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From the Department of Bacteriology, Osaka U11iversilJ' Medical School and 
the Research l11stit11te for Microbial Diseases, Osaka U11i1•ersity 

( Received for publicalion, April 10 1959) 

SUMMARY 

Kinetic studies were made of the immune bacteriolysis of Escherichia coli B with limiting 
complement or antibody. Similar results were obtained to those of Mayer et al. (1948) on immune 
hcmolysis. 

Antiserum and complement free from lysozyme were prepared without loss of antibody or 
complement by adsorbing the enzyme onto bentnite. The effects of lysozyme on immune 
bacteriolysis and the bactericide process were studied using these scra. Such complement and 
antiserum showed a markedly decreased bacteriolytic activity. This activity was restored to the 
same level as that of untreated antiserum plus complement by the addition of crystalline egg 
white lysozyme. The concentration of lysozyme determined the rate and extent of immune 
bacteriolysis with constant excess of antibody and constant limited complement. The activity 
of lysozyme was indispensable for the conversion of bacterial cells into serum spheroplasts. On 
the other hand, the immune bactericide process could be induced only by antibody plus 
complement in the abst:nce of lysozyme, but the addition of excess lysozyme, the concentration 
of which was approximately equivalent to that of scrum or blood plasma, accelerated and enhanced 
the bactericidal action or antibody and complement. 

INTRODUCTION 

In the previous paper (Amano et al., 1958), we presented a new quantitative 
method to estimate immune bacteriolysis. In this method, serum spheroplasts 
could be lyzed selectively by sodium desoxycholate and intact bacteria were 
removed by centrifugation. The centrifuged supernates were deproteinized by 
perchloric acid and the nucleic acid content was determined photometrically in 
the deproteinized supernates. This method is analogous in its principle to the 
routine method for immune hemolysis based on colorimetric determination of 
oxyhemoglobin. As the method permitted kinetic studies on immune hemolysis, 
so kinetic studies on immune bacteriolysis were accomplished by the former 
method. The results obtained in the complement limiting or antibody limiting 
conditions were analogous to those reported by Mayer et al. (1948). 

As lysozyme was found to be present in sera (Inai et al., 1958a, Yamamoto, 
1954), we were forced to reinvestigate the already proven fact that the addition 

* Presented at the 15th General Assembly of the Japan Medical Congress in April 1959 in Tokyo. 
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of extraneous Iysozyme to an immune bacteriolytic system marked Iy acce erate
immune bacteriolysis (Am ano at a1. , 1954). ' The immune bacteriolytic system
itself contains a certain amount of Iysozyme and hence 111e problem of w at er
the serum Iysozyme plays a role in immune bacteriolysis must be stu re .
Fortunately, Inai at a1. <1958b) succeeded in I. emoving serum Iysozyme by adsorbing
it onto bentnite without loss of complement or antibody. we prepared Iysozyme-
free complement (RL) and antiserum by this technique, and clarified the
significance of this enzyme upon immune bacteriolysis and the bactericide process.
Thus, we examined the effect of Iysozyme in such a Iysozyme-free system wit
excess antibody and limited complement. without Iysozyme, the amount of nucleic
acid extracted by desoxycholate was quite small, as compared to the origina
activity of the Iysozyme containing system. In addition, the low activity o t e
Iysozyme-free system was restored to the original level by readjusting the Iysozyme
concentration to that of the Iysozyme containing systein. The rate and fina
degree of immune bacteriolysis was accelerated and enhanced in proportion to
the added Iysozyme. Hence, Iysozyme is indispensable for. the conversion of bacilli
into serum spheroplasts. The Iysozyme-free system showed the same bactericidal
activity as the Iysozyme containing system, although the addition o a atge
excess of Iysozyme, the concentration of \vhiclT is approximately equivalent to
that of serum or blood plasma, accelerated and enhanced the bactericidal action
of antibody and complement.

2

I . BCCte?'i@ :

The medium used was yeast extract peptone water (Am ano at a1. , 1958). An
overnight culture (about 3.8 x 10s cells/inI. ) of EJcherichin coli B was diluted eleven
times with the medium, and incubated with aeration at 37 C for 2 hours, Cells
<about 5.8 x 10s cells/inI. ) were sedimented, \\, ashed once and resuspended in cold
Mg-saline (Amano at "I. , 1958) at an optical density of 0.12 at 550m/". (ap-
proximateIy 2.5 x 10s cells/inI. ) with a Coleman junior spectrophotometer using
an 8 mm. diameter cuvette. Bacterial cells contained 50 per cent more nucleic
acids than those used in the previous report (Am ano at a1. , 1958) when compared
at the same optical density. In this report, living bacterial cells were used
instead of UV-irradiated ones, though the latter was preferred in the previous
paper <Am ano at a1. , 1958), since there were no differences betweeiT results with
these two types of bacterial cells in the experiments. In the results reported
previously (Am ano at a!., 1958) the levels of Iysis of living cells exceeded those
of UV-killed ones, probably because surviving cells continued to synthesize further
nucleic acid. However, the bacterial cells used in this report were harvested
in the logarithmic growth phase and hence these cells were rich in nucleic acid.
In addition, we could minimize the loss of complement during absorption of normal
antibodies. For these two reasons we were able to use more highly diluted
complement serum even in the experiments with excess complement. The higher
dilution of sera minimized the new synthesis of nucleic acids of bacterial cells
during incubation.

IVa!elmlJ and MethodJ



2.1111/1Jri!!In .

Rabbit antiserum to E. roll B killed by heating at 56'0 for. 30 minutes \\'as
mactivated at 56'C for 30 minutes, and stored in the Frozen state at -60'0
without addition of any preservative. The antiserum had an agglutination titer
of 1:12,800 against living hornologous cells and a Iysozyme content equivalent to
1.65 I{g. or crystalline egg \\, hitc Iysozyme per inI.
3. 00/11/1emei!/

Fresh sera from more than twenty guinea pigs \\. ere pooled, and normal
antibodies \\, ere absorbed without loss or hemolytic complement at 5'C for. I hour
by a packed cell wall p, .epa"ation <3 ing. i. e. in I. of se"urn) ancl "yin. ,an <3 ing.
per inI. ) pre-heatecl at 100'C for. 60 minutes as described previously (Am ano at
a!., 1958). The procedure to prepai'c cell \\. alls \\as the salnc as described in the
previous report (Am ano at d1. , 1958), except that bacterial cells \\, CTe disrupted in
a 1<ubota sonic oscillator <10 Kc/s) for 15 minutes. The treated sera were stored
in sealed glass ampules frozen in CITY ice and designated as " RA ". These RA
pieparations contained Iysozyine activtiy equivalent to 1.2 to 3.7 I{g. or crystalline
egg \\. hite Iysozyme per in I. Coinpleinciit serum was Inactivated by heating in
a \\, ate^ bath at 56'C for 30 minutes.

4. Reinorul of tyro, mr lioni R/I o1 dinirei'11/11 .'
FDllo*ving the method of Inni at "I. <1958b) 10 ing. of bentnite (Wako Pu"e

Chemicals Co. ) \\, ere added to 1.0 inI. of serum (RA or antiserum), incubated at
5'C for. 10 minutes and centrifuged. Lysozyme activity \\, as undetectable by
Sinolelis' method (1949) in once treated sera. But the adsorption procedurcs \\, ere
repeated IronT 2 to 5 times to remove traces of the enzyme, \\, Ithout appreciable
loss of complement o1' antibody. These complement prepaiations \\, ere designated
as " RL(n) " in \\. hicll n is the ITUmber of repetition of the bcntnite treatment.
RL was also stored in sealed glass ampules frozen in dry ice.
5. L)'co-;)'111e ..

Crystalline cgg white Iysozyme was obtained by Alder ton's method CAIderton at
a!., 1946) and purified by means of IRC-50 column chromatography <Hirs at (!/.,
1953). Lysozyme activity was estimated by Sinole!is' method (1949) .just before
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use.

6. AJJny of in!innne 112niob, fir '
Hemolytic activities of complement sera \\, ere assayed by colonmetric deterin I-

nation (Kabat and Mayer, 1948) and expressed as fifty per cent hemolytic untis
(HUSo)

7. RelreJe"I"!ion of ofcgite of monhologirul rhaiige
The indices (-, t, +, +F and +;}) used to indicate the degrees of conversion

of bacilli into serum spheroplasts \\, ere described lireviously (Amano at a!., 1958).
The indices (*, ** and ***) were used to indicate that about half, 2/3 and
almost all of the bacterial cells, respectively, chanoed to scarcely stainable cell-
wall like rods.

8. q!!awn!alite delerminrr!foil of' jinmtti!e bangriob, 3iJ :
The determination \\, as carried out as described in the previous report (Am aria

e! at. , 1958), with the exception that 100 per cent of immune bacteriolysis was
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defined as the amount of nucleic acid directly extractable from bacterial cells
with perchloric acid after the addition of desoxycholate.
9. SIeri!tatioii of reage?IIJ 10i' r/!!411 of Ihe inlinttiie bartericide 1110re$J ..

With the exception of bacterial suspension the reagents \\, ere mixed and
centrifuged at 16,000 rpm. for. 30 minutes five times.
The centrifuued mixture \\, as added to the bacterial suspension at time O. As a
control, samples were taken from the centrifuged super nates and a colony count
was made on each sample. No colonies were ever detected in these samples.

RESULTS

I. Kine!ic$ of immune baciei'fob, fir
In the previous paper (Amano at o1. , 1958), we followed the course of immune

bacteriolysis with excess antibody and excess complement by our new quantitative
method. But the mechanism of immune bacteriolysis can be better understood by
study of its kinetics. Maya. at a1. (1948) made kinetic studies on immune
hemolysis and showed that the courses of immune hemolysis are different in
complement limiting and antibody limiting systems. They concluded that
limited hemolytic antibody possesses the ability to turn over without being
exhausted, while limited complement can be rapidly exhausted. We performed
similar experiments on immune bacteriolysis.

34 centrifuge tubes were placed in an ice bath. To these tubes previously chilled reagents
as shown in Table I were added. The bacterial suspension was added last. The RA preparation
employed contained 313 HU50 and Iysozyme activity equivalent to 2.1 Ag. of crystalline egg
white Iysozyme per inI. The final concentration of antiserum was 1:900 and those of RA were
1:33.7 in A series, 1:112.5 in B series, 1:225 in C series and 1:450 in D series. Tube No. 41 was
directly deproteinized after the addition of desoxycholate and the extracted nucleic acids were
estimated in a Beckman spectrophotometer using the content of tube No. 40 as a control value.
The reading was taken as 100 per cent nucleic acid content. Tubes No. 2-8, 12-18,22-28 and
32-38 were stoppered, incubated at 37'C and agitated occasionally. Tubes No. I, 11,21 and 31
served as blank controls to each tube in the corresponding series and were not incubated at 37'C.
At 5, 10,30,60,120 and 150 minutes after incubation, one tube was taken out of each series,
placed in an ice bath and 0.5 inI. of cold 0.5 per cent sodium desoxycholate were added. The
mixture was centrifuged immediately. TITe super nates were treated with perchloric acid, and the
nucleic acid contents were estimated using the control of each series. The results of this experiment
are presented in Fig. I. Parallel tubes were set up with the same reaction mixture for the
microscopical observations. Results are shown in Table 2.

Tuble I. Conditions for experiment shown in Fig. I and Tobie 2
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This experiment was carried out witll excess antibody and var .in amounts
of' RA. \\'it IT excess RA, the Iytic process was completed within 60 minutes.
In the systems \\, ith limited RA, plateaux wei. e observed after about 60 to 90
minutes. The final level of Iysis attained was dependent on the amount of RA
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A second experiment was performed with excess RA and varyin. ' amounts of
antibody.

Table 3. Conditions for Ihe experiment shown in Fig. 2 and Table 4
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The tube contentsThe experimental procedures were similar to those of the first experiment.
are shown in Table 3. The final concentration of RA was I : 30 and those or antiserum were
I : 450 in A series, I : 2,250 in B series, I : 5,625 in C series and I : 11,250 in D series. The RA
preparation employed contained 323 HU:;u and Iysozyme activity equivalent to 2.4 11g. of crystalline
egg while Iysozyme per in I. The results are shown in Fig. 2 and Table 4.

The curves of bacteriolysis continue to Increase throughout the experiment
These results are consistent \\, ith those obtainedin the limited antibody system.

by Maye" at a!. (1948).

6
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Fig. 2. Course of immune bccteriolysis wi+h constant excess of RA and varying
amounts of antiserum

Table 4. Immune bacferiolysis with constant excess of RA and varying amounts of antiserum
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The authors can not conclude, from the results of this experiment, that
antibody can turn over from cell to cell. The reason will be described in the
following experiments.

2. T/!e 101e of tyroej, !ne in tminii?Ie bur/ei'job^itJ. '
Since it was found that the addition of Iysozyme to an Immune bacteriolytic

system results in marked acceleration of serum spheroplast formation (Am ano at
a/., 1954), the existence of Iysozyme in serum was an important problem. Later,
Iysozyme was proved to be contained in sera <1nai at tt1. , 1958a ; Yamamot0,1955),
and Trial at al. succeeded in reinoing Iysozyme by adsorbing it with zymosan
<1958a) or more easily \\, ith bentnite <1958b) \\, ithout loss of ITemolytic complement
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and antibody. we confirmcd these facts, and prepared Iysozyme-free complement
(RL) f"om RA by bentnite t"catment. Using RL and Iyso"yine-free

antiserum, we tried to clai. ify the significance or Iysozyme in Immune bacterio-
Iysis.

The tube contents are shown in Table 5. The RA preparation employed contained 280HU, o
or complement and Iysozyme activity equivalent to 2.24 I, g. of crystalline egg white Iysozyme per

The final concentrationinI. , and RL(2) contained 280HU:Iu per inI. and 110 Iysozyme activity
of Iysozyme-free antiserum \\, as constant (I : 900) and those of RA and RL(2) were also constant
(I: 112.5). Lysozyme was not added to series B. To series C was added Iysozymc at the same
concentration (0.02 I, g. /inl. in final concentration) as that of series A. The Iysozyme concentration
or series D and E was increased by adding Iysozyme to 5.0 Ag. per inI. in final concentration,
whicli is approximately equivalent to that In undiluted serum. As the hemolytic activities o
and RL(2) employed were equal, the tubes contained the same amounts of hemolytic complement.
The results are presented in Fig. 3

Table 5. Conditions for the experiment shown in Fig. 3
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Fig. 3 sho\\, s the effect of Iysozyme o1} immune bacteriolysis \\, it Il excess
antibody and limited complement. The removal of Iysozyme decreased the extent
of bacteriolysis, but the addition of egg white Iysozyme to a concentration
equivalent to that in the RA-system stored the full activity. The addition of a
large excess of Iysozyme markedIy accelerated the Iytic process. These facts
indicate that Iysozyme plays an important role in immune bacteriolysis. In
addition, it can be stated that serum Iysozyme can be replaced \\. ith equal effect
by egg white Iysozyme, though these two Iysozymes differ from each other in
antigenicity (Fujio at ti1. , 1959 ; Sinolens at a!., 1947). The following experiment
was performed to demonstrate more clearly that egg white Iysozyme can replace
serum Iysozyme in immune bacteriolysis.

The contents of the experimental tubes are shown in Tables 6 and 7. 60 minutes after
incubation, all the tubes were centrifuged and their Ilucleic acid concentration estimated. RL(4)
contained 222 HU, o and Iysozyme activity equivalent to 1.35 11g. of crystalline egg white Iysozyme
per in I. The final concentrations of RA and RL(4) were chosen as to contain tile same I, emolytic
complement namely, I : 104 in the RA series and I : 90 in the RL(4) series. The final concentration
of Iysozyme-free antiserum was I : 900. To the 1<L(4) series willI the exception or one tube \, arying
amounts of Iysozyme were added. The RA series initially contained Iysozyme equivalent 10
0013 Ag. of crystalline egg white Iysozyme and except for one tube, in additioiT \, arying amounts
of extraneous Iysozyme were added. The results ale shown in Fig. 4 with the final concentration
of Iysozyme as abscissa. The final concentrations or the RA series were calculated by adding
the original content of Iysozyme to the amount of added Iysozyme. The arrow indicates the
concentration of Iysozyme in the tube containing RA and no added egg white Iysozyme

Mg-Saline

I^100 Lysozyme-free Antiserum

1.20 RL!41

0.09 71ml. Lysozyme

I 1.25 71ml. Lysozyme
Bacterial Suspension

Table 6 Conditions for the experiment shown in Fig. 4. (1)

,,,, I, ;, I, I, !, 1.1, Iro, ,I, ,I, ,I ___^ I I - ;^I^""'I"""' "12.0 ^ 1.9 : 1.81 1.6I 141 1.2 1.01 0.81 0.6 0.4 ^ o. 2 - -0.51 0.51 0.5 0.5 0.5 0.5 0.5 0.5' 05,0.5 0.5^ 05 05
I 1.0 1.01 10I 1.01 1.0 1.0 1.0; 10I 1.01 1.0,101 1.0 1.0I ~ 1"I0, ' 0.41, .,' o. 81 ^. o1 ^.,^ ^.,: I. ,11.81,01 -~'~ ~ ~'~ ~;~ -:- -^-^-'2.0
^ 101 101 101 101 10 101 1.01 1.01 10 ^ 10,1.01 1.01 10

I 1' I2' I3' ' 4' 15' I6' I7' I8' 9' j 10'I II" 12" 13'

it^ifTj-^,. litiTtjT;TITITtt

1.20 RL!41 I 1-0 : 1-0 1-01 1-0 I 1-01 10' 101 1.01 1.01 1.01 1.01 10/10
Mg-S. line I 3.01 2.9' 2.81 2,624; 2.22.01.81 1.61.41.211.01.0

0.0971"I. tyro^yne I - 01 I0.2 0.4^ 0.6' 081 1.0I 1.21 1.4 1.61 1.812.0 ' -, ^ 25 71"I- hymn, "' I ~ ~ I ~ I ~ I ~ ~ I ~ ' ~ , ~ ' ~ I ~ I ,-O
The curve of the RA series entirely overlapped that of the RL series. The

results indicate the importance of Iysozyme in immune bacteriolysis and that serum
and egg \\, hite Iysozymes are mutually and quantitativeIy replaceable.
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Tobie 7. Conditions for the experiment shown in Fig. 4. (11)

Mg-Saline

I^100 Lysozyme-free An liserum
1,231 RA

0.09 11ml. Lysozyme
Bacterial Suspension
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Fig. 4. Effect of Iysozyme on the extent of immune bcctriolysis

3. Jinmitiie b"c!87io!yJir ill Ihe abJe, Ife of !yJo<Jime .'
Though the authors expected in the last experiment that the curve of the

RL series would converge to the origin of the co-ordinates, a small amount of nucleic
acid was detected even in Iysozyme-free conditions. This indicates that some
fraction of the bacteria became sensitive to sodium desoxycholate treatment after
the action of antibody and RL. However, the amount of nucleic acids extracted
was marked Iy smaller than that after addition of Iysozyme.

The following experiment was carried out to investigate the effect of Iysozyme-
free antiserum and RL. The tests on all the series were carried out usIna s stems
witl\ constant excess of antibody and varying amounts of complement.

The contents of the experimental tubes are shown in Table 8. The final concentration of
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Iysozyme-free antiserm was 1:900. Those of RL were 1:360 in the A series, 1:180 in the B series,
1:90 in the C series and 1:45 in the D series. Parallel experiments-were--performed 10 record
the in orphological changes or the bacteria. The RL(2) employed contained 263 HU30 per in I
and no Iysozyme activity. The results of nucleic acid determinations are petsented in Fig. 5 and
those of in orphological investigations in Table 9

~~~~~~ ~ ~~~~ ~~~~~' I I2-8 11 12-18 ' 21 I 22-28 31 32-381 40 : 41- - ^ ^ ---^^ ^ - - - -, - ---- ---- ^^- -^

I in I- , in I. I in!. in I. ^ in I. I in I. in I. in I. in I. in I.
Mg-Saline I 1.5 I 0.5 ^ 1.5 ^ 0.5 ^ 1.5 05 ' 15 0.5 I 45 3.5
. ysozyme- ree I 1.0 I 1.0 1.0 I 1.0 1.0 ' 1.0 1.0 1.0 I - -
Antiserum I I I

1,160RL!21 2.0 2.0 - - - I - - - I _ I _

160RLi2j I-I-12.0 2.0'- - - -I-'~
1.40RL1?I - I - I - - 2.0 2.0^ - _ I _ _
1.20RL!21 I - - I - - - - 2.0 2.01 - I -
Bocieriol Suspension - 1.0 ; - 1.0 - 1.0 - 1.0 I - 1.0

Table 8. Conditions for the experiment shown in Fig. 5 and Table 9

A

The more concentrated was the RL, the more nucleic acid \\, as extracted as

shown in Fig. 5, and in each series the amount of nucleic acid increased with
time. As shown in Table 9, some of the bacterial cells changed to scarcely stainable
cell-wall like rods. Such cell-\\. all like rods increased \\. ith time and also \\. ith

increasing concentration of RL. Though the mechanism of these two phenomena
are not yet clear, it is possible that other factors than the four components of
the coinplemcnt play some role \\, ith the complement in such a Iysozyme-free
system.
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Table 9. Immune bocteriolysis in the absence of Iysozyme activity

Time jinin. I

4. Fill'/he I' tinabiJeJ on Ih, 4/1er! of IIJocJiine 1110/1 jin!nulle hurle!'10,131J
From the experiments described above it can be stated that at least three

Independent agents play roles in immune bacteriolysis, if the fom' complement
components are regarded as a single agcnt. Hencc it is necessary to investigate
the effect of Iysozyme upon the course of 11nmunc bacteriolsysis in a system \\, ith
constant excess of antiserum and constant limited complement.

An experiment similarly as that of rig. I was carried out. The contents of the experimental
tubes arc presented in Table 10. The tubes contained final concentration of RL(2) or 1:225 and
of antiscrunl free from Iysozyme or 1:900. Varying amounts of crystalline egg \vhitc I soz me
\^ci'c added to these tubes. Tile RL(2) preparation used contained 357 HU. , per in I. and no
Iysozyme activity. Parallel experiments werc performed to study tile in orphological changes or
tile bacteria. The results are presented in 1'ig. 6 and in Table I I

Tablc 10. Condifons for the experiment shown in Fig. 6 and Table 11
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In the presence or excess Iysozyme the Iytic process rapidly reached to
In the system \\, Ith limiting amounts of Iysozyme Iysis increased

SIo\\'Iy. Therefore, it can be SLatcd that Iysozymc is the rate limitinu factor in
this condition and that the limited complement can be exhausted, because the
pi'occss does not reach complete Iysis even \\, hen a large excess of Iysozyme was
used. Though the results arc not sho\\, n, a lower plateau \\. as found eveil in the
presence of a large excess of Iysozymc, when more diluted RL was employed

In our previous reports (Am ano at n!.. 1955b, 1955a, 1956) it was showed that
bactcrial cells previously treated with excess egg \\. hite Iysozyme \\. ere converted
Into sei. urn spheroplasts by antiserum and complement at the same rate as
untreated cells and that the cell \\, alls \\. ere resistant to Iysozyme alone. From
these results it can be assumed that Iysozyme attacks substi. ate which are ex OSed
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or activated through the action of antibody and complement. Therefore, \\. e
investigated the effect of Iysozyme upon bacteria pre-treated \\, ith antiserum and
RL.

All the tubes containing antiserum I : 700, RL(2) I : 87.5 and 1.0 inI. or the bacterial
suspension were incubated at 37'C for 60 minutes. Then they were transferred to an ice bath,
and \, arying amounts or Iysozyme (0.01 "g. per inI. in the B series, 0.04 11g. per inI. in the C series
and 5.0 Ag. per in I. in the D series in final concentration) or Mg-saline in the A series were
added. The contents of the tubes are shown in Table 12. Again they were incubated at 37'C.
Thereafter, the experiment was carried out as described above. The RL(2) preparation contained
337 HU=o of hemolytic complement and no Iysozyme. The results are presented in Fig. 7.
Parallel experiments \\, ere performed to investigate in orphological changes, the results or \\. hich
are shown in Table 13.

Immediately after the addition of a large exccss or Iysozyme (curve D) the
cells \\, ere converted Into serum spheroplasts and a maximal level of Iysis \\, as
attained. \\'hen less Iysozyme was added, the cells \\, ere changed into serum
spheroplasts relatively slowly (curve C). From this result it is obvious that the
substrate of Iysozyme was exposed or activated by antibody plus complement
and that Iysozyme is an independent factor from antibody and complement.
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The removal of Iysozyme activity from the complement and antiserum does
not affect immune hemolysis, and Iysozyme activity Is, on the other hand,
indispensable for the conversion of bacterial cells to serum spheroplasts. However,
such a conclusion \\, as drawn from experiments with excess antiseruin and limited
complement. The following experiments were DCTformed to validate this conclusion
with excess RL and antiserum.

The contents of the experimental tubes are shown in Table 14. Each or the reagents was
pipetted into test tubes placed in an ice ballt, and the bacteria were added last. The tubes
contained RA or RL(2) I : 36 and Iysozme-free antiserum I : 900 in final concentration. The
final concentration of added egg white Iysozyme was 003 Ag. per in I. in tube C, 0061 Ag. per inI.
in tube D, 0092/1g. per inI. in tube E, 0122 ,g. per in I. in tube F and 5.0 "g. per inI. in tubes
G. I, L and xi. The conceiitration in tube D is equivalent to that in tube A. The tubes were
incubated at 37'C. At the intervals shown, smears were made from each of the tubes, fixed in
absolute methanol and stained witli Hucker's crystal violet solution. The RA contained 372 HU, u
and Iysozyme activity equivalent to 2.2 jig. or crystalline egg white Iysozyme per inI. The RL(2)
contained 372 HU, o per inI. and no Iysozyme activity. The results are also presented in Table 14.

Table 14. The iridispensobility of Iysozyme for the formation of serum spheroplasts

in a syslem with excess antibody and excess complement

E F G H!111 KiL'MIA^B C, O
~ ~~'~inI- ''1 ~1111 ' in~11 in I. in I. in I. I in I. in I. in I. in!. in I. . in I.

1.0' 3.01 2.01 252.5 1.51 2.52.01 2.0 1.5 1.0 0.5Mg-Saline

0.5 0.5 0.5 - - - _0.5 0.5 0.5 0.5 0.5 0.5I :I 00 Lysozyme-I ree An liserum

1.01 - ---10---1:8 RA

1.0 1.01 1.0 1.0 1.0 1.0 - ' - - 1.0: 1.0I B RLi2j

-;-I- -0,275 1'1ml. Lysozyme 0.5 I I. 0 1.5 2.0

22.5 1'1ml. Lysozyme - 1.0^-, 1.0 -:-11.0 1.0

1.0 1.0^ 1.01 1.01 1.0' 1.01 1.0 1.0Bacterial Suspension

min

5

10 ------+L------

30 , _ _ , , , ,, _ _11 ' I:I ' '+++

;45 '~"+F\,____,__t + +F \

+ + \ +H60 I'
90 '\ * +L, ,,

,120 I, ,, , , , , ,
1150 \*\\"

Serum spheroplasts could be formed only in thc presence of Iysozyme as
shown in the Table 14, where \ sho\\. s that almost all the bacteria \\, ere changed
to serum spheroplasts. The more Iysozyme added, the more rapidly did serum
spheroplasts form, when the amounts or both antiseium and complement \\ ere

'kept constant. In the absence of Iysozyme, the shape of the bactcria \\, as not
changed, but scarecely stainable cell-wall like rods appeared after longer incubation.
The addition of Iysozyme equivalent to Ihc concentiation in the RA-sysicm
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brought about almost parallel changes as in the latter system. Lysozymc Itself
did not affect the shape or bacterial cells in the absence of either antibody or
complement.

The effect of Iysozyme on bacteria pre-treated \\. ith RL plus Iysozyme-free
antiserum was again examined

Into a larger centrifuge tube were introduced 100 inI. of A{g-saline, 2.5 in I. of I : 100 diluted
antiserum, 5.0 in I. or I : 8 diluted RL(2) and 5.0 inI. of bacterial suspension. The concentration
or tile reaction mixture was tile same as that or tube B in Tabic 14. The tube \\. as incubated

at 37'C for 60 minutes, and then centrifuged in the cold and resuspendcd in 12.5 inI. of cold
Mg-saline. 2.5 inI. allquois or the suspension \\. erc added to each of four tubes placed in an ice
bath. The contents of Ihcsc four Iubcs arc silown in Table 15. The tubes \\. cre incubated at

37'C. Smears \VCrc made 11'0m cacl, tube at inter\. als. TITe results are also presented in Table 15

Table 15. Effect of Iysozyme on bacteria pre-treated with excess

chiiserum and excess complement

Mg-Saline

0.27511ml. Lysozyme

22.5 1'1ml. Lysozyme
Prefreoied E. coll*

Morpholo-
gicol

Ch o rig es
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2.0
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5

15
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\\'hen pre-trcatcd cells \\. ere exposed 10 Iysozymc. they \\. ere converted into
serum sphcroplasts. 'I'he conversion did not I. equire additional complement and
it is I'easonable to assume that Iysozyme exerts its action at the terminal step and
that the subsiratc or Iysozymc is already cxposcd or activated so as to be easily
attackcd by Iysozyme. Therefoi'e even in the absence or Iysozyme, antibody and
1<L can cause some damage to the bacterial cell surface.

5. 771e ater! of IIJocy!rig 11/10/1 Ihe jinnit!Ile baneiiride linteJ .
As elucidated in the last experiment, antibody plus complement can cause

some damage on the bacterial surface even in the absence of Iysozyme. it is
necessary to investigate \\, hcthcr Iysozyme is rcquired in the immune bactericide
PIOcess or not, because the damage of the bacterial surface may cause death of
bactei'Ia.

Rcaction mixtures \\, ithout thc bacterial suspension of twice the \. o1umc of those shown in
Table 16 were made in sterile centrifuge tubes and incubated at 4'C. These eight tubes were
centrifuged at 16,000 rpm. for 30 minutes at D'c. The super nates \\. ere transferred to fresh
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sterile centrifuge tubes, and re-centrifuged. This centrifugation was repeated three times more
in the same way. As a control, samples were taken from the last super nates and colony counts

Table 16. Conditions for the experiment shown in Fig. 8 and Table 17
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were made and the samples proved to be sterile. A 3.5 inI. ajiquot of each sterile super nate
was pipetted into a sterile tube and 1.0 inI. of bacterial suspension added. All the tubes were
incubated at 37'C. At the intervals shown in Fig. 8, samples were taken and surviving bacteria
assayed by the colony count method. All the reaction mixtures contained Iysozyme-free antiserum
at a final concentration of I : 900. The final concentration of RL(2) (tubes A, B, C) and of RA
(tube D) was I : 90. The final concentration of Iysozyme in tube D was equivalent to that of
tube B. Tubes E, F, G and H served as controls. The RA preparation contained 295 HU, o
and Iysozyme activity equivalent to 2.52 Itg. of crystalline egg white Iysozyme per inI. , and the
RL(2) contained 295 HU3u per inI. and no Iysozyme activity. The results are presented in Fig
8. Parallel experiments were carried out to demonstrate the in DTPhological changes of the
bacteria. The results are shown in Table 17

Table 17. Morphologicol changes observed in on experiment parallel to that shown in Fig. 8

jinin. I

As sho\\, n in I, \g. 8, sui'vival curves or the 1< A'systcm, thc RL-system and
the RA-systcnT I econsti ucted with RL and an equivalent amount or c, ,g \\, hite
Iysozymc werc nearly Identical. F1 0m these results, 11 can be stated that Iysozymc
docs ITot apprcciably affect the immune I)actcricide PIOcess.

Howevei, exccss Iysozymc acceleratcd and enhanced the bactcricidal action,
as shown I, y CUI'VC C of Fig. 8. The Iysozyme concenti'at101T or the sei'uru is
appi'oximately equivalcnt to 5.0 Ag. per in I. of egg \\, hite Iysozymc. Therefore,
Iysozymc must play an important 101e in immune bactei'101ysis and Ihc bactcricide
pi'DCess 111 111.0.

These effects o11ysozymc on the jinmunc bactcricide process arc demonstrated
more clearly lit Fig. 9, in v. hich the initial concentration o1' bacteria was
lowercd to +XIO;; cclls PCI inI. to minimize the agglutination of cells and to
eliminate dilution CTrors.

The contents of the tubes arc shown in Table 18. The RL(2) preparatioit employed
contained 2781{Unu per inI. and no Iysozyme activity. The final concentration of Iysozyme-free
antiscrum was I : 900 and Inat of RL(2) was I : 112.5. Lysozyme was added at a final concentration
or 0.02 I, g. per inI. to tube B or of 5.0 I, g. per in I. 10 tube C

Table 18. Conditions for the experimenf shown in Fig. 9
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Even in such conditions, the results are essentially the same as shown in
Fig. 8.

co
.

.

X

> 10"
C

o

U
o
co

o<

"

o

E
L.

co
a

' 10'
>

.

co

.-

.

D. E. F

A

101

DISCUSSION

Mayer at u1. (1948) studied the kinetics of immune hemolysis in detail and
found distinct differences between a limited complement and a limited antibody
system. In the system \\, ith excess antibody and limited coinplement, the hemolysis-
time curve was sigmoidal ; the Iytic process stops completely after a certain period.
On the other hand, a plateau was not attained in a system with limited antibody
and excess complement. Hence, they concluded that, with limited complement,
the complement activity is rapidly exhausted, while with limited antibody,
antibody molecules can turn over from cell to cell during the hemolyic reaction.

By means of Qin. new quantitative technique <Am ano, at a!., 1958), similar
kinetic studies were made on immune bacteriolysis for the first time and similar
results \\, ere obtained to those of Mayer at a/. (1948). However, we \\, ere unable
to show that antibody molecule can turn over from cell to cell, because it
was already established that the serum contains Iysozyme, which can also turn
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Fig. 9. Immune bacfericide process with or without Iysozyme
using a low concentration of bacteria
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over, and the addition of extraneous Iysozyme to the immune bacteriolytic system
marked Iy accelerated the conversion of Gram-negative bacilli into serum sphe-
,. oplasts <Am ano at "/.. 1954).

Lysozyme can be removed from the serum by adsorption onto zymosan
<1nai at ,,/., 1958a) 0" bentnite <1nai ,/ "I. . 1958b). Using hatte" method, we could
obtain complement sei. urn or antiserum free from Iysozyme and study the role or
serum Iysozyme in immune IJacteriolysis. As described in this I)aper, Iysozymc
plays aiT indispensable role in the convei'SIon of bacilli to serum sphroplasts and
exerts its action at the terminal step. I\;0\\' it is obvious that the 11nmune
bacteriolytic system contains three independent agents, I. e. , antibody, complement
and Iysozymc. Lysozyme alone can not attack the surface of E. roll B nor the
cell wall, of Ih" bacte"Ia (Amano d "!.. 1955a and 1956). Howevc" the c. 11 **am
or the bacteria contain the substrate or Iysozyme. From the results presented in
this report, it can he stated that the substrate or Iysozyme is exposed or activated
through the action or antibody plus complement.

After the action of antibody plus complement without Iysozyme, small
ainounts or bactei. Ial nucleic acids were detectable. In such experiments, scrum
spheroplasts \\, ere never formed and somc or the cells changes to scarcely
stainable cell-wall like rods

Therefore, it can lie assumed that some damage had been caused to be
bacterial surface. However, it is not known \\, he ther such damage was caused by
antibody plus complement alone o1' \\, hether substances other than Iysozyme
participatcd in causing such damage with antibody and complement.

'The jinmunological reaction betwcen bactei'ia and ITomologous antiseruin
plus complement has been studied on I^. o facets of the I. eaction : The one,
changes in morphology or the bacterial cells, and thc other change in via billty
or the cclls. Since antiboby plus complement without Iysozyme could cause some
damage on Ihc bacterial surface, it is necessary to study the fate or bacteria in
such a system by the viable count method.

The immune Iiactei. ICide process can well be induced even in the absence or
Iysozyme. But excess Iysozyme <5.0 I*g. per in I. in final concentration) accelerated
and enhanced the bactcricida! action of antibody plus complement. Serum
contains Iysozymc approximately equivalent to 50 11g. of crystalline egg \\, hite
Iysozymc per inI. , even \\hen the scrum is carefully prepared, as far' as possible,
without destruction of 1,100d cells. Thereforc, it is concluded that Iysozymc
plays an important role in the host's defence mechanisms eveil against Gram-
negative I)acteria.
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