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A B S T R A C T An adolescent male proband with hyper-
sarcosinemia was discovered incidentally in a French-
Canadian family; no specific disease was associated
with the trait. The hypersarcosinemia is not diminished
by dietary folic acid even in pharmacologic doses (30
mg/day). The normal absence of sarcosine dehydrogen-
ase in cultured human skin fibroblasts and in leukocytes
was confirmed, thus eliminating these tissues as useful
sources for further investigation of mutant sarcosinemic
phenotypes and genotypes.

The response in plasma of sarcosine and glycine, after
sarcosine loading, distinguished the normal subject from
the subjects who were presumably homozygous and
heterozygous for the hypersarcosinemia allele. Sarcosine
clearance from plasma was delayed greatly (ti, 6.1 hr)
in the presumed homozygote and slightly (ti, 2.2 hr) in
the presumed heterozygote, while plasma glycine re-
mained constant in the former and rose in the latter.
Normal subjects clear sarcosine from plasma rapidly
(ti, 1.6 hr) while their plasma glycine trend is down-
ward. The phenotypic responses suggest that hyper-
sarcosinemia is an autosomal recessive trait in this
pedigree.

Renal tubular transport of sarcosine was normal in
the proband even though he presumably lacked the sar-
cosine oxidation which should normally occur in kidney.
Sarcosine catabolism is thus not important for its own
renal uptake.

Sarcosine interacts with proline and glycine during
its absorption in vivo. Studies in vitro in rat kidney
showed that sarcosine transport is mediated, saturable,
and energy dependent. Sarcosine has no apparent trans-
port system of its own; it uses the low Km transport sys-
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tems for L-proline and glycine to a minor extent and a
high Km system shared by these substances for the ma-
jor uptake at concentrations encountered in hypersar-
cosinemia. Intracellular sarcosine at high concentration
will exchange with glycine on one of these systems,
which may explain a paradoxical improvement in renal
transport of glycine after sarcosine loading in the
hypersarcosinemic proband.

INTRODUCTION

Hypersarcosinemia with sarcosinuria was first reported
in 1965 by Gerritsen and Waisman (2), and subsequently
by Hagge, Brodehl, and Gellissen (3) and Scott, Clark,
Teng, and Swedberg (4). Only four patients are repre-
sented by these reports, but many additional patients have
since been reported to Gerritsen.1 We wish to describe
the results of our investigation of another subject with
sarcosinemia (1), in whom there is no apparent disease
associated with the biochemical disorder, thus affirming
the now prevailing impression1 that sarcosinemia is a
"nondisease." Wefound no expression of the presumed
block at sarcosine dehydrogenase (sarcosine:02 oxido-
reductase EC 1.5.3.1) in fibroblasts or leukocytes from
our patient, since this enzyme is not active in these
tissues normally. Since tetrahydrofolate is apparently in-
volved in the transfer of the formaldehyde group from
sarcosine (5), we also evaluated the patient's response
to treatment with folic acid in vivo; the trait was not
folate responsive in this pedigree. A partial impairment
of sarcosine clearance from plasma was demonstrated in
the presumed heterozygotes for this trait, indicating that
the inheritance of sarcosinemia in man is probably
autosomal recessive.

Hereditary hypersarcosinemia provides a valuable op-
portunity to study the renal transport of sarcosine, since

'Gerritsen, T. 1970. Personal communication.
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oxidation of this amino acid, which occurs normally in
mamnmalian. kidney will not contribute to measurements of
its renal uptake in vivo in the patient with hypersarcosi-
nemia. We were able to evaluate the characteristics of
sarcosine transport both in vivo in the proband and in
vitro by using rat kidney cortex slices. Although sar-
cosine appears to have no membrane transport system of
its own, it readily enters renal tissue on the membrane
systems used by imino acids and glycine (6).

METHODS

Studies in vivo. Endogenous renal clearance rates and
net tubular reabsorption rates of sarcosine and other amino
acids were evaluated by the methods described previously
(7, 8).

Loading tests were performed with sarcosine (free base,
100 mg/kg body wt) taken as a solution in apple juice at
9 a.m. after an overnight fast. Heparinized venous blood
was drawn from the antecubital vein just before the load
(0 hr) and at 1, 2, 3, 4, and 5 hr after the load. Plasma
was deproteinized immediately with sulfosalycylic acid (3%
w/v; plasma: acid, 1: 5). Timed urine collections were made
before and during the sarcosine load.

Amino acids were measured by elution chromatography
on ion exchange resins according to the methods of Spack-
man, Stein, and Moore (9) using a Beckman-Spinco model
120 analyzer, modified for rapid multiple analyses (10).

Studies in vitro: transport. Female Long-Evans rats,
weighing about 160 g, were killed by decapitation. For
studies of sarcosine transport, the kidneys were removed
immediately, and cortex slices were prepared and incubated
in Tris-electrolyte-glucose buffer (6). The measurements
of amino acid uptake and determinations of sarcosine me-
tabolism and oxidation were carried out by methods de-
scribed previously (6).

Tissue culture studies. Skin fibroblasts from normal sub-
j ects were subcultured according to the method of Hay-
flick (11). About 5 X 106 cells were incubated in a Warburg
flask in isotonic medium, pH 7.3, containing cold and '4C-
labeled sarcosine final concentration 0.5 mm. Induction of
sarcosine dehydrogenase was tested by culturing cells for 18
hr in the presence of sarcosine (1 mmand 10 mM). Intact
and sonicated cells were used in all experiments to deter-
mine whether uptake limited their capacity for sarcosine
oxidation.

Leukocyte studies. Mixed leukocytes were isolated from
venous blood by the method of Zucker and Cassen (12).
The recovery of mixed leukocytes is 60-70% by this method.
Cells were sonicated (22 kc/sec for 3-5 sec at 00C) and
incubated for 45 min as described for fibroblasts.

Homogenates. Rat tissues were homogenized in 0.25 M
sucrose with a Potter-Elvejhem homogenizer. The centri-
fuged homogenate (0.1 ml) was then resuspended and incu-
bated for 60 min in Warburg flasks containing Tris buffer
and substrate.

Sarcosine dehydrogenase activity and sarcosine oxidation.
Oxidation was measured with unlabeled sarcosine (1 mM)
and sarcosine-1-"C (0.1 mM); "CO2 was collected on filter
paper (2 cm square soaked with saturated KOH (50 AI).
The papers were dried under vacuum and counted in scin-
tillation fluid. The efficiency of C02 collecting by this
method was 57.7 ±4.9%. Sarcosine dehydrogenase was as-
sayed specifically using methyl-'C-labeled sarcosine as

substrate, by the isotope method of Rehberg and Gerritsen
(13). Pyruvate dehydrogenase was used as a control as-
say (14) for cell viability in these studies.

Chemicals. Sarcosine-1-"C (SA 2 mCi/mmole) and sar-
cosine-"CHa (SA 3.5 mCi/mmole) were purchased from
New England Nuclear Corp., Boston, Mass. Their radio-
chemical purity was confirmed by partition chromatography
and high voltage electrophoresis in several systems. Un-
labeled amino acids were obtained from Mann Research
Labs. Inc., New York. The scintillation mixture for iso-
tope counting contained 4.0 g 2,5-diphenyloxazole (PPO)
and 0.1 g 1,4-bis [2- (5-phenyloxazolyl) ] benzene (POPOP)
in 1 liter of toluene; both scintillants were obtained from
the Packard Instrument Co., Inc., Downers Grove, Ill.

Counting was performed in a Unilux II Nuclear-Chicago
liquid scintillation counter (Nuclear-Chicago Corp., Des
Plaines, Ill.) operating at 40% efficiency.

Calculations. The half-life for sarcosine disappearance
from plasma was calculated by plotting the plasma response
on log scale against time (arithmetic scale) and fitting the
best straight line to the points by the minimum root mean
square method; half-time for disappearance was obtained
directly from the slope.

Data for distribution ratios in transport studies indicate
an isotope distribution ratio (counts per minute per unit
time per milliliter intracellular fluid: counts per minute per
milliliter of initial incubation medium) unless stated other-
wise. Net uptake velocity was corrected for the nonsaturable
component by the method of Akedo and Christensen (15).
The steady-state conditions used in our studies allow satis-
factory estimates of the Michaelis constant for uptake of
an amino acid (16), and under these conditions biphasic
uptake kinetics were observed when the uptake velocity of
sarcosine was examined in relation to its concentration in
the medium. Assuming that the observed sarcosine uptake
was the sum of one or more components, then:

u observed = ul + u2 . . + un. (1)

Vmax and Km for each component can then be determined
by solving:

Vmaxl[S] VmaX2[S] Vmax,[S]
Kmi+ S Km2+S Kmn+ S' (2)

A revised computer method (17), adapted from our
earlier work (6, 18), was used to solve this equation.

RESULTS

The proband
L. V. was born 8 August 1959, the fifth son of non-

consanguinous French-Canadian parents. He developed
normally to the age of 13 months, when an episode,
diagnosed as poliomyelitis led to a mild spastic para-
plegia. Investigation performed in 1969 during an or-
thopedic admission to another hospital included chro-
matographic examination of amino acids in urine. This
showed the presence of a ninhydrin-positive substance
subsequently identified as sarcosine. Sarcosine was also
present in blood in concentration varying from 0.18 to
0.76 Iumoles/ml.
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FIGURE 1 Scheme depicting sarcosine metabolism. THFA indicates the presumed N5,
N10-methylenetetrahydrofolate derivative which serves transfer of the 1-carbon formal-
dehyde group formed during oxidation of sarcosine to glycine. The presumed block in
sarcosine metabolism is indicated.

Identity of sarcosine

The identification of sarcosine in urine and plasma
was performed by partition chromatography on What-
man filter paper No. 4 in three different solvent sys-
tems (water-saturated phenol; lutidine: water, 2.2: 1;
and butanol: acetic acid: water, 12: 3: 5); by high volt-
age electrophoresis on Whatman filter paper No. 3 MM
soaked in formic, acetic buffer pH 2, and by column
chromatography on ion exchange resins. Sarcosine
(free base) was run in all systems to identify its posi-
tion. The unknown spot and the standard cochromato-
graphed in the five systems and yielded identical color
reactions with ninhydrin in the partition and electro-
phoretic systems; the 570 my to 440 mo' OD ratio after
elution chromatography was identical for unknown
and standard. There was no other ninhydrin-positive
material in equivalent amounts in the patient's urine.

Sarcosine metabolism
Response to folic acid in vivo. The proband was

given an excess of folic acid (30 mg/day; normal re-
quirement about 1 mg/day) for 3 consecutive days.
The rationale for this trial is indicated in Fig. 1. The
methyl group is transferred as formate from sarcosine,
presumably as an N5, N'0-methylenetetrahydrofolate
derivative of folic acid. Fasting concentrations of sar-
cosine in plasma were 0.18 and 0.34 /moles/ml before
and after folate supplementation, respectively. The lat-
ter value falls within the range for plasma sarcosine
in this patient when no folate was administered. The
values for A-sarcosine in plasma after a sarcosine load
by mouth (the sum of the difference between values at
1, 2, 3, 4, and 5 hr after the load, and the preload
value) were + 1.02 /moles/ml - 5 hr before and + 2.18
Mmoles/ml * 5 hr after folate, indicating that folate did
not influence sarcosine catabolism in this patient.

Response to sarcosine loading. Sarcosine loading by
mouth was performed on the proband, his parents, and
four normal adult subjects. The half-time for plasma
sarcosine disappearance rates in each individual in the
three groups and the simultaneous change in glycine,
the product of sarcosine conversion, are shown in
Fig. 2.
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FIGuR~E 2 Response of sarcosine and glycine in plasma to
sarcosine loading (100 mg/kg body wt given by mouth at
9 a.m.). Upper portion: A and B indicate studies in pro-
band before and after folic acid supplement, respectively.
Half-life for sarcosine clearance from plasma (ti) was
calculated as described under Methods; the interrupted line
is the average decay slope for each group studied. The
initial (preload) concentration of sarcosine in plasma was:
zero in both parents and all normal subjects, and 0.18 l&M
and 0.34 /AM in studies A and B, respectively, in the pro-
band. Lower portion: Change in plasma glycine with time
after sarcosine loading. Dotted lines define the average
trend for each subject in the group. Changes in serine are
not shown since they paralleled glycine.
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TABLE I

Sarcosine Oxidation and Dehydrogenase Activity
in Tissues of Man and Rat

Tissue source Oxidation to C02*

dpm/hr per g wt
Human

Skin fibroblast 0
Mixed leukocytes from blood 0

Rat
Liver$ 15,750
Kidney: 6,375
Muscle 0
Brain 0
Spleen 0

* Sarcosine dehydrogenase activity was also examined by a
specific assay (13). Oxidation and specific dehydrogenase
activities complemented each other in all tissues examined.
1Organ weights (average from 10 rats): liver, 6.5 g; both
kidneys, 1.6 g.

Normal subjects showed rapid disappearance of sar-
cosine from plasma (ti, 1.6 hr). The concentration of
glycine in plasma actually declines modestly during
this period. In the proband, sarcosine clearance from
plasma was greatly delayed (ti, 6.1 hr), and there was
no change in plasma glycine. Both parents had a slightly
delayed disappearance of sarcosine (ti, 2.2 hr), but the
most striking finding in them was a modest but steady
rise in the concentration of glycine in plasma after
sarcosine loading. Changes in the concentration of
serine in plasma in these studies paralleled those of
glycine.

Sarcosine metabolism in vitro. No oxidation of sar-
cosine or evidence for specific dehydrogenase activity

o t 200/
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FIGURE 3 Renal tubular reabsorption of sarcosine in man,
plotted in relation to its filtered load: in proband (0) ;
in the patient of Brodehl and associates (3)' (0); and
in a normal subject (U). Plasma sarcosine was raised by
venous infusion method, and glomeral filtration was moni-
tored with inulin (8).

was detected in skin fibroblasts cultured for at least 14
passages from explants grown from the proband and
two normal subjects (Table I). No activity was induced
by exposure of cells for 18 hr to sarcosine (1.0 mm
and 10 mmin the growth medium). Neither intact nor
sonicated cells exhibited dehydrogenase activity under
any of these conditions.

Leukocytes obtained from venous blood of normal
subjects and the patient contained no specific sarcosine
dehydrogenase activity. Measurement of sarcosine oxi-
dation to C02 yielded similar negative results.

Tissue specificity of sarcosine oxidation (in the rat).
The tissue specificity of sarcosine oxidation was ex-
amined in the Long-Evans rat. Significant oxidation of
sarcosine was found only in liver and kidney (Table
I). When the relative weights of liver and kidney were
taken into account, we found that kidney accounts for
10% of total body oxidation of sarcosine in the rat,
a value close to that reported for a different strain of
rat by Rehberg and Gerritsen (13).

If it is assumed that man resembles the rat in his
ability to oxidize sarcosine, we should expect sarcosine
accumulation to occur initially in liver and kidney in
the "blocked catabolic mutant" we know as hypersarco-
sinemia. Therefore, we examined the transport of sar-
cosine in kidney to determine whether it is impaired
in this metabolic derangement.

Sarcosine transport in human kidney in vivo

Tubular absorption. The filtered renal load of sar-
cosine in the proband varied between 54.2 and 119.7
/hmoles/min per 1.73 m' under fasting conditions; the
corresponding value is almost zero in normal subjects.
The equivalent endogenous renal clearance rates for
sarcosine in the proband were about 8 ml/min per 1.73
m', indicating that the majority of filtered sarcosine
experiences net tubular absorption in the sarcosinemic
phenotype. Tubular reabsorption of sarcosine in our
patient is probably a saturable phenomenon, although
true saturation was not demonstrated. The Tm for sar-
cosine was estimated to be at least 160 umoles/min per
1.73 m' (Fig. 3). Data on tubular absorption of sarco-
sine in another sarcosinemic patient (3) were obtained
from Dr. Johannes Brodehl. Sarcosine transport at
equivalent filtered loads was similar in both sarcosi-
nemic probands and in our control subject (Fig. 3).

Interaction with other amino acids. Interaction be-
tween sarcosine, proline, and glycine was observed
during renal transport in vivo. Intravenous infusion of
sarcosine in the proband and in the normal subject
altered the urinary excretion of proline and glycine.
This phenomenon could not be explained by changes in
the plasma concentration of the latter substances, and
it was clearly related to the rising concentration of
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TABLE I I
Renal Response to Sarcosine Loading: Excretion and Absorption of Sarcosine, Glycine, and Proline

Sarcosine Glycine Proline

Subject and procedure Before After Before After Before After

Sarcosine infusion*
Proband

Urinary excretion, tmoles/min per 1.73 m2 6.8 128 3.94 3.68 0 1.03
Net tubular absorption, %of filtered load 94 68 89 94 100 97

Control
Urinary excretion, jumoles/min per 1.73 m2 0 38 1.0 8.05 0 0
Net tubular absorption, %of filtered load 0 65 96.7 80.7 100 100

Sarcosine load by mouth,: urinary excretion, Mmoles/min per 1.73 m2
Proband: on folate 6.35 10.3 2.75 2.27 0 0

off folate 2.83 9.15 2.76 1.81 0 Tr.§
Father 0 9.70 1.73 3.75 0 Tr.
Mother 0 9.42 1.10 4.10 0 Tr.
Controls, adult

R. V. 0 3.62 0.17 1.52 0 0
F. G. 0 50.6 1.02 4.61 0 0
J. N. 0 7.25 0.27 3.30 0 Tr.
D. W. 0 18.4 1.54 7.91 0 0

* Data taken from periods of control and highest filtered load of sarcosine as shown in Fig. 3.
t Load, 100 mg/kg at 9 a.m. after overnight fast.
§ Indicates a detectable change but less than 0.1 ;pmoles/min per 1.73 M2.

sarcosine in plasma and urine. Tubular reabsorption of
glycine in the proband increased from 89 to 94% of its
filtered load (Table II), but decreased from normal to
81% in the control subject. Net tubular absorption of
proline clearly decreased during sarcosine infusion in
the patient, but was not changed in the control subject.

When sarcosine was administered by mouth to the
proband, his parents, and four normal adults, its con-
centration increased in plasma and urine of all subjects
(Table II). At this time in the proband, there was a
minimal increase in proline excretion whereas glycine
excretion actually diminished. On the other hand, the
urinary excretion of glycine clearly increased in all
normal subjects and in the parents, while there was no
comparable effect on proline excretion.

Rapid elevation of plasma and urinary sarcosine thus
produced consistent, but divergent, effects on the uri-
nary excretion of glycine, in particular, in the sarco-
sinemic proband when compared with subjects who do
not have impaired sarcosine metabolism. An explana-
tion for this was sought by the study of sarcosine
transport in kidney in vitro. Rat kidney cortex slices
were used for this work, since it has been shown that
there are many homologies in the transport of N-sub-
stituted amino acids and glycine in the kidney of rat
and man (6).

Sarcosine transport in rat kidney in vitro
Time course of uptake. The time course of sarco-

sine uptake was evaluated at 0.3 and 2.1 mm (Fig. 4).
Sarcosine at both concentrations accumulated against
an isotope gradient at the steady state; the latter is
achieved within 40 min of incubation.
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FIGUaE 4 Time course of sarcosine uptake into rat kidney
cortex slices at two initial concentrations in the medium.
Uptake is expressed as an isotope distribution ratio. Addi-
tional studies (see text) show that the sarcosine (chemical)
distribution ratio is only slightly less than isotope distribu-
tion ratio and unequivocally greater than 1.0 at steady state.
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FIGURE 5 Akedo-Christensen plot (15) of sarcosine up-

take by rat kidney cortex slices, at various external con-

centrations of substrate, under steady-state conditions. Up-
take of sarcosine is saturable over the whole concentration
range employed.

The effect of metabolic conversion of sarcosine (0.1
mM) on its uptake ratio was examined. lC label from
sarcosine had appeared in other water-soluble metabo-
lites after 40 min incubation; 14% of the soluble label
was present in glycine, 7% in serine, and the remainder
was predominantly sarcosine. The sarcosine (chemical)
distribution ratio during uptake under steady-state
conditions was then calculated from the isotope dis-
tribution ratio after correcting for the conversion of
sarcosine to other labeled forms. The corrected ratio is
greater than 3.0 for 0.3 mmsarcosine, indicating that
sarcosine is transported in kidney against a true chemi-
cal gradient.

When the isotope distribution ratio is also corrected
for loss of label by oxidation to C02, the net uptake
ratio obtained by adding soluble counts to counts in C02
is greater than depicted in Fig. 4. The adjusted "up-
take ratios" are 6.8 and 3.4 at 0.3 mmand 2.1 mM

sarcosine, respectively, after 40 min incubation.
Exposure of slices to cyanide (10-2 M NaCN) or

anaerobic conditions, completely abolished concentra-
tive uptake indicating that the mechanisms for sarco-

sine uptake are apparently coupled to energy metabo-
lism.

Concentration-dependent uptake. When sarcosine is
present at 0.3 mm in the initial medium, the steady-
state isotope distribution ratio is greater than when the
starting concentration is 2.1 mm (Fig. 4). As the ex-

ternal substrate concentration is increased, the steady-
state distribution ratio approaches 1.0 (Fig. 5); this
behavior indicates that sarcosine uptake in kidney at
concentrations equivalent to those encountered in the
proband occurs on a saturable mediation.

The kinetics of sarcosine uptake on the saturable
component under steady-state conditions were examined
by the Eadie and Augustinsson transformation (u vs.

u/S) of the Michaelis equation (Fig. 6). Biphasic up-

take kinetics were revealed by this method, indicating
that more than one component probably exists for sar-
cosine uptake. This behavior was also observed when
the Lineweaver and Burk transformation (1/u vs.
1/S) was used to examine the same uptake data. At
low external substrate concentrations, the apparent Km
for sarcosine uptake under steady-state conditions is
about 0.1 mm, while at high substrate concentrations
it is about 3 mm. These values are comparable with
those which describe the uptake of glycine and proline
by rat kidney (6).

If it is assumed that more than one type of mem-
brane system accommodates sarcosine transport in
kidney, the theoretical contribution of each component
to the observed (total) uptake can be calculated. This
was accomplished substituting the values for uptake, at
12 different sarcosine concentrations between 0.1 mm
and 12.1 mminto equation 2. When the results were
drawn as a Michaelis plot (Fig. 7), it became evident
that at extracellular concentrations of sarcosine above
0.1 mm, the major fraction of its uptake takes place
on a high capacity system. The revised Km values for
sarcosine transport were 0.1 mmon the low capacity
system and 3.1 mmon the high capacity system.

Specificity of sarcosine uptake. Glycine and L-pro-
line inhibit sarcosine uptake in vitro under steady-state
conditions (Table III). The effect of these inhibitors
was shown to be competitive. Glycine and L-proline
did not have any additional effect on sarcosine oxida-
tion in kidney, and their effect on net sarcosine uptake
was restricted to interaction at the transport site.

0 1 2 3 u
T

FIGURE 6 Eadie-Augustinsson plot of saturable sarcosine
uptake under steady-state conditions in rat kidney cortex
slices. Uptake occurs on more than one system for which
first approximation Km values are shown. When correc-
tions were made for simultaneous uptake of sarcosine on

multiple systems (viz. equation 2), the corrected Km values
were not significantly different, since uptake on the low
Km system is extremely small.
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TABLE III
Comparative Interactions between Sarcosine, Glycine,

and L-Proline during Uptake by Rat
Kidney Cortex Slices

Inhibition of uptake at

Substrate Inhibitor 5 min 40 min

mM 20 mM %
Sarcosine 0.3 L-Proline 74 76

Glycine 44 79
Sarcosine 2.0 L-Proline 88 92

Glycine 71 85
Glycine 0.01 Sarcosine 80
Glycine 2.0 Sarcosine (-27)*
L-Proline 0.01 Sarcosine 55
L-Proline 2.0 Sarcosine 82

Slices were incubated at 370C in pH 7.4 Tris-electrolyte-glucose
buffer for specified times. The effect of the second amino acid
(at 20 mM) upon uptake of the first is expressed as per cent
inhibition in relation to uptake of substrate in paired slices
incubated without the second amino acid in the medium. All
values are mean of triplicate observations. Inhibition was sig-
nificant (P < 0.01 by Student's t test) in all cases. Per cent
inhibition was comparable when measurement of uptake in-
cluded or excluded label lost as 14CO2.
* Indicates significant stimulation of uptake.

Sarcosine competitively inhibits the uptake of glycine
and L-proline (Table III) when the latter are present
in the medium at concentrations low enough to assign
most of their transport to the respective substrate-

TABLE IV
Effect of Preloading with Sarcosine upon Uptake of Amino

Acids in Rat Kidney Cortex Slices

Isotope distribution
ratio at 10 mint

Substrate uptake Concn of sarcosine
medium in preload medium* Control Preloaded

mM mM

Sarcosine 0.1 1 1.80 1.52
Sarcosine 1.1 10 1.22 1.34§

Glycine 0.012 20 1.75 1.17
Glycine 2.0 20 1.30 1.95§

L-Proline 0.011 20 0.36 0.42§
L-Proline 2.0 20 0.38 0.28

* Slices were preloaded during 40 min incubation in buffer
containing unlabeled sarcosine, followed by removal, rinsing,
and blotting. The slices were then transferred to fresh medium
containing 14C-labeled substrate.
$ Uptake of substrate was measured at 10 min and compared
with uptake by control slices carried through preincubation
in the absence of sarcosine. Values are the mean of at least
triplicate observations.
§ Indicates significant stimulation (P < 0.02).
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FIGURE 7 Michaelis plots of sarcosine uptake assigned to
low Km (0) and high Km ( 0 ) systems in rat kidney;
the Km values are 0.1 mmand 3 mm, respectively. It is
evident that the major fraction of sarcosine uptake is
achieved on a high Km system, at all external concentrations
of the substrate.

specific, low Km, low capacity systems which accom-
modate their uptake in kidney (6). On the other hand,
the uptake of 2 mMglycine was actually stimulated by
external sarcosine, whereas the uptake of 2 mML-pro-
line was still inhibited. At this concentration the renal
uptakes of glycine and L-proline occur predominantly
on a high capacity system shared by proline and gly-
cine (6).

Sarcosine uptake and exchange with other amino
acids. The likelihood that sarcosine uptake occurs on
more than one system and thus might enter by one
system and exchange on another, was investigated
further by methods described previously (6). In slices
preloaded with sarcosine, the uptake of 1.1 mmsarco-
sine, 2 mmglycine, and 0.01 mML-proline was en-
hanced (Table IV). Uptake at other concentrations of
these external substances was not stimulated by high
concentrations of internal sarcosine.

Renal metabolism of sarcosine; effect on transport
kinetics in vitro. We examined whether renal oxida-
tion of sarcosine or lack thereof as in the blocked
catabolic mutant, influenced its transport kinetics in
that tissue. 14CO2 from sarcosine was collected during
incubations by the technique described earlier (6);
counts appearing in C02 were then either included or
omitted when calculating the net uptake rate. The Km
for sarcosine binding by the transport system(s), with
or without oxidation, was the same (Fig. 8).

DISCUSSION

Sarcosine metabolism. The conversion of sarcosine
to glycine is catalyzed by a mitochondrial oxidase sys-
tem which has two components (19, 20). One is a
soluble sarcosine dehydrogenase; the other is a particu-
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FIGURE 8 Effect of oxidation on uptake kinetics for sar-
cosine in rat kidney cortex slices. 14C counts lost from
slice in C02 were included (*) or excluded (Ol) from
calculation of uptake (u) at various substrate concentra-
tions (S). Results presented as Lineweaver-Burk plot.
Oxidation of sarcosine has no effect on its affinity for the
uptake system, since the Km value is not changed when the
effect of oxidation on observed uptake is considered or
neglected.

late electron transfer system. Sarcosine-specific dehy-
drogenase can be further fractionated to yield the de-
hydrogenase and a flavoprotein. Mitochondrial oxida-
tion of the N-methyl group of sarcosine thus requires
an electron transfer flavoprotein that accepts electrons
from the substrate-specific flavoprotein dehydrogenase
(20). A formaldehyde group is formed during sarco-
sine conversion to glycine, and by reaction with tetra-
hydrofolate, the intermediate N5,N10-methylenetetrahy-
drofolate is presumably formed (21). The 1-carbon
fragment can be reutilized from the activated folic
acid intermediate, to form the carbon of serine by con-
densation with glycine (22, 23).

The nature of the enzyme defect in human hyper-
sarcosinemia is still unknown, but the weight of avail-
able evidence indicates a block in the conversion of
sarcosine to glycine, presumably involving the sub-
strate-specific dehydrogenase. Because this enzyme is
neither active nor inducible in normal human fibro-
blasts or leukocytes as shown in the present and in
previous studies (4, 13), it will not be possible to
evaluate the enzymatic basis of the hypersarcosinemic
trait further without recourse to organ biopsy. Sarco-
sine dehydrogenase activity in mammalian tissues is
largely restricted to liver and kidney, as shown in the
present work and in that of others (13).

The failure to ameliorate the hypersarcosinemic
phenotype in the proband with pharmacologic doses of
folic acid, suggests that the trait in this pedigree at
least does not involve a reversible defect in the forma-
tion of "activated" formaldehyde from the specific de-
hydrogenase reaction. The potential responsiveness of

mutant biochemical phenotypes to vitamin supplements
is an important consideration in those hereditary amino-
acidopathies where a vitamin is the precursor of one
of the reactants in the enzymatic conversion of metabo-
lites (24). The proband appeared to become more
hypersarcosinemic after sarcosine loading while re-
ceiving folate, when compared with the response in the
absence of folate. Webelieve this variation is not sig-
nificant since the patient's plasma sarcosine concen-
tration was quite variable anyway. However the possi-
bility that folate in some way enhanced intestinal ab-
sorption of sarcosine in this patient should be con-
sidered.

Loading studies: interpretation of phenotype. Sar-
cosine disappearance from plasma should be delayed and
plasma glycine should not change after a sarcosine load
given to subjects with deficient conversion of sarcosine
to glycine; this response was obtained in our proband.
Brodehl and coworkers (3)2 observed a similar response
after comparable sarcosine loading in their proband.
Sarcosine clearance from plasma was delayed in the pa-
tients studied by Gerritsen and Waisman (2) and by
Scott et al. (4). In the latter study (4) glycine rose in
the proband's plasma but not until the 4th hr after load-
ing; this could have reflected conversion of sarcosine to
glycine by bacteria in the intestinal lumen, rather than
an endogenous response. The plasma glycine response
after sarcosine loading was not reported by Gerritsen
and Waisman (2).

The heterozygote for hypersarcosinemia should have
only modest impairment of sarcosine clearance from
plasma after loading, and one anticipates the initial
plasma concentration of sarcosine to be normal under
fasting conditions. Wefound this to be the case in both
parents of our proband. The rise in their glycine after
sarcosine loading was a response opposite to that ob-
tained in normal subjects. The renal response to sarco-
sine loading did not account for observed changes in
plasma glycine of parents and control subjects.

Sarcosine clearance from plasma and the concomitant
glycine response provide a useful distinction between
normal subjects, parents, and proband in the present
sarcosinemic pedigree. Moreover, they appear to be
more reliable indices of the presumed genotype than
sarcosine excretion data, which, as shown in Table III,
are poor indices, contrary to earlier conclusions (2).
On the basis of the plasma amino acid response to
sarcosine loading, we tentatively suggest that the sar-
cosine trait is autosomal recessive in this French-
Canadian pedigree.

Clinical significance of the sarcosinemic trait. Hyper-
sarcosinemia appears to be a benign condition. Our pro-

2Brodehl, J. 1970. Personal communication.
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band had no disease which could be directly attributed
to his hypersarcosinemia. The same can be said for the
hypersarcosinemic sibling of the first reported proband
(2) and for another reported proband (3). A larger
series1 apparently also indicates that no consistent dis-
ease state accompanies hypersarcosinemia, and thus, as
with other aminoacidopathies such as hydroxyprolinemia,
hyperprolinemia, and cystathioninemia, hypersarcosine-
mia appears to be a "nondisease" in medical terms.

The likelihood is great that the sarcosinemic trait in
man will exhibit genetic heterogeneity. For this reason
we must be cautious in assuming that sarcosine dehy-
drogenase activity is necessarily deficient in our proband
or that he is exactly similar to others described in the
literature. However, we believe our assumption about
deficient renal sarcosine dehydrogenase activity to be
reasonable, in view of the particular nature of amino
acid reabsorption in the proband and considering how
these observations may be related to what we have
learned about sarcosine transport in kidney.

Sarcosine transport. Sarcosine is oxidized in mam-
malian kidney, but hypersarcosinemia, due to sarcosine
dehydrogenase deficiency, offers an opportunity to study
its renal transport in man independent of its metabolism.
Renal transport of proline and of phenylalanine has been
investigated to some extent in man under the equivalent
conditions of the blocked catabolic phenotypes found in
hyperprolinemia and phenylketonuria, respectively. In
neither case did the hereditary impairment in metabolism
of the amino acid appear to influence its uptake by kid-
ney in vivo (8, 25, 26). In fact, should intracellular
amino acid at high concentration exchange with intra-
luminal amino acid, it is possible that renal transport
could be enhanced as may be the case in phenylketo-
nuria (25). We have now shown that renal transport
of sarcosine is similar in the subject with hereditary
hypersarcosinemia and in normal subjects. We were
able to confirm in vitro that metabolism of transported
sarcosine plays no role in determining its binding
kinetics to membrane carrier in kidney.

Sarcosine apparently does not have its own transport
system. It is a nonessential amino acid concerned in only
a limited repertoire of intracellular metabolism being
synthesized only from an intracellular precursor (di-
methylglycine). Although bound sarcosine has been
identified in human glycopeptides (27), it is believed to
achieve this form by N-methylation of peptide-linked
glycine. Our studies indicate that sarcosine is transported
in vivo primarily on the tubular transport system(s)
used by proline, hydroxyproline, and glycine in human
kidney (6, 8, 28). The kinetics of sarcosine uptake in
vitro and the inability of proline or glycine transport to
resist sarcosine inhibition at low or high concentrations,
clearly reveal that more than one transport site serves

its uptake in mammalian kidney. We have tentatively
identified the systems used in sarcosine transport as the
low Km system for proline, the low Km system for gly-
cine, and the high Km system shared by both; this con-
stellation of sites has been characterized in detail (6, 8,
28-30), using the same methods employed in the present
investigation. The in vitro studies suggest that the prin-
ciple carrier available for sarcosine entry into kidney is
probably the high Ki, high capacity system shared by
proline, hydroxyproline, and glycine. This corroborates
earlier studies of sarcosine transport in hamster in-
testine (31).

The data which describe sarcosine transport in rat
kidney in vitro are likely to be informative about the
nature of sarcosine transport by human kidney in vivo,
since it has already been shown that the principle sys-
tem for sarcosine transport has many homologies in
human and rat kidney (6). The different responses in
urinary amino acid excretion obtained in proband and
control subjects after sarcosine loading can be ex-
plained by applying these insights.

The sarcosine concentration in kidney should be un-
usually high after sarcosine loading in the sarcosinemic
proband; under such conditions, sarcosine could ex-
change with glycine in vivo as it will in vitro. The
ability of sarcosine to stimulate glycine uptake under
certain conditions presumably arises because the first
amino acid is allowed to enter by one system and ex-
change with the second amino acid on another (32).
Glycine reabsorption could improve in the proband when
the intracellular sarcosine pool is further expanded by
loading. On the other hand, renal oxidation of sarcosine
can occur in normal subjects thus preventing a sustained
high concentration in kidney after loading. In this cir-
cumstance sarcosine can exert its inhibitory effect on
glycine entry on the low Km system to an extent which
would outweigh the opportunity for exchange on the high
Kmsystem.

Significance of studies. The foregoing information
can be used to counsel future sarcosinemic probands in
the likelihood that this autosomal recessive trait is
harmless. The mechanism by which glycine alters its
steady state in response to sarcosine loading awaits
clarification. The further demonstration of parasitic
transport wherein membrane systems serving "primary"
substrates are used under certain circumstances by "sec-
ondary" susbstrates (in this case sarcosine) illustrates
the value to be gained from designing pharmacologically
active compounds which can be accommodated on di-
rected transport systems in tissues.
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