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The vacuum ultraviolet circular dichroism (VUVCD) spectra of 15 globular proteins
(myoglobin, hemoglobin, human serum albumin, cytochrome ¢, peroxidase, a-lactal-
bumin, lysozyme, ovalbumin, ribonuclease A, p-lactoglobulin, pepsin, trypsinogen, a-
chymotrypsinogen, soybean trypsin inhibitor, and concanavalin A) were measured in
aqueous solutions at 25°C in the wavelength region from 260 to 160 nm under a high
vacuum, using a synchrotron-radiation VUVCD spectrophotometer. The VUVCD spec-
tra below 190 nm revealed some characteristic bands corresponding to different sec-
ondary structures. The contents of a-helices, B-strands, turns, and unordered struc-
tures were estimated using the SELCONS3 program with VUVCD spectra data on the
15 proteins. Prediction of the secondary-structure contents was greatly improved by
extending the circular dichroism spectra to 165 nm. The numbers of o-helix and j-
strand segments calculated from the distorted o-helix and B-strand contents did not
differ greatly from those obtained from X-ray crystal structures. These results demon-
strate that synchrotron-radiation VUVCD spectroscopy is a powerful tool for analyz-
ing the secondary structures of proteins.

Key words: proteins, secondary-structure analysis, synchrotron-radiation, vacuum
ultraviolet circular dichroism.

Abbreviations: CD, circular dichroism; HSA, human serum albumin; RNase A, ribonuclease A; STI, soybean

trypsin inhibitor; VUVCD, vacuum ultraviolet circular dichroism.

Circular dichroism (CD) is very sensitive as to the back-
bone conformations of proteins, and hence various ana-
Iytical methods have been developed for quantitative
estimation of secondary structure contents using CD
spectra (1-5). Early methods made use of the CD spectra
of model polypeptides with specific secondary structures
as “pure component spectra,” the secondary-structure
contents being estimated by least-squares fitting of the
protein CD spectra. The model polypeptide spectra were
replaced by the “pure component spectra” obtained from
a set of proteins with known X-ray structures. Hennessey
and Johnson estimated secondary-structure contents
using reference CD spectra data on 15 proteins and a hel-
ical polypeptide in the wavelength region from 178 to 250
nm (3). They found that CD spectra down to 178 nm in
comparison with those down to 190 nm only slightly
affected the prediction of the a-helix content but signifi-
cantly improved that of other structures. Toumadje et al.
also suggested that extending CD spectra to 168 nm
rather than stopping at 178 nm improved the prediction
of the secondary-structure contents (4). Recently, Sreer-
ama and Woody estimated secondary-structure contents
using three programs—CONTIN, SELCON3, and
CDSSTR—with five sets of reference spectra of 29, 37,
42, 43, and 48 proteins extending down to 178 nm (5).
They found that a larger reference data set improves the
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prediction and recommended improvement of the CD
data at shorter wavelengths. The accumulation of CD
data on proteins in the vacuum ultraviolet region is
required for significant improvements not only for pre-
dicting secondary-structure contents, but also for esti-
mating the numbers of secondary-structure segments (6)
and assignment of the tertiary-structure classes (7, 8).
Since the 1980s, several groups have put considerable
effort into the construction of vacuum ultraviolet circular
dichroism (VUVCD) spectrophotometers using synchro-
tron radiation as an intense light source in order to
extend the short-wavelength limit (9—-13). However, these
spectrophotometers only operate under a nitrogen gas
atmosphere, and hence the short-wavelength limit is cur-
rently about 170 nm for aqueous solutions. We recently
constructed a VUVCD spectrophotometer at the Hiro-
shima Synchrotron Radiation Center (HSRC) that is
capable of measuring CD spectra down to 140 nm in
aqueous solutions by keeping all the optical devices
under a high vacuum (14-17). In this paper, we report
the VUVCD spectra of 15 proteins measured down to 160
nm using this spectrophotometer and the results of sec-
ondary-structure analysis using the SELCONS3 program.
To our knowledge, this is the first systematic VUVCD
analysis of protein secondary structures in aqueous solu-
tions using a synchrotron-radiation spectrophotometer.

© 2004 The Japanese Biochemical Society.
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Table 1. Origins and structural parameters of the proteins studied.

Secondary Structure (%)?

Protein Origin PDB code o-Helix  p-Strand Turn ODy'*  pH
Myoglobin Horse heart 1WLA 75.8 0.0 124 17.9 54
Hemoglobin Bovine blood 1G08 75.0 0.0 14.0 106.9° 4.9
HSA Human serum 1A06 69.9 0.0 14.9 5.3 5.0
Cytochrome ¢ Horse heart 1HRC 41.0 0.0 21.9 18.4 7.1
Peroxidase Horse radish 1ATJ 50.0 2.0 25.6 7.2 5.3
a-Lactalbumin Bovine milk 1F6S 45.0 7.1 23.0 20.1¢ 7.3
Lysozyme Hen egg white 1HEL 41.9 6.2 30.6 26.4 5.0
Ovalbumin Hen egg white 10VA 30.8 31.3 16.4 7.1 4.8
RNase A Bovine pancreas 1FS3 21.0 33.0 21.8 7.1 6.1
B-Lactoglobulin Bovine milk 1BSE 16.7 41.0 21.6 9.6 6.6¢
Pepsin Porcine stomach mucosa  4PEP 15.3 41.7 20.0 14.7 6.5¢
Trypsinogen Bovine pancreas 1TGN 10.1 32.3 25.3 13.9 6.6
o-Chymotrypsinogen Bovine pancreas 2CGA 13.5 32.0 21.0 19.7 5.6
STI Soybean 1AVU 1.7 37.0 17.1 9.5 6.2¢
Concanavalin A Jack bean 2CTV 3.8 46.4 23.6 13.7 6.7¢

aFrom crystal data listed in PDB code. At 405 nm. ¢At 281.5 nm. ¢At 282 nm. ©10 mM phosphate buffer.

MATERIALS AND METHODS

Materials—Peroxidase and ovalbumin were purchased
from Tokyo Kasei Kogyo, and soybean trypsin inhibitor
(STI) and lysozyme were obtained from Worthington and
Seikagaku, respectively. The other proteins [myoglobin,
hemoglobin, human serum albumin (HSA), cytochrome c,
concanavalin A, B-lactoglobulin, pepsin, o-chymotryp-
sinogen, trypsinogen, a-lactalbumin, and ribonuclease A
(RNase A)] were purchased from Sigma. The origins of
these proteins are listed in Table 1 with their structural
parameters. These proteins were used without further
purification. The water-soluble proteins (myoglobin,
hemoglobin, HSA, peroxidase, cytochrome ¢, a-chymot-
rypsinogen, trypsinogen, a-lactalbumin, lysozyme, RNase
A, and ovalbumin) were dialyzed against double-distilled
water at 4°C. Since B-lactoglobulin, pepsin, STI, and con-
canavalin A are insoluble in pure water, they were dis-
solved in 10 mM potassium phosphate buffer (pH 6.6)
and then exhaustively dialyzed against the same buffer.
The dialyzed protein solutions were centrifuged for 15
min at 14,000 rpm to remove the aggregates and then
adjusted to protein concentrations of 0.2-1.0% by dilu-
tion or concentration with a Centricut mini (U-20,
Kurabo Industries). Protein concentrations were deter-
mined by absorption measurement (V-560, Jasco) using
the molar extinction coefficient values in the literature,
which are listed in Table 1.

VUVCD Measurements—The VUVCD spectra of pro-
teins were measured in the wavelength region from 260
to 160 nm under a high vacuum (10~* Pa) at 25°C, using
the VUVCD spectrophotometer constructed at the HSRC
(BL15). The details of the optical devices comprising of
the spectrophotometer are given in previous papers (14—
17). The performance of the VUVCD spectrophotometer
was confirmed by monitoring the CD spectrum of an
aqueous solution of ammonium d-camphor-10-sulfonate,
which exhibits positive and negative peaks at 291 and
192 nm in an intensity ratio of 1 to 2, respectively (17).
All of the spectra were recorded with a 1.0-mm slit, a 16-s
time constant, a 4-nm/min scan speed, and 4-16 accumu-
lations. A commercial spectrophotometer (J-720W, Jasco)

was also used for comparison of the CD spectra in the far-
UV region from 260 to 200 nm.

The VUVCD measurements of each protein were per-
formed using an assembled type optical cell with MgF,
windows that can tolerate a high vacuum (10-* Pa) and
that is attached to the temperature-control unit (17). The
path length of the cell was adjusted with a Teflon spacer
to 50 um for measurements from 260 to 175 nm with pro-
tein concentrations of 0.2-0.5%. To reduce the effect of
light absorption by water, no spacer was used for meas-
urements below 175 nm with protein concentrations of
0.5-1.0%. The spectra obtained without the spacer (1.7-
pm path length) were calibrated by normalizing the ellip-
ticity as to the spectra measured using a 50-pm spacer in
the overlapping wavelength region from 260 to 175 nm.
The ellipticity was reproducible within an error of +5%,
which was mainly attributable to signal noise and inac-
curacy in the light path length.

Secondary-Structure Analysis of Proteins—The sec-
ondary structures of 15 proteins in crystals were
assigned using the DSSP program (18) for the PDB codes
listed in Table 1. The 3,,-helix was grouped as a a-helix,
the bends were treated as turns, and the single residues
assigned as turns and bends were grouped as unordered.
Moreover, a-helices and B-strands were split into regular
(ag and Bg) and distorted (ap and Bp) classes, assuming
that four residues per a-helix and two residues per B-
strand were distorted (6). Thus the protein structure was
grouped into six types: regular a-helix (ag), distorted o-
helix (ap), regular B-strand (Bg), distorted p-strand (Bp),
turn, and unordered structure.

The secondary-structure contents in solution were esti-
mated from the VUVCD spectra of the 15 proteins, using
the SELCON3 program developed by Sreerama and
Woody (2). This program was modified to extend it down
to 160 nm. Its performance in the analysis of secondary
structures was characterized by the root-mean-square
deviation (8) and the Pearson correlation coefficient (r)
between X-ray and CD estimates of the secondary-struc-
ture contents. For each of the secondary structures, the
values of  and r were calculated using the equations:
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Fig. 1. VUVCD spectra for 15 proteins in aqueous solutions at
25°C. (a) Myoglobin (black), hemoglobin (red), HSA (green), and
cytochrome ¢ (blue); (b) peroxidase (black), a-lactalbumin (red), lys-
ozyme (green), ovalbumin (blue), and RNase A (purple); (¢) concana-
valin A (black), B-lactoglobulin (red), pepsin (green), trypsinogen
(blue), a-chymotrypsinogen (dark green), and STI (brown). A 50-pm
path-length cell was used for the measurements from 260 to 175
nm, and no spacer was used below 175 nm. All spectra were
recorded with a 1.0-mm slit, a 16-s time constant, a 4-nm/min scan
speed, and 4-16 accumulations.

5= )Y (X, -Y)*/N
r={YXY,-(CXYY)/N}/

XX - (T X)Y/N/Y Y- (T Y)P/N)

where X and Y are the X-ray and CD estimates of a given
type of secondary structure in N reference samples,
respectively. The overall performance of the analysis was
determined by considering all the secondary-structure
contents collectively.

RESULTS AND DISCUSSION

VUVCD Spectra of Proteins—Figure 1 shows the
VUVCD spectra of 15 proteins in aqueous solution. These
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spectra are superimposed on those down to 190 nm
obtained using a commercial spectropolarimeter, indicat-
ing the good performance of the VUVCD spectrophotome-
ter and the optical cell constructed. There was no decay of
the spectra intensity during the accumulation (about 3
h), indicating that no protein was decomposed by syn-
chrotron radiation.

Figure 1a shows the VUVCD spectra of four a-proteins
(myoglobin, hemoglobin, HSA, and cytochrome ¢) that
include only a-helices as the secondary structure. There
are two negative peaks at around 222 and 208 nm, and a
positive peak at around 190 nm, which are characteristic
of a-helices. The negative peak at 222 nm is assigned to
the n—r* transition of the carbonyl group of the peptide,
and the negative and positive peaks at 208 and 190 nm,
respectively, are assigned to the parallel and perpendicu-
lar excitons of the n—n* transition of the peptide (1, 19).
Evidently, the intensity of these spectra in the far-UV
region from 260 to 190 nm increased with increasing o-
helix content (Table 1): myoglobin (75.8%) > hemoglobin
(75.0%) > HSA (69.9%) > cytochrome ¢ (41.0%). Although
the o-helix content differs only slightly between
myoglobin and hemoglobin, there is a characteristic dif-
ference in the intensity and peak wavelength of the spec-
tra below 200 nm. Extension of the VUVCD measure-
ment to shorter wavelengths revealed a negative peak
centered at around 170 nm and a shoulder at around 175
nm. A positive peak also appeared to be present below
160 nm. The CD peaks in the region from 150 to 175 nm
probably arise from inter-peptide charge transfer (20).

Figure 1b shows the VUVCD spectra of three a-helix-
rich proteins (peroxidase, a-lactalbumin, and lysozyme),
and two proteins containing comparable amounts of -
helix and B-strand (RNase A and ovalbumin). The former
three proteins exhibit similar spectra to a-proteins,
although the molar ellipticity of the respective bands is
smaller according to their o-helix contents (50%, 45%,
and 41.9%, respectively). A negative peak centered at
around 170 nm and a shoulder at around 175 nm were
also observed, but they were small compared to those of
a-proteins. The spectrum of ovalbumin retains the fea-
tures of those of a-proteins, but RNase A, which contains
less a-helix than ovalbumin (21% and 30.8%, respec-
tively), exhibits a considerably different spectrum with a
positive peak at around 180 nm. Thus the VUVCD spectra
of proteins are very sensitive as to the a-helix content.

Figure 1c shows the VUVCD spectra of four B-strand-
rich proteins (B-lactoglobulin, pepsin, oa-chymotrypsino-
gen, and trypsinogen) and two B-proteins comprised
almost entirely of B-strands (concanavalin A and STI).
These proteins exhibit three negative peaks at around
200-230, 170-175, and 160 nm, and two positive peaks at
around 185-200 and 165 nm, all of which are very sensi-
tive as to the secondary-structure content. Pepsin and B-
lactoglobulin exhibit considerably different molar ellip-
ticity in the wavelength region from 190 to 210, and peak
shifts at around 175 and 165 nm, although their a-helix
and B-strand contents are similar (about 16% and 41%,
respectively). Trypsinogen and a-chymotrypsinogen
exhibit large variations in their spectra at around 200
nm although they have the same B-strand content (32%).
Concanavalin A (comprising 46.4% pB-strands) exhibits
negative and positive peaks at around 220 and 195 nm,
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Table 2. Performance indices (8 and r) of four types of secondary structure determined from CD spec-
tra in different wavelength regions.

Wavelength a-Helix B-Strand Turn Unordered Total
S r ) r ) r ) r ) r

260-185nm  0.087 0.942 0.132 0.688 0.049 0.396 0.055 0.789 0.087 0.857
260-180 nm 0.074 0.958 0.109 0.795 0.047 0.365 0.068 0.667 0.078 0.887
260-175nm 0.086 0.938 0.113 0.774 0.048 0.413 0.067 0.662 0.082 0.873
260-170 nm  0.087 0.937 0.108 0.799 0.048 0.428 0.068 0.648 0.081 0.878
260-165 nm  0.068 0.960 0.083 0.885 0.042 0.651 0.066 0.682 0.066 0.919
260-160 nm  0.082 0.943 0.123 0.727 0.055 0.601 0.083 0.607 0.089 0.851

respectively, that are typical of B-strands (21), and also
negative and positive peaks at around 175 and 165 nm,
respectively. The negative band at 220 nm is assigned to
the n—n* transition of the peptide carbonyl group, as
observed for a-helices, and the positive and negative
bands at 195 and 175 nm, respectively, should arise from
the exciton splitting of the lowest peptide n—n* transition
(19). Interestingly, STI (comprising 37% B-strands) exhib-
its three small positive peaks at around 220, 190, and 175
nm, and three negative peaks at 200, 175, and 160 nm,
which is very different from the spectra of concanavalin A
and other B-strand-rich proteins. The spectrum of STI
closely resembles that of poly-L-proline type-II (PP-II),
which is a left-handed three-fold helix (22). It is known
that short stretches of the PP-II helical conformation
exist in unordered polypeptides such as poly-L-lysine and
poly-L-glutamic acid at pH 7 (23, 24). These results sug-
gest that the spectrum of STI is largely attributable to
the PP-II conformation in unordered structures.
Recently, Sreerama and Woody proposed that B-strand-
rich proteins exhibit two CD spectra reminiscent of
either model B-sheets [B(I)] or PP-II [B(IT)], and that STI
and concanavalin A can be classified into the B(II) and
B(I) types, respectively (25). Thus, B-proteins and B-
strand-rich proteins exhibit variations in VUVCD spec-
tra that are larger than those exhibited by a-proteins and
o-helix-rich proteins.

Secondary-Structure Analysis with VUVCD Spectra—
As shown above, examining the VUVCD spectra of pro-
teins down to 160 nm can provide new and detailed infor-
mation on secondary structures that cannot be obtained
from far-UV CD spectra down to 190 nm. It is of interest
to determine how secondary structure analysis can be
improved by extending the VUVCD spectra to shorter
wavelengths. To examine this, the root-mean-square
deviation (8) and Pearson correlation coefficient (r)
between X-ray and CD estimates of a-helices, B-strands,
turns, and unordered structures were calculated using

the SELCONS3 program (2, 5) with VUVCD spectra of 15
proteins in the wavelength region from 260 nm to various
short wavelength limits. Table 2 lists the results of this
calculation. As expected (26), 8 decreases and r increases
for each secondary structure as the lower wavelength
limit decreases, indicating improved estimation of the
secondary-structure contents. Toumadje et al. (4)
reported that the extension of CD measurement of 15
proteins and an a-helical polypeptide from 178 to 168 nm
improved the prediction of a-helices and turns, while the
prediction is conversely worse for B-strands and unor-
dered structure. However, extension from 170 to 165 nm
greatly improved the prediction for all of a-helices, B-
strands, turns and unordered. This is confirmed by the
overall performance indices listed in the last column of
Table 2, which were obtained by considering the contri-
butions of the four structural contents collectively. In
fact, the prediction for most proteins is improved by
extension to 165 nm although that for only half of the
proteins is improved by extension to 168 nm (4). These
results indicate that characteristic CD peaks in the VUV
region between 170 and 165 nm significantly contribute
to prediction of each secondary structure content, though
the & and r values indicate that further extension to 160
nm does not necessarily lead to a better performance.
The validity of VUVCD spectra based on SELCON3
analysis was further examined with six types of second-
ary structures, which were obtained by splitting a-helices
and f-strands into regular (o and Pg) and distorted
classes (a and Bp), in addition to turns and unordered
structures. Table 3 lists the & and r values for each struc-
tural component, and the overall performance in various
wavelength regions. As shown by the overall performance
indices in the last column of the table, the accuracy of
secondary-structure prediction also tends to improve
when the lower wavelength limit is decreased: the predic-
tion gradually improved for oy and turns, and greatly
improved for By and Bp, but such improvement was not

Table 3. Performance indices (6 and r) of six types of secondary structure determined from CD spectra in different wave-

length regions.?

oR ap Br Bp Turn Unordered Total

Wavelength ) r ) r 8 r 8 r 3 r ) r ) r

260-185nm  0.069 0.930 0.055 0.708 0.085 0.733 0.045 0.696  0.047 0442 0.053 0.803 0.061 0.788
260-180nm  0.056 0.953  0.058 0.658  0.076 0.792  0.037 0.799  0.050 0.323 0.068 0.677 0.059 0.816
260-175nm  0.0565 0.955  0.067 0.520 0.076 0.785 0.035 0.818 0.047 0412 0.066 0.679  0.059 0.825
260-170 nm  0.059 0.948  0.060 0.645 0.070 0.829 0.034 0.836 0.046 0468 0.066 0.674 0.057 0.825
260-165nm  0.053 0.960 0.059 0.674 0.061 0.868 0.027 0.896 0.041 0.650 0.064 0.698 0.052 0.849
260-160nm  0.062 0.944 0.076 0.536 0.088 0.692 0.034 0.836 0.052 0.602 0.078 0.628 0.067 0.754

3o, regular o-helix; ap, distorted a-helix; By, regular B-strand; fp, distorted p-strand.
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Table 4. Secondary-structure contents of 15 reference proteins determined by X-ray analysis, and CD
spectra in the wavelength region from 260 to 165 nm.

Protein R op Br Bp Turn Unordered Total )

Myoglobin X-ray 54.9 20.9 0.0 0.0 12.4 11.8 100 0.035
CD 60.2 20.5 1.5 -0.7 6.5 8.8 96.8

Hemoglobin X-ray 54.0 21.0 0.0 0.0 14.0 11.0 100 0.021
CD 50.5 20.6 -14 -0.8 14.3 14.7 97.9

HSA X-ray 49.1 20.8 0.0 0.0 14.9 15.2 100 0.036
CD 42.3 25.3 14 0.6 174 144 101

Cytochrome c X-ray 21.9 19.1 0.0 0.0 21.9 37.2 100 0.092
CD 14.7 18.7 12.0 6.2 26.4 21.4 99.4

Peroxidase X-ray 29.2 20.8 0.7 1.3 25.6 22.4 100 0.030
CD 23.4 20.5 3.4 4.8 25.8 22.1 100

a-Lactalbumin X-ray 19.5 24.4 1.6 4.9 23.6 26.0 100 0.069
CD 26.8 16.4 5.4 3.0 21.1 27.4 100

Lysozyme X-ray 20.2 21.7 1.5 4.7 30.6 21.3 100 0.042
CD 24.7 17.5 6.8 4.1 25.0 24.1 102

Ovalbumin X-ray 17.9 12.9 23.0 8.3 16.4 21.5 100 0.056
CD 15.1 18.1 12.7 6.9 22.9 23.2 98.9

RNase A X-ray 11.3 9.7 21.7 11.3 21.8 24.2 100 0.044
CD 12.2 14.7 14.1 8.7 20.6 28.9 99.2

B-Lactoglobulin X-ray 5.6 11.1 28.7 12.3 21.6 20.7 100 0.040
CD 4.3 5.1 35.7 15.6 20.9 20.4 102

Pepsin X-ray 3.0 12.3 26.4 15.3 20.0 23.0 100 0.056
CD 1.6 1.8 31.6 16.5 20.2 29.9 102

Trypsinogen X-ray 5.3 4.8 20.9 114 25.3 32.3 100 0.033
CD 1.9 10.1 21.9 11.7 20.6 30.6 96.8

o-Chymotrypsinogen  X-ray 5.1 8.4 20.0 12.0 21.0 33.5 100 0.015
CD 3.5 6.9 19.0 13.7 20.0 35.5 98.6

STI X-ray 0.0 1.7 19.3 17.7 17.1 44.2 100 0.080
CD 1.8 8.3 19.7 15.2 25.9 28.4 99.3

Concanavalin A X-ray 0.0 3.8 32.9 13.5 23.6 26.2 100 0.080
CD 8.6 11.0 22.1 8.6 21.4 24.0 95.9

observed for ap and unordered structures. The best per-
formance was obtained by extending the lower wave-
length limit down to 165 nm, but extension to 160 nm
reduced the prediction accuracy, as found above for the
four types of secondary structure (Table 2). Such
decreased performance at 160 nm is mainly attributable
to the low signal-to-noise ratio of VUVCD spectra due to
strong absorption of water. This problem could be
improved by extending the CD measurement to shorter
wavelengths below 160 nm (e.g., 140 nm) and increasing
the accumulation time for the VUVCD measurements,
because our VUVCD spectrophotometer establishes accu-
rate control of a photoelastic modulator and a lock-in
amplifier with high stability under a high vacuum with
an optical servo-control system in a double-beam configu-
ration.

Comparison Between X-Ray and VUVCD Estimations
of Secondary-Structure Contents—Table 4 shows the sec-
ondary-structure contents of the 15 proteins that were
determined by SELCON3 analysis with the VUVCD
spectra down to 165 nm and by assignment of the X-ray
crystal structures using the DSSP program. In this table,
the small negative values of the By and Bp contents for
myoglobin and hemoglobin can be regarded as zero. The
overall root-mean-square deviations (8) between the X-
ray and VUVCD estimates are listed in the last column of
the table. Myoglobin, hemoglobin, HSA, peroxidase, a-

Vol. 135, No. 3, 2004

chymotrypsinogen, and trypsinogen show small § values,
indicating good performance as to VUVCD estimation for
these proteins. In contrast, the prediction is not good for
cytochrome ¢, concanavalin A, STI, and a-lactalbumin.
These results suggest that VUVCD analysis is more suit-
able for a-proteins than for B-proteins, although the &
values of B-proteins also decrease as the lower wave-
length limit decreases. The exceptionally large 8 value for
cytochrome ¢, which is classified as a a-protein, may be
caused by a covalently bonded heme group. The large &
values for B-proteins are evidently caused by the large
variations in the VUVCD spectra evident in Fig. 1lc. As
suggested by Sreerama and Woody (5), the prediction
would be improved by using a larger reference set of CD
spectra and considering the contribution of the PP-II con-
formation. Improving the VUVCD estimation of the sec-
ondary-structure contents requires the acquisition of fur-
ther VUVCD data on proteins, especially B-strand-rich
proteins, as well as further extension to shorter wave-
lengths.

Estimation of the Numbers of a-Helix and p-Strand
Segments—It is of interest whether or not the numbers of
a-helix and B-strand segments can be determined from
VUVCD spectra, since they are difficult to estimate from
far-UV CD spectra down to 190 nm. The numbers of o-
helix and B-strand segments have been estimated using
two approaches. Pancoska et al. used a matrix descriptor
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Table 5. Numbers of a-helix and p-strand segments deter-
mined by X-ray analysis, and CD spectra in the wavelength
region from 260 to 165 nm.

Protein o-Helix B-Strand
X-ray CD X-ray CD
Myoglobin 8 8.0 0 0.0
Hemoglobin 8 7.5 0 0.0
HSA 31 37.0 0 2.0
Cytochrome ¢ 5 5.0 0 3.0
Peroxidase 17 16.0 2 7.0
a-Lactalbumin 9 5.0 3 2.0
Lysozyme 7 6.0 3 3.0
Ovalbumin 13 17.5 16 13.0
RNase A 3 4.5 7 5.5
B-Lactoglobulin 5 2.0 10 12.5
Pepsin 11 15 25 26.0
Trypsinogen 3 5.5 13 13.0
o-Chymotrypsinogen 6 4.5 14 17.0
STI 1 3.5 15 14.0
Concanavalin A 3 6.5 16 10.5

of secondary-structure segments for neutral-network-
based analysis of protein CD spectra (27). Sreerama et al.
estimated the numbers of a-helix and B-strand segments
from the distorted residues in a-helices and B-strands,
assuming the average number of distorted residues to be
four per o-helix and two per B-strand (6). Since the
results of these two analyses are comparable, in the
present study the numbers of a-helix and B-strand seg-
ments for the 15 proteins were estimated by the method
of Sreerama et al. using the ap and By fractions obtained
from the VUVCD spectra in the wavelength region from
260 to 165 nm (Table 3). The results of the calculation are
listed in Table 5 in comparison with those obtained for
the X-ray structure. The numbers of the two segments
estimated by these methods are comparable, although
large deviation was observed for a-helices in pepsin and
for B-strands in peroxidase. The root-mean-square differ-
ences between the VUVCD and X-ray estimations were
calculated to be 3.6 and 2.5 for a-helices and B-strands,
respectively. These values are not smaller than those (3.2
and 2.5) obtained from CD spectra down to 178 nm by
Sreerama et al. (6). However, this does not necessarily
mean that our VUVCD data do not improve the estima-
tion of the numbers of secondary-structure segments,
because Sreerama et al. used twice as many reference
proteins as we did. It is likely that the prediction of the
numbers of the segments would be greatly improved by
increasing the number of reference proteins, and by
using more accurate numbers of distorted residues per a-
helix and B-strand.

CONCLUDING REMARKS

The present paper describes the first successful measure-
ment of the VUVCD spectra of 15 proteins down to 160
nm in aqueous solutions using a synchrotron-radiation
spectrophotometer. These VUVCD spectra improved the
estimation of the secondary-structure contents using the
SELCON3 program, and allowed us to determine the
numbers of o-helix and B-strand segments. Further
extension to shorter wavelengths and accumulation of

K. Matsuo et al.

VUVCD data in progress using synchrotron radiation
should lead to new methods of protein structure analysis
that are superior to the use of existing CD spectropho-
tometers.
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