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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 | 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,
itis 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
of immunopharmacological activities. For the amphiphiles used in this study, sodium dodecyl sulfate (SDS),
3-[(3-cholamidopropy!)dimethylammonio]-1-propanesulfonate (CHAPS), 3-[(3-cholamidopropyl)dimeth-
ylammonio]-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 molecules™. 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 12-17, 1990.
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enzymic activity of LZM as well as the biological activity of the LPS"™ . Difficulties in
investigating the interactions of LPS with the host-cell components arise from the
structural heterogeneity of LPS, such as smooth and rough variants. The smooth forms
of LPS usually constitute mixtures having O-polysaccharide of various chain-lengths.
The biologicallv active lipid A part also has some heterogeneity in iy substiiuents.
During studies on the interaction of LPS and LZM, we have observed the enhancement
of fluorescence intensity of dansylated-LZM in the presence of LPS.

We show here the characteristics of interaction between LPS and LZM by using
various dansylated derivatives under a variety of reaction conditions.

EXPERIMENTAL

Materials. — Egg-white lysozyme (LZM). lipopolysaccharide from Escherichia
coli 0111 and Salmonella minnesote ReS9S, dansyl chlonide, polymyxin B sulfate. and
Micrococcus [vsodeikticus were purchased from Sigma Chemical Co. Detergents used
were: sodium 1-decanesulfonate (1); sodium octanocate (23 sodium dodecyl sulfate
(SDS, 3); sodium deoxychoelate (4); lithium dodecyi sulfate (5): cetyipyridinium chloride
{6}, Cetavlon (7% dodecyltrimethylammonium bromide (8), Triton X-100 (TritonX. 93
Nonidet P-40 (NP-40. 10% Tween 20 (Tween. 11 octyl fi-p-glucopyranoside (12):
3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate (CHAPS, 13y 3-{(3-
cholamidopropylidimethylammoniol]-2-hydroxypropancsulfonate ({CHAPSO.,  14);
and cardiolipin {15).

Preparation of dansviated [vsozvime (DNS-LZM). LZM was labeled with
I-dimethylaminonaphthalene-S-sulfonyl{dansyhy chloride by puhlished procedures’
with shght modifications ax follows: To a solution of LZM {35 mygy dissolved m 0.1y
NaHCO, (25 mL). dansyl chioride (2 mg) in acetone (2.5 mb) was added at 3 - The
mixture was stirred gently overnight at 4. The resulting nondialyzable fraction was
passed through a column of Dowex 1-X8 resin {10 mL) cquilibrated with 0.1 v NaHCO,,
and the eluate was dialyzed against phosphate-buflered saline {(PBS), pH 7.2, {or 48 h.
The resulting solution was frozen until use. The concentration of DNS-LZM wus
measured by the Lowry Fohn method.

Preparation of dansylated polymyxin B (DNS-PB). - Polvmyxin B (PB) was
labeled with dansyl chloride by published procedures™ with shght modification as
follows: To a solution of PB (100 mg) dissolved in 0.1m NaHCO, (10 mL). dansy!
chloride (25 mg) in acetone {5 mbL) was added at room temperature. The mixture was
kept overnight at room temperature after sonication. The resutting solution was passed
through a column of Dowex 1-X8 (10 mL) equilibrated with .1y NaHCO,. The cluate
and 60% ethano! eluate were pooled. and the combined solution was evaporated and
dissolved in PBS.

Measurements of fluorescence spectra. - Fluorescence of DNS-derivatives were
measured at constant temperatare with a Hitachi 630-40 fluorescence spectrophotos
meter at the excitation wavelength of 340 nm. and emission spectra were monitored
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from 440 to 560 nm. For quantitative or kinetic measurements, an emission wavelength
of 500 nm was used.

Calculation of affinity 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 = (f/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 ug/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:

1/B = 1/n[LPS] x K/F + 1/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. Ilysodeikticus. Lysozyme solution (25 ul)
dissolved in PBS (10 ug/mL) were mixed in a micro plate with or without LPS (1 mg/mL)
(10 uL), 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 L. 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 (Fl-intensity) of
DNS-LZM was significantly increased'’ in the presence of both smooth and rough
LPSs. Fig. 2 shows representative fluorescence spectra of DNS-L.ZM 1n the presence
and absence of LPS, and Fig. 2 (inset) also shows a representative dose-response curve
of DNS-LZM in the presence of LPS. Asdiscussed later more preaisely, the Fl-intensity
of DNS-LZM was significantly increased by the addition of LPS. To determine the
specificity of the Fl-intensity, the parent LZM was mixed with DNS-LZM and the
Fl-intensity was compared with that in the presence of LPS. As shown m Fig. 3, the
Fl-intensity showed a dose-dependent decrease, suggesting the equivalence of binding
between LZM and DNS-LZM . Considering these facts, monitoring the Fl-intensity of
DNS-LZM may be useful for characterizing the binding of LZM and LPS. As discussed
later. the ratio showing the highest Fl-intensity was ~ 1.2 (w w, LZM/LPS). Incontrast,
inhibition of the enzymic activity required a greater amount of LPS, namely 1120 (w/w.
LZM/LPS). It 15 assumed that the complex is produced by relatively complicated
processes.

Temperature dependence of the hinding of LPS and LZM us assessed by the
fuorescence intensity of DNS-L.ZM. — To examine the influence of reaction conditions
on the interaction of LPS and LZM. the kinetics of the Fl-intensity were monitored at
various temperatures. A final concentrations of 5 uyg/mbL of £ ¢/ 0111 LPS and 5
pg/mL of DNS-LZM were used in this study. As shown in Fig. 4, the Fl-intensity
depended significantly on the temperature. The Fl-intensity reached a maximum after
20 min or morce incubation below 377, 10 min at 507, and 1 min at 707, The maximum
Fl-intensity was also dependent on the reaction temperature. Higher reaction temper-
atures gave higher Fl-intensities, except that, at 70 the Fl-intensity was lower than at
37" in the case of 0111 LPS, because (¢) DNS-LZM itself extubited a signithcantly
elevated level of Fl-intensitv at the higher temperature (time O in Fig 4a and b) and (h)
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Fig. 1. Comparison of the enzymic activity of LZM and DNS-LZM in the presence or absence of LPS.
[LZM or DNS-LZM (0.25 ug) were mixed with £, coli 0111 LPS (10 peg) and incubated for 10 min at 37
Then, M. lvso. cells {200 pg) were added and turbidity was measured at appropriate intervals. | . LZM; @.
DNS-LZM:; AL LZM + LPS: 4. DNS-ILZM + LPSL
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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 (5 ugin 1 mL of PBS), distilled water, E. coli 0111 LPS (5 ug) or Cetavion (100
#g) were added. After 15 min of incubation at 37°, Fl-intensity was measured. The inser shows the
dose-response curve of Fl-intensity of the LPS-DNS-LZM complex. To a solution of DNS-LZM (5 ug) in |
mL of PBS, aliquots of E. coli 0111 LPS were added. After 15 min of incubation, Fl-intensity was measured
as described in the section].
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Fig. 3. LZM and DNS-LZM similarly bind to E. ¢oli 0111 LPS. [Various quantities of LZM were mixed
with DNS-LZM (5 gg) in 1 mL of PBS. To the mixture, 5 ug 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 1:0 (O); 1:0.1 (@); 1:02 (A); LL(V); 1:2(¥); 14 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.
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The fluorescence intensity of DNS-LZM was also significantly increased in the
presence of rough (r-) LPS. Final concentrations of 5 ug/mL of Salmonella minnesota
Re595 LPS and 5 pg/mlL of DNS-LZM were used in this study. Fig. 4b shows the
Fl-intensity of DNS-LZM in the presence of Re595 LPS. The intensity was also time-
and temperature-dependent. Comparing s- and r-LPS. the Fl-intensities at 70 were
different. As shown in Fig. 5. the binding of 0111 LPS reached a maximum at 55, but
that of Re59S was still increasing even at 707, These differences were also observed in the
previous' results of enzyme inhibition, where significant enzyme inhibition by Re393
LPS was shown above 50 instead of at 37 in the case of 0111 LPS. and results from the
differences of the physicochemical properties of micelles of each LPS.

To examine the binding more precisely, as the binding seems to be multiple and
apparently involves irreversible processes, Scatchard analysis was performed to confirm
the temperature dependence of the binding force. To estimate athmties. it is hypothe-
sized that the Fl-intensity of the reaction mixture has a linear relationship to the
quantity of LPS bound to DNS-LZM. Using this estimation. the percentage of LPS-
bound DNS-LZM was calculated and affinities were estimated from the Scatchard
analysis. Fig, 6 summarizes the percentage of DNS-LZM binding at various ratios and
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Fig. 4. Temperature dependence of the Fl-intensity of complex. [(a) (upper) Kinetics of formation of the
0111 LPS-DNS-LZM complex at various temperatures. DNS-LZM (5 pg) and 0111 LPS (5 ug) were mixed
in 1.15mL of PBS at various temperatures and the Fl-intensity (emi 490 nm) was monitored for 20 min at the
indicated temperatures. . 107 A. 2570, 37 @. 307 AL 707 (B (owery Kinetics of formation of the
Re595 LPS-DNS-LZM complex at various temperatures. DNS-LZM (5 jg) and Red95 LPS (5 ug) were
mixed in 1.15 mL of PBS at various temperatures and the Fl-intensity (490 nm) was monitored for 20 min st
the indicated temperatures. 70 37 . @, S0 AL 707,
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Fig. 5. Stability of the LPS-DNS-LZM complex by lowering temperatures. {The LPS-DNS-LZM complex-
es(5SugLPSand 5 ug DNS-LZM in 1.15mL 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; (O, ReS95 LPS).
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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% 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. (. 25° @, 37°;
A, S0°; A, 100% binding].

at various temperatures. Theoretical values (100% binding) of the Fl-intensity at each
temperature are different, and thus Fig. 6 was prepared after normalizing each value.
Calculated from this Figure by using the equation described in Materials and Methods,
it is suggested that the dissociation constant of G111 LPS and DNS-LZM is be 0.1 (25°),
0.08 (37°), and 0.02 (50°) uM ~'. 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.

Tonic strength and pH dependence of the binding of LPS and LZM, as assessed by
the fluorescence intensity of DNS-LZM. — In the previous study, we found that the
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enzymic activity of LZM was inhibited by LPS and the inhibition was more significant’’
atacidic pH'. To determine the correlation between Fl-intensity and enzyme inhibition.
the Flantensity of the LPS-DNS-LZM complex at various pH values and jonic
strengths were *xzamineu F :g 7 shows the Flantensity of the complex prepared in

various concentration of NaC'l, The Fl-intensity was the strongest at the lowest ronie
strength and gradually decreased to 0.5m Na(l, and only very weak Hluorescence was
observed above 0.5m NaCl suggestung that the complex cannet be produced above §.5v
NaCl. As described in the previous section, the complex. once produced 1s relativels
stable and this was not disseciated by dilution. To determine the stability of the complex
at higher salt concentrations, the complex was added (o various concentrations of Na(l
sofution and the Fl-intensities were compared. The Flantensity of the complex immie-
diately after addition of virious concentrations of NaCl was strongly dependent on the
1onic strength, thus 62 (O} .5?@(3 0753 50001 5mp, 45 (v and 421 29). suggesting a
dependence. at least i part. of the Flantensity to the rome sirength of the environment.
However, even in 2y NaCl the Flantensity was stronger than that produced m 2u
NaCl asshown in Fig. 7. and was only slightly changed over {5 min (Fig, 7odnsern o
suggested that the comples s dlso stable over @ wide range of sult concentrations.
Inhibition of the enzynuc activity of LZM by LPS is modified by various compounds.
such as. detergents, the antibiotic polymvxin B, NaClL and by distaloganghoside. In the
case of NaCllincreasing the NaClconcentration{ ~ (.23} al md eased the mhibitory
effect of LPS. Considering these facts, the enzyme inlubition dnld Fleinergase by LPS
appear 1o be closely zﬂclafed phenomena. The available evidence suggests thut 1omie ax
well as hyvdrophobic interactions between LZM and L P% are important tor comples
formation. and thus NaCl affects the tonic interaction of LZM and 1.P5.

As already described. cnzyme inhibition by LPS i dependent on pHL The
Fl-intensity of the comples over various pH ranges were measured by using three buffe
systems. Tris (0. 1u). acetate (0. 1M), und phosphate-buffered saline (Fig. 83 Interestuing-
ly, the Fl-intensity wus significantly dependent on pH and the bulfer used. Higher
Fl-intensities were observed ut high pH i all three buffer svstems. and the pH depend-
ency was high in acetate and Tris and low in phosphate. In contrast 1o the corzyme

inhibition. especially at pH 4 acetate buffer, only g shightinerement of the Flanrensin
was observed. in contrast to thatat the other reaction pH values. Axthe enzymic activin,
of LZM was significantly inhibited at pH 4, & pH dependence of the Fi-intensity would
exhibit negative correlation with the enzvme inhibition. Considering these facts it is
suggested that there are at feast two kinds of binding sites on LZM. onc being strongly
related to Fl-intensity and the others to enzyme inhibition.

To determine the stability of the complex at various pH values, the cot nplcx Wi
prepared at pH 7 and diluted under various conditions as shown i Fig, 8 dinscr a. by, As
in the case of 1onic strength, the complex was very stable under these umd!imm and
showed significant Fleintensiy at pH 4 during 15 min ay 37

Specificity of the fluvrescence of LZM-LPS complex.  The LPS-LZM complex
is physiclogically important h‘czause for exampie, addition of LPS 1o such hminuw;i?
fluids as serum. saliva. and mitk. inhibits LZM activity™ To exanine the speciticity o
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Fig. 7. Effect of NaCl concentrations on the Fl-intensity of complex. [DNS-LZM (5 ug) was added to PBS (1
mL) containing 0-2M NaCl. The 0111 LPS (50 ug) was added, the mixture incubated for 15 min at 37°, and
the Fl-intensity was measured. The inset shows the stability of the complex in various concentration of NaCl.
DNS-LZM (100 uL, 50 ug/mL) was added to 50 uL of 0111 LPS (100 xg/mL) and incubated for 40 min at
37°. Each complex was then added to | 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° (FI-15).
Changes of the Fl-intensities during 15 min (FI-15)~(F1-0), are indicated as each bar].
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Fig. 8. Effect of pH on the Fl-intensity of the complex. [DNS-LZM (5 ug) was added to I mL of PBS, 0.1m
acetate buffer, or 0. 1M Tris-HCl buffer at various pH values. The 0111 LPS (50 !, 100 ug/mL) was added, the
mixture was incubated for 15 min at 37°, and the Fl-intensity was measured. O, PBS; @, 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 (100 xL, SO ug/mL) was added to 50 uL of 0111 LPS (100 #g/mL) and the mixture was incubated
for 40 min at 37°. Each complex was then added to I mL of acetate (or Tris) buffers having various pH values.
The Fl-intensity was measured immedately after mixing (F1-0) and after incubation for 15 min at 37° (or 50°)
(F1-15). Changes of the Fl-intensities during 15 min (F1-15)-(F1-0) are indicated as each bar}.
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binding between LPS and LZM, the Fl-intensities of other DNS-derivatives and
amphiphiles were compared.

The first experiment was designed to use several detergents listed in Table 1
instead of LPS. and the Fl-intensities were compared. Fig. 2 shows a representative
Huorescence profile between DNS-LZM and Cetavion (7). The Fi-intensity of DNS-
LZM was significantly increased as low as 20 gg/mbL in the solution and reached a
maximum at & concentration of 100 gg/mL (Fig. 943 The maximum Fl-intensities
caused by Cetavion were significantly stronger than those caused by LPS. The resulis
with derivatives are summarized in Table I Significant Flamtensitics were observed with
CHAPSO (14). CHAPS (13). SDS (3). Cetavion (7)., and cardiclipin {(15), but not with
sodium deoxycholate (4), Triton X-100 (9), NP-40 (10). and #-ocivl fi-p-glucopyrano-
side 12,

To determine the specificity of DNS-LZM. some DNS-derivatives were used
instead of DNS-LZM. The fluorescence intensity of DNS-polymyxin B was also
increased in the presence of LPS. However, none of the DNS-aminoe acids. basic or
hydrophobic, showed an increase in Fl-intensity by LPS.

The Fl-aintensities of various DNS-derivatives vy detergents were also examined,
Results are shown in Table 1. As already described. the Fluintensity of DNS-polymyxin
B was increased by the addition of smooth as well as rough LPS. The Flantensities of
DNS-polymyxin Bwere also mnercased by several detergents. The Fl-intensities for some
of the detergents (especially Triton X100y could not be determined because of very high
background. Interestingly. the Flantensity of DNS-polvmivxin B owas significanthy
mcereased by the addition of 2, whereas the Fl-intensity of DNS-LZM wus not increased.
Furthermore, the Flintensitics with Cetavion and SDS were significantly tower than
those observed in DNS-LZM The Flintensities of DNS-amine acids were not in-
creased by LPS. but some of the detergents, such as Cetavion. SIS, and cardiohpin,
increased the Fl-intensity {Table 1). Dose responses of Flantensity of DNS-anuno acids
are shown in Fig, 9. Interestingly. DNS-derivatives of basic amino acids (cadaverine,
arginine, and lysine) showed higher Fl-intensities in SDIS. and those of hyvdrophobie
amino acids (phenyialanine and leucine) showed higher Fiontensities in Cetavion,
Considering these facts, the environment of the DNS-group appears to strongly influcn-
ce the reactivity. It is noteworthy that the Fluintensity of DNS-LZM was suturated at
the lowest concentration of detergents used with both §DS and Cetavion,

As already described, the binding of LZM to LPS was dependent on time as well
as temperature, and higher temperatures induced a higher Flantensity over a shorter
period of time. To compare the kinetics of binding between LPS and detergents to LZM.
Cetavlon was added 1o DNS-LZM at various reaction temperatures. 1o examine the
specificity. DNS-Leu was also used. As shown in Fig. 10, the maximum Fi-intensity was
observed at 2537 in the case of the DNS-LZM-Cetavion complev. Furthermore. the
DNS-Leu-Cetavion compiex was produced at lower temperaiure. soon after nixing.

Considering these facts, 1t s suggested that (o) mercasig the Flantensities by
dansylated derivatives s specific for substances having high athinity to LPS. hecause
LZM and polymyxin B were the only substances 1o increase fluorescence. () DNS-
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Fig. 9. Fl-intensity of various DNS-derivatives in amphiphilies. [(a) (upper) Fl-intensity of various DNS-
derivatives in the presence of Cetavion. DNS-LZM (100 gL, 50 gg'mL) or DNS-amino acids (1.5 gg mL)
were added to | mL of PBS. Cetavlon {7) was added to the concentrations indicuted in the Figure and the
Fl-intensity was measured. . LZM: @. Phe: /. Arg; A, Leu: [, Lys; W cadaverine. (b) (fower)
Fl-intensity of various DNS-derivatives in the presence of SDS. DNS-LZM (100 gL 30 ug.mL) or
DNS-aminoacids (1.5 zg:mLywas added to | mL of PBS. SDS (3) was added to the concentratons indicated
in the Fig. and Fl-intensity was measured. . LZM: @, Phe. AL Arg: 4. Leu [ Lve: B cadaveline]

LZM as well as DNS-polymyxin B have their own specificities for increasing Fl-
intensities according to the environment of the DNS-group. such as specific peptide-
sequences, and (¢) the amphiphilic property of LPS is important for fluorescence. and
the kinetics of binding are dependent on the fludity of amphiphiles as well as on the
molecular weight of DNS-derivatives.

LZM enzymic activity in the presence of amphiphiles. -~ The inhibition of enzymic
activity of LZM by both s- and r-LPS is dependent on time and temperature. The
enzymic activity of LZM is also inhibited by several detergents as described in Table 11,
but not in exactly the same manner as detergents showing high Fl-intensities with
DNS-LZM. For example. 4, 12, and 2 showed enzyme inhibition, but did not increase
the Fl-intensity, whereas Cetavion (7) did not inhibit enzyvmic activity but did increase
the Fl-intensity. Considering these results. at least two kinds of interactions occur with
LZM.
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Fig. 10. Kinetics of the complex formation between Cetavlon and DNS-derivatives. [(a) (upper) Kinetics of
formation of Cetavlon-DNS-LZM complex at various temperatures. DNS-LZM (100 xL, 50 gg/mL) was
added to 1 mL of PBS and 100 L of Cetavlon (1% ) was added. The Fl-intensity (490 nm) was monitored for
10 min at various temperatures. A, 10°; @, 25°; O, 37°; A, 50°. (b) (lower) Kinetics of formation of
Cetavlon-DNS-Leu complex at various temperatures. DNS-Leu (100 L, 1.5 ug/mL) was added to 1 mL of
PBS and 100 uL of Cetavlon (1%) was added. Fl-intensity (490 nm) was monitored for 10 min at various

temperatures. A, 10°; @,25% O, 37°; A, 50°].

TABLE 1l

Effects of detergents on the enzymic activity of lysozyme*

Detergent
1 (1-sodium decanesulfonate) 4+ ++++++
2 (sodium octadecanoate) ++4++++++
3 (sodium dodecyl sulfate) + 44+ +++++
4 (sodium deoxycholate) 44+ +
5 (lithium dodecyl sulfate) Fhr Attt
6 (cetylpyridinium chloride)
7 (Cetavlon)
8 (dodecyltrimethylammonium bromide)
9 (Triton X-1000 e
10 (NonidetP-40) e
i1 (Tween20) e
12 (n-octyl f-p-glucopyranoside) +++++
13 (3-[(3-cholamidopropyl)dimethylammonio}- { -propa-
nesulfonate) 44+
14 (3-[(3-cholamidopropyl)dimethylammonio]-2-
hydroxy-propanesulfonate) ++++
15 (Cardiolipin) ++++++++

a

+ inhibition, - activation, . no effect.
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DISCUSSION

The binding of LZM to LPS inhibits the biological activities of LPS as well as the
enzymic activity of LZM. The purpose of this study was to clarify the charactenstics of
binding between LZM and L.PS as precisely as possible. Dansvlation of LZM 1s thought
to modity only one Lvs residue’. Increasing the Fl-intensity of the DNS-group appears
to be mediated by the interaction or close associaton of the DNS-group with a certain
part or parts of LPS molecule. Enzyme inhibition of LZM s alse be mediated by the
interaction of the uctive site with LPS. In the previous study. we tound that the opiimum
ratio for inhibition of enzymic activity of LZM wus ~ 20025 g 0111 LPS e LZM,
suggesting that only some LZM molecules bind to one aggregated structure of 0111
LPS. The immunopharmacelogical activities of LPS are modified by LZM in the ratio
of Lug Re 395 LPS 1 5 pep LZM . Interesuingly. the Fl-intensity was saturated approxi-
matelyinthe rato of 1 g 011 LPS/ T g LZM. Considering these facts, several kinds of
binding may occur between LZM and LPS. The {oilowing evidence also supports this
concept. As deseribed in this paper. binding of LPS to LZM 1 found o be ume-
dependent; the complex is gradually produced becomes stabilized within 20 min at 37 |
Hdminat 50 . and P minat 707 The maximum level of binding is also dependent on the
reaction temperatare. and more complex 1 formed at higher temperature. Complex
formation is strongly dependent on the concentration of salt and complexation is not
observed at > 0.53 NaCl, However, the complex produced at lower salt concentration is
stable at high salt concentration. It is also suggested that the complex formation
depends on pH., with better complexation at higher pH. As with the salt stability, the
complex was also stable ut low pH. However. as discussed later. the pH dependence of
complex formation was not positively correlated with enzyme inhibition.

From the collected evidence of the Flintensitios of varioas DNS-derivatives and
amphiphiles. 1t is concluded that LZM interacts with LPS by multiple binding-modes.
The first as strongly related to the enzyme inhibition, the second is close to the
Fl-intensity, and the third 15 dependent on the inhibition of immunopharmacological
activities. However, it is possible that at least a part of cach binding mode covers the
same region of the molecules, und the exact binding sites related to each phenomenon
are certainly not clarified yet. Additonally, the binding mode of Cetavion was similar to
the second one: sodium deoxycholate (4). 12, and 2 were sinnlar to the first. and SDS (31,
CHAPS (13). CHAPSO (14}, decansulfonic acid (1), and cardiolipin (15} include the
first and the second modes of binding. The affinities of cach made were strongly
dependent on pH: enzymic activity was strongly inhibited at lower pH, but the Fl-
intenstty was increased at mgher pH. In addition, the kinetics of complex formation
between LZM and LPS wus also dependent on the reaction temperature; higher
temperature required shorter times for saturation. The kinetics were also controlled
both by the fluidities of LPS and LZM. because the kinetics of the LZM-Cetavion
complex and the DNS-Leu-Cetavion complex were saturated faster than the LZM-LPS
complex.
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LZM is known to show fusogenic properties and has the capability for insertion
into micelles'”'®, 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'* . 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 pl values. Polymyxin B, an antimicrobial antibiotic, has a basic
pl and has similar properties to LZM, such as binding to micelles and inhibition of the
biological activities™** of LPS. Myelin basic protein also inhibits the immunopharmac-
ological activities of LPS and has the ability to interact with biological membranes**.
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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