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Abstract

Proline metabolism is linked to hyperprolinemia, schizophrenia, cutis laxa, and cancer. In the latter case, tumor cells tend to
rely on proline biosynthesis rather than salvage. Proline is synthesized from either glutamate or ornithine; both are
converted to pyrroline-5-carboxylate (P5C), and then to proline via pyrroline-5-carboxylate reductases (PYCRs). Here, the role
of three isozymic versions of PYCR was addressed in human melanoma cells by tracking the fate of 13C-labeled precursors.
Based on these studies we conclude that PYCR1 and PYCR2, which are localized in the mitochondria, are primarily involved
in conversion of glutamate to proline. PYCRL, localized in the cytosol, is exclusively linked to the conversion of ornithine to
proline. This analysis provides the first clarification of the role of PYCRs to proline biosynthesis.
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Introduction

Since the classic work of Otto Warburg in the 1920s, it has been

widely recognized that metabolic rewiring is an essential compo-

nent of malignant transformation. There is now a renewed interest

in cancer metabolism as a potential avenue for diagnosis and

treatment [1]. Beyond the increase in glycolysis described by

Warburg, tumor cells tend to switch from recycling and salvaging

nonessential amino acids to their de novo synthesis. Biosynthesis of

serine is key to tumor growth [2], and we also observed a strong

tendency for breast cancer cells to rely on synthesis rather than

salvage of proline [3,4]. In our recent comparative metabolic

profiling of melanoma cell lines, we observed increased de novo

proline synthesis as compared to melanocytes [5]. These observa-

tions may relate to the recent finding that the c-Myc activates the

biosynthetic branch of proline [6].

Along with salvage, there are two routes to proline: (i) the

glutamate route and (ii) the ornithine route [Figure 1]. Both

biosynthetic routes converge at pyrroline-5-carboxylate (P5C), the

key metabolic intermediate. Glutamate is converted to proline by

the sequential action of pyrroline-5-carboxylate synthase (P5CS)

and PYCR. Ornithine is converted to proline by the sequential

action of ornithine aminotransferase (OAT) and PYCR. Impor-

tantly, P5C is so rapidly converted to proline that it is virtually

undetectable in cells [7,8]. Consequently, any study aimed at

determining whether proline biosynthesis proceeds via convergent

pathways must rely on measures of glutamate and ornithine as

precursors.

PYCR is typically viewed as a single entity, even though there

are three human genes encoding three isozymes: PYCR1 on

chromosome 17q25.3, PYCR2 at 1q42.13, and PYCRL at 8q24.3.

PYCR1 (319aa) and PYCR2 (320aa) are very similar (84%),

whereas PYCRL is ,40aa shorter at the C-terminus and is only

45% similar to the other two forms. Of the PYCRs, only PYCR1

has been studied. A defect in this enzyme results in a rare skin

disease called Cutis laxa, in which patients present with progeroid

features [9]. Functional genetic screens show that PYCR1 is

involved in the growth of mammary tumors [2].

Given the paucity of information on PYCR2 and PYCRL, and

the lack of information on the role of each PYCR along the two

biosynthetic routes to proline, we compared their cellular function

and enzymatic properties in melanoma cells lines. The metabolic

fate of 13C-labeled precursors, combined with gene silencing,

allowed us to dissect the contribution of each PYCR to the two

alternate routes of proline biosynthesis.

Materials and Methods

Cell culture and isotopic labeling
The following melanoma cell lines were used: WM35, Mel501,

UACC903, WM793, Lu1205, MeWo, WM1366, WM1346,

SBCl2, WM3629 [10,11]. Cells were cultured in DMEM with

10% fetal bovine serum (FBS) and 1% v/v Penicillin/Streptomy-

cin solution (Omega); primary human melanocytes (NEM-LP;

Invitrogen) were grown in 254 media supplemented with HMGS

(Cascade Biologics). All the cell lines were grown in 5% CO2 at

37uC. Cells were labeled in MEM containing 10% dialyzed fetal

bovine serum for 8 hr when [U-13C] glutamine (1 mM) or

[U-13C] ornithine (1 mM) were used as isotopic precursors; for

24 hours when [U-13C] glucose (2 g/L) was used. Preliminary

experiments conducted on cells labeled with [U-13C] glutamine

(1 mM), established that steady state labeling in downstream
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metabolites was reached at 6–8 hr [Table S1]. Based on these

observations, experiments on the impact of gene silencing were

performed feeding the cells with [U-13C] glutamine or [U-13C]

ornithine as precursors. In the case of ornithine, sufficient isotopic

labeling in proline could only be generated in the absence of

extracellular proline, and in the presence of 1 mM of [U-13C]

ornithine, even though these conditions are likely not physiologic.

Quantifying isotopically labeled metabolites with GC-MS
Cells were harvested by trypsinization for 5 min and maintained

on ice for all subsequent steps. Cell pellets (1–56106 cells) were

resuspended in 0.6 ml cold (220uC) 50% methanol (in water)

containing 100 mM L-Norvaline (internal standard) and frozen on

dry ice. For analysis, pellets were thawed on ice for 10 min,

centrifuged at 14,000 rpm, 5 min, 4uC and the methanol extract

was divided into two samples and dried down by centrifugation

under vacuum. Extracted metabolites were derivatized by addition

of 50 ml (20 mg/ml) methoxylamine-hydrochloride (Sigma, in dry

pyridine) and incubation for 20 min at 80uC. After cooling, 50 ml

N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide (Sigma) was

added and samples were re-incubated for 60 min at 80uC followed

by centrifugation at 14,000 rpm, 5 min, 4uC. Metabolites

separated by GC were fragmented and ionized by electron

impact. The mass (mass/charge) of ionized fragments was scanned

over the range m/z 150–600. Mass intensity scans were averaged

across the time interval in which each metabolite eluted from GC,

to provide an average mass spectrum for analysis [5]. The

metabolites were quantified based on specific mass ions by

METAQUANT [12].

Calculation of isotopic enrichment and enrichment ratios
Isotopic enrichment is the degree to which isotope appears in a

product, and in the case of metabolism it can be used as an

indicator of the degree of conversion of precursor into product.

Isotopic enrichment in proline was calculated from the proline

fragment with mass $258. The mass distribution for this fragment

was corrected for natural abundance of heavy isotopes using

matrix-based probabilistic methods as described [13,14], imple-

mented in Microsoft Excel [15]. Following this correction, the

mass distribution (m0, m1, m2, m3, m4, where m0 represents the

fraction of this 4-carbons fragment of proline without 13C

enrichment, m1 represent the presence of one 13C carbon in the

fragment, m2 the presence of two 13C carbons, etc.) was converted

to isotopic enrichment per carbon using the following equation:

m4z0:75m3z0:5m2z0:25m1

m0zm1zm2zm3zm4

Isotopic enrichment in glutamate and ornithine was calculated

in a similar manner. The fraction of proline derived from either

glutamate or ornithine is expressed as the isotopic enrichment

ratio (e.g. isotopic enrichment of proline/isotopic enrichment of

glutamate).

Immune-blotting
Cell pellets were extracted with lysis buffer (25 mM TRIS pH 8,

150 mM NaCl, 1 mM CaCl2, 1% triton X-100, 1 mM PMSF and

protease inhibitor cocktail (Sigma)). Proteins (20 mg) were sepa-

rated on SDS-PAGE and blotted to PVDF membrane, and

probed with the following antibodies: PYCR1, H00005831-B01P

(Abnova); PYCR2, SAB2101919 (Sigma); PYCRL, H00065263-

M01 (Abnova); P5CS, H00005832-M01 (Abnova); OAT, PO4181

(Epitomics).

Figure 1. Proline is synthesized via two alternative pathways, from glutamate or ornithine. The enzymes carrying out the reactions
shown in the figure are as follows: pyrroline-5-carboxylate synthase (P5CS), which is a fusion of glutamate 5-kinase, (EC 2.7.2.11) and glutamate-5-
semialdehyde dehydrogenase (EC 1.2.1.41); ornithine aminotransferase (OAT); pyrroline-5-carboxylate reductase (PYCR), which in humans exists in
three isoforms PYCR1, PYCR2 and PYCRL.
doi:10.1371/journal.pone.0045190.g001

PYCRs Contribution to Proline Biosynthesis
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Gene Silencing with siRNA
For transfection with siRNA, cells were seeded at 250,000 cells

per 10 cm culture dish in MEM (Cellgro 15-010: 1 g/L glucose,

w/o glutamine) with 10% v/v dialyzed fetal bovine serum, 2 mM

L-glutamine, 1% v/v Penicillin/Streptomycin solution (Omega),

1% v/v MEM vitamins (Irvine Scientific) and 1% of non-essential

amino acids. Cells were transfected with siRNA the day after

seeding using RNAimax (Invitrogen), and maintained in the same

medium for an additional 72 hr prior to isotopic labeling. L-

Proline (Sigma) was also added as indicated. Quantitative PCR

was used to measure the extent of knock down of mRNA. Total

RNA was isolated using a RNAsy mini kit (Qiagen) and reverse

transcribed using a SuperScript III First-Strand Synthesis Super-

Mix for qRT-PCR (Invitrogen). Specific primers used for qPCR

were as follows: PYCR1 fw 59-tttctgctctcaggaagatg-39; PYCR1 rev

59-accacaatgtgtctgtcctc-39; PYCR2 fw 59-tccctcgctgagggggttcgt-39;

PYCR2 rev 59-ccatcttcctgagcgcggacacc-39; PYCRL fw 59-ccca-

gaccctgctgggggacg-39; PYCRL rev 59-ctccacggcgctcatggtgg-39;

P5CS fw 59-catgagaacctccctattcc-39; P5CS rev 59-atccaggtacactttc-

caa-39. Human cyclophilin A was used as a control. The reaction

mixture was denatured at 95uC for 10 min, followed by 40 cycles

of 95uC for 30 s, annealing at 56uC for 60 s and extension at 72uC
for 30 s. Reactions were performed using the SYBRGreenER

Universal qPCR Mix (Invitrogen) and run on an MX3000P qPCR

cycler (Stratagene). The specificity of the products was verified by

melting curves analysis. The target mRNA levels were normalized

to the level of mRNA encoding cyclophilin A. In cases where

PYCR1 was silenced with siRNA we observed a reduction in cell

viability of ,50%, but changes in isotopic enrichment in proline

from glutamate could not be attributed to this phenomenon

because isotopic enrichment in other metabolites were not affected

[Table S2]. A similar, but smaller reduction in cell proliferation

was observed when PYCRL was silenced with siRNA, but this had

no effect on other metabolites [Table S2].

Sub-cellular localization of PYCRs
Cells from a confluent 15 cm dish were washed in PBS and

resuspended in isotonic buffer HM (10 mM Hepes, pH 7.4,

250 mM mannitol, 10 mM KCl, 5 mM MgCl2, 1 mM EGTA),

washed again and homogenized with 100 strokes and a B-type

Pestle (cells were checked with trypan blue by microscope during

homogenization). The suspension was centrifuged at 2,500 rpm

for 5 min twice. The supernatant was centrifuged again at

10,000 rpm, 10 min, 4uC to separate the mitochondria (pellet)

from the cytoplasm fraction (supernatant). The mitochondria were

washed twice with HM buffer whereas the cytosolic fraction was

clarified by centrifugation at 14000 rpm, 30 min, 4uC. Mitochon-

dria were lysed in the lysis buffer (see immune-blot section) and

total proteins were quantified. PYCRs were detected in each

fraction by immunoblotting as above. IKBa (Cell Signaling) was

used as a cytosolic marker and VDAC1 (Santa Cruz Biotechnol-

ogy Inc., USA) as a mitochondrial marker.

Expression of recombinant PYCRs
PYCR2 and PYCRL genes were amplified from clones obtained

from Open Biosystem. PYCR1 was amplified from a plasmid kindly

donated by Dr. Z. Meng (Tsinghua University, Beijing). The three

genes were amplified by PCR with the following primers: PYCR1

fw and PYCR2 fw 59-acacacggatccatgagcgtgggcttc-39; PYCR1 rev

59-taacaactcgagtcaatccttgcccg-39; PYCR2 rev 59-gtgccactcgagt-

tagtccttcttgcctcc-39; PYCRL fw 59-acacacggatccatggcagctgcgg-39;

PYCRL rev 59-gtgccactcgagctactttctgctgagctcc-39. The three genes

were cloned into pSMT3 vector (N-terminal 6xHis_SUMO tag)

[16] using BamHI/XhoI cloning sites. The resulting constructs

were transformed in E. coli BL21/DE3 cells and protein expression

was carried out at 22uC in the presence of 0.2 mM IPTG for

16 hours. The recombinant soluble protein supernatant was

purified using Ni-NTA (Qiagen) affinity chromatography. The

SUMO tag was removed by 18 hr incubation with 1:100 (w/w)

ULP-1. The cleaved SUMO His tag fusion protein and the ULP

protease were removed by Ni-NTA affinity chromatography. The

purity of each recombinant enzyme was gauged by SDS-PAGE.

Enzymatic characterization of PYCRs
Enzymatic assays were performed by continuous monitoring of

consumption of NADH or NADPH at 340 nm or 380 nm in the

course of conversion of D1-Pyrroline-5-Carboxylic Acid (P5C) to

proline. Concentrations of NADH and NADPH (Sigma) were

determined from light absorbance values at 340 nm using molar

extinction coefficient of 6,200 M21cm21 or at 380 nm using molar

extinction coefficient of 1,314 M21cm21. P5C was prepared from

(2S)-di-tert-butyl 5-hydroxypyrrolidine-1,2-dicarboxylate synthesized

as described [17] by hydrolysis of 60 mg of slurry in 0.5 mL 1 N HCl

for 24 hrs at ambient temperature with vigorous stirring. The P5C

content was measured using 2-Aminobenzaldehyde (Sigma) as

described [18]. The hydrolyzed P5C was diluted 5-fold in deionized

water to yield 0.2 N concentration of HCl. P5C concentration in a

typical preparation ranged from 38 to 42 mM. Diluted P5C was

stored at 280uC and tested for P5C content prior to enzymatic

analysis. Assays were carried out in 300 mM Tris, pH 8.0 containing

0.01% Brij 35 at 37uC. Apparent kinetic constants for the substrate

and co-factors were measured at saturating concentrations of the co-

factors and substrate respectively. P5C concentrations used for kinetic

analysis ranged from 0 to 10 mM. NAD(P)H concentrations used for

kinetic analysis ranged from 0 to 5 mM. Determination of the

apparent inhibition constants of PYCRs by proline were performed

at saturating concentrations of co-factors by measuring changes in

apparent Km values for P5C at different concentrations of inhibitor.

All measurements were performed at three different concentrations of

each enzyme (PYCR1 – 25, 12.5 and 6.25 nM, PYCR2 – 12.5, 6.25

and 3.25 nM, and PYCRL – 50, 25 and 12.5 nM). Data fitting and

determination of kinetic parameters were performed using Prism

(GraphPad).

Results

PYCRs are up-regulated in melanoma cells
Experiments were conducted to compare biogenesis of proline

in ten melanoma cell lines and melanocytes at physiologic

concentrations of exogenous proline (0.3 mM). Cells were fed

[U-13C] glucose and the isotopic enrichment in proline and

glutamate was calculated as described in Material and Methods. In

the melanoma cell lines the fraction of proline derived from

glutamate, indicated as isotopic enrichment ratio (pro/glu), was

three to ten-fold higher than in melanocytes [Figure 2A].

However, the salvage of exogenous proline from the medium

was not impaired in the melanoma cell lines.

Given this observation we compared the expression of the

PYCRs in melanoma cells with Western blots [Figure 2B]. PYCR1

and PYCR2 are abundant in melanoma cells but not detected in

melanocytes. PYCRL is expressed to some degree in melanocytes

but is more expressed in some melanoma cell lines. Expression of

P5CS, the enzyme that converts glutamate to P5C, is also higher

in melanoma than in melanocytes [Figure S1]. However, OAT,

which can generate P5C from ornithine, is expressed at similar

levels in melanoma and melanocytes [Figure S1].

PYCRs Contribution to Proline Biosynthesis
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The individual PYCRs function along distinct biosynthetic
routes

Gene silencing experiments combined with 13C labeling were

conducted to measure the relative contribution of each PYCR

along the different biosynthetic routes to proline [Figure 1]. If a

silenced enzyme functions along a pathway contributing the

isotopically labeled precursor, then isotopic enrichment in the

product (proline) relative to the precursor (glutamate) will

decrease. However, when the targeted enzyme functions primarily

along a biosynthetic pathway contributing non-isotopically-

enriched carbon (e.g. from ornithine), different outcomes are

possible. In the simplest case, siRNA knockdown will decrease flux

of 12C toward proline, and thereby cause an increase in the isotopic

enrichment in proline from glutamate (pro/glu). It is also

conceivable that the uptake of 12C-Pro by salvage could increase

to compensate for knockdown of biosynthesis of proline from

ornithine. In such case, the effects of knockdown of biosynthesis

from ornithine on the enrichment ratio could be masked. The

outcomes of the knockdown experiments described below were

interpreted with this framework in mind.

Results from experiments conducted in Lu1205 cells, which

present a high expression of all three PYCRs and have aggressive

metastatic properties 19,20] are shown as an example [Figure 3],

but similar results were obtained in three other melanoma cell

lines [Figure S2]. The knockdown of P5CS is used as a positive

control because it produces the substrate of PYCRs, P5C, from

glutamate. When [U-13C] glutamine was used as metabolic tracer,

the gene knockdown affected the isotopic enrichment in proline

[Figure 3A, Table S3] but not the isotopic enrichment in

glutamate [Figure 3B, Table S4]. Knockdown of P5CS decreased

the fraction of proline derived from glutamate, referred as the

isotopic enrichment ratio (pro/glu), by 80%, validating the

approach and indicating the dynamic range of possible knock-

down effects [Figure 3C,D; Table S5]. Knockdown of PYCR1 and

PYCR2 reduced isotopic enrichment ratio (pro/glu) by 24% and

31%, respectively, indicating that they both contribute to the

biosynthesis of proline from glutamate in a similar manner.

However, knockdown of PYCRL led to a 66% increase in isotopic

enrichment of proline from glutamate compared to the control

[Figure 3C, D; Table S5].

Similar experiments were done with [U-13C] ornithine as the

metabolic precursor. Since P5CS is known to function only along

the pathway from glutamate to proline, its silencing increased the

isotopic enrichment ratio (pro/orn) as expected [Figure 3D; Table

S6]. Similarly, silencing of PYCR2 increased the isotopic

enrichment ratio (pro/orn), confirming that this enzyme is

predominantly involved in the glutamate pathway. However,

silencing of either PYCR1 or PYCRL decreased the isotopic

enrichment ratio (pro/orn) by 51% and 34%, respectively

[Figure 3D; Table S6], confirming the unique function of PYCRL

along the ornithine route and also indicating some contribution of

PYCR1 to this route (at least under the condition of low proline

and high ornithine level in the culture medium).

PYCRs are expressed in distinct cellular compartments
To gain further insight into the functional specialization of the

PYCRs, we determined their subcellular localization. This was

accomplished with Western blotting using standard approaches to

fractionate Lu1205 cells into mitochondrial and cytosolic fractions.

IKBa, a known cytosolic protein, and the voltage-dependent anion

channel (VDAC1), a known mitochondrial protein, were used as

markers. PYCR1 and PYCR2 are strictly associated with

mitochondria, but PYCRL is found only in the cytoplasm

[Figure 4A]. Clearly then, PYCRL is partitioned away from the

other enzymes of the P5C sub-network, which are located in the

mitochondria.

Figure 2. De novo proline biosynthesis and expression of PYCRs are upregulated in melanoma compared to primary melanocytes.
(A) Melanocytes and a panel of ten melanoma cell lines were labeled with [U13C]-Glucose (2 g/L) in the presence of 0.3 mM exogenous proline for
24 hours and the enrichment ratio (pro/glu) was measured by GC-MS as described in Materials and Methods. Error bars represent standard deviations
of biological duplicates. Statistical significance of differences observed between melanocytes and melanoma cell lines was determined using
Student’s t-test (*p,0.05; **p,0.01; ***p,0.001) (B) Western blotting was used to compare expression levels of each PYCR between melanocytes
and melanoma cells. Specificities of the antibodies used are listed on the left of each panel. The antibody against PYCR2 shows some cross-reactivity
with PYCR1 (arrows). b-actin was used as loading control.
doi:10.1371/journal.pone.0045190.g002

PYCRs Contribution to Proline Biosynthesis
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PYCRs exhibit distinct enzymatic properties
The enzymatic properties of recombinant forms of each PYCR

were compared. Of the three PYCRs, PYCR1 was the only one

enzymatically characterized prior to this study using proline as

substrate (reverse direction) [21]. We measured the enzymatic

activity in the reductive direction (forward) from P5C to proline.

Activity was gauged by measuring the conversion of either NADH

to NAD+ or NADPH to NADP+. At physiologic concentrations of

P5C (substrate) and co-factors, PYCR1 and PYCR2 have higher

specific activity in the presence of NADH, consistent with their

localization in the mitochondria. Not surprisingly, PYCRL is more

efficient with NADPH as a cofactor [Figure 4B]. This difference in

cofactor preference can be attributed to the fact that PYCRL has

much lower Km for P5C (,10-fold lower) in the presence of

NADPH [Table S7]. This observation is supported by the

evolution analysis of the proteins, which show that PYCRL is

more closely related to the ancestral form of PYCR by exhibiting

higher similarity with the bacterial enzyme that notably prefers

NADPH [22]. Only in higher eukaryotes there was a diversifica-

tion of a more recent form of PYCR that finally split into PYCR1

and PYCR2.

Another key difference among the PYCRs is their sensitivity to

product inhibition [Figure 4C]. PYCRL is the least sensitive to

inhibition by proline (Kiapp = 8 mM). PYCR1 (Kiapp = 0.6 mM)

and PYCR2 (Kiapp = 0.1 mM) (Table S7) are inhibited in the

physiologic range of proline. PYCR2 is the most sensitive, losing

90% of its activity at 0.3 mM proline.

Biogenesis of proline is regulated by its extracellular
concentration

The sensitivity of PYCR1 and PYCR2 to product inhibition (by

proline) prompted us to determine the impact of different

concentrations of extracellular proline (0–0.5 mM) on its cellular

biogenesis. Proline synthesized through the glutamate pathway,

where both PYCR1 and PYCR2 function, decreased as extracel-

lular proline concentration increased. Since PYCRL is uniquely

responsible for the biosynthesis of proline from ornithine in

physiological conditions, the contribution of the ornithine route

was calculated from the isotopic enrichment ratio (pro/glu) when

PYCRL is knocked down [Table 1, Table S5]. The contribution of

proline salvage was determined as the residual fraction from the

sum of the three convergent pathways (equal to 1). As a result,

proline synthesized through the ornithine route increased as

extracellular proline concentration increased. These observations

are consistent with the finding that proline inhibits pure

recombinant enzymes PYCR1 and PYCR2, but not PYCRL,

Figure 3. Individual PYCRs contribute to alternative pathways of proline biosynthesis. Lu1205 cells were labeled with [U-13C] glutamine
(1 mM) for 8 hours in the presence of 0.5 mM proline in the medium and with [U-13C] ornithine (1 mM) for 8 hours in the absence of exogenous
proline, following silencing of PYCR1, PYCR2, PYCRL or P5CS. Error bars represent standard deviations of duplicate measurements from two
independent experiments. (A) 13C-enrichment in proline when cells were labeled with [U-13C] glutamine measured as described in Material and
Methods. Statistical significance of differences observed between specific and non specific (NS) knockdown was determined using Student’s t-test
(*p,0.05; **p,0.01; ***p,0.001). (B) 13C-enrichment in glutamate when cells were labeled with [U-13C] glutamine measured as described in Material
and Methods. (C) Fraction of proline generated from glutamate expressed as enrichment ratio (pro/glu) determined as described in Material and
Methods. Statistical significance of differences observed between specific and non specific (NS) knockdown was determined using Student’s t-test
(*p,0.05; **p,0.01; ***p,0.001). (D) Comparison between the changes of enrichment ratios (pro/glu and pro/orn) relative to non-specific siRNA (NS)
control, expressed as %. (E) Western blot analysis was used to determine protein expression levels. Specificities of the antibodies used are indicated
on the left of each panel. Antibodies against PYCR2 cross-react with PYCR1 (indicated by arrows). b-actin was used as loading control.
doi:10.1371/journal.pone.0045190.g003

PYCRs Contribution to Proline Biosynthesis

PLOS ONE | www.plosone.org 5 September 2012 | Volume 7 | Issue 9 | e45190



and suggests a compensatory mechanism of the ornithine route to

ensure a certain rate of proline biosynthesis. At physiologically

relevant concentrations of proline, the contribution of each

biosynthetic route and the salvage route are comparable [Table 1].

Discussion

Here we show that the three PYCRs make distinct contributions

to proline biosynthesis in melanoma cells. PYCR1 contributes

primarily to production of proline from glutamate, but under some

conditions (no extracellular proline and high ornithine) it can also

function along the ornithine route. However, it is unlikely that in

these cell line PYCR1 participates in this route in physiological

conditions. On the other hand, we cannot exclude the possibility

that it may happen in other cell lines. PYCR2 is used exclusively

for biosynthesis of proline from glutamate, and PYCRL partici-

pates only in production of proline from ornithine. Based on our

findings, we propose a working model of proline biosynthesis

[Figure 5]. The model illustrates the contribution of each PYCR to

the two biosynthetic routes to proline in the context of the sub-

cellular localization and enzymatic properties of each enzyme.

One implication of this study, which is illustrated in the working

model, is that P5C exists in separate unmixed pools. Although the

steady-state level of P5C is too low to be measured directly, the

inference of separate P5C pools follows from the results of gene

silencing experiments. Thus, knockdown of PYCRL reduces the

isotopic enrichment in proline from ornithine, but not from

glutamate. However, if P5C, which is the common intermediate

along both routes, existed as a single pool, then knockdown of

PYCRL would alter the isotopic enrichment in proline in the same

way from both precursors. This observation is consistent with the

idea that the observed P5C pool separation may reflect its

channeling within multi-enzyme complexes that contain the PYCRs,

as has been observed in other systems [9,23,24]. The fact that

PYCRL functions exclusively in the cytoplasm to convert P5C to

proline, raises questions about how P5C is generated in the

cytosol. This remains an open issue because OAT is in the

mitochondrial matrix, but we cannot exclude the possibility that

some form of OAT exists in the cytosol and is coupled to PYCRL.

The PYCRs are functionally tied to proline dehydrogenase

(PRODH), which catalyzes the conversion of proline to P5C in the

mitochondria. In essence then, PRODH reverses the action of

PYCR activity. Superoxide generated by PRODH makes cells

more sensitive to stress [25,26,27,28], probably explaining the pro-

apoptotic and tumor suppressor function of PRODH [29]. Given

their mitochondrial localization, PYCR1 and PYCR2 could

potentially partner with PRODH in this process. However,

PRODH is generally down-regulated in tumors [29], and without

this reaction the end point of PYCR activity is probably

production of proline. Since our results show that PYCR2 is

inhibited by proline at the lower end of the physiologic

Figure 4. PYCRs are characterized by differential subcellular localization, co-factor preference and sensitivity to product inhibition.
(A) Presence of each PYCR in mitochondrial (left) (5 mg protein) and cytosolic (right) (30 mg protein) fractions was determined by Western blotting
following sub-cellular fractionation of Lu1205 cells as described in Materials and Methods. VDAC1 and IKBa were used as mitochondrial and cytosolic
markers, respectively. (B) The efficiency of conversion of P5C (0.1 mM) to proline by each recombinant PYCR in the presence of NADH vs. NADPH
(each at 0.1 mM) as cofactors was measured as described in Materials and Methods. Error bars represent standard deviations of three measurements
obtained at different enzyme concentrations. Statistical significance of differences observed between the two co-factors was determined using
Student’s t-test (*p,0.05; **p,0.01; ***p,0.001). (C) Sensitivity to product inhibition of each recombinant PYCR was determined by measuring their
specific activities across a concentration range of proline (0.1–0.5 mM) in the presence of 0.1 mM P5C and NADH. Triplicate measurements were
made and the standard deviations were always less than 5%.
doi:10.1371/journal.pone.0045190.g004
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concentration range, PYCR1 is likely to be the dominant enzyme

in proline biosynthesis.

Three enzymes involved in the biosynthetic route from

glutamate to proline (P5CS, PYCR1 and PYCR2) are up-

regulated in melanoma compared to melanocytes. The 13C

enrichment in proline from glutamate is also much higher in

melanoma cell lines. Together these observations point to a

potential role for this biosynthetic route in progression of

melanoma. This is not the first association between PYCR and

tumors. A recent study found that expression of PYCR1 is up-

regulated in prostate cancer [30]. Another study found that

PYCR1 is causally linked to growth of breast cancer [2]. The role

of PYCR1 in cancer is not entirely clear, but it probably relates to

the biosynthesis of proline and potentially production of collagen

for the extracellular matrix. The latter possibility may be especially

relevant to the tumor extracellular matrix because individuals with

mutations in PYCR1 have abnormal collagen fibrils [31]. While it

is not up-regulated in all melanoma cell lines, PYCRL could still

play an important role in cell growth. PYCRL could couple to the

pentose phosphate pathway (PPP) because it is localized in the

cytosol, and because it produces NADP, a key cofactor for the

PPP. This idea is supported by the fact that addition of

extracellular P5C, which is the substrate for PYCRs, is immedi-

ately converted to proline in cells and activates the PPP [7,8].

This study also illustrates an important technical point on the

silencing of metabolic enzymes with siRNA. In the case of these

targets, one cannot always expect the knockdown with siRNA to

produce a proportional inhibition of 13C enrichment from a

substrate to a product. Indeed, the efficiency of gene knockdown

by siRNA is usually 85–95%, so in almost all cases some enzyme is

expressed. In fact, others have also observed less than complete

inhibition of isotopic enrichment of a product from a substrate

when silencing metabolic enzymes with shRNA [2,32]. If the

enzyme in question is not the rate-limiting step, then even 5-10%

remaining enzyme could support substantial conversion of a

substrate into a product. This is likely to be part of the reason that

knockdown of P5CS reduces the isotopic enrichment in proline

from glutamate by nearly 90%, but knockdown of PYCRs fails to

reach this degree. Furthermore, in this instance, where two

PYCRs function along a particular path, knockdown of one

isozyme is expected to only partially reduce the 13C enrichment in

proline from the respective precursor.

In summary, the biogenesis of proline is regulated by three

PYCRs that have distinct sub-cellular localization and enzymatic

Table 1. Relative contribution of convergent pathways to
proline is regulated by extracellular proline.

Pro (mM) 0 0.1 0.3 0.5

Glutamate synthesis
route

0.95 0.76 0.46 0.29

Ornithine synthesis
route

0.05 0.07 0.19 0.40

Proline salvage 0 0.17 0.35 0.31

Lu1205 cells were labeled with [U-13C] glutamine (1 mM) for 8 hr in the
presence of different concentrations of proline in the medium (0, 0.1, 0.3,
0.5 mM). The isotopic enrichment in glutamate and proline was calculated, and
the fraction of proline derived from glutamate is indicated by the ratio of these
two values. Since PYCRL is the primary enzyme for proline biosynthesis from
ornithine, the fraction of proline synthesized via this route was determined from
the same experiment performed in cells where PYCRL was knocked down. In
this case the ornithine route is contributing unlabeled carbon to the proline
pool, so knockdown of PYCRL ($90%) reduces the amount of unlabeled carbon
in the proline pool, and therefore actually increases the enrichment ratio (pro/
glu) [Table S5]. Therefore the contribution of carbon from the ornithine route is
calculated by determining how much unlabeled carbon must be lost (via PYCRL
knockdown) to increase the enrichment ratio (pro/glu) as indicated [Table S5].
The formula for this value is:

Enrichmentraio
pro

glu

� �
PYCRLknockdown{Enrichmentraio

pro

glu

� �

Enrichmentraio
pro

glu

� �
PYCRLknockdown

Considering the sum of the three convergent pathways equal to 1, the
contribution of proline salvage was determined as the residual from the total.
doi:10.1371/journal.pone.0045190.t001

Figure 5. Model of proline biogenesis in melanoma. The cartoon presents a model that provides the simplest interpretation of the findings
presented here. Sub-cellular localization and the roles of the three PYCRs in proline biosynthesis are shown. PYCR1 and PYCR2 are located in the
mitochondria, and both have access to the pool of P5C generated from glutamate by P5CS. Under certain conditions (such as high concentration of
ornithine and low proline in the medium) PYCR1 has access to a P5C pool generated in the cytoplasm (dotted line). In contrast, PYCRL primarily uses a
cytosolic pool of P5C. Salvage of proline from extracellular sources is also shown as well as its inhibitory effects on PYCR1 and PYCR2. Abbreviations:
Glutamate (Glu), Pyrroline-5-Carboxylate (P5C), Proline (Pro), Ornithine (Orn), Pyrroline-5-Carboxylate Reductase (PYCR), Pyrroline-5-Carboxylate
Synthase (P5CS).
doi:10.1371/journal.pone.0045190.g005
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properties. PYCR1 and PYCR2 are localized in the mitochondria,

and primarily involved in the conversion of glutamate to proline,

and are subject to product inhibition. PYCRL is a cytoplasmic

enzyme, exclusively involved in conversion or ornithine to proline.

This enzyme is not inhibited by proline. Now that we have

established the role of each PYCR in proline biosynthesis, and

have illuminated distinctions in their enzymatic properties, it will

be possible to probe their role in melanoma and other diseases in

an informed manner.

Supporting Information

Figure S1 Melanoma cells express higher levels of P5CS
but similar levels of OAT compared to primary mela-
nocytes. Expression of P5CS and OAT in melanocytes relative to

melanoma cells represented by a panel of ten cell lines was deter-

mined by Western blotting. Specificities of the antibodies used are

indicated on the left of each panel. b-actin was used as loading control.

(TIFF)

Figure S2 Effect of PYCRs silencing in UACC903,
WM1346 and WM1366 cells. The production of proline from

glutamate, expressed as the enrichment ratio (pro/glu), was

measured in cells labeled for 8 hr with [U-13C] glutamine

(1 mM) in the presence of 0.3 mM of proline in the medium.

Error bars represent standard deviations of biological duplicate.

(TIFF)

Table S1 13C enrichment in proline and glutamate in
Lu1205 cells at different time points. Cells were fed with

[U-13C] glutamine in the presence of 0.3 mM of exogenous

proline. Measurements of isotopic enrichment in proline and

glutamate were made 2, 4, 6 and 8 hr after labeling. Results

represent technical duplicates and standard deviations are less

than 10%.

(DOCX)

Table S2 Knockdown of PYCRs is without effect on
isotopic enrichment in TCA cycle metabolites. Lu1205

cells were fed with [U-13C] glutamine in the presence of 0.5 mM

of exogenous proline and isotopic enrichment was calculated after

8 hr of labeling. Data represent average of biological duplicates

and standard deviations are less than 5%.

(DOCX)

Table S3 13C enrichment in proline in Lu1205 cells
labeled with [U-13C] glutamine (8 h) in the presence of
0.5 mM of proline in the media. m0 is m/z 258 fragment ion,

m1 is m/z 259, etc. Enrichment in proline is calculated with the

following formula:

m4z0:75m3z0:5m2z0:25m1

m0zm1zm2zm3zm4

Data represent average of two biological replicates and standard

deviations are less than 5%.

(DOCX)

Table S4 13C enrichment in glutamate in Lu1205 cells
labeled with [U-13C] glutamine (8 h) in the presence of
0.5 mM of proline in the media. m0 is m/z 330 fragment ion,

m1 is m/z 331, etc. Enrichment in glutamate is calculated with the

following formula:

m4z0:75m3z0:5m2z0:25m1

m0zm1zm2zm3zm4

Data represent average of two biological replicates and standard

deviations are less that 5%.

(DOCX)

Table S5 Relative contribution of PYCRs to glutamate
pathway. (A) Fraction of proline derived from glutamate

expressed as the ratio of 13C enrichment of proline (product) over
13C enrichment of glutamate (precursor), measured upon silencing

of PYCR1, PYCR2, PYCRL and P5CS. Lu1205 cells were

labeled with [U-13C] glutamine (1 mM) for 8 h in the presence of

0.1, 0.3 and 0.5 mM of proline in the medium. (B) The same data

are presented as % of change relative to non-specific siRNA (NS)

control. Data are representative of two biological replicates and

standard deviations are less than 5%. At 0.3 and 0.5 mM of

exogenous proline, the data are consistent and show the same

trend (as for PYCRL); at low concentration of proline (0.1 mM)

there is not enough contribution of the salvage pathway to allow

appreciable differences compared to the NS.

(DOCX)

Table S6 Relative contribution of PYCRs to ornithine
pathway. (A) Fraction of proline derived from ornithine

expressed as the ratio of 13C enrichment of proline (product) over
13C enrichment of ornithine (precursor), measured upon silencing

of PYCR1, PYCR2, PYCRL and P5CS. Lu1205 cells were

labeled with [U-13C] ornithine (1 mM) for 8 h in the absence of

proline in the medium. (B) The same data are presented as % of

change relative to non-specific siRNA (NS) control. Data are

representative of two biological replicates and standard deviations

are less than 5%.

(DOCX)

Table S7 Kinetic characterization of recombinant
PYCRs. Apparent kinetic parameters of human PYCRs with

respect to substrate (A) and cofactors (B) were determined by

monitoring the turnover of co-factors (NADH or NADPH).

Results from steady-state kinetics experiments, obtained at

saturating concentrations of cofactors*** and substrate*** (P5C)

were graphed and fit with non-linear regression**. Apparent

catalytic efficiencies of human PYCRs with respect to P5C and

cofactors (C) were calculated using the apparent kcat and Km

values presented in A and B. Apparent constants of PYCR

inhibition by proline at saturating concentrations of co-factors (D)

(1 mM NADH for PYCR1 and PYCR2 and 1.25 mM NADPH

for PYCRL) were determined by fitting the steady-state kinetics

data of P5C conversion to proline at varying concentrations of

inhibitor with competitive inhibition equation.

(DOCX)
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