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Abstract

Studies of phosphorus cycling in the ocean have been greatly facilitated by the use of high molar activity *?P- and **P-labeled
phosphate (phosphoric acid) in biological incubation assays. Recently, phosphite (phosphorous acid) has been shown to play
an important role in the ocean. Here I report the microscale (100 pmol) synthesis of high molar activity **P-labeled phospho-
rous acid. The scheme incorporates a new combination of known synthetic routes, which requires 20 times less radioactivity
than existing methods. The economical production of **P-phosphorous acid with molar activity > 37 GBq mol~! for use in

assays is readily achievable with this scheme.
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Introduction

Phosphorus is an essential element for the growth of all
organisms, including the approximately one billion micro-
organisms that reside in a liter of typical seawater from the
surface ocean [1]. Yet in most of the surface ocean dissolved
phosphorous concentrations are in the nanomolar range,
raising a fundamental question in chemical and biological
oceanography: how do microorganisms, which form the base
of open-ocean food webs, thrive despite the lack of phos-
phorus [2]? For decades, phosphate (phosphoric acid) was
thought to be the sole form of dissolved inorganic phospho-
rus in ocean, but recent work has called this into question.
Pasek et al. [3] showed that phosphite (phosphorous acid,
a.k.a. phosphonic acid) is present in rivers and estuaries,
raising the possibility of substantial delivery of phosphite
to the ocean. Some of the most abundant genera of marine
microorganisms appear to be able to grow on phosphite as
their sole source of phosphorus [4-6]. My colleagues and
I found that microbial cycling of phosphorus between P(V)
and P(III) oxidation states, such as the shuttling of phos-
phorus between phosphate and phosphite, could drive an
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internal redox flux of phosphorus that is many times greater
than the delivery of phosphorus to the ocean from rivers
[7,8].

The use of commercially available *’P- and **P-labeled
phosphoric acid in biological incubation assays has been
a fundamental tool for oceanographers for decades [9-11].
More recently, my colleagues and I used **P-labeled
phosphoric acid to make the first estimates of rates of
P(V) — P(III) reactions by microorganisms in the ocean [7,
12]. These assays were simple in design: seawater was col-
lected in bottles, **P-labeled phosphoric acid was added to
the bottles, the bottles were incubated, microbial biomass
was filtered from the seawater, and P(III) compounds were
isolated and their radioactivity determined. However, studies
of the reverse redox reaction, P(IIT) — P(V), are hindered by
a lack of commercially available 32P- or 3*P-labeled phos-
phorous acid for use in these simple assays. The synthetic
reduction of phosphoric acid to phosphorous acid is chal-
lenging due to the large reduction potential of the reac-
tion and the reactivity of intermediates with water. These
obstacles were first overcome by Zhang and Casida [13],
but the scale of the scheme they described is cost prohibi-
tive and yields **P-phosphorous acid with a molar activ-
ity (Bq mol™!) that is too low for use in oceanographic
studies. Since half-saturation constants for the uptake of
phosphite by marine microorganisms are thought to be
less than 100 nmol L=! [14], additions of phosphite in the
range of 10 nmol L™! are prescribed. Yet 100 Bq L~! of **P
or 3*P is required in the assays for reliable and repeatable
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quantification of radioactivity by liquid scintillation count-
ing at the very least. Thus, a scheme for the production of
33p-phosphorous acid with a molar activity substantially
greater than 10 GBq mol~! is required.

Experimental

A number of overarching constraints drove the design of
the synthesis scheme presented here. First, since the goal
was to produce labeled phosphorous acid for use on oceano-
graphic research cruises, which are often months in duration
originating from ports over the world, I chose to use longer-
lived ¥*P-labeled phosphoric acid. This stated, there is no a
priori reason why the scheme could not also be used with
32P_labeled phosphoric acid. Second, since **P is consider-
ably more expensive than P, the scale of each synthesis
was limited to approximately 3.7 MBq **P. Third, phosphate
binds to glass, which may attenuate reaction yield. Thus,
glass was avoided where possible. When glass was necessary
it was treated with a solution of 3 mol L™ hydrofluoric acid
and 2 mol L™! hydrochloric acid as described [15], and then
baked overnight at 450 °C. Fourth, since water reacts with
intermediates in the synthesis scheme, practical steps were
taken to reduce introduction of water to reactions. All rea-
gents used were of the highest available purity from Sigma-
Aldrich in a further effort to eliminate water. Finally, since
the immediate purpose of developing a micro-scale synthetic
route for >*P-phosphorous acid is to benefit oceanographers,
the scheme utilizes common laboratory equipment and sim-
ple techniques wherever possible.

The first step in the scheme (Fig. 1a) is to convert phos-
phoric acid ([**P]H;PO,) to phosphorus oxychloride ([**P]
POCl,). Zhang and Casida [13] utilized a reaction involving
a treatment of 33P—H3PO4 with phosphorus pentachloride,
but I found that this reaction was not amenable to minia-
turization. Instead, [33P]H3PO4 was equilibrated directly
with POCIl; as described by Keenan et al. [16]. Ten pL of
a 37 GBq L™! solution of carrier-free [**P]JH,PO, (Perkin
Elmer), equivalent to 370 kBq or 2 pmol of phosphorus,
was carefully added to the bottom of a 100 pL conical reac-
tion vial (Wheaton V-Vial) using an adjustable pipette with
a plastic tip. The water was then evaporated from the vial
in a vacuum centrifuge (Eppendorf Vacufuge) at 60 °C

C

a b
H,*PO;— *POCl;— *PCl,— H,*PO,

Fig. 1 Reaction scheme for production of [33P]H3PO3 from [*P]
H;PO, using the following reagents and conditions: a equilibration
with POCls, reflux 110 °C, [16]; b reduction of [33P]POC13 with
PPh;, reflux in toluene at 110 °C, [13]; ¢ reaction of [33P]PC13 with
water, —78 °C [13]
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for 30 min. This step was repeated 10 more times, yield-
ing 3.7 MBq in the vial. The vial was then lyophilized in a
vacuum desiccator for 3 days (Best Value Vacs), after which
a barely visible smudge of [**P]JH;PO, was observed at the
bottom of the vial. Next, 10 uL of POCl; (= 100 pmol) was
added to the bottom of the vial with a 100 pL syringe, and
the vial was flushed with nitrogen and tightly sealed with
a Teflon-lined screwcap. The vial was partially immersed
(2 mm) in an oil bath set to 110 °C, which effected the reflux
of POCl;. Approximately every hour, the vial was removed
from the oil bath and tapped on the bench to bring any con-
densed [33P]POC13 back to bottom of the vial. This was
repeated for 24 h, after which the vial was removed from
the bath, allowed to cool, and centrifuged briefly to be sure
all the [33P]POC13 was at the bottom of the vial.

The next step in the scheme (Fig. 1b) is to reduce the
[**P]POCI, to phosphorus trichloride ([**P]PCl;) using tri-
phenylphosphine (PPh;). This step was done by first placing
39 mg (= 150 pmol) of PPh; in a 1 mL Teflon bottle (Cole
Parmer), to which a micro stir bar was added. Next, 100
pL of anhydrous toluene was added to the vial containing
the [33P]POC13 from the previous step, and the solution of
[33P]POCI3 in toluene was transferred to the bottle. The vial
was then rinsed 4 times with 100 pL anhydrous toluene,
with each rinse being added to the Teflon bottle. The bottle
was then flushed with nitrogen and capped. The bottle was
partially immersed (5 mm) in a 110 °C oil bath and the stir-
rer was set to 200 rpm. After 18 h, the bottle was removed
from the bath and vigorously shaken to bring any [**P]PCl,
that may have condensed on the cap or sides of the bottle
back down into the solution. The bottle was then partially
immersed (5 mm) in a dry-ice/acetone bath in preparation
for the next step.

The final step (Fig. 1c) is the reaction of [33P]PC13 with
water to form **P-labeled phosphorous acid ([**P]H,;PO;).
To a new 1 mL Teflon bottle, 500 pL of water was added.
This bottle was then partially immersed (5 mm) in dry-ice/
acetone bath for 5 min to completely freeze the water. Work-
ing very quickly, the two bottles were removed from the
dry-ice/acetone bath, and the 500 pL solution of [**P]PCl, in
toluene was added to the bottle containing the frozen water.
The bottle was then partially immersed in the dry-ice/ace-
tone bath. The vial remained there for several hours; as the
dry ice sublimed, the level of the bath gradually descended,
thereby slowly removing the vial from the bath and allowing
the frozen water to very gradually melt.

The combined 1 mL mixture in the Teflon bottle was
transferred to a 10 mL glass centrifuge tube, and the bottom
aqueous layer containing the [33P]H3PO3 was transferred to a
1.5 mL plastic microcentrifuge tube. The remaining organic
phase was washed twice with 500 pL of ice-cold water, and
the aqueous wash phases were combined in the microcen-
trifuge tube. The microcentrifuge tube containing the [**P]
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H;PO; was then dried overnight in the vacuum centrifuge
to remove residual toluene. After dissolving the [**P]H;PO;
in 1 mL water, aliquots were taken for purity assessment
by 3'P-NMR and molar activity analysis by preparative ion
exchange chromatography.

To access purity by >'P-NMR analysis, 200 L of 0.6 mol
L~! deuterium chloride in D,0 was added to 800 pL of *P
H;POj; solution. The solution was analyzed by the Woods
Hole Oceanographic Institution Organic Spectroscopy Facil-
ity on a Bruker AVANCE 400 NMR spectrometer using
phosphate as the reference (0~ 0 ppm). The frequency was
162 mHz, temperature was 295 K, and the recycle time was
3 s. Peak areas of the spectrum were integrated and com-
pared to standard solutions of H;PO5 and H;PO, to provide
an estimate of the purity of the H;PO; product.

For ion exchange chromatography, a 10 uL aliquot was
diluted with 990 pL water and 100 uL was injected onto
an ion chromatograph (Thermo Dionex ICS-2100). The
[33P]H3PO3 was quantified by conductivity against a pure
phosphorous acid standard, and the eluting fraction corre-
sponding to phosphorous acid was collected and analyzed
by liquid scintillation counting to determine **P activity. A
detailed description of this method was published previously

[7].

Results and discussion

The synthesis scheme yielded relatively pure H;PO; (Fig. 2).
The *'P-NMR showed the expected single hydride doublet

with two major peaks of identical intensity at 2.91 and
7.08 ppm (JP-H=676 Hz). These peaks were identical in

1 Phosphoric acid (H,PO,)
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Fig.2 3'P NMR spectrum of final synthesis product prior to further
purification of [**PJH;PO; by preparative ion exchange chromatogra-

phy

relative intensity and chemical shift to standard solutions
of H;PO;. The H;PO; doublet represented approximately
93% of the phosphorus, indicating that H;PO was the over-
whelmingly dominant product. The major impurity was
H,PO,.

The H;PO; was also of sufficient molar activity for use
in biological incubation assays at sea. The **P activity of
the H,PO; purified by ion exchange chromatography var-
ied between 0.7 and 2.8 MBq representing a reaction effi-
ciency between 21 and 75%. Regardless of the overall yield,
the molar activity of the product ranged between 41 and
59 GBq mol~!. This result is somewhat higher than the
expected molar activity of 37 GBq mol~!, which is defined
by the ratio of **P radioactivity from [**P]H;PO, and the
moles of POClI,. I attribute this discrepancy to error in dis-
pensing the POCl,, which is highly viscous at room tempera-
ture and difficult to quantitatively draw into and eject from
a syringe. Regardless, this result affirms the observation of
Keenan et al. [16] that [33P]H3PO4 completely equilibrates
with POCIl; at high temperature. Interestingly, radioana-
lytical analysis of the synthesis product by preparative ion
exchange chromatography showed that H;PO; was effec-
tively the sole **P-labeled product (Fig. 3). This indicated
that the Hy;PO, identified by NMR did not also include [**P]
H;PO,, and, thus, must not have been introduced as a con-
taminant in the first step of synthesis. The aforementioned
preparative ion exchange chromatography clearly separated
H,PO; from H;PO,, allowing isolation of very high purity
[*3*P]H,PO; final product.

A number of potential pitfalls were identified during the
course of the development of this scheme for [**P]H;PO;
synthesis. First and foremost, water in the reaction appeared
to have a number of deleterious effects, as expected. Dur-
ing method development it appeared that traces of moisture
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Fig.3 Preparative ion exchange chromatograph of final synthesis
product shown in Fig. 2. The black circles indicate the **P radioac-
tivity of fractions collected at one-minute intervals. The solid line is
a conductivity trace. Retention times of phosphorous acid and phos-
phoric acid were verified with pure standards
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present in the first step (Fig. 1a) reacted with POCl,;, yield-
ing HyPO, that diluted the [**P]H;PO, and reduced the
molar activity of the end product. Complete lyophilization of
the [**P]JH,PO, at the outset of the synthesis appeared very
important for the success of the first step, as was baking the
glassware. If water was present in the second step (Fig. 1b),
for example as a contaminant in a previously-opened bottle
of toluene, then any newly synthesized [33P]PC13 reacted
with it to make [33P]H3PO4. Using anhydrous toluene is a
simple and inexpensive precaution. A related pitfall is the
controlled reaction of [**P]PCl, with water in the third step
(Fig. 1c). It appeared to be insufficient to allow the reaction
between PCl; and ice to proceed on the bench: the reaction
must be further slowed by initiating the reaction on dry ice
(=78 °C) and allowing the dry ice to sublime over the course
of a few hours. Finally, tight-fitting caps are essential, since
100 pmol of POCI; (bp 106 °C) or PCl; (bp 76 °C) vapor
can rapidly escape a reaction at 110 °C and condense on
nearby surfaces.

Conclusions

The [**P]H;PO; synthesis method described here yields
[**P]H;PO; with a molar activity nearly 3 times greater
than described by Zhang and Casida (15.4 GBq mol~! vs.
48 GBq mol~!) while starting with 5% of initial radioactivity
(74 MBq vs. 3.7 mBq). This new synthesis scheme accom-
plishes the goals of producing a substrate that is amenable to
experimentation at sea while minimizing the initial quantity
of **P and associated costs.
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