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ABSTRACT 

The binding of lysozyme (LZM) to bacterial lipopolysaccharide (LPS) inhibited the biological 

activities of LPS as well as the enzymic activity of LZM. The mode of binding has been characterized by 

using dansylated LZM and enzyme inhibition. The binding of LPS to LZM significantly increased the 

fluorescence intensity (Fl-intensity) of the danyl group and was found to be time-dependent; the complex 

was produced gradually and became stabilized within 20 min at 37”. 10 min at 50”, and 1 min at 70”. The 

maximum level of binding was also dependent on the reaction temperature, and more complex was formed at 

higher temperatures. Complexation was strongly dependent on the salt concentration and was not observed 

at > 0.5M NaCl. From collected evidence of the Fl-intensities of various dansyl derivatives and amphiphiles, 

it is concluded that LZM interacts with LPS by multiple binding-modes, the first being strongly related to the 

enzyme inhibition, the second being close to the Fl-intensity, and the third being dependent on the inhibition 

ofimmunopharmacological activities. For the amphiphiles used in this study, sodium dodecyl sulfate (SDS), 

3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate (CHAPS), 3-[(3-cholamidopropyl)dimeth- 

ylammoniol-2-hydroxy-propanesulfonate (CHAPSO), decansulfonic acid, and cardiolipin have binding 

modes similar to that of LPS. 

INTRODUCTION 

Endotoxic lipopolysaccharides (LPS) are well recognized as important contrib- 

uting factors to the pathogenesis of Gram-negative infections’,*. These amphipathic 
macromolecules exist as a major constituent of the bacterial outer membrane and, 

following their release from the bacterium, have the capacity to interact with variety of 
host target-cells and molecules3’4. Furthermore, LPS is known to interact with a variety 

of soluble serum proteins, including high-density lipoproteins, serum-complement 
proteins, and albumin, and evidence has also been presented that LPS binds to a variety 
of cationic proteins and peptides such as histones, the antibiotic polymyxin B, myelin 
basic protein, tachyplesin, anti-LPS factor (ALF), the bactericidal permeability-in- 

creasing protein (BPI), LPS-binding protein (LBP), cationic antimicrobial protein 
(CAP), and lysozyme (LZM)‘-“, Although the biochemical factors that define the 
capacity of LPS to interact with the host cells and proteins have not been fully 

elucidated, available evidence suggests that binding of lysozyme to LPS alters the 

* Presented at the 15th International Carbohydrate Symposium, Yokohama, Japan, August 12-L7, 1990. 
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from 440 to 560 nm. For quantitative or kinetic measurements, an emission wavelength 
of 500 nm was used. 

Calculation of ajinity constants. - Binding assays were performed in 1 mL of 
PBS, pH 7.2, and the amount of DNS-LZM bound to LPS was determined by using the 
following equation: amount of DNS-LZM bound = u/F,,,,,) x concentration of 
DNS-LZM. The f value was the observed fluorescence at the indicated DNS-LZM 
concentration using a subsaturating amount of LPS, and F,,, was the fluorescence of 

DNS-LZM using a saturating amount of LPS (50 pg/cuvette). The amount of free 
DNS-LZM was determined by subtracting the amount of bound DNS-LZM from the 
total amount of DNS-LZM. The dissociation constant (K) was calculated from the 
following equation: 

l/B = l/n[LPS] x K/F+ l/n[LPS] 

were B, F, n, and [LPS] were the concentration of bound and free DNS-LZM, the 
number of binding sites, and the concentration of LPS, respectively. 

Measurement of lysozyme enzymic activity. - The enzymic activity of lysozyme 
was assessed by the rates of lysis of M. lysodeikticus. Lysozyme solution (25 pL) 
dissolved in PBS (10 pg/mL) were mixed in a micro plate with or without LPS (1 mg/mL) 
(10 pL), with or without the addition of other materials. The mixture were incubated for 
10 min at 37”. M. lysodeikticus cells (1 mg/mL) were added in a volume of 200 ,uL, to the 
mixture and the initial velocities were determined by measuring the decreasing turbidity 
of M. lysodeikticus cells with a micro-plate reader (MTP-32, Corona Electric Co., Ltd., 
Tokyo) monitored at 630 nm. 

RESULTS 

Comparison of the binding of LZM and DNS-LZM to LPS. - In this paper, we 
characterize the binding of LZM to LPS by using the dansyl group as a fluorescent pro- 
be. The first experiment was designed to compare some properties of LZM to those of 
DNS-LZM. As described previously”, the enzymic activity of DNS-LZM used in that 
paper was estimated to be 82% compared to native LZM, and the enzymic activities of 
both LZM and DNS-LZM were inhibited almost equally by the addition of LPS. Fig. 1 
shows the enzymic activity of LZM and DNS-LZM preparations used in this paper in 
the presence and absence of LPS. The enzymic activity of LZM and the sensitivity to 
LPS were not significantly changed by dansylation. (Repeated experiments showed that 
differences of the enzymic activity and the inhibition of activity between LZM and 
DNS-LZM were statistically not significant.) Additionally, as described later in Table I, 
Fig. 9 and Fig. 10, the Fl-intensity of DNS-amino acids was not be increased by LPS but 
was increased by some detergents, suggesting that the dansyl group itself does not 
significantly contribute to or alter the complex formation between LZM and LPS. 
However, it is noteworthy that refrigerating both of the dilute enzyme solutions 
gradually inactivated the enzyme, and thus the activity showed relatively large standard 
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deviations in each experiments. Decomposition of the DNS-substituent by light. a 

well-established phenomenon. would also cause a larger standard deviation. 

In the previous study, we found that the fluorescence intensity (f-l-intensity) of’ 

DNS-LZM was significantly increased ” in the presence of both smooth and rough 

LPSs. Fig. 2 shows representative Auorescencc spectra of DNS-ILZM in the presence 

and absence of LPS, and Fig. 2 (inset) also shows a representative dose-response curt’e 

of DNS-LZM in the presence of LPS. As discussed later more prrcrseI\. rhc Fl-intensity 

of DNS-LZM was significantly increased by the additior; of I.PS. To determIne the 

specificity of the Fl-intensity, the parent LZM was mixed with TINS-LZM and the 

U-intensity was compared u-jth that in the presence of ILPS. As ~hot+n 111 Fig. 3. the 

Fl-intensity showed ;I dose-dependent decrease, suggeqtin 9 the eqailvalence 01. binding 

between LZM and DNS-ILZM. Considering these 1~1s. mon:lorlng the I-I-intensit), ()I 

DNS-LZM may be useful thr characterizing the binding ol‘L.%M and LE. As discussed 

later. the ratio showing the highest FI-intensity was - i :2 (iv it. L%hl ‘I.PS). In contra5l. 

inhibition of the en7ymic activity required a greater amount of LPS. namely 1 :X! /w u’. 

LZM!LPS). It. is assumed that fht: complex is produced by rei;iCvel\ complicated 

processes. 
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Fig. 2. Representative fluorescence spectra of DNS-LZM in the presence or absence of LPS or Cetavion. 
[To a solution of DNS-LZM (S pg in 1 mL of PBS), distilled water, E. coli 0111 LPS (5 fig) or Cetavlon (100 
fig) were added. After 15 min of incubation at 37”. Fl-intensity was measured. The her shows the 
dose-response curve of FLintensity of the LPS-DNS-LZM complex. To a solution of DNS-LZM (5 pg) in I 
mL of PBS, aliquots of E. edi 11 LPS were added. After 15 min ofincubation. Ft-intensity was measured 
as described in the section]. 

Fig, 3, LZM and DNS-LZM similarly bind to E. coli 01 I I LPS. [Various quantities of LZM were mixed 
with DNS-LZM (5 pg) in 1 mL of PBS. To the mixture, 5 pg of LPS was added and it was incubated for 10 
min at 37”. The Fl-intensities of the mixtures were measured as described in the section. DNS-LZM: LZM in 
ratio of 1:O (0): 1:O.l (*); 1:0.2(& I:1 (o); 1:2(v); I:4 (O)]. 

the conformation of LZM undergoes change around 70”. To clarify the temperature 
dependence of the Fl-intensity more precisely, after the complex conformation reached 

completion at each temperature, the temperatures of all reaction mixtures were changed 
to 25”, to compared the Fl-intensities at the same temperature. As shown in Fig. 5, the 
maximum of the Fl-intensity was also dependent not on the measurement temperature 
but on the reaction temperature, suggesting a higher, stronger, and irreversible binding 

at the higher temperature. These results suggest that binding of LPS and LZM involves 
not just one binding-site, but multiple binding-sites having different affinities. Thus, the 
binding is time- as well as temperature-dependent. 



The fluorescence intensity of DNS-LZM was also significantly increased in the 

presence of rough (r-) LPS. Final concentrations of 5 /~g:mL of Strin~ont~/I~ ruirrrw.rofrd 

Re595 LPS and 5 ~qgrnl., of DNS-LZM were used in this study. Fig. 3h sho\+\s the 

H-intensity of DNS-LZM in the presence of Re595 LPS. The intensit). \vas also time- 

:and temperature-dependent, Comparing s- and r-LPS. the Fl-intcnsitics at 70 wwe 

different. As shown in Fig. 5. the binding of01 11 LPS reached a maximum at 5.5 . but 

that of Rc595 was still increasing even at 70’. These differences ww-e also observed in the 

previous” results of enzyme inhibition. where significant cw>mc inhibition by Re59.F 

LPS was shown above SO instead ofat 37 in the case of01 1 i LPS. Llnd results fror-u the 

differences of the physicochemical properties of micellcs of each I.PS. 

To examine the binding more prcciscly. as the binding ~t’ms to he multiple and 

apparently involves irreversible processes, Scatchard analqsis uas performed tocontirm 

the temperature dependence of the binding force, To estimate affinltiw. It ib hypothc- 

sized that the H-intensity of the reaction mixture has a iincar relationship IO the 

quantity of LPS bound to DNS-LZM. Using this estimation. the percent.agc of LPS- 

bound DNS-LZM was calculated and affinities wcrc estlmatcd from the Scatchard 

analysis. Fig. 6 summarizes the percentage of DNS-LZM binding ;I( varic)us ratios and 

Time(minJ 
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Fig. 5. Stability of the LPS-DNS-LZM complex by lowering temperatures. [The LPS-DNS-LZM complex- 
es (5 /erg LPS and 5~1g DNS-LZM in I. 15 mL PBS) were prepared at various temperatures. The Fl-intensity of 
each complex was measured at 25” after 40 min of incubation at 25”. (). 0111 LPS; 0. Re595 LPS]. 

Fig. 6. Quantitative analysis of binding of DNS-LZM to LPS. [The ratios of DNS-LZM binding to LPS at 
various concentrations of DNS-LZM were measured. Binding of 100 o/o was calculated from the Fl-intensity 
of DNS-LZM in the presence of an excess of LPS at each temperature. Values obtained at different 
temperatures were normalized to the relative Fl-intensity of those showing 100% binding. Dissociation 
constants for the complexes at various reaction temperatures were calculated by estimating quantities of 
bound and free forms of DNS-LZM from the Fl-intensity. See in the experimental section. 0.25”:, *,37”; 
A, SO”: 1, 100% binding]. 

at various temperatures. Theoretical values (100% binding) of the R-intensity at each 
temperature are different, and thus Fig. 6 was prepared after normaii~in~ each value. 
Calculated from this Figure by using the equation described in Materials and Methods, 
it is suggested that the dissociation constant of 0111 LPS and DNS-LZM is be 0.1 {2S’), 
0.08 (373 and 0.02 (50”) ~1M-l. These results also support the foregoing suggestions 
that the binding is temperature-dependent. As already described. the binding involves 

irreversible processes, as the complex, once produced at higher temperature, retained a 
higher Fl-intensity at lower temperatures. These results also suggest the contribution of 
multiple residues in both LPS and LZM toward the complex formation. 

Ionic ~~tr~~~t~ andpH de~ende~~~ of the b~nd~~~ of LPS atad LZN, as assessed by 
theJluore.mme intensity qf DNS-LZM. -- In the previous study, we found that the 





COMPLEXATION BETWEEN LPS AND LYSOZYME 123 

3 
z OJJ 

0.0 0.5 1.0 1.5 2.0 

Concn. of NaCl (M) 

Fig. 7. Effect ofNaClconcentrationson the Fl-intensity ofcomplex. [DNS-LZM (5pg) was added to PBS (1 
mL) containing 6-2~ NaCI. The 01 I I LPS (50 ,ug) was added, the mixture incubated for 15 min at 37”, and 
the Fl-intensity wasmeasured. The inset shows thestability ofthecomplex in variousconcentrationofNaC1. 
DNS-LZM (100 pL, 50 pg/mL) was added to 50 PL of 0111 LPS (100 pg/mL) and incubated for 40 min at 
37”. Each complex was then added to 1 mL of PBS containing various concentration of NaCl. The 
Fl-intensity was measured immedately after mixing (FI-0) and after incubation for 15 min at 37” (Fl-15). 
Changes of the Fl-intensities during I5 min (FI-I 5))(Fl-O), are indicated as each bar]. 

2 

pH of buffer 

Fig. 8. Effect of pH on the FI-intensity of the complex. [DNS-LZM (5 pg) was added to 1 mL of PBS, 0.1~ 
acetate buffer, or 0. IM Tris-HCI buffer at various pH values. The 0111 LPS (50~1,100 pg/mL) was added, the 
mixture was incubated for 15 min at 37”, and the FL-intensity was measured. 0, PBS; l , acetate; A, Tris. 
Insets (a) and (b) show the stability of the complex in acetate buffer (a) and in Tris buffer (b), respectively. 
DNS-LZM (IOOpL, SO pg/mL) was added to 50 PL of 0111 LPS (lOOgg/mL) and the mixture was incubated 
for 40 min at 37”. Each complex was then added to 1 mL of acetate (or Tris) buffers having various pH values. 
The Fl-intensity was measured immedately after mixing (Fl-0) and after incubation for 15 min at 37” (or 50”) 
(Fl-15). Changes of the Fl-intensities during 15 min (Fl-IS)(Fl-0) are indicated as each bar]. 
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LZM as well as DNS-polymyxin R have their own specificities for increasing H- 

intensities according to the environment of [he DNS-group. such as specific pcptidr- 

sequences, and (I’) the amphiphilic property of LPS is important l;rr flul)rei;cencc’. and 

the kinetics of binding are dependent on the fluidit) of atnphiphilzs ;I> well as on the 

molecular weight of DNS-dcrivalives. 

LZM c~nz_~w~ic~ cwtirrlr it? riw ptx~scwcx~ of mnphi$rilr~.c. The tnhihition ofenqmic 

activity of LZM by both s- :~nd r-LB is dependent on ttrnc snd temperature. The 

enzymic activity of L%M is alao inhibited hy Sederal detergents as ctebcribcd in Table II, 

but not in exactly the same manner as detergents shou’tng Hugh FI-tntcnsitie\ wlfh 

DNS-LZM. For example, 4, 12, and 2 showed enzyme inhibitirvl~ but did not increase 

the H-intensity. whereas Cctavlon (7) did not inhibit enzymic acttvrty but did increase: 

the H-intensity. Considering these results. at least two kinds c~iin~eructi~~ns CUXI~ with 

LZM. 
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Time(min) 

Fig. 10. Kinetics of the complex formation between Cetavlon and DNS-derivatives. [(u) (upper) Kinetics of 

formation of Cetavlon-DNS-LZM complex at various temperatures. DNS-LZM (100 FL, 50 pg/mL) was 

added to 1 mL of PBS and IOOpL of Cetavlon (1%) was added. The Fl-intensity (490 nm) was monitored for 
10 min at various temperatures. A, IO”; 0, 25”: 0, 37”; A, 50”. (h) (I owvr) Kinetics of formation of 

Cetavlon-DNS-Leu complex at various temperatures. DNS-Leu (100 /tL, 1.5 PgimL) was added to 1 mL of 

PBS and 100 pL of Cetavlon (1%) was added. FI-intensity (490 nm) was monitored for 10 min at various 

temperatures. @,, 10”; l , 25‘; 0, 37”; A, 50”]. 

TABLE II 

Effects of detergents on the enzymic activity of lysozyme” 

Detergent 

1 

2 
3 
4 
5 
6 
I 
8 
9 
10 
11 
12 
13 

14 

15 

(l-sodium decanesulfonate) 

(sodium octadecanoate) 

(sodium dodecyl sulfate) 
(sodium deoxycholate) 

(lithium dodecyl sulfate) 
(cetylpyridinium chloride) 

(Cetavlon) 
(dodecyltrimethylammonium bromide) 

(Triton X-100) 

(Nonidet P-40) 

(Tween20) 

(n-octy] b-D-gtucopyranoside) 
(3-[(3-cholamidopropyl)dimethylammonio]- l-propa- 

nesulfonate) 

(3-[(3-cholamidopropyl)dimethylammonio]-2- 
hydroxy-propanesulfonate) 

(Cardiolipin) 

++++++++ 
++++++++ 
++++++++++ 
+++++ 
++++++++++ 

+++++ 

++++++ 

++++ 
++++++++ 

a + inhibition, - activation, no effect. 
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LZM is known to show fusogenic properties and has the capability for insertion 
into micelles’7,‘8. In these micelles, the LZM molecule is protected from the proteolytic 
digestion. LZM is also known to bind to cardiolipin, SDS, and phosphatidic acid, and 
LZM can also act in certain organic solvents’y~22. All of these lines of evidence support 
the binding of LZM to LPS. In addition, we have studied the reactivity of the LZM-LPS 
complex with several anti-LZM monoclonal antibodies, HyHEL-5,8,9,10, and 11, and 

found that reactivity to antibodies against all of the domains were significantly de- 
creased”. Considering these facts, the LZM molecule appears to be inserted relatively 

deeply into the LPS aggregate, and the dimensions of the inserted portion are modified 
by changing the reaction pH. 

LZM is a hydrolytic enzyme of bacterial cell-walls and acts at the stage of initial, 
nonspecific self-defense at a variety of sites. The isoelectric point of LZM is very basic. 

Several antimicrobial proteins and peptides are found in a variety of organisms, and 
many of these have basic pI values. Polymyxin B, an antimicrobial antibiotic, has a basic 

p1 and has similar properties to LZM, such as binding to micelles and inhibition of the 
biological activities’3.‘4 of LPS. Myelin basic protein also inhibits the immunopharmac- 

ological activities of LPS and has the ability to interact with biological membranes’5326. 

The mechanisms of action of each of these antimicrobial substances appear to be 
individual but similarities in their biochemical and biophysical properties permitted us 

to presume some similarities also in their mechanisms of action. 
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