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Abstract—The bis-quaternary ammonium compounds (QACs) consisted of two identical alkylpyridinium rings and a bridge
structure linking the rings to each other. The QACs have a methylene bridge except for 4DCABP-P,12 which has a phenyl ring as a
bridge. These bis-QACs are as follows; amide type: N,N'-tetramethylenebis(1-dodecyl-4-carbamoylpyridinium iodide) (4BCAP-
4,12), N,N’-hexamethylenebis(1-decyl-4-carbamoylpyridinium iodide) (4BCAP-6,10), anti-amide type: 4,4'-(1,4-tetra-
methylenedicarbonyldiamine)bis(1-decylpyridinium  iodide) (4DCABP-4,10), 4,4'-(1,4-tetramethylenedicarbonyldiamine)bis
(I-dodecylpyridinium iodide) (4DCABP-4,12), 4,4'-(1,4-phenyldicarbonyldiamine)bis(1-dodecylpyridinium iodide) (4DCABP-
P,12), ester type: 4,4'-(1,6-hexamethylenedioxydicarbonyl)bis(1-dodecylpyridinium iodide) (4DOCBP-6,12), thioether type:
4,4'-(1,6-hexamethylenedithio)bis(1-octylpyridinium iodide) (4DTBP-6,8). From the investigation of the relationship between the
median lethal dose (LDsg) and the minimum inhibitory concentration (MIC) of these compounds, 4DTBP-6,8 as a disinfectant,
seems to be very safe for human cells. The global minimum of 4DTBP-6,8 were searched and 1125 conformers obtained. The sol-
vation free energy (dAGW) of nine samples, which were extracted from these 1125 conformers, was calculated and two minimum
points of dGW were observed. In the conformer—energy analysis of four types of model bridge-molecule, the thioether type bridge
indicated a gradual energy increment, while the other three (amide, anti-amide, ester) types indicated an energy jump point in their
profiles. Then we considered that the delicate balance between hydrophobicity and structural feature in the bridge-region of
4DTBP-6,8 molecule seemed to be related to its safety antibacterial activity.

© 2003 Elsevier Ltd. All rights reserved.

Introduction

Hospital infections, such as Methicillin-resistant Sta-
phylococcus aureus (MRSA), are a social problem. The
safe extermination of bacteria is very important to
human health care. Quaternary ammonium compounds
(QACs), such as benzalkonium chloride or cetylpyr-
idinium chloride, have been used widely in clinical, food
production and health care. These compounds seem to
be safer than the disinfectants such as chlorine and glu-
taraldehyde, but they have irritating and cytotoxic effect
on human cells or tissues such as keratinocytes, fibro-
blasts, cornea and respiratory mucosa.'™* We designed
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and synthesized a series of antimicrobial mono-QACs,
and studied their bactericidal mechanism.>~!? In these
mono-QACs, a quantitative structure activity relation-
ship with molecular hydrophobicity,'>'* adsorb-
ability,!> surface activity,'® electron density of the
ammonium nitrogen,'”'® or bacteriostatic activity was
previously reported.’

On the other hand, the synthesis and the antimicrobial
activities of bis-QACs have been reported by Devinsky et
al.,'®1% and Pavlikova-Moricka et al.?° Kourai et al.
reported that N,N'-dialkyl-y,y’-dipyridinium diiodides
(PP-n,n) exhibited stronger antibacterial activity than
mono-QACs.? In addition, the antimicrobial character-
istics of PP-n,n, with two similar alkyl chains, were com-
parable to those of QACs with two different alkyl chains.
The synthesis and the antimicrobial or anti-tumor effects
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of polymeric QACs have also been reported.?!=23 Pre-
viously, we reported the synthesis of four types of novel
bis-QACs (Fig. 1): (1) amide type [4BCAP-4,12: N,N'-
tetramethylenebis(1 - dodecyl - 4 - carbamoylpyridinium
iodide), 4BCAP-6,10: N,N'-hexamethylenebis(1-decyl-4-
carbamoylpyridinium iodide)], (2) anti-amide type
[4DCABP - 4,10: 4,4’ - (1,4 - tetramethylenedicarbonyl-
diamine)bis(1-decylpyridinium iodide), 4DCABP-4,12:
4,4’ -(1,4-tetramethylenedicarbonyldiamine)bis(1 - dode-
cylpyridinium iodide), 4DCABP-P,12: 4,4'-(1,4-phe-
nyldicarbonyldiamine)bis(1-dodecylpyridinium iodide)],
(3) ester type [4DOCBP-6,12: 4,4'-(1,6-hexamethylene-
dioxydicarbonyl)bis(1-dodecylpyridinium iodide)], and
(4) thioether type [4DTBP-6,8: 4,4'-(1,6-hexamethylene-
dithio)bis(1-octylpyridinium iodide)]. These bis-QACs
consisted of two identical alkylpyridinium rings and a
bridge structure linking the rings to each other. The bis-
QACs have a methylene bridge except for 4DCABP-
P,12 which has a phenyl ring as a bridge.

In the present study, we aimed to compare the cyto-
toxicity of these compounds with widely distributed
antimicrobial benzalkonium chloride (Bz), especially
regarding cytotoxicity to human keratinocytes (normal
human epidermal keratinocytes of neonatal foreskin:
NHEK(F)) and human fibroblast (normal human
fibroblast cell lines: NBIRGB) which would most fre-
quently come into contact with such antiseptics if the bis-
QAC:s are included in any soap or cleaning liquid. We
also tested the effect on human normal erythrocytes and
T-cell lymphoma (JM) which is a model cell line for
lymphocytes, with regard to the situation where a user of
the antimicrobials has any injury on the skin resulting in
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QACs in the blood stream thereby contacting blood
cells in addition to contacting skin cells. From the
investigation of the relationship between 50% of lethal
dose (LDsy) and minimal inhibitory concentration
(MIC) of these compounds, 4DTBP-6,8 seems to be
very safe disinfectant for human cells. Then we analyzed
the structural features of 4DTBP-m,n conformers using
CONFLEX, and calculated the solvation free energy
(dGW). The value of dGW is considered one of the
parameters for hydrophobicity. We obtained dGW
using the molecular orbital calculations as
described.?*=27 Moreover we obtained the energy-con-
former profiles of four types of modeled bridge-mol-
ecules (amide, anti-amide, ester, thioether type), and
will discuss the effect of bridge feature both on anti-
bacterial activity and safety.

Results

Acute cytotoxic effect of bis-QACs on human cells

We examined the acute cytotoxic effect of these amide
type, anti-amide type, ester type, thioether type bis-
QACs (Fig. 1) on human normal epidermal keratino-
cytes from neonatal foreskin (NHEF(K)) and a normal
skin fibroblast cell line (NBIRGB), representing the
main components of the epidermis and the dermis.
Moreover, blood cells, which can come into contact
with these QACs when the skin is damaged or
injured, namely human normal erythrocytes and JM
cells as a model for the lymphocytes, were also used
(Table 1).
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Figure 1. Structures of bis-quaternary ammonium compounds (QACs). Four types of QACs: amide type (1), anti-amide type (2), ester type (3),

thioether type (4). Monomer type (5).
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Table 1. Acute cytotoxic effect of QACs on human cells

QAC LD50 in human cells (uM)*
NHEK(F) NBIRGB Erythrocyte M

Bz 1942 54+4 74+5 65+5
4BCAP-4,12 13+3 40+3 6+2 20+3
4BCAP-6,10 13+£2 31+3 18+2 22+4
4DCABP-4,10 4246 52+4 6+1 23+3
4DCABP-4,12 16+5 53+3 12+£2 30+4
4DCABP-P,12 3444 50+4 2243 46+3
4DOCBP-6,12 13+2 52+3 11+£3 S50+5
4DTBP-6,8 8+2 48 +4 25+4 41+4

Bz, benzalkonium chloride.
aMeans+SD (n=2).

All tested QACs completely killed the exposed cells in a
concentration range of 1073~10~* M. NHEK(F) cells
were the most susceptible to all QACs, although the
susceptibility to the QACs of the other three cell types
(NB1RGB, erythrocyte, JM) tested varied for each
QAC. Amide type QACs (4BCAP-4,12, 4BCAP-6,10)
had a similar degree of cytotoxicity toward NHEK(F).
The LDsy of 4BCAP-4,12 was lower than that of
4BCAP-6,10 in erythrocyte and JM. In the anti-amide
type 4DCABP-4,12, the LDsy, toward NHEK(F) was
lower than the other two compounds (4DCABP-4,10,
4DCABP-P,12), and the value was 16+5 puM. The
cytotoxicity (LDsy) of 4DOCBP-6,12 (ester type) and
4DTBP-6,8 (thioether type) toward NHEK(F) were
13+2 and 8+2 uM, respectively. Benzalkonium chlo-
ride (Bz) apparently seems to be a relatively mild
reagent among the antimicrobials tested, but anti-
microbial activity and the cytotoxicity side-effect must
be comprehensively evaluated. Thus, regarding a typical
compound from each type of QACs, we compared the
minimum inhibitory concentration (MIC) as the index
for antimicrobial activity.

Most susceptible and resistant strains, and the minimal
inhibitory concentration (MIC) are shown in Table 2.

Table 2. Most susceptible and resistant strains to QACs

QAC Strain MIC (uM)
Bz B. subtilis IFO3134 4.2
Bz P. mirabilis TFO3849 205
4BCAP-4,12 P. vulgaris ATCC13315 0.4
4BCAP-4,12 K. pneumoniae ATCC13883 12.5
4DCABP-4,12 P. vulgaris ATCC13315 <0.1
4DCABP-4,12 P. aeruginosa (all three strains) 12.5
4DOCBP-6,12 S. aureus IFO12732 3.3
4DOCBP-6,12 P. aeruginosa ATCC27583 80.0
4DTBP-6,8 B. subtilis IFO3134 <0.2
4DTBP-6,8 P. mirabilis IFO3849 10.0

Most susceptible and resistant strains was B. subtilis IFO3134 and
P. mirabilis TFO3849 to benzalkonium chloride (Bz); P. vulgaris
ATCCI13315 and K. pneumoniae ATCC13883 to 4BCAP-4,12; P. vul-
garis ATCC13315 and all three stains (Experimental) of P. aeruginosa
to 4DCABP-4,12; S. aureus IFO12732 and P. aeruginosa ATCC27583
to 4DOCBP-6,12; B. subtilis IFO3134 and P. mirabilis IFO3849 to
4DTBP-6,8, respectively.

The MIC range of 4BCAP-4,12 was 0.4-12.5 uM,
similar to the level of LDsy in human cells (Table 1).
Then cytotoxicity of 4BCAP-4,12 for human cells,
especially NHEK(F), erythrocyte, and JM, should be
concerned with complete disinfection. The MIC of
4DCABP-4,12 (<0.1-12.5 uM) was the same degree to
the LDso in NHEK(F), erythrocyte, JM; thus, a cyto-
toxic effect was feared. The MIC to Pseudomonas aeru-
ginosa ATCC27583 (80 uM) of 4DOCBP-6,12 was
higher than the LDsq value in four types of human cells,
therefore, this compound was not useful. 4DTBP-6,8
had a lower MIC range (<0.2-10.0 pM) than LDsj in
NBI1RGB, erythrocyte, JM, and was most useful among
the compounds tested in the present study. Surprisingly,
the MIC of Bz was 4.2-205 uM, and the range was
higher than the LDs in all human cells, the worst in this
regard among the compounds tested.

Effect of alkyl-bridge (m) and -chain (n) length in the
4DTBP-m,n molecule on bacteriostatic activity

4DTBP-m,n molecules consisted of two identical alkyl-
pyridinium rings with a bridge structure linking the
rings to each other have a methylene bridge (Fig. 2).
Next, we examined the effect of alkyl-chain (n) length
on the bacteriostatic activity. In 4DTBP-3,n derivatives,
alkyl-chain (n) length affected the minimum inhibitory
concentration (MIC) to Escherichia coli K12 W3110
(Fig. 2A). The MIC was unchanged up to 12 (n) of the
alkyl-chain length, and MIC increased at a chain length
of 14-18 (n). In 4DTBP-4,n,-6,n,-8,n and-10,n deriva-
tives, the MIC was almost unchanged at 8-12 (n), and
increased at an alkyl-chain length of 14-18 () as well as
for 4DTBP-3,n (Fig. 2B-E). Thus 8 (n) of alkyl-chain
length induced the lowest MIC in bacteriostasis.

Effect of the alkyl-bridge (m) length in the 4DTBP-m1,8
molecule on the MIC is indicated in Figure 2F. The
MIC decreased at a 3—6 alkyl-bridge (m) but the MIC
value increased at 8 (m) of bridge length. From these
results, an alkyl-bridge of 6 (m) and an alkyl-chain
length of 8 (n) (4DTBP-6,8) was the most useful anti-
microbial agent among the bis-QACs, which had been
examined in the present study.

Global minimum search and solvation free energy calcu-
lation for 4DTBP-m,8 derivatives

We performed the global minimum search for 4DTBP-
6,8 using CONFLEX (Fujitsu Ltd., Japan), and
obtained 1125 conformers. The energy profile of these
conformers is indicated in Figure 3. We extracted nine
conformers (samples 1-9), that showed the holding
process of 4DTBP-6,8. The energy level was —0.56
(sample 1) to 12.65 (sample 9) kcal/mol. To analyze this
holding process theoretically, their solvation free ener-
gies (dGW), which are considered as one of the para-
meters for hydrophobicity, were obtained by molecular
orbital calculations as previously described (a lower
dGW value indicates higher hydrophobicity).?>~27 The
correlation between the dGW values and the holding
process (samples 1-9, Fig. 3) of 4DTBP-6,8 are shown
in Fig. 4 (open circles in right panel). Two dGW



5038 K. Ohkura et al. | Bioorg. Med. Chem. 11 (2003) 5035-5043

(A) 100 0 (B)100 (€)1
4DTBP-3,n 4DTBP-4,n 4DTBP-6,n

80 | 80 | 80 -
S ol S w0l R
2 60 2 60 = 60
% 40 | Lé 40 o é 40 +

20} 2 / 20 |

_°/° o
OﬁL——o——o 0—0 no——-O"o/

8 10 12 14 16 18 8 10 12 14 16 18 8 10 12 14 16 18
Alkyl chain -(C\Hap4q) Alkyl chain -(CHap41) Alkyl chain -(CH2p41)
(D) 100 o (E)100 Fy 7
4DTBP-8,n 4DTBP-10,n s 4DTBP-m;8
8o L 8o f
= = — 5
=
E 60 | . / Z oof | ?’—"; )
L w| e 4, — o |
= = = 5t °
20 | 20 + 2
o
0—0—2 0Q—0 1
8 10 12 14 16 18 8 10 12 14 16 18 3 4 5 6 7 8 9 10
Alkyl chain -(C,H2p44) Alkyl chain -(ChH241) Alkyl bridge -(CH2) -

CnH2n+1— \ / CHZ)m—S——QI—C Hopn+1 : 4DTBP-m,n

Figure 2. Effect of alkyl-bridge (m) and alkyl-chain (n) length on minimal inhibitory concentration (MIC) in E. coli. The effect of alkyl-chain length
on MIC in 4DTBP-3,n (A), -4,n (B), -6,n (C), -8,n (D) and -10,n (E) derivatives, respectively. The relationship between the alkyl-bridge length and
the MIC in the 4DTBP-m,8 molecule (F).
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Figure 3. Global minimum analysis of 4DTBP-6,8. The global minimum of 4DTBP-6,8 was searched using CONFLEX. The conformer—energy
profile is shown in the panel. Nine samples were extracted from the 1125 conformers, and named samples 1-9. Each sample has two pyridinium
rings, and these rings were named as A and B in the holding process.



dGW (KJ)

z

-480

-500

-520

-540 |

-560

-580

-600

K. Ohkura et al. | Bioorg. Med. Chem. 11 (2003) 5035-5043

dGW (KJ)

-480

-500

-520

-540 |

-560

-580

123456789
Sample number

-600

123456789
Sample number

Figure 4. Solvation free energy of 4DTBP-m,8 derivatives. For
4DTBP-6,8, the solvation free energies (AGWs) of nine samples were
calculated using MOPAC. The relationship between sample number
and dGW is shown in the right panel (open circles). The dGW values
of the nine 4DTBP-4,8 samples are shown in the right panel (closed
circles). Similarly, the dGWs of 4DTBP-3.8 (open triangles), 4DTBP-
8,8 (closed triangles) and 4DTBP-10,8 (open squares) are shown in the
left panel.

minimum points (arrow; samples 1 and 9) were
observed. Thus two types of hydrophobic 4DTBP-6,8
conformers existed during the holding process. In the
4DTBP-4,8 analysis, 786 conformers were observed;
their energy levels were 0.59-11.40 kcal/mol (Fig. 5B).
The energy profiles and the holding process of these
conformers were similar to those of 4DTBP-6,8 (data
not shown). We extracted nine samples (samples 1-9) to
calculate the 4DTBP-4,8 dGWs as well as those for
4DTBP-6,8. The correlation between the sample num-
bers and the dGWs were similar to those of 4DTBP-6,8.
Two minimum dGW points were observed (arrow;
closed circles in right panel, Fig. 4).

Moreover, we searched the global minimum for other
4DTBP-m,8 derivatives, such as 4DTBP-3,8,-8.8,-10,8,
and obtained 951 (—1.30 to 9.19 kcal/mol, Fig. 5A), 1587
(—0.21 to 14.44 kcal/mol, Fig. 5C), 2349 (—0.83 to 15.19
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kcal/mol, Fig. 5D) conformers. Nine samples were
extracted from each derivative as for 4DTBP-6,8, and the
solvation free energy (dGW) was calculated. 4DTBP-3,8
had one minimum dGW point (arrow; open triangles in
left panel, Fig. 4). Other 4DTBP-m,8 derivatives also had
one minimum dGW point arrow in left panel; 4DTBP-
8,8 (closed triangles), 4DTBP-10,8 (open squares).

Acute cytotoxic effect of 4DTBP-m,8 derivatives

4DTBP-4,8 and -6,8 had two minimum dGW points
(Fig. 4), indicating different cytotoxic profiles to human
cells than those of 4DTBP-3,8, -8,8, -10,8. We next
examined the acute cytotoxic effect of 4DTBP-m,8 for
human skin fibroblasts (NBIRGB). 4DTBP-3,8 dose-
dependently (20-100 uM) expressed a cytotoxic effect
on NBIRGB cells, and reached 100% cytotoxicity at
100 uM (Fig. 6A). 4DTBP-8,8 and -10,8 also indicated a
dose-dependent cytotoxicity as did 4DTBP-3,8; 40 uM
of these derivatives expressed 100% cytotoxic effect on
the NBIRGB cells (Fig. 6D and E).

As shown in Figure 6B, 4DTBP-4,8 gradually expressed
cytotoxicity in the range of 20-60 uM, but the toxic
effect increased significantly over 60 pM. Both in the
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Figure 5. Energy profiles of bis-QACs. The global minimum of
4DTBP-3.8 (A), -4,8 (B), -8,8 (C), -10,8 (D) was searched using
CONFLEX as well as for 4DTBP-6,8. Nine samples (1-9) were
extracted for solvation free energy (dAGW) calculation (Fig. 4).

(A) 100 (B) 100 !
80 80
2 60 2> 60f
L ©
s 3
5 40 o 40}
= =
(3] (8]
20 20
oe——6 + + oe—¢
0 20 40 60 80 100 0 20 40 60 80 100
Concentration (M) Concentration (pM)
(C)100 (D)100 oo
80 80 |
2 60r 2 60
£ s
x x
)
g dof €
3 3
20 20
0e—e— - : . 0 . . . .
0 20 40 60 80 100 0 20 40 60 80 100
Concentration (uM) Concentration (uM)
(E) 100 9 * *

80

60

40t

Cytotoxicity (%)

20 +

0

0 20 40 60 80 100

Concentration (uM)

Figure 6. Acute cytotoxicity of 4DTBP-m,8 derivatives on NBIRGB.
The cytotoxicity toward human NBIRGB cells was examined. The
dose-response curves are shown as follows: 4DTBP-3,8 (A), 4DTBP-
4,8 (B), 4DTBP-6,8 (C), 4DTBP-8,8 (D) and 4DTBP-10,8 (E). Results
are the mean (4 SE) of three determinations.
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range of 1040 and 60-80 uM, 4DTBP-6,8 indicated
dose-dependent cytotoxicity (Fig. 6C). Thus these
4DTBP-4,8 and -6,8 derivatives had different cytotoxic
profiles on NB1RGB cells than those of other 4DTBP-
m,8 derivatives.

Energy profiles of bridge types

We next analyzed the energy—conformer profile of
four types of modeled bridge-molecules, which had
been examined in the present study. As shown in Fig.
7, the four types of model bridge-molecules (amide
type, anti-amide type, ester type, thioether type) were
constructed using the CAChe system, and were searched
for the global minimum using CONFLEX. The amide
type bridge-molecule had 297 conformers (Fig. 7A). The
heat of formation energy gradually increased from 31.96
kcal/mol (conformer No. 1) to 33.93 kcal/mol (con-
former No. 260), and the energy significantly jumped
(arrow) to 38.62 kcal/mol (conformer No. 297). The
anti-amide and ester type model molecules had 245
(15.70-23.28 kcal/mol) and 160 (34.45-44.11 kcal/mol)
conformers, respectively (Fig. 7B and C). They had
energy profiles similar to that of an amide type mole-
cule; energy jump points were observed (arrow in Fig.
7B and C).

In the thioether type model molecule, 241 conformers
were obtained by the CONFLEX search. The energy
gradually increased from 16.27 kcal/mol (conformer
No. 1) to 18.58 kcal/mol (conformer No. 241) (Fig.
7D). Thus the energy profile pattern of a thioether type
molecule was different from those of the other three
types of model molecules (amide type, anti-amide type,
ester type).

K. Ohkura et al. | Bioorg. Med. Chem. 11 (2003) 5035-5043

Discussion

Previously, we designed and synthesized a series of
quaternary ammonium compounds (QACs) with
antimicrobial activities and examined their structure—
activity relationships.?'=2* 4DTBP-6,8 indicated low
cytotoxicity for human cells, and the LDs, (Table 1)
was almost higher than the minimum inhibitory con-
centration (MIC) (Table 2). In contrast, the MIC
range (4.2-205.0 uM) of benzalkonium chloride (Bz)
was above the LDsy in all human cells (Table 1).
Thus, a Bz cannot be safe antimicrobial agents any-
time. 4DTBP-m,n derivatives had two identical alkyl-
pyridinium rings with an alkyl-chain structure linking
the rings to each other by an alkyl-bridge. In the
present study, we examined the effect of these alkyl-
bridge (m) and-chain (n) length on the minimum
inhibitory concentration (MIC) using E. coli K12
W3110. The relationship between the alkyl-bridge
length (m) and the MIC of 4DTBP-m,8 derivatives
are shown in Fig. 2F, the MIC became lowest at an
alkyl-bridge length of m=6. The alkyl-chain Ilength
(n) affected the antimicrobial activities of bis-QACs,
and the MIC on E. coli increased following a chain-
length dependency (Fig. 2A-E). From these results,
we considered that the best combination of alkyl-
bridge and chain length to be m=6 and n=38,
respectively. Therefore, 4DTBP-6,8 should be the
most useful and safest agent among the present deri-
vatives.

We searched the global minimum of 4DTBP-6,8 using
CONFLEX, and obtained 1125 conformers (Fig. 3).
Nine samples were extracted from these 1125 con-
formers in order of the energy (kcal/mol) level. As
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shown in Figure. 3, these nine samples (samples 1-9)
could be regarded as the holding process. In general,
hydrophobicity is one of the important factors for
pharmaceutical activities. The solvation free energy
(dGW) is concerned with hydrophobicity. We have
examined the relationship between dGW and biological
activity in drug design.?®?” The dGW value was defined
as free-energy changes for association in a vacuum
(dGWv) and in aqueous solution (dGWw) using mole-
cular orbital calculations (AGW =dGWw—dGWv).?’ In
the dGW analysis of 4DTBP-6,8, two minimum dGW
points were observed (open circles in Fig. 4 right panel).
We considered that two different types of 4DTBP-6,8
conformers existed, which had the same degree of
hydrophobicity (samples 1 and 9 in Fig. 3). Because
hydrophobicity should be related to association with the
cell membrane, we predicted that 4DTBP-6,8 had two
types of conformer-involved activity (e.g., cytotoxicity).
Indeed, 4DTBP-6,8 showed two break-points (at 40 and
60 pM) in cytotoxic effect on human NBIRGB cells
(Fig. 6C).

We also performed the global minimum search for
4DTBP-3,8, -4,8, -8.8, -10,8 derivatives, and obtained
951, 786, 1589, 2349 conformers, respectively (Fig. 5).
For each derivative, we extracted nine samples (samples
1-9) from these conformers as for 4DTBP-6,8, and cal-
culated the dGW values (Fig. 4). Two minimum dGW
points were observed in the 4DTBP-4,8 analysis as well
as for 4DTBP-6,8 (arrow; closed circles in Fig. 4 right
panel). On the other hand, 4DTBP-3,8 (open triangles),-
8,8 (closed triangles), -10,8 (open squares) derivatives
had one minimum dGW point (left panel in Fig. 4); thus
the existence of one hydrophobic conformer should be
expected for these derivatives. From these results, we
considered that 4DTBP-m,n derivatives should be divi-
ded into two groups (group 1: 4DTBP-4.8, -6,8; group
2: 4DTBP-3,8, -8,8, -10,8), and we expected that each
group would have distinctive activity to human cells
(e.g., cytotoxicity, hemolysis). Indeed, 4DTBP-3,8,-8,8,
-10,8 showed a cytotoxic activity dose-dependence
toward NBIRGB cells, while 4DTBP-4,8 and -6,8 had
a non-linear cytotoxicity (Fig. 6). Therefore, we con-
sidered that the excellent balance between anti-
bacterial activity and the safety of 4DTBP-6,8 was
dependent upon a delicate hydrophobicity, which was
predicted from the dGW analysis. The human cell
membrane and bacterial cell membrane (or wall)
should have different features. Then it should be very
important to consider the affinity of them to anti-
bacterial drugs. Now, we are examining the relation-
ship between the antibacterial activity and the binding
ability to cell membrane (or wall) of 4DTBP-m,n
derivatives.

The bridge portion in bis-quaternary ammonium com-
pounds (bis-QACs) had been analyzed using model
molecules, and conformer-energy profiles obtained
(Fig. 7). In thioether type model bridge-molecule, the
energy gradually increased from conformer 1 (global
minimum) to conformer 241 (Fig. 7D). The other
(amide, anti-amide, ester) types indicated an energy
jump as shown in Figure 7A-C. We considered that

the bridge feature (e.g., flexibility) of these bis-QACs
should be related to the balance between antibacterial
activity and safety. We are now examining the effect
of bridge feature both on antibacterial activity and
cytotoxicity.

Experimental

Reagents

Reagents used were as follows: 1-methoxy-5-methyl-
phenazinium methylsulfate (PMS), 2-(4-indophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl) - 2H - tetrazolium
monosodium salt (WST-1), Dojindo Lab., Kumamoto,
Japan. PMS/WST-1 solution was prepared for use as
follows: 25 pL of 0.2 mM PMS aqueous solution was
mixed with 1.225 mL of 20 mM sodium 2-[4-2(-hydro-
xyethyl)-1-piperazinyljethanesulfate (HEPES) buffer
(pH 7.4); then 4.1 mg of WST-1 was added to the mix-
ture and dissolved completely.

The structure of antibacterial agents (bis-QACs) are
as follows (Fig. 1); (1) amide type: N,N' - tetra-
methylenebis(1-dodecyl-4-carbamoylpyridinlum iodide
(4BCAP-4,12), N,N'-hexamethylenebis(1-decanyl-4-car-
bamoylpyridinium iodide (4BCAP-6,10), (2) anti-amide
type: 4,4'-(1,4-tetramethylenedicarbonyldiamine)bis(1-
decylpyridinium iodide) (4DCABP-4,10), 4,4'-(1,4-tetra-
methylenedicarbonyldiamine)bis(1 - dodecylpyridinium
iodide) (4DCABP-4,12), 4,4'-(1,4-phenyldicarbonyldia-
mine)bis(1-dodecylpyridinium iodide) (4DCABP-P,12),
(3) ester type: 4,4'-(1,6-hexamethylenedioxydicarbonyl)-
bis(1-dodecylpyridinium iodide) (4DOCBP-6,12), (4)
thioether type: 4,4’-(1,6-hexamethylenedithio)bis(1-
octylpyridinium iodide) (4DTBP-6,8) and (5) monomer
type (benzalkonium chloride). These bis-QACs were
synthesized in our laboratory.?!-?> These QACs were
dissolved in saline, sterilized by filtration through 0.22
micro-meter pore size membrane and stored at —30°C
until use except for the ester type bis-QAC, 4DOCBP-
6,12. The solution of 4DOCBP-6,12 was freshly pre-
pared for use. The elemental analyses of bis-QACs were
summarized in Table 3.

Acute phase cytotoxic assay. The acute phase cytotoxic
assay using human cells (NHEK(F), NBIRGB, ery-
throcyte, JM) was carried out as following. The
NHEK(F) and NBIRGB were suspended in each
maintaining medium and dispensed into the wells of a
96-multiwell culture plate 100 pL/well at 5.0x10* cells/
well condition. When cell density reached to con-
fluence, each 50 pL of the supernatant was replaced
with 50 puL of a mixture of 1 volume of phosphate
buffered saline (PBS) containing bis-QAC and 4
volumes of the fresh maintaining medium and incu-
bated at 37°C for 1 h. Then, 10 pL of the mixture
solution of PMS and WST-1 was added to each well
and incubated for 1 h to produce a water-soluble for-
mazan.?® Finally, the cell death (%) was calculated by
measuring the absorbance at 415 nm indicating the
mitochondrial activity using a Bio-Rad model550
microplate reader. Saline or 1 (v/v)% SDS solution
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Table 3. Elemental analyses of synthesized bis-QACs?*

Compd Elemental analyses (%) Mp (°C) Yield (%)
H caled (found) C calcd (found) N calcd (found)
4BCAP-4,12 7.69(7.55) 53.93(53.98) 6.29(6.45) 155-157 5.0
4BCAP-6,10 7.48(7.37) 52.90(52.60) 6.49(6.50) 97-99 294
4DCABP-4,10 7.25(7.03) 51.80(51.82) 6.71(7.00) 188—190 29.8
4DCABP-4,12 7.69(7.57) 53.93(53.89) 6.29(6.09) 206—208 33.0
4DCABP-P,12 7.90(7.77) 61.76(61.73) 6.86(6.84) 255—258 84.2
4DOCBP-6,12 7.66(7.36) 54.78(54.75) 3.04(3.09) 165—167 60.5
4DTBP-6,8 6.94(6.80) 48.98(48.93) 3.57(3.57) 102—103 88.0
4DTBP-3,8 6.51(6.25) 46.90(46.81) 3.77(3.51) 125—128 80.5
4DTBP-3,10 7.07(6.94) 49.62(49.43) 3.51(3.78) 159—161 81.2
4DTBP-3,12 7.55(7.29) 51.99(51.87) 3.28(2.99) 169—170 80.3
4DTBP-3,14 7.97(7.77) 54.06(53.78) 3.08(2.93) 174—175 82.1
4DTBP-3,16 8.34(8.04) 55.89(55.80) 2.90(2.98) 166—169 83.4
4DTBP-3,18 8.67(8.33) 57.52(57.25) 2.74(2.71) 149—151 85.0
4DTBP-4,8 6.66(6.53) 47.62(47.37) 3.70(4.00) 147—149 80.0
4DTBP-4,10 7.19(6.96) 50.24(49.95) 3.45(3.40) 149—151 81.2
4DTBP-4,12 7.66(7.38) 52.53(52.34) 3.22(3.01) 168—171 80.7
4DTBP-4,14 8.06(8.00) 54.54(54.31) 3.03(3.02) 165—168 80.5
4DTBP-4,16 8.42(8.21) 56.31(56.08) 2.86(3.12) 175—178 83.2
4DTBP-4,18 8.75(8.50) 57.90(57.65) 2.70(2.66) 165—168 84.2
4DTBP-6,10 7.43(7.28) 51.42(51.54) 3.33(3.39) 121—122 87.2
4DTBP-6,12 7.87(7.63) 53.56(53.47) 3.12(3.09) 136—137 87.3
4DTBP-6,14 8.25(7.96) 55.45(55.15) 2.94(2.74) 135—136 86.5
4DTBP-6,16 8.59(8.41) 57.13(57.06) 2.78(2.77) 140—141 86.8
4DTBP-6,18 8.89(8.97) 58.63(58.38) 2.63(2.40) 138—139 87.0
4DTBP-8.,8 7.19(7.07) 50.24(49.96) 3.45(3.74) 87-89 84.3
4DTBP-8,10 7.66(7.57) 53.53(52.32) 3.22(3.09) 122-123 83.2
4DTBP-8,12 8.06(7.85) 54.54(54.31) 3.03(2.73) 132-133 86.5
4DTBP-8,14 8.42(8.27) 56.31(56.01) 2.86(3.11) 137-138 84.6
4DTBP-8,16 8.75(8.55) 57.90(57.68) 2.70(2.65) 148-149 83.5
4DTBP-8,18 9.03(8.73) 59.32(59.15) 2.56(2.49) 155-157 84.0
4DTBP-10,8 7.43(7.17) 51.42(51.12) 3.33(3.18) 119-120 82.1
4DTBP-10,10 7.87(7.84) 53.56(53.43) 3.12(3.36) 128-129 82.6
4DTBP-10,12 8.25(8.10) 55.45(55.15) 2.94(3.22) 134-136 84.6
4DTBP-10,14 8.59(8.33) 57.13(56.86) 2.78(2.56) 142-144 85.3
4DTBP-10,16 8.89(8.65) 58.63(58.65) 2.63(2.54) 148-149 85.6
4DTBP-10,18 9.17(8.95) 60.00(59.76) 2.50(2.39) 152-154 85.6

2The lower panel summarized elemental analyses of 4DTBP-6,8 derivatives.

were used instead of the medium/QAC mixture to
estimate the cell death of the background level or of
the full level, respectively. The cytotoxicity (cell death;
%) was estimated as follows: Cell death (%)=[(A4s
measured in the absence of QAC)—(A415 measured in
the presence of QAC)]/[(A415s measured in the absence
of QAC)—(A4;5 measured in the presence of 1(v/
v)%SDS)]x 100.

JM culture (90 pl) (1.0x 10° cells/mL) was mixed with 10
puL of the QAC solution in a microcentrifuge tube and
incubated at 37°C for 1 h. For estimating the back-
ground cell death level, 10 pL of saline was used instead
of the QAC solution. After incubation, 100 pL of saline
containing 0.4% Trypan blue was added, and a portion
of the final mixture was transferred onto the hemocyt-
ometer. The cytotoxicity was estimated by means of
Trypan blue exclusion using the following equation:
Cytotoxicity (%)=[(number of Trypan blue-stained
cells in the present of QAC/number of total cells in the
present of QAC)—(number of Trypan blue-stained cells
in the absence of QAC/number of total cells in the
absence of reagent)]x 100.

The assay for the acute phase cytotoxic effect of QACs
on erythrocytes, hemolysis assay, was performed as
described previously.?® Briefly, 990 uL of PBS contain-
ing QAC was mixed with 10 pL of 50(v/v)% normal
human erythrocytes suspension in a microcentrifuge
tube and incubated at 37°C for 1 h. After the reaction,
each tube was centrifuged for 5 min at 3000 rpm in a
Kubota model 1900 microcentrifuge at 4°C. Absor-
bance at 540 nm of each supernatant was measured in a
Hitachi model U-2000 spectrophotometer. Assay in just
PBS and in distilled water without QAC were carried
out for estimation of the background hemolysis and the
full hemolysis, respectively.

The LDsq value was defined as the concentration of each
reagent giving 50 % cell death. It was calculated using
the following equation: log[(cell death % in the pre-
sence of QAC—cell death % of the background level)/
(cell death % of the full level—cell death % in the pre-
sence of QAC)]=a (logLDs,—10g[QAC]). a, a constant
depending on each cell system and reagents. The LDs
value will be given when the left term in the equation is
zero.
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Bacteriostatic activity. The minimal inhibitory concen-
tration (MIC) was measured according to a standard
dilution method described previously'! using a bacterial
strain panel consisting of Pseudomonas aeruginosa
ATCC27583, ATCC10145 and IFO3080, Klebsiella pneu-
moniae ATCC4352 and ATCCI13883, Proteus rettgeri
NIHO96, Proteus vulgoris ATCCI13315, Proteus mirabilis
IFO3849, Escherichia coli K12 OUT 8401 and K12
W3110, Bacillus subtilis IFO3134 and ATCC6633, Bacillus
cereus IFO3001, Micrococcus luteus IFO12708, Staphylo-
coccus aureus IFO12732 and JCI(MRSA), respectively.

Global minimum analysis and solvation free energy cal-
culation for 4DTBP-m,8 derivatives. The initial structure
of 4DTBP-6,8 was constructed using CAChe (Fujitsu
Ltd., Japan). The global minimum analysis of 4DTBP-
6,8 was performed using CONFLEX with MM2
forcefield (Fujitsu Ltd., Japan), and 1125 conformers
were obtained. Nine conformers (samples 1-9) were
extracted from these 1125 conformers. The calculated
three-dimensional structures of nine samples and the
energy—conformer profile are shown in Figure 3. The
3-D-projected view of the calculated conformers were
drawn by ORTEP-III (Dr. L. J. Farrugia, University
of Glasgow, 1996).

The solvation free energy (dGW) of nine conformers
(samples 1-9) were calculated using MOPAC (Fujitsu
Ltd., Japan) as described previously.?>~2?7 The energy
calculations were performed with the PM3Hamiltonian
using MOPAC; the stable transient structures were
initially built with general parameters of bond length,
bond angle, and dihedral angle, and refined with the
eigen-vector following (EF) optimization methods.

For 4DTBP-3.8, -4,8, -8,8, -10,8 derivatives, the nine
samples were obtained using CONFLEX as well as for
4DTBP-6,8. The dGW values were calculated by
MOPAC.

Analysis of four types of the model bridge-molecules.
The bridge region of four types of bis-quaternary
ammonium compounds [R(CH»)¢R, Fig. 7] were mod-
eled using CAChe (Fujitsu Ltd., Japan). Their global
minimum analysis was performed using CONFLEX
with the MM3 forcefield, thus obtaining the conformer—
energy profiles.
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