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Abstract

Far-UV circular dichroism (CD) spectroscopy is a classical method for the study of the secondary structure
of polypeptides in solution. It has been the general view that the α-helix content can be estimated accurately
from the CD spectra. However, the technique was less reliable to estimate the β-sheet contents as a
consequence of the structural variety of the β-sheets, which is reflected in a large spectral diversity of the
CD spectra of proteins containing this secondary structure component. By taking into account the parallel
or antiparallel orientation and the twist of the β-sheets, the Beta Structure Selection (BeStSel) method
provides an improved β-structure determination and its performance is more accurate for any of the
secondary structure types compared to previous CD spectrum analysis algorithms. Moreover, BeStSel
provides extra information on the orientation and twist of the β-sheets which is sufficient for the prediction
of the protein fold.
The advantage of CD spectroscopy is that it is a fast and inexpensive technique with easy data processing

which can be used in a wide protein concentration range and under various buffer conditions. It is especially
useful when the atomic resolution structure is not available, such as the case of protein aggregates,
membrane proteins or natively disordered chains, for studying conformational transitions, testing the effect
of the environmental conditions on the protein structure, for verifying the correct fold of recombinant
proteins in every scientific fields working on proteins from basic protein science to biotechnology and
pharmaceutical industry. Here, we provide a brief step-by-step guide to record the CD spectra of proteins
and their analysis with the BeStSel method.
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1 Introduction

Circular dichroism (CD) corresponds to the differential absorption
between left and right circularly polarized light (Fig. 1). In the
far-UV region between 170 and 250 nm, mostly the electronic
transitions of the peptide bonds contribute to the CD spectrum
of proteins [1, 2]. Depending on the local geometry, environment,
and H-bond pattern of the peptide bonds, the polypeptide chains
with different conformations can exhibit distinct, characteristic
spectral profiles, which is manifested in the CD spectra of proteins
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of different structural classes (Fig. 2). This observation initiated the
development of algorithms for the secondary structure estimation
from the CD spectra. In the last 30 years, a dozen CD spectrum
analysis algorithms made attempts to accurately estimate the sec-
ondary structure composition of the proteins. These methods use
reference CD spectra of proteins with known structure to make an
estimation of different types of secondary structure elements (most
often helix, β-sheet, turn, and disordered). The mathematical back-
ground and performances of these methods are reviewed and com-
pared [3, 4]. Generally, they predict the helix content more or less

Fig. 1 The phenomenon of circular dichroism. Light is an electromagnetic wave which can be characterized by
the electric and magnetic fields that are perpendicular to each other and the direction of the travel of the light.
Linearly polarized light is characterized by the electric field vector oscillating in one plane (a), while the electric
field vector of circularly polarized light is rotating around the axis of propagation by maintaining a constant
amplitude (b). Looking into the light propagating toward the observer, electric field vector rotating counter-
clockwise or clockwise depict the left and right circularly polarized lights, respectively. The summation of left
and right circularly polarized light of equal amplitudes results in linearly polarized light while different
amplitudes result elliptically polarized light (c). Optical active material (which should have chiral properties)
interacts with light in a polarization dependent manner which can be manifested in optical rotation of the plane
of polarization (a, and angle α in c) and in circular dichroism which is the differential absorption of the left and
right circularly polarized light (b, c). For details of the theory of circular dichroism see [1]. At the practical level,
the differential absorption of the left and right circularly polarized light can be expressed as the difference in
the extinction coefficients, Δε ¼ εL � εR, or as the ellipticity of the summation of the left and right circularly
polarized lights of different amplitudes, tgΘ ¼ a/b ¼ (ER � EL)/(ER + EL), where ER and EL are the amplitudes
of the electric field vectors. Θ will be negative if ER is smaller than EL. Measured ellipticity is usually given as
Θ in the unit of mdeg. When Δε is in M�1·cm�1 units and Θ is also normalized to the molar number of
residues (more precisely, to the number of peptide bonds) and pathlength in cm, denoted as [Θ] and given in
the traditional unit of deg·cm2·dmol�1, the value of Δε is equal to [Θ]/3298 (we have to note, that for the
correct equation, the factor of 3298 is not dimension-less)
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accurately, while often fail to properly predict the β-sheet content
due to the large spectral diversity of β-structured proteins (Fig. 3).
In the background of this spectral diversity, there must be the
variety of β-sheets in the orientation (parallel–antiparallel), the
length and number of strands, and their twists, which made difficult
to estimate this component from the CD spectrum and was
believed to be an intrinsic limitation of the technique [5].

Recently, we have shown that the spectral contribution of
β-sheets depends on the parallel-antiparallel orientation and the
twist of the β-sheets [4]. Based on this observation, we have devel-
oped a new method named BeStSel (Beta Structure Selection) for
the secondary structure estimation of proteins from the CD spectra
that takes into account the orientation and twist of the β-sheets.
The method defines eight structural components: regular and dis-
torted α-helices, left-handed, relaxed (slightly right-hand twisted)
and right-hand twisted antiparallel β-sheets, parallel β-sheet, turn.
and “others” (Table 1, and for detailed definitions see Micsonai
et al. [4]).

BeStSel provides an improved accuracy on a broad range of
protein structures including β-sheet-rich proteins, membrane pro-
teins, protein aggregates, and amyloid fibrils.

As a results of the detailed structural information gained from
the CD spectrum, BeStSel is capable of predicting the protein fold
down to the homology level using the CATH fold classification
(Fig. 4) [9, 10].

Fig. 2 Characteristic far-UV CD spectra of different protein architectures. Proteins of distinct secondary
structures such as α-helix (red), parallel β-sheet (blue), antiparallel β-sheet (green), polyproline-helix (orange),
and disordered chain (purple) exhibit characteristic spectral shapes indicating that CD spectroscopy can be
useful for the determination of the secondary structure of proteins
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A web server was constructed at http://bestsel.elte.hu making
the BeStSel method freely accessible for the scientific community.

In the Materials section completed with extended Notes we
briefly describe the essential sample preparation steps for a reliable
CD measurement that are necessary for an accurate secondary
structure estimation. In the Methods section we give a step-by-
step guide for the modules of the BeStSel webserver to analyze
protein CD spectra.

2 Materials

A lot of buffer compounds and salts have high absorption in the
far-UV region. Their use should be avoided or their concentration

Fig. 3 The spectral diversity of β-structures. (a) α-helical proteins have uniform
spectral shape as shown as demonstrated here by proteins having ~50% α-helix
content. (b) Despite their similar (~50%) β-sheet content, β-structured proteins
show a large spectral diversity making secondary structure estimation a difficult
challenge
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should be kept at the minimum that is acceptable for the protein.
Phosphate buffer (not PBS) is suitable for CD spectroscopy with as
low salt added as possible. However, it might be incompatible with
other buffer components to be used, for example with calcium, or
with the protein. High absorption of the buffer limits the usable
wavelength range and can be avoided by choosing a shorter path-
length cell which requires increased protein concentration (see Sub-
heading 3.1 and Notes 1–3).

Depending on the instrument and the cell holder used, cylin-
drical or rectangular quartz cells can be used in the >180 nm
wavelength region. Below 180 nm, or in the case of low sample
volume, demountable calcium fluoride cells can be used.

Fig. 4 The BeStSel method. Schematic representation of the secondary structure components of BeStSel (see
also Table 1) and the pipeline of structure estimation. Obtaining the fractions of the eight components from the
CD spectrum by BeStSel, the protein fold can be predicted

Table 1
Structural components of BeStSel and their relation to the DSSP components [6]

Structural
component Description of the component

Related DSSP
component

Helix1a Regular α-helix (middle part of α-helices) H
Helix2a Distorted α-helix (2–2 residue at the end of α-helices)

Anti1 Left-handed antiparallel β-sheet E
Anti2 Relaxed (slightly right-hand twisted) antiparallel β-sheet
Anti3 Right-hand twisted antiparallel β-sheet
Parallel Parallel β-sheet

Turn Turn, as defined by DSSP T

Others 310-helix, π-helix, β-bridge, bend, loop/irregular and invisible
regions of the structure

G,I,S,B,O

aIt is important to note that most of the other algorithms such as SELCON [7], CONTIN, and CDSSTR [8] define
mixed Helix components, instead of pure α-helix, as the sum of α- and 310-helices. This should be considered when

comparing results of different methods
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3 Methods

3.1 Sample

Preparation

1. The CD spectrum shows the average spectrum of the compo-
nents having CD signal in the sample. It is important to have a
pure, homogenous protein sample free of contaminations of
other proteins or other chiral biomolecules such as nucleic
acids. Check the purity of the sample by SDS-PAGE, mass
spectrometry, absorption spectroscopy (for nucleic acid con-
tamination), and other complementary methods. Take into
consideration that the CD spectrum is also affected by expres-
sion tags often used in the case of recombinant proteins (see
Note 1).

2. The inhomogeneity and light scattering also affect the CD
signal causing shrinking of the amplitude and distorting the
spectrum, which may have caused by protein aggregation and
precipitation (see Note 2).

3. Transfer the sample into a buffer suitable for CD measure-
ments. The best method for this is dialysis where the dialysis
buffer can be used for baseline measurement. A lyophilized
protein powder often contains contaminations, so it is advised
not only to dissolve it in the proper buffer but dialyze it. An
alternative method can be a transfer of the protein to the buffer
of the measurement by using a filtration spinning tube or
desalting column.

4. Determination of the accurate protein concentration is crucial
for the correct normalization and quantitative analysis of the
CD spectra. Select the pathlength of the cuvette depending on
the concentration in a way that the product of the pathlength in
mm and the concentration in mg/ml should be ~0.1 (it means
that for a solution of 0.1 mg/ml concentration, a 1 mm cell is
optimal for use). Selecting the appropriate buffer and path-
length, CD spectroscopy is capable of studying the protein
structure in a wide concentration range of 0.05–20 mg/ml,
which is a significant advantage over the other techniques used
for protein structure determination, such as NMR, infrared
spectroscopy, vibrational CD or RAMAN spectroscopy (see
Note 3 for concentration determination).

5. The instrumentation of CD spectroscopy is well-developed,
the users routinely can measure the spectra in the
190–260 nm range with some considerations on the buffer
and salt compositions of the sample. Choose shorter path-
lengths (10–50 μm) and high protein concentrations
(2–10 mg/ml) to record the spectra down to 180 nm on
conventional instruments. Synchrotron radiation CD (SRCD)
stations can collect spectra at even shorter wavelengths [11].
To collect high quality CD spectra suitable for quantitative

180 András Micsonai et al.



structural analysis, the instrumental parameters should be
carefully chosen following the instrument manual. Note 4
discusses the preferable measurement parameters. For quanti-
tative measurements, calibrate the instrument occasionally for
amplitude and wavelength accuracy (see Note 5).

3.2 Wavelength

Range, Baseline

Subtraction, and Data

Normalization

1. CD spectroscopy is a type of absorption spectroscopy and the
CD signal is measured above the overall absorption of the
sample which should be kept at low for the good signal-to-
noise ratio and linearity of the detector. The voltage (high
tension, HT) of the detector is adjusted to this overall absorp-
tion and should not exceed a limit (e.g., ~600 V limit in the
case of a detector having 900–1000 V maximum HT). Discard
the data measured at HT values over this limit.

2. Correct the sample spectrum by subtracting the baseline mea-
surement of the same buffer that is used for the protein.
A moderate smoothing can be applied on the spectrum by
taking care not to change significantly any sharp component
or steep part of the spectrum.

3. Normalize the CD spectrum for the concentration, pathlength
and number of peptide bonds. The mean residue molar ellip-
ticity (deg·cm2·dmol�1) is defined as follows:

½Θ�MRE ¼ Θ=ð10 �cr �lÞ
where Θ, the measured ellipticity, is in mdeg, cr is the molar

concentration per residue, and l is the pathlength in cm. The
also commonly used extinction coefficient difference,
Δε ¼ [Θ]/3298.2, its unit is M�1·cm�1. Although BeStSel
can handle the baseline subtracted raw data, it is important to
understand the normalization procedure because the output of
BeStSel and the proper form of CD spectra for publication is
the normalized data.

3.3 Single Spectrum

Analysis

At the starting page of the BeStSel webserver, by default, data can
be uploaded for single spectrum analysis in the form of a text file or
can be copied into the window in two data columns, separator can
be space, tab, comma or semicolon. Upload the data either as
normalized in Δε or [Θ]MRE, or as measured, baseline subtracted
data. In the latter case, you have to provide the concentration (μM),
pathlength (cm), and the number of residues. The page is protected
by a captcha against malicious use. In all cases, the program nor-
malizes or converts the uploaded data to Δε, which can be verified
in the next, Data Examination page. Note, that the numeric
format uses dot as decimal point. If the spectrum in the Data
examination page contains steps, probably the decimal sign is
incorrect. Starting the calculation, the results will appear in a
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graphical image with all the useful information provided: wave-
length range, the estimated secondary structure content, the
curve and error of the fitted spectrum, and user provided informa-
tion. At first, data is analyzed in the possible widest wavelength
range of the uploaded data. However, we strongly suggest to
choose an appropriate wavelength range where the PMT voltage
was below a limit (e.g., 600 volts) determined by the manufacturer
upon the measurement (see Subheading 3.2). SeeNotes 2 and 4 for
buffer selection and experimental setup. Below the results, change
the output format for your convenience. Results can be saved as a
graphical image. For further data processing by the users, result can
be shown in text format with the predicted secondary structure
contents at the top and the experimental, fitted, and the residual
data in columns below. Transfer the data by copying it to any data
processing software to make your own plots, etc.

On the left side of the Results page, the wavelength range can
be chosen and the analysis can be recalculated. Different wave-
length ranges will provide slightly different results; however, in
the case of using correct concentrations and normalization, the
difference is within the estimation error. A scale factor can be
chosen for recalculation, as well. The CD amplitude is multiplied
with this factor. The “Best factor” function carries out a series of
analysis by changing the current scaling factor automatically in the
range of 0.5–2. The dependence of the individual secondary struc-
ture components on the CD amplitude is plotted. This can be
informative in the case of uncertainties in the protein concentration
or pathlength. In case of CD data in a wide wavelength range
(down to at least 180 nm), the alteration of the factor with the
lowest fitting NRMSD from 1 is a good indicator of incorrect
concentration or pathlength values.

3.4 Fold Recognition The eight secondary structure components of BeStSel bear suffi-
cient information that is characteristic to the protein fold andmakes
possible its prediction. At first, twenty closest structures based on
Euclidean distance are searched on the entire PDB. In case of single
domain proteins, a fold prediction using the CATH protein fold
classification [10, 12] can be done. The single domain PDB subset
is a nonredundant collection of chains containing single CATH
domains or homodomains filtered for <¼95% sequence homology
and resolution better than 3.0 Angströms. This dataset contains
55,350 single domains covering 4 classes, 41 architectures, and
1310 topologies and 5398 homologies [9]. The fold can be pre-
dicted by searching for the closest structures based on the Euclid-
ean distance in the eight components. While this method does not
take into account the possible error of the secondary structure
estimation from CD, it can be used even if the secondary structural
space is rarely populated by structures around the estimated result.
Another method is surveying all the structures within the expected
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error of the CD results and sort them by their fold and the fre-
quency of that fold [4]. At the level of architecture and topology,
the ten most populated groups are presented. The most sophisti-
cated way of fold prediction is a weighted K-nearest neighbors
search using the chain length as extra parameter. Fold prediction
can be initiated from within the Single Spectrum Analysis after
getting the secondary structure contents or from a separate block
at the starting page by manually providing the Secondary structure
contents and chain length [9].

Use the Fold recognition module to find structures in the PDB
and fold domains in CATH that are similar to the experimentally
investigated protein. This function can be especially useful to verify
the correct fold of recombinant proteins or search for the fold of
proteins having low sequence homology to the proteins in the
PDB.

3.5 Multiple Spectra

Analysis

In this module, upload a series of spectra in a text file or copy into
the window from a worksheet to analyze the CD spectra as a
function of temperature, ligand concentration, etc. In the uploaded
data, the first row should contain the values of the variable as the
function of which the spectra were recorded. Below, there are
columns. The first column contains the wavelength values and the
others columns contain the corresponding spectral data. Therefore,
the total number of columns should be equal to the number of
values in the first row plus one. Data separator can be either tab,
comma, semicolon, or space. The units of the input data can be
chosen similarly to Single Spectrum Analysis. After the checkup of
the uploaded data as a series of spectra in Δε, starting the calcula-
tion, the estimated secondary structure contents will be shown on
the Result page as the function of the given parameter (tempera-
ture, ligand concentration, etc.). The wavelength range can be
changed or the results can be recalculated with using a scaling
factor applied for all the spectra. The results can be saved as image
or copied out as data text. We have to note that Multiple Spectra
Analysis is developed for analysis of a series of related CD spectra
with the same number of data points and wavelength ranges. Unre-
lated spectra should be evaluated separately in Single Spectrum
Analysis.

3.6 Secondary

Structure Composition

from PDB Structures

In this module of BeStSel, provide the four letters codes of atomic
resolution structures deposited in the PDB to list out their second-
ary structure contents. Besides the eight secondary structure com-
ponents of BeStSel, the six components of SELCON/CONTIN/
CDSSTR methods [8] and the eight components of DSSP [6] are
also shown for the entire molecule or selected subunits. Upon
selecting the chain, the protein fold classification is also provided
using the CATH classification [10]. This module of the BeStSel
server is useful to compare the secondary structure results to the
available reference protein structures.
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3.7 Limitations

of the BeStSel Method

The eight secondary structure components of BeStSel do not
account for some special secondary structure types. Polyproline-II
helix, different type of turns, 310-helices are not distinguished by
BeStSel and thus analysis for such structures is not adequate. BeSt-
Sel does not handle the aromatic contributions (other algorithms
neither do) which gives some uncertainty when the number of
aromatic residues is high in the protein. The spectra of highly
disordered proteins somewhat remind the highly right-twisted
antiparallel β-sheets (Anti3 component), and partly might be
counted as Anti3 instead of “Others” [9].

4 Notes

1. Sample purity and preparation
The CD spectrum shows the average spectrum of the

components having CD signal in the sample. Thus, it is impor-
tant to have a pure, homogenous protein sample free of con-
taminations of other proteins or other chiral biomolecules such
as nucleic acids. The purity of the sample should be checked by
SDS-PAGE, mass spectrometry, absorption spectroscopy (for
nucleic acid contamination) and other complementary meth-
ods. Recombinant proteins are often expressed using fused
protein tags that provide higher expression or used for efficient
purification (N-terminal extension of Met or more residues,
His-, GST-, or other tags on either terminal) or stabilize the
protein structure. These extensions or tags can affect the struc-
ture and stability of the proteins and contribute to the CD
spectrum, as well. It is advised to have them removed from
the protein. When removal of these extensions is not possible,
it is important to take them into account in the analysis of the
CD spectrum (number of residues, molecular weight, and
presumed contribution to the estimated secondary structure
contents).

CD spectroscopy is sensitive for light scattering effects
which may have caused by protein aggregation and precipita-
tion. To remove any precipitates, the sample should be spun
down at least in a table top centrifuge at>10,000� g force. To
remove small oligomers of a protein, ultracentrifuge around
~100,000 � g could be used. In all cases the protein concen-
tration should be determined after centrifugation.

In the case of measuring protein aggregates and amyloid
fibrils, no centrifugation is applied or only a short centrifuga-
tion at low force can be used to remove the large aggregates
which cause inhomogeneity and light scattering of the sample.
Amyloid samples should be well homogenized by thorough
pipetting or even using a slight ultrasonication.
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2. Buffer selection
A lots of buffer compounds and salts have high absorption

in the far-UV region. Their use should be avoided or their
concentration should be kept at the minimum that is acceptable
for the protein. Using shorter pathlengths (that needs higher
protein concentrations) can decrease the buffer absorption.
Table 2 shows the usable wavelength range for CD of the

Table 2
Absorption of different buffer compounds and salts in the far-UVa

Compound No absorption above 210 nm 200 nm 190 nm 180 nm

NaClO4 170 nm 0 0 0 0

NaF 170 nm 0 0 0 0

Boric acid 180 nm 0 0 0 0

NaCl 205 nm 0 0.02 >0.5 >0.5

Na2HPO4 210 nm 0 0.05 0.3 >0.5

NaH2PO4 195 nm 0 0 0.01 0.15

Na-acetate 220 nm 0.03 0.17 >0.5 >0.5

Glycine 220 nm 0.03 0.1 >0.5 >0.5

Diethylamine 240 nm 0.4 >0.5 >0.5 >0.5

NaOH 230 nm >0.5 >2 >2 >2

Boric acid, NaOH 200 nm 0 0 0.09 0.3

Tricine 230 nm 0.22 0.44 >0.5 >0.5

TRIS 220 nm 0.02 0.13 0.24 >0.5

HEPES 230 nm 0.37 0.5 >0.5 >0.5

PIPES 230 nm 0.2 0.49 0.29 >0.5

MOPS 230 nm 0.1 0.34 0.28 >0.5

MES 230 nm 0.07 0.29 0.29 >0.5

Cacodylate 210 nm 0.01 0.01 0.22 >0.5

Citric acidb 240 nm 0.21 0.22 0.45 >2.5

Dithiothreitolb 255 nm 1.28 >3 >3

Mercaptoethanolb 254 nm 0.71 2.35 2.02

TCEPb 235 nm 0.24 0.64 2.78

DMSO (0.1%)b 233 nm 1.8 >3 >3

DMF (0.1%)b 243 nm 3.82 >3 >3

GdnHCl (1 M)b 218 nm 0.36 >3 >3

Urea (1 M)b 227 nm 0.29 >3 >3

aIf not specified differently, data is given for 10 mM solutions at 1 mm pathlength. Adapted from [13]
bOwn measurement
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different buffer compounds and salts. Denaturants such as
GdnHCl and urea which are usually used at high concentra-
tions have especially high absorptions which often make impos-
sible the quantitative analysis of the CD spectrum in the lack of
sufficient usable wavelength range. Instead of them dodine
could be used [14], which denatures the protein at orders of
magnitude lower concentrations. Sodium and reducing agents
such as dithiothreitol or mercaptoethanol also have high
absorption. These compounds should be dialyzed out from
the sample prior to the measurement. Tris(2-carboxyethyl)
phosphine (TCEP) is better as reducing agent for CD because
of its lower effective concentration range and somewhat lower
extinction coefficient. Short peptides or other organic chemi-
cals are often dissolved in dimethyl sulfoxide (DMSO) which is
noncompatible with CD spectroscopy even after ten thousand-
fold dilution.

3. Concentration determination
An advantage of CD spectroscopy is the usable wide pro-

tein concentration range which starts at least an order of mag-
nitude lower concentration than the minima for NMR,
infrared, RAMAN and other spectroscopies used for the study
of protein secondary structure. It can be as low as 0.05 mg/ml
in a 2mm cell and as high as 20mg/ml in a 5 μm cell. Thus, it is
a complementary method for the other spectroscopy techni-
ques to check whether at high concentration the protein still
exhibits the same conformation as it does at low, more physio-
logical concentrations. A lot of proteins aggregate at higher
protein concentrations undermining the results of other, often
expensive and time consuming methods. Using CD spectros-
copy, the conformational state of the protein as a function of
the concentration, pH and other parameters can be easily ver-
ified. At short pathlengths, CaF2 cells are often used instead of
quartz cells. Using very short pathlengths of few micrometers
may result orientation of long molecules such as amyloid
fibrils in the cell which should be taken into consideration.

The method considered to be the most accurate for con-
centration determination is quantitative amino acid analysis. In
case the protein contains tryptophan and tyrosine residues, the
concentration can be determined by measuring the absorbance
at 280 nm. The extinction coefficient at 280 nm can be calcu-
lated from the primary sequence using the ProtParam tool
(https://web.expasy.org/protparam/) [15]. In the absence of
these amino acids, the concentration can be determined by the
absorbance at 205 nm [16] or 214 nm [17]. An advantage of
measuring at these two wavelengths is that, because of the high
extinction coefficients, the CD samples can be directly
measured. If the spectropolarimeter is capable of accurately
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converting the HT values to absorbances, then the concentra-
tions can be determined right from the CDmeasurements after
subtracting the baseline absorptions. Extinction coefficients at
205 and 214 nm can be calculated from the amino acid
sequence at the BeStSel homepage (http://bestsel.elte.hu).

4. Instrument settings
Although the CD spectra of the protein do not contain

sharp peaks, the bandwidth should not be set to more than
2 nm, preferably, it is 1 nm. In case of continuous scanning
mode when the wavelength is continuously changed at a scan-
ning rate, the response/data integration time and the scanning
rate should be harmonized in a way that during averaging of
one data point, the wavelength should not be shifted more than
the value of the bandwidth. It means that at a rate of 100 nm/
min 0.5 or at most 1 s integration time should be used and
these values are 1–2 s for 50 nm/min, 2–4 s for 20 nm/min
and 4–8 s for 10 nm/min scanning rates. Depending on the
amplitude and noise, several scans should be accumulated
(averaged) at the convenience of the user. Usually a spectrum
recording for 15 min overall time (~10 scans averaged at
50 nm/min scanning rate) is sufficient for an acceptable qual-
ity. To double the signal-to-noise ratio, four times more scans
are needed. The baseline spectrum of the buffer should be
collected with using the same parameters.

To collect as much information as possible, the CD spectra
should be recorded in the widest usable wavelength range
limited by the sample absorption at the low end, down to at
least 200 nm but favorably to 190 or 180 nm. SRCD instru-
ments can provide the CD spectra down to 175 nm. The
recommended starting wavelength is 260 nm. In the
260–250 nm region (after baseline subtraction), a flat signal,
close to zero, is an indication of a good baseline subtraction
and the lack of light scattering effects and nucleic acid or other
contaminations. Normally, the baseline CD spectrum of the
buffer solution is recorded first and the usable wavelength
range is estimated from the HT values which should not exceed
the 50–60% of the maximum value. It is better to collect a fast
protein sample spectrum first to determine the usable wave-
length range and then carry out the high quality measurement
only in the appropriate wavelength range to save time.

5. Instrument calibration
Conventional benchtop instruments are usually calibrated

by the manufacturer and the calibration can be repeated occa-
sionally following the instruction manual. In the case of SRCD
beamlines, the spectra can be corrected by a reference measure-
ment of 1S-(+)-10-camphorsulfonic acid (CSA) which provides
a negative and a positive peak at 192.5 and 290.5 nm havingΔε
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values �4.72 and 2.36 M�1·cm�1, respectively [18]. The con-
centration of the CSA can be determined at 280 nm using an
extinction coefficient of 34.58 � 0.18 M�1·cm�1 [19].
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