
Synthesis of Essential Amino Acids from Their a- Keto
Analogues by Perfused Rat Liver and Muscle

MACKENZIE WALSER, PATRICIA LUND, NEIL B. RUDERMAN, and
A. W. COULTER

From the Metabolic Research Laboratory, Nuffield Department of Medicine,
Oxford University, Oxford, England; Departments of Pharmacology and
Experimental Therapeutics, and Medicine, The Johns Hopkins University
School of Medicine, Baltimore, Maryland 21205; and The Joslin Research
Laboratories, Harvard University Medical School,
Boston, Massachusetts 02215

A B S T R A C T Most essential amino acids can be re-
placed by their a-keto-analogues in the diet. These keto-
acids have therefore been proposed as substitutes for
dietary protein. In order to determine their fate in
tissues of normal animals, isolated rat liver and hind-
quarter (muscle) preparations were perfused with keto-
analogues of valine, leucine, isoleucine, methionine, or
phenylalanine. When perfused at 1.5-2.0 mM, all five
compounds were utilized rapidly by the liver of 48-h
starved rats, at rates varying from 49 to 155 iumol/h
per 200 g rat. The corresponding amino acids appeared
in the medium in significantly increased concentrations.
Perfusion with phenylpyruvate also led to the appear-
ance of tyrosine. Urea release was unaltered. Measure-
ment of metabolite concentrations in freeze-clamped
liver revealed two abnormalities, particularly at keto-
acid concentrations of 5 mM or above: a large increase
in a-ketoglutarate, and a moderate to marked decrease
in tissue glutamine. This decrease was quantitatively
sufficient to account for nitrogen appearing in newly
synthesized amino acids.

Isolated hindquarters of fed rats were perfused with
the same ketoacids at concentrations of 1.3-8.0 mM.
All were utilized at rates varying from 1.4 to 7.0 iumol/h
per g muscle perfused. The corresponding amino acids
were released at greatly increased rates. Alanine and
glutamate levels fell in some perfusions, but the princi-
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pal nitrogen donor in muscle was not identified; the
content of glutamine in tissue, and its rate of release
into the perfusate remained constant.

INTRODUCTION
It has been known for many years that most of the
essential amino acids (all except lysine and threonine)
can be replaced in the diet by their a-keto-analogues (see
reference 1). For example, in rats fed a mixture of five
of these ketoacids, Wood and Cooley (2) were able to
demonstrate growth, albeit at a reduced rate, on a diet
free of the corresponding amino acids. A possible thera-
peutic implication of these observations was suggested
by Schloerb (3): feeding these compounds to subjects
with chronic uremia might permit them to maintain
nitrogen balance on much lower protein intake than
otherwise required. Under these circumstances am-
monia derived from intestinal ureolysis (4), which may
be greatly accelerated in uremia (5, 6), could be uti-
lized in the synthesis of essential amino acids. Observa-
tions in uremic subjects have lent support to this hy-
pothesis (1, 7, 8). Another possible use of these com-
pounds is in the treatment of hyperammonemia caused
by hepatic failure or by hereditary deficiency of urea
cycle enzymes.
Although the pathways of degradation of all of these

ketoacids have been elucidated (9), little is known of
their rates of degradation or transamination or of their
effects upon intermediary metabolism in individual tis-
sues. The present studies were undertaken to determine
the metabolic fate and effects upon intermediary metab-
olism in isolated perfused rat liver and muscle of five
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of these ketoacids, viz., the analogues of valine, isoleu-
cine, leucine, methionine, and phenylalanine.

METHODS
Liver perfusion. Perfusions were carried out on female

Wistar rats (180-220 g) obtained from Scientific Products
Farm, Ash, Canterbury, England. The animals were starved
for 48 h before the experiments. The technique of perfusion
and the medium used were as described by Hems, Ross,
Berry, and Krebs (10) except that albumin was dialyzed
before use (Biebuyck, Lund, and Krebs [11]) and was
present in the perfusion medium at a concentration of 2.6%.
The initial volume of the perfusate was 150 ml. Sodium
oleate (2 mM) was included in the medium in all experi-
ments. The a-ketoacids were added as sodium salts, dis-
solved in 1 or 2 ml of water, approximately 10 min before
the liver was connected to the circulation.
Samples of medium (4 ml) were taken at 0, 5, 20, 40,

and 60 min into 0.2 ml 60% (wt/vol) perchloric acid,
mixed, chilled, and centrifuged. A portion of supernate was
neutralized with a measured volume of 30% (wt/vol)
KOH to precipitate KClO1
At the end of the 60 min perfusion period, a piece of

liver was quickly excised and pressed between metal clamps
previously cooled in liquid N2 (12). The frozen liver was
pulverized in a mortar to a fine powder, with frequent addi-
tions of N2. A portion (about 2 g) of the powder was
transferred to a plastic centrifuge tube, cooled in liquid
N2, weighed, and homogenized with 8 ml of 3.6% (wt/vol)
HC104. After centrifugation in the cold at 30,000 g, a por-
tion of supernate was adjusted to pH 5-6 with a measured
volume of KOH to precipitate KCl04.
Hindquarter perfusion. Female Wistar rats (190-230 g),

fed ad lib., were used. The perfusion technique and the
composition of the 150 ml perfusion medium were as de-
scribed by Ruderman, Houghton, and Hems (13). Keto-
acids were added as in the liver perfusions. Duplicate
samples of medium (2 ml) were collected at 5, 20, 35, and
50 min, placed in 4 ml of ice-cold 10% (wt/vol) perchloric
acid, centrifuged, and neutralized as in the liver perfusions.
At the end of each perfusion a portion of the musculature
of one hindlimb was freeze-clamped in situ, deproteinized,
and neutralized as above. Series I experiments were per-
formed in Oxford and series II experiments in Boston.
Materials. Sodium a-ketoisovalerate and sodium a-keto-

j3-methylvalerate (the analogues of valine and isoleucine)
were synthesized by Cyclo Chemical Corp., Los Angeles,
Calif. a-Ketoisocaproic acid (the analogue of leucine),
obtained from Fluka AG, Basel, Switzerland, was converted
to the sodium salt and recrystallized. Sodium phenylpyruvate
was obtained from Koch-Light Laboratories, Colnbrook,
Buckinghamshire, England. Sodium a-keto-y-methylthio-
butyrate (the analogue of methionine) was synthesized in
our laboratory, according to a modification1 of the pro-
cedure described by Weygand, Steglich, and Tanner (14).
Identity and purity of all five compounds were verified by
elemental analysis, thin-layer chromatography, both as the
free acids and as the 2,4-dinitrophenylhydrazone derivatives,
infrared spectroscopy, high resolution mass spectroscopy,
and nuclear magnetic resonance. a-Keto-p-methylvaleric acid
exhibited an optical rotation of - 360, compared with a
literature value of -32° (15).

1 Coulter, A. W., S. Dighe, and M. Walser. 1973. An
improved synthesis of 4-(methylthio)-2-oxybutyric acid, the
a-oxo analogue of methionine. Submitted for publication.

Oleic acid was a product of Fluka AG, Basel, Switzer-
land. Purified enzymes and coenzymes were obtained from
the Boehringer Mannheim Corp., New York. Glutaminase
(grade IV or V) was obtained from the Sigma Chemical
Corp., St. Louis, Mo.). Albumin was obtained from Pentex
Biochemicals, Kankakee, Ill.
Determination of metabolites. Pyruvate was determined

by the method of Hohorst, Kreutz, and Bficher (16) and a-
ketoglutarate by the method of Bergmeyer and Bernt (17).
The two metabolites could be determined in the same cuvette
by successive additions of lactate and glutamate dehydroge-
nases. The a-ketoacids under study reacted to varying ex-
tents with lactate dehydrogenase; hence, reliable values for
pyruvate could not be obtained. There was no reductive
amination of ketoacids by glutamate dehydrogenase under
the assay conditions. L-Glutamate was assayed by the method
of Bernt and Bergmeyer (18) and glutamine according to
Lund (19). Ammonia was assayed with glutamate dehy-
drogenase (20). Glucose was determined using hexokinase,
NADP, and glucose-6-phosphate dehydrogenase (21). L-
Alanine was measured with alanine dehydrogenase. The en-
zyme was prepared from Bacillus subtilis by Mr. R. Hems,
using the method of Yoshida and Freese (22), as modified
by Williamson, Lopes-Vieira, and Walker (23) or was
purchased from Boehringer Mannheim Corp. (series II
experiments). 3-Hydroxybutyrate and acetoacetate were de-
termined according to Williamson, Mellanby, and Krebs
(24). Urea was determined by the diacetyl monoxime-
antipyrine method (25) in which citrulline also reacts. The
content of citrulline in the perfusate was less than 0.005
,gmol/ml. Because the diacetyl monoxime-antipyrine-urea
color complex fades in light of near-UV wavelength (26),
the samples were protected from sunlight and fluorescent
light at all stages. Perchloric acid extracts of the last
perfusate samples in each experiment, except in those of
series II, were analyzed for valine, methionine, alloisoleu-
cine, isoleucine, tyrosine, and phenylalanine, using a Beck-
man model 120C amino acid analyzer (Beckman Instru-
ments, Inc., Fullerton, Calif.). Analysis of 11 free amino
acids in extracts from the last samples of perfusate in the
experiments in series II was carried out with a Technicon
amino acid analyzer (Technicon Instruments Corp., Tarry-
town, N. Y.).

Total ketoacids were determined promptly on perchloric
acid extracts. Samples containing approximately 0.1 ,umol
of ketoacid, in a volume of 1 ml, were mixed in conical
centrifuge tubes with 0.2 ml of freshly prepared 10 mM
2,4-dinitrophenylhydrazine (recrystallized from ethyl ace-
tate) in 2 N HCl. Samples containing only branched-chain
ketoacids were allowed to stand at least 20 min; those con-
taining az-keto-7y-methylthiobutyrate for at least 2 h, and
those containing phenylpyruvate overnight at room tem-
perature. 1 ml of a 1:1 mixture of diisopropylether and
heptane was added. Extraction of hydrazones into the or-
ganic solvent layer was complete after 30 s of vigorous
mixing. The aqueous layer was removed as completely as
possible with a Pasteur pipette and discarded. After add-
ing 3 ml of 10%o Na2COs, extraction was continued for 1
min. Under these conditions the hydrazones were com-
pletely extracted into the aqueous layer, but most of the
unreacted dinitrophenylhydrazine was not. Optical density
was read at 380 nm in a Zeiss PMQ II spectrometer (Carl
Zeiss, Inc., New York), using a slit width of 0.035 mm or
less. Results were calculated in relation to those obtained
with freshly prepared standards of the particular ketoacid
employed in each experiment; these were analyzed simul-
taneously. The optical density of the reagent blank averaged
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FIGURE 1 Disappearance of a-ketoacids from the medium
during perfusion of isolated rat livers in representative ex-
periments.

0.15 U. Recovery of each of the five ketoacids from blood
was between 98 and 101%o.

Solvents with a dielectric constant lower than the solvent
employed here failed to extract the hydrazones completely
from acid media; use of solvents with higher dielectric
constants, such as ethyl acetate, led to incomplete extraction
from the organic layer into the carbonate solution. In order
to determine the applicability of this method to mixtures
of these ketoacids, pure hydrazones of all five compounds
were prepared by precipitation from water, washing with
water, and recrystallization from ethanol: water. After dry-
ing, weighed portions were dissolved in ethanol and diluted
to a concentration of 0.067 mM in 10%o Na2CO3, and optical
density was determined as above. All five compounds exhibit
absorption maxima close to 380 nm. Molar absorptivities
calculated from these data were as follows: keto-val,2 20,-
800; keto-leu, 21,100; keto-ile, 22,500; keto-met, 21,700;
keto-phe, 20,850. For mixed perfusions a value of 21,400
was used in calculating the results.

This method also measures pyruvate and a-ketoglutarate,
but does not measure acetoacetate or a-ketoglutaramate.3
Disappearance rates of ketoacids could therefore be in error
to the extent that pyruvate and a-ketoglutarate are released
during the perfusion. Using the above method, liver per-
fusate concentrations of ketoacids in control experiments
rose from 0.06+0.02 mM (SEM, n = 3) to 0.12+0.02 mM
(SEM, n = 4) between 0 and 60 min. In one control hind-
quarter perfusion, an increment of 0.1 mM ketoacid oc-
curred. No correction was made for these small increases
in endogenous ketoacids.

Calculations. Freeze-clamping of tissue prevented an ac-
curate determination of tissue weight. Rates of uptake or

2 Abbreviations used in this paper: keto-val, a-ketoiso-
valeric acid; keto-ile, L-a-keto-,8-methylvaleric acid; keto-
met, a-keto-,8-methylthiobutyric acid; keto-leu, a-ketoiso-
caproic acid; keto-phe, phenylpyruvic acid.
'Kindly supplied by Dr. Thomas E. Duffy, New York

Hospital-Cornell Medical Center, New York.

release were therefore divided by body weight, and ex-
pressed in relation to a 200 g rat. From previous experience,
the liver weight of 200 g 48-h starved rats averages 6.5 g,
whereas the estimated weight of muscle perfused in a
hindquarter preparation is 33 g in a 200 g rat, or 16.5%
body weight (13).

Disappearance of each ketoacid was calculated as the
product of the slope of the linear decrease in perfusate con-
centration, the duration of the perfusion, and the mid-
point perfusate volume. This rate (in micromoles per hour)
was also corrected for the measured quantity of ketoacid
remaining in the tissue at the end of the perfusion, and
was normalized to a 200 g rat as indicated above.
The quantity of each measured amino acid released was

calculated as the product of final perfusate concentration
and midpoint perfusate volume. Amino acid within the tissue
was measured in some experiments; in these, the total
amount of amino acid present in perfusate plus tissue at
the end of the experiment could be calculated. Amino acid
release or total amino acid present was corrected for body
weight as indicated above.

Glucose and urea release, in liver perfusions, was calcu-
lated as the product of the linear increases of concentration
between 5 and 60 min, and midpoint perfusate volume, and
normalized to a 200 g rat.

RESULTS

Liver perfusions
Ketoacid disappearance. Disappearance rates of keto-

acids were linear, or nearly so, during the 60 min of
observation (Fig. 1). No disappearance from the me-
dium occurred until the liver was placed in the per-
fusion circuit. When tested individually, keto-ile, keto-
leu, keto-met, keto-val, and keto-phe, at 1.5-2.0 mM,
were removed by the perfused liver at rates of 49±13.
115±25, 155+22. 113+23, 91±19 ,umol/h per 200 g
rat, respectively (mean±SEM, n = 4). When all five
ketoacids were added to the perfusate, the total dis-
appearance rate increased to 287±36 ,nmol/h, but was
considerably less than the sunm of the disappearance
rates measured individually (524 Anmol/h).

Release of essential amino acids. The concentrations
of free amino acids in the medium at the end of the
60 mnm perfusions are presented in Table I. These values
are similar to those found in previous reports (27, 28),
when corrected for rat weight to 200 g and for perfusate
volume to 150 ml. Perfusion with each of the five keto-
acids at concentrations of 1.5-2.0 mM led to signifi-
cantly increased release of the corresponding amino
acid into the medium. Perfusion with phenylpyruvic
acid led to the appearance of increased quantities of
tvrosine as well as phenylalanine, owing to the activity
of phenylalanine hydroxylase. Alloisoleucine was not
detected. The amount of extra amino acid formed from
each of the five ketoacids varied in the order methionine
> leucine = phenylalanine plus tvrosine > valine > iso-
leucine. When keto-val or keto-leu was perfused at 5
niM in single experiments, valine or leucine release was
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TABLE I
Formation of Essential Amino Acids from Their Keto-A nalogues by Isolated Perfused Rat Liver

Perfusate concentration, mean 4SEM

Addition Val* Met* Ile* Leu* Tyr* Phe*

'All
None (3) 62 0 34 78 14 31

410 46 ±14 I1 ±3

Keto-val, 2 mM (4) 93: 1 36 81 16 28
±7 ±1 ±2 +7 ±2 ±2

Keto-val, 5 mM (1) 96 3 33 72 20 25
Keto-met, 2 mM (3) 64 278: 30 72 10 21

±7 ±t77 ±4 ±5 ±1 ±1
Keto-ile, 2 mM (3) 58 4 56: 69 16 27

±-3 ±2 41 ±4 ±3 ±2
Keto-leu, 2 mM (4) 57 3 28 256: 10 24

46 ±t1 ±3 ±29 ±1 ±t2

Keto-leu, 5 mM (1) 56 0 24 305 11 30
Keto-phe, 2 mM (3) 54 5 25 60 128: 112:

±13 ±3 ±46 ±17 ±30 ±19

Mixture of five ketoacids (4) 76 159: 43 115 75t 80t
±17 ±15 ±9 ±22 ±15 I11

Free amino acid concentrations in perfusate (initial volume 150 ml) at the end of 60 min perfusion
are shown; results have not been corrected for variations in liver weight.
*Abbreviations used in this table: val, valine; met, methionine; ile, isoleucine; leu, leucine; tyr,
tyrosine; phe, phenylalanine.
t Significantly different from control perfusion (P < 0.02).

scarcely any greater, suggesting that the rate of ex-
amination was not limited by the supply of ketoacid at
2 mM. Perfusion of a mixture of five ketoacids, each
at a concentration of 2 mM, led to increases in the
appearance of all of the corresponding amino acids, but
these changes were statistically significant only for
methionine, tyrosine, and phenylalanine. The combined
increments in all six amino acids were smaller during
the mixed perfusion than when administered individ-
ually. This could be due to competition for a trans-
aminase or to limitation in available nitrogenous pre-
cursors for transamination.
The ratio of amination to disappearance, which ex-

presses the fraction of metabolized ketoacid appearing
as an increment in release of the corresponding amino
acid, varied from 5% for keto-val to 36% for keto-phe.
For the mixture, it averaged 20%. Ketoacid disappear-
ance not accounted for by release of free amino acid
may represent degradation of the ketoacid or utilization
of newly synthesized amino acid. The rate of this un-
accounted for metabolism averages 84 Fimol/h per 200
g rat for the five ketoacids perfused individually at
1.5-2.0 mM, and varied in the sequence keto-met=

keto-val > keto-leu > keto-phe > keto-ile. During per-
fusion of all five compounds the rate increased to 236
,mol/h.

Tissue amino acids and ketoacids. Analysis of tissue
extracts showed that there was no accumulation of
newly synthesized free essential amino acids in the
liver. Tissue/medium ratios were close to unity for
valine (mean ±SEM = 1.33±0.15), leucine (0.89±
0.12), isoleucine (1.00±0.13), tyrosine (0.89±0.23),
and phenylalanine (0.90±0.14). Methionine was mea-
sured only in one experiment (a mixed perfusion); the
tissue/medium ratio was 0.55. In all experiments the
tissue/medium ratio for the a-ketoacids was less than
unity (Table II).

Glucose and urea release. Appearance rates of glu-
cose and urea were approximately linear between 5 and
60 min. None of the ketoacids singly or in combination
caused statistically significant changes in the release of
glucose (average 2 /Amol/min per 6.5 g liver). This is
somewhat surprising, since oxidation of keto-val or
keto-ile gives rise to proprionyl-CoA, a glucogenic com-
pound. Furthermore, keto-met and keto-phe, which are
inhibitors of glucose synthesis (29) did not appear to
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TABLE I I
Effect of Ketoacids on Concentrations of Metabolites in Perfused Rat Liver

At the end of 60 min perfusion Liver/medium
ratio of

Addition NH4 Glut aKG Ala ATP ketoacid

Amonlg wet wt

None 0.46 1.57 0.17 0.16 1.37
±0.09 ±0.12 ±40.03 40.01 40.13

Keto-val, 2 mi\I 0.45 1.96 0.31 0.16 1.38 0.44
±-0.07 ± 0.29 ±0.05 ± 0.01 ±0.06 ±t0.04

Keto-val, 5 m\l 0.28 3.15§ 0.06 0.15 1.53 0.57
Keto-nmet, 2 mMI 0.63 1.04 0.17 0.18 1.32 0.65

±t0.10 ±;0.22 ± 0.09 +0.02 ±40.13 )0.12

Keto-ile, 2nimM(0.59 1.61 0.23 0.18 1.48 0.53
±0.08 ±0.09 ±0.03 ±0.02 ±0.38 ±(0.04

Keto-ile, 5 mM 0.49 2.66§ 0.57§ 0.33§ 1.50 0.37
Keto-leu, 2 mM 0.81 1.16* 0.22 0.18 1.37 0.55

4-0.14 ±0.03 ±0.06 ±0.02 ±0.13 ±:0.11
Keto-leu, 5 ml'l 0.38 1.31 0.71 1.47 0.42

±0.11 ±0.06 ±0.29 ±40.28
Keto-phe, 2 mM 0.54 1.16 0.18 0.17 1.23 0.57

+0.17 ±t0.22 ±0.02 ±0.01 ±0.16 40.19

Mixture of five ketoacids ±0.05 ±0.11 ± 0.26 0.01 ±0.09 ±0.08

Number of observations as in Table I.
Abbreviations: NH4+, ammonium; Glut, glutamate, aKG, a-ketoglutarate; Ala, alanine.
* Significantly different from control perfusions (P < 0.05).
t Significantly different from control perfusions (P < 0.01).
§ Individual values lying more than 8 SD from the mean value in control perfusions.

inhibit endogenous gluconeogenesis at 1.5-2 mM. At
5 mM keto-val, keto-ile, and keto-leu there appeared to
be a decreased rate of glucose release, but the differ-
ences were not significant statistically owing to consid-
erable variability in control perfusions.
Urea release averaged 0.97±0.07 imol/min per 200 g

rat in controls. No significant change occurred after
any of the ketoacids perfused individually or together.

Tissue metabolite concentrations. Analysis of freeze-
clamped liver after 60 min perfusion with ketoacids was
carried out to ascertain whether these compounds induce
metabolic derangements at the concentrations employed.
The metabolites were chosen to give some criterion of
normal liver function: ATP (as an indication of the
energy state), glutamate, a-ketoglutarate, and ammonia
(because they allow calculation of the mitochondrial re-
dox state) and alanine (which increases when respira-
tion is inhibited; Brosnan, Krebs, and Williamson
[30]). Because of uncertainties in the determination of
pyruvate in the presence of the a-ketoacids under study,
meaningful calculations of the redox state of the cyto-

plasm from concentrations of the reactants of lactate
dehydrogenase were not possible. The concentration of
a-ketoglutarate was not significantly affected by the
individual a-ketoacids perfused at concentrations of 1.5-
2.0 mM, but in tissues perfused with 5 mM keto-leu or
keto-ile, somewhat higher values of a-ketoglutarate
were found. When the mixture of five ketoacids was
perfused, a-ketoglutarate increased markedly (from
0.17±0.03 umol/g in controls to 1.69+0.26 umol/g).
Since there was no compensatory change in either glu-
tamate or ammonia, which should occur because of the
near-equilibrium that exists in the glutamate dehy-
drogenase system (31), the increase in a-ketoglutarate
concentration probably occurs in the cytoplasm. This
conclusion is supported by the finding that the redox
state of the mitochondria, as calculated from the 3-hy-
droxybutyrate dehydrogenase system, was unchanged
under these conditions (data not shown). Alanine and
ATP concentrations were constant.

Source of a-amino nitrogen for formation of essential
amino acids. Because the amounts of essential amino
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TABLE I II
Glutamine as a Source of a-Amino Nitrogen for the Synthesis of Essential A mino A cids front

Their Keto-Analogues in Isolated Perfused Rat Liver

N present as glutamine plus glutamate
Tissue after 60 min perfusion Amount of

glutamine - ketoacid
Substance added at 60 min Medium Liver Total aminated

Amol/g wet wt jAmol N gmo1 N jinol N jsmol

None 1.84 45.9 33.3 79.2 0
40.42 412.6 (5) 5.6 (5) ±13.8 (5)

Keto-val, 2 mM 0.98 32.0 25.3 59.1 3.9
±(0.28 ±1.9 (3) ±3.9 (4) ±4.4 (3) ±0.9 (4)

Keto-ile, 2 mM 0.91 24.7, 22.1 38.1, 2.9
±0.29 24.9 (2) ±4.6 (3) 48.9 (2) ±(0.3 (3)

Keto-leu, 2 mM 0.36* 14.6* 13.3* 25.8* 22.2
±0.10 ±1.2 (3) ±2.1 (4) ±0.8 (3) ±3.4 (4)

Keto-leu, 5 mM 0.02* 10.1, 8.0 18.1, 28.6
± 0.02 11.3 (2) 6.2 (2) 17.5 (2) 43.5 (2)

Keto-met, 2 mM 0.26* 6.4* 6.6* 13.0* 35
±0.05 ±0.8 (4) ±t3.1 (3) ±2.4 (3) ±10 (3)

Keto-phe, 2 mM 0.40* 3.8, 13.3* 12.6, 24.7
+0.33 7.0 (2) ±5.4 (3) 14.1 (2) i5.9 (3)

Mixture of five ketoacids 0.03* 6.1* 8.6* 14.5* 56.7
±0.01 ±0.4 (5) ±t0.7 (5) 0.9 (5) +5.8 (3)

* Significantly different from controls (P < 0.01).

acid formed were considerable, it was important to es-
tablish the source of the a-amino nitrogen. No free
amino acids were initially present in the perfusion me-
dium so that a-amino nitrogen derived from endogenous
precursors was the only possible source. Of these, only
glutamine is present in the liver in sufficient amount.
Enzymic determination of glutamine in the tissue ex-
tracts after 60 min perfusion showed that glutamine
was consistently decreased by the presence of a-keto-
acids (Table III). Moreover the decrease was related
to the amount of ketoacid aminated: when 5 mM keto-
leu or the mixture of ketoacids was perfused, glutamine
concentration decreased to < 0.1 jmol/g wet wt of
tissue. Glutamine and glutamate were therefore also
determined in the samples of perfusion medium taken
at 60 min. From these data the total nitrogen disappear-
ing as glutamine and glutamate could be calculated by
subtraction from the total found in the control perfu-
sions. The results of the calculations are given in Table
III. There is a reciprocal relationship between the
amount of nitrogen recovered in glutamine plus gluta-
mate and the amount of ketoacid aminated. It is clear
that glutamine is the ultimate source of nitrogen for the
essential amino-acids synthesized, whether via decreased
formation or increased breakdown.

Muscle perfusions
General observations. Hindquarters perfused with

ketoacids appeared grossly normal and did not exhibit
disturbances in blood flow. They also did not have in-
creased lactate release (data not shown) such as occurs
when hindquarters are anoxic or ischemic (13).
Ketoacid disappearance. No disappearance of keto-

acids from the medium occurred during a 35 min
incubation with the medium alone. The rates of disap-
pearance of all five ketoacids during perfusion of muscle
were linear (Fig. 2). Expressed as Amol/h per 33 g
muscle, the rates varied from 46 to 119 during perfusion
with individual ketoacids at 1.3 mM. At 5 mM, the
three branched-chain ketoacids each disappeared at a

rate of about 230 Lmol/h.
Release of essential amino acids. Concentrations of

valine, methionine, leucine, tyrosine, and phenylalanine
in the medium after 50 min perfusion were similar in
the two control series (Table IV). These final concen-

trations cannot be interpreted as indicating rates of
release because amino acid concentrations 5 min after
starting the perfusions were not measured in these ex-

periments, as they were in previous studies of this
preparation (13). Each of the five ketoacids, perfused
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TABLE IV
Formation of Essential A mino A cids from Their Keto-A nalogues by Perfused Rat Hindquarters

Perfusate concentration at 50 min, mean ±SEM

Addition Val* Met* Ile* Leu* Tyr* Phe*

JMM
Series I
None (6) 36 10 14 27 15 25

± 6 ±i2 42 ±5 ±2 ±6
Keto-leu, 2 mMl (2) 42 <5 8 184 20 20

Keto-leu, 5 mi\I (4) 30 11 8 515§ 19 19
±9 ±4 ±2 ±29 ±11 ±5

Keto-leti, 8 XIi (2) 49 6 16 7351 16 44
Keto-val, 5 mllM (2) 726+ 7 12 27 27 22
Keto-ile, 5 miM (3) 42 29 359§ 24 11 21

±12 ±12 428 ±8 ±t5 ±5

Series II
None (5) 44 20 18 38 21 26

±1 ±1 ±1 ±1 ±-2 ±i1
Keto-met, 1.3 mM (4) 32§ 435§ 11§ 21§ 21§ 18§

±4 ±28 ± 1 ±3 ±-4 ±1
Keto-phe, 1.3 m\I (3) 45 14 1) 37 23 140§

±4 ±2 41 ±5 ±2 ±17
Keto-leu, 1.3 mM (1) 301: 8 8$ 1931 271 211
Keto-val, 1.3 mM (1) 326$ 4$ 6$ 14$ 11$ 17

Free amino acid concentrations at the end of 50 min perfusion are shown.
for variations in weight of tissue.
* Abbreviations as in Table I.

Values not corrected

$ Individual values lying more than 5 SD from the mean of control observations.
§ Significantly different from control means (P < 0.01).

alone, led to greatly increased release into the medium rates, when compared at equal ketoacid concentration,
of the corresponding amino acid. Keto-phe led to the varied as follows: keto-met> keto-val> keto-leu>
appearance of phenylalanine alone, instead of phenyl- keto-ile = keto-phe. Higher concentrations of keto-val
alanine plus tyrosine, as in liver. The rate at which and keto-leu led to greater release of valine and leucine,
the individual amino acids were released, above control respectively.

TABLE V
Effect of Keto-phe and Keto-met on Total Amount of Various Amino'Acids Present in

Muscle Tissue plus Perfusate after 50 min Perfusion

Quantity present, Mmol/33 g tissue, mean dSEM
Gly* Ala* Val* Met* Ile* Leu* Tyr* Phe* Lys* His* Arg*

Controls 109 75 9.0 3.3 3.6 6.9 4.6 5.1 58 22 21
(3) ± 14 ±11 ±1.0 ±0.2 40.2 ±0.6 ±0.3 ±0.6 ±8 ±4 ±2

Keto-phe 111 62 7.6 2.3 3.2 6.1 4.9 26.3t 38 26 15
(3) ± 19 ± 1 ±0.0 ±-0.3 ±0.1 ±0.2 ±0.9 ±2.5 ±6 ±5 ±2

Keto-met 109 57 6.4 68.0 1.9 4.1 5.7 3.7 44 32 15
(1)

33 g tissue is the estimated weight of muscle perfused in a 200 g rat.
* Additional abbreviations used in this table: gly, glycine; lys, lysine; his, histidine; arg, arginine.
$ Significantly different from controls (P < 0.01).
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FIGURE 2 Disappearance of keto-val or keto-ile from the
medium during perfusion of isolated rat hindquarters. No
disappearance is seen before the hindquarter is connected
to the perfusion circuit (at zero time). Results in individual
experiments are represented by different symbols.

Tissue amino acids and ketoacids. In seven of the
series II experiments, analysis of muscle extracts for
11 amino acids were carried out. The quantities of each
amino acid present in tissue plus perfusate were calcu-
lated as explained in Methods. The results are shown
in Table V. Large increases were observed in the amino
acids corresponding to the ketoacids infused. In addi-
tion, the average concentration of each of the other
essential amino acids fell. This change is statistically
significant only in the case of methionine after keto-phe
perfusion, but the consistency with which this change

occurred suggests that it might have been generally sig-
nificant with larger numbers of observations. Perfusate
concentrations of valine, isoleucine, leucine, and phenyl-
alanine were significantly reduced by keto-met (Table
IV).

This effect of ketoacids on unrelated essential amino
acids is apparently not attributable to an effect on amino
acid transport across the cell membrane. As shown in
Table VI, tissue/perfusate concentration ratios were
not appreciably affected, even for those amino acids
newly synthesized (phenylalanine and methionine).
Possible explanations are transamination between essen-
tial amino acids and the administered ketoacids, in-
creased protein synthesis, and decreased proteolysis.

Tissue metabolite concentrations. Acetoacetate and
3-hydroxybutyrate, normally absent from the perfusate,
appeared during perfusion with keto-leu (Table VII).
Approximately 10% of keto-leu disappearance could be
accounted for in this way. Keto-val led to a large incre-
ment in the release of a substance which assayed as 3-
hydroxybutyrate. Presumably this was 3-hydroxyiso-
butyrate, a normal intermediate in valine catabolism
(9): acetoacetate was not found in these experiments.
We were unable to obtain 3-hydroxyisobutyrate to confirm
this hypothesis. Ketone bodies were also not detectable
during perfusion with keto-ile. a-Ketoglutarate, mea-
sured in five experiments in series II, was unaltered
(data not shown).
Source of a-amino nitrogen for synthesis of essential

amino acids. Alanine and glutamine are the main ve-
hicles for transport of nitrogen from muscle to other
tissues. They account for about half of the amino acid
released by the human forearm and the rat hindquarter
even though they comprise less than 15% of muscle
protein. Evidence from several sources indicates that
both alanine and glutamine can be synthesized by the
muscle cell; the extra nitrogen probably derives from
catabolism of other amino acids (32-34).

TABLE VI
Effect of Keto-phe and Keto-met on Tissue/Medium Concentration Ratios for Various

Amino Acids in Muscle after 58 min Perfusion

Tissue/medium ratio, jsmol/g/pmol/ml

Gly* Ala* Val* Met* Ile* Leu* Tyr* Phe* Lys* His* Arg*

Controls 1 1 6 2.5 1.2 2.3 1.9 3.2 2.1 1 1 1 7 14
(3) 2 + 1 +0.9 ±0.3 0.6 ±40.5 ±0.5 40.6 ±3 ±5 ±3

Keto-phe 13 5 1.4 1.1 1.3 1.2 2.1 1.9 6 2 1 9
(3) ±1 ±1 ±0.4 ±0.1 ±0.2 ±0.2 ±0.2 ±0.1 ±1 ±4 ±2

Keto-met 15 4 1.2 1.7 1.8 1.1 1.8 1.7 8 25 8
(1)

* Abbreviations listed in Tables I and V.
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TABLE VII
Effect of Ketoacids on Selected Metabolites in Perfused Rat Hindquarters

Release Tissue concentration

Addition Ala* Glu -NH2* Acac* 3-HB* Ala* Glu .NH2* Glut*

Mmol/h/j33 g muscle smol/g wet wt

Series I
None (9) 19 25 0 0 0.78 0.85

± 1 ±3 ± 0.04 ±0.11

Keto-leu,
2 mM (2) 13 29 9 5 0.68 0.72
5 mM (4) 9$ 33 11t 5$ 0.60 0.52

±1 +6 + 2 41 40.14 +0-.12
8 nlX1 (2) 9 21 7 3 0.57 0.49

Kcto-val 10t 29 0 37§ 0.48 (2) 0.541i
5 mM (3) +1 +8 +14 +0.05

Keto-ile, 11 9 0 0 1.06 0.38
5 mM (2)

Series I1
None (5) 20 24 1.13 2.93 0.83

+ 1 +4 +0.26 +0.30 +0.10

Keto-met, 14$ 26 0.77 2.10 0.68
1.3 mM (4) +2 +4 +0.13 +t0.47 +0.04

Keto-phe, 21 28 1.27 2.39 0.72
1.3 mM (3) +6 +7 +0.10 +t0.60 +0.07

Keto-leu, 16 25 0.60 3.62 0.92
1.3 mM (1)

Keto-val, 18 34 0.24 2.48 0.64
1.3 mM (1)

Results of perfusate analyses at the end of 50 min perfusions are shown, corrected for variations in
weight, and tissue concentrations.
*Additional abbreviations used in this table: glu. NH2, glutamine; glut, glutamate, acac, aceto-
acetate; 3-HB, 3-hydroxybutyrate.
I Significantly different from control mean (P < 0.01).
§ Probably artifactual owing to the presumed presence of 3-hydroxyisobutyrate.
11 Significantly different from controls (P < 0.05).

The effect of ketoacids on the release of alanine and
glutamine was therefore examined. We reasoned that
if the ketoacids received an amino group from gluta-
mate, the concentration of glutamate would fall, and
as a result, the transamination from pyruvate to alanine
and the synthesis of glutamine might be inhibited.

In general the release of alanine and the tissue con-
centrations of both glutamate and alanine were some-
what reduced in tissues perfused with the keto-ana-
logues of leucine, valine, or methionine (Fig. 3). These
changes were not observed consistently with phenyl-
pyruvate, the keto-derivative that was converted to its
corresponding amino acid at the lowest rate. Glycine,
histidine, arginine, and lysine also failed to fall sig-

Alonine
re lease

iLmo/30g

15 30
MINUTES

Control

Keto- leu

45

FIGURE 3 Alanine release during perfusion of isolated rat
hindquarters with keto-leu, 5 mM. Compared with control
perfusions, release of alanine is progressively reduced dur-
ing keto-leu perfusion, but the quantity of nitrogen thus
made available is not sufficient to account for all of the
leucine synthesized.

Metabolism of a-Ketoacids by Liver and Muscle 2873



nificantly during keto-phe perfusion (Table V), al-
though the change observed in lysine is quantitatively
sufficient to account for the phenylalanine synthesized.
In no experiments was the release or the tissue con-
centration of glutamine significantly altered (Table
VII).
Thus these experiments failed to identify the major

source of the nitrogen used for aminating ketoacids in
muscle, if indeed a single amino acid is the predomi-
nant source.
Tissue/medium concentration ratios for ketoacids in

muscle were as follows: at 1.3-2.0 mM, keto-val, 0.60;
keto-met, 0.99±0.34 (SEM, n = 4); keto-leu, 0.82 (n =
2); keto-phe, 1.32+0.29 (SEM, n = 3); at 5 mM, keto-
val, 0.43±0.06 (SEM, n = 3); keto-ile, 0.42 (n = 2);
keto-leu, 0.39+0.04 (SEM, n = 4).

DISCUSSION
These results establish that the keto-analogues of valine,
leucine, isoleucine, methionine, and phenylalanine can be
converted to their respective amino acids by normal liver
and muscle. The only other conceivable source of the
increased amounts of amino acids appearing in the per-
fusate is proteolysis, since there was no change in tis-
sue/medium ratios of free amino acids. But proteolysis
cannot produce large increments in the concentration of
a single amino acid unless there also occurs synthesis of
a polypeptide lacking this specific amino acid. This theo-
retical possibility seems too improbable to, warrant seri-
ous consideration. Furthermore, isotopic evidence for
conversion of keto-met to methionine by rat liver ho-
mogenate has been reported previously (35).
Although the enzymes capable of catalyzing these re-

actions have been demonstrated in tissue extracts (35,
36), evidence that similar reactions occur in vivo has
been indirect. The ability of these ketoacids to substitute
for the corresponding amino acids in the diet of rats (1)
could be attributed to bacterial action in the intestinal
tract. In ruminants, for example, most of the essential
amino acids can be synthesized in the rumen from simple
nitrogenous precursors such as urea (37). Data obtained
in human subjects fed ketoacids plus 'N-labeled am-

monia, in which incorporation of "N into the corre-

sponding amino acids has been shown (8), could be ex-

plained by bacterial activity or by exchange reactions.
In addition, experiments in the intact organism are

difficult to interpret quantitatively because of the high
rates at which amino acids are transported between tis-
sues, metabolized, or utilized for biosynthesis. The ad-
vantage of the isolated perfused organ is that the func-
tional capacity of an individual tissue can be assessed in
quantitative terms.
Another aspect of the work was the possible toxicity

of the ketoacids. Since their therapeutic use in uremia
and hyperammonemia has been advocated, safe upper

limits of concentration are important to establish. In
branched-chain ketoaciduria, keto-val, keto-leu, and keto-
ile accumulate in body fluids, because of a defect in the
enzyme catalyzing oxidative decarboxylation of these
acids. Levels as high as 10 mM have been reported (38).
These compounds inhibit pyruvate dehydrogenase and
a-ketoglutarate dehydrogenase at concentrations of the
order of 5 mM (39, 40). Keto-met and keto-phe at low
concentration are inhibitors of gluconeogenesis from
various precursors in kidney (29). The present data sug-
gest that endogenous metabolism of the liver is not
affected by these compounds at concentrations of 2 mM,
but the presence of 2 mM oleate could have obscured an
inhibitory action on gluconeogenesis. The increase in
a-ketoglutarate that occurred at 5 mM\1 or higher concen-
tration could be attributed to inhibition of a-ketoglutarate
dehydrogenase. The maintenance of ATP concentration
tinder these conditions can be explained by P-oxidation
of the added oleate or endogenous fatty acid.
Although the amounts of ketoacid aminated per unit

weight were in general higher in the liver than in skele-
tal muscle, the greater mass of muscle may mean that it
has a greater capacity for amination, especially for for-
mation of branched-chain amino acids. However, the
liver perfusions were performed on starved rats and the
muscle perfusion in fed rats. It is also important to bear
in mind that these rates were obtained in the absence of
added substrate and were probably limited by the supply
of endogenous amino acids as nitrogen donors. A third
element of uncertainty derives from the possibility that
catabolism of newly synthesized amino acids may have
occurred, particularly in the cases of phenylalanine and
methionine. The main pathways of degradation of these
two amino acids do not involve transamination to their
keto-analogues, so that flux through the synthetic path-
way may have been greater than our measurements indi-
cate. The branched-chain amino acids, on the other hand,
are not catabolized to any extent by liver (41) but are
degraded in muscle. Under the conditions of our experi-
ments, it seems unlikely that much degradation of these
amino acids could have occurred in muscle, either, in the
face of far higher concentrations of the corresponding
ketoacids.
The high rate of metabolism of these compounds ob-

served here is also relevant to their therapeutic use.
From the experiments in which tissues were perfused
with 2 mM keto-leu, for example, one may infer that a
200 g starved rat metabolized about 2 umol/min of the
compound in the liver, whereas a 200 g fed rat metabo-
lized 6 Mmol/min in muscle (the latter value is based
upon the observed rate of 2 Amol/min per 33 g muscle
and an estimate of muscle weight as 45% of body
weight). This high rate of utilization was confirmed in
four additional experiments by infusing either keto-phe
or keto-ile at a constant rate of 15 /mol/min i.v. in intact
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unanesthetized starved rats: after 60 min perfusion,
plasma concentrations were found to be approximately
1.5 mM, suggesting an even higher rate of utilization
in vivo.'

If the disappearance of ketoacids from the liver per-
fusate not accounted for by appearance of newly syn-
thesized amino acids represents catabolism, these com-
pounds could be an important alternate fuel. For ex-
ample, oxidation of 1 Amol of keto-leu requires approxi-
mately 5.5 Amol of 02 (36). Catabolism of this compound
by liver at 1.4 Amol/min by a 200 g rat could account for
40% of the oxidative metabolism of the liver (3 Amol/
min per g [42]), at least as observed during perfusion.

Several reactions are known for the aminiation of the
keto-analogues of the essential amino acids. These in-
clude (a) glutamine-a-ketoacid aminotransferase (9),
(b) leucine aminotransferase (43) (c) branched-chain
aminotransferase (9), and (d) nonspecific aminotrans-
ferases, distinct from glutamate oxaloacetate aminotrans-
ferase and glutamate pyruvate aminotransferase, in
which glutamate or alanine (44) is the amino-group
donor. Amination of the ketoacids by glutamate dehy-
drogenase (45) was highly unlikely in view of the non-
reaction of the ketoacids with the purified commercial
preparation of glutamate dehydrogenase from beef liver
(see Methods).
Glutamine-a-ketoacid amino transferase occurs in liver,

but not in skeletal muscle (46). Gordon (35) has shown
that added glutamine increases the conversion of keto-
met to methionine in supernate of rat liver homogenate.
Cooper and Meister (47) have examined the specificity
of the enzyme towards various ketoacids. The relative
activities are keto-met > keto-phe > keto-leu; keto-ile is
a very poor substrate, and keto-val does not react. The
results of our liver perfusion experiments indicate par-
ticipation of this enzyme in amination of the ketoacids,
although direct amination by glutamate, derived from
glutamine via glutaminase, cannot be ruled out. What-
ever the mechanism, glutamine is the ultimate source of
the amino groups under the experimental conditions, as
shown in the following reaction schemes:

(a) glutamine aminotransferase reaction
glutamine + a-ketoacid ± a-ketoglutaramate + amino

acid
a-ketoglutaramate .-) a-ketoglutarate + NH3
a-ketoglutarate + NHs : glutamate

sum: glutamine + a-ketoacid .- glutamate + amino acid

(b) nonspecific aminotransf erase reaction
glutamate + a-ketoacid ±> a-ketoglutarate + amino acid
glutamine -> glutamate + NH,3
a-ketoglutarate + NH3 ± glutamate

sum: glutamine + a-ketoacid glutamate + amino acid

'We are indebted to Dr. R. A. Hawkins for assistance
with these experiments.

In skeletal muscle, branched-chain aminotransferase is
present in very high activity relative to its activity in
liver (48, 49). This enzyme would appear to be respon-
sible for amination of the ketoacids in muscle even
though the source of the required glutamate was not
identified.

Diseases characterized by abnormal accumulations of
the ketoacids studies here may also exhibit some of the
secondary metabolic disturbances we have observed in the
perfused liver. In phenylketonuria, for example, plasma
glutamine is subnormal (50, 51). The earlier suggestion
that this abnormality is connected with mental impair-
ment in the disease has not been confirmed (52-55)
and no hypothesis to explain the decrease in glutamine
has been offered. In view of the high reactivity of gluta-
mine transaminase with phenylpyruvate (47) and our
observation of decreased liver glutamine following per-
fusion with phenylpyruvate, it would appear that this
reaction is probably involved. In branched-chain keto-
aciduria, no systematic study of glutamine levels has
been reported, but isolated observations (56, 57) suggest
that glutamine may be low in these patients.
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