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PART I 

p-ASPARTYLHYDROXAMIC ACID* ITS ACTION AS A FEEDBACK 

INHIBITOR AND A REPRESSOR OP ASPARAGINE SYNTHETASE 

IN LACTOBACILLUS ARABINOSUS 



CHAPTER I 

INTRODUCTION 1 

The biological activity of structural analogs of 

amino acids and other metabolites has been extensively 

studied over a period of many years. In 1928 Quastel 

and Woolridge ^ found that an excess of succinate could 

overcome the malonate inhibition in cultures of micro-

organisms, Since then the use of analogs in elucidat-

ing the steps in biochemical pathways, including protein 

synthesisf has been particularly rewarding. The studies 

after 1935 indicated that the toxicity of some amino 

acid analogs to certain organisms under specific growth 

conditions could be negated by the addition of certain 

naturally occurring amino acids. ^ The work of Woods ^ 

(1) This research was supported in part by a grant 
from the Robert A. Welch Foundation of Texas, Grant No. 
B-133. 

(2) J. H. Quastel and W. R. Woolridge, Biochem. J. 
22, 689 (1928). 

(3) W. Shive and C. G. Skinner in "Metabolic In-
hibitors," Vol. I, R. Rochester and J. Quastel, Ed., 
Academio Press, Inc., New York, N.Y., 1963, p. 2. 

(4) D. D. Woods, Brit. J. Bxptl. Pathol. 21. 
(19^0). — — 



on the mechanism of action of sulfanilamide demonstrated 

that this sulfa drug is a competitive inhibitor of the 

utilization of £-aminobenzoic acid. It was later found 

that |>-aminobenzoic acid has a vitamin role, as it is 

normally incorporated into pteroylglutamic acid (i,.e., 

folio acid). 

COOH 

V 
NH 2 

2,-Aminobenzoic Acid 

S O 2 N H 2 

r i 
NH« 

Sulfanilamide 

COOH 
I 

HOOCCH2CH2CHNHC 

0 

r\ • NHCH' 

Folic Acid 

NH* 

Inhibitors often compete with the natural metabolite 

at the active center of an enzymes useful structural 

analogs of the 20 natural amino acids which occur in pro-, 

tein also hold true in this respect. In some cases, cer-

tain analogs are so similar to the natural metabolites 



that they become incorporated Into cellular proteins ^ 

instead of the natural amino acids. The proteins formed 

in this way are often altered in their specific enzyme 

activity. The uptake of an effective analog into a 

cell may thus cause profound and varying effects leading 

eventually to complete growth inhibition. 

In practice many amino acid analogs have been used 

to inhibit growth of microorganisms. Two criteria ap-

parently must be fulfilled for "unnatural" amino acids 

to act as effective antimetabolites. First, the molecule 

must have a similar shape and size to its counterpart. 

Second, if the substituent group can ionize, the analog 

must produce the same type of ion or be unionized at 

physiological pH values. In most cases the useful amino 

acid analogs have been closely related to the naturally 

occurring L-amlno acids. 
83' 

Generally speaking, there are four kinds of change 

in structure that may be employed to bring about an active 

"antimetabolite. (1) The hydrogen atom in a ring system 

may be replaced by a fluorine atom to give analogs 

such as o-,m- and £-fluor©phenylalanine (phenylalanine 

analogs), 3-fluorotyrosine (tyrosine analogs), and 5, 

and 6-fluorotryptophan (tryptophan analogs). ^ 

(5) M. Levine and H. Tarver, J. Biol. Chem. 192. 
835 (1951). 

(6) E. Bergmann, Bull. Research Council Israel Sect. 
A. 10. 1 (1961). — 



NH 2 NH, 

CH 2 -CH-COOH CH 2-CH-COOH 

V p 
Fluorophenylalanine 3-Fluoro tyros ine 

C H 2 - C H - C 0 0 H 

NHO 

5-Fluorotryptophan 

Substitution of hydrogen by halogens other than fluorine 

rarely leads to potent analogs. (2) The phenyl group 

of the aromatic amino acids may be replaced by another 

resonanting ring such as the thienyl or furyl rings to 

produce |3-2- and |i-3- thienyl or furyl alanine, which 

7 
has led to active antimetabolites. 

CH 2-CH-COOH 
' I 
NH' 

CH 2-CH-COOH 

NH' 

2-Thienylalanine |J-2-Fury lalanine 

(7) B. L. Dennis, W. J. Plant, C. G. Skinner, G. L. 
Sutherland and W. Shive, J. Am. Chem. Soc. 77. 2362 
(3.955 K 



(3) The carbon atom In a heterocyclic ring system may 

be replaced by a nitrogen atom, and often leads to an 

rI 
10 

8 9 
active analog. For example, 7-azatryptophan ' (tryp-

tophan analogs) and 4,5-<ilhydroxy-2«-pyridine alanine 

(a 3-^-dihydroxyphenylalanine analog) are competitive 

Inhibitors of tyrosinase activity and the latter com-

pound serves as a substrate for DOPA decarboxylase. 

nh2 oh 

^^^>1 rrJfc CH2-CH-C00H H0-T^^>I 

•ch2-ch-cooh 

H NH2 

7-Azatryptophan 4,5-Dihydroxyl-2-pyridine-
alanine 

(4) The replacement of an atom from an amino acid back-

bone by atoms or groups having properties similar to the 

replaced atom often leads to active analogs (e.g., the 

substitution of sulfur by methylene or vice versa, or by 

oxygen or even selenium). Canavanine (arglnine analog) 

(8) G. W. Kidder and V. C. Dewey, Biochem. et Biophys, 
Acta. 17, 288 (1955). 

(9)M. M. Robinson and B. L. Robinson, J. Am. Chem. 
Soc. 77. 457 (1955). 

(10) E. H. Sanders, M. S. Thesis, North Texas State 
University, Denton, Texas, 1969. 
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is an analog of this type and Is capable of mimicking 

arglnine in Its metabolic reactions. ^ 

NH2 
I 
CraNH 
I 
NH 

(ch2)3 

CE-NH, 
I 
CQOH 

Arglnine 

NH*> 
I 
C=NH 
I 
NH 
I 
0 

(CH2)2 

OH-NH. 
I 2 

COOH 

Canavanlne 

In most cases an amino acid analog inhibits growth by 

interfering with protein synthesis or with the function 

of the proteins syntheslsed. In the former case it pre-

vents or reduces the rate of normal protein formation; 

in the latter case, if the protein involved is an enzy-

matic protein, the catalytic activity may well be affected, 

In some early work certain amino acid analogs were 

used as inhibitors of tryptophan synthetase, an enzyme 

involved in the biosynthesis of tryptophan. Indoleacrylic 

acid competitively inhibits this enzyme in Intact organ-

isms. 1 2 

(11) C. D. Kalyankar, M. Ikawa, and E. E. Snell, 
J. Biol. Chem. 233. 11?5 (1958). 

Cl2"J P. Fildes. Brit. J. Exptl. Pathol. 22. 293 
(19̂ 1). 
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NH? 

I 2 
+ H0-CH2-CH-C00H 

Tryptophan 
synthetase 

Indole Serine 

Indole 
acrylic 

NH' 

CHo-CH-COOH 

Tryptophan 

More recently, 6-methyltryptophan was shown to be a 

genuine repressor of a number of enzymes of the trypto-

phan blosynthetlc pathway. 1 3 

The growth and maintenance of a oell requires a 

highly Integrated Interplay of anabollsm and catabolism. 

Since the functioning unit of the metabolic machinery is 

the enzyme-catalyzed reaction, the regulation of this 

unit becomes of primary importance in the economy of the 

cell. Substances that decrease the rate of an enzyme-

catalyzed reaction are known as inhibitors. The influ-

ences of competitive and noncompetitive inhibitors on 

enzymic rates are relatively simple and well known. An 

even more subtle type of control of enzyme action is 

(13) C, Lester, and C. Yanofsky, J. Bacterid. 81. 
81 (1961). 



designated as feedback inhibition. ̂  This is demonstrated 

most easily by considering the following sequences 

A 
A enz B enz _ C enz 

B ^ C 

X Competitively 

inhibits A enzyme 

The inhibition of the conversion of A to B by X would be 

such an inhibition. Here X, the ultimate product of the 

sequence, serves to prevent the formation of one of its 

own precursors by inhibiting the action of enzyme A. 

Enzyme A can be called the pacemaker since the entire 

sequence is effectively regulated by inhibiting it. Thus 

the feedback mechanism is responsible for continually 

adjusting the rate of synthesis of metabolic intermediates 

according to the demands of synthesis. Usually an end 

product inhibits an early reaction in its synthesis, there-

by avoiding the buildup of several intermediates, which 

would be wasteful to the cell. 

(14) E. E. Conn and P. K. Stumpf, "Outlines of Bio-
chemistry," 2nd ed, John Wiley & Sons, Inc., New York, 
N. X., 1966, pp 404. 
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Another Important control mechanism of the cell is 

that of repression. This mechanism controls the forma-

tion of a number of key biosynthetlc enzymes. A small 

molecule—frequently an end product in a biosynthetlc 

pathway, termed a corepressor, inhibits the formation 

of a repressible enzyme which acts at an early stage in 

the biosynthesis of the corepressor. For example, tryp-

tophan synthetase is formed in E. coli only when the 

cells are grown in a tryptophan-free medium. The ad-

dition of tryptophan, a corepressor, completely represses 

the formation of the synthetase. Since the synthesis of 

enzymes ceases rather rapidly, enzyme already present 

in the cell continues to catalyze a reaction until it 

is removed either by degradation or by dilution because 

of cell growth. Hence repression is too slow for the 

continuous adjustment of metabolic sequences we have 

seen, whereas the mechanism of feedback Inhibition is 

rapid. Repression of the formation of an enzyme by a 

product of the enzyme's action enables the cell to dis-

pense with making more enzymes than it actually needs 

for optimal growth. The cell thus releases amino acids 

for the synthesis of other enzymes which catalyze the 

formation of compounds In short and needed supply. A 

comparison of the characteristics of feedback inhibition 

and repression is summarized in Table I. 
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TABLE I 

COMPARISON OP THE CHARACTERISTICS OP FEEDBACK 

INHIBITION AND REPRESSION 

Feedback Inhibition Repression 

1. Abolishes activity of pre- 1. Prevents the bio-

existing enzyme synthesis of the 

2. Practically instantaneous enzyme 

inhibition 2. Relatively slow 

3. Reversible controlling mech-

Occurs with purified enzyme anism 

5. Affects only the first enzyme 3. Cannot occur with 

of a pathway purified enzyme 
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Protein synthesis involves two main processes* first, 

the provision of the amino acids necessary to make the 

proteins, and second, the process of ordering the amino 

acids to form specific proteins. In most bacteria some 

amino acids are taken up from the surrounding environment 

and some are synthesized within the cell from precursors, 

which in turn have been assimilated from outside the cell. 

Both processes are susceptible at various stages to in-

hibition by amino acid analogs. 

A more detailed picture of present concepts concern-

ing the process of protein biosynthesis should be pre-

sented. The general picture of the individual steps of 

15 

the synthetic process is shown in Figure 1. The 

"activation" is the first step and may be represented by 

the following equation! 

R-CH-Cf +ATP+Enz 
I + v 

NHj 

Amino acid 

Mg 4+ 
\ 

R-CH-C 
I . 

- NH-; 

\ 'AMP 
—Enz +PP< 

/ 

(15) M. H. Richmond, Bacterid. Rev. 26. 398 (1962). 
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ATP 
Amino Acids cids. I 

"Actiyatiton" 

/ PP 

Amino Acid 
Adenylates 

AMP 

Specific 
Acceptor 

RNA 
(t-RNA) 

Acceptor 
RNA-Amino 

Acid Complexes 

Ribosomal RNA 
+ nascent pro-
teins 

mature 
proteins 

\ 
Ribsomal/microsomal 
RNA? + "Messenger" 

RNA 

Information from DNA 
by way of "Messenger" 

RNA 

Figure 1.- Mechanism for the insertion of free amino 

acids into peptide chains of proteins. 

ATP t Adenosine triphosphate; PP, pyrophosphate; 

AMP* Adenosine monophosphate; RNA, ribonucleic acid; 

t-HNA. Transfer ribonucleic acid; DNA, deoxyribonucleic 

acid 
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The process is catalyzed by the "activating enzymes" 

(pH 5 enzyme fraction) of bacterial cells and cells of 

other organisms. Two methods are commonly employed to 

follow the above reaction. One is by measuring the 

production of the amino acid adenylate by hydroxamate 

formationi the other is by an amino acid-dependent 

ATP-PPj^ exchange reaction. Hie second method is more 

commonly used. The amino acidisHNA ligase or activating 

enzyme, is a very crucial element in the route leading 

from amino acid to protein. The successful assembly 

of proteins depends on each amino acid isRNA ligase dis-

tinguishing one particular amino acid from 19 others 

and one particular tRNA ^ from perhaps 40 others. The 

reaction catalyzed by an amino acidssHNA ligase proceeds 

in two distinct biochemical steps. In the first step 

(as shown above) the amino acid adenylate formed does 

not dissoolate from the enzymes instead, a second reaction 

occurs, as in the following process t 

/ 

y° 
B-CH-C 

| . VAMP 
NHl \ 

% y° 
-Enz + tBNAp -* R-CH-C^ +AMP 

11 Mg # | , tBNAp 
NHJ a 

+ Enz 

(16) The abbreviations, sRNA and tRNA, are used inter-
changeably and refer to that type of soluble ribonucleic 
acid involved in the transfer of activated amino acids in 
the process of protein biosynthesis. 
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The overall reaction Is customarily studied by measuring 

14 

the attachment of C -amino acid to tRNA. 

Until recently it has "been assumed that there is 

but one amino acidisRNA ligase for each amino acid, de-

spite the knowledge that more than one species of tRNA 

exist for many amino acids. Prom the tRNA, the amino acid 

residue is probably passed to its specific site on the 

messenger-RNA (mRNA) attached to the ribosome (or micro-

some ) with the liberation of the tRNA, which is then able 

to accept another activated amino acid residue. It is on 

the mRNA-rlbosome complex that the formation of the peptide 

bonds occurs, with the liberation of the intact peptide 

chain. The amino acids carried on the specific tRNA are 

inserted into their correct positions in the peptide 

chain by a sequence of determinants contained in the base 

sequence of the mRNA. A more detailed picture of this 

process is shown in Figure 2, ^ Under the usual condi-

tions (in vivo) of protein biosynthesis, the formation of 

peptide bonds takes place with great fidelity, in that of 

the thousands of peptide bonds that may be formed in an 

organism 1»/a very few seconds, few if any mistakes are 

made. This means that no "abnormal" amino acids are in-

corporated in any given position of a growing peptide chain. 

(1?) E. E. Conn and P. K, Stumpf, "Outline of Bio-
chemistry," 2nd ed, John Wiley & Sons, Inc., New York, 
N. X., 1966, pp 3^0. 
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0 " 

1 " r ' 1> sRNA 

• ' » mRNA-

rHNA 

sHNA-

Ribosomal protein^Qa^Q 

Free ^ 
Ribonucleotides Ribosome 

Polyribosome V "" 

6 y 
Enzymatic 
'Breakdown I 
of mRNA | 

Polypeptide 
Chain 

Enzyme Involved 
-*-|ln Protein Syn-

thesis + G. T. P. 

AA-sRNA 

T 
AA-AMP 
/ " V 
AA ATP 

Figure 2.—The role of RNA in.protein synthesis 
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k 
Levine and Tarver were the first to show the 

incorporation of an amino acid, analog into the protein 
\ k 

of an organism using ethyl-C -labeled ethionine (2-

amino-^ -( ethylthio}butyric acid). Later work confirmed 
lk 

that ethionine-C was incorporated and the peptide con-

taining it could be isolated from Tetrahymena pyrlforals. 

This work did not show whether ethionine substituted for 

methionine, which is normally present in the protein. 

However, the analog, selenomethionine, can completely 

replace methionine in an E. coll mutant. The fore-

going experimental facts show that many of these analogs 

are capable of mimicking natural metabolites in their 

ability to be incorporated into protein, to act as 

feedback inhibitors, and to repress the formation of 

enzymes involved in their biosynthetic pathways. 
20 

Xanif and Gros reported that valine will cause 

repression of its biosynthetic enzymes only when it is 

acted upon by valineisHNA ligase. This finding Indicates 

(18) D. Gross, and H. Tarver, J. Biol. Chem. 217. 
167 (1955). 

(19) D. B. Cowie and G. N. Cohen, Biochem. Biophys. 
Acta 26. 252 (1957). 

(20) M. Xanif, and F, Gros, Proc. Federation Europ-
ean Biochem. Soc.« 3rd (1966). 
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that valine must be attached to a tRNA species by means 

of the valineisRNA ligase In order to serve as a com-

pressor. 

21 

Schlesinger and Magasanik presented evidence that 

histidinejsRNA ligase is required to convert histidine 

into a repressing derivative. The histidine biosynthetic 

enzymes are derepressed by cX-methylhistldine, which in-

hibits histidineisRNA ligase in Aerobaoter aerogenes and 

in E. coll. This compound also causes accumulation of 

histidine in the growth medium of the former organism. 

In the histidine system of Salmonella, there is other 

good evidence for the involvement of the histidineisHNA 
22 

complex in the repression process. Some of the cur-

rent knowledge of regulatory mechanisms which link amino 

acids to a host of cellular processes is summarized in 

Figure 3. 

Based on the above several lines of evidence, it has 

been proposed that for certain amino acids to repress 

formation of their biosynthetic enzymes, they must first 

be activated and transferred to specific tRNA molecules. ^ 

Thus, it might be anticipated that for an amino acid analog 

(21) S. Schlesinger and B. Magasanik, J. Mol. Biol. 9. 
6?0 (1964). 

(22) H. J„ Vogel and R. H. Vogel, Ann. Rev. Biochem. 
26f (1967). 

(23) P, C, Neidhardt, Bacterlol. Rev. 26. 398 (1966). 
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to be capable of repressing the biosynthetic enzymes for 

the natural amino acid, it must also be capable of being 

activated and transferred to tRNA. However, a generali-

zation concerning the involvement of tHNA in all amino 

acid repression phenomena cannot be made, since in 3. coll, 

repression of biosynthetic enzymes by aromatic amino acids 

does not apparently involve the formation of aromatic 
oh oti oA 

amino acid tRNA complexes. * - In this investigation 

I wish to report the activity of the asparagine analog, 

DL-B-aspartylhydroxamlc acid (BAH), with respect to its 

ability to repress the formation of and inhibit the ac-

tivity of the asparagine synthetase of L. arablnosus 17-

27 

5. The analog mimics asparagine in these respects, ' 

and is also activated by the asparaginejsRNA ligase found 

In cell-free extracts of the organism. 

(24) J, M. Ravel, M, N. White, and W. Shive, Biochem, 
Blophys. Res. Commun. 20, 352 (19o5). 

(25) W. P. Doolittle, and C. Xanofsky, J. Bacteriol. 
2£, 1283 (1968). 

(26) Part of this work has recently been publishedt 
Norton, S. J., Chen, Y, T., Arch. Biochem. Biophys. 129, 
560 (1969). 

(27) J. M. Ravel, S. J. Norton, J. S. Humphreys, and 
¥. Shive, J. Biol. Chem. 237. 2845 (1962). 



CHAPTER II 

EXPERIMENTAL METHODS 

Materials and Apparatus. - Chemicals were purchased 

from the following sources $ Crystalline DL-p-aspartyl-

hydroxamic apid (BAH) was obtained from Sigma Chemical 

Company and $as found to be homogeneous by paper chrom-

ic 
atography, DL-aspartic acid-3-C was obtained from 

California Corporation for Biochemical Research. Sodium 

32 32 32 
p-> was prepared by pyrolysis of sodium P^ at 

i+00°C for one hour and appropriately diluted samples 

were used without further purification. 2, 5-E>iphen-

yloxazole (PPO) was obtained from Aldrich Chemical 

Company, Inc. 1# 4-Dioxane was obtained from J. T. 

Baker Chemical Company, Adenosine-5'-trlphosphate 

(ATP. disodlum salt) was obtained from General Biochem-

Icals. The DEAE-cellulose, type 20, was obtained from 

Brown and Company. 

Soluble RNA from Escherichia coll, strains B and 

W was obtained from General Blochemicals and, was strip-

ped of amino acids in 1 M Trls buffer, pH 9.0 at 37°C 

for one hour. The solution was then dialyzed against 

21 
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several changes of water for ten hours, and appropriate 

14 
amounts were then used in the assays. L-asparagine-C 

was obtained from New England Nuclear Corp. and was 

12 

diluted with chromatographically pure C -L-asparagine 

obtained from Mann Research Laboratory to a specific 

activity of 26.2 /ic//imole. Soluble SNA was prepared 

occasionally from L. arabinosus and E. coll according 

to the procedure used by von Ehrenstein and Lipmann. **" 

All the other amino acids, chemicals, and reagents em-

ployed in this study were of reagent grade. 

Ultraviolet and visible spectral determinations were 

done on a Beckman DB-G spectrophotometer, A Beckman 

liquid scintillation counter was used for all radioac-

tivity determination. Centrifugations were conducted 

with an International high speed refrigerated centrifuge, 

model HR-1. 

Maintenance of Organisms. Stock cultures of Lac-

tobacillus arabinosus 17-5 (ATCC. 8014) were grown in 

glucose-yeast extract stabs (glucose-yeast extract-agar 

. The inoculated stabs were then incubated 

24-48 hours at 30-37°C, and then maintained at 5°C. 
2 

Culture transfers were made every two weeks. Cells of 

(1) C. von Ehrenstein and P. Lipmann, Proc. Nat. Acad. 
Sol. U. S. 47. 941 (1961). 

(2) E. H. Anderson, Proc. Nat. Acad. Scl., U. S. 32, 
120 (1946). 
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E. coll 9723 were grown in salts-glucose slants for 14 

hours at 37°C, maintained at 5°C, and transferred monthly. 

Enzyme Assays. To measure asparagine synthetase 

activity by the formation of BAH, the incubation mixture 

contained L-aspartate 20/imolesj Trls buffer, 100 ;umoles i 

manganese chloride, 12 jumoles; hydroxylamine hydrochloride 

(neutralized Just before use with 8N potassium hydroxide), 

800/uaoles s sodium ATP, 10 ̂ umolesj and a rate-limiting 

amount of enzyme in a total volume of one ml at a final 

pH of 6.8. Assay tubes were immersed in ice during all 

additions. After incubation for 10 minutes at 37°C the 

reaction was terminated by the addition of 3 Jal of ferric 

chloride reagesnt. ^ The precipitated protein was then 

removed by centrifugation. The optical densities were 

measured at 5^0 nyu using the ferric chloride reagent as 

blank. The amount of BAH formed enzymatically was deter-

mined by comparison of absorbance at 5^0 eju with a 

standard curve (Figure relating absorbance to syn-

thetic BAH concentration (0.02-5 /imoles). Appropriate 

controls containing no added aspartlc acid were included 

in each assay. 

Glutamine synthetase activity was measured by the 
h, 

enzymatic formation of y-glutamylhydroxamic acid. 

(3) M. B. Hoagland, E. B. Keller, and P. C. Zamecnik, 
J. Biol. Chem. 218. 3^5 (1956). 

T*n J. M, Ravel, J. S. Humphreys, and W. Shive, Arch, 
Biochem. Biophys. 111. 720 (1965). 
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The incubation mixture contained Tris buffer, 100 

/imoles hydroxylamine hydrochloride (the pH was ad-

Justed to 5.5 with 8N KOH), 400 /amolesj manganese 

chloride, 12/imolesj L-glutamic acid, 4-0 /imoles} sodium 

ATP, 8 /omolesj and a rate-limiting amount of the enzyme 

preparation in a total volume of one ml. Incubation 

time, temperature, reaction termination and color de-

velopment, etc. , were identical to those for the deter-

mination of asparagine synthetase. The amount of X-

glutamylhydroxamate formed was determined from the 

standard curve (Figure 4), It is assumed that there 

is no significant difference in the extinction coef-

ficients of the ferric complexes of BAH and JT-glutamyl-

hydroxamate . 

To measure the activity of asparagine synthetase 

by an aspartic acid-dependent ATP-PP^2 exchange, the 

reaction mixture contained in a total volume of 1.0 

ml L-aspartic acid, 0.5 jumoles; sodium ATP, 3.0/imoles j 

magnesium chloride, 20 /lmolesj sodium P-^P^ 2, 1,0 

jumole, 3 x 10^ to 1 x 10^ cpm; potassium phosphate buf-

fer, pH 5.5* 100 jumolesj and bacterial cell extract 

(dlalysed) in rate-limiting amounts. The reaction 

mixtures were Incubated for 10 minutes at 37°C, and the 

reactions were terminated by the addition of 0.5 ml of 

7% perchloric acid. ATP was adsorbed on charcoal 



25 

3. 

O 
ZP 
ID 

s 

O 
m 

O 

5.0 

mM BflH (OR TGH) /ML 

• Figure ̂  



26 

according to the procedure of Berg, J and the radioac-

tivity in the ATP was counted "by means of a Beckman liquid 

scintillation counter preset at a 2% statistical count-

ing error. The scintillation fluid employed was a 2,5-

diphenyloxazole-naphthalere-dioxane (6/100/1,000; w/w/v) 

solution. Appropriate controls containing no aspartic 

acid were present in each assay and the aspartic acid-

dependent radioactivity Incorporated into the ATP was 

obtained by difference. When the inhibitory action of 

BAH on the aspartic acid-dependent exchange was tested, 

the concentrations of DL-BAH employed ranged from 0.05 

jumoles to 0.25 ;umoles/ml of reaction mixture. 

The procedure employed for the determination of 

asparagine-C^ formation from aspartic acid-G^ and 

ammonium ion, in the presence of ATP and manganese ion, 

catalyzed by the asparagine synthetase of L. arablnosus. 

has been published. 

The asparagine-dependent and BAH-dependent ATP-PP^ 

exchange reactions, catalyzed by extracts of L. arablnosus, 

were assayed by a procedure similar to that described for 

the exchange assay of asparagine synthetase activity. The 

reaction mixture contained in a total volume of 1.0 ml 

(5) Berg, P., J. Biol. Chem. 222. 991 (1956). 
(6) J. M. Ravel, S. J. Norton, J. S, Humphreys, and W, 

Shive, Biol. Chem. 237. 2845 (1962). 
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L-asparaglne or DL-BAH. 4.0-30 /imoles; sodium ATP, 3*0 

Aimoless magnesium chloride, ZO.umoles, sodium P ^ 3 2 , 

1.0 /amole, 3 * 10-5 to 1 x 10^ cpm; Trls buffer, pH 7.5» 

100/xmolesj and. cell extract in rate limiting amounts. 

The reaction mixtures were incubated 15 minutes at 37°C, 

and the radioactive ATP formed was determined by the 

method of Berg. J Appropriate controls containing 

neither asparagine nor BAH were employed in the assays. 

To measure asparagine t sRNA, ligase activity, the 

reaction mixture contained C -L-asparagine, 20 nyumoles, 

4.2 x 10-̂  cpm; sodium ATP, 0.8 /amoles} Tris buffer, pH 

7.5» 100 ;umoles; magnesium chloride, 30;umolesj sRNA, 

0.1 mgj and a rate-limiting amount of enzyme, in a total 

volume of 0.5 ml. The reaction mixture was incubated 

for 15 minutes at 37°C» and the reaction terminated by 

the addition of 2.5 &1 of cold 67$ ethanol containing 

0.5 N sodium chloride, S. coll B sRNA, 0.5 mg, was added 

as carrier, and the precipitated sBNA was washed three 

7 

times as previously described. The sRNA was then dis-

solved in 1 ml of water, a 0.5 ml aliquot was removed and 

transferred to a counting vial containing 12 ml of scin-

tillation liquid, and the radioactivity measured in a 

scintillation counter. Controls in which enzyme or sRNA 

(7) P. Berg, P. H. Bergmann, E. J. Ofengand, and 
M. Dieckmann, J. Biol. Chem. 236. 1726 (1961). 
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was omitted from the reaction mixtures were included in 

each assay. 

Specific activities of asparagine synthetase (when 

measured by the enzymatic formation of BAH) are in terms 

of jumoles of product formed/mg of protein/minute. The 

protein concentrations of cell extracts were determined 

spectrophotometrically by the procedure of Warburg and 
O 

Christian. The calculation employed is as follows: 

1.45(280 mji reading) - 0.74(260 ejm reading ) x 

dilution factor = mg protein/ml. 

Preparation of Soluble Ribonucleic Acid from L. ara-

17-5.- Cells of L. arabinosus were grown in an 

inoculum tube containing 10 ml of yeast extract-peptone 

medium ^ (Table I) for 16 hours at 37°C. This cell culture 

was then added to 100 ml of the same enriched medium. 

After incubation at 37°c for 8 hours, this culture was 

used to inoculate 10 liters of the same sterile enriched 

medium. After growth at 37°C for 16 hours, the cells 

were harvested with a Sharpies centrifuge. Soluble 

ribonucleic acid (sRNA) was isolated from the unwashed 

cell paste according to the method of von Ehrenstein and 

Lipmann. When E. coli 9723 was used as a source for sRNA, 

(8) 0. Warburg and W. Christian, Biochem. Z. 310. 
384 (19^1). 

(9) J. H. McMahan and E. E. Snell. J. Biol. Chem. 152. 
83 (1944). 
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TABLE I 

YEAST EXTRACT-PEPTONE MEDIUM 

(ENRICHED MEDIUM) 

Bacto-peptone 5 SHU 

Bacto yeast extract 1 gm. 

Sodium acetate, anhydrous 10 gm. 

Glucose 10 gm. 

Salts A* 5 ml. 

Salts B* 5 ial# 

Distilled Water to one liter 

* See Table III 
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the cells were grown in an inoculum tube containing 

10 ml of salts-glucose medium^ (Table II) for 14- hours 

at 37°C. This cell culture was then added to 100 ml 

of a sterile medium which contained 17.0 gm KHgPO^, 

21.8 gm.KgHPO^, 10 gm yeast extract, and 10 gm glucose 

per liter. After incubation at 37°C for 6 to 8 hours, 

this culture was used to inoculate 10 liters of the 

same sterile enriched medium. After incubation at 37°C 

under vigorous aeration for 16 hours, the cells were 

harvested with a Sharpies centrifuge. The sRNA extrac-

tion procedure was as.described above. The concentra-

tion of sRNA was determined spectrophotometrically, 

assuming that a change of 24 optical density units at 

260 djw is equivalent to 1 mg of sRNA per ml. Solutions 

containing the sRNA were stored at -4o°C. 

Preparation of Cell Extracts.- Cells of L. arabin-

osus 17-5 (ATCC. 8014) were grown at 37°C in 10 ml of 

9 

yeast extract-peptone medium for 16 hours. This cell 

suspension was used to inoculate 1 liter of the yeast 

extract-peptone medium supplemented with 0.5 jumoles/ml 

of L-asparagine. After growth for 20 hours at 37°C, the 

cells were harvested by centrifugation, washed three times 

with sterile saline (0.9$ sodium chloride solution), and 

resuspended in approximately 50 ml of sterile saline. 

The washed cell suspension was then added to 1 liter of 



TABLE II 

ANDERSON SALTS-GLUCOSE MEDIUM 

(DOUBLE STRENGTH)* 

31 

NHqCl 

Na2HP0^, anhydrons 

kh2PO4 

MgSO^ 

NaGl 

F e f N H ^ C S O ^ • 6H20 

Water 
Adjust pH to 7.0 

llr gm, 

2k gm. 

12 gm. 

0.8 gm. 

2 gm. 

6 nag. (dissolve 
in a little 
water first) 

To 2 liter 

*Steam 20 minutes, cool and allow to precipitate, 

store at room temperaturet decant or filter the de-

sired amount and add glucose, 0.8 gm. per 100 ml., 

just prior to use. 

Anderson's Salts Glucose Slant* 

Anderson* s salts basal 100 ml. 

Glucose 0.2 gm. 

Agar 4.0 gm. 

N-Z case (autoclave before 
adding to medium) 200 mg. 

H 2 O 100 ml. 

* Autoclave 5 minutes and slant. 
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a previously described amino acid medium (Table III)'*'® 

which contained no asparagine. The cells were incubated 

In this medium for one hour at 37°C to allow for dere-

pression of the repressed asparagine synthetase. The 

cells were then harvested, washed two or three times with • 

saline solution, and finally resuspended in kO ml of 

O.O^M Tris buffer., pH 7.5# containing 10 /imoles/ml BM2. 

The cells were then disrupted by a ^5-sec homogenization 

with 0,11-to 0.12-mm glass beads in a mechanical homog-

enizer. Cell debris and undisrupted cells were removed 

by centrifugation at 20,000 g for 25 minutes in a refrig-

erated centrifuge. The clear cell extract was then dialyzed 

several hours at 4°C in three changes of 500 ml of 0.0̂ -M 

Tris buffer, pH 7.5, containing 10 jumoles/ml BME. The 

dialyzed extracts were stored at -*f-0°C. 

When the effects of asparagine or BAH on the derepres-

sion of asparagine synthetase were determined, samples of 

washed cells (which had been grown in the asparaglne-

supplemented enriched medium) were added to flasks which 

contained the defined amino acid derepression medium alone, 

or to media which had been supplemented with varying amounts 

of L-asparagine or DL-BAH. Further incubation, harvesting 

(10) J. M. Ravel, L. Woods, B, Felsing, and W. Shive, 
J. Biol. Chem, 206. 391 (195*0. 
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TABLE III 

COMPOSITION OP AMINO ACID MEDIUM 

Components 

Amount of 
Components 
in Basic 
Solutions 

Double strength basal medium 

L-Amino acids* 

PL-Amino acids** 

PL-Glutamic acid 

Sodium acetate 

Ammonium chloride 

Inorganic Salts A (^HPO^ 25gm., 
KH2P0£j, 25 gnu, water to make 
250 ml. ) 

Inorganic Salts B (MgSOj^HoO 10 gm., 
NaCl, FeS0ij,*7H20f and MnS0V*J-H20 
0,5 gi. each, water to make 250 ml. 

Total volume in water 

Purine-pyrimidine supplement 

Adenine sulfate 

Guanine hydrochloride 

Uracil 

Total volume in water 

Vitamin supplement 

Pyridoxine hydrochloride 

Inositol 

) 

tyO mg, 

80 mg. 

200 mg. 

12 gm. 

6 gm. 

10 ml. 

10 ml. 

1000 ml. 

100 mg. 

100 mg. 

100 mg. 

100 ml. 

50 mg. 

15 mg. 

Volume of 
Basic So-
lutions 
for 100 
ml. Com-
plete 
Medium 

100 ml. 

2 ml. 



TABLE III—(continued) 

3b 

Volume of 
Basic So-
lutions 

Amount of for 100 
Components ml. Com-
in Basic plete 

Components Solutions Medium 

Nicotinic acid 3 mg. 

Riboflavin 3 mg. 

Calcium pantothenate 3 iog. 

Thiamine hydrochloride 3 iag. 

£-Aminobenzoic acid 0.150 mg. 

Folinlc acid 0.150 mg. 

Biotin 0.300 mg. 

Total volume in alcohol 30 ml. 0.4 ml. 

Glucose 2 gm. 

*Arginine hydrochloride, histidine hydrochloride, proline, 

glycine. 

Alanine, aspartic acid, cysteine, isoleucine, leucine, 

lysine hydrochloride, methionine, phenylalanine, serine, 

threonine, tryptophan, tyrosine, -valine. 
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and. preparation of cell extracts were conducted as 

described above. Cell extracts employed in the study 

of the asparagine-dependent or BAH-dependent ATP-PPj_ 

exchange were obtained from cells grown in the yeast-

extract-peptone medium, ̂  since the activity or amount 

of this enzyme(s) is not affected by the presence of 

asparagine or BAH in the growth medium. 

Purification of Asparagine; sRNA Llgase. - When the 
12 12 effects of C -BAH and C -asparagine on the transfer 

of C^-asparagine to tRNA by the asparaginet sRNA ligase 

were determined, extracts of cells of L. arabinosus were 

obtained as follows. The cells were grown in 2 liters 
9 

of yeast extract-peptone medium supplemented with 3 

of Tween 80 per liter, and were harvested after 16 hours 

incubation at 35°C. The cells were washed two times 

with cold saline and resuspended in ?0 ml of O.O^M Tris 

buffer, pH 8.0, containing 0.01M BME, and the cells were 

disrupted %ri 35-&l-Portion homogenizations in a mechanical 

homogenizer operated at ̂ ,000 rpm. Centrifugation of the 

disrupted cell suspension at 0°C for 30 minutes at 105,000 

g provided a clear cell-free extract. All subsequent 

steps in the fractionation procedure were carried out 

at ̂ °C, and all buffer solutions contained 0.01M BME. 

Cold, saturated ammonium sulfate solution, which 

had brought to pH 7 by the addition of ammonium hy-

droxide, was added to the cell extract to bring the 
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concentration of ammonium sulfate to 56, 66, and 76 per 

cent of saturation. The precipitates were removed by 

centrifugation and resuspended in 0.04M Tris buffer, 

pH 7.5. The fraction between 66-76 per cent ammonium 

sulfate (7 ml) was dialysed for 2 hours against O.O^M 

Tris buffer, pH 7.5. at 5°C. The dialyzed preparation, 

containing approximately 4.5 ug of protein per ml, was 

added to a previously washed and equilibrated DEAE-

cellulose column (1 x 16 cm). 

After addition of the enzyme preparation, the column 

was washed with 32 ml of the same buffer, followed by 

32 ml of O.O^M Tris buffer, pH 7.5» containing 0.1M 

potassium chloride. The adsorbed protein was eluted 

step-wise with 16-ml portions of O.O^M Tris buffer, 

pH 7.5» containing 0.15, 0.2, 0.25, 0,3 and 0.35M po-

tassium chloride, - Highest asparaginet sRNA ligase 

activity was eluted by the 0.35M potassium chloride-

buffer solution. Fractions having the highest specific 

activities were stored at 4°C. Little loss in activity 

resulted for periods of up to one week, when bovine 

serum albumin was added (1 mg per ml) to the fractions. 



CHAPTER III 

RESULTS AND DISCUSSION 

The asparaglne synthetase of L. arablnosus. vrhich 

catalyzes the reaction shown in Figure 5» has been studied 

in some detail. ^ Asparagine exerts a controlling influ-

ence on its own biosynthetic pathway by noncompetitively 

inhibiting asparagine synthetase activity and by repress-

ing the formation of the same enzyme (See Table IV). 

Because of current proposals concerning the mechanism of 

enzyme repression by amino acids, it was of interest to 

determine whether |i-asparty lhydroxamic acid, structurally 

similar to asparagine, as shown in Figure 6, could mimic 

asparagine in L. arablnosus in its ability to control its 

own biosynthetic pathway, and if so, whether it was ac-

tivated by the asparaginetsRNA ligase of the same organism. 

In an effort to prevent partial repression of as-

paragine synthetase by an accumulation of endogenous as-

paragine, extracts designated for study of this enzyme 

were obtained from cells grown initially in an asparagine-

(1) J. M. Ravel, S. J. Norton, J. S. Humphreys, and W. 
Shive, J. Biol. Chem. 237. 28^5 (1962). 

37 
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rich medium and subsequently derepressed by a short-

period exposure to a medium containing no asparagine. 

Extracts obtained in this manner usually had signifi-

cantly higher levels of asparagine synthetase than those 

obtained from cells grown initially in an asparagine-

deficient medium. 

A study of the ability of BAH to Inhibit the activity 

of asparagine synthetase, as measured by an aspartic acid-

dependent ATP-PP^-^ exchange, was undertaken. As seen in 

Table V, BAH significantly inhibits asparagine synthetase 

activity at relatively low levels. In this study racemic 

BAH was employed; assuming that only the L isomer is an 

active inhibitor, the inhibition by L-p-aspartylhydrox-

amate is quite comparable to that of L-asparagine. 

Similar results to those in Table V were obtained 

when asparagine synthetase activity was determined by an 
14 

assay method involving the measurement of C -labeled 

asparagine formed from C^-labeled aspartic acid (see 

Experimental Methods section). A summary of this study 

is given in Table VI. BAH and asparagine alone inhibit 

the formation of asparagine, and in combination the in-

hibition is increased. These data indicate that BAH can 

mimic asparagine with respect to its ability to serve as 

a feedback inhibitor of the asparagine synthetase of L. 

arablnosus. 

Because of the toxicity of high levels of BAH to the 

growth of Lj arablnosus (reversed by asparagine), and also 
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TABLE V 

INHIBITION OP ASPARAGINE SYNTHETASE ACTIVITY BY 

p-ASPARTYLHYDBOXAMIC ACID AND BY ASPARAGINE 

AS MEASURED BY ASPARTATE-DEPENDENT 

ATP-PP1 EXCHANGE 

Additions to reaction8, 

mixture 
Qumoles/ml) 

Badioactivity in ATP 

(cpm) 

None , 3,600 

o.°5 M r B A H 2,900 

0.10 DL-BAH 1,300 

0.10 L-Asparagine 400 

aThe conditions for reaction and the composition 

of the reaction mixtures are described in the Experimental 

Methods section. The radioactivity of the sodium p32p^32 

was 4.5 x 105 cpm. The protein concentration (dialyzed 

cell extract) was 0.5 mg/ml of the reaction mixture. 
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TABLE VI 

INHIBITION OP ASPABAGINE FORMATION BY 

p-ASPARTILHXDROXAMIG ACID 

AND BY ASPARAGINE 

Additions to reaction Radioactivity in 
mixture8- Asparagine 
(̂ jumoles/ml) (cpm) 

None 9,800 

1.0 DL-BAH 6,600 

1.0 L-Asparagine 6,700 

1.0 DL-BAH +1.0 L-Asparagine 4,000 

aThe reaction mixture contained in a total volume 

of 1.0 mli Sodium ATP, 10 /imoles; ammonium chloride, 

20 jumolesj manganese chloride, 12 ̂jumoles; Tris buffer, 

pH 8, 100 ̂ moles; DL-aspartlc acid-3-C-^4 2 x 10^ cpm, 

20 ̂imoles j and a rate-limiting level of dialyzed cell 

extract. Incubation was 15 min. at 37c& See Experi-

mental Methods section for a reference for the deter-

mination of radioactive asparagine in the presence of 

radioactive aspartic acid. 
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because of some Instability of BAH, short-term (1-hr) 

derepression studies were usually conducted. Thus, studies 

of the analog to repress asparagine synthetase formation 

were conducted on cells which had been grown in a medium 

containing added asparagine (see Experimental Methods 

section). The prevention,of asparagine synthetase dere-

pression by BAH, when the repressed cells are placed in a 

defined amino acid medium that has been supplemented with 

this analog, is a measure of the ability of BAH to repress 

the biosynthesis of the enzyme. Table VII summarizes the 

data obtained when the derepression medium was supplemented 

with L-asparaglne and with DL-j3-aspartylhydroxamic acid. 

Again, racemic BAH is compared with the L isomer of 

asparagine,* assuming that only the L form of BAH is active 

in the repression of asparagine synthetase, BAH is then 

as active as the natural metabolite in the repression 

process. 

Since at high levels BAH is slightly inhibitory to the 

growth of L. arabinosus, the possibility exists that the 

analog exerts its inhibitory activity on asparagine syn-

thetase formation by acting as a general inhibitor of pro-

tein biosynthesis. If true, an inhibition of formation of 

other repressible enzymes should be observed under the same 

conditions in which BAH apparently represses asparagine 

synthetase formation. Therefore, the effect of BAH on the 

formation of the repressible glutamine synthetase of L. 
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TABLE VII 

PREVENTION OF DEREPRESSION OF ASPARAGINE 

SYNTHETASE BY BOTH J3-ASPARTYLHYDROXAMIC 

ACID AND ASPARAGINE8, 

Additions to derepression 
medium 

Specific, 
activity0 

of asparagine 
Synthetase 

Inhibition 
of Dere-
pression 

None 0.250 -

L-Asparagine, 0 .3 /imoles/ml 0.037 85 

DL-BAH, 0 .9 jumoles/ml 0.020 92 

DL-BAH, 1 .8 jumoles/ml 0.018 93 

aThe assay procedure involved the spectrophotometric 

measurement of enzymatically formed BAH after the cell 

extract had been incubated in the presence of appro-

priate amounts of L-aspartic acid, hydroxylamine, ATP, 

and manganese chloride. See Experimental Method sec-

tion for a specific reference. 

^Specific activity is in terms of micromoles of 

BAH formed per milligram of protein per minute. 
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arablnosus was determined (see Table VIII). This enzyme 

2 

has been shown to be specifically repressed by glutamine. 

I have found that the rate of derepression of glutamine 

synthetase is very slow (compared to the rate of dere-

pression of asparagine synthetase which is maximal at one 

hour—the specific activity of this enzyme gradually de-

creases with longer incubation periods). For that reason, 

studies designed to determine the effects of BAH (as well 

as of asparagine and glutamine) on the derepression of 

glutamine synthetase were conducted over longer time in-

tervals. In Figure 7, the effects of BAH, asparagine, 

and glutamine on the derepression of both asparagine 

synthetase and glutamine synthetase are shown. While both 

BAH and asparagine prevent the derepression of and effect 

an overall decrease in the specific activity of asparagine 

synthetase (Plot A), glutamine has very little effect on 

the derepression profile (compare with the derepression 

profile for the unsupplemented medium) during a period of 

9 hours of incubation. In contrast, glutamine completely 

prevents the derepression of glutamine synthetase (Plot 

B), but neither BAH nor asparagine have any pronounced 

effect on the derepression of glutamine synthetase during 

the same time period. -

(2) J. M. Ravel, J. S. Humphreys, and W. Shlve, Arch. 
Blochem. Biophys. III. 720 (1965). 
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The effects of B-aspartylhydroxamic acid, aspara-

gine, and glutamlne on the derepression of asparagine 

synthetase (A) and glutamine synthetase (B) are shown in 

Figure 7. Cells of L. arabinosus were cultured in 3 liters 

3 
of the yeast extract-peptone medium supplemented with 

0.3 umole/ml of L-asparagine and 2,0 umoles/ml of L-

glutamine. After 16 hours at 37°» the cells were harvested, 

washed two times with 0.9$ saline, and resuspended in 100 
k 

ml of the amino acid medium. The resulting suspension 

was used to inoculate each of four flasks containing 700 

ml of the same amino acid medium which had been supple-

mented or unsupplemented, as shown in the following key: 

(•), plus 0.3 umole/ml L-asparagine; (0), plus 0.9 umole/ 

ml DL-B-aspartylhydroxamlc acidj (•), plus 2.0 umoles/ml 

L-glutamine; and (®), no supplementation. Incubation of 

the cells at 37° was then initiated, and samples of 175 

ml were removed from each flask at 0, 3» 6, and 9 hours. 

The cells were immediately collected by centrifugation, 

washed, and disrupted as described in the Experimental 

Methods section. After centrifugalon, the clear cell 

(3) J. R. McMahan, and S. E. Snell, J. Biol. Chem. 152, 
83 (19W. 

(4) J. M. Havel, L. Woods, B. Felsing, and W. Shlve, 
J. Biol. Chem. 206, 391 (195^). 
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extracts were assayed for asparagine synthetase and 

glutamine synthetase activities by the enzymatic for-

mation of hydroxamate as given in the Experimental 

Methods section. Specific activities are in terms of 

/aaoles of -glutamylhydroxamlc acid or ]B-asparty lhy-

droxaml c acid formed per mg of protein per minute. The 

relative rates of growth (based on optical density) during 

the 9-hour incubation were comparable for all four cul-

tures, The glutamine-supplemented culture grew at a 

slightly faster rate, probably due to the relatively high 

concentration of this amino acid. 

Derepression studies of this type have repeatedly 

given results that are similar to those shown in Figure 

7. It appears evident, therefore, that the negative 

effect of both BAH and asparagine on the derepression of 

asparagine synthetase is of a specific nature. 

It is presently believed that for at least some 

amino acids to be capable of repressing their biosynthetic 

enzymes, they must first be activated by a specific amino 

acidisRNA ligase and then transferred to a specific tHNA 

molecule. 5 For processes of this type, an amino acid 

analog capable of repressing the biosynthetic enzymes for 

the natural metabolite should also be similarly activated 

(5) F. C. Neidhardt, Bacterlol. Rev. 30. 701 (1966). 
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and transferred. 

Extracts of cells of L. arablnosus grown in an en-

riched medium (such that asparagine synthetase formation 

was virtually completely repressed) were studied for 

asparagineisRNA ligase activity. The method of assay 

of activity involved the measurement of an asparagine-

dependent ATP-PP^ exchange. It was found that relatively 

high concentrations of asparagine are required for sig-

nificant ATP-PPjL exchange (as compared with the concen-

tration of aspartic acid required for an ATP-PP1 exchange 

catalyzed by the asparagine synthetase). Comparably 

high concentrations of aspartic acid are also required 

for an ATP-PP^ exchange catalyzed by the previously re-

6 

ported aspartic acidjsRNA ligase of L. arablnosus. 

Although such an exchange dependent on the presence of 

asparagine does not unambiguously rule out the presence 

of some activating enzyme of asparagine other than the 

asparaginet sRNA ligase, it is most probable that the 

latter enzyme would be the one involved in the exchange 

reaction. The cell extracts were also studied for the 

presence of BAH -dependent ATP-PP^ exchange activity. 

The results of these studies are shown graphically in 

Figure 8,which relates the concentrations of the two 
* 

amino acids under study, either singly or in combination 

(6) S. J. Norton, J. M. Ravel, C. Lee, and W. Shive, 
J. Biol. Chea. 238. 269 (1963). 
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with the counts per minute of radiophosphate in ATP. 

The question arises as to whether the BAH-depen-

dent exchange is due to the same enzyme as that which 

catalyzes the asparagine-dependent exchange. It would 

be anticipated that if two different enzymes are in-

volved, the amount of exchange (as measured by cpm in 

ATP) for both amino acids tested in combination should 

be equal to the sum of the exchanges for the amino acids 

tested separately (i.e,, the results of tha combination 

should be additive). As seen in Figure 8, the amounts 

of exchange when the amino acids are tested in combina-

tion lie between the values obtained when the amino acids 

are tested separately. This strongly suggests that the 

BAH-dependent and the asparagine-dependent ATP-PP^ ex-

changes are catalyzed by one and the same enzyme. That 

the same enzyme is involved in both the exchange reac-

tions is also attested to by heat denaturation studies. 

Five-minute exposures of the cell extracts to temperatures 

of 50, 55 and'60° gave corresponding decreases in the BAH-

dependent and the asparagine-dependent exchanges, indica-

tive of an increasing heat denaturation of the same 

activating enzyme. 

It is interesting to note that the reaction velocity 

of the exchange reaction in the presence of a given con-

centration of BAH (assumed to be catalyzed by the aspara-

gine » sRNA ligase) is considerably greater than the 



Figure 8. 

The activation of "both L-asparagine and. DL-jB-

aspartylhydroxamic acid (and of an equimillimolar 

mixture of the two amino acids) as measured by amino 

acid-dependent ATP-PP^ exchange. The radioactivity of 
32 32 

the sodium-P P^ in the reaction mixture was 5.2 x 

10^ cpm. The complete reaction mixture and the con-

ditions for incubation are given in the Experimental 

Methods section. 
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velocity resulting when an equal concentration of 

asparagine is present, A Lineweaver-Burk plot of the 

data from Figure 8 (see Figure 9) gives K values on 

the order of 5 x 10~3 M for both L-asparagine and PL-

|i-aspartylhydroxamIc acid. The maximum velocity, V, 

for DL-p-aspartylhydroxamic acid Is, however, approx-

imately two times that for L-asparagine. Again assuming 

that only the L-isomer of BAH serves as substrate, there 

is approximately a twofold difference in the affinities 

of the substrates for the enzyme and an even greater 

difference in the rates of breakdown of the enzyme-

substrate complexes (regenerating ATP and free amino 

acid) for the two amino acids. 

Attempts were made to demonstrate the actual enzy-

matic transfer of BAH to tRNA; no unequivocal evidence was 

obtained, but the transfer of C^^-asparagine to tHNA 

12 
is greatly decreased by the addition of either C -BAH 

12 

(or C -asparagine) to the reaction mixture, (see Table 

IX and experimental section). In view of the relatively 

low K m value and the relatively high V value for BAH, as 

compared with those values for asparagine for the ATP-PPj_ 

exchange reaction, it is reasonable to assume that such a 
*7 8 

transfer can occur, '* However, if BAH is actually 

(7) M. Dixon, and E. C. Webb, "Enzymes," Academic Press, 
New York (196*0, p. 487. 

(8) G, D, Novell!, Ann. Rev. Biochem. 36, ^51 (1967) 
and references cited therein. 



Figure 9 

Response curve and Lineweaver-Burk plot of the effect 

of L-asparaglne and DL-J3-aspartylhydroxamic acid concen-

tration on the Incorporation of PPj_ into ATP, 

Reaction velocity (v) is in terms of reciprocal of 

cpm in ATP under the assay conditions. The reaction mix-

tures contained in a volume of 1 ml.; Tris-hydrochloride 

buffer, lOOjumoles, pH 7.5? MgCl2, 20 /molest ATP, 3 

îmoles; p3%>^32^ -j. <5 x ]_ô  cpms various levels of 

^-asparagine and DL-p-aspartylhydroxamic acid; and enzyme 

(dialysed), 120/ig. of protein. Incubation was for'10 

minutes at 3?°G. 
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TABLE IX 

14 

DILUTION OP C -L-ASPARAGINE TRANSFER 

BY C12-DL~BAH AND C12-L-ASPARAGINE 

Additions to reactiona cpm in 
Mixture t-RNA 

None 676 
12 
C -L-Asparagine 0 

C12-DL-BAH 120 

C12-L-Glutamine 479 

C^-L-Aspartic Acid 511 

aThe reaction mixture contained in 0.5 mli Tris buffer, 

50/imoles, pH 7.5i MgCl2, 15 /imolesj ATP, 0.5 /imole j sRNA, 
lit * c 

0.1 mgi C -L-asparagine, 0.02 jumole, 4.2 x 10 cpm; enzyme, 

60 p.g of protein, from the DEAE-cellulose column, and various 

amino acids used are at 1 jamole concentration. Incubation 

was for 20 minutes at 37°G. 
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transferred to tRNA _in vivo, one might expect the forma-

tion of "lethal protein" to occur. It has been found 

that BAH, at concentrations above 0.9 jumole/ml, does 

cause some growth inhibition in L. arablnosus when the 

initial Inoculum of this organism is small. Growth is 

not inhibited over a period of 10 hours when BAH (0.9 

jumole/ml) is added to an 8-hour culture. Some of the 

possible explanations for findings in this study are 

(a) BAH is not incorporated into protein at any sig-

nificant ratei (b) BAH, when incorporated into protein, 

does not lead to "lethal protein?" (c) the small in-

hibition by BAH results from toxicity to certain enzymes 

involved with asparagine (e.g., asparagine synthetase). 

The latter possibility, while a probable factor in 

the slight Inhibition exhibited by BAH, has little bear-

ing on whether BAH is incorporated into protein. The 

second explanation is questionable in light of other 
9 10 

findings concerning "lethal protein" formation. 

However, because of the very close biochemical similari-

ties of BAH and asparagine found in this study, this 

possibility should not be ruled out. These similarities 

(9) G. Brawerman, and M. Yucas, Arch. Blochem. Biophs. 
68, 112 (1957). 

(10) X.. Fowden, S. Neale, and H. Tristram, Nature 199. 
35 (1963). 
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are both BAH and asparagine inhibit asparagine syn-

thetase activity; BAH promotes an ATP-PP^ exchange 

catalyzed by an enzyme which is apparently the aspara-

gine i sRNA ligases both BAH and asparagine repress (or 

prevent derepression of) asparagine synthetase; and, neiter 

BAH nor asparagine affect the repression of glutamine syn-

thetase. It is possible to suppose that BAH, if incor-

porated into protein, would have no easily detectable 

effect on the activity of glutamine synthetase. This 

would not negate a specific action of BAH in the re-

pression of asparagine synthetase, however. 

The first possibility (that BAH is not incorporated 

into protein) does not necessarily preclude the forma-

tion of a BAH-tRNA complex. It may be that repressor-

specific tRNA molecules exist which differ from tRNA 

species participating in general protein synthesis, the 

role of such repressor-specific tRNA species being in the 

regulation of protein synthesis. 1 1 A high affinity of 

activated BAH for the latter tRNA type, but not for the 

tRNA type involved in protein synthesis, would explain 

the lack of any significant growth inhibition by BAH 

while allowing a specific action of the analog in the 

(11) H. J. Vogel, and R. H. Vogel, Ann. Rev. Biochem. 
36. 521, (1967) and references cited therein. 
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repression process. Even though a BAH-dependent ATP-PP^ 

exchange reaction can be demonstrated, further study will 

be required to determine whether BAH can be transferred 

to tBNA isolated from L. arablnosus, and If so, whether 

the analog is incorporated as such into cellular protein. 



CHAPTER IV 

SUMMARY 

|J-Aspartylhydroxamic acid {BAH) has been found to 

mimic asparagine in cells of Lactobacillus arablnosus 

17-5 by inhibiting asparagine synthetase activity and 

repressing the formation of the same enzyme. The action 

of BAH is apparently specific, since the compound does 

not inhibit the formation of the represslble glutamine 

synthetase of L. arablnosus. Furthermore, extracts of 

the organism catalyze a BAH-dependeht and an asparagine-

dependent ATP-PPj, exchange, and evidence is given which 

indicates that only one enzyme activity is involved with 

both the BAH and asparagine activations. This latter 

finding is in agreement with the hypothesis that certain 

amino acids which repress biosynthetic enzyme formation 

must be capable of being activated and transferred to an 

appropriate t-RNA molecule. However, enzymatic transfer 

of BAH to t-RNA has not been demonstrated in this study. 
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PART II 

PURIFICATION AND PROPERTIES OF DIAMINOPIMELATE 

DECARBOXYLASE FROM LACTOBACILLUS ARABINOSUS 



CHAPTER I 

INTRODUCTION 

Work first reported the natural occurrence of 2,6-

dlaminopimelic acid (DAP), a symmetrical <?(, <*• - dia-

minodicarboxylic acid, in the year 19^9. 

NH~ NHO 
I 2 J * 

HOOC - CH - CH2 - CH2 - CH2 - CH - COOH 

2, 6 diaminopimelic acid 

This compound "belongs to the series of homologous 

diaminodicarboxylic acids properly beginning with 2,3 -

diaminosuccinic acid. A characteristic of these com-

pounds, beginning with diaminosuccinic acid, is that they 

contain two asymmetric carbon atoms and exist in two op-

tically inactive forms, i..e., meso and racemic, or one 

optically inactive and two optically active forms. In this 

respect these compounds resemble cystine, homocystine, 

and analogous compounds. DAP exists in three stereoiso-

m e r ^ forms* the LL-, the DD-. and the meso (internally 

compensated) isomers. DAP is the only known c<, oL* - dia-

(1) E. Work, Blochim. et Blophys. Acta 3» 4-00 (19^9) 

6k 
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minodicarboxyllc acid which has been detected In nature. 

In the period 19^9-1950, Elizabeth Work In London 

who used acid hydrolysates of Corynebacterlum dlptherla, 

3 

and Asselineau and coworkers In Paris , who used an acid 

hydrolysate of an antigenic lipopolysaccharide from 

Mycobacterium tuberculosis, noted the presence of an un-

known, neutral ̂ -amino acid on paper chromatograms. It 
h. 

was subsequently isolated in 1951 fry Work from hydroly-

sates of the diphtheria through Its capacity to be adsorbed 

on acid-treated alumina. The isolated DAP was found to be 

devoid of optical activity. It could therefore be either 

In the meso or the racemic form. That it was probably 

meso was deduced from its behavior toward the L-amino 

acid oxidase of Neurospora crassa, whereby one atom of 

oxygen was consumed and one molecule of ammonia liberated 

per molecule of amino acid. Since then there have been 

many reports in the literature about this unique amino 

acid by Work and by others. This amino acid has been 

shown to be present in many bacteria (except the gram-

positive cocci and certain streptpayees) and some other 

(2) E. Work, Biochia. et Biophys. Acta 5. 204 (1950). 
(3) J. Assilineau, N. Choucroun, and E. Lederer, 

Blochim. et Biophys. Acta 5. 197 (1950). 
Pf) E. Work, Biochem. J.. k9. 17 (1951). 
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microorganisms such as several species of blue-green 

algae. 5-10 

At first it was believed that M P is present only 

in bacterial cell walls as a general constituent. More-

over, DAP is almost exclusively limited to these organisms 

11 12 

and when present is concentrated in the cell wall? * 

it is not present in bacterial protein. The amino acid 

originally Isolated was shown to possess the meso-config-

uration, but later investigations have shown the occurrence 

of the L-isomer. 
"" 14 

Work and Davis have provided evidence that meso-

DAP is a precursor of lysine. In some species, DAP is 

(5) E. Work, and D. L. Dewey, J. Gen. Microbiol. 9. 
394 (1953). 

(6) E. Work, S. M. Birnbaum, M. Winitz, and J. P. 
Greenstein, J. Am. Chem. Soc. 77, 1916 (1955). 

(7) M. Ikawa, and J. S. 0*Barr, J. Biol. Chem, 213. 
377 (1955). 

(8) E. C. Dougherty, H. T. Gordon, and M. B. Allen, 
Exptl. Cell. Res. 13, 171 (1957). 

(9J D. C. Hoare, and E. Work, Biochem. J. 65, 441 
(1957). 

(10) P. Meadow, D. S. Hoare, and E. Work, Biochem. 
J. 66. 270 (1957). 

(11) C. S. Cummins, and H. Harris, J, Gen. Microbiol., 
14, 583 (1956). . 

(12) E. S. Holdsworth, Biochim. et Blophys. Acta 9. 
19 (1952). 

(13) L. D. Wright, and E. L. Cresson, Proc. Soc, 
Erptl. Biol. Med.. 82. 354 (1953). 

(l¥) B7 D. Davis, Nature 169. 534 (1952). 
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replaced In the mucopeptide by lysine. However, even 

organisms that apparently lack DAP may contain enzymes 

for which it is a substrate. One such enzyme which de-

carboxylates DAP to yield lysine and one mole of CO2 has 

been observed by Dewey and Work in Sscherlchia coll. 

The enzyme, DAP decarboxylase (E.0.^,1.1.20, meso-

2,6-diaminopimelate carboxylase), specifically converts 

1 lii 
meso-DAP into lysine J in S. coli. Davis isolated an 

E. coll mutant which absolutely requires DAP for its 

growth, but lysine can exert a sparing effect on this 

requirement. Certain lysine-requlring mutants of E. coll 

have been found to accumulate DAP; there is no detectable 

DAP decarboxylase activity in these mutants. The afore-

mentioned evidence strongly suggests that DAP participates 

in and is apparently a final precusor in the lysine bio-

synthetic pathway in bacteria. 

Two distinct pathways are known to exist in the 

synthesis of lysine. In the first pathway (in certain 

fungi and algae), the carbon skeleton of lysine arises 

from acetate and c(-ketoglutarate by way of an important 

intermediate, L-aminoadipic acid, (Figure 1). The second 

route is found in bacteria, higher plants, blue-green and 

(15) D. L. Dewey, and E. Work, Nature 1 6 9 . 533 (1952). 
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green algae and certain fungi, in which the lysine carbon 

chain arises from pyruvate and aspartate (Figure 1), and 

DAP is a key intermediate, A survey of the pathways of 

lysine biosynthesis in many bacteria, algae, and plants 

has been conducted by Vogels a summary of his observa-

tions is given in Table I. Both of the known pathways 

are shown in Figure 2 and Figure 3• 

Previous studies on the preparation and properties 

of the DAP decarboxylase from a variety of organisms have 

17 

been reviewed by Work, Crude cell extracts of Aerobac-

ter aerogenes can completely decarboxylate both L- and meso-

diaminopimelic acid, the meso-form seemingly more rapidly, 

whereas only the meso form is decarboxylated by a purified 
18 

preparation of the decarboxylase from these same cells. 

On the other hand, D-diaminopimelic acid is attacked by 

neither the crude extracts nor the purified decarboxylase. 

The explanation for the above was given by studies of Antia, 
19 

Hoare, and Work ,who found that there is a racemase in 

A. aerogenes (and in many other organisms as well) which 

converts either L- or meso-diaminopimelic acid into a mix-

ture of both. The apparent decarboxylation of the L-form 

(16) H. J, Vogel, Proc. 5th Intern, Congr, Biochem, 
Moscow, 1963, Vol, 3, P. 3^1 (1963). 

(17) E. Work, In "Methods in Enzymology,M Vol, 5, 
p. 864, Ed, by Colowick, S, P, and Kaplan K, D,, New York 
Academic Press, Inc., (1962) 

(18) D, S, Hoare, and E, Work, Biochem. J. 61, 562 (1955) 
(19) M. Antia. D, S, Hoare, and E, Work, Biochem, J, 

6£, *i48 (1957). 
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TABLE I 

OCCURRENCE OF LYSINE BIOSYNTHETIC PATHWAY 

oLt E-Diaminopimelic Acid oL-Aminoadipic Acid 
pathway pathway 

Bacteria 

Pseudomonads 
Eubacteria 
Actinomycetes 

Lower Fungi 

Hyphochytriales Chytrids 
Saprolegniales Blastocladiales 
Leptomitales Mucorales 

Higher Fungi 

Green Organisms 

Ascornycetes 
Basidiomycetes 

Green algae Euglenids 
Ferns 
Flowering plants 
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of diaminopimelic acid, by the crude cell preparations Is 

thus due to Its conversion through racemase activity to 

the meso form, which is then decarboxylated by the specif-

ic meso-dlamlnoplmellc acid decarboxylase. The racemase 

is even more widely distributed among bacteria than is 

the decarboxylase, while the distribution of the two 

enzymes bears no apparent relation to the relative oc-

currence of the L- and meso-isomers of diaminopimelic 

acid. The enzyme sequence is shown below. 

racemase 
H020-CH(NH2)CH2CH2CH2CH(NH2)C02H > 

= L-DAP | 

H02CCH(NH2)ch2ch2ch2ch(nh2)co2h 

D L 

meso-DAP 

decarboxylase 

ch2(nh2)ch2ch2ch2ch(nh2)co2h 

L 

The decarboxylase thus acts on the D-center in meso-diamino-

pimelic acid and may thus be considered a D-directed decar-

boxylase. However, the enzyme is ineffective toward D-

diaminopimelic acid, which"has two D-centers. It is there-

fore evident that the decarboxylase requires the presence 

of the L-center (i.e., meso fora), even though this L-center 

is not affected by the enzyme. 
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This enzyme have been purified 200-fold from a soluble 

extract of E, coli A.T.C.C. 963?. 2 0 Evidence was given 

in the latter case that pyridoxal phosphate is the coen-

zyme, although a completely inactive apoenzyme was not 

obtained. Heavy-metal ions or other thiol-binding reagents 

inhibit the enzyme. The DD- and LL-lsomers of DAP are not 

attacked by this partially purified enzyme. 

Several approaches indicated that aspartate was a pre-

cursor of DAP. Thus, isotopic competition studies showed 

that aspartate competes with glucose in providing four of 

21 

the carbon atoms of DAP and of lysine. Extracts of 

mutants that accumulate DAP catalyze its synthesis, which 

is stimulated by addition of trlphosphopyrldine nucleo-

tide, adenosine triphosphate, aspartate, succinate and 

pyruvate. 22»23 Data have been obtained from increasing-

ly detailed investigations of branched biosynthetlc path-

ways, that is, pathways in which a common precursor is 

converted through alternative metabolic sequences to 

several essential products. The generally accepted scheme 

(20) P. J. White and B. Kelly, Blochem. J. 96. 75 
(1965). 

(21) P. H. Abelson, E. T. Bolton, R. J. Britten, D. 
B. Cowle, and R. B. Roberts, Proc. Natl. Acad. Sci. U. S. 
22, 1020 (1953). , , „ , 

(22) C. Gilvarg, Federation Proc. 15. 26l (1965). 
(23) C. Gilvarg, J. Biol. Chem. 233, 1501 (1958). 
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for biosynthesis of amino-aclds of the aspartio family 

24-

in various bacteria is depicted in Figure 4, In 

total, at least 18 enzymes are required for synthesis 

of methionine, threonine, isoleucine, and lysine. Of 

these, p-aspartokinase (AK; enzyme 1) and aspartate p-

semlaldehyde (ASADH; enzyme 2) are common for synthesis 

of all four amino-acid end-products. The first enzyme 

in the pathway, aspartokinase, is subject to end-product 

control by both feedback inhibition (inhibition of ac-

tivity) and repression (inhibition of enzyme synthesis) 

in E. coll and Saccharomyces cerevisiae. However, 

this enzymic activity has not been detected in the cell-

free extracts of L. arablnosus by other laboratories or 

in this laboratory (unpublished data). It may be that 

compounds, closely related to aspartate and pyruvate, are 

precursors of DAP and lysine in the latter organism. 

In the course of my investigations of lysine bio-

synthesis, I have found that L. arablnosus can be cul-

tured in a previously described, defined amino-acid medium 

(2M P. Datta and H. Gest, Nature 203, 1259 (1965). 
(25) De Robichon - Szulmajster, Huguette, and D. 

Corrivanx, Blochlm. Blophys. Acta. 73„ 2̂ *8 (1963). 
(26) E. R. Stadtman, G. N. Cohen, G. LaBras, and De 

Robichon - Szulmajster, Huguette, J. Biol. Chem. 236, 
2033 (1961). : 
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that Is devoid of L-lysine. This finding indicates that 

this microorganism can synthesize L-lysine. i have found 

that even though aspartokinase activity cannot be detected 

in L. arablnosus» DAP decarboxylase activity is present in 

this organism when It is cultured in certain growth media. 

This finding Is in conflict with previously reported stud-

ies . dap decarboxylase catalyzes the last reaction in-

volved in the lysine biosynthetic route through the DAP 

pathway. In the present work the purification of DAP de-

carboxylase has been carried out and some of the properties 

of this enzyme have been studied. 



CHAPTER II 

EXPERIMENTAL METHODS 

Materials and Apparatus.—2, 6-diaminopimelic acid 

was obtained from both Pierce Chemical Company and Cal-

ifornia Biochemical Company, and is a mixture of three 

isomers, namely DD-, LL-, and meso-diamlnopimellc acid. 

The resolution of the pure me^o-isomers was conducted by 

procedures described later in this section, Pyridoxal-

phosphate, ^carboxylase (crystalline), pyridoxine mono-

hydrochlorlde (B&), cetyltrimethylammonium bromide, pro-

tamine sulfate (grade 1), and ammonium sulfate (enzyme 

grade), were obtained from Sigma Chemical Company. 1, 

2,3#-Triketohydrindene (ninhydrin), jB-mercarptoethanol 

(BME), and 2-methoxyethanol (cellusolve, practical), 

were obtained from Eastman Organic Chemical Company. 

Streptomycin sulfate was obtained from Nutritional Bio-

chemicals Corporation. Benzylchloroformate (tech.) was 

obtained from Aldrich Chemical Company, Inc. DEAE-

Sephadex (A-25 coarse) was obtained from Pharmacia Chemi-

cal Company, Uppsala, Sweden. Calcium phosphate gel was 

80 
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prepared by a procedure previously described. * 

When large quantities of bacterial cells were required, 

the Brunswick eleven-liter, Bench-Top Fermentor, model 

was employed. All melting points were taken on a Thomas-

Hoover capillary melting point apparatus. 

Organism used and culture conditions. -Lactobaclllus 

arablnosus. strain 17-5 (ATCC. 801*4-), was used as the test 

organism throughout this study. The defined medium and 

the growth conditions employed in culturlng the organism 

were those specified in Chapter II, Part I, with the mod-

ification that the amino acid, L-lysine, was omitted from 

the growth medium. Stock cultures were maintained on 

stabs of yeast-glucose-agar grown at 3?°C and stored at 

5°G. Bacterial cells were usually cultured at 37°C for 

16 hours in two-liter conical flasks containing one liter 

of the defined amino acid medium (devoid of L-lysine). 

When larger quantities of cells were cultured in the 

fermentor, the glucose (20# solution) was autoclaved 

separately. Cells were cultured in the fermentor at 30°C 

for 16 hours with slow agitation (50-70 rpm). All in-

oculations were with cells in the logarithmic growth 

phase. Bacterial cells were harvested when growth had 

reached the end of the exponential phase (in approximately 

(1) W. A. Wood, in S. P. Colowick and N. 0. Kaplan 
(Editors), "Methods in Enzymology," Vol. II, Academic 
Press, Inc., New York, N. X., 1955» PP 214. 
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15-16 hours) by centrifugation. Turbidity of cultures 

were determined, by using a Spectronic-20 photoelectric 

colorimeter at 600 m̂ i, and culture growth was monitored 

at various time intervals. 

Paper chromatography.—The L-lysine produced by 

diaminopimelic acid decarboxylase was detected by ascend-

ing paper chromatography. Samples from a pooled reaction 

mixtures which had been concentrated under an air jet, 

were applied to Whatman No. 1 paper. The solvent system 

was methanol-water-10 N HCl-pyridine (80.il?. 5 *2.5*10, 

v/v), ^ and the spots were developed with ninhydrin. 

Separation of the Isomers.—The isolation of meso-

DAP from a racemic mixture was accomplished by prepara-

tion of the dicarbobenzoxy derivatives and fractional crys-

talization in ethyl acetate and chloroform, followed by 

removal of the carbobenzoxy groups of the meso DAP hy-

drogenolysis. ^ 

Cell-free extracts.—Cells were harvested by cen-

trifugation, washed twice with 0.85# NaCl, and resuspended 

in 5 to 10 volumes of 0.1 M-phosphate buffer, pH 6.8, 

containing BME (0.01 M), EDTA (0.001 M). The cell 

(2) M. Antia, D. S. Horad, and E. Work, Blochem. J. 65. 
448 (1957). 

(3) J. P. Greenstein, and M. Winitz, "Chemistry of 
the Amino Acidsf

M Vol. 3, John Wiley and Sons, Inc., New 
Xork, N. Y., 1961, p. 2521. 
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suspensions were then disrupted by use of a B. Braun 

mechanical homogenizer, operated at ^,000 rpm for 3 

minutes. The cell homogenates were centrifugated at 

20,OOOg for 20 minutes in a refrigerated International 

centrifuge, model HR-1, to remove the cell debris and 

undisrupted cells. The clear cell-free extracts ob-

tained were used for subsequent enzyme studies, and 

purifications. 

Purification of Diamlnopimelate Decarboxylase. — 

Phosphate buffer, pH 6.8, at various concentrations, was 

used throughout the purification; BME (0.01 M) and EDTA 

(0.001 M) were added to all buffer solutions. All steps 

were conducted at 0° to 5°C» All crude cell-free extracts 

were adjusted in volume to give a protein concentration 

of approximately 20 mg/ml. 

Precipitation of Nucleic acids. — To the extract 

was added, with mixing, 1% (w/v) protamine sulfate in 

0.1 M phosphate buffer (0.1 ml/5 ml of extract), fol-

lowed immediately by 25% solution (w/v) of streptomycin 

sulfate in the same buffer (0.6 ml/5 ml of extract). The 

precipitate was allowed to settle for 10 minutes with small 

batches and 1 hour for large batches, and was removed by 

centrifugation. The supernatant liquid was kept overnight 

at 5°C, and any further precipitation removed by a second 

centrifugation. 
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Precipitation with Ammonium Sulfate.—Solid ammonium 

sulfate was added to the supernatant solution from the 

previous step, to give 55% saturation. The suspension was 

stirred for 1 hour; then the precipitate was removed by 

centrifugation at 20,000g for 20 minutes. The precipi-

tate was redissolved in 0.001-M phosphate buffer (0,5 ml/ 

ml of original extract). A portion of the solution (0.5-

1 ml) was dialysed overnight against 0.001 M phosphate 

buffer to remove ammonium sulfate, and the dialyzed 

solution was employed for enzyme assays. To avoid pos-

sible loss of enzymic activity during this dialysis, the 

dialysis tubing was washed prior to use in several changes 

of the buffer. 

Adsorption on Calcium Phosphate Gel.—The dissolved 

ammonium sulfate fraction (undialyzed) was added to cal-

cium phosphate gel (about 80 mg dry wt. of gel/ml of 

enzyme solution) and stirred with a magnetic stirrer for 

15-30 minutes. The gel was removed by centrifugation, 

and the adsorbed enzyme was eluted with Increasing con-

centrations of phosphate buffer (15 ml/g gel at concentra-

tions of 0.001-M, 0.0 1-M, and 0.1-M). Most of the de-

sired enzyme activity was eluted by the 0.1-M phosphate 

buffer? occasionally a portion of the activity was also 

eluted by 0.01-M phosphate buffer. 

Chromatography on DBAS-Sephadex.—A column (1 cm x 12 

cm) of DEAE Sephadex A-25 (coarse grade) was used. The 
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column was equilibrated with the buffer to be used in the 

eluent (0.1 M phosphate buffer)| then the enzyme protein 

(2-3 rag eluted from calcium phosphate gel in 0.01 M-

0.1 M phosphate buffer) was applied to the column, and 

eluted stepwise with 0.1 M phosphate buffer, then with 

successive 4 ml portions of the same buffer containing 

NaCl at concentrations of 0.1 M, 0,15 M, and 0.2 M. The 

fractions were collected and 0.2 ml was used in enzyme 

assays. The active fraction is usually found in 0.1 M 

NaCl fraction. This fraction was employed for various 

enzyme studies. The fractions were collected and 0.2 ml 

was used in enzyme assays. The active fraction is usually 

found in 0.1 M NaCl fraction. This fraction was employed 

for various enzyme studies. 

Enzyme Assays.—A modification of the acidic 

4 

ninhydrin method of Chinard was used for the colori-

metric determination of DAP. To a sample volume of 0.13 

ml, which contains 0 to 40 ;ug of DAP, are added 0.0? ml 

of concentrated hydrochloric acid and 0.40 ml of a 5-per 

cent solution of ninhydrin in methyl cellusolve. After 

the mixture is heated for 20 minutes in a boiling water 

bath, 4.40 ml-of a n-propanol-water mixture (lil) are 

added and mixed well. The absorbency of the solution is 

(4) F. P. Chinard, J. Biol. Chem. 199. 91 (1952). 



86 

then measured at 420 mu in a Beckman DB-G spectrophoto-

meter. The assay is linear over the concentration range 

0 to 40 ug DAP. Since the protein in incubation mixtures 

5 6 

is usually quite low, the procedure can be used direct-

ly on such mixtures without further centrifugation being 

necessary to remove precipitated protein. 

DAP decarboxylase was assayed by observing the dis-

appearance of DAP from a reaction mixture that contained 

the following components! 2,6-DAP (either racemic plus 

meso DAP or pure meso DAP), 400 ug: pyridoxal-phosphate, 

0.2 umole; phosphate buffer, 100 umoles, pH 6,0% and an 

appropriate amount of enzyme solution (from various puri-

fication steps) plus water to give a total volume of 1.3 

ml. At various intervals, 0,13 ml was removed and the 

DAP content was measured as described above. Control 

samples either contained boiled enzyme or lacked only 

pyridoxal-phosphate. Blanks, in which DAP was omitted, 

were employed to adjust the spectrophotometer to zero 

absorbence. The specific activity was expressed as 

mlcromoles of DAP disappearing per hour per mg of pro-

tein. The amount of DAP decarboxylated was calculated 

(5) C. Gilvarg, Blochim. et Biophys. Acta, 216 
(1957). ~~ 

(6) C. Gilvarg, J. Biol. Chem. 233. 1501 (1958). 
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from a standard curve (Figure 5) which relates the optical 

density at 420 nyu. to the amount of DAP in jumoles per 1.3-

ml reaction mixture. Protein concentrations were calcu-

lated either from optical density measurements at 280 to 

260 nyu, ? or by direct determination by the Folin-Wu 

procedure. ® 

To measure the enzymic activity by treatment of the 

cells with cetyltrimethylammonium bromide (CTMAB) the 

assay conditions was as follows: washed organisms {about 

0,2 gm wet wt), CTMAB, 6 mg; pyridoxal phosphate, 1 jumole; 

DAP, 1,4 mg; all in 0.1 M phosphate buffer, pH 6,8, and a 
* 

volume of 5.1 nil, were added to a 25 ml conical flask and 

shaken at room temperature. Immediately after all the 

additions, and at 30-minute intervals, samples (0.5 ml) 

were removed and added to' 95$ ethanol (l.O ml) to inac-

tivate the enzyme. After standing 1 hour at room tem-

perature, the mixtures were centrifuged, Diaminopimeli c 

acid was estimated in the supernatant liquid as described 

previously, ^ To determine DAP in the presence of lysine, 

samples were removed at intervals and added to tubes con-

taining 4 ml of acetic acid and 0,5 nl of ninhydrin 

(?) 0. Warburg, and W. Christian, Biochem. J. 310, 384 
(1941-1942). 

(8) 0. H. Lowry, N. J. Hosebnaugh, A. L. Farr, and E. 
J. Randall, J. Biol. Chem, 193. 265 (1951). 

(9) E. Work, Biochem. J. 67. 4l6 (1957). 
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reagent (250 mg of nlnhydrln dissolved In 4 ml of 0.6 M 

phosphoric acid and 6 ml of acetic acid) and 0.4- ml of 

water. The mixture was then heated at 37°C for 90 min-

utes, The absorhency of the mixture was then measured 

at 440 nyn on a Beckman DB-G spectrophotometer. 



CHAPTER III 

RESULTS AND DISCUSSION 

That Lactobacillus arabinosus 17-5» ATCC 801^, can 

supply Its own requirement for the amino acid, lysine, is 

demonstrated by the fact that the organism is capable of 

growth in media devoid of lysine. Since the final bio-

synthetic step in lysine formation in all bacteria studied 

to date involves the decarboxylation of meso-dlamlnopi-

melic acid (DAP) to produce lysine, it was of interest to 

determine whether an enzyme catalyzing such a reaction 

(DAP decarboxylase) is present in L. arabinosus. 

It became evident early in this investigation that 

the composition of the medium employed for the culturing 

of La. arabinosus greatly affects the levels of DAP decar-

boxylase found in cell-free extracts of that organism. 

Thus, cells grown in enriched media showed consistently 

lower DAP decarboxylase activity when compared to cells 

grown in a defined amino acid medium (activities were 2 

to 6 times higher in cell-free extracts when the cells 

were obtained from a simple amino acid growth medium). 

90 
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This may explain In part the Inability of others to 

demonstrate DAP decarboxylase activity in JL. arablnosus. 

The effects of various complex growth substances in 

the growth medium 2 on the cellular activity of DAP de-

carboxylase were investigated, and a summary of the 

results obtained Is shown in Table II, The results show 

that peptone, yeast extract, and casein repress the for-

mation of the enzyme significantly, with peptone exert-

ing the greatest effect. Combinations of peptone and 

yeast extract caused, in some experiments, a six-fold 

decrease in DAP decarboxylase activity in the crude cell-

free extract^ as compared with unsupplemented medium. 

No definitive explanation for the effects of these sub-

stances can be given at the present time. It was found 

that lysine does not> apparently, repress the formation of 

DAP decarboxylase. In several experiments no observable 

and/or reproducible effect on the DAP decarboxylase 

activity of L. arablnosus could be observed when the de-

fined growth medium was supplemented with various levels 

of lysine. 

Pyridoxine in the growth medium has a variable effect 

on DAP decarboxylase activity (Figure 5). At low 

(1) Antia,- D. S. Hoare, and S. Work, Biochem. J, 
6£, W (1957). 

(2) J, M. Ravel, L, Woods, B, Felsing, and W. Shive, 
J. Biol. Chem. 206. 391 (195^). 
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REPRESSION OP DAP DECARBOXYLASE BY 

VARIOUS SUBSTANCES 

92 

Supplement to the 

Defined Medium8-

gm/1 

Specific 

Activity13 

None 

Yeast extract, 1.5 gm 

Casein, 8.0 gm 

Peptone, 8,0 gm 

Enriched media0 

0.079 

0.046 

0.040 

0.03^ 

0.030 

a See Part I, Table III. 

k The specific activity is defined as absorbance 

change per hr. per milligram of protein under 

the assay conditions as described in the Experi-

mental section. 

0 The media contains yeast extract and peptone as 

described in Part I, Table I. 



Figure 6 

Effeot of pyridoxine on the activity of diaminopime-

late decarboxylase of L. arablnosus 1?~5. Organisms were 

grown for 16 hours in defined amino acid medium with 

various concentrations of pyridoxine, washed, and assayed 

colorimetrically for DA.P decarboxylase as described in 

the Experimental Methods section. 
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concentrations of pyridoxine (0 to 16 mg/1) DAP decar-

boxylase activity is increased, where at higher con-

centrations (16 to 40 mg/1) the activity decreases to a 

level below that of cells grown in the defined medium 

alone, 

Growth in the presence of DAP had no effect on 

decarboxylase activity. It may therefore be concluded 

that DAP decarboxylase is not an adaptive enzyme, in 

that the cellular levels are not changed by the presence 

of DAP in the growth medium, nor is the enzyme suscep-

tible to simple repression since lysine is also without 

effect. 

The conditions of growth have considerable effects 

on the final cellular levels of DAP decarboxylase in 

certain other micro-organisms. Thus, with E. coll, but 

not with Aerobacter aerogenes, the enzyme activity falls 

off rapidly after growth has ceased. In the family 

Mlcrococeaceae. the final level of enzyme is much in-

fluenced by the rate of growth of the cells and hence by 

the growth medium. Dennman„ Hoare, and Work 3 briefly 

noted that a pyridoxine-requiring mutant of E. coli grown 

in the presence of lysine or excess of pyridoxine had 

(3) R. P. Dennman, D. S. Hoare, and E. Work, Blochem. 
Blophys. Acta. 16. 442 (1955). 
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lower DAP decarboxylase activity than when grown in a 

minimal concentration of pyridoxine. The effect of the 

age of the culture and composition of the growth medium 

on this enzyme activity in certain "bacteria has also 
JL 

been studied.-

In E. coll, repression was caused by pyridoxine and 

by any one of the aromatic amino acids, phenylalanine 

tryptophan or tyrosine. These effects were additive with 

that of L-lysine. Repression of DAP decarboxylase by 

lysine in E. coll̂  has also been described by Patte, 

Loving, and Cohen. $ I have found in my studies that 

DAP decarboxylase activity in L. arabinosus (data not 

given) is decreased slightly by increasing the levels 

of the aromatic amino acids in the defined growth medium. 

Because of the large number of experiments designed 

to determine optimum growth conditions and media, it was 

attempted to circumvent the necessity of preparing cell-

free extracts. Cetyltrimethylammonlum bromide has been 

successfully employed by others ̂  in the preparation of 

enzymatically-active cell suspensions; however, suspen-

sions of washed cells which were treated with this surface-

active compound did not give consistent results. It was 

(4) P. J. White, B. Kelly, A. Suffling, and E. Work, 
Blochem. J. 91. 600 (1964). 

(31 J. C.Patte, T. Loving, and G. N. Cohen, Biochlm. 
Biophys. Acta. 56. 359 (1962). 
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therefore necessary to disrupt the cells by mechanical 

homogenizatlon before each assay. The colorimetric 

assay method employed has the advantage over the mano-

metric method sometimes used, In that the latter method 

is more tedious and reveals only approximately 75% of 

the activity of that given by the colorimetric procedure. 

The assay procedure (as described in Chapter II) is sen-

sitive to as little as 50 MS of B&P 1.3 ml of in-

cubation mixture s DAP disappearance is proportional to 

enzyme concentration within the range of 50 /ig to 400 /xg 

of DAP per 1.3 ml of incubation mixture. 

The enzyme shows an absolute requirement for pyri-

doxal phosphate even after the organism has been grown 

in the presence of pyridoxlne. No cofactor activity was 

shown by pyridoxine. The amount of pyridoxal phosphate 

needed to achieve full decarboxylase activity in L. 

arablnosus is 0.2/imole per 1.3 ml assay mixture. Higher 

concentrations of pyridoxal phosphate in the reaction 

mixture do not increase the activity of DAP decarboxylase. 

The addition of dlmercaptopropanol (BAL) or BME to the 

reaction mixtures has no effect on decarboxylase activity 

(see Table III). The requirement of DAP decarboxylase 

activity for pyridoxal phosphate as a cofactor was sur-

prising, as previously no completely inactive purified 
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TABLE III 

REQUIREMENTS FOR DAP DECARBOXYLASE ACTIVITY IN 

CELL-FREE EXTRACTS OF L. ARABINOSUS 

Component Specific Activity® 

Complete*5 0.0^6 

Minus pyrldoxal phosphate 0.000 

Minus EDTA and BAL (or BME) 0.010 

Minus cell-free extract 0.000 

Plus boiled cell-free extract0 0.000 

a Expressed, as micromoles of DAP decomposed per hour per 

milligram of protein. 

k Complete reaction mixture described in the Materials 

and Methods section. 

0 Boiled cell-free extract was added in place of the 

active cell-free extract in the reaction mixture. 
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apoenzyme preparation has been obtained. ^ 

The extracts of L. arablnosus were usually stored at 

0°C (ice bath) and could be kept for up to 3 or k days 

without much loss of activity. If kept longer than a 

week at this temperature, *?Q% of the activity was lost. 

Typical steps in the purification of DAP decarbox-

ylase from crude extracts are illustrated in Table IV. 

A large amount of nucleic acid was present in the ex-

tracts, which were very viscous. The nucleic acid could 

be precipitated by protamine sulfate or streptomycin 

sulfate, but the amounts of either reagent that caused 

the maximum precipitation also caused a loss in the 

activity of DAP decarboxylase. Consequently, protamine 

sulfate and streptomycin sulfate were used together, each 

at concentrations found to give the best results. In 

this manner large amounts of nucleic acid could be re-

moved without appreciable loss of enzyme activity. 

Fractionation with acetone was tried after protamine 

sulfate-streptomycin sulfate precipitation} however, 

little purification resulted, and the redissolved enzyme 

was not stable. Hoare and Work ^ reported that DAP de-

carboxylase was inhibited by ammonium sulfate and other 

(6) E. Work, in "Methods in Bnzymology, Vol. 5, p. 86^, 
Ed. by S. P. Colowick and N. 0. Daplan, Hew York, Academic 
Press, Inc., (1962). 

(7) D. S. Hoare and E. Work, Biochem* J, 6l, 562 
(1955)* 
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salts; consequently, in the earlier experiments, ammonium 

sulfate was removed by dialysis. Later it was found 

that this dialysis was unnecessary, 

Diaminopimelate decarboxylase was precipitated by 

ammonium sulfate at 50% to 55% saturation; little protein 

was precipitated by less than ^0% saturation. When calcium 

phosphate gel was used after ammonium sulfate treatment, 

dialysis was again not necessary if the enzyme was re-

dissolved in 0.001 M phosphate buffer. Treatment with 

calcium phosphate gel gave fairly reproducible results s 

the enzyme was always eluted by the same concentration of 

phosphate buffer (0.1 M). The recovery of enzymic ac-

tivity from the gel was approximately 50%. 

Diaminopimelate decarboxylase activity was eluted 

from DEAE-Sephadex A-25 by 0.2 M sodium chloride: some 

enzyme was also usually eluted by 0.15 M sodium chloride. 

The final purification obtained after the DEAE-Sephadex 

treatment varied somewhat from batch to batch (90-to 170-

fold). When large batches were purified, a maximum of 

110-fold purification was obtainedi for small batches, a 

170-fold purification was obtained. Generally, poorer 

recoveries were obtained from larger columns, and this 

limited the amount of enzyme that could be purified at 

one time. Even when the same column was used the second 

time, the recovery of enzyme varied considerably in dif-

ferent experiments. 
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Catalytic activity of the purified enzyme was measured 

at various pH values by the colorimetric procedure de-

scribed in Chapter II, and the optimum pH was found to be 

6,0 (Figure 6). This pH value for the purified enzyme 

from L. arabinosus is significantly different from that 

8 
found by Dewey et al. with the enzyme from A. aerogenes, 

o 

and by White and Kelly with the enzyme from E, colt 

ATCC. 96371 both having a pH optimum at 6.7-6,8. The 

initial rate of decarboxylation was measured with various 

concentrations of DAP. The results were plotted by the 
10 

method of Lineweaver and Burk and the apparent Michaelis 

constant of DAP decarboxylase was found to be 2.8 mM 

(Figure 7). This value is in close agreement with that 
8 

estimated by Dewey et al.- with the enzyme from A. 

aerogenes (2.8 mM), but-is somewhat higher than that ob-

tained by White and Kelly 9 with the enzyme from E. coli 

ATCC 1937 (1.7 mM). The substrate employed in this study 

was not the pure meso isomer, which would probably have 

given a slightly lower value for Km. The enzymic activity 

was measured at several temperature values, and the opti-

mum temperature was found to be 37°C (Figure 8). 

(8) D. L. Dewey, D. S. Hoare and E. Work, Biochem. J. 
i£, 523 (195*0. 

(9) P. J. White and B. Kelly, Biochem. J. 96, 75 (1965). 
(10) H. Lineweaver and D. Burk, J. Amer. Chem. Soc. 56. 

658 (193*0. 



Figure ? 

Activity of dlaminopimelate decarboxylase at 

different pH values. The rate of disappearance of 

DAP was measured by the colorimetric method described 

in Chapter II. A constant amount of enzyme (80/is*) 

was used throughout (purified as far as elution from 

calcium phosphate gels see the Methods section). 
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Figure 8 

Lineweaver-Burk plot of data obtained from a 

study of the effects of DAP concentration on the rate 

of DAP decarboxylation by purified DAP decarboxylase. 

The velocity, v, is expressed as jumoles of DAP decar-

boxy lated/hr; the enzyme used (4-0jag) was a 0,2 M 

NaCl fraction obtained from the DEAS-Sephadex A-25 

purification steps (see Chapter II), 
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Figure 9 

Activity of M P decarboxylase at various tempera-

tures, The initial rate of decarboxylation was measured 

at various temperatures colorimetrlcally (see Chapter II) 

with enzyme (80 /ig. throughout) that had been purified 

as far as elution from calcium phosphate gel (see Chapter 

II). Velocity, v, is expressed as jumoles of DAP decar-

boxylated/hr. 
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It has been demonstrated In this investigation 

that cells of L. arabinosus do possess DAP decarboxylase 

activity. Considering the great likelihood that this 

activity has a catalytic role in lysine biosynthesis, 

much still remains to be learned regarding earlier 

precursors of lysine in this organism. As stated earlier 

(Introduction to this dissertation) numerous attempts in 

this laboratory and in others to demonstrate aspartokinase 

activity in L. arabinosus have been unsuccessful. In all 

bacteria in which lysine biosynthesis has been elucidated, 

aspartokinase has been shown to be involved in the initial 

biosynthetic steps leading ultimately to lysine. It may 

well be that in L, arabinosus; certain of the latter bio-

synthetic steps in the synthesis of this amino acid are 

common to those found in other bacteria, while earlier 

steps are somewhat or even greatly different. This or-

ganism has shown certain other unique biosynthetic path-

ways when compared with other microorganisms (see Part I 

of this dissertation and the discussion on asparaglne 

synthetase); it would not be surprising if the lysine 

biosynthetic pathway in L, arabinosus is also unique. 

Further investigations regarding lysine biosynthesis in 

this organism should be undertaken. 



CHAPTER IV 

SUMMARY 

Diaminopimelate decarboxylase from a soluble extract 

of L. arablnosus 17-5 was purified 170-fold by precipi-

tation of nucleic acid, fractionation with ammonium 

sulfate, adsorption on clacium phosphate gel, and chroma-

tography on DEAE-Sephadex. The purified enzyme showed 

an optimum temperature at 37°C. At this temperature the 

Michaelis constant was 2.8 mM and the optimum pH was 

6.0. The enzyme has an absolute requirement for pyrl-

doxal phosphate as a cofactor; no other derivatives of 

pyridoxine have activity, but supplements of pyridoxine 

to a defined growth medium affect the rate at which the 

enzyme is synthesized by L. arablnosus. BAL and BME do 

not activate the enzyme? however,. BME and EDTA (0,01 M and 

0.001 M respectively) prevent rapid loss of enzymic ac-

tivity. The probable biological role of DAP decarboxylase 

in L. arablnosus has been discussed. 
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