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Abstract: Circular dichroism (CD) spectroscopy has emerged as a powerful tool in the study of
protein folding, structure, and function. This review explores the versatile applications of CD
spectroscopy in unraveling the intricate relationship between protein conformation and biological
activity. A key advantage of CD spectroscopy is its ability to analyze protein samples with minimal
quantity requirements, making it an attractive technique for studying proteins that are scarce or
difficult to produce. Moreover, CD spectroscopy enables the monitoring of physical and chemical
environmental effects on protein structures, providing valuable insights into the dynamic behavior of
proteins in different conditions. In recent years, the use of synchrotron radiation as a light source for
CD measurements has gained traction, offering enhanced sensitivity and resolution. By combining
the advantages of CD spectroscopy, such as minimal sample requirements and the ability to probe
environmental effects, with the emerging capabilities of synchrotron radiation (SRCD), researchers
have an unprecedented opportunity to explore the diverse aspects of protein behavior. This review
highlights the significance of CD spectroscopy in protein research and the growing role of synchrotron
radiation in advancing our understanding of protein behavior, aiming to provide novel insights and
applications in various fields, including drug discovery, protein engineering, and biotechnology.
A brief overview of Solid-State Circular Dichroism (SSCD) is also included.

Keywords: circular dichroism; protein folding; protein stability; spectroscopy; SRCD

1. Circular Dichroism (CD) and Proteins
1.1. CD

Many macromolecules exhibit molecular asymmetry, a phenomenon known as chiral-
ity. This characteristic entails that their three-dimensional structures cannot be superim-
posed onto their mirror images. In the context of molecular studies, chirality plays a crucial
role in understanding the structural conformation and functional properties of bioactive
molecules, including proteins, nucleic acids, and other complex biomolecules.

Circular dichroism (CD) spectroscopy is a powerful technique employed to explore
and exploit this inherent chiral nature of molecules. In CD spectroscopy, a specialized
light source emits circularly polarized light, which means that the electromagnetic vector
oscillates in a rotational manner either to the right or to the left, forming a helical pattern
around the axis of light propagation. This unique form of light can interact with chiral
molecules in a distinct manner, leading to differential absorption of left-handed and right-
handed circularly polarized light.

To elucidate chiral properties, CD spectroscopy typically employs circularly polarized
light of both right-handed and left-handed orientations, which then passes through the
sample of interest. By measuring the difference in absorption between these two components
of light, researchers can derive valuable information about the chiral characteristics of
optically active samples. Depending on the conformational asymmetry of the molecule, it
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Calmodulin

will exhibit varying degrees of differential absorption for left- and right-handed circularly
polarized light. Seminal review articles on CD spectroscopy are available in the literature,
such as those by Johnson [1], Kuwajima [2], and Koslowski et al. [3]. These articles provide
excellent insights into the theoretical foundations, experimental techniques, and diverse
applications of CD spectroscopy in the study of biomolecules. They explore the structure—
function relationships and dynamics of biomolecules in various biological contexts.

1.2. Protein Conformation

CD spectroscopy is primarily applied for studying the secondary structure of proteins,
although its applications extend to the investigation of peptide and nucleic acid conforma-
tions as well [1,4-6]. By measuring the differential absorption of left- and right-handed
circularly polarized light, CD spectroscopy can distinguish between different types of
secondary structure elements (Figure 1), such as alpha-helices, beta-sheets, and random
coils, contributing to the overall conformation of the protein of interest. Noteworthily,
a well-established resource for protein CD data is the Protein Circular Dichroism Data
Bank (PCDDB) [7,8], where validated spectra (Figure 1b), as well as related sources of
information, are accessible.
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Figure 1. Secondary structure of proteins. (a) Helices: Calmodulin is formed mainly by «-helices (PDB
3CLN). Sheets: Concanavalin A is formed mainly by (3-sheets (PDB 1JBC). Coils: Hydrophilic acylated
surface protein B (HASPB2) is formed mainly by random coils (AlphaFold-generated structure from
UniProt Q4QB56). (b) Far-UV circular dichroism (Far-UV CD) spectra of Calmodulin, Concavalin A
and HASPB2 from the The Protein Circular Dichroism Data Bank (PCDDB) [7-10].

Figure 1b presents characteristic far-UV CD spectra for three types of protein sec-
ondary structures: an all-a-helix (Calmodulin), an all-p-sheet (Concavalin A), and an
all-random coil protein (HASPB2). In a CD spectrum, the absence of a signal indicates
no circular dichroism, a negative signal signifies the absorption of left circularly polar-
ized light, and a positive signal indicates the absorption of right circularly polarized light.
The CD spectrum of an all-a-helical protein displays two prominent negative bands of
approximately equal intensity at 222 and 208 nm, along with a positive band at around
190 nm (Figure 1b) [1,6]. The negative band at 222 nm arises due to the characteristic
hydrogen-bonding environment of x-helices and remains relatively independent of their
length [1,6]. On the other hand, the CD spectrum of an all-(3-sheet protein typically exhibits
a negative band spanning the wavelength range of 210-220 nm and a positive band be-
tween 195 and 200 nm (Figure 1b) [1]. The spectra for 3-sheet proteins are more diverse
compared to x-helical proteins, since 3-sheets can adopt parallel, antiparallel, or mixed
conformations and can exhibit various twisting arrangements [1]. It is worth mentioning
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that the distinction between parallel and antiparallel 3-sheets in a CD spectrum can be
made by utilizing the BeStSel (3-structure selection) algorithm [11]. The CD spectrum of a
random coil, or unfolded, protein displays a highly intense negative band at approximately
200 nm (Figure 1b), indicating disorderly conformation, a common feature in intrinsically
disordered proteins (IDPs) such as HASPB2.

CD is used to study the secondary structure of proteins because the peptide bond is
asymmetric, which means that it absorbs left-handed and right-handed circularly polarized
light differently. The two electronic transitions of the amide chromophore that dominate
the CD spectra of proteins are the n—7* transition and the my—n* transition. The n—n*
transition is electrically prohibited but is magnetically permitted, which means that it
is primarily responsible for the negative bands at 222 nm and 216-218 nm, which are
characteristic of the «-helix and [3-sheet spectra, respectively [6]. The mp—7* transition is
primarily responsible for the positive band at ~190 nm and the negative band at 208 nm,
which are also characteristic of the a-helix spectrum, and for the positive band at ~198 nm,
which is characteristic of the 3-sheet spectrum [6].

For expressing CD spectroscopic results, the mean residue molar ellipticity, denoted

as [0], is used:
~ 6x 100 x M

o= TN @

where 0 is the ellipticity in degrees, 1is the optical path in cm, C is the concentration of pro-
tein in mg/mL, M is the molecular mass, and N is the number of residues in the protein [1].
The mean residue molar ellipticity ([0]) is given in deg cm? dmol . This standardization
allows for independent comparison of results obtained from different sample batches or
measured in various laboratories using different spectropolarimeters. This uniformity facil-
itates data exchange and collaboration among researchers, ensuring that CD spectroscopy
remains a reliable and consistent technique in the scientific community. The expression of
CD spectroscopy results can be employed to calculate [0] values for various wavelengths,
thereby generating a complete CD spectrum. In conventional CD instruments, a far-UV
spectrum is collected from 180 to 250 nm. However, further information is available in the
vacuum UV region (<180 nm), which can be collected using synchrotron radiation CD or
SRCD [12].

To illustrate the aforementioned concepts, let us consider the properties of two proteins.
The first one is sperm whale apomyoglobin, an all c-helical protein involved in oxygen
transport, but in the apo form or without the heme (Figure 2a). Typically, a cell of 1 cm
containing 2.4 micromolar (0.041 mg/mL) of the apoprotein, consisting of 153 residues
with a molecular weight of approximately 17 kDa, exhibits a circular dichroism (CD) signal
of —71 millidegrees (mdeg) at 222 nm [13,14]. This specific CD signal (Figure 2a) can be
quantitatively related to the protein’s secondary structure content using Equation (1):

—0.071 x 100 x 17000

004l x 1 x 153~ 19240 degcm” dmol

[8]220

The second protein is human DNAJA1, a heat shock co-chaperone involved with
proteostasis (Figure 2b). A His-tagged DNAJA1, found as a roughly 94 kDa homodimer in
solution with 417 amino acids per monomer, is a mixed alpha/beta protein that exhibits
a CD signal of about —17.5 mdeg at 222 nm from a 2 mm cell containing 6 micromolar
(0.282 mg/L) of the purified protein, which in terms of mean residue molar ellipticity, by
employing Equation (1), gives around —3500 deg cm? dmol ! [15].
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Figure 2. (a) Far-UV CD spectrum of apomyoglobin (without heme) and the three-dimensional
structure of sperm whale myoglobin (PDB 5MBN). (b) Far-UV CD spectrum of human DNAJA1 and
its three-dimensional structure (AlphaFold-generated structure from UniProt P31689).

In addition to its primary role in assessing protein secondary structure, circular dichro-
ism can also offer valuable insights into aspects of protein tertiary structure, although its
use for this purpose is less common. Aromatic residues, namely tryptophan, tyrosine, and
phenylalanine, exhibit CD signals associated with 7ip—7t* electronic transitions in the range
of 250 to 300 nm (see Figure 3). While these aromatic residues predominantly contribute
to the near-UV CD spectra (wavelengths greater than 250 nm), they also have an impact
on the far-UV spectra of proteins. In general, the contribution of aromatic residues to
the far-UV CD spectra is relatively minor. However, when the protein contains a high
concentration of these aromatic residues, the interpretation of the CD spectra becomes more
complex, especially concerning the estimation of secondary structure elements (as discussed
previously).
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Figure 3. Near-UV circular dichroism (CD) spectra of hen egg-white lysozyme. The three-dimensional
structure of lysozyme (PDB 1LYZ) and its near-UV chromophores phenylalanine (green), tyrosine
(orange), tryptophan (violet) residues and cystine, is shown.

Another CD feature relevant to tertiary structure involves disulfide bonds. Disulfide
bonds exhibit circular dichroism related to a transition from n— o* at approximately 260 nm.
The CD peak associated with a disulfide bond is typically broader than that originating from
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an aromatic residue. These tertiary structure-related CD signals provide complementary
information to the primary focus on protein secondary structure analysis. However, due to
the complexity introduced by high aromatic residue content and the presence of disulfide
bonds, careful interpretation and analysis are required when studying tertiary structural
aspects using circular dichroism.

Near-ultraviolet (near-UV) CD absorption in proteins is primarily mediated by chro-
mophores, which constitute a minor fraction of the amino acid composition. Therefore,
achieving reliable results in this spectral range requires a combination of increased chro-
mophore concentration and/or an extended optical path length. Because tryptophan
residues are the primary contributors to chromophoric properties in this spectral region,
the adjustment of this combination should be based on their abundance to ensure optimal
spectroscopic conditions (see Section 2: Fine-Tuning Experimental Parameters for Accurate
Results). Researchers must meticulously account for these factors in their experimental
design to obtain precise and meaningful insights into the overall structure and functionality
of proteins.

It is also worth noting that Circular Dichroism (CD) can be effectively combined with
various other biophysical techniques to explore protein dynamics and the intricate relation-
ship between conformation and function. While we can only briefly mention a few of these
complementary methods, they play a crucial role in expanding our understanding. For
instance: tryptophan fluorescence spectroscopy, which allows for the assessment of residue
environments; extrinsic fluorescence, utilized to measure the exposure of hydrophobic sur-
faces, among other applications; Size Exclusion Chromatography coupled with Multi-Angle
Light Scattering (SEC-MALS), providing precise information on molecular mass; Analytical
Ultracentrifugation, capable of measuring sedimentation (s) and diffusion (D) coefficients,
while also offering insights into oligomerization in equilibrium; and Small-Angle X-ray
Scattering (SAXS), providing low- to medium-resolution information on shape, among
many others. Interested readers are encouraged to explore dedicated reviews on these
techniques [16-21] for in-depth insights into their applications in the study of proteins.

1.3. Further Advantages of CD Spectroscopy in Protein Research

Circular dichroism is widely applied in the study of proteins, particularly for estimat-
ing their secondary structure. With significant advancements in cloning and purification
techniques, the production of numerous proteins has become feasible. However, obtain-
ing high-resolution structural information through X-ray diffraction or nuclear magnetic
resonance can sometimes be challenging or even unattainable due to technical limitations.

While CD cannot match the level of detail provided by these advanced techniques, it
excels in offering valuable estimations of the proportion of residues involved in x-helix,
-sheet, or disorderly formations within a protein’s structure. This aspect is particularly
valuable when high-resolution structural data is unavailable. Furthermore, even when such
information exists (a subject that has gained strength over recent years with the advance-
ment of artificial intelligence-based methods such as AlphaFold and RoseTTAFold pro-
viding highly accurate predicted models [22,23]), CD provides crucial additional insights
into the impact of various factors, such as temperature [24,25], pH [14,16,26], charge [27],
ligands [28-34], protein/peptide binding [35,36], mutations [33,37,38] and others on protein
secondary structure. This is because CD is a sensitive technique that can detect subtle changes
in protein conformation, even when these changes are not large enough to be observed in
high-resolution structural data.

Another essential advantage of CD spectroscopy is its nondestructive nature, making it
particularly valuable for investigating protein folding and the intricate processes of protein—
protein and protein-DNA interactions [1,39]. The nondestructive nature of CD allows
researchers to monitor these interactions in real-time and under various experimental
conditions, providing valuable insights into the structural stability and functional behavior
of proteins. Another significant advantage of CD spectroscopy is its ability to achieve
meaningful results with concentrations ranging from 1 to 10 mg/mL. This characteristic
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is particularly valuable when working with limited or precious samples, as it minimizes
sample consumption while still providing robust structural information.

Moreover, CD spectroscopy has found a widespread application in elucidating the
binding mechanisms and conformational changes that occur during protein—protein inter-
actions and protein—-DNA interactions. By analyzing the differential absorption of circularly
polarized light, researchers can derive valuable information about the secondary struc-
ture alterations and conformational rearrangements that take place upon binding to other
biomolecules.

1.4. Predicting Protein Secondary Structure: Computational Analysis of CD Spectra

It is important to note that these CD spectral patterns are fundamental in assessing
protein secondary structure and can be utilized to gain valuable insights into the confor-
mational characteristics of proteins. For up-to-date applications, advancements in CD
spectroscopy, coupled with computational approaches and refined algorithms, continue to
enhance our understanding of protein structures and their functional implications. Com-
putational methods can also be used to analyze CD spectra and to estimate the secondary
structure content of proteins.

Numerous methods have been developed to predict a protein’s secondary structure
from its CD spectrum, relying on statistical and /or physical-chemical information derived
from the protein’s primary sequence. In particular, the fractional helicity (fH) or the mole
fraction of helical backbone x-carbons within the peptide or protein is commonly calculated
in proportion to the experimental molar residue ellipticity at 222 nm ([6]227) [40]. Among
these methods, a straightforward yet reasonably reliable approach for estimating the «-helix
content involves evaluating the signal at 222 nm using Equations (2) [41] or (3) [42] shown
below:

 [0], — 3000
= 36000 — 3000)” @
[0]222 = (fHJFIII\?) X [0]prx ©)

where [0]52; is the mean molar residual ellipticity at 222 nm (in deg cm? dmol 1), fH is the
fractional helicity (in %), i is the number of helices in the protein, K is a constant at 222 nm
that is equal to 2.57, N is the number of residues in the proteins, and [0]ix is the mean
residue molar ellipticity when 100% of the structure is o-helical. The experimental molar
residue ellipticity at 222 nm ([0]px) is quantified as —34,686 deg cm? dmol~!, which repre-
sents the theoretical maximum value for an all-a-helical protein. This valuable reference
point allows for meaningful comparisons with obtained experimental results. For instance,
if the calculated value significantly exceeds this theoretical maximum or is equal to it, and
there are previous indications suggesting that the protein’s conformation should not be
100% helical, it necessitates a thorough revision of the experimental setups and calcula-
tions. Moreover, CD signals between 215 and 220 nm can be used to predict the maximum
value for a 100% B-sheet protein, which is approximately —20,000 deg cm? dmol~!. This
information proves useful in assessing and interpreting CD results related to 3-sheet-rich
protein conformations.

Additionally, Greenfield and Fasman [43] demonstrated that both (3-sheets and ran-
dom coils exhibit low ellipticity at 208 nm, approximately —4000 deg cm? dmol !, whereas
an o-helix displays a maximum ellipticity at 208 nm, around —33,000 deg cm? dmol .
Consequently, they proposed that an approximate estimation of the «-helical content may
be derived from [0]pg, the mean molar residue ellipticity in deg cm? dmol~! at 208 nm:

_ [9]208 — 4000
R = 33000 = 2000)”

(4)

Various methods exist that utilize the entire spectrum of a protein to predict its
secondary structure content. It is essential to underscore that errors in calculating the
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protein concentration can result in corresponding errors or even larger discrepancies in
predicting the protein’s secondary structure. Therefore, accurate determination of protein
concentration is crucial for reliable predictions.

There are several tools and methods available for predicting secondary structure from
circular dichroism (CD) spectra. Two notable examples of web platforms designed for pro-
tein analysis are the Beta Structure Selection (BeStSel) [11] server and DichroWeb [44]. Both
platforms can handle the spectral diversity of proteins and are widely used in analytical
processes. BeStSel’s method is specifically tailored for the analysis of 3-rich and soluble pro-
teins, and DichroWeb offers a wide range of reference datasets and algorithms for secondary
structure calculation. These websites allow users to directly input experimental spectra
data from both conventional circular dichroism (CD) and synchrotron radiation circular
dichroism (SRCD). This data, along with the associated parameters, enables the generation
of secondary structure percentages. Additionally, these platforms include an assessment
mechanism to evaluate the quality of fit between predicted and experimental data.

Another significant tool for predicting protein secondary structure is K2D3 [45], a
neural network-based method available through a public web server. K2D3 uses its own
theoretical CD reference dataset to estimate x-helix and 3-sheet content from protein CD
data in the 190-240 nm range. Optionally, it can also perform estimates based on the size of
the analyzed protein, either in the number of amino acids or in molecular weight (in kDa).

Finally, it is also possible to predict CD spectra from protein atomic coordinates (see,
for instance [46,47]). For example, the computational method SESCA (Structure-Based
Empirical Spectrum Calculation Algorithm) was successfully used to add CD information
to AlphaFold predicted models recently (see reference [48]). These packages play a crucial
role by providing users with predicted CD spectra of proteins in cases where the acquisition
of experimental CD spectra is unattainable.

2. Fine-Tuning Experimental Parameters for Accurate Results

The circular dichroism (CD) spectrum of a protein is contingent upon both its con-
formational arrangement and concentration. An accurate determination of concentration
holds a pivotal significance in the prognosis of secondary structural attributes. Discrepan-
cies in concentration measurements by approximately 10% introduce commensurate errors
in structural prognostications that can lead to misclassifications. Among the prevailing
methodologies for quantifying protein concentrations, the method proposed by Edelhoch
remains a dependable choice [16,49,50].

The Edelhoch method [51] is straightforward and practical, rendering it suitable for
implementation in any experiment. It is based on the absorbance spectra of the aromatic
groups of protein, namely tyrosine (Y) and tryptophan (W), and disulfides from cystine
(CySS). The molar absorbance coefficients (¢) at 280 nm are computed in a 20 mM phosphate
buffer at pH 6.5, along with 6 M Gdm-Cl. The count of these residues (nAA, number of
amino acid) in a protein is then determined, and the ¢ of the protein is calculated using
Equation (5):

€280 (protein) = [5690 x (nW)] +[1280 x (nY)]+ [125 x (nCySS)], 5)

The assessment of protein concentration is also pivotal in optimizing the signal-to-
noise ratio. As a preliminary approximation, for a pathlength of 0.1 mm, a concentration of
0.1% (w/v) is suggested, while for a pathlength of 1 mm, a concentration of 0.01% (w/v) is
deemed suitable [52]. Although these values can vary depending on the folding state of
the protein, they serve as a good starting point for initial measurements. Furthermore, an
essential preliminary step is to measure the absorption of the sample at the wavelength of
interest for CD experimentation. An optimal absorbance value of 0.87 is recommended,
as it yields the highest signal-to-noise ratio. It is advisable to avoid absorbance readings
surpassing 1.2. For a comprehensive catalog of absorbance values for a protein solution
(1 mg/mL) within a 1 cm pathlength cell across various ultraviolet wavelengths, please
refer to [53].
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In an ideal scenario, proteins should undergo dilution in either pure water or, at
the very least, a 10 mM phosphate solution. However, numerous proteins demonstrate
insolubility under these conditions, necessitating the inclusion of supplementary agents.
Irrespective of this, it is imperative that the buffers employed for protein dilution maintain
exceptional transparency. This is particularly crucial since the evaluation of secondary
structure entails measurements at wavelengths below 240 nm, wherein various buffers
exhibit light-absorbing characteristics. Consequently, the chemical constituents engaged in
buffer formulation must exhibit a high degree of purity, devoid of impurities capable of
light scattering. When required, the buffers should be meticulously filtered to eliminate
particulate matter. Solutions containing NaClO,, NaF, or KF at a concentration of 10 mM
exhibit a nearly complete absence of light absorption at wavelengths extending down
to 170 nm, especially when examined using a 1 mm cell as outlined by Schmid [52].
Common reducing agents such as DTT (Ditiothreitol) and BME (Beta-mercaptoethanol),
which are used to disrupt disulfide bonds, must be present in a low concentration in buffers
used for far-UV CD analysis. But, because they absorb light in this region, a suitable
alternative is TCEP (Tris(2-carboxyethyl)phosphine), which has low absorptivity in this
region. Additional comprehensive insights are available in other references [30,53-55].

Various additives are frequently employed to augment the propensity of specific
polypeptides towards adopting secondary structures. These include trifluoroethanol (TFE),
hexafluoroisopropanol, ethylene glycol, glycerol, and others. Notably, TFE stands out as
the most extensively utilized compound in this regard [56]. Elevated TFE concentrations
resulted in a notable increase in the [0]y2; parameter of apomyoglobin [55]. While TFE
is commonly employed at elevated concentrations (up to 100%) for peptide analysis [57],
the same approach is discouraged for proteins. Prior observations have demonstrated
that concentrations exceeding 10% have a deleterious impact on protein tertiary structure,
thereby compromising its native state. The stability of proteins is notably altered by small,
viscosity-inducing co-solvents [58]. A study encompassing a range of small, viscosity-
inducing co-solvents on apomyoglobin revealed that increasing the sucrose concentration
led to a heightened CD signal across the entire spectrum, thus impacting the secondary
structure specifically [34]. This effect was distinct from tertiary structure alterations, as
ascertained through the investigation of 'H one-dimensional nuclear magnetic resonance
(NMR) spectra [34]. Secondly, the study probed stability by tracking urea-induced unfold-
ing using [0]0s to assess conformation. The results indicated that viscogenic co-solvents
enhance the stability of apoMb pH 4 intermediate in comparison to the urea-induced
unfolded form [34]. Consequently, viscogenic co-solvents offer a viable avenue to stabilize
protein preparations that exhibit partial unfolding, signifying their potential utility in such
scenarios.

The quantification of light absorption is manifested through the dynode voltage
module (in volts, V), a metric that quantifies the photomultiplier’s response during mea-
surement. This value correlates with the quantity of photons either unabsorbed or scattered
by the specimen. A higher recorded value signifies augmented absorption or scattering.
Elevated absorption triggers amplified noise, consequently heightening the imprecision
in elasticity measurements. Typically, a dependable threshold for readings rests at 600 V,
yet acquisitions extending up to 700 V can be admissible, provided a sufficiently extensive
collection and accumulation of spectra are undertaken to mitigate the noise originating
from absorption effects. It is prudent to refrain from conducting readings with voltages
surpassing 700 V, as this could potentially impair the instrumentation.

The cuvettes utilized should be constructed from quartz material to accommodate
ultraviolet wavelength measurements. Handling the cuvettes with gloves is recommended
to minimize contamination. Premium-grade cuvettes exhibit near-total transparency. Verifi-
cation of the cuvette’s integrity can be carried out by comparing readings obtained from
an empty cuvette with those from the empty sample holder, both of which should yield
analogous measurements reflecting the presence of air alone. Cleaning cuvettes can be
achieved using ethanol or organic solvents like acetone, albeit with meticulous attention
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to eliminate any residual substances. Additionally, specialized commercial detergents
designed for cuvette cleaning are available. Immersion in 50% nitric acid for an extended
duration may be essential to dislodge protein adherents from the quartz surfaces [59].

A consistent nitrogen flow should be maintained during measurements, typically set
at 3 L/min for 260 nm, 5 L/min for the 200-260 nm range, 10 L/min for 180-200 nm, and
50 L/min for 180 nm. The lamp should be allowed to operate for a minimum of 30 min,
with the optimal duration being 60 min, prior to initiating measurements. Calibration of the
instrument employs the standard D(+)-camphorsulfonic acid, wherein a concentration of
0.6 mg/mL yields an absorption of 188 mdeg at 290.5 nm within a 1 cm cell, and —38 mdeg
at 192.5 nm within a 1 mm cell. D(—)-pantolactone is a similarly effective standard in the
UV range, with a 0.03% aqueous solution generating a signal of —186 mdeg at 219 nm
using a 1 cm pathlength cell.

Optimal instrumental settings are critical for minimizing the signal-to-noise ratio.
The spectral bandwidth, governed by the slit width, should be maximized without inducing
distortion in the spectral bands. Conducting a series of preliminary scans with progressively
larger slit settings aids in determining the maximum slit width prior to encountering
absorbance reduction. Additionally, signal-to-noise enhancement is proportional to the
square root of the integration time. Consequently, enhancing spectrum quality can be
achieved by increasing the response time. However, this requires a corresponding reduction
in reading speed to ensure that the product of reading speed and response time remains
below the chosen bandwidth for the experiment. For example, at a reading speed of
200 nm/min, the response time should be 0.1 s; for a reading speed of 50 nm/min, it should
be 1 s (considering bandwidth values of 0.5 nm and 1 nm, respectively). Noise reduction
can also be attained through an accumulation of readings. In this context, to augment the
signal-to-noise ratio by a factor of X, the accumulation time should be X2. Alterations to
solvent type, sample concentration, and optical pathlength are alternative avenues to refine
the quality of the obtained spectrum.

For initial protein analysis, suggested measurement parameters include a spectral
bandwidth of 2 nm for the far-UV region and 1 nm for the near-UV region, a response time
of 1's, and a scanning speed of 20 nm/min. The accumulation count of spectra should be
adjusted based on necessity, and each spectrum measurement should extend to where HT
(high tension) reaches approximately 700 V. Running the sample prior to the buffer baseline
optimizes the subsequent subtraction by maintaining uniform parameters.

3. Studying Protein Unfolding and Aggregation Dynamics under Denaturing Conditions

CD spectroscopy is widely employed to monitor protein stability under escalating
denaturing conditions. Common denaturants encompass temperature, chemical agents
(typically urea and guanidinium chloride), and extreme pH conditions (usually acidic).
As the denaturant intensity rises, protein stability decreases, ultimately culminating in
unfolding [60]. CD proves a practical method for tracking protein unfolding, as the spectra
of folded proteins and random coils exhibit pronounced disparities, and the unfolding
transition can be readily discerned by selecting a wavelength where the signal divergence
between folded and unfolded protein states is substantial. For example, «-helical proteins
display a pronounced CD signal at 222 nm, whereas unfolded proteins manifest little-to-no
signal at the same wavelength. In one example, the CD signal was employed at a wave-
length of 222 nm to track the unfolding process of the RNAse A protein [6]. This monitoring
was conducted under varying conditions, including alterations in temperature and the
introduction of escalating concentrations of urea. Figure 3 within this publication illustrates
the transition profiles of RNAse A unfolding in two distinct scenarios: one in the absence
of any additives and the other in the presence of 200 mM NaySO4. The depicted data
demonstrates that the introduction of the salt leads to an augmentation in the stability of
RNAse A when it undergoes unfolding induced by either changes in temperature or the
application of high urea concentrations.
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In another example, far-UV CD at a wavelength of 222 nm was harnessed to meticu-
lously track both the folding and unfolding processes of the N-terminal domain of the TnC
protein [61]. This measurement was significant as it illuminated the reversible nature of the
unfolding of the domain, as evidenced by the convergence of the obtained curves. In this
case, unfolding was also investigated using near-ultraviolet circular dichroism (near-UV
CD) at a wavelength of 270 nm, which specifically monitors tertiary interactions within
the protein structure. The results indicated that, during the unfolding process, the tertiary
structure underwent destabilization prior to alterations in the secondary structure. Notably,
the observed curves did not align precisely, serving as a critical revelation that the unfolding
behavior of the protein did not conform to a two-state unfolding profile.

CD also serves as a valuable tool for monitoring aggregation during heat-induced
unfolding. The dynode voltage (V)—a high voltage applied to the photomultiplier of
the UV detector to counterbalance diminishing light intensity—reflects light absorption
or scattering and is requisite for all CD measurements. When correlated with scattering,
the recorded dynode voltage (V) can serve as a measure of solution turbidity [62]. In a
planned experimental setup, both the CD signal at 222 nm and the dynode voltage (V)
are concurrently recorded as functions of temperature. The recorded curve profile in this
context reveals a decrease in the CD signal, which is indicative of the unfolding of the
protein and the subsequent loss of its secondary structure. Furthermore, the subsequent
increase in dynode voltage, signifying an elevation in light scattering, implies the concurrent
occurrence of protein aggregation. This dual observation suggests that, in addition to the
unfolding process and the concomitant loss of secondary structure, there is also a propensity
for protein aggregation to take place in the sample.

4. Synchrotron Radiation Circular Dichroism (SRCD) Spectroscopy

In recent years, the use of synchrotron radiation as a light source for CD measurements
has gained traction, offering enhanced sensitivity and resolution. There are several excellent
reviews that explain the technique and its applications in detail (see [63—65], to name a few).

As mentioned in the previous section of this review, many factors affect CD mea-
surement, resulting in a decrease in the signal-to-noise (S/N) ratio, especially at lower
wavelengths. Scattering light from buffer composition, high protein concentration, etc., are
true factors that decrease S/N and limit the minimum wavelength in which it is possible to
get reliable data on the CD spectrum of a protein. Even the air can contribute to poor data
from readings. Measurements at lower wavelengths are essential to generate more refined
data on the secondary structure.

Synchrotron light sources are advanced particle accelerators designed to produce
extremely intense and highly focused beams of light across a wide range of wavelengths,
from infrared to X-rays. One of the major advantages of synchrotron light is its ability
to span a broad range of wavelengths, from the visible to hard X-rays, each with very
high brilliance. This extreme brightness allows researchers to study samples at very high
resolutions, and its ability to span a broad range of wavelengths allows researchers to use
it for a wide variety of applications (see, for instance, Figure 4).

The superiority of SRCD over conventional CD results in a large increment in the data
produced and consequently in our understanding of the secondary structure of proteins.
SRCD offers the capability to collect data at lower wavelengths (<190 nm), which encompass
more electronic transitions and thus provide a richer source of structural information. This
is particularly beneficial for determining secondary structure profiles, since a more detailed
spectrum allows algorithms to more accurately discern the types of secondary structures
composing a protein. Also, owing to the higher photon flux in SRCD, it exhibits a superior
signal-to-noise ratio. This means that SRCD can deliver reliable results with smaller
sample quantities and is better equipped to handle issues related to buffer transparency
and necessary additives. Furthermore, SRCD in principle performs exceptionally well
in the presence of absorbent buffers, lipids, and detergents. Consequently, SRCD excels
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in characterizing even subtle conformational changes. These advantages make SRCD
particularly valuable for assessing protein stability and detecting ligand binding.

Delta Epsilon
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Figure 4. Far-UV circular dichroism (CD) spectrum of ribosome-inactivating protein Saporin-6
(UniProt P20656) from the The Protein Circular Dichroism Data Bank (PCDDB) [8,9] and its three-
dimensional structure (PDB 1QI7).

A few recent examples of this use follow. SRCD, combined with a stopped-flow appara-
tus, was used to follow the formation of a helical structure in the coupled folding and binding
reaction between two protein domains, the interaction domain from the activator of thyroid
hormone and retinoid receptors (ACTR) and the nuclear coactivator binding domain (NCBD)
from the CREB-binding protein (CREBBP) [66]. The study showed that folding and binding
reactions are coupled in this system, i.e., an initial association that leads to helix formation is
coupled with slower kinetic phases, which likely arise from subtle rearrangements of helical
complexes. SRCD experiments in equilibrium were down to 180 nm, and kinetics were
followed at 195 nm.

SRCD was used to investigate both the folded state and the stability of the Hsp70-Hsp90
organizing protein (Hop) from P. falciparum Hop, showing that it is unstable at temperatures
higher than 40 °C [67]. SRCD spectra of the apo and holo forms of a Rubredoxin protein
class of iron-sulfur proteins from Marinobacter hydrocarbonoclasticus are different (down to
R T S STy B e s i I 0k SoRaiors 3 T daeskand hew
this condition impacts the pepsin secondary structure and its hydrolytic activity [69].

In addition, SRCD was used to demonstrated that Au and Ag nanoparticles can
cause conformational changes in the structure of a key component of surfactant protein B,
which plays a key role in the biophysical function of lung surfactant and is essential to life,
which could change its effect in vivo, potentially leading to alterations in lung surfactant
function and ultimately the physiological behavior of the lung [70]. In this case, most of
the spectral change occurs bellow 210 nm. As for CD, SRCD is also used to study nucleic
acid conformation [71]. Pertinent spectroscopic data can be accessed through the Nucleic
Acid Circular Dichroism Database (NACDDB). This public repository encompasses both
CD and SRCD data for a variety of nucleic acid molecules [72].

5. Solid-State (SSCD), Vibrational (VCD) and High-Throughput (HTC) Circular
Dichroism Spectroscopy

There is a justifiable interest in the application of circular dichroism in solid-state
analysis, particularly due to its relevance in studying bioactive compounds with potential
applications in biotechnology and medicine [73,74]. In the solid state, molecular interactions
display significantly enhanced strength compared to the solution phase, thereby positively
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influencing chirality. This phenomenon makes solid-state circular dichroism (SSCD) an
optimal method for the study of materials. As a result, SSCD, a specialized form of CD
spectroscopy, has emerged as a powerful and straightforward technique for investigating
various aspects of optically active organic and inorganic molecules [75]. It is important
to note, however, that, while SSCD is a powerful tool, it is not without limitations, and
artifact signals can be quite pronounced. Careful attention must be paid when employing
conventional CD equipment for measurements on solid-state samples [74]. To address
these challenges, specialized accessories such as solid-state sample holders and lens units,
as well as specific analysis techniques based on the Stokes-Mueller matrix analysis, have
been developed to facilitate measurements and their interpretation [73,76].

SSCD has found numerous applications in the study of proteins. For instance, it
has been employed to investigate the integration of globular proteins into 3D-printed
bioplastics with unique mechanical properties. CD spectroscopy was used to examine the
conformation of Bovine Serum Albumin (BSA) in both aqueous resin and bioplastic, reveal-
ing the preservation of the folded conformation [75]. Given that even globular proteins
can transition into amyloidogenic states, typically forming insoluble fibrils [77], it becomes
imperative to understand the relationship between these two states. This understanding is
vital for designing strategies to modulate the process for biotechnological and medicinal
purposes, and SSCD has proven invaluable in these investigations [78]. SSCD results have
demonstrated that certain proteins undergo structural rearrangements from the solution
phase to the solid state, adopting a beta-sheet structure and becoming more compact [78].
This approach has also been applied to the study of peptides, revealing that, at least in
shorter chains, the type of secondary structure formed under amyloidogenic conditions
may be sequence-dependent [78,79]. CD has also been used to access protein/peptide
folding in semisolid biomaterials, such as hydrogels [80-82].

A more comprehensive investigation of protein secondary structure can be achieved
through the use of vibrational circular dichroism (VCD) spectroscopy. This tool expands
the traditional wavelength range, enabling the measurement of infrared fingerprints. In
essence, it extends into the infrared and near-infrared regions [83—86]. As for its relatively
weak signal, recent approaches have been successful in addressing this limitation [87,88].
Moreover, numerous studies have reported on the conformational properties of various
proteins in solution [88-90]. VCD spectra are highly sensitive to molecular structure,
providing valuable insights into conformation. They can be effectively utilized to assess
the impact of various perturbations on conformation, such as mutations, changes in buffer
composition, temperature variations, ligand binding, and more [91-93].

Recent advancements have given rise to a system known as high-throughput circular
dichroism (HTCD), which can accommodate 96-well plates maintained at controlled tem-
peratures before measurement. The most significant development lies in the automation
of this process, enabling the evaluation of a large number of protein and biomolecule
samples. Software plays a crucial role in the measurement process, as it generates data
acquisition sequences and scan parameters, including wavelength and temperature scans.
Furthermore, the software is instrumental in the analysis phase, offering information on
quality control and secondary structure estimation. For more details and application notes,
please visit the following website: https:/ /jascoinc.com/applications/?_sf s=HTCD&amp;
_sft_technique-category=circular-dichroism-applications (accessed on 21 November 2023).
The application notes cover a range of topics, including results with automated CD and flu-
orescence, quality control and conformational measurements, thermal-induced unfolding,
ligand binding, and the effect of buffer conditions.

This is only a concise overview of the subject of SSCD, VCD, and HTCD, and is not
intended to comprehensively cover the entire field on these techniques and their intricate
details. The objective is to introduce the reader to these valuable methods and provide
references to a select few reviews and works, considering the constraints of space.


https://jascoinc.com/applications/?_sf_s=HTCD&amp;_sft_technique-category=circular-dichroism-applications
https://jascoinc.com/applications/?_sf_s=HTCD&amp;_sft_technique-category=circular-dichroism-applications
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6. Conclusions

In modern research, CD spectroscopy continues to be an indispensable tool for study-
ing the conformational changes in proteins and their dynamic interactions with other
biomolecules. Advantages of CD spectroscopy are that it is non-destructive, rapid, and
sensitive to changes in secondary structure. Overall, CD spectroscopy remains a power-
ful and versatile technique in the study of biomolecular interactions, contributing to the
advancement in our understanding of essential biological processes and facilitating the
development of targeted therapeutics and biomedical applications.

As research advances and instrumentation improves, CD spectroscopy continues to be
an indispensable tool for structural biologists, providing fundamental information about
the conformation and dynamics of biomolecules. Moreover, its nondestructive nature
makes it an attractive option for studying sensitive or complex macromolecular systems.
Researchers can confidently utilize CD spectroscopy to elucidate the structural properties of
proteins, peptides, nucleic acids, and other biomolecules, paving the way for deeper insights
into their functions and interactions within complex biological processes. Furthermore,
CD spectroscopy enables researchers to examine a wide range of experimental conditions,
such as temperature, pH, the presence of various ligands, and solid and semi-solid samples.
This flexibility in studying multiple variables empowers scientists to gain a comprehensive
understanding of how the protein’s conformation responds to different environmental
conditions and ligand binding.

In summary, CD has proven to be an invaluable tool for gaining insights into protein
secondary structure, especially when higher-resolution structural information is limited.
Its ability to shed light on how various factors influence protein conformation makes it
a valuable asset, even in cases where detailed structural data are available through other
methods. With its numerous advantages, CD spectroscopy has become an essential tool in
the field of structural biology.
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