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Abstract

The lethal effects o f u ltrav io le t rad ia tion on m icroorganisms have been known and 

utilized fo r  many years. In su ffic ien tly  high photon fluences, light and in particular, UV light, is 

an effective and subtle means o f k illing o r at least im m obiliz ing most, if not all cells and m icro

organisms. Because o f th e ir small size, light can penetrate the enclosing protective walls and 

en te r the  inner volumes where it can break organic bonds in components tha t are v ita l to  cell 

function . Despite the fact th a t a very low  dose o f UV ligh t (1-9 mJ/cm^) has been shown to  

inactivate many m icro-organisms, the re  remains a dearth o f biological in form ation about light 

induced effects in molecules and th e ir  in teractions w ith in  living m icrobial systems.

The use o f NMR as a spectroscopic too l was chosen to  undertake an exam ination o f 

the  possible effects resulting from  exposing E. coli to  lethal fluencies o f UV radiation. Once 

sample preparation, trea tm en t, and NMR m ounting methods were optim ized, the high 

sensitiv ity and high resolution capabilities o f the  m ethod produced reproducible results fo r  a 

series o f experim ents. These results reveal significant changes in the  ratio o f the  NMR 

spectra o f the  trea ted  to  untreated E.coli samples when the treated sample was exposed to  a 

lethal fluence o f 275nm light. Photons a t the  275nm wavelength, used in this study, have 

enough energy to  break all o f the  princip le  bonds in an organic molecule. The difference 

spectrum  between trea ted  to  untreated samples appears to  be fitte d  well using specific 

com ponent spectra from  these groups o f compounds. Increases in NMR peak am plitudes are 

observed and appear to  be corre lated w ith  the  spectral locations o f several am ino acids, 

m em brane com ponents and several sugars/saccharides. Increases in peak intensities o f 4-8% 

were observed in the  0.8-1.1 ppm chemical sh ift region, characteristic of lip id and am ino acid 

groups. A 3.5-4% increase was observed in the  2 ppm and 3.4-4 ppm region characteristic of 

various sugars and possibly am ino acid com ponents.
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Chapter 1: Introduction

1.1 Overview

In su ffic ien tly  high photon fluences, light and in particular, UV light, is an effective and 

subtle means o f killing or at least im m obilize all biological cell types, and most, if no t all m icro

organisms. Because o f the small size o f these organisms, light can penetrate the enclosing 

pro tective  walls and en te r the  inner cell volumes where it can break organic bonds in molecular 

com ponents th a t are v ita l to  the maintenance o f cell function . Once suffic iently damaged, even 

reproductive function  can be curtailed. W hile the physics o f this process seems stra igh tforw ard 

enough, there has been surprisingly litt le  research published studying this process. The use o f 

UV light alone o r in com bination w ith  o the r biologically destructive agents such as radiation, 

chemicals, antib io tics and o the r measures is a fie ld  th a t should be pursued as new techniques 

in the tre a tm e n t o f pathogens, cancers and o the r disorders may be developed. However, 

because o f the  dearth o f biological in fo rm ation  about ligh t induced effects in molecules and 

th e ir  in teractions w ith in  living m icrobia l systems, the  potentia l o f the broader fie ld remains 

largely untapped. An im portan t approach in investigating changes in molecular systems is the  

use o f spectroscopic methods. Because lethal UV photon fluxes to  species such as bacteria are 

as low  as a few  tens o f m illijou les per cen tim eter squared o f sample area, the  spectroscopy 

chosen m ust be highly sensitive and capable o f measuring changes in the environm ent o f one 

or more o f the  6 princip le atoms in organic molecules.

The m ost w ide ly used and locally available options are, Raman, FTIR and NMR. The 

sensitiv ity requ irem ent rules out Raman and solvent constraints strongly favor the use o f NMR 

over FT-IR. In an earlie r study, a ttem pts to  quantify  spectral changes induced by such fluences 

o f light using FT-IR proved to  be inconclusive due to  desiccation problems (Vermeulen, 2006). 

Raman spectroscopy is even less practical as the optical measurement process is at least as 

damaging as any tre a tm e n t used.

Of the six princip le atoms in organic molecules, H, C, P, 0 , N & S, the  firs t fou r o f these 

are candidates fo r  NMR spectroscopy using h \  L^(1.07%  abundance), N^^(0.37% abundance) 

or O f these alternatives, hydrogen (^H) is the  m ost abundant atom  in organic molecules
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thus yields the strongest signal and may be able to  determ ine the effects arising from  changes 

in bonding between atom s and molecular groups resulting from  treatm ent.

1.2 Escherichia coli

1.2.1 Introduction

A study o f bacteria can be o f in terest in its own right. Bacteria serve as simple models 

fo r  evaluating m ore complex cells and th e ir  function  and thus, a study o f E. coli may provide 

useful data fo r a fu tu re  study o f more com plex cell types, including human cell lines or cancer 

cells. The biological properties o f a few  strains o f E. coli have been studied fo r many years and 

are well docum ented. A large num ber o f strains o f E. coli exist, each having unique properties 

useful fo r studying biological function . For example, d iffe ren t strains o f E. coli can d iffe r in th e ir 

deoxyribonucleic acid (DNA) makeup. Some strains share as little  as 50% o f the ir DNA in 

common w ith  each o the r (A lberts et al. 2008), enabling comparisons to  determ ine gene 

function .

E. coli are re la tive ly easy to  cu ltu re  in simple nu trien t broth and th e ir short cycle period 

(approxim ate ly 30 m inutes) perm its a large num ber o f bacteria to  be grown in a re la tive ly small 

tim e. This p roperty  also enables an E. coli sample to  be re-cultured quickly to  determ ine the  

num ber o f viable cells a fte r a specific trea tm en t. By comparison, the  cycle tim e o f most 

eukaryote cells varies from  approxim ate ly 30 hours (cancer cells) to  many m onths (Alberts e t al. 

2008). Consequently, eukaryotic cell re -cu ltu ring  is a much more d ifficu lt m ethod fo r 

quantify ing  th e ir response to  external factors.

A lthough there  are some E. coli strains th a t are pathogenic (strain 0157 is associated 

w ith  food poisoning; (Betts, 2000)), m ost strains are non-pathogenic, making them  relative ly 

safe to  w o rk  w ith . This thesis w ill focus on K12 E. coli bacteria strain in com bination w ith  

NMR spectroscopy in an a tte m p t to  observe effects o f the damage induced by exposure to  

known lethal doses o f light at a given wavelength. Once lethal dose in form ation  is available fo r 

a cancer cell line, one could use a sim ilar m ethod to  deduce the effects rendered there by UV or



short wavelength visible light. By extension the  study o f light in com bination w ith  o the r factors 

such as radiation therapy, chem otherapy o r heat could also be undertaken.

1.2.2 Cell Structure and Composition

E. coli has a prokaryotic  cell s tructure, meaning the  cell consists o f a m ultilayered cell 

m em brane and a nuclear body lacking internal m em brane structures. This sim plified cell 

structure is one reason prokaryotic organisms have the ab ility  to  grow  rapidly, w ith  a doubling 

tim e o f as lit t le  as 20 to  30 m inutes.

A pproxim ate ly 70% o f the  E. coli cell mass is water. The remaining macromolecules and 

th e ir dry percentage weights (Ingraham, Maaloe, & Neidhardt, 1983) are listed in Table 1.

Protein (Am ino Acids) 55
RNA 20.5
DNA 3.1
Lipids 9.1
Lipopolysacchrides 3.4

Peptidoglycan 2.5
Glycogen 2.5

Table 1 Macromolecular composition of an average f .  coli cell

Along w ith  these macromolecules, there  are also trace amounts o f vitam ins, m etabolite  

build ing blocks and inorganic ions.

1.2.3 Lipid Component of the Bacterium

The complex cell wall o f Gram negative prokaryotic organisms (vs. the sim pler cell walls 

o f Gram positive bacteria) is composed o f tw o  phospholip id bilayers and a peptidoglycan layer. 

A cross section showing the  ou te r m em brane, the  perip lasm ic space and the inner m em brane is 

illustra ted in Figure 1.
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Ilpopolysacdiaride (LPS) outer 
Icaftot of outer membrane 

pore protein |

ouw_r
membrane I

periplasmic.
space

Innw _ _ r
membrane I

peptidoglycan

membrane 
proteins

Figure 1 Gram negative bacteria cell membrane structure (Alberts, Johnson, Levais, Raff, Roberts, &
Walter, 2008)

The inner and ou te r membranes are composed o f th ree  m ajor phospholipids; 

phosphatidylethanolam ine, phosphatidylglyceroi and cardiolip in (Ames, 1968) in order o f 

decreasing concentration. Trace am ounts o f phosphatidyiserine are also present (Ingraham, 

Maaloe, &  Neidhardt, 1983). The m olecular s tructu re  o f these phospholipids is illustrated in 

Figure 2.

i'hosj.ihimdylct!ianol:imme R,— O — CH,>

R.—O—CH O
I II

H.C—U — P— O— CH— CH— NH'
I

OH

Phi>sph.uiiiyf,i!!yceti)i R i— O — CMi

H:— 0 — CH O
I II

HjC —O— I' _ o _ C H  —CH — CH..OH

I I
OH OH

C arJ io iip in  R,— O — C H,
i

R]— 0 — CH O

H A — O — R,

O  H C — O — R
I II . . .  . II .1HiC — O — r  ~C) — t .H ,— CH —'(.H .— O — r  — O — C.H,

O H O H OH
P lu ispha tn ly lsc rn i f  R,— O  —  CH.

C H O
I II

H C — O —  I ' — U — ( i t , — C H — C O O H

O H N H ,

Figure 2 Phospholipid structure, R l and R2 = fatty acid residues (Ingraham, Maaloe, & Neidhardt,
1983)
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Phospholipids in the  E. coli m em brane w ill p rim arily  bind to  fou r fa tty  acids: palmic, palm itolic, 

M ethylenehexadecanoic and cis-vaccenic acid. The fa tty  acids bind to  the phospholipids at the 

R l and R2 locations. The m olecular s tructure  o f these common fa tty  acids is illustrated in Figure

3.

Palmiuc aunl

CH.^CHJ.CH=CHiCH;lA:UOH Pulmitnlcic aciJ

CH.iCHzkCH—CH|CH,l,COOH ni-9,IO-Mdtliyli'nihc%adi.wnoic acid
\  /
CH:

CH,|CH.,t,CH=CHtCH,|,COOH wVacccnic «id

Figure 3 Structure of common fatty acids (Ingraham, Maaloe, & Neidhardt, 1983)

The surface layer o f the ou te r m em brane contains lipopolysacchrides, which are long 

m acromolecules pro jected outw ard from  the  cell. A varie ty o f proteins are also present in the 

structure  o f the  inner and ou te r mem brane. The ou te r m em brane has 20 -  30 proteins which 

are though t to  a lte r the  perm eability  o f the  membrane. The cell membrane, which can am ount 

to  70% o f the  overall m em brane mass, is the  final enclosing structure  and is made up o f a 

phospholip id bilayer, and proteins, many o f which regulate the molecules entering and leaving 

the cell. Apart from  this transport function , litt le  is known about how the cell m em brane is 

involved in the m etabolic processes w ith in  the  cell.

1.2.4 The DNA/RNA Components of the Bacterium

The centra l region o f prokaryote cells, te rm ed the  nuclear body, contains a varie ty o f 

biological structures including deoxyribonucleic acid (DNA), ribonucleic acid (RNA), ribosomes, 

proteins, and cytoplasm. As w ith  many bacteria, the  DNA in E. coli is present as a single circular 

chrom osom e conta in ing approxim ate ly 4.6 m illion  nucleotide pairs. Each nucleotide consists o f 

a five carbon sugar backbone bound to  a ring s tructure  referred to  as the base. Thym ine (T) and 

cytosine (C) are pyrim id ines, which consist o f a six-m em ber carbon ring structure w ith  a 

n itrogen atom  at position 1 and 3. Guanine (G) and adenine (A) are purines, which are 

composed o f a pyrim id ine  ring fused to  a five- m em ber carbon ring structure w ith  nitrogen

12



atoms located at locations 7 and 9 (A lberts et al. 2008). The fou r bases are illustra ted in Figure

4.

'O—P=0

°CH, o

NH ^  7 o

3
Ô

NH,
Z'l  ̂ 3

~ 0 — l = 0  N H ,

t"0—P=0

4
N H ,

\  r6 ^N'^O
21

-O—Ps»0 NHj

I .504:
4

o
3'«fid

Figure 4 (left) Atomic composition of the four DNA Base molecules, (right) Numbering scheme of the
purine and pyrimidine rings(Alberts et al. 2008)

Each base w ill bind to  a com plim entary base fo rm ing  a double stranded molecule which form s a 

double helix structure. In E. coli long DNA molecules fo rm  loop domains which radiate from  a 

central po in t, a llow ing the DNA m olecule to  exist as a highly condensed structure tha t 

frequen tly  occupies a d is tinc t region o f the  cell (Thanbichler, Wang, & Shapiro, 2005).

1.2.5 The Protein Components in the Bacterium

The largest fraction  o f bacterial mass (excluding w ater) is composed o f prote in  materia l. 

The tw o  prim ary functions prote ins serve are catalysts (in the form  o f enzymes) to  increase the 

rate o f chemical reactions w ith in  the  cell, and structura l prote ins. Proteins are composed o f 

many am ino acids covalently linked toge the r via peptide bonds. This chain o f amino acids w ill 

fo ld  in to  a varie ty o f complex structures held toge the r by hydrogen bonds between nearby

13



am ino acids (Madigan, M artinko, & Parker, 2003). Since proteins are assembled from  amino 

acids, one expects the  prote in  NMR signal to  be dom inated by the m ost comm on H bonded 

assemblies in the  acids. From an inspection o f the  Figure 5, it appears th a t CH; bonds m ight 

dom inate the  H bond groups w ith  significant contribu tions from  NH, NH 2 , OH, and carbon ring 

structures.

Figure 5 shows the  21 am ino acids fo r reference purposes. The E. coli bacterium  can 

synthesize m ost o f the  am ino acids required fo r  cell g row th  and function from  the presence o f 

g lu tam ine (Ingraham, Maaloe, &  Neidhardt, 1983).

. ■■■

0
Atra Acid

o  Q

<> NH,

Aip«i*9r« CAüMnmcAi^Q « « 0

NH.‘Î

c
■MM, NHNH, NH,

NH,

O, A *? HfAiptAfa*;
UP VC,*'* 

" "  0  0 O

\  \ a = /  g

l/ro-'iiiiv VKiM
'• 'Ô

4 )
o=<

Figure 5 Table of am ino acid structures w ith  CH2 bonds labeled (CRC handbook o f chem istry,
2010)
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1.3 Bactericidal Effect of Ultraviolet Radiation on E. Coli

1.3.1 Introduction

The lethal effects o f UV rad iation on m icroorganisms have been known and utilized fo r 

many years. Today, UV ligh t is being used fo r  sterilization in a variety o f areas. Drinking w ater 

sterilization by UV radiation is becom ing a common step at w ater trea tm ent facilities and in 

well w a ter filtra tio n  systems. On a sm aller scale, there  are now a variety o f consumer products 

available where UV lamps are used to  sterilize air, surfaces and small quantities o f drinking 

water. A re la tive ly low  dose o f UV (1-9 mJ/cm^) has been shown to  inactivate 99-99.9% o f 

Cryptosporidium p arvum  oocysts and giardia lam blic  cysts (Betancourt & Rose, 2004), both of 

which can be found in contam inated drinking w a te r and are resistant to  chemical disinfection 

processes. Data is also available show ing th a t a re la tive ly low  dose is required to  kill a w ide 

varie ty o f bacteria, viruses and protozoan in w a te r (H ijnen, Beerendonk, & Medema, 2005). 

A nother advantage o f using UV radiation to  inactivate a varie ty o f m icroorganisms is tha t unlike 

chemical sterilization processes, it is impossible to  over trea t when using UV light, and UV 

trea tm en t occurs w ith o u t leaving undesirable by-products or chemical residues (Chang, e t al., 

1985).

A lthough UV sterilization products are becom ing more popular, there are still many 

questions regarding the in teraction o f UV radiation w ith  biological systems. To fu rth e r 

com plicate the subject, many studies use broad spectrum  lamps. Exposing samples to  such a 

broad spectrum  o f ligh t makes it d iff icu lt to  determ ine the  damage done by a particu lar 

wavelength, and the exact mechanism th a t causes the  observed lethal effect.

1.3.2 Potential Lethal Mechanism Involving UV radiation

The energies required to  break specific bonds involving the six main elements in an 

organic system are listed in Table 2 (Verm eulen, Keeler, Nandakumar, & Leung, 2007). Included 

is the  equ iva lent photon wavelength fo r  each. Lethal dose data as a function o f wavelength has 

been determ ined fo r E. coli and the  wavelength dependence was observed to  be a strong 

exponentia l (Vermeulen, Keeler, Nandakumar, & Leung, 2007).
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0 -H 4.772 259.80
P -0 4.338 285.78
C-H 4.252 291.58
N-H 4.035 307.39
C -0 3.644 340.22
C-C 3.601 344.32
S-H 3.514 352.82
C-N 3.037 408.26
C-S 2.690 460.94
N -0 2.299 539.21
S-S 2.213 560.36
Table 2 Organic bond breaking energies and equivalent wavelength

From published bactericidal data in the lite ra tu re , it is suggested tha t UV effects on the 

cells can occur in many ways including DNA and RNA damage, membrane perfora tion  and 

damage to  o r d isruption  o f enzyme and pro te in  function  including membrane transport 

prote ins (Jagger, 1981).

Research in to  the mechanism responsible fo r  the  bactericidal effects o f UV radiation 

have centered on the m utations and damage to  the organism 's DNA. Being essential to  the 

function ing and reproduction o f the cell, damage or m odification to  th is molecule w ill result in 

loss o f functiona lity , o r cell death if  the  damage or m utations cannot be repaired. Due to  the 

heterocyclic arom atic s tructure  o f nucleotides, it was shown early on tha t they are an effective 

absorber o f UV rad ia tion (Jagger, 1967). They postulate the prim ary effect o f the absorbed 

photons is the  production o f DNA lesions which com m only fo rm  between tw o  adjacent 

pyrim id ine bases (cytosine and thym ine). These pyrim id ine dimers, can occur in tw o  form s; 

cyclobutane pyrim id ine d im er (CPD) and 6,4 pyrim id ine pyrim idone (6-4PP).

CPD's are the  m ost abundant DNA lesion present a fte r UV irradiation and though t to  be 

the most cyto tox ic (Sinha &  Hader, 2002). The lesions fo rm  a fte r the absorption o f a UV photon 

which causes the  carbon atom s at locations 4 and 5 to  bond w ith  the carbon atoms at the  same 

locations o f an adjacent pyrim id ine. These new bonds fo rm  a 4 atom  carbon ring between 

adjacent pyrim idines. 6-4PP are fo rm ed by the bonding o f carbon atoms located at position 4

16



on the 5' pyrim id ine and location 6 on the 3' pyrim id ine (Matsumura & Ananthaswamy, 2002). 

Both types o f DNA lesions form  a kink on one side o f the  DNA double helix. CPD account fo r 

approxim ate ly 75% o f the lesions produced w hile 6-4PP lesions account fo r 25% (Sinha &

Hader, 2002). Both lesions inh ib it DNA transcrip tion  replication w ith in  a cell which can lead to  

the loss o f pro te in  and enzyme function  and cell death if suffic ient lesions are able to  

accumulate.

A no ther possible mechanism responsible fo r inducing damage to  biological molecules is 

a group o f small molecules called reactive oxygen species (ROS). A lthough naturally occurring as 

a result o f m etabolic activ ity, exposure o f bacteria to  UV radiation has been observed to  

increase the  concentration o f reactive oxygen species w ith in  a cell. These small molecules can 

include superoxide anion(Ü 2 '), hydroxyl radicals(HO), hydrogen peroxide(H202) and singlet 

oxygen (Zhang, Rosenstein, Wang, Lebwohl, & W ei, 1997). Examples o f the potentia l damage 

caused by the  over generation o f ROS includes; single strand breaks in the DNA molecule, 

liberation o f the  DNA bases from  the sugar backbone caused by hydrogen peroxide ROS 

(Ananthaswamy & Eisenstark, 1977), as well as lipid, prote in, and DNA damage from  reactions 

w ith  singlet oxygen. When in teracting  w ith  the DNA molecule, singlet oxygen can produce 

m utations which lead to  the miss pairing o f base pairs (Cavalcante, M artinez, Mascio, Menck, & 

Agnez-Lima, 2002). ROS have also been im plicated in double strand DNA breaks and the 

d isruption o f m em brane transport function .

Bacteria are regularly exposed to  low  doses o f UV radiation and appear to  have 

developed a varie ty o f mechanisms to  repair damage induced by the radiation. The photolyase 

enzyme specifically binds to  e ithe r CPDs or 6-4PP lesions, and can reverse the damage under 

exposure to  visible light. In the absence o f light, a com bination o f proteins can recognize a 

lesion in the DNA strand, excise the dim er, and fill the  gap (Sinha & Hader, 2002). Repair 

mechanisms also exist fo r single and double strand DNA breaks. As seen earlier, UV radiation 

(depending on the wavelength) has the  ab ility  to  break many, or all o f the  bonds present in a 

biological system. This implies th a t under a larger dose o f the UV radiation, the  enzymes
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responsible fo r  the  repair o f DNA and o the r macromoiecuies are themselves susceptible to  

damage, rendering them  ineffective in th a t case.

A t present, there  is no de fin itive  p roo f to  favor one or more o f the suggested 

mechanisms in the bactericidal effects o f UV. It is hoped tha t a NMR spectroscopic 

comparison o f UV treated vs. untreated samples m ight help in determ ining m ajor causes fo r  the 

bactericidal action o f the  UV. Because o f the possibility o f photon bond breaking o r d isruptive 

interactions w ith  most molecules inside the cell, additional mechanisms are possible such as 

perforated o f m em brane walls, de te rio ra tion  o f pro te in  mass, o r the  general cross-linking o f 

bonds w ith in  the overall cell s tructure. These could all be con tribu ting  factors in the overall 

bactericidal effect.

1.4 iH NMR Spectroscopy

1.4.1 Introduction

The live bacteria in th is study were exposed to  a lethal fluence o f UV radiation, it  is 

hoped th a t th is fluence m ight induce spectroscopically detectib le  changes w ith in  the  cells. 

However, the  lethal fluence o f photons at 275nm, is qu ite  small, being equivalent to  exposing 

sample cells to  the photon flux o f a 3 mW  laser po in te r fo r only 1 to  2 seconds! Hence, the 

spectroscopic m ethod chosen m ust be able to  detect changes produced by this exposure. The 

choice o f spectroscopic m ethod m ust have:

•  Non deleterious effects to  live samples

•  Very high sensitiv ity

•  Relative insensitiv ity to  sample environm ent (solvent)

•  Rapid acquisition tim e  (preferably a fraction  o f the  30 m inute cell cycle tim e)

As was previously m entioned, IR spectroscopy and Raman spectroscopy were rejected

because the  fo rm e r is too  sensitive to  the presence o f water, and the  la tte r is a much less

sensitive m ethod in general and damaging to  the  sample. W hile NMR was the best choice, 

proton NMR was chosen over carbon or phosphorus NMR because o f the  significantly higher 

signal strength associated w ith  the  higher p roportion  o f NMR sensitive ^H atoms in the small
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sample mass. Replacement o f H^O w ith  D^O p rio r to  measurement, helped to  reduce the free 

solvent pro ton  signal.

NMR spectroscopy is a non-destructive, non-invasive m ethod to  investigate the 

chemical com position o f a sample. The m ethod utilizes radio frequency (R.F.) radiation to  probe 

the m agnetic environm ent o f nuclei w ith  a non-zero nuclear spin. The nuclear energy levels o f a 

(spin Vi) nucleus, when placed in a strong magnetic fie ld, w ill split in to tw o  states w ith  

energy

E =  -F i  ySo (Energy levels for spin 1/2 nucleus) 1-1

where Bq is the  main m agnetic fie ld  o f the  instrum ent and y  is the gyromagnetic ratio, an 

intrinsic p roperty  o f the nucleus under investigation. The low energy state is populated w ith  

nuclear spins aligned parallel to  the  main m agnetic fie ld, and the high energy state is populated 

w ith  spins aligned anti-paralle l. The NMR signal is generated by the excess nuclear spins in the 

low  energy state. The ratio o f nuclei in the  low  to  high state is governed by the Boltzmann 

equation

n El
—  — ekT (Boltzmann equations) 1-2
n i l

The value o f ^  at a 11.7 T fie ld strength at room  tem pera tu re  fo r the  nucleus yields a ratio 

o f approxim ate ly 8 x 10"^ (Chary & Govil, 2008). This means tha t fo r every 1,000,000 nuclei in 

the  high energy state there  are 1,000,080 nuclei available in the low energy state to  generate a 

signal. A t equ ilib rium , excess o f spins aligned parallel to  the  fie ld add vectoria lly to  produce a 

m agnetization vector. Mg, along the main fie ld  axis.

A no ther p roperty  observed when nuclei are placed in to  a magnetic fie ld is the 

precession o f the  individual nuclear m agnetic m om ents around the axis o f the fie ld. The angular 

frequency o f precession or Larmor frequency, is given by

(Ug =  yBg (Larm or frequency) 1-3
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To obtain a NMR spectrum , a pulse o f radio frequency (R.F.) radiation is applied to  the sample 

to  tip  the m agnetization vector in to  the plane, perpendicular to  the magnetic fie ld. A fte r the 

application o f the  pulse, the  nuclear m agnetic m om ents are free to  process back to  the ir 

equilibrium  alignm ent. As this process occurs, the  radiated electrom agnetic fie ld induces a 

curren t in the  receiver coils which are recorded by the  com puter. The frequency w ith  which the 

individual nuclei precess is a ltered by small changes in the local magnetic environm ent, known 

as the  chemical shift. The detected signal is the  sum o f all precession frequencies present in 

the  sample and is known as the free induction decay (FID) signal. NMR spectroscopy is 

particu larly sensitive to  changes in the local p ro ton  environm ent and can respond to  changes 

induced by subtle trea tm en t effects such as those associated w ith  a small flux o f photons.

The Larmor frequency o f the  nuclear magnetic m om ents is dependent on the main 

m agnetic fie ld o f the  instrum ent, and consequently d iffe ren t instrum ents w ill measure a 

d iffe ren t chemical sh ift making spectra from  d iffe re n t instrum ents d ifficu lt to  compare. To 

resolve this, all spectra are referenced to  a chemical standard, the most common being 

te tram ethyls ilane according to  the  equation (Balci, 2005)

S (p p m )  =  X 1 0 6  (Chemical Shift) 1-4
'^Spectrometer

w here S is the chemical shift, Vsampie>ystandard(TSP).Vspectrometer(^OOMHz) are precession 

frequencies in Hertz. Chemical shifts are expressed in units o f parts per m illion (ppm) frequency 

shifts re lative to  the reference. These are now  m agnetic fie ld independent. W hen D2 O is used 

as a solvent, 3-(Trim ethylsily l) propanesulfonic acid (TSP) is typ ica lly used as the  0 ppm 

reference as TMS is insoluble in D2 O.

1.4.2 Pulse Sequencing

To probe the  sample and determ ine its response spectrum, a square wave pulse is 

applied to  the sample w ith  the fundam enta l R.F. Fourier com ponent near the resonance 

frequency o f the  desired nuclear type. Nuclei o f th a t type absorb the energy and align the 

m agnetization vecto r in the plane o f the  R.F. pulse. This pulse tips the nuclear magnet m om ents 

=90 degrees from  the axis o f the  main instrum enta l magnetic fie ld. A fte r the  pulse is absorbed,
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the  nuclei precess w ith  th e ir characteristic frequencies, back to  the in itia l equilibrium  

o rien ta tion  over a period o f hundreds o f milliseconds. The precession frequency o f a given 

nucleus is determ ined by the  externally applied magnetic fie ld plus th a t due to  the  local, 

atom ically generated magnetic environm ent. The in tensity  at a particu lar frequency o f the 

precession induced NMR signal in a pickup coil, is d irectly  proportiona l to  the population o f th a t 

particu lar nuclear type in th a t m agnetic fie ld environm ent. The characteristic o f the  applied 

pulse and th e ir sequence delivery to  the  sample is determ ined by settings in the com puter 

con tro l software.

In th is study, the  bacterial samples are grown in a w ater based medium. W hile the  non 

w a te r signals occur at broadly d iffe ren t frequencies, the  overwhelm ing intensity o f the  w ater 

signal m ust be significantly reduced if the  o the r m olecular species are to  be observed. The very 

large H2 O peak at 4.65 ppm can be reduced by washing and suspending the  cells w ith in  a NMR 

insensitive solu tion, such as D2 O and by using a pre-saturation pulse sequence technique. The 

pre-saturation pulse is a narrow  band pulse located at 4.65 ppm. This pulse saturates possible 

absorption by the rem aining free H2 O, selectively rem oving nuclei at tha t frequency from  

con tribu ting  to  the  m agnetization vecto r so th a t the subsequent broadband pulse can 

in terrogate  the rem aining species.

1.4.3 Signal Improvement

A fte r washing and re-suspending the bacteria in high purity  D2 O, the H2 O signal was 

reduced by orders o f m agnitude. The rem aining w a te r peak was fu rth e r suppressed by applying 

a narrow-band pre-saturation pulse centered at the H2 O absorption frequency. W hen 

optim ized in in tensity  and band w id th , this pulse pre-flips the still sizable remaining w ater 

signal so th a t the re  is less absorption in the  subsequent w ider-band spectrum pulse. The delay 

between the  pre-saturation pulse and the acquisition pulse was also adjusted fo r optim al w ater 

signal reduction. The com bination o f D2 O wash and re-suspension, and a pre-saturation pulse is 

utilized in many biological NMR studies (King & Kuchel, 1994).

Finally, the  signal to  noise ra tio  was im proved by co-adding the spectral scans in a given 

run. Noise signals from  the spectrom eter are random  w hile  signals from  the sample are
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repeatable. If the  scans are repeated and the spectra summed, the sample signal w ill add while 

the noise adds random ly. By utiliz ing this technique the signal to  noise ratio is approxim ate ly 

p roportiona l to  the square roo t o f the  num ber o f scans summed (Levitt, 2006). When w orking 

w ith  living, w hole cells, there  is a practical lim it to  the num ber o f scans tha t can be acquired as 

cells can settle  below  the active sampling volum e, centered about 1-3 cm from  the bo ttom  of 

the  sample tube. The bacteria cells may be unable to  survive extended periods suspended in 

DzO.

1.4.4 Biological NMR

There have been very few  NMR studies o f in tact biological specimens, and even 

few er studies o f living biological species under environm enta l stress. The prim ary focus o f many 

biological NMR studies was on the investigation o f biological build ing blocks such as am ino 

acids, nucleic acids, proteins, lipids and o the r macromolecules. M ost studies were carried out 

on purified  cellu lar extracts in o rder to  produce a m ore homogeneous sample and narrow  the 

line w id ths o f the  resulting spectra. Furtherm ore, no NMR studies could be found in which the 

princip le  investigative param eter was exposure to  light. This is som ewhat surprising when one 

considers th a t it  is w e ll know th a t UV ligh t is an excellent sterilizing agent fo r  bacteria, viruses 

and protozoa and th a t com m ercial ligh t based sterilizing products are w ide ly available. It is 

generally assumed th a t the  UV light damages the DNA in reproductive species, but as 

previously outlined , o the r mechanisms such as m em brane perfora tion  o r prote in and 

m acrom olecular damage, may be jus t as im portan t.

M any biological NMR investigations to  date have centered on pro te in  studies enhanced 

by the  addition o f NMR sensitive tagged molecules. O ther examples include the study o f 

pro te in  in teraction , pro te in  structu re , lip id interactions and cellu lar m etabolism . Cooper e t al. 

(2001) utilized NMR spectroscopy to  m on ito r visible lipids in eukaryotic cells before and a fter 

external chemical agents were added (Cooper e t al. 2001). NMR spectroscopy is also being 

looked at as a m ethod o f detecting and m onitoring  apoptosis in eukaryote cells. Much o f th is 

research is focused on the increased ra tio  o f the  m ethylene ( C H z )  peak (1.3 ppm) to  methyl 

( C H 3 )  peak (0.9 ppm) detected in the lipid com ponents o f cells undergoing apoptosis (Brauer,
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2003). This ra tio  has been observed to  change depending on the cell line and the type of 

chem otherapeutic  drug used to  induce apoptosis in the cells (M ikhailenko, Philchenkov, &  P, 

2005). Studies s tric tly  using UV radiation to  induce apoptosis could not be found.

1.4.5 Advantages in Studying Living Cells Using NMR Spectroscopy

NMR spectroscopy is well suited fo r studying living cells. The data acquisition process is 

non-destructive to  biological systems, enabling the study o f in tact cells and tissue over an 

extended period o f tim e. Starting in the  'live ' state, there is little  concern about signal change 

due to  sample decom position w ith  tim e. The RF radiation used in the pre-saturation and 

acquisition pulse is non-invasive and does no t place stress on cells. ^Fl NMR spectroscopy has 

fu rth e r benefits in th a t it is the m ost sensitive nuclear choice fo r several reasons;

•  99.96 % o f natura lly occurring hydrogen is NMR sensitive (the rem ainder being 

deuterium ), whereas fo r carbon, on ly 1.11% is "C

•  The sensitiv ity o f a nucleus is p roportiona l to  y ^ ( /  +  1) (King & Kuchel, 1994), w ith  a 

gyrom agnetic ratio o f 2.674 (10® rad s'^ T^) (Balci, 2005), ^Fi has a higher sensitiv ity tha t 

m ost o the r NMR sensitive nuclei.

A lthough ®̂ P has a 100 % natural abundance, the  low  concentration o f ®̂ P (present m ainly in 

cell m etabolites) in biological systems makes phosphorus NMR d ifficu lt and lim ited to  m etabolic 

studies, w h ile  ^Fl nuclei is present in all biological molecules in high concentrations.

1.4.6 Difficulties

NMR spectroscopy w ill yield the highest resolution fo r identical homogeneous samples 

o f small molecules. To achieve this high resolution, most studies of cell com ponents (proteins, 

lipids etc.) involve lysing (rupturing) and rem oving the cell wall. In whole live cell samples, the  

increased com plexity  o f the fu ll ce llu lar s tructure  and the m obility  o f molecular species due to  

m etabolic activ ity , produce broad, overlapping peaks in the NMR spectra making in te rp re ta tion  

d ifficu lt.

Cells grown in a w ater based broth and concentrated by centrifuging as the  firs t step in 

the sample preparation, still present d ifficu lties fo r ^Fl NMR spectroscopy. If cells are kept
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suspended in H2 O, the  signal from  the w a te r molecules is many orders o f m agnitude higher 

than signals from  organic molecules. Even w ith  D2 O wash and re-suspension o f cells and a pre

saturation pulse sequence, live bacteria l samples still contain significant amounts o f in te r

cellu lar w a te r which results in a large and broad peak in the  resulting spectra.

E. coli cells have an inherently  low  concentration o f dry organic mass when compared to  

the to ta l sample volum e. Each cell is composed o f ~ 70% water, making a high cell 

concentration im portan t fo r acquiring reasonable spectra. Because o f the re lative ly short cell 

division tim e, E. co li suspension in high concentrations can be grown in a period o f days o r less. 

If the  concentrations are made too  high using centrifuge techniques, the  bacterial cell w ill 

clum p and then p recip ita te  during the study period. Even w ith  the highest usable concentration 

o f suspended cells, co-adding o f several hundred scans m ust be taken to  produce spectra w ith  a 

reasonable signal to  noise ratio. Because o f the  high num ber o f transients needed, samples 

become susceptible to  contam ination from  a varie ty o f source. Lower purity  grades o f D2 O 

(99%, 99.9%) (product num ber 435767-lOOG, 151882-125G) used early in th is study contained 

unacceptably large and batch dependent amounts o f im purities. The signal peaks from  these 

im purities varied in spectral location, and were usually many tim es larger than the later 

discovered in trinsic signal due to  the  bacteria. The 99.96% D2 O (product num ber 151890-125G) 

proved to  be v irtua lly  im purity  free, except fo r a small H2 O peak. Since D2 O is hydroscopic, 

atm ospheric absorption during UV trea tm en t can in troduce unequal amounts o f H2 O in to  the 

sample along w ith  contam inations when handling tim es are not identical. To obviate the 

atm ospheric absorption problem  during UV trea tm en t, a high purity  (99.996%) nitrogen purge 

gas flow ed through the  sample cell ho lder fo r the  duration o f the trea tm ent. In order to  ensure 

th a t the  reference (non-UV exposed) sample was handled in an identical fashion, it too  was 

placed in the  purged same holder fo r an identical period o f tim e

1.5 Research Objectives

This thesis w ill focus on the  K12 E. coli strain in com bination w ith  IH  NMR spectroscopy 

in an a tte m p t to  quan tify  the damage induced by exposure to  known lethal doses o f light at a 

given wavelength. Specific research objectives undertaken to  fu lfill th is goal are listed below;
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i. Learn how  to  culture, wash and re-suspend bacterial cells

ii. Learn and use the  drop p lating m ethod to  evaluate the v iab ility  o f cultured cells

suspended in D2 O and exposed to  various fluences o f UV light

iii. To assemble a pseudo-m onochrom atic light system fo r treating  the  cells and to  develop

a m ethod fo r m ounting unexposed and UV exposed samples in NMR tubes fo r

spectroscopic analysis, and

iv. To determ ine the  quantita tive  changes in the  NMR spectral peak groups and a tte m p t to  

associate these changes w ith  possible biological building blocks o r molecular groups.

Once lethal dose in fo rm ation  is available fo r  a cancer cell line, one could use a sim ilar m ethod 

to  deduce the  effects rendered there  by UV light. By extension, UV light in com bination w ith  

o the r le thal factors such as radiation, chem otherapy, heat shock, o r com binations th e re o f could 

be considered.
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Chapter 2: Experimental

2.1 Introduction

To detect the  expected small changes caused by UV radiation, the  experim ental 

procedure was revised many tim es in o rder to  reduce contam ination from  various sources. 

Once contam ination  was m inim ized, a s tric t procedure was fo llow ed to  guarantee reproducib le 

sample to  sample preparation, trea tm en t and analysis. A chronological review  o f the  significant 

changes to  the experim enta l m ethod is outlined in section 3.1. The fo llow ing  section outlines 

the experim enta l procedure used to  acquire the spectra discussed in section 3.3.

2.2 Experimental Procedure

2.2.1 E. Coli Culturing

The E. Coli strain ATCC 25922, was obta ined from  the American Type Culture Collection 

(ATCC), and re-grown on a Trypticase soy agar (TSA) plate. A colony from  the TSA plate is then 

cu ltured in a beaker containing Trypticase soy bro th  fo r  24 hours, in a 37° C shaking incubator 

at 100 rpm. A fte r incubation, 1.5ml o f b roth is washed tw ice  in 0.5ml o f 99.96% deuterium  

oxide (D2 O), then re-suspended in 1.0ml o f 99.96% D2 O. Deuterium  oxide has been shown to  be 

only slightly toxic to  live bacterial cells, and over the  tim e  period o f our experim ent, there  were 

no observable effects based on the  drop plate data obtained.

2.2.2 UV Source

UV light at 275nm was produced by focusing light from  a lOOW Hg lamp located at one 

foci o f a Photonic Technology Inc.(PTI) on axis ellipsoidal m irro r in to  the  entrance port o f a % m 

Jarrell-Ash m onochrom ator. Both the  re flecto r m irro r and spectrom eter are F/4 fo r optim al 

solid angle coupling to  the 250nm blazed grating inside the m onochrom ator. Both entrance and 

exit slits o f the  m onochrom ator were removed, leaving effective slit w id ths o f approxim ate ly 

8m m. W hile th is provided m aximum in tensity  at the  ou tpu t, the  configuration resulted in an 

ou tpu t dispersed bandw id th o f approxim ate ly lO nm  about the selected wavelength.
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2.2.3 Optical Setup

Light em erging from  the exit port o f the m onochrom ator was collected and collim ated 

by a F/4 off-axis parabolic m irro r. The collim ated beam was then focused w ith  a second, 

identical off-axis parabolic m irro r w here it could e ithe r be directed to  the location o f the 

sample tre a tm e n t container, or to  a chopped beam pyroelectric power m eter fo r  in tensity 

determ ination . The optical setup w ith  m ajor com ponents in trea tm en t configuration is 

illustra ted in Figure 6 and Figure 7

Figure 6 Optical path Illustrating: (A)Arc lamp,(B)Ebert monochromator, (C)Spherical mirror, 
(D)250nm blazed grating, (E)Wavelength control gear,(F)Off axis parabolic mirrors,(G)Sample chamber
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Figure 7 Optical setup, monochromator, off-axis parabolic mirrors, power mirror and sample chamber 
visible. Mirrors are configured for sample treatm ent with a simulated beam visible

The focused spot was approxim ate ly 0.8 cm w ide 1.3 cm in length and closely 

overlapped the area o f the  sample tre a tm e n t container. Because o f the  exit slit w id th , the  

dispersed ou tp u t beam wavelength varies linearly across the sample by approxim ate ly 10 nm. 

The samples w ere ro ta ted by 180 degrees, a fte r 50% dose delivery, to  im prove hom ogeneity o f 

energy d is tribu tion  over the sample.

2.2.4 Treatment Sample Holder

The sample ho lder was the low er 4 mm o f a 1 m l beaker and has an internal d iam eter 

o f 7 mm. During trea tm en t, the holder is m ounted inside a machined alum inum  block, which is 

sealed at the  top  w ith  a sapphire w in d o w  (Crystal Systems Inc.) whose transm isivity fo r 275nm 

ligh t is 0.86. The entire  sample cham ber is illustra ted  below  (Figure 8). Channels are cut in to  the 

low er sidewall o f the  block to  perm it the  entire  ho lder to  be purged w ith  high purity  N2  gas.

This purging prevents adsorption o f w a te r vapor from  the atmosphere as well as preventing air- 

born particles from  contam inating the  sample.
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Figure 8 Sample Holder for UV Treatment 

2.2.5 UV Treatment of E. Coli

Prior to treatment, the  nom inally lOOW Hg lamp is powered up and given 20 m inutes to  

stabilize. The pow er supply is then set to  the  norm al operating current o f 5A, and ou tpu t 

voltage, which is set autom atica lly by the con tro lle r, settles near 15V. The power at the sample 

was always determ ined using a model RKP-360 Laser Precision Inc. pyroelectric detector w ith  

its accompanying RL-3610 power m eter. To avoid high 1 /f noise present in a dc readout, the 

beam is chopped at the  lock-in operating frequency o f 30Hz. The power m eter system is 

accurate to  the m icrow att level. Due to  bulb aging over the course o f this study, the  Hg bulb 

ou tp u t decreased slightly necessitating s ligh tly longer trea tm en t tim es. Thus final fluence at the 

sample is determ ined by the product o f pow er density and exposure tim e.

W hite  ligh t re flected/scattered from  the  grating in the zeroth order is present in the 

ou tpu t beam and comparable in pow er to  th a t at 275nm. To determ ine the fraction o f the 

ou tpu t beam due to  th is w h ite  light, a th in  glass cover slip or m icroscope slide placed in fro n t o f 

the  detector, was used to  absorb the UV com ponent. Subtracting the w h ite  light reading, from  

the to ta l provided a measure o f the  UV pow er present in the ou tpu t beam. Since the w h ite  light 

wavelengths have extrem ely low  killing pow er by factors o f 10 ® to  10 ® (Vermeulen, Keeler, 

Nandakumar, & Leung, 2007) its presence during trea tm en t can be ignored.
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UV tre a tm e n t o f the  sample occurred w ith in  one hour o f washing and cell re

suspension in high purity  D2 O. Except fo r  b rie f p ipe tting  periods, the samples were contained in 

sealed 1.5ml centrifuge tubes. The bacteria suspension was p ipetted in single 100 pL volumes 

in to  the sample holder and placed in to  the  beam fo r 5 m inutes (bulb age corrected). This was 

repeated until Im L  o f cell suspension was trea ted. An identical process was fo llow ed fo r a 

reference (unexposed) sample, so th a t the  only d ifference between the sample and reference 

was the exposure to  optical flux w h ile  in the  purged chamber. 0.5 m l o f each sample was 

p ipette  transferred to  sealable 5mm NMR sample tubes, which had been previously cleaned 

and dried. The rem aining 0.5 m l o f sample was used fo r  drop plate assay measurement.

2.2.6 Drop Plate Measurements

The m orta lity  o f the bacteria is verified  in both the treated and reference (untreated) 

samples by drop p la ting the rem aining 0.5 m l o f bacteria suspensions. The drop plating 

procedure requires a serial d ilu tion  o f the  orig inal sample material by up to  eight factors o f 10. 

The lowest concentration o f cells is the re fo re  a facto r o f 10® tim es more d ilu te  than the original 

suspension. Five, 5 pL droplets from  each d ilu tion  stage are placed onto  TSA plates and then 

incubated. A fte r incubation the num ber o f colony form ing  units (CFU) is counted and the in itia l 

concentration o f viable bacteria is calculated (Ingraham, Maaloe, & Neidhardt, 1983).

2.2.7 NMR Analysis

Proton NMR spectroscopy was perform ed using a Varian UNIY Inova 500 

spectrom eter system and Varian VNMRj acquisition software. Proton resonance was measured 

using a 5mm probe at an operating frequency o f 499.72 MFiz. In order to  avoid settling o f the  

bacteria cells w ith in  the  sample tube , to ta l scan tim e  was lim ited to  less than tw o  hours. A 

presaturation pulse sequence w ith  param eters listed in Table 3, was used to  acquire the spectra 

w ith  a m inim ized residual H2 O signal.

Acquisition Recvcle mData Swee
Points/FID Width (Hz

Number of
Transients

9.2 psec 90 spin-angle flip 1000 3000 1000 □
Table 3 NMR acquisition parameters
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These param eters were selected, by tria l and error, to  optim ize the signal to  noise ratio. 

1000 transients w ere co-added fo r a to ta l scan tim e  o f 1 hour 45 m inutes per sample. A fte r 

which there  was no noticeable settling  inside the  sample tube. Throughout the  study, the  order 

in which samples analyzed was varied. The resulting FID's were Fourier transform ed, w ith  an 

exponentia l w indow  function  set to  0.3 Hz and phased using the NMR processing software 

MestReC ( Ver. 4.9.9.9). The transform ed spectra w ere then im ported in to  Origin 8 in order to  

set a reference and fo r fu rth e r analysis. The 0 ppm reference was set by recording the NMR 

spectra o f a d ilu te  so lu tion contain ing 99.96% D2 O and ethanol. A shift o f 0.152 ppm was 

required to  set the  C H 3  tr ip le t to  1.17 ppm, according to  the published data (G otttlieb, Kotlyar, 

& Nudelman, 1997). This 0.152 ppm calibration sh ift was subsequently applied to  all spectra 

acquired.
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Chapter 3: Results

3.1 Optimization of Experimental Method

To obtain reproducib le  NMR spectra, several changes were made to  the sample 

preparation procedure, tre a tm e n t procedures, NMR parameters, and NMR sample tube 

washing technique. Due to  the  low  concentration o f biological sample material, several 

contam ination  related issues were solved over the course o f this study. Signals arising from  

contam ination  tend to  be easily detected as they  are much larger in intensity, and have a much 

narrow er line w id th  when compared to  the expected signal from  living cells. Removing the high 

in tensity  contam inants prevents sa turation o f the  spectra and enables a larger num ber o f 

spectra to  be co-added, leading to  a h igher sensitivity. By e lim inating sources o f contam ination, 

the  num ber o f co-added spectra was increased from  100 to  1000 transients, resulting in an 

approxim ate 30 fo ld  im provem ent in signal to  noise. Acquiring 1000 transients required 1 hour 

45 m inutes per sample. The m in im um  num ber o f samples per experim ent was three (treated, 

untreated, and blank sample) requiring approxim ate ly six hours o f instrum ent tim e. Increasing 

the num ber o f scans beyond 1000 yielded litt le  noticeable im provem ent compared to  the 

increased tim e. Beyond 2 hours o f acquisition tim e, the  sample also began to  settle leaving 

few er bacteria in the  acquisition region. The fo llow ing  is an outline o f the  more significant 

changes to  the  m ethodo logy used to  increase the  signal to  noise in chronological order.

Due to  the  large num ber o f samples to  be run, it was decided tha t the ~$30 NMR 

sample tubes w ould  be re-used instead o f discarding a fte r each use however, cleaning o f these 

tubes was found to  be a challenge from  the onset. Typical methods o f cleaning involve the use 

o f organic solvents such as ethanol and acetone fo llow ed by thorough drying. The high 

sensitiv ity required to  detect the small mass sample signal, made trace amounts o f organic 

solvents show up strongly in the NMR spectra, thus lim iting  our ab ility  to  detect the  organic 

molecules in the  same sample. Figure 9 illustrates the results o f early wash techniques, w ith  the 

presence o f ethanol tr ip le t and quarte t, at 1.18 ppm and 3.65 ppm respectively, and the 

acetone singlet at 2.22 ppm (G otttlieb , Kotlyar, &  Nudelman, 1997) seen a fte r only 100 scans.
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Figure 9 spectra of live £. coli cells suspended in 99.9% DzO, 100 transients, ethanol and acetone
peaks labeled

To e lim inate  the use o f organic solvents, the  sample tubes were cleaned using 9mm diam eter 

pipe cleaner and regular dishwashing detergent. The tubes were washed then fu rthe r rinsed 

w ith  hot w a te r to  e lim inate  the  dete rgen t residue. The tubes were then rinsed w ith  IL  of 

d istilled w a te r using an A ldrich NMR-Tube Cleaner (Z282391). A fte r rinsing, the tubes were 

drained and placed in a 50°C oven fo r 24 hours to  dry. The resulting im provem ent to  the blank 

D2 O spectra is illustra ted (Figure 10)
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Figure 10 NMR spectra of 99.9% D2O samples after improved washing techniques, 800 transients

Small signals present in the  blank spectra (Figure 10) were though t to  be due to  

con tam ina tion  from  the  epoxy used in the  construction o f the sample holder, as well as 

a irborne contam inants entering the sample during trea tm en t. This was evident when we 

com pared the  spectra obtained from  tw o  blank samples th a t were placed in the sample holder 

and exposed to  the  atm osphere fo r 5 m in (the standard trea tm en t tim e). The exposure o f tw o  

blank samples to  the  atm osphere in troduced d iffe ren t contam inants into each sample w ith  

varying concentra tion . This can be seen in Figure 11 by noting the d iffe ren t peaks present, as 

well as th e ir  varia tion  in intensity.
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Figure 11 NMR spectra of two 99.9% D2O samples placed into the sample holder for 5 minutes, 800
transients
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Due to  the lack o f reproducib ility  seen in the  blank spectra, construction o f a new 

sample tre a tm e n t chamber, illustra ted in Figure 8, changed the sample container to  an all glass 

vessel, e lim inating the  possib ility o f contam ination from  adhesives used previously. The new 

cham ber was also sealable during trea tm en t, e lim inating the possibility o f airborne 

contam inants from  entering the sample. Purging the  sealed sample chamber w ith  99.9% N 2  gas 

during trea tm en t provided a positive pressure th a t elim inated both airborne particulates, as 

well as w a te r vapor in the atm osphere from  adsorbing in to  the sample. Im plem enting this 

sealed sample cham ber greatly reduced contam inants illustrated in Figure 12 , however some 

unwanted and hard to  iden tify  peaks remained.
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Figure 12 NMR spectra of 99.9% DjO utilizing new sample holder, 800 transients

A fte r fu rth e r sim plify ing the  grow th  and washing o f the  E. coli samples, im purities were 

discovered in the blank sample contain ing 99.9% D2 O. W hen the solvent was changed to  the 

highest grade, 99.96% D2 O, im purity  levels were below  the detection lim it. Figure 13 illustrates 

the  fu ll spectrum  a blank sample. The broad H20/D FI0 is seen from  4.8 to  5.4 ppm as well as
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the portion  o f the  spectra removed by the pre-saturation pulse at 4.81ppm. Figure 14 shows an 

expansion o f the  region o f in terest (0 to  4.8 ppm) and the absence o f contam inant peaks.
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Figure 13 Full width NMR spectra of 99.95% D2 0 , 1000 transients
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Figure 14 0 to  4.8 ppm region of Figure 11

The general rise in the  signai am plitude in the low  ppm range is an instrum ent e ffect tha t 

appears when the  sensitiv ity range is highly expanded. It is visible in all spectra at su ffic iently 

high y-axis expansion.

Further im provem ents in the overall signal-to-noise and reproducib ility  were realized 

a fte r the NMR w orksta tion  software was replaced w ith  the new Varian VNMRj softw are. This 

version in troduced an autom ated shim m ing procedure th a t replaced the previously required 

manual tun ing m ethod. The operating parameters in the software were adjusted by tria l and 

e rro r to  maximize sensitiv ity fo r  a collection period o f 1 to  2 hours, the tim e  fo r which negligible 

se ttling w ould occur in the  sample suspension. Since the new software had the ab ility  to  recall 

experim enta l operating parameters, a much im proved experim ent to  experim ent 

reproducib ility  was possible. This is particu larly  im portan t fo r an instrum ent in a m ulti-user lab 

where dozens o f d iffe re n t users may operate the machine between successive uses by one 

individual.
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3.2 Drop Plate Assay Results

Using the bacteria culturing technique described in section 2.2.1, drop plate assays 

showed a consistent concentration o f E. coli colony fo rm ing  units (CFU) in untreated 

suspensions, fo r  all samples. Concentrations o f between lO^CFU/ml and 10^°CFU/ml were 

observed a fte r an approxim ate 24 hour incubation in nu trien t broth. T reatm ent and the re

cu ltu ring  o f a portion  o f the treated sample volum e resulted in a decreased CFU concentration 

which varied between 10^ and 10® CFU/ml. In all experim ents, when comparing the  untreated 

and treated CFU concentrations, a kill rate o f over 99.9% was achieved. Figure 15 illustrates tw o  

Trypticase soy agar plates, on to  which Spl drop lets o f E. coli suspension were deposited. The 

numbers around the  center indicate the  num ber o f lOx d ilu tions perform ed on the sample prior 

to  deposition on the  plates. Counting the  num ber o f colonies associated w ith  a d ilu tion  

num ber, enables the  calculation o f CFUs in the  orig inal sample volume.

/

Figure 15 Drop plates a fter 12 hour incubation, (le ft) untreated sample colonies visible a fter  

7, lOx d ilu tion , (right) UV trea ted  sam ple colonies visible a fter 4, lO x dilutions

All samples were slightly opaque due to  the high concentrations o f bacteria required fo r 

the  NMR spectroscopy. The fluence o f UV radiation delivered to  the sample during trea tm en t 

was approxim ate ly double tha t o f the  lethal dose reported fo r lower concentration suspensions 

used fo r calibrating the  dose (Vermeulen, Keeler, Nandakumar, & Leung, 2007). A few  bacteria

39



appear to  be able to  survive in the low er reaches o f the  trea tm en t vessel because o f partial 

shadowing o f the radiation by bacterial absorption o r scattering o f the UV radiation in the 

upper layer o f the  sample suspension.

3.3 NMR Spectra

3.3.1 Untreated £  Coli Spectra

A fte r op tim iza tion  o f the experim enta l m ethods and NMR acquisition parameters, 

reproducib le spectra o f live bacteria were obta ined. A typical example o f the spectrum 

obtained from  live E. coli is illustra ted in Figure 16. A lthough a pre-saturation pulse was applied, 

the m ost intense signal (4.8 to  5.2 ppm) still arises from  H2 O, prim arily from  w ith in  the cell ( 

~70% o f the  con ten t o f the bacteria cell) and HDO (Agris & Campbell, 1982). In the presence of 

H2 O, deuterium  can exchange a deuteron w ith  a hydrogen atom, resulting in a HDO molecule.
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Figure 16 Spectra of live E. coli cells suspended in D2O
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No peaks were detected beyond the broad H2 O/HDO peak ending near 5.6ppm. Thus, the  main 

region o f in terest lies between 0.5 and 4.7ppm . An expansion o f th is region, containing peak 

labels and peak envelopes is illustra ted in Figure 17 and Figure 18.
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Figure 17 NMR spectra of live E. coli, 0.5 to 2.5 ppm region
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Figure 18 NMR spectra of live £. coli, 2.5 to 4.5ppm region

The spectrum  o f in tact E. coli cells consists prim arily  o f broad peak envelopes, centered at 

1.430, 1.708, 3.020 and 3.78, all having an approxim ate w id th  o f 0.2 ppm. It is likely tha t a large 

num ber o f unresolvable peaks are contained w ith in  these envelopes. The spectra also consist o f 

a large num ber o f narrow er peaks at varying intensity.

3.3.2 UV Treated Spectra

Due to  the re la tive ly small tre a tm e n t fluence delivered to  the samples, it was expected 

th a t the NMR spectra o f the  trea ted  samples w ould be very sim ilar to  the untreated 

samples. An example o f the spectra obta ined from  trea ted  E. co liis  illustrated in Figure 19.
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Figure 19 Spectra E. coli cell treated with a lethal dose of UV radatlon suspended In DzO

As w ith  the untreated spectra, the  m ost intense signal, from  residual H2 O and HDO, is located 

between 4.8 to  5.6 ppm and there  w ere no peaks observed beyond 5.6 ppm. By overlaying 

spectra o f a trea ted  and untreated sample taken in succession, as is Figure 20 and Figure 21, 

the  sim ilarities and differences in the  s tructure  o f the  spectral features and the position o f the 

peaks can be seen.
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Figure 20 Spectra of treated E. co//cells suspended in DjO, 0 .5 to  2.5 ppm region
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Figure 21 Spectra of treated E. coli cells, 2.5 to 4.5 ppm region
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W hile  th e  spectra o f the  trea ted  and untreated spectra seem similar, much o f the 

trea ted  spectra are o f a higher in tens ity  than the  untreated spectra. There are also subtle 

varia tions in the  in tensity  o f the  labeled peaks. To fu rth e r evaluate the change in peak intensity, 

the  d ifference between the untreated and trea ted  spectra was calculated. W hile several dozen 

o f trea ted  and untreated sample spectra were taken over the course o f this study, the  last 

th ree  experim ents, nine spectra in to ta l, were o f the  highest quality. Hence, these final three 

spectra were used to  produce both  the  d ifference and ratio spectra. The resulting spectra are 

noisy, as w ould be expected, since changes in the sample resulting from  a short exposure to  

ligh t w ill be subtle. However, it was observed th a t the  individual d ifference and ra tio  spectra 

have very reproducib le  m ajor and m ino r peaks, making it possible to  co-add several o f them  

toge the r to  provide an aggregate averaged result. A fte r averaging, a Savitsky-Golay F FT 

sm ooth ing was applied to  the  spectra w ith  param eters listed in Table 4. The fina l resulting 

d ifference spectrum  along w ith  peak selection is illustra ted in Figure 22 and Figure 23.

Points o f W in d o w  Boundary Conditions Polynomial O rder

None

Table 4 Savitzky-Golay Sm oothing Parameters
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Figure 22 Averaged difference spectra, 0 .5 to  2.5 ppm region
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Figure 23 Averaged difference spectra, 2.5 to 4.5 ppm region
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The changes in the d ifference spectrum  are a ttribu ted  to  the  UV trea tm en t delivered to  the 

sample. Furtherm ore, because o f the  small changes in the  spectral peak intensities and 

positions, the  ra tio  o f the  treated to  untreated spectra displayed the changes in fractional 

percentages d irectly.

3.3.3 Spectra Analysis and Peak Identification

In an a tte m p t to  iden tify  the  biological molecules responsible fo r all o f the peaks, the  

free ly  accessible and public ly m aintained Biological M agnetic Resonance Data Bank (BMRB) has 

proven to  be an extrem ely valuable source fo r NMR reference spectra. This data bank is 

m aintained by the  University o f Wisconsin at Madison, and 'hosts a collection o f NMR data fo r 

small biomolecules o f m etabolic in terest'. The database can be searched by compound name 

or by peak position (including linew id th , and intensity). The accuracy o f the spectra in th is bank 

is the  'responsib ility  o f the  depositors' and as such, published peak in form ation (Govindaraju, 

Young, & Maudsley, 2000), (Agris & Campbell, 1982) was also used. Since no uncerta inties in 

peak positions are given in the data bank, the  uncerta in ty in the ppm comparisons can only be 

estim ated fo r the  data collected in th is pro ject. From the  data collection and analysis 

experienced in th is study, the uncerta in ty in the  ppm location o f a given peak was mainly 

determ ined by the  pu rity  (linew idths) o f the  calibrating reference samples. We assign an 

uncerta in ty o f ± 0.015 ppm fo r the  x-axis location o f the individual spectra collected during 

these experim ents, based on several calibration runs. The precision o f the ppm axis is perhaps a 

fac to r o f ten  higher than th is accuracy however. Thus, it is reasonable to  assume tha t in 

com paring data in th is pro ject to  th a t o f the BMRB data base, and published data, th a t an 

uncerta in ty in peak positions in the  comparison o f ± 0 . 0 2 0  ppm would be reasonable.

An overlay o f untreated E. coli spectra w ith  the averaged difference spectra is illustrated 

in Figure 24. A lthough the y-axis scale is not consistent between the tw o  spectra, th is figure 

serves as a visual ind ica tor o f which peaks were affected due to  the  UV trea tm ent. It is 

in teresting to  note th a t there are peaks which appear in the  difference spectra tha t appear to  

be absent from  the w hole  cell spectra, fo r example, at 2.06 ppm. This could indicate th a t there
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are m u ltip le  compounds responsible fo r  the  w hole cells spectra, while  only the compound 

con tribu ting  to  the peak at 2.06 ppm are being affected by UV trea tm ent.

I # %

%

: , I

ppm

Figure 24 (upper) U ntreated  E. co//spectra, (low er) averaged difference spectra

Recalling the m ajor m olecular com ponents in the  bacterium  as given in Table 1, one 

m ight expect peaks to  be caused m ainly by proteins, DNA-RNA, and membranes. Since the 

proteins are firs t form ed from  the am ino acids w ith  subsequent bonding to  simple or complex 

sugars, these sub-groups may also be visible. To determ ine the possible constituents o f the  

spectra a search using the BMRB, and published lite ra tu re  was conducted to  iden tify  possible 

candidate compounds using the peaks identified  in the E.coli spectra and the difference 

spectra. Once candidate compounds were identified  the  spectra, peak position, and relative 

intensity, was compared to  the sample spectra. A comparison o f amino acid spectra w ith  

untreated E. coli is illustra ted in Figure 25 w ith  the  peak positions o f the am ino acids listed in 

Table 5.
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Figure 25 Untreated spectra of untreated E. co//w ith  spectra of select biomolecules
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Cysteine 3.04, 3.94 3.020(e), 3.912
Alanine 1.466, 3.767 1.411, 3.782(e)
Leucine 0.949,1.714, 3.722 0.952, 1.708(e), 3.782(e)

Linoleic Acid 0.89, 1.319, 2.049, 2.771 0.883, 1.430(e), 2.073, (NP)
Valine 0.977,1.029, 2.262, 3.594 0.972,1.023, (NP), (NP)

Glutamic Acid 2.07, 2.338, 3.745 2.073, (NP), 3.782(e)
Table 5 Chemical shifts for am ino acid groups in Figure 25, (NP) -  no peaks present in 

acquired spectra, (e) -  peak envelope w ith  a w id th  of approxim ately ±0.2 ppm

As m ultip les are not resolved in the raw spectra, it is d ifficu lt to  unequivocally 

determ ine the  exact compounds con tribu ting  to  the spectra. Of all the am ino acids, the  spectra 

o f glutam ine, alanine, leucine and valine appear to  be the closest match to  the acquired 

spectra. Peaks located around 1 ppm may also be the  result o f lipid components including the 

m ethyl (-CH3 ) group which is located at 0.9 ppm (M ikhailenko, Philchenkov, & P, 2005).

As noted in section 3.3.2, changes in the treated and untreated spectra were mainly 

seen in the  varying in tensity  o f the  detected peaks. Because it is impossible to  determ ine if a 

specific peak is the result o f one com pound o r is the  sum o f m ultip le  compounds, the  change in 

in tensity observed in one peak o f the  trea ted  samples could be the result o f a num ber o f 

compounds. By subtracting the spectral data o f the  trea ted  samples from  the untreated 

samples, acquired on the  same day, we obta in  the  spectra, seen in Figure 26, o f those peaks 

whose in tens ity  has been altered by the UV trea tm en t.
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Figure 26 Averaged Difference spectra of E coli with spectra of select biomolecules
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Leucine 0.949, 1.714, 3.722 0.950,1.717, 3.805
Valine 0.977,1.029, 2.262, 3.594 0.971, 1.022, (NP), 3.508

Linoleic Acid 0.89, 1.319, 2.049,2.347 2.771 0.883, 1.430, 2.073, (NP)
Arginine, Glutamate 1.684, 1.905, 2.079, 2.34, 3.233, 

3.75, 3.7633
1.690, 2.06(e), 2.06(e), (NP), 3.255, 

3.805(e), 3.805(e)

Table 6 Chemical shifts for am ino acid groups in Figure 26, (NP) -  no peaks present in 

acquired spectra, (e) -  peak envelope w ith  a w id th  of approxim ately  ±0 .2  ppm

3.3.3.1 Ratio Spectra vs. Difference Spectra

The d ifference spectrum  and a ra tio  o f the  tw o  raw spectra (trea ted /un trea ted) show 

v irtua lly  identical peak positions due to  sample trea tm en t. To see the m agnitude o f the relative 

effects, a cursory exam ination shows tha t, if  the  tw o  spectra are almost the  same, w ith  small 

signals on each (ignoring noise), then the  tw o  raw spectra can be represented as S + dSi and S + 

dSz w ith  d ifference dSi -  dSz. The re la tive change would be (dSi -  dSij/S. The mathematics fo r 

th is m anipulation o f the  spectra requires tw o  uses o f the  noise components which w ill add in 

general. If, on the  o the r hand, the  ra tio  o f the  tw o  spectra is taken, w ith  dSi and dSi «  S

S +  dS i 

S +  dSo s ( i
1 +

dSi
) ( - f )

On using a binom ial expansion

fo r small dS's. M u ltip ly ing  through and collecting gives

dSi-  dSgdSi dS2
=  1 4 -

plus higher term s in dSi dS2 . This result provides the  re lative change w ith  respect to  1 in one 

m athem atical m anipulation o f the  data w ith  its noise. As shown in Figure 26, the y-axis o f the 

treated to  untreated spectra quantifies re lative change in peak am plitude due to  sample 

trea tm ent.
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Figure 27 Ratio spectrum  o f trea ted  to  untreated  samples w ith  the  y-axis exhibiting relative
change in intensity due to  UV trea tm en t

3.4 Discussion

All o f the  peaks in the d ifference and ratio spectra are positive going peaks. A lthough 

the baseline fo r  the ra tio  spectrum  is slightly below un ity  at 0  ppm, and increasing slow ly w ith  

increasing chemical shift numbers, the re  are no clearly identifiab le  negative going peaks caused 

by the UV tre a tm e n t o f the  samples. Since the  peaks represent com ponent enhancements in 

some way or another, it is in teresting  to  a ttem p t to  iden tify  th e ir possible origins.

From exam ination o f Figure 26 and com ponent spectra from  the BMBR database, it 

appears th a t the  d ifference spectral peak enhancements occur at chemical sh ift positions 

characteristic o f free com ponents o f sugars compounds, am ino acids, and lipids. There is a 

s ignificant increase in the  d ifference spectrum  am plitude in the  sugars portion  o f the  spectrum 

lying between about 3.4 and 4.0 ppm . W hile  there  is little  evidence to  suggest d irect 

enhancements due to  nucleic acid side chains in any o f the  spectra, the  phosphate-sugar 

backbone in both the DNA and RNA molecules could be adding to  th a t o f o ther 

sugar/saccharide com ponents a fte r tre a tm e n t by the UV. O ther nucleic and DNA/RNA 

enhancements m ight occur in the  FI2 O and FIDO peak region. Flowever, no reproducible, 

resolvable peaks could be obta ined in th is  region.
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The free am ino acid peaks appear to  be the m ost com m on new com ponent peaks and can be 

expected to  occur as a result o f the pro te in  de-com position process (Ingraham, Maaloe, & 

Neidhardt, 1983). One possible cause o f the  apparent production o f 'free am ino acids' is the 

bond breaking capability  o f the  high energy UV photons. In addition, radicals produced by this 

bond breaking action may lead to  o the r reaction pathways. A m ajor reactive channel can be 

described by the  fo llow ing  cyclic m odel.

3.4.1 Possible effects due to Reactive Oxygen Species (ROS)

In the  presence o f reactive oxygen species such as OH" which are readily produced by 

the  275nm bond breaking photons used in th is study, the  lipid peroxydation chain reaction can 

be in itia ted (Farr & Kogoma, 1991). This process proceeds by a free radical chain 

reaction mechanism. It m ost o ften affects polyunsaturated fa tty  acids, because they  contain 

m u ltip le  double bonds in between the m ethylene -CH2- groups th a t possess especially 

reactive hydrogen atom s (Halliwell & Chirico, 1993). As w ith  any radical reaction the reaction 

consists o f th ree  m a jo r steps: in itia tion , propagation and term ination .

In itia tion : is the  step w hereby a fa tty  acid radical is produced. The in itia tors in living cells are 

m ost notab ly reactive oxygen species (ROS), such as O H", which combines w ith  a hydrogen 

atom  to  make w a te r and a fa tty  acid radical.

Propagation: The fa tty  acid radical is no t a very stable molecule so it reacts readily w ith  

m olecular oxygen, thereby creating a pe roxy l-fa tty  acid radical. This too  is an unstable species 

th a t reacts w ith  another free fa tty  acid producing a d iffe ren t fa tty  acid radical and a lipid 

peroxide or a cyclic peroxide if it  had reacted w ith  itself. This cycle continues as the new fa tty  

acid radical reacts in the  same way.
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Term ination : W hen a radical reacts w ith  a non-radical it always produces another radical, which 

is w hy the process is called a "chain reaction mechanism ." The radical reaction stops when tw o  

radicals react and produce a non-radical species. This happens only when the concentration o f 

radical species is high enough fo r the re  to  be a high probab ility  o f tw o  radicals actually colliding. 

The reaction can also be te rm ina ted  if the  radical reacts w ith  an antioxidant species.

'I  Lipid radicai+ OH

Initiât on

Unsaturated lipid

Propagation

•G O "■OOH

Lipid peroxide Lipid peroxyi radicai

Figure 28 Lipid peroxidation chain reaction

Before te rm ina tion  o f this reaction, the re  is likely to  be m ajor damage to  the cell membrane, 

which consists m ain ly o f lipids. M oreover, the  free radicals w ill be mobile enough to  react w ith  

o the r com ponents in the  bacterial cell, including the proteins and o the r cell constituents. The 

essentia lly free  fragm ents produced by th is type o f chain reaction may be the cause o f the 

greater part o f the  changes observed between the  trea ted and untreated sample spectra.

In sum m ary prote in  decom position appears to  produce new o r at least enhanced free 

am ino acid peaks in the  NMR spectra. The sizable increase in the sugar region o f the spectrum 

could be re lated to  DNA/RNA backbone or o the r polysaccharide related fragments. The lipid 

spectral region is also enhanced by the trea tm ent. It is w o rth  emphasizing however th a t the  

com ponen t spectra chosen to  f i t  the  experim enta l data do no t represent an exhaustive search 

and o the r compounds may also con tribu te  s ignificantly to  the  analysis. At this stage, the  th ree 

groups o f com pounds described in th is  repo rt appear to  play the  m ajor role in explaining the 

observed results.
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3.5 Conclusion

E.coli has been successfully cultured and used as a sample fo r a NMR investigation o f 

the  effects caused by a lethal fluence o f UV light fo r  the  firs t tim e to  our knowledge. Once 

sample preparation, trea tm en t, and NMR m ounting m ethods were optim ized, the high 

sensitiv ity, high resolution capabilities o f the  500 MHz Varian Unity Innova NMR spectrom eter 

produced reproducib le  results fo r  a series o f experim ents. These results reveal significant 

changes to  the  NMR spectra a fte r d ifferencing the  trea ted  and untreated E.coli samples 

when the  trea ted  samples were exposed to  275nm ligh t in excess o f the known lethal fluence. 

Increases in peak intensities o f 4-8% are observed in the 0.8-1.1 ppm chemical sh ift region, 

which is characteristic o f lipids, and the  am ino acids leucine and valine. Increases o f 

approxim ate ly 3.5-4% appear near the arginine and glutam ine 2 ppm peak location, and in the 

3.4-4 ppm region characteristic o f various sugars and possibly some am ino acids. The remaining 

increase in peak in tensity  o f 1.5-2.5% seems m ainly due to  am ino acids and lipid components. 

Since photons at 275nm wavelength have enough energy to  break all o f the  principle bonds in 

an organic molecule, the  apparent partia l fragm enta tion  o f much o f the  bacterial mass in to  

sm aller m olecular com ponents may not be to o  surprising. The difference spectrum  appears to  

be well f itte d  by com ponent spectra from  various am ino acids, sugar groups and 

m em brane/lip id  groups.

Further investigations appear to  be w arranted now  tha t a successful overall m ethod has 

been established. Experiments carried ou t a t higher net photon fluences should increase the 

signal to  noise ratio. Also, the  use o f photons o f low er energy (longer wavelength) tha t w ould 

break only a sub-set o f the  organic bonds m ight reveal d iffe ren t spectral changes in the ratio  

spectrum  due to  the trea tm en t.
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