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Cyclopropanes present interesting molecules to study due to their unique bond 

angles and strain in the three-membered ring.  Protonated cyclopropanes have been 

extensively studied using nuclear magnetic resonance (NMR), but little work has been 

done with their fluorinated analogues.  Double-resonance, or spin-tickling, NMR was 

used to determine the signs of three-bond vicinal fluorine-fluorine coupling constants 

and their relationship with temperature.  Certain molecules were shown to conflict with 

the previously published relationship between the sign of the coupling constants in 

cyclopropanes and their temperature dependence. 

Amyloid- peptide (A) is the main component of plaques found in the brains of 

patients with Alzheimer’s disease.  A is a soluble 39 to 42 residue peptide resulting 

from the proteolytic cleavage of the amyloid precursor protein.  As a result of 

conformational changes, A transforms from independent soluble monomers to 

insoluble, plaque-forming oligomers.  This transformation is assumed to lead to the 

deleterious effects of Alzheimer’s disease (AD).  Some debate remains as to whether 

the symptoms associated with AD are a direct result of the plaque formation, or if the 
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aggregation of A is a secondary result.  However, there is no question that the brains 

of patients who display signs of AD at time of death contain abnormally high amounts of 

A plaque.   

NMR was shown to be a useful analytical tool for the in vitro analysis of A.  

Pulsed-field-gradient NMR (pfg-NMR) is particularly useful as it allows for the 

determination of diffusion coefficients.  By subjecting the sample to a gradient magnetic 

field, the nuclei of an analyte can be spatially marked along an axis.  Any movement 

along that axis results in signal attenuation.  The signal attenuation was plotted against 

an array of the gradient strength and diffusion coefficients were calculated.  This work 

involved altering sample conditions and measuring the diffusion of A with the intent of 

finding a trigger for the aggregation of the peptide.  The diffusion of A(25-35), an 11 

residue fragment of the A peptide, was examined over a range of temperatures, pH, 

and in solutions with common biological metal ions. 
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CHAPTER 1 
INTRODUCTION 

Overview of Nuclear Magnetic Resonance 

Nuclei containing an odd number of protons or neutrons behave as though they 

are spinning and possess an angular momentum.  The concept of nuclear spin angular 

momentum is rather abstract.  It is a property of quantum mechanics and has no 

macroscopic corollary.  The existence of nuclear spin was first suggested by Pauli in 

19241 and later confirmed experimentally by Rabi in 19392.  The math describing 

nuclear spin angular momentum is similar to that for rotational angular momentum, but it 

is incorrect to imagine nuclei spinning about their own axis3.  Nuclear spin angular 

momentum, p, is quantized in units of the reduced Planck constant, ħ. 


 

2

Ih
p I                                                                                                          (1-1) 

The nuclear spin quantum number, I, is nucleus-dependent and is either an integer or 

half-integer.  Nuclei which have a non-zero nuclear spin quantum number possess a 

magnetic moment, . 

  p                                                                                                               (1-2) 

The magnetogyric ratio, , is a nucleus-dependent constant and is typically expressed in 

units of rad·s-1T-1.  Nuclei with a nuclear spin of zero, notably 12C and 16O, are not 

observable by nuclear magnetic resonance (NMR) techniques as they have no angular 

momentum and thus no magnetic moment.   

A nucleus has 2I + 1 orientations relative to an arbitrary axis.  These orientations 

are often referred to as spin states, m, where: 

    , 1,..., 1,m I I I I                                                                                            (1-3) 
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Absent an external magnetic field, these spin states are of equal energy and an equal 

distribution of nuclei exists across all spin states.  In the presence of a magnetic field, 

however, the spin states split in energy with: 

  E m B                                                                                                        (1-4) 

where B is the applied field, usually expressed in tesla (T).  Following Eq. 1-3, a spin-½ 

nucleus has two possible spin states, +½ and –½.  In terms of NMR, these spin states 

are often referred to as parallel and anti-parallel, or spin-up and spin-down, relative to 

an applied magnetic field.   

Spin-Spin Coupling 

The presence of different spin states leads to a phenomenon known as spin-spin 

coupling.  Ramsey and Purcell first suggested that information about the spin of one 

nucleus is transferred to a neighboring nucleus via the bonding electrons4.  Consider 

the case of two spin-½ nuclei (Figure 1-1).  The Pauli exclusion principle dictates that 

the electrons must have opposite spins, so it follows that two states exist for a two-

nucleus system.  In one, the nuclei are of opposite spins, leading to energetically 

favorable interactions (Figure 1-1A), and in the other the nuclei are of equal spins and 

one is the same spin as one of the electrons (Figure 1-1B).  When one nucleus 

undergoes resonance, or changes spin states, the energy of the transition depends on 

the orientation of the other nucleus5.  The difference in energy between these two 

different transitions is very small (of the order of hertz) but results in two spectral lines 

separated in frequency by what is known as the spin-spin coupling constant, J.  It would 

seem logical that the first state where the nuclei are anti-parallel to one another results 

in the lowest energy state; however, this is not always the case.  The interaction of 
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nuclear spins across one or more bonds can result in the opposite being true.  These 

two cases are distinguished by the sign of the coupling constant; the first is said to have 

a positive coupling constant (J>0) and the second a negative coupling constant (J<0)5.  

The signs of coupling constants are often ignored in NMR spectroscopy, as a change in 

sign results in no visible change in first-order spectra.  However, the sign of the coupling 

constant is useful when one examines the effect of different functional groups or 

structural changes on the magnitude of J.  With no knowledge of the sign, it is 

impossible to know if an increase in magnitude is the result of a positive J becoming 

more positive or a negative J becoming more negative and vice versa.  It is also 

necessary to know the signs of the coupling constants when one tries to simulate non-

first-order specta.  Additionally, the sign of J is of use to theoretical chemists and 

physicists in terms of molecular modeling and dynamics.   

Double-Resonance NMR 

Double-resonance NMR utilizes a second weaker rf pulse over a much narrower 

range of frequencies compared to the initial excitation pulse.  The concept of using a 

spin-decoupling (or spin-tickling) pulse was first suggested by Bloch6.  Maher and 

Evans were the first to apply this technique to the determination of the relative signs of 

coupling constants7.  They used double-resonance (or double-irradiation) NMR to show 

that the Tl-H(CH2) and Tl-H(CH3) coupling constants in thallium diethyl cation were of 

opposite signs.  The technique was further developed by Freeman and Evans to 

determine the signs of both proton and fluorine coupling constants in three-spin 

systems8-11.    Double-resonance NMR differs from conventional decoupling 

experiments in that it is usually a homonuclear experiment and the second rf pulse is 

not strong enough to cause rapid changes in the orientation of the spins to a point that 
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any coupled nuclei only sense an averaged, or decoupled, state.  The pulse only slightly 

perturbs the spins, hence the term spin-tickling.  This causes the resonance line of any 

transition connected to the tickled transition to be slightly split5 (Figure 1-2).  A more 

thorough explanation of double-resonance NMR and the signs of coupling constants 

and their effect on the spectrum is included in chapter two. 

Chemical Shift 

Another important parameter in NMR is the chemical shift ().  The magnetic field 

at a nucleus (Bnucleus) is not equal to the external magnetic field produced by the 

superconducting magnet (Bo).  Since electrons are magnetic particles, their motion is 

influenced by the external field as well.  As stated by Lenz’s law, the motion of a particle 

induced by a magnetic field is in a such a direction as to oppose the field5.  The motion 

of the electrons and other nuclei in the vicinity of the observed nucleus cause local 

fields that shield the nucleus from the external field so: 

    0 0 0(1 )nucleusB B B B                                                                               (1-5) 

where  is the shielding factor.  When Bnucleus is substituted into the Larmor equation, 

02
B




                                                                                                            (1-6) 

 it shows the resonance frequency (or chemical shift expressed in hertz), , of a 

particular nucleus is a function of the local fields surrounding that nucleus: 

 


 0(1 )
2

B                                                                                                 (1-7) 

To avoid the ambiguity of the chemical shift being dependent on the strength of the 

magnetic field of a particular instrument, it is commonly reported in the dimensionless 
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unit of parts per million (ppm)5.  The resonance frequency () is compared to that of a 

reference material (r) and: 

 



  610R

R

                                                                                                 (1-8) 

Since the electron cloud, bond angles, and bond lengths can all be affected by things 

such as solvent, temperature, and conformational changes, the chemical shift is a 

powerful tool to help analyze samples at the atomic level. 

Pulsed-Field-Gradient NMR 

Pulsed-field-gradient (pfg) NMR is a specialized NMR technique which can be 

used to measure self-diffusion coefficients.  The stimulated-echo pfg pulse sequence 

(pfg-se) was first described by Stejskal and Tanner12.  With the use of a gradient pulse, 

the spins can be marked spatially, and upon refocusing by a second gradient pulse, the 

spin-echo can be observed (Figure 1-3).  The time between the two gradient pulses, , 

is the diffusion time.  The second rf pulse, a  (or 180o) pulse, simply inverts the spins in 

the xy plane.  With the second gradient pulse, of equal strength and duration to the first, 

the spins are ‘unwound.’  Absent diffusion, the spins are in the same plane along the  z 

axis and they are refocused without any signal attenuation.  However, when diffusion 

does occur, the spins move along the gradient in the z direction and no longer 

experience an equal gradient from the second gradient pulse resulting in spin 

incoherence and a loss of signal (Figure 1-3).   

For macromolecules such as peptides, a slightly different pulse sequence called 

the stimulated-echo pfg (pfg-ste) is used (Figure 1-4).  There are two types of nuclear 

relaxation which result in a return to equilibrium following the rf pulse.  T1 relaxation, 

also known as spin-lattice or longitudinal relaxation, is the process by which localized 
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and fluctuating fields cause the angle at which spins precess around the magnetic field 

to change until thermal equilibrium is restored3.  T2 relaxation, also known as spin-spin 

or transverse relaxation, involves the loss of spin phase coherence due to different 

nuclei experiencing different magnetic fields and precessing at slightly different 

frequencies3.  In liquid NMR, T1 and T2 are typically of the same order of magnitude 

(seconds); however, for large molecules T2 can be very short (milliseconds).  This short 

T2 would result in an extreme loss of signal over the diffusion time in the pfg-se 

sequence.  The pfg-ste pulse sequence utilizes two /2 (or 90o) pulses in place of the  

pulse in the pfg-se sequence (Figure 1-4).  This results in the nuclear magnetization 

being stored on the z axis for most of  and being subjected to only T1 relaxation 

effects. The pfg experiment makes it possible to calculate the relative diffusion 

coefficient, D, by acquiring spectra over an array of gradient strengths.  More details 

about pfg NMR and the measurement of D can be found in chapter three. 

Cyclopropanes 

Cyclopropane was first synthesized in 188113, and Henderson and Lucas 

discovered its anesthetic properties in 192914.  From the 1960s to the 1980s the 

chemists at W.R. Grace & Co synthesized dozens of fluorinated cyclopropanes (Figure 

1-5) in an attempt to create an effective anesthetic to replace the potentially hazardous 

ethers and halogenated compounds used at the time.  The samples were sent to the 

University of Florida NMR facility for characterization.  The project was later abandoned, 

but the samples were preserved.  Fluorinated cyclopropanes present an interesting 

research opportunity to analyze via NMR using modern high-field magnets.  The strain 

associated with the small bond angles can have an effect on physical properties, and 
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the effect of different substituents on the chemical shift and coupling constants of the 

fluorine can be examined.  Also, the results may shed light on the NMR properties of 

fluorine, which is widely used in pharmaceuticals due to the stability of carbon-fluorine 

bonds. 

Amyloid 

Alzheimer’s disease (AD) is the most common form of dementia and it is 

estimated that 4.5 million Americans have AD.  This includes more than 10% of the 

population over 65 and 50% of those over 8515;16.  It is characterized by a loss of 

memory and changes in personality and behavior.  There is some debate as to the root 

cause of AD, but the most widely accepted hypothesis presumes that cleavage of the 

amyloid precursor protein (APP) into neurotoxic amyloid- (A) peptide results in 

neurfibrillary tangles and cell death17;18.  The brain tissue of patients demonstrating 

symptoms of AD at the time of death contains abnormal amounts of plaques, and the 

main component of these plaques is the A peptide. 

The full biological function of APP, a type I transmembrane protein, is not yet 

understood; but the mechanism by which APP is cleaved into A has been well 

characterized.  Three enzymes, -, -, and -secretase, cleave APP in different regions 

of the protein, with cleavage by - and - resulting in AFigure 1-6.  -secretase 

cleaves APP within the A sequence creating a benign soluble peptide , while -

secretase cleaves the protein in the extracellular region creating the N-terminus of 

Aandsecretase cleaves within the cell membrane to create the C-terminus19.  A 

can range from 30-42 residues depending on where APP is cleaved; the plaques 

however are composed mainly of 39-42 residue peptides20;21.  It has been demonstrated 
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that in membrane-mimicking environments the peptide adopts a typical transmembrane 

helical conformation20;21; in aqueous solutions the picture is less clear.  Initially the 

peptide adopts a soluble random-coil formation, and upon environmental changes forms 

a self aggregating -sheet structure.  A is a normal metabolic product of APP 

processing and is found in all individuals.  The trigger that causes the conformational 

changes and subsequent plaque formation and onset of AD is of great interest18.  

Extensive work has been performed with the amyloid- peptide and it has been shown 

that there are two regions of the peptide that form -sheets, residues 16-24 and 31-40.  

It has also been shown that the conformational changes which lead to the -sheets and 

aggregation can be brought about in vitro by changes in pH and temperature and by the 

addition of metal ions such as Al3+ and Zn2+ 20-23.   

The primary limitation of the amyloid hypothesis is the lack of a strong correlation 

between the amount of plaques found in the brain and the degree of symptoms evident 

at time of death.  Oligomers of A remain soluble up to dimer and trimer states before 

they continue to aggregate and become insoluble plaques.  Recent research suggests it 

is these soluble oligomers, not the plaques themselves, which elicit the toxic effect and 

lead to eventual cell death.  Upon interaction with a membrane the oligomers can create 

an ion channel which destabilizes the ionic homeostasis and can lead to cell 

death20;24;25.  Unfortunately not enough is known about the structure of the peptides in 

the membrane and how that structure differs from that in an aqueous environment. 

A (25-35) (Figure 1-6), containing the kink between the two -sheet regions and 

a portion of the second -sheet area, has been proposed to represent the biologically 

active region of the peptide; it represents the shortest fragment that exhibits large -
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sheet aggregated structures and retains the toxicity of the full length peptide21.  The 11-

residue peptide has been demonstrated to undergo a conformational change from a 

soluble random-coil to an aggregated -sheet structure depending on environmental 

conditions21.  
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Figure 1-1.  Nuclear and electron spins of two spin-½ nuclei.  A) The instance where the 
nuclei are anti parallel.  B) The instance where the nuclei are parallel.  When 
the first instance is of lower energy, the coupling constant between the two 
nuclei is positive.  When the second is of lower energy, the coupling constant 
is negative. 

 

Figure 1-2.  An example of the effects of a spin-tickling experiment.  The bottom 
spectrum represents a conventional experiment while the top is from a 
double-resonance experiment where a spin-tickling pulse was applied to a 
transition connected to the second peak.  Note the splitting of the second 
peak in the top spectrum. 
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Figure 1-3.  The pfg-se pulse sequence.  In the absence of diffusion along the axis of the magnetic field, the spins are 
refocused and the signal is maximum.  When the nuclei diffuse along the z axis, they experience a different 
gradient strength from the second gradient pulse and are not fully refocused, resulting in signal attenuation.  
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Figure 1-4.  The pfg-ste pulse sequence.  The 180o inversion pulse is replaced by two 
90o pulses to store the nuclear magnetization along the z axis during 2 and 
eliminate T2 relaxation effects. 

 

 

 

 

Figure 1-5.  Representative cyclopropanes.  All the molecules studied have at least 
three fluorines, and many are ethers. 
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Figure 1-6.  The amyloid precursor protein and the positions at which the three enzymes can cleave the protein to 
produce amyloid beta. 
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Figure 1-7.  The sequence of amyloid beta (25-35). 
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CHAPTER 2 
ANALYSIS OF THE RELATIVE SIGNS OF COUPLING CONSTANTS IN 

FLUORINATED CYCLOPROPANES 

Introduction 

Protonated cyclopropanes have been well characterized by NMR26-32, but little 

work has been reported on fluorinated cyclopropanes.  Sargeant33 reported the 

magnitude of fluorine-fluorine coupling constants in various tetra- and pentafluorinated 

cyclopropanes,  and Williamson and Braman34 reported the signs and magnitudes of the 

coupling constants in trifluorinated cyclopropanes.  Cavalli35 reported the signs and 

magnitudes of the coupling constants in tetrafluorinated cyclopropanes and examined 

the effect of temperature on the magnitude of the coupling constants.  In the present 

work, the signs of the vicinal fluorine-fluorine coupling constants in six fluorinated 

cyclopropanes were examined using double-resonance 19F NMR and the effect of 

temperature on the magnitude of the coupling constants in nineteen fluorinated 

cyclopropanes was examined. 

To fully understand the application of double-resonance NMR, a more thorough 

explanation of the experiment and its effect on the resulting spectrum is necessary.  

Figure 2-1 shows a theoretical energy level diagram for the transitions associated with a 

two-spin AM spin system where JAM = 0.  In the absence of coupling, the transition pairs 

for each nucleus (for instance → and →) are of equal energy.  This results in 

a spectrum containing two peaks corresponding to the frequency of each transition pair.  

However, when the nuclei are coupled together, the energy diagram changes and the 

spectrum includes four lines (Figure 2-2).  The change in energy of an individual energy 

level depends on the strength of the coupling: 
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( )AM A ME J m m                                                                                                  (2-1) 

Following Eq. 2-1, two of the energy levels in the two spin system will increase by ¼ J 

and two will decrease by ¼ J.  This results in the frequency of one of the transitions for 

each nucleus increasing in energy by ½ J and the other decreasing by ½ J (Figure 2-2).  

The two pairs of spectral lines corresponding to each nucleus are therefore separated 

by J.  The energy-level diagram for a three-spin AMX system (Figure 2-3) is more 

complex but the effect of coupling remains the same.  Up to now the sign of the 

coupling constant has been ignored, but it is evident from Eq. 2-1 that the sign will affect 

the energy diagram.  Figure 2-4 shows the energy-level diagrams and resultant spectra 

for four sets of theoretical coupling-constant signs in a three-spin system.  The similar 

transitions are color coded (for instance → is navy blue across all four 

diagrams) to demonstrate the effect on the spectrum.  The peaks and transitions for the 

upfield X nucleus are all left light blue for the sake of simplicity.  In black and white all 

the spectra would be identical, and this is the reason the sign of the coupling constant is 

often ignored.  However, it is the variation in position of the colored peaks that is the 

basis for the application of double-resonance NMR. 

In a double-resonance (or spin-tickling) experiment, a weak rf pulse is applied to 

the frequency of one peak in the spectrum (that is, to one of the transitions in the energy 

diagram).  This pulse results in a splitting of the peaks of any transition connected to the 

tickled transition.  The nature of the splitting depends on the way the two transitions are 

connected.  When the shared energy level lies between the two transitions, it is said to 

be a progressive connection, and when the shared energy level is above or below both 

transitions it is said to be a regressive connection (Figure 2-5)5.  Progressive 
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connections result in a rather broad splitting while regressive connections result in a 

relatively sharp splitting (Figure 2-5).  When multiple spectra are acquired with the 

tickling pulse placed on different transitions, the energy level diagram can be pieced 

together via which transitions are connected.  Since changing the signs of the coupling 

constants results in different transitions being connected, the resulting diagram will only 

match the theoretical diagram calculated from one set of coupling constant signs. 

Experimental 

The cyclopropanes used for this research were synthesized decades ago in the 

laboratories of the Dewey and Almy division of W. R. Grace and Co.  The samples were 

dissolved in deuterated acetone at a concentration of 20% vol.  All spectra were 

acquired on either a Varian Mercury-300 equipped with a Varian ATB probe, or a Varian 

Inova-500 equipped with a Varian indirect-detection triple-resonance probe.  The 

temperature for the variable temperature experiments was regulated using an FTS 

Systems XR401 Air-Jet equipped with a TC-84 temperature control unit.  Four, eight, or 

16 scans were acquired for each experiment.  The spectral window was typically set to 

approximately -130 to -180 ppm (relative to CFCl3) to maximize the digital resolution.  

The number of points was typically maximized to 128,000, resulting in acquisition times 

of around 5 seconds.  For the double-resonance experiments, the decoupler modulation 

mode was set to continuous wave and the decoupler power was 1 dB.  Double-

resonance spectra were acquired with the tickling pulse placed on every transition and 

the multiple spectra were analyzed until the possible sets of coupling constant signs 

was narrowed down to one. 
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Results and Discussion 

Temperature Dependence of Coupling Constants 

Cavalli reported that an increase in temperature results in both cis and trans three-

bond, or vicinal, coupling constants becoming more positive.  Observation of the 

coupling constants over a range of temperatures would then help establish the sign, 

with negative coupling constants decreasing in magnitude and positive coupling 

constants increasing.  Table 2-1 shows the change in magnitude of the couplings 

constants for nineteen cyclopropanes over a range from -20 to 25oC.  To simplify 

analysis and establish stereochemistry, numbers were assigned to each substituent 

position on the cyclopropyl ring (Figure 2-6).  Substituent pairs one and two, three and 

four, and five and six are on the same carbons, and the odd and even positions are on 

the same sides of the ring.  In general, most of the cis coupling constants have a 

positive temperature coefficient and most of the trans have a negative temperature 

coefficient.  This agrees with Cavalli’s results from CF2-CFCl-CFCl where he also found 

Jtrans to be negative and Jcis to be positive.  Surprisingly, all of the J3-6 trans couplings, 

corresponding to a CFCl coupling with a CF(OR), had a positive temperature coefficient.  

Also of note are the negative J1-3 cis couplings found in molecules with a CCl2.  

However, this agrees with the work of Williamson and Braman who found both Jtrans and 

Jcis to be negative in various CF2-CCl2-CFX cyclopropanes.   

Signs of Coupling Constants 

Double-resonance experiments were performed on select cyclopropanes to 

compare with the results from the temperature study.  Figure 2-7 shows the spectrum of 

CF2-CFCl-CF(OCCl3) with the four highlighted peaks corresponding to one of the 

isomers.  The effect on the spectrum with the application of a spin-tickling pulse to the 
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most downfield peak is shown in the expansions.  A spin-tickling pulse was applied to 

each peak and a list of the connected transitions was compiled (Table 2-2).  For 

simplicity, only three nuclei were considered at a time, as the energy-level diagram for a 

four-spin system becomes cumbersome to follow.  Thus, two tables similar to Table 2-2 

were constructed for each molecule/isomer.  The connected transitions were compared 

to the energy-level diagrams of the four possible combinations of coupling-constant 

signs (Figure 2-8).  The correct signs could typically be ascertained by simple analysis 

of the results of only one of the spin-tickling spectra.  However, to avoid the possibility of 

misinterpretation of the slight splitting as regressive or progressive, analysis of all of the 

connected transitions was done, and the correct energy-level diagram was verified.   

Analysis of Table 2-3 shows the sign and magnitude of the coupling constants for 

six cyclopropanes.  The signs reported are relative to the two-bond, or geminal, CF2 

coupling constant being positive10;34.  All but one of the Jcis values were found to be 

positive.  This agrees with their positive temperature coefficients and Cavalli’s assertion 

that the coupling constants become more positive with an increase in temperature.  The 

exception is J1-3 for CF2-CF(OCH3)-CCl2, this represents a positive coupling constant 

with a negative temperature coefficient.  The Jtrans values present two deviations from 

the expected results.  The values of J2-3 trans were always negative which agree with 

their negative temperature coefficients.  However, the values of J2-5 and J1-6 were found 

to be positive with negative temperature coefficients and the values of J3-6 were 

negative with positive temperature coefficients.  The last compound in Table 2-3, CFCl-

CClF-CF(OCH3), has no geminal CF2 to ascertain absolute sign, but the three coupling 

constants were found to be of the same relative sign.  Regardless of the absolute sign, 
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at least one of the trends found in the other molecules for the signs of the coupling 

constants between particular substituent positions always having the same sign would 

be broken.  All of these data point to the fact that the sign of coupling constants and 

their temperature coefficients do not necessarily correlate to bonding geometry and 

should not be used as the sole basis for assignment. 



 

 

34

 

Figure 2-1.  A theoretical energy-level diagram and corresponding spectrum for the transitions of a two-spin first-order 
system with no coupling. 
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Figure 2-2.  A theoretical energy-level diagram and corresponding spectrum for the transitions of a two-spin first-order 
system with coupling. 
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Figure 2-3.  A theoretical energy-level diagram for a three-spin system. 
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Figure 2-4.  The effect of the sign of the coupling constants in a three-spin AMX system on the theoretical spectrum.  JAM 
is assumed to always be positive.  A) all coupling constants are positive.  B) JAX is negative and JMX is positive.  
C) JAX is positive and JMX is negative.  D) both JAX and JMX are negative.  
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Figure 2-5.  The difference between progressively and regressively connected transitions and their effect on the spectrum 

of a double-irradiation experiment.  
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1 2

3 5

64  
Figure 2-6.  The numbering scheme assigned to the substituent positions of the 

cyclopropane. 
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Figure 2-7.  The effect of a spin-tickling experiment on the 19F spectrum of CF2-CFCl-CF(OCCl3). 
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Figure 2-8.  The possible sets of coupling-constant signs and their corresponding energy-level diagrams for CF2-CFCl-
CF(OCCl3).  The labeled transitions correspond to the results in the first row of Table 2-2. 
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Table 2-1.  The change in magnitude of the vicinal fluorine-fluorine coupling constants 
(Hz) with a change in temperature from -20oC to 25oC. 

  cis   trans 

Compound† J(1-3)
J(1-5) or 
J(2-6) 

J(3-5)   J(2-3) 
J(1-6) or 
J(2-5) 

J(3-6) 

CF2 - CFCl - CFCl + 0.54 + 0.54   - 0.13  - 0.13  

CF2 - CFCl - CF(OCH3) + 0.85 + 0.47 + 0.59  - 0.09    0  

CF2 - CFCl - C(OCH3)F + 0.51    nra   - 0.23 + 0.07 + 0.22 

CF2 - CFCl - CF(OCHCl2) + 0.61 + 0.36 + 0.69  - 0.07  - 0.11  

CF2 - CFCl - C(OCHCl2)F + 0.35 + 0.33   - 0.06  - 0.09 + 0.39 

CF2 - CFCl - CF(OCCl3) + 0.42 + 0.51 + 0.39  - 0.12  - 0.05  

CF2 - CFCl - C(OCCl3)F + 0.65 + 0.19   - 0.07    nr + 0.22 

CF2 - CFCl - CF(OCHF2) + 0.48 + 0.39 + 0.39  - 0.06  - 0.15  

CF2 - CFCl - C(OCHF2)F + 0.35 + 0.20   - 0.17  - 0.06 + 0.29 

CF2 - CFCl - CF(OCH2F) + 0.27 + 0.78 + 0.47  - 0.06  - 0.09  

CF2 - CFCl - C(OCH2F)F + 0.45 + 0.23   - 0.15    0 + 0.06 

CF2 - CFCl - CF(OCF2Cl) + 0.45 + 0.50 + 0.39  - 0.14  - 0.06  

CF2 - CFCl - C(OCF2Cl)F + 0.45 + 0.23   - 0.09 + 0.11 + 0.15 

CF2 - CF(CH3) - CCl2 0    - 0.49   

CF2 - CF(CF3) - CCl2  - 0.94    - 0.65   

CF2 - CF(OCH3) - CCl2  - 0.30   + 0.18   

CFCl - CFCl - CF(OCH3) + 0.52      

CFCl - CFCl - C(OCH3)F     + 0.04  

CFCl - CClF - CF(OCH3)   + 0.08     - 0.07b  - 0.39   
anot resolved, bJ(1-4), †The substituent positions 1-6 on the ring are defined in Figure 
2-6.  The chemical formula is written in such a way that the positions 1 and 2 are on the 
first carbon in sequential order, positions 3 and 4 on the second carbon, and 5 and 6 on 
the third 
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Table 2-2.  List of the connected transitions for CF2-CFCl-CF(OCCl3). 
      Connected transitions  
Double-resonance 
peak† 

Regressive Progressive   

1 6, 9 8, 11  

2 5, 9 7, 11  

3 8, 10 6, 12  

4 7, 10 5, 12  

5 2a 4a  

6 1, 12 3, 11  

7 4, 9 2, 10  

8 3a 1a  

9 1, 7 2, 8  

10 3, 8 4, 7  

11 2, 5 1, 6  

12 4, 6 3, 5   
aThe effect of some spin-tickling pulses could not be resolved due to complication from 
coupling with the fourth fluorine in the spin system or overlap with peaks resulting from 
the isotope effect.  †The peak numbering scheme can be found in Figure 2-8. 
 

Table 2-3.  The sign and magnitude of the vicinal fluorine-fluorine coupling constants 
(Hz) in fluorinated cyclopropanes.  

  cis   trans 

Compound† J(1-3) 
J(1-5) or 
J(2-6) 

J(3-5)   J(2-3) 
J(1-6) or 
J(2-5) 

J(3-6) 

CF2 - CFCl - CF(OCH3) + 6.54 + 5.73 + 3.80 - 5.13 + 2.85  

CF2 - CFCl - C(OCH3)F + 6.87    nra  - 5.85 + 2.40 - 4.37 

CF2 - CFCl - CF(OCCl3) + 4.14 + 5.71 + 7.17 - 7.13 + 0.86  

CF2 - CFCl - C(OCCl3)F + 1.81 + 1.44  - 7.06    nr - 7.16 

CF2 - CF(OCH3) - CCl2 + 2.50   - 5.50   

CFCl - CClF - CF(OCH3)      2.28c    11.93b,c    4.43c   
aNot resolved, bJ(1-4), cThe compound contains no CF2 to ascertain absolute sign.  
†The substituent positions 1-6 on the ring are defined in Figure 2-6.  The chemical 
formula is written in such a way that the positions 1 and 2 are on the first carbon in 
sequential order, positions 3 and 4 on the second carbon, and 5 and 6 on the third. 
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CHAPTER 3 
ANALYSIS OF THE AGGREGATION OF AMYLOID BETA (25-35) 

Introduction 

There is a great deal of research involving Alzheimer’s Disease and the amyloid 

beta peptide.  While the current trend entails utilizing the whole 40-42 residue peptide, it 

is not uncommon to find recent articles involving A(25-35)36-42.  In fact, A(25-35) is 

often used as a model for the behavior of the full length peptide because it retains both 

the physical and biological properties, and is easier to synthesize and derivatize due to 

its relatively short 11 amino acid sequence43.   

The genesis of this research goes back to observations made during earlier work 

in this laboratory.  Similar samples prepared by previous researchers appeared to show 

reversible aggregation upon placement in and removal from the refrigerator.  Samples 

were stored in the refrigerator and when removed for analysis they appeared cloudy 

and viscous.  Thought to be ruined, they were left on the laboratory bench to be 

discarded.  Upon warming to room temperature they became clear and liquid.  This 

process was repeated with similar results.  No quantitative analysis was performed.  

The goal of the current research was to use NMR to analyze the effects of temperature 

and other sample conditions such as concentration on the apparent aggregation.  We 

also hoped to measure the oligomerization equilibrium and estimate the size and shape 

of the oligomers. 

Experimental 

The synthetic A(25-35) peptide was obtained from Dr. John West at Florida A&M 

University.  A 1 mM stock solution was made using 16.6 mg peptide and deionized 

water with the pH adjusted to 3.4 using deuterium chloride.  Attempts to make samples 
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using unadjusted pH water were unsuccessful.  All samples made with water from pH 5-

7 became very viscous gels within five minutes and were unsuitable for liquid NMR 

analysis.  Samples of concentrations greater than 1 mM were made on an individual 

basis using low-pH deionized water.  Unless otherwise noted, deuterated water was 

added to all samples such that H2O:D2O was 90%:10% volume to volume. 

All experiments were performed on a Varian Inova-500 MHz spectrometer 

equipped with a Varian indirect-detection pulsed-field-gradient probe.  All standard 

proton spectra were acquired using the presat pulse sequence to suppress the water 

peak.  A saturation delay of 1.00 second and a saturation power of 15 dB was used.  

The acquisition time was 2.90 seconds and the recycle delay was 1.00 second.  

Depending on the concentration of the sample, either 64 or 128 scans were acquired.  

For the pulsed-field-gradient experiments, the gradient was arrayed from 20-60 G/cm 

using either 10 or 15 steps with intervals such that the squares of the gradient strengths 

were linearly spaced.   Either 16 or 32 scans were acquired for each step.  The 

gradients were applied for 1250 s with a diffusion time of 0.10 seconds.  The two-

dimensional experiments were all acquired with an acquisition time of 0.36 seconds, a 

recycle delay of 1.00 second, and a mixing time of 150 ms.  The TOCSY (or total 

correlation spectroscopy) experiments were acquired using the tnTOCSY pulse 

sequence with a saturation delay of 1.00 second and a saturation power of 10 dB, the 

number of increments was either 256 or 400, and 32 scans were acquired for each 

increment.  The ROESY (or rotating frame nuclear Overhauser effect spectroscopy) 

experiments were acquired using the tnROESY pulse sequence with a saturation delay 



 

46 

of 1.00 second and a saturation power of either 2 or 5 dB; the number of increments 

was either 512 with 20 scans per increment, or 768 with 16 scans per increment. 

Gradient Calibration 

The strength of the gradient pulses had to be calibrated using a compound with a 

known diffusion coefficient.  The acquisition software generates an array of the 

experimental parameter dac_p1 (dac units).  This value is sent to a digital-to-analog 

converter and is translated to an actual gradient strength,G (gauss/cm), by multiplication 

with another parameter, grad_p_coef ((gauss/cm)/dac units): 

dac_p1 × grad_p_coef = gradient strength, G                                                    (3-1) 

By observing the signal intensity of a reference compound over an array of dac_p1, the 

appropriate value of grad_p_coef can be calculated with Eq. 3-2 using the expected 

diffusion coefficient. 

2 2
0

1
ln( ) ln( ) ( ( ))

3i iA A D G                                                                           (3-2) 

Equation 3-2 relates the observed intensity, A, and the gradient strength, G, to the 

diffusion coefficient, D.  The diffusion time, , and the length of the gradient pulses, , 

are both experimental parameters; and , as previously noted is the magnetogyric ratio.   

Lysozyme from chicken egg white was obtained from Sigma-Aldrich.  A 10 mg/mL 

lysozyme solution in D2O was used to calibrate the gradient strength.  A value of 11.0 × 

10-7 cm2/s 44 corrected by a factor of 1.23 for the increased viscosity of D2O
45;46 was 

used for the diffusion coefficient of lysozyme.  The intensity of three regions in the 

lysozyme spectrum was observed over a range of fifteen gradient strengths from 20 to 

60 G/cm.  The natural log of these three sets of intensities was plotted against the 

square of the gradient strength (Figure 3-1) and a linear regression was applied.  From 
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Eq. 3-2, the slope of the line is proportional to the diffusion coefficient.  Using the known 

value for the diffusion coefficient, the expected slope can be calculated with Eq. 3-3. 

2 2

3
m D

 
        

  
                                                                                     (3-3) 

The value of grad_p_coef was adjusted, changing the values of G2 in Figure 3-1, so that 

the average slope of the three regression lines equaled the expected slope. 

The calibration was verified using bovine serum albumin obtained from Sigma-

Aldrich.  A 10 mg/mL solution was prepared in D2O.  The intensities of the peaks 

corresponding to the methyl side-chain protons in alanine, isoleucine, and leucine were 

observed over a range of fifteen gradient strengths from 20 to 60 G/cm.  The natural log 

of these sets of intensities was plotted against the square of the gradient strength 

(Figure 3-2).  A linear regression was applied to the three data sets and the slopes were 

used to calculate D using Eq. 3-3.  The average measured diffusion coefficient, 

corrected by a factor of 1.23 for the increased viscosity of D2O, was 6.09 × 10-7 ± 3 × 

10-9 cm2/s compared to the literature value of 5.8 × 10-7 cm2/s 47;48. 

Temperature Regulation 

The standard method of regulating the temperature of the sample in an NMR 

spectrometer is not appropriate for diffusion measurements.  A coil, slightly below the 

sample (Figure 3-3), intermittently heats the nitrogen flowing into the probe to regulate 

the temperature.  This can result in a temperature gradient across the sample from top 

to bottom.  Since the diffusion coefficient is calculated based on movement of nuclei 

along the z axis, the presence of a temperature gradient must be avoided.  A 

temperature gradient will result in convective flow and lead to additional displacement of 

spins along the z axis and to an overestimation of the diffusion coefficient49-52. 
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To avoid convection, the temperature of the nitrogen flowing into the probe was 

regulated upstream using an external variable-temperature unit (Figure 3-3), and the 

heating coil in the probe was disabled.  To account for thermal conduction over the 

longer flow path of the nitrogen, the regulator on the external unit had to be set below 

the desired sample temperature when running below room temperature and above the 

desired temperature when running above room temperature.  The samples were left to 

equilibrate for a minimum of thirty minutes after the temperature readings from both the 

external control unit and the thermocouple in the probe were stable.  The temperature 

remained constant to a tenth of a degree celsius during all experiments. 

Chemical Shift Referencing 

When reporting chemical shift data it is imperative to use a suitable standard 

compound as a reference.  This is especially true with biomolecular NMR where it is 

common to make assumptions about the secondary structure of peptides and proteins 

based on chemical shifts.  Unfortunately there is a wide array of reference compounds, 

many of which have chemical shifts that vary with changes in pH, temperature, and 

solvent composition53-56.  For this work all reported chemical shifts are relative to 

internal 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS).  The chemical shift of DSS 

has been shown to be insensitive to changes in solvent, temperature, and pH55. 

Results and Discussion 

Chemical Shift Evaluation and Assignment 

To verify the sequence of the synthetic peptide was correct, all peaks had to be 

assigned to their respective residues and the order the residues are connected had to 

be analyzed.  The reasons for this are two-fold.  Due to an error in synthesis, we have 

two versions of the solid A(25-35) peptide, one with the correct sequence and one 
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missing an isoleucine.   To ensure the proper peptide was used, the sequence needed 

to be verified.  Also, to analyze any changes in chemical shifts, it was necessary to 

know which peaks belong to which residues. 

The peaks were assigned using a combination of proton, TOCSY, and ROESY 

spectra.  Due to significant overlap, as is typical with biomolecular NMR, it was 

impossible to assign and calculate chemical shifts for many peaks using only the proton 

spectra (Figure 3-4).  Assignment was done following the procedure known as the 

sequential assignment strategy developed by Wüthrich et al.57 and further outlined by 

Cavanagh et al.58.  Since each residue represents an individual spin system, a peptide 

of N residues has N distinct backbone-based spin systems58.  The first stage of 

assignment typically involves a two-dimensional scalar correlation experiment such as 

COSY or TOCSY.  Each type of amino acid gives rise to a characteristic peak pattern 

based on its side-chain protons.  Analysis starts in the fingerprint region of the 

spectrum, where the cross peaks resulting from the correlation of the alpha and side 

chain protons to the amide protons can be observed (Figure 3-5).  Distinct horizontal or 

vertical lines, depending on which fingerprint region is used, connect the peaks of each 

individual residue at the chemical shift of the amide proton for that residue.  

Examination of the peak pattern yields a straight-forward assignment of which amino 

acid the peaks represent.   

The amide protons of the asparagine side chain are not part of the same spin 

system as the backbone amide and alpha protons.  In the same that way each residue 

forms an individual spin system isolated by the backbone amide bonds, the amide bond 

in the asparagine side chain isolates the amide protons.  However, these protons 
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appear at distinctive chemical shifts, 6.8 and 7.5 ppm (Figure 3-5), and the only overlap 

is with the amine proton of the lysine side chain, which is easily distinguished by its 

correlation to the other lysine protons.  Also, the asparagine side chain amide protons 

show correlation with each other via chemical exchange, making the assignment 

apparent.   

Analysis of the TOCSY spectrum helps assign each peak to a particular residue 

but yields little information about the placement of the residue in the peptide sequence.  

Determination of the sequence and discrimination of degenerate residues is step two of 

the sequential assignment strategy57;58. 

Assignment of Duplicate Residues 

The second stage of the sequential assignment strategy involves distinguishing 

the duplicate glycine and isoleucine residues of A(25-35), and requires the use of 

nuclear Overhauser enhancement and exchange spectroscopy (NOESY).  Two-

dimensional NOESY spectra yield cross peaks for nuclei in close spatial proximity57.  

The assignment of ambiguous residues, and verification of the whole peptide sequence 

itself, is established by observing cross peaks (off-diagonal peaks) between the amide 

and alpha protons of neighboring residues  1 N 1
1H Hi i


 . 

While the intensity of the cross peak, for a given experimental mixing time, is 

relative to the distance between two nuclei, there are limits to that intensity imposed by 

the spectrometer frequency, o, and the molecular correlation time c
58;59.  The 

homonuclear nuclear Overhauser enhancement, as a function of c, ranges from 0.5 for 

small molecules to -1 for macromolecules (Figure 3-6)5.  Unfortunately, at the frequency 
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of modern high field spectrometers, the correlation time of peptides (on the order of 

nanoseconds) corresponds to the range where the NOE is nearly zero. 

Rotating frame Overhauser effect spectroscopy (ROESY) was developed by 

Bothner-By et al.. to overcome this problem59.  Originally termed CAMELSPIN (cross-

relaxation appropriate for minimolecules emulated by locked spins), ROESY has the 

advantage that the rotating frame Overhauser effect (ROE) is positive for all correlation 

times, with a minimum of 0.38 for small molecules and a maximum of 0.68 for 

macromolecules58;59.  Therefore, ROESY is useful in the examination of peptides, or 

any molecules with similar correlation times, where the laboratory frame NOEs are 

nearly zero58. 

ROESY was used to differentiate glycine-29 and glycine-33 (the assignment of 

glycine-25 was apparent due to its placement at the N-terminus of the peptide), and 

isoleucine-31 and isoleucine-32.  Figure 3-7 shows an expansion of the alpha-amide 

region above the diagonal of the ROESY spectrum of 0.69 mM A(25-35) in 80% D2O 

and 20% d3-TFE acquired with a mixing time of 150 ms.  Many 1 N 1
-1H - Hi i
 cross peaks can 

be seen, but the cross peak at the chemical shift of an ambiguous glycine amide proton 

(8.35 ppm) and the lysine-28 alpha proton (4.28 ppm) was used to assign glycine-29.  

Similarly, the cross peaks between the isoleucine-31 amide proton (7.96 ppm) and 

alanine-30 alpha proton (4.34 ppm), and glycine-33 amide proton (8.27 ppm) and 

isoleucine-32 alpha proton (4.17 ppm) were used to assign the isoleucines and 

remaining glycine respectively.  A cross peak can also been seen at the chemical shift 

of the isoleucine-32 amide (8.00 ppm) and isoleucine-31 alpha (4.17 ppm) protons, 

further confirming the assignment of the two isoleucines.  Figure 3-8 presents a similar 
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picture, this time an expansion of the alpha-amide region below the diagonal, of the 

ROESY spectrum of 6.5 mM A(25-35) in 90% H2O and 10% D2O.  However, this 

spectrum better demonstrates some of the difficulties in assigning peptide spectra.  Of 

note, the alpha protons of glycine-29 and glycine-33 are not resolvable, nor are the 

amide and alpha protons of isoleucine-31 and isoleucine-32.  The cross peak at the 

chemical shift of the glycine-29 amide proton (8.39 ppm) and lysine-28 alpha proton 

(4.29 ppm) was used to distinguish the glycines.  The combination of the TOCSY and 

ROESY spectra was used to assign each peak and verify the peptide was in fact the 

known A(25-35) sequence. 

Chemical Shift Results 

Complete assignments of A(25-35) at two concentrations in 90% H2O and 10% 

D2O are shown in Tables 3-1 and 3-2.  There are many ways to analyze and interpret 

peptide chemical shifts60-64, but perhaps the most straight-forward approach is the  

technique developed by Dalgarno et al.60.  The  technique utilizes the finding that 

alpha protons shift upfield for residues in -helix regions and downfield for -sheet 

regions60;65-67.  The chemical shift of the alpha protons is very dependent on the 

orientation of the C-H bond axis relative to the adjacent C=O bond axis68.  As a result, 

the chemical shifts of the alpha protons can be used to estimate local secondary 

structure.  This technique relies on the comparison of observed chemical shifts to 

known random-coil shifts (Eq. 3-4). 

RC Obs                                                                                                         (3-4) 

It has been shown that the alpha protons can shift by as much as 1 ppm from their 

expected random-coil chemical shift60;67 and that the mean shifts in helices and sheets 
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differ by as much as 0.8 ppm with little overlap64.  Many tables of random-coil chemical 

shifts can be found in literature53-55;69;70.  For this work, the table suggested by Wishart 

and Nip69 was used.   

Figure 3-9 shows the  plot for the alpha protons of 6.71 mM A(25-35) in 90% 

H2O and 10% D2O at 2.53.  All of the chemical shifts are very near their expected 

random-coil chemical shift, with the largest  shift being 0.06 ppm for the N-terminal 

glycine.  This indicates the observable A(25-35) in a solution of 90% H2O and 10% 

D2O adopts a random-coil conformation.  This also validates our chemical-shift 

calculation and assignment method.  The results (not shown) for the alpha protons of 

3.47 mM A(25-35) in similar sample conditions were comparable, with the largest  

shift being -0.06 for the serine-26 proton.  It should, however, be noted that the alpha 

protons for glycine-25 and asparagine-27 were not observed due to solvent exchange 

and overlap with the solvent peak, respectively. 

Effect of TFE 

2,2,2-trifluoroethanol (TFE) has been shown to mimic the lipid environment of the 

cell membrane and promote -helices71.  It has also been shown that TFE does not 

promote new structures in small peptides, but rather stabilizes helices inherent to the 

entire protein72.  An -helical A structure has been suggested as an intermediate on 

the way from a mostly unstructured peptide to -sheet-rich A fibrils73-77.   

Deuterated TFE (d3-TFE) was used as a co-solvent and the chemical shifts were 

again measured.  Table 3-3 shows the complete assignment of 0.69 mM A(25-35) in 

80% H2O and 20% d3-TFE.  The results are remarkably similar to the chemical shifts 

found in a mixture of H2O and D2O except for the amide protons.  This is most likely due 
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to the sensitivity of the amide protons to the change in hydrogen bonding with the 

addition of TFE.  A mixture of TFE and water has a reduced capacity for forming 

hydrogen bonds compared to just water76.  There is also little change in the  plot 

(Figure 3-10) compared to A in just water, with the largest shift from the expected 

random-coil value being -0.07 for both serine-26 and leucine-34.  All of the chemical 

shifts for the alpha protons after the addition of 20% d3-TFE are within 0.03 ppm of the 

results without TFE except for methionine-35, which changed by 0.07 ppm.  This is 

most likely a result of its position on the C-terminus, and the sensitivity of the carboxylic 

acid to the change in hydrogen bonding.  These results, indicating soluble A(25-35) 

remains a random-coil even in the presence of low concentrations of TFE, contradict 

previously published results.  Using circular dichroism and NMR, Lee et al.. found 

A(25-35) has a random-coil structure in water and adopts a helical structure from 

isoleucine-31 to methionine-35 in the presence of TFE78.  This is perhaps a result of the 

higher TFE content in their solvent.  They published the full assignment of chemical 

shifts for 1 mg A(25-35) in 0.4 mL of 1:1 (vol/vol) d3-TFE:H2O at pH 4.0.  Surprisingly, 

virtually all of their chemical shifts for each proton (including the side chain protons) on 

every residue are significantly more downfield (as much as 0.11 ppm and on average 

0.06 ppm) than the results found here, contradicting the thought that the protons of 

helical residues shift upfield.   

Kohno et al.. also concluded that the C-terminal region (lysine-28 through 

methionine-35) of A(25-35) adopted a helical conformation in a membrane mimicking 

environment79.  They published the chemical shift results for 2 mM A(25-35) in 90% 

H2O and 10% D2O at pH 4.0 with 250 mM LiDS-d25.  Their alpha proton chemical shifts 
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for serine-26 and asparagine-27 were similar to the results found here, but lysine-28 

through methionine-35 were all shifted upfield, as expected for helical regions, by an 

average of 0.11 ppm.  Sticht et al.. examined 2.5 mM A(1-40) with 40% TFE at pH 

2.880.  Their chemical shift results were similar to those published by Kohno et al.., and 

they concluded A forms a helix from lysine-28 to valine-40.   

The absence of a C-terminus helix in this work is presumably the result of the 

relatively low percentage of TFE used.  A mixture of 80% H2O and 20% TFE was 

chosen due to the prohibitive cost of d3-TFE.  This conclusion is supported by the work 

of D’Ursi et al.21.  They examined A(25-35) with varying ratios of hexafluoroisopropanol 

(HFIP), another membrane-mimicking solvent,  and water.  They found that A(25-35) 

adopted a random-coil conformation up to 40% HFIP and the helix content increased 

almost linearly up to 80% HFIP. 

Effect of metal ions 

Transition metals, such as Cu(II) and Zn(II), have been implicated in the 

development of Alzheimer’s disease81-83.    They are found in elevated concentrations in 

amyloid plaques22;84;85 and have been shown to promote or even induce aggregation86-

90.  The current consensus in the literature suggests the binding site is near the N-

terminus of amyloid peptide, with the histidine-6,13, and 14 side chains, the N-terminus 

itself, and the carboxylate groups of aspartic acid-1 and glutamic acid-11 being potential 

ligands85-87;91.  Interestingly, A(25-35) has no known metal binding sites, but 

aggregates more readily than other fragments and maintains the toxicity of the full 

length peptide. 



 

56 

Copper(II) and zinc(II) were added at various molar ratios and the chemical shifts 

of A(25-35) were measured (Tables 3-4 through 3-7).  All of the results are remarkably 

similar, and comparison to the results with no metal (Table 3-3) reveals little change.  

The largest shift was 0.05 ppm for the amide protons of the N-terminal glycine-25 in the 

sample with 3:1 zinc-to-peptide molar ratio.  These protons readily exchange with the 

solvent and in some instances were not even observed.  The comparatively large shift 

could easily be a result of error in chemical-shift calculation due to the small signal-to-

noise ratio of the peak.  The mean shift for all the metal samples compared to the 

sample with no metal was 0.0009 ppm, an insignificant amount.  The lack of any 

observed changes in chemical shift indicates there was no change in the peptide with 

addition of the metal ions. 

The spectra were also examined for line broadening.  Gaggelli et al. observed 

large chemical-shift variations and selective line broadening for the previously 

mentioned ligand protons with the addition of Zn(II) to a membrane mimicking solution 

of A(1-28)87.  Similar results have also been observed with A(1-40), A(1-28), and 

A(1-16)92-95.  Not surprisingly, no broadening was observed.  This confirms the 

chemical shift result, that there is no specific binding of A(25-35) with the metal ions. 

This defies the qualitative observation on the disposition of the samples.  Figure 3-

11 shows a picture of three samples made at the same time with similar sample 

conditions, 1.84 ± 0.06 mM A(25-35) in 90% H2O and 10% D2O.  The samples which 

appear cloudy include a 3:1 molar ratio of Cu(II) or Al(III) and the sample which appears 

clear has no added metal ions.  The appearance of the samples indicates some sort of 

interaction between the peptide and the metal ions.  When this observation is combined 
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with the lack of change in the NMR data, it suggests some of the peptide aggregated 

into a high-order oligomer that was unobservable via liquid NMR and the peptide 

remaining in solution was unchanged.  The presumed equilibrium of the peptide (Figure 

3-12) includes soluble monomer and low-order oligomers along with unobservable 

insoluble high-order oligomers.  Since all of the spectra include fairly well resolved and 

sharp peaks, it is assumed we observed random-coil monomer and once aggregation 

was triggered it went all the way to high-order oligomers.  This is confirmed by the fact 

that the only observable change between spectra of clear samples and cloudy samples 

acquired under identical conditions was a decrease in signal intensity (Figure 3-13). 

Effect of temperature 

The effect of temperature on the chemical shifts of the amine protons was also 

examined.  The temperature dependence of the chemical shifts of amine protons has a 

somewhat dubious past when used as the only evidence for suggesting peptides exist 

in particular conformations, but they are often used to support the findings of other 

techniques.  The amine protons of random-coil peptides have been shown to display 

/T values of -7.8 ± 1.2 ppb/oC in aqueous solutions70;96, while the amine protons of 

structured peptides typically display a less negative (<-4 ppb/oC) temperature 

dependency97;98.  The change in the chemical shifts of the amine protons of 2.82 mM 

A(25-35) in 90 H2O and 10% D2O was linear in the observed range of 5 to 65oC 

(Figure 3-14) and the average /T value was -7.6 ppb/oC with the lowest being -5.8 ± 

0.1 ppb/oC for alanine-30 (Table 3-8).  These results further suggest the presence a 

random-coil peptide. 
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Diffusion Results 

In the absence of aggregation, a plot of log D versus 1/T should follow the 

Arhhenius relationship and have a linear slope99: 

0ln( ) ln( ) a
i

i

E
D D

RT

 
   

 
                                                                                        (3-5) 

To verify experimental setup and parameters, the diffusion coefficient of the same 

lysozyme sample used to calibrate the gradient strength was acquired in five degree 

increments over a range of 5-55oC (Figure 3-15).  Ilyina et al. reported lysozyme does 

not aggregate at this concentration over this temperature range47.  The linearity of the 

data in Figure 3-15 confirms this. 

All diffusion data reported here is the result of integrating the peaks corresponding 

to the side-chain methyl protons on the leucine and isoleucines (Figure 3-16).  The 

diffusion coefficient of 2.82 mM A(25-35) was measured in five degree increments 

from 5-70oC (Figure 3-17).  To further verify what appears to be a deviation from 

linearity around 22oC (or 3.39×1000/K), data were measured approximately every 2.5oC 

from 5oC to 25oC.  A linear regression was applied over the whole range of 

temperatures and a second linear regression was applied from 25-70oC and the 

residuals were plotted (Figure 3-17).  The parabolic behavior of the residuals from the 

regression applied over the whole range of temperatures indicates the data are not 

linear.  Additionally, a linear regression was applied to the lower temperatures (22oC to  

5oC, or 3.39×1000/K to 3.60×1000/K) and the upper-95%-confidence-limit slope (-2.40) 

was compared to the lower-95%-confidence-limit slope of the regression applied to the 

higher temperatures (-2.10).  The change in linearity over the two temperature ranges 

appears to be statistically significant.  This could be the result of the peptide self 
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aggregating or a conformational change which increased the hydrodynamic radius at 

lower temperatures.   

The effect of concentration on the diffusion over a range of temperatures was 

examined.  The diffusion coefficients of three concentrations of the peptide were 

measured from 5-55oC (Figure 3-18, Table 3-9).  There appears to be no dependence 

of the diffusion on concentrations in the mM range.  All of the values are in good 

agreement and, if nothing else, validate the reproducibility of the experiment.  The 

diffusion was also measured at two pH values with a concentration of 2.82 mM (Figure 

3-19, Table 3-10).  There were slight differences at lower temperatures, but all of the 

values were within error of one another.  As previously mentioned, attempts to make 

samples with pH values closer to neutral were unsuccessful and the solutions quickly 

turned to viscous gels unsuitable for diffusion measurements.  While there is no mention 

of similar observations about neutral pH samples becoming highly viscous, the common 

trend in literature is to use pH values around four21;78;79.  The diffusion was measured 

with the addition of Zn(II) at a 3:1 molar ratio as well (Figure 3-20, Table 3-11).  There 

were slight differences at higher temperatures, but the low temperature values were all 

in good agreement.   

In an attempt to observe a change in the measured D, samples of 50 and 100 M 

were made.  The diffusion coefficients of these samples were measured at 25oC and 

compared with the higher millimolar concentration samples (Figure 3-21).  There 

appears to be no change from 50M up to 6.75mM.  Additionally, formic acid has been 

shown to dissolve protein aggregates and help in the analysis of peptides that are not 

easily solvated100.  2.3 mg of the raw amyloid powder was dissolved in formic acid.  The 
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solution was left to sit for 15 minutes and the formic acid was blown to leave slightly wet 

crystals.  The resulting solid was then dissolved in 90% H2O and 10% D2O and the D of 

the resulting 2.6 mM solution was measured at 25oC (Figure 3-21).  This resulted in no 

change of the observed diffusion coefficient.   

The lack of any significant difference in the measured D over all the different 

sample conditions, combined with the chemical shift result, suggests low-order soluble 

oligomers were never observed.  The signal that was observed must have been from 

monomeric peptide and the aggregation that occurred resulted in high order oligomers 

which could not be detected using liquid NMR.  Systematic error, such as that which 

could result from not allowing sufficient time to equilibrate the temperature of the 

sample, is ruled out because the lysozyme data, which was acquired under similar 

conditions, did not deviate from linearity at lower temperatures.  The observation of 

visible aggregation accompanied by no change in the diffusion coefficient is supported 

by the recently published findings of researchers working with the whole 40 residue 

amyloid-beta peptide101.  Filippov et al. noted that “it is surprising that the visually 

observed state of the sample and the self-diffusion do not completely correspond to one 

another.”  They came to a similar conclusion: “In the course of peptide aggregation, no 

signal attributed to dimers arises, while the aggregation itself is easy to observe 

visually.”  They also noted that it has previously been found that the low-order oligomers 

are not stable intermediate products in the course of A aggregation102;103. 

Collectively, the NMR data presented in this chapter indicate that the visible 

aggregates (Figure 3-11) are too large to be observed by high-resolution NMR spectra 

acquired under the given conditions due to their excessively short T2 relaxation times104.  
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Furthermore, the lack of any change in the diffusion coefficient under conditions which 

induce visible aggregates also indicates that it is unlikely any significant amounts of low-

order oligomers such as dimers and trimers are formed.  While the low-order oligomers 

could result in peaks unseen upon visual inspection of the spectra, they would affect the 

diffusion measurements.  The signal intensities, A values, used to calculate D (Eq. 3-2) 

represent the total intensities across a given chemical shift range.  If low-order 

oligomers were present, the calculated D would represent a weighted average of the 

diffusion coefficients based on the relative concentrations of the monomer and low-

order oligomers.  However, as is shown in the following, this possibility is excluded by 

the close agreement between the observed diffusion coefficient and the theoretically 

predicted value for monomeric A(25-35).  

The diffusion coefficient of a particle is related to its size by the Stokes-Einstein 

equation: 
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                                                                                                         (3-6) 

where kB is the Boltzmann constant, T is temperature,  is solvent viscosity, and rH is 

hydrodynamic radius.  The rH of a peptide is given by105;106: 
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where M is mass, V1 and V2 are the specific volumes of the particle and solvent, 1 is 

the solvent fraction bonded to the particle, and No is Avogadro’s number.  The self-

diffusion coefficient of a particle with mass M is given by101: 
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where  is the form factor and  is particle density.  When calculating D, the following 

assumptions were made: the monomer has a globular conformation, particles are 

spherical (=1), and the effects of interparticle interactions can be ignored101.  The 

expected diffusion coefficient for A(25-35) at 25oC was calculated using the following 

values from the literature,  = 1300 kg/m3 104, = 9.0882 × 10-4 kg/m·s (the viscosity of 

water corrected for the 10% volume fraction of D2O), and 1 = 0.328107.  The calculated 

diffusion coefficient was 2.71 × 10-6 cm2/s, which compares very well with the 

experimentally determined value of 2.69 × 10-6 cm2/s.  This result is consistent with the 

absence of any liquid-NMR-observable low-order oligomers. 

A minimum mass for the non-observable high-order oligomers was estimated 

using an assumed maximum observable spectral line width.  The full-width-at-half-

maximum NMR line width, FWHM, for a nucleus dominated by spin-spin relaxation due 

to dipolar interactions, as would be expected for protons in the visible aggregates, is 

given by: 
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where3: 
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The normalized spectral density function J is given by3: 
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where c is the rotational correlation time.  The dipolar coupling constant, b, from eq. 3-

10 is given by3: 
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where r is the distance between the spins.  For this work a distance of 0.2 nm was used, 

corresponding to a b/2 (for conversion from radians to Hz) of -15.012 kHz 3.  The 

rotational correlation time, c, is given by108: 
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According to the Perrin ellipsoidal shape approximation109;110, the diffusion tensor 

elements Dx, Dy, and Dz are given by: 
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Here, ax, ay, and az are the semi-axes of a general ellipsoid.  The parameters P, Q, and 

R are the following ellipsoidal integrals: 
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Combining equations 3-9, 3-10, 3-13, and 3-14 relates aggregate size to spectral line 

width. 

Three geometric models were used to estimate line width, a 2D beta-sheet 

topology, a spherical model, and an ellipsoidal model.  In all the models n is the number 

of monomer units in the aggregate, the length of the distended A(25-35) monomer was 

assumed to be 4.4 nm in length and 1 nm in thickness.  The hydration layer was taken 

to be 2.8 nm per side104.  Approximating the 2D beta-sheet as an ellipsoid with a 

constant thickness in the y axis, the dimensions (in cm) along the x, y, and z axis 

increase with n as: 

844 10za    

8(10.0 2 2.28) 10ya      

8( ) (10.0 2 2.28) 10xa n n       

For the ellipsoid model where ax=ay: 

844 10za    

1
82( ) ( ) (10.0 2 2.28) 10x ya n a n n        

For the spherical model the hydrodynamic radius was taken to be 0.886 nm (from eq. 3-

7).  The volume of the monomer (in cm3) is given by: 
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Taking the volume of the oligomer to be proportional to n: 

mV V n  

The radius increases with n as: 
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In all three models, a line width of over 100 Hz is obtained after only around 10 

monomer units (giving a total mass of ~10 kDa) have aggregated (Figure 3-22). 
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Figure 3-1.  Amplitude of 10 mg/mL lysozyme signal for three spectral regions over a range of gradient strengths. 
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Figure 3-2.  Amplitude of 10 mg/mL BSA signal for three spectral regions over a range of gradient strengths. 
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Figure 3-3.  Diagram of external variable-temperature unit used to regulate the sample temperature. 
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Figure 3-4.  1H spectrum of 0.69 mM A(25-35) in 80% H2O and 20% d3-TFE at 10oC referenced to internal DSS.  
Spectrum represents 256 scans acquired with the presat pulse sequence.  Spectrum has been baseline 
corrected and processed with 0.5 Hz line broadening. 
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Figure 3-5.  TOCSY spectrum of 6.71 mM A(25-35) in 90% H2O and 10% D2O at 25oC.  Processed with a Gaussian 
weighting function in both dimensions such that the signal decays to zero before the end of the fid. 
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Figure 3-6.  Dependence of the homonuclear nuclear Overhauser enhancement () on the spectrometer frequency (o) 
and correlation time (c) for A) NOESY and B) ROESY. 
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Figure 3-7.  Expansion of the ROESY spectrum of 0.69 mM A(25-35) in 80% H2O and 20% d3-TFE.  Shows a portion of 
the amide-proton region in the f1 dimension (x axis) and a portion of the alpha-proton region in the f2 dimension 
(y axis). 
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Figure 3-8.  Expansion of the ROESY spectrum of 6.71 mM A(25-35) in 90% H2O and 10% D2O.  Shows a portion of the 
alpha proton region in the f1 dimension (x axis) and a portion of the amide proton region in the f2 dimension (y 
axis). 
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Figure 3-9.   plot for the alpha protons of 6.71 mM A(25-35) in 90% H2O and 10% D2O at pH 2.53 compared to 
random-coil chemical shifts. 
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Figure 3-10.   plot for the alpha protons of 0.69 mM A(25-35) in 80% H2O and 20% d3-TFE at pH 3.23 compared to 
random-coil chemical shifts. 
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Figure 3-11.  Two visibly cloudy A(25-35) samples and one clear sample. 
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Figure 3-12.  The equilibrium of A(25-35) in solution, and the effect of each transition.  The high order oligomers are not 
observable by solution phase NMR. 
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Figure 3-13.  Two spectra showing the decrease in A(25-35) signal intensity of the samples with visible aggregation.  
The intensities of the spectra were normalized using the peaks at 1.1 and 3.5 ppm which represent an unknown 
impurity present in the solid peptide as received.  A) 3.26 mM A(25-35), no visible aggregation.  B)   3.13 mM 
A(25-35) with 5:1 molar ratio of Zn(II), visible aggregation. 
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Figure 3-14.  The chemical shifts of the amide protons of 1.88 mM A(25-35) in 90% H2O and 10% D2O over a range of 
temperatures.  Glycine-25 was not observable due to solvent exchange. 
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Figure 3-15.  Diffusion of lysozyme over a range of temperatures.  Error bars represent standard deviation of the mean 
(n=3). 
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Figure 3-16.  Typical results from a pfg experiment.  The methyl peaks displayed with relative intensity over 15 gradient 
strengths. 
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Figure 3-17.  Diffusion of 2.82 mM A (25-35) over a range of temperatures with linear regression applied over all 
temperatures (yellow) and from 25-70oC (red).  The error bars represent standard deviation of the mean (n=3).  
The plots below represent the residuals resulting from the corresponding regression.   
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Figure 3-18.  The diffusion coefficient of A(25-35) for three concentrations in 90% H2O and 10% D2O from 5-55oC.  The 
error bars represent standard deviation of the mean (n=3). 
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Figure 3-19.  The diffusion coefficient of 2.82 mM A(25-35) with a change in pH over a range of temperatures.  The error 
bars represent the standard deviation of the mean (n=3). 
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Figure 3-20.  The diffusion coefficient of A(25-35) with the addition of 3:1 molar ratio Zn(II) over a range of temperatures.  
The error bars represent standard deviation of the mean (n=3). 
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Figure 3-21.  The diffusion coefficient of A(25-35) at 25oC over a large range of concentrations.  The error bars represent 
standard deviation of the mean (n=3).  The yellow point corresponds to the diffusion coefficient measured after 
dissolving the peptide in and blowing off formic acid followed by dissolving in a 90% H2O and 10% D2O. 
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Figure 3-22.  The calculated line widths over a range of degrees of oligomerization for three geometric models. 
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Table 3-1.  Chemical shifts (ppm) of 6.71 mM A(25-35) in 90% H2O and 10% D2O at 
pH 2.53 

Residue HN H H H H H other 

Gly-25 8.05a 3.90      

Ser-26 8.68 4.52 3.89, 3.85     

Asn-27 8.63 4.75a 2.85, 2.80    NH2 7.61, 6.94

Lys-28 8.43 4.29 1.87, 1.77 1.45 1.68 3.00 NH3
+ 7.52 

Gly-29 8.39 3.94      

Ala-30 8.11 4.36 1.38     

Ile-31 8.12 4.16 1.88 1.50, 1.22 0.87a  CH3 0.89a 

Ile-32 8.12 4.16 1.88 1.50, 1.22 0.92a  CH3 0.93a 

Gly-33 8.42 3.94      

Leu-34 8.05 4.38 1.62 1.63 0.93, 0.88a   

Met-35 8.37 4.52 2.18, 2.05 2.63, 2.53   2.10   
aChemical shift could not be accurately determined from 1H spectrum due to overlap or 
solvent exchange, value was determined from TOCSY spectrum with an error of ± 0.02 
ppm. 
 
 
 
Table 3-2.  Chemical shifts (ppm) of 3.47 mM A(25-35) in 90% H2O and 10% D2O at 

pH 2.60 

Residue HN H H H H H other 

Gly-25 N.O. N.O.      

Ser-26 8.69 4.53a 3.89, 3.85     

Asn-27 8.64 N.O. 2.85, 2.80    NH2 7.61, 6.94

Lys-28 8.43 4.30a 1.87, 1.77 1.45 1.68 3.00 NH3
+ 7.52 

Gly-29 8.43 3.94      

Ala-30 8.07 4.32a 1.37     

Ile-31 8.17 4.16 1.85 1.49, 1.20 0.87a  CH3 0.89a 

Ile-32 8.23 4.16 1.86 1.49, 1.20 0.91a  CH3 0.92a 

Gly-33 8.39 3.94      

Leu-34 8.07 4.32a 1.63 1.63 0.93, 0.88a   

Met-35 8.37 4.51a 2.18, 2.03 2.62, 2.54   2.10   
aChemical shift could not be accurately determined from 1H spectrum due to overlap or 
solvent exchange, value was determined from TOCSY spectrum with an error of ± 0.02 
ppm.  N.O. = not observed due to solvent exchange or overlap with solvent peak. 
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Table 3-3.  Chemical shifts (ppm) of 0.69 mM A(25-35) in 80% H2O and 20% d3-TFE at 
pH 3.23 

Residue HN H H H H H other 

Gly-25 8.14a 3.91      

Ser-26 8.65 4.54 3.90, 3.87a     

Asn-27 8.58 4.76a 2.87, 2.82    NH2 7.60, 6.89

Lys-28 8.38 4.28 1.89, 1.78 1.46 1.70 3.01 NH3
+ 7.57a 

Gly-29 8.35 3.93a      

Ala-30 7.98 4.34 1.39     

Ile-31 7.96 4.17 1.90 1.51, 1.20 0.90a  CH3 0.91a 

Ile-32 8.00 4.17 1.89 1.51, 1.22 0.94a  CH3  0.96a 

Gly-33 8.27 3.94a      

Leu-34 7.88 4.41 1.64 1.64 0.96, 0.89a   

Met-35 8.05 4.45a 2.17, 2.03 2.60, 2.54   2.10   
aChemical shift could not be accurately determined from 1H spectrum due to overlap or 
solvent exchange, value was determined from TOCSY spectrum with an error of ± 0.02 
ppm. 
 
 
 
 
 
Table 3-4.  Chemical shifts (ppm) of 0.69 mM A(25-35) in 80% H2O and 20% d3-TFE at 

pH 3.19 with 1:1 molar ratio of Zn2+ 

Residue HN H H H H H other 

Gly-25 8.15a 3.92a      

Ser-26 8.65 4.54 3.91, 3.86a     

Asn-27 8.58 4.76a 2.87, 2.82    NH2 7.60, 6.89

Lys-28 8.38 4.29 1.89, 1.78 1.45 1.70 3.01 NH3
+ 7.57a 

Gly-29 8.35 3.93a      

Ala-30 7.98 4.34 1.39     

Ile-31 7.96 4.16 1.90 1.51, 1.21 0.90a  CH3 0.91a 

Ile-32 8.00 4.16 1.88 1.51, 1.22 0.92a  CH3 0.94a 

Gly-33 8.26 3.95a      

Leu-34 7.88 4.41 1.64 1.64 0.94, 0.89a   

Met-35 8.06 4.46 2.18, 2.04 2.60, 2.53   2.10   
aChemical shift could not be accurately determined from 1H spectrum due to overlap or 
solvent exchange, value was determined from TOCSY spectrum with an error of ± 0.02 
ppm. 
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Table 3-5.  Chemical shifts (ppm) of 0.60 mM A(25-35) in 80% H2O and 20% d3-TFE at 
pH 3.24 with 3:1 molar ratio of Zn2+ 

Residue HN H H H H H other 

Gly-25 8.09a 3.88      

Ser-26 8.65 4.54a 3.90, 3.87a     

Asn-27 8.58 4.76a 2.87, 2.82    NH2 7.60, 6.89

Lys-28 8.38 4.29 1.89, 1.79 1.47 1.70 3.01 NH3
+ 7.58a 

Gly-29 8.35 3.94a      

Ala-30 7.98a 4.34 1.40     

Ile-31 7.97a 4.17 1.89 1.51, 1.21 0.90a  CH3 0.91a 

Ile-32 8.00a 4.17 1.89 1.51, 1.21 0.92a  CH3 0.93a 

Gly-33 8.27 3.95a      

Leu-34 7.88 4.41 1.64 1.64 0.94, 0.89a   

Met-35 8.01a 4.42 2.16, 2.02 2.59, 2.54   2.10   
aChemical shift could not be accurately determined from 1H spectrum due to overlap or 
solvent exchange, value was determined from TOCSY spectrum with an error of ± 0.02 
ppm. 
 
 
 
 
 
Table 3-6.  Chemical shifts (ppm) of 0.69 mM A(25-35) in 80% H2O and 20% d3-TFE at 

pH 3.23 with 0.1:1 molar ratio of Cu2+ 

Residue HN H H H H H other 

Gly-25 8.13a 3.91      

Ser-26 8.65 4.54a 3.92, 3.86a     

Asn-27 8.58 4.76a 2.87, 2.82    NH2 7.60, 6.89

Lys-28 8.38 4.29 1.90, 1.79 1.47 1.70 3.01 NH3
+ 7.57a 

Gly-29 8.34 3.93a      

Ala-30 7.98 4.34a 1.39     

Ile-31 7.97 4.17 1.89 1.51, 1.21 0.87a  CH3 0.91a 

Ile-32 8.00 4.17 1.89 1.51, 1.22 0.90a  CH3 0.94a 

Gly-33 8.26 3.95a      

Leu-34 7.88 4.42a 1.64 1.64 0.94, 0.89a   

Met-35 8.04 4.44a 2.17, 2.04 2.60, 2.54   2.10   
aChemical shift could not be accurately determined from 1H spectrum due to overlap or 
solvent exchange, value was determined from TOCSY spectrum with an error of ± 0.02 
ppm. 
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Table 3-7.  Chemical shifts (ppm) of 0.69 mM A(25-35) in 80% H2O and 20% d3-TFE at 
pH 3.08 with 1:1 molar ratio of Cu2+ 

Residue HN H H H H H other 

Gly-25 8.14a 3.88a      

Ser-26 8.65 4.55 3.91, 3.87     

Asn-27 8.57 4.76 2.88, 2.83    NH2 7.60, 6.89

Lys-28 8.38 4.29 1.89, 1.79 1.47 1.70 3.02 NH3
+ 7.57a 

Gly-29 8.34 3.94      

Ala-30 7.98 4.34 1.40     

Ile-31 7.96 4.18 1.89 1.52, 1.22 0.87a  CH3 0.90a 

Ile-32 8.04 4.18 1.89 1.52, 1.22 0.90a  CH3 0.93a 

Gly-33 8.26 3.96      

Leu-34 7.87 4.42 1.64 1.64 0.94, 0.90a   

Met-35 8.05 4.45 2.20, 2.02 2.58a   2.11   
aChemical shift could not be accurately determined from 1H spectrum due to overlap or 
solvent exchange, value was determined from TOCSY spectrum with an error of ± 0.02 
ppm. 
 
 
 
 
 
 
Table 3-8.  Temperature dependence of the amide chemical shifts of 2.82 mM A(25-

35) in 90% H2O and 10% D2O. 
Residue† T (ppb/oC) 
Ser-26 -6.2 ± 0.2 
Asn-27 -6.8 ± 0.1 
Lys-28 -7.6 ± 0.1 
Gly-29 -8.2 ± 0.2 
Ala-30 -5.8 ± 0.1 
Ile-31 -8.5 ± 0.2 
Ile-32 -9.3 ± 0.2 
Gly-33 -7.0 ± 0.2 
Leu-34 -7.6 ± 0.1 
Met-35 -9.4 ± 0.4 
†Glycine-25 was not observable due to solvent exchange. 
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Table 3-9.  The diffusion coefficients of three concentrations of A(25-35) in 90% H2O 
and 10% D2O from 5-55oC. 

  Diffusion Coefficient × 106 (cm2/s)   
Temperature (oC) 1.88 mM 3.76 mM 6.34 mM   
5 1.41 ± 0.02 1.42 ± 0.05 1.42 ± 0.06  
15 1.95 ± 0.07 1.93 ± 0.11 1.93 ± 0.05  
25 2.51 ± 0.04 2.58 ± 0.04 2.54 ± 0.04  
35 3.24 ± 0.04 3.17 ± 0.06 3.18 ± 0.07  
45 3.96 ± 0.05 3.99 ± 0.03 3.96 ± 0.10  
55 4.76 ± 0.06 4.76 ± 0.04 4.71 ± 0.03   
 
 
 
 
Table 3-10.  The diffusion coefficients of two pH values of 2.82 mM A(25-35) in 90% 

H2O and 10% D2O from 5-70oC. 
  Diffusion Coefficient × 106 (cm2/s)   

Temperature (oC) pH = 2.91 pH = 3.93   

5 1.38 ± 0.14 1.47 ± 0.09  

7 1.54 ± 0.09 1.65 ± 0.08  

10 1.65 ± 0.16 1.77 ± 0.16  

12 1.78 ± 0.09 1.99 ± 0.17  

15 1.93 ± 0.16 2.16 ± 0.29  

18 2.10 ± 0.13 2.35 ± 0.25  

20 2.27 ± 0.14 2.44 ± 0.06  

22 2.39 ± 0.12 2.59 ± 0.24  

25 2.69 ± 0.12 2.91 ± 0.09  

30 3.02 ± 0.20 3.11 ± 0.10  

35 3.26 ± 0.16 3.60 ± 0.16  

40 3.77 ± 0.32 4.02 ± 0.09  

45 4.17 ± 0.10 4.29 ± 0.12  

50 4.47 ± 0.09 4.74 ± 0.13  

55 4.86 ± 0.14 5.16 ± 0.13  

60 5.52 ± 0.23 5.63 ± 0.30  

65 6.07 ± 0.13 5.89 ± 0.13  

70 6.56 ± 0.12 6.40 ± 0.15   
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Table 3-11.  The diffusion coefficients 2.82 mM A(25-35) in 90% H2O and 10% D2O 
with and without zinc from 5-55oC. 

  Diffusion Coefficient × 106 (cm2/s)   

Temperature (oC) no Zinc Zinc   

5 1.38 ± 0.14 1.36 ± 0.05  
7 1.54 ± 0.09 1.52 ± 0.10  
10 1.65 ± 0.16 1.66 ± 0.06  
12 1.78 ± 0.09 1.70 ± 0.06  
15 1.93 ± 0.16 1.90 ± 0.05  
18 2.10 ± 0.13 2.05 ± 0.13  
20 2.27 ± 0.14 2.16 ± 0.10  
22 2.39 ± 0.12 2.38 ± 0.05  
25 2.69 ± 0.12 2.51 ± 0.13  
30 3.02 ± 0.20 2.82 ± 0.21  
35 3.26 ± 0.16 3.12 ± 0.13  
40 3.77 ± 0.32 3.43 ± 0.10  
45 4.17 ± 0.10 3.72 ± 0.20  
50 4.47 ± 0.09 4.08 ± 0.09  
55 4.86 ± 0.14 4.40 ± 0.08   
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CHAPTER 4 
CONCLUSION 

The coupling constants of fluorinated cyclopropanes were examined.  In general it 

was found that three-bond cis couplings were positive and three-bond trans couplings 

were negative.  However, when one of the fluorines was geminal to an oxygen, the 

trans couplings were found to be positive.  Additionally, the effect of temperature on the 

magnitude of the coupling constants was examined.  The previously reported trend that 

the coupling constants increase in magnitude with increasing temperature was found to 

be violated in multiple instances.  The signs of the coupling constants should not be 

used to determine relative geometry of fluorines in cyclopropanes, and the change in 

magnitude of coupling constants with a change in temperature cannot reliably be used 

to predict the correct sign of the coupling constants. 

The aggregation of amyloid beta (25-35) was examined extensively with different 

sample conditions.  The chemical shifts were measured and compared to compiled 

tables of known random-coil chemical shifts.  In all sample conditions the observable 

peptide was found to maintain a random-coil conformation.  The chemical shifts of the 

amide protons were measured over a range of temperatures and again the values 

indicated the peptide exists as a random-coil under the sample conditions used.  

Pulsed-field-gradient NMR was used to measure the diffusion coefficient of the peptide.  

There was little change with many changes in sample conditions.  The pH was adjusted 

from approximately three to four with little effect on the measured diffusion coefficient 

despite the observation that samples made at near neutral pH rapidly turned to a very 

viscous gel.  Zinc was added to the solution and, although the samples became visibly 

cloudy, there was still no change in the observed diffusion coefficient.  Finally, the 
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peptide was dissolved in formic acid.  The formic acid was blown off and the resulting 

solid dissolved in water.  This too resulted in no change of the observed diffusion 

coefficient.  Despite the samples visibly aggregating, the observed diffusion coefficient 

never changed.  This indicates we only observed monomeric peptide in solution and the 

aggregation resulted in large unobservable high-order oligomers. 

Suggestions for future work include increasing the ratio of trifluoroethanol.  Other 

researchers have observed alpha helical structures in samples with as high as 50% 

TFE or other membrane mimicking solvents.  Additionally, acquiring ROESY spectra 

with an array of mixing times might result in the observation of NOE peaks between 

non-neighboring residues.  However, this would demand a great deal of instrument time 

even at relatively high concentrations.  Another possible study would be measuring the 

diffusion coefficient from day to day over a long period of time to see if there are any 

changes as the sample settles. 
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