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AmrZ is a putative ribbon-helix-helix (RHH) transcriptional regulator. RHH proteins utilize residues within
the �-sheet for DNA binding, while the �-helices promote oligomerization. AmrZ is of interest due to its dual
roles as a transcriptional activator and as a repressor, regulating genes encoding virulence factors associated
with both chronic and acute Pseudomonas aeruginosa infection. In this study, cross-linking revealed that AmrZ
forms oligomers in solution but that the amino terminus, containing an unordered region and a �-sheet, were
not required for oligomerization. The first 12 unordered residues (extended amino terminus) contributed
minimally to DNA binding. Mutagenesis of the AmrZ �-sheet demonstrated that residues 18, 20, and 22 were
essential for DNA binding at both activation and repressor sites, suggesting that AmrZ utilizes a similar
mechanism for binding to these sites. Mice infected with amrZ mutants exhibited reduced bacterial burden,
morbidity, and mortality. Direct in vivo competition assays showed a 5-fold competitive advantage for the wild
type over an isogenic amrZ mutant. Finally, the reduced infection phenotype of the amrZ-null strain was similar
to that of a strain expressing a DNA-binding-deficient AmrZ variant, indicating that DNA binding and
transcriptional regulation by AmrZ is responsible for the in vivo virulence defect. These recent infection data,
along with previously identified AmrZ-regulated virulence factors, suggest the necessity of AmrZ transcrip-
tional regulation for optimal virulence during acute infection.

The Pseudomonas aeruginosa transcriptional regulator
AmrZ is a proposed member of the ribbon-helix-helix (RHH)
family of DNA-binding proteins, sharing structural similarity
with the Arc and Mnt repressors of Salmonella enterica serovar
Typhimurium bacteriophage P22. This family is grouped by
structural similarity and includes several transcriptional regu-
lators found in prokaryotes, archaea and their viruses, and
other bacteriophages (2, 7, 12, 20, 24, 26, 34, 46). Based on
amino acid identity as well as secondary-structure prediction
models, AmrZ likely possesses a ribbon-helix-helix motif (i.e.,
one �-strand and two �-helices) (Fig. 1B) responsible for
DNA-binding activity in this family of proteins (44). RHH
proteins function through the oligomerization of the �-helices,
which allows the two �-strands to form an antiparallel �-sheet
that recognizes and binds in the major groove of the operator
site (31, 38). Arc exists as a dimer in solution, while Mnt
utilizes an extra carboxy-terminal �-helical domain to maintain
a tetramer configuration (43). When binding DNA, these oligo-
mers are maintained, and the inhibition of oligomerization
negatively impacts DNA-binding activity (44). To facilitate

higher-order oligomers at the RHH binding site, operator sites
often contain sequences in either a direct repeat or palin-
dromic orientation (34, 46). Because there are specific contacts
between residues of the DNA-binding �-sheet and bases in the
operator site, mutations of critical bases within the operator
sites typically abolish DNA-binding activity by these proteins.

Of the 108 AmrZ amino acids, residues 1 to 66 share 34%
amino acid identity with Arc and suggest the presence of an
Arc-like DNA-binding domain (2). Figure 1A presents an
amino acid alignment of the amino termini of Arc, Mnt, and
AmrZ to illustrate conserved residues, particularly in the pro-
posed DNA-binding �-sheet region. The first 12 AmrZ resi-
dues (extended amino terminus) are not present in Arc or Mnt,
although the two proposed AmrZ orthologs in Pseudomonas
putida and Pseudomonas syringae each have an extended amino
terminus with a highly conserved sequence (47). An extended
amino terminus has been observed for several other RHH
proteins, and for those regions that have been studied, it typ-
ically serves a unique role (5, 11, 22, 23, 28, 35, 38). For
example, this region functions in protein-protein interactions
(plasmid-partitioning protein ParG), metal cofactor specificity
(Helicobacter pylori NikR), and ATP hydrolysis or oligomer-
ization (plasmid pSK41-encoded ArtA) (5, 8, 23). Residues 13
to 25 of AmrZ share amino acid identity with �-sheet residues
in Arc and Mnt, and protein prediction models suggest that
AmrZ residues 15 to 23 form a �-sheet (Fig. 1B) (32). A
majority of the amino acid identity with Arc and Mnt falls
between AmrZ residues 26 and 66, and this region is predicted
to form a coiled-coil motif that mimics the dimerization do-
main found in Arc used to stabilize protein-DNA interactions
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(Fig. 1B). The carboxyl terminus of AmrZ may function sim-
ilarly to the tetramerization domain of Mnt and contribute to
oligomerization and high-affinity DNA binding, since residues
67 to 108 of AmrZ are proposed to form a second coiled-coil
domain.

AmrZ is highly expressed in alginate-overproducing mucoid
variants of P. aeruginosa, such as those isolated in chronic
infections of cystic fibrosis (CF) patients. Previous work from
our laboratory demonstrated that AmrZ is required for the
activation of algD transcription, the first gene in the alginate
biosynthetic operon (4). AmrZ also acts as a transcriptional
repressor by binding to two sites upstream of its own promoter
(30). In addition, AmrZ represses fleQ, a gene encoding an
activator of flagellum expression (41). Finally, AmrZ is re-
quired for the control of genes involved in type IV pilus local-
ization and twitching motility, although its specific gene tar-
get(s) is still being elucidated (3). Due to its regulatory role in
both alginate production and motility, the protein formerly
called AlgZ has been designated AmrZ (alginate and motility
regulator Z) (3).

AmrZ regulates the transcription of algD and amrZ using
protein-nucleotide contacts (2, 30). Although the binding sites
at both promoters have some nucleotide sequences in com-
mon, it is unclear whether AmrZ utilizes similar amino acid
residues contained in the Arc-like DNA-binding domain to
modulate its opposing activities of activation and repression. In
this study, glutaraldehyde cross-linking data showed for the
first time that AmrZ forms oligomers naturally in solution. The
truncation of the extended amino terminus minimally reduced
DNA-binding activity in vitro, although this truncation did
not affect the oligomerization capability. Mutations of Lys18,
Val20, and Arg22 also caused an elimination of algD transcrip-
tion and alginate production in vivo, but this was not always
correlated with a loss of in vitro DNA-binding activity. Addi-
tionally, Lys18, Val20, and Arg22 were required for the repres-
sion of amrZ transcription in vivo, indicating that AmrZ uti-
lizes a conserved binding mechanism to control activated and
repressed target genes. Finally, to assess the biological impact
of AmrZ transcriptional regulation on virulence during an
infection, a murine model of acute infection was used to com-

pare the levels of virulence of the wild type, an amrZ-null
mutant, and a mutant expressing a DNA-binding-deficient
AmrZ variant. The defect in bacterial colonization and mor-
bidity shown by strains without transcriptionally active AmrZ
established the contribution of AmrZ DNA-binding activity
and transcriptional regulation to virulence. Taken together,
these data identify key residues in the oligomeric protein
AmrZ that contribute to DNA binding and the transcriptional
regulation of virulence factors in a biologically relevant infec-
tion model.

MATERIALS AND METHODS

Bacterial strains, plasmids, chemicals, oligonucleotides, and growth condi-
tions. All strains, plasmids, and oligonucleotides used in this study are listed in
Table S1 in the supplemental material. For all manipulations, Escherichia coli
and P. aeruginosa were cultured as previously described (49). E. coli strains were
grown in LB (10 g liter�1 tryptone, 5 g liter�1 yeast extract, 5 g liter�1 sodium
chloride) or on LA (LB with 15 g liter�1 agar). When necessary for plasmid
maintenance, broth and plates were supplemented with 100 �g/ml ampicillin. All
P. aeruginosa strains were cultured in LBNS (10 g liter�1 tryptone and 5 g liter�1

yeast extract) or on LANS (LBNS with 15 g liter�1 agar). Incubations were
carried out at 37°C. All manipulations with E. coli were performed with either
strain JM109 or C41(DE3) (Promega). All oligonucleotides used in this study
were synthesized either by the DNA Synthesis Core Laboratory at Wake Forest
University School of Medicine or by MWG and are listed in Table S1. Chemicals
and molecular biology reagents were purchased from Sigma or Promega unless
stated otherwise.

All strains generated from P. aeruginosa strain PAO1 were described previ-
ously (3). All P. aeruginosa strains used in Fig. 5 and Tables 2 and 3 were derived
from FRD1 (mucA22), a mucoid CF isolate (25). The specifics regarding strain
construction (15) can be found in Table S1 in the supplemental material. For
complementation studies, wild-type amrZ from pDJW586 was substituted in
place of the tetracycline cassette in FRD1224 (mucA22 �amrZ::�tet) to generate
FRD2514. PCR amplification and DNA sequencing of the corresponding locus
verified all gene replacement constructs.

Transcriptional reporter assays. Transcriptional reporter assays were essen-
tially performed as described previously (30). The absorbances of the samples at
420 nm, 550 nm, and 660 nm were read, and the �-galactosidase activity (amount
of o-nitrophenyl-�-D-galactopyranoside [ONPG] hydrolyzed per minute as a
function of cell density) was calculated. Statistical analysis of data was performed
by using GraphPad InStat software.

Construction and purification of AmrZ mutant proteins. For protein assays,
pET19b (Novagen, Madison, WI) was utilized due to its cleavable polyhistidine
tag. The generation-and-purification protocol was based on protocols detailed
previously (17, 30). Briefly, the amrZ allele of interest was cloned into the

FIG. 1. Alignment and predicted secondary structure of the putative ribbon-helix-helix transcriptional regulator AmrZ. (A) An amino acid
alignment of the Arc-like DNA-binding domains of Arc (residues 1 to 18), Mnt (residues 1 to 15), and AmrZ (residues 1 to 27) reveals conserved
residues in the DNA-binding �-sheet as well as the presence of the extended amino terminus. Residues in gray indicate the DNA-binding �-sheet.
Residues to the left are part of the extended amino acid. Residues within the DNA-binding �-sheet that were targeted for site-specific mutagenesis
are shown in red. (B) Predicted three-dimensional (3D) structure of AmrZ residues 13 to 80 provided by the secondary-structure prediction
program pyMol. The major structural components (N and C termini, �-sheet, and �-helices) are indicated. The location of arginine-22 (R22) is
also indicated, given the frequent references to the R22A mutant.
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multiple-cloning site of the pET19b vector in frame with a DNA sequence
encoding an 8-amino-acid (aa) rhinovirus 3C protease recognition sequence and
a polyhistidine affinity tag. The resulting construct has an amino-terminal histi-
dine affinity tag that can be cleaved with PreScission protease (Amersham Phar-
macia) after purification of the AmrZ variant. To generate the alanine mutants
of AmrZ, the mutant alleles were cloned into pET19b using primers amrZ9 and
amrZ85 and template pJLV1 (AmrZ R14A), pPJ148 (AmrZ K18A), pPJ149
(AmrZ V20A), or pPJ150 (AmrZ R22A). To generate the extended amino
terminus truncation proteins, the mutant alleles were cloned into pET19b by
using template pDJW585 and the following primers: amrZ90 and amrZ85 for
�2AmrZ, amrZ91 and amrZ85 for �5AmrZ, and amrZ89 and amrZ85 for
�11AmrZ. The initial purification protocol followed a methodology similar to
that described previously (17). Plasmid-expressing E. coli cells were grown at
37°C to mid-log phase, induced with 1 mM IPTG (isopropyl-�-D-1-thiogalacto-
pyranoside) overnight at 16°C to increase protein yield, and then pelleted, re-
suspended in lysis buffer (100 mM KH2PO4 [pH 7.5], 500 mM NaCl, 10%
glycerol, 4 M urea), sonicated, and applied over a nickel-chelating column (Qia-
gen). The purified protein samples were eluted with imidazole. Eluted, purified
AmrZ was dialyzed overnight into dialysis buffer (100 mM Bis-Tris [pH 5.5], 100
mM NaCl, 5% glycerol, 2 mM dithiothreitol [DTT], and 0.5 mM EDTA). The
polyhistidine tag was cleaved by the addition of excess PreScission protease. The
final step of purification separated the pure cleaved protein from the PreScission
protease and any residual uncleaved portion via a MonoS cation exchange
column (GE Healthcare). The fractions containing cleaved AmrZ were pooled
and dialyzed into storage buffer (100 mM Bis-Tris [pH 6.5], 100 mM NaCl, and
5% glycerol). Samples were stored at �80°C. Proteins were verified by Western
blotting (Fig. 2B and D) and by electrospray mass spectroscopy (see Table S2 in
the supplemental material).

Isolation and labeling of DNA. Previously used protocols for the generation of
target DNA for the electrophoretic mobility shift assays (EMSAs) utilized ra-
dioactive DNA (4, 30); however, this was modified for the use of fluorescently
labeled target DNA. In brief, fragments containing portions of algD or amrZ
were amplified by PCR using Taq polymerase and the oligonucleotides listed
below. Template DNA was contributed by pDJW585 (amrZ) (49) or pDJW221
(algD) (48). A 5�-6-carboxyfluorescein (6-FAM)-labeled DNA primer amplified
the desired target region in a similar PCR, generating a fluorescein-labeled PCR
product at either the algD or amrZ promoter site. algD promoter sequences were
amplified from pDJW221 with primers algD5 and algD7, while amrZ promoter
sequences were amplified from pDJW585 with primers amrZ33 and amrZ37. For
fluorescence anisotropy, each 22-bp segment was ordered individually, with a 5�
FAM label on one strand. The labeled and unlabeled strands were mixed for a
stock concentration of 50 nM total.

DNA binding studies and Western blotting. DNA binding assays and condi-
tions were similar to those previously reported, although a fluorescent label was
used in place of radioactivity to detect the promoter fragment (4). In general,
wild-type or mutant AmrZ was incubated with 5�-end-labeled DNA fragments,

0.75 �g of poly(dI-dC), and binding buffer (4 mM Tris-HCl [pH 8.0], 40 mM
NaCl, 4 mM MgCl2, 4% glycerol). All DNA binding assay mixtures were incu-
bated at 25°C for 20 min in a reaction volume of 10 �l, unless noted otherwise.
All EMSAs utilized a Typhoon scanner in fluorescence mode and were visualized
with ImageQuant software.

Fluorescence anisotropy was chosen as a method of DNA binding analysis in
equilibrium (14). Previously described protocols were used for analyses of in vitro
activity (16, 27). Briefly, increasing protein titrations were incubated with a
solution containing 1 nM 6-FAM-labeled DNA, 100 nM competitive nonspecific
DNA, 100 mg/liter bovine serum albumin (BSA), 100 mM Bis-Tris (pH 6.5), 150
mM NaCl, and 5% glycerol and added to a constant volume of 25 �l. Protein
samples were assayed by using a Safire2 microplate reader with a fluorescence
polarization module (Tecan Group, Ltd.) using excitation and emission wave-
lengths of 490 nm and 520 nm, respectively. Anisotropy data were computed, and
the background was subtracted. It was then normalized to the maximum value
and plotted as a function of the AmrZ concentration by using SigmaPlot soft-
ware. The Kd (dissociation constant) was calculated based on the equation
generated by the best-fit curve using a single-ligand binding model. Each AmrZ
variant was analyzed at each site by three individual replicates.

In all Western blots, AmrZ-specific antiserum was used as previously de-
scribed (30, 49). For the Western blot shown in Fig. 5B, P. aeruginosa strains
were grown at 37°C with shaking to an optical density (OD) (600 nm) of 1.0.
Cells were pelleted, boiled for 5 min at 95°C, and pelleted again. The superna-
tants were collected, resolved on a 12% SDS-PAGE gel, and probed with an
AmrZ-specific antibody.

Glutaraldehyde cross-linking. Glutaraldehyde cross-linking was performed
based on a previously described protocol (6). Briefly, AmrZ (40 �mol) was
incubated with 2 �mol glutaraldehyde for 5 min before the reaction mixture was
reduced on ice with 2 �mol of sodium borohydride for 20 min. The reaction
mixture was neutralized by the addition of Tris-HCl (pH 8.0) to a final concen-
tration of 167 mM. Cross-linked species were resolved on a 12% SDS-PAGE gel
and visualized by GelCode blue staining.

Animal studies. Wild-type nonmucoid P. aeruginosa laboratory strain PAO1,
strain WFPA205 (an isogenic �amrZ::�tet strain), and strain WFPA513 (the
R22A AmrZ-expressing strain) were previously described (3). All strains were
grown in LBNS with shaking at 37°C to mid-log phase before centrifugation and
resuspension in sterile phosphate-buffered saline (PBS).

The intranasal infection protocol was based on a previously described protocol
(37) and modified for P. aeruginosa. Five- to six-week-old female C57BL/6 mice
(Jackson Laboratory) were lightly sedated with isoflurane (Butler) and intrana-
sally inoculated with 30 �l of sterile PBS either alone or with 1 � 108 CFU of P.
aeruginosa. At designated times postinoculation, mice were euthanized, and the
blood and lungs were aseptically harvested. Blood was directly plated to detect
bacteria. Lungs were homogenized in PBS, and dilutions were plated onto
LANS. Colonies were enumerated after overnight growth at 37°C.

For the coinfection experiment, a modified protocol was utilized wherein

FIG. 2. Purified AmrZ forms oligomers in solution, and oligomerization does not require the first 26 residues. (A and B) Purification and
verification of the wild type and the extended amino truncation proteins �2AmrZ, �5AmrZ, and �11AmrZ by SDS-PAGE and visualization by
GelCode staining (A) and Western blotting (B). Lane 2, wild-type AmrZ; lane 3, �2AmrZ; lane 4, �5AmrZ; lane 5, �11AmrZ. (C and D)
Purification and verification in parallel of the wild type and the R14A AmrZ (lane 3), K18A AmrZ (lane 4), V20A AmrZ (lane 5), and R22A AmrZ
(lane 6) �-sheet mutants by SDS-PAGE and visualization by GelCode staining (C) and Western blotting (D). (E) Samples were cross-linked by
incubation with glutaraldehyde to form a stable complex that would withstand separation by SDS-PAGE. Lanes 1 to 6 are the �-sheet mutants.
AmrZ in lane 1 was not incubated with glutaraldehyde to indicate the size of a wild-type AmrZ monomer. Lanes 2 to 6 are cross-linked and contain
wild-type AmrZ (lane 2), R14A AmrZ (lane 3), K18A AmrZ (lane 4), V20A AmrZ (lane 5), and R22A AmrZ (lane 6). Lanes 8 to 15 represent
the truncation proteins with alternating untreated monomeric and glutaraldehyde-treated samples. Lanes 8 and 9, wild-type AmrZ; lanes 10 and
11, �2AmrZ; lanes 12 and 13, �5AmrZ; lanes 14 and 15, �11AmrZ. All lanes contain 40 �mol of protein and were separated by SDS-PAGE on
a 12% polyacrylamide gel, and complexes were visualized by GelCode staining.
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PAO1 and WFPA205 were mixed at a 1:1 ratio for a total of 1 � 108 CFU in 30
�l. Following infection, lung homogenates and blood were serially diluted and
plated in duplicate onto both LANS and LANS supplemented with 100 �g/ml
tetracycline to provide total (PAO1 and WFPA205) bacteria and WFPA205
counts, respectively. PAO1 counts were determined by the subtraction of the
tetracycline-resistant (WFPA205) values from the total. The competitive index
was calculated by dividing the ratio of the amount of WFPA205 recovered to the
amount of PAO1 recovered by the ratio of the amount of WFPA205 inoculated
to the amount of PAO1 inoculated. All animal experiments were carried out in
accordance with Wake Forest University Health Sciences guidelines under an
IACUC-approved protocol and were repeated at least twice. Statistical analysis
was carried out by using an unpaired two-tailed Student’s t test.

RESULTS

AmrZ forms oligomers in solution, and residues in the
amino terminus are not required for oligomerization. Mem-
bers of the RHH family of transcriptional regulators use the
DNA-binding �-sheet to recognize and bind specific se-
quences. In order to identify the mechanism of AmrZ-medi-
ated gene regulation, we focused our attention on the amino
terminus of AmrZ. This region contains two predicted ele-
ments, an extended amino terminus which is absent in Arc or
Mnt and the putative DNA-binding �-sheet. To further clarify
the residues necessary for DNA-binding activity, amino-termi-
nal truncation mutants and site-specific mutations in the pro-
posed �-sheet were used to evaluate the contribution of these
regions to the DNA-binding activity.

To determine if the extended amino terminus contributes
to either AmrZ-specific DNA binding or oligomerization,
three AmrZ truncation proteins (�2AmrZ, �5AmrZ, and
�11AmrZ) were generated (Fig. 1A). The proteins were
purified, examined by SDS-PAGE and Western blotting,
and verified by electrospray mass spectrometry to express
the anticipated deletion (Fig. 2A and B and see Table S2 in
the supplemental material). In order to evaluate the resi-
dues within the putative AmrZ �-sheet, we identified con-
served residues to target for mutagenesis. The mutation of
critical residues within the DNA-binding �-sheet of RHH
proteins typically abrogates DNA-binding activity (20, 36).
Arg14, Lys18, and Arg22 were chosen based on identity or
charge similarity with required amino acids in Arc and Mnt
(31, 36). Val20 was chosen because it was different from the
conserved Asn and may contribute to an AmrZ-specific se-
quence interaction. Our previous studies showed that the
substitution of alanines in place of residues Lys18 and Arg22
resulted in a loss of AmrZ-mediated DNA-binding activity
at algD and a loss of twitching motility, suggesting that these
residues supplied critical protein-nucleotide contacts re-
quired for DNA binding and type IV-mediated motility (3).
However, these AmrZ variants were not purified or rigor-
ously tested for either in vitro or in vivo activity. In addition,
we hoped to utilize P. aeruginosa mutants expressing these
variants for effects on in vivo gene expression (see below).
To resolve the role of specific residues in the putative AmrZ
�-sheet, several point mutations that contained alanine sub-
stitutions in AmrZ at Arg14, Lys18, Val20, or Arg22 were
generated. These AmrZ �-sheet mutants were purified and
examined by SDS-PAGE and Western blotting; mass spec-
trometry was used to verify the amino acid identity of the
anticipated substitution (Fig. 2C and D and Table S2).

Most of the characterized RHH proteins exist naturally as

dimers or tetramers in solution (34, 43). While oligomerization
is essential for Mnt and Arc activity (44), no such studies have
been performed with AmrZ. Therefore, to determine if AmrZ
oligomerizes and if amino acids within the amino terminus
were required for oligomerization, the wild type and the above-
mentioned variant proteins were analyzed by glutaraldehyde
cross-linking (Fig. 2E). Untreated AmrZ migrated at 	12.5
kDa, consistent with the monomeric form (Fig. 2E, lane 1).
However, cross-linked AmrZ showed two distinct migration
bands, and taking into account the additional mass of glutar-
aldehyde, the bands were consistent with a dimer (	27 kDa)
and a tetramer (	60 kDa) (Fig. 2E, lane 2). Similar species
were also observed when each of the �-sheet mutants was
evaluated (Fig. 2E, lanes 3 to 6). K18A AmrZ (lane 4) mi-
grated to a position consistent with a dimer, but higher-molec-
ular-weight oligomers had a slightly different migration com-
pared with those of wild-type AmrZ and the other mutants.
This is likely due to the fact that glutaraldehyde preferentially
links the ε-amino group of lysine (13). Residue 18 is one of two
lysine residues in AmrZ, and upon dimerization, the antipar-
allel �-strands would place two Lys18 residues in close prox-
imity to each other within the �-sheet. The mutation of these
lysine residues likely removed a target for the glutaraldehyde
to cross-link, resulting in an incomplete cross-linking of K18A
AmrZ oligomers, consistent with the altered migration of oli-
gomers for K18A AmrZ.

Recent work indicates that the extended amino terminus of
ArtA may contribute to dimer-dimer interactions at some tar-
get sites (23). This does not appear to be the case for AmrZ,
since each of the AmrZ amino-terminal truncation mutants
showed an oligomerization pattern similar to that of wild-type
AmrZ (Fig. 2E, lanes 8 to 15), suggesting that the function of
the extended amino terminus is different for AmrZ. Taken
together, these data indicate that purified AmrZ does oli-
gomerize in solution, a key feature of RHH transcriptional
regulators, and that residues within the amino terminus do not
contribute to this function. To further establish the role of
these residues in the DNA-binding activity, we utilized the
truncation and �-sheet mutants to rigorously test their contri-
bution to DNA-binding activity in vitro and in vivo.

The extended amino terminus of AmrZ is not absolutely
required for DNA-binding activity. To evaluate the role of the
extended amino terminus in DNA-binding activity, each trun-
cation variant was assayed for DNA-binding activity via elec-
trophoretic mobility shift assays (EMSAs) and fluorescence
anisotropy at both an activator site (algD) and a repressor site
(amrZ). The purified wild-type and AmrZ variant proteins
were analyzed by EMSA at nonsaturating concentrations to
directly compare DNA-binding activities. �2AmrZ, �5AmrZ,
and �11AmrZ each retained DNA-binding activity at both
templates (Fig. 3A and B, lanes 3, 4, and 5, respectively).

Analysis by fluorescence anisotropy (Table 1 and Fig. 3C and
D) provided a quantitative assessment of �2AmrZ, �5AmrZ, and
�11AmrZ DNA binding at equilibrium. The ability of the protein
to bind the labeled DNA was measured over increasing protein
concentrations, and the Kd was calculated. Previous work has
defined two distinct binding sites in the amrZ promoter sequence;
based on footprinting data, there is a higher-affinity site (amrZ1)
and a lower-affinity site (amrZ2), and both binding sites were
individually analyzed (30). The anisotropy data revealed that the

VOL. 192, 2010 ROLE OF AmrZ IN DNA BINDING AND VIRULENCE 5393



AmrZ truncation mutants had moderately reduced DNA-binding
affinity at all three sites. This finding was unexpected given that
there was no visible loss of DNA-binding activity by EMSA (com-
pare data in Fig. 3C and Table 1 with Fig. 3A and B). This was

most notable with �11AmrZ, which had a 4-fold reduction in
affinity at amrZ1 compared to that of wild-type AmrZ (Table 1).
The difference between the EMSA data and the anisotropy data
may be due to the limitations of each assay. Anisotropy is per-

FIG. 3. The AmrZ extended amino terminus is not required for DNA-binding activity. (A and B) Protein activity was analyzed with
5�-FAM-labeled PCR-amplified targets of the algD (A) or amrZ (B) promoter region. Lanes 1 and 6 have no protein. lane 2, wild-type (WT) AmrZ;
lane 3, �2AmrZ; lane 4, �5AmrZ; lane 5, �11AmrZ (at 125 nM each). The black arrows on the left indicate free unbound DNA, while the gray
arrows indicate the migration of DNA-protein complexes. The fluorescence anisotropy data (see Materials and Methods) were assembled into a
table, separated for each target site (Table 1). (C and D) A representative experiment is illustrated for the activator site algD (C) and the
high-affinity repressor site amrZ1 (D).

TABLE 1. Fluorescence anisotropy data

AmrZ
protein

algD amrZ1 amrZ2

Avg Kd
(nM) 
 SDa

Fold over
WTb

Avg Kd
(nM) 
 SDa

Fold over
WTb

Avg Kd
(nM) 
 SDa

Fold over
WTb

WT 107 
 17 1.0 4.34 
 0.74 1.0 59 
 9.7 1.0
D2 143 
 17 1.33 3.87 
 0.76 0.89 89 
 15 1.52
�5 140 
 21 1.30 9.77 
 1.92 2.25 134 
 13 2.28
�11 170 
 25 1.58 17.9 
 5.70 4.12 106 
 25 1.81
R14A 613 
 86 5.72 3.96 
 0.73 0.91 306 
 28 5.21
K18A 2,300 
 472 21.46 1,190 
 210 274.2 306 
 78 5.22
V20A 474 
 97 4.42 45.4 
 10.6 10.46 988 
 98 16.83
R22A 1,347 
 133 12.57 192 
 26 44.24 875 
 89 14.91

a The Kd was calculated based on the averages of data from three independent experiments. The data were graphed with SigmaPlot (a representative experiment
is graphed in Fig. 3 and 4C and D) and analyzed based on a single-ligand-binding model with saturation.

b Fold over the wild type (WT) is defined as (calculated Kd of sample)/(calculated Kd of the wild type) for each binding site.
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formed at equilibrium with a small segment of DNA (22 bp in
size), while EMSA is performed with a much larger piece of DNA
(	300 bp) and in the context of a cage formation by the gel
matrix. Regardless of the subtle difference, both assays showed a
binding activity of the truncation mutants and suggested that the
extended amino terminus may contribute to, but is not absolutely
required for, in vitro DNA-binding activity.

Mutation of critical residues within the AmrZ DNA-binding
�-sheet abrogates DNA-binding activity. The AmrZ �-sheet
variants were also rigorously assayed for DNA-binding activity
at algD and amrZ by EMSA and fluorescence anisotropy (Ta-
ble 1 and Fig. 4). As documented previously (2, 30), AmrZ
forms several protein-DNA complexes (Fig. 4A and B, lanes
2), which increase in number as the concentration of AmrZ
increases. Our prior footprinting studies showed that these
species likely represent AmrZ oligomers binding to a single
site rather than AmrZ occupying new sites as the protein
concentration increases (30). The R14A AmrZ mutant showed
a DNA-binding activity similar to that of AmrZ at both algD
and amrZ (Fig. 4A and B, lanes 3). Interestingly, K18A AmrZ
exhibited reduced DNA-binding activity at algD yet had no
visible activity at amrZ (compare lanes 4 in Fig. 4A and B).
This finding initially suggested that the K18A AmrZ mutant is

able to differentiate between the activator and repressor sites.
V20A AmrZ showed reduced binding activity at both sites
(Fig. 4A and B, lanes 5). As seen previously with hexahistidine-
tagged versions (3), R22A AmrZ showed no DNA-binding
activity at either site (Fig. 4A and B, lane 6). The reduced
binding affinity of V20A AmrZ and K18A AmrZ (at algD only)
was compensated for by the increased protein concentration
(data not shown); however, this was not the case for R22A
AmrZ.

Analysis of the DNA-binding activities of these proteins by
fluorescence anisotropy revealed that each protein had re-
duced binding compared to that of wild-type AmrZ (Fig. 4C
and Table 1). R14A AmrZ and V20A AmrZ showed only a
modest increase in the Kd at algD, which correlates with the
minor reduction of activity seen by EMSA. The R22A muta-
tion exhibited measurable activity by this assay, although it was
greatly reduced at all three sites compared to that of wild-type
AmrZ. Interestingly, fluorescence anisotropy studies showed
that the K18A mutation had a lower affinity than the R22A
mutation at algD (Fig. 4C), which conflicts with the moderate
activity seen by EMSA (Fig. 4A). One potential explanation may
be that the K18A mutation recognizes an altered DNA-binding
sequence that exists within the EMSA target fragment and is not

FIG. 4. Mutation of specific residues causes a loss of AmrZ-mediated DNA-binding activity. (A and B) Protein activity was analyzed with
5�-FAM-labeled PCR-amplified targets of the algD activator (A) or amrZ (B) promoter region. Lanes 1 and 7 have no protein. Lane 2, wild-type
AmrZ; lane 3, R14A AmrZ; lane 4, K18A AmrZ; lane 5, V20A AmrZ; lane 6, R22A AmrZ (at 125 nM each). The black arrows on the left indicate
free unbound DNA, while the gray arrows indicate the migration of DNA-protein complexes. The fluorescence anisotropy data (see Materials and
Methods) were assembled into a table, separated for each target site (Table 1). (C and D) A representative experiment is illustrated for the
activator site algD (C) and the high-affinity repressor site amrZ1 (D).
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the same target site on the anisotropy DNA fragment; the dis-
parity between experiments may be due to the size and sequence
of the target DNA used in these two assays. We will later pursue
this topic as it relates to in vivo protein activity (Fig. 5A and
Tables 2 and 3).

At the higher-affinity amrZ1 site (Fig. 4D), the anisotropy
data correlated with the EMSA data; the R14A AmrZ mutant
showed activity similar to that of the wild type, with the V20A
mutant having moderately reduced activity and the K18A and

R22A AmrZ mutants showing little detectable binding. At the
lower-affinity amrZ2 site, all of the mutants had a moderate-
to-high reduction in activity. Val20 appears to contribute to
binding activity but is not absolutely required, as shown by the
EMSA data (Fig. 4A and B). Taken together with previous
data (3), these results indicate that Lys18 and Arg22 are re-
quired for proper DNA-binding activity in vitro.

Residues Lys18, Val20, and Arg22 are required for alginate
production in vivo. AmrZ is a DNA-binding protein that func-

FIG. 5. Residues Lys18, Val20, and Arg22 are required for alginate production. (A) The wild-type amrZ strain (FRD1), an amrZ-null strain
(FRD1224), and FRD1224 complemented with wild-type amrZ (FRD2514), amrZ28 (AmrZ R14A) (FRD2515), amrZ17 (AmrZ K18A)
(FRD2234), amrZ18 (AmrZ V20A) (FRD2236), or amrZ19 (AmrZ R22A) (FRD2238) was plated onto LANS and incubated at 37°C for 24 h to
visualize the alginate phenotype. (B) Western blot of strains expressing the wild type or the null or alanine substitution mutants of AmrZ. Strain
names are identical to those listed in A.

TABLE 2. AmrZ residues Lys18, Val20, and Arg22 are absolutely required for activation of algD transcriptiona

Strain Genotype AmrZ
expressed

Avg �-galactosidase
activity

(Miller units) 
 SD

% of wild-type
activity

FRD2606 mucA22 attB::algD-lacZ Wild type 10,011 
 44 100
FRD2526 mucA22 amrZ::�tet attB::algD-lacZ 5 
 0.9 0.05
FRD2534 mucA22 amrZ37 attB::algD-lacZ AmrZ R14A 285 
 5 3
FRD2517 mucA22 amrZ17 attB::algD-lacZ AmrZ K18A 0 
 0.9 0
FRD2519 mucA22 amrZ18 attB::algD-lacZ AmrZ V20A 65 
 2 0.6
FRD2521 mucA22 amrZ19 attB::algD-lacZ AmrZ R22A 0 
 0.6 0

a Single-copy algD-lacZ transcriptional fusions were placed at the neutral attB site in isogenic amrZ� (FRD2606), AmrZ R14A (FRD2531), AmrZ K18A (FRD2517),
AmrZ V20A (FRD2519), and AmrZ R22A (FRD2521) strains of P. aeruginosa. All strains were engineered in an FRD1 (mucA22) background. �-Galactosidase activity
was recorded in Miller units, and results are average data from three separate experiments. Percentages of wild-type values are also listed for comparison purposes.
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tions as a transcriptional regulator, and DNA-binding activity
is likely required, but not necessarily sufficient, for transcrip-
tional activity. Since several of the AmrZ variants had reduced
or no detectable DNA-binding activity in vitro, we wanted to
assess the effect of these mutant proteins on AmrZ transcrip-
tional activity in vivo. To do so, we examined alginate produc-
tion by strains harboring the amrZ mutant alleles as well as an
amrZ deletion strain and its chromosomally complemented
amrZ� strain (Fig. 5). All strains displayed similar growth
kinetics in rich medium (data not shown). Protein extracts
from each strain were analyzed by SDS-PAGE and probed
with an AmrZ-specific antibody in an immunoblot assay to
verify AmrZ expression (Fig. 5B).

The parental wild-type strain (FRD1) displayed a character-
istic mucoid phenotype due to the overproduction of alginate
(Fig. 5A). As expected, the deletion of amrZ resulted in a
nonmucoid phenotype; alginate production was restored upon
the chromosomal complementation of wild-type amrZ. Inter-
estingly, strains expressing K18A AmrZ, V20A AmrZ, and
R22A AmrZ all displayed a nonmucoid phenotype, indicating
that AmrZ residues Lys18, Val20, and Arg22 are required for
alginate production. Despite R14A AmrZ, K18A AmrZ, and
V20A AmrZ all exhibiting some DNA-binding activity at algD
in vitro, only P. aeruginosa strains expressing the R14A AmrZ
mutant displayed visible levels of alginate production (Fig.
5A). This finding indicated that despite the apparent DNA-
binding activity by EMSA (Fig. 4A), the 5-fold decline in ac-
tivity determined by fluorescence anisotropy (Table 1) is a
better reflection of the impact of the R14A mutation in vivo.

Lys18, Val20, and Arg22 are required for transcriptional
activation and repression in vivo. We next evaluated the effect
of �-sheet mutations on the AmrZ-mediated activation of algD
and autorepression at amrZ using single-copy algD-lacZ or
amrZ-lacZ transcription fusions. Consistent with the alginate
production assay, P. aeruginosa strains expressing K18A AmrZ,
V20A AmrZ, or R22A AmrZ (Table 2) showed no detectable
algD-lacZ transcription. Also, FRD2515, which expresses the
R14A AmrZ mutant and displayed a semimucoid phenotype
(Fig. 5), had significantly reduced levels of algD transcription
(3% compared to the wild type) (Table 2). Despite sharing
identity with a critical residue in the Mnt �-sheet, Arg14 is not
absolutely essential for the activation of algD transcription.
Collectively, data in Table 2 and Fig. 5 demonstrated that
proposed �-sheet residues Lys18, Val20, and Arg22 of AmrZ

are required for algD transcription and subsequent alginate
production.

In a parallel manner, we assayed the effect of the �-sheet
mutations on autorepression at amrZ. A lack of repression by
an AmrZ variant would be seen as an increase in �-galactosi-
dase activity. Like the amrZ-null strain, an increase in amrZ-
lacZ transcription was seen for the strains expressing K18A
AmrZ, V20A AmrZ, and R22A AmrZ compared to wild-type
levels (Table 3), indicating a loss of AmrZ-mediated repres-
sion by these variants. Likely, insufficient DNA binding to the
amrZ promoter by K18A, V20A, and R22A (Fig. 4B and D)
lifts the repression of amrZ transcription (Table 3). R14A
AmrZ levels of amrZ-lacZ transcription were similar to those
of the wild type, illustrating that the DNA-binding activity of
the AmrZ R14A mutant was sufficient to mediate the repres-
sion of amrZ transcription (Fig. 4B and Tables 1 and 3). Col-
lectively, these data show that AmrZ residues Lys18, Val20,
and Arg22 are required for the repression of amrZ transcrip-
tion and suggest that identical residues within a single DNA-
binding domain are required for AmrZ-mediated gene regu-
lation.

AmrZ DNA-binding activity and transcriptional regulation
contribute to P. aeruginosa virulence in an acute model. The
role of AmrZ transcriptional regulation during the course of
infection has never been tested. As a regulator of known P.
aeruginosa virulence determinants, its contribution was ana-
lyzed by comparisons of the relative levels of virulence of
strains expressing wild-type AmrZ, amrZ-null mutants, and
strains expressing AmrZ R22A in an acute pulmonary model
of infection. First, wild-type PAO1 or the isogenic amrZ-null
mutant strain WFPA205 was intranasally inoculated into mice.
At the indicated time points, mice were euthanized, the lungs
were aseptically harvested, and bacterial counts were deter-
mined. At early time points (0.5 and 4 h postinfection [hpi]),
there were similar bacterial counts recovered from mice in-
fected with both strains (Fig. 6A), suggesting no defect in
growth or the ability to recover bacteria from both strains and
that similar bacterial numbers were inoculated into mice. In
contrast, at 12 hpi, there was a significant reduction in the
number of WFPA205 bacteria recovered compared with that
of the wild type (P � 0.0360) (Fig. 6A), indicating that the
amrZ mutant had a reduction in bacterial colonization of the
lungs. By 24 hpi, the recovered bacterial counts had a larger
distribution, and no statistical observation could be made.

TABLE 3. AmrZ residues Lys18, Val20, and Arg22 are absolutely required for repression of amrZ transcriptiona

Strain Genotype AmrZ
expressed

Avg �-galactosidase
activity

(Miller units) 
 SD

% of wild-type
activity

FRD1310 mucA22 attB::amrZ-lacZ Wild type 2,054 
 41 100
FRD1312 mucA22 amrZ::xylE aacC1 attB::amrZ-lacZ 3,157 
 214 154
FRD2528 mucA22 amrZ37 attB::amrZ-lacZ AmrZ R14A 1,588 
 38 77
FRD2530 mucA22 amrZ17 attB::amrZ-lacZ AmrZ K18A 3,913 
 100 191
FRD2532 mucA22 amrZ18 attB::amrZ-lacZ AmrZ V20A 4,377 
 109 213
FRD2503 mucA22 amrZ19 attB::amrZ-lacZ AmrZ R22A 3,946 
 104 192

a Single-copy amrZ-lacZ transcriptional fusions were placed at the neutral attB site in isogenic amrZ� (FRD1310), AmrZ R14A (FRD2528), AmrZ K18A
(FRD2530), AmrZ V20A (FRD2532), and AmrZ R22A (FRD2503) strains of P. aeruginosa. All strains were engineered in an FRD1 (mucA22) background.
�-Galactosidase activity was recorded in Miller units, and results are average data from three separate experiments. Percentages of wild-type values are also listed for
comparison purposes.
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While the incidence of bacteria present in the lung did not
differ between strains, levels of bacteremia and mortality asso-
ciated with PAO1 infection were higher than those of mice
infected with WFPA205 (Fig. 6B). This finding suggests that
the loss of AmrZ results in a less virulent strain and that AmrZ
does regulate virulence factors that contribute to the establish-
ment of an acute infection.

To reduce natural variation between mice and more directly
test relative fitness during an infection, a coinfection model
used the same two strains to determine if wild-type P. aerugi-
nosa had an in vivo fitness advantage compared with
WFPA205. In vitro coculturing showed no growth advantage
for either strain (data not shown). After 12 hpi, compared with
WFPA205, PAO1 showed a 	5-fold competitive advantage in
the lungs and a 12-fold advantage in the bloodstream (Fig. 6C).
This finding indicates that the transcriptional regulation of
virulence factors by AmrZ during an infection provides pro-
tection from the immune system specifically for the wild-type
bacteria within the host.

The data shown in Fig. 6 suggest that the presence of amrZ
provides P. aeruginosa a competitive advantage, hypothesized
to be via AmrZ’s transcriptional regulation of virulence fac-
tors. To directly test the role of AmrZ DNA binding and
transcriptional regulation in vivo, WFPA513, a strain express-
ing the DNA-binding-defective R22A AmrZ, was used. Based
on EMSA data and anisotropy data (Fig. 4 and Table 1) as well
as in vivo data (Fig. 5 and Tables 2 and 3) (3), the R22A
mutation has no DNA-binding activity or any transcriptional
regulatory capacity. Similar to the effect shown in Fig. 6A,
WFPA513 also exhibited a decrease in the lung bacterial bur-
den at 12 hpi compared with that of wild-type PAO1 (P �
0.003) (Fig. 7A). Additionally, WFPA513 had reductions in
rates of morbidity and mortality (Fig. 7B) similar to those seen
for amrZ-null mutant strain WFPA205 (Fig. 6B). Taken to-
gether, this indicates that the loss of virulence correlates with
the loss of DNA binding and transcriptional regulation of
virulence factors mediated by AmrZ.

DISCUSSION

In this study, we found that AmrZ residues Lys18, Val20,
and Arg22 within the proposed �-sheet are essential for the
activation of algD expression and alginate production. AmrZ
residues Lys18, Val20, and Arg22 are also required for autore-
pression, signifying that these residues are important for mod-
ulating both the repression and activation of these two target
genes. Another discovery is that AmrZ has the capability of
oligomerizing into species that are consistent with dimers and
tetramers in solution. Previous studies revealed that oligomer-
ization is essential for Mnt repressor activity (44), and most
studied RHH proteins exist as dimers or tetramers (34, 43).
Evidence for AmrZ oligomerization contributes to its inclusion
as an RHH protein. In addition, each of the AmrZ variants
exhibited oligomerization properties similar to that of native
AmrZ, indicating that our observed in vitro and in vivo effects
were not due to the inability of these proteins to oligomerize.
Cross-linking of the truncation proteins also indicated that the
extended amino terminus is not required for the formation of
higher-order oligomers in solution.

AmrZ functions as a putative RHH transcriptional regula-

FIG. 6. amrZ mutants exhibit an in vivo virulence defect. (A) Wild-
type strain PAO1 and strain WFPA205 (amrZ::tet) were used to intra-
nasally inoculate 6-week-old C57BL/6 mice with 1 � 108 bacteria. At
the indicated time points (hpi), lungs were aseptically harvested, and
the bacteria were enumerated. Each symbol indicates an individual
mouse (n � 5 for each group per time point). Gray bars indicate
averages along with standard deviations (*, P � 0.036). (B) Mice (n �
15) were assessed for bacterial colonization (104 bacteria recovered
from the lungs), bacteremia (bacteria recovered from the blood), or
death (requiring euthanasia due to severe disease symptoms) at 12 hpi.
(C) Strains PAO1 and WFPA205 were coinoculated at a 1:1 ratio
(total of 108 bacteria). At 24 hpi, lungs and blood were harvested, and
bacterial counts were determined. The competitive index from the
lungs is plotted for each mouse (n � 13) and for those that showed
evidence of bacteremia (n � 8).
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tor, wherein residues in the DNA-binding �-sheet are respon-
sible for creating sequence-specific contacts with the target
DNA. In vivo analysis revealed that Lys18, Val20, and Arg22
are absolutely required for transcriptional regulation by AmrZ
(Tables 2 and 3) and downstream alginate production (Fig. 5).
AmrZ residues 15 to 23 are predicted to form a �-sheet (Fig.
1), and previous studies of the Arc and Mnt repressors have
shown that �-sheet residues determine binding specificity (19,
20). The specific mutation of conserved residues from the Arc
and Mnt amino acid template (Fig. 1A) supports the hypoth-
esis that similar amino acids in the AmrZ putative �-sheet (Fig.
1B) are required for DNA-binding activity. This not only sup-
ports the classification of AmrZ as an RHH protein but also
supports the hypothesis that AmrZ uses similar residues within
the �-sheet to recognize both transcriptionally activated and
repressed targets.

Over the course of this investigation, we analyzed V20A
AmrZ, which had reduced binding activity; K18A AmrZ, which
had differential activity; and R22A AmrZ, which had no DNA
binding in vitro (Fig. 4). However, strains expressing all three
mutant proteins had similar defects in transcriptional regula-

tion (Tables 2 and 3) and in alginate production (Fig. 5). With
regard to the data for V20A AmrZ, the disparity between in
vitro and in vivo binding activities may be due to a more
transient interaction with the DNA, which is not conducive to
transcriptional regulation. In EMSAs, K18A AmrZ appears to
be able to differentiate between algD activator and amrZ re-
pressor sites. However, K18A AmrZ shows no in vivo activity,
which is consistent with the in vitro anisotropy data.

AmrZ residues in the extended amino terminus contribute
minimally to binding at algD and amrZ (Table 1). Since these
12 residues are absent in Arc or Mnt but have functions in
other RHH proteins, the contribution of these residues to
AmrZ transcriptional regulation is an interesting area for fu-
ture study. Notably, studies of other RHH proteins with an
extended amino terminus indicate that this portion of the pro-
tein often contributes to a protein-specific activity, including
DNA-binding activity. The flexible 30-amino-acid amino-ter-
minal tail of ParG is not required for dimerization but is
required for repression and high-affinity protein-DNA interac-
tions (8). More-recent work has identified this ParG sequence
as an arginine finger-like motif that has two vital functions in
vivo, stimulating ATP hydrolysis and ParF-ATP filamentation
(1). Like AmrZ, H. pylori NikR has several DNA targets (nixA,
ureA, fur, nikR, exbB, fecA3, and frpB4), where it also acts as a
transcriptional activator and repressor. The 9-amino-acid ami-
no-terminal tail of H. pylori NikR prevents low-affinity binding.
In fact, within this region, two specific residues have been
linked to high-affinity binding, while two others are linked to
nickel-specific DNA-binding activity in vitro (5). Recent work
indicated that ArtA has an amino terminus that is necessary for
target recognition and binding (23). However, it appears to be
necessary for only one of the six targets studied. Further ex-
periments may show that this is also true for an AmrZ target
other than algD or amrZ. Future studies will also examine the
role of the extended amino terminus in AmrZ structural sta-
bility and its modest contribution to AmrZ binding.

AmrZ utilizes a single DNA-binding domain to regulate the
expression of at least two genes. The DNA-binding activity of
the amino-terminal portion of Mnt is distinct from the oli-
gomerization properties of the C-terminal domain (44), and
truncated Mnt repressors lacking the C-terminal oligomeriza-
tion domain form dimers in solution and retain DNA-binding
activity (21). The AmrZ C-terminal truncation that lacks the
proposed oligomerization domain (AmrZ residues 1 to 66)
binds DNA in a manner similar to that of the wild type, sug-
gesting that separate regions of AmrZ may mediate binding
and oligomerization (data not shown). Future studies will ad-
dress the potential contribution of C-terminal residues to high-
er-order oligomerization and high-affinity DNA binding.

Alginate production and algD expression in P. aeruginosa are
controlled by a variety of transcriptional regulators, including
the proposed RHH DNA-binding protein AmrZ. A majority of
soil-dwelling pseudomonads do not produce alginate in the
absence of specific environmental cues, although they have the
genetic capacity to do so (42). Homologs of genes encoding
regulators of alginate biosynthesis are found in the genome of
P. putida WCS358. Some of the alginate biosynthesis and reg-
ulatory genes in P. syringae, a plant pathogen that utilizes
environmental signals such as copper to trigger alginate pro-
duction, have been studied (10, 18). However, in P. syringae,

FIG. 7. AmrZ DNA-binding activity is required for optimum viru-
lence. (A) A total of 108 PAO1 or WFPA513 (R22A AmrZ) bacteria
were used to intranasally inoculate 6-week-old C57BL/6 mice. At 4 and
12 hpi, lungs were aseptically harvested, and the bacteria were enu-
merated. Each symbol indicates an individual mouse (n � 15 for each
group per time point). Gray bars indicate averages along with standard
deviations (**, P � 0.003). (B) Mice (n � 15) were assessed for
bacterial colonization (104 bacteria recovered from the lungs), bac-
teremia (bacteria recovered from the blood), or death (requiring eu-
thanasia due to severe disease symptoms) at 12 hpi.
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the expression of the alginate transcriptional regulator AlgT,
rather than alginate production alone, is required for virulence
(33). Amino acid comparisons of AmrZ with its proposed
orthologs PP4470 (P. putida) and PSPTO1847 (P. syringae pv.
tomato) showed that greater than 80% of AmrZ residues are
conserved. Although these loci appear to be AmrZ orthologs,
no function has been ascribed to these open reading frames
(ORFs) in either Pseudomonas species. Their extensive amino
acid identity with AmrZ suggests that these proteins have the
potential to serve as regulators of alginate genes and possibly
others. Furthermore, similar virulence factors are necessary for
both human and plant colonization by P. aeruginosa (29, 45),
suggesting conserved transcriptional regulation in host patho-
genesis. It is reasonable to hypothesize that the mechanisms of
regulation may be similar in the pseudomonads and increase
the likelihood of the AmrZ orthologs contributing to the reg-
ulation of virulence factors in a manner similar to that dis-
played by P. aeruginosa.

The impact of AmrZ in the context of an acute-infection
model has not previously been assessed. In this study it is clear,
both by bacterial enumeration at 12 hpi as well as by indicators
of morbidity and mortality, that AmrZ-mediated transcrip-
tional regulation is necessary for optimal virulence. In the
PAO1 background, the loss of functional AmrZ (both in an
amrZ-null mutant and in R22A AmrZ-expressing strains) re-
sults in the improper expression of type IV pili and a loss of
twitching motility (3). The loss of these factors in other P.
aeruginosa strains and in other models of infection (neonatal
mouse and corneal) also reduced virulence (9, 39, 40, 50).
However, AmrZ likely regulates other virulence factors, and
future work aims to elucidate the targets of AmrZ transcrip-
tional regulation that contribute to virulence in models of both
chronic and acute infection.
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