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ABSTRACT Nineteen tyrosine auxotrophs of the ciliated pro-
tozoan Tetrahymena thermophila.have been isolated and biochem-
ically examined. These mutants are defective in the conversion of
phenylalanine to tyrosine; this is analogous to the defect that
causes phenylketonuria in humans. After nitrosoguanidine mu-
tagenesis and self-fertilization, progeny clones were screened for
tyrosine auxotrophy and positively identified by using growth tests
and in vivo radiometric assays for phenylalanine-to-tyrosine con-
version. Mutants in one complementation group (locus) lacked
phenylalanine hydroxylase activity; mutants in three other loci
appeared to be deficient in the unconjugated pteridine cofactor
that is necessary for the function of the hydroxylase. Another mu-
tant lacked the dihydropterine reductase activity required tore-
generate the reduced form of the pteridine cofactor. Because hy-
droxylation of tyrosine to dopa and of tryptophan to 5-
hydroxytryptophan may require the same cofactor and pterin re-
ductase as phenylalanine hydroxylase, these mutants may also
prove useful for the study of the role ofcatecholamines and seroto-
nin, substances known to be present in Tetrahymena

Phenylketonuria is a hereditary human disease caused by a de-
ficiency in the enzymatic conversion of phenylalanine to tyro-
sine. This deficiency can result from a lack ofany one of at least
three components: phenylalanine hydroxylase, which directly
converts phenylalanine to tyrosine (1-3); tetrahydrobiopterin,
which acts as a hydrogen donor in the hydroxylation (4); and
dihydropteridine reductase, which catalyzes the conversion of-
oxidized dihydrobiopterin to its active tetrahydro form (5). The
biochemical and clinical aspects of this disease have been ex-
tensively studied (6, 7).
The ciliated protozoan Tetrahymena is a useful, animal-like

model system for the isolation and study oftyrosine auxotrophs.
Recently developed methods for efficient isolation of recessive
mutants in Tetrahymena (ref. 8; unpublished data) make pos-
sible the isolation of biochemical mutants. The ease of bio-
chemical and genetic manipulation of this organism allows a
quick and detailed analysis of the mutation in question.The
nutritional requirements for Tetrahymena have been worked
out in detail, yielding both. a defined medium for growing the
cells (9) and useful information for hypothesizing about meta-
bolic pathways in this organism.

Tetrahymena and the growing rat have identical amino acid
requirements (9, 10). For both organisms, the phenylalanine
requirement is approximately halved when the nonessential
amino acid tyrosine is included in the diet (9, 11). Also, at low
enough concentrations of phenylalanine, growth in Tetrahy-
nmna becomes dependent on tyrosine supplementation (12).
These clues suggested that the conversion of phenylalanine to
tyrosine in this ciliate resembles the mammalian pathway.

In the present paper, we report the isolation of tyrosine aux-
otrophs in Tetrahymena thermophila; as such, these mutants
may be considered to be "phenylketonuric." Our biochemical
and genetic complementation studies indicate that at least seven
different kinds of defects can block the phenylalanine-to-tyro-
sine conversion in this organism. Several mutations, all in the
same locus, cause the lack ofphenylalanine hydroxylase activity.
Another mutant lacks dihydropteridine reductase. The growth
of other mutants at several different loci is stimulated by 6-
methyltetrahydropterine, and they are probably blocked in the
unconjugated pteridine biosynthetic pathway.

MATERIALS AND METHODS
Strains. Cells of inbred strain B T. thernophila [formerly T.

pyriformis, syngen 1 (13)] were used in all experiments. Stock
maintenance and-other routine procedures have been described
in detail (8, 14, 15).

Media. A modification (16) ofthe chemically defined medium
of Holz et al. (17) was primarily used to test auxotrophy; when
necessary, defined medium was supplemented with 1.1 mM
tyrosine (defined medium/Tyr). Two complex media were used
for routine growth ofcultures: PP210, consisting of2% proteose
peptone (Difco) supplemented with 10 ,uM ferric chloride; and
PP110.15, consisting of 1% proteose peptone supplemented
with 10 ,uM ferric chloride and 0.15% yeast extract (Difco).
Proteose peptone media contain sufficient tyrosine to allow for
normal growth ofthe auxotrophs. Penicillin G and streptomycin
sulfate (Sigma), each at 250 kkg/ml, were added to all the above
nutrient media to help prevent bacterial contamination. Unless
otherwise indicated, cells were grown in 10-20 ml of medium
without shaking, in 100 x 15 mm sterile disposable Petri dishes
(Plasta-Medic).

Cells were washed and assayed in 10 mM or 50 mM Tris-HCl
at pH 7.5 (Sigma) (15).

Mutant Isolation. SB210 cells were exposed to nitrosoguan-
idine and crossed to CU329 cells. Self-fertilization (cytogamy)
was induced in most ofthe pairs by giving a hyperosmotic shock
with 1.5% glucose at 5 hr after the starved cells were mixed
(18). Self-fertilized progeny derive their nuclear genetic infor-
mation from a single haploid meiotic product and hence become
homozygous at every locus (14). Progeny were cloned in 96-well
plates under conditions that select for self-fertilized progeny,
exploiting the recessiveness of the 2-deoxygalactose-resistance
mutation (19). The cloned progeny were then replicated to
PP210 (or PP110.15) and defined medium at 38°C, and those
that grew poorly or not at all in defined medium but well in
complex medium, were then tested in defined medium + Tyr.

Abbreviation: MePteH4, 6-methyl-5,6,7,8-tetrahydropterin.
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The presumptive tyrosine auxotrophs were then phenotypically
retested twice before further analysis. Nineteen mutants were
isolated in this fashion.
The first two mutants were isolated by treating CU324 with

a mutagen, using short-circuit genomic exclusion (8) instead of
cytogamy, and selecting self-fertilized progeny with 6-methyl-
purine. These progeny were replicated to defined medium and
defined medium lacking the free amino acids but supplemented
with 0.1% coagulated egg albumin [as a complete amino acid
source (20)] in the initial mutant screening. Clones that grew
in defined medium plus egg albumin but not in defined medium
were then tested specifically for tyrosine auxotrophy in defined
medium + Tyr.

Growth Rate Measurements. Cells freshly grown in PP210
or PPI10. 15 were inoculated into defined medium and allowed
to grow for 1 day to deplete internal tyrosine pools and any ty-
rosine carried over with the inoculum. Each clone in defined
medium culture was then inoculated at 5000 cells per ml into
fresh defined medium and defined medium + Tyr at 30'C and
38TC. Cell concentrations were determined at various times by
using a Celloscope cell counter.

In Vivo Radiometric Assay for Phenylalanine-to-Tyrosine
Conversion. This assay is an adaptation of Milstien and Kauf-
man's protocol (21). All procedures were carried out in an ice
bath unless otherwise indicated. Cells were grown in defined
medium + Tyr at 30'C to late logarithmic phase, washed twice
in 10 mM Tris buffer, and resuspended at a ratio of 1:1 (vol/
vol). The reaction mixture included 2 mM L-phenylalanine, 9.4
p.M L-[U-'4C]phenylalanine (Amersham; 2.4 mCi/mmol; 1 Ci
= 3.7 X 1010 becquerels), 6.6 mM Tris, cycloheximide at 15
pg/ml (to inhibit incorporation of label into protein), and
freshly washed cells at 2.0-8.0 mg of cell protein per ml. The
usual reaction volume was 50 ,pl. All ingredients except the cells
were mixed in the reaction tube (Sarstedt 72.690), and the cells
were spun down and added just prior to incubation, which was
at 30°C or 38°C for 90 min.
The reaction was stopped with 3 vol of 12% (wt/vol) trichlo-

roacetic acid, and the precipitated proteins were sedimented
at 18,000 X g (Sorvall SS-34). Unlabeled phenylalanine and ty-
rosine (20 nmol of each) in 10 A.1 were spotted as carriers at the
origin on a chromatographic plate (Analtech MN300 cellulose,
normal, 2.5 x 10 cm) followed by 10 p.l ofreaction supernatant.
The chromatogram was developed in CHC13CH30H/NH40H/
H20, 5.8:3.2:0.8:0.2 (vol/vol); phenylalanine RF = 0.6, tyro-
sine RF = 0.2. After air drying, the chromatogram was sprayed
with ninhydrin and warmed until amino acid bands appeared.
The origin and tyrosine and phenylalanine bands were scraped
into separate glass scintillation vials and moistened with 0.5 ml
of H20. After addition of 5 ml of Aquasol (New England Nu-
clear), each vial was assayed in a liquid scintillation counter
(Beckman LS-230). Protein content of the cells was determined
by the Bradford method (22) (Bio-Rad).

Data were expressed as nmol of tyrosine formed per mg of
cell protein during the 90-min reaction (after subtraction of
background tyrosine counts, around 155 cpm, determined in
control reactions using boiled or trichloroacetic acid-precipi-
tated cells). Conversion in wild-type cells was linear with time
and amount of extract under the conditions of the assay.
A significant amount of radioactivity was also found at the

origin of the chromatogram, but only in those cases in which
a considerable quantity of tyrosine was produced (wild type,
origin cpm = 2.8%; origin mutants 2 and 4, origin cpm = 0.6%.
From this correlation, we assume that these values represent
tyrosine metabolites, but no attempt has been made to char-
acterize them further. No significant radioactivity above back-
ground was found anywhere else in the chromatogram.

RESULTS

Isolation of Tyrosine Auxotrophs. Twenty-one tyrosine aux-
otrophs have been isolated; three ofthese failed to produce sex-
ual progeny and have not been studied further. The mutant fre-
quency is 1.5 x 10-' viable excytogamous progeny when
treated according to our protocol and 10-3 for two mutants ob-
tained according to Bruns and Sanford (8).
We partially characterized the mutants with respect to the

following properties: doubling time; in vivo conversion ofphen-
ylalanine to tyrosine; growth stimulation by ascorbate, 6-
methyl-5,6,7,8-tetrahydropterin (MePteH4) (Calbiochem) +
ascorbate, Fe2+, Fe3", and high phenylalanine; and in vitro
phenylalanine hydroxylase activity (Table 1). Some of these
properties are treated in more detail below.

All the mutants tested were restored to a wild-type growth
rate by tyrosine addition. A few of the mutants were leaky at
30'C but tighter at 370C. Radiometric assay results for in vivo
conversion ofphenylalanine to tyrosine were consistent with the
auxotrophy revealed by growth curves and confirm the idea
that phenylalanine is a precursor of tyrosine biosynthesis in
Tetrahymena.

Biochemical Characterization. An in vitro assay specific for
phenylalanine hydroxylase (23) was adapted for wild-type Te-
trahymena cells. Excess reduced pteridine cofactor in the form
of MePteH4 and reducing power in the form of ascorbate were
used to bypass the need for endogenous natural cofactor and
reductase (24). The reaction clearly was dependent on the pres-
ence of the pteridine cofactor and somewhat independent of
components that in a purified rat liver system, play a role in the
regeneration of the tetrahydro cofactor (NADP, NADPH,
NAD, or NADH and its regenerating system glucose dehydro-
genase and glucose; or chemical reduction by ascorbate) (Table
2). Fairly high concentrations of MePteH4 (4 mM) were re-
quired for optimal conversion ofphenylalanine to tyrosine, even
under such reducing conditions. The latter two observations
indicate that the cofactor may not be recycling to any great ex-
tent in our crude system. MePteH4 was a much more effective
cofactor for Tetrahymena phenylalanine hydroxylase than was
6,7-dimethyl-5,6,7,8-tetrahydropterin (Calbiochem). No sig-
nificant difference in activity was observed when NADPH,
NAD, or NADH replaced NADP or upon addition of catalase
or protease inhibitors to the assay (unpublished data). The sub-
strate L-phenylalanine significantly protected the enzyme upon
cell disruption (Table 2).

Results of phenylalanine hydroxylase assays for each of the
tyrosine auxotrophs are shown in Table 1. All four mutants in
the tyrC locus had little if any phenylalanine hydroxylase ac-
tivity; the other mutants had levels close to or higher than wild-
type levels. The wild-type hydroxylase showed full activity in
the presence of mutant C3 extract; thus, this auxotroph does
not contain an inhibitory substance but rather lacks a functional
phenylalanine hydroxylase (unpublished data). Mutant tyrC16
was stimulated in vivo by high concentrations of phenylalanine
(18 mM), and may well be a "Kn" mutant. Two sterile mutants
(not shown) also lacked phenylalanine hydroxylase activity.
Mixture ofextracts ofone ofthese with mutant C3 extracts failed
to restore activity. Unpublished genetic evidence suggests that
at least two mutant sites are represented among the four fertile
mutants. We suggest that tyrC is the structural (rather than a
regulatory) gene for the phenylalanine hydroxylase because,
among the large variety of mutants and loci already identified,
mutants at only that locus lack phenylalanine hydroxylase
activity.
The increases in phenylalanine hydroxylase activity seen in

most ofthe other mutants were slight but reproducible and may
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Table 1. Physiological and biochemical properties of tyrosine auxotrophs

Doubling time, hrt
Defined In vivo Growth stimulations In vitro Phe

Mutants* Defined medium Phe-to-Tyr MePteH4 hydroxylase
and loci medium +Tyr conversion,* % + Asc Asc Fe2+ Fe3+ activity,I %

tyr+ 6.5 6.5 100 100
tyrAl 1.0 6.5 5 - - - - 158
tyrA5 <1.0 6.8 <5 - - - - 127
tyrAll - - - - 111
tyrB2 <1.0 6.4 22 + (-) + (+) 108
tyrB4 <1.0 6.8 29 + - + - 115
tyrC3 <1.0 6.8 <5 - - - - <5
tyrC12 - - - - 13.5
tyrC16 - - - <5
tyrC17 - - - <5
tyrD611 1.2 6.3 8 (+) - (+) - 135
tyrElO 95
tyrF13 + (+) - - 68
tyrG1511 + + + + 166
tyr-7 2.2 7.1 5 (+) - - - 138
tyr-911 _ _ _ _ 66
tyr-1411 _ _ _ _ 93
tyr-18 (+) (+) - - 126
tyr-19 - - - - 114

* Loci (= complementation groups) tyrA-tyrE were assigned on the basis of the phenotype of double heterozygotes. Mutants
13 and 15 were assigned to lociFandG on the basis of chromosome location (mutant 13) and lack of dihydropteridine reductase
activity (mutant 15). Mutants with a hyphenated name have not yet been assigned to a locus but complement with groups
A-D (unpublished data).

t After 31 hr at 300C (or 25 hr at 380C).
* Wild-type activity was defined as 100% for each experiment; it varied between 23 and 30 nmol/mg per 90 min at 300C and
was 46 nmol/mg per 90 min at 380C. Percentages are derived from three separate experiments and represent averages of
at least two reaction mixtures per mutant.

§ Compounds were added to defined medium (without tyrosine), each at 1mM (Asc, ascorbate). Tests were done in 96-well plates
at 370C. Responses: +, strong; (+), intermediate; (-), slight; -, none.

¶ Sonication and assay conditions as in Table 2. Wild-type activity was defined as 100% for each experiment; it varied between
0.23 and 0.31 unit of enzyme activity per mg of protein at 300C and was 0.21 unit/mg at 380C; four experiments are rep-
resented. Each percentage represents an average of at least two reactions. For mutants Al, B2, C3, B4, A5, and D6, two F2
homozygous progeny were also tested; mutant and progeny results were essentially identical in every case except for mutant
1. (F2 progeny of mutant 1 are peculiar in that they show decreased hydroxylase activity: 81% of wild type compared to 158%
for the original mutant. The F2 progeny also grow poorly in PP210 medium unless it is supplemented with yeast. The reasons
for these two peculiarities, and whether or not they are biochemically related, are unknown.)

1I Partially temperature-sensitive mutants; assays were performed at 3700.

have a regulatory basis. However, the variation of tyrosine and
phenylalanine concentrations in the growth medium did not
cause any significant changes (>1.5-fold) in phenylalanine hy-
droxylase activity (unpublished data).

Assays of our mutants for dihydropteridine reductase were

kindly performed by S. Milstien and S. Kaufman (Laboratory
of Neurochemistry, National Institute of Mental Health). The
assay (25) measures the NADH-dependent reduction of "qui-
nonoid" 6,7-dimethyldihydropterin to the tetrahydro form. Ty-
rosine auxotroph 15 had greatly decreased levels of reductase;
all the other mutants showed levels close to wild type. Mutant
15 responded well in vivo to the addition of ascorbate or in-
creased levels of iron salts (Table 1).

Because human tyrosine auxotrophs can be deficient in pter-
idine cofactor biosynthesis (5), we screened our mutants for
growth stimulation (in the absence of tyrosine) by MePteH4, a

relatively stable analog of the natural cofactor (26). Mutants in
at least three different loci (B, D, and F) showed varying (but
nevertheless significant and repeatable) degrees of stimulation
(Tables 1 and 3). B mutants also responded to biopterin (in the
presence of ascorbate) but less well (Table 3 and unpublished
data; other mutants not tested). It seems likely that at least some
of these mutants are blocked in the unconjugated pteridine
biosynthetic pathway and thus are primarily pteridine auxotrophs.

Mutants B2 and B4 also were stimulated by the addition of
Fe2+ or (less well) Fe3+ (Table 1). Other divalent cations (Cu2+,
Ca2+, Mg2e) had no effect (unpublished data). These two mu-
tants are also interesting in that they exhibited little, if any,
growth in defined medium and yet were able to produce a siz-
able amount of tyrosine (Table 1). It is not clear if this is a real
paradox or merely the result of the different recent history of
the cells used for growth and phenylalanine conversion assays
or the differences in time scale of the experiments (S. Kaufman,
personal communication). Tests for stimulation of the other
mutants by Fe salts revealed a number of other responders and
a partial correlation with the ability to respond to MePteH4.

With the exception of mutants C16 (referred to above) and
D6 (which showed a slight but inconsistent stimulation), none
of the other mutants in Table 1 showed growth stimulation by
18 mM phenylalanine in defined medium (10-fold higher than
normal) in the absence oftyrosine. This suggests that few (ifany)
of our mutants are "pseudo-tyrosine-auxotrophs" due to a pri-
mary defect in phenylalanine uptake.

DISCUSSION
Nineteen tyrosine auxotrophs of the unicellular eukaryote T.
thermophila, distributed among at least seven complementa-
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Table 2. Phenylalanine hydroxylase assay: dependence on
various components of the reaction and sonication mixtures
Component omitted Mixture omitted from Activity, %

None 100
Cell extract (sonicate) Reaction <5
MePteH4 Reaction <5
L-Phenylalanine Sonication/reaction <5
L-Phenylalanine Sonication 21
Ascorbate Sonication/reaction 61
Ascorbate Sonication 80
Glucose dehydrogenase,

glucose, and NADP Reaction 82

All procedures were carried out in an ice bath unless otherwise in-
dicated. Wild-type cells were grown in defined medium and washed as
described under Materials and Methods, except 10 mM Tris was re-
placed with 50 mM. The 400-1.l sonication mixture typically contained
0.166M sodium ascorbate at pH 7.0, 15.5mM L-phenylalanine, 25 mM
Tris, and freshly washed cells at 7.5-17.5 mg of cell protein per ml. The
cells were then sonicated at 50 W for 30 sec with a microtip (Sonifier
cell disrupter W185D, Heat Systems-Ultrasonics, Inc.). The complete
reaction mixture contained, typically in a total volume of 50 sld, 3.1
mM L-phenylalanine, 9.4-18.8 ,uM L-[U-14C]phenylalanine (final,
1.56-3.12 mCi/mmol), 0.175 unit of glucose dehydrogenase (Sigma),
0.24 M glucose, 1.25 mM NADP (Sigma), 10 ,ul of the above sonicate,
and 4 mM MePteH4. The pteridine was prepared and added just prior
to incubation, which was at 30°C for 30 min. The reaction was then
stopped with 3 vol of 12% trichloroacetic acid. The phenylalanine hy-
droxylase activity of the complete reaction mixture (100%), averaged
from the three experiments used to compose the table, was 0.29 unit/
mg of protein [1 unit equals the amount of enzyme that catalyzes the
formation of 0.1 ,umol of tyrosine in 30 min (24)]. Other percentages
represent averages of at least two reactions. Only the tyrosine and
phenylalanine regions of the chromatogram contained radioactivity
significantly higher than background; at least 89% of the total radio-
activity spotted was generally recovered in these two bands. Given the
range of experimental error, 5% is probably the limit of sensitivity of
the assay. Conversion was linear with time and amount of extract
under the assay conditions.

tion groups, have been obtained. Mutations in one locus (tyrC)
cause the loss ofphenylalanine hydroxylase activity. A mutation
in another locus (tyrG, tentatively) results in little or no dihy-
dropteridine reductase. Effects of mutations in at least three
loci (tyrB, -D, and -F, respectively) are phenotypically reversed
(at least partially) by addition ofa tetrahydropterin to the growth
medium; at least some of those mutants may be blocked in un-
conjugated pteridine biosynthesis. The meaning of the growth
response of some of these mutants to iron salts remains to be
elucidated.
The rat liver system has been invaluable as a model in this

investigation of the conversion of phenylalanine to tyrosine in
Tetrahymena. Several observations made here suggest a strong
parallel between the two systems. First, several loci have been
identified in both systems, indicative of the biochemical com-
plexity that surrounds, more or less specifically, the hydroxy-
lation of phenylalanine. Second, a phenylalanine hydroxylase
has been identified in Tetrahymena with activity comparable
to that of crude liver extracts. By using Kaufman and Leven-
berg's data for rat liver enzyme (phenylalanine hydroxylase) re-
sponse to MePteH4 (26) and assuming a 59-fold purification of
this enzyme (23), tyrosine yield from a crude extract should be
approximately 76 nmol/mg of protein per 30 min, whereas the
Tetrahymena yield from under similar conditions is 29 nmol.
A third analogy between Tetrahymena and mammalian liver

is the participation of a reduced unconjugated pteridine cofac-
tor, as indicated by the MePteH4 requirement in the phenyl-
alanine hydroxylase assay (Table 2), the growth response of
mutants affected in several loci to MePteH4 (Tables 1 and 3),

Table 3. Growth responses (number of doublings) of certain
tyrosine auxotrophs to pteridines

Doublings, no./72 hr
Mutant strains

Medium Wild type B2 B4 C3

Defined medium 6.6 <1 <1 <1
Defined medium + Tyr 7.0 6.4 6.1 6.7
Defined medium + ascorbate 6.4 1.7 1.8 <1
Defined medium + MePteH4 6.3 2.8 1.7 <1
Defined medium + MePteH4
+ ascorbate 6.0 4.7 3.8 <1

Defined medium + biopterin 6.2 <1 <1 <1
Defined medium + biopterin
+ ascorbate 5.8 3.5 2.0 <1

Cultures were grown at 30'C in 17 x 100mm sterile plastic dispos-
able tubes (Falcon). Ascorbate, MePteH4, and biopterin were added to
final concentrations of 1 mM.

and the lack of dihydropteridine reductase in one tyrosine aux-
otroph (S. Milstien and S. Kaufman, personal communication).
Kidder and Dewey (27) have shown that Tetrahymena syn-
thesizes a compound that fulfills the unconjugated pteridine
requirement for Crithidia fasciculata (28). This pteridine,
named "ciliapterin," appears to differ from the mammalian co-
factor only in its side chain configuration [L-threo instead of L-
erythro (27)]. Barak (29) concluded that, in T. pyriformis, cil-
iapterin is the cofactor of choice for both the phenylalanine and
tyrosine hydroxylases, with a dihydropteridine reductase con-
verting dihydrociliapterin to its active tetrahydro form. Exper-
iments with our pteridine-responding mutants may prove useful
for the further investigation of Tetrahymena's natural hydrox-
ylation cofactor and its corresponding reductase. These mutants
may also prove useful for elucidating the unconjugated pteri-
dine biosynthetic pathway.
Ofadditional interest is the fact that Tetrahymena has a cate-

cholamine synthesis pathway (30) resembling the mammalian
pathway in that it also starts from tyrosine, although the detailed
correspondence has been questioned (31). Because in mam-
malian cells the hydroxylation of tyrosine (in the catecholamine
pathway) and tryptophan (in the serotonin pathway) requires
the same cofactor and reductase as the hydroxylation of phen-
ylalanine, it seems quite likely that some of the mutants de-
scribed here may be deficient also in the synthesis of these
compounds.

The role ofcatecholamines in Tetrahymena has not been well
described, although it is likely that these cells possess an ad-
renergic metabolic control system (32). Catecholamines have
been implicated in Tetrahymena carbohydrate metabolism (32)
and, more specifically, in galactokinase regulation (33). Some
of the tyrosine auxotrophs isolated may be useful for experi-
mental manipulation of catecholamine levels in Tetrahymena
and might help to elucidate general aspects of the synthesis,
metabolism, function, regulation, and dispensability of these
messengers. The ease of biochemical manipulation of Tetra-
hymena makes it ideally suited for such a study.
The technology for efficiently isolating and examining more

tyrosine as well as other types of auxotrophs is now available.
Other laboratories have already isolated proline (34) and un-
saturated fatty acid (35) auxotrophs, but these have not been
characterized genetically. We have isolated several proline, cys-
teine, and thymidine auxotrophs from the same population of
mutagen-treated progeny as the tyrosine auxotrophs; these have
not yet been investigated.

Although the biochemical and clinical aspects of phenylke-
tonuria have been extensively studied (6), further examination

Cell Biology: Sanford and Orias
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of these "phenylketonuric" Tetrahymena seems worthwhile.
Primarily, this ciliate system allows for a quick and easy genetic
dissection ofthe reaction, perhaps yielding relevant information
about the hereditary aspects of this complex disease. These
cells, which grow rapidly (2.2-hr generation time) to a high den-
sity (106/ml) in complex medium, are a potential source of in-
expensive extracts and compounds which may be useful in di-
agnosing or treating phenylketonuria. Finally, because these
eukaryotes are so amenable to biochemical analysis, they may
help to determine whether natural unconjugated pteridines,
dihydropteridine reductase, or other phenylalanine hydroxy-
lation components have other metabolic roles in the cell. For
example, pteridines appear to be involved in the biosynthesis
of unsaturated fatty acids, sterols, and pyrimidines in the flag-
ellate Crithidiafasciculata (36). If biopterin-deficient phenylk-
etonurics have similar metabolic defects, such knowledge may
be instrumental in designing the most effective clinical treatment.
We thank Miriam Flacks for mutant induction and isolation; Dr. Leif

Rasmussen for helping to initiate these experiments and from whom and
with whom one ofus (E.O. ) learned much about Tetrahymena nutrition;
Drs. Edward Triplett, William Welch, and Seymour Kaufman for val-
uable advice; Drs. Sheldon Milstien and Kaufman for the dihydropteri-
dine reductase assays; and Drs. Kaufman and Peter Bruns for valuable
critical comments on the manuscript. This work was supported by Na-
tional Institutes of Health Grants GM 19290 and GM 21067.
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