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Abstract

The structural and kinetic analyses of the components of the lactate shuttle from heterotrophic Euglena gracilis were carried out.

Mitochondrial membrane-bound, NAD+-independent d-lactate dehydrogenase (d-iLDH) was purified by solubilization with CHAPS and

heat treatment. The active enzyme was a 62-kDa monomer containing non-covalently bound FAD as cofactor. d-iLDH was specific for d-

lactate and it was able to reduce quinones of different redox potential values. Oxalate and l-lactate were mixed-type inhibitors of d-iLDH.

Mitochondrial l-iLDH also catalyzed the reduction of quinones, but it was inactivated during the extraction with detergents. Both l-iLDH

and d-iLDH were inhibited by the specific flavoprotein-inhibitor diphenyleneiodonium, suggesting that l-iLDH was also a flavoprotein.

Affinity chromatography revealed that the E. gracilis cytosolic fraction contained two types of NAD+-dependent LDH specific for the

generation of d- and l-lactate (d-nLDH and l-nLDH, respectively). These two enzymes were tetramers of 126–132 kDa and showed an

ordered bi–bi kinetic mechanism. Kinetic properties were different in both enzymes. Pyruvate reduction by d-nLDH was inhibited by its two

products; the d-lactate oxidation was 40-fold lower than forward reaction. l-lactate oxidation by l-nLDH was not detected, whereas pyruvate

reduction was activated by fructose-1, 6-bisphosphate, K+ or NH4
+. Interestingly, membrane-bound l- and d-lactate dehydrogenases with

quinone reductase activity have been only detected in bacteria, whereas the activity of soluble d-nLDH has been identified in bacteria and

some yeast. Also, FBP-activated l-nLDH has been found solely in lactic bacteria. Based on their similar kinetic and structural characteristics,

a possible common origin among bacterial and E. gracilis lactic dehydrogenase enzymes is discussed.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The NAD+-independent lactate dehydrogenases (iLDH)

are enzymes widely distributed among bacteria and yeast

[1,2]. Lactate oxidation is coupled to the respiratory chain

and hence to the generation of a transmembrane proton

gradient and ATP synthesis. In bacteria, the quinone pool is

the physiological electron acceptor of iLDH, while in yeast,

cytochrome c is the main acceptor. In bacteria, d-iLDH and
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l-iLDH, both stereo-specific enzymes, are localized in the

inner cytoplasmic membrane, while in Saccharomyces

cerevisiae, they are located in the mitochondrial intermem-

branal space [3,4]. In both kinds of microorganisms, the

iLDHs are flavoproteins, but in yeast, d- and l-iLDH also

have a cytochrome b2. Many of these enzymes have been

purified and their molecular and kinetic properties have

been determined [1,2,5]. In bacteria and yeast, active d-

iLDH is a 60–66 kDa monomer which contains one non-

covalently bound FAD molecule [1,2]; in yeast, d-iLDH

seems to be mainly associated with the methylglyoxal

pathway [6]. On the other hand, l-iLDH is a 45-kDa

monomer in bacteria and a 240-kDa homotetramer in yeast
ta 1709 (2005) 181 – 190
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and both enzymes possess non-covalently bound FMN as

cofactor [2,4]. d-iLDH and l-iLDH are competitively or

mixed-type inhibited by oxamate and/or oxalate, with Ki

values ranging from 3 AM to 2 mM [1].

Bacteria constitutively express only one iLDH. Thus,

while d-iLDH is present under many growth conditions in

Escherichia coli [7], l-iLDH is induced only when cells are

grown aerobically with l-lactate as carbon source. Since the

main end product of glycolysis in E. coli is d-lactate, the

expression of l-iLDH is repressed in the presence of

glucose [8]. In yeast, iLDH expression depends on the

availability of the corresponding lactate isomer, and oxygen,

in the growth medium [9].

Amino acid alignment between iLDHs from bacteria and

yeast reveals differences among sequences, suggesting a

divergent origin for these enzymes [2]. In addition, the

alignment between d-iLDH and other flavine-containing

enzymes from diverse organisms shows that d-iLDH is a

member of the new FAD-containing proteins super family

[10].

Isolated mitochondria from the free living protist Euglena

gracilis, cultured under aerobic conditions, have the capacity

for coupling the oxidation of d- and l-lactate to oxidative

phosphorylation by means of isomer-specific membrane-

bound lactate dehydrogenases [11–13]. Like many bacterial

systems, these enzymes in E. gracilis mitochondria are

NAD+-independent (d-iLDH and l-iLDH) and directly

reduce the quinone pool [11,12]. Moreover, both mitochon-

drial iLDHs together with the cytosolic NAD+-dependent-

lactate dehydrogenase (nLDH) constitute a lactate shuttle in

E. gracilis. In this shuttle, the pyruvate produced from

paramylon (linear chain of h 1–3 glucan) catabolism by

means of glycolysis is reduced by the cytosolic nLDH to

generate lactate, which is oxidized by the membrane-bound

iLDH to produce the reducing equivalents for oxidative

phosphorylation [13]. Because E. gracilis mitochondria are

unable to oxidize pyruvate for acetyl-CoA synthesis under

aerobic conditions [13], it has been proposed that the lactate

shuttle may be an essential component of the energy

metabolism and hence of cellular duplication and other

energy-dependent cellular events [13].

In E. gracilis, both d-iLDH and l-iLDH are constitu-

tively expressed in all growth phases, independently of the

carbon source used [13]. Oxygen availability and paramylon

catabolism are strongly involved in the variation of the d-

and l-iLDH activities. d-iLDH and l-iLDH have similar

Km values for their respective substrates, and are compet-

itively and mixed-type inhibited by oxamate and oxalate,

respectively. The d-iLDH is thermo-resistant up to 70 -C,
while l-iLDH is inactivated from 50 -C [12].

Thus, both iLDHs from E. gracilis seem to be physio-

logically similar to the bacterial enzymes. In the present

work, the partially purified components of the lactate

shuttle were kinetically and structurally characterized. Their

kinetic and molecular properties suggested that the lactate

shuttle enzymes from E. gracilis share a common ancestor
with the bacterial membrane-bound and cytosolic lactate

dehydrogenases.
2. Materials and methods

2.1. Chemicals

Lubrol, d-lactate, and l-lactate were from ICN. Ubiq-

uinone-1 (Q1), dichlorophenol-indophenol (DCPIP), cyto-

chrome c, phenyl-methyl sulfonate fluoride (PMSF),

CHAPS, pyruvate, fructose-1, 6-bisphosphate (FBP),

NAD+, NADH, diphenyleneiodonium (DPI), FAD, FMN

and molecular weight markers for SDS-PAGE were from

Sigma. The cyanogen-activated affinity resin was from BIO-

RAD. The molecular exclusion Sephacryl S-200 and the

blue-Sepharose resins, and molecular weight markers for

molecular exclusion chromatography were from Pharmacia.

Tetrachlorohidroquinone (TCHQ) was kindly provided by

Dr. E. Escamilla (IFC-UNAM, México).

2.2. Cell culture and isolation of mitochondrial and

cytosolic fractions

Euglena gracilis strain Z was cultured in the dark in

presence of 33 mM glutamate and 17 mM malate as carbon

source [12]. Isolation of the mitochondrial and cytosolic

fractions was made as previously described [12–14] and

kept at �70 -C until use.

2.3. Determination of metabolites

A 0.9-mL suspension containing approximately 1�108

washed cells, from different phases of growth, was mixed

with perchloric acid (PCA, 3% final concentration). This

mixture was vigorously mixed, centrifuged at 20,000�g for

5 min and the supernatant recovered and neutralized with

KOH/Tris (3 M/0.1 M). NAD+ and FBP were determined

fluorometrically at 30 -C by using standard enzymatic

methods [15].

2.4. Enzyme assays

d-iLDH activity was determined in 1 mL of a solution

that contained 20 mM HEPES pH 7.5, 1 mM EGTA and 0.5

mM PMSF (HE buffer) supplemented with 0.2 (w/v)

CHAPS, and 0.12% (w/v) Triton X-100. For the determi-

nation of Km values for the electron acceptor, the rate of

reduction of increasing concentrations of DCPIP from 5 up

to 300 AM (k 600 nm and E =21.3 mM�1 cm�1) [16], Q1

from 1 up to 75 AM (k 273 nm and E =18.1 mM�1 cm�1)

[12], or TCHQ from 5 up to 100 AM (k 322 nm and E =8.6

mM�1 cm�1; data not shown) was followed in a spectro-

photometer. The reaction was started by addition of 40 mM

d-lactate. For determination of the Km value for d-lactate,

its concentration was varied between 0.1 and 30 mM, using
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250 AM DCPIP as the electron acceptor. When TCHQ

reduction was determined, Triton X-100 was omitted to

avoid interference with the assay. For l-iLDH activity, both

CHAPS and Triton X-100 were replaced by 0.2% (w/v)

Lubrol. The activity of l-iLDH in Lubrol-solubilized

mitochondria was measured in the presence of 250 AM
DCPIP or 80 AM Q1, and the reaction was started by

addition of 40 mM l-lactate.

The effect of DPI on d-iLDH and l-iLDH activities was

determined as described elsewhere [17], with some mod-

ifications. Mitochondrial protein (0.1 mg) for the l-iLDH

assay or 30 Ag of isolated d-iLDH were incubated for 1 min

with 0.5 mM l-lactate or d-lactate to maintain the enzyme

reduced in 1 mL of HE buffer, which had been previously

saturated with N2 for 30 min. After the addition of different

DPI concentrations, the mixture was further incubated for 5

min under N2 atmosphere. The activity was determined by

measuring the 0.3 mM DCPIP reduction at 600 nm, starting

the reaction by adding 30 mM l- or d-lactate.

The activity of nLDH was measured in both directions of

its reaction. The pyruvate reduction (forward) was deter-

mined in 1 mL of HE buffer at pH 7.0 plus 0.7 mM h-
mercaptoethanol (HEB buffer) by measuring the rate of

disappearance of 0.30 mM NADH at 340 nm (E =6.22

mM�1 cm�1); the reaction was started by addition of freshly

prepared pyruvate. The NAD+-dependent lactate oxidation

(reverse) was determined in 1 mL of 400 mM tricine and

500 mM glycine (pH 9) by measuring the reduction of 1.5

mM NAD+ [15]; the reaction was started by the addition of

either 100 mM d-lactate or l-lactate. To determine the d-

and l-lactate production by the respective nLDH, 20–50 Ag
cytosolic protein was incubated with 150 AM NADH and

0.5 mM pyruvate in 1 mL of HEB buffer. After 1–3 min,

the reaction was stopped with 3% (v/v) PCA, mixed and

centrifuged and the supernatant neutralized as described

above. The d- and l-lactate production was fluorometrically

determined by using commercial specific NAD+-dependent

d- (Roche) and l-lactate dehydrogenases (Sigma Chem.),

respectively [13].

2.5. d -iLDH purification

All steps were carried out at 4 -C. Mitochondria isolated

from cells grown by 90–94 h [12] were diluted at 15–18

mg protein/mL in HE buffer. CHAPS was slowly added

until a detergent/protein ratio of 0.7 was reached. The

suspension was strongly mixed for 5 min and centrifuged at

40,000�g for 20 min. The solubilized d-iLDH in the

supernatant was incubated in the presence of 10 mM oxalate

at 60 -C for 45–50 min; the heated suspension was

centrifuged at 40,000�g for 20 min. The supernatant was

mixed with 50% (v/v) glycerol and stored at �70 -C until

use. Under these conditions, enzyme activity was preserved

by 70% after 1 month storage. The d-iLDH enrichment

throughout the purification steps was monitored by SDS-

PAGE and activity measurements.
2.6. Partial purification of nLDHs

The E. gracilis cytosolic fraction was precipitated with

ammonium sulfate up to 30% (w/v) saturation and incubated

for 30 min at 4 -C. This mixture was centrifuged at

20,000�g for 20 min. The supernatant was brought up to

75% saturation with ammonium sulfate and centrifuged.

This second pellet was re-suspended in HEB buffer. This

last solution was desalted in a Sephadex G-25 column

(0.5�5 cm). The desalted solution was loaded on a Blue-

Sepharose column previously equilibrated with HEB buffer.

The nLDHs were eluted with a 0–1 M NaCl gradient in the

same buffer, and concentrated in an Amicon ultrafiltration

cell, using a 30-kDa cut-off membrane (YM30, Millipore).

The concentrated protein was then loaded onto an oxamate-

Sepharose column. The oxamate-Sepharose resin was

prepared according to [18]. The column (1�15 cm) was

previously equilibrated with HEB buffer containing 0.05

mM NADH and 1 mM FBP (HEBNF buffer). Protein eluted

with 7.5 washing volumes of HEBNF buffer contained the

d-nLDH activity, while l-nLDH eluted when HEBNF

buffer was replaced by HEB buffer.

2.7. Molecular weight determination

The molecular weight of the E. gracilis lactate shuttle

components, d-iLDH, d-nLDH, and l-nLDH, was deter-

mined by using molecular exclusion chromatography. The

enzymes (2.5–5 mg protein) were loaded onto a Sephacryl

S-200 column (56�1.7 cm) previously equilibrated with

HE buffer supplemented with 0.2% (w/v) CHAPS. The

column was calibrated with the following molecular stand-

ards (Pharmacia): blue dextran (2�106 Da), horse spleen

ferritin (440,000 Da), bovine liver catalase (232,000 Da),

rabbit muscle aldolase (158,000 Da), bovine serum albumin

(66,000 Da), bovine pancreas chimotrypsinogen A (25,000

Da), bovine pancreas ribonuclease A (13,700 Da), and

vitamin B12 (1,700 Da). The distribution coefficient (Kav)

was determined with the equation.

Kav ¼
Ve � Vo

Vt � Vo

where Ve=sample elution volume; Vo=column void vol-

ume=elution volume for Blue-dextran (59 mL); and

Vt = total column volume (127 mL). The elution volume

for each enzyme was taken to be the volume at which there

was an absorbance peak at 280 nm, accompanied with the

highest activity.

2.8. Structural characterization of d -iLDH

The enzyme (5–7.5 Ag protein) was separated by 12%

polyacrylamide SDS-PAGE under denaturing conditions.

The extraction of flavine was made with a solution

containing 0.4 mg enzyme protein and 10% trichloroacetic

acid (TCA) [5]. After 15 min of incubation at 4 -C, the
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solution was centrifuged at 20,000�g for 4 min. An aliquot

of the supernatant was poured into a spectrofluorometer

cuvette with 2 mL 50 mM citrate (pH 3). The fluorescent

signal of flavine was measured at 520 nm, with the

excitation wavelength set at 450 nm. Identification of

flavine was determined by HPLC using a reverse phase

(RP) C18 column (4.6�250 mm, Waters) equilibrated with

0.1% trifluoroacetic acid at a flux of 1 mL/min. Bound

compounds were eluted with a linear gradient of 0–20%

acetonitrile for 60 min. Absorbance was recorded at 450 and

360 nm, wavelengths at which the isoalloxazine ring of

flavines shows two maximum peaks. FAD (E450 nm=11.3

mM�1 cm�1) [19–21] and FMN (E450 nm=12.2 mM�1

cm�1) [22] were used as standards.
3. Results

3.1. Purification and structural characterization of d -iLDH

Usual methodologies reported for bacterial d-iLDH

purification are based on enzyme extraction with diverse

non-ionic detergents, followed by ionic exchange and

molecular exclusion chromatographies [5,20,23]. Our initial

attempts to purify the d-iLDH from E. gracilis mitochon-

dria were based on a similar strategy: pre-heating of the

CHAPS-solubilized mitochondria at 50 -C for 20 min,

followed by affinity chromatography (oxamate-Sepharose).

An increase in specific activity after each purification step
Fig. 1. Purification and flavine identification of mitochondrial d-iLDH from E.

loaded onto a 12% acrylamide gel and stained with Coomassie blue. The molecul

solubilized mitochondria and right lane, heat treatment supernatant. The last fractio

shown). (B) This last fraction of purified d-iLDH (5 Ag protein) was also electrop

incubating at room temperature with 0.001% PMS, 0.001% NBT and 5 mM d-lact

Coomassie blue. Omission of d-lactate or addition of 10 mM oxalate produced no

iLDH was determined by HPLC on reverse phase C18 column and at 450 nm. 4.

extract (bottom) were eluted with a linear gradient of acetonitrile for 60 min (see
was achieved (for instance, from 50 nmol DCPIP reduced

min�1 mg protein�1 in homogenate up to 2000 nmol DCPIP

reduced min�1 mg protein�1, after affinity chromatogra-

phy). However, poor enrichment of a 60-kDa protein was

achieved (data not shown), which is a molecular weight

similar to that reported for bacterial d-iLDH [2,5,20].

Taking advantage of the high thermo-stability of the d-

iLDH [12], the CHAPS-solubilized mitochondrial solution

was incubated at 60 -C for 45–50 min in the presence of 10

mM oxalate, as protecting ligand, to denature heat-sensitive

proteins. With this rapid and easy procedure, a highly

enriched fraction of a 62-kDa protein was obtained (Fig.

1A) with 80–85% of activity recovery and 29-fold enriched

d-iLDH activity (Table 1). In addition, the 62-kDa protein

showed d-iLDH activity in 10% polyacrylamide native gel

electrophoresis (Fig. 1B).

The visible absorption spectrum of the purified enzyme

showed a broad peak around 450 nm and a shoulder at

around 488 nm, which suggested the presence of a

flavoprotein [5,20,21]. Treatment of the isolated d-iLDH

with TCA yielded a supernatant that showed fluorescence

with two excitation peaks at 366 and 450 nm, which are

typical of flavines (data not shown) [5,20,23]. All bacterial

and yeast d-iLDH have a FAD molecule as cofactor

[1,2,5,20]. In agreement with this notion, a compound with

an identical retention time to FAD was identified by RP-

HPLC (Fig. 1C), indicating that the purified E. gracilis d-

iLDH contains a FAD molecule as cofactor. Similarly to

bacterial and yeast enzymes [3,5,6,20], d-iLDH from E.
gracilis. (A) d-iLDH purification by heat treatment. Five Ag protein were

ar weight markers used ranged from 6.5 up to 205 kDa. Left lane, CHAPS-

n showed 85% d-iLDH purity as judged by densitometric analysis (data not

horased in a native 10% acrylamide gel. Activity (left lane) was revealed by

ate for 5–10 min, whereas protein (right lane) was detected by staining with

color development (data not shown). (C) The flavine nature of isolated d-

2 nmol FMN (upper), 2.5 nmol FAD (middle), and 0.4 mg of d-iLDH acid

methods section). Retention times are shown in the figure.



Table 1

Purification of d-iLDH from E. gracilis

Total protein

(mg)

Specific activity

nmol/min�mg protein

Total activity

nmol/min

Times of

purification

Yield

(%)

Mitochondria 51T8 210T82 10,700T2190 1 100

Solubilized mitochondria 21T2 510T100 10,710T180 2.4 100

60 -C, 45V supernatant 1.57T0.25 6000T1400 9450T1500 29 88T6

Activity was measured in presence of 0.12% (w/v) Triton X-100 as described under Materials and methods. Values shown represent the meanTS.E.M. of at

least 4 different independent preparations.
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gracilis showed a molecular weight of 68 kDa by molecular

exclusion chromatography, suggesting that active d-iLDH is

a monomer (data not shown). Differences in molecular

weight values found by exclusion chromatography (68 kDa)

and by SDS-PAGE (62 kDa) might be related to the

additional weight brought about by the presence of

detergent micelles in the former case.

3.2. Kinetic characterization of d-iLDH and l-iLDH

The Km values of the purified d-iLDH for d-lactate,

DCPIP, and Q1, as well as the Ki value for oxalate, were

very similar to those previously determined in intact E.

gracilis mitochondria (Table 2) [12]. Similar to the

Neisseria meningitidis enzyme [23], E. gracilis d-iLDH

did not oxidize l-lactate (1.5% of d-lactate oxidation);

instead, l-lactate inhibited d-lactate oxidation (Table 2).

These data indicated that the enzyme from E. gracilis is

specific for d-lactate, whereas l-lactate may physiologically
Table 2

Kinetic parameters of the purified d-iLDH from E. gracilis

E. gracilis

d-iLDH

E. gracilis

mitochondria

E. coli

d-iLDHa

Km d-lactate (mM) 2.0T0.8 2.7T0.3b 1.0

Km DCPIP (AM) 10 35T5b –

Vm (nmol DCPIP/min�mg) 6000T1400 480T40b 15,000

Km Q1 (AM) 8.1 18.5T5b 8.5

Vm (nmol Q1/min�mg) 7000 620T70b –

Km TCHQ (AM) 21 30 –

Vm (nmol TCHQ/min�mg) 1480 310 –

Ki oxalate (mM) 0.14

(Mixed type)

0.09b

(Mixed type)c
0.001

(Competitive)

Ki l-lactate (mM)d 10

(Mixed type)

19

(Competitive)

Km =16

(Substrate)

K0.5 Triton X-100 (%) 0.005 No effect 0.003

a Data reported by Futai [16].
b Data obtained with mitochondria were taken from [10] or determined in

the present work.
c The global linear regression analysis of the oxalate inhibition data best

fitted to a mixed-type inhibition [36]: v =S�Vm / [1+ (I /(a�K i)] /

[Km� ((1+(I/Ki)) / (1+ (I/(a�Ki)))�S], where v is the velocity; S is the

substrate concentration; Vm is the maximal velocity, I is the inhibitor

concentration, Km is the Michaelis–Menten constant, Ki is the inhibition

constant, and a is the factor by which the substrate and inhibitor

dissociation constants are affected when enzyme is in the presence of the

other ligand. The factor a was 7 and 4 for oxalate and l-lactate,

respectively.
d This parameter was determined in CHAPS-solubilized mitochondria.
modulate d-iLDH activity [13]. Pyruvate did not inhibit the

d-iLDH activity at the concentration found into the cell (0.5

mM), whereas at 20 mM, 22% inhibition was observed.

d-iLDH was able to reduce Q1 and TCHQ, quinones

with high (+100 mV) and low (�8 mV) redox potential

[24], respectively (Fig. 2A, Table 2). The ability of d-iLDH

to reduce quinones of high and low redox potential implied

that both, ubiquinone-9 (+100 mV) and rhodoquinone-9

(�65 mV) [25] which are present in the mitochondrial

quinone pool of E. gracilis [26], may be physiological

substrates of d-iLDH. Similar to the E. coli enzyme, E.
Fig. 2. Kinetics of quinone reduction and effect of DPI on d-iLDH and l-

iLDH from E. gracilis. (A) 10 Ag of Isolated d-iLDH was incubated at

room temperature (27 -C) in 1 mL of HE buffer supplemented with 0.2 (w/

v) CHAPS, and 0.12% (w/v) Triton X-100 pH 8 as described under

Materials and methods. The reaction was started with 40 mM d-lactate in

presence of different concentrations of Q1 (n) or TCHQ (&) as electron

acceptors. Solubilized l-iLDH was also able to reduce Q1, but it was

rapidly inactivated after solubilization (inset). (B) Isolated enzyme (d-

iLDH) or isolated mitochondria (l-iLDH) were incubated in presence of

different concentrations of DPI as described under Materials and methods.

100% of activity of isolated d-iLDH was 1566 nmol� (min�mg

protein)�1, 177 nmol� (min�mg protein)�1 for l-iLDH, and 350 nano

atoms oxygen� (min�mg protein)�1 for cytochrome c oxidase. Experi-

mental data are the mean of two experiments.



Table 3

Separation of the cytosolic d-nLDH and l-nLDH from E. gracilis

Total

Protein

(mg)

Specific

activity

(nmol

NADHox

/min�mg

protein)

Total

activity

(nmol /min)

Times of

purification

Yield

(%)

nLDH

Homogenate 22,472 15 337,080 1 100

Cytosol 4240 75 318,000 5 94

70% (NH4)2SO4

saturation

512 276 141,400 18.5 42

l-nLDHa

Blue-seph 5.2 9025 46,930 601 14

Oxamato-seph 2.0 11,401 22,802 760 6.8

d-nLDHb

Oxamato-seph� 16.4 4380 70,550 292 21

a Enzymatic activity was measured in HE buffer plus 0.15 M ammonium

sulfate. Concentrations of NADH and pyruvate were 0.3 and 5 mM,

respectively. Oxamate-Sepharose pooled fractions yielded an activity of

3350 nmol l-lactate � (min�mg protein)�1 in the absence of added NH4
+

(which was an E. gracilis l-nLDH activator; see text), and did not generate

d-lactate.
b Oxamate-seph� pooled fractions (enzyme activity not bound to the

resin) produced 4350 nmol d-lactate � (min�mg protein)�1, but did not

generate l-lactate (see text). Times of purification were calculated by using

the ratio of the increment of specific activity in each step/specific activity in

homogenate.
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gracilis d-iLDH was activated by 0.12% (w/v) Triton X-

100. Remarkably, addition of 0.1 mM FAD or FMN, or 0.03

mM cytochrome c did not increase the d-iLDH activity

(data not shown).

Several works have determined that bacterial l-iLDH is

inactivated in detergent-solubilized membranes [2,20,23].

We previously described that, for the E. gracilis enzyme, 11

mM h-octyl glucopyranoside solubilized up to 40–45% of

total l-iLDH activity; however, such activity was lost after

few hours [12]. Solubilization of mitochondria with h-octyl
glucopyranoside at its critical micellar concentration (22

mM, indicated by the supplier Calbiochemi) brought about

full inactivation of l-iLDH, suggesting a key role of

membrane lipids for the enzyme functionality. However,

in a fraction solubilized with Lubrol (0.98% w/v), the l-

iLDH activity was stable at pH values of 7.6–9 for at least

60 min; such preparation was able to reduce Q1 in an

oxalate-sensitive reaction (Fig. 2A, inset).

Diphenyleneiodonium chloride (DPI) has been used as a

specific flavoenzyme inhibitor as it reacts with flavines to

form irreversible adducts [17]. The activities of both,

mitochondrial l-iLDH and isolated d-iLDH, were 93 and

75% inhibited by 4 mM DPI (Fig. 2B), with IC50 values of

0.44 and 0.56 mM, respectively.

3.3. Metabolic role of nLDH

Smillie showed in crude extracts of E. gracilis that d-

lactate oxidation by nLDH was 3 times faster than l-lactate

oxidation [27]. In our hands, the nLDH activity in an en-

riched cytosolic fraction of E. gracilis was 6 and 2 nmol �
(min�mg protein)�1, for d- and l-lactate oxidation,

respectively [13], although these activities were 50–100

times lower than pyruvate reduction activity. Similar to l-

nLDH from some hetero-fermentative bacteria [18,28–33],

nLDH from E. gracilis was activated by FBP following a

hyperbolic kinetic pattern. The K0.5 value of l-nLDH for

FBP was 0.22T0.03 mM (n =4, meanTS.E.M.). FBP was a

non-essential activator whose effect was to diminish the Km

values for NADH and pyruvate, from 0.082T0.009 and

1.1T0.1 mM, to 0.024T0.003 and 0.47T0.03 mM (n =4;

meanTS.E.M.), respectively. The Km value for pyruvate in

the presence of FBP is identical to the pyruvate intracellular

concentration (0.5 mM) [13]. In contrast to the cooperative

FBP-dependent l-nLDH from Bifidobacterium longum

[30,31], the enzyme from E. gracilis was inhibited by

oxamate, a typical inhibitor of mammalian nLDH, with a Ki

value of 1.2 mM; oxalate (20 mM) did not affect E. gracilis

nLDH activity (data not shown).

In an attempt to elucidate whether the FBP activation on

nLDH might have physiological relevance, the intracellular

concentration of FBP in cells cultured in glutamate/malate

or lactate as carbon source was determined. In general, the

intracellular concentration of FBP was similar in both

cultures, although it changed with the progress of the

growth curve, from 0.26T0.04 mM in the first 20 h of
culture, to 0.51T0.02 mM in the logarithmic phase, and up

to 0.75T0.04 mM in the stationary phase (n =4; meanT
S.E.M.). This suggested that in E. gracilis, the l-nLDH

activation by FBP may be relevant throughout the different

growth phases.

3.4. Biochemical characterization of nLDH

In some homo-fermentative bacteria, FBP-activated l-

nLDH may show either hyperbolic or sigmoidal saturation

kinetics with respect to pyruvate. Co2+ and Mn2+ may also

activate the enzyme [28,29,32,33], depending on the

organism and pH of the reaction. Thus, the pH dependence

of E. gracilis nLDH was analyzed in the cytosolic fraction

with and without FBP or metals. The pH optimum for

nLDH activity was 6.5–7.0. Activity in presence of 2 mM

Mn2+ was approximately 33% higher than basal activity

only at pH values of 7.7–8.5. FBP (0.8 mM) displaced the

optimum pH value to 8.0 and induced a 40% increase in the

basal nLDH activity. Co2+ did not affect nLDH activity.

Steps of nLDH purification are shown in Table 3. The

nLDH activity was measured in the pyruvate reduction

direction. The nLDH profile after passing the cytosolic

fraction through the blue-Sepharose column showed 2 peaks

of activity, the first eluting with the washing buffer (blue�)

(and which was not further examined), whereas the second

was eluted with a 0–1 M NaCl gradient (blue+) (Fig. 3A).

The concentrated blue+ fractions were pooled and loaded



Fig. 3. Elution profiles of nLDH from affinity chromatography. (A) Blue-

Sepharose chromatography. Buffer flux was 1.5 mL/min. The dashed line

shows the 0–1 M NaCl gradient. (B) Oxamate-Sepharose chromatography.

The HEBNF buffer flux was 1 mL/min. The dashed line shows the range in

which HEBNF buffer was replaced by HEB buffer (see Materials and

methods). The volume of the fractions was 6 mL. Absorbance at 280 nm

(g), pyruvate reductase activity (&).

Table 4

Kinetic parameters of the semi purified d-nLDH and l-nLDHfrom E.

gracilis

d-NAD+-LDH l-NAD+-LDH

(+1 mM FBP)

Km Pyruvate (mM) 0.33T0.09 (3) 0.44T0.1 (3)

Km NADH (AM) 41 (2) 8T0.001 (3)

Vm Forward (Amol

NADHox/min�mg

protein)

20.5 (2) 19.3 (2)

Vm Reverse

(Amol NADHprod /min�
mg protein)

0.02 (2) Not detected

K i NAD (AM) 0.13 (2) C 0.65 (2) C

K i d-lactate (mM) 15, a=4.5 (2) M –

The values shown are the meanTS.E.M., with the number of different

preparations assayed between parentheses. The determination of inhibition

patterns was made at saturated concentrations of the other substrate. C:

Competitive inhibition; M: mixed-type inhibition.

Fig. 4. Reduction of pyruvate by d-nLDH and l-nLDH. Activities were

measured in the presence of 0.3 mM NADH, and in the absence of both

FBP and ammonium sulfate. d-nLDH kinetic pattern was fitted to a

substrate inhibition equation, whereas that of l-nLDH was fitted to the

Michaelis–Menten equation (solid lines) [36]. In these representative

experiments, Vm values were 30 and 19.3 Amol� (min�mg protein)�1 for

d-nLDH and l-nLDH, respectively. Ki (inhibition constant) value for

pyruvate was 3.1 mM. Inset shows the Michaelis–Menten kinetic pattern of

d-nLDH at low pyruvate concentrations.
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onto an oxamate-Sepharose column previously equilibrated

with HEBNF buffer. In agreement with the reported ordered

kinetic mechanism for bacterial l-nLDHs [18,29], the

presence of NADH and FBP to increase the affinity for

oxamate [18,28] was required for column enzyme binding.

Like the elution profile of a cell extract from Lactoba-

cillus plantarum, which contains variable proportions of

both d- and l-specific nLDHs [18], elution of the blue+

fractions through the oxamate-Sepharose resin showed two

peaks of activity (Fig. 3B). These corresponded to d-

nLDH, which eluted by washing with HEBNF buffer, and

l-nLDH, which remained strongly adsorbed to the resin,

but eluted when HEBNF buffer was replaced by HEB

buffer (Fig. 3B). These two nLDH activities were

determined in the direction of pyruvate consumption (Table

3). SDS-PAGE of both d- and l-nLDH enriched fractions

showed a 35-kDa protein, which was accompanied by

significant amounts of contaminating proteins, resulting in a

purity lower than 40% for both enzymes (data not shown).

Exclusion molecular chromatography showed molecular

weights of 126–132 kDa, indicating a tetrameric structure

for both enzymes (data not shown). This was in agreement

with the data reported for bacterial l-nLDH but not for

bacterial d-nLDH which is a dimer [28,33]. Storage of d-

and l-nLDH in 50% glycerol at �70 -C resulted in total

loss of activity in the first 24 h, whereas there was 35–40%

loss of both activities after 72 h when stored in saturated

ammonium sulfate at 4 -C.
The optimum pH values of the enriched d- and l-nLDH

activities were 8.5 and 9.2, respectively. Their kinetic

parameters (Table 4) were similar to those of the respective

bacterial nLDH [28,29,32–35]. d-nLDH showed substrate

inhibition by pyruvate above 3 mM (Fig. 4), but did not by

NADH (data not shown). In these enriched preparations,

oxidation of d-lactate was lower than the rate of the

forward reaction, whereas l-lactate oxidation was not

detected (Table 4). The intersecting pattern for both

pyruvate and NADH in a double reciprocal plot for E.
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gracilis l-nLDH suggests either a steady-state bi–bi

ordered mechanism or a rapid equilibrium bi–bi random

mechanism (data not shown) [36]. However, l-nLDH was

adsorbed to the oxamate-Sepharose resin only in the

presence of NADH; this is an observation consistent with

an ordered mechanism, in agreement with observations in

other bacterial FBP-activated l-nLDHs [18,29]. Contrary to

bacterial l-nLDH, the E. gracilis enzyme showed 2- and 3-

fold activation by 30 mM K+ and 150 mM NH4
+,

respectively.

d-lactate exerted a mixed-type inhibition on d-nLDH

versus pyruvate (at saturating NADH concentration), while

NAD+ showed a competitive inhibition versus NADH at

saturated pyruvate concentration (Table 4). The inhibition

pattern by the products of d-nLDH fitted well with a bi–bi

ordered kinetic mechanism [36]. In this regard, the intra-

cellular NAD+ concentration determined in E. gracilis

grown with glutamate/malate did not change throughout

the progress of the growth curve (0.8T0.08 mM, n =11,

meanTS.E.M.). Similar to d-nLDH from bacteria, E.

gracilis d-nLDH did not show activation by either FBP,

NH4
+ or divalent cations such as Mn2+ or Co2+ (data not

shown).
4. Discussion

The aerobic energy metabolism in E. gracilis seems to be

closely linked to the mitochondrial lactate oxidation through

the functioning of a lactate shuttle constituted by mitochon-

drial membrane d- and l-iLDH, and by cytosolic nLDHs. In

the present work, d-iLDH was purified and characterized;

and two nLDHs were identified, one specific for the

production of d-lactate and an unusual FBP-activated l-

nLDH, specific for l-lactate formation.

The molecular weight, cofactor nature, kinetic parame-

ters, and substrate specificity determined for the E. gracilis

d-iLDH were almost identical to those reported for bacterial

and yeast enzymes [1,5,6]. Remarkably, the ability to reduce

quinones (cf. Fig. 2A) and the inability to reduce

cytochrome c (see Results) suggests a common origin for

E. gracilis and bacterial d-iLDH [5,20,21,23]. Indeed, E.

gracilis l-iLDH was strongly inhibited by diphenyleneio-

donium in contrast to the non-flavin enzyme cytochrome c

oxidase (Fig. 2B), suggesting that l-iLDH from E. gracilis

is also a flavoenzyme.

Moreover, yeast l-iLDH is a soluble tetramer [2,4]

while bacterial and E. gracilis l-iLDHs are membrane-

bound monomers [2,7,12], which are inactivated by

detergent solubilization [20,23] (see also Fig. 2A, inset);

this last observation suggests that both bacterial and protist

l-iLDHs require lipids for their functional structure. Then,

the data of the present work suggest that mitochondrial

iLDHs from E. gracilis might share a common ancestor

with the bacterial enzymes. It should be emphasized that

sequence similarity between enzymes from different organ-
isms does not suffice to accurately predict function

similarity [37], thus making essential to carry out structural

and kinetic studies.

In virtually all organisms, cytosolic l-lactate is formed

by l-nLDH from pyruvate and NADH. In E. coli and other

bacteria, d-lactate is the final product of both glycolysis and

the methylglyoxal pathway [34,35,38]. In most of the

studied eukaryotic organisms, d-lactate is synthesized

exclusively by enzymes located in the methylglyoxal

pathway (glyoxylases I and II). Trypanosoma sp., the most

closely phylogenetic relative of Euglena [39] does not have

d-nLDH; then, this parasite produces d-lactate by the

methylglyoxal pathway [40]. Methylglyoxal is a toxic

metabolite generated under conditions of highly active

glycolysis [40]. In E. gracilis, glycolysis accelerates when

paramylon catabolism is started [13]. Then, it is likely that

in E. gracilis d-lactate may also be produced in high

quantities by the methylglyoxal pathway, although this

possibility remains to be examined.

We have previously showed that lactate formation in the

cytosol of E. gracilis strongly depends on paramylon

catabolism, and that lactate oxidation mediated by the

mitochondrial lactate shuttle is essential in this protist

bioenergetics when external carbon sources are scarce

[13]. Thus, activation of the glycolytic l-nLDH by FBP

ensures a constant flux towards lactate production for ATP

synthesis from both glycolysis and oxidative phosphoryla-

tion. Likewise, to stimulate glycolysis and lactate produc-

tion in the hetero-fermentative bacteria Lactobacillus casei,

the culture medium is supplemented with substrates that

lead to the formation of high FBP concentrations and hence

to l-nLDH activation [28]. Like in Streptococcus faecalis

[29], the E. gracilis l-nLDH showed hyperbolic saturation

kinetics, and it was activated by FBP in a non-essential

manner, such that the Km values for both pyruvate and

NADH were decreased.

FBP- and divalent cation-activated l-nLDHs are wide-

spread in homo- and hetero-fermentative bacterial systems

[18,28–32]. Regardless of the high identity percentage

among the amino acid sequences of bacterial l-nLDH (up

to 66%) [28], striking differences in the enzyme kinetics of

the FBP-activated l-nLDH have been described. For

instance, FBP activation can be essential [28,30,31,41,42]

or non-essential [18,28,29,32,33,43], and the enzyme may

show hyperbolic or sigmoidal kinetic respect to pyruvate

[29–31]. These observations suggest that these enzymes

probably diverged recently [42]. Moreover, the FBP-

activated l-nLDHs are not present in all bacteria, suggesting

that the enzyme in E. gracilis was the result of a lateral gene

transfer event, which appears to be a common event in this

protist [44–46] and in its parasitic relative Leishmania major

[47].

Kinetic data showed that the d-nLDH Ki value deter-

mined for d-lactate was lower than its intracellular concen-

tration [13]. This physiological inhibition by its own

product ensures an efficient reducing equivalent transfer
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from cytosol to mitochondria. On the other hand, the Ki

value for NAD+ was 6 times smaller than the NAD+

concentration in Euglena (Table 4, see text). This high

sensitivity for NAD+ suggests that this enzyme may be fully

active even if the glycolysis flux, and hence the NADH/

NAD+ ratio, are high. Hence, the activity of d-nLDH may

be regulated by its products, depending on the cell growth

conditions, while l-nLDH activity may be modulated also

by changes in FBP intracellular concentration.

Assuming similar activities for the four lactate shuttle

enzymes in crude extract ([13], see Table 3), and

considering the Km values for pyruvate (d- and l-nLDH,

see Results section) and lactate (d- and l-iLDH [12]), the

catalytic efficiencies (Vm/Km) were 2–3 times higher for

both nLDHs than those for iLDHs. This implies that d-

and l-lactate (cytosolic) production is faster than their

(mitochondrial) consumption, which is in agreement with

the high intracellular concentrations of the two-lactate

isomers previously described [13]. These data suggest that

the flux control of the l- and d-lactate production may be

mainly located in the consuming block (mitochondrial

iLDHs).
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Enrı́quez, F. Pacheco-Moisés, M.E. Torres-Márquez, Oxidative phos-

phorylation supported by an alternative respiratory pathway in

mitochondria from Euglena, Biochim. Biophys. Acta 1457 (2000)

200–210.
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