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We have expanded the reference set of proteins used
in SELCON3 by including 11 additional proteins (se-
lected from the reference sets of Yang and co-workers
and Keiderling and co-workers). Depending on the
wavelength range and whether or not denatured pro-
teins are included in the reference set, five reference
sets were constructed with the number of reference
proteins varying from 29 to 48. The performance of
three popular methods for estimating protein second-
ary structure fractions from CD spectra (implemented
in software packages CONTIN, SELCON3, and
CDSSTR) and a variant of CONTIN, CONTIN/LL, that
incorporates the variable selection method in the lo-
cally linearized model in CONTIN, were examined
using the five reference sets described here, and a
22-protein reference set. Secondary structure assign-
ments from DSSP were used in the analysis. The per-
formances of all three methods were comparable, in
spite of the differences in the algorithms used in the
three software packages. While CDSSTR performed
the best with a smaller reference set and larger wave-
length range, and CONTIN/LL performed the best with
a larger reference set and smaller wavelength range,
the performances for individual secondary structures
were mixed. Analyzing protein CD spectra using all
three methods should improve the reliability of pre-
dicted secondary structural fractions. The three pro-
grams are provided in CDPro software package and
have been modified for easier use with the different
reference sets described in this paper. CDPro software
is available at the website: http://lamar.colostate.edu/
;sreeram/CDPro. © 2000 Academic Press
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The far-UV CD of a protein generally reflects its
secondary structure content. One of the most success-
ful applications of CD, the structural characterization
of proteins, depends upon the remarkable sensitivity of
far-UV CD to the backbone conformation of proteins.
Various empirical methods have been developed for
analyzing protein CD spectra for quantitative estima-
tion of the secondary structure content (1–20). The
basic principle involved in the analysis of protein CD
spectra, and used in the estimation of secondary struc-
ture fractions, is that the protein CD spectrum (C l) can
be expressed as a linear combination of spectra of in-
dividual secondary structure components (k), Bk l,
C l 5 ¥ f k Bk l, where f k is the fraction of the secondary
structure k. The validity and the limitations of this
equation have been discussed in the preceding paper
(21). Various aspects of secondary structure analysis
have been reviewed (22–26). Methods have also been
developed to estimate the number of secondary struc-
tural segments in proteins (19), and to assign the pro-
tein tertiary structure class from the analysis of far-UV
CD spectra (27, 28).

Different sets of reference proteins, with 15 to 33
proteins and having a good representation of a-rich,
b-rich, and mixed-ab proteins, have been used in sec-
ondary structure analyses. Denatured proteins have
also been included in these reference sets (21, 29).
Different methods for analyzing protein CD spectra
have been developed, and a different reference protein
set has generally been used in each of these methods.
The use of the different methods in protein CD analysis
has been limited to the reference proteins and the
secondary structure assignments used in the original
publications. It is often difficult to compare the results
from different methods because of the different refer-
ence sets and different secondary structure assign-

ments used in those methods of analysis. It would also
be erroneous to average the results from different
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253COMPARISON OF METHODS FOR PROTEIN CIRCULAR DICHROISM ANALYSIS
methods unless secondary structure assignments from
the same algorithm [for example, DSSP2 (30)] are used
in the analyses.

Performing CD analysis using different methods
should help improve the reliability of predicted struc-
tural features. However, care should be taken to en-
sure that the protein reference set and the secondary
structure assignments used are the same in the meth-
ods examined. Most straightforward applications of
protein CD analysis use the computer programs imple-
menting a method of analysis with the spectra and
structural assignments from the original publications,
making the use of results from different methods for
improved reliability difficult.

For a good analysis, it is desirable to have a reference
protein set with the largest possible representation of
CD spectral features and secondary structural combi-
nations. The most widely used reference sets are from
Yang and co-workers, Johnson and co-workers, and
Keiderling and co-workers. While there are proteins
that are common to all three reference sets, some pro-
teins are found in only one of the reference sets. Con-
struction of a larger reference set of proteins by com-
bining proteins from the widely used reference sets
should increase the range of spectral data used in the
analysis.

In this paper we describe our efforts to achieve these
two goals: increasing the range of spectral data used in
the analysis and using multiple algorithms for a reli-
able analysis. We have constructed a reference set of 48
proteins by combining the unique protein CD spectra
from four sources, supplemented with secondary struc-
ture assignments from Kabsch and Sander’s DSSP pro-
gram (30). Since the reference sets developed from
different research groups use different wavelength
ranges, the reference set of 48 proteins has the small-
est wavelength range of 190–240 nm. We have also
constructed four additional reference sets with two
different wavelength ranges and including/excluding
denatured protein CD spectra. We have also modified
three popular programs for CD analysis, CONTIN,
SELCON3, and CDSSTR, for use with a reference set
of choice. The performances of the three methods are
comparable and the use of all three methods is recom-
mended for a reliable analysis.

MATERIALS AND METHODS

CD spectra. We have combined protein CD spectra
from different reference sets to construct a reference

2 Abbreviations used: PDB, Protein Data Bank; d, root mean
square deviation; r, correlation coefficient; SVD, singular value de-
composition; aR, regular a-helix; aD, distorted a-helix; bR, regular

b-strand; bD, distorted b-strand; T, turns; U, unordered; DSSP, a
computer program for defining secondary structure of proteins.
set of 48 proteins. Protein CD spectra from five differ-
ent sources were used. The proteins, the crystal struc-
tures used (PDB code in parentheses), and the CD
spectral wavelength range are given below.

A larger set of 29 protein CD spectra, in the wave-
length range of 178–260 nm, was a gift from W. C.
Johnson, Jr. The proteins, and the X-ray structure
codes, are: myoglobin (4mbn), hemoglobin (2mhb),
hemerythrin (2hmz), T4 lysozyme (2lzm), triosephos-
phate isomerase (3tim), lactate dehydrogenase (6ldh),
lysozyme (1lys), thermolysin (8tln), cytochrome c
(5cyt), phosphoglycerate kinase (3pgk), EcoRI endonu-
lease (1eri), flavodoxin (1fx1), subtilisin BPN9 (1sbt),

glyceraldehyde-3-phosphate dehydrogenase (3gpd), pa-
pain (9pap), subtilisin novo (2sbt), ribonuclease A
(3rn3), pepsinogen (2psg), b-lactoglobulin (1beb),
a-chymotrypsin (5cha), azurin (1azu), elastase (3est),
g-crystallin (4gcr), prealbumin (2pab), concanavalin A
(2ctv), Bence–Jones protein (1rei), tumor necrosis fac-
tor (1tnf), superoxide dismutase (2sod), and a-bunga-
rotoxin (2abx).

The CD spectra of five proteins, in the wavelength
range 185–240 nm, were taken from Pancoska et al.
(31). The proteins and the X-ray structure codes are:
a-chymotrypsinogen (2cga), alcohol dehydrogenase
(5adh), carbonic anhydrase (1ca2), glutathione reduc-
tase (3grs), and rhodanese (1rhd).

Three protein CD spectra were taken from Sreerama
et al. (19), also in the wavelength range 185–240 nm.
The proteins are: colicin A (1col), green fluorescent
protein (1ema), and rat intestinal fatty acid binding
protein (1ifc).

The CD spectra of six proteins were taken from Yang
and co-workers (32) and the spectra are in the wave-
length range 190–240 nm. The proteins and the X-ray
structure codes are: staphylococcal nuclease (2sns), in-
sulin (4ins), parvalbumin (5cpv), carboxypeptidase A
(5cpa), bovine pancreatic trypsin inhibitor (5pti), and
adenylate kinase (3adk).

The following five denatured protein CD spectra, in
the wavelength range 185–240 nm, were taken from
Privalov et al. (33): acid-denatured bovine apocyto-
hrome c at 5 and 90°C, acid-denatured staphylococcal
uclease at 6 and 70°C, and acid-denatured oxidized
ovine ribonuclease at 20°C.
Secondary structure. The secondary structure as-

ignments from DSSP (30) were used to determine the
econdary structure fractions of the globular proteins
n the reference set, as described by Sreerama et al.
19). The a-helix and b-strand structures were split

into regular and distorted classes, considering four res-
idues per a-helix and two residues per b-strand dis-
torted. Our grouping of DSSP assignments gave us six

secondary structural classes: regular a-helix, aR; dis-
torted a-helix, aD; regular b-strand, bR; distorted
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b-strand, bD; turns, T; and unordered, U. The second-
ary structure corresponding to the denatured spectra
were approximated to be 90% unordered and 2% of
each of the remaining five secondary structures, since
structures for the denatured proteins are unavailable.
The reasons for equating the dynamic denatured struc-
ture with the unordered structure of native proteins
are discussed in the preceding paper (21).

CD analysis. The CD spectrum of the protein ana-
lyzed was removed from the reference set and the
secondary structure fractions were determined using
the other members of the reference set. Three methods
for analyzing protein CD spectra were used, as imple-
mented in computer programs CDSSTR, SELCON3,
and CONTIN. Only brief descriptions of the algorithms
used in the three methods are given below. Detailed
descriptions of these methods are available in the lit-
erature.

CDSSTR. This method, developed by Johnson (20),
combines many features of previously described meth-
ods. One new feature implemented in this method is
that only a minimum number of reference proteins
(eight in this case) are required for a good analysis.
Since one does not know which proteins are essential
for analyzing a given CD spectrum, they are selected
randomly from the reference set. A large number of
combinations of eight proteins can be constructed from
a given reference set, giving extreme flexibility to the
method, but the solutions may become unstable de-
pending on the eight reference proteins selected. Solu-
tions are obtained in the self-consistent formalism (15)
using the singular value decomposition (SVD) algo-
rithm (34) and five SVD components. Solutions from
each such combination satisfying the three basic selec-
tion rules (the sum of fractions is between 0.95 and
1.05; each fraction is greater than 20.03; the RMS
deviation between the reconstructed and experimental
CD is less than 0.25 De) are considered acceptable. The
other new feature in this method is that a certain
minimum number of such acceptable solutions (400, in
the current implementation) are subjected to another
selection rule based on the helical content. The helical
content is determined from the helix fraction estimated
from the full reference set and the maximum/minimum
helix fraction from the acceptable solutions. The final
solution is the average of all solutions that satisfy the
four selection rules.

SELCON3. This is the latest version of the self-
consistent method, SELCON (15). In the self-consis-
tent method (15), the spectrum of the protein analyzed
is included in the matrix of CD spectral data, and an
initial guess, the structure of the reference protein
having the CD spectrum most similar to that of the

protein analyzed, is made for the unknown secondary
structure; the solution replaces the initial guess; and
the process is iterated for convergence. The matrix
equation relating the CD spectra to the secondary
structure is solved by the singular-value decomposition
algorithm (34) and variable selection (9) in the locally
linearized model (11); solutions are obtained by vary-
ing the reference proteins and/or the SVD coefficients.
Acceptable solutions from the different variable selec-
tion combinations in the locally linearized model sat-
isfy the three basic selection rules (the sum of fractions
is between 0.95 and 1.05; each fraction is greater than
20.025; the RMS deviation between the reconstructed
and experimental CD is less than 0.25 De). These ac-
ceptable solutions are subjected to another selection
rule based on the helical content, as defined by John-
son (20). The final solution is the average of all solu-
tions that satisfy the four selection rules.

CONTIN/LL. This is a variant of the CONTIN
method developed by Provencher and Glöckner (7).
CONTIN uses the ridge regression procedure, which
fits the CD spectrum of the test protein (C l

obs) as a
linear combination of the CD spectra of N reference

roteins by minimizing the function

O
l51

n

~C l
calc 2 C l

obs! 2 1 a 2 O
j51

N

~n j 2 N 21! 2,

here C l is the spectrum at n wavelengths, a is the
regularizer, and n j is the coefficient of the CD spectrum
for the jth reference protein in the linear combination
used to construct the spectrum of the test protein, C l

calc.
The selection rules f k $ 0.0 and ¥ f k 5 1.0 are used as
constraints. The method gives a range of solutions,
depending on the value of a; smaller values of a give
solutions similar to those from the normal least-
squares method and larger values tend to give solu-
tions biased toward certain proteins, limiting the num-
ber of degrees of freedom. The program CONTIN
selects a solution based on several criteria. We found,
as have others (23, 35), that this solution is not always
the best, and there are solutions closer to the X-ray
structure of the test protein that are rejected by the
program. Our previous studies (18) have indicated that
the solution with the least standard error, from among
the set of solutions given by the program CONTIN,
gives better results. In CONTIN/LL, the proteins in the
reference set are arranged in the order of increasing
RMS distance of the CD spectra from that of the pro-
tein analyzed, and the more distant proteins are de-
leted in a systematic manner to construct smaller ref-
erence sets. This results in a set of solutions, one for
each LL combination, the number of which is deter-
mined by the number of reference proteins and the

minimum number of proteins used for a solution (six,
in our case). The selection rule based on helical content
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was used to screen the solutions. The final solution is
the average of all solutions that satisfy the four selec-
tion rules.

The performance of the analysis was characterized
by RMS deviations (d) and correlation coefficients (r)
between the X-ray and CD estimates of secondary
structure fractions for different secondary structures.
These are denoted by d k and rk, where k is one of the
econdary structural types considered. Overall perfor-
ance of the analysis for a given set of secondary

tructure fractions was determined by considering all
econdary structure fractions collectively, and these
re given by d and r.
The RMS deviations and correlation coefficients

were calculated using the equations

d 5 Î¥ i ~f i
CD 2 f i

X! 2

N

and

r 5
N ¥ i ~f i

CD 3 f i
X! 2 ¥ ij ~f i

CD 3 f j
X!

Î@N ¥ i ~f i
CD! 2 2 ~¥ i f i

CD! 2#
3 @N ¥ i ~f i

X! 2 2 ~¥ i f i
X! 2#

,

where f i
CD and f i

X are CD and X-ray estimates of sec-
ondary structure types of N reference samples, respec-
ively.

RESULTS AND DISCUSSION

We have attempted to improve the reliability of pro-
tein CD analysis by using a larger reference set of
proteins in the analysis and performing the analysis
using more than one method of analysis. A larger ref-
erence set gives a better representation of the second-
ary structural variations in proteins and their influ-
ence on CD spectra. Use of multiple methods of
analysis, implementing different algorithms to bring
out the correspondence between the structural varia-
tions and CD spectra, may be required for a good anal-
ysis of a given CD spectrum. Results from different
methods may also be used as a measure of reliability of
the analysis and to determine the error of the analysis.

Reference set. The first step was to construct a
larger reference set by combining the proteins from the
reference sets currently used in CD analysis. This pre-
sented a problem since the wavelength ranges of the
CD spectra used in different reference sets were differ-
ent. The largest wavelength range of 178–260 nm was
used in the reference set developed by Johnson and
co-workers (29 proteins), and the smallest range of
190–240 nm was used by Yang and co-workers (six

proteins). The two other reference sets we considered,
from Keiderling and co-workers (five proteins) and
Sreerama et al. (three native proteins and five dena-
tured proteins), had the wavelength ranges of 180–250
and 185–240 nm, respectively. For the proteins com-
mon in these reference sets, we kept the CD spectrum
with the largest wavelength range, which were all from
Johnson and co-workers. By combining proteins from
these four different sources we constructed the 48-
protein reference set, with CD spectra in the wave-
length range 190–240 nm. If one considers the CD
spectra in the 178- to 260-nm range, only 29 proteins
would satisfy the requirement and this forms the 29-
protein reference set. We also considered an interme-
diate range of 185–240 nm, which formed a 42-protein
reference set. In the two larger reference sets of 42 and
48 proteins, we have included the five denatured pro-
tein CD spectra. By excluding the denatured proteins
in the reference set we come up with two additional
reference sets of 43 and 37 proteins. As a result, we
have five reference sets, depending on the wavelength
range and on whether or not the denatured proteins
are included in the reference set.

The 42- and 48-protein reference sets include the
denatured proteins. The secondary structure of these
denatured protein spectra was approximated to be 90%
unordered, owing to the spectral similarity of the de-
natured proteins and the unordered structures, the
details of which are presented in the preceding paper
(21). The changes in the performance indices for native
proteins upon including the denatured proteins are
small and not unidirectional.

CD analysis. The next step was to incorporate
these reference sets in the computer programs for CD
analysis. We considered three programs, CONTIN/LL,
SELCON3, and CDSSTR, each using a different algo-
rithm for analyzing a given protein CD spectrum. The
three programs were modified so that they all used a
single data-file structure.

Comparison of results from these three methods was
done by comparing their performance indices. Perfor-
mance indices, RMS differences (d) and correlation co-
efficients (r) between the X-ray and CD estimates of
secondary structure fractions, for each method were
obtained using a given reference set. These were ob-
tained by removing the CD spectrum of each reference
protein from the reference set and analyzing it using
other members of the reference set. The performance
indices for each of the secondary structures, regular
a-helix, distorted a-helix, regular b-strand, distorted
b-strand, turns, and unordered, as well as the overall
performance indices (calculated by considering all sec-
ondary structure fractions) were calculated.

The performance indices for the three methods, ob-
tained for different reference sets, are given in Table 1.

The performance indices for the CONTIN method,
which corresponds to the solution including all refer-
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256 SREERAMA AND WOODY
ence proteins, are given in addition to those for the
CONTIN/LL method. The last two columns of Table 1
give the overall performance indices, obtained by con-
sidering the secondary structural fractions together,
preceded by the performance indices for individual sec-
ondary structures.

For the reference sets excluding the denatured pro-
teins, the overall performance indices obtained from all
four methods were similar. For the 29-protein refer-
ence set, CDSSTR performed the best (d 5 0.066 and

5 0.836) and SELCON3 performed the worst (d 5
.073 and r 5 0.795). For the 37-protein reference set

CDSSTR performed the worst (d 5 0.070 and r 5
0.809), and SELCON3 and CONTIN performed the
est (d 5 0.068 and r 5 0.819). For the 43-protein

reference set all methods gave almost identical perfor-
mance indices (d 5 0.068 and r 5 0.81). When dena-
ured proteins were included in the reference set (42-
nd 48-protein reference sets) CONTIN/LL performed
he best (d ' 0.072 and r ' 0.885), followed by SEL-

CON3 (d ' 0.077 and r ' 0.870) and CDSSTR (d '
.080 and r ' 0.860).
When we compare the performance indices for the

ndividual secondary structures, we get a slightly dif-
erent picture. For a given reference set, we find that
o method gives the best performance indices for all

TAB

Performance of SELCON3, CDSSTR, and CONTI
for Different

Reference
proteins Method

aR aD bR

daR raR daD raD dbR

29 SELCON3 0.054 0.946 0.052 0.717 0.087
CDSSTR 0.050 0.955 0.053 0.805 0.079
CONTIN 0.046 0.960 0.050 0.727 0.099
CONTIN-LL 0.050 0.952 0.056 0.695 0.099

37 SELCON3 0.050 0.952 0.043 0.767 0.084
CDSSTR 0.055 0.946 0.044 0.830 0.096
CONTIN 0.056 0.940 0.042 0.773 0.101
CONTIN-LL 0.052 0.948 0.047 0.745 0.098

43 SELCON3 0.053 0.941 0.044 0.776 0.086
CDSSTR 0.065 0.918 0.045 0.771 0.092
CONTIN 0.059 0.927 0.046 0.753 0.088
CONTIN-LL 0.057 0.930 0.043 0.793 0.087

42 SELCON3 0.047 0.956 0.043 0.794 0.082
CDSSTR 0.052 0.950 0.042 0.847 0.093
CONTIN 0.054 0.940 0.047 0.755 0.095
CONTIN-LL 0.049 0.950 0.045 0.781 0.088

48 SELCON3 0.052 0.942 0.044 0.806 0.082
CDSSTR 0.060 0.930 0.047 0.822 0.087
CONTIN 0.055 0.934 0.049 0.750 0.091
CONTIN-LL 0.053 0.941 0.041 0.840 0.081

a d, root mean square deviation; r, correlation coefficient; aR, reg
b-strand; T, turns; U, unordered.
econdary structures. For example, the superior per-
ormance of CDSSTR for the 29-protein reference set
does not translate to a superior performance for all
secondary structures; the a-helical fractions were esti-
mated better by the CONTIN method. Similarly for the
37-protein reference set, SELCON3 does better for
three of the secondary structures (aR, bR, and T),
CONTIN for aD and T, and CDSSTR for bD. Overall
performance indices can be considered as a summary of
performance indices of individual secondary structures
and these, in general, follow the performances of indi-
vidual secondary structures. A given method perform-
ing better than other methods for more individual sec-
ondary structures gives better overall performance
indices. However, this does not hold true when we
include denatured proteins in the reference set. For the
42-protein reference set CONTIN/LL performs the best
only for the unordered fraction, yet gives the best over-
all performance indices in comparison to other meth-
ods, partly because of the larger error in the estimation
of unordered fraction by the other methods. SELCON3
performed slightly better than CDSSTR with 42- and
48-protein reference sets that include denatured pro-
teins.

The ridge regression algorithm followed in the
CONTIN method gives different weights to different
proteins in the reference set in fitting the experimental
spectrum. This can be considered as an implicit inclu-

1

LL Programs for Analyzing Protein CD Spectra,
erence Setsa

bD T U

d rR dbD rbD dT rT dU rU

46 0.034 0.742 0.062 0.482 0.101 0.300 0.073 0.795
06 0.029 0.810 0.060 0.536 0.099 0.478 0.066 0.836
89 0.031 0.783 0.060 0.476 0.100 0.397 0.070 0.812
33 0.034 0.734 0.065 0.448 0.103 0.350 0.072 0.802
05 0.037 0.664 0.056 0.570 0.108 0.154 0.068 0.819
00 0.028 0.811 0.065 0.448 0.101 0.323 0.070 0.809
29 0.030 0.787 0.064 0.362 0.087 0.380 0.068 0.814
77 0.031 0.763 0.066 0.418 0.094 0.279 0.069 0.811
63 0.031 0.743 0.073 0.367 0.098 0.216 0.068 0.811
11 0.028 0.807 0.068 0.463 0.088 0.369 0.068 0.810
31 0.029 0.782 0.078 0.213 0.082 0.397 0.067 0.815
49 0.029 0.774 0.077 0.333 0.089 0.253 0.068 0.814
72 0.037 0.690 0.064 0.650 0.140 0.769 0.077 0.873
20 0.029 0.819 0.069 0.585 0.140 0.774 0.080 0.864
18 0.032 0.769 0.091 0.187 0.157 0.712 0.090 0.712
71 0.030 0.799 0.071 0.575 0.120 0.836 0.074 0.885
94 0.034 0.719 0.076 0.505 0.129 0.775 0.076 0.866
40 0.031 0.770 0.078 0.455 0.135 0.766 0.080 0.852
94 0.035 0.685 0.092 0.099 0.154 0.672 0.089 0.814
97 0.031 0.765 0.076 0.512 0.114 0.833 0.072 0.884

r a-helix; aD, distorted a-helix; bR, regular b-strand; bD, distorted
LE

N-
Ref

rb

0.6
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0.4
0.5
0.7
0.6
0.5
0.5
0.6
0.6
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0.6
0.6
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0.6
sion of the variable selection principle in CONTIN,
which explains the similarity in the results from
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CONTIN and CONTIN/LL, for most cases; CONTIN/
LL explicitly includes variable selection in the locally
linearized approach. However, the presence of some
proteins in the reference set can have an adverse effect
on the solution from CONTIN, which is manifested in
the differences in the results from CONTIN and
CONTIN/LL for reference sets with denatured pro-
teins. In this case CONTIN/LL performs much better
than CONTIN for all secondary structures. The solu-
tion from CONTIN is one of the solutions included in
the averaged-solution from CONTIN/LL.

The reliability of the analysis can be improved by
considering solutions from all three methods. This can
be done in, at least, three different ways: (1) consider
the average of the three solutions from the three meth-
ods; (2) choose the median of the three solutions for the
final solution; or (3) consider the fractions best deter-
mined by a given method based on the performance
indices of individual secondary structures. Combina-
tion of the best performance indices for each individual
secondary structure fraction (Table 1), following the
third option, resulted in slight improvement of overall
performance indices (d: 0.065, 0.063, 0.065, 0.070, and
0.072, respectively, for 29-, 37-, 43-, 42-, and 48-protein
reference sets.)

Johnson (20) used a reference set of 22 proteins,
which is a subset of the 29-protein reference set, in the
paper describing the CDSSTR method. He used the
secondary structure assignments of King and Johnson
(36) in determining six secondary structure fractions
(a-helix, 3/10 helix, b-sheet, turns, P2, and unordered)
and obtained RMS deviations of less than 0.05. We
have performed the analysis by CONTIN/LL and
SELCON3 using this 22-protein reference set and sec-
ondary structural assignments of King and Johnson
(36). The results are compared with those from
CDSSTR in Table 2. While the overall performance
indices from the CDSSTR method (d 5 0.039 and r 5

.965) were better than those from the other methods
d 5 0.043–0.044 and r 5 0.956–0.959), the best

performance indices for the individual secondary struc-

TAB

Performance of SELCON3, CDSSTR, and CONTI
for the 22-Protein Reference Set and Ki

Method

a helix 3/10 helix b sheet

da ra d3/10 r 3/10 db rb

SELCON3 0.052 0.972 0.027 0.572 0.051 0.896
CDSSTR 0.038 0.986 0.026 0.635 0.044 0.928
CONTIN 0.048 0.976 0.026 0.641 0.060 0.843
CONTIN-LL 0.050 0.974 0.027 0.591 0.053 0.880
tures were distributed among these methods. We have
also included the 22-protein reference set along with
the structural assignments of King and Johnson in the
CDPro software package as an additional option. How-
ever, these results should not be combined or compared
with those from the other five reference sets because of
the differences in the secondary structure assignments
used.

The performance indices given in Tables 1 and 2
correspond to results for all proteins in the reference
set. It is difficult to compare the performances of dif-
ferent reference sets from these values since the num-
ber of proteins and/or the wavelength range for each
reference set are different. Considering the largest sub-
set of reference proteins (29 proteins) from five refer-
ence sets and the smallest wavelength range (190–240
nm), one can perform the analysis using different ref-
erence sets and compare their performances. The re-
sults of such an analysis are given in Table 3.

The improvements in the analysis resulting from the
use of a larger reference set can be discerned from the
performance indices given in Table 3. Here the results
from the analysis of a set of 29 CD spectra, in the
wavelength range 190–240 nm, using five different
reference sets and three different methods are summa-
rized as performance indices. Overall performance in-
dices improve as one uses increasingly larger reference
set, as evidenced from the results for the 29-, 37-, and
43-protein reference sets, for all three methods
(SELCON3: d, 0.078–0.072 and r, 0.773–0.802;

DSSTR: d, 0.070–0.065 and r, 0.817–0.833;
CONTIN/LL: d, 0.075–0.069 and r, 0.784–0.817). The
results from the 42- and 48-protein reference sets, which
include denatured proteins, also show a similar trend.

The performance indices of individual secondary
structures also improve, with a few exceptions, when a
larger reference set is used. For example, as one goes
from 29- to 37- to 43-protein reference sets, the perfor-
mance indices for aD, bR, and bD structures improve for
all three methods. We also find improvements in the
performance indices of aD and T structure with 37-
protein reference set compared to 29-protein reference
set. The inclusion of denatured proteins in the analy-

2

LL Programs for Analyzing Protein CD Spectra,
and Johnson’s Structural Assignments

Turns Poly(Pro)II Unordered

d rdT rT dPII rPII dU rU

.036 0.433 0.025 0.779 0.056 0.842 0.043 0.958

.041 0.419 0.027 0.759 0.047 0.899 0.039 0.965

.046 0.351 0.029 0.710 0.044 0.906 0.044 0.956

.038 0.505 0.027 0.750 0.052 0.869 0.043 0.959
LE

N-
ng

0
0
0

sis, in general, improved the performance indices of b
structures as evidenced by comparing results from 37-
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and 42-protein reference sets or 43- and 48-protein
reference sets. These are offset by the performance of
turns and unordered structures, while that of the a
structures did not change much.

Another feature that is evidenced by comparing Ta-
ble 1 and Table 3 is that the results obtained with a
larger reference set are equivalent to or slightly better
than those obtained with the larger wavelength range.
The results for the 29-protein reference set given in
Table 1 were obtained with the wavelength range of
178–260 nm, while those given in Table 3 were ob-
tained with 190–240 nm range. It has been suggested
that for a reliable analysis one needs CD data at lower
wavelengths. Our results indicate that CD data in the
wavelength range 190–240 nm can give reliable re-
sults when a larger reference set is used. As one referee
pointed out, many researchers can only obtain CD data
in the limited range of 200–240 nm, owing to experi-
mental difficulties in obtaining spectra at higher ener-
gies. Following the referee’s suggestion, we have per-

TAB

Performance of SELCON3, CDSSTR, and CONT
of 29 Proteins in the Wav

Reference
proteins Method

aR aD bR

daR raR daD raD dbR

29 SELCON3 0.052 0.949 0.053 0.689 0.102
CDSSTR 0.059 0.938 0.052 0.785 0.083
CONTIN-LL 0.058 0.936 0.055 0.679 0.102

37 SELCON3 0.047 0.960 0.050 0.715 0.094
CDSSTR 0.059 0.939 0.047 0.811 0.087
CONTIN-LL 0.054 0.944 0.052 0.706 0.093

43 SELCON3 0.051 0.953 0.048 0.747 0.086
CDSSTR 0.064 0.929 0.042 0.792 0.081
CONTIN-LL 0.053 0.942 0.048 0.756 0.084

42 SELCON3 0.048 0.957 0.050 0.724 0.091
CDSSTR 0.059 0.940 0.047 0.813 0.088
CONTIN-LL 0.055 0.943 0.052 0.711 0.088

48 SELCON3 0.053 0.949 0.049 0.746 0.081
CDSSTR 0.062 0.933 0.051 0.819 0.082
CONTIN-LL 0.053 0.946 0.047 0.785 0.078

TAB

Performance Indices for Analyzing Protein CD Spectr

Reference
proteins Method

aR aD bR

d r d r d

43 SELCON3 0.056 0.938 0.044 0.809 0.094
CDSSTR 0.063 0.933 0.043 0.789 0.088
CONTIN-LL 0.065 0.920 0.047 0.771 0.084

48 SELCON3 0.065 0.920 0.045 0.813 0.099
CDSSTR 0.056 0.948 0.049 0.825 0.084

CONTIN-LL 0.066 0.919 0.048 0.769 0.090 0.6
formed the CD analysis in the range 200–240 nm, and
the performance indices (Table 4) are comparable to
those obtained with CD data from 190–240 nm (Table
3). However, we do not recommend the analysis with
data from 200–240 nm, except for extremely difficult
samples. The users are encouraged to improve the CD
data at lower wavelengths by using smaller pathlength
cells and higher concentrations of the sample.

The expansion of the reference set used in protein
CD analysis by the addition of new protein CD spectra
leads to improvements in the estimation of a majority
of secondary structure fractions, as seen in Table 3.
These improvements can be attributed to the increased
variety in the spectral and structural data used in the
analysis resulting from the expanded reference set.
The largest improvements were observed for the bR

and T structures (SELCON3: dbR, 0.102 to 0.081; dT,
0.075 to 0.063; CONTIN/LL: dbR, 0.102 to 0.078; dT,
0.074 to 0.066). The a-helical structures in proteins
generally show smaller geometric variations, while the

3

-LL Programs for Analyzing Protein CD Spectra
ngth Range 190–240 nm

bD T U

d rR dbD rbD dT rT dU rU

47 0.036 0.709 0.075 0.302 0.118 0.268 0.078 0.773
55 0.030 0.790 0.074 0.337 0.097 0.491 0.070 0.817
86 0.035 0.719 0.074 0.323 0.103 0.317 0.075 0.784
38 0.036 0.704 0.063 0.538 0.116 0.142 0.073 0.795
48 0.030 0.801 0.066 0.452 0.098 0.413 0.069 0.819
24 0.033 0.753 0.066 0.447 0.095 0.328 0.069 0.813
59 0.034 0.746 0.073 0.382 0.110 0.181 0.072 0.802
04 0.028 0.843 0.067 0.462 0.089 0.444 0.065 0.833
74 0.031 0.781 0.076 0.373 0.096 0.262 0.069 0.817
41 0.037 0.694 0.066 0.527 0.125 0.316 0.076 0.798
16 0.029 0.811 0.073 0.343 0.116 0.495 0.074 0.805
50 0.031 0.788 0.069 0.401 0.097 0.485 0.069 0.823
78 0.034 0.748 0.072 0.431 0.119 0.394 0.073 0.810
64 0.028 0.821 0.074 0.341 0.116 0.500 0.074 0.807
10 0.031 0.780 0.071 0.441 0.093 0.527 0.065 0.843

4

f 29 Proteins in the Wavelength Range 200–240 nm

bD T U

d rd r d r d r

50 0.037 0.682 0.074 0.273 0.105 0.256 0.073 0.799
09 0.030 0.804 0.076 0.357 0.088 0.452 0.068 0.820
58 0.030 0.793 0.081 0.239 0.097 0.311 0.071 0.805
05 0.040 0.638 0.076 0.255 0.132 0.281 0.082 0.768
44 0.033 0.754 0.079 0.322 0.121 0.465 0.076 0.803
LE

IN
ele

rb

0.5
0.6
0.4
0.6
0.6
0.6
0.6
0.7
0.6
0.6
0.6
0.6
0.6
0.6
LE

a o

r

0.5
0.6
0.6
0.5
0.6
18 0.033 0.753 0.085 0.139 0.126 0.314 0.080 0.771
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variations observed in b-sheets and turns are much
larger. The b-sheets in proteins are often bent and/or
wisted and show larger variation of the (f,c) angles
han that in a-helices. Similarly, many types of turns

have been identified in proteins, based on the dihedral
angles, and several types of turn CD spectra have been
observed. The improvements observed in the CD anal-
ysis with the expanded reference set can be correlated
to the larger structural and spectral variability of
b-sheets and turns. The expansion of the reference set
enables the inclusion of such variables in the analysis,
thus improving the results.

CDPro software. The three computer programs and
the data files required to perform the analysis are
combined in the software package, CDPro, that is
downloadable from the internet. The input file and the
data-file structure required by all three individual pro-
grams are identical. This should make performing the
analysis with any and all of these three programs using
different reference sets easier. The option for using a
given reference set (e.g., 42-protein reference set) is
selected in the input file and the program performs the
analysis with the chosen reference set. Detailed de-
scriptions of input/output files for each method and the
CDPro software package are available at the CDPro
website: http://lamar.colostate.edu/;sreeram/CDPro.

We suggest that the largest reference set of proteins
available for the wavelength range of the CD spectrum
analyzed be chosen. For example, if the CD spectrum is
in the range 250–191 nm, then the 43-protein refer-
ence set is the suitable reference set. The 48- and
42-protein reference sets are to be used for specific
applications, such as analyzing CD spectra taken dur-
ing the course of protein unfolding.

SUMMARY AND CONCLUSIONS

Reference proteins used in CD analysis software
packages from five sources were combined to construct
a large reference set of 48 proteins. From this reference
set five smaller reference sets, differing in the wave-
length range of CD data and inclusion/exclusion of
denatured proteins, were constructed. The perfor-
mances of three popular CD analysis programs,
CONTIN, SELCON3, and CDSSTR, were examined
using the five reference protein sets and DSSP assign-
ments of secondary structure. The performance indices
(RMS differences and correlation coefficients between
the CD-predicted and X-ray values) for individual sec-
ondary structures were mixed, with each method giv-
ing slightly better results for one of the secondary
structures. The larger reference set performed better
than the smaller reference sets, even with CD data
over a smaller wavelength range, and this can be at-

tributed to a larger representation of structural and
spectral variability of b-sheets and turns. We recom-
mend that all three methods be used in conjunction for
a reliable analysis. The three CD analysis programs
described in this paper and the required data files are
provided in the CDPro software package to assist such
applications.
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