
Plant Physiol. (1982) 70, 567-572
0032-0889/82/70/0567/06/$00.50/0

Proline Oxidation in Corn M4itochondrial
INVOLVEMENT OF NAD, RELATIONSHIP TO ORNITHINE METABOLISM, AND SIDEDNESS ON THE
INNER MEMBRANE

Received for publication December 28, 1981 and in revised form April 2, 1982

THOMAS E. ELTHON AND CECIL R. STEWART
Departments of Botany, and of Plant Pathology, Seed and Weed Science, Iowa State University, Ames, Iowa
50011

ABSTRACT

Proline-dependent oxygen uptake in corn mitochondria (Zea mays L.
B73 x Mol7 or Mo17 x B73) occurs through a proline dehydrogenase
(pH optimum around 7.2) bound to the matrix side of the inner mitochon-
drial membrane. Sidedness was established by determining the sensitivity
of substrate-dependent ferricyanide reduction to antimycin and FCCP (P-
trifluoromethoxycarbonylcyanide phenylhydrazone). Proline dehydroge-
nase activity did not involve nicotinamide adenine dinucleotide reduction,
and thus electrons and protons from proline enter the respiratory chain
directly. A'-Pyrroline-5-carboxylate (PSC) derived from proline was oxi-
dized by a P5C dehydrogenase (pH optimum approximately 6.4). This
enzyme was found to be similar to proline dehydrogenase in that it was
bound to the matrix side of the inner membrane and fed electrons and
protons directly into the respiratory chain.

Ornithine-dependent oxygen uptake was measurable in corn mitochon-
dria and resulted from an ornithine transaminase coupled with a P5C
dehydrogenase. These enzymes existed as a complex bound to the matrix
side of the inner membrane. P5C formed by ornithine transaminase was
utilized directly by the associated P5C dehydrogenase and was not released
into solution. Activity of this dehydrogenase involved the reduction of
nicotinamide adenine dinucleotide.

The accumulation of proline in several species of plants is a
well-established response to stress. Proline accumulation results
primarily from stimulated synthesis and the concomitant inhibi-
tion of proline oxidation (16). The oxidation of proline occurs
within the mitochondria and is more sensitive to inhibition by
water stress than is the oxidation of other mitochondrial substrates
(14). Inhibition of proline oxidation by stress is necessary to cause
proline to accumulate, although it alone does not account for
observed rates of accumulation. Accumulated proline may serve
as a neutral osmoticum and as a reserve of nitrogen. Upon relief
of stress, accumulated proline is rapidly oxidized, suggesting a role
as an energy reserve (15, 16).
The enzymes involved with proline oxidation recently have

been partially characterized as to their submitochondrial location
and electron transport characteristics (1, 2, 7, 10, 17). The first
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enzyme in this process is proline DH,2 which catalyzes the con-
version of proline to P5C. This enzyme activity had previously
been referred to as proline oxidase activity; however, proline DH
is more appropriate (see "Conclusions").
The P5C thus formed is oxidized to glutamate by a P5C DH,

with this reaction possibly involving the formation of the inter-
mediate GSA. In the present study, we provide evidence for two
distinct mitochondrial enzymes capable of oxidizing P5C. One of
these P5C DH activities can only be measured in disrupted
mitochondria and is involved in the oxidation of ornithine. Pre-
vious papers have shown that mitochondria contain ornithine
transaminase activity (3, 12, 18). In this paper, we have further
characterized the enzyme systems involved with the oxidation of
proline and omithine.

MATERIALS AND METHODS

Corn seedlings (Zea mays L. B73 x Mol7 or Mol7 x B73) and
mung bean seedlings ( Vigna radiata L.) were grown in the dark at
30 ± 2°C in moist vermiculite. Mitochondria were isolated from
shoots of 3- to 4-d-old seedlings according to Day and Hanson
(5). Protein was estimated by the method of Lowry et al. (11),
using BSA (fraction V) as the standard. Assays were conducted at
26 ± 2°C unless otherwise indicated, and were initiated upon
addition of substrate. FCCP (3.0 mM), antimycin A (0.15 mM),
rotenone (3.0 mM), and SHAM (300 mM) were solubilized in 80%o
ethanol.
Oxygen Uptake. 02 utilization was measured at 26 ± 1 °C in 3.0

to 3.2 ml ofmedium using a Clark 02 electrode (model 53, Yellow
Springs Instrument Co.). ADP:O ratios, RCR, and 02 content of
air-saturated water were determined according to Estabrook (9).
Enzyme Assays. Substrate-dependent NAD reduction or

NADH oxidation was followed by measuring changes in A at 340
nm. Ferricyanide reduction was measured by following decreasing
A at 420 nm. The reduction of DCIP was followed as decreasing
A at 600 nm. The following mm extinction coefficients were used:
E34o = 6.22 mM' cm-' for NADH, E420 = 1.03 mM-' cm-' for
ferricyanide, E6,o = 21.0 mM-' cm-' for DCIP, and E26o = 15.4
mM-1 cm-' for ADP (7).

Preparation and Assay of P5C. P5C was synthesized according
to the procedure of Williams and Frank (19), with the P5C

2 Abbreviations: DH, dehydrogenase; P5C, A'-pyrroline-5-carboxylic
acid; GSA, glutamic-y-semialdehyde; a-KG, a-ketoglutaric acid; FCCP,
P-trifluoromethoxycarbonylcyanide phenylhydrazone; SHAM, salicylhy-
droxamic acid; RCR, respiratory control ratio; DCIP, 2,6-dichloroindo-
phenol; oAB, o-aminobenzaldehyde; EGTA, ethyleneglycol-bis(f?-amino-
ethyl ether)N,N'-tetraacetic acid; OAA, oxaloacetic acid; FAD, flavin
adenine dinucleotide; FMN, flavin mononucleotide; PMS, phenazine
methosulfate; MTT, Mes-Tes-Tricine.
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concentration determined using ninhydrin. It was concentrated by
evaporation to dryness under an air stream (to remove the HCI)
and redissolved in water. Purity ofP5C preparations was evaluated
by using partially purified P5C reductase from mung bean hypo-
cotyls (no measurable P5C reductase was present in corn seed-
lings). Approximately 90% correlation between NADH oxidation
and P5C utilization was found. This result corresponds closely
with results of Williams and Frank, and indicates a purity of at
least 90% after concentration. However, when using relatively high
concentrations of P5C (around 10 mM), a contaminant with a
maximum concentration of 1 mm is possible. Therefore, it was
essential to correlate observed activity with P5C utilization.
P5C utilization was measured by using the ninhydrin technique

of Chinard for proline and ornithine determination (4). P5C
exhibits an absorption spectrum similar to proline in this assay,
whereas glutamate does not react under the same conditions.
P5C formation was followed by reacting it with 20 mm oAB in

5% TCA/ethanol (w/v). One ml of the oAB solution was added
to 2 ml samples, followed by centrifugation at 30,000g for 10 min.
Absorbance at 443 nm of the clear supernatant was determined
after 40 min total incubation. The oAB reagent was prepared
immediately before use (19).

Isolation ofP5C Reductase from Mung Bean Hypocotyls. Mung
bean hypocotyls (50 g) were homogenized with a mortar and
pestle in 100 ml of 0.4 M sucrose, 50 mM KH2PO4, and 5 mm
EGTA (pH 7.6). All operations were conducted at 4°C. The
resulting slurry was squeezed through 4 layers of cheesecloth and
centrifuged (all centrifugations were at 30,000g for 10 min). The
supernatant was fractionated by using ammonium sulfate, with
the 40% to 50% pellet containing P5C reductase activity. This
pellet was resuspended in 5 ml of 10 mm Tes (pH 7.2) and dialyzed
against the same solution for I h. The suspension was then
centrifuged, with the supernatant adjusted to 10%1o ammonium
sulfate (to help stabilize the enzyme) and stored at -20°C. This
procedure results in a 12-fold purification and a preparation that
exhibits no interfering NADH oxidation. The enzyme preparation
is relatively stable since 50% of the activity was still present after
8 months storage.

RESULTS AND DISCUSSION

Involvement of NAD in Proline and P5C Oxidation. To deter-
mine ifNAD reduction is involved in the activities of proline DH
and P5C DH, we suspended mitochondria in a medium of low
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FIG. 2. Effects of pH on the oxidation of proline and P5C in swollen

mitochondria. NAD reduction was assayed in 3.0 ml of 30 mM MTT
containing 2 mM NAD, 0.5 uM antimycin, and either 10 mM L-proline or
6.5 mM DL-P5C. 02 uptake was followed in 3.0 ml of 30 ml MTT
containing 10 mM L-proline or 13 mm DL-P5C. 02 uptake was followed in
the presence and absence of 2 mM NAD. For the measurement of P5C
utilization, mitochondria were incubated at 25 ± 1 °C for 30 min in 2.5 ml
of 30 mm MTT containing 1.44 mm DL-P5C (neutralized HCI solution).
The reaction was terminated by addition of 2.5 ml glacial acetic acid. P5C
content was determined by using ninhydrin (4). Mitochondrial protein
averaged 1.38 mg/assay (A), 0.67 mg/assay (B), 1.36 mg/assay (C), and
1.44 mg/assay (D). All data represent the mean of three experiments.

osmolarity (10 mm each Mes, Tes, and Tricine), which allowed
Control sufficient permeability of substrates into the mitochondrial matrix.

In comparison to intact mitochondria (suspended in media with
250 mm sucrose), mitochondria suspended in media without su-
crose are referred to as swollen mitochondria. In swollen mito-

chondria, the outer membrane has ruptured, as indicated by a 6-
fold increase in succinate dependent Cyt c reduction over that

+antimycin found in intact mitochondria. In contrast, the inner membrane
does not rupture since malate DH activity does not increase in the

7.2 8.0 8.8 30,000g supematant of suspended swollen mitochondria as com-
7.2 8.0 8.8 pared to intact (7).
p H Measurement ofNAD reduction within swollen mitochondria,
Ltion by 0.5 tuM antimycin in swollen required inhibition of as much of the NADH DH activity as

in 3.0 ml of 30 mm MTT and were possible. This inhibition was achieved through the addition of 0.5
)H. Mitochondrial protein averaged ,UM antimycin A, which left a residual rate ofNADH oxidation of
an of three separate experiments. around 10 nmol/min -mg protein over a broad pH range (Fig. 1).

568

NADH
Oxidation

0

--JL .I

f j~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I D Er- n7

I



MITOCHONDRIAL PROLINE OXIDATION

Higher concentrations of antimycin (1 AM) or inclusion of other
inhibitors (10 IM rotenone, 1 mM NaN3, or 1 mm SHAM) resulted
in little additional inhibition. This residual NADH oxidation is
sometimes attributable to contaminating ER in the mitochondrial
preparation.
To ensure that we could follow NAD reduction within the

matrix of swollen mitochondria, we measured the activities of
malate and glutamate DH. Malate-dependent NAD reduction was
measurable (32.2 nmol/min-mg protein with 10 mm malate) and
required the presence of a small amount of glutamate (0.5 mM),
presumably for the removal of OAA by transamination. Gluta-
mate-dependent NAD reduction was also measurable (7.45 nmol/
min .mg protein with 10 mM L-Glu). The rates ofNAD reduction
obtained underestimate the actual rates by the amount of residual
NADH oxidation (Fig. 1). We also followed NADH oxidation by
these enzymes and found activity with both malate DH (7,320
nmol/min-mg protein with 250 tM OAA) and glutamate DH
(19.9 nmol/min-mg protein with 10 mm a-KG and 5 mM NH4Cl).
NADH oxidation by a particular enzyme was measured as an
increase in oxidation over the residual rate, and thus represents
the actual rate. Therefore, by using swollen mitochondria, it was
possible to measure both NAD reduction and NADH oxidation
by enzymes within the matrix.

IfNAD reduction is involved in the activity of proline and P5C
DH in vivo, there should be a correlation between substrate-
dependent 02 uptake and NAD reduction. We followed these
activities over a broad pH range in swollen mitochondria (Fig. 2).
Proline-dependent 02 uptake (Fig. 2A) was found to exhibit a pH
optimum of 7.2 as previously reported for intact mitochondria (7).
This activity was not stimulated by NAD, and NAD reduction
could not be measured under the same conditions. In addition, no
P5C-dependent NADH oxidation (reversal of proline-dependent
NAD reduction) could be measured. This result clearly establishes
that proline DH activity does not involve the reduction of NAD,
and thus electrons and protons are fed directly into the respiratory
chain. Indications that proline DH is flavin-linked are consistent
with this result (10). In corn mitochondria, we could find no
stimulation of 02 uptake upon addition of 0.5 mM FAD, although
we did observe some stimulation (26%) with 0.5 mm FMN. Proline
DH activity measured as DCIP reduction in swollen mitochondria
(60 AM DCIP with 0.5 AM antimycin) also exhibited a pH optimum
of 7.2 in either the presence or absence of I mm PMS. The rates
in the presence of PMS were decreased considerably. Proline-
dependent O2 uptake was stimulated by MgCI2 (40%o with 5 mM)
as previously reported (10).
When P5C-dependent NAD reduction was measured (Fig. 2B),

an optimum of around pH 8 was observed. This is similar to that
previously reported for crude mitochondrial isolations from sev-
eral tissues (17) and to that obtained from detergent-solubilized
mitochondria (2), although the rates are considerably higher than
those previously reported. However, it is markedly different from
the optimum of pH 6.1 for P5C-dependent 02 uptake in intact
mitochondria (7). Therefore, P5C-dependent 02 uptake was meas-
ured in swollen mitochondria (Fig. 2C). Two optima were ob-
served, one near pH 6.4 that was not stimulated by NAD, and
another around pH 8 that was. When P5C utilization was meas-
ured (Fig. 2D), two corresponding activities were obtained. There-
fore, under these conditions, two enzymes are involved in the
oxidation of P5C. P5C-dependent O2 uptake at pH 6.4 was not
stimulated by 0.5 mm FMN, and was inhibited somewhat (27%)
by 0.5 mm FAD. The pH 6.4 activity was stimulated 17% by 5 mm
MgCl2. P5C and MgCl2 (as low as I mM) were found to react
above pH 7.2, with visible precipitation occurring around pH 8.
This reaction explains MgCl2 inhibition of P5C DH observed by
Boggess et al. (2).

Reversal of P5C-dependent NAD reduction (glutamate-de-
pendent NADH oxidation) was not measurable over the pH range.
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FIG. 3. Effects of pH on the oxidation of P5C and ornithine in intact

mitochondria. 02 uptake was followed in 3.0 ml of 250 ruM sucrose, 5 mM

KH2PO4, and 30 mm MTT containing 10 mm DL-P5C (or 10 mM L-

ornithine in the presence of 10 mm a-KG). P5C-dependent 02 uptake was

followed in the presence and absence of 2 mm NAD. Ornithine-dependent
02 uptake was measured as an increase in the rate above that with a-KG.

Mitochondrial protein averaged 1.55 mg/assay. Data represent the mean

of three separate experiments.

The inability to measure such activity suggests that the pH 8-P5C
DH may not be significantly reversible. However, this could occur

as a result of an equilibrium greatly toward glutamate formation

(analogous to malate DH). Thus, reversibility possibly could be

measured, if the P5C is removed as it is formed. All attempts to
demonstrate that this occurs have failed. These include trying to

trap the P5C with 1 mm oAB, and attempts to remove the P5C

using partially purified P5C reductase from mung bean hypocot-
yls. Reversibility using added P5C reductase was tried with intact
mitochondria and with mitochondria solubilized in 0.030% Triton
X-100 (7). In each, considerable P5C DH activity (measured as

NAD reduction in the mitochondria) and considerable P5C re-

ductase activity (P5C-dependent NADH oxidation) were present
in the reaction medium. No reversibility of P5C DH could be

measured (either as glutamate-dependent NADH oxidation or

[14C]proline production from [14C]glutamate), indicating that the

failure to measure reversibility of P5C DH under these conditions
is not merely a result of a simple equilibrium reaction. It was also

possible that additional cofactors may be necessary for reversal.
Inclusion of MgCl2 and ATP (1 mM each) was tried, inasmuch as

these are known to be involved in glutamate to P5C conversion

during proline synthesis (13); however, no reversibility was ob-
served.

Ornithine-Dependent 02 Uptake and P5C DH Activities. P5C-

dependent NAD reduction cannot be measured in intact mito-
chondria (2, 7). Consistent with this, the assochited P5C-dependent
02 uptake activity (optimum near pH 8) is not measurable (Fig.
3). A possible explanation of this is that the P5C, NAD, or both,
are not reaching the enzyme active site in intact mitochondria
around pH 8. Upon swelling of the mitochondria, this inaccessi-

bility is relieved. Inaccessibility could result from P5C not being
able to penetrate the inner membrane (assuming the active site is

exposed to the matrix), or from this enzyme being part of an

enzyme complex. Since P5C-dependent 02 uptake can be meas-

ured due to the other P5C DH (compare Figs. 2C and 3), P5C

evidently can penetrate the membrane (refer to the section on

sidedness).
If the pH 8-P5C DH is part of an enzyme complex, this complex

would be involved in the degradation of proline or ornithine,
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FIG. 4. P5C formation from proline and ornithine. Assays were con-

ducted in 2.0 ml 30 mm MTT and 5 mm KH2PO4 (±250 mm sucrose).
Ornithine-dependent P5C formation was followed by using 10 mM L-

ornithine and 10 mm a-KG in the presence of 0.5 Mm antimycin. Proline-
dependent P5C formation was determined in the presence of sucrose,

using 10 mM L-proline. Samples were incubated with substrate for 30 min
at 26 I 'C. The reaction was terminated by addition of the oAB solution.
Mitochondrial protein averaged 0.42 mg/assay. Data represent the mean
of three experiments.

inasmuch as these two processes are the only such degradative
processes known to involve P5C as an intermediate. Since orni-
thine transaminase activity is known to be present within the
mitochondria (3, 12, 18), we attempted to measure ornithine-
dependent 02 uptake in intact mitochondria. Activity was present
and had a pH optimum of around 8.4 (Fig. 3). The presence of
a-KG was essential for measurement of ornithine-dependent 02
uptake, presumably as an amino acceptor for ornithine transami-
nase activity. Ornithine-dependent 02 uptake decreases upon

mitochondrial swelling (by 60%o), correlating with the appearance
of measurable P5C-dependent NAD reduction (and the associated
P5C-dependent 02 uptake). These results suggest that these en-

zymes are complexed.
Further evidence to support the association of ornithine trans-

aminase with the pH 8-P5C DH was obtained by measuring both
proline and ornithine-dependent P5C production (Fig. 4). Proline-
dependent P5C formation in intact mitochondria was measurable
only above pH 7.2. Thus, P5C derived from proline is utilized by
the pH 6.4-P5C DH, whereas the pH 8-P5C DH activity (only
measurable in swollen mitochondria) is not involved. This pH
response explains the stoichiometric production of P5C from
proline at pH 8.5, as measured by Huang and Cavalieri (10). In
addition, those experiments were conducted in the presence of
MgCl2 which effectively removes P5C from solution at that pH.
Earlier attempts to demonstrate reasonable P5C production from
proline failed since the mitochondria were incubated at pH 7.6
(1).
When P5C production from ornithine was followed with intact

mitochondria (in the presence of antimycin), very little P5C
formation was observed. However, considerable P5C formation
occurred when this same activity was followed in swollen mito-
chondria. This activity (ornithine transaminase) had a pH opti-
mum of 8.4. Thus, P5C derived from ornithine is normally not
released into solution in vivo, but is utilized directly by the pH 8-
P5C DH. Consistent with this, P5C in solution does not have
access to the active site of this enzyme in intact mitochondria.
Upon swelling the mitochondria and disrupting the complex, P5C
derived from ornithine is released into solution (thus measurable),

Table I. Comparison ofNADH and P5C-Dependent 02 Uptake in
Swollen Mitochondria atpH 8

Assays were conducted in 3.0 ml of 5 mm KH2PO4 and 30 mm MTT
(pH 8). Mitochondrial protein averaged 1.47 mg/assay. Data represent the
mean of three experiments.

Average 10 ,UM 0.5 M mm mm
Substrate Control Rote- Anti- NaN3 SHAM

Rate none mycin
natoms

O/min mg % inhibition
protein

10 mM DL-P5C 109 76 75 19 78
0.5 mM NADH 239 4 85 33 +22

and P5C in solution gains access to the active site of this enzyme,
resulting in measurable P5C-dependent NAD reduction and the
associated P5C-dependent 02 uptake. Thus, it is clear that orni-
thine transaminase and the pH 8-P5C DH are complexed. This
P5C DH is associated with the inner mitochondrial membrane (7).

Ornithine-dependent 02 uptake in corn mitochondria has a very
low specific activity. This activity is not significantly stimulated
by exogenous NAD or higher concentrations of ornithine (in
intact or swollen mitochondria). In addition, ornithine-dependent
NAD and ferricyanide reduction cannot be measured. Thus, to
characterize ornithine-dependent 02 uptake further, a tissue with
higher activity must be used. Arginine-dependent 02 uptake (10
mM L-arginine and 10 mm a-KG) was also measurable in intact
mitochondria with a rate of around 8 natoms 0/min -mg protein
at pH 8. This activity was measured as an increase in the rate
above that with a-KG.

Inhibitor Sensitivities and Measurable ADP:O Ratios. The
oxidation of proline is known to be sensitive to inhibition by
rotenone, antimycin, and azide (7). Thus, electrons and protons
from proline enter the respiratory chain before the rotenone
sensitive iron-sulfur proteins. Further, proline oxidation has a
measurable ADP:O ratio similar to that of malate + pyruvate (1,
7). The ADP:O and inhibitor sensitivities previously published for
P5C oxidation are similar to those for proline oxidation and are
for the pH 6.4 P5C DH activity (7). Inasmuch as the pH 8 P5C
DH activity is not measurable in intact mitochondria, ADP:O
ratios cannot be determined. With ornithine, ADP:O ratios could
not be accurately determined because of the low rates of ornithine-
dependent 02 uptake and interference from a-KG (which itself
exhibits an ADP:O ratio).

Inhibitor sensitivities of ornithine oxidation could not be deter-
mined due to low specific activity in corn mitochondria. When
substrate oxidation occurs at a rate considerably below the poten-
tial capacity of the electron transport chain, inhibitor studies are
not relevant because electron flow occurs primarily through the
remaining uninhibited capacity of the system. A similar response
can be obtained with substrates that are oxidized with a high
specific activity if the rates are determined under adverse condi-
tions such as insufficient cofactor availability or measurement at
pH values considerably different than the optimum.

P5C-dependent 02 uptake (near pH 8 in swollen mitochondria)
results primarily from NADH oxidation since glutamate oxidation
is too slow under similar conditions. Thus, a comparison was
made between the inhibitor sensitivities of exogenously added
NADH and the oxidation of P5C (Table I). As can be seen, the
oxidation of P5C was very sensitive to rotenone and SHAM in
comparison with the oxidation of exogenously added NADH.
Thus, electrons and protons from NADH produced by this P5C
DH enter the respiratory chain through the endogenous NADH
DH. In corn mitochondria, we consistently find that the oxidation
of substrates having rotenone sensitivity show similar sensitivity

570 Plant Physiol. Vol. 70, 1982
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Table II. Sidedness of Various Enzyme Active Sites on the Inner Mitochondrial Membrane
Assays were conducted in 3.0 ml of 30 mm MTT (pH 8) containing 250 mm sucrose, 5 mm KH2PO4, I mM

NaN3, and 0.7 mM K3Fe(CN)6. Mitochondrial protein averaged 0.60 mg/assay. Data presented are the means of
three separate experiments.

Ferricyanide Reduction

Substrate Control 0.5 /LM Control 10 IMM
Rate Antimycin Inhibition Rate FCCP Inhibition

Sensitive Sensitive

nmol/min mg % nmoltmin*mg %
protein protein

10 mM Malate +
0.5 mM Glu 144 81.0 56 122 80.7 66

10 mM Succinate 228 189 83 270 159 59
10 mM L-Proline 159 151 95 159 80.9 51
10 mM DL-P5C
(pH 6.4) 331 122 37 369 107 29

to SHAM. This includes the oxidation of malate, proline, and P5C
(pH 6.4).

Sidedness on the Inner Mitochondrial Membrane. Since proline
DH and the associated pH 6.4-P5C DH feed electrons and protons
directly into the respiratory chain, we wanted to determine their
sidedness on the inner mitochondrial membrane. To do this, we
followed the sensitivity of substrate-dependent ferricyanide reduc-
tion to antimycin inhibition. Ferricyanide is an electron acceptor
that cannot permeate the inner mitochondrial membrane. Thus,
it can only accept electrons from enzymes exposed to the inter-
membrane region or from Cyt c, which is located within the outer
phase of the inner membrane (6). Electrons that would normally
flow to 02 were shunted to ferricyanide by blocking Cyt oxidase
with 1 mm NaN3 (P5C interferes with KCN inhibition [7]). With
enzymes exposed to the intermembrane region, ferricyanide re-

duction would be relatively insensitive to antimycin inhibition,
inasmuch as these enzymes can reduce ferricyanide directly. An-
timycin inhibits electron flow through the respiratory chain before
Cyt c reduction. However, with enzymes exposed to the matrix,
such as succinate and malate DH, ferricyanide reduction is sensi-
tive to antimycin inhibition since this reduction can occur only by
electron flow through Cyt c.

Therefore, the sidedness of an enzyme can be indicated by the
amount of substrate-dependent ferricyanide reduction that is sen-

sitive to antimycin inhibition (Table II). As with the oxidation of
malate or succinate, we found that proline and P5C-dependent
ferricyanide reduction showed considerable sensitivity to antimy-
cin. This indicates that the active sites of proline DH and the pH
6.4-P5C DH are exposed to the matrix. If percent inhibition is
compared between substrates, P5C-dependent ferricyanide reduc-
tion appears to be relatively insensitive to antimycin. This does
not result from less inhibition by antimycin, but from a high
control rate.
The use of this technique assumes that the enzyme is capable of

reacting directly with ferricyanide and that antimycin only inhibits
electron transport. This assumption is usually verified by disrupt-
ing the mitochondria to relieve the antimycin inhibition. We
found that swelling the mitochondria (in the absence of antimycin)
increased the rate of malate oxidation, but decreased the rates for
the other substrates in Table II. When following the relief of
antimycin inhibition by swelling, we observed increased rates of
antimycin insensitive oxidation for all the substrates. However,
since it was not possible to distinguish between rate changes
resulting from swelling and those due to relief of antimycin
inhibition, these data were not included. Instead, an independent
technique using uncouplers was used to help establish the sided-
ness of these enzymes.

If a substrate is oxidized on the matrix side of the inner

membrane, and if transport of that substrate requires the energy
of a proton gradient, the substrate oxidation will be sensitive to
FCCP (or other uncouplers). However, if the substrate is oxidized
on the outer surface of the inner membrane (or if a proton gradient
is not required for uptake), the addition of FCCP will have little
effect (20). The results with FCCP correlate with those obtained
using antimycin (Table II). Both proline and P5C-dependent
ferricyanide reduction showed considerable sensitivity to FCCP.
The percent inhibition with P5C again was influenced by the high
control rate, and not by lack of inhibition by FCCP.

Ferricyanide reduction was not measurable in intact corn mi-
tochondria with ornithine or P5C (pH 8) as substrates. Thus, these
techniques could not be used to determine the sidedness of these
enzymes.

CONCLUSIONS

The enzyme previously referred to as proline oxidase is bound
to the inner mitochondrial membrane and is exposed to the matrix.
Electrons and protons from proline enter the respiratory chain
before the rotenone sensitive iron-sulfur proteins, with proline-
dependent 02 uptake, thus having an ADP:O ratio similar to that
of malate + pyruvate. Proline-dependent 02 uptake has a pH
optimum of 7.2. Activity does not involve the reduction of soluble
NAD, and therefore electrons and protons enter the respiratory
chain directly, possibly through a flavoprotein. It is clear that
proline-dependent 02 uptake occurs through a proline dehydrog-
enase functionally linked to the respiratory chain, and not through
a proline oxidase. Therefore, this activity should be referred to as
proline dehydrogenase activity (8).
P5C derived from proline oxidation is oxidized via a P5C DH

that has a pH optimum of 6.4. This P5C DH feeds electrons and
protons directly into the respiratory chain and thus is bound to
the inner mitochondrial membrane. Its active site is exposed to
the matrix. This activity has an ADP:O ratio and inhibitor sensi-
tivities similar to those of proline oxidation.

Ornithine-dependent 02 uptake is measurable in corn mito-
chondria and occurs through an enzyme complex consisting of
ornithine transaminase (pH optimum 8.4) and the pH 8-P5C DH.
This complex is facing the matrix because NADH produced by
this P5C DH is preferentially oxidized by the endogenous NADH
DH.

Acknowledgment-The authors wish to thank A. H. C. Huang for helpful discus-
sions and critical review of the manuscript.

LITERATURE CITED

1. BOGGESS SF, DE KOEPPE, CR STEWART 1978 Oxidation of proline by plant
mitochondria. Plant Physiol 62: 22-25



572 ELTHON AN

2. BoC;C;LSS SF. LG PALEG, D ASPINALL 1975 A'-Pyrroline-5-carboxylic acid de-
hydrogenase in barley, a proline-accumulating species. Plant Physiol 56: 259-
262

3. BONt: DH 1959 Metabolism of citrulline and ornithine in mung bean mitochon-
dria. Plant Physiol 34: 171-175

4. CHINARD FP 1952 Photometric estimation of proline and ornithine. J Biol Chem
199: 91-95

5. DAY DA, JB HANSON 1977 On methods for the isolation of mitochondria from
etiolated corn shoots. Plant Sci Lett 11: 99-104

6. DoUiCL R, CA MANELLA, WD BONNER JR 1973 The external NADH dehydro-
genases of intact plant mitochondria. Biochim Biophys Acta 292: 105- 116

7. Et [HON TE, CR STEWART 1981 Submitochondrial location and electron transport

characteristics of enzymes involved in proline oxidation. Plant Physiol 67: 780-
784

8. ENZYMEL NomENCLArURE 1979 Recommendations (1978) of the Nomenclature
Committee of the International Union of Biochemistry. Academic Press, New
York

9. EsrFABROOK RW 1967 Mitochondrial respiratory control and the polarographic
measurement of ADP:O ratios. Methods Enzymol 10: 41-47

10. HU\N(; AHC, AJ CAVALIERI 1979 Proline oxidase and water stress-induced
proline accumulation in spinach leaves. Plant Physiol 63: 53 1-535

II) STEWART Plant Physiol. Vol. 70, 1982

I 1. LOWRY OH. NJ ROSEBROUGH, AL FARR, RJ RANDALL 1951 Protein measure-
ments with the Folin phenol reagent. J Biol Chem 193: 265-275

12. MAZELIS M, L FOWDEN 1969 Conversion of ornithine into proline by enzymes
from germinating peanut cotyledons. Phytochemistry 8: 801-809

13. MORRIS CJ, JF THOMPSON, CM JOHNSON 1969 Metabolism of glutamic acid and
N-acetylglutamic acid in leaf discs and cell-free extracts of higher plants. Plant
Physiol 44: 1023-1026

14. SELLS GD, DE KOEPPE 1981 Oxidation of proline by mitochondria isolated from
water-stressed maize shoots. Plant Physiol 68: 1058-1063

15. SrEWARTR CR 1972 Proline content and metabolism during rehydration of wilted
excised leaves in the dark. Plant Physiol 50: 679-681

16. SrEWART CR, SF BOGGESS, D ASPINALL, LG PALEGi 1977 Inhibition of proline
oxidation by water stress. Plant Physiol 59: 930-932

17. S[EWARF CR, EY LAI 1974 Al-Pyrroline-5-carboxylic acid dehydrogenase in
mitochondrial preparations from plant seedlings. Plant Sci Lett 3: 173-181

18. TAYIOR AA. GR STEWART 1981 Tissue and subcellular localization of enzymes
of arginine metabolism in Pisum sativum. Biochem Biophys Res Commun 101:
1281- 1289

19. WILLIAMS 1. L FRANK 1975 Improved chemical synthesis and enzymatic assay of
&'-pyrroline-5-carboxylic acid. Anal Biochem 64: 85-97

20. WISKICH JT 1977 Mitochondrial metabolite transport. Annu Rev Plant Physiol
28: 45-69


