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Abstract-The enzyme catalysing the L-proline-dependent reduction of NAD+has been purified over 600-fold 
from wheat germ acetone powder extracts. L-Proline, 3.4 dehydro-oL-proline, thiazolidine-4-carboxylate were the 
only substrates utilized readily. The K, for L-proline was 1.0 mM and for NAD+ 0.8 mM. The enzyme was highly 
specific for NAD+ with NADP’ and NADPH acting as effective competitive inhibitors with a Ki of 1.8 and 
0.4 PM, respectively. All ribonucleoside triphosphates tested were good non-competitive inhibitors, in particular 
UTP. The purified enzyme could reduce pyrroline-5-carboxylate. either chemically synthesized or generated in 
a linked assay system from ornithine by a highly-purified ornithinc transaminase. In the latter case both NADH 
and NADPH were utilized equally well as the reductant. With chemically synthcsired I)r-p4rroline-5-carbox~- 
late as the substrate. NADPH was used at only 25’; the rate of NADH, and NADPH strongly inhibited the 
oxidation of NADH. 

INTRODUCTION 

THE BIOSYNTHESIS of proline in all organisms so far studied in any detail proceeds from 
either glutamic acid or ornithine via glutamic-y-semialdehyde which is in equilibrium with 
its cyclic form PX.I_ This latter compound is then reduced to L-proline, utilizing a reduced 
pyridine nucleotide as the reductant.’ The oxidation of L-proline on the other hand has 
been accomplished by the L-amino acid oxidase of animal tissues,* and the particulate pro- 
line oxidases of rat liver,3,4 yeast,5 and insect flight muscle.6 No requirement for pyridine 
nucleotide has been demonstrated for the oxidation of proline in these cases, and the P5C 
reductase of calf liver was incapable of the reverse reaction.7 Recently, a dehydrogenase 
has been obtained from extracts of acetone powders of germinating peanut cotyledons 
which can reduce NAD+ in the presence of L-proline.’ The specificity for NAD+ was very 
great. NADP+ could not replace NAD’ but was an extremely effective competitive inhibi- 
tor of the NAD+-linked reaction. The same extracts also contained a P5C reductase which 
utilized NADPH much more effectively than NADH.9 The dehydrogenase activity did not 
appear to be. therefore, merely a reversal of the reductase. 

* Part III in the series “Metabolism of Proline in Higher Plants”. For Part II see Ref. 8. 
t ilhhrcriotions: PSC-A-pyrroline-5-carboxylate: CAPS-cyclohexylamino propane sulfonic acid. 
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We have recently found that wheat germ also contains an NAD ’ -linked L-proline 

dehydrogenase.‘” The present report describes the isolation. partial purification and 
properties of this enzyme. There is a specific requirement for NAD’ as the oxidant. 
NADP+ is a very powerful competitive inhibitor. Even more cfTecti\c. however, is 
NADPH. An unusual finding has been the ability of the enzyme to reduce P5C to proline 
with either NADH or NADPH as the reductant. Thus the paradoxical situation appar- 
ently exists of a reversible reaction in which the cofactor which is opcrativc in one direction 
is not only inoperative. but inhibitory in the reverse direction. Some possible csplanations 

of this phenomenon are offcrcd in the discussion. 

RESt LTS 

The enzyme was extracted from the acetone powder with 5 vol. (wiv) of 0.2 M potassium 
phosphate buffer pH 7.2 by stirring in the cold for 30 min. The suspension was passed 
through several layers of cheesecloth and centrifuged for 60 min at 23 000 c/. ‘The supcrna- 
tant solution was used as the starting point for purification. All suhsequont steps were car- 
ried out in the cold except where noted. 

The enzyme solution was made to 50”. saturation with solid (NH,)2S0, and stirred fol 
30 min. The precipitate was retnoved by centrifugation and dissollcd in 0.1 M phosphate 
pH 7.2. All of the enzyme activity was recovered in this fraction. The cnzytnc solution A’~S 
then heated at 60 for 3 min and the precipitate which formed was removed 1~1 centrifuga- 
tion and discarded. 

The heat-treated enzyme solution was placed on a column of Sephadcx G 100 and cluted 
from the column with 0.01 M phosphate pH 7.2 as the eluting solvent. Approximately 
10 ml aliquots were collected. The enzyme appeared immcdiatel\, at the Loid volume. All 
aliquots having specific activities at lcast twice that of the material applied to the column 
were combined. The combined solution was conccntratcd bj ultrn-filtrntion using a filter 
which retained proteins bvith a MW grater than 30000. An inexplicable observation was 
the fact that when Sephadex G200 was used in this step. vet-q little activity could be re- 
covered in any of the fractions. Recotnbination of fractions did not give additional activity. 
Any activity that was rccov-ered, ho\fever. also appeared immcdiatel>, after the cmergcnce 
of the void volume with this gel. 

The concentrated eluatc from the preceding step was placed WI a h~droxylapatite 
column (22 x I.2 cm). The column was eluted with 0.03 M phosphate pH 7.2 collecting 
5 ml fractions until a base level of absorbance at 180 nm was reached. At this point a gra- 
dient elution was started with O-5 M phosphate pH 7.3 aid a mixing vessel containing 
I50 ml of 0.02 M phosphate pH 7.2 originally. The fractions containing the activity were 
combined and dialysed against 0.02 M K phosphate buffer, pH 7.2. and then concentrated 
to IO ml by Llltra-filtratioll. 

The concentrated cnzjme solution was rechromatographed on an identical hydroxyl- 
apatite column and eluted using the same conditions as in the preceding step. The fractions 
containing the enzyme (between 200 and 220 ml as a sharp peak) Ivere kept individually 
for further LISC. The results of II typical purification arc given in Table 1. The a&bit! given 
for the second h~drox~lapatitc clution is based on the addition ol’all the selparatc fractions 
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and their average specific activity. The fraction with the highest activity was purified 640- 
fold. 

TABLE 1. PURIFICATION OF L-PROLINI: DEHYUROGWASE 

Fraction mg protein 
Sp. act. 

(units/mg) 
Total 
units Purification Yield 

1 Acetone Powder 
extract 3568 0.013 46.6 I.0 100 

2 o-50”/, (NH&SO, 
precipitate 2409 0.018 43.4 1.4 93 

3 Heated (NH&SO, 
fraction 675 0.059 39.8 4.5 86 

4 Sephadex G 100 
cont. eluate 252 0.20 50.4 15 108 

5 First hydroxylapatite 
eluate 14 2.2 30.8 169 66 

6 Second hydroxylapatite 
eluate 3.4 5.6 19.1 430 41 

Kinetic constants 

The Michaelis constants for NAD+ and r_-proline were determined using the most puri- 
fied fraction. The K, for each substrate was obtained in the presence of saturating con- 
centrations of the other substrate. The reactions followed a normal hyperbolic curve in 
each case. By graphical methods the K, obtained for L-proline was 1.0 mM and for NAD+ 
was 0.8 mM. 

Suhstvate specificity for proline 

The specificity of the reaction for the amino acid was examined (Table 2). The enzyme 
was completely specific for L-proline with D-PrOline being neither a substrate nor an inhibi- 
tor. Hydroxyproline was not a substrate. 3,4-Dehydro-DL-proline was even more effective 

than L-proline. Thiazolidine-4-carboxylate, a sulfur-containing analog of proline, was uti- 
lized as effectively as proline. N-Substitution of the proline eliminated its ability to act as 
a substrate, and modifying the carboxyl group of proline decreased or eliminated the sub- 
strate function completely. 

TABLE 2. SUBSTRATE SPEUFICITY OF L-PROLINE DEHYDROGENASE 

Substrate 

L-Proline 
D-Proline 
DL-Proline 
4-Hydroxy-L-proline 
3-crans-Hydroxy-L-proline 
3,4-Dehydro-oL-proline 

Relative Relative 
activity Substrate activity 

100 L-Proline methyl ester 48 
0 N-Methyl-L-proline 0 

109 L-Proline amide 0 
0 oL-Pipecolic acid 19 
2 Thiazolidine-4-Carboxylate 111 

150 

The standard reaction mixture was utilized with the substrate designated. In the cases where 1%substrates were 
used, the concentration was raised so the L-form was at the equivalent concentration to that used in the L-proline 
assay. 
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The reaction with proline was found to be completely specific for NAD- 21s the electron 
acceptor. NADP ’ could not replace NAD ’ to any degree. In fact. NADP was found 
to be an extremely effective competitive inhibitor for NAD*. NADPH _ WIS also ;I com- 

petitive inhibitor for NAD’ and was even more potent than NADP-. The Ki for NADP ’ 
and also for NADPH’ was determined by graphical methods. The Ki for NADP- was 
1.8 /tM and for NADPH ’ ~vas 0.4 /IM. The addition of NADPH- to a final conccnlration 
of 5 ,uM in a reaction mixture of 9 mM NAD- inhibited the rate by X0”,,. It rcquircd 20 !tM 
NADP- to achieve the same dcgrec of inhibition. NADH did not shop. an> inhibitory 
effects on the initial rate of reaction with NAD ‘. 

Other nucleotides were tested for their efiect on the oxidation of proline by NAD -. The 
results (Table 3) clearly show that all the ribonucleotidc triphosphates tested were good 
inhibitors. At 2 mM final concentration an inhibition of between 70 and 80”,, MYIS found 
for all except tiTP. This latter nucleotidc gave almost complete inhibition at this con- 
centration. and 77”,, inhibition \V:IS found at a concentration as lot\, as 0.3 mM. .A1 the 
2 mM concentration ADP was less effective inhibiting onl) W’,, and AMP onlv ww ;I c 

XI”,, inhibition. ATP and UTP were examined in more detail to dcterminc the mode of 
inhibition. The results indicate that both are non-competitive inhibitors with rcspcct to 
NAD' 

The standard reaction mixture was used as dcscribrd in E:xpcrlmcntal \\lth the xlditioll of the designated nut- 

lcotide to a final concentration of Z! mM. 

Because of the rapid decrease in the rate of reaction with time. the product of the oxi- 
dation from I_-prolinc did not accumuk~te in any quantity under the reaction conditions 
used. Even with ’ “C-prolinc as the substrate too little ws found for identification. 

The biosynthesis of proline involves the reduction of PK by reduced pyridinc nucleo- 

tide. I Synthetic P5C WIS obtained from t)L-~-;Imino-t’j-hydras! valeric acid as dcscribcd 
in the Experimental and tested hith the la-prolinc dchydrogenase. Both NADH and 
NADPH were oxidized in this system. NADPH was less cfTectivc being osidi/cd at onl! 
3”,, the rate of NADH. Both NADP’ and NADPH \Fcrc excellent inhibitor5 of the 
NADH reduction of P5C. Nc\DP- at 10 /IM inhibited the reaction b> h4”,, and I ,uM 
NADPH inhibited the rate by Sh”,, 

Another method of P5C synthesis was by the enzymatic transaminaliol1~tio~~ of I_-ornithinc. 
An ornithinc-ci-transaminase purified some 430-fold from squash cot\,ledons of 5 S-da)- 
old etiolated seedlings was available.’ ‘.I3 This enzyme produces glutamic ;!-scmialdehydc 

‘I MlllLIS. M. and LI. ‘1. s. 11971) /‘/c/Jlr I’/?l~\ir~/. 37, suppl. 17. 
” MA/I I IS. M and 1.r T S. ( 10~: I Fid~~i/ii~r P~cM. 32, %O 
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and its equilibrium product P5Cby transamination with a-oxoglutarate. A linked reaction 
system combining the ornithine transaminase of squash cotyledons and the wheat germ 
dehydrogenase was set up as described in the Experimental. The system oxidized both 
NADH and NADPH equally effectively as shown in Fig. 1. In the absence of either the 
dehydrogenase or the transaminase no oxidation occurred. DL-Ornithine-2-i4C was used 
as the substrate with NADH or NADPH as the reductant and the reaction mixture exam- 
ined by paper chromatography. The radioactive compounds were located by use of a strip 
counter and identified by co-chromatography with known standards. With either NADH 
or NADPH as the reductant, radioactive proline was formed. In the absence of the trans- 
aminase or the dehydrogenase essentially no proline was found. 

d 

0 I 2 3 4 5 

Time. min 

FIG. 1. OXIDATIONOF REDUCED PYRIDINE NUCLEOTIDESBY ENZYMATICALLY-PKODUC~D PK. 
Assay mixture as described in Experimental except pyridine nucleotide concentration was 0.25 mM 

DISCUSSION 

Previous studies had shown that a system from germinating peanut cotyledons could 
synthesize proline via transamination of ornithine and reduction of the product by reduced 
pyridine nucleotides.’ The same preparation could also reduce pyridine nucleotides in the 
presence of L-proline.8 The biosynthesis of proline utilized NADPH more effectively than 
NADH. A partially purified P5C reductase from tobacco leaves also utilized NADPH 
more readily.i3 In contrast to this a proline dehydrogenase from peanut cotyledons used 
NAD+ as an oxidant for L-proline to a much greater extent than NADP+.8 In fact 
NADP+ was an excellent competitive inhibitor of NAD+. 

” NOGUCHI. M., KOIWAI, A. and TAMAKI. E. (1966) Agr. Biol. Ckvn. 30,452. 



The present work shows that many of the findings of the properties of the L-prolinc 
dehydrogenase of peanut cotyledons are equally applicable to a similar enzyme from 
wheat germ. The K,, for r,-prolinr and NAD ’ of this lnttcr enzhmc are more than an order 
of magnitude larger than that of the peanut enr>mc. NAD is almost completclq specific 

as the oxidant, and NADP is an eucellcnt competiti\,c inhibitor. In addition NADPH 
is even more effective as an inhibitor of the wheat germ cnz) me than NADP ! N ncleolide 

triphosphates, especially UTP. have been found to bc e oood non-competitive inhibitors of 
the dehydrogcnnse. Strangely enough P5C. which is formed by tr~lnsamination from 
ornithinc, is reduced equally ~~11 to prolinc with cithcr NADPIH or NADH: howet-er. 
chemically synthesized P5C itses NADH much more e#cctivcly than NADPH. .4 similar 
finding \vas repnrtcd for the P5C rcductasr of pumpkin (<‘ic(:ll~hirtr rlrtr.\-i~;tr) cotyledons.” 
The oxidation of NADH bq the wheat germ dchqdrogenase Losing IX-PSC‘ produced 
through chemical synthesis was inhibited very markcdl! 1~~~ the prcsencc of small amounts 
of NADP or NADPH. 

How can we put these seemingly contradictory observations together to make a logical 
~+olc? Attempts to determine the MW by gel-filtration have indicated that the MW of the 

dehydrogenase is of the order of700000 daltons. Proteins of this sire arc almost invariably 
composed of sub-units. Let us assume that there is a binding site for P5C of high atfinity 
used in biosynthesis, and another of high aflinity for prolinc used in the oxidation of pro- 
line. It is assumed that the high afinltj site for PK would have II low af‘rjnity for proline. 
Again assume there is only one binding site for the pyridinc nucleotidcs and that the bind- 
ing constants for the pyridinc nucleotidcs arc of the order NADPH > NADP + > NADH 
and NAD’ and that the presence of NADPH or NADP i on the p!ridinc nucleotidc site 
makes the high affinity prolinc site much less able to bind PS(‘, We can now rationalize 
all the preceding results into a consistent picture. With NADH as the rcductant and star- 
ting with high amounts of chemically-synthesized P5c‘ the substrate can bind to both sites 
and is reduced to prolinc. In the prcscncc of NADPH and NADP the second site becomes 
less available to P5C and the rate with NADH is decreased. The high atfinitl P5C site 
can still be used so NADPH can I-cducc MC‘ at this site. When P5C is furnished via the 
transaminase and is reduced as it is formed, it binds primaril! to the high aflinit! site and 
the rate of reduction with NADPH and NADH arc the same. Implicit in the above pro- 
posed mechanism is the assumption that NADPH and NADP’ only can interact u-ith 
the high afinity site for P5C and NADH ’ and NAD can react bvith both sites. 

Evidence has recently been accumulating that there arc cases where two binding sites 
for substrate on the same protein dots exist. Smith c,t ~1. i ’ have sliowti sepni-ate sites for 
oxidation and reduction on cytochrotnc C‘ and its interaction with c\ ~~~~II-~IIIL‘ oxidase 
and succinate-cytochromc C rcductasc. Bosshard”’ has also presented c\,~dcncc that subti- 
lisin may have two different substrate binding bites. 
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For P5C reduction. Two methods were used. (a) A direct determination of the oxidation of reduced pvridine 
nucleotide was made using the following reaction mixture: K phosphate, pH 7.2, 100 mM: NADH or NADPH, 
0.4 mM; P5C, 10 mM; wheat germ dehvdrogenase. 0.02-0.05 international units (IU) SD. act. 3.5 IU’me. Final . _ 
vol. was 1 ml. The oxidation of;he reduced piridinc nucleotide was folfovved at 340 nm. (b) Linked assay system: 
Tris/HCl pH 8.0, 150 mM ; Na a-oxoglutarate, 50 mM; t_-ornithine, 50 mM ; pyridoxal-5’-phosphate, 005 mM ; 
NADH or NADPH, 0.4 mM; orinithine transaminase, 0~040~08 IU (sp. act. 2.6 IU/mg); Wheat germ dehydro- 
genase, 00220.05 IU (sp. act. 3.5 IUimg); Final vol. 1 ml. The ornithine transaminase was prepared from squash 
(Cucurhitcr prpo) cotyledons and was over 400-fold purified.” The reaction was started by the addition of the 
transaminase to the reaction mixture and the progress followed by the change in absorbance at 340 nm. 

Product of P5C reduction. To identify the product of the above linked eniyme system. the following reaction 
mixture was used: Tris/HCl, 50 mM; L-ornithine, 20 mM; m-ornithine-2-“C, 20 mM containing 10 $?ii4C; Na 
n-oxoglutarate, 40 mM; NADH, or NADPH, wheat germ dehydrogenase and ornithine transaminase at same 
levelsas above. Final vol. 0.5 ml. After 60 min of incubation at room temp. the reaction was terminated with 
1 ml 95:< EtOH. The mixture was clarified by centrifugation and the supernatant examined by PC followed by 
strip counting and co-chromatography with known standards. 

Protein determination. Protein was estimated by use of either the Lowry calorimetric or UV-spectrophoto- 
metric methods as described by Layne.i’ 

Preparation qfacrtone powder. Wheat (Triticum uulyare) germ was a gift of Prof. P. K. Stumpf. The wheat 
germ was blended for 1 min with 4-5 ~01s. (w/v) of acetone (at - 15’) in a chilled Waring blendor. The suspension 
was filtered by suction and washed well with acetone. The precipitate was then dried at room temp. and stored 
at - 15”. The-powder was stable for many months, 

. _ 

Svnthesis of P5C. P5C was vrevared from DL-a amino-ci-hvdroxvvaleric acid bv a slight modification” of the 
method used by Jones and Broquist. I9 The concentration of the-product was estimated by the assay method 
of Strecker.“’ 

Chenzicals. 3,4-Dehydro-DL-proline and 3-trans-hydroxy-L-proline were gifts from Prof. L. Fowden. All other 
amino acids and other chemicals were obtained commercially. 
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