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Abstract 

Ant imicrobial peptides (AMPs) are ubiquitous molecules that can display 

antimicrobia l activity against bacteria, viruses, protozoa and various other pathogens. 

They are commonly short, cationic amphipathic peptides that may offer valuab le bases 

for th e development of new therapeutic agents. AMPs can have diverse mechanisms of 

antibacteria l activity; all these mechanisms invo lve int eracting w ith the bacterial 

membrane to some degree. In order to better understand these mechanisms, a variety 

of biophysical techniques including solid-state NMR (SSNMR) have been used to st udy 

AMPs in model lipid systems. However, these simple model system s do not reflect the 

complexity of whole cells with which AMPs interact in vivo. In order to bridge the gap 

between SSNMR studies of AMPs in model membranes and the true biological context 

of AMPs, a procedu re was developed which incorporates high levels of 2H NMR labels 

specifically into the cell membrane of Escherichia coli. Using these labeled cells, 2H NMR 

spectra were acquired both in the absence and presence of the AMP MSI-78. The 

effect s of MSI-78 on bacterial membrane disorder were quantified in terms of the first 

moment of the spectrum, which direct ly reflects the activity of MSI-78 in disrupting th e 

membranes of whole bacteria. Data obtained from NMR measurements show an 

increased disorder in the orientation of lipids in the cell with increaSing levels of MSI-78. 

These effects are observed at molar peptide:lipi d (P:l) ratios 30 times greater th an that 

used for model lipid systems and 2S times less than the ratios needed to inhibit cell 

growth . Based on the observed result s, MSI-78 can disrupt the lipid order in the cell 

envelope even at su blethal concentrations. 
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1. Introduction 

The ever·increasing resistance of pathogens against commonly used antibiotics is 

a growing hea lth concern [lJ. At present, over sixty percent of infections by 

Staphylococcus aureus - the most commonly acquired hospital infection - are resistant 

to va rious conventional small molecule drugs. Some strains even show a resistance to 

vancomycin, an antibiotic often used as a last resort when others have failed [2) 

Currently in US hospitals, more people die of infections by Staphylococcus oureus than 

HIV/AIDS and tuberculosis combined [3J. There ha ve also been reports of the 

emergence of highly resistant Gram·negative bact eria (Escherichia coli and 

Pseudomonas oeruginosa in particular) with some appearing to be pan· resistant 

(resistant to all known antibiotics) [4J. As a consequence of this emerging resistance, 

physicians are forced to rely on antiquated drugs such as colistin, which was previously 

abandoned for antibiotic use due to its significant toxicity [5). Th is increasing resistance 

poses a grave threat in particular to immunocompromised individua ls - elderly, patients 

undergoing surgery, neonates, etc. - and as such there is an urgent need for new and 

effective antimicrobial agents [6J 

Demand for the development of new antibiotics has led to a sign ifica nt interest 

in ant imicrobial peptid es (AMPs) [7], (8], [9 ]. AMPs have been discovered in a variety of 

microorganisms, plant, invertebrate and vertebrate species, including humans (9]. 

Organ isms with no or underdeveloped adaptive immunity (e.g. insects [10]) rely 

particularly on their innate immune system, of which AMPs are an integral part [9] . 



AMPs are evolutionarily conserved and have been protecting organisms from bacterial 

pathogens for millions of years, suggesting that bacteria cannot easily develop 

resistance against t hem [7]. This makes AMPs an attractive novel class of antibiotics, 

since they hold the promise of rectifying the current threat of antibiotic resistance. 

Despite the identification of thousands of natural AMPs and the possibility of 

engineering many synthetic variants, very few have proceeded to clinical trials, and even 

fewer have shown success as therapeutic agents [7]. The u.s Food and Drug 

Administration has approved only a few AMPs as anti-infective drugs [Ill. Although 

active in vitro, AMPs are only effective in animal models of infection at very high doses. 

This is close to the toxic levels for the host cell and does not justify their use given the 

risk [11]. Thus, in order to use AMPs as therapeutic agents, they need to be modified to 

make them more active and simultaneously more selective for pathogens. The solution 

to this obstacle may lie in better understanding of the biological and physiochemical 

properties of AMPs. 

Although it would be almost a century before the molecular agents would be 

identified, investigation of AMPs began in the late 1870s through two independent 

fields of research : studies on mechanisms used by mammalian granulocytes to kill 

bacteria, and mechanisms used by other organisms to kill bacteria [121. At the time, the 

precise identities of the AMPs involved were not clearly understood. Two decades later, 

around the time of Alexander Fleming's discovery of penicillin, antimicrobial agents 

(including AMPs) were classified based on their predisposition for either Gram-negative 



or Gram-positive bacteria [13J. This, combined with other parameters - source, stability 

and chemical composition - led to the identification of AMPs. Based on the limited 

structural information available at the time, AMPs were referred to as "basic linear 

peptides" or "basic proteins" [13J. By the early 1980s, there was considerable interest in 

antimicrobial peptides following the isolation of AMPs from mult icellular organisms. 

Most notably, this included: magainins, from the skin of African clawed frogs [14J; 

mammalian defensins [15J and cecropins, from the lymph of silk moths [16J. Since then, 

several hundred AMPs have been identified and classified and details about their 

potential roles deduced (for an extensive collection you may visit the antimicrobial 

peptide database at http://aps.unmc.edu/AP/main.php). 

AMPs are customarily short (ten to hundred amino acids long) cationic 

amphipathic peptides [8]. which are generally thought to kill celis by disrupting their 

lipid bilayer membranes; although some likely interact with membranes only in order to 

gain access to targets inside the cell [1], [17), [18J. Some AMPs may also coordinate 

innate immune and inflammatory responses, such as: recruitment and accumulation of 

various immune cells, promoting phagocytosis, prostaglandin release and neutralization 

of lPS-induced septic shock [lJ, (19]. [20]. Different types of AMPs have very little 

sequence homology, but share common physiochemical properties, particularly a high 

proportion of positively charged and hydrophobic residues [21J. They are organized into 

four motifs: a-stranded, a-helical, loop and extended structure [lJ. Over 900 different 

AMPs have been identified [22], including; thionins, a a-sheet globular AMP found in 



plants [lJ; cathe licidin s, a vertebrate AMP with a well -conserved N-terminal segment 

that is cleaved for activity [9]; mel itt in, a very potent AMP found in honey bee venom 

[9], and many others. In addition, various synthetic AMPs have been produced as an 

amalgam of two or more natural AMPs - (EME, a cecropin-melittin hybrid [2J - or 

through modifications of existing AMPs (KSL-W, a modified version of the short AMP 

KSL) [2J. Understanding the exact mechanisms by which AMPs disrupt lipid bilayers and 

cell membranes is the subject of extensive research. 

In order to determine the mechanism of AMP action, resea rchers rely on a 

variety of different techniques; there is no single technique capable of elucidating the 

mechanism of action on its own. Since their interactions with lipid membranes are key 

factors in AMP action, solid-state NMR spectroscopy of lipid bilayers has been an 

important approach to ga ining a high-resolution understanding of the mechanism 

underlying that action [23-25). Such studies have reported the effects of the AMPs on 

overall bilayer structure, lipid acyl chain order, an d head group tilt, while also providing 

information on the structure and positioning of the peptide in the bilayer [26J. Such 

observations provide insight into the interactions of AMPs on bacterial membranes and 

the effects that membrane and AMP composition have on AMP activity. Solid-state NMR 

spectroscopy was the method of choice used in this study. 

Although not used directly in this project, it is important to note other major 

techniques that have been applied to the study of peptide-membrane interactions 

relevant to AMP function. Oriented circular dichroism [OCD) can be used to find the 



orientation and secondary structure of AMPs bound to lipid membranes without the 

need for isotopically labeled material [27J. Oifferential scanning calorimetry (OSC) can 

be used to study the effects of AMPs on the organization of lipids in the bilayer [281. The 

extent of lipid bilayer disruption by AMPs can be determined by measuring the release 

of internal florescent-labeled dextran, calcein or other probes (29]. [30J. Molecular 

dynamiCS (MO) simulations can be used to determine subtle details on AMP-membrane 

interactions, which would otherwise be hidden using experimental techniques (31J . 

Other important techniques for studying the mechanism of AMPs include zeta-potential 

measurements (32]. ANS uptake assays (33], atomic force microscopy (34], X-ray 

diffraction experiments (35J. and scanning electron microscope imaging [36J 

Using the above-listed techniques, researchers have proposed several 

mechanisms of AMP-membrane interact ion and t his is a field of on-going research. In 

this introduction, I will be fOCUSing on the interactions of a-helical peptides - the most 

studied group - with the bacterial membrane. The mechanism of AMP action can be 

divided into three steps: recognition, attachment and membrane disruption (9). Details 

of the steps are based on the numerous studies conducted using model membranes to 

look at peptide-lipid interactions; however, intera ctions with other components of the 

bacterial cell envelope such as membrane proteins, peptidoglycan layer, 

lipopolysaccharide layer, etc. are poorly researched . AMPs display recognition by their 

ability to preferentially attack bacterial cells at concentrations that leave host eukaryotic 

cells intact. This recognition is thought to be based in large part on the compositional 



differences between the two cells. Bacterial membranes are abundant in anionic 

phospholipids while eukaryotic membranes predominantly have neutral phospholipids 

[37). Thus, the cationic AMPs - composed of cationic amino acids - are strongly 

attracted to the negatively charged bacterial membrane. Although this electrostat ic 

interaction plays a key role in the selectivity of AMPs, recognition is also influenced by 

the complexity of bacterial membranes (discussed in detail later). Nonetheless, the 

outer leaflet of the outer membrane of Gram-negative bacteria is predominantly 

composed of negatively charged lipopolysaccharides (lPS) [38). It is believed that 

cationic AMPs are first attracted tothe lPS layer, where they can d isplacedivalent 

cations of lPS, leading to a self-promoted uptake across the outer membrane and the 

cell wall; this allows AMPs to gain access to the cytoplasmic membrane [39J. The exact 

mechanism of this uptake is not well understood, and ad interim research has been 

focused on the binding of AMPs with the cytoplasmic membrane and its subsequent 

disruption. 

Once AMPs have crossed the outer membrane and cell wall, they can bind to the 

cytoplasmic membrane [37J. This attachment is stabilized by a combination of 

electrostatic and hydrophobic interactions [40J. AMPs can associate with the 

cytoplasmic membrane in roughly three different modes. They can either be parallel to 

the membrane surface (as seen in mellitin) [2J . At an angle to the membrane surface, an 

orientation adopted by viral fusion peptides, which are found on the viral envelope and 

mediate viral and host cell membrane fusion [108J. Alternatively, they can also 



associate parallel to the membrane normal, as with peptides that mimic 

transmembrane helices (alamethicin) Pl. Attachment of AMPs is followed by the 

disruption of the cytoplasmic membrane, which dissipates the electrochemical gradient 

(necessary for ATP synthesis) leading to cell death. Most AMPs are active against lipid 

vesicles at high bound peptide to lipid ratios of 1:500 to 1:50141]. 

Following membrane attachment, some AMPs may further enhance their antimicrobial 

activity either through pore formation - as seen in the barrel-stave or toroidal-pore 

model - or via a detergent-like carpet mechanism 19]. The exact mechanism of action is 

dependent on the type and concentration of the AMP involved and the lipid 

composition of the bilayer it interacts with 123]. These mechanisms need not be 

mutually exclusive: one process may be an initial or intermediate step and another may 

be its corollary ]23). Baumann and Mueller (1974) were the firsts to suggest the barrel

stave model of pore formation, based on oriented CD and X-ray scattering experiments 

of alamethicin in bilayers 142]. With the exception of atamethicin, the barrel-stave 

model is not believed to be common for AMPs 143). In the barrel-stave model- one of 

two models of pore formation - (Figure l al, AMP monomers initially associate parallel 

to the membrane surface, whereupon reaching threshold concentrations they reorient 

themselves into the membrane and aggregate forming a pore [44). In the AMP 

aggregate, the hydrophobic residues face the acyl chains of the membrane and the 

hydrophilic sides form the polar channel 144]. AMPs have to be sufficiently long to 

traverse the membrane and involve peptide-peptide interactions between the helices in 
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Figure 1. Schematic of models adopted bye-helical AMPs: (a) barrel-stave model, (b) 

toroidal pore model and (c) detergent carpel like mechanism. Reprinted by permission 

from Nature Publishing Group: [Nature Reviews: Microbiology] [9], copyright (2005). 



the aggregate [44]. Alamethicin, a twenty residue hydrophobic pept ide from the fungus 

Trichoderma veridae, is a representative of the barrel-stave model [45]. It forms a 

channel with eight to nine a -helices per pore and a diameter of approximately eighteen 

to twenty-six angstroms [45]. There has to be at least twenty-two amino acids in the cr

helical conformation in order to span the membrane; however, many AMPs fall well 

below this prerequisite and cannot form a barrel-stave channel [2]. 

In order to address AMPs that are too short to traverse the membrane, Ludtke et 

al (1996), proposed an alternative model of pore formation based on neutron 

scattering, CD and NMR studies of magainins [45] . This model is referred to as the 

toroidal-pore model, where the energetically favorable insert ion of AMPs into the 

bilayer causes disruptions in membrane packing and membrane thinning, resulting in a 

positive curvature of the membrane surface [44) . This allows the bilayer to bend back on 

itself, connecting the inner and outer leaflets of the membrane and forming a pore 

composed of both peptides and phospholipids (Figure Ib) [44]. Magainins are well 

characterized AMPs whose behavior is predicted accurately by the torroidal-pore 

model; they form pores composed of approximately four to seven monomeric helices 

with around ninety phospholipids, and have a diameter of approximately thirty to fifty 

angstrom s [45J. 

A third mechanism of AMP-induced membrane disruption, called the detergent

like carpet mechanism. was suggested by Steiner et aL (1988). who were studying the 

mechanism of act ion of cecropins [16J. This model involves the accumulation of AMPs 



on the membrane surface (like a "carpet") to a certain threshold concentration. The 

ensuing disruption of the bilayer leads to the disintegration of the membrane and 

formation of micelle-like structures, without the establishment of a pore (Figure IC) [9]. 

Evidence for this model is provided by infrared spectroscopy studies of cecropin PI, 

which disintegrates the membrane without significant changes in the order parameter 

of the acyl chain. This suggests that the peptide does not translocate into the bilayer 

(46]. It is difficult to distinguish between the torroidal pore and carpet mechanism due 

to similarities in association of AMPs with the membrane surface; it has been suggested 

that the torroidal pore could be an intermediate in membrane disintegration (22]. 

The barrel-stave, toroidal pore and carpet mechanisms have been proposed 

based exclusively on studies that employ model lipid membranes, i.e. bilayers composed 

of one or two lipid components. As such, they have failed to take into account the 

comple~ity of bacterial cell envelopes (Figure 2). In order to better understand the 

mechanism of AMP action, a detailed understanding of bacterial phySiology and 

membrane structure and properties is paramount. Bacteria can be classified into two 

types - Gram-negative and Gram-positive - depending predominantly on the structural 

organization of their envelope (Figure 2) [47]. Gram-positive bacteria have only one 

cytoplasmic membrane, while Gram-negative bacteria have two membranes: an outer 

membrane and a cytoplasmic membrane [47]. Both types have a cell wall composed of 

peptidoglycan - a polvmer of carbohydrates and amino acids - outside of their 

10 
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Figure 2. Simple schematic showing the organization of the bacterial envelope in Gram-

positive and Gram-negat ive bacteria. Reprinted by permission from Elsevier' 

[Biophysical Journal] [73], copyright (2(09) 
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cytoplasmic membrane, which provides structural strength to maintain their shapes 

{48J. The cell wall in Gram-positive bacteria is much thicker than in Gram-negative 

bacteria and is often intercalated with polyanionic polymers such as teichoic and 

teichuronic acids [49J. The two types also differ in terms of lipopolysaccharide 

composi tion : Gram-positive bacteria have lipoteichoic acids embedded in the 

cytoplasmic membrane, while Gram-negative bacteria have lP5 (Figure 3d) in the outer 

leaflet of the outer membrane [50J . The lipid composition of the cytoplasmic membrane 

can vary depending on the species and the environment [511. 

Phosphatidylethanolamine (PE) (Figure 3a), the major zwitterionic lipid, is largely found 

in Gram-negative bacteria, while Gram-positive bacteria have a very low content of 

zwitterionic phospholipids [51J. Approximately fifteen percent of the bacterial 

membrane is comprised of anionic lipids (Figure 3b and 3c) [51)- phosphatidylglycerol 

(PG) and cardiolipin {ell - that in part facilitate the selectivity of cationic AMPs towards 

bacterial cells over eukaryotic cells [9J. Additionally, bacterial membranes also have 

proteins associated with the lipid bilayer: some proteins span the membrane 

(transmembrane proteins), while others are attached to the surface via covalent bonds 

or hydrophobic interactions [38]. There a fewer membrane proteins than lipids but they 

account for almost half the mass of the membrane and carry out various cellular 

funct ions [52). There is also evidence for the formation of domains in bacterial 

membranes -lipids undergoing lateral phase separation - in clu ding those induced by 

12 



Figure 3. Molecular structures of (a) 1-Palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE), fb) 1-Palmitovl-2-oleoyl-sn-glycero-3-(phospho-rac-( 1-

glycerol)] (POPG), (c) cardiolipin (el) and (d) lipopolysaccharide (lPS). 
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polycationic substances such as AMPs [471. The format ion of these domains may alter 

the stability or composition of the membrane thereby affecting bacterial function (471 . 

All of these additional components of the bacterial cell envelope may well affect 

the AMP-bilayer interactions. This possibility has not been addressed by techniques that 

use model membranes to uncover the mechanisms of bilayer disruption of AMPs. One 

way to illustrate the enormous gap between the conditions in which biological activity 

of AMPs are observed and the conditions under which solid-state NMR and other 

biophysical studies of mechanism are carried out, is to consider the difference in 

peptide-to-lipid molar (P:l) ratios necessary to induce significant effects in the two 

circumstances. Solid-state NMR and other biophysical studies on mode l systems can 

typically show AMP-induced changes at P:l ratios close to 1:100 (e.g. [71) and [41]). 

Strikingly, however, a ratio of 100 bacterially-bound pept ides: 1 lipid is needed to see 

inhibition in an E. coli sterilization assay, Le. ten thousand times more peptide per lipid 

[411. At the other e)(treme, some resea rchers have wondered how AMP concentrations 

high enough to have an impact are achieved in vivo, and have attempted to provide an 

e~planation based on the high membrane-bound concentrat ions of AMPs that can be 

achieved even at relatively low solution concentrations [53J 

While there is a body of work subst antiating the "self-promoted uptake" 

mechanism by which AMPs may traverse the outer membrane of bacteria (e.g. [54]), 

and though a handful of solid state NMR studies of AMPs have been performed with 

14 



bacterial lipid extracts (e.g. [55]), to our knowledge there was no published work that 

applies high resolution techniques such as NMR to the study of AMPs in intact bacteria 

In order to bridge the gap between the NMR studies of AMPs using model 

membranes with the functional mechanism occurring in intact cells, one approach is to 

conduct lH NMR studies of entire bacteria . Ideally for such studies, the 2H labels should 

be incorporated at high levels into the lipids of the bacterial membrane, without any 2H 

being incorporated into other parts of the cell that would give undesi rable background 

signal. In order to accomplish this goal. it was necessary to manipulate Ihe pathways 

involved in bacterial membrane lipid biosynthesis and metabolism. 

Bacteria have the ability to modify their membrane lipid composition by 

modifying the type of fatty acids they synthesize. Most bacteria display a type II fatty 

acid biosynthetic pathway (Figure 4) - characterized by predominantly discrete 

monofunctional enzymes - where synthesis takes place in the cytosol [56J. Initiation of 

fatty acid synthesis begins with the conversion of acetyl-CoA to malonyl-CoA by acetyl-

CoA carboxylase (ACC) [57J. ACC is a heterotetramer encoded by four genes: accA, accB, 

QCCe and accD [57J. Malonyl-CoA is the ketone intermediate, which adds 2 carbon units 

10 a growing acyl chain through a se ries of reactions catalyzed by va rious fatty acid 

synthases [58J. Reactions cata lyzed by the fatty acid synthases can produce fatty acids 

of varying lengths and degrees of saturation . Following fatty acid synthesis. 

acyltransferases in the membrane can recognize specific fatty acid end products and 

transfer them to glycerol-3-phosphate. eventually leading to the formation of 
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membrane phospholipids [59). Bacteria also have the ability to break down fatty acids 

into acetyl-CoA units, which can then be used in other pathways involving energy 

metabolism, carbohydrate and amino acid synthesis [60). Fatty acid breakdown is 

accomplished via the ~-oxidation cycle, where the first and a key step in fatty acid 

breakdown is carried out by an acyl-CoA dehydrogenase encoded by the fadE gene [61]. 

Commonly, researchers have used lipid mutants of E. coli in order to study membrane 

biosynthesis (62], [63). One such mutant was the KI060 strain, which is a fatty acid 

auxotroph that is unable to synthesize or degrade unsaturated fatty acids [64]. In order 

for this strain to be viable, unsaturated fatty acids needed to be supplemented in its 

growth media [64]. In this work, this mutant was initially used in order to selectively 

label the unsaturated chain via incorporation of lH-labeled oleic acid in the growth 

media. Thus, K1060 can be used for .lH NMR studies of the unsaturated chain . However, 

the interpretation of studies based on this strain might be limited by the fact there are 

very few published l H NMR studies on the unsaturated chain (e.g. [65J)' with which to 

compare my results. 

On the other hand, 2H NMR studies on the saturated chain of model membranes 

are extensive (e.g. [66), [67]. [68] etc.) and lH NMR studies of the saturated chains in the 

context of entire bacteria would be most beneficial for comparison. Unfortunately, no 

commercial strains were available that would allow incorporation of labeled saturated 

chains into the membrane. In order to overcome this obstacle, I created a new strain of 

E. coli, termed LA8. This was done by modifying E. coli strain L8, which already has a 

17 



mutation that affects total fatty acid synthesis (accS) [69], to also be deficient in fatty 

acid metabolism, via a mutation in/odE. The combined effects of these modifications 

allow for the incorporation of labeled saturated fatty acids specifically into the 

membrane by supplementing them into the growth media. 

For this study, I chose to treat the <H-membrane-Iabelled E. coli with a well 

studied, highly active AMP . MSI-78 (Figure 5) is a synthetic peptide analog of magainin 2 

that is found in the skin of bullfrogs [70). It is a very potent hydrophilic antibiotic with an 

MIC value of 41-lg / cell, a net cationic charge of 9 and a grand average hydropathicity 

index of -0.159 (71). MSI-78 is unstructured in aqueous medium but adopts a helical 

conformation when it interacts with membranes [72). NMR studies indicate that it tends 

to be oriented nearly perpendicularly with respect to the bilayer normal, inducing a 

positive curvature strain on lipid bilayers consistent with formation oftorroidal pores 

[71). 

Four main objectives were established and completed in this study. The first 

objective was to determine if <H NMR studies of entire bacteria in the presence of AMPs 

was achievable. To do so, I used an existing strain (1<1060) and determined the effects 

media and processing had on the 2H NMR spect ra. The second objective was to engineer 

a novel strain (LA8) specifically designed for ' H NMR studies. Using this novel strain, I 

determined the appropriate conditions required to achieve good quality 2H NMR 

spectra. The third objective was to further characterize this novel strain using cell 
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MSI-78 

Figure 5. Helica l wheel representation of MS I-78. Am ino acid residues highl ighted in red 

are cationic and those highlighted in blue are hydrophobic. Modified and reprinted by 

permission from Elsevier: [Biophysical Journal] [71],copyright(2006) 
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2. Materials and Methods 

1.1 Peptide synthesis and purification 

MS1·78 (NHl"G 'GKFlKKAKKFGKAFVK'lKK·NH~ ), was synthesized with help from 

Donna Jackman (Booth lab, Biochemistry, MUN) via solid·phase synthesis using O· 

fluorenylmethyloxycarbonyl (Fmoc) chemistry. Organic solvents and other reagents 

used for synthesis and purification were purchased from Sigma-Aldrich Co. (St . louis, 

MO). The peptide was synthesized using a CS336X peptide synthesizer (CS Bio Co., 

Menlo Park, CAl following manufacturer's instructions. Fmoc amino acids (CS Bio Co., 

Menlo Park, CAl were weighed out in 5X excess and placed in tubes on t he peptide 

synthesizer. The synthesizer used a prederivatized Rink amide resin to assemble the 

peptide. Dissolution of amino acids was carried out using 0.4 M I-hydroxy-benzotriazole 

(HoBt) dissolved in dimethylformamide (DMF). De·blocking and resin washes were 

accomplished using a 20% piperidine/DMF solution and DMF, respectively. At 

completion of synthesis, the resin with the assembled peptide was transferred to a 10 

ml syringe equipped with a filter and washed thoroughly with methanol under vacuum. 

The resin was then air dried for 30 min and then under vacuum for 60 min. Cleavage of 

th e peptide from t he resin was carried out by the addit ion of trifluroacetic acid solution 

(HA) (95% by volume), which was stirred for 3 h and then transferred to a 50 ml Falcon 

tube (Greiner Bio·One, Monroe, NC). The peptide was then cold precipitated using 50 ml 

of diethyl eth er at · 20"e. The precipitate was pelleted by centrifugation (2000 x g at _4°( 
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for 5 min), re-suspended in double distilled water with 0.1% TFA and filtered to remove 

undissolved particulate. 

Purif ication of the peptide was carried out using high-pressure liquid 

chromatography (HPLC) (Varian Pr05tar HPLC, Varian Inc., St. Laurent, QC). The HPLC 

was equipped with a reversed phase Vydac C-8 column and made use of a 

water/acetonitrile linear gradient. Peptides were detected via UV spectroscopy at a 

wavelength of 215 nm. The strongest {highest absorbance in mill i-absorbance units 

(mAUl at 215 nm) peak on the HPLC chromatograph (Figure 6) was collected, and its 

mass ana lyzed. The molecular weight of the peptide samples wa s confirmed via matrix

assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF M5) 

at the Genomics and Proteomics (GaP) facility (Memorial University, St. John's, NL) 

Upon confirmation of the desired peptide, the sample was lyophilized and stored at 4·C 

For NMR experiments, 10-mg/ml stock solution of MSI -78 in Medium 63 (Table 2) was 

prepared and exact volumes added to bacterial samples as needed. 

2.2 Bacterial strains used and media preparation 

Bacterial strains and plasmids used in this study are listed in Table 1. All strains 

were grown in a shaking incubator at 170 rpm. Strain BW25141/pK04 f rom the Coli 

Genetic Stock Center (CGSC, Ya le University, New Haven, Conn .) was used to obtain the 

pK04 plasmid (carrying the kan gene). The st rain was grown at 37"( in Luria-Bertani (LB) 

medium (5 gil NaCI, 5 g/I yeast extract and 10 gil tryptone) supplemented with 50 

[-lglm l of kanamycin (Sigma-Aldrich, St. Louis, MO) . Strain BW25141/pKD46 from the 
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Figure 6, HPLC spectrum of MSI-78 eluted with an acetonitrile gradient. Samples were 

run thrOllgh a preparatory reverse-phase HPL( chromatographer equ ipped with a 

Vydac ( -8 column. The strongest [highest absorbance in milli-absorbance units 

(mA U) at 215 nm) peak ("'12,8 min) was ext ract ed and confirmed to have a mass 

consistent with MSI-78 by MALOI-TOF-MS 
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Table 1. Strains and Plasmids used in this study. 

Stl'il in Relevant Genotype 

KI060 F,fodE62, lac/50, tyrTS8(AS),/abBS and mel-1 

F-, aroCl4, lacYl, tsx-S7, glnV44(AS), gltAS, gaIK2(Oc}, 

L8 Roc-a, accB22(ts), rpsL20(slrR), XV/AS, mt/-l, /ldDl, thi-1 

and iff-S 

F-, oroC14, lacYl, t5)1-S7, glnV44(AS), gltA5, gaIK2(Oc), 

LAB Rac-O, accB22(ts), rpsL20(strR), )lyIAS, mtJ-l, IIdDl, thi-l, 

tfr-S and 6/odE::lr.an 

Plasmid 

pKD4 

pKD46 

Template vector, ariR5Kgommo, blo(ApR), (goB(Ter), kan, 

FRTand bla 

Expression vector, repA10l(ts}, oroBp-gom-bet-e)lo, 

oriR10l, bla(ApR), arae, blo and {tL3} 
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CGSC 
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CGSC was used to obtain the pKD46 plasmid (carrying the A Red genes). The strain was 

grown at 30·C in LB medium supplemented with 100 Ilg/ml of ampicillin (Sigma-Aldrich, 

St. Louis, MOj. The plasm ids were then isolated using the PureVield Plasmid Miniprep 

System (Promega, Madison, WI) according to the manufacturer's instructions . All other 

bacterial cultures were grown in Medium 63 [74) supplemented with appropriate 

nutrients as listed in Table 2. Solid medium plates were prepared using the appropriate 

liqu idmedia+l.S%agar. 

2.3 K1060 E. coli sample preparation !or lH NMR studies 

The fil ter paper disk carrying the KI060 strain from the CGSC was placed in LB 

medium, supplemented with SO Ilg/ml of oleic acid and grown overnight at 37"C. The 

resulting cultu re was spread on a solid medium plate containing LB and SO Ilg/ml of 

oleic acid and incubated overnight at 37"C. A well-isolated colony was then selected and 

cultu red in liquid media {LB + 50 Ilg/ml of oleic acid} and grown overnight at 3TC. The 

resulting culture was stored as 1 ml aliquot s in 50% glycerol at -80·C, until needed 

To produce bacteria for deuterium NMR observation of labeled unsaturated 

chains (deuterated oleic acid), 100 ml of Medium 63-C (glucose as carbon sou rce) or 

Medium 63-D (casamino acids from casein protein as carbon source) was inoculated 

with the K1060 strain. These cells were grown at 37"C in a 500 ml Erlenmeyer flask using 

a shaking incubator (Shellab, Cornelius, Oregon) at 150 rpm. The cells were then 

harvested in the stationary phase (Awn of "'2.0) and t ransferred into two sterile SO ml 
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Table 2, Media used in th is study 

Medium 

Medium 63 
13,6 gIL KH1PO .. 2 .0g/L{NH.hSO., 0.2 gIL MgSO,.7H,O, O.SmgIL Fe50,.7H,O, 4.0 gIL 

@Iycerolandadjustedto pH 7,0 with KOH 

Medium Medium 63 supplemented with 

Medium 63-A 1 IJg/mL thiamine, 3 g/L casamino acids and 30 lJg/ml kanamycin 

Medium 63-6 !~::;oL ~:;~~i:~i! ~i~ c:~:m~~::~~:'k~::~~~:j~5g, 50 IJg/m L deuterated palmitic 

Medium 63-( 1 ..ymL thiamine, 2 giL glucose, 1 gIL Brij ·58 and 50 I-Ig/ml deuterated oleic acid 

Medium 63-0 IlJ.&/mL thiamine, 3 gIL casamino acids, 1 gIL Brij·58 and 50 IJg/mL deuterated oleic 
arid 

Medium 63-( I IJ.8/ml thiamine and 3 gIL casami rlO ad ds 

. IIJ.8/mL thiamine, 3 gIL casamino acids, 1 gIL Brij-58, 50 IJg/ml o leic acid and 50 
Medlum63-F IJg/mLpalmitic acid 
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Falcon centrifuge tubes. The cells were centrifuged at 4~C for 10 min at 4100)( g, after 

which the celis were washed two times in cold Medium 63 containing 0.1% Brij-S8. The 

sample was centrifuged again (4"C for 10 min at 4100)( g) and the pellet with labeled 

unsaturated chains was used immediately for 2H_NMR studies. Each sample occupied a 

volume of "500 ~I and had the viscosity of a paste. For samples containing no peptide, 

approximately two hours elapsed between the initial harvesting of cells and the 

beginning of the NMR experiment 

2H NMR studies of bacteria treated with peptide required some additiona l 

preparative steps. After the washing and centrifugation step described above, the pellet 

was re-suspended by gentle agitation in 100 ml of Medium 63 for 15 min. Then an 

appropriate amount of peptide was added and the sample vortexed thoroughly for:::l0 

sec. This sample was then centrifuged as above and used for NMR. Samples were 

transferred into the NMR sample holder using a sterile spatula. Control experiments 

with buffer (Medium 63) in place of AMP were also carried out. For these controls, 

samples were prepared as described above in order to test for any effect of vortexing 

For the peptide samples, approximately 2.5 h elapsed between the initial harvesting of 

cells and the beginning of the NMR experiment. 

The peptide concentration for each sample is expressed as %w/w (peptide/dry 

cell weight). To measure the dry weight of bacteria, samples were grown to an Awo ",2.0 

and processed in the same manner as described above. The resulting pellet was then 

dried under vacuum for 48 hours and weighed on an analytical balance. The average of 
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the measured weights was used as the theoretical dry cell weight in samples containing 

peptide. 

2.4 Engineering the LAB bacteria 

To create the LAB strain, Pfu DNA polymerase (Stratagene) and GenElute 

Bacterial Genomic DNA Kit were purchased from Cedarlane (Burlington, ON) and Sigma

Aldrich (St. Louis, MO), respectively. Plasmid DNA purification and PCR purification were 

performed using spin column kits purchased from Promega (Madison, WI) following the 

manufacturer's instructions. A MicroPulser Electroporator from Bio-Rad (Hercules, CAl 

was used for linear DNA transformations. L-arabinose used for induction was purchased 

from Sigma-Aldrich (St. Louis, MOl 

In creating the LA8 strain, genetic manipulations were performed on the L8 

stra in in order to replace the/odE gene (needed forfatty acid metabolism) with a 

kanamycin resistance gene, using the method of Oatsenko and Wanner [75] as outlined 

in Figure 7. The L8 stra in was first t ransformed with the pK046 plasmid, which encodes 

the). Red genes (v, 13 and exo) under the control of an arabinose-regulated promoter 

(76). This plasmid also expresses ampicillin resistance as a selection marker (76J. In 

order create the transform ant, the L8 st rain was grown at 30"C in Medium 63-E 

overnight (<::16h), subcu ltured at 3rC in fresh Medium 63-F and grown to Awo of "'0.6. 

One hundred microliters of the cells were transferred to a 1.5 ml Eppendorf tube and 

incubated on ice for 10 min. Fifty nanograms of the pKD46 plasmid was added to the 
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create the LAB strain. 
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Eppendorf tube and allowed to incubate for another 10 min. The tube containing the L8 

strain and pKD46 plasmid was then heat shocked in a hot water bath at 42"C for 45 

seconds followed by 2 min on ice. One milliliter of Medium 63-F was added to the tube, 

which was then incubated for 1 hour at 37"C. One hundred microliters of the resulting 

culture was spread on an agar plate containing Medium 63-F and 100 !-Ig/ml of ampicillin 

and grown overnight (==16h) at 37"C. Ampicillin-resistant transformants were selected 

for and cultured in liquid media (Medium 63-F) and grown overnight at 37"C. The 

resulting culture was stored as 1 ml aliquots in 50% glycerol at -80"C, until needed. 

These transformants are referred to as LB/pKD46 

pKD4 [75] encoding the kanamycin resistance gene (kan) between the Pl and P2 

site was used as a template for PCR amplification of the kan gene. The following 

reagents were used for PCR amplification: 2.50 U pfu DNA Polymerase, 30 ng of pKD4, 

0.2 !-1M of each primer (KAN-f & KAN-r) (Table 3), 250 !-1M of each dNTP and 1.OX PCR 

buffer. Primers were designed based on the sequences of the kan and fadE genes and 

synthesized by Sigma-Aldrich (St . l ouis, MO). The cycling parameters used for the PCR 

react ion were: an initial denaturation period of 5 min at 95"C, 35 temperature cycles 

(94·C for 45 sec, 52"C for 45 sec and 72"C for 90 sec), followed by a final 10 min interval 

at 72"C. The final PCR product was purified and stored at -20·C in nuclease-free water 

until needed. The synthesized linear PCR product contains the kan gene, which is 

flanked by sequences homologous to the start and stop regions of the/adE gene. To 

prepare electrocompetent L8/pKD46 cells, the strain was grown at 30·C in Medium 63-E 
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overnight. One milliliter of the overnight culture was then added to 100 ml of Medium 

63-F supplemented with SO ~g/ml of ampicill in and 10 mM of l-arabinose. The bacterial 

culture was then incubated at 30·C and grown to an Area of "'0.6. The culture was chilled 

on ice for 10 min and then centrifuged at 4' C for 10 min at 4100 K g. The result ing pellet 

was washed twice with ice-cold 10% glycerol and then re-suspended in 5 ml of ice-cold 

glycerol (concentrated 20-fold). The now electrocompetent l8/pKD46 cells were 

dist ributed into SO ~I aliquots and stored at -80' C until needed. 

For the electroporation, an aliquot of electrocompetent cells were thawed on ice 

and mixed with 10 to 100 ng of the linear PCR product containing the kan gene. The 

mixture was then transferred to a chilled 0.2 cm electroporation cuvette (BioRad, 

Hercules, CAJ and shocked once at 2.5 kV (Dr. Andrew lang generously provided the 

electroporator and corresponding cuvettes). One milliliter of Medium 63-F was added to 

the shocked cells and quickly transferred to a sterile culture tube and incubated at 37"C 

for 2 hours with moderate shaking. Aliquots of the culture were then plated on selective 

medium containing 30 ~g/ml kanamycin. Kanamycin-resistant colonies were isolated 

and cultured in liquid media (Medium 63-B) and grown overnight at 37"C. The resulting 

culture was stored as 1 ml al iquots in 50% glycerol at -80·C, until needed. Successful 

recombinants contained the kan gene in place of the ladE gene; these recombinants will 

be referred to henceforth as LA8 

The presence of the kan gene in the proper orientation in these mutants (LAB) was 

confirmed via PCR. The LAS bacterial genome was isolated using the GenElute Bacterial 
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Genomic DNA Kit. Once isolated, the region corresponding to the/odE gene wa s 

amplified using FadE-f and FadE-r primers (Table 3). The linear PCR product was 

sequenced at the Genomics and Proteomics Facility (GaP) (Memoria l University, 5t . 

John's, Nll to confirm the presence of the kan gene. 

1.5 LAB E.coli sample preparation 2H fIIMR studies 

For NMR experiments, st rain LAS was grown at 30·C in 10 ml of Medium 63-A 

(Table 2) overnight (without fatty acid supplements) and subcu ltured in 400 ml of fresh 

Medium 63-8 (supplemented with fatty acids including deuterated palmitic acid). The 

cells were then grown at 3rC in a 4000 ml Erlenmeyer flask using a shaking incubator at 

150 rpm. The cells were grown to the mid-log phase (Awe of 0.6-1.0) and then harvested 

by centrifugation at 4·C for 10 min at 4100 x g. For studies of untreated cells, the 

bacteria were then washed either once or twice with gentle agitation for 15 min in 100 

ml of Medium 63 containing 0.1% Brij-5S. The sample was centrifuged as before and 

the pellet with labeled saturated chains was then used immediately for 2H_NMR studies 

Each sam ple occupied a volume of 0:::500 III and had the viscosity of a paste. For the 

peptide-free sample, it takes approximately 1.5h or 2h (washed once or twice, 

respect ively) between the initial harvesting of cell s and the beginning of the NMR 

experiment. 

For bacteria treated with peptide, additional steps were carried out . After the 

washing (only done once) and centrifugation step described above, the pellet was 
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used for the spectrometers were 61.42 MHz and 23.2 MHz, respectively. Both 

spectrometers were assembled in-house and included: a pulse programmer, a 

quadrature detector, a l000W amplifier and a computer for data collection. The NMR 

probe head was an in-house assembled apparatus that enclosed the radio frequency coil 

and th e sample. The temperature in the probe was controlled to ± O.l°C using a 

LakeShore Cryogenics (Westerville, OH) temperature controller. Data collection and 

analysis was done using a NMR program (MEMNMR v 3.0) written in house. 

To obtain lH_NMR spectra of bacterial cells, a quadrupole echo pulse sequence 

(11/2-T-11/2-acq) was used as described elsewhere [77], with a 900 ms recycling delay, a 

30 I-IS pulse separation and a 5 I-IS pulse duration. Data were col lected using a 11-15 dwell 

time and a free-i nduction -decay length of 8192 points. Oversampling by a factor of 4 

was applied to give an effective dwell time of 4 I-IS [78). The free induction decay was 

left-shifted to place the echo maximum as the first point. To check for se nsitivity of the 

observed signa l to pulse parameters, NMR experiments were also performed using the 

above parameters but with 500 ms recycling delay and either a 40 1-15 or 60 I-IS pulse 

separation. Depending on th e signal strength, 8000 to 172000 scans were averaged. To 

monitor time-depe ndent changes in the spectral shape, transients were averaged in 

sequential blocks of 8000 scans, each collected over 2 hours. When comparing samples 

containing different peptide concentrations for the LAS st rain, 32000 transie nts were 
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averaged for each spectrum displayed. For moment calculations, the imaginary channel 

was zeroed before Fourie r transformation, in order to symmetrize the spectra. 

Echo decay times (T~. ) were measured for each sample by varying t he 

quadrupole echo sequence pulse separation, t, sequentially from 30 to 400 !-Is. For each 

pulse separation, 2000 transients were averaged to obtain the echo amplitude. The 

mean echo decay rates, <1/ Tze>, were obtained from fits to the initial echo decay 

according to 

II) 

where A.J is the maximum amplitude of the echo. The reported echo decay times are the 

inverse of the mean echo decay rate [79J. 

2.7 Moment AnalySiS 

First spectral moments (Mtl were calculated from the symmetric lH_NMR 

powder pattern spectra according to 

12) 

where W is the frequency with respect to the centrallarmor angular frequency Wo and 

f(w) is the line shape [80J. The first moment is proport ional to the average quadrupole 

splitting in the spectrum and thus to the average of the deuteron orientat ional order 

parameter 
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over the deuterated chains. In Eq. 3, e is the angle between the CD bond on a given 

chain segment and the bilayer normal, which is the axis about which the chain 

undergoes fast, axially symmetric reorientation [81J. 

Second spectral moments, M l , were also calculated from the symmetric powder 

patterns according to 

(4) 

Second moments were used to calculate the parameter 

which is the relative mean square width of the distribution of orientationa l order 

parameters (80J and is sensitive to the shape of the spectrum. 

For each spectrum, baselines for the integrals in Eqs. 2 and 4 were obtained by 

averaging all points in the range 33.6-45.8 kHz. For samples with no peptide, integrals 

ran from 0 kHz to 29.3 kHz. For peptide-containing samples, intensity reaches the 

baseline at smaller frequencies and the integrals were cut off at 24.4 kHz. For all 

spectra, the narrow feature at the spectral centre - corresponding to isotropically-

reorienting natural abundance deuterated water - was clipped between +/- 0.4 kHz by 

setting the intensity in that range to the average of the intensity in the range 0.4-0.5 
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kHz. 

2.8 Cell viability: Spread plate count 

Plate counts were performed on samples in pre-NMR and post-NMR conditions 

In this context, pre-NMR refers to the state of the raw bacterial culture before it has 

been processed and placed in an incubator. Post-NMR refers to the sample that has 

been processed (described in section 2.5) and placed in an incubator at 3rC for various 

durations (mimicking conditions of an NMR e~periment) 

For pre-NMR counts of colony forming units (CFUs). 4 tubes were filled with 9.0 

ml of sterile Medium-63. One milliliter of the stock culture was transferred aseptically to 

the first tube and vorte~ed to give a 1:10 diluted culture. One milliliter of the diluted 

culture was then transferred aseptically to the second tube with sterile Medium-63. The 

second tube was vortexed to give a 1:100 diluted culture. The above steps were 

repeated in series with the th ird and fourth tube to give 1:1000 and 1:10000 diluted 

cultures. One hundred microliters of each diluted culture was pipetted onto the 

appropriate solid medium plate and spread over the entire plate using a steri le glass 

sp reader. For each diluted culture, plates were prepared in triplicate and incubated at 

3rc overnight. The next day, only plates with between 30 and 300 CFUs were used in 

the plate co unts. For each set of diluted cultures the number of CFUs were averaged 

and used in all subsequent percent viability calculations. The solid medium plate used 

for the K1060 strain was either Medium 63-C or Medium 63-0, and for the LAS strain it 

was Medium 63-B. 
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Post-NMR counts ofCFUs involved an additional step before continuing with the 

steps listed above. The bacterial sam ple was first re-suspended in sterile Medium 63 to 

a final volume that was the same as the original stock culture. The sample was then 

processed in the same manner as the pre-NMR sample and the CFU s determined. The 

cell viability was expressed as a percentage of the CFUs post-NMR to pre-NMR for the 

various time interva ls. For the same time intervals, cell viability was also expressed as a 

percentage of the CFUs post-NMR relative to a sample immediately after processi ng. 

2.9 Celf viability: MTT reduction assay 

MTI reduction assays were performed for pre-NMR and the corresponding post

NMR sam ples. This cel l viability assay is based on the method of H. Wang et al. [821. A 

stock solution of 3-(4.S-dimethylthiazol-2-yl)-2,S-diphenyl tetrazolium bromide (MTI) 

was prepared in dist illed water to a concentration of 5.0 g/I and stored at -20'C until 

needed. 

LAS bacteria were harvested in the mid-log pha se at an AroJ "'0.6. One-and-a-half 

millilit ers of the culture were set aside and the rest of it processed in the same manner 

as used for the NMR experiments (Section 2.4) . The 1.5 ml cell culture was then 

centrifuged at 10000)( g for 30 sec and then re-suspended in 1.5 ml offresh Medium 63. 

The cell sus pension was then diluted (1:1O) in Medium 63 and 200 1-11 of the diluent 

transferred into 1.5 ml centrifuge tubes. Twenty microliters of the thawed MTI stock 

solution was added to the diluted bacterial cul ture and thoroughly mixed in order to 
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initiate the reduct ion reaction. The mixture was then incubated at 3rc for 20 min. The 

bacteria-formazan crystal complexes that formed were then collected by centrifugation 

at 10000 lC g for 30 sec. The pellet was then transferred into test tubes using 2.5 ml of 

DMSO and thoroughly mixed. After 10-15 min, t he absorbance was measu red at 550 

nm. For each sample the MTT assay was performed in duplicates. 

For post-NMR conditions, the sample wa s first re-suspended in sterile Medium 

63 to a final volume that was the sa me as the origina l stock cu lture. The sample was 

then processed in a similar fashion as the pre-NMR sample and the As~ was measured. 

The cell viability was expressed as a percentage of the AS50 post-NMR to pre-NMR for 

the variou s time intervals . For the sa me time intervals, cell viability was also expressed 

as a percentage of the A5~ post-NMR relative to a sample immediately after processing. 

1.10 Min imal inhibitary concentration (MIC) assay 

The minima l inhibitory concentration (MIC) of MSI-78 was determined against 

the LAB strain and the laboratory control JM109 strain (Invitrogen, Grand Island, NY) 

Using a modified version of the growth method described by Wiegand et al. [B3].10 ml 

each of Medium 63-F and Medium 63-f were inoculated with the LAB and JM109 

strains, respectively. The cells were then grown at 37"( to an A:,oo ::0.6. 1.0 ml of each 

bacterial culture was transferred aseptically to a tube with 9.0 ml of each strain 's 

respective growth media. The tubes were then vortelCed to give a 1:10 diluted culture of 

each st rain. The above dilution steps were repeated in series to produce a 1:1000 
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diluted culture of each strain. The resulting diluent had a working concentration of::::5 X 

lOs CFUs/ml for each strain. 

lyophilized MSI-78 was dissolved in Medium 63 to produce a stock solution at a 

concentration of 1 mg/ml. Twenty III of the stock MSI-78 solution was pipetted into 

column 1 of a 96-well round -bottom polypropylene plate (Corning Inc., Corning, NY) 

Twenty microliters of Medium 63 alone was also added to column 1 to determine any 

antimicrobial effects of the buffer itself. Ten microliters of Medium 63 was then added 

to all wells from columns 2-10. In order to obtain a two-fold dilution, 10 IJI from each 

well in column 1 was added to the corresponding well in column 2, and the resulting 

solutions were mixed by pipette. The above steps were repeated in series until column 

10, where the excess 10 IJI was discarded. This resulted in 10 solutions of MSI-78 with 

concentrations ranging from 100 Ilg/ml to 0.20 Ilg/ml, decreasing by a factor of 0.5 from 

columns 1-10. 

Using a second 96-well round-bottom polypropylene plate, 90 III of each 

bacterial culture (diluted 1:1000) was pipetted in duplicate into columns 1-10, and 100 

III into column 11 as a growth control. As a sterility control, 100 III of Medium 63-F and 

Medium 63-E - growth media of LA8 and JM109, respect ively - were pi petted into 

column 12. Ten microliters from each ofthewells containing the peptid e solution from 

column 1-10 was transferred to the corresponding wells in the plate with the bacterial 

culture. The plate was then sealed with breathable sealing tape a nd incubated at37"C 

overnight (::::16 h). To confirm the correct working concentration of each bacterial 
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culture, 101-\1 was removed from the growth control well for each st rain and transferred 

into 9901-\1 of Medium 63. The sample was th en vortexed to produce a 1:100 dilution. A 

1:1000 dilution was made by pipetting 100 1-\1 of the 1:100 diluent into 900 j..ll of Medium 

63. Both ofthe dilutions were plated onto solid medium plates (Medium 63-F for LA8 

and Medium 63-E for JM109) and incubated at 37"C overnight (::: 16 h). The presence of 

500 and 50 colonies using the 1:100 and 1:1000 diluents, respectively, corresponds to 

the required working concentration of 5 X 1O~ CFUs/ml. For each strain, the assay was 

run in duplicate. 

MIC va lues were not calculated whenever a pellet of 2 mm or greater was 

observed in the growth control wells, or if the sterility control was turbid . The MIC value 

for MSI-78 was taken to be the lowest concentrat ion of AMP that inhib ited visible 

growth of the bacterial strain , as defined in Wiegand et al. (83J. 
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3. Results 

This section presents the results gained from the novel approach of 

characterizing peptide-membrane interactions of AMPs in intact E.coli.lt begins with a 

discussion of the results Of l H NMR studies of the K1060 strain - composed of labeled 

unsaturated chains (deuterated oleic acid) - in the absence and presence of the peptide 

MSI-78. These initial experiments used the KI060 strain because of its commercial 

availability at that time. However, unlike strains used in the past (e.g. Davis et aI., [80]) 

the KI060 strain is only unable to synthesize unsaturated fatty acids. This means on ly 

selective 2H labeling of the unsaturated chains is possible via incorporation of ' H

labelled oleic acid into the growth media. This is followed by a discussion of the 

experiments done in order determine the optimal protocols to use for ' H NMR studies 

of LAS, which is the novel strain with labeled saturated chains (deuterated palmitic 

acid). IH NMR studies on intact cells with saturated chains deuterated would facilitate 

better comparison with model membrane studies, which customarily have used 

deuterated saturated chains. This section also discusses the experiments done - cell 

counts, MTT assay and MIC assay - to characterize the LAS strain. Finally, this section 

ends with a discussion of the result s of the l H NMR studies of LAS treated with MSI-78. 

3.1 K1060 cultured using glucose 

Given the availability of the K1060 strain (at the CGSC), it was decided to use this strain 

first to test the feasib ility Of 2H NMR studies of entire bacteria in the presence of AMPs 
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l H NMR spectra were recorded for cells (labeled with deuterated oleic acid) cultured in 

Medium 63-( (glucose as carbon source) and harvested in the stationary phase. Figure 9 

shows a series of spectra acquired at 37"( every 6 h, such that the first scan starts ",2.5 h 

after the initial harvesting of bacteria. These spectra display monotonically increasing 

intensity as we approach the lower splittings (below ±IS kHz). Unlike multi lamellar 

vesicles prepared using palmitoyl-2-0Ieoyl-sn-glycerol-3-phosphocholine (POPC) 

deuterated at the cis double bond of oleic acid, it was not possible to resolve doublets 

with spliuings of approximately t12 kHz, corresponding to the fluid C-lO deuterons of 

the double bond [84). The spectra also have a sharp, central peak with a width of <1 

kHz, which arises from naturally occurring deuterated water (711. As time progresses, 

there are no visible changes in the spectra, indicating few changes to the lipid acyl chain 

order. 

3.2 K1060 cultured using casamino acids 

The next step was to investigate potential ways to increase the signal-to-noise 

ratio of the KI060 sample. Kongings et aI., [64) studied the radio- and thermo-sensit ivity 

of the KI060 strain. They cultured their bacteria in a minimal medium that used 

casamino acids as the carbon source instead of glucose. As such, a sample of K1060 

strain was also cul tured in medium containing casamino acids (Medium 63-0) in order 

to determine the effects t he carbon source has on l H NMR spectra of the labeled oleyl 

45 



-50 -25 a 25 50 
Frequency (kHz) 

Figure 9. Solid-state lH NMR spectra of membrane-deuterated KI060 bacteria, showing 

t he evolution of the NMR spectra over t ime. The bacterial samples were grown in media 

supplemented with glucose. Experiments were performed at 37"C and each spectrum 

represents 24000 scans. 
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chain. Using Medium 63-0, it was expected that deuterated oleic acid would constitute 

72% of the fatty acids in the membrane [8SJ. 

Figure 10 compares the spectra acquired for the KI060 strain using the same growth 

protocol (Section 2.3) but different carbon sources: casamino acids and glucose. Both 

spectra were acquired at 37"C over a period of 12 h, wi th the first scan starting .::2.5 h 

after the initial harvesting of bacteria. Both spectra display increased intensity at the 

lower splitt ings and decreased intensity at the higher splittings. However, the casa mino 

acid spectrum is cha racterized by more prominent spectral edges at approximately ±IS 

kHz and ±7.S kHz. The spect ral peaks for the casamino acid sample are better resolved 

than those of the glucose sample; the casamino acid spectru m has a doub let arising 

from the C- lO deuterons of the double bond (approximately at ±2 kHz), which is missing 

in the glucose spectrum. Both spectra have a sharp central peak corresponding to 

naturally occurring deuterated water (71J. 

3.3 1 H NMR studies of K1060 treated with MSI-78 

Next 2H spectra were acquired for KI060 cells (labeled with deuterated oleic acid) 

treated with the AMP, MSI-78. For these initial studies, the peptide was mixed in using 

vortexing, and thus control scans were also acquired with cells subjected to vortexing 

without the addition of AMP. Figure 11 shows 2H NMR spectra of KI060 cultured in 

Medium 63-D and treated with varying concentrations of the antim icrobial peptide 
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Figure 10. Solid-state lH NMR spectra of membrane-deuterated K1060 bacteria, 

showing the effects of different carbon sou rces in the growth media. Experiments were 

performed at 37"( and each spectrum represents 48000 scans. 
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Figure 11. Solid -s tate lH NMR spectra of membrane-deuterated K1060 bacteria 

processed under different conditions. Experiments were performed at 37"C. (a) lH NMR 

spectrum of K1060 averaged over 48000 scans. Arrows correspond to spectral edges at 

approximately ±12 kHz and ±7.5 kHz. (b) lH NMR spectrum of K1060 subject to 

vortexing averaged over 152000 scans. Arrows correspond to spectral edges at 

approximately ±5 kHz. (c) 2H NMR spectrum of KI060 in the presence of 10% w/w of 

M51-78 (weight M51 -78/ dry weight bacteria x 100) (t rial 1). The sample was subject to 

vortexing and averaged over 64000 scans. (d) 2H NMR spectrum of K1060 in the 

presence of 10% w/w of MSI-78 (trial 2). The sample wa s subject to vortexing and 

averaged over 144000 scans. (e) 2H NMR spectrum of K1060 in the presence of 20% w/w 

of MSI -78. The sample was subject to vortexing and averaged over 172000 scans. 
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MSI-78. Note that, as indicated in the figure legend, the spectra in Figure 11 were 

acquired with different numbers of sca ns, which led to the observed differences in 

signal-to-noise. All peptide concentrations are expressed as percentage of peptide 

weight over dry cell weight and all spectra were collected at 37"C. Treatment with MSI-

78 (Figure 11c, 11d and 11e) resulted in an increase in intensity at smaller splittings with 

a subseq uent decrease at largersplittings, indicating an increase in disorder of oleyl 

chains in the membrane. Vortexing (Figure 11b) had similar effects on the spectra but 

the effect appears to be greater in the presence of peptide. The ' H NMR spectrum of 

the vortexed sample lacks the spectral edge seen at approximately ±lS kHz - seen in the 

peptid e free non-vortexed sample - but still retains the spectral edge at the narrower 

splitting. However, the quadrupole splitting corresponding to this spectral edge is found 

at a lower frequency (approximately ±S kHz) than for the peptide free non-vortexed 

sample (approximately ±7.S kHz). The 2H NMR spectra ofthe samples with peptide 

displayed no obvious spectral edges, possibly indicating a decrease in theorientational 

order of oleyl chains in all membrane fractions. However, the signal-to-noise ratios in 

these samples were low and it is hard to draw defin ite conclusions regard ing the 

presence or absence of specific spectral fea tures. Only the 10% (w/w) sample was 

repeated given the !imited availability of MSI-78. 

To quantify the changes in the spectra that occur with time, it is possible to calculate first 

spectral moments (Md, which are proportional to the average order parameter of the 

' H-Iabelled lipid acyl chains. Also calculated, were the second moment (M2) and the 
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mean square width of the distribution of splittings (6~ ). Figure 12 shows the dependence 

of M I , M I , and 61 on peptide concentration for the spectra in Figure 8. Vortexing and 

t reatment with 10% MSI -78 resulted in lower values ofMJand MI. with a more 

substantial decrease in the presence of peptide. With vortexing the M j is "'12% lower 

when compared to the no-peptide sample; in the presence of 10% MSI-78 and vortexing, 

the M j is ",21% lower. In the presence of 20% MSI-78 and vortexing, the effects on M J 

and M 2 were less, than compared to the sample treated with 10% MSI-78 and vortexing 

or vortexing by itself. The response of 62 to vortexing in the presence and absence of 

MSI-78 is opposite that of M J and M 2, re flecting its sensitivity to spectral shape rather 

than simply width. 62 for K1060 treated with 10% MSI-78 was very different for the two 

trials. This is surprising since {j,l is less sensit ive to baseline imperfect ion because it 

depends on the ratio of Ml to Mi"' This suggests that the calculated moments must be 

interpreted cautiously in such featureless and noisy spectra 

3.4 Echo decoy times of KI060 

In addition to acq uiring the spectra of the KI 060 strain under different conditions, 

quadrupole echo decay times were also measured. The quadrupole echo decay time 

reflects the sum of the motions that affect the quadrupolar interactions experienced by 

the deuterons. Figure 13 shows the echo decay times of K1060 bacteria cultured and 

treated under different conditions. For the K1060 st rain, the type of media that it is 

cultured in - glucose or casamino acids as the carbon source - has little effect on the 
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Figure 12. (a) First moment Ml, (b) second moment M2 . and (c) 62 of 2H·NMR spectra 

(Figure 11) for K1060 bacteria under different conditions: no peptide, refers to KI060 in 

the absence of M$I·78; vortexing, refers to KI060 that has been processed with buffer 

instead of MSI·78 (peptide control); 10% MSI·78, refers to a KI060 sample in the 

presence of 10% w/w of MSI-78 (weight MSI-78 / dry weight bacteria x 100); and 20% 

MSI-78, refers to a K1060 sample in the presence of 20% w/w of MSI-78. Error bars 

correspond to the uncertainty associated with extracting moments from a given 

spectrum 
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Figure 13. NMR quadrupola r echo decay t ime Ill. 1 at 37"( for membrane-deuterated 

1<1060 bacteria under different conditions: Glucose, refers to KI 060 grown in media 

supplemented with glucose; 7 days post NMR, is the decay t ime for the glucose sample 

7 days after the initial experiment; Casamino acids, refers to K1060 grown in media 

supplemented wi th casamino acids; and 10% MSI-78, refers to a K1060 sample in the 

presence of 10% w/w of M51-78 (weight MSI-78! dry weight bacteria )( 100). Error bars 

correspond to the uncertainty associated with calculating decay times. 
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decay time, which is approximately 400 ~s. The treatment of K1060 with 10% MSI-78 

results in a substantia l decrease in T2e• which may reflect an increase in range of lipid 

chain reorientations 

3.5 Preparation 0/ saturated chain labeled bacteria 

Model membranes with deuterated saturated chains have been more extensively 

studied (e.g. [86J and [87)) than those with deuterons on the unsaturated chain. As 

such, it was concluded that conducting l H NMR stud ies on intact cel ls with satu rated 

chains deuterated would facilitate comparison with model membrane stud ies. For l H 

NMR studies of entire bacteria, it was desirable to maximize the level of .l H labeling in 

the membranes and minimize the l H background signal from elsewhere in the bacteria. 

To accomplish this, a novel strain of E. coli (termed LA8) was created that is unable to 

synthesize or metabolize fatty acids, allowing for selective l H labeling of the saturated 

chains of most phospholipids via incorporation of2H-label led palmitic acid into the 

growth media [80). The starting point for producing LA8 was the L8 strain of bacteria, 

which has a mutation that renders it unable to synthesize fatty acids [69]. Using the 

system of Datsenko and Wanner [75), genetic manipu lations were introduced to the 

strain (refer to section 2.4). By replacing the/odE gene with a kanamycin resistance 

gene (kon) these bacteria lost the ability to metabolize fatty acids. Based on the 

similarity between the LA8 and l Si strains [801 and the growth protocol employed, it is 

expected 96% of the phosphatidylethanolamine (PE) - the major phospholipid in the 
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bacterial membrane [88J - to have a deuterated palmitic acid in the sn-l position. Since 

palmitic acid is the major naturally occurring saturated fatty acid, deuterated palmitic 

acid is expected to be present in all other phospholipids as well (107]. 

3.6 1H NMR studies of LAB in a high field spectrometer 

Davis et aI., [80] studied the effects of temperature on the cytoplasmic and outer 

membranes of E. coli by 2H NMR, using a strain metabolically similar to LAS. However, 

they used a shorter recycl ing delay (i.e. more scans per second) and a longer pulse 

separation. In order to check for sensitivity of the observed signal to acquisition 

parameters, similar settings as those used by Davis et al. were tested when working with 

the LAS strain . 2H NMR studies were next performed using the higher field 9.4 T solid

state NMR spectrometer. Figure l4a shows a series of spectra acquired using acquisition 

parameters based on a shorter pulse recycling delay and longer pu lse separation. Figu re 

14b is a spectrum obtained using a 500 ms recycling delay and 60 I-lS pulse separation. 

The increased pulse separation had li tt le effect on the spectrum and it was similar to the 

spectrum in Figure 14a. All spectra still have a sharp central peak corresponding to 

deuterated water and show no visible changes wi th time. 2H NMR studies of LA8 were 

also performed on the same 9.4 T solid-state NMR spectrometer using the following 

pulse parameters: a 900 ms recycling delay and a 30 I-lS pulse separation . The shorter 

pulse separat ion reduces the loss of signal due to echo decay. IH NMR spectra were 

recorded for cells cultured in Medium 63-B and harvested in the stationary phase. 
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Figure 14. Solid-state 2H NMR spectra of membrane-deuterat ed LA8 bacteria using a 9.4 

Tesla solid-state NMR spectrometer at 3rC Each spectrum represents 40000 scans. (a) 

l H NMR spectra showing the evolution of the NMR spectra over time using a 500 ms 

recycling delay and 40 J..lS pulse separation . (b) <H NMR spectrum obtained using a 500 

ms recycling delay and 60 J..ls pulse separation. 
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Figure Isa shows a series of spect ra acquired at 37"( every 2 h, such that the first scan 

starts =2 .5 h after the initia l harvesting of bacteria. These spect ra display increased 

intensity at the lower splittings relative to the higher splittings. Spect ral edges are 

somewhat noticeable at appro~imately ±l2 kHz. This is more obvious in Figure 15b, 

which shows spectra with better signal-to-noise ratios collected over a period of 8 hand 

18 h, respectively. All of the spectra still display a sha rp, central peak, which arises from 

naturally occurr ing deuterated water [80J. As time progresses, there are no visible 

changes in the spectra, indicating few changes to the lipid acyl chain order. 

3.7 Optimization 0/ bacterial preparation protocols 

In orde r to test the effects of growth phase on the 2H NMR spect ra, LA8 was 

cultured in Medium 63-8 and harvested at an A600 = 1.191. This corresponds to the later 

stage of the exponent ial growth phase. Figu re 16a shows a series of spectra acquired at 

37"( every 2 h, such t hat the f irst scan starts =2.5 h afte r the initial harvesting of 

bacteria. The spect ra display more intensity at the lower sp littings relative to the higher 

splittings. The spectra display spectra l edges at approximately ±12 kHz wh ich disappea r 

with time. As time progresses, there is a decrease in the intensity at the higher splittings 

and an increase in intensity at the lower sptittings. This res ults in a loss of the spectral 

edges at apprOximately ±l2 kHz and indicates an increase in the lipid acyl chain disorder 

over time. Figure 16b includes spectra collected over a period of 8 hand 16 h, 

respect ively. When comparing <H NMR spectra of LA8 from the stationary phase (Figure 

15b) and the exponentia l phase (Figu re 16b), cells harvested in th e exponential phase 
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Figure 15. Solid-state 2H NMR spectra of membrane-deuterated LAB bacteria us ing a 9.4 

Tesla solid-state NMR spectrometer at 37"C with a 900 ms recycling delay and 30 liS 

pulse separation. (a) <H NMR spectra showing the evolution of the NMR spectra over 

time. Each spectrum represents 8000 scans. (b) l H NMR spectra of LAB averaged over 

32000 scans (8 h) and 72000 scans (18 h) 
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Figure 16. Solid-state lH NMR spect ra of membrane-deuterated LAB bacteria obta ined 

using a shorter culture t ime and grown to A.,oo " 1.191. (al 2H NMR spectra showing the 

evolution of the NMA spectra over time. Experiments were performed at 37"C and each 

spectrum represents 8000 scans. The 16 h spectrum was omitted due to a missed scan 

(b) l H NMR spectra of LAB averaged over 32000 scans (8 h) and 64000 scans (16 h). 

Experiments were performed at 37"C. 
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show much better signal-to-noise ratios. All of the spectra still display a sharp, centra l 

peak, which arises from naturally occurring deuterated water [SOl. 

Since a shorter growth protocol gave 2H NMR spectra with improved signal-to-noise 

ratio, it was thought that a shorter processing t ime (accomplished by doing only one 

wash) might have the same effect and this possibility was tested. The washing step 

removes any free labeled palmitic acid that was not incorporated into the membrane. 

Figure 17 shows a series of spect ra acquired at 37"( every 2 h, such that the first scan 

starts::::2 h (only one wash) after the initial harvesting of bacteria. This sample of LAS 

was cultured in Medium 63-B and harvested it at an Awe> " 1.237 (late exponential 

phase). The spectra display increased intensity at the lower splittings relative to the 

higher splittings. As t ime progresses, there is a decrease in the intensity at the larger 

splittingsandan increase in intensity at the lowersplittings, indicating an increase in 

disorder of the lipid acyl chain as before. All spectra display a prominent spectral edge 

at approximately ±12 kHz. When compared to similar spectra obtained using two 

washes (Figure 16a), the above spectra show improved signal-to-noise ratios and the 

spectral edges are better resolved. 

3.B LAB growth curve 

Based on the previous results, harvesting bacteria with only one wash and 

isolating them in the exponential phase produced spectra wi th the best signal-to-noise 

ratio. As such, it was important to measure the growth curve for the LAS bacteria in 

order to more accurately determine the exponential growth phase (also known as the 

logarithmic phase). This growth curve is shown in Figure IS. Based on the growth curve, 
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Figure 17. So lid-state lH NM R spectra of membrane-deuteratcd LAB bacteria , showing 

the evolution of the NMR spectra over t ime. Samples were grown to an Awo = 1.237 and 

washed only once, Experiments were performed at 37"C and each spectrum represe nts 

8000 scans. 
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Figure 18. Growth of LAS bacteria as measured by absorbance at 600nm IOD6OO 1. Cells 

were inoculated from an overnight culture at time zero and then grown at 37"( at 170 

rpm in minimal media supplemented with oleic and palmitic acid 
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the mid-log phase of growth occurs "'6-7 hours after inoculation of the overnight culture 

into fresh media. It was expected that cells isolated in the mid-log phase would produce 

the best spectra; at this stage there is a higher rate of membrane biogenesis, the media 

is still rich in nutrients and there is very little cell lysis [90J. 

3.9 1H NMR studies of LAB using new protocols 

2H NMR spectra were acquired for the l H membrane-labeled LA8 bacteria 

harvested in the mid-log phase (Awo= 0.6 - 1.0) and washed only once. Figure 19a 

shows a series of spectra acquired at 37"C every 2 hours, such that the first scan starts 2 

hours after the initial harvesting of the log-phase bacteria. Figure 19b isolates the 

spectrum at two hours and illustrates some of the spectral features. These spectra at 

37"C display a prominent shou lder near ±12 kHz, resembling spectra from lipid 

liposomes just above their gel-to-liquid crystalline transition temperature (e.g. (911 

[80]). The shoulder at approximately ±12 kHz (indicated by arrows labeled "p" in Figure 

19b) arises from deuterons on the motionally constrained region of the deuterated 

palmitate chains near the headgroup, and corresponds to the plateau region of the 

orientational order parameter profile [81, 921. The quadrupole spliUings decrease with 

proximity of the deuterated chain segment to the bilayer centre, with those groups near 

the center having a smaller splitting. The doublet arising from methyl groups at the 

deuterated chain ends is labeled by "m" in Figure 19b. The spectra have a sharp, central 

peak with a width <1 kHz, which arises from naturally occurring deuterated water {SO]. 

This feature is labeled "w" in Figure 19b. As time progresses, there is a decrease in the 

intensity at the larger splittings and an increase in intensity at the lower 

65 



a 

Frequency (kHz) 

b 

w 
I 

Figure 19. (a) Solid -state 2H NMR spectra of mcmbrane-deuterated LAB bacteria, 

showing the evolution of the NMR spect ra over time. Experiments were performed at 

37"C and each spectrum represents 8000 scans. (b) Isolated trace of the 2 h spectrum 

with arrows to indicate the water peak (w), palmitate methy l deuteron doublet (m), and 

the prominent edges (p) corresponding to the quadrupole splitting deuterons near the 

headgroup, and thus most motionally-constrained, end of the acyl chain. This feature is 

typically associated with the plateau reg ion of the orientational order parameter profile. 
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splitlings, indicating an increase in the lipid acyl chain disorder over time. 

3.10 Time-dependent quantitative NMR studies of LAB 

To quantify the changes in the spectra (Figure 19a) that occur with t ime, spectra 

were analyzed by calculating the first moments (Md, the second moments (M 1) and the 

mean square width of the distribution of spli ttings (lId. The first moment M l decreases 

slowly w ith t ime (Figure 20a), reflecting an overall decrea se in the average order 

parameter due to increased amplitud e of motions of the acy l chains in the bacterial 

membrane. Over the course of 18 hours, M J values for the untreated bacteria decrease 

from an initial value of "'5 x 104 S· l to '0 4.5 X 104 S·I . The bacterial membranes are only 

slightly less ordered than model lipid membranes - such as multilamellar vesicles 

composed of DPP(-d 62 - and typically exhibit M l values of "'5x 104 S·l, just above their 

t ransition temperature [93)[94J. Figure 20b shows corresponding values of t he seco nd 

spectral moment Mz. Because of the differences in how intensity at a given splitting 

contribut es to the first and second moments, an appropriate com parison of these 

moments can be sensitive to spectral shape. This comparison is provid ed by li1, the 

relative mean square width of the dist ribution of orientationa l order paramete rs. In 

Figure 20c, li 1. increases as the spectral shape cha nges from having more prominent 

shoulders nea r ±12 kHz to having less prominent should ers and relatively more intensity 

at smaller splittings. 

In preparing the bacteria for NMR, th e cells are washed and resuspended in 

buffer. Thus, t he slow reduction in Ml and corresponding changes in M, and /::., over 
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Time Elapsed (h) 

Figure 20. (a) First moment M J , (b) second moment M 2, and (c) 6 2 of l H_NMR spectra 

from membrane-de ute rated LA8 bacteria as a function of t ime in the presence of 

increasing concentrations of MSI-78. Time = 0 h refe rs to the moment the NMR st udy 

began following sample processing, i.e. two hours after the cells are initially harvested. 

Concentrations of MSI-78 (w/w) are (circle) O"Ai peptide, (square) 10% peptide, 

(diamond) 20% peptide, (triangle up) 30% peptide, and (triangle down) 60% peptide 
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time is likely related to the absence of nutrients available to the cells while they are in 

the NMR spectrometer. 

3.11 Cell viability (MIT and plate counts) 

To relate the measured lH NMR spectral results with biological function, cell 

viability assays were carried out under conditions ident ical to those used in the NMR 

experiments (Figures 21 & 22). The plate count assay (Figure 21a and 21b) indicated that 

the initial washing of the bacteria led to a loss of ::045% of the viable cells on average. Six 

hours after washing (i.e. after the first 3 spectra shown in Figure 19a), 76% of these cells 

were still capable of forming colonies, on average. After 12 and 18 hours, 

approximately 50% of the cells that went into the NMR spectrometer retained the ir 

capability to form colonies. The rate of loss of colony· forming units was quite high 

compared to the rate of decrease in M j . This suggests that cell death may not be 

accompanied by large changes in M I , or that a substantial population of bacteria do not 

necessarily die during the NMR experiment but do lose their ability to form colonies 

within the time span of this assay. 

In contrast to the plate count assay, the MIT assay (Figure 22a and 22b) 

indicates that the initial washing of the bacteria leads to a loss of ::015% of the 

metabolically act ive cells on average. For all time intervals after washing (6 h, 12 h, 18 h 

and 24 h), 64% of the original unprocessed culture is still metabolically active on average 

(i.e. ::075% of the cells remain metabolically active post·washing). These measured values 

correlate more readily with the slow decrease in MJ and M2 seen in Figures 20a and 20b. 

The cell viability observed via the MIT assay does not coincide with the plate count 
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Figure 21. Plate counts for cells plated immediately after processing and before the 

NMR experiments, as well as for cells held under conditions identical to NMR and plated 

after 6, 12, 18 and 24 hours. (a) Cell viability expressed as a percentage relative to 

unprocessed ce lls plated before washing. (b) Cell viability expressed as a percentage 

relative to processed cells plated after washing. The black and wh ite bars represent two 

sepa rate experiments performed at each t ime point. 
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Figure ZZ. Absorbance at A5~ of formazan crystals produced by E. coli cells immediate ly 

after processing and before the NMR experiments, as we ll as for cells held under 

conditions identical to NMR and measured after 6,12, 18 and 24 hours. (a) Cell viability 

expressed as a percentage relative to unprocessed cells measured before washing. (b) 

Cell viability expressed as a percentage relative to processed cells measured after 

washing. The black and white bars represent two separate experiments performed at 

each time point. 
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assay. This suggests that, although the cells may lose the abili ty to form colonies (as 

seen in Figure 21), it might not correspond to cell death (as seen in Figure 22). 

3.12 Determination 0/ minimal inhibitory concentration (M/C) lor MSI-78 

Since a novel strain of E. coli (LA8) was created, it is important to characterize 

the antimicrobial activi ty of MSI-78 against this strain. This can be used to determine the 

expected effects that the various concent rations of MSI-78 would have on the cells. The 

ant imicrobial activity can be assessed by a minimal inhibitory concentration (MIC) assay, 

which determines the lowest concentration of a peptide required to inhibit growth of 

bacteria [83J. The MIC values of MSI-78 were determined for the strains LA8and JM109 

(wild-type £. coli) . Based on MIC values, MSI-78 was four times more active against the 

LA8 strain than against the wild-type JM109 strain (Tab le 4, Figure 23). which suggests 

the physiology of the LA8 could be quite different from the corresponding wild-type. 

Peptide (Strain) 1 2 3 4 5 6 7 8 9 10 11 12 
MSI-78 trial 1 X X X X xi/ I I I I I I I I GC 5C 

(LAB) trial 2 X X X X X Ll LI GC 5C 
MSI-78 trial 1 X X X I , , , I , , GC 5C 

(JMI09) trial 2 X X X , , , , , , , GC 5C 

Figure 23. Graphical representat ion of the portion of a 96-well plate used for the MIC 

assay (Section 2.10). Note that an "X" represents no growth and a "..; "represents 

normal growth. GC represe nts the growth control and SC represents sterility cont rol. 

Columns 1 through 10 represent a doubling dilution series of the peptide MSI-78, with 

column 1 at 100 ~g/ml and column 10 at 0.195 ~g/ml. 
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Table 4. Results of antim icrobialsusceptibitity testing; M$I·7B minimal inhibitory 

concentration (M IC) values for mutant (LAB) and wild type (JM 109) species of 

Escherichia coli. 

LAB 
JM109 

MSI-78 (~/ml)l 

6. 25 (± 3.13) 

25.0(± 12.5) 

I MIC determination and solution conditions for the assay can be found in section 2. 10. 

3.13 Time·averaged 1H NMR studies of LAB treated wi th MSI-7B 

Figure 24a shows time·averaged l H_NMR spectra of 2H membrane· labeled LA8 

bacteria treated with varying concentrations of the antimicrobial peptide MSI·78. These 

spectra represent averages of the first 8 hours of data collect ion and thus show a better 

signal·to·noise ratio compared to the spectra displayed in Figure 19a (which represent 2 

hour scans). Treatment with MSI-78 resulted in an increase of intensity at smaller 

splittings relative to larger splitti ngs, indicating a decrease in average orientational order 

with increasing amounts of MSI ·78. The quadrupole splitting corresponding to the 

spectral shoulder (arrows in Figure 24a) is found to decrease with increasing pept ide 

concentration. The spectra may still reflect a shift in the relative populations of different 

membrane regions with varying levels of order, but, in cont rast to the changes with time 

shown in Figure 18a, there is no fract ion of the membrane for which orienta tiona I order 

is not diminished as peptide concentration increases. Figures 24b, 24c and 24d show 

the dependence of M J, M I , and fl2, respectively, on peptide concentration for the 

spectra in Figure 24a, plus those for two duplicate samples prepared with no peptide 
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Figure 24. fa) Solid-state ' H NMR spectra of membrane-deuterated LA8 bacteria with 

increaSing concentrations of MSI-78. MSI-78 concentrations are quoted as weight MSI-

78/dry weight bacteria )( 100. NMR eKperiments were performed at 3rC and each 

spectrum represents 32000 scans. The right panel shows (b) the first moment M ) , (c) 

second moment M" and (d) 6 , versus peptide co ncentration for the spectra in panel (a) 

and the spectra of duplicate samples at peptide concentrations of 0% and 30%. 
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and 30%w/w MSI-78. These pane ls clearly show the effect of the peptide on both the 

average orientational order along the deuterated chain (M j ) and the distribution of 

intensity across the spectrum (61) 

As with the untreated celis, the shape of the spectra for the MSI-78-t reated 

bacteria were quantified in terms of M I, M1 and 62, calculated for each 2 hours of NMR 

data acquisition and plotted in Figures 20a, 20b, and 20c. For the treated bacteria, the 

slow changes in M I, M2 and 62 over time occurred at approximately the same rate as 

the untreated bacteria. However, each MI , M2 or 62 vs. time curve was displaced in 

response to MSI-78 t reatm ent, to an extent consist ent with the peptide concentration. 

Th ese dependencies are illust rated in Figures 24b, 24c, and 24d as well. In general, 

increasing concentrations of MSI-78 resulted in lower values of M I and M1, although the 

values for 20% and 30% peptide w/w were similar. The response of 62 to peptide 

concentration is opposite that of M I and M), reflecting it s sensitivity to spectral shape 

rather than simply width. The reductions in M l with peptide treatment are substantial. 

For example, with 20% MSI-78 the initial M l is :::: 20 % lower than for the untreated cells. 

The decrease in initial Ml with increasing peptide concentration is also large when 

compared to the change in M I. observed for all the samples over the 18-hour total 

experiment time. The results displayed in Figures 24b, 24c, and 24d for duplicate 

untreated and 30% peptide samples illustrate reproducibility, particularly for 6) which, 

because it depends on the ratio of M2 to M 12, is less sensitive to baseline imperfection. 

Control experiments with buffer (Medium 63) in place of AMP demonstrated that the 
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additional 15 minute re-suspension and treatment steps employed for the AMP-treated 

bacteria led to decreases in Ml of less than 2.3%. 

3. 14 Echo decoy of LAB 

The effects of MSI-78 on bacterial membranes were also investigated by 

measuring the quadrupolar echo decay time (Tle ) of LAB with varying peptide 

concentrations (Figure 25). It is interesting that the quadrupole echo decay times 

observed here (and summarized in Figure 25) are somewhat low compared to those 

normally seen in the liquid crystalline phase of model bilayers [95). This may reflect a 

larger range of lipid chain reorientation in the more compositionally heterogeneous 

environment of the natural membrane . For most of the peptide concentrations used, 

the effect on Tle is quite modest. However, for 60% MSI-78 w/w, there is a substantial 

drop in T2~, perhaps indicating a loss of integrity of the membrane on a larger scale, and 

that the average angular range of lipid reorientation is increasing, as suggested by the 

observed decrease in average quadrupole splitting. 
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Figure 25. NMR quadrupolarecho decay time !Tl~ 1 at 37"C for membrane-deuterated 

LAS bacteria, showing the effect of increasing concentrations of MSI-78. 
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4. Discussion 

This study provides the first published NMR observations of 

AMP-induced lipid membrane disruption in whole bacteria. It is also the first to present 

NMR observations of whole bacteria with deuterium labeled unsaturated lipid chains, 

undergoing AMP-induced lipid membrane disruptions. During the course of this study, a 

novel strain of E. coli (LAS) was created and characterized for use in 2H NMR studies of 

whole cells containing deuterated saturated chains. 

Initial experiments began with the K1060 strain, which allowed incorporation of 

unsaturated labels (deuterated oleic acid) into the membrane for 2H NMR studies . 

K1060 cells cultured in glucose produced narrow spectra characteristic of highly 

disordered chains along with a sharp central peak corresponding to deuterated water. It 

is possi ble that these spectra could reflect significant bacterial degradation given the 

intensity at the lower spliltings, which corresponds to bacterial degradation as noted by 

Oavis et at [80J. However, because the signal-to-noise ratio is very poor in these 

spectra, it is difficult to draw definitive conclusions. The levels of deuterated water in 

the sample are quite significant, which is most likely a by-product of t he transport of 

deuterated oleic acid into the cell. This transport involves the modification of the 

carboxyl group of the fatty acid, resulting in the transfer of the carboxyl deuterons to 

water {61J. 

In hopes of improving the spectra for the KI060 strain, celts were also cultured 

using casamino acids as the carbon source instead of glucose. KI060 cells cultured in 

casamino acids produced spectra with more prominent spectral edges than KI060 celts 
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cultured in glucose. This suggests cells cultured in glucose display more membrane 

disruption - likely associated with cell death - than cells cultured in casamino acids. A 

possible explanation could come from looking at how cells respond to stress conditions, 

such as those associated with preparing KI060 cells for 2H NMR studies. When the 

KI060 cells are prepared for 2H NMR studies, the various washing steps result in a 

depletion of nutrients. The only source of nutrients (carbon source) comes from dying 

cells; as they die, they release utilizable carbon into the media that can be used by 

neighboring cells. The major nutrient released by the dying cells might be amino acids, 

since proteins account for over 50% of the dry weight of E. coli 196]. Therefore, KI060 

cells already adapted to casamino acids could more easily utilize the amino acids 

released by dying cells, thereby overcoming the nutrient deficiency. This could result in 

K1060 cells cultured in casamino acids dying off at a slower rate than those cultured in 

glucose. This is supported by work done by Zinser and Kolter (1999), who were looking 

at E. coli mutants that could survive during prolonged periods of starvations [97]. These 

mutants showed a preference for a mixture of amino acids (casamino acids) as thei r 

carbon source. Based on these results, media supplemented with casamino acids, rather 

than glucose, were used for all remaining KI060 experiments. 

The next experiments looked at the effects of MSI-78 on the <H NMR spectra for 

KI060. Addition of MSI-78 led to a shift in intensity towards the center of the spectra 

This suggests a decrease in the orientational order parameter resulting from increases in 

lipid disorder, which is an expected effect of M51-78. However, the peptide was 

introduced into the sample via vortexing prior to 2H NMR studies. Vortexing-based 

79 



techniques have been used in the past in order to disrupt bacterial cells 1981. It is likely 

that the observed effects on lipid disorder are due to vortexing rather than the effects 

of MSI-78. To confirm this possibility, control experiments looking at the effects of 

vortexing were conducted. These showed a similar shift in intensity towards the center 

of the spectra. This suggests that vortexing alone can significantly increase lipid 

disorder, with the effects possibly amplified in the presence of MSI-78. The shapes of 

the spectra for K1060 were quantified and expressed as M\, Mz and /J.z . Vortexing led to 

lower values of MI, confirming the increase in lipid disorder seen in the spectra. 

Addition of 10% MSI -78 led to only a slight increase in lipid disorder based on the 

calcu lated decrease in MI. Addition of 20% MSI-78 was expected to lead to a further 

decrease in MI but instead the result was similar to the vortexed sample. This suggests 

that the peptide does not have much effect on lipid disorder and that the observed 

changes are predominantly due to vortexing. This might not be surprising, given that the 

unsaturated chain is already quite disordered to begin with [6S[. As such, greater care 

was taken when preparing bacterial samples for later studies; peptide was introduced 

into the sample with gentle agitation 

In addition to the moment calculations, echo decay times were also calculated 

for the K1060 stra in. Quadrupole echo decay reflects motions that change the 

orientation-dependent quadrupole interaction on a timescale comparable to the time 

over which the echo is formed. In the liquid crystalline phase, quadrupole echo decay 

can reflect slow motions like bilayer undulations, and faster motions like lipid wobble 

and reorientation about the bilayer normal [99[. For such faster motions, the 
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contribution to the echo decay rate is proportional to the second moment of that 

portion of the quadrupole interaction modulated by the motion; this is a parameter 

related to the amplitude of the motion. Liposomes made of 1-palmitoyl-2-0Ieoyl-s n-

glycerol-3-phosphoethanolamine (POPE) mimicking bacterial membranes and 

deuterated at C- 16 of oleic acid have a decay time of :;15881-1s at 30·C [l00J. Decay 

times observed for the K1060 strain were significantly lower than those observed for 

POPE liposomes, with a further decrease in the presence of M51-78. Assuming that 

correlation times are not significantly increased, t his might reflect a significant 

disordering of the unsaturated chain in the membranes of the 1<1060 strain. 

Unfortunately, it is very difficult to interpret the results of 2H NMR studies ohhe 

KI060 strain, since there are very few published papers with 2H data on the unsaturated 

chain with which to compare my results. Additionally, the order parameter profile for 

deuterated oleic acid - the label on the 1<1060 strain - is not monotonically decreasing, 

i.e. the orientational order parameter does not steadily decrease as go down the chain 

(65). This makes it difficult to interpret the order parameter profile in order to compare 

it to the moment analysis of the K1060 strain. On the contrary, there has been 

considerable work done using deuterated saturated chains; as such it would be 

worthwhile to perform 2H NMR studies of whole bacteria wi th the saturated chain 

labeled. In order to accomplish this, a novel st rain of E. coli called LA8 was created 

(section 2.4). This strain is notable for having deuterated palmitic acid (saturated chain) 

incorporated into its membrane 
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Initial l H NMR studies of LAB with labeled sat urated chains were done using the 

less sensit ive 3.5 T spectrometer. This was the on ly spectrometer available at t he time 

and as expected it produced spectra wi th poor signal-to-noise ratios. Because of the 

weak signal, tuning and phasing were likely sub-optimal for t he LAB experiments 

performed at 3.5 T. In hopes of improving the spectra for the LA8 cells, 2H NMR studies 

were performed using a shorter recycling delay and a larger pulse separation than those 

used in earlier studies reported here. The acquisition parameters chosen were based on 

ones used by Davis et al. [801. The larger pulse separation reduces signal intensity but 

also reduces the possibility of distortion due to preamplifier recovery. The shorter 

recycling delay allows for more scans over the same time period, increasing signal 

strength; however, it also shortens the time the deuterium nuclei have to equilibrate 

before each scan, possibly distorting the spectra. The l H NMR spectra acquired using 

the new pulse pa rameters appeared to have slightly better signal-to-noise ratios but it is 

very difficult to be sure. 

In order to determine if the new pu lse parameters produce significantly better 

spect ra with LA8, 2H NMR studies were done using a spectrometer with a more 

powerful magnet . The more powerful magnet increases the equilibrium net 

magnetization of the deuterium nuclei, significant ly improving the signal-to-noise ratio 

2H NMR spectra of LA8 acquired using the 9.4 T spectrometer (more powerful magnet) 

showed a significant improvement in the noise-to-noise ratio. Given the improvement 

seen using the 9.4 T spectrometer, 2H NMR studies were conducted using earlie r pulse 

parameters: a longer recycling delay and shorter pulse separation. These spectra not 
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only showed improved noise-to-noise ratios but also distinctive spectral edges. This is 

most likely associated with the increased intensity due to a shorter pulse separation and 

to allowing the deuterium nuclei to equilibrate with a longer recycling delay. 

Shortening the processing time and isolating cells in the exponential phase of 

growth can also further improve the signal-to-noise ratio. The majority of new 

membrane synthesis takes place in the exponential phase of growth when most cells are 

dividing [3BJ . LAB samples harvested in this phase will have the highest probability of 

deuterium labels being incorporated into the membrane exclusively, improving signal-

to-noise ratio. 

Once the ideal conditions for preparing the LAB strain were determined, the 

biological effects of proceSSing and prolonged periods of nutrient deficiency during the 

lH NMR study were addressed. This was done by measuring the cell viability through 

plate count and MTT assays. Surpris ingly, the two assays did not agree with each other 

The plate count assay showed a significant loss of viability due to processing and further 

decreases with prolonged periods of starvation. The MTT assay showed a moderate 

decrease in viability due to processing and was fairly constant during prolonged periods 

of starvation. This suggests that the processing and nutrient deficiencies - unavoidable 

consequences of IH NMR studies - resulted in the LAB cells losing their ability to divide 

but remaining metabolically active. This phenomenon of being viable but nonculturable 

(V6NC) is not novel. Several bacteria including f. coli are able to switch to the VBNC 

state, usually in response to environmental stressors such as elevated osmotic 

concentrations, changes in pH, changes in temperature and nutrient deficiencies [101]. 
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When bacterial cells are stressed, nucleic acid synthesis is inhibited and the bacterial 

genome becomes more compact due to supe rcoiling [1021. This might res ult in a shut 

down of the transcription of genes essential for cell division. Once these cells are placed 

in a nutrient-rich media - like that used in cell counts - the abundance of nutrients can 

be toxic to the cell, preventing colony development [101] 

Since LAB is a novel mutant of E. coli, it was necessary to determine the MIC 

value for the strain with respect to MSI-7B. LAB had an MIC value four times lower than 

for wild-type E. coli. This means that a significantly lower concentration of MSI-78 is 

needed in order to inhibit cell growth. Previous studies indicate the likely mechanism of 

action of MSI-78 involves membrane disintegration [71J , The lowe r peptide 

concentration requirement for LA8 suggests that th e membrane might be more 

sensitive to MSI-7B, i.e. the membranes of LA8 are already partially disintegrated or less 

robust than wild type E. coli. 

The effects of MSI-78 were exam ined by conducting ' H NMR stud ies of LAB 

treated with different concentrations of MSI-7B. Substantial and reproducible changes 

in the overall orientational order (M i l, the second moment (MI l and the relative mean 

square width of the splitting distribution {til l derived from spectra of 2H-membrane-

labeled E. coli we re observed with th e addition of the AMP MSI-7B. Oecreases in 

orientational order parameter derive from increases in lipid disorder (increased angular 

amplitude of lipid chain mot ions) and thus MI directly reports on the lipid bilayer 

disruption proposed to be central to the function of AMPs. Changes in MI and ti, 

provide additional characterization of how the spectral shape changes in response to 
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peptide-induced disruption. A key consideration with regards to the utility of ' H 

measurements in whole bacteria is that solid-state NMR studies of AMPs in model lipid 

bilayers have been one of the cornerstones of the study of AMP mechanisms. Thus, 

comparing the results of NMR data in whole bacteria and model lipid systems should 

provide useful insights into the interpretation of AM P effects in vivo 

For such comparisons to be meaningful, it was important to first characterize the 

2H-membrane-labeled bacteria employed in the NMR studies. The LAB bacteria used in 

this study were simila r to the lSI stra in used in st udies of bacterial membranes in the 

1970s [80] and the untreated bacteria gave rise to similar NMR spectra at 37 "C. The 

stability of the 2H_NMR spectra of the 2H-membrane-labeled LAB cells was characterized 

over time. Slow changes in spectral mom ents was observed over the 18-hour 

experiment, which is not surprising, as the cells do not have access to nutrients during 

the NMR experiment . The spectral change over this period was small compared to the 

effect of treating with peptide and the rate of change was similar for all samples assayed 

- both treated and untreated. likewise, duplicate experiments with fresh bacterial cell 

preparation s confirmed these observations for both control and AMP-treated cells. 

Thus, it appears that the effect s of the AMP treatments take place before the NMR 

experiments begin. The absence of any AMP-induced change in the Ml versus time 

slope is consistent wit h the low levels of AMP used relative to the MlC, and allows us to 

compare the effect of the peptide on the spectra using an average of the first 8 hours of 

NMR data acquired. 
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To compare the NMR data from the l H-membrane-labeled cells to NMR data 

from model lipid systems or to cell growth AMP inhibition assays, it is useful to re

calculate the AMP amounts used in terms of molar peptide:lipid (P:L) ratios, in particular 

in terms of bacteria-bound P:L ratios. Typically, 10-95% of an AMP binds to the bacteria 

within 10-15 minutes [41], [103J. Since MSI-78 has an overall charge of +9, it would be 

expected to bind more tightly and quickly than an average AMP, and so is likely to be 

nearer the top of this 10-95% range. When calculated assuming 100% of MSI-78 is 

bacteria-bound, the w/w ratios of peptide:bacteria used in this study of 10%, 20%, 30%, 

and 60%, convert to molar bound P:L ratios of 0.31:1, 0.63:1,0.94:1, and 1.9:1, 

respectively. This calculation uses my measurements of bacterial dry weight, and 

assumes lipids comprise 9.1% of the bacteria l dry weight and have an average molecular 

weight of 705 g / mol [521. 

Typical bound P:l ratios needed to inhibit bacterial growth in assays for AMP 

antimicrobial activity are 100:1 [411. This is ::::100 times more peptide than was used in 

this study. However, for the LAB strain the P:L ratio is four times less, possibly as a result 

of the membranes already being less robust or partially disintegrated. As such, it 

appears that the AMP-lipid interaction being observed in the current work is in the 

sublethal range . Hence, it can be concluded that some level of AMP-induced bilayer 

disruption does occur at levels well below those where cell growth inhibition takes 

place. This suggests some interesting poss ibilities regarding the two proposed classes of 

killing mechanism for AMPs in general. For AMPs that are thought to act primarily by 

membrane disruption, it raises the possibility that a notable amount of AMP-induced 

86 



membrane disruption can be tolerated before actual growth inhibition or cell death 

occurs. For AMPs that are thought to act on intracellula r targets and whose interaction 

with the membrane is thus thought to be only that required to enter the cell, it suggests 

that even at relatively tow levels of AMP there may be bilayer disruption and a 

consequent increased permeability to the AMP. 

On the other hand, the P:l ratio required to see reductions in lipid chain order in 

the 2H-membrane-labelted bacteria was much higher than those needed to see 

comparab le changes in model lipid bilayers. Typical AMP:lipid ra tios needed to see 

leakage in vesicle studies are 1:100 (total peptide) to 1:200 (bound peptide) [41]. In 2H_ 

NMR st udi es with model lipid membranes, AMP-induced decreases in lipid order are 

typically seen at concentrations of 1-3:100 or less (e.g. (99), [95]) . For MSI·78, 

Ramamoorthy et al. showed dye leakage at P:l ratios as low as 1:1000 (in POPC/POPG) 

and observed a decrease in order parameter of ,,2 3% at a P:l ratio of 3:100 [71). In the 

context of whole bacteria, the amount of peptide req uired to produce comparable 

changes in chain order is - 1:1, i.e. approximately 33 times more peptide than used in 

the Ramamoorthy et al. study 

There are at least two possible reasons why more peptide is needed to see 

comparable effects on the membrane of whole bacteria compared to model lipid 

bilayers. One possibility is that most of the peptide reaches the inner membrane but, 

for some reason, is less able to disrupt bilayer chain order at low concent ra t ions than is 

the case in model systems where low concentrations are sufficient to cause observable 

effects. A more likely possibility, though, is that much of the peptide does not reach the 
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inner membrane. It may be bound up in other components of the Gram-negative cell 

envelope, such as the lPS layer. Substantial and disruptive interact ions between LPS 

and MSI -78's parent peptide, magainin-2, have previously been observed [71, 104, 105). 

More genera!ly, the importance of non-phospholipid components of the bacteria l cell 

wall has been suggested. Examples include the existence of some AMPs that appear to 

be able to act without crossing the outer membrane of Gram-negative bacteria (e .g. 

[73)) and observations that cell wall thickness correlates with AMP-resistance in 

methicillin-resistant Staphylococcus oureus (MRSA) [106]. 

In the future, the experimental framework employed in this study can be used 

with other peptides for a better understanding of AMP interact ions with cell 

membranes. It would be interesting to see if AMPs with a similar antimicrobial activity 

as MSI-78 display a similar effect. By test ing a variety of different AMPs new patterns 

might emerge better reflect ing the understaning of AMP act ion In vivo 

In conclusion, this study has shows it is possible to obtain reproducible 2H NMR 

spectra of membrane-deuterated bacteria in the absence and presence of the AMP MSI· 

78. The addition of MSI·78 leads to decreases in the order of the acyl chains in 

bacteria. The P:l ratios needed to observed MSI-78's effects on acyl chain order is 

intermediate between the ratios required to observe effects in biophysical studies of 

model lipid systems and the ratios required to observe inhibition of cell growth in 

biological assays 
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Appendix 

A.l l H NMR studies of LAB in a law field spectrometer 

Using the LAB strain, different options for NMR data acquisition were explored, 

which included modifying the pulse parameters used. Davis et al., [BOJ studied the 

effects oftemperature on the cytoplasmic and outer membranes of E. coli by 2H NMR, 

using a strain metabolically simila r to LAB. However, they used a shorter recycling delay 

(Le. more sca ns per second) and a longer pulse separation. In order to check for 

se nsitivity of the observed signal to acquisition parameters, similar settings as those 

used by Davis et al. were tested when working with the LAB strain. These initial tests 

with the LAB strain were done at a tower fie ld because of the availability of that 

spectrometer 

Initial experiments on the LAB strain in the low field spectrometer were done 

using the pulse parameters defined in section 2.6. The low field spectrometer uses a less 

powerful magnet. As such, a lower signal- to-noise ratio is expected than compared to 

earl ier 2H NMR experiments. Since sensitivity is proportional to the 80 m (magnetic 

field), the expected decrease in sensitivit y when going from 9.4T to 3.5T would be 77% 

[1091 . 

2H NMR spectra were recorded for LAB cells cultured in Medium 63-6 and 

harvested in the stationary phase. Appendix Figure 1 shows a series of spectra acquired 

at 3rC every 10 h, such that the first scan starts '='2.5 h after the init ial harvesting of 

bacteria. As expected, these spectra show poor signal to noise ratio. These spect ra did 

not show spectral edges at tlS kHz. Such edges, which are characteristic of 
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Appendix Figure 1. Solid-state 2H NMR spect ra of membrane-deuterated LA8 bacter ia, 

showing the evolution of the NMR spect ra over time. Experiments were performed at 

37"C usi ng a 3.5 Tesla solid-state NMR spectrometer wi th a 900 ms recycling delay and 

30 ~s pulse separation. Each spectrum represents 40000 sca ns. 
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perdeuterated chains undergoing axially symmetric reorientation, are seen in the 

spectra of multi lamellar vesicles of POPE prepared with deuterated palmitic acid (16:0-

18:1PE·d31) in the liquid crystalline phase 189J. The spectra observed here display 

increased intensity at the lowe r splittings relative to the higher splittings and are quite 

asymmetric, which likely reflects difficulties with optimal phasing of such weak signals. 

They also have a sharp, central peak with a width of <1 kHz, which arises because of 

naturally occurring de ute rated water [71J. As time progresses, there are no visible 

changes in the spectra, which might suggest few changes to the lipid acyl chain order 

In order to check for sensitivity of the spectra to acquisition conditions, spectra 

were also collected using pulse parameters similar to those previously used by Davis et 

al. [80] (500 ms recycling delay and 40 IlS pulse separation) . Appendi)( Figure 2 shows a 

series of spectra acquired using the new pulse parameters. The spectra were collected 

at 37"C on the same 3.5 T spectrometer every 5 h, such that the first scan started " 2.5 h 

after the initial harvesting of bacteria. The acquired spectra were very similar to the 

previous spectra (Appendi)( Figure 1); both sets have poor signal-to-noise ratio, a sharp 

central peak corresponding to deuterated water and no obvious spectral edges. One 

difference observed using the new pulse parameters was that the spectra were more 

symmetric, suggesting a better ability to optimize tuning and phasing. 
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Appendix Figure 2. Solid-state 'H NMR spectra of membrane-deuterated LA8 bacteria, 

showing the evolution of the NMR spectra over t ime. Experiments were performed at 

37"C using a 3.5 Tesla solid-state NMR spect rometer with a 500 ms recycling delay and 

40 I-IS pu lse separat ion. Each spectrum represents 40000 scans. 
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