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Synchrotron radiation circular dichroism spectroscopy of proteins:
secondary structure, fold recognition and structural genomics

BA Wallace*t and Robert W Janes?

Recent developments in instrumentation and bioinformatics
show that the technique of synchrotron radiation circular
dichroism spectroscopy can provide novel information on
protein secondary structures and folding motifs, and has the
potential to play an important role in structural genomics
studies, both as a means of target selection and as a high-
throughput, low-sample-requiring screening method. This is
possible because of the additional information content in the
low-vacuum ultraviolet wavelength data obtainable with intense
synchrotron radiation light sources, compared with that
present in spectra from conventional lab-based circular
dichroism instruments.
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Abbreviations

CcD circular dichroism

SRCD  synchrotron radiation circular dichroism
Vuv vacuum ultraviolet

Introduction

Circular dichroism (CD) spectroscopy measures the differ-
ence in absorption of left- and right- circularly polarised
light as it passes through an optically active or chiral sam-
ple. Spectra in the far ultraviolet wavelength range
(typically from ~190 to 250 nm) provide information on the
polypeptide backbone conformations of proteins. Further
information exists in the vacuum ultraviolet (VUV)
wavelength region (below 190 nm), but its measurement is
generally limited in a conventional, lab-based CD instru-
ment by the high absorption of the sample, buffer and
solvent, and the low intensity of the light source. Empirical
methods utilising reference databases consisting of the
spectra of proteins with known structures allow decompo-
sition of the CD spectrum of an unknown protein,
providing information on its secondary structural features.

CD spectrometers using synchrotron radiation as their
light sources were first developed in 1980 [1-3], but until
recently saw limited use in studies of biological systems
[4-8]. In the past two years or so, developments in instru-
mentation [9°,10] have resulted in synchrotron radiation
circular dichroism (SRCD) spectrometers suitable for
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CD (green) and SRCD (red) spectra of horse myoglobin, showing
additional transitions in the low-wavelength data present in the SRCD
spectra (adapted from [11°]).

examining protein conformations and folding under a
wide range of conditions, and have, for the first time,
enabled protein spectra in aqueous solutions to be
obtained to wavelengths as low as 160 nm (Figure 1) [11°].
Currently, SRCD stations suitable for protein studies are
available at the Synchrotron Radiation Source (SRS;
UK) (http://www.srs.dl.ac.uk/VUV/CD/cpmsd.html), the
National Synchrotron Light Source (NSLS; USA)
(http://bnlstb.bio.bnl.gov/biodocs/nsls/u9b/u9b.htmlx),
and Aarhus Storage Ring in Denmark (ASTRID;
Denmark) (http://www.isa.au.dk/SR/sr-facilities.html),
and a station at the Beijing Synchrotron Radiation Facility
(BSRF; China) (http://www.ihep.ac.cn/bsrf/bio.html) is
planned to come on line in the next year. Parallel devel-
opments in bioinformatics have enabled better definition
and classification of a wide range of protein structural
types, and the rapid growth in crystal structure analyses
has provided a large number of protein structures from
which more comprehensive reference databases can be
constructed. Furthermore, it has recently been demon-
strated that VUV irradiation in an SRCD instrument is
non-damaging to protein integrity [12°], an important
result if this technique is to find general utility in studies
of biological systems. Taken together, these develop-
ments have meant that SRCD has recently emerged as an
exciting technique for protein structural studies [13°°].
Recent SRCD studies have included examinations of the
kinetics of protein folding and unfolding [14°,15], the
nature of macromolecular interactions [15,16°], and
environmental effects on secondary structures [17°,18].

SRCD spectroscopy has a number of advantages over con-
ventional lab-based CD spectroscopy [13°°]. Besides the
ability to measure lower-wavelength data, these include
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SRCD spectra of proteins representing primarily o-helical (myoglobin;
red), B sheet (concanavalin A; blue), and polyproline Il helical (type VI
collagen; yellow) secondary structures, showing substantial
differences are present in the low-wavelength region.

higher signal-to-noise ratios (thus resulting in smaller
sample requirements), more rapid measurements (because
of the diminished requirement for signal averaging as a
result of stronger signals), and the possibility of examining
samples in the presence of high concentrations of buffers
and other absorbing components. This review focuses on
new developments and applications in SRCD spec-
troscopy over the past two years, which have enabled its
use as a technique for examining protein structures, and
have shown its potential for use in structural genomics.

SRCD and CD spectral characteristics

CD spectra arise from electronic transitions between ground
and excited states of molecular orbitals. The most significant
chromophore for proteins is the amide group of the polypep-
tide backbone. Secondary structures impose positional and
intensity constraints on these transitions, and give rise to
characteristic far-UV spectra [19] (Figure 2): for an o helix,
the negative band at ~222 nm is the n—7* transition, and the
positive and negative bands at ~190 and ~208 nm, respec-
tively, are the perpendicular and parallel exciton peaks of the
T,—7* transition. For B sheets, the negative band at ~215 is
the n—7* transition, and the positive and negative ~198 and
~175 nm bands are the m,—n* transitions. For polyproline-
II-type structures, the positive band at ~220 nm is the
w,—7* parallel, and the negative band at ~200 nm is the
n,—7* perpendicular transition, whereas the n—n* transi-
tion is not seen. A number of additional transitions are visible
in the VUV region detectable by SRCD (Figure 2). For
helices, the shoulder seen in the VUV spectrum at ~175 nm
had originally been ascribed to an n—c6* transition [20],
superimposed on a proposed helix transition. However, both
the 160 nm and 175 nm peaks are now thought to arise from
interamide charge transfer transitions (R Woody, personal
communication). Spectral differences in this region may
result also, in part, from tertiary structural interactions.

At wavelengths above 190 nm, the spectra of helices and
sheets are roughly similar in shape, with the sheet signal

SRCD spectra of two proteins with substantially different secondary
structures (74% helix, 0% sheet, 10% turn, 16% other [orange] and
48% helix, 5% sheet, 16% turn, 31% other [green]). Over the
wavelength range obtained in conventional CD spectroscopy (to the
right of the dotted vertical line), the spectra are nearly identical. It is
only when the low-wavelength data (left of the vertical line) are
considered that the differences in these structures are obvious.

dwarfed by the much more intense helix signal (Figure 2);
one consequence of this is that analyses of sheets from CD
data tend to be much less accurate than those of helices
[21]. Below 190 nm, the SRCD spectra of sheets and
helices have markedly different peak shapes and opposite
signs, so analyses that include these low wavelength data
are better able to quantitate sheet content and other types
of secondary structures, such as polyproline II helices
(Figure 2). A further consequence resulting from these low
wavelength VUV SRCD data is the ability to distinguish
the major differences between structures of proteins that
have similar spectra in the far UV region, but differ
considerably in the VUV region (Figure 3).

Information content of SRCD and CD data

Many methods have been developed for calculating
protein secondary structure contents from CD spectra
[22,23°,24°°,25,26°] based on reference databases of spec-
tra produced from proteins with known three-dimensional
structures [27°]. One question that has arisen is how many
different types of secondary structures can accurately be
distinguished from a CD spectrum. The singular value
decomposition approach [28,29] makes use of matrix alge-
bra to determine the information content present within a
spectrum. It is highly dependent on the wavelength range
of the spectrum [30]: using data between 200 nm and
260 nm, the information content is two; if the data extends
to 190 nm, the value is between three and four; to 178 nm,
five; to 168 nm, six; and by taking spectra to ~160 nm, the
information content could rise to seven or possibly even
eight. What this means in terms of secondary structural
component analyses can be illustrated thus: data measured
to 178 nm have an information content of five, hence each
spectrum may be represented by five independent equa-
tions or eigenvectors. However, because not all secondary
structural types are independent variables [31], these can
be used to solve for around eight different structural
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features (e.g. helices, antiparallel and parallel sheets, four
classes of turns, and ‘other’ — often incorrectly referred to
as ‘random coil’ — structure). By extension, the 160 nm
data may represent around eight eigenvectors and thus
permit identification of a proportionately greater number
of structural types, thus enabling the discrimination of
more secondary or supersecondary structural components
and possibly even motifs or tertiary structure fold features.

Fold recognition by SRCD

"T'he accuracies of empirical analyses depend on the extent of
coverage of all possible structures by the proteins used to
create the reference databases [24°°,25]. Hence, as our knowl-
edge of protein structures expands, additions of spectra of
novel structures to the spectral reference databases further
improve the accuracies of the CD-based determinations of
secondary structures. Recently, SRCD spectra obtained for a
wide range of B-strand-containing motifs (antiparallel and
parallel sheets, B helices, T'IM barrels, B barrels of different
strand and sheer numbers, Greek keys, B sandwiches and
B meanders) have shown the spectra of these folds are very
different, especially at low wavelengths (J Lees, RW Janes,
BA Wallace, unpublished data) and support the idea that the
low-wavelength data are relevant to supersecondary or
tertiary structures. These spectra are forming the basis for fold
recognition procedures using neural networks.

SRCD in structural genomics and proteomics

A principal goal of structural genomics is to identify all
unique protein folds that exist, and subsequently to use
this information to improve the prediction of protein struc-
tures from sequences. Of the ~1000 unique folds that are
postulated to exist, ~550 have already been identified.
Currently only ~3-5% of new structures solved are novel
folds, with the proportion of new versus previously identi-
fied folds diminishing with time. It has been estimated
that the human genome has around 31,000 open reading
frames, many of which are potential candidates for new
unique folds. This has led to questions of how proteins
with new folds can be efficiently identified. SRCD has a
role to play in this: because the reference databases are
composed of spectra from proteins of known structures, if
an ‘unknown’ protein spectrum is not well-fit by the refer-
ence database, the protein is a potential candidate for a
new fold or motif. The more proteins with different motifs
used in creation of the reference database, the more likely
is its ability to identify a protein as having a unique fold,
and with the higher information content in SRCD spectra,
the ability to distinguish different folds should be greatly
enhanced. Hence, a role for SRCD could be in target
selection for structural genomics, as a valuable adjunct to
bioinformatics predictions of folds. In particular, it may be
an especially useful screen for what is 7oz a new fold, greatly
improving the efficiency of candidate choices for crystal
structure determinations.

One current approach to proteomics studies is to identify
and characterise all expressed (or all soluble) proteins that

have no known structural or functional homologues [32].
In an elegant study [33°°] on the small organism
Mycoplasma genitalium, bioinformatics techniques were
used to select proteins whose functions were unknown.
These were subsequently expressed and then CD spec-
troscopy was used to screen them for secondary structural
characteristics and thermodynamic stabilities, thereby
identifying stable globular proteins as well as proteins that
might require partners for folding and function.

Consequently, structural genomics and proteomics studies
could benefit from SRCD for the identification of both
well-folded structures, and conditions for stabilisation of
conformers by ligands, binding partners etc., in order to
gain understanding of the nature of interactions with
partner molecules, and as a means of increasing the success
rate of crystal formation [34]. Because of the high intensi-
ty of the synchrotron radiation light source, highly
absorbing samples can be examined (i.e. proteins at high
concentrations in the presence of buffers, high salt
concentrations and additives, conditions such as those
typically used for crystallisations). Because SRCD uses
only 10-2 to 10-3 the amount of material, and can take 10-3
to 104 or less of the time required for crystallographic
studies, it can provide an efficient high-throughput screen-
ing method for proteomics and functional or structural
genomics studies.

Conclusions

SRCD was first developed as a method more than 20 years
ago, but only recently has its utility in biology begun to be
effectively exploited. This follows recent developments
that have included demonstrations of the additional
low-wavelength data obtainable [11°], the additional
information content present in that data [35], and that the
technique is non-damaging so protein integrity is main-
tained [12°]. In this article, we have discussed potential
new uses in secondary structural analyses, fold recognition,
and structural genomics, as well as recent uses in protein
folding studies, in monitoring conformational transitions,
and as an adjunct to crystallography.

Two obvious areas for applications of SRCD in the future
will be investigations of membrane proteins and in the phar-
maceutical industry. Integral membrane proteins constitute
an important class of proteins that is greatly under-repre-
sented in the databases of crystal structures. It has been
estimated that about one-third of the proteins in the human
genome may be membrane-associated, and at present ~60%
of all drug targets are against membrane proteins. To date,
CD studies of membrane proteins have been limited in the
accuracy of their secondary structure determinations
because none of the reference databases currently available
include any membrane proteins (A Orry, A Lobley,
RW Janes, ] Lees, BA Wallace, unpublished data), even
though it is clear that such proteins have different spectral
characteristics from their soluble counterparts [36,37]. A
new SRCD membrane protein database is currently under



570 Analytical techniques

construction that will contain spectra of membrane proteins
whose three-dimensional structures have been determined
(J Lees, A Orry, RW Janes, BA Wallace, unpublished data).
"This should improve the utility of CD spectroscopic studies
in the secondary structure determination of membrane pro-
teins, a class of macromolecules generally being by-passed
at present by structural genomics [38]. Furthermore, CD has
demonstrable utility in the pharmaceutical industry for
drug-binding studies [39]. With its increased sensitivity and
the potential for automation of data collection, SRCD could
provide a regular assay for monitoring drug—target interac-
tions. Additionally, SRCD is currently being used as a
method for examining integrity of protein folding, and may
assume an even greater role as more proteins are expressed
in high yields as inclusion bodies, requiring refolding to
regain their native structures. Indeed, SRCD could find a
use as a standard reference method for assays of fidelity of
folded products.

In summary, SRCD extends the measurements possible
with conventional CD instruments, providing a much
higher information content and the ability to examine
biological samples under a richer variety of conditions.
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