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Abstract: With the increasing resistance of bacteria to current antibiotics, novel compounds are
urgently needed to treat bacterial infections. Streptozotocin (STZ) is a natural product that has
broad-spectrum antibiotic activity, albeit with limited use because of its toxicity to pancreatic β cells.
In an attempt to derivatize STZ through structural modification at the C3 position, we performed
the synthesis of three novel STZ analogues by making use of our recently developed regioselective
oxidation protocol. Keto-STZ (2) shows the highest inhibition of bacterial growth (minimum inhibitory
concentration (MIC) and viability assays), but is also the most cytotoxic compound. Pre-sensitizing
the bacteria with GlcNAc increased the antimicrobial effect, but did not result in complete killing.
Interestingly, allo-STZ (3) revealed moderate concentration-dependent antimicrobial activity and no
cytotoxicity towards β cells, and deoxy-STZ (4) showed no activity at all.
Keywords: antibiotics; regioselective oxidation; streptozotocin; β cells

1. Introduction
The most applied therapeutics for the management of bacterial infections are still antibiotics.
However, an increasing number of bacteria develops resistance against current treatments, and novel
substances and methods to combat bacterial infection are therefore needed. Next to developing
completely new compounds with a different mode of action, the promising strategy of modifying
currently available antibiotics has gained attention. Derivatization may overcome the existing resistance
towards the antibiotic, can reduce its toxicity, and may even result in analogues that inhibit bacterial
growth via a new mode of action. The effectiveness of this approach has been illustrated by the
synthesis of derivatives of vancomycin, a potent inhibitor of bacterial cell wall synthesis, that overcome
vancomycin-resistant enterococci infections [1]. Major efforts have been directed towards the (semi)
synthesis of analogues of carbohydrate-based antibiotics, and in particular aminoglycosides [2,3].
Aminoglycosides are natural products that are highly cationic in nature and show bactericidal activity, as
they bind the 30S component of the bacterial ribosome, thereby blocking protein synthesis and inhibiting
bacterial growth [4]. The adverse effects of aminoglycosides include renal toxicity, and ototoxicity
at high concentrations. In addition, there are multiple enzymes that work on aminoglycosides to
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to antibacterial and diabetogenic activity, STZ has also been reported to display anti-leukemic and
mutagenic activity [16].
Because of the different biological activities observed with STZ, research has been devoted to
understand the relation between structural modifications of STZ and the resulting biological effects.
Fully acetylated streptozotocin has no antibacterial activity, but shows an increased inhibition of the
growth of L-1210 leukemia cells compared to STZ [24]. Furthermore, replacement of the methyl group
at N3 of the nitrosourea by an ethyl or n-butyl substituent results in the loss of antibacterial activity.
Inversion of the 4-hydroxyl group of streptozotocin (from gluco to galacto configuration) leads to the
loss of antibacterial activity against Proteus vulgaris. Inversion of the C-2 hydroxyl (from gluco to manno
configuration) reduced the antibacterial activity markedly as well [24]. O-alkylation of the anomeric
hydroxyl of STZ improves the antitumor activities and reduces toxicity, but leads to a loss of the
antibacterial and diabetogenic activity. [25] In addition, methylation of the anomeric hydroxyl group
of STZ eliminates antibacterial activity, and α-methyl STZ is twice as active as β-methyl STZ against
cultures of leukemia L1210. The cytotoxicity of β-methyl STZ is identical to STZ [24].
So far, in the reported modifications of STZ, the C3-OH position has not been altered (Figure 1). To
complement the reported modifications of STZ, we decided to focus our efforts on the C3-OH position.
The targeted analogues are depicted in Figure 1, and include the C3-keto produced by oxidation (2),
the C3-allo-OH produced by inversion (3), and the C3-deoxy produced by reduction (4). Ultimately,
we were aiming to retain or improve the antibacterial activity of STZ, while at the same time reducing
the cytotoxicity to β cells. We hypothesized that changing the configuration at the C3 position may
reduce the affinity of the STZ-analogue to GLUT2, resulting in reduced toxicity to β cells. At the same
time, because bacteria express unique transport systems that are absent in mammalian cells, such as a
d-allose transporter [26] and the PTS system, the altered STZ compounds may still be imported by
bacteria, resulting in antibacterial activity. Here we present the chemical synthesis of STZ analogues
2–4, and the biological evaluation using minimum inhibitory concentration (MIC) and growth-viability
assays on E. coli K12 cells as well as cytotoxicity studies on insulin-producing β cells.
2. Results
2.1. Chemical Synthesis of STZ Derivatives 2–4
The chemical synthesis of the three STZ derivatives exploited the regioselective oxidation protocol
developed in our group, as published previously [27,28] In short, largely unprotected carbohydrates
are treated with [(neocuproine)Pd(µ-OAc)]2 (OTf)2 as the catalyst and benzoquinone as the oxidant to
selectively oxidize the C3-OH to the keto-functionality. Gratifyingly, this procedure could be employed
to oxidize STZ directly, yielding keto-STZ (2) in one step and decent yield (58%) after purification
(Scheme 1A). For the synthesis of the analogues 3 and 4, the N-nitroso moiety was introduced in
the final stage using N-nitrosocarbamate reagent 6 [29–31]. As depicted in Scheme 1B, 4-nitrophenyl
N-nitroso-N-methylcarbamate 6 was prepared by treating 4-nitrophenyl chloroformate in THF at 0 ◦ C
with a solution of methylamine in THF to afford 4-nitrophenyl methylcarbamate 5. Nitrosation of 5
with NaNO2 was carried out in a mixture of DCM and 12 M HCl in water and produced compound 6.
d-Allosamine and d-lividosamine were prepared using reported procedures [32], and treated with
reagent 6 to obtain allo-STZ (3, 41%) and deoxy-STZ (4, 70%) (Scheme 1C). Allo-STZ and deoxy-STZ
were isolated as a mixture of the pyranose and furanose forms, with the pyranose form being the major
component, and fully characterized. STZ and its analogues are best stored as solids at −20 ◦ C and
shielded from light. Solutions of STZ are most stable at pH 4.5, but are known to slowly release NO
gas at ambient temperature [33]. Since NO release cannot be prevented even at −80 ◦ C, solutions are
prepared immediately before use.
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2.2. Biological Evaluation of STZ Compounds 1–4
2.2. Biological Evaluation of STZ Compounds 1–4
Next, we started the biological evaluation of compounds 1–4 with a standard MIC assay, where
Next, we started the biological evaluation of compounds 1–4 with a standard MIC assay, where
the compounds are incubated with E. coli K12 (TOP10) cells for 16 h. As depicted in Table 1 and
the compounds are incubated with E. coli K12 (TOP10) cells for 16 h. As depicted in Table 1 and
Figure 2, the parent STZ compound 1 exhibited potent antimicrobial activity as expected, with an MIC
Figure 2, the parent STZ compound 1 exhibited potent antimicrobial activity as expected, with an
value of 1.5 mg/L in rich medium (lysogeny broth, LB). This corresponds with reported values, which
MIC value of 1.5 mg/L in rich medium (lysogeny broth, LB). This corresponds with reported values,
lie between 0.4 and 100 mg/L depending on the bacteria and even the E. coli strain [23]. Interestingly,
which lie between 0.4 and 100 mg/L depending on the bacteria and even the E. coli strain [23].
when the cells were grown in minimal medium with GlcNAc as the sole carbon source prior to addition
Interestingly, when the cells were grown in minimal medium with GlcNAc as the sole carbon source
of STZ 1 in minimal medium containing glycerol as the carbon source, incomplete killing was observed
prior to addition of STZ 1 in minimal medium containing glycerol as the carbon source, incomplete
with the same concentrations (MIC > 1.5 mg/L). When the novel STZ-analogues 2–4 were evaluated,
killing was observed with the same concentrations (MIC > 1.5 mg/L). When the novel STZ-analogues
a large reduction in antimicrobial activity was observed. Only minor impairment of bacterial growth
2–4 were evaluated, a large reduction in antimicrobial activity was observed. Only minor impairment
was observed for treatment with analogues 2–4 for 16 h (MIC values > 200 mg/L, Table 1). However,
of bacterial growth was observed for treatment with analogues 2–4 for 16 h (MIC values > 200 mg/L,
when the MIC studies were performed with continuous monitoring of bacterial growth during the
Table 1). However, when the MIC studies were performed with continuous monitoring of bacterial
overnight incubation with STZ 1 or analogues 2–4, a more detailed picture of the inhibition profile was
growth during the overnight incubation with STZ 1 or analogues 2–4, a more detailed picture of the
obtained, revealing significant differences in growth behavior. Overall, the growth rate in minimal
inhibition profile was obtained, revealing significant differences in growth behavior. Overall, the
medium was reduced as compared to growth in rich medium. Parent STZ (1), keto-STZ (2) and
growth rate in minimal medium was reduced as compared to growth in rich medium. Parent STZ
allo-STZ (3) all revealed concentration-dependent inhibition that was increased after pre-sensitizing the
(1), keto-STZ (2) and allo-STZ (3) all revealed concentration-dependent inhibition that was increased
bacteria with GlcNAc (Figure 2 and Supplementary Figure S1). At the same time, pre-sensitizing led
after pre-sensitizing the bacteria with GlcNAc (Figure 2 and Supplementary Figure S1). At the same
to an increase in MIC value for STZ (1), as even the highest concentration of STZ (1.5 mg/L) showed
time, pre-sensitizing led to an increase in MIC value for STZ (1), as even the highest concentration of
STZ (1.5 mg/L) showed outgrowth of cells after 12 h. Interestingly, pre-sensitizing with ribose (a
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outgrowth of cells after 12 h. Interestingly, pre-sensitizing with ribose (a configurational homolog
of allose) increased the susceptibility of E. coli to allo-STZ (3) in a similar way, while the effect of
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deoxy-STZ (4) was unaffected (Supplementary Figure S1).
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>200>200
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keto-STZ (2)
>200
>200>200
>200 >200
allo-STZ (3)
>200
a LB =(4)
b MM
deoxy-STZ
>200
>200
>200
rich medium;
= minimal medium.
Compound 1.5

a

n.d.
n.d.
>200
>200

LB = rich medium; b MM = minimal medium.
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Figure 2. Growth curves of E. coli to determine the MIC value for STZ 1 (top left) and keto-STZ 2 (top
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The
with a known number of cells that are grown under the same conditions. The advantage of using
advantage of using relative viabilities is that it allows straightforward comparison of viability, even
relative viabilities is that it allows straightforward comparison of viability, even when the experiments
when the experiments have been performed under different growth conditions. The results of the
have been performed under different growth conditions. The results of the growth-based viability
growth-based viability assay are presented in Table 2. In rich-medium conditions, STZ (1) showed
assay are presented in Table 2. In rich-medium conditions, STZ (1) showed the largest effect on bacterial
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growth, with a viability of 0.0035% after treatment with 50 mg/L. Of the STZ-derivatives, keto-STZ
(2) was the most active inhibitor of growth (8% of viability with 200 mg/L), whereas allo-STZ (3)
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compounds are desperately needed. Using our regioselective oxidation method, we generated three
compounds are desperately needed. Using our regioselective oxidation method, we generated three
novel STZ analogues. It was exciting to see that keto-derivative 2 could be accessed in good yields
novel STZ analogues. It was exciting to see that keto-derivative 2 could be accessed in good yields by
by oxidizing STZ 1 directly. The robust way of N-nitrosourea introduction using N-nitrosocarbamate
oxidizing STZ 1 directly. The robust way of N-nitrosourea introduction using N-nitrosocarbamate
reagent 6 proved useful for the generation of the STZ analogues based on d-allosamine (allo-STZ, 3)
reagent 6 proved useful for the generation of the STZ analogues based on D-allosamine (allo-STZ, 3)
and d-lividosamine (deoxy-STZ, 4). It is clear from the MIC assays that the parent STZ compound (1)
and D-lividosamine (deoxy-STZ, 4). It is clear from the MIC assays that the parent STZ compound (1)
displayed the largest antimicrobial activity on E. coli K12 (TOP10) cells, with only 1.5 mg/L needed
displayed the largest antimicrobial activity on E. coli K12 (TOP10) cells, with only 1.5 mg/L needed
for complete killing. When the E. coli cells were first treated with GlcNAc before incubation with
for complete killing. When the E. coli cells were first treated with GlcNAc before incubation with
STZ, the impact of STZ was reduced. Earlier studies already revealed that the effect of exogenous
STZ, the impact of STZ was reduced. Earlier studies already revealed that the effect of exogenous
GlcNAc on carbohydrate metabolism and bacterial growth is complex [23]. When GlcNAc and STZ
GlcNAc on carbohydrate metabolism and bacterial growth is complex [23]. When GlcNAc and STZ
were added simultaneously, E. coli cells have been observed to import less STZ, suggesting that they
were added simultaneously, E. coli cells have been observed to import less STZ, suggesting that they
compete for the same transport machinery, presumably the PTS system [22]. In contrast, when the cells
compete for the same transport machinery, presumably the PTS system [22]. In contrast, when the
are first pre-sensitized with GlcNAc, the upregulation of transport machinery is suggested to result in
cells are first pre-sensitized with GlcNAc, the upregulation of transport machinery is suggested to
a higher sensitivity to STZ 1 and keto-STZ 2 [35]. The latter effect is especially observed in the first 8 h
result in a higher sensitivity to STZ 1 and keto-STZ 2 [35]. The latter effect is especially observed in
of incubation (Figure 2), where the growth rate is significantly impacted by the lower concentrations
the first 8 h of incubation (Figure 2), where the growth rate is significantly impacted by the lower
compared to rich medium (0.1875 and 0.375 mg/L for STZ, 12.5 and 25 mg/L for keto-STZ). This may
concentrations compared to rich medium (0.1875 and 0.375 mg/L for STZ, 12.5 and 25 mg/L for ketoreflect the upregulation of transport machinery in the presence of GlcNAc, which primes the bacterial
STZ). This may reflect the upregulation of transport machinery in the presence of GlcNAc, which
primes the bacterial cells to increase the uptake of STZ, resulting in an increased sensitivity. However,
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cells to increase the uptake of STZ, resulting in an increased sensitivity. However, after 8 h the OD600
increases again and reveals incomplete killing even with the highest concentrations of STZ 1 (Figure 2).
This result may reflect a loss of the sensitization effect over time, and a reduction of the expression of
GlcNAc transport machinery. Alternatively, STZ and analogues may be slowly degrading under the
assay conditions [33]. The growth-based viability experiments produce a similar trend (Figure 3), as
the largest delay in outgrowth was observed for parent STZ (1) and keto-STZ (2). It is interesting to
note that pre-sensitizing with ribose increased the susceptibility of E coli cells to allo-STZ (3), but not to
deoxy-STZ (4). This may indicate the upregulation of the d-allose operon, as described before [26].
Unfortunately, the trend of antibacterial activity of compounds 1–4 is mirrored in the cytotoxicity
experiment. When incubated with insulin-producing β cells, compounds 1 and 2 show the highest
reduction in cell density (Figure 4), whereas compounds 3 and 4 are only marginally toxic to the cells.
We postulate that the activity of keto-STZ (2) in both the antimicrobial activity and cytotoxicity assays
may be explained by the hydrate, which results after addition of water to the ketone functionality.
Even though the hydrate has not been observed in NMR, as hydration at keto-C3 (13 C NMR~204 ppm
for the keto) would result in a significant upfield shift (13 C NMR~95 ppm for the hydrate) [36] that was
not observed, a small amount of the keto may be hydrated in situ. When the hydrate is formed on the
C3 position, the resulting structure may mimic the configuration of STZ more closely. The moderate
but concentration-dependent antimicrobial activity of allo-STZ (3) is an exciting result, because this
STZ analogue did not show significant cytotoxicity to β cells.
In conclusion, we have described a straightforward and robust method to derivatize STZ on the C3
position, and generated three novel analogues by oxidation, inversion and reduction. This late-stage
modification of largely unprotected carbohydrates, compatible with sensitive functional groups such
as a free anomeric hydroxyl group and a reactive N-nitroso functionality, allows straightforward access
to analogues that normally require full syntheses. We foresee that this late stage modification approach
can be expanded, at least to other carbohydrate-based drugs, like the many other aminoglycoside
antibiotics. In the same vein it is obvious that not only epimerization and hydroxy group removal
are possible but also conversion of the keto function into other functional groups and handles. Of
the prepared analogues, keto-STZ (2) showed the highest antimicrobial activity and largest delay
in bacterial growth, albeit significantly lower than parent STZ (1). Moreover, the toxicity to β cells
was similarly largest for keto-STZ (2), limiting the applicability of this compound as an antibiotic.
Although the allo-STZ (3) analogue revealed a promising selectivity for the killing of bacterial cells over
pancreatic β cells, the antimicrobial activity is not competitive with STZ. This suggests that the bacterial
carbohydrate uptake systems only moderately tolerate the modification of the C3 position in glucose
and GlcNAc analogues. This research invites a more thorough analysis of the various carbohydrate
uptake mechanisms bacteria use. Once we know the precise binding of glucose and GlcNAc, also with
respect to the anomeric configuration, and the pyranose versus furanose form, rational design and
synthesis of STZ analogues will be possible. Alternatively, chemical modifications can be investigated
to stimulate the bacterial uptake of STZ analogues.
4. Materials and Methods
4.1. Determination of MIC Values
The minimum inhibitory concentration (MIC) of STZ derivatives 2–4, in comparison to STZ
(1), was determined according to the recommendations proposed by the Clinical and Laboratory
Standard Institute (CLSI) [37], using LB as rich medium. See the Supplementary Information for a
detailed procedure.
4.2. Growth-Based Viability Assays
To better assess the impact of the STZ derivatives 2–4 on bacterial growth and viability,
growth-based viability assays were performed [34]. The assay was performed in rich medium
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(lysogeny broth, LB) as well as in minimal medium with N-acetylglucosamine (GlcNAc) or ribose
as additives to study the effect of these compounds on the uptake of the streptozotocin-analogues.
Bacterial cells (Escherichia coli K12 TOP10) were first exposed to the streptozotocin derivatives (either
in rich or minimal medium) at room temperature and constant shaking to ensure good mixing.
Subsequently, a portion of the exposed mixture was diluted 40× by addition to fresh medium to
alleviate the effect of the antibiotic, and the cells were incubated in a Biotek plate reader for 16 h at
37 ◦ C with optical density (OD) measurements at 600 nm taking place every 20 min preceded by 30 s
of shaking. The resulting data was processed to obtain viability values, as described in detail in the
Supplementary Information.
4.3. Cytotoxicity Assays
The MIN6 cell line (pancreatic β cells) was purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). MIN6 cells (passages 30–45) were cultured in DMEM High glucose
medium (Lonza, Basal, Switzerland), containing 15% fetal bovine serum (FBS, Lonza), 50 µmol/L
β-mercaptoethanol, 2 mmol/L l-glutamine, 50 U/mL penicillin, and 50 µg/mL streptomycin (all from
Sigma-Aldrich, St. Louis, MO, USA). Cells were cultured at 37 ◦ C in a humidified atmosphere
containing 95% air and 5% CO2 . The effect of streptozotocin (STZ) and the derivatives on β cell viability
was determined by the cell proliferation reagent WST-1 (Roche, Indianapolis, USA). Briefly, MIN6 cells
(1 × 105 cells/well) were seeded in 96-well plates. Cells were cultured overnight and the following
day incubated with or without STZ or analogue (Sigma-Aldrich) at 5 mM for 48 and 72 h followed by
WST-1 assay. After 30 min incubation with WST-1 (10 µL/well) at 37 ◦ C, the absorbance was measured
at 450 nm using a Bio-Rad Benchmark Plus microplate spectrophotometer reader (Bio-Rad Laboratories
B.V, Veenendaal, The Netherlands.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/9/4/182/s1,
Figure S1: Growth curves of E. coli TOP10 to determine the MIC value for allo-STZ 3 (top left) and deoxy-STZ
4 (top right) in rich medium, allo-STZ 3 (middle left) and deoxy-STZ 4 (middle right) in minimal medium +
GlcNAc, and allo-STZ 3 (bottom left) and deoxy-STZ 4 (bottom right) in minimal medium + ribose. Experiments
are performed in triplicate; Figure S2: Growth-based viability curves of E. coli TOP10 for allo-STZ 3 (top left)
and deoxy-STZ 4 (top right) in rich medium, allo-STZ 3 (middle left) and deoxy-STZ 4 (middle right) in minimal
medium + GlcNAc, and allo-STZ 3 (bottom left) and deoxy-STZ 4 (bottom right) in minimal medium + ribose.
Experiments are performed in duplicate.
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