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Allantoin uptake in Saccharomyces cerevisiae is mediated by an energy-de-
pendent, low-K,,, active transport system. However, there is at present little
information concerning its regulation. In view of this, we investigated the control
of allantoin transport and found that it was regulated quite differently from the
other pathway components. Preincubation of appropriate mutant cultures with
purified allantoate (commercial preparations contain 17% allantoin), urea, or
oxalurate did not significantly increase allantoin uptake. Preincubation with
allantoin, however, resulted in a 10- to 15-fold increase in the rate of allantoin
accumulation. Two allantoin analogs were also found to elicit dramatic increases
in allantoin uptake. Hydantoin and hydantoin acetic acid were able to induce
allantoin transport to 63 and 95% of the levels observed with allantoin. Neither of
these compounds was able to serve as a sole nitrogen source for S. cerevisiae, and
they may be non-metabolizable inducers of the allantoin permease. The rnal
gene product appeared to be required for allantoin permease induction, suggesting
that control was exerted at the level of gene expression. In addition, we have
shown that allantoin uptake is not unidirectional; efflux merely occurs at a very
low rate. Allantoin uptake is also transinhibited by addition of certain amino
acids to the culture medium, and several models concerning the operation of such

inhibition were discussed.

Allantoin uptake in both growing and resting
cultures of Saccharomyces cerevisiae has been
shown to involve a low-K,, (ca. 15 pM), active
transport system. This conclusion was based on
the observations that: (i) intracellular allantoin
was concentrated at least 7,700 times over exter-
nal levels present in the medium and (ii) accu-
mulation did not occur in the absence of glucose
or the presence of dinitrophenol, carbonyl cya-
nide-m-chlorophenyl hydrazone, potassium flu-
oride, or potassium arsenate (16, 22). However,
two characteristics often observed in bacterial
transport systems were apparently missing.
First, allantoin accumulation did not exhibit
time-dependent saturation. This was somewhat
disturbing because a variety of other Saccharo-
myces transport systems have been reported to
reach influx-efflux equilibrium within 3 to 90
min (6, 9, 15, 19). Second, accumulation ap-
peared to be unidirectional. Preloaded, radioac-
tive allantoin was not lost from cells suspended
in allantoin-free buffer and did not exchange
with exogenously added, non-radioactive allan-
toin. Treatment of preloaded cells with nystatin,
however, released the accumulated radioactive
material which was shown to be chemically un-
altered allantoin (22). Similar characteristics

have been observed for a variety of other yeast
transport systems (10-12).

There is presently little information concern-
ing control of the allantoin transport system. All
of the enzymes associated with allantoin degra-
dation are inducible and repressible (5, 8, 27).
Their production is contingent on the presence
of allophanate, the last intermediate in the al-
lantoin-degradative pathway (8, 27) or the gra-
tuitous inducer, oxaluric acid (21). Urea, a major
intermediate in allantoin degradation, may enter
cells by two routes whose regulatory character-
istics have been determined previously (9, 23).
A facilitated diffusion system operating at urea
concentrations above 0.5 mM is apparently con-
stitutive. The second means of entry is via an
energy-dependent, low-K,,, active transport sys-
tem (9). Production of this system is dependent
on allophanate or oxalurate in a manner similar
to that of the other pathway enzymes (9).

Several yeast and fungal systems have been
reported to exhibit the phenomenon of transin-
hibition. This term has been used to denote an
inhibition of uptake of one compound by accu-
mulation of that compound or another one in
the cell. Some systems such as histidine trans-
port are highly specific (10). Histidine uptake
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was reported to be inhibited by intracellular
histidine, but not by lysine, arginine, methio-
nine, glycine, serine, or glutamate. Each of these
amino acids in turn inhibited its own uptake.
These results were obtained from experiments
in which cells were preloaded with a non-radio-
active amino acid for increasing amounts of time,
washed, and permitted to accumulate the same
radioactive amino acid for a short time (suffi-
cient to obtain an initial rate of uptake). The
time observed for “transinhibition” to become
complete was the same as that required for
uptake of histidine to reach a plateau of time-
dependent accumulation. These results may not
represent the same phenomenon discussed be-
low even though they have been so classified by
several investigators (17, 18, 30). In other sys-
tems, such as methylamine and a-aminoisobu-
tyric acid transport, there is less specificity. Up-
take of methylamine is non-competitively in-
hibited by addition of aspartate or alanine (20),
whereas a-aminoisobutyric acid uptake is non-
competitively inhibited by glycine (12). Roon et
al. have suggested that inhibition of methyla-
mine transport by amino acids resulted from a
reduction of the plasma membrane adenosine
triphosphatase-generated proton-motive force
when both methylamine and an amino acid were
being transported simultaneously compared
with the transport of either compound alone
(20). It is not known whether allantoin transport
is subject to inhibition of the types described
above.

The purpose of the present report is to fill
some of the above-mentioned gaps in our under-
standing of allantoin transport. The data ob-
tained also permit us to separate phenomena,
previously all thought to be transinhibition, into
two classes. At the molecular level, these two
classes of phenomenona likely operate differ-
ently.

MATERIALS AND METHODS

Strains. All strains used in this work were proto-
trophic diploid organisms that have been described
previously (2, 14, 26). Their genotypes and biochemical
defects are summarized in Table 1.

Culture conditions. The medium used throughout
these experiments was that of Wickerham (28). Glu-
cose (0.6%) and ammonia (0.1%) were added as sole
sources of carbon and nitrogen, respectively. Cell den-
sity measurements were made with a Klett-Summer-
son colorimeter (500- to 570-nm band-pass filter). One
hundred Klett units is approximately equivalent to 3
% 107 cells per ml of culture.

Resting cell cultures were prepared as follows. Cells
were grown to a cell density of about 40 Klett units,
harvested by filtration, washed with several volumes
of nitrogen-free medium, and suspended in one-half
the original volume of prewarmed, preaerated buffer.
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TABLE 1. Strains Used

Strain
designa- Genotype Phenotype
tion
a ade6 leul
M25 i - i
a his6 ural lysl Wild type
a ade6 leul dall . .
a ade6 leul dal2
M104 —— i i
a 7us6 wal Allantoicase minus
Mé2 a ade6 leul durl Urea carboxylase
a his6 ural durl minus
a his6 ural dall durl Allantoinase and
Mé664 a ade6 leul dall durl urea carboxylase
minus
a adel tyrl dall rnal  Allantoinase and
M674 a Ysl dall mal RNA metabolism
minus

Buffer consisted of 0.1 M citrate (pH 5.0) containing
0.6% glucose. After incubation at 30°C for 18 to 24 h,
the culture was ready for use (22). The cell density at
this time was approximately 150 to 210 Klett units.
These cells were used directly for the transport assays.

Allantoin uptake assay. At zero time, an 8.5-ml
portion of the culture to be assayed was transferred
to a prewarmed flask containing concentrations of
[“Clallantoin (specific activity, 0.2 pCi/umol) that
ranged from 0.3 to 0.9 mM. These concentrations of
allantoin are 25- to 75-fold greater than the apparent
Michaelis constant of the transport system. ['“CJallan-
toin was synthesized as described earlier (22). Incu-
bation was carried out at 30°C in a shaking water bath
under conditions identical to those used for growth. At
the times indicated, 1.0-ml samples were removed and
transferred to nitrocellulose membrane filters. These
filters were then washed five times with 4 ml of cold
minimal medium containing 0.1% allantoin. The tem-
perature of the wash solution did not appear to be
significant, because the same values of accumulation
were observed when cells were washed with medium
at either 4 or 27°C. Washed filters were placed in 5 ml
of aqueous scintillation fluid (Aquasol, New England
Nuclear Corp.), and their radioactivity content was
determined 16 to 24 h later. The incubation time in
Aquasol was needed to allow the filters to become
transparent. Failure to do this resulted in unevenly
quenched samples and loss of assay precision. All data
are expressed as amounts of radioactive allantoin ac-
cumulated per milliliter of culture unless otherwise
indicated. It should be noted that resting cell cultures
accumulated more allantoin than growing cells. This
difference results in part from the greater cell densities
of resting cell cultures.

Whenever a potential inducing compound was pres-
ent in the growth medium, the cells were harvested by
centrifugation, washed, and resuspended in fresh pre-
warmed, preaerated, glucose-ammonia medium just
before being assayed.

Purification of allantoate. Allantoate was puri-
fied by ion-exchange chromatography. Dowex-
l-acetate ion-exchange resin was prepared as de-
scribed by Cooper and Beevers (7). Potassium allan-
toate (1 g) was dissolved in 200 ml of water and
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percolated through a column (12.5 by 2.5 cm) of the
above resin. The resin was washed with 200 ml of
water and eluted with a linear 0 to 0.33 M NaCl
gradient (800-ml total volume). Sodium allantoate re-
covered from the resin was concentrated 10- to 15-fold
with a Brinkmann rotary evaporator and crystallized
with cold (—20°C) ethanol. The crystals were collected
by filtration, washed with ether, and dried. This ma-
terial on rechromatography contained neither allan-
toin nor urea.

RESULTS

Time-dependent saturation of allantoin
accumulation. An important characteristic of
active transport systems is their saturability
with increasing time and substrate concentra-
tion. As expected, the rate of allantoin accumu-
lation plateaus at high substrate concentrations
(see Fig. 5 of reference 22). Time-dependent
saturability, on the other hand, was not observed
even when accumulation was followed for 120
min. To ascertain whether or not allantoin ac-
cumulation ever reached a plateau, we per-
formed an experiment which made use of the
fact that intra- and extracellular allantoin do not
measurably exchange over short time periods
(22). A culture of an allantoinase-minus strain of
S. cerevisiae was grown in minimal glucose-am-
monia medium containing 6 mM non-radioac-
tive allantoin. At various times after addition of
allantoin, cell samples were harvested by filtra-
tion, resuspended in fresh medium containing
[“*C]allantoin, and incubated for a short time (35
min). If, during the initial incubation period, the
uptake system became saturated with non-ra-
dioactive allantoin, it would not be able to ac-
cumulate the radioactive metabolite. The rate
of ["C]allantoin accumulation remained more
or less constant for nearly six generations, indi-
cating that allantoin uptake did not undergo
time-dependent saturation in growing -cells.
However, as shown in Fig. 1, resting cells that
were not undergoing division slowly lost their
ability for continued allantoin accumulation.
This was not observed earlier (22), because 14
to 22 h elapsed before allantoin accumulation
reached a plateau.

Reversibility of the allantoin transport
system. All of our previous experiments at-
tempting to demonstrate efflux or exchange of
intracellular and extracellular allantoin yielded
negative results (22) This may be interpreted as
unidirectional transport, a characteristic previ-
ously reported for many amino acid uptake sys-
tems (10-12). Alternatively, such behavior might
reflect a very slow rate of efflux or exchange that
would likely be missed in standard experimental
formats. To evaluate the latter possibility, we
preloaded growing and resting cells with radio-
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Fic. 1. Time-dependent accumulation of [*C]al-
lantoin by resting cultures of S. cerevisiae. Resting
cell cultures of strain M85 were prepared as described
in the text. The cell density of the culture used in the
experiment was 147 Klett units. A sample of this
culture was incubated in the presence of [*C]allan-
toin (6 mM final concentration; specific activity, 0.2
wCi/umol). At the times indicated, a 1-ml sample was
removed from the incubation mixture and processed
as described in the text. The data are expressed as
nanomoles of radioactive allantoin accumulated per
milliliter of culture.

active allantoin, transferred them to fresh me-
dium devoid of radioactive allantoin, and then
monitored both cells and medium for extended
periods of time. As shown in Fig. 2A, a small
amount of efflux (appearance of ['*C]allantoin in
medium devoid of non-radioactive allantoin and
its simultaneous loss from cells) was observed
with logarithmically growing cells. At 1 to 2 h,
the normal time used in the past for such exper-
iments, the amount of radioactive material lost
from cells and appearing in the medium was
barely above background. However, at 6 h the
degree of allantoin efflux was clearly measura-
ble. Exchange of intra and extracellular allantoin
(appearance of [“*Clallantoin in medium con-
taining excess non-radioactive allantoin and its
simultaneous disappearance from cells) was
somewhat greater. Here also, the degree of ex-
change observed after 1 to 2 h would likely have
been dismissed as experimental error. Somewhat
different results were observed when this exper-
iment was repeated with resting cells. As shown
in Fig. 2B, no efflux was observed over the 8-h
duration of the experiment. In addition to the
data shown here, this experiment was carried
out for a total of 34 h, and no efflux whatsoever
was observed. Exchange proceeded in a manner
similar to that seen previously with growing
cells; approximately 40% of the preloaded, radio-
active material had been liberated after 8 h.
Induction of allantoin accumulation. Ini-
tial characterization of the allantoin accumula-
tion system was performed with nitrogen-
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F16. 2. Efflux and exchange of [**C]allantoin from
growing (A) and resting (B) cultures of S. cerevisiae.
(A) A culture of strain M 85 was grown in minimal
ammonia medium containing 0.2 mM [**C]allantoin
(specific activity, 0.2 pCi/umol) to a cell density of 53
Klett units. At that time, the cells were harvested by
filtration and washed with excess medium devoid of
radioactive allantoin. The washed cells were then
resuspended either in minimal ammonia medium
containing an excess (0.1% final concentration) of
non-radioactive allantoin (O and @) or in medium
devoid of non-radioactive allantoin (O and W). The
cell density after resuspension was 13 Klett units. At
the times indicated, 5-ml samples were removed from
this culture and separated by filtration into cell and
medium fractions. The radioactivity content of both
fractions was then determined. The data are ex-
pressed as nanomoles of allantoin observed in 5 ml
of cells (O and O) or medium (M and ®). (B) Data
shown in (B) were obtained in exactly the same man-
ner as used for (A). Here, however, resting cells were
used in place of growing cells. Here, as in (A), the cell
density at the beginning of the experiment was 13
Klett units. Data are expressed as the nanomoles of
[**C]allantoin observed in cells (O) and medium (®)
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starved, resting cells and cells growing logarith-
mically in minimal glucose-ammonia medium.
Comparison of data obtained from these two
experimental conditions provided the first hint
that allantoin uptake might be inducible. The
rate of allantoin accumulation was 25- to 30-fold
greater in starved cells than it was in growing
cells (see Fig. 4E, 4F, 7A, and 7B of reference
22). This difference was explained in part by the
greater cell density of the starved cultures. How-
ever, a significant fraction of the increased ac-
cumulation remained unaccounted for. To de-
termine whether or not allantoin uptake was an
inducible process, appropriate cultures were
grown overnight in glucose-ammonia medium
with and without addition of possible inducers.
Strains for these experiments were selected such
that neither allantoin nor the test compound
could be metabolized. Because different strains
exhibited some variation in inducibility, positive
and negative controls were included along with
each test compound. Before measuring allantoin
uptake, the test compound was removed by har-
vesting the cells and resuspending them in pre-
warmed, preaerated, glucose-ammonia medium.
As shown in Table 2, the rate of allantoin accu-
mulation was 10- to 15-fold higher in cells grown
in the presence of allantoin than it was in cells
grown in only glucose-ammonia medium (exper-
iments I and VI). Adenine, commercially pre-
pared allantoic acid, and oxalurate all elicited
somewhat increased rates of allantoin accumu-
lation (experiments I, III, and IV), whereas urea
was totally ineffective (experiment II).

The ability of oxalurate, adenine, and allan-
toate to moderately increase allantoin accumu-
lation raised the possibilities of their being in-
ducers or inducer analogs or being contaminated
with allantoin. To evaluate these possibilities,
we first assayed each preparation for material
with the characteristics of allantoin (ureido
group-positive material that would not bind to
either Dowex-50 cation-exchange resin under
acidic conditions or Dowex-1-acetate anion-ex-
change resin under slightly alkaline conditions).
For adenine and oxalurate, no such material was
found. However, commercially prepared allan-
toic acid contained about 17% material that be-
haved like allantoin. This was not suprising be-
cause allantoate is routinely prepared by heating
allantoin in the presence of KOH (22). We be-
latedly discovered that contamination of allan-
toate preparations with allantoin had been re-
ported earlier (1). In view of this finding, we

which contained excess non-radioactive allantoin
and in cells (O) and medium (M) which did not
contain allantoin. As in (A), the data are given for 5-
ml samples.
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TaBLE 2. Induction of allantoin permease activity”

Allantoin ac-
Strai cumulated
Expt tratm geno- Test compound (nmol/40 min
ype per ml of cul-
ture)
I dall None 0.22
Allantoin 2.22
Adenine 1.04
II  dall durl None 0.34
Allantoin 1.76
Urea 0.38
Il dall None 0.27
Allantoin 3.94
Oxalurate 1.08
IV  dall dal2 None 0.24
Allantoin 2.78
Allantoate (com- 1.92
mercial)
V  dall dal2 None 0.30
Allantoin 2.43
Allantoate (chro- 1.07
matographically
purified)
VI  dall None 0.29
Allantoin 3.75
Hydantoin 2.36
Hydantoic acid 0.68
2-Thiodhydantoin 0.69
VII  dall None 0.32
Allantoin 3.55
Methyl hydantoin 0.95
Hydantoin acetic 3.37
acid

2 Diploid strains with the genotypes indicated in the table
were grown in minimal ammonia medium containing the test
compounds at the following final concentrations: allantoin and
allantoate, 0.1%; urea, 10 mM; oxalurate, 0.5 mM; adenine,
0.15%; and all others, 1 mM. On reaching a cell density of 50
Klett units, a sample of each culture was harvested by filtra-
tion, washed, and resuspended in an identical amount of
prewarmed, preaerated minimal medium devoid of the test
compound. After a brief equilibration period at 30°C, ["C]-
allantoin (0.1 mM final concentraton; specific activity, 0.2
uCi/umol) was added. From this point forward, the samples
were processed as described for the standard assay in the text.
Data are expressed as nanomoles of allantoin accumulated per
40 min per milliliter of the original culture (that at 50 Klett
units).

purified allantoate, by the methods described
above. As shown in experiment V of Table 2, use
of chromatographically purified allantoate re-
sulted in a markedly diminished response.

Because non-metabolizable inducers can often
be used to great advantage, a search was
mounted for a compound that would effectively
perform this function for the allantoin permease.
A number of allantoin analogs were tested, and,
as shown in experiments VI and VII of Table 2,
hydantoin and hydantoin acetic acid induced
allantoin accumulation to 63 and 95%, respec-
tively, of the rates observed by preincubating
cells overnight with allantoin. These analogs did
not contain material with the characteristics of
allantoin and were totally unable to serve as sole
nitrogen sources.

To test the effects of hydantoin and hydantoin
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acetic acid on production of the other pathway
components, allophanate hydrolase activity was
measured after incubation of the cells in the
presence and absence of both analogs overnight.
Neither of these compounds had any effect on
the amounts of hydrolase synthesized.
Induction of several enzymes associated with
arginine or allantoin degradation has been
shown to require a functional rnal gene product
(2-4). Strains carrying mutations within this lo-
cus have been suggested to be defective in trans-
port of RNA from the nucleus to the cytoplasm.
However, identification of the precise biochem-
ical function that has been lost in these strains
is lacking, and the above suggestion remains
somewhat open to question (2, 3). To ascertain
whether or not the rnal gene product was re-
quired for production of the allantoin transport
system, cultures of rnal mutant (M674) and
wild-type (M85) strains of cerevisiae were grown
to a cell density of 30 Klett units at 22°C. The
cultures were then transferred to medium main-
tained at 36°C and incubated for 10 min. Finally,
[*C]allantoin was added to each culture, and its
accumulation was assayed. As shown in Fig. 3,
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F16. 3. Production of the allantoin transport sys-
tem in wild-type and rnal mutant strains of S. cere-
visiae incubated at 36°C. Cultures of strains M85 and
M674 were grown at 22°C in minimal ammonia me-
dium to cell densities of 30 Klett units each. At this
time, they were harvested by filtration and resus-
pended in the same medium maintained at 36°C.
After 10 min of equilibration at this temperature,
[**C]allantoin (0.2 mM final concentration) was
added to each culture. At this concentration, radio-
active allantoin used for the accumulation assay will
bring about induction of the system. At the times
indicated in the figure, 5-ml samples were removed
from each culture and processed as described in the
text. The data are expressed as the nanomoles of
[*C]allantoin accumulated per 5 ml of culture for the
times indicated.



VoL. 135, 1978

loss of the rnal gene product resulted in drasti-
cally reduced ability of the cells to accumulate
allantoin.

Inhibition of allantoin uptake. To test the
sensitivity of allantoin accumulation to nitrogen
repression, cultures of S. cerevisiae were grown
in minimal glucose medium provided with var-
ious nitrogen sources. As shown in Table 3,
accumulation was greatest with proline, followed
closely by ammonia. When serine, aspartate, or
asparagine was provided, negligible accumula-
tion was observed. Repression of this magnitude
by aspartate had not been previously observed
for the allantoin pathway components and sug-
gested that two levels of inhibition might be
involved: repression at the level of gene expres-
sion and transinhibition at the level of transport
protein operation. To test this hypothesis, a
culture of strain M85 was permitted to accu-
mulate [*C]allantoin for 30 min. At that time it
was divided into two portions; one received no
further additions, whereas asparagine (0.1% final
concentration) was added to the second. As
shown in Fig. 4, uptake ceased immediately on
addition of the amino acid. Because transport
activity already present before addition of as-
paragine no longer functioned, transinhibition of
allantoin uptake was clearly evident.

Another means of eliciting the transinhibition
phenomenon is by inhibiting protein synthesis
(11). Therefore, we measured allantoin accu-
mulation in the presence of protein synthesis
inhibitors. As shown in Fig. 5A, allantoin accu-
mulation proceeded for only a short time after
addition of either cycloheximide or trichoder-
min. Inhibition of protein synthesis would be
expected to result in an accumulation of intra-
cellular amino acids. They in turn might be
hypothesized to prevent allantoin uptake. To
evaluate this possibility, the above experiment
was repeated with cells that had been starved

TaBLE 3. Uninduced levels of allantoin uptake in
cells using various nitrogen sources®

Allantoin accumulated
Nitrogen source (nmol/40 min per
ml of culture)
Proline .. ... ... ... ... .. ... ... .. ... 2.98
Ammonia ... ... ... ... 2.46
Aspartate .. ................. ... .. 0.28
Serine ...... ... ... ... ... ... 0.28
Asparagine .. ................ . ... .. 0.27

% Strain M85 was grown in minimal medium con-
taining one of the indicated nitrogen sources (0.1%
final concentraton) to a cell density of 50 Klett units.
At that time, 8.5 ml was removed and directly assayed
as described in the text. Incubation time of the assay
was 40 min. Data are expressed as nanomoles of allan-
toin accumulated per 40 min per milliliter of culture
at 50 Klett units.
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F16. 4. Inhibition of allantoin accumulation by as-
paragine (ASN). A culture of strain M85 was grown
to a cell density of 30 Klett units in minimal ammonia
medium. At that time [**C]allantoin was added to a
final concentration of 0.9 mM. Thereafter, samples
were removed for 31 min as indicated in the figure.
At this time, the culture was divided into two portions.
L-Asparagine (0.1% final concentration) was added
to one portion, and no further additions were made
to the other. Sampling was continued as before at the
times indicated in the figure. All samples were proc-
essed as described in the text. Data are expressed as
nanomoles of radioactive allantoin accumulated per
milliliter of culture for the times indicated in the
figure.

before addition of inhibitor. Starvation would be
expected to deplete any intracellular amino acid
reserves, and, hence, subsequent inhibition of
protein synthesis would not be expected to result
in accumulation of amino acids. As shown in Fig.
5B, allantoin accumulation was the same
whether or not trichodermin was added to a
culture that had been starved for nitrogen over-
night before addition of inhibitor.

Failure of cells to accumulate allantoin after
addition of asparagine or cycloheximide to the
medium could result from either loss of ability
to transport allantoin into the cell or acquisition
of an increased rate of allantoin efflux from the
cell. To distinguish between these alternatives,
a culture was preloaded with radioactive allan-
toin and transferred to fresh, prewarmed, preaer-
ated medium devoid of allantoin. After addition
of asparagine to this culture, the radioactivity
content of both cells and medium was measured
as a function of time. As shown in Fig. 6, the rate



504 SUMRADA ET AL.

N R L
~ A GROWING CELLS 7
el — —
12— —
10— —
— NO u
sl— ADDITION _|
(]
w - pu—
S o -
| - -
=
= 4 +TRICHODERMIN
un )
O
O 2
<
2
o) 40 80 120 160 200
- MINUTES
E LI N I B AR
] ~ B STARVED CELLS 7
_] 6o —
< | _
7)) SO— —
5 L —
40— —
o i i
=
c 30— -
20— -
10— —
A | ]

20 40 60 80 100 120
MINUTES

Fic. 5. Effect of protein synthesis inhibitors on
accumulation of allantoin in growing and starved
cultures of S. cerevisiae. (A) A culture of strain M85
was grown overnight in minimal ammonia medium
containing 1 mM allantoin. At a cell density of 45
Klett units, the cells were harvested, washed with
prewarmed, preaerategd minimal ammonia medium
devoid of allantoin, and resuspended in this medium
at the original 45-Klett unit cell density. At this time
["CJallantoin (0.1 mM final concentration; specific
activity, 0.2 pCi/pmol) was added. This is zero time
in the figure. The culture was then divided into three
portions. Trichodermin (30 ug/ml final concentra-
tion), cycloheximide (100 pg/ml final concentration)
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of allantoin loss from the cells was significantly
higher in cultures treated with asparagine. Al-
though this experimental result seems to suggest
that asparagine stimulated allantoin efflux, it is
equally consistent with suggesting that efflux
was the same in the presence or absence of
asparagine, but recapture of [*Clallantoin lost
via efflux was not possible in cells treated with
asparagine. To distinguish between these two
explanations, we repeated the above experiment
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F16. 6. Effect of asparagine on the release of pre-
loaded [*C]allantoin from S. cerevisiae. A culture of
strain M85 was grown overnight to a cell density of
53 Klett units in minimal ammonia medium contain-
ing 0.2 mM [**C]allantoin. At that time, the cells were
harvested by filtration, washed thoroughly with pre-
warmed, preaerated medium devoid of radioactive
allantoin and resuspended in the same medium to a
cell density of 13 Klett units. The culture was then
divided into two portions and asparagine (0.1% final
concentration) was added to one portion ((J and @).
At the times indicated, samples were removed from
each culture and divided into the cell (O and O) and
medium (® and W) fractions. The amount of radio-
activity contained in each fraction was then deter-
mined. Cells and medium that were incubated in the
absence of asparagine are represented as open circles
(O) and closed squares (M), respectively. Data are
expressed as nanomoles of radioactive allantoin ob-
served in 5 ml of cells or medium. The data may be
compared with those shown in Table 4.

and no additions were made to the three portions
respectively. At the times indicated 1-ml samples were
removed from each culture and processed for accu-
mulation of allantoin as described in the text. Data
are expressed as nanomoles of radioactive allantoin
accumulated per milliliter of culture. (B) Data were
obtained in a manner identical to that described for
(A). Here, however, a resting cell culture was used;
the cell density at the beginning of the experiment
(zero time) was 155 Klett units. One portion of the
culture received trichodermin at a final concentration
of 20 pg/ml (O), whereas the remaining portion re-
ceived no further additions (@).
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with two additional cultures being added. As-
paragine and excess non-radioactive allantoin
were added to one of these cultures, whereas
only excess non-radioactive allantoin was added
to the other. In cultures containing non-radio-
active allantoin, the specific activity of any ra-
dioactive allantoin leaving the cells would be
enormously diminished. In formal terms, this is
equivalent to eliminating recapture of allantoin
lost from cells via efflux. As shown in Table 4,
[“C]lallantoin was lost from cells about 50%
faster when asparagine was present than when
it was absent.

Some insight into possible mechanisms of
transport function and inhibition can be ob-
tained at times from the kinetic characteristics
of the inhibitors and substrate analogs. We,
therefore, measured the effects of several allan-
toin analogues and asparagine on the K, and
Vimas Of the allantoin uptake system. As shown
in Table 5, ureidoglycolate, oxalurate, urea, and
allophanate had only a marginal effect on the
apparent Michaelis constant for allantoin or the
Vimax Of allantoin uptake. Hydantoin and hydan-
toin acetic acid modestly increased the apparent
K, of the transport system for allantoin, whereas
the presence of commercially prepared allan-
toate resulted in a drastic 60-fold increase. When
contaminating allantoin was removed from the
allantoate preparation, the apparent K. in-

TABLE 4. Loss of preloaded [**C]allantoin from S.

cerevisiae®
Medium supplements [“Clallantoin released
(nmol)
None............................... 2.0
Allantoin ... .. ... ... ... .. ... ... ... 5.2
Allantoin and asparagine ............. 74
Asparagine ...... ... ... ... .. .. .. ... 74

“ A culture of strain M85 was permitted to accu-
mulate ['“C]allantoin (0.2 mM final concentration; spe-
cific activity, 0.2 uCi/umol) overnight. When the cul-
ture reached a density of 50 Klett units, a 50-ml sample
of the culture was harvested and washed with three
volumes of prewarmed, preaerated medium devoid of
radioactive allantoin. Washed cells were resuspended
in minimal medium containing the supplements indi-
cated; all supplements were provided at final concen-
trations of 0.1%. The cell density at this time was 13
Klett units. Thereafter, 2-ml samples were removed
from these cultures and transferred to a filter appa-
ratus (Millipore Corp.). The cells and medium were
separated by filtration, and the radioactivity content
in the medium was determined. The data are ex-
pressed as nanomoles of allantoin released in 9 h per
5 ml of culture that was provided with the supple-
ments. The data were derived by taking the best-fit
line through the nine data points collected for each
experimental condition and may be directly compared
with the data in Fig. 6. :
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TABLE 5. Apparent K,, values of allantoin
permease for allantoin in the ppesence of various
allantoin analogs and metabolites®

o Apparent Vimaz (nmol

Inhibitor added Koy (uM) accumulated

n per 20 min)
None 13.2 17.0
Ureidoglycolate 10.0 17.0
Ozxalurate 15.9 14.7
Urea 11.3 16.4
Allophanate 10.0 19.0
Allantoate (commercial) 795 17.0
Allantoate (chromatograph-  42.6 12,5

ically purified)

Hydantoin 21.5 17.0
Hydantoin acetic acid 20.0 18.6
Asparagine (0.05 mM) 13.2 9.3

% Data presented in this table were obtained from
experiments that were performed as described in the
legend to Fig. 5 of reference 23. Assays were performed
with resting cells that were incubated in the presence
or absence of the test compound (final concentration
of the test compounds were 1 mM in all cases except
asparagine, which was 0.05 mM).

creased by only threefold. None of the above
metabolites or analogs caused a significant alter-
ation of the system’s V.., i.e., inhibition was
competitive in each case. Asparagine, on the
other hand, did not alter the K,, of the system
for allantoin, but strikingly altered the V.. of
the uptake system. The degree of change in V..
was a function of asparagine concentration. At
1 mM asparagine, the transport system was to-
tally inactive, whereas at 0.05 mM its activity
decreased by 50% (Table 5).

As shown in Fig. 7, inhibition of allantoin
accumulation resulting from addition of aspara-
gine was freely reversible. However, 30 min
elapsed between removal of asparagine from the
culture medium and the onset of allantoin ac-
cumulation. Transfer of cells previously incu-
bated with asparagine to fresh medium devoid
of the amino acid but containing cycloheximide
resulted in their failure to recover allantoin-ac-
cumulating ability.

DISCUSSION

The work reported here has provided infor-
mation concerning production, operation, and
inhibition of the allantoin active transport sys-
tem in S. cerevisiae. It appears that production
of this system is inducible and is regulated quite
differently from other allantoin-degradative
pathway components. Production of all compo-
nents studied so far is dependent on allophanic
acid, the last intermediate of the pathway. Al-
lantoin uptake, on the other hand, increased
significantly only when allantoin was provided
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FiG. 7. Effect of cycloheximide and asparagine on
allantoin uptake activity after transfer of cells from
a medium containing asparagine as a nitrogen
source to one containing ammonia as sole nitrogen
source. A culture of strain M85 was grown in minimal
asparagine medium to a cell density of 30 Klett units.
At that time (zero time in the figure) [“*C]allantoin
(0.9 mM, final concentration) was added to the cul-
ture, and it was sampled for assay of allantoin ac-
cumulation. After removing three samples, the re-
maining portion of the culture was harvested by fil-
tration, washed with prewarmed, preaerated medium
devoid of asparagine, and resuspended in an identi-
cal volume of fresh minimal ammonia medium con-
taining 0.9 mM [“CJallantoin. This is indicated with
an arrow in the figure. Thereafter, the culture was
divided into three portions: one received no additions
(0), a second received asparagine at a final concen-
tration of 0.1% (@), and the remaining portion re-
ceived cycloheximide at a concentration of 10 ugm/ml
(O). After these additions were made, the culture was
sampled at the times indicated and the samples were
processed as described in the text. Data are expressed
as nanomoles of radioactive allantoin accumulated
per milliliter of culture.

120

in the culture medium. Previous studies pro-
vided rigorous evidence that allantoin accumu-
lated by cells was not altered chemically (22).
Preincubation with allantoate also elicited in-
creased allantoin uptake, but subsequent exper-
iments demonstrated this effect, and allantoate’s
effectiveness as a competitive inhibitor of allan-
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toin transport resulted from its being contami-
nated with substantial amounts of allantoin. The
ability of the allantoin analogs, hydantoin and
hydantoin acetic acid, to serve as inducers of
allantoin transport activity is also consistent
with the suggestion that allantoin is the native
inducer. If the degree of induction is correlated
with the chemical structures of inducing com-
pounds (see Table 2 and Fig. 8), it appears that
both the ring and ureido group side chain are
needed for full activity.

Although it would be desirable to designate
hydantoin and hydantoin acetic acid as non-
metabolizable or gratuitous inducers, this is not
possible at present because only two of the three
gratuitous inducer characteristics have been rig-
orously demonstrated. Both compounds brought
about significant increases in the rate of allan-
toin transport and neither was at all capable of
supporting growth of wild-type strains. How-
ever, we do not have radioactive preparations of
these compounds and, hence, cannot certify that
they were not modified in some way once they
entered the cell. The latter possibility is felt to
be remote because almost any alteration, other
than addition of a neutral group to the ring,
would have either modified the compound in a
way that we could detect or converted it to a
form where the ureido nitrogen atoms were
available to serve as a nitrogen source. Another
way these two compounds might have conceiv-
ably served as inducers was by displacing the
large amounts of allantoin sequestered in the
cell vacuole (31). This, too, is considered un-
likely, because if induction occurred by this
mechanism, allantoin displaced from the vacuole
would be degraded to allophanate, which in turn
would have brought about induction of the other
pathway enzymes. This, however, is incompati-
ble with our experimental observations.
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Fi1c. 8. Chemical structures of allantoin analogs
that were tested for their ability to bring about in-
duction of the allantoin transport system.
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Identification of allantoin as inducer of its own
transport and finding that cells normally contain
significant levels of sequestered allantoin ex-
plains a peculiarity in experiments that we re-
ported earlier (22). In those studies we observed
that starved cells possessed much greater abili-
ties to accumulate allantoin than growing cells.
In part, this discrepancy could be explained by
a greater cell density and possible release from
nitrogen repression of the starved cells. Unfor-
tunately, a significant portion of the increase in
allantoin uptake remained unexplained. If we
assume that sequestered allantoin was released
on starvation, it is reasonable to suggest that the
unaccounted increase in transport activity re-
sulted from induction. We will report experi-
ments elsewhere (Sumrada and Copper, manu-
script in preparation) demonstrating that se-
questered allantoin becomes metabolically avail-
able when cells are starved for nitrogen and a
variety of other metabolites.

Although an increased rate of allantoin accu-
mulation might result from induction, it might
alternatively result from activation of the trans-
port protein. One means of distinguishing these
possibilities was to perform an induction exper-
iment in the presence of protein or RNA synthe-
sis inhibitors. Use of protein synthesis inhibitors
was precluded because they caused transinhibi-
tion, as discussed later. Our past work has shown
that the rnal gene product functions temporally
midway between the conclusion of transcription
and initiation of protein synthesis (2, 3). We
have also shown that using strains with a con-
ditionally defective rnal gene product is the
most reliable means of interrupting mRNA me-
tabolism (2, 3; T. G. Cooper, G. Marcelli, and R.
Sumrada, Biochim. Biophys. Acta, in press). In
view of these considerations, the requirement of
a functional rnal gene product for allantoin
transport induction (Fig. 3) is suggestive that
induction likely involves gene expression rather
than protein activation. A potential criticism can
be made of this argument; interruption of
mRNA metabolism will eventually result in loss
of protein synthesis. Simultaneously, amino
acids would accumulate, causing transinhibition
of allantoin transport. Although such an argu-
ment might be valid for times in excess of 2 or 3
h, it is difficult to seriously entertain it before
that time because proteins are still being syn-
thesized with pre-existing mRNA as template
(13; Cooper et al., Biochim. Biophys. Acta, in
press).

Inducers of allantoin transport have minimal
or no effect on induction of other allantoin path-
way components. Conversely, allophanate in-
duces these components and has no effect on
allantoin transport induction. This, coupled with
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our past studies, permits a more complete pic-
ture of allantoin metabolism regulation. Allan-
toin must be considered as derived from two
sources: internal and external. During periods of
metabolite limitation, allantoin is made availa-
ble presumably from the vacuole (31). Here, we
have shown that it does not readily leave the
cell. The high basal levels of allantoin-degrading
enzymes degrade it to urea. Allantoin provided
in the medium can enter the cell by way of basal
allantoin transport activity normally present.
Once inside, this allantoin can bring the allan-
toin transport system to full capacity via induc-
tion. Superimposed on this level of regulation is
nitrogen repression and transinhibition, which
likely override signals to increase allantoin trans-
port if a more readily used nitrogen source is
available.

Modest induction of allantoin transport was
observed with adenine, allantoate, and oxalur-
ate. The physiological significance of these ef-
fects is not at all clear. Adenine might be consid-
ered a remote analog of allantoin, as might ox-
alurate and allantoate. Alternatively, some frac-
tion of the adenine provided exogenously might
be degraded to allantoin. Purine degradation is
the only known source of allantoin, and adenine
is an effective inducer only when provided at
high concentration. A similar argument cannot
be made for oxalurate and allantoate.

This report clarifies two apparent paradoxical
characteristics of allantoin transport. In previous
work we concluded that accumulation of allan-
toin never reached a time-dependent plateau, a
situation also seen in at least one other system
(12). As shown here, accumulation slowly pla-
teaued in 14 to 24 h if cell division was inhibited,
but did not plateau during logarithmic growth.
These observations suggest that cells did not
accumulate sufficient cytoplasmic allantoin dur-
ing the course of one generation to impede fur-
ther uptake. If, however, cell division was in-
hibited, cytoplasmic allantoin had a chance to
attain levels sufficient to prevent further accu-
mulation. There are at least two potential rea-
sons for such behavior: (i) the rate of allantoin
uptake is intrinsically slow or (ii) allantoin ini-
tially reaching the cytoplasm was efficiently se-
questered in the vacuole or other cellular organ-
elle, preventing its cytoplasmic buildup. This
conclusion is consistent with our observation
that most ['*C]allantoin provided exogenously is
sequestered in compartments other than the
cytoplasm (31). These considerations raise a se-
rious problem concerning a precise understand-
ing of allantoin transport. If, for the sake of
argument, allantoin transport into the cell was
considered to be fast and freely reversible as
found for urea uptake (9), then many of the
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characteristics attributed to allantoin transport
would in reality be characteristics of allantoin
transport into the sequestering organelle. Al-
though we do not feel that this is likely, it does
point to the fact that allantoin participates in
two sequential transport reactions: allantoin (ex-
ternal) 2 Allantoin (cytoplasmic)  Allantoin
(sequestered), and the need for future muta-
tional separation and study of these systems.
These problems are not specific to allantoin
transport because transport and compartmen-
tation characteristics of several amino acids ap-
pear to be similar (24, 25, 29).

A second paradox explained here is the appar-
ent unidirectional transport of allantoin. Allan-
toin uptake in S. cerevisiae is not rigorously
unidirectional; efflux is merely much slower than
influx, which accounts for its being missed earlier
(22). It is probable that this is also the case for
reported examples of unidirectional amino acid
transport in yeast.

An interesting relationship seems to exist be-
tween efflux and apparent exchange in growing
and resting cells. We have operationally used
the words “efflux” and “exchange” to denote
loss of radioactive allantoin from preloaded cells
into medium either devoid of or containing ex-
cess non-radioactive allantoin, respectively.
Used in this way, both growing and resting cells
were able to carry out exchange, whereas only
growing cells were capable of efflux. The reason
for this difference is not clear, but further study
may require clearer definitions of efflux and
exchange. Concern for our operational definition
of exchange derives from the fact that it may
cover at least two very different molecular proc-
esses. For example, it is reasonable to suggest
that the allantoin “carrier” can be moved from
an external to an internal position only when
allantoin is bound to it. Because efflux would
move the carrier from an internal to an external
position, exogenously provided allantoin would
be required for efflux of internal allantoin. Here,
the process is exchange as designated. Alterna-
tively, restrictions in carrier movement may not
be operative. Allantoin lost from the cell into
medium devoid of non-radioactive allantoin
would be subject to recapture. If, however, non-
radioactive allantoin were present in the me-
dium, chances of recapturing a radioactive allan-
toin molecule would be very small. Here, what
might be termed exchange would in fact be
prevention of radioactive metabolite recapture.
In our experiments there is no easy way of
distinguishing these possibilities, so an ambigu-
ity in the interpretation of these results must
remain.

It is likely that production of the allantoin
transport system is subject to nitrogen repres-
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sion as are all other components of the allantoin-
degradative system (5), but the data presented
here are only suggestive. The increased rate of
allantoin uptake observed when proline was pro-
vided as sole nitrogen source compared with that
seen with ammonia is characteristic of nitrogen
repression. This argument, however, cannot be
extended to the amino acids aspartate, serine,
and asparagine, because they also clearly cause
transinhibition of allantoin transport.

Little is known about the mechanism of
transinhibition; operationally, the term has been
used to denote both inhibition of metabolite
transport by that same metabolite (10) or a
different one (12, 20). For example, it has been
claimed that accumulation of histidine pre-
vented its continued accumulation. This was not
seen when amino acids other than histidine were
preloaded in its place. Allantoin accumulation,
on the other hand, was prevented by asparagine,
aspartic acid (Fig. 4 and Table 3) and lysine
(Zacharski and Cooper, unpublished data). In
the past, both of the above situations have been
designated as transinhibition and felt to be of a
regulatory nature. It is reasonable to ask
whether or not similar events produced these
two observations. High intracellular concentra-
tions of histidine can be easily visualized to
prevent further uptake either by increasing his-
tidine efflux or perhaps by occupying the histi-
dine carrier, a molecule that might be envisioned
to return to the external surface of the plasma
membrane only when it is unoccupied. However,
it is conceptually more difficult to see how amino
acids that are structurally unrelated to allantoin
would be capable of inhibiting its uptake by a
similar mechanism. It is also reasonable to ques-
tion whether or not transinhibition represents a
useful and specific regulation of allantoin metab-
olism. Lysine and asparagine were both able to
equally transinhibit allantoin transport, whereas
proline was ineffective. It is useful to keep in
mind that lysine is totally ineffective as a nitro-
gen source, whereas proline and asparagine are
poor and good nitrogen sources, respectively. It
might well be advisable to term the phenomenon
reported for histidine-dependent loss of histidine
uptake, “feedback inhibition” and the amino
acid-dependent inhibition of allantoin uptake,
transinhibition, because it is likely that they
operate by two different mechanisms. Both
types of inhibition are observed with allantoin
uptake, but feedback inhibition was only seen
when cell division was prevented.

Roon and his collaborators have suggested
that transinhibition results from a reduction of
the plasma membrane adenosine triphospha-
tase-generated proton-motive force when both
methylamine and an amino acid are being trans-
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ported simultaneously compared with the trans-
port of either compound alone. This suggestion,
in its present form, may be somewhat inconsist-
ent with data shown in Fig. 5A which demon-
strate that protein synthesis inhibition resulted
in severe inhibition of allantoin uptake in normal
unstarved cultures but not in starved cultures.
Here, materials already in the cell appear to
have caused inhibition of transport. This effect
has also been reported by others (11). Roon’s
conclusion also does not easily explain our ob-
servation that treatment of cells with asparagine,
an agent shown to cause transinhibition, in-
creases efflux of allantoin from preloaded cells
whether or not excess non-radioactive allantoin
was present in the medium along with the amino
acid. Although the degree of efflux increase was
certainly insufficient to totally prevent net ac-
cumulation of allantoin after addition of aspar-
agine, it is an observation that must be concep-
tually accounted for in explanations of this phe-
nomenon. It could be argued that asparagine-
mediated transinhibition resulted in displace-
ment of allantoin from its sequestered location
(presumably the cell vacuole) by asparagine.
This argument, however, is not supported by the
data shown in Fig. 5. Allantoin uptake was in-
hibited only by addition of cycloheximide to
unstarved cells. We will present evidence else-
where (submitted for publication) demonstrat-
ing that allantoin is released from sequestration
both by starvation and cycloheximide treatment.
Because the present experiments were carried
out in allantoinase-minus strains, it is reasonable
to assume that allantoin was present in the
cytoplasm of starved and unstarved cells. Yet
allantoin uptake was inhibited only under con-
ditions in which intracellular amino acids have
been shown to accumulate. Therefore, simple
displacement of allantoin by amino acids is not
likely to account for its inhibition of uptake.
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