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SUMMARY Hydroxyproline uptake by rat kidney mitochondria is here first shown by
monitoring the reduction of the intramitochondrial pyridine nucleotides which occurs as a result
of metabolism of imported hydroxyproline via hydroxyproline oxidase and 3-hydroxy-pyrroline-
5-carboxylate dehydrogenase. Widely used criteria for demonstrating the occurrence of carrier-
mediated transport were applied to this process. Hydroxyproline uptake shows saturation
features (Km and Vmax values, measured at 20°C and at pH 7.20, were found to be about 1.4
mM and 5 nmoles/min x mg mitochondrial protein, respectively) and proves to be inhibited by
the impermeable compound phenylsuccinate, but insensitive to externally added
methylglutamate. Difference found in the Km and Vmax values, a different inhibitor sensitivity
and the failure of hydroxyproline to cause efflux of glutamate from the mitochondria show that
hydroxyproline enters mitochondria by means of a translocator different from those which
transport proline. @ 1994 Academic Press, Inc.

Given the intramitochondrial localization of many enzymes, metabolite movement across
the mitochondrial membrane is essential to both mitochondrial and cytosol metabolism.

Although anion translocation across mitochondrial membranes has been widely investigated (1,
2), there is still no exhaustive information on transport in RKM (3). In addition to many
translocators (4-11), we have recently investigated aminoacid transport in kidney mitochondria,
thus showing the existence of the electrophoretic ornithine/Pi antiporter (12, 13); moreover three
carriers for glutamine in acidotic mitochondria (14, 15) have already been proposed and studied

ABBREVIATIONS : CH;GLU, methylglutamate; e.u. enzymatic units; GDH, glutamate
dehydrogenase; GDS, glutamate detecting system; GLU, glutamate; GSA, glutamate
semialdehyde; HYP, hydroxyproline; 3-OH-PSC, 3-hydroxy-pyrroline-5-carboxylate; 4-OH-
GLU, 4-hydroxy-glutamate;, P5C, pyrroline-5-carboxylate;, PHESUCC, phenylsuccinate; PRO,
proline; RKM, rat kidney mitochondria.
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in details. Among the glutamate-linked aminoacids, proline has recently shown to enter RKM by
means of two separate translocators, i.e. the PRO uniporter and the PRO/glutamate antiporter
9).

On the other hand the permeation of HYP in RKM has net yet been investigated. HYP released
by gross collagen breakdown and subsequent hydrolysis of HYP-containing peptides cannot be
directly reutilized for protein synthesis, thus it is committed to excretion or catabolism (16): in
this case transport in mitochondria is strictly required. In fact, HYP is oxidized to 3-OH-P5C by
a mitochondrial enzymatic mechanism simifar to that mediating PRO oxidation (17). The
reaction product can then be converted to 4-OH-glutamate by an NAD-dependent
dehydrogenase, which is the only common enzyme catalyzing the dehydrogenation reaction for
both PRO and HYP mitochondrial degradation (16, 18).

Thus this paper deals with experiments carried out to investigate the mechanism by which HYP
enters RKM. The occurrence of a HYP uniporter, different from the two PRO translocators (9),
has been demonstrated.

MATERIALS AND METHODS Materials: All the reagents used were from SIGMA (St.
Louis, U.S.A)). Mitochondrial substrates were used as Tris salts at pH 7.0-7.4.

Mitochondrial preparation: RKM were isolated from male Wistar rats (150-200 g) according
to (19) using a medium consisting of 0.25 M sucrose, 20 mM Tris-HCI pH 7.25 and 1 mM
EGTA. The final mitochondrial pellet was suspended in the isolation medium to obtain 30-40
mg protein/ml with mitochondrial protein measured according to (20).

Fluorimetric and photometric assays: Changes in the redox state of the pyridine nucleotide
were followed either fluorimetrically, using a Perkin-Elmer luminometer LS-5 with excitation
and emission wavelengths set at 334 nm and 456 nm respectively, or photometrically, using a
Perkin-Elmer Lambda 5 spectrophotometer. In this case €.,, value measured for NADH
under our experimental conditions was found to be 6.5 mM' ecm™. Both HYP and PRO uptake
was monitored following intramitochondrial NAD(P) reduction caused by externally adding the
substrate to mitochondria previously incubated with 1.25 pM FCCP, to increase the
intramitochondrial NAD(P)* concentration, and added, 2 min later, with 2 ug rotenone, to
prevent the oxidation of the newly synthesized NAD(P)H via the respiratory chain. Glutamate
efflux was monitored essentially according to (9, 21) by adding the glutamate detecting system
(GDS), consisting of NAD' (1 mM) plus GDH (2 e.u.), and then following NAD" reduction
caused by externally added substrates. The rates of both fluorescence and absorbance changes
were obtained as tangents to the initial part of the experimental curve and expressed as nmol
intramitochondrial NAD(P)* (or extramitochondrial NAD™) reduced/min x mg mitochondrial
protein. In order to obtain a quantitative measurement of the rate of intramitochondrial NAD(P)*
reduction, the fluorimetric response was calibrated as in (22).

RESULTS AND DISCUSSION To investigate HYP uptake and metabolism, experiments were
carried out by means of fluorimetric and photometric techniques under conditions in which

mitochondrial metabolism is essentially allowed to occur. In the same experiment HYP and PRO
were compared with respect to certain uptake features. The addition of either HYP or PRO (1
mM each) to RKM preincubated with the uncoupler FCCP and then added with rotenone causes
a rapid increase of fluorescence of the intramitochondrial pyridine nucleotides (Fig. 1, A and B).
Interestingly, phenylsuccinate (5 mM), an impermeable inhibitor of certain mitochondrial
carriers (10, 11, 23-25), which had no effect on the initial rate of change of fluorescence caused
by PRO (Fig. 1B and ref. 9), significantly decreases (80%) the rate of intramitochondrial

59



Vol. 202, No. 1, 1994 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

A B
A o
w C 1t CHGLU
) 15 nmoles/mg + PHESUCC
<t
wl
[+ 4
(= 1 min
Zz
< + CH,GLY
w
[S)
-4
w
@
w +PHESUCC
74 23
o
3 a5 25
™ .
HYP PRO

FIGURE 1. Fluorimetric investigation of the HYP uptake by RKM.

RKM (1.5 mg protein) were preincubated at 20°C for 1 min in 2.0 ml of standard medium
(consisting of 0.2 M sucrose, 10 mM KCl, 20 mM HEPES-Tris,pH 7.2, 1 mM MgCl,) in the
presence of 1.25 uM FCCP and 2 ug rotenone (for details see Methods).

Where indicated, additions were as follows: hydroxyproline (1.5 mM, HYP), proline (1.5 mM,
PRO). Phenylsuccinate (5 mM, PHESUCC) and methylglutamate (5 mM, CH;GLU) were
added 1 min before the substrate addition.

The rate, measured as the tangent to the initial part of the progress curve, is expressed as nmoles
NAD(P)" reduced/min x mg mitochondrial protein.

NAD(P)" reduction due to HYP (Fig. 1A). Contrarily, methylglutamate (5 mM) was found to
inhibit the PRO uptake (1B) as expected (9), without affecting HYP uptake. The observed
inhibitor sensitivity first suggests that HYP transport is a carrier-mediated process and that the
rate of fluorescence increase of RKM added with either HYP or PRO is dependent on two
different processes. Thus, a possible explanation of Fig. 1 is as follows (SCHEME 1): HYP
enters mitochondria via a carrier (sensitive to phenylsuccinate, but insensitive to
methylglutamate), in the matrix HYP is oxidized to 4-OH-glutamate via HYP oxidase and 3-
OH-P5C dehydrogenase with reduction of the intramitochondrial NAD(P)+.

Triton experiments [see 9, 12, 21] fail to ascertain whether the rate of HYP oxidation reflects the
rate of the transport rather than the rate of one intramitochondrial reaction, since externally
added Triton completely prevents any change of fluorescence (not shown). Therefore, in order
both to find out whether HYP transport in these experiments can limit HYP oxidation, i.e. to
ascertain that the rate of change of fluorescence reflects the rate of HYP uptake, control strength
criterion was applied [see 1, 9, 26] by using the inhibitor phenylsuccinate. Phenylsuccinate was
found to be a competitive inhibitor of the investigated reaction (Ki = 350 uM) as shown in Fig.
2, where the rate of fluorescence increase was measured as a function of phenylsuccinate
concentration in the presence of either 2.5 or 5 mM HYP. It should be noted that if the
reciprocal of the rate of investigated reactions is plotted against inhibitor concentration, the
resulting Dixon plot extrapolated to zero inhibition provides a measure of transport in the
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FIGURE 2. Dixon plot of the inhibition by phenylsuccinate of the rate of reduction of
intramitochondrial NAD(P)* due to externally added HYP.

RKM (1.3 mg protein) were preincubated at 20°C for 1 min in 2.0 ml of standard medium in the
presence of 1.25 uM FCCP and 2 pg rotenone. The reduction rate of intramitochondrial
NAD(P)* was measured by using 2.5 mM (7)) and 5 mM (@) HYP in the absence or presence of
phenylsuccinate at the indicated concentration.

The rate is expressed as nmoles NAD(P)* reduced /min x mg mitochondrial protein.

~

FIGURE 3. Kinetic analysis of HYP uptake using the double reciprocal plot.

RKM (1.5 mg protein) were preincubated at 20°C for 1 min in 2 ml of standard medium in the
presence of 1.25 uM FCCP and 2 pg rotenone. The experiment was carried out as described in
Fig. 1. Hydroxyproline (@) and proline (O) were added at the indicated concentrations.

The rate, measured as the tangent to the initial part of the progress curve, is expressed as nmoles
NAD(P)" reduced/min x mg mitochondrial protein.

absence of the inhibitor [see 1, 9, 26]. Statistical analysis shows that the intercept to the ordinate
axis of the line given by linear regression analysis of the experimental points obtained in the
presence of inhibitor coincides with the experimental point calculated in the absence of
phenylsuccinate, thus demonstrating that the measured increase of fluorescence reflects the rate
of transport across the mitochondrial membrane.

The dependence of the rate of uptake of either HYP or PRO on increasing substrate
concentration was studied by means of the double reciprocal plot (Fig. 3). Both HYP and PRO
uptake reveals hyperbolic saturation characteristics. Km and Vmax values for HYP and PRO
were found to be 1.4 mM and 5 nmol/min x mitochondrial protein and 1.2 mM and 10 nmol/min
x mg protein for HYP and PRO uptake, respectively. Km value for HYP, which is probably
within the physiological free HYP concentration range (16, 27, 28), favours the possible
occurrence of HYP carrier-mediated translocation in vivo, on the other hand the Vmax value is
similar to those reported for other kidney carriers (1, 4-15). The observed difference in Vmax,
which is a specific feature of each carrier (see 1, 2), confirms that the HYP and PRO uptake do
not share the same carriers, i.e. that uptake of HYP occurs via a carrier different from those

which can translocate proline (9).
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To gain further insight into the mechanism of HYP uptake into RKM the capability of HYP to
cause efflux of glutamate synthesized in the matrix as a result of HYP uptake and metabolism
(see SCHEME 1) was tested (Fig. 4). This was achieved by using already reported methods (9)
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FIGURE 4. Failure of externally added HYP to cause glutamate appearance outside

mitochondria.

RKM (1.5 mg protein) were preincubated at 20 °C for 1 min in 2 ml of standard medium in the
presence of 1.25 uM FCCP and 2 pg rotenone. Additions, where indicated, were as follows:
hydroxyproline (1 mM, HYP), proline (1 mM, PRO), glutamate detecting system (GDS)
(consisting of 1 mM NAD™ plus 2 e.u. glutamate dehydrogenase).

The rate is expressed as nmoles extramitochondrial NAD" reduced/min x mg mitochondrial

protein.
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in which the appearance of glutamate in the extramitochondrial phase was monitored by
measuring the increase in the absorbance of NADH in the presence of glutamate dehydrogenase
(see Methods). HYP fails to cause the efflux of intramitochondrial glutamate, produced by 4-
OH-GLU (see 16), formed in the matrix from the taken-up HYP, as shown by the constancy of
absorbance. As a control, PRO/glutamate exchange, whose occurrence has been shown recently
(9), was monitored in the same experiment (Fig. 4). As expected, as a result of PRO addition an
increase of absorbance is observed, which shows the appearance of glutamate outside
mitochondria. These results further confirm that HYP does share neither PRO uniporter (see
FIGG. 1 and 3), neither PRO/glutamate antiporter (9) to enter mitochondria.

In another experiment, no efflux of glutamate from !4C-glutamate-loaded RKM was found
following HYP addition to mitochondria (not shown).

In conclusion, we demonstrate in this paper that HYP catabolism is accomplished by the specific
HYP translocator and by the intramitochondrial enzymes. Whether the intermediates of HYP
degradation could affect the metabolic flux of the PRO intermediates (see SCHEME 1 and refs.
16, 29) remains to be established.
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