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Inhibitor studies indicate that both D-alanine(A) binding sites of D-alanyl-D-alanine synthetase 
are sensitive to D-4-amino-3-isoxamlidone  cycloserine [I]). The K, for the reaction E + 
I + E1 is 2.2 X 10+ M, whereas K,, for the reaction EA + I EA1 is 1.4 X 10-4 M. The 
inhibition is competitive with reaped to D-alanine, instantaneous, and completely reversible. 
The zwitterion of D-cycloserine is the active form of the inhibitor. Specificity studies with 
analogs of D-CyClOSerint? have demonstrated the features of the molecule which contribute to 
the inhibitory activity and some of the modifications which can be made in the molecule and 
which still retain this activity. For example, cis-5-methyl substitution (cis-5-methyl-D-4- 
amino-3-isoxamlidone) affects the binding of antibiotic a t  the donor site (KI = 1.2 x 10-4 M), 
but it has little effect a t  the acceptor site (KAI = 1.9 X 10 -4 M). For trans-5-methyl substitu- 
tion (trans-5-methyl-~-4-amino-3-isoxazolidone) KI is 5.4 X lo-‘ M and KA1 is 5.6 X lo-‘ M. 
In addition to D-ahIyl-D-d&e, D-ahyl-D-thrWnine and D-ahnyl-D-dOthreonine can be 
isolated when D-alanine and the corresponding amino acid are incubated with the synthetase, 
ATP, Mg2+, and K+. A correlation is observed between the effectiveness of D-allothreonine 
as an acceptor and cis-5-methyl-~-4-amino-3-isoxamlidone as an inhibitor, and of D-threonine 
as an acceptor and trans-5-methyl-~-4-amino-3-isoxazolidone as an inhibit,or. 

The inhibition of bacterial growth by D-cycloserine 
(~-4-amino-3-isoxazolidone) can be reversed by D- 
alanine (Bondi et d., 1957; Shockman, 1959; Morri- 
son, 1962). It was suggested by Park (1958) that 
the antibiotic is a structural analog of D-alanine and 
might “prevent the normal incorporation of D-alanine 
into the wall.” Barbieri et a2. (1960) demonstrated 
that D-cycloserine inhibits the incorporation of DL- 
alanine-1-l*C into the cell wall and protein fractions 
of Escherichia coli. 

When Staphylococcus aureus is grown in the presence 
of D-CyClOSerine, an accumulation of the uridine 
mucopeptide precursor which lacks n-ala-D-ala occurs 
(Ciak and Hahn, 1959; Strominger et d., 1959). The 
biosynthesis of the cell wall mucopeptide precursor 
proceeds by the stepwise addition of amino acids to 
uridine diphosphate N-acetylglucosamine-3-0-lactic 
acid ether (Ito and Strominger, 1962a). However, 
the terminal dipeptide moiety D-ala-D-ala is added 
as a unit (Ito and Strominger, 1962b; Strominger, 
1962b; Comb, 1962). The dipeptide intermediate 
was shown to accumulate a6 a major product in Strepto- 
coccus faecalis which was grown in a medium deficient 

* Supported in part by a grant (AI-4615) from the Na- 
tional Institute of Allergy and Infectious Diseases, National 
Institutes of Health, and by a Public Health Service train- 
ing grant (5  TI GM-626) from the Division of General 
Medical Sciences, U. S. Public Health Service, and by granta 
from the Graduate School Research Fund of Northwestern 
University. Preliminary reports have been presented 
(Neuhaus and Lynch, 1962, 1963). 

in vitamin Bs supplemented with ~-alanine-l-l~C 
(Ikawa and Snell, 1958). 

The biosynthesis of D-ala-D-ah is catalyzed by the 
enzyme D-&-D-& synthetase (Strominger, 1962a; 
Neuhaus, 1962a) as shown in the reaction: 

Mgl + 

K +  
2 &alanine + ATP + D-ala-&& + ADP + Pi (1) 

This enzyme has been found in S. faecalis (Neuhaus, 
1962a), E. coli (Comb, 1962), and S. aureus (Stromin- 
ger, 1962a), and has been extensively p d e d  from 
S. faecalis strain R 8043 (Neuhaus, 1962a). Strominger 
and co-workers found that the antibiotic inhibits 
the D-ala-D-ala synthetase and D-amine racemase 
from S. aureus (Strominger et al., 1960). In  E. coli 
D-ala-D-ala synthetase appears to be a major site 
of the inhibitory action of D-cycloserine (Chambers 
etal., 1963). 

Kinetic and specificity studies on the D-ala-mala 
synthetase from S. faecalis provided evidence for two 
D-alanine-binding sites which have different specscity 
patterns and Michaelis constants (Neuhaus, 1962a,b). 
It is the purpose of this communication to examine 
some of the requirements for antibiotic inhibition on 
each binding site, to evaluate the inhibitor-binding 
constants, and to compare the specscity of growth 
inhibition with the enzyme-specificity studies. It is 
suggested that one of the primary sites of antibiotic 
action may be the donor site of the synthetase. 
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FIG. 1.-Effect of preincubation on the inhibition by D- 
cycloserine (D-CS). The “P, assay’’ contained 110 pg of 
enzyme preparation per ml. The control (0-0) and the 
preincubated control tests ( C H )  were initiated with 0.04 
M D-danine. In the experimental tests (A-A) the enzyme 
and all components were preincubated a t  37’ with 1 X 

M D-cycloserine for 10 minutes before the addition of 
D-alanine (0.04 M). For A-4 the D-cycloserine and D- 
alanine were added a t  zero time. 

EXPERIMENTAL PROCEDURE 
Materials.-D-ala-D-ala synthetase1 was purified 

through the acetone fractionation as previously de- 
scribed (Neuhaus, 1962a). A second acetone fractiona- 
tion was performed with identical conditions to remove 
most of the adenosine triphosphatase. The specific 
activity of the enzyme preparations averaged 55 units/ 
mg protein. A unit is the amount of enzyme that will 
catalyze the formation of 1.0 pmole of dipeptide per 
hour. The sources of amino acids, nucleotides, and 
dipeptides have been previously described (Neuhaus 
1962a). 

We are indebted to Dr. 0. K. Behrens and Dr. A. 
Pohland of the Eli Lilly Co. for generous samples 
of L-cycloserine, D-cycloserine, P-aminoxy-D-alanine 
methyl ester (ethyl ester), 3-iminoisoxazolidine, 3- 
isoxazolidone, and P-aminoxy-propionic acid; to Dr. 
K. Folkers and Dr. C. H. Stammer of Merck, Sharp 
and Dohme Research Laboratories for p-aminOXy-D- 
alanine and initial samples of L- and D-CyClOWrine; 
to Dr. E. B. Hodge of Commercial Solvents Corp. 
for a sample of 2,5- (diaminoxymethy1)-3,8diketopiper- 
azine; to Dr. P1. A. Plattner of Hofhann-La Roche 
Laboratories for generous samples of Cis-DL-CyClO- 
threonine (cis - 5 -methyl - DL - 4 - amino - 3 - isoxazolidone) 
and trans-DL-cyclothreonine; and to Dr. W. Shive 
and Dr. C. G.  Skinner for a sample of trans-5-isopropyl- 
~~-4-amino-3-isoxazolidone. 

A sample of 2,5- (diaminoxymethyl)-3,6-diketopiper- 
azine was prepared by a modification of the procedures 
used by Bretschneider and Vetter (1959) and Hodge.2 
D-Cycloserine (0.5 g) was suspended in 25 ml of absolute 
ethanol. Glacial acetic acid (1 g) was added, and 
the suspension was refluxed for 30 minutes. The 
mixture was cooled and the product was collected 
by filtration. The yield was 0.38 g (77%). The 
product was recrystallized from a water-ethanol 
solution. This sample was identical with that pro- 
vided by Hodge. No ninhydrin-reactive material 

1 Two types of D-ala-D-ala synthetase have been observed. 
Type A ,  which has been observed in S. faecalis, Lactobacillus 
casei, and E .  coli, has no requirement for a cofactor and does 
not require a preincubation in the presence of ATP a t  p H  
7.2 for maximum activity (Neuhaus, 1962a; and unpub- 
lished observations). Type B requires a cofactor and pre- 
incubation at p H  7.2 in the presence of ATP for maximal 
activity. This type has been observed in S. aureus Copen- 
hagen (It0 and Strominger, 1962b). 

2 E. B. Hodge, personal communication. 
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FIG. 2.-Evaluation of Kr from Dixon plots (Dixon, 
195313). The “PI assay” with 52 pg of enzyme preparation 
per ml was used. The concentrations of malanine are: 
M, 0.01 M; 0-E, 0.04 M; and A-A, 0.10 M. 

TABLE I 
IDENTIFICATIO~~ OF CYCLOSERINE AND ANALOGS 

R FIa 

:ompound 
~~~ - 
46 ___ ( -  1 6  26 3 b  

D-Cvcloserine 0.31 0.43 0 . 3 7 ~  0.17 
cis -kCvclothreonine 0.39  0.57 0 54c 0 21 
trans-DLk yclo- 0 .41 0.61 0.60c 0.23 

8-Aminoxy-D-alanine 0.66 0.8P 

B-Aminox y -D-alanine d 0.22 0.55e 0.08c 
D -Serine 0.18 0.27 0.18 0 .12  
D-Alanine 0.28 0.40 0.24 0.20 
4 Descending chromatography on Whatman No. 3MM 

paper. * Solvent 1, 1-butanol-acetic acid-water (4: 1:5) 
(organic phase) (Moore and Baker, 1958); solvent 2, 77% 
ethanol (Moore and Baker, 1958); solvent 3, methyl ethyl 
ketone-pyridine-water (20 : 5 : 8) (Stammer, 1962) ; solvent 
4, isopropanol-concd NH1OH-water (80: 2 : 18) (Plattner 
et al., 1957). e Major spot but some streaking present. 
d Poor solvent system as indicated by extensive decomposi- 
tion. Chromatographs as the oxime. f Possible cyclo- 
serine formation. 

threonine 

methyl ester 

was observed on chromatography of this compound 
in solvent 3 (Table I). 

Assay.-The “Pi assay” contained 0.05 M KC1; 
0.2 M choline chloride (Neuhaus, 1962b); 0.01 M MgC12; 
0.05 M Tris-HC1 buffer, p H  7.8; 0.01 M disodium ATP 
neutralized with NaOH; 2.5 mM glutathione; and en- 
zyme, substrate, and additions as specified. All solutions 
of cycloserine and derivatives were made fresh daily. 
The ester derivatives were titrated to p H  7.8 with 
NaOH a t  24’.  The assay tubes were incubated 
at  37”, and aliquots were removed at  0, 5, 10, and 15 
minutes and added to 4.3 ml of 0.1 N HC1 for subse- 
quent Pi analyses by the method of Marsh (1959). 
Unless specified, all velocities are reported as pmoles 
P, per ml liberated in 1 hour of incubation. 

RESULTS 
Inhibitor Specificity.-As shown in Table 11, a number 

of cycloserine analogs have been tested for their 
action on the D-ala-D-aki synthetase. Although many 
of the compounds inhibit the enzyme at high concen- 
trations, only cis- and trans-DL-cyclothreonine and 
6-aminoxy-D-alanine methyl ester are effective at  low 
concentrations. The apparent inhibition by ,&ami- 
noxy-D-alanine methyl ester, however, is complicated 
by a secondary reaction (cf. Inhibition by P-Aminoxy- 
malanine Methyl Ester). 3-Isoxazolidone and 3-imino- 
isoxazolidine which lack the 4-amino group have no 
apparent inhibitory activity. Cleavage of the isox- 
azolidone ring gives analogs, D-serine amide, D-serine 
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TABLE I1 
INHIBITOR SPECIFICITY 

Inhibition" 

D-ALANYL-D-ALANINE SYNTHETASE 473 

Compound 

1. D-CyClOSenne 
2. cis-DL-Cyclothreonine 
3. trans-DL-Cyclothreonine 
4. fl-Aminoxy-D-alanine methyl 

5. trans-5-Isopropyl-~~cyclo- 

6. DL-Serine amide (0.02 M D-) 
7. D-Serine methyl ester (0.02 M) 
8. D-Serine (0.02 M) 
9. 3-Isoxazolidone (0.02 M) 

10. 3-Iminoisoxazolidine (0.02 M) 
11. p-Aminoxy-propionic acid 

12. L-Cycloserine (0.001 M) 
13. p-Aminoxy-D-alanine (0.02 M) 
14. 2,5-(Diaminoxymethyl)-3,6- 

diketopiperazine (0.02 M) 

ester 

Serine (0.0025 M D-) 

(0.02 M) 

K ,  
(moles/ 

liter) (%) 
0.9 x 10-4 
1 . 2  x lo-'* 
4 .8  x 
3.1 x l o -*  

(stimulation) t 

0 

28 
16 
3 

.12 
0 

29 

0 
0 
0 

'The values for K ,  of inhibitors 1-4 were calculated 
from Dixon plots illustrated in Fig. 2 and Fig. 4, A and B. 
For inhibitors 5-14, the "P, assay" was used with a fixed 
concentration of inhibitor and 0.01 M D-alanine. * Molarity 
on basis of the D-isomer. 

- 
- 

1. 

2. 

3. 

4. 

EA and EAA are binary and ternary complexes of 
enzyme (E) and D-alanine (A), respectively. These 
reactions are characterized by their respective Michaelis 
constants, KA (6.6 X lo-' M) and KAA (0.01 M ) .  
The results are consistent with the proposal that the 
enzyme has two binding sites for D-alanine. 

As shown by Strominger et al. (1960), D-CyClOserine 
is a competitive inhibitor of D-ala-D-ala formation. 
The results presented in Figure 3A confirm this ob- 
servation. In  Table I11 a number of reactions are 
considered in the interpretation of the data for a 
competitive inhibitor of the synthetase. The rearranged 
reciprocal rate equations for the ordered sequence of 
substrate binding, i.e., (a) donor, (b) acceptor (cf. 
Discussion, Neuhaus, 196213) , and inhibitor binding 
are presented for each case. Thus, K I  is the inhibitor 
constant for the binding of I to the donor site while 
KaI is the inhibitor constant for the binding of I 
to the acceptor site when the donor site binds a mole- 
cule of D-alanine. It is not possible to establish KI 
for the acceptor site (Ac) in the absence of D-alanine 
bound to the donor site, i.e., E + I S EL,, for the 
same reason that it is not possible to establish KA 
for the reaction, E + A $ EAA,. 

In Figure 3B [A] ( l / v  - l,'Vmax) against 1/ [A] is 
plotted for each level of D-cycloserine. It is apparent 
from these results that an intercept and slope change 

TABLE I11 
ANALYSIS OF RECIPROCAL RATE EXPRESSIONS FOR THE INHIBITED SYSTEM 

System. Rearranged Reciprocal Equations Comments 

E + I e E1 (KI) 

EA + I $ EA1 (KAI) 

E + I ~ E1 (KI) 
EA + I : EA1 (KAI) 
E + I * E1 (KI) 
EA + I S EA1 (KAI) 
E1 + I S E11 (KII) 
E1 + A S EIA (KIA) 

+ 
+ 
+ 
+ 

Common intercept, 
slope change 

Intercept change, 
no slope change 

Intercept change, 
slope change 

Intercept change, 
slope change 

5 The rate-limiting step is assumed to be dipeptide-bond formation. Product inhibition studies, however, give evidence 
for product dissociation as the rate-limiting step in the reaction catalyzed by the synthetase (cf. footnote 2, Neuhaus, 1962b). 
This assumption does not invalidate the interpretation of the rearranged plots. 

methyl ester, fi-aminoxy-D-alanine, and D-serine, with 
little or no inhibitory activity. 

Nature of the Inhibition.-& shown in Figure 1, 
the inhibition is instantaneous and is not affected 
by preincubation with D-cycloserine. Furthermore, 
when the enzyme is incubated a t  37" with 0.01 M D- 
cycloserine for 20 minutes in the presence of all reac- 
tion components except D-alanine, it  can be com- 
pletely reactivated by passage over Sephadex G-25. 

Kinetic Studies on D-Cychserine Inhibition.-An ap- 
parent value for K i  of 9 x 10-5 M was established 
from the intersection of Dixon plots (Dixon, 1953b) 
(Fig. 2 ) .  This value was in agreement with that 
determined from the limiting slopes of the Lineweaver- 
Burk plots presented in Figure 3A. 

Previous studies (Neuhaus, 1962b) have shown that 
the kinetics of the synthetase are consistent with two 
reactions, (2) and (3), each of which is first order with 
respect to D-alanine. 

E + A e E A  (2) 

(3) 
(4) 

EA + A e EAA 
EAA + EA - A e E + A - A 

are characteristic of the D-cycloserine inhibition. 
Thus, cases 1 and 2 are eliminated. In  case 3 linear 
secondary plots of slope and intercept are predicted. 
On the other hand, case 4 predicts secondary plots in 
which the slope is nonlinear and the intercept is linear 
with respect to the inhibitor concentration. The 
secondary plots of slope and intercept are presented 
in Figure 3C. Since the data are not sufficient to 
decide between case 3 and case 4, the more general 
case (4) will be used to evaluate inhibitor constants. 
The equation for the slope from case 4 is: 

KAKAA slope = ~ V,,,, 

A t  low [I] the slope reduces to KAKAA/Vmax [l + 
( [ I ] / K I ) ] ,  and if the slope = 0, then KI = -[I]  
From the secondary plot of slope (Fig. 3C), the value 
for K1 = 2.2 X 10-5 M. The equation for the inter- 
cept is: 

intercept = - 1 + KA -- [I 1 + -- [ I1]  (6) [ KIKIA Kar 

Two constants, K I A  and KAI are unknown in the 
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FIG. 3.-halysis of D-CyClOserh? inhibition. The ‘‘Pi away” with 260 pg of enzyme preparation per 
ml was used. The concentrations are: X-X, 0; A-A, 5 X lo-’ M; 0-0, 1 X lod4 M; and 0-0, 
3 X l o d 4  M. The Lineweaver-Burk plots (A) and rearranged plots (B) are presented. In B the average 
deviations are given for points where two or more determinations were performed. The lines in B are 
drawn according to a least squares treatment (open points only). In C the secondary plots for the evalua- 
tion of KI and KAI are presented. The slopes and intercepts from B are used. 

[ ~ - D - C Y C L O T H R E O N I N E ]  x IO‘ 

1 

I O  20 30 40 
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FIG. 4.-Dixon plots of cis-D-cyclothreoee (A) and 
trans-D-cyclothreonine (B). The ‘‘Pi assay” with 33 p g  of 
enzyme preparation per ml was used. The concentrations 

0.005 M (molarity on the basis of the D isomer). 
are: C--O, 0.1 M; A-A, 0.04 M; A-A, 0.01 M; -0, 

intercept equation. However, if K I A  = K.%A, then 
a value for KaI of 1.4 X lo-‘ M can be calculated. 
Since this result is in good agreement with that estab- 
lished from the Dixon plot (Dixon, 1953b), it  is sug- 
gested that the Ki from the Dixon plot is a good esti- 
mation of KAi .  

SMethyl Substitution.-As bactericidal agents cis- 
DL-CyClOthreonine and trans-DL-cyclothreonine are not 
as effective as D-CyClOserine (6. Growth Studies with S. 
faecalis R). Apparent values for K, were determined 
for the cis-isomer (1.2 X lo-‘ M) (Fig. 4A) and the 

bans-isomer (4.8 x 10-4 M) (Fig. 4B) from Dixon 
plots (Dixon, 1953b). An analysis of the inhibition 
(Fig. 5) was performed in a manner similar to that for 
D-cycloserine. From the secondary plots KI and KAI 
(Fig. 5C) were evaluated. The values are summarized 
in Table I V  and compared with those obtained with 

Variation of K,’, K,, and V,, with pH.3-~-Cyclo- 
serine has two ionizable groups with pK,, e q u a l b  
4.44.5 and pK,, equal to 7.4 (Neilands, 1956; [Hidy 
et al., 1955). ThepK,, of cis- and trans-cyclothreonine 
does not differ significantly from that of cycloserine. 
These results have been interpreted in terms of the 
zwitterion intermediate (B) as follows: 

D-Cy ClOSerhe. 4 

H H 
1 I 

H,C--C--NH, + 

I I  
0 C-OH 7 

H2C-C-NHj + 

0 c--0- KO, I 
2 

\ /  
N (7) 
(B) 

\” 

H 

H,c-C-NH* 
KO? - A L o -  - \” 

a For this section the apparent inhibitor constant will be 
represented by Kd’ and the true inhibitor constant by Ki 
to conform with the presentation by Webb (1963b). 
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FIG. 5.-Inhibition analysis of tranS-D-CyClOthreOnine (A) and cis-D-cyclothreonine (B). The ‘‘Pi 

assay” with 165 fig of enzyme preparation was used. The concentrations for cis-D-cyclothreonhe are: 
A-A, 1 X lo-‘  M; -0, 3 X lo-‘ M; 0-E, 5 X l ou4  M; for trans-D-cyclothreonine: &-A, 3 X 
M; &0,1 X 10-3 M; =-E, 2 X l o d 3  M (molarity on the basis of the D isomer). The values are averages 
of several determinations and the lines are drawn according to the method of least squares. In C, the 
secondary plots for the evaluation of Kr and KAI for cis- and trans-D-cyclothreonine are presented. The 
slopes and intercepts from A and B are used. 

Since the pK, ,  of the amino group is near the pH 
optimum of the enzyme reaction (pH 8-9), it  was 
necessary to determine the effect of ionization on the 
inhibition. As shown in Figure 6, Vmax and K A A  (K, )  
are essentially independent of pH in the range 7.7-9.3. 
In contrast to these results the K,’ is markedly depend- 
ent on p H .  The effect of pH on K , ’  was analyzed 
by the Dixon treatment (Dixon, 1953a). In a system 
where the inhibitor ionizes according to the equation 
I * e I - + H + and I * is the form of active inhibitor, 
the apparent pK,’  is related to the true p K ,  by the 
following expression (Webb, 1963a): 

K pKi’ = p K i  - log [l + (8) [H ‘I 
In Figure 6B when pK, ’  is plotted as a function of 
p H ,  an inflection at  pH 8.0 is observed. In the low 
p H  range the slope is zero while in the high pH range 
the slope is -1. These results are consistent with 

TABLE IV 
SUMMARY OF INHIBITOR CONSTANTS 

Compound 
Kr KAI 

(moles/liter) 

D-C ycloserine 2 . 2  x 10-5 1.4 x io-‘ 
cis-DL-Cyclothreonine” 1 . 2  x io-‘ 1.9 x 10-4 
trans-DL-Cyclothreonine“ 5 . 4  X 5 . 6  X 10 - 4  

~ 

Molarity on the basis of the D isomer. 

equation (8) and indicate that the zwitterion (B) is 
the active inhibitor. 

Biosynthesis of D-Ala-P-aminoxy-D-ala.-h a number 
of cases, a significant antibacterial activity has been 
observed with P-aminoxy-D-alanine (Stammer, 1962; 
Breger, 1961). The resemblance in structure between 
the antibiotic and this analog suggested a similar 
mechanism of action. However, as shown in Table 11, 
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FIG. 6.-Vanation of Km (KAA), V,,, and Kc' with p H  (A). For the evaluation of Km and V,,, the 
"Pi assay" was used with 33 pg:of protein per ml while for the determination of Ki' 42 pg of protein per 
ml was used. Km was determined by extrapolating the tangent to l /Vmx with the abscissa (i.e., l / u  = 0). 
These values represent KAA (Neuhaus, 1962b). Values for Ki' were determined from Dixon plots (Dixon, 
1953b) as described in Fig. 2. All buffers were 0.05 M Tris-HC1 and the final p H  of the complete incuba- 
tion minus enzyme was measured a t  37". In B, alDixon treatment (Dixon, 1953a) of the Ki' values for 
the evaluation of pKa2 is presented. 

z 
a ,  
0 '  

L 

I 

/ 
.INCUBATION P-AMINOXY-LI-ALANINE 

. D-ALA-D-ALA 
D-ALA-P-AMINOXY-D-ALA 

I;. FIG. 7.-Biosynthesis of D-ala-p-aminoxy-D-ala. Each in. 
cubation contained 2 pmoles of ATP neutralized with NaOH, 
2 pmoles of MgCl,, 2 @moles of D-ahine (0.2 pc of D-alanine- 
l - lC) ,  10 pmo1es:of KC1, 4 pmoles of p-aminoxy-D-alanine 
neutralized with NaOH, 212 pg of protein, and 10 pmoles of 
Tris-HC1, pHj7.8, in a volume of 0.2 ml. The incubation 
was performed a t  37" for 30 minutes and then was terminated 
by placing it in a boiling water bath for 2 minutes. The con- 
tents were chromatographed on Whatman 3MM (4 cm band) 
with solvent 3 for 12 hours in a descending system. Guide 
strips were developed with ninhydrin and sections (1 X 2.5 
cm) were counted in a Packard Tri-Carb liquid scintillation 
spectrometer with 15 ml of scintillation mixture (0.3 yo 2,5- 
diphenyloxazole in toluene). R d ~ a . e ~ 7  (solvent 3 )  for ala-ser 
is 0.52. The band labeled X is a minor impurity in the 8- 
aminoxy-n-alanine. 

P-aminoxy-D-alanine has no inhibitory effect on the 
synthetase. 

In incubations containing D-alanine and D-Serine, 
it was shown that D-ala-D-ser was formed in addi- 
tion to D-ala-D-ala (Neuhaus, 1962aj. When P- 
aminoxy-D-alanine and D-alanine-l-lC were incubated 
together with ATP, M g * t ,  K+,  and enzyme, a new 

[P-AMINOXY-D-ALANINE] x lo' 
FIG. 8.-Evaluation of K ,  for p-aminoxy-D-alanine. Each 

incubation (0.5 ml) contained 0.05 M Tris-HC1 buffer, p H  
7.8; 0.2 M choline chloride; 0.01 M MgC1,; 0.05 M KC1; 0.01 
M disodium ATP neutralized with NaOH; 24 pg of enzyme 
preparation; D-alanine; and 6-aminoxy-D-alanine. Three 
concentrations of D-alanine are shown: 0-0, 0.01 M; 
A-A, 0.005 M; and z-r, 0.002 M. The incubations were 
performed a t  37" for 30 minutes, and the reactions were 
terminated by placing the tubes in a boiling water bath for 
2 minutes. The amount of D-ala-D-ala was determined by 
chromatography on the Amberlite IR-120 column (50 cm) 
of the amino acid analyzer according to previously described 
methods (Neuhaus, 1962a). The results are presented as 
l / q o l e s  of D-ala-D-ala formed per 30 minutes per 0.5 ml. 

peptide was detected with ninhydrin and radioactivity 
scanning on paper chromaiograms (Fig. 7) .  The  
14C-labeled mixed dipeptide was isolated by prepara- 
tive paper chromatography (solvent 3, Table I). 
On hydrolysis with 5.7 N HC1 (12 hours) only serine 
and alanine-14C were detected. The  2,4-dinitrophenyl 
derivative was prepared, hydrolyzed, and chromato- 
graphed as previously described (Neuhaus, 1962a). 
Only 2,4-dinitrophenylalanine-I1C was detected. On 
the basis of these results, the substrates, and the 
analogy with D-ala-D-ser formation, it was tenta- 
tively concluded tha t  the  mixed dipeptide is D-ala- 
/3-aminoxy-D-ala. 

Evaluation of K ,  for P-Aminoxy-D-alanine.-Since 
the  mixed dipeptide of D-alanine and 6-aminoxy-D- 
alanine is formed in addition to  D-aki-D-ala, i t  is not 
possible to  evaluate K ,  for the analog by measure- 
ments with the  "P, assay." D-Ala-D-ala formation 
was assayed in the  presence of P-aminoxy-D-alanine 
by ion-exchange chromatography (Fig. 8). A value 
for K ,  of 0.019 M was established from the Dixon 
plot (Dixon, 1953b). 



Vol. 3, No. 4, April, 1964 

E -- I  

041 ' 

20 50 I 0c 
[AMINO ACID1 x IO2 

FIG. 9.-Effect of D-threonine and D-allothreonine on the 
synthesis of D-da-D-ala and the mixed dipeptides, D-ala-D- 
allothr and D-ah-D-thr. Each incubation contained 5 M- 
moles of Tris-HC1, pH 7.8, 5 moles of KC1, 1 pmole of 
MgCL, 1 *ole of ATP neutralized with NaOH, 2 pmoles 
of D-alanine, D-threonine or D-allothreonine, and 165 pg of 
enzyme preparation. The components were incubated for 
30 minutes a t  37O in a total volume of 0.1 ml. The dipep- 
tides were separated on the Amberlite IR-120 column (150 
cm) as previously described (Neuhaus, 1962a). The conver- 
sion constant (CxIv) (Spackman, 1960) for D-ala-D-allo- 
threonine was assumed to be the same as ~-ala-~-thr(26.6). 
The CHW for D-ala-D-ala was 33.8. D-Ala-D-allothr pre- 
ceded D-ala-D-thr by 2.7 f 0.7 ml. D-Ala-D-ala formation 
in the presence of D-allothreonhe 0-0 and D-threonine 
C m  is shown. In the lower curves mixed dipeptide forma- 
tion in the presence of D-threonine 0-0 and D-allothreonine 
0-0 is shown. Although DL-allothreonine was added, the 
concentration is based on the D isomer. The results are pre- 
sented as pmoles dipeptide formed in 30 minutes per 0.1 ml 
of incubation. 

Formation of D-Ala-D-thr and D-Ala-D-allothr.-D- 
Allothreonine was observed to be both a more effective 
acceptor and a better inhibitor than D-threonine (Fig. 
9). For example, when 0.02 M D-alanine and 0.02 M 
acceptor were incubated together, 73 mpmoles of D- 
ala-D-thr were found using D-threonine, and 132 mp- 
moles of D-ala-D-allothr were found using D-allothreo- 
nine. 

Inhibition by ,&Aminoxy-D-alanine Methyl Ester.- 
As shown in Table 11, b-aminoxy-D-alanine methyl 
ester is an effective inhibitor of the synthetase. An 
analysis of the inhibition with this analog gave results 
(Neuhaus and Lynch, 1962) consistent with the binding 
of one inhibitor molecule per catalytic area (i.e., E + 
I EI). Subsequent experiments, however, showed 
a marked enhancement of the inhibition during preincu- 
bation of the ester a t  37" (Fig. 10A). Cycloserine 
formation from the ester was observed under identical 
conditions by the appearance of the absorption band 
at  226 mp (E = 3940 M-' cm-l; Kuehl et al., 1955). 
It is apparent from these results that cycloserine for- 
mation (Fig. 10B) does not parallel the inhibition en- 
hancement. In Figure 10A at  the arrow (30 minutes), 
85-90% of the inhibition enhancement is complete; 
in Figure 10B at  the same time, only 45y0 of the 
cyclization of fi-aminoxy-D-alanine methyl ester is 
observed. A series of reactions which are consistent 
with these results is proposed: 

C HiON Hz 
I 

U NH$ 7- H 

I I1 I ;O 
O--C"N 
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FIG. 10.-Enhancement of inhibition by ~-amhOXy-D- 
alanine methyl ester (A). The ester was adjusted to p H  7.8 
a t  4 O  with 1 N NaOH on a p H  meter with efficient stirring. 
The preincubation was conducted a t  37' in the presence of 
the complete assay mixture as described for the ''Pi assay" 
except for enzyme. The concentrations are: A-A, 3 X 
lo-' M and 0-0, 8 X 10-4 M. At the specified time 212 
pg of enzyme preparation was added and aliquots forjPi 
analyses were removed a t  1-minute intervals for 4 minutes. 
The 1-minute time sample was used as the blank and the 
rate was determined from plots of Pi extrapolated to the 1- 
minute time point. The control is indicated by (m). The 
results are presented as pmoles Pi formed in 1 minute per ml. 
Formation of cycloserine from 8-aminoxy-alanine methyl 
ester (B). The complete system (A-A) in a cuvet (3 ml) 
contained 5 X 10-4 M paminoxy-D-alanine methyl ester, 
0.05 M Tris-HC1 buffer, p H  7.8, 0.05 M KC1; 0.2 M choline 
chloride, and 0.01 M MgCl? at  37'. The stock ester solution 
was prepared in the same manner as described in part A. 
The control (0-0) was performed by taking aliquots a t  the 
indicated time intervals from the stock solution maintained 
at 4 O  (final concentration 5 x M). The reaction was 
followed in a spectrophotometer at  226 mp. 
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FIG. 11.-Growth studies with S. faecalis R. S. faecalis 
R was grown in medium as previously described (Neu- 
haus, 1962a). Growth was arrested in the log phase by 
cooling, and the cells were harvested by centrifugation. An 
aliquot of a suspension was used to inoculate tubes (8 ml) of 
medium containing 0.1 % glucose and inhibitor to an initial 
optical density of 0.1. The tubes were incubated a t  37O and 
the turbidity was measured at  550 mp. The molarity of cy- 
clothreonine is on the basis of the D isomer. 

In this scheme the dimer (111) inhibits by the 
formation of an E1 complex. The presence of inhibitor 
(111) is consistent with the rates of cycloserilie forma- 
tion and inhibition enhancement. Intermediate dimer 
(111) has been suggested on the basis of a series of 
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remthns which are proposed to explain the formation 
of 2,5-(diaminoxymethyl)-3,6-diketopiperazine from 
cycloserine (Khomutov et al., 1961). In a second 
reaction (equation 10) intermediate I11 undergoes 
elimination of cycloserine by nucleophilic attack of 
the aminoxy nitrogen on the carbonyl carbon. 

Growth Studies with S. faecalis R.-A series of growth 
experiments were performed to determine the minimal 
concentration of antibiotic or analog necessary to 
observe lysis. As shown in Figure 11 the growth 
rate is identical regardless of the antibiotic concentra- 
tion. The growth plateau in the controls is a result 
of glucose depletion. The time necessary to observe 
lysis decreases as the concentration of inhibitor in- 
CM. For D-cycloserine, cis-D-cyclothreonine, and 
trans-D-cyclothreonine the minimal concentration for 
lysis is 1-2 x 10-4 M, 5-6 X 10-4 M, and 3 4  x 
M, respectively. 

FRANCIS c. NEUHAUS AND JUDY L. LYNCH 

DISCUSSION 

Specificity studies with analogs of D-cycloserine have 
demonstrated the structural features which contribute 
to the inhibitory activity and some of the modifica- 
tions which can be made in the molecule and which 
still retain this activity. Three critical points have 
been defined: (1) C-5 substitution, (2) C-4 substitu- 
tion, (3) 1-2 or 2-3 cleavage. 

The K1 for D-cycloserine is 2.2 X M, whereas 
K I  for cis-D-cyclothreonine is 1.2 X lo-‘ M. K,I 
for D-cycloserine and cis-D-cyclothreonine is 1.4 X 
10-4 M and 1.9 x 10-4 M, respectively. On the 
basis of these results it is suggested that cis-5-methyl 
substitution affects the binding of antibiotic a t  the 
donor site while it appears to have almost no effect 
on binding a t  the acceptor site. It is difficult to esti- 
mate the effect of structure on the binding in the inter- 
pretation of KAI. If interaction between the alanine 
on the donor site and inhibitor on the acceptor site 
occurs, the KAl may be a function of steric and electro- 
static effects between D-alanine and inhibitor in addi- 
tion to the inherent affinity of the site for the inhibitor. 
For trans-D-cyclothreonine KI and KAr are 5.4 X 
10-4 M and 5.6 X lo-‘ M, respectively. Thus, trans- 
5-methyl substitution hinders binding a t  both the 
donor and acceptor sites of the synthetase. The 
results for cis-5-methyl substitution are consistent 
with those reported for the substrate specificity studies 
(Neuhaus, 1962b), i.e., the addition of a methyl 
group hinders the binding to the donor site but has 
little effect on the acceptor site. Omission of the 
amino group, replacement with an L-4 amino group, 
or proton removal (RNHI+ + RNH?) give analogs 
with no inhibitory activity (C-4 substitution). Cleav- 
age of the ring a t  the 1-2 or 2-3 position results in a 
marked decrease of inhibitory activity. 0-Aminoxy- 
D-alanine, D-serine amide, D-serine methyl ester, and 
D-serine are either poor inhibitors or show no inhibitory 
activity. 

Michalsk3; et al. (1962a) have proposed that the 
active in vivo form of  n-cycloserine is the 2,5-(diamino- 
oxymethyl)-3,6-diketopiperazine. In addition, it was 
found that this dimer had the same antibacterial 
activity as DL-cycloserine in Mycobacterium tuberculosis 
(Michalsk? et al., 1962b). In  the present work’ this 
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compound had no effect on the synthetase, and bacterial 
lysis in 8. faecalis was only observed in the presence 
of high concentrations of the diketopiperazine (0.01 M) 
in contrast to the lysis observed with 2 x 10-4 M D- 
cycloserine. With L-dopadecarboxylase the dimer 
is 20 times more effective as an inhibitor than either 
D- or L-cycloserine (Dengler, 1962). In  addition, the 
dimer is a very effective inhibitor of the glutamic- 
aspartic transaminase (Karpeiskii et al., 1963). 

The inhibition of the glutamic-alanine transaminase 
by L-cycloserine has been studied in detail (Karpeiskii 
et al., 1963; Braunstein et al., 1962; Polyanovskii, 
1961; Vyshepan et ul., 1961). The degree of inhibition 
increased with the time of incubation and required a 
preincubation period for maximum effect. Although 
the inhibition is competitive with respect to L-alanine, 
it is reactivated to only a slight extent by dialysis or 
passage over Sephadex G-25. The inhibition of the 
alanine transaminase appears to involve specific bind- 
ing of L-cycloserine to the enzyme, Schiff base followed 
by oxime formation with the pyridoxal phosphate, 
and acylation of a group in the active site. In  contrast 
to these results, the inhibition of the synthetase by 
D-CyClOSerine was instantaneous and completely re- 
versible. There is no evidence to indicate that the 
inhibition of the synthetase involves the formation of 
a covalent bond (i.e., oxime formation). 

Modification of the antibiotic molecule causes in 
every case a decrease in bactericidal activity (Breger, 
1961; Kotachetkow, 1961). A good correlation exists 
between the enzyme-specificity data and the growth- 
inhibitor studies.5 If the primary site of antibiotic 
action were the acceptor site of the synthetase, one 
might predict that cis-D-cyclothreonine and D-CyClO- 
serine would have the same inhibitory activity in bac- 
terial growth experiments. It was observed, however, 
that a 4-fold greater concentration of cis-D-cyclothreo- 
nine than D-cycloserine was required to observe lysis. 
Since these results correlate with the specificity of the 
donor site rather than the acceptor site, it  is proposed 
that the donor site is a primary site of antibiotic 
action. This proposal assumes that S. faecalis R 8043 
is equally permeable to D-cyclothreonine and D- 
cycloserine. 

The hypothesis has been advanced by Strominger 
(1962b) that the substrate on the enzyme surface 
has the conformation of the D-cycloserine. Experi- 
mental support for this hypothesis has been found 
with the observation that D-allothreonine is a better 
acceptor for mixed dipeptide synthesis than D-threonine. 
A possible explanation for these results is suggested 
by comparing D-allothreonine with cis-D-cyclothreonine 
and D-threonine with trans-D-cyclothreonie (Fig. 12). 
Intramolecular hydrogen bonding between the hydro- 
gen of the hydroxyl and the carboxyl oxygen on the 
binding site can give a planar conformation in the 
case of D-allothreonine and a folded conformation in 
the case of D-threonine. These structures compare with 
the fixed planar conformation of the cis-cyclothreonine 
and the fixed folded conformation of the trans-cyclo- 
threonine. 

‘Several groups (Hidy et al., 1955; Khomutov et a!., 
1961; Michalski et al., 1962a) have shown that cyclo- 
serine dimerizes to the 2,5-(diarninoxymethyl)-3,6-diketo- 
piperazine at neutral p H  by the proposed intermediate 
111, reaction 9. The amount of diketopiperazine forma- 
tion in the “P, assay” is not significant at pH 7.8. The 
a m y  is based on the 01-8 elimination of H&OH in alkali 
to give 2,5-dimethylene-3,6-diketopiperazine. Standard 
conditions: 0.05 N NaOH, 10 minutes at room tempera- 
ture, hmnx = 284 mr, t = 15,200 M-’ cm.-’ 

5 F. C. Neuhaus and J. L. Lynch, unpublished results. 
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- D-ALLOTHREONINE 
a-D-8-0 

P&-CYCLO-- 
THREONINE 

D-THREONINE 
a-D-8-L 

D - m -  CYCLO- 
THREONINE 

0-D-8-0 

Fro. 12.-Molecular models for the comparison of D-dothreonine with cis-D-eyclothreonine and D- 
threonine with tmns-o-cydotbreonine. 

From a comparison of the Michaelis constants and 
inhibitor constants it is apparent that the enzyme binds 
the inhibitor more effectively than the substrate. 
The ratio K J K ,  for n-alanine and n-cycloserine is 30 
while for D-a-amino-n-butyric acid and cis-n-cyclo- 
threonine the ratio is 92. On the basis of a steady-state 
derivation (Neuhaus, 196213) K A  and If. are d i d a -  
tion constants while KAA and K.. are a complex ratio 
of kinetic constants.' The ratio of KA/Kr may be 
interpreted on the basis tha t  the effective conformer 
concentration of the substrate is given by the concen- 
tration of inhibitor. Additional support for this inter- 
pretation is given by the high value of K ,  (0.019 M) 
observed for P-aminoxy-n-alanine. The major dif- 
ference between this analog and n-cycloserine is the 
fixed conformation. 

The D-alanine-activating enzyme (Baddiley and 
Neuhaus, 1960), which may be involved in the intro- 
duction of D-alanine into teichoic acid, is not inhibited 
by n-cycloserine (It0 and Strominger, 1962b).S On 
the basis of this observation i t  is suggested that a dif- 
ferent conformation of n-alanine from that b u n d  to  
the synthetase is b u n d  to the activating enzyme. 
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The ratio K J K I  far the D-ah-D-ala synthetase has been 
discussed by Strominger (1961, 1962a,b Strominger 
et a/., 1960). However, since K ,  equals K A ~  and KAA is 
a ratio of kinetic constants (Neuhaus, 1962h), the ratio 
K, /K .  is not valid until it can be shown that K ,  is a dirc 
sociation constant (Webb, 1963a). Since K A  is a dis- 
sociation constant, the present work with the ratio K A / K I  
gives a valid comparison ( K I  is not corrected for pH). A 
cornparison of KIAIKAI (72, I is D-cyCberine) and Kne/KAl 
(174, I is cis-D-cyclothreonine) with the values for K A / K I  
and K d K t  shows that the Michaelis constants (K,) (Le., 
K A ~  and Ked are approximations of the dissociation con- 
stants ( K , ) .  Therefore, on the hasis of these results, the 
original interpretation by Strominger of the ratio K, /K .  
is valid. 
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Dithiothreitol, a New Protective Reagent for SH Groups* 
W. W. CLELAND 

From the Department of Biochemisfty, University of Wisconsin, Madison 
Received November 4, 1963 

Because of its low redox potential (-0.33 volts at pH 7),  dithiothreitol (and its isomer, dithio- 
erythritol) is capable of maintaining monothiols completely in the reduced state and of reducing 
disulfides quantitatively. Since this compound is a highly water-soluble solid with little odor 
and little tendency to be oxidized directly by air, it should prove much superior to the thiols 
now used as protective reagents for sulfhydryl groups. 

Thiol groups such as those of coenzyme A and of 
some enzymes are readily oxidized in air to disulfides. 
To maintain these groups in the reduced state, another 
thiol such as cysteine, glutathione, mercaptoethanol, 
2,3-dimercaptopropanol, or thioglycolate is often added 
so that interchange takes place according to reactions 
(1) and (2): 
COA-SS-COA + RSH + 

CoA-SH + R-SSS-COA (1) 
R-SS-COA + RSH 

R - S R  + C O A S H  ( 2 )  
However, the equilibrium constants of these reac- 

tions are near unity, so that a sizable excess of the 
second thiol must be used. It occurred to this author 
that if reaction (2) were intramolecular and RSSR 
were a sterically favorable cyclic disulfide, there would 
be two products produced from one reactant, so that 
the equilibrium should be displaced to the right, 
particularly in dilute solutions. It appeared that a 
1,4-dithiolbutane structure would produce the most 
sterically favorable cyclic disulfide, and that addition 
of hydroxy groups on the middle carbons should make 
the compound water soluble and reduce the stench of 
the thiol groups. 

Dithiothreitol (DTT) 1 and dithioerythritol (DTE), 
the threo and erythro isomers of 2,3-dihydroxy-1,4- 
dithiolbutane, were therefore prepared as described 
by Evans et al. (1949) and found to have the desired 
properties. Reaction with a disulfide takes place ac- 
cording to reactions (3) and (4), and is complete in 
several minutes a t  p H  8. 

*Supported in part by a grant (HE-05095) from the 
National Institutes of Health, U. S. Public Health Service. 

1 Abbreviations used in this work: DTT, dithiothreitol; 
DTE, dithioerythritol; oxidized DTT, cyclic disulfide of 
DTT (trans-4,5-dihydroxy-o-dithiane); oxidized DTE, 
cyclic disulfide of DTE (cis-4,5-dihydroxy-o-dithiane). 

R-SS-R + HS--CH*(CHOH)nCH2---SH 
RSH + R-SS-CHp(CHOH)zCH2--SH (3) 

S ,S-R S 

(4 1 
/ CH! ‘S SH J I I 
CHOH CH2 CHOHCH2 

‘C/HOH ‘CdOH 

I + RSH 
CH? 

Attempts were made to determine the over-all equilib- 
rium constant for reactions (3) and (4) by following 
the reduction of cystine by DTT or DTE, which can 
be conveniently measured because the thiol groups of 
DTT and DTE give only 4% as much color as cysteine 
in the nitroprusside assay of Grunert and Phillips (1951). 
Within experimental error, reaction between cystine 
and DTT or DTE went to  completion, even when con- 
centrations of the cyclic oxidized form of DTT or DTE 
(prepared by ferricyanide oxidation of DTT or DTE) 
ten times those of DTT or DTE were added. 

The actual redox potential of DTT was measured by 
equilibrating the DTT-oxidized DTT system with 
the DPN +-DPNH system in the presence of lipoamide 
and dihydrolipoic dehydrogenase, and measuring the 
amount of DPNH at equilibrium at 340 mp (making 
suitable corrections for the absorption of lipoamide 
and oxidized DTT a t  this wavelength). The equilib- 
rium constant for reaction of DTT with DPNf  to 
give oxidized DTT and DPNH was about 2.5 a t  pH 
7.0 and 35 at p H  8.1. Assuming the redox potential 
of DPN + to be -0.330 v a t  p H  7.0 (Burton and Wilson, 
1953), the redox potential of DTT is -0.332 v at pH 
7.0, and -0.366 v a t  pH 8.1. This is about 0.044 v 
more negative than the potential of lipoamide (Massey, 
1960), corresponding to an equilibrium constant for 
reaction of lipoamide and DTT of 31. 


