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Most chlamydial strains have a pyruvoyl-dependent decarboxylase protein that converts L-arginine to
agmatine. However, chlamydiae do not produce arginine, so they must import it from their host. Chlamydophila
pneumoniae has a gene cluster encoding a putative outer membrane porin (CPn1033 or aaxA), an arginine
decarboxylase (CPn1032 or aaxB), and a putative cytoplasmic membrane transporter (CPn1031 or aaxC). The
aaxC gene was expressed in Escherichia coli producing an integral cytoplasmic membrane protein that cata-
lyzed the exchange of L-arginine for agmatine. Expression of the aaxA gene produced an outer membrane
protein that enhanced the arginine uptake and decarboxylation activity of cells coexpressing aaxB and aaxC.
This chlamydial arginine/agmatine exchange system complemented an E. coli mutant missing the native
arginine-dependent acid resistance system. These cells survived extreme acid shock in the presence of L-
arginine. Biochemical and evolutionary analysis showed the aaxABC genes evolved convergently with the
enteric arginine degradation system, and they could have a different physiological role in chlamydial cells. The
chlamydial system uniquely includes an outer membrane porin, and it is most active at a higher pH from 3 to
5. The chlamydial AaxC transporter was resistant to cadaverine, L-lysine and L-ornithine, which inhibit the
E. coli AdiC antiporter.

Chlamydial bacteria persist as nonreplicative elementary
bodies that infect eukaryotic epithelial cells. Inside inclusion
vacuoles in the host cell, the elementary bodies differentiate
into replicative reticulate bodies (7). These chlamydial inclu-
sions do not appear to fuse with lysosomes. No lysosomal or
endocytic markers have been detected in the inclusions, and
they appear to maintain a neutral pH (18, 47, 48). Chlamydial
inclusions must draw nutrients from the host cell, because
chlamydia require glucose-6-phosphate, amino acids, cofac-
tors, and nucleotides (33, 35). Understanding the metabolic
relationship between intracellular chlamydia and their host
cells will be crucial for long-term efforts to develop axenic
chlamydial cultures and to resolve persistent infections.

All sequenced chlamydial genomes share a cluster of three
genes with putative arginine uptake and decarboxylation func-
tions. The Chlamydophila pneumoniae CPn1032 gene encodes
a pyruvoyl-dependent arginine decarboxylase (ArgDC) (12).
This enzyme functions optimally in acidic conditions (pH 3.4),
catalyzing the decarboxylation of L-arginine and producing
agmatine. The CPn1032 gene is flanked by the upstream
CPn1033 gene, encoding a putative outer membrane protein,
and by the downstream CPn1031 gene, encoding a putative
cytoplasmic membrane transporter protein (23). The CPn1033
protein belongs to the OprB family of outer membrane porins,
but it was originally annotated as a hypothetical protein due to

its low sequence similarity to any characterized member of that
porin family (1). A peptide from the Chlamydia muridarum
homolog of CPn1031 was presented by major histocompatibil-
ity complex class I molecules from murine dendritic cells (24).
The CPn1031 protein belongs to the basic amino acid/polyamine
antiporter family of transporters (APA; TC 2.A.3.2) (21), and it
was originally annotated as an arginine/ornithine antiporter based
on its similarity to the Pseudomonas aeruginosa ArcD transporter
(51). In Chlamydia trachomatis L2 the three orthologous genes
are cotranscribed (Derek Fisher, Uniformed Services University
of the Health Sciences, unpublished data), although a nonsense
mutation in the L2 homolog of CPn1032 suggests this system may
not be functional in the invasive lymphogranuloma venerum
strains (50). This gene order is conserved in all chlamydial ge-
nomes, but no homologs are found in the anciently diverged
Candidatus Protochlamydia amoebophila UWE25 (an endosym-
biont of Acanthamoeba sp.).

Many bacteria have arginine uptake and degradation sys-
tems, used for a variety of metabolic or defensive purposes. P.
aeruginosa and diverse members of the Firmicutes phylum use
an arginine deiminase pathway to couple arginine fermenta-
tion to ATP formation (5, 51). These cells import L-arginine,
hydrolyze it to L-ornithine and ammonium bicarbonate, and
export ornithine. Chlamydiae have no homologs of the argi-
nine deiminase gene, and they do not appear to ferment argi-
nine. Numerous bacteria and archaea use biosynthetic arginine
decarboxylases to produce agmatine (13, 17, 34). The agmatine
ureohydrolase enzyme converts agmatine into putrescine, the
core polyamine for spermidine and spermine synthesis. How-
ever, chlamydiae also lack agmatine ureohydrolase.

Alternatively, many enteric bacteria, including Escherichia
coli and Salmonella enterica, express an arginine-dependent
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acid resistance system, comprising a pyridoxal 5�-phosphate
dependent ArgDC (AdiA) and an arginine/agmatine anti-
porter (AdiC) (15, 20, 26, 30). This system helps to raise the
cytoplasmic pH and invert the cell’s membrane potential (43).
Chlamydiae could use their arginine decarboxylase with an
arginine-agmatine antiporter in an analogous system. Yet
there is no evidence for acidification during chlamydial infec-
tions (11). Chlamydia could also use this system to deplete the
arginine pool in macrophages, reducing the substrate for in-
ducible nitric oxide synthase (iNOS or NOS2). Inhibiting this
aspect of the innate immune response could help chlamydial
cells resist destruction by macrophages. The extracellular
pathogen Helicobacter pylori uses a similar strategy, expressing
an arginine deiminase enzyme to deplete arginine, thereby
reducing iNOS abundance and activity (4, 14, 29).

We expressed the complete arginine uptake and utilization
operon from C. pneumoniae in E. coli from a multicopy plas-
mid. The CPn1033 gene encoded a porin, localized to the E.
coli outer membrane. The CPn1032 gene encoded the previ-
ously described pyruvoyl-dependent ArgDC (12). Finally, the
CPn1031 gene encoded an integral cytoplasmic membrane
protein, functioning as an arginine/agmatine antiporter. Coex-
pression of the CPn1032 and CPn1031 genes complemented a
deletion of the full E. coli adi operon, restoring arginine-de-
pendent acid resistance. E. coli cells coexpressing these pro-

teins showed significant whole-cell arginine uptake and decar-
boxylase activity at pH 4 to 5, higher than the pH optimum of
the arginine decarboxylase alone. Coexpression of all three
chlamydial proteins significantly enhanced arginine uptake and
decarboxylase activity compared to cells expressing only the
CPn1032 and CPn1031 proteins, although it did not increase
arginine-dependent acid resistance. We designate these genes
as aaxA (CPn1033), aaxB (CPn1032), and aaxC (CPn1031)
based on their identified functions in an arginine-agmatine
exchange system.

MATERIALS AND METHODS

Strains and DNA. C. pneumoniae Kajaani 6 chromosomal DNA was a gift
from Claudio Cortes Miranda and Benjamin Wizel (University of Texas Health
Center at Tyler) (Table 1) (9). E. coli EF1021 was a gift from John Foster
(University of South Alabama) (15). E. coli MG1655 (CGSC 7740) was obtained
from the E. coli Genetic Stock Center (Yale). E. coli DH5� (Invitrogen) was
used as a general cloning host. Bacteriophage P1vir was a gift from Ian Molineux
(University of Texas at Austin).

Cloning. The multiple cloning site of vector pBAD/HisA was amplified by
PCR using primers pBADMCS2 and pBAD-Rev (all primer sequences are listed
in Table 2). The purified product was digested with NcoI and HindIII restriction
enzymes and then ligated into the same sites of pBAD/HisA to produce vector
pDG219 (Table 1). Primers 5CPn1031N and 3CPn1031H were used to amplify
the CPn1031 gene from C. pneumoniae K6 chromosomal DNA. The PCR prod-
uct was ligated between NdeI and HindIII sites in vector pET-43.1b to produce
vector pDG133. Primers 5CPn1031Nc and 3CPn1031H2 were used to amplify

TABLE 1. Microorganisms and plasmids in this study

Strain or plasmid Description and partial genotype Source or reference

Strains
Chlamydophila pneumoniae Kajaani 6 9
Escherichia coli

BL21(DE3) Expression strain with T7 RNA polymerase gene Novagen
BW25113 �araBADAH33 6
MG1655 Sequenced strain (CGSC 7740) 3
DH5� General cloning host Invitrogen
DEG0100 MG1655 �adiC1::kan This study
DEG0121 MG1655 �adiA2::kan 12
DEG0124 MG1655 �adiC1 This study
DEG0147 MG1655 �adiAYC::kan This study
EF1021 EK227 �adiC1::kan 15

Plasmids
pBAD/HisA Expression vector with PBAD promoter Invitrogen
pCDFDuet-1 Expression vector with CDF replicon Novagen
pCOLADuet-1 Expression vector with COLA replicon Novagen
pCP20 Expression vector for FLP recombinase 6
pDG133 aaxC in pET-43.1b This study
pDG170 aaxC in pBAD/HisA This study
pDG183 aaxC in pTrcHisA This study
pDG193 aaxC-HSV in pTrcHisA This study
pDG194 aaxC-HSV in pBAD/HisA This study
pDG219 pBAD/HisA with modified MCS This study
pDG339 aaxB in pBAD/HisA 12
pDG360 aaxBC in pET-43.1b This study
pDG366 aaxBC-HSV in pBAD/HisA This study
pDG379 aaxBC in pBAD/HisA This study
pDG484 aaxABC in pBAD/HisA This study
pDG512 aaxA-HSV in pBAD/HisA This study
pDG552 ompX in pCOLADuet This study
pDG561 lepA in pCDFDuet-1 This study
pET-43.1b Expression vector with HSV tag Novagen
pKD13 Vector with FLP-kan cassette 6
pKD46 Expression vector for red recombinase 6
pTrcHisA Expression vector with Ptrc promoter Invitrogen
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CPn1031 from pDG133. The product was ligated between NcoI and HindIII sites
of pBAD/HisA to produce pDG170 and between the same sites of pTrcHisA to
produce pDG183. Primers 5CPn1031Nc and COLIDOWN-RI were used to
amplify the CPn1031-HSV cassette from pDG133. The cassette encodes the
CPn1031 protein fused to a carboxy-terminal herpes simplex virus (HSV) glyco-
protein D epitope sequence (Novagen). This cassette was ligated between the
NcoI and EcoRI sites of pTrcHisA to produce vector pDG193 and between the
same sites of pBAD/HisA to produce vector pDG194. Primers 5CPn1032Nc and
3CPn1031H were used to amplify the CPn1032 and CPn1031 gene pair. This
PCR product was digested with NcoI and HindIII and ligated into the same sites
of plasmid pET-43.1b to produce plasmid pDG360 and in plasmid pBAD/HisA
to produce pDG379. The CPn1032-CPn1031-HSV cassette was amplified from
pDG360 using the primers 5CPn1032Nc and COLIDOWN. This product was
digested with NcoI, phosphorylated with polynucleotide kinase, and ligated be-
tween the NcoI and SmaI sites of pDG219 to produce vector pDG366. The
CPn1033-CPn1032-CPn1031 cluster was amplified by PCR using the primers
5CPn1033Nc and 3CPn1031X. The product was ligated between the NcoI and
XhoI sites of pBAD/HisA to produce pDG484. The CPn1033 gene was amplified
using the primers 5CPn1033Nc and 3CPn1033Not and ligated between the NcoI
and NotI sites of pDG366 to produce pDG512. Recombinant DNA was se-
quenced at the Institute for Cellular and Molecular Biology Core Labs DNA
Sequencing facility (University of Texas at Austin). Both the CPn1031 and the
CPn1033 gene sequences from C. pneumoniae K6 were identical to their ortholo-
gous sequences reported for C. pneumoniae CWL029 (GenBank accession num-
bers AE001363.1 and AE002161.1) (41).

Two plasmids containing E. coli membrane proteins were constructed to pro-
vide markers for chlamydial membrane protein localization. LepA (EF4) is a
67-kDa cytoplasmic membrane-associated ribosomal back translocase (32, 40).
The lepA gene with its upstream sequence was amplified from E. coli DNA by
using the primers 5lepAH and 3lepAX. The restriction-digested PCR product
was ligated to the HindIII and XhoI sites of vector pCDFDuet-1 to produce
plasmid pDG561. This multicopy plasmid encodes the LepA sequence fused to
a carboxy-terminal S-Tag sequence (Novagen), under the control of the native
lepA promoter. OmpX is an 18-kDa outer membrane protein that is overex-
pressed during chemical stress conditions (8). The ompX gene with its upstream
sequence was amplified from E. coli DNA using the primers 5ompXH and
3ompXX. The product was ligated to the HindIII and XhoI sites of the multicopy
vector pCOLADuet-1 to produce plasmid pDG552. The pDG552 plasmid en-
codes the native OmpX fused to a carboxy-terminal S-Tag sequence. Both the
pDG561 and the pDG552 plasmids were transformed into E. coli BW25113 to

create a marker strain. In addition, the pDG552 plasmid was transformed into E.
coli BL21(DE3) to express ompX from a T7 RNA polymerase promoter.

Deletion of E. coli adiAYC genes. An adiAYC deletion mutation was generated
by the gene disruption method of Datsenko and Wanner (6). The �adiC1::kan
allele from E. coli strain EF1021 was transduced into strain MG1655 using
bacteriophage P1vir, producing strain DEG0100. DEG0100 cells were trans-
formed with vector pCP20, and grown under nonpermissive conditions for plas-
mid replication (37°C). The kanamycin-sensitive (Kans) recombinant strain
DEG0124 was screened by PCR using the primers EcadiCUP and Ecadi-
CDOWN, confirming the excision of the FLP-kan cassette. Primers EcAdi-
AFwd1 and EcAdiARev1 were used to amplify the kanamycin resistance cassette
from pKD13 (6). E. coli DEG0124(pKD46) was transformed with the resulting
adiA1::kan PCR product. Recombinant strains were selected by growth on LB
agar containing kanamycin (25 mg ml�1). The �adiAYC::kan allele in a Kanr

recombinant (DEG0147) was confirmed by PCR using the primers EcadiAFwd2
and EcadiCDOWN. The purified 1.6-kbp PCR product was sequenced, confirm-
ing the deletion.

Protein expression. Expression vectors were transformed into E. coli strains by
electroporation. E. coli strains carrying pBAD/HisA or derivative plasmids were
grown aerobically at 37°C for 22 h in LB Miller medium supplemented with
ampicillin (100 �g ml�1) and L-arabinose (0.15% [wt/vol]). For protein expres-
sion analysis by Western blotting, cells were grown with L-arabinose for 6 h to
reduce proteolytic cleavage. E. coli strains carrying pET-43.1a or pTrcHisA
derivative plasmids were grown with ampicillin and induced with 1 mM IPTG
(isopropyl-�-D-thiogalactopyranoside).

Arginine uptake and decarboxylation assays using whole cells. Approximately
3 � 109 cells were collected by centrifugation at 18,000 � g for 10 min. These
cells were suspended in E medium containing 73 mM K2HPO4, 17 mM
Na2HPO4, 0.8 mM MgSO4, and 10 mM sodium citrate and adjusted to the
indicated pH (52). Suspensions were prewarmed at 37°C, and the reactions were
initiated by the addition of 1 mM L-arginine and 20 nCi of L-[U-14C]arginine (305
mCi mmol�1; GE Healthcare) at 37°C for 15 min. Reactions were terminated by
the addition of 100 �l of 4 M HCl. These solutions were heated at 70°C for 15
min, releasing 14CO2 that was trapped, and measured by liquid scintillation
counting as described previously (12).

Potential inhibitors of arginine transport or decarboxylation were added to
whole-cell assays containing 0.5 mM L-arginine and 20 nCi of L-[U-14C]arginine.
The arginine analogs screened at 2 mM concentrations were agmatine, L-arginine
O-methyl ester, N�-acetyl L-arginine, NG-nitro-L-arginine methyl ester, D-argi-

TABLE 2. Oligodeoxyribonucleotide primers

Primer Sequencea

3CPn1031H............................................................................................................GCAAGCTTAAATTTTGATTCTTCC
3CPn1031H............................................................................................................GCAAGCTTAATTTTGATTCTTCC
3CPn1031H2..........................................................................................................GCAAGCTTAAATTTTGATTCTTCC
3CPn1031X ............................................................................................................GCGCTCGAGTTAAATTTTGATTCTTCCTGTTAAG
3CPn1033Not.........................................................................................................GACGCGGCCGCTAAGGAAAGATTTGCACGC
5CPn1031N ............................................................................................................GGTCATATGACCTCAAGGACTAAATCC
5CPn1031Nc ..........................................................................................................GCCCATGGCCTCAAGGACTAAATCC
5CPn1032Nc ..........................................................................................................CGGCCATGGCTTACGGAACTCG
5CPn1033Nc ..........................................................................................................GCGCCATGGTATCCTTTCGTTTTCTTTTACTTTC
COLIDOWN.........................................................................................................TTCACTTCTGAGTTCGGCATG
COLIDOWN-RI ...................................................................................................CCGAATTCTTCACTTCTGAGTTCGGCATG
EcadiAFwd1 ..........................................................................................................GGAAGATACTTGCCCGCAACGAAGATTCCTTCATAACCGT

GTAGGCTGGAGCTGCTTC
EcadiAFwd2 ..........................................................................................................CGAAAAGGCCGGAAGATACT
EcadiARev1...........................................................................................................CGTAATGTTATTTAAACAATTACGCCTTCAGCGGAAATTCC

GGGGATCCGTCGACC
EcadiCDOWN.......................................................................................................CAGCGAATCCAGCGGCAG
EcadiCUP ..............................................................................................................CAGTCCTGCGGCTACAAC
5lepAH ...................................................................................................................GCCAAGCTTCACTGGCTTTGTTGCATTTTGC
3lepAX ...................................................................................................................GCACTCGAGTTTGTTGTCTTTGCCGACGTG
5ompXH.................................................................................................................GCCAAGCTTCGAAGAGTTTCCCATTA
3ompXX.................................................................................................................GCACTCGAGGAAGCGGTAACCAACACC
pBADMCS2...........................................................................................................GACCATGGATCGATAACCCGGGCTCGAGATCTGCAGCTGG
pBAD-Rev .............................................................................................................GATTTAATCTGTATCAGGCTG
T7-Promoter ..........................................................................................................GTAATACGACTCACTATAGGG
T7-Term .................................................................................................................GCTAGTTATTGCTCAGCGG

a Restriction sites are underlined, and the initiator codon is shown in italics.
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nine, L-argininamide, cadaverine, L-citrulline, L-homoarginine, L-histidine, L-
lysine, and L-ornithine.

Cell-free arginine decarboxylase assays. Cells were suspended in 20 mM
Tris-HCl buffer (pH 7.5), and lysed by sonication on ice. Centrifugation at
18,000 � g for 15 min removed insoluble particles. Total protein concentrations
of these cell extracts were determined using the Bradford assay (Pierce) with
bovine serum albumin as a standard. ArgDC activity in cell lysates was deter-
mined by using the 14CO2 capture assay described previously (12).

Reaction product analysis. The unlabeled agmatine produced by transport and
arginine decarboxylation reactions was identified by liquid chromatography-elec-
trospray ionization mass spectrometry (LC-MS) as the trifluoroacetyl derivative.
A reaction mixture (300 �l) containing 3 � 109 DEG0147(pDG484) cells with 25
mM L-arginine and ammonium acetate buffer (pH 4) was incubated for 2 h at
37°C. Cells were removed by centrifugation, and the solution was evaporated to
dryness under nitrogen. Trifluoroacetyl derivatives were prepared using tri-
fluoroacetic anhydride and analyzed by LC-MS in the positive ion mode, as
described previously (16). Tandem mass spectra (MS/MS) were acquired by
using collision-induced dissociation of the [MH]� ions. Peaks corresponding
to the molecular ions ([MH]�) are shown first, followed by characteristic ion
fragments listed in decreasing order of intensity. The acyl derivative of
L-arginine eluted at 2.91 min producing peaks at 271 and 251 m/z; MS/MS of
the ion at 271 m/z produced peaks at 213, 255, and 230 m/z. The acyl derivative
of agmatine eluted between 2.9 and 3.9 min, producing peaks at 227, 169, and 185
m/z; MS/MS of the ion at 227 m/z produced peaks at 169, 211, and 186 m/z.

For radiolabeled product analysis, reaction mixtures (2 ml) contained 109 cells,
suspended in E medium at pH 2.5 or 5.0. Mixtures were preincubated at 37°C for
10 min before reactions were initiated by the addition of 1 mM L-arginine and 4
�Ci of L-[2,3,4,5-3H]arginine (50 Ci mmol�1; American Radiolabeled Chemi-
cals). Samples were removed immediately after initiation and again after 2 h of
incubation: these were centrifuged at 17,000 � g for 5 min to remove cells.
Unlabeled agmatine was added to samples as a carrier. Supernatants were
applied to a Luna strong cation-exchange high-pressure liquid chromatography
(HPLC) column (150 by 4.6 mm, 5 �m; Phenomenex) with a guard column (4 by
3 mm); equilibrated at 35°C in mobile phase buffer containing 50 mM KH2PO4,
100 mM K2SO4, 10% CH3CN, and water; and adjusted to pH 7.2 with phospho-
ric acid. Isocratic elution with this buffer was used to separate compounds at a
flow rate of 1 ml min�1. Fractions (1 ml) were collected, and the radioactivity was
determined by liquid scintillation counting. Using this method, arginine eluted at
1.8 min and agmatine eluted at 6.1 min.

Arginine-dependent acid resistance assay. E. coli DEG0147 cells transformed
with the indicated plasmids were grown in Luria-Bertani broth with 0.15%
L-arabinose at 37°C. Approximately 3 � 107 E. coli cells in 20 �l of medium were
added to 2 ml of E medium (pH 2.5) supplemented with 1.5 mM L-arginine at
37°C. Survival after 1 h of acid shock treatment was determined as described
previously (12). The survival rate is the percentage of viable cells detected after
1 h, relative to the number of viable cells detected immediately after the intro-
duction of cells to acid shock medium.

Western blotting. Protein expression was determined by immunoblotting.
Samples were mixed with sodium dodecyl sulfate (SDS) in loading dye but were
not boiled. Proteins were separated by SDS-polyacrylamide gel electrophoresis
(PAGE) and transferred to nitrocellulose membranes (0.2 �m, Pall) by using a
MiniVE semiwet blotter (GE Healthcare) at 100 mA for 2 h. Prestained protein
marker (New England Biolabs) was used to confirm transfer and measure the
apparent molecular masses of proteins detected by immunoblotting. The mem-
brane was blocked with 3% bovine serum albumin in Tris-buffered saline con-
taining 0.05% Tween 20. For the analysis of HSV epitope-tagged proteins, blots
were incubated with HSV-tag monoclonal antibody (1:2,000 dilution; Novagen),
followed by goat anti-mouse immunoglobulin G (IgG) secondary antibody con-
jugated to horseradish peroxidase (1:2,500 dilution; Pierce) for 1 h at room
temperature. The affinity-purified NusA-HSV-His6 protein from E. coli
BL21(DE3) (pET-43.1b) cells was used as a positive control. For the analysis of
E. coli LepA-S-Tag or OmpX-S-Tag proteins, blots were incubated with a mouse
monoclonal antibody raised against the S-Peptide (1:1,000 dilution; Affinity
BioReagents), followed by detection with goat anti-mouse IgG as described
above. Blots were developed by using a Super Signal West Pico mouse IgG
detection kit (Pierce). Chemiluminescence was detected by using an Image
Station 4000R instrument (Carestream Health) with Molecular Imaging software
(version 4.0).

Membrane fractionation by sucrose-density gradient centrifugation. E. coli
cells were lysed by sonication, and the lysates were cleared of debris by low-speed
centrifugation. Membranes were prepared by ultracentrifugation of these sam-
ples at 100,000 � g for 1 h at 4°C in a Beckman TLA-100.3 rotor (53). For total
membrane protein analysis, the pellets were resuspended in 2% SDS with 20 mM

Tris-HCl (pH 7.5). Suspensions were centrifuged at 100,000 � g for 1 h at 4°C.
The supernatant was concentrated by using a centrifugal ultrafiltration device
(10,000 molecular weight cutoff; Pall Life Sciences). For fractionation by sucrose-
density gradient centrifugation, the membrane pellets were resuspended in a
solution containing 25% sucrose, 20 mM Tris-HCl, and 0.5 mM EDTA (pH 7.5).
This suspension was layered on top of 30, 35, 40, 45, 50, and 55% sucrose layers
and centrifuged at 100,000 � g for 6 h at 4°C (53). The visible cytoplasmic
membrane layer and the outer membrane layer (inner membrane-depleted
layer) were extracted with a syringe, concentrated by centrifugation, and washed
three times with 20 mM Tris-HCl (pH 7.5) to remove sucrose and EDTA. Outer
membrane fractions were washed with 5 M urea to remove peripheral or aggre-
gated proteins (31).

Cellular transport assays. A suspension of 3 � 109 E. coli cells was prepared
in 0.1 ml of E medium at 37°C. Transport was initiated by adding 1 mM
L-arginine-HCl with 2 �Ci of L-[2,3,4,5-3H]arginine. After 10 min of incubation,
1 ml of 0.1 M LiCl was added to stop the reaction, and cells were collected by
vacuum filtration on a polyethersulfonate membrane filter (0.2 �m, 25-mm
diameter; Pall). The filters were washed with 2 ml of 0.1 M LiCl and then
removed for liquid scintillation counting.

Phylogenetic analysis. Amino acid sequences from 24 members of the APA
transporter family were aligned by using the T-Coffee program (version 5.57)
(38). The full alignment containing 568 positions was analyzed by using the proml
program from the Phylip package (J. Felsenstein, University of Washington,
version 3.67) to infer a maximum-likelihood phylogeny from this alignment, with
the Jones-Taylor-Thornton model of amino acid changes and a 	-distribution of
rates (� 
 2.4) approximated by three states. Bootstrap analysis was performed
with 100 replicates. Complete organism names and sequence accession numbers
are listed in the supplemental material.

RESULTS

Expression of chlamydial proteins in E. coli confers arginine
uptake and decarboxylase activities. To characterize the puta-
tive chlamydial arginine uptake and decarboxylation system,
we constructed E. coli strain DEG0147 by deleting the adi
operon, encoding an inducible arginine-dependent acid resis-
tance system. Transformation of E. coli DEG0124(pKD46)
with a �adiA1::kan PCR product resulted in recombination
with the homologous chromosomal adiA sequence and the
FLP site of the scar sequence in the �adiC1 allele. This strain
(DEG0147) had the genotype �adiAYC::kan, and it grew nor-
mally during aerobic growth on LB medium. Control experi-
ments with whole DEG0147(pBAD/HisA) cells incubated with
L-[U-14C]arginine did not release significant amounts of 14CO2

(Fig. 1). Negligible ArgDC activity was detected in lysates of
this control strain (�2.1 � 10�5 U mg�1).

Coexpression of the CPn1032 (aaxB) and CPn1031-HSV
(aaxC) genes from the PBAD promoter of plasmid pDG366 in
strain DEG0147 increased whole-cell arginine uptake and de-
carboxylase activity fourfold compared to expression of the
aaxB decarboxylase alone (Fig. 1A). This system had maximal
activity at pH 4. Similar activities were observed using plasmid
pDG379 to produce the untagged proteins. However, expres-
sion of all three genes in the C. pneumoniae operon, aaxA
(CPn1033), aaxB, and aaxC, in plasmid pDG484 caused a 15-
fold increase in the arginine uptake and decarboxylation rate
(Fig. 1A). This substantial increase in activity could be due to
the transport activities of the AaxA and AaxC proteins, or it
could be due to enhanced expression of the AaxB decarboxyl-
ase. To test the latter hypothesis, ArgDC activity was deter-
mined in cell extracts of each strain (Fig. 1B). Arginine decar-
boxylase specific activity was 63% higher in the cells expressing
all three proteins from pDG484 than in cells expressing only
AaxB from pDG339. Therefore, increased AaxB expression
does contribute to the increase in whole-cell arginine decar-
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boxylase activity. Yet this increased AaxB activity in cells ex-
pressing aaxABC is too low to account for the 1500% increase
in whole-cell ArgDC activity, so the AaxA and AaxC trans-
porters must enhance this activity. Whole-cell ArgDC activity
did not depend on any components of the E medium buffer.
Omitting potassium or sodium ions had no effect on activity,
nor did replacing citrate with tartrate buffer. Chloride ions
could be replaced by acetate with no loss of activity.

Agmatine production. Whole-cell assays showed that E. coli
cells expressing the aaxB and aaxC genes from pDG379 released
the carboxylate group of radiolabeled arginine as CO2. LC-MS
analysis of the extracellular reaction products as the trifluoro-
acetyl derivatives identified significant amounts of agmatine, as
well as residual arginine substrate (data not shown). To quanti-
tatively demonstrate agmatine was exported from these cells, ra-
diolabeled compounds in the supernatant were separated by
strong cation exchange HPLC and analyzed by liquid scintillation
counting. E. coli DEG0100(pDG379) cells incubated with
L-[3H]arginine at pH 2.5 for 2 h released [3H]agmatine, confirm-
ing the CPn1032 protein acts an arginine/agmatine antiporter
(Fig. 2A). At pH 2.5, DEG0147(pDG379) cells converted 20% �
3% of the labeled arginine to agmatine. At pH 5.0, the same cells
converted 50% of the arginine to agmatine (Fig. 2B). No agma-
tine was detected in control reactions with DEG0147(pBAD/
HisA) cells (data not shown).

Inhibitors of arginine transport and decarboxylation. We
previously showed L-argininamide inhibits the AaxB decarboxyl-
ase, and L-canavanine is an alternative substrate for that enzyme
(12). A series of arginine analogs was tested to identify inhibitors
of the combined arginine uptake and decarboxylation system us-
ing the whole-cell decarboxylase assay (Table 3). Compared to
reactions containing E. coli DEG0147(pDG366) cells and L-[U-
14C]arginine alone at pH 6, the addition of 2 mM L-argininamide
had no affect on activity. However, L-argininamide reduced
ArgDC activity in lyaste from DEG0147(pDG366) cells. There-
fore, L-argininamide does not appear to be transported by the
AaxC protein. On the other hand, 2 mM L-canavanine or D-
arginine significantly reduced activity, indicating these com-

FIG. 1. E. coli DEG0147 (�adiAYC::kan) cells expressing the aaxABC genes transport L-arginine and catalyze its decarboxylation. (A) Reac-
tions containing 3 � 109 cells were incubated with 0.5 mM [U-14C]-L-arginine for 15 min at 37°C in 100 �l of E medium with buffer at the indicated
pH. 14CO2 was collected and analyzed as described in Materials and Methods. The DEG0147 strains contained empty vector pBAD/HisA (E),
aaxB in pDG339 (F), aaxBC in pDG366 (�), and aaxABC in pDG484 (f). (B) Cell-free lysates from DEG0147 cells carrying the indicated
plasmids were assayed for arginine decarboxylase activity at pH 4. No significant decarboxylase activity was detected in lysates of DEG0147(pBAD/
HisA) cells. Error bars in both charts show the standard deviations from the mean of triplicate experiments.

FIG. 2. E. coli cells expressing aaxBC converted tritium-labeled L-
arginine to agmatine. (A) Separation of radiolabeled compounds by cat-
ion-exchange HPLC from reactions with E. coli DEG0100(pDG379) cells
at pH 2.5. Unlabeled agmatine was added as a carrier for product analysis.
The chromatogram shows the UV absorbance of arginine (Arg) and
agmatine (Agm) correlates with radioactivity (CPM) determined by liquid
scintillation counting of 1-ml fractions. Cells expressing the aaxBC genes
converted 20% of the L-arginine to agmatine. (B) E. coli DEG0147
(pDG379) cells expressing the aaxBC genes converted 50% of the L-
arginine to agmatine at pH 5.
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pounds were imported. Previous studies showed D-arginine had
no effect on the purified ArgDC (12), so E. coli crude extract may
contain arginine racemase activity, converting D-arginine into L-
arginine. An arginine racemase enzyme was previously reported
from Pseudomonas graveolens but not sequenced (49). No signif-
icant inhibition was observed when 2 mM concentrations of the
following analogs were added to the reactions (data not shown):
agmatine, L-arginine O-methyl ester, N�-acetyl L-arginine, cadav-
erine, L-citrulline, L-homoarginine, NG-nitro-L-arginine methyl
ester, L-ornithine, L-histidine, or L-lysine.

Complementation of E. coli adiAYC with aax genes. Wild-
type E. coli cells resist extreme acid shock by using several pairs
of amino acid antiporters and decarboxylases to increase their
cytoplasmic pH and invert their membrane potential. Acid
shock at pH 2.5 for 1 h reduced E. coli DEG0147(pBAD/HisA)
viability by more than 3 orders of magnitude (Fig. 3). When
these cells expressed the aaxB and aaxC genes in the presence
of 1.5 mM L-arginine, almost 30% of the cells survived treat-
ment. These cells survived acid shock only in the presence of
L-arginine. Although coexpression of aaxA substantially in-
creased arginine decarboxylation rates in whole-cell assays, it

had no significant effect on survival in these complementation
assays.

Heterologous expression of AaxC in the cytoplasmic mem-
brane of E. coli. The AaxC protein was predicted to be an integral
membrane protein with 12 membrane-spanning �-helices, by the
TMHMM program (version 2.0) (27). To monitor heterologous
expression, aaxC was fused to a carboxy-terminal HSV epitope
tag sequence in vector pDG133. This construct was subcloned
behind a Ptrc promoter (in pDG193) and behind a PBAD pro-
moter (in pDG194). Proteins from cell-free lysates or concen-
trated membrane fractions were separated by SDS-PAGE and
analyzed by Western blotting with a monoclonal HSV antibody.
No expression was observed in E. coli BL21(DE3) (pDG133) cells
or in E. coli DEG0100(pDG183) cells. However, Western blots of
E. coli DEG0147(pDG366) and DEG0147(pDG194) extracts
identified a new protein with an apparent molecular mass of 41
kDa for AaxC-HSV (56.1 kDa calculated). Many integral mem-
brane proteins migrate anomalously fast during SDS-PAGE, in-
cluding the E. coli AdiC protein (observed 34 kDa, calculated 46.8
kDa) (10). Fractionation of the cells’ total membrane component
by sucrose-density gradient centrifugation showed the AaxC-HSV
protein was specifically localized to the cytoplasmic membrane
(Fig. 4). The AaxC-HSV protein colocalized with the peripheral
cytoplasmic membrane marker protein LepA (32) in E. coli

TABLE 3. Inhibitors of arginine uptake and decarboxylation

Assaya
Relative activity (%) � SD with added analog

None L-Argininamide L-Canavanine D-Arginine

Whole-cell ArgDC activity (AaxBC) 100 � 3 92 � 4 30 � 5 81 � 8
Arginine uptake (AaxC) 100 � 1 113 � 15 18 � 2 43 � 0.6
Lysate ArgDC activity (AaxBC) 100 � 2 74 � 7 6 � 0.3 38 � 8
Purified AaxB ArgDC activity 100 33 NDb 100

a Whole-cell ArgDC assays included radiolabeled 2 mM L-arginine and E. coli DEG0147(pDG366) cells expressing the aaxBC genes. The mean relative activity values
are shown with the associated standard deviations (n 
 3). The arginine uptake assays included radiolabeled 1 mM L-arginine and E. coli DEG0147(pDG170) cells
expressing the aaxC gene. The mean relative activity values are shown with the associated standard deviations (n 
 3). The relative ArgDC activities were measured
using cell-free lysates of E. coli DEG0147(pDG366) cells, preincubated with analogs for 5 min before arginine was added to initiate the reactions. The mean relative
activity values are shown with the associated standard deviations (n 
 3). The relative ArgDC activities using purified C. pneumoniae AaxB protein with 5 mM L-arginine
were reported previously (12).

b ND, not determined. L-Canavanine was shown to be a substrate for the AaxB protein.

FIG. 3. Expression of the C. pneumoniae aaxBC genes restored
arginine-dependent acid resistance in E. coli DEG0147. Cells contain-
ing pBAD/HisA (vector control), pDG379 (aaxBC), or pDG484
(aaxABC) were incubated in E medium at pH 2.5 for 1 h in the absence
(light gray bars) or presence (dark gray bars) of 1.5 mM L-arginine.
The mean survival rates and standard deviations are shown for each
assay repeated in triplicate.

FIG. 4. Western blots show the AaxC-HSV protein was expressed
in the cytoplasmic membrane of E. coli. (A) A 41-kDa band corre-
sponding to AaxC-HSV detected using an anti-HSV monoclonal an-
tibody. (B) A 69-kDa band corresponding to the E. coli LepA-S-Tag
protein, detected using an S-peptide monoclonal antibody. The same
protein samples were used for both immunoblots. Lane 1 contains the
total membrane fraction from E. coli BW25113(pBAD/HisA) cells.
Sucrose density-gradient centrifugation was used to separate the total
membrane fraction from BW25113(pDG194, pDG552, pDG561) cells
into an outer membrane fraction (lane 2), a cytoplasmic membrane
fraction (lane 3), and a high-density pellet (lane 4). The LepA protein
identified in the high-density pellet may be associated with ribosomes
(40). The immunoblot with S-peptide monoclonal antibody also iden-
tified a 46-kDa band in the cytoplasmic membrane fraction that may
represent a degradation product of LepA (data not shown).
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BW25113(pDG194, pDG552, pDG561). HSV-tagged proteolytic
degradation products with apparent masses of 38, 12, and 5 kDa
were also identified in the cytoplasmic membrane fractions (data
not shown). No OmpX-S-Tag protein was expressed in this strain
(discussed below).

Arginine transport by AaxC. The activity of the AaxC argi-
nine transporter was analyzed in E. coli DEG0147(pDG170)
cells, independent of decarboxylase activity. In the absence of
ArgDC activity, this putative arginine/agmatine antiporter was
expected to catalyze the exchange of radiolabeled arginine for
intracellular arginine as reported for E. coli AdiC (10).
Washed cells were mixed with 1 mM L-[3H]arginine for 10 min
and then collected by filtration. Maximal transport activity
occurred at pH 5 to 6, and no uptake was observed below pH
5 (Fig. 5). As observed in whole-cell ArgDC assays, L-arginin-
amide had no effect on arginine uptake, while 2 mM concen-
trations of D-arginine and L-canavanine significantly reduced
uptake (Table 3). Together with the ArgDC results described
above, these transport assays indicate the AaxC protein spe-
cifically binds L-arginine, L-canavanine, and D-arginine but dis-
criminates against analogs with less polar substituents.

Heterologous expression of AaxA protein in the outer mem-
brane of E. coli. The AaxA protein belongs to the OprB family of
bacterial outer membrane porins. The SignalP program (version
3.0, gram-negative bacterial model) identified an amino-terminal
secretory signal peptide in this sequence, predicted to be cleaved
between the Ala21 and Glu22 residues (2). An HSV monoclonal
antibody specifically bound the AaxA-HSV protein expressed in
E. coli DEG0147(pDG512) or E. coli BW25113(pDG512,
pDG552, pDG561) cells (data not shown). E. coli BL21
(DE3)(pDG512, pDG552) cells coexpressed AaxA-HSV and the
E. coli OmpX-S-Tag marker protein in their outer membrane
fractions (Fig. 6). The cytoplasmic and outer membranes were
separated by sucrose density-gradient centrifugation, and the 44-
kDa AaxA-HSV band (49-kDa calculated) was only identified in

the outer membrane fraction. Washing the outer membrane frac-
tion with 5 M urea released little epitope-tagged protein, demon-
strating the AaxA protein is an integral outer membrane protein,
and it is not expressed in an inclusion body of similar density (Fig.
6A) (31). Although no OmpX-S-Tag protein was identified in
salicylate-induced BW25113 cells carrying the pDG552 vector,
BL21(DE3)(pDG552) cells expressed ompX from a strong T7
RNA polymerase promoter to produce high levels of this protein
(Fig. 6B). Most of the heterologously expressed OmpX-S-Tag
protein formed insoluble aggregates, as reported previously (39).
However, a significant portion of the protein was incorporated
into the outer membrane fraction, partially resistant to urea treat-
ment (31). Only trace amounts of OmpX were identified in the
cytoplasmic membrane fraction. The copurification of C. pneu-
moniae AaxA and E. coli OmpX confirmed that AaxA is ex-
pressed in the outer membrane.

The AaxA protein facilitates arginine uptake with the AaxB
and AaxC proteins, so we would expect it to enhance whole-
cell arginine decarboxylase activity in wild-type cells expressing
the native AdiAYC proteins as well. The E. coli arginine-
dependent acid resistance system (AR2) is most active at pH
2.5, but expression of the AaxA protein did not affect ArgDC
activity at that pH (Fig. 7). However, at pH 4.0, AaxA expres-
sion caused ArgDC activity to increase almost fourfold com-
pared to a control strain. Therefore, AaxA expression en-
hances arginine uptake in moderately acidic conditions,
independent of the AaxB and AaxC proteins.

Evolution of the AaxC arginine/agmatine antiporter. All
Chlamydia spp. have operons containing orthologs of the aaxA
outer membrane porin, the aaxB arginine decarboxylase, and
the aaxC antiporter genes, as shown for C. pneumoniae in Fig.
8. This gene cluster is unique to the Chlamydiales, although
most members of the APA family, including AaxC, are asso-
ciated with amino acid decarboxylases. Phylogenetic analysis of
AaxC homologs shows this protein is not specifically related to
the functionally equivalent E. coli AdiC arginine/agmatine an-
tiporter (Fig. 9). The most similar homologs of AaxC are found
in the anaerobic bacteria Victivallis vadensis and Clostridium
perfringens. V. vadensis, a member of the Verrucomicrobia sister

FIG. 5. Expression of aaxC promoted arginine uptake. E. coli
DEG0147(pDG170) cells expressing aaxC alone optimally transported
L-[U-14C]arginine from pH 5 to 6 (f). Arginine transport by E. coli
DEG0147(pBAD/HisA) cells (F) was not significantly different from
background levels due to membrane binding of arginine in control
reactions without cells (�). The net radioactivity measured in reac-
tions containing DEG0147(pDG170) cells at pH 5 corresponds to
0.4% arginine uptake. No net arginine transport was detected below
pH 5 in these cells.

FIG. 6. Western blots show the AaxA-HSV protein was expressed
in the outer membrane of E. coli. Lane 1 contains total membrane
extract from E. coli BW25113(pBAD/HisA) control cells. Lane 2 con-
tains the soluble portion of lysate from BL21(DE3)(pDG512,
pDG552) cells expressing C. pneumoniae AaxA-HSV and E. coli
OmpX-S-Tag proteins, after centrifugation for 15 min at 18,000 �
g. Lane 3 contains the insoluble portion of the lysate from
BL21(DE3)(pDG512, pDG552) cells. Lane 4 contains the outer mem-
brane fraction of the same cells, purified by sucrose density-gradient
centrifugation and washed with 5 M urea. Lane 5 contains urea-soluble
material from washing the outer membrane fraction shown in lane 4.
Lane 6 contains the cytoplasmic membrane fraction from sucrose
density-gradient centrifugation. Lane 7 contains the pellet from the
sucrose density-gradient centrifugation. (A) The AaxA-HSV protein
was detected using an anti-HSV monoclonal antibody. (B) The OmpX-
S-Tag protein was detected using an anti-S-Tag monoclonal antibody.
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group of the Chlamydiales, encodes a transporter homolog
adjacent to a PLP-dependent amino acid decarboxylase that is
60% identical to E. coli adiA. The C. perfringens gene is asso-
ciated with a pyruvoyl-dependent histidine decarboxylase gene
for histidine uptake and histamine release (42). In Lactobacil-
lus johnsonii a transporter gene is flanked by two pyruvoyl-
dependent phosphatidylserine decarboxylase homologs: the
function of this system is unknown. Finally, in P. aeruginosa the
arcD gene, encoding a well-characterized arginine/ornithine
antiporter, lies in an operon with other genes in the arginine

deiminase pathway (51). Members of this family of basic amino
acid transporters are intimately associated with decarboxylases
or deiminases, but are evolutionarily modular. A variety of
gene combinations has evolved through horizontal gene trans-
fer to produce coordinately regulated systems. However, we do
not know the physiological functions for most of these systems.

DISCUSSION

None of the chlamydial genomes encodes arginine biosyn-
thetic proteins, so the cells must import arginine from their
host. In C. pneumoniae, the ArgR repressor regulates tran-
scription of an operon encoding a putative ABC-type arginine
transporter (46). Therefore, the arginine utilization system de-
scribed here should not be required for protein synthesis. In-
stead, it converts extracellular arginine to agmatine, similar to
the E. coli arginine-dependent acid resistance system. How-
ever, several aspects of the chlamydial system differ fundamen-
tally from the enteric extreme acid resistance system.

E. coli cells have maximal arginine-agmatine exchange ac-
tivity near pH 2.5 (15, 20). In E. coli and S. enterica, adiA and
adiC expression is enhanced by anaerobic and acidic conditions
(26). The C. pneumoniae system reconstituted in E. coli func-
tions over a broad pH range from 3 to 5. Arginine uptake
assays suggest this pH optimum reflects the activity of AaxC
transporter, rather than the AaxB decarboxylase that functions
optimally at pH 3.4 (12). Although the factors determining
expression of the chlamydial aax operon are unknown, tran-
scriptional microarray analysis indicated the C. trachomatis L2
homologs CT373 (aaxB) and CT372 (aaxC) were expressed 18
to 36 h postinfection (36). Most metabolic genes were ex-
pressed during this period of reticulate body replication. Al-
though aaxB in the L2 strain has a nonsense codon replacing
tryptophan at amino acid position 128, this mutation appar-
ently has not stopped transcription of the operon. Future stud-

FIG. 7. Expression of AaxA stimulates whole-cell arginine decar-
boxylase activity in wild-type E. coli cells at pH 4. E. coli MG1655 cells
(u) or MG1655(pDG512) cells (f) were incubated with [1-14CO2]-L-
arginine at pH 2.5 or pH 4.0, as described in the legend to Fig. 1. The
mean values for decarboxylase activity are shown with the associated
standard deviations (n 
 3).

FIG. 8. Bacterial gene clusters containing aaxC homologs usually
include either PLP- or pyruvoyl-dependent amino acid decarboxylase
genes (black arrows) and amino acid antiporter genes (light gray ar-
rows). The C. pneumoniae aax operon encodes an arginine-agmatine
exchange system consisting of an outer membrane porin (gray arrow,
aaxA), a pyruvoyl-dependent arginine decarboxylase (ArgDC, aaxB),
and an arginine/agmatine antiporter (aaxC). The Victivallis vadensis
cluster encodes putative arginine transporter and PLP-dependent ar-
ginine decarboxylase genes. The analogous E. coli adi system is en-
coded by a PLP-dependent arginine decarboxylase (adiA), a putative
transcriptional regulator (dashed line, adiY), and an arginine/agmatine
antiporter (adiC) genes. The P. aeruginosa arc operon encodes an
arginine fermentative deiminase pathway consisting of an arginine/
ornithine antiporter (arcD), arginine deiminase (dashed line, arcA),
ornithine carbamoyltransferase (dashed line, arcB), and carbamate
kinase (dashed line, arcC) genes. The Clostridium perfringens system
encodes a histidine-histamine exchange system composed of a pyru-
voyl-dependent histidine decarboxylase and an antiporter. Lactobacil-
lus johnsonii has a gene cluster of unknown function, with two pyru-
voyl-dependent phosphatidylserine decarboxylase homologs flanking
an antiporter gene.

FIG. 9. The phylogeny of selected aaxC homologs was inferred by
the protein maximum-likelihood method. The C. pneumoniae AaxC
protein is more similar to transporter proteins from V. vadensis, C.
perfringens, and Bordetella avium than the analogous E. coli AdiC
protein. Bootstrap values are indicated for branches supported by a
plurality of replicates. The tree construction methods are listed in
Materials and Methods, and sequence details and accession numbers
are listed in the supplemental material.
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ies will compare the arginine utilization systems in chlamydial
cultures to determine the effects of gene inactivation.

L-Lysine, L-ornithine, and cadaverine inhibited arginine
transport by the E. coli AdiC protein (10). None of these
amino acids interfered with C. pneumoniae AaxC activity, but
D-arginine and L-canavanine did inhibit L-arginine transport,
indicating different modes of substrate recognition by the
transporters. It is unclear whether these inhibitors are produc-
tively transported.

The AdiC protein’s specificity reflects its evolutionary rela-
tionship to a putrescine/ornithine antiporter (Fig. 9). The two
systems evolved convergently from different ancestral protein
scaffolds. The chlamydial ancestor recruited an archaeal-type
pyruvoyl-dependent ArgDC (12) and a transporter from the
APA family of antiporters. The enteric system, shared by E.
coli and Salmonella enterica, is specifically related to a paralo-
gous acid-inducible system that uses a PLP-dependent orni-
thine decarboxylase (SpeF) and a putrescine/ornithine anti-
porter (PotE) (25). Both acid resistance systems probably
evolved within the gammaproteobacterial lineage (20).

The aaxA gene is highly conserved among chlamydia, and yet
it has low sequence similarity to other putative bacterial porins.
The C. pneumoniae AaxA protein shares only 24% sequence
identity with its most similar nonchlamydial homolog, a hypo-
thetical protein from Methylobacterium nodulans. This homol-
ogy extends only over the carboxy-terminal 75% of the AaxA
protein. While the AaxA porin is highly diverged from most
bacterial outer membrane proteins, its structure probably re-
sembles those of carbohydrate-specific OprB family members
(19). Chlamydial cells have at least two other porins, including
the highly expressed, broad-specificity major outer membrane
protein and the dicarboxylate-specific porin PorB (28).

Stimulation of arginine uptake by the C. pneumoniae AaxA
outer membrane protein was unexpected, since E. coli ex-
presses two general porins, OmpC and OmpF, which should
permit arginine diffusion into the periplasm. In similar studies
of E. coli lysine decarboxylation and cadaverine export, OmpC-
and OmpF-mediated permeability was significantly reduced by
cadaverine and acidic pH (44). Cadaverine accumulation in the
periplasm was proposed to close the OmpF pore, decreasing
the outer membrane permeability (37, 45). This inhibition may
be advantageous for acid resistance. If agmatine has similar
effects on chlamydial porin permeability, then expression of
the AaxA porin could help maintain arginine flux into the cell.
While expression of AaxA significantly enhanced whole-cell
arginine decarboxylase activity in our assay, it had no effect on
E. coli’s ability to survive acid shock using the chlamydial
system. This discrepancy shows that AaxA functions optimally
at a neutral or moderately acidic pH, rather than the highly
acidic pH of the acid shock assays.

Microbes evolved arginine utilization pathways many times
for disparate purposes, suggesting free arginine is commonly
available in their environments. Although the chlamydial argi-
nine-agmatine exchange system complements adi mutations in
E. coli restoring arginine-dependent acid resistance, the chla-
mydial system may not have the same function in vivo. The
system’s relatively high pH optimum, expression profile, and
outer membrane protein suggest it could have a more specific
effect on the host cell’s arginine metabolism. A growing num-
ber of pathogens have been shown to consume arginine as a

virulence factor against the innate immune response. Arginine
uptake regulates macrophage translation of iNOS mRNA, so
arginine depletion has the combined effect of reducing iNOS
protein abundance and preventing iNOS from converting L-
arginine to NO· and L-citrulline (4, 29). The gastric pathogen
Helicobacter pylori produces an argininase enzyme, reducing
macrophage production of NO· by hydrolyzing L-arginine to
urea and L-ornithine (14). P. aeruginosa, a severe respiratory
pathogen and a denitrifier, may use nitric oxide reductase to
directly counter NO·-mediated toxicity (22). At the same time,
these cells encode an active arginine deiminase system, con-
suming the iNOS substrate. In vivo studies of the chlamydial
arginine utilization system will be required to identify the phys-
iological function.
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