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Formation and Excretion of Pyrrole-2-Carboxylate in Man

ANNEM. HEACOCKand ELIJAH ADAMS
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A B S T R A C T A detailed investigation of the purifica-
tion of pyrrole-2-carboxylate (PCA) from human and
rat urine indicates that previously reported mean values
overestimate the correct quantity of free PCA by a
factor of approximately three for rat urine and approxi-
mately five for human urine. Although several criteria
of purity were satisfied by a previous method, pyrrole-
reactive impurities were still present in the final frac-
tions. These impurities are separated from PCA by
chromatography through an amino acid analyzer ion-
exchange resin. With the corrected method, normal
human values for endogenous urinary PCA in 16 in-
dividuals averaged 0.51 gmol/day, with a range of 0.20-
1.3 ,umol and a SD of 0.31 /Amol. The probable source
of human PCA is free hydroxy-L-proline, as inferred
from the high value for PCA in the urine of a subject
with hereditary hydroxyprolinemia, and from the three-
to eightfold elevation in PCA excretion by two normal
subjects after a large oral load of hydroxy-L-proline.
Subcutaneous administration of [2-"C]PCA to a single
human subject indicated almost complete conversion of
the exogenous compound to derivatives, which are
largely excreted in the urine. Data are discussed sug-
gesting that much or all of the PCA in human urine
may be formed in urine from a labile precursor, pre-
sumably A1-pyrroline-4-hydroxy-2-carboxylate.

INTRODUCTION
Pyrrole-2-carboxylic acid was synthesized over a cen-
tury ago (2), but its history as a compound of bio-
logical origin is rather recent. It was first identified as
a degradation product of sialic acids (3), then as a
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derivative of the oxidation of the D-hydroxyproline
isomers by mammalian D-amino acid oxidase (4). The
latter relationship results from the lability of the direct
oxidation product, A'-pyrroline-4-hydroxy-2-carboxylic
acid, which loses water spontaneously to form the pyr-
role (Fig. 1). A similar reaction is catalyzed by the
more specific allohydroxy-D-proline oxidase of Pseudo-
monas (5).

In whole animal observations, pyrrole-2-carboxylate
(PCA) ' was identified in rat or human urine after
administration of the D-isomers of hydroxyproline (6),
a finding ascribable to the action of D-amino acid oxi-
dase. The finding that radioactive hydroxy-L-proline,
fed to rats, also labeled urinary PCA (7) was difficult
to interpret because of the presence in rat colon of
bacteria capable of catalyzing the conversion of hy-
droxy-L-proline to allohydroxy-D-proline (8). However,
the conversion in rats of parenterally administered L-
proline to PCA, reported by Gerber, Gerber, and Alt-
man (9), was unexplained until our recent finding
(10) that the L-amino acid oxidase of rat kidney is
able to oxidize hydroxy-L-proline to A1-pyrroline-4-
hydroxy-2-carboxylate at a rate sufficient to account
for the endogenous production of PCA. Similar findings
and the same conclusion were subsequently reported
from another laboratory (11).

The excretion of endogenous PCA by man has been
reported from three laboratories: by Gerber, Traelnes,
Wood, and Altman (12), by Yaminishi, Iguchi, Ohy-
ama, and Matsumura (13), and by ourselves (10). The
methods for isolating urinary PCA varied, being based
in two studies (12, 13) on conversion to pyrrole and
its distillation, and in another study (10) by extraction
of PCA into ether and removal of impurities by ion-
exchange chromatography. Nevertheless, values from
these laboratories were all in close agreement, averag-
ing between 2 and 3 Amol/24 h for healthy adults.

In the work described here, we have investigated

1Abbreviation used in this paper: PCA: pyrrole-2-car-
boxylate.
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earlier methods for isolating and measuring urinary
PCA, with the conclusion that all previously reported
values considerably overestimate the quantity of free
PCA excreted. We also report studies on the effect
of elevated body levels of free hydroxy-L-proline on
PCA excretion, on the excretion pattern after ad-
ministering radioactive PCA to man, and on the
source and site of PCA formation.

METHODS
Purification of PCA from human urine: method 1. Urine

from healthy volunteers was collected in bottles containing
2 ml of toluene and 20 ml of 1 M Tris, pH 9.0. No attempt
was made to control diet or activity in these subjects. The
24-h collection began after the first morning urine was
discarded and included the first morning urine of the
following day. Samples were stored at - 15'C or analyzed
within a day after collection. The volume was measured
and a 50-ml sample was removed; to it was added [3H] -
PCA (4-6 X 10' dpm). The urine sample was adjusted to
pH 3-4 with 2 N HCl and extracted with 125 ml of ether
in a continuous liquid-liquid extractor for at least 4 h
(sometime overnight) at room temperature. The ether ex-
tract was brought almost to dryness in a flash evaporator
at 350C, taken up in 4 ml of water, adjusted to pH 2-4 if
necessary, and applied to a 1 X 10-cm column of Dowex-
50 H+ (X8, 100-200 mesh, Dow Chemical USA, Mem-
brane Systems Div., Midland, Mich.). The column was
washed with distilled water and the first 50 ml of effluent
were collected, evaporated to dryness, brought to 2 ml
with water, and analyzed for PCA and radioactivity. By
this method, PCA was stable in urine kept for 18 h at
room temperature under collection conditions, as determined
either by adding authentic PCA to a sample of urine or
comparing measurements of endogenous PCA made im-
mediately and after storage.

Further purification of PCA. The ether extract of urine
was concentrated to 10-15 ml in a flash evaporator and ex-
tracted with 10 ml of 0.1 N NaOH by vigorous shaking
in a screw-cap tube. The water phase was brought to 0.5
N in HCl, placed in a distilling flask, and heated over a
flame almost to dryness; the distillate was collected and
pyrrole-reactive material was measured with reference to
a pyrrole standard, freshly distilled and appropriately
diluted.

Chromatography and electrophoresis. The concentrated
Dowex-50 effluent was chromatographed on 20 X 20-cm
silica gel sheets (No. 6060, Eastman Kodak Co., Rochester,
N. Y.) in any of several solvents: n-propyl alcohol: water
(64: 36); ethyl alcohol: water (75: 25); tert-butyl alcohol:
formic acid: water (70: 15: 15); sec-butyl alcohol: 3%o aque-
ous NH8 (100: 44); ethyl acetate: isopropyl alcohol: 3%aque-
ous NH8 (9:6:4); n-propyl alcohol: 1 N NH, (20:30);
and tert-butyl alcohol: 1 N NH3 (100: 44). Corresponding
R, values for PCA were 0.51, 0.77, 0.96, 0.87, 0.35, 0.73,
and 0.81, for the respective solvents given. Flat-bed elec-
trophoresis (Savant apparatus, Savant Instruments, Inc.,
Hicksville, N. Y.) was carried out in 0.05 M sodium
acetate, pH 5.6, on Whatman 3 MMpaper (65 X 15 cm) at
2,500 V for 2 h, with cooling. Under these conditions, PCA
moved 25 cm toward the anode. Radioactivity on paper or
thin-layer sheets was located by cutting out 1 X 2.2-cm
sections and counting these directly in scintillation vials.

HO HO

KN2OCOOH NLCOOH
H H

Hydroxyproline A-Pyrrofine-4-hydroxy- Pyrrole-2-corboxylic acid
2-carboxylic acid

FIGURE 1 Formation of PCA from hydroxyproline. For-
mation of the pyrroline oxidation product results from en-

zymatic oxidation by L- or D-amino acid oxidase of the
appropriate isomers of hydroxyproline. This product is un-

stable and readily loses a mole of water to yield PCA.

PCA was detected on paper or thin-layer sheets by dipping
these in a p-dimethylaminobenzaldehyde solution (1 g of
reagent in 90 ml of acetone and 10 ml of concentrated
HCl) and heating the paper in an oven at 1200C for
several minutes until a pink-purple color developed.

Purification of PCA from human urine: method 2.
Method 1 was followed, except that a larger sample (360
ml) of urine was extracted with ether, to accommodate the
extra purification step. To it was added approximately 10'
dpm of [2-14C] PCA and the pH was adjusted to 3-4 with
2 N HCl. The sample was divided into six 60-ml portions
and each was continuously extracted with ether as in
method 1. The combined ether extract was evaporated
almost to dryness and brought to 8 ml with water, and
half was applied to each of two Dowex-50 columns, as

above. The water effluent was collected as under method 1.
The Dowex-50 effluents were combined and evaporated
after adjusting the pH to 4-5. The residue was brought
to 0.5 ml with water and applied to an amino acid analyzer
column (0.6 X 63 cm, Durrum DC-1 resin, Durrum Instru-
ment Corp., Palo Alto, Calif.). The sample was washed in
with Durrum Pico Buffer A, adjusted to pH 2.95. The
column was operated at 52°C and eluted with the same

buffer, pumped at a rate of 0.6 ml/min with a Milton-Roy
minipump (Milton-Roy Co., St. Petersburg, Fla.), collect-
ing fractions of 1.5 ml. Authentic PCA was eluted at
90-100 min; PCA in urine samples purified by method 1
or PCA added to such samples sometimes emerged from
the column earlier, usually at 80-85 min. It should be em-

phasized that the elution position of PCA was somewhat
variable, depending on the pH and complexity of the
sample chromatographed (whether urine or a simpler solu-
tion) and on the history of the column. The binding forces
that retard PCA on a cation-exchange column are not
obvious, and it seems likely that they may be sensitive to
small changes in conditions. It is therefore important to
identify the PCA peak in such samples by cochromatogra-
phy with radioactive PCA as an internal marker.

Purification of PCA from rat urine. Male Wistar rats
(80-150 g) were kept in plastic metabolism cages per-
mitting the gross separation of urine from feces. Up to five
rats were kept in a cage and were offered water and food
ad lib. Urine was collected in a vessel containing 1 ml of
toluene and 2 ml of 1 M Tris, pH 9.0. Urine from several
rats was pooled, filtered, and adjusted to pH 3-4 with 2 N
HCl. For the determination of unlabeled endogenous PCA,
4-6 X 10' dpm of radioactive PCA was added to the urine
before extraction. For the purification of PCA by method
1 or 2, the rat urine was treated essentially as described
above for human urine.

Assay for PCA. PCA was measured by a modification
of the Neuman-Logan assay for hydroxyproline (14), with
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FIGURE 2 Final purification of PCA by ion-exchange chro-
matography. Each panel shows the elution of PCA (puri-
fied by method 1) from an amino acid analyzer column.
The left ordinate is absorbance (p-dimethylaminobenzalde-
hyde assay) of 0.5-ml samples (0). The right ordinate
is radioactivity in counts per minute (0) of 0.1-ml samples.
Radioactivity was measured in all tubes but was found
only where shown. A represents a 24-h urine collection
(from eight rats), to which 7 X 10' dpm of [2-"C] PCA
was added before further processing. B represents 300 ml
of human urine to which 7 X 10' dpm of [2-14C] PCA was
added before further processing. In B, the contents of
several tubes representing the radioactive peak were pooled
for a single PCA analysis. See the text for other details.

omission of the oxidation step that converts hydroxyproline
to Al-pyrroline-4-hydroxy-2-carboxylate (4). The method
was slightly modified from that described earlier (5). The
sample was diluted to 0.5 ml and treated with 0.2 ml of p-
dimethylaminobenzaldehyde solution (5% in n-propyl alco-
hol) and 0.3 ml of 3.6 N H2SO4. The mixture was heated
for 5 min at 750C and the absorbance at 560 nm was read
in a Zeiss PMQ II spectrophotometer (Carl Zeiss, Inc.,
New York). The molar absorbancy is 4.2 X 104 at 560
nm and the assay was linear with PCA to an absorbance
of 0.6. Calculations of endogenous PCA in human or rat
urine were corrected for losses during purification by the
recovery of radioactive PCA that had been added initially.

Radioactivity measurements. These were carried out in
a Packard Tri-Carb instrument (Packard Instrument Co.,
Inc., Downers Grove, Ill.) with plastic mini-vials with 6
ml of Aquasol (New England Nuclear, Boston, Mass.) as
scintillation fluid.

Preparation of radioactive PCA. [G-3H] PCA was pre-
pared by incubation of [G-3H]allohydroxy-D-proline with
hog-kidney D-amino acid oxidase. [G-3H] Allo-hydroxy-D-
proline was obtained in turn by the enzymatic epimeriza-
tion of the correspondingly labeled hydroxy-L-proline, a
commercial product. The latter was incubated with hy-

droxyproline-2-epimerase (100 ptCi of substrate, repre-
senting about 20 nmol, 200 U of enzyme, fraction VI or
VII [Table II, ref. 15]). Incubation was carried out in
0.05 M Tris, pH 8.1, in a final volume of 1 ml for 4 h
at room temperature. The reaction was stopped by adding
0.1 ml of 2 N HCl and the suspension was centrifuged at
100,000 g for 15 min. The supernatant solution was applied
to the Durrum DC-1 column described above and eluted
with the pH 2.95 buffer. An initial peak, presumably 3H20
(15), was not retarded on the column; the second and
third peaks eluted at 70-75 min and 80-85 min, respec-
tively, corresponded to hydroxy-L-proline and allohydroxy-
D-proline. The latter fractions were pooled and desalted by
elution from a 1 X 10-cm column of Dowex-50 H+ (8X,
100-200 mesh) with 1 N NH4OH. The identity and purity
of [3H]allohydroxy-D-proline were confirmed by paper elec-
trophoresis at pH 2 (16), or by thin-layer chromatography
in n-propyl alcohol: water: methanol (7: 3:2) (hydroxy-
L-proline, Rf 0.39; allohydroxy-D-proline, Rf 0.19).

[G-3H]Allohydroxy-D-proline, prepared and purified as
above, was incubated with hog kidney D-amino acid oxidase
as follows: 50 ALCi substrate (6.5 X 109 dpm/,umol), 70 U of
D-amino acid oxidase (Sigma Chemical Co., Inc., St. Louis,
Mo., crystalline, 15 U/mg, which had been dialyzed against
one liter of 0.01 M sodium pyrophosphate, pH 8.3, for 4 h
at 4 C), 20,000 U of catalase (beef liver, Worthington
Biochemical Corp., Freehold, N. J.), 30 ttg of FAD, and
70 umol of sodium pyrophosphate, pH 8.3, in a total volume
of 5.2 ml. The mixture was incubated at 37°C in air, with
shaking. At 4 and 8 h, 70 U of D-amino acid oxidase, 20,000
U of catalase, and 30 14g of FAD were added. After 22 h,
the incubation was stopped by adding 1 ml of 2 N HCl,
the volume was brought to 50 ml with water, the pH was
adjusted to 3.5-4.0, and the solution was extracted with
125 ml of ether in a liquid-liquid extractor for 4 h. The
ether layer was evaporated to dryness on a flash evapora-
tor, brought to 4 ml with water, and applied to a 1.1 X
25-cm column of Dowex-50 H+. The column was eluted
with water, collecting 1.5-ml fractions. Usually two peaks
of radioactivity emerged from the column; the second,
larger peak was PCA. After concentration in a flash evapo-
rator, its identity and purity was checked by paper electro-
phoresis at pH 5.6 (see above); labeled material traveled
with authentic PCA, detected by staining the paper with
p-dimethylaminobenzaldehyde as described above. The tri-
tiated PCA represented 10-15%o of the initial [G-3H]allo-
hydroxy-D-proline and had a specific radioactivity 50%o
that of the initial hydroxy-L-proline. In the enzymatic
conversion of hydroxy-L-proline to allohydroxy-D-proline,
the specific activity diminished by 35%o, a measure of the
tritium in the a-position (15). A further drop of 15%
occurred on oxidation and/or dehydration to PCA.

[5-3H] PCA was prepared similarly from [5-3H]hydroxy-
L-proline. The latter was converted to [5-3H]allohydroxy-D-
proline essentially as described above. Oxidation of the D-
epimer (4-8 X 10' dpm), however, was carried out with
the addition of 500 ,umol of unlabeled allohydroxy-D-proline
and was catalyzed by crude bacterial allohydroxy-D-proline
oxidase (5). The PCA formed was isolated as described
above and represented 28% of the initial allohydroxy-D-
proline. Unexpectedly, specific activity of the PCA was
equal to that of the allohydroxy-D-proline and hydroxy-L-
proline, indicating no loss of tritium from the 5-position
of hydroxyproline. Tentatively, we attribute this to an iso-
tope effect resisting the loss of tritium on tautomerization
of the pyrrole ring.
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[2-14C] PCA was prepared from 50 AGCi of the mixed
isomers of [2-`4C] hydroxy-DL-proline. In this case, the
epimerization step was omitted and the oxidation step was
carried out as described for the preparation of [G-3H]PCA.

Radioactive PCA was stored in 0.001 M NaOH at
- 15'C. Some decomposition occurred over a period of
several months, as inferred from the appearance of in-
creasingly prominent peaks, which were not clearly re-
tarded on the Durrum DC-1 column, but emerged at about
12 and 30 min.

Amino acid analysis. For the experiments described
here, urinary y-hydroxyglutamate, free hydroxyproline, and
other relevant amino acids were determined with the Tech-
nicon amino acid analyzer (Technicon Instruments Corp.,
Tarrytown, N. Y.), with a column (0.6 X 63 cm) of
Durrum DC-1 resin. The elution system began with
Durrum Pico Buffer A adjusted to pH 2.95, and followed
after 45 min with the same buffer at pH 3.30. The column
operation otherwise was as noted under method 2 for PCA.
Approximately half the column output was pumped into
the auto-analyzer/recorder portion of the analyzer, in the
usual way, while the remaineder was collected in a fraction
collector.

Mass spectra. Mass spectra of authentic PCA and of
PCA purified from human urine by method 2 were ob-
tained with a Dupont 490 mass spectrometer (E. I. Dupont
de Nemours & Co., Wilmington, Del.), operating at a
source temperature of 180' C; samples in aqueous solution
were introduced via the batch inlet. The urine sample,
corresponding to the middle peak of Fig. 2B, was passed
through a small Dowex 50H+ column as in method 1; the
slight retardation of PCA on Dowex 50Hi permitted es-
sentially complete separation from the citrate buffer in
the sample applied.

Alkalinization and NaBH4 treatment of urine. To main-
tain an alkaline urine during the collection of human urine,
4.2 g of NaHCO, was ingested at the beginning of each
day's urine collection; 1.2 g of NaHCOs was taken every
2-3 h throughout the day. All urine samples, collected at
1-2 h intervals, were at pH 7-8. At each collection, urine
samples were divided into equal portions and each was
brought to 0.1 N in NaOH. To one sample, NaBH4 (4
mg/ml) was added; the other was not treated. Both
samples were then acidified to pH 3.5 with 2 N HCl, and
each was extracted with ether and analyzed for PCA
by method 2.

Sources and purity of compounds. Allohydroxy-D-proline
and hydroxy-L-proline were purchased from Sigma Chemi-
cal Co. Hydroxy-L-proline was recrystallized twice from
water-ethanol. It was judged essentially free of PCA by
adding radioactive PCA to an acidified solution of 30 mmol
of hydroxyproline and extracting this solution with ether.
The recovery of labeled PCA in the ether extract (40-
50%) was associated with no detectable PCA by colori-
metric assay; the sensitivity of this assay indicated that
contamination of hydroxy-L-proline with PCA could not
have exceeded 0.00006%. Hydroxy-L-proline was also found
to contain less than 0.0005% of a D-isomer of hydroxy-
proline by tests with hog kidney D-amino acid oxidase, as
described in detail elsewhere (1, 17). Threo-,y-hydroxy-L-
glutamate was purchased from Calbiochem (San Diego,
Calif.). Erythro-y-hydroxy-D-glutamate was a sample origi-
nally donated by Dr. M. Winitz (18). PCA was pur-
chased from Aldrich Chemical Co., Inc. (Milwaukee, Wis.)
Its UV spectrum and molar absorbancy at 255 nm (12,700)
agreed with that reported earlier (4). [G-'H] Hydroxy-L-

proline (1010 dpm/,umol) was purchased from New England
Nuclear and purified through a 0.6 X 63-cm column of
Durrum DC-1 resin under the conditions noted above. The
pH 2.95 buffer eluted two radioactive contaminants at 25
min and 95 min, in addition to the hydroxyproline peak at
70-80 min. The latter material, representing 99% of the
radioactivity, was desalted by elution from a Dowex-50
column as noted above. [5-3H]Hydroxy-L-proline (3-5 X
108 dpm/,gmol) was purchased from New England Nuclear
and was purified and desalted as for [G-'H]hydroxy-L-
proline. [2-`C] Hydroxy-DL-proline, mixed isomers (4.07 X
107 dpm/,gmol), was purchased from Calatomic (Div. of
Calbiochem, San Diego, Calif.) and was not further puri-
fied before use. p-Dimethylaminobenzaldehyde was the
American Chemical Society certified product of Fisher Sci-
entific Co. (Pittsburgh, Pa.). Reagents for the Technicon
amino acid analyzer were purchased from the Pierce Chemi-
cal Co. (Rockford, Ill.) DC-1 cation-exchange resin and
the Durrum Pico buffers were purchased from the Dur-
rum Instrument Corp.

RESULTS
PCA excretion by two methods. Initial data for the

urinary excretion of PCA by man were obtained by
method 1, which appeared valid by a number of cri-
teria. First, the method had been tested with rat urine
in the following ways: (a) Endogenous PCA in rat
urine, to which radioactive PCA was added, was
purified by method 1; a further purification step, paper
electrophoresis, then failed to alter the specific radio-
activity. (b) Urinary PCA, labeled from radioactive
precursors (proline or hydroxyproline) administered
to the rats, was purified by method 1; the labeled mate-
rial failed to separate from authentic unlabeled PCA
by paper electrophoresis or by thin-layer chromatog-
raphy in three solvents. (c) ["C]PCA in rat urine,
labeled from administered L-[U-`C]proline, was purified
by method 1, diluted with unlabeled PCA, then reduced
catalytically (10% Pd catalyst on charcoal, hydrogena-
tion at 55 lb/in', room temperature, 44 h). Proline,
formed in 20% yield, was separated from the residual
PCA by retention on a Dowex-50 H' column and elu-
tion with 2 N HCl. It was then purified on the Durrum
DC-1 column by elution with 0.066 M sodium citrate
at pH 3.30 (amino acid analyzer conditions otherwise
as under Methods). After a further purification step by
paper electrophoresis (as noted for hydroxyproline, un-
der Methods), the proline was eluted and found to
have the same specific radioactivity as the PCA (puri-
fied by method 1) from which it had been derived.

In observations with endogenous PCA purified by
method 1 from human urine, paper electrophoresis
after addition of radioactive PCA similarity failed to
alter the specific radioactivity. Like the PCA so purified
from rat urine, the p-dimethylaminobenzaldehyde-reac-
tive material purified by method 1 from human urine
appeared to move with authentic PCA in several sol-
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FIGURE 3 Frequency distribution of PCA value in 17
determinations from 16 individuals. Data from Table II,
method 2.

vents on thin-layer chromatography. Finally, the de-
termination of this material purified by method 1 was
c-ompared with the pyrrole obtained by distillation of
the ether extract; values by both methods were in good
agreement. In addition, as has been noted, our values
for the 24-h excretion of PCA in human urine, de-

TABLE I
PCA by Two Methods

PCA

Subject Age Sex Method 1 Method 2

jsmol/24 h

1 27 F 1.7 0.27
2.3 0.49

2 55 M 2.7 0.40
3 26 F 3.3 0.64
4 26 F 1.3 0.35
5 35 F 2.2 0.29
6 38 M 2.2 0.55
7 15 F 1.1 0.20
8 26 M 2.5 0.63
9 25 F 1.2 0.44

10 29 M 1.4 0.18
11 49 F 3.8 1.3
12 52 F 1.5 0.17
13 30 F 3.4 0.75
14 38 F 4.8 0.54
15 58 F 3.0 1.1
16 40 F 2.7 0.40

Mean 2.4+0.91 0.51 +0.31
4SD

For each individual values by each method were determined
from, portions of the same 24-h urine. Separate analyses
(subject 1) were from separate 24-h urines.

termined by method 1, were in agreement with those
based on two variations of a distillation method (12,
13).

Despite these numerous indications of purity of the
PCA obtained by method 1, several later findings led
us to question the validity of this method. On sub-
jecting PCA so purified (and labeled by the addition
of radioactive PCA) to further chromatography on
Biogel P-2 columns (Bio-Rad Laboratories, Richmond,
Calif.), the peak of chromogenic material (p-dimethyl-
aminobenzaldehyde assay) was eluted slightly ahead of
the peak of radioactivity; in contrast, chromatography
with authentic PCA always showed coincidence of
chromogenic material and radioactivity. Similar find-
ings were made with cellulose chromatography (What-
man cellulose powder, eluted with tert-butyl alcohol:
1 N NH40H, 4: 1) or with silicic acid chromatography
(eluted with toluene: ethanol, 7: 3), in that there was
some separation of purified "PCA" and radioactive
PCA. A possible isotope effect, attributable to the use
of ['H]PCA as the radioactive marker, was not borne
out when [2-_1C] PCA behaved in the same manner.
Possible polymerization or other alteration of urinary
PCA during the purification procedure was excluded
as an explanation, by trials in which authentic PCA,
added to the initial urine samples and carried through
all the procedures of method 1, failed to separate from
added radioactive PCA during the various forms of
chromatography noted above.

Because of slight retardation of PCA on Dowex-50
H', the greater resolution of an amino acid analyzer
cation exchange column was tested. This procedure
succeeded in separating the "PCA" fraction of method
1 into three chromogenic peaks (Fig. 2). Only one
of these coincided with authentic PCA, either labeled
or unlabeled, and whether added immediately before
this column procedure or carried through all previous
steps. The peak coinciding with authentic PCA was
also consistent with PCA in that the spectrum of its
chromogen with p-dimethylaminobenzaldehyde was
identical with that from PCA. An additional identifica-
tion of material in this peak was based on a comparison
of its mass spectrum with that of authentic PCA. The
latter compound, whose mass spectrum we were unable
to find reported, gave peaks at the following m/e ratios
(relative intensities in parentheses) : 28(100), 31(30),
32(20), 29(19), 44(19), 76(16), 69(14), and 111(0).
Material from urine gave a spectrum consistent with
that of the standard.

From the results of this added step, which constituted
method 2, it appeared that method 1 had overestimated
the daily excretion of PCA in the rat by a factor of
2-3, and the daily excretion of PCA in man by a factor
of 5-6. Table I present values for the 24-h excretion
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of PCA in a number of individuals, as estimated by
both methods, carried out on portions of the same urine
sample for each individual. Fig. 3 presents data by
method 2 in the form of a histogram.

Effect of an oral load of hydroxy-L-proline. The
effect of an oral load of hydroxy-L-proline on PCA ex-
cretion by two subjects is summarized in Table II.
Urine was collected for 24 h; hydroxyproline inges-
tion began shortly after the start of the urine collec-
tion and was divided into equal doses of 100 mg/kg
of body weight, taken every 2 h for 12-15-h period.
It is notable that both subjects experienced nausea and
dizziness beginning approximately 12 h after the first
dose of hydroxyproline and lasting for several hours.
Scriver and Goldman (19) reported muscle aching,
mild pyrexia, and nausea beginning about 12 h after in-
fusing hydroxyproline in human subjects. As shown in
Table II, free PCA in the urine excreted by both in-
dividuals during the period of hydroxyproline loading
greatly exceeded their own control values and fell at
the limit of or beyond the range of 16 control values
(Table I).

Level of PCA excretion in a hydroxyprolinemic sub-
ject. It was of interest to examine PCA excretion in
an individual with impaired catabolism of hydroxy-L-
proline via the major pathway, and consequent marked
plasma elevation of free hydroxyproline. A 24-h urine
was obtained' from a patient who has been the subject
of several extensive studies (20-22). Our determination
of free hydroxy-L-proline in this sample (301 mg/24
h) agreed with previous measurements (22). Two
assays of the PCA content of this patient's urine by
method 1 averaged 2.9 Amol, a value not significantly
different from the mean of 22 values reported earlier
by this method (10) or by the values reported in the
present paper (Table I). However, the more accurate
value obtained by method 2 was 1.4 /Amol, a value
approximately three times higher than the normal mean
by this method.

Excretion of radioactivity after injection of [2-14C]-
PCA. [2-"C]PCA was dissolved in sterile 0.9% saline
and filtered through a sterile 0.45-Am Millipore filter
(Millipore Corp., Bedford, Mass.). A sample of this
solution, chromatographed on the Durrum DC-1 column
as outlined for method 2, indicated that essentially all
the radioactivity was eluted in the same position as
authentic PCA; less than 1% was eluted in the 15-30-
min fractions. The [2-'4C]PCA (7.8 /Ci, 0.42 Amol)
was administered subcutaneously in two sites to a

single subject (subject 2, Table I). Urine was col-

2 Weacknowledge with thanks the kindness of Dr. Vivian
E. Shih, Massachusetts General Hospital, in sending us
this sample.

lected for two consecutive 24-h periods, the first period
beginning at the time of PCA administration. The
first 24-h urine contained 91% of the radioactivity in-
jected; the second 24-h urine contained no detectable
radioactivity. A 60-ml portion of the first 24-h urine,
to which 1 Amol of unlabeled PCA had been added,
was extracted with ether in the usual way; about 20%
of the urine radioactivity was ether-extractable. The
ether extract was dried, taken up in water, and passed
through a Dowex-50 H' column (1 X 10 cm). The
radioactive effluent was chromatographed through the
Durrum DC-1 column as under method 2. Most of the
radioactivity was eluted in a peak at 25 min. The free
carrier PCA, which eluted at 85 min, contained only
a trace of radioactivity. After these tubes were pooled
and losses of radioactivity in PCA were corrected by
the recovery of carrier PCA, only 0.33% of the total
radioactivity in urine was present as free PCA.

Endogenous PCA in alkaline urine. Data presented
elsewhere (1) suggested that much or all of the PCA
found in the urine of rats given hydroxy-L-proline or
allohydroxy-D-proline may be formed in the urine it-
self rather than in the tissues. The basis for this in-
ference was that after administration to rats of radio-
active PCA, urinary radioactivity was found largely
in water-soluble form. In contrast, PCA in the urine
after precursor administration was present largely as
ether-extractable free PCA. These findings could be
most easily explained if the presumptive intermediate
between hydroxyproline and PCA, A1-pyrroline-4-hy-
droxy-2-carboxylate (Fig. 1), were readily excreted in
the urine but were then rapidly converted to PCA at
the usual acid pH of bladder or voided urine. The acid
catalysis of the pyrroline compound to PCA was first
reported by Radhakrishnan and Meister (4).

TABLE II
Excretion of PCA, -y-Hydroxyglutamate, and Hydroxy-

L-Proline after an Oral Load of Hydroxy-L-Proline

Subject

1 2

Total hydroxyproline ingested, g 25 42
Total hydroxyproline, g/per kg 0.48 0.58
Urinary hydroxy-L-proline

Total, g 1.2 3.9
Fraction of dose, % 4.7 9.2

Urinary PCA
Total, ,umol/24 h 1.5* 3.3*
Fold-increase over endogenous 3-5 8

Urinary y-hydroxyglutamate, mg 76 18

Subjects 1 and 2 are the same individuals as in Table I.
* Measured by method 1, respective values for urinary PCA
were 3.4 Mmol (subject 1) and 4.5 Mmol (subject 2).
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To examine this question for endogenous PCA in
man, urine was collected from a single subject (sub-
ject 1, Table I) during a period of ingestion of
NaHCO3 sufficient of maintain an alkaline urine, as
noted under Methods. Half of each urine sample was
treated with NaBH4 to reduce any A'-pyrroline-4-
hydroxy-2-carboxylate to hydroxyproline (23). The
value for PCA in a control sample of urine was 0.46
Amol/24 h; the value for an NaBH4-treated sample was
0.34 uLmol/24 h, or about 25% less.

DISCUSSION
The data presented correct previously reported (10,
12, 13) estimates of the 24-h urinary excretion of PCA
in man. Similar studies in the rat (1), to be presented
elsewhere, also revise earlier data for the level of en-
dogenous PCA in rat urine. The revised values for
man indicate a range of only 0.2-1.3 4mol/day for the
group studied, with a mean value of 0.5 Iumol. Earlier
values with a mean five times that of the present cor-
rected values were in agreement with data obtained by
different methods in two other laboratories. It is worth
emphasizing the difficulties in reliably measuring these
low levels of PCA in urine, especially in the presence
of other compounds similar in extraction behavior and
in the capacity to react with p-dimethylaminobenzalde-
hyde. Presumably these interfering compounds may
also be pyrrole derivatives. The evidence presented
suggests that earlier methods were measuring com-
pounds other than free PCA, but similar enough to mi-
grate with it on paper electrophoresis and on several
chromatographic solvents, and to be degraded similarly
to volatile compounds which could be distilled with
the pyrrole derived from PCA. The interfering compo-
nents, however, were separable from PCA by refined
ion-exchange chromatography.

A natural consideration is that the interfering com-
pounds separable only by method 2 are actually degra-
dation or polymerization products of PCA, formed
either metabolically or under the separation conditions.
Against this possibility, however, was the finding that
on chromatographing free PCA from rat urine, which
had been labeled by the administration of labeled allo-
hydroxy-D-proline, only the true PCA peak, and not the
early or late peaks (Fig. 2), was labeled. In addition,
as can be seen by comparing endogenous PCA values
by methods 1 and 2 (subjects 1 and 2, Table I) with
corresponding values after a large hydroxy-L-proline
load (Table II), there was no significant increase in
these other pyrrole-reactive compounds, which are esti-
mated by the difference between PCA by method 1 and
PCA by method 2. A similar but more striking con-
clusion comes from experiments with rats (1) : large
hydroxy-L-proline loads, which elevated true PCA over

30 times the control levels, failed to increase peaks 1
and 3 (Fig. 2A).

Radioactive PCA, added to urine and processed
through the final column separation, also yielded only
a single radioactive peak in the "true" PCA position.
These findings would seem to exclude either the meta-
bolic or chemical derivation from PCA of the inter-
fering components separated by the final step of ion-
exchange chromatography.

The metabolic derivation of PCA in rat urine from
hydroxy-L-proline is based on its marked increase by
a hydroxy-L-proline load, its labeling from labeled
hydroxy-L-proline, and the finding of an enzymatic
basis for the oxidation of hydroxy-L-proline to A'
pyrroline-4-hydroxy-2-carboxylate by rat kidney L-
amino acid oxidase (1, 10, 11). A similar inference can
be drawn from the human data presented here. While
the daily excretion of PCA on a body-weight basis is
some 15-fold less in man (approximately 0.008 Amol/
kg) than in young rats (0.12 Amol/kg (1)), the daily
release from collagen of free hydroxyproline may also
show a similar relationship, as calculated from the data
of Weiss and Klein for the rat (24) and from Efron,
Bixby, and Pryles for man (21). Urinary PCA mea-
surements from a hydroxyprolinemic subject gave a
value three times the average value for our control
series. Ingestion of a hydroxyproline load by two nor-
mal subjects should have elevated plasma levels of hy-
droxyproline to the range of the hydroxyprolinemic sub-
ject (0.2-0.5 mM) for much of the period of urine
collection, by analogy with the findings of Efron et al.
(21) for the effect of a single oral hydroxyproline load.
In agreement with this inference and the possible re-
lationship to PCA formation, the two subjects showed
respective elevations of excreted PCA four and eight
times their own control values.

Present evidence indicates that in the rat exogenously
administered PCA is largely converted to water-soluble
conjugates. In the first such report (25), after intra-
peritoneal injection in rats of 10 mg of [1-'4C]PCA,
23-37% of the radioactivity was excreted as free PCA,
the remaining urinary radioactivity being largely pres-
ent in water-soluble conjugates. In comparable experi-
ments of ours (1) with significantly smaller doses of
labeled or unlabeled PCA, only about 5% of the ad-
ministered compound was recovered as free PCA. In
the single human experiment reported here, less than
1% of administered radioactive PCA was recovered
as free PCA. In aggregate, data for both rat and man
indicate that exogenous PCA is essentially all excreted
in the urine, most of it in conjugated form. From our
single human case, it is not clear if the extremely ef-
ficient conjugation observed is a species characteristic
or is characteristic of the small dose given.
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A filhal (jilestionl concerns the pathway of formation
4 (P A iII ,,,anl,. I'lre iiirv r stIldlies ()f liumnm;mm 1k1idne
lhomiogenates, described in mor01'e detail elsewhere (1 ),
failed to demonstrate definitive enzymne activity for the
conversion of hydroxy-L-proline to the pvrroline product
characteristic of the action of L-amino acid oxidase (10)
or D-amino acid oxidase (17). In contrast, the capacity
of rat kidney homogenate to oxidize hydroxy-L-proline
to a PCA precursor wNas clearly adequate to account for
the observed excretion of PCA 1by the rat (1). Yet the
demonstration of increased PCA excretion with an in-
creased hyI droxyproline load in man implies such a
pathway, Which may be present in man in nonrenal
tissues, or whose in vivo capacity may for unknow n
reasons be masked in the homogenate studies.

If there is such an enzymnatic origin, however, it is
likely that the immediate oxidation product, A'-pyrro-
line-4-hydroxy-2-carboxylate, is not entirely converted
to PCA in human tissues. This is suggested by the
finding that 25% of the PCA measured in acid urine is
present in alkaline urine as a borohydride-reducible
compound. It seems plausible that more than 25%, or
even all, of the PCA measured in urine is excreted ini-
tially as the pyrroline precursor, whose conversion to
PCA is catalyzed by the complex components of urine
even at a neutral or slightly alkaline pH. This infer-
ence is based in part on the finding that free PCA
administered to man is almost entirely converted to
other compounds or conjugates. The finding of appre-
ciable although small endogenous quantities of un-
changed free PCA in human urine, therefore. seems
more compatible with its generation in urine than in
the tissues. Earlier analytic methods for urinary PCA
did not give correct values, but included pyrrole-re-
active conlIonents that were probably unrelated excre-
tion products. For this reason, earlier attempts to corre-
late PCA excretion with metabolic disorders such as
hvperthyroidism (13) are (lifficult to interpret. It will
be of interest, with an apparentlv more reliable method
for PCA, to determine if PCA excretion mav be an
additional indicator of collagen turnover, as is hvdroxv-
proline excretion (26). Our findings suggest that PCA
will not be a sensitive indicator, since extremely high
levels of body free hvdroxyproline were required to
increase the excretion of PCA significantly. Further
data will be required to determine if the measurement
of PCA excretion can provide any qualitatively dif-
ferent metabolic insights thian the measurement of free
hvdroxyproline itself.
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