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The yjeQ Gene Is Required for Virulence of Staphylococcus aureus
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Gene products required for in vivo growth and survival of Staphylococcus aureus and other pathogens
represent new targets for antimicrobial chemotherapy. In this study we created a Staphylococcus aureus yjeQ
deletion strain and tested its virulence using a mouse kidney abscess infection model. The yjeQ deletion strain
was compromised for growth in vitro and severely attenuated for virulence. We concluded that yjeQ is an
attractive and novel new drug target.

The gram-positive bacterium Staphylococcus aureus is re-
sponsible for a wide variety of diseases in humans involving all
organ systems and ranging from localized skin infections to
life-threatening systemic infections (1). A large natural reser-
voir of S. aureus is the asymptomatic carriage by approximately
20% of the human population, and this provides continuous
exposure to a number of antibiotics (20). Indeed, this is re-
flected by reports that up to 50% of isolates from intensive care
units are resistant to methicillin and reports of a growing
number of vancomycin-resistant isolates from around the
world (19, 30). The continuing persistence of this organism as
a dominant pathogen and its ability to cause such a wide range
of infections are primarily due to its extensive number of vir-
ulence factors. These factors include capsular polysaccharides
(26) and protein A (15), which assist in avoiding host defenses;
surface protein adhesins (MSCRAMMs), which bind to fi-
bronectin, fibrinogen, and collagen (13) and aid in bacterial
colonization; lipases (16), nucleases, and proteases (27), which
assist in tissue invasion; and toxins, such as exfoliative toxin
(21), toxic shock syndrome toxin, and enterotoxin (1). Other
well-characterized virulence determinants are biofilm forma-
tion (12) and iron acquisition (9, 29). In the majority of studies
on the mechanisms of staphylococcal pathogenesis the workers
have focused mainly on the virulence factors mentioned above
or on regulatory mechanisms that control virulence factor gene
expression. Key cellular processes, such as basic biosynthetic,
metabolic, and transport pathways that contribute to the over-
all survival of S. aureus, have been less well studied and are
prospective new drug targets with potential as virulence deter-
minants during in vivo infection.

More than 50% of methicillin-resistant S. aureus strains are
also resistant to macrolides, lincosamides, fluoroquinolones,
and aminoglycosides, and another 30% are resistant to tri-
methoprim-sulfamethoxazole (1). These statistics indicate that
S. aureus vaccines and new or improved antimicrobial agents
should be developed. The widespread resistance to currently
available drugs implies that new chemical classes of antimicro-

bial agents and new targets for the development of novel
agents are needed. Attractive targets for the development of
new antimicrobial agents are proteins having unknown func-
tions that are essential or important for the survival of the
bacterium. Genes encoding proteins having unknown functions
account for one-third of most bacterial genomes, and many of
these proteins are highly conserved and have critical roles (31).
These proteins are an uncharted class of potential new drug
targets; in particular, the P-loop GTPases represent a large
group of uncharacterized proteins that are often indispensable
and play central roles in bacterial physiology (4).

The YjeQ protein is a unique, circularly permuted GTPase
that is broadly conserved in bacterial species but is not present
in eukaryotes, which makes it an ideal candidate target. YjeQ
contains an N-terminal oligonucleotide/oligosaccharide bind-
ing (OB-fold) domain, a central circularly permuted GTPase
domain (G4-G1-G2-G3), and a C-terminal zinc finger (8, 23,
28). Escherichia coli YjeQ has been shown to possess slow
GTPase activity that is stimulated by ribosomes (7, 18). De-
pletion of both YjeQ and its Bacillus subtilis orthologue, YloQ,
results in accumulation of 30S and 50S ribosomal subunits (5,
18), and the B. subtilis mutant also exhibits filamentation (5).
yjeQ and yloQ are dispensable in E. coli and B. subtilis, respec-
tively (5, 14, 18); however, deletion strains have altered growth
rates, implying that the proteins have a central role in fitness
and the general ability of the bacteria to survive. In this study
we examined the potential of the YjeQ protein as a virulence
determinant in the pathogenic bacterium S. aureus.

Generation of S. aureus yjeQ deletions. The orthologue of E.
coli yjeQ and B. subtilis yloQ in the S. aureus COL genome was
identified by sequence comparison as the SAcol1234 gene. The
genetic context of yjeQ in all seven S. aureus genomes that have
been sequenced is identical to that of B. subtilis yloQ; a gene
encoding ribulose phosphate 3-epimerase is located down-
stream of yjeQ, and a gene encoding a phosphatase-kinase pair
is located upstream of yjeQ. The two orthologues exhibit 45%
identity with one another and 26 to 31% identity with the gene
encoding the gram-negative E. coli protein. To create a precise
deletion of S. aureus yjeQ, an allelic replacement strategy was
employed. A 1,100-bp fragment upstream of yjeQ was ampli-
fied using primers SA1234-A and SA1234-B (Table 1). Simi-
larly, a 1,300-bp downstream fragment was amplified with
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primers SA1234-C and SA1234-D. The downstream fragment
included the last 160 bp of the yjeQ coding sequence in order
to maintain any promoter or upstream regulatory elements for
the ribulose phosphate 3-epimerase gene (SAcol1235). Primers
SA1234-B and SA1234-C contained regions that were comple-
mentary to an erythromycin resistance cassette for use in a cross-
over PCR. The erythromycin resistance cassette was amplified
from plasmid pDG1664 (17) using primers Erm-F and Erm-R.
The three PCR products were purified and used in a final reaction

with primers SA1234-A and SA1234-D. The resulting DNA frag-
ment contained approximately 1.1 kb of sequences flanking the
yjeQ gene with an erythromycin resistance cassette between them.
This fragment was cloned into the EcoRV site of pSAKO and
transformed into SA178RI (10). Integrants were selected on
Mueller-Hinton agar supplemented with kanamycin and erythro-
mycin. Single integrants were confirmed by PCR. To select for
excision, which resulted in generation of either wild-type or de-
letion strains, the cells were grown on Mueller-Hinton agar sup-

FIG. 1. Effect of yjeQ deletion on the growth of S. aureus. (A) Strains were grown on Trypticase soy agar for 24 h at 37°C. The left side of the
plate contained EBII61 (strain Newman), and the right side of the plate contained EBII74 (yjeQ deletion strain). (B) Strains were grown in
Trypticase soy broth at 37°C with shaking at 250 rpm. The growth curves of S. aureus Newman strain (EBII61) (F), EBII83 (Newman yjeQ deletion
strain containing pLI50-yjeQ) (■ ), and EBII74 (Newman yjeQ deletion strain) (�) are shown.

TABLE 1. Strains, plasmids, and primers used in this study

Strain,
plasmid, or

oligonucleotide
Description Source or reference

E. coli Novablue General E. coli cloning strain Novagen, Madison, Wis.

S. aureus strains
EBII42 SA178RI, RN4220 derivative containing T7 RNA polymerase 10
EBII59 SA178RI yjeQ::erm This study
EBII61 Wild-type Newman strain 11
EBII74 Newman yjeQ::erm This study
EBII83 Newman yjeQ::erm/pLI50-yjeQ This study

Plasmids
pDG1664 Source for a erythromycin resistance cassette, used for gene replacement 17
pSAKO E. coli replicating vector containing sacB�BamP�W29 and kanamycin resistance cassette 10
pLI50 E. coli-S. aureus shuttle plasmid; Ap (E. coli), Cm (S. aureus) 22

Oligonucleotides
SA1234-A 5�-GGGAAACTCGAGCAATGGCAATGTTTGGTAATAAATACG-3�
SA1234-B 5�-GATACTGCACTATCAACACACTCTTAAGTTTGCTTCTAAGGGCACCTCTCG

ATTAATTTTACTGC-3�
SA1234-C 5�-AGCTTCCAAGGAGCTAAAGAGGTCCCTAGACTCTAGACCCATCGATATG

GTGAAACATGTAAGTTTAGGAATTGTAATC-3�
SA1234-D 5�-GGGAAACTCGAGGGTATAAATGAAATGTACGGATAAC-3�
SA1234-F 5�-GATAAAGATAATGACGGTTC-3�
SA1234-R 5�-GGGAAACTCGAGGATAATAATGATGGATATAGTTTTG-3�
Erm-F 5�-CTTAGAAGCAAACTTAAGAGTG-3�
Erm-R 5�-GGGTCTAGAGTCTAGGGACC-3�
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plemented with sucrose (5%, wt/vol). Strain EBII59 was con-
firmed by PCR to be a yjeQ deletion strain.

Newman yjeQ::erm mutants grow slowly in laboratory media.
To assess the effect of deletion of yjeQ in a virulent S. aureus
strain, the deletion in SA178RI was transduced into the New-
man strain with phage 80�, using procedures described previ-
ously (25), to create strain EBII74. The growth phenotype of
EBII74 was examined using both solid and liquid media. The
Newman strain (EBII61) exhibited good growth after incuba-
tion for 24 h at 37°C and formed large single colonies on
Trypticase soy agar (Fig. 1A), while the yjeQ deletion strain
(EBII74) exhibited slow growth and produced single colonies
that were smaller than the wild-type colonies. If a culture was
incubated for an additional 24 h, the size of the colonies was
similar to the size of wild-type colonies (data not shown). This
result is analogous to previous results obtained for the yjeQ
orthologue in B. subtilis (yloQ) (5).

To ensure that the slow-growth phenotype observed was a
result of deletion of yjeQ and not due to a polar effect on a
surrounding gene, yjeQ was PCR amplified using primers
SA1234-F and SA1234-R, which included a native promoter,
and cloned into plasmid pLI50 at the SmaI site. Complemen-
tation by this plasmid was assessed by analysis of the growth
phenotype in liquid media.

Figure 1B shows growth curves in liquid media for wild-type
Newman strain (EBII61), the yjeQ deletion strain (EBII74),
and the strain having the yjeQ deletion complemented with
pLI50-yjeQ (EBII83). The growth curve of the yjeQ deletion
strain was distinctly different than that of the wild-type New-
man strain. The lag time of the yjeQ deletion strain was in-
creased by approximately 70 min, and the exponential growth
rate was lower. The growth phenotype of the complemented
deletion strain was similar to that of the wild-type strain, indi-
cating that the growth phenotype observed was attributable to
the deletion of yjeQ and was not the result of a polar effect.

Deletion of yjeQ from S. aureus resulted in a phenotype that
mirrored the phenotypes observed with equivalent deletions in E.
coli and B. subtilis, and the growth rate was markedly deceased.
To ascertain if deletion of yjeQ compromised bacterial survival
and fitness enough to alter the infectivity of S. aureus, we exam-
ined the virulence of this strain in mouse models.

S. aureus �yjeQ mutants are attenuated in a mouse kidney
abscess model. To determine whether the pathogenesis of S.
aureus yjeQ deletion strains was altered, the ability of the yjeQ
mutant to colonize mice was compared with the ability of its
isogenic parent. Female Swiss-Webster mice (Charles River
Laboratories Canada Inc., Montreal, Quebec) were inoculated
intravenously in the tail vein with 1 � 107 CFU of S. aureus
Newman or the yjeQ mutant, EBII74. In a blinded fashion,

University of Western Ontario Animal Care and Veterinary
Services personnel scored mice throughout the experiment for
alertness, activity, and coat condition as a measure of morbid-
ity. In each of the three categories, a score of 0 was normal, a
score of 1 was slightly abnormal, and a score of 2 was very
abnormal. At 5 days postinfection, the group of mice chal-
lenged with S. aureus Newman displayed overt signs of disease;
the average clinical score was 3.1, and the average weight loss
was 21.2% (Table 2). In contrast, for the group of mice chal-
lenged with S. aureus EBII74 the average clinical score was 0.4
and the average weight loss was 8.8%, indicating that these
mice were significantly less moribund than the Newman-in-
fected group. To examine the bacterial loads in the kidneys of
infected animals, mice were euthanized on day 5, and the
kidneys were aseptically removed. The kidneys were then ho-
mogenized in sterile phosphate-buffered saline containing
0.1% Triton X-100 using a PowerGen 700 homogenizer. The
homogenates were serially diluted and plated on Trypticase
soy agar to enumerate the bacteria recovered. Figure 2 shows
that the number of CFU recovered from the kidneys of
EBII74-challenged mice was significantly lower than the num-
ber of CFU obtained from Newman-challenged animals. Strik-
ingly, in five of the eight mice infected with EBII74 there were
no detectable CFU. For the three mice in which bacteria were
present, disease symptoms were also evident. These mice ex-
hibited the greatest disease progression (an average weight loss
of 14.8% and a clinical score of 5.7, compared with 5.8% and
0, respectively, for the five healthy mice), implying that loss of
yjeQ impairs the ability of S. aureus to colonize and that in the
minority of cases in which colonization occurs, disease progres-

FIG. 2. yjeQ deletion is compromised in a murine kidney abscess
model. Two groups of mice were inoculated in the tail vein with 107

CFU. One group received S. aureus Newman (n � 9), while the other
group was infected with the yjeQ deletion strain (n � 8). The data are
the numbers of CFU recovered from the kidneys of mice at 5 days
postinfection. Each circle represents the staphylococcal count for the
kidneys of one animal, and the solid lines indicate the average numbers
of CFU recovered. Statistical significance was determined using the
Student unpaired t test, and differences were found to be highly sig-
nificant (P � 0.001).

TABLE 2. Clinical characteristics of mice infected with S. aureus
Newman or Newman yjeQ (EBII74)

Infecting strain Clinical scorea Weight loss (%) Log10 CFUb

Newman (n � 9) 3.1 	 1.2 21.2 	 6.4 6.5 	 1.4
EBII74 (n � 8) 0.4 	 0.9c 8.8 	 5.9c 2.2 	 3.1c

a Clinical score on day 5.
b Total bacterial counts for two kidneys from each mouse.
c P � 0.001 compared with the parental strain.
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sion is possible. Colonization was likely prevented by the slow
growth of the yjeQ deletion strain. Taken together, these re-
sults indicate that YjeQ contributes to the fitness of S. aureus
and plays a vital role in the pathogenesis of this organism.

A number of genome-scale studies have been conducted
with S. aureus to identify genes that are required for full viru-
lence (2, 3, 6, 24). A survey of these studies indicated that in
each study the workers identified a number of metabolic and
biosynthetic pathway genes, such as the genes required for
amino acid biosynthesis, response regulators, replication, co-
factor biosynthesis, cell envelope biosynthesis, and purine and
pyrimidine synthesis. Also identified in these studies were a
number of proteins having unknown functions, which further
highlights the utility of investigating this subset of proteins as
virulence determinants. These new potential targets shift the
focus from traditional virulence factors that directly contribute
to pathogenesis toward identification of genes that encode
proteins that affect in vivo growth and persistence, such as the
dispensable protein YjeQ. This study is the first demonstration
that a member of the GTPase superfamily is important for the
in vivo survival of S. aureus, and the results indicate that YjeQ
is a potential new target for antistaphylococcal therapies.
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