


























FIGURE 5. Histopathological damage in hamsters infected with the

InvA Is Essential for Leptospiral Virulence

invA  mutant, invA®°™ revertant, and wild-type (WT) of L. interrogans strain Lai.

Serious congestion and multiple focal necrosis of nephric tubular epithelia in kidney, evident hemorrhaging and inflammatory cell infiltration in lung, and
extensive hepatocyte necrosis in liver occurred in hamsters infected with 10° leptospires per animal of the invA™™revertant or the wild type. Conversely, mild
cellular edema in kidney, inflammatory cell infiltration in lung, and slight granular degeneration in liver occurred in hamsters infected with the same number

of the invA™ mutant.

enzyme activities (e.g. adenylate kinase and protein kinases),
which may have lethal consequences (44 —46). Therefore, it is
necessary for both prokaryotes and eukaryotes to develop
mechanisms to deal with the toxic oligophosphates. Nudix
hydrolase specifically degrades many nucleoside diphosphate
derivatives, including dinucleoside oligophosphates for detox-
ification (11, 45), indicating that this enzyme is essential for
metabolism and survival of prokaryotes and eukaryotes.

Bacterial pathogens need to sense and respond rapidly to
different environmental signals in hosts. When pathogenic bac-
teria encounter host cells, the encounter stimulates varying
degrees of infection-associated oxidative stress within the bac-
teria, which can induce a significant increase in the levels of
dinucleoside oligophosphates such as Ap,N (# =3) (14). In
E. coli and S. typhimurium, Ap, N (n = 3) are the major oxida-
tive stress-induced dinucleoside oligophosphates (14, 17). In
addition, the expression of InvA protein, the Nudix hydrolase of
R. prowazekii, is significantly elevated when the microbe infects
Vero cells (18). Thus, in bacterial pathogens, the dinucleoside
oligophosphates may act as “alarmones” for oxidative stress,
and Nudix enzymes may play a “house-cleaning” role to detox-
ify them (11, 13, 16). This detoxification may contribute to bac-
terial virulence by maintaining the pathogen’s homeostatic
equilibrium during infection.
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L. interrogans serogroup Icterohemeorrhagiae is a group of
predominant leptospires prevalent worldwide. In China,
L. interrogans serogroup Icterohemeorrhagiae serovar Lai
strain Lai is the causative agent in over 60% of leptospirosis
cases (19, 23). Therefore, in the present study we used L. inter-
rogans strain Lai as the representative strain of pathogenic Lep-
tospira to determine the zymological characteristics of the lep-
tospiral InvA protein. We demonstrated that rInvA from this
leptospiral strain displays hydrolytic activity similar to the two
Nudix enzymes, IalA of B. bacilliformis and NudA of H. pylori,
but distinct from three other Nudix enzymes, InvA of R. prowa-
zekii and YgdP and Orf186 of E. coli (Table 1). However, the
leptospiral Nudix enzyme had a more narrow substrate speci-
ficity than B. bacilliformis TalA or H. pylori NudA. Among the
33 tested substrates, the leptospiral InvA only showed hydro-
lytic activity in vitro to Ap,A (100%), ApsA (37%), ApgA (14%),
Gp,G (15%), and GpsG (7%) (Table 1), indicating that Ap,A is
the favored substrate. In particular, we found that the invA-
deficient mutant (invA~) produced notably higher Ap N (n
=3) levels than the wild type during the infection of HEK293
and THP-1 cells (Fig. 1G), indicating that Ap, N (n =3) act as
intracellular alarmones of infection-associated oxidative stress
in the leptospires like those in R. prowazekii and B. bacilliformis
(13, 16).
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Nudix enzymes play a role in the invasion and survival of
several bacterial pathogens in host cells. For example, [alA pro-
tein, the Nudix hydrolase of B. bacilliformis, is associated with
its ability to invade human erythrocytes (16). The YgdP pro-
teins from E. coli and S. typhimurium, which have been identi-
fied as Nudix enzymes, contribute to bacterial invasion of
human microvascular endothelial cells and Hep-2 epithelial
cells (14, 17). The two Nudix hydrolases, InvA protein of
R. prowazekii and NudA hydrolase of H. pylori, enhance patho-
gen survival in the host and environment by regulating the lev-
els of stress-induced toxic dinucleoside oligophosphates (13,
25). In the present study, compared with the wild type, the
invA-deficient mutant (invA ) could not invade HEK293 cells
and was significantly impaired in its ability to invade THP-1
cells (Fig. 2, A and B). Furthermore, the ability of the mutant to
survive in THP-1 cells was dramatically reduced (Fig. 2C).
However, the invA-complemented revertant (invA“™) derived
from the invA~ mutant regained the ability to invade and sur-
vive in the host cells. All the data clearly demonstrate that the
InvA protein is intimately involved in the virulence of L. inter-
rogans during infection of host cells even though the function of
this Nudix enzyme is to hydrolyze the intracellular dinucleoside
oligophosphates that are toxic to the leptospire itself. Previous
studies showed that excessive dinucleoside oligophosphates,
including Ap, A (n =3), inhibit many enzymes such as adenyl-
ate kinase for cellular energy production and ATP-ADP/AMP
homeostasis to control metabolism associated with AMP sig-
naling (47), protein tyrosine kinase and protein kinase C for
cellular signaling and regulation of target genes (44), and ADP-
ribose polymerase for DNA repair and terminal deoxynucleoti-
dyl transferase for DNA synthesis (48, 49). Among these
enzymes, adenylate kinase is extensive in both prokaryotes and
eukaryotes, but the other enzymes have not yet been confirmed
in prokaryotes (45). Besides, the inhibition of ATP-sensitive
potassium channel and bacterial cell maturation by dinucleo-
side oligophosphates such as Ap, A (n =3) has been reported
(13, 50). Thus, the high Ap,A level during infection of host cells
may lead to reduced energy supply, imbalance of adenosines,
and immaturity in the invA™ mutant, and this may contribute
to its impaired invasive ability. Interestingly, the invA gene was
not expressed in the wild-type leptospires in media, but was
expressed temporarily during the early stages of infection of
macrophages and nephric epithelial cells (Fig. 3, A and B), sug-
gesting again that the leptospiral InvA protein is required by the
spirochete during infection of host cells.

Finally, our study revealed that the LD, in hamsters for the
invA~ mutant (~10° leptospires) was significantly higher than
for the wild type and invA“”” revertant (~10° leptospires for
both) (p < 0.01). More extensive histopathological damage was
found in the lung, liver, and kidney tissues of animals infected
with the wild type than in animals infected with the invA™
mutant (Fig. 5). Strikingly, the number of invA-deficient lepto-
spires decreased rapidly in the peripheral blood monocytes of
infected animals, compared with infection with the wild type
(Fig. 4, A and B), and a much lower number of leptospires was
shed in the urine of infected animals (Fig. 4, C and D), suggest-
ing that the invA™ mutant was readily killed by host macro-
phages and eliminated by the host innate immunity. When the
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invA~ mutant reacquired the invA gene, the revertant exhib-
ited a virulence in hamsters similar to the wild-type leptospires.
These data demonstrate convincingly that invA, encoding a
Nudix hydrolase, is an essential gene for leptospiral invasion
and survival in host cells and pathogenicity in infected animals.
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