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Abstract

The main goal of this project was to study the binding and deactivation potertltial of
antimicrobial peptide (AMP)cecropinP1with eleven strains dE. coliwith varying
lipopolysaccharide (LPS) membrane structuisng tle quartzcrystal microblance with
dissipation (QCMD). A decrease in frequen@nd an increase in dissipatifsom the
QCM-D indicated an increase in the mass deposited on the gold crystiae/deadkit
was used to determine the amount of bacteriathdo the gold crystal surfaeed the
percentage deaslith and withoutcecropinP1 The QCMD showed four of the eleven
strainspreferentially bound to cecropin P1, whilee live/dead kit showedxsstrains
preferentially bound teecropinP1 Threestrainsof E. coli(0157:H7,0113:H4 and
035:K-:H10) showed preferential binding wittecropinP1and resulted in a higher

percentage of the bacteria dead when in the presence of the AMP.
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1 Introduction
Escherichia colicommonly referred to &s. coli, is a pathogen species of bactir

known to many people worldwidE. colihas been most widely recognized as a food
contaminant that can cause intestinal lesions, hemorrhaging in the digestive tract, kidney
failure, and in extreme cases death. One of the most dangerous strains ddastifig/et

is E. coliO157:H7, which has caused three major outbreaks in the United States in the
past two years. In the first of these three outbreaks, nearly 200 people throughout the
United States were affected by consuming contaminated fresh spindeptember and
October of 2006 (CDC, Oct 6, 2006). Only a few months later in November and
December, over 70 Americans became ill because of shredded lettuce contamiated by
coli O157:H7 distributed by chains of TaBell (CDC, Dec 14, 2006).e mostecent
outbreak wasriggered by contaminatetbpps Ground Beef Pattieghich left 40 people
affected across eight states, 21 of whom were hospitabneiivo of whomdeveloped

kidney failure(CDC, Oct 26, 2007).

Clearly, contamination bk. coliis amajor issue that must be addressed by the American
agriculture, food, and health industries. However, despite technological advances in
agriculture, increased disease awareness in the food industry, and major medical
advancementg. colicontamination isiot easy to combat or prevent. In fact, there are
many problems in each of these sectors that may complicate or even worsen current

issues concerning. colioutbreaks.



In recent years, agriculture, particularly the cattle and beef industries, hasedtes

large increase in demand, and has expanded in order to meet this demand. However, this
expansion has caused larger, more crowded farms and slaughterhouses. These conditions
contribute a great deal of stress to the cattle, which may cause them pasites and
bacteria such &s. coliin their feces (Miller et al., 1998). H. coliare excreted during

transport or at the slaughterhouse facilities, the meat may become contaminated. This
meat is then shipped from the slaughterhouse to variousdiesahroughout the United

States, and may possibly cause a widespread outbreak.

The food industry has also played a major role in the increasing occurrdaceotif
outbreaks. According to recent studies, Americans are constantly consuming more of
therr meals outside of their homes, most often in restaurants (Miller et al., 1998). In these
situations, consumers have even less control over how well their food is cooked, how
fresh their food is, or where the food is obtained. These factors also makea&stinore
difficult to trace back to a single location, since consumers are not always certain of the

source of their food.

Finally, the medical industry may have also contributed to the increasing daiger of
coli outbreaks through overuse of antibistiBecause antibiotics are often prescribed
when it may not be a bacterial infection and many patientethiinish their antibiotics
after the full length of time, certain strains of bacteria have become resistant to these
particular treatments. Sincedtaria can multiply in only 20 minutes, they undergo

mutations much more frequently and can quickly adapt to antibiotics used to kill them. In



fact, some strains are resistant to multiple forms of common drug treatment. Thus,
sometimes patients can becomiected with a normally treatable disease, but if they
possess a resistant strain, antibiotics may be completely inefféBtovgden et aj

2003).

Antimicrobial peptides (AMPs) have been shown to be an effective new method to
combat certain strains bbcteria and other microbes. AMPs are naturally produced by
certain insects, amphibians, and mammals to act as a defensive agent against pathogens
(Brogden et al., 2003An AMP that has been found to be particularly effective against

E. coliis cecropin B, which was first derived from porcine small intestine, and therefore
this was the AMP chosen for experiments in this prq@oten et al., 1993}t is

believed that the generally positivetharged AMPs interact with the negatively charged
bacterial menbranes. Specifically, AMPs have been shown to penetrate bacterial
membranes and disrupt the ion and molecular balances of the cell, which causes the cell
to lyse and immediately di&hai, 1999)Since AMPs fully lyse the cells, there is no way

for the bateria to survive their attack. Furthermore, because it is the inherent structure of
the membrane which the AMPs attack, the bacteria cannot become resistant to AMP
therapy. Therefore, AMPs show much promise in the medical field to combat bacteria

that maybe resistant to any antibiotics used as previous treatment.

However, not much is known about the mechanism of AMP attack, the conditions
necessary for effectiveness, and where exactly the AMPs adhere to the bacterial

membrane. Although research has beemducted concerning the effectiveness of AMPs



in solution against certain strains of bacteria, this may not be a feasible for applications to
the food industry. Instead, AMPs could be bound to the certain surfaces, such as stainless
steel cutting boardsind used as a preventative method against outbreaks of bacteria such

asE. coli.

This project has employed a novel technique using a quartz crystabalamoewith

dissipation (QCMD) to study the interactions between bound AMPs and bacteria. The
QCM-D works by oscillating a quartz crystal with a gold electrode and measuring the
frequency and dissipation changes as a solution is run over the surface. Decreases in
frequency indicate an increase in mass deposited on the crystal surface, while an increase
in dissipation indicates more energy lost by the film deposited on the {@s&anse,

2007) These measurements can be used to characterize the layer adsorbed to the surface
of the crystal. Prior studies have used the QDKb characterize the adsorptiof cells
(Fredriksson et al., 1998; Otto et al., 1999; Schofield et al., 2p8ateins(HO0k et al.,

1998) and other biomoleculddenkins et al., 2004; Kwon et al., 2006; Carter et al.,

1995) but no previously published research has utilized the Ct9l study AMPR

bacterial interactions.

The aim of this project was to better understand the interactions between the AMP
cecropin P1 and ten different pathogenic strairts. @oli along with one nompathogenic
laboratory strain. This was done by bindoegropin P1 with an added cysteine group to
the surface of the gold electrode of a QCMrystal and thepassinganE. coli culture

through thelow chamber Change in contact angle was used to confirm that cecropin P1



was deposited on the crystal. Foe tduration of the experiment, the frequency and
dissipation changes were monitored and used to better understand the adsorption and
binding processs Additionally, E. coliadherence to crystals with cecropin P1 was
compared to crystals without the AMHn&lly, a protocol involving dive/dead kitwas
usedto determine the effectiveness of bound AMPs in killhgoliand compare its

effectiveness between all eleven strains.

This is the first study to apply the QCDBIto directly measure binding betweEncoli
and AMPs, which will lead to better methods for applying AMP technology to bacterial
detectionFinally, this project may open doors for new food industry applications of

AMPs to help combéE. colioutbreaks.



2 Literature Review

2.1 E. coli Overview

2.1.1 Recent E. coli Outbreaks in the United States

E. colioutbreaks have become a hot topic in the media in the past few years. This has

affected many parts of the United States and several indystdkslingfast food and

agriculture. In Octoberof®0 7, 21. 7 million pounds of froze
pattiescontaminateavith E. coliO157:H7were recalledCDC, Oct 26, 2007).E. coli

outbreaks have the potential to affect a large area since products are routinely shipped

from state to state. ThEopp 6s out break i nf e dQomendcticdt0 peopl e
Florida, Indiana, Maine, New Jersey, New York, Ohio and Pennsylvania), hospitalized 21

people and resulted in the kidney failure of two patients (CDCt 26, 2007).

AnotherE. coliO157:H7outbreak occurred almost a year earlier from November

December of 2006 at Taco Bell Restaurants and affected the East coast of the United
States. In this case, it was not tainted beef that was the problem, but contaminated lettuce
that the restaurant cimaused. This outbreak affected 71 people in five states (New

Jersey, New York, Pennsylvania, Delaware and South Carolina) leavinthfiésy

people hospitalized and eight people who developed kidney failure,(C&CL4, 2006).

The contamination of rawpackaged spinach, whigkasperhaps one of the most severe
cases oE. colicontamination, occurred only months before the Taco Bell incident
during the months of September and October of 2006. This outbréakolf O157:H7

left 199 people ill throulgout 26 statehospitalized 102 of those affected, resulted in

6



kidney failure for 31 of those jland caused the death of three people (0D« 6,
2006). These are just a few of the many examples that show hawvli contamination

poses a serious h#akisk to consumers.

2.1.2 Causes of E. coli Outbreaks

LargescaleE. colioutbreaks that infect people throughout the United States have

become more common in the past 20 years, and because of this, the CDC haskeclared

coli 0157:H7 and otheenterohemohagicE. coli(EHEQ st r ai ns t o be Aemerg
pat hogenso (CDC, 1994) . However, evidence ha
merely caused by natural evolution of the species, but may have been triggered by human
behaviors. Miller et al. (1998) attributiee increasing prevalence Bf coli outbreaks to

changes in the cattle industry and consumer eating habits in recent decades.

With growing demand for beef products in the United States, the cattle industry has
expanded significantly in recent years, &edause of this, many practices have changed

to account for the increased supply of cattle. Bacterial infection problems might begin
with the location and climate of the farm itself. Miller et al. (1998) state that many dairy
and other cattle farms are miog from the upper Midwestern states to lower Midwestern

or Southwestern states that have a warmer climate which might better support the growth
of E. colibacteria. Additionally, on the farms it is theorized that wild birds that come in
contact with infeted manure and then cattle could cause disease in the live animals
(Miller et al., 1998). These issues are often compounded-trgalitment of the cattle on

the farms, where feedlots are considerably more crowded on modern cattle farms than



previously. Ths crowding on the farms and subsequent crowding in trucks while the
cattle are being transported to slaughterhouses can cause a significant amount of stress
for the animals, which Eaiild feaceéson( Mial l ew

1998)

Modern practices in cattle slaughtering, meat processing, and meat distribution may also
be contributing tde. colioutbreaks occurring in the United States. The actual number of
slaughterhouses in the United States has decreased in recent yedrstedocktthe size

of remaining slaughterhouses has increased considerably in order to keep up with the
supply of cattle and demand for meat (Miller et al., 1998). Because of this enlargement of
sites, slaughterhouses encounter problems similar to cattie taoncerning the stress of
animals. Additionally, because there are fewer slaughterhouses, each site receives
animals from a larger area (Miller et al., 1998). Thus, the animals often have a much
longer trip on ovecrowded trucks during which they aremtived of food. This stressful
environment could cause the cattle to excieteoliin their manure, which could

contaminate the carcasses before they even reach the facility. Once the cattle reach the
slaughterhouse, there are even more vectors ofsgigensport. For instance, beef

grinding facilities often receive beef from multiple suppliers, and often grind unused

meat from the previous day with fresh meat, which could mix contaminated meat with
uncontaminated meat and make the origin of contaromatore difficult to trace (Miller

et al., 1998). Finally, once again because there are fewer slaughterhouses in the country, a
single site may transport meat to many regions of the country, and thus contamination

could affect a larger amount of peoplartht would have in the past.



Finally, consumer habits have evolved considerably in modern society, which could

make many people more vulnerable to infectioriEbgoli. According to Jensen and

Unnevehr (1995)half of all meals eaten by Americans aresianed away from home,

most of which are eaten at a restaurant. When eating at a restaurant, consumers are not
actively involved in the preparation of the
well their food is cooked. In addition, approximatelyy26f American survey

participants responded that they prefer hamburgers rare or medium rare (Miller et al.,
1998). Although rare or medium rare steaks are safe to eat because cooking the surface
kills the microorganisms, eating rare or medium rare hambairgelangerous because
microorganisms can penetrate the surface of ground beef hamburgers. Since such a small
amount ofE. coliO157:H7 is required to cause an infection, it is even easier for

consumers to become ill if they are not diligent about tlaing habits.

2.1.3 Disease-causing E. coli Strains

While some strains dcherichia coliaid digestion and naturally reside in the intestinal

tracts of animals, certain strains are highly pathogenic to humans and have caused several
outbreaks in the Unitedt&es, such as the Topps Ground Beef, Taco Bell and Spinach
outbreaks discussed earlier. Straingo€olithat have been found to be particularly

harmful to the human digestive system are those categorized as enteropatBogelnic

or EPEC. EPEC strasncan cause intestinal lesions in humans and perpetuate infection in
the intestinal system by adhering to the membranes of microvilli (Mouenuddin et al.,

1989). Several strains or serotypefotoliused in the experiments detailed in this



paper, specifally E. coliO55:H7 and 026:K60:H11, have been characterized as EPEC.
According the Mouenuddin et al. (1989), who studied data and analyzed samples
submitted to the United States Center for Disease Control (CDC) for 50 outbreaks of

diarrheal disease in Aenican infants between the years of 1934 and 1987, EPEC strains

accounted for 56% of these disease outbreaks. Additionally, they found that 64% of these

EPEC strains were resistant to multiple antibiotics (Mouenuddin et al., 1989). Thus, it is
quite cleathat EPEC strains @&. coliare prevalent amongst cases of outbreak and may
be difficult to treat due to resistance to typical drug therapy that might be used on
affected patients. Because of this, these straiis obliare good candidates for our

study concerning antimicrobial peptide (AMP) treatment, since AMPs such as cecropin

P1 used in our research completely lyse the cells and bacteria can develop no resistance

to them.

In addition to EPEC strains, enterohemorrh&gicoli (EHEC) strains can comonly

cause disease outbreaks. EHEC strains are often even more dangerous than EPEC
because they can cause internal hemorrhaging of the intestinal lining (Miller et al., 1998).
Six out of the eleven strains used in our experiments with cecropin Plegercagd as
EHEC, specifically 026:K60:H11, O55:H7, O113:H21, O117:K98:H4, O157:H7, and
0172:K-. SinceE. coliO157:H7 is so widely found in outbreak samples, it is defined by
the CDC as an emerging pathogen, onms fAan
has increased dramatically within the past 20 years or one that has the probability of

increasing i n t hEecoiQLS7HT ie s0 dgn@eds becduSe 4 ) .

nf e

possesses Ahypermutable genetic sequences, O
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greatly even within a single population, and possibly become resistant to antibiotics used
to treat it (Miller et al., 1998). Furthermore, since O157:H7 is naturally found in the
acidic forestomachs of cattle where fermentation occurs, it can withstadid aci
environments, thrive on acidic foods, and can produce Sikig#oxin which is

extremely dangerous to those infected (Miller et al., 1998). As is quite evident, EHEC
strains such as O157:H7 are often the culprits of widesjireaoli outbreaks and ar

capable of antibiotic resistance, and therefore valid candidates for AMP and cecropin P1

treatment.

Strains ofE. colican also be classified as verotoxin produdisgherichia col(VTEC).

VTEC strains are considered to be major causes of dissapsejaly in developing

countries, as they result in contamination of food and are alfootk illness (Stephan et

al., 2000). Three of the strains used in this project can be classified as VTEC: O113:H4,
0113:H21 and O157:H7 (the latter two are also EH#rains). VTEC strains are very
harmful to people and can lead to watery or bloody diarrhea, hemorrhagic colitis,
thromboticthrombocytopenic purpur@ rare blood clotting disorder) and haemokytic
uraemic syndrome (HUS) (Stephan et al., 2000). Irareeedone on VTEC strains by
Stephen et al., the researches found that those exposed to an environment more prone to
VTEC strains were more likelp becarriers of the bacteria. The research showed that
6% of a Canadian farming family were VTEC carriefsere as 9% of slaughter house

workers were carriers of the a VTEC strain (Stephan et al., 2000).

11



2.1.4 Cellular Structure
In order to better understand the reasons why certain strainsoh are pathogenic and

can cause illness in humans, it is importantnderstand the cellular structurekofcol..
Several molecules of the colicell wall are believed to play a role in pathogenic activity
of certain strains and also the interactions between these strains andspeifscally

the cell wall or membrae, lipopolysaccharide, fimbriae, and pili.

2.1.4.1Cell Wall and Cell Membrane

Due to theirsize,E. coli, like many prokaryotes, do nbave the ability to engulf

particdate matter for nourishmenndtead, the bacteria are dependent owliffiesion of
solutes across theiboundary layer. This is accomplished by ensuring that there is
efficient diffusion of nutrients and waste by having a high surface area to volume ratio
(Beveridge and Graham, 1991). The boundary layer of the bacterial cell is an important

component in the survival of the dnaasst eri a an

The cell wall is the prime stress bearing structure that resides above the plasma
membrane (Beveridge and Graham, 19%Gkrampositive and Gam-negative are the tw
different classifications of bacterial cell wall formations. The outer layer dbthet

negative bacteria cell, known as the outer membrane, surrounds the peptidoglycan layer,
which surrounds the periplasm layer. These three layers are called thalcellhe

plasma membrane and the cell wall are what constitute the mak@uarohegative

bacteria (Beveridge, 1999). In contrdStampositive bacteria contain only one lipid

bilayer, the plasma membra(&everidge and Graham, 1991Figure lis asimplified

12



visual explanation of the difference betwdaram-positive andsramnegative bacteria

structures.

Techoic acid Lipotechoic acid

GRAM POSITIYE Polysaccharides
GRAM HEGATIYE

Quter Membrane \
\\\ e

Phozpholipid

Figure 1: A simplified version of the difference between Grapsitive bacterial¢ft) and Grarmegative
bacteria (ight) (http://filebox.vt.edu/users/chagedor/biol_4684/Methods/bacterigl.gif

The cell wallsGramnegative bacteriaremore intricate thathoseof Grampositive

bacteria.

In addition,only Gramnegative bacteripossessuter membrane vesicles, which are
extrusions from the surface that entrap part of the periplasm lalaah canbe

discharged from the surface of the cell during bacterial growth (Beveridge, 1999).
Furthermorethe turgor pressure f@ramnegative cells can range from 2 to 5 atm (210
to 252 kPa)put is 5 to 10 times highéor Gram-positive cell§{Beveridge and Graham,

1991)
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2.1.4.2Lipopolysaccharide (LPS)
This project will be studying the binding potential of antimicrobial peptides (AMPS) to
various strains of. coli. While the possible nehanism of this binding will be discussed
later, it is important to understand the role of the lipopolysaccharide (rH&cteria
behavior The LPS is divided into three regions; th@Qigen, the core (outer and

inner), and lipid A (Epand et al., 199@s shown in Figure 2.

| Lipopolysaccharide |
1
= b O-specific
_ 7 = chain
T L0 Ly
2, L
1 . ] Ly .
e .-: = o i £ b Outer } Polysnccharide
J L] 3
e £ = am =l core
W -
.:tu- ﬁ: = - o X
) -
T e e o q - 0 ~J P Inner
] - LT &)
B Yo 8 o = B = T core |
» b, ._.‘ ; -,:‘il- L) C O] ey L
#: - l’i‘ o <
B PO | 50 50 S O .
e D 0 [ SO b Lipid A
iy ﬂ’
£
‘f.r' ,
&+
e ! n
,*‘-‘f a .\
o
~
“‘\- Phospholipid
g Lipoprotein
Protein S
Periplasm
Peptidoglycan >‘ SR
> R

s J

Figure 2: Representation of the three different regions of the LPS structure. R, SR and S refer to the LPS
structure as being Roughpe, Semirough type and Smoottype (Epand et al., 1999)
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Both the O-antigen and the core regmare made up of polysaccharide chains, whereas

lipid A is primarily made up of fatty acids and phosphate groups that are bonded to a
carbohydrate backbone. The charge on the lipid A molecules is negative which makes

the Gramnegative bacteribkely to bind to cationic peptides (Epand et al., 1999). It

would then make sense to hypothesize that the charged interaction at this outer membrane

of the bacteria plays a role in the binding and potentially deactivation of the &acteri

The chart below can be used to explain the difference between the smootigisgmi

and rough classification of the LPS structure:

E. cofi LPS
Classification

Smooth Semi-rough
(>170 O-antigen (one unit of Rough
combinations) O-antigen) (no O-antigen)
- - N y
~ v
Possible Pathogens Non-pathogenic

Figure 3: Organizational chart explaining the classificatioreotoli bacteria using th®-antigen unit of
the LPS.

SmoothLPS structures have multiple-&tigen combinations, sefrouglstrainshave
one unit of Gantigen and rougtstrainshave no Gantigens.Bacteria with snooth or
semirough LPS structures can be pathogewiaile rough LPSstructures aréound in

non-pathogenidaboratory strains
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2.1.4.3Fimbriae and Pili
Since this project is studying the binding potential of various straiBs afli with

cecropinPl, it is worth noting theili (fimbriae) are believed to be the major struetur

that causes bacterial adhesidtimbriae, which are also referred to as pili, are rigid,

straight, filamentous motility appendages found on the surface of certain bacteria and are
generallypetweerd and7 nm in diameter andetweerD.2and20 mm in legth (An and
Friedman 1998) Therefore, these appendages are much longer than they are wide. Itis
believed that théimbriae will be responsible for binding to the cecropin coated gold

surface of the crystals.

2.2 Antimicrobial Peptides

Antimicrobial pepides (AMPSs) are one method of defeagainst pathogens (suchk&s

coli) that are found in organisntcluding humans, other mammals, amphibians, insects,
and plants.As Reddy et al(2004)explain, most AMPs share several common properties
such as aetpositive charger net negative charghydrophobiiy, an active membrane
andareless than 10kDa in sizédowever, here are alsmanydifferencesbetween

AMPs that can be used to classify these peptides.

2.2.1 Derivations
Since they were first discovere@liPs have been isolated from many species of plants

and animals, serving as natural defense agents against microorganisms. In 1981, Bozman
and his colleagues isolated and characterized the first AMP, known as cecropin, from the
pupae of the mothlyalophoracecropia(Bulet et al, 1999. Following this discovery,

researchersolated many of the first AMPs from other insect samphdgPs from
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insects are typically grouped into three categories; peptides with intramolecular disulfide
bonds forming hairpiik e-s b e e t-telicabfrshebt mixed structures, peptides

f or mi ng a nhplices and peptides with an overrepresentation in proline and/or
glycine residues. Thanatin, which is an antimicrobial peptide derived from the bug
Podisus maculiventrjss an example of this first category and it contains cysteine
residues that a part of the disulfide bridge. The second set of insect AMPS are usually
proline rich like abaecinwhich is found in the honeybdgis mellifera An example of

the last categgrfor insect AMPs is diptericin from the black blowfy terranovae

which is gyceineaich (Bulet et al., 1999).

Currently, the most promise for AMP use in replacement of traditional drug therapy
existswith AMPs derived from domesticated animals. Donteséd animals such as

cattle, sheep, goats, pigs, horses, and poultry are the source of nearly 50 AMPs that have
been recently isolatedhich can be viewed imablel (Brogden et al., 2003). These

AMPs serve as a natural defense against microorganissugiog in the wild, and are

often found in bone marrow cells, such as polymorhponudae#potytes; white blood

cells, specificallymacrophagesand in the mucosal epithelial cells of the intesttreadt

and respiratory syste(Brogden et al., 2003)n bone marrow and white blood cells,

AMPs may act in conjunction with antibodies to counteract microorganisms that could
infect the animal. In the respiratory system and digestive tract, the AMPs provide a
barrier against any microorganisms that might bathexl in or consume@ecropin P1

is found naturally in the mucosal epithelial cells of the small intestine of pigs (Brogden et

al., 2003).
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Table 1: Antimicrobial peptides found in animals (Brogden et al., 2003).

Amnimal Pepriide Tissugicell type
specics
Caitle Anionic peptides
BNBD-1-3, 6-11, 13 reut rophils
BNBD bhone mamow, distal small intestine, trachea, lung, spleen, colon, hovine alvealar
macrophages
BNBD-5 hovine alveolar macrophages
BNEBD-12 bone mamow, distal small intestine, trachea, colon
TAP nasal epithelium, trachea, bronchioles, alveolar macrophages
LAP alveolar macrophages, tongue
EBD» alveolar macrophages, intestine
BMAPIT bone mamow myeloid cells
BEMAPIR hone mamow myeloid cells
BMAP3A mneutrophils, bone marrow myeloid cells, spleen, testis
Bac$, BacT neut rophils
Indolicidin neut rophils
Daodecapeptide neut rophils
Sheep Anionic peptides turhinates, trachea, pulmonary tssue, liver, small intestine
Sheep BD-1 tongue, trachea, rumen, reticulum, omasum, colon
Sheep BD-2 leum, colon
SMAPZE neut rophils
SMAPIY hone mamow myeloid cells
SMAP3Y hone mamow myeloid cells
UaBac5x, i neut rophils
UaBach sheep genomic libmary
UaBac7.5 hone mamow myeloid cells
UaBacll sheep genomic libmry
Daodecapeptide bone mamow myeloid cells
(ot 5 Croat BID-1 tongue, respiratory tract
roat BI-2 intestine
ChBacs neut rophils
FPigs Parcine BI»-1 respiratory tract, digestive tract, thymus, spleen, lymph node, brain, liver, kidney, urinary
hladder, testis, skin, heart, muscle, bone marrow, neutrophils, alvealar macrophages,
umhilical cord
PR AP2I hone mamow myeloid cells
PRLAPIG hone mamow myeloid cells
PRLAPIT hone mamow myeloid cells
PR-39 mntestinal epithelium, neutrophils
[PR-3% porcine liver genomic library
Cacropin P'1 small intestine
Prophenin-1, 2 kukaocytes
Prategrin 1-5 kukaocytes
Horges eMNAP-1 neut rophils
cUCATH-1, «CATH-2, reutrophils
cIATH-3
Powliry Gal 1/CHPI heterophils
Gral 1a/CHP2 heterophils
ral 2 heterophils
Gral 3 tongue, bursa of Fahricius trachea, skin, oesophams, air sacs, large intesting, kadney
THF 1 heterophils
THF 2 heterophils
THFP 3 heterophils
GPY-1
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Many AMPsderived from domestic animalre the basis upon which synthetic AMPs are
being manufactured (Brogden et al., 2003). Additionally, research is being conducted
concerning methods to trigger production of AMPs within animal subjeither for

humans to consundirectly as foodproducts, such as milk or meat,smthe AMPs can

be isolated and administered as treatment separately (Brogden et al., 2003). Finally, not
only do these domestic animals serve as a source of AMPs, battdsomoded
concerninghow manmalian systems may react to AMP therapy. One study infected
lambs with acute pneumonia and treated the lambs in vivo with the AMP SMAP29
derived from sheep bone marrowhichis cationicand has at+helical shape similar to
cecropinPLl Researchers fourntbat lung tissue of the lambs treated with SMAP29
contained a much lower concentration of bacteria than untreated lambs (Brogden et al.,
2003). Thus, AMPs derived from domestic animals are a very practical source of the
peptides and also show considergiriemise for applications to medical treatment for

humans.

2.2.2 Structure and Characteristics of AMPs
Although all AMPs have essentially the same purpose of acting as a defensive agent

against micriobial infection, each AMP is unique in its structure amdtafeness.
Because of thisand since so many AMPs have been already been isolated while more are
constantly discovered, researchers have developed several categories &pabiedieed
peptides.

2.2.2.1Cationic AMPs
Cationic AMPs, or AMPs with a net posi#i charge, are much more cowmy found

than anionic AMPs, particularly in domestic animals. Since so many cationic AMPs have
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been isolated, a number of classification systems have been proposed by researchers

studying the nuclear magnetic resonance (NBtR)ctures of the peptides, but most of

the systems have similar main groups. For exanjeddyet al.(2004)classify the

AMPs into five groups(1) U-Helical AMPs,(2) cysteine rich AMPs(3) b-Sheet AMPs,

(4) AMPs rich in regular amino acigand(5) AMPs with rare modified amino acids.

Brogdenetal. (2003 i mi | ar |y | i st -hdlicalppepédes,asaammaiphi pat hi c
group, but group cysteire i ¢ h -slaeat AMHs together and have a separate group for
pralinerich linear peptides. In either casdylRs are generally categorized by their
secondary str u-belrf e-shegspandamioouatids comgmonh the

AMPO6s sequence.

An e x a mp haicaloAMP iacecropinP1, which isthe AMP used in tie

experimend disucssed in this repoifhe structure and effectiveness of cecropin P1 will

be discussed in the following secti@ysteine rich AMPgontainmany cysteine

residues andan befound in many organism&cluding humansSimilarly, praline rich
AMPs contain multiple praline resids in the peptide sequendeSheet AMPs form a

s I n ghhimpin giructure and usually contain disulfide bonds. Horseshoe crab peptides,
tachyplesins and pol y{sleetAMPs.i AMPdthat aeerichine x a mp | e
regular amino acids contain a langemberof regular amio acids. Histatin (which is a
peptide found in human saliva) is an example of an AMP that is rich in regular amino
acids. The last classification of AMPs is those with rare modified amino aéids.

example of this would be Nisin, which is a protein proetl bythe bacterid.actococcus

lactis as a defensive agent against other types of ba¢Reddyet al, 2003.
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Additionally, Epandet al.(1999)defined categoriesor AMPswith thio-ether rings and

peptaibols. Peptides with theiher ringscortain a small ringike structure that is

enclosed by a thiether bondwhilepe pt ai bol s have-amanohi gh amount

isobutyric acid (Aib) residues.

2.2.2.2Anionic AMPs
Anionic AMPs are defined as AMPs with a net negative charge. Although less common

than cabnic AMPs, which have a net positive charge, anionic AMPs have also been
shown to be effective against various microbes. Specifically, in 1992 researchers found

an anionic AMP, ovine pulmonary surfactant, to be effective against the bacteria
Mennheimia hamolytica, Escherichia colandKlebsiella pneumonai@Brogden et al.,

2003). Anionic AMPs have also been found in samples of cattle bronchoalveolar lavage
fluid in neonatal calves (Brogden et al., 2003). In these animals, it is believed that a
numberofani oni ¢ AMPs have a Aregul atory rol e

negative feedback inhibitiono (Brogden et

Although the mechanism for anionic AMP activity is not as clear as that for cationic
AMPs, it is theorized that the zinc which activeathe anionic AMPs forms a cationic salt
bridge across the cell membrane (Brogden et al., 2003). This salt bridge allows the AMPs
to pass through the membranes of the bacteria and into the cytoplasm, where they

interrupt protein formation by possibly attéieg to the ribosomes (Brogden et al., 2003).
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2.2.2.3Insect-derived AMPs
There are also many peptides derived from insects. The#fbties derived from insects

are often classified separatelBuletet al.(1999)divided the peptides from insects into
three ategories: cysteineontaining peptideguch as insect defensins, drosomycin and
thanatin) prolinerich peptides with emphasis on theglycosylated antimicrobial
peptideqlike drosocin, lebocins and formaecinahd glyinerich molecules (gloverins)

(Buletet al, 1999.

2.2.3 Cecropin P1
As stated previously, cecropin P1 was originadlylated from pig small intestine and is

categorized as @ahelicalAMPar , amphipathic, U

Hydrophilic
Exterior

Hydrophobic
Interior

Figure 4: Alpha helix $ructure as seen in the AMP cecropin P1
(http://www.csusm.edu/jayasinghe/MoviesAminations/files/paegE320thumb.jpg.
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T h ehelld is arranged withydrophobic amino acids on the inside and hydrophilic

amino acids on the outside of the structure, and it is believed that this amphipathic helix
is what allows the AMP to pass through the bacterial membranes (Brogden et al., 2003).
Cecropin P1 also possessa SefGlu-Gly sequence which is believeddotas a hinge

like mechanism to help the AMP come in contact with microorganisms (Brogden et al.,
2003). Furthermore, cecropin P1 has a basierlinus and a hydrophobict€rminus,

the carboxyl group of whkh is believed to be the main cause of its high effectiveness
against Gram negative bacteria suclasoli (Brogden et al., 2003According to

Reddy et al. (2004), cecropin P1 is active against many parasites in addition to bacteria.

Additionally,cecr@in P1lhas potent and rapid antibacterial actiyByogden et al.,
2003).)Cecropin P106s s wi fwasstowntby Bomenat@la(i9e3,t bact er
who compared thactivity of cecropin P1 and RB9 on three different strains Bf coli.

Both cecropirP1 and PR39 are AMPs found in the upper diniatestineof pigsand

both are most effective against Gram negative bacteria, sitthca8, and also effective
against some Gram positive bacteBamen et al. (1993) found that cecropin P1
completely lyed the bacteria instantaneously, whileB&Rexperienced an eight minute

lag time before it affected the bacteria and only caused the cells to swell, not completely
lyse.It has been shown that cecropins, including cecropin P1, form channels with their
amph i p a thélices as Btated previously, which are believed to be the reason cecropin
P1 was found to penetrate both the inner and the outer membrane& otdti¢Bomen

et al., 1993). Furthermore, this study found that cecropin P1 was not only nemteseff

than the other AMP tested, F39, but was also more effective than treatment using a
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traditional antibiotic, tetracycline (Bomen et al., 1993)is study showethat cecropin
P1 isafastacting AMP andvashighly effective againdt. coli, a majorcause of food

related illness in the United States

Although the preliminary studies on AMP inactivatiorEotcoli were useful, no one has
directly proven the binding betweé&n coliand AMPs directlyBomenet al. (1993)

applied the AMP solution to aell in a media plate seeded wkh coliso the AMPs

could dissolve through the ag&towever, h our study we are employing a novel
technique of binding cecropin P1 with an added cysteine group to a gold crystal using a
guartz crystal microbalance withsgipation (QCMD). This technique allows us to study
how site-boundAMPs inter&t with bacteria, specifically several strainstofcoli, not

just how AMPs behave in solution.

2.3 AMP and Bacterial Interactions

Not all strains of bacteria will readily bind AMPs. One study found that some AMPs
are active against one bacterial strain, but not against gthensocket al, 2000Q. As
discussed earlier in tHe colioverview section, the major component of the outer
membrane of Gramegative bacteria is¢hLPS. Studies by Rosenfeld et(2006)

showed that in order to promote bacteria binding and death, the AMPs lpasgsto
through the outer membrane and reach the inner phospholipid layer where the binding

and deactivation can occur.

2.3.1 How and Why AMPs Attack Bacterial Membranes
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While a substantial amourg known about bacteria and AMPSs, there has not been much
research into the interactions between the twotlakfore the mechanisms of their

interaction are not well understaod

Rosenfeldetal006) found no correlation between th
and its ability to specifically bind to the LPS of the bacterial membiaowever,a

correlation can be madetweePAMP activity andotherbacteria characteristics. For

example, reseancby Epancet al.(1999)concluded that peptides have an affinity for

binding to membrane lipids and thet many caseshe magnitude of this binding is

believed to be affected by the positive charge on the peptide interacting with the anionic

lipid of the bacterialn the case of cecropin P1, the net positive charge is caused by basic

amino acids alongéh out er , hydr ehplik (Shai, 1999¥. Fudhermard, t he U
Shai (1999) explains that this net positive charge of cationic AMPs not only causes its

affinity for binding to negativelkcharged bacterial membranes, but also prevents them

from attackig normal, zwitterionic mammalian cells, making them ideal for human

medical applications.

Since bacteria cannot change the charge on their outer menrbthaesame way that
they can mutate their DNA, bacteria and other microbes cannot become regiiant t
defense provided by AMPs. This is very important when considering medical
applications, since many strains of bacteria have become resistant to commonly used
drug treatments because of overuse of antibiotic medicatimvgever, since bacteria are

completely lysed by AMPs effective against the given strain and even mutations cannot
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change their fundamental membrane structure, there is no chance for resistance against
AMPs to occur These characteristics indicate tAAMPs couldpossiblybe used as a

weapon against dangerous dinegistant bacteria.

2.3.2 Models for Attack

No singlemechanisntan explairall AMP andbacterial interactiongnd it ispossible

that there araumerousmodes of action for different peptides and bacteria str&me

theory progedis thatthe peptide attacks the lipid bilayer of the bacterial membrane.
Also, charge may be a contributing factor. For example, most peptides are cationic and
in Gramnegative bacterjsuch a<. coli, the outer membrane contains anionic
moleculegEpandet al, 1999. This is one possible explanatias towhy some AMPs

seem to have aaffinity for binding to bacteriaHowever,aconclusionrhas beemeached

regardinghow the peptides penetrate the membrane

In a study byRosenfeldet al.(2006) the authors refer to two previously suggested
mechanisms for the AMBPS interaction. The first possible mechanism to explain the
AMP attack on bacterial membranes is that the peptides directly bind to the LPS, making
the LPS unavailable to the LPS bingliprotein and therefore the LPS is unable to the
transfer to its primary recept{Bcottet al, 200Q. The second possible mechanism is

that the peptide binds directly to the primary receptor which prevents the LPS from

binding to the receptdScottetal., 2000Q.
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Research by Vunnaet al.(1997)was conducted on the effect that chirality of the
peptide has oits binding activity. However, this research showed no chiral selectivity

with E. coli.

2.3.2.1Carpet Model

There are two models used to explainkireling of AMPs: the Carpet Model and the
Barrel Stave ModelBelow isFigure4 from Reddyet al.(2004)which illustrates the

Carpet Model as a possible mechanism for AMP and bacteria interaction:

@Y Y T (v
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B0 ¢
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Figure 5: Carpet Model of AMP activity agaihbacteria (Reddy et al., 2004).
As Reddy et al. (2004) explaifirst the peptide monomers bind to the phosjghiwhead
groups (a). Next, the peptide monomers atigrthe membrane surface so that the
hydrophilic residues face the phospholipid head group (b). Then the peptides face the
hydrophobic core of the membrane (c) before disintegration of the membiams ()
However, in order for the disruption of the membrane to occur, the peptide must reach
relatively high concentrations at certain areas of the membrane to form the micelles

(Shai, 1999). If the peptide does not reach the minimum inhibitory caatent(MIC),
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then the AMP will only disrupt ion concentrations within the cell, but not directly cause

the cell to lyse (Shai, 1999).

2.3.2.2Barrel Stave Model

The Barrel Stave model is the second model that can be used to explain the binding of
AMPs. In theBarrel Stave model, theydrophobicsurfacesf the peptiddace each

other on the insidef the U-helix,while thehydrophillic surfacesf different AMP

molecules interact with one anothErgure5 from Reddyet al.(2004)which shows the

Barrel Stave mdet
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Figure 6: "BarrelStave"Model for AMP activity against bacteria (Reddy et al., 2004).

Inthi s model, the peptide monomed+hdicalf i r st bi nd
confirmation (a). Then more peptide molecules bind to the cell membrane (b). Next, the

peptide helices insert themselves into the hydrophobic core of the membrane (c) which

leads to the formation of a pore through the memb@n@eddy et al., 2004T.his pore
formation increases the membraneds permeabil

causes disruption of ion gradients, allows harmful molecules to diffuse into thanckll
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allows important molecules and cellular structures to leave the cell (Shai, 1999).

Combined, all of these factors cause the cell to lyse and die.

2.4 Quartz Crystal Microbalance with Dissipation (QCM-D)
The quartz crystal microbalance with dissipatiQC(\-D) is a relatively new

technology, receiving its patent as recently as 1986 QCM-D is based on the quartz
crystal microbalance (QCM), which was first developed in 1921 and first used with a
liquid substrate in 1980 (Rodahl et d1997).The QCM has increasinglybeen usethy
researchert monitor the formation of biofils (Fredriksson et al., 1998; Otto et al.,

1999; Schofield et al., 200@nd adsmption of proteins (HO0k et al., 1998) anther
biomoleculeqgJenkins et al., 2004; Kwon et al., B)@arter et al., 1995These
researchergeeded ainstrument that couldlsomeasure dissipation so they could more
accurately interpret results when the Sauerbrey relation was not valid, and thus the QCM
D was developed. The following section discuss®ms the QCMD operates, the theories

needed to interpret its data output, and previous research using the QCM ard.QCM

2.4.1 How the QCM-D Works

The QCM and QCMD work by using a pieaectric crystal oscillator which shuts on

and offas a liquid solution isunning through the chamber containing the crystal. This
allows the instrument to determittee decay of the frequen¢ygeof the crystal by
measuring the voltage across electrodes on the crystal (Rodahl et al., Tt@9ghange

in frequency the QCM dQCM-D measures is then used to calculate the mass deposited
on the surface of the crystal according to the Sauerbrey relation discuised

following section
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The QCMD, however also measures the change in dissipdtiae DThe dissipation

factor (D)is defined athe energy dissipated per oscillation divided by the total energy

stored in the system (QDhe dissipatiomelates to the stiffness or rigidity of the layer
deposited on the crystal, where a igdnal |l @&D i
film, and a | arge &D indicat é&sSensaima.,d ener gy
2007) Dissipation is important to record, particularly for QMexperiments using

bi omol ecul es, because i f @&D is Jraeatapesr, the |
not applicableThus, theD factor is relevant for four reasarne verify the validity of the

Sauerbrey relation, monitor swelling/hydration, viscoelastic modeling and for insight into

structural change®-Sense, Inc., 2007)

All experimentsreported in this papavere conducted using tli@Sense (Gothenburg,
SwedenModel E4 QCM-D equipped with gold crystals that measured 14imm

diameter and had a resonaf@guency of 5 MHz.

2.4.2 Theory of the QCM-D

The theory of the QCMD is describd by theSauerbrey equatiafl) shown below,

Dm=- — Df (1)

where @&m i s the adsorbed mass on the crystal
overtone Ifigtndtamge ia finequerey (Sauerbrey, 1958%sentially, the

Sauerbrey equation states that the change in mass on the surface is dopottyopial
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to thechange in frequency of the oscillating crystalltiplied by negative one. Thus, a
negative changgequency would indicate an increase in the mass deposited on the

crystal surface and vice verdgé@non et al, 2006).

Additionally, the dissipation factor (Djiscussed previousig mathematicallyexpressed
as

p== @

Q
which is defined as thenergy dissipated per oscillatidivided by2 ttimes thetotal
energy stored in the systg@-Sense, Inc., 2007This dissipation factor can also be
understood as the sum of all enelggses of the systeriihegfore, a higher D would
indicate more energy lost by the system and a soft film, which a lower D would indicate
less energy lost by the system and a relatively rigid film deposited on the crystal surface.
It is very important thathis dissipation factor is recorded along with the frequency
because the Sauerbrey relation is not always valid, particularly for the deposition of cells
or other biomolecules. According to Hook et al (1998), the Sauerbrey relation is often not
validfort hese Dbi ol ogi cal applications because ce
may trap liquid between their molecules, and may slip on the electrode surface as it
oscillates. All of these conditions may cause a dissipation of energy not taken into

accountby the Sauerbrey relation.

Thesetwo relationships are the basis faterpretingthe dataobtained from the QCND

and will be important in understanding the results and discussion portion of this paper.
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2.4.3 Relevant Research Using the QCM and QCM-D
Although QCMD is relatively new, researels have quickly adopted the technology due

to its extreme sensitivity in the range (Jenkins et al, 200d)s, the QCMD is easily
applicable as a biosensor, whether this is to detect cells or other biomolBadely,
the QCMD hasbeen used tbetter understanithe stages of cell adhesion to a surface
and biofilm formation.QCM-D has also beeutilized in research concerniagsorption
of biomoleculesuch astarches, biopolymers, protejrad antibodie§lenkns et al,

2004)

2.4.3.1Cell Adhesion and Biofilm Formation
QCM and QCMD can be used to study cellular adhesion to surfdtese techniques

areparticularly useful for this application because adhes@nbe measuresithout
disturbing thecellssystem (Ot et al., 1999)Fredricksson et al. (1998judiedhow
effectivdy the QCM couldmeasure teE.coli cellular adhesion to the surface of tiwd
crystal.At this time, itwas known that the QCM could detéioe adhesion of 10or 16

cells to the crystadurface, but Fredricksson et al. (1998) wanted to determine whether
the QCM was sensitive enough to detect adhesion of a very small number of cells. For
each experiment, between 70 and 80 monkey kidney eptithelial (MKE) cells or Chinese
hamster ovary@HO) cells were attached to either hydrophilic or hydrophshitaces

and both the frequency and dissipation changes were meaSimeethe Sauerbrey

relation is onlyalid when the surface is coveregan evenly distributed monolayer, and
the small numeér of cells used in this study did not constitute a monolélyemesearches

recognized that it was importantroonitor the dissipation of the system. By plotting the

change infHfandelg@ealcgnge i n di ssipatjteyw ( &D)
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were able to determine that the Q@ks not onlyable to detect the cellslaering to the
surface, but was alsable to detect differences in binding between cell types and surface

types.

The QCMD has also been an integral part of research comgetne phases of cell
adhesion at a liquidolid interface. Otto et al. (1999) researched whether the two main
theories used to explain bacterial adhesion, Dlté»dryand thermodynams; were
accurate when compared to experimental results. Dth\Ory, which stands fothe
names of its creato@erjaguin, Landau, Verwey ar@verbeekdescribes intermolecular
forces as function of the separation distance between the cell and the surfeens

of the balance between van der Waals forcesepualsive &ctrostatic interactions (Otto
et al.,1999).AlthoughDLVO theoryis accurate at low ionic strengitimdy fluids and
environmental systems often exhibit higher ionic strength®re it is much more
difficult to predict celisurface interactiond/leanwhle, the thermodynamimodel
considers the balance betwdbkainterfacial free energies of the surfaeed meda

(Otto et al., 1999). To determine whether these theories accurately preeitted
adhesion behaviaxperimental results, Otto et al. (199®)died the frequency and
dissipation changes obserwetien fimbriated and nefimbriatedE. colistrains were
adsorbedo surfaces of varying hydophicities and ionic strengfhg. cells bound more
favorably with increasingnediaionic strength between@ M and 0.1225M, but
adsorptiondecreasedt higher values of ionic streng{Ptto et al., 1999)-urther,more
cells attached to the hydrophilic portions of byelrophobicitygradienton the crystal

surfaceand the effecbf the hydrophobicityvas morgronouncedOtto et al., 1999).
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Finally, using Df plots, the researchers were able to propose five phases of cell adhesion
detected by the QCMD: (1) cell binding, or initial cell contact with the surface; (2)
secretion of microexudates, proteins thataatesion; (3) spreading of the cell surface,
causing increased contact area; (4) Modification of adhesion properties, such as strength
of adhesion; and (5) changes in the rigidity of the cytoskeleton, which causes change in

dissipation (Otto et al., 1999)

The effectiveness of the QCM as a means of studying cell adhesion has been well
documentedn preliminary studies, but this work is still in the early stagesv
researched to date have used QDNb investigate microbial biofilms. Biofilms are
attached communities of microbes that formmoedical implant devices, in the
environment, or even in industrial settings. stated previouslyhe QCMD provides
the ability to monitor the formation of these biofilms at a sbéidid interface without
disturbing the systentchofield et al. (200A4)sed the QCMD to monitor thebiofilm

formation ofStreptococcus mutansacteria often found as a biofilm in dental plaque, on

gold crystals under both continferous fl ow and

coninuous flow conditionsthey passe&. mutangells continuously through the QGM
D chamberfor 120 minutes, but fdfiattach and flow conditions they pumpedS. mutans
for 20 minutes and then turned the pump off for 120 minutes to allow cells th\at@ac
passive diffusior{Schofield et al., 2007). Growthedia wagpassedhroughflow
chamberovernight for both flow conditions (Schofield et al., 20@ipfilms formed
under continuous flow systems were more dissipative per unit mass, mimatthgy

experienced a greater change insijfigtion per frequency changed thusveremore
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complex than th@attach and flow biofilms. Also, there was a greater increase in
frequency when thattach and flow biofilms were rinsed with water, which indies
thatmore cells washed awggnd theeforecontinuous flow biofilms were more stable
(Schofield et al., 2007As this studydemonstrateghe frequency and dissipation
measurements taken by the Q@Man potentiallyprovide useful qualitative data to

better unlerstand the process of bacterial biofilm formation.

2.4.3.2Biomolecule Adsorption
The QCM isuseful fordetecting biomolecule adsorptiamd for studying degradation of

biomolecules deposited to the crystal surfdesakins et al. (2004) used QCM to detect
the biodegradation of stdraueto Bacillus subtilisbacteriaPreviously, carbon dioxide
meters had been used to measure the biodegradability of biopolymers such as starch, but
theywerenot sensitive enough to pick up very small mass changes in the inggrfin
thedegradatiorprocesgJenkins et al., 2004)sing QCM,Jenkins et al. (2004ould
detect very small changes in massthe crystal surfac&@hey first applied and dried the
starch to the crystal surface, and then deposited the bacteria opstiaé ly submersing
the crystal in a bioreactofhe change in frequeneyas measurednd correlatetb the
amount of starch remainingssuminghat an increase in frequency meadecrease in
the mass on the crystalsgce versaThe researchesuggegedthat the QCM mighplay

a role in futureexperimentgjeared ainvestigating how organisms break down different

biopolymers thus extending the utility of this technique.

In another biopolymer studiwon et al. (2006) used the QGBI to monitor tle

adsorption of dextrato silica and alumina surfaces. The researchers intended to use
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these experiments to better understand the interactions between minerals in the
environment and extracellular polymeric substances (EPS), which are biopolymers
secretedy microbes to aid in adhesion, biofilm formation, and mineral binding (Kwon et
al., 2006) EPSplay a role in heavy metals mobilization and in the fate of chlorinated
hydrocarbons in soils and aquifef@ mimic the surfaces of the minerals found in the
environmenttheyusedaluminumoxide (Al,O3) andsilicon dioxide (SiQ) crystals

instead of the gold crystals generally used in experiments involving the adsorption of
biomoleculesSince a QCMD was used in this experiment, the frequeangithe

dissipaion were measuredavhile in the previoustudyby Jenkinset al.(2003)only the
frequency was measurég the QCM ThedextranQCM-D experiments showed that as
higher concentrations of dextran wewgplied there were larger changes in frequency
and disgpation, indicating more mass attached to the crystal surfaces (Kwon et al., 2006).
Particularly, more dextran was adsorbed to the alumina swiaeeasnore dextran

was washed from the silica surface during rinsing, suggesting the dextran was more
strondy attached to the alumina surface. Additionatheycompare the changgin
dissipation to the change n f r e g u @ andfound thee Extiod® beonsiderably
different betweemlumina and silicasuggesting that dextran had altered conformation on
the two substrateSpecifically, only one general trend for silica was observed in the

o D /f got, while there were multiple slopes for the alumina @oggestinglifferences

in adsorption mechanisms and the conformation of dextran (Kwon et al., Z0@6vas

a ground breaking study for each surface since it showed that very subtle changes in

biopolymer properties could be accurately detected.
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The QCM and QCMD have also been widely used in experiments concerning protein

adsorption at soliiquid interfaces. HOok et al. (1998) utilized the QCM to measure

frequency and dissipation changksing the adsorption of four different proteins:

myoglobin, hemoglobin, human serum albumin (HS#)d ferritin.Theyrecognized the

limitations of the Sauerbreylegion and the QCM which only measured frequency to

biomolecule adsorption applications an effort to solve this problem, thegsearched

and developed a mechanism to measure and rewdethtaneous dissipationuch like in

the modern QCMD. Their mainfinding was that for all proteins deposited and adsorbed

on the crystal surface, the QCM recorded a rapid initial frequency decrease, indicating a

large bulk deposition, followed by a slower frequency decrease as the surface is saturated

with the proteing H°® °k et al ., 1998). Howe viland, when t
the change in dissipation (D) were plotted
between proteins’he D-f plots for hemoglobin were very simple, with one obvious trend

while the plots for ferritin and HSA were much more complExis complexitywas

attributedto the various stages of protein adsorption that the QCM is abistiimguish.

From this study, one can conclude that by measuring both frequency and dissipation, the
QCM-D is sensitive enough to differentiate between different stages of protein adsorption

and differeiced amongproteins. Therefore, the QGM is an important tool to better

understand the mechanisms of protein adsorption atlsplid interfaces and is ulé

for applicationgncludingthe biocompatibility of implant materials and biofouling (H60k

et al., 1998).
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Finally, the QCM and QCMD have been very important in better understanding the
interactions between antibodies and antigdhe QCM was partidarly important in

research concerning the development of a dleom vaccine foWibrio choleraO139.

0139 is particularly virulent strain of cholera thetently appeared in India in 1992

(Carter et al., 1995). This strain has a different LPS strutitarethe O1 serotype

commonly associated with the worldwide pandemic and possesses the same cholera toxin
as the O1 strain, but much more ofid the toxin is encoded in different chromosomal
locations (Carter et al., 1995). Thus, drugs that work ag#ie O1 serotype are not

effective against 0139 and those who are immune to O1 through vaccines or previous
infection are not immune to O139 (Carter et al., 199Bjough their research, Carter et.

al (1995) aimed to create a sht@tm vaccine for theangerous O139 cholera serotype

by using the QCM to differentiate between strains. They did so by adsorbing the antibody
antiV. choleragD139 derived from rabbit serum, which would only bind to the 0139
serotype and not the O1 serotype, to the crystéaeiof the QCM and then incubating

at 37°C for an houfCarter et al., 1995). Carter et al. (1995) were able to successfully
identify cholera 0139, and suggested that crystals beqaed with the antibody so they

are faster and easier to use in th&dfierhus, QCM and QCMND are not only valuable
technology in research labs, but also in the field, since they are portable, easy to operate,

and much faster than traditional assay techniques.
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3 Methodology
3.1 Making Agar Plates

Agar plates containing the gath mediaLuria-Bertani (LB)agar (Sigma, St. Louis, MO)
were used to culture the bacteria used in this experimentsabheprocedure was

followed when making plates for all eleven strains of bacteria.

First, the chosen media (for example: LB) was messout to 35 g/land the

appropriate amount was chosen assuraproximately 20 mL per platéd flask was

filled with a small amount of MilliQ water and media was addéde remainder of the

flask was filled with water and mixed on magnetic stirrefoon heat until the media was
dissolved. Aluminum foil was taped over the top of the flask and placed in autoclave on
setting 1for 20 minutes After the cycle was finished, the flask was cooled for
approximately @ minutesn the autoclave LB mediawaspoured into Petri dishes,
ensuring that there were no bubbleghout puttingarmsor hands over the dish to avoid
contaminationOnce cooled, theop was placednthe Petri diskes and the plates were

placed inverted, in the hood overnight.

3.2 Plating Bacteria
Bacteria were maintained on agar plates, ugiegollowingprotocol

The bacteriavereculturedand allovedto grow to an absorbance of 0.3 at a wavelength
of 600nm. Undethe hood, th@lastic inoculation loopvas shakewout of container,

making sure not reach inside containé@text, the lid from the plate wasmovel
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carefully, making surenot to holdhands or arms over the plaféde inoculation loop was
briefly submergd in the culture broth and uso spreadhe bacteria on the plate. The
plates were then covered with Parafilm around the edges and incubated inverted at 37°C

for approximately 24 hours.

3.3 Pre-culturing Bacteria
Experiments were run witklevendifferent strains of bacteria. The night before a growth

curve, counting chambgor QCM-D experiment was to be conducted, plagticular

strainto be used was pr&ulturedusingthe method outlined below.

First, 10 mL of LB broth \as placedn a 250 mL flaskand the edge of the flask was
flamed bothbefore and after angbured uder the hood. Still under the hood, a plastic
inoculation loop was shaken out of the containdrile making sure not to reach inside
container to avoid contamination. Next, the lid of the Petri dish was removed, making
sure not to cross arnas hands ovethe opened Petri dish, to avoid contaminatién

single colony was scraped off with the inoculation loop and mixed around inside the
flask. The Petri dish was then covered and thecplteire flask was allowed to incubate

overnightat 37C in an agitato.

3.4 Growth Curves
Elevendifferent strains oE. coliwereused in this projedfTable 2)

40



Table 2: Source information foE. colistrains usedwhere EPEC stands for enteropathogé&nicoli,
EHEC stands for enterohemoadicE.coli, VTEC stands for vertoxin producinge. coli, and the sugar
backbone type refers to the number of sugars in the lipopolysaccharide backbone

Name ofE. coli SR
. Backbone | Pathotype/Behavior Source
Strain
Type
American Type Cuire
HB101 na na Collection (ATCC); #3364
Culture Collection
) ) University of Gothenburg
026:K60:H11 3 EPEC, EHEC (CCUG), Gothenburg,
Sweden; 29190
035:K:H10 5 notas commonly | \rcc. yo3eos
found
Dr. Howard Ochman,
O55:H7 3 EPEC, EHEC | University of Arizona;
ECOR #37
0113:H4 n/a VTEC Kim Ziebel, Health Canaq
Dr. Howard Ochman,
0113:H21 4 EHEC University of Arizona;
ECOR #30
) ) CCUG, Gothenburg,
0117:K98:H4 5 EHEC Sweden: 11418
O157:H7 4 EHEC ATCC; #43895
0157:H12 n/a non-VTEC Kim Ziebel, Health Canag
0157:H16 n/a non-VTEC Kim Ziebel, Health Canag
L CCUG, Gothenburg,
O172:KH- 5 EHEC Sweden: 36540

The following procedure was followed to culture each of the eleven stnaihto

guantify bacterial growth as a function of time

Approximately50 mL of LB broth wagpoured into a 250 mL flaslsterilizing the lip of
the flask both before and after pourid@OuL of bacteria from the overnight pealture
were then added to the flask. Next, the bacteria in the flaskimcubated on setting six

and 37C in the shakebath. The absorbance was recorded every half hour until it
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reached 0.2&8. Then the absorbance was recorded every 10 minutes until it reached
approximately 0.8. After this point,the absorbanceas recorde@very 1520 minutes

until the growth slowedFinally, the measureabsorbancevas plotted versusme.

3.5 Counting Bacteria
A counting chambewasusedto determine the population of bacteaitavarious points in

time during the exponential stage of growfample®f each strain oE. coliat5
different absornce values(ranging from approximately 0.2 to 0 ®gre counted A
PBS (phosphate buffer saline) solution was used to keep cellshaliyerevent further

growth. The folloving proceduravas used t@aonduct counting chamber experiments.

10 mLof bacteria culturevascentrifugedat approximately 4000 RPkér 10 minutes.

The LB media wathenremoved and replaced with 10 mL of phosphate buffered saline
(PBS) at pH 7.4 (Sigma, St. Louis, MO). The bacteria/PBS solution was then vortexed
until the pellet in the bottom of the centrifuge was dissolved. This cleaning process was

repeated three times to ensure that all growth media had been removed.

Next, the counting chamber slide was cleaned and assewiittea cover slip fastened
ontop Appro x i mat el y 20 thdninjected itouHe vell.r Tdhe ocmumting
chamber was placed under a microscope where the bacteria an@éggidumd. The
bacteria verecounted in ten random locations on the gifier this was completedhé
counting damber was cleaned by sonicatfor 10 minutes in MilliQ water and this was

donefor each absorbance of each straifco€oli. A spreadsheet program (in this case,
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Microsoft Excel) was used to graph the average bacteria population per grid square

versusabsorbance.

3.6 Contact Angles
Contact angle is a common technique from physical chemistry that can be used to

characterize the uniformity and hydrophobicity of a substidte.contact angle for the
gold crystals used in this experiment was determinetidptocedure belowviror this
experiment, &améHart model 10600 (Mountain Lakes, NJ) goniometer was used

along with the accompanying DROPimage (Noetcong, NJ) software

The contact angle was found by placing the gold crystal on the goniometer andiféling
devicewi t h 40 e¢L of water. 2 OL of water was dr
drop was spread out, the greater the hydrophilic tendencies of the gold crystal, which
means a lower contact angle. This process was repeated with a minimum for 4 drops in 4
different locations on the gold crystals and the results were recorded.

3.7 QCM-D

QCM-D was the major experimental technique uledhis project. In order to keep the
QCM-D running smoothly, the cleanliness of the gold crystals and the machine were
maintainedbn a daily basisA Q-Sense, In¢Gothenburg, Swedem)odel E4 QCM-D

was used for all experiments along with a software package includ8wft@01 and

Tools to record and analyze resuisViHz gold crystals that were 14 mm in diameter

were used foall QCM-D experimentsAdditionally, the cecropin P1 modified with an

extra cysteine group that was deposited on certain crystals was obtained from New
England Peptide (Gardner, MA).
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3.7.1 Cleaning procedure for QCM-D and crystals
The QCMD and the crystalgerecleaned in order to remove any organic and biological

before and after each experimentler a chemical fume hood.

3.7.1.1Cleaning the Gold Crystals(Ammonia Peroxide Mix)

The crystals first underwent Uhich is ultraviolet light at a wavelength of 285 nm)
treatment for 5L0 minutesy placing the crystals in the Petri dish, removing the lid,
placing under the hood and then turning on the UV lig\gxt, a 5:1:1 mixture of

MilliQ -water, ammonia (25%) (Sigma, St. Lous, MO) and hydrogen peroxide (30%)
(Sigma,St. Louis, MO) was heated to 75°C. The crystals were then placed in the heated
solution for 5 minutes and then thoroughly rinsed with MilliQ water. The crystals were

dried with nitrogen gas and then underwent anotkHE) Binutes of UV treatment.

3.7.1.2Cleaning the QMC-D

When cleaning the QCND, specifiedcleaning crystals were first mounted into the
chambers. Approximately 10 mL of 2% Hellmanex (Hellma GmbH and Co., Germany)
solution was pumped through at a flow of 300 pL/min followed by approximateaiyl20

of MilliQ water. Air was allowed to run through the chambers to rid any excess liquid

and then the chambers were emptied and dried completely with nitrogen air.

3.7.2 QCM-D Experimental Procedure
Each of the eleven strainséf coliwastested inthe QCMD usingthe samegorotocol

First, the gold crystals were placed in the chambers and all appropriate connections were

made. MilliQ water wapassedhrough all four chambers at 100uL/min for
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approximately 10 minutes to allow the Q@bito equilibrate. Theomputer was then
turned on and the program QSoft 401 was opemad the temperature control wset to
23°C. The frequency and dissipation plots were given time to stabilize and then

measurement was stopped and restarted.

MilliQ water waspassedhrough the machine for approximately 5 minutes with stable
plots and then the QCId pump was stopped and the MilliQ water was replaced with
PBS. The flow was reversed for approximately 30 seconds, before being run in the
forward direction, in order to preveair bubbles from disrupting the sensitive
measurement devicesPBS was run through all four chambers of the QD Mt
50uL/min until the frequency and dissipation plots stabilizeuich generallytook
approximately 30 minutes. Once this stabilizatioourced, the QMED pump was
stopped again and the PBS was replaced with 10uM ceeRdpays solution for two out
of the four chambers at a flow rate of 50uL/mamd run forapproximately 120 minutes.
The 10uM cecropirP1 cys solution was made from 1mL &@0uM CecropirP1 cys
solution diluted in 13mL of PBS. Again, the flow was reversed, before bamig the

forward direction, for approximately 30 seconds in order to prevent air bubbles.

Approximately 2 hoursifter the addition of theecropirP1 cyssolutionandafter the

plot had stabilizedhe QCMD pump was stopped and PBS was run through all four
chambers, again reversing the flow first in order to prevent air bubbles. The PBS was run
through the chambers at a flow of 50uL/min to wash off agsscecropinP1 cys that

did not bind to the gold surface until the frequency and dissipation plots statdiZed
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approximately 30 minutes. At this point, the Q@Moump was stopped and the PBS
was replaced with 1x2@ellsmL of E. coliin PBS which was passed through all four
chamberst 50pL/min for approximately 120 minutes. Again, the floasreversed first

in order to prevent any air bubbles.

After theE. coliin PBS solution wapassedhrough the QCMD and the frequency and
dissipaton graphs stabilized, PBS wamrthrough all four chambers at 50uL/min for
approximately 30 minutes to wash off any exdessoli cells that were not firmly

deposited. Next, the measurement was stopped in QSoft, thel@Mp was stopped

and the golarystals were removed from all four chambarsrder to use the live/dead

kit to evaluate the presence of live/dead bacteria on the crystals. Once the experiments

were completed, the crystals and the QDMvas cleaned and discussed previously.

3.8 Live/Dead Kit on Gold Crystals to Characterize Cell Viability
After the QCMD experiment was run, a live/dead kit was used to detertinénfraction

of bacteria alive oall four ofthecrystalsThe dyes used were 20&gM
and 5¢M Syto 9 (Mol ecular Probes, Eugene,
sulfoxide (DMSO) (Sigma, St. Louis, MOJhe microscope used was a Nikon Eclipse

E400, specifically the 60x objectivequipped with FITGind Texas Red filters attached

to the MercurylOOW lamp (Chiu, Technical Corp)he Syto 9 dye all cells, alive and

dead, green when viewed under the FITC filter, whereas the propidium iodudialdye

dead cells red when viewed under the Texas Red #tiditionally, the accompanying

software Spot Advanced was used to capture and merge the pictures.
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First, each gold crystal was placed in a small Petri dish with approximately 3 mL pf PBS

enough to cover the crystaind the live/dead kit was removidm the freezer and
allowed to defrostSyto9( 5. 01 e€L) and propidium iodide (7
crystals in the microscope room, making sure to block as much light as possible because

Syto 9 and propidium iodide are light sensitive. The conagoirs of Syto 9 and

propidium iodide that were added to the Petri digihaedetermined by the given
manufacturero6s dat a. N e x dand thetctystalsleser cur y L amp
viewedunderbothFITC and Texas Red filter Imageswere taken at fiftee randomly

selected location®nce under each filter. Theiseages wer¢henoverlapped and the

amouns of live anddead bacteria recounted. When there were multiple crystals with

cecropin P1 and multiple crystals withaatcropin P1, the average bietlive/dead values

werecalculated
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Absorbance of E. coli O113:H21 at 600 nm

4 Results

4.1 Growth Curves
Growthcurves were determined for easthain ofE. colithat wasused in this projeciA

representative growth curve fir coliO113:H21is shownin Figure 7 The growth
curves for the nmaining 10 strains of bacteria can be foundppendix E The growth

curve allows us to consistently harvest bacteria at the same phase of growth.
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Figure 7: Growthcurve forE. coliO113:H21
As Figure 7 illustrates, thereeaseveral important stages of bacterial growth that can be
observed in growth curves. The first stage is referred to as the lag stage. This phase of
bacterial growth is relatively slow and generally lasts between 0.0A and 0.3A. Next is the

exponential grath phase, which generally extends between 0.3A and 0.8A. During this
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Natural Log of Absorbance of E. coli 0113:H21 at 600nm

phase, growth is relatively fast and the cells are at their healthiest, and can be used for
many applications, including QCId experiments. Semog plots, such as Figure 8

shown belowgan give further insight into growth behaviors during exponential growth.

Time (min)

¢ Jul-07 ®m Nov-07 = Linear (Nov-07) == Linear (Jul-07) ‘

Figure 8: Semilog plot of E. coliO113:H21.

In the semilog plot, the natural log of the absorbance ofEheoli is plotted versus time.
The slopes ofhe lines attacimg the data points vary directly with the growth rate during
the exponential stage. In Figure 8, the slopes are 0.0187 and 0.0165, indicating there is
only a small variation between different trials for a given stagd that the experiemts

are reproducible
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Thefinal stage shown on a growth curve is the stationary growth pthaseg which the
growth of the bacteria slows. After the stationary growth phase, cells undergo the death
phase, which cannot be detected by a spectrophotobeztause the machine only

detects how many cells are present, not whether they are alive or dead.

4.2 Counting Chamber
Countingchamber experiments were condudiadall strains ofE. coliused in this

project Figure 9showsan example of one image (aift10) from a specific absoabce.

This image is oE. coliO113:H21 at an absaabceof 0.495.

Figure 9: Example of counting chamber image frcoliO113:H21 at 0.495A.
Thenumberof bacteria was counted inside eachag performedfor 10 random

squares at five different absarice valuefor each strain oE. coli). This data was then

50



put into an excel spreadsheeti®velop a calibration pldbat can be used to determine

the population of bacteria at a given albsoice value Thecalibration curvdor E. coli

0113:H21is shown in Figure 10

E. coli 0113:H21 Bacteria Population Averages for Counting
Chamber
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Figure 10: E. ooli 0O113:H21 Bacteria Population Averages.
For experiments conducted with t(ECM-D, a concentration of 1xE@ells/mLwas
desiral. From the calibration curves, like the one above, the average bacteria population
per grid square was determined for a given absogbahiece dimensions of one grid
squareon the counting chambereregiven by the manufacturer 891cm x 001 cm X
0.001 cm which is equivalent to 1xI0mL. Calculations, like the orghownbelow,

were conducted to determine how much bacteria rinsed in PBS had to be added to 12 mL

of PBS in a centrifuge tube in order to reach the desired®ell8/mL concentration.
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S0cells _ o1 0% cells/ mL

A0 "mL
5x10%cells/ mL _
1x10%cells/ mL
12mL 5

x 1
12Tm|_ =2.4mL

Thereforejn this example2.4 mL ofE. coliO113H21 rinsed in PBS needed to be

added to 12 mL of PB® order to obtain a concentration of 1%bells/mL

4.3 Contact Angle
The contact anglef water dropletsvas determined faurface includingclean gold

crystalandl  ecewropin P1cys 2ceerapin Plcysa nd  1cBcropimPl cys

depositedn the surface of the crystafter aQCM-D experiment

Table 3: Water contact angle on gold crystalih varyingconcentrations of cecropin P1 cys.
Gold 1 ¢eCRlcys | 2 ¢eQRl-cys |10 &£Ri1-cys
Water [ 75+ 1° 54 + 3° 48 + 3° 39 +2°

The high contact angle of the water on the clean gold crystal indicated that the surface
was hydrophobic, since the water dropletmid spread out when applied to the crystal.
However, as cecropin of increasingly higher concentrations was passed through the
QCM-D chamber, the contact angle decreased showing a decrease in hydrophobicity of
the surface.This change in hydrophobicitghown by thalecreasing contact angle when
cecropinPlwasdepositedn gold in Table 3confirms thatecropinP1did bindto the

crystal surface

4.4 QCM-D
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The QCMD was used to monitor the frequency and dissipation changes when cecropin

Plcyswasaddedo t he gol d crydgamd oophrwher.seland

strains was added to crystals with and withoutati@microbial peptideFigure1l

illustrates an example of the frequency and dissipation changesEvbehO157:H12

was added ta gold crystal with cecropin P1.
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Figure 11: QCM-D frequency and dissipation shifts fér coliO157:H12 with cecropin P1 cys on a gold

crystal surface.
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The arrows on the graph show when different sohg wergpassedhrough the QCVD
flow chamberand the frequency and dissipation changes can be obskhieg.water
was firstusedto equilibriatethe crystal and then PBS to accustom the machine to this
different bulk liquid, since both the cecrogi ancE. coliwere dissolved in PBShe
average frequency shift when PBS was added-#%t83Hz and the average dissipation
shift was 130% Oncethe cecropin P1 was addede frequency underwent a rapid drop
and therre-equilibriatedas the AMP was bau to the gold surface, which indicates an
increase in mass of cecropin P1 deposited on the crye@mlverage change in

frequency when cecropin P1 was added for all plots and all straind 2281z.

Additionally, a small increase in dissipatismasobserved, which suggests an increase in
the fisoft ness 0 Théavdaradgedisspatiprochange atten ded¢rBhim .
was added for all plots and strains was 8¢l@_ater, when th&. coliwas added after a
PBS wash to rinse off excess cecropin P1, similar trends of decreasing frequency and
increasing dissipation indicate depositiorEofcoli cells to the surface. Finally, with the
last PBS wash, there is littte no change in frequency or dissipation, showing that most
of theE. coliadhered fairly strongly to the surface with bound cecropin PITtyese
common trends were observed in all of the QDMxperiments with cecropin P1, and

the graphs can be obseniadAppendixA.

However different trends in the QCND frequency and dissipation plots were observed
when cecropin P1 was not added to the gold crystal surface befdedbke The graph

below illustrates typical trends for the Q@Mexperiments withaucecropin P1.
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Figure 122 QCM-D frequency and dissipation shifts fér coli O55:H7 without cecropin P1cys on a gold

crystal surface.

Once again, the arrows on the graph indicate when different s@uwtiere added to the

QCM-D. When PBS was run through the Q&Minstead of cecropin P1, it is clear that

the frequency did not decrease as much and the dissipation did not increase as much

when theE. coliwas added, suggesting that the not as niiatoliadhered to the crystal

surface. Furthermore, when the crystal was rinsed with PBS aftér tdod, the

frequency increased by a small amount, indicatinggbiateof the cells were washed off.

This suggests that the colidid not attach to the surfa@es wellaswhen the cecropin P1
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was bound to the gold crystal first. These frequency and dissipation changes were similar

for all of the other QCVD experiments conducted without cecropin P1, and these graphs

can be observed ippendixA.

The frequencyand dissipation changes observed in the Q@ plots were measured and

recorded for all experiments, and the shifts for every solution change can be seen in

AppendixB. The most important frequeneyd dissipation measurements were the shifts

once theE. cdi was added, becauseetieshowedwhether morde. colicells adhered to

the surfaces with bound cecropin P1 cys tharstiiacesvithout the AMP.

5.0

E. coli Serotype

Frequency Change (Hz)

-35.0

-40.0

m With CP1 = No CP1

Figure 13: Bar graph of measured frequency shift measured in @Odbts wherE.coli was added, with
and without cecropin P1 bound to the gold crystal surface. Note that the error bars represent the standard
deviation.
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Figure 14: Bar graph of measured dissipation shift measured in €@OdIbts wherE.coli was added, with
and without cecropin P1 bound to the gold crystal surface. Note that the error bars represent the standard
deviation.

Thefrequency decrease was greater when cecropin P1 was bound to the gold crystals for
all eleven strains. This indicatdsat more mass, or more cellsasdeposited onto the
crystals with bound cecropin P1 cys, which suggests th&t.tbeliwere strongly

attracted to the AMP.
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However, not all of the differences between the crystals with and without cecropin P1
were stastically significant according to our statistical analysis (TableShneway

ANOVA test was run using SigmasStat 2.03 software.

Table 4: Statistical significance for results of average frequency shift in €@CMots wherE. coliwas
added, comparing crystals with and without bound cecropin P1.

E. coli Statisticall

Strain PrEllE Significan%l
HB101 0.295 NO
026:K60:H11 0.045 YES
035:K-:H10 <0.001 YES
O55:H7 0.014 YES
0113:H4 <0.001 YES
0113:H21 0.588 NO
0117:K98:H4 | 0.138 NO
0157:H7 0.546 NO
0157:H12 0.051 NO
0157:H16 0.051 NO
0172:K-:H- 0.051 NO

For this test, the-palue had to b&0.05 for the difference to qualify as statistically
significant,meaninghat the difference could not be caused by random ch@mbgfour
out of the eleven strair{®26:K60, 035:k:H11, O55:H7, and O113:H4howed a
statistically significant differerebetween th&. colifrequency shifts for crystals with

and without cecropin P1.

As the table and graph of dissipation changes show, the dissipation increased more when
cecropin P1 was bound to the gold crystal for seven out of the eleven @tRirtsl,
026:K60:H11, O55:H7, 0113:H4, 0117:K98:H4, 0157:H7, and O157:H163 once

again suggests that, for these strainsEtheoliadhered better to the surfaces with the

cecropin P1. The table below illustrates the statistical significance of the difsrenc
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between crystals with and without cecropin P1 for the dissipation changeEwbein

was sent through the QGHM.

Table 5: Statistical significance for results of average dissipation shift in €gCplots wherk. coliwas
added comparing between crystals with and without bound cecropin P1.

E. coli Statisticall

Strain PrEllE Significan%l
HB101 0.245 NO
026:K60:H11 0.104 NO
035:K-:H10 0.891 NO
O55:H7 0.016 YES
0113:H4 0.173 NO
0113:H21 1.000 NO
0117:K98:H4 0.033 YES
0157:H7 0.614 NO
0157:H12 0.860 NO
0157:H16 0.312 NO
0172:K-:H- 1.000 NO

As the table above shows, only one straii ofoli (O55:H7) showed a statistically

significant difference between the crystals with and without cecropin P1.

4.5 Live/Dead Kit
It is impartant to note that no previous research has been conducted on whether the bound

AMP inactivated bacterid he live/dead kit was used to take pictures of the various
strainsof E. coliwhen deposited on the gold crystals for experimantsvith and

without cecropin P1The dye Syto 9 (Molecular Probes, Eugene, OR) dyed all bacteria
present on the slid&hile propidium iodide (Molecular Probes, Eugene, OR) dyed only
membrane compromised (deddcteria. When thegeo pictures were merged, an

image overlay \&s created where the live bacteria versus dead bacteria could be counted.

Thus, he redcellsrepresent dead bacteaadthe greercellsindicate live bacteria.
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Imagesrepresentative ones in Figure, Zthichareof E. coliO117:K98:H4 with(top)

and witout (bottom)cecropin P1lwere yieldedising this method.
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0.1 cm

0.1 cm

Figure 15: Live/Dead picture oE. coliO117:K98:H4 with(top) and without (bottomgecropin P1 cys on
a gold QCMD crystal.
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ForE. coliO117:K98:H11, more lwderia adhered to the surface with cecropin P1 and in

a more uniform layer, than on surfaces without cecropimR&.amount of live bacteria

(green) and dead bacteria (reehrecounted for each image. The averagenberof

bacteria present per picturecathe average percentage of dead bacteria per pictues w

calculatedFiguresl6 and17).
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Figure 16: Graph of the number d&. colicellspresent pelive/dead picture with@cropinP1 and without

cecropinP1.

62




100

90

80

60 -

50 -

40- T [

%E. coliDeac

20 - —

10 1 . L -

o !

HB101 026:K60:H1035:K-:H10 O55:H7 0113:H4 0113:H210117:K98:H40157:H7 0157:H12 0157:H16 O172:K-:H-

E. coliSerotype
H % E. coli dead with CP1 m % E. coli dead without CP

Figure 17: Graph of percentage &. colicellsdead petive/dead picture withecropinP1 and without
cecropinPl

One of the goals of this project was to examine the binding potential of different strains
of E. colito the AMPcecropinP1 Nine out of the eleven strains of bacteria (035:K
‘H10, O113:H21, O157:H7, O157:H16, O113:H4, HB101, 0O26:K60:H11, O117:K98:H4
and O172:K:H-) yielded a higher amount of bacteria per picture present on the gold
crystal whercecropin Plwas used as opped tacontrolexperiments in the absence of
cecropin P1 However, the amount of bacteria that bound tac#reopin Piwas not the
same for all of the strain€. coliO172:K-:H- had the highest amount of bacteria present
with cecropin P1 Surprisingresults were those &. coliO55:H7 and O157:H12vhere

the experiments done withocgcropin Plyielded more bacteria per picture than the
experimentsun with cecropin P1
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Another goal of this project was to study the affeatemfropin P1in killing different

strains ofE. coli. Theexperimentsesulted in six out of the eleven straindofcoli

yielding a higher percentage of bacteria dead wattropin Plapplied to the gold crystal
prior to the bacteria thahosewithout cecropin P1 The six st@ins ofE. coliwere
035:K-:H10, O113:H21, O157:H7, O157:H12, O157:H16, O113:H4. It is possible that
these types of bacteria are more vulnerable teg¢bsopin Plhan others. The remaining
five strains (HB101, 026:K60:H11, O55:H7, 0117:K98:H4, 0172 ) yielded

opposite resultsvhere the higher percentagekofcolidead was found in the
experimentsun without cecropin P1 It may be possible that some strains of the bacteria

are not affected bgecropin P1

SigmaStaR.03software was used to callate the p value for threliability (Tables 9 and
10)results. If the p valueas<0.05 for a completed experiment, thaifference inthe
resultswasstatistically significantmeaning that the difference could not have been

caused by random chance

Table 6: Statistic significance for results of average numbet.afoli cellspresent per live/dead picture.
E. coli Strain | P-value Statistically Significant
HB101 0.703 NO
026:K60:H11 0.771 NO
035:K-:H10 <0.001 YES
0O55:H7 <0.001 YES
0113:H4 0.024 YES
0113:H21 <0.001 YES
0117:K98:H4 0.021 YES
0O157:H7 <0.001 YES
0157:H12 <0.001 YES
0157:H16 <0.001 YES
0172:K-:H- <0.001 YES

64



Table7: Statistic significance for results of average %otolidead per live/dead picture.

E. coli Strain | P-value | Statistically Significant
HB101 0.952 NO
026:K60:H11 0.376 NO
035:K-:H10 <0.001 YES
055:H7 0.614 NO
0113:H4 <0.001 YES
0113:H21 0.348 NO
0117:K98:H4 <0.001 YES
0157:H7 0.008 YES
0157:H12 <0.001 YES
0157:H16 0.441 NO
0172:K-:H- 0.005 YES

Nine of the eleven strains of bacteria tested yielded statistically significant increases in
bacterial binding when the AMP was present. The strains @85eK-:H10, O55:H7,
0O113:H4, 0113:H21, 0117:K98:H4, O157:H7, O157:H16, O17:HKand (B5:K-

‘H10. Two strains, O55:H7, O157:H12 yielded a statistically significant decrease in
bacterial binding to Cecropin P1 where as O33#0 showed a statistically significant
increase in bacterial binding with Cecropin P1. The remaining bacteria; HB101,
026:K60:H11 and O35:KH10 showed no preference with respect to binding to gold or
a CPZcoated surface. This result was expected for HB101, since that is our control

bacterium and it lacks the-@ntigen.

The research also determined which strairis.abli were deactivated by the AMP
cecropin P1. Three strains, O35:K10, O157:H12 and 0O117:K98:H4 did not show any
preferential binding to cecropin, but did yield results that show the bacteria, when in
presence of cecropin, yield a higher percentagecieia dead than in the absence of
cecropin P1. Also, whil&. coliO172:K-:H- showed a preferential binding to cecropin

P1, more bacteria were seen dead in the absence of cecropin P1, than in the presence of
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the AMP. Therefore, while cecropin P1 hasdhdity to bind a certain strain of bacteria,

the ability to bind necessarily influence the effectiveness of killing the bacterium.

This means that binding alone cannot be used as a way to characterize the effectiveness
of an AMP against a potential paten. Three out of the six strains of bacteria that

bound to the cecropin P1 also yielded higher percentages of dead bacteria when the
cecropin P1 was present. These strains were O113:H4, O157:H7 and:636:K

Therefore, using cecropin P1 with theseethtypes oE. colihas the potential to be the

most successful method for binding and deactivating the bacteria. This result is
particularly exciting sinc€&. coliO157:H7 is one of the most serious food borne

pathogens we face.
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5 Conclusions and Recommendations
Using the data obtained from both Q&Mplots and live/dead kit cell counts, the

following conclusions concerning how cecropin P1 affected cell adherence to the gold
crystal surface were made. Additionally, results from the live/dead kit wedkttas
determine the AMPO6s ef f eE.coiFmeatyess i n ki
recommendations on improving the procedure and future research are discussed in this

section.

5.1 Number of E. coli Cells Present on Gold Crystals
The two methods used to detene the presence &. colicells on the gold crystals,

QCM-D and live/dead kit, yielded results that did not always agree. In figure 18, the blue
points represent bacteria deposited on crystals with cecropin P1 while the pink points

represent bacteriaegosited on crystals without cecropin P1.
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Figure 18 Amount of bacteria present per picture in live/dead kit versus frequency change measured by
QCM-D.

Ideally, the change in frequencyosiid become more negative with iaereaing amount
of bacteria present. However, this trend was not observed in these expenvheatts
couldhave beeraused by washing procedures conducted prilivetdead kit

experiments

Table 8also illustrates the discrepancies betweerQ@&1-D andthe live/dead kit

concerning how much bacteria was deposited on the gold crystals.
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Table 8: E. colistrains withand without a statistically significant increase in the number of bacteria
present on the crystal with cecropin @&rsus without cecropinlf as determined by the QCHM and/or
live/dead kit.

Statistically Significant Increase
of E. coli with CP1-cys
'é'tr‘;ci’:]' QCM-D Live/dead Kit
HB101 NO NO
026:K60:H11 YES NO
035:K-:H10 YES YES
O55:H7 YES NO
0113:H4 YES YES
0113:H21 NO YES
0117:K98:H4 NO NO
0157:H7 NO YES
0157:H12 NO NO
0157:H16 NO YES
0172:K-:H- NO YES

Fortwo strains (026:K60:H1and O55:H7) the QCND showed a statistically
significant increase i&. coliadhered to crystals with cecropin P1, while the live/dead
stainingdid notshow an increasé&dditionally, the live/dead kit showed a statistically
significant increasen the amount of bacteria present for four straingins oft. coli

(O113:H21, O157:H7Q157:H16 and O172:+H-) while the QCMD did not.

We offer sone possible suggestions to explain these regttsthe quantification of

bacterial viability using théve/deadstaining procedurggictures were captured at

arbitrary locationsandthey may not have been accurate depictions oéniiecE. coli
popuhtion on the gold crystalf the cecropin Pivasnot evenly distributed over the

surface of the crystathen bacterial binding may have also beenaoifiorm. Thus, we
recommend more pictures be taken to provide a larger, more representative depiction of

the surface. Additionally, it may be beneficialuseatomic force microscopy (AFM) to
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characterize the surface roughness, which caelbtdto the coveragef bothE. coli

and cecropin P1 deposited eachsurface.

Despite theexhibiteddiscrepancis, bothmethods showethatbothE. coliO113:H4and
E. coliO35:K-:H10 exhibiteda statistically significant increase in bacterial cells
deposited on the crystal surface with cecropin P1 compared to crystals without the AMP.

Thus, these experiments canifithat 0113:H4nd O35:k:H10 adhere to cecropin P1.

One goal of these experiments was to determine which portion Bf i
lipopolysaccharide interacted with cecropin P1. One theory was that the number of sugars
in the LPS might affect the bindirggpabilities of the bacteria, but this was not shown by
the dataOf thetwo strains that most clearly adhered to the cecropin ecel

0113:H4 and O35:KH10, the former has an indeterminable sugar backbone, while the
latter has a five sugar backboi@f the strains that exhibited preferential binding either in
QCM-D experiments or through the live/dead kit, all &b backbones made up of
various numbers of sugars, and thus no relationship between the number oadsdgars
binding efficiencywas four. However, there was a difference between HB101, the
laboratory strain without an-@ntigen, and the majority of the pathogenic strains with an
O-antigen. HB101 did not exhibit preferential binding wegtropin P1 inhe QCMD or
live/dead kitexperimend, indicating that it did not adhere to crystals with cecropin P1
any better than those without the AMP. This suggestséwbpin PInay bind with

some portion of the @ntigen, but the location has yet to be determined.
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5.2 Percentage of E. coli Dead
The gimary purpose of the live/dead kit was to determine the percentage dt deald

found on the gold crystals with and with@xposure t@ecropin P1. Four strains
(0O35:K-:H10, 0157:H7, O157:H12 and O113:x8howed a statistically significant

increase irthe percentage of dead bacteria on the crystals with cecropin P1, compared to
those without the AMP. Of those four strains, 0157:H12 did not show preferential
binding to cecropin P1 crystals in either the QOMr live/dead experiments. O157:H7
showael preferential binding to crystals with cecropin P1 in live/dead experiments, but not
in those using the QCND. Thus, for these three strains, it can be concluded that even
though the adherence mechanism is not fully known or understood, the AMPs are

effedive in killing these particular types &f.coli.

However E. coliO113:H4and O35:k:H10indicated preferential binding in both QGM

D and live/dead experiments and also showed an increase in the percentage of bacteria
dead on gold crystals where cecropil was bound to the surface. Therefore, it can be
concluded that, out of the eleven strats;oli O113:H4and O35:k:H10werebound

by cecropin P1 and also killed by the AM®&s stated previously, 0113:H4 is categorized
as verotoxin producing. coli, which can lead to hemorrhaging of the intestinal tract and
blood clotting disorders, and although O35HKLO is less common, it still can cause food
contamination and cause illness in humdite results of this project show potential for
cecr opitnity &airdstk. cai,@and thereforeurtherexperimentation should be

conducted to definitively determine if cecropin P1 adheres and kills the remaining strains.
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Appendix A: QCM-D Frequency and Dissipation Plots

E.coliHB101 with Cecropin P1 cys (on gold)
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E.coli 035:K-:H10 with Cecropin P1 cys (on gold)
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E. coli 055:H7 with Cecropin P1 cys (on gold)
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E.coli O113:H4 woth Cecropin P1 cys (on gold)
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