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    Chapter 14   

 CD Spectroscopy: An Essential Tool for Quality Control 
of Protein Folding 

           Giuliano     Siligardi      and     Rohanah     Hussain   

    Abstract 

   The production of diffraction quality protein crystals for X-ray crystallography has been greatly accelerated 
by the development of high-throughput protein (HTP) methods, which enable a large number of crystalliza-
tion conditions to be rapidly investigated. Monitoring sample quality and the effect of crystallization buffers 
on protein behavior in solution should be considered as part of the crystallization experiment. Circular 
Dichroism (CD) spectroscopy is the ideal technique for these tasks as it can be operated in a high- throughput 
mode. Using CD to screen ligand binding interactions could show whether protein function/activity is 
retained, altered, or lost under different crystallization conditions. In this chapter, several methods for high-
throughput CD (HTCD) applied to the preparation of proteins for crystallization will be presented. Quality 
control (QC) of protein batches in terms of conformational folding is often disregarded in protein produc-
tion. Examples of batch-to-batch variation in the local tertiary structure of aromatic side chain residues 
revealed by CD will be discussed. In some of the examples, the fact that ligand binding properties were 
affected by changes in folding clearly shows that the characterization of folding of recombinant protein 
batches should not be ignored but be implemented as an important part of protein quality control.  

  Key words     Circular dichroism (CD)  ,   Synchrotron radiation circular dichroism (SRCD)  ,   Protein second-
ary structure  ,   Local tertiary structure  ,   High-throughput CD (HTCD)  ,   SRCD UV-denaturation assay  

1       Introduction 

 In the last few decades, drug discovery has benefi ted from infor-
mation about the three-dimensional structure of proteins at atomic 
resolution determined by X-ray crystallography [ 1 ] and NMR 
spectroscopy [ 2 ]. However, the number of resolved human pro-
tein structures deposited in the Protein Data Bank is still only a 
small fraction of the approximately 20,000 protein-coding genes in 
the human genome [ 3 ]. Proteins that cannot be studied by either 
X-ray crystallography due to their failure to crystallize or NMR 
due to size or irregular structure can be characterized by Circular 
Dichroism (CD) spectroscopy. CD is the differential absorption 
between left and right circularly polarized light of a chiral molecule 
[ 4 ] and therefore CD spectroscopy is sensitive to the absolute 
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confi guration and conformation of chiral molecules. With the 
exception of glycine, amino acids are chiral molecules adopting 
either  l  or  d  stereoisomers which are nonsuperimposable mirror-
imaged confi gurations. Natural proteins only consist of  l  amino 
acids. 

 Although of low resolution compared to X-ray and NMR 
methods, CD enables the rapid and direct characterization of pro-
tein folding in solution as a function of concentration, aqueous 
buffer composition, ionic strength, temperature, pH, detergents, 
chemical agents [ 4 ], and UV irradiation, age, and ligand binding 
interactions [ 5 – 7 ]. Importantly, CD spectroscopy can be used to 
assess the conformational behavior of a protein in a broad range of 
conditions to optimize protein formulation prior to carrying out 
high-resolution techniques such as X-ray crystallography and NMR 
spectroscopy. The production of good quality protein crystals for 
X-ray crystallography in terms of size and diffraction patterns has 
been greatly accelerated by high-throughput (HTP) screening of 
many crystallization conditions in multi-well plate formats. 
Combining this with high-throughput CD (HTCD) screening of 
protein formulations used for crystallization experiments provides 
added value. It can be used to characterize the sample in terms of 
conformational behavior in solution and may also identify struc-
tural features of the sample in a particular crystallization buffer that 
favor crystallization. Protein function, such as ligand binding inter-
action, can also be tested by HTCD to assess whether the protein 
function/activity is retained, altered, or lost under different crys-
tallization conditions. 

 Another application of CD spectroscopy is monitoring batch-
to- batch variation in recombinant protein production. This quality 
control (QC) is relevant not only to structural studies but also to 
the use of recombinant proteins for therapeutic purposes [ 8 ]. 
Recombinant proteins are often produced in several batches dur-
ing the lifetime of a scientifi c project. The QC of protein batches is 
an important aspect of this process and HTCD offers a way of 
rapidly assessing protein folding and any variation between differ-
ent batches of samples. For the biotechnology and pharmaceutical 
industry the QC of protein folding by CD spectroscopy could be 
used as a fi ngerprint of product quality. 

 In this chapter the application of SRCD using the Diamond 
B23 module A beamline to the quality control of proteins will be 
described.  

2    Sample Preparation for CD Measurements 

 Scanning proteins in the far-UV region (185–260 nm) reveals 
details of secondary structure content, while measurements in 
the near-UV region (260–330 nm) reflect the local tertiary 
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conformation of aromatic side chain residues such as trypto-
phan, tyrosine, and phenylalanine and dihedral angles of the 
disulfi de bonds [ 9 ]. The sample specifi cation for SRCD mea-
surements in the far-UV spectrum at Diamond B23 module A 
beamline is summarized as follows. The concentration of the 
protein sample needs to be 0.3–0.5 mg/ml in a total cell volume 
of 30–200 μl for a 0.02 cm path length cell. The UV absorbance 
(A280 nm) of the solution should be between 0.5 and 1.5. 
Protein samples are often formulated with sodium chloride 
(NaCl) to maintain solubility. Since chloride anions are  not  opti-
cally transparent below 200 nm it is critical to keep the concen-
tration of chloride ions (NaCl) and other buffer components 
(e.g.,    Tris–HCl, Hepes, MES) in the sample as low as possible, 
typically 10–20 mM. Higher salt concentration can be used pro-
vided the sample is at higher concentration allowing smaller path 
lengths of 2–50 μm to be used according to Beer-Lambert’s 
Law. Only 2-mercaptoethanol can be used as a reducing agent in 
the sample if this is required for stabilizing the protein. SRCD 
beamlines can penetrate by 5–10 nm the cutoff of the solvents/
buffers encountered with benchtop instruments; however, any 
CD band observed below 170 nm should be treated suspiciously 
as due to noise artifact. For measurements in the near-UV region, 
the sample concentration is typically 1–2 mg/ml in total volume 
of approximately 500 μl for a path length cell of 1 cm. Buffers 
containing 150 mM or higher NaCl can be used since the chlo-
ride anions are transparent in the near-UV region. 

 For a protein under a given environment condition, the con-
tent of protein secondary structure elements (α-helix, β-strand, 
β-turns, collagen type (PPII) and unordered) can be estimated 
quantitatively using the CONTIN, SELCON, and CDSSTR meth-
ods [ 10 ]. These methods can be applied using the suite of pro-
grams of bespoke benchtop CD instruments Chirascan (APL, 
UK), CD20 (Olis, USA), Jasco CD instruments (Japan), or access-
ing the following web sites: CD-Pro [  http://lamar.colostate.
edu/~sreeram/CDPro/main.html    ], DichroWed [  http://
dichroweb.cryst.bbk.ac.uk/html/links.shtml    ], and Diamond B23 
CD-Apps [  http://www.diamond.ac.uk/Beamlines/Soft-
Condensed- Matter/B23/manual/Beamline-software.html    , 
  http://conf luence.diamond.ac.uk/display/B23Tech/
CD+Apps+documentation    ].  

3    Instrumentation 

 Three screening systems are available for HTCD: the auto-
mated CD (ACD) Chirascan (Applied Photophysics, 
Leatherhead, UK [  www.photophysics.com    ]) since 2012, the 
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high-throughput CD J1000 and J1500 Jasco spectropolarimeters 
[  www.jasco.uk    ] since 2012, and HTCD-B23 module A beam-
line (Diamond Light Source, Chilton, Oxfordshire, UK [  www.
diamond.ac.uk    ]) since 2013. ACD, which is mainly used by 
Biotech and Pharma industries, uses a robot to inject the sam-
ple solution from 96-well or 384-well multiplates into a cuvette 
cell for CD spectral measurements. The automated cell clean-
ing, cell drying, sample injection, and CD measurement enable 
the processing of up to 200 samples per day [ 11 ]. The Jasco 
system that can accommodate two 96-well multiplates is based 
on a similar method of sample injection into a cuvette cell, CD 
measurement, waste collection, and cleaning cycle for the sub-
sequent sample injection [  www.jasco.de    ]. For both Chirascan 
and Jasco HTCD systems, the choice of the optimum concen-
tration for the protein solutions to be used with the liquid 
transfer systems follows the same procedure described in 
Subheading  1 , which is a protein concentration of 0.3–0.5 mg/
ml for a 0.02 cm path length cell. 

 HTCD-B23 on the other hand is a multiplate CD technol-
ogy that measures directly the synchrotron radiation CD 
(SRCD) from UV transparent fuse quartz 96-well or 384-well 
multiplates (Hellma, UK). The position of the transparent fuse 
quartz 96-well or 384-well multiplates containing the protein 
samples is controlled by a motorized X-Y stage in a vertical sam-
ple compartment (Fig.  1 ). The SRCD measurements are possi-
ble in this chamber due to the highly collimated micro light 
beam of about 1 mm (horizontal) × 0.5 mm (vertical) of the 
B23 beamline that passing through the fl atter central area of the 
meniscus solution is not affected by its curvature. The solution 
of the vertical chamber cannot be implemented with benchtop 
CD instruments because of their highly divergent and larger 
incident beam light (8 mm × 10 mm), which will be affected by 
the meniscus curvature of the solution in the well and by the 
polarization artifacts produced by defl ecting the incident light 
vertically. The important feature of this is that varying the vol-
ume of the sample solution in the well will vary linearly the 
solution height leading to reproducible measurements in the 
range from 1 (60 μl for 96-well and 20 μl for 384-well) to 8 mm 
equivalent path length (240 μl for 96-well and 80 μl for 384-
well) (Fig.  1 ). Another important advantage of HTCD-B23 is 
that detergents, indispensable for membrane proteins produc-
tion and viscous solutions, are not limiting or troublesome fac-
tors. The productivity of HTCD-B23 can be increased up to 
300 samples per day. The use of the HTCD-B23 is open to UK 
scientifi c academia and industry with call for research proposals 
twice per year: in March and September [  www.diamond.ac.uk    ].   
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4    Applications of SRCD 

  The example in Fig.  2  illustrates the preliminary SRCD spectra of 
96 equine skeletal muscle myoglobin (Sigma M0630) dissolved in 
MemGold2™ HT-96 crystallization screen (Molecular Dimensions 
(  www.moleculardimensions.com    )) (Table  1 ) using the 384-well 
multiplate. The MemGold2™ consists of 96 conditions of the 
most recent alpha helical membrane protein crystallization condi-
tions that contain combinations of high ionic strength (100–
200 mM) cations (Li, Na, K, Mg, Cd, Zn, and ammonium), 
anions (chloride, acetate, citrate, sulfate, cacodylate, formate), 
buffers (Tris, Hepes, Mes, Mme, Bis-Tris, Mada, Mops, Choline, 
Glycine, and phosphate) at various pHs from 4 to 9, and PEG of 

4.1  Protein Folding 
in Crystallization 
Buffers

  Fig. 1       Vertical sample compartment of Diamond B23 module A beamline. The    chamber enables the SRCD mea-
surements of horizontally positioned samples with respect to the incident monochromatic light. It has been 
designed to accommodate the 96- and 384-well multiplates made of fused quartz (Suprasil, Hellma). The  central 
insert  shows where the enlarged 96-well multiplate is located inside the chamber ( yellow arrow  ). The  left insert  
illustrates the SRCD spectrum of 60 μl of 1 mg/ml of 1 S -(+)-Camphor-10-sulfonic acid (CSA) measured in the D4 
well ( black  ) of the 96-well plate that was identical to that measured for the same solution in 1 mm pathlength cell 
( red  ). The  right inserts  illustrate from  top  to  bottom  the SRCD spectra of myoglobin in H 2 O and human serum 
albumin (HSA) in 5 mM phosphate buffer and 20 % PEG 400 in 25 mM phosphate buffer respectively       
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different molecular sizes (200–8,000) at high concentration from 
9 to 66 % (Table  1 ). For each solution, 20 μl of myoglobin 
(0.030 mg/ml) was transferred into 96 wells of the 384-well mul-
tiplate (Hellma, UK) used for this experiment. When possible, it 
is convenient to speed up the sample preparation by diluting a 
stock solution of high protein concentration with the appropriate 
volume of buffer to reach the fi nal concentration of 0.010 mg/
ml. Filling the well with 20 μl of protein solution, the collected 
SRCD spectrum was identical to that measured with 1 mm path 
length cell (Hellma, UK). For each well, 20 μl was found to be the 
minimum volume retaining spectral reproducibility in terms of 
path length. Using a 96-well multiplate instead would have 
required 60 μl to achieve the same 1 mm path length due to the 
larger diameter of the well cell. 

   Figure  3  shows an example of data analysis in which the per-
centage of different secondary structure elements in the samples 
has been estimated from SRCD data using CONTIN/LL, a vari-
ant of CONTIN algorithm [ 10 ,  12 ,  13 ]. The estimation is calcu-
lated using a linear combination of CD spectra of reference soluble 
and membrane proteins with known secondary structure content 
assigned from X-ray coordinates [ 14 ]. For all CD methods, it is 
essential to be consistent with this method for assigning the pro-
tein secondary structure from X-ray atomic coordinates for the 
 reference proteins.  

  Fig. 2    SRCD spectra of 96 myoglobin solutions prepared from 96 crystallization buffer conditions of 
MemGold2™ solvent kit ( see  Table  1 )       
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 In some of the wells (A6, A10, B2, C4, D2, D10, E12, F5, 
F11, F12, H2, and H3 of Fig.  2 ), the high salt content interfered 
with the measurement leading to an underestimate of the alpha 
helical content. Spectral CD changes in the far-UV region associ-
ated with protein folding were observed in several wells (Fig.  3 ). 
The protein secondary structure content estimated from CD data 
indicated the appearance of signifi cant β-sheet content for myoglo-
bin under several formulation conditions (Fig.  3 ). 

 The Peltier 6-cell turret holder, introduced by On-Line 
Instrument Systems [  www.olisweb.com    ] since 2005, available at 
B23 since 2011 and from 2013 for Chirascan and Jasco CD instru-
ments [  www.jasco.uk    ], can be used to carry out experiments as a 
function of many variables such as temperature, pH, and ligand 
interaction. The 6-cell Peltier turret on B23 (Fig.  4 ) allows the 

  Fig. 3    Bar chart of the percentage of Protein Secondary Structure Estimation 
(PSSE) for unordered ( blue ), turn ( green ), β-strand ( black ), and α-helix ( red ) con-
formations from 96 SRCD data of myoglobin in MemGold2™ crystallization sol-
vent conditions ( see  Fig.  2 ) using CONTIN/LL [ 5 ]       
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measurements of six rectangular cuvette cells from 0.1 to 10 mm 
path length [Hellma (  www.hellma-analytics.com    ) and Starna 
(  www.starnacells.com    )] as well as demountable from 0.01 to 
0.1 mm path length [Hellma]. The measurements can be con-
ducted on the same sample as a function of solvent, buffer, pH, 
concentration, ligand binding interaction, and temperature. One 
of the important applications of B23 beamline, the protein 
UV-denaturation assay [ 5 – 7 ], makes use of the 6-cell turret. In 
Fig.  5a  are illustrated the conformational behaviors of a monoclo-
nal antibody (Mab1) under six different formulation conditions 
when irradiated in the far-UV region under the same parameters of 
photon fl ux, irradiation time number of repeated consecutive 
scans, and antibody concentration. Each sample was irradiated by 
scanning 30 consecutive repeated spectra in the 180–260 nm 
region corresponding to an irradiation time of approximately 
90 min for that wavelength region. The collapse of the positive CD 
band at about 200 nm associated with the π–π* transition of the 
β-sheet conformation is a direct indication of the loss of secondary 
structure as the antibody unfolds and can be related to a reduction 
in protein stability. The complete experiment was carried out over-
night over 9 h as a single multiscript experiment that controlled 
the operation of the B23 module B beamline. The rate of 
UV-irradiation assay revealed that Mab1 in buffer formulation 
EC4 was the most stable while Mab1 in EC6 the least stable 
(Fig.  5b ). In terms of relative stability, the six formulations can be 
ranked qualitatively as follows: EC4 > EC5 > EC1 = EC2 ≫ EC6.    

  Fig. 4    6-Cell Turret of Diamond B23 module B beamline. The turret is used for the SRCD UV-protein denatur-
ation assay experiment in the far-UV region and/or variable temperature measurements in the 5–95 °C 
 temperature range       
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  Fig. 5    ( a ) SRCD UV-denaturation assay in the far-UV region of a monoclonal antibody (Mab1) in six different 
formulations (EC1 to EC6). In this example the assay    consisted of 30 repeated consecutive scans measured 
with Diamond B23 beamline. ( b ) Rates of UV-denaturation for Mab1 in six different formulations. From the rate 
of UV-denaturation, Mab1 in EC6 is the least stable while Mab1 in EC4 is the more stable one       
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  The study of the function/activity of recombinant proteins in 
solution includes the analysis of folding that is the secondary, ter-
tiary, and quaternary structure, determination of ligand binding all 
of which can be measured by SRCD. Critically, if several different 
batches of a protein are studied, it is important to establish that 
protein folding is the same for each batch. Subtle changes in the 
purifi cation procedure can, for instance, produce protein batches 
of different quality and one effect that is commonly observed is a 
change in protein folding. CD spectroscopy is the ideal technique 
to characterize and estimate directly the protein folding in terms of 
secondary structure content and in particular the conformational 
changes as a function of environmental perturbations such as sol-
vent composition, ionic strength, concentration, pH, temperature, 
chemical and detergent agents, and ligand interaction. 

 Ligand binding interaction can be determined both qualita-
tively and quantitatively with the method developed by Siligardi 
used to calculate dissociation constant (Kd) following [ 15 – 17 ]. In 
this method, the data of the CD titrations are reported as differ-
ence CD spectra calculated by subtracting from the spectra of the 
protein–ligand mixtures the equivalent spectra for each addition of 
the chiral ligand. In this way the spectral changes observed in the 
difference CD spectra are unambiguously indicative of ligand bind-
ing. The dissociation constant Kd is determined from the CD data 
at fi xed wavelength as a function of ligand concentration using a 
nonlinear regression analysis [ 15 ]. Many other techniques, such as 
fl uorescence, SPR, ITC, and AUC, are used to determine protein 
ligand binding interactions; however, only CD spectroscopy deter-
mine directly whether the interaction has induced changes in pro-
tein secondary and/or tertiary structures. 

 Reproducible gel fi ltration and mass spectrometry data for dif-
ferent batches of a recombinant protein do not necessarily mean 
that folding of the proteins is identical. Therefore, the implement-
ing a quality control (QC) step for folding is therefore a must. The 
following examples illustrate some of the common problems that 
are often encountered in studying recombinant proteins in solu-
tion that have been revealed by CD spectroscopy. 

  Heat shock protein 90 (hsp90) is a ubiquitous and abundant 
molecular chaperone that mediates protein folding and activation 
of many signal transduction and cell regulatory proteins. Figure  6  
shows the CD spectra of nine recombinant hsp90 batches pro-
duced over 3 years (from January 1998 till February 2001) during 
collaborative research with Dr. Christopher Prodromou and 
Professor Laurence Pearl [ 18 ]. The CD spectra recorded in the 
near-UV region were characteristic of the local tertiary structure of 
the side chains of aromatic amino acid residues (Trp, Tyr, and Phe) 
[ 19 ] and dihedral angle of disulfi de bonds [ 5 ]. Out of the nine 
batches, two batches (09/02/2000 and 22/02/2000 of Fig.  6 ) 
showed signifi cant CD spectral changes in the near-UV region at 

4.2  Quality Control 
of Protein Folding 
and Determination 
of Ligand Binding by 
SRCD

4.2.1  Example 1: Yeast 
Heat Shock Protein 90 
(hsp90)
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around 280 nm associated with differences in local tertiary struc-
ture of Tyr side chain residues compared to the other similar six 
batches. However, the protein binding properties of hsp90 were 
not affected as the two batches representing the two types of local 
tertiary structure (batches 22/02/2000 and 19/06/2000 of 
Fig.  6 ) still bound to hP50 protein with the same dissociation con-
stant Kd of 250 nM (Fig.  7 ). In addition, there was difference in 
the ATPase activity of the two batches of hsp90. One interesting 
observation was that for batch 22/02/2000 (Fig.  6 ) the complex 
remained soluble throughout the titration with hP50 while for the 
other hsp90 batch the complex started to precipitate at higher 
hP50 molar ratio than 1:1 [ 15 ].    

  The Link module of human TSG-6 glycoprotein is involved in the 
formation of the extracellular matrix and cell migration by interact-
ing with hyaluronan 10 (HA 10 ) [ 20 ]. This interaction was studied 
using two different batches of the Link module protein (batch 1 and 2) 
by CD spectroscopy. The CD spectral profi les of the two protein 
batches were not superimposable in the near-UV region (Fig.  8 ) 
indicating signifi cant differences in the local structure of the side 
chains of aromatic residues. The Link module glycoprotein contains 
two tryptophan (Trp), eight tyrosine (Tyr), and three phenylalanine 
residues (Phe) (1tsg.pbd). The positive CD bands of the two batches 

4.2.2  Example 2: Link 
Domain of TSG-6 
Glycoprotein

  Fig. 6    CD spectra in the near-UV region of nine batches of recombinant Hsp90 protein measured within 4 years 
period from 1998 to 2001. The spectra were measured with Jasco J720 CD spectropolarimer       
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at around 298 nm, assigned to the Trp residues, indicated a similar 
local tertiary structure (Fig.  8a ), whereas a major CD spectral differ-
ence below 290 nm, assigned to the Tyr residues, indicated a signifi -
cantly different local tertiary structure (Fig.  8a ). The affect on 
hyaluronan binding was investigated by CD spectroscopy.  

 For the Link protein batch 1, the addition of (HA) 10  at molar 
ratio of [1:1] induced an increase in the intensity of the 285 nm 
positive CD band assigned to a Tyr residue that reached saturation 
at 2:1 molar ratio (Fig.  8b ). The fact that the rest of the CD 
spectrum remained unchanged indicated that the other aromatic 
residues in the protein the two Trp residues and the majority of Tyr 

  Fig. 7    ( a ) Difference CD spectra of the titration of hP50 into Hsp90 (batch 22/02/2000). The difference spectra 
were calculated subtracting from the each spectrum of (Hsp90 + hP50) mixtures at [1: n ] molar ratio the equiv-
alent spectrum of hP50 at [ n ] molar ratio. ( b ) Plot of difference CD intensity reported in Δ A  = ( A  L  −  A  R ) measured 
at 281 nm    versus the ligand hP50 concentration. The best fi tting of the experimental data of ( a ) calculated 
using the nonlinear regression method of Siligardi et al. [ 15 ] was achieved for a Kd = 0.250 μM and  R   2  = 0.997. 
( c ) Difference CD spectra of the titration of hP50 into Hsp90 (batch 19/06/2000). ( d ) Plot of difference CD 
intensity reported in Δ A  = ( A  L  −  A  R ) measured at 281 nm versus the ligand hP50 concentration. The best fi tting 
of the experimental data of fi gure ( c ) calculated using the nonlinear regression method of fi gure ( b ) was 
achieved for a Kd = 0.250 μM. Due to protein association [ 15 ], only the fi rst four experimental data were fi tted 
and therefore  R   2  could not be calculated       
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  Fig. 8    ( a ) Near-UV CD spectra of batch 1 ( black  ) and 2 ( red  ) of TSG-6 Link Module 
protein. ( b ) CD spectra of bath 1 of TSG-6 Link module ( black  ) with 1 ( pink  ) and 2 
( blue  ) molar ratios of hyaluronan 10 (HA 10 ). ( c ) CD spectra of bath 2 of TSG-6 Link 
module ( red  ) with 1 ( brown  ) and 2 ( cyan  ) molar ratios of hyaluronan 10 (HA 10  ). 
The CD spectra were measured with Jasco J720 spectropolarimer       
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residues were not involved in the ligand binding interactions 
(Fig.  8b ). This was consistent with the NMR data of the complex 
formation [ 21 ]. For the Link protein batch 2, the hyaluronan 
binding interaction study showed no detectable CD changes in the 
near-UV region (Fig.  8c ). This    does not rule out some interaction 
between the Link protein batch 2 and hyaluronan as in the far-UV 
region, the CD spectra of Link batch 2 with and without hyaluro-
nan were not superimposable indicating ligand binding interaction 
(data not shown). Thus the CD measurements in the far- and near-
UV regions confi rmed the hyaluronan binding property of the 
Link module protein but it also revealed folding differences 
between the two samples of the protein.  

  TrkA is a peripheral membrane protein of the Trk system that 
requires ATP for the transport of K +  in prokaryotic and eukary-
otic cells [ 22 ]. Five samples (p001, p002, p003, p005, and p006) 
of purifi ed  H. infl uenzae  TrkA peripheral membrane protein in 
500 mM NaCl, 50 mM Tris pH 7.5, 5 % glycerol, and 0.1 mM 
TCEP solutions were investigated using CD spectroscopy. The 
protein does contain, nine tyrosine residues and but no tryptophans 
or disulfi de bonds [ 23 ]. In the near-UV region (250–315 nm) 
the CD spectra of the fi ve equimolar solutions of TrkA were not 
identical (Fig.  9 ) indicating local conformational differences in the 

4.2.3  Example 3: K+ 
Transporter TrkA Peripheral 
Membrane Protein

  Fig. 9    Near-UV CD spectra of fi ve batches (batch p001 ( pink ), p002 ( black ), p003 
( green ), p005 ( red ), and p006 ( blue )) of 20 μM TrkA peripheral membrane protein in 
500 mM NaCl, 0.5 % glycerol, 0.1 mM TCEPT, and 50 mM Tris measured in 1 cm 
pathlength cell using Chirascan Plus CD spectropolarimeter (Applied Photophysics Ltd)       
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aromatic side chains of the Tyr residues. To investigate the effect 
of these conformational differences on the function of TrkA pro-
tein, a CD titration with ATP ligand was conducted for each pro-
tein batch. ATP was found to bind to TrkA and two main 
behaviors were observed. In Fig.  10 , the data for the difference 
CD spectra, calculated by subtracting from each mixture of 
[TrkA+ ATP] at different (1: n ) molar ratios the equivalent spec-
tra for ATP ( n ),, were fi tted using a nonlinear regression method 
[ 15 ] (inserts of Fig.  10 ). The results for Sample p003 indicated 
that the TrkA has a single ATP binding site whereas the data for 
samples p001 and p006 (Fig.  10 ) suggested that there are two 
ATP binding sites. The results for the other batches of TrkA fi t-
ted with either a one- site or two-site model (Fig.  11 ). From the 
local tertiary structure, the batches of TrkA protein could be 
clustered into two groups: p002 with p006 and p001 with p003 
and p005 as having qualitatively similar CD spectra (Fig.  9 ) while 
according to ATP binding stoichiometry, the groups could be 
rearranged differently: p002 with p003 and p001 with p005 and 
p006 (Fig.  11 ). Further studies will be required to clarify the 
functional signifi cance of these observations but these behaviors 
would not have been fully revealed without the analysis of differ-
ent batches of protein by CD spectroscopy.       

5    Summary 

 HTCD offers a rapid way of assessing protein folding in solution 
and the effect of buffer conditions on secondary structural fea-
tures. This in turn may inform how a protein sample behaves in 
crystallization trials. HTCD also allows the screening of the bind-
ing properties of the proteins in solutions under different condi-
tions including in crystallization buffers. Another important 
application of HTCD is monitoring variations in protein folding 
between different batches of the same protein. In fact, the quality 
control of conformation and binding interactions of recombinant 
proteins by CD spectroscopy ought to play a more important role 
in structural biology.     
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  Fig. 10    ( Top left ) Difference CD spectra of the titration of ATP into TrkA (batch p001) in a 1 cm pathlength cell. 
The difference spectra were calculated subtracting from the each spectrum of (TrkA+ ATP) mixtures at [1: n ] 
molar ratio the equivalent spectrum of ATP at [ n ] molar ratio. ( Top right ) Plot of difference CD intensity reported 
in Δ A  = ( A  L  −  A  R ) measured at 261 nm versus the ligand ATP concentration. The best fi tting of the experimental 
data calculated using the nonlinear regression method of Siligardi et al. [ 15 ] was achieved for the fi rst two data 
supportive of ATP stoichiometry of 2. ( Middle left ) Difference CD spectra of the titration of ATP into TrkA (batch 
p006). ( Middle right ) Plot of difference CD intensity reported in Δ A  = ( A  L  −  A  R ) measured at 261 nm versus ATP 
concentration. The best fi tting of the experimental data was achieved like for batch p001 for the fi rst two data 
supportive of ATP stoichiometry of 2. ( Bottom left ) Difference CD spectra of the titration of ATP into TrkA (batch 
p003). ( Bottom right ) Plot of difference CD intensity reported in Δ A  = ( A  L  −  A  R ) measured at 261 nm versus ATP 
concentration. The best fi tting of    all experimental data was achieved indicating an ATP stoichiometry of 1       
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  Fig. 11    Fitting of the experimental data of the plot CD data in Δ A  versus ATP concentration for all fi ve TrkA 
batches. The fi ttings of the experimental data measured with Chirascan Plus were calculated using the non-
linear regression method of Siligardi et al. [ 15 ]       
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