
One of the most surprising and exciting developments in
recent biological research is the discovery of the physiologi-
cal and pathophysiological roles of nitric oxide (NO).1—5) Ni-
tric oxide, a free radical gas, is a multifunctional and wide-
spread biological messenger molecule. It shows a broad
range of biological activities including the regulation of vas-
cular tone, blood flow, neurotransmission, signal transduc-
tion, immunomodulation, cellular redox status, hepatocellu-
lar apoptosis and anti-microbial defense.6) The mechanism of
microorganism killing of NO can be concluded as following:
either it reacts with Fe-prosthetic groups of the mitochondrial
enzymes or alternatively, NO reacts with superoxide anion
O2

� to form peroxynitrite. Its synthesis in vivo is catalyzed by
neuronal, inducible, and endothelial isoforms of nitric oxide
synthase (NOS) using L-arginine as substrate.7) Because of
numerous pharmacological benefits of NO, applications of
NO releasing compounds have been increasingly reported. It
is known that NO has a very short half-life (less than 10 s),
and the effects of NO depend on both the source of NO (neu-
ronal, glial, extracellular, exogenous) and the timing of NO
generation.8) NO is usually released from NO donors, which
are organic compounds that produce reactive nitrogen species
(RNS) in vivo or in vitro by a variety of mechanisms includ-
ing decomposition, oxidation, or reduction.9) Recently, we
synthesized a novel NO releasing compound, b-galactosyl-
pyrrolidinyl diazeniumdiolates (b-Gal-NONOate).10) In this
study, we used this compound to assay its bactericidal activ-
ity against microorganism, E. coli, and demonstrated a novel
drug delivery route into cells (Fig. 1).

MATERIALS AND METHODS

Strains and Media Escherichia coli strains in the anti-
bacterial activity assay were E. coli DH5a (kept in our lab).
E. coli DH5a (pUC18) (LacZ�) was kindly provided by
Professor Min Xiao (SKLMT, Shandong University, China).
Culture medium was LB medium containing 5 g yeast extract
(Merck, Germany), 10 g NaCl and 10 g tryptone (Oxoid Ltd.,
Basingstoke, Hampshire, England) per liter of distilled water.
Solid medium used in this experiment was LB medium with

15 g agar (Amreso Biosharp, U.S.A.) added. Plate assays
were performed by diluting overnight cultures into a series of
concentrations and pouring 10 m l of each onto different
plates, and then incubated overnight at 37 °C.

Chemicals NONOate (pyrrolidinyl diazeniumdiolates)
and b-Gal-NONOate (b-galactosyl-pyrrolidinyl diazenium-
diolates) synthesized in our lab10) were dissolved in PBS so-
lution.

Growth and Enzyme Activity Curve of Bacteria Iso-
propyl-b-D-thiogalactoside (IPTG, 1 mM) induced and non-
induced E. coli DH5a (pUC18) and E. coli DH5a were incu-
bated in LB culture medium, respectively, for 18 h at 37 °C
with the initial density of 107 c.f.u./ml. During this process,
the plate assay was performed through extraction of culture
every one hour and calculated the colony forming units
(c.f.u.) later. Thus the bacterial growth curves were made and
the maximum concentration of bacteria was determined. At
the same time, the b-galactosidase activity of E. coli DH5a
(pUC18) was detected by ELISA reader (420 nm, SPECTRO
MAX 190, Molecular device, U.S.A.) according to the re-
ported protocol.11)

Effect of NO Donor on Bacterial Survival NONOate
(0.1 mM) and b-Gal-NONOate (0.1 mM) was added to LB
culture medium, respectively, at the time bacteria reached the
maximum concentration. The reaction mixture was cultured
for 8 h at 37 °C. After that, c.f.u. was counted by plate assay
for quantification of bacterial activity.

Measurement of Intracellular NO Level The amount
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Fig. 1. Postulated Pathway of NO Release from b-Gal-NONOate Inside
Cells



of NO released from NONOate or b-Gal-NONOate inside
cells can be evaluated by measuring the nitrite concentration
of cell lysate with Griess Assay.12) Bacteria were harvested
from culture medium by centrifugation after 1 h of 0.1 mM

NONOate or b-Gal-NONOate treatment. The cell lysate was
obtained by sonication and centrifugation. Each sample con-
taining 80 m l culture supernatant supplemented with 20 m l ni-
trate reductase and enzyme co-factor mixture solution (R&D,
U.S.A.) was incubated for 10 min. Then 100 m l Griess
reagent (1% sulfanilamide mixed with 0.1% naphthylethyl-
enediamine dihydrochloride in 5% phosphoric acid) was
added. After 10-min-incubation at room temperature, the ab-
sorbance was determined at 540 nm with an ELISA reader
(SPECTRO MAX 190, Molecular device, U.S.A.). Nitrite
concentrations were then calculated using a standard curve
generated with a serial dilution of sodium nitrite from 0.5 to
100 mM.

Statistical Analysis All the experiments were conducted
at least three times. Results are expressed as means�S.D.
Statistical significance was determined by Student’s t-test and
the differences were regarded as significant for p�0.05.

RESULTS

Analysis of Bacteria Growth Curve and Enzyme Activ-
ity Curve IPTG (1 mM) was added when OD600 reached 0.4
at the time of 3 h after incubation. The growth curves of the
three differently pretreated bacteria had the similar growth
trend under the same cultivation condition, and all of them
reached the maximum density approximately at 11 h. En-
zyme activity curve showed that the maximum b-galactosi-
dase activity appeared at 9 h after incubation. In contrast, E.
coli DH5a (pUC18), non-induced by IPTG, had a low en-
zyme activity without much fluctuation in its curve.

Effects of NO Donors on the Survival of Bacteria The
survival of differently treated E. coli under the same cultiva-
tion condition was shown in Fig. 2. In order to compare the
effects of two different NO donors on the survival, E. coli
DH5a (pUC18) was treated with NONOate (0.1 mM) and b-
Gal-NONOate (0.1 mM), respectively, at the time of 11 h.
Under the normal growth condition where lactose is not used
for nutrients, E. coli DH5a (pUC18) possesses very low
level of intracellular b-galactosidase. The lacZ operon in the
E. coli strain can be induced by IPTG (1 mM) to express a
high level of b-galactosidase. Thus, a large amount of NO is
released when b-Gal-NONOate is hydrolyzed by intracellular
b-galactosidase. In contrast, non-induced E. coli DH5a
(pUC18) has much less NO release. Therefore, the survival
of induced E. coli DH5a (pUC18) with b-Gal-NONOate
treatment was conspicuously lower (22.4%) than that of non-
induced (89.2%) (p�0.01). On the other hand, in the pres-
ence of IPTG, the discrepancy between the survival of
NONOate-treated (87.3%) and b-Gal-NONOate-treated E.
coli DH5a (pUC18) (22.4%) was great (p�0.01), which was
assumed to be the effects of different amounts of NO gener-
ated inside cells.

Analysis of Intracellular NO Level Nitrite concentra-
tions of bacteria were determined as a measure of NO level
with Griess Assay (Fig. 3). NO level of induced E. coli
DH5a (pUC18) in the presence of b-Gal-NONOate was ap-
parently higher (p�0.01) than that in the presence of

NONOate. While NO level of non-induced E. coli DH5a
(pUC18) treated with b-Gal-NONOate was lower (p�0.01)
than that of induced, which indicated that intracellular NO
level of b-Gal-NONOate was b-galactosidase-dependent. It
was also shown that intracellular NO levels of NONOate-
treated bacteria were similar, which testified its independence
of b-galactosidase and resulted in its moderate bactericidal
activity. These results, which corresponded with the bacteri-
cidal activity assay, suggested that bacteria with higher intra-
cellular NO level exhibited more powerful cytotoxicity and
vice versa.

DISCUSSION

NO is a critical molecule in host defense against infection.
NO production is a necessary component of non-specific de-
fense mechanism against several pathogens including bacte-
ria, viruses, fungi and parasites.13,14) However, NO has an ex-
tremely short half-life, so it is difficult to utilize this active
small molecule in therapy and research. Thus, a variety of
NO donor prodrugs have been developed, for example,
sodium nitroprusside (SNP), hydroxyurea and synthetic hy-
droxyurea derivatives, NONOates. But a majority of conven-
tional NO donors are hampered by lack of specificity, result-
ing in numerous side-effects, and the lack of adequate and
localized means of NO delivery. Therefore, there is an urgent
need to design a new NO donor for drug targeting and NO
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Fig. 2. Effects of NO Donor on the Survival of Bacteria

E. coli was grown in LB medium and induced with 1 mM IPTG. Survival % was cal-
culated from the colony forming units after NO donors (0.1 mM) treatment
(�NONOate; �b-Gal-NONOate) against control (without any prodrug 100% sur-
vival). The results are expressed as means�S.D. calculated from three separate experi-
ments. ∗ p�0.01 vs. #.

Fig. 3. Intracellular NO Level of Bacteria

Intracellular nitrite concentration was detected after 1 h of 0.1 mM b-Gal-NONOate
or NONOate treatment. The results are expressed as means�S.D. calculated from three
separate experiments. ∗ p�0.01 vs. #.



releasing, which delivers drugs directly to the site of action at
a controllable dose. b-Gal-NONOate is a promising NO re-
leasing compound which can be utilized in therapy and re-
search. Diazeniumdiolates (formerly known as NONOates)
are salts containing the anionic [N(O)NO]� structural unit,
and they can spontaneously release NO under physiological
conditions with a range of half-lives from a few seconds to
several days. Since the most characteristic property of
NONOates is their spontaneous decomposition in aqueous
solution with the generation of pure NO radical, in order to
target a specific site with those compounds, careful protec-
tion at the terminal oxygen is necessary.15—17) b-Gal-
NONOate, a new NO donor with galactosylated protection at
the terminal oxygen, is a b-galactosidase-dependent NO
donor with many favorable properties, such as improved sta-
bility under physiological conditions, preferable water solu-
bility and superior transmembrane property.10) Our design
takes advantage of a commonly used reporter or marker gene
techniques to transform the cell of interest with a reporter
gene (e.g. E. coli lacZ gene), and then feed the cell with the
designed synthetic probe (b-Gal-NONOate in our study).
The bacterial b-galactosidase activity can be readily meas-
ured. Thus when b-Gal-NONOate is transferred into the cell
that has been transformed with lacZ gene, b-Gal-NONOate
will be hydrolyzed inside the cell and release the NONOate
to exhibit its biological effects.

In our experiments, the intracellular NO level was consid-
ered to exert direct influence on the bactericidal activity of
NO donors. When b-Gal-NONOate was applied to induced
and non-induced E. coli, it reduced the colony forming units
of the induced bacteria by about 77.6%, while it showed less
inhibitory effects on the non-induced bacteria. This indicated
that b-galactosidase was required to release NO inside the E.
coli cells to lead to an effective dose for cytotoxicity. This re-
sult was in sharp contrast to the result from Brunelli et al.18)

They reported that the exposure of E. coli to 1 mM NO did
not decrease the viability of the bacteria. Now we can argue
that this was possibly due to the limited intracellular concen-
tration of NO. In this experiment, induced E. coli DH5a
(pUC18) treated with NONOate and b-Gal-NONOate re-
spectively, have notable contrast in their survivals (87.3% to
22.4%) and intracellular NO levels. This can be well ex-
plained through the different mechanisms of prodrug deliv-
ery. NONOate, once dissolved, releases NO so fast in the so-
lution that it has no time to penetrate into the cells to func-
tion at an effective dose. Since the half-life of NO is less than
10 s, the use of regular NONOate in bulk solution cannot
maintain an effective concentration of NO inside the cell (as

was shown in Fig. 3). As for b-Gal-NONOate, owning to its
favorable stability under physiological conditions and that it
can be preferentially transported into cell via sugar trans-
porter on the cell membrane,19) it is more potential to achieve
an effective NO concentration inside cell.

Here the advantage of b-Gal-NONOate was obvious since
it could release large amounts of NO and thus reach an effec-
tive concentration quickly after it was hydrolyzed by intracel-
lular b-galactosidase. Thereby, it is evident that b-Gal-
NONOate is more effective and site-specific, which makes it
a promising prodrug used in therapy and research.
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