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ABSTRACT
Under conditions of nutrient stress, cells switch to a survival mode catabolizing cellular and tissue constituents for energy. Proline metabolism

is especially important in nutrient stress because proline is readily available from the breakdown of extracellular matrix (ECM), and the

degradation of proline through the proline cycle initiated by proline oxidase (POX), a mitochondrial inner membrane enzyme, can generate

ATP. This degradative pathway generates glutamate and a-ketoglutarate, products that can play an anaplerotic role for the TCA cycle. In

addition the proline cycle is in a metabolic interlock with the pentose phosphate pathway providing another bioenergetic mechanism. Herein

we have investigated the role of proline metabolism in conditions of nutrient stress in the RKO colorectal cancer cell line. The induction of

stress either by glucose withdrawal or by treatment with rapamycin, stimulated degradation of proline and increased POX catalytic activity.

Under these conditions POX was responsible, at least in part, for maintenance of ATP levels. Activation of AMP-activated protein kinase

(AMPK), the cellular energy sensor, by 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), also markedly upregulated POX and

increased POX-dependent ATP levels, further supporting its role during stress. Glucose deprivation increased intracellular proline levels, and

expression of POX activated the pentose phosphate pathway. Together, these results suggest that the induction of proline cycle under

conditions of nutrient stress may be a mechanism by which cells switch to a catabolic mode for maintaining cellular energy levels. J. Cell.

Biochem. 107: 759–768, 2009. � 2009 Wiley-Liss, Inc.
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R ecent research has emphasized metabolism and bioenergetics

and their role in complex diseases such as cancer. However

these studies have mainly focused on the pathways for glycolysis

and oxidative phosphorylation [Dang and Semenza, 1999; Fox et al.,

2005]. Alternative metabolic pathways are also important especially

under conditions of nutrient limitation since they can contribute

in maintaining bioenergetics for survival [Pan and Mak, 2007].

Proline metabolism can be particularly important during nutrient

stress because proline is readily available from the breakdown of

extracellular matrix (ECM), and its degradation results in ATP

generation [Yeh and Phang, 1988]. The first step in degradation of

proline is its conversion to D1-pyrroline-5-carboxylate (P5C) which

is catalyzed by proline oxidase (POX), a.k.a. proline dehydrogenase,

a mitochondrial inner membrane enzyme (Fig. 1) [Phang, 1985].

This conversion of proline to P5C results in the generation of
bbreviations used: POX, proline oxidase; P5C, pyrroline-5-carboxylate
ICAR, 5-aminoimidazole-4-carboxamide ribonucleoside; MMP, matrix m

rant sponsor: National Institutes of Health; Grant number: NO1-CO-124
ealth, NCI, Center for Cancer Research (Intramural Research Program).

Correspondence to: Dr. James M. Phang, National Cancer Institute, Buildin
-mail: phang@ncifcrf.gov

eceived 30 October 2008; Accepted 17 March 2009 � DOI 10.1002/jcb.2

ublished online 4 May 2009 in Wiley InterScience (www.interscience.wi
electrons which are donated to mitochondrial electron transport

through flavine adenine dinucleotide (FAD) to generate ATP. P5C

thus formed can be transported to the cytosol and reduced back to

proline by the enzyme P5C reductase. This cycling of proline and

P5C through the proline cycle [Phang, 1985] forms a redox couple

which interacts with the NADPH/NADPþ redox couple and forms a

metabolic interlock with the pentose phosphate pathway [Hagedorn

and Phang, 1983]. Further, P5C is in equilibrium with its tautomeric

form, that is, glutamic-g-semialdehyde, which is degraded to

glutamate by P5C dehydrogenase and can enter the TCA cycle.

Alternately it can be converted to ornithine to enter the urea cycle.

Thus proline metabolism is closely linked to various pathways that

are important in redox regulation and bioenergetics.

Proline oxidase has been demonstrated to play a role in apoptosis;

a screening study identified PRODH (the gene encoding POX) as a
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Fig. 1. Schematic representation of proline metabolism. The first step in the

degradation of proline (PRO) is its conversion to pyrroline-5-carboxylate

(P5C), by proline oxidase (POX). P5C can be reduced back to proline by

P5C-reductase (P5CR) or it can be converted to glutamate by the enzyme,

pyrroline-5-carboxylate dehydrogenase (P5CD) and can enter the TCA cycle or

alternately it can be converted to ornithine by ornithine aminotransferase

(OAT) and can enter the urea cycle.
p53-induced gene [Polyak et al., 1997]. Earlier work in our

laboratory has demonstrated that cytotoxic agents induce POX and

hyperexpression of POX in cancer cells was sufficient to initiate

apoptosis due to its ability to generate reactive oxygen species (ROS)

[Donald et al., 2001; Ferri and Kroemer, 2001; Liu et al., 2005, 2008;

Pandhare et al., 2006]. The cycling of P5C and proline between

mitochondria and cytosol can transfer reducing potential which

contributes to ATP generation. However, when there is cytotoxic

stress, this process results in the generation of ROS. The role of POX-

induced ROS in apoptosis is well documented, but there have been

no studies showing the significance of ATP generation by proline

metabolic pathway especially under conditions of nutrient or energy

stress that forces cells to conserve energy and activate catabolic

energy generating processes. This could be particularly relevant in

the context of the tumor microenvironment. Since rapidly growing

tumor cells are deficient in circulating nutrients as well as hypoxic

as they grow beyond their blood supply; they alter their metabolism

and switch to a catabolic mode. Cellular constituents are degraded

for producing energy as a temporary survival mechanism. The

degradation of proline could be one of the survival mechanisms,

since proline metabolism is linked to various pathways important in

cellular bioenergetics. We considered that proline could play a role

because unlike other amino acids proline has a unique structure. It

lacks the primary amino group and therefore cannot be metabolized

by transamination or decarboxylation. Instead a distinct set of

enzymes have evolved for the metabolism of proline [Phang, 1985].

Further, these enzymes are differentially localized in cells. Thus,

proline metabolism can be activated under stress conditions

providing accessory mechanisms for bioenergetic and redox

regulation. Furthermore, proline is one of the most abundant

amino acids and more importantly it is a large constituent of
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proteins in the cellular microenvironment. The ECM is composed

predominately of collagen (80%) and 25% of collagen residues are

either proline or hydroxyproline [Ii et al., 2006]. As the ECM is

degraded by MMP, proline is released. Therefore, we hypothesized

that depending on the metabolic mode; proline can either be used

for protein synthesis or oxidized in the mitochondria for energy

production. Due to the uniqueness of the proline cycle coupled to its

ability to generate ATP during degradation of proline, we considered

that the proline cycle may be important for survival under

conditions of stress.
MATERIALS AND METHODS

REAGENTS

Rapamycin and 5-aminoimidazole-4-carboxamide ribonucleoside

(AICAR) were from EMD Biosciences (San Diego). Dehydroproline

was from Sigma. The phospho-AMPK (Thr-172) and AMPK

antibodies were from Cell Signaling Technology (Beverly, MA);

anti-actin antibody was from Sigma. The anti-POX antibody was

prepared in the lab and has been described elsewhere [Liu et al.,

2005].
CELL CULTURE

The colorectal cancer cell line RKO was obtained from ATCC and

cultured in DMEM medium supplemented with 10% fetal bovine

serum (HyClone Laboratories, Logan, UT), penicillin and strepto-

mycin, 2 mM glutamine (Quality Biologicals, Gaithersburg, MD) at

378C and 5% CO2. For experiments involving glucose deprivation

RKO cells were cultured in DMEM containing dialyzed fetal bovine

serum and L-glutamine without glucose and then supplemented with

glucose at the concentrations indicated. Prior to resuspension in

media with glucose at various concentrations, cells were washed

twice in glucose-free media. The DLD-1 human colon cancer cells

are from America Type Culture Collection (Manassas, VA). The

generation of the DLD-1 Tet-Off POX cells has been previously

described [Donald et al., 2001]. The cells were maintained in

McCoy’s 5A medium (Quality Biological, Gaithersburg, MD)

supplemented with 10% fetal bovine serum (HyClone Laboratories,

Logan, UT) in the presence of 0.4 mg/ml G418, 0.25 mg/ml

hygromycin B and 20 ng/ml doxycycline (DOX).
POX ENZYME ASSAY

After treatment cells were rinsed and scraped in cold PBS, pelleted,

and resuspended in cold sucrose buffer [0.25 M sucrose, 3.5 mM Tris,

and 1 mM EDTA (pH 7.4)]. Suspensions were then sonicated for 20 s

at a setting of 25% (Branson Sonifier 450; Branson Ultrasonics

Corp., Danbury, CT). Total protein was determined using the BCA

protein assay (Pierce). Pyrroline-5-carboxylate (P5C) formed was

detected using a spectrophotometric method. Briefly, P5C formed

from the substrate proline was reacted with O-aminobenzaldehyde

(OAB) and the resultant OAB-P5C complex was quantified. A 200 ml

reaction mixture containing KPO4 0.1 M, pH 7.2, OAB 0.12 mg/ml,

cytochrome c 0.012 mg/ml, proline 0.5 mM and cell extract

containing 50 mg protein was incubated for 30 min at 378C. The
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reaction was terminated by addition of 20 ml of OAB (10 mg/ ml in

6 N HCl). The samples were centrifuged and the absorbance of

the supernatants was measured at 440 nm. All the reactions were

performed in triplicates and proper protein controls were included

for each measurement. A standard calibration curve was generated

using P5C and the P5C formed (nM/min/mg protein) was determined.

MEASUREMENT OF ATP BY LUCIFERASE ASSAY

ATP levels were measured by the luciferin/luciferase method using

an ATP Determination Kit (Molecular Probes), following the

instructions of the manufacturer. Cells were lysed with 1� Passive

Lysis Buffer (Promega). Ten microliters of lysate was added to the

ATP Determination Kit reaction mix for a total volume of 110 ml.

Luminescence was determined directly after the addition of the

lysate to the reaction and was quantified in a 20/20 Luminometer

(Turner Designs, Sunnyvale, CA). ATP concentrations in experi-

mental samples were calculated by using an ATP standard curve

generated from known concentrations of ATP.

WESTERN BLOTTING

Cell lysates were prepared and quantified according to established

methods. Equal amounts of cell lysates were electrophoresed on

SDS–polyacrylamide gels and transferred to nitrocellulose mem-

brane using a semi-dry blotter (Bio-Rad). Membranes were blocked

using Tris-buffered saline with 5% nonfat milk (pH 8.0; Sigma).

Blots were then probed with the appropriate primary antibody in

blocking buffer overnight at 48C. Incubation with secondary anti-

mouse or anti-rabbit IgG antibodies conjugated to horseradish

peroxidase (1:2,000) was performed at room temperature for 1 h. All

blots were washed in Tris-buffered saline with Tween 20 (pH 8.0;

Sigma) and developed using the enhanced chemiluminescence (ECL)

procedure (Amersham, Biosciences, Piscataway, NJ). Blots were

routinely stripped by Encore Blot Stripping Kit (Novus Molecular,

Inc., San Diego, CA) and reprobed with anti-actin monoclonal

antibody (Sigma) (1:2,000) to serve as loading controls.

MEASUREMENT OF INTRACELLULAR PROLINE LEVELS

RKO cells were grown in the appropriate medium after which cells

were rinsed and scraped in cold PBS, pelleted, and resuspended in

PBS. Suspensions were lysed by sonication and the cellular debris

were removed by centrifugation (9,000g). The supernatants were

transferred to a boiling water bath, and intracellular amino acids

were extracted by boiling for 10 min. After centrifugation (5 min,

48C, 15,000g), the supernatant was free of proteins, and intracellular

proline was determined as described [Bates, 1973; Chen et al., 2006].

Briefly, 200ml of the supernatant was incubated with 200ml of acid-

ninhydrin (0.25 g ninhydrin dissolved in 6 ml glacial acetic acid and

4 ml 6 M phosphoric acid) and 200 ml of glacial acetic acid for 1 h at

1008C. The reaction was stopped by incubation on ice, and the

mixture was extracted with 400 ml toluene. The toluene phase

was separated, and absorbance at 520 nm was used to determine

the concentration of proline. All the reactions were performed in

triplicates and a standard curve ranging in concentrations of 0.005–

0.1 mM proline was generated for determining proline concentra-

tion of samples.
JOURNAL OF CELLULAR BIOCHEMISTRY
DETERMINATION OF MMP ACTIVATION BY GELATIN ZYMOGRAPHY

RKO were cells were treated in serum-free medium with different

concentrations of glucose. The medium was concentrated using

10 kDa Amicon Ultra-4 spin columns and equal protein loads were

used for zymography. Gelatinase zymography was performed in

10% Novex pre-cast polyacrylamide gel (Invitrogen) in the presence

of 0.1% gelatin. After electrophoresis, the gel was washed 5 times in

zymogram wash buffer followed by three washes in incubation

buffer and then incubated for 48 h at 378C in incubation buffer

before being stained with coomassie blue (G-250) for visualization

of activation. After destaining (30% methanol, 1% formic acid),

areas void of blue stain indicated areas of enzyme activity.

Molecular markers were used to identify MMP2/9. Protein standards

were run concurrently and approximate molecular weights were

determined.
MEASUREMENT OF PENTOSE PHOSPHATE PATHWAY ACTIVITY

Cells were grown in 25-cm2 plastic flask in 4 ml of growth medium

containing either rapamycin (10 nmol/L) or different glucose

concentrations as indicated. After treatment on the morning of the

experiment, the medium was removed and replaced with 2 ml of

Earle’s balanced salt solution with specifically labeled 14C glucose

substrate. The flasks were sealed with a serum stopper containing a

plastic centerwell (Kontes), and incubated at 378C for 2 h. At the end

of incubation, 0.3 ml of 6 N H2SO4 was injected through the stopper

into the medium and the flasks were placed horizontally so that

the acidified medium was in contact with the cell monolayer. After

10 min of acid treatment, the flasks were placed vertically and 0.3 ml

of Hyamine was injected through the stopper into the well. The

trapping of carbon dioxide by Hyamine was completed with the

flasks in a Dubnoff shaker at room temperature for 45 min. The well

containing the Hyamine and trapped CO2 was transferred into a

scintillation vial with 12 ml of Aquasol, 0.2 ml of glacial acetic

acid and the amount of radioactivity was quantitated by liquid

scintillation spectrometry.
RESULTS

NUTRIENT STRESS ACTIVATES POX CATALYTIC ACTIVITY

To investigate whether POX plays any role in the nutrient sensing

pathway we initiated this study by mimicking a starvation signal

using the mTOR inhibitor rapamycin in RKO colorectal cancer cells.

Since mTOR coordinates cell growth to the availability of extra-

cellular nutrients and its inhibition mimics a condition of nutrient

or energy stress. RKO cells were treated with rapamycin, a specific

inhibitor of mTOR, at a concentration of 10 nmol/L and its effect on

POX catalytic activity was measured. Rapamycin treatment caused a

marked increase in POX catalytic activity (Fig. 2Aa,b). A time-

dependent and dose-dependent increase in POX activity indicated

that proline degradation may be playing a role under conditions

when mTOR is inhibited.

Further, we investigated the impact of nutrient limitation on

induction of POX activity. RKO cells were stressed by withdrawing

glucose from the medium and the effect on POX was monitored. As

the concentration of glucose decreased in the medium (Fig. 2Ba), an
DEGRADATION OF L-PROLINE IN CONDITIONS OF NUTRIENT STRESS 761



Fig. 2. Nutrient stress induced by rapamycin treatment and glucose withdrawal induces POX. Aa: RKO cells were treated with rapamycin (10 nmol/L) or DMSO in control for

various time periods and the POX catalytic activity was measured. Glucose concentration was 5 mM. The results are expressed as mean� SE for three separate experiments. b:

RKO cells were exposed to medium containing rapamycin at various concentrations for 24 h; the cell lysates were harvested, and the POX catalytic activity was determined. The

results are expressed as mean� SE for three separate experiments. ��P< 0.005 is for comparison of rapamycin-treated cells versus untreated cells. B: RKO cells were exposed for

24 h to medium with decreasing glucose concentrations from 5 mM (control) to 0.01 mM and; (a) the levels of endogenous POX protein were determined by Western blotting;

the bands of POX were analyzed by densitometry. b: the POX catalytic activity was measured and (c) RKO cells were treated with medium containing 0.05 mM glucose and

collected at various time points. The cell lysates were harvested, and the POX catalytic activity was determined. The results are expressed as mean� SE for three separate

experiments. ��P< 0.005 in comparison of glucose-deprived cells versus control cells.
increase in POX expression was observed along with an increase in

POX activity similar to the effect of rapamycin. There was almost a

fivefold increase in POX enzyme activity as the concentration of

glucose decreased (Fig. 2Bb). A time-dependent increase in POX

activity was also seen in the presence of 0.05 mM glucose with

maximum activity occurring after 12 h of treatment (Fig. 2Bc).

Thus induction of nutrient stress conditions either by rapamycin

treatment or by glucose withdrawal induces the activation of POX

and may lead to increased degradation of proline.

PARALLEL TO THE INDUCED POX CATALYTIC ACTIVITY THE

INTRACELLULAR ATP LEVELS ARE MAINTAINED UNDER

CONDITIONS OF STRESS

To check whether the induced POX catalytic activity has any effect

on cellular energy levels in the nutrient starved cells, we measured
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the intracellular ATP levels using a luciferase method. Interestingly,

even at concentrations of glucose as low as 0.05 and 0.01 mM, ATP

levels were maintained and did not significantly decrease (Fig. 3A)

suggesting that the metabolism of alternative substrates, such as the

degradation of proline by POX, may be contributing in maintaining

ATP. Additionally, when we checked ATP levels in cells treated with

rapamycin at 10 nmol/L, we observed that ATP levels rebounded by

9 h of treatment to a level above controls and plateaued by 12 h

(Fig. 3B). Paralleling the increase in POX activity, the increase

in ATP with rapamycin treatment suggested that POX may be

contributing to maintenance of ATP levels. This result indicates that

even in the presence of complete medium, the inhibition of mTOR by

rapamycin shuts down energy consuming processes, for example,

protein synthesis, and switches to an ATP conserving mode. In the

glucose starved cells the maintenance of the ATP levels also suggests
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Effect of rapamycin and glucose withdrawal on intracellular ATP

levels. RKO cells were exposed to medium with (A) decreasing glucose

concentrations from 5 mM (control) to 0.01 mM; (B) rapamycin (10 nmol/

L) or DMSO in control for various time period and (C) rapamycin (10 nmol/L) in

the presence and absence of 10 mM proline/dehydroproline (DHP). The cells

were lysed and the intracellular ATP levels were measured using a luciferase

based assay. The results are expressed as mean� SE for three separate

experiments. Statistical comparisons were as follows: for B, ��P< 0.005 in

comparison of rapamycin-treated versus respective controls; for C, ��P< 0.005

for rapamycin-treated samples compared to controls without rapamycin;
þþP< 0.005 in comparison of samples treated with dehydroproline (DHP)

versus corresponding samples without DHP.
that the cells have switched to an ATP conserving mode similar to

rapamycin in which POX may be contributing by inducing the

degradation of proline (Fig. 3A).

To further demonstrate the involvement of proline degradation

in maintaining the cellular energy levels we used the POX inhibitor
JOURNAL OF CELLULAR BIOCHEMISTRY
dehydroproline (DHP). DHP is a substrate analogue of proline and

competitively inhibits the activity of POX. ATP levels in the

rapamycin treated cells were monitored in the presence and absence

of proline and DHP. As shown in Figure 3C, the addition of proline

had only a modest effect on ATP. However, inhibition of POX by

DHP markedly decreased ATP levels either with or without added

proline. The modest effect of added proline is most likely due to

adequate endogenous sources. This result directly demonstrates that

ATP maintenance in the face of rapamycin treatment is, at least in

part, due to increased activity of POX.

ACTIVATION OF AMPK INDUCES POX ENZYMATIC ACTIVITY

Another protein important in sensing the metabolic state of the cell

and influencing the activity of mTOR is AMPK. The activation of

AMPK by phosphorylation indirectly results in the inhibition of

mTOR. AMP levels rise as the cellular ATP:ADP ratio declines and

this rise in AMP leads to activation of AMPK for maintaining

cellular energy balance. Since activation of AMPK also down-

regulates mTOR and our earlier results showed that inhibition of

mTOR leads to induction of POX activity, we considered whether

activation of AMPK can also induce POX. We first checked the

phosphorylation of AMPK following glucose withdrawal in RKO

cells. As the concentration of glucose decreases there was activation

of AMPK by phosphorylation (Fig. 4A). To further confirm that

activation of AMPK can also indirectly induce POX activity we used

a synthetic AMPK activator 5-aminoimidazole-4-carboxamide

ribonucleoside (AICAR). AICAR is a cell-permeable compound,

converted intracellularly to AICAR monophosphate or ZMP. ZMP is

an analogue of AMP and mimics its effects on AMPK signaling.

Figure 4Ba shows that treatment with AICAR at 0.5 mM results in the

time-dependent increase in phosphorylation of AMPK. Using AICAR

treatment, we monitored POX expression and catalytic activity. We

observed that AICAR treatment at 0.5 mM induced a time-dependent

increase in the expression of POX along with increase in POX

activity (Fig. 4Bb). A dose-dependent increase in POX activity was

obtained with AICAR up to a concentration of 1 mM (Fig. 4C). This

result indicated that the induction of POX catalytic activity under

conditions of glucose deprivation may be mediated via AMPK for

maintaining cellular energy levels.

To further assess the role of increased POX activation in the

AMPK response to energy stress, we monitored the effect of AICAR

on POX activity in cells stressed by glucose depletion. POX catalytic

activity was induced both by glucose-free medium and by AICAR

treatment (Fig. 4D). The increase in POX activity in coordination

with AMPK was shown by the additive effect on POX activity by

AICAR and glucose depletion in glucose-free medium in the

presence of AICAR. Presumably, alternative pathways were a source

of energy which was superseded by the addition of AICAR.

PROLINE FUNCTIONS AS A STRESS SUBSTRATE THAT IS MADE

AVAILABLE UNDER CONDITIONS OF NUTRIENT STRESS

If energy or nutrient stress activates the degradation of proline as

shown by our results, then pathways that will result in the

generation of proline as substrate for POX also should be activated

for maintaining cellular energy levels. The ECM is rich in proline and

hydroxyproline, which can be made available by degradation of
DEGRADATION OF L-PROLINE IN CONDITIONS OF NUTRIENT STRESS 763



Fig. 4. The activation of POX under glucose deprived conditions may be mediated by AMPK. A: RKO cells were exposed to medium with decreasing glucose concentrations from

5 mM (control) to 0.01 mM and the activation of AMPK by phosphorylation at Thr 172 was monitored by western blot analysis. B: RKO cells were treated with AICAR (0.5 mM) or

DMSO in control and collected at various time points; (a) western blot analysis was used to monitor the activation of AMPK by phosphorylation at Thr 172 and the levels of

endogenous POX protein; the bands of phosphorylated-AMPK and POX were analyzed by densitometry. b: The POX catalytic activity in cells treated with AICAR (0.5 mM) for

various durations was measured. C: RKO cells were exposed to medium containing AICAR at various concentrations for 24 h; the cell lysates were harvested, and the POX

catalytic activity was determined. D: RKO cells were treated with AICAR (0.5 mM) in the presence and absence of glucose and the POX catalytic activity was determined. The

results are expressed as mean� SE for three separate experiments. ��P< 0.005 in comparison of AICAR-treated cells versus untreated cells.
ECM. Therefore, we checked the degradation of ECM by monitoring

activation of matrix metalloproteinases (MMP) under conditions of

glucose stress. The activation of MMP-9/MMP-2 was monitored by

gelatin zymography. Both MMP-9 and MMP-2 activities were

detected in serum free conditioned medium. As the concentration of

glucose was lowered in the medium the activities of both enzymes

were increased (Fig. 5A). Maximum increase in activity was

observed in the complete absence of glucose in the medium.

Although glucose depletion resulted in the activation of MMP-9/

MMP-2, additional verification was required. ECM degradation

supposedly made proline available as a stress substrate. Therefore,

we measured intracellular proline levels under conditions of glucose
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stress using an acid-ninhydrin assay. As the levels of glucose

decreased to 1 mM and lower in the medium, intracellular proline

increased almost twofold (Fig. 5B). A time-dependent increase in

proline levels was observed when the initial concentration of

glucose in the medium was 0.01 mM (Fig. 5C) indicating that even

in the face of increased POX activity there was an increased

availability of proline as substrate.

EFFECT OF POX INDUCTION ON THE PENTOSE

PHOSPHATE PATHWAY

The proline degradative pathway sequentially generates P5C,

glutamate and a-ketoglutarate and thereby can play an anaplerotic
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 5. Effect of glucose withdrawal on MMP-2/-9 activity and intracellular proline levels. Aa: RKO cells were cultured for 24 h in serum-free medium with different

concentrations of glucose from 5 mM (control) to 0.01 mM. After treatment the medium was concentrated and equal amounts of protein were analyzed for activation of MMP-

2 and MMP-9 by zymography. b: The graph shows the densitometric analysis of MMP-2 and MMP-9 bands from Aa. Cells were exposed to medium with (B) decreasing glucose

concentrations as indicated; and (C) 0.01 mM glucose and collected at various times. After treatment all the cells were harvested and the intracellular proline levels were

measured as described in Materials and Methods Section. ��P< 0.005 in comparison of glucose-deprived cells versus controls.
role for the TCA cycle [Phang, 1985]. However, this is not the only

bioenergetic contribution by the proline metabolic pathway

especially since the TCA cycle is compromised in tumor cells. The

proline cycle and its metabolic interlock with the pentose phosphate

pathway provide an alternative mechanism for energy production

[Hagedorn and Phang, 1983]. This interlock provides a pathway

for metabolizing glucose to generate reduced pyridine nucleotide

(NADPH); the reducing equivalents are shuttled into mitochondria

for ATP generation by the cycling of proline. To determine whether

such a metabolic interlock is operative in our current study, we

measured pentose phosphate pathway activity by monitoring the

conversion of 1-14C-glucose to 14CO2 in RKO cells treated with

rapamycin and found that concomitant to the increase in POX

catalytic activity, the pentose phosphate activity was increased

twofold (Fig. 6A). To further corroborate this finding, we used the

DLD-1 colorectal cancer cells stably transfected with the POX gene

under the control of a tetracycline-off promoter [Donald et al.,

2001]. In these cells the maximum induction of POX activity after

removal of tetracycline is obtained after 24 h. The induction of

POX increased the pentose phosphate pathway more than fivefold

(Fig. 6B), and this increase in activity was observed over a range of

low glucose concentrations. By contrast, glycolysis as measured

by the production of 3H2O from 5-H3-glucose was only modestly
JOURNAL OF CELLULAR BIOCHEMISTRY
increased (25%) (data not shown). Furthermore, parallel to the

increase in pentose phosphate activity, cellular ATP levels increased

with induction of POX after 24 h as compared to the uninduced cells

in presence of 0.05 mM glucose (Fig. 6C) and the effect on ATP could

be observed up to 72 h (1–3 days). Thus, the activation of POX

supplements bioenergetics, and this is due, in part, by activation of

the pentose phosphate pathway.

DISCUSSION

As cancer cells grow, invade and metastasize, they encounter an

ever-changing microenviroment. Outgrowing their blood supply,

they face not only hypoxia but also a diminishing supply of growth

factors, glucose and other nutrients [Dang and Semenza, 1999]. Due

to their intrinsic plasticity, cancer cells can adapt their metabolic

pathways and thrive in spite of stress conditions [Hammerman et al.,

2004]. During hypoxia, the central transcriptional regulator HIF-1a

is required for induction of a variety of genes encoding erythro-

poietin, VEGF and glycolytic enzymes to stimulate angiogenesis and

increase glycolysis [Lando et al., 2003]. This mechanism elaborately

explains how tumors survive under oxygen limitation; however,

they do not satisfactorily explain how cancer cells survive under
DEGRADATION OF L-PROLINE IN CONDITIONS OF NUTRIENT STRESS 765



Fig. 6. The effect of POX induction on the pentose phosphate pathway.

A: RKO cells were exposed to medium with and without rapamycin 10 nmol/L

and 14CO2 was collected as described in Materials and Methods Section.

B: DLD-POX cells were cultured without doxycycline to induce POX. Control

cells were cultured in the presence of doxycycline (20 ng/ml). Cells cultured

under both conditions were incubated with glucose-1-14C at concentrations of

glucose shown and 14CO2 collected as above. Activities are shown as glucose

utilized per hour per mg cell protein. The results are expressed as mean� SE for

three separate experiments. C: DLD-POX cells were cultured in medium

containing 0.05 mM glucose; with and without doxycycline to induce POX.

The cells were lysed and the intracellular ATP levels were measured using a

luciferase based assay. The results are expressed as mean� SE for three

separate experiments. Statistical comparisons for A: ��P< 0.005 in comparison

versus control; for B and C, ��P< 0.005 in comparison of cells with POX

induced (tet �) versus POX uninduced (tet þ).
avascular conditions in which hypoxia is associated with nutrient

insufficiency. Furthermore, as a result of the isolation from blood

supply, energy production in the hypoxic microenvironment by

increased glycolysis might be insufficient because glucose also is

limited. It may be essential that these cells use alternative energy

sources [Pan and Mak, 2007]. Proline can serve as such a ‘‘stress
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substrate’’ because of its availability and unique metabolism. First,

POX donates proline-derived electrons directly into the electron

transport chain [Phang, 1985]. Further, the cycling of proline and

P5C can transfer reducing potential into mitochondria to generate

ATP [Hagedorn and Phang, 1986], or ROS [Liu et al., 2005; White

et al., 2007] and the metabolism of proline and its metabolites

can regulate redox balance [Merrill et al., 1989]. Since proline

metabolism responds to stress conditions and is associated with

various energy pathways, we hypothesized that it might also

respond under conditions of nutrient or energy stress. Based on these

observations, we proposed that proline metabolism can contribute to

energy maintenance under conditions of nutrient depletion or fuel

source limitation.

Our data shows that in low-nutrient conditions, the degradation

of proline is induced by increasing POX catalytic activity both in

rapamycin-treated and glucose-depleted cells. It is known that

under conditions of nutrient stress, cells maintain energy levels by

inducing catabolic processes that will generate ATP. For example, in

response to glucose deprivation, drug- and radiation-resistant

cancer cells use fatty acids to support mitochondrial oxygen

consumption [Harper et al., 2002]. Fatty acid oxidation is a

dominant bioenergetic pathway in prostate cancer cells [Liu, 2006].

Although oxidation of fatty acids is primarily used to sustain

bioenergetics under low nutrient conditions, at least in tissue

culture, other sources present in the tumor microenvironment

under avascular conditions could also contribute to maintenance of

cellular energy levels and serve as alternative or stress substrate.

Therefore we considered that the degradation of proline may be an

important mechanism cells utilize for maintaining ATP. This indeed

seems to be the case since parallel to the increase in POX activity

the intracellular ATP levels were relatively maintained in glucose

starved cells, and in fact, rapamycin-treated cells, even in the

presence of glucose increased their ATP. The functional contribution

of proline degradation was shown by the decrease in ATP in

presence of dehydroproline, the inhibitor of POX. This result directly

demonstrated that the ATP elevating effects may, at least in part, be

due to increased POX activity.

Various factors may be involved in regulating the induction of

POX activity; we considered the involvement of the intracellular

energy sensor AMPK. An increase in intracellular AMP allosterically

activates LKB1 which in turn activates AMPK [Gwinn et al., 2008] to

maintain energy balance within cells under stress conditions such as

glucose deprivation, hypoxia, and ischemia [Hardie, 2003]. AMPK

activation represses anabolic pathways that consume energy such as

protein synthesis and simultaneously stimulates catabolic pathways

that produce ATP including the degradation of proline. In our study,

parallel to the activation of AMPK by glucose withdrawal, POX

catalytic activity was induced suggesting that it may be AMPK-

dependent. Kato et al. showed that AMPK plays a critical role

in tolerance of cancer cells to nutrient deprivation and tumor

formation [Kato et al., 2002]. In their study they demonstrated that

expression of AMPK a1 and a2 increased with glucose deprivation

in pancreatic cancer cells, and the prolonged survival of these cells

was mainly AMPK-dependent. In another study Hashimoto et al.

have shown that the survival of Hep2 and HF cells can be prolonged

by activation of AMPK by AICAR under glucose-deprived
JOURNAL OF CELLULAR BIOCHEMISTRY



conditions [Hashimoto et al., 2002]. Pharmacologic activation of

AMPK by AICAR resulted in a dramatic induction of POX activity

directly showing the effect of AMPK activation on POX. Our results

were further corroborated by the additive effect obtained on POX

activity in glucose-free medium in the presence of AICAR. In

response to glucose depletion it has been shown that activation of

AMPK by AICAR in Akt-expressing cells is sufficient to maintain

cell survival by inducing fatty acid oxidation to provide

mitochondria with sufficient substrates to sustain oxidative

phosphorylation and bioenergetics [Buzzai et al., 2005]. AMPK

activation acts as a metabolic checkpoint and blocks cells from

energy-consuming progress through the cell cycle [Gwinn et al.,

2008] and simultaneously stimulates catabolic pathways that

produce ATP including the degradation of proline. AMPK plays

a key role as a metabolic checkpoint which is analogous to the

DNA damage checkpoint regulated by p53 [Gwinn et al., 2008], and

interestingly, both AMPK and p53 markedly activate POX.

Considering that the proline metabolic pathway contributes to

survival under conditions of energy/ nutrient stress, the availability

of proline as a stress substrate for generating ATP is an important

question. An important source for free proline comes from the

degradation of ECM that is composed predominately of collagen

(80%) and containing about 25% of proline and hydroxyproline

[Ii et al., 2006]. ECM degradation under conditions of genotoxic,

nutrient or inflammatory stress is mediated by the activation of

MMPs. Rapamycin has been shown to exert direct antifibrotic

activities by markedly upregulating the expression of interstitial

collagenase (MMP-1) [Poulalhon et al., 2006]. Studies by Burke

et al. [2003] showed that tumor associated macrophages express

high levels of MMP-7 protein in hypoxic areas of human breast

carcinomas and suggested that it could be important for survival

and functioning of macrophages under hypoxic conditions. With

glucose depletion we observed the activation of MMPs-2 and -9 and

this may be a survival strategy under stress conditions for mediating

the degradation of ECM so that a supply of free proline is made

available for maintaining bioenergetics through the cycling of

proline. And indeed, parallel to the activation of MMPs, an increase

in intracellular proline levels occurred, indicating that free proline is

made available as a substrate in response to nutrient stress. In the

context of a microenvironmental source of stress substrate under

the aforementioned avascular conditions, the ECM/proline source

has a marked advantage over fatty acids (and glutamine) which

require delivery by the circulation. This process may be termed

‘‘ecophagy,’’ the consumption of substrates available in the tumor

microenvironment.

Another temporary survival strategy which cancer cells are

known to exploit is autophagy, which can provide amino acids for

adaptive protein synthesis and ATP to fuel bioenergetic needs.

Amino acids from degraded proteins can also be substrates for

mitochondrial oxidation through the TCA cycle [Lum et al., 2005].

Proline can be oxidized to glutamate which can enter the TCA cycle

as dicarboxylic acids (a-ketoglutarate; Fig. 1), and can be partially

oxidized through TCA reactions, or converted to acetyl CoA

for complete oxidation. With glucose deprivation we observed

induction of autophagy, which can again result in the generation of

free proline that may be reutilized to sustain bioenergetics (data not
JOURNAL OF CELLULAR BIOCHEMISTRY
shown). However, the degradation of ECM by MMP to provide

free proline and hydroxyproline, the process we have termed

‘‘ecophagy’’ may accompany autophagy. Another important energy

generating mechanism is provided by the metabolic interlock

between the proline cycle with the pentose phosphate pathway

which could be specially exploited when the supply of glucose is

limited. Our results showed that the pentose phosphate pathway is

activated when POX activity is induced under glucose deprivation

and the glucose-derived reducing potential in the form of NADPH

increased ATP levels via the cycling of proline. Therefore, activation

of POX augments bioenergetics not only by supplying carbons to the

TCA cycle but also by the recruitment of the pentose phosphate

pathway linked by the proline cycle to supplement bioenergetics.

Thus, the degradation of proline may be an alternative energy

source for survival especially in the context of the microenviron-

ment of rapidly growing tumors to sustain periods of reduced

metabolite supply. Although proline degradation is not an efficient

source for generating ATP, its small contribution could be

significant in the metabolic adaptation of cancer cells in response

to nutrient limitation. At first, this role of proline metabolism may

seem paradoxical to the established role of proline oxidation in

generating ROS and inducing apoptosis [Liu et al., 2005]. Although

the increased donation of electrons to electron transport may

generate ROS as well as ATP, the oxidation of proline may be

channeled according to the specific stress. The work of White et al.

[2007] using a recombinant monofunctional bacterial proline

dehydrogenase has shown that the flavine adenine dinucleotide

(FAD) at the active site can transfer proline-derived electrons

directly to reduce oxygen forming superoxide. Furthermore, an

adjacent alpha-helix may be conformationally shifted to block the

access of FAD to solvent oxygen. The mechanism mediating this

switch remains unknown. Nevertheless, we propose that under

nutrient stress, the oxidation of proline is channeled toward ATP.

However, if survival becomes impossible, a switch is activated

to couple the oxidation of proline to the generation of ROS for

apoptosis.
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