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Ribonucleoside 3’-Phosphates as Pro-Moieties for an Orally Administered
Drug

Michael J. Palte,[b] Amy K. F. Davis,[a] Nicholas A. McGrath,[c] Carol A. Spiegel,[d] and Ronald T. Raines*[a, c]

Oral administration of chemotherapeutic agents is the main-
stay for the treatment of disease. Sustained release formula-
tions have been crucial for the safe and effective dosing of
orally administered drugs.[1] Such formulations allow the pro-
longed maintenance of therapeutic drug concentrations, de-
creasing the required daily doses and thereby enhancing pa-
tient compliance. Sustained release formulations also provide
tighter control over the pharmacokinetics of a drug, thereby
minimizing side effects.[1]

Aqueous solubility is likewise a critical attribute for an orally
available drug.[2] Robust absorption across the intestinal epi-
thelium relies on a high concentration of the drug to drive dif-
fusion into enterocytes and eventually into the circulatory
system. On average, 35–40 % of lead compounds have aque-
ous solubilities of <5 mg mL�1, which is defined by the U.S.
Pharmacopeia as being slightly soluble or worse.[3] Accordingly,
the bioavailability and consequent efficacy of many com-
pounds relies on enhancing their aqueous solubility.[2c]

The formation of a phosphomonoester can improve the oral
bioavailability of poorly water-soluble chemotherapeutic
agents.[2b,c, 4] Endogenous phosphatases near the surface of en-
terocytes can catalyze the hydrolysis of the phosphoryl group,
releasing the lipophilic drug and allowing its efficient absorp-
tion into the body. Several prodrugs approved by the U.S.
Food and Drug Administration (FDA) rely on this strategy;
these include estramustine, fosamprenavir, and prednisolone
phosphate.[4]

Recently, we reported on the potential utility of a phospho-
diester as the pro-moiety for a drug administered intravenous-
ly.[5] Specifically, we found that the coupling of 4-hydroxyta-
moxifen to uridine 3’-phosphate enabled its timed release in
serum by human pancreatic ribonuclease (RNase 1;[6]

EC 3.1.27.5). This modification also increased the aqueous solu-
bility of 4-hydroxytamoxifen.

RNase 1 is an ideal endogenous enzyme to elicit pro-moiety
release. A major excreted enzyme, RNase 1 has a concentration
of 6.4 mg mL�1 in human pancreatic juice and 0.2 mg mL�1 in
saliva, according to a radioimmunoassay.[7] Moreover, like its re-
nowned homologue, bovine pancreatic ribonuclease
(RNase A),[8] RNase 1 catalyzes the cleavage of RNA by a trans-
phosphorylation reaction[9] with little specificity for its leaving
group.[10] Herein we report on the utility of several ribonucleo-
side 3’-phosphates as pro-moieties for a model orally available
drug, metronidazole.

Metronidazole is a commonly used antibiotic for a variety of
protozoa and anaerobic bacterial infections, including Bacter-
oides fragilis, Helicobacter pylori, Clostridium difficile, Trichomo-
nas vaginalis, and Entamoeba histolytica.[11] In 1997, Flagyl ER,
an extended-release formulation of metronidazole, was ap-
proved by the FDA as a superior treatment for bacterial vagi-
nosis. Still, metronidazole has several common side effects
such as nausea, diarrhea, and a metallic taste. Moreover, met-
ronidazole therapy can occasionally cause more severe side ef-
fects such as pancreatitis, neutropenia, neuropathies, or CNS
toxicities.[12] These adverse effects could be attenuated with
better control over the pharmacokinetics of metronidazole.[13]

Hence, in this proof-of-concept study, we elected to attach
metronidazole to ribonucleoside 3’-phosphates to assess the
attributes of this pro-moiety for orally available drugs
(Figure 1).

Each ribonucleoside 3’-(metronidazole phosphate) (NpMet)
was synthesized in four steps from commercially available met-
ronidazole (Met) and a ribonucleoside phosphoramidite
(Scheme 1). Briefly, Met was coupled to the phosphoramidite
by using N-methylbenzimidazolium trifluoromethanesulfonate
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Figure 1. Catalysis of the cleavage of a ribonucleoside 3’-(metronidazole
phosphate) (NpMet) by RNase 1 to yield a nucleoside 2’,3’-cyclic phosphate
(N>p) and Met.
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(MBIT) as a catalyst.[14] The coupled product was oxidized with
iodine and deprotected stepwise. The final products were puri-
fied by chromatography on silica gel. This route was used to
synthesize three different NpMets: cytidine 3’-(metronidazole
phosphate) (CpMet, 18 % non-optimized yield), uridine 3’-(met-
ronidazole phosphate) (UpMet, 80 %), and adenosine 3’-(metro-
nidazole phosphate) (ApMet, 64 %).

We expected the ribonucleoside 3’-phosphate moiety of an
NpMet to endow the prodrug with greater hydrophilicity than
the parent drug, which could improve its oral bioavailability. To
investigate this issue, we calculated the partition (log P) and
distribution (log D) coefficients of Met, CpMet, UpMet, and
ApMet.[15] The calculated log P and log D values for the NpMets
were indeed significantly lower than those of the parent drug
(Table 1), indicative of increased hydrophilicity and decreased
tendency to aggregate.

To be the basis for an effective timed-release prodrug strat-
egy, the pro-moiety needs to be released by the activating
enzyme over time. We therefore used 1H NMR spectroscopy to
assess the rate at which RNase 1 catalyzes the release of Met
from the prodrugs (Supporting Information figure S1). We as-
sumed that pancreatic juice is diluted in the intestine, which
led us to use RNase 1 at concentrations of 0.1 and
0.01 mg mL�1 in these assays. Because inorganic phosphate in-
hibits RNase A with a Ki value of 2.3 mm,[16] we initially investi-
gated the effect of phosphate in simulated intestinal fluid (SIF)
on the rates of UpMet unmasking (Figure 2 A). Relative to
a buffer with no inorganic phosphate (19.5 mm Tris-HCl,

pH 7.4, 2.5 % v/v D2O), the rate of Met release in SIF was only
marginally slower. RNase 1 cleaves after pyrimidine residues
more readily than after purine residues.[6, 7] Accordingly, we pre-
dicted that RNase 1 would unmask CpMet and UpMet faster
than ApMet. For both concentrations of RNase 1, we did
indeed observe that the cytidine and uridine prodrugs were
unmasked faster than the adenosine prodrug (Figure 2 B).
Moreover, unlike the uridine 3’-phosphate–4-hydroxytamoxifen
conjugate that cleaved spontaneously in aqueous solutions
lacking ribonucleases, the NpMet conjugates were stable in SIF
(pH 7.5), and in simulated gastric fluid (SGF), which is at
pH 1.1. The absence of appreciable degradation (<5 %) in
either medium (Supporting Information figure S2) is attributa-
ble to the alkoxy group of metronidazole being a much worse
leaving group than the aryloxy group of 4-hydroxytamoxifen.

Scheme 1. Route for the synthesis of NpMets.

Table 1. Calculated partition and distribution coefficients of Met and
NpMets.[15]

Coefficient Met CpMet UpMet ApMet

log P �0.46 �2.48 �2.10 �1.78
log D (pH 7.5) �0.46 �4.86 �4.48 �4.15
log D (pH 1.1) �1.49 �3.73 �3.20 �5.57

Figure 2. Progress curves for the release of Met from NpMets under various
conditions as determined by 1H NMR spectroscopy. A) Comparison of UpMet
cleavage rates in Tris-HCl buffer, pH 7.4, and simulated intestinal fluid (SIF).
B) Comparison of CpMet, UpMet, and ApMet cleavage rates in SIF. C) Half-
life values of NpMets from panels A and B. Data for UpMet in SIF are report-
ed in both panels A and B to facilitate comparisons; ND: not determined.
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Finally, we sought to assess the antimicrobial activity of our
NpMet prodrugs on B. fragilis. This penicillin-resistant Gram-
negative bacillus is common in anaerobic infections, like those
that originate from the gastrointestinal tract. We determined
the minimum inhibitory concentration (MIC) of UpMet and
ApMet, as well as Met (Supporting Information figure S3). We
found that both UpMet and ApMet had considerably higher
MIC values than did Met (Table 2), demonstrating that the pro-
drugs were relatively inactive. Incubating UpMet with
0.1 mg mL�1 RNase 1 overnight resulted in an MIC similar to
that of Met. Finally, adding UpMet to a culture medium con-
taining RNase 1 gave an intermediate MIC, demonstrating the
in situ release of the drug.

Conclusions

We have developed a versatile prodrug strategy for orally ad-
ministered drugs (Figure 1). Our strategy relies on the libera-
tion of a drug from a ribonucleoside 3’-phosphate conjugate
by a human ribonuclease. The other product of prodrug cleav-
age, a nucleoside 2’,3’-cyclic phosphate, is a natural metabolite.
We found that the cleavage rate depends on the nucleobase:
Cyt>Ura @ Ade, and that the drug was efficacious only in the
presence of the ribonuclease. We note that this system is
highly versatile. For example, non-natural nucleobases could
provide further rate modulation. Self-immolative linkers could
be used to liberate drugs with amino groups. Finally, the 5’-hy-
droxy group of the nucleoside could be modified to enhance
aqueous solubility, improve pharmacokinetics, or endow other
attributes. A variant of RNase 1 is now in a phase I clinical trial
(NCT00818831) as a cancer chemotherapeutic agent.[17] Our
work could presage additional clinical utility for ribonucleolytic
activity.

Experimental Section

Production and purification of RNase 1

RNase 1 was produced and purified as reported previously.[17a] The
enzyme was concentrated to 6.98 mg mL�1 in the elution buffer,
which was 65 % buffer A (50 mm NaOAc and 10 mm EDTA, pH 5.0)
and 35 % buffer B (50 mm NaOAc, 370 mm NaCl, and 10 mm EDTA,
pH 5.0). RNase 1 was diluted subsequently into the buffer appropri-
ate for an assay.

Kinetic analysis of prodrug cleavage

The cleavage of NpMets by RNase 1 was assessed by using 1H NMR
spectroscopy. Reaction mixtures contained prodrug (2.1 mmol) and
RNase 1 (0.1 or 0.01 mg mL�1). NMR experiments were conducted
in 19.5 mm Tris-HCl buffer, pH 7.4, containing D2O (2.5 % v/v), SIF
containing D2O (2 % v/v), or SGF (which was 0.10 n HCl, pH 1.1)
containing D2O (2 % v/v). SIF was USP XXII formulation, without
pancreatin, pH 7.5, from the RICCA Chemical Company (Arlington,
TX, USA). The spectrometer was shimmed for solvent suppression
to a 700 mL sample of the buffer with no NpMet. A 350 mL solution
of NpMet in buffer was placed in a quartz NMR tube from Wilmad-
LabGlass (Elk Grove Village, IL, USA), which was incubated at 37 8C
for 5 min. Simultaneously, a solution of RNase 1 in the same buffer
was warmed to 37 8C for 5 min. At t = 0, 350 mL of the RNase 1 so-
lution was added to the NMR tube and mixed by inversion. The
NMR tube was inserted into the spectrometer, and spectra were re-
corded at known times. Cleavage was assessed by integrating the
distinguishable peaks corresponding to the methyl group of the
NpMets and Met. Values of t1/2 were calculated from linear regres-
sion analysis of plots of 1/[NpMet] versus time.

Preparation of Bacteroides fragilis culture medium

Guidelines for the determination of the MIC of metronidazole on
the growth of B. fragilis were from the Clinical and Laboratory
Standards Institute.[18] Hemin stock solution was prepared by dis-
solving 0.10 g of hemin into 2 mL of 1.0 m NaOH, bringing the final
volume to 20 mL with distilled water, and sterilizing at 121 8C for
15 min. A solution of vitamin K1 was prepared by adding vitamin K1

(0.20 mL) to 95 % ethanol (20 mL). Then, 1 mL of this solution was
added to 9 mL of sterile, distilled water, resulting in a 1.0 mg mL�1

working solution of vitamin K1. Lysed horse blood (50 % v/v) was
prepared by diluting lysed horse blood from Thermo Fisher Scien-
tific (Waltham, MA, USA) with sterile, distilled water. The solution
was clarified by centrifugation at 12 000 g for 20 min. The superna-
tant was decanted through a 40 mm, nylon cell strainer from BD
(Franklin Lakes, NJ, USA).

B. fragilis was cultured in supplemented Brucella broth, which con-
sisted of Brucella broth powder (28 g), hemin stock solution
(1.0 mL), and vitamin K1 (1.0 mL of a working solution) in 900 mL of
water. After this solution was sterilized at 121 8C for 15 min in an
autoclave and allowed to cool to <50 8C, sterile lysed horse blood
(100 mL of a 50 % v/v solution) was added to give the culture
medium.

Treatment with diethylpyrocarbonate (DEPC[19]) was used to elimi-
nate adventitious ribonucleolytic activity in the culture medium.
The 900 mL solution contained DEPC (0.1 % v/v) and was stirred at
37 8C for 1 h prior to its sterilization in an autoclave. In addition,
the 100 mL solution of lysed horse blood contained DEPC (0.1 % v/
v) and was stirred at 37 8C for 1 h prior to being added to the
900 mL solution. DEPC-treatment did not affect the MIC of Met
(Supporting Information figure S4).

Determination of the MIC for NpMet prodrugs

Concentrations of the NpMets and Met were measured by using
1H NMR spectroscopy. A standard solution of CD3OD containing
7.2 mm N,N-dimethylformamide (DMF) was prepared, and the
methyl imidazole peak of the NpMets and Met were integrated
and compared with the DMF peaks (d= 2.99 and 2.86 ppm) to de-
termine the solution concentration of the NpMets and Met (Sup-

Table 2. MIC values of NpMets for B. fragilis.

Compd RNase 1 [mg mL�1][a] MIC [mg (mL equiv Met)�1]

Met – 1–0.5
ApMet – >128
UpMet – 32
Met 0.1 (O/N) 1–0.5
UpMet 0.1 (O/N) 0.5
Met 0.01 1–0.5
UpMet 0.01 2

[a] O/N: Pre-incubation of the compound with RNase 1 overnight.
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porting Information figure S5). Serial dilutions were made into
1.7 mL microcentrifuge tubes. The solvent was evaporated with
a SpeedVac Concentrator from Thermo Fisher Scientific, and the
dried compounds were stored at �20 8C until use. On the day of
the experiment, the NpMet or Met were dissolved in DEPC-treated
B. fragilis culture medium and diluted to create solutions with
a known concentration of an NpMet or Met. Compounds were
either incubated in medium only, pre-incubated overnight with
RNase 1 (0.1 mg mL�1) and then diluted in DEPC-treated medium,
or diluted in DEPC-treated medium containing RNase 1
(0.01 mg mL�1). Upon dilution of the compounds into the wells of
a 96-well plate, the plates were held at room temperature in an
anaerobic chamber from Coy Lab Products (Grass Lake, MI, USA)
for 4 h prior to inoculation. This chamber was maintained under an
atmosphere of 80 % v/v N2 (g), 10 % v/v H2 (g), and 10 % v/v CO2 (g).
Any O2 (g) was reduced to H2O by Pd on alumina pellets, and the
water was removed from the atmosphere using silica gel.

B. fragilis (strain 25285 from ATCC, Manassas, VA, USA) was grown
on Reducible Blood Agar plates from Remel (Lenexa, KS, USA) and
then suspended in sterile unsupplemented Brucella broth that had
been reduced in the anaerobic chamber for several days. A turbid-
ometer was used to adjust the turbidity to match a 0.5 McFarland
standard, which equates to ~1.5 � 108 colony-forming units
(CFU) mL�1. This suspension of B. fragilis was diluted with additional
Brucella broth to a concentration of ~1.0 � 107 CFU mL�1, and 10 mL
per well of this B. fragilis suspension was used to inoculate each
well using a 95-pin inoculator. The final volume of solution in each
well was 100 mL, with the indicated final concentration of test com-
pound and ~106 CFU mL�1 of B. fragilis. The plates were incubated
for 48 h at 37 8C in the anaerobic chamber. The MIC was defined as
the lowest concentration of test compound at which no bacterial
growth was observable.
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