and export of SAH is not accompanied by a loss of label. However,
after demethylation of [carboxy-14C]SAM, the 14C label still re-
mains at SAH, and counterexchange of SAM and SAH causes a
greater loss of internal radioactivity. Accordingly, import and ex-

port of labeled substrates ([carboxy-14C]SAM versus [carboxy-
14C]SAH) result in a faster equilibrium, a faster saturation, and,
thus, a lower apparent Vmax value of the corresponding transport.

Two important observations indicate that SAH represents an
additional substrate of AaSAMT: first, it competes with SAM for
import (Fig. 5), and second, SAH—just like SAM—induces the
efflux of label from E. coli cells loaded with [carboxy-14C]SAM
(Table 1). Because radioactively labeled SAH is not commercially
available, we applied increasing concentrations of unlabeled SAH
to [methyl-14C]SAM import to get an idea about the affinity of
AaSAMT for SAH. By this approach, we identified an apparent Ki

value of about 8.1 	 1.0 �M, and 90% SAM transport inhibition
was obtained by addition of 66.7 	 7.5 �M SAH. Therefore,
AaSAMT exhibits a high apparent affinity for SAH import, quite
similar to that of SAM uptake. The determined characteristics
suggest that AaSAMT can efficiently mediate SAM/SAH ex-
change.

DISCUSSION

Obligate intracellular bacteria are generally characterized by a
highly reduced genome size and an impaired metabolic capacity
(21, 22, 33, 34, 41, 42). In these organisms, essential metabolic
pathways are often truncated or missing completely, and hence,
import of intermediates or products is of high physiological im-
portance. In the past years, several carrier proteins that mediate
the provision of diverse metabolically relevant molecules and thus
compensate for the reduced biosynthetic activity in intracellular
bacteria have been identified (15, 16, 23–29, 43). Analysis of the
genome of A. asiaticus revealed that its size is comparable to those
of other intracellular bacteria; however, it encodes an unusually
small number of proteins involved in metabolic processes (32). A.
asiaticus lacks the oxidative pentose phosphate pathway and is
impaired in ATP regeneration via the electron transport chain, the
tricarboxylic acid cycle, and glycolysis. Moreover, in A. asiaticus,
pathways for the de novo synthesis of purine and pyrimidine nu-
cleotides, cofactors, and almost all amino acids are absent (32).
This metabolic reduction necessitates the uptake of diverse me-
tabolites from the amoeba host.

A. asiaticus encodes 17 putative methyltransferases (see Table
S1 in the supplemental material), and thus, methylation appar-
ently still takes place in this endosymbiont. This observation,
combined with the fact that A. asiaticus does not possess SAM-
generating and SAH-degrading enzymes, implies that corre-
sponding reactions have to be performed by the host cell and that
SAM and SAH have to be shuttled across the bacterial membrane.

Our analyses suggest that the protein AaSAMT, encoded by the
Aasi_1859 gene, possesses the biochemical prerequisites required
to fulfill SAM and SAH exchange in A. asiaticus. The recombinant
carrier mediates significant import of radioactively labeled SAM
when heterologously expressed in E. coli (Fig. 3C). A proton gra-
dient across the E. coli membrane was shown to be required for
accumulation (Fig. 4) and maintenance (Fig. 5) of interior label.
At first glance, the proton dependency suggested that SAMT from
A. asiaticus catalyzes a secondary active H�/SAM symport and
thus might be capable of net SAM supply. However, effector stud-
ies, application of differentially labeled SAM, and efflux studies
demonstrated that AaSAMT mediates counterexchange of SAM
and SAH (Table 1 and Fig. 3C and 5). Both substrates are trans-
ported with comparably high affinities (Km of �12 �M for SAM
and Ki of �8 �M for SAH upon SAM import) (Table 2).

TABLE 2 Determination of kinetic parameters of AaSAMTa

Substrate Km (�M) (SE)
Vmax (nmol mg
protein�1 h�1) (SE)

[methyl-14C]SAM 13.89 (0.81) 104.80 (6.49)
[carboxy-14C]SAM 10.78 (1.21) 46.59 (3.20)
a For determination of the respective Km and Vmax values, import was measured with
increasing concentrations of [methyl-14C]SAM or [carboxy-14C]SAM. Determination of
[methyl-14C]SAM uptake (5 �M) was performed in the presence of increasing
concentrations of unlabeled SAH for determination of the Ki value (8.10 	 1.20 �M)
and IC90 (concentration resulting in 90% inhibition of SAM uptake) (66.67 	 7.45
�M). Transport of [methyl-14C]SAM was allowed for 2 min and transport of [carboxy-
14C]SAM was allowed for 1 min and was stopped by vacuum filtration and washing.
Data represent net values (minus control, noninduced E. coli cells) and are means of
data from at least three independent experiments; standard errors are also indicated.
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The absence of the methylation cycle (Fig. 1) necessitates SAM
import and SAH export in A. asiaticus. Because SAM and SAH
represent import and export substrates of AaSAMT, it is impor-
tant to check which physiological conditions allow SAM exploita-
tion of the host and removal of bacterial SAH. Eukaryotic organ-
isms generally exhibit higher SAM than SAH concentrations, and
even under conditions of methyl deficiency, cellular SAM/SAH
ratios higher than 1 were still identified in almost all investigated
tissues (except from kidney [ratio of 0.61]) of mice (44). Accord-
ingly, a balanced nutrient supply guarantees that more SAM than
SAH is available in the host amoeba and that mainly SAM enters
the bacterium. Moreover, methylation in A. asiaticus results in
SAM consumption and fuels the carrier with SAH at the bacterial
inner face. Interestingly, a decrease in SAM content was observed
in Physarum flavicomum amoebae during the developmental tran-
sition from a growing state to dormant cysts (45, 46). Transferring
this situation to the host of A. asiaticus, efficient SAM exploitation
by the endosymbiont is rather restricted to the growing state of the
amoeba. A decrease of the SAM/SAH ratio in the host (methyl
deficiency and transition to dormancy) will cause SAH uptake
into the endosymbiont. As a consequence, endosymbiotic meth-
ylation processes will slow down due to inhibition of methyltrans-
ferases by excess SAH (7, 8) and/or due to substrate deprivation.

Moreover, decreased metabolic activity of the host generally
affects metabolite provision to the symbiotic bacterium, resulting
in alteration of physiological processes and most likely in an in-
sufficient membrane potential (47). The proposed reduction of
the bacterial proton gradient inactivates H� symport and influ-
ences H�-regulated carriers, including AaSAMT.

Interestingly, Aasi_1859 is located within a cluster of three
genes involved in tRNA modification: mnmA (Aasi_1200), mnmE
(Aasi_1201), and tilS (Aasi_1198) (see Fig. S4 in the supplemental
material). This might suggest a role of Aasi_1859 —more pre-
cisely, of its substrate SAM—in tRNA modification (3). The cor-
responding ribosyl group transfer results in formation of methio-
nine. The incapability of methionine to compete with SAM for
import (Table 1) suggests that methionine is no substrate of
AaSAMT, and therefore, AaSAMT apparently does not catalyze
SAM uptake in exchange with methionine.

To establish a basic pool of SAM and to fuel nonmethylation
processes with this cofactor, net uptake of SAM or at least SAM
exchange with substrates different from SAH is required in A.
asiaticus. Remarkably, addition of CCCP resulted in a significant
loss of radioactively labeled SAM and SAH from E. coli cells ex-
pressing AaSAMT (Fig. 5). The corresponding substrate flux is
most likely driven by the concentration gradient across the bacte-
rial membrane. Accordingly, net provision of SAM or SAH to the
bacterium by AaSAMT is imaginable, at least under conditions of
a reduced membrane potential. SAM uptake in exchange with
other, not-yet-identified substrates might provide SAM non-
methylation processes. However, it is also possible that further
SAM import systems exist in A. asiaticus.

In 2003, the first bacterial SAM transporter was identified in R.
prowazekii (16), and recently, SAM transport was also clarified for
C. trachomatis (15). These carriers showed high affinities for SAM
import (Km values of �2.5 �M for R. prowazekii RP076 and �6
�M for C. trachomatis CTL0843) and also a quite low SAH Ki of
SAM transport (Ki values of �14.3 �M for R. prowazekii RP076
and �4.2 �M for C. trachomatis CTL0843), and thus, these pa-
rameters are comparable to those of AaSAMT. The rickettsial

SAM transporter was proposed to act as an H�/SAM symporter
because its activity was highly influenced by the proton gradient
(16). The capacity of the rickettsial SAM carrier to perform coun-
terexchange was not investigated. Not only does R. prowazekii lack
functional SAM synthetase, SAH degradation and SAM recycling
are also missing in all sequenced Rickettsia species based on anal-
yses using the KEGG (Kyoto Encyclopedia of Genes and Ge-
nomes) database (http://www.genome.jp/kegg/) (48). Therefore,
SAM import and SAH export are also required in R. prowazekii. In
fact, SAH was shown to efficiently compete with SAM for uptake
and therefore might represent an additional substrate of the rick-
ettsial SAM carrier (16). Moreover, the close phylogenetic rela-
tionship of AaSAMT and the rickettsial SAM carrier (Fig. 2) is
indicative of their common evolutionary origin and horizontal
gene transfer. The high amino acid sequence identity of these car-
riers (see Fig. S1 in the supplemental material) suggests that both
proteins still possess similar biochemical properties. Therefore, it
is conceivable that the rickettsial SAM carrier does not represent
an H�/SAM symporter but facilitates SAM/SAH counterexchange
that is regulated by the proton gradient.

The SAM transporter from C. trachomatis, although belonging
to the same transporter class, exhibits comparably low sequence
similarities to the SAM carriers from R. prowazekii and A. asiaticus
(see Fig. S1 in the supplemental material). Destruction of the pro-
ton gradient across the membrane of E. coli expressing the chla-
mydial SAM carrier resulted in partial reduction of SAM uptake
and induced slight SAM efflux in the absence of suitable counter-
exchange substrates but apparently did not affect counterex-
change transport (15). Therefore, the chlamydial carrier was as-
sumed to catalyze a proton gradient-independent SAM/SAH
exchange in addition to a proton-driven net SAM import. In this
context, it is difficult to understand why significant counterex-
change also occurs in the presence of a proton gradient. The pos-
tulated transport mode would imply that the recombinant chla-
mydial SAM carrier proteins act partially as symporters and
partially as SAM/SAH counterexchangers when a proton gradient
exists and hence presupposes a heterogeneous and inconsistent
regulation.

The chlamydial SAM transporter differs from the rickettsial
and A. asiaticus SAM carriers, at least in the regulatory impact of
the proton gradient on SAM counterexchange. Establishment
from different ancestral carriers of the DMT group might explain
the functional differences of the chlamydial SAM carrier and the
SAM transporter from R. prowazekii and A. asiaticus. In this con-
text, it is interesting to note that chlamydiae are located within
vacuoles (the so-called inclusion) inside their host cells (49),
whereas rickettsiae and A. asiaticus as well as its relative “Ca. Car-
dinium hertigii” are located directly inside the host cytoplasm (32,
50, 51). This fundamental difference in subcellular location might
explain the presence of different SAM transporters and thus dif-
ferent transport modes in the rickettsial/Bacteroidetes group of
SAM transporters and chlamydiae.

Obviously, SAM transporter genes were spread due to horizon-
tal gene transfer. However, until now, it has been impossible to
determine the direction of transfer unambiguously (Fig. 2). Most
likely, Aasi_1859 and RP076-like SAM transporters were invented
in an intracellular ancestor of the Rickettsiales and then transferred
to A. asiaticus, “Ca. Cardinium hertigii” (Bacteroidetes), and some
members of the prasinophytes. Horizontal gene transfer between
intracellular bacteria, including rickettsiae and A. asiaticus, has
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been suggested previously (32, 52–54). Due to the high level of
divergence of SAM transport proteins from their nearest neigh-
bors, these horizontal gene transfer events are most likely evolu-
tionarily ancient.

In parasitic or endosymbiotic bacteria, the establishment of
SAM transporters apparently is tightly associated with the intra-
cellular lifestyle and particularly with the loss of the SAM biosyn-
thesis capacity. However, until now, it has been completely un-
clear why Prasinophyceae, comparably primitive, mainly marine
green algae, harbor carrier proteins highly related to the bacterial
SAM transporters. The absence of homologues in other algae and
higher plants points to a special function of the Aasi_1859 and
RP076 homologues in Prasinophyceae. Gene transfer from intra-
cellular bacteria (particularly from chlamydiae) to plants has been
suggested by several studies (21, 55–57). In higher plants, mem-
bers of the mitochondrial carrier family (MCF) (which are unre-
lated to Aasi_1859 and homologues) were shown to catalyze SAM
provision to mitochondria and plastids (58, 59). Whether the
DME-type carriers in addition to or instead of MCF-type carriers
mediate mitochondrial or plastidial SAM transport and whether
they might act in another compartment or accept substrates other
than SAM and SAH in Prasinophyceae are open questions to be
investigated in further studies. However, a role of the DME-type
SAM transporters in uptake of extracellular SAM into corre-
sponding algae can most likely be ruled out because SAM is not
freely available in their habitat.

Conclusion. Our analyses indicate that the SAM transporter of
A. asiaticus operates as a proton gradient-dependent SAM/SAH
antiporter and thus perfectly complements the restricted meta-
bolic capabilities of A. asiaticus. Our results expand previous stud-
ies characterizing SAM transporters in R. prowazekii and C. tra-
chomatis. The presence of functionally different SAM transporters
in Bacteroidetes and Rickettsiales on the one hand and in chlamyd-
iae on the other hand might be the result of different functional
constraints due to their different intracellular localizations. Inter-
estingly, SAM transporter-like genes were horizontally transferred
between rickettsiae and Bacteroidetes and some members of the
prasinophytes.

The analysis of additional bacterial SAM transporters, includ-
ing homologues of prasinophytes, might help us to gain insights
into structure-function relationships of this carrier subgroup.
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