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ENZYME ORGANIZATION IN THE PROLINE BIOSYNTHETIC PATHWAY OF ESCHERICHIA COLI -

HOWARD GAMPER AND VIVIAN MOSES*

Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory, University

of California, Berkeley, California 94720 (U.S.A.)

SUMMARY
Employing a bioradiological trapping system, the conversion of glutamic

acid to prbline by a crude Escherichia coli extract was monitored. The

activity was dependent upon the presence of both ATP- and NADPH -regenerating
systems, The first two pathway enzymes appear to exist as a complex which |
stabilizes a high energy common intermediate postulated as y-glutamyl phos-
phate. Attempted synthesis of this éompound was unsuccessful due to its
spontaneous cyclization to 2—pyrrolidone S-carboxylate. Dissociation of

the enzyme cohplex upon dilution of the extract is presﬁmed responsible

for an experimentally observed 'dilution effect.'" Biosynthetic activity

was largely unaffected by the presence of ammonia or imidazole. Stabili-
zation of the enzyme-bound acyl phosphate. precludes nucleophilic attack

at the anhydride linkage. E. coli pro, and pro, auxotroph extracts

failed to complement one another in the biosynthesis of proline. This
failure is believed due to the lack of a dynamic equilibrium unéer the cén—

ditions of the experiment between the complex and its constituent enzymes.

An extract prepared from Proteus mirabilis was devoid of biosynthetic

activity. It is presumed that the complex was destroyed upon preparation
of the extract.

*Present address: Department of Plant Biology and Microbiology, Queen Mary

College, London, E1 4NS, U.K.
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In vivo studies with E. coli and baker's yeast showed no evidence for
metabolic channeling in the final reaction of proline synthesis, the reduc-

tion of Al-pYrroline 5-carboxylate.

INTRODUCTION

In_Eséherichia coli the proline biosynthetic'pathway converts glutamic
acid to proline in a series of four steés. The firstvenzyme, y-glutamyl
kinase, catalyzes a prolinefinhibitable; ATP-dependent activation of the
y—carboxfl group of glutamic acidl. In analogous reactions cataiyzed by
glutamine synthetaséz, f—glutamjl cysteine synthetases, glutamate-tRNAgIUtamine
amidotransferase4, N-acetyl -y-glutamyl kinases, g-aspartyl kinase6, and
various other enzymes7, the éleavage of ATP to ADP is coupled with the for-
mation of an intermediate acyl phosphate. By analogy, y-glutamyl phosphate
has been proposed as an intermediate in:proline biosynthesisa'll. This com-
pound is extremely labile12 and has a marked»tendency to cyclize to 2—pyrroli-
done'S—cérboxylateg. Where it exists as an intermediate in other biosyn- |
thetic pathways, it is found only as an enzyme-bound moiety2_4.. Evidence
to be presented in this papér supports the formation of enzyme-bound B
Y-glutaﬁyl phosphate in proline biosynthesis.

y-Glutamyl phosphate reductase, the second enzyme in the patﬁway, cata-
lyzes the reduction with NADPH of y-glutamyl phosphate to glutamic Y—sémi—
aldehyde. It has been partiélly'purified, and its activity monitored in
the reverse of the biosynthetic directionls. Since the substrate for this

enzyme is postulated as being'enzyme—bOund, one might expect the first two

pathway enzymes to exist as a complex or aggregate. Gene mapping studies
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indicate that the respective alleles are contiguous with one another in

' Salmonella-txphimurium and close to one another in g;_coli14’ls, While

the two E;_22££ enzymes fail to copurifyls, it will be shown that dilution
of the crude extraét results in dissociation of a complex between the first
two proline biosynthetic enzymes.

Glutamic Y—seﬁialdehyde exists in rapid nonenzymatic equilibrium with
Al;pyrroline 5-carboxylate, with the latter greatly predominating16. E.
coli maintains nominal amounts'of ornithine'6-£ransaminase, which acts as
a link between the arginine and proline biosynthetic pathwaysl7. This
enzyme converts ornithine to glutamic Y-semialdehyde in the présence of
a-ketoglutarate and in many gram-positive organisms serves as a secondary
source of proline. However, in E. coli proline auxotrophs this secondary
pathway is inconséquential. |

The final enzyme in the sequence, Al-pyrroline 5-carboxylate reductase,
reduces the double bond of the cyélic compound with NADPH to yield prolinel8.
The enzyme of E. coli has not been characterized, but those from various
other sources have been well studiedlg’zo. Our studies indicate that in
E. coli, A;-pyrroline 5-carb§xy1ate reductase is not physitally associated
with the first two enzymes of the pathway. |

The proline cgtabolic pathway, which éonverts proline to glutamic acid,
is separate and independent from the biosynthétic enzymes. The pathway
enzymes, proline oxidase and Al-pyrroline S5-carboxylate dehydrogenase, are

induced by proline21’22.



MATERIALS AND METHODS

Orgénisms and growth conditions

E. coli strains X210 (thr , leu ), X277 (thr , Lg_p:,. m;), X278
(Ehgf, }ggf, BEE;) and X680 (Ehzf, lggf, REE;) were gifts‘from Dr. R,
Curtiss III. The pro, and pro, are believed to corfespondvto thg mutually
exclusive loss of y—giutamyl kinase or y-glutamyl phosphate réductgse
activity. Mutations at the EZEC locus lead to‘é loss of Al—pyrroline
5—carboxy1até reductase activity. »

The cells were grown with aeration at 37° in minimal medium 63, sup-
piemented with glucose (0.2%), thiamine (10 mg/l), and amino acids as
required (50 mg/l of each)23. For experiments employing the bioradiological
assay for cell-free synthesis of proline pathway products (see belbw), the
medium was modi fied from minimal medium 63 by replacing (NH4)2304as é
source of N with 20 mM glutamate. This medium, designated M64glyTL, alSq
contained glycerol (0.2%), together with thiamine, threonine andvleucine as
above.

Proteus mirabilis WR1-PM1 (nic ) was obtained from Dr. L. Baron, and

was grown in the same medium together with nicotinamide:(SO mg/l). Wild

type Saccharomyces cerevisiae X2180-1B(a) was obtained from Prof. R. Mortimer

and was grown as described previously24.
Growth was measured turbidometrically with a BeckmanvDK—2 double-beam

for the bacteria, and A for the yeastzs.

50 nm 540 nm

Measurement of the incorporation of 140 from glucose into protein amino acids

spectrophotometer, using A6

The methodology was identical with that described previously24, save
for a different minimal medium for bacterial growth, as noted above. Briefly,
cells were grown exponentially .on [14C] glucose as sole carbon source. At

intervals, samples of the suspension were mixed with trichloroacetic acid,

and the_precipitated protein was washed with ethanol-water, ethanol and
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ether, dried and squected to acid hydrolysis. Individual amino acids in

the hydrolysate were separated by paper chromatography, and their 14C con~
tents measured by conventional methods. |

Materials

Ethyl acetamidomalonate was obtained from Nutritional Biochemicals,

 C1eve1and, Ohio, acrolein and o-aminobenzaldehyde frém J. T. Baker Chemical
Co., Phillipsburg, N. J., N-carbobenzoxy-L-glutamic acid from Cyclo Chemical
Co., Los Angéles, Calif., L-2-pyrrolidone 5-carboxylic acid-and crude dibenzyl-
phosphite from Aldrich Chemical ‘Co., Milwaukee, Wis., and hydrogen bromide
from Hatheson Gas Products, East Rutherford, N. J. Bis (trimethylsilyl) tri-
fluoroacetamide, marketed as "Regisil," was a product of Regis Chemical Co.,
Chicago, I1l. N-Acetyl-L-glutamic acid was purchased from Sigma Chemical Co.,
St. Louis, Mo. L—[14C] Phenylalanine and L—[lAC] proline were purchased from
New England Nuclear Corp., Boston, Mass., and Df[14C] glucose from ICN Corp.,
Irvine, Calif. AAll-other biochemicals were obtained from Calbiochem; Los
_Angeles, Calif.

Al—Pyrroline 5-carboxylate

_Solutions of this compound'in aqueoﬁs 6 N HC1 were prepared as descriﬁed
b& Vogel and Davisls. Stock solutions kept at 0° retained biological activity.
for several months. Colorimetric determination of this compoundeith o—-amino~-
benzaldehydevin ethan018 was simple and convenient, but the extinction coef-
ficient of the colored complex increased with the age of the stéck solution.
The concentration of the stock solution was therefore standardized by a
microbiological assay which compared overnighf growth of E. coli X278 on
Al—pyrroline 5-cgrboxylate with that on known concentrations of proline.

Y=-Glutamyl hydrokamate

]

This compound was synthesiéed by the method of Roper and McIlwain26 for
use as a standard in the colorimetric determination of y-glutamyl phosphate.

The hydroxamate.gave a millimolar extinction coefficient at 505 nm of 0.920



in the Hestrin method27, 0.664 in the Lipmann and Tuttle method28, and 1.120

in the modification of the latter by Iqbal and Ottawayzg.

y-Glutamyl phosphate

N-Carbobenzoxy-L-glutamyl a-benzyl ester y-dibenzyl phosphate (I) was

- synthesized from N-carbobenzoxy-L-glutamic acid as outlined by Katchalsky and

Paechtlz. NMR anaiysis of a 30% (w/v) solution of the protected phosphate in
CCl, gave peaks at 1.7-2.4 §, 4.8-5.1 &, and 7.0-7.2 &; the peaks had relative  '
areas of 1.00 7 2.41 : 6.28. Mass spectrometric analysis failed to give a
molecular ion, &S the compound was cleaved at the anhydride linkage to give

acylium ion (II) and dibenzyl phosphonium ion (III} as the only significant

‘high molecular weight ions. Elemental analysis of C34H3209NP requires C 64.6%,

H 5.1%, N 2.2%, and P 4,9%; experimentél valuesbwere C 64.42%, H 5.28%, N 2.12%,
and P 4.99%. -

The protectiVe groups were removed by passage of HBr through a solution of
the compoun& in dry CCl,; prior to use, the HBr was passed through a tower of .
PZOS to femove any traces of water. Upon reaction with the HBr, a heavy oil
precipitated out on the sides qf the flask. The CCl4 solution was poured off
and the 0il washed with several portioné of anhydrous ether. After the last
traces of solvent had been removed by evaporation at room temperatuie under
redﬁced pressure, the oil was immediately anélyzed for acyl phqsphate by a
cqiorimetric method analogous to the one used by Katchalsky and Paechtlz.
A complété absence of any labile acy1 phosphate was found, suggestihg that
the y-glutamyl phosphate (IV) had decomposed upon synthesis. Kafchalsky and
Paeéhtlz, using the same précedure, obtained an oil which assayed as 92%
Y;glufamyl phosphate. ;

The composition of the oil was determined by gas-liquid chromatography.
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Before analysié, the oil (0.74 g) was freed of entrained benzyl bromide by -
taking it up into 10 ml each of ether and watér. After removal of the ether,
the équeous phase was washed.with two additional 10 ml portions of ether,.
The o0il was recovered from the water phase by evaporation at room temperature
under reduced pressure. A portion of the oil (15 mg) wa§ silylated by reflux
with 500 pl of bis (trimethylsilyl) triflﬁoroacetamide in 0.5 ml of aceto-
nitrile. After 1 h in a capped reactioﬁ'vial at 90°, an aliquot of the mix-
ture was chromatographea on a metﬁyl‘siloxane (SE 30) column at a témperature-
of 170° and a flow rate of 100 ml/min. A comparison of the peaks obtained
with_peaké given by silylated standards, showed that the principal constituents
of the oil wefe 2-pyrrolidone S5-carboxylic acid (V) and phosphoric acid. No
glutamic écid was detected in the oil. We conclude that 2-pyrrolidone 5-
carboxylic acid was produced by spontaneous ring closure of y-glutamyl phos-
phate which, from the mode of Synthesis; was presumed to be the intermediate
. product. Katchalsky and Paechtlz, in their reported synthesis of y-glutamyl
phosphate, made no mention of its'markéa.tendency to cyclize. |

Attempts to synthesize the acyl phosphate by a method similar to that
used by Bléck and Wright30 to prepare B-aspartyl phosphate also met with
failure.

Preparation of cell-free extracts

Tﬁe cells from an overnight culture were collected by centrifugation and
washed once withboll M potassium phosphate buffer,.pH 7.0, containing 6 -
2-mercaptoethanol. All subsequent opefations were pérformed at 0°. The pellet
was resuspended in similar buffef in the ratio of 10-20 ml for evéry_l 2 of
culture, and the cells disrupged by passing the resultant slurry twice through

a precooled French Press at 1,400 kg/cmz. The suspension was then centrifuged
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a£‘150;000 X gavg. for 90 miﬁ; the proline biosynthetic’enzymes were
found in the supernatant. Overnight dialysis of the supernatant against
50;100 volumes of phosphate buffer yielded the enzyme extract, and this_
- was not purified further.

If the extract was to be usgd within 12 h it was held at 0°; for more
prolonged storage it was subdivided into convenient aliduofg, quiék frozen
in an acetone-dry ice bath, énd kept at-—zog, Stored in this way, extracts
remained aqtive_for'at least one month. When required for use, the samples
were rapidly thawed out at 37°. The coﬁcehtration of protein in the extract
was'determined by the method of Lowry éz_gl;?l, using a dilute solution of
bovine serum albumin fraction V powder as a standard. In those experiments
where the extract was concentrated by ultrafiltration or whe:e the resultaht
protein-free filtrate was required, collodion bags (pore siz¢ 0.5 nm) were
used. Extracts to be used in conjunction with the proline-inhibitable |
'y-glutamyl kiﬁase assay, or with some of the.y-glutamyl phosphaté'reductase_
assays, were prepared using 0.1 M txis-HCl buffer, pH 7.4, containing 6 mM

2-mercaptoethanol, instead of phosphate buffer.

Assay of y-glutamyl kinase activity

Attempts to monitor proline-inhibitable y-glutamyl kinase acfiyity in
the crude extract by a method similar to that-of Baichl, were unsuccessful.
»Wheﬂ.the ektract was incuba;ed'with 50 mM glutamate, 10 mM ATP, 25 mM MgClz,

and 30 mM NH OH in 0.1 M tris-HC1 buffer, pH 7.4, the rate of formation of

2
y-glutamyl hydroxamate, as determined by colorimetric reaction with
Fe(NOs)Szg, was unaffected by the presence or absence of 5 mM proline, indi-

cating that oniy glutamine synfhetase activity was being observed. Inclusion

of an ATP-regenerating system (10 mM phosphoenolpyruvate and 20 E.U./ml
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pyruvate kinase) in the assay, in order to prevent accumulation of inhibi- |

11’32, did not help. Proline-inhibitable

tbry concentrations of ADP
v-glutamyl kinase in the crude extract was clearly much less active than
glutamine synthetase in synthesizing y-glutamyl hydroxamate. The colori-
metric assay lacked sufficient sensitivity to detect the activity of the

kinase in the presence of the glutamine synthetase system.

Assay of y-glutamyl phosphaté reductase activity

Baich13 observed that the partially purified enzyme catalyzed the
oxidation of Al—pyrroline 5-carboxy1ate‘to gluﬁamate in the presencé of
NADP+ and inorganic phosphate. The immediate product of oxidation was
probably Y-giutamyl phosphate, which subsequently hydrélyzed to glutamate.

- The requirement for NADP® and inorganic phosphaté.distinguishes this
reaction from the one catalyzed by Al—pyrroline 5-carboxylate dehydrogenase.

In the reéction catalyzed by the catabolic enzyme, NADP" only partially
replaced NAD® and inorganic phosphate was without effethI.

If a.crude extréét was emplo}ed iﬁ the assay a dismutation reaﬁtion
should occur, The last enzyme in the Biosynthetic sequence, Al-pyrroline
Sécarboxylate reductase, would be coupléd to y-glutamyl phosphgte reduc-
tase, and Al—pyrroline.5-§arboxy1ate would be converted to glutamate plus
proline. When the crude extract was.incubated with 1.0 oM NADP® and 2.0 mM
DLaAl~pyrroline S-carboxylate in 0.1 M potassium phosphate buffer, pH 7.0,
the consumption of Al-pyrroline S-carboxylate>was followed colorimetricallys.
Controls showed, however, that the activity was not dependent upon inor-
ganic phosphate; Al-pyrroline 5-carboxylate dehydrogenase was catalyzing
the reaction rather than Y-giutamyl phosphafe reductase. It was concluded

that the colorimetric assay lacked the sensitivity required to detect the

Pi-dependent'y-glutamyl;phpsphate reductase activity in the reaction.
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Assay of Ai:pyfroline S—carboxylate'reductase activity

The final enzyme in the pathway possessed a high'agtivity and was
readily monitored by‘a simple colorimetric_assay. Included in the incu—
- bation mixture were crude enzymeléxtract, 2.0 mM DL-A;~pyrréline'5-
carboxylate, a NADPH-regenerating system (0.3 mM‘NADPH, 10 mM glucose
6—phosphate, and 2.8 E.U./ml .glucose 6-phosphate dehydrogenase) , and
0.5 mM Zrmer;aptoethanol. Thé'assay solvent wés 0.1 M potasgium‘phoé—.
?hate buffer, pH 7.0 at 30°. Aliquots taken as a function of tiﬁe were
aﬁal?zed for Al-pyrroline 5¥carboxylaté8. Specific activify of the
enzyme under these conditions was 68 E.U./mg t§ta1 protein in the extract.

DL-AI—Pyrroline 5-carboxylate as a growth supplement for E. coli proline

auxotroghs

EL_Eéli_XGSO was groWn oVernight in medium supplemented with proiine.
The cells were filtered, washed and iesuspended in medié supplemented with
various concentrations of L-proline or DLjAl-pyrrdline 5-carboxylate. Four .
determinations for proline concentrations in the range 2.2 xle-s - 3.3'°x

10;_4 M gave a doubling time of 70 Z1.0 min; for Al—pyrroline 5-carboxylate

4 5 M the doubling

at four concentrations in the range 2 x 107" - 1.5 x 10~
time was 741f 1.3 min. Strain X277, mutant at the pros locus, showed no
growth with Al—pyrroline 5-carboxylaté.v_We conclude that our preparation
of this substance.(see above) acted as a true intermediate in_proline bio-
synthesis. For further experiments with_this substance a standard concen-

tration of 0.5 mM was employed.

Bioradiologjéal assay of overall pathway activity

{

The conversion of glutémate to proline or Al—pyrroline S-carboxylate

by the crude enzyme extract was monitored by a bioradiological assay. An
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overnight culture of E. coli X278, grown in mediuﬁ supplemented with
Al—pyrroline S-carboxylate, was harvested and resuspended in a medium
devoid of Alfpyrroline 5-carboxylate or proline. Incubation for 4 h at 37°
with shaking resultea in a negligible increase in-turbidity of the culture;
the cells were at that stage presumed to be proline starved. The-culture
was collected by centrifugétion and the cells were resuspended in M64glyTL
medium to A650 — 1.2 - 1.5..

Unless otherwise noted, each asSay,éontained, in a total volume of
6.0 ml, an ATP-regenerating system (5 mM ATP, 15 mM creaﬁine phosphate,
and 15 E.U./ml .creatine phosphokinase), a NADPH-regenerating system (0.4 mM
NADPH, 10 mM DL-isocitrate, and 0.6 E.U./ml isocitric dehydrogenase), 50 mM
glutamate, 25 mM MgClz, 1-2 mM . 2-mercaptoethanol, 1 ml enzyme preparatidn,

S_M L-[14C] phenylalanine, specific

2 ml proline-staryed X278, and 3.9 x 10~
4 activity 0,36 mCi/mmole, With the exception of the enzyme extract, wﬁich
was made up in 0.1 M_potassium ﬁhosphate buffer, pH 7.0, the assay components
were dissolved in M64glyTL medium and adjusted to pH 7.0 before use. In
. the M64g1yTL medium, glycerol was used in place of glucose as the carbon
source, and.glutamate in place of (NH4)ZSO4 as the ﬁitrogen source, to
prevent possible.inhibition of the firstabidsynthefic step by ammonia or
glucose'6—.phosp.hate11 |

In this system, strain X278 readily concentrated prdline,.énd to a.
lesser extént"Al-pyrroline 5-carboxylate, and thereby precluded»end product
inhibition of y-glutamyl kinase in the cell-free extractl. As X278 is a
proline auxotroph, protein gyn;hesis wés dependent upon utilization of

’

Al-pyrroline S-carboxylate or proline produced by the enzymes of the
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extract. The inclusion of the [14C] phenylalanine allowed this utiliza-
tion to be followed very senéitively, Since incorporation of the phenyl-.
alanine into mutant‘cell protein was dependent upon incorporation of proliﬁe
into that same protein. The production of Alvpyrroline 5-carboxylate or
proline by the extract was monitored.a; regular intervals by transferring
0.5 ml of incubation mixture. into 0.5 ml of 10%‘tricﬁloroacetic aéid., The
resultant precipitated protein was collected on Millipbre filters (poré
size Q.45 um), washed and prepared for counting as .described by Moées and
Prevostzs. Eash assay included appropriate controls.

In a modificgtion of the assay, biosynthesis was éllowed to take plaCe
in the absence of the imino acid trapping system (i.e., [14C] phenylalanine
and X278 were omitted, and the solvent was 0.1 M potassium phosphate buffer,
~pH. 7.0). In this modificafion biosynthesis was terminated by heating the -
reaction mixture to 100° for 5 min. After centfifugation.to remove the
preCipitated protein, a portion of the supernatant was incubated with the
components of the trapping system for radiomicrobiological assay of the

imino acid produced.

- RESULTS

Effect of DL—Aljpyrroline 5—carboxy1ate'on [14C] proline incorporation

Using strain X277, which requires proline for growth and cannot use
Al—pyrroline S-éarboxylate, it was found fhat the latter compound was almost
without effect on the incorporation of externally added [14C] proline iﬁto
acid-insoluble material (Table I). | |

Competition exp@riments

Fig, 1 shows that 0.5 mMaDL—Al-pyrroline 5-carboxylate in the medium
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totally replaced glucose as a source of proline carbon in E. coli, con-
firming earlier resu1t534. - In baker's yeast, replacement was almost com-
plete (Fig\VZJ.’ By comparison, there Qas no effect on the incorporation-
: of glucose carbon into aspartic acid, glutamic acid, lysine,'érginine,
alanine, glycine or valine; kinetic data for valine, typical of all these

amino acids, are included in Figs. 1 and 2.

Intracellular concentration of Al—pyrroline S-carboxylate in E. coli

An_exponentially growing culture of E. coii‘X210 was supplied with

0.5 mM DL—Al-pyrroline 5-carboxylate. At intervals up to 40 min there-
after, samples were withdrawn difectly into trichloroacetic acid (final
concentration 5% w/v). Parallel samples of the culture_Were simultaneously
rapidly filtered through dry Millipore filters (0;45 um pore size), and
measured aliquots of the medium were added to trichloroacetic acid as for
the whole suspension samples. Replicate measurements were made on each

'sample for content of Al—pyrroline S-carboxylate. . The results are pre-

sented in Table II. The turbidity (A m) of the cultureibeing known,

650 n

the intracellular concentration of A;—pyrroline S-carboxylate was calcu-

lated using the following assumptions:_ (i) at A = 1.0, the suspen-

650 nm
sion contained 225 g bacterial protein/mlzs; (2) protein constitutes 11%

34,35 34

of the bacterial wet wt, and 56% of the dry wt.

35

3 (3) the density of
liﬁing bacteria is 1.177; (4) the wholé:of the aqueous phase of the cell ‘is
accessible'td}the compound. The intracellular concentration was 1.47 timeé
the extracellularléoncentration, viz., 0.74 mM. Thus, fhere was n§ marked

accumulation of Al-pyrroline'S-carboxyléte within the cells.

Sténdardization of the bioradi&lqgical assay

The assay was calibrated by incubating strain X278 for periods up to
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5.5 h in growth medium containing graded amounts of L-proline or DL-Al-
pyrroline Sebarboxylate. Aliquots were taken at regular intervals and
their trichloroacetic acid-precipitable 14C determined; Plots of 14C
: incorﬁorated versus time c1ear1y~demonstfated that protein:synthesis iﬁ .
the mutant culture was dependent upon the presence of imino acid.. When
‘the létter was exhausted, protein synthesis‘stoppéd abruptly as shown by
the'absence of any further incorporation of Y4¢ into acid;insoluble
material. Thé final ﬁakimum pléteau level of 14C incorporated was pfoQ
portional to L-proline or DL—Al-pyrroline S-carboxylate added to the
' reaction_(Fig, 3). Proline was iﬁcorporated into the cell protein of
X278 at a much greater rate than was Al—pyrroline 5-carboxylate. Utili-
zaﬁidn of 2,0 pg/ml of these imino acids required respeCtivély 80‘and
- 200 miniincubation at 37°. The Slower rate of 14C incorporation observed
with Al-pyrroline‘Sacafboxylate may feflect a decréased affinity of pro-
~ line permease foi this compound. Under conditions of the assay, the: |
maximﬁm'dbservable rate of proline inédrpdration into mutant cell'prdtein

was 1.0 yg proline/ml/20 min at 37°.

Specificity of biosynthetic acfivity in extracfs of E. cbli X210

Extracts of strain X210 generate.imino acid as monitored by the bio-
radiologicél assay (Fig. 4). The specificity of the reaction is shown in
_Tablé ITI. Biosynthetic aciivity by the extracf required.the addition of
both ATP-'énd!NADPH—regénerating systems and Qas dependent upon the gluta-
mate concentration. | o

As the assay is very sensitive, it is conceivable that a majof pof-'
tion of the Al—pyrroline S-carboxylate might have arisen from the conver-

sion of N-acetylglutamate via the enzymes of the arginine biosynthetic
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pathway and orhithine 6—transaminasé. Reed arid Lukens17 monitored such
a reaction, and concluded that E;_ggli_eXtracts contain nominal_amdunts
of ornithine §-transaminase. If, in our eiperiments, appreciable amounts
of glutamatebwere being acetylated and then converted to imino acid by this
pathway, the activity should have been inhibited by L—arginine,'since
N-acetylglutamate synthetase is arginine-inhibitabless. However, inclusion -
of 10 mM.arginine in the assay system was without effect (Table III), and
there appears to be little doubt that the proline biosynthetic pathway was
indeed being m§nitored. |

In a companion assay, in which the imino acid trapping system was
omitted from the incubation mixtures during enzymatic synthesis, various
substrates were tested for activity (Table IV)., Arginine, as before, was
essentially without effect. The repiacement of glutamate by N-acetylglutamaﬁe
yielded no activity at all, Incubation of L-ornithine together with a-keto-v
. glutarate as an assay for ornithine G—trénsaminase activity yieided only 7%
of the imino acid formed in the complete reaction plus trapping system,
indicative of the.very low activity of this enzyme in the_crude éxtract.

In the assay described in Table III the extract showed a specific
activity for Al—pyrroline S-carboxylaté synthesis of 1.2 x 10-4 E.U./mg
protein; the Specific activity shown by the same extract in the Al-pyrroline
5-carboxylate reductase assay was 68 E.U./mg protein. It is thérefore
assumed fhat all A;-pyrroline 5-carb6xy1ate produced in the bioradiological
assay by an eitract possessing the last enzyme will immediately be reduced
to proline, and in such an assay it is the cOnfersion of glutamate to pro-
line that is.monitored, Only yhen the extract lacks Al-pyrrpline S-carboxy-
late reductase can the formal conversion of glutamate to Al-pyrroline 5-

carboxylate be monitored.
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Eaich;Ahas demonstrated that y-glutamyl kinase, the first enzyme in
the proline biosynthetic pathway, is readily inhibited hy very low concen-
trations of proline. This is confirmed:by our own observation (Table IV)
that the tofal yield of proline is markedly reduced in the absence of the
trapping system during the period of imino acid biosynthesis.

Activity as a function of X210 extract concentration in the bioradiological

assay

Fig. 5 shows the relatioﬁship between specific biosyﬁthetic activity
and the volume of X210 e;tracf employed in the bioradiological assay. The
iﬂitial Portion of the curve is linear and extrapolates to the origin: when
small quantities of ektract were used, the specific activity was a linear
function and the activity an exponential function of the extract concentra-
tion. Denaturation of one Of more of the proline biosynthetic enzymes upon
addition of the extract té the incubation mixture seemed unlikely. Bovine
serum aibumin was added to the reaction mixtures to‘brqvide identical total
protein concentrations. Dilutioﬁ of an unknown cofactor also geemed unlikel}.
The same specific actiVity,relationshipsAheld when thervolume of extract used
in the bioradiological assay was balaﬁcea with an extract ultrafiltrate
lacking protein. |

A possible explanation of the effect of cell extract concentration on
specific biosynthetic activity is that the first two proline biosynthetic
enzymes exist together as a complex which dissociates upon dilution in
accordance with the mass action law. Only the complex is presumed to be
active. The probability of such a complex existing befween the first two
eniymes is very real. The'pvoduét of the ?-glutamyl kinase reaction isv

_most probably enzyme-bound y-glutamyl phosphate. Thus, the second enzyme
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in the sequenée must come into close physical proximity to fhe kihase if
the reaction is to ensue. Upoﬁ dissociation of the individual enzymes
from the complex they are unable to Catalyze the overall reaction glutamate
to glﬁtamic y-semialdehyde (and hence to Al—pyrroline 5-carboky1ate).
As the concentration of extract in the reaction mixture was,ihcreased,

the previous relations no longer held. Total activity leveled off and

specific activity decreased. This situation was not an accurate represen-

tation of the enzyme actiyity but reflected a saturation of the detection
method with proline., From calibration expergments with the X278 trapping
system, it is known that saturation of the latter occurred when proline
was utilized at the rate of 29-35 ng/ml/min., This rate was approaéhed

when only 1.0 ml of the enzyme extract was included in an assay run. The

Imaximum specific activity observed in this aésay3 1.5 x 10-4 E.U./mg pro-

tein, was roughly 5% of the in viyo rate, suggesting that if the capacity'
of the trapping system were greater, the linear portion of the specific
activity curve would be extended considerably. -

Reversibility of the complex dissociation’

A portion of extract from E;_coli X210 was diluted twofold with 0.1 M

pbtassium phosphate buffer, pH 7.0. Aftér thorough mixing, the diluted
extract was reconcentrated to its original volume by ultrafiltration and
allowed to stand 5 h at 0°, Relative 14C incorpordtion associated with
1.0 ml aliquots of‘the original extract, ‘the twofold diluted extract, and
the reconcentrated extract in the bioradiological assay was respectively
100, 35, and 88 after subtraction of blanks lacking the ATP-regeneration
system. The intermediate valge obtained with the reconcentrated extraét

indicates that dissociation of the complex is not entirely reversible.
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No investigation was made of the rate at which the individual enzyme sub-

units associate to form the active complex.

Proline biosznthesis in the presence of imidaznle and ammonia

Acyl nhpsphateé nxhibit a high reactivity toward nucleophilic acyl
substitution. _Freé y-glutamyl phosphate would be expected to react rapidly
with such nucleOphiles as hydroxylamine, ammonia, or imidazole37;' Hnwever,
inbthe biosynthesis of proline this phosphate anhydride ié believen io ‘
exiét only as an enzyme-bound molety. 1Its orientétion within the active
site‘of the complex enzyme, togethér with probable stabilization of the
anhydride linkage, might preclude nucleophilic attack. If this is the
case, biosynthesis should continue in the presence of'snch compounds as
ammonia and imidazole.

Fig. 6 demonstrates the relative insensitivity of the proline biosyn~-
thetic patﬁway.to_the presence of the nucleophiles. Ammonia had‘no effect;
imidazole was but slightly inhibitoryf Prior to their use_in the bioradio-
logical assay, the cultures of X278 were incubated with 5 nM'concentrations
ofvthé respective nucleophiles so as to minimize any nucleophile induced
efféct‘on the synthesis of protein by the cells during ﬁhe'actual assay.
Preliminary growth studies had shown the growth rate of X278 to be slightly -

inhibited by imidazole: the doubling time (A range 0.25-0.,51) in the

650 nm
presence and absence of 5 mM imidazole was 5.1 h and 4.4 h respectively in
M64glyTL medium supplemented with Al-pyrroline 5-carboxylate. Thus, the
- inhibition by imidazole in the bioradiological assay was prnbably to be
attributed to effects on the trapping system rather than on imino acid
biosynthesis by the extract. ) |

The biosynthesis of-proline in the presence of high nucleophile

concentrations may be taken as evidence for stabilization of the

hypbthetical y—glutamyi phosphate intermediate on the enzyme.
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Failure of the acyl phosphate to react with ammonia is consistent with
the behayior of other biosynthétic pathways in which y-glutamyl phosphate

3’4. Even with glutamine synthetase it

is postulated as an intermediate
appears that reaction 6f the enzyme—bound.adyl phosphate with ammonia is -
enzyme catalyzedss* In the case of imidazole, the dubioﬁs effect of this

" compound on proline biosynthesis contfasts'greatly with the efficacy in
which it displaces the acyl phosphate:ffom the partially purified y-glutamyl .
kinase enzymel. The bidsynthetically active two—eﬁzyme complex appears :
considerably more effective than the free kinése enzyme in stabilizing the

acyl phosphate.

Attempted complementation of E. coli mutant extracts

The intimate association between the first two enzymes of thé pathway
prﬁmpted a study into the ability of various mutant extracts to complentent
one another. Three E;_ggli_proline auxétrophs were availablé, each
. genetically distinct and pfesumed to be'deficient in oné of the three path-
way enzymeé;A Each mutant strain was grown in cultures supplemented with
25 ug proline/ml. This proline concentration supportedvgrowth to A650 -
1.0 apprﬁk, At this optical density, the cultures contained 225 ug bacterial
protein/mlzs, of which 4.19%,>or 9.4 ug/ml, was proliness. The remainder of
the proline, 15.6 ug/ml, was presumably oxidized to glutamate by a proline
induced catabolic system. Such a system in E;_Egli_has been studied by
Frank and RanhandZi. Extracfs from the‘auxotroph‘cultures'were prepared
as described above\ |

The repressibility of the proline biosynthétic enzymes ha§ beénvinves—_

13,39,

tigated by-Baich only the first pathwéy enzyme was appreciably

repressed by growth in the preéence of proline. . We have found that growth
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-of strain XZIO, fully competentvin‘proline biosynthesis; in medium supple-
mented with 25 ﬁg/ml of proiine resulted in 24% repression of biosynthetic
activity in extracts as monitored by the bioradiological assay. Fig. 7

- shows the relationship of biosynthetic activity to.supplemental prolihe
concentration in the growth medium fdr strain X210. Wé presume that the
extent of repression is similar for the_proline aukbtrophs derived from
theAparentél strain, and that growth of the auxétrophS'in the presence of
25 ug proiiné/ml would result in only partial repression of the first pathé
way enzyme., | |

As A of the auxotrOph cultures approached 1.0 the proline con-

650 nm
centration was close to zero and the cells were effectively growing on
limiting amounts of proline. This induced the synthesis of proteolytié
enzymes40, and as a result extracts from these cultures possessed high
proteolytic activity. This activity interfered with the bioradiological
' assay for proline biosynthesis because the trapping system readily responded
to the free proline and proline-containing oligopeptides resulting from
proteolysis. Such activity was not subtracted out by an enzyme blank,
and where proteolysis was appreciablevsuch blanks could not be used. For
complementation experiments with auxotroph extracts we therefore used as
‘blanks the complete systems without the ATP-regeneration component (Table
III)}. These blanks corrected for all nonspecific activity, including
proteolysis, |

Results of the complementation studies are given in Table V. Only
thrée reactions showed actiyity. The.ngé thfact, lacking the last
enzyme, produééd Al—pyrroline’5—carboxy1ate, while the wiidatype extract
and the mixed extracts from.gzgé and prog strains produced proline. It

is reasonable to assume that the mixed pro; and BroE extracts produced as
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much proline as the 2596 extract produced Al-pyrroline 5;carboxy1ate.
The lowef activity of the EiQé extract, compared with mixed EEEQ and EIE&
eitracts, probably resulted from the relétive inefficiency with which the
X278 trapping system utilized Al—pyrroline S-carhoxylate compared with
proline. The relative valﬁe of 62% found for the activify of mixed 239;
and BEQ& extracts may therefore be a true measure of the activity of the
2395 extract. Growth of the 2596 mutant in medium containing an initial
proline concentration of 25 ug/ml resulted in 38% repression of activity.
This compares closely with the value presented previously for the wild-
type X210.

When corrected for blank values obtained in the absence of the ATP-
regeneratioh system, the Ezg&,extract, EEQ; extract, and a mixture of
these two, all failed to show imino acidﬁbiosynthesis.- The 229; and_Ezgg
mutants are unable to synthesize Al-pyrroline S¥carboxy1ate. Complementa-‘
tion of the two extracts to give piosyntﬁetic activity would require the
association of active y-glutamyl kinase from one extract with active
Yaglutamyl phosphate reductase from the other. Such complementation to
~give an active complex appears not to occur, and no biosynthetic actiVity.
was observed. It is coﬁceivable ﬁhat,under the conditions of oﬁr assays’
the rate of subunit association was too slow to permit detection of activity.
This failure to observe activity with mixed extracts from the EZE; and
Bzgi‘mutants supports the postulation that y-glutamyl phosphate Qxists
only as an enzyme-bound moiety. -If a free intermediate were involved the
. mixed extracts would be expected to show some actiyity. This interpreta-
tion, of éourse, assumes that %either of the auxotrophs is‘a regulatory
mutant and that repression in these strains is only partial as it is in

the wild-type.



-21-

P, mirabilis extract activity in the bioradiological assay

Extracts §f P. mirabilis were deyoid of any proline biosynfhetic
;actiﬁity, However, these extracts were active in the bioradiological
assay. The activity was clearly protedlytic in nature since it was
largely unaffected by 6mitting glutamaté'or the regeneration systems for
ATP and NADPH from the bioradiological assay (Table VI). The absence of
biosynthgtic activity suggests that in P, mirabilis the fwo-enzyme complex
which converts glutamate to Al—fyrroline 5—carboxylatevis even more labile

than it is in E. coli. .The origin of the high proteolytic activity in the

P, mirabilis extrécts has not been investigated.

The specific activity of 14C incorporation in the bioradiological
assay was relatively constant over the range of 2; mirabilis extract
yolumes empioyedh A strict proportionality between activity and extract
volume is expected if proline was being formed via proteolysis. The
) slight increase in specific activity as the extract volume was increased

(Fig. 8)'Was minimal when compared with the analogous effect for E. coli

' (Fig. 5). Fig. 8 illustrates the sensitivity of the bioradiological assay

in monitoring proteolysis in thé absence of proline biosynthesis.

DISCUSSION

The difficulty reported by others®’17 in obtaining a cell-free extraét
from E. coli capable_of éoﬁverting glutamic acid to Al-pyrroline 5-carboxy-
late or proline was probably due to the lability of the complex formed by
the first two pathway enzymes, together with ifg.very low specific bio-
synthetic acfivity. The high éhergy acyl phosphate intermediate, which
. necessitates the existence of the complex, is‘itself stabilized on the

enzyme, thereby minimizing its tendency to undergo nucleophilic acyl .-~
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substitution and intramolecular cyclization. Studies on the reaction cata-

lyzed by sheep brain glutamine synthetase, using the glutamic acid analogs
vB—glutamateél and cis-cycloglutémate42 have provided direct evidence for
the existence of enzyme-bound y-glutamyl phosphate as an intermediate in

this reaction. Similar studies conducted with the purified proline bio-

synthetic complex or its subunits would provide further more precise infor-_'

mation on the nature of the y-carboxyl activated glutamic acid intérmediate
which occurs in proline biosynthésis.

The lability of‘free‘y-giutamyl phosphate would seem to preclude its
use as a substrate in the study of proline biosynthesis. Our observations,
as well as those of Streckere, indicate that the principai cause of this
instability is the very rapid cyclization of y-glutamyl phosphate to
2-pyrrolidone 5-carboxylate. Other investigatorsz’4 ha?e found that when
enzyme-bound Y—glutamyl phosphate was releaséd from the enzyme (gluﬁamine

synthetase or glutamate-tRNAglutamine

amidotransfer&se) By denaturation, it
was converted to 2-pyrrolidone 5-carboxylate. The cyclization reéctidn,
however, was not observed by Katchalsky and Paeqht12 in their synthesis of
Y-glutamyl phosphate.

The failure to obsérve bibsynthetic éctivity with the P. mirabilis
extract was attributed to the decomposition of the complek upon prepara—.
tion of the extract. This contrasts greatly with the relative stability
of the E. coli complex. As other organisms come to be examined for proliﬁe
biosynthetic activity, the variability in complex stébility may be foﬁnd‘to

widen. Specifically, complexes may exist stable enough for the two

enzymatic activities to copurify as a single protein. Such a coﬁplex may
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perhaps exist in Salmonella typhimurium, -in which the genetic determinants

‘ . 14
are contiguous .

Yoshinaga et al,lo haye repofted the conyersion of glutamate to pro-

line by a crude extract of Breyibacterium flayq@, Actiyity formally
required glutamate, ATP and Mg2+. It was totally inhibited by ammonia
and hydroxylamine. The extremely high activity, and the inhibition by
ammonia, differentiate this system froh that in E. coli. Indeed, the
extract was prepared from a proi&ne—excreting mutant, and the reaction
‘mechanism may not be typical. |

For the final reaction in proline biosynthesis, the reduction of

1 e : . . . . . . o
A" -pyrroline S-carboxylate, our evidence from in vivo studies in E. coli

and in yeast, and froh'ig_jizzg_eiperiments witﬁ E. coli, indicates no
organizational integration Qith the first two reactions of the pathway.
‘ This should be compared with the histidine pathWay, which demonstréted
channeling of intermediates in baker's yéast but not in §;_tzphimurium24,
and with giycolysis which does seem to involve some degree of metabolite
channeling in E;.EQliﬁ3,44* It appears, therefore, that in the proline
biosynthetic pathway channeling, and the transfer of an intermediate from
one catalytic sife to another bound to an enzyme surface, is-ﬁot indica-
tive of an overall organized macrostructure, but may rather be a solution
to the biochemical problem'of utiliziﬁg é potentially valuable inter-
mediate which is nevertheless extremely unstable in aqueous solution.

It is of interest to note the position in arginine biosynthesis.
Like the proline pathway, arginine biosynthesis starts from glutamic

acid via the'éame two reactions leading to glutamic y-semialdehyde,

which is then transaminated to ornithine. In E. coli, gi;mirabilis and
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other bacteria; the intermediates between glutéﬁate and ofnithine are
N-acetylated, Since N-acetyl.y-glutamyl phosphate doesvnot cycliZe‘in |
aqueous solution, N-acetylation has a twofold effect: (il permitting
the’phOSPhorylation of the y-carboxyl of glutamic acid, prior to its
reduction to the aldehyde; and (2) preventing the utilization_of arginine
intermediates for proline biosynthesis because N-acetylglutamic y-semi-
aldehyde cannot cyclize to Al-pyrroline 5—carboxy1ate4s-4g. In the fungi,
a group ofnqrganisms in which physical aggregation of enzymes coqperating.

in metabolic sequences is knownso’51

1atéd, but are channeled52-54. Thus, y-glutamyl phosphate is again

s, the intermediates are not N-acety-

stabilized, and glutamic y-semialdehyde in the arginine pathwa& cannot
cyclize to Al—pyrroline 5—carboiy1ate in the proline pathway. The
separation of these fwo sets of potentially identical intérmediates,
either by channeling or by N-acetylation, may have the further effect

- of permitting the cell to exercise indepéﬁdent control over the two-
pathways . 'It would be interesting to know the organizational relation-
ships between the enzymes of the arginine and proline pathways in

va.variety of bacteria and fungi.
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TABLE I

EFFECT OF Al—PYRROLINE 5-CARBOXYLATE ON THE INCORPORATION OF PROLINE INTO
PROTEIN

A culture.of strain X277, growiné exponentially in medium 63 supplemeﬁted
wifh glucose, threonine, leucine and proline, was divided into two portions,
one of which received 1.5 mM DL-Al-pyrroline 5-§arboxy1ate (P5C). After
incubation at 37° for 20 min, [14C] proline was added to each culturé and
samples removed at intervals fof determination of trichloroacetic acid-

insoluble 1[‘C.

Time afte? addition 'A650 nm Dis/min/ml culture
of *4¢) proline -PSC  +P5C Ratio -P5C -P5C +P5C Ratio -P5C
: +P5C , +P5C
(min) - :
0 0.098 0.097 - 1.010 o 0o -
'
10 0.108 0.105 1.029 2360 2770 0.852
20 0.119 0.116 1.026 6060 5110 1.186
30 0.131  0.128 1.023 9910 8820 1.124
45  0.152 0.149 1.020 18000 16100 :1.118
60 0.177 0.173 1.023 26700 24600 1.085
80 ©0.215 0.211 - 1.019 42200 40700 1.037
100 . 0;262 0.257 1.019 69600 64600  1.077
120 - 10.319 0.313 1.019 84700 82600 1.025

Means” + S.D. 1.021+0.005 1.063+0.099
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TABLE II
UPTAKE OF DL-Al-PYRROLINE‘S—CARBOXYLATE'INTO E. COLI
Cells of strain X210, growing exponentially at 37° in medium 63 supple-
‘mented with glucose, threonine and leucine, received 0.5 mM DL-Al—pyrrolihe
5-carboxylate (P5C). At intéfvals, samples of the suspension were mixed
with tfichioroacetic acid (5% w/v final-éoncn;). Simultaneéusly; other
samples were filtered through dry Millipore filter disecs (0.45 um pore
size) and aliquots of the filtréte mixea wifh trichloroacetic acid to
give a final concn. of 5% (w/v). Replicate measurements were made of P5C

concn. in each sample, and the -intracellular concn. calculated as shown

below.
Time after adding P5C P5C concn. (mM) Ratio: total suspension
filtrate
(min) in total suspension in filtrate :
. , :
0 A 0.492 0.492 1.0000
2 0.494 0.496 ' 0.9960
5 10.492 | 0.491 1.0020
8 | 0.492 0.491 © 1.0020
15 0.489 0.490 - o 0.9979
25 0.487 0.487 ~ 1.0000
40 0.481 . 0.479 "1.0041
Mean + S.E.M. 1.000286+
' 0.00103
. - . 25 .
A650 nm of cell suspension = 0.825 = 186 pg protein/ml™".
Protein = 11% of cell wet wt.34535; therefore cell wet wt, in suspension =

1.69 mg/ml.
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TABLE II (Cont.)

Cell density = 1.136; therefore cell vol. = 1.54 pl/ml suspension and
medium vol. = 0.99846 ml/ml suspension.

Cells are 80% water34; therefofe cellular water = 0.001232 ml/ml suspeﬁsion.

Let the medium (i.e., filtrate) contain 1 unit P5C/ml; tbt#l Suépension
contains'1.000286 units P5C/ml (by gxperiment), therefore_cells con-
tain 1.000286 - 0.99846 = 0.001986 units P5C in 0.001232 ml cellular
water. -

Thus, intracellular concn. ofvPSC = 0,001986/0.001232 = 1.47 x extra-

cellular concn.
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TABLE IIf

SPECIFICITY OF E. COLI X210 EXTRACT IN THE BIORADIOLOGICAL ASSAY

The reaction mixtures contained 1.0 ml of cell-free extract (4.32 mg

protein/ml) together with other components as described in Méterials

and Methods, in a total volume of 6.0 ml; the mixtures were shaken in
air at 37° for 30 min. Samples (0.5 ml) wére'removed from each reac-

tion mixture for determination of trichloroacetic acid-precipitable 14C.

14C-

Components present in reaction Trichloroacetic acid-precipitable

(cpm/ml reaction mixture)

Complete, with 46 mM glutamate | 530
plus arginine (10 mM) - . 524
minus éXtraét of strain X210 v 0
migg§;ATP-fegenerating system - 0
minus NADPH-regenerating system _. | ‘ 42

Complete, Qith 16 mM glutamate ‘ o 186
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TABLE IV
ACTIVITY OF VARIOUS SUBSTRATES IN THE BIORADIGLOGICAL ASSAY
The first reaction mixture contained the imino acid trapping system
during the course of imino acid biosynthesis by the cell-free extract,
as described in Materials and Methods. |
In therther reactions the trapping sysfem was absent during.iminé acid
‘biosynthesis. The solvent was 0.1 M potassium phosphate buffer, pH 7.0,
containing 6 mM 2-mer§aptoethanol. Each reaction mixture was otherwise
complete save that the ATP-fegeneration sysfem was omitted from.No. 5;.
the ‘total volﬁme was 3.6 ml in each case. At the start of the aséay,
0.6 ml of E#_ggli_XZlO extract (5.83 mg protein/mi) was added to each
vessel. After 45 min of incubation at 37°_the reactions were terminated
by heating to 100° for 5 min; samples (2.5 ml) from each reaction were
analyzed for proline b; the radiomicrobiological assay (final volume

5.0 ml). Substrate blank values havé been dedﬁcted.
[

14C

Substrate - Trichloroacetic acid-precipitable

(cpm/ml in bioradiological assay)

1. 50 mM glﬁtamate (with trapping

system) ‘ - 980 -
2. ‘s_b mM glutamate , V' 176
3. 50 mM glutamate +10 mM arginine o 170
4. 50 mM N-acetylglutamate ' | 0

5. 20 mM ornithine + 20 mM a-ketoglutarate 70

‘minus ATP-regeneration system
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TABLE V - |

COMPLEMENTATION BETWEEN EXTRACTS YOF §__ COLT PROLINE AUXOTROPHS

The biosynthetic activity of each extract was determined with th¢ bio-
- radiological assay: the results reported below have been corrected by T
subtracting incorpo?ated 14C found in the absehcé of the ATP-regenerating
system. The résults presented in this Table are in each case the avergged
values from several determinations. Protein contents of the extracts -
were: wild-type, 5.44 mg/ml; EEQ; mutant, 5.04 mg/ml; BEQ; mutant, 6.00

mg/ml; and Eroa mutant, 4.88 mg/ml. Assay volume, 6.0 ml.

" Extract ' 3 Relative 1C incorppfation
0.75 ml wild-type extraét (strain X210) 100
0.75 ml 232; extract (strain X680) 0
0.75 ml EEQ; extract (strain X278) 0
0.75 ml pro_ extract (strain X277) ' 12
0.75 ml EIQA extract plus 0.75 ml ng;jextract 0.
Q.75 ml proy extract plus 0.75 nl pro; extract - 62

—
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TABLE VI

SPECIFICITY OF E;_MIQABILIS-EXTRACTVIN THE BIORADIOLOGICAL ASSAY

The reaction mixtures contained 1.0 ml of cell-free extract (5.68 mg

' protein/ml), together witﬁ other componeﬁts as described in Materials
and Methods, in a total volume of 6.0 ml; the mixtures were shaken in
air af 37° for 56 min. Samples (0.5 ml) were removed from each reaction
mixture for determination of trichloroacetic acid-precipitable 14C.

Blank values, obtained by the omission of the P. mirabilis extract,

have been deducted.

14

Components present in reaction - Trichloroacetic acid-precipitable ~ 'C

(cpm/ml reaction mixture)

Complete, with 50 mM glutamate _ 432
plus arginine (10 mM) _ , o 419
minus extract of P. mirabilis o 0
minus ATP-regenerating system - 436.
minus NADPH-regenerating system _ _ 367

Compléte, with 15 mM glutamate - . 432
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FIGURE CAPTIONS

‘Fig. 1. Labeling patterns of proline and valine in E. coli X210. Cells
were grown exponentially in medium 63vsupp1eménted with threonine, leucine,
and 0.125%7 glucose. As indicated by arrow A, [14C] glucose (10 uCi/ml)

was added and the culture divided into fhree aliquots. One 6f‘these
received 0.5 mM DL-Al—pyrroline 5-carboxyléte (P5C) immediately; a secénd
culture received P5C at arrow B, while the third received no P5C and served
14C

as a control. Samples were removed at intervals for measurement of in

protéin amino acids as described in the text. o———t,‘14C in proline in the
absence of P5C; x——-x; 14C in proline, P5C being added at arrow A; 4—4A,

140 in proline, P5C being added at arrow B; o—o, 14C in valine; A—A,

leC in valine, P5C being added at arrow B.

Fig. 2. Labeling patterns of proline and v?liné_in S. cerevisiae X2180-1B(a).
Cells were grdwn exponentially in Difco Bacto Yeast Nitrogen Base Without
Amino Acids, supplemented with 0.1% glucose. As indicated by arrow A,

[1401 glucose (10 uCi/ml) was ad&ed and the culture divided intq two ali-
quots. One of these received 1 mM DL—Al#pyrroline 5~-carboxylate (P5C) as
‘indicéted by arrow B; the other‘réceived no P5C and served as é control.
Samples were reﬁoved at intervals for measurement of 14C in protein amino
acids as described in the text. c%——‘,'14C in proline in the absence of

P5C; & A, 14C‘in proline, P5C being added at arrow B; o—o, 14C in

valine; A—A, 140 in valine in the presence~of P5C.
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FIGURE CAPTIONS (Cont.)

14C and

Fig. 3. Relationship between trichloroacetic acid-precipitable
amount of imino acid supplied iﬁ the bioradiological assay. Incubation

' mixtures consisted of proline-stérved cells of strain X278, L-[14C] phenyl-
alanine, and graded quantities of L-proline or DL+A1-pyrroline S5-carboxylate

dissolved in 6.0 ml of M64glyTL medium. For further details see Materials

and Methods. e—e, L-proline; o—o, DL4A1-pyrroline S—carboxyléte.'

Fig. 4. Bibradiological assay of proline biosynthesis by ceil—free eitract
of strain X210. The reaction mixture éontained 1.75 ml céll-free extract
(12 mg protein/ml) together with other components as described in Materials
and Methods, in a total volume of 6.0 ml; the mixture was shaken in air at
37°.‘AAt intervals, samples (0.5 ml) were removed for determinatibn of
trichloroacetic acid-precipitable 14C; Biank values, obtained by omission

- of the cell-free extract, have been deducted.
. L

Fig. S‘ Specific activify versus extract volume in the bioradiological
assay, The procedure described in Materials and Methods wés-followed."f:
The volume of the X210 extract (12 mg protein/ml) added to each reaction
vessel is piotted against the 5pecifi¢ biosyﬁthetic activity. Boviﬁe serum
albumin was added és.necessary to each reaction mixture to give a final
concentration of 4:0 mg total protein/ml. The total assay volume was

6.0 ml in each cése, Aliquots (0.3 ml) wefe taken as a function of time

for determination of trichloroacetic acid-precipitable 14Cl Enzyme blank

values haye been deducted.
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FIGURE CAPTIONS (Cont.)

Fig. 6. Effect of ammonia and imidazole on proline biosynthesis as moni-
tored by the bioradiological assay. Prior to the assay, the culture of

- X278 was subdivided into‘two portions and incubated with 5 mM ammonia or

5 mM imidazole for 4 h at 57°, after which the two éultures were harvested
and resuspended in fresh M64glyTL medium as described in Materials and
Methods. A graded concentration of each nucleophile was tested for pos-
sible inhibition of proline biosyntheéis. Each reaction mixture (total
.volume, 4.5 ml) contained 0.75 ml X210 extract (5.83 mg protein/mi).
Aliquots (0.5 ml) were analyzed for trichloroacetic acid-precipitable 14C

after 10 min incubation with ammonia, or after 40 min incubation with

imidazole. e——e, imidazole; o——o0, ammonia.

Fig. 7.' Proline repression of y-glutamyl kinase. Strain X210 waé grown
to A650 am = 1.0 approxy'in-the presence of the indicated quantities of
L-proline. EXtracts were prepared from the threé‘cultures and the biosyn-
thetic activity of each was monitored by fhe bioradiological assay. Each
assay run had an initial volume of 4.5 ml. The concentration of enzyme
extract was uniform iﬁ all reactions (0.75 mg protein/ml). The trichloro-

acetic acid-precipitable 14C-was obtained from 0.5 ml aliquots taken after

- 36 min incubation.

Fig. 8. Specific activity versus P. mirabilis extract volume in the bio-
radiologicallassay. The procedure described in Materials and Methods was
followed. The volume of P. mirabilis extract (7.68 mg protein/ml) is plotted'

against the specific activity of proline production. Bovine serum albumin
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FIGURE CAPTIONS (Cont.)

Awas added as necessary to each reaction mixture to give a final concentra-
tion:of‘2t56 mg total protein/ml. The total assay.volume in each case was
+ 6.0 ml. Aiiquots (0.5 ml) were taken as a function of time for defermina—
tion of trichloroacefic écid-precipitable 14C. Enzyme blank.valugs have

been deducted.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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