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ABBREVIATIONS

ANTS = 8-aminonaphtalene-1,3,6-trisulfonic acid

Bis-oxonol = bis-(1,3-diethylthiobarbituric acid)trimethine

Br s = broad singlet

BSA = bovine serum albumin

C3(CA)2 = bis(IN*-caproyl-L-arginine)-1,3-propanediamide dihydrochloride
C3(0A)2 = bis(N*-octanoyl-L-arginine)-1,3-propanediamide dihydrochloride
Cbz = benzyloxycarbonyl

cfu = colony forming units

CHX = chlorhexidine dihydrochloride

de = diastereoisomeric excess

D = detection (wavelength)

DI = denaturation index

DTAB = dodecyltrimethylammonium bromide

DHA = dihydroxyacetone

DMSO = dimetilsufoxid

DPPC = 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

DPPG = 1,2-dipalmitoyl-sn-glycero-3-[phospho-rac(1-glycerol)] sodium salt
DPX = N,N’-p-xylenebis(pyridinium) bromide

DTT = 1,4-dithio-D,L-threitol

Eq = equivalent

F = flow

FC = flow cytometry

FSA = fructose 6-phosphate aldolase

FU = fluorescence units

Gly-3-P = DL-glyceraldehyde-3-phosphate

Glu-6-P-DH = glucose-6-phosphate dehydrogenase

Hepes = 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid

HLB = hydrophilic-lipophilic balance

HTAB = hexadecyltrimethylammonium bromide

HPLC = high performance liquid chromatography

HCs0 = concentration that induces the haemolysis of 50 % of the cells
I = injection

ICs0 = 50% inhibitory concentration

L/D = lysis/denaturation ratio

LAE = Ne-lauroyl-L-arginine ethyl ester hydrochloride
LAM = Ne-lauroyl-L-arginine methyl ester hydrochloride
LPS = lipopolysaccharides

LUV = large unilamelar vesicles

MIC = minimum inhibitory concentration

MLV = multillamelar vesicle

MRSA = methicillin-resistant S. aureus

Mw = molecular weight

NADP: B-nicotinamide adenine dinucleotide phosphate disodium salt
n = number of methylenes

nd = not determined

nr = no reaction



PBS = Phosphate buffered saline

P = pressure

PGI = phosphoglucose isomerase

OMPs = outer membrana proteins

PBS = phosphate buffered saline

PI = propidium iodide

RAMA = rabbit muscle aldolase

rpm = revolutions per minute

QACs = quaternary ammonium compounds

QSAR = quantitative structure-activity relationships
SEM = standard error media

SDS-Page = sodium dodecyl sulphate polyacrilamide gel electrophoresis
Spp. = specie (of micro-organism)

Suppl. Mat. = supplementary material

TEM = transmission electronic microscopy

TSA = tryptocase soy agar

TSB = tryptone soy broth

U = enzymatic unit
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1. Introduction

1.1. Bacteria and antibacterial agents

Bacteria constitute the major portion of biomass on Earth. These
prokaryotic cells are central to the functioning of the biosphere and they
establish relationships with higher organisms that can be either beneficial
or harmful. Many of them carry out a range of biochemical reactions such
as the synthesis of proteolytic enzymes or vitamins (e.g. vitamin K, niacin,
thiamine and riboflavin). Moreover, the bacterial populations that are
present normally in living beings (i.e. normal microflora) have a protective
role against exogenous pathogenic organisms. Bacteria are also widely used
in many industrial processes such as production of antibiotics and enzymes
or fermentations in food industry. These micro-organisms also can cause
many infectious diseases and therefore, the control of microbial growth is
necessary in many practical situations and significant advances in
agriculture, medicine and food science have been made through study of this

area of microbiology.

Microbial control in living tissues requires antimicrobial agents which
reduce or prevent microbial growth and cause no harm to the host cell. This
goal is achieved by a variety of chemotherapeutic agents. A common target
of these products is the bacterial cytoplasmic membrane. To reach this
target, the molecules must cross through the cell envelopes. Therefore, the
knowledge of the bacterial cell biology may help to the rational design of

new antibacterial agents with improved biocidal capabilities.

1.1.1. Bacterial cell biology

Bacteria are prokaryotic cells which appear as rods (bacilli), as
spherical cocci or as spiral-shaped cells. These micro-organisms show
different arrangements depending of the species; single units (cocci), pairs
(Neisseria  gonorrhoeae), chains (Streptococcus spp.) or bunches

(Staphylococcus spp.). In some instances, there is not a characteristic cell
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1. Introduction

shape associated with a bacterium and it may be described as pleiomorphic.
Mycoplasmas are an example, they lack a rigid and shape-defining cell wall.
Bacteria also vary in size, with diameters ranging from 0.1 to 50 pm, being

the average diameter around 1 pm.

The natural mode of growth of bacteria is a community of cells in an

ordered structure known as biofilm. These bacterial aggregates consist of

adsorbed cells in a surface with the associated glycocalix (i.e. extracellular
polymeric substances). This polymer constitutes a physical barrier which
can hinder antimicrobial agents from reaching target organisms within the
biofilm. Moreover, bacteria within a biofilm have both nutrient limitation
and reduced growth rates which appears to influence their physiology
altering their sensitivity to biocides.! A current strategy against biofilm
infections is the impregnation of surfaces with antimicrobial agents which

delay bacterial colonization.2

Sporulation 1s another example of bacterial resistance to
antimicrobial agents. The bacterial spore is a complex entity which is
resistant to 1nactivation by many chemical and physical agents.3
Sporulation 1s a serious problem in food preservation and medical
microbiology. A typical example is botulism, a form of food poisoning caused
by the toxins of Clostridium botulinum. This source of infection is common

in home-canned food that has not been heated sufficiently to kill the spores.

Description of the bacterial ultrastructure

Electron microscopy has provided a detailed view of the bacterial
ultrastructure, revealing the absence of both a nuclear membrane enclosing

the chromosomal DNA and other membrane-bound organelles.

The prokaryotic envelopes can be defined as the complex of
membranes, basically the cytoplasmic membrane and the cell wall,

associated with macromolecules which together form the boundary between

12



1. Introduction

the inside and the outside of the cell. These envelopes play several
important functions: give cell shape and rigidity, protect against osmotic

lysis, act as permeability barrier-selective, involvement in cell division, etc.4

Bacteria are broadly divided into two major groups: Gram-positive
and Gram-negative bacteria. Both types of bacteria show different
permeability to the dye used in the Gram test. The different structure and
composition of cell envelopes is the cause of their different permeability (see

Figures 1 and 2).

Gram-positive cell wall

Peptidoglycan is the main component of the Gram-positive bacterial
cell wall, being between 20 and 40 layers thick. This polymer is composed
by strands which are interconnected either by direct cross-links between
peptide chains or by means of a peptide interbridge. Peptidoglycan
synthesis is the target for a number of commonly used antibiotics such as

penicillins and cephalosporins.
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Fig. 1 (a) Scheme of the structure of cell envelopes of Gram-positive bacteria. (b)
Transmission electron micrographs of Arthobacter crystallopoites as example of Gram-

positive bacteria. Source: Brock Biology of Microorganisms.5
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1. Introduction

The outer major components of the cell wall are anionic polymers
such as teichoic and lipoteichoic acids. These molecules may contribute to

the net negative charge of Gram-positive bacteria. Their function remains

unclear, although they may be involved in the adhesion process and to

maintain the cell wall structure.

Gram-negative cell wall

The cell wall of Gram-negative bacteria has a more complex
multilayered structure than that of Gram-positive bacteria. The
peptidoglycan layer is much thinner, only one or two layers are present, and
lies between the cytoplasmic membrane and a second membrane, the outer
membrane. This outer membrane consists of a phospholipid bilayer
connected with an external leaflet of lipopolysaccharides (LPS). LPS
renders the Gram-negative bacteria highly hydrophilic with a net negative

charge.

Lipepoly e bnride
P { Lager ——-—-____{
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Layer
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Fig. 2. (a) Scheme of the structure of cell envelopes Gram-negative bacteria. (b)
Transmission electron micrograph of Leucothrix mucor as example of Gram-negative

bacteria. Source: Brock Biology of Microorganisms.5
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1. Introduction

Some bacteria can rapidly change the nature of the LPS to avoid host
immune defences. The outer membrane also contains a large number of
proteins, namely outer membrane proteins, OMPs. These proteins include
porins which create small channels of about 1 nm of diameter, allowing the

transport of relative hydrophilic molecules up to around 700 Da in size.

Cytoplasmic membrane

The inner layer of cell envelope in both Gram-positive and Gram-

negative bacteria is the cytoplasmic membrane. This semipermeable

barrier consists of a phospholipid bilayer in which integral proteins are

embedded. This bacterial membrane differs from that of eukaryotic cells in
lacking cholesterol, although some bacteria may contains other compounds
that probably have similar functions. The cytoplasmatic membrane holds
the cell respiration and the synthesis of cell wall components. Hence, this
structure 1s of paramount importance for the cell because of its fundamental
metabolic and structural role. Therefore, the cytoplasmic membrane is the

target of most biocides.67

1.1.2. Microbial growth control

In some cases, microbial growth can be eliminated using physical
methods (heat, radiation or filtration). Decontamination of objects involves
physical agents or specialized chemicals, namely disinfectants. These
compounds are biocides that destroy micro-organisms but due to their
toxicity, their application is restricted to house cleaning products. They are
used against spoilage in a wide range of industrial applications (Table 1). It
is also noticeable that the use of some chemicals as heavy metals and

phenols produce environmentally hazardous waste products.
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1. Introduction

Table 1. Industrial uses of disinfectants (Source: Brock Biology of

Microorganismsd).
Industry Disinfectant USE: Inhibition of bacterial growth
Metal Cationic detergents 1n aqueous cutting emulsions
Plastic Cationic detergents in aqueous dispersions of plastics
Petroleum Catlonlg detergents, during storage of petroleum products
mercurics, phenols
Leather Mercurics, phenols in final products
Wood Heavy metals, on wooden structures
phenols
. Heavy metals, on fabrics exposed in the
Textile .
phenols environmental
Paper Heavy metals, during manufacture
phenols
Air conditioning Chlorine, phenols in cooling towers
Electrical power Chlorine in condensers and cooling towers
Nuclear Chlorine of radiation-resistant bacteria in
nuclear reactors
Microbial control in living beings requires compounds with higher

selectivity and

antibiotics and

lower toxic profile than that of disinfectants. Thus,

antiseptics are the chemotherapeutic agents of choice.

Antibiotics are used in the treatment of infections whereas antiseptics are

used to wash or/and to disinfect external living tissues. Antiseptics are also

extensively used in hospitals for a variety of topical and hard-surface

applications.

As shown in Table 2, many antiseptics are cationic organic

compounds which are present in many dermatological and pharmaceutical

formulations.
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1. Introduction

Table 2. Common antiseptics and their applications (Source: Cosmetic and

Drug Preservation.8)

Antiseptics

Applications

Triclosan
(2,4,4’-trichloro-2’-
hydroxydiphenylether)

Parabens
(esters of p-hydroxy-
benzoic acid)

Hexetidine
(5-amino-1,3-bis-(2-ethylhexyl)-
5-methyl-hexahydropirimidine)

Chorhexidine
(bis(p-chlorphenyl-
diguanidino)hexane)

Polyhexamethylene biguanide
hydrochloride

Alkyltrimethylammonium
bromide

Benzalkonium chloride

Use concentrations 0.1-0.3 % in deodorants,
shampoos, soap, toothpaste. Also used as skin
disinfectant.

Use concentrations 0.4 % for the single ester
and 0.8 % for the mixture of esters. Also used
as preservative for pharmaceuticals.

Oral disinfectant 0.1 % in mouthwashes,
preservative with good fungistatic activity.

Use concentrations 0.1 % in toothpaste,
deodorants, antiperspirants, preservative in
eye drops, 0,02 % in topical and uterine
antiseptic 0.1-1.0 % in powder and creams.

Use concentrations 0.1 % in cosmetic
applications. Also used as disinfectant for
technical products.

Additive of deodorants, also used as cationic
detergent, antiseptic, disinfectant and
preservative.

Use concentrations 0.1 % in deodorants,
0.01-0.1 % in eyedrops, also in hair conditioner.
Preoperative antiseptic for skin or for wounds.

One of the most representative antiseptic is chlorhexidine (CHX, see

Figure 3). This bisbiguanide is widely used in oral products as anti-plaque

agent, due to its broad spectrum efficacy against Gram-positive and Gram-

negative bacteria and its low irritation.® Hence, CHX is present in many

commercial formulations of toothpastes (~0.1 %), mouthrinse (~0.1-0.2 %),

pills for low throat infections (~0.4 %) and topical disinfectant solutions

(~1 %).

HCA

Fig. 3. Structure of chlorhexidine dihydrochloride (CHX).
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1. Introduction

A common feature of the cell envelopes of the Gram-positive and
Gram-negative bacteria is the presence of large amounts of negative

charged phospholipids. On the other hand, in human erythrocyte

membranes the zwitterionic phospholipids occur predominantly in the
membrane leaflet.l© This appears to be one of the main reasons why

cationic organic compounds show selectivity against bacteria.

Food preservatives

Biocides are also widely used for the preservation of products such as
foods and beverages. These preservatives inhibit the microbial growth and
they must be non-toxic by oral administration (Table 3). A small number of
biocides are used as preservatives because of new food additives require

lengthy and costly testing programs.

Table 3. Examples of common food preservatives. (Source: Brock biology of

microorganisms® and www.textbookofbacteriology.net/control.html.)

Preservative Foods
Sodium propionate (0.3 %) Bread, cakes
Sorbic acid (0.2 %) Citrus products, cheese, salads

Sulfur dioxide, sulfites (250 ppm) Dried fruits and vegetables, wine

Formaldehyde Meat, fish

Ethylene oxide Spices, dried fruits
Sodium nitrite (200 ppm) Cured meats, fish
Sodium chloride Meat, fish

Sugar Jams, syrups, jellies.

Carbonated beverages, fruit juices,

Sodium benzoate (0.1 %) margarine

Bacterial resistance to biocides

Bacterial resistance to biocides and in particular to antibiotics is

hampering seriously the bacterial growth control. This resistance is
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1. Introduction

manifested by changes in the permeability of the cell envelopes, chemical
modification of the antimicrobial agent, enzymatic degradation of antibiotics
and the presence of membrane efflux systems which pump out the
antimicrobial agents from the cytosol.11-13 Acquired resistance to
antimicrobial agents results from genetic changes in a cell and arises either
by mutation or by the acquisition of genetic material (e. g. plasmids) from

another cell.

Table 4. Possible mechanisms of plasmid-mediated biocide resistance (data

from Russell!3).

Mechanism Example Comment
Inactivation Mercurials Hydrolases and reductases
Inactivation Chlorhexidine Possible' chromosomally-mediated

mechanism
Inactivation Formaldehyde Formaldehyde dehydrogenase responsible
Decreased uptake Silver nitrate Inactivation unlikely
Decreased uptake Chlorhexidine? Unproven
Sligrzlgjize Formaldehyde glli‘geii él(liembrane proteins appear to be
Efflux Acridines Multiresistant S. aureus strains
Efflux Diamidines
Efflux QACs
Efflux Chlorhexidine

Methicillin-resistant S. aureus (MRSA) strains are a problem in
hospital infection because they often show multiple antibiotic resistance.
Furthermore, increased resistance to some cationic agents (QACs,
chlorhexidine, acridines and diamidines) is found in MRSA strains carrying

genes encoding resistance to gentamicin, an aminoglycoside antibiotic.13

Bacterial resistance to biocides is also found in food industry, where
the focus on hygiene has resulted in an increasing use of chemical
disinfection. The resistant food-related staphylococci contains plasmids

harbouring gac genes (qacA, qacB, qacC, qacG and qacH) which encode
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membrane-embedded proteins by which staphylococci resist the bactericidal

effect of QACs compounds through a drug efflux system.14

The problem of bacterial resistance to biocides is normally solved
applying higher concentrations of the antimicrobial agent or treatment by a
combination of unrelated agents. Consequently, an alternative against the
bacterial resistance to biocides may be the design of novel products. The
molecular diversity of biocides offers a multiplicity of potentially damaging
effects on the bacterial cell. The precise knowledge and comprehension of
the interactions between biocides and bacteria offers a powerful tool in the
search for novel agents. Besides, the design of novel chemical structures
can also tailor other important features as their toxicity and physico-

chemical properties required for different formulations.

1.1.3. Mode of action of cationic biocides

In general, biocides have a broader spectrum of activity than
antibiotics and, while antibiotics tend to have specific intracellular targets,
biocides may have multiple targets. Table 5 shows some of the most
common antiseptics and disinfectants with their targets and mechanisms of

action.
General mechanism of action of cationic biocides
As mentioned previously, many antiseptics are cationic compounds
such as cationic surfactants. In the following paragraphs, the general
mechanism of action of this group of antimicrobial agents is described.
Initially, cationic biocides must cross the cell wall (i.e. external cell

envelopes). Therefore, these compounds target the cytoplasmic membrane

(i.e. inner cell envelope). The outermost surface of the cytoplasmic
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membrane carries a net negative charge, often stabilized by the presence of

divalent cations such as Mg2* and CaZ2*.

Table 5. Summary of mechanisms of antibacterial action of antiseptics and

disinfectants (data from McDonell et al.9)

Chemical Target Mechanism of action
Chlorhexidine Cytoplasmic Low conc.: cytoplasmic membrane damage
(biguanide) membrane integrity. High conc.: congealing of cytoplasm
Polymeric Cytoplasmic Phase separation and domain formation of
biguanides membrane membrane lipids
QACs Cytoplasmic Generalized cytoplasmic membrane damage
membrane involving phosphoplipid bilayer
Pentamidine Cytoplasmic Induction of leakage of amino acids and
(diamidine) membrane inhibition of Oz uptake
Phenols Cytoplasmic Leakage of intracellular constituents
membrane
Silver Enzymes Interaction with thiol groups of enzymes
compounds
Glutaraldehyde  Cell envelope Cross-linking of proteins at cell envelope
DNA Inhibition of DNA synthesis
Halogens Oxidizing S .
Oxidation of thiol groups
agent
O 0 DO_II\IA DNA strand breakage
xidizin . .. . .
e agent & Radicals (‘OH) oxidizes thiol groups of proteins

Cationic biocides display a high binding affinity for the cytoplasmic

membrane. After that, the hydrophobic region of the agent penetrates into

the hydrophobic core of the membrane (see Figure 4).

This leads to a

progressive leakage of cytoplasmatic materials to the environment,

perturbing membrane-located physiologies such as respiration,

transport and cell wall biosynthesis.

solute

These effects are sufficient to affect

the cell growth (i.e. bacteriostatic effect) or even, to cause the cell die (i.e.

bactericide effect).

In fact, for many decades these compounds have been

named “membrane-active agents”.6.9.15,16
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N Protein

0 @

Fig. 4. Mechanism of action for cationic biocides: (a) adsorption of the head group of the
biocide onto acidic phospholipids in the cytoplasmic membrane, (b) followed by insertion of

the hydrophophic region of the biocide into the hydrophobic core.

Representative structures of cationic biocides are the quaternary
ammonium compounds (QACs). Their antibacterial activity 1is
approximately a parabolic function of their lipophilicity. Daoud et al.l?
found that alkyldimethylbenzylammonium chlorides with n-alkyl chain
length of n < 4 and n > 18 were inactive while the optimal activity was
achieved for compounds with chain lengths of n = 12-14 and n = 14-16

towards Gram-positive and Gram-negative bacteria, respectively.

Bisbiguanides antiseptics such as chlorhexidine have a very similar
mechanism of action to that of QACs. However, a major difference is that
the long alkyl chains of QACs become solubilised within the hydrophophic
core of the cell membrane while the aromatic moieties of chlorhexidine do
not.!> Thus, the action of multi-drug efflux pumps is able to moderate the
action of QACs but they only have low effect upon the action of
bisbiguanides. Interestingly, the distance between phospholipid head-
groups in a closely packed monolayer is roughly equivalent to the length of a
hexamethylene chain, suggesting that chlorhexidine is capable of binding to

two adjacent phospholipid headgroups.15
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1.2. Amino acid-based surfactants: classification and structure

Biosurfactants are surface active molecules produced by living cells,
such as micro-organisms and plants, and include glycolipids, polysaccharide
lipid complexes, lipoamino acids, lipopeptides, polymeric surfactants
composed of  proteins, phospholipids and lipopolysaccharides.
Biosurfactants have applications in medicine as antimicrobial agents and
anti-adhesives and the use of liposomes made from biosurfactants

constitutes an important strategy for gene transfection.!8.19

Bio-based surfactants are synthetic amphipathic structures based on
natural structures of biosurfactants. Among them, amino acid-based
surfactants (or lipoamino acids) constitute an interesting class of speciality
surfactants with excellent adsorption and aggregation properties, high
biodegradability, low potential toxicity, low environmental impact and broad
antimicrobial activity. Bio-based surfactants tend to make up a small
percentage of dermatological and pharmaceutical formulations and thus,
they are produced at a scale of few tonnes per annum with major

applications in the areas such as health and personal care.20

Amino acid lipid conjugates are natural a-amino acids linked to long
aliphatic chain groups through the —amino or -COOH (see Figure 5). Hence,
the use of acidic, basic or neutral amino acids as starting material can

furnish anionic, cationic or non-ionic surfactants, respectively.

Amino acid-based surfactants have been prepared in our group by
means of chemical2l23 and chemoenzymatic24-26 methodologies. Long
aliphatic chains and amino acids and can be combined to each other to
generate four main structures (Figure 6) of amino acid-based surfactants
namely single chain or linear I, dimeric or gemini II, glycerolipid-like

structures III and bola-amphiphiles IV.
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Fig. 5. Different types of linkages between an amino acid and an aliphatic chain.

Single chain structures consist of an amino acid bearing at least one
hydrophobic tail. Gemini are amphipathic structures with two polar heads
(i.e. two amino acids) and two hydrophobic tails per molecule. Glycerolipid-
like structures can be considered analogues of mono-, diglycerides and
phospholipids. They consist of one polar head and one or two hydrophobic
moieties linked together through a glycerol skeleton. Bola-amphiphiles

contain two polar heads connected at each extreme edge of an aliphatic

hydrocarbon chain.

I Linear or single chain

O Amino acid

o
o
Amino acid Amino acid
i/ WGycerolipidlkestructures ~~ IVBoaamphiphiles

Fig. 6. Scheme of the four main structures of amino acid-based surfactants.

\_\_\_(o
O—>_/Q—. Il Dimeric or gemini
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Among the different amino acid-based surfactants prepared in our
research group, arginine-based surfactant have turned out to be an
important class of cationic surface active compounds with antimicrobial
activity against a broad spectrum of bacteria, biodegradability and low
toxicity.27.28 These features and the use of natural raw materials such as
arginine and fatty acids for their synthesis, make them interesting
candidates as preservatives and antiseptics in pharmaceutical, food and

cosmetic formulations.

One example of amino acid-based surfactants as food preservative is
Mirenat-N, a solution of lauric arginate. This is a novel antimicrobial
compound derivative of lauric acid, L-arginine and ethanol, all naturally
occurring substances. The molecule was first synthesized by the
Department of Surfactant Technology, CSIC, in Barcelona in 1984, then
patented and commercialized by the Vedegsa Lamirsa Group. Its most
notable features are a broad spectrum of antimicrobial efficacy; high
partition coefficient (meaning the product concentrates in the water phase of
products, where most bacterial action occurs); activity over a wide pH range
(3 to 7); and safety. Mirenat-N is hydrolyzed in the human body and it has
"generally recognized as safe" (GRAS) by the Food and Drug Administration.
Thus, Mirenat-N is used as food preservative in deli meats and sausages,
which are long worrisome potential sources of contamination. (Source:

http://www .foodprocessing.com/articles/2005/454.html)

1.2.1. Arginine-based surfactants: preparation and properties

Synthesis of single chain arginine-based surfactants

Single chain arginine-based surfactants can be classified into three

series (Figure 7): N*-acyl-arginine, arginine-N-alkyl amide and arginine-O-

alkyl-ester derivatives.
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Series 1

N*-acyl-arginine-methyl ester
hydrocloride

Series 2

Arginine-N-alkyl amide
dihydrocloride

Series 3

Arginine-O-alkyl ester
dihydrocloride

Fig. 7. Chemical structures of single chain arginine-based surfactants.

N*-acyl-arginine derivatives (Figure 7, series 1) were prepared by
condensation of fatty acids to arginine methyl ester using chemical methods
widely used in peptide synthesis.29 The enzymatic N”-acylation of arginine
has been found to be a difficult task for hydrolases and changes in the
reaction medium or in the synthetic approach (i.e. thermodynamic or kinetic

conditions) did not result in any improvement.20

Arginine N-alkyl amide derivatives (Figure 7, series 2) were firstly
prepared by chemical procedures.30 Later, papain from Carica papaya latex
was found to be a suitable catalyst for the formation of amide bonds between

N-Cbz-Arg-OMe and long chain alkyl amines (see Figure 8).25

Arginine-O-alkyl-ester derivatives (Figure 7, series 3) were prepared
using N-Cbz-Arg-OMe and fatty alcohols as starting materials and papain
as biocatalyst (Figure 8).25 The transesterification reaction was carried out
in solvent free systems using the same alcohol reagent?5 at elevated
temperature (50°C for octanol and 65°C for dodecanol and papain from
Carica papaya latex showed remarkable thermostability under these

conditions).
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Fig. 8. Scheme of the reaction of N-Cbz-Arg-OMe (I) and fatty amine or alcohol catalyzed
by papain: (I) acyl-donor, (IT) protease, (III) acyl-enzyme, (IV) nucleophile, (V) N-Cbz-alkyl
amide or ester and (VI) hydrolyzed substrate.

Synthesis of arginine-based gemini surfactants, bis(Args)

Arginine-based gemini surfactants (bis(Args)) have been prepared by
both chemical?! and chemoenzymatic methodologies. Piera et al.26 have
reported a chemoenzymatic synthesis of bis(Args) using the protease papain

(Figure 9).

a) One-step synthesis:

Initially, the enzymatic synthesis of arginine-based gemini
surfactants was planned as single pot reaction starting from 2 eq. of long
chain N%*-acyl-arginine alkyl ester derivatives I and o,n-diaminoalkane.

This strategy afforded too low yields to preparative purposes.

b) Two-step synthesis:

First, the quantitative acylation of one amino group of the spacer by
the carboxylic ester of the N®*-acyl-arginine alkyl ester I took place
spontaneously at the melting point of the o,w-diaminoalkane in a solvent

free system. The second step was the papain-catalyzed reaction between
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another N*-acyl alkyl ester I and the free aliphatic amino group of the
derivative formed in the first step (II). This strategy allowed the

preparation of bis(Args) at gram scale.

a) One-step synthesis
o)
H H
/é\)\”/ N\:)J\ O/ Papain \)J\ M; N \HX/;\
2 Mg i v Py )
n
NH G
HN)\ NH,
HCl

1 [[]

b) Two-step synthesis

/@\”/ JJ\ - HzN\H/NHz Il HQJ\N/@”\NHZ | e HQJ\ /HRN \H/Q\
AN I Pl

CH;OH

HN™™ “NH, NHz

Ha Ha

I I m

Fig. 9. Chemoenzymatic strategies for the synthesis of arginine-based gemini surfactants:

(I) N"acyl-L-arginine methyl ester hydrochloride, (II) N"-acyl-L-arginine(o-

aminoalkyl)amide hydrochloride, (I1II) bis(N“-acyl-L-arginine)-a,0-alkanediamide
dihydrochloride.

Synthesis of arginine glyceride conjugates

As shown in Figure 10, arginine glyceride conjugates have been
prepared in our group by chemical methods or using hydrolases such as,
proteases and lipases.?¢ The first step consisted of the selective protease-
catalysed esterification of one the primary hydroxyl groups of the glycerol

with the carboxylic group of the N-protected amino acid.
The second step was the acylation of the free hydroxyl groups of the

glyceryl moiety with fatty acid using lipases as catalyst. Novozyme and

Lipozyme can be successfully used as biocatalyst showing a high
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regioselectivity towards the primary hydroxyl group of the amino acid

glyceryl ester derivative.
H O O
R N\E)J\O/\E/\O)J\Hr/n
3 OH

J

O (o] HN

: : OH
m +
. e}

HCl HCl : O
| [ HNJ/ ozé)m
PN

R: acyl group G v

Fig. 10. Chemoenzymatic strategy for the synthesis of arginine glycerolipid conjugates: (I)
N*acyl-L-arginine methyl ester hydrochloride, (II) 1-O-(N*-acyl-L-arginyl)-rac-glycerol
hydrochloride, (III) 1-acyl-3-O-(N-acyl-L-arginyl)-rac-glycerol hydrochloride and (IV) 1,2-
diacyl-3-O-(IN*-acyl-L-arginyl)-rac-glycerol hydrochloride.

Synthesis of arginine-based bola-amphiphiles

To the best of our knowledge there are not reports about the
preparation of arginine-based bola-amphiphiles. In this thesis, novel
bis(phenylacetylarginine) derivatives with bola-amphiphile like structure
have been prepared by a chemoenzymatic methodology in order to

investigate their antimicrobial activity.

Interestingly, Pavlikova et al.3! have reported QSAR studies between
structure, aggregation properties and antimicrobial activity of quaternary
ammonium bola-amphiphiles. = They concluded that the lipophilicity
contribution of the extending spacer chain to the hydrophilic lipophilic

balance (HLB) of the molecules plays a key role in the antimicrobial activity.
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Physico-chemical and biological properties of arginine-based surfactants

Critical micellar concentration (CMC):

Surfactants, when present at low concentrations in solution, are
adsorbed onto surfaces or interfaces in an oriented fashion with a consequent
decrease in the surface tension of the solvent system. In the bulk of the
solution, they form aggregates of various sizes and shapes (spheres, ellipsoids
or cylinders), commonly known as micelles. Aggregation occurs at a critical

concentration, called critical micellar concentration (CMC)

Single chain arginine-based surfactants have CMC values ca 1-10
mM and these values decrease linearly as the number of the methylene
groups in the alkyl chain increases.2’” Gemini arginine-based surfactants,
bis(Args), show CMC values 2-3 orders of magnitude lower than the
corresponding single chain surfactants. As expected, the CMC decreases
when the number of methylene groups in the spacer chain increases.21,3233
Therefore, gemini surfactants can produce lower surface tensions than
single chain surfactants at the same concentration. Diacylglycerol arginine-
based surfactants show CMC in the range of 5-0.25 mM. Comparing these
values with those of natural phospholipids such as lecithins with the same
alkyl chain length, the CMC of the new compounds are one order of
magnitude higher due to the better solubility properties of their hydrophilic
head group.22

Antimicrobial activity:

Arginine-based surfactants show antimicrobial activity against broad
spectrum of bacteria. Essential structural factors for their antimicrobial
activity include both the length of the fatty residue and the presence of the
protonated guanidine function. Interestingly, dimerization enhanced the
antimicrobial activity for the gemini surfactants compared with single chain
surfactants.3¢ In general, the correlation between the alkyl chain length

and the antimicrobial activity was not linear. Among the arginine-based

30



1. Introduction

surfactants synthesised in our group, bis(/N%caproyl-L-arginine)-1,3-
propanediamide dihydrochloride, Cs3(CA)z (Figure 11), showed the most
potent antimicrobial activity against both Gram-positive and Gram-negative

bacteria.34.35

(@) (@)
H H
\/\/\/\/\H/N\)J\N/\/\Nji/N\H/\/\/\/\/
z H H
Of (@)
HN HN

A A

HN” “NH, HN “NH,
HCl Ha

Fig. 11. Structure of C3(CA)2.

Diacylglycerol arginine-based surfactants also possess antimicrobial
activity. The maximum activity corresponds to the compound with six
methylene groups in the alkyl chain and their activity decreases with

increasing alkyl chain length.22

Toxicity:

Single chain arginine-based surfactants showed low haemolytic
activity and they can be considered non-haemolysing agents. Besides,
according to their haemolytic activity and the in vivo eye irritation Draize
test, these linear surfactants are classified as non irritant to eyes.27
Bis(Args) were classified as non irritant or moderate irritant, depending on
their hydrophobicity.36 The potential ocular irritation also indicates that
diacylglycerol arginine-based surfactants are moderate irritants such as
betaine, in contrast to other commercially available surfactants such as SDS,

benzalkonium chloride, cetyltrimethylammonium bromide.22
Biodegradability :

Furthermore, single chain arginine-based surfactants can be

considered biodegradable.2? However, Dbis(Args) showed lower
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biodegradation rate than that of the single-chain arginine-based surfactants

due to their higher hydrophobicity.34

In general, arginine-based surfactants constitute an interesting
alternative to quaternary ammonium compounds, (QACs) because the last
ones have a poor chemical and biological degradability due to their chemical
stability and therefore, they constitute a risk of toxicity to aquatic

organisms.

1.3. Iminocyclitols

During the last years our group has also focused its attention in the
chemoenzymatic preparation of iminocyclitols as potential inhibitors of
glycosidases and glycosyltransferases. It has been reported that these
compounds and their alkyl derivatives possess antimicrobial activity.37-39
However, to date very few studies have assessed their antimicrobial activity.
In the frame of this work, novel N-alkylated iminocyclitol derivatives have

been prepared to investigate their possible antimicrobial activity.

1.3.1. Structure and biological activity of iminocyclitols

Iminocyclitols, also called iminosugars or azasugars, are naturally
occurring polyhydroxylated alkaloids. These compounds mimic the
structures of sugars in which the ring oxygen is replaced by nitrogen.
Iminocyclitols are classified into different structures. Among them, the
most common are polydroxylated pyrrolidines, piperidines, pyrrolizidines

and indolizidines (Figure 12).
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Fig. 12 Basic scaffolds of iminocyclitols.

Polyhydroxylated compounds such as oligosaccharides, complex
carbohydrates and their lipid and protein conjugates, are molecules of
paramount importance in biochemical recognition processes such as cellular
adhesion, viral infections, cellular differentiation, metastasis and numerous
signal transduction events.40 As a consequence, the enzymes involved in
their synthesis or degradation namely glycosyltransferases and glycosidases,
respectively, are targets for inhibition or activation4! as they are involved in
metabolic alterations and diseases such as type diabetes Mellitus, hepatitis
B and C, glycosphingolipid storage disorders (such as Gaucher disease),

cystic fibrosis, colon-rectal cancer or viral infections.42-46

Some iminocyclitols have found to be potent inhibitors of glycosidades
and glycosyltransferases. It has been suggested that they bind specifically
to the active site of these enzymes mimicking the corresponding natural
substrate.4” From the mechanistic point of view, protonated iminocyclitols
may mimic the oxonium ion transition state of sugar transfer reactions in
both glycosidases and glycosyltransferases.4%49 Therefore, these compounds

are potential drugs for the treatment of a wide range of diseases.

Nojirimycin (Figure 13) was discovered in 1966 as the first natural

glucose mimic. It was shown to be a potent inhibitor of «- and
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B-glucosidases from various sources. Since then, over 100 glycosidase
inhibitors have been isolated from plants and micro-organisms. Some
examples are N-butildeoxynojirimycin (a glucosidases’ inhibitor)30.51
swainsonine (a Golgi a-mannosidase II inhibitor)52.53, and isofagomine (a
glycogen phosphorylase and B-glucosidase inhibitor)5455 which are promising
anti-HIV, anticancer and antidiabetic chemotherapeutic agents, respectively

(see structures in Figure 13).

H H
N N N ‘\\\\\ OH
OH O\
: HO\\\‘ "/’// OH z OH
OH

oH ©H OH
Swainsonine Isofagomine D-Fagomine
(|34H9 CoHyg
e e e
HO” Y YOH HO™ Y TOH HO” Y YOH
oH OH oH

Najirimycin N-butyldeoxynaojirimycin
(miglustat) N-Nonyldeoxynojirimycin

Fig. 13 Structure of some iminocyclitols.

The interest in the iminocyclitols has recently increased due to their
potential application in a new concept in drug research for the treatment of
metabolic disorders. These disorders are provoked by small changes in the
amino acid sequence of the enzyme, due to mutations on the gene encoding
the protein, which leads to an incorrect three-dimensional structure of the
enzyme and therefore its loss of functionally. The new strategy consists of
increasing the fraction of the correctly folded variant protein encoded by
specific chemical chaperones (i.e. small molecules whose function is to assist
a protein to properly fold and enter normal processing pathway). Recently,
Sawkar et al.’¢ have reported that N-nonyldeoxynojirimycin (Figure 13)
increased two-fold the activity of N307S B-glucosidase, indicating that this

iminocyclitol may be clinically useful against the Gaucher disease. It is also
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remarkable that treatment with miglustat (Figure 13) improves key clinical

features of type I Gaucher disease after 1 year of treatment.57

Among the iminocyclitols, D-fagomine (Figure 13) has attracted our
attention due to their properties and relative simple structure. D-fagomine
1s a polyhydroxylated piperidine which was firstly isolated from buckwheat
seeds (Fagopyrum esculentum Moench)5® and later from Castanospermum
australe®, dry Xanthocercis zambesiaca leave®® and Morus bombycis
leaves.6! It has been reported that D-fagomine has activity against
mammalian gut a-glucosidase and B-galactosidase.f© More recently, Nojima
et al.62 have reported that D-fagomine produced an antihyperglycemic effect
on streptozotocin-diabetic mice and promotes glucose-induced insulin
secretion. Moreover, Igbal et al.63 have assessed its allelopathic potential
and their results suggest that this iminosugar affects the growth or

germination of different plant species.

The antimicrobial activity of D-fagomine has not been reported
previously, although it has been shown that similar iminocyclitols inhibit
the bacterial growth. Segraves et al.37 have isolated C-alkylated 3,4-di-epi-
fagomines from a Batzella sp. sponge. These azasugars were tested against
Staphylococcus epidermidis and they showed high antimicrobial action.
Maddry et al3® have reported the preparation of C-alkylated
polyhydroxylated pyrrolidone as aza analogs of arabinose. These
iminosugars showed moderated antimicrobial activity over Mycobacterium
tubercolisis, depending on the alkyl chain length. The mechanism of action
1s unclear but these results suggest that they could be inhibitors of cell wall

biogenesis, in particular, of arabinotransferases.

1.3.2. Chemoenzymatic synthesis of iminocyclitols

Chemical synthetic approaches of iminocyclitols and its

derivatives involve cumbersome protection-deprotection reactions, quiral
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starting materials and moderate global yields are achieved.6466 As example,
recent syntheses of D-fagomine and other stereoisomers have been described
starting from quiral D-serine-derived Garner aldehyde in 6-7 steps with

global yields around 12 %.67.68

In contrast, chemoenzymatic approaches afford effective and selective
synthetic methodologies for the preparation of iminocyclitols from simple
and achiral starting materials. Enzymatic reactions, being mild and
selective, produce fewer impurities than other methods, thus facilitating the
product purification and improving global yields. This is very attractive
when dealing with multifunctional molecules, because cumbersome
protection-deprotection strategies can be circumvented. Moreover, the
presence of hazardous by-products, formed under strong chemical conditions,
and potentially toxic starting materials in the product formulations is
avoided. Many of these approaches to obtain iminocyclitols are based on the
use of dihydroxyacetone phosphate (DHAP) dependent aldolases which
catalyze the aldol additions between DHAP and aldehydes with fine control

of the absolute configuration of the newly formed stereogenic centres.

DHAP-aldolases tolerate a broad range of aldehydes but they are
highly specific for their donor substrate. The aldolization generates two
quiral centres and consequently, four possible diasteromeric products can be
generated. Nature has evolved four stereochemically complementary
DHAP-aldolases (Figure 14) which allow the formation of all four possible
diasteromeric adducts. The aldol addition proceeds with complete
stereospecificity with respect to the configuration on carbon 3 and in some

instances, with slightly decreased specificity on carbon 4.69
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Fig. 14. Complementary stereochemistry of DHAP- aldolases.

The chemoenzymatic preparation of iminocyclitols has been reported
using azide aldehydes and N-Cbz-amino aldehydes as starting materials
(Figure 15). In our group many iminocyclitols have been successfully
synthesised from N-Cbz-amino aldehydes using DHAP-dependent aldolase

as biocatalysts.70.71

Scheme a
o oH O H
1. DHAP N
WJ\ FucA HO/YK)J\/OH H, Ho/\Q/\OH
H —_— e
N, 2. adid N; OH Pd/C HO  OH
phosphatase
Scheme b H
1. DHAP H oH O N o
H FucA N o e \Q OH
N -
Cbz” o — Coz H < P
. OH Pd/C HO  OH
2. acid

phosphatase
Fig. 15. Examples of synthesis of polyhydroxylated pyrrolidines using azide aldehydes
(Wang et al.?) and N-Cbz-amino aldehydes (Espelt et al.!) as starting materials and
Fuculose-1-phosphate aldolase (FruA) as biocatalyst.

One of the drawbacks of these approaches is the preparation
and availability of the reagent DHAP. Jung et al. reported the chemical
synthesis of DHAP involving 6 steps in 60% overall yield.”? Recently, a
methodology has been reported for synthesizing DHAP in three steps with
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an overall yield of 74 %.7* Alternatively, enzymatic methods to generate
DHAP, which can be coupled with the aldol reaction, have also been
described.”78  However, some limitations arising from the lack of
compatibility of conditions between the coupled enzymatic reactions and the

product separation and purification have been observed.”™

Another approach is to use a mixture of DHA and a small amount of
inorganic arsenate to replace DHAP. DHA reacts in solution with inorganic
arsenate spontaneously to form dihydroxyacetone arsenate, which mimics
DHAP and is accepted by fructose-1,6-diphosphate aldolase (FDP
aldolase).80 However the toxicity of arsenate, complications during the
purification of the aldol adduct and low yields limit the attractiveness of this

method.

Fructose-6-phosphate aldolase (FSA): an alternative to fructose-1,6-
diphosphate aldolase (FDP aldolase)

A promising alternative to FDP aldolase is the novel fructose-6-
phosphate aldolase (FSA). This recombinant enzyme was firstly cloned,
overexpressed in E. coli, purified and characterized by Schiirmann et al.51.82
It as been reported that FSA catalyses the cleavage and formation of
fructose 6-phosphate (Figure 16).81  Consequently, the most striking
advantage of FSA is that it uses the inexpensive and readily available
dihydroxyacetone (DHA) as nucleophile. However, to date the synthetic
applications of this novel enzyme have not been investigated yet. Recently,
Schirmann et al.83 have reported the possible aldol addition of DHA onto
small aldehydes catalyzed by FSA although chemical data as yields and
stereoselective were not assessed. In the present work, FSA has been

employed to prepare D-fagomine and some of its N-alkylated derivatives.
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Fig. 16 Cleavage or formation of fructose 6-phosphate catalysed by FSA.

1.4. Techniques employed to study the interaction of biocides with

membrane models

The perturbation of lipid membranes by membrane-active agents
such as amphiphilic compounds is governed mainly by physico-chemical
processes. Hence, the study of the interaction of cationic biocides with
membrane models can provide valuable information for understanding the
mechanism of action of these molecules. The ultimate goal of theses studies
is to provide the basis for a rational design of new and improved
antimicrobial agents based on the physico-chemical properties of the

molecule.

Liposomes are vesicles constituted by phospholipid bilayers and
constitute a simple biomembrane model (Figure 17). Multilamellar vesicles
(MLV) are formed when thin lipid films are dispersed in excess water by
vigorous mixing. They form structures composed by a large number of
concentric bilayers, which are separated by a water layer. The vesicles can
be downsized by a variety of techniques. Small unilamellar vesicles (SUV,
mean diameter 15-50 nm) can be obtained by sonication and large

unilamellar vesicles (LUV, mean diameter 120-140 nm) by extrusion.
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Fig. 17. Scheme of the different liposome structures.

Lipid multilamellar vesicles are suitable membrane models for
studying interactions of biologically active molecules with lipid membranes
Consequently, liposomes have been widely used to investigate the
interaction of phospholipids with antimicrobial agents which act on the
plasma membrane structure. However, they suffer from several
limitations. For instance, the range over which the lipidic composition can
be varied without modifying the surface curvature and phase state is
limited. Besides, the degree of lipid packing is not uniform along the
bilayer84+85 and the physical state of compositionally identical bilayer
dispersions depends on the method of preparation.8® Moreover, some lipids
may not form stable multilamellar vesicles suitable for DSC studies. Lipid
monolayers can overcome these limitations being considered as an excellent
model system to study the interactions of active compounds with different

lipid compositions at the air/water interface.

Many natural antimicrobial peptides as gramadicin A, melittin,
magainin and defensin A have a small molecular weight and cationic
charges (i.e. they possess basic amino acids). Their amphipathic character
makes them surface-active products. The killing event for bacteria is the
permeabilization of the cytoplasmic membrane, generally induced by the

formation of channels. For this reason, the monolayer technique is suitable

40



1. Introduction

for studying their physico-chemical and biological properties as well as their

interaction with lipid monolayers.84

1.4.1. Differential scanning calorimetry (DSC)

DSC is a technique for measuring the energy necessary to establish a
nearly zero temperature difference between a substance and inert reference
material, as the two specimens are subjected to identical temperature
regimes in an environmental heated or cooled at a controlled rate. This
calorimetric technique has been applied extensively to the study of thermal
behaviour of lipids in biological membranes. 1,2-dipalmitoylphosphatidyl-
choline (DPPC) is a zwitterionic phospholipid widely used to prepare lipid

vesicles (Figure 18).

Fig. 18. Structure of 1,2-dipalmitoylphosphatidylcholine (DPPC).

Analysis of multilamellar vesicles (MLVs) of lipids with bulky polar
heads (e.g. DPPC) by DSC is characterized by two-phase transitions (Figure
19). First, a pretransition around 35 °C related with the alkyl chain tilt
and second, the main transition around 41 °C between an ordered gel state

(Lp phase) and a disordered liquid-crystalline state (L, phase).86-88

The study of the main thermotropic phase transition of MLVs by
DSC represents a simple and precise method to investigate the influence of
bioactive products on lipid membranes. The structural change associated
with this transition is the trans-gauche isomerization of the acyl-chains of
the lipid molecules. The average number of gauche conformers is related to
the bilayer fluidity.8¢ The presence of compounds susceptible of interacting

with the phospholipid molecules may cause perturbations, which can

41



1. Introduction

contribute to disturb the fluidity of the membrane. Two parameters related
with the phase transition were studied: the phase transition temperature

(Twm) and the width at half-height of the heat absorption peak (AT1/2).

Phase transition of DPPC liposome
Isomerization of alkylic chains

Gel phase Liquid-crystal phase
(rigid) (fluid)

Fig. 19. DSC curve corresponding to the phase transition of DPPC multilamellar vesicles.

The phase transition temperature (Tm, also called lipid chain melting
temperature) is defined as the temperature at which the substance
undergoing the transition is half converted). T is characteristic for each
lipid and it depends on the fatty acid chain length, the degree of
unsaturation, and the polar head group structure. The effect of additives
distributed inside the phospholipid bilayers may induce a decrease of Th,
indicating that the additive 1s interacting with polar heads of the
phospholipid molecules.

Liposomes are characterized by a reversible transition over a narrow
temperature range, from 0.2 to 1.0°C, for pure lipid suspensions. The
sharpness of the phase transition is often expressed as the temperature
width at half-height of the absorption peak, ATi2. The transition width,
ATy, 1s a measure of the cooperativity of the phase transition, i.e. the
number of phospholipids undergoing a simultaneous trans-gauche
transition.®® The widening of the transition width induced by additives may

be interpreted as the additive molecules incorporated in the membrane
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tending to disrupt the interaction between lipid molecules, responsible for

the cooperativity.s9

1.4.2. Fluorescence spectroscopy: ANTS/DPX leakage assay

Leakage of encapsulated material in large unilamellar vesicles (LUV)
can be assessed using the fluorescence spectroscopy. Consequently, this
technique also allows studying the interaction of biocides with phospholipid

membranes.

The encapsulated material are the fluorochrome 8-aminonaphtalene-
1,3,6-trisulfonic acid (ANTS) and its quencher N,N-p-xylenebis(pyridinium)
bromide (DPX). Thus, the dequenching of co-encapsulated ANTS and DPX
resulting from the dilution is monitored on a spectrofluorometer, with the
maximum of fluorescence intensity corresponding to 100 % leakage. Hence,
this assay allows measuring the increase of the fluidity of DPPC-LUVs

caused by solutes at different molar fraction (Figure 20).

| Large unilamellar ~ ~, oPX | i
! vesicle (LUV) -

o Triton §
ANTS / DPX Biocide X-100 %

i ANTS / DPX DPX

|

I

i @

i

|

i .

i No fluorescence Parcial fluorescence 100% fluorescence
I

i No leakage Parcial leakage Total Leakage

Fig. 20. Scheme of the ANTS/DPX leakage assay measured by the fluorescence emitted by
the fluorochrome ANTS.
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1.4.3. Langmuir film balance

The interaction of solutes with phospholipid monolayers can be
studied using a Langmuir film balance. This instrument enables to control
the molecular density (area) of a floating monolayer at the air/water

interface, while simultaneously measure the surface pressure.

The interaction of membrane-active agents with phospholipid
monolayers can be studied using a Langmuir film balance. Depending on
the charge of the polar head, they can be zwitterionic (e.g. DPPC) or anionic
phospholipids (e.g. 1,2-dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
sodium salt (DPPG, Figure 21). These lipids can be also a mixture of
phospholipids such as a total lipid extract from Escherichia coli. The last
one was employed in the present work because it is a more complex

biomembrane model than that formed by pure lipids.

Fig. 21. Structure of 1,2-dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] sodium salt
DPPG, an anionic lipid.

Two different experiments can be performed: kinetic penetration at
constant area and compression isotherms. These techniques allow assessing

the ability of the compounds to insert into the monolayer.

Kinetic penetration at constant area

This experiment consists of spreading a phospholipid monolayer on
the air-liquid interface of a Teflon trough (Figure 22). The surface area is
constant, achieving an initial surface pressure. Then, different volumes of a
concentrated compound solution are injected in the buffered subphase

solution and the increase in surface pressure is measured by a Wilhelmy
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plate connected to the Langmuir film balance. Consequently, the term
“monolayer penetration” is used to describe the interaction of an insoluble
monolayer spread at the air/water interface with a soluble active compound
in the aqueous phase. This interaction can be measured maintaining the
film area constant and to measuring the surface pressure changes on adding
the penetrating compound in the subphase. The parameters that must be

taken into account are:

a) the initial pressure of the lipid film (no): it reflects the packing of the
lipids in the monolayer at the air/water interface with a soluble active
compound in the aqueous phase. However, in order to compare the solute
penetration in various lipid monolayers, it is better to choose the lipid

density as the lipid packing parameter.

b) the concentration of the solute in the subphase.

c¢) the exclusion density (cex), that is the lipid density at which the solute no

longer penetrates.

Monolayer Injection
J /
: rd

Langmuir

balance j
o 1

Teflon trough

Fig. 22. System employed to perform the kinetics penetration at constant area.

Compression isotherms

This experiment consists of spreading a phospholipid monolayer on
the aqueous subphase. Then, the monolayer is compressed with a barrier

and the increase of surface pressure and the mean molecular area
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(molecular density) are continuously monitored measured during the
compression using the Langmuir film balance. Pure phospholipid
monolayer shows characteristic compression isotherms and deviations from
this isotherm can be observed when solutes are present in the subphase.

These effects allow gaining insight into the interaction lipid-solute.

Initially, phospholipid monolayers are spread at the air-water
interface and their molecules are expanded, resembling a gaseous state (see
Figure 23). In course of the film compression, there is a change in the
molecular packing. The compression rate must be slow enough to ensure
that changes occur under thermodynamic equilibrium conditions. Thus, the
compression isotherm involves different orientation of the lipid molecules:
a) liquid-expanded films (L-E films are very compressible).

b) liquid-condensed films (L-C films, molecules begin to be close-packed).
c) solid film, characterized by a low compressibility.
On further compression the film collapses in a three-dimensial state at the

collapse pressure (r.).

Figure 23 shows the compression isotherm profile of DPPC. This
profile shows the phase transition from liquid-expanded (L-E) to liquid-
condensed (L-C) phases at 7 mN m1 and 90 A2 mol! and the collapse

pressure at 60 mN m-! and 30 A2 mol! of molecular area.
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Fig. 23 (a) Langmuir film balance with a Wilhelmy plate electrobalance measuring the
surface pressure and barriers for reducing the available surface area and (b) profile of
compression isotherm of DPPC, showing the states and the orientation of DPPC molecules

at the air-water interface.

1.5. Techniques employed to study the antimicrobial action

Elucidation of the mode of action of antimicrobial agents can be
achieved by several techniques. In this thesis, the techniques employed
have been determination of minimum inhibition concentration (MIC), flow
cytometry (FC), viable cell counts, transmission electron microscopy (TEM)
and atomic absorption spectrophotometry. All these techniques have
limitations and therefore, it is convenient the use of complementary
methods to achieve a better assessment of the antimicrobial action of

biocides.
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1.5.1. Minimum inhibitory concentration (MIC)

The minimum inhibitory concentration (MIC) is defined as the lowest
concentration of the antimicrobial agent that results in inhibition of visible
growth. Thus, the lower the MIC values, the higher antimicrobial activity.
This assay can be performed in a 96-microwell plate (Figure 24), where each
raw 1s 1noculated with the tested micro-organism and each column

contained different concentrations of the antimicrobial agent.

Fig. 24. Growth (turbidity) occurs in those wells with biocide concentrations below the MIC.

Column number 12 was the negative control (i.e. inoculated medium in absence of biocide).

1.5.2. Flow cytometry (FC)

Flow cytometry (FC) is a technique for counting, examining and
sorting microscopic particles suspended in a stream of fluid. It allows
simultaneous multiparametric analysis of the physical and/or chemical
characteristics of single cells flowing through an optical/electronic detection

apparatus.

Flow cytometry (FC) can measure characteristics of single cells
suspended in a flowing stream. A focussed beam of laser light hits the

moving cell and light is scattered in all directions. Detectors receive the
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pulses of scattered light and they are converted into a form suitable for
computer analysis and interpretation. Properties of the cell, surface
molecules or intracellular constituents, can also be accurately quantified if
the cellular marker of interest can be labelled with a fluorescent dye. Each
flow cytometer 1is wusually able to detect different fluorochromes
simultaneously, depending on its configuration (source:

http://www.wehi.edu.au/cytometry/flowintrol.html).

Different fluorescent dyes have been described to evaluate the
membrane integrity of cells. The fluorochromes Syto-13 and propidium
1odide (PI) were employed in this thesis. The cell-permeant SYTO 13 green
fluorescent nucleic acid stain exhibits bright, green fluorescence upon
binding to nucleic acids of damaged and intact cells. PI is a popular red-
fluorescent nuclear and chromosome counterstain. Since PI is not permeant
to live cells, it 1s also commonly used to detect dead cells in a population.
Thus, the dual staining can be used to discriminate between:

a) viable bacteria with intact plasma membrane, only stained by Syto-13.
b) damaged cells, stained by both Syto-13 and PI.

c¢) several damaged or dead cells, only stained by PI.

As example, Figure 25 shows fluorescence conferred by Syto-13

corresponding to intact Staphylococcus aureus.
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Fig. 25 Untreated Staphylococcus aureus (i.e. control) stained by Syto-13 and PI.
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FC also allows the assessment of the perturbing effect on the
membrane potential caused by biocides. In this work, bis-oxonol was used
as fluorescent dye. Oxonols are anionic lipophilic dyes which are not
extensively accumulated cytosolically by cells with an inside negative
transmembrane potential. Therefore, bis-oxonol fluorescence increases with
the strength of the biocide treatment, as it can be accumulated inside the
cell when homeostatic conditions are lost and membrane potential

decreases.9

1.5.3. Viable cell counts

Indirect viable cell counts, also called plate counts, involve plating out
(spreading) a sample of a culture on a nutrient agar surface. The sample or
cell suspension can be diluted in a nontoxic diluent (e.g. water or saline)
before plating. If plated on a suitable medium, each viable unit grows and
forms a colony. Each colony that can be counted is called a colony forming
unit (cfu) and the number of cfu's is related to the viable number of bacteria

in the sample.

Advantages of the technique are its sensitivity (theoretically, a single
cell can be detected), and it allows for inspection and positive identification
of the organism counted. Disadvantages are: (1) only living cells develop
colonies that are counted; (2) clumps or chains of cells develop into a single
colony; (3) colonies develop only from those organisms for which the cultural
conditions are suitable for growth. The latter makes the technique virtually
useless to characterize or count the total number of bacteria in complex
microbial ecosystems such as soil or the animal rumen or gastrointestinal

tract.
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1.5.4. Transmission electronic microscopy (TEM)

This technique provides information about surface and intracellular
changes on bacteria and therefore, it is a valuable tool to gain insight the
effects caused on bacteria after exposure to biocides. TEM is performed on
thin sections of bacteria that had been treated with the selected
antimicrobial agents and it allows identifying damage to the cell membranes
and cell contents, as well observing changes in cellular morphology after

exposure to a biocide.91-95

1.5.5. Atomic absorption spectrophotometry

This technique provides accurate quantitative analyses for metals in
solution.  Absorbance values for unknown samples are compared to

calibration curves prepared by running known samples.

The first signal of an increase in membrane permeability is usually
provided by the leakage of potassium ions. Membrane-active agents release
various cytoplasmatic constituents from treated cells. Thus, potassium
leakage reflects changes in the membrane structure together with
consequences on the viability of cells.?¢ Here, we have assessed K+ leakage
from Dbacteria after exposure to biocides by atomic absorption
spectrophotometry. This technique requires high number of bacterial cells
(ca 109 cfu mL-1)16 and a potassium-free buffer system whitout interfering

ions (e. g. sodium) in the buffer.
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2. Objectives

The main goal of the present thesis was to gain insight into the mode
of antibacterial action of arginine-based surfactants to design novel

antimicrobial agents with improved antibacterial activity.

As mentioned in the introduction, our group has prepared different
series of arginine acid-based surfactants which have shown broad spectrum
activity. It is believed that their main target may be the cytoplasmatic
bacterial membrane. The initial goal of this thesis was to investigate their

mode of action. With this aim, the following objectives were pursued:

1) To study the interaction between arginine-based surfactant and

membrane models.

2) To assess the effects caused by a gemini arginine-based surfactant,

C3(CA)2, on Staphylococcus aureus and Escherichia coli.

After these physico-chemical and microbiological studies, the third

objective was:
3) To design novel bis(phenylacetylargine) derivatives, bis(PhAcArg), to
enhance the antimicrobial action of the arginine-based surfactants

synthesised thus far.

Finally, with the aim of looking for novel antimicrobial agents, the

fourth objective was:

4) To synthesise D-fagomine and N-alkyl-D-fagomine derivatives to

evaluate their antimicrobial activity.
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3.1. Results and discussion

3.1. Interaction of antimicrobial arginine-based cationic surfactants

with membrane models

Cationic surfactants such as hexadecyltrimethylammonium bromide
(HTAB) and bisbiguanides such as chlorhexidine (CHX) possess broad
antimicrobial activity. Their target is the cytoplasmic membrane, which is
basically a bilayer of phospholipids where proteins are anchored (section 1.1.1.,
page 15). It is believed that arginine-based cationic surfactants such as LAM,
C3(0A)2 and C3(CA)q2, (Figure 1) should have the same target but to date their

interaction with membrane models has not been investigated yet.
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Fig. 1. Structures of the selected antimicrobial agents.

To gain insight into the physicochemical factors that determine the
antimicrobial activity of arginine-based surfactants, their interaction with model
lipid-membranes systems was investigated. The study also included HTAB and
CHX for the sake of comparison. In this chapter, the antimicrobial activity and
the physicochemical effects of these compounds on multilamellar vesicles (MLVs),
large unilamellar vesicles (LUVs) and phospholipid monolayers are described in

detail.
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3.1. Results and discussion

3.1.1. Antimicrobial activity

The minimum inhibitory concentration (MIC) values of LAM, Cs3(CA).,

C3(0OA)2, HTAB and CHX against seven Gram-positive bacteria, eight Gram-

negative bacteria and one yeast are summarized in Table 1.

Table 1. Minimum inhibitory concentration in mg L1 of the selected compounds.

In parenthesis, MICs values are expressed in uM.

Micro-organism MIV{V’I?:éi5 1\%3(?1@425 Mv% ?(}\él.gg 1\/105(%?);2 MVS 53}2(.40
Gram-negative

bacteria

C. freundii 64 (18) 64 (90) 256 (628) 32 (42) 1(2)
B. bronchiseptica 4 (1) 8 (11) 256 (628) 4 (5) 1(2)
P. aeruginosa >256 (>70) 256 (359) 64 (157) 32 (42) 8 (14)
S. typhimurium 128 (35) 32 (45) 32 (79) 16 (21) 2 (4)
E. aerogenes 128 (35) 32 (45) n.d. 16 (21) 8 (14)
S. faecalis 256 (70) 128 (179) 32 (79) 8 (10) 8 (14)
E. coli 32 (9) 16 (22) 32 (79) 8 (10) 2 (4)
K. pneumoniae 256 (70) 8 (11) 128 (314) 8 (10) 8 (14)
Gram-positive

bacteria

B. cereus >256 (>70) 256 (359) 64 (157) 32 (42) 8 (14)
A. oxydans 2 (0,5) 32 (45) 64 (157) 16 (21) 1(2)
S. epidermidis >256 (>70) 256 (359) 64 (157) 32 (42) 4 (7)
B. subtlis 64 (18) 16 (22) 256 (628) 16 (21) 4 (7)
S. aureus 2 (0.5) 16 (22) 64 (157) 2 (3) 0.5 (1)
M. luteus 1(0.3) 8 (11) 256 (628) 4 (5) 1(2)
M. phlei 256 (70) 256 (359) n.d. 16 (21) 8 (14)
Yeast

C. albicans 1(0,3) 8 (11) 64 (157) 2 (3) 0.5 (1)

The lower the MIC values the higher the antimicrobial activity. A cursory

inspection of Table 1 shows that the MIC values for each compound depended

exclusively on the bacterium but not on the nature of the outer membrane (i.e.

Gram-positive or Gram-negative). The cell envelope of Gram-negative bacteria is
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3.1. Results and discussion

more complex than that of Gram-positive bacteria, but the presence of large
amounts of negatively charged phospholipids and phosphatidylethanolamine
(PE) is a common feature.! If MIC values are expressed in pg mL?! the
antimicrobial activity increased in the order of HTAB < C3(0A)2 < LAM < C3(CA)2
< CHX. To compare more precisely compounds with different molecular weight,
MIC values were also expressed in uM instead of the typical mg L. Then, the
order is slightly different; LAM < C3(0OA): < HTAB < C3(CA): < CHX.
Remarkably, C3(CA)2 possessed lower MIC values than those of the commercial
HTAB, for most of the micro-organisms assayed. In previous studies,?3 it has
been shown that the optimum biological effect of single chain arginine-based
surfactants was obtained with hydrocarbon alkyl moieties of 10 methylene
groups (i.e. LAM). Pérez et al.4 have reported that the minimum MIC values of
the arginine-based gemini surfactants were obtained with the Cn(CA)2
homologues. In this work, Cs(CA): was the most active and for some micro-
organisms similar to CHX. The results suggest that both the length of acyl
chains and the positive charges, which determine the hydrophilic-lipophilic
balance (HLB) of the molecule, are responsible for their membrane-disrupting

properties.

3.1.2. Interaction of arginine-based surfactants with multilamellar

vesicles

Analysis of multilamellar vesicles (MLVs) of lipids with bulky polar heads
by differential scanning calorimetry (DSC) 1is characterized by two-phase
transitions (Figure 2 curve a); a pretransition around 35 °C related with the alkyl
chain tilt and the main transition around 41 °C between an ordered gel state (Ly

phase) and a disordered liquid-crystalline state (L, phase).57

The study of the main thermotropic phase transition of MLVs by DSC
represents a simple and precise method to investigate the influence of bioactive
products on lipid membranes. The structural change associated with this

transition is the trans-gauche isomerization of the acyl-chains of the lipid
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3.1. Results and discussion

molecules. The average number of gauche conformers is related to the bilayer
fluidity.> The presence of compounds susceptible of interacting with the
phospholipid molecules may cause perturbations, which can contribute to disturb
the fluidity of the membrane. Two parameters related with the phase transition
were studied: the phase transition temperature (7w), which corresponds to the
gel to liquid-crystalline transition; and the width at half-height of the heat
absorption peak (ATi2), which is a measure of the cooperativity of this phase

transition process.

The effect of the compounds on the main thermotropic phase transition
parameters of MLVs of zwitterionic 1,2-dipalmitoylphosphatidylcholine (DPPC)
was investigated with mixtures containing 0, 1, 2, 3, 4, 5, 10, 20, and 30 mol % of
the tested compound. As example, Figure 2 depicts the DSC melting profiles of
DPPC MLVs in the presence of different mol % of C3(CA)2. It is noteworthy that
the addition of the product always caused the complete disappearance of the

pretransition.

L oToOoQ O

30 35 40 as 50 <

Fig. 2. DSC curves obtained with DPPC MLVs in presence of C3(CA)2. The molar percentage of
C3(CA)z were 0 % (a), 1 % (b), 2 % (c), 3 % (d), 4 % (e) and 5 % (f).

From the DSC curves thus obtained, the 7. (Figures 3a-b) and ATix2
(Figures 5a-b) were plotted against the mol % of each product. As seen in
Figures 3a-b, the higher the concentration of the product in the MLVs

preparation, the lower the T values observed, except for HTAB.

68



3.1. Results and discussion

a 43 = b
47 47 - - -
414 consa (D e ——
0 O 31
38 4
,.LE 40 i S oy
364 i
3894 354
34 4
18 33—
] 1 ] ] I ] kF ] | I I 1 | I
] 1 2 3 4 5 0 5§ 10 15 20 25 20
Surfactant, mol% Surfactant, mol%

Fig. 3. The phase transition temperature (Tm) of DPPC MLVs as a function of the molar
percentage of antimicrobial compound, in a concentration range (a) between 0 and 5 mol % and

(b) between 0 and 30 mol %; LAM (X), C3(OA)z (A), C3(CA)z2 (¥), HTAB (m) and CHX (e).

For the ideal case where the solute concentration in the lipid membrane is
sufficiently low as in the present case, the depression of phase transition
temperature is related to the solute concentration in the membrane by equation
(1):

RT,,
7 X X'i (1)

—AT =

where AH is the enthalpy change associated with the phase transition of pure
lipid vesicles (i.e. 36.4 KJ mol-! for DPPC MLVs), R is the gas constant, x7 is the
mole fraction of surfactants in the membrane, Tmo 1s the transition phase
temperature of pure lipid vesicles (i.e. 314 K for DPPC MLVs) and -AT is
Tm-Tmo. Converting the number of moles to molar concentration for dilute
solution with respect to both lipid and surfactant, equation (1) leads to equation
(2)8:

RT;, K

—AT = X
AH 555+C,K

C; @)

where C, and CY are the total concentration of the lipid and product in mol %,
respectively, and K is the coefficient of surfactant between the bulk solution and
the lipid membrane. Consequently, the partition coefficient K also reflects the
interaction of the compound with the lipid molecules. The -AT = Th-Tm o values

were plotted against the molar concentration of the compound in a range
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between 0 to 3x10-4 M (i.e. 0-5 mol %) (Figure 4). In this concentration range, it
was possible to estimate the partition coefficient (K) of the compound between

the bulk solution and the lipid membrane, using equation (2) (Figure 4).

0+ T T T
0 1 2 3

Concentration, 10™*M

Fig. 4. The depression of the transition temperature AT = Tw-Tm,o, of DPPC MLVs as a function
of the molarity of the compound. Solid lines correspond to equation (1) fitted to the experimental

data for the compounds LAM (X), C3(0A)z2 (A), C3(CA)2 (¥) and CHX (e).

From the slope of the straight lines thus obtained, the partition
coefficients (K) were calculated and listed in Table 2. The results indicate that
the partition of the compounds into the lipid membrane increased in the order
C3(0A)2 < LAM < C3(CA)2 < CHX, in good agreement with their antimicrobial

activity.

Table 2. Partition coefficient (K) of the selected compounds between the bulk
solution and the DPPC MLVs calculated from the slopes of the linear regressions

of Figure 4.
Compound K
C3(0A): 5.1+1.0
LAM 10.8+ 0.9
C3(CA)2 15.8+1.2
CHX 22.5+1.8
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A different situation was observed for HTAB. Here, T\ increased in a
concentration range between 0 and 5 mol %, whereas at higher concentration T
was constant. This result may be explained considering the effect of n-alkanes,
alcohols, fatty acids and tertiary alkyl ammonium salts on phospholipid phase
transition behaviour.910 Compounds with hydrocarbon chain length < 10
intercalate into the hydrophobic core of the lipid bilayer, causing a void near the
acyl hydrocarbon core. This void increases the ratio of trans to gauche
conformers diminishing the stability of the lamellar gel phase and, therefore,
decreasing Tw. On the other hand, the longer the alkyl chain (> 12 carbons) of
the compound the smaller the void formed, causing less disruption of the packing
of the phospholipid acyl chains. This increases the van der Waals interactions
and therefore produces a small increase of T1,.7 The behaviour of HTAB followed
this latter trend, whereas the rest of the compounds under study performed as

the shorter hydrocarbon alkyl chains.

To confirm these observations, dodecyltrimethylammonium bromide
(DTAB), bearing a shorter alkyl chain than that of HTAB was also studied at
concentrations ranging from 0 to 20 mol % (see Figure S.2.8., page 91). Here, the
DSC analyses showed a decrease of 0.3 °C mol %! of the phase transition

temperature, suggesting the formation of voids in the hydrophobic core.

The transition width at half-height of the heat absorption peak (AT1) is a
measure of the cooperativity of the lipid molecules during the gel to liquid
crystalline transition. The broadening of the endothermic peaks indicates that
compounds were incorporated into the DPPC MLVs, disrupting the correlation
between lipid molecules (i.e. cooperativity).ll Both Cs(CA)2, and CHX increased
this parameter in the concentration range studied, whereas LAM had small

effect up to 5 mol % but increased linearly between 5 to 30 mol % (Figures 5a-b).
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Fig. 5. The transition width (AT12) of DPPC MLVs as a function of the molar percentage of
antimicrobial compound in concentration range (a) between 0 and 5 mol % and between (b) O and

30 mol %; LAM (X), C3(OA)z2 (A), C3(CA)2 (V), HTAB (m) and CHX (e).

To better correlate both Tn and the cooperativity, ATi2 was plotted
against the -AT values (-AT = Tw - Tmo, where T, corresponds to T of pure
DPPC MLVs, Figure 6). HTAB was not considered here since this compound
increased the 7w of the DPPC MLVs. The results may be fitted to a linear
equation in accordance with a previous work.® Since -AT is directly proportional
to the mole fraction of the compound into the lipid membrane, this plot reflects
the extension of the perturbation of the lipid membrane by the product: the
higher the slope of the straight line the larger the perturbation of the MLVs. An
inspection of the slopes for each compound, depicted in Figure 6, revealed that

both CHX and C3(CA)2 caused the largest effect on the DPPC MLVs.

0
AT, ., °C
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Fig. 6. Correlation between the transition width (AT12) and the depression of the transition
temperature -AT = Tw-Tmo of DPPC MLVs in the presence of LAM (X), C3(0A)2 (A), C3(CA)2 (V)
and CHX (e).
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Considering that for most cationic antimicrobial compounds the
mechanism of action is similar,!? their activity on the lipid bilayer depended on
the charge of the polar head and on both the structure and hydrophobicity of the
lipophilic moiety: LAM has only one charged polar group whereas Cs(CA)z2 has
two polar groups per molecule and was more hydrophobic than C3(0OA)2. As
indicated above, the hydrophobicity of the side chain in C3(0OA)s2, was analogous
to that of the CHX (logP = 2.8).13 The differences observed between these two
products stressed the importance of the structure of the lipophilic moiety in the

antimicrobial activity.

The variation of the enthalpy transition of DPPC bilayers caused by the
solutes could not be measured with good precision. The instrument used was a
conventional calorimeter and the scanning rate was 5 °C min'l. It appears that
lower scanning rate is required to achieve reproducible values of AH.> To confirm
this observation the variation of the enthalpy transition of pure DPPC bilayers
were measured with a micro-calorimeter (Micro DSC III, Setaram) at 0.5°C min-1.
The variation of the enthalpy transition was measured with good precision but
the volume of sample required (60 pul.) was higher than with the conventional

calorimeter (30 pL).

In summary, the thermotropic variables of DPPC MLVs correlated well
with the antimicrobial activity of the compounds under study. The most potent
antimicrobial compounds, C3(CA)2 and CHX, showed the highest partition into
the lipid membrane (i.e. the highest K values) and the greatest widening of the

transition width (AT12) with the decrease of the transition temperature (Th).

3.1.3. Interaction of C3(CA)2 and CHX with unilamellar lipid vesicles

Previously, the gemini surfactant C3(CA)2 and the antiseptic CHX
displayed high interaction with DPPC MLVs. At this point, our interest was
focused on the assessment of the ability of C3(CA)2 to increase the fluidity of
DPPC vesicles using another different technique. With this aim, leakage assays

of encapsulated material in large unilamellar vesicles (LUVs) caused by C3(CA)2
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3.1. Results and discussion

were performed. For the sake of comparison, the effect caused by CHX was also

studied.

The ANTS fluorescent dye and the DPX quencher were co-encapsulated in
DPPC LUVs. The effect of C3(CA): and CHX on the release of encapsulated
content was monitored by dequenching of the ANTS. Figure 7 shows the
fluorescence curves of LUVs aliquots after different additions from concentrated
solutions of C3(CA)2 and CHX. Finally, Triton X-100 was added to the LUV
suspension 1n order to dissolve the vesicles and to obtain the maximum

fluorescence intensity.
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Fig. 7. Curves of fluorescence intensity of DPPC-LUVs containing fluorescent dyes in presence of

(1) C3(CA)z and (2) CHX at different mole fractions.

The ANTS-DPX leakage from DPPC LUVs induced by C3(CA)2: and CHX
was calculated from the curves shown in Figure 7. Thus, the percentage of
leakage was calculated using equation (3):

Fr-Fo

Fioo0 - Fo

% Leakage = x100 3)

where:
Fr is the fluorescence intensity after adding the solute, Fo is the initial

fluorescence and Figo 1s the fluorescence after the addition of Triton X-100.

As shown in Figure 8, C3(CA)2 showed higher ability than CHX to release
the encapsulated material from DPPC LUVs. As example, the 50 % of leakage
was achieved with 8 mol % of C3(CA)2 while 29 mol % of CHX was required to

achieve the same percentage of leakage. Although both compounds are cationic
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amphiphiles, the excellent surfactant properties of C3(CA)2 could enhance its

interaction with DPPC LUVs.
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Fig. 8. Leakage percentage of encapsulated ANTS-DPX from DPPC LUVs in presence of C3(CA)z
(A) and CHX (O).

3.1.4. Interaction of arginine-based surfactants with lipid monolayers

As demonstrated thus far, lipid multilamellar vesicles are suitable
membrane models for studying interactions of biologically active molecules with
lipid membranes. However, they suffer from several limitations. For instance,
the range over which the lipid composition can be varied without modifying the
surface curvature and phase state is limited. Besides, the degree of lipid packing
is not uniform along the bilayer'415 and the physical state of compositionally
1dentical bilayer dispersions depends on the method of preparation.t’® Moreover,
some lipids may not form stable multilamellar vesicles suitable for DSC studies.
Lipid monolayers can overcome these limitations being considered as an
excellent model system to study the interactions of active compounds with
different lipid compositions at the air/water interface. Consequently,
phospholipid monolayer is another membrane model widely used to study the

interaction of membrane-active agents with phospholipids.

Here, three different phospholipids were employed to investigate their
interaction with the selected compounds. DPPC and DPPG as zwitterionic and

anionic phospholipids, respectively, and a total lipid extract from Escherichia
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3.1. Results and discussion

coli were also employed. The interaction between the tested compounds and the
phospholipid monolayers was studied carrying out kinetic penetrations and
compression isotherms. Before, it was necessary to determine the optimal
compound concentration. With this purpose, the surface activity of the

compounds was measured.

Surface activity

The surface activity or accumulation at the air/water interface of the
selected compounds was assessed. To this end, different volumes of concentrated
solutions of LAM, C3(CA)z2, C3(OA)2, HTAB and CHX were injected into the PBS
subphase and the pressure increases were recorded as a function of time. On
increasing the amount of the tested compounds the surface pressure increased
up to a saturation surface pressure. Figure 9a is an example of the pressure
curves obtained for different concentrations of Cs(CA).. Here, at the lowest
concentration assayed the maximum surface pressure was not achieved even
after 60 min due to its high aqueous solubility (see Figures S.9.a. for other
compounds in pages 92-96). From these plots, the curves of the surface pressure
as a function of the product concentration were obtained (see Figure 9b as

example and Figures S.9.b for other compounds in pages 92-96).
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Fig. 9. (a) Surface activity of C3(CA)z as a function of time at different concentrations: 1x10-5 M
(o), 5.7x10¢ M (A), 1.1x106 M (e), 5.7x10-7" M (m) and 2.9x107 M (o) and (b) surface pressure

increases as a function of C3(CA)z2 concentration.
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Surface pressure at the saturation point for the compounds under study is
summarized in Table 3. The results obtained may be explained considering the
number of methylene groups in the hydrophobic side chains in relation with the
polar head. HTAB, with an aliphatic chain of 14 methylene groups, gave a
surface pressure higher than that of LAM with 10 methylene groups. Similarly,
the two side chains attached to the central unity of C3(CA)2 account for a total of
16 methylene groups, thus explaining the remarkable surface activity of this
compound. Compared to C3(CA)z, the lower ability of C3(OA)2 to accumulate at

air-water interface may be related to its shorter side chains.

Finally, CHX showed low capacity to diminish surface tension, as expected
from the inclusion of a chlorobenzene unit instead of a long aliphatic side chain.
The lipophilicity (octanol/water partition coefficient (logP)) of the side chain in
C3(0A)2, which was estimated!3 to be around 3.5 is close to the lipophilicity of the
side chain of CHX (i.e., chlorobenzene) (logP = 2.8), explaining their similar

surface activity.

The surface activity data provided information on the suitable
concentration of each compound that should be used in the bulk subphase for the
experiments on the interaction with phospholipid monolayers (i.e. penetration
kinetics and compression isotherms). This optimal concentration was the one
that gave the ca. 80 % of the maximum surface pressure (80 % saturation
concentration). In all cases, this concentration was ~ 3x105 M, except for
C3(CA)2; 106 M. This result indicates the excellent surface properties of C3(CA)2
(see Table 3). Under these conditions, both the saturation of the product in the
trough and the formation of domains were avoided.6 The optimal
concentrations for each product, calculated from pressure/concentration curves

fell well below their respective critical micelle concentrations (CMC).
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Table 3. Surface pressure at saturation concentration, at ca. 80 % saturation

concentration and the CMC for each antimicrobial compound.

Saturation Surface 80% Surface
. CMCP
Product conc. / pressure / saturation pressure? / M
M mN m! conc. / M mN m!

LAM 4.5x105 29.3 3.6x10% 22.4 60.0x104 ¢
C3(0A): 11.0x105 19.7 3.4x10° 15.5 7.0 x1044
C3(CA)2 0.6 x10° 34.2 0.1x10° 24.3 0.3 x1044d

HTAB 4.1 x10° 31.9 3.7x10° 27.2 10.0 x10%e

CHX 17.0 x10°5 18.0 4.0x10% 16.8 100.0 x104¢

aApproximate values corresponding to 80 % saturation concentration, PAt 25°C, cReferencel?,
dCMC were measured in water at 25 °C using a tensiometer (Kruss K-12) with a Wilhelmy plate,

eReference!8, fReferencel?

Penetration kinetics at constant area

The interaction of the selected products with monolayers of DPPC, DPPG
and E. coli total lipid extract was studied first by analyzing the penetration
kinetics at constant area. We chose both zwitterionic DPPC and anionic DPPG
phospholipids to compare the effect of the electrostatic interaction with the
cationic compounds. It is noticeable that negatively charged phospholipids are
the major components of bacterial membranes, whereas zwitterionic lipids are of

mammalian membranes.20

E. coli total lipid extract was also investigated because it resembles a real
biomembrane closer than pure lipids. The concentration of each compound in
the subphase was the corresponding at ca. 80 % saturation concentration (Table
3). Figures 10a-c depict the surface pressure increases (An) 30 min after
injection of the compounds in the subphase versus the initial lipid pressure (o)

of 5, 10, 20 and 32 mN m-! of DPPC, DPPG and E. coli lipid extract monolayers.

From these results, the exclusion density (cex) was determined as
previously described by Maget-Dana et al.l* The plots of the pressure increases

as a function of the initial densities of the lipids, gave straight lines of negative
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3.1. Results and discussion

slope. The intercept of these lines with the X-axis defines the monolayer Gex.
This parameter indicates the lipid film density at which the compound no longer
penetrates and it is useful for comparing the relative penetration of a compound
in various lipid monolayers. The calculated values of cex for each antimicrobial

compound are summarized in Table 4.
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Fig. 10a-c. Surface pressure increases (Am) 30 min after injection of the compounds in the
subphase versus the initial lipid pressure (mo) of 5, 10, 20 and 32 mN m-! of DPPC, DPPG and E.

coli lipid extract monolayers.

As a general trend, the higher the initial monolayer pressure, the lower the
pressure increase, because of the increasing packing density of the lipid
molecules. Moreover, the cex values (see Table 4 and Figures S.10 in pages 97-98)
show that the compounds incorporate better into the anionic DPPG monolayer

than into zwitterionic DPPC.

For DPPC monolayers (see Fig. 10a and Fig. S.10.1 in page 97), the
pressure increases raised in the order C3(0OA)2 ~ CHX < C3(CA)2 < LAM < HTAB
indicating a low penetration capacity of gemini compounds. Here, it appears that
the differences between gemini and single chain structures arise mostly from

steric hindrance.

For DPPG monolayers (see Fig. 10b and Fig. S.10.2. in page 97) at no = 5
and 10 mN m-, the highest pressure increases were observed for HTAB and

C3(CA)2, whereas at mo = 32 mN m-! C3(CA)2 and C3(0OA)2 were the most active
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compounds. According to cex (Table 4) the incorporation of the compounds into
the DPPG monolayer was higher for the gemini compounds than that for the
single chain surfactants. This reflects that electrostatic interactions are
predominant over the steric effects between the DPPG and the surfactant. Both,
C3(CA)2 and C3(OA)2 have two positive charges per molecule against one of LAM
and HTAB. CHX had lower interaction than that of arginine-based gemini
surfactants, despite of having also two positive charges. This may be due to the
lack of the long lineal hydrophobic chains and therefore, a different conformation

may presumably be adopted at the air/water interface.

The penetration of the compounds in E. coli lipid extract monolayers at mo
= 32 mN m! (see Figure 10c and Figure S.10.3. in page 98) was between that
found in DPPC and DPPG. The surface pressure increase at np = 32 mN m-
raised in the order C3(OA)2 < LAM < CHX < C3(CA)2 = HTAB but the differences
between the most active antimicrobials CHX and C3(CA)z were small. The ocex
values (Table 4) indicated, however, that the incorporation of the products into

this monolayer was lower than that with either DPPC or DPPG.

Table 4. Exclusion density (cex) of the tested compounds in DPPC, DPPG and E.
coli total lipid extract monolayers.

cex DPPC/ cex DPPG / cex E. coli extract/

Product molec nm-2 molec nm-2 molec nm-2
LAM 2.4+0.2 3.0+0.6 1.8+0.1
C3(0A): 2.3+0.1 9.2+0.5 1.8+0.1
C3(CA)2 2.2+0.1 45+0.6 1.9+0.1
HTAB 2.4+0.1 2.9+0.1 1.8+0.2
CHX 2.6 0.1 3.4+0.2 2.1+£0.2

The exclusion pressure was calculated by plotting the pressure increases
as a function of the initial pressure of the lipid monolayers and following the
procedure used for the estimation of the exclusion density. Interestingly, the
exclusion pressure in the E. coli monolayer was > 35 mN m-! for all the tested
compounds. Considering that the packing density of biological membranes is

around 32 mN m-, the studied compounds may insert into biomembranes.21.22
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Compression isotherms of lipid monolayers

The shape of the compression isotherm shows the extent to which the
compound is forced into the bulk subphase. If the products desorbed completely
as the film was compressed, the resulting isotherm would match that to pure
phospholipid. Thus, any deviation from that can be attributed to incomplete
desorption of the antimicrobial.23 Therefore, an interaction is thus expected to

occur between the product and the phospholipid.

The isotherms taken from pure DPPC and DPPG (Figures 11a-b) showed
the well-known phase transition from liquid-expanded (LE) to liquid-condensed
(LC) phases around 7 mN m-! and 90 A2 mol! of molecular area.24 The E. coli
total lipid extract isotherm (Fig. 11c) did not show the LE-LC transition,
presumably because it was a mixture of three different phospholipids and
contained a 17 % w/w of other unidentified compounds. The interaction of tested
compounds with the lipid monolayers was investigated as the influence in the

compression isotherms of DPPC, DPPG and E. coli lipid extract.

The compression isotherms obtained after spreading DPPC, DPPG and E.
coli lipid extract on the subphases containing the compounds under study are
depicted in Fig. 11a, 11b and 11c, respectively. The compound concentration was
4x105M (i.e. ~80 % saturation concentration), except for C3(CA)2 (Figures 12a-c).
Here, the 80 % saturation concentration corresponded to ca. 1x10-¢ M, owing to
its higher surface pressure (Table 3). Therefore, for the sake of clarity, the
results obtained with C3(CA)2 were plotted separately.
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CHX (e) at ca. 80 % saturation concentration (ca. 4x10-> M).
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Fig. 12. Compression isotherms of (a) DPPC (o), (b) DPPG (A) and (c¢) E coli total lipid extract (o)
monolayers (doted lines) spread on subphases containing Cs(CA)2 (V) at ca. 80% saturation

concentration (ca. 10-6¢ M).

Analysis of the isotherms revealed that all the surfactants showed an
immediate surface pressure increase at the onset of compression, due to its
intrinsic adsorption at the air-water interface. We tried to reduce this effect by
decreasing the product concentration in the subphase. However, a similar effect
was noticed in experiments conducted at 1x10> M and 3x10-¢ M corresponding to
20 % and 5 % saturation concentration, respectively, and 3x107 M and
5x10-8 M for C3s(CA)z (see Figures S.11. and S.12. in pages 98-105). Analogous
findings were obtained with neutral surfactants such as nonoxynol-9 and C31G

(equimolar mixture of C14 amine oxide and C16 alkyl betaine).16

82



3.1. Results and discussion

The presence of the compounds in the subphase shifted the lipid
monolayers to higher area/molecular values (i.e. expansion effect) compared to
isotherms obtained in the absence of product. This effect was reflected as a
decrease in the compressibility moduli (Cs?!) of the monolayer, calculated using

equation (4)25> and summarized in Table 5.
Csl = -A(AIl/0A)T (4)
where A 1s the molecular area and II is the surface pressure.
Table 5. Compressibility moduli (Cs!) of DPPC, DPPG and E. coli lipid extract

monolayers spread in the presence, at ca. 80% saturation concentration, or
absence of cationic compounds.

I Subphase Subphase Subphase Subphase Subphase Subphase

(mN/m)  PBS LAM C3(0A)s  Cs(CA);  HTAB CHX

DPPC
10 6 14 24 42 21
20 89 47 91 51 89 65
30 138 113 40 25 128 115
40 154 35 197 48 2 138
50 115 72 66
60 16 66

DPPG
10 39 21 25
20 58 38 56 82 14 33
30 91 30 36 75 41 75
40 116 41 32 44 45
50 110 22 8
60 38 37

E. coli

extract
10 45 16 16 69 48 36
20 90 36 40 53 34 51
30 83 1 73 38 75
40 96 40 64
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For HTAB, CHX and C3(0OA): a shift towards lower values of
area/molecule appeared in the DPPC or DPPG compression isotherm (Figure
11a-b). This indicates an ejection of the product and lipid molecules from the
monolayer to the subphase, probably by the formation of mixed micelles.
C3(CA)2 always produced an expansion of the lipid monolayers regardless on the
pressure and type of phospholipid, indicating the insertion of the surfactant into

the monolayer (Figures 12a-c).

The collapse pressure and the variation of the LE-LC phase transition
were a function of both the compound and the lipid. Overall, the higher the
concentration of the compound in the subphase, the lower the collapse pressure

observed (Table 6).

Table 6. Collapse pressure (mN m-1) of DPPC, DPPG and E. coli total lipid
extract monolayers at ca. 80, 20 and 5 % saturation concentration of the

antimicrobial compounds at the subphase.

DPPC DPPG E.coli extract
(60 mN m1)a (67 mN m1)2 (48 mN m-1)2
Product 80 % 20 % 5% 80 % 20 % 5% 80 % 20 % 5%
LAM 40 59 61 32 57 57 30 44 46
C3(0A): 49 55 65 56 o6l 67 46 47 49
C3(CA): 63 63 60 70 71 70 47 47 48
HTAB 36 53 63 40 43 58 28 40 46
CHX 52 60 63 32 39 43 34 43 46

aCollapse pressure of the pure lipid monolayer.

Moreover, the LE-LC phase transition pressure tended to increase or
disappear on increasing the product concentration. CHX abolished the LE-LC
transition and reduced the collapse pressure regardless on the concentration,
especially in DPPG monolayers. On the other hand, C3(CA)z2 did not reduce the
collapse pressure and the LE-LC transition shifted to higher pressures. Here,
C3(CA)2 may hinder the reorientation of the alkyl chain of the lipids from

horizontal to vertical position.26
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The effects observed on the monolayer such as expansion, collapse
pressure decrease and LE-LC phase transition modification reflect a clear
destabilization of the monolayer packing by the compounds under investigation.
As shown in Figures 11la-b and 12a-b, all these perturbing effects were more
important in DPPG than in DPPC, as a result of the electrostatic interactions in

agreement with the previous results on penetration kinetics.

The expansion of the DPPC and DPPG monolayers increased in the order
C3(0A)2 < LAM ~ HTAB ~ CHX < C3(CA)2 and the collapse pressure decreased in
the order C3(CA)2 > C3(0A)2 > LAM ~ HTAB ~ CHX. The expansion of the E. coli
lipid extract monolayers increased in the order C3(OA)2 ~ LAM ~ CHX < HTAB <
C3(CA)2 and the collapse pressure decreased in the order Cs(CA)z ~ C3(0A)2 >
LAM ~ HTAB ~ CHX. Consequently, the compounds with the highest
antimicrobial activity caused a large expansion of the lipid monolayer or a large
decrease in its collapse pressure together with a strong suppression of the LE-LC

phase transition.

In summary, the penetration Kkinetics studies indicate that the
antimicrobials incorporated better into anionic DPPG than into zwitterionic
DPPC lipid monolayers. Here, mostly electrostatic forces governed the lipid-
antimicrobial interaction. Concerning the compression isotherms, the highest
expansion of the lipid monolayer was observed with the most active
antimicrobial derived from arginine C3(CA)2, but this compound did not reduce
the collapse pressure On the other hand, CHX reduced the collapse pressure
and strongly suppressed the LC-LE phase transition. From the results obtained
with lipid monolayers, a relation between the physicochemical properties with

the antimicrobial activity was unclear.
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3.1. Results and discussion

3.1.5. Supplemenray information

Fig. S.2.1. Differential scanning calorimetry (DSC) curves obtained with DPPC-
LAM systems. Molar percentage of LAM ranged from 0 to 30 %.
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Fig. S.2.2. Differential scanning calorimetry (DSC) curves obtained with DPPC-
C3(0OA)2 systems. Molar percentage of C3(OA)z2 ranged from 0 to 5 %.
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3.1. Results and discussion

Fig. S.2.3. Differential scanning calorimetry (DSC) curves obtained with DPPC-
C3(0OA)2 systems. Molar percentage of C3(OA)z2 ranged from 0 to 30 %.

JOSE COMP 19.03.2002 17:27:53

Aexo

i
|

Sample: JOSE C3(OA)2 DPPC 30 DSC821 tancat, 0.1370 mg

c3 )
Sample: JOSE C3(QR)
C3(n)2 DPPC 10 DSC821 tancat, 0.1370 mg

2 DPPC 20 DSC821 tancat, 0.1370 mg

Sample: JOSE

Sample: JOSE C3(OA)2 DPPC 5 DSC821 tancat, 0.1370 mg
Sample: JOSE C3(OA)2 DPPC 2 DSC821 tancat, 0.1370 mg

Sample: JOSE C3(QR) 2 DPPC B DSC821 tancat, 0.1370 mg
T T T T T T T T T T T T T T T T T T T T T T T T
26 28 30 32 34 36 38 40 42 44 46 48 °c
Lab: CSIC METTLERTOLEDO STAR® Systen

Fig. S.2.4. Differential scanning calorimetry (DSC) curves obtained with DPPC-
C3(CA)2 systems. Molar percentage of C3(CA)2 ranged from 0 to 5 %.
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3.1. Results and discussion

Fig. S.2.5. Differential scanning calorimetry (DSC) curves obtained with DPPC-

C3(CA)2 systems. Molar percentage of C3(CA)2 ranged from 0 to 30 %.
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Fig. S.2.6. Differential scanning calorimetry (DSC) curves obtained with DPPC-

HTAB systems. Molar percentage of HTAB ranged from 0 to 30 %.
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3.1. Results and discussion

Fig. S.2.7. Differential scanning calorimetry (DSC) curves obtained with DPPC-

C3(0A)2 systems. Molar percentage of CHX ranged from 0 to 30 %.
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Fig. S.2.8. Differential scanning calorimetry (DSC) curves obtained with DPPC-
DTAB systems. Molar percentage of DTAB ranged from 0 to 20 %.
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3.1. Results and discussion

Fig. S.9.1.(a) Surface activity of LAM as a function of time at different
concentrations (Note: 1 E-5 M = 105> M).
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Fig. S.9.1.(b) Surface pressure increases as a function of LAM concentration.
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3.1. Results and discussion

Fig. S.9.2.(a) Surface activity of C3(OA)2 as a function of time at different
concentrations (Note: 1 E-5 M = 105> M).
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Fig. S.9.2.(b) Surface pressure increases as a function of C3(OA)2 concentration.
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3.1. Results and discussion

Fig. S.9.3.(a) Surface activity of C3(CA)2 as a function of time at different
concentrations (Note: 1 E-5 M = 105> M).
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Fig. S.9.3.(b) Surface pressure increases as a function of C3(CA)2 concentration.
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3.1. Results and discussion

Fig. S.9.4.(a) Surface activity of HTAB as a function of time at different
concentrations (Note: 1 E-5 M = 105> M).
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Fig. S.9.4.(b) Surface pressure increases as a function of HTAB concentration.
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3.1. Results and discussion

Fig. S.9.5.(a) Surface activity of CHX as a function of time at different
concentrations (Note: 1 E-5 M = 105> M).
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Fig. S.9.5.(b) Surface activity of CHX as a function of time at different

concentrations.
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3.1. Results and discussion

Fig. S.10.1. Pressure increases as a function of the initial density of the DPPC

monolayer for each compound at 80% saturation concentration.
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Fig. S.10.2. Pressure increases as a function of the initial density of the DPPG

monolayer for each compound at 80% saturation concentration.
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3.1. Results and discussion

Fig. S.10.3. Pressure increases as a function of the initial density of the E. coli

lipid extract monolayer for each compound at 80% saturation concentration.
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Fig. S.11.1 Compression isotherms of DPPC monolayer spread on subphases

containing LAM at 80%, 20% and 5% saturation concentration.
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3.1. Results and discussion

Fig. S.11.2. Compression isotherms of DPPC monolayer spread on subphases

containing C3(0OA)2 at 80%, 20% and 5% saturation concentration.
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Fig. S.11.3. Compression isotherms of DPPC monolayer spread on subphases

containing HTAB at 80%, 20% and 5% saturation concentration.
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3.1. Results and discussion

Fig. S.11.4. Compression isotherms of DPPC monolayer spread on subphases

containing CHX at 80%, 20% and 5% saturation concentration.
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Fig. S.11.5. Compression isotherms of DPPG monolayer spread on subphases

containing LAM at 80%, 20% and 5% saturation concentration.
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3.1. Results and discussion

Fig. S.11.6. Compression isotherms of DPPG monolayer spread on subphases

containing C3(0OA)2 at 80%, 20% and 5% saturation concentration.
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Fig. S.11.7. Compression isotherms of DPPG monolayer spread on subphases

containing HTAB at 80%, 20% and 5% saturation concentration.
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3.1. Results and discussion

Fig. S.11.8. Compression isotherms of DPPG monolayer spread on subphases

containing CHX at 80%, 20% and 5% saturation concentration.
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Fig. S.11.9. Compression isotherms of E. coli lipid extract monolayer spread on

subphases containing LAM at 80%, 20% and 5% saturation concentration.
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3.1. Results and discussion

Fig. S.11.10. Compression isotherms of E. coli lipid extract monolayer spread on

subphases containing C3(OA)2 at 80%, 20% and 5% saturation concentration.
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Fig. S.11.11. Compression isotherms of E. coli lipid extract monolayer spread on

subphases containing HTAB at 80%, 20% and 5% saturation concentration.
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3.1. Results and discussion

Fig. S.11.12. Compression isotherms of E. coli lipid extract monolayer spread on

subphases containing CHX at 80%, 20% and 5% saturation concentration.
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Fig. S.12.1. Compression isotherms of DPPC monolayer spread on subphases

containing C3(CA)2 at 80%, 20% and 5% saturation concentration.
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3.1. Results and discussion

Fig. S.12.2. Compression isotherms of DPPG monolayer spread on subphases

containing C3(CA)2 at 80%, 20% and 5% saturation concentration.
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Fig. S.12.3. Compression isotherms of E.coli lipid extract monolayer spread on

subphases containing C3(CA)2 at 80%, 20% and 5% saturation concentration.
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3.2. Results and discussion

3.2. Comparative study of antibacterial activity of C3(CA)2z and CHX

against Staphylococcus aureus and Escherichia coli

Among the arginine-based surfactants synthesised in our laboratory,
bis(IN“-caproyl-L-arginine)-1,3-propanediamide dihydrochloride, Cs(CA)2,
(Figure 1) 1s a novel gemini (double-chain/double-polar head) compound
which shows antimicrobial activity against a wide range of Gram-positive
and Gram-negative bacteria. In the previous section, this surfactant
showed high interaction with biomembrane models suggesting that the

cytoplasmic membrane may be its main target.

At this point, our aim was to gain insight into its mode of the
antimicrobial action. To this end, its effects on Staphylococcus aureus and
Escherichia coli were compared with those caused by the commercial and
widely known antiseptic, chlorhexidine dihydrochloride, CHX. (Figure 1).
These effects were assessed using different techniques: flow cytometry,
viable cell counts, transmission electronic microscopy and atomic absorption
spectrophotometry. All these techniques have limitations and therefore, it
1s convenient the use of complementary methods to achieve a better

assessment of the antimicrobial action of microbicides.

(@] (@]
H H
\/\/\/\/\n/ N\.)J\ N/\/\ N?/ N\n/\/\/\/\/
H H H
2 O

S

HN HN
HN)\ NH, HN)\ NH,
HCl Ha
C(CA),
Hal

CHX

Fig. 1. Structures of the selected antimicrobial compounds.
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3.2. Results and discussion

The selected bacteria were S. aureus and E. coli as models of Gram-
positive and Gram-negative bacteria, respectively. Both micro-organisms
have been widely studied by flow cytometry!-3 and by microscopy electronic
transmission.#?” Hence, comparative studies and interpretation of the

results were facilitated and conclusions drawn are better supported.

To study the effect of the antimicrobial agents on the bacterial
population, two concentrations were selected on the basis of the minimum
inhibitory concentrations (MIC): one concentration was 50 % greater than
the corresponding MIC (3/2 MIC) and the second one was 50 % lower than
the MIC (1/2 MIC) (see Table 1). As shown in the previous section, the
(MIC) of C3(CA)2 and CHX against Staphylococcus aureus were 2 mg L1 and
0.5 mg L1, respectively, and against Escherichia coli were 8 mg L1 and
2 mg L1, respectively. The concentrations of the surfactant, C3(CA)z2, were

always lower than the corresponding critical micellar concentration (i.e.

3x10-5 M).8

Table 1. Minimum inhibitory concentrations in mg L1! and the

antimicrobial concentration tested.

S. aureus E. coli

Product 1/2 MIC MIC 3/2 MIC 1/2 MIC MIC 3/2 MIC

C3(CA)2 1 2 3 4 8 12
CHX 0.25 0.5 0.75 1 2 3

3.2.1. Flow cytometry analyses and viability reduction

To assess the effect of C3(CA)2 and CHX on bacterial populations, flow
cytometry (FC) analyses were performed using dual staining of cells with
Syto-13 and propidium iodide (PI). Syto-13 is a nucleic acid stain which
penetrates all types of cellular membranes and PI is a nucleic acid stain not
taken up by intact cells.? Three types of stained cells could be observed

after the treatment: cells stained with Syto-13 (intact cells), double-stained
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3.2. Results and discussion

cells PI/Syto-13 (partially damaged cells) and stained cells with PI (severely
damaged cells). Consequently, the fluorochromes PI and Syto-13 were
chosen because of their potential ability to distinguish between intermediate
states of dead and live cells; PI confers fluorescence on cells which have lost
their membrane integrity, whereas Syto-13 confers fluorescence on intact
cells. To validate the FC results and to examine the putative relation
between cell damage and cell viability, viable cells counts were determined

after exposure to the microbicides.

The results with S. aureus are shown in Figure 2 and Table 2. The
control population was mainly stained with Syto-13 (99+1 %). After 30 min
of contact with 3 mg Lt (3/2 MIC) of C3(CA)2, 95+1 % of the cells were
stained with Syto-13, 2+1 % were double stained and 3+1 % were stained
with PI, indicating slight damage caused by C3(CA)2. Varying the C3(CA)2
concentration did not alter the proportion of damaged cells (Table 2).
Likewise, cell counts on plates did not change substantially with biocide
concentration; viable cells dropped from 79+10 % at 1 mg L1 (1/2 MIC) to
69+6 % at 3 mg L1 (3/2 MIC).

When S. aureus was treated with 0.75 mg L (3/2 MIC) of CHX
(Figure 2), 11+4 % partially damaged (double stained), and 15+1 % severely
damaged cells (PI stained cells) were seen. Decreasing the biocide
concentration from 3/2 to 1/2 MIC did not affect the proportion of partially
damaged cells, since double-stained cells only decreased from 11+4 to 5+1 %
(Table 2). These results agree with the cell counts, where varying biocide

concentration caused only a slight effect on cell viability.
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~ S.aureus control S aureus + C4(CA), S. aureus + CHX
32 3 . / 3 -
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g % ."; | / i .
g . / l ey :
s, (M 9% . . W%

SYTO 13 (fluorescence intensity)

Fig. 2. Dual staining of S. aureus with PI and Syto-13 after exposure to C3(CA)2 and CHX.

Time of contact was 30 min and antimicrobial concentration was 3/2 MIC.

Table 2. Effect of the antimicrobials on S. aureus after a dual stain with PI

and Syto-13, and viability reduction by plate counts.

Conc. Syto-13 PI+Syto 13 PI Cfu/mL Viability
Sample mg L1 (%) (%) (%) (109) reduction (%)
Control 99+1 0 1+1 4.8+1.3
C3(CA)2 1 93+3 441 342 3.8+1.3 21410
C3(CA)2 3 95+1 2+1 3+1 3.3+0.6 31+6
CHX 0.25 80+7 5+1 14+4 3.8+3.3 21413
CHX 0.75 7448 11+4 15+1 3.4+2.1 29+9

Time of contact was 30 min. Data are given as the mean = SEM of three separate

experiments.

A different pattern was observed in E. coli populations when they
were treated with C3(CA)2 and CHX (Figure 3 and Table 3). The control
population showed 91+4 % of intact cells (stained by Syto-13). After
treatment with 12 mg L1 (3/2 MIC) of C3(CA)2, a dramatic decrease in intact
cells was detected, only 5+1 % of the population retained Syto-13 whereas
77+10 % were severely damaged (stained by PI), and the remaining 18+3 %
were partially damaged (double stained, Figure 3). At 4 mg L1 (1/2 MIC) of
C3(CA)2, 42 % (PI and PI + Syto-13) of the population showed signs of
damage and the reduction in viability was 77+1 % (Table 3).

Three sub-populations could clearly be observed (Figure 3) when E.
coli cultures were treated with CHX at 3/2 MIC: 63+5 % remained intact
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(Syto-13); 21+2 % showed partial damage (double stained); and 16+3 % of
cells were severely damaged (stained by PI). As presented in Table 3,
variation of CHX concentration did not appear to have any effect as
observed by FC; the population stained by Syto-13 decreased from 67+5 to
63+5 %. However, the viability reduction changed significantly with CHX
concentration, from 44=+1 to 61+1 %.

ey

E. coli control ~ E. coli+ C4(CA), _ E. coli + CHX

7 il i

/ / /
6% /3% 77% /18% A 16% /21% .

SYTO 13 (quorescence |nten3|ty)

Propidium iodide

fluorescence intensity
Ik
[ "“«\
b

Fig. 3. Dual staining of E. coli with PI and Syto-13 after exposure to C3(CA)2 and CHX.

Time of contact was 30 min and antimicrobial concentration was 3/2 MIC.

Table 3. Effect of the antimicrobials on E. coli after a dual stain with PI and

Syto-13, and viability reduction by plate counts.

Sample Conc. Syto-13  PI+Syto-13 PI Cfu/mL Viability
(mg L'Y) (%) (%) (%) (109) reduction (%)
Control 91+4 3+1 613 2.5%1.5
C3(CA)2 4 58+11 1542 27+3 0.6+0.3 77+1
C3(CA)2 12 5+1 18+3 7710 0.1+0.1 95+1
CHX 1 675 1342 2043 1.4+£0.8 44+1
CHX 3 6315 2142 16+3 1.0£0.4 61+1
Time of contact was 30 min. Data are given as the mean = SEM of three separate
experiments.
Membrane potential

Membrane depolarization was measured by determining the relative
fluorescence intensity of bis-oxonol labeling using FC. The fluorochrome

bis-oxonol is an anionic lipophilic dye which does not accumulate to any
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great extent in cells with a negative transmembrane potential, and
fluorescence increases as membrane potential decreases.? As shown in
Figure 4, the negative controls (i.e. cell suspensions in absence of
microbicides) emitted the minimum relative fluorescence intensity (Figures
4a and 4e) in the range M1 (0-350 fluorescence units (FU)), showing no
significant depolarization of the cytoplasmic membrane. Thus, we
considered that the range M1 corresponds to undamaged cells. As expected,
the positive control (i.e. bacteria that underwent a thermal shock at 70 °C
for 30 min) showed the maximum relative fluorescence intensity (Figures 4d
and 4h). We considered the range M2 (between 350-1024 FU) as damaged
and dead cells.

The effect of C3(CA)2 on S. aureus showed a bimodal profile (Figure
4b) with two distinct populations of cells: almost 50 % of the population
emitted fluorescence in the region of non-damaged cells; while the rest
emitted in the region of the dead cells. A different pattern was observed on
exposure of E. coli to C3(CA)2 (Figure 4f); 84 % of cells were damaged or dead
(increased fluorescence); and 16 % remained intact. When cells were
exposed to CHX, a bimodal pattern was observed (i.e. 49 % intact and 51 %
damaged cells) with E. coli (Figure 4h), whereas, for the most part, S.

aureus was undamaged (Figure 4d).

C3(CA)2 and the comparator molecule, CHX, changed the polarity of
the cell membrane bilayer of the bacteria due to similar effects on
membrane depolarization were observed. However, both compounds showed
different bacterial selectivity, suggesting a different mode of action; C3(CA)2
has a concentration dependent microbicidal effect on E. coli, but has little
effect on S. aureus; whereas CHX has little effect on E. coli, and does cause
some damage (though not loss of viability) to S. aureus. It is remarkable
that the existence of sub-populations with different degree of damage
suggests reversible damage or even, the presence of viable and non-viable

organisms.
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Fig. 4. Effect on the transmembrane potential of S. aureus and E. coli caused by exposure
to C3(CA)2 and CHX, shown by bis-oxonol staining. The relative fluorescence intensities
within the M1 regions were taken as live cells, and those within the M2 regions were take
as dead cells (logarithmic scale). Untreated S. aureus control (a), S. aureus treated with
C3(CA)z2 (b), S. aureus treated with CHX (c), S. aureus heated at 70 °C (d), untreated E. coli
control (e), E. coli treated with C3(CA)z (f), E. coli treated with CHX (g), E. coli heated at
70 °C (h). In all cases, time of contact was 30 min and antimicrobial concentration was

3/2 MIC.

A lack of correlation between the membrane damaging action and cell
viability seen for S. aureus suggests that membrane perturbation may be an
important step in cell death, but is not necessarily a lethal event. Recently,
Rodriguez et al. have reported the antimicrobial effects caused by
Ne-lauroyl-L-arginine methyl ester on two bacteria.l® The results also
indicated that membrane perturbation caused by this arginine-based

surfactant and recovering of cells on agar is not always directly related.
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This may be due to technical factors such as the conditions for recovery of
cells; or that membrane perturbation does not necessarily lead to dissolution
of the proton motive force and cell death.31112 It is notable that two
different populations (about 50 %) were registered using the bis-oxonol dye.
This result points out the presence of sub-populations with different degrees
of damage, suggesting reversible damages or even it could represent viable

and nonviable organisms.!

The FC labels (i.e. Syto-13, PI and bis-oxoxonol) in combination with
cell wviability assays demonstrated marked differences between the
microbicides in their action on the bacterial cells: when E. coli was exposed
to C3(CA)2, 84 % showed loss of membrane potential, 27 to 77 % of cells
showed membrane damage and 77 to 95 % loss of cell viability, depending

on the concentration of C3(CA)2 used.

3.2.2. Transmission electronic microscopy (TEM)

This technique is a potent and useful tool to investigate the
morphological damages caused on micro-organisms by microbicides and
previous studies have reported the morphological effects of antimicrobials
agents on S. aureus®’ and E. coli.5 Here, Figure 5 shows micrographs of
S. aureus and E. coli after exposure to C3(CA)2 and CHX. In all cases, the

microbicides concentrations were 3/2 MIC and time of contact was 30 min.

TEM micrographs showed S. aureus populations with different extent
of damage after C3(CA)2 and CHX treatments, in good agreement with FC
analyses. In both cases intact cells, damaged and severely damaged cells
were observed. Cells with white spots indicated a change in cytoplasm
consistency, suggesting that a certain degree of membrane permeabilization
occurred. The formation of mesosomes (i. e. convoluted invaginations of the

cytoplasmic membrane in some bacterial cells) near the cytoplasmic
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membrane was also observed, especially caused by C3(CA)2. The presence of
ghost cells suggested that leakage of the cell cytoplasmic contents occurred

as a result of gross cell alterations.

Fig. 5. Micrographs obtained by TEM. In all cases, time of contact was 30 min and
microbicide concentration was 3/2 MIC. S. aureus: a) untreated control, b) Cs(CA):
(83 mg Li'Y), ¢) CHX (0.756 mg LY). E. coli: d) untreated control, e) C3(CA)2 (12 mg L-1), ) CHX
(3 mg L1Y). Key to arrows: B, blebbling; CC: cytoplasmic coagulation; L, leakage; MD,
membrane damage; V, empty vesicles; GC, ghost cells, WS, white spot.
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TEM micrographs also showed E. coli populations with different
extent of damage after C3(CA)2 and CHX treatments. Cytoplasmic
coagulation was observed, evidenced by dark areas in the cells. Similar
intracytoplasmic black spots have been reported in E. coli heat-treated
cells.13 Disruption of the cytoplasmic membrane was also observed,
especially for C3(CA)s-treated E. coli, confirming membrane damage. Again,
ghost cells were observed as result of gross cell alterations. The most
striking ultrastructural effect observed in E. coli was the formation of
vesicles blebbing out from the outer membrane in presence of C3z(CA)s,
similar to those reported for benzalkonium chloride-treated Psuedomonas
aeruginosa.'* TEM micrographs show that CHX caused intracytoplasmic
changes in E. coli but low effect on the membrane integrity of E. coli, shown
by PI and Syto-13 labelling, was observed. In good agreement, a moderate
effect on E. coli membrane potential (51 % depolarization) and on cell

viability (61 % reduction) were also observed.

3.2.3. Potassium leakage

Potassium ion (K*) leakage reflects an increase of permeability of the
cytoplasmic membrane and therefore, it is a first indication of membrane
damage in micro-organisms.!>17 Here, intracellular potassium leakage
resulting from exposure to C3(CA)2 and CHX of S. aureus and E. coli at the
corresponding 3/2 MIC was measured (Table 4). The negative blank was the
K+ leakage measured from the bacterial suspensions in absence of the
antimicrobial agents. The positive blank was the K* released from the
bacterial suspensions heated at 70°C for 30 min in absence of the

antimicrobial agents.

Table 4 shows the percentage of K* leakage caused by both
antimicrobial agents. This percentage was calculated as the ratio of net to
total amount of K+ released. The effect of C3(CA)2 and CHX on S. aureus

leaked low amount of K*. However, this result is in disagreement with the
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membrane damage observed by FC analyses and TEM micrographs. Here, a
possible explanation could be that the formation of white spots and ghost
cells might be too few to provide a reading of potassium leakage as
measured with atomic absorption spectrophotometry. Indeed, this
methodology involves the use of a large number of cells.!’8 Contrarily, the
experiments with E. coli showed that both antimicrobial treatments leaked
high amount of K*. It is noteworthy that C3(CA)2 leaked similar amount of
K* than the positive control. Thus, it seems that the amount of potassium
leaked depends strongly on the nature of the micro-organism, rather than

the nature of the membrane active agent.

Table 4. Potassium ion leakage.

Compound S. aureus E. coli
(ppm/10%) (%)l (ppm/10?) (%)l
Negative blank 363+ 75 -- 769 + 42
Positive blank 509 + 29 -- 918 + 33
C3(CA): 401 + 32 26 951 + 52 >100
CHX 375+ 63 8 889 + 42 81

[a] The percentage of K*leakage was the ratio of net to total amount of K+ released. In all

cases, time of contact was 30 min and antimicrobial concentration was 3/2 MIC.

Finally, C3(CA)2 and CHX induce similar types of damage to S. aureus
and E. coli, though they differ in the extent of membrane depolarization and
reduction of cell viability. These differences suggest that both compounds
damage bacteria in a different way, and that the surfactant properties of
C3(CA)2 and its ability to partition into the biological membrane from
aqueous solution might be important characteristics in its microbicidal

action.
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3.3. Results and discussion

3.3. Chemoenzymatic synthesis and biological properties of

bis(phenylacetylarginine) amphiphilic derivatives

In the previous sections, the interactions of bis(N“-caproyl-L-arginine)-1,3-
propanediamide dihydrochloride, C3(CA)2, and chlorhexidine dihydrochloride,
CHX, with biomembrane models and its antibacterial action were studied. The
results point out that the chemical structure of C3(CA)2 confer excellent physico-
chemical properties to act as membrane-active agent toward bacteria. However,
CHX showed lower MICs values than C3(CA)2 although this biguanide possess
low surface activity. At this point, we endeavoured to design novel novel
bis(phenylacetylarginine) derivatives with bola-amphiphile like structure to

improve the antimicrobial action of C3(CA).

C3(CA)2 and CHX are both dicationic, and their positive charges are
connected through a hydrocarbon spacer chain (Figure 1). As C3(CA)2 already
has good antibacterial activity, we intended to keep structural changes in the
molecule to a minimum. Hence, with the CHX structure in mind, we thought of
substituting the two N®*-caproyl groups of Cs3(CA)2 with two N*-phenylacetyl
residues and to vary the length of the spacer alkyl chain. The spacer chain
length modulates the hydrophobic-hydrophilic balance of the molecule,
influencing on the interfacial properties and therefore, on the antimicrobial
activity of the molecule.! Based on previous works23 on dimeric arginine
derivatives, alkylendiamine spacers of 6, 8, 10, 12, and 14 methylene groups were

chosen as the most appropriate.

3.3.1. Chemoenzymatic synthesis

The design of the novel bis(PhAcArg) amphiphiles was based on a previous
work of chemoenzymatic preparation of arginine-based gemini surfactants,
bis(Args),4 using papain deposited onto Celite (section 4.3.13., page 163) as
biocatalyst. The synthetic pathway of bis(Args) surfactants is showed in section
1.2.1 (page 28). In that work, the one-step synthesis of gemini bis(Args) from the

corresponding N-acyl-arginine methyl ester was planned but low yields were
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obtained. Then, a two-step synthesis of bis(Args) was considered and satisfactory
yields were achieved. Therefore, a similar two-step synthesis was planned to

obtain the novel bis(PhAcArg) amphiphiles (Figure 1).
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Fig. 1 Chemoenzymatic pathway of bis(PhAcArg) derivatives 3a-e.

Firstly, the esterification of the a-carboxyl group of L-arginine (98 %) and
acylation of the o-amine with phenylacetyl chloride (73 %) gave access to
intermediate 1. Then, the aminolysis of the a-methyl carboxylate group of 1 by
one of the amino group of the o,w-alkanediamine furnished compounds 2a-e.
This reaction took place without any catalyst in good yields (Table 1), using 5-7
eq. of diamine at temperature above the melting point of the corresponding

diamine, which acted as solvent and reagent.

Compounds 3a-e were then obtained by papain-catalysed amidation of 1 by 2 in
ethanol/boric-borate buffer 0.1 M pH 8.2, 99.5/0.5, in good conversion (Table 2).
The final purification steps (cation exchange chromatography followed by
preparative HPLC) necessary to achieve highly pure products lead to moderate

overall yields (21-27 %). The pure fractions were pooled and lyophilized to give

122



3.3. Results and discussion

compounds 3a-d (> 1 g, see isolated yields in Table 2) as white solids (NMR
spectra in section 6.1., pages 195-199).

Table 1. Aminolysis of 1 by a,w-alkanediamines of different lengths.

HaN-(CHs)n-NHz Tem;()fé;;lture PhAc-?;g)g-OH[a] Prodt(l;ot) 2[al[b] Proi;)c)t glal
n==6 50 6 90 6
n=8 55 9 85 9

n=10 66 7 ]8 7
n=12 72 6 ]7 6
n=14 100 8 87 S

[a]l Molar percentage conversion into the corresponding product with respect to PhAc-Arg-OMe (1)
measured by HPLC of the crude reaction mixture using purified standards; reaction time: 2 h.
bl Isolated yields were not calculated, as a simple work-up was performed to remove excess

diamine; therefore, the final product contained PhAc-Arg-OH and product 3.

Table 2. Papain-catalyzed amide bond formation between 1 and 2.

Product Conversionll PhAc-Arg-OHl? Isolated Yield
(%) (%) (%)
3a 48 38 o5
3b 48 929 91
3c 54 34 97
3d 58 95 926
3e 21 65 nrlb!

la] Molar percentage conversion into the corresponding product with respect to PhAc-Arg-OMe (1),
measured by HPLC from crude reaction mixture using purified standards; eeaction time: 72 h.

1.5 eq. 2 per mol PhAc-Arg-OMe. PINo reaction.

The enzymatic amide bond formation failed for the reaction between 1 and
1,14-diaminotetradecane. Excess diamine from the previous step that had not
been eliminated by simple washings appears to be responsible for the low
reactions conversions. In fact, it had been observed that the diamines had a
negative effect on papain activity by either acting as an inhibitor or modifying

the enzyme ionization state due to the basicity of the product.4

To avoid the presence of an excess of diamine the formation of the
bis(PhAcArg) in a one-pot enzymatic reaction, starting from the diamine and two

equivalents of 1, was undertaken. Interestingly, the new synthetic enzymatic
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scheme furnished the bis(PhAcArg) in three steps, at room temperature and with
reaction conversions similar to those obtained by the above described procedure
(Table 3). Most importantly, this strategy allowed us to prepare the
bis(PhAcArg) 3e with 1,14-diaminotetradecane in 26 % isolated yield, comparable

to those obtained with shorter spacer chain lengths

Table 3 Papain-catalyzed synthesis of 3 in one pot reaction.

PhAc-Arg-OHI! Product 2[] Product 3!

Product (%) (%) (%)
3a 13 16 55
3b 11 19 59
3c 11 17 55
3d 13 19 59
3e 10 20 37

[a] Molar percentage conversion into the corresponding product with respect to PhAc-Arg-OMe (1),
measured by HPLC of the crude reaction mixture using purified standards; reaction time: 176 h;

1.1 equivalents of a,w-alkanediamine per mol PhAc-Arg-OMe.

Figure 2 shows a HPLC chromatogram of a mixture of the novel
bis(PhAcArg) derivatives 3a-e. As it was expected, the higher lipophilicity of the
compound, the higher retention time was measured by HPLC using a

Lichrosphere 100 CN (propylciano) column.

"0
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Fig. 2. Chromatogram of a mixture of bis(PhAcArg) 3a-e. HPLC conditions: Lichrosphere
100 CN (propylcyano) column, 5 um, 250x4 mm. Solvent A: H2O 0.1 % TFA, Solvent B: ACN/H20
4:1 0.095 % TFA. Gradient: 10 to 70 % B in 40 min, P 127 bar, I 30 pl, F 1 mL min-1, D 215 nm.
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3.2.2. Biological properties

Antibacterial activity

Minimum inhibitory concentration (MIC) values for 3a-e, C3(CA)2 and
CHX against fifteen bacteria are summarised in Tables 4 and 5. For the sake of
comparison, the MICs of C3(CA)2 and CHX also were assessed. To compare
precisely compounds with different molecular weight MIC values were expressed
in uM instead of the typical mg L. For the novel bis(PhAcArg) 3, the results
indicated that there exists a clear effect of the spacer chain length on their
antimicrobial properties. Overall, the lowest MIC values for the Gram-positive
bacteria were achieved by 3d (i.e. 12 methylene groups in the spacer chain),
whereas 3e (i.e. 14 methylene groups) showed the most potent inhibition of

growth toward Gram-negative bacteria.

Gram-negative are generally more resistant than Gram-positive bacteria
to the attack of antimicrobial agents. This can be explained by the different cell
envelope structure of bacteria. Gram-negative bacteria possess an outer
membrane composed mainly by lipopolysaccharides and porins which restricts
the entrance of biocides and amphiphilic compounds.5¢ The perturbation of this
outer membrane requires a fine tuning of the hydrophobic-hydrophilic balance of
the microbicide molecule.” Gram-positive bacteria possess a thick rigid and
highly porous cell wall of peptidoglycans. Thus, small and hydrophilic molecules
like penicillin can move through it without difficulty allowing an easy
penetration of compounds into the cell.8 Moreover, bacteria often possess efflux
proteins located in the cytoplasm membrane acting as a protective mechanism

against antimicrobial activity pumping out the antimicrobial molecules.910

Compared with C3(CA)2, compounds 3d, and 3e have an enhanced activity
against Gram-positive and Gram-negative bacteria, respectively. The different
antimicrobial efficiency of these compounds can be attributed to the combination
of several physicochemical parameters: hydrophobicity, adsorption, aqueous

solubility and transport in the test medium.
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Table 4. Minimum inhibitory concentration in uM of 3a-e, C3(CA)2 and CHX

against Gram-positive bacteria.

Gram-positive

. 3a 3b 3c 3d 3e Cs(CA): CHX

bacteria
Bacillus cereus >323  >307 78 18 18 21 2
var. mycoides
Staphyloccocus >323 19 39 9 36 10 9
epidermidis
Bacillus >323 154 39 2 36 21 2
subtilis
Staphyloccocus >393 77 19 5 36 3 1
auerus
Micrococcus >323 154 19 18 71 21 2
luteus
Enterococcus >323  >307 156 10 36 10 3
hirae
Mycobacterium >323 77 19 n.d. n.d. 21 n.d.
phlet
Mycobacterium nd. n.d. n.d. n.d. 36 10 3
smegmatls

Table 5. Minimum inhibitory concentration in uM of 3a-e, C3(CA)2 and CHX

against Gram-negative bacteria.

Gram-negative

, 3a 3b 3c 3d 3e  C3(CA):; CHX
bacteria

Bordetglla . >393 154 39 37 36 5 2

bronchiseptica

Pseudpmonas >393 >307 >311 149 71 42 14

aeruginosa

Salrrfonel{a >323 >307 >311 75 36 42 7

typhimurium

Enterobacter >323 >307 >311 149 18 42 14

aerogenes

]C_fvjoslciherzchza >393 154 156 37 18 10 3

Klebszellq >3953 >307 >311 149 18 21 7

pneumoniae

Serratia >393 >307 >311 >9298 >9286 >333 7

marcescens

As a measure of hydrophobicity, we estimated the logarithm of octanol-
water partition coefficient (logP) of the compounds by using KowWin, software
that is based on the atom/fragment contribution method developed at SRC
(source: http://www.syrres.com). The estimated values are showed in Table 6. It

1s important to stress that these are estimated rather than experimental values.

Table 6. Estimated logP values of bis(PhAcArg) derivatives, C3(CA)2 and CHX.
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Product 3a 3b 3c 3d 3e C3(CA);  CHX
logP 0.80 1.78 2.76 3.74 4.73 3.77 4.85

As expected, the logP increased on increasing the spacer chain length.
Interestingly, the antimicrobial activity showed good correlation with logP of the
bis(PhAcArg), in a good agreement with QSAR studies of biguanide biocides.!.1!
The most active compounds, including CHX, have an estimated logP value in a
range between 3.74 and 4.85. It has been observed that the spacer chain length
appears to modulate the lipophilicity of the molecule but it is not a key structural
parameter for the antimicrobial activity.! The optimal length of the spacer chain
will depend on the structure and nature of the polar heads as well as on the
presence of other alkyl chains in the molecule.212-14 Therefore, no individual
structural moiety determined the antimicrobial activity by itself. It is the right
combination of positive charges and hydrophobic groups which gave the adequate

hydrophilic-lipophilic balance.15.16

The lowest MICs against Gram-positive and Gram-negative bacteria
corresponded to 3d and 3e, respectively. Interestingly, these MIC values were
moderately lower than that from Cs3(CA)2 and slightly higher than that from
CHX. The optimal length of the spacer chain depends on the structure and
nature of the polar head groups as well as on the presence of other alkyl chains in
the molecule. Therefore, antibacterial activity cannot be determined by any
given individual structural moiety alone. It is the right combination of positive
charges and hydrophobic groups that provides the adequate hydrophilic-lipophilic

balance.

Antifungal activity

It is known that exist more than 50000 species of fungi but only around
200 species cause disease in vertebrate animals and human beings. Fungi are
basically classified in two groups: yeasts (unicellular micro-organisms with
espheric or oval shape) and moulds (multicellular micro-organisms with

filamentous shape) although numerous species are dimorphic (i.e. they can

127



3.3. Results and discussion

change the morphology depending on the environmental conditions). Most
pathogenic fungi are exogenous, yet the mycoses (i. e. infection caused by a
fungus) with the highest incidence are caused by fungi that are part of the
normal microbiota of the human body (opportunistic pathogens).l” Bacterial
infections are more numerous and virulent than mycosis, but antifungal
chemotherapy is specially complicated due to the similarity of fungal cells with
host cells. Moreover, the situation becomes more complicated because of the
rapidly increasing number of immunocompromised patients and the emerging
challenge of multidrug resistance.’® In this work, the antifungal activity of
bis(PhAcArg) 3a-e, C3(CA): and CHX were assessed. Thus, the minimum
inhibitory concentrations of the selected compounds toward 2 yeast and 6 molds

were measured (Table 6).

Table 6. MICs values in uM of 3a-e, C3(CA)2 and CHX against fungi.

Yeasts 3a 3b 3c 3d 3e Cs3(CA): CHX
Candida >323 >319 312 149 143 166 55
albicans
Saccharomyces 394 >319 156 149 143 166 28
cerevisiae

Moulds
Aspergillus >323 319 78 19 36 5 7
repens
Aspergillus >323 >319 312 75 792 10 55
niger
Penicillium >323 >319 312 75 143 83 28
chrysogenum
Cladosporium >323 160 78 37 18 5 7
cladosporides
Trichophyton >323  >319 312 149 72 21 14
mentagrophytes
Penicitlium >323 160 78 19 18 21 7
funiculosum

Similarly to the antibacterial activity, the results for the novel
bis(PhAcArg) 3 against fungi indicate that there exists a clear effect of the spacer
chain length on the antimicrobial properties. The longer the spacer chain the
higher the antifungal preservation capacity; compounds 3a and 3b did not show
antimicrobial activity in the range tested, increasing the spacer chain did

increase the antifungal effect (3c-e). However, C3(CA)2 and CHX are more potent
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than compounds 3. These results suggest again that the amphipathicity is the

key parameter for the activity.

Compounds 3c-e, C3(CA): and CHX showed both antibacterial and
antifungal activity. Fungi are eukaryotic organisms and in many instances,
antibacterial agents have no effect on them. An exception to this are the cationic
biocides which main target are the bacterial cytoplasmatic and the fungal plasma

membranes.19-23

The mechanism of action of some antifungal compounds is related to the
inhibition of ergosterol biosynthesis among other metabolic pathways.24
However, the mode of action of amphiphilic fungicides is still poorly understood.
Some amphiphilic fungicides such as amphotericin B and nystatin, bind to
ergosterol disrupting the membrane function, increasing its permeability and
causing cell lysis.13. 14 Pentamidine analogues (Figure 5) are dicationic aromatic
compounds with equal or greater antifungal activity than that of fluconazole and
amphotercin B.25 The mitochondrion appears to be the primary cellular target of

these compounds.26

Thus, the mode of antifungal action of 3c-e could be mostly a perturbation
of the plasma membrane, likely by binding to ergosterol, among other things.
Furthermore, a potential effect on the mitochondrial processes might be also
considered. Since this action requires the uptake of the compound through the
membrane, an accurate lipophilic-hydrophilic balance of the molecule is also

required.

Haemolytic effect and potential ocular irritation

In many instances, antimicrobial agents that Kkill or inhibit growing
microbial cells may also be cytotoxic to others such as red blood cells. The
determination of the haemolytic action of the compounds is a good measure to
discriminate cytotoxic from non-cytotoxic compounds and also to asses the acute

eye irritation potential.2?” Compounds 3a, 3b, and 3c showed a low haemolytic

129



3.3. Results and discussion

activity at the highest concentration tested and did not induce haemoglobin
denaturation. Compounds, 3d, 3e, and CHX showed haemolytic activity and the
results of haemolysis obtained at different concentrations are presented in a

dose-response curve (Figure 3).
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Fig. 3. Haemolysis induced by 3d (open squares) and 3e (black triangles) and CHX (black circles).

Results are expressed as mean + standard deviation of three experiments.

The values of the HCso for 3d, 3e, and CHX are presented in Table 7 with
the denaturation index (DI) and the lysis/denaturation ratio (/D). From L/D
ratio, CHX and 3d can be considered as non-irritant to eyes, whereas 3e was
slightly irritant. Interestingly, CHX, 3d, and 3e were less irritant than C3(CA):

which was found to be moderate irritant and more haemolytic.28

Table 7. Haemolytic data of 3d, 3e and CHX determined with human

erythrocytes.
3d 3e CHX
HCso0 (ug mL1)lal 1002 + 81 366 + 4 2525+ 270
DIkl 0 8+1 0
L/Dl 0 46 0
Classification Non irritant Slightly Non irritant

irritant
[a] Concentration giving 50 % haemolysis; values expressed as the mean + standard deviation. I

Denaturation index. [ Lysis/denaturation ratio.
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In the present study, CHX showed an HCs¢ higher than the reported in the
literature using rabbit blood cells.2? This should be attributed to both the
different source of erythrocytes (i.e. from human and rabbit blood -cells,
respectively) and the different methodology employed.3 The human erythrocytes
have been proven to be more resistant than other species.3l When the
compounds were added to the erythrocyte suspension in an aqueous medium,
they could first distribute between the erythrocyte membrane and the solution by
adsorption until the equilibrium is reached. The interaction between the
compound and erythrocyte membrane at sublytic concentration might be
governed by the partition of the compound between the aqueous medium and the
membrane. The partition is closely related to both the hydrophobicity of the
compound and the ionic interaction. Haemolysis probably begins when the
erythrocyte membranes are saturated with the molecules of the compound. Here,
a good correlation (i.e. exponential relationship) was observed between the
haemolysis induced by compounds 3a-e at 1000 pg mL! and the number of

methylenes of the spacer chain (Figure 4).
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Fig. 4. Haemolytic activity of 3a-e at 1000 pg mL! as a function of the methylene groups of the
spacer chain. Results are expressed as mean * standard deviation of three experiments.

R2=0.986 of the fitted curve.

The literature shows different examples on the relationship between

haemolysis and the alkyl chain length of surfactants.2832-35 Overall, the longer
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the alkyl chain length the higher the haemolytic activity within a family of

structurally related compounds.

Despite the fact that the logP values of CHX, 3e, and C3(CA)2 are
comparable, CHX showed a lower haemolytic activity. It was observed that the
interfacial activity of CHX was much lower than that of C3(CA)s, therefore, this
may also be an important parameter to consider.3¢ Again, the right combination

of more than one parameter may explain the overall activity of the compounds.

Antileishmanial activity

Chemotherapy for parasitic infections such as leishmaniasis is still
problematic as most of the drugs in use were developed over 40 years ago and
suffer from drawbacks ranging from toxicity to the emergence of resistance. One
example are aromatic diamidines such as pentamidine (Figure 5), which are

effective agents for the treatment of protozoal infections.37:38

Fig. 5 Structure of pentamidine isethionate salt.

Due to the similar structure of the novel bis(PhAcArg) derivatives with
pentamidine, we decided to assess their potential antileshmanial activity.
(section 4.3.17., page 170) Initially, the chosen compounds were compounds 3a
and 3d-e. Pentamidine isethionate salt was tested for the sake of comparison.
The antileishmanial activity was measured on bases of the ICso values (i.e.
concentration of an inhibitor that is required for 50 % inhibition of the micro-
organism). The results showed that 3a did not significant show activity and 3d-e

showed lower activity than pentamidine (see Table 8).
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Table 8. ICso (uM)of compounds 3a, 3d-e and pentamidine toward Leishmania

infatum.
Product 1Cs50 (nM) StaI.lda.lrd
Average deviation
Pentamidine 22.0 13
3a >800
3d 58.4 13.9
3e 45.0 7.9

In summary, novel bis(PhAcArg) derivatives were prepared by a
facile chemoenzymatic methodology. The key step in the synthesis was the
papain-catalysed amide bond formation between the N*-phenylacetyl arginine
methyl ester and the corresponding o,w-alkanediamine. Replacement of the
N*-caproyl groups in the C3(CA): by N“-phenylacetyl moieties lead to novel
bis(PhAcArg) derivatives with enhanced antibacterial activity but lower
antifungal activity than that of both C3(CA)2 and CHX. Their MICs values point
out that the larger spacer alkyl chain, the more potent antimicrobial action.
Therefore, we can conclude that the hydrophilic-lipophilic balance plays a key
role in the antimicrobial activity of the novel bis(PhAcArg) derivatives,
suggesting that these compounds act as membrane-active agent and their first
target could be the bacterial cytoplasmic membrane and the fungal plasma
membrane. Finally, the products showed low haemolytic activity against human

erythrocytes and they did not show significant antileishmanial activity.
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3.4. Chemoenzymatic synthesis and biological properties of

D-fagomine and N-alkyl-D-fagomine derivatives

D-Fagomine, (2R,3R,4R)-2-hydroxymethylpiperidine-3,4-diol (Figure 1), is
a naturally occurring iminosugar, which was first isolated from buckwheat seeds
of Fagopyrum esculentum Moench,! with remarkable biological properties. This
polyhydroxylated piperidine has inhibitory activity against mammalian
intestinal a-, B-glucosidase and a-, B-galactosidase.2 3 Moreover, it appears to
have a potent antihyperglycemic effect on streptozotocin-induced diabetic mice
and promotes glucose-induced insulin secretion.* 5 Segraves et al. have found
that C-alkylated 3,4-di-epi-fagomines from Batzella sp. sponge have a good

antimicrobial activity against Staphylococcus epidermidis.6

In this chapter, D-fagomine and N-alkylated D-fagomine derivatives were
prepared using the novel fructose-6-phosphate aldolase (FSA) and biological
assays such as their antimicrobial activity against bacteria and fungi, inhibitory

activity against glycosidases and their haemolytic activity were assessed.

H
N

Sl

H OH
OH

Fig. 1. Structure of D-fagomine.
3.4.1 Chemoenzymatic synthesis

D-Fagomine has been previously synthesized in our group with good
diastereoselectivity (de 72 %).7 The key step was the aldol addition of
dihydroxyacetone phosphate (DHAP) to N-Cbz-3-amino-1-propanal catalyzed by
using the commercial fructose-1,6-bis-phosphate aldolase from rabbit muscle,

namely RAMA (Figure 2).
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Fig. 2. Chemoenzymatic pathway of D-fagomine. RAMA catalyzed the aldol addition of DHAP to
N-Cbz-3-aminopropanal.

In the present work, the key step was the stereoselective carbon-carbon
bond formation between dihydroxyacetone (DHA) and N-Cbz-3-amino-1-propanal
(Fig. 3). Here, the aldol addition was catalyzed by the novel fructose-6-aldolase
(FSA). The cloning and overexpression in E. coli DH5a of the gene encoding FSA
and the biochemical characterization was carried out for the first time by
Schirmann et al.8 These authors reported aldol additions of either DHA or
hydroxyacetone to some hydroxyaldehydes for the synthesis of sugar derivatives.®
Here, after growing and disrupting the E. coli cells, the enzyme was purified
easily by a heat treatment at 75 °C during 40 min, centrifugation and
lyophilisation of the supernatant to yield a pale brown powder with 1.7 U mg-!
(section 4.3.14., page 164). Further purification steps were not necessary since

they were not crucial for the activity and stereoselectivity of the enzymatic aldol

7e, R=(CHy)10CH; (57)
7f, R=CH,Ph  (23)

addition.
FNT"NoH
1) Neprotection (CbzOSu)
2) Oxidation (IBX)
o) o o o) OH O
FSA
O)J\H/\)J\H + HO\/U\/OH o O)J\NK/H)K/OH
Buffer:DMF H OH
4 DHA 41 5
o)
N H,
H, H PAIC
Pd/C
R o
R (isolated yield, %) l/ )J\
7a, R=(CH,),CH; (47) N R H N~y
7b, R=(CH,),CH; (40) ' OH -
7c, R=(CH,)sCH; (54) H
7d, R= (CH,),CH; (40) - o Pd/C OH
OH

7 6

Fig. 3. Chemoenzymatic pathway of D-fagomine 6 and N-alkylated derivatives 7a-f.
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The FSA-catalyzed aldol addition between DHA and 4 was conducted at
4 oC in boric-borate 50 mM pH 7 buffer containing 20 % v/v DMF, furnishing the
aldol adduct 5 (isolated yield 69 %). The NMR spectra of the crude reaction
showed small signals which corresponded to the minor diastereoisomer 8. As
shown in Figure 4, the low intensity of the signals and the overlapping with other

signals made very difficult to quantify the diastereomeric ratio.

Fig. 4. TH-NMR spectrum of the FSA-catalyzed crude reaction between DHA and aldehyde 1.

The formation of 8 was unequivocally assessed by comparing the NMR
analyses of the adduct from the RAMA-catalyzed aldol addition of DHAP to
N-Cbz-3-aminopropanal (Figure 5).7 Based on mechanistic considerations of the
DHAP-aldolases, it can be assumed that the absolute configuration at C-3
depends on the enzyme and it is conserved upon reaction with any acceptor.
Consequently, the major diastereoisomer formed from the RAMA-catalyzed aldol
addition of DHAP to N-Cbz-3-aminopropanal was (3S,4R)-6-[benzyloxy-
carbonyl)amino]-5,6-dideoxy-1-O-phophonohex-2-ulose sodium salt 9 (de 72 %)
(Figure 5). This H-NMR spectrum also shows signals from the minor
diastereoisomer (3S,4S) and other signals from the cyclic hemiaminal formed by

spontaneous cyclation of the linear adduct.”
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Fig. 5. TH-NMR spectrum of the RAMA-catalyzed crude reaction between DHAP and aldehyde 4.

D-Fagomine 6 was obtained by selective catalytic reductive amination
(H2 50 psi, Pd/C) of 5 in 89 % isolated yield and diastereomeric ratio 93:7 (i.e. de
86 %) measured by NMR; [a]p2? = +20.4 (¢ 1.0, H20) (lit3 [a]p20 = +19.5 (¢ 1.0,
H20)). This positive value of the optical rotation indicates that the major
compound was D-fagomine, discarding the formation of the corresponding
enantiomer. Here, the aldol addition proceeds with complete stereospecificity
with respect to the configuration on carbon 3 and in with slightly decreased
specificity on carbon 4, involving the formation of D-2,4-di-epi-fagomine 10 as a

minor diastereisomer (Figure 6).
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Fig. 6. tTH-NMR spectrum of D-fagomine crude.
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The inspection of the stereochemistry at the C-2 position for iminocyclitols
revealed that the reductive amination of linear IN-Cbz-aminopolyols with Pd/C is
highly stereoselective, as reported previously by other authors.10-13 Interestingly,
it has been reported that in five- and six-membered ring systems, hydrogenation
took place from the face opposite to the C-4 hydroxyl group, regardless of the
stereoselectivity of the other substituents (Figure 7). Hence, the stereochemistry
observed at C-2 was controlled by the configuration at C-4.7 * During this
hydrogenolysis, we also assumed that the stereochemistry at C-3 and C-4 is
conserved and no epimerization occurred.!% 12,13 Thus, we can conclude that the
analysis of the NMR spectrum of D-fagomine crude allows elucidating the

stereoselectivity of the enzymatic reaction catalyzed by FSA (de 86 %).

Catalyst surface
Pd/C

Fig. 7. Diastereoselectivity of the reductive amination for imine from aldol adduct 5.

Further purification of the D-fagomine crude (24 mg) by cation exchange
chromatography on CM-sepharose in NHs* form, eluted isocratically with
NH:OH 0.01 M, gave an excellent separation of D-fagomine 6 (83 % recovery and
de > 99 %) and a minor diastereoisomer identified as D-2,4-di-epi-fagomine 10
(<1 mg) (see NMR spectra in section 6.1.). This minor diastereisomer arose from
the re-face attack of the DHA-FSA complex on the aldehyde, similar to that found
with D-fructose-1,6-bisphosphate aldolase.?

The reductive amination (Hz 50 psi, Pd/C) of different aldehydes in
presence of D-fagomine gave the desired N-alkylated derivatives 7a-f (Figure 3).
These crude reactions were purified by silica column chromatography affording
7a-f as unique diastereoisomers (isolated yields 40-50 %). Most interestingly, the
reductive amination of butanal, octanal and nononal in the presence of the aldol

adduct 5 also gave the iminocyclitols 7a and 7c-d as unique diastereoisomers
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after purification by silica column chromatography (isolated yields 40-50 %).
Thus, this one-pot reaction afforded the same stereoselectivity and similar
1solated yields than that obtained from the former two step strategy (see NMR

spectra in section 6.1.).

Synthetic advantages of FSA vs RAMA

It is remarkable that the use of FSA showed the following advantages
versus the use of RAMA in the preparation of the aldol adduct 5:
- FSA accepts DHA as donor, a simple starting material whereas RAMA requires
DHAP as donor, an expensive reagent with low stability in aqueous solution at
pH > 7.
- FSA affords the aldol adduct 5 while RAMA affords the same aldol adduct with
a phosphate group, which can be cleaved using an acidic phosphatase.
- FSA affords the aldol adduct 5 with higher diastereoselectivity (de 86 %) than
RAMA (de 72 %).

o
I
OH OH OP(OPh), OPO3H, OPO,*
OH OFEt OEt OEt OEt
o o \ o
(PhO), H,O4 HOy ©
e
° o
o oH O /\)k
CbZ\N/\)LH OH O Cbz\N "
! ., o om AT
H -— H N
OH OH FSA OH OH OH OPOZ OH OPO;
DHA h 5 f DHAP
major major
de 86 % de 72 %
with FSA with RAMA

Fig. 8. Synthetic approaches of aldol adduct 5 using RAMA and FSA. Reagents: (a) HC(OEt)s in
EtOH/H2SO4, (b) CI(O)P(OPh)2 in anhydrous pyridine, (¢) Ho/PtO2, (d-e) NaOH, acidic Dowex
resin and then 65 °C, (f) buffer pH 7.0/ DMF 4:1, (g) acidic phosphatase, (h) buffer pH 7.0/ DMF
4:1.

Investigations of the synthetic abilities of FSA in organic synthesis will be
studied in our group. We have found that this enzyme accepts, among others,
N-Cbz-glycinal and N-Cbz-3-amino-2-hydroxypropanal, but a-alkyl branched
N-Cbz-aminoaldehydes were not tolerated as substrates.
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Reductive amination using NaBCNH3

To the best of our knowledge, the preparation or isolation of iminocyclitol
11 has not been reported yet. We planned a synthetic approach shown in Figure
9 in order to obtain compound 11. The H-NMR of the hydrogenolysis crude
showed that the N-deprotection was achieved successfully. Then, sodium
cyanoborohydride was added to the mixture. The reaction crude was purified by
flash chromatography on silica but the H-NMR analyses showed that

D-fagomine was formed as major compound.

OoH OH OH OH

oH O 5 o o o H H ‘ y

H, (15 psi) N N N N

Cbz\N Pd/C oH N NaBCNH, )
H o4 OH HN _ —_ . +

OH OH : OH \ H OH H OH : OH

OH OH o o

HO OH OH

1

aldol adduct 5 aminoketone cydlic hemiarrinal imine D-fagomine 6

Fig. 9. Synthetic approach proposed to obtain diastereoisomer 11.

3.4.2. Biological properties

Antimicrobial activity

The antimicrobial activity of D-fagomine 6 and the N-alkylated derivatives
7a-f was measured on the basis the MIC values. Hence, all compounds were
tested against 15 bacteria (8 Gram-positive and 7 Gram-negative bacteria) and 7
fungi (2 yeasts and 5 moulds) (see Table 1). Compounds 6, 7a-d and 7f did not
show activity at concentrations below 256 pg mL-1, thus with much lower potency
than that found for antiseptics such as cationic surfactants and biguanides.15

Only compound 7e showed moderate antimicrobial activity.

Interestingly, 7e gave minimum inhibitory concentrations ranging from 32
to 64 ng ml-! against most of the Gram-positive bacteria tested, whereas MICs of

128-256 pg mL1 were observed for the Gram-negative bacteria. Compound 7e
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showed moderate antifungal activity. These results point out that iminocyclitols
6 and 7a-f are highly hydrophilic compounds and higher lipophilicity is required
to improve their antimicrobial action. In good agreement, Murata et al. have
reported the antibacterial activity of five homologues of N’-alkyl-IN-(2-
aminoethyl)piperidines.'6 They found that the most potent agents are the
tetradecyl and hexadecyl derivatives, showing MICs values around 2-40 pM
against four bacteria. Consequently, it appears that N-alkyl-piperidines such as
compounds 7a-f target the cytoplasmatic membrane since their hydrophilic-
lipophilic balance plays an important role, discarding more specific antimicrobial

mechanisms as inhibition of bacterial enzymes, inhibition of DNA replication, etc.

Table 1. MICs in mg L-! of N-dodecyl-D-fagomine 7e.

Gram-positive Gram-negative
bacteria MIC bacteria MIC Yeasts MIC
Enterococcus 32 Salmonella 256  Candida
. . . . >256
hirae typhimurium albicans
Mycobacterium 128  Bordetella 128  Saccharomyces 956
smegmatis bronchiseptica cerevisiae
Staphylococcus 64 Pseudomonas 256
aureus aeuroginosa Moulds
Bacillus 32 Klebsiella 256  Aspergillus 39
subtlis pneumoniae repens
Bacillus cereus 32 Escherichia 128  Penicillium 956
var. mycoides coli chrysogenum
Staphylococcus 64 Enterobacter >256  Cladosporium 64
epidermidis aerogenes cladosporoides
Micrococcus 32 Serratia >256  Trichophyton 198
luteus marcescens mentagrophytes
Micrococcus 64 Penicillium
. 128
phley funiculosum

Inhibition of glucosidases

Since D-fagomine was vreported to have inhibitory activity on
a-glucosidase, 3 different chemical modifications have been introduced to
improve its activity and selectivity. Goujon et al. synthesized a-1-C-substituted
derivatives with or without N-butyl group, which exhibited higher inhibitory
activity than the parent compound against a-glucosidase from rice.l” On the
other hand, the substitution of the piperidine ring for an azepane ring decreased
the inhibitory activity against both enzymes.18
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Compounds 6 and 7a-f were inhibitors of a-D-glucosidase from rice and
B-D-galactosidase from bovine liver (Table 2), whereas no inhibition was observed
against B-D-glucosidase from baker’s yeast, B-D-glucosidase from almond,
o-D-mannosidase from jack beans and a-L-rhamnosidase from Penicillium
decumbens. Interestingly, among the N-alkylated derivatives, 7d and 7e were
the best inhibitors against a-D-glucosidase whereas 7e was a good inhibitor for
the B-galactosidase. As shown in Table 2, the activity of 7a-f against
a-glucosidase increased with the aliphatic chain length up to 9 carbon atoms
(7d). Rising the number of carbon atoms to 12 (7e) or including an aromatic
moiety (7f) did not improve or caused a drastic decrease on the inhibitory
activity, respectively. Kinetic studies indicated that active compounds behaved
as competitive inhibitors of a-D-glucosidase from rice. These results suggested
that 6 may interact with the subsite -1 of the two catalytic sites reported for
a-glucosidase family II'® and the N-alkyl substituent with a convenient length
may fit into subsite +1, but not with the phenylethyl substitution. Inhibition of

a-D-galactosidase from bovine liver by 6 and 7a-f is also depicted in Table 2.

Table 2. Inhibition of glycosidases by compounds 6 and 7a-f

Compound a-D-glucosidase2 B-D-galactosidaseb

Ki ICso Ki 1Cso
(LM)e ®M) (M) (M)
6 9.3 13.2 35.9 30.4
7a 126 151 NIe
7b 73.3 61.4 NIe
Tc 27.3 35.3 242 203
7d 14.9 18.1 140 108
Te 16.4 20.7 9.3 6.0
7f 143 159 691 416

a From rice, » from bovine liver, ¢ competitive inhibition, ¢ non-competitive, ¢ no inhibitor

For 7a-e, the higher the hydrophobicity the lower the ICso values, 7e being
the most active one. Inhibitory activity of 7e was similar to that reported for the

D-galacto isomer of 620 and higher than that found for 6 or its a-1-C-ethyl
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derivative.2l  Active compounds inhibited this enzyme in a non competitive

manner, with a K; value for 7e 4-fold lower than that for 6.

Cytotoxicity

Cytotoxicity of 6 and 7a-f was estimated by determination of their
haemolytic and protein denaturation effects on human erythrocytes.?2 The
results showed that they did not have activity, with the exception of 7e. The
HCso (i.e. concentration that induces the haemolysis of 50 % of the cells) for
compound 7e was 138+8 mg mLl, whereas the denaturation index (DI, i.e.
hemoglobin denaturation induced by the compound) was 5+1. These values

compare with commercial decylglucoside (HCs0 252+6 mg mL-t and DI 14.2).22

As brief summary, the novel aldolase FSA allowed the preparation of
D-fagomine in two steps from inexpensive and achiral starting materials such us
DHA and N-Cbz-3-aminopropanal. N-dodecyl-D-fagomine 7e elicited antibac-
terial, antifungal and activity with slight selectivity against Gram-positive
bacteria, suggesting that these iminocyclitols target cytoplasmic membrane

although higher lipophilicity is required to enhance their antimicrobial activity.
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4.1. Materials

Arginine-based surfactants

N*-Lauroyl-L-arginine methyl ester hydrochloride (LAM), bis(N°-
octanoyl-L-arginine)-1,3-propanediamide dihydrochloride (Cs(0OA)2) and
bis(IN*-caproyl-L-arginine)-1,3-propanediamide dihydrochloride (C3(CA)s2)

were synthesized in our laboratory previously to this thesis.! 2

Phospholipids

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and E. coli total
lipid extract containing: 58 % of 1,2-diacyl-sn-glycero-3-phosphoethanol-
amine (DPPE), 15 % of 1,2-dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glyce-
rol)] sodium salt (DPPG), 10 % of cardiolipin and 17 % of other compounds,
were purchased from Avanti Polar Lipids Inc. 1,2-Dipalmitoyl-sn-glycero-3-

[phospho-rac-(1-glycerol)] sodium salt (DPPG) was purchased from Sigma.

Antimicrobial agents
Hexadecyltrimethyl ammonium bromide (HTAB) and chlorhexidine
dihydrochloride were purchased from Sigma. Dodecyltrimethylammonium

bromide (DTAB) was purchased from Aldrich.

Molecular dyes

Syto-13, propidium iodide (PI) and bis-1,3-dibutylbarbutiric acid (bis-
oxonol) were supplied from Molecular Probes Europe BV (Leiden, the
Netherlands).

Diamines
1,6-Diaminohexane and 1,8-diaminooctane were purchased from
Merck. 1,10-Diaminodecane and 1,12-diaminododecane were obtained from

Fluka.
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Aldehydes

Butanal 99 %, hexanal 98 %, octanal 99 %, nonanal, 95 % dodecanal
92 % and phenylacetaldehyde 90 % were obtained from Aldrich. Dodecanal
and phenylacetaldehyde were purified by flash column chromatography on
silica using CHCls and CHCls/hexane 1:1 as eluents, respectively.

Other reagants

N-(Benzyloxycarbonyloxy)succinimide, palladium over charcoal
(10 % Pd), phenylacetyl chloride, oxalyl chloride and 1,12-dodecane-
dicarboxylic acid were obtained from Aldrich. L-Arginine hydrochloride,
lithium sodium hydride, 1,4-dithio-D,L-threitol (DTT), 3-amino-1-propanol
and Celite-545 (particle size 26 um, mean pore diameter 17.000 nm, specific
surface area BET method 2.19 m?2 g-1) were obtained from Fluka.
Dihydroxyacetone and aluminium oxide 90 active neutral were purchased
from Merck. Ammonia was obtained from Praxair. Bradford reagent was

obtained from Sigma.

Solvents

Tetrahydrofuran and dichloromethane were distilled over sodium and
CaHs, respectively, before use. All other solvents and reagents were of
analytical grade and were used without further purification. Ultra pure
water, produced by a nanopure purification system coupled to a Milli-Q
water purification system, resistivity 18.2 MQ c¢cm was used for the aqueous

solutions.

4.2. Instruments
I1H NMR (500 MHz) spectra of compounds were recorded with a

Varian Mercury-500 spectrometer and 13C NMR (100 MHz) spectra with a
Varian Mercury-400.
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HPLC (Merck-Hitachi, Licrograph) with detector UV-vis. HPLC
(Waters Prep LC 4000) with detector UV-vis.

Infrared spectra of compounds in KBr tablets were recorded with a

Nicolet Avatar 360 FT-IR.

Elemental analyses were performed with an EA1108-Elemental

analyzer by Servei de Microanalisi Elemental at Instituto de Investigaciones

Quimicas y Ambientales (IIQAB-CSIC).

Specific rotations were measured with a Perkin Elmer Model 341

(Uberlingen, Germany) polarimeter.

Mass spectra were obtained using MALDI-TOF spectroscopy with a
VOYAGER-DE-RP at Universidad de Barcelona.

Melting point of 1,14-diaminotetradecane was determined with a

Kofler apparatus.

Thermotropic phase transition variables of MLVs of DPPC were
measured by a DSC 821E Mettler Toledo calorimeter.

Fluorescence measurements were done on a Perkin-Elmer

(Beaconsfield, Bucks, UK) spectrofluorimeter LS 50.

Surface activity measurements were recorded using a Langmuir film
balance Nima 516 using a circular Teflon trough (60.35 cm? and 70 mL of
capacity) equipped with a Wilhelmy plate, made from chromatography

paper (Whatman Chr 1) as the pressure sensor.

Compression isotherms were performed on a Langmuir film balance
Nima 516 equipped with a rectangular Teflon trough (19.5x20 cm2 and 250
mL of capacity).

155



4. Experimental section

A Coulter Epics Elite flow cytometer (Coulter Corp., Florida, USA)
equipped with a 15 mW air-cooled 488 nm argon-ion laser (for Syto-13, PI
and bis-oxonol excitation) was used. The green emission from Syto-13 and
bis-oxonol was collected through a 525 nm band-pass filter. The red
emission from PI was collected with a 675 nm band-pass filter. Although
the maximum emission is in a shorter wavelength, the 675 nm band-pass
filter was used in order to minimize interference with the strong
fluorescence of Syto-13. Bacteria were counted using a Cytek Flow Module
(Cytek Development, CA, USA) adapted to the flow cytometer. Forward,
side-scatter and fluorescence signals were collected in logarithmic scale. A
significant percentage of the bacterial population that can be detected by its
Syto-13 fluorescence appears in the first channel of the scatter.
Consequently, fluorescence is used to discriminate bacteria rather than
scatter, thus obtaining a better resolution and decreasing the background.
Data were analyzed with Elitesoft version 4.1 (Coulter Corporation, Florida,

USA) and WinMDI version 2.8 software.

Cell suspensions were analyzed with a Multisizer II (Coulter) using a
30 um aperture. Cell suspensions were diluted (1/1000) in 0.9 % NaCl
previously passed through a 0.2 um filter. Data were analysed by

AccuComp software version 1.15 (Coulter).

Microscopy was performed with a Philips EM 30 (Eindhoven,

Holland) microscope with an acceleration of 60 kV.

The potassium concentration in the supernatant was measured using
an atomic absorption Philips PU9200X spectrophotometer (Philips
Cambridge, UK).

A shot cell disrupter system (Constant Systems, Northans, UK) was
used to disrupt E. coli cells employed for the overexpression of the FSA

enzyme.
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4.3. Methods

4.3.1. Preparation of multilamellar vesicles (MLVs)

Multilamellar vesicles (MLVs) of DPPC were prepared as follows. A
standard solution of DPPC (4.4 mg mL-!) in CHCls/MeOH 1:1 v/v was
prepared and aliquoted (100 pL) in test tubs. Then, the solvent was
removed under nitrogen steam while rotating the tube to form a thin film of
lipid on the tube walls. The residual solvent was removed under vacuum.
MLVs were obtained by hydrating the lipid film with 4-(2-hydroxy-
ethyl)piperazine-1-ethanesulfonic acid (Hepes) buffer 5 mM pH 7.4
(100 uL), containing the corresponding amount of surfactant, followed by

five alternative cycles of sonication (2 min) and heating at 60 °C (2 min).

4.3.2. Differential scanning calorimetry (DSC)

Hermetically sealed aluminum pans (40 pLL nominal volume) were
used. DSC runs were carried out with freshly liposome preparations. Pans
were loaded with DPPC MLVs suspension (30 pL, corresponding to 0.13 mg
of DPPC), and submitted to three heating/cooling cycles in a temperature
range between 0 to 60 °C at a scanning rate of 5 °C min't. The data from
the first scan were always discarded to avoid mixing artefacts.

Experiments were carried out in triplicate.

4.3.3. Leakage of encapsulated material in LUVs

For the ANTS-DPX leakage assay, about 15 mg of DPPC were
dissolved in CHCls/MeOH 2:1 (3 mL). The solvent was evaporated under
vacuum at 55 °C affording a dry lipid film. Then, 2 mL of buffer solution
(65 mM Hepes, 20 mM NaCl, pH 7.4,~200 mOsm) containing ANTS
(12.5 mM) and DPX (45 mM) was added to the dry lipid. This mixture was
heated and sonicated to give a lipid suspension. The lipid suspension was

sonicated for 10 min affording MLVs. The MLV suspension was frozen and
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thawed 10 times to afford LUVs with the maximum possible entrapment of
encapsulated ANTS/DPX. This preparation was extruded 10 times through
two 100 nm pore-size polycarbonate filters (Nucleopore, Pleasanton, CA) in
a high pressure extruder (Lipex, Biomembranes, Vancouver, Canada) above
the transition temperature of DPPC (50 °C). Vesicles with encapsulated
contents were separated from the media on a Sephadex G-75 column
(Pharmacia, Uppsala, Sweden) equilibrated with isotonic buffer (5 mM
Hepes, ~70 mM NaCl, pH 7.4, ~200 mOsm). Lipid concentration of the
vesicles was determined by phosphate analysis described by Boéttcher et al.3
(see below). The vesicles’ size (diameter ~0.1 um ) was determined from the
measurement of the sample diffusion coefficient by photon correlation
spectroscopy. Fluorescence measurements were done using l-cm path-
length quartz cuvettes with stirring and thermostatting at 25 °C. These
measurements were performed by setting the ANTS emission at 520 nm as
a function of time and the excitation at 355 nm. No leakage (0 % leakage)
corresponded to the initial fluorescence from the LUV suspension (100 uM
DPPC) while complete leakage (100 %) was the fluorescence value obtained
after the addition of 10 % (v/v) Triton X-100. Experiments were conducted

in duplicate.

Assessment of lipid concentration. The quantification of the lipid
concentration involves the following procedure:
A calibration curve is carried out in duplicate using an initial solution of
NaH2PO4-H20 1 mM (0, 25, 50, 75 and 100 puLi). The sample is added inside
a tube in absence of phosphate ions. HClO4 70 % (0.4 mL) in glass tubs is
heated at 205 °C for 45 min. The tubs are cooled and then, an aliquot
(4 mL) of a molybdate solution ([(NH4)sMo07024-4H20] (2.2 g, 3.93 mmol) in
H2S04 95 % (14.3 mL)) is added. After that, ascorbic acid 10 % w/w (0.5 mL)
1s added to the mixture. The mixture is shacked with vortex and heated at
80 °C for 20 min. The solutions acquire a blue-green colour. The absor-

bance is measured at A 812 nm using a colorimeter.
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4.3.4. Surface activity

Increasing volumes of an aqueous concentrate solution of surfactants
in phosphate buffered saline (PBS) pH 7.4 were injected beneath the
air/water surface and the pressure increases recorded during a period of
60 min. For each compound, the saturation concentration (i.e. the
minimum concentration that gives the maximum surface pressure) was
determined. @ Dimethyl sulfoxide (DMSO) was used to prepare the
concentrated solution of CHX, due to its low aqueous solubility. Surface

pressure was measured at 21+1 °C with the accuracy of £0.1 mN m-1.

4.3.5. Penetration kinetics at constant area

The interactions of the selected compounds with lipid monolayers
were determined with the same device described previously for the surface
activity measurements. Lipid monolayers of DPPC, DPPG and E. coli total
lipid extract were spread on PBS subphase from CHCls/MeOH 2:1 v/v
solutions, at the required initial pressure: 5, 10, 20 and 32 mN m-l. Then,
the appropriate amount of the stock solution of each product was injected in
the subphase. The final concentration of each compound was fixed
according to their surface pressure curves (i.e. approximately 80 % of the
saturation concentration). The pressure increases were recorded at
21+1 °C for 30 min, to ensure that the equilibrium was reached. The
subphase was stirred continuously to ensure a homogeneous distribution.
The experiments were performed in triplicate and the standard error was

estimated in each case.

4.3.6. Compression isotherms

Fixed amounts of DPPC, DPPG, and E. coli lipid extract (50 uL

solution of 1 mg phospholipids/mL in CHCls/MeOH 2:1 v/v, ca. 4x1016 lipid

molecules) were spread on the aqueous subphase containing the product
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under study at three different concentrations: 80 %, 20 % and 5 % of the
saturation concentration. Then, the solvent was allowed to evaporate for at
least 10 min. Films were compressed continuously with an area reduction
rate of 12.9 A2 molecule! minl. The experiments were performed in

triplicate and the reproducibility was + 1 A2 mol-L.

4.3.7. Minimum inhibitory concentration (MIC)

The minimum inhibitory concentration of selected microbicides were
determined in vitro by a broth micro-dilution assay.# MIC is defined as the
lowest concentration of antimicrobial agent that inhibits the development of
visible micro-organism growth after incubation at 30 °C (24 h for the
antibacterial test and 48-72 h for the antifungal test). Cell cultures were
adjusted to an initial concentrationan 10° cfu mlL-l; bacterial and yeast
cutures? were adjusted to an optical density on the McFarland scale of 0.5
and moulds cultures® were adjusted by direct microscopic counting
procedure using the Petroff-Hausser counting chamber. The MIC assay was
performed in a 96-well microtitre, where each raw was inoculated with the
tested micro-organism (ca. 104 cfu mL-1). Each column contained inoculated
medium with different concentration of the agent (from 0.25 to 256 mg L-1)
and the control corresponded to the inoculated medium in absence of the
biocide. The micro-organisms used were the following:

Gram-positive bacteria: Arthrobacter oxydans ATCC 14358, Bacillus cereus
var. mycoides ATCC 11778, Bacillus subtilis ATCC 6633, Enterococcus hirae
ATCC 10541, Micrococcus epidermidis ATCC 155-U, Micrococcus luteus
ATCC 10054 and 9341, Mycobacterium phlei ATCC 10142, 41423,
Mycobacterium smegmatis ATCC 3017, Staphylococcus aureus ATCC 25178,
9144 and 6538, Staphylococcus epidermidis ATCC 12228.

Gram-negative bacteria: Bordetella bronchiseptica ATCC 4617, Citrobacter
freundii ATCC 13883, Enterobacter aerogenes ATCC 13048 and CECT 684,
Escherichia coli ATCC 27325, 10536 and 8739, Klebsiella pneumoniae ATCC
13882 and 4352, Pseudomonas aeruginosa ATCC 9721 and 9027,
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Salmonella typhimurium ATCC 14028, Serratia marcescens ATCC 274,
Streptococcus faecalis ATCC 10541.

Yeasts: Candida albicans ATCC 10231, Saccharomyces cerevisiae ATCC
9763.

Moulds: Aspergillus niger ATCC 16404, Aspergillus repens ATCC 28604,
Cladosporium cladosporoides ATCC 16022, Penicillum funiculosum CECT
2914, Penicillum chrysogenum ATCC 9480, Trichophyton mentagrophytes
ATCC 18748.

4.3.8. Exposure of micro-organisms to biocides

Suspensions of the micro-organisms were obtained from an overnight
culture of each strain on tryptone soy broth (T'SB) at 30 °C. Cultures were
then centrifuged at 8000 g for 15 min, washed twice in sterile Ringer’s
solution (Scharlau, Barcelona, Spain) and resuspended in Ringer’s solution
to obtain a cell suspension about 107-108 cfu mL-1. Cell suspensions (3 mL)
were used to inoculate flasks containing 27 mL of solution to obtain a cell
density of about 106-107 cfu mL-1. Different aliquots (7.5-360 pL, depending
on the final 1/2 or 3/2 of the MIC) of the stock solution of C3(CA)2 and CHX,
were added to the bacterial suspensions. After a contact time of 30 min, the
biocide effect was immediately neutralized by dilution with sterile Ringer’s

solution.

For flow cytometry (FC) experiments, 15 mL of the samples were
centrifuged at 8000 g for 30 min and the bacterial pellets were resuspended

in 1 mL of Ringer’s solution. Experiments were conducted in triplicate.

For transmission electronic microscopy (TEM) observations, the
contact time was 30 min at biocide concentration 3/2 of the MIC. Then,
samples (b mL) were taken and centrifuged at 4500 g for 30 min. The
bacterial pellets were rinsed with 0.1 M phosphate buffer pH 7.4.
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For assessment of potassium leakage, 1 mM glycylglycine buffer
solution pH 6.8 was employed instead of Ringer’s solution. The micro-
organisms were treated with the antimicrobials at 3/2 of the MIC for
30 min. Then, 5 mL of cell suspension were removed and centrifuged at
4500 g for 15 min. Positive controls were lysed cell suspension obtained by

thermal shock (70 °C for 30 min). Experiments were conducted in triplicate.

In all cases, control experiments lacking microbicide were carried out

in parallel.

4.3.9. Flow cytometry: staining procedure

Staining protocols for flow cytometry experiments were as follows:
1 uL of a 500 uM stock solution of Syto-13 in dimethyl sulphoxide and 10 pL
of a 1 mg mL-! stock solution of propidium iodide (PI) in distilled water were
added to 500 uL of the bacterial suspension in filtered Ringer’s solution.
The S. aureus and E. coli suspensions were incubated with the dyes for 3
and 20 min, respectively. Stains were performed at room temperature before

the FC analysis. Experiments were conducted in triplicate.

In the case of membrane potential dye, 2 ul. of a 250 uM stock
solution of bis-oxonol in ethanol was added to 500 pL of the bacterial
suspension to a final concentration of 1 uM and incubated for 2 min. Cells
killed by heat exposure (3 min at 70 °C) were used as controls for bis-oxonol

staining. Experiments were conducted in duplicate.

4.3.10. Bacterial count

Viable cell counts (cfu ml!) were obtained on trypticase soy agar
(TSA). After an appropriate dilution in Ringer’s solution, the sample was
moculated on plates and incubated at 30 °C for 24-48 h. Rapid separation of

bacteria from the antimicrobial was achieved by centrifugation at 4500 g in
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a bench top centrifuge for 15 min and subsequent dilution on Ringer’s

solution prior to plating. Cell counting was performed in triplicate.

4.3.11. Transmission electron microscopy (TEM)

After treatment of cell suspensions with the biocides at 3/2 MIC for
30 min for each micro-organism (3 ug mL-! and 12 ug mL! of C3(CA)2 with
S. aureus and E. coli, respectively, and 0.75 ug mL-! and 3 ug mL-! of CHX
with S. aureus and E. coli, respectively). The bacterial pellets were rinsed
with 0.1 M phosphate buffer (pH 7.4), washed three times and fixed with
2.5 % buffered glutaraldehyde for 1 h at 4 °C. The cells were then postfixed
in 1 % buffered osmium tretroxide for 1 h, stained with 1 % uranyl acetate,
dehydrated in a graded series of ethanol and embedded in L.R. (London
Resin Co. Ltd.) white resin. Ultra-thin sections were prepared and stained

with 1 % uranyl acetate and sodium citrate.

4.3.12. Potassium leakage

Absorbance values were converted into potassium ion concentration
(ppm) by reference to a calibration curve using potassium ion solution of O,
0.1, 0.2, 0.5 and 1 ppm. The cell density studied were 2x108 cfu mL-! and

3x108 cfu mL! for S. aureus and E. coli, respectively.

4.3.13. Papain immobilization

Papain (EC 3.4.22.2) from Carica papaya crude powder (1.7 U mg-! of
protein; one unit (U) will hydrolyze 1.0 mmol of benzyl-L-arginine ethyl
ester per minute (BAEE) at pH 6.2, 25 °C was obtained from Sigma. Papain
was immobilized by deposition onto Celite 545. The procedure was the
following: papain (500 mg) and DTT (250 mg) were dissolved in boric acid-
borate buffer 0.1 M pH 8.2 (5 mL, 0.5 % v/v). This solution was thoroughly
mixed with Celite-545 (5 g) and dried under vacuum (80 pbar).
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4.3.14. Production and purification of FSA

The cloning and overexpression in E. coli of the gene encoding FSA
and the biochemical characterization was carried out for the first time by
Schiirmann et al.6 This section describes the methodology to overexpress y

FSA, to purify and to assess its activity.

Overexpression of FSA in Escherichia coli:

The Escherichia coli strain used was DHba. This strain contains the
plasmid pJF119fsa, which confer resistance to the antibiotic ampicillin. The
experimental procedure to produce the FSA enzyme from E. coli consists of
the followings steps:

1) An aliquot of E. coli glycerinate (1 mL) was preinoculated overnight at
37 °C with shaking (250 rpm) into 5 mL of culture medium in presence of
ampicillin (0.1 mg L-1). The composition of the sterilized culture medium
was: yeast extract (YT, 4 g), triptone (8 g), NaCl (8 g) and, distilled water
(800 mL).

2) The former preinoculated aliquot was diluted in 45 mL of culture medium
and was shaked (250 rpm) at 37 °C overnight.

3) Inoculated aliquots (15 mL) were diluted in three flasks with 800 mL
(total volume 2.4 L) of medium in presence of ampicillin (0.1 mg L-1). The
cultures were shacked (37 °C, 2 h, 250 rpm).

4) Then, isopropyl-8-D-thiogalacto-pyranoside (IPTG, 1 mM) was added to
the flasks and the cultures were shacked (37 °C, ~16 h). The addition of the
inducer IPTG to recombinant cells in the exponential phase increases the
production of FSA.

5) The cell suspensions were centrifuged (10000 rpm, 30 min, 10 °C). The
supernatant was discarded. Pellets were washed with glycylglycine buffer
(glycylglycine 50 mM, 1,4-dithio-D,L-threitol (DTT) 1 mM, pH 8.0). After
that, pellets were resuspended in buffer and centrifuged (10000 rpm,
30 min, 10 °C). Again, the supernatant was discarded.

6) The pellets can be frozen and stored at -80 °C before performing the

extraction and the purification of the FSA enzyme.
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Extraction and purification of FSA enzyme:

The experimental procedure to purify the FSA enzyme from E. coli
consists of the followings steps:
1) The frozen pellets of E. coli were resuspended with glycylglycine buffer.
2) The cell suspensions were passed through a cellular disruptor. The
applied pressure was 1.37 kbar to extract cytoplasmic membrane proteins.
3) The cell-free extract was centrifuged (10000 rpm, 30 min, 10 °C). Pellets
were discarded.
4) After centrifugation, the supernatant was heated (75 °C, 40 min) in order
to denature other enzymes present in the cell-extract.
5) The solution was centrifuged (20000 rpm, 40 min, 10 °C) and pellets were
discarded.
6) The supernatants were lyophilized yielding a light brown powder (2.8 g).
The enzymatic activity of this lyophilized powder was 1.7 U mg!. This
powder was stored at 4 °C, keeping the enzymatic activity constant at least
after seven months.
NOTE: One unit (U) will synthesize 1 umol of fructose-6-phosphate from
D-glyceraldehyde-3-phosphate and DHA per minute at pH 8.5 (glycylglycine
50 mM buffer) and 30 °C.

Purification of FSA by chromatography

1) After performing the heat treatment and centrifugation of the solution,
the cell-free extract was dissolved in glycylglycine buffer and directly
applied onto a Q-Sepharose HP anion exchange column. FSA was eluted in
a linear NaCl gradient (flow 1 mL min-l). This purification was carried out
at 4 °C.

2) The Bradford’s test and the enzymatic assay were performed to determine
the FSA concentration and the specific activity, respectively. The active
fractions were pooled and the initial glycylglycine buffer was changed by
KH3PO4 buffer (10 mM, pH 7.0).

3) The former solution was further purified using a hydroxyapatite

(Ca3(POy4)2) column. FSA enzyme was eluted in the first millilitres using
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KH32PO4 buffer (10 mM, pH 7.0) as eluent (flow 1 mL min?). This
purification was also carried out at 4 °C.

4) The buffer of pure fractions was changed to glycylglycine buffer since the
presence of KH2PO4inhibits the enzymatic activity.

5) Pure fractions of FSA were pooled, frozen and lyophilized in order to

store the enzyme at 4 °C.

Determination of FSA concentration: Bradford’s test

The Bradford’s test was performed to determine the concentration
(mg mL1) of the FSA samples. A volume of sample (1-50 pul.) was mixed
with glycylglycine buffer to a final volume of 50 ul. Then, 950 pL of
Bradford’s solution was added. After 5 min, the absorbance was measured
at 595 nm. The concentration of FSA is calculated from the interpolation of

the calibration curve of bovine serum albumin (BSA) (Figure 1).

1,25 -
1,00 y =28,719x
R =0,9531 ¢
0,75
§ .
0,50 - *
0,25 | ¢
0,00 : : : :
0,000 0,010 0,020 0,030 0,040
Conc. BSA (mg/mL)

Fig. 1 Calibration curve of of bovine serum albumin (BSA).

Determination of FSA activity: aldolase assay

The activity of the FSA samples was measured by an enzymatic assay
based on the formation of fructose-6-phosphate (Figure 2). The advance of
this reaction is followed indirectly by the reduction of NADP to NADPH
(absorbance measured at 340 nm, 30 °C, pH 8.5 (glycylglycine 50 mM
buffer).
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Fig. 2 Enzymatic assay performed using a spectrophotometer with a thermostated cuvette
holder.

First, the following reagents are mixed in a cuvette at 30 °C:

DHA (10 pL of dihydroxyacetone dimer 2,5 M), FSA (5-10 ug determined
previously by the Bradford’s Test), PGI (6 uL of phosphoglucose isomerase
solution 10 mg mL1, 18 U), Glu6PDH (5 pL of glucose-6-phosphate dehydro-
genase solution 1010 U ml.1, 5 U), NADP (10 uL of B-nicotinamide adenine
dinucleotide phosphate disodium salt solution 50 mM).

After 5 min, Gly-3-P (10 pL of DL-glyceraldehyde-3-phosphate solution
0.29 M) 1s added into the cuvette.

Final volume: 1 mL (with buffer glycylglycine 50 mM, DTT 1 mM, pH 8.5).
NOTE: One unit (U) will synthesize 1 umol of fructose-6-phosphate from
D-glyceraldehyde-3-phosphate and dihydroxyacetone per minute at pH 8.5
(glycylglycine 50 mM buffer) and 30 °C.

SDS-polyacrilamide gel electrophoresis (PAGE)

The bands observed at the SDS-Page analysis indicate that FSA
constitutes up to 10 % of the total soluble protein content of the crude
extract (Figure 3, lane A). After chromatographic purification of the cell-free

extract, FSA was obtained with ~95 % of purity (Figure 3, lane D).
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97.4 kDa
66.2 kDa
39.2 kDa

26.6 kDa
21.5 kDa

A B C D
Fig. 3 SDS-PAGE analysis of the E. coli aldolase purification

where: lane A is crude extract of FSA before the heat treatment, lane B is
pool of FSA after the heat treatment, lane C: Protein reference (bovine
serum albumin), lane D is final pool of FSA (after chromatography using

Q-sepharose and hydroxyapatite as stationary phases).

4.3.15. Haemolysis assays

The erythrocytes were washed three times in isotonic phosphate
saline pH = 7.4 buffer (PBS): NasHPO4 (22.2 mM), KH2PO4 (5.6 mM), NaCl
(123.3 mM) and glucose (10.0 mM). The cells (8x10° cell mL-l) were then
suspended in isotonic saline solution (NaCl 0.9 %). Different volumes (10 to
80 ul) of stock solutions of compounds (20 mg mL-!) were mixed with PBS in
polystyrene tubes to final volume of 1 mL; the final concentrations of
products were from 200 to 1600 pg mL-l. To these solutions, aliquots of
erythrocyte suspension (25 pl) were added, and the mixture incubated for
10 minutes, with constant shaking, at room temperature. After incubation,
the tubes were centrifuged at 1500 g for 5 min. Then, the percentage of
haemolysis was determined by comparing the absorbance (A 540 nm) of the
supernatant with that of control samples totally haemolysed with distilled
water.” The dose-response curve was determined from the haemolysis

results and the concentration that induces the haemolysis of 50 % of the
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cells (HCs0) was calculated.

The potential ocular irritation of the compounds was studied with a
method based on the haemolysis test (i.e. cellular lysis) and the damage
caused on the cellular proteins by the compound (i.e. denaturation). The
irritation index was determined according to the lysis/denaturation ratio
(/D) obtained dividing the HCso (ug mL!) by the denaturation index (DI).
DI of each compound was measured by comparing the haemoglobin
denaturation (D) induced by the compound and sodium dodecyl sulphate
(SDS) as positive control. Haemoglobin denaturation was determined after
inducing haemolysis by adding SDS (10 mg mL-!) to the erythrocytes and
measuring the absorption ratio of the supernatant at 575 nm and 540 nm.
The resulting L/D ratio was used instead of the ocular irritancy score in the
acute phase of in vivo evaluation. The compounds can be classified
according to this L/D ratio as: non irritant >100, slightly irritant >10,

moderate irritant >1, irritant >0.1 and, very irritant < 0.1.7

4.3.16. Enzymatic inhibition assays

Commercial glycosidase solutions were prepared with the appropriate
buffer and incubated in 96-well plates at 37 °C without (control) or with
inhibitor (1 mM) during 3 min for a-glycosidase, a-mannosidase, and for
a-rhamnosidase, and 5 min for p-galactosidase. After addition of the
corresponding substrate solution, incubations were prolonged during
different time periods: 10 min for a-glucosidase, 6 min for a-mannosidase,
5 min for a-rhamnosidase and 16 min for B-galactosidase and stopped by
addition of 50 pLL of 1 M Tris solution or 180 pL of 100 mM glycine buffer pH
10, depending on the enzymatic inhibition assay. The amount of
p-nitrophenol formed was determined at 405 nm with UV/VIS Lector
Spectramax Plus (Molecular Devices Corporation) spectrophotometer.
a-D-Glucosidase from baker’s yeast activity was determined with
p-nitrophenyl-a-D-glucopyranoside (1 mM) in 100 mM sodium phosphate
buffer (pH 7.2). a-Glucosidase activity was determined with p-nitrophenyl-
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a-D-glucopyranoside (1 mM) in 100 mM sodium acetate buffer (pH 5.0).
a-Glucosidase from rice activity was determined with p-nitrophenyl-a-D-
glucopyranoside (1 mM) in 50 mM sodium acetate buffer (pH 5.0).
a-Mannosidase activity was determined with p-nitrophenyl-a-D-
mannopyranoside (1 mM) in 50 mM sodium acetate buffer (pH 5.0).
a-Rhamnosidase activity was determined with p-nitrophenyl-a-D-
rhamnopyranoside (1 mM) in 50 mM sodium acetate buffer (pH 5.0).
B-Galactosidase activity was determined with p-nitrophenyl-a-D-
galactopyranoside (1 mM) in 100 mM sodium phosphate buffer 0.1 mM
MgClz (pH 7.2). The commercial glycosidase solutions were prepared as
follows: a-glycosidase from rice: 100 ul. commercial suspension/5 mL buffer,
a-mannosidase from jack bean: 25 ul. commercial suspension/10 mL buffer,
naringinase from Penicilium decumbens: 0.3 mg/1 mL buffer; B-galacto-
sidase from bovine liver: 0.1 mg /1 mL buffer.

Kinetics of Inhibition. The nature of the inhibition against enzymes
and the K; values were determined from the Lineweaver-Burk or Dixon

plots.

4.3.17. Assay of antileishmanial activity

The antileishmanial activity of pentamidine isethionate salt and
bis(PhAcArg) derivatives with spacer chain of 6, 12 and 14 methylenes
(i.e. compounds 3a and 3d-e) against Leishmania infantum was measured.
The technique 1s based on the assessment of the activity of acid
phosphatases as measure of cell growth.

Parasite preparation. The experiments were carried out using the strain
BCN 503 of Leishmania infantum.

Drug preparation. The selected compounds 3a and 3d-e and pentamidine
(positive control) were diluted in DMSO (~0.01 g mL-!) in order to sterilize
the initial solutions. After that, 800 uM solutions were prepared.

Assay in promastigotes by the method of phosphatase. Promastigote is

defined as the flagellate stage of a trypanosomatid protozoan, as that of any
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of the Leishmania parasites. The concentration of the initial solution of
parasites was ca. 106 cell mL-1. Inoculated medium (100 ul) were added
into the wells of a 96-well microtitre plate. Different aliquots of the drug
solutions were added to each raw with the exception of the last raw
(negative control). The micro-plate was kept at 26 °C for 48 h. An aliquot
(40 uL) of the medium from each well was added to a new 96-well microtitre
plate. Cells were lysed adding citrate buffer 90 mM (100 ul/well) and
Triton-100 1 % pH 4.8 at 37 °C. Cell growth was assessed measuring the
activity of the acid phosphatase with the addition of p-nitrophenyl
phosphate 10 mM (Sigma N-6260). The enzymatic reaction was quenched
after 2 h, with NaOH 0.1 M (60 uL/well). The absorbance was measured at
405 nm using a Titterteck Multiscan. The drug concentration which leads
to the 50 % reduction of cell growth, i.e. ICs0, was assessed through the
lineal regression adjustment by minimum squares of the cell growth versus

the logarithm of the drug concentration.

4.4. Preparation of bis(phenylacetylarginine) derivatives

4.4.1. Synthesis of 1,14-diaminotetradecane

1) CCLO; LiAIH,
HN NH,
HOZC“%COZH \H/Hn\[( Hszan NH,
2) NH; O O
n=12

1,12-Dodecanedicarboxylic acid (5.6 g, 21.8 mmol) and DMF (1.68 mL,
21.8 mmol) were dissolved in hexane (350 mL) and the mixture was cooled
at 4 °C. To this solution, oxalyl chloride (0.2 mol) was added dropwise over
a period of 30 min, and then the mixture was allowed to react at room
temperature overnight. The reaction mixture started as a white suspension
and it was a transparent solution at the end with brown oily precipitated
drops on the reactor wall. The solvent was evaporated under vacuum and

the residue dissolved in freshly distilled CH2Cle. This solution was
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saturated with NHs at 4 °C and a white precipitate was formed
immediately. The reaction mixture was left to proceed at room temperature
overnight. Then, the solvent and the excess of NH3 were removed under
vacuum. The solid obtained was washed with cold water and cold EtOAc
and finally, dried under vacuum to afford 1,12-dodecanediamide as a
brown solid (6.4 g, isolated yield 98 %). 'H NMR (500 MHz, [Ds]DMSO,
40 °C): 6 (ppm) = 7.16 (s, 2H), 6.57 (s, 2H), 2.09-1.92 (m, 4H), 1.58-1.38 (m,
4H), 1.24 (s, 16H). 13C NMR (100 MHz, [Ds]DMSO, 40 °C): 6 (ppm) = 174.1,
35.0, 28.8, 28.7, 28.6, 28.5, 24.9. IR (KBr) v = 3387, 3189, 2923, 2848, 1650,
1416, 1337, 1281, 1230, 1179, 1122, 799, 646 cm'1L.

The 1,12-dodecanediamide thus obtained (2.5 g, 9.73 mmol) was
added to a suspension of LiAlH4 (1.5 g, 40 mmol) in freshly distilled THF
(0.5 L) at 4 °C. The reaction proceeded overnight at reflux to favour the
solubility of the diamide. The reaction was stopped by slow and careful
addition of cold water. The solid obtained was filtered off and the filtrate
was dried under vacuum affording 1,14-diaminotetradecane as a white
solid (1.6 g, isolated yield 70 %). 'H NMR (500 MHz, [Ds]DMSO, 40 °C):
0 (ppm) = 1.35-1.28 (m, 4H), 1.24 (s, 24H). 13C NMR (100 MHz, [Dg]DMSO,
40 °C): 6 (ppm) = 41.5, 33.3, 28.9, 28.8, 28.8, 26.2. IR (KBr) v =3335, 3251,
2923, 2846, 1603, 1461, 1319, 1062, 1004, 920, 714 cm™1.

4.4.2. Synthesis of N*-phenylacetyl-L-arginine methyl ester hydro-
chloride (PhAc-Arg-OMe-HCI) (1)

@)

w N P
T e I

HN HN
—_—

HN NH, HN NH,
HO 2) PhAcCI HCl
L-Arginine

hydrochloride PhAc-Arg-OVie-HCI
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L-Arginine hydrochloride (20.0 g, 94.9 mmol) was suspended in MeOH
(0.5 L) and cooled till ca. - 40 °C. SOClz (50 mL, 0.69 mol) was added
dropwise to this suspension over a period of one hour. Afterwards the
mixture was stirred at room temperature for 48 h to obtain a clear solution.
The solvent, excess SOClz and HCl were then removed under vacuum by
repeated addition of EtOH until a solid residue was formed. The residue
was filtered, washed with Et2O and dried to afford L-arginine methyl
ester dihydrochloride as a white solid (24.2 g, isolated yield 98 %).

The L-arginine methyl ester hydrochloride thus obtained (10.0 g,
38.29 mmol) was dissolved with ACN/H20 15/1. NaHCOs (6.4 g, 76.2 mmol)
and Na2COs (10.1 g, 95.3 mmol) were added to this solution. The mixture
was cooled with ice water and then, phenylacetyl chloride (5.6 mL,
42.12 mmol) was added dropwise. The reaction mixture was stirred
overnight at room temperature. The resulting mixture was filtered,
acidified at pH ~2 and the solvent removed under vacuum. The residue was
dissolved in water (80 mL) and washed with EtOAc (3x100 mL) and the
aqueous phase was lyophilized. The solid thus obtained was suspended in
cool EtOH to precipitate the salts, which were filtered out. This desalting
process was repeated three times. Finally, the ethanol was evaporated
under vacuum, the residue dissolved in water and lyophilized affording the

title compound as a white solid (9.83 g, isolated yield 75 %).

4.4.3. Synthesis of bis(N°-phenylacetyl-L-arginine)-o,0-dialkylamide
dihydrocloride (bis(PhAcArg)) (3a-e)

(a)Two step procedure:

Ist step: Preparation of N“-phenylacetyl-L-arginine(w-aminoalkyl)amide
monohydrochloride derivatives (PhAc-Arg-NH-(CH2),-NH2-HCI) 2.
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- (CHz)n

\)k " N\)J\NH
W W

HoN-(CH,),-NH;
HN"" “NH, HN"" “NH,

HCI HCI 2a,n=6

2b,n=8
PhAc-Arg-OMe-HCI PPACAGNHCH) NHHC 26 1 =10
2d,n=12

1 2 ’

2e,n=14

PhAc-Arg-OMe-HCl 1 (4.0 g, 11.67 mmol) was mixed with the
corresponding o,»-diaminoalkane (81.70 mmol). The mixture was heated at
different temperatures depending on the diamine: 50 °C for 1,6-diamino-
hexane, 55 °C for 1,8-diaminooctane, 66 °C for 1,10-diaminodecane, 72 °C for
1,12-diaminododecane and 100 °C for 1,14-diaminotetradecane, obtaining a
homogeneous mixture after few minutes. After 1.5 h, the reactions were
quenched by adding EtO2 (25 mL for 2a), ACN/EtO: (1:1) (25 mL for 2b) or
ACN/EtOz (2:1) (25 mL for 2c¢ and 2d). The resulting mixture was stirred,
sonicated at room temperature and finally was cooled at -40 °C. The
precipitated thus obtained was collected and washed with EtO2 (2x25 mL).
Finally, the solid was dried under vacuum to yield the title compound.
These intermediate products were identified by mass spectrometry: 2a, MS
m/z [M* +1], 391; 2b, MS m/z [M* +1] 419; 2¢, MS m/z [M* +1] 447; and 2d,
MS m/z [M* +1] 475. The treatment for the crude of 2e failed and the

1,14-a,w-diaminotetradecane could not be removed.

ond  step:  Preparation of bis(N“-phenylacetyl-L-arginine)-a,o-diamide
dihydrochloride derivatives, bis(PhAcArg) (3)

The corresponding compounds 2 (13.30 mmol) and 1 (3.04 g,
8.87 mmol) were dissolved in EtOH (150 mL), previously saturated with
nitrogen and dried over molecular sieves (SA). To this solution aqueous
boric-borate buffer 0.1 M pH 8.2 (0.75 mL, 0.5 % v/v) was added. The
mixture was stirred and sonicated thoroughly to obtain a homogeneous

solution.
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HCl o Hal
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PhAG-Arg-NH(CH,),NH,-HCI bis(PhACArg) 3b,n=8
3c,n=10
2 3 3d,n=12

Then, the immobilized papain preparation (17 g) was added. The
reaction mixture was placed in a reciprocal shaker (125 rpm) at 25 °C under
argon atmosphere. After 72 h, MeOH (100 mL) was added and the
immobilized preparation was filtered off and washed with MeOH
(3x100 mL). The organic phases were pooled and the solvent evaporated
under vacuum. The residue was purified first by ion exchange

chromatography and then by preparative HPLC as described below.

One pot procedure:

o
H\.)J\o/ N :
m : PAPAIN m :
HN/r H,N(CH,),NH, J/

ps

I\A

K

Z/
\_\:(\:o
g_j; I

I
2

HN

HNT > NH, HNT > NH, HN™ NH,
HC HC Ha 3a,Nn=6
3b,n=8
PhACAgOMe-HC Bis(PhACArg)2HC! 3¢, n=10
1 3 3d, n=12
3e,n=14

PhAc-Arg-OMe ‘HCI (1) (24 mg, 0.07 mmol) and the corresponding
a,w-alkanodiamine (0.04 mmol) were dissolved in EtOH (1 mL), free of Oq
and dried over molecular sieves (BA). To this solution boric-borate 0.1 M pH
8.2 buffer (5 ul, 0.5 % v/v) was added. Then, the immobilized papain
preparation (100 mg) was added and the reaction mixture was placed in a
reciprocal shaker (125 rpm) at 25 °C under argon atmosphere. After 72 h,

the reaction was quenched, worked up as described above and the residue
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was purified first by ion exchange chromatography and then, by preparative

HPLC as described below.

Bis(N*-phenylacetyl-L-arginine)-1,6-hexanediamide dihydrochloride (3a)

The title compound was prepared following the general methodology
described above (a) (1.05 g, isolated yield 25 %), 98 % purity by HPLC.
HPLC conditions: gradient elution 10-70 % B in 30 min; retention factor (k)
=6.94. [a]p 20 =-25.3 (¢ = 1.0 in methanol). IR (KBr): v (cm-1) = 3258, 3165,
2930, 2853, 1650, 1537, 1445, 1347, 1250, 1168, 702. 'H NMR (500 MHz,
CD30D, 22 °C) 6 (ppm) = 7.36-7.17 (m, 10H), 4.31 (dd, J = 8.5, 5.6 Hz, 2H),
3.60 (m, 4H), 3.16 (m, 8H), 1.93-1.51 (m, 8H), 1.45 (s, 4H), 1.28 (s, 4H).
13C NMR (101 MHz, CDsOD, 22 °C) 6 (ppm): 174.2, 173.9, 158.5, 136.8,
130.2, 129.6 , 128.0, 54.7, 43.6, 41.9, 40.2, 30.3, 30.1, 27.3, 26.5. Elemental
analysis caled. (%) for C34H54ClaN1004-3H20 (Mw 791.8); C 51.57, H 7.64, N
17.69 found C 51.56, H 7.56, N 17.56.

Bis(N*-phenylacetyl-L-arginine)-1,8-octanediamide dihydrochloride (3b)

The title compound was prepared following the general methodology
described above (a) (1.37 g, isolated yield 21 %), 99 % purity by HPLC.
HPLC conditions: gradient elution 10-70 % B in 30 min; retention factor (%)
= 8.5. [a]p20 = -23.0 (¢ = 1.0 in methanol). IR (KBr): v (cm'1) = 3268, 3155,
2930, 2853, 1650, 1537, 1455, 1358, 1250, 1163, 697. 'H NMR (500 MHz,
CD30D) 6 (ppm) = 7.34-7.20 (m, 10H), 4.31 (m, 2H), 3.59 (m, 4H), 3.16
(s, 8H), 1.83 (s, 2H), 1.74-1.50 (m, 6H), 1.46 (s, 4H), 1.32-1.25 (m, 8H).
13C NMR (101 MHz, CD30D) ¢ (ppm) = 174.2, 173.7, 136.9, 130.2, 129.7,
128.0, 54.5, 43.6, 42.0, 40.4, 30.4, 30.3, 30.2, 27.8, 26.4. Elemental analysis
caled. (%) for Cs6Hs3ClaN10042H20 (Mw 801.9); C 53.92, H 7.79, N 17.47
found C 54.14, H 7.83, N, 17.63.
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Bis(N*-phenylacetyl-L-arginine)-1,10-decanediamide dihydrochloride (3c)

The title compound was prepared following the general methodology
described above (a) (1.61 g, isolated yield 27 %), 98 % purity by HPLC.
HPLC conditions: gradient elution 10-70 % B in 30 min; retention factor (%)
= 10.0. [a]p2° = -22.4 (¢ = 1.0 in methanol). IR (KBr): v (cm'1) = 3268, 3176,
2925, 2848, 1650, 1537, 1455, 1358, 1245, 1163, 692. 'H NMR (300 MHz,
CD30OD) 6 (ppm) 7.34-7.19 (m, 10H), 4.31 (dd, J = 8.6, 5.6 Hz, 2H), 3.59 (m,
4H), 3.16 (m, 8H), 1.95-1.36 (m, 12H), 1.36-1.16 (m, 12H). }3C NMR
(75 MHz, CD30D) ¢ (ppm) = 174.2, 173.7, 158.5, 136.9, 130.2, 129.6, 128.0,
54.5, 43.6, 41.9, 40.5, 30.6, 30.4, 27.9, 26.4. Elemental analysis calcd. (%) for
C3sHe2C12N1004 -3/2H20 (Mw 820.9); C 55.60, H 7.98, N 17.06 found C 55.41,
H 8.12, N 16.80.

Bis(N*-phenylacetyl-L-arginine)-1,12-dodecanediamide dihydrochloride (3d)

The title compound was prepared following the general methodology
described above (a) (1.45 g, isolated yield 26 %), 97 % purity by HPLC.
HPLC conditions: gradient elution 10-70 % B in 30 min; retention factor (k)
=11.2. [a]p?° = -21.2 (¢ = 1.0 in methanol). IR (KBr): v (cm1) = 3278, 3170,
2920, 2848, 1639, 1537, 1455, 1358, 1250, 1163, 692. 'H NMR (300 MHz,
CDsOD) 6 (ppm) = 7.37-7.18 (m, 10H), 4.39-4.24 (m, 2H), 3.59 (m, 4H), 3.16
(m, 8H), 1.94-1.37 (m, 12H), 1.36-1.20 (m, 16H). 3C NMR (75 MHz, CD30D)
o (ppm) = 174.2, 173.8, 158.6, 136.9, 130.2, 129.6, 128.0, 54.6, 54.5, 43.7,
43.7, 42.0, 40.6, 40.5, 30.7, 30.7, 30.4, 30.4, 28.0, 26.4. Elemental analysis
caled. (%) for C4HesClaN10042H20 (Mw 858.0); C 56.00, H 8.22, N 16.33
found C 56.31, H 8.39, N 16.38.

Bis(N“-phenylacetyl-L-arginine)-1,14-tetradecanediamide dihydrochloride
(3e)

The title compound was prepared following the general methodology
described above (b) (1.80 g, isolated yield 26 %), 98 % purity by HPLC.
HPLC conditions: gradient elution 10-70 % B in 40 min; retention factor (%)
= 12.4. [a]p?® = -22.0 (¢ = 1.0 in methanol). IR (KBr): v (cm) = 3283, 3165,
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2920, 2848, 1644, 1537, 1455, 1358, 1250, 1158, 718. 'H NMR (500 MHz,
CDsOD) 6 (ppm) = 7.35-7.20 (m, 10H), 4.31 (dd, / = 8.5, 5.7 Hz, 2H), 3.59 (m,
4H), 3.16 (m, 8H), 1.83 (m, 2H), 1.74-1.50 (m, 6H), 1.50-1.41 (m, 4H), 1.29 (s,
20H). 13C NMR (101 MHz, CDsOD) & (ppm) = 174.2, 173.7, 158.5, 136.8,
130.2, 129.7, 128.0, 54.4, 43.7, 41.9, 40.5, 30.8, 30.8, 30.7, 30.4, 28.0, 26.4.
Elemental analysis caled. (%) for Cai2H70ClaN19O45/2H20 (Mw 895.0);
C 56.36, H 8.45, N 15.65 found C 56.52, H 8.43, N 15.63.

4.4.4. Purification by chromatography

HPLC analysis

The amounts of acyl-donor, product and hydrolyzed acyl-donor
produced in the reactions were measured by HPLC analysis using a
Lichrosphere 100 CN (propylcyano), 5 pm, 250 x 4 mm column. The solvent
system used was: solvent A; H20 0.1 % (v/v) trifluoroacetic acid (TFA) and
solvent B; H2O/ACN 1/4 0.095 % (v/v) TFA, flow rate 1 mL min-!, detection
215 nm. Samples (50 pL) were withdrawn from the reaction medium at
different times (0-96 h) depending on the synthesis and diluted with EtOH
(800 uL).

Preparative Ion Exchange Chromatography

Purification by preparative ion exchange chromatography was
performed as follows. The crude product was loaded onto a preparative
column (285 cm3) filled with MacroPrep High S, 50 pm stationary phase.
The flow rate was 50-80 mL min-!. Impurities were firstly eluted using NaCl
(40 mM) in boric acid-borate 10 mM pH 9.5 aqueous buffer/ethanol 40:60.
The products, bis(PhAcArg) derivatives, were finally eluted with NaCl
(0.5 M) in H2O/EtOH 40:60 solution. Analysis of the fractions was carried
out by HPLC using the same conditions used as for the reaction monitoring
(see above). The fractions with the product reaction were further purified by

preparative HPLC.
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Preparative HPLC

Purification by preparative HPLC was performed as follows. The
crude products were loaded onto a preparative PrepPak (Waters) column
(47x300 mm) filled with DeltaPak C4, 300 A, 15 um stationary phase.
Products were eluted using ACN gradients in 0.1 % aqueous TFA: 20-36 %
in 30 min for 3a, 15-30 % in 30 min for 3b, 19-34 % in 30 min for 3¢, 23-38
% in 30 min for 3d and 16-32 % in 30 min for 3e. The flow rate was 80 mL
min! and the products were detected at 254 nm. Analysis of the fractions
was carried out by analytical HPLC under isocratic conditions: 41 % of
solvent B for 3a, 45 % B for 3b, 49 % B for 3¢, 53 % B for 3d and 59 % B for
3e. The pure fractions were pooled and lyophilized in the presence of

aqueous HCI 37 % (2 eq.) to obtain the products in hydrochloride form.

4.5. Preparation of D-fagomine and N-alkyl-D-fagomine derivatives

4.5.1. Synthesis of 2-iodoxybenzoic acid (IBX)

O
\ OH
I Oxone ) I<
—>O (@]
COH H
O
IBX

2-Iodobenzoic acid (37.2 g, 148.8 mmol) was added to a solution of
OXONE (2 KHSOs5, KHSO4, K2SO4, 280.4 g) in H2O (1.5 L). This mixture
was stirred at 70 °C for 3 h. Then, the reaction mixture was cooled at 4 °C
overnight affording a solid. This solid was washed firstly with H2O and
finally with acetone. The residue was dried under vacuum, yielding
2-1odoxybenzoic acid (IBX) as white solid (37.2 g, isolated yield 85 %).
1H NMR (300 MHz, [Ds]DMSO, 22 °C) 6 (ppm) = 8.15 (d, J = 7.6 Hz, 1H),
8.06-7.96 (m, 2H), 7.84 (dt, J = 7.3, 7.3, 1.0 Hz, 1H).
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4.5.2. Synthesis of N-benzyloxycarbonyl-3-amino-1-propanal (4)

Iz

H,N

1) N-protection (Cbz-OSu) ©/\ OJ\ /\)J\H
OH

2) Oxidation (IBX)

N-(benzyloxycarbonyloxy)succinimide (12.3 g, 49.4 mmol) dissolved in
dioxane/H20 4:1 (150 mL) was added dropwise over a solution of 3-amino-1-
propanol in dioxane/H20 4:1 (150 mL). The reaction mixture was stirred
overnight at room temperature. The mixture was evaporated under reduced
pressure affording a viscous brown solution. This solution was dissolved in
EtOAc and washed with NaHCOs3 5 % (2x50 mL), citric acid 5 % (2x50 mL)
and brine (2x50 mL). The organic phase was dried with anhydrous NasSOs4,
filtered and evaporated under vacuum to afford N-benzyloxycarbonyl-3-
amino-1-propanol (9.28 g, isolated yield 90 %) as white solid. 1H NMR
(5600 MHz, CDCls, 22 °C) 6 (ppm) = 7.35 (m, Ar, 5H), 5.10 (s, PhCHs-, 2H),
5.07 (s, -NH-, 1H), 3.67 (t, J = 5.5, -CH20H, 2H), 3.36 (dd, J = 12.3, 6.1,
-NH-CHe-, 2H), 1.70 (td, J = 11.9, 5.8 and 5.8, -CH2CH:2CH2-, 2H).

2-Iodoxybenzoic acid (IBX, 9.38 g, 34.49 mmol) was added over a
stirred solution of N-benzyloxycarbonyl-3-amino-1-propanol (4.67 g,
22.3 mmol) in EtOAc (150 mL). Instantaneously, a white and opaque
solution was formed. The reaction was stirred for 6 h at reflux. The advance
of the reaction was followed by silica thin layer chromatography using
EtOAc as eluent. The reaction crude was filtered and then, the filtered
solution was washed with NaHCOs 5 % (2x90 mL) and brine (2x90 mL).
The organic phase was dried with anhydrous Na2SO4, filtered and
evaporated under vacuum to afford N-benzyloxycarbonyl-3-amino-1-
propanal (3.77 g, isolated yield 82 %) as white solid. tH NMR (500 MHz,
CDCls, 22 °C) 6 (ppm) = 9.80 (s, -CHO, 1H), 7.34 (m, Ar, 5H,), 5.17
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(s, PhCHp-, 2H), 5.08 (s, -NH-, 1H), 3.49 (dd, J = 11.9, 6.0, -NH-CHz-, 2H),
2.75 (t, J = 5.6, -CH:CHO, 2H).

4.5.3. Synthesis of (3S,4R)-6-[benzyloxycarbonyl)amino]-5,6-dideoxy-
hex-2-ulose (5)

o o o o OH O
FSA 3
©/\O)J\”/\)J\ H + FM/O“ . A O)J\ me
OH
4 5

DHA

Dihydroxyacetone (2.1 g, 22.9 mmol) and FSA aldolase powder
(2.09 g, 3445 U) were dissolved in boric/borate buffer 50 mM pH 7.0
(155 mL) and cooled down to 4 °C. To the mixture, N-Cbz-aminoaldehyde 4
(4.71 g, 22.9 mmol) dissolved in DMF (40 mL) was added. The reaction
mixture was placed in a reciprocal shaker (120 rpm) at 4 °C. After 24 h,
MeOH (200 mL) was added to the mixture to stop the reaction and
centrifuged (1000 rpm) at 10 °C for 40 min. The supernatant was filtered on
0.45 pum filter and purified by preparative HPLC to give 5 (4.7 g, isolated
yield 69 %) as a white solid. HPLC retention factor (k) = 3.7; [a]p2® +9.0
(c 1.0 in MeOH). 'H NMR (500 MHz, D20, 22 °C) 6 (ppm) = 7.47-7.35 (5H,
Ar), 5.09 (s, 2H, 8-H), 4.54 (d, J = 19.4 Hz, 1H, 1-H), 4.43 (d, J = 19.4 Hz,
1H, 1-H), 4.28 (s, 1H, 3-H), 4.02 (dt, J = 6.8, 6.8, 2.2 Hz, 1H, 4-H), 3.2 (m,
2H, 6-H) and 1.75 (q, J = 6.8 Hz, 2H, 5-H); 13C NMR (101 MHz, D20, 22 °C)
o (ppm) = 212.9 (C-2), 158.6 (C-7), 136.7 (Ar), 128.9 (Ar), 128.5 (Ar), 127.8
(Ar), 77.7 (C-3), 69.5 (C-1), 67.0 (C-8), 66.1(C-4), 37.2 (C-6), 32.5 (C-5).

Preparative HPLC

The crude from the enzymatic reaction to obtain the aldol adduct 5
was purified by preparative HPLC as follows: the crude products were
loaded onto a preparative column (47 x 300 mm) filled with Bondapack C18
(Waters), 300 A, 15-20 pm stationary phase. Products were eluted using
ACN gradient: 0 % to 28 % ACN in 35 min. The flow rate was 100 mL min-!

and the products were detected at 254 nm. Analysis of the fractions was
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accomplished under isocratic conditions (33 % of solvent B) on the analytical

HPLC. Pure fractions were pooled and lyophilized.

HPLC analyses

HPLC analyses were performed on a RP-HPLC cartridge, 250x4 mm
filled with Lichrosphere® 100, RP-18, 5 pm from Merck (Darmstadt,
Germany). Samples (50 pL) from the aldol reaction were withdrawn from
the reaction medium, dissolved in MeOH to stop the reaction and analyzed
by HPLC. The solvent system used was: solvent (A); HoO 0.1 % (v/v)
trifluoroacetic acid (TFA) and solvent (B); ACN/H20 4/1 0.095 % (v/v) TFA,
gradient elution from 10 % to 70 % B in 30 min flow rate 1 mL min-,

detection 215 nm. Retention factor (k’) for the aldol adduct 5 is given above.

4.5.4. Synthesis of D-fagomine [(2R,3R,4R)-2-hydroxymethyl-
piperidine-3,4-diol] (6)

Pd/C (100 mg) was added to a solution of the aldol adduct 5 (373 mg,
1.26 mmol) in H2O/EtOH 9:1 (50 mL). The reaction mixture was shaken
under hydrogen gas (50 psi) and room temperature. After removal of the
catalyst by filtration through neutralized and deactivated aluminium oxide,
the solvent was evaporated under reduced pressure and then, lyophilized.
D-Fagomine 6 (164 mg, yield 89 %, de 86 % by NMR) was afforded as a

brown solid.
Purification by cationic exchange chromatography

The crude D-fagomine (24 mg) was purified by ion exchange

chromatography on a FPLC system following a method described by Asano

182



4. Experimental section

et al.® Bulk stationary phase CM Sepharose CL-6B (Amersham Pharmacia)
in NH4* form was packed into a glass column (120x10 mm) to a final bed
volume of 8 mL. The flow rate was 0.7 mL min-l. The CM-Sepharose was
equilibrated initially with H2O. Then, an aqueous solution of the crude
material at pH 7 was loaded onto the column. Minor coloured impurities
were washed away with H20 (2-3 column volumes). Then, D-fagomine and
D-2,4-di-epi-fagomine were eluted in this order with NH4OH 0.01 M. The
fractions were analysed by NMR. Pure fractions were pooled and
lyophilized affording D-2,4-di-epi-fagomine (< 1 mg) and D-fagomine (20 mg,
83 %) and as pale brown solids. [a]p2? + 20.4 (¢ 1.0 in H20); 'H NMR (500
MHz, D20, 22 °C) ¢ (ppm) = 3.86 (dd, J = 11.8, 3.0 Hz, 1H, 7-H), 3.66 (dd,
J =11.8, 6.5 Hz, 1H, 7-H), 3.56 (ddd, J = 11.5, 9.0, 5.0 Hz, 1H, 4-H), 3.21
(t, J = 9.5 Hz, 1H, 3-H), 3.06 (ddd, J = 12.9, 4.4, 2.3 Hz, 1H, 6-H), 2.68 (dt,
J=12.9,12.9, 2.6 Hz, 1H, 6-H), 2.61 (ddd, J = 9.7, 6.4, 3.0 Hz, 1H, 2-H), 2.01
(tdd, J = 13.0, 4.9, 2.5, 2.5 Hz, 1H, 5-H), 1.53-1.43 (m, 1H, 5-H); 13C NMR
(101 MHz, D20, 22 °C) 6 (ppm) = 72.9 (C-4), 72.7 (C-3), 61.1 (C-2), 60.9 (C-7),
42.6 (C-6), 32.1 (C-5).

D-2,4-di-epi-fagomine [(2S,3R,4S)-2-hydroxymethylpiperidine-3,4-diol] (10):

1H NMR (500 MHz, D20, 22 °C) & (ppm) = 3.91 (s, 1H, 3-H), 3.77-3.71
(m, 1H, 4-H), 3.68-3.60 (m, 2H, 7-H), 3.10-3.04 (m, 1H, 6-H), 2.74 (t, J = 6.8
Hz, 1H, 2-H), 2.64-2.57 (dt, J = 12.3, 12.3, 4.5 Hz, 1H, 6-H), 1.75-1.62 (m,
2H, 5-H); 13C NMR (101 MHz, D:0, 22 °C & (ppm) = 69.6 (C-4), 67.6 (C-3),
61.4 (C-7), 59.2 (C-2), 42.8 (C-6), 27.0 (C-5).
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4.5.5. Synthesis of N-alkyl-D-fagomine derivatives (7a-f)
N-butyl-D-fagomine[(2R,3R,4R)-N-butyl-2-hydroxymethylpiperidine-3,4-diol]
(7a)

Strategy (a): from D-fagomine

o 8 (9\10/11
H PP
N . N o\~
SNy H NN
5 43
Y OH H, H OH
OH OH
6

Pd/C

7a

Butanal (610 mg, 8.46 mmol) and D-fagomine 6 (249 mg, 1.69 mmol)
were dissolved in EtOH/H20 20:7 (27 mL) and then, Pd/C (128 mg) was
added. The mixture was shaken under H: (50 psi) overnight at room
temperature. After removal the catalyst by filtration through neutral and
deactivated alumina, the solvent was evaporated under reduced pressure.
The brown oily residue obtained was purified by flash column
chromatography on silica using MeOH/CHCl3 from 0:1 to 4:1 as eluent.
Pure fractions were pooled, the solvent was evaporated to dryness and the
residue was dissolved in H2O and lyophilized, yielding 4a as a white-brown
solid (160 mg, isolated yield 47 %). [a]p20 -24.5 (¢ 1.3 in MeOH). 'H NMR
(500 MHz, D20, 22 °C) 6 (ppm) = 3.90 (dd, J = 12.7, 2.4, 1H, 7-H), 3.82 (dd,
J =12.7, 2.9 Hz, 1H, 7-H), 3.45 (ddd, J = 11.5, 9.1, 5.1, 1H, 4-H,), 3.30 (t,
J =9.4, 1H, 3-H), 2.90 (td, J = 12.2, 3.5, 3.5, 1H, 6-H), 2.73 (ddd, / = 13.3,
11.2, 5.4, 1H, 8-H), 2.50 (ddd, J = 13.3, 11.1, 5.2, 1H, 8-H), 2.36 (dt, J = 12.6,
12.6, 2.4, 1H, 6-H), 2.16 (td, J = 9.8, 2.6, 2.6 Hz, 1H, 2-H), 1.92 (tdd,
J =12.7, 5.0, 2.5, 2.5, 1H, 5-H), 1.55-1.35 (m, 3H, 5-H, 9-H), 1.30-1.21 (m,
2H, 10-H), 0.88 (t, J = 7.4, 3H, 11-H); 3C NMR (101 MHz, D20, 22 °C)
o (ppm) = 73.2 (C-4), 72.0 (C-3), 65.8 (C-2), 58.1 (C-7), 52.2 (C-8), 49.1 (C-6),
30.5 (C-5), 25.6 (C-9), 20.4 (C-10) and 13.3 (C-11).
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Strategy (b): one pot reaction from the aldol adduct 5

o oH O Q 8 o
OH /\)J\ N
O)J\N/\/'\HJ\/ H 7 7 OH
H OH 342
4
H, : OH
Pd/C OH
5 7a

Butanal (54 mg, 0.74 mmol) and the aldol adduct 5 (150 mg,
0.51 mmol) were dissolved in EtOH/H20 7:3 (10 mL) and Pd/C (565 mg) was
added. After treatment with Ha (50 psi) overnight at room temperature, the
same procedure was followed as in strategy a to furnish 7a (52 mg, isolated

yield 51 %) as a solid.

N-hexyl-D-fagomine [(2R,3R,4R)-N-hexyl-2-hydroxymethylpiperidine-3,4-
diol] (7b)

The title compound was obtained by the previous described strategy a
(140 mg, isolated yield 40 %) as a solid. [a]p2® -27.1 (¢ 1.3 in MeOH).
1H NMR (500 MHz, D20, 22 °C) ¢ (ppm) = 3.94-3.84 (m, 2H, 7-H), 3.50-3.42
(m, 1H, 4-H), 3.38 (t, J = 9.2 Hz, 1H, 3-H), 2.97 (d, J = 11.7 Hz, 1H, 6-H),
2.87-2.77 (m, 1H, 8-H), 2.69-2.59 (m, 1H, 8-H), 2.46 (t, J = 12.0 Hz, 1H, 6-H),
2.24 (d, J = 9.4 Hz, 1H, 2-H), 1.97 (dd, J = 12.8, 2.4 Hz, 1H, 5-H), 1.58 (dq,
J=13.7, 13.7, 13.5, 3.2 Hz, 1H, 5-H), 1.54-1.45 (m, 2H, 9-H), 1.34-1.25 (br s,
6H, 10, 11 and 12-H), 0.88 (t, J = 5.8 Hz, 3H, 13-H); 13C NMR (101 MHz,
D20, 22 °C) 6 (ppm) = 72.9 (C-4), 71.5 (C-3), 65.8 (C-2), 57.4 (C-7), 52.7 (C-8),
49.5 (C-6), 31.6 (C-5), 30.4 (C-9), 27.1 (C-10), 23.3 (C-11), 22.5 (C-12), 13.8
(C-13).

N-octyl-D-fagomine [(2R,3R,4R)-N-octyl-2-hydroxymethylpiperidine-3,4-diol]
(7c)

The title compound was obtained by the previous described strategy a
(79 mg, isolated yield 19 %) and b (153 mg, 54 %) as a solid. [a]p20 -29.5
(c = 1.0 in MeOH). 'H NMR (5600 MHz, CD30D, 22 °C) 6 (ppm) = 3.91-3.84
(m, 2H, 7-H), 3.38-3.31 (m, 2H, 3-H, 4-H), 2.94 (td, J = 11.8, 3.4, 3.4 Hz, 1H,

185



4. Experimental section

6-H), 2.87-2.78 (m, 1H, 8-H), 2.56 (ddd, J = 13.3, 10.2, 5.9 Hz, 1H, 8-H), 2.36
(dt, J = 12.2, 12.0, 1.5 Hz, 1H, 6-H), 2.13 (d, J = 8.5 Hz, 1H, 2-H), 1.92-1.85
(m, 1H, 5-H), 1.62-1.44 (m, 3H, 5-H, 9-H), 1.31 (br s, 10H, 10, 11, 12, 13 and
14-H), 0.90 (t, J = 6.7 Hz, 3H, 15-H); 13C NMR (101 MHz, CDsOD, 22 °C)
S (ppm) = 74.3 (C-4), 73.3 (C-3), 67.6 (C-2), 58.9 (C-7), 54.1 (C-8), 50.8 (C-6),
33.0 (C-5), 32.0 (C-9), 30.6 (C-10), 30.4 (C-11), 28.6 (C-12), 25.7 (C-13), 23.8
(C-14), 14.5 (C-15).

N-nonyl-D-fagomine [(2R,3R,4R)-N-nonyl-2-hydroxymethylpiperidine-3,4-
diol] (7d)

The title compound was obtained by the previous described strategy a
(96 mg, isolated yield 22 %) and b (110 mg, 40 %) as a solid. [a]p2Z -25.1
(c = 1.2 in MeOH). 'H NMR (500 MHz, CD30D, 22 °C) 6 (ppm) = 3.91-3.84
(m, 1H, 7-H), 3.39-3.32 (m, 2H, 3-H, 4-H), 2.96 (d, J = 11.9 Hz, 1H, 6-H),
2.88-2.80 (m, 1H, 8-H), 2.63-2.54 (m, 1H, 8-H), 2.43-2.34 (m, 1H, 6-H), 2.16
(d, J=17.6 Hz, 1H, 2-H), 1.93-1.86 (m, 1H, 5-H), 1.62-1.46 (m, 3H, 5-H, 9-H),
1.38-1.24 (br s, 12H, 10, 11, 12, 13, 14 and 15-H), 0.90 (t, J = 7.0, 3H, 16-H);
13C NMR (101 MHz, CD3OD, 22 °C ¢ (ppm) = 74.5 (C-4), 73.5 (C-3), 67.6
(C-2), 59.2 (C-7), 54.1 (C-8), 50.9 (C-6), 33.1 (C-5), 32.2 (C-9), 30.8 (C-10),
30.7 (C-11), 30.5 (C-12), 28.7 (C-13), 25.3 (C-14), 23.8 (C-15), 14.5 (C-16).

N-dodecyl-D-fagomine [(2R,3R,4R)-N-dodecyl-2-hydroxymethylpiperidine-
3,4-diol] (7e)

The title compound was obtained by the previous described strategy a
(289 mg, isolated yield 57 %) as a solid. [a]p? -11.1 (¢ = 1.0 in MeOH).
1H NMR (500 MHz, CD30D, 22 °C) ¢ (ppm) = 4.10 (d, J = 12.4, 1H, 7-H),
3.90 (dd, J = 12.4, 2.7, 1H, 7-H) 3.62-3.50 (m, 2H, 3-H, 4-H), 3.42 (d,
J =12.1 Hz, 1H, 6-H), 3.30-3.20 (br s, 1H, 8-H), 3.16-2.99 (br s, 2H, 6-H, 8-
H), 2.92 (br s, 1H, 2-H), 2.11 (dd, J = 14.1, 3.1, 1H, 5-H), 1.82-1.63 (br s, 3H,
5-H, 9-H), 1.41-1.30 (br s, 2H, 10-H), 1.30-1.20 (16-H, 11, 12, 13, 14, 15, 16,
17 and 18-H), 0.90 (t, J = 6.94 Hz, 3H, 19-H); 13C NMR (101 MHz, CD30D,
22 °C) 6 (ppm) = 71.8 (C-4), 71.1 (C-3), 67.5 (C-2), 56.1 (C-7), 54.0 (C-8), 50.3
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4. Experimental section

(C-6), 33.1 (C-5), 30.8 (C-9), 30.7 (C-10, C-11), 30.6 (C-12), 30.5 (C-13), 30.3
(C-14), 29.8 (C-15), 27.9 (C-16), 24.6 (C-17), 23.8 (C-18), 14.5 (C-19).

N-phenylethyl-D-fagomine [(2R,3R,4R)-N-phenylethyl-2-hydroxymethyl-pipe-
ridine-3,4-diol] (7f)

The title compound was obtained by the previous described strategy a
(96 mg, isolated yield 23 %) as a solid [a]p2° -21.8 (¢ 1.1 in MeOH). 'H NMR
(500 MHz, CD30D, 22 °C) § (ppm) = 7.29-7.13 (5H, Ar), 3.96-3.88 (m, 2H,
7-H), 3.41-3.31 (m, 2H, 4-H, 3-H), 3.05-2.96 (m, 2H, 6H, 8-H), 2.93-2.72 (m,
3H, 8-H, 9-H), 2.52 (dt, J = 12.3, 12.3, 2.4 Hz, 1H, 6-H), 2.26 (td, J = 9.0, 2.7,
2.7 Hz, 1H, 2-H), 1.95-1.88 (m, 1H, 5-H), 1.65-1.54 (m, 1H, 5-H); 13C NMR
(101 MHz, CD30D, 22 °C) 6 (ppm) = 141.5 (Ar), 129.71-129.1 (Ar), 74.6 (C-4),
73.5 (C-3), 67.0 (C-2), 59.4 (C-7), 56.1 (C-8), 50.9 (C-6), 32.4 (C-5), 31.5 (C-9).
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5. Concluding remarks

The following general conclusions correspond to the four objectives

previously described in section 2:

1) The interaction of arginine-based surfactant with DPPC
multilamellar vesicles correlated well with their antimicrobial activity. The
gemini arginine-based surfactant C3(CA)2 induced higher fluidity on DPPC
unilamellar vesicles than chlorhexidine. However, from the results obtained
with lipid monolayers a relation between the physico-chemical properties
and the antimicrobial activity was unclear. The results point out that

arginine-based surfactant are membrane-active agents.

2) C3(CA)2 and CHX induced similar types of damage to S. aureus
and E. coli, though they differ in the extent of membrane depolarization and
reduction of cell viability. These differences suggest that both compounds
damage bacteria in a different way, and that the surfactant properties of
C3(CA)2 and its ability to partition into the biological membrane from
aqueous solution might be important characteristics in its microbicidal

action.

3) Novel bis(PhAcArg) derivatives were prepared by a facile
chemoenzymatic methodology. A clear effect of the spacer chain length on
the antimicrobial activity was observed. Therefore, the hydrophilic-
lipophilic balance plays a key role in the antimicrobial action of these
compounds, suggesting that these compounds could target the cytoplasmic

membrane.

4) D-Fagomine and some of its N-alkylated derivatives were prepared
by a straightforward synthesis using the novel aldolase FSA.
Only N-dodecyl-D-fagomine showed moderate antimicrobial activity. This
result discards specific mechanism of antimicrobial action and suggests that

these iminocyclitols target the cytoplasmic membrane.
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6.1. NMR spectra

6.1. NMR spectra

1H-NMR spectrum (CD3OD) of compound 3a:
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6.1. NMR spectra

1H-NMR (CD30D) spectrum of compound 3b:
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6.1. NMR spectra
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6.1. NMR spectra

1H-NMR spectrum (CD3sOD) of compound 3d:
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6.1. NMR spectra

1H-NMR spectrum (CD30OD) of compound 3e:
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6.1. NMR spectra

1H-NMR spectrum (D20) of aldol adduct 5:
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6.1. NMR spectra

IH-NMR spectrum (D20) of D-fagomine 6, before purification by cation
exchange chromatography:
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6.1. NMR spectra

1BC-NMR spectrum (D20) of D-fagomine 6, purified by cation exchange
chromatography:
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6.1. NMR spectra

1BC-NMR spectrum (D20) of D-2,4-di-epi-fagomine 10, purified by cation
exchange chromatography:

o © © < © <

S < > S S

© < < - o >

@~ = o o ©

S © © © < N
C7 C2

Cé c5

C4 C3

" ———

! T T ;
! 50 !

om0

1H-NMR spectrum (D20) of N-butylfagomine 7a:

9
8f//\\<£//
7

N A\
N

1

OH

o o
S
w N

Ol
I

. H11
H7 H7 H5
H6 H8 H8 He H2 H5 Hg H10
’ ‘ Ha I
1 | o | b |
| i i \ \'\“‘ I
H‘“ i il \M il | ,id 4, ¥J| i
& L i | I .
A N N e = S @ p ©
812 S 2 2 22 8 =& E 8
40 3.0 20 10

N ———————..

203



6.1. NMR spectra

1BC-NMR spectrum (D20) of N-butylfagomine 7a:
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6.1. NMR spectra

HSQC-NMR spectrum (D20) of N-butylfagomine 7a:
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6.1. NMR spectra

NOE-NMR spectrum (D20) of N-butylfagomine 7a:
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6.1. NMR spectra

1BC-NMR spectrum (D20) of hexylfagomine 7b:
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1BC-NMR spectrum (CDsOD) of N-octylfagomine of 7c:
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6.1. NMR spectra

1BC-NMR spectrum (CD3OD) of N-nonylfagomine 7d:
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6.1. NMR spectra

1BC-NMR spectrum (CDsOD) of N-dodecylfagomine 7e:
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1H-NMR spectrum (CDsOD) of N-phenylethylfagomine 7f:
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6.1. NMR spectra

1BC-NMR spectrum (CD3OD) of N-phenylethylfagomine 7f :
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6.2. Publications:

6.2.1. Publication I:

Interaction of antimicrobial arginine-based cationic

surfactants with liposomes and lipid monolayers.

José A. Castillo, Aurora Pinazo, Josep Carilla, M. Rosa Infante,

M. Asuncién Alsina, Isabel Haro, Pere Clapés.

Langmuir 2004, 20, 3379-3387.
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José A. Castillo," Aurora Pinazo,' Josep Carilla, M. Rosa Infante,’
M. Asuncion Alsina,* Isabel Haro,*' and Pere Clapés* '
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Estudios Fisicoquimicos”, Department of Physical Chemistry, Faculty of Pharmacy,
University of Barcelona, Avgda. Joan XXIII s/n, 08028 Barcelona, Spain

Received December 24, 2003. In Final Form: February 2, 2004

The present work examines the relationship between the antimicrobial activity of novel arginine-based
cationic surfactants and the physicochemical process involved in the perturbation of the cell membrane.
To this end, the interaction of these surfactants with two biomembrane models, namely, 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) multilamellar lipid vesicles (MLVs) and monolayers of DPPC, 1,2-
dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] sodium salt (DPPG), and Escherichia coli total lipid
extract, was investigated. For the sake of comparison, this study included two commercial antimicrobial
agents, hexadecyltrimethylammonium bromide and chlorhexidine dihydrochloride. Changes in the
thermotropic phase transition parameters of DPPC MLVs in the presence of the compounds were studied
by differential scanning calorimetry analysis. The results show that variations in both the transition
temperature (Trn) and the transition width at half-height of the heat absorption peak (AT1/2) were consistent
with the antimicrobial activity of the compounds. Penetration Kinetics and compression isotherm studies
performed with DPPC, DPPG, and E. coli total lipid extract monolayers indicated that both steric hindrance
effects and electrostatic forces explained the antimicrobial agent—lipid interaction. Overall, in DPPC
monolayers single-chain surfactants had the highest penetration capacity, whereas gemini surfactants
were the most active in DPPG systems. The compression isotherms showed an expansion of the monolayers
compared with that of pure lipids, indicating an insertion of the compounds into the lipid molecules. Owing
to their cationic character, they are incorporated better into the negatively charged DPPG than into

3379

zwitterionic DPPC lipid monolayers.

Introduction

Bio-based surfactants are synthetic amphipathic struc-
tures based on natural structures of glycolipids, lipopep-
tides, phospholipids, and fatty acids. Among them,
lipoamino acids and glycolipids have become increasingly
important because of their chemical simplicity, surface
activity, aggregation properties, broad biological activity,
and low toxicity profile.%? They meet four crucial require-
ments for the industrial development of new surfactants:
low toxicity, high biodegradability, multifunctionality, and
use of renewal sources of raw materials for their synthesis.

Lipoamino acids derived from arginine are a recently
described family of nontoxic and biodegradable cationic
surfactants with antimicrobial properties.®~® They are
particularly interesting as preservatives for food and
pharmaceutical formulations as well as active ingredients
in dermatology and personal care products. Arginine-based
surfactants constitute a promising alternative to other
antimicrobial surfactants with high intrinsic toxicity and
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guestioned biodegradability such as quaternary am-
monium halides.?87

The antimicrobial action of cationic surfactants is based
on their ability to disrupt the integral bacterial membrane
by a combined hydrophobic and electrostatic adsorption
phenomenon at the membrane/water interface followed
by membrane disorganization.® The pathogenic bacterial
cell membrane is predominantly negatively charged as
compared with eukaryotic cells.® Hence, the positive charge
of the cationic amphiphiles facilitates their interaction
with the bacterial membrane. In particular, the antimi-
crobial activity of the arginine-based cationic surfactants
is directly associated with the presence of the cationic
charge of the protonated guanidine group of this amino
acid.*©

Since the perturbation of the cell membrane by these
compounds is directed primarily by physicochemical
processes, model membrane systems can provide valuable
information for understanding the mechanism of action
of these molecules.'*~%6 The ultimate goal is to provide the
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Figure 1. Structures of the selected antimicrobial compounds.

basis for a rational design of new and improved antimi-
crobials based on the physicochemical properties of the
molecule.

In this work, we endeavored to gain insight into putative
correlations between the antimicrobial activity of the
arginine-based cationic surfactants (Figure 1) and their
physicochemical interaction with model membranes. To
this end, the antimicrobial activity of these compounds
against Gram-positive and Gram-negative bacteria was
determined first. Second, the physicochemical interaction
of these arginine amphiphiles with multilamellar vesicles
(MLVs) and monolayers of different lipid composition as
biomembrane models was studied. The results were
compared with those obtained with commercial antimi-
crobial agents such as hexadecyltrimethylamonium bro-
mide (HTAB) and chlorhexidine dihydrochloride (CHX)’
(Figure 1).

Experimental Procedures

Chemicals. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and Escherichia coli total lipid extract (i.e., 58% of 1,2-
diacyl-sn-glycero-3-phosphoethanolamine (DPPE), 15% of 1,2-
dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] sodium salt
(DPPG), 10% of cardiolipin, and 17% of other compounds) were
purchased from Avanti Polar Lipids Inc. DPPG, HTAB, and CHX
were purchased from Sigma. N*-Lauroyl-L-arginine methyl ester
monohydrochloride (LAM), bis(N®-octanoyl-L-arginine)-1,3-pro-
panediamide dihydrochloride (C3(OA)2), and bis(N*-caproyl-L-
arginine)-1,3-propanediamide dihydrochloride (C3(CA),) were
synthesized in our laboratory by a previously published meth-

(14) Lohner, K.; Prenner, E. J. Biochim. Biophys. Acta: Biomembranes
1999, 1462, 141—-156.

(15) Pignatello, R.; Toth, I.; Puglisi, G. Thermochim. Acta 2001, 380,
255—264.

(16) Pare, C.; Lafleur, M.; Liu, F.; Lewis, R. N. A. H.; McElhaney,
R. N. Biochim. Biophys. Acta: Biomembranes 2001, 1511, 60—73.

(17) Kabara, J. J. Cosmetic and Drug Preservation: Principles and
Practice; Marcel Dekker: New York, 1984.
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odology.261819 Solvents and reagents used were of analytical
grade. Ultrapure water, produced by a Nanopure purification
system coupled to a Milli-Q water purification system, resistivity
= 18.2 MQ cm, was used for the aqueous solutions.

Antimicrobial Activity. The antimicrobial activities of LAM,
C3(0A),, C3(CA),, HTAB, and CHX (Figure 1) were determined
in vitro as the minimum inhibitory concentration (MIC) values.
MIC is defined as the lowest concentration of antimicrobial agent
that inhibits the development of visible microorganism growth
after 24 h of incubation at 37 °C.2° The microorganisms used (15
bacteria and 1 yeast) were the following. Gram-negative bac-
teria: Bordetellabronchiseptica ATCC 4617, Citrobacter freundii
ATCC13883, Enterobacter aerogenes ATCC 13048, Salmonella
typhimurium ATCC 14028, Streptococcus faecalis ATCC 10541,
Escherichia coli ATCC 27325, Klebsiella pneumoniae ATCC
13882, Pseudomonas aeruginosa ATCC 9721, Arthrobacter
oxydans ATCC 14358. Gram-positive bacteria: Bacillus cereus
var. mycoides ATCC 11778, Bacillus subtilis ATCC 6633,
Staphylococcus aureus ATCC 25178, Micrococcus epidermidis
ATCC 155-U, Micrococcus luteus ATCC 10054, Mycobacterium
phlei ATCC 10142. Yeast: Candida albicans ATCC 10231.

Preparation of MLVs of DPPC. MLVs of DPPC were
prepared as follows. A standard solution of DPPC (4.4 mg mL 1)
in CHCIs/MeOH 1/1 v/v was prepared and aliquoted (100 L) in
test tubes. Then, the solvent was removed under a nitrogen
stream while rotating the tube to form a thin film of lipid on the
tube walls. The residual solvent was removed under a vacuum.
MLVs were obtained by hydrating the lipid film with 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer
5mM, pH 7.4 (100 u«L), containing the corresponding amount of
surfactant, followed by five alternative cycles of sonication (2
min) and heating at 60 °C (2 min).

Differential Scanning Calorimetry (DSC). Thermotropic
phase transition parameters of MLVs of DPPC were measured
by a DSC 821E Mettler Toledo calorimeter. Hermetically sealed
aluminum pans (40 uL nominal volume) were used. DSC runs
were carried out with fresh liposome preparations. Pans were
loaded with DPPC MLV suspension (30 uL, corresponding to
0.13 mg of DPPC) and submitted to three heating/cooling cycles
in a temperature range between 0 and 60 °C at a scanning rate
of 5°C min~—1. The data from the first scan were always discarded
to avoid mixing artifacts. Experiments were carried out in
triplicate.

Surface Activity. Surface activity measurements of LAM,
C3(0A),, C3(CA),, HTAB, and CHX were recorded at 21 + 1 °C
by using a Langmuir film balance Nima 516 equipped with a
circular Teflon trough (60.35 cm2and 70 mL of capacity) equipped
with a Wilhelmy plate, made from chromatography paper
(Whatman Chr 1) as the pressure sensor. Increasing volumes of
an aqueous concentrate solution of surfactants in phosphate-
buffered saline (PBS), pH 7.4, were injected beneath the air/
water surface, and the pressure increases were recorded during
a period of 60 min. For each compound, the saturation concen-
tration (i.e., the minimum concentration that gives the maximum
surface pressure) was determined. Dimethyl sulfoxide (DMSO)
was used to prepare the concentrated solution of CHX, due to its
low agqueous solubility. It has been reported that DMSO does not
interfere with the surface activity measurements.?! Surface
pressure was measured with the accuracy of 0.1 mN m~1,

Penetration Kinetics at Constant Area. The interactions
of LAM, C3(OA),, C3(CA)2, HTAB, and CHX with lipid monolayers
were determined with the same device described for the surface
activity measurements. Lipid monolayers of DPPC, DPPG, and
E. coli total lipid extract were spread on PBS subphases from
CHCI3/MeOH 2/1 viv solutions, at the required initial pressure:
5,10, 20, and 32 mN m~1. Then, the appropriate amount of the

(18) Infante, M. R.; Garcia-Dominguez, J.; Erra, P.; Julia, R.; Prats,
M. Int. J. Cosmet. Sci. 1984, 6, 275—282.

(19) Infante, M. R.; Pérez, L.; Pinazo, A.; Clapés, P.; Moran, C. Amino
acid-based surfactants. In Novel Surfactants. Preparation, Application
and Biodegradability; Holmberg, K., Ed.; Marcel Dekker, Inc.: New
York, 2003; pp 193—216.

(20) Pérez, L.; Pinazo, A.; Vinardell, M. P.; Clapés, P.; Angelet, M;
Infante, M. R. New J. Chem. 2002, 26, 1221—-1227.

(21) Sospedra, P.; Haro, I.; Alsina, M. A.; Reig, F.; Mestres, C. Mater.
Sci. Eng. C 1999, 8—9, 543—549.



Interaction of Surfactants with Liposomes

Table 1. Minimum Inhibitory Concentration in gg mL™
of the Selected Antimicrobial Compounds

HTAB C3(0A), LAM C3(CA), CHX

microorganism

Gram-Negative

1. Citrobacter freundii 64 64 256 32 1
2. Bordetella bronchiseptica 4 8 256 4 1
3. Pseudomonas aeruginosa >256 256 64 32 8
4. Salmonella typhimurium 128 32 32 16 2
5. Enterobacter aerogenes 128 32 nd 16 8
6. Arthrobacter oxydans 2 32 64 16 1
7. Streptococcus faecalis 256 128 32 8 8
8. Escherichia coli 32 16 32 8 2
9. Klebsiella pneumoniae 256 8 128 8 8
Gram-Positive
10. Bacillus cereus >256 256 64 32 8
11. Staphylococcus >256 256 64 32 4
epidermidis
12. Bacillus subtlis 64 16 256 16 4
13. Staphylococcus aureus 2 16 64 2 0.5
14. Micrococcus luteus 1 8 256 4 1
15. Microbacterium phlei 256 256 nd 16 8
Yeast
16. Candida albicans 1 8 64 2 0.5

stock solution of each product was injected in the subphase. The
final concentration of each compound was fixed according to its
surface pressure curve (i.e., approximately 80% of the saturation
concentration). The pressure increases were recorded at 21 + 1
°C for 30 min, to ensure that the equilibrium was reached. The
subphase was stirred continuously to ensure a homogeneous
distribution. The experiments were performed in triplicate and
the standard error was estimated in each case.

Compression Isotherms. Compression isotherms were
performed at 21 + 1 °C using a Langmuir film balance Nima 516
equipped with a rectangular Teflon trough (19.5 x 20 cm? and
250 mL of capacity). Fixed amounts of DPPC, DPPG, and E. coli
lipid extract (50 L solution of 1 mg phospholipids/mL in CHCIs/
MeOH 2/1 viv, approximately 4 x 106 lipid molecules) were
spread on the aqueous subphase containing the product under
study at three different concentrations: 80%, 20%, and 5% of the
saturation concentration. Then, the solvent was allowed to
evaporate for at least 10 min. Films were compressed continuously
with an area reduction rate of 12.9 A2 molecule~* min~1. The
experiments were performed in triplicate, and the reproducibility
was 1 A2 mol-1.

Results and Discussion

Antimicrobial Activity. The MIC values of LAM, Cs-
(CA),, C3(0OA),, HTAB, and CHX for 15 selected Gram-
positive and Gram-negative bacteria and one yeast are
summarized in Table 1. The lower the MIC values, the
higher the antimicrobial activity. A cursory inspection of
Table 1 shows that the MIC values for each compound
depended exclusively on the bacterium but not on the
nature of the outer membrane (i.e., Gram-positive or
Gram-negative). The cell envelope of Gram-negative
bacteria is more complex than that of Gram-positive
bacteria, but the presence of large amounts of negatively
charged phospholipids and phosphatidylethanolamine
(PE) is a common feature.'* The antimicrobial activity
increased in the order of HTAB < C3(0A); < LAM < Cs;-
(CA), < CHX.Remarkably, the arginine-based surfactants
possessed lower MIC values than those of the commercial
HTAB, for most of the microorganisms assayed. In
previous studies,???? it has been shown that the optimum
biological effect of single-chain arginine-based surfactants
was obtained with hydrocarbon alkyl moieties of 10
methylene groups (i.e., LAM). Pérez et al.* have reported

(22) Moran, C.; Clapés, P.; Comelles, F.; Garcia, T.; Pérez, L.
Vinardell, P.; Mitjans, M.; Infante, M. R. Langmuir 2001, 17, 5071—
5075.
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49-70.
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Figure 2. (a) Surface activity of C3(CA); as a function of time
at different concentrations: 1 x 1075 M (0O), 5.7 x 1076 M (a),
1.1 x 107 M (@), 5.7 x 1077 M (W), and 2.9 x 107 M (O). (b)
Surface pressure increases as a function of C3(CA), concentra-
tion.

that the minimum MIC values of the arginine-based
geminal surfactants were obtained with the C,(CA),
homologues. In this work, C3(CA), was the most active
and for some microorganisms similar to CHX. The results
suggest that both the length of acyl chains and the positive
charges, which determine the hydrophilic—lipophilic bal-
ance (HLB) of the molecule, are responsible for their
membrane-disrupting properties.

To gain insight into the physicochemical factors that
determine the antimicrobial activity of LAM, C3(CA),, Cs-
(OA),, HTAB, and CHX, their interaction with model lipid-
membrane systems was investigated. In the next sections,
the physicochemical effects of these compounds on both
MLVs and lipid monolayers are described in detail.

Surface Activity. The surface activity or accumulation
at the air/water interface of the selected compounds was
studied. To this end, different volumes of concentrated
solutions of LAM, C3(CA),, C3(OA),, HTAB, and CHX were
injected into the PBS subphase and the pressure increases
were recorded as a function of time. When the amount of
the tested compounds was increased, the surface pressure
increased up to a saturation surface pressure. Figure 2a
isan example of the pressure curves obtained for different
concentrations of C3(CA),. Here, at the lowest concentra-
tion assayed the maximum surface pressure was not
achieved even after 60 min due to its aqueous solubility.
From these plots, the curves of the surface pressure as a
function of the product concentration were obtained (see
Figure 2b as an example).

Surface pressure at the saturation point for the com-
pounds under study is summarized in Table 2. The results
obtained may be explained considering the number of
methylene groups in the hydrophobic side chains in
relation with the polar head. HTAB, with an aliphatic
chain of 14 methylene groups, gave a surface pressure
higher than that of LAM with 10. Similarly, the two side
chains attached to the central unity of C3(CA), account
for a total of 16 methylene units, thus explaining the
remarkable surface activity of this compound. Compared
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Table 2. Surface Pressure at Saturation Concentration
and at ca. 80% Saturation Concentration and the cmc for
Each Antimicrobial Compound

saturation surface 80% surface
concn/  pressure/ saturation pressure?/ cmc®/
compound 10°M mN m-1 concn/100°M mNm=t 104M

LAM 45 29.3 3.6 22.4 60.0°
C3(0OA), 11.0 19.7 3.4 15.5 7.0d
C3(CA), 0.6 34.2 0.1 24.3 0.3d
HTAB 41 31.9 3.7 27.2 10.0¢
CHX 17.0 18.0 4.0 16.8 100.0f

a Approximate values corresponding to 80% saturation concen-
tration. P At 25 °C. ¢ Reference 7. 9 Reference 45. ¢ Reference 46.
f Reference 47.

~exo

o.s
mw

O oo OO

T T
25 30 35 a0 as 50 <

Figure 3. DSC curvesobtained with DPPC—C;3(CA), systems.
The molar percentages of C3(CA), were (a) 0% (i.e., pure DPPC),
(b) 1%, (c) 2%, (d) 3%, (e) 4%, and (f) 5%. The heating rate was
5 °C/min.

to C3(CA),, the lower ability of C3(OA), to accumulate at
the air—water interface may be related to its shorter side
chains, as noted, for instance, in the 90 A reduction in the
van der Waals surface of the aliphatic side chain in Cs-
(OA), relative to C3(CA)..2* Finally, CHX showed low
capacity to diminish surface tension, as expected from
the inclusion of a chlorobenzene unit instead of a long
aliphatic side chain. The lipophilicity (octanol/water
partition coefficient (log P)) of the side chain in C3(0A)s,
which was estimated?® to be around 3.5, is close to the
lipophilicity of the side chain of CHX (i.e., chlorobenzene)
(log P = 2.8), explaining their similar surface activity.

The surface activity data provided information on the
suitable concentration of each compound that should be
used in the bulk subphase for the experiments on the
interaction with phospholipid monolayers (i.e., penetration
kinetics and compression isotherms). This optimal con-
centration was the one that gave ca. 80% of the maximum
surface pressure (80% saturation concentration). Under
these conditions, both the saturation of the productin the
trough and the formation of domains were avoided.?® The
optimal concentrations for each product, calculated from
pressure/concentration curves, fell well below their re-
spective critical micelle concentrations (cmc’s) (Table 2).

Lipid Multilamellar Vesicles as a Membrane
Model: DSC Studies. Analysis of MLVs of lipids with
bulky polar heads (i.e., DPPC) by DSC is characterized by
two-phase transitions (Figure 3, curve a): first, a pre-
transition around 35 °C related to the alkyl chain tilt, and
second, the main transition around 41 °C between an
ordered gel state (Lg phase) and a disordered liquid-
crystalline state (L, phase).?’~2°

(24) Floris, F. M.; Tomasi, J.; Pascual-Ahuir, J. L. 3. Comput. Chem.
1991, 12, 784.

(25) Leo, X. A.; Hansch, C.; Elkins, D. Chem. Rev. 1971, 71, 525.

(26) McConlogue, C. W.; Vanderlick, T. K. Langmuir 1998, 14, 4.
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Figure 4. The phase transition temperature (Tn,) of DPPC
MLV liposomes as a function of the molar percentage of
antimicrobial compound, in a concentration range (a) between
0 and 5 mol % and (b) between 0 and 30 mol %: LAM (x),
C3(0A); (a), C3(CA): (¥v), HTAB (m), and CHX (@).
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The study of the main thermotropic phase transition of
MLVs by DSC represents a simple and precise method to
investigate the influence of bioactive products on lipid
membranes. The structural change associated with this
transition is the trans—gauche isomerization of the acyl
chains of the lipid molecules. The average number of
gauche conformers is related to the bilayer fluidity.?” The
presence of compounds susceptible to interacting with the
phospholipid molecules may cause perturbations, which
can contribute to disturb the fluidity of the membrane.
Two parameters related with the phase transition were
studied: first, the phase transition temperature (Tp),
which corresponds to the gel to liquid-crystalline transi-
tion; second, the width at half-height of the heat absorption
peak (ATyz), which is a measure of the cooperativity of
this phase transition process.

The effect of the compounds on the main thermotropic
phase transition parameters of zwitterionic DPPC MLVs
was investigated with mixtures containing 0, 1, 2, 3, 4, 5,
10, 20, and 30 mol % of the assayed compound. As an
example, in Figure 3 curves b—fdepict the DSC transition
profiles of DPPC MLVs in the presence of different mol
% of C3(CA),. The addition of the product always caused
the complete disappearance of the pretransition.

From the DSC curves thus obtained, the T, (Figure
4a,b) and AT, (Figure 5a,b) were plotted against the mol
% of each product. As seen in Figure 4a,b, the higher the
concentration of the product in the MLV preparation, the
lower the T, values observed, except for HTAB. The

(27) Lo, Y.-L.; Rahman, Y.-E. J. Pharm. Sci. 1995, 804, 805—814.

(28) Pedersen, T. B.; Sabra, M. C.; Frokjaer, S.; Mouritsen, O. G.;
Jorgensen, K. Chem. Phys. Lipids 2001, 113, 83—95.

(29) Ramaswami, V.; Haaseth, R. C.; Matsunaga, T. O.; Hruby, V.
J.; O'Brien, D. F. Biochim. Biophys. Acta: Biomembranes 1992, 1109,
195—-202.
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Figure5. The transition width (ATy,) of DPPC MLV liposomes
as a function of the molar percentage of antimicrobial compound
in a concentration range (a) between 0 and 5 mol % and (b)
between 0 and 30 mol %: LAM (x), C3(OA), (a), C3(CA); (V),
HTAB (m), and CHX (®).
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Figure 6. The depression of the transition temperature AT =
Tm— Tmoof DPPC MLV liposomes as a function of the molarity
of the antimicrobial compound. Solid lines correspond to eq 1
fitted to the experimental data for the compounds LAM (x),
C3(OA); (a), C3(CA); (¥), and CHX (@).

decrease of Ty, is lineal for a product concentration ranging
from 0 to 5 mol %. In this concentration range, it was
possible to estimate the partition coefficient (K) of the
compound between the bulk solution and the lipid
membrane, using eq 1:%°

RT. 2
—AT = m,0 K

r\o
AH 555+ C KA (@)

where Ty = 314 K (i.e., T, of pure DPPC MLVs) and
AH = 36.4 kJ mol~! corresponds to the values of the pure
lipidand C,_ and C3 are the total concentration of the lipid
and product in mol %, respectively. The partition coef-
ficient K also reflects the interaction of the compound with
the lipid molecules. The —AT = T, — T values were
plotted against the molar concentration of the compound
in a range between 0 and 3 x 10~* M (i.e., 0—5 mol %)
(Figure 6). From the slope of the straight lines thus
obtained, the K values were calculated and listed in Table
3. Theresults indicate that the partition of the compounds

(30) Inoue, T.; Miyakawa, K.; Shimozawa, R. Chem. Phys. Lipids
1986, 42, 261—270.

Langmuir, Vol. 20, No. 8, 2004 3383

Table 3. Partition Coefficient (K) of the Selected
Compounds between the Bulk Solution and the DPPC
MLVs Calculated from the Slopes of the Linear
Regressions of Figure 5

compound K compound K
LAM 10.8 + 0.9 C3(CA), 158 +1.2
C3(0A), 514+1.0 CHX 225+1.8

into the lipid membrane increased in the order C3(0OA),
< LAM < C5(CA), < CHX which was consistent with the
observed antimicrobial activity.

A different situation was observed for HTAB. Here, T,
increased (or —AT decreased) in a concentration range
between 0 and 5 mol %, whereas at higher concentration
Tmwas constant. This result may be explained considering
the effect of n-alkanes, alcohols, fatty acids, and tertiary
alkylammonium salts on phospholipid phase transition
behavior.3*-32 Compounds with hydrocarbon chain lengths
of <10 intercalate into the hydrophobic core of the lipid
bilayer, causing a void near the acyl hydrocarbon core.
Thisvoid increases the ratio of trans to gauche conformers,
diminishing the stability of the lamellar gel phase and,
therefore, decreasing T,,. On the other hand, the longer
the alkyl chain (> 12 carbons) of the compound, the smaller
the void formed, causing less disruption of the packing of
the phospholipid acyl chains. This increases the van der
Waals interactions and therefore produces asmall increase
of Trn.2234 The behavior of HTAB followed this latter trend,
whereas the rest of the compounds under study performed
as the shorter hydrocarbon alkyl chains.

The transition width at half-height of the heat absorp-
tion peak (ATy) is a measure of the cooperativity of the
lipid molecules during the gel to liquid-crystalline transi-
tion. The broadening of the endothermic peak indicates
that the compounds incorporated into the DPPC MLVs,
disrupting the correlation between lipidic molecules in
the phase transition (i.e., cooperativity).3® Both C3(CA),
and CHX increased ATi;, in the concentration range
studied, whereas LAM had a small effect up to 5 mol %
but increased linearly between 5 and 30 mol % (Figure
5a,b).

To better correlate both T,,, and the cooperativity, ATy,
was plotted against the —AT values (Figure 7). HTAB
was not considered here since this compound increased
the T, of the DPPC MLVs. The results may be fitted to
a linear equation in accordance with a previous work.%°
Since —AT is directly proportional to the mole fraction of
the compound in the lipid membrane, this plot reflects
the extension of the perturbation of the lipid membrane
by the product: the higher the slope of the straight line,
the larger the perturbation of the MLVs. An inspection
of the slopes for each compound, depicted in Figure 7,
revealed that both CHX and C3(CA), caused the largest
effect on the DPPC MLVs.

Considering that for most antimicrobial cationic-like
compounds the mechanism of action is similar,® their
activity on the lipid bilayer depended on the charge of the
polar head and on both the structure and hydrophobicity
of the lipophilic moiety: LAM has only one charged polar

(31) Lohner, K. Chem. Phys. Lipids 1991, 57, 341—362.

(32) Mclntosh, T.J.; Simon, S. A.; MacDonald, R. C. Biochim. Biophys.
Acta: Biomembranes 1980, 597, 445—463.

(33) White, S. H.; King, G. I.; Cain, J. E. Nature 1981, 290, 161—163.

(34) To confirm these observations, dodecyltrimethylammonium
bromide, bearing a shorter alkyl chain than that of HTAB, was also
studied at concentrations ranging from 0 to 5 mol %. In this case, the
DSC analyses showed a decrease of 0.3 °C mol %~ of the phase transition
temperature suggesting the formation of voids in the hydrophobic core.

(35) Inoue, T.; lwanaga, T.; Fukushima, K.; Shimozawa, R. Chem.
Phys. Lipids 1988, 46, 25—30.
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group, whereas C3(CA), has two polar groups per molecule
and was more hydrophobic than C3(OA),. As indicated
above, the hydrophobicity of the side chain in C3(OA),
was analogous to that of the CHX (log P = 2.8).°> The
differences observed between these two products stressed
the importance of the structure of the lipophilic moiety in
the antimicrobial activity.

The results obtained so far showed that neither the
perturbation of the DPPC MLVs nor the antimicrobial
activity correlate with either the cmc or the surface
activity. Hence, the latter variables are not the only factors
which determine the interaction of a compound with lipid
membranes, in agreement with literature data.3®

Lipid MonolayersasaMembrane Model: Kinetics
of Penetration and Compression Isotherm Studies.
As demonstrated thus far, lipid multilamellar vesicles are
suitable membrane models for studying interactions of
biologically active molecules with lipid membranes.
However, they suffer from several limitations. For in-
stance, the range over which the lipidic composition can
be varied without modifying the surface curvature and
phase state is limited. Besides, the degree of lipid packing
is not uniform along the bilayer*?®” and the physical state
of compositionally identical bilayer dispersions depends
on the method of preparation.3” Moreover, some lipids
may not form stable multilamellar vesicles suitable for
DSC studies. Lipid monolayers can overcome these
limitations, being considered as an excellent model system
to study the interactions of active compounds with different
lipid compositions at the air/water interface.

Penetration Kinetics at Constant Area. The inter-
action of LAM, C3(CA),, C3(0A),, HTAB, and CHX with
monolayers of DPPC, DPPG, and E. coli total lipid extract
was studied first by analyzing the penetration kinetics at
constant area. We chose both zwitterionic DPPC and
anionic DPPG phospholipids to compare the effect of the
electrostatic interaction with the cationic compounds.
Moreover, negatively charged phospholipids are the major
components of bacterial membranes, whereas zwitterionic
lipids are the major components of mammalian mem-
branes.® E. coli total lipid extract was also investigated
because it resembles a real biomembrane more closely
than pure lipids. The concentration of each compound in
the subphase was the corresponding value at ca. 80%
saturation concentration (Table 2).

Figure 8a—c depicts the surface pressure increases (Ax)
30 min after injection of the compounds in the subphase

(36) Moncelli, M. R.; Becucci, L. Bioelectrochem. Bioenerg. 1996, 39,
227-234.
(37) Brockman, H. Curr. Opin. Struct. Biol. 1999, 9, 438—443.
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Table 4. Exclusion Density (oex) of the Tested
Compounds in DPPC, DPPG, and E. coli Total Lipid
Extract Monolayers

oex DPPC/ oex DPPG/ oex E. coli extract/
compound molecules nm~2 molecules nm=2  molecules nm~2
LAM 24+£0.2 3.0+ 0.6 1.8+0.1
C3(0A), 2.3+0.1 9.2+ 0.5 1.8+0.1
C3(CA)2 22+0.1 45+ 0.6 1.9+0.1
HTAB 24+0.1 29+0.1 1.8+0.2
CHX 26 +£0.1 34+0.2 21+0.2

versus the initial lipid pressure (7o) of 5, 10, 20, and 32
mN m~! of DPPC, DPPG, and E. coli lipid extract
monolayers. From these results, the exclusion density (0ex)
was determined as previously described by Maget-Dana
et al.’? The plots of the pressure increases as a function
of the initial densities of the lipids gave straight lines of
negative slope. The intercept of these lines with the X-axis
defines the monolayer gex. This parameter indicates the
lipid film density at which the compound no longer
penetrates, and it is useful for comparing the relative
penetration of a compound in various lipid monolayers.
The calculated values of oex for each antimicrobial
compound are summarized in Table 4.

As a general trend (Figure 8a—c), the higher the initial
monolayer pressure, the lower the pressure increase,
because of the increasing packing density of the lipid
molecules. Moreover, the g values (Table 4) show that
the compounds incorporate better into the anionic DPPG
monolayer than into zwitterionic DPPC.

For DPPC monolayers (Figure 8a), the pressure in-
creases raised in the order C3(OA), ~ CHX < C3(CA); <
LAM < HTAB, indicating a low penetration capacity of
gemini compounds. Here, it appears that the differences
between gemini and single-chain structures arise mostly
from steric hindrance.

In DPPG monolayers (Figure 8b), at ;1o of 5 and 10 mN
m™1, the highest pressure increases were observed for
HTAB and C3(CA),, whereas at 7o = 32 mN m~ C3(CA),
and C3(0OA), were the most active compounds. According
to oex (Table 4), the incorporation of the compounds into
the DPPG monolayer was higher for the gemini compounds
than for the single-chain surfactants. This reflects that
electrostatic interactions are predominant over the steric
effects between the DPPG and the surfactant. Both Cs-
(CA), and C3(0OA), have two positive charges per molecule
againstone of LAM and HTAB. CHX had lower interaction
than arginine-based gemini surfactants, despite having
also two positive charges. This may be due to the lack of
the long lineal hydrophobic chains and therefore a different
conformation may presumably be adopted at the air/water
interface.

The penetration of the compounds in E. coli lipid extract
monolayers at 7o = 32 mN m~! (Figure 8c) was between
that found in DPPC and DPPG. The surface pressure
increase at 7o = 32 mN m™! raised in the order C3(OA),
< LAM < CHX < C3(CA), ~ HTAB, but the differences
between the most active antimicrobials CHX and C3(CA),
were small. The ge values (Table 4) indicated, however,
that the incorporation of the products into this monolayer
was lower than that with either DPPC or DPPG. Inter-
estingly, the exclusion pressure3® in the E. coli monolayer
was =35 mN m~ for all the tested compounds. Considering
that the packing density of biological membranes3®4° is

(38) The exclusion pressure was calculated by plotting the pressure
increases as a function of the initial pressure of the lipids and following
the procedure used for the estimation of the exclusion density.

(39) Demel, R. A.; Peelen, T.; Sizen, R. J.; De Kruijff; Kuipers, O. P.
Eur. J. Biochem. 1996, 235, 267—274.

(40) Marsh, D. Biochim. Biophys. Acta 1996, 1286, 183—223.
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around 32 mN m™%, the studied compounds may insert
into biomembranes.

Compression Isotherms of Lipid Monolayers on
Antimicrobial-Containing Subphases. The interaction
of LAM, C3(CA),, C3(0A),;, HTAB, and CHX with lipid

monolayers was also investigated as the influence in the
compression isotherms of DPPC, DPPG, and E. coli lipid
extract. The isotherms taken from pure DPPC and DPPG
(Figure 9a,b) showed the well-known phase transition from
liquid-expanded (LE) to liquid-condensed (LC) phases
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around 7 mN m~* and 90 A2 mol-? of molecular area.**
The E. coli total lipid extract isotherm (Figure 9c) did not
show the LE—LC transition, presumably because it was
a mixture of three different phospholipids and contained
17% wi/w of other unidentified compounds.

The shape of the compression isotherm shows the extent
to which the compound is forced into the bulk subphase.
If the products desorbed completely as the film was
compressed, the resulting isotherm would match that of
pure phospholipid. Thus, any deviation from that can be
attributed to incomplete desorption of the antimicrobial.*?
Therefore, aninteraction is thus expected to occur between
the product and the phospholipid.

The compression isotherms obtained after spreading
DPPC, DPPG, and E. coli lipid extract on the subphases
containing the compounds under study are depicted in
panels a—c of Figure 9, respectively. The compound
concentration was 4 x 107% M (i.e., approximately 80%
saturation concentration), except for C3(CA), (Figure 10a—
c). Here, the 80% saturation concentration corresponded
toca. 1 x 1078 M, owing to its higher surface pressure
(Table 2). Therefore, for the sake of clarity, the results
obtained with C3(CA), were plotted separately.

Analysis of the isotherms revealed that all the surfac-
tants showed an immediate surface pressure increase at
the onset of compression, due to their intrinsic adsorption
at the air—water interface. We tried to reduce this effect
by decreasing the product concentration in the subphase.
However, a similar effect was noticed in experiments
conducted at 1 x 1075 and 3 x 107¢ M, corresponding to
20% and 5% saturation concentration, respectively, and
3 x 1077 and 5 x 1078 M for C3(CA),. Analogous findings
were obtained with neutral surfactants such as non-

(41) Sospedra, P.; Espina, M.; Gomara, M. J.; Alsina, M. A.; Haro,
l.; Mestres, C. J. Colloid Interface Sci. 2001, 244, 87—96.

(42) McConlogue, C. W.; Malamud, D.; Vanderlick, T. K. Biochim.
Biophys. Acta: Biomembranes 1998, 1372, 124—134.

Table 5. Compressibility Moduli (Cs™1) of DPPC, DPPG,
and E. coli Lipid Extract Monolayers Spread in the
Presence, at ca. 80% Saturation Concentration, or in the
Absence of Cationic Compounds

subphase
I1(MN/m) PBS LAM Cs3(OA); C3(CA), HTAB CHX
DPPC
10 6 14 24 42 21
20 89 47 91 51 89 65
30 138 113 40 25 128 115
40 154 35 197 48 2 138
50 115 72 66
60 16 66
DPPG
10 39 21 25
20 58 38 56 82 14 33
30 91 30 36 75 41 75
40 116 41 32 44 45
50 110 22 8
60 38 37
E. coli Extract
10 45 16 16 69 48 36
20 90 36 40 53 34 51
30 83 1 73 38 75
40 96 40 64

oxynol-9 and C31G (equimolar mixture of C14 amine oxide
and C16 alkyl betaine).?®

The presence of the compounds in the subphase shifted
the lipid monolayers to higher area/molecule values (i.e.,
expansion effect) compared to isotherms obtained in the
absence of product. This effect was reflected as a decrease
in the compressibility moduli (Cs™%) of the monolayer,
calculated as described by Sospedra et al.'! and sum-
marized in Table 5.

For HTAB, CHX, and C3(OA),, a shift toward lower
values of area/molecule appeared in the DPPC or DPPG
compression isotherm (Figure 9a,b). This indicates an
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Table 6. Collapse Pressures (mN m~1) of DPPC, DPPG,
and E. coli Total Lipid Extract Monolayers at ca. 5%,
20%, and 80% Saturation Concentration of the
Antimicrobial Compounds at the Subphase

DPPC DPPG E. coli extract

(60 MmN m~1)2 (67 MN m~1)2 (48 MmN m~1)2
compound 80% 20% 5% 80% 20% 5% 80% 20% 5%
LAM 40 59 61 32 57 57 30 44 46
C3(0A), 49 55 65 56 61 67 46 47 49

Cs(CA), 63 63 60 70 71 70 47 47 48
HTAB 36 53 63 40 43 58 28 40 46
CHX 52 60 63 32 39 43 34 43 46

a Collapse pressure of the pure lipid monolayer.

ejection of the product and lipid molecules from the
monolayer to the subphase, probably by the formation of
mixed micelles. C3(CA), always produced an expansion of
the lipid monolayers regardless of the pressure and type
of phospholipid (Figure 10a—c).

The collapse pressure and the variation of the LE—LC
phase transition were a function of both the compound
and the lipid. Overall, the higher the concentration of the
compound in the subphase, the lower the collapse pressure
observed (Table 6). Moreover, the LE—LC phase transition
pressure tended to increase or disappear on increasing
the product concentration. CHX abolished the LE—LC
transition and reduced the collapse pressure regardless
of the concentration, especially in DPPG monolayers. On
the other hand, C3(CA), did not reduce the collapse
pressure and the LE—LC transition shifted to higher
pressures. Here, C3(CA), may hinder the reorientation of
the alkyl chain of the lipids from horizontal to vertical
position.*?

The effects observed on the monolayer such as expan-
sion, collapse pressure decrease, and LE—LC phase
transition modification reflect a clear destabilization of
the monolayer packing by the compounds under inves-
tigation. As Figures 9a,b and 10a,b show, all these
perturbing effects were more important in DPPG than in
DPPC, as a result of the electrostatic interactions, in
agreement with the previous results on penetration
kinetics.

The expansion of the DPPC and DPPG monolayers
increased in the order C3(OA), < LAM ~ HTAB ~ CHX
< C3(CA), and the collapse pressure decreased in the
order C3(CA), > C3(0A); > LAM ~ HTAB ~ CHX. The
expansion of the E. coli lipid extract monolayers increased
in the order C3(0A), ~ LAM ~ CHX < HTAB < C3(CA),,

(43) Minones, J. J.; Dynarowicz-Latka, P.; Conde, O.; Minones, J.;
Iribarnegaray, E.; Casas, M. Colloids Surf., B 2003, 29, 205—215.

(44) Rosen, M. J. Surfactants and Interfacial Phenomena, 2nd ed.;
John Wiley & Sons: New York, 1989.

(45) The cmc of C3(OA), and C3(CA), was measured in water using
a tensiometer (Kruss K-12) with a Wilhelmy plate. Water/surfactant
solutions of different concentrations were prepared and allowed to
equilibrate for 15—30 min at 25 °C in the appropriate cells (ref 44).

(46) Fang, L.; Li, G.-Z.; Wang, H.-Q.; Xue, Q.-J. Colloids Surf., A
1997, 127, 89—96.

(47) Heard, D. D.; Ashworth, R. W. J. Pharm. Pharmacol. 1969, 20,
505-518.
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and the collapse pressure decreased in the order C3(CA),
~ C3(0A); > LAM ~ HTAB ~ CHX. Briefly, the compounds
with the highest antimicrobial activity caused a large
expansion of the lipid monolayer or a large decrease in its
collapse pressure together with a strong suppression of
the LE—LC phase transition.

Conclusions

Insummary, the interaction of the antimicrobials under
study with DPPC MLVs and monolayers of DPPC, DPPG,
and E. coli total lipid extract showed the following features:

The thermotropic parameters of DPPC MLVs correlated
well with the antimicrobial activity of the compounds
under study. The best antimicrobial compounds, C3(CA),
and CHX, showed the highest partition into the lipid
membrane (i.e., the highest K values) and the greatest
widening of the transition width (ATy,) with the decrease
of the transition temperature (T,).

In lipid monolayers, the penetration Kinetics studies
indicate that the antimicrobials incorporated better into
anionic DPPG than into zwitterionic DPPC lipid mono-
layers. Here, mostly electrostatic forces governed the
lipid—antimicrobial interaction. Concerning the compres-
sion isotherms, the highest expansion of the lipid mono-
layer was observed with the most active antimicrobial
derived from arginine C3(CA),, but this compound did not
reduce the collapse pressure. On the other hand, CHX
reduced the collapse pressure and strongly suppressed
the LC—LE phase transition. From the results obtained
with lipid monolayers, a relation between the physico-
chemical properties and the antimicrobial activity was
still unclear.

With the perspective of gaining further insight into both
knowledge about the mechanism of action and develop-
ment of new antimicrobial surfactants, biophysical studies
on leakage of vesicle-entrapped molecules are to be
performed in a membrane mimetic environment.
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Objectives: The aim of this study is to gain insight into the mechanism of the antimicrobial action of a novel
arginine-based surfactant, bis(N*-caproyl-L-arginine)-1,3-propanediamine dihydrochloride [C3(CA),]-
Methods: To this end, we compared its effects against Staphylococcus aureus and Escherichia coli with
those caused by the commercial and widely known antiseptic, chlorhexidine dihydrochloride (CHX).

Results: Both disrupted the cell membrane of the target bacteria to cause potassium leakage and
morphological damage. The effect of C3(CA), on E. coli was concentration dependent, causing loss
of membrane potential and membrane integrity leading to cell death, whereas CHX did not have these
effects on E. coli. The effect of C3(CA), on S. aureus was the formation of mesomes and cytoplasmic clear
zones, but the loss of membrane potential and membrane integrity was slightly lower than that with CHX.

Conclusions: We propose that C3(CA). acts preferentially against Gram-negative bacteria through strong
initial binding to the surface lipopolysaccharides and subsequently partitioning into the cell membrane
to cause membrane damage, followed by cell death.

Keywords: antimicrobial activity, flow cytometry, viability reduction, transmission electron microscopy, potassium

leakage, cationic surfactants

Introduction

Arginine-based cationic surfactants are amphiphilic compounds
that possess excellent self-assembling properties, a low toxicity
profile, high biodegradability and a broad antimicrobial
activity, which make them candidates of choice as preservatives
and antiseptics in pharmaceutical, food and dermatological
formulations.'™ Among the arginine-based surfactants synthesized
in our laboratory, bis(N*-caproyl-L-arginine)-1,3-propanediamine
dihydrochloride [C3(CA),] is a novel gemini (double-chain/
double-polar head) compound which shows antimicrobial activity
against a wide range of Gram-positive and Gram-negative
bacteria. '

Bacterial cells offer three regions for biocide interaction: the
cell wall, the cytoplasmic membrane and the cytoplasm. In
general, microbicides lack target specificity, though in the case

of biguanide compounds such as chlorhexidine dihydrochloride
(CHX), and cationic surfactants, their main target is the bacterial
membrane.’~' Both biguanides and cationic surfactants have a
similar mechanism of action.'! As shown in Figure 1, both com-
pounds are dicationic but with different structures: C3(CA), has
two arginine residues connected by three methylene groups, and
two alkyl chains of ten carbon atoms that form the hydro-
phobic moieties. CHX, on the other hand, possess two biguanides
as the polar heads connected by a spacer chain of six methylenes,
and two chloro-phenyl groups as the hydrophobic core.

These cationic compounds initiate their interaction with the
cytoplasmic membrane by binding to the phospholipid surface
through electrostatic forces. They are then absorbed in the
hydrophobic core of the membrane perturbing the packing of
the lipids, leading to dissolution of the proton motive force
and leakage of essential molecules.®'® The specificity of these

*Corresponding author. Tel: +34-934024496; Fax: +34-934024498; E-mail: amanresa@ub.edu
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Figure 1. Structures of the selected antimicrobial compounds.

compounds towards prokaryotes, rather than eukaryotes, is thought
to be due to the higher amount of anionic phospholipids in proka-
ryotic membranes.'*'*

The synthesis of new biocompatible (i.e. low toxicity profile
and high biodegradability) powerful antimicrobial agents is of
paramount importance to prevent infectious diseases.'®'> The
design of new molecules can be aided by an understanding of
their mechanism of action, and we have recently reported the
interaction of arginine-based surfactants with biomembrane
models (i.e. liposomes and phospholipid monolayers).® The
purpose of this work is to elucidate the effects of the gemini sur-
factant C3(CA), on cell viability and on cell envelope integrity in
Staphylococcus aureus and Escherichia coli. The well known
biguanide CHX was included in these studies for comparison.

Materials and methods

Antibacterial products and chemicals

C5(CA), was synthesized in our laboratory as previously described.*'6
CHX was purchased from Sigma (St Louis, MO, USA). Molecular
dyes Syto-13, propidium iodide (PI) and bis-1,3-dibutylbarbutiric acid
(bis-oxonol) were supplied by Molecular Probes Europe BV (Leiden,
The Netherlands). The solvents and reagents used were of analytical
grade. Ultra pure water, produced by a Nanopure purification
system coupled to a Milli-Q water purification system, resistivity =
18.2 M-Q-cm, was used for the aqueous solutions.

Microorganisms

Strains were obtained from the American Type Culture Collection
(ATCC; Manassas, VA, USA): S. aureus ATCC 9144 and E. coli
ATCC 10536. They were sub-cultured weekly on trypticase soy
agar (TSA; Pronadisa, Barcelona, Spain). Strains were maintained
frozen in cryovials (AES Laboratoire, Combourg, France) at —80°C.

NH, NH

H®H H
)

Cl

CHX

Table 1. Minimum inhibitory concentration in mg/L and the
antimicrobial concentrations tested

S. aureus E. coli

Compound MIC 1/2 MIC 3/2 MIC MIC 1/2 MIC 3/2 MIC

C3(CA), 2 1 3 8 4 12
CHX 0.5 0.25 0.75 2 1 3
MICs

The MICs of C3(CA), and CHX were determined by using a broth
micro-dilution assay.'” Briefly, serial dilutions of the antimicrobials
were made in Mueller—Hinton broth (Oxoid, USA). A 96-well poly-
propylene microtitre plate (Costar, Corning Incorporated, Corning,
NY, USA) was used. Each well was inoculated with 100 uL of the
test organism in Mueller—Hinton broth to a final concentration of
~10° cfu/mL. The MIC was taken as the lowest antimicrobial concen-
tration at which growth was inhibited after 24 h of incubation at 37°C.

Exposure of microorganisms to biocides

Suspensions of the microorganisms were obtained from an overnight
culture of each strain on tryptone soy broth (TSB) (Oxoid, USA) at
30°C. Cultures were then centrifuged at 8000 g for 15 min, washed
twice in sterile Ringer’s solution (Scharlau, Barcelona, Spain) and
resuspended in Ringer’s solution to obtain a cell suspension of
about 10’-10% cfu/mL. Three millilitres of the respective cell suspen-
sions was used to inoculate flasks containing 27 mL of Ringer’s solu-
tion to obtain a cell density of about 10°~107 cfu/mL.

Different aliquots (7.5-360 uL, depending on the final 1/2 or 3/2
MIC) of the stock solution of C3(CA), and CHX (see Table 1) were
added to flasks with the respective bacterial suspensions.

After a contact time of 30 min, the biocide effect was immediately
neutralized by dilution with sterile Ringer’s solution, then the
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bacterial suspension was centrifuged for 20 min at 8000 g and the pellet
was resuspended with Ringer’s solution to obtain the convenient cell
suspension concentration (10-10% cfu/mL). The inoculated
flasks were kept at room temperature.

For flow cytometry (FC) experiments, 15 mL samples were diluted,
centrifuged at 8000 g for 30 min and the bacterial pellets were resus-
pended in 1 mL of Ringer’s solution.

For transmission electronic microscopy (TEM) observations,
the contact time was 30 min at biocide concentration 3/2 MIC.
Then, samples of 5 mL were taken, diluted with Ringer’s
solution and centrifuged at 4500 g for 30 min. The bacterial pellets
were then rinsed with 0.1 M phosphate buffer (pH 7.4).

In all cases, control experiments lacking microbicide were
conducted in parallel.

Staining procedure

Staining protocols for FC experiments were as follows: 1 puL of a
500 uM stock solution of Syto-13 in dimethyl sulphoxide and 10 uL
of a 1 mg/mL stock solution of PI in distilled water were added to
500 puL of the bacterial suspension in filtered Ringer’s solution. The
S. aureus and E. coli suspensions were incubated with the dyes for 3
and 20 min, respectively. Stains were performed at room temperature
before the FC analysis. Experiments were conducted in triplicate.

In the case of the membrane potential dye, 2 UL of a 250 uM stock
solution of bis-oxonol in ethanol was added to 500 UL of the bacterial
suspension to a final concentration of 1 UM and incubated for 2 min.
Cells killed by heat exposure (30 min at 70°C) were used as controls for
bis-oxonol staining. Experiments were conducted in duplicate.

Flow cytometry (FC)

A Coulter Epics Elite flow cytometer (Coulter Corporation, Florida,
USA) equipped with a 15 mW air-cooled 488 nm argon-ion laser (for
Syto-13, PI and bis-oxonol excitation) was used. The green emission
from Syto-13 and bis-oxonol was collected through a 525 nm
band-pass filter. The red emission from PI was collected with a
675 nm band-pass filter. Although the maximum emission is at
620 nm, a 675 nm band-pass filter was used to minimize interference
with the strong fluorescence of Syto-13.

Bacteria were counted using a Cytek Flow Module (Cytek
Development, CA, USA) adapted to the flow cytometer. Forward,
side-scatter and fluorescence signals were collected in logarithmic
scale. A significant percentage of the bacterial population that can
be detected by its Syto-13 fluorescence appears in the first channel
of the scatter. Consequently, fluorescence is used to discriminate
bacteria rather than scatter, thus obtaining a better resolution and
decreasing the background. Data were analysed with Elitesoft version
4.1 (Coulter Corporation) and WinMDI version 2.8 software.

Particle size analysis

Cell suspensions were analysed with a Multisizer II (Coulter) using a
30 wm aperture. Cell suspensions were diluted (1/1000) in 0.9% NaCl
previously passed through a 0.2 um filter. Data were analysed by
AccuComp software version 1.15 (Coulter).

Bacterial count

Viable counts (cfu/mL) were obtained on trypticase soy agar (TSA).
After an appropriate dilution in Ringer’s solution, the sample was
inoculated on plates and incubated at 30°C for 24-48 h. Rapid
separation of bacteria from the antimicrobial was achieved by centri-
fugation at 4500 g in a bench top centrifuge for 15 min and subsequent
dilution in Ringer’s solution prior to plating. Cell counting was
performed in triplicate.

Transmission electron microscopy (TEM)

After treatment of cell suspensions with the biocides at 3/2 MIC for
30 min for each microorganism [3 and 12 mg/L of C5(CA), with
S. aureus and E. coli, respectively, and 0.75 and 3 mg/L of CHX
with S. aureus and E. coli, respectively] the bacterial pellets were
rinsed with 0.1 M phosphate buffer (pH 7.4), washed three times
and fixed with 2.5% buffered glutaraldehyde for 1 h at 4°C. The
cells were then post-fixed in 1% buffered osmium tetroxide for 1 h,
stained with 1% uranyl acetate, dehydrated in a graded series of
ethanol, and embedded in LR (London Resin Co. Ltd, London, UK)
white resin. Ultra-thin sections were prepared and stained with 1%
uranyl acetate and sodium citrate. Microscopy was performed with a
Philips EM 30 (Eindhoven, Holland) microscope with an acceleration
of 60 kV.

Potassium leakage

Potassium leakage was measured as described previously.* Cells were
grown on TSA at 37°C for 12 h, then harvested in 10 mL of Ringer’s
solution, washed three times with Ringer’s solution and finally cent-
rifuged at 5000 g for 30 min at 15°C and resuspended in 25 mL of 1 mM
glycil-glycine buffer solution pH 6.8 to obtain a cell density of 2 x 10
cfu/mL and 3 x 10® cfu/mL for S. aureus and E. coli, respectively. The
microorganisms were treated with the antimicrobials at 3/2 MIC for
30 min. Then, 5 mL of cell suspension was removed, diluted and
centrifuged at 4500 g for 15 min. Positive controls were lysed cell
suspension obtained by thermal shock (70°C for 30 min). Experiments
were conducted in triplicate.

The potassium concentration in the supernatant was measured
using an atomic absorption Philips PU9200X spectrophotometer (Phi-
lips Cambridge, UK). Absorbance values were converted into potas-
sium ion concentration (ppm) by reference to a curve using potassium
ion solution of 0, 0.1, 0.2, 0.5 and 1 ppm.

Results

As shown in Table 1, the MICs of C5(CA), and CHX for S. aureus
were 2 and 0.5 mg/L, respectively, and those for E. coli were 8 and
2 mg/L, respectively. To study the effect of the antimicrobial
agents on the bacterial population, two concentrations were
selected on an MIC basis: the first was 50% greater than the cor-
responding MIC (3/2 MIC) and the second was 50% lower than the
MIC (1/2 MIC). The concentrations of the surfactant, C3(CA),,
were always lower than the corresponding critical micellar con-
centration (i.e. 4 x 107 M).!8

Flow cytometry (FC) and viability reduction

To assess the effect of C3(CA), and CHX on bacterial populations,
dual staining of cells was performed with Syto-13 (a nucleic acid
stain that penetrates all types of cellular membranes) and
PIL a nucleic acid stain not taken up by intact cells.'” Hence,
three types of stained cells could be observed after the treatment:
cells stained with Syto-13 (intact cells), double stained cells (par-
tially damaged cells) and cells stained with PI (severely damaged
cells).

To validate the FC results, and to examine the putative rela-
tion between cell damage and cell viability, viable cell counts
were determined after exposure to the microbicides. The results
with S. aureus are shown in Figure 2(a—c) and Table 2. As seen
in Figure 2(a), the control population was mainly stained with
Syto-13 (99 £ 1%). After 30 min of contact with 3 mg/L (3/2
MIC) C3(CA),, 95 + 1% of the cells were stained with Syto-13,
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Figure 2. Effect on the membrane integrity of S. aureus and E. coli caused by exposure to C3(CA), and CHX, shown by dual staining with PI and Syto-13.
(a) Untreated S. aureus control, (b) S. aureus treated with C3(CA),, (¢) S. aureus treated with CHX, (d) untreated E. coli control, (e) E. coli treated with C3(CA),,
and (f) E. coli treated with CHX. In all cases, time of contact was 30 min and antimicrobial concentration was 3/2 MIC.

Table 2. Effect of the antimicrobials on S. aureus after a dual stain with PI and Syto-13, and viability by plate counts

Entry Sample Conc. (mg/L) Syto-13 (%) PI + Syto-13 (%) PI (%) cfu/mL (10%) Viability reduction (%)
1 control - 99 + 1 0 1 +1 48+ 1.3 -

2 C5(CA), 1 93 + 4+1 3+2 3.8+1.3 21 £10

3 C5(CA), 3 95 +1 2+1 3+1 33106 31t6

4 CHX 0.25 807 5+1 14+4 3.8+3.3 21 £13

5 CHX 0.75 74 £ 8 11+4 15+1 34+£2.1 20+9

Antimicrobial concentrations tested were 1/2 MIC and 3/2 MIC, and time of contact was 30 min. Data are given as the mean = SEM of three separate experiments.

2 + 1% were double stained and 3 + 1% were stained with PI,
indicating slight damage caused by C3(CA),. Varying the C5(CA),
concentration did not alter the proportion of damaged cells (Table 2,
entries 2 and 3). Likewise, cell counts on plates did not change
substantially with biocide concentration; viable cells dropped from
79 £ 10% at 1 mg/L (1/2 MIC) to 69 £ 6% at 3 mg/L (3/2 MIC).
When S. aureus was treated with 0.75 mg/LL. CHX (3/2 MIC)
(Figure 2c¢), 11 + 4% partially damaged (double stained), and
15 £ 1% severely damaged cells (PI stained cells) were seen.
Decreasing the biocide concentration from 3/2 to 1/2 MIC did
not affect the proportion of partially damaged cells, since double
stained cells only decreased from 114 to 5+ 1% (Table 2, entries
4 and 5). These results agree with the cell counts, where varying
biocide concentration caused only a slight effect on cell viability
(Table 2, entries 4 and 5).

A different pattern was observed in E. coli populations when
they were treated with C3(CA), and CHX (Figure 2d—f and Table 3).
The control population showed 91 + 4% of intact cells (stained
by Syto-13). After treatment with 12 mg/L. C5(CA), (3/2 MIC),
a dramatic decrease in intact cells was detected, only 5 + 1% of
the population retained Syto-13 whereas 77 = 10% were severely
damaged (stained by PI), and the remaining 18 + 3% were partially
damaged (double stained, Figure 2e). At 4 mg/L C;(CA),
(1/2 MIC), 42% (PI and PI + Syto-13) of the population showed
signs of damage and the reduction in viability was 77 £ 1% (Table 3,
entry 2). Three sub-populations could clearly be observed
(Figure 2f) when E. coli cultures were treated with CHX at
3/2 MIC: 63 + 5% remained intact (Syto-13); 21 + 2% showed
partial damage (double stained); and 16 £ 3% of cells were
severely damaged (stained by PI). As presented in Table 3 (entries
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Table 3. Effect of the antimicrobials on E. coli after a dual stain with PI and Syto-13, and viability by plate counts

Entry Sample Conc. (mg/L) Syto-13 (%) PI + Syto-13 (%) PI (%) cfu/mL (10%) Viability reduction (%)
1 control - 91 £ 4 +1 6+3 25+ 1.5 -

2 C5(CA), 4 58 £11 15+£2 27+3 0.6 £0.3 77 £ 1

3 C5(CA), 12 5+1 18 £3 77 £ 10 0.1 £0.1 95 +1

4 CHX 1 675 +2 20+ 3 1.4£0.8 44 + 1

5 CHX 3 63£5 21 £2 16 £3 1.0+ 04 61 £1

Antimicrobial concentrations tested were 1/2 MIC and 3/2 MIC, and time of contact was 30 min. Data are given as the mean + SEM of three separate experiments.

4 and 5), variation of CHX concentration did not appear to have
any effect as observed by FC; the population stained by Syto-13
decreased from 67 + 5 to 63 * 5%. However, the viability
reduction changed significantly with CHX concentration, from
44 +1to 61 £ 1 (i.e. 17 = 2% of viability reduction).

Membrane potential

Membrane depolarization was measured by determining the relat-
ive fluorescence intensity of bis-oxonol labelling using FC. As
shown in Figure 3, the negative controls (i.e. cell suspensions in
the absence of microbicides) showed the minimum relative fluor-
escence intensity (Figure 3a and e). We considered the range M1
[0-350 fluorescence units (FU)] as undamaged cells showing no
significant depolarization of the cytoplasmic membrane. As expec-
ted, the positive control (i.e. bacteria that underwent a thermal
shock at 70°C for 30 min) showed the maximum relative fluores-
cence intensity (Figure 3d and h). We considered the range M2
(between 350 and 1024 FU) as damaged and dead cells. The effect
of C3(CA), on S. aureus showed a bimodal profile (Figure 3b) with
two distinct populations of cells: almost 50% of the population
emitted fluorescence in the region of non-damaged cells; while the
rest emitted in the region of the dead cells. A different pattern was
observed on exposure of E. coli to C3(CA),; 84% of cells were
damaged or dead (increased fluorescence); and 16% remained
intact. When cells were exposed to CHX, a bimodal pattern was
observed (i.e. 49% intact and 51% damaged cells) with E. coli
(Figure 3g), whereas, for the most part, S. aureus was undamaged
(Figure 3c).

Potassium ion leakage

Potassium ion (K*) leakage reflects an increase in the cytoplasmic
membrane. Here, intracellular potassium leakage resulting from
exposure to C3(CA), and CHX of S. aureus and E. coli at the
corresponding 3/2 MIC was measured. The cell density was
2% 10% and 3 x 10® cfu/mL for S. aureus and E. coli, respectively.
The negative blank was the K* leakage measured from the bacterial
suspensions in the absence of the antimicrobials (363 = 75 X
107 ppm K* from S. aureus and 769 + 42 x 10~ ppm K* from
E. coli). The positive blank was the K* released from the bacterial
suspensions heated at 70°C for 30 min (509 % 29 x 10~ ppm K*
from S. aureus and 918 + 33 x 107> ppm K* from E. coli). Thus,
the percentage of K* leakage was the ratio of net to total amount
of K* released.

Experiments with the Gram-positive organism showed that
C3(CA), caused a potassium loss of 401 + 32 x 1073 ppm K*
(26%) and CHX 375 + 63 x 107> ppm K* (8%). The results
with the Gram-negative organism showed that both antimicrobials

released higher amounts of potassium ion than the Gram-positive
organism: the surfactant, C3(CA),, released 951 + 52 x 1073 ppm
K* (>100%) and CHX released, 889 + 42 x 10> ppm K* (81%).

TEM

Mesosome-like structures (i.e. spiral-bodies of the cytoplasmic
membrane forming within the cytoplasm) and some cytoplasmic
clear zones could be seen in S. aureus treated with C3(CA),
(Figure 4a). In the case of E. coli more severe perturbations
could be seen; numerous vesicles protruded from around the
cell, severe damage to the membranes, appearance of cytoplasmic
white spots, and abnormal septation (Figure 4b). The morpholo-
gical disturbance caused by CHX on S. aureus was mesosome
formation, clear zones and membrane-like convoluted structures
in the cytoplasm (Figure 4c). In E. coli, cytoplasmic damage was
clearly seen with the appearance of cytoplasmic white spots, as well
as clear zones, and perturbations of the cytoplasmic membrane
(Figure 4d).

Discussion

C3(CA),, and the comparator molecule CHX, change the polarity
of the cell membrane bilayer of the bacteria and cause leakage of
K" ions from the cytoplasm. Both phenomena are involved in the
cell death mechanism. But, these two compounds have different
bacterial selectivity suggesting a different mode of action; C5(CA),
has a concentration dependent microbicidal effect on E. coli, but
has little effect on S. aureus; whereas CHX has little effect on
E. coli, and does cause some damage (though not loss of viability)
to S. aureus.

Potassium leakage is a first indication of membrane damage
in microorganisms.zo_22 Ultrastructural changes are also observed
early on in the progress of membrane damage, with mesosome-
like structures often appearing before any other effects on cell
viability are noted.”® Both C3(CA), and CHX induced the first
stages of cytoplasmic membrane damage in E. coli and in S. aureus,
as shown by loss of intracellular potassium ions from washed
cell suspensions, and the presence of intracellular mesosomes.
This may be due to both the physicochemical properties of
the microbicides and the composition of the cell membrane of
Gram-positive and Gram-negative bacteria.” Both, C5(CA), and
CHX have two negative charges but the former is an amphiphilic
molecule with surfactant properties whereas the later has a weak
surface activity.®**%>

The fluorochromes PI and Syto-13 were chosen because of
their potential ability to distinguish between intermediate states
of dead and live cells; PI confers fluorescence on cells which
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Figure 3. Effect on the transmembrane potential of S. aureus and E. coli caused by exposure to C3(CA), and CHX, shown by bis-oxonol staining. The relative
fluorescence intensities within the M1 regions were taken as live cells, and those within the M2 regions were take as dead cells (logarithmic scale). (a) Untreated
S. aureus control, (b) S. aureus treated with C3(CA),, (¢) S. aureus treated with CHX, (d) S. aureus heated at 70°C, (e) untreated E. coli control, (f) E. coli treated
with C5(CA), (g) E. coli treated with CHX, and (h) E. coli heated at 70°C. In all cases, time of contact was 30 min and antimicrobial concentration was 3/2 MIC.
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1000 nﬂ

Figure 4. Effect on membrane ultrastructure of S. aureus and E. coli caused by exposure to C5(CA), and CHX, shown by transmission electron microscopy.
(a) S. aureus treated with C3(CA),, (b) E. coli treated with C3(CA),, (¢) S. aureus treated with CHX, and (d) E. coli treated with CHX. In all cases, time of contact was

30 min and antimicrobial concentration was 3/2 MIC.

have lost their membrane integrity, whereas Syto-13 confers
fluorescence on intact cells. The fluorochrome bis-oxonol is an
anionic lipophilic dye that does not accumulate to any great extent
in cells with a negative transmembrane potential, and fluorescence
increases as membrane potential decreases.?® These labels, in
combination with ultrastructural studies, and cell viability assays
demonstrated marked differences between the microbicides in
their action on the bacterial cells: when E. coli was exposed to
C3(CA),, 84% showed loss of membrane potential, 27-77% of
cells showed membrane damage and 77-95% loss of cell viability,
depending on the concentration of C3(CA), used. It is remarkable
that the bis-oxonol fluorescence measured from the C3(CA),-
treated E. coli was close to that of the positive control. This
indicates a complete membrane depolarization that caused irre-
versible damage leading to loss of viability. Electron micrographs
agree with these results. Intracytoplasmic black spots were
observed, similar to those reported in E. coli heat-treated cells.”’
The most striking ultrastructural effect observed in E. coli was the
formation of vesicles blebbing out from the outer membrane in the
presence of C3(CA),, similar to those reported for benzal-
konium chloride-treated Pseudomonas aeruginosa.*® CHX had
little effect on E. coli membrane integrity, shown by PI and
Syto-13 labelling, though some intracytoplasmic changes were
observed by electron microscopy. A moderate effect on E. coli
membrane potential (51%) and cell viability (61% reduction)
were also observed.

S. aureus membranes seem to be little affected by exposure of
the bacteria to C3(CA),, with just 5-7% loss of integrity shown by
PI staining; a low emission of bis-oxonol fluorescence, indicating a
moderate effect on the membrane potential and a low impact on the
viability of the cells. Exposure to CHX caused some loss of mem-
brane integrity (the proportion of PI stained cells increased), and a
moderate reduction in membrane potential, but no reduction in
viability. These data were supported by ultrastructural studies.
These data are consistent with the idea that C3(CA), and CHX
are probably working through similar overall mechanisms, but
with different bacterial specificities due to their charge properties
and the nature of the bacterial targets: Gram-negative cells offer a
lipopolysaccharide (LPS) barrier that Gram-positive cells do not
posses.’ The anionic character of the LPS layer'* could enhance the
binding of the cationic surfactant C3(CA),, which would not be so
strong with CHX due to its weak surface activity and surfactant
properties. This, together with the ability of C3(CA), to partition
between the aqueous solution and the biological membrane,
would make it an excellent molecule for targeting Gram-negative
bacteria.

A lack of correlation between the membrane damaging action
and cell viability seen for S. aureus suggests that membrane
perturbation may be an important step in cell death, but is not
necessarily a lethal event. Previous studies with S. aureus and
E. coli have also indicated that membrane perturbation caused
by antimicrobials and recovery of cells on agar are not always
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directly related.**° This may be due to technical factors such as
the conditions for recovery of cells;®*%3! or that membrane
perturbation does not necessarily lead to dissolution of the proton
motive force and cell death.®3%3!

It is notable that two different populations (~50%) were
registered using the bis-oxonol dye. This points to the presence
of sub-populations with different degrees of damage, suggesting
reversible damage or it could even represent viable and non-viable
organisms.*?

Conclusions

C3(CA), and CHX induce similar types of damage to S. aureus
and E. coli, though they differ in the extent of membrane depol-
arization and reduction in cell viability. These differences suggest
that both compounds damage bacteria in a different way, and that
the surfactant properties of C3(CA), and its ability to partition
into the biological membrane from aqueous solution might be
important characteristics in its microbicidal action.
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Novel bis(N*-phenylacetyl-L-arginine)-a,w-alkanediamide dihydro-
chloride (bis(PhAcArg)) derivatives with antimicrobial activity
were designed and synthesised by a chemoenzymatic strategy.
The new structures consist of two N“phenylacetyl-L-arginine
moieties connected by an alkanediamine spacer chain of 6, 8, 10,
12, and 14 methylene units through amide bonds. The key step
in the chemoenzymatic strategy is the double aminolysis of the
N“-phenylacetyl-L-arginine methyl ester by the corresponding
a,w-alkanediamine catalyzed by papain in ethanolic media. The
compounds synthesised were tested as antimicrobials against 15
bacterial and 8 fungal species. The antimicrobial activity and se-
lectivity depend strongly on the spacer chain length. The bis-

Introduction

The synthesis, physicochemistry, and biological activity of argi-
nine fatty acid conjugates have been the focus of our atten-
tion during the last decade."™ Arginine fatty acid conjugates
are a class of amphiphilic compounds that possess excellent
surface and interface activity, rich self-assembly behaviour, a
low toxicity profile, high biodegradability, and broad antimicro-
bial activity.*® These exceptional characteristics make them
candidates of choice as preservatives and antiseptics in phar-
maceutical, food, and dermatological formulations. Among the
arginine-based surfactants synthesised by our research group,
bis(N“-caproyl-L-arginine)-1,3-propanediamide dihydrochloride
(G5(CA),), a novel dimeric (that is, double-chain/double-polar-
head compound), showed the lowest minimum inhibitory con-
centration (MIC) values against a broad spectrum of Gram-pos-
itive and Gram-negative bacteria.>”

Biguanides are powerful antiseptics widely employed in
many pharmaceutical and personal-care formulations. Chlo-
rhexidine (CHX) is the most representative commercial bigua-
nide compound. It possesses high efficacy against both Gram-
positive and Gram-negative bacteria and low toxicity.®® Inter-
estingly, the MIC values of CHX are about 2- to 48-fold lower,
depending on the microorganism, than those of C53(CA),.” In
general, microbicides lack target specificity, although in the
case of biguanides such as CHX and cationic surfactants in-
cluding C5(CA),, the main target appears to be the cytoplasmic
bacterial membrane.”®'® Moreover, both biguanides and cat-
ionic surfactants share similar mechanisms of action."” Thus,
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(PhAcArg) derivative with the spacer chain of 12 methylene
groups gave the lowest MIC values against Gram-positive bacte-
ria, whereas that with 14 methylene units was the best against
Gram-negative bacteria. Interestingly, these novel compounds
showed enhanced antibacterial activity relative to the lead com-
pound, bis(N*-caproyl-L-arginine)-1,3-propanediamide dihydro-
chloride (C5(CA),), and moderate antifungal activity. Moreover,
tests of haemolytic activity toward human erythrocytes revealed
that haemolysis increases with spacer chain length. Importantly,
the compounds were classified as not irritating to eyes, with the
exception of the compound with the spacer chain of 14 methyl-
ene groups, which was a slight eye irritant.

structural factors and an appropriate hydrophobic-hydrophilic
balance are mostly responsible for the various antimicrobial ef-
ficiencies observed. To improve the antimicrobial potency of
arginine-lipid conjugates, we sought to design new arginine
derivatives, namely bis(PhAcArg)s, analogues of C;(CA),.

C5(CA), and CHX are both dicationic, and their positive
charges are connected through a hydrocarbon spacer chain
(Figure 1). As C5(CA), already has good antibacterial activity, we
intended to keep structural changes in the molecule to a mini-
mum. Hence, with the CHX structure in mind, we thought of
substituting the two N*-caproyl groups of C;(CA), with two N*-
phenylacetyl residues and to vary the length of the spacer
alkyl chain (see Figure 1). The spacer chain length modulates
the hydrophobic-hydrophilic balance, which influences the in-
terfacial properties and therefore, the antimicrobial activity of
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H,N*+ NH, HoN*% ' NH,
CclI- cr
3a,n=6;3bn=8;3¢c,n=10;3d, n=12;3e,n=14
bis(PhAcArg)

o} e}

chlorhexidine (CHX)

Figure 1. Structures of bis(PhAcArg), C;(CA),, and CHX.

the molecule.” Based on previ-

ous work!™"! with dimeric argi-
nine derivatives, alkanediamine
spacers of 6, 8, 10, 12, and 14
methylene groups were chosen _ H

NH

as the most appropriate. RS 7 Cﬁ

Herein we report the chemo- NH,
enzymatic synthesis of these 0

. — H

new bis(PhAcArg) derivatives 2 an]/N\/lKOMe
and their antimicrobial activity O R
against 15 bacterial and 8 1
fungal species. Moreover, to

assess cytotoxicity and the po-
tential for acute eye irritation,
we determined their haemolytic
and protein denaturation effects
on erythrocytes and compared
those with the effects observed in the presence of CHX by
using a quick in vitro screening test.

Results and Discussion
Chemoenzymatic synthesis of bis(PhAcArg) derivatives

Based on our previous work in the chemoenzymatic prepara-
tion of arginine-based gemini surfactants? the synthesis of
the new bis(PhAcArg) amphiphiles was initially planned in four
steps (Scheme 1).

The first two steps, esterification of the a-carboxyl group of
the arginine moiety (98%) and acylation of the a-amine with
phenylacetyl chloride (73%) gave access to intermediate 1.
The third step was the aminolysis of the a-methyl carboxylate
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group of 1 by one of the amino groups of the a,w-
alkanediamine. This reaction took place without any
catalyst in good yield (Table 1) by using 5-7 equiv
diamine at temperatures above the melting point of
the given diamine, which acted as solvent and re-
agent. Derivatives 3a-3e were then obtained by
papain-catalysed amidation of 1 by 2 in ethanol/
boric acid-borate buffer (0.1 m, pH 8.2, 99.5:0.5) in
good yield (Table 2). The final purification steps re-
quired to afford highly pure products lead to moder-
ate overall yields. The enzymatic amide bond forma-
tion failed for the reaction between 1 and o,w-tetra-
decyldiamine. Excess diamine from the previous step
that had not been eliminated by simple washings
appears to be responsible for the low conversion. In
fact, it had been observed that the diamines had a
negative effect on papain activity by either acting as
an inhibitor or by modifying the enzyme ionization
state owing to the basicity of the product.”

To avoid the presence of excess diamine, the for-
mation of bis(PhAcArg) in a one-pot enzymatic reac-
tion was undertaken, starting from the diamine and
2 equiv compound 1. Interestingly, the new synthet-
ic enzymatic scheme furnished bis(PhAcArg) in three

i es Ho g
H.N"T/NH
oM ————= B N%N”@‘HNHQ+PhAc—Arg-OH
& n=6,8101214 & 5 H
1 2
1
c)
0 o
c H H
) Bn._N._JL £ N._Bn + PhAc-Arg-OH
T T
HNTLNH, o R 'R O
n=6,8, 10,12, 14 3bn=8
3c:n=10
3d:n=12
3e:n=14

Scheme 1. Chemoenzymatic synthesis of bis(PhAcArg) derivatives: a) SOCl,/MeOH; b) BnCOCI; c) Papain onto
celite, EtOH/boric acid-borate buffer (99.5:0.5). Bn =benzyl.

Table 1. Aminolysis of 1 by a,m-alkanediamines of various length.

H,N(CH,),NH, T[°C] PhAc-Arg- Product 2 [%]®"' Product 3 [%]"”
OH [%]
n=6 50 6 90 6
n=8 55 9 85 9
n=10 66 7 88 7
n=12 72 6 87 6
n=14 100 8 87 8

[a] Molar percent conversion into the corresponding product with respect
to PhAc-Arg-OMe (compound 1) measured by HPLC of the crude reaction
mixture using purified standards; reaction time: 2 h. [b] Isolated yields
were not calculated, as a simple workup was performed to remove
excess diamine; therefore, the final product contained PhAc-Arg-OH and
product 3.
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Table 2. Papain-catalyzed amide bond formation between 1 and 2.

Product Conversion [%]@ PhAc-Arg-OH [%]® Isolated Yield [%]
3a 48 38 25
3b 48 29 21
3c 54 34 27
3d 58 25 26
3e 27 65 nr®

[a] Molar percent conversion into the corresponding product with respect
to PhAc-Arg-OMe (compound 1) measured by HPLC of the crude reaction
mixture using purified standards; reaction time: 72 h; 1.5 equiv 2 per mol
PhAc-Arg-OMe. [b] No reaction.

by the different cell envelope structure of the two bacterial
types. Gram-negative bacteria possess an outer membrane
composed mainly of lipopolysaccharides and porins which re-
strict the entrance of biocides and amphiphilic com-
pounds."*" The perturbation of this outer membrane requires
a fine tuning of the hydrophobic-hydrophilic balance of the
microbicide molecule. Gram-positive bacteria possess a thick,
rigid, and highly porous cell wall of peptidoglycans. Thus,
small hydrophilic molecules such as penicilin can move
through it without difficulty, allowing easy penetration of com-
pounds into the cell.™ Moreover, bacteria often possess efflux

steps at room temperature and Table 4. MIC values (um) for compounds 3a-e, C5(CA),, and CHX against bacteria.”’
with reaction conversions simi- Speci 3 3b 3 3d 3 CCA) CHX
. ecies a 4 e
lar to those obtained by the P i
procedure  described above sl u 13 Sgsm'pos't'vis 8 8 . 5
. . acillus cereus var. mycoides > >

(Table 3). Most importantly, this Staphylococcus epidermidis >323 19 39 2 36 10 2
strategy allowed us to prepare | acillus subtilis >323 154 39 2 36 21 2
the bis(PhAcArg) 3e with o,0- Staphylococcus aureus >323 77 19 5 36 3 1
tetradecyldiamine in isolated Micrococcus luteus >323 154 19 18 71 21 2

ields similar to th btained Enterococcus hirae >323 >307 156 10 36 10 3
y'? S similar 10 those o ame. Mycobacterium phlei >323 77 19 nd nd 21 nd
with  shorter spacer chain Mycobacterium smegmatis nd nd nd nd 36 10 3
lengths.

Gram-negative
Bordetella bronchiseptica >323 154 39 37 36 5 2
Antibacterial activit Pseudomonas aeruginosa >323 >307 >311 149 71 42 14
ntibacterial activity Salmonella typhimurium >323 >307 >31 75 36 42 7
. s Enterobacter aerogenes >323 >307 >311 149 18 42 14
Minimum inhibitor ncentra-

K u bitory concentra Escherichia coli >323 154 156 37 18 10 3
tion (MIC) values for 3a-e along | yiepsiella pneumoniae >323 >307 >311 149 18 21 7
with those for C5(CA), and CHX Serratia marcescens >323 >307 >311 >298 >286 >333 7
are summarised in Table 4. To [a] MIC: the lowest concentration of compound required for the inhibition of growth of test strains; nd =not
compare compounds with dif- determined.

ferent molecular weights pre-

Table 3. Papain-catalyzed synthesis of 3 in one-pot reaction.

Product PhAc-Arg-OH [%]* Product 2 [%]® Product 3 [%]®
3a 13 16 55
3b n 19 59
3c " 17 55
3d 13 19 59
3e 10 20 37

[a] Molar percent conversion into the corresponding product with respect
to PhAc-Arg-OMe (compound 1) measured by HPLC of the crude reaction
mixture using purified standards; reaction time: 176 h; 1.1 equiv a,w-alka-
nediamine per mol PhAc-Arg-OMe.

cisely, MIC values are expressed in um instead of the typical
mgL~". For the novel bis(PhAcArg) series 3, there is a clear
effect of the spacer chain length on antimicrobial property.
Overall, the lowest MIC values against Gram-positive bacteria
were observed with 3d (12 methylene groups in the spacer
chain), whereas 3e (14 methylene groups) showed the most
potent inhibition of growth toward Gram-negative bacteria.
Gram-negative are generally more resistant to antimicrobial
agents than are Gram-positive bacteria. This can be explained
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proteins located in the cytoplasm membrane. These serve as a
protective mechanism against antimicrobial activity by pump-
ing antimicrobial molecules out of the cell."

Compared with C;(CA),, compounds 3d and 3e have en-
hanced activity against Gram-positive and Gram-negative bac-
teria, respectively. The different antimicrobial efficiency of
these compounds can be attributed to the combination of sev-
eral physicochemical parameters: hydrophobicity, adsorption,
aqueous solubility, and transport in the test medium. As a
measure of hydrophobicity, we estimated the log octanol-
water partition coefficient (logP) of the compounds by using
KowWin, software that is based on the atom/fragment contri-
bution method.'” The estimated values are as follows: 3a
0.80, 3b 1.78, 3¢ 2.76, 3d 3.74, 3e 4.73, C5(CA), 3.77, and CHX
4.85. It is important to stress that these are estimated rather
than experimental values. As expected, logP increased with in-
creasing spacer chain length. Interestingly, the antimicrobial
activity showed good correlation with logP for the bis-
(PhAcArg)s, in good agreement with QSAR studies of bigua-
nide biocides."*'® The most active compounds, including CHX,
have an estimated logP value in the range between 3.74 and
4.85. It has been observed that the spacer chain length modu-
lates the lipophilicity of the molecule, but is not a key structur-
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al parameter for antimicrobial activity."” The optimal length of
the spacer chain depends on the structure and nature of the
polar head groups as well as on the presence of other alkyl
chains in the molecule."*' Therefore, antimicrobial activity
cannot be determined by any given individual structural
moiety alone. It is the right combination of positive charges
and hydrophobic groups that provide the adequate hydrophil-
ic-lipophilic balance.”®

Apart from high activity (that is, high preservation capacity),
a balance between antimicrobial activity on one hand, and low
toxicity and efficient biodegradability on the other is always
pursued. Hence, the relatively low activity against Gram-nega-
tive bacteria may facilitate the subsequent biodegradability of
these compounds, thus decreasing their environmental impact.

Antifungal activity

The MIC values for compounds 3 a-e, C5(CA),, and CHX against
two yeast species and six molds are shown in Table 5. Similarly
to the antibacterial activity, the results for the novel bis-
(PhAcArg) series 3 against fungi indicate that there is a clear
effect of the spacer chain length on antimicrobial properties.
Antifungal capacity increases with increasing spacer chain
length; compounds 3a and 3b did not show antimicrobial ac-
tivity in the concentration range tested; an increase in spacer
chain length did increase the antifungal effect (compounds
3 c-e). However, C5(CA), and CHX are more potent than com-
pounds 3. These results suggest again that the amphipathicity
is the key parameter for activity.

Compounds 3 c-e, C5(CA),, and CHX showed both antibacte-
rial and antifungal activity. Fungi are eukaryotic organisms, and
in many instances, antibacterial agents have no effect on
them. An exception to this are the cationic biocides, the pri-
mary target of which are the bacterial cytoplasmic and fungal
plasma membranes.”"

The mechanism of action of some antifungal compounds is
related to the inhibition of ergosterol biosynthesis, among
other metabolic pathways.”? However, the mode of action of
amphiphilic fungicides is still poorly understood. Some amphi-
philic fungicides such as amphotericin B and nystatin bind to
ergosterol which disrupts membrane function and increases
permeability, thus causing cell lysis.”? Pentamidine analogues

P. Clapés et al.

are dicationic aromatic compounds with antifungal activity
equal or greater than that of fluconazole and amphoteri-
cin B! The mitochondrion appears to be the primary cellular
target of these compounds.¥

Therefore, the mode of antifungal action of 3c-e could be
mostly through a perturbation of the plasma membrane, likely
by binding to ergosterol, among other things. Furthermore, a
potential effect on mitochondrial processes might be also con-
sidered; as this action requires the uptake of the compound
through the membrane, an accurate lipophilic-hydrophilic bal-
ance of the molecule is also required.

Haemolytic effect and potential ocular irritation

In many cases, antimicrobial agents that kill or inhibit the
growth of microbial cells can also be cytotoxic to others such
as red blood cells. The determination of haemolytic action is a
good way to discriminate cytotoxic from non-cytotoxic com-
pounds and also to asses the potential for acute eye irrita-
tion.”” Compounds 3a, 3b, and 3 c showed low haemolytic ac-
tivity at the highest concentration tested and did not induce
haemoglobin denaturation. Compounds 3d, 3e, and CHX
showed haemolytic activity, and the results of haemolysis ob-
tained at different concentrations are presented in a dose-re-
sponse curve (Figure 2).

120 1
100 A
80 -

60 1

haemolysis / %

40 - 3d

20 A1
CHX

0 T T ]
10 100 1000 10000

concentration /ug mL™

Figure 2. Haemolysis induced by 3d (a), 3e (0), and CHX (e). Values are ex-
pressed as the mean +SD of three experiments.

Table 5. MIC values (um) for compounds 3a-e, C;(CA),, and CHX against fungi.

The values of HCs, for 3d,
3e, and CHX are presented in

Fungi 3a 3b 3¢ 3d 3e G(CA), CHX Table 6 along with the denatur-
Veast ation index (DI) and the lysis/
Candida albicans >323 >319 312 149 143 166 55 | denaturation ratio (L/D). From
Saccharomyces cerevisiae >323 >319 156 149 143 166 28 the L/D data, CHX and 3d can
be considered as nonirritant to
Moulds the eyes, whereas 3e was a
Aspergillus repens >323 319 78 19 36 5 7 . y > ]
Aspergillus niger >323 >319 312 75 72 10 s5 | slight irritant. Interestingly, CHX,
Penicillium chrysogenum >323 >319 312 75 143 83 28 3d, and 3e were lesser irritants
Cladosporium cladosporoides >323 160 78 37 18 5 7 than C4(CA),, which was found
Trychophyton mentagrophytes >323 >319 312 149 72 21 14 .
Penicillium funiculosum >323 160 78 19 18 21 ;| to be a moderate iritant and

more haemolytic.” In the pres-
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Table 6. Haemolytic data of 3d, 3e, and CHX determined with human
erythrocytes.

Parameter 3d 3e CHX
HCy, [ug mL~ "] 1002481 366+4 25254270
DI® 0 841 0
L/D o0 46 00

Classification Nonirritant Slight irritant Nonirritant

[a] Concentration giving 50% haemolysis; values expressed as the mean

=+ SD. [b] Denaturation index. [c] Lysis/denaturation ratio.

ent study, CHX showed an HCy, value higher than that previ-
ously reported for which rabbit blood cells were used.?” This
could be attributed to both the different erythrocyte sources
(human versus rabbit blood cells) and the different methodolo-
gies employed.” Human erythrocytes have been proven to be
more resistant than those from other species.””!

When the compounds were added to the erythrocyte sus-
pension in aqueous medium, they could first distribute be-
tween the erythrocyte membrane and the solution by adsorp-
tion until equilibrium is reached. The interaction between the
compound and erythrocyte membrane at sublytic concentra-
tion might be governed by the partition of the compound be-
tween the aqueous medium and the membrane. This partition-
ing is closely related to both the hydrophobicity of the com-
pound and the ionic interactions present. Haemolysis probably
begins when the erythrocyte membranes are saturated with
the given compound. Herein, a good correlation (that is, expo-
nential relationship) was observed between the haemolysis in-
duced by compounds 3a-e at 1000 pgmL™' and the number
of methylene units in the spacer chain (Figure 3). Various ex-
amples of the relationship between haemolysis and alkyl chain
length of surfactants have been published.”*3® Overall, the
longer the alkyl chain length, the greater the haemolytic activi-
ty within a family of structurally related compounds.

Despite the fact that the logP values of CHX, 3e, and
C5(CA), are similar, CHX showed lower haemolytic activity. It
was observed that the interfacial activity of CHX was much

80 A

60

haemolysis / %

20

Figure 3. Haemolytic activity of 3a-e at 1000 pgmL " as a function of the
number of methylene units (n) on the spacer chain. Results are expressed as
mean +SD of three experiments; R*=0.986 for the fitted curve.
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lower than that of C;(CA),; therefore, this may also be an im-
portant parameter to consider.”’ Again, the right combination
of more than one parameter may explain the overall activity of
the compounds.

Conclusions

In conclusion, the synthesis of novel bis(N*-phenylacetyl-L-argi-
nine)-a,w-alkanediamide dihydrochloride (bis(PhAcArg)) deriva-
tives can be carried out by an effective chemoenzymatic strat-
egy in good reaction conversions. The key step in the synthesis
is the papain-catalysed amide bond formation between the
N%-phenylacetyl arginine methyl ester and the corresponding
a,w-alkanediamine.

Replacement of the N*-caproyl groups in C5(CA), by N*-phe-
nylacetyl moieties lead to novel bis(PhAcArg) compounds with
enhanced antibacterial activity but lower antifungal activity
than that of either C5(CA), or CHX. The cytoplasmic bacterial
and plasma fungal membranes appear to be the target of
these new arginine conjugates. The results suggest that the
lipophilic-hydrophilic balance is crucial for antimicrobial activi-
ty and selectivity. Finally, the products showed low haemolytic
activity against human erythrocytes and therefore low poten-
tial for ocular irritation and cytotoxicity.

Experimental Section

Chemicals and reagents: Chlorhexidine dihydrochloride, phenyl-
acetyl chloride, oxalyl chloride and 1,12-dodecanedicarboxylic acid
were obtained from Aldrich. Arginine hydrochloride, lithium
sodium hydride, 1,10-diaminodecane, 1,12-diaminododecane, 1,4-
dithio-p,L-threitol (DTT), and celite 545 (particle size, 26 um; mean
pore diameter, 17000 nm; specific surface area (BET method),
2.19m?g"") were obtained from Fluka. Papain (EC 3.4.22.2) from
Carica papaya crude powder was obtained from Sigma (1.7 Umg™'
protein; one unit (U) causes the hydrolysis of 1.0 mmolmin™'
benzyl-L-arginine ethyl ester (BAEE) at pH 6.2, 25°C). 1,6-Diamino-
hexane and 1,8-diaminooctane were purchased from Merck. Am-
monia was obtained from Praxair. bis(N*-Caproyl-L-arginine)-1,3-
propanediamide dihydrochloride (C5(CA),) was synthesised in our
laboratory by following previously described procedures.” Tetrahy-
drofuran and dichloromethane were distilled over sodium and
CaH,, respectively, just before use. All other solvents and reagents
were of analytical grade and were used without further purifica-
tion. Human blood from healthy volunteers was obtained from the
Blood Bank of the Hospital Clinic (Barcelona, Spain).

Instruments: 'H NMR (500 MHz) spectra of compounds were re-
corded with a Varian Unity-500 spectrometer, and '*C NMR
(100 MHz) spectra, with a Varian Unity-400. IR spectra of com-
pounds in KBr tablets were recorded with a Nicolet Avatar 360
FTIR instrument. Elemental analyses were performed by Servei
de Microanalisi Elemental at Instituto de Investigaciones Quimicas
y Ambientales (IIQAB-CSIC). Specific rotations were measured with
a Perkin—Elmer Model 341 polarimeter. Mass spectrometric data
were obtained using MALDI-TOF MS with a VOYAGER-DE-RP at the
University of Barcelona. The melting point of 1,14-diaminotetrade-
cane was determined with a Kofler apparatus.

Enzyme immobilization: Papain was immobilized by deposition
onto celite 545. The procedure was the following: papain (500 mg)
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and DTT (250 mg) were dissolved in boric acid-borate buffer
(0.1m, pH 8.2, 5 mL, 0.5% v/v). This solution was thoroughly mixed
with celite 545 (5 g) and dried under vacuum (80 pbar) until con-
stant weight was reached.

HPLC analysis: The amounts of acyl donor, product, and hydro-
lyzed acyl donor produced in the reactions were measured by
HPLC (Merck-Hitachi, Licrograph) analysis using a Licrosphere
100 CN (propylcyano) column (5 um, 250x4 mm). The solvent
system used was: solvent A, trifluoroacetic acid (TFA) 0.1% (v/v) in
H,O, and solvent B, H,O/ACN 1:4, TFA 0.095% (v/v); flow rate
1 mLmin~'; detection at A=215 nm. Samples (50 pL) were with-
drawn from the reaction medium at various times (0-96 h) de-
pending on the synthesis and were diluted with EtOH (800 pL).

Preparation of 1,14-diaminotetradecane: 1,12-Dodecanedicarbox-
ylic acid (5.6 g, 21.8 mmol) and DMF (1.68 mL, 21.8 mmol) were dis-
solved in hexanes (350 mL), and the mixture was cooled at 4°C. To
this solution, oxalyl chloride (0.2 mol) was added dropwise over a
period of 30 min, and then the mixture was allowed to react at
room temperature overnight. The reaction mixture started as a
white suspension and ended as a transparent solution with brown
oily precipitated drops on the reactor wall. The solvent was evapo-
rated under vacuum, and the residue was dissolved in freshly distil-
led CH,CL. This solution was saturated by NH; at 4°C, and a white
precipitate formed immediately. The reaction mixture was left to
proceed at room temperature overnight. The solvent and excess
NH; were then removed under vacuum. The solid obtained was
washed with cold water and cold EtOAc and finally dried under
vacuum to afford 1,12-dodecanediamide as a brown solid (6.4 g,
98% yield); 'H NMR (500 MHz, [DJDMSO, 40°C): 6=7.16 (s, 2H),
6.57 (s, 2H), 2.09-1.92 (m, 4H), 1.58-1.38 (m, 4H), 1.24 ppm (s,
16H); *C NMR (100 MHz, [Dg]DMSO, 40°C): 6 = 174.14, 34.95, 28.78,
28.73, 28.58, 28.51, 24.90 ppm; IR (KBr): #=3387, 3189, 2923, 2848,
1650, 1416, 1337, 1281, 1230, 1179, 1122, 799, 646 cm™".

The 1,12-dodecanediamide thus obtained (2.5 g, 9.73 mmol) was
added to a solution of LiAlH, (1.5 g, 40 mmol) in freshly distilled
THF (0.5L) at 4°C. The reaction proceeded overnight at reflux to
favour the solubility of the diamide. The reaction was stopped by
slow and careful addition of cold water. The solid obtained was fil-
tered off, and the filtrate was dried under vacuum to afford 1,14-di-
aminotetradecane as a white solid (1.6g, 70% yield); 'H NMR
(500 MHz, [DJDMSO, 40°C): 6=1.35-1.28 (m, 4H), 1.24 ppm (s,
24H); *CNMR (100 MHz, [DIDMSO, 40°C): 0 =41.52, 33.29, 28.86,
28.81, 28.79, 26.24 ppm; IR (KBr): =3335, 3251, 2923, 2846, 1603,
1461, 1319, 1062, 1004, 920, 714 cm™".

Preparation of N”-phenylacetyl-L-arginine methyl ester hydro-
chloride (PhAc-Arg-OMe-HClI) (1): L-Arginine hydrochloride (20.0 g,
94.9 mmol) was suspended in MeOH (0.5L) and cooled to =~
—40°C. SOCI, (50 mL, 0.69 mol) was added dropwise to this sus-
pension over a period of one hour. Afterward the mixture was stir-
red at room temperature for 48 h to obtain a clear solution. The
solvent, excess SOCl,, and HCl generated were then removed
under vacuum by repeated addition of EtOH until a solid residue
was formed. The residue was filtered, washed with Et,O, and dried
to afford L-arginine methyl ester dihydrochloride as a white solid
(24.2 g, 98% yield). The L-arginine methyl ester hydrochloride thus
obtained (10.0 g, 38.29 mmol) was dissolved with ACN/H,O (15:1).
NaHCO; (6.4 g, 76.2 mmol) and Na,CO; (10.1 g, 95.3 mmol) were
added to this solution. The mixture was cooled with ice water, and
phenylacetyl chloride (5.6 mL, 42.12 mmol) was added dropwise.
The reaction medium was stirred overnight at room temperature.
The resulting mixture was filtered, acidified to pH 1-2, and the sol-
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vent was removed under vacuum. The residue was dissolved in
water (80 mL) and washed with EtOAc (3x 100 mL), and the aque-
ous phase was lyophilized. The solid thus obtained was suspended
in cool EtOH to precipitate the salts, which were filtered out. This
desalting process was repeated three times. Finally, the ethanol
was evaporated under vacuum, the residue was dissolved in water
and lyophilized to afford the title compound as a white solid
(9.83 g, 75% yield).

Preparation of bis(N*-phenylacetyl-L-arginine)-a,m-dialkylamide
dihydrocloride (3): a) Two-step procedure; step 1: Preparation of N*-
phenylacetyl-L-arginine(w-aminoalkyl)amide monohydrochloride de-
rivatives  (PhAc-Arg-NH-(CH,),-NH,HCl) 2: PhAc-Arg-OMe-HCl 1
(4.0 g, 11.67 mmol) was mixed with the corresponding o,w-diami-
noalkane (81.70 mmol). The mixture was heated at different tem-
peratures depending on the diamine: 50 °C for 1,6-diaminohexane,
55°C for 1,8-diaminooctane, 66°C for 1,10-diaminodecane, 72°C
for 1,12-diaminododecane, and 100°C for 1,14-diaminotetradecane
to obtain a homogeneous mixture after few minutes. After 1.5 h,
the reactions were quenched by adding EtO, (25 mL for 2a), ACN/
EtO, (1:1, 25 mL for 2b), or ACN/EtO, (2:1, 25 mL for 2c and 2d);
for compound 2e, see text. The resulting mixture was stirred, soni-
cated at room temperature, and finally cooled at —40°C. The pre-
cipitate thus obtained was collected and washed with EtO, (2%
25 mL). Finally, the solid was dried under vacuum to yield the title
compound. These intermediate products were identified by MS:
2a, m/z [MT41]: 391; 2b, m/z [MT4+11: 419; 2¢, m/z [IMT+1]: 447;
and 2d, m/z [M*+1]: 475.

a) Step 2: Preparation of bis(PhAcArg) (3): The corresponding com-
pounds 2 (13.30 mmol) and 1 (3.04 g, 8.87 mmol) were dissolved in
EtOH (150 mL) free of O, and dried over molecular sieves (3 A).
Aqueous boric acid-borate buffer (0.1 m, pH 8.2, 0.75 mL, 0.5% v/v)
was added To this solution. The mixture was stirred and sonicated
thoroughly to obtain a homogeneous solution. Then, the immobi-
lized papain preparation (17 g) was added. The reaction mixture
was placed in a reciprocal shaker (125 rpm) at 25°C under argon
atmosphere. After 72 h, MeOH (100 mL) was added, and the immo-
bilized preparation was filtered off and washed with MeOH (3 x
100 mL). The organic phases were pooled, and the solvent was
evaporated under vacuum. The residue was purified first by ion-ex-
change chromatography and then by preparative HPLC as de-
scribed below.

b) One-pot procedure: PhAc-Arg-OMe-HCl (24 mg, 0.07 mmol) and
the corresponding a,m-alkanediamine (0.04 mmol) were dissolved
in EtOH (1 mL) free of O, and dried over molecular sieves (3 A).
Boric acid-borate buffer (0.1m, pH 8.2, 5 uL, 0.5% v/v) was added
to this solution. The immobilized papain preparation (100 mg) was
then added, and the reaction mixture was placed in a reciprocal
shaker (125 rpm) at 25°C under argon atmosphere. After 72 h, the
reaction was stopped, worked up as previously described (see
above), and the residue was purified first by ion-exchange chroma-
tography and then by preparative HPLC as described below.

Preparative ion-exchange chromatography: Purification by prep-
arative ion-exchange chromatography was performed as follows.
The crude product was loaded onto a preparative column
(285 cm?) filled with MacroPrep High'S, 50 um stationary phase.
The flow rate was 50-80 mLmin~'. Impurities were first eluted
using NaCl (40 mm) in boric acid-borate (10 mm, pH 9.5) aqueous
buffer/ethanol 40:60. The products, bis(PhAcArg), were finally
eluted with NaCl (0.5m) in H,O/EtOH 40:60. Analysis of the frac-
tions was carried out by HPLC under conditions used for monitor-
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ing the reaction. The fractions with the reaction product were fur-
ther purified by preparative HPLC.

Preparative HPLC: Purification by preparative HPLC was per-
formed as follows. The crude products were loaded onto a prepa-
rative PrepPak (Waters) column (47x300 mm) filled with Delta-
Pak C4, 300 A, 15 um stationary phase. Products were eluted using
ACN gradients in 0.1% aqueous TFA: 20-36% in 30 min for 3a,
15-30% in 30 min for 3b, 19-34% in 30 min for 3¢, 23-38% in
30 min for 3d and 16-32% in 30 min for 3e. The flow rate was
80 mLmin~", and the products were detected at A =254 nm. Analy-
sis of the fractions was carried out by analytical HPLC under iso-
cratic conditions: 41% solvent B for 3a, 45% B for 3b, 49% B for
3¢, 53% B for 3d, and 59% B for 3e. The pure fractions were
pooled and lyophilized in the presence of aqueous HCl (37%,
2 equiv) to obtain the products in hydrochloride form.

Bis(N"-phenylacetyl-L-arginine)-1,6-hexanediamide dihydrochlor-
ide (3a): The title compound was prepared by following the gen-
eral methodology described above (a) (1.05 g, 13% isolated yield),
98% purity by HPLC: gradient elution 10-70% B in 30 min, reten-
tion factor (k)=6.94; [a]2=-25.3 (c=1.0 in methanol); IR (KBr):
7=3258, 3165, 2930, 2853, 1650, 1537, 1445, 1347, 1250, 1168,
702 cm™'; "HNMR (500 MHz, [D,JCH;OH, 22°C): 6=7.36-7.17 (m,
10H), 431 (dd, J=8.46, 5.58 Hz, 2H), 3.60 (m, 4H), 3.16 (m, 8H),
1.93-1.51 (m, 8H), 1.45 (s, 4H), 1.28 ppm (s, 4H); *C NMR (75 MHz,
[D,JCH;OH, 22°C): 0=174.22, 173.85, 158.53, 136.83, 130.24,
129.63, 127.99, 54.71, 43.56, 41.92, 40.16, 30.33, 30.12, 27.28,
26.47 ppm; elemental analysis calcd (%) for C;,Hs,Cl,N;,0,3H,0
(791.8): C 51.57, H 7.64, N 17.69, found: C 51.56, H 7.56, N 17.56.

Bis(N“-phenylacetyl-L-arginine)-1,8-octanediamide dihydrochlor-
ide (3b): The title compound was prepared following the general
methodology described above (a) (1.37 g, 21 % isolated yield), 99%
purity by HPLC: gradient elution 10-70% B in 30 min, k'=8.5;
[@]2 =—23.0 (c=1.0 in methanol); IR (KBr): #=3268, 3155, 2930,
2853, 1650, 1537, 1455, 1358, 1250, 1163, 697 cm~'; 'H NMR
(500 MHz, CD;0D): 6 =7.34-7.20 (m, 10H), 4.31 (m, 2H), 3.59 (m,
4H), 3.16 (s, 8H), 1.83 (s, 2H), 1.74-1.50 (m, 6H), 1.46 (s, 4H), 1.32-
1.25 ppm (m, 8H); *C NMR (101 MHz, CD;0D): 6 =174.17, 173.70,
158.56, 136.87, 130.21, 129.66, 128.03, 54.48, 43.63, 41.96, 40.42,
30.40, 30.32, 30.21, 27.78, 26.44 ppm); elemental analysis calcd (%)
for CygHssClN10,-2H,0 (801.9): C 53.92, H 7.79, N 17.47, found: C
54.14,H 7.83, N, 17.63.

Bis(N"-phenylacetyl-L-arginine)-1,10-decanediamide dihydro-
chloride (3¢): The title compound was prepared following the
general methodology described above (a) (1.61 g, 27% isolated
yield), 98% purity by HPLC: gradient elution 10-70% B in 30 min,
k'=100; [a]¥=-224 (c=1.0 in methanol); IR (KBr): 7#=3268,
3176, 2925, 2848, 1650, 1537, 1455, 1358, 1245, 1163, 692 cm™';
'HNMR (300 MHz, CD,0D): 6=7.34-7.19 (m, 10H), 431 (dd, J=
8.64, 5.55 Hz, 2H), 3.59 (m, 4H), 3.16 (m, 8H), 1.95-1.36 (m, 12H),
1.36-1.16 ppm (m, 12H); *CNMR (75 MHz, CD,0D): 0=174.17,
173.72, 158.54, 136.86, 130.21, 129.63, 127.99, 54.52, 43.63, 41.94,
40.46, 30.57, 30.36, 27.91, 26.42 ppm; elemental analysis calcd (%)
for CugHe,CloN140,:3/2H,0 (820.9): C 55.60, H 7.98, N 17.06, found:
C55.41, H 8.12, N 16.80.

Bis(N"-phenylacetyl-L-arginine)-1,12-dodecanediamide dihydro-
chloride (3d): The title compound was prepared following the
general methodology described above (a) (1.459g, 26% isolated
yield), 97 % purity by HPLC: gradient elution 10-70% B in 30 min,
kK=11.2; [a]®=-21.2 (c=1.0 in methanol); IR (KBr): 7=3278,
3170, 2920, 2848, 1639, 1537, 1455, 1358, 1250, 1163, 692cm™;
"H NMR (300 MHz, CD,0D): 6 =7.37-7.18 (m, 10H), 4.39-4.24 (m,
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2H), 3.59 (m, 4H), 3.16 (m, 8H), 1.94-1.37 (m, 12H), 1.36-1.20 ppm
(m, 16H); *CNMR (75 MHz, CD,0OD): 6=174.17, 173.81, 158.56,
136.87, 130.21, 129.64, 128.00, 54.53, 43.69, 43.65, 41.95, 40.61,
40.48, 30.72, 30.67, 30.42, 30.38, 27.96, 26.41 ppm; elemental analy-
sis calcd (%) for C,oHgClN;,O,2H,0 (858.0): C 56.00, H 8.22, N
16.33, found: C 56,31, H 8,39, N 16,38.

Bis(N*-phenylacetyl-L-arginine)-1,14-tetradecanediamide  dihy-
drochloride (3 e): The title compound was prepared following the
general methodology described above (b) (1.80 g, 26% isolated
yield), 98% purity by HPLC: gradient elution 10-70% B in 40 min,
k'=124; [a]¥=-220 (c=1.0 in methanol); IR (KBr): #=3283,
3165, 2920, 2848, 1644, 1537, 1455, 1358, 1250, 1158, 718 cm ™ ';
'HNMR (500 MHz, CD,0D): 6=7.35-7.20 (m, 10H), 431 (dd, J=
8.46, 5.70 Hz, 2H), 3.59 (m, 4H), 3.16 (m, 8H), 1.83 (m, 2H), 1.74-
150 (m, 6H), 1.50-1.41 (m, 4H), 1.29 ppm (s, 20H); *C NMR
(101 MHz, CD,0OD): 6=174.20, 173.68, 158.55, 136.84, 130.19,
129.65, 128.02, 54.43, 43.65, 41.94, 40.49, 30.80, 30.77, 30.71, 30.45,
30.37, 27.97, 2639 ppm; elemental analysis calcd (%) for
CaoHy6CloN;0,-5/2H,0 (895.0): C 56.36, H 8.45, N 15.65, found: C
56.52, H 8.43, N 15.63.

Minimum inhibitory concentration (MIC): The MIC values of 3a-e,
C;(CA),, and CHX, were determined in vitro by using a broth micro-
dilution assay.®" Muller Hinton broth (Scharlau Chemie, Barcelona,
Spain) was used for the antibacterial test, and Sabouraud liquid
medium (ADSA Micro, Barcelona, Spain) was used for the antifun-
gal test. Serial dilutions of compounds between 256 and
0.25mgL™" final concentration in the corresponding liquid
medium were dispensed into 96-well polystyrene microtitre plates
(Nunc, Roskilde, Denmark). The corresponding dilutions were ino-
culated with a suspension of the test organism on the correspond-
ing liquid medium to a final concentration of ~10* CFUmL™
(CFU =colony-forming unit). MIC is defined as the lowest concen-
tration of antimicrobial agent that visibly inhibits the development
of bacterial or fungal growth after 24 h at 37°C and 48-72 h at
30°C, respectively. Experiments were conducted in duplicate.

Microorganisms: The microorganisms used were: Gram-positive
bacteria (eight): Bacillus cereus var. mycoides ATCC 11778, Staphylo-
coccus epidermidis ATCC 12228, Bacillus subtilis ATCC 6633, Staphy-
lococcus aureus ATCC 6538, Micrococcus luteus ATCC 9341, Entero-
coccus hirae ATCC 10541, Mycobacterium phlei ATCC 41423, and
Mycobacterium smegmatis ATCC 3017. Gram-negative bacteria
(seven): Bordetella bronchiseptica ATCC 4617, Pseudomonas aerugi-
nosa ATCC 9027, Salmonella typhimurium ATCC 14028, Enterobacter
aerogenes ATCC 13048, Escherichia coli ATCC 8739, Klebsiella pneu-
moniae ATCC 4352, and Serratia marcescens ATCC 274. Fungi:
Yeasts (two): Candida albicans ATCC 10231 and Saccharomyces cere-
visiae ATCC 9763; Moulds (six): Aspergillus repens ATCC 28604, As-
pergillus niger ATCC 16404, Penicillium chrysogenum ATCC 9480,
Cladosporium cladosporoides ATCC 16022, Trychophyton mentagro-
phytes ATCC 18748, and Penicillium funiculosum CECT 2914.

Haemolysis assays: Erythrocytes were washed three times in iso-
tonic phosphate saline buffer (PBS, pH 7.4): Na,HPO, (22.2 mm),
KH,PO, (5.6 mm), NaCl (123.3 mm), and glucose (10.0 mm). The
cells (8x 10° cellmL™") were then suspended in isotonic saline solu-
tion (NaCl 0.9%). Different volumes (10-80 pL) of stock solutions of
compounds (20 mgmL™") were mixed with PBS in polystyrene
tubes to a final volume of 1 mL; the final concentrations of prod-
ucts ranged from 200 to 1600 ugmL™~". Aliquots of erythrocyte sus-
pension (25 uL) were added to these solutions, and the mixtures
were incubated for 10 min with constant shaking at room temper-
ature. After incubation, the tubes were centrifuged at 1500 g over
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5 min. The percent haemolysis was then determined by comparing
the absorbance (A =540 nm) of the supernatant with that of con-
trol samples totally haemolysed with distilled water.”™ The dose-
response curve was determined from the haemolysis results, and
the concentration that induces the haemolysis of 50% of the cells
(HCs,) was calculated.

The potential ocular irritation of the compounds was studied with
a method based on the haemolysis test (cell lysis) and the damage
caused to the cellular proteins by the compound (denaturation).
The irritation index was determined according to the lysis/denatur-
ation ratio (L/D) obtained by dividing the HC, value (in ugmL™)
by the denaturation index (DI). The DI of each compound was
measured by comparing the haemoglobin denaturation (D) in-
duced by the compound and by sodium dodecyl sulphate (SDS) as
positive control. Haemoglobin denaturation was determined after
inducing haemolysis by adding SDS (10 mgmL™) to the erythro-
cytes and measuring the absorption ratio of the supernatant at 1=
575 nm and A=540 nm. The resulting L/D ratio was used instead
of the ocular irritancy score in the acute phase of in vivo evalua-
tion. The compounds can be classified according to this L/D ratio
as: nonirritant: > 100, slight irritant: > 10, moderate irritant: > 1, ir-
ritant: > 0.1, and very irritant: <0.1.2
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D-Fructose-6-phosphate aldolase (FSA) mediates a novel straightforward two-step chemo-enzymatic synthesis of p-fagomine and some of its

N-alkylated derivatives in 51% isolated yield and 99% de. The key step is the FSA-catalyzed aldol addition of simple dihydroxyacetone (DHA)
to N-Chz-3-aminopropanal. The use of FSA greatly simplifies the enzymatic procedures that used dihydroxyacetonephosphate or DHA/esters.
Some N-alkyl derivatives synthesized elicited antifungal and antibacterial activity as well as enhanced inhibitory activity, and selectivity against
p-galactosidase and  a-glucosidase.

p-Fagomine, (R 3R 4R)-2-hydroxymethylpiperidine-3,4-diol  induced diabetic mice and potentiates glucose-induced insulin
is a naturally occurring iminosugar that was first isolated secretiort. Segraves et &have found thaC-alkylated 3,4-
from buckwheat seeds ¢fagopyrum esculentumoench di-epifagomines fromBatzella sp. sponge have a good
with remarkable biological properties. This iminosugar has antimicrobial activity againsStaphylococcus epidermidis
inhibitory activity against mammalian intestinat, 5-glu-

cosidase and.-, f-galactosidasé?® Moreover, it appears to (2) Scofield, A. M.; Fellows, L. E.; Nash, R. J.; Fleet, G. WLife Sci.

have a potent antihyperglycemic effect on streptozotocin- 1986 39, 645-650.
(3) Kato, A.; Asano, N.; Kizu, H.; Matsui, K.; Watson, A. A.; Nash, R.

TInstitute for Chemical and Environmental Research. J.J. Nat. Prod.1997 60, 312-314.

* University of Barcelona. (4) Nojima, H.; Kimura, 1.; Chen, F.-J.; Sugihara, Y.; Haruno, M.; Kato,
§ Universitat Autmoma de Barcelona. A.; Asano, N.J. Nat. Prod.1998 61, 397—-400. Taniguchi, S.; Asano, N.;
I'University of Stuttgart. Tomino, F.; Miwa, I.Horm. Metab. Res199§ 30, 679-683.

(1) Koyama, M.; Sakamura, &\gr. Biol. Chem1974 38, 1111-1112. (5) Segraves, N. L.; Crews, B. Nat. Prod.2005 68, 118-121.
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Chemical synthetic approaches offagomine and its || NN

derivatives involve cumbersome protectietieprotection Scheme 1. Chemo-enzymatic Synthesis 8fand N-Alkylated

reactions and chiral starting materials, and therefore, moder- Derivatives
ate global yields are achievéd.Recent syntheses df-
fagomine and other stereoisomers have been described Hy, Pd/C O\
starting from chirab-serine-derived Garner aldehyde in six HOEO0H 91 >~ *OH
to seven steps with global yields around 12%. H \)OJ\/ oH %
Stereodivergent asymmetric chemo-enzymatic methodolo-CbZ\N/\/J%O w Cbz\N/\/kHK/OH RCHO‘ Pd/C
gies are mostly based on dihydroxyacetone phosphate A DMF:Biffer 1:4 Ho, o
(DHAP)-dependent aldolases. The key step is the stereo- R (isolated yield, %)° '_l‘?c::o N( .
selective aldol addition of DHAP or DHA/arsenate (500 mM) a ccsns(g:z)z:%; e CHy(CHy)m (57) HZO;Et;’S Pyt ()\ o
to synthetic equivalents of aminoaldehydé%.Given the . CH;ECH:;;—(M) ‘ @-CHZ—(Z:‘» - OH
toxicity of arsenate, it would be more attractive to find a d_CHg(CHo) (40) daf

system allowing the use of “naked” DHA. Chemical * drfor al compounds ~ 7 : 3 pir to chromatography
synthesis of DHAP involves several steps in ca. 70% overall
yield.*? Alternatively, enzymatic methods to generate DHAP,
which can be coupled with the aldol reaction, have also been
described? However, some limitations arising from the lack
of compatibility of conditions between the coupled enzymatic
reactions and the generation of complex mixtures that make
the product separation and purification difficult have been
observed?

We report herein a straightforward procedure for the
stereoselective synthesis offagomine andN-alkylated
derivatives using fructose-6-phosphate aldolase (FSA) as
biocatalyst and achiral easily accessible starting materials.
The key step in this synthetic scheme was the stereoselective
aldol addition of simple dihydroxyacetone (DHA) tb
catalyzed by FSA (Scheme 1). FSAis a novel class | aldolase
from E. colirelated to a novel group of bacterial transaldo-
lases, which catalyzes the aldol addition of DHA to glyc-

eraldehyde-3-phosphate. The cloning and overexpression in
E. coli DH5a. of the gene encoding FSA and the biochemical
characterization was carried out for the first time by
Schirmann et al® These authot8 reported aldol additions

of either DHA or hydroxyacetone to some hydroxyaldehydes
for the synthesis of sugar derivatives. The most interesting
feature of FSA is that utilizes DHA instead of either DHAP
or DHA/esters which greatly simplifies the chemo-enzymatic
strategies tax,S-dihydroxyketones.

In this work, after growing and disrupting ttie coli cells

the enzyme was purified easily by a heat treatment &C75
d uring 40 min, centrifugation, and lyophilization of the
supernatant to yield a pale brown powder with 1.7 U klg
Further purification steps are not needed since they were not
crucial for the activity and stereoselectivity of the enzymatic
aldol addition.

(6) Fleet, G. W. J.; Fellows, L. E.; Smith, P. Wetrahedronl987, 43, Preparation ofl was carried out by previously described
979990 Pandey . Kapur Mtiahodion Letaoou 1. 528921 procedures from 3-aminopropariBh The FSA-catalyzed
Kato, A.; Asano, NBioorg. Med. Chem2005 13, 2313-2324. aldol addition of DHA tol was conducted at 4C in boric—
o eon, RemrsHOn 5 515 T ey, borale 50 mM pH 7 bufer containing 20% uiv DM,
Ouchi, H.; Némotg, H.; Kato, A.; Adachi, J. Org. Chem2003 68, 3603  furnishing 79% reaction conversion by HPLC afteh (69%
3607. Takahata, H.; Banba, Y.; Sasatani, M.; Nemoto, H.; Kato, A.; Adachi, isolated yield of2), Glycylglycine 50 mM pH 7.0 buffer

g T(Sﬁr%l‘iﬂé?niqoétrg%bskgiﬁiﬂgérger Bngew. Chem., Int, E4988 can also be used yielding 82% reaction conversion after 1

27, 716-717. Von der Osten, C. H.; Sinskey, A. J.; Barbas, C. F., lll; h.*! Hence, FSA readily accepts DHA, and there is no need
Pederson, R. L.; Wang, Y. F.; Wong, C. .Am. Chem. Sod.989 111, i i

3924-3927. Pederson, R. .- Wong, C. Haterocyclesi989 28, 477 toin §|tu generate DHA esters. Furthermore, FSA tolerates
480. organic solvents as other DHAP-dependent aldolases do.

(10) Espelt, L.; Parella, T.; Bujons, J.; Solans, C.; Joglar, J.; Delgado, p-Fagomine 8) was then obtained by selective catalytic

A.; Clapes, PChem—Eur. J.2003 9, 4887-4899. ; P Y o i

(11) Wong et alhave recently discussed the possibility of using DHA reductive aminatiof? of 2 (Pd/C H 50 p5|) in 89% isolated
as a substrate in the presence of borate buffer, presumably by in situyield without further purification and 93:7 diastereomeric
formation of borate ester to permit the direct use of DHA in DHAP-aldolase- 20 3 20 —
mediated chemistry. See: Sujiyama, M.; Whalen, L. J.; Hong, Z.-Y.; ratio by NMR: [o]%p = +20.4 (C 1'(_)’ HO) (Ilt,' [odo
Greenberg, W.A.; Wong, C.-HBook of Abstracts232nd ACS National +19.5 € 1.0, HO)). FUl’ther purification by cation-exchange
Meeting, San Francisco, Sep-104, 2006; American Chemical Society:  chromatography on CM-sepharose in NHorm, eluted

Washington, DC, 2006; ORGN-496. In our case, FSA uses DHA, and there . icall ith 0.01 M NHOH I
is no need for any ester, as demonstrated with reactions conducted in!SOCratically with 0. HOH, gave an excellent separa-

glycylglycine buffer. tion of 3 (83% recovery and de=99%) and a minor

(12) Jung, S.-H.; Jeong, J.-H.; Miller, P.; Wong, C.-H.Org. Chem. ; ; ; s _Aiani ; ;
1994 59, 71827184, Gefflaut, T.; Lemaire, M.; Valentin. M-L.. Bolte, ~ diastereoisomer identified as-2,4-diepifagomine. This
J. J. Org. Chem.1997, 62, 5920-5922. Ferroni, E. L.; Ditella, V.

Ghanayem, N.; Jeske, R.; Jodlowski, C.; Oconnell, M.; Styrsky, J.; Svoboda, (15) Schumann, M.; Sprenger, G. Al. Biol. Chem2001, 276, 11055~

R.; Venkataraman, A.; Winkler, B. MJ. Org. Chem.1999 64, 4943~ 11061.

4945. Charmantray, F.; El Blidi, L.; Gefflaut, T.; Hecquet, L.; Bolte, J.; (16) Schiumann, M.; Sprenger, G. Al. Mol. Catal. B: Enzym2002

Lemaire, M.J. Org. Chem2004 69, 9310-9312. Meyer, O.; Ponaire, S.; 19, 247-252.

Rohmer, M.; Grosdemange-Billiard, ©rg. Lett.2006 8, 4347-4350. (17) One unit of U will synthesize amol of fructose-6-phosphate from
(13) Fessner, W.-D.; Sinerius, @ngew. Chem., Int. EA994 33, 209~ p-glyceraldehyde-3-phosphate and DHA per minute at pH 8.5 (glycylglycine

212. Sanchez-Moreno, |.; Francisco Garcia-Garcia, J.; Bastida, A.; Garcia- 50 mM buffer) and 30C. The maximum specific activity observed for the

Junceda, EChem. Commur2004 1634-1635. van Herk, T.; Hartog, A. purified enzyme was 7.13 U mé,

F.; Schoemaker, H. E.; Wever, R. Org. Chem2006 71, 6244-6247. (18) Ocejo, M.; Vicario, J. L.; Badia, D.; Carrillo, L.; Reyes, &ynlett
(14) Fessner, W.-D.; Walter, Qop. Curr. Chem1996 184, 97—194. 2005 2110-2112.
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compound arose from the-face attack of the DHAFSA s
complex on th? aldehyde, similar to that foum?‘ with Table 1. Inhibition of Glycosidases by Compoun8sand
p-fructose-1,6-bisphosphate aldold8&l-Alkylated deriva- Aa—f

tives @a—f) were easily obtained by catalytic reductive
amination (Pd/C, K 50 psi) of a mixture of3 and the
corresponding aldehyde. Most interestingly, we carried out compd K (uM) ICs0 (uM) K (uM) ICs0 (uM)

o-D-glucosidase® B-D-galactosidase?

the preparation oda—f by reductive amination of a mixture 3 93+08 13.2 35.9 + 3.9 30.4
of 2 and the aldehyde in a one-pot reaction (Scheme 1). The 4a 126 + 3.6 151 NI
isolated yields obtained by this procedure were similar to  4b 73.3+2.0 61.4 NI
those achieved starting froB 4c 27.3+28 35.3 242 + 14 203
Investigations of the synthetic abilities of FSA in organic :d 13-2 I ;? ;ﬁ'; 1943 i éi 102 .
synthesis are currently in progress. We have found that this ¢ : : : : : ‘
. 4af 143 £ 5.4 159 691 + 18 416
enzyme accepts, among othaisCbz-glycinal andN-Cbz-
3-amino-2-hydroxypropanal, but-alkyl-branchedN-Cbz- aFrom rice. An IGo value of 35QuM has been reported for compound
. ' 3.3 The reason may lie in the different substrate used to evaluate the
aminoaldehydes were not tolerated as substrates. glycosidase activity in the literature report (i.e., a disaccharide) and the

Antimicrobial activity of 3 and4a—f was tested against present work (i.e.p-nitropheny! glucopyranoside).From bovine liver.
15 bacteria and 7 fungi (see the Supporting Information). ¢ Competitive inhibition.¢ Noncompetitive  No inhibition.
Compounds3 and4a—d,f did not show activity at concen-
trations below 256:g mL™%, thus indicating much lower
potency than that found for antiseptics such as cationic X - ) i
surfactants and biguanid&dnterestingly 4egave minimum & convenient length may fit into subsitel, but not with
inhibitory concentrations (MIC)s ranging from 32 to fid the phenylethyl substitution. o
mL-! against most of the Gram-positive bacteria tested, Inhibition of 5-p-galactosidase from bovine liver i3and
whereas MICs of 128256 ug mL~* were observed for the ~ 4a—f is also depicted in Table 1. Fda—e, the higher the
Gram-negative bacteria. Compouselwas also rather potent ~hydrophobicity the lower the I values 4ebeing the most
against fungi such aaspergillus repeng32 ug mL~%) and active one. Inhibitory activity ofde was s_|m|Iar to that
Cladosporium cladosporoide§4 g mL™2) but less potent ~ reported for the-galacto isomer 0322 and higher than that
(128-256 ug mL~Y) against the rest of the fungi tested.  found for3 or its a-1-C-ethyl derivative:* Active compounds

Sincen-fagomine was reported to have inhibitory activity Nhibited this enzyme in a noncompetitive manner, with a
on a-glucosidas@s different chemical modifications have ~ Ki value for4e4-fold lower than that fo8.
been introduced to improve its activity and selectivity. ~ Finally, cytotoxicity of 3 and 4a—f was estimated by
Goujon et al. synthesizeag1-C-substituted derivatives with ~ determination of their hemolytic and protein denaturation
or without anN-butyl group, which exhibited higher inhibi-  effects on human erythrocytésThe results showed that they
tory activity than the parent compound againgilucosidase ~ did not have activity, with the exception cfe (see the
from rice? On the other hand, the substitution of the Supporting Information). The Hg (i.e., concentration that
piperidine ring for an azepane ring decreased the inhibitory induces the hemolysis of 50% of the cells) for compound
activity against both enzymés. 4ewas 138+ 8 mg mL%, whereas the denaturation index

Compounds and4a—f were inhibitors ofx-p-glucosidase (DI, i.e., hemoglobin denaturation induced by the compound)
from rice and3-p-galactosidase from bovine liver (Table 1), Was 5+ 1. These values compare with commercial decyl-
whereas no inhibition was observed against-glucosidase  glucoside (HGo 252+ 6 mg mL™" and DI 14.2)*
from baker's yeast-p-glucosidase from almondq-p- In summaryp-fagomine can be obtained stereoselectively
mannosidase from jack beans, amd-rhamnosidase from  in two chemo-enzymatic asymmetric steps using inexpensive
Penicillium decumbensnterestingly, among thi-alkylated achiral DHA andl as the starting materials and FSA from

for a-glucosidase family it and theN-alkyl substituent with

derivatives 4d and4e were the best inhibitors againstp- E. coli as biocatalyst in 51% isolated yield aa®9% de.
glucosidase, whereade was a good inhibitor for the  TheN-alkylated derivatives 08 were obtained for the first
f-galactosidase. As shown in Table 1, the activitylef-f time in one pot reaction from a mixture containi@gand

against a-glucosidase increased with the aliphatic chain the corresponding aldehyde. Preliminary results indicated that
length up to nine carbon atom4d). Increasing the number  4e elicited antifungal and antibacterial activity with slight

of carbon atoms to 124€) or including an aromatic moiety  selectivity against Gram-positive bacteria. Overall, alkylation
(4f) did not improve or caused a drastic decrease on theof the nitrogen did not strongly improve the activity but
inhibitory activity, respectively. Kinetic studies indicated that increased the selectivity toward glucosidase and galactosidase
active compounds behaved as competitive inhibitoks-of
glucosidase from rice. These results suggested3hmay (21) Kimura, A.; Lee, J.-H.; Lee, I.-S.; Lee, H.-S.; Park, K.-H.; Chiba,

; ; ; i~ o S.; Kim, D. Carbohydr. Res2004 339, 1035-1040.
interact with the subsite-1 of the two catalytic sites reported (22) Asano, N.: Oseki, K. Kizu. H.. Matsui, KI. Med. Chem1994
37, 3701-3706.
(19) Castillo, J. A.; Pinazo, A.; Carilla, J.; Infante, M. R.; Alsina, M. (23) Asano, N.; Nishida, M.; Miyauchi, M.; lkeda, K.; Yamamoto, M.;
A.; Haro, |.; Clapes, PLangmuir2004 20, 3379-3387. Kizu, H.; Kameda, Y.; Watson, A. A.; Nash, R. J.; Fleet, G. W. J.
(20) Li, H.; Bleriot, Y.; Chantereau, C.; Mallet, J.-M.; Sollogoub, M.;  Phytochemistry200Q 53, 379-382.
Zhang, Y.; Rodriguez-Garcia, E.; Vogel, P.; Jimenez-Barbero, J.; Sinay, P.  (24) Mitjans, M.; Martinez, V.; Clapes, P.; Perez, L.; Infante, M. R;
Organ. Biomol. Chem2004 2, 1492-1499. Vinardell, M. P.Pharm. Res2003 20, 1697-1701.
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red blood cell test, exhibited good inhibitory activity and grams, respectively. J.A.C. also acknowledges the COST D25
higher specificity against family lé-glucosidase than that  STSM for financial support.

of the parent3.

Acknowledgment. We thank Prof. Angels Manresa at Supporting Information Available: Experimental prepa-
the Microbiology Department of the University of Barcelona fations, analytical data, biological data, ahtiand**C NMR
for her assistance and fruitful discussions on antimicrobial spectra for all compounds; COSY, HSQC, and NOE spectra
activity. Financial support from the Spanish MEC (CTQ- for compound4a. This material is available free of charge
2005-00063 and CTQ2005-25182-E), La Mara® TV3 via the Internet at http://pubs.acs.org.
foundation (20060293), and Generalitat de Catalunya DURSI
2005-SGR-00698 is acknowledged. J.A.C. and J.C. acknowl-0L0625482

6070 Org. Lett, Vol. 8, No. 26, 2006





