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Abstract: Recombinant DNA technology has made possible the large-scale production of 
proteins for pharmaceutical applications. As a result, there has been a renaissance in 
methodology which can provide information on the structural stability and character of 
these materials. Circular dichroism (CD) spectroscopy, with its sensitivity to the 
secondary structure adopted by the polypeptide chain, is a powerful tool in this regard. 
Quantitative analysis of the CD spectra of proteins is now wide-spread, aided by the 
availability of such algorithms on commercial instrumentation. However, there are basic 
assumptions made when conducting these calculations, many of which have not been 
addressed or summarized. Some of these assumptions are independent of the selection of 
basis spectra and the algorithm employed. These assumptions are listed and the available 
data concerning their validity is presented and discussed. 

Keywords: Circular dichroism spectroscopy; secondary structure; structural analysis; 
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Introduction 

With the advent of biotechnology, the preparation, isolation, and purification of proteins 
for pharmaceutical applications is now feasible. Consequently, any method which can 
provide information regarding the structural integrity of proteins is of interest and 
importance. As a result, there has been a renaissance in spectroscopic methods as a non- 
destructive procedure for evaluating protein structure in solution. Circular dichroism 
(CD) spectroscopy is one such tool, which is sensitive to the overall conformation and 
folding of polypeptide chains. While CD and the related phenomenon of optical rotatory 
dispersion (ORD) have been known for decades [l], their application to proteins and 
polypeptides is relatively recent. Before beginning a discussion of CD spectral analysis, a 
description of the physical basis of CD is in order. 
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In a CD experiment, measurements are made by alternately passing left- and right- 
handed circularly polarized light through a sample, and determining the difference in 
absorption (see equation 1): 

LL~ = AL - AR. (1) 

Ultimately, this difference in absorption can be related to the difference in extinction 
coefficients, which is easily converted to molar ellipticity, [e], a common unit for 
reporting the intensity of CD bands (equations 2 and 3): 

AA = Aecl, (2) 

[e] = 3298 AE, (3) 

where c refers to the concentration and 1 the pathlength of the sample. In order to exhibit 
CD, a system must possess either local or global chirality. Achiral molecules will display 
no CD signal. As CD is an absorption process, the bands are characteristic of the 
electronic excited states of the molecule (as opposed to vibrational circular dichroism, 
VCD, or Raman optical activity, ROA, which involve vibronic excited states), with 
distinctive intensities and frequencies. Since it is a difference method, the bands also 
possess either a negative or positive sign. Many of the fundamental aspects of CD 
spectroscopy have been reviewed [l-7], particularly with regard to the CD of peptides 
and proteins [g-16]. 

One of the most widespread applications of CD is the determination of secondary 
structure composition of proteins in solution [16-441. In this approach, an experimental 
far UV (250-175 nm) CD spectrum is deconvoluted into a linear combination of basis 
spectra, each representative of a secondary structural type. The relative contribution of 
each basis spectrum to the overall CD curve is proportional to the amount of that 
structural feature in the protein. Basis spectra are derived from CD spectra of proteins 
having a known secondary structure composition (as determined by X-ray crystal- 
lography). Employing one of many variable curve-fitting routines [16-441, basis spectra 
can be obtained. 

A more detailed description of the procedure can be illustrated with a discussion of the 
singular value decomposition (SVD) approach of Johnson and co-workers [ 16-201. First, 
the CD spectra from 16 proteins form a 16 x 42 matrix, R (42 data points comprised 
of molar ellipticities taken every 2 nm over the range 260-178 nm for each of 16 
proteins). Secondary structure content forms a second matrix, F, which is 16 x 5, i.e. 
assuming there are five different secondary structures which can be resolved. This seems 
to be the optimal number for data taken to 178 nm [16, 171. The range over which R is 
measured varies from method to method. However, extension of the data into the 
vacuum UV (A < 180 nm) seems to provide greater information content and improved 
accuracy [16, 17,371. Thus, what is sought is the matrix, X, which can relate the two, so 
that 

F=XR. (4) 

The singular value decomposition framework proceeds via decomposition of the matrix, 
R, into the product of three different matrices (equation 5): 
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R= USVT, (5) 

where U is a matrix of orthogonal basis vectors which represent the eigenvectors of RRT, 
V is a matrix of the eigenvectors of RTR, RT is the transpose of R, and S is a diagonal 
matrix containing the square roots of the eigenvalues of eigenvectors common to both U 
and V. These are the singular values, which indicate the relative importance of each 
eigenvector. The vector components of US are referred to as the basis CD spectra, while 
the rows of VT contain the coefficients indicating the amount each vector contributes 
toward the original CD spectra (i.e. the R matrix). 

According to SVD theory, 

X = F V S+ UT, (6) 

where S+ is the pseudo-inverse matrix of S (formed by replacing each diagonal element 
of S by its reciprocal). The product VSfUT is described as the generalized inverse. Once 
X is determined, it can be used to determine the secondary structure content of any 
protein, f,, from its CD spectrum, c, according to equation (7): 

f, = Xc = F V S+UTc. (7) 

However, further simplification is usually employed before implementation of matrix X. 
Strictly speaking, there may be as many basis CD spectra as there are proteins in the 
original database (16 in this case). The singular values of the S matrix suggest that only 
five of these are significant, that is, these five are sufficient to adequately reconstruct any 
of the original 16 spectra. Therefore, the V, S, and U matrices are truncated to include 
only the five essential basis spectra (these matrices are now designated Vg, Szand Us), so 
that equation (7) now becomes 

f,=Xc=FV&USTc. (8) 

The transformation matrix, X, can now be used to obtain the amounts of any of these 
five secondary structure types from any experimental spectrum, c, via equation (8). 
Johnson et al. have ascribed these types to the (Y helix, parallel p sheet, antiparallel p 
sheet, p turn, and random coil, or unordered, conformations. The matrix manipulation is 
straightforward, and has been further simplified by Compton and Johnson [20], who 
have published tables of the general inverses, meaning that secondary structure contents 
can be obtained simply by taking the dot product of the experimental spectrum and the 
appropriate general inverse. While these tables can be used for data only down to 
186 nm, Johnson has shown that the degree of confidence in the accuracy of the 
estimations is greatly improved upon extending the experimental data down to 178 nm 
[16, 17, 201. Other workers have employed similar curve-fitting schemes, in which the 
basis spectra are either obtained from protein databases [21-351 or from model systems 
[36-441. The major differences are in the choice of basis spectra and in the deconvolution 
algorithm [16]. Many of these programs are readily available, and some are even 
included with the software on commercial CD instruments. 

However, secondary structure analysis by CD involves numerous assumptions, many 
of which are independent of the deconvolution method employed or the choice of basis 
spectra. Furthermore, these assumptions may not be obvious to the user. The validity of 
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these assumptions has rarely been addressed and a critical assessment of them is 
imperative. While the accuracy of various basis sets (i.e. reference spectra) has already 
been examined [lo, 16, 451, this article will focus on the following four underlying 
assumptions which are endogenous to all CD deconvolution treatments: 

(1) the secondary structure composition of the crystalline protein is retained in 
solution; 

(2) the effect of tertiary structure is negligible (i.e. individual secondary structural 
elements do not interact and their contribution to the overall CD spectrum is 
additive); 

(3) only the amide chromophores are responsible for the far UV CD spectrum 
(contributions from side chain chromophores are assumed to be zero for all 
proteins); 

(4) the geometric variability of secondary structural units is assumed to be negligible, 
i.e. a single CD curve is sufficient to describe each type of secondary structure 
(e.g. one for all CY helices, one for all p sheets, etc.). 

Clearly, any of these may not be valid for a given protein. Many examples are known 
in which the CD spectrum of a protein does not deconvolute properly, leading to either 
erroneous estimates of secondary structure content or a poor agreement between the 
experimental and reconstructed spectra. Studies which address these assumptions will be 
presented and discussed. While this article investigates the potential shortcomings of CD 
analysis, it should be emphasized that these programs and algorithms often produce 
accurate and reliable results. In addition, it should not be inferred that the workers who 
developed these methods were ignorant of the potential problems associated with these 
assumptions. Spectral analysis often requires simplifications in order to obtain 
information in a tractable fashion. Rather, the goal of this article is to educate potential 
users regarding the quantitative analysis of CD spectral data, especially considering the 
increased demand for methods of structural characterization of recombinant protein 
products. 

Discussion 

Assumption 1. Retention of crystal structure in aqueous solution 
X-Ray diffraction is taken to be the basis for determination of the secondary structure 

content of a protein. However, the solid state conformation may not be retained in 
solution. Calmodulin, in its fully coordinated state with four tightly bound calcium ions, 
adopts a dumbell-shaped structure in the solid state [46,47]. Each lobe of the dumbell is 
connected by a long, continuous helical segment (residues 66-92) in the crystal. Small 
angle X-ray scattering measurements indicate that the radius of gyration of calmodulin in 
solution is inconsistent with the crystal structure [48, 491. Time-resolved fluorescence 
measurements, in conjunction with CD studies, suggest that this central helix may not be 
a normal part of the solution structure [50]. In the presence of calcium, the molecule 
appears to become much more compact, presumably with the loss of this central helix. 
Only a single rotational correlation time was detected for the molecule, whereas an 
asymmetric structure, as found in the crystal, would exhibit two distinct values. Fourier 
transform IR spectroscopic measurements support the observations that the helix 
content in Ca4-calmodulin in solution is inconsistent with the crystal structure [51]. 
Troponin C, a homologous protein which possesses a similar crystal structure, displays 
similar behaviour in solution [51]. Recently, mutants of troponin C, having portions of 
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the central helix deleted, were found to still be viable [52], suggesting that the central 
helix is not present or essential in solution. Rubredoxin is another protein whose 
estimated secondary structure content is quite different from that found in the crystalline 
state. The difference has been attributed to a change in overall conformation [37]. 

With the increased capabilities of nuclear magnetic resonance (NMR) spectroscopy to 
evaluate the three-dimensional (3-D) structure of proteins in solution [53], comparison 
to the conformation in the solid state is possible. Currently, the 3-D structure of more 
than 20 small proteins have been determined by NMR. So far, NMR studies on small 
proteins such as crambin and basic bovine pancreatic trypsin inhibitor (BPTI) have 
indicated only minor differences between solution and solid state structures [54-591. 
However, larger discrepancies are seen in the structures of toxins [60-641. The most 
detailed comparison of solution and crystal structures has been for ol-bungarotoxin 
[61-641. Major differences are observed in both the backbone and side chain 
conformations, especially in the region surrounding the invariant tryptophan residue. 
More importantly, discrepancies are seen in the amount of secondary structure, because 
the central l.3 sheet appears to be more extensive in solution. Both this effect and rotation 
of the tryptophan to the other side of the l3 sheet will undoubtedly affect the CD 
spectrum. 

Another important factor which may differ in solution and crystal environments is the 
degree of aggregation. Not only can associated monomers introduce additional 
interactions which can perturb the CD spectrum (see the section on assumption 2), but it 
can also introduce changes in the conformation of the peptide backbone. Insulin has 
been thoroughly studied in this regard. Existing in well-defined aggregation states from 
monomer to hexamer, the CD spectrum of insulin has been observed to vary 
significantly. Separating effects arising from monomer-monomer contacts from those 
arising from aggregation-induced distortions in the secondary structure is difficult, 
although molecular dynamics simulations [65] and theoretical investigations of the CD 
spectrum [66-691 indicate that both occur. Both effects appear to modulate the aromatic 
side chain rotational strengths as well (see the section on assumption 3). Certainly, 
crystal packing forces appear to alter the structure of the insulin monomer [65, 70-721. 
Association of glucagon also causes changes in its CD spectrum [lo, 73-761. The 
aggregated form appears to possess a higher (Y helix content than the monomer. Further, 
acidic conditions induce a change to a B sheet-like structure. Distortions are observed in 
small proteins such as avian pancreatic polypeptide [77, 781 and complement C3a [79]. 
Recent NMR studies show that complement component C3a, possesses a solution 
structure which differs from that found in the crystal [79]. The length of the third cy helix 
is shorter in solution, extending from residues 47 to 66, as opposed to residues 47 to 73 in 
the solid state. Helical structure is observed at the N-terminus of C3a in solution 
(residues 8-15), while residues 13-15 are distinctly nonhelical in the crystal, and the 
first 12 residues could not be found due to disorder and flexibility. These variations were 
attributed either to additional intermolecular contacts (mostly helix-helix packing) 
found within the crystal or the high salt conditions required for crystallization [79]. 

It is also possible that a protein can crystallize in different forms, each possessing 
unique secondary and tertiary structure. Lacking any additional data, deciding which 
form most accurately represents the solution conformation would be difficult (see the 
discussion of BPTI in the section on assumption 3). In the case of BPTI, comparison of 
the solution structure with single crystal X-ray diffraction data is complicated by the fact 
that BPTI has been crystallized in three different forms [80-821. Each displays small 
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variations in conformation from the other, while maintaining the global folding pattern. 
This is not surprising considering that BPTI contains three disulphide bonds (out of 58 
amino acid residues), and consequently, possesses a relatively rigid structure. Yet, if 
such heterogeneity can exist in the solid state for a highly constrained protein, other 
proteins would be even more susceptible to variation. Thus, it becomes a question of 
which crystal structure is representative of the solution conformation. 

Crystallographic determination of secondary structure content is also not trivial 
[15-17, 831. Accurate identification of which residues belong to a certain structure type 
varies with the method of definition and assignment. Levitt and Greer found significant 
differences in secondary structure composition of proteins analysed by their method and 
the values provided by the original description of the structures [83]. In the cases of low 
resolution structures, the problem becomes even more acute. For example, the original 
report of the crystal structure of ferricytochrome c (4.0 A resolution), stated that the 
protein had “little or no (Y helix content” [84]. Subsequent refinement to 2.8 A still 
placed the (Y helix content at <lo% [85], despite numerous CD studies which estimated it 
to be 27-45% [86-911. Finally, at 2.0 A resolution, the number of residues listed as 
being in an o-helical conformation was 30 out of 104 total residues (-29%) [92]. Levitt 
and Greer calculate the amount to be closer to 40% [83]. 

Assumption 2. Contributions from secondary structures are additive (no contributions 
from tertiary structure) 

Sensitivity of CD spectroscopy to the tertiary structure of proteins is still an open 
question. Close packing of secondary structure units may produce a system where 
significant through-space interactions may occur, leading to an alteration of the CD 
spectrum. Two common folding motifs are known where interaction between units 
should be maximal: the four-helix bundle, where four 01 helices are arrayed in antiparallel 
fashion [93-1001, and the P-sheet sandwich, a face-to-face arrangement of two l3 sheets as 
described by Chothia and co-workers [NO-1051. Both theoretical and experimental 
studies indicate that significant interaction occurs between members of these tertiary 
structures. 

In the four-helix bundle, the (Y helices are typically aligned in an antiparallel fashion 
and are tilted -20” one to another [93-NO]. This arises from the packing of the 
hydrophobic residues on the interior of the bundle. While some dispute exists over the 
degree of stabilization afforded by an antiparallel arrangement of helix dipoles [93, 96, 
99, 106, 1071, it is agreed that the hydrophobic interactions account for a significant 
amount of the stabilization energy [108, 1091. Recently, a synthetic four-helix bundle was 
designed and synthesized by DeGrado and co-workers [llO-1121. Other such structures 
have since been produced in other laboratories [113]. Initially, the bundle was formed by 
association of four independent helices, which displayed very little helical structure on 
their own, but showed significant amounts of helix upon assembly [ill]. These helices 
have since been linked into a single polypeptide chain and formation of the bundle was 
still observed. From model building, the structure should be essentially entirely helical 
(>85%). Yet, the CD curve suggests a helix content of only 60-70% [ill]. While 
unwinding of the helix temini is a possible explanation of the observed decrease in the 
CD signal, it is equally likely that there are interhelix interactions which modulate the 
CD intensity. Theoretical studies on two antiparallel helices are consistent with these 
observations. Calculations show that for two helices separated by 7-10 A, the overall 
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Flgllre 1 
Calculated CD spectra for a single a helix (- ) 
and for two antiparallel CI helices separated by 8 A 
(---------) (Cooper and Woody, unpublished data). 
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CD intensity is decreased by -10% (see Fig. 1). The extent of change in the CD curve 
for four helices may be even more pronounced. 

Systems composed of two OL helices in close contact are also known. For example, the 
coiled-coil is a well established motif in biology [114,115]. It involves two intertwined OL 
helices, with a heptad repeat which allows the side chains to interdigitate themselves. 
Tropomyosin, a muscle protein, is one of the most widely studied coiled-coils. Decreases 
in the overall CD intensity, relative to a single a helix, are observed in these compounds 
[116-1181, suggesting that helix-helix interactions are modulating the CD signal. Other 
coiled-coils behave in a similar fashion [119]. In order to account for this diminished 
intensity, the deconvolution algorithms factor in other secondary structures which have 
lower overall intensity (such as the l3 sheet), in order to produce an acceptable fit to the 
experimental data [119]. However, this may not produce a realistic description of the 
system. Another structure containing two cx helices is the leucine zipper, found in certain 
DNA-binding proteins. Peptide models of the leucine zipper have been synthesized, and 
the helices were found to align in a parallel fashion [120, 1211. These dimers do not show 
a diminished CD curve [120], and the CD band positions and intensities are consistent 
with a system comprised entirely of o-helical peptide chains (Fig. 2). Amphiphilic 01 
helices can associate as dimers [122-1251 as well as tetramers [llO-1121. Helical 
fragments from human growth hormone have been shown to associate, and yield an IY_- 
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helix-like CD spectrum [122-1241. However, the overall intensity, even in a 30% 
trifluoroethanol solution, is well below that anticipated for an entirely helical peptide 
[122]. Again, some unfolding may occur, but helix-helix interactions modulating the CD 
signal must be considered as a possible explanation. All of these analyses are 
complicated by the lack of a reliable standard for a fully o-helical peptide. Estimates of 
the molar ellipiticity at 222 nm, [e],,, an indicator of helix content [26], range from 
-26,000 [122] to -38,000 [125] deg cm2 dmol-‘. 

To date, experimental measurements on isolated p-sheet sandwich structures has not 
been accomplished. Synthesis of a suitable, well-defined model for even a single p sheet 
is difficult in itself; construction of a multilayer structure would be even more 
problematic. Some models have been prepared, but their exact structure has yet to be 
determined [126-1291. There are some proteins which are comprised primarily of a l3- 
sheet sandwich with little or no cx helix [loo-1051, but they display widely variant CD 
spectra. Differences in strand length, the number of strands per sheet, and the extent of 
strand distortion are probably the major reasons for these discrepancies. All of these 
parameters have been calculated to have a marked effect of the CD spectra of l3 sheets 
[130, 1311. Theoretical studies on idealized P-sheet sandwiches and on the P-sheet 
sandwich portions of crystographically characterized proteins indicates that the inter- 
sheet interactions can modulate CD intensity by up to 10% [131]. However, the twisting 
of individual strands and the overall deformation of p sheets, both of which are observed 
in all of the proteins included in this study, leads to much larger effects on the CD spectra 
than the intersheet contributions [130, 1311. 

Assumption 3. Contributions from side chain chromophores in the far UV are negligible 
The contributions from side chain chromophores, specifically aromatics and disulph- 

ides, can be sizeable, not only in the near UV (250-350 nm), where these chromophores 
display distinctive absorption and CD bands, but also in the far UV. Significant CD 
intensity in this region may compromise the accuracy of secondary structure analyses 
based upon this portion of the spectrum. 

Of all the amino acid side chains, the indole group of tryptophan is expected to 
produce the largest CD signals, both in the near and far UV. Estimations of the molar 
ellipticity, [6], range from 40,000 to 80,000 deg cm2 dmol-’ in the far UV region [8, 37, 
1321. In general, the CD of aromatic amino acids [tryptophan (Trp), tyrosine (Tyr), 
phenylalanine (Phe), and histidine (His)] has been widely reviewed [8, 10, 133, 1341. Of 
these, only tyrosine and tryptophan have been considered as contributing significantly to 
the far UV CD spectra of proteins. Woody has listed some globular proteins which seem 
to display sizeable contributions from tryptophan and tyrosine in the far UV [135]. An 
estimate of the rotational strength per aromatic group is provided. These observations 
were substantiated by calculations on Trp-containing dipeptides. An exhaustive search of 
conformational space for the Trp side chain suggested that there were accessible 
rotamers which could produce CD signals comparable to those observed in globular 
proteins [135]. Similar calculations had been conducted earlier for Tyr-, Trp- and Phe- 
containing peptides [136-1461. Unusual CD spectra (usually displaying strong positive 
features near 230 nm) have been observed for many proteins, and the anomalies have 
been postulated to arise from side chain contributions. These include concanavalin A 
[30, 1471, DNase [148], BPTI [149, 1501, erabutoxin b [151], avidin [152], gene 5 protein 
[153], and ACTH [154, 1551. Similarly, chymotrypsin and chymotrypsinogen, despite 
only minor differences in secondary structure by crystallography [156-1591, display 
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markedly different far UV CD spectra at neutral pH [160]. The difference spectrum has a 
band at 230 nm indicative of aromatic contributions. 

While aromatic side chains have been postulated to affect the far UV CD spectra of 
proteins and polypeptides, the ability to critically evaluate this phenomenon has been 
limited. Three major approaches have been described: (1) expanding the deconvolution 
algorithms to include aromatic side chain contributions, (2) site-directed mutagenesis, 
where the aromatic side chains have been replaced and a direct comparison of the wild 
type and mutant proteins can be accomplished, and (3) theoretical studies, where the CD 
spectra are calculated and individual side chain contributions can be determined. 

Attempts to improve the secondary structure analysis of proteins by CD via inclusion 
of aromatic side chain contributions have been reported [8, 32, 37, 1551. While not 
including aromatic groups as a structural sub-type does not affect the generation of basis 
spectra, it does produce bases which include an average contribution from aromatic side 
chains. Therefore, unusual or large aromatic contributions may not be handled well. 
Whether this shortcoming really hinders accurate analysis of the secondary structure 
composition is doubtful. In fact, in many cases, they do not affect the analysis at all [8, 
37, 1551. However, this may be due to the way in which the aromatic contributions are 
handled. Some workers have chosen to base the aromatic side chain basis spectra on 
simple dipeptides [37, 1551, which undoubtedly ignores differences in side chain 
orientation and the interactions with the rest of the polypeptide chain. These effects have 
been shown to be significant in most proteins [135-137, 150, 154, 1611. A better 
approach is to generate a basis spectrum which represents the average aromatic side 
chain CD spectrum (ref. 32; W. C. Krueger, personal communication), and include it in 
the analysis as an additional secondary structural type. The added value of such 
modifications is still to be determined. 

Proteins that do not deconvolute well mainly include those mentioned above, which 
display a prominent positive band in the 220-230 nm region. Presumably, these bands 
arise from the L, band of tyrosine or tryptophan [8, 135, 1361 or from disulphide-based 
transitions [134, 162-1661. No regular secondary structural feature, except the rare 
polyproline II helix, displays a positive band at these wavelengths. In fact, this structure 
has been invoked to account for the positive band in ACTH [155]. More likely, this 
feature is a result of aromatic side chain contributions. Surprisingly, one of the proteins 
which deconvolutes well without including side chains is concanavalin A [37], which has 
an extraordinary amount of aromatic residues and was previously found to be a difficult 
case [32]. Again, this is probably due to the difference in the handling of the aromatic 
side chain contributions. 

Ability to manipulate the primary structure (i.e. sequence) of the protein via site- 
directed mutagenesis permits replacement of amino acids possessing aromatic side 
chains. Judicious substitutions which maintain the tertiary structure of the protein will 
allow the contribution of individual groups to the overall far UV CD to be determined. 
Proteins containing single Trp residues, such as growth hormone and interleukin-2 (IL- 
2), both pharmaceutically important materials, would be superb candidates for 
evaluating aromatic contributions in this region of the spectrum [12, 1671. Mutants of IL- 
2 have been synthesized, including one replacing the tryptophan with serine (Fig. 3). 
Dramatic differences are observed in the far UV CD spectra of wild type and the W121S 
mutant of IL-2 [167]. Whether this represents gross conformational changes or a 
significant tryptophan contribution in this region is still undetermined. Replacement of 
Trp with another large hydrophobic group would be less likely to disrupt the tertiary 
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Figure 3 
CD spectra of IL-2 (- ) and the W121.5 mutant of IL-2 (MM) [167]. (Reprinted with the permission of the 
author.) 

structure and present a better test for the role of Trp in perturbing the far UV CD 
spectrum of IL-2. 

Detailed calculations on the impact of aromatic side chains on the far UV CD 
spectrum of proteins and polypeptides are numerous [66, 70, 130, 135-137, 146, 1501. 
Similar investigations have been conducted on small peptides and portions of proteins by 
Hooker and co-workers [138-1451. For example, detailed calculations have been 
conducted on the contributions of aromatic side chains to the far UV CD spectrum of 
BPTI [150]. As this protein contains no tryptophan or histidine, only phenylalanine and 
tyrosine needed to be considered. Theoretical studies demonstrated that any description 
of the far UV CD spectrum of BPTI based solely upon peptide backbone contributions 
gave an incorrect prediction of the experimental spectrum. Inclusion of tyrosine side 
chains did little to improve the fit. However, consideration of both tyrosine and 
phenylalanine produced a predicted curve very similar to the experimental data (Figs 4 
and 5). Detailed analysis indicated that the phenylalanine side chains did not themselves 
provide significant rotational strength, but were essential in correctly modulating the 
interactions of other nearby groups [150]. The calculations also indicated that only those 
aromatic groups involved in the cluster of hydrophobic side chains (including Ty?, 
TyZ3, Phe4, Phe22, and Phe45) produced strong signals in either the far or near UV. 
Considering that aromatic side chains do tend to cluster in globular proteins [168], there 
may be many proteins who have a sizeable contribution to the overall CD arising from 
aromatic groups. Inaccuracies in the 240-260 nm region of the calculated CD spectrum 
are probably due to neglect of the disulphide chromophores [149]. 

Disulphides are predicted to possess electronic transitions in both the near and far UV 
[134,162-1661, which can produce strong CD signals due to the inherent chirality of the 
disulphide group. Despite the abundance of proteins containing this functional group, 
little is known about its higher energy electronic excited states. Experimentally, it is 
difficult to assess whether spectral changes are due to addition or removal of a particular 
chromophore. Site-directed mutagenesis allows such changes to be made, and the 
introduction of a disulphide bridge into T4 lysozyme has been accomplished [169, 1701. 
Differences are observed in the CD spectra of the mutant and wild-type proteins. 
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Difference spectroscopy in the near UV does produce a reasonable spectrum, thought to 
arise from the engineered disulphide group [171]. Yet, whether the changes observed in 
the far UV are due to the disulphide transitions or to slight variation in secondary and 
tertiary structure is still undetermined. Difference spectra representing disulphide 
contributions in growth hormone have been determined by selective reduction or 
chemical modification of the protein [172-1751. As with T4 lysozyme, the disulphide 
signals were sizeable in the near UV, but small or not observed in the far UV. 

Finally, examples of small peptides which adopt o-helical conformations in aqueous 
solution are now numerous [llO-112, 120, 122-125, 176-1841. Frequently, CD 
spectroscopy is employed to estimate the amount of helical structure. Typically, the 
molar ellipticity at 222 nm is used as the indicator, following the correlation described 
by Chen et al. [24]. However, tyrosine, tryptophan, and disulphide groups can all 
produce strong CD signals in this region, making accurate determinations difficult or 
impossible. Close scrutiny of the CD spectra obtained for the N-terminal fragment from 
haemoglobin (residues l-23) suggest that the single Trp is largely responsible for the 
discrepancy between NMR and CD estimates of cx helix content [182]. Similarly, the C- 
terminal CNBr fragment from myoglobin contains two tyrosines. By CD, the amount of 
helical structure appears to be very small, whereas by NMR it is highly structured. 
Substitution of the N-terminal Tyr eliminates the interference caused by the aromatic 
side chain and restores the accuracy of the helical estimates by CD spectroscopy [183]. 

Prosthetic groups, such as haemes, may also affect the far UV CD spectra of proteins. 
Despite similar secondary structure composition (-80% (Y helix and no p structure), the 
CD spectra of haemoglobins and myoglobins are widely variant. While the shape of the 



1114 MARK C. MANNING 

CD curve is maintained, the overall intensity can vary by 50%. Largest differences are 
observed for invertebrate and plant globins [185-1871. Considering the large dipole 
moment of an extended n system such as a haem, changes in haem orientation and 
position may produce an alteration of the far UV CD spectrum of haem proteins. 

Assumption 4. Geometric variability does not affect the overall CD spectrum 
Following the presentation of structural models for protein a and p structure by 

Pauling and Corey [ 188-1901, the first high resolution X-ray crystal structures of protein 
demonstrated that both the a helix [191] and the p sheet [192] could be defined by a 
range of + and + angles and not just a single set. Within this range, all of these structures 
would be nearly isoenergetic [193]. For example, the estimates of the average $ and + 
angles for the “typical” a helix span nearly 20” [194]. Even within a single helix, the 
distribution can be quite broad. Therefore, the question arises as to which set of 
backbone dihedrals will produce a representative a-helix-like CD curve. Moreover, 
whether structures at the extremes of each range will have differing CD spectra is still 
unknown. Again, the problem of constructing a well-defined model system with which to 
investigate these problems is apparent. Certain homopolymers are known to adopt a- 
helical conformations, but their exact structure (i.e. + and $ angles) is still undetermined 
and their solubility in water is quite limited. Extrapolating from data obtained in organic 
solvents to proteins in aqueous solution would further complicate the analysis. Not only 
is the heterogeneity in + and + of importance, but difference in chain length should also 
produce variance in the CD spectra of a helices. Chang et al. attempted to account for 
this behaviour by scaling the a helix CD basis spectrum by the average length of a helix in 
globular proteins (10.5 residues) [26]. 

More specifically, certain features of the effect of varying chain length are of interest. 
First, knowledge of the minimum length required to produce an a-helix-like CD 
spectrum is essential. Conversely, the number of residues which are capable of 
simulating an infinite helix will be of interest. Experimental evidence on a helices 
indicates that approximately two turns of a helix are required to produce an a-helix-like 
CD spectrum [195-1971. This has been confirmed by theoretical studies [131, 198, 1991, 
although some methods indicate that there is little length dependence in the a helix 
beyond three to four residues [200, 2011. Current deconvolution systems generate an 
average curve to represent each type of secondary structure, thereby ignoring the effects 
of structural variance. 

While this problem occurs for all secondary structural types, it is even more acute for 
sheets and turns, where the number of geometric variables is even greater than with 
helices. As previously mentioned, the p sheet is susceptible to even more geometric 
variability, not only in chain length, but also the number of strands, the degree of 
twisting of each strand (as governed by the 4 and \cr angles), and the overall deformation 
of the sheet. Theoretical studies have indicated that each of these parameters can have a 
dramatic effect on the far UV CD spectrum [130, 1311. Twisting of an individual strand 
produces the most pronounced effect, yielding a substantial increase in overall intensity. 
However, it must be noted that such twisting will distort the rest of the sheet, in order to 
maintain maximal hydrogen bonding and minimize contacts [lOO-1051. This makes it 
difficult to separate the effects of single strand twisting from that of the entire sheet. 
Finally, the characterization of the so-called “unordered” or “random” structure is the 
poorest of all. Considering the variety of conditions which can denature a protein and 
produce an unordered structure, the variability of this structural type must be extreme. 
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Conclusions 

Circular dichroism spectroscopy is a powerful technique for evaluating the confor- 
mation of polypeptides and proteins. As an analytical tool, it can determine changes in 
secondary structure in a qualitative and even semi-quantitative fashion. Quantitative 
analysis of CD spectra for the amount of various secondary structural features is 
possible, but, as with any assay, the accuracy and proper interpretation of the results 
depends on an accurate understanding of the procedure. Deconvolution methods involve 
assumptions which are not necessarily apparent to the user. These are assumptions which 
are independent of the algorithm or basis set of spectra employed. Many of these have 
been presented here, along with a summary of the studies which pertain to the validity of 
these assumptions. While these assumptions may be justified in many cases, there are 
examples where the effects can be disastrous. Inspection of the shape of the protein CD 
curve can indicate whether accurate analysis can be accomplished. Spectra which do not 
resemble those found for “standard” secondary structures [9, lo] suggest that difficulties 
may be encountered, and caution should be exercised in the interpretation of these 
secondary structure estimates. 
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