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SUMMARY

Commercial mixed-bed deionizing resins have been modified by conversion to the
sulfonic acid and acetate forms and used to prepare extracts of urine that contain uracil
derivatives (pK, > 8). A rapid batch extraction process, requiring less than 15 min is
described for the first time that can be used either for rapid spectrophotometric screening
of altered levels of these uracil derivatives or for accurate measurement of uracil and pseudo-
uridine by high-performance liquid chromatography on reversed-phase columns using 0.002
M ammonium formate (pH 8) in water as the solvent.

The spectrophotometric assay is based on the spectral shift of uracil derivatives when
neutral agqueous solutions are made alkaline. After the batch extraction, the factor for
conversion of absorbancy change to nmol is 0.0046 per nmol/ml for uracil and 0.0035 per
nmol/ml for pseudouridine. Pseudouridine levels in two test urines were found to be 24
and 19.3 nmol/umol of creatinine, which are consistent with published values of 17.6— 24.

INTRODUCTION

Chemical injury can be viewed as the effects of chemical exposure of tissues
that lead to cell death and/or non-lethal damage to cellular constituents. In
some instances one may expect tissue injury to result in increased levels of
urinary excretion of normal end-products of metabolism. The uracil derivatives,
viz. thymine, deoxyuridine and pseudouridine, and deoxycytidine, have been
observed to exhibit enhanced excretion subsequent to radiation or chemical
injury of intact animals or humans [1—4] or cells in culture [5, 6]. With the
increased interest in monitoring worker exposure, simple and rapid procedures
for extraction of the above uracil derivatives in urine could be valuable
screening tools.

The non-ionized character of these uracil derivatives between pH 5 and 7
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may be used for selective extraction of these compounds from body fluids. It
has been demonstrated that pseudouridine is not retained by either the cation
exchanger Dowex 50 {7] or by the anion exchanger Dowex (acetate) 1 X 8
[8]. In addition, Mrochek et al. [8] showed that virtually all the ultraviolet-
absorbing organic acids in urine were significantly retained on Dowex acctate
1 X 8 at pH 4.8 . The properties of these resins suggest that a mixed bed of the
two resins might permit adsorption of the major ultraviolet-absorbing
compounds in urine and leave the neutral uracil derivatives in solution.

While this work was in progress, we became aware of a similar approach used
by Evans et al. [9] for extracting uracil derivatives for studies of diseases of the
urea cycle. We have confirmed their observation that the neutral uracil deriva-
tives are not adsorbed to the mixed bed, but find significantly lower amounts
of pseudouridine in urine. Pseudouridine has been found to be excreted at
essentially constant levels in humans {10, 11].

This paper describes the use of commercially available mixed-bed resins to
deionize urine and leave neutral uracil derivatives in solution, and also describes
additional simple analytical techniques for rapid measurement of uracil and
pseudouridine.

EXPERIMENTAL

Resin preparation

Two preparations of mixed-bed resins have been used: Illinois Water Treat-
ment Company cartridge (Rockford, TL, U.S.A.) containing research ion ex-
changer Model 2 and Bio-Rad AG 501-x8(D) (Richmond, CA, U.S.A.). Both
resin mixtures have a blue dye attached to the anion exchanger to signal when
the hydroxide has been completely exchanged. The resins were converted to
the acetate form with 2 vols. (v/v) of 2 M acetic acid with stirring for at least
5 min or longer. The blue dye color may be discharged in this time, but the
resin continues to release gas, presumably from adsorbed carbonate. Excess
acetic acid is decanted, the resin slurry is transferred to a medium sintered-glass
funnel and washed with distilled, deionized water to remove residual acetic acid
(final pH of the wash is between 5 and 6.5). The resin is stored as a thick slurry
after mixing thoroughly with a plastic scoop. If the resin mixture is washed
with sufficient water, there is a partial return of the dye color. This color
visually facilitates the remixing of the resins which had separated during the
acetate conversion and water-washing steps.

These resin preparations were found to yield urine extracts that had no
buffering or acid content, and that could be regularly adjusted to pH 11.5
with a minimum dilution by addition of 0.02 ml of 1 M sodium hydroxide
to 1.0 ml of extract. These were used in the spectral shift method to quantify
uracil and pseudouridine.

Spectrophotometric measurements

Spectrophotometric measurements were made directly on the bead-free
extracts using an IBM 9420 UV—VIS spectrophotometer. Supernatant (1 ml)
was transferred to the cuvet for measurement of the spectrum between 340 and
230 nm. Changes in absorbance owing to alkaline-induced spectral shifts were
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measured after addition of 0.02 ml of fresh 1 M sodium hydroxide {12]. The
factor for conversion of absorbance change at 262 nm to nmol of compound
were obtained by measurement of known amounts of pseudouridine (Fig. 1)
and uracil, after treatment with the mixed bed of resins. The absorbance
change is the difference in values when measured at neutral pH and pH 11.5.
All analyses were carried out in triplicate and averages are reported.

Estimation of yield

Recovery of pseudouridine from urine was determined with a modification
of the procedure of Uziel et al. [13] using Affigel 601 as the adsorbent. After
adsorption and elution of the urine contaminants, pseudouridine was eluted
with 9 ml of 0.1 M acetic acid and then analyzed by high-performance liquid
chromatography (HPLC).

The volume of resin solids not permeated by water in the batch extraction
was measured using the difference between the expected dilution of a stock
pseudouridine solution and the observed dilution. Pseudouridine was added to
tubes, containing mixed-bed resin and water, in a known volume in order to
calculate the dilution factor. Stock pseudouridine solution (0.4 ml) containing
0.174 umol pseudouridine per ml (absorbance = 1.5) was added to three sets
of test tubes. These test tubes (in triplicate) contained either 4.0 ml of water
(set a) or 1.8 ml of resin in water in a volume of 4.0 ml (set b) or 3.6 ml of
resin in a volume of 4.0 ml (set ¢). The absorbance at 262 nm was measured
and the following equation was used to calculate the resin solids volume x:
44 A = (44 — x) B where A is the absorbance of set a and B are the
absorbancies of set b or set c.

Methods for extraction

Two extraction procedures were used. A disposable column approximately
3.5 cm X 1.5 cm (Bio-Rad Catalogue No. 731 1550) was filled with 1.8 ml of
resin mixture. The sample was added to the column and followed by elution
with water, continuous monitoring at 254 nm and collection of 0.5-ml
fractions. In the second procedure, 1.8 ml of resin was placed in a 15-ml
centrifuge tube and the sample and water were added so that the total volume
was 4.0 ml. After vigorous shaking for about 5- 10 s, the beads separate rapidly
and samples may be removed immediately for analysis. Turbid urines were also
found to be simultaneously clarified and extracted. If the beads cling to the
walls, a brief centrifugation will pack them on the bottom of the tube.

All values are the average of at least triplicate analysis.

Absorbance units are defined as the product of absorbance multiplied by the
volume of sample at a given wavelength.

HPLC analysis

Samples of the clear supernatant were injected onto a Spherisorb ODS2,
250 mm X 4 mm column (5 ym diameter bead, obtained from ANSPEC, Ann
Arbor, MI, U.S.A)) and analyzed by isocratic elution using 0.002 M ammonium
formate (pH 6). Retention times of 6.7 min (uracil) and 7.1 min (pseudo-
uridine) were obtained at a flow-rate of 1.0 ml/min at room temperature. This
analysis could detect 40 pmol of pseudouridine when the recorder was set for
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0.04 a.u.fs. at 264 nm. The compound 5-hydroxymethyluracil coelutes with
uracil (retention time 6.7 min). Two compounds not usually found in urine
elute at much higher retention times: uridine elutes at 17 min and thymine
elutes at 22 min.

Materials

Urine samples used for these studies were either donated by a normal human
male or purchased as a lyophilized powder (Ortho control urine I from Ortho
Diagnostic Systems, Raritan, NJ, U.S.A.). This material is now sold by Gilford.
The lyophilized powder is reconstituted by addition of 25 ml of distilled,
deionized water. Fresh human urine was also analysed. Most analyses were
done with the commercial urine sample. Affigel 601 and the mixed-bed resin
AG501(D) were purchased from Bio-Rad. Pseudouridine, uracil, thymine,
uridine, creatinine and cytidine were purchased from Sigma (St. Louis, MO,
U.S.A)).

RESULTS

The recovery of pseudouridine, uracil, thymine and uridine from 1.8-ml
columns of the mixed-bed resin was measured by continuous monitoring (not
shown) of injected samples (0.1, 0.2, 0.4 and 0.6 ml) and by measuring
absorbance in 0.5-ml fractions. At 2 ml effluent volume, the recovery after
injection of 0.17 to 1.0 absorbance units was 85 = 5% for each of the com-
pounds, and the recovery was greater than 98% at an effluent volume of 3.5 ml.
This indicates that these compounds do not partition into the stationary
phase and the volume to elute is determined by the dilution owing to mixing
in the column. Cytidine and creatinine were retained by the resin mixture.

The absence of pseudouridine absorption to the resin suggested a simplifica-
tion of the extraction procedure in which the sample and resin are mixed
batchwise and the supernatant is used for analysis. The contribution of the
resin solids to the total volume of solution (i.e. not permeated by water)
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Fig. 1. Absorbance values for extracts of urine and for differential spectral analysis are
plotted against volume of urine analyzed or amounts of pseudouridine (¥rd) analyzed. Two
sets of symbols are used: (4, v, 2, ¢) batech extraction; (x, o, o, =, 0) column analysis. The
plotted values are urine absorbance at 262 nm (=, x, o) and pseudouridine absorbance at
262 nm (v, »); differential absorbance at 262 nm for urine (v, ) and pseudouridine (¢, 0).
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was calculated as described in Experimental where the value of A was 0.136
and the values of B were 0.146 for 1.8 ml of beads and 0.202 for 3.6 ml of
beads. The solids accounted for 35% of the volume so that 1.8 ml of resin bed
contained 0.65 m! of solid resin.

Fig. 1 shows the absorbance of the column effluent and the supernatant
of the batch extraction when both contain 3.5 ml total water volume after
sampling 0.1, 0.2, 0.3, 0.4 and 0.8 ml of urine. Both procedures give the same
extraction values (P < 0.025 predicted range of population mean) for absor-
bance per ml urine.

The absorbance did not increase proportionately to increased sample size
with a 0.8-ml urine sample, indicating the capacity of the exchanger to remove
all ionized substances from urine is exceeded above 0.4 ml of urine (Fig. 1).
When capacity is exceeded one expects an increased absorbance above the
linear value. This decreased response shown in Fig. 1 is not understood but may
be expected, since urine does not follow Beer’s law until it is diluted 200-fold
(not shown). The dilution is only 40-fold or less in these tests, thus the inter
fering substances may not be adequately removed from a 0.8-ml urine sample.

Analysis of fresh urine also gave a linear increase of absorbance with in-
creased sample volume in the batch extraction procedure (not shown) and a
linear increase in differential absorbance measurements from 0.1 to 0.4 ml of
applied sample.

The recovery of absorbance change values from the column and batch
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Fig. 2. Chromatographic analysis of urine extract using the batch procedure. The analytical
column monitored at 254 nm and solvent are described in Experimental. A 20-ul sample
was injected at the arrow, and elution continued at 1 ml/min. Uracil (Ura) eluted at 6.7 m}
and pseudouridine (wrd) eluted at 7.1 ml.
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procedures is also linear with increasing sample size as illustrated in Fig. 1.
Application of the spectral shift analysis procedure to these effluents and
extracts showed a linear increase of absorbance difference with increasing
pseudouridine content (Fig. 1).

Application of the spectral-shift analysis procedure to pseudouridine and
uracil extracts from the mixed-bed resin gave the following values for the
change in absorbance per nmol per ml: 0.0035 = 0.0003 (n = 15) for pseudo-
uridine and 0.0046 * 0.0004 (n = 6} for uracil. Fig. 2 illustrates the chroma-
tographic separation of uracil and pseudouridine from a typical urine extrac-
tion. Table I illustrates the recovery of pseudouridine from urine by batch ex-
traction and by procedures demonstrated to quantitatively extract and measure

TABLE I
RECOVERY OF PSEUDOURIDINE AND URACIL FROM URINE

Two types of recovery are listed: the recovery of change in absorbancy at 262 nm owing to
the spectral shift in alkali and the recovery of pseudouridine. The values reported are the
total change in absorbance units (absorbance X volume in ml) and concentrations (+ 5%) in
urine (nmol/ml).

Procedure* Change in Concentration (nmol/ml)
absorbance
at 262 nm Pseudouridine Uracil
MB 0.963
MB + HPLC 0.990**  191** 70**
Boronate + HPLC 201
Recovery (%) 103 95

*The procedure MB is the batch extraction of urine. HPLC is as deseribed in Experimental.
Boronate is the affinity chromatographic procedure using Affigel 601 that gives total
pseudouridine in urine [13] (see Experimental).

**These values were calculated by conversion of the nmol of pseudouridine and uracil to
the expected absorbance change in the alkaline spectral shift assay using the conversion
factors of 0.0035 per nmol pseudouridine and 0.0046 per nmol uracil.

TABLE II
RECOVERY OF ABSORBANCE USING BATCH EXTRACTION

Three sets of triplicate analyses were used to test the recovery of pseudouridine solutions
added to urine. The stock urine and pseudouridine solutions were tested separately using
two volumes (0.2 and 0.4 ml) of each solution. The sum is obtained by addition of the two
values in the column. The ““observed” value is obtained by mixing equal volumes of urine
and pseudouridine and then analyzing 0.4 and 0.8 ml of the mixture. The higher volumes
will contain the same total amount of compounds as the individual tests.

Absorbance at 262 nm Change in absorbance at 262 nm
0.2 ml 0.4 ml 0.2 ml 0.4 ml
Urine 0.41+004 0.82+004 0.06=+0.01 011+ 0.01
Pseudouridine 0.10+0.03 0.20:0.02 0.04:0.01 0.08¢:0.01

Sum 0.51 1.02 0.10 0.19
Observed 0.56 =+ 0.03 0.93 + 0.05 0.12 + 0.02 0.17 + 0.02

+
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pseudouridine [13]. The batch extraction gave 95% of the reference value.
Since no comparable procedure exists for uracil we have estimated its recovery
indirectly. The alkaline shift data are the sum of absorbance changes for both
pseudouridine and uracil. We calculated the amount of absorbance change
expected using the measured conversion factors of 0.0035 for pseudouridine
and 0.0046 for uracil. The calculated recovery was 103%. As an additional
check, we added pseudouridine to urine and then measured recoveries using the
alkaline shift procedure. Table II illustrates the quantitative recovery. Table II
and Fig. 1 show the extraction of uracil and pseudouridine by alkaline shift and
by HPLC.

The concentrations of pseudouridine found by HPLC analysis of the batch
extracts were 195 umol/l for commercial urine (pregnant females) and 363
umol/l for fresh human urine (male, age 55 years). Creatinine measurements
showed concentrations of 7.9 mmol/l for the commercial urine (obtained from
pregnant women) and 18.4 mmol/] for the human male. These yielded ratios of
nmol of pseudouridine to ymol of creatinine of 24.6 for the commercial urine
and 19.7 for the normal male urine. Published values of nmol of pseudouridine
per umol creatinine for studies of normal humans have been reported as 22.4 =
8% (S.D.) [10}, 224 + 10% [4], 22.6 £ 20% [11], and 24 (no S.D. given)
[14]. Evans et al. [9] however, reported values of 44 nmol pseudouridine per
umol creatinine (calculated from data of Table III of ref. 9).

DISCUSSION

The challenge in measurement of pseudouridine is separation of the
compound from its complex environment, whether in RNA or in body fluids.
Assay sensitivity (40 pmol) is not always a significant challenge, since the sub-
stance is usually present in relatively high concentration: about 0.7% of mixed
RNA, 0.2 mmol/l in urine [15] and about 2 umol/l in serum [16].

Pseudouridine in urine has been quantitatively measured by combined
chromatography and absorbance measurements, combined affinity chromato-
graphy and absorbance measurements {[13], competitive binding to
radiolabeled haptene- antibody complex [17], and now combined batch ex-
traction and HPLC. The differential spectral analysis does not distinguish
between uracil and pseudouridine but may still be useful for screening for
changes in excretion levels. Each of these procedures combines physical separa-
tion (selective binding to protein or chromatographic discrimination) and
selective detection procedures (absorbance, radioactivity or differential absor-
bance measurements) to measure the neutral uracil derivatives. With this variety
of procedures, the selection of one for a given study will depend on factors
other than separation method or sensitivity.

The primary advantages of the procedures described in this study are speed
and low cost: the time from dispensing the resin mixture to completion of
HPLC for a single analysis is less than 15 min; the costs of reagents are minimal
since the resins can be regenerated and the HPLC solvent is essentially water.
Thus the procedures described here will be advantageous when time and cost
are a primary concern.

There are two potential applications for the combined urine deionizing
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and differential spectral analysis where time and cost may be of concern:
measurements of chemical injury (e.g. monitoring worker exposures) where
neutral uracil derivatives are excreted in increased amounts [1- 3], and
measurements of pseudouridine excretion during chemotherapy. Studies have
shown that cancer patients excrete increased levels of pseudouridine [18], and
that the return of pseudouridine levels to normal values is a valuable indicator
of remission of cancer [4, 14, 19]. Application of this approach to older
patients (60— 90 years) may require special attention since their pseudo-
uridine/creatinine levels have been reported to be almost twice the value of
20- 55-year-old normals [20]. The differential spectral analysis would provide
data for rapid screening of urine extracts for enhanced excretion of neutral
uracil derivatives, and HPLC would provide the exact amounts of each uracil
derivative in the mixture.
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