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A scalable four-step synthesis of the ornithine transcarbamylase inhibitor N°-phosphonoacetyl-L-orni-
thine (PALO) is achieved through boroxazolidinone protection of ornithine. Investigations in the model
organism Saccharomyces cerevisiae found that, in contrast to a previous report, PALO did not influence
growth rate or expression of genes involved in arginine metabolism.

© 2011 Elsevier Ltd. All rights reserved.

N°-Phosphonoacetyl-L-ornithine (PALO, 1) is a bisubstrate
transition-state analog which competitively inhibits ornithine
transcarbamylase (OTC) in vitro, blocking biosynthesis of citrulline
in both the urea and the arginine biosynthetic pathways (Fig. 1).!
Competitive inhibitors of amino acid metabolism have been key
components in studies ranging from arginine starvation in fungi
and bacteria to studies on OTC deficiency.>*

PALO has been tested as a potential tool for in vivo metabolic
studies. It failed to inhibit citrulline biosynthesis in isolated rat
mitochondria or intact rat hapatocytes,® and did not inhibit growth
of the bacterium Escherichia coli.® These failures were attributed to
the inability of PALO to cross cell membranes. In contrast, Kinney
and Lusty showed that PALO induced arginine limitation in the
yeast Saccharomyces cerevisiae.* The regulation of arginine metab-
olism in fungi is particularly important to understand because of
the role of this amino acid in protein synthesis, as a nitrogen source
and in signaling.%”~1° We now report a short and scalable synthesis
of PALO, as well as results of investigations into the influence of
PALO on growth and arginine metabolism in S. cerevisiae.

The first syntheses of PALO employed the direct functionaliza-
tion of copper-complexed ornithine. This strategy, while rapid, re-
quires a significant set of purification steps.!*>!! Several more
traditional routes begin with partially protected derivatives of
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Figure 1. PALO; OTC-catalyzed synthesis of citrulline.

ornithine,>” some of which are no longer commercially available.
As illustrated in Scheme 1, we found that temporary masking of
the amino acid of ornithine as the boroxazolidinone derivative en-
ables a rapid and scalable synthesis of PALO in highly pure form.
Reaction of r-ornithine with 9-borabicyclononane (9-BBN) fur-
nished the corresponding boroxazolidinone,'>!®> which was di-
rectly condensed with dibenzylphosphonoacetic acid (2) to
furnish amide 3. We were unable to achieve deprotection of
the boroxazolidinone with aq HCl or methanolic ethylenedia-
mine,'? even though these conditions were successfully modeled
on the corresponding adduct of phenylalanine.'® Fortunately, dis-
solution of 3 in MeOH/CHCl; resulted in slow but clean deprotec-
tion to amino acid 4.'® Hydrogenolysis of the benzyl esters
proceeded nearly quantitatively to furnish PALO (1) as a neutral
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Scheme 1. Synthesis of PALO (1).

molecule which was pure by 'H, '3C, and 3'P NMR. The PALO-NH,
salt could be prepared by elution from an ion-exchange column.

Kinney and Lusty reported that PALO increased expression of
CPA1, CPA2, HIS3, and TRP5 reporter constructs in the yeast
S. cerevisiae* The data were consistent with limitation of
arginine leading to specific up regulation of arginine biosynthetic
genes (CPA1 and CPA2), and a general amino acid starvation
response typified by up regulation of HIS3 and TRP5.

We tested whether treatment with PALO resulted in changes in
mRNA accumulation and/or translation of genes involved in amino
acid biosynthesis. We examined expression of two genes required
for arginine biosynthesis; ARG5,6, which encodes a protein in-
volved in the second and third steps of arginine biosynthesis from
glutamate, and CPA1, which encodes a subunit of arginine-specific
carbamyl-phosphate synthetase. Both of these genes are up regu-
lated specifically in response to arginine limitation. Expression of
TRP5, which encodes an enzyme that catalyzes the final step in
tryptophan biosynthesis, was also examined as an indicator of
the general amino acid starvation response. Quantitative northern
analysis was performed to measure mRNA abundance, a measure
of the combined rates of transcription and mRNA decay. Western
analysis was used to look at the level of protein synthesis for these
genes. This combined approach enabled direct evaluation of effects
on transcription, mRNA stability, and translation.

Although the yeast strains from the earlier studies were not
available,* they were derived from the W303 genetic background,
which usually carry the canl-100 mutation.!” As CAN1 encodes
an arginine permease required for efficient uptake of arginine,
the can1-100 mutation is not well suited for the current experi-
ments. As a compromise, and to assess if PALO will be generally
useful as a metabolic tool in S. cerevisiae, the current data was ob-
tained using the BY4741 strain of S. cerevisiae.'® This strain is de-
rived from S288C, the strain used in the systematic sequencing
project, and it is the most commonly used genetic background
for genome-wide functional analyses.

If PALO affects transcription or mRNA stability, we expected to
observe an increase in expression of ARG5,6, CPA1, and TRP5
mRNA transcripts in the presence of PALO. We also expected that
addition of arginine would relieve the arginine limitation induced
by PALO. Cells were grown and treated with either 15 puM of the
synthesized PALO, 1 mg/mL r-arginine, or 15 uM of the synthe-
sized PALO and 1 mg/mL L-arginine as described by Kinney and
Lusty.* An untreated culture was grown in the same media as
a control. The abundance of ARG5,6, CPA1, and TRP5 mRNAs was
measured by quantitative northern analysis (Fig. 2A). The abun-
dance of ARG5,6, CPA1, and TRP5 mRNAs in the PALO treated cells
was not significantly different from the untreated cells. The abun-
dance of ARG5,6 and CPA1, but not TRP5 mRNAs was lower in cells
treated with arginine regardless of whether the cells were treated
with PALO or not. Additionally, the abundance of the TRP5
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Figure 2. PALO has no effect on expression of the ARG5,6, CPA1, and TRP5 genes in
Saccharomyces cerevisiae. S. cerevisiae strains'®!° were inoculated from a saturated
culture into minimal medium supplemented with leucine, methionine, uracil and
histidine. Cultures were treated with 15 uM PALO in a potassium phosphate pH 6.8
buffer, potassium phosphate buffer pH 6.8 alone (untreated), 1 mg/mL L-arginine, or
both 15 uM PALO and 1 mg/mL r-arginine at the time of inoculation. Cells were
incubated at 30 °C and then harvested at mid-log growth phase (ODggo 0.4-0.6). (A)
Northern blots were prepared with total RNA extracted from BY4741'®!° and
probed with oligolabeled DNA probes.?® DNA probes were generated using primer
sets for amplifying yeast open reading frames based on the sequences available
from the Saccharomyces Genome Database. Shown are representative phosphor-
images of a northern blot probed with radioactive ARG5,6, CPA1, TRP5, and SCR1
DNAs. SCR1 was used as a loading control. Quantitative results depicted are the
average of three replicate trials and are normalized to the SCR1 loading control. (B)
Western blots were prepared using protein extracts from S. cerevisiae YSC1178-
7500224, YSC1178-7502950 and YSC1178-7500415 strains'® expressing TAP-
fusion proteins Arg5,6-TAP, Cpal-TAP, and Trp5-TAP, respectively, as well as
BY4741 (untagged control).2'?2 The TAP-tagged proteins were detected using an
anti-TAP antibody. No proteins bound the anti-TAP antibody in the untagged
control. Duplicate polyacrylamide gels were stained with Coomassie blue for use as
loading controls. The corresponding loading controls are shown beneath the
western blots.

transcript did not show any variation in response to addition of
PALO, arginine or both. In summary treatment with PALO had
no effect on the abundance of ARG5,6, CPA1 or TRP5 mRNAs.

The possible effect of PALO on translation was investigated by
western analysis (Fig. 2B). If PALO affects translation, we expected
to see an increase in the production of Arg5,6p, Cpalp, and Trp5p
in the presence of PALO. We also expected that addition of
L-arginine would reduce protein levels of Arg5,6p and Cpalp, but
not Trp5p. We used cell extracts from strains (YSC1178-7500224,
YSC1178-7502950 and YSC1178-7500415, respectively) carrying
TAP-tagged alleles of ARG5,6, CPA1 and TRP5 for the western anal-
ysis. These strains produce a TAP-fusion protein for each gene
which can be detected on western blots with anti-TAP antibodies.
BY4741 was used as an untagged control because it is the parent
strain for the TAP-tagged strains. Cells were grown and treated in
the same manner as for the northern analysis. Measurement of
the signal intensity of the bands detected by western blotting
revealed no difference in the production of Arg5,6p, Cpalp, or
Trp5p between strains treated with 15 pM PALO and the control.
As expected, addition of L-arginine reduced production of Arg5,6p
and Cpalp, but not of Trp5p regardless of whether PALO was added
or not. In summary, PALO had no effect on Arg5,6p, Cpalp, and
Trp5p protein levels.

PALO did not affect the growth rate of BY4741 in minimal media
or nitrogen-limiting medium (data not shown), used in an attempt
to increase sensitivity to PALO by lowering intracellular arginine
concentrations. Growth in nitrogen-limiting medium induces cells
to use amino acids, including arginine, as a source of nitrogen.
These findings were consistent with the observations reported by
Kinney and Lusty.*

In conclusion, we have developed an efficient synthesis of very
pure PALO by a route suitable for both analytical and preparative
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applications. In contrast to a previous report describing PALO-
induced arginine starvation,* we observed no response in
S. cerevisiae strain BY4741 to treatment with PALO (Fig. 2). The dis-
crepancy suggests either that not all yeast strains are sensitive to
PALO or that the earlier indications of arginine starvation resulted
from impurities in the samples of PALO employed. The current re-
sults are consistent with observations that PALO had no effect in
isolated rat mitochondria, intact rat hepatocytes or E. coli. >°
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