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ABSTRACT

Previous experiments in our laboratory on the conver­
sion of radiolabeled thymidine into biologically useful mac­
romolecules other than DNA indicated that a reductive pyrim­
idine catabolic and reutilization pathway may be functioning 
in Tetrahymena pyriformis. In an effort to broaden the re­
strictive definition of nucleic acid "salvage" to include 
the reincorporation of such thymidine degradative fragments 
into biologically useful macromolecules other than nucleic 
acids, xve initiated the present study with the radiolabeled 
resubstantiation of this previously proposed reductive thy­
midine catabolic and reutilization pathway.

To substantiate this overall reductive thymidine cata­
bolic and reutilization pathway more rigorously, however, 
it was thought that at least some of the enzymes involved 
in these interconversions must also be demonstrated. The 
first enzyme in this proposed pathway, dihydrothymine dehy­
drogenase, was investigated. After the preliminary demon­
stration of this enzyme, we then became particularly inter­
ested in the unique properties of the enzyme that apparently 
catalyzes the critical conversion of the proposed reductive 
thymidine catabolic end product, B-aminoisobutyric acid, to 
the initial anabolic reutilization substrate, probably meth­
ylmalonic semialdehyde. We thus chose to study this enzyme 
in greater detail.

Although most of the studies on the further metabolism



of B-aminoisobutyric acid in other organisms suggested the 
transamination of this amino acid to methylmalonic semial­
dehyde followed by its further oxidation to methylmalonic 
acid, such a transaminating system could not be demonstrated* 
By means of a sensitive fluorometric assay system, however, 
we were able to demonstrate a low, but significant, amount 
of such B-aminoisobutyric acid oxidase activity®

In homogenates this enzymatic activity exhibited the 
following characteristics; (1) good activity in alkaline
0.2 M Tris-HCl buffer with a rather broad pH optimum rang­
ing from 7*8 to 9*0; (2) optimum activity at a temperature 
of 37°C» (3) stimulation upon the addition of exogenous FAD;
(4-) inhibition upon the addition of divalent cations, EDTA, 
or PCMB; (5) little stimulation upon the addition of deter­
gents; and (6) no increase in activity upon repeated freez­
ing and thawing. Crude preparations of this oxidase were 
also found (1) to be relatively stable when stored up to 1 
week either refrigerated or frozen; (2) to have a specific 
activity of 2.8 nmoles/min/mg of protein, and (3) to have 
a Km of 3*6 x 10*1 M for D,L~B-aminoisobutyric acid.

Subsequent centrifugal fractionation studies indicated 
that a substantial amount of this oxidase activity may be 
associated with a subcellular organelle, probably the mito­
chondrion. Preliminary (NH^gSO^ fractionation and affinity 
chromatography studies also indicated that this enzyme ap­
pears to be a unique and specific oxidase whose activity is 
separable from other marker enzymes, including other oxidases.
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FURTHER STUDIES ON THE CATABOLISM OF THYMIDINE AND THE RE­
UTILIZATION OF ITS DEGRADATIVE PRODUCTS IN TETRAHYMENA PY­

RIFORMIS

INTRODUCTION

Since its axenic isolation in pure culture over 50
years ago by Lwoff,^ Tetrahvmena nvriformis has proved to
be a useful eukaryote for the study of many biochemical
processes including nucleic acid metabolism. Atypically,
however, Tetrah.ymena pyriformis has been found to require
for growth a preformed purine, preferably guanine, as well

2 3as a preformed pyrimidine, preferably uracil, both of 
which most other organisms are quite capable of synthesiz­
ing de novo. Adenine is able to spare, but not replace,
the guanine requirement, while cytidine or CMP, but not cy-

2 *5tosine can replace the uracil requirement. This rather 
unusual nutritional requirement has resulted in the develop­
ment of Tetrah.ymena pyriformis as a useful model organism 
for evaluating the possible effectiveness of various pur­

1



2
ine and pyrimidine analogs for the treatment of certain hu­
man diseases. The basis for testing 8-azaguanine, the 
first purine analog shown to have an inhibitory effect on 
the growth of tumors, for example, was that it had previ­
ously been found to inhibit the growth of Tetrahymena p.yri- 
formis.^’̂

Other aspects of pyrimidine metabolism in Tetrah.ymena
tL Kpyriformis also appear to be unusual. Uracil, for ex­

ample, can be reversibly converted into uridine, but the 
uridine in turn cannot be phosphorylated into uridylic acid 
(UMP). Uracil, however, can be directly converted into UMP 
by the action of UMP pyrophosphorylase.^’^ In addition, 
cytidine can be oxidatively deaminated to uridine but can

Oform neither cytosine nor cytidylic acid (CMP). Cline and 
9Conner' further claim that uracil, through the deamination 

of cytosine, is the major pyrimidine excretory product of 
RNA breakdown. Previous studies from our laboratory,^’^  
however, indicated that uracil, like thymine, may also be 
reductively degraded to some extent.

But while the current state of knowledge concerning 
nucleic acid metabolism in Tetrahymena pyriformis is exten­
sive, there still remain several important unanswered ques-

12tions. For example, how is guanine converted to adenine? 
How is uracil converted to thymine? Little is known even 
about the role of thymine itself in the pyrimidine metabol­
ism of Tetrahymena pyriformis, although it is well estab­
lished that thymine is not required for growth, cannot



3
spare uracil, and therefore cannot serve as the sole source

2 3of nucleic acid pyrimidines. *
Thymidine phosphorylase and kinase have been described 

along with some non-specific phosphatases capable of remov­
ing the phosphate group of thymidylic acid (TMP),1^”1^ but 
the early failure to detect even a sparing of the pyrimi­
dine requirement by thymine and/or thymidine was originally 

Tfiinterpreted as indicating that thymidine might be synthe­
sized from non-pyrimidine precursors, rather than by util­
ization of the preformed ring. Further nucleic acid anal­
yses, however, showed the concentration of DNA to be very 
low compared to that of RNA. The amount of thymine which 
would be required in the synthesis of this DNA, therefore, 
would be so small that its sparing effect on the total py­
rimidine requirement could easily be overlooked. More sen­
sitive radioactive tracer experiments eventually confirmed 
the assumption that thymine was indeed synthesized from ur­
acil, without dilution of the isotope, when uracil is the

17only pyrimidine supplied, (

With the current research interest in the subcellular 
localization of extranuclear DNA in Tetrahymena pyriformis, 
18-28 ultimate metabolic fate of thymine in this organ­
ism takes on increased significance. The importance of 
thymine metabolism in this regard is due to the fact that 
in general cytoplasmic DNA is most sensitively localized by 
autoradiographic or biochemical analysis based on the in­
corporation of a radiolabeled nucleic acid precursor. Im­



4
plicit to all these studies, of course, is the assumption
that the radiolabeled nucleic acid precursor*— usually fhy-

29midine— is specifically incorporated into DNA y and not de­
graded with subsequent incorporation into other macromole­
cules. Such assumptions are usually substantiated by DN­
ase analysis, but even the results of such treatment have
been found to be variable— sometimes the label is removed,

-50—  -52sometimes it is not. ^
Until recently, whenever nucleic acid metabolism has

been investigated, the discussion has almost always been
limited to the "salvage” pathways first described by Korn-
berg. That is, those metabolic pathways whereby a purine
or pyrimidine base can be aminated, deaminated, oxidized,
reduced, phosphorylated, or dephosphorylated from one form
to another without cleavage of the basic ring structure.
Such "salvage" pathways have been described in numerous or-

2 5ganisms, including Tetrahymena pyriformis. ’
A metabolic alternative to the reincorporation of 

these modified purine and pyrimidine bases into nucleic 
acids, however, is the reutilization of fragments of these 
bases for the synthesis of macromolecules other than nucle­
ic acids. This broader type of "salvage" would involve the 
breakdown of the purine or pyrimidine ring structure and 
the reutilization of at least some of the breakdown prod­
ucts for the synthesis of other biologically useful macro- 
molecules such as proteins, lipids, and carbohydrates.
Such "salvage" pathways have been described in a few other



5
organisms, although not generally in Protozoa.

10 11Recent experiments in our laboratory ’ on the con­
version of radiolabeled thymidine into other biologically 
useful macromolecules, however, initially indicated that 
such a pyrimidine degradation and reutilization pathway may 
indeed be functioning in Tetrahymena pyriformis. When

1ILthese cells were grown in methyl- C-labeled thymidine, for
example, considerable radioactivity was recovered in bio-.
logically useful macromolecules other than DNA, whereas,

14when they were grown in the presence of 2- C-labeled thy­
midine less radioactivity was recovered in macromolecules
other than DNA and most of the non-DNA radioactivity was

14 10 11rapidly recovered as CO2 . Thus it was proposed ’ that
these results could be most easily accounted for by assum­
ing the reductive catabolism of the labeled thymidine and 
the subsequent reutilization of its radiolabeled degrada- 
tive products into biologically useful macromolecules other 
than DNA.

According to this metabolic scheme (see Pig. 1), thy­
midine would be initially converted to thymine. The ring 
would then be reduced and cleaved. Ring cleavage would be 
followed by the subsequent immediate liberation of the 2-C 
in the form of CC^. The remaining thymine degradation frag­
ment, B-aminoisobutyric acid (BAIB), might then be further 
metabolized to methylmalonic acid (MMA) which could be re- 
utilized along well established metabolic pathways for the 
synthesis of other biologically useful macromolecules with



FIGURE 1. PROPOSED PATHWAY FOR REDUCTIVE THYMINE CATABOL­
ISM AND REUTILIZATION.
A. PROPOSED THYMIDINE CATABOLIC PATHWAY.
B. PROPOSED THYMIDINE REUTILIZATION PATHWAY.
All interconversions are known to exist in various organ-

10 11isms and were previously proposed * as possible pathways 
operating in Tetrahymena pyriformis in order to account for 
the recovery of thymidine radioactivity in macromolecules 
other than DNA. All compounds surrounded by rectangular 
boxes have been previously isolated^’̂  from cells grown 
in appropriately radiolabeled thymidine.



FIGURE 1(A)
PROPOSED THYMIDINE CATABOLIC PATHWAY
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FIGURE 1(B)
PROPOSED THYMIDINE REUTILIZATION PATHWAY
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the eventual liberation of the methyl-C in the form of CO^. 
For example, MMA, as its CoA derivative, could be reutil­
ized by conversion into either propionyl or succinyl CoA. 
Propionyl CoA could be incorporated into fatty acids which 
would account for the recovery of thymidine radioactivity 
in lipids. Succinyl CoA, on the other hand, could lead to 
phosphoenol pyruvic acid (PEP). PEP could then be utilized 
for glycerol synthesis which could alternatively account 
for the recovery of additional thymidine radioactivity in 
lipids, or be ultimately converted to glucose and glycogen 
through the normally operative gluconeogenic pathway which 
could account for the reported recovery of thymidine radio­
activity in glycogen. Glucose then could be converted to 
ribose via the pentose phosphate cycle which would account 
for the recovery of thymidine radioactivity in the ribose 
of HNA. In addition, several Krebs cycle intermediates re­
sulting from succinyl CoA (pyruvic acid, OAA, and <XKG) 
could be transaminated into common amino acids (ala, asp, 
and glu, respectively) accounting for the recovery of thy­
midine radioactivity in proteins.

The present study was undertaken in an effort to fur­
ther broaden the heretofore rather restrictive definition 
of nucleic acid "salvage" to include the reincorporation of 
these thymidine degradative fragments into biologically 
useful macromolecules other than nucleic acids. We began 
with the radioactive tracer resubstantiation of the pro­
posed overall reductive thymidine catabolic and reutiliza­
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tion pathway. To substantiate this pathway more rigorously, 
however, it was thought that at least some of the enzymes 
catalyzing these proposed interconversions should be demon­
strated. After the preliminary demonstration of two of 
these catabolic enzymes, we became particularly interested 
in the unique properties of the enzyme that apparently cat­
alyzes the critical conversion of the proposed reductive 
thymidine catabolic end product, JBAIB, to the initial ana­
bolic reutilization substrate, probably methylmalonic semi­
aldehyde. It was this enzyme, therefore, which we ultimate­
ly chose to study in detail.



MATERIALS AND METHODS
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I. RADIOACTIVE TRACER STUDIES
The following methods used in this part of the study 

were developed in previous work from our laboratory.
A. Cultures

Stock cultures of Tetrahymena pyriformis strain GL 
were maintained on an undefined medium containing 1.1# pro­
teose peptone (Difco), 0.1# glucose, 0.1# KgHPO^, 0.01# 
yeast extract, and 0,002 ug/ml of thiamine»HCl. This me­
dium is a slight modification of Elliott's medium. ^  One 
liter nephlometer flasks (Bellco Glass Co.) containing 200 
ml of this medium were inoculated with 7 ml of stock cul­
ture. Culture growth was monitored at 660 nm with a Baush 
and Lomb Spectronic 20 spectrophotometer. Cells were 
chilled to 4°C and harvested by centrifugation at 500-1,000 
x g for 10 min, then washed twice in Ryley-Ringer phosphate 
buffer (RRP) consisting of 0.047 M NaCl, 0.002 M KC1, 0.001 
M MgS04 , and 0.012 M phosphate at pH 7*3*^ Cell numbers 
were determined using appropriate dilutions and counting 
with a hemocytometer.
B. Growth in Radioactive Medium

Cells were grown in the above medium containing either
2,6-^C labeled thymidine (0.25 uCi/ml) or 2-^C labeled 
MMA (0.25 uCi/ml) for approximately the final 12 hr of cul­
ture growth. Cells were grown for 48-72 hr, depending on 
when the cultures reached late log phase (4-6 x 10^ cells/
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ml), at 27°C with constant gentle shaking. ^COg was col­
lected at the indicated intervals (see Fig. 4) during the 
first 3 hr of culture growth after the addition of the ra­
dioactive substrate by passing sterile filtered air through 
the culture flask and into two hyamine hydroxide (1 M solu­
tion in methanol) traps connected in series. The radioac­
tivity from both traps was then combined and recorded as

14the total amount of COg released during each time inter­
val. After 3 hr, two additional hyamine hydroxide traps
were connected in series to the culture flask to collect 

14the CC>2 produced during the last 9 hr of growth. The ra­
dioactivity from both these traps was again combined and

14recorded as the total amount of COg released during that
time period.

14The COg trapped in the medium was then released by
acid titration after the cells were harvested. A few drops
of the acid-base indicator, thymol blue, were added to the
cell-free radioactive medium. The medium was then titrated
in a closed system with strong acid until the indicator
turned distinctly pink resulting in a final pH of less than

142, At such a low pH most of the COg produced during the
course of the incubation and trapped in the medium as bi-

14carbonate should have been liberated. This residual COg 
was then collected and quantitated as described above by 
passing sterile air through the system into hyamine hydrox­
ide traps and counting aliquots of the trapping solutions 
to determine the total amount of radioactivity so produced
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(see M&M Section IH).
C. Cell Fractionation

Cells were harvested, washed, and then fractionated 
essentially by the procedure of Schmidt and Tannhauser.^ 
Cells were suspended in an equal volume of cold 10% tri­
chloroacetic acid (TCA). The suspension was then centri­
fuged and the precipitate washed twice with a volume of 5% 
TCA at least equal to that of the precipitate. After cen­
trifugation the wash was added to the original 5% TCA ex­
tract. To this combined acid soluble fraction, 1.1 volumes 
of cold absolute ethanol was added and the precipitate col­
lected by centrifugation. The precipitate, presumably gly­
cogen, was dissolved in water and again precipitated by the 
addition of 1.1 volumes of ethanol. The precipitate was 
then finally dissolved in water, brought to volume, and la­
beled glycogen. The supernatants from these centrifuga­
tions were pooled, their volume measured, and labeled the 
acid soluble fraction (ASF), The remaining pellet from the 
original TCA extraction which contained RNA, DNA, protein, 
and lipids was then extracted with 5 volumes of cold abso­
lute ethanol and centrifuged. The precipitate was subse­
quently extracted twice with equal volumes of a 3:1 (v/v) 
ether:absolute ethanol solution and finally with absolute 
ether. The ethanol, ether:ethanol, and ether extracts were 
pooled and this fraction labeled the lipid fraction. The 
remaining lipid-extracted pellet was weighed after air dry­
ing and then incubated for 18 hr at 37°C with 0.3 N KOH (1
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ml/50 rag of pellet weight). The pellet was crushed to fa­
cilitate hydrolysis. After 18 hr the alkaline hydrolysate 
was acidified (to pH 1.5) with cold concentrated perchloric 
acid (PCA). After centrifugation the precipitate of KCIO^, 
DNA, and protein was washed with 0,1 H PCA and the wash was 
added to the acidified hydrolysate. The pooled supernat­
ants were then neutralized with KOH, chilled to precipitate 
as much salt as possible, and centrifuged. The neutralized 
hydrolysate, labeled RNA, was brought to volume and the to­
tal number of Aor~ _  units calculated after measurement of260 nm
a portion of the sample in a Beckman DB spectrophotometer. 
The PCA precipitated pellet was suspended in 5 volumes of 
5% TCA and heated for 20 min at 100°C. The hydrolysate was 
centrifuged, the supernatant decanted, and the precipitate 
again treated with 5$ TCA for 20 min at 100°C• This hy­
drolysate was centrifuged and the supernatant added to the 
previous one. The precipitate was washed with cold 5# TCA 
and the wash was added to the above supernatants. The re­
maining pellet which is protein was dissolved in 0.5 N KOH 
and reprecipitated with a 50% solution of TCA. The super­
natant containing approximately 25% TCA was pooled with the 
previous ones, brought to volume with 5% TCA, and labeled 
DNA. The remaining protein pellet was dissolved and 
brought to volume in 1 N KOH.

Some small amount of cross contamination of fractions 
was evident from previous experiments.-^*11 frac-fcion
most consistently affected was the RNA fraction. It con-
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tained glycogen which escaped the cold TCA extraction and 
a small amount of fragmented DNA. This fraction, there­
fore, was further purified.
D. Column Chromatography

The RNA fraction was subjected to DEAE cellulose column 
chromatography after the methods of Morisawa and Chargaff^ 
and Tomlinson and Tener.^ DEAE cellulose which was washed 
in 0.5 N NaOH until the wash was negative for chloride was 
then suspended and settled in glass distilled water until 
most of the fine particles were removed and the pH lowered 
to 9 or 10. It was then washed on a Buchner funnel until 
the pH was neutral, suspended in 0,1 N acetic acid, fil­
tered, and finally suspended in 0.01 M lithium acetate buf­
fer pH 4.5. A column 1,5 x 30 cm was loaded with DEAE cel­
lulose to a height of at least 19 cm. The RNA fraction was 
layered on top of the bed and allowed to enter the column. 
Several ml of buffer were subsequently allowed to perco­
late down the column after the RNA application. The column 
was then filled with buffer and attached to a reservoir of 
buffer. Twenty ml fraction were collected. The effluent 
was continuously monitored at 255 nm with a LKB Uvicord I. 
The contaminating carbohydrate came off the column first 
(see Pig. 2), The buffer in the column reservoir was then 
changed to 0,04 M LiCl in 0.01 M lithium acetate buffer pH 
4.5. The monoribonucleotides were then washed off the col­
umn (see Pig. 2) and at this point the buffer was changed 
again to 1.0 M LiCl in 0.01 M lithium acetate buffer pH
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4.5« This last salt elution washed the few remaining oli- 
gorihonucleotides and most of the contaminating DNA off the 
column (see Pig, 2), The nm of all peak fractions was
then redetermined with the Beckman DB spectrophotometer.

The monoribonucleotide and oligonucleotide (containing 
mostly oligodeoxyribonucleotides and a few oligoribonucleo- 
tides) fractions from the DEAE cellulose column were ly­
ophilized, then desalted by dissolving the lyophilized sam­
ple in absolute methanol and precipitating with 5 volumes 

38of acetone. The desalting procedure was repeated, then 
these precipitates were brought to volume. The monoribo­
nucleotide precipitate was labeled purified RNA, and the 
oligonucleotide precipitate, which was subsequently found 
to contain mostly oligodeoxyribonucleotides (see Results 
Section IA), was labeled DNA and combined with the previ­
ously prepared DNA fraction.

The glycogen fraction from the DEAE cellulose column 
was lyophilized, dissolved in water, and the glycogen pre­
cipitated with 1,1 volumes of cold absolute ethanol. The 
precipitated glycogen was added to that material obtained 
from the TCA extract and the combined fractions brought to 
volume in water and analyzed by the anthrone test (see M&M 
Section IG),
E, Hydrolysis

A portion of the combined glycogen fraction was re- 
precipitated with ethanol. To this precipitate 1 ml of 1 
N was added and the solution heated for 3 hr at 100°
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•59C, y The hydrolysate was neutralized with saturated Ba(0H)2 

and the solution freeze-thawed and centrifuged to remove 
the BaSO^ salt. The neutralized hydrolysate was then chro­
matographed in order to determine that the recovered radio­
activity was indeed a result of the metabolic reutilization 
of the tracer and not just a result of its non-specific ad­
sorption to this macromolecular fraction.
P. Paper Chromatography

Glycogen hydrolysates were chromatographed in two sol­
vent systems: (A) the upper phase of a butanol (4):acetic
acid (l^HgO (5) mixture^ and (B) isobutyric acid (66): 
cone NH^OH (l):!^ (33)^1 (see Pigs. 3 & 5)» dTMP was run 
as a standard and visualized as a UV quenching spot since
it had been previously reported that glycogen non-specific-

4-2ally binds dTMP. The sugar standards were visualized by
spraying the chromatograms with a solution of 0.2% p-anis- 

nxidine*HCl ‘ in ethanol with 4% orthophosphoric acid and ad­
ditional concentrated HC1 until the solution cleared. The 
chromatograms were heated in a drying oven at 100°C for 2 
min.
G. Colorimetric Assays

The carbohydrate content of both the acid soluble and 
the DEAE cellulose column purified glycogen fractions was

ZQassayed by the anthrone test. One ml of chilled enthrone 
reagent (0.2% anthrone in cone HgSO^) was added to 0.1 ml 
of sample in 0.4 ml of water on ice. The mixture was then 
heated for 10 min at 100°C and read at 620 nm. Standard
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glucose solutions were run simultaneously.

Protein concentration was quantitated by the biuret 
zj. 5  zifireaction. Human serum albumin (HSA) solutions were

run simultaneously as standards.
DNA concentration was determined by the diphenylamine

iLOtechnique. ' Standard DNA solutions were run simultane­
ously with the samples.

RNA concentration was determined with orcinol reagent.
4-8 Standard RNA solutions were also run simultaneously 
with the samples.
M. Isotope Measurement*

All cell and c<^flH ^assayed for radio­
activity by placin^HUH Bflif material in
Bray's counting si If a Nuclear Chi­
cago Mark II Paper strips
( 1 x 2  cm) from in counting vials

Ywith 1 ml of water oe f o re Bray's scin­
tillation fluid was addedT^^*^faiolabeled thymidine and 
MMA were used as supplied from the manufacturers without 
further purification.
I. Repeated Experiments

The techniques used in these experiments were first 
worked out in several (at least 3) repeated cold experi­
ments. As these radioactive tracer studies were in essence 
merely a confirmation of more rigorous previous radiola­
beled work,^5^^ however, it was not considered necessary 
to repeat them again and hence these data represent the re-



results of a single experiment.
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glucose solutions were run simultaneously.

Protein concentration was quantitated by the biuret
4-5 46reaction, Human serum albumin (HSA) solutions were

run simultaneously as standards,
DNA concentration .was determined by the diphenylamine 

technique.^ Standard DNA solutions were run simultane­
ously with the samples®

RNA concentration was determined with orcinol reagent,
48 Standard RNA solutions were also run simultaneously 
with the samples,
H. Isotope Measurements

All cell and column fractions were assayed for radio­
activity by placing appropriate aliquots of material in

/l/|Bray's counting solution and counting in a Nuclear Chi­
cago Mark II liquid scintillation counter. Paper strips 
( 1 x 2  cm) from chromatograms were placed in counting vials 
with 1 ml of water and shaken for 1 hr before Bray's scin­
tillation fluid was added. The radiolabeled thymidine and 
MMA were used as supplied from the manufacturers without 
further purification,
I, Repeated Experiments

The techniques used in these experiments were first 
worked out in several (at least 3) repeated cold experi­
ments. As these radioactive tracer studies were in essence 
merely a confirmation of more rigorous previous radiola­
beled work,"^*^ however, it was not considered necessary 
to repeat them again and hence these data represent the re­
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II. PRELIMINARY DEMONSTRATION OF THE CATABOLIC ENZYMES
A. Preparation of the Homogenates

Cultures were grown to late log phase and harvested as 
described (see M&M Section IA). Cells were then resus­
pended in approximately 5 volumes of cold RRJ? and homogen­
ized on ice by 50-100 strokes of a motor-driven Teflon pes­
tle (approximately 400 RPM) in a Potter-Elvehjem homogen- 
izer. Homogenization was monitored by microscopic examina­
tion (see M&M Section IA) and continued until at least 90# 
of the cells were disrupted by this procedure. The homo­
genate was then further diluted with at least an equal vol­
ume of cold RRP.
B. Enzyme Analyses
1. Thymine Reductase (Dehydrogenase)
a. Fractionation of the Homogenate

Since it was not initially possible to demonstrate this 
dehydrogenase in the above crude enzyme preparations, homo­
genates were subsequently subjected to a simple differential 
centrifugation scheme in the hopes of eventually detecting 
activity in one of the resulting fractions. The diluted 
homogenate was thus centrifuged at 2,000 RPM (480 x g) for 
10 min using the SS-34 rotor in a Sorvall RC-2 refrigerated 
(4°C) centrifuge. The supernatant was carefully decanted 
and a portion was retained for enzymic analysis while the 
remainder was recentrifuged at 3»500 RPM (1,475 x g) for 10
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min. This supernatant was again carefully decanted and a 
portion retained for enzymic analysis while the remainder 
was recentrifuged at 10,000 RPM (12,100 x g) for 10 min.
This supernatant was also decanted. A portion was again 
retained for enzymic analysis and the remainder was finally 
centrifuged at 31,000 RPM (100,000 x g) for 1 hr using the 
SW 36 rotor in a Beckman £3-4-0 refrigerated (4°C) ultracen­
trifuge. This supernatant was also decanted and retained 
for enzymic analysis. The pellets, however, could not he 
satisfactorily resuspended, and therefore were not assayed,
b. Enzyme Assay

The DHT-DH assay was based on the procedure described 
by Hunninghake and Grisolia. y The complete assay system 
contained; 2.875 ml of the appropriate Tetrahymena pyri- 
formis supernatant prepared in RRP (final cone « 12 mM phos­
phate buffer, pH 7*3)» 23 ul NADPH (final cone = 0.1 mM), 
and 100 ul thymine (final cone * 1.67 mM) in a total volurae 
of 3 ml. Enzyme activity was monitored spectrophotometric- 
ally in a Beckman DB recording spectrophotometer by measur­
ing the decrease in A ^ q ^  of the NADPH for at least 1 min 
after the addition of substrate. The blank contained all 
components except substrate (thymine). All supernatants 
showed considerable blank activity. Activities (see Table
II), therefore, were corrected for this endogenous NADFH-DH 
activity by subtracting the appropriate blank reaction. No 
activity could be demonstrated when NADH was substituted 
for NADPH.
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2. BAIB Metabolism
a. Transaminase Reaction

Homogenates were prepared as described above (see M&M 
Section IIA) except that prior to homogenization the cells 
were diluted with RRP to make a 2-5% suspension (1.0-2.5 x 
10^ cells/ml). Cell concentrations by volume were deter­
mined by centrifuging 1 ml of the cell suspension in a Con­
stable protein tube at 1800 RPM (1000 x g) for 5 min using 
the HL-4- head in a Sorvall GLC-1 ambient temperature cen­
trifuge. The enzyme preparation was also not further di­
luted after homogenization (see M&M Section IIA). This pro­
cedure resulted in a homogenate that contained 2-3 mg of 
protein per ml.

The BAIB transaminase analyses were based on the rea­
gent concentrations described by Vandermeers-Piret, Camus,

50and Christophe^ and the methods described by Kupiecki and 
51Coon. The complete assay system contained: 2.7 ml of

the Tetrah.ymena pyriformis homogenate prepared as described 
above in RRP (final cone = 12 mM phosphate buffer, pH 7.5), 
100 ul BAIB (final cone = 16.7 mM), 100 ul o(KG (final cone
o 5 mM), and 100 ul PALP (final cone * 53 uM) in a total

50volume of 3 ml. The mixtures were then incubated either 
under ^  or O2 for the indicated periods initially at 25°C 
and then at 37°C in a Dubnoff metabolic shaker with con­
stant gentle shaking (approximately 4-0 cycles/min). Two 
sets of controls were also rum simultaneously. One set was 
incubated without homogenate to check for any non-enzymatic
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transamination as well as to quantitate the amount of exo­
genous BAIB added. The other was incubated without sub­
strate (BAIB) to check for the non-BAIB dependent metabol­
ism of cKKG as well as to quantitate the amount of endogen­
ous BAIB and glu present in the homogenate.

At the end of the incubation period each mixture was 
deproteinized by adding 10 ml of absolute ethanol. The pro­
tein precipitate was then removed by centrifuging at 10,000 
RPM (12,100 x g) for 10 min, using the SS-34- rotor in a 
Sorvall RC-2 refrigerated (4-°C) centrifuge. The supernat­
ant was decanted and concentrated overnight by either heat­
ing in an 80°C water bath or by evaporating under reduced 
pressure at room temperature. The remaining supernatant 
was then further concentrated by lyophilizing and finally 
brought to a volume of 1 ml with 80% ethanol.

Originally the following transaminating system was of 
51interest:-^

BAIB + p(KG methylmalonic semialdehyde + glu 
After our intial inability to demonstrate consistent and 
significant changes in the amino acids and o<keto acids in­
volved in this system, however, the subsequent transaminase 
analyses became more exploratory and less analytical in na­
ture.
(1) Identification and Quantitation of the Transaminating 
Amino Acids

Thirty-fifty ul aliquots of each of the above supernat­
ants were spotted on Whatman #1 paper for the chromatograph­
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ic separation and identification of their component amino 
acids. BAIB and glu standards were also spotted. The chro­
matograms were then developed overnight (11-13 hr) in n- 
propanol (80) :5 N formic acid (20).^ Amino acids were 
visualized by spraying the chromatogram with 0.2% ninhydrin 
in water saturated butanol then heating in a chromatograph­
ic drying oven (Precision Scientific) at 100°C for 5 min.
The amino acids were identified by comparing their with 
that of the standards.

Changes in amino acid concentrations were also detected
52with a semi-quantitative ninhydrin reagent. This reagent

was freshly prepared (just3 prior to use by mixing 50 ml of
0.2 M citrate buffer, pH 5*0, containing 0.08 gm of SnC^*
2H2O with an equal volume of methyl cellosolve containing
2 gm of ninhydrin. Chromatograms were sprayed and heated
as indicated above. The appropriate ninhydrin positive

53spots were cut out and eluted by shaking for 10 min^ with 
2 ml of 50% ethanol. The A ^ q nm of the resulting blue so­
lutions was measured against an appropriate chromatogram 
blank. For glu the corresponding spot in the "no enzyme" 
control lane was cut out, eluted, and used as the blank, 
while for BAIB the corresponding spot in the "no BAIB" con­
trol lane was used as the blank.
(2) Identification and Quantitation of the Transaminating 
c<Keto Acids

The remainder of each supernatant was processed for 
the detection of ©cketo acids. One-tenth ml of a 0.1% so-



lution of 2,4—dinitrophenylhydrazine in 2 N HC1 was added
51to a 0.3 ml supernatant aliquot chilled on ice. The re­

sulting 2,4— dinitrophenylhydrazones were then immediately 
extracted with 0.3 ml of chloroform. The addition of chlor­
oform resulted in an immiscible mixture. The upper aqueous 
layer was carefully pipetted off and the lower chloroform 
layer was evaporated overnight to dryness in a fume hood.
Each sample was then reconstituted in 50-100 ul of chloro­
form. This entire sample was then spotted on Whatman #1 
paper for the chromatographic separation and identification 
of the 2,4— dinitrophenylhydrazone derivatives of the com­
ponent keto acids. The 2,4-dinitrophenylhydrazones of stand­
ard solutions of o(KG r, O A A ,  pyruvic acid, and glyoxylic acid 
were also prepared and spotted. The chromatograms were 
then deveolped overnight (14-18 hr) in n-butanol (70):0.5 
M NH^OH (20):absolute ethanol (10).-^ The 2,4-dinitrophen- 
ylhydrazones were identified by comparing their R̂ , with that 
of the standards. On this basis, MKG- and endogenous pyru­
vic acid were determined to be the major homogenate keto
acids. Changes in these keto acid concentrations were also 

54quantitated.-^ The appropriate 2,4-dinitrophenylhydrazone 
spots were cut out and eluted by shaking for 10 min with 2 
ml of 1 N NaOH at room temperature. The nm of the re­
sulting red solutions was measured.

A quantitative colorimetric determination of the amount 
of methylmalonic semialdehyde produced was also attempted 
based on the procedures described by Hayaishi and Nishi-
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zuka^ and by Walker.^ A 0.5 ml aliquot of each reconsti­
tuted supernatant was brought to a pH of 4,9~5«2 by the ad­
dition of 0.5 ml of 1 M sodium acetate buffer, pH 5.2. Sub­
sequently, 5*0 ml of diazonium reagent (prepared immediately 
before use by adding 6.0 ml of freshly prepared 0.5% NaNOg 
to 40 ml of 0.05% p-nitroaniline in 0.05 N HC1, chilling 
this mixture in an ice bath, and then adding 14 ml of 0.2 
M sodium acetate) was added. The mixture was kept at 35°C 
for $0 min. The coupling reaction was then stopped by the 
addition of 0.1 ml of 5 N HC1, and the formazan produced was 
extracted by shaking with 4.0 ml of ethyl acetate. The Ay[,,Q 
nm of the resulting orange ethyl acetate extract was
measured. Although this reaction is claimed to be specific

56for the semialdehyde, cKKG- was also found to react strong­
ly at the concentrations used in these experiments. It is 
likely, therefore, that these results reflect the overall 
changes in keto acid concentrations rather than just that 
of methylmalonic semialdehyde,
b. Oxidase Reaction
(1) 2 ,6-Dichlorophenolindophenol Assay System

The enzyme extract was prepared as described above 
(see M&M Section IIA). After the homogenate was diluted, 
however, it was centrifuged at 2,500 RPM (500 x g) for 10 
min using the SS-34 rotor in a Sorvall RC-2 refrigerated 
(4°C) centrifuge. This centrifugation was necessary to 
clarify the enzyme preparation since the particulate matter 
in the homogenate interfered with the spectrophotometric
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assay.

The initial BAIB oxidase assay was based on the pro-
157cedure described by Muller, Hogg, and deDuve^' for glyoxy- 

late oxidase. The complete assay system contained: 0,1
ml of Tetrah.ymena p.yriformis extract prepared in RRP, 1 ml 
BAIB (final cone * 0,1 M), 0,3 ml 2,6-dichlorophenolindo- 
phenol (final cone * 33 uM), 0,1 ml phenazine methosulfate 
(final cone = 1 mM), and an additional 0,6 ml RRP (final 
cone ® 12 mM phosphate buffer, pH 7®3) to bring the total 
assay volume up to 3 ml. Enzyme activity was monitored 
spectrophotometrically in a Beckman DB recording spectro­
photometer by measuring the decrease in A^qq for at least 
10 min after the addition of the substrate (BAIB). The 
blank contained all components except substrate.
(2) Fluorometric Assay System

The enzyme extract was prepared as described above 
(see M&M Section IIA) except that the cells were homogen­
ized in 0.25 M sucrose-0.1 M Tris-HCl buffer, pH 7®4-,̂ ® in­
stead of RRP. This homogenate was then used without fur­
ther centrifugation for the initial enzyme assays.

This BAIB oxidase assay was based on the procedure
CQdescribed by Guilbault and Hieserman-" for the detection 

of serum amino acids. Initially the complete assay system 
contained: 1.3 ml 0,02 M pyrophosphate buffer, pH 8.3
(final cone ® 8.67 mM pyrophosphate), 1.0 ml BAIB (final 
cone » 0.1 M), 0.1 ml homovanillic acid (HVA) (final cone 
» 80 ug/ml), 0.1 ml peroxidase (50 ug/ml), and 0.5 ml of
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the crude Tetrah.ymena pyriformis enzyme extract prepared in 
the above homogenization buffer to bring the total assay 
volume up to 3 ml. Enzyme activity was monitored fluoro- 
metrically at 10 min intervals for 90 min in a Turner model 
111 filter fluorometer. A 7-60 primary filter and a 4-7B-2A 
combination secondary filter were used.
C . Repeated Experiments

The DHT-DH assay was run on numerous enzyme prepara­
tions until this activity was finally demonstrated. The 
data (see Table II) represent the results of this initial 
demonstration.

The transaminase reaction was run as described 3 times 
with Tetrahymena pyriformis homogenates. Initially it was 
run at 25°C under Og* It was then subsequently run at 37°C 
under both O2 and Ng* The data (see Table III) represent 
the results on one such experiment. The reaction was also 
run once under Ng with mouse liver homogenate,

2,6-Dichlorophenolindophenol assays for BAIB oxidase 
activity were run numerous times on homogenates as well as 
differential centrifugal supernatants and resuspended pel­
lets. The data (see Table IV) represent the results of one 
such typical experiment.

The fluorometric BAIB oxidase assay was also run on 
numerous enzyme preparations until this activity was final­
ly demonstrated. The data (see fig. 6) represent the re­
sults of this initial demonstration.
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III.CHARACTERIZATION OF BAIB OXIDASE
A. The BAIB Oxidase Assay System

BAIB oxidase activity was then assayed for in a vari­
ety of buffer types (.see Table V), concentrations (see 
Table V), and pH values (see Table V; Fig. 7); over a wide 
range of temperatures (see Table VI); and in the presence 
and absence of FAD (see Table VII), divalent cations (see 
Table VIII), EDTA (see Table IX), several SH reducing rea­
gents (see Results III7), the SH blocking reagent, PCMB 
(see Table X)j and various detergents (see Table XI). The 
complete BAIB oxidase system that eventually evolved from 
these preliminary studies contained: up to 0.5 ml of a
cellular enzyme source prepared as described above (see M&M 
Section IIB2b(2)) in the indicated homogenization medium, 
1.2 ml of 0.2 M Tris-HCl buffer, pH 8.6 (final cone » 80 
mM), 0.1 ml FAD (final cone = 10”^ mM), l.Q ml substrate 
(final cone ■ 0.1 M), 0.1 ml HVA (final cone = 80 ug/ml), 
and 0.1 ml peroxidase (final cone * 50 ug/ml) in a total 
volume of 5 ml. Assays using crude Tetrah.ymena pyriformis 
enzyme preparations also contained 5-10 ul of 10$ Triton X- 
100 (final cone = 0,017-0.034$). The assay mixture was 
then incubated at 37°C for 90 min. Enzyme activity was 
monitored fluorometrically at 10-30 min intervals in a Tur­
ner model 111 fluorometer using a 7-60 primary and 47B-2A 
secondary filter combination. Experimental oxidase activ­
ities were corrected for endogenous oxidase activities by 
subtracting appropriate blank readings (see Results Section
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IIB2).
B. Free ze-Thawing

Enzyme latency was assayed for according to the pro-
fiOcedure of Leighton et al. That is, at least 5 ml of a 

Tetrah.ymena pyriformis homogenate prepared in 0,25 M su­
crose was rapidly frozen in a dry icesl-methoxy-2-propanol 
slurry, then thawed in a 37°C water bath. An aliquot (<1 
ml) was removed and retained for enzyme assay. This freeze- 
thaw cycle was repeated 4-5 times. Each aliquot was sub­
sequently assayed in the absence of Triton X-100 for BAIB 
as well as D-amino acid oxidase activity (see Table
C. Stability

The freshly prepared Tetrahymena pyriformis homogenates 
used for these stability studies were divided into two por­
tions, One of these portions was stored in the refrigera­
tor at 4°G, while the other was stored in various ways in 
the freezer at -20°C. Half of the material at -20°C was 
stored in buffer, while the remainder was suspended in an 
equal volume of glycerol. Both of these enzyme prepara­
tions stored at -20°C were further subdivided into a por­
tion which was stored in bulk and a portion which was 
stored in small individual aliquots. At the indicated times 
after preparation each of these variously stored homogen­
ates were warmed in a 37°C water bath and then assayed for 
the indicated oxidase activities. Each assay system con­
tained Triton X-100 (see M&M Section IIIA)•
D. Repeated Experiments
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The effect of buffer type, molarity, and pH on BAIB 

oxidase activity was initially determined at 25°C, then 
subsequently redetermined at 37°C* The data (see Table V) 
represent the results of the 37°C determination® The ef­
fect of pH on BAIB oxidase activity was determined at least 
5 times with consistantly similar results. The data (see 
Fig. 7) represent the results of the average of 3 such de­
terminations.

The effect of temperature on BAIB oxidase activity (see 
Table VI) was determined once.

The effect of FAD on BAIB oxidase activity was deter­
mined at least 3 times and always showed concentration in­
dependent stimulation. The data (see Table VII) represent 
the results of one such typical determination.

The effect of divalent cations on BAIB oxidase activ­
ity (see Table VIII) was also determined once.

The effect of EDTA on BAIB oxidase activity was deter­
mined 3 times over a wide range of concentrations. The 
data (see Table IX) represent a composite of these results.

The effect of PCMB on BAIB oxidase activity was deter­
mined 3 times and always showed concentration independent 
inhibition. The data (see Table X) represent the results 
of one such typical experiment.

The effect of the various detergents on BAIB oxidase 
activity was determined at least 3 times. The data (see 
Table XI) represent a composite of these results.

The effect of freeze-thawing on BAIB oxidase activity
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was determined twice. The data (see Table XII) represent 
the results of one such typical experiment.

The stability of BAIB oxidase activity under various 
storage conditions was determined numerous times. That is, 
the refrigerated and frozen stability of BAIB oxidase ac­
tivity was determined 5 times, while its freeze-thaw sta­
bility was determined 3 times, and its stability in glycer­
ol was determined only twice. The data (see Table XIII) 
represent a composite of these results.

IV. SUBCELLULAR LOCALIZATION OP BAIB OXIDASE ACTIVITY
A. Centrifugal Fractionation

Eight-hundred ml cultures of Tetrahymena pyriformis 
were grown to late log phase in 2800 ml Pernbach flasks and 
harvested as described (see M&M Section IA). The washed 
cells (see M&M Section IA) were homogenized as described 
(see M&M Section IIA) in freshly prepared 0.25 M sucrose.
A small aliquot of this homogenate was retained for enzymic 
analysis, EM, and protein determination. The remainder was 
fractionated by various centrifugal methods.
1. Preliminary Centrifugation

Homogenates prepared as described above were separated 
initially into a high speed supernatant and pellet by cen­
trifugation at 31?000 RPM (100,000 x g) for 1 hr using the 
SW 36 rotor in a Beckman L3-4-0 refrigerated ultracentrifuge 
set at 4°C. The supernatant was decanted and the pellet 
was resuspended by repeated pipetting in at least and equal
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volume of 0.25 M sucrose. Both fractions were then assayed 
for the indicated enzyme activities (see Table XIV).
2. Differential Centrifugation

Homogenates prepared as described above were also pro­
cessed according to the differential centrifugation scheme 
of Smith and Law^ (see Fig. 8). The homogenate was first 
centrifuged at 2,000 RPM (500 x g) for 10 min using the SS- 
34 rotor in a Sorvall RC-2 refrigerated centrifuge set at 
4°C. The supernatant was decanted and the pellet was re­
suspended in at least an equal volume of 0.25 M sucrose. 
Both these fractions were recentrifuged at 500 x g for an­
other 10 min. The supernatant was again decanted and the 
combined low speed pellets retained for further enzyme and 
EM analysis. A small aliquot of the resulting pooled 500 
x g supernatants was also retained for enzyme analysis and 
the remainder was centrifuged at 11,000 RPM (14,500 x g) 
for 30 min in the Sorvall. This supernatant was then de­
canted and the pellet resuspended in at least an equal vol­
ume of 0.25 M sucrose. Both these fractions were then re- 
centrifuged at 14,500 x g for another 30 min. The result­
ing intermediate speed supernatant was again decanted. The 
combined intermediate speed pellets were resuspended in at 
least an equal volume of 0.25 M sucrose and retained for 
further enzyme and EM analysis. A small aliquot of the 
pooled 14,500 x g supernatants was retained for enzyme an­
alysis and the remainder was centrifuged at 31*000 RPM 
(100,000 x g) for 1 hr using the SW 36 rotor in a Beckman
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L3-40 refrigerated ultracentrifuge set at 4°C. This final 
supernatant was decanted and assayed. The pellet was again 
resuspended in at least an equal volume of 0.25 M sucrose 
and retained for further enzyme and EM analysis.

In addition, to check for the possibility of the non­
specific adsorption of soluble enzymes to subcellular or­
ganelles during this processing, exogenous hog kidney D- 
amino acid oxidase was added to the Tetrahymena p.yriformis 
homogenate at approximately a concentration of 27 ug/ml be­
fore subjecting it to the centrifugal fractionation scheme 
outlined above. The enzyme activity of each resultant dif­
ferential centrifugal fraction as well as of the high speed 
supernatant and pellet (see Table XV) was determined. The 
amount of exogenous D-amino acid oxidase activity contained 
in each fraction was then calculated by subtracting the en­
dogenous D-amino acid oxidase activity of each fraction as 
determined from the parallel processing of an equal amount 
of the same Tetrahymena p.yriformis homogenate without addi­
tional added exogenous D-amino acid oxidase from the total 
amount of D-amino acid oxidase activity (endogenous plus 
exogenous) in each fraction.
3. Zonal Density Gradient Centrifugation

Using the above described procedures (see M&M Section IVA 
1&2)» however, still did not result in a satisfactory sep­
aration of the subcellular organelle marker enzymes. With 
the kind assistance of Dr. Miklos Muller at the Rockefeller 
University, therefore, we finally resorted to the zonal den-
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sity gradient centrifugation method of Muller, Hogg, and 

57deDuve^' to unequivocally localize the subcellular site of 
BAIB oxidase activity*

Tetrahymena pyriformis cultures v/ere grown as described 
above (see M&M Section IVA) and harvested with a modified 
plankton centrifuge. The cells were washed with a few ml 
of distilled water and then brought to a concentration of 
approximately 5$ (v/v) with freshly prepared 0.25 M sucrose. 
Cell disruption was achieved by two passes of this chilled 
suspension through a fritted stainless steel filter (grade 
G, average pore size 10 u) under light suction. When ex­
amined under a phase contrast microscope, the filtrate ob­
tained in this manner was found to contain almost no intact 
cells, and no recognizable macronuclei. Fractionation by 
isopycnic density gradient centrifugation was performed in 
a Beckman model L-HV refrigerated ultracentrifuge with the 
A1-14 automatic zonal rotor at 4°C. The system initially 
consisted of 15 ml of homogenate, layered over 16 ml of a 
sucrose gradient extending linearly with respect to volume 
between density limits of 1.14 and 1.27, and itself rest­
ing on an 8 ml cushion of sucrose solution of density 1,32. 
The rotor was loaded at low speed, spun for 36 min at 
35,000 RPM, and then decelerated for unloading. Two ml 
fractions were collected. Their weight and density were de­
termined to allow calculation of their volumes as well as 
estimation of the average equilibrium density of the par­
ticles contained in them.
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B. Enzyme Assays

The resuspended pellets and supernatants as well as 
the gradient fractions prepared as described above (see M&M 
Section IVA) were then assayed for several different en­
zyme activities.
1. Malate Dehydrogenase (MDH) E.O. #1.1.1.37

This Tetrahymena pyriformis mitochondrial marker en­
zyme was assayed for by the procedure described in the V/or-

/■ n
thington Enzyme Manual. The complete assay system con­
tained: 2.6 ml 0.1 M sodium phosphate buffer, pH 7.4- (fin­
al cone = 86.7 mM), 0.1 ml MgClg (final cone = 3.3 raM), 0.2 
ml NADH (final cone =3.2 uM) in 0,1 M Tris-HCl buffer, pH 
7.4-, 5-10 ul 10% Triton X-100 (final cone = 0.017-0.034-%),
5 ul enzyme preparation, and 0,1 ml freshly prepared 0.006 
M OAA (final cone = 0,2 uM) in 0.1 M sodium phosphate buf­
fer, pH 7.4-, in a total volume of 3 ml. Enzyme activity 
was monitored spectrophotometrically in a Beckman DB record­
ing spectrophotometer by measuring the decrease in A ^ q nm 
of the NADH for at least 2 min after the addition of sub­
strate (OAA). The blank contained all components except 
substrate. The activity of this enzyme is defined as the 
decrease in A ^ q nm per min per ml of enzyme preparation.
The total activity of each fraction is defined as its ac­
tivity times its total volume. The specific activity of 
each fraction is defined as its change in A ^ q nm per min 
per mg of protein.
2, Catalase E.C. #1.11.1.6



This peroxisomal marker enzyme was assayed for by a
slight modification of the procedure described in the Wor-

62thington Enzyme Manual. The complete assay system con­
tained: 1.9 ml 0.1 M sodium phosphate buffer, pH 7.4 (fin­
al cone * 63.3 mM), 1.0 ml 1.8# HgOg (final cone = 0.6%),
5-10 ul 10% Triton. X-100 (final cone = 0.017-0.034%), and
0.1 ml of enzyme preparation in a total volume of 3 ml. 
Enzyme activity was monitored by measuring the decrease in
^240 nm ^2^2 ^or -Leas^ ^ m*-n the addition
of the enzyme preparation. The blank contained all com­
ponents except enzyme preparation. The activity of this en­
zyme is defined as the decrease in &240 nm per min per ml 
of enzyme preparation. The total activity and specific ac­
tivity of each fraction are defined as described above (see 
M&M Section IVB1).
3. D-Amino Acid Oxidase E.C. #1.4,3.3

This peroxisomal marker enzyme was assayed for by the 
procedure of Guilbault and Hieserman^' modified as previ­
ously described (see M&M Section IIIA) for the BAIB oxidase 
assay system. 1.0 ml of D-ala (final cone ■ 0.1 M) was 
used as substrate. The activity of this enzyme is defined 
as the change in fluorescence per 90 min per ml of enzyme 
preparation. The total activity and specific activity of 
each fraction are defined as described above (see M&M Sec­
tion IYB1).
4. Lactate Oxidase (oi-L-Hydroxy-Acid Oxidase) E.C. #1,1,-
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This peroxisomal marker enzyme was also assayed for by

59the procedure of Guilbault and Hieserman"^ modified as pre­
viously described (see M&M Section IIIA) for the BAIB oxi­
dase assay system. 1.0 ml of lactic acid (final cone « 0.1 
ml) was used as substrate. The activity, total activity, 
and specific activity of each fraction are defined as de­
scribed above (see M&M Section IVB3)«
5. BAIB Oxidase

This previously undescribed enzyme was also assayed 
for by the procedure of Guilbault and H i e s e r m a n ^  modified 
as previously described (see M&M Section IIIA). 1.0 ml of 
BAIB (final cone * 0.1 M) was used as substrate. The ac­
tivity, total activity, and specific activity of each frac­
tion are also defined as described above (see M&M Section 
IVB3).

Enzyme data were preferentially expressed as the per 
cent of homogenate activity.  ̂ Where this was not possible, 
enzyme data was alternatively expressed as the per cent of 
total recovered activity.
C. Electron Microscopy (EM)

The differential centrifugation pellets prepared as de­
scribed above (see M&M Section IVA2) were also processed 
for EM (Dr. Frederick Schuster, personal communication; Bet­
ty Hershenov, personal communication; Ursula Behrens, per­
sonal communication; Janet Arce, personal communication).
1. Fixation

The pellets were fixed for 30 min on ice (Figs. 10 &
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11) or 120 min at room temperature (Fig. 12) in a 1% (Fig,
12) or 2% (Figs. 10 & 11) solution of buffered glutaralde- 
hyde. Either 0,1 M veronal acetate (Fig, 10 & 11) or 0,1
M sodium cacodylate (Fig, 12) buffer, pH 7»2-7.4-, was used. 
These buffers also contained 0,005% (in cacodylate) or 0,05% 
(in veronal acetate) CaC^ to stabilize cellular membranes 
and thus better preserve cytoplasmic ultrastructure.
2, Po st-fixation

The glutaraldehyde fixative solution was carefully de­
canted and the pellets were post-fixed for 20 min at room 
temperature (Figs. 10 & 11) or 60 min on ice (Fig, 12) with 
a freshly prepared 1% solution of buffered OsO^. Again 
either 0,1 M veronal acetate (Figs. 10 & 11) or 0,1 M so­
dium cacodylate (Fig. 12) buffer, pH 7*2-7.4-, containing 
the indicated amounts of GaClg was used. This step was in­
cluded chiefly as a means of enhancing the contrast of the 
subcellular organelles. The pellets were then washed twice 
with either distilled water (Fig. 12) or 0.1 M phosphate 
buffer, pH 7*2-7.4- (Figs. 10 & 11).
3. Staining with Uranyl Acetate

After washing the pellets were stained for 20 min (Fig.
12) or 60 min (Figs. 10 & 11) with a 1% solution of uranyl 
acetate. This solution was either made up in distilled 
water (Fig. 12) or in 0.1 M veronal acetate buffer, pH 7*2- 
7*4-, containing the indicated amount of CaO^ (Figs. 10 & 
11). This treatment stabilizes and increases the contrast 
of DNA.
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4. Dehydration

The pellets were then dehydrated by a gradual transi­
tion through an increasing ethanol series. The initial al­
cohol concentration was 70% (Pig. 12) or 75% (Pigs. 10 & 11), 
The pellet was usually stored overnight in the refrigerator 
at this initial step. The ethanol concentration was then 
gradually increased by two or three 5 to 10 min steps to 
100%.
5. Infiltration

The transition from absolute ethanol to the Maraglas 
epoxy resin was initiated by a 5 min rooja temperature treat­
ment of the pellet with a 1:1 (v/v) mixture of absolute eth­
anol: propylene oxide. Infiltration was continued with two 
10 min treatments with propylene oxide followed by a 45 min 
treatment with a 1:1 (v/v) mixture of propylene oxide:Mar- 
aglas. The pellets were then finally allowed to infil­
trate with Maraglas. They were initially treated for 1 hr 
with this resin, then transferred to fresh resin and treated 
for an additional 2-5 hr.
6. Embedding

XFinally a small piece ( ̂ Lmnr ) of the pellet was de­
posited into the tip of a labeled BEEM capsule. The cap­
sule was filled with freshly prepared embedding medium com­
posed of either 59.5 gm Maraglas, 9.5 gm Oardolite iMC-513? 
5.25 gm Dibutyl Phthalate, and 1 ml bDMA (Pig. 12) or 56 ml 
Maraglas, 8.0 ml DER-732, 5*0 ml Dibutyl Phthalate, and 1.0 
ml BDMA (Pigs. 10 & 11). The first Maraglas mixture was
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allowed to cure at 35°C overnight, then at 45°C during the 
following day, and finally at 60°C for an additional 24 hr 
(Fig. 12), while the other was simply hardened for at least 
48 hr at 60°C (Fig. 10 & 11). After polymerization was com­
pleted, the BEEM capsules were removed and the bldcks were 
sectioned with either a glass (Figs. 10 & 11A,B,D) or dia­
mond (Figs. 11C & 12) knife on a Porter-Blum ultramicro­
tome, Gold colored sections (900-1500 A thick) were picked 
up on formvar-carbon coated copper mesh grids and stained 
with lead citrate before viewing. Low magnification obser­
vations were caried out on a Zeiss 98-2 TEM (Figs. 10 & 11 
A,B,D), while higher magnification observations were car­
ried out on a Jelco T7 TEM (Figs. 11C & 12).
D. Repeated Experiments

Homogenates were fractionated into high speed supernat­
ants and pellets, then assayed for the indicated enzyme ac­
tivities at least 4 times. The data (see Table XIV) repre­
sent the results of these four experiments.

Homogenates were fractionated at least 6 times by dif­
ferential centrifugation with essentially the same results 
(see Fig. 9). EM analyses (see Figs. 10, 11, & 12) were run 
simultaneously on two of these runs.

Exogenous hog kidney D-amino acid oxidase was used to 
check for the non-specific adsorption of soluble enzyme to 
subcellular organelles twice. The data (see Table XV) re-* 
present the results of one such typical experiment.

The effect of various homogenization media on the re-
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covery of marker enzyme activity (see Table XVI) was tested 
once.

The zonal density gradient centrifugal fractionation 
of the subcellular organelles (see Pig. 13) was also run 
once.

V. PARTIAL PURIFICATION OF BAIB OXIDASE ACTIVITY
A. (NH^^SO^ Precipitation

Eight-hundred ml cultures of Tetrahymena p.yriformis 
were grown to late log phase in 2800 ml Fernbach flasks and 
harvested as described (see M&M Section IA). The washed 
cells (see M&M Section IA) were homogenized as described 
(see M&M Section IIA) in 0.1 M Tris-JtiCl buffer, pH 8.6. A 
small aliquot of this homogenate was retained for enzyme 
analysis and protein determination. The remainder was cen­
trifuged at 3*000 RPM (1083 x g) for 10 min using the SS-34 
rotor in a Sorvall RC-2 refrigerated centrifuge set at 4°C. 
The resulting supernatant was carefully decanted and frac­
tionated according to an (NH^^SO^ precipitation scheme

64based in part on the procedures of Brumby and Massey.
All enzyme activities were assayed for as previously de­
scribed (see M&M Section IVB), except that it was not 
thought to be necessary to include Triton X-100 in the 
(NH^^SO^ precipitate assay mixtures.

Initially attempts were made to precipitate the bulk 
of the BAIB oxidase activity. After some preliminary in­
vestigation on the precipitability of this oxidase activ-
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ity by various (RH^^SO^ concentrations (see Table XVII(A)) 
we developed the following fractionation schemes An appro­
priate amount^ Qf the salt was weighed out and added to 
the low speed (1085 x g) supernatant prepared as described 
above to bring it to a concentration of 10% (HH^^SO^.
This mixture was allowed to stand on ice for 15 min with 
occasional stirring until the (HB^^SO^ was completely dis­
solved, The solution was then centrifuged at 3*000 RPM 
(1085 x g) for 1 hr using the SS-34 rotor in a Sorvall RC- 
2 refrigerated centrifuge set at 4°C, The resulting sup­
ernatant was decanted. The pellet was resuspended in a 
minimal volume of 0,1 M Tris-HCl buffer, pH 8,6, and re­
tained for enzyme analysis and protein determination. The
total volume of the resulting 10% (NH^^SO^ supernatant was

65then measured and an additional appropriate amount x of the 
salt was weighed out and added to this supernatant to bring 
it to 60% (NH^gSO^, Again this mixture was allowed to 
stand on ice for 15 min with occasional stirring until the 
(NH^^SO^ was completely dissolved. This solution was then 
centrifuged at 14,500 RPM (25,300 x g) for 20 min using the 
Sorvall. The resulting supernatant was decanted, while the 
pellet was resuspended in a minimal volume of 0.1 M Tris- 
HCl buffer, pH 8.6, and retained for enzyme analysis and 
protein determination. This 10-60% (NH^gSO^ precipitate 
seemed to contain the bulk of the BAIB oxidase activity 
(see Table XVII(A)). It also contained the bulk of the D- 
amino acid oxidase activity (see Table XVII(A)). A final



(HH^)2SO^ precipitate was prepared in a similar manner*
That is, the volume of the resulting 60% (KH^)2S0^ super­
natant was measured and enough additional salt^^ was dis­
solved as described above in this supernatant to saturate 
it. This solution was also centrifuged at 25,300 x g for 
20 min in the Sorvall, The resulting supernatant was again 
decanted, while the pellet was resuspended in a minimal 
volume of 0.1 M Tris-HCl buffer, pH 8,6, and retained for 
enzyme analysis and protein determination.

Subsequently attempts were made to separate BAIB oxi­
dase activity from that of other enzyme activities, par­
ticularly D-amino acid oxidase activity. The following 
fractionation scheme, therefore, was developed for this 
purpose (see Table XVII(B)): An appropriate amount^ of
salt was weighed out and added to the low speed (1085 x g) 
supernatant prepared as described above to bring it to a 
concentration of 40% (NH^)2S0^, This mixture was allowed 
to stand on ice for 15 min with occasional stirring until 
the (NH^)2S0^ was completely dissolved. The solution was 
then centrifuged at 3,000 RPM (1085 x g) for 1 hr using the 
SS-34 rotor in a Sorvall RC-2 refrigerated centrifuge set 
at 4°C, The resulting supernatant was decanted. The pel­
let was resuspended in a minimal volume of 0.1 M Tris-HCl 
buffer, pH 8.6 , and retained for enzyme analysis and pro­
tein determination. This 0-40% (NH^)2S0^ precipitate 
seemed to contain substantial BAIB oxidase activity, but 
little of the other marker enzyme activities, including D-
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amino acid oxidase activity (see Table XVII(B)). The total 
volume of the resulting 40% (HH^)2S0^ supernatant was then 
measured and an additional appropriate amount^ of the salt 
was dissolved as described above in this supernatant to 
bring it to 60% (HH^)2S0^. This solution was then centri­
fuged at 14,500 RPM (25*300 x g) for 20 min using the Sor­
vall, The resulting supernatant was decanted, while the 
pellet was resuspended in a minimal volume of 0.1 M Tris- 
HCl buffer, pH 8.6, and retained for enzyme analysis and 
protein determination. A final (NH^)2S0^ precipitate was 
prepared in a similar manner. That is, the volume of the
resulting 60% (NH^)2S0^ supernatant was measured and enough

65additional salt ^ was dissolved as described above in this 
supernatant to saturate it. This solution was also centri­
fuged at 25,300 x g for 20 min in the Sorvall as described 
above. The resulting supernatant was again decanted, while 
the pellet was resuspended in a minimal volume of 0.1 M 
Tris-HCl buffer, pH 8.6, and retained for enzyme analysis 
and protein determination.
B. Affinity Chromatography

Eight-hundred ml cultures of Tetrahymena pyriformis 
were grown to late log phase in 2800 ml Pernbach flasks and 
harvested as described (see M&M Section IA). The washed 
cells (see M&M Section IA) were homogenized as described 
(see M&M Section IIA) in 0.1 M Tris-HCl buffer, pjd 8.6.
The homogenate was centrifuged at 5,000 RPM (1085 x g) for 
10 min using the SS-54 rotor in a Sorvall RC-2 refrigerated
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centrifuge set at 4°C. The resulting supernatant was de­
canted and fractionated according to the above (NH^^SO^ 
precipitation scheme (see M&M Section VA)•

A D-ala affinity column was prepared according to the 
company's instructions as follows: Approximately 2,5 gm
of Activated CH-Sepharose 4B (Pharmacia) were weighed out 
and swollen in 1 mM HC1. The swollen gel was washed with 
an additional 500 ml (200 ml/gm) of 1 mM HC1 on a coarse 
fritted glass filter (Corning), The washed gel was then 
resuspended in 15 ml of 0,1 M NaHCO^ buffer, pH 8,0, and 
transferred to a 100 ml beaker, 0,7568 gm of D-ala was 
then added to the gel suspension and swirled,^ A 1 ml al­
iquot of this supernatant was immediately removed and re­
tained for enzyme assay. The suspension was then allowed 
to shake gently (so that the gel did not settle) for 1 hr 
at room temperature to permit the covalent binding of the 
amino acid. The gel was again filtered on the coarse frit­
ted glass filter and the filtrate was saved for enzyme as­
say, The gel was resuspended in 50 ml of 0.1 M Tris-HCl 
buffer, pH 8,0, transferred to a 250 ml beaker, and allowed 
to stand at room temperature for 1 hr. This suspension was 
then again filtered on a coarse fritted glass filter and 
the filtrate was saved for enzyme assay. The filtered gel 
was then washed on the filter with 200 ml of 0,5 M NaCl in 
0,05 M Tris-HCl buffer, pH 8,0, followed by 200 ml of 0.5 
M NaCl in 0,05 M formate buffer, pH 4.0, to remove excess, 
non-covalently bound D-ala, The final few ml of this fil-
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trate were also collected and saved for enzyme assay. The 
gel was finally washed with 100 ml of 0.1 M Tris-HCl buffer, 
pH 8.6. This filtrate was saved for enzyme analysis and 
the gel was resuspended and stored in this buffer.

On the basis of enzyme analysis of the various fil­
trates it was determined that about 16.1$ of the added D» 
ala had been bound resulting in an adsorbent that contained 
approximately 18.2 umoles of D-ala/ml of gel. This was a- 
bout the maximum amount of amino acid that could be ex­
pected to bind under these conditions.^ No D-ala could be 
detected enzymatically in the filtrates after the salt 
washes.

A small column (0.9 x 6,5 cm) of this D-ala affinity 
gel was packed in the cold. One ml of the 0-40$ (NH^^SO^ 
precipitate containing approximately 25 ^280 nm un^ s was 
layered on top of this column. The column was then devel­
oped in the cold (4°0) with 0.1 M Tris-HCl buffer, pH 8.6. 
2.5 ml fractions were collected. The effluent was contin­
uously monitored at 255 nm with a LKB Uvicord 1. The pro­
tein came off the column in one rather skewed peak. The
Aoan _ of all peak fractions was then redetermined with280 nm ^
the Beckman DB spectrophotometer. The enzyme activities of 
the peak fractions were also determined as previously de­
scribed (see M&M Section IVB). Kecoveries were finally ex­
pressed as the per cent of activity in the 0-40$ (NH^^SO^ 
precipitate (see Table XVIII). The column was regenerated 
after each separation by washing with 200 ml of 0.5 M NaCl



47
in 0.05 M Tris-HCl buffer, pH 8,0, followed by 200 ml of 
0,5 M NaCl in 0,05 M formate buffer, pH 4,0, then re-equil­
ibrating with 200 ml of 0,1 M Tris-HCl buffer, pH 8,6,
C. Repeated Experiments

D-amino acid oxidase and BAIB oxidase activities were 
precipitated by various concentrations of (NH^^SO^ numer­
ous (at least 10) times. The other marker enzyme:activities, 
that is, MDH, catalase, and lactic acid oxidase, were pre­
cipitated twice. The data (see Table XVII) represent the 
results of one such typical experiment.

The resuspended 0-40% (NH^^SO^ precipitate was puri­
fied by D-ala affinity column chromatography twice. The
data (see Table XVIII) represent the results of one such
typical experiment.

VI. PHYSIOIOGICAL SIGNIFICANCE OF BAIB OXIDASE ACTIVITY
A. Specific Activity

A standard H2O2 decomposition curve was prepared by 
incubating varying amounts of this substrate in a peroxi­
dase assay system (see Fig. 14). This assay system was 
based on the procedure of Guilbaut and Hiesermarr y and con­
tained 1.2 ml of 0,2 M Tris-HCl buffer, pH 8.6 (final cone 
» 80 mM), 0.1 ml FAD (final cona « 10“’̂  mM), 1.0 ml M2O2
(final cone » 0.33-3*28 uM), 0.1 ml HVA (final cone * 80
ug/ml), and 0,1 ml peroxidase (final cone a 50 ug/ml) in a 
total volume of 3 ml. The amount of fluorescence detected 
was directly proportional to the amount of H-2̂ 2 present.
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The number of nmoles of decomposed in each assay sys­
tem was calculated from the measurement of the A0/1~ of<£40 nm
the stock solution. (The molar absorbancy for HgOg at 240

62nm in a 1 cm cuvette is 4$.6. ) The number of nmoles of
®2^2 Pro<3-uce^ as a result of PAIB oxidase activity in the 
Tetrahymena p.yriformis homogenate under these conditions 
was then read off the standard curve. This activity (as 
nmoles/min) was finally converted to specific activity (n- 
moles/min/mg of homogenate protein). The specific activ­
ity of this oxidase so calculated agreed well with our pre­
vious estimate based on the assumed total enzymatic conver­
sion of a known amount of iiVA from its non-fluorescent to 
its fluorescent form.
B. Substrate Specificity

Determining the substrate specificity of this oxidase 
also became of particular interest since it had been re­
ported that thymine was preferentially reductively catabol-
ized to D(-)BAIB and that only this isomer could then be ef-

68-7Pfectively metabolized further in mammalian systems. ” '

As it is difficult to chemically separate these isomers 
from one another, however, we thought that we might be able 
to selectively eliminate each of them by pretreating the 
assay system with an appropriate exogenous enzyme prior to 
the addition of the Tetrahymena p.yriformis homogenate.
Thus, before the addition of this crude enzyme preparation, 
the incomplete BAIB oxidase assay system (see M&M Section 
IIIA) containing one of the indicated substrates (see Big.
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19) was incubated, for 90 min at 37°C with either 5 ul of 
snake venom L-amino acid oxidase (final cone =* 1.7 ug/ml) 
or hog kidney D-amino acid oxidase (final cone » 0.2 mg/ml). 
The exogenous oxidase activities of these assay systems 
were then measured at 10 min intervals for 90 min. It was 
hoped that the exogenous L-amino acid oxidase might reduce, 
if not eliminate, the L(+)BAIB from the assay system, while 
the D-amino acid oxidase might reduce, if not eliminate, 
the D(-)BAIB from the assay system. After these exogenous 
oxidase activities had leveled off, 0.1 ml of a Tetrahymena 
pyriformis homogenate prepared in 0.1 M Tris-HCl buffer, 
pH 8.6, was added to complete each assay system. It was 
then thought that any increase in oxidase activity in the 
D-amino acid oxidase system subsequent to the addition of 
this crude Tetrahymena pyriformis enzyme preparation might 
reflect the metabolism of the remaining L(+)BAIB, while a 
similar increase in the L-amino acid oxidase system might 
reflect the metabolism of the remaining D(-)BAIB»
C. Substantiation of the Overall Catabolic Pathway

The complete BAIB oxidase system (see M&M Section IIIA) 
was incubated for approximately 6 hr at 37°C with the indi­
cated (see Pig. 16) dihydropyrimidine (DHP) derivatives as 
substrates instead of BAIB. Pro(*uc,fci011 was then mea­
sured at 10-30 min intervals. Since these DHP derivatives 
are considerably less soluble than BAIB, however, their con­
centrations (final cone » 0.0167 M) in the oxidase assay 
system were substantially less than that of BAIB (final cone
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* 0.1 M) which might account for the apparent slowness of 
these reactions. We were, nevertheless, able to detect sub­
stantial oxidase activity by extending the incubation per­
iod.
D. Kinetics

After having done some initial work establishing ac­
tivity dependence on enzyme preparation and substrate con­
centrations, preliminary studies were done on the kinetics 
of the indicated oxidase reactions (.see Fig. 17) • The lin­
ear range of activity dependence on enzyme concentration 
for each reaction was determined, then the appropriate sub­
strate concentrations varied within this enzyme concentra­
tion range to obtain the necessary data to construct a 
Lineweaver-Burk plot of each activity, i'he best fitting 
straight line was mathematically calculated by regression 
analysis of the data points (.Dr. Leslie Marcus, personal
communication). The Kffl of each reaction was then graphic-

75ally determined. ^
E. Effect of Culturing Conditions on BAIB Oxidase Activity
1. Relationship between enzyme activity and culture age

Eight-hundred ml cultures in 2800 ml Fernbach flasks 
were inoculated as described (see M&M Section IA). After 
24- hr 200 ml of this culture were aseptically removed and 
harvested as described (see M&M Section IA). At four sub­
sequent 48 hr intervals, that is, after 3, 5* 7* and 9 days, 
an additional 100 ml of this culture were again aseptically 
removed and harvested as described (see M&M Section IA).
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Finally, the remaining culture was harvested as described 
(see M&M Section IA) 15 days after inoculation. After each 
harvesting the washed cells were homogenized in 0.1 M Tris- 
HCl buffer, pH 8.6 , (see M&M Section IIA) and assayed for 
BAIB (see M&M Section IVB5) as well as D-amino acid (see M&M 
Section IVB3) oxidase activity.
2. Indueibility

To determine if BAIB oxidase activity in Tetrahymena 
p.yriformis homogenates might be inducible, 100 ml cultures 
were grown to log phase in the presence of the indicated a- 
mounts of the proposed thymidine catabolic intermediates 
(see Table XX) in 500 ml nephelometer flasks inoculated 
with 10 ml of the same stock culture as described (see M&M 
Section IA). After harvesting the washed cells were homo­
genized in 0.1 M Tris-HCl buffer, pH 8.6 , (see M&M Section 
IIA) and assayed for BAIB (see M&M Section IVB5) as well 
as D-amino acid (see M&M Section IVB3) oxidase activity.
F. Repeated Experiments

The standard H2O2 decomposition curve (see Fig. 14) 
was prepared once.

The stereoisomer substrate specificity of the BAIB ox­
idase activity (see Fig. 15) was determined twice using D- 
amino acid oxidase and 3 times with L-amino acid oxidase 
with essentially the same results.

The overall catabolic pathway (see Fig. 16) was sub­
stantiated 2-3 times with each of the indicated DHP deriva­
tives. The results were generally as indicated, although
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DHT oxidation was not always so rapid.

The kinetics of each of the indicated oxidase activ­
ities were determined numerous times. That is, the kinet­
ics of BAIB and D-amino acid oxidase activity of Tetrahy­
mena pyriformis homogenates were each determined 5 times, 
while the kinetics of BAIB oxidase activity of crude com­
mercial hog kidney D-amino acid oxidase was determined 3 
times, and that of crude commercial hog kidney D-amino acid 
oxidase activity itself was determined twice. The graphs 
(see Fig. 1?) represent the best of these determinations.

The relationship between BAIB oxidase activity and cul­
ture age was determined twice. The data (see Table XIX) 
represent the results of one such typical experiment.

The inducibility of BAIB oxidase activity was tested 
2-3 times with each of the suspected inducing substrates. 
Whether they were dissolved in the original culture medium 
or added a few hr before havesting did not seem to affect 
inducibility. The data (see Table XX) represent the re­
sults of one of the former such typical experiments.

VII.SOURCES OF RADIOACTIVE TRACERS, STANDARDS, ENZYMES, AND
OTHER CHEMICAL REAGENTS

1U-The 2,6-C labeled thymidine (sp. act. = 105 mCi/mM)
litwas obtained from Nuclear-Dynamics. The 2- C labeled MMA 

(sp. act. - 0.05 mCi/0.6mg) was obtained from New England 
Nuclear.

For Bray's solution; methanol (Certified ACS Spec-
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tranalyzed) was obtained from Fisher; ethelene glycol (rea­
gent grade) and 1,4 dioxane (reagent grade) were obtained 
from Baker; naphthalene (Eastman grade) was obtained from 
Eastman; 2,5-diphenyloxazole (PPO; scintillation grade) was 
obtained from Amersham/Searle; and p-bis[j2-(5-phenyloxazol- 
yl)J-benzene (FOPOP; scintillation grade) was obtained from 
New England Nuclear. Hyamine hydroxide (1 M solution in 
methanol) was obtained from Amersham/Serle.

B-D-glucose was obtained from Galbiochem. Shellfish 
glycogen was obtained from Mann. HSA (grade III) was ob­
tained from Sigma. DNA and RNA were obtained from Mann. 
Anthrone (reagent grade) was obtained from Fisher. Diphen- 
ylamine and orcinol were obtained from Matheson.

Proteose peptone and yeast extract were obtained from 
Difco. Thiamine«HC1 (vitamin B grade) was obtained 
from Calbiochem.

DEAE cellulose (DE 25) was obtained from Whatman.
NADPH and NADH were obtained from Sigma. Thymine was 

obtained from Calbiochem.
D,L-BAIB was obtained from Sigma, Calbiochem, and K &

K. Glu was obtained from Mann. oCKG- was obtained from 
Sigma. OAA was obtained from Calbiochem. Pyruvic acid (so­
dium salt) was obtained from Eastman. Glyoxylic acid was 
obtained from Sigma.

2,4—Dinitrophenylhydrazine was obtained from Matheson.
2,6-bichlorophenolindophenol was obtained from Mann. 

Phenazine methosulfate was obtained from Nutritional Bio-
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chem.

4-Hydroxy-3-methoxy-phenylacetic acid (HVA) was ob­
tained from Sigma. Horseradish peroxidase (type 1} RZ 0.6) 
was also obtained from Sigma.

FAD, EDTA, B-mercaptoethanol, reduced glutathione, and 
dithioerythritol were obtained from Sigma. Dithiothreitol 
was obtained from Calbiochem. PCMB (Ha salt) was obtained 
from Mann. Sodium dodecyl sulfate (SDS) was obtained from 
K & K.

1-Methoxy-2-propanol (practical grade) was obtained 
from Baker.

Crude hog kidney D-amino acid oxidase (0.09 units/mg) 
and D-ala were obtained from Sigma. Superoxol (30% HgOg) 
was obtained from Merck. Lactic acid (Li and Na salt) was 
obtained from Sigma.

Glutaraldehyde, sodium cacodylate, OsO^, propylene ox­
ide, Maraglas, Cardolite NC-513* Dibutyl Phthalate, and 
BDMA were all obtained from Ladd. Sodium barbital (for 
veronal acetate buffer) was obtained from Fisher. Uranyl 
acetate was obtained from Baker. DER-732 was obtained from 
Polysciences, Inc.

Enzyme grade (NH^^SO^ was obtained from Mann.
Activated CH-Sepharose 4B was obtained from Pharmacia.
Crude snake (Crotalus) venom L-amino acid oxidase 

(type I; 0.3 units/mg) was obtained from Sigma. L-ala was 
obtained from Mann. B-ala was obtained from Sigma.

DHT, DHU, DHTdine, and DHUdine were all obtained from 
Sigma.
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Tdine was obtained from Sigma.
All other chemicals used were of analytical-reagent 

grade•
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I. RADIOACTIVE TRACER STUDIES
The first part of this study involved the reinvestiga­

tion of the proposed reductive thymine catabolic and reutil­
ization pathway by means of radioactive tracers.
A. 2,6-^C-Labe led Thymidine 

142,6- C41abeled thymidine was used to resubstantiate
the overall pathway. Based on previous radiolabeled studies

10 11 14from our laboratory * the 2- C label was expected to be
14 14rapidly recovered as COg, while the 6- C label was ex­

pected to be recovered in macromolecular fractions other 
than DNA.

14The cells were grown in 2,6- C-labeled thymidine for 
approximately the final 12 hr of culture growth, collected, 
and fractionated into their various macromolecular compon­
ents as described (see M&M Section IA-D). The distribution 
of the recovered radioactivity is given in Table I. Slight­
ly less than 50% of the total 2,6-^C-labeled thymidine ra­
dioactivity was recovered in the DNA fraction. This per­
cent recovery is even less than previously reported"^’11 
which might be due to the fact that in these experiments 
the labeled thymidine was added much later in culture growth, 
and therefore more likely to be metabolized than incorpor­
ated into DNA.

The crude RNA fraction was placed on a DEAE cellulose 
column to remove contaminating carbohydrate and DNA as de-
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TABLE I. INCORPORATION OP 14C INTO VARIOUS CELL FRACTIONS 
OP TETRAHYMENA PYRIFORMIS GROWN WITH 2,6-14U THYMIDInE.
Cells were grown for approximately the final 12 Hr of cul­
ture in modified Elliott's medium containing 50 uCi of 2,6- 
■*"40 thymidine (sp. act. « 105 mui/mM), harvested, and frac­
tionated into the indicated macromolecular components as 
described in the text (see M&M Section IA—D).
% OF TOTAL 4̂0 ACT. INCORP. was calculated on the basis of

mthe sum of the 0 recovered in the component fractions. 
TOTAL MACROMOLECULAR radioactivity is the sum of the ^4C re­
covered in all of the above macromolecular fractions.
TOTAL ^4C RECOVERED is the sum of the ^4C recovered in all 
of the above macromolecular fractions plus the total res­
pired COg*

1ATOTAL CO^ is the sum of the C0£ produced during the first
IA5 hr of growth in radioactive medium plus the COg pro-

1Aduced during the last 9 hr of culture growth plus the COg
released after the acid titration of the cell-free medium,

IAThis COg was produced, trapped, and measured as described
in the text (see M&M Section IB).

IATOTAL C ADDED was determined by counting an aliquot of the 
culture medium immediately after the addition of the radio­
activity. This value agreed to within 10-15# of the mathe­
matically calculated one:
(2.22 x 106 dmp/uCi) X (50 uCi) X ('?^ | o o \ p m S)
*1AC counting efficiency
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INCORPORATION OP 14C INTO VARIOUS CELL FRACTIONS OP TETRA- 
HYMENA PYRIPORMIS GROWN WITH 2,6-1Z,C THYMIDINE

TOTAL TOTAL % OP TOTALFRACTION VOL ALIQUOT CPM CPM* . ACT. INCORP. 
(mis) (uls) (x 10 )

Acid Soluble 34 200 1553 26.4 33.8

Lipid 13.5 200 595 4 .0 5 .1

RNA 4 20 66 1.3 1 .7

DNA 25 250 5849 38.5 49.2

Protein 5 50 561 5 .6 7.2

Carbohydrate 10 50 118 2 .4 3 .0

TOTAL 
IACROMO LECULAR 78.2 75.8

TOTAL
co2 24 .9 24-. 2

1/L TOTAL
RECOVERED 103.1 0 .9

i 'TOTAL 
1 C ADDED 11320 99.1
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scribed (see M&M Section ID). The results of this column 
fractionation are given in Pig. 2. The first relatively 
uncharged peak eluted off the column by the lithium acetate 
buffer was colorimetrically and chromatographically identi­
fied as carbohydrate. This column-recovered carbohydrate 
radioactivity was added to the acid-soluble carbohydrate
radioactivity and the combined total entered in Table I as

mthe amount of C activity incorporated into the carbohy­
drate fraction. The second peak eluted off the column by 
0,04 M LiCl was colorimetrically identified as ribonucleo­
tides. This column-purified RNA radioactivity was entered

14in Table I as the amount of C activity incorporated into 
the RNA fraction. The third peak to be eluted off the col­
umn by 1 M LiCl could either have been oligodeoxyribonucle- 
otides or 2’-0-methyl oligoribonucleotides resistant to al­
kaline hydrolysis. Earlier methoxyl determinations of this 
peak, however, indicated that only 0,4-0,5>% of these bases 
are 2’-O-methylated (Dr. John Berech, personal communica­
tion). Thus, the majority of the radioactivity in this 
fraction appeared to be due to radioactive oligodeoxyribo- 
nucleotides. This assumption was also colorimetrically 
substantiated. The radioactivity from this peak, therefore, 
was added to the previously prepared DNA radioactivity and
this combined total was entered in Table I as the amount of 
14C activity incorporated into the DNA fraction,

A portion of the carbohydrate fraction was then precip­
itated, hydrolyzed, and chromatographed in several different



60
FIGURE 2. DEAE CELLULOSE COLUMN CHROMATOGRAPHY OP ALKALINE 
HYDROLYZED RNA PROM CELLS GROWN IN 2,6-14C-iiABELED THYMIDINE. 
This crude RNA preparation was eluted with 0.01 M lithium 
acetate buffer, pH 4.5* 0.04 M LiCl in 0.01 M lithium ace­
tate buffer, pH 4.5* and 1.0 M LiCl in 0,01 M lithium ace­
tate buffer, pH 4,5* at the points indicated.
A. Fractions were assayed for 260 nm absorbance.
B. 100 ul samples from each fraction were removed and as­
sayed for radioactivity.
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FIGURE 2

DEAE CELLULOSE COLUMN CHROMATOGRAPHY OF 
ALKALINE HYDROLYZED RNA FROM CELLS GROWN 
IN 2 ,6 -H c LABELED THYMIDINE
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solvent system as described (see M&M Section IE&F). The 
results are given in Fig. 3. Standard dTMP was run simul­
taneously since it had been reported previously that gly-

ixocogen specifically binds dTMP. The isobutyric acidseonc 
NH^OHsB^O solvent used to develop the chromatogram illus­
trated in Fig. 3(B) separates glucose from all the major 
ribonucleotides including dTMP, ribonucleosides including 
thymidine, and free b a s e s . T h e  thymidine radioactiv­
ity recovered in the carbohydrate fraction, therefore, is 
clearly associated with glucose and not thymidine or any
of its closely related derivatives.

14-The amount of COg produced by the cells was monitored
14-for 3 hr after the addition of 2,6- C-labeled thymidine
14-into the culture. The rate of this CO2 release is plot­

ted in Fig. 4-.
B .  2-14C-Labeled MMA 

14-2- C-labeled MMA, a key proposed reutilization inter­
mediate, was used to substantiate the latter part of the 
proposed pathway.

14-The cells were grown in 2- C-labeled MMA for approxi­
mately the final 12 hr of culture growth, collected, and 
fractionated into their various macromolecular components 
as described (see M&M Section IA-D). A portion of the car­
bohydrate fraction was then precipitated, hydrolyzed, and 
chromatographed in several different solvent systems as de­
scribed (see M&M Section IE&F). The results are given in 
Fig. 5. Again the radioactivity is clearly associated with
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FIGURE 3. CHROMATOGRAPHIC DISTRIBUTION OR RADIOACTIVITY 
FROM 2,6-^C-LABE LED THYMIDINE IN THE CARBOHYDRATE FRACTION. 
A portion of the carbohydrate fraction was precipitated, hy­
drolyzed, and chromatographed in:
A. THE UPPER PHASE OF A BUTANOL (4):ACETIC ACID (1):H20 
(5) SOLVENT MIXTURE
B. ISOBUTYRIC ACID (66):CONG NH^OH (1):H20 (33)
as described in the text (see M&M Section IE&F). The chro­
matogram was cut into 1 x 2 cm strips and counted (see M&M 
Section IH). dTMP was visulaized as a uV quenching spot 
(see M&M Section IF). Areas containing carbohydrate mater­
ial were visulaized by running the indicated standard sug­
ars in adjacent lanes and spraying with p-anisidine after 
development (see M&M Section IF).
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FIGURE 4. RELEASE OF 14C02 BY CELLS INCUBATED IN 2,6-aAC 
THYMIDINE AND 2-3AC MMA.

14This graph compares the initial rate of CO2 release by
14late log phase cultures incubated with 2,6- C thymidine 

(-# — *--) and 2-14C MMA (-«— •-).
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FIGURE 5# CHROMATOGRAPHIC DISTRIBUTION OF 2-14C-LABELED 
MMA RADIOACTIVITY IN THE CARBOHYDRATE FRACTION.
Details as in Fig. 3.
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glucose*

14The amount of COg produced by the cells was also
14monitored for 3 hr after the addition of 2- C-labeled MMA.

14into the culture. The rate of this COg release is also
14plotted in Fig. 4. Although the initial pattern of COg 

release in these two systems is quite different, the lat­
ter part of these two graphs are approximately parallel,

Qindicating equal rates of release which is what would be 
expected if these two substrates were eventually metabol­
ized in the same way.

II. PRELIMINARY DEMONSTRATION OF THE CATABOLIC ENZYMES
A. Thymine Reductase (Dehydrogenase)

After resubstantiating the proposed reductive pyrimi­
dine reutilization pathway with radiolabeled intermediates, 
the first enzyme in this pathway, thymine reductase (dehy­
drogenase), was investigated. The possible presence of 
this enzyme in Tetrahymena pyriformis was suggested by a re­
port of a reduced pyrimidine excretion product in the re-

74lated ciliate Paramecium aurelia as well as by previous
competition experiments from our laboratory"^’ in which

14unlabeled DHT added to cells grown on 2- C-labeled thymi-
14dine resulted in a reduction of the amount of CO2 pro­

duced. Enzyme activity was monitored spectrophotometric- 
ally by following the decrease in 3^0 nm absorbance of its 
cofactor WADPH as described (see M&M Section IIBlb). Pre­
liminary results (see Table II) indicated that this en-
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TABLE II. THYMINE REDUCTASE (DEHYDROGENASE) ACTIVITY IN SUP­
ERNATANT FRACTIONS OF IETRAHYMENA PIRIFORMIS HOMOGENATES.
The homogenate was prepared (see M&M Section IIA) and cen­
trifuged (see M&M Section IIBla) at the indicated speeds 
as described in the text. The enzyme activity of each sup­
ernatant fraction was then assayed for as described in the 
text (see M&M Section IIBlb)• Enzyme activities were cor­
rected for endogenous NADFH-DH activity by subtracting the 
appropriate blank reaction (see M&M Section IIBlb).



TABLE II
73

THYMINE REDUCTASE (DEHYDROGENASE) ACTIVITY IN SUPERNATANT 
FRACTIONS QFTETRAHYMENA PYRIFORMIS HOMOGENATES

SUPERNATANT ACTIVITYFRACTION
480 x 6 0.00931

1,475 X s 0.00793

12,100 x s 0.00275

100,000 x s 0

* although the protein concentration of this preparation was 
not determined on the basis of subsequent experiments 1 ml 
of this homogenate was estimated to contain approximately 
10 mg of protein.
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zyme activity could indeed be demonstrated in low speed sup­
ernatants of Tetrahymena pyriformis homogenates.
B. BAIB Metabolism

The catabolic part of this proposed pathway, that is, 
the conversion of thymine to DHT and then eventually to 
BAIB has already been extensively described and the enzymes
involved at least partially purified from various bacterial, 
75-80 mammalian 949,50,81-101 inygr-fce-bra-fce f 102-106 and pig^ 
107-114' systems. Most of these studies, however, terminate
with the production of BAIB and little work has been done 
on the further metabolism of this compound. The conver­
sion of this catabolic end product to an anabolic substrate, 
possibly MMA, however, is a critical step in the overall 
proposed catabolic and reutilization pathway. The presence 
of an enzyme catalyzing such a conversion in Tetrahymena 
pyriformis was also suggested by previous competition ex­
periments from our laboratory^ ’ ̂  in which unlabeled MMA

14added to cells growing on methyl- C-labeled thymidine again
14resulted in a reduction of the amount of CC^ produced. 

Thus, encouraged by the preliminary demonstration of the 
first of the required enzymes in the reductive pathway and 
hopeful that the subsequent catabolic enzymes would also be 
eventually demonstrated (see Rig. 16), we decided to inves­
tigate the nature of the pivotal enzyme responsible for the 
further metabolism of BAIB in more detail.
1. Transaminase Reaction

Most of the few studies on the further metabolism of
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BAIB in other organisms suggested the transamination of BAIB 
to methylmalonic semialdehyde and then its further oxida­
tion to MMA. The possibility of such a transaminase also 
operating in Tetrahymena pyriformis. therefore, was inves­
tigated, The exploratory transaminating assay systems were 
incubated for varying periods of time and the resulting a- 
mino acids and 2,4-dinitrophenylhydrazones of the keto 
acids were quantitatively identified by chromatography as 
described (see ivi&M Section IIB2a). It was expected that if 
BAIB was indeed further metabolized in this manner, then 
its concentration as well as that of the coupled transamin­
ating keto acid (cKKG) should decrease with incubation time, 
while the concentrations of the resulting transaminated a- 
mino acid (glu) and keto acid (methylmalonic semialdehyde) 
should increase with incubation time. Such concomitant con­
sistent and significant changes in the transaminating amino 
and keto acid concentrations, however, could not be demon­
strated either by us (see Table III) or by others^ in Tet­
rahymena pyriformis using this assay system. In fact, no 
2 ,4-dinitrophenylhydrazone with the expected of the 
methylmalonic semialdehyde derivative could even be detect­
ed. We therefore decided to investigate the alternative 
possibility of the further metabolism of BAIB by direct ox­
idation.
2. Oxidase Reaction

Oxidase activity was initially monitored spectrophoto- 
metrically by following the decrease in 600 nm absorbance



TABLE III(A). CHROMATOGRAPHIC QUANTITATION OE AMINO ACIDS 
FROM THE TRANSAMINASE ASSAY SYSTEM.
Homogenates were prepared as described in the text (see M&M 
Section IIB2a). The transaminase assay mixtures (see M&M 
Section IIB2a) were then incubated either under Ng or Og 
for the indicated periods of time at 37°C as described in 
the text (see M&M Section IIB2a). At the end of the indi­
cated incubation periods each mixture was deproteinized 
(see M&M Section IIB2a) and the concentrated supernatants 
(see M&M Section IIB2a) were chromatographed (see M&M Sec­
tion IIB2a(l)) as described in the text. The amino acids 
were quantitated as described in the text (see M&M Section 
IIB2a(l)) by comparing the experimental absorbances with 
that of known concentrations of standards.
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77

CHROMATOGRAPHIC QUANTITATION OF AMINO ACIDS FROM
AMINASE ASSAY SYSTEM

AMINO umoles
ACID 0 15 50 60 90 120 MIN

Tetrahymena pyriformis 
GLU 0.112 0.190 0.184 0.264 0.254 0.290

n2
* BAIB 3.750 2.071 4.104 2.875 4.459 2.295

GLU 0.061 0.042 0.056 0.097 0.181 0.256
^2* BAIB 2.513 2.488 2.515 2.515 2.515 2.500

Mouse Liver 
GLU 0.160 0.129 0.161 0.182 0.154 0.179

n 2
* BAIB 3.675 5.4-58 5.483 5.958 5.500 3.117

THE TRANS-

NET
CHANGE

+ 0.168
- 1.455

+ 0.195
- 0.013

+ 0.019
- 0.558
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TABLE III(B). CHROMATOGRAPHIC QUANTITATION OP <XKETO ACIDS 
PROM THE TRANSAMINASE ASSAY SYSTEM.
Details as in Table III(A), except that at the end of the 
indicated incubation periods each mixture was chromato­
graphed as described in the text (see M&M Section IIB2a(2)). 
The 2,4-dinitrophenylhydrazones were also quantitated as de­
scribed in the text (see M&M Section IIB2a(2)) by comparing 
the experimental absorbances with that of known concentra­
tions of standards. No exogenous pyruvate was added to the 
experimental assays. The overall change in c*keto acids 
refers to that detected by the assay of Hayaishi and Nishi- 
zuka^ (see M&M Section IIB2a(2)). Both of these o(keto 
acid analyses as well as the amino acid analysis (see Table 
111(A)) were done on the same preparations.
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CHROMAI'0GRAPHIC QUANTITATION OF 0<KETO AClDS FROM TttiU TRANS-
AMINASE ASSAY SYSTEM

umoles nET
0 15 30 60 90 120 MIN CHANGE

Tetrahymena pyriformis 

°ACIDS 1]- 822 10.724 7.897 8.852 8.902 14.860 + 5.058
N2 <*kg 58.987 26.810 19.968 21.429 16.800 15.341 -22.645

^ V A T E  2 , 1 0 0 1,515 0,656 1,588 0,895 1,578 ~ 0,722

°2 °ACIDS 7,808 10*644 7.808 11.712 11.671 11.692 + 5.884

Mouse Liver

°ACIDS 4,141 5,450 9,106 18 • 592 9.490 10.594 + 6.253
N2 cAKG 10.726 11.121 11.478 10.290 15*377 11.201 + 0.475

PVATE °*776 O-SOl 0.645 0.591 0.066 0.184 - 0.592
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of 2,6-dichlorophenolindophenol as described (see M&M Sec­
tion IIB2b(l)). These preliminary studies (see Table IV) 
indicated that this enzyme, like thymine reductase (dehy­
drogenase), could also be demonstrated in the supernatant 
fraction of low speed centrifugates of Tetrahymena pyrifor­
mis homogenates. The low activity of the enzyme under 
these assay conditions, however, made it necessary to de­
velop a more sensitive assay system for its further more 
detailed study. We therefore utilized the previously de­
scribed fluorometric procedure (see M&M Section IIB2b(2)) 
for all subsequent oxidase assays.

The initial fluorometric assays (see Fig. 6) indicated: 
(1) that the homogenate without any substrate produced a 
small but increasing amount of fluorescence during the 90 
min incubation period. To correct for this endogenous ac­
tivity in further experiments, therefore, the increase in 
fluorescence of the blank, containing an equal volume of 
water instead of the aqueous substrate solution, was sub­
tracted from the total increase in experimental fluores­
cence during the incubation period; (2) that the increase 
in fluorescence over the 90 min incubation period, at least 
for BAIB, is essentially linear. The change in fluores­
cence over this period, therefore, does indeed seem to re­
present the measurement of a legitimate enzyme rate; and 
(3) that BAIB oxidase activity, although significantly a- 
bove the endogenous level, is, nevertheless, still consid­
erably less than that of D-amino acid oxidase.
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TABLE IV. BAIB OXIDASE ACTIVITY IN DIFFERENTIAL CENTRIFU­
GAL FRACTIONS OF TETRAHYMENA PYRIFORMIS HOMOGENATES ASSAYED 
WITH 2,6-DlCHL0R0PHEN0LIND0PHENOL.
The homogenate was prepared (.see M&M Section IIB2b(l,),) and 
centrifuged (see M&M Section IVA2) at the indicated speeds 
as described in the text. The enzyme activity of each frac­
tion was then assayed for as described in the text (see M&M 
Section IIB2b(l)).
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BAIB OXIDASE ACTIVITY IN DIFFERENTIAL CENTRIFUGAL FRACTIONS 
OF TETRAHYMENA PYRIFORMIS HOMOGENATES ASSAYED WITH 2,6-DI-

CHLOROPHENOLINDOPHENOL

FRACTION SP. ACT.
^ A 6 6 0  nn / m i n / ms of P r °tein)

500 x g SUP 0.013

14.500 x g SUP 0.050
14.500 x g PPT 0.013

100.000 x g SUP
100.000 x g PPT

0.014
0.004
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FIGURE 6. OXIDASE ACTIVITIES UNDER INITIAL FLUOROMETRIC 
CONDITIONS.
The homogenate was prepared and the oxidase activities were 
assayed for as described in the text (see M&M Section IIB- 
2b(2)).
SUBSTRATES: ( ■--■-) D ,L-JdAIB; (--» » ) D-ala; (-A— A-)endo­
genous.
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III.CHARACTERIZATION OF BAIB OXIDASE ACTIVITY

After initially demonstrating BAIB oxidase activity 
fluorometrically in Tetrahymena pyriformis homogenates, we 
set about establishing the optimum assay conditions for 
this enzyme in the hopes of increasing its detectable ac­
tivity.
1. Buffer

The first enzyme parameter investigated was the effect 
of buffer compound, molarity, and pH. A series of common 
assay buffers were tested at frequently used molarities and 
varying pHs within their buffering capacity (see Table V). 
BAIB oxidase showed good enzyme activity in alkaline 0.1 M 
pyrophosphate buffers. We decided not to use these highly 
alkaline pyrophosphate buffers, however, since highly alka­
line buffers have been reported to catalyze the non-enzy-

T I E  1matic decomposition of and contaminating D-a-
mino acid oxidase activity was also stimulated by these py­
rophosphate buffers. BAIB oxidase, however, also showed 
good activity in alkaline 0.2 M Tris-HCl buffers, while D- 
amino acid oxidase was slightly less active. We therefore 
decided to use this buffer in all subsequent oxidase assays.
2. pH

We then investigated the pH optimum of this enzyme in 
more detail (see Fig. 7)• We found that this enzyme activ­
ity apparently has a broad or possibly a double alkaline pH 
optimum. Thus we rather arbitarily chose a pH of 8.6 to be 
used in all subsequent oxidase assays.
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TABLE V. EFFECT OF BUFFER TYPE, MOLARITY, AWL pH ON BAIB 
OXIDASE ACTIVITY.
Homogenates were prepared in 0.25 M sucrose-0.1 M Tris-MCl 
buffer, pH 7*4, as described in the text (see M&M Section 
IIB2b(2)). 0.5 ml of this homogenate was then assayed for
BAIB oxidase activity in the indicated buffers as described 
in the text (see M&M Section IIIA). The assays were incu­
bated at 57°C.



TABLE V
8?

EFFECT OF BUFFER TYPE, MOLARITY, AND pH ON BAIB OXIDASE AC­
TIVITY

BUFFER MOLARITY pH ACTIVITY *
(A  F/90 min/O.l ml )

Phosphate 0*05 6.5 4-
7.5 2.5
8.7 9

0.1 6.0 2
7.0 2.5
8.0 10.5

Tris 0.1 7.1 5*58.0 10
9.0 5.5

0.2 6.9 6
8.1 17.5
8.9 50

Pyrophosphate 0.02 8.5 4
9.2 12.5
10.5 24.5

0.1 8.5 25
9.5 24.5
10.5 24.5

Borate 0.1 8.1 7
9.0 16
10.0 8

although the protein concentration of this preparation was not determined on the basis of subsequent experiments 0.1 
ml of this homogenate was estimated to contain approximately 1 mg of protein.
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FIGURE 7# THE EFFECT OF pH OR BAIB OXIDASE ACTIVITY. 
Homogenates were prepared in 0.25 M sucrose-0.1 M Tris-HCl 
buffer, pH 7«4, as described in the text (see M&M Section 
IIB2b(2)), 0.5 ml of this homogenate was then assayed for
BAIB oxidase activity as described in the text (see M&M 
Section IIIA). Assays were incubated in 0.2 M Tris-HCl 
buffer at the indicated pHs, This graph represents the av­
erage of 3 such determinations at each pH.
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3. Temperature

The next enzyme parameter to be investigated was the 
effect of temperature on the rate of the reaction. We as­
sayed for oxidase activity at four convienent temperatures 
(see Table VI). The assay system incubated at 37°C was 
found to be the most active. All subsequent oxidase as­
says, therefore, were also incubated at 37°C.
4. FAD

The effect of a common oxidase coenzyme, FAD, was also 
investigated. This cofactor was found to stimulate both 
D-amino acid oxidase and BAIB oxidase activity (see Table 
VII), although D-amino acid oxidase stimulation appeared 
to be more concentration dependent than BAIB oxidase activ­
ity. We thus rather arbitarily chose a final FAD concen-

—lLtration of 10 mM to be used in all subsequent oxidase as­
says.
5. Divalent Cations

The effect of some common divalent cations was also
+2 +2investigated. Both exogenous Mg and Ca were, however, 

found to inhibit BAIB oxidase and, to a lesser extent, D- 
amino acid oxidase activity (see Table VIII). No such exo­
genous divalent cations were, therefore, included in any 
subsequent oxidase assays.
6. EDTA

Since divalent cations were apparently inhibitory, it 
was thought that a chelating agent, such as EDTA, might 
stimulate oxidase activity by removing inhibiting divalent
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TABLE VI. EFFECT OF TEMPERATURE ON BAIB OXIDASE ACTIVITY. 
Homogenates were prepared in 0.25 M sucrose-0.1 M Tris-HCl 
buffer, pH 7*4, as described in the text (see M&M Section 
IIB2b(2)). 0.5 ml of this homogenate was then assayed for
the indicated oxidase activities in 0.2 M Tris-HCl buffer, 
pH 8.6, as described in the text (see M&M Section IVB3&5).
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TABLE VI

EFFECT OF TEMPERATURE ON BAIB OXIDASE ACTIVITY

TEMPERATURE ACTIVITY
(°C) (A P/90 min/O.l ml )

BAIB D-ala

4 10 44.5
25 16.5 80
37 39 119.5
90 0 0

although the protein concentration of this preparation was 
not determined, on the basis of subsequent experiments 0.1 
ml of this homogenate was estimated to contain 1 mg of pro­tein
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TABLE VII. EFFECT OF FAD ON BAIB OXIDASE ACTIVITY. 
Homogneates were prepared in 0,1 M Tris-HCl buffer, pH 8.6, 
as described in the text (see M&M Section IIB2b(2)). 0.5
ml of this homogenate was then assayed in the presence of 
the above final concentrations of FAD for the indicated ox­
idase activities as described in the text (see M&M Section 
IVB3&5)• Controls were incubated without added exogenous 
FAD.
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TABLE VII

THE EFFECT OF FAD OK BAIB OXIDASE ACTIVITY

CONCENTRATION % OF CONTROL ACTIVITY
(mM) BAIB D-ala

10~6 171.2 208.1
10”5 153.8 24-5.2
10“4 150.0 $85.9



95
TABLE VIII. EFFECT OF DIVALENT CATIONS ON BAIB OXIDASE AC­
TIVITY.
Homogenates were prepared in 0.1 M Tris-HCl buffer, pH 8.6, 
as described in the text (see M&M Section IIB2b(2)). 0.1
ml of this homogenate was then assayed in the presence of 
the above final concentrations of the indicated divalent 
cations from BAIB oxidase (see M&M Section IVB5) as well as 
D-amino acid oxidase (see M M  Section IVB5) activity. Con­
trols were incubated without the indicated exogenous dival­
ent cations.
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i‘ABLE VIII

EFFECT OF DIVALENT CATIONS ON BAIB OXIDASE ACTIVITY 

DIVALENT CONCENTRATION % OF CONTROL ACTIVITY
CATION (mM) BAIB D-ala

Mg+2 3.3 78.8 91.2
6.6 A3.9 76.7
13.2 21.2 61.7

Ca+2 6.0 97.0 73.7
12.0 66.7 88.9
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cations from the crude homogenate, Over the wide range of 
concentrations tested, however, EDTA also appeared to mark­
edly inhibit BAIB oxidase and, to a lesser extent, D-amino 
acid oxidase activity (see Table IX). This chelating a- 
gent, therefore, was not added to any subsequent oxidase 
assays.
7. SH Reagents

We also thought that we might test the effects of some
common reducing compounds on oxidase activity. Most of
these reagents (B-mercaptoethanol, reduced glutathione, di-
thiothreitol, and dithioerythritol), however, were found,

117as previously reported, ' to inhibit peroxidase activity 
under our assay conditions. We therefore could not test 
their effect on oxidase activity in this peroxidase coupled 
assay system.
8. PCMB

The effect of the SH blocking reagent, PCMB, on oxi­
dase activity was also investigated. At the rather low 
concentrations used in these experiments, PCMB was found to 
effectively inhibit both BAIB oxidase and, to a lesser ex­
tent, D-amino acid oxidase activity (see Table X). This 
result suggests that free SH groups are important for the 
oxidase activity.
9. Detergents

The effects of various detergents (Triton X-100, Tween 
80, SDS, and DOC) on oxidase activity were also investi­
gated. Such compounds are thought to increase the detect-
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TABLE IX. EFFECT OF EDTA ON BAIB OXIDASE ACTIVITY. 
Homogenates were prepared in 0.1 M Tris-HCl buffer, pH 8.6, 
as described in the text (see M&M Section IIB2b(2)). 0.1
ml of this homogenate was then assayed in the presence of 
the above final concentrations of EDTA for the indicated 
oxidase activities as described in the text (see M&M Sec­
tion IVB3&5)• Controls were incubated without EDTA.
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TABLE IX

EFFECT OF EDTA ON BAIB OXIDASE ACTIVITY

CONCENTRATION % OF CONTROL ACTIVITY 
(mM) BAIB D-ala

0.05 22.2 81.5
0.2 14.5 89.4
2.0 22.2 86.9
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i'ABLE X. EFFECT OF PCMB ON BAIB OX I BASE ACTIVITY. 
Horaogneates were prepared in 0.1 M Tris-HCl buffer, pH 8.6, 
as described in the text (see ivj&M Section IIB2b(2)). 0.1
ml of this homogneate was then assayed in the presence of 
the above final concentrations of PCMB for the indicated 
oxidase activities as described in the text (see M&M Sec­
tion IVB3&5)• Controls were incubated without PCMB.
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TABLE X

EFFECT OF PCMB OK BAIB OXIDASE ACTIVITY

CONCENTRATIOK % OF CONTROL ACTIVITY 
(x 10"° mM) BAIB D-ala

5 43.2 61.4
10 43.3 50.0
20 34.1 27.3
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able activities of enzymes localized within subcellular or­
ganelles by disrupting the limiting membranes and thus lib­
erating the sequestered enzyme activities. Low concentra­
tions of Trition X-100 seem to be slightly stimulatory, al­
though higher concentrations may be inhibitory. Tween 80, 
on the other hand, seems to have little effect on both oxi­
dase activities. The strongly ionic detergents, such as 
SDS and DOC, however, seem to be significantly inhibitory 
(see Table XI). High concentrations (final cone >  0*33%) 
of these detergents, moreover, greatly increase endogenous 
fluorescence and thus decrease the sensitivity of the assay 
system. Low concentrations of Trition X-100 (final cond ̂  
0.05%), nevertheless, were included in all subsequent oxi­
dase assay systems where crude enzyme preparations were 
used as a precautionary measure.
10. Ftfeeze-Thawing

We also investigated the effect of freezing and thaw­
ing on oxidase activity. Freeze-thawing, like detergents, 
is thought to increase the detectable activity of enzymes 
localized within subcellular organelles by disrupting the 
limiting membrane and thus liberating the latent enzyme ac­
tivities. Repeated cycles of rapid freezing and thawing, 
however, did not seem to increase either BAIB oxidase or D- 
amino acid oxidase activity (see Table XII).
11. Stability

Finally we investigated the stability of BAIB oxidase 
activity under various storage conditions (see Table XIII).



TABLE XI. EFFECT OF DETERGENTS ON BAIB OXIDASE ACTIVITY. 
Homogenates were prepared in 0.1 M Tris-HCl buffer, pH 8.6, 
as described in the text (see M&M Section IIB2b(2)). 0,1
ml of this homogenate was then assayed in the presence of 
the above final concentrations of the indicated detergents 
for BAIB oxidase (see M&M Section IVB5) as well as D-amino 
acid oxidase (see M&M Section IVB3) activity. Controls 
were incubated in the absence of any detergent.
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EFFECT OF DETERGENTS ON BAIB OXIDASE ACTIVITY

DETERGENT CONCENTRATION % OF CONTROL ACTIVITY
(%) BAIB D_ala

Triton X-100 0.03 130.2 116.3
0.33 97.1 140.0
3.33 19.0 78.3

Tween 80 0.03 107.3 111.9
0.33 105.4 95.0
3.33 107.3 81.3

SDS 0.03 77.1 53.1
0.33 42.0 18.6
3.33 0 6.2

DOC 0.03
0.35
3.55

63.7
67.6
49.4

94.3
20.8
0
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TABLE XII. EFFECT OF FREEZE-THAWinB ON BAIB OXIDASE ACTIV­
ITY.
Homogenates were prepared in 0.25 M sucrose as described in 
the text (see M&M Section IIB2b(2)). At least 5 ml of this 
homogenate were rapidly frozen in a dry ice:l-methoxy-2- 
propanol slurry, then thawed in a 37°C water bath as de­
scribed in the text (see M&M Section IIIB)• An aliquot of 
approximately 1 ml was removed and retained for enzyme as­
say. The remainder of the preparation was then quickly re­
cycled the indicated number of times. Each aliquot was 
subsequently assayed in the absence of Triton X-100 for the 
indicated oxidase activities as described in the text (see 
M&M Section IVB3&5)* The activity of each aliquot was fin­
ally expressed as the percent of the activity in the orig­
inal unfrozen homogenate.
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EFFECT OF FREEZE-THAWING ON BAIB OXIDASE ACTIVITY

HUMBER OF % OF CONTROL ACTIVITl
CYCLES BAIB D-ala

1 82,4 85.3
2 96.2 85.0
3 88.1 82.5
4 96.7 84.5
5 83.4
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TABLE XIII. STABILITY OF BAIB OXIDASE ACTIVITY.
Homogenates were prepared in 0,1 M Tris-HCl buffer, pH 8.6, 
as described in the text (see M&M Section IIB2b(2)). This 
homogenate was then divided into two portions as described 
in the text (see M&M Section IIIC). One of these portions 
was stored in the refrigerator at 4°C (REFRIGERATED), while 
the other was stored in various ways in the freezer at -20°
C (FROZEN; FROZEN + GLYCEROL; FREEZE-THAW; FREEZE-THAW + 
GLYCEROL). Half of the material at -20°C was stored in buf­
fer (FROZEN; FREEZE-THAW), while the remainder was suspended 
in an equal volume of glycerol (FROZEN + GLYCEROL; FREEZE- 
THAW + GLYCEROL). Both of these enzyme preparations stored 
at -20°C were further subdivided into a portion which was 
stored in bulk (FREEZE-THAW; FREEZE-THAW + GLYCEkOL) and a 
portion which was stored in small individual aliquots (FRO­
ZEN; FROZEN + GMCEROL). At the indicated times after pre­
paration each of these variously stored homogenates were 
warmed in a 37°C water bath and then assayed for the indi­
cated oxidase activities as described in the text (see M&M 
Section IVB3&5). Each assay system contained Triton X-100 
(see M&M Section IIIA).
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STABILITY OF BAIB OXIDASE ACTIVITY

STORAGE ENZYME % ACTIVITY REMAINING
ACTIVITY 24 4-8 72 96 HRS 1 WK

REFRIGERATED BAIB
D-ala 112.536.8

14-3.8 
14-.8 6.1 141.71.8

FROZEN BAIB
D-ala 68.361.4

84-. 0 
36.3

106.127.0 87.33.8

FROZEN + 
GLYCEROL BAIB

D-ala 88.9 214.2
96.4- 566.6109.4 124.0

FREEZE-
THAW

BAIB
D-ala 54.1 45.0 67.123.8

FREEZE-THAW BAIB
+ GLYCEROL D-ala 4-66.6 84-.2 111,8
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In general, BAIB oxidase, unlike D-amino acid oxidase, 
seems to be relatively stable during storage. In fact, its 
relative activity actually appears to increase upon refrig­
eration as well as upon freezer storage in glycerol which 
might reflect the inactivation of inhibitory substances or 
competing enzyme systems in the crude enzyme preparation 
during such storage.

IV. SUBCELLULAR LOCALIZATION OF BAIB OXlhASE ACTIVITY
After demonstrating the presence of an enzyme capable 

of oxidizing BAIB in Tetrahymena p.yriformis homogenates, 
we became interested in its subcellular localization since 
such an oxidase would produce H2O2 as a by-product of the 
reaction. It is generally acknowledged, moreover, that 
this organism contains a highly active peroxisomal catal- 
ase capable of catalyzing the rapid decomposition of endo-

1 1  Q
genous ^2^2* '*'n ^  &as been recently reported
that this organism also contains a mitochondrial peroxidase 
which is capable of decomposing ^  was initial­
ly thought that this oxidase might be associated with one 
of these subcellular organelles.

Preliminary centrifugation (see Table XIV) indicated 
that a considerable amount of this oxidase activity was in­
deed recovered in the high speed (100,000 x g) pellet. To 
better determine which subcellular organelles might contain 
this oxidase activity, homogenates were subsequently pre­
pared (see M&M Section IVA) and fractionated by differential
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TABLE XIV. SUBCELLULAR LOCALIZATION OE BAIB OXtDASE ACTIV­
ITY BY PRELIMINARY HIGH SPEED (100,000 x g) CENTR1EUGATlOw. 
Homogenates were prepared in 0.25 M sucrose (see M&M Sec­
tion IVA), then centrifuged at 100,000 x g (see M&M Section 
IVA1) as described in the text. Both the supernatant and 
resuspended pellet were then assayed for the indicated en­
zyme activities as described in the text (see M&M Section 
IVB)• Individual enzyme activities (EXPERIMENT NUMBERS 1- 
3) were preferentially expressed as the per cent of homogen- 
ate activity.^ Where this was not possible (EXPERIMENT 
NUMBER 4), individual enzyme activities were alternatively 
expressed as the per cent of total recovered activity.
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SUBCELLULAR LOCALIZATION OF BAIB OXIDASE ACTIVITY BY PRE­
LIMINARY HIGH SPEED (100,000 x g) CENTRIFUGATION

EXPERIMENT FRACTION % HOMOGENATE ACTIVITY
NUMBER MDH CAT tiAlB D-ala LAC

1 SUP 1.6 0.3 16.0 39.3 7.0PPT 4-7.1 61.8 32.2 33.8 41.1
2 SUP 4.4 2.0 28.3 31.9 12.7PPT 99.6 45.2 24.1 43.8 38.8
3 SUP 18.7 19.0 13.9PPT 47.5 47.5 37.9

% TOTAL ACTIVITY
4 SUP 15.2 0 51.4 47.6PPT 84.8 100.0 48.6 52.4
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centrifugation (see M&M Section IVA2) as outlined in Pig*
8. The resulting supernatants and resuspended pellets were 
then assayed for their various component enzyme activities 
(see Pig* 9) as previously described (see M&M Section IVB). 
In addition, to check for the non-specific adsorption of 
soluble enzyme activity to pelleted subcellular organelles, 
exogenous hog kidney D-amino acid oxidase was added to Tet- 
rahymena pyriformis homogenates which were then fraction­
ated by the same differential centrifugation scheme. No 
membrane-bound enhancement of this oxidase activity, how­
ever, was detected (see Table XV). Thus it was concluded 
that any particle-associated activity was probably an accur­
ate reflection of the in vivo localization of the enzyme 
and not merely the result of its non-specific adsorption 
to that fraction.

After the initial (500 x g) centrifugation the homo- 
genate enzyme activities were assayed for in the resulting 
low speed supernatant and pellet. The total activity of 
the supernatant enzymes was generally greater than that of 
the pellet, although considerable enzyme activity, particu­
larly MDH activity, also occassionally remained in the pel­
let. Electron micrographs of this pellet indicated that it 
was composed mostly of unbroken cells and other "cell de­
bris" such as oral groove apparatus as well as varing a- 
mounts of contaminating free subcellular organelles (see 
Pig. 10).

It was originally thought that the recovery of membrane-



FIGURE 8. PREPARATION OP SUBCELLULAR FRACTIONS BY DIFFER­
ENTIAL CENTRIFUGATION.
Homogneates were prepared in 0.25 M sucrose (see M&M Sec­
tion IVA), then fractionated by differential centrifuga­
tion (see M&M Section IVA2) as described in the text.
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FIGURE 9. THE SUBCELLULAR DISTRIBUTION OF ENZYME ACTIVI­
TIES FRACTIONATED BY DIFFERENTIAL CENTRIFUGATION.
Washed cells were homogenized in 0.25 M sucrose (see M&M 
Section IVA) and fractionated by differential centrifuga­
tion (see M&M Section IVA2) as described in the text. The 
resulting supernatants and resuspended pellets were then 
assayed as described in the text (see M&M Sedtion IVB) for 
the indicated standard marker enzymes as well as for BAIB 
oxidase activity, MDH was assayed for as a standard Tetra- 
hymena pyriformis mitochondrial marker enzyme. Catalase 
was assayed for as a standard peroxisomal marker enzyme. 
D-amino acid oxidase and lactate oxidase, two other stand­
ard peroxisomal marker enzymes, were also measured fluoro- 
metrically as an additional check on the BAIB oxidase as­
say system. Enzyme activities were finally preferentially

6-5expressed as the per cent of homogenate activity. ^
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TABLE XV. AMOUNT ON EXOGENOUS D-AMINO ACID OXIDASE ACTIVI­
TY RECOVERED IN VARIOUS DIFFERENTIAL CENTRIFUGATION FRAC­
TIONS.
Homogenates were prepared in 0.25 M sucrose as described in 
the text (see M&M Section IVA). Exogenous hog kidney D-a- 
mino acid oxidase was added to the Tetrahymena pyriformis 
homogenate at approximately a concentration of 27 ug/ml as 
described in the text (see M&M Section IVA2) before sub­
jecting it to the centrifugation schemes described in the 
text (see M&M Section IVA1&2). The indicated enzyme activ­
ities of (A) the high speed supernatant and pellet as well 
as of (B) each of the resultant differential centrifugal 
fractions were then determined as described in the text (see 
M&M Section IVB1-3)• The amount of exogenous D-amino acid 
oxidase activity contained in each fraction was calculated 
by subtracting the endogenous D-amino acid oxidase activity 
of each fraction as determined from the parallel processing 
of an equal amount of the same Tetrahymena pyriformis homo­
genate without additional added exogenous D-amino acid oxi­
dase from the total amount of D-amino acid oxidase (endogen­
ous plus exogenous) in each fraction. Enzyme activities 
were finally expressed as the per cent of homogenate activ-
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AMOUNT OF EXOGENOUS D-AMINO ACID OXlDASE ACTIVITY RECOVERED 
IN VARIOUS DIFFERENTIAL CENTRIFUGATION FRACTIONS

DIFFERENTIAL
CENTRIFUGATION

FRACTION
% HOMOGENATE ACTIVITY MDH CAT D-AMINO ACID OXIDASE

ENDOGENOUS EXOGENOUS

(A)
SUPPPT 5.2

65.1
5.8

45.0
43.6
55.7

OJO
O

S

(B)
SUP 29.2 54.2 61.7 84.2PPT 23.4 41.7 44.9 0
SUP 0.4 11.0 25.9 150.0PPT 11.9 21.7 14.6 0
SUP 1.0 1.9 8.9 58.2PPT 0.7 5.5 1.5 0
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FIGURE 10. ELECTRON MICROGRAPHS OP LOW SPEED (500 x g) PEL­
LET.
Washed cells were homogenized in 0.25 M sucrose (see M&M 
Section IVA) and fractionated by differential centrifuga­
tion (see M&M Section IVA2) as described in the text. The 
low speed (500 x g) pellet was then processed for EM, that 
is, it was fixed in gluteraldehyde, post-fixed in OsO^, 
stained with uranyl acetate, and embedded in Maraglas as 
described in the text (see M&M Section IVC).
A. This fraction appeared to be composed mostly of (1) un­
broken cells and other "cell debris" such as (2) oral groove 
apparatus. Also note: (5) occassional extracellular mito­
chondria and (4) aggregated membrane vessicles which might 
account for the occassionally high MDH activity remaining
in this pellet. Magnification «= 7*200 X.
B. Cross section through a whole cell. Magnification * 
7,200 X.
C. Enlargement of oral groove apparatus. Magnification ■ 
19,600 X.
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FIGURE 10CA)

ELECTRON MICROGRAPHS OF LOW SPEED (500 x g) PELLET



FIGURE 10(B)
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bound marker enzymes in this low speed (300 x g) pellet 
might be due to the aggregation of the subcellular organ­
elles during processing. To try to eliminate this aggre­
gation and improve the recovery fo subcellular organelles 
in their appropriate differential centrifugal fraction, 
therefore, various homogenization media were tested (see 
Table XVI). The ionic strength of these solutions, how­
ever, was apparently too high, causing the disruption of 
many of the subcellular organelles, especially the peroxi­
somes, as indicated by the relatively small amounts of 
marker enzyme activity, particularly catalase, recovered in 
the intermediate speed (14,500 x g) pellet as well as the 
relatively large amount of both marker enzyme activities 
recovered in the high speed (100,000 x g) supernatant. We 
thus returned to 0.25 M sucrose as the best compromise be­
tween maintaining subcellular organelle integrity and re­
covering subcellular organelle enzyme activities in their 
appropriate centrifugal fraction.

Upon further centrifugation (14,500 x g) the low speed 
supernatant enzyme activities were assayed for in the re­
sulting intermediate speed supernatant and pellet. After 
this centrifugation, however, the total activity of most of 
the marker enzymes, that is, MDH, catalase, and lactate ox­
idase, was greater in the pellet than in the supernatant. 
This indicated that mitochondria and peroxisomes were being 
pelleted at this speed. Preliminary electron micrographs 
of this pellet also indicated that it was enriched for mito-



TABLE XVI. EFFECT OF VARIOUS HOMOGENIZATION MEDIA ON THE 
RECOVERY OF MARKER ENZYMES.
Washed, cells were homogenized in the above media (see M&M 
Section IVA) and fractionated by differential centrifuga­
tion (see M&M Section IV A2) as described in the text. The 
resulting supernatants and resuspended pellets were then 
assayed as described in the text for the indicated standard 
marker enzymes. MDH (see M&M Section IVB1) was assayed for 
as a standard Tetrahymena pyriformis mitochondrial marker 
enzyme. Catalase (see M&M Section IVB2) was assayed for as 
a standard peroxisomal marker enzyme. Enzyme activities 
were then expressed as the per cent of homogenate activity.^
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EFFECT OF VARIOUS HOMOGENIZATION MEDIA ON THE RECOVERY OF
MARKER ENZYMES

HOMOGENIZATION MARKER % HOMOGENATE ACTIVITY
MEDIA ENZYME 500 x g 14,500 x g 100,000 x gSUP PPT SUP PPT SUP PPT

0.25 M SUCROSE MDH
CAT 26.381.4 37.339.9

0.4
7.7

15.1
30.7

0.8
0 0.8

3.9

0.25 M SUCROSE 0.1 M TRIS-HC1 
pH 7.4

MDH
CAT 60.0

70.4 37.6
20.9

35.312.3
2.2
3.2

11.8
27.6

0.2
0

0.25 M SUCROSE 
0.1 M TRIS-HC1 1 mJC EETA 
pH 7.4

MDH
CAT 44.6

70.9
66.0
38.3

21.8
42.0

40.6
11.0 7.214.1

0.4
0

0.25 M SUCROSE 
0.1 M TRIS-HC1 
1 mM EDTA 
10 m M NaCl 
pH 7.4

MDH
CAT 33.761.8 29.9

11.9
29.8
22.7

69.04.8 10.4
9.5

0.3
0.7
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chondria and other smaller membrane bound subcellular or­
ganelles (see Fig. 11). A considerable amount of the total 
activity of D-amino acid oxidase and bAIB oxidase, neverthe­
less, still remained in the supernatant. This result was 
somewhat surprising since D-amino acid oxidase is supposed 
to be a peroxisomal marker enzyme and was expected to pel­
let with the other marker enzymes for that subcellular or­
ganelle. it also indicated that these enzymes might not be 
exclusively associated with the mitochondrial-peroxisomal 
pellet.

After the final (100,000 x g) centrifugation the re­
maining intermediate speed supernatant enzyme activities 
were assayed for in the resulting high speed supernatant 
and pellet. The standard microsomal marker enzyme, L-a- 
mino acid oxidase, has been reported*'1''* to be absent in Tet­
rahymena pyriformis which is consistent with our own obser­
vations using L-ala and L-met. Electron micrographs of 
this pellet, however, indicated that it is indeed typically 
microsomal in morphology (see Pig. 12). That is, it ap­
pears to be composed of small empty membrane bound vessicles, 
probably ER, as well as small scattered electron dense par­
ticles, probably ribosomes. Most of the intermediate speed 
supernatant BAIB oxidase and D-amino acid oxidase activity, 
nevertheless, remained in the high speed supernatant and 
only a small amount was recovered in this pellet. This in­
dicated that although a considerable amount of the re­
covered BAIB oxidase activity is found in the intermediate



.FIGURE 11. ELECTRON MICROGRAPHS OP INTERMEDIATE SPEED 
(14,500 x g) PELLET.
Washed cells were homogenized in 0.25 M sucrose (see M&M 
Section IVA) and fractionated by differential centrifuga­
tion (see M&M Section IVA2) as described in the text. The 
intermediate speed (14,500 x g) pellet was then processed 
for EM, that is, it was fixed in gluteraldehyde, post­
fixed in OsO^, stained with uranyl acetate, and embedded in 
Maraglas as described in the text (see M&M Section IVC). 
This fraction appeared to be enriched in mitochondria and 
other smaller membrane-bound subcellular organelles. Note:
(1) the characteristically tubular protozoan mitochondria;
(2) peroxisomal-like bodies as well as (5) empty membrane- 
bound vessicles and (4) non-membrane-bound granular debris 
which indicates some subcellular organelle damage during 
preparation and might at least partially account for the 
unexpected recovery of D-amino acid oxidase activity in the 
soluble fraction.
A. Magnification ■ 7,200 X.
B. Magnification » 19,600 X.
C. Magnification * 27,750 X.
D. Magnification » 38,000 X.



FIGURE 11(A)
ELECTRON MICROGRAPHS OF INTERMEDIATE SPEED (14,500 x g) PEL-
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FIGURE 12, ELECTRON MICROGRAPH OF HIGH SPEEi) (100,000 x g) 
PELLET.
Washed cells were homogenized in 0,25 m sucrose (see M&M 
Section 1VA) and fractionated hy differential centrifuga­
tion (see M&M Section IVA2) as described in the text. The 
high speed (100,000 x g) pellet was then processed for EM, 
that is, it was fixed in gluteraldehyde, post-fixed in OsO^, 
stained with uranyl acetate, and embedded in Maraglas as 
described in the text (see M&M Section IVC). This fraction 
appeared to be composed mostly of (1) small empty membrane- 
bound vessicles, probably ER, and (2) small scattered elec­
tron dense particles, probably ribosomes. Magnification * 
76,500 X.
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FIGURE 12

ELECTROS MICROGRAPH OF HIGH SPEED (100,000 x *) PELLET
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speed pellet and therefore may be localized either within 
the mitochondria or peroxisomes, much of this oxidase ac­
tivity is still recovered in the soluble fraction,,

Finally, to determine whether the BAIB oxidase activ­
ity recovered in the intermediate speed pellet was indeed 
associated with either the mitochondria or the peroxisomes 
as well as to resubstantiate its soluble activity, the sub- 
cellular distribution of this enzyme was ultimately studied 
by density gradient centrifugation. Thus Tetrahymena pyri- 
formis filtrates were prepared and centrifuged through a 
continuous sucrose density gradient as described (see M&M 
Section XVA3). Fractions were then collected and assayed 
for various enzyme activities as described (see M&M Section 
IVB).

Most of the MDH activity, as expected, was recovered 
at a density equivalent to that of Tetrahymena pyriformis 
mitochondria, while little was recovered at a density equi­
valent to that of the peroxisomes or as soluble activity 
(see Fig. 13A). Likewise, most of the catalase activity, 
as expected, was recovered at a density equivalent to that 
of Tetrahymena pyriformis peroxisomes, while little was re­
covered at a density equivalent to that of the mitochon­
dria or as soluble activity (see Fig. 13B). U-amino acid 
oxidase shows a catalase-like distribution pattern, indicat­
ing, as expected, that it too is a peroxisomal enzyme (see 
Fig. 130). In addition, however, it also shows consider­
able soluble activity. Similarly, BAIB oxidase shows a MDn-
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FIGURE 1$. THE SUBCELLULAR DISTRIBUTION OF ENZYME ACTIVI­
TIES IN TETRAHYMENA PIRIFORMIS HOMOGNATE FRACTIONATED BY 
ZONAL DENSITY GRADIENT CENTRIFUGATION.
Cells were harvested, washed, and suspended in 0.25 M su­
crose as described in the text (see M&M Section LVA3).
They were then disrupted by filtration and their subcellu- 
lar organelles separated by zonal density gradient centri­
fugation as described in the text (see M&M Section IVA3). 
After centrifugation, fractions were collected and assayed 
as described in the text for the indicated standard marker 
enzymes as well as for BAIB oxidase activity (see M&M Sec­
tion TVB5). MDH (see M&M Section IVBl) was assayed for as 
a standard Tetrahymena pyriformis mitochondrial marker en­
zyme. Catalase (see M&M Section IVB2) was assayed for as 
a standard peroxisomal marker enzyme. D-amino acid oxidase 
(see M&M Section IVB3), another standard peroxisomal marker 
enzyme, was also measured fluorometrically as an additional 
check on the BAIB oxidase assay system.
The horizontal axis (%AV) represents the volume each frac­
tion contains compared to the total. The vertical axis (% 
ACT X VOL) represents the activity each fraction contains 
compared to the total recovered. The broken line across 
the face of each figure represents the level of enzyme ac­
tivity expected in each fraction if the total enzyme activ­
ity were uniformly distributed throughout the gradient.
A. Subcellular distribution of MDH activity.
B. Subcellular distribution of catalase activity.



Subcellular distribution of D-amino acid oxidase activ- 

Subcellular distribution of M I B  oxidase activity.
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like distribution pattern, suggesting that it might be a 
mitochondrial enzyme (see Fig. 13D), although, like D-a- 
mino acid oxidase, it also shows considerable soluble ac­
tivity. These results, therefore, indicate that although 
a considerable amount of the BAIB oxidase activity contin­
ues to remain soluble, at least a small subcellular organ­
elle associated activity component also appears to be lo­
calized within the mitochondria rather the the peroxisomes 
as originally thought (see Discussion Section IV).

V. PARTIAL PURIFICATION OF BAIB OXIDASE ACTIVITY 
A. (NH^^SO^. Precipitation

To determine if BAIB oxidase activity is a result of 
a specific enzyme or the non-specific expression of some 
other oxidase, we decided that we must at least partially 
purify this activity. We began the preliminary purifica­
tion of this enzyme activity by (RH^^SO^ fractionation. 
Upon initial wide range fractionation both D-amino acid ox­
idase and BAIB oxidase gave similar activity profiles (see 
Table XVII(A)). In fact, the 10-60$ (NH^SO^ cut effec­
tively precipitated most of both of these enzyme activi­
ties. Subsequently more narrow range fractionation, how­
ever, indicated that these two oxidase may be separate and 
distinct enzymes (see Table XVII(A)). Thus if one is will­
ing to sacrific quantity for purity, it is possible to sep­
arate BAIB oxidase from D-amino acid oxidase as well as the 
other marker enzyme activities by (NH^^SO^ precipitation
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1‘ABLE XVII. FRACTIONATION OF BAIB OXIDASE ACTIVITY BY (NH^) 
SO^ PRECIPITATION.
Cells were harvested., washed, and homogenized in 0.1 M Tris 
BC1 buffer, pH 8.6, as described in the text (see M&M Sec­
tion VA). A small aliquot of this homogenate was retained 
for enzyme analysis. The remainder was centrifuged at low 
speed (1085 x g) as described in the text (see M&M Section 
VA). A small aliquot of this supernatant was also occasion­
ally retained for enzyme analysis. The remainder was frac­
tionated into the above (NH^gSO^ precipitates. These pre­
cipitates were then resuspended in buffer and assayed as 
described in the text (see M&M Section IVB) for the indi­
cated enzyme activities. Enzyme activities were preferen­
tially expressed as the per cent of the low speed supernat­
ant activity (B). Where this was not possible, enzyme ac­
tivities were alternatively expressed as the per cent of 
homogenate activity (A).



TABLE XVII
14-3

FRACTIONATION OF BAIB OXIDASE ACTIVITY BY (NH^gSO^ PRECIP­
ITATION

(NH.)2SOZl % HOMOGENATE ACTIVITY
FRACTION1- BAIB D-ala

0 - 10 % 0.4 0.6
10 - 50 % 2.2 4.050 - 100^ 1.5 3.9
% TOTAL RECOVERY 4.1 8.5

0 - 10 % 6.9 3.110 - 60 % 13.2 17.360 - 10056 3.0 0
% TOTAL RECOVERY 23.1 20.4

0 - 10 56 4.6 0.510 - 30 % 6.3 0.8
30 - 50 % 6.9 2.4
50 - 75 % 0.7 1.3
75 - 10056 1.0 0.2
S& TOTAL RECOVERY 19.5 5.2



TABLE xvxi
ERACTION AT ION OE BAIjb OXIDASE ACTIVITY M  (NH^bU^

1TATION

0 - 40 % 4-0 - 60 % 
60 - 100%
% TOTAL 
RECOVERY

(NH ) SO,, % LOW SPEED SUPERNATANT ACTIVITY
eractioit' BAIB D-ala LAC MDH CAT

18.2 8.4 10.0 9.3 10.314.4 47.7 30.0 10.2 79.2
2.9 7.0 16.0 60.8 2.1

35.5 63.1 56.0 80.3 91.6

144
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(see Table XVII(B)). That is, although the 0-40$ (NH^SO^ 
cut only precipitates about half of the total recovered 
BAIB oxidase activity, it, nevertheless, effectively iso­
lates most of this enzyme activity from that of the other 
marker enzymes including the other oxidasesfD^amino acid 
oxidase and lactate oxidase*
B* Affinity Chromatography

Subsequently we tried to further purify this BAIB oxi­
dase activity by various ion exchange and gel filtration 
chromatographic techniques* None of these traditional 
methods, however, proved to be satisfactory for only a small 
amount (-<.10$) of the original protein activity was ever 
recovered. We therefore decided to try the relatively re­
cently developed technique of affinity chromatography^
TOO *] 02“ ^ to further separate D-amino acid oxidase activity
from BAIB oxidase activity, if not further purify this en­
zyme activity itself.

A D-ala affinity column was prepared as described (see 
M&M Section VB). It was decided to initially try to sep­
arate D-amino acid oxidase activity from BAIB oxidase ac­
tivity. because the mechanism of interaction of D-amino acid

124oxidase with its D-amino acid substrates is well known.
We could thus bind a D-amino acid by its amino group via 
spacer to the matrix and be fairly sure that we would not 
greatly interfere with enzyme binding while simultaneously 
inhibiting catalysis (see Discussion Section V). ultimate­
ly, however, we did hope to be able to similarly separate
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BAIB oxidase activity from D-amino acid oxidase activity by 
preparing a BAIB affinity column.

Preliminary protein fractionation of the resuspended
0-40% (imH^^SO^. precipitate on such a u-ala affinity column 
again seemed to effectively isolate most of the jsAIB oxidase 
activity from that of the other marker enzymes, including 
i>-amino acid oxidase. That is, BAIB oxidase activity eluted 
slightly ahead of most of the other enzyme activities, 
while D-amino acid oxidase was somewhat retarded presumably 
due to its interaction with the covalently bound substrate, 
D-ala (see Table XVIII). The rather poor separation of D- 
amino acid oxidase from the other marker enzyme activities 
was disappointing, but probably attributable to the low
substrate binding affinity of this e n z y m e . ^ ? *  120-123
this is indeed the case, then separating BAIB oxidase, 
which has an even lower substrate binding affinity, from 
these other marker enzyme activities would probably not be 
possible as hoped on a bAIB affinity column.

VI. FHYSIOLGiCAL SIGNIFICANCE OF BAIB OXIDASE ACTIVITY
Finally, after demonstrating what we thought was the 

existence of a unique and specific oxidase capable of the 
further metabolism of BAIB in Tetrahymena pyriformis, we be­
came interested in determining the physiological signifi­
cance of this enzyme in the overall metabolism of this or­
ganism.
A. Specific Activity
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TABLE XVIII. FURTHER FRACTIONATION OF BAIB OXIDASE ACTIV­
ITY BY AFFINITY CHROMATOGRAPHY.
Cells were harvested, washed, and homogenized in 0.1 M Tris- 
HC1 buffer, pH 8.6, as described in the text (see M&M Sec­
tion VB). The homogenate was centrifuged at low speed 
(1085 x g) as described in the text (see M&M Section VB).
The resulting supernatant was decanted and fractionated ac­
cording to the previously described (NH^^SO^ precipitation 
scheme (see M&M Section VA). A D-ala affinity column was 
then prepared according to the supplier's directions as de­
scribed in the text (see M&M Section VB). One ml of the re­
suspended 0-40% (NH^gSO^ precipitate containing approxi­
mately twenty-five ^ Q Q  nm un L̂‘t:s was layered on top of the 
column. The column was then developed in the cold (4°C) 
with 0.1 M Tris-HCl buffer, pH 8.6. 2.5 nil fractions were
collected. The effluent was continuously monitored at 253 
nm with a LKB Uvicord I. The protein came off the column 
in one rather skewed peak. The nm peak frac­
tions was redetermined with the Beckman DB spectrophotometer 
and used to calculate the per cent of the protein recovered 
in each fraction. Then enzyme activities of the peak frac­
tions were also determined as previously described (see M&M 
Section IVB). Enzyme recoveries were finally expressed as 
the per cent of the total activity in the 0-40% (NH^^SO^ 
precipitate.



tAjTLE XVIII
14-8

further fractionation of ±>aib oxidase activity by affinity
CHROMATOGRAPHY

ENZYME % 0-4-0% (NHZl)oS0, PPT ACT J6 TOTAL
ACTIVITY FRACTION W RECOVERY

1 2 5 4 5 6 7

BAIB 258.0 22.7 4-1.5 67.5 389.5
D-ala 27.0 33.6 0 0 60.6
LAC 4-4-. 5 44-. 3
MDH 5.7 4-9.6 68.2 4-1.0 164.5
CAT 0 4-8.8 50.2 12.8 4-.8 116.6

PROTEIN 0.1 4-6.6 6.6 1.7 0.8 0.4- 0.2 56.4-
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Initially we were interested in determining the molar 

specific activity of BAIB oxidase so that we might compare 
its activity to that of other enzymes, A standard fluoro- 
metric peroxidase decomposition curve (see Pig, 14),
therefore, was prepared as described (see M&M Section VIA) 
and the molar specific activity of this enzyme in Tetrahy­
mena pyriformis homogenates was calculated to be approxi­
mately:

2,8 nmoles/min/mg of protein 
This is about 1/10 the reported specific activities of other 
Tetrahymena pyriformis oxidases. ^
B. Substrate Specificity
1, Is D(-)BAIB preferentially oxidized?

We also became interested in determining if one of the 
stereoisomers found in the commercial BAIB was actually the 
preferred substrate. This interest, as discussed above (see 
M&M Section VIB), was generated by reports that thymine was 
preferentially reductively catabolized to D(-)BAIB and that 
only this isomer could then be effectively metabolized fur­
ther in mammalizn s y s t e m s . ^  iifficult to 
chemically separate these isomers from one another, how­
ever, we thought that we might be able to selectively elim­
inate them by treating the assay system with an appropri­
ate exogenous enzyme prior to the addition of the Tetrahy­
mena pyriformis homogenate (see M&M Section VIB). It was 
hoped, therefore, that pretreating with D-amino acid oxi­
dase might eliminate D(-)BAIB from the assay system before
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FIGURE 14. STANDARD FLU0R0METRIC H202 PEROXIDASE DECOMPO­
SITION CURVE.
The peroxidase assay system (see M&M Section VIA) contain­
ing the indicated amounts of H202 as substrate was incu­
bated at 37°C until the fluorescent readirgp stabilized (ap­
proximately 10 min). The number of nmoles of HgOg decom­
posed in each assay system was calculated from the measure­
ment of the A24q nm of the stock solution. (The molar ab- 
sorbancy for at 240 nm in a 1 cm cubette is 43.6.^)
The number of nmoles of H2O2 produced as a result of BAIB 
oxidase activity in the Tetrahymena pyriformis homogenate 
was then read off the standard curve. This activity (as 
nmoles/min) was finally converted to molar specific activ­
ity (nmoles/min/mg of homogenate protein).



FIGURE 14

STANDARD FLUOROMETRIC Hj Oj  PEROXIDASE DECOMPOSITION CURVE

8 0 - -

50 - -

4 0 - -

30 - -

0 3 6
nMOLES H20 2



152
the subsequent addition of the crude Tetrahymena pyrifor­
mis enzyme preparation, while pretreating with L-amino acid 
oxidase might eliminate the L(+)BAIB. Thus any increase in 
oxidase activity subsequent to the addition of the Tetrahy­
mena pyriformis homogenate to the D-amino acid oxidase sys­
tem would reflect the metabolism of the remaining L(+)BAIB, 
while a similar increase in the L-amino acid oxidase system 
would reflect the metabolism of the remaining D(-)BAIB,

Preliminary results seemed to indicate that D(-)BAIB 
was the preferred substrate (see Pig. 15). That is, al­
though both exogenous enzymes showed slight BAIB oxidase ac­
tivity, the subsequent addition of Tetrahymena pyriformis 
homogenate stimulated this oxidase activity in the L-amino 
acid oxidase system (see Pig. 15(A)), but not in the D-a­
mino acid oxidase system (see Fig. 15(B)). Thus it appeared 
that the D(-)BAIB presumably remaining in the L-amino acid 
oxidase system was capable of being oxidized by the crude 
Tetrahymena pyriformis enzyme preparation, while the L( + ) 
BAIB supposedly remaining in the D-amino acid oxidase sys­
tem was not.

Further investigation of these commercial enzyme pre­
parations, however, indicated that both these oxidases also 
appeared to be contaminated with other enzyme activities.
The commercial preparation of L-amino acid oxidase, for ex­
ample, also apparently contained significant D-amino acid 
oxidase activity (see Pig. 15(A)), Similarily, the commer­
cial preparation of D-amino acid oxidase also apparently
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FIGURE 15. STEREOISOMER SPECIFICITY OF BAIB OXIDASE AC­
TIVITY.
A. ASSAY SYSTEM PREINCUBATED WITH L-AMINO ACID OXIDASE.
The BAIB oxidase assay system was incubated with 5 ul of 
crude commercial snake venom L-amino acid oxidase (final 
cone =1.7 ug/ml) for 90 min prior to the subsequent addi­
tion of the Tetrahymena pyriformis homogenate as described 
in the text (see M&M Section VIB). Exogenous L-amino acid 
oxidase apparently showed some BAIB oxidase activity. Sub­
sequent addition of 0.1 ml crude Tetrahymena pyriformis en­
zyme preparation, however, apparently stimulated this ac­
tivity indicating that the D(-)BAIB presumably remaining
in this assay system was capable of being oxidized by this 
homogenate•
B. ASSAY SYSTEM PREIECUBATED WITH D-AMINO ACID OXIDASE.
The BAIB oxidase assay system was incubated with 5 ul of 
crude commercial hog kidney D-amino acid oxidase (final cone 
* 0.2 mg/ml) for 90 min prior to the subsequent addition.of 
the Tetrahymena pyriformis homogenate as described in the 
text (see M&M Section VIB). Exogenous D-amino acid oxidase 
also apparently showed some pAIB oxidase activity. Subse­
quent addition of 0.1 ml crude Tetrahymena pyriformis en­
zyme preparation, however, apparently did not stimulate 
this activity indicating that the L(+)BAIB presumably re­
maining in this assay system was not preferentially oxi­
dized by this homogenate.
SUBSTRATES: (l) D,L~BAIB; (2) D-ala; (3) L-ala; (4) D,L-ala;
(5) B-ala.
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not only contained some L-amino acid oxidase activity (see 
Fig. 15(B)), but also substantial L-c*-hydroxy acid oxidase 
activity as well. Thus whether the exogenous oxidase ac­
tivity in either assay system is a result of L-amino acid 
oxidase, D-amino acid oxidase, or some other oxidase activ­
ity is somewhat unclear. The results, nevertheless, still 
seem to indicate that D(-)BAIB may also be the preferred 
substrate for this Tetrahymena pyriformis BAIB oxidase ac­
tivity.
2. Substantiation of the overall catabolic pathway

Since we had been able to demonstrate the first enzyme 
in the proposed reductive thymine catabolic pathway, thymine 
reductase (dehydrogenase), as well as develop a fluorometric 
assay for the fourth, BAIB oxidase, (see Table 1(A)) we 
thought that we might also be able to demonstrate the oper­
ation of the intervening catabolic interconversions by us­
ing DHT or DHTdine as the fluorometric substrate instead of 
BAIB (see Fig. 16). Thus we incubated the BAIB oxidase as­
say system with several dihydropyrimidine derivatives as 
described (see M&M Section VIC). DHU and DHUdine were also 
tested since it had been shown in several organisms that the 
reduction of uracil to DHU and thymine to DHT involves the

ZlQsame enzyme working at different efficiencies. As ex­
pected on the basis of the enzymatic experiments, DHT was 
the most active dihydropyrimidine substrate. The rapidity 
of its oxidation, however, was somewhat unexpected and may 
indicate the importance of the sterospecific conformation
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EIGURE 16. OXIDASE ACTIVITY OP DHP DERIVATIVES.
The complete jtiAlB oxidase system (see M&M Section IIIA) con­
taining 0.1 ml of Tetrahymena pyriformis homogenate was in­
cubated for approximately 6 hr at 37°0 with the indicated 
DHP derivatives as substrate instead of hAIB as described 
in the text (see M&M Section VIC). P1*0^ 0^!011 was then
measured at 10-30 min intervals. Since these DHP deriva­
tives are much less soluble than B4IB, however, their con­
centrations (final cone = 0.0167 M) in the oxidase assay 
system were considerably less than that of BAIB (final cone 
» 0.1 M). Substantial oxidase activity, nevertheless, was 
detected by extending the incubation period.
SUBSTRATES: (l) DHT; (2) DHTdine; (3) DHUdine; (4)DHU.
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of the intermediate substrates involved in this catabolic 
pathway (see Discussion Section V).
C. Kinetics

Studies were also done on the kinetics of this oxidase 
using relatively crude Tetrahymena pyriformis enzyme prepar­
ations. A Lineweaver-Burk plot was constructed from the 
data to determine the Kffi of this enzyme under these assay 
conditions (see Pig. 17(A)). The high Kffi (3.6 x 1CT^ M) 
would tend to indicate a low affinity of the enzyme for BAIB, 
but whether this Km as determined in these crude prepara­
tions with the possible disruption of the spatial orienta­
tion of this enzyme and/or in the presence of inhibitors is 
physiologically significant will have to await further Km 
determinations on more purified enzyme preparations.

Por comparison kinetic studies were also done on D-a-
—2mino acid oxidase. As expected the Km (5*9 x 10 M) of

this enzyme from relatively crude Tetrahymena pyriformis
enzyme preparations is considerably lower than that of ±sAIB
oxidase (see Pig. 17(B)), thus indicating that the former
enzyme has a greater affinity for its substrate under these
assay conditions than the latter. Por further comparison
kinetic studies were done on a crude commercial preparation
of hog kidney D-amino acid oxidase. As expected the Kffi 

—2(1.4 x 10 h) of this enzyme was even lower than that of 
Tetrahymena pyriformis D-amino acid oxidase (see Pig. 17(C)) 
indicating that this enzyme has the greatest affinity for 
its substrate under these assay conditions.
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FIGURE 17. LINEWEAVER-BURK PLOTS OF OXIDASE ACTIVITIES. 
Preliminary studies on the kinetics of the indicated oxi­
dase activities were done as described in the text (see M&M 
Section VID).
A. BA IB oxidase activity of Tetrahymena pyriformis homo- 
genates.
B. D-amino acid oxidase activity of Tetrahymena pyriformis 
homogenates.
C. Crude commercial hog kidney D-amino acid oxidase activ­
ity.
D. BAIB oxidase activity of crude commercial hog kidney D- 
amino acid oxidase.
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FIGURE 17A

BAIB OXIDASE ACTIVITY OF TETRAHYMENA PYRIFORMIS HOMOGENATES

0,12

0,11

0.10

0.09

IA

O  0.08

S
E

§  0.07

<]
^  0.06

0.05

0.04

0.03

0.02

0.01

K xlOM
[d ,l - baib]



162

FIGURE 17 B
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FIGURE 17C
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FIGURE 17D
BAIB OXIDASE ACTIVITY OF CRUDE COMMERCIAL
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We also investigated the kinetics of &AIB metabolism

by hog kidney D-amino acid oxidase (see kig. 17 (D)). Such
oxidase activity was suggested by the preceding substrate
specificity studies (see Results Section VlBl). The 

—2(9.2 x 10 M) of this reaction, which was even lower than 
that of the Tetrahymena pyriformis BAIR oxidase, indicated 
that perhaps one of the enzymes in the rather heterogene­
ous mixture of enzyme activities found in this crude com­
mercial preparation of hog kidney D-amino acid oxidase, if 
not D-amino acid oxidase itself, might also be capable of 
oxidizing BAIB.
D. Effect of Culturing Conditions on BAIB Oxidase Activity

Ultimately we became interested in determining under 
what culturing conditions this enzyme might be most active 
so that we might be better able to speculate on its possible 
physiological significance in the overall metabolism of the 
cell. We first tried to determine if there might be any 
relationship between enzyme activity and culture age (see 
Table XIX). Interestingly enough, the total activity of 
this enzyme did seem to peak around 5 days of culture growth 
which, under these culture conditions, was about the time 
the cells were entering stationary phase. We also investi­
gated the possibility that this oxidase might be inducible 
by culturing cells in the presence of various likely inter­
mediates (see Table XX). Neither growing cultures in the 
initial presence of these additional exogenous substrates 
nor adding these additional exogenous substrates to cultures
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1‘ABLE XIX. BAlB OXIDASE ACTIVITY AS A FUNCTION OF CULTURE 
AGE.
Eight-hundred ml cultures of Tetrahymena pyriformis were 
inoculated and grown as described in the text (see M&M Sec­
tion IA). After 24 hr 200 ml of this culture were aseptic- 
ally removed (see M&M Section VIE1) and harvested (see Sec­
tion IA) as described in the text. At the four subsequent 
48 hr intervals indicated above, that is, after 3, 7»
and 9 days, an additional 100 ml of this culture were again 
aseptically removed (see M&M Section VIE1) and harvested 
(see M&M Section IA) as described in the text. The remain­
ing culture was then harvested (see M&M Section IA) as de­
scribed in the text 13 days after inoculation. After each 
harvesting the washed cells were homogenized in 0.1 M Tris- 
HC1 buffer, pH 8.6, (see M&M Section HA) and assayed for 
BAIB (see M&M Section IVB5) as well as D-amino acid (see 
M&M Section IVB3) oxidase activity as described in the text.
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BAIB OXIDASE ACTIVITY AS A FUNCTION OF CULTURE AGE

CULTURE PROTEIN ACTIVITY SP. ACT. TOTAL TOTAL 
AGE CONC VOL ACTIVITY

(DAYS) (mg/ml) BAIB D-ala BAIB D-ala (ml) BAIB D-ala

1 4.8 190 735 39.5 153.1 2.8 532 2058
3 5.8 75 1515 12.9 261.2 4.0 300 6060
5 14.0 220 1535 18.7 109.6 4.0 880 6140
7 10.4 135 1030 13.0 99.0 2.9 392 2987
9 8.9 580 65.2 2.7 1566
15 5.6 185 85 33.0 15.2 2.0 370 1170
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TABLE XX. EFFECT OF VARIOUS PROPOSED THYMIDINE CATABOLIC 
INTERMEDIATES ON THE INDUCTION OF BAIB OXIDASE ACTIVITY. 
One-hundred ml cultures of Tetrahymena pyriformis were 
grown to log phase in the presence of the above indicated 
amounts of the proposed thymidine catabolic intermediates 
in 500 ml nephelometer flasks inoculated with 10 ml of the 
same stock culture as described in the text (see M&M Sec­
tion VIE2). After harvesting the washed cells were homo­
genized in 0.1 M Tris-HCl buffer, pH 8.6, (see M&M Section 
IIA) and assayed for BAIB (see M&M Section IVB5) as well as 
D-amino acid (see M&M Section IVB3) oxidase activity as de­
scribed in the text.
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EFFECT OF VARIOUS PROPOSED THYMIDINE CATABOLIC INTERMEDI­
ATES ON THE INDUCTION OF BAIB OXIDASE ACTIVITY

ADDITIONAL CONC % OF CONTROL
EXOGENOUS SP. ACT. TOTAL ACT.
SUBSTRATE (mg/ml) BAIB D-ala BAIB D-ala

DNA 0.075 75.3 108.1 77.6 111.8
0.266 97.2 105.3 105.0 113.9
1.097 65.6 117.2 71.3 127.2

Tdine 0.109 99.0 72.0 96.5 70.2
0.265 91.3 96.3 85.9 90.8
1.059 85.2 92.1 88.7 95.8

DHT 0.114 97.8 82.5 93.0 78.2
0.249 101.7 94.5 98.2 88.2
1.050 85.9 71.3 86.6 71.8

BAIB 0.093 93.5 101.8 80.2 87.5
0.256 132.0 121.6 95.8 88.4
1.006 114.2 109.6 68.8 66.1
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during the last 12 hr of culture growth, however, seemed to 
induce BAIB oxidase activity. Whether or not this apparent 
lack of stimulation is significant, however, is still an 
open question since the possibility that this apparent lack 
of stimulation may merely reflect the restrictive permea­
bility rates of these substances into the cell can not be 

88eliminated. On the basis of these data, nevertheless, 
this oxidase does not appear to be inducible.
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I. RADIOACTIVE TRACER STUDIES
Until recently thymidine has generally been assumed to 

be incorporated only into DNA. Moreover, since DNA was con­
sidered a fairly stable macromolecule, not subject to con­
stant turnover as are proteins, lipids, and carbohydrates, 
very little work has been done on its possible degradation 
and reutilization. Yet heterotrophic organisms, like Tetra­
hymena pyriformis, normally ingest the DNA of other organ­
isms, and it would not be surprising, therefore, to find 
that they could indeed degrade and reutilize this valuable 
raw material, not only for the synthesis of their own nu­
cleic acids, but also for the synthesis of other biologic­
ally useful macromolecules as well.

Most of the studies on thymine metabolism, however, 
have been concerned only with thymine degradation resulting
in the excretion of BAIB, particularly from the point of

72 12 5-132view of human cancer research.' * Only a few have
considered the possibility of reincorporation of any of
these degradation products back into other biologically use-

80ful macromolecules. Fink et al, ' for example, first reported 
the recovery of radioactive glucose and alanine in the sol­
uble fraction of mouse liver slices incubated with CH^-
14 133C-labeled thymidine. Subsequently Bryant reported the

3 3incorporation of from CH^-H-labeled thymidine into mouse
/I XZiproteins. Piko  ̂ also isolated a radioactive polysaccha-
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14-ride from mouse embryos incubated in uniformly labeled C 

thymidine. Later Schneider and Greco^'* reported the re-
14covery of substantial injected CH^- C labeled thymidine

10radioactivity in rat liver lipids and proteins, Lanzetta
11and Lanzetta and berech also recovered radioactive lip­

ids; ala, asp, and glu from proteins; glucose from glycogen; 
and ribose from KNA when Tetrahymena pyriformis cultures

14were grown in the presence of OH^- u-labeled thymidine.
1-56Finally, Dobson and Cooper most recently reported the

14recovery of injected U-labeled thymidine radioactivity 
in glucose isolated from mouse liver glycogen. All these • 
results, moreover, could be most easily explained by assum­
ing the operation of the previously proposed^ * thymidine 
catabolic and reutilization pathway (see Fig. 1) in these 
organisms.

Not all authors, however, agree as to the significance
of the reutilization of the thymidine degradation products
in accounting for the recovery of thymidine radioactivity
associated with macromolecules other than DNA. Counts and 

42Flamm, for example, interpreted their detection of in-
14jected 2- C-labeled thymidine radioactivity in mouse liver 

glycogen as an artifact caused by the non-specific binding 
of thymine itself to the glycogen, rather than the result 
of the reutilization of any of its degradative products. 
Essentially this view has also been reiterated by Morley

137and Kingdon for rat hepatocytes as well as by Goldspink 
138and Goldberg  ̂ for rat diaphragm, brain, kidney, and liver.
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This latter report, however, also acknowledges that label-* 
ing of at least the protein fraction probably involves both 
the non-specific binding of thymine or thymidine radioac­
tivity to proteins as well as the transfer of label from 
thymidine into certain amino acids, which could then be in­
corporated into proteins*

OQEven Albach, ' whose data indicated considerable in-
xcorporation of CH^- H-labeled thymidine radioactivity into 

macromolecular fractions other than DNA, interpreted his re­
sults to conclude that there was essentially no non-DNA in­
corporation of radioactivity from labeled thymidine in sta­
tionary phase Tetrahymena pyriformis cultures, jde attri­
buted the activity in the acid-soluble fraction to thymi­
dine degradation products which he presumed were excreted 
by the cells, and assumed the activity of the KNA fraction 
was due to the partial degradation and spillover of DNA in­
to that fraction, although no chromatography was done to 
substantiate this conjecture. Albach’s insistence that 
there was essentially no non-DNA incorporation of radioac-

Xtivity from CH^- H-labeled thymidine in Tetrahymena pyri­
formis* moreover, forced him to the unlikely conclusion that
transmethylation from thymine accounts for the previously

31reported incorporation of thymine radioactivity into KNA-'
133and proteins, Further investigation in our laboratory, 

10,11 kOWever? revealed that the acid-soluble radioactivity 
was mostly due to glycogen, while the radioactivity associ­
ated with the crude KNA was mostly due to glycogen spill­
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over and only a minor DNA contaminant. All of the radioac­
tivity associated with glycogen, furthermore, was chroma- 
tographically found to be in glucose and none was due to 
any non-specific binding of thymine.

The preliminary radioactive tracer studies presented
here thus further substantiate these earlier reports from

TO ] 1our laboratory. ’ That is, once again radioactivity 
14-from u-labeled thymidine was found in respired GOg (.see 

Nig. 4-) as well as in macromolecules other than DNA (see 
Table I). These data reinforce the hypothesis that the 
thymidine ring is catabolized with the subsequent libera­
tion of at least some of the radiolabeled carbon as GOg, 
while the remaining radioactive degradative fragments are 
reutilized for the synthesis of other non-DNA macromolecules. 
Chromatographic analysis of the polysaccharide fraction (see 
Fig. 3), moreover, indicated that the radioactivity re­
covered in this macromolecular fraction was clearly associ­
ated with glucose rather than dTMP or any of its closely re­
lated derivatives. In addition, the chromatographic re-

14.covery of C radioactivity in glucose from labeled MMA, a 
key proposed reutilization intermediate, (see Fig. 5) also 
substantiated the operation of the required anabolic in­
terconversions in Tetrahymena pyriformis. These results, 
therefore, further verify the operation of the previously 
proposed^®^ overall thymidine catabolic and reutilization 
pathway in Tetrahymena pyriformis.
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II. PRELIMINARY DEMONSTRATION OP THE CATABOLIC ENZYMES 

Although many protozoa feed on bacteria, there have 
been very few studies on the metabolism of bacterial com­
ponents by the protozoa. The emphasis rather has been on

139the metabolism of axenic cultures. ^ By using bacteria 
grown on radiolabeled thymine, however, it has been shown
that bacterial DNA can be used as a source of protozoal DNA

140 141in Paramecium aurelia and Entamoeba histolytica as
142well as in Tetrahymena pyriformis.

Exogenous pyrimidine nucleosides and free bases, how­
ever, seem to be incorporated into protozoal DNA less ef­
ficiently than whole DNA. Little incorporation of ^C-thy­
mine , for example, was detected in the nucleic acid of the

139ruman ciliate, Entodinium caudatum. Earlier studies
143with Tetrahymena pyriformis, v which were later confirmed 

by previous experiments in our laboratory, indicated that 
thymidine was taken up 27 times more readily than thymine, 
but still the absolute amount of radioactive thymidine in­
corporated into DNA remained extremely low. What then was 
happening to this intracellular thymidine? Why wasn't it 
incorporated into DNA? How was it metabolized? Was it de­
graded?

Among the protozoa the existence of a reductive pyrim­
idine catabolic pathway has been implied in related cili- 
ates. As mentioned previously, for example, the report of
DHU as a major nucleic acid excretion product in Paramecium 

74aurelia' gave impetus to our search for such a reducing en-
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zyme in Tetrahymena pyriformis, Both thymine and uracil 
also have been reported to be quantitatively reduced to

1*59their respective DHP derivatives by Entodinium caudatum.
The first direct evidence that such a reductive pyrim­

idine catabolic pathway may be operating in Tetrahymena py­
riformis, however, came from the early metabolic studies

17 14of Heinrich et, al, ' Recovery of CC^ from cultures in-
14cubated with 2- O-uracil indicated at least a small amount 

of such catabolism. The actual extent of this catabolism
14was, however, probably greater than the recovery of CC>2 

indicated since the residual radioactivity of the catabolic
114intermediates was not taken into account. Unfortunately, 

these workers did not similarly investigate the catabolism 
of radiolabeled thymine. Previous studies in our labora­
tory,^ however, indicated that Tetrahymena pyriformis, un­
like most other eucaryotic pyrimidine catabolizing systems, 
degrades uracil less efficiently than thymine. These ob­
servations thus encouraged us to look for the first enzyme 
in the proposed reductive thymidine catabolic pathway, DHT 
DH, in this ciliate.

As mentioned above, most of the previous metabolic 
studies on pyrimidine catabolism have been primarily con­
cerned only with degradation, usually terminating with the 
excretion of the resulting B-amino acid. Uracil and thy­
mine, moreover, appear to be degraded by an analogous 
series of reactions, the first of which is a reduction a-

144cross the 5,6-double bond. The enzyme which catalyzes
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this initial reduction, DHP-DH, may be the same or at least 

49very similar in many systems since the two pyrimidines
have often been found to inhibit the degradation of one an-

92 144-other in relatively pure enzyme preparations.' * This 
as well as the other enzymes involved in the pyrimidine cat­
abolic interconversions have already been extensively de­
scribed and at least partially purified from numerous other 
organisms.

The first indication that a reductive pyrimidine cata­
bolic pathway may be operating in procaryotes came from the

75early work of Fink et al. '' They reported that DMT showed 
"growth promoting action" for a folic acid deficient Strep­
tococcus faecalis mutant equivalent to that shown by thy­
mine at about 1/800 the concentration. They also reported 
that a Pseudomonas aeruginosa mutant grown on non-nitrogen- 
ous salts, glucose, and either thymine or uracil could re­
duct ively catabolize these exogenous pyrimidines to either 
BAIB or B-ala, respectively. Removal of glucose from the 
media resulted in poor growth and barely detectable reduc­
tion, but addition of either DHP or B-amino acid supported 
rapid growth even without glucose. This suggested that not 
only could these reductive pyrimidine catabolites be used 
as carbon sources, but also that the first step in this de- 
gradative pathway, that is, the reduction of the pyrimidine 
to its respective DHP derivative, was probably the rate 
limiting one.

145Slotnick and Weinfeld ^ also isolated several "pyrim-
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idineless" mutants of Escherichia coli which required DHU 
or one of its subsequent degradative intermediates (BUPA 
or B-ala) to restore normal growth. The poor incorporation 
of DHU radioactivity into nucleic acid pyrimidines of these 
mutants compared with that of uracil radioactivity in ura­
cil-requiring mutants indicated that although DHU supports 
the growth of these mutants, this activity is not directly
related to nucleic acid biosynthesis. The resulting B-ala

146might, as was shown by Hayaishi et al in Pseudomonas 
fluorences, be required for acetyl CoA synthesis.

Another such uracil-requiring mutant, Clostridium ura- 
cilicum, has been isolated and even more extensively stud­
ied by Campbell.78-80 ^  this mutant uracil was found to
be quantitatively converted to B-ala, CC^* and NH^.^ DHU

77and BUPA were identified as intermediates.f The enzyme 
catalyzing the conversion of uracil to DHU, DHU-DH, was al­
so eventually partially purified and characterized from 
these bacteria,^’

Evidence that such a reductive pyrimidine catabolic 
pathway is operating in eucaryotes initially came from 
studies on mammalian systems. BAIB, for example, was first
isolated, characterized, and identified in human urine by

147 8-5Crumpler et al. ' Pink et al ^ also simultaneously re­
ported its occurrence in the urine of humans as well as in 
rats fed large amounts of DNA. Furthermore, of the variety 
of pyrimidines and pyrimidine derivatives tested for their 
ability to cause normal rats to excrete BAIB, only thymine,
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thymine-containing DNA, and DHT resulted in detectable a-
mounts of this amino acid*

The enzyme catalyzing the first step in this pathway,
that is, the conversion of thymine to DHT, moreover, has
been partially purified and characterized from aqueous ex-

h.q qptracts of beef liver acetone powders as well as from
148human and pig leukocytes. The analogous uracil catabol- 

izing enzyme, DHU-DH, has also been partially purified from
the soluble cytoplasmic fraction (.centrifuged 100,000 x g

. 98for 60 min) of rat liver homogenates.
When BAIB and B-ala were identified as predominant

free amino acids in several species of parasitic flatworms
it was suggested that they too might arise from thymine and
uracil, respectively, via the previously described reductive
pyrimidine degradation pathway. Radiolabeled study of the
rat tapeworm, Hymenolepis diminuta. indicated that this was

14indeed the case. That is, the degradation of 2- C uracil 
in this organism was found to produce not only radioactive 
DHU, BUPA, and COg, but also radioactive B-ala and an or­
ganic acid which was chromatographically identical with suc­
cinic acid as well as some other unidentified compounds.

Finally, evidence that such a reductive pyrimidine cat­
abolic pathway is operating in plants has also been pre­
sented. BAIB, for example, was isolated from iris bulbs. 
Subsequently it was shown with "H-thymine that this BAIB
did indeed originate from thymine. Evans and Axelrod‘S ®

14 14also showed that 2- C-thymine as well as 2- C-uracil could
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be reductively catabolized by germinating rape seedlings to 
the corresponding DHPs, DHT and DHU, which were in turn hy­
drolyzed to give BUIB and BUPA, respectively. By analogy 
with the previously described reactions observed in micro­
organisms and animal tissues, it was expected that the cor­
responding B-amino acids, BAIB and B-ala, would be formed. 
This assumption could not be substantiated in these experi-

1 h.ments, however, since the labeled carbon was lost as OOg
following decarbamylation. Later radiolabeled experiments,
112 3 3using ^H-thymine and 5*6- H-uracil, however, confirmed
this expectation. Previously undescribed labeled substan­
ces were also detected with these radiolabeled substrates. 
This was interpreted as implying that, the resulting B-amino 
acids were further metabolized to various organic acids.
A few of the uracil-derived carboxylic acids were identi-

112fied as malic, pyruvic, and citric acids. Such reduc­
tive pyrimidine catabolic pathways have also been reported

110 114operating in pine tissues and Chlorella fusca.
In most respects, the DHT-DH preliminarily demonstrated 

here in Tetrahymena pyriformis is similar to the DHP-DHs 
described in the above eucaryotic systems. That is, it re­
quires NAD PH ̂ 9  * 92,98,148 n0 .̂ nadH ^  ’ ̂  as the procaryotic 
enzyme apparently does; it is active in phosphate buffer at
pH 7,5.^9*78,92,148 preparations show considerable blank 

98activity;' and its activity is difficult to demonstrate
Q  lL  t / i q  150in crude homogenates. ’  ̂ Unlike the previously de­

scribed DHP-DHs,^9*78,92,98,148 howevert this activity in
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Tetrahymena pyriformis appears to be particle-bound rather 
than soluble since its supernatant activity decreases with 
increasing centrifugation (see Table II). It is possible 
that this enzyme may also be present in a subcellular or­
ganelle in these other organisms, but could not be detected 
because of some inhibiting factor also associated with that 
subcellular f r a c t i o n . This inhibiting factor may be ab­
sent or easily removed by low speed centrifugation in Tet­
rahymena pyriformis. Alternatively, this enzyme may also 
be particle bound in these other organisms, but the proce­
dures may have solubilized this activity during preparation. 
But whatever its subcellular localization, an enzyme cap­
able of catalyzing at least the initial reduction of the 
proposed pyrimidine catabolic pathway (see Big. 1), never­
theless, does seem to be also present in this organism.

The remaining enzymes involved in this reductive pyrim­
idine catabolic pathway have also been described and par­
tially purified from various other organisms and tissues.
DHP hydrase, the enzyme that catalyzes the cleavage of the
DHP ring (see Big. 1), for example, has been partially pur-

79ified from Clostridium uracilicum,'y aqueous extracts of
90 95 151 99beef liver acetone powders, ^ and rat liver. The

enzyme catalyzing the decarbamylation of the B-ureido amino
acids (see Big. 1) has also been detected in pigeon, dog,
and rabbit liver homogenates. It has, furthermore, been
partially purified from rat liver.9°»91,x52 In addition,
an enzyme capable of catalyzing the decarbamylation of B-
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ureidopropionic acid has been partially purified from cell

o nextracts of Clostridium uracilicum.
The presence of the remaining enzymes of this reduc­

tive pyrimidine catabolic pathway, however, has not as yet 
been definitely established in Tetrahymena pyriformis. The 
recovery of thymidine radioactivity in biologically useful 
macromolecules other than DNA, however, suggests that this 
organism is indeed capable of the catabolism and reutiliza­
tion of at least this pyrimidine derivative. The previous­
ly report e d ^ * ^  recovery of thymidine radioactivity in the 
chromatographically identified end product of this reductive 
catabolic pathway, BAIB, also supports the assumption that 
Tetrahymena pyriformis is indeed at least able to reductive- 
ly catabolize this pyrimidine. The demonstration of the 
first enzyme in the proposed thymidine reductive catabolic 
pathway, DHT-DH, further supports this assumption. Presum­
ing that this organism is capable of catalyzing the required 
intermediate reductive catabolic interconversions, there­
fore, we decided to investigate how the reductive thymidine 
degradative end product, BAIB, might be further metabolized 
to account for the recovery of thymidine radioactivity in 
biologically useful macromolecules other than DNA,

Since its initial isolation, characterization, and i- 
dentification by Grumpier et al^ ^  and Pink et al,8  ̂BAIB 
excretion has been reported in association with certain neo­
plastic diseases, particularly leukemia,72’81’82’12^ 128 as

153 154well as with tuberculosis, ^  march hemoglobinuria, liv-
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155 156er disease, lead poisoning, ^ mongolian idiocy and

other types of mental defects,^57,158 epiiepSy?159 f0]_
lowing heavy irradiation with neutrons and X-rays.166 it
has also been reported in such diverse organisms as cat
tissues,161 iris bulb, and the mollusk, Mytilus edulis,
103̂ A dipeptide containing this B-amino acid has also been
isolated from bovine brain ( X-L-glutamyl-L-BAIB)162 and
iris bulbs (X-L-glutamyl-D-BAIB). 16^

Fink et__al^^’̂  showed that BAIB is produced from
72thymine in rats. Gartler' demonstrated that this is also 

the case in humans. There was at that time, however, vir­
tually no information concerning the quantitative import­
ance of the degradative steps in this catabolic pathway nor
for that matter was it known which direction predominated

164in these frequently reversible reactions.
51Kupiecki and Coon^ reported that BAIB could also re­

sult from the further metabolism of B-hydro^yisobutyric acid 
during val catabolism. Other evidence for the formation of 
BAIB from val, however, has been inconclusive, Gartler^ 
found no significant increase in urinary BAIB after the ad­
ministration of val to human excretors and non-excretors.

165Armstrong et al, on the other hand, fed larger amounts 
of val to excretor and non-excretor humans and found a marked 
increase in urinary BAIB only in the excretor. When they 
fed still larger doses of L-val to rats, however, there was 
no detection by paper chromatography of an increase in urin­
ary BAIB.166
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In most healthy persons BAIB usually is excreted only 

in small amounts in the urine (low excretors). Interest in 
BAIB itself, however, was generated by the discovery that 
a small proportion of otherwise normal people constantly 
excrete abnormally large quantities of this substance.1^  
Between 6-10% of Caucasian and up to 40% of Oriental popu­
lations, for example, were found to excrete large amounts 
of the B-amino acid (high excretors). The trait also
seemed to be inherited as a simple single recessive Mendel- 

167ian allele. ' bo evidence was obtained, however, that 
this inherited excretion is deleterious.^^

Increased excretion could be caused either by increased 
formation of BAIB from its precursors or a decreased capa­
city to metabolize the B-amino acid. In considering the 
first of these possibilities, however, it was necessary to 
decide which of the two alternate sources of BAIB— from thy­
mine or from val— is quantitatively more important.

72This information was provided by the studies of Cartier'
16 Sand Armstrong et al who showed that the amount of BAIB 

produced from val in man is very small, only about 10%, as 
compared with that originating from thymine. Thus, the se­
quence of reactions in thymine catabolism leading to the 
ultimate production of BAIB and then the further metabolism 
of this B-amino acid did seem like a quantitatively signif­
icant pathway for further study.

BAIB isolated from the urine of high excretors was 
found to be the D(-)isomer.^*^’^ ^  Marly studies also
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provided evidence for the occurrence of D(-)BAIB in normal 
liver. The metabolism of both D(-)- and L(+)BAIB was sub­
sequently investigated by Armstrong et al1^^ and they con­
cluded that the high excretion was a result of a defect in 
the metabolism of D(»)BAIB. 1'urther studies finally con­
firmed that the D(-)BAIB isomer was also the one formed from 
thymine in human liver.

Studies werd also carried out in order to determine the 
degree of conversion of thymine into BAIB. The results in­
dicated that humans convert thymine into BAIB quite effic­
iently as compared with other animals. That is, the extent 
of this conversion in humans has been reported to range 
from 20%^^ to 50-75$*^ on a mole/mole basis. Such an ex­
tensive conversion rate, thus lends considerable support to
the importance of the thymine —> BAIB pathway as a major one

72in pyrimidine catabolism.1 The extent of this conversion
in the rat, on the other hand, was calculated to be only
from 0.5-2% for thymine and 3-17$ for DHT.®^ With either
DHT or BUIB as substrate, however, others have reported the
conversion rate to be over 30%.^*®^ Similar experiments
with mouse liver showed less than 2% conversion of thymine
to BAIB, 35$ conversion of DHT to BAIB, and 42% conversion

72of BUIB to BAIB.' Such a wide variation in the conversion 
rates of these thymine catabolic intermediates may indicate 
that this pyrimidine is metabolized at least slightly dif­
ferently in each of the various animal species.

Knowledge of the further metabolic fate of BAIB, how-
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ever, remains limited. In the catabolism of uracil the 
oxidation of B-ala appears to be the rate-limiting step.^ 
In the catabolism of thymine, therefore, the oxidation of 
BAIB may similarly be rate-limiting, nevertheless, after 
injecting D,L-BAIB into normal rats the amount of BAIB re­
covered in the urine ranged from 5-30% and averaged about 
15% of the injected dose, thus indicating that a consider­
able proportion of this B-amino acid is catabolized.8  ̂ One 
would expect the further metabolism of BAIB, moreover, to 
produce MMA via methylmalonic seraialdehyde.^’ 8̂8

As mentioned above, most of the studies on the meta­
bolism of BAIB suggest its further metabolism via transam­
ination. One of the first such identified enzymes was the 
BAIB:©<KG transaminase described by Kupiecki and Uoon.^ 
This enzyme was found to be most active in extracts of pig 
and rat kidney. It was also found in pig brain and liver 
as well as rabbit skeletal muscle, it was, moreover, par­
tially purified from the supernatant of centrifuged (15 min 
at 13,000 RPM) crude pig kidney homogenate. It was not, 
however, detected in extracts of pig heart, Ehrlich ascites 
tumor, spinach leaf, or various microorganisms including 
Pseudomonas fluorescens. Beurospora crassa, Baker's yeast, 
and fetrahymena pyriformis.

An additional question arising from the investigation
SIof Kupiecki and Coon’' was which optical isomer of BAIB was 

the actual substrate. As mentioned above, it was the D(-) 
isomer which had previously been isolated from the urine of
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70high excretors, *' and had been shown to be the end pro­

duct of thymine catabolism.®® Further experiments*-®^ showed 
the D(-)BAIB was quantitatively recovered in the urine of 
excretors while the recovery of this optical isomer was 
lower in non-excretors. L(+)BAIB was catabolized in high 
excretors as rapidly as in low excretors. This finding was 
interpreted as indicating that D(-)BAIB and L(+)BAIB may be 
metabolized by different enzymes.'*'®®

In an effort to determine whether the D(-)- and L(+)~
isomers were indeed oxidized by different enzymes, the BAIB:

51CXKG transaminase described by Kupiecki and Coon^ was fur-
■I f ! Qther purified and characterized from hog kidney. It was

found that this purified enzyme catalyzed the transamina­
tion with the L(+)BAIB, while the b(-)BAIB, the natural iso­
mer, was particularly inactive as the substrate. That is, 
activity for D(-)BAIB was less than 1% of that of L(+)BAIB.

An additional enzyme, BAIB:pyruvate aminotransferase, 
was eventually shown to be responsible for the further me­
tabolism of D(-)BAIB in rat, guinea pig, hog, and human 

70liver.( This enzyme was subsequently purified from sup­
ernatants of crude hog^ and human*’®'* liver homogenates cen­
trifuged for 20 min at 12,000 x g (mitochondrial supernat­
ant fraction). The major differences between this enzyme 
and the previously described BAIB:cxKG aminotransferase, 
moreover, appeared to be: (1) SUBSTRATE SPECIFICITY— The
former enzyme was most active with 1)(-)BAIB and somewhat 
less active with B-ala. It showed almost no activity with
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L(+)BAIB. It was also inactive with OAA. The products of 
the reaction with D(-)BAIB were shown to he Ir-ala and meth­
ylmalonic semialdehyde. The latter enzyme, on the other 
hand, was most active with L(+)BAIB and almost as active 
with B-ala. It showed almost no activity with D(-)BAIB.
It was also inactive with pyruvate. (2) DISTRIBUTION— The 
former enzyme was localized almost exclusively in liver 
with a little activity also detected in kidney, while the 
latter enzyme had been reported present in liver and kid­
ney as well as brain and some other tissues. (3) PROPER­
TIES DURING PURIFICATION— The former enzyme was precipitated 
by a lower concentration of (NH^gSO^ and was well adsorbed
to DEAE Sephadex during purification, while the latter en-

*. 70 zyme was not.
Enzymes capable of transaminating B-ala with o(KG have

previously been demonstrated in rat liver and brain tis- 
95sues. Other mammalian tissues capable of transaminating

B-ala with pyruvate have also been d e s c r i b e d . I n  addi-
170tion, Goldfine and Stadtman ( have shown that B-ala may 

be further oxidized by transaminase action with either o(KG 
or pyruvate in Clostridium propionicium. An aminotransfer­
ase which catalyzes the transamination between CO-amino 
acids and pyruvate has also been described by Hayaishi et 
ailA6 a mutant of Pseudomonas fluorescens. OAA,
however, has been reported not to support the B-ala amino-

"I l\Ci 1 7 1transferases of Pseudomonas fluorescens, beef brain, ' 
or hog kidney.-^ Hatch and Stumpf,^^ observing COg and R-
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14ala formation from C-labeled propionate first suggested

the existence of a B-ala transaminating system in plants.
A B-ala: c*.KG aminotransferase has since been described in

112rape seedlings. Pyruvate and OAA, however, were not ac­
tive amino acceptors in this system, A B-ala aminotrans­
ferase has subsequently been identified in a subcellular 
particulate fraction from bean cotyledons. The enzyme 
or enzymes involved in this system utilized pyruvate or OAA, 
but not (XKG as an amino acceptor.

We therefore began our study of the further metabolism 
of BAIB with an investigation of these previously described 
transaminating systems. A few such aminotransferases have
already been described and localized in Tetrahymena pyrifor- 

174mis. Ala:o<KG aminotransferase, for example, has been 
demonstrated and shown to have a distribution completely i- 
dentical to that of MDB, indicating that it too is a mito­
chondrial enzyme. On the other hand, asp:<XKG aminotrans­
ferase has also been demonstrated and shown, both by iso- 
pycnic and differential centrifugation, to have a subcellu­
lar distribution that does not correspond exactly to that 
of MDH. In fractions rich in peroxisomes, as shown by the 
distribution of catalase, an excess of this aminotransfer­
ase activity was also found. This observation indicated 
that a small, but significant, part of this aminotransfer­
ase activity may be localized in the peroxisomes. Such a-
minotransferase activity, however, could not be detected in

174rat liver peroxisomes. '
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In confirmation of the earlier work of Kupiecki and 
51Coon, we too were unable to demonstrate BAIB: p<KG amino­

transferase activity in crude Tetrahymena p.yriformis enzyme 
preparations (see Table III)* In view of the recent find­
ing that BAIB:pyruvate aminotransferase is more likely to 
be responsible for the further metabolism of the D(-)BAIB 
resulting from thymine catabolism than BAIB: oCKG aminotrans­
ferase , however, this result is not surprising. Further­
more, although the BAIB:pyrvate aminotransferase system was 
not directly studied, preliminary data indicated that this 
transaminating system alone could not account for all the 
observed BAIB metabolism (see Table III). It should be 
pointed out, however, that of necessity amino acid and cKketo 
acid identification and quantitation was done by paper chro­
matography, in spite of the relatively large error inherent

164in this technique. This error, moreover, is really lar-
127ger than is desirable for quantitative work. ' Tests with 

standard amounts of BAIB indicated that the data had an ac­
curacy of about ±20%, but owing to the frequent distortion 
or overlapping of colored spots on chromatograms, routine 
analyses could be considered as potentially in error by a 
factor of two or more, particularly when the density of the 
BAIB spot was low as compared with surrounding spots. BAIB 
could not be detected regularly at concentrations below 
0.15 mM, and, although several of the oO-amino acids could 
be detected at about half this concentration (due to their 
more intense color reaction with ninhydrin), some of these
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83■were also more subject to interference.  ̂ For comparison,

as well as a check on the sensitivity of the assay system,
therefore, the same enzyme activity was assayed for in mouse

70liver where it was expected to occur.' In this system the 
amount of BAIB metabolized was roughly equivalent to the a- 
mount of pyruvate metabolized (.see Table III). This result 
supported the reasonable reliability of the assay system. 
Thus it appeared that an enzyme other than the previously 
reported transaminases might be responsible for the further 
metabolism of BAIB in Tetrahymena pyriformis.

Indeed, it appeared that the enzyme responsible for the 
further metabolism of the thymidine catabolite, BAIB, might 
be an oxidase rather than a transaminase. Several other 
such oxidases have already been described and characterized 
in Tetrahymena pyriformis. These include D-amino acid oxi­
dase, 174*175 L-cX-hydroxy acid (lac) oxidase,^ ’ 174--178 an(j

57 174glyoxylate oxidase. ' All of these oxidases, moreover, 
have been reported to be associated with the peroxisome.

III.PROPERTIES OP BAIB OXIDASE ACTIVITY
An enzyme, tentatively called BAIB oxidase, has been 

demonstrated and characterized in Tetrahymena pyriformis 
homogenates. It appears, unlike D-amino acid oxidase, to 
be relatively stable during storage (see Table XIII). It 
also has been found, under conditions in which the distri­
bution of other marker enzymes indicates minimal subcellular 
organelle damage, to exhibit, like D-amino acid oxidase, a
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bimodal intracellular distribution (see Figs. 9 & 15) ♦ fi'hat 
is, about half its activity appears to be particle-bound, 
while the remaining half seems to be soluble. Unlike D-a­
mino acid oxidase, however, its particle-bound activity 
seems to be associated with mitochondria rather than perox­
isomes. Detergents (see fable XI) and freeze-thawing (see 
Table XII), nevertheless, seem to have little effect on in­
creasing the activity of either this oxidase or D-amino 
acid oxidase prepared in sucrose.

The bulk of BAIB oxidase activity is precipitated, 
like D-amino acid oxidase activity, between 10-60$ satura­
tion with (NH^^SO^ (see-Table XVU). This oxidase activ­
ity, however, can be separated from D-amino acid oxidase 
activity as well as from that of the other marker enzymes 
by precipitation between 0-40$ saturation with (NH^^SO^, 
although a substantial amount of its remaining activity is 
precipitated with the bulk of the D-amino acid oxidase ac­
tivity between 40-60$ saturation with (NH^^SO^ (see Table 
XVI). This is also the (NH^^SO^ concentration reported to 
precipitate the analogous mammalian BAIB:pyruvate amino­
transferase activity.?0,169

BAIB oxidase shows good activity in alkaline 0.2 M 
Tris-IICl buffer (see Table V), It shows higher activity in 
alkaline 0.1 M pyrophosphate buffer (see Table V). The 
stimulatory effect on this oxidase activity by pyrophosphate 
buffers, in light of additional data such as the inhibition 
of this oxidase activity by divalent cations (see Table
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VIII), might be attributed to the divalent chelating abil­
ity of this buffer. We, however, decided not to use the 
highly alkaline pyrophosphate buffers in this assay since, 
as mentioned before, highly alkaline buffers have been re­
ported to catalyze the non-enzymatic decomposition of 
115 116* and contaminating D-amino acid oxidase activity al­
so appeared to be stimulated by pyrophosphate buffers♦ As

124previously reported for D-amino acid (ala) oxidase as 
well as BAIB: and BAIB:pyruvate^’ aminotransfer­
ases, BAIB oxidase also seems to have an alkaline pH opti­
mum (see Fig. 7)» although its broad double peaked pH pro-1 
file seems unique.

That this enzyme is a true oxidase is indicated by its 
stimulation upon the addition of the common oxidase coen­
zyme, FAD (see Table VII). Its detectable activity, like 
that reported for D-amino acid o x i d a s e , a l s o  seems to be 
considerably reduced when coupled with an electron accept­
ing dye, such as 2,6-dichlorophenolindophenol, rather than 
when measured in the presence of O2 by E^Og formation.

Unlike the rather innocuous effect on most of the pre­
viously described enzymes in the reductive thymidine cata-

4-9 92 93 148bolic pathway, exogenous divalent cations, such
+2 +2as Mg and Ca, seem to inhibit both BAIB and, to a some­

what lesser extent, D-amino acid oxidase activity (see 
Table VIII). The concentrations used in these experiments, 
however, were fairly high in comparison to those previously 
report e d . ^ ’̂
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In light of the above mentioned data, that is, the 

stimulatory effect of pyrophosphate buffer (see Table V) as 
well as the inhibitory effect of the indicated divalent cat­
ions (see Table VIII), it was thought that the commonly used 
chelating agent, EDTA, might stimulate oxidase activity.
Over the wide concentration range tested, however, EDTA 
seemed to inhibit, rather than stimulate, oxidase activity 
(see Table IX), It is, of course, possible that this chelat­
ing agent was preferentially complexing with an as yet unde­
termined essential divalent cation. Alternatively, however, 
the strong inhibition of BAIB oxidase activity and, to a 
considerably lesser extent, of D-amino acid oxidase activ­
ity by EDTA in light of additional data, such as the inhi­
bition of these enzyme activities by some detergents (see 
Table XI), might be attributed to the possible membrane- 
disrupting effects of this chelating reagent.

PCMB, a SH blocking reagent, was also found to be in­
hibitory to both BAIB and D-amino acid oxidase activity (see 
Table X). This result was expected for D-amino acid oxi-

17qdase activity since it had been previously reported '' that 
this enzyme contains a reactive SH group at its active site. 
BAIB oxidase inhibition, however, seems to be less concen­
tration dependent than that of D-amino acid oxidase. This 
may indicate that there is no SH group at the active site 
of this enzyme, but rather PCMB inhibits by reacting with 
distal SH groups, thus distorting the active conformation 
of this oxidase and thereby decreasing its catalytic effici-
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ency. At PCMB concentrations around that previously re- 

51ported"^ to completely inhibit hog kidney BAIB:e*KG trans­
aminase Cl.5 x 10-5 M )̂  moreover, BAIB oxidase still re­
tains a substantial amount of its activity.

IV. SUBCELLULAR LOCALIZATION OP BAIB OXIDASE ACTIVITY
After characterizing this enzyme capable of the fur­

ther metabolism of BAIB in crude Tetrahymena pyriformis ex­
tracts, we became interested in its subcellular localiza­
tion, since such an oxidase would produce the highly toxic 
substance, **2^2’ as a reaction product. Tetrahymena pyri­
formis, along with a few other eucaryotic organisms and 
tissues, however, have a special subcellular organelle, the 
peroxisome, which contains the enzyme catalase that can 
catalyze the rapid decomposition of It was initially
thought, therefore, that BAIB oxidase activity might be lo­
calized within this subcellular organelle.

Several other oxidases, such as D-amino acid oxidase, 
17^, 175 Xr-o<-hydroxy acid (lac) oxidase,57*174-178 an^ giy_

57 174oxylate oxidase, r’ ' have already been found associated 
with Tetrahymena pyriformis peroxisomes. Preliminary exper­
iments also indicated that both of the demonstrated thymi­
dine catabolic enzymes seem to have certain organelle-asso­
ciated properties. BAIB oxidase activity, for example, was 
found to be slightly stimulated by Triton X-100 (see Table 
XI) as well as upon storage (see Table XIII), suggesting la­
tency. In addition, low speed supernatants, similar to that
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1RDof crude peroxisomal preparations, appeared to contain 

thymine reductase (DH) as well as BAIB oxidase activity.
The well-known, long established association of purine cat­
abolic enzymes, such as xanthine oxidase and urate oxidase,
with the peroxisomes of many organisms, although not Tetra-

174h.ymena pyriformis, ' also suggested a possible role for 
this organelle in nucleic acid catabolism. Pinally, the re­
markable correspondence between the organisms and tissues 
for which peroxisomes have been reported and those in which 
these reductive thymidine catabolic enzymes have been demon­
strated further hinted at a possible relationship.

Preliminary centrifugation data did indicate that con­
siderable BAIB oxidase as well as D-amino acid oxidase ac­
tivity was associated with the high speed pellet (see Table 
XIV). Subsequent differential centrifugation studies fur­
ther indicated that these particle-bound enzyme activities 
are apparently associated with the mitochondrial-peroxisomal 
pellet (see Pig. 9)« Recovery of considerable amounts of 
these activities in the intermediate and high speed super­
natants (see Pig. 9)» however, suggested that these enzymes 
might not be localized only within a subcellular organelle, 
but might also be found soluble in the cytoplasm. This re­
sult would be in keeping with the subcellular localization 
of the previously described reductive thymidine catabolic 
and reutilization enzymes, but was somewhat surprising for
D-amino acid oxidase since this enzyme is supposed to be a

175peroxisomal marker enzyme ^ and, therefore, was expected
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to pellet with the other marker enzymes, that is, catalase 
and L-o<-hydroxy acid (lac) oxidase, for this subcellular 
organelle.

Since D-amino acid oxidase has already beer established
175as a peroxisomal enzyme in Tetrahymena pyriformis, (y it 

was initially thought that its soluble activity might indi­
cate that the subcellular organelles were damaged during 
fractionation. The low enzyme activities of the other mark­
er enzymes recovered in the intermediate and high speed 
supernatants (see Fig. 9), however, indicated that the sub­
cellular organelles had apparently not been excessively 
damaged by these procedures. This assumption was also sup­
ported by EM observation of the intermediate speed pellet 
(see Fig. 11) which further substantiated the structural in­
tegrity of the majority of the component subcellular organ­
elles. Nevertheless, whether cell homogenates were simply 
centrifuged into high speed soluble and particulate frac­
tions (see Table XIV), differentially centrifuged (see Fig. 
9), or fractionated through a continuous sucrose density 
gradient by zonal centrifugation (see Fig. 1$), a similar 
subcellular distribution pattern was consistently observed. 
That is, about half of the activity was associated with the 
appropriate organelle fraction, while the other half was re­
covered in the soluble fraction. It was thus envisioned 
that this apparent bimodal subcellular distribution of these 
two oxidase activities might reflect: (1) the partial sol­
ubilization of these enzyme activities during preparation;
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(2) the existence of two distinct oxidases, each with a dif­
ferent subcellular localization; or (3) the adsorption of 
soluble enzymes to subcellular organelles during processing.

Both BAIB and D-amino acid oxidase, for example, might 
iadeed be exclusively associated with a particular subcellu­
lar organelle in vivo, but may not be confined or bound as 
strongly as the marker enzymes, MDH and catalase, seem to 
be within the mitochondria and peroxisomes, respectively. 
During experimental processing, such as homogenization and/ 
or centrifugation, at least some of these externally lo­
cated oxidases might then be dissociated from their respec­
tive subcellular organelle without inducing the actual dis­
ruption of the organelle, The inhibition of these two oxi­
dase activities by membrane-disrupting detergents such as 
SDS and DOC (see Table XI) as well as the lack of stimula­
tion of these two oxidase activities by repeated freeze- 
thawing (see Table XII) might also be interpreted as indi­
cating that the organelle associated activity of these oxi­
dases is localized within the limiting membrane and not sol- 
uble in the subcellular organelle matrix.

Another possible explanation for the bimodal distribu­
tion of BAIB oxidase activity could be the presence of two 
distinct cellular enzymes, each with a different subcellu­
lar localization but both capable of oxidizing this sub­
strate. There might, for example, be a non-specific oxi­
dase in the cytoplasm capable of oxidizing both D-ala and 
BAIB as well as a more specific BAIB oxidase associated
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with the mitochondrion. The existence of two different 
BAIB oxidases, moreover, might help to explain the persis­
tent double peaked pH profile observed for this enzyme ac­
tivity.

Finally, it might also be argued from the data that 
both BAIB oxidase as well as D-amino acid oxidase activi­
ties are not associated with any subcellular organelle, but 
rather are soluble enzymes adsorbed on to subcellular organ­
elles as an artifact of preparation. This argument is un­
convincing in the cahe of D-amino acid oxidase since its 
peroxisomal localization has already been well established 
in Tetrahymena p y r i f o r m i s and it is unlikely that the 
small amount of cellular protein recovered at peroxisomal 
densities upon zonal centrifugation would be able to non- 
specifically adsorb much in the way of extraneous soluble 
enzyme activities. For mitochondrial associated enzymes, 
however, this non-specific adsorption argument is more ten­
able since a larger amount of cellular protein is recovered 
at these densities upon zonal centrifugation and thus the 
indiscriminant adsorption of soluble enzyme activities by 
this subcellular fraction is conceivable. This explanation 
for the bimodal distribution of BAIB and D-amino acid oxi­
dase activities, however, does not seem too probable be­
cause when heterologous D-amino acid oxidase is added to 
cell homogenates which are then fractionated by differential 
centrifugation, none of this additional exogenous oxidase 
activity is recovered in the pellets, rather most of it re­



200
mains in the supernatants (see Table XV:). Thus, the bimod- 
al centrifugal distribution of this enzyme activity, what­
ever its origin, appears to be an accurate reflection of 
its actual subcellular localization.

V. PARTIAL PURIFICATION OF BAIB OXIDASE ACTIVITY
Our studies on BAIB oxidase initially indicated a num­

ber of similarities between this enzyme and D-amino acid 
oxidase. Both of these oxidases, for example, showed good 
activity in pyrophosphate buffer (see Table V) and had an 
alkaline pH optimum (see Fig. 7)» They also were found to 
be stimulated by the addition of exogenous FAD (see Table 
VII). They were both inhibited by the addition of exogen­
ous divalent cations (see Table VIII), EDTA (see Table IX), 
PCMB (see Table X), and some detergents (see Table XI).
They also both failed to show any significant increase in 
activity upon repeated freeze-thawing. Each of these ob­
servations by itself was not considered particularly remark­
able since both these oxidases probably share these proper­
ties in common with many other unrelated enzymes. Moreover, 
although the qualitative responses of these two oxidases 
are similar, their quantitative responses to many of these 
reagents is quite different. Whether these differences are 
a result of the activities of two completely different en­
zymes or merely the alternate expression of a single enzyme 
utilizing two structurally similar substrates thus remained 
to be determined. The consistently similar bimodal distri­
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bution of these two oxidases upon differential centrifuga­
tion, which was quite distinct from the distribution of the 
other standard subcellular organelle marker enzymes, ultim­
ately suggested that these two activities might indeed be 
catalyzed by the same enzyme. This identity was also sup­
ported by the similar behavior of these two oxidase activ­
ities upon initial (NH^)2S0^ precipitation (see Table XVII). 
The high Km of this oxidase in crude homogenates also indi­
cated that perhaps BAIB was not the preferred substrate of 
this enzyme. Finally, when a crude commercial preparation 
of hog kidney D-amino acid oxidase was found to oxidize BAIB 
at about the same efficiency as Tetrahymena pyriformis ho­
mogenates (compared to D-ala activity), we decided that this 
possibility should be investigated in more detail.

Since the oCC of BAIB is asymmetric, the question of
optical isomerism must be considered. Unfortunately in
most studies on the metabolism of BAIB this has largely 

164been ignored. Complicating the picture, moreover, is the
8-5 ^observation by Fink et al that only 15% of a racemic mix­

ture of BAIB injected intraperitoneally into rats is re­
covered in the urine. This would suggest that both forms 
can be metabolized. Only the D(-)BAIB isomer,^7*164 ^ow- 
ever, has been isolated from human urine. The BAIB result­
ing from thymine catabolism has also been characterized as 
the D(-) form. In fact, it has been proposed that i-
somer competition might indeed be why the reductive thymi­
dine catabolic reactions are detected as so slow when DHT
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or BUIB are used as substrates instead of thymine in hu­
mans. That is, the unnatural isomers present in the race- 
mic mixtures of exogenous DHT and BUIB might not be con­
verted to D(-)BAIB as efficiently as the natural ones, but 
when thymine is reduced only D-DHT, the natural isomer, 
would be produced and readily converted to D(-)BAIB. The 
commercial preparation of BAIB used throughout these ex­
periments was a mixture of both the D and L isomers. We 
therefore initially decided to try to determine if Tetrahy­
mena pyriformis did indeed preferentially oxidize the D(-) 
rather than the L(+) form of BAIB.

Preliminary results (see Fig. 15) seemed to indicate 
that D(-)BAIB was the preferred substrate for this oxidase 
activity. Unfortunately, however, this interpretation was 
later complicated by the discovery that the commercial en­
zyme preparations used in these experiments were also con­
taminated with various other oxidase activities.

With regard to the specificity of purified D-amino 
acid oxidase, few D-amino acids have been reported to fail 
to react, although the enzyme is strictly D specific. The 
active center, moreover, seems to have a strong affinity, 
apart from the essential COOH group, for an alkyl group of 
moderate chain length. Little contribution to the affinity, 
however, is apparently made by the part of the substrate 
molecule that reacts, namely the NH^ group. The active site, 
therefore, is thought to contain a positively charged group 
which combines with the COOH group in the substrate at one
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end and a hydrophobic site, binding the alkyl group (up to 
4 Cs in length), at the other. The c<C of the substrate is 
then thought to lie between, probably with its two C-C bonds 
parallel with the enzyme surface, so that the group is 
directed upwards and the Hs are directed towards the flavin 
group which lies at the side of the substrate. Under the 
flavin, and masked by it, is a — SH group of the enzyme1^  
which may be the primary site of PCMB inhibition (see Table 
X).

D(-)BAIB, therefore, seems to have many of the key
properties necessary for a compatible D-amino acid oxidase
substrate. That is, it has the essential terminal carboxyl
group, is of a resonable hydrophobic alkyl chain length,
has the proper D configuration to minimize steric hinder-

179ance, and contains oxidizable H« The only question re­
maining, however, is:. Can ok -D-amino acid oxidase oxidize 
a B-amino acid at a resonable enough efficiency to account 
for the observed rate of further BAIB metabolism?

Assuming that BAIB oxidase activity is merely an alter­
native expression of D-amino acid oxidase is perhaps the 
simplest explanation for most of the behavioral similarities 
between these two enzymes, and particularly for the obser­
vation that crude commercial hog kidney D-amino acid oxidase 
is also apparently capable of the oxidation of BAIB. There 
are, however, several strong pieces of evidence against 
this identity and in favor of the separate and independent 
co-existence of these two enzymes. BAIB oxidase, unlike D-
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amino acid oxidase, for example, is relatively stable dur­
ing storage (see Table XIII). Furthermore, although both 
BAIB oxidase and D-amino acid oxidase exhibit a bimodal 
differential centrifugal distribution, the subcellular lo­
calization of the organelle associated activity of these 
two enzymes upon zonal centrifugation seems to be different. 
That is, BAIB oxidase activity appears to be associated with 
the mitochondria, while D-amino acid oxidase activity is 
associated with the peroxisomes (see Fig. 13)• Finally, 
although the bulk of the activity of these two oxidases is 
precipitated between 10-60% (NH^gSO^ (see Table XVII), 
most of the BAIB activity can be separated from D-amino acid 
oxidase activity as well as from that of other standard 
marker enzyme activities by precipitation between 0-4-0% 
(NH^^SO^ (see Table XVII ) and subsequent preliminary af­
finity chromatography (see Table XVIII). Thus it appears 
that although these two oxidases have a number of proper­
ties in common, BAIB oxidase is, nevertheless, a unique and 
specific enzyme.

An alternative explanation for the unexpected ability 
of the crude commercial preparation of hog kidney D-amino 
acid oxidase to oxidize BAIB, therefore, must be proposed.
It might be, considering the relative state of impurity of 
this enzyme preparation (see Fig. 15)» for example, that 
the crude commercial hog kidney D-amino acid oxidase also 
contains the previously reported BAIB:pyruvate aminotrans­
ferase a c t i v i t y ^ a s  well as L-araino acid oxidase ac-
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tivity. The BAIB oxidase activity detected in this enzyme
preparation might then be a result of the coupling of this
transamination with the further oxidation of the product,

70L-ala.' It is unlikely, however, that this is the mechan­
ism of the further metabolism of BAIB in Tetrahymena pyrifor-

119mis, since it has been reported 7 and confirmed by us that 
this organism lacks detectable L-amino acid oxidase activity. 
Of course, it might also be that hog kidney too contains a 
unique and specific oxidase capable of the further direct 
oxidation of BAIB, but because of its relatively low activ­
ity when compared to that of the previously described trans­
aminase as well as due to the fact that the activity of most 
transaminases are anaerobically determined, it has up until 
now been overlooked,

VI. PHYSIOLOGICAL SIGNIFICANCE OF BAIB OXIDASE ACTIVITY
It has been shown in numerous other organisms and tis­

sues that radiolabeled thymidine may be either incorporated 
into DNA or reductively catabolized. These metabolic path­
ways now also seem to be functional alternatives in Tetra­
hymena pyriformis. There are, however, still several un­
answered questions concerning the operation of this reduc­
tive thymidine catabolic and reutilization pathway in this 
organism. How quantitatively important, for example, is 
this pathway to the overall metabolism of this organism?
What, if any, is its physiological significance?

BAIB oxidase activity, although consistently shown to
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be significantly above endogenous oxidase levels (see Fig, 
6), is still only about 10$ of the D-amino acid oxidase ac­
tivity. Since D-amino acid oxidase itself is not a very 
active enzyme, this means that BAIB oxidase is even a less 
active enzyme. On the basis of radioactive tracer experi­
ments, however, it has been established that this enzyme 
is still active enough to account for all the observed con­
version of radiolabeled thymidine plus a large excess of 
unlabeled thymidine into biologically useful macromolecules 
other than DNA.

Since thymine is found predominantly in DNA, it was 
initially thought that BAIB excretion might reflect altera-

n / * Ations in DNA metabolism. Recently, however, it has been 
discovered that a small amount of this pyrimidine is also 
found in tRNA, Thus it became of interest to determine 
whether the source of the excreted BAIB is one or both of 
these thymines. Fortunately, these two sources of thymine 
are methylated differently and therefore by using appropri­
ately radiolabeled methyl donors it was possible to deter­
mine that BAIB is apparently derived from both DNA-thymine 
as well as tRNA-thymine. This demonstration of the dual 
origin of BAIB supplies a more acceptable explanation for 
the high urinary excretion of BAIB, especially in tumors,
since DNA turnover is known to be slow compared to tRNA

1*51turnover in these tissues.  ̂ It also argues in favor of 
the further metabolism of the base rather than the nucleo­
side#
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In organisms and tissues where this reductive catabol­

ic pathway has been described, nevertheless, it is still 
generally assumed that when total DNA synthesis is decreased 
metabolism of thymine compounds is shunted towards BAIB
p r o d u c t i o n . T h i s  behavior has been substantiated in dif-

] 82ferentiating, regenerating, and neoplastic tissues. An 
inverse functional relationship, therefore, has been pro­
posed between the opposing pathways of synthetic utiliza­
tion and reductive catabolism of thymidine during these 
processes.

Such a relationship also appears to be characteristic 
of total BAIB oxidase activity during the growth cycle of 
Tetrahymena pyriformis cultures (see Table XIX). That is, 
although the specific activity of this oxidase is highest 
in the initial culture when it might be expected that the 
cells would be most actively synthesizing DNA, not catabol- 
izing it, the total activity of this oxidase is highest on 
the fifth day when the culture has reached stationary phase 
and it would be expected that the cells would be most ac­
tively catabolizing DNA. This total oxidase activity then 
appears to level off with culture age, while its specific 
activity actually decreases. This decline in specific ac­
tivity, however, may not be due to an actual decrease in 
the number of enzyme molecules due to protein degradation 
or repression, but rather may simply be a relative decrease 
in enzyme concentration due to the increased synthesis of 
additional proteins. The actual number of these enzyme mol-
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ecules, therefore, may remain constant with culture age.

It is not unusual for enzymes at critical branch points
to have low activities. In the catabolism of uracil, for
example, oxidation of B-ala has been reported to be the

97rate-limiting step, ' The enzyme which catalyzes the con­
version of the thymidine reductive catabolic end product,
BAIB, to its initial reutilization substrate, probably meth­
ylmalonic semialdehyde, may also be such a critical step 
in the overall metabolism of the cell. Thus it could be 
imagined that this valueable nucleic acid precursor, which 
Tetrah.ymena pyriformis can not synthesize de novo, would 
only be catabolized when it is present in great eytoplasmic 
excess such as when these ciliates are feeding on other or­
ganisms or under extremely adverse environmental conditions 
when these cells have been observed digesting many of their 
own subcellular organelles, including DNA-containing mito­
chondria, as just about every spare molecule in the cell 
is utilized for glycogen synthesis.

The specific activity of this enzyme (2,8 nmoles/min/
mg of protein) is about 1/10 that reported for other Tefrra-

57 —1hymena pyriformis oxidases. ' Its high Km (5.6 x 10 M
for D,I»~BAIB) also tends to indicate that it has a low af­
finity for its substrate. Enzymes with such a high Km , how­
ever, are not completely unprecidented. DHP hydrase, an­
other enzyme from the same reductive thymidine catabolic
pathway, for example, has been reported to have a Km of 1.2 

—1 95x 10 M. ^ Moreover, if this enzyme is’ found, like those
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previously reported, to prefer one of the optical isomers
of this substrate over the other, then its true K should* m
probably be at least halved® This, of course, assumes that
there is no inhibition of the enzyme by the non-metabolized
isomer which may not be the case® The true K of this en-m
zyme, therefore, may be even lower® Whether this high Kffi 
as determined in homogenates in the possible presence of in­
hibitors, as indicated by the increase in enzyme activity 
upon storage (see Table XIII) and affinity chromatography 
(see Table XVIII), or after the disruption of the possibly 
critical spacial orientation of the enzyme either in rela­
tion to other enzymes in this pathway or in relation to its 
own most active configuration on the membrane of an intact 
subcellular organelle, is physiologically significant or 
not thus remains to be investigated.

Under conditions of excessive tissue destruction, BAIB 
excretion has been reported in persons who are not genetic 
high excretors. This implies that the ability to metabol­
ize BAIB is limited even in these persons, but at a level
which permits them to handle normal turnover without appre-

164ciable excretion® That is, there is only urinary spill­
age of BAIB in these low excretors when a subsequent step 
in BAIB metabolism (probably the conversion of BAIB to meth­
ylmalonic semialdehyde) is saturated®^ This restricted 
ability to metabolize BAIB under these conditions may be 
due to limitations in the availability of various transam- 
inating substrates, such as the necessary oCketo acids, or
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to some other inherent property of the enzyme. Such rigid 
control, whatever its origin,’, however, indicates the opera­
tion of an unusually delicately balanced regulatory mechan-

164ism in the functioning of this enzyme as well as the pos­
sible importance of such regulation in the overall metabol­
ism of the organism. If the enzyme itself is the source of 
this regulation, then the selective pressures operating to 
maintain such tight control at this critical metabolic in­
terchange might even be rigid enough to survive the evolu­
tionary transition form the transaminating systems described 
in most other organisms to the unique oxidase apparently 
functioning in Tetrahymena pyriformis and thus be an addi­
tional argument in favor of the possible regulatory signif­
icance of the seemirgUy low activity of this enzyme.

The nature of the metabolic interrelationship between 
anabolic and catabolic thymidine utilization pathways then 
might be such that a pool of pyrimidine derivatives accumu­
lates as a consequence of decreased catabolic capacity. 
Compounds in such a pool could act as inducers for enzymes 
involved in polynucleotide synthesis and as repressors for 
catabolic enzymes. The resulting increase in anabolic en­
zyme formation would give rise to increased utilization of 
nucleic acid precursors, and inducer/repressor concentra­
tions would diminish. This decrease could in turn cause a 
shift in the enzyme pattern toward equilibrium levels. At 
a later time the catabolic capacity could be below equili­
brium and thus the anabolic enzymes would be decreased to
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equilibrium levels. Consequently, a small accumulation of 
pyrimidine derivatives could occur, followed by increased 
synthesis of anabolic enzymes and repression of synthesis

QQof catabolic enzymes.
The reductive procaryotic uracil catabolic pathway in

Clostridium uracilicum has, for example, been reported to
77be so inducible.'' Actinomycin has also been reported to

completely inhibit the in vivo rise of reductive thymidine
catabolic activity as DNA synthetic activity decreases in

182differentiating, regenerating, and neoplastic tissues.
This finding further supports the indueibility of this cat­
abolic enzyme system. In addition, it suggests that the 
activity of this reductive thymidine catabolic pathway dur­
ing these processes may not only involve an increase in the
biosynthesis of certain key enzymes, but also may require

182the transcription of new RNA. The same authors, how­
ever, also report that the addition of actinomycin in vitro
has no effect on the incorporation of thymidine into DNA

14 182or on the degradation of radiolabeled thymidine to COg*
The limiting enzyme in the reductive eucaryotic ura­

cil catabolic pathway in Chlorella fusca, on the other hand,
114has been reported not to be inducible. BAIB oxidase ac­

tivity in Tetrahymena pyriformis also does not appear to be 
inducible (see Table XX). That is, cells grown in the 
presence of either additional exogenous DNA, Tdine, DHT, or 
BAIB do not show any significant stimulation of BAIB oxi­
dase activity over control specific activity.
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Evidence that DHPs do occur and can serve as a source 

of B-amino acids in various organisms and tissues indicates
that such pyrimidine degradative pathways may be of addi-

84tional physiological importance® It could be imagined, 
for example, that the presence of pyrimidines (or their 
simple derivatives) may interfere with the control mechan­
isms concerned with the synthesis of new polynucleotides 
especially if the appearance of these pyrimidines, as is 
the case in Tetrah.ymena pyriformis which are incapable of 

d-e novo synthesis of these compounds and therefore must 
depend on their continuous exogenous supply, is not subject 
to the controls regulating their synthesis. The degrada­
tive pathways which provide for the disposal of waste py­
rimidines, therefore, may have the important function of
preventing interference with, or circumvention of, the poly-

112nucleotide synthesizing regulatory mechanism. This con­
trol, moreover, could be at the translational, that is 
feed-back inhibition, instead of at the transcriptional, 
that is repressor, level. Thus even if the high Km for 
BAIB oxidase in Tetrah.ymena pyriformis is ultimately veri­
fied, its implied low substrate affinity may have additional 
regulatory significance.

Finally, there is some evidence in humans that glucose 
might be a metabolic regulator of further BAIB metabolism,
*1 O p  1 0  2’ ^ especially in view of the relatively large amounts
of this B-amino acid which are excreted after prolonged use

183of intravenous glucose. v Log phase Tetrahymena pyrifor-
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mis cultures grown in the presence of 0.1$ glucose have al­
so been observed to excrete moderate amounts of BAIB when 
incubated under starvation conditions.^ Thus it could be 
imagined that glucose actually stimulates the reductive 
catabolism of thymidine, although only a limited amount of 
the resulting BAIB could be reutilized accounting for the 
increased excretion of this compound. Alternatively, how­
ever, it might also be imagined that under conditions which 
stimulate glycogen synthesis, thymidine via the further 
metabolic reutilization of BAIB could also be so utilized, 
although again because of the relatively slow rate of its 
further metabolism only a limited amount of the resulting 
BAIB would be so reutilized. Such glucogenic regulation of 
the further metabolism of BAIB in Tetrahymena pyriformis 
would be quite interesting since one of the outstanding 
characteristics of these organisms is their great glyconeo-

184genic potential. The data indicating an increase in to­
tal BAIB oxidase activity as cultures enter stationary 
phase (see Table XIX) would be consistent with, if not di­
rectly support, this latter hypothesis.



REFERENCES
214

1. Lwoff, A, "Sur la Nutrition des Infusoires," CR Acad 
Sci, Paris, 176, 928-950 (1925).

2. Kidder, GW, "Nitrogens Distribution, Nutrition and 
Metabolism," from Chem Zool. ed by M Florkin & BT 
Scbeor, vol I, ed by GW Kidder, Academic Press, NT, 
1967, pgs 93-159.

3* Hill, DL, The Biochem and Physiol of Tetrahymena. Aca­
demic Press, NY, 1972, pgs 125-162.

4-. Hill, DL & P Chambers, "The Purine and Pyrimidine Me­
tabolism of Tetrah.ymena pyriformis." J Cell Physiol,
69, 521-530 (1967).

5. Wykes, JR & DM Prescott, "The Metabolism of Pyrimidine
Compounds by Tetrah.ymena pyriformis," J Cell Physiol, 72, 173-184- (1968). ”

6. Heinrikson, RL & E Goldwater, "Studies on the Biosyn­
thesis of 5-Ribosy1-Uracil 5' Monophosphate in Tetra- 
hymena pyriformis," JBC, 259, 1177-1187 (1964-).

7. Chambers, CP & RW Brockman, "Pyrimidine Nucleoside Tri­
phosphate Inhibition of Uridine Monophosphate Pyrophos- 
phorylase of E. coli and Tetrah.ymena pyriformis," Bac- 
teriol Proc. 6$, 94- (196571

8. Eichel, HJ, "Some Pyrimidine-Metabolizing Enzymes of 
Tetrah.ymena pyriformis," J Protozool. 4-, suppl 16 (19-

9. Cline, SG & RL Conner, "Orthophosphate Excretion as 
Related to RNA Metabolism in Tetrah.ymena," J Cell Phy­
siol, 68, 149-156 (1966).

10. Lanzetta, P, "Thymidine Catabolism and Reutilization 
of the Degradative Products in Tetrah.ymena," PhD The­
sis, CUNY, 1971.

11. Lanzetta, P & J Berech, Jr, "Thymidine Catabolism and 
Reutilization of the Degradative Products in Tetrahy- 
mena," Fed Proc, 50, Abst #415 (1971).

12. Keegan, F, "Methylated Purines and Purine Metabolism 
in Tetrahymena," PhD Thesis, CUNY, 1975.

15. Friedkin, J, "Purine and Pyrimidine Metabolism in Mic­
roorganisms," J Cell & Comp Physiol, 41, 261-282 (1953).



215
14, Shoup, DG, DM Prescott, & JR Wykes, "Thymidine Tri­

phosphate Synthesis in Tetrahymena* I. Studies on 
Thymidine Kinase," JBC.$1. (1966).

15* Connor, RL & LA McDonald, "The .Nature of the Phosphates 
Associated with Nucleotide Metabolism in Tetrahymena 
pyriformis." J Cell & Comp Physiol. 64, 2$7-2&3 (1964).

16. Kidder, GW, VC Dewey, RE Parks, & MR Heinrich, "Fur­
ther Studies on the Purine and Pyrimidine Metabolism 
of Tetrahymena," PNAS, 36, 431-439 (1950).

17. Heinrich, MR, VC Dewey, & GW Kidder, "The Origin of 
Thymine and Cytosine in Tetrahymena," BBA, 25. 199-200 
(1957).

18. Parsons, JA, "The Division of Mitochondrial 'DNA' in 
Tetrah.ymena pyriformis." JBC, 23, 70A (1964),

19* Stone, GE & OL Miller, Jr, "A Stable Mitochondrial DNA 
in Tetrahymena pyriformis," J Exp Zool, 159, 33-38
( 1965)'.

20. Swift, H, "Nucleic Acids of Mitochondria and Chloro- 
plasts," Amer Natur, 99, 201-227 (1965).

21. Suyama, T & JR Peer, Jr, "Mitochondrial DNA from Pro­
tozoa," Genetics. 52, 1051-1058 (1965).

22. Flavell, RA & IG Jones, "Kinetic Complexity of Tetra­
hymena pyriformis Nuclear Deoxyribonucleic Ac id,H Blo- 
chem J,lI6, 155-157 (1970).

23. Randall, JT, "The Nature and Significance of Kineto- 
somes," J Protozool. 6, suppl 30 (1959).

24. Seaman, GR, "Large-Scale Isolation of Kinetosomes from 
the Ciliated Protozoan Tetrahymena pyriformis," Exp 
Cell Res, 21, 292-302 (T9ZUJ7

25. Rampton, VW, "Kinetosomes of Tetrahymena," Nature, 195. 
195 (1963).

26. Randall, J & C Disbrey, "Evidence for the Presence of 
DNA at Basal Body Sites in Tetrahymena pyriformis,"
Proc Roy Soc (London), Ser 11627 473-^91(1^577'"

27. Hoffman, EJ, "The Nucleic Acids of Basal Bodies Isola­
ted from Tetrahymena pyriformis," JCB, 25, 217-228 
(1965).

28. Flavell, RA & IG Jones, "DNA from Isolated Pellicles 
of Tetrahymena," J Cell Sci, 9, 719-726 (1971).



216
29. Albach, BA, "Incorporation of Tritium from Thymidine- 

Met hyl-H^ into DNA, RNA, Lipids, and Protein in Loga­
rithmic and Stationary Phase Tetrahymena pyriformis. 
Strain W," J Protozoal. 14, 27EZ777T&Tj7~--- ----

30. Plaut, W, "On the Incorporation of Thymidine in the 
Cytoplasm of Amoeba proteus," Biochem Pharmacol, 4, 
79-83 (I960). “

31. Sagan, L, "An Unusual Pattern of Tritiated Thymidine 
Incorporation in Euglena," J Protozool, 12, 105-109 
(1965).

32. Meyer, RR, "Non-Specific Incorporation of H^-Thymidine 
into the Chloroplasts of Spirpgyra grevillaena," BBRC,
25, 549-553 (1966).

33. Elliott, AM & JP Hogg, "Culture Variation in Tetrahy­
mena," Physiol Zool. 25, 318-323 (1952).

34. Ryley, JP, "Studies on the Metabolism of the Protozoa.
3. Metabolism of the Ciliate Tetrahymena pyriformis (Glaucoma pyriformis) Biochem J, 52. 483-492 (1952).

35. Schmidt, G & SJ Tannhauser, "A Method for the Deter­
mination of Desoxyribonucleic Acid, Ribonucleic Acid, 
and Phosphoproteins in Animal Tissues," JBC, 161, 83- 
39 (1945).

36. Morisawa, S & E Chargaff, "2'-0-Methylribonucleosides 
Participating in Alkali-Resistant Sequences of RNA,"
BBA, 68, 147-149 (1963).

37* Tomlinson, RV & GM Tener, "The Effect of Urea, Porraa- mide, and Glycols on the Secondary Binding Forces in 
the Ion-Exchange Chromatography of Polynucleotides on 
DEAE Cellulose," Biochem, 2, 697-706 (1963).

38. Tener, GM, HG Khorana, R Markham, & EH Pol, "Studies 
on Polynucleotides• II. The Synthesis and Characteri­
zation of Linear and Cyclic Thymidine Oligonucleotides," 
JACS, 80, 6223-6230 (1958).

39. Hassid, WZ & S Abraham, "Chemical Procedure for Analy­
sis of Polysaccharides," from Meth Enzymol, ed by SP 
Colowick & NO Kaplan, vol III, Academic Press, NY,
1957, Pgs 34-50.

40. Partridge, SM, "Filter-Paper Part it ion-Chromatography of Sugars;" Biochem J, 42, 238-248 (1948).
41. Hayashi, Y, S Osawa, & K Miura, "The Methyl Groups in 

rRNA from E. coli," BBA. 129, 519-531 (1966).



217
42. Counts, WB & WG Flamm, "An Artifact Associated with 

the Incorporation of Thymine into DNA Preparations," BBA, 114, 628-6J0 (1966),
43. Putman, EN, "Paper Chromatography of Sugars," from

Meth Enzymol, ed by SP Colowick & NO Kaplan, vol III,
Academic Press, NY, 1957, pgs 63-64,

44. Bray, GA, "A Simple Efficient Liquid Scintillator for
Counting Aqueous Solutions in a Liquid Scintillation 
Counter," Anal Biochem, 1, 279-283 (I960).

45. Go mall, AG, CJ Bardawil, & MI*! David, "Determination 
of Serum Proteins by Means of the Biuret Reaction,"
JBC, 177, 751-766 (1949).

46. Layne, E, "Spectrophotometric and Turbidimetric Met­
hods for Measuring Proteins," from Meth Enzymol, ed 
by SP Colowick & NO Kaplan, vol III, Academic Press,
NY, 1957, Pgs 450-431.

47. Zamenhof, S, "Preparation and Assay of DNA from Ani­
mal Tissues," from Meth Enzymol. ed by SP Colowick &
NO Kaplan, vol III, Academic Press, NY, 1957* Pgs 696- 704.

48. Schneider, WC, "Determination of Nucleic Acids in Tis­
sues by Pentose Analysis," from Meth Enzymol, ed by 
SP Colowick & NO Kaplan, vol III, Academic Press, NY, 
1957* Pgs 680-684,

49. Hunninghake, D & S Grisolia, "Uracil and Thymine Re­
ductases," from Meth Enzymol. ed by SP Colowick & NO 
Kaplan, vol XII, Part A, ed by L Grossman & K Mol- 
dave, Academic Press, NY, 1967, Pgs 50-59.

50. Vandermeers-Piret, MC, J Camus, & J Christophe, "Py­
rimidine Metabolism of Rat Liver Deficient in Lysine 
and Threonine or Recovering from this Deficiency," (Fr) 
Bull Soc Chira Biol. 48, 54-7-567 (1966).

51. Kupiecki, FP & MJ Coon, "The Enzymatic Synthesis of B-
Aminoisobutyrate. A Product of Valine Metabolism, and
of B-Alanine, a Product of B-Hydroxy-Propionate Meta­
bolism," JBC, 229, 74-3-754- (1957).

52. Spies, J, "Colorimetric Procedures for Amino Acids,"
from Meth Enz.ymol. ed by SP Colowick & NO Kaplan, vol
III, Academic Press, NY, 1957, pgs 468-471.

53. Redfield, RR & ESG Barrow, "Quantitative Determination 
of Amino Acids in Protein Hydrolysates by Paper Chro­
matography," ABB, 35, 443-461 (1952).



218
54. Block, RJ, EL Durrum, & G Zweig, Paper Chromatography 

and Paper Electrophoresis« 2nd ed, Academic Press, NT, 195^, pg 258.
55. Hayaishi, 0 & X Nishizuka, "B-Alanine-c^-Alanine Trans­aminase CPseudomonas)," from Meth Enzymol, ed by SP 

Colowick & NO Kaplan, vol V, Academic Press, NT, 1957* 
pgs 698-699•

56. Walker, PG, "A Colorimetric Method for the Estimation 
of Acetoacetate," Biochem J, 58, 699-704 (1954).

57• Muller, M, JP Hogg, & C deDuve, 88 Distribution of Tri­
carboxylic Acid Cycle Enzymes and of Glyoxylate Cycle 
Enzymes Between Mitochondria and Peroxisomes in Tetra- 
hymena pyriformis." JBC, 245, 5385-5395 (1968). ~

58. Smith, JD & JH Law, "Phosphatidylcholine Biosynthesis 
in Tetrah.ymena pyriformis." BBA, 220, 141-152 (1970).

59. Guilbaut, GG & JE Hieserman, "Fluorometric Assay of 
Amino Acids," Anal Biochem. 26, 1-11 (1968).

60. Leighton, F, B Poole, PB Lazarow, & C deDuve, "The 
Synthesis and Turnover of Rat Liver Peroxisomes. I. Fractionation of Peroxisome Proteins," JCB, 41, 521- 
535 (1969).

61. Worthington Enzyme Manual, Worthington Biochem Corp, 
Freehold, NJ, 1972, pgs 11-12•

62. Worthington Enzyme Manual. Worthington Biochem Corp, 
Freehold, NJ, 1972, pgs 41-42.

63. Roodyn, DB, "The Classification and Partial Tabulation 
of Enzyme Studies on Subcellular Fractions Isolated by 
Differential Centrifuging," from Internat11 Rev Cytol. 
ed by GH Bourne & JF Danielli, vol 16, Academic Press, 
NT, 1965* pgs 99-115.

64. Brumby, PE & V Massey, "D-Amino Acid Oxidase from Pig 
Kidney," from Biochem Preps. ed by WEM Lands, vol 12, 
Wiley, NT, 1966, pgs 29-41.

65. Green, AA & WL Hughes, "Protein Fractionation of the 
Basis of Solubility in Aqueous Solutions of Salts and Organic Solvents," from Meth Enzymol, vol I, ed by SP 
Colowick & NO Kaplan, Academic Press, NT, 1955* pg 76.

66. Chan, WW-C & M Takahashi, "Affinity Chromatography of a Regulatory Enzyme Based on Specific Interaction with 
the Effector," BBRC, 37, 272-277 (1969).



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

219
Cuatrecasas, P, "Protein Purification by Affinity Chro­
matography. Derivatization of Agarose and Polyacryl­
amide Beads," JBC, 245, $059-3065 (1970).
Kakimoto, Y, A Kanazawa, & I Sano, "Identification of 
D(-)B-Aminoisobutyric Acid in Human Liver," BBA, 97, 
376-377 (1954).
Kakimoto, Y & MD Armstrong, "The Preparation and Iso­
lation of D(-)B-Aminoisobutyric Acid," JBC, 256, 5285- 3286 (1961).
Kakimoto, Y, K Taniguchi, & I Sano, "D-B-Aminoisobuty- 
ric Acid:Pyruvate Aminotransferase in Mammalian Liver 
and Excretion of B-Aminoisobutyric Acid by Man," JBC, 
244, 535-340 (1969).
Taniguchi, K, T Tsujio, & Y Kakimoto, "Deficiency of 
B-D-Aminoisobutyrate:Pyruvate Aminotransferase in the Liver of Genetic High Excretors of D-B-Aminoisobutyr- 
ate," BBA, 279, 475-480 (1972).
Gartler, SM, "A Metabolic Investigation of Urinary B- 
Aminoisobutyric Acid in Man," ABB, 80, 400-409 (1959).
Lineweaver, H & D Burk, "The Determination of Enzyme 
Dissociation Constants," JACS, 56, 658-666 (1934).
Soldo, AT & WJ vanWagtendonk, "Nitrogen Metabolism in 
Paramecium aurelia," J Protozol, 8, 41-55 (1961).
Fink, RM, RE Cline, & HMG Koch, "Chromatographic Detec­
tion of Pyrimidine Reduction Products: Microbiological
Application," Fed Proc. 15, 207 (1954).
Campbell, Jr, LL, "Reductive Degradation of Pyrimidines.
I. The Isolation and Characterization of a Uracil Fer­
menting Bacterium, Clostridium uracilicum nov spec,"
J Bact. 73, 220-224’ 1957 ) "•
Campbell, LL, "Reductive Degradation of Pyrimidines.
II. Mechanism of Uracil Degradation by Clostridium ur- 
acilicum," J Bact. 73, 225-229 (1957).
Campbell, Jr, LL, "Reductive Degradation of Pyrimidines.
III. Purification and Properties of Dihydrouracil Dehy­
drogenase," JBC, 227, 693-700 (1957).
Campbell, LL, "Reductive Degradation of Pyrimidines.
IV. Purification and Properties of Dihydrouracil Hy- 
drase," JBC, 253, 1256-1245 (1958).



220
80. Campbell, LL, "Reductive Degradation of Pyrimidines.

V. Enzymatic Conversion of N-Carbamyl~B-Alanine to 13- 
Alanine, CO2, and Ammonia," JBC, 235* 2375-2378 (I960).

81. Fink, K, "A Substance Occassionally Found as a Major 
Ninhydrin-Reacting Component of Urine," Proc Soc Exper 
Biol & Med, 76, 692-695 (1951). ~

82. Fink, K, RB Henderson, & RM Fink, "B-Aminoisobutyric 
Acid, a Possible Factor in Pyrimidine Metabolism,"
Proc Soc Exper Biol & Med, 78, 135-141 (1951).

83* Fink, K, RB Henderson, &, RM Fink, "B-Aminoisobutyric Acid in Rat Urine Following Administration of Pyrimi­
dines," JBC, 197, 441-452 (1952).

84. Fink, RM, K Fink, & RB Henderson, "B-Amino Acid Forma­
tion by Tissue Slices Incubated with Pyrimidines,"
JBC. 201, 349-355 (1953).

85. Fink, K & C McGaughey, "Reductive Pathway for Pyrimi­
dine Metabolism in Rat," Fed Proc, 13, 207 (1954)•

86. Fink, RM, RE Cline, C McGaughey, & K Fink, "Chromatog­
raphy of Pyrimidine Reduction Products," Anal Biochem, 
28, 4-6 (1956).

87. Fink, RM, C McGaughey, RE Cline, & K Fink, "Metabolism 
of Intermediate Pyrimidine Reduction Products in Vitro," 
JBC. 218, 1-7 (1956).

88. Fink, K, "Excretion of Pyrimidine Reduction Products 
by the Rat," JBC. 218, 9-14 (1956).

89. Fink, K, RE Cline, RB Henderson, & RM Fink, "Metabolism
of Thymine Methyl-C or 2-C by Rat Liver in Vitro,"
JBC. 221, 425-433 (1956).

90. Grisolia, S & DP Wallach, "Enzymic Interconversion of
Hydrouracil and B-Ureidopropionic Acid," BBA, 18, 449
(1955).

91. Grisolia, S, J Caravaca, S Cardoso, & DP Wallach, "Me­
tabolism of Dihydropyrimidines and Related Compounds," 
Fed Proc, 16, 189 (1957).

92. Grisolia, S & SS Cardoso, "The Purification and Prop­
erties of Hydropyrimidine Dehydrogenase," BBA, 25, 
430-431 (1957).

93. Wallach, DP & S Grisolia, "The Purification and Prop­
erties of Hydropyrimidine Hydrase," JBC. 226, 277-288
(1957).



221
94. Canallakis, ES, "Pyrimidine Metabolism. I. Enzymatic 

Pathways of Uracil and Thymine Degradation," JBC, 221, 315-522 (1956). ~ '
95* Pihl, A &. P Fritzson, "The Catabolism of C "^-Labeled

B-Alanine in the Intact Rat," JBC. 215, 545-351 (1955).
96. Fritzson, P, "The Catabolism of C^-Labeled Uracil, 

Dihydrouracil, and B-Ureidopropionic Acid in Rat Liver 
Slices," JBC, 226, 223-228 (1957).

97. Fritzson, P & A Pihl, "The Catabolism of C^-Labeled 
Uracil, Dihydrouracil, and B-Ureidopropionic Acid in 
the Intact Rat," JBC. 226, 229-235 (1957).

98. Fritzson, P, "Properties and Assay of Dihydrouracil De­
hydrogenase of Rat Liver," JBC. 235, 719-725 (I960).

99. Pritzson, P, "The Relation Between Uracil-Catabolizing 
Enzymes and Rate of Rat Liver Regeneration," JBC, 237, 150-156 (1962).

100. Batt, RD & JH Exton, "The Catabolism of Dihydropyrimi­
dines by Rat Tissue Preparations," ABB. 63, 368-375(1956).

101. Goedde, HW, DP Agarwal, & K Eickoff, "Enzymatic Prepar­
ation of Labeled Intermediates of Thymine Catabolism, 
Dihydrothymine, and B-Ureidoisobutyric Acid," Hoppe- 
Se.yler's Zeitschrift fur Physiol Chemie, 349, 1157-1140 (1%8).

102. Simpson, JW, K Allen, & J Anapara, "Free Amino Acids 
in Some Aquatic Invertebrates," Biol Bull, 117« 371- 
381 (1959).

103. Anapara, J & K Allen, "Occurrence of B-Aminoisobutyric 
Acid in Mytilis edulis," Science. 130, 1250 (1959)•

104. Campbell, JW, "The Nitrogen and Amino Acid Composition 
of Three Species of Anoplocephalid Cestodes: Moniezia 
expanse.. Thysanosoma actinodes. and Cittotaenia per- 
p l e x a Exp Parasitol. 9. 1-8 (I960).

105. Campbell, JW, "The Occurrence of B-Alanine and B-Amino- 
isobutyric Acid in Platworms," Biol Bull, 119, 75-79 (I960).

106. Campbell, JW, "Pyrimidine Metabolism in Parasitic Plat­
worms," Biochem J, 77, 105-112 (I960).

107. Ansen, S, JP Thompson, CF Moris, & F Irreverre, "Isola­
tion of B-Aminoisobutyric Acid from Bulbs of Iris t in- 
git ana var Wedgewood," JBC, 234, 343-346 (19597^



222
108, Evans, WR & B Axelrod, "Pyrimidine Metabolism in Ger­

minating Seedlings," Plant Physiol, 36, 9-13 (1961).
109* Evans, WR, GS Tsai, & B Axelrod, "Origin of B-Amino- 

isobutyric Acid in Iris," Nature, 190, 809 (1961).
110. Barnes, RL & AW Naylor, "Formation of B-Alanine by 

Pine Tissues Supplied with Intermediates in Uracil 
and Orotic Acid Metabolism," Plant Physiol, 37, 171- 
175 (1962). —  ■

111. Takats, ST & RMS Smellie, "Thymidine Degradation Pro­
ducts in Plant Tissues Labeled with Tritiated Thymi­
dine," JBC, 17, 59-66 (1963).

112. Tsai, CS & B Axelrod, "Catabolism of Pyrimidines in 
Rape Seedlings," Plant Physiol, 40, 39-44 (1965).

113. Ross, C, "Comparison of Incorporation and Metabolism 
of RNA Pyrimidine Nucleotide Precursors in Leaf Tis- 
sues," Plant Physiol, 40, 65-73 (1965).

114. Knutsen, G, "Degradation of Uracil by Synchronous Cul­
tures of Chlore11a fusca," BBA, 269, 333-345 (1972).

115. Orr, CWM, "Studies on Ascorbic Acid. I. Factors In­
fluencing the Ascorbate-Mediated Inhibition of Cata- 
lase," Biochem, 6, 2995-3000 (1967).

116. Chance, B, "The Assay of Catalases and Peroxidases.
Part II. Special Methods," from Meth Biochem Anal, 
ed by D Glick, vol 1, Interscience, Nt, 1954, pg 414.

117* Theorell, H, "The Iron-Containing Enzymes. B. Cata- 
lase and Perosidases. ’Hydroperoxidases,*" from The 
Enzymes, vol II, Part I, ed by JB Sumner & K Myrback, 
Academic Press, NY, 1951, pg 397.

118. Hirai, K-I, "Distribution of Peroxidase Activity in 
Tetrahymena pyriformis Mitochondria," J Histochem & C ^ c E e i 7 ^ 2  T i m b r e  1974). -------------

119. Roth, JS, HJ Eichel, & E Ginter, "The Oxidation of 
Amino Acids by Tetrahymena pyriformis W," ABB, 48, 112- 
119 (1954).

120. Cuatrecasas, P, M Wilchek, & CB Anfinsen, "Selective 
Enzyme Purification by Affinity Chromatography," PNAS, 
61, 636-643 (1968).

121. Cuatrecasas, P & CB Anfinsen, "Affinity Chromatography," 
from Meth Enzymol, ed by SP Colowick & NO Kaplan, vol 
XXII, ed by WB Jakoby, Academic Press, NY, 1971, pgs 
345-378.



223
122. Cuatrecasas, P, "Selective Adsorbents Based on Bio­

chemical Specificity," from Biochem Aspects of Reac­
tions on Solid Supports, ed by GR Stark, Academic 
Pre ss, NY, 19*̂ 1, pgs 79-109.

123. Steers, E, P Cuatrecasas, & H Pollard, "The Purifica­
tion of B-Galactosidase from E. coli by Affinity Chro

124. Dixon, M & K Kleppe, "D-Amino Acid Oxidase. III. Ef­
fect of pH," BBA, 96, 383-389 (1965).

125. Ishihara, I & Y Komori, "An Unidentified Amino Acid 
Extracted in Large Amounts in the Urine of Leukemic 
Patients," Igaku to Seibutsubaku. 22, 1-4 (1952).

126. Anapara, J & Y Sato, "Paper Chromatography of Urinary 
Amino Acids," Clin Chim Acta, 1, 75-79 (1956).

127. Anapara, J & CC Schullenberger, "Urinary Excretion of 
B-Aminoisobutyric Acid After Administration of Thymine 
and Nitrogen Mustard," Clin Chim Acta, 2, 199-204 (19-
37)*

128. Anapara, J, "Urinary Amino Acid Excretion in Leukemia," 
from The Leukemias: Etiology, Pathophysiology, &
Treatment! ~ d  fiTTTRibilcCM  Bethel 1. T W Mont0.
Academic Press, NY, 1957* pgs 353-360.

129. Barrett, HW, SW Munavalli, & P Newark, "Synthetic Py­
rimidines as Inhibitors of Uracil and Thymine Degrada­
tion by Rat Liver Supernatant," BBA. 91, 199-204 (19- 64).

130. Marsh, JC & S Perry, "The Reduction of Thymine by Hu­
man Leukocytes," ABB, 104, 146-149 (1964).

131. Nielsen, HR, E Borek, KE Sjjzflin, & K Nyholm, "Dual Or­igin of B-Aminoisobutyric Acid, a Thymidine Catabolite," 
Acta Path Microbiol Scand. 80, 687-688 (1972).

132. Nielsen, HR, KE Sjjzflin, K Nyholm, BS Baliga, R Wong,
& E Borek, "B-Aminoisobutyric Acid, a New Probe for 
the Metabolism of DNA and RNA in Normal and Tumorous 
Tissue," Cane Res, 34, 1381-1384 (1974).

133. Bryant, BJ, "The Incorporation of Tritium for Thymi­
dine into Proteins of the Mouse," JCB, 29, 29-36 (19- 66).

134. Piko, L, "Synthesis of Macromolecules in Early Mouse 
Embryos Cultured in Vitro; RNA, DNA, and a Polysac­
charide Component■»" Develop Biol, 21, 257-279 (1970).



224
135* Schneider, WC & AE Greco, "Incorporation of Pyrimi­

dine Deoxyribonucleoside in Liver Lipids and Other Com­
ponents," BBA, 228, 610-626 (1971).

136* Dobson, RL & MF Cooper, "Incorporation of Radioactiv­
ity from Thymidine into Mammalian Glucose and Glyco­
gen," BBA, 254-, 395-401 (1971).

137* Morley, CGD & HS Kingdon, "Use of ^H-Thymidine for
Measurement of DNA Synthesis in Rat Liver— A Warning," 
Anal Biochem, 45, 298-305 (1972).

138. Goldspink, DP & AL Goldberg, "Problems in the Use of 
(Me-^H)-Thymidine for the Measurement of DNA Synthesis," 
BBA, 299, 521-532 (1973).

139. Coleman, GS, "The Metabolism of Bacterial Nucleic Acid 
and of Free Components of Nucleic Acid by the Ruraan 
Ciliate Entodinium caudatum," J Gen Microbiol, 54, 83- 96 (196577“

140* Berger, JD & RP Kimball, "Specific Incorporation of
Precursors into DNA by Feeding Labeled Bacteria to Pa­
ramecium aurelia." J Protozool, 11, 534-537 (1964).

141. Albach, RA,,JG Shaffer, & RH Watson, "Autoradiographic 
Studies of Thymidine Uptake in Entamoeba histolitica 
in CLG Medium," J Protozool. 13, 349-355 (1966).

142. Calkins, J & G Gunn, "The Time of DNA Synthesis During 
the Inter-Division Growth Cycle of Tetrahymena pyrifor­
mis fed on Living Bacteria," J Protozool, 14. 210-214 TT967).

143* Friecikin, M & H Wood, IV, "Utilization of Thymidine- 
C by Bone Marrow Cells and Isolated Thymus Nuclei," 

JBC. 220, 639-651 (1956).
144. Newmark, P, JD Stephens, & HW Barrett, "Substrate Spe­

cificity of the Dihydrouracil Dehydrogenase and Uri­
dine Phosphorylase of Rat Liver," BBA, 62, 414-416 (1962).

145. Slotnick, IJ & H Weinfeld, "Dihydrouracil as a Growth 
Factor for Mutant Strains of E. coli," J Bact, 74, 122- 
125 (1957).

146. Hayaishi, 0, Y Nishizuka, M Tatibana, M Takeshita, &
S Kuno, "Enzymatic Studies on the Metabolism of B-Ala- 
nine," JBC, 236, 781-790 (1961).

147. Crumpler, HR, CE Dent, H Harris, & RG Westall, "B-A- 
minoisobutyric Acid (c< -Methyl-B-Alanine): A New A-
mino Acid Obtained from Human Urine," Nature, 167. 307- 
308 (1951).



225
148• Goedde, HW, R Hoffbauer, & K-G Blume, "Reduction of 

Thymine by Leukocytes," Biochem Genetics, 2, 93-99 
(i968). "

149. Reichard, P & 0 Skold, "Enzymes of Uracil Metabolism 
in the Ehrlich Tumor and Mammalian Liver," BBA. 28, 
376-585 (1958).

150. Rutman, RJ, A Cantaron, & KE Paschkis, "The Catabolism 
of Uracil in Vivo and in Vrbro," JBC, 210, 321-329 
(1954).

151. Reichard, P & 0 Skold, "Pyrimidine Synthesis and Break­
down ," from Meth Enzymol, ed by SP Colowick & NO Kap­
lan, vol VI, Academic Press, NY, 1957, pgs 181-189.

152. Caravaca, J & S Grisolia, "Enzymatic Decarbamylation 
of Carbamyl B-Alanine and Carbamyl B-Aminoisobutyric 
Acid," JBC, 231, 357-365 (1958).

153• Ishihara, I, Y Komori, & Y Yokko, "Urinary Excretion of B-Aminoisobutyric Acid and Generalized Aminoacid­
uria in Pulmonary Tuberculosis," Igaku to Seibutsugaku, 
29, 50-54 (1953).

154. Pare, CMB & M Sandler, "Amino-Aciduria in March Haemo- 
globinuria," Lancet, 266, 702-204 (1954).

155* Dent, CE & JM Walshe, "Amino-Acid Metabolism in Liver 
Disease," from Liver Disease, ed by S Sherlock & GEW 
Wolstenholme, McGraw-Hill, NY, 1951, pgs 22-31.

156. Wilson, VK, FIL Thomson, & CE Dent, "Amino-Ac iduria in
Lead Poisoning. A Case in Childhood," Lancet, 265. 66- 
68 (1953). — —

157* Cain, L, "Exploration of Metabolic Patterns in Mentally 
Deficient Children," Univ Texas Publ #5109, 1951.

158. Wright, SW & K Pink, "The Excretion of B-Aminoisobu- 
tyric Acid in Normal, Mongoloid, and Non-Mongoloid 
Mentally Defective Children," Am J Ment Deficiency,
61, 530-533 (1957).

159* Fink, K & RM Fink, "Some Factors Influencing Excretion 
of B-Aminoisobutyric Acid (BAIB)." Fed Proc, 17. 219
(1958).

160. Rubini, JR, EP Cronkite, VP Bond, TM Fliedner, & CF
Dohan. Jr, "Urinary Excretion of B-Aminoisobutyric Acid 
(BAIBj in Irradiated Human Beings," Proc Soc Exper Biol 
& Med. 100, 130-133 (1959).



226
161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Tallen, HH, S Moore, & WH Stein, "Studies on the Free 
Amino Acids and Related Compounds in the Tissues of 
the Cat," JBC, 211, 927-939 (1954).
Kakimoto, Y, A Kanazawa, T Nakajima, & I Sano, "Isola­
tion of V -L-Glutamyl-L-BAIB from Bovine Brain," BBA. 
100, 426-431 (1965). ---
Morris, J, JF Thompson, S Asen, & F Irreverre, "The 
Isolation of V-L-Glutamyl-B-Aminoisobutyric Acid from Iris Bulbs," JBC, 236, 1181-1182 (1962).
Sutton, HE, "B-Amino isobutyrate-Ac iduria," from The 
Metabolic Basis of Inherited Disease, ed by JB Stan- 
befg, JB Wyngaarden, & DS Frederichson, McGraw-Hill,
NY, I960, pgs 792-806.
Armstrong, MB, K Yates, Y Kakimoto, K Taniguchi, & T 
Kappe, "Excretion of B-Aminoisobutyric Acid by Man," 
JBC. 238, 1447-1455 (1963).
Mushahwar, IK, A Alter, & AR Schulz, "Some Metabolic 
Studies on B-Aminoisobutyric Acid," Life Sciences, 6, 
1317-1330 (1967). ‘
Yanai, J, Y Kakimoto, T Tsujio, & I Sano, "Genetic Study of B-Aminoisobutyric Acid Excretion by Japanese," 
Am J Human Genetics, 21, 115-132 (1969).
Kakimoto, Y, A Kanazawa, K Taniguchi, & I Sano, "B-A- minoisobutyric Acid- <X Ketoglutamate Transaminase in 
Relation to B-Aminoisobutyric Aciduria," BBA, 156, 374- 380 (1968).
Taniguchi, K, T Tsujio, & Y Kakimoto, "Deficiency of 
D-B-Aminoisobutyrate:Pyruvate Aminotransferase in the 
Livers of Genetic High Excretors of D-B-Aminoisobuty- 
ric Acid," BBA, 279, 475-480 (1972).
Goldfine, H & ER Stadtman, "Propionic Acid Metabolism. 
The Conversion of B-Alanine to Propionic Acid by Cell- 
Free Extracts of Clostridium propionicum," JBC. 235. 
2238-2245 (I960).
Baxter, CF & E Roberts, "The Y-Aminobutyric Ac id- o< - 
Ketoglutaric Acid Transaminase of Beef Brain," JBC,
233, 1135-1139 (1958).
Hatch, MD & PK Stumpf, "Fat Metabolism in Higher Plants. 
XVIII. Propionate Metabolism by Plant Tissues," ABB,
96, 193-198 (1962).
Stinson, RA & MS Spencer, "B-Alanine Aminotransfer­
ase^) from a Plant Source," BBRC. 34, 120-127 (1969).



227
174. Muller, M, "Peroxisomes of Protozoa," Ann NT Acad Sci, 

168, 292-301 (1969). ---------------
175* Baudhuin, P, M Muller, B Poole. & C deDuve. "Non-Mito- 

chondrial Oxidizing Particles (Microbodies) in Rat 
Liver and Kidney and in Tetrahymena pyriformis." BBRC, 
20, 53-59 (1965).

176. Eichel, HJ & I/P Rem, "Respiratory Enzyme Studies in 
Tetrah.ymena pyriformis, V. Some Properties of an L- 
Lactic Oxidase." JBCT~237. 940-945 (1962).

177. Eichel, HJ, "Oxidation of L-cK-Hydroxy Acids by Tetra­
hymena pyriformis." BBA, 128, 183-186 (1966).

178. Levy, MR & AE Hunt, "L-o^-Hydroxy Acid Oxidase Activ­
ity in Tetrahymena," JBC, 34, 911-915 (1967).

179. Dixon, M & K Kleppe, "D-Amino Acid Oxidase. II. Spec­
ificity, Competitive Inhibition and Reaction Sequence," 
BBA. 96, 368-382 (1965).

180. Llyod, D, R Brightwe11, SE Vanables, GI Roach, & G 
Turner, "Subcellular Fractionation of Tetrahymena pyri­
formis ST by Zonal Centrifugation. Changes In Activ- 
ities and Distribution of Enzymes during the Growth 
Cycle and on Starvation," J Gen Microbiol, 65, 209-223 
(1971).

181. Dorsey, TE, "The Control of Isocitrate Metabolism in 
Tetrahymena pyriformis." PhD Thesis, CUNY, 1975*

182. Ferdinandus, JA, HP Morris, & G Weber, "Behavior of Op­
posing Pathways of Thymidine Utilization in Differen­
tiating, Regenerating, and Neoplastic Liver," Cane Res, 
31, 550-556 (1971).

183. Berry, HK, "Indiviual Metabolic Patterns: II. Excre­
tion of B-Aminoisobutyric Acid," Metabolism, 9, 373- 
376 (I960).

184. Hogg, JF, "Peroxisomes in Tetrahymena and their Rela­
tion to Gluconeogenesis," Ann NY Acad Sci, 168, 281- 
291 (1969).


