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PREFACE 

Analytical analysis of chiral molecules becoll}.es more important 

because of the importance of biomolecules. Circular Dichroism (CD) is a 

powerful tool to study these molec"U.les. Most scientists would agree that the 

three most important classes of biomolecules are the proteins, the nucleic 
. ' . . . . 

acids, and the carbohydrates~ AH of th~se molecules exhibit chirality in 

their most basic building block form. Proteins, peptides, and oligopeptides 

were the focus of this study.·· But because of the prolific nature of these 

molecules and the millions upon millions of possible combinations of 

protein sequence the work here is only a ·small offering in a field that is 

essentially untapped. 

The credit for any work presented here should be given to my advisor 

Dr. Purcfi.e. For by he alone has any of this come to pass. The vision of the 

potential methodology and their possible applications are his solely. 

The inspiration to apply to graduate school came from Dr. Sievers 
. . . . : . ' . .. .· . . . ' 

and Dr. Barkley. · These mentors from the University of Colorado allowed 

me a glimpse at the life of a graduate student and instilled me with the 

confidence to succeed: Dr. Siever's research group provided me a peer 

· group to learn from in an encouraging and positive way. 

A large amount of this work would not have been possible if not for 

generous contributions in the forin of work material. Chiron now Torrey 

Pines Institute for Molecular Studies provided a number of small 
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oligopeptides as well as the neural peptides that were used in this study. 

Thanks mainly to the effort of Sylvie Blondelle. A large amount of gratitude 

must be ,given to the FDA and especially.to the Division of Testing and 

Applied Analytical Development for supplying the insulin samples. that 

were used in this study. Many thanks to Moheb Nasr and Tom Laylofffor 

those samples and for their technical assistance. 

On a personal note, I begin by thanking my Father in Heaven for 

blessing me with the talents, opportunities,.and family support that I have. 

Also I would like to thank my family for their encourage:rhent of my 

academic pursuits both financially and emotionally. My wife has provided 

me with the energy and the confidence to finish my work here by her loving 

spirit and belief in my abilities. To her I dedicate this work. 
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CHAPTER ONE 

CIRCULAR DICHROISM, USES IN ANALYSIS 

The field of Circular Dichroism (CD) includes studies of the 

interaction of circularly polarized light with optically active material. 

From the beginning experiments have focused on materials that are 

naturally CD active and scientists have speculated on how ellipticities and 

molecular structure can be related. CD has been used to extract 

information about chiral organic molecules (l, 2, 4-8) as well as to 

determine relative and even absolute conformation (19-21, 33-35). These 

studies are limited and tend to provide insight only into very select groups 

of molecules. The power of CD is not in its ability to determine absolute 

configuration but in its sensitivity to changes in and around the chiral 

centers and those electrons associated with the chiral centers. 

1 

As the light sources and the instrumentation used in making CD 

measurements improved smaller concentrations could be used to achieve 

measurable signals. The availability of chromatography (26, 28) allowed 

interfering components to be separated out before analysis. Because the 

requirements of CD are twofold, many analyses have been performed on 

mixtures without chromatographic sepatation (1-3, 24). To induce CD 

activity, chirality and/or chromophores have been added to the analyte(40-

44). Chiral molecules possess enantiomers that have all the same physical 

characteristics of the analyte, with the exclusion of the rotation of plane 

polarized light, making determination of enantiomeric purity difficult 

without the use of CD(36, 70, 73-74). 



2 

Chiral molecules such as carbohydrates, nucleic acids, and 

especially proteins have become very popular analyt~s of late because of 

their biological significance. These biological molecules are being used as 

models and precursors to pharmaceutical drugs. The ability to inhibit, 

change, or enhance cell function specifically by administering a designed 

or modeled pharmaceutical is the· goal.of medicine. The designing or 

regulating of drug molecules requires a very specific structural 

composition which includes the specific chirality. Analytical techniques 

that can differentiate between very similar biological molecules including 

enantiomers are needed to simplify the task of ensuring structural 

integrity. The sensitivity of the CD signal to the chirality of these molecules 

makes it an excellent candidate for providing a method of analysis in the 

elucidation of these molecules. 

New opportunities are emerging that can benefit from the 

application of CD detection. These opportunities are related, at least in 

part, to some of the following. An aging population in this country has an 

incre~sed interest in accessing drugs that target· elderly needs. The 

pharmaceutical industry is maturing in that there are fewer companies 

now than in the past and· these companies are able to bring a larger 

number of products through the screening process than in the past (50). 

There has been a boom in the biotechnology industry related to an 

expanding pharmaceutical marketplace as well as an increase in 

technological advances (32, 54). The awareness of proper nutrition· and the 

need for a balance of vitamins has led to an explosion in the dietary 



supplement industry. The Food and Drug Administration is moving 

towards good manufacturing practices forthe dietary supplements 

industry (13), which is at a higher level than that industry must now 

maintain. There has been a recent increase of self regulation among the 

supplement industry to standardize methods of analysis where there 

previously were none (51). Increasingly competitive markets demand that 

companies maximize their efficiencies by increasing the number of 

internal standards that include in shop quality control and batch 

monitoring (32). 

This general rise in (i). the demand for pharmaceuticals and (ii) the 

increase in the regulation of these same molecules and their 

manufacturing, has led to an increased need for new regulation of 

analytical procedures. CD can be specifically suited to provide quality 

control (QC) information for protein based molecules, and may have the 

potential to provide information for other types of drug substances as well. 

Analysis of a manufactured drug molecule demands that the methods 
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· employed be quick, accurate, simple, and inexpensive. A good number of 

pharmaceutical molecules of interest now are analogs of biomolecules and 

inherently chiral (113). For many of the popular analytical methods used 

in the past the objective was to determine molecules present within a 

complex matrix. For the QC analysis of molecules that are synthesized in 

the processes of large scale manufacturing, the analytes are in their purest 

attainable form. No separations are needed and the quantities can be, for 

analysis sake, unlimited. Any analytical method would seem to be suitable 



in an environment like this. 

The landscape of pharmaceuticals has changed. Combinatorial 

chemistry has led to the increased use of proteins and peptides as drug 
. . 

molecules (22). These sequences are sometimes conceived of from huge 

libraries of possible sequence combinations. They may be selected by a 

process that utilizes the target molecule· as the stationary phase in a High 

Performance Liquid Chromatography (HPLC) column. Those sequences 

that are retained the longest are the object of studies to determine if their 

interactions with the target changes the biological function (22). Some 

peptide drugs are comprised of both D- and L- stereocenters and can come 

in a variety of lengths and sequences. 

Methods that are able to sequence even complex enzymes have been 

available for a number of years (25). Many molecules of interest are man 

made analogs of enzymes that are already being manufactured. Some of· 

4 

the most important work in terms of improving human life·has been in the 

manufacture of those proteins for: human subjects that are unable to 

produce their own. For these enzymes to work as substitutes for the 

natural forms, they must be just as specific. Even. the absence of just one 

amino acid in. a fifty amino acid protein can drastically change the overall 

function of the molecule (93). The binding properties of these synthetic 

molecules must be able to regulate, inhibit, or promote cell function in a 

totally specific pathway or they may do more harm than good. 

With these problems in mind· a CD method has been developed that 

can provide answers to questions that occur when QC is the issue. The 



method has shown a sensitivity to changes in concentration. With a new 

way of treating the data, the presence of chiral as well as achiral types of 

impurities can been detected. With each change in the stereocenters 

and/or the sequence of the amino acids, there are dramatic changes in the 

overall CD spectra for peptides with up to fifty residues. For instance the 

sensitivity of the spectral differences for a series of insulin molecules with 

only one sequence inversion was found to be sufficient to differentiate 

among three out of four analogs. 

5 

Literally hundreds of molecules are potential analytes for this 

method providing manufacturing, R & D, and regulating agencies with QC 

information on polypeptide drug forms much faster and easier. 
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CHAPTER TWO 

I. HISTORICAL BACKGROUND 

The first recorded CD experiment on a solution was described by 

Cotton in 1896 (5). However the science behind this technique goes back 

even farther. Most accounts agree that Christian Huygens was the first on 

record for noting the phenomenon that is termed polarization of light. In 

1690 Huygens found that when objects were viewed through calcite crystals 

(calcium carbonate in hexagonal form) double images were observed. 

These crystal plates, sometimes called Iceland spars, separated the 

incoming light into two beams which were assigned the names ordinary 

ray and the extraordinary ray (5). 

The real beginning of scientific inquiry into this phenomenon began 

in 1816 when E.T. Malus, through his investigations, concluded that "the 

light acquires in these circumstances properties which are independent of 

its inclination to the surface ... but are unique relative to the sides of the 

vertical ray .. .I will describe as polarisation the modification which gives to 

the light its properties" (5). Malus, when he wrote this, had been observing 

the effects of reflecting sunlight off an untinned mirror on to another 

mirror that was parallel to the first. He found that if the second mirror was 

rotated in the plane by 90° relative to the first that "it will not reflect a single 

molecule of light" (5) (Figure 2.1). These observations led Fresnel to 

conclude that vibrations of light were transverse and not longitudinal. 

Fresnel stated in his Memoire sur la double Refraction that "the vibrations 

of a polarized beam must be perpendicular to what is called its plane of 



polarization (5)." 

I incoming ray I 

I glass plate 

glass plate no reflected ra 

Figure 2.1: Polarization of light by reflection from glass (adapted from 
reference 5) 

Biot (1815) demonstrated that optical activity was not limited to 
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crystalline materials, but was also a property of solutions of certain natural 

products. The measurement of the rotation of polarized light at a specific 

wavelength by particular solutions was the beginning of the science of 

polarimetry. 

Once started it was not long before Biot and Fresnel independently 

observed that as the wavelength of light incident upon the sample 

decreases, the angle of rotation in the plane of plane-polarized light 



increases, which was the start of what is now known as optical rotatory 

dispersion (ORD). Polarimetry and ORD are similar in that in both 

methods the magnitude of the rotation of the plane-polarized light is 

measured. ORD is the continuous spectral analysis of this phenomenon 

while polarimetry is accomplished using measurements made at one or a 

few wavelengths. 
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Haidinger in 184 7 observed that there was unequal absorption of 

circularly polarized light when it was transmitted through a crystal of 

amethyst quartz. But it wasn't until 1896 that Aime Cotton first observed 

the same effect when light from a sodium flame was passed through a 

solution of potassium chromium tartrate. He concluded, like Haidinger 

did, that the phenomenon of CD was in fact due to the unequal absorption of 

the left and right circularly polarized components of plane-polarized light. 

In 1848 Louis Pasteur discovered a way to physically separate the 

optically active components of a racemic solution. Crystals of sodium 

ammonium tartrate that were slowly separated from a slightly 

supersaturated solution resulted in crystal patterns of two distinct shapes 

that were themselves non-superimposable mirror images and easily 

distinguishable under a microscope. He redissolved each type of crystal, in 

equal molar amounts, to form two separate solutions. Polarimetry 

measurements showed equal but opposite angles of rotation for the two 

solutions. 

From this work came the concept of the tetrahedral carbon atom. 

That asymmetry was due to the bonding configuration was furthered by 
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Van't Hoff and Le Bel. The tetrahedral arrangement of saturated carbon 

atoms is currently the most common basis for three dimensional molecular 

shapes. The tetrahedral carbon atom became the focal point of the study of 

chirality. It was now possible to begin the process of determining the 

interatomic linkages that made up molecules. Though others have 

suggested that an asymmetric carbon atom would be a requirement of 

optical activity, Pasteur's original concept that any molecule whose mirror 

image is not superimposable is still considered to be the only requirement. 
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IL THEORETICAL BACKGROUND 

The ability of a molecule to rotate plane polarized light in many cases 

is a result of the presence of a carbon atom which has four unequal 

substituents attached to it. This led to the realization that two-dimension~! 

representations of chiral molecules are insufficient to account for these 

optical properties. This conclusion led to the study of the positions in space 

of each atom in a molecule, i.e. molecular stereochemistry. Though 

rotatory power initiated the study of.the absolute configuration of molecules, 

that method of analysis cannot be used for configuration dete:tmination. 

(a) 

(a) 

wavelength (nm) 

Figure 2.2: Examples of rotatory dispersion: a) normal ORD curves, b) 
anomalous ORD curve or Cotton effect associated with the absorption band of 
the chromophore, c) absorption spectra for the material in b). 
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Rotatory power, as pointed out by Biot, varies with wavelength. When 

the incident light is far from the absorbing region, the usefulness of this 

technique can become quite limited. Rotatory dispersion, ORD, was a more 

interesting property of a substance than a simple measurement at a given 

wavelength. Cotton ultimately introduced the study of ORD to wavelengths 

that lie within the absorbing region of a chromophore. 
. . 

The resulting anomaious curve has been called a Cotton effect. 

Ordinary dispersion produces a monotonic change in the angle of rotation 

that increases as the wavelength decreases. Anomalous dispersion occurs 

over the wavelength range of an absorption band whenever a chromophore 

is present in an asymmetric (chiral) molecule (Figure 2.2b). 

E 

E 

z 

Figure 2.3: Electronic component of plane polarized light: each arrow 
represents the direction of the transverse wave. The z axis is the direction 
of propagation, A is the wavelength, and E is the amplitude. 



y 
y 

z 

Figure 2.4: Vector representation of right- and left- circularly polarized 
light. z in the axis of propagation. 

This anomalous behavior could only be explained after Fresnel 

applied the new transverse wave theory of light to the phenomenon of 

optical activity. He described the physical connection between linearly 

polarized light and circularly polarized light. In the former the electric 

vector lies along a single axis as it propagates through space (Figure 2.3) 

and in the latter the electric vector rotates around the axis of 

12 

z 

propagation(Figure 2.4). The connection as it was proved by Fresnel is that 

linearly polarized .light is actually the re·sultant of two coherent circular 
' ' 

components of opposite sense of rotation. · With linear or plane polarized 

light thus defined optical activity is. determined by the relative indices of 

refraction for left~ and right- circularly polarized light through the 

birefringent material. 

Since the frequency of a light ray is independent of the index of 

refraction the resulting difference observed through the medium 

corresponds to a decrease in the speed of one component relative to the 



p 

co co' 

(a) 

other. If nL is the index of refraction 

relative to the left- circularly polarized 

component and nR represents the index of 
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refraction for the right- circularly polarized 

component, then: it can be concluded that 

nL - nR cannot be equal to zero for materials 

that exhibit optical rotation (Figure 2.5). If 

. k is defined to be the absorption cof3fficient of 

p · a substance then kL and kR are the 

(jj' 

absorption coefficients of a substance 

relative to the left- and right- polarized 

--components. When the incident light is 

under an absorption band and 

nL - nR :t. 0 then it cap. be derived that 

kL - kR :t. 0~ The quantity kL - kR is defined 

(b) as the circular dichroism of the material, 

· Figure 2.5: · Effect of Plane or the differentiai absorption between the 
Polarized Light on a) optically 
ina~tive mat.erial and .b) · · left- and right- circularly polarized light. 
optically active matenal where 

The differential absorption caused by the 

circular birefringent material. changf3s the lengths of the vectors associated 

with the left- and right- components of the beain. If EL and ER are the 
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lengths ofthe left and right circularly polarized components respectively, 

then EL + ER is now out of the path of the 
p 

. circle and the resulting vector traces out 

an ellipse. The resulting light is said to 

be elliptically polarized and in quantum 

mechanical terms the transition 
. . ' 

probabilities are different for left- and 

~~~f-+-=---~-c+--==::;..,..~~---

right- circularly polarized light (8). 

From Figure 2.6 it can be seen that the 

ratio of the minor axis A and the major 

axis B of the elliptically polarized light is 

the m,easure of the tangent of the angle 

of ellipticity 'I'. The angle of rotation ex. of 

the plane polarized light is the difference 

Figure 2.6: Ellipse created when between the origi.nal (incident light) 
the components of plane polarized . ·. . . . . . 
light are unequally absorbed. L -plane of polarization and the maJor axis 

and R (EL and ER) are the intensityB· f th · · It··. · II' If E · d fi d 
f th I ft d , ht · t o e resu 1ng e 1pse. 1s e ne 

o e e an rig ·componen s. . .. 

as the amplitude of the plane polarized 

lightthen EL and ER would be the amplitude oftlie left- and right- circularly 

polarized components. The minor axis A then would be the difference 

between the two amplitudes and the major axis B would be the sum of the 

amplitudes from the two components. Then the tangent of the angle of 

ellipticity could be written this way. 



EL-ER 
tan 'I'= 

EL+ER 

The amplitude (E) is related to the absorption coefficient K by 
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(1) 

(2) 

Since the angle of ellipticity('¥) and the differences between KL and KR are 

small, the following relationship is found to be a good approximation 

(3) 

Remembering that Fresnel had expressed the angle of the rotation as 

(4) 

then the angle of ellipticity can be expressed in terms of molar extinction 

coefficients by converting K using 

K= 2.303eC (5) 
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where £ is the molar extinction coefficient and C is the concentration in 

moles per liter. The formalism adopted when describing the angle of 

rotation of a substance is to report the specific rotation [a], and this is 

defined to be 

[a]= [ ~ ][ 1~00 l (6) 

The units defined to a are degrees per decimeter, c is the concentration 

expressed in the units of grams per milliliter of solution and the 1800ht is 

the conversion factor giving the specific rotation in degrees per decimeter. 

The specific ellipticity would then be defined by 

['I']=[_!_] 
I* C 

(7) 

where 'I' is measured in degrees, 1 is the path length in decimeters·, and c 

is th.e concentration in grams per milliliter of solution. The molecular 

ellipticity [0] is the most suitable experimental quantity for comparing 

different substances and it can be expressed . 

[ 0 ]=3300* [eL-eR]~ 3300* ~ (8) 

where the ellipticity is dependent only upon the difference of the extinction 

coefficients. In this sense CD is no more than a modified form of 

absorbance spectrophotometry. All the properties of the latter apply to CD. 



CHAPTER THREE 

INSTRUMENTATION 

Description of the instrument 

The JASCO (Japan Spectroscopic Co. Ltd.) model J-500A was the 

instrument used to conduct all CD measurements (14). 

17 

This automatic recording spectrophotometer has a 450 watt xenon arc lamp 

as a light source. Dehydrated, spectra grade nitrogen protects the optical 

system from damage due to ozone formation. The spectrophotometer is 

MO 

LS Sl 

SC PMT 

MS S3 · PEM 
L 

Figure 3.1. Optical system of the J-500A recording spectrophotometer 
Mo, M1, M2 , M3 , M4 , M5: spherical mirrors 
LS: xenon arc lamp 
Si, S2, S3 : slits; Pi, P2: prisms 
L: lens; F: filter 
PEM: piezo elastic modulator 
SC: sample compartment 
PMT: photomultiplier tube 
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controlled through a JASCO IF-500 II serial interface unit. This unit 

allows instrument parameters to be set and stored via a personal computer 

which can also save the spectral data as it is collected. 

From the xenon arc lamp, see Figure 3.1, the light is focused onto the 

slit S1 by the spherical mirror Ml' The slit S1 is the entrance to the double 

monochromator. This optical set up.reduces stray light, which is an 

interference in CD measurement. Each part of the monochromator is 

identical, from Sl to S2 and from S2 to S3. The spectropolarimeter contains · 

two quartz prisms Pl and P2, which are placed orthogonal to each other. 

The monochromator is used not only for wavelength selection, but also 

Transmitted 
light intensity, I. 

I .. · 
R I~ 

time~ 

Figure 3.2:. Signal intensity received at the PMT: IL and IR are the left- and 
right circularly polarized intensities, IA is the average of the two signals, 
and S is the difference between IL and IR. · 



19 

allows the beam to become linearly polarized in the horizontal direction. 

After leaving the double monochromator the light .beam is refocused onto a 

filter to remove any stray unpolarized light. The resulting beam of linearly 

polarized light passes into a CD modulator. This modulator uses electrical 

pulses to produce left- and right- circularly polarized light by the 

piezoelectric effect. A sample is subjected to the beam intensity profile 

shown in Figure 3.2. The transmitted light falls onto a photomultiplier tube 

(PMT) that responds to the transmission by manipulating the voltage to 

maintain a constant current; 

The piezoelastic modulator (PEM) cycles at a frequency of 50kHz. 

During each half cycle the PEM either left- or right- circularly polarizes the 

input beam. This modulation is carried on a DC signalthat represents the 

average of the two circularly polarized beams. The birefringent material 

will experience difference absorption. This causes the intensity of the 

transmitted light to vary. The intensity fluctuations are transformed into 

voltage changes required to maintain a constant current from the PMT. 

The- maxima and minima in Figure 3.2 represent the intensity of the 

left-IL and right-JR circularly polarized ·light beam. From the theoretical 

treatment shown below these intensities correspond to the molecular 

ellipticities EL and ER. The CD signal is calculated at each wavelength 

directly by measuring the average signal intensity I A and the peak 

difference between the left-/ L and right-/ R intensities. 



From the theoretical treatment in chapter two it was mentioned that 

the molecular ellipticity [0] can be expressed as 

[ e J = [ 4~00] * k-,.] •In!O (9) 

Where EL and ER are the extinction coefficients relative to the left- and right-

circularly polarized light. The expression (EL - ER) or AE can be written as 

(10) 

where Land C are the path length and the concentration. IR and IL are 

the intensities of the right- and left- polarized beams. These two equations 

can be combined to show that the molecular ellipticity is 

. [ ] [ 4500 l [ IR ] 0 = . *lnlO *log 10 T 
7t*L*C L 

' ' 

(11) 

In practice, since the ratio of the intensities at every wavelength is nearly 

one the above equation is not a very accurate way of measuring the 

molecular ellipticity [0]. It does show that a relationship exists between the 

beam intensities and the molecular ellipticity. From Figure 3.2 expressions 

for each beam intensity relative to·the quantities S and IA can be made 

where 
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(12) 

and also 

(13) 

The molecular ·ellipticity can now he expressed as 

. 1· s l 
4500 . · l +2*1 

[ e] = [ . . l * In 10 * log 10 s A . 

. 1t*L*C 1-2*i""" 
A 

(14) 

In this treatment it can he assumed that for most cases S/2*IA « 1. If EA 

and Es are defined to he the voltages associated with the average signal 

intensity and the difference of the signal intensity respectively then the 

molecular ellipticity can he expressed like this 

(15) 

These electrical quantities, EA and Es, are easily IDeasured and are quite 

different from one another in magnitude. Jasco's J~500A calculates the 

molecular ellipticity by measuring these two quantities. 

The Jasco J~500A is linked to a personal computer that is used to both 

control the instrument and save the data after collection. This set up has 

the flexibility to allow the operator to control all functions related to the 

collection of the data as well as many options related to the manipulation of 

the data once collected. 
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The discovery of chiral molecules dates back to before Pasteur's time. 

The difficulty of separating enantiomers is well known and has been 

studied extensively. These studies have led to various conclusions 

including; the production of molecules in an achiral environment tends to 

produce racemic mixtures; the physiological response of the enantiomer of 

a molecule may be completely different and unpredictable compared with 

the response of the desired isomer; the presence of one enantiomer may 

actually inhibit the desired response of the other (27). The importance of 

producing optically pure compounds has not been lost. It only takes one 

example of negative feedback due to an enantiomeric impurity to impress 

upon chemists how critical the measure and analysis of enantiomers really 

IS. 

Besides the possibility of creating an enantiomer with side effects that 

negatively outweigh the benefits to society there are many other reasons 

why optically pure materials are desirable to produce. Along with the fact 

that biological activity goes along with one enantiomer, there may be a 

mixture of good and bad effects produced. Only the production of the 

optically pure material would allow the separation of these physiological 

effects. Racemic production produces as much waste as it does product. 

As found with the Japanese beetle pheromone the activity of the optically 

pure compound may be dramatically improved over the racemate. 



(1) 

(R,Z) 

Figure 4;1: R,Z isomer of the Japanese beetle pheromone, 
which is the natural isomer that has been found to have 
reduced activity wheri even small amounts ·of the (S,Z) 
enantiomer is present. 

It was found that as little as 1 % of the (S,Z)-isomer inhibits the (R,Z)-isomer 

(60). The Food and Drug Administration as well as other regulating 

agencies in- and ovtside the U~. are contemplating whether the production 

of material as the required enantiomer should become a question of law. 

From an economic standpoint, the production of the optically pure material 

would save as much as half the resources of racemate production. 

A routine method of producing optically pure materials in a generic 

manner may never be found. Very specific protocols must now be developed 

for each new molecule of interest. Rigorous testing must be maintained 

throughout the R &D of any new product to ensure that the 

pharmacological effects have been justifiably attributed to the correct 

substance. Enantiomers possess identical physical characteristics with the 

exception of how they rotate plane polarized light. The analysis of optically 

active material has been possible with spectroscopic techniques since the 

time of Cotton (1896). The separation of optically active compounds has been 

available only since the middle of the 1970's with the advent of the chiral 

stationary phase column used in HPLC. 
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II. CHROMATOGRAPHIC METHODS USED TO ANALYZE PROTEINS 

A common non-spectroscopic way of analyzing optically active 

molecules for the determination of enantiomeric purity is to associate the 

sample with a pure chiral substance (28, 71). While the physical properties 

of enantiomers are identical those of diastereoisomers are different. For 

example if the sample of interest is comprised of both the L- and D- forms of 

the molecule and this sample is allowed to associate with another molecule 

that is the pure L- isomer than the diastereoisomeric pairs of L-, L- and 

L-,D- which have dissimilar properties can now be distinguished. This 

method is used when separating enantiomers using a chiral 

chromatographic column. The diastereomers that are formed sometimes 

will have different retention times when eluting from a column. This 

indirect way of evoking a separation may destroy the sample. A direct 

method that is primarily used with HPLC is to attach to the stationary 

phase of the column a pure, optically active material that will associate 

with one emintiomer to a greater extent than the other. This method allows 

the stereoisomers in the sample to be separated without compromising the 

original sample itself (62, 64). 

Besides HPLC methods there have been, in. the last few years, 

advances in capillary electrophoresis (CE) methods ~hat have effectively 

separated enantiomers by similar approaches already discussed (63~ 65-67). 

One advantage of CE is that much smaller volumes can be used because the 

mobile phase is actually driven by a large voltage source. Like a large 



magnet that pulls the solvent and the sample at different speeds depending 

on their mobility, separation is accomplished by the addition of an optically 

pure substance that associates with each stereoisomer of the sample. To 

facilitate the detection of the very small amounts in CE the optically pure 

substance added is also a strongly absorbing or fluorescing conjugated pi 

system that enhances the signal output. Often CE E:xperiments are 

preceded by steps that enhance detection by covalently bonding fluorescing 

groups to the analtye. Cyanine'."labeling as well as dansylation are both 

used to enhance the limit of detection (65, 66, 71). 

There are. dozens of different variations that have been applied to 

enhance the signal, increase the resolution, or decrease the analysis time 

of these HPLC and CE methods (71). One drawback to these methods is that 

the largest signal to noise occurs when a fifty fifty enantiomeric mixture is 

being analyzed. The least accurate samples to measure are those that have 

just a few percent of one enantiomer (60). To achieve detectability on very 

low concentrations the indirect method is needed which adds another 

chiral species to associate with the sample. With the analysis of a sample 

that contains only a few percent of an enantiomeric impurity the purity of 

the marker or tagging molecule becomes critical. If this agent has an 

optical purity which is less than 100% then this will lead to erroneous 

results in the determination of the enantiomeric purity of the sample (28). 

For therapeutic agents that are being mass produced for public sale 

and consumption there is Iiot so much a need for ultra low limits of 

detection as much as there is a need for methods that are accurate, rugged, 



simple, quick, and can be automated. When we broaden the focus to 

therapeutic agents that contain more than_ one chiral center like proteins 

for instance the difficulty compounds it~elf. · With the addition of another 

stereogenic center the number of stereoisomers possible multiplies by a 

factor of two. Enzymes and prt>teins contain many stereogenic centers. The 

introduction of the ability to synthetically create proteins to be administered 

to those that lack the ability.to create their own and to make new proteins 
. . . 

that perform specific therapeutic functions has led to an increase in the 

manufacture of protein drug forms. 

Since before World War H the need for synthetically derived proteins 

has been acutely felt. Diseases such as diabetes were correlated with the 
. . 

deficiency of the hormone insulin. Other biologically active peptide drugs 

have been prepared and used to perform some new specific function or 

model the behavior of some missing enzyme (25, 27). A challenge with 

producing proteins and their use as pharinacological agents is that each 

amino acid (except for glycine) is chiral and optically active. The number of 

possible stereoisomers from a protein like insulin that contains 50 amino 

acid residues is staggering;. If one chiral center is assumed to be contained 

on each residue then the number of stereoisomers is 250 or L126 x 1015• The 

production of a large and c~mplex protei~ is usually not undertaken in a . 

. stepwise fashion that adds each amino acid on as one would beads to a 

chain but the point is still important. A simple peptide of six residues 

would have 26 .or 64 possible isomers. The difficulty of obtaining 



chromatographic information on even a simple dipeptide with only two 

chiral centers has been shown (67). 

'lJ 

CD can provide some information easier than many separation 

methods by focusing on the overall chirality of the analyte that is in a 

realitively pure form. The collection of QC information is the overall goal of 

. this work and seeking a novel way of analyzing and reporting purity 

information of peptides and proteins. 
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CD has been used to study protein structure (38, 39). These 

experiments have usually been carried out in the ultraviolet (UV) region. 

Because of the interferences that can be found in that region, CD 

spectrophotometric detection can be shifted into the visible region with the 

addition of a color derivatizing agent. The bands found in the visible range 

are broader than those found in the UV. CD-active derivatizing agents of 

choice are typically aqueous solutions of first row transition metal ion 

complexes in which the metal ion contributes the color and the chirality is 

located on the protein ligands. Asymmetric splitting of the ground and 

excited states of the ligand/metal electronic transitions is the origin of the 

CD activity (8). 

Preparation of protein samples prior to inspection included creating 

a modified biuret reagent. The biuret reagent was first reported back in the 

1940's as .a method to measure total protein concentration (114). The 

reagent consists of copper ions mixed with tartrate in an alkaline medium. 

This solution is a light blue color due to the complex formed between the 

copper ion and the deprotonated tartrate. A measure of the intensity of the 

absorbance was taken using UVNis spectrophotometry. With the addition 

of protein, usually from human serum, the tartrate would be replaced by 

. the deprotonated amide nitrogens along the peptide backbone. The 

complexation begins with the amino nitrogen binding first. Forming stable 
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five membered rings, each amide nitrogen binds onto the copper ion in a 

square planar arrangement until all four sites are occupied (99). The deep 

purple color that is a result of the protein complexed with the copper can be 

linearly correlated to the conc~ntration of the protein complexed. 

Experimental 

The system that was used for the experiments presented here used a 

modified biuretreagent. The host ligand has been changed to one ofthe 

ephedrine stereoisomers complexed onto the copper ion in an alkaline 

medium. The concentration of the copper ion was 2.0 mM and the 

concentration of the host ligand was kept at a constant 8.0 mM. The pH of 

the solution was maintained ata constant 13.0 by maintaining a N aOH 

concentration at 0.10 M. In most cases a stock solution of the modified 

biuret reagent was made up in bulk at a slightly higher concentration of 

copper (3.0 mM) and host ligand (12.0 mM) which could then be diluted by 

adding volumes of 0.10 M NaOH that was spiked with the analyte of 

interest. 

Modified biuret used with eachspecific peptide group: To prepare the 

synthetic neuropeptides a modified biuret reagent was prepared with 

(+ )-ephedrine as the host ligand. The biuret reagent prepared for the 

Dynorphin A set and the hexapeptide series contained (-)-ephedrine as the 

host ligand. 

Reagents: The proteins studied in the first two sections of this chapter are 

all neurological peptides (or derivatives of that group) that belong to the 



opioid peptides or endogenous morphine-like peptide group (113). These 

peptides are released by the body t~.relieve pain, produce euphoria, ease 

anxiety, and facilitate sleep and are generally called endorphins. A· 

common theme in finding new therapeutic agents is to start with the 

sequence of ~ naturally produced protein and modify the primary sequence 

by a single addition, transposition, E,ubstitution, or deletion to produce a 

new function similar to the original function. For example, as is discussed 

in chapter six, the insulin Lispro is a synthetically derived analog of the 

naturally occurring human insulin that was created because its structure 

produces a much faster response time, thus entering the blood stream 

. quicker (95). In the same way the set ofpeptides used in the first section 

consist of endorphin analogs that were created to treat various mental 

illnesses. This set of experimental neuropeptides include DTLET, DSLET, 

DAGO, and DADLE (See Table 5.1 for the primary sequence). The residues 

that are in bold print are common among the first set of peptides. 

Table 5.l: Primary Sequence of the Synthetically Engineered Analogs. 

DSLET HO-TLFGsY-H HO-The~Leu-Phe-Gly-(D)-Ser-Tyr-H 

DTLET HO-TLFGtY-H HO-The-Leu.;.Phe-Gly-(D)-Thr-Tyr-H 

DAGO HO-GFG(N-Me)aY-H HO-Gly-Phe~Gly(N-Me)-(D)-Ala-Tyr-H 

DAD LE HO-lFGaY-H HO-(D)-Leu-Phe-Gly-D~Ala-Tyr-H 
·.· 

The second section consists of a group of natural peptides. This 

group of endorphins including Dynorphin A(l-9), Dynorphin A(l-11), 

Dynorphin A(l-13), arid Dynorphin A(l-13)amide were all porcine derived 

products .. Table 5.2 shows the highlighted similarities between the 
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experimental neuropeptides or synthetic analogs and the Dynorphin set. 

Table 5.2: Some Naturally Occurring Dynorphins. 

Dynorphin H-YGGFLRRIR- H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-
A(l-9) OH Arg-OH 

Dynorphin H-YGGFLRRIR H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-
A(l-11) PK-OH Arg-Pro-Lys-OH 

Dynorphin H-YGGFLRRIR H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-
A(l-13) PKLK-OH Arg-Pro-Lys-Leu-Lys-0 H 

Dynorphin H-YGGFLRRIR H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-
A(l-13) amide PKLK-NH2 Arg-Pro-Lys-Leu-Lys-NH2 

The third section includes a· group of peptides whose therapeutic 

value is unknown but whose structural similarities are easily identified. 

Table 5.3 shows the primary sequences for this third set where each peptide 

is a different stereoisomer and the differences are highlighted. 

Table 5.3: Primary Sequence of the Six Residue Stereoisomers Included in 
the Third Section. 

All L-parent HO-RFMWMR-H HO-Arg-Phe-Met-Trp-Met-Arg-H 

D-1 HO-RFMWMr-H HO-Arg-Phe-Met-Trp-Met-(D)Arg-H 

D-2 HO-RFMWmR-H HO-Arg .. Phe-Met-Trp-(D)Met-Arg-H 

D-3 HO-RFMwMR-H HO-Arg-Phe-Met-(D)Trp-Met-Arg-H 

D-4 HO-RFmWMR-H HO;.Arg-Phe-(D)Met-Trp-Met-Arg.,H 

D-5 HO-RruWMR-H HO-Arg-(D)Phe-Met-Trp-Met-.Arg-H 

The sequence for the natural occurring peptides are written starting 

with the amine end on the left and the carboxylic end on the right. The 

synthetic peptides are written with the carboxylic acid end on the left and 

the amine end on the right. When the single letter abbreviation for each 

amino acid is used the capital letters signify an L-amino acid and the lower 



case letters signify the D-amino acid residues. 

Results and Discussion 

Experimental Neuropeptides subset: Figure 5.1 shows the ellipticity 

measured versus the wavelength for the experimental neuropeptide series. 
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Figure 5.1: CD data for the (A) (+)-ephedrine, (B) DTLET, 
(C) DSLET, (D) DADLE, and (E) DAGO complexes. 

The differences these data show could be reported by comparing the 

magnitudes of the band around 500 nm with the band around 625 nm. This 

method would only need the ellipticities at two wavelengths ignoring most 

of the data. A preferred method is to use Principal Component Analysis 

(PCA) see Appendix A. PCA provides solutions to a 3-D Spin Plot® which 

can be used to characterize the spectral differences. Figure 5.2 shows the 
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Spin Plots® for DTLET and DSLET with the w_avelength as the first variable, 

the spectral data for the ( + )-ephedrh1e as the second, and the analyte 

complex the third. Table 5.4 shows the PCA data for these two Spin, Plots®. 

DSLET 

Figure 5.2: 3-D Spin Plots® for the experimental neural peptides DSLET, 
and DTLET. The Principal Components Pl, P2, and P3 have been included 
for each plot. The P2 and P3 vectors in the DSLET plot are in different 
directions from the DTLET plot. 

Factor PC33 was chosen over all other factors because it showed the best 

discriminati<>n for all four different analytes in the set. The bold-faced 

values in Table 5.4 show the PC33 factor that was chosen to discriminate 

between these CD spectra. The PC33 values for the whole set are 0.6491 for 

DSLET, 0.0531 for DTLET, 0.2481 for DADLE, and-0.7241 for DAGO. 

This first series of analytes shows that the CD spectra are different 

for peptides that have some structural similarities. By choosing an 

appropriate concentration, the differences in the CD spectra from peptide to 

_ peptide can be increased. Also the host ligand used in the modified biuret 



Table 5.4: Data Reduction by PCA of a Spinning Plot Presentation of CD 
Data for the Host and Mixed Copper Complexes of DSLET and DTLET. 

Princinal Comnnnents PCl PC2 PC3 
Eigenvalues 2.4450 0.3505 0.2045 

Eigenvectors /{run) 0.5577 0.8215 0.1184 

(+)-ephedrine 0.5912 -0.2930 -0.7515 

( + )-eph/DSLET 0.5826 -0.4891 0.6491 

Eigenvalues 2.2620 · 0.4421 0.2959 

Eigenvectors /{run) 0;5909 -0.3474 -0.7281 

(+)-ephedrine 0.5866 -0.4346 0.6834 

. ( + )-enh/DTLET 0.5539 0.8309 0.0531 
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reagent increases the sensitivity as well as the selectivity. The sensitivity is 

increased when the starting spectra is away from the baseline. The signal 

· to noise ratio is the poorest when the ellipticity is zero so having a chiral 

host ligand enables very small concentration changes to be measured with 

less interference. The selectivity is enhanc~d when the starting signal is 

something other than a flat line. A nonlinear starting point allows bands to 

contribute uniquely from one analyte to another. 

Because of the possibilities of both positive and negative bands the 

starting spectra ofthe host ligand can increase the ellipticity change due to 

the addition of the analyte. The formation constant will favor the 

complexation of the analyte with the copper. The "ending" spectra for the 

analyte with the copper will reach some end point when all the binding sites 

on the copper have become occupied by the analyte. The concentration of the 

analyte when this occurs will be the same if an achiral or chiral host ligand 

was used. The achiral host ligand has a CD spectra of a flat baseline. A 



chiral ligand can be chosen with a starting CD spectra that starts hundreds 

of mdegs on the other side of the origin from the analyte. 

Figure 5.3 shows an example of a host ligand that does not enhance 

the selectivity as well as (+)-ephedrine. The spectra for DSLET and for 

DADLE denoted (C) and (D) are very similar. The spectra for the DTLET is 

similar in shape to the DSLET and the DADLE as well. Figure 5.3 shows 

that achieving maximum spectral differences requires choosing the right 

host ligand as well as the right analyte concentration. 
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Figure 5.3: Spectral CD data for the (A) (~)-ephedrine, (B) DTLET, 
(C) DSLET, (D) DADLE, and (E) DAGO. 

Figure 5.4 shows another example of the spectra for the same set of 

analytes prepared with the same ligand as Figure 5.1 only the 

concentration of the analyte added in each case was 0.94 mM rather than 

0.60 mM. 



As Figure 5.4 shows, the spectra for the DSLET and the DADLE, 

denoted (C) and (D), are more simil&r at the 0.94 mM concentration than 

they were at the 0.60 mM concentration. The DTLET spectra, denoted as 

(B), has very few spectral features to distinguishit from the (C) and (D) 

other than the size of the overall spectra. 
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Figure 5.4: CD spectra for (A)(+)-ephedrine, (B) DTLET, (C) DSLET, 
(D) DADLE, (E) DAGO at 0.94 mM concentration of each. 

Each analyte may have a slightly different formation constant with copper. 

This may account for some of the differences observed in Figure 5.4. The 

CD spectra obtained as the concentration of the peptide is becomes greater 

shows more similarities between these analytes than if the concentration of 

each peptide is lower. There appears to be some range, a working range, 

where the spectral differences between these structurally similar peptides 



are more pronounced. 

Dynorphin A subset: Since the binding of the copper ion to the peptide 

occurs at the amine terminus the addition of amino acids to the carboxylic 

· end of the chain should not have as great an effect on the CD spectra as a 

substitution at one of the first three amino acids from the amine terminus. 

The spectral differences observed for the Dynorphin A set (Figure 5.5) 

are actually similar in magnitude to those observed in Figure 5.1. This 
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Figure 5.5: CD spectral data for the (A) (-)-ephedrine stock; (B) 
Dyn (1-9); (C) Dyn (l-11); (D) Dyn (1-13); and (E) Dyn (1-13)NH2. 
Each. Dynorphin was at a constant 0.60 mM' concentration. 

implies that there must be some contribution to the CD spectrum from the 

equilibrium position that the non-ligated part of the protein assumes. This 

result suggests that the CD spectrum for a copper ion and a protein may 

inpart be due to the overall structure that the protein assumes. By 
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scanning in the visible range, only the interaction between the chiral ligand 

and the colored copper center effects the resulting spectrum. The 

implication is that the degree of chirality maybe effected due to interactions 

of other groups on the protein with those groups bonded onto the color 

center. 

The differences between the Dynorphin A spectra can be measured by 

comparing the principal component eigenfactors. Table 5.5 shows the PCA 

performed on each Dynorphin A at the 0.60 mM concentration. 

The 3-D Spin Plots® were created for each analyte by plotting the 

Table 5.5: PCA factors Selected to Characterize the Dynorphins. 

Principal Components PCl PC'J Pei 
nm -0.7202 -0.1079 0.6853 

(-)-ephedrine 0.6701 -0.3639 0.6469 

(-)-eph/Dyn A(l-9) 0.1796 0.0052 0.3344 

nm 0.5372 -0.6626 0.5219 

(-)-ephedrine -0.6889 0.0125 0.7248 

(-)-eph/Dyn A(l-11) 0.4868 0.7489 0.4497 

nm 0.5225 0.7122 0.4688 

(-)-ephedrine -0.6700 0.0029 0.7423 

(-)-eph/Dyn A(l-13) 0.5273 -0.7020 0.4787 

nm 0.5207 0.7357 0.4332 

(-)-ephedrine -0.6580 0.0225 0.7527 

(-)-euh/Dyn. A(l-13)NH2 0.5440 -0.6769 0.4958 

wavelength, the spectral data for the (-)-ephedrine, and the spectral data for 

each Dynorphin A at 0.60 mM. The bold-faced value, PC23 is the factor that 

shows the greatest difference between the spectra. 
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Hexapeptide subset: The spectral data for the synthetically derived 

hexapeptide series are shown in Figure 5.6. In each stereoisomer there has 

been one stereogenic center inverted from the all L-parent analog. The CD 

spectra for each stereoisomer was quite different from the all L-parent as 

well as each other. Because of the limited supply of these analytes that were 

available, only one concentration of each stereoisomer was added to the host 

ligand. Each of these hexapeptides was prepared by adding 0.60 mM to the 

modified biuret in which (-)-ephedrine was used as the host ligand. The 

individual spectra for each stereoisomer shows maxima and minima 

shifts. Figure 5.6(D) shows the spectra for the stereoisomer in which the 

amino acid Tryptophan has been switched to the D- orientation. This 

spectra has a maximum at the shorter wavelengths while all the other 

isomers show a minimum in this region. Also notice that the amino acids 
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Figure 5.6: CD spectra plot of the stereoisomers of HO-RFMWMR-NH2 
where (A) is the all L-parent; with all L-residues except for a D-residue at 
position (B) 1-D; (C) 2-D; (D) 3-D; (E) 4-D; and (F) 5-D from the amine end. 
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at position two and four are both methionine and that the spectra for each, 

labeled (C) and (E) in Figure 5.6, are quite different from one another. This 

observation leads to the conclusion that the CD spectra can selectively show 

the stereogenic orientation of the first methionine compared to the second. 

Spin Plots® were created for each analyte by plotting the wavelength, 

the spectral data for the (-)-ephedrine, and the spectral data for each 

hexapeptide. Table 5.6 shows the results of the PCA performed on these 

plots. The bold-faced values were used to characterize each stereoisomer. 

T bl 5 6: PCA facto to C th B tid a e . . rs om pare e exapep es. 

Principal Components PCl PC2 Pm 

nm 0.5240 0.7108 0.4692 

(-)-ephedrine -0.6687 0.0022 0.7435 

(-)-eph/RFMWMR(all L-parent) .. 0.5275 -0.7034 0.4765 

nm -0.7168 -0.0636 0.6944 

(-)-ephedrine 0.6599 -0.3831 0.6463 

(-)-eph/RFMWMr(D-1) 0.2249 0.9215 0.3166 

nm 0.6848 -0.2119 0.6973 

(-)-ephedrine . -0.6975 0.0867 0.7113 

(-)-eph/RFMWmR(D-2) 0.2111 0.9735 0.0884 

nm -0.5728 0.6266 0.5284 

(-)-ephedrine 0.6010 -0.1172 0.7906 

(-)-eph/RFMwMR(D-3) 0.5573 0.7705 -0.3095 

nm 0.5213 0.7340 0.4354 

(-)-ephedrine 0.6582 0.0210 0.7526 

(-)-eph/RFm WMR(D-4) 0.5432 -0.6788 0.4941 

nm 0.5383 -0.7017 0.4667 

(-)-ephedrine -0.6516 0.0046 0.7586 

(-)-eph/RfMWMR(D-5) 0.5345 0.7124 0.4547 



41 

As with the other examples in this chapter, if the CD spectral data is visibly 

different then the PCA will produce factors that reflect these differences. 

Summary 

The purpose of this preliminary chapter is to set the ground work for 

the analyses performed in the latter chapters. The experiments discussed 

in this chapter were performed to answer initial questions concerning the 

viability of this method. The modified biuret reagent was found to provide 

greater selectivity when the host ligand was chosen so that the spectral 

differences of the peptide complexes were enhanced. At this point there are 

a few rules that can aid in the choosing of the host ligand; (a) the host 

ligand must be exchangeable to allow the peptide to ligate to the copper; (b) 

in most cases the sensitivity is increased when the spectra of the host ligand 

complex is on the other side of the baseline from the peptide complex 

spectra for a large part of the visible region; and (c) the biphasic nature of 

the (-)-ephedrine complex produces spectral features that can enhance the 

selectivity. The method of choosing CD as a detector and using a modified 

biuret reagent to prepare the proteins for analysis becomes more important 

with the addition of the data reduction method. 

PCA is used in the analysis of the spectra of different proteins to 

provide a measure that is unique for that spectra and that protein complex. 

Traditional spectroscopy reporting techniques uses the absorbance (for 

instance) at the maximum to identify a specific band. This method ignores 

most of the information gathered which is generally Gaussian in shape. 
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Specifically, absorbance spectroscopy does not contain as many features as 

CD spectra because the absorbance can only be positive while ellipticity can 

be both positive and negative. New techniques are needed to report CD 

spectral information both because there is more information in each 

spectrum and also because the personal computer makes data 

manipulation easier to access information that was formerly hidden by 

tedious data reduction. As the later chapters will show, PCA is sensitive to 

concentration changes associated with the addition of a chiral impurity. A 

factor, which is a cartesian coordinate of a particular principal component, 

can be monitored to find a distinct value to represent the particular analyte 

as was done in the three examples given here. This is done to show that 

quality control information can be derived using the factors obtained from 

PCA and routine analysis using the method outlined in this and other 

chapters. The focus of this work is the ability to distinguish between 

structurally related proteins and peptides, a more rigorous approach is 

presented in the next chapter. 
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CHAPTER SIX 

CHIRAL PROPERTIES OF INSULINS 

Introduction 

Since Frederick Sanger determined the complete amino acid 

sequence of the bovine polypeptide hormone insulin in 1953 (Figure 6.1) 

scientists have known that proteins have unique structures which guide 

their molecular mechanisms of action. Later, with the advent of 

1 2 3 4 5 6 
H-Gly-Ile-Val-Glu-Gln-1ys-S-i/ll 

H-Phe-Val-Asn-Gln-His-Leu-Cys-S-S-Cys 7 Cys-Ser 12 

1 2 3 4 5 6/ I I I I 
/ 8 Gly Thr-Ser-Ile Leu 13 

7 I 8 9 10 I 
9 Ser Tyr 14 

I I 
10 His A Chain Gin 15 

I I 
11 Leu Glu-Leu 16 

I / 17 
Asn 18 

12 Val I 20 21 
I . 19Tyr-Cys-Asn 

14Ala-Glu 13 I , 
I 19 s COOH 

15 Leu-Tyr-Leu-Val-Cys-S----

16 17 18 I 

B Chain 

Gly20 
HOOC' 30 29 28 27 26 25 24 23 22 ·. I 

Thr-Lys-Pro-Thr-Tyr-Phe-Phe-Gly-Arg-Glu 21 

Figure 6.1: Human Insulin. The B Chain and the A Chain are connected by 
· sulfur-sulfur bonds through the amino acid groups Cysteine. The only difference in 
sequence between Porcine and Human insulin is Alanine for Threonine at position 30 
on the B Chain. Bovine insulin also has an additional sequence substitution at position 
8 and 10 of the A Chain with the amino acid groups Alanine and Valine respectively. 



X-ray and NMR analyses which are used to assist in the computer 

generated images of supposed structures of proteins and enzymes, the 

manufacture of these molecules were possible for clinical applications. 
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The amino acid sequence of human insulin was published in a 1960 

edition of Nature. Soon after this the Novo Research Institute began 

attempting to substitute the B30 alanine residue of porcine insulin with a 

threonine residue, thereby semisynthetically converting porcine insulin to 

human insulin. Complete synthesis of insulin types were carried out in a 

few weeks with specific activity comparable to that of the natural hormone 

(96-98). 

Since 1982 Eli Lilly has been using bacteria to mass produce human 

insulin. Despite the fact that an exact chemical copy of the endogenous 

insulin secreted by the pancreas is available, the time course of action for 

these hormones are slow in onset and prolonged in duration (90). Higher 

incidence of blindness and liver failure result in diabetics due to the 

inconsistencies of their blood sugar level. Eli Lilly & Co. developed an 

analog, lispro, that has a much faster onset time and reduced duration by 

switching the proline and the lysine on the B chain at the position 28 and 

29. There is no difference in strength between regular human insulin and 

insulin lispro other than it is absorbed faster, peaks quicker, and doesn't 

last as long. 

Following the modified biuret test used on the small peptides in 

chapter five, the .question was raised whether this spectroscopic method 

could discern and record spectral differences between regular human 



insulin, bovine insulin, porcine insulin:, and insulin lispro for QC 

applications. 

Experimental 
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Reagents: The analytes were the insulin themselves received from the 

manufacturers in various forms. The sources of these insulins were Eli 

Lilly & Co., Novo Nordisk, and Sigma. Altogether 3.8 lots were investigated, 

but not all were used quantitatively. Some lots contained the Zn-crystalline 

form (Lilly, Novo) while others were Zn-free (Novo). The regular human 

insulin came from E. Coli (Sigma), yeast (Sigma), and recombinant DNA 

expressions (Lilly, Novo). The bovine insulins came from either Sigma or 

Lilly and were described as Beef Purified or from bovine pancreas. Lilly 

and Sigma were the sources of the Pork Purified Zn-porcine insulin. 

Several different lots of the insulin lispro were obtained from Lilly. The 

separated chains of bovine insulin were obtained from Sigma. 

Derivatizing agent: Stock solutions of Cu(II)-(D-Histidine) host complex 

were made such that [Cu2+] = 3.0 mM, and [D-Histidine] = 12.0 mM. The 

pH was adjusted to 13.0 using NaOH. The stabilizer (KI) was also added to 

a final concentration of 0.03 M. The stock solution was made to be used 

within the week but would keep for several weeks if needed. The working 

solutions were made by taking 10.0 mL of the stock solution and adding 5.0 

mL of 0.10 M KOH for a final volume of 15.0 mL and final concentrations of 

Cu2+ = 2.0 mM and D-Histidine = 8.0 mM at a pH of 13.0. 
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Appropriately weighed out samples of insulin were added to the 15.0 

mL working solution for an insulin concentration of 150 µM. This 

concentration is far below the copper ion concentration and showed in 

preliminary results to produce the greatest spectral differences between 

the host and the different mixed complexes. 

Measurement: Spectra were measured using a Jasco 500-A as described 

in the preliminary chapters. The experimental parameters were: 

wavelength range 400-700 nm; sensitivity 20 mdeg/cm; time constant 0.25 

sec; scan rate 200 nm/min; single scan; pathlength 5.0 cm; temperature 

ambient. The CD spectra of the working solution of Cu(Il)-(D-Histidine) 

was used to check the day to day reproducibility of the system. Standard 

deviations for the reproducibility of the maximum ellipticities measured at 

wavelengths 487 nm and 682 nm were 7.42± 0.07 mdeg and-214± 0.60 mdeg 

respectively. 

The additions of each insulin sample were made immediately prior 

to analysis. The spectral measurements were made 3-5 minutes after 

mixing. This was to insure that any spectral changes observed were not a 

function of unfolding or other rearrangement that may occur over time. 

Results and Discussion 

The D-Histidine concentration is 500 times that of the insulin, and is, 

according to the law of mass action, heavily favored to bind with the copper 

ion. The complex formed between the insulin and the Cu(II) is much less 

than stoichiometric so the final product of the exchange is a mixture of 
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original host and the Cu(II)-(D-Histidine-insulin) complex. The insulin 

samples that were identified as containing Zn2+ had no observable spectral 

changes compared to those that did not contain the Zn2+, because the 

concentration difference between the Cu(II) and the Zn(II) was a factor of 

500. The equilibrium between the two CD-active complexes showed a. 

nonlinear dependence upon the concentration of the insulin. Therefore the 

same total concentration of insulin was maintained for each sample. The 

change in the molecular weight of different insulin.types was negligible 

compared to the total molecular weight so the same mass was used for 

each sample. At a final pH of 13.0 the formation constants for each of the 

insulin types were considered to be the same. Differences observed in the 

CD spectra were the result of the differences in the amino acid sequence 

itself. 

CD spectra for each insulin type were averaged and the resulting 

mean spectra are shown in Figure 6.2. Spectra for the human and porcine 

insulins appear to be equivalent. This is not unexpected due the similarity 

between the two, only the amino acid 30 in chain B is different. The 

physiological activity of human and porcine insulin is very similar as well 

(30).Spectral differences do exist between this pair and the bovine and 

insulin lispro. Thus, initially, three out of the four insulin types show 

spectral differences. 

Mean spectra were the results of many repetitive measurements 

from different lots obtained from each manufacturer. Ten human insulin 
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Figure 6.2: Visible range CD spectra for: (A) the Cu(II) 
complex with D-Histidine; and the mixed Cu(II) complexes 
of D-Histidine with (B) bovine insulin; (C) human insulin; 
(D) porcine insulin; and (E) human Lispro insulin. 
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master lots obtained from Lilly (n=31), Novo (n=22), and Sigma (n=2); three 

porcine lots from Lilly (n=24) and Sigma (n=7); four bovine lots from Sigma 

(n=7) and Lilly (n=8); and three lispro lots from Lilly (n=22). 

To evaluate the robustness, comparisons were made between lots 

obtained from the same manufacturer and lots obtained from different 

manufacturers. Also comparisons were made between preparations made 

from the same lots at different times; often up to a month apart. The 

spectral reproducibilities for the mixed complexes were compared by 

monitoring the ellipticities at local maxima in the visible region. Values 

for the same insulin types agreed to better than± 2.0% showing the 



ruggedness of this method of analysis. 

Overlaying the spectra for the same insulins from different 

manufacturers creates only a subjective test that does not verify that all 

samples are equivalent and that all conform to the specifications of a 

singlestandard reference material. Other ways of quantifying the data are 

essential for the creation of a quality control protocol. 

2-D Data Reduction Algorithm for Enhancing Selectivity : To determine if 

two spectra are equivalent, two spectra from the same lot were plotted 

against one another. The resulting plot, if the spectra for each sample are 

the same, will show a perfect linear correlation with a slope of 1.0, e.g. 

Figure 6.3, for the human insulins. For materials that are the same but of 

unequal purity, the correlation coefficient will still be 1.0 if the impurity is 

either non-chiral or enantiomeric but the slope will be greater or less than 

1.0. Correlation lines are neither straight nor have a slope of 1.0 for 

materials that are not the same, Figure 6.4, where human insulin data are 

plotted against data for insulin lispro, bovine, and porcine forms. 

Results from Figure 6.4 provide further evidence that there are real 

chiral differences between the human insulin and the lispro and bovine 

insulins when complexed to Cu(II) ion. The plot also shows a more 

mathematical way of reporting the spectral differences of Figure 6.2. 

Considering that the only difference between the human insulin and the 

human lispro is the exchange of proline and lysine on chain Bat position 

28 and 29 there is a surprising amount of spectral difference observed in 

Figure 6.2 that corresponds to the nonlinearity shown in Figure 6.4. The 
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Figure 6.3: Correlation of the full spectral data for the mean 
of all Lilly human insulin mixed complex spectra (x-axis) 
against the mean of all Novo human mixed complex spectra 
(y-axis). The slope and the correlation coefficient are 
indicative of their relative equivalence. 

only spectral evidence that indicates the human and porcine insulins are 

not collinear is the - 100 mdeg region where slight spreading can be 
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observed. This nonlinearity may account for the 2.1 % increase in the slope 

to 1.021 but may not provide enough evidence to prove that differentiation 

has been achieved. The only structural difference between the human and 

porcine insulin is the substitution of an alanine residue for a threonine on 

chain B at position 30, which is far removed from the amine end that is 

involved in bonding to the Cu(II) ion (99) and therefore is expected to 

contribute little to the spectral differences observed. 
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Figure 6.4: Correlations of the full spectral data for the 
mean of all Lilly human insulin mixed complex spectra 
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The spectral differences observed with the exchange of proline with 

lysine in the human insulin/human lispro comparison show great 

sensitivity to the primary sequence of a protein and may be the largest 

spectroscopic difference observed for these two insulin forms. The 

comparison of the spectral data for one insulin type with another gives a 

numerical way of deciding whether substances are equivalent which is an 

improvement over the simple superposition method shown in Figure 6.2. 

A 3-D Data Reduction Algorithm for Enhancing Selectivity: When 
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making 2-D plots shown in Figure 6.3 and 6.4, the wavelength is an 

implied variable. If the wavelength is used as the x-axis, ellipticity data 

from the host complex the y-axis, and ellipticity data from the mixed 

complex the z-axis, a 3-D plot is generated. Spinning Plots®, which are 3-

D plots that can be viewed from all positions, were derived for each mixed 

complex spectrum taken (29, 115). Ellipticities can be positive, zero, and 

negative values. Therefore, when two CD spectra are plotted against each 

other, four sign combinations are possible at every wavelength. For 

example when looking at Figure 6.2 the ellipticity value at 550 nm is going 

to be positive for the host complex and negative for each of the mixed 

complexes, while at 650 nm the sign is negative for all of the ellipticities 

measured. In a 3-D plot the ellipticity values for the host complex and the 

mixed complex can coincide at more than one place but because the 

wavelength was chosen as the z-axis and it does not have two values that 

coincide the result is a 3-D plot where the function "wraps around" the z

axis. In retrospect what are observed as 2-D plots in Figure 6.3 and 6.4 are 

actually 3-D plots projected onto the x-y plane. Figure 6.5 shows the 3-D plot 

of human lispro and bovine insulin. Subtle differences can be seen in both 

the length and the positions of the principal components. Pl and P2 for the 

bovine insulin are pointing in noticibly different directions from the lispro. 

The added value of the third dimension is that with Principal Component 

Analysis a 3x3 matrix of eigenvectors can be produced that characterizes 

the spectral features and numerically allowing for analytical analysis. 

Data Reduction by Principal Component Analysis : To be able to 
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Figure 6.5: Spinning plots for the spectral data for (A) 
human lispro and (B) bovine insulins. The variables 
are the wavelength (x-axis), the full spectral data for 
the host complex (y-axis), and the full spectral data for 
the mixed complex (z-axis). Pl, P2, and.P3 are the 
principal component axes from the factor analysis. 

53 

quantitatively compare the spectra for the mixed complexes, data reduction 
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was carried out using Principal Component Analysis (PCA). This factor 

analysis method of data reduction was performed on the full range of the 

spectral data (1500 data points). Appendix A contains more detailed 

information about this process. PCA results are expressed in matrix form 

as eigenvalues and eigenvectors for each of the principal components for 

each of the analytes. Table 6.1 is an example readout for human insulin. 

The software package used for the analysis was JMP 3.2.2 from SAS 

Institute Inc. This program would quickly (in a matter of seconds after the 

data was collected) allow the data to be analyzed and could easily be 

incorporated into the data collection procedure. 

Table6.1 

Data Reduction by Principal Component Analysis of a Spinning Plot 

Presentation of CD Data for the Host and Mixed Copper Complexes of 

Human Insulin. 

Principal Components PCl PC2 PC3 

Eigenvalues 2.4993 0.4813 0.1094 

Eigenvectors 
nm -0.6270 0.1122 0.7709 
D-Histidine 0.5290 0.7878 0.3155 
D-Hist/Human Insulin 0.5719 -0.6056 0.5533 

The pictorial 3-D plot is not necessary because any differences 

observed between mixed complexes are subjective and not quantitative 

unless factor analysis has been performed. Visible differences between 

Figures 6.5 (A) and (B) are clarified when principal component axes are 

included. Lengths and angular directions differ. For example PCl is 



longer in (B) than in (A) and the PC2 is oriented differently in space 

between the two. 
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For the spectral data obtained from each mixed complex PCA data 

reduction was performed and the eigenvectors compared. The factor that 

was the most sensitive to the identity of the insulin ligand is the PC2 

eigenvector associated with the D-Histidine/insulin mixed complex, i.e. the 

highlighted value in Table 6.1, bottom row. Correlating the variation of 

these numbers with the identity of the mixed complex has the potential to 

show 100% differentiation between all four insulin types. The mean values 

of the PC2 data for the mixed complexes are listed in Table 6.2, as well as 

the standard deviations (SD) for each type, manufacturer, and lot of 

insulin. 

Since the SD's are all below 0.010, the mathematical and statistical 

evidence confirms that all of the human insulin lots from Lilly and Novo 

that were sampled are equivalent. This result correlates well will the plot 

in Figure 6.3. Sigma human samples do not correlate as well but the 

sample size (n=2) is not statistically significant to validate this apparent 

difference. Lispro and bovine insulin PC2's are statistically different from 

each other and from the human and porcine PC2 values. The ability to 

judge the type of insulin sample by monitoring one single number is a big 

improvement over the nonlinear 2-D plots shown in Figure 6.4. A single 

decimal fraction, which is one normalized coordinate to the PC2 vector, 

could become a unique value for each insulin type. Bovine and porcine PC2 

values are different enough to be able to determine the proportion of each in 



Table 6.2: 
Comparison of Mean Values for PC2 Eigenvectors for D-Histidine/lnsulin 
C I Am In ulin Typ M uf: dLo N be omp exes ong s es, an acturers, an t um rs. 

Type Source/repeats Lot PC2(means) SD 

Human Lilly(n=l) r.DNA, Zn cryst. LH-1 -0.59866 

Lilly(n=5) r.DNA, Zn cryst. LH-2 -0.60679 0.0101 

Lilly(n=13) r.DNA, Zn cryst. LH-3 -0.59786 0.0015 

Lilly(n=6) r.DNA, Zn cryst. LH-4 -0.60734 0.0062 

Lilly(n=6) r.DNA, Zn cryst. LH-5 -0.60513 0.0072 

Lilly(n::31) -0.60256 0.0049 

Human Sigma (n=2) E .coli SH-1 -0.58383 0.0014 

Human Novo Nordisk(n=6) r.DNA NH-1 . -0.59979 0.010 

Novo Nordisk(n=4) r.DNA NH-2 -0.60573 0.010 

Novo Nordisk(n=5) r.DNA NH-3 -0.61534 0.0036 

Novo Nordisk(n=7) r.DNA NH-4 -0.60533 0.0056 

Novo Nordisk(n=22) -0.60617 0.0071 

Human Lilly, Sigma, Novo (n=55) -0.60332 0.0057 

Porcine Sigma (n=7) Zn cryst. SP-1 -0.59974 0.0067 

Lilly (n=18) Zn cryst. LP-1 -0.59332 0.0097 

Lilly (n=6) Zn cryst. (repeats) LP-1 -0.59354 0.0060 

Porcine Sigma and Lilly (n::31) -0.59481 0.0083 

Lis pro Lilly (n=4) Zn cryst. LL-1 -0.65921 0.0028 

Lilly (n=3) Zn cryst. LL-2 -0.66617 0.0021 

Lilly (n=15) Zn cryst. LL-3 -0.67700 0.0056 

Lispro Lilly (n=22) -0.67229 0.0046 

Bovine Sigma (n=7) pancreas SB-1 -0.51931 0.0100 

Lilly (n=3) Zn cryst. LB-1 -0.52148 0.0025 

Lilly (n=2) Zn cryst. LB-2 -0.54216 0.0036 

Lilly (n=3) Zn cryst. LB-3 -0.52649 0.0080 

Sigma and Lilly (n=15) -0.52423 0.0073 



a binary mixture. An even greater improvement in sensitivity could be 

obtained if larger concentrations were used in the working solutions. 
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The PC2 values for the human (n=55) and the porcine (n=31) insulins 

are very similar in magnitude and the SD's overlap enough to make the 

mean values not statistically different. Recall however that a difference 

was observed as a slight loss of linearity in the spectral correlation found in 

Figure 6.4. The chiral recognition of a singular change in a peptide 

sequence at a position so far removed from the active binding site shows the 

great potential of this method to validate the quality of peptide drug forms. 

Bovine chain A and chain B : Chain A and chain B of bovine insulin were 

examined separately using the same protocol. From Figure 6.1 it is shown 

that the initial sequence of chain A is NH2-Gly-Ile-Val-Glu- and chain Bis 

NH2-Phe-Val-Asp-Gln- and is common to all four insulins. The spectral 

results of chain A and chain B (Figure 6.6) show that each chain can 

exchange with the D-Histidine. The resultant CD spectra are completely 

different from each other and from the spectrum of the intact bovine 

insulin. As expected this determines that the PC2 values shown in Table 

6.3 are different between chain A, chain B, and bovine insulin. Results 

indicate that a sensitivity to the initial sequence exists but that the presence 

of the sulfur-sulfur bonds, which change the folding and absolute 

conformation of the molecule, may affect the spectral changes as well. CD 

spectra that are measured for a prepared equimolar mixture of chain A 

and chain B are superimposable on the spectrum that is the calculated 
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Figure 6.6: CD Spectral data for mixed complexes of 
D-Histidine with: (A) intact bovine insulin; (B) bovine 
insulin chain A; (C) bovine insulin chain B; (D) an 
equimolar mixture of chain A and chain B; and (E) the 

· average value of the sum of the spectra for chain A 
and chain B. 
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mean of the spectra for the separate chains, see Figure 6.6. This result 

indicates that the two chains exchange independently, at least when they 

are separated, but it does not show that both chains are involved when the 

insulin exchanges. It may be that multiple substitution is an important 

factor to consider when accounting for analyte selectivity. This study, 

among other things, gave good evidence that quantitative work can be done 

that focuses on the chirality of a protein at more than one location in a 

manner that is time effective and may be applied to other systems. 



Table6.3: 
Bovine Chain A and Chain B PC2 Values for Separate Mixtures, 
Equimolar Mixtures, and the Spectral Average of the Two. 

Type Source Lot PC2 value 

Bovine Chain A Sigma SBA-1 -0.69856 

Bovine Chain B Sigma SBB-1 0.91557 

Chain A, Chain B Sigma SBA-1 + SBB-1 0.71310 
Equimolar Mixture 

Chain A, Chain B Sigma 0.71226 
Spectral Average 

Summary 

A method to validate the primary sequence and absolute 

conformation has been described which has also been shown to measure 

the chemical purity of proteins and peptides for the purposes of quality 

control. The ruggedness as well as the reliability of the method were 

shown to exist over several months of testing, various manufacturers, and 

several different master lots. Mathematical models were introduced that 

give characteristic numerical information that can aid in the 

determination of the identity of an insulin. 



CHAPTER SEVEN 

QUANTITATIVE VALIDATION OF THE CHIRAL 

PROPERITES OF PEPrIDES 

Introduction 

00 

Pharmaceutical and other biotechnology companies are committed to 

the production of chiral drug substances (27). Manufactures have the 

option to prepare chiral drugs either as pure single substances 

(enantiomers) or as racemic mixtures. Many times the racemic mixture is 

produced with a nonspecific synthesis and a pure substance is produced 

with a natural process. Racemic mixtures are easier and cheaper to 

produce though there are many good reasons for choosing to manufacture 

enantiomerically pure forms of a drug molecule. These reasons include 

but are not limited to considerations of the relative theraputic effects of each 

enantiomer, toxicity of each enantiomer, and wasted resources used in the 

production of a form that does not contribute to the activity. More than just 

good reasons are needed to be able to manufacture enantiomerically pure 

compounds. A routine analytical method is needed that is inexpensive, 

quick and adaptable to all chiral drug forms. This test can be used by a 

manufacturer to control costs by closely monitoring the chirality of the 

product, and can be used by regulating agencies to insure the safety of the 

consumers. 

The current analytical options available for these types of analysis 

include tests that involve the simultaneous derivatizations of both 

enantiomers in a racemic or partial racemic mixture to their 
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corresponding diastereoisomers by selective reactions with a third chiral 

species. Unlike enantiomers, diastereoisomers can be differentiated by 

physical properties other than just the direction of r~tation of linearly 

polarized light. Chiral chromatography is currently the benchmark 

method in analysis of chiral compounds, either by direct separation, where 

there is a chiral stationary phase, or indirect where a chiral derivatizing 

agent is added without a chiral stationary phase. Since the 

diastereoisomers elute at different retention times, simple absorption, 

fluorescence, electrochemical, or mass spectrometers detectors can be 

used. The limit of detection is different for each. 

When determination of the chemical and enantiomeric purity of a 

material is desired without first performing some method of separation, 

dual detectors methods are usually employed which measure different 

properties of the same sample, i.e. optical activity and absorption. Using a 

combination of CD and absorbance detection, spectral differences or 

spectral ratios can be used to find chemical and enantiomeric purity 

information. Most of these methods are based on single wavelength 

detection data. 

There is precedence in a method that employed multiple wavelength 

detection with modern chemometric methods for data analysis. The 

procedure exploits the best characteristics of both of the other methods; use 

of a single chiral detector; bulk in situ derivatizations; no separation was 

needed. Results obtained in that study showed that the enaniomeric 

purities determined using visible CD detection for the four ephedrine 



stereoisomers complexed to Cu(II) ion, were an improvement over what 

was capable at that time by either the chiral chromatographic or two

detector methods. 

It has been reported that chiral chomatography is limited by the 

number of chiral centers that can be resolved for any given species (67). 

The number of potential stereoisomers increases by a factor of 2n where n is 

the number of chiral centers. With elution times being very similar for 

these isomers the complexity of resolution becomes insurmountable, for 

example with 64 isomers possible for only a six residue peptide. Baseline 

fluctuations in the detector make determinations of the enantiomeric purity 

best with a 50:50 racemic mixture and worst when impurities of just a few 

percent are being measured. This makes the measurement of very impure 

samples more accurate but errors of 200% have been reported at the 1 % 

impurity levels (108). 

The pharmaceutical industry is focused on the chirality of the whole 

molecule and how that affects its therapeutic value. The total CD signal for 

a metal-peptide complex is not determined by just the number and the order 

of chiral centers in the primary peptide sequence. It also includes 

contributions from longer range chiral interactions. between sidechain 

substituents that modify the ternary structure when peptides are 

coordinated to metal ions. Experimental conditions must carefully control 

the parameters that would affect these pH-sensitive structural 

modifications. On the other hand because they are sensitive and 

accumulative, these chiral properties could produce a degree of analytical 
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selectivity that is unmatched by other detectors. 

The object was to prepare a series of simple dipeptides which have 

one or two chiral centers and complex these with Cu(II). Since the 

molecules are small they will not have a predominant portion of each 

molecule outside of the coordination sphere of the copper ion. The question 

to be answered is whether these very similar molecules will show spectral 

differences that can be used to show both enantiomeric and chemical purity 

information. 

Dipeptides chosen for the study have sequences that are 

permutations of only three L- and one D- amino acid monomers. The 

molecules have no ternary structure, so the sequence variation is the only 

factor that will affect the selectivity. 

Experimental 

Chemicals : Nine of the di peptides used in the study are analogs of glycine 

(G), L-Alanine (A), and L-Tyrosine (Y), Figure 7.1. Each amino acid 

occupies a position at either end of the peptide chain, GG, GA, and GY; 

coo- coo- coo-
I I I H-C-H H-C-CH H-C-C OH 
I I 3 I H2 
NH3+ NH3 + NH3+ 

Glycine Alanine Tyrosine 

Figure 7.1:Covalent structures of the amino acid monomers used. 
Alanine (A) and Tyrosine (Y) are optically active while Glycine (G) is not. 
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AG, AA, and AY; YG, YA, and YY (the amine end is always listed on the 

left). 

The last peptide is the D-Alanine enantiomer of glycylalanine, 

abbreviated G(D)A. All peptides were supplied by Sigma Chemical Co. 

which reported an enantiomeric purity in excess of 99.8%. Reagent grade 

D-Histidine, (from Sigma) used in the manner described in Chapter VI, 

was used to calibrate the CD scale. Fisher Scientific was the supplier of the 

reagent grade Cu(SO /5H20. 

Soution Preparations : Aqueous stock solutions were made for each of the 

Cu(Il)-dipeptide complexes in pH 13.0 solutions with the [Cu2+] = 3.0 mM 

and [di peptide] = 12.0 mM. To stabilize the solutions 0.030 M of KI was 

added to each stock solution. To create working solutions the stock 

solutions were diluted with 0.10 M NaOH, so that the final concentrations 

were [Cu2+] = 2.0 mM and [dipeptide] = 8.0 mM. 

Mixed dipeptide solutions were made which contained a 

predetermined amount of two di peptides with ratios of 100:0, 99.0:1.0, 

97.0:3.0, 95.0:5.0, and 90.0:10.0 of the host to the impurity. Typical working 

solution concentrations are shown in Table 7.1. When G(D)A was added as 

an impurity to the GA host, ratios of 65.0:35.0, 52.0:48.0, and 50.0:50.0 were 

also prepared. 

The chemistry for the derivatization reaction was described in 

Chapter VI and uses the same modified biuret color reaction for detection of 



Table 7.1: 
Ratios and Concentrations of the Dipeptides used in the Chemical Purity 
Study where GA was the Host and the Other Nine dipeptides the lmpuities. 

Ratio [Host] [Impurity] 

100:0 8.0mM OmM 

99:1 7.92mM 0.08mM 

97:3 7.76mM 0.24mM 

95:5 7.60mM 0.40mM 

90:10 7.20mM 0.BOmM 

the chirality of the di peptides in the visible region. The host ligand was the 

dipeptide GA and the chemical impurities were the eight dipeptides GG, 

GY, AG, AY, AA, YA, YY, and YG. The enantiomeric impurity was the 

G(D)A dipeptide. 

Measurements : CD were measured using the Jasco 500-A as described in 

Chapter VI with the same parameters chosen including the wavelength 

range. There is not a danger of protein tertiary structure unfolding with 

peptides that are so short but the mixed complexes were still analyzed in 5-

10 minutes after the solutions were made to insure comparability. 

Results and Discussion 

Cu(ll)-amide complexes : The local microsymmetry of the Cu(II) ion in 

aqueous solution is essentially square-planar due to Jahn-Teller distortion, 

or axial elongation, of the local octahedral symmetry adopted by most first 

row transition metal ions. Complexation serves to keep the Cu(II) ion in 

solution at high pH conditions (99). 
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In a highly alkaline environment the amide-nitrogen protons are 

fully ionized on each dipeptide which allows them to compete for binding on 

the copper ion. The D-Histidine, used as the host ligand, is thought to ligate 

to the copper at high pH through a three-coordinate arrangement binding 

at the carboxylate oxygen, the amine nitrogen atom, and the pyrimidine 

nitrogen atom. The stoichiometry for the D-Histidine copper ion complex is 

1:1 (99). 

Complexing a peptide to Cu(II) at high pH involves first attachment 

through the nitrogen atom of the terminal amine group followed by ring 

closure through bonding with the nitrogen atoms of the successive amide 

bonds until maximum thermodynamic stability is achieved. The side 

chains of the amino acid residues lie outside the coordination plane and 

may be factors in inter- and intramolecular interactions, unless a Histidine 

residue, or a Lewis base is present. The amides of the protein bind to the 

copper at the square planar sites while the axial positions are thought to be 

occupied by hydroxide ions. This feature complicates the stoichiometry of 

the simple metal/protein complexation equilibrium, Reaction 16, 

Metal + Protein <==> MetaJ/Protein (16) 

unless the pH of the system is maintained at a high level. 

The stoichiometry of the Cu(II)-dipeptide complexes would only be an 

issue if the complexation constants were somehow needed in this study to 

determine analytical selectivity. The fact that they are all relatively similar 

increases the difficulty in finding spectroscopic differences between 

dipeptides. If the stoichiometry were to be different from one peptide to 



another then more selectivity would be expected. Other analytical methods 

may require that the stoichiometry be rigorously explored. This method 

has no such prerequisite. 

The CD activity of the chiral Cu(II) complexes is the result of 

disymmetric perturbations of the ground and excited state ligand field 

J 
Excited State 

JI J. 

hv 

Ground State 

J I } 

} 

Disymmetric 
Excited State 

Di symmetric 
Ground State 

Figure7 .2: The chiral ligands can effect the ground state, the excited 
state or both. The splitting that occurs, results in unequal absorption 
of the left- and right- circularly polarized components. 

orbitals by the chiral ligands, Figure 7 .2. Bands in the UV range, which 

are a result of the chirality of the ligands whether they are bound or not, 

lack sensitivity to the coordinating metal ion. Though these bands are very 

intense, their lack of sensitivity coupled with a 10-fold increase in analysis 

time at those wavelengths are among the major reasons why these studies 

ignored the UV region for analysis. 

Visible CD spectra for Cu-complexes : The CD data for the copper 

complexes with nine of the dipeptides as well as D-Histidine are shown in 



Figure 7.3. The GG spectra coincides with the baseline and is not shown. 
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Figure 7.3: Visible CD spectra for the Cu(II) complexes of 
the nine chiral dipeptides. The two spectra most similar 
are for the GY and YY ligands, especially at wavelengths 
shorter than 625nm. 

The spectral differences, as described in the caption, are sufficient for all of 

the peptides except the GY and the YY which have very similar spectra 

when the wavelength is less than 625 nm. 

An initial survey of the spectral data reveals that there are variations 

of note between dipeptide pairs that have an inverse order, GA and AG, GY 

and YG, AY and YA. The residue whose nitrogen atom is directly involved 

in the ring closure step has the greatest affect on the magnitude of the 

spectral changes, Figure 7.4. G (glycine) is achiral but its relative position 



amino group 
that attaches O deprotonated 
first to copper H2 ;/ amide nitrogen 

' c-c ,/ \ . 
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positions around the Cu2+ 
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sites not shown) 

Figure 7.4: Bonding scheme of the dipeptide glycylglycine (GG) to 
the copper ion. The initial chelation through the amino nitrogen is 
followed by ring closure involving the deprotonated amide nitrogen 
which is completed by the binding of the carboxylic oxygen at the third 
position 

in the sequence is important and affects the CD spectra quite dramatically. 

The side chain of the second amino acid group can not be involved in the 

binding but is definitely a reason why spectral variations are observed. 

Factors that affect the selectivity: The factors in solution that may 

contribute to the observed spectral differences include the stoichiometry of 

the complexes, relative stabilities of each complex, and the total analyte 

concentration. The analyte concentration is held constant and the 

intensities of the CD spectral data are not orders of magnitude different 

from one another suggesting that the equilibrium constants are similar. 

The association constant was also verified using absorbance data, not 

shown, that showed very small absorption differences ( <.05 AU) at the 
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maximum from one dipeptide to another. CD measurements were also 

made of each di peptide with different ratios of the copper ion to find the 

spectral saturation point for each complex. Figure 7 .5 shows an example of 

~ ..... 
c.> ..... 
.µ 
p.. ..... ....... ....... 
Q,) 

0 

-50 

-100 

-150 
400 

--- 0.5mM AA in 2mM Cu* 
- 1.0mM AA in 2mM Cu* 
- 2.0mM AA in 2mM Cu* 

- - - - - 4.0mM AA in 2mM Cu* 
- - - - - 8.0mM AA in 2mM Cu* 

450 500 550 600 650 700 
wavelength (nm) 

Figure 7 .5: Di peptide AA added to Cu 2+ at different concentrations. 
The spectra doesn't change very much after the stoichiometric the 
ratio of 1:1 has been reached. 

the type of data collected. The information from these experiments 

confirmed that at a di peptide concentration of 8.0 mM most if not all the 

binding sites on the copper are filled. Visual inspection of the di peptide 

complexes with copper at various concentrations indicated that 8.0 mM 

showed the greatest spectral differences between the spectra. 

Data Reduction Algorithms for Enhancing Sensitivity : Data reduction for 

the dipeptide complexes were done by the method described in Chapter VI. 

The use of the full 1500 data points prescribed by these methods allows 
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very subtle spectral changes to be distinguished and assigned a numerical 

value. This procedure relies heavily on the personal computer and data 

reduction software that enables in a few seconds what would take hours by 

hand. The graphical images produced by instruments of analysis have 

been important in understanding the relationship between the independent 

and dependent variables. The break down of that graphical data into 

information that can be correlated linearly with the ligand concentration 

has always depended upon a single independent value. The resulting 

analytical determinations from a single wavelength lack the accuracy 

which is gained when all the data points are used. Figure 7.6 shows the CD 

spectral data for the dipeptide GA when AG is added as an impurity at 
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Figure 7 .6: CD spectra of the GA complexed with AG 
added as an impurity at the levels of 1,3,5, and 10%. 
The ellipticities at the 687.6nm wavelength was chosen to 
compare withthe full spectrum analysis algorithm. 



levels of 1, 3, 5, and 10%. If a vertical line is placed on the plot where the 

ellipticity is the most sensitive to impurity concentration, the graph in 

Figure 7. 7 can be made which shows ellipticity vs. concentration of the 

-124 
--y = -137.24 + 1.1315x R= 0.98944 

-126 

,.-.. -128 bl) 
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CL) -134 
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-138 
0 2 4 6 8 10 

% impurity (AG) 
Figure 7.7: Plot of ellipticity vs %AG added to GA as an 
impurity. The solid line represents the best linear fit 
that can be made to the data while the dashed line 
shows the basic trend that the data is following. 

impurity added. This graph shows deviations from the linear that may be 
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due to a smaller signal to noise ratio at the higher wavelengths or is due to 

the very small signal change for the concentrations measured. The limit of 

detection between two CD signals at this wavelength range is about 2.0 

mdeg. Without greater signal changes the percent impurity that is 

detectable with single wavelength analysis is limited to four or five percent 

at best. 

2-D Data Reduction Algorithm: The first step taken to simplify the data is 

to plot the CD spectral data for the dipeptide GA against itself. This can be 
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done to check the reproducibility of the GA complex from day to day by 

monitoring the slope and correlation coefficient for deviations from unity . 

. CD data for the dipeptides G(D)A, GG, AG, GA, and AA was plotted 

against the CD data for the GA complex in Figure 7 .8. 
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Figure 7 .8: Correlation plots of ellipticity for the Cu(II) 
-(GA) complex versus the ellipticities for the analogous 
complexes with G(D)A, GG, AG, GA, and AA. 

Dipeptides that contain only Glycine and Alanine show large differences 

when plotted against the ellipticity data for GA. Figure 7.9 is a plot of the 

ellipticities for the dipeptides YG, YA, GA, GY, YY, and AY against the 

GA complex. 

In Figure 7 .9 the plot of GA versus itself divides the dipeptides into 

two subgroups, those that contain the amino acid tyrosine (Y) at the amine 

end and those that have tyrosine (Y) at the carboxylic terminus. 
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Figure 7.9: Correlation plots of ellipticity for the Cu(II) 
-(GA) complex versus the ellipticities for the analogous 
complexes ofYG, YA, GA, GY, YY, and AY. 
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(a) Enantiomeric Mixtures of GA+ G(D)A. The wavelength chosen for the 

single wavelength analysis is shown in Figure 7.10. Using the 2-D method 

of data reduction the plots of G(D)A versus GA are shown in Figure 

7 .11. The data was the same for both, the only difference being that the 

method of data reduction. 

If both enantiomers are of equivalent purity then the slopes of line (a) and 

(h) will be ±1.0 respectively. For the correlation plot of GA vs GA to have a 

slope of +1.0 means that at every wavelength the ellipticity of the GA stock is 

the same from one measurement to another. This will always be true 

unless a human error is made, the complexation changes over time, or an 

impurity exists from one GA source to another. For the correlation plot of 
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Figure 7.10: CD spectra of the GA with G(D)A added as an 
impurity;(a) 100% GA; (b) 99%; (c) 97%; (d) 95%; (e) 90%; 
(f) 65%; (g) 52%; (h) 50%;and (i) 0%GA 100% G(D)A. 

(d) 

(c) 

GA versus G(D)A to have a slope of -1.0 it is required that the ellipticity of 
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the GA stock is the opposite in sign and equal in magnitude to the ellipticity 

of the G(D)A stock at every wavelength. For (h) the slope of the line is -

0.9989, which, when placed in the enantiomeric excess equation 17 given 

below, equates to an impurity of approximately 0.05%. 

[ Cu 2\ GA)]- [ Cu 2 \GA) t-x ( G(D )A) x] 
Slope= [Cu 2+(GA)]+ [cu 2 \GA) 1_x(G(D)A)x] (l7) 

This equation alone is not enough to solve for the %GA in each mixture, 

equation 18 is needed as well, which simply states that the total 

concentration of each sample must remain constant, 8.0mM for this case. 

8. OmM = [ Cu 2+ (GA)] + [ Cu2 + (G(D)A)] (18) 
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Figure 7.11: Correlation plots of ellipticity for the Cu(II) 
-(GA) complex versus the ellipticities for the enantiomeric 
mixtures of percent compositions: (a) 100% GA; (b) 97; (c) 95; 
(d) 90; (e) 65; (f) 52; (g) 50; and (h) 0% GA or 100% G(D)A. 

Using the correlation slopes from Figure 7.11 and equation 17, percent 

purities for GA were calculated for the prepared mixtures, Table 7 .2. 

Standard deviations are less than 0.25%. When these numbers are 
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compared to the results where data reduction was done on the CD data 

measured at one wavelength the SD has been improved by almost a factor of 

ten. Comparisons with the single wavelength method finds that the SD is 

closer to 1.9% for impurity values 10% or less. The 2-D algorithm has 

effectively reduced the 1500 spectral data points to one number (the 

correlation slope), from which enantiomeric purity can be determined with 



better accuracy. 

Chemical impurities can be recognized using the 2-D algorithm but 

the quantitation of a chemical impurity is more easily done with the 3-D 

algorithm. 

Table 7.2: Determination of Enantiomeric Purities for Prepared Binary 
Mixtures of GA and G(D)A. 

7l 

%GA in solution Regression Slope Regression %GA Calculated 
Coefficient 

100 1.0 1.0 100 

99.0 0.9837 0.99994 99.05±0.15 

97.0 0.9438 0.99995 97.01±0.19 
95.0 0.8998 0.99994 95.03±0.03 

90.0 0.8016 0.99990 90.05±0.04 

65.0 0.2975 0.9995 64.96±0.08 

52.0 0.0400 0.96388 52.13±0.13 

50.0 0.0040 0.3391 50.34±0.17 

0 -0.9989 1.0 0.05±0.05 

(b) GA + "Chemical Impurity" levels for all other dipeptides. Among the 

several ways that impurities might occur while preparing a peptide for 

pharmaceutical purposes are the following. First an enantiomeric 

impurity might be produced or racemization might occur after production 

which will change the chirality of the stereogenic center. Second is the 

production of a completely different chemical substance. Synthesis of the 

peptide by sequentially linking each amino acid residue together in a chain 

there can be accidental reversal of the sequence or perhaps improper 

sequences due to the monomer reacting with itself rather than with the 
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target. 

The question with respect to "chemical impurities" is not how great 

the absolute difference is between the CD spectra when both compounds are 

host molecules but rather is the difference enough to quantitate the 

"chemical impurity" when the impurity amounts to only a few percent? 

Rationalizations based on the potential needs a pharmaceutical 

manufacturer led to the following line of thinking. 

In the hypothetical large scale manufacture of the "drug" GA, 

"chemical impurities" might be G- and A- monomers, and GG, AG, and 

AA dimers. Monomers are not thermodynamically competitive with the 

dimers when binding to copper so they would not contribute to the visible 

spectrum but the mass difference that they would cause would result in a 

correlation slope less than 1.0, indicating that there is some impurity. The 

correlation slope would still be straight and so monomeric impurity might 

be mistaken for the achiral GG or enantiomeric G(D)A impurity. 

Low amounts of dipeptide impurities will cause the linear 2-D GA vs 

GA plot to be split. Observing these deviations can easily be done using the 

2-D algorithm but being able to mathematically quantitate the amount and 

type of chemical impurity is better done with the 3-D algorithm and 

Spinning Plots®. 

3-D Data Reduction Algorithm: In the 2-D plots shown in Figures 7-8 and 

Figures 7-9 wavelength is an implied variable. For the generation of a 3-D 

plot the wavelength is used as the third dimension. CD is the measurement 

of the difference in absorption between the left- and right- components so 
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there are positive ellipticities as well as negative. When CD spectra are 

plotted against one another there exists four possible sign combinations at 

every wavelength, +/+, +/-, -/+, and -/-. Points that share the same ellipticity 

values may have wavelengths that are not adjacent to one another in the 

spectra. This causes the 3-D plots to have three dimensional structure that 

the 2-D plots lack. The 2-D plot of the CD spectra in reality is the projection 

of the 3-D plot on the x-y coordinate plane. The real benefit of adding the 

wavelength was to have an increase in analytical selectivity as the spectra 

for different dimers are compared. Figure 7.12 (A) and (B) show the visual 

differences between plotting the AG and GA in the 3-D format where the 

wavelength and the data for the GA complex are the x and y coordinates 

Figure 7.12: Spin Plots for the presentation of wavelength (x-coordinate); spectral 
data for the GA complex (y-coordinate); and spectral data for (A) the AG, and (B) 
GA complexes. The lines Pl, P2, and P3 are the principal component axes. 



respectively. Figure 7.12 (B) shows the 3-D baseline of the GA complex 

plotted against itself. 

Factor Analysis of Spinning Plot® Data : Data reduction was done on these 

3-D plots using the Principal Component Analysis (PCA) algorithm. Table 

7 .3 shows the eigenvalues and eigenvectors for the three principal 

components, PCl, PC2, and PC3 calculated for the GA/AG combination plot 

shown in Figure 7.12 (A). The CD spectra which showed the greatest 

similarities were the GY and the YY. Using the PC23 values generated 

from each dipeptide complex in a 3-D spin plot, even these two can be 

distinguished. 

Table 7.3: 
Principal Component Values Calculated for the GA versus AG System: 

PCl P(2 PCi 

Eigenvalues +1.9681 +1.0008 +0.0311 

Eigenvectors nm -0.70725 -0.00007 +0.70697 

GA +0.52044 -0.67686 +0.52058 

AG +0.47848 +0.73611 +0.47874 

Table 7.4 shows the collection of the PC23 values for all the dimer 

complexes. 

Table 7.4: Corresponding PC23 Values for GA Plotted Against Spectral Data 
for the Dipeptides in 8.0mM Solution. 

AA AG GG YA GY YG AY yy G(D)A 

0.1064 0.7361 0.9992 0.6906 0.0983 0.5334 -.18498 0.1720 -.36786 

There is also a very clear distinction between the correlations for the achiral 
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GG and enantiomeric G(D)A peptides. Standard deviations calculated for 

spectral data from 3-5 independent repeat measurements are ±0.002, 

substantiating the earlier claim that differentiations can be arrived at by a 

simple mathematical inspection of the 3-D plots. The small difference 

between the magnitude of the PC23 values for GA and G(D)A is consistant 

with the small difference in the slopes of the correlation lines in the 2-D 

treatment, implying that the enantiomeric purity for these are not exactly 

the same. The 3-D algorithm has reduced 1500 spectral data points to one 

number, PC23, with which potential chemical impurities can be 

qualitatively identified. 

Quantitative determination of the amount of a "chemical impurity", 

that is on the order of 1-10% of the amount of GA, followed quite simply from 

the PC2 determination because the PC23 value is linearly correlated with 

the percent of impurity. Figure 7.13 is the plot of PC23 values for the 

different dimers used as impurities in the GA vs percent composition. With 

the exception of GG and G(D)A, correlation slopes give analytical 

sensitivities that are at least ten times more accurate than analogous plots 

of the ellipticity values measured at a maximum wavelength plotted against 

concentration. Referring back to Figure 7 .6 and Figure 7. 7 where CD 

spectral data are plotted for GA with AG as an added impurity it can be 

seen that, since the best possible resolution for the CD instrumentation used 

in this study is ±2.0mdeg, there are clearly cases among these analytes 

where the SIN is of insufficient quality to obtain a determination at all. 

The slope of the PC23 versus percent impurity line for YA in 
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Figure 7.13: Linear correlation plots of PC2 values 
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Figure 7.13, which is approximately the mean value for all of the slopes, is 

more than two times the ±0.002 SD in the means for PC23 values, which 

implies that impurity levels as little as 1-3% can be measured with 

confidence. 

While the 2-D method succeeded in providing accurate values for 
' 

enantiomeric purity measurements, the 3-D method provides for a 

quantitative measure of the non-enantiomeric chiral impurities. 

Summary 

Using a modified biuret method that employs chiral sensitivity with 
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two novel data reduction algorithms for the handling of the CD data, a 

potentially effective quality control procedure for peptides, oligopeptides, 

and proteins has been developed. This method does not suffer, as other 

detection protocols do, from increased error when the impurity level drops 

below 10%. 

A typical procedure begins with the measurement of the visible CD 

spectrum for the Cu(II) complex of the purest available form of the 

substance being regulated. Data are archived in a PC file on-board the 

spectrometer and are updated each time the reference material is 

measured. Spectra for aliquots taken from each newly manufactured 

product lot are plotted against the standard and su~cessive on-screen visual 

comparisons are made. 

Deviation from a slope of 1.0 in the 2-D test is an instant indication 

that the purity is less than that of the reference standard. If the 2-D linear 

regression coefficient indicates an enantiomeric "impurity", the 

enantiomeric purity is calculated from the regression slope. Separation in 

the correlation line from the standard reference material gives instant 

recognition that a "chemical impurity" is present whose identity is 

confirmed by the PC23 value calculated from the Spinning Plot® algorithm. 

The percent impurity is calculated from the correlation slope of the PC23 

versus impurity line. 

This method could be an alternative to chromatographic or mass 

spectrometry methods for the quality control of small peptides. 
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CHAPTER EIGHT 

TRIPEPTIDE DISCRIMINATION USING 

CIRCULAR DICHROISM DETECTION 
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While very similar to the situation discussed in the previous chapter, 

tripeptides offer some new challenges. The complex formed between the 

copper ion and a dipeptide may or may not have a stoichiometric ratio of 

1:1. An example was shown (Figure 7.5) where the ratio of Cu(II) and the 

· dipeptide GA was changed and for concentrations above a 1:1 ratio with the 

copper ion there was no appreciable CD signal change. That could not 

amino group 
that attaches O deprotonated 
first to copper H2 ~., / amide nitrogen 

~ 1c-c\~ 
H2N. N" 

.... ** --CH2 
.... Cu2~ \ 

# ' * .. C 
<-}()* ..... N/ ~ 

\ /<-) 0 
c-c 

// H2 
0 

Figure 8.1: Bonding scheme of the tripeptide glycylglycylglycine (GGG) 
to the copper ion. All four of the square planar binding sites are occupied 
by a three residue peptide. It is for this reason that it is thought that the 
first three residues contribute the most to the shape of the CD signal. 



be assumed to be the case for all dipeptides and it was stressed that any 

differences in complexation between the dipeptides would only lead to 

greater selectivity. Tripeptides are long enough and have enough binding 

sites in the appropriate places on the peptide backbone to saturate the 

tetragonal binding sites on the copper ion (Figure 8.1). With all the 

potential binding sites filled but without any remaining residues left to 

allow possible chiral enhancement due to intra- and inter- molecular 

associations the tripeptides may offer the biggest challenge in 

characterization. 

Eight tripeptides were chosen for the study. Common to all eight are 

two glycine residues which occupy positions 1, 2-, 1, 3-, and 2, 3- in the 

sequence. The remaining residues are L-enantiomers of aliphatic and 

aromatic aminoacids. Again, the tripeptides have no stable ternary 

structure to speak of, so the variability of the sequence is really the only 

parameter affecting the chiral response of the CD detector. The order of 

residues in short peptides is crucial to the extension of the study to peptides 

and proteins as a whole because coordination of the latter to Cu(II) involves 

the first three aminoacids from the amine-terminus. If there is no CD 

selectivity associated with changes in the initial sequence, the method has 

no value in the study of oligopeptides and proteins where too frequently the 

same initial sequence is common to several potential analytes. 

The experimental procedure is a combination of the methods that 

were used to discriminate among the dipeptides in Chapter VII and the 

insulins in Chapter VI and the method used to measure enantiomeric 
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purities for glycyl-L-alanine in chapter seven. Data reduction and spectral 

differentiations are done using variations on standardized mathematical 

algorithms and PCA. 

Experimental 

Chemicals: Tripeptides used in the study were glycylglycyl-L-alanine 

(GGA), glycylglycyl-L-isoleucine (GGI), glycylglycyl-L-leucine (GGL), 

glycylglycyl-L-phenylalanine (GGP), glycyl-L-histidylglycine (GHG) and its 

D-enantiomer (GhG), L-leucyl-glycylglycine (LGG) and its D-enantiomer 

OGG), and L-tyrosylglycylglycine (YGG) and its D-enantiomer (yGG). All 

eight L-enantiomers were supplied by Sigma Chemical Co. which reported 

an enantiomeric purity in excess of 99.8%. 

The D-enantiomers GhG, lGG, and yGG of GHG, LGG, and YGG 

were prepared by Multiple Peptide Systems (MPS), San Diego. Certificates 

of Analysis described them as unpurified off white powders. Percent 

purities as determined by RP-HPLC analyses were reported as 86.57, 99.10, 

and 97.86 respectively. The low value for GhG is explained as being due to 

two elution peaks that correspond to the same compound. The percentage 

is based on the relative area of the first peak which _corresponds with most 

of the material eluting with the void volume peak. The second peak is 

related to the hydrophobicity of the molecule that causes it to stick to the 

column to be eluted later. D-Histidine was also a Sigma Chemical Co. 

product with an enantiomeric purity reported at better than 99.8%. 

Reagent grade CuS04.5H20 was obtained from Fisher Scientific. 



Solutions Preparation: Solutions for this set of experiments were made in 

the same manner as those discussed in Chapter VIL A modified biuret 

reagent was made that contained [2.0 mM] Cu2+ and [8.0 mM] of the 

tripeptide or tripeptide mixture. Also included in the reagent is [OH-] at 

0.10 Mand [r] at 0.030 Madded as a stabilizer. 

Quantitative tests were done on two kinds of mixtures. For the first 

kind, GGA was arbitrarily selected as an enantiomerically pure 

"reference" material. Aliquots from the stock were spiked with "chemical 

impurities" or small volume aliquots of the other L-tripeptide stocks to cover 

the impurity range from 1-10%, prior to dilution with the hydroxide. For 

the second, "enantiomeric purity" tests, aliquots of YGG, LGG, and GHG 

stocks were spiked with smaller volume aliquots of the corresponding D

enantiomer stocks, yGG, lGG, and GhG over the same 1-10% impurity 

range. 

Measurements: CD spectra were measured using the same 

instrumentation discussed in the earlier chapters and the same 

instrumental setup parameters (See Chapter VI measurements section). 

Results and Discussion 

Visible CD spectra for Cu(Il)-tripeptide complexes: Spectra for all eight 

copper-L-tripeptide complexes, in which [Cu(II)] = 2.0 mM and the ligand 

concentrations is 8.0 mM, are shown in Figure 8.2. Only GGH, GHG, 

LGG, and YGG are uniquely differentiable by their zero order CD spectra. 
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Figure 8.2: Visible CD spectra for the Cu(II) complexes of: 

700 

(A) GGA; (B) GGH; (C) GGI; (D) GGL; (E) GGP; (F) GHG; (G) 
LGG; and (H) YGG. Similarities are greatest for the GGA, GGI, 
GGL, and GGP complexes over the entire wavelength range. 

Spectra for the histidyl-containing ligand complexes, GGH and GHG, are 
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blue shifted compared with the Cu(II)-D-Histidine complex itself which has 

an intense negative band with a maximum at 689 nm and a weaker positive 

maximum at 570 nm. The magnitude of the shift is greatly dependent upon 

the position occupied by the histidyl residue. The sensitivity of the CD 

spectral response to the histidine position is a significant first result in the 

context of possibly sequencing short peptides by this spectroscopic method. 

Of the five GGX peptides, only the spectrum for the GGH is unique, 

which might be attributable to the special involvement of the imidazole N-

atom in binding to Cu(II). The remaining four have but one broad negative 

band that maximizes around 550 nm. Aromaticity in the side chain may 
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(YGG) or may not (GGP) induce a spectral change, which with further 

developments, might be exploited for short range sequencing. There is 

ambiguity in differentiating among GGA, GGI, GGL, and GGP unless the 

solution concentrations are carefully controlled. 

The L-leucine structural isomers can be qualitatively differentiated 

in a quality control context. The lack of band intensity for the LGG is a 

potential problem in quantitation. Although the glycyl-residue is achiral, 

the relative positions that it occupies affect the CD spectra quite 

dramatically. 

2-D Data Reduction Algorithm For Enhancing Selectivity: GGA is 

arbitrarily assigned the status of an enantiomerically pure standard 

reference material. In a pharmaceutical context, GGA might represent a 

commercial drug product. The others fill the roles of potential "chemical" 

and "enantiomeric" impurities. 

The concept used in previous chapters is used again where a plot is 

made of the 1500 data points for the 8.0 mM GGA spectrum (on the x-axis) 

against analogous data for 8.0 mM solutions for each of the others (on the y

axis). To get a baseline reference check for the absolute enantiomeric 

purity of GGA, its CD spectrum is also plotted on both axes. The 

correlation is a straight line of unit slope and zero intercept. Spectra for the 

remaining seven tripeptides complexes are plotted against GGA in Figure 

8.3 for the GGX subseries and in Figure 8.4 for the other sequences. 

Plots are non-linear and individually distinct from one another. The 

ellipsoidal shapes for GGI and GGL might appear similar but with 
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with equimolar amounts of (A) GGA; (B) GGH; (C) GGI; (D) GGL; 
and (E) GGP. 
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different virtual slopes. On further examination the ellipse for the GGI is 

seen to "fold over" on itself in a partial figure 8 implying a latent 3-

dimensional property in these plots. The same phenomenon can be seen 

more clearly for the plot of the GHG analog vs. GGA in Figure 8.4. 

Differentiation among enantiomerically pure forms of the tripeptides has 

apparently been achieved at least when the number of possibilities is 

limited to a small closed set , as seen here. 

The only other possible correlation line where the slope is unity (but 

opposite in sign) and the intercept is zero is for the plot of GGA versus the 

D-enantiomer, GGa, but only if their purities are equivalent. This is a 
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Figure 8.4: Correlation plots of ellipticity for the Cu(II) 
-GGA complex versus the ellipticities for the analogous 
complexes with equimolar amounts of (A) GGA; (B) GGH; 
(C) LGG; and (D) YGG. 

91 

consequence of their being chemically identical. The feature common to all 

cases where spectra for chemically dissimilar compounds are correlated is 

splitting of the correlation line compared with the ideal reference line. 

Some splittings are extreme, as can be seen in Figure 8.3 and Figure 8.4. 

Conversely, if the correlation plot of the CD spectrum for a newly 

manufactured lot of GGA versus the reference is linear with a slope less . 

than one, and shows no evidence of splitting, that is evidence for the 

presence of the enantiomer or an achiral impurity. Splitting is instant 

evidence for the presence of a chemical impurity. Linear regression would 

not give accurate information if applied to these correlation plots simply 



because they are not linear. Quantitation of these "chemical impurities" 

require PCA. 

Quantitation of Enantiomeric Mixtures: Enantiomeric purity tests were 

made on three analyte pairs, GHG/GhG, LGG/IGG, YGG/yGG. As the D

enantiomers were added in increasing amounts, over the range 1, 3, 5, and 

10% of the L-enantiomer concentration, the slopes of the correlation lines 

decreased. 

Judging by the regression coefficient of 0.9998 for the GHG versus 

GhG plot, there is no significant loss of linearity compared to the reference 

baseline, meaning that the enantiomeric purity of GhG is equivalent to that 

of GHG. The explanation given in the Experimental Section for the low 

percent purity for GhG, as described in the MPS Certificate of Analysis, is 

apparently vindicated by the results of this spectroscopic method. 

Splitting of the YGG/yGG correlation line is consistent with the MPS 

reported purity level of97.86% or total impurity of 2.14%. 

Noise on the LGG/IGG correlation line conceals whether there is 

splitting of the line or not. A poor SIN ratio is expected since the CD 

spectral intensity for LGG is the weakest, as o~served in Figure 8.2, being 

approximately a tenth of the band intensities for the other tripeptides. 

Equations 17 and 18 in Chapter VII were used again to determine the 

percent composition of one enantiomer present in an enantiomeric 

mixture. Finding the slope of the correlation mixture and knowing the 

total amount of analyte added will allow one to solve· these equations to find 

the percent impurities. Calculated values for spiked GHG solutions are in 



excellent agreement with the measured values for prepared mixtures, 

Table 8.1. 

Imprecisions based on data from 3-5 repeat measurements, are an 

improvement by almost a factor of ten over results obtained from the 

analysis of binary ephedrine mixtures in which a chemometric analysis 

method, Partial Least Squares, was applied to data at five wavelengths (36). 

Table 8.1: Determination of Enantiomeric Purities for Prepared Binary 
Mixtures of GHG/GhG; LGG/IGG; and YGG/yGG. 

% L-form in Prepared Regression Slope Regression Coefficient 
Solution (Enantiomeric Excess) 

GHG/GhG 

99.0 0.9897 0.9998 

97.0 0.9692 0.9998 

95.0 0.9501 0.9951 

90.0 0.8983 0.9999 

LGG/IGG 

99.0 0.9974 0.9951 

97.0 0.9723 0.9957 

95.0 0.9455 0.9946 

90.0 0.8819 0.9932 

YGG/yGG 

99.0 0.9893 0.9996 

97.0 0.9671 0.9996 

95.0 0.9380 0.9996 

90.0 0.8858 0.9995 

In spite of the splitting of the YGG/yGG and the noise in the LGG/lGG 

best-fit correlations, agreements between calculated and measured 
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enantiomeric purities are still much better than previous methods. 

GGA + "Chemical Impurity" Levels for all Other Tripeptides: Again the 

question to address with respect to "chemical impu~ties" being detectable 

in the 8.0 mM solution of GGA is not whether they are detectable at 

equimolar concentrations but whether they are detectable and measurable 

when these amount to only a few percent. The answer to the question lies 

in how sensitive the CD detector is in discovering splitting of the correlation 

line when spectra for "impure" samples are plotted against the spectrum 

for the primary reference standard. 

Spectra were measured for mixtures in which GGA solutions were 

spiked with small volumes of the other L-tripeptides at levels of 1, 3, 5, and 

10%. Splittings, where they are observed, may be accompanied by a change 

in the virtual slope compared to the reference line. Because of the absence 

of splitting, the plots fail to confirm the presence of GGI, GGL, or GGP at a 

level of 5%, see Figure 8.5. 

The greater the splitting the more we can be assured that a chemical 

impurity exists but the less sure the quantity of the impurity can be 

measured using the slopes of the correlation plots. 

Again it was shown that the 2-D algorithm effectively reduced the 

1500 spectral data points to one number (the correlation slope), from which 

enantiomeric purities can be determined with excellent accuracy. 

Recognition of a potential "chemical impurity" is elementary for a limited 

number of cases but its analytical determination is not easily done using 

the 2-D method. 
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Figure 8.5: Correlation plots of ellipticity for the Cu(II)-GGA complex 
versus ellipticities for 5% chemical mixtures with GGH, GGI, GGL, and 
GGP. In each case line A is for GGA against itself and line Bis for GGA 
against the mixture. 

The 3-D Data Reduction Algorithm for Enhancing Selectivity: The objectives 

that relate to this second data reduction algorithm were to discover if the 

GGA, GGI, GGL, and GGP series can be completely differentiated both 

qualitatively and quantitatively. The objectives were achieved when the 
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same algorithm was applied to the set of dipeptides in Chapter VII. 

Using the same Spin Plots® procedure where the wavelength is 

D 

Figure 8.6: Spinning Plots® for the presentation of wavelength (x
coordinate; spectral data for the GGA complex (y-coordinate); and spectral 
data for (A) GGA; (B) GGH; (C) GHG; and (D) LGG complexes. The lines 
Pl, P2, and P3, are the principal component axes for the PCA solutions. 
Rays have been added to the presentation to enhance the three dimensional 
effect. Dark and light areas distinguish the front four quadrants of the 
cube from the rear four quadrants. 

assigned to the x-axis, the ellipticity data for the GGA complexed with the 



copper is placed on the y-axis, and the ellipticity data for the GGA with the 

chemical impurites are plotted on the z-axis, four 3-D plots (Figure 8.6) 

were created for the purpose of applying Principal Component Analysis. 

Factor Analysis of Spinning Plot® Data: To derive a quantitative 

mathematical algorithm, data reduction was done on each Spinning Plot® 

created. These values (eigenvalues and eigenvectors) from the three 

Principal Components calculated for the GGA/GGH combination plot are 

shown in Table 8.2. 

T bl 8.2 Prin . al C ts Calcul ted fi th GGA GGH ste a e . Clp omponen a or e vs. SYI m . 
PCl PC2. PGi 

Eigenvalues 1.9603 0.9798 0.0599 

Eigenvectors nm 0.19154 0.97273 -0.13080 

GGA -0.68522 0.22794 0.69175 

GGH 0.70270 -0.04287 0.71019 

Spatial projections of these same principal components are shown in 

Figure 8.6, plot B as Pl, P2, and P3. 

Of the twelve eigenfactors, the one that is most sensitive to variations 

in the identity of the analyte is PC22, highlighted in bold type in Table 8.2. 

Comparative PC22 values for all combinations with GGA are listed in 

Table 8.3. 

Thi 8.3C ti PC22Val fi all th LTri t"d ainstGGA a e . om para ve ues or e Lpep· 1 esag . 
GGA GGH GGI GGL 

0.04519 0.88194 0.13171 -0.01932 

GGP GHG LGG YGG 

0.10312 0.22794 0.89248 0.57491 



Standard deviations in PC22 determined for data from 3-5 independent 

repeat measurements are ±0.002, meaning that based on the values in 

Table 8.3 total analytical selectivity was accomplished. The 3-D algorithm 

effectively reduced the 1500 original spectral data points to a single 

discretionary number, PC22. 

The remaining question concerning the tripeptides and the ability of 

the 3-D method to distinguish subtle differences in the concentration is to 

determine if the PC22 values that show sensitivity to each type oftripeptide 

are selective when one of these structural similar tripeptides is added to 

GGA as an impurity of a small percent. If PC22 values were to correlate 

linearly with the amount of "chemical impurity'', as in the dipeptide case, 

then the amount of impurity and possibly the identity of the impurity can be 

determined by differences. 

Represenative plots of PC22 versus percent impurity for solutions of 

GGA spiked with GGH, GGP, LGG, and YGG are shown in Figure 8.7. 

With the exception of GGI and GGL, correlation slopes are more than two 

times the ±0.002 SD in the mean for PC22 values, which indicates that an 

impurity level as little as 1-3% can be measured with confidence. 

Analytical sensitivities are at least ten times more accurate than analogous 

plots in which maximum ellipticity values measured at a single 

wavelength are plotted against concentration. 

Referring to Figure 7 .6 and Figure 7. 7 and the discussion that follows 

the changes in the maximum ellipticity values at a single wavelength over 

the 1-10% impurity range are less than the best resolution of ±2.0 nideg for 
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the CD instrumentation that was available for this study. The additional 

accuracy comes from the ability to conveniently include data at 1500 

wavelengths. 

Summary: 
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Again, where the 2-D method succeeded in providing a means to get 

accurate values for enantiomeric purities, the 3-D method provides a way to 

get a quantitative measure of non-enantiomeric chiral impurities. The 

slopes of the lines in Figure 8. 7 are characteristic values that will identify a 

particular impurity. 

The object of the study was to develop a protocol for distinguishing the 
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spectra of peptides and proteins and reporting the differences by using a 

color derivitization reaction, circular dichroism detection, and a novel use 

of principal component analysis. The method employs a modified biuret 

reagent where the host ligand has been exchanged for either a chiral 

ligand or the analyte itself. The detection method used was circular 

dichroism rather than UV/Vis spectrophotometry. Data analysis of the 

spectra was enhanced by running principal component analysis using the 

wavelength, the spectral data for the host ligand, and the spectra data for 

the mixed complex. 

The color reaction which involves the binding of the protein to a 

copper ion was found to produce very specific spectra that could easily be 

observed in the visible region. Each small peptide(di- and tri-) that was 

analyzed showed spectral differences including those that contained the 

same residues but in a different order. These spectral differences could be 

characterized by performing principal component analysis and monitoring 

the eigenvector factors. These factors were found to be sensitive to chemical 

impurities that could be linearly correlated to the concentration of the 

impurity added and the slope of the factor versus concentration would 

identify the impurity. Quality Control information was also gathered using 

this method on human insulin and related analogs. This method used all 

of the spectral data gathered, increases the sensitivity by a factor of ten over 

the conventional single wavelength analysis, and is much faster than 

chromatographic techniques. 
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APPENDIX A 

PRINCIPAL COMPONENT ANALYSIS 

The reduction of data to a single numerical value has been a part of 

science from the beginning. The goal of data reduction is to be able to focus 

on a smaller set of values that can allow sense to be made of the 

experiments. The most common form of data reduction for spectroscopic 

methods is the univariate calibration model also known as Beer's Law 

(116). The typical scenario of how spectroscopic data are used for the 

determination of an unknown consists of the acquistion of a series of 

absorption measurements versus concentration. In many instances, data 

for the entire spectrum are collected and from this a single datum is 

extracted at the wavelength of maximum absorbance. The additional 

information contained in the spectrum remains un?sed. Absorbance data 

are plotted as a function of concentration to construct a typical Beer's law 

working curve. Simple linear regression is used for predicting the 

concentration of future samples of unknown concentration. 

The technological basis for the ability to increase the precision of both 

enantiomeric purity and chemical purity determination is the direct result 

of the emergence of the laboratory microcomputer for data acquisition and 

analysis. This has provided the analytical chemist with the ability to 

accumulate vast amounts of data in a relatively short period of time. It has 

become much easier to use the additional data to increase the precision and 

associated predictive capabilities in chemical determinations as 

commercial software for this purpose has become more commonplace (29). 
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The approach of using more than one measurement (variable or 

wavelength) per sample for spectrochemical analysis results in what is 

known as an overdetermined system. Although such a system has no 

unique solution, systematic methods for data reduction can be employed to 

reduce the number of variables to match the number of samples. If the 

number of variables is less than the number of samples, then a solution 

may not exist due to collinearity. This method of multivariate analysis can 

at times extend the task of the chemist to search for variables that will 

increase the correlation of the measurements. Also in many cases a model 

must be made and constructed in such a way that the model has "learned" 

the correct response to a set of data. This model building takes time and 
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may ultimately only be useful for a very select set of analytes. 

Another approach that is more like the univariate method but uses 

the spirit of the multivariate method, is termed Principal Component 
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Analysis (PCA). This method uses vectors of information plotted against 

one another to derive orthogonal Principal Components (PC) that consist of 

a length and a direction. Using PCA reduces the dimensionality of a set of 

data. This means finding a way to picture the structure of the data as 

completely as possible using as few variables as possible (115). 

The actual procedure for determining the PC of a system of 

observations is simply the iterative process of finding the least squares in 

orthogonal directions of maximum variance (112). The solutions are 

reported as eigenvalues (the length) and eigenvectors (the direction) for 

each PC. If in two dimensions, the resulting vector solutions lie along the 

major and minor axes of an ellipse, Figure A.1, that would enclose the 

data. The actual eigenvectors used to correlate the concentration change of 

one dipeptide chemical impurity added to GA or to characterize the type of 

insulin have been the z component of the second principal component. The 

first PC accounts for most of the variability between the sets of data. All the 

eigenvectors are changing but the value that shows the greatest linear 

change becomes useful in analytical analysis. 

The subtle changes of the eigenvectors correspond to rotation of the 

ellipsoid major and minor axes which are really the vectors of the PC (111). 

The actual measure that is linearly correlating (in the case of the 

dipeptides) with the percent impurity is the growth or decline of the z-axis 

data in terms of the CD data for the impurity. An easier way to approach 

this would be to imagine that the ellipsoid generated by the PCs is like a 

skin covering the data, fitting closest to those maxima and minima that are 
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protruding. As the composition of the complex changes with the advent of 

a chemical impurity the parts of the spectra that will be affected the most 

will be those same maxima and minima. Because the PC is a vector that is 

defined in three directions even a lateral shift of the spectra will cause one 

of the eigenvector values to change, indicating that the PC is changing 

direction. Since the eigenvector values contain directional information for 

the PCs, the values are insensitive to concentration changes unless the 

change is so dramatic that a spectra feature is lost due to some new 

equilibrium that is established. This characteristic makes it ideal for 

chemical impurity measurements but uneffective in enantiomeric 

determination which can be compensated with the 2-D algorithm earlier 

discussed. 



VITA 

Dennis William Province 

Candidate for the Degree of 

Doctor of Philosophy 

Thesis: ANALYTICAL APPLICATIONS MEASURING THE CHIRALITY 
OF PROTEINS AND PEPTIDES USING CIRCULAR DICHROISM 

Major Field:Chemistry 

Biographical: 

Personal Data: Born in Pueblo, Colorado, on March 2, 1971, the 
son of Darryl and Pat Province. 

Education: Graduated from Pueblo Central High School, 
Pueblo, Colorado·, June 1989. B.A. in Chemistry and 
Economics, University of Colorado at Boulder, Boulder, 
Colorado. Completed requirements for the Doctor of 
Philosophy in Chemistry at Oklahoma State University in May 
1999. 

Professional Experience: Teaching Assistant at Oklahoma State 
University 1994-present. Undergraduate Research Associate 
for the CCHE (Colorado Commission for Higher Education) 
working at CIRES (the Center for Interdisciplinary Research 
in Environmental Sciences), Summer 1993. Undergraduate 
Research Associate working with a GC/MS project funded by a 
grant from NASA, Fall of 1993. 


