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Abstract

This review focuses on the use of CD in elucidating structure in oligo- and polysaccharides, unnaturalβ- and
γ-peptides, and both natural and unnatural oligo- and polymers composed ofN-acetyl neuraminic acid. CD in
conjunction with other techniques such as NMR and molecular modeling has been successfully used to gain a
clearer picture of the hydrogen-bonding interactions, and conformational information of molecules that are not
accessible by X-ray crystallography. The use of the peak-to-trough analysis within each class of oligomers has
been an integral part of the analysis, and has provided interesting insights into the conformational changes that
occur within oligomers with varied chain lengths. Continued studies in this relatively new area of research will
add to the knowledge base that correlates circular dichroism data with other spectroscopic techniques ultimately
facilitating secondary structure characterization. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The determination of secondary structure in macromolecules is an increasingly important area of
research. Crystallography is arguably the most definitive method for determining structure; however,
it is not always possible to obtain materials in an appropriate form for this technique. Furthermore,
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solution phase conformations of various compounds may differ from the conformations adopted in the
crystal structure. Solution phase structure determination is greatly facilitated by NMR spectroscopy, and
certainly for protein structure determination circular dichroism (CD) has played an important role.1 CD
has also been used to study oligo- and polysaccharides in solution. More recently, CD has been used to
elucidate secondary structures in unnatural amide-linked compounds. This review focuses on the use of
CD in elucidating structure in oligo- and polysaccharides, unnaturalβ- andγ-peptides, and both natural
and unnatural oligo- and polymers composed ofN-acetyl neuraminic acid.

Circular dichroism, or CD, is an empirical technique used to elucidate the secondary structures of
oligomeric and polymeric materials. CD is a chiroptical method requiring the molecule under analysis
to possess optical activity. The first practical use of a CD spectropolarimeter was reported in 1965, when
Holzwarth and Doty recorded the CD spectrum of anα-helix.2 Today, CD analysis is standard practice in
structure determination of peptides, proteins, nucleic acids, and oligo- and polysaccharides. The common
property that all of these biomolecules possess is chirality.

CD is defined as the difference in absorption between left- and right-circularly polarized light when
an asymmetric molecule lies in the path of these light forms. In general, the velocity of both light waves
is diminished by the interaction with a chiral molecule; however, one will be more retarded than the
other, resulting in a net absorption band.3 The difference in the absorption (∆Aλ) is proportional to
the concentration of the sample (c), the path length (l), and the difference in molar absorptivity (∆ε)
according to Beer’s law (Fig. 1).

Fig. 1. Beer’s law as applied to circular dichroism. The subscripts, R and L, represent the handedness of the light

The circular dichroic behavior of a molecule is measured as the ellipticity,θ. The term ellipticity refers
to the elliptical shape of the electric vector traced when one form of the light is absorbed by the sample in
a different manner than the other. The ellipticity (commonly given in the units of millidegrees, mdeg) of
a molecule is transformed at each wavelength into a value that depends upon the molecular mass, M (in
g/mol), the concentration, c (g/L), and the pathlength, l (mm). The resultant values, known as the molar
ellipticity, [θ], are those commonly reported in the literature for the CD of biomolecules (Fig. 2).

Fig. 2. The equation utilized to transform raw ellipticity data,θ, into the molar ellipticity, [θ]

Several solvents may be employed in the collection of CD spectra. However, the transparency of the
given solvent, within the wavelength range measured, can be important. Certain molecules may yield
CD spectra with altered bands in different solvents, depending on the degree of interaction of the chiral
molecule with the solvent molecules. In some cases, the solvent effects may be so drastic as to give rise to
inverted spectral bands.4 W. C. Johnson Jr. provides an excellent review about the scope and usefulness
of solvents and other additives in CD.5

The previous discussion provides the background information necessary to understand the technique
of circular dichroism in a general fashion. Many recent review articles and book chapters exist that give a
more thorough handling of the basic principles of CD; some specifically with applications in the area of
secondary structural analyses of peptides and proteins.5–9 Carbohydrate CD has also been extensively
covered, with regards to the determination of the structural characteristics of monosaccharides and
polysaccharides.3,10,11The reader is referred to these publications for further information.
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2. Circular dichroism in defining the secondary structure of carbohydrates

The CD of carbohydrates is an intriguing and challenging area of research. The mechanics of data
analysis has proven to be more problematic for carbohydrates than that posed for peptides and proteins.
This is due to inherent differences in the structure of carbohydrates and proteins. The CD of peptides
and proteins relies on the absorbance of the amide-linked backbone of the molecule. Naturally occurring
peptides and proteins are composed ofα-amino acids, which give rise to a regular pattern of homologous
repeating chromophores that differ only in the R groups appended at Cα. Carbohydrates differ not only
in the type and spacing of the chromophores but also in the connectivity. Both linear and branched
carbohydrates can exist. Furthermore, both isomeric forms of carbohydrates occur in nature, namely the
commonD form and the less commonL form, while proteins are comprised of only theL amino acids. In
polysaccharides, the glycosidic linkage anglesφ andψ define the conformation of the molecule because
the remaining structure has a set geometry determined by the sugar rings.3 Fig. 3 depicts theφ, ψ
dihedral angles about the glycosidic bond.

Fig. 3. Dihedral angles,φ andψ, of the glycosidic bond in oligo- and polysaccharides. Theφ dihedral angle is defined by the
atoms H1–C1–O1–C4, and theψ dihedral angle is defined by the atoms C1–O1–C4–H4.

There are several different chromophores present in carbohydrates. Some of the biologically relevant
polysaccharides have chromophores that absorb in the detectable regions observed for proteins, such as
acyl groups, amides, and carboxylate functionalities found in uronic acids. These chromophores give rise
toπ→π* and n→π* electronic transitions. However, data analysis for polysaccharides is not analogous
to proteins because of the differences in the monomer residues. A peptide amino acid monomer has a
length of 0.36 nm, while 1,4-diequatorially linked pyranose rings have monomer residue lengths of 0.54
nm (Fig. 4).3 The increased distance between chromophores does not allow for appreciable interactions;
therefore, each monosaccharide unit is acting independently of one another. An exception to this scenario
occurs in conformationally ordered polysaccharide chains, where interactions can occur between the
chromophores provided that the proper orientation exists.3 The presence of multiple chromophores, the
lack of chromophore interactions, and the variety of monomer linkages combine to make CD analysis of
carbohydrate secondary structure a very demanding task.

In addition to the difficulties encountered in the analysis of the CD data, the acquisition of such can
also pose a challenge, since most chromophores present in common carbohydrates absorb outside of
the range of commercially available CD instruments.10 This is particularly apparent with unsubstituted
carbohydrates, which only possess the hydroxyl, ring oxygen, and glycosidic oxygen functionalities.
These functional groups give rise to higher energy, lower wavelength electronic transitions such as n→σ*
andσ→σ*.12 The n→σ* transition of the acetal oxygens atC-1 andC-5 is centered at approximately
175 nm, while the higher energyσ→σ* transition occurs at 150 nm. This last transition can only be
investigated through the use of the very specialized technique of vacuum CD.3

CD has been utilized in the determination of linkage type and monosaccharide identification through
the use of a chemical degradation technique, developed by Nakanishi and co-workers.13 Their strategy
involved the transformation of an oligosaccharide into a series of monosaccharides that were protected
as bichromophoric derivatives. In their studies, the oligosaccharide was first peralkyl-bromobenzoylated.
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Fig. 4. Monomer length in a peptide versus 1→4 linked pyranose ring

The glycosidic linkages were subsequently cleaved under trifluoroacetolysis/bromination conditions to
yield the anomeric bromides with the other linkage oxygens free, the trifluoroacetates having been lost
on workup. The anomeric bromides were converted to the methyl glycosides using silver oxide (Ag2O)
in methanol. The final chemical modification step involved the introduction of a methoxycinnamoyl
group. Fig. 5 illustrates this transformation. The choice of protecting groups was critical because
bromobenzoates have aλmax of 245 nm, while methoxycinnamoyl groups have aλmax of 311 nm. These
two chromophores could, therefore, be readily distinguished from each other, providing signature CD
spectra based upon the linkage type and the monosaccharide present. The advantages of such a technique
are that no synthetic standards are required for comparison because it is a spectroscopic technique, and
that the chemical degradation/selective tagging sequences occur with high yields. Moreover, the amount
of tagged monosaccharides necessary for analysis is in the nanomolar range. A disadvantage to this
technique is that it is restricted to pyranoside sugars, as the more flexible furanosides present a more
difficult calculational prospect.

The studies of monosaccharides by CD, even though they do not possess secondary structural features,
provide invaluable information regarding the makeup of polysaccharides. Polysaccharides have also been
investigated and these studies are distinguished by two primary classes, unsubstituted and substituted.10

In the unsubstituted class, the carbohydrates do not bear functionalities other than hydroxyls, ring
oxygens, and glycosidic oxygens. In the substituted class, additional chromophores are present, such as
esters, amides, and acids, making the study of the latter class of molecules more accessible to commercial
instrumentation. In order to study unsubstituted polysaccharides, one of two specialized methods needs
to be employed; either vacuum CD or induced CD.

Induced CD is a technique whereby polysaccharides are complexed with achiral dyes to shift their
chromophore absorbencies to wavelengths in the visible region of the electromagnetic spectrum. In one
such study, Purdie and coworkers investigated the interaction between a series of dye molecules and
oligomeric cellulose molecules (Fig. 6).14 Several dyes were complexed with cellulose polymers, and
also distinct oligomeric chain lengths, ranging from cellobiose (n=0) to cellooctaose (n=6). The results
obtained in these studies substantiated the hypothesis that complexed oligosaccharides form helices in
solution. The data from the induced CD study of the celluloses matched well with the vacuum CD data of
the unsubstituted saccharides.10 Furthermore, studies by Yalpani indicated the presence of right-handed
helical structures for amylose (a polymer comprised of maltose units) in solution.15 It was submitted that
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Fig. 5. The chemical degradation/selective chromophore tagging of oligosaccharides to determine the linkage and monosaccha-
ride content by CD13

because the signs of the bands for the celluloses and the maltoses were opposite, they formed reverse-
handed helices in solution. Cellulose and maltose differ in the conformation about the linkage between
residues, withβ 1→4 occurring in cellulose, andα 1→4 in maltose (Fig. 6). Therefore, since amylose
adopts a right-handed helix, it was concluded that cellulose must form a left-handed helix.

The collection of CD data for polysaccharides with chromophores such as acids, esters, and amides
is simplified because the absorbance of these chromophores is readily accessible by commercial in-
struments. However, the chromophores outside of the range of the commercial instruments, such as the
hydroxyl, ring and glycosidic oxygens, may have an effect on the CD patterns seen for the amide and
carboxyl transitions.16 This adds further difficulties to the analysis of these molecules by CD. So, while
the analysis of proteins has been developed to the point where common secondary structural features
have been assigned a signature CD spectrum, and the calculations to determine the types of secondary
features present have been reduced to standardized calculations, the same is not true of carbohydrate CD
analysis. Each new molecule, or class of molecules, requires a unique way of analyzing the data.

Beyond the study of biologically relevant oligo- and polysaccharides, sophisticated conformational
studies of carbohydrate interactions with peptides and enzymes, in addition to structural analyses of
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Fig. 6. The structures of cellulose and maltose. A polymer of maltose is known as amylose

bioconjugate molecules containing carbohydrates, have been employed in the past several years. These
studies involve the use of circular dichroism in addition to other techniques, such as NMR spectroscopy
and molecular modeling, to investigate the secondary structures of these complex biomolecules.

Fasman and associates used CD, NMR, and molecular dynamics to study the conformational properties
of linear N-linked glycopeptides.17 It was determined by molecular dynamics calculations and1H–1H
NOE NMR experiments that the conformation of the carbohydrate component of the N-linked glycopep-
tide was fixed in one conformation. This was followed by the finding that the carbohydrate constituent
of the glycopeptide provided a constant CD that could be readily subtracted from the CD of the overall
glycopeptide, yielding the CD of the peptide alone. Using this information, the investigators determined
the ratios of two types ofβ-turn structures, type I and II, that predominated in various solvent systems,
upon adding the CD contribution of the carbohydrate to that of the parent peptide.N-Glycosylation
resulted in a decrease of the type Iβ-turn, with a subsequent increase in the percentage of the type II
β-turn present. Molecular dynamics calculations were consistent with the CD results, with respect to the
change in the ratio ofβ-turn structures.

The aforementioned study points to the need for supplemental information beyond CD to obtain more
than qualitative information concerning the conformational properties of rather complex biomolecules.
The combination of several different structure-determination techniques provides a powerful means with
which to study conformational characteristics of increasingly complicated molecules.

3. The use of circular dichroism in defining the secondary structural characteristics of unnatural
amide-linked molecules

The construction of unnatural amide-linked oligomeric materials with unique secondary structures for
the purpose of mimicking biologically relevant structures represents a relatively new area of research.
One long-term goal associated with this area of research is to synthesize molecules with defined
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secondary structures for therapeutic purposes. Gellman has coined the term ‘foldamers’ to describe
molecules having a strong tendency to adopt specific conformational patterns.18 He has also outlined
important criteria necessary for creating effective foldamers. First, backbones capable of forming
appropriate structures must be defined. Second, the foldamers must have interesting and useful chemical
functions inherent in their design, and third, the foldamers should be prepared in an efficient manner.

Gellman and coworkers have developed several interesting types ofβ-peptides. One is based
on trans-2-aminocyclohexanecarboxylic acid (trans-ACHC), and another is based ontrans-2-
aminocyclopentanecarboxylic acid (trans-ACPC). The monomer unit and repeating unit structures
are given in Fig. 7. The monomer units were selected based upon computational results that defined
stable helical structures of oligomers composed of the monomers.19 The helical structures predicted
for the oligomers were a 14-helix for thetrans-ACHC, and a 12-helix for thetrans-ACPC. The 12-
and 14-helices presented interesting hydrogen-bonding patterns. The models of the two oligomers
predicted that the hydrogen bonds pointed in opposite directions betweentrans-ACHC andtrans-ACPC,
relative to the termini of the oligomers. This represents a unique situation that has not been reported for
α-peptides.18

Fig. 7. Structures of monomeric and oligomerictrans-ACHC andtrans-ACPC

Gellman and co-workers were able to obtain X-ray crystal structures of the tetramer and hexamer of
the trans-ACHC, as well as the hexamer and octamer of thetrans-ACPC molecules. The X-ray crystal
structures showed that the calculationally predicted 14- and 12-helices for each type of oligomer were, in
fact, correct.19,20 Subsequent structural studies of these two oligomer classes by NH/ND exchange and
CD further solidified the stability of the helical structures in solution. Gellman and co-workers noted that
the CD signature spectrum generated for hexamerictrans-ACPC differed from an acyclic 14-helixβ-
peptide. The acyclic peptide yielded a peak maximum at 197 nm, a zero-point crossover at∼207 nm, and
a trough minimum at 215 nm. Thetrans-ACPC oligomer presented a different picture, with a maximum
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at 204 nm, a zero-point crossover at∼214 nm, and a trough minimum at 221 nm. This suggested to the
researchers that the cyclicβ-peptide,trans-ACPC adopted a distinctive secondary structure.

Seebach and co-workers have also studied the secondary structural properties ofβ-peptides using
circular dichroism. In one report, several water-solubleβ-peptide derivatives were synthesized with
phenylalanine, serine, and lysineβ-amino acid analogs, as well asβ-homophenylalanine.21 The structure
of one of the oligomers, a heptapeptide, composed ofβ-serine,β-alanine, andβ-phenylalanine, is
shown in Fig. 8. The CD of this molecule was measured in several different solvents including 2,2,2-
trifluoroethanol, methanol, water, and buffered water at pH 3.6 and 11. A helix-specific trough was
evident in each solvent at 215–220 nm and it was concluded that this CD band represented a 31 helix.
Another peptide containingβ-homolysine did not display this CD band in buffered solution when
compared to methanol, suggesting that a large number of cationic functionalities in close proximity
may disrupt important hydrogen bonding patterns. Disruption of the helix did not occur in a heptapeptide
composed of phenylalanine, alanine, and serineβ-amino acids.

Fig. 8. Structure of aβ-heptapeptide composed of theβ-amino acids serine, phenylalanine, and alanine

The relative placement of the side chains was also shown to be critical for helix formation. Seebach
ranked theβ-amino acid components in the order of stabilization of a 31 helix in water over methanol:
β3-Ser>β3-Lys for polar residues in positions 3 and 6 of the peptide, andβ2-HHop>β3-HHop=β3-HPhe
(HHop is homophenylalanine that has been homologated) for aromatic residues in positions 1, 4, and
7. The information generated in this study could be useful for the design of combinatorialβ-peptide
libraries with specific 31-helical properties.

Seebach and co-workers further probed the effect of temperature onβ-peptides in a 314-helical
conformation in methanol both by NMR and CD.22 It is well-known that proteins with secondary
structures denature at high temperatures. The same is true for peptides composed ofα-amino acids.22 The
denaturing process is also called cooperative unfolding. A study was undertaken to determine whether or
not the cooperative unfolding process occurred in peptides composed ofβ-amino acids. A heptapeptide
composed of theβ-amino acid analogs of alanine, valine, and leucine was studied (Fig. 9). It was assigned
a 314-helical secondary structure, based upon NMR data and molecular dynamics simulations. Using an
NH/ND exchange experiment in CD3OH, the investigators determined that the half-lives for the amide
protons were large, ranging from 5 to 262 min. The molecular dynamics revealed a ‘melting point’ of
340 K, where both the folded and unfolded peptide microstates were equally populated. The heptapeptide
also showed reversible protein folding in the molecular dynamics simulation, something that had not been
previously observed.23

Fig. 9. A heptapeptide composed of theβ-amino acids alanine, valine, and leucine

Temperature-dependence of the heptapeptide structure was assessed using NMR and CD. The spectra
were recorded in 10 K increments from 293 to 353 K. TheJ coupling constants for the NH and C(β)-
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H protons were measured and compared at each temperature. TheJ values decreased only slightly
with increasing temperatures, and the 314-helix was still intact at 353 K. However, theJ value for the
end residues did decrease (by 0.7 Hz) more than the internal residues (0.4 Hz) suggesting that higher
temperatures promoted fraying. The CD studies at three different temperatures, 293, 313, and 333 K,
mirrored the results obtained by NMR. The assigned 314-helical CD signature spectrum with a strong
maximum at 198, and an intense minimum at 215 nm, was evident at all three temperatures. Both the
NMR and CD results, therefore, indicated that unlikeα-amino acid-based compounds that denature at
higher temperatures,β-peptides have an increased stability at elevated temperatures.

Both Seebach and Hanessian have reported the synthesis and secondary structural characteristics ofγ-
peptides.24,25Seebach and co-workers investigated the secondary structure of aγ-hexapeptide composed
of the γ-amino acid analogs ofL-valine, L-alanine, andL-leucine by solution phase NMR. These
studies showed that theγ-hexapeptide adopted a stable right-handed helix.24 Hanessian and co-workers
synthesized a series ofγ-peptides by homologation ofL-alanine andL-valine.25 They used a combination
of NMR, molecular dynamics, and CD to determine the secondary structural characteristics of tetramers,
hexamers, and octamers. Fig. 10 gives the representative structure of a tetramer used in the studies. The
two-dimensional NMR studies yielded NOE (nuclear Overhauser effect) data, that when subjected to
molecular dynamics yielded a right-handed helical structure with a pitch of 5 Å and hydrogen bonding
patterns forming 14-membered rings. Variable temperature NMR experiments were also performed on
these molecules, much like those of Seebach, to probe the stability of the helix. The experiments were
performed over a range of 273–323 K. The chemical shifts of the inner residue NH protons were only
mildly affected by temperature changes, again pointing to the stability of the helix. Not unexpectedly,
the CD measurements in this study did not give the same characteristic patterns as those of either the
α- or β-peptide classes. More experiments with these unusual peptides are required before signature CD
spectra can be identified.

Fig. 10. Structure of a tetramericγ-peptide

The results presented thus far on the structural features of the unnatural peptide compounds indicate
that these molecules possess thermodynamic stability that exceeds that of naturally occurring peptides.
Furthermore, it has been reported thatβ-peptides are resistant to cleavage by natural proteases.22 These
two properties of unnatural peptides make them excellent candidates for incorporating into novel drug
design constructs.

4. Use of circular dichroism to define secondary structures of sialic acid-containing oligomers

N-Acetyl neuraminic acid (NeuAc) is a naturally occurring carbohydrate that is expressed in living
organisms from microbes, such asEscherichia coli, to humans (Fig. 11). It is the most abundant member
of a class of compounds known as the sialic acids, and often, the name sialic acid is used synonymously
with NeuAc. NeuAc can also be classified as aδ-amino acid based upon the presence of both a carboxylic
acid and a protected amine functionality.26 NeuAc, and the oligomeric and polymeric natural products
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derived from it, have been studied extensively by our research group, as well as many others. Circular
dichroism has been a powerful tool used to evaluate the chromophore signature bands, and to investigate
the secondary structures of oligo- and polysaccharides derived from the sialic acid skeleton.

Fig. 11.N-Acetyl neuraminic acid, a naturalδ-amino acid

CD spectra for both theα- andβ-glycosides of NeuAc were reported by Morris and co-workers
in 1979.27 They also measured the CD of the reducedβ-anomer to determine the contribution of the
carboxylic acid to the CD pattern (Fig. 12). From the CD of these three compounds, the investigators
arrived at important conclusions concerning the relationship of the chromophore and the observed CD
signal. First, the main CD band, centered below 200 nm was attributed to the acetamido group, and it
showed minimal sensitivity to functionality changes or the anomeric configuration. Second, a trough at
approximately 225 nm was assigned to the n→π* transition of the carboxy chromophore because of its
absence in the reduced molecule. They further determined that theα-glycosides of sialic acid gave rise
to a negative band at 225 nm, whileβ-glycosides gave a positive band. Restricting the flexibility about
the glycosidic bond was found to increase the magnitude of this band.

Fig. 12. Structures of three NeuAc derivatives investigated by CD. Theα-anomer is composed of NeuAc linkedα 2→6 to a
lactosyl moiety. Theβ-anomer is the methyl glycoside, and the reduced NeuAc is also in theβ-configuration with an unprotected
anomeric hydroxyl
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In addition to evaluating CD patterns to determine the effect of the anomeric configuration, a predictive
tool for NeuAc and its simple glycosides was proposed by Listowsky and associates.28 The planar rule
can be used to evaluate the spatial distribution of pendant groups about the chromophore. This allows
for the correlation of the sign of the observed Cotton effect in the CD with the geometric pattern of the
molecule.27 Fig. 13 illustrates the predictive properties of the planar rule for sialic acid. This rule provides
a simple means by which the sign of the n→π* transitions can be predicted, based upon which side of the
chromophore the other parts of the molecules lie on. Fig. 13 illustrates the prediction of a positive band
for β glycosides of NeuAc, and a negative band for theα glycosides. The two different conformations
seen for each anomer, with either the ring or glycosidic oxygens eclipsed, predict the same CD band sign.
Morris and co-workers evaluated the validity of the planar rule using a series of fused lactone molecules,
and found it to match the CD data.27

Fig. 13. The planar rule for NeuAc. The planar rule can be used to evaluate the spatial distribution of pendant groups about the
chromophore, and ultimately correlate the observed Cotton effect in the CD with the geometry of the molecule27

Building on the conformational and structural knowledge for the sialic acid monomer, many studies
have been undertaken to understand biopolymers composed of multiple NeuAc residues in oligomeric
and polymeric forms. Of particular interest to our research is the study of colominic acid, anα 2→8-
linked homopolymer of NeuAc. Colominic acid is a capsular polysaccharide of the pathogenic bacterial
strainE. coli K-235. The structure of colominic acid is identical to the capsular polysaccharides of other
pathogenic bacteria,Neisseria meningitidisserogroup B, andE. coli K-1 (Fig. 14).29–31 These bacteria
are the causative agents in cerebrospinal meningitis, a disease manifested in infants and young children,
as well as some immunocompromised individuals.

Colominic acid is generated in these bacteria through a series of biosynthetic steps (Fig. 15). In the first
step, NeuAc is generated fromN-acetylmannosamine and pyruvate by the enzyme Neu5Ac synthase.31

The next step involves the activation of NeuAc to CMP-NeuAc (CMP is cytidine monophosphate) by the
enzyme, CMP-Neu5Ac synthetase.31,32 The last step in the biosynthetic pathway involves the synthesis
of the colominic acid polymer by a polysialyltransferase complex.33,34 The synthesis of colominic acid
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Fig. 14. The structure of colominic acid

begins with the transfer of CMP-NeuAc to the lipid undecaprenyl phosphate.35 Additional NeuAc
residues are transferred to the non-reducing end of the growing chain, and finally translocated to the
outer membrane.36

Fig. 15. The biosynthetic pathway for the production of colominic acid in bacteria

In E. coli K-235, colominic acid is released from the surface of the bacteria when bacterial growth
ceases showing kinetics that are typical of a secondary metabolite.37 The length of colominic acid
obtained is a function of pH.34 However, the purified polysaccharide can be cleaved into discrete
oligomers utilizing a method reported by Roy and Pon in 1990.38

Structural studies of colominic acid and the identical polysaccharide generated byN. meningitidis
serogroup B were undertaken by several groups, beginning in the early 1980s. NMR and computational
methods were used to facilitate conformational studies directed at identifying the epitope ofN. meningi-
tidis serogroup B polysaccharide. It had already been determined that the serogroup C polysaccharide
(Fig. 16) from the same organism was immunogenic, meaning that immunization with the group C
polysaccharide led to the formation of protective antibodies against the bacterium. However, the same
was not true of the serogroup B polysaccharide.39 Several hypotheses were submitted to explain the poor
immunogenicity of the group B polysaccharide; namely the sensitivity of the polysaccharide to cleavage
by neuraminidases, cross-reactivity with ‘self’ antigens,40 and the intrinsic ‘floppiness’ of the type B
polysaccharide.41 Sela proposed that there may be an inherent difference in the epitope recognized by the
antibodies. Specifically, that the group C polysaccharide presents a linear epitope for antibody binding,
while the group B polysaccharide has a conformational epitope recognized by the antibody. The binding
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of the antibody to the group B polysaccharide, therefore, would be dependent on the three-dimensional
structure of the antigen.42

Fig. 16. Structure of the serogroup C polysaccharide ofN. meningitidis

Lifely and co-workers were the first to investigate the differences in the conformation between the
group B and C polysaccharides ofN. meningitidis, using a combination of NMR and computational
techniques.39 They concluded from their results that the B polysaccharide had little internal flexibility,
and a different three-dimensional structure from the C polysaccharide. This was based on the C
polysaccharide having internal or segmental motion in the C-7 to C-9 side chain of the repeating unit.
The B polysaccharide, on the other hand, had little or no such movement, and tumbled in solution as a
rigid species, with rotation only possible about the C-9 pendant group.

Jennings and co-workers further investigated the antibody binding epitope of the group B meningo-
coccal polysaccharide (GBMP). Using a meningococcal group B-specific horse antiserum, the epitope
chain length in the polysaccharide was determined by evaluating the antibody-binding capabilities
of discrete chain length oligosaccharides.43 The experiment involved first binding a polymer of3H-
labeled GBMP to the horse antibody, and then counting the3H signal with a scintillation counter. Next,
oligomers of known chain length were introduced to the mixture as inhibitors of the antibody–antigen
interaction. The3H signal was again counted for each inhibitor and the % inhibition was determined.
Through this experiment, they were able to determine that displacement of the labelled polysaccharide
was only achieved with a critical chain length of 10 NeuAc residues. This was an unusual result, as
carbohydrate epitopes for antibody binding generally require only six to seven linearly arrayed sugar
residues to achieve strong binding.44 After an extended conformation for antibody binding to GBMP
had been identified, NMR studies were undertaken to further characterize this unusually long epitope.45

Two-dimensional NMR experiments were performed to determine the solution phase properties of a
decasaccharide of colominic acid. These studies showed that the two terminal disaccharides on either end
of the oligosaccharide had different conformations than the inner residues, as evidenced by differences
in chemical shifts and in theJ coupling values. Jennings and co-workers concluded that the antibody
recognized the inner six residues of the decamer, and that this binding was conformationally driven.

Jennings and co-workers, and independently Yamasaki and Bacon, performed additional NMR ex-
periments and computational studies to arrive at similar helical structures for GBMP.46,47 Yamasaki
and Bacon performed DQF-COSY and pure absorption 2D NOE NMR with three mixing times, then
utilized the NOE data to perform calculations using CORMA (complete relaxation matrix analysis). Their
analysis suggested a helical conformation for the GBMP withφ angles of−60–0°,ψ 115–175°, orφ
90–120°, andψ 55–175°. Fig. 17 illustrates the positioning of theφ,ψ angles in GBMP. Other secondary
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structural features of GBMP identified by Yamasaki and Bacon was a repeating unit incorporating 3–4
residues per turn, and a pitch of 9–11 Å.

Fig. 17. φ, ψ Angles in polysialic acid. A dimer is shown for clarity. Theφ dihedral angle is defined by the atoms
O6–C2–O8–C8, and theψ dihedral angle is defined by the atoms C2–O8–C8–C7

Jennings and associates also performed 2D NOE NMR experiments in addition to potential energy
calculations. While their results did not yield specific structures that fit all of the collected data,
some possible conformations of the polymer were proposed, and they concluded that the polymer was
composed of a random coil structure with local regions of helicity. Moreover, the negatively charged
carboxylate residues were shown to be critical for stability of the helical conformation.48

Jennings and co-workers also solved the X-ray crystal structure (2.8 Å resolution) of an antibody
binding fragment specific for theα (2→8)-polyNeuAc chain.49 They overlaid the crystal structure with
several different proposed oligosaccharide helical structures to determine the best overlap interactions
between the antibody binding fragment and the oligosaccharide. In doing so, they were able to better
characterize the helical properties of polyNeuAc when bound to a specific antibody and a helix with six
residues per turn, and a pitch of 36 Å was optimal.

Circular dichroism has been utilized to further elaborate the structure ofα (2→8)-linked polyNeuAc.
In 1994, Inoue and co-workers studied the Ca+2 binding properties of colominic acid using equilibrium
dialysis and CD.50 In the equilibrium dialysis experiments, three molecular weight ranges of colominic
acid were used, a high-molecular weight polymer (H-CA) with a degree of polymerization (DP) of 24, a
medium-molecular weight oligomer (M-CA) with a DP of 15, and a low molecular weight oligomer (L-
CA) with an average DP of 4.8.45Ca was used as a tracer. The investigators determined that the binding of
calcium to colominic acid occurred in a biphasic manner, with a high affinity binding and a low affinity
binding strength. This suggested that two different types of complexation were occurring between the
oligomers and the cation. The binding constants for the high affinity binding event were in the range of
1–10×103 M−1, while the low affinity binding hadKa values of approximately 200 M−1. The binding
constants for colominic acid were significantly higher than that of NeuAc, which was 121 M−1.51 The
higher affinity sites in colominic acid had several binding sites for calcium, versus one in sialic acid,
which indicated that the calcium binding mode was different in the oligo- and polysaccharide compared
to the monomer. Scatchard analysis was used to not only estimate the binding constants, but also the
approximate number,n, of calcium ions that bound per number of sialic acid residues. For the high
affinity binding event, it was determined that both the high- and medium-molecular weight colominic
acids were able to bind about one calcium ion per every three NeuAc residues. The low molecular weight
colominic acid was only able to complex one calcium ion for every five residues of NeuAc. In the low
affinity binding event, only one calcium ion was able to bind both the oligomeric and polymeric colominic
acid. Table 1 summarizes the equilibrium dialysis results.

The CD of colominic acid in the presence of Ca+2 was also recorded.50 While no change in the negative
band centered at 225 nm was noted upon addition of calcium, a measurable decrease in ellipticity was
seen in the positive band at∼195 nm. The changes were attributed to an alteration in the interresidue
interactions leading to significant changes in the conformation of colominic acid upon binding calcium.
Another aspect of the CD investigation involved the measurement of Ca+2-induced changes in ellipticity,
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Table 1
Equilibrium binding results for calcium complexation with colominic acid of varying lengths

represented as a function of ion concentration, both in the absence and presence of 0.11 M NaCl. The
binding profile of colominic acid to Mg+2 was also investigated by CD. The authors concluded that
colominic acid had different binding affinities for individual cations, and that the induced conformational
change in colominic acid was specific for mineral cations. Ca+2 had the highest affinity for colominic
acid, compared to Na+ and Mg+2.

Recently, Bystricky and associates reported a comprehensive study of the physical properties of
colominic acid using circular dichroism.52 The CD spectra of the sodium salt of colominic acid and the
N-deacetylated polymer were compared at two different temperatures, 5 and 70°C. TheN-deacetylated
polysaccharide was studied to determine the contribution of the carboxyl chromophore n→π* transition
ranging from 205 to 225 nm, as theN-acetyl and the carboxyl chromophore bands for this transition
overlap. It was found that the large positive band centered on 200 nm in the natural colominic acid was
due to theN-acetyl chromophore, because theN-deacetylated polymer has a negative band in this region.
Furthermore, no significant contribution to the CD spectrum at two different temperatures was detected.
Another experiment evaluated the effect of ion complexation to both polymers, similar to the study of
colominic acid complexation carried out by Inoue and co-workers.50 While the CD spectra for colominic
acid complexed with the same three counterions, Na+, Ca+2, and Mg+2, looked similar to that of Inoue
et al., the conclusions drawn were different. Bystricky and co-workers concluded that since there was
no great change in the CD of colominic acid over different concentrations of salt (NaCl was tested from
0.04 to 1.0 M), there could be no possibility of a cooperative order-to-disorder transition, as occurs in
the helix-coil case, under either temperature- or salt-induced circumstances. They did not rule out the
possibility of the existence of several different local helices with a different number of residues per turn
but similar energies that portray helical transitions. The CD for theN-deacetylated polysaccharide in the
presence of different counterions was even less sensitive to changes in the conformation.

Bystricky and co-workers went on to study the CD of discrete oligomers of colominic acid. They
isolated oligosaccharides ranging from 2 to 17 residues, and recorded the CD of each. They assigned
the first negative band at approximately 220 nm to the chiral environment of the C′1 carboxyl group in
the vicinity of the glycosidic bond. This band increased in intensity up ton=9 residues, beyond which
the molar ellipticity remained constant. They concluded from their results that the CD for the shorter
oligomers (n=2–8) varied significantly, and when the oligomer length reachedn=9, some stability in
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the secondary structure was attained. This is consistent with Jennings and co-workers’ findings that a
decamer was required to achieve a stable epitope conformation.45,49

We have also studied the secondary structural characteristics of colominic acid oligomers by circular
dichroism, for the purpose of gaining a better understanding of their conformational attributes. Kno-
wledge gained from such studies will promote the development of effective vaccines against bacterial
infections by organisms such asN. meningitidistype B. The polyanionic character and proposed helical
structure of the polysaccharide have also made it a candidate as an entry mechanism inhibitor in HIV.
Sulfated colominic acid has shown in vitro activity against the virus, through polyanionic binding to the
V3 loop.53 The possibility also exists for colominic acid and its derivatives to bind the known helical CD4
binding site of gp120. Therefore, further investigation of the colominic acid polysaccharide, oligomers,
and derivatives using the technique of circular dichroism is merited.

As mentioned earlier, colominic acid may be produced through the growth and bioprocessing ofE.
coli K-235, where at the late logarithmic growth phase the bacteria shed the polysaccharide coat into the
fermentation broth as a secondary metabolite.37 The fermentation broth is then isolated by centrifugation
and subsequent filtration. Ethanol precipitation is generally used as the first purification technique,
followed by dialysis.54 The colominic acid polymer may be further purified through precipitation first
with streptomycin sulfate, followed by hexadecyltrimethylammonium bromide.55 Colominic acid can
also be purchased in very pure form from a few sources, such as Sigma and Nacalai Tesque.

The pure colominic acid polymer was hydrolyzed into discrete chain lengths using the procedure of
Roy and Pon.38 The production of specific oligomers was optimized by altering the time, temperature,
and pH at which the hydrolysis progressed. The freeze-dried hydrosylate was then purified using
size exclusion chromatography to yield the individual oligomers in pure form. Generally, baseline
separation of these oligomers was only achieved for approximately monomer through tetramer, after
which overlapping of the eluting peaks occurred. The oligomers were further purified by subjecting
them individually to the same size exclusion column. The purity was confirmed using electrospray mass
spectroscopy in the negative ion mode (ESI−), as it clearly showed the different charge states of the
oligomers present, when evaluated by the equation presented in Fig. 18. The presence of any interfering
oligomers is easily detected by this method. ESI mass spectrometry has the added benefit of being free of
matrix peaks that occur with fast atom bombardment mass spectroscopy (FABMS). Others have utilized
colorimetric techniques such as the resorcinol method developed by Svennerholm to determine the chain
lengths of the isolated oligomers.56 We found this method to be very time consuming, and the results too
qualitative to be of value.

Fig. 18. Equation for the determination of the charge states of polyanionic molecules in electrospray mass spectroscopy, negative
mode. M is the molecular weight of the molecule, Z is the charge, and H is the number of deprotonated protons on the molecule

Circular dichroism was performed on the monomer NeuAc, oligomers ranging from dimer to nonamer,
and on the commercially available polymer, colominic acid. The CD for each molecule was measured
in 50 mM phosphate-buffered water at pH 4.0. Fig. 19 shows the CD spectra of colominic acid and its
oligomers. We have taken into account the contribution of chromophores for each oligomer by dividing
the molar ellipticity values at each wavelength by the number of residues per molecule. In doing so, the
relative contributions made to the CD by each oligomer can be evaluated. In some cases, the addition of
one more residue imparts greater molar ellipticity to the oligomer because of the formation of a stable
secondary conformation, and in other cases it does not. In other words, the additivity of residues to the
secondary structure is not a linear process, and depends greatly upon the stability of the conformations
achieved.
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Fig. 19. CD spectra of NeuAc, dimer through nonomer of colominic acid, and polymeric colominic acid. The table shows the
peak–trough analysis for the constituent oligo- and polysaccharides. The units for all numerical values are (deg cm2/dmol)×10−3
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Our CD spectra match those of Bystricky and co-workers, with the n→π* N-acetyl transition centered
at approximately 198 nm, and the higher wavelength n→π* negative band at approximately 225 nm.52

Interestingly, the spectrum for the colominic acid polymer (n∼100 residues) is red-shifted in the low
wavelength band by approximately 4 to 202 nm. This may be due to the presence of coiled interactions
in the polymer that are not present in shorter oligomers. The table in Fig. 19 contains the legend
and peak-to-trough analysis. The peak-to-trough (P–T) ratio can be a useful means for evaluating the
ellipticity profiles within a class of related molecules.57 Morris and co-workers used this technique to
study the alginate polymer, and by doing so were able to measure the relative quantities of constituent
monosaccharides within the heteropolysaccharide.

For our purposes, the P–T analysis was used to qualify the oligosaccharide conformational changes in
varying chain lengths. In looking at the ratios directly, one notes the gradual increase from the monomer
to the tetramer, then a decrease in the pentamer. The short oligomers are very flexible and, therefore,
would be expected to have many different conformations. Perhaps the pentamer is an oligomer that is
long enough to begin to have certain conformations that occur in greater frequency than the shorter
oligomers, which would explain the decrease in ellipticity that is seen for this particular chain length.
Both the hexamer and heptamer have approximately equal P–T ratios that are larger in value than the
pentamer. This suggests that these oligomers may adopt the same types of conformations in solution,
because the values are so similar in magnitude. Again at the octamer stage, a decrease in the P–T ratio
signals a change in structural conformation. The nonamer ratio again increases, and is approaching the
P–T ratio of the polymer. The nonamer is the most likely oligomer chain length to adopt a helical structure
based upon the NMR and computational results already discussed, because it is long enough to have six
internal residues capable of hydrogen bonding properly.

In addition to the polyanionic form of colominic acid, another more structurally constrained derivative
exists. Colominic acid is capable of forming interresidue six-membered lactone rings in acidic enviro-
nments (Fig. 20). Lifely and co-workers first reported lactone ring formation in the polysaccharide in
1981.58 The degree of esterification that occurred between the pH values of 3.0 and 6.0 ranged from 53
to 2.5%, respectively, in the group B polysaccharide. The formation of lactone rings could be achieved
under several conditions, from acidic aqueous solutions, to hydrofluoric acid, carbodiimide, or glacial
acetic acid treatments. Using an immunoprecipitation reaction, Lifely and co-workers showed that as
little as 9% lactonization of the polysaccharide was sufficient to completely abolish recognition of the
open chain polymer by the antibody. This finding has significant implications in the pathology of bacterial
meningitis caused byN. meningitidisandE. coli K1. The possibility of negative charge density control
through lactonization by these organisms in vivo may explain their ability to escape recognition by the
immune system.

Several groups have studied the lactonization process using CD. In 1980, Gekko evaluated solvent
effects on the CD of polymeric colominic acid.59 CD spectra of colominic acid were recorded at six
different pHs: 2, 3, 4, 5.5, 8, and 10. Gekko noted that there were significant differences in the polymer
CD pattern in acidic versus basic media. Colominic acid had a negative band shift to 235 nm at lower pH
values, and had a crossover point at 207 nm, and a positive band at 197 nm. The sodium salt forms (higher
pH) had a negative band centered at 228 nm, with the subsequent shift of the crossover point and positive
band to longer wavelengths, compared to the polymer under acidic conditions. Furthermore, under basic
conditions the ellipticities were diminished in comparison with acidic conditions. The positive band in the
colominic acid CD was not as sensitive to changes in the pH of the solution, as evidenced by the smaller
shifts in wavelength in acidic and basic solutions. The positive band compared well with both the acid
and sodium salt forms of sialic acid, and it was assigned to the same carboxyl n→π* and amide n→π*
andπ→π* transitions as the monomer. The negative band could not be assigned based on Gekko’s
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Fig. 20. Formation of interresidue lactone rings in colominic acid treated with acid

results. Crescenzi and associates also studied colominic acid at different pH values, and achieved similar
results.60

Terabayashi and co-workers reported a study of the lactonization process in oligomers of colominic
acid in 1996.61 In this study, a tetramer of colominic acid was monitored by CD in the presence of 10
mM HCl. They found that the negative band at 228 nm shifted to the higher wavelength of 235 nm, with
time, and also that the ellipticity values increased with time. They also evaluated the lactonization of the
dimer, trimer, pentamer, and decamer of colominic acid by CD and reported the ellipticity values with
the number of residues taken into account (Table 2). They determined that the molar ellipticity/residue,
[θR], ranged from∼1.45 to 1.55×104 (deg cm2)/dmol, and that the molar ellipticity, [θ], was additive
with respect to the number of lactone rings.

Table 2
Molar ellipticity of NeuAc oligomers at 235 nm. [θ] is the molar ellipticity at 235 nm in the units of

104 (deg cm2)/dmol. [θR] is the molar ellipticity per residue in the same units

While the general characteristics of the CD for the oligolactones of colominic acid have been well-
studied, assignment of the secondary structures of this more highly constrained class of molecules has
not yet been achieved.

In addition to the naturally occurringα (2→8)-glycosidically linked colominic acid oligomers,
and the related oligolactones, we have synthesized a novel class ofβ-methyl glycoside amide-linked
sialooligomers. The structures of these novel compounds appear in Fig. 21. Anε-amino caproic acid
linker was utilized at the carboxy termini of each of these classes of molecules to give directionality
to the molecules. The monomer through octamer chain lengths for each anomer were synthesized, and
several techniques were utilized to evaluate their secondary conformational characteristics.

The synthesis and characterization of the secondary structure of the (1→5)-amide linkedβ-methoxy
sialooligomers, was reported by our research group in 1998.62 In that paper, we proposed a stable
secondary structure for the higher order oligomers, based upon CD results, in conjunction with NMR and
molecular modeling studies. These molecules were the first reportedδ-amino acid ‘foldamers’18 shown
to be water-soluble, and the first carbohydrate-based amide-linked compounds shown to have secondary
structure in water. We performed our CD analysis with the assistance of Professor Edwin R. Morris, of
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Fig. 21. Structures of theβ-methoxy amide-linked sialooligomers produced in our laboratory

Cranfield University in the UK, who is an expert in polysaccharide CD. Our CD results are revealed in
Fig. 22, with the legend and peak-to-trough analysis appearing in the table. The molar ellipticities for the
oligomers at each wavelength have been divided by the number of residues to determine the contribution
of each additional residue to the stability of the secondary structure(s).

When we evaluated the CD of these molecules, some interesting features were noted. First, the mono-
mer unit, complete with the caproic acid linker, did not display the positive CD band at approximately
200 nm, characteristic of the other oligomer lengths. This is similar to the results presented by Bystricky
and co-workers, when they recorded the CD of both colominic acid and theN-deacetylated polymer, and
found the positive n→π* transition band lacking in the deacetylated polymer. They were therefore able
to assign the positive band to theN-acetyl chromophore.52 In much the same way, the positive band at
approximately 200 nm was attributed to the n→π* transition of the interresidue amide bond. The negative
band at approximately 220 nm was fairly consistent between all chain lengths, including the monomer,
ranging from−1.81 to−2.26 deg cm2/dmol. This transition may also be an n→π* transition, arising
from the amide chromophores in the caproamide linker. This would explain why all of the oligomers
have approximately the same molar ellipticity values for this band.

The peak-to-trough ratios for the amide-linked sialooligomers were also evaluated. Starting with the
dimer, the P–T ratio increased from the monomer to dimer, and also from the dimer to trimer. The tetramer
through hexamer all had roughly the same peak-to-trough ratio, 10.9. This suggested that these three
molecules displayed similar secondary structures. At the heptamer level, the ratio increased indicating a
change in the conformation of the molecule. The octamer followed suit, with the ratio increasing further.
These peak-to-trough results differ from those of the glycosidically linked oligosaccharides, where the
ratio increased and then decreased upon oligomer elongation. The amide-linked sialooligomer P–T ratios
steadily increased up to the tetramer length. There appear to be similar structural features for the tetramer
through the hexamer, with conformational change being apparent in the heptamer and octomer. The
formation of a stable secondary structure at the level of the tetramer is analogous to theγ-peptides
reported by Hanessian and co-workers,25 and theβ-peptides of Gellman and associates.19,20The NH/ND
exchange for the amide protons using simple one-dimensional1H NMR was also evaluated to further
elucidate the structures of these oligomers.

Kinetic measurements of NH/ND exchange for each oligomer in DMSO-d6 in the presence of 10%
D2O were performed. The results of these experiments are presented in Table 3, and are consistent with
the CD data. The half-life of the internal amides is approximately the same for the tetramer through the
hexamer. Interestingly, in the heptamer, the amide protons exchange relatively rapidly. The relatively fast
exchange rates of the heptamer indicate that hydrogen bonding in this particular oligomer is not protected
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Fig. 22. CD spectra of the (1→5)-amide linkedβ-methoxy sialooligomers from monomer through octamer. The table shows the
corresponding peak-to-trough analysis for the sialooligomers. The units for all numerical values are (deg cm2/dmol)×10−3
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from the solvent. This suggests that the heptamer is in conformational flux compared with the other chain
lengths that appear to have stable secondary structures. The NH/ND exchange results match the CD data,
indicating that a change in the secondary structure of the molecule occurs at the heptamer level. At the
octamer, slow exchange of the amide protons is observed; however the CD data clearly differ from shorter
oligomers. These combined data suggest that the octomer adopts a different secondary structure than the
tetramer through hexamer series. A combination of these two conformations may be available to the
heptamer, which would explain its conformational flux.

Table 3
Thet1/2 (h) determined by NH/ND exchange experiments. n/o=Not observed

Based upon the CD and NMR results, a model of the secondary structure present in the higher orderβ-
methoxy sialooligomers has been proposed (Fig. 23). The arrows in green indicate a 316 helical pattern,
the 3 indicating the number of residues per turn, and the 16 representing the size of the ring formed.
This structure is possible for the tetramer and higher order oligomers. The tetramer is the first oligomer
with an internal amide capable of hydrogen bonding back to the linker 2° amide proton. This secondary
structural pattern predominates from the tetramer through the hexamer. At the heptamer chain length a
second type of hydrogen-bonding pattern is possible, that is indicated by the red arrows. This structure
represents a 422 helical pattern. It appears that at the heptamer length, both secondary structures are
plausible, whereas for the lower order oligomers, the 316 helix predominates. When the oligomer reaches
the octamer chain length, the 422 helix may become the more dominant pattern as evidenced by the
restoration of the shielding of the amide protons from the solvent, and the increase in the P–T ratio in the
CD.

Fig. 23. Proposed hydrogen-bonding patterns that dictate two different, chain-length dependent, stable secondary structures.
The shorter arrows indicate the 316 helix, and the longer arrows illustrate the 422 helix
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The conformations of the oligomeric sialooligomers were also modeled using MacroModel™ and the
Amber force field. The structure obtained by these means corroborated the model helical structure that
was consistent with the 316 helix. This structure is illustrated in Fig. 24.

Fig. 24. MacroModel™-generated helical structure for theβ-methoxy amide-linked sialooligomers

The current hypothesis for the secondary structures of the (1→5)-amide-linkedβ-methoxy sialooli-
gomers is that a stable 316 helix exists in the tetramer through the hexamer. The heptamer has the
possibility of two different hydrogen-bonding patterns, which give rise to either a 316 helix or a 422

helix. It is this propensity of the heptamer that led to the change in molar ellipticity seen in the CD,
which was correlated with a diminished half-life for all of the amide protons in the molecule. For the
octamer, it appears the more extended 422 helix becomes predominant, as evidenced by the change in the
molar ellipticity in the CD, as well as the restoration of longer half-lives for the amide protons. These
molecules are currently under further structural investigation in our group, in order to more clearly define
their secondary structural properties.
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5. Conclusions

In conclusion, CD is a very powerful technique that can be utilized to help probe the secondary
structural characteristics of interesting oligomeric and polymeric molecules in solution. CD in conjunc-
tion with other techniques such as NMR and molecular modeling has been successfully used to gain a
clearer picture of the hydrogen-bonding interactions, and conformational information of molecules that
are not accessible by X-ray crystallography. The use of the peak-to-trough analysis within each class
of oligomers has been an integral part of the analysis, and has provided interesting insights into the
conformational changes that occur within oligomers with varied chain lengths. Continued studies in this
relatively new area of research will add to the knowledge base that correlates circular dichroism data with
other spectroscopic techniques ultimately facilitating secondary structure characterization. One important
goal is to achieve a standardized method for the analysis of unnatural oligo- and polymeric compounds
using CD in much the same manner that natural peptides and proteins can be analyzed today.
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