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Glycine contributes carbon atoms 4 and 5 and
nitrogen atom 7 of the purine ring (1-3). Bene-
dict, Yfi, Bien, Gutman and Stetten (4) have
described experiments in which the abundance of
N15 in uric acid was measured for several days
following an oral test dose of glycine-N'5. In two
gouty subjects, three times as much of the ad-
ministered N15 was recovered in urinary uric acid
as in normal subjects. In two others, however,
normal quantities of N15 appeared in uric acid.
In these studies, there was a rank order correlation
between the daily excretion of uric acid in the
urine and the per cent of ingested isotope appear-
ing in urinary uric acid. In subjects who exhibited
abnormally high basal uric acid excretions, an ab-
normally rapid and excessive incorporation of
dietary glycine into uric acid occurred. In others
whose basal excretion was approximately normal,
utilization of glycine for uric acid synthesis was
normal. Muller and Bauer (5) and Bishop, Rand,
and Talbott (6) have each reported an additional
gouty patient excreting normal quantities of uric
acid who incorporated normal quantities of gly-
cine-N'5 into urinary uric acid. The latter au-
thors also described one gouty patient who incor-
porated excessive quantities of glycine-N'5 into
urinary uric acid on two of three occasions despite
a normal urinary urate excretion. These studies,
therefore, demonstrated that overproduction of
uric acid was present in some gouty subjects, but
failed to give a clear indication of the cause of
hyperuricemia in another, perhaps predominant
group of the gouty population.

Recently, we have administered glycine-1-C'4 to
control and gouty patients in order to label uri-
nary purines, as part of a study of intermediates in
urate synthesis (7). The first two gouty patients
both exhibited excessive incorporation of C14 into
urinary urate, one despite a normal urate excretion
(7, 8). It was therefore decided to re-investigate
the problem of the rate of generation of uric acid

in gout, employing tracer doses of glycine-1-C"4
rather than large doses of glycine-N'5 as were re-
quired in previous studies.

In the present study, glycine-1-C'4 was adminis-
tered orally in 2.5 to 25 uc. doses to control and
gouty subjects, and the concentration and cumu-
lative incorporation of isotope into urinary uric
acid were determined. This paper presents data
indicating that overincorporation of glycine-1-C'4
into uric acid is a consistent finding in primary
gout, and that the failure of the glycine-N'5 tech-
nique to disclose overincorporation in some gouty
subjects may have been the result of the large dose
of glycine employed. These results have been in-
terpreted as showing that the hyperuricemia of
primary gout is due to overproduction of uric acid
in the majority if not all gouty subjects.

METHODS

Glycine-1-C'4, specific activity 1 to 2 mc. per mM, was
purchased from Nuclear Instrument and Chemical Com-
pany. Uric acid determinations were performed by differ-
ential spectrophotometry according to Praetorius (9), em-
ploying purified uricase purchased from Worthington
Biochemical Corporation. Uric acid was isolated from
urine either by adsorption onto charcoal and subsequent
elution with alkali (10) or by precipitation with copper
(11). It was recrystallized from lithium carbonate solu-
tion by addition of acetic acid (12). Uric acid was
transferred to stainless steel planchets as an acetone sus-
pension, dried under an infra-red lamp, and counted in a
Robinson gas flow counter (13) having a background of
four counts per minute. Self-absorption corrections were
made by referring all counting values to a standard mass
of 3.3 mg. per 1.54 cm.' planchet area under which con-
dition absolute counting efficiency was 24 per cent. All
specific activity values in this paper have been normalized
to correspond to a standard dose of 5.0 ,c. of glycine-1-C4.

All subjects were maintained on a purine poor diet
containing about 55 Gm. of protein for three to five days
before administration of glycine and thereafter for the
duration of the study. This diet was calculated to con-
tain an average of 30 mg. of purine-N per day. When
the urinary uric acid level had reached a constant mini-
mal value, 2.5 to 25 uc. of glycine-1-C' (0.2 to 2.0 mg.)
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FIG. 1. THE CONCENTRATIONOF C' IN DAILY URI-
NARY URIC ACID FOLLOWINGORAL ADMINISTRATION OF

GLYCINE-1-C'
The specific activity of uric acid has been plotted

against time in days for two control (W. W. and C. L.),
one asymptomatic hyperuricemic (R. A.), and five clini-
cally gouty subjects. The specific activity values have
been normalized to correspond to a standard dose of 5.0
,uc. of glycine-1-C'4.

were administered orally in solution with a light break-
fast. Daily urine collections were obtained under toluene
at room temperature for varying periods after ingestion
of labeled glycine. Pertinent data on the subjects of this
study are given in Table I.

In one gouty subject (D. W.), the labeling of expiratory
CO, was determined by methods previously described
(14). Uric acid degradations were performed accord-
ing to Buchanan, Sonne, and Delluva (2). C-6 and
C- (2 + 8) were counted as BaCO,. C- (4 + 5) were

counted as glyoxylic acid semi-carbazone.

RESULTS

The concentrations of C14 in urinary uric acid
following the ingestion of a single tracer dose of
glycine-1-C" are plotted as a function of time in
Figure 1. In two control subjects, C. L. and
W. W., the specific activities reached maxima on

the third day, after which there was a gradual
decline in isotope concentration. However, in a

third control subject, H. B.,' maximal enrichment
1 Data on control subject H. B., and gouty subject

H. H., are not shown in Figures 1 or 2, since samples
were collected for only three and four days, respectively.

occurred in the sample excreted 6 to 17 hours fol-
lowing glycine-1-C4 administration and was then
510 c.p.m. per mMof uric acid. In the seven hy-
peruricemic subjects, comprising one patient with
asymptomatic hyperuricemia and six with clinical
gouty arthritis,' there was prompt isotopic en-
richment of urinary uric acid, such that the first
day specific activity values were up to three and
one-half times greater than those found in the
control subjects. However, because of differences
in quantities of uric acid excreted, concentration
data alone do not clearly separate the gouty and
control subjects. In the asymptomatic hyperuri-
cemic subject, the specific activity curve was not
maximal until the third day but was approxi-
mately twice the level of enrichment of control
curves throughout. Thus, the day of maximal en-
richment also does not clearly separate a gouty
from a control subject. In the six clinically gouty
subjects, maximal specific activity values were
encountered on either the first or second day, and
there was a general similarity in the shapes of the
enrichment curves of the gouty subjects. There
was, however, a five-fold range in the heights of
the maximal specific activity values which varied
from 510 to 2480 c.p.m. per mMof uric acid.

From knowledge of the quantity of uric acid in
each day's urine, and of its C"4 content, the daily
excretion of C14 as uric acid has been calculated.
This information has been plotted cumulatively
and expressed in percentage of administered C14 in
Figure 2. In control subjects C. L. and W. W.,
0.15 and 0.18 per cent of the C"' fed as carboxyl-la-
beled glycine appeared in urinary uric acid in eight
days. In H. B., 0.064 per cent appeared in three
days, an entirely normal value despite his first day
maximal specific activity result. In contrast, the
asymptomatic hyperuricemic subject, R. A., in-
corporated 0.29 per cent of the administered C14
into uric acid in seven days, and the patients with
clinical gout incorporated from 0.29 to 0.66 per
cent in six to seven days. Subject H. H. incorpo-
rated 0.18 per cent in four days, again a high
value and consistent with results on the other
gouty subjects. When the results are expressed
in terms of cumulative incorporation of isotope
over several days, it is clear that gouty subjects,
as a group, differ from controls in the efficiency
with which they utilize a tracer dose of glycine-
1-C" in the synthesis of uric acid. In the patients
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studied, there was no overlap between gouty sub-
jects and control subjects. The cumulative C1'
incorporation into uric acid in the gouty patients
exceeded that found in the controls by two- to
five-fold.

It will be noted that the cumulative isotope in-
corporation curve of E. H., the gouty subject ex-
creting 1,054 mg. of uric acid daily, did not differ
greatly from those of the other gouty subjects,
with the exception that during the first 24 hours
following administration of glycine-C0 there was
a greater incorporation of C1' into uric acid than
in any other subject (this despite a specific ac-
tivity value on Day 1 which was identical with
that of control H. B.). The significance of this
finding is not clear, however, particularly since
an even greater rate of incorporation is found on
Days 2 and 3 in patient W. R., who excreted only
313 mg. of uric acid daily. In this study, there
was no apparent correlation between the basal ex-
cretion of uric acid and the per cent of ingested
isotope appearing in urinary uric acid (cf., Figure
2 and Table I).

There was also no clear relationship between the
results obtained and the advent of an acute gouty
attack. Patient W. R. was recuperating from an
acute gouty attack which had had its onset four
days prior to the administration of isotope, and

W 0.7-

= 0.6-

0.5-

CXW

o 04

e 0.3
U.'

0.

V. L. developed an acute attack on the second
day of the study and was treated with colchicine
on Days 3 and 4. Nevertheless, the results pro-
cured in these subjects were similar to those of the
other gouty subjects.

Labeling of expiratory CO2
The labeling of expiratory CO2 was determined

following oral administration of glycine-1-C14 in
gouty subject D. W. The specific activity of ex-
pired CO2 was maximal 10 to 20 minutes follow-
ing the administration of glycine. CO2 collected
at five hours still had significant C14 content, but
samples collected at 24 and 48 hours did not meas-
ure significantly above background by the counting
methods employed.

The peak specific activity of expired C1402 was
2,605 c.p.m. per milliatom of carbon, calculated un-
der conditions equivalent to those under which uric
acid values were expressed. This value was some
six-fold greater than the maximal specific activity
of uric acid (396 c.p.m. mM), attained on the sec-
ond day. Since CO2 is known to be the precursor
of C-6 of the purine ring (2, 15), the possibility
was considered that C1' fed as glycine-1-C14 had
labeled uric acid not only in C4 as a consequence
of incorporation of intact glycine, but also in C-6
via the bicarbonate pool. For this reason, the

0 I 2 3 4 5 6 7 8
DAYS

FIG. 2. THE CuxuLATE EXCRIMONOF C' IN URINARY URIc Acm FOL-
LOWINGORALADMINISTRATION OF GLYCINE-1-CM

The per cent of the administered glycine-l-C' which has been excreted as
uric acid-CT has been plotted cumulatively.
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TABLE II

Degradation of uric acid *

C-(4+S)
Uric uricSubject Diagnosis Day C-(4+5)t acid acid

c.p.m./mMt c.p.m./mM
W. W. Control 1 285 297 0.96

4 808 824 0.98

V. L. Gout 1 1,330§ 1,358 0.98
5 573 594 0.96

D. W. Gout 2 386 396 0.98
5 320 335 0.96

D. D. Myeloid 3 866§ 908 0.95
meta- 12 802 798 1.00
plasia

* C-6 and C- (2 +8) were also isolated on each sample
and counted as BaCO3.

t C-(4+5) were isolated and counted as glyoxylic acid
semi-carbazone.

* These are actual counting values. Those plotted in
Figure 1 have been normalized to correspond to a standard
dose of five pc. of glycine-1-0C4.

§ These two samples were further degraded (2) so as to
obtain Co4 and C-5 individually as BaCO,. Virtually allthe C14 was found in the BaCO2 representing C-4 of thepurine ring. Since separation of C-5 and Co4 is not com-plete (2), the small amount of C14 found in C-5 was re-
garded as contamination.

11 D. D., a 42 year old womanwith myeloid metaplasia,
received 20 lsc. of glycine-1-C4. This study will be re-
ported in detail elsewhere (8).

various carbon atoms of uric acid were isolated
from selected samples and analyzed for their spe-
cific isotope contents.

Position of labeling of uric acid

The C14 concentrations found in the various car-
bon atoms of selected samples of uric acid are
shown in Table II. It is seen that there is no
significant labeling of any carbon atoms other
than C-(4+5), whether early or late uric acid
samples are analyzed. Since C-5 of the purine
ring is derived from the a-C of glycine (2), it may
be presumed that all the C14 is in C-4, the carbon
atom specifically donated by the carboxyl-C of
glycine (2, 3). If C-5 contained C14, one would
not expect C- (2+8) to be devoid of isotope (2).
These results are taken to indicate that labeling
of uric acid following administration of glycine-
1-C" is almost exclusively a consequence of the
incorporation of the intact glycine molecule, and
that secondary labeling of positions other than C-4
is negligible. These results are in striking con-
trast to those of Shemin and Rittenberg (1) and
of Seegmiller, Laster, and Stetten (16), who found

appreciable labeling of positions other than N-7 of
uric acid after feeding N'5-glycine.

Effect of glycine carrier upon glycine-1-C14 utili-
zation
In these studies, seven consecutive gouty sub-

jects showed overincorporation of glycine-1-C4
into urinary uric acid, irrespective of the stage of
their disease or of the magnitude of urinary uric
acid excretion. Had these studies been conducted
with glycine-N'5, one would have anticipated that
perhaps all five subjects showing normal urinary
urate excretions would have showed normal iso-
tope incorporation. Indeed, subject 0. N. was
subsequently given glycine-N'5 on two occasions
and did show normal N15 incorporation values
(17). The explanation cannot lie in the distri-
bution of isotope in uric acid, for the non-specific
labeling of uric acid by N15 would tend to intro-
duce more, not less, N"' than C14. A potential
factor therefore was that of dose, since in studies
with glycine-N'5, generally 0.1 Gm. per Kg. is
given, whereas in the studies reported herein with
glycine-_-C4", doses of 0.2 to 2.0 mg. per patient
were employed.

To test the influence of the dose factor the stud-
ies on 0. N. and V. L., gouty subjects excreting
normal quantities of urate, were repeated employ-
ing 0.1 Gm. of unlabeled glycine per Kg. as car-
rier for the glycine-1-C4. The specific activity
values of urinary uric acid were considerably lower
than in the first studies, and the cumulative per-
centual incorporations of the administered C14 over
the first five days were depressed by a factor of
about 10 in comparison with the initial studies
(Table III). The absolute incorporations of gly-
cine in these studies cannot, however, be calcu-
lated, since the initial specific activities of the

TABLE III

Effect of glycine carrier upon glycine-1-C0 utilization

Glycine fed Uric acid-Experi- C" formedSubject ment Ca4 C' in days

%admix-
Pc. Gm./Kg. isekred C14

0. N. I 5.0 0.29
II 4.3 0.1 0.024

V. L. I 10.0 0.26
II 15.0 0.1 0.027
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glycine pools functioning in purine synthesis (18)
are unknown.

DISCUSSION

In an earlier study, Benedict, Yii, Bien, Gut-
man, and Stetten (4) found that control subjects
and gouty subjects excreting normal quantities of
uric acid incorporated 0.1 to 0.2 per cent of a test

dose of N15, fed as glycine, into uric acid in a

nine-day period, whereas two gouty subjects ex-

creting excessive quantities of uric acid incor-
porated much larger quantities of N'5. In the
latter patients, 0.45 and 0.56 per cent, respectively,
of the N15 appeared in urinary uric acid in nine
days.

In the present study, the incorporation of C14,
fed as glycine-l-Cl", into uric acid was also of the
order of 0.1 to 0.2 per cent in eight days for the
control subjects and was 0.49 per cent in seven

days in E. H., a gouty subject known to excrete

large quantities of uric acid in urine. However,
all five of the gouty subjects who exhibited normal
basal uric acid excretions also showed high cumu-

lative isotope incorporation values, which ranged
from 0.29 to 0.66 per cent of the fed C14 in six to

eight days. Some or all of these subjects might
be anticipated to show normal incorporation val-
ues if studied by the glycine-N'5 technique. In-
deed, as mentioned above, one of them did show
normal N15 incorporation values on two occasions
(17).

The urate degradation studies indicate that gly-
cine has been incorporated into the purine ring
intact, and that virtually all the C14 is in C-4 of
uric acid. These results suggest that overincor-
poration of glycine-1-C"4 into uric acid is a con-

sistent metabolic defect in primary gout, both in
those with the gouty trait and those who have, or

have had, clinical gouty arthritis. They further
suggest that overproduction of uric acid is the
fundamental cause of hyperuricemia in primary
gout, regardless of the stage or severity of the
disease or of the magnitude of the urinary urate
excretion.

All of the reasons for the differences in results
obtained with glycine-N'5 and glycine-1-C"4 are

not clear. At least two factors do appear to have
roles. First, the introduction of N15 into positions
other than N-7 of the purine ring, because of trans-
amination and entry of N15 into aspartic acid and

the amide-N of glutamine, the precursors of N-1
and of N-3 and N-9, respectively (19-21), would
tend to introduce a greater percentage of a given
dose of glycine-N'5 into uric acid than of glycine-
1-C"4, which appears to label C-4 quite specifically.
Second, the large dose of glycine required for the
N15 studies appears to result in a decided reduc-
tion of the percentual incorporation of C14 into uric
acid. These are opposing influences, and the ap-
parent good agreement of results obtained with
glycine-N'5 and glycine-1-C"4 in control subjects
and in gouty subjects excreting large quantities
of uric acid may therefore be fortuitous. The in-
fluence of the dose factor has not as yet been evalu-
ated in control subjects or in gouty subjects ex-
creting large quantities of urate, so a more defini-
tive explanation of this problem is not now
possible.

The curves of prompt and excessive enrich-
ment of urinary uric acid found in the gouty sub-
jects fed glycine-1-C"4 resemble those published by
Stetten's group for their gouty subjects who in-
corporated N15 from glycine excessively into uric
acid. In explanation of these N15 curves, the argu-
ments advanced by Benedict and associates (22)
and by Stetten (23) for a shunt mechanism of
urate synthesis, whereby dietary glycine can
promptly enter urinary urate without the obliga-
tory intervention of nucleic acid purines, apply
equally well to the C" enrichment curves shown
in Figure 1 The configurations of the curves ob-
tained in the gouty subjects indicate that labeled
uric acid is being formed excessively and is turn-
ing over more promptly than normal. And since
the turnover time of ribonucleic acids is about 8
to 10 days, and of desoxyribonucleic acids even
longer (24), the prompt enrichment of urinary
uric acid could not have proceeded via nucleic
acids. Some of the mechanisms permitting this
prompt direct entry of isotope into urinary uric
acid, which obviously occurs to a limited extent
also in normal subjects, are currently under study
(8, 25).

If normally the direct pathways contribute only
a relatively small fraction of the total uric acid
that is produced per unit time (the larger portion
arising by traditional reactions involving nucleic
acid catabolism), it then becomes possible to offer
an explanation as to why a two- to five-fold in-
crement in utilization of a tracer dose of glycine-
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1-C14 for urate synthesis in primary gout is not of
necessity indicative of a two- to five-fold incre-
ment in total uric acid synthesis. Suppose, for
example, that of a given quantity of purine nucle-
otides formed from glycine, 25 per cent is normally
rapidly cleaved and converted to uric acid. A
doubling of the rate of nucleotide synthesis, would
then, in the absence of any change in the quantity
of nucleotides utilized in nucleic acid production,
result in a five-fold increase in the appearance of
labeled glycine in uric acid while representing only
a two-fold increment in total uric acid synthesis.
Such a mechanism, operating variably in different
patients, might explain the lack of a high urinary
urate output in W. R. despite a very great C14 in-
corporation into uric acid, as contrasted with the
very high urinary urate outputs in E. H. and
H. H. associated, more logically, with high C14
incorporation. According to this concept, primary
gout might involve a defect in the regulation of nu-

cleotide synthesis and degradation, purine nucleo-
tide generation in excess of tissue needs resulting
in excessive uric acid production by direct routes
of synthesis.

These studies do not, however, explain why
gouty subjects who are overproducers of uric acid
do not all excrete excessive quantities of uric acid
in urine. Several factors may be of importance.
It has been shown that the fraction of filtered urate
reabsorbed by gouty persons is not significantly
different from normal. This suggests that ab-
sence of overexcretion of urate in the presence of
an elevated serum level of urate is a reflection of
some degree of impairment of glomerular filtra-
tion, and several studies indicate that this may be
the most common explanation (26-28). Impair-
ment of renal function was demonstrated in W. R.,
and may have been present in mild degree in other
subjects.

The uric acid not excreted via the kidney has
three quantitatively important fates available to it:
deposition in tophi, excretion by way of bile and
gastrointestinal tract (29), and destruction in tis-
sues (30, 31). Two of our patients (D. W. and
V. L.) were observed to develop tophi about the
time the studies were performed. Excretion by
way of bile may be quite variable in magnitude
(29), and recently it has been stated that in some

patients whose body uric acid is increased, a

greater percentage of uric acid is oxidized than in

normals (32). Thus, compensating dispositions
of urate may exist, and may condition the severity
of the hyperuricemia. These factors require better
definition, but the evidence available at this time
suggests that overproduction of uric acid in pri-
mary gout is the fundamental defect responsible
for the hyperuricemia of the disease.

SUMMARY

1. The rate of generation of uric acid in gouty
subjects has been re-investigated in studies wherein
tracer doses of glycine-l-Cl4 were fed and the ex-
cretion of C14 in urinary uric acid was determined.

2. The gouty subjects comprised six patients
with histories of acute gouty arthritis, and one
with the trait of asymptomatic hyperuricemia.
Two gouty subjects excreted excessive quantities
of urate in urine, whereas the other four, and the
asymptomatic hyperuricemic subject, excreted
quantities of urate well within the range of normal.

3. All seven gouty subjects exhibited quanti-
tatively excessive incorporation of C14 into urinary
urate. Degradation of the labeled urate suggested
that glycine had been incorporated intact and indi-
cated that non-specific labeling of the purine nu-
cleus by secondary reactions was negligible.

4. These results constitute strong evidence that
overproduction of uric acid from glycine and other
small molecules is the fundamental defect respon-
sible for the hyperuricemia of primary gout.

5. The characteristics of the curves of C14 in-
corporation into uric acid strongly suggest, as did
earlier studies with glycine-N'5, that nucleic acids
are not involved in the overproduction of uric acid
in primary gout.
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