Characterisation of Conformational
and Ligand Binding Properties

of Membrane Proteins Using
Synchrotron Radiation Circular
Dichroism (SRCD)

Rohanah Hussain and Giuliano Siligardi

Abstract

Membrane proteins are notoriously difficult to crystallise for use in
X-ray crystallographic structural determination, or too complex for NMR
structural studies. Circular dichroism (CD) is a fast and relatively easy
spectroscopic technique to study protein conformational behaviour in
solution. The advantage of synchrotron radiation circular dichroism
(SRCD) measured with synchrotron beamlines compared to the CD
from benchtop instruments is the extended spectral far-UV region that
increases the accuracy of secondary structure estimations, in particular
under high ionic strength conditions. Membrane proteins are often
available in small quantities, and for this SRCD measured at the Diamond
B23 beamline has successfully facilitated molecular recognition studies.
This was done by probing the local tertiary structure of aromatic
amino acid residues upon addition of chiral or non-chiral ligands
using long pathlength cells (1-5 cm) of small volume capacity (70 pl—
350 pl). In this chapter we describe the use of SRCD to qualitatively
and quantitatively screen ligand binding interactions (exemplified by
Sbma, Acel and FsrC proteins); to distinguish between functionally
similar drugs that exhibit different mechanisms of action towards
membrane proteins (exemplified by FsrC); and to identify suitable
detergent conditions to observe membrane protein-ligand interactions
using stabilised proteins (exemplified by inositol transporters) as well as
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the stability of membrane proteins (exemplified by GalP, Acel). The
importance of the in solution characterisation of the conformational
behaviour and ligand binding properties of proteins in both far- and
near-UV regions and the use of high-throughput CD (HT-CD) using 96-
and 384-well multiplates to study the folding effects in various protein
crystallisation buffers are also discussed.
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4.1 Introduction

Circular Dichroism (CD) and Synchrotron
Radiation CD (SRCD) has been proven to be
highly useful for studies of ligand binding by
soluble proteins, particularly as it is a relatively
quick and easy spectroscopic measurement,
requiring no extensive sample preparation, and it
has the potential to be used in high throughput
(HT-CD) screening (Mason 1982; Fasman 1996;
Berova et al. 2000, 2012; Siligardi and Hussain
1998, 2015; Siligardi et al. 2002; Martin et al.
2011; Johnson 1990; Kelly et al. 2005; Siligardi
and Hussain 2010; Javorfi et al. 2010; Fiedler
et al. 2013).

CD spectroscopy has been widely used for
the purposes of determining secondary structural
content and integrity of membrane proteins (e.g.
histidine kinases — Potter et al. 2002; Kim et al.
2010; Keegan et al. 2010; Yeo et al. 2008; mem-
brane transporters — Psakis et al. 2009), protein
fragments (e.g. Powl et al. 2010), and protein
unfolding (Psakis et al. 2009; Keegan et al. 2010).
Sreerama and Woody 2004, found that the CD
analysis of secondary structure content of mem-
brane proteins using soluble protein reference
sets was slightly inferior to that obtained for solu-
ble proteins. The inclusion of membrane proteins
in the soluble protein reference sets — now a
common practise — has since improved the CD
analysis for both membrane and soluble proteins.

In the last few decades, drug discovery has
benefited from information about the three-
dimensional structure of proteins at atomic
resolution determined by X-ray crystallography

(Carvalho et al. 2009) and NMR spectroscopy
(Pellecchia et al. 2008). However, the number
of solved human protein 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 (Pennisi
2012). As many proteins that cannot be studied
by either X-ray crystallography due to their
failure to crystallise or by Nuclear magnetic
resonance spectroscopy (NMR) due to their size
or irregular structure, can be characterized in
terms of protein folding by CD, which is the
differential absorption between left and right
circularly polarized light (Fasman 1996), see
Fig. 4.1. CD spectroscopy is sensitive to the
absolute configuration and conformation of chiral
molecules. With the exception of glycine, amino
acids are chiral molecules adopting either L or
D stereo-isomers which are non-superimposable
mirror-imaged configurations. Natural proteins
only consist of L amino acids.

The application of CD spectroscopy for ligand
binding studies of membrane proteins has proved
more limited, largely due to the technical chal-
lenges associated with working with hydrophobic
membrane proteins. The use of the B23 beam-
line (Diamond Light Source synchrotron) for
SRCD has overcome the limitations encountered
in studying precious membrane proteins often
available in very small quantities. The B23 beam-
line has enabled the use of small volume ca-
pacity cuvette cells for the measurements in the
far-UV and near-UV spectral regions that could
not otherwise be used with bench-top CD in-
struments. The UV protein denaturation assay,
a unique feature of the B23 beamline, is an-
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Fig. 4.1 (a) Optical layout of a CD spectropolarimeter: S
light source, M monochromator, P polariser, photo elastic
modulator (PEM), left circularly polarised light (LCP)
and right circularly polarised light (RCP), sample and
detector. (b) CD spectrum is the differential absorption
AA = (ApL — Ar) between LCP and RCP light. In the car-
toon such a difference is greatly exaggerated. For proteins
AA is about 1073 to 10™* (AA ~ (measured CD (ellip-

other method developed to assess ligand binding
interactions, in particular for achiral fatty acid
ligand analogues or small organic molecules de-
void of UV chromophores, which are difficult,
if not impossible to investigate with bench-top
CD instruments. The higher vacuum UV and far-
UV photon flux has proved essential for the spec-
troscopic characterisation of membrane proteins
in high salt concentrations to enhance protein
stability, which cannot be achieved satisfactorily
with bench-top instruments due to absorption
cut-off.

ticity) in millidegrees)/3300). (¢) The light source is a Xe-
arc lamp (length =15 cm) for bench-top CD instrument
compared to the equivalent 23 m of the bending magnet
(BM) of Diamond B23 beamline for synchrotron radiation
CD (SRCD). (d) and (e) B23 has two end-stations, one
dedicated for CD imaging, cryogenic to high temperatures
and HT-CD, and the other for solution and solid state (dry
films) samples

In this chapter, several examples of SRCD
spectroscopy applied to the study of membrane
proteins in solution using the Diamond B23
beamline (Hussain et al. 2012a, b; Javorfi
et al. 2010) are presented. Qualitative and
quantitative assessments of ligand binding
interactions of the FsrC, SbmA, and Acel
membrane proteins, identification of functionally
similar but mechanistically distinct drug targeting
FsrC, and the characterisation of suitable
detergent conditions for ligand-membrane
proteins interaction studies are reviewed.
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Diamond B23 Beamline for
Synchrotron Radiation
Circular Dichroism (SRCD)

4.2

The B23 beamline is a bending magnet beam-
line at Diamond Light Source, UK, dedicated to
SRCD spectroscopy. The beamline consists of
two distinct end-stations: module A in operation
since 2011 and module B in operation since
2009, see Fig. 4.1. The beamline operates in the
wavelength range of 125-650 nm, delivering a
highly collimated beam with a focal spot size
at the sample of 0.5 mm? and a photon flux in
excess of 10'2 photons/s. The high brilliance of
the beamline, coupled with its highly collimated
incident micro-beam is enabling a large variety of
measurements and experiments to be carried out,
ranging from dilute to highly concentrated solu-
tions, to thin solid films. The end-station of mod-
ule A operates in the wavelength range of 125—
500 nm and is primarily dedicated to the study
of thin chiral films, whereas module B operating
in the 165-650 nm is dedicated to solutions and
liquid samples. A novel vertical sample chamber,
which is unique among the other SRCD beam-
lines around the world, has been developed to
accommodate a horizontal X-Y motorised stage
that can hold either the temperature controlled
stage (such as Linkam™ stage), which can oper-
ate in cryogenic and high temperature conditions
(from —150 °C to 300 °C), or standard microtiter
or microwell plates (96- and 384-well Suprasil
quartz plates (Siligardi and Hussain 2015) for
high throughput CD (HT-CD) screening.

Module B is dedicated to ligand binding inter-
actions that are often carried out as CD titrations
using small aperture cuvette cells that require
the ability to optimise beam alignment in a fast
and reproducible manner using a manual X-Y
stage (Borisenko et al. 2015). This allows for
measurements of dilute solutions (as low as 5 nM
protein concentration) (Laera et al. 2011) using
small volume capacity cells such as 0.800 ml
for 10 cm pathlength or 0.020 ml for 1 cm
pathlength. SRCD stopped-flow can also be car-
ried out in both modules. The higher photon
flux of SRCD beamlines has traditionally been
considered detrimental as it promotes protein
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denaturation. Measures have been put in place to
eliminate or greatly reduce this effect, however,
this phenomenon, has also been exploited at the
B23 beamline as UV protein denaturation (Hus-
sain et al. 2012a, b; Javorfi et al. 2010) can be
conveniently used to measure accelerated protein
photo stability as a function of protein formu-
lation and qualitatively assessing and screening
ligand binding interactions (Hussain et al. 2012a,
b; Longo et al. 2014, 2015). For module B, a
rotating sample cell holder has also been intro-
duced to eliminate protein denaturation induced
by the higher vacuum UV and far-UV photon flux
for experiments where the UV denaturation effect
is not desirable, such as thermal denaturation.
Finally, to support the capabilities and potential
of B23 beamline applications, a concerted soft-
ware development program has been put in place.
Users can now reduce and analyse their data
through a single software application developed
at the beamline — CDApps (Hussain et al. 2015).
The software is available for users on-site, as well
as via remote access, and allows novice users to
quickly process their data and take full advantage
of the technique.

4.3 Ligand Binding Studies
of the FsrC, Ace1 and SbmA

Membrane Proteins

Protein-ligand binding interactions can be as-
sessed by a variety of techniques such as Isother-
mal Calorimetry (ITC), Surface Plasmon Reso-
nance (SPR), Fluorescence and Circular Dichro-
ism (CD). Each technique has its own strengths
and weaknesses. ITC can often be inconclusive
when the thermal effects associated with the
displacement of the bound solvent molecules by
the ligand are rather small. SPR requires one of
the components to be immobilized, which can
lead to false positive or false negative results
when compared to non-immobilized conditions.
Fluorescence requires the presence of a fluo-
rophore that does not absorb and emit light at
the same wavelength for the ligand and/or protein
(Tryptophan and Tyrosine residues). CD relies
on detectable spectral differences between the
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observed spectrum of the protein-ligand mixture
at (x:y) molar ratio and the calculated sum of
the spectra of the protein at (x) molar ratio and
ligand at (y) molar ratio. For achiral ligands,
the comparison is facilitated by the fact that the
ligand chromophore will acquire an induced CD
upon binding of a protein site that is chiral.
In this case, the detection of any induced CD,
which is any spectral difference from that of
the protein alone, is unambiguously indicative
of the presence of a bound species, as the free
achiral form is devoid of any CD from its UV
absorbing chromophore (Siligardi and Hussain
1998; Hussain et al. 2012b; Siligardi et al. 2002;
Martin et al. 2011). However, for ligands with
weak or with no UV chromophore groups, such
as sugars, lipids and irregular peptides, the lack
of any CD spectral change upon ligand addition
does not necessarily signify that there are no
binding interactions. The ligand might bind far
from the aromatic side-chains of the protein,
without causing any detectable secondary struc-
ture conformational change. For these cases, the
protein UV denaturation assay using the B23
beamline was developed and is now part of the
facilities available at the Diamond B23 beamline
(Hussain et al. 2012a, b; Javorfi et al. 2010). High
UV photon flux at B23 was used to qualitatively
distinguish the binding of ligands to proteins,
such as non-steroidal anti-inflammatory drugs to
serum albumin, though not a membrane protein is
a transporter (Fig. 4.2) (Hussain et al. 2012a). UV
denaturation can also be used to discriminate the
effects of different excipients, such as detergents,
salts, and buffers on peptide hormones such as
vasoactive peptide VIP, which binds to a GPCR
(Longo et al. 2015) and antibodies (such as ce-
tuximab which is an inhibitor of EGFR, a trans-
membrane protein) on the effect of formulating
agents (Longo et al. 2015; Siligardi and Hussain
2015). These measurements are easy to carry out,
as it only requires repeated scanning of samples
and a plot of the denaturation decay, which will
provide differential dynamics properties of the
system.

Binding studies using the CD titration method
are even more challenging for membrane proteins
than they are for soluble proteins. A common

limitation encountered with membrane proteins
is that they are often expressed in rather small
quantities. At the B23 beamline, the highly col-
limated incident micro-beam (0.3 x 0.5 mm) is
enabling the use of a small aperture cuvette cells
of low volume capacity (from few pl to 25 pl
for 0.01 cm to 1 cm pathlengths) to measure the
SRCD of precious and scarce membrane proteins.

FsrC, a membrane protein histidine kinase,
showed very little conformational changes in
secondary structure upon addition of ligand
Gelatinase Biosynthesis-Activating Pheromone
(GBAP). However, the local tertiary structure
of FsrC showed significant changes when
GBAP was added, indicating the involvement of
aromatic residues binding to GBAP, see Fig. 4.3.
Qualitative studies showed that the affinity of the
ligand GBAP to FsrC was 2 WM, monitored at a
single wavelength of 277 nm. Further competitive
binding studies with another ligand, siamycin I,
showed that siamycin I did not compete with
GBAP and that aromatic side-chain residues
should be involved in the interaction with the
ligand (Patching et al. 2012; Phillips-Jones et al.
2013).

SbmA, a bacterial inner membrane protein of
Gram-negative bacteria is involved in the trans-
port within the cell of prokaryotic and eukaryotic
antimicrobial peptides and glycopeptides, as well
as of peptide-nucleic acid (PNA) oligomers. A
SbmA homolog, BacA, is required for the de-
velopment of Sinorhizobium meliloti bacteroids
within plant cells and favours chronic infections
with Brucella abortus and Mycobacterium tuber-
culosis in mice. A SRCD spectroscopic study
provided evidence that SbmA and BacA interact
in vitro with Bac7 (1-35), a proline rich peptide.
Bac7 was titrated at various molar ratios to SbhmA
and BacA in both the far-UV (180-260 nm) and
near-UV (250-330 nm) regions. In the far-UV
region, significant changes of secondary structure
were observed upon addition of Bac7 to SbmA
(see Fig. 4.4a and Table 4.1) and BacA (Fig. 4.4b)
indicating binding interactions. In the near-UV
region (Runti et al. 2013), characteristic of the
local tertiary structure of aromatic side-chain
residues (Tryptophan, Tyrosine and Phenylala-
nine) (Siligardi et al. 1991; Siligardi and Hussain
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Fig. 4.2 (a) Thirty repeated consecutive SRCD spectra of
fatty acid and immunoglobulin free human serum albumin
(HSACff). The insert is the rate of protein denaturation at
190 nm. (b) Rate UV protein denaturation of HSAff in
H,0 with and without ligands such as fatty acid (octanoic
acid), diazepam and tolbutamide measured at 190 nm
for 100 repeated consecutive SRCD spectra. (¢) Rate of

1998; Hussain et al. 2012b; Gaspar et al. 2011)
no significant changes were observed, which sug-
gests that no aromatic residues were involved
at close range (radius of 6 /O\) in the interface
between ligand and protein. The SRCD spectra
were converted to AA =(ApL—Ag) units from
millidegree units and the plot of AA intensities
at 223 nm versus the concentrations of Bac7
used in the titration was analysed with a non-
linear regression method (Siligardi et al. 2002) to
quantitatively determine the dissociation constant
using CDApps software (Hussain et al. 2015).
The results showed that the peptide had similarly

15 20 25 30

Number of Scans

UV protein denaturation of antibody Mab-1 in different
formulation agents for 30 repeated consecutive SRCD
spectra. The graph is reported in percentage of protein
folding damage calculated by dividing the ellipticity at
205 nm of the protein-ligand complex by that of the
protein alone and multiplied by 100

high binding affinities to SbmA (Kd of 0.26 uM)
and BacA (Kd of 0.3 pM).

For the membrane protein Acel (actinobacter
chlorhexidine efflux transport system 1), no
significant conformational changes in the far-
UV region (180-250 nm) were observed in the
presence of an achiral chlorhexidine antibacterial
drug (Hassan et al. 2013). However, in the
near-UV region, the SRCD titration unambigu-
ously showed the induced CD of the bound
chorhexidine to the Acel membrane protein
(Fig. 4.5a). The non-linear regression analysis
of the SRCD data revealed adissociation constant
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Fig. 4.3 Binding interaction properties of FsrC mem-
brane protein determined using the B23 beamline for
synchrotron radiation circular dichroism (SRCD) (a, b, ¢
figures redrawn from Patching et al. 2012 and Phillips-
Jones et al. 2013). (a) Far-UV SRCD spectra of FsrC
membrane protein with (dashed) and without (solid)
GBAP ligand Patching et al. 2012. (b) Near-UVSRCD
spectra: (top) FsrC with (dashed) and without (solid)
GBAP ligand. The insert is the fitting of the GBAP
SRCD titration into FsrC protein using a non-linear

(Kq) of 6 puM (Fig. 4.5b). In this example the
binding was demonstrated by the increased
induced CD at about 270 nm, which reach a
plateau upon saturation. The ligand binding
did not perturb the content of the secondary
structure of Acel, as illustrated by the lack of
conformational changes in the far-UV SRCD
spectrum.

regression analysis. The Kd calculated from CD data
was 2 uM, (bottom) FstC with (dashed) and without
(solid) Siamycin I ligand. (¢) Near-UV SRCD spectra
of (FsrC+ GBAP) (thick black), (FsrC+ Siamycin I)
(dashed) and (FsrC + GBAP + Siamycin I) (thin black).
The unique micro-collimated beam of Diamond’s B23
beamline enabled the measurements to be carried out
using a small volume capacity cell (50-100 pl) of 1 cm
pathlength otherwise unattainable with bench-top CD in-
struments

4.4  Protein Stability

Throughout the course of protein production,
different batches of proteins are expressed and
different protocols or procedures for purification
are used. These variables can have an effect on
the integrity of the proteins. This is especially
relevant to membrane proteins that have to be
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Fig. 4.4 (a) SRCD spectra of SbmA with and without
Bac7 in the far-UV (left) and near-UV (right) regions.
The insert in the far-UV region shows the determination of
the dissociation constant Kd calculated to be 0.28 uM by
fitting the CD data at 223 nm versus Bac7 concentration
using the non-linear regression analysis (Siligardi et al.
2002) of CDApps (Hussain et al. 2015). (b) SRCD spectra

Table 4.1 Protein secondary structure content of SbmA
and BacA membrane proteins with and without addition
of Bac7 ligand up to 1:35 molar ratios calculated from
SRCD data using CONTINLL algorithm (Sreerama and

Wavelength (nm)

of BacA with and without Bac7 in the far-UV (left)
and near-UV (right) regions. The insert in the far-UV
region spectra shows the determination of the dissociation
constant Kd calculated to be 0.30 uM by fitting the CD
data at 223 nm versus Bac7 concentration using the non-
linear regression analysis of CDApps

Woody 2004) with SMP50 reference data set of 37 sol-
uble proteins and 13 membrane proteins applied through
CDApps beamline software (Hussain et al. 2015)

Protein secondary structure elements (SSE) SbmA SbmA + Bac7 [1-35] BacA | BacA + Bac7 [1-35]
HI, a-helix 0.41 0.32 0.41 0.46
H2, distorted a-helix 0.19 0.17 0.19 0.19
S1, B-strand 0.04 0.09 0.06 0.03
S2, distorted B-strand 0.04 0.04 0.03 0.02
T, turn 0.12 0.10 0.12 0.10
U, unordered 0.21 0.28 0.20 0.20
Spectral fit SD 0.06 0.04 0.06 0.04

Redrawn from Runti et al. 2013
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Fig. 4.5 SRCD titration of chlorhexidine into 20 uM
purified wild-type Acel protein. (a) Near-UVSRCD spec-
tra of Acel protein with and without chlorhexidine. The
arrow indicated the spectra with increased concentration
of chlorhexidine. (b) Plot of ellipticity (0) intensity versus

solubilised in different detergents for stabilisa-
tion and for crystallisation with potential ligand
molecules.

The example of the FsrC protein (Patching
et al. 2012) showed that it required 1.5 h of in-
cubation time for stabilisation, which was deter-
mined by measuring consecutive repeated scans
of about 3 min each in the 260-180 nm region
until the dominating alpha helical spectral feature
stopped increasing at about 30 scans, see Fig. 4.6.
It was essential to know the specific equilibration
time for FsrC, and more generally, the equilibra-
tion time for membrane proteins in each specific
detergent, when assessing ligand binding inter-
actions, as otherwise it might result in ambigu-
ous results. Interestingly, for FsrC the addition
of ligand peptide GBAP appeared to stabilize
the protein rather quickly (Fig. 4.6). The sugar
transport protein GalP was also monitored for
stability over time using the repeated scan method
using high UV photon flux (Kalverda et al. 2014)
showing that GalP is stable over repeated scans
using a smaller bandwidth of 1.1 nm.

Ellipticity change (0) (mdeg) o

1.0F Mean ellipticity -
275-280 nm
Apparent Kd i
i = 5.9+0.6 uM
0. L . L L
0 5 10 15 20
[Chlorhexidine] (M)

chlorhexidine concentration. The fitting curve (solid line)
of the experimental data (solid black circles) was calcu-
lated using the non-linear regression analysis with a Kd of
5.9 uM (Siligardi et al. 2002)

4,5 Temperature Denaturation
Temperature denaturation studies on proteins are
routinely used to determine the thermodynamic
properties of wild type proteins, their mutants,
and the effect of ligand binding interactions or
that of excipients as stabilisers to withstand long
protein storage and transport conditions.

However, for the SbmA protein (described in
Sect. 4.4) the thermal behaviour was not affected
by the addition of peptide Bac-7 (Fig. 4.7a), even
though conformational changes by SRCD were
observed in the far-UV region (Fig. 4.4) (Runti
et al. 2013). The SRCD titration of Bac7 with
SbmA indicated that the molecular interaction
was accompanied by an 11 % decrease in alpha
helical content for either SbmA or Bac7 (Ta-
ble 4.1). The thermal studies, however, showed
no significant differences between the melting
temperature (T, = 55 °C) of SbmA and the melt-
ing temperature of a mixture of SbmA and Bac7
(Fig 4.7).
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Fig. 4.6 FsrC stability determined by SRCD spec-
troscopy. (a) Far UV SRCD spectra of purified FsrC
(6 uM) at O h (solid black line), 1.5 h (dashed line, unfilled
square), and 2.5 hr (dashed line, unfilled circle) following
sample preparation in 10 mM sodium phosphate pH 7.5
containing 0.02 % in n-Dodecyl B-D-maltoside (DDM)
at 20 °C. Repeated SRCD spectra after 1.5 h involving
sample removal and reloading were also included (dashed

In the temperature denaturation study of
the Acel protein (Kalverda et al. 2014) the
protein melting temperatures were measured by
ramping the temperature from 5 to 90 °C while
monitoring the far-UV CD spectrum, particularly
at 209 nm or 222 nm. The wild-type protein was
observed to be rather stable at temperatures below
60 °C. However, mutant E5S0Q Acel, known
to impair resistance to chlorhexidine, showed
thermal denaturation at 40 °C. Chlorhexidine
binding greatly increased the thermal stability
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line, unfilled triangle). SRCD spectra of stabilised FsrC
before and after exposure to far UV radiation illustrated in
the absence (b) and in the presence (c) of twofold GBAP
ligand. Spectrum 1, immediately after stabilisation (solid
line); and spectrum 40, following 100 min exposure to
light radiation in the 190-260 nm spectral region during
39 repeated consecutive scans (dashed line)

of the ES0Q mutant protein in a dose-dependent
manner. Importantly, these experiments yielded
evidence, albeit indirect, that the Acel protein
was itself involved in binding chlorhexi-
dine as an integral feature of the resistance
mechanism.

In a study by Bettaney et al. (2013), the SRCD
spectra of three inositol membrane transport pro-
teins (IolF, IolT, and YfiG) measured with the
Diamond B23 beamline showed a cut-off below
180 nm, indicated by the voltage of the photo-
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Fig. 4.7 (a) SRCD spectra of SbmA + Bac7 [1:5] as a
function of temperature (Runti et al. 2013). (b) Thermal
denaturation of SbmA with and without Bac7 ligand
using SRCD spectroscopy. The upper part of the figure
is the determination of the melting temperature Tm by
Ist derivative method whilst the lower part is by the
Boltzman equation. The lower part is also used to rep-
resent the thermal denaturation property or the thermal
stability of the protein (Runti et al. 2013). (¢) Thermal
stability of wild type Acel protein (33 uM) with and
without chlorhexidine by SRCD (redrawn from Hassan

multiplier tube (PMT) detector exceeding 600 V
(Fig. 4.8). It is essential for accurate secondary
structure estimations that the positive CD bands
at about 190-195 nm of the a-helical conforma-
tion are measured with the lowest level of noise
possible, which can be readily achieved with
synchrotron CD beamlines. Repeated scans can
also improve the signal-to-noise-ratio, but at an
increased overall time (the noise is reduced by the
root square of the number of scans). Following

0 15 30 45 60 75 90
Temperature (°C)

et al. 2013). (d) Thermal stability of mutant Acel protein
E15Q (33 wM) with and without chlorhexidine by SRCD
(redrawn from Hassan et al. 2013). For both (¢) and
(d), the ellipticity at 209 nm is shown for protein only
(*), protein plus 100 WM chlorhexidine (H; 1:3 molar
ratio) and protein plus 500 pM chlorhexidine (A; 1:15
molar ratio) at increasing temperature. Insets show the
characteristic a-helical protein far-UV spectrum of the
respective proteins at increased temperature in the absence
of chlorhexidine (redrawn from Hassan et al. 2013)

successful confirmation of secondary structural
integrity and composition, the specificity of IolF,
IolT, and YfiG for a large variety of inositols and
sugars of D and L configurationn was determined
by measuring the cellular uptake of radiolabelled
3H-myo-inositol in the presence of unlabelled
competing compounds (Bettaney et al. 2013) as
well as differences in thermodynamic properties,
which could give indications of any concerns for
crystallisation trials.
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Fig. 4.8 Analysis of secondary structure and thermal
denaturation profiles in the purified proteins. Synchrotron
radiation circular dichroism (SRCD) spectra at 20 °C in
the far-UV region are shown for the purified IolT(Hise),
TolF(Hisg) and YfiG(Hisg) proteins at a concentration of
20 uM in a buffer containing 0.05 % DDM and 10 mM
potassium phosphate (pH 7.6) using a 0.2-mm pathlength
cell and acquiring spectra with an interval time of 0.5 nm.

4.6 Conformational Analysis
and HT-CD Screening
of Protein Crystallisation

Buffers

The assessment of protein folding in solution
is particularly important because conformational
changes among a wild type protein and its mu-
tants/constructs are likely to affect the protein ac-
tivity and stability. Protein folding plays a crucial
role in the function of a protein and its char-
acterisation is a prerequisite for the understand-

The spectra are buffer-subtracted and are the average of
four scans. The plots show the CD spectrum (CD) and
the high tension (HT) voltage values. Inset are thermal
stability profiles at a wavelength of 222 nm from CD
spectra recorded over a range of temperatures (10-90 °C
and then back to 10 °C) for each of the proteins at a

concentration of 0.1 mg/ml (redrawn from Bettaney et al.
2013)

ing of the mechanism and consequences of se-
quence amino acid point mutation that could trig-
ger protein misfolding for insulin, a-synuclein,
lysozyme, and transthyrethin to name but a few
cases with serious health implications (Blancas-
Mejia and Ramirez-Alvarado. 2013; Ruzza et al.
2014, 2015; Marchiani et al. 2013).

A recent example regarding the importance
of protein folding characterisation (including
different constructs of the same protein) by
SRCD is the case of the membrane protein GDP-
mannose-dependent mannosyltransferase WbdD.
In this example, the accurate determination of
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the a-helical content of the protein was crucial as
a molecular ruler to regulate O-antigen chain
length in lipopolysaccharide of E coli 09A
(Hagelueken et al. 2015).

WbdD is a membrane-associated protein
and its interaction with WbdA (another GDP-
mannose-dependent mannosyltransferase) is
essential for the ability of the soluble polymerase
to act on the membrane-embedded undecaprenyl
lipid—linked acceptor (Clarke et al. 2009). The
authors investigated two insertion and two
deletion variants of WbdD1-556 to gain some
structural insight into the effect of the changes in
the coiled-coil region. Multi-techniques such as
the crystal structure of WbdD1-556 showing
the coiled-coil region, molecular modelling
and small angle X-ray scatterings (SAXS)
models were coupled to elucidate the 3D
structure. The study was further expanded with
a bioassay of different constructs, giving various
lengths of coupled lipopolysaccharides with
CD spectroscopy. Circular dichroism analysis
of WbdD1-459 and WbdD1-556 using the
CONTINLL algorithm (Sreerama and Woody
2004; Hussain et al. 2015) on spectra collected on
B23 at Diamond confirmed a detectable increase
in a-helical content, as was expected by the
addition of a coiled-coil region (Fig. 4.9). This

—— WbdD1-459

—— WbdD1-556
WbdD1-556 (CDEF),

4- WbdD1-556 (ABCDEF),

« = «WbdD1-556(AGHIJ)
WbdD1-556(AGHIJK)

180 200 220 240
Wavelength (nm)

Fig. 4.9 CD spectra of different WbD constructs and
their secondary structure content estimation using CON-
TINLL (Sreerama and Woody 2004) of CD Apps beam-
line software (Hussain et al. 2015). On the right is shown

multi-technique study helps to piece together
information gathered and complements the
limitations of each of the individual techniques
into a final and more complete understanding of
the role of the coiled-coil region of the protein as
a molecular ruler.

The high photon flux of the B23 beamline has
been successfully used to develop a protein UV-
denaturation assay that can discriminate the rela-
tive stability of different types of protein folding
and also to qualitatively determine ligand bind-
ing interactions (Hussain et al. 2012a, b; Javorfi
et al. 2010; Longo et al. 2014, 2015). The latter
application has been very useful to study ligands
with weak or no UV chromophores that would
otherwise be difficult or impossible to monitor by
conventional benchtop CD spectrometer.

The conformation of peptides and proteins is
known to be affected by environmental condi-
tions such as buffer composition, pH, salt concen-
tration, detergents, metal ions and precipitants.
The latter is widely used in crystallography to
enhance crystallisation. However, the use of CD
spectroscopy for such characterisations would
be rather laborious and time consuming as this
would normally be carried out by measuring the
samples in a single cuvette cell, one by one.
The unique highly collimated incident micro-

Samples Experimental a-helical content (%)
WbdD1-459 25
WhdD1-556 29
WhdD1-556 (CDEF), 33
WbdD1-556 (ABCDEF), 36
WbdD1-556 (AGHLI) 27
WhbdD1-556 (AGHIIK) 28

the percentage of a-helical content calculated from SRCD
data using CONTINLL algorithm in CDApps beamline
software
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Fig. 4.10 Vertical sample
compartment of Diamond
B23 beamline module A.
The chamber enables the
SRCD measurements of
horizontally positioned
samples at 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)

beam (from 0.3 mm? to 1.5 mm? cross section)
of the B23 has recently been exploited for the
use of 96- or 384-well plates, to allow for high
throughput CD (HT-CD) (Fig. 4.10) screening to
characterise protein folding in crystallisation con-
ditions and in protein-drug binding interactions
(Siligardi and Hussain 2015).

Myoglobin, a highly a-helical protein, was
investigated by SRCD spectroscopy dissolved
in a selection of 48 conditions from the Mem-
Gold2 crystallisation screen (Molecular Dimen-
sions) that is widely used for membrane pro-
tein crystallization. The corresponding 48 SRCD
spectra (Fig. 4.11) showed significant confor-
mational differences that could be attributed to
electrolyte concentration and pH. It is important
to note that despite myoglobin being a highly a-
helical soluble protein its conformation can be
perturbed by the membrane protein crystallisa-
tion buffer MemGold2. This can be readily illus-
trated in the pie chart of the secondary structure
content determined by SRCD spectroscopy using
CONTINLL of the SRCD spectra of the 96-well
multiplate (Fig. 4.12).

Most membrane proteins are highly helical
and it is not inconceivable that they too might be-
have similarly to myoglobin under various buffer

conditions. This is consistent with the fact that
membrane proteins only crystallise in certain
buffer conditions (Privé 2007; O’Malley 2011)
but not in others. This raises the question whether
proteins that do not crystallise do not do so
because they have different conformations that
do not promote association or that their ther-
modynamic properties are significantly different,
inhibiting crystal formation.

The availability of HT-CD facility at the B23
beamline opens up the possibility of finding
cross-correlations between buffer conditions and
protein conformation, identifying possible buffer
targets that could promote crystallisation for
further 3D structural determination by X-ray
crystallography.

4,7 Conclusion

The work described in this chapter highlights the
use of CD and SRCD spectroscopy for studies
of membrane proteins, particularly when a wide
spectral range from far-UV to near-UV region
(180-350 nm) is achieved for both protein and
ligand. This approach enables the determination
of the stability and content of the protein sec-
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Fig. 4.11 SRCD spectra 20
of myoglobin dissolved in
48 distinct buffers of
MemGold2 for membrane
protein crystallisation

Fig. 4.12 Secondary structure content of myoglobin dis-
solved in the 48 crystallographic solvent conditions of
the MemGold2 multiplate (well coordinates A1-12, B1-
12, C1-12 and D1-12). The pie chart was prepared using
B23 CDApps software (Hussain et al. 2015). Although the
a-helix content is the dominating element of secondary

ondary structure, the qualitative and quantitative
assessment of ligand binding interactions and the
characterisation of the solvent (detergent) con-
ditions to optimise protein stability and binding
properties. It has been successful in the identifica-
tion of drugs that despite similar activity revealed
different thermodynamics properties when bound
to various protein constructs.

The amide bond of the protein backbone struc-
ture gives information about the protein sec-
ondary structure while the aromatic side-chains

190 200 210 220 230 240 250 260
Wavelength(nm)

ot |
[ |
s |

Tums

Unordered

structure, significant different a-helical contents were in-
duced by some of the MemGold2 solvent conditions. At
first glance less helical content can be observed in A3, A4,
A6, A8-12,C3, C4, D9 (12 out of 48 or 25 %) whilst more
helical in B3, B4, B7, BS, B10, B12 and C11 (6 out of 48
or 12.5 %)

of the tryptophan, tyrosine and phenylalanine
amino acid residues provide details about their
local tertiary structure, as such, these are ideal
as molecular probes for ligand binding interac-
tions. The chromophore of the ligand can be used
to unambiguously determine ligand binding in
both far- and near-UV regions and in particu-
lar whether protein conformational changes are
occurring upon ligand binding. Further develop-
ment in high throughput allows the screening of
crystallization buffers and the potential screen-
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ing of ligands in drug discovery with membrane
proteins acting as host or target receptor. This
broad approach of CD spectroscopy in solution
for membrane proteins is advantageous. SRCD
in particular provides wavelength extension in the
vacuum UV region and higher photon flux, which
enables more penetrating measurements with less
transparent media (NaCl content up to 500 mM)
and in small volume capacity cuvette cells that
are unattainable using bench-top CD instruments.

Acknowledgments We gratefully acknowledge the Dia-
mond Light Source Ltd. for the B23 beamtime allocation
(www.diamond.ac.uk/Home/ForUsers.html).

References

Berova N, Nakanichi K, Woody RW (2000) Circular
dichroism principles and applications, 2nd ed. New
York: Wiley-VCH

Berova N, Polavarapu PL, Nakanishi K, Woody RW
(2012) Comprehensive chiroptical spectroscopy: ap-
plications in sterochemical analysis of synthetic com-
pounds, natural products and biomolecules, vol 2. New
Jersey: John Wiley & Sons

Bettaney KE, Sukumar P, Hussain R, Siligardi G, Hender-
son PJF, Patching SG (2013) A systematic approach
to the amplified expression, functional characterization
and purification of inositol transporters from Bacillus
subtilis. Mol Membr Biol 30:3-14

Blancas-Mejia LM, Ramirez-Alvarado M (2013) Sys-
temic amyloidoses. Annu Rev Biochem 82:745-774

Borisenko KB, Shanmugam J, Williams BAO, Ewart P,
Gholipour B et al (2015) Photo-induced optical activ-
ity in phase-change memory materials. Sci Rep 5:8770

Carvalho AL, Trincdo J, Romao MJ (2009) X-ray crys-
tallography in drug discovery. Methods Mol Biol
572:31-56

Clarke BR, Greenfield LK, Bouwman C, Whitfield C
(2009) Coordination of polymerisation, chain termi-
nation, and export in assembly of the Escherichia
coli lipopolysaccharide 09a antigen in an ATP-binding
cassette transporter-dependent pathway. J Biol Chem
284:30662-30672

Fasman GD (1996) Circular dichroism and the conforma-
tional analysis of biomolecules. Plenum Press, New
York

Fiedler S, Cole L, Keller S (2013) Automated circular
dichroism spectroscopy for medium-throughput analy-
sis of protein conformation. Anal Chem 85:868-1872

Gaspar D, Lucio M, Rocha S, Costa Lima JLF, Reis
S (2011) Changes in PLA2 activity after interacting
with anti-inflammatory drugs and model membranes:
evidence for the involvement of tryptophan residues.
Chem Phys Lipids 164:292-299

R. Hussain and G. Siligardi

Hagelueken G, Clarke BR, Huang H, Tuukkanen A,
Danciu I et al (2015) A coiled-coil domain acts as a
molecular ruler to regulate O-antigen chain length in
lipopolysaccharide. Nat Struct Mol Biol 22:50-56

Hassan KA, Jackson S, Penesyan A, Patching S, Tetu SG
et al (2013) Transcriptomic and biochemical analyses
identify a family of chlorhexidine efflux proteins. Proc
Natl Acad Sci U S A 110(50):20254-20259

Hussain R, Javorfi T, Siligardi G (2012a) Circular dichro-
ism beamline B23 at the Diamond Light Source. J
Synchrotron Radiat 19:32-135

Hussain R, Javorfi T, Siligardi G (2012b) Spectroscopic
analysis: synchrotron radiation circular dichroism.
Comprehen Chiral 8:438-448

Hussain R, Benning K, Myatt D, Javorfi T, Longo E et al
(2015) CDApps: integrated software for experimental
planning and data processing at beamline B23 Dia-
mond Light Source. J Synchrotron Radiat 22:465-468

Javorfi T, Hussain R, Myatt D, Siligardi G (2010) Measur-
ing circular dichroism in a capillary cell using the B23
synchrotron radiation CD beamline at Diamond Light
Source. Chirality 22:149-E153

Johnson WC (1990) Protein secondary structure and cir-
cular dichroism: a practical guide. Proteins: Struct
Funct Bioinf 7:205-214

Kalverda AP, Gowdy J, Thompson GS, Homans SW,
Henderson PJF, Patching S (2014) TROSY NMR with
a 52 kDa sugar transport protein and the binding of
a small-molecule inhibitor. Mol Membr Biol 31:131-
140

Keegan N, Ridley H, Lakey JH (2010) Discovery of
biphasic thermal unfolding of OmpC with implications
for surface loop stability. Biochemistry 49:9715-9721

Kelly SM, Jess TJ, Price NC (2005) How to study pro-
teins by circular dichroism. Biochim Biophys Acta
1751:119-139

Kim YP, Yeo KJ, Kim MH, KimY-C JYH (2010) Struc-
tural characterisation of the intra-membrane histidine
kinase YbdK from Bacillus subtilis in DPC micelles.
Biochem Biophys Res Commun 391:1506-1511

Laera S, Ceccone G, Rossi F, Gilliland D, Hussain R,
Siligardi G, Calzolai L (2011) Measuring protein
structure and stability of protein-nanoparticle systems
with synchrotron radiation circular dichroism. Nano
Lett 11:4480-4484

Longo E, De Santis E, Hussain R, van Der Walle C, Casas-
finet J, Uddin S, dos Santos A, Siligardi G (2014)
The effect of palmitoylation on the conformation and
physical stability of a model peptide hormone. Int J
Pharm 472:156-164

Longo E, Hussain R, Siligardi G (2015) Application of
circular dichroism and magnetic circular dichroism
for assessing biopharmaceuticals formulations photo-
stability and small ligands binding properties. Int J
Pharm 480:84-91

Marchiani A, Mammi S, Siligardi G, Hussain R, Tessari I,
Bubacco L, Delogu G, Fabbri D, Dettori MA, Sanna D,
Dedola S, Serra PA, Ruzza P (2013) Small molecules
interacting with a-synuclein: antiaggregating and cy-
toprotective properties. Amino Acids 45:327-338


http://www.diamond.ac.uk/Home/ForUsers.html

4 Characterisation of Conformational and Ligand Binding Properties of Membrane Proteins. . . 59

Martin SR, Schilstra MJ, Siligardi G (2011) Biophysical
approaches determining ligand binding to biomolecu-
lar targets, detection, measurement and modelling. In:
Podjarmy A, Dejaegere A, Kieffer B (eds) Chapter
7: circular dichroism. Cambridge: RSC Publishing, pp
226-246

Mason SF (1982) Molecular optical activity and the chi-
ral discrimination. Cambridge University Press, Cam-
bridge

O’Malley MA, Helgeson ME, Wagner NJ, Robinson AS
(2011) Towards rational design of protein detergent
complexes: determinants of mixed micelles that are
critical for the in vitro stabilisation of a G-protein
coupled receptor. Biophys J 101:1938-1948

Patching SG, Edara S, Ma P, Nakayama J, Hussain R,
Siligardi G, Phillips-Jones MK (2012) Interactions
of the intact FsrC membrane histidine kinase with
its pheromone ligand GBAP revealed through syn-
chrotron radiation circular dichroism. Biochim Bio-
phys Acta Biomembr 1818:1595-1602

Pellecchia M, Bertini I, Cowburn D, Dalvit C, Giralt E et
al (2008) Perspectives on NMR in drug discovery: a
technique comes of age. Nat Rev Drug Discov 7:738—
745

Pennisi E (2012) ENCODE project writes eulogy for junk
DNA. Science 337:1159-1160

Phillips-Jones MK, Patching SG, Edara S, Nakayama J,
Hussain R, Siligardi G (2013) Interactions of the intact
FsrC membrane histidine kinase with the tricyclic pep-
tide siamycin I revealed through synchrotron radiation
circular dichroism. Phys Chem Chem Phys 15:444—
447

Potter CA, Ward A, Lauri C, Williamson MP, Hen-
derson PJF, Phillips-Jones MK (2002) Expression,
purification and characterisation of full-length het-
erologously expressed histidine protein kinase RegB
from Rhodobacter sphaeroides. J Mol Biol 320:
201-213

Powl AM, O’Reilly AO, Miles AJ, Wallace BA (2010)
Synchotron radiation circular dichroism spectroscopy-
defined structure of the C-terminal domain of NaCh-
Bac and its role in channel assembly. Proc Natl Acad
Sci U S A 107:14064-14069

Privé GG (2007) Detergents for the stabilization
and crystallization of membrane proteins. Methods
41:388-397

Psakis G, Saidijam M, Shibayama K, Polaczek J, Bettaney
KE et al (2009) The sodium-dependent D-glucose

transport protein of Helicobacter pylori. Mol Micro-
biol 71:391-403

Runti G, del Carmen LRM, Stoilova T, Hussain R, Jen-
nions M, Choudhury HG, Benincasa M, Gennaro R,
Beis K, Scocchi M (2013) Functional characterization
of SbmA, a bacterial inner membrane transporter re-
quired for importing the antimicrobial peptide Bac7(1-
35). J Bacteriol 195:5343-5351

Ruzza P, Siligardi G, Hussain R, Marchiani A,
Islami M et al (2014) Ceftriaxone blocks the
polymerization of «-synuclein and exerts neuro-
protective effects in vitro. ACS Chem Neurosci
5:30-38

Ruzza P, Hussain R, Biondi B, Calderan A, Tessari I,
Bubacco L, Siligardi G (2015) Effects of trehalose
on thermodynamic properties of alpha-synuclein re-
vealed through synchrotron radiation circular dichro-
ism. Biomolecules 5:724-734

Siligardi G, Hussain R (1998) Biomolecules interac-
tions and competitions by non-immobilised ligand
interaction assay by circular dichroism. Enantiomer
3:77-87

Siligardi G, Hussain R (2010) Applications of circular
dichroism. In: Lindon J, Tranter G, Koppenaal D (eds)
Encyclopedia of spectroscopy and spectrometry, vol 1,
2nd edn. Elsevier, Oxford, pp 9-14

Siligardi G, Hussain R (2015) CD spectroscopy: an es-
sential tool for quality control of protein folding.
In: Raymond JO (ed) Structural proteomics: high-
throughput methods, methods in molecular biology,
vol 1261. New York: Springer; pp 255-276

Siligardi G, Campbell MM, Gibbons WA, Drake AF
(1991) Conformational analysis of the melanin con-
centrating hormone (MCM) by CD spectroscopy:
disulphide bridge and aromatic tyrosyl contribution.
Eur J Biochem 206:23-29

Siligardi G, Panaretou B, Meyer P, Singh S, Woolfson
DN, Piper PW, Pearl LH, Prodromou C (2002) Reg-
ulation of Hsp90 ATPase activity by the co-chaperone
Cdc37p/p50°9<37, J Biol Chem 277:20151-20159

Sreerama N, Woody RW (2004) On the analysis of mem-
brane protein circular dichroism spectra. Protein Sci
13:100-112

Yeo KJ, Kwak S-N, Kim HJ, Cheong C, Kim MH, Jeon
YH (2008) Expression and characterisation of the
integral membrane domain of bacterial histidine kinase
SCO3062 for structural studies. Biochem Biophys Res
Commun 376:409—413

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the chapter’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to

obtain permission directly from the copyright holder.


http://creativecommons.org/licenses/by/4.0/

	4 Characterisation of Conformational and Ligand Binding Properties of Membrane Proteins Using Synchrotron Radiation Circular Dichroism (SRCD)
	4.1 Introduction
	4.2 Diamond B23 Beamline for Synchrotron Radiation Circular Dichroism (SRCD)
	4.3 Ligand Binding Studies of the FsrC, Ace1 and SbmA Membrane Proteins
	4.4 Protein Stability
	4.5 Temperature Denaturation
	4.6 Conformational Analysis and HT-CD Screening of Protein Crystallisation Buffers
	4.7 Conclusion
	References


