10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

NOTES & TIPS

. Yano, K., and Zarain-Herzberg, A. (1994) Sarcoplasmic reticu-

lum calsequestrins: Structural and functional properties. Mol.
Cell. Biochem. 135, 61-70.

. Murray, B. E., Froemming, G. R., Maguire, P. B., and Ohlen-

dieck, K. (1998) Excitation—contraction—relaxation cycle: Role of
the Ca®-regulatory membrane proteins in normal, stimulated
and pathological skeletal muscle [Review]. Int. J. Mol. Med. 1,
677-687.

. Ikemoto, N., Ronjat, M., Meszaros, L. G., and Koshita, M. (1989)

Postulated role of calsequestrin in the regulation of calcium
release from sarcoplasmic reticulum. Biochemistry 28, 6764—
6771.

. Guo, W., and Campbell, K. P. (1995) Association of triadin with

the ryanodine receptor and calsequestrin in the lumen of the
sarcoplasmic reticulum. J. Biol. Chem. 270, 9027-9030.

. Maguire, P. B., Briggs, F. N., Lennon, N. J., and Ohlendieck, K.

(1997) Oligomerization is an intrinsic property of calsequestrin
in normal and transformed skeletal muscle. Biochem. Biophys.
Res. Commun. 240, 721-727.

. Jorgensen, A. O,, Shen, A. C. Y., Campbell, K. P., and MacLen-

nan, D. H. (1983) Ultrastructural localization of calsequestrin in
rat skeletal muscle by immunoferritin labeling of ultrathin fro-
zen sections. J. Cell Biol. 97, 1573-1581.

. Franzini-Armstrong, C., and Jorgensen, A. O. (1994) Structure

and development of E-C coupling units in skeletal muscle. Annu.
Rev. Physiol. 56, 509-534.

Damiani, E., and Margreth, A. (1990) Specific protein—protein
interactions of calsequestrin with junctional sarcoplasmic retic-
ulum of skeletal muscle. Biochem. Biophys. Res. Commun. 172,
1253-1259.

Cala, S. E., and Jones, L. R. (1983) Rapid purification of calse-
questrin from cardiac and skeletal muscle sarcoplasmic reticu-
lum vesicles by Ca® -dependent elution from phenyl-Sepharose.
J. Biol. Chem. 258, 11932-11936.

Murray, B., and Ohlendieck, K. (1997) Crosslinking analysis of
the ryanodine receptor and «,dihydropyridine receptor in rabbit
skeletal muscle triads. Biochem. J. 324, 689—-696.

Froemming, G. R., and Ohlendieck, K. (2001) The native dihy-
dropyridine receptor exists as a supramolecular complex in skel-
etal muscle. Cell. Mol. Life Sci. 58, 312-320.

Laemmli, U. K. (1970) Cleavage of bacteriophage T7 early RNAs
and proteins on slab gels. Nature 227, 680—-685.

Towbin, H., Staehelin, T., and Gordon, J. (1979) Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: Procedure and some applications. Proc. Natl. Acad. Sci.
USA 76, 4350—4354.

Bradd, S. J., and Dunn, M. J.(1993) Analysis of membrane pro-
teins by Western blotting and enhanced chemiluminescence.
Methods Mol. Biol. 19, 211-218.

Ohlendieck, K., Froemming, G. R., Murray, B., Maguire, P. B.,
Leisner, E., Traub, I., and Pette, D. (1999) Effects of chronic
low-frequency stimulation on Ca®-regulatory membrane pro-
teins in rabbit fast muscle. Pfligers Arch. Eur. J. Physiol. 438,
700-708.

Ohlendieck, K., Partin, J. S., and Lennarz, W. J. (1994) The
biologically active form of the sea urchin egg receptor for sperm
exists as a disulfide-bonded homo-multimer. J. Cell Biol. 125,
817-824.

Harmon, S., Froemming, G. R., Leisner, E., Pette, D., and
Ohlendieck, K. (2001) Selected contribution: Low-frequency
stimulation of fast muscle affects the abundance of Ca®'-ATPase
but not its oligomeric status. J. Appl. Physiol. 90, 371-379.
Froemming, G. R., Murray, B. E., Harmon, S., Pette, D., and
Ohlendieck, K. (2000) Comparative analysis of the isoform ex-

271

pression pattern of Ca**-regulatory membrane proteins in fast-
twitch, slow-twitch, cardiac, neonatal and chronic low-frequency
stimulated muscle fibres. Biochim. Biophys. Acta 1466, 151-168.

21. OFarrell, P. Z.,, Goodman, H. M., and O’'Farrell, P. H. (1977)
High resolution two-dimensional electrophoresis of basic as well
as acidic proteins. Cell 12, 1133-1141.

22. Szegedi, C., Sarkozi, S., Herzog, A., Jona, |., and Varsanyi, M.
(1999) Calsequestrin: More than ‘only’ a luminal Ca®" buffer
inside the sarcoplasmic reticulum. Biochem. J. 337, 19-22.

23. Molloy, M. P. (2000) Two-dimensional electrophoresis of mem-
brane proteins using immobilized pH gradients. Anal. Biochem.
280, 1-10.

Analysis of Protein Circular Dichroism Spectra
Based on the Tertiary Structure Classification

Narasimha Sreerama,* Sergei Yu. Venyaminov,t
and Robert W. Woody**

*Department of Biochemistry and Molecular Biology,
Colorado State University, Fort Collins, Colorado 80523;
and tDepartment of Pharmacology, Mayo Foundation,
Rochester, Minnesota 55905

Received July 23, 2001; published online November 3, 2001

We have developed a method that utilizes the deter-
mination of tertiary structure class and creates a ter-
tiary class-specific reference protein set. We have per-
formed protein circular dichroism (CD) analysis using
a tertiary class-specific reference set and CDPro soft-
ware package, which contains three popular methods
for CD analysis. Additional flexibility introduced in the
analysis by the use of a tertiary class-specific reference
protein set results in improvements in the secondary
structure estimations of aa and BB classes, with no
deterioration in the results for the af class. The main
improvements obtained were for the prediction of a-he-
lical and B-strand fractions of aa and B proteins.

CD is a widely used technique for studying peptide
and protein conformations. One of the most successful
applications of CD, the structural characterization of
proteins, depends upon the remarkable sensitivity of
far-UV CD to the backbone conformation of proteins.
The basic principle involved in the analysis of protein
CD spectra, and used in the estimation of secondary
structure fractions, is that the protein CD spectrum
(C,) can be expressed as a linear combination of com-
ponent secondary structure spectra (By,): C, = X f,
B, where f, is the fraction of the secondary structure
k. Various methods have been developed to estimate
the secondary structure fractions (1-10), and to assign
the tertiary structure class (11) of a protein, from the
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analysis of its CD spectrum. Inadequacies of the as-
sumptions involved in the simple relation between the
CD spectrum and secondary structure fractions are
overcome by the flexibility of the analysis, introduced
by variable selection (6, 7, 10) or variable weighting (5)
of reference proteins. We have introduced additional
flexibility in the analysis by using a tertiary class-
specific reference protein set. Tertiary structure class
was assigned by the method of Venyaminov and
Vassilenko (11), and the secondary structure fractions
were estimated using a smaller but tertiary class-spe-
cific reference protein set. The computer program
CLUSTER, which determines the tertiary structure
class and creates the appropriate reference protein set,
is included in the CDPro software package (12).

CLUSTER Program

This program is based on the method of Venyaminov
and Vassilenko (11) and determines the tertiary struc-
ture class of a given protein from its CD spectrum. The
CD spectra of 46 native proteins and seven denatured
samples in the range 190-236 nm, at 2-nm intervals,
were used to construct a 24-dimensional hyperspace
corresponding to the ellipticity values at the 24 wave-
lengths; each CD spectrum thus forms one point. Pro-
teins belonging to different tertiary structure classes
form separate groups, or clusters, in this hyperspace.
The equations of the hyperplanes separating the dif-
ferent groups are used to assign any new CD spectrum
to one of the five tertiary structure classes (a«, BB, o +
B, a/B, and denatured; 13). In our implementation, we
combined the o + B and «/p classes to form an «f class,
because of the similarity of the CD spectra of proteins
belonging to these two classes.

The CLUSTER program uses the generic input file of
the CDPro software package. Upon execution, CLUSTER
determines the tertiary structure class of the protein,
creates the appropriate reference protein set for subse-
guent use in the CD analysis programs, and modifies the
option in the input file for using the CD and structural
data of the tertiary class-specific reference set.

Reference Proteins

Different sets of reference proteins, with varying
numbers of proteins and having a good representation
of a-rich, B-rich, and mixed «f proteins, have been
used in the secondary structure analyses. We have
constructed a reference set of 47 proteins by combining
the unique protein CD spectra from four sources (12).
The tertiary class-specific reference protein sets form
subsets of this 47-protein reference protein set. Among
the 47 proteins, 8 belong to the aa tertiary class, 11 to the
BB class, 22 to the of class, and the remaining 6 to the
denatured class. The af class contains proteins belonging
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to o + B and o/ classes, since it is difficult to distinguish
the two classes by CD. The proteins and the correspond-
ing crystal structures (PDB code) are listed below. The
resolutions of the crystal structures used were better
than 2.5 A, except for structure leri (2.7 A).

Eight aa proteins. Myoglobin (4mbn), hemoglobin
(2mhb), hemerythrin (2hmz), T4 lysozyme (2lzm), cy-
tochrome ¢ (5cyt), colicin A (Lcol), insulin (4ins), and
parvalbumin (5cpv).

Eleven BB proteins. a-Chymotrypsin (5cha), elastase
(3est), y-crystallin (4gcr), prealbumin (2pab), concanava-
lin A (2ctv), Bence—Jones protein (1rei), tumor necrosis
factor (1tnf), superoxide dismutase (2sod), a-chymotryp-
sinogen (2cga), green fluorescent protein (1ema), and rat
intestinal fatty acid binding protein (lifc).

Twenty-two af3 proteins. Triosephosphate isomer-
ase (8tim), lactate dehydrogenase (6ldh), lysozyme
(1lys), thermolysin (8tln), phosphoglycerate kinase
(3pgk), EcoRI endonuclease (leri), flavodoxin (1fx1),
subtilisin BPN’ (1sbt), glyceraldehyde-3-phosphate de-
hydrogenase (1crw), papain (9pap), ribonuclease A
(3rn3), pepsinogen (2psg), B-lactoglobulin (1beb),
azurin (5azu), alcohol dehydrogenase (8adh), carbonic
anhydrase (1ca2), glutathione reductase (3grs), rho-
danese (1rhd), carboxypeptidase A (5cpa), bovine pan-
creatic trypsin inhibitor (5pti), adenylate Kkinase
(3adk), and staphylococcal nuclease (2sns).

Secondary structure assignments from DSSP (14)
were used to determine the secondary structure frac-
tions of the globular proteins in the reference set. The
a-helix and B-strand structures were split into regular
and distorted classes, considering four residues per
a-helix and two residues per B-strand distorted (9).
Our grouping of DSSP assignments gave us six second-
ary structural classes: regular a-helix, ag; distorted
a-helix, ap; regular g-strand, Bg; distorted B-strand,
Bo; turns, T; and unordered, U.

CD Analysis

Analysis of the CD spectra was carried out using the
three methods for analyzing protein CD spectra for
secondary structure estimation included in the CDPro
software package (12): SELCON3 (8, 9), CONTIN/LL
(5), and CDSSTR (10). Each of these methods imple-
ments a different algorithm, the details of which have
been published. 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. The perfor-
mance (RMS deviation and correlation coefficient be-
tween the CD-predicted and the DSSP-assigned val-
ues) of the three programs with the all-protein
reference set is compared to that of the tertiary class-
specific reference set in Table 1.
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TABLE 1

Performance of SELCON3, CDSSTR, and CONTIN/LL Programs, for Analyzing Protein CD Spectra,
for All-Protein and Tertiary Class-Specific Reference Sets?®

R Qap Br Bo T U
Protein
set” Method® 5 r 5 r 5 r 5 r 5 r 5 r 5 r

aa (8) SELCONS3 (All) 0.034 0.976 0.042 0.204 0.048 0.059 0.036 0.288 0.061 0.635 0.069 0.639 0.050 0.950
SELCONS3 (TC) 0.029 0.978 0.045 -0.458 0.019 -0.306 0.021 0.024 0.048 0.674 0.105 0.015 0.053 0.943
CONTIN/LL (All) 0.059 0.957 0.057 0.316 0.085 -0.168 0.040 -0.017 0.081 0.122 0.066 0.686 0.066 0.910
CONTIN/LL (TC) 0.057 0.910 0.040 -0.292 0.024 -0.500 0.024 -0.234 0.074 0.386 0.088 0.364 0.057 0.934
CDSSTR (All) 0.034 0.965 0.042 0.096 0.061 -0.229 0.035 0.166 0.056 0.585 0.091 0.581 0.057 0.933

BB (11) SELCONB3 (All) 0.037 0.396 0.053 -—0.407 0.097 0.276 0.038 0.164 0.082 -0.478 0.127 -0.144 0.080 0.757
SELCONS3 (TC) 0.027 0.185 0.036 -—0.196 0.080 0.565 0.051 -0.342 0.085 -0.289 0.087 0.310 0.065 0.849
CONTIN/LL (All) 0.052 0.109 0.051 -0.325 0.109 0.035 0.028 0.557 0.088 —0.584 0.071 -0.037 0.072 0.793
CONTIN/LL (TC) 0.033 0.160 0.045 -0.623 0.053 0.671 0.039 0.068 0.090 -0.688 0.098 -—0.031 0.065 0.855
CDSSTR (All) 0.043 0.135 0.043 -0.005 0.094 -0.113 0.025 0.542 0.063 -0.021 0.049 0.534 0.057 0.874

aB (22) SELCONS3 (All) 0.065 0.708 0.042 0.434 0.057 0.630 0.023 0.569 0.068 0.054 0.058 0.315 0.054 0.793
SELCONS3 (TC) 0.057 0.734 0.055 0.131 0.056 0.520 0.034 -—0.006 0.065 0.123 0.061 0.279 0.056 0.778
CONTIN/LL (All) 0.064 0.743 0.043 0.429 0.053 0.708 0.023 0.600 0.073 -—0.058 0.064 0.227 0.056 0.787
CONTIN/LL (TC) 0.067 0.654 0.041 0.294 0.059 0.547 0.025 0.484 0.080 -0.174 0.065 0.032 0.059 0.744
CDSSTR (All) 0.071 0.727 0.044 0.418 0.060 0.626 0.026 0.517 0.068 0.088 0.075 -—0.003 0.060 0.748
CDSSTR (TC) 0.082 0.656 0.041 0.428 0.060 0.530 0.026 0.529 0.082 -0.061 0.079 -0.126 0.065 0.706

41 SELCONS (All) 0.056 0.936 0.045 0.751 0.070 0.788 0.027 0.825 0.072 0.356 0.060 0.562 0.057 0.860
SELCONB3 (TC) 0.046 0.958 0.049 0.778 0.059 0.863 0.037 0.674 0.068 0.367 0.079 0.348 0.058 0.863
CONTIN/LL (All) 0.059 0.931 0.046 0.733 0.070 0.795 0.025 0.849 0.074 0.286 0.065 0.495 0.059 0.853
CONTIN/LL (TC) 0.058 0.931 0.042 0.828 0.052 0.890 0.029 0.804 0.082 0.234 0.080 0.269 0.060 0.851
CDSSTR (All) 0.062 0.928 0.042 0.813 0.070 0.789 0.027 0.835 0.064 0.482 0.072 0.496 0.058 0.856

@ 8, root mean square deviation; r, correlation coefficient; ag, regular a helix; ap, distorted « helix; Bg, regular g strand; B, distorted 3

strand; T, turns; U, unordered.

" aa (8), 8 proteins in the aa class; BB (11), 11 proteins in the BB class; aB (22), 22 proteins in the af class; 41, 41 proteins from aa, BB,

and af3 classes.

°The CD analysis program used with the all-protein (All) or tertiary class-specific (TC) reference set. The number of proteins in the
all-protein reference set was 47. Only the af class is large enough to provide an adequate class-specific reference set for CDSSTR.

CD analysis with SELCON3 and CONTINLL using
the tertiary class-specific reference set gives slightly
better performance indices than that from the all-pro-
tein reference set. Full analysis could not be performed
with CDSSTR because the small number of proteins in
the aa and BB tertiary class-specific reference protein
sets did not give a sufficient number of random combi-
nations required for a valid solution.

Improvements were obtained with the tertiary class-
specific reference set in the prediction of a-helical and
B-strand fractions of aa and BB proteins. This is probably
because of the limited and specific information content
provided by the aa and B tertiary class-specific refer-
ence sets. It is known that proteins belonging to the a«
tertiary class have little or no B-sheet structure (15).
Introduction of spectral and structural information for
the B-sheet in the analysis of an a« tertiary class-specific
protein may have a negative effect on the analysis. A
similar situation exists for proteins belonging to the Bg
tertiary class that have little or no a-helical structure.

Results obtained for «f proteins with the tertiary
class-specific reference set were similar to those ob-
tained with the all-protein reference set. «f8 proteins
have both «-helical and B-sheet structures and the

spectral variations are well represented in both all-
protein and «f tertiary class-specific reference sets.
The variable selection procedure implemented in the
CD analysis programs counters the negative effects of
extreme values of a-helix or B-sheet content, present in
aa and BB proteins in the all-protein reference set, on
the analysis of af3 proteins.

In summary, we have developed a method that uti-
lizes the determination of tertiary structure class and
creates a tertiary class-specific reference protein set for
protein CD analysis. The flexibility introduced by the
variable selection or variable weighting of the refer-
ence proteins has resulted in significant improvements
in protein CD analyses. A reference protein set com-
posed of proteins belonging to the tertiary structure
class of the analyzed protein provides additional flexi-
bility and a better basis for the analysis. We performed
CD analysis using the tertiary class-specific reference
set and CDPro software package, which contains three
popular methods for CD analysis. We obtained im-
provements in the secondary structure estimations of
aa and BB classes with no deterioration in the results
for the af class. The computer program CLUSTER,
which determines the tertiary structure class and cre-
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ates the appropriate reference protein set for the ana-
lyzed protein, is included in the CDPro software package,
which is available online at http://lamar.colostate.
edu/~sreeram/CDPro.
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Antimicrobial polypeptides play an important role in
the immune defense mechanisms in the animal king-
dom. To date several types of polypeptide antibiotics
such as cecropins, defensins, attacins, etc., from animal
sources were identified (1, 2). The methods used for
estimation of antimicrobial polypeptides activity are
based mainly on growth inhibition zone assay on agar
plates (3) or on the liquid growth inhibition microas-
says (4). Native polyacrylamide gel electrophoresis in
acidic (pH 4.3) conditions (5) with subsequent bioassay
(6, 7) is useful technique for the studies on cationic
polypeptides as well.

In this paper we describe very sensitive and repro-
ducible procedure for antibacterial polypeptides activ-
ity restoration after electrophoretic separation on poly-
acrylamide gels in denaturing conditions. The method
was adapted for both glycine-SDS/PAGE according to
Laemmli (8) and for tricine—SDS/PAGE developed by
Schagger and von Jagow (9), routinely used for sepa-
ration of proteins according to their molecular mass.
Our studies were performed in parallel on the syn-
thetic cecropin B (Sigma), derived from sequence anal-
ysis of cecropin B purified from Hyalophora cecropia,
and on Galleria mellonella (Lepidoptera) immune he-
molymph. For G. mellonella immunization, Esche-
richia coli lipopolysaccharide (Sigma) in the amount of
2.5 pglseven-stage larvae was used and hemolymph
was collected after 48 h. The presence of antibacterial
activity, induced by immunization, was detected by
growth inhibition zone assay on agar plates. Samples
containing 0.1-2.0 ug of cecropin B or 25-100 ug of
total hemolymph protein, as determined by Bradford
method (10), were separated by electrophoresis in poly-
acrylamide gels as described in the original procedures
(8, 9). The gels were then washed in 2.5% Triton X-100
(Bio-Rad) for 30 min for removal of SDS. Polypeptides
in the gels were renatured by washing in 50 mM Tris—
HCI, pH 7.5, and subsequently in the Luria broth
(Difco), each step for 30 min. To localize the polypep-
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