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\f\ N ABSTRACT

PARTIAL PURIFICATION AND CHARACTERIZATION
OF A UNIQUE PROLINE DEHYDROGENASE
FROM CLOSTRIDIUM SPOROGENES

By
Ronald Dale Cooper
An NAD+—dependent dehydrcgenase catalyzing the con-

version of L-proline to Al-pyrroline S5-carboxylic acid

(P5CA) was partially purified from Clostridium sporogenes.

The enzyme 1is specific for L-proline and NAD?Y, It is not
an oxidase, and it is nect affected by oxygen. Apparent Km
values measured at pH 8.0 for L-proline and NADY were 33
mM and 1.2 mM, respectively. Howvever, these may be errone-
ous due to the presence of an NADH-dependent P5CA reduc-
tase in the extracts. The optimum temperature for the de-
hydrogenase is approximately 50C, and the optimum assay

pH is approximately 10. The conversion of L-proline to
P5CA is strcngly inhibited by low concentrations of L-glu-
tamate. The presence of excess L-proline in the growth
medium increases the levels of enzyme activity in cell
extracts.. Cells grown with D-glucose have lowered proline
dehydrogenase activity. The partially purified proline de-
hydrogenase preparation contained a very low activity of
glutamate dehydrogenase, which tended to copurify with the

proline dehydrogenase. Also, the P5CA reductase mentioned



above copurified with proline dehydrogenase. The activity
of this enzyme is not affected by L-glutamate but is inhib-
ited by L-proline at high concentrations. Studies with
labeled proline and ornithine indicate that the proline de-
hydrogenase may function in the conversion of proline to

glutamate in C. sporogenes.
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INTRODUCTION

During studies of the conversion of ornithine to

proline by Clostridium botulinum and Clostridium svorogenes,

Costilow and Laycock (10) discovered an enzyme that appeared

1-pyrrol:’.ne S-carboxylic

to catalyze the interconversion of A
acid (P5CA) and proline. Both NAD+-dependent proline dehy-
drogenase and NADH-dependent P5CA reductase activities were
demonstrated. The overall equilibrium of the interconversion
was far in the direction of proline. Further studies showed
that the true intermediate between ornithine and proline was
A;-pyrroline 2-carboxylic acid rather than P5CA (23). There-

fore, it was postulated that P5CA may be an intermediate in

the interconversion of glutamate and proline in C. sporogenes

as it is in many other microorganisms and animals.

The purpose of this investigation was Lo study the
enzyme described above, which will be referrea to by the triv-
ial name of proline dehydrogenase. Experiments were designed
to: (a) determine the physiological role of the enzyme; (b)
rartially purify and determine optimal conditions for dehy-
drogenase activity; and (c) study the inhibition of the enzyme

by glutamate.



LITERATURE REVIEW

The Interconversion of Proline and Glutamic Acid

The metabolic relationship between glutamic acid
and proline has long been an area of interest. As early as
1912, Abderhalden observed that an alcohol-extracted casein
hydrolysate, presumably free of proline and rich in glu-
tamate, permitted the normal growth of dogs (38). Somewhsat
later, Womack and Rose (50) recovered l)*C—proline from rats

fed witn 1%

C-glutamic acid, indicating a possible metabolic
pathway between these two amino acids.

The intermediates in the pathway of the conversion
of proline to glutamic acid were first worked out in nmnamma-
lian systems. In 19kl4, Stetten and Schoenheimer (3€) iso-
lated significant amounts of lBN—glutamate from rats fed with
15N—proline. OCther evidence from their work indicated that
proline was oxidized to a pyrrcline carboxylic acid which
was presumably futher oxidized to glutamate. Vogel and Davis
(47) subsequently showed that the product of oxidized proline
was most likely A}—pyrroline 5-carboxylic acid (PSCA), which
was in spontaneous equilibrium with glutamic ¥-semialdehyde
(GSA), as determined in vitro with chemically synthesized
P5CA. Strecker (41), a major contributor to the study of the

interconversion of glutamate and proline, showed that with

partially purified rat liver and calf liver enzymas and pure

chemically synthesized P5CA, the enzymatic conversion of proline
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to glutamate proceeds via two distinct one-way steps:

(a)'the oxygen-dependent oxidation of proline, catalyzed by

a "proline oxidase," and (b) the spontaneous convérsion of
the P5CA formed to GSA and the subsequent oxidation of this
compound to glutamate, catalyzed by an NAD(P)+-dependent
"P5CA dehydrogenase." This pathway of proline catabolism may
be a universal one in animals, having already been identi-
fied in éuinea pig kidney, rabbit liver and kidney, human
liver, brain and kidney, and rat brain (42). There is no evi-
dence as yet for any other pathway of proline catabolism in
animals.

The biosynthesis of proline in animals has been shown
to proceed from L-glutamate through the same intermediates
(P5CA = GSA), using a distinctly different system of enzymes
catalyzing essentially irreversible reactions. One enzyme
(not yet isolated) catalyzes the conversion of L-glutamate to
GSA, and another enzyme, an NAD(P)H-dependent PS5CA reductase,
reduces P5CA to proline (25).
| In microorganisms, most of the early work on the in-
terconversion of proline and glutumate was concerned with the

biosynthesis of proline from glutamate in Escherichia coli

(') ana Neurospora (). Vogel and Davis (L4L7) first demon-
strated that the pathway from glutamate proceeds via the

same intermediates as those in animal systcems by showing that
chemically synthesized GSA and/or PS5CA could satisfy the pro-
line requirements of E. coli proline auxotrophs. The present

accepted pathway of proline biosynthesis in E. coli includes



an as yet unisolated phosphorylated intermediate between glu-
tamate and GSA, as proposed by Baich (2).

The catabolism of proline in microorganisms has been
studied extensively in recent years. Early work by Bernheim
(5) and Stone and Hoberman (39) showed that L-proline could
be utilized as a single carbon source in E. coli in the pres-
ence of oxygen. Frank and Rybicki (15) later demonstrated

that the degradation of L-proline to glutamate in E. coli

proceeds, as 1is the case in animals, via the same intermedi-
ates as those for the biosynthesis of L-proline from glutam-
ate (P5CA # GSA). . In a follow-up study, Frank and Ranhand
(16) showed that the enzymes involved in L-proline catabolism
were not reversible by demonstrating that mutant strains of
E. coli Bl, blocked in the enzymes for proline biosynthesis
from L-glutamate, could still convert L-proline to glutamate.
This system of separate enzymes for the biosynthesis and ca-
tabolism of L-proline is comparable to the mechanism of in-
terconversion of proline and glutamate in animals.

Little information is available concefning the meta-
bolic relationship of proline and glutamate in plants., Very
recently, a NAD+—dependent proline dehydrogenase and a NAD(P)H-
dependent P5CA reductase have been described in Chlorella

pyrenoidosa (21) and in cotyledons from the pumpkin, Cucur-

bita moschata (31). The proline dehydrogenase described in

these organisms is not an oxidase and can function normally

in the absence of oxygen, unlike the proline oxidizing en-

zymes described thus far in animals and microorganisms. Also,
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some evidence is presented by Rena and Splittstoesser (32)
that proline dehydrogenase and P5CA reductase activity may
occur oﬂ the same protein molecule in pumpkins.

The only other NAD+—dependent proline dehydrogenase

reported in the literature is the one found in Clostridium

sporogenes by Costilow and Laycock (10). Further investigsa-

tion of this enzyme is the subject of this lhesis.

Regulation of Proline-Glutamic Acid
Interconversion in Microorganisms

Since most of the work concerning the investigation
of the regulation of proline-glutamic acid inlerconversion
has been done with bacteria and yvast, only these systems
will be discussed.

Synthesis of L-proline from L-glutamate in E. coli
has been shown to be regulated Ly feedback inhibition. Baich
(2) and Baich and Pierson (2) demonstrated that L-proline in-
hibits as well as represses the conversion of L-glutamate to
GSA. The reduction of P5CA to L-proline is ncither inhibifed
nor repressed in this organism, since the bacterium will ex~
crete L-proline when supplied with exogenous P5CA (3). Berg
and Rossi (4) showed that E. coli will also excrete L-proline
when the conversion of L-glutamate to GSA is blocked and P5CA
is formed by an alternate route ({from N-acetylglutamate).

Kuo and Stocker (17) obtained thc same results with Salmonella

typhimuriun.

The inducibility by L-proline (and not PS5CA) of both



enzymes of the catabolic pathway from L-proline to glutamate
has'been demonstrated in a number of bacteria, all growing
aerobically (12, 15, 24). 1In all of these instances, catabo-
lite repression of proline oxidase and P5CA dehydrogenase by
D-glucose was also observed. Prival, Brenchley, and Magasanik

(7T, 27, 28) presented evidence that in Klebsiella aerogenes,

proline oxidase is repressed by glucose only when the supply
of nitrogen is abundant. In the presence of limiting nitro-
gen, glucose does not repress the enzyme, presumably due to
increased activities of glutamine synthetase under these con-
ditions. Adenosine 3',5'-monophosphate (cyclic AMP) does not
appear to play a role in this relief of catabolite repression,
Laishley and Bernlohr (18) reported that the enzymes
involved in arginine breakdown {arginese, ornithine d-trans-
aminase, and P5CA dehydrogenase) could be coincidentally in-
duced by arginine or ornithine and could be repressed by glu-

cose in Bacillus licheniformis. Also, proline oxidase and

P5CA dehydrogenase were induced by L-proline, and the dehy-
drogenase was found to be under catabolite reypression control.
They suggest that. P5CA could be a common in vivo inducer of
arginine and proline catabolism in this organism.

Lundgren and Ogur (20) showed that a Saccharomyces

glutamate auxotroph blocked in the tricarboxylic acid cycle
possessed a catabolic pathway to glutamale from proline, ar-
ginine, and glutamine, and grew on any of these amino acids in
a minimal medium. The mutant did not, however, grow on these

amino acids in a medium containing a full complement of common



oy
e

w

M
a

’

“w



amino acids minus glutamate. Their investigation showed that
the P5CA dehydrogenase (and not the proline oxidase) in this
organism is significantly inhibited by a wide variety of
amino acids, including glutamate. They suggested that there
may be a non-specific regulatory mechanism in yeast in which
the size of the amino acid pools controls glutamate formation

from proline and arginine.

Relationship of Ornithine to Proline and
Glutamic Acid Metabolism

The recognized biosynthetic and catabolic routes for
the interconversions of ornithine, proline, and glutamate are
shown in Fig. 1 (l; 29, 30, 33, 37). 1In E. coli, the major
pathway of ornithine synthesis from glutamate prcceeds via
acetylated intermediates, while acetylation is nct required

in Neurospora crassa, Tcrulopis utilis, or animal tissues

(4L6)., ©Little information is available on the interconversion
of these amino acids in plants.

The conversion of ornithine to glutamate ¥ -semialde-
’hyde is catalyzed by ornithine o-lLransaminase with pyridoxal

phosphate required for the transawination. Ir E. coli, the

equilibrium of this reaction is far in the directiqn of the
semialdehyde, presumably due to the tendency of the semial-
dehyde to cyclize (L46). The glutamic ¥-semialdehyde is nor-
mally oxidized to glutamate, but may be reduced to proline
as an alternate method of synthesizing proline in E. coli

(33, 46).
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Fig. l.--Interconversions of ornithine, proline,
and glutamate in microorganisms and
animals. Dashed arrows represent bio-
synthetic and solid arrows catabolic
pathways.



Species of Clostridium catabolize ornithine by two

pathways, both different from those described above. Dyer
and Costilow (13, 1L4) and Tsuda and Friedman (L45) have re-

ported that Clostridium sticklandii oxidized L-ornithine

as a single substrate to ammonia, alanine, acetate, and
carbon dioxide by a coupled oxidation-reduction with proline
as the electron acceptor. Costilow and Laycock (8, 9, 10)
also showed that both C. botulinum and C. sporogenes con-
verted L-ornithine to L-proline by & single protein, orn-
ithine cyclase (deaminating). The intermediates in this
pathway are L£-keto-4~aminovaleric acid in spontaneous equi-
librium with A}—pyrroline 2-carboxylic acid (23). They
(10) also found significant levels of a presumably rever-
sible enzyme that catalyzes the interconverision of P5CA and
L-proline which was not involved in the conversion of orni-

thine to proline.
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MATERIALS AND METHODS

Culture and Cultural Methods

The organism used in this study was a putrefactive

anaerobe, Clostridium sporogenes (NCA Clostridium PA 3679,

ATCC T7955).

Two basic xinds of media were used for the study of
the proline dehydrogenase enzyme. The "standard trypticase"
medium consisted of L4.0% trypticase, 2 ppm thiamine hydro-
chloride, and 0.05% sodium thioglycollate as a reducing
agent. The other medium was a synthetic one containing salts,
vitamins, and 12 amino acids adapled from the medium of Per-
kins and Tsuji (26). Both kinds of media were adjusted to
pH 7.4 vefore autoclaving (15 psi for 20 min).

Growth cultures were routinely started by inoculating
a stock suspension of spores (kept at LUC) into a 10 ml tube
of standard trypticase medium. This suspension was heat
shocked for 10 min in a 60C water bath and incubated in an
anaerobic Jar under a hydrogen atmosphere. Tube cultures pre-
pared in this manner wvere used as 2% inocula into the appro-

priate media. All cultures were incubated between 15 and 18

h.

Enzyme Assays

Three assay procedures for proline dechydrogenase were
used in this study. One procedure was essentially that de-
scribed by Costilow and Laycock (10) which measures the amount
of Al-pyrroline S-carboxylic acid (P5CA) formed from proline

10
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dufing a 15 min incubation in the presence of o-aminobenzal-
dehyde. The colored reaction product, a P5CA-o-aminobenzal-
dehyde complex, is measured by absorbance at LU3 nm, with a
mM extinction coefficient of 2.T1 mM~L em~1 (25). Previously
reported data demonstrated that the proline dehydrogenase

can readily be detected by trapping off the P5CA product by
this method (10). Reaction mixtures of 0.5 ml total volume
contained 25 mM Tris-HCl, pH 8.0, 0.3 M L-proline, 2 mM NAD%Y,
20 mM sodium pyruvate, 0.0l mg rabbit lactic dehydrogenase
(65 units/mg), and enzyme. The mixture without enzyme was
saturated with o-aminobenzaldehyde and placed into 13 x 100
mm tubes. After equilibration tor 5 min in a 4CC water bath,
enzyme was added, and the mixture incubated for 15 min and
stopped with 0.5 ml 10% trichloroacetic acid {(TCA). The TCA-
insoluble material was centrifuged out, and the absorbancy of
the supernatant solution was read at ULLU3 nm against pre-
acidified controls.

In the second procedure, the formatiou of the colored
reaction product of P5CA and o-aminobenzaldchyde was measured
by monitoring the rate of increase in absorbancy at 443 nm.
Reaction mixtures of 1.0 ml total volume contained 0.1 M
T}is—HCl (saturated with o-aminobenzaldehyde), pH 8.0, 0.45 M
L-proline, 10 mM NADY, and enzyme. The mixture without enzyme
was equilibrated tc 37C in a cuvette using a Haake constant
temperature regulator. After addition of enzyme, the reaction
was monitored immediately by measuring the increase in absor-

bancy at L43 nm with time.
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The third proline dehydrogenase assay procedure was
conducted by measuring the rate of proline-dependent reduction
of NADY as the increase in absorbancy at 340 nm with time.
The reaction mixture for this assay was exactly the same as
that for the second procedure (above), but without o-amino-
benzaldehyde., Enzyme was added to start the reaction after
5 min equilibration at 37C, and the rate of absorbancy was
monitored immediately. This third assay procedure was not
used for the less purified enzyme fractions due to a signifi-
cant amount of background reduction of NAD? wilh these pre-
parations.

To assay for P5CA reductase, the P5CA-deprendent oxi-
dation of NADH was measured by monitoring the loss of absor-
bancy at 340 nm with time. Reaction mixtures of 1.0 ml to-
tal volume contained 0.1 M Tris-HC1l, pH 8.0, 0.1 mM NADH,
1.3 mM P5CA, and enzyme., After £ min equilibration at 37C
in a cuvette, enzyme was added to start the reaction which
was monitored immediately.

Glutamate dehydrogenase assays werce conducted by
measuring the «L-ketcglutarate-dependent oxidation of NADH
as the rate of loss of absorbancy at 340 nm by the procedure
of Winnacker and Barker (L49). A 1.0 ml reaction mixture
contained 0.15 M Tris-HC1l, pH 8.0, 0.18 M ammonium chlor-
ide, 0.1 mM NADH, 5 mM «L-ketoglutarate, and enzyme. After
5 min equilibration in a cuvette at 37C, NADH was added to
start the reaction.

For all of these enzyme assays, a unit of enzyme is
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defined as that amount of enzyme necessary to convert 1
pmole of substrate to 1 pmole of product in one minute.

And specific activity is defined as units of enzyme per

mg of protein. For the reacticns monitored at 340 nm,

NADH was taken to have a millimolar extinction coeffi-
cient of 6.2 mM™' en™l. All reactions were read on & Gil-
ford multisample recording spectrophotometer. Protein con-
centratiéns were estimated by the method of Lowry, et. al.

(19), using bovine serum albumin as a standard, or by read-

ing absorbancy at 260 nm and 280 nm and using e nomograph.

Preparation of Al-Pyrroline 5-carboxylic Acid

Two methods were used to prepare P5CA. In one method
it was formed by the transaminaetion of L-ornithine, using par-
tielly purified rat liver ornithine J-transsminase according
to the method of Strecker (40). Livers extracted from adult
rats were partially homogenized in 0.25 M sucrose, washed in
0.05 M potassium phosphate, homogenized again in a Waring
blendor, precipitated with ammenium sulfate, and dialyzed.

To generate the PS5CA, the reaction mixture adapted from

)
‘cl]-ornithine

Strecker contained 40 uM L-ornithine (L-[u-’
when [U-th]—PSCA was needed), 3 mM L-ketoglutarate, pH 7.1,
50 mM potassium phosphaté, pH 7.1, and the partially puri-
fied ornithine d-transaminase, in a total volume of 10 ml.
The reaction was run with shaking for 35 min at 37C and

stopped with an equal volume of 10% TCA.

The P5CA prepared by this method was separated from






1k

the other amino acids in the final reaction mixture by the
method of Costilow and Eaycock (9).

P5CA was also prepared by another method described
by Strecker (L42), using a rat liver mitochondrial prepara-

tion and cytochrome ¢ with L-proline as substrate.

In Vitro Interconversion of Proline and Glutamate

To attempt to show the in vitro conversion of L-pro-
line to glutamate, rcaction mixtures of 0.6 ml total volume
were combined in 13 x 100 mm tubes to contain 25 mM potassium
phosphate, pH 7.5, 15 mM ATP, 1 mM magnesium chloride, 15
mM NAD+, 130 mM L-[U—th]-proline (specific activity = 0.0032
pCi/umole), and either whole cells or crude extract‘of C.

sporogenes grown in a synthetic medium. Likewise, to attenpt

to show‘the in vitro conversion of L-glutamate to proline,
similar reaction mixtures of 0.6 ml total volume were com-
bined in 13 x 100 mm tubes to contain 25 mM potassium phos-
phate, pH 7.5, 15 mM ATP, 1 nM magnesium chloride, 15 nM
NADH, 30 mM L-[U-1Y%C]-glutamate (specific activity = 0.02
pCi/pmole), and whole cells or crude extracts of cells grown
in synthetic media.

In both cases, the reaction mixtures were equili-
brated in a water bath to 40C for 5 min. Whole cells or
crude extract was added to start the reactions, which were
stopped after 1 h with an equal volume of 10% TCA. A cold
TCA extraqtion was carried out in an ice bath for 30 min,

after which the TCA insoluble material was centrifuged out
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and the supernatant solutions extracted three times with
ether. These solutions from the reactions and the pre-
acidified controls were adsorbed on Pasteur pipette col-
umns of Dowex 50W-Xh H'-form cation exchange resin, washed
with water, eluted with 1 M ammonium hydroxide, and con-
centrated to dryness under vacuum. The dry amino acids were
dissolved in 0.1 ml water, and 20 pl samples were electro-
phoresed (35 volts/cm).on Whatman No. 1 paper using a buf-
fer system of 0.25 M sodium acetate, pH 4.3, with which
glutamate could be readily separated from proline and orni-
- thine. Following electrophoresis, the paper was dried, and
the amino acid spots vere developed with 0.01% ninhydrin in
acetone in a drying oven. Spots corresponding to the stan-
dards (L-glutamate, L-proline, ¢-aminovaleric acid, and L-
ornithine) were cut out, folded, and covered with toluene-
based scintillation fluid (8) in glass vials. All counting
wés done on a Packard Tri-Carb Liquid Scintillation Spectro-
meter.

Since proline could not be separated from other neu-
tral amino.acids by electrophoresis, the amino acids from the
above reaction mixtures containing L-[U—]hC]—glutamate as
substrate were also chromatographed (descending) on Whatman
No. 3 paper with a butanol-acetic ucid-water (60:15:25) sol~
vent system. Amino acid spots were developed and cut out for
counting as above.

To attempt to show the in vitro conversion of P5CA
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to glutamate, [u-1%¢c]-P5ca prepared from L—[U—th]-ornithine
using rat liver ornithine d-transaminase was dissolved in

250 mM potassium phosphate, pH 7.5, to give a 15 mM solution
of the labeled P5CA. Reaction mixtures of 100 pl total vol-
ume contained 25 mM potassium phosphate, pH 7.5, 10 mM ATP,
10 mwM NADY, 1 mM magnesium chloride, 400 mM [U-1Yc]-P5cA
(specific activity = 0.066 pCi/pmole), varying concentrations
of hydrazine sulfate, pH 7.7, and 1.2 mg crude extract of C.

sporogenes grown in standard trypticase mediumn.

A1l reactions were run at 4OC for 30 min and stopped
with 60 pul G.4 M formic acid. After centrifuging at 18,000
x g for 15 min, 15 pl samples of the reaction mixture and of
a pre-acidified control were spotted on Whatman No. 3 paper
and chromatographed with a descending butanol-acetic acid-
wvater solvent system. The glutamate spots were cut out and

counted for 10 min in the toluene-~based scintillation fluid.

Fractionation of Cells Grown in Synthetic Media
with Labeled Amino Acids

Three C. sporogenes cultures of 100 ml each were grown

in synthetic medium + 0.05% sodium thioglycoliste with 0.23%
afginine added as a supplementary amino acid. After auto-
claving, 0.5% sterile glucose was added to the media. Each
flask was inoculated with 4 ml of a growing culture of C. spor-
ogenes (in standard trypticase media), and the flasks were in-~
Eubated in anaerobic Jars.

After 5 h, single cultures were supplemented with 10
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pCi of sterile L—[U-th]-proline, L—[U-th]—ornithine, or
L-[U-th]-glutamate. Growth was allowed to continue for 15
more hours.

All cultures were harvested at 18,000 x g for 15
min, the pellets washed twice with 10 ml volumes of cold
0.05 M potassium phosphate, pH 7.5, and then treated with the
following procedures: (a) cold TCA extraction; (b) hot TCA
extraction; and (c) complete protein hydrolysis.

(a) Cold TCA extraction: Five ml of cold 5% TCA
wvere added to each pellet and held at OC for 5 min before
centrifuging. The pellets were wushed a second time-and the
two 5-ml supernatant solutions combined to give the cold TCA
extracts.

(b) Hot TCA extraction: FEach pellel was extracted
with 2.5 ml 5% TCA at 90C for 30 min and centrifuged. The
vrellets were then washed with 2.5 ml warm TCA and the wash-
ings discarded.

(¢) Protein hydrolysis: The pellels were then sus-
pended in 1 ml 6 N HCl and transferred to vials. The cen-
trifuge tubes were rinsed with enother 1 ml of the HC1l and
added to the vials. The vials were flushed wilh argon,
sealed, and incubated at 110C for 24 h to give the protein
hydrolysate.

The cold TCA extracts were extracted three times with
equal volumes of ether, adsorbed on a Pasteur pipette column

of Dowex 50W-X. B -form resin, washed with water, and eluted
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with 1 M sodium hydroxide. The eluates were dried under a
vacuum, washed once with 5 ml water, and dried again. The
dried pellets were dissolved in 0.5 ml water and electro-
phoresed as previously described.

The protein hydrolysates were washed from their vials
with 3 ml water and dried under vacuum. The pellets were
picked up in 1 ml water and adsorbed on Pasteur pipette
Dowex columns as described above and eluted with 1 M sodium
hydroxide. These eluates were dried under vacuum, washed
with water, and dried again. The dry amino acids were dis-
solved in 0.5 ml water and electrophoresed as described above.

The cold TCA extract and the protein hydrolysate of
the cells from each culture were also chromatographed as pre-
viously described. The paper was then dried, sprayed with
0.1% ninhydrin in acetone, and the spots cut out which cor-
responded to amino acid standards. These spots were counted

for 10 min in toluene-based scintillation fluid.



RESULTS

Studies on the Role of Proline Dehydrogenase
in Cells of Clostridium sporogenes

Effect of growth medium on proline dchydrogenase ac-

tivity: If proline dehydrogenase is involved in the dissimi-

lation of proline in C. sporogenes, one might expect the en-

zume to be repressed in a glucose medium anc¢ induced in a me-
dium supplemented with excess proline. Conversely, if the
enzyme is involved in the biosynthesis of proline from glu-
tamate, one might expect it to be repressed in a high pro-

line medium. To test these possibilities, . sporogenes cells

were grown in 1 liter batches of sténdard trypticase and syn-
thetic media supplemented with various amino acids and with
glucose. Crude extracts of cells were prep:red from each
medium and these extracts assayed Tor proline dehydrogenase
activity.

The presence of glucose in the mediim resulted in a
decrease of about 50% in enzyme activity (T<~ble 1). There
is also some indication that the presence o’ proline or of
amino acids readily converted to proline (arginine and orni-
thine) in the medium enhanced proline dehydrogenase activity.
The extract with the highest enzyme activity was of the cells
grown in standard trypticase medium supplemented with 0.1%
L-proline. While not definitive, these data indicate that

proline dehydrogenase may be involved in thc dissimilation of

19
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Table l.--Effect of growth medium on proline dehydrogenase
activity.®

Growth Medium Specific Activity

Standard trypticase 0.0119

Standard trypticase +
0.1% L-ornithine 0.01k7

Standard trypticase +
0.1% L-arginine 0.0159

Standard trypticase +
0.5% D-glucose 0.0076

Standard trypticase +
0.5% D-glucose + 0.1%

L-ornithine 0.0095
Standard trypticase +

0.1% L-proline 0.018L
Synthetic 0.0093

Synthetic + 0.5% DL-
proline 0.0163

Synthetic + 0.17 L-
glutamate 0.0150

Synthetic + 0.5%
D-glucose 0.0058

Synthetic + 0.5% DL-
proline + 0.1% L-glutamate 0.0148

Synthetic + 0.5% DL-
proline + 0.5% D-glucose 0.007L

* . .

: Assays were performed by measuring the rate of in-
crease in absorbancy at 443 nm. Enzyme was crude extract,
between 0.55 and 1.3 mg protein per resction.
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proline in these cells.

Interconversion of proline and glutamate: Since the

most likely function of the proline dehydrogenase in cells

of C. sporogenes would be in the interconversion of proline

and glutamic acid, a number of experiments were conducted to

attempt to demonstrate such conversions. In an effort to show

the in vitro conversion of L—[U—th]—proline to L—[U—th]-

glutamate, reactions were conducted as described in MATERIALS

AND METHODS with whole cells of C. sporogenes, grown in a

synthetic medium supplemented with L-proline and/or D-glu-
cose, in the presence of L-[U—lLC]—proline. Counting the
glutamate spots from paper electrophoresis in toluene-based
scintillation fluid revealed a significant conversion of the
labeled proline to L—[U—luC]—glutamate by cclls grown in the
synthetic medium + 0.5% L-proline and some conversion to
L—[U-th]-glutamate by cells grown in synthetic medium + 0.5%
L-proline and 0.5% D-glucose (Table 2). These data agree
with the specific activities noted for the proline dehydrogen-
ase from cells grown in different media (Table 1). The re-
sults suggest that proline dehydrogenase is indeed involved
in the conversion of proline to glutamate.

To attempt to demonstrate the conversion of L-[U~th]—
glutamate to L—[U-th]—proline, reactions were conducted as

)
described above but with L-[U-1%C]-glutamate as substrate,

using whole cells or crude extracts of cells of C. sporogenes
grown in synthetic medium supplemented with & variety of amino

acids, including 0.1% L-glutamate. Conversion of the labeled
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Table 2.--Conversion of L-[U—th]— proline to L-[U-lhc]—
glutamate by cells of C. sporogenesf

Growth Medium L—[U—th]—glutamate Spots
Reaction Control

(cpm) (cpm)

Synthetic LéT Lo8

Synthetic +
0.5% L-proline 15k4) - 286

Synthetic +
0.5% D-glucose 378 Lo2

Synthetic +
0.5% L-proline + 897 60k
0.5% D-glucose

¥Reaction mixtures were as follows: 25 mM potassium
phosphate, pH T7.5; 15 mM ATP; 15 mM NAD'; 130 mM L-[u-lkc]-
proline (specific activity = 0.0032 uCi/umole )j; and 25 mg
(dry weight) whole cells of C. sporogenes. Controls were
acidified prior to adding cells.
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glutamate to labeled proline could not be shown in any in-
st ance with these reaction mixtures. Incubation was conducted
bo th aerobically and under an argon atmosphere.

The next step was to attempt the conversion of the pro-
1ine dehydrogenase resction product, P5CA, to glutamate. Re-
actions were conducted as described in MATERIALS AND METHODS,

with crude extracts of cells of C. sporogenes grown in stan-

dard trypticase medium, and [U—th]—PSCA in the presence of
various concentrations of hydrazine sulfate. The hydrazine
sulfate was used because previous experiments had demonstra-
ted that it strongly inhibited the interconversion of L-
proline and P5CA. In this case, the hydrazine was used to
prevent the reduction of the [U-1lic]l-Ps5cA to L—[U—ll*C]-pro-
line. After paper chromatography of the final reaction mix-
tures, counting the glutamate spcels in toluene-based scintil-
lation fluid revealed significant conversion of [U—th]—PSCA
to L—[U-th]-glutamate, with the extent of conversion drop-
Ping off as the concentration of hydrazine increased (Table

3). These data indicate that C. sporogencs does possess a

functional P5CA dehydrogenase which can operate in vitro.

To attempt to determine the interconversion of L-pro-
line, L-glutamate, and L-ornithine in growing cells of C.
Sporogenes, cells were grown in synthetic medium supplemented
with the th-labeled amino acids and fractionated as described
in MATERIALS AND METHODS. Table 4 summarizes the results of
this study. The data are not altogether consistent, however

there is some evidence that labeled proline may have been
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Table 3.--Conversion of [U-" CJ]-P5CA to L—[U—lhc]-—glutamate
in the presence of various concentrations of
hydrezine sulfate.¥*

Hydrazine sulfate L—[U—th]—glutamate Spots
(cpm)
Control an
10 mM 681
15 mM 5Th
20 mM 350
25 mM 320

¥Reactions contained 25 mM potassium phosphate, pH
7.5, 10 mM ATP; 1 mM magnesium chloride; 400 mM [U-1%C]-
P5CA (specific activity = 0.066 pCi/umole); 10 mM NAD%Y;
hydrazine sulfate as above; and 1.2 mg crude extract from
cells of C. sporogenes grown in standard trypticase. The
control contained 10 mM hydrazine sulfate and was acidified
Prior to adding cell extract.
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partially converted to glutamate, which either was incor-
In

porated into protein or leaked back into the medium.

contrast, labeled ornithine appeared to have been converted
to proline and glutamate to a rather large extent and then
Relatively little conversion of

incorporated into protein.
and there

glutamate to proline was indicated by the data,
was no indication of any conversicn of glutamate to basic

amino acids.

Partial Purification of Proline Dehydrogenase

Production of cells and preparation of crude extract:

Cells of C. sporogenes were grown in two 20-liter batches
After 17T h in-

as described by Costilow and Laycock (10).
cubation, the cells were harvested with a Sharples continu-

flow centrifuge, model AS-12; 86 g of cell paste were ob-

ous
This pellet was suspended in an equal volume of 10

tained.

mM potassium phosphate, pH 7.5, with 10% glycerol and ex-
The cell

tr e «—ted by ultrasonic oscillation of 8 ml batches.
de b 2~is was removed by centrifugation at 20,000 x g for 20 min

to J7ield 64 ml of crude extract.
The crude extract was dialyzed

Dialyzed extract:
"& = 3 st 2 liters of 10 mM potassium phosphate, pH 7.5, for 12

ha <hanging the buffer every 4 h, to yield 78 ml of dialyzed

CXET 3get.
It was interesting that the dialysis of crude extracts

<ells consistently resulted in a dramatic increase in ac-

ot
A possible explanation of

ti\"ity of proline dehydrogenase.
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this phenomenon is that glutamate present in the crude ex-~
tracts may have been inhibiting the enzyme, with dialysis
removing the glutamate and thus relieving the inhibition.
Proline dehydrogenase in crude extracts of cells prepared
with the aid of a French press had the same specific activ-
ity as proline dehydrogenase from sonicated cells.

Streptomycin sulfate treatment: The dialyzed ex-

tract was diluted with 10 mM potassium phosphate, pH 7.5,
with 10% glycerol to a final protein concentration of ap-
proximately 25 mg/ml. An equal volume of 5% streptomycin
sulfate in the same buffer was added slowly with stirring,
and the mixture was allowed to stand overnight at L4C. Af-
ter centrifuging at 36,000 x g for 30 min, 172 ml of ex-

tract were collected.

Ammonium sulfate precipitation: The streptomycin

sul fate-treated extract was fractionated by precipitation
with solid ammonium sulfate between 45 and 807 saturation.
The ammonium sulfate was added very slowly with stirring in
an dce bath and allowed to continue stirring fcr 30 min.
This L45-80% fraction was centrifuged at 36,000 x g for 30
nin gnd the supernatant solution (which gave a strong reac-
tion with o-aminobenzaldehyde due to the high concentration
°f ammonium sulfate) was discarded. The pellet was resus-
Peénded in 20 ml of 25 mM Tris-HC1l, pH 8.0, and dialyzed
against 1 liter of the same buffer for 16 h, changing the
buffer after 8 h. This dialysis yielded 38 ml of extract

Which was divided into 5 ml aliquots and frozen at -18C.
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DEAE-cellulose chromatography: A column of precy-

cled DEAE-cellulose (Whatman DE52) was poured to 1.5 x 15

cm and equilibrated with 50 mM Tris-1ICl, pH 8.0. One 8-ml

aliquot of the dialyzed 45-80% ammonium sulfate cut (168 mg
protein) was layered onto the column and eluted with a gra-
dient of Tris-HCl, pH 8.0, from 0.2 M to 0.3 M (100 ml of

each). Five-ml fractions were collected with a flow rate

of 30 ml/h. The column was further cluted with 40 ml of
0.3 M Tris and then with 40 ml of 0.3%5 M Tris-HC1l, pH 8.0.
Most of the protein was eluted with the first 50 ml of the

gradient (fractions 1 to 10), as determined by absorbancy

at 280 nm. The proline dehydrogenase eluted with the 0.35

M Tris (fractions 37 to 40), and these fractions were pooled,

concentrated to 0.8 ml in an Amicon ultrafiltration cell,

model 12, and frozen at -18C.

Two more DEAE-cellulose columns were run exactly as

above using 12 ml of the dialyzed L45-80% ammonium sulfate-

Precipitated fraction in each. Ultrafiltration of the frac-

tions which had proline dehydrogenase activity yielded 1.3

ml from one of these columns and 2.3 ml from the other. The

three DEAE-celiulose columns yielded proline dehydrogenase
Preparations with specific activities of 0,111, 0.126, and

0.115 units/mg protein.

The purity of the concentrated fractions was visual-

izeq by analytical polyacrylamide disc gel electrophoresis

(anionic) by the method of Davis (11). With each gel, a pro-

tein stain of 1% amido black in 7% acetic acid revealed a
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small band with a relative mobility (Rp) of 0.18, a large
band with an Ry of 0.3, and a diffuse, continuous band be-
tween RF values of 0.36 and 0.9. Because of this evidence
of impurity in the DEAE-cellulose preparations, another pur-
ification step was necessary. The procedure chosen was
Sephadex G-200 gel filtration.

Sephadex G-200 gel filtration: After running several

small Sephadex test columns with the concentrated DEAE-cellu-
lose fractions, the remaining volumes cf these fractions
were pooled to a volume of 3.66 ml (about 22 mg protein). A
Sephadex G-200 column, 2.5 x 33 cm was poured and equilibrated
with 40O ml of 0.25 M Tris-HCl, pH 8.0. Two ml (about 12 mg
protein) of the DEAE-cellulose fraction were layered onto the
column and eluted with the equiiibration buffer, collecting

5 fractions of 5 ml and then 4O fractions of 2 ml with a
flow rate of 17 ml/h. The absorbancy of the fractions at
280 nm revealed a protein peak in fraction 20, after about

55 ml of eluate.(Fig. 2). (The void volume of the column
had been determined to be about 50 ml by the use of Blue
Dextran 2000.) The proline dehydrogenase eluted in the trail-
ing edge of the initial protein peak, showing a maximum ac-
tivity in fraction 24 (Fig. 2). TFractions 22 to 29 were
Pooled and concentrated by ultrafiltration toc a volume of

3.8 m1 and frozen in 80 pl aliquots at -18C. Specific activ-
ities of concentrated Sephadex G-200 fractions from different
€0lumns ranged from 0.319 to 0.337. Table 5 summarizes the

Partial purification of the proline dehydrogenase.
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Fig. 2.,-- Sephadex G-200 gel filtration of DEAF-cellulose
fraction. Protein (Asgy),0Q; proline dehydrogen-
ase (Ay)y3/15 min), Q.
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Table 5.--Partial purification of proline dehydrogenase.

Total Specific
Fraction Vol. Protein activity activity Recovery
(m1) (mg) (units) (units/mg) (%)

Crude 6L 3008 9.02 0.0029 100
Di alyzed 78 2375 38.00 0.016 421
St rep.

s ulfate 172 1892 39.73 0.021 32
Dial. L5-

80% amm. .

sulfate 38 802 21.65 0.027 232
DE AE-cell.* 3.6 30.4 3.5k 0.117 39
Sephadex

G-200 3.8 1.7 0.56 0.328 T

*¥Compiled data from the combined active fractions of
three columns.
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Analytical polyacrylamide disc gel electrophoresis

of the Sephadex G-200 fraction: Preliminary studies with the

partially purified Sephadex G-200 preparation demonstrated
that it contained high levels of glutamate dehydrogenase ac-
tivity. To determine if the proline dehydrogenase could be
separated from the glutamate dehydrogenase by polyacrylamide
g&el electrophoresis, three gels were run with the Sephadex
G—200 fraction (about 72 ug protein on each). One gel was
stained with a 1% amido black protein stain in T% acetic

acid, another with an L-proline + NADY stain, and the thirad

with an L-glutamate + NADY stain (11). The L-proline + NAD'

stain consisted of 0.794 g L-proline, 0.58 ml Tris-HCl, pH

7.5, 5 ml phenazine methosulfate ( 2.5 mg/ml), 5 ml nitro-

blue tetrazolium (0.5 mg/ml), 2.3 ml 0.02 M NAD+, and 10.12

ml water, The L-glutamate + NADY stain was the same as the
L—-proline + NADY stain with the exception of 10 mM L-glutam-~
ate (final concentration) substituted for L-proline.

The gel stained with amido black showed a minor band
with an Rp of 0.18 and a major band with an Ry of 0.3. The
&€l stained with L-proline + NADY showed a single minor band
With an Rp of 0.29; and the gel stained wilh L-glutamate +
NAD* showed a major band with an Ry of 0.31 and a continuous
diffuse band from the top of the gel to the major band (Fig.

3). These data demonstrate that the proline dehydrogenase

8&nd glutamate dehydrogenase migrate very closely together on

POlysgcrylamide gels.
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Fig. 3.--Polyacrylamide disc gel electrophoresis of the
Sephadex G-200 fraction. Gel 1, stained with
amido black; A: Ry = 0.18; B: Ry = 0.3; C:
dye front. Gel 2, stained with L-proline +
NAD*; A: Ry = 0.29; C: dye front. Gel 3,
stained with L-glutamate + NAD"’; A: RF = 0.0
-0.33 B: Rp = 0.315 C: dye front.
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Separation of proline dehydrogenase and glutamate de-

hydrogenase by polyacrylamide gel electrophoresis: Although

the proline dehydrogenase and glutamate dehydrogenase mi-
grated closely together on polyacrylamide gels, an attempt
was made to separate the two enzymes by taking very thin
slices of these gels and assaying each for proline and glu-
tamate dehydrogenase activities. Two dialyzed 45-80% ammon-

ium sulfate preparations and the Sephadex G-200 fraction

were electrophoresed as before, and the gels were sliced into

3 mm sections. Each slice was put into a 13 mm tube contain-
ing 0.2 ml of 0.1 M Tris-HCl, pH 8.0, After equilibration
for 2 hours at 4C, the slices were assayed for enzyme activi-
ties.

To assay for glutamate dehydrogenase, the rate of re-
duction of 10 mM NADY was monitored as the increase in absor-
bancy at 340 nm, using 5 mM L-glutamate as éubstrate and 50
Ml of the Tris buffer used to cover each gel slice as enzyme
in a 1 ml total volume reaction mixture. Results showed that
glutamate dehydrogenase activity peaked in gel slice no. 5
of the gels used for the ammonium sulfate fractions and in
gel slice no. 6 of the gel used for the Sephadex G-200 frac-
tion (F’ig. k). To assay for proline dehydrogenase, the fol-
lowing reactants were placed into each gel slice tube: 0.1
M Tris-HC1, pH 8.0, saturated with o-aminobenzaldehyde;

0.375 M L-proline; and 10 mM NAD*. Enzyme was the Tris solu-
tion covering each gel, bringing cach reaction mixture to 1

ml total wvolume. After equilibration to 38C, L-proline was
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added to start the reactions which were stopped after 1 h
with an equal volume of 10% TCA. Proline dehydrogenase ac-
tivity was measured as absorbancy to 443 nm against a pre-
acidified control. The enzyme activity peaked in gel slice
no. 4 of the gels with the ammonium sulfate fractions and
in slice no. 5 of the gel with the Sephadex G-200 fraction
(Fig. b).

These data are in agreement with the positions of
the enzymes on stained gels (Fig. 3) and indicate that the
Proline dehydrogenase and glutamate dehydrogenase are dif-
ferent enzymes since there was little or no proline dehy-
drogenase activity in the gel slices which contained the
g€lutamate dehydrogenase peaks.

Separation of proline dehydrogenase and glutamate

dehydrogenase by DEAE-cellulose and hydroxylapatite chrom-

atography: A 4O-liter culture of C. sporogenes was pro-

duced, harvested, and sonicated as described above to yield
& crude extract. This was dialyzed, treated with strepto-
mycin sulfate, fractionated with 50-80% ammonium sulfate,
and dialyzed. The specific activity of the proline dehy-
drogenase increased about 10-fold through these procedures,
from 0.0028 units/mg protein in the crude extract to 0.02k
units/mg in the dialyzed ammcnium sulfate fraction. The
8lut amate dehydrogenase in these fractions was purified 2.3
fold from the crude extract.
A DEAE-cellulose column (2.5 x U2 cm) was then poured

and equilibrated with 0.15 M Tris-HCl, pH 7.5, with 10%
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4.,--Separation of glutamate dehydrogenase (GDH) from

proline dchydrogenase (PDH) by polyacrylamide
disc gel electrophoresis. Reactions for GDH and
PDH were as described in text. GDH from 0.4 mg
ammonium sulfate fraction,©; GDH from 0.8 mg
ammonium sulfate fraction,A; GDH from Sepha-

dex G-200 fraction,O ; @, &, B8, PDH from same
respective fractions.
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glycerol and 2 mM dithiothreitol (DTT). About 1.12 g protein
of the dialyzed ammonium sulfate fraction was layered onto
the column, and the column was washed with the equilibra-
tion buffer until the Ayg; of the eluate was below 0.2, The
protein remaining on the column was eluted with a linear
gradient of Tris-HCl, pH 7.5, with 10% glyccrol and 2 mM
DTT, fron 0.15 to 0.3 M., Eighty 10-ml fractions were col-
lected with a flow rate of 35 ml/h. The glutamate dehy-
drogenase peaked 1T fractions before the proline dehydrogen-
ase (Fig. 5). On the basis of these data, fractions 43 to
53 (Fig. 5) were pooled and concentrated by uwltrafiltration
to yield a proline dehydrogenase preparation with a specific
activity ‘of 0.133 units/mg protein. This preparation, how-
ever, still contai'ned a significant concenlration of glu-
tamate dehydrogenase.

A preliminary run demonstrated that the use of Seph-
adex G-200 gel filtration was of no benefit in separatihg
the two dehydrcgenases. The reak activities of both enzymes
€luted together from the colunn,

A hydroxylapatite column vas prepared by suspending
anhydrous BIO*RAD HTP hydroxylapstite powder in 20 mM gotag-—
S-‘.Lum phosphate, pH 7.3, and packing it into a colﬁmn (1.5 x
30 cm) as specified by the manufactuver. After equilibrating
the column with 100 ml of the same buffer, about 12.5 mg ‘

Protein of the concentrated DEAE-cellulose fraction were lay-

€reqd onto the column and eluted in 5.-ml fractions with g
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Fig. 5.--Elution of enzymec from DkAE-cellulose. Protein
(Asgp), ®; proline dehydrogenase (PDH) activity
in 100 pl samples, mecasured by the 15 min tube
assay, & ; glutamate dehydrogenase (GDH) activity
in 5 pl samples, A.
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linear gradient of potassium phosphate, pH 7.3, from 0.02 to
0.2 M (75 ml of each). Twenty-five fractions were collected
with a flow rete of LO ml/h. Six more fractions were eluted
with 0.2 M, seven more with 0.3 M, and seven more with 0.k

M potassium phosphate, pH 7.3, fcr & total of 45 fractions.
Three major peaks eluted from the column (Fig. 6). Glutam-
ate dehydrogenase eluted with the initial protein peak and
also in the second and third protein peaks. Proline dehy-
drogenase eluted with the trailing edge of the third pro-
tein peak and ﬁas nearly free of glutamate dehydrogenase
activity (Fig. 6). Fractions 43 and Ll were pooled to give
a proline dehydrogenase preparation with a specific activity
of 1.29 units/mg protein. Glutamate dehydrogenase activi-
ty in this preparation was 0.09 units/mg protein. Table 6
summarizes the purification procedures used to separate pro-

line dehydrogenase and glutamate dehydrogenase.

Characterization of Proline Dehydrogenase

Enzyme stability: The proline dchydrogenase protein

appears to be quite stable. The enzyme from each purifica-
tion step lost no activity for at least two months when
Stored at -18C. It did gradually lose activity upon re-

Peated thawing and refreezing. Also, as was reported for

the pumpkin proline dehydrogenase (32), the C. sporogenes

€nzyme was suprisingly stable to heat up to 50C.
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Fig. 6.--Elution of enzymes from hydroxylapatite. Protein
(A28 ), ®; proline dehydrogenase (PDH) in 100 pl
samples, measured by the 15 min tubc assay, &
glutamale dehydrogenase in 5 pl samples, &.
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Table 6.--Partial purification of proline dehydrogenase II.

Total Specific
Fraction Vol. Protein activity activity Recovery
(m1) (mg) (units) (units/mg) (%)

Crude Lg 3136 9.09 0.0029 100
Strep. 180 2700 56.7 0.021 623

sulfate

80% amnm.

"sulfate L2 113k 27.2 0.024 299
DEAE-cell. 11 28 3.7 0.133 %]
Hydroxyl-

apatite 10 0.17 0.22 1.29 2.4




L6

Relationship between enzyme concentration and measured

activity: To show the relationship between enzyme concen-
tration and enzyme activity, proline dehydrogenase reac-
tions were conducted with a Sephadex G-200 fraction, moni-
toring the rate of reduction of NADY at 340 nm using var-
ious concentrations of protein. The rate of reduction was
directly dependent upon the concentration of protein in the
reaction mixture over the range tested. (Fig. 7).

Effect of pH on enzyme activity: The effect of pH

.on proline dehydrogenase activity was determined by conducting
assays for the enzyme using 9.1 M concentratiors cf four
buffer systems: (a) potassium phosphate; (b) Tris-HC1l; (c)
sodium cérbonate-bicarbonate; and (d) glycine-sodium hy-
droxide. Enzyme activity was measured as the rate of reduc-
tion of NAD' at 340 nm. Maximal activity of proline dehy-
drogenase occurred at pH 10 (Fig. 8). At the pH routinely
used to assay for proline dehydrogenase, pH 8.0, only about
20% maximal activity was observed. At this pH, however,
there was strong P5CA reductase activity which may have
masked proline dehydrogenase activity. At p%i 10, there was
no P5CA reductase activity, possibly allowing greater ex-
Pression of proline dehydrogenase activity. Therefore, a
PH of about 10 would be the optimal pH for assaying proline
dghydrogenase in vitro, but this pH may or mey not be the

optimal pH in vivo for the conversion of L-proline to P5CA,

The reason that a pH of 8.0 was routinely used for



b7

Fig. T.~--Correlation of enzyme concentration and measured
activity. Proline dehydrogenase acltivity is
given in units measured by the NAD reduction
assay; enzyme was a8 Sephadex G-200 fraction.
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Fig. 8.--Effect of pH on proline dehydrogenase activity.
Proline dehydrogenase was measured by the NADY
reduction assay, using 9 pg protein of a Seph-
adex G-200 fraction as eunzyme and 100 mM con-
centrations of 4 buffer systems. Potassium
phosphate, O ; Tris-HCl, @; sodium carbonate-
bicarbonate, & ; glycine-sodium hydroxide,&.
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proline dehydrogenase assays during this investigation was
that initial studies of pH with Tris buffer indicated that
a pH of 8.0-8.5 was more optimal than 9.0. After the work
was essentially complete, references (21, 31, 32) were dis-
covered regarding proline dehydrogenase in eucaryotic cells
which led to the reevaluation of the pH optimum for the C.

sporogenes enzyme.

Effect of temperature on enzyme activity: To mea-

sure the activity of proline dehydrogenase over a range of
temperatures, the rate of NAD+ reduction was monitored at
340 nm using a Sephadex G-2C0 preparation as enzyme. The
activity of the enzyme increased to a maximum at 50C then
dropped off sharply above this temperature due to rapid in-
activation of the enzyme (Fig. 9). At 37C, the proline
dehydrogenase showed only about 72% of maximal activity,
but this temperature was used throughout to avoid any pos-
sible inactivation of the enzyme by heat.

Response of enzyme activity to oxygen: Experiments

to determine whether or not the jn vitro enzymatic conversicn
of L-proline to P5CA was sensitive to oxygoen were conducted
by adding reducing agents to the proline dchydrogenase reac-
tion mixtures and measuring the activity of the enzyme color-
imetrically as the rate of increase in absorbancy at 443 nm.
Reactions were run with 10 mM 2-mercaptoethanol, with 1 mM
DTT, and with both of these, before and after flushing each
reaction mixture with argon. In none of these reactions did

the enzyme activity vary from the controls (without reducing
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Fig. 9.--Effect of temperature on proline dehydrogenase
activity. ,Proline dehydrogenase was measured
by the NAD reduction assay, using 9 pg pro-
tein of a Sephadex G-200 fraction as enzyme,
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agents and in an air atmosphere). From these data, it ap-
pears that oxygen has no rapid effect on the enzyme.

Affinity of proline dehydrogenase for L-proline: The

activity of proline dehydrogenase with varying concentrations
of L-proline was measured as the rate of reduction of nvapt
at 340 nm using a Sephadex G-200 fraction as enzyme. The
apparent Michaelis-Menton constant (Km) for fL-proline was
determined to be 33 mM by plotting the reciprocal of enzyme
activity against the reciprocal of L-proline concentration
(Fig. 10). At pH 8.0, however, there is strong PS5CA reduc-
tase activity which may have counteracted the proline dehy-
drogenase activity. Therefore, this may noi be a reasonable
estimate of the actual affinity of the enzyme for L-proline.

Further reactions were conducted wiih 450 mM concen-
trations of L-alanine, L-aspartatce, DL-valine, DL-norvaline,
L-leucine, ahd D-proline. None ot these amino acids could
act as substrate for proline dehydrogenase. In each case;
there was no reduction of NAD+ observed.

Affinity of proline deunydrogenase for NADY: The ac-

tivity of proline dehydrogenase with varyin( concentrations
of NAD' was measured as the rate of reduction of the NAD" at
340 nm using a Sephadex G-200 fraction as enzyme. The ap-
parent K for NADY was determined to be 1.2 mM from a plot
of the reciprocal of enzyme activity against the reciprocal
of NAD' concentration (Fig. 11). Again, due to possible in-

terference of proline dehydrogensse activity by the highly



Fig. 10.--Lineweavcer-Burk plot for lL-proline., Proline de-
hydrogenase was measured by the NAD reduction
assay, using 9 pg of a Sephadex G-200 fraction
as enzyme.
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Fig. 1ll.--Lineweaver-Burk plot for NAD'. Proline dehydrogen-
ase was measured by the NADY reduction assay, using
9 pg of a Sephadex G-200 fraction as enzyme.
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active P5CA reductase at pH 8.0, this K, for NADY may not be
valid.

Reactions similar to those described above were con-
ducted substituting NADPY for NAD' in the reaction mixtures.
There was no evidence of any reduction of the NADPY when used
at concentrations from 7.5 to 21 mM. Therefore, the enzyme
is quite specific for NaD*.

Affinity of proline dehydrogenase for Al—pyrroline

5-carboxylic acid: According to an earlier report by Cos-

tilow and Laycock (9), the proline dehydrogenase was thought
to catalyze the reversible interconversion of L-proline and
P5CA, with the equilibrium of the reaction greatly in favor
of proline. To test the affinity of the most purified pro-
line dehydrogenase fraction from hydroxylapatite for P5CA,
reactions were conducted as described in MATERIALS AND METH-
ODS, measuring the P5CA-dependent oxidation of NADH as the
rate of loss in absorbancy at 340 nm. For these reactions,
P5CA was prepared from L-proline, using rat liver L-proline
oxidase according to the method cf Strecker {(42). The par-
tially purified enzyme showed a very great &sffinity for
PS5CA. A Lineweaver-Burk plot of the data indicated that the
apparent K, for P5CA was 0.5 mM at pH 8.0 (Fig. 12).

To determine the possible competition of P5CA and L-
proline for a single active site on the proline dehydrogen-
ase molecule, the same reactions used to determine the Ky
for P5CA were conducted first with 225 mM L-proline and then

with 300 mM L-proline added to each reaction mixture. A
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Fig. 1l2.--Lineweaver-Burk plot for P5CA.

was measured by the rate of oxidation of NADH
at 340 nm. Control (no L-proline), @; 225 mM
L-proline added to the reaction mixture, Q;

3C0 mM L-proline added to the reaction mix-
ture, 8.

PS5CA reductase
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Lineweaver-Burk plot of these data along with the control
data (Fig. 12) indicates that the P5CA reductase will bind
proline at high concentrations.

Inhibition of proline dehydrogenase by L-glutamate:

Since studies with lhC-labeled L-proline and P5CA showed
that proline dehydrogenase probably functions as part of an
enzyme system to convert L-proline to glutamate, enzyme
from each purification step was tested for possible feed-
back inhibition by L-glutamate. Enzyme activity in each
fraction was measured as the rate of increase in absorbancy
at hhé nm in the presence of o-aminobenzaldehyde with O,

1, or 10 mM L-glutamete added tc the proline dehydrogenase
assay reaction mixture. Results showed at least 60% inhi-
bition of proline dehydrogenase activity in the presence of
1 mM L-glutamate and as high as 82% inhibition in the most
purified fraction from hydroxylapatite chromatography (Ta-
ble 7). There was complete inhibition of activity in all
preparations tested by 10 mM L-glutamate. 7This inhibition
could not be reversed by increasing the concentration of

napt

in the reaction mixtures to 20 mM or 30 mM, indica-
ting that the inhibition observed was not mcrely a result of
competition for NADY between proline dehydrogenase and the
glutamate dehydrogenase present in each purification frac-
tion. Two other compounds structurally similar to glutam-

ate, &L-ketoglutarate and L-aspartate, failed to inhibit

proline dehydrogenase. Also, L-glutamate and «€c-ketoglutarate
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Table T.--Inhibition of proline dehydrogenase by L-glutamate.®*

Fraction mM L-glutamate % Inhibition¥*#
Crude 1 60
10 100
Strep. 1 63
sulfate 10 100
Dial. 45-80% 1 80
amm. sulfate 10 100
DEAE~cell. 1 T3
10 160
Hydroxyl- 1 82
apatite 10 100

¥Proline dehydrogenase activity was measured as the
rate of increase in absorbancy at 443 nm. Reaction mixtures
contained 450 mM L-proline, 10 mM NADY, and sodium glutamate
as above, with between 0.2 and 0.009 mg protein per reaction.

#*¥Tnhibition was the same at NADY concentrations of
10 mM, 20 mM, and 30 mM.
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failed to inhibit the reduction of P5CA to proline, in-
dicating that a separate enzyme may be involved in this

reaction.
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DISCUSSION

The NAD+—dependent L-proline dehydrogenase from

Clostridium sporogenes is the first enzyme of its kind re-

ported to exist in procaryotic cells. All of the enzymes
found thus far which oxidize L-proline to P5CA in procaryotes
and animals have been oxidases and could not function in the
absence of molecular oxygen. Very recently, however, NADY -
dependent proline dehydrogenases have been found in pump-

kin cotyledons (31, 32) and in Chlorella (21). There is

very high P5CA reductase activity present in these cells,

as there is also in C. sporogenes.

The question of whether or not P5CA reductase ac-~
tivity and proline dehyd}ogenase gctivity occur cn the same
protein(s) is still unresolved. The proline dehydrogenase
was first described by Costilow and Laycock (9, 10) in C.

botulinum and C. syporogenes as a reversible P5CA reductase

(E.C.1.5.1.2), with the equilibrium far in the direction of
proline. Evidence from this study shows that high concen-
trations of L-proline competitively inhibit the reduction of
P5CA to prolihe, indicating that P5CA reductase and pro-
line dehydrogenase activities may occur at the same site on
a single protein. Also, preliminary evidence shows that
proline dehydrogenase and P5CA reductase purify together.
The ratios of their activities remain relatively constant

with each purification step. This was also demonstrated
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with the activities from pumpkin tissue (32). On the other.
hand, L-glutamate significantly inhibits proline dehydrogen-

ase activity from C. sporogenes, but even high concentra-

tions of glutamate do not affect P5CA reductase activity.
Efforts to determine the kinetics of inhibition by glutamate
have been frustratéd so far due to the inability to com-
pletely separate glutamate dehydrcgenase from proline dehy-
drogenase preparations. Preliminary evidence, however, in-
dicates that the inhibition is non-competitive and cannot
be reversed by very high levels of L-proline. If this is
the case, glutamate may function by altering a single pro-
tein to inhibit the binding of proline but not P5CA.
While there is no reason that this could not occur'with a
single enzyme, the existence of two different proteins seems
a more reasonable explanation.

Rena and Splittstoesser (32) offer some evidence
that NADY-dependent proline dehydrogenase and NAD(P)H-de-
pendent P5CA reductase activities occur on the same pro-

tein molecule in the pumpkin Cucurbita moschata. The ra-

tio of P5CA reductase to proline dehydrogenase remained
nearly constant, between 1.4 and 1.6, over several purifi-
cation steps. Both enzymes were also sensitive to inhibi-
tion by some heavy metals, though not to the same extent.
The most interesting data reported, however, was the effect
of pH on enzyme activity. In pumpkin extracts, P5CA reduc-

tase showed maximal activity at pH 6.5, and the maximum ac~
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tivity of proline dehydrogenase occurred at pH 10, with no
P5CA reductase activity at this pH. Results presented herein

with C. sporogenes extracts also demonstrated that proline

dehydrogenase activity was greatest at pH 10, and that no
P5CA reductase activity was detectable at this pH. With
both organisms, P5CA reductase activity appears to be far
greater than proline dehydrogenase activity at pH 8.0. There
is no evidence as yet with either organism as to the pH at
which these reactions occur in vivo. It may be that proline
dehydrogenase activity is being masked at pld 8 due to the
rapid reduction of the reaction product, P5CA, back to pro-
line. This phenomenon may account for the unusually high
apparent K (33 mM) indicated by the present data for the
proline dehydrogenase substrate, L-proline, at pH 8.0. High
proline levels did inhibit P5CA rceductase and thus would
appear to increase rates of proline dehydrogenase activity.
The problem of pH remains unresolved at this time. 1In any
event; these data shed serious doubt on the hypothesis that
a single reversible enzyme is responsible for the proline

dehydrogenase and P5CA reductase activities in C. sporogenes

cells.

Although the data are not conclusive, tlie present
evidence from studies with th-labeled proline indicates
that proline dehydrogenase is involved in the dissimilation

of L-proline in C. sporogenes. 'The conversion of lhC-—L-

proline and ll“C-—PSCA to th—glutamate demonstrates the
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existence of a P5CA dehydrogenase as well as a proline dehydro-
genase in cell extracts. Since no significant conversion of

th-L—glutamate to 1L

C-proline could be demonstrated in these
cells, P5CA reductase evidently is not involved in an enzyme
prathway from glutamate to proline. Neither is it involved

in the conversion of ornithine to proline in C. sporogenes

(10).
Based on the data accumulated to date, proline dchy-
drogenase may be involved in an overall scheme to convert

arginine to glutamate in (. sporogenes, shown diagrammatically

in Fig. 13. <C. sporogenes requires arginine for growth in a

synthetic medium (Costilow, unpublished data), while neither
proline nor glutamate are required. It is also known that
arginine is converted to ornithine via the arginine dihy-

drolase system in Clostridium (23), and that ornithine is

primarily catabolized to proline by the enzyme ornithine cy-
clase (deaminating) (10). The intermediate involved in this
conversion is Al—pyrroline 2-carboxylic acid. Most of the
proline is then reduced to do-aminovaleric acid. Ornithine may

also be oxidized to a very limitcd extent in C. sporogenes

to alanine, acetate, ammonia, and carbon dioxide, in a reac-
tion coupled with the reduction of proline to d-aminovaleric
acid. This activity is minimal compared to ornithine cyclase
activity.

Data presented herein demonstrated a highly signif-

1k

icant conversion of C-ornithine to glutamate and some
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Arginine

Citrulline oL -Ketoglutarate
alanine
) acetate lf
4 NH3,CO2
Ornithine €——cemcccce e cecee—e e == —= - -Glutanmate
Rttt btk Ry ->
*\‘::\\ T
L~-Keto-d-amino- \w"::::} Glutamic
valeric acid ¥-semialdehyde
P2CcA PS5CA
Proline
Fig. 13.--Postulated relationships of arginine, ornithine,

proline, and glutamate in C. sporogenes. Dashed
arrows represent reactions not known to occur in
this organism.
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conversion of l,’"C—proline to glutamate. No significant label

1k

from C~glutamate was found in either proline or in the ba-
sic amino acids. Previous reports indicate that ornithine
cannot be directly converted to glutamate (10, 23) nor to
glutamic ¥-semialdehyde by an ornithine d-transaminase re-
action (10). Therefore, it appears likely that glutamate
was primarily derived from the conversion of proline. This

is the most probable physiological role of proline dehy-

drogenase in C. sporogenes.

Glutamate dehydrogenase, present in high levels in

species of Clostridium (49), was shown to copurify to a

great extent with proline dehydrcgenase in C. sporogenes.

However, the most highly purified fraction obtained from
hydroxylapatite chromatography, contained only low levels
of glutamate dehydrogenase, showing that these two enzyme
activities were catalyzed by different proteins in C. spor-
ogenes. Non-specific glutamate dehydrogenases have been
identified in other organisms (43, 49), bul L-proline has
never been shown to be & suitable substrate for these en-
zymes.,

The proline dehydrogenase activity in cell extracts

of C. sporogenes is strongly inhibited by very low levels of

L-glutamate (1 mM). This inhibition was shown to occur in
fractions from all stages of purification. Doubling and
tripling the already high (10 mM) concentrations of NADY in

the reaction mixtures could not reverse this inhibition.
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This indicates that the inhibition observed was not merely
due to the glutamate dehydrogenase reaction competing with
the proline dehydrogenase for the available NADY. Studies
on the precise mechanism of inhibition will require more
highly purified proline dehydrogenase preparations. If
indeed the primary role of the proline dehydrogenase is

in the biosynthesis of glutamate, the glutamate inhibition
observed may well be of the feedback type.

Another control of proline dehydrogenase in C. spor-
ogenes appears to be catabolite repression by D-glucose.
Simmons and Costilow (34) have shown that the enzymes of
the Emden-Meyerhof-Parnass pathway of glucose metabolism
are induced by D-glucose. Also, Stern and Bambers (35) dem-

onstrated that in Clostridium kluyveri, £-ketoglutarate

can be formed through a partial tricarboxylic acid cycle.
If this is the preferred pathway to form glutamate in C.

sporogenes, one might expect glucose to repress the enzymes

required for alternate mechanisms of synthesizing glutamate,
which would include the catabolism of L-proline to glutamate.

This is exactly what appears to occur in Klebsiella aerogenes

(7, 27, 28). 1In this organism, glucose represses the en-
zymes required for the formation of glutamate from histidine

and proline,.
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