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ABSTRACT Pyruvate kinase plays a central role in glucose catabolism in bacteria,
and efficient utilization of this hexose has been linked to the virulence of Brucella
strains in mice. The brucellae produce a single pyruvate kinase which is an ortholog
of the Bradyrhizobium manganese (Mn)-dependent pyruvate kinase PykM. A bio-
chemical analysis of the Brucella pyruvate kinase and phenotypic analysis of a Bru-
cella abortus mutant defective in high-affinity Mn import indicate that this enzyme is
an authentic PykM ortholog which functions as a Mn-dependent enzyme in vivo. The
loss of PykM has a negative impact on the capacity of the parental 2308 strain to
utilize glucose, fructose, and galactose but not on its ability to utilize ribose, xylose,
arabinose, or erythritol, and a pykM mutant displays significant attenuation in
C57BL/6 mice. Although the enzyme pyruvate phosphate dikinase (PpdK) can substi-
tute for the loss of pyruvate kinase in some bacteria and is also an important viru-
lence determinant in Brucella, a phenotypic analysis of B. abortus 2308 and isogenic
pykM, ppdK, and pykM ppdK mutants indicates that PykM and PpdK make distinctly
different contributions to carbon metabolism and virulence in these bacteria.

IMPORTANCE Mn plays a critical role in the physiology and virulence of Brucella
strains, and the results presented here suggest that one of the important roles that
the high-affinity Mn importer MntH plays in the pathogenesis of these strains is sup-
porting the function of the Mn-dependent kinase PykM. A better understanding of
how the brucellae adapt their physiology and metabolism to sustain their intracellu-
lar persistence in host macrophages will provide knowledge that can be used to de-
sign improved strategies for preventing and treating brucellosis, a disease that has a
significant impact on both the veterinary and public health communities worldwide.

KEYWORDS Brucella, glucose catabolism, manganese, pyruvate kinase

The members of the genus Brucella are Gram-negative bacteria that predominantly
cause abortion and infertility in their natural mammalian hosts (1). Brucella meliten-

sis, Brucella abortus, and Brucella suis are also important human pathogens in areas of
the world where the corresponding infections are not controlled in food animals (2).
Like most other bacteria, Brucella strains require certain metals as micronutrients to
support their cellular physiology (3). The ability to meet their physiologic need for some
of these micronutrients is particularly challenging for the brucellae, because in addition
to having to scavenge often limited concentrations of these metals from the external
environment, these bacteria also have to overcome the so-called “metal-withholding”
defenses that are part of the innate and acquired immune responses of their mamma-
lian hosts (4).

Manganese (Mn) is an essential micronutrient for some bacteria during routine
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in vitro cultivation (5), but for others, this metal only appears to be required when the
bacteria are subjected to an environmental stress, such as an exposure to reactive
oxygen species (ROS) (6). Mn-dependent superoxide dismutases such as SodA, for
instance, are important cytoplasmic antioxidants in bacteria (7), and in some cases,
bacteria can substitute Mn for Fe in cellular proteins that do not require the redox
activity of the latter metal for their function as a means of protecting these proteins
from damage mediated by ROS via Fenton chemistry (6).

Brucella strains produce a single high-affinity Mn transporter, MntH, and a pheno-
typic analysis of an isogenic mntH mutant derived from B. abortus 2308 indicates that
Mn plays an important role in the basic physiology of these bacteria (8). The B. abortus
mntH mutant, for instance, displays delayed growth compared to that of the parental
strain during liquid culture in both a Mn-deprived minimal medium and a more
complex medium (e.g., brucella broth). This mutant also produces smaller colonies on
Schaedler blood agar that take longer to develop than those produced by 2308 (9). The
growth defects displayed by the B. abortus mntH mutant can be alleviated by supple-
menting these culture media with Mn but not with other divalent cations such as Fe,
Zn, Cu, Co, or Ni (8). This basal requirement of Brucella strains for Mn was reported
previously (10) and is a characteristic that is shared with at least some of the other
alphaproteobacteria, including Sinorhizobium meliloti (11), Bradyrhizobium japonicum
(5), and Agrobacterium tumefaciens (12). In the case of B. japonicum, the activities of two
Mn-dependent enzymes, the superoxide dismutase SodM and the pyruvate kinase
PykM, have been found to contribute significantly to the basal requirement of this
bacterium for Mn during routine in vitro cultivation (5). Brucella strains also produce a
Mn-dependent superoxide dismutase, SodA, which serves as an important antioxidant
(13), and a B. abortus mntH mutant is deficient in SodA activity (8). Like its mntH
counterpart, an isogenic B. abortus sodA mutant displays a prominent growth defect
during in vitro cultivation, which suggests that supporting SodA activity also represents
an important component of the basal requirement of Brucella strains for Mn.

In addition to its distinctive in vitro phenotype, the B. abortus mntH mutant also
displays severe attenuation in cultured murine macrophages and experimentally in-
fected mice (8). Mn-dependent superoxide dismutases (SODs) have been linked to the
virulence of several bacteria, including Brucella (13–17), and it has been proposed that
inhibiting the activities of these enzymes plays an important role in the protective
capacity of the host metal-binding protein calprotectin (18). However, a comparison of
the attenuation profiles of isogenic B. abortus sodA and mntH mutants in mice clearly
shows that Mn plays a much more extensive role in the virulence of Brucella strains than
simply supporting their SodA activity (8, 13).

The recent discovery of the Mn dependence of the Bradyrhizobium japonicum
pyruvate kinase PykM offers another possible explanation for the importance of Mn for
the virulence of Brucella strains. Specifically, studies by Xavier et al. (19) have shown
that glucose catabolism plays a critical role in the capacity of B. abortus 2308 to sustain
chronic spleen infections in experimentally infected mice. Because they lack the
enzyme phosphofructokinase (20), Brucella strains cannot catabolize this sugar using
the Embden-Meyerhof-Parnas pathway. Instead, they rely on the pentose phosphate
pathway for glucose catabolism (20–22). Pyruvate kinase catabolizes an important step
in the latter stages of glucose catabolism via this pathway, and thus, it is notable that
the sole pyruvate kinase produced by Brucella strains is an ortholog of the Mn-
dependent enzyme PykM. The studies described in this report were performed to
evaluate the biochemical properties and metal dependence of the Brucella PykM and
assess its contribution to glucose catabolism and virulence.

RESULTS
Mn is the preferred metal cofactor for the Brucella pyruvate kinase. A survey of

the Brucella genome sequences currently available in GenBank indicated that these
bacteria produce a single pyruvate kinase. The gene encoding this enzyme in the B.
abortus 2308 genome is designated BAB1_1761, and the corresponding gene product
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is predicted be a 478-amino acid protein that shares 64% identity and 80% similarity
with the Bradyrhizobium pyruvate kinase PykM. The latter protein is somewhat atypical
compared to many other bacterial pyruvate kinases that have been described, because
it requires Mn instead of Mg to support its enzymatic activity and its activity is not
regulated by the allosteric activators fructose-1,6-bis-phosphate (FBP) or AMP (5).

To determine if the Brucella PykM ortholog has biochemical properties similar to
those described for its Bradyrhizobium counterpart, a recombinant version of the
Brucella protein was examined in a pyruvate kinase assay (Fig. 1). Mg, Mn, or Zn
supported the enzymatic activity of the Brucella pyruvate kinase in this assay (Fig. 1A),
but the specific activity obtained with Zn was considerably lower than that obtained
when Mg or Mn was used in the assay. However, Mn appears to be the preferred
cofactor for the Brucella pyruvate kinase, because the apparent Km (0.45 � 0.03 mM)
obtained for this enzyme with Mn in the reaction mixture was significantly lower than
that obtained when Mg (2.1 � 0.4 mM) or Zn (3.3 � 0.3 mM) was used (Fig. 1B and C).
The preference of the Brucella pyruvate kinase for Mn is further supported by the
observation that the total cellular pyruvate kinase activity measured in a B. abortus
mutant lacking the high-affinity Mn importer MntH (8) was significantly lower than that
detected in the parental strain when these strains were grown under Mn-deprived
conditions (Fig. 2). Notably, this same dependence upon MntH to support its function
is a distinctive feature of the Bradyrhizobium PykM (5). It was also found that the
addition of FBP or AMP to the reaction mixture did not influence the enzymatic activity
of the Brucella protein in the pyruvate kinase assay (data not shown). On the basis of
these findings, we propose that the Brucella pyruvate kinase is an authentic PykM
ortholog that functions as a Mn-dependent enzyme in vivo.

A pykM mutation negatively impacts the ability of B. abortus 2308 to utilize
glucose, fructose, and galactose. With the exception of the fact that it produces

FIG 1 Specific activity (A), kinetics (B), and apparent Km (C) of the Brucella PykM in a pyruvate kinase assay
with different metals as cofactors. Each data point represents the mean and standard deviation from four
different experiments.
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slightly smaller colonies than the parental 2308 strain when grown on Schaedler agar
supplemented with blood, the B. abortus pykM mutant JEP2 otherwise displayed
wild-type growth in rich media, including brucella broth and Trypticase soy broth.
However, as reported previously by Gao et al. (23) the B. abortus pykM mutant did
exhibit a significant growth defect when grown in the minimal medium described by
this group supplemented with glucose, and importantly, this growth defect was
rescued by the addition of pyruvate to the medium (Fig. 3).

The coding regions of pykM and the upstream gene bab1_1762, annotated in the B.
abortus 2308 genome sequence, overlap by 3 bp, and a transcriptional analysis indi-
cated that these genes are transcribed as an operon (data not shown). When a DNA
fragment containing pykM and the upstream gene was cloned into pMR10 (24), the
resulting plasmid produced an aberrant growth phenotype in the pykM mutant.
Consequently, we elected to “reconstruct” the wild-type version of the pykM gene in B.
abortus pykM mutant JEP2 to confirm the link between the pykM mutation and the
phenotype exhibited by this mutant. As shown in Fig. 3, the derivative of JEP2 with the
reconstructed pykM gene (JEP31) displayed wild-type growth in minimal medium
supplemented with glucose.

To determine if the pykM mutation affects the capacity of B. abortus to utilize sugars
other than glucose, we examined the capacity of B. abortus 2308 and the pykM mutant
to utilize glucose, galactose, fructose, ribose, L-arabinose, and xylose using Biolog
phenotypic microarray plates. These are the major sugars reported to be used by B.
abortus strains (25, 26), and glucose catabolism has been experimentally linked to the
virulence of strain 2308 in mice (19). As shown in Fig. 4, the B. abortus pykM mutant
displayed a significant reduction in its capacity to utilize glucose, fructose, and galac-
tose compared to that of the parent strain and the B. abortus mutant with the
reconstructed pykM locus. In contrast, B. abortus 2308, the pykM mutant, and the B.
abortus mutant with the reconstructed pykM locus displayed the same levels of xylose,
ribose, and L-arabinose utilization (Fig. 4).

The results presented in Fig. 4 indicate that Brucella strains are like many other
bacteria and have evolved alternative enzymatic pathways that enable them to bypass
an absolute need for pyruvate kinase during carbohydrate catabolism. One enzyme
that would conceivably enable them to do this is pyruvate phosphate dikinase (PpdK)
(27). This enzyme ordinarily catalyzes the conversion of pyruvate to phosphoenolpy-
ruvate (PEP) during gluconeogenesis but can also carry out the reverse reaction, and
some bacteria use PpdK to compensate for the absence of pyruvate kinase (28, 29). To
determine to what extent PpdK contributes to carbohydrate catabolism in the presence
or absence of PykM, we evaluated the carbohydrate utilization patterns of B. abortus
2308 and isogenic pykM, ppdK, and pykM ppdK mutants in the Biolog plates. As shown
in Fig. 5, the B. abortus ppdK mutant displayed the same utilization profiles as the
parental 2308 strain for all of the carbohydrates examined (including erythritol), and the
introduction of a ppdK mutation into the pykM mutant did not enhance the defect in

FIG 2 Pyruvate kinase activity in B. abortus 2308 and ΔmntH and ΔpykM mutant cells grown to mid-log
phase in a Mn-restricted defined medium. The data represent the results of 3 assays performed at
different times. The baseline levels of NADH to NAD conversion in reaction mixtures not containing cell
lysate or PEP have been subtracted from the values presented. *, P � 0.05 for comparisons of 2308 versus
the mntH and pykM mutants by least significant difference one-way analysis of variance (LSD-ANOVA).
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glucose, fructose, or galactose utilization exhibited by this mutant. These experimental
findings indicate that PpdK does not compensate for the loss of PykM activity during
carbohydrate catabolism in B. abortus 2308.

The Entner-Doudoroff (ED) pathway is another mechanism by which bacteria can
bypass the pyruvate kinase reaction during the catabolism of hexoses such as glucose,
fructose, and galactose (30). This pathway employs the enzymes 6-phosphogluconate
dehydratase (Edd) and 2-keto-3-deoxy-6-phosphogluconate aldolase (Eda) to convert
6-phosphogluconate, an intermediate of hexose catabolism via the pentose phosphate
pathway, to pyruvate and glyceraldehyde-3-phosphate. Although Brucella strains pos-
sess the genetic capacity to utilize the ED pathway, B. abortus strains typically do not
use it (22). However, the possibility exists that these strains can redirect carbon flow
through this pathway during the catabolism of hexoses if they lack a functional
pyruvate kinase. Moreover, if this redirection results in a diminished capacity of the
pykM mutant to catabolize hexoses, this might explain why this mutant displays
reduced utilization of glucose, fructose, and galactose compared to that of the parent
strain. To determine if the ED pathway contributes to hexose catabolism in the B.

FIG 3 Growth kinetics of B. abortus 2308, the isogenic ΔpykM mutant JEP2, and a derivative of JEP2 in
which the pykM locus has been reconstructed (pykM�) (JEP31) in minimal medium, minimal medium
containing 55 mM glucose, and minimal medium containing 55 mM glucose and 55 mM pyruvate. The
data represent the means and standard deviations from three separate cultures for each strain under
each experimental condition examined in a single experiment. This experiment was repeated three times
with the same results.

Brucella PykM Is a Major Virulence Determinant Journal of Bacteriology

December 2018 Volume 200 Issue 24 e00471-18 jb.asm.org 5

https://jb.asm.org


abortus pykM mutant, B. abortus 2308 and isogenic pykM, edd, and pykM edd mutants
were assessed for their ability to utilize glucose, fructose, galactose, and other carbo-
hydrates in the Biolog plates (Fig. 6). Similar to what was observed with the ppdK
mutants, the B. abortus edd mutant displayed the same carbohydrate utilization pat-
terns as the parental 2308 strain, and the edd mutation did not enhance the defect in
glucose, fructose, or galactose utilization observed in the B. abortus pykM mutant. Thus,
the redirection of hexose catabolism through the ED pathway does not explain the
negative impact that the pykM mutation has on the utilization of these sugars in B.
abortus 2308.

To account for the possibility that the presence of either PpdK or the ED pathway
enables the B. abortus pykM mutant to sustain carbon flow during carbohydrate
catabolism, we constructed B. abortus ppdK edd and pykM ppdK edd mutants and
compared the carbohydrate utilization patterns of these strains with those of the
parental 2308 strain and the pykM mutant. As shown in Fig. 7, the B. abortus ppdK edd
mutant displayed the same carbohydrate utilization pattern as B. abortus 2308, and the
pykM ppdK edd mutant exhibited the same carbohydrate utilization pattern as the pykM
mutant.

PykM and PpdK make independent contributions to the virulence of B. abortus
2308 in mice. The data presented here and elsewhere (23, 27) strongly suggest that the
pyruvate kinase PykM and pyruvate phosphate dikinase PpdK make different contri-
butions to glucose metabolism in Brucella, with PykM being required for wild-type
catabolism of this sugar and PpdK being needed for its synthesis from gluconeogenic
substrates. Both of these enzymes are required for the wild-type virulence of B. abortus
2308 in BALB/c mice (23, 27). To gain further insight into the relative contributions of
PykM and PpdK to virulence, we assessed the capacity of B. abortus 2308 and isogenic
pykM, ppdK, and pykM ppdK mutants to establish and maintain chronic spleen infections
in C57BL/6 mice, another mouse strain that is widely used for virulence testing in
Brucella. Consistent with earlier reports, the B. abortus pykM and ppdK mutants also
display significant attenuation compared to 2308 in the C57BL/6 mice (Fig. 8). But more
importantly, the pykM ppdK double mutant exhibited significantly increased attenua-
tion in these mice compared to either of the pykM or ppdK single mutant parent strains,

FIG 4 Capacity of B. abortus 2308, JEP2 (ΔpykM) and JEP31 (pykM�) to utilize selected carbohydrates in
a Biolog phenotypic microarray assay. The utilization index (U.I.) was calculated as described in Materials
and Methods. The data presented are the means and standard deviations of the results obtained from
single determinations made in three different experiments. *, P � 0.05 for comparisons of 2308 versus
the pykM mutant by LSD-ANOVA.
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which strongly suggests that the corresponding enzymes make separate and indepen-
dent contributions to virulence, which is consistent with them performing different
physiologic functions.

DISCUSSION

The studies reported here show that the sole pyruvate kinase produced by Brucella
strains is a functional ortholog of the Bradyrhizobium Mn-dependent pyruvate kinase
PykM (5), and that this enzyme plays an important role in glucose, fructose, and
galactose catabolism in B. abortus 2308. They also confirm and extend the results
initially reported by Gao et al. (23) that PykM is required for the wild-type virulence of
this strain in the mouse model of chronic infection. Pyruvate kinase has been linked to
the virulence of other bacterial pathogens (31, 32), but this link in Brucella is especially
notable for two reasons. The first is that the data presented here suggest that one of
the reasons that the high-affinity Mn importer MntH plays such an important role in the
virulence of Brucella strains (8) is that it enables them to acquire enough Mn to support
PykM activity in the Mn-deprived environment they encounter in their mammalian
hosts (4). The second is that the link between PykM and glucose catabolism in B.
abortus 2308 offers further support for the proposition that glucose catabolism plays a
critical role in the virulence of Brucella strains in the mouse model (19).

Another important observation is that except for its effect on glucose, fructose, and
galactose utilization, the pykM mutation had no significant impact on the capacity of B.
abortus 2308 to utilize any of the other carbohydrates examined in this study. This is an
intriguing and potentially informative finding when one considers what is currently
known about the carbohydrate metabolism pathways in Brucella (22). These bacteria
catabolize carbohydrates via the pentose phosphate pathway, and pyruvate kinase
plays an essential role in maintaining carbon flow through this pathway and into the

FIG 5 Carbohydrate utilization profiles of B. abortus 2308 and isogenic pykM::aph3a, ΔppdK, and
pykM::aph3a ΔppdK mutants. The U.I. was calculated as described in Materials and Methods. The data
presented are the means and standard deviations of the results obtained from single determinations
made in three different experiments. *, P � 0.05 for comparisons of 2308 versus the pykM::aph3a and
pykM::aph3a ΔppdK mutants by LSD-ANOVA.
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tricarboxylic acid (TCA) cycle unless the cell has alternative mechanisms for converting
PEP to pyruvate. An obvious candidate for catalyzing the direct conversion of PEP to
pyruvate during carbohydrate catabolism in the absence of pyruvate kinase is the
enzyme pyruvate phosphate dikinase (PpdK). Ordinarily, PpdK catalyzes the conversion
of pyruvate to PEP during gluconeogenesis in bacteria, and Zúñiga-Ripa et al. (27) have
provided convincing evidence that PpdK performs this function in B. abortus 2308.
However, PpdK can also convert PEP to pyruvate in bacterial strains that lack a pyruvate
kinase (28, 29), and the background level of PEP to pyruvate conversion by the B.
abortus pykM mutant observed in this study (Fig. 2) suggests that the Brucella PpdK can
also carry out this reaction. However, a ppdK mutation did not diminish the capacity of
the B. abortus pykM mutant JEP2 to catabolize ribose, arabinose, xylose, or erythritol or
further diminish the ability of this mutant to utilize glucose, fructose, or galactose,
which indicates that PpdK is not compensating for the loss of pyruvate kinase activity
in the pykM mutant during catabolism of these carbohydrates. This is a particularly
relevant finding, because it suggests that PykM and PpdK play distinctly different roles
in glucose metabolism, with PykM being involved in the catabolism of this hexose and
PpdK being required for its biosynthesis from gluconeogenic substrates (30). Bacteria
can also employ the anaplerotic enzyme PEP carboxylase to convert PEP to pyruvate by
an indirect route when pyruvate kinase is absent (33), but Brucella strains do not
produce this enzyme (22). Consequently, our experimental findings suggest that the B.
abortus pykM mutant is using a pathway known as the “malate shunt,” which relies on
the combined activities of PEP carboxykinase, malate dehydrogenase, and the malic
enzyme to indirectly convert PEP to pyruvate and sustain carbon flow during carbo-
hydrate metabolism (29, 34). However, it is important to point out here that experi-
mental evidence suggests that B. abortus 2308 does not produce a functional PEP

FIG 6 Carbohydrate utilization profiles of B. abortus 2308 and isogenic pykM::aph3a; Δedd; and pykM::
aph3a Δedd mutants. The U.I. was calculated as described in Materials and Methods. The data presented
are the means and standard deviations of the results obtained from single determinations made in three
different experiments. *, P � 0.05 for comparisons of 2308 versus the pykM::aph3a and pykM::aph3a Δedd
mutants by LSD-ANOVA.
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carboxykinase (27, 35); thus, determining how the B. abortus pykM mutant converts PEP
to pyruvate during carbohydrate catabolism will require further study.

It is presently unclear why the pykM mutation only had a negative impact on the
capacity of B. abortus 2308 to utilize glucose, fructose, and galactose. All three of these
sugars are hexoses, and in some bacteria, hexose catabolism via the Entner-Doudoroff
(ED) pathway bypasses the need for pyruvate kinase activity (30). Although Brucella
strains have the genes that encode the enzymes of the ED pathway (22), we found no
evidence in these studies that the redirection of hexose catabolism into the ED pathway
explains the differential impact that the pykM mutation has on the utilization of these
hexoses in B. abortus 2308. In fact, our data support previous reports that B. abortus
strains do not use the ED pathway for carbohydrate catabolism (20, 22). On the basis
of our results, it seems most likely that the negative impact that the pykM mutation has
on glucose, fructose, and galactose catabolism in B. abortus 2308 is indirect. Glucose-
6-phosphate dehydrogenase (Zwf) is required for the entry of these hexoses into the
oxidative phase of the pentose phosphate pathway but not for the entry of pentoses
or erythritol into the reductive phase of this pathway in Brucella (22). Zwf is allosterically
inhibited by PEP in the closely related alphaproteobacterium Caulobacter crescentus
(36); thus, it is conceivable that the intracellular accumulation of this pyruvate kinase
substrate in the B. abortus pykM mutant has a negative impact on the catabolism of
hexoses, but not other carbohydrates, via the pentose phosphate pathway.

PykM and PpdK are both independently required for the wild-type virulence of B.
abortus 2308 in mice (23, 27), and the enhanced attenuation observed in a mutant
lacking both of these enzymes is consistent with these enzymes having different
proposed functions in glucose metabolism. These findings also support the proposition
put forth by Zúñiga-Ripa et al. (27) that Brucella strains rely on the simultaneous
catabolism of carbohydrates (e.g., glucose) and amino acids (e.g., gluconeogenic

FIG 7 Carbohydrate utilization profiles of B. abortus 2308 and isogenic pykM::aph3a, Δedd ΔppdK, and
pykM::aph3a ΔppdK Δedd mutants. The U.I. was calculated as described in Materials and Methods. The
data presented are the means and standard deviations of the results obtained from single determina-
tions made in three different experiments. *, P � 0.05 for comparisons of 2308 versus the pykM::aph3a
and pykM::aph3a ΔppdK Δedd mutants by LSD-ANOVA.
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substrates) to support their intracellular replication in mammalian hosts. From a
practical perspective, the independent roles that PykM and PpdK play in the virulence
of B. abortus 2308 make them both attractive targets for the development of chemo-
therapeutic agents, and in fact, preliminary studies have shown that some of the
bis-indole class of synthetic pyruvate kinase inhibitors (37) have MICs as low as
0.5 �g/ml for B. abortus 2308, B. melitensis 16M, and B. suis 1330 in an in vitro assay (J. E.
Pitzer, S. Yurist-Doutsch, and E. Dullaghan [Centre for Drug Research and Develop-
ment], unpublished data).

To the authors’ knowledge, the Bradyrhizobium and Brucella PykM proteins are the
only members of this class of pyruvate kinases that have been examined. However, the
observation that neither of these enzymes is allosterically regulated by fructose-1,6-
bisphosphate (FBP) or AMP is notable. The allosteric regulation of bacterial pyruvate
kinases by FBP, AMP, and other metabolic intermediates plays an important role in the
capacity of these enzymes to serve as metabolic flux sensors and control carbon flow
between catabolic and biosynthetic pathways (38). FBP activation of type I pyruvate
kinases, for instance, is thought to be an important “feed forward” mechanism for
maintaining carbon flow through the glycolytic pathway (39). Similarly, it has been
proposed that the activation of type II pyruvate kinases enables bacteria to adjust their
carbon flow toward catabolism when their cellular energy charge is low (40). Although
not all bacterial pyruvate kinase are responsive to FBP or AMP, the majority of those
that have been characterized are allosterically regulated by one or more metabolic
intermediates (41). Hence, it will be important to determine what metabolic interme-
diates modulate the enzymatic activity of the Brucella PykM in order to better under-
stand the role that this enzyme plays in metabolism. Other questions that need to be
addressed are whether PykM homologs are the major type of pyruvate kinase found in
the alphaproteobacteria in general, and if so, if the distinctive features of this type of
pyruvate kinase provide a unique metabolic benefit to these bacteria.

The experimental findings presented here and in previous papers (8, 13) suggest
that the high-affinity Mn importer MntH is a critical virulence determinant for Brucella
strains because it provides these bacteria with sufficient levels of Mn to support their
PykM and SodA activities. However, further biochemical and genetic analyses are
needed to gain a better understanding of the relative contributions of Mn-dependent

FIG 8 Spleen colonization profiles of B. abortus 2308, JEP2 (ΔpykM), and JEP31 (pykM�) (A) and B. abortus
2308 and isogenic pykM::aph3a, ppdK, and pykM::aph3a ppdK mutants (B) in C57BL/6 mice. Five mice
were evaluated at each experimental time point for each bacterial strain being examined. *, P � 0.05
versus 2308 by one-tailed Student’s t test; †, P � 0.05 versus ΔpykM by one-tailed Student’s t test.
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enzymes to the virulence of Brucella strains because several other proteins that have
been linked to the virulence of Brucella strains, such as the (p)ppGpp synthetase/
hydrolase Rsh (42), the phosphatidylcholine synthase Pcs (43, 44), and the cyclic di-GMP
phosphodiesterases BpdA and BpdB (45), are also likely to be Mn-dependent enzymes
based on the biochemical properties of their counterparts in other bacteria (46–48).

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. A list of the bacterial strains and plasmids used

in this study is provided in Table 1. Brucella abortus 2308 and the derivatives of this strain were routinely
cultivated on Schaedler agar supplemented with 5% defibrinated bovine blood (SBA) at 37°C with 5%
CO2 or in brucella broth at 37°C. When appropriate, the growth media were supplemented with 45 �g/ml
kanamycin or 100 �g/ml ampicillin to select for plasmid-mediated antibiotic resistance.

The minimal medium described by Gao et al. (23) [yeast extract (1 g/liter), (NH4)2SO4 (13.2 g/liter),
Na2S2O3·5H20 (0.1 g/liter), MgSO4 (10 mg/liter), MnSO4 (0.1 mg/liter), NaCl (5 g/liter), KH2PO4 (3 g/liter),
adjusted to pH 6.8 to 7] and this medium supplemented with 10 g/liter glucose and/or 6 g/liter sodium
pyruvate were used to evaluate the capacity of the B. abortus strains to grow with glucose as a carbon
source. The modified version of Gerhardt’s minimal medium (49) described by López-Goñi et al. (50)
(yeast extract [0.5 g/liter], lactic acid [4.25 g/liter], glycerol [37.8 g/liter], monosodium glutamate [5 g/
liter], NaCl [7.5 g/liter], K2HPO4 [10 g/liter], Na2S2O3·5H20 [0.1 g/liter], adjusted to pH 6.8) served at the
base for the Mn-restricted medium used to grow the B. abortus strains for the analysis of their cellular
pyruvate kinase activity.

Escherichia coli strains DH5� and BL21 were used as recombinant DNA hosts, and these strains were
cultivated on tryptic soy agar at 37°C or in LB broth at 37°C with shaking.

Brucella stock cultures were maintained in brucella broth supplemented with 25% glycerol at �80°C,
and E. coli stock cultures were maintained in LB supplemented with 25% glycerol at �80°C.

Purification of recombinant Brucella pyruvate kinase. The coding region of the pykM gene
(BAB1_1761) was amplified from B. abortus 2308 genomic DNA using PCR and the primers rpykM BamHI
F and rpykM HindIIIR (Table 2). The amplified DNA fragments were digested with BamHI and HindIII and
ligated into BamHI/HindIII-digested pRSET A (Invitrogen). The resulting plasmid was transformed into E.
coli strain DH5� and then into BL21. The BL21 strain was grown to an optical density at 600 nm (OD600)
of approximately 0.6, and recombinant gene expression was induced by the addition of IPTG (isopropyl-
�-D-thiogalactopyranoside; 1 mM final concentration). After a 3-h subsequent incubation at 37°C, the
bacterial cells were harvested by centrifugation (4,200 � g for 10 min at 4°C), suspended in 50 mM
Tris-HCl (pH 8) containing 0.5 mM phenylmethylsulfonyl fluoride, and lysed by passage through a French
pressure cell. Inclusion bodies were then collected from the cell lysate by centrifugation at 10,000 � g
for 10 min at 4°C, followed by serial washing in 50 mM Tris-HCl (pH 8) plus 4% Nonidet P-40 and 50 mM
Tris-HCl (pH 8) plus 2 M urea, and a final resuspension in 50 mM Tris-HCl plus 8 M urea. Metals were
removed from the protein preparation by adding EDTA to a final concentration of 10 mM and incubating
on ice for 30 min. The protein preparation was then dialyzed against 50 mM glycine, 0.005% Tween 20,
10 mM Tris, 100 mM NaH2PO4, 5% glycerol, and 2 M urea (pH 7) for 2 h, 10 mM Tris-HCl (pH 8) for 1 h,
and then 10 mM Tris-HCl for 30 min at 4°C. Protein concentrations were determined using the Bradford
assay, and the purity of the purified protein was assessed by SDS-PAGE.

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Genotype or descriptiona Reference or source

Strains
Escherichia coli

DH5� F� �80dlacZΔM15 Δ(lacZYT-argF)U169 deoR recA1 endA1 hsdR17 phoA supE44 gyrA96 relA1 55
BL21 F� ompT hsdSB gal dcm 56

Brucella abortus
2308 Virulent challenge strain 57
JEP2 2308 ΔpykM This study
JEP31 JEP2 with a reconstructed wild-type pykM This study
JEP42 2308 ΔmntH This study
JEP47 2308 ΔppdK This study
JEP79 2308 pykM::aph3a Kanr This study
JEP80 JEP47 pykM::aph3a Kanr This study
JEP81 2308 Δedd This study
JEP92 JEP81 pykM::aph3a Kanr This study
JEP93 JEP47 Δedd This study
JEP94 JEP93 pykM::aph3a Kanr This study

Plasmids
pNPTS138 sacB-based gene replacement vector; Kanr 58
pGEM-T Easy Cloning vector; Ampr Promega

aKan, kanamycin; Amp, ampicillin.
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Determination of pyruvate kinase activity and metal cofactor requirements of PykM. The
reactions were performed in a 1-ml total volume (25°C, 25 mM Bis-Tris, pH 6.9), and the initial rates were
determined using the lactate dehydrogenase (LDH) coupled assay system by monitoring the concomi-
tant reduction of NADH to NAD� at 340 nm spectrophotometrically (�340 NADH � 6,200 M�1 · cm�1),
initiated with the addition of phosphoenolpyruvate (PEP). The reaction mixtures for determining the
initial rates as a function of increasing Mg2� or Mn2� concentrations contained 20 mM KCl, 2 mM
dithiothreitol (DTT), 2 mM ADP, 2 U LDH (rabbit muscle; Aldrich), 0.15 mM NADH, 2 mM PEP, 50 �g
recombinant PykM, and various concentrations of MgCl2 or MnCl2 (0 to 3 mM). The specific activity of
PykM in the presence of various metals was similarly determined using 10 to 20 mM cationic metal (Zn2�,
Cu2�, Co2�, and Fe2�). Activities were determined in triplicates, and error bars in the figures are the
standard deviations from those separate measurements. Data where MgCl2 and MnCl2 were varied were
fitted to the Michaelis-Menten equation using nonlinear regression (GraphPad Prism 6.0). The standard
errors reported on Vmax and Km were determined from that fit.

Pyruvate kinase activity assay in Brucella cells. B. abortus 2308 and the isogenic pykM and mntH
mutants JEP2 and JEP42, respectively, were grown on SBA for 48 h at 37°C under 5% CO2. The bacterial
cells were harvested from the plates and suspended in 50 ml modified Gerhardt’s minimal medium
treated with 8-hydroxyquinoline (50), 5 �M FeCl2, and 0.25 �M MnCl2 in a 250-ml flask at a cell density
of approximately 105 CFU/ml. The cells were incubated with shaking at 37°C until they reached
mid-exponential phase (OD600 of between 1.0 and 3.0). The bacterial cells were harvested by centrifu-
gation, washed 3 times with 50 mM Tris (pH 8.0), and broken using a BIO101 FastPrep cell disrupter. The
total protein concentration of the cell lysate was determined using the Bradford assay. Twenty-five
micrograms of cellular protein was added to a reaction mixture containing 25 mM Bis-Tris (pH 6.9),
20 mM KCl, 2 mM dithiothreitol (DTT), 2 mM ADP, 2 IU lactate dehydrogenase (rabbit muscle; Calbi-
ochem), 0.15 mM NADH, and 0.1 mM MnCl2. The reaction was initiated by adding 2 mM PEP, and the
absorbance at 340 nm was measured in a 1-ml cuvette using a Shimadzu UV-1800 spectrophotometer.
The background rates of NADH oxidation in the absence of cell lysate or PEP determined in control
reactions were subtracted from the final rates determined for the reaction mixtures containing cell lysate
and PEP.

Construction of B. abortus mutants. Isogenic mutants containing in-frame deletions that fuse the
first two codons to the last two codons of the pykM (bab1_1761), ppdK (bab1_0525), edd (bab2_0458), and
mntH (bab1_1460) genes were constructed from B. abortus 2308 using the nonpolar unmarked gene
excision strategy described by Caswell et al. (51). The gene replacement strategy described by Anderson
et al. (52) was also used to construct a derivative of B. abortus 2308 in which the pykM gene was disrupted
by the insertion of the kanamycin resistance gene aph3a from pKS-kan (53) 570 nucleotides downstream
from the start codon of the pykM coding region. The nucleotide primers used for the construction of the
pNTPS138- and pGEM-T Easy-based plasmids used for making these mutants are shown in Table 2.

Reconstruction of the parental pykM gene in the B. abortus pykM null mutant. To confirm the
link between the pykM mutation and the phenotype exhibited by the B. abortus pykM mutant, the
strategy described by Elhassanny et al. (54) was used replace the mutated pykM allele in B. abortus JEP2

TABLE 2 Oligonucleotide primers used in this study

Primer Sequence (5=¡3=)
PykM up F BamHI GCAGGATCCTCATCAATAAGACTGCCCCG
PykM up R GGCATTTAGAGCGCATCCCG
PykM down F TGCGCTTCATTGATTATTCG
PykM down R PstI GCACTGCAGACAATTGCATGATGAGGGTC
pykM conf F ATCGATGGTTCAAGCTGCAA
pykM conf R CGCCATGACTGGATGATATT
mntH up F ATCGTCGACCGGACGTTCCGGAATTTCATCGACACT
mntH up R TACCATATGAAATACCTTTATCCTTTATGCAG
mntH down F ATTTAAAGCACGTTTCCCGAAAGGGCG
mntH down R ACGGGGCCCTCTCTCCCAAGGGCGGTCCAATAAAAGAA
mntH conf F GGCGGATTCGTTCTTCAGTT
mntH conf R GAAAGGGTGGGGTAAGAGCC
ppdK upF SpeI GATACTAGTCGCACATGGGTTTTGCTCAAGG
ppdK upR TGCCATTCCGGCCTCCCTTGACACAGGACAAGGTTCCCGAAAG
ppdK downF GTGTAAACCGCTGCCATAATTCA
ppdK downR PstI GATCTGCAGTCTTAGTCGCATTATCCTAC
ppdK confF CTCCGATAAGTTCCCCATTT
ppdK confR CGCTGAAAACTTTTGAAACATG
edd upF PstI GATCTGCAGTTTGAACGATTGTCATACGG
edd upR TTCTGAAACAGCGCGAATAAAATGA
edd downF GGACATGGGTATCACCTGTGCC
edd downR EcoR1 GATGAATTCATGAGCGCCTCATCATGGATGTGGTGC
edd confF ATGTGGGTATCAACCGCATC
edd confR CTTCCTTCTTCCCCAATGCC
rpykM BamHI F GGATCCAAGCGCAACCGCAAGGTCAA
rpykM HindIII R AAGCTTCTAAATGCCGGATTTTCCGT
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with its wild-type counterpart. The nucleotide primers used to construct the pNTPS138-based plasmid
used for this locus reconstruction (PykM up F BamHI and PykM down R PstI) are shown in Table 2,
and the B. abortus JEP2 derivative with the reconstructed pykM locus was given the designation
JEP31 (Table 1).

Determination of carbohydrate utilization patterns by the B. abortus strains. B. abortus strains
were grown on SBA for 48 h at 37°C under 5% CO2, and a loopful of each bacterial culture was spread
uniformly across a fresh SBA plate and incubated under these same conditions for 24 h. The bacterial cells
were harvested from these plates with a sterile swab and suspended in IF-0a medium to a concentration
of 5 � 1010 CFU per ml. A 1.76-ml volume of this cell suspension was then added to 22.24 ml PM1,2
inoculation fluid, and 100 �l of the resulting mixture was added to each individual well of PM1 and PM2A
phenotypic microarray plates (Biolog, Hayward, CA). The plates were incubated for 24 h at 37°C, and the
absorbance at 590 nm for each individual well was determined using a Biotek ELx800 microplate reader.
These absorbance values were used to calculate a carbohydrate “utilization index” that enabled us to
compare the capacity of the each mutant to use a specific carbohydrate against the ability of the parental
2308 strain to use that particular carbohydrate in each individual experiment. This value was calculated
by dividing the A590 measured for a well containing a specific carbohydrate and mutant by the A590

measured for the same carbohydrate and the parental 2308 strain in the same 96-well plate and
multiplying by 100.

Virulence of the B. abortus mutants in mice. The methods described by Gee et al. (24) were used
to evaluate the capacity of the B. abortus strains to establish and maintain chronic spleen infections in
4-week-old female C57BL/6 mice (Charles River Labs) infected with 5 � 104 brucellae by the intraperi-
toneal route. The animal use protocols used for these experiments were reviewed and approved by the
East Carolina University Animal Care and Use Committee.
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