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In man (2) and other mammals (3), most of
the amino acid load in the glomerular filtrate is
reabsorbed from the proximal tubule against a
chemical gradient (4, 5). There are indications
that human tubular absorption of the different
chemical groups of amino acids occurs by means
of several transport mechanisms. In cystinuria,
for example, transport of only the di-amino acids,
cystine, lysine, ornithine, and arginine, is im-
paired (6-9). In familial glycinuria (10) only
glycine reabsorption is abnormal. In Hartnup
disease (11, 12) there is impaired transport of
most of the neutral amino acids; there is, however,
relatively little impairment in absorption of the
cystinuric group of amino acids or of the imino
acids and glycine.

The presence, in patients with familial hyper-
prolinemia (13, 14), of a specific hyperamino-
aciduria comprising proline, hydroxyproline, and
glycine raised the possibility of a transport mech-
anism selective for these three compounds. In
this disease we observed that prolinuria occurred
only when the plasma proline concentration was
greater than 0.8 mM (normal, < 0.3 mM); at
this point hydroxyprolinuria and increased gly-
cine excretion also appeared despite normal plasma
concentrations of the latter two compounds. Pre-
sumably under these circumstances, the amount of
proline in the glomerular filtrate exceeded its ca-
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pacity for complete tubular absorption. To ac-
count for the presence of hydroxyprolinuria and
excessive glycinuria in the presence of prolinuria,
the suggestion was made that proline competed
with the other imino acid and with glycine for a
“common”transport system in the renal tubule
(1, 13).

The present study was undertaken to further
clarify the relationships between imino acid and
glycine transport. We also attempted to deter-
mine whether there was a maximal rate for tu-
bular reabsorption of L-proline (TmPro). Our
earlier assumption (1, 13) that imino acids and
glycine shared a ‘“‘common”transport mechanism
was re-evaluated in light of the more recent in-
vestigations.

Methods

Subjects included seven healthy adult males, ages 24
to 40 years; one female child (S.McE.), age 12 years,
with familial hyperprolinemia; her mother, age 39 years;
her father, age 40 years; and one male adolescent
(P.St.L.), age 16 years, with hypophosphatemic-gly-
cinuric-glucosuric rickets.

Techniques. All experiments were performed in the
morning, on fasted, resting subjects. Before and dur-
ing the procedures, water was drunk to insure urine
flow rates of 5 to 20 ml per minute. Urine was col-
lected by spontaneous voiding.

A) Rapid 1w infusion experiments. A 30-minute (con-
trol) urine specimen was collected before infusion; at
the mid-point of this period a venous blood sample was
collected in heparin. The amino acid solution (0.65
mmoles per kg) was then infused into an antecubital
vein within 3 minutes. Urine specimens were col-
lected during three consecutive clearance periods of 15,
30, and 30 minutes, respectively. At the mid-point of
each clearance period (8, 30, and 60 minutes), venous
blood was drawn. Endogenous creatinine clearance
rates were determined in each period of two experiments.
Eight infusions with L-proline, two with hydroxy-L-pro-
line, three with glycine, two with L-alanine, and one with
L-valine were performed.
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B) Steady-state v infusion experiments. L-Proline
was infused intravenously, using a constant-rate infu-
sion pump, five times in three normal male subjects and
once in the subject with hypophosphatemic rickets. Prim-
ing and sustaining doses of inulin were administered in
the usual manner. After equilibration for 45 minutes,
two consecutive urine collections, each lasting 15 to 20
minutes, were performed, and venous blood samples were
drawn at two or three points during the double period.
The true mid-point blood time was calculated with refer-
ence to each urine collection, assuming a delay between
formation of urine at the glomerulus and collection from
the bladder of less than 5 minutes at urine flow rates
greater than 5 ml per minute. Priming doses of L-pro-
line (0.5 to 1.3 mmoles per kg) were then infused into
the venous catheter delivering inulin, and a sustaining
infusion of proline (3.2 umoles per kg per minute) was
added to the sustaining inulin infusion. At least 20-
minute equilibration followed each proline priming infu-
sion, after which a pair of 15-minute urine collections
or a single longer collection was made with two ac-
companying venous blood samples. The priming infu-
sions were repeated at intervals until the plasma proline
concentration had been raised sufficiently to induce marked
prolinuria.

Preparation of samples. Urine specimens were pre-
served with thymol and frozen at —21° C. Plasma was
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separated immediately from the blood cells, deproteinized
with 1% picric acid (15), and frozen.

Materials. The amount of chromatographically pure
L-amino acid! required for each infusion was dissolved
in 25 to 50 ml distilled water, adjusted to pH 7.4, passed
through a Seitz (VF) filter, and steam autoclaved at 15
pounds pressure for 20 minutes at 122° C. A sample
was chromatographed before infusion to confirm purity.

Analytical methods. Urine samples, equivalent to
4-second volumes, and deproteinized plasma (625 ul) were
analyzed qualitatively for amino acid content. The
method used was two-dimensional partition chromatog-
raphy on filter paper, with phenol-ammonia and lutidine
development (16), or high voltage electrophoresis on
filter paper, followed by solvent partition chromatography
in the second dimension (17). The chromatograms were
stained with either Ninhydrin (0.2% wt/vol) in acetone,
the Ninhydrin-isatin stain of Kolor and Roberts (18),
or K. N. F. Shaw’s modification of the latter (0.25%
wt/vol Ninhydrin, 0.020% wt/vol isatin; 1.0% vol/vol
2,6-lutidine in acetone, heated once at 75° C and 24 hours
later at 100° C).

1 QObtained from Mann Research, New York, N. Y.;
California Biochemical Corp., Los Angeles, Calif.; Nu-
tritional Biochemicals, Cleveland, Ohio; and Lnght and
Co., Colnbrook, England.

TABLE I

Response to rapid infusion of imino acids

L-Proline infusion Hydroxy-L-proline infusion

Subject Period Hydroxyproline Proline Glycine Hydroxyproline Proline Glycine
A C* 0.02 0.11 0.22 ft* 0.15 0.29
1 0.03 1.89 0.27 1.97 0.17 0.29
2 0.03 1.01 0.30 0.42 0.15 0.27
Plasma, umoles/ml 3 0.02 0.71 0.29 0.31 0.14 0.21
B C ft 0.12 0.24 trace 0.18 0.17
1 ft 1.21 0.23 1.26 0.23 0.21
2 0.14 0.15 0.15
3 0.12 0.10 0.14
A C 0 0 1.67 0 0 1.50
1 0.96 t 10.14 t 0.86 6.12
2 0.79 16.32 9.61 11.50 0.15 6.31
Urine excretion, umoles/min 3 0.04 0 4.18
B C 0 0.01 0.71 0 0 1.04
1 3.2 t 4.30 64.92 0.57 2.81
2 2.97 0 2.06
3 0.14 0 0.84
A C 0 0 7.5 0 0 5.2
1 30.8 1 33.8 b 49 20.7
. 2 249 b 32.1 1.0 23.1
Clearance, ml/min/1.73 m? 3 0 20.1
B C 0 trace 2.9 0 0 6.1
1 increased 18.8 b 2.5 13.1
2 b 0 13.1
3 1 0 6.1

* C = control, ft = faint trace.
+ Immeasurably high value.

1 Value not calculated, since plasma and urine concentrations were changing rapidly.
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One-minute volumes of urine and suitable volumes of
plasma were analyzed quantitatively by ion exchange
column chromatography, using the earlier method of
Moore and Stein (15) with their later modification
(19, 20).

Free proline in urine and plasma samples from the
constant-rate infusion experiments was also measured
by the chemical method of Messer (21). This method
is reported to obtain good specificity for proline with
the color reaction. We encountered difficulties with
urine samples’ containing large amounts of proline, gly-
cine, and hydroxyproline; therefore we performed ion
exchange column chromatography (19, 20) on all samples
at high levels of infusion. Proline values by the chem-
ical method changed in a consistent manner after steady-
state infusions but had poor predictable numerical rela-
tion to values obtained by chromatography (19, 20).

Inulin was measured by the modification of Schreiner’s
technique (22) and endogenous creatinine by the method
of Miller (23).

Results

Rapid v infusion experiments in normal sub-
jects? A) L-proline. After infusion, there was
a marked increase in urinary excretion of proline,
hydroxyproline, and glycine in all subjects. Other
amino acids were not comparably affected. The
changes were most obvious in the first postinfu-
sion period (0O to 15 minutes) and subsided
thereafter, as the plasma proline concentration
fell (Table I). The increase in urinary excre-
tion rates of hydroxyproline and glycine were not
associated with increases in their plasma concen-
trations, nor with increases in the filtered load
when monitored by endogenous creatinine clear-
ance rates. Therefore, clearance rates of hy-
droxyproline and glycine could be raised by in-
creasing the filtered load of proline (Figure 1).

There were slight increases noted in the urinary
excretion of threonine, serine, methionine, tyro-
sine, and phenylalanine in three subjects; this
was observed only during the second or third post-
infusion period. Amino acid clearance rates were
determined in two subjects; the values remained
within normal limits, in contrast to the changes in
renal clearance of hydroxyproline and glycine.
The endogenous creatinine clearance rate did not
change significantly in one subject in whom it was
measured before and after infusion.

2 The complete quantitative data for all experiments
analyzed by column chromatography are not included in
the text but have been deposited with the American
Documentation Institute of the Library of Congress.
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Fic. 1. ENDOGENOUS AMINO ACID RENAL CLEARANCE
RATES IN A SINGLE SUBJECT, BEFORE AND AFTER (0 To 15
MINUTES) RAPID INFUSION OF AN AMINO Acip. Upper
figure: response to L-proline infusion; middle figure:
response to hydroxy-L-proline infusion; lower figure:
response to glycine infusion. Stippling represents an in-
crease in clearance rates after infusion; otherwise the
lower horizontal line in the histogram represents a re-
duction in clearance value after infusion. TAU =taurine,
OH-PRO = hydroxyproline, ASP = aspartic acid, THR
= threonine, SER =serine, GLN = glutamine, ASN =
asparagine, PRO = proline, GLU = glutamic acid, GLY
= glycine, ALA = alanine.
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B) Hydroxy-L-proline. Urinary excretion rates
and endogenous renal clearance rates of proline
and glycine were increased by iv infusion of hy-
droxyproline (Table I, Figure 1). The response
was greatest when plasma hydroxyproline con-
centration was highest. The effect on proline
and glycine clearance was less than the comparable
effect at equivalent plasma levels for proline after
its infusion.

C) Glycine. Three infusions were performed,
two on the same subject. There was no hydroxy-
prolinuria produced on any occasion. On a single
occasion there was slight but clearly detectable
prolinuria in the first postinfusion period (Fig-
ure 1); preinfusion excretion and clearance of
proline rates were zero, respectively ; postinfusion,
0.050 pmole per minute and 0.3 ml per minute per
1.73 m?, respectively. Postinfusion prolinuria

377

was not clearly demonstrable in the other two
studies.

In both subjects, glycine infusion was followed
by increased urinary excretion of threonine and
serine (Figure 1). The renal clearance rates of
these compounds increased ; their raised excretion
rates were not primarily accounted for by changes
in plasma concentration. We also observed a two-
fold increase in e-amino-n-butyric and histidine
clearances and marked increase in sarcosine con-
centration of plasma in one experiment.

D) L-valine and L-alanine. Infusion of either
amino acid, producing plasma concentrations of
the infused compound equivalent to those obtained
in the other studies, had no effect on imino acid
excretion. Valine infusion increased the glycine
renal clearance from 6.6 ml per minute per 1.73
m? (normal) to 12.1 ml per minute per 1.73 m?

TABLE II

Caa with rapid infusion of amino acids in normal adults*

Control values (preinfusion)t

Postinfusion values (0-15-minutes)$

Range Hydroxy-
L-Proline L-proline Glycine L-Valine L-Alanine
Amino acid Group 1 Group 2 Grand mean & SD infusion  infusion infusion infusion  infusion
Proline 0 0-0.05 0 4.94 0.12§ 0 0
2.52 0.23 0 0
Hydroxyproline 0 0 0 30.8 0 0 0
37.6 0 0 0
Glycine 2.7-5.8 2.5-6.6 4.7 £+ 13 33.8 20.7 12.10 5.80
18.8 13.3
Valine 0.04-0.30 0.15-0.21 0.16 £ 0.06 0.14 0.13 0.04 0.13
0.07 0.13
Alanine 0.3-0.9 0.2-0.8 0.50 £ 0.21 0.3 0.39 0.44
0.9 0.59
Glutamic acid 0.3-0.7 0.1-0.8 0.4 =+ 0.25 0.6 0.17 0.55 trace 0.80
0.33 0.10
Threonine 0.8-1.5 0.6-1.6 1.0 +0.35 0.45 1.61 1.62 1.40 0.60
1.70 1.26 2.71
a-Amino-n-butyric acid 0-1.3 0.3-1.5 1.1 3 0.46 0.52 1.12 1.12 1.83 0.61
trace
Leucine 0.2-0.9 0.2-0.3 0.3 +0.23 0.34 0.38 0.26 0.23 0.38
0.25
Phenylalanine 0.7-1.4 0.3-1.1 0.87 = 0.3 1.32 0.85 0.62 0.90 1.00
1.22
Histidine 4.7-9.7 3.3-8.4 6.5 £ 2.02 3.3 4.46 8.25
17.90
Lysine 0.2-1.9 0.2-0.7 0.7 +=0.6 0.3 0.83 0.52
1.6

* Caa = clearance of amino acids, expressed as ml per minute per 1.73 mZ

1 Contr?ils: Group 1, subjects studied by Cusworth and Dent (2) (no. = 4); Group 2, normal subjects (no. = §) from
present study.
| Postinfusion data: When two values are given, they represent data from two different studies on different subjects.
Y These studies were in the same subject. In the first study (0.12 value), the sample was analyzed on two different
Beckman amino acid analyzers; no proline was found in one analysis.
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(abnormal value). Despite the relation in steric metabolism (24), was not increased by valine
conformations, valine had no influence on leucine infusion.

and isoleucine excretion; the excretion of B-ami- The excretion response to rapid infusion of
noisobutyric acid, a potential product of L-valine each of the five amino acids is summarized in

TABLE III

Constant infusion of L-proline*

Amount
Amino acid Periodt Plasma Urine Caa Filtered Reabsorption reabsorbed
pmoles/ml numoles/min/ ml/min/ umoles/min/  pmoles/min/ %
1.73 m? 1.73 m? 1.73 m? 1.73 m?
Ornithine C 0.066 0.029 0.44 7.05 7.02 99.5
4% 0.075 0.048 0.64 10.24 10.19 99.3
Lysine C 0.127 0.083 0.65 13.72 13.64 99.5
4 0.134 0.136 1.0 18.50 18.36 99.3
Histidine C 0.057 0.475 8.34 6.13 5.65 92.3
4 0.071 1.080 15.20 9.80 8.72 89.0
Arginine C 0.045 trace trace 4.83 ~4.83 ~100
4 0.058 trace trace 8.00 ~8.0 ~100
Hydroxyproline C ~0.05 0 0 ~5.00 ~5.00 100
4 0.042 1.64 32.8 5.80 4.16 71.8
Aspartic acid C 0.006 0.014 2.34 0.64 0.63 98.5
4 0.010 0.017 1.70 1.38 1.36 98.5
Threonine C 0.094 0.152 1.62 10.10 10.01 99.0
4 0.112 0.448 4.00 15.46 15.01 97.3
Serine C 0.099 0.323 3.27 10.62 10.30 97.0
4 0.121 1.200 9.92 16.70 15.50 92.9
Glutamine and asparagine C 0.478 0.429 0.90 51.30 50.82 99.0
4 0.302 1.506 1.70 41.70 40.20 96.5
Proline C 0.152 trace trace 16.31 ~16.31 ~100
4 1.565 56.6 36.95 216.0 159.4 73.9
Glutamic acid C 0.084 0.034 0.40 9.02 8.99 99.8
4 0.211 § 29.10
Glycine C 0.216 1.00 4.63 23.20 22.20 96.7
4 0.202 10.68 52.80 27.85 17.17 61.5
Alanine C 0.290 0.165 0.57 31.08 30.92 99.2
4 0.360 0.804 2.24 49.70 48.90 98.4
a-Amino-n-butyric acid C 0.017 0.030 1.77 1.83 1.80 98.4
4 0.017 0.090 5.30 2.34 2.25 96.4
Valine C 0.184 0.016 0.09 19.78 19.76 99.9
4 0.145 0.076 0.50 20.00 19.92 99.5
Half-cystine C 0.029
4 0.112
Methionine C 0.019 0.012 0.63 2.04 2.03 99.5
4 0.015 0.038 2.52 2.07 2.03 98.0
Isoleucine C 0.042 0.021 0.50 4.51 4.49 99.4
4 0.041 0.052 1.26 5.66 5.61 99.2
Leucine C 0.093 0.030 0.32 10.00 9.97 99.6
4 0.090 0.052 0.58 12.42 12.37 99.4
Tyrosine C 0.045 0.077 1.72 4.84 4.77 98.4
4 0.042 0.148 3.52 5.80 5.65 97.5
Phenylalanine C 0.044 0.049 1.11 4.72 4.67 98.8
4 0.042 0.103 2.48 5.80 5.70 97.5

* Subject, normal adult male. . . .

+ Inulin clearance in control period (C), 107.3 ml per minute per 1.73 m?; in period 4, 138.0 ml per minute per 1.73 m2
t At TmPro; 20-minute period beginning 135 minutes after onset of L-proline infusion.

§ Overrun by proline.
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TABLE 1V

Tubular absorption of L-proline and excretion rates of glycine and hydroxyproline
in relation to filtered L-proline load

Tubular Urinary
Inulin Plasma  Filtered Urinary absorption Urinary hydroxy-
Subject Time clearance  proline proline proline of proline glycine proline
min ml/min les/ml  pmoles/ umoles/min les/ les/min  pmoles/
min mn min
Part I (priming dose of proline, 50 mg/kg)
1: Normal male
24 years 30-61 118 0.12 14 0* 14 t 0%
65 kg 85-105 106 0.50 53 0* 53 nc} 0}
130-159 125 0.96 120 <1.0 119 nci 01
175-206 114 1.15 132 1.0 138 1.27 0
Part II (priming dose of proline, 150 mg/kg)
40-89 117 2.2 260 73 187 6.2 0.8
111-140 108 3.9 420 260 160 9.9 1.6
159-192 81 3.5 285 86 199 6.9 1.0
(Priming dose of proline, 50 mg/kg)
2: Normal male
31 years 30-60 105 0.15 16 <.005 16 1.0 0
71 kg 75-91 97 0.65 64 o* 64 nci 0%
108-125 108 0.88 95 0.7 94 2.2 0
141-156 140 1.27 178 14 164
175-190 138 1.56 216 57 159 10.7 0.44
Siudy A (priming dose of proline, 100 mg/kg)
3: Normal male
26 years Preinfusion 0.16 0* t (13
50 kg 50-75 115 0.97 112 0.5 112 1.6 0
110-127 125 1.12 140 14 126 6.3 0.38
157-173 113 2.14 242 55 177 0.66
Study B (priming dose of proline, 150 mg/kg)
Preinfusion 0t 1 0%
45-85 125 0.72 90 01 90 nc 0%
115-136 129 2.03 262 15 247 4.4 0.34
170-190 140 2.44 342 72 270 6.4 0.62
220-240 128 2.80 358 104 254 - 0.71
4: Male
16 years 45-78 72 0.15 11 0.09 11 3.3 trace
Hypophosphatemic rickets 116-133 76 0.93 71 0.23 70 4.3 0.10
with hyperglycinuria 150-171 72 1.38 99 9.7 89 7.2 0.75

* Subject 1: Two studies, Tm not reached in Part I; plotted as one study in Figure 2.

Subject 3: Two studies

apparent and true Tm reached in both. Values differed. Plotted as two studies in Figure 2.
t Normal amount of glycine excreted (qualitative estimate).

1 Observation made by qualitative chromatographic methods; nc =

method).

Table II. Endogenous renal clearance data are
presented for the amino acids used for infusion
and also for one amino acid representing each of
the major chemical groups [these include neutral
amino acids (C2 to C5); a hydroxy-C4-homo-
logue (threonine); and an aromatic, a hetero-
cyclic, a cationic, and an anionic amino acid].
Data for the first postinfusion period are com-
pared with control data; the latter include pre-
infusion amino acid clearance values from the
present study and from another study using com-
parable techniques in normal adults (2). Also
evident in Table II are the selective interrelations

no change from previous period (qualitative

between imino acid and glycine during renal
clearance.

Constant-rate infusion studies with L-proline.
Four subjects were studied six times to determine
whether the increases in urinary excretion and
renal clearance rates of hydroxyproline and gly-
cine, following L-proline infusion, were the re-
sult of changes in the filtered load, of net tubu-
lar secretion, or of inhibition of tubular absorp-
tion of these compounds.

The increase in urinary excretion of hydroxy-
proline and glycine was clearly related to selective
inhibition of tubular absorption of these com-
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TABLE V
Maximal tubular absorption of L-proline in man

X Inulin clearance Plasma proline  Venous plasma threshold Tubular reabsorption Tm proline
Subject at Tm* reached for prolinuriat maximum Inulin clearance
ml/min pumoles/ml pmoles/ml pmoles/min
1 102 3. 1.3 180 1.76
2 138 1.6 1.0 172 1.25
3 a) 113 2.1 (0.8) 1861 1.65
b) 134 2.8 1.9 260 1.86
4§ 72 1.4 0.9) >90 >1.2

* Average at Tm.

t “Line threshold” method; figures in parentheses indicate “line’” method applied to data below Tm, hence lower

values.

1 “Apparent” Tm value, based on the maximal reabsorbed load reached, which appeared near the Tm value.
§ Tm not reached; data are values at reabsorptive capacity reached in experiment.

pounds; an example is shown in Table III. This
phenomenon appeared in each subject when the
filtered load of proline reached the threshold for
prolinuria itself (Table IV); the inhibitory ef-
fect of proline increased as its filtered concen-
tration increased. In addition to the obvious ef-
fect on hydroxyproline and glycine, there was
slight inhibition of tubular absorption of threo-
nine, serine, histidine, and glutamine plus as-
paragine.

Evidence for a Tm-proline in man. The four
subjects discussed in the previous section were
investigated for the presence of a maximal tubu-
lar reabsorptive capacity for L-proline (TmPro).
Insignificant amounts of proline were excreted
when the plasma proline concentration was normal
(0.10 to 0.30 pmole per ml) (Tables III and IV).
Prolinuria did not increase significantly until the
plasma proline concentration reached at least
0.8 wmole per ml. The “line-threshold” ® plasma
concentration at which prolinuria occurred was
approximately 1.0 umole per ml in these studies
(Table V).

A maximal rate for tubular reabsorption of
L-proline was clearly observed in three studies.
In a fourth, the filtered proline load was insuffi-
cient to obtain more than one point at the ap-
parent Tm. Since it was reasonable to believe
that a Tm had actually been reached, the ap-
parent TmPro is included with the data in Table
V. These data are expressed in Figure 2 as the
relation between the filtered load: Tm ratio and
the reabsorbed load: Tm ratio; the data conform
to the expected pattern for a Tm phenomenon.

8 Calculated from the abscissa intercept of the regres-

sion line relating urinary excretion of proline (ordinate)
to plasma proline concentration (abscissa) (25).

A TmPro was not reached in the rackitic sub-
ject at a reabsorbed load : inulin clearance ratio of
1:2. The “line-threshold” value for prolinuria
in this subject was comparable to the values for
the other subjects.

Imino acid and glycine excretion in familial
hyperprolinemia. The apparent threshold for pro-
linuria in three sibs with familial hyperprolinemia
and normal renal function was approximately
0.8 to 1.0 pmole per ml (13, 14). The value was
slightly lower in the proband who had severely

e

REABSORBED : Tm RATIO

1.5 24

1 1
0.5 1.0
LOAD : Tm RATIO

F16. 2. RELATION OF FILTERED AND REABSORBED AMOUNTS
OF L-PROLINE TO THE MAXIMAL RATE OF TUBULAR REAB-
sorRpTION (TR) oF proLINE (TMPro) i1n MAN. The
maximal filtered load: TmPro ratio obtained was 2.38, at
which the TR : TmPro ratio was still approximately 1.0.
Note splay in nephron response. Symbols refer to sub-
jects in Table IV: B Subject 1; @ Subject 2; O, A
Subject 3, studies A and B, respectively.
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Fi1c. 3. ENDOGENOUS AMINO ACID RENAL CLEARANCES IN A PATIENT WITH
FAMILIAL HYPERPROLINEMIA, BEFORE (CLEAR BARS) AND AFTER (45 To 75 MIN-
UTES) (STIPPLED BARS) IV INFUSION OF L-PROLINE. Upper range of values
in normal subjects (Table II) is shown (hatched bars) for comparison.
Preinfusion plasma proline concentration, 0.98 umole per ml; postinfusion

(60-minute) value, 1.6 umoles per ml.

impaired glomerular and tubular function. Hy-
- droxyprolinuria and hyperglycinuria did not oc-
cur unless prolinuria was also present. In one
patient who was studied in detail, endogenous
amino acid renal clearance rates were determined
before and in the third (45 to 75 minutes) pe-
riod after rapid infusion of r-proline. The pre-
infusion plasma proline concentration was 0.98
pmole per ml, and there was abnormal iminoaci-
duria and glycinuria; urinary excretion of the
other amino acids was normal. After infusion
of proline, when the plasma proline was 1.6 umoles
per ml (at 60 minutes), renal clearance rates for
imino acids and glycine were further increased
(Figure 3). Slight increases in threonine and
serine clearances also occurred.

Therefore, the specific hyperaminoaciduria in
familial hyperprolinemia is dependent on the hy-
perprolinemia, and the aminoaciduria has a
mechanism similar to that in normal subjects re-
ceiving L-proline infusions.

The parents of the hyperprolinemic sibs were
also investigated. The plasma proline levels and
renal excretion of amino acids were normal in
both subjects.

Discussion

Some reflection on the general properties of
amino acid transport is of interest in discussing -
the foregoing experiments. Cellular transport of
amino acids occurs by a facilitated or active proc-
ess and not by passive diffusion (26). The
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transport process is rate-limited and exhibits
specificity with reference to substrate (26). As
would be expected, competitive inhibition for
transport can occur between molecules of similar
steric conformation. The properties of glycine
transport in particular have been studied inten-
sively (27-29), and in wvitro observations on the
high competitive affinity of imino acids for the
glycine transport mechanism (27) have long pre-
ceded the present in wiwo observations. The
above-mentioned studies and many others like
them have, in general, been performed on ascites
cells or intestinal sac preparations. However, re-
cent in vitro work (30, 31) has shown that the
general principles apply equally well to amino
acid transport in kidney slices. It should not be
difficult then to find reasonable interpretation of
the present in vivo investigation of renal tubular
function in terms of the principles of amino
acid transport.

Our initial observations in familial hyperpro-
linemia provided the stimulus for this investiga-
tion. These observations were that a specific
hyperaminoaciduria accompanied hyperproline-
mia, and that this aminoaciduria occurred only
when the plasma proline concentration exceeded a
certain limit. An explanation for these phenom-
ena is now possible.

The amount of the filtered proline load deter-
mines the presence or absence of the aminoaci-
duria. Infusion studies in normal subjects
showed that specific hyperaminoaciduria, indis-
tinguishable from that of familial hyperprolinemia,
accompanied an increase in the filtered proline
load.

The mechanism of occurrence of this amino-
aciduria had two distinct components. The pro-
linuria was dependent on the plasma proline level
(i-e., filtered proline load); the threshold for
prolinuria was the same in normal subjects as in
familial hyperprolinemic subjects. Prolinuria in
these subjects was therefore of prerenal origin
(terminology of Dent and Walshe) (32). On
the other hand, the hydroxyprolinuria and hyper-
glycinuria, which appeared when the filtered pro-
line load was increased sufficiently, were the re-
sults of impairment of the tubular absorption; in
other words, this component of the specific hyper-
aminoaciduria was of renal origin. This is ap-
parently the first example of combined renal and
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prerenal mechanisms accounting for a specific
hyperaminoaciduria in man.

The next point of interest concerns the sig-
nificance of a threshold for prolinuria. The
threshold itself was clearly detectable, unlike that
for many other amino acids (reviewed by Smith)
(33). Above threshold values, prolinuria rapidly
increased, and eventually it became directly pro-
portional to the filtered proline load. This ob-
servation suggests that the proline transport
mechanism has a high affinity and a low satura-
tion limit for its substrate; this characteristic has
since been documented in witro (31). Under
specific investigation a maximal rate for tubular
absorption of L-proline was found. This indi-
cates that the tubular mechanism for transport
of proline is saturable, as would be expected.
The range of the TmPro, on the basis of the
limited number of experiments, is fairly wide.
The Tm was approached with some rounding off
(Figure 2); this is also seen with many other
substrates. The customary explanation is that
such splay is indicative of heterogeneity in the
nephron response to perfusion by the filtered sub-
strate load (34). On the other hand, this round-
ing off of response is also a typical occurrence in
the progression from first order to zero order
kinetics, which is what prevails when saturation of
a rate-limited transport reaction occurs.

The TmPro is, to our knowledge, the first amino
acid Tm that has been demonstrated in man. Tm
values for other amino acids in the dog have been
observed (reviewed by Smith) (33).

The final point of interest arising from the in-
vestigations in familial hyperprolinemic and nor-
mal subjects concerns the specificity of the in-
hibitory effect that L-proline had on tubular ab-
sorption of other amino acids. This was limited
to hydroxyproline and glycine; other manifesta-
tions of inhibition of transport were insignificant
by comparison (e. g., of serine and threonine).
Similar selectivity was noted when hydroxypro-
line was infused and thereby used as the inhibitor.

Steady-state infusion experiments with L-pro-
line demonstrated that the inhibitory effect
emerged only when the inhibitor was approaching
the saturation level for its own transport. There-
after, inhibition of glycine and hydroxyproline
transport increased with increased filtered load of
the inhibitor (L-proline). This suggests that pro-
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line has higher affinity for transport than glycine
or hydroxyproline; when sufficient L-proline is
bound to its transport mechanism, excess amounts
become a competitive inhibitor against the latter
two compounds. This particular data should in-
dicate that proline, hydroxyproline, and glycine
are not transported by a single transport mecha-
nism. Initially, however, we postulated that the
two imino acids and glycine shared a “common”
transport mechanism for which the relative affini-
ties of the three substrates were proline > hy-
droxyproline > glycine (1, 13). Inhibition of
transport by a single member, limited to the group
in its effect, should then be an indication of com-
petition for the “common” system.

We found observations, reported elsewhere, in
accord with the hypothesis that imino acids and
glycine have properties of cellular transport in
common. 1) In Hartnup disease (11, 12, 35) im-
pairment in renal and intestinal transport of most
of the neutral amino acids is the result of a specific
genetic mutation. However, transport of imino
acids and glycine does not appear to be abnormal
by comparison in this phenotype.

2) During the first few months of life, the hu-
man infant has elevated urinary excretion of
imino acids and glycine, although the excretion
of other amino acids is comparable to that ob-
served in later life. This suggests a single mecha-
nism responsible for the reabsorption of these
three amino acids that is slow to mature in the in-
fant kidney.

3) Joseph, Ribierre, Job, and Girault (36) de-
scribed a convulsive disorder in infancy with a
specific renal hyperaminoaciduria comprising pro-
line, hydroxyproline, and glycine. Jonxis (37)
has also studied a male infant with a history of
neonatal convulsions, failure to thrive, and exces-
sive urinary excretion of proline, hydroxyproline,
and glycine persisting after early infancy. In both
studies the plasma amino acid concentrations of
the patients were normal. The aminoaciduria in
these infants may therefore reveal impairment of
a selective tubular reabsorptive mechanism for
imino acids and glycine.

There are also, however, observations casting
doubt upon the existence of a discrete transport
mechanism “common” to imino acids and glycine :
1) In our experiments glycine infusion produced
minimal prolinuria and no hydroxyprolinuria.
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We tried to explain this by assuming very low
affinity of glycine for the “common” system. The
naturally occurring counterpart of this experi-
ment is idiopathic hyperglycinemia (38, 39), in
which there is a marked increase in renal filtration
of glycine but no abnormal iminoaciduria.

2) Valine infusion increased glycine clearance
but had no effect on imino acid clearances. If
the imino acids and glycine were transported by a
single common system, valine should inhibit all
three substrates. )

3) One subject in our study (the boy with hy-
pophosphatemic rickets and hyperglycinuria) has
impaired tubular reabsorption of glycine as part
of his renal tubular syndrome, yet imino acids are
not comparably affected. Furthermore, in familial
(renal) glycinuria described by de Vries and as-
sociates (10), iminoaciduria was not observed.

4) In our experiments there were increases in
clearance rates produced by the infusion of imino
acids and glycine affecting amino acids beyond
the limits of the hypothetical “common” trans-
port system. Whereas glycine infusion had little
effect on imino acid excretion, it increased clear-
ance rates of serine and threonine, in addition to
raising the plasma concentration of serine; this
phenomenon has also been noted by others (40).
Infusion of either imino acid increased clearance
rates of serine, threonine, a-amino-n-butyric acid,
and the aromatic amino acids in later postinfusion
periods. Clearance rates of serine and threonine
were also slightly increased in familial hyperpro-
linemia (Figure 3).

Our initial concept (1) of a single (i.e., “ com-
mon”) transport mechanism specific for proline,
hydroxyproline, and glycine does not fit all of the
observations discussed. The difficulty appears
to be in the belief that a “common” implies a
“single” transport mechanism. Ahmed and Schole-
field, who have recently investigated the criteria
for proving that different molecules are trans-
ported at a single site (41), concluded that such
a phenomenon occurs only under exceptional cir-
cumstances. Recently the transport of imino acids
and glycine has been studied ¢» vitro in mammalian
tissue (31); apparently these three compounds
are not transported by a single mechanism. Very
interesting and important considerations are there-
fore raised concerning the structural and func-
tional relations that must exist when separate



384

transport mechanisms behave under certain ge-
netic, developmental, and induced conditions as
though they have something in common.

Summary

Renal tubular transport of imino acids and gly-
cine was investigated in healthy human subjects
and in patients with familial hyperprolinemia. In
the latter condition there is a specific hyperamino-
aciduria comprising proline, hydroxyproline, and
glycine. This appears when the plasma proline
concentration exceeds approximately 1.0 pmole
per ml (normal maximum, 0.3 pmole per ml).
Identical hyperaminoaciduria was produced in
normal subjects by iv infusion of L-proline.

Prolinuria occurs in healthy and familial hy-
perprolinemic subjects by a prerenal mechanism.
Hydroxyprolinuria and hyperglycinuria occur by
a renal mechanism, their tubular absorption be-
ing inhibited by high concentrations of L-proline.
A combined mechanism for abnormal amino-
aciduria has not previously been described.

Tubular transport of L-proline in man is a
saturable process, and a TmPro is demonstrable.
L-Proline becomes an inhibitor for glycine and hy-
droxyproline transport when it approaches the
saturation limit for its own transport; the inhibi-
tion is presumably competitive. The transport of
imino acids and glycine has interrelations not
shared with other amino acids.
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