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Summary. Pyrroline S-carboxylate, a naturally occurring interme-
diate. is a potent activator of redox-dependent metabolic path-
ways. This effect of pyrroline S-carboxylate is due, at least in
part, to the special mechanism mediating its entry into cells.
Using Chinese hamster ovary cells we recently characterized the
cellular uptake of pyrrotine S-carboxylate as a process transfer-
ring oxidizing potential pari passu with cell entry, a process
consistent with group translocation. We sought to identify specific
inhibitors to probe this unique uptake mechanism, to blockade
the metabolic effects of pyrroline S-carboxylate, and to provide
strategies to identify the putative carrier protein. Because pyrro-
line S-carboxylate, a ring structure with a tertiary nitrogen. is in
spontaneous equilibrium with glutamic-y-semialdehyde, an open-
chain structure, we tested analogues of both. Most open-chain
aldehydes at 10 mm had little effect on the uptake of pyrroline 5-
carboxylate. Although succinic semialdehyde did inhibit, its ef-
fect was nonspecific in that the uptake of a(methylamino) isobu-
tyric acid was inhibited as much as the uptake of pyrroline S-
carboxylate. In contrast, pyrroline 2-carboxylate and other cyclic
compounds with tertiary nitrogens, e.g., pyridines, were specific
inhibitors of pyrroline 5-carboxylate uptake. Respective poten-
cies of pyridine derivatives depended on the nature and location of
constituent groups. Kinetics studies showed that these inhibitors
were competitive with pyrroline S-carboxylate and the most po-
tent inhibitor, 2,6-pyridinedicarboxaldehyde, exhibited a K. of
0.27 = 0.05 mM. In the face of their effect on PSC uptake. the
most potent of these analogues, 2-pyridinecarboxaldehyde and
2.6-pyridinedicarboxaldehyde. did not inhibit the activity of pyr-
roline 5-carboxylate reductase, the enzyme that converts pyrro-
line S-carboxylate to proline. Nevertheless, the analogues mark-
edly inhibited the stimulatory effect of PSC on the pentose
phosphate shunt. Importantly, not only did 2-pyridinecarboxalde-
hyde protect the pyrroline 5-carboxylate uptake mechanism from
the inhibitory effects of a sulfhydryl-reactive agent. but also its
wnhibitory effect became irreversible in the presence of sodium
cyanoborohydride. These inhibitors may help discriminate events
mediated by the transport carrier from those mediated by intracel-
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lular metabolism and may provide a method for identifying and
characterizing the putative carrier for PSC.
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Introduction

Pyrroline 5-carboxylate (P5C)', traditionally consid-
ered an intracellular intermediate in the interconver-
sions of proline, ornithine, and glutamate, is now
recognized as a regulator of cellular reducing-oxidiz-
ing (redox) potential. It circulates as a constitutent
of human plasma, and levels undergo nutrition-de-
pendent diurnal fluctuation consistent with it being
an intercellular communicator (Fleming et al., 1989).
Effector functions demonstrated in vitro include
stimulation of the activity of the hexose monophos-
phate shunt and increased production of 5-phospho-
ribosyl I-pyrophosphate and purine nucleotides
(Phang et al., 1982; Yeh & Phang, 1988). These re-
dox-dependent effects of PSC accompany its conver-
sion to proline with the concomitant oxidation of
NADPH to NADP*.

It is now evident that the cellular uptake of P5C
plays an important role in the metabolic effects of
P5C. 1t is rapidly reduced to proline as it traverses
the plasma membrane (Mixson & Phang, 1988). In
fact, no extracellular PSC can be found inside the
cell. Thus, the uptake mechanism is consistent with
group translocation. But unlike most group translo-

' Abbreviations: P5C, pyrroline 5-carboxylic acid; P2C, pyr-
roline 2-carboxylic acid; MeAIB, a(methylamino) isobutyric
acid: 2PC, 2-pyridinecarboxaldehyde; 2,6PC, 2,6-pyridinedicar-
boxaldehyde; 2PCA. 2-pyridinecarboxylic acid; and PCMBS, p-
chloromercuribenzosulfonate.
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cation systems in which phosphate groups are trans-
ferred to the entering substrate (Kundig & Roseman,
1964, 1966), P5C upon cell entry accepts electrons
from NADPH. In addition, this special, saturable
uptake mechanism is temperature dependent, so-
dium independent and unshared by other amino
acids or imino acids. The mechanism has been iden-
tified functionally in several cultured cell lines in-
cluding Chinese hamster ovary cells (Mixson &
Phang. 1988). human skin fibroblasts and adriamy-
cin-sensitive and -resistant human breast tumor cell
lines (A.J. Mixson, G.C. Yeh & J.M. Phang, unpub-
lished observations). Taken together, these findings
led us to propose that P5C uptake is mediated by a
novel membrane carrier protein.

There are several intriguing aspects of this up-
take mechanism which deserve exploration. First, it
is unclear whether P5C, a 5-member cyclic structure
containing a tertiary nitrogen, or its open-chain tau-
tomer, glutamic-y-semialdehyde, initially binds to
the putative transport carrier (Fig. 1). The identifi-
cation of related molecules which may share the P5C
uptake mechanism for cell entry is also important.
Additionally, the functional distinction of the uptake
mechanism for P5C from its conversion to proline
remains unresolved. Thus, we examined a number
of analogues of P5C and glutamic-y-semialdehyde
to identify possible inhibitors of P5C uptake. We
identified several specific inhibitors and character-
ized their effects. These inhibitors were helpful in
answering the aforementioned questions. In addi-
tion, they may be useful in our ongoing attempts
to isolate the putative carrier protein for PSC. By
understanding the properties of these inhibitors, we
may gain further insight into P5C-mediated activa-
tion of metabolic pathways.

J-Pyrroline-Z-
Carboxylic acid

Fig. 1. Structural formulas of P5C.
glutamic-y-semialdehyde, and selected
analogues. PSC and glutamic-y-
semialdehyde are tautomers in
spontaneous equilibrium

Materials and Methods

CHEMICALS

pL-PSC dimtrophenylhydrazone was obtained from Sigma and
was hydrolyzed to pL PSC according to the method of Mezl and
Knox (1976). Where indicated. concentrations of P5C were for
the L form. A'-Pyrroline 2-carboxylate was synthesized enzymali-
cally from D-proline using purified hog kidney p-amino acid oxi-
dase (Boehringer-Mannheim) and purified by cation-exchange
chromatography (Meister. 1954). 2,6-Pyridinedicarboxaldehyde,
2-pyridinecarboxylate, 2.3-pyridinedicarboxylic acid, 2.4-pyri-
dinedicarboxylic acid. 4,8-dihydroxyquinoline, thymine. uracil,
adenosine and pyridine were purchased from Aldrich Chemical.
Other analogues and chemicals were purchased from Sigma
Chemical. (U-"C) a(Methylamino) isobuiyric acid (MeAIB: 53.5
mCi/mmol) and L-(U-"C) serine (169 mCi/mmol) were purchased
from Dupont-New England Nuclear; 1.-(U"C) leucine (348 mCi/
mol) was obtained from Amersham. 1-(U"C) PSC was prepared
as described by Smith. Downing and Phang (1977).

CELLS

Chinese Hamster ovary cells (CHO-K 1) were maintained as pre-
viously described (Mixson & Phang, 1988). Cells were inoculated
at a density of 5 x 10° cells in 1 ml of Eagle’s minimum essential
medium supplemented with 10% fetal bovine serum and allowed
to grow for 3 days. Prior to uptake studies, cells were equilibrated
with Krebs-Ringer phosphate (KRP) buffer for | hr.

MEASUREMENT OF UPTAKE

We measured P5C uptake using our adaptation (Mixson & Phang,
1988) of the cluster tray method of Gazzola et al. (1981). The
analogues of PSC were coincubated with the radiolabeled amino
acid being studied for uptake. Cells were incubated for 1 min at
37°C in 0.3 ml of KRP buffer with glucose (5.5 mm) and CaCl,
(0.2 mmM). After the incubation period. the medium was removed
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by inverting and shaking the plate. and cach well was washed
twice with 2 ml of cold phosphate-butfered saline. We then added
250wl of 109 trichloroacetic acid to each well. and after 30 min
of equilibration. an aliquot from each well was transterred to
a scintillation vial to measure the radioactivity by scintillation
spectrometry.

MEraBoLisM OF P5C

PSC and its metabolic derivatives were recovered by cation-
exchange chromatography as previously described (Phang et al..
1975: Mixson & Phang. 1988). After incubation and washing with
phosphate-buffered saline. the monolayver wus extracted with 0.3
ml of 10% trichloroacetic acid. An aliquot was treated with O-
aminobenzaldehyde and then applied to a 1-ml bed volume col-
umn of cation exchange resin and eluted sequentially with 1 N
HCL 2 N HCIL and 2 N NaOH.

ASssAY OoF P5C REDUCTASE ACTIVITY

PSC reductase activity of Chinese hamster ovary cells was as-
sayed as previously described (Phang. Downing & Valle, 1973).
Activity in the presence or absence of NADH or NADPH was
measured by recovering product proline from substrate *C-P5C.

PENTOSE PHOSPHATE SHUNT

Chinese hamster ovary cells were plated at a density of 2 x 10°
cells/em” in Coastar 25-cm” flasks. After 3 days. growth medium
was replaced with KRP buffer for 45 min before the activity
of the pentose phosphate shunt was measured by a previously
described method (Yeh & Phang. 1983: Mixson & Phang. 1988).
The activity of the pentose phosphate shunt was measured by
oxidation of p-(1-4C) glucose. The concentration of glucose was
5.5 mM, and the duration of incubation was 10 min.

THE EFFECT OF
p-CHLOROMERCURIBENZOSULFONATE
oN P5C UpTAKE

Chinese hamster ovary cells were first incubated for 10 min with
various concentrations of PCMBS. This medium was aspirated,
the monolayer was washed with KRP buffer and the uptake of
P5C or MeAIB was assessed in an additional S-min incubation.
In experiments showing protection against the effect of PCMBS.
P5C or an analogue was present during the first incubation with
PCMBS.

TREATMENT OF CELLS WITH SODIUM
CYANOBOROHYDRIDE

Chinese hamster ovary cells were preincubated for | hr with
various inhibitors in the presence or absence of 5 mu sodium
cyanoborohydride. Following preincubation. the medium was
removed and 2 mi of PBS was applied to the monolayer. After 2
min, the PBS was removed and this wash procedure was repeated
%X 4. We then determined [-min uptakes for either PSC or alanine
(0.08 M during uptake).

Table L. Effect of analogues on P5C uptake®

PSC uptake
(percent of control)

/] =1 mm /] = 10 mm

Proline ND 87.6
A'Pyrroline 2-carboxylate 89.6 384
Pyroglutamic acid ND 99.5
Pyridine 100.4 71.9
2-Pyridinecarboxylic acid 87.1 44.3
3-Pyridinecarboxylic acid

(nicotinate) 94.8 7L.9
Nicotinamide 94.6 88.5
2.3-Pyridinedicarboxylic acid 90.2 41.7
2.4-Pyridinedicarboxylic acid 84.7 44.7
2-Pyridinecarboxuldehyde 40.5 8.5
3-Pyridinecarboxaldehyde 68.7 13.3
4-Pyridinecarboxaldehyde 72.4 121
2.6-Pyridinedicarboxaldehyde 21.4 7.6
Glyceraldehyde ND 102.3
Succinic semialdehyde ND 65.8
Thymine 86.0 30.1
Uracil 92.0 ND
Adenosine 88.1 87.1
NADPH 93.3 86.6

* One-min uptakes of PSC were measured in the presence of
various analogues at the indicated concentrations. The concentra-
tion of P5C was 0.08 mM. The control value for P5C uptake in
the absence of inhibitors was 6.9 = 0.8 nmol/min - mg protein.
Inhibitor data are expressed as percent of control values and
represent the average of four determinations.

Results

To find potential inhibitors of P3C uptake, we tested
a series of compounds which were structural ana-
logues of either the ring or chain form of pyrroline
S-carboxylate (glutamic-y-semialdehyde). As shown
in Table 1. proline was without effect and P2C, a
close analogue to P5C, was a weak inhibitor. Inter-
estingly, compounds derived from pyridine were in-
hibitors of PSC uptake. Even at I-mM concentration,
greater than 50% inhibition was observed with sev-
eral pyridine derivatives. Other cyclic compounds
containing secondary rather than tertiary nitrogens
were without effect. Straight-chain aldehydes did
not inhibit P5C uptake with the exception of succinic
semialdehyde which at 10 mm inhibited P5C uptake
by 34.2%, a potency distinctly less than that of the
pyridine derivatives.

More significant still, the inhibitory effect of the
pyridine derivatives was highly specific for PSC up-
take, whereas that of succinic semialdehyde was
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Table 2. Effect of PSC analogues on the A, ASC. and the L
transport systems*

Amino acid uptake
(% control)

MeAlB SER LEU

A'Pyrroline 2-carboxylate 97.2 100.8 2.7
2-Pyridinecarboxaldehyde 104.7 92.4 114.6
2-Pyridinecarboxylic acid 87.1 84.3 1i1.2
2.6-Pyridinedicarboxaldehyde 48.7 102.0 65.3
Succinic semialdehyde 61.8 101.3 825

4 One-min uptakes of MeAlB, serine, and leucine were deter-
mined in the presence of the indicated analogues at a concentra-
tion of 10 mm. The concentration of MeAIB. serine, or leucine
was 0.08 mM. Control uptake values without inhibitors for
MeAIB, serine and Jeucine were 3.43 * 0.85, 5.47 £ 0.38 and
15.8 = 1.3 nmol/min - mg protein. respectively. Values with
inhibitors are expressed as percent of control uptake and repre-
sent the average of six determinations.

not. We compared their relative effects on P5C up-
take with those on other amino acid systems.
MeAIB, serine and leucine were chosen because
their uptakes are preferentially or exclusively medi-
ated by systems A, ASC and L., respectively. As
shown in Table 2, 2-pyridinecarboxaldehyde was
not only potent in its inhibition of P5C uptake but
also highly specific. At a concentration of 10 mM,
which inhibited P5C uptake by 92%, this compound
had little effect on uptake by systems A, ASCor L.
2-Pyridinecarboxylate and pyrroline 2-carboxylate
were less potent than 2-pyridinecarboxaldehyde but
they were both highly specific. Although 2.6-pyri-
dinedicarboxaldehyde was highly potent in inhib-
iting P5C uptake, it was less specific in that it also
inhibited the uptake of other amino acids albeit much
less than that of PSC. In marked contrast to these
pyridine derivatives, succinic semialdehyde was
equipotent in its inhibition of uptake by system A as
it was for uptake of P5SC. Thus, specific inhibition of
P5C uptake was observed only with ring compounds
with a tertiary nitrogen.

Superimposed on the specificity bestowed by
the basic pyridine ring structure, the potency of a
given compound was affected by the nature and loca-
tion of constituent groups on the ring. Full explora-
tion of compounds with these constituent groups
was limited by their availability. Nevertheless, an
interesting pattern emerged. A carbonyl constituent
on the pyridine ring bestowed greater potency and,
in general, a carboxaldehyde was more potent than
a carboxylate group. For the pyridine carboxalde-
hydes, potency was as follows: position 2 > 3 > 4.
Furthermore, the addition of a second carboxalde-

hyde at position 6 increased the potency overasingle
carboxaldehyde at position 2. In contrast, effects of
additions of a second carboxyl group were no more
potent than that of a single carboxyl group at position
2.

Having identified compounds which specifically
inhibited P5C uptake, we carefully quantitated their
respective potencies. Using the uptake of PSC at
0.04 mm as the endpoint, we varied the concentra-
tion of the inhibitors from 0.02 to 5.0 mM. As seen
in Fig. 2, each compound inhibited P5C uptake in a
concentration-dependent fashion. The concentra-
tions resulting in 50% inhibition (K,,) were 0.62,
0.27, 5.8 and 6.1 mM for 2-pyridinecarboxaldehyde,
2,6-pyridinedicarboxaldehyde, 2-pyridinecarboxy-
lic acid, and pyrroline 2-carboxylate, respectively.

Although these compounds showed specificity
in inhibiting P5C uptake relative to other amino acid
transport systems, the mechanism of the inhibitory
effect remained unelucidated. To obtain additional
insight into this effect, we performed Michaelis-
Menten kinetics studies with and without the inhibi-
tors. The concentration of PSC was varied between
0.02 and | mM, and inhibitors were present at several
specified concentrations (Fig. 3). It is clear that all
these inhibitors, 2-pyridinecarboxaldehyde, 2,6-pyr-
idinedicarboxaldehyde, 2-pyridinecarboxylate and
pyrroline 2-carboxylate inhibited P5C uptake com-
petitively. The apparent affinity, K,,, was altered,
whereas the maximal rate of uptake, V. remained
unchanged. These data suggest that the aforemen-
tioned inhibitors produced their effect by interacting
at the binding site for P5C.

Having identified specific, competitive inhibi-
tors of P5C uptake, we considered whether they
would inhibit the transfer of oxidizing potential me-
diated by P5C. Using the stimulation of pentose
phosphate shunt as the endpoint, we found that these
inhibitors of PSC uptake attenuated the effect of PSC
on the shunt (Table 3). Both pyridine aldehydes had
amodest effect on stimulating the pentose phosphate
shunt. However, the magnitude of their effect at
saturating concentrations was only 25-30% that pro-
duced by PSC. In contrast pyrroline 2-carboxylate
had a marked inhibitory effect on pentose phosphate
shunt activity. Strikingly, all four analogues mark-
edly attenuated the stimulatory effect of 0.3 mm
P5C. Especially noteworthy, 2-pyridinecarboxylate
which, itself, had minimal effect on shunt activity,
completely abolished the stimulatory effect of P5C.

Of course the transfer of oxidizing potential by
P5C depends not only on its cellular entry but also
on its conversion to proline with concomitant oxida-
tion of NADPH to NADP ™. Therefore, the blockade
of the stimulatory effect of P5C could be at the level
of its conversion to proline. However, this was not
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inhibition of P5C uptake. Michaelis-
Menten kinetics studies were based on
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inhibitors. Lineweaver-Burk
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Each values represents the average of
six determinations. {(¢) Double-
reciprocal plots of P5SC uptake values
in the presence of (0 (@—@): 0.5 mm
(H—A): and 1.0 mm (U—{70) 2-
pyridinecarboxaldehyde, () Double-
reciprocal plots of PSC uptake values
in the presence of (0 (@—@) or 0.25 mm
(L) 2.6-pyridinedicarboxaldehyde.
(¢} Double-reciprocal plots of P5C
uptake values in the presence of 0
(@—@) and 7.5 mm ((3—7) 2-
pyridinecarboxylic acid. (¢) Double-

/8 (mM)

the case as inhibitors at concentrations sufficient to
limit P5C entry had no effect on the conversion of
P5C to proline. Exogenous-labeled PSC was recov-
ered only as intracellular proline (data not shown),
a finding similar to our previously reported studies
characterizing PSC uptake in the absence of inhibi-
tors (Mixson & Phang, 1988).

Additional evidence that 2,6PC, 2PC, and 2PCA
blocked the effector functions of PSC at its cellular

reciprocal plots of P5SC uptake values
in the presence of 0 (@—@) and 5 mMm
(00— Alpyrroline-2-carboxylate

uptake rather than its conversion to proline was pro-
vided by direct studies on pyrroline S-carboxylate
reductase activity. The activity in extracts of Chi-
nese hamster ovary cells was only minimally af-
fected by the aforementioned inhibitors (Table 4).
Furthermore, these findings suggest that the interac-
tion of P5C with its putative membrane carrier is
different than that with PSC reductase. In contrast,
A'-pyrroline 2-carboxylate, which unlike proline, in-
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Table 3. Inhibition of P5C stimulation of pentose phosphate shunt
activity®

Addends Pentose phosphate shunt activity
A Over control A Over respective % of PSC
(nmol/mg) control (nmol/mg) effect
PsC 9.00 9.00 100
2-pC 4.94
2-PC + P5C 7.13 2,19 24
2,6-PC 2.50
2,6-PC + PSC 3.26 0.76 8
2-PCA -0.34
2-PCA + P5C  0.30 0.64 7
p2C - 1.60
P2C + P5C [.40 3.00 33

Table 4. Effect of uptake inhibitors on PSC reductase activity®

[nhibitor P5C reductase activity

1] tmm) (% of control)
2-Pyridinecarboxuldehyde 0.5 102.3

1.0 106.6

2.0 102.3
2.6-Pyridinedicarboxaldehyde 0.25 114.1

0.5 112.8

1.0 98.9
2-Pyridinecarboxylic acid 1.0 91.0

2.0 91.7

5.0 82.1
A'Pyrroline-2-carboxylic acid 1.0 86.3

2.0 75.0

S.0 53.4
Proline 1.0 79.5

2.0 63.6

5.0 S55.0

* Pentose phosphate shunt activity was assessed by measuring
4C0, production from | 1-7Cl-p-glucose as described in Materials
and Methods. The concentration of glucose was 5.5 mm. and the
duration of incubation was 10 min. Activity was determined in
the presence of the indicated addends. The concentrations were
as follows: PSC, 0.3 mMm: 2-PC, S mmM; 2.6-PC, 5 mm: and 2-PCA.
2.5 mMm. Data are expressed as the increase over the control
value (2.16 = .07 nmol/mg protein) and were derived from the
mean of six determinations from (wo experiments.

hibits the cellular entry of PSC, markedly inhibited
P5C reductase activity. Thus, A'-pyrroline 2-carbox-
ylate inhibited the effect of P5C on pentose phos-
phate shunt activity at both PSC uptake and its con-
version by PSC reductase.

These structural analogues may prove useful in
attempts to identify the putative carrier protein for
P5C. On the functional level, they offer protection
from the inhibitory effect of PCMBS, a compound
which reacts with free sulfhydryl groups of cell sur-
face proteins. Similar to the its effects on other
amino acid transport system (Hare, 1975; Batt, Ab-
bot & Schachter, 1976; Goto, Hanamura & Tamem-
asa, 1982; Chiles & Kilberg, 1986). PCMBS mark-
edly inhibited P5C uptake. The magnitude of the
inhibition increased with increasing concentrations
of PCMBS and strikingly, it was more potent (100-
fold) in inhibiting P5C uptake than MeAIB uptake
(Fig. 4). Of special interest, the presence of P5SC or
2-PC during the exposure to PCMBS specifically
protected PSC uptake from the inhibitory effect of
PCMBS (Fig. 5). Clearly, the presence of P5C or its
analogue was protecting a free sulfhydryl group on
a cell surface protein critical in P3C uptake. Whether
this sulfhydryl group resides on the putative carrier
protein remains to be shown.

Although 2-PC inhibited P5C uptake, the effect

*P3C reductase activity in extracts of Chinese hamster ovary
cells was measured with NADPH as cofactor. The indicated
inhibitors of PSC uptake were present at various concentrations.
The concentration of PSC was 0.05 mm in L. and the concentration
of NADPH was 0.30 mm. The duration of incubation was 20
min and product {#Clproline was recovered by cation-exchange
chromatography. Data are expressed as percent of control, and
values shown represent the average of duplicate determinations.

was readily reversible. In cells preincubated with 2-
PC washing with KRP buffer reversed the inhibitory
effect. To explore the nature of the interaction be-
tween 2-PC and the putative P5SC carrier we used
NaCNBH;, a reducing agent which reacts specifi-
cally with Schiff bases at pH 7.4 (Borch, Bernstein
& Durst, 1971; Jentoft & Dearborn, 1979; Jentoft et
al., 1979). Treatment with NaCNBH, by itself had
no effect on the uptake of either P5C or alanine
(Table 5). However, the presence of NaCNBH; dur-
ing the exposure to 2-PC made its inhibition of P5C
uptake irreversible. By contrast, irreversible inhibi-
tion was not seen when cells were preincubated with
P5C in the presence of NaCNBH;; presumably the
inability to produce irreversible inhibition was be-
cause PSC (in its ring form) is without an aldehydic
moiety. Furthermore, NaCNBH; had no effect on
the interaction between alanine and its carriers.

Discussion

The cellular uptake of P5C is unusual in several
aspects. It is not mediated by the major amino acid
transport systems but only by its own saturable,
sodium-independent system. Furthermore, P5C is
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UPTAKE

log[PCMBS] Y

Fig. 4. Inhibition of PSC and MeAIB uptake by p-chloromercun-
benzosulfonate. Cells were treated without or with various con-
centrations of PCMBS for 10 min after which the treatment me-
dium was aspirated and the monolayer washed with Krebs-Ringer
phosphate buffer. Uptake of either PSC (0.04 mM) (L)) or
MeAIB (0.04 mm) (l—H) were then determined in & S-min incu-
bation. Data are expressed as percent of control and represent
the mean of four determinations

not accumulated against a concentration gradient
but, instead, PSC is converted to proline pari passu
with cell entry in a process consistent with group
translocation (Mixson & Phang, 1988). These char-
acteristics of pyrroline 5-carboxylate uptake have
been generalized to a number of cell lines and has
led to the proposal that the process is mediated by
a special “‘carrier protein’’ linked, at least function-
ally, to P5C reductase which converts P5C to pro-
line. Specific inhibitors of P5C uptake would help to
elucidate the components of this uptake mechanism
and to provide approaches for identification and pu-
rification of the putative carrier protein.

P5C is an unusual molecule in that the cyclic
tertiary nitrogen structure is in spontaneous equilib-
rium with the open-chain glutamic-y-semialdehyde
(Fig. 1). Which of these structures is recognized by
the putative carrier may be revealed by the structure
of specific inhibitors of PSC uptake. We found that
the most potent inhibitors of P3C uptake were com-
pounds with cyclic structures containing a tertiary
nitrogen. These compounds, 2-pyridinecarboxalde-
hyde, 2.6-pyridinedicarboxaldehyde and 2-pyridi-
necarboxylic acid had marked inhibitory effects on
the uptake of P5C. In contrast, analogues with open-
chain aldehydes produced no specific inhibition.
Even those compounds with a cyclic structure and
secondary nitrogens such as proline and pyroglu-
tamic acid have little inhibitory effect. The pyridine
compounds which are competitive inhibitors of PSC
uptake do not exist as open-chain tautomers. Taken
together, these findings suggest that it is PSC, the
cyclic structure with a tertiary nitrogen, rather than

% Protection

P5C 2PC

Fig. 5. P5C or 2-PC protects against the inhibitory effect of
PCMBS. Cells were preincubated for 10 min in the presence or
absence of 12 um PCMBS with or without 10 mm PSC or 2-PC.
Following treatment, the medium was aspirated and the mono-
layer washed with Krebs-Ringer phosphate buffer. The uptake of
P5C (0.04 mM) was then determined in a 5-min incubation. Percent
protection was calculated by using the expression, [V, + V, —
VAV — V)] x 100, where V is the uptake value in preparations
preincubated without addends: V,. the value after treatment with
PCMBS: V, ;. the value obtained after treatment with PCMBS
but in the presence of either PSC or 2-PC: and V,,. the value with
PSC or 2-PC treatment without PCMBS

the open-chain glutamic-y-semialdehyde which is
recognized by the transport carrier.

In terms of inhibition of P5C uptake, 2-pyridi-
necarboxylic acid and 2-pyridinecarboxaldehyde
possess excellent discriminatory properties. Even at
10 mMm, a concentration which completely inhibited
the uptake of P5C, these analogues only minimally
inhibited the uptake of amino acids representing the
A, ASC and L systems. This level of discrimination
is rarely seen except for commonly accepted model
analogues such as a(methylamino) isobutyric acid
and 2-aminobicyclo~(2,2,1) heptane-2-carboxylic
acid for the A and L systems, respectively (Chris-
tensen, 1988). In fact, at high concentrations, 2-pyri-
dinecarboxaldehyde and 2-pyridinecarboxylic acid
produced less inhibition of transport by systems A,
ASC and L than P5C, itself (data not shown). These
inhibitors with their high degree of specificity may
be helpful, indeed, in isolating the putative carrier
for P5C.

These specific inhibitors also provided strong
evidence supporting the existence of a membrane
carrier protein for PSC. Our previously published
studies did not rule out the possibility that P5C en-
tered the cell by diffusion and then was trapped
by its conversion to proline by P5C reductase. Qur
current work makes this highly unlikely; concentra-
tions of inhibitor far exceeding the levels necessary
to inhibit the uptake of P5C were without any effect
on P5Creductase. Furthermore, in the face of inhibi-
tion of P5C uptake, the fate of PSC entering the cell,
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Table 5. Evidence for covalent modification of PSC transport
carrier®

Addends during PSC uptake ALA uptake
preincubation (9% control) (% control)
Sodium cyanoborohydride (=)} (+) (=) (+)
2-pC 114 i5 104 97
2-PC + 2-PCA 109 38 93 94
2-PC + P35C 106 61 102 98
2-PC + P53C + 2-PCA 102 82 95 98
P5C 84 90 98 103

4 Cells were preincubated for [ hr with the indicated compounds
in the presence (+) or absence (—) of S mM sodium cyanoborohy-
dride. The following concentration were used: 2-pyridinecarbox-
aldehyde (2-PC), 0.5 mMm: P5C, 5 mM; and 2-pyridinecarboxylic
acid (2-PCA), 20 mm. Following preincubation, the medium was
removed and the monolayer was washed x4 with 2 mi of PBS.
We then determined |-min uptakes for either PSC or alanine (0.08
mM during uptake) and found control values to be .74 = (.21
and 1.26 = 0.07 nmol/min - mg protein, respectively. Data are
expressed as percent of respective controls and represent the
average of at least six determinations.

i.e., conversion to proline, was unaffected; all the
P5C entering the cell was recovered as proline.
Thus, the mechanism of inhibition was not at the
level of P5C reductase but most likely at the level of
the carrier protein.

The consequences of this inhibition of P5C up-
take by specific inhibitors include the blockade of
the transfer of oxidizing potential mediated by P5C.
Since P5C can initiate a sequence of metabolic
events including the stimulation of the pentose phos-
phate shunt, the increased production of phosphori-
bosyl pyrophosphate and the increased synthesis
of purine ribonucleotides (Yeh & Phang, 1988), the
discovery of inhibitors which can block this se-
quence will be invaluable in future studies. 2-Pyri-
dinecarboxylic acid may be especially useful be-
cause this compound, itself, had little effect on the
pentose phosphate shunt but it completely abolished
the stimulatory effect of P5C.

Moreover, these inhibitory analogues may pro-
vide additional insight into effector functions of P5C.
Although the transfer of oxidizing potential medi-
ated by P5C has been related stoichiometrically to
the generation of NADP* and activation of the pen-
tose phosphate shunt, this mechanism cannot ex-
plain all the effector functions of P5C. In this con-
text, it is significant that several of these inhibitory
analogues are potent chelators of iron and zinc
(Testa et al., 1985; Lannon, Lappin & Segal, 1986;
Johnson & Mayer, 1987; Kazakov et al., 1988). P5C
and the aforementioned analogues have in common
a cyclic structure containing a tertiary nitrogen and
a carbonyl group in position 2 or 5. It is increasingly

clear that chelators play an important role in biologi-
cal reducing-oxidizing reactions (Mauk et al.. 1979;
Mauk, Borgdignon & Gray. 1982; Chapman et al.,
1984). Whether P5C is also a chelator is currently
being investigated. Thus, the identification of 2-pyri-
dinecarboxylic acid and 2-pyridine carboxaldehyde
as specific analogues may provide additional insight
into the effector functions of P5C.

It has not escaped our notice that some of these
inhibitors of PSC uptake are naturally occurring met-
abolic intermediates. 2-Pyridinecarboxylic acid is an
intermediate in tryptophan metabolism (Burrow
1969), whereas quinolinic acid (2,3-pyridinedicar-
boxylic acid) is an excitatory neurotransmittor (Leh-
mann et al., 1985; Addae & Stone, 1986; Peters &
Chot, 1987). However, little is known about the dis-
tribution of these compounds in tissues or biologic
fluids; whether they physiologically affect PSC up-
take and attenuate the effector functions of P5C in
vivo is of considerable interest. We also considered
that the uptake mechanism defined for PSC may
mediate the uptake of a family of cyclic compounds
with tertiary nitrogens. Additional studies are neces-
sary to elucidate the possible sharing of transport
systems between PSC and other cyclic structures
with tertiary nitrogens.

In addition, since sulfhydryl-reactive agents in-
hibit amino acid and glucose transport (Hare, 1975;
Bett et al., 1976; Goto et al., 1982; Chiles & Kilberg,
1986), we examined their effects on PSC uptake.
Several sulfhydryl-reactive agents, N-ethylmalei-
mide, iodoacetate, and PCMBS all were inhibitory
(data not shown) but the most potent was PCMBS.
This was of special interest because PCMBS enters
cells slowly if at all and its effects may be due to
interaction with sulfhydryl groups on cell surface
proteins. These studies showed that P5C uptake is
blocked by the inactivation of a cell surface protein
which may be the putative transport carrier for P5C.
Not only does PCMBS interact with the PSC carrier,
it mostly likely interacts at or near the binding site
for P5C. This view is supported by the finding that
the presence of P5C or its analogue, 2-PC, during
treatment by PCMBS markedly attenuated its inhibi-
tory effect on P5C uptake. These findings suggest
that radioactively labeled PCMBS may be useful in
attempts to isolate the putative carrier for P5C.

Finally, the interaction of these analogues sug-
gest another promising approach in the isolation of
the P5C carrier. The observation that PSC and 2PCA
were less effective than the pyridine carboxalde-
hydes in protecting against PCMBS suggested the
involvement of a Schiff’s base perhaps between car-
boxaldehyde and amino groups on the P5C carrier.
This was, indeed, the case. The presence of
NaCNBH,, a reducing reagent highly specific for
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Schift’s base (Borch et al., 1971; Jentoft & Dear-
born, 1979; Jentoft et al.. 1979), made 2-PC an irre-
versible inhibitor of P5SC uptake, presumably by sta-
bilizing the interaction between this carboxaldehyde
and the P5C carrier. Importantly, P5C attenuated
this irreversible inhibition. Under the conditions of
these experiments, NaCNBH; even at concentra-
tions up to 10 mm did not inhibit the uptake of alanine
nor did it produce any other apparent toxic effect.
Thus, the use of tritiated NaCNBH, in the presence
of 2-PC may provide another methodologic ap-
proach for identifying and isolating the putative car-
rier for PSC. P5C blockade of the incorporation of
tritium would be limited to its interaction with mem-
brane proteins with extracellular accessibility since
the entry of P5C is accompanied by its conversion
to proline.
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