
contained no GI4. A possible loss by ex- 
cretion through the gastrointestinal tract 
cannot be excluded. 

We believe that the galactose was not 
only metabolized to glucosiduronic acid 
but that most of the remaining 200 mg 
of galactose was generally metabolized. 
This belief is partly based on an experi- 
ment in which only 1.5 mg of galactose- 
1-C14 (undiluted) was administered. In  
the afore-mentioned experiment, it was 
established that the galactosemic organ- 
ism is able to metaboli~e 30 mg of galac- 
tose to glucosiduronic acid. One ~vould 
therefore expect that if the latter path- 
way were the only onc in operation, a 
minute amount of galactose, such as the 
1.5 mg of GI4-labeled galactose that was 
administered in a separate experiment, 
~ rou ld  readily be completely converted 
to glucosiduronic acid. However, the ex- 
periment showed that only 6.5 percent of 
this amount appeared as glucosiduronic 
acid. The most reasonable assumption is 
that the rest went through the pathway of 
glucose-6-phosphate and hence escaped 
detection by high isotope dilution. These 
considerations probably also apply for 
the experiment in which 1 g of galactose 
was administered. 

The special value of the isolation and 
analysis of the C1*-labeled menthyl glu- 
cosiduronic acid is manifold. ( i )  I t  dem- 
onstrates directly that galactose can defi- 
nitely be metabolized in the galactosemic 
organism. (ii)  I t  poses a question as to 
whether the block of the galactose-l-
phosphate uridyl transferase is complete, 
for it is known from earlier studies that 
conjugated glucuronic acid arises from 
hexoses through the uridine nucleotides 
( 7 ) .

That  the normal pathway, or a very 
closely related accessory one (compare 
14 ) , was in operation in this case is also 
supported by the fact that the distribu- 
tion of labeled carbon in the glucuronic 
acid moiety was identical with that of 
the galactose administered-that is, it 
was confined to carbon atom 1 (15). 

A normal adult person is able to me- 
tabolize.20 to 25 g of galactose within 12 
hours (16), whereas a galactosemic per- 
son is able to metabolize 150 to 200 mg 

. a t  the most. This means that a galacto- 
semic subject has retained only about 1 
percent of the capacity of a normal per- 
son with respect to galactose metabolism. 
This is a somewhat lower than, but prob- 
ably in the order of magnitude as, that 
found in vitro by enzymatic assays on 
liver tissue obtained from the same pa- 
tient ( 6 ) .  I t  was estimated that less than 
4 to 8 percent of the normal activity of 
the galactose-1-phosphate uridyl transfer- 
ase was retained in the galactosemic 
liver. Alternatively, the activity could be 
attributed to an incorporation enzyme re- 
lated to galactose-1-phosphate uridyl 
trar1sfr:rase. The red cells from the same 
subject showed no detectable amounts 

of galactose-1-phosphate uridyl transfer- 
ase. 

The values obtained frorn in vitro and 
in uivo studies definitely fall into the 
same order of magnitude. The in uivo 
method is for this particular purpose 
as sensitive as the in vitro technique. 
Both methods may give the approxi-
mate residual galactose-1-phosphate uri- 
dyl transferase present in the galacto-
semic subject. However, it is quite 
naturally not possible to rule out the 
existence of a closely related accessory 
cxchange mechanism involving galac-
tose-1-phosphate, ~bhich is replacing the 
normal pathway in congenital galacto- 
semia. 

FRANK EISENBERG, JR. 
KURTJ. ISSELBACI-IER* 

H. hI. KALCKAR 
National Institute of ArthrZtis and 
Metabolic Diseases, National Institutes 
of Health, Rethesda, Maryland 
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Oxidation of N,N-Dimethyl-p- 
phenylenediamine by Serum from 
Patients with Mental Disease 

In investigations carried out at the 
Lsngbro Mental Hospital in 1955, it was 
found that fresh blood serum obtained 
from patients with mental disease, in-
cluding schizophrenic, manic depressive, 
and senile psychoses (S-serums) had the 
capacity to oxidize N,N-dimethyl-p-
phenylenediamine (DPP) more rapidly 

than fresh serum obtained from healthy 
control subjects (N-serums) . Further in- 
vestigations to determine the incidence of 
this reaction in nonmental diseases and 
to explore the possibility of using it as a 
diagnostic test for mental disease are in 
progress. This report describes the bio- 
chemical background that underlies this 
reaction ( I ) . 

Mild oxidation of DPP leads to the 
formation of a free radical of a semi-
quinone type (see for example, 2 ) : 

DPP DPPox. 

This substance has an absorption rnaxi- 
mum at 552 mkr, and is known as Wur- 
ster's red. 

The addition of DPP ( 3 )  to fresh 
serum from healthy control subjects is 
followed by a lag period of approxi-
mately 5 minutes, during which there is 
but slight increase in the extinction at 
552 mp. A sudden acceleration in color 
development then ensues, with a linear 
increase in extinction. In  contrast, the 
lag period in development of the red 
color is much shorter or absent with fresh 
S-serum (Fig. 1 ) . 

Prolonged exposure to room air, gentle 
aeration, or diaIysis against 0.9-percent 
NaCl increases the capacity of N-serum 
to oxidize DPP so that it equals or ap- 
oroaches the rate characteristic of 
S-serum. This suggests that one or sev- 
eral reducing substances of low molecular 
weight which are present in N-serum are 
quantitatively diminished or absent from 
S-serum. 

The DPP-oxidizing substance in both 
serums is heat labile and not dialyzable. 
I t  therefore appears to be a catalytically 
active protein. 

The ability to oxidize DPP disappears 
when serum is dialyzed against a citrate- 
phosphate buffer of p H  3. Following re- 
moval of buffer ions by dialysis against 
0.9-percent NaCI, this activity can be re- 
stored by addition of a low concentration 
of Cut+ ions but not by Fe+++ ions. This 
finding suggested that ceruloplasmin, a 
serum oxidase containing copper, which 
was first isolated by Holmberg and 
Laurel1 ( 4 ) ,  might be involved. Cerulo- 
plasmin constitutes the copper-binding 
protein of normal serum. I t  contains 
about 95 percent of the total serum cop- 
per ( 5 )  and is also capable of catalyzing 
the oxidation of p-phenylenediamine. 

Evidence suggesting that catalytic oxi- 
dation of DPP by serum is attributable 
to ceruloplasmin was provided by find- 
ing that this activity is precipitated with 
(NH,),SQ, in the same fraction as is 
crruloplasmin. Furthermore, DI'P oxi-
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dation by serum resembles ceruloplasmin 
activity in that it is strongly inhibited by 
NaN 3 but not by NaF, NH4-oxalate, or 
cystine (inhibitor concentration about 1 
m g / m l ) . A concentration of 2 x 1CM.M 
NaN 3 produced 67-percent inhibition of 
serum D P P oxidase activity at pH 6.6, a 
value similar to that reported for pure 
ceruloplasmin with p-phenylenediamine 
as substrate (6). Other enzyme inhibitors 
such as Na-diethyldithiocarbamate,KCN, 
and cysteine could not be tested by this 
method because they decolorize DPP 0 X . 

Finally, addition of ceruloplasmin (7) 
to serum showed that D P P actually is a 
substrate for this enzyme. Thus the cata-
lytically active protein responsible for 
D P P oxidation by serum is probably iden
tical with ceruloplasmin. 

Elevated serum copper levels have 
been found in schizophrenia ( 8 ) , and re
cently Ozek (9) has shown that this in
crease in serum copper is attributable to 
an abnormally high ceruloplasmin con
tent. Confirmation of elevated cerulo
plasmin activities in £-serums has been 
obtained using D P P as substrate. 

As has already been pointed out, the 
reducing substance (or substances) pre
dominantly present in fresh iV-serum is 
rapidly autooxidized and is dialyzable. 
T h e addition of organic Hg-halides or 
N-ethyl-maleiimide to iV-serum does not 
effect the capacity of the serum-reducing 
substances to decolorize DPP o x . How
ever, the addition of physiological 
amounts of ascorbic acid to dialyzed 
iV-serum restored its capacity to reduce 
DPP 0 X (Fig. 2 ) . I t thus appears that 
ascorbic acid, which is present in serum 
in amounts of about 1 to 25 u.g/ml, is 
responsible for at least a part of the re
ducing capacity of serum. I t is further 
known that the serum ascorbic acid con
tent is low in schizophrenia (10) . 

To determine whether ascorbic acid is 
the sole or the predominant reducing sub
stance in serum, the effect of the addi
tion of various amounts of ascorbic acid 
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Fig. 1. Typical oxidation curves for DPP 
in serum; S-serum was from an acute 
schizophrenic; iV-serum was from a healthy 
person; 1.5 ml of serum and 1.5 ml of 0.1-
percent DPP • 2HC1 in distilled water; the 
blank contained 1.5 ml of serum and 1.5 
ml of distilled water. 
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Fig. 2. Addition of ascorbic acid to dia
lyzed serum; 1.4 ml of dialized serum, x 
ml of ascorbic acid stabilized in albumin 
solution, (0 .1 -A: ) ml of distilled water, 
and 1.5 ml of 0.1-percent DPP • 2HG1 in 
distilled water. The figures on the graph 
denote the added ascorbic acid (x) in 
micrograms per milliliter. 

to dialyzed serum was investigated. Fig
ure 2 shows that the time T during which 
D P P is maintained in the reduced state, 
as indicated by the failure of the extinc
tion at 552 mu. to increase, is lengthened 
by increasing the concentration of ascor
bic acid. In each instance, T is approxi
mately proportional to the ascorbic acid 
content. 

However, in addition to the effect of 
ascorbic acid, it is to be expected that T 
would vary inversely with the D P P oxi
dase activity of individual serums. T h e 
ceruloplasmin activity is indicated by the 
slope v of the curves in Figs. 1 and 2. 
If ascorbic acid is the only reducing sub
stance playing an effective role in this 
reaction, a quantitative estimate of its 
concentration in serum can be obtained 
by calculation from the ceruloplasmin ac
tivity as indicated by the slope v and the 
measured T-value according to the fol
lowing equation: 

[Ascorbic acid] = kvT ( i ) 

where A: is a constant. 
Variable amounts of ascorbic acid were 

added to a number of dialyzed serums 
having different ceruloplasmin acitivties, 
and T and v were measured. Equation 1 
was found to be valid, and a l v a l u e of 
30 was found at 2 1 ± 2 ° G {11). 

I t is pertinent to discuss the role of 
physically dissolved oxygen in this re
action and whether it is present in suffi
cient amounts to support the oxidation 
of D P P during the period of the test— 
that is, 5 to 6 minutes. From Eq. 1 it 
follows that the rate of oxidation of as
corbic acid in iV-serum (v «* 0.08) is 
about 2.4 M-g/min ( 1 . 4 x l 0 ~ 2 jxmole/ 
m in ) , which is equivalent to 2.8 x 10~2 

u-moles of D P P per minute, since 1 mole 
of ascorbic acid reduces 2 moles of 
DPP0 X . The concentration of dissolved 
oxygen in venous serum (plasma) is 
about 60|iM. In the test, 1.5 ml of serum 
is used, thus containing about 9 x 10~2 

limoles of 0 2 . I t is thus apparent that the 

physically dissolved oxygen in serum is 
sufficient to account for the oxidation of 
D P P for about 13 minutes at the afore
mentioned rate, since each mole of 0 2 is 
capable of oxidizing 4 moles of D P P . 
Actually, the capacity of the reaction 
mixture to oxidize D P P is greater, be
cause the distilled water used contains 
an appreciable amount of dissolved 0 2 . 

T h e ascorbic acid concentrations cal
culated by measuring T and v and in
serting the values in Eq. 1 were com
pared with the ascorbic acid concentra
tions found by chemical analysis (72) of 
16 different serums from both mentally 
diseased and healthy subjects. Good 
agreement between the calculated and 
measured values was obtained in all 
cases investigated, and it appears that 
ascorbic acid accounts for at least 95 per
cent of the substance in serum that is 
capable of reducing DPP 0 X . 

This method affords a simple means 
for determining the approximate concen
tration of ascorbic acid in serum, which 
should be adequate for most clinical 
purposes. The error is about ± 1 M-g as
corbic acid per milliliter of serum. How
ever, T is short and more difficult to 
measure when the ascorbic acid concen
tration is very low. 

In those serums investigated, the ceru
loplasmin activity was usually propor
tional to the copper content. However, 
rather large deviations were sometimes 
observed, probably depending on pro
tein — S H — groups present in varying 
concentrations in different serums. These 
were shown to inhibit the ceruloplasmin 
activity, because the inhibition could be 
prevented by the addition of organic 
Hg-halides to serum. 

It may be concluded from these studies 
that the difference between iV-serum and 
S-serum in their capacities to oxidize 
D P P is dependent mainly on the fact that 
the ceruloplasmin activity is higher and 
the ascorbic acid concentration lower in 
£-serum than in AT-serum. 

T h e possibility of using this color re
action as a diagnostic test in mental dis
ease is now being investigated. However, 
it cannot be regarded as specific for men
tal disease, since there are other condi
tions in which serum ascorbic acid con-. 
centration may be lower and serum 
ceruloplasmin activity higher than nor
mal (for example, liver disease, preg
nancy) . 

STIG AKERFELDT 

Nobel Medical Institute, 
Stockholm, Sweden 
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Penicillin-Induced Lysis 
of Escherichia coli 

This communication reports some re- 
sults of studies the objective of which 
was the elucidation of the mechanism of 
the bactericidal action of penicillin. 
Those of our findings which are coinci- 
dental to the observations of Lieber-
meister and Kellenberger ( I )  and of 
Lederberg (2) on the penicillin-induced 
emergence of bacterial protoplasts were 
established independently. 

While several metabolic processes in 
microorganisms are known to be influ- 
enced by penicillin, none of them has 
been shown conclusively to be the site of 
the primary action of the antibiotic, and 
thus, to be originally responsible for the 
antibacterial action of the drug (3).The 
present report is concerned with the lysis 
of Escherichia coli induced by penicillin, 
a phenomenon that points to profound 
disturbances of cell-wall functions. 

Escherichia coli strain B was used as 
the test organism (4).  The method for 
spectrophotometric assay of antibiotic 
action has been described elsewhere (5). 
Figure 1 shows the lysis of E. coli B under 
the influence of 100 units of penicillin 
per milliliter; the rates of lysis were ap- 
proximately dependent on penicillin con- 
centrations over a range from 12.5 to 500 
units/ml. 

Penicillin-induced lysis of E. coli oc-
curred only in a nutritional environment 
that was capable of supporting the 
growth of the bacteria. Logarithmic cul- 
tures of E. coli which were washed free 
of growth medium and then resuspended 
in fresh media devoid of sources of car-
bon or nitrogen did not undergo lysis in 
the presence of penicillin, while bac-
teria that were resuspended in complete 
growth medium lysed as usual. 
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When 100 units of penicillin per milli- 
liter was added to logarithmic mass cul- 
tures of E. coli B and vigorous aeration 
was continued, the cultures soon began 
to foam, and masses of macroscopic, long 
strands that gave the impression of highly 
polymerized material appeared. Strands 
collected by low-speed centrifugation 
were readily dissolved in 0.5N NaOH to 
form viscous solutions, while some resi- 
due remained when the strands were ex- 
tracted with 5 percent perchloric acid 
for 30 minutes at 70°C.The ultraviolet 
absorption spectra of such perchloric 
acid extracts closely resembled those of 
nucleic acids. Chemical analysis indi-
cated that about 15 percent of the total 
nitrogen of the strands went into the per- 
chloric acid extracts. These extracts also 
contained quantities of pentose and de- 
oxypentose, which suggested the pres-
ence of ribonucleic and deoxyribonucleic 
acids in a ratio of 3.5 to 1. 

Another method of lysing bacteria, de- 
polymerization of the cell walls by lyso- 
iyme, exposes the bacterial protopl.asts 
( 6 ) .  which. in an unfavorable osmotic 
en"ir~nmeit, are disrupted and yield the 
cytoplasmic constituents in an alkali-
soluble form that contains highly poly- 
merized deoxyribonucleic acid (7) .  

In order to investigate the possibility 
that protoplasts might become demon- 
strable also as the result of penicillin ac- 
tion, sucrose was added to logarithmic 
cultures of E. coli B to give molar con- 
centrations of 0.32 or 0.48. Penicillin, to 
a concentration of 50 units/ml, was 
added 30 minutes later. Incubation was 
continued without aeration or mechani- 
cal agitation, and samples were taken at  
30-minute intervals for spectrophoto-
metric readings and examination under 
the phase-contrast microscope. Figure 1 
shows the time course of penicillin action 
in the presence of 0.32M and 0.48M 
sucrose. 

Observation under the phase-contrast 
microscope (Fig. 2 )  revealed the follow- 
ing sequence of events: the bacterial rods 
produced central or terminal globular ex- 
trusions that increased in size while the 
bacterial cell walls became correspond- 
ingly empty of cytoplasm. Later, the 
globes either separated from the cell 
walls or retained parts of them attached, 
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Fig. 1. Lysis of E. coli B by 100 units of 
penicillin per milliliter in the absence and 
presence of sucrose. 

Fig. 2. Sequential phases of penicillin-in- 
duced lysis of E. coli B: 1, Bacteria im- 
mediately after addition of penicillin; 2, 
3, and 4, emergence of globular extrusions; 
5 and 6, "rabbit ear" forms; 7, partially 
vacuolized globular structure; 8, "ghost" 
form of a cytoplasmic membrane. 

giving a typical "rabbit-ear" appearance. 
Finally, the globular structures under-
went partial vacuolization, showing many 
crescent-shaped forms; eventually they 
released their entire content, leaving as 
formed elements only circular "ghosts" 
that probably represented empty cyto- 
plasmic membranes. 

The emergence from bacteria of spher- 
ical structures, called "large bodies," has 
been the subject of a literature more ex- 
tensive than conclusive. The present mor- 
phological observations resemble those of 
Liebermeister and Kellenberger (1) con-
cerning the action of penicillin on Pro-
teus vulgaris in liquid cultures; these two 
authors also have emphasized the simi- 
larity between "large bodies" and bac- 
terial protoplasts. For E. coli, this idea 
has been further expanded by Leder-
berg (2). 

The present findings on the lysis of E. 
coli by penicillin are consistent with the 
following interpretation: the drug in-
duces a metabolic change that affects the 
integrity of the bacterial cell walls in 
such a way that the content of the bac- 
teria, enclosed in a cytoplasmic mem-
brane, extrudes as a globular structure. 
Without protection against osmotic and 
mechanical disruption, the globes disin- 
tegrate and release the cytoplasmic ma- 
terial. In the presence of appropriate 


