DE GRUYTER

Z. Naturforsch. 2019; aop

Aleksandar Dolashki, Lyudmila Velkova*, Wolfgang Voelter and Pavlina Dolashka

Structural and conformational stability of
hemocyanin from the garden snail Cornu aspersum

https://doi.org/10.1515/znc-2018-0084
Received June 10, 2018; revised January 23, 2019; accepted February
2,2019

Abstract: Various aspects of biomedical applications of
molluscan hemocyanins, associated with their immuno-
genic properties and antitumor activity, promoted us to
perform structural studies on these glycoproteins. The
stability and reassociation behavior of native Cornu asper-
sum hemocyanin (CaH) are studied in the presence of dif-
ferent concentrations of Ca?* and Mg?" ions and pH values
using electron microscopy. Higher concentrations of those
ions led to a more rapid reassociation of CaH, resulting in
stable multidecamers with different lengths. The confor-
mational changes of native CaH are investigated within a
wide pH-temperature range by UV circular dichroism. The
relatively small changes of initial [6], indicated that many
secondary structural elements are preserved, even at high
temperatures above 80 °C, especially at neutral pH. The
mechanism of thermal unfolding of CaH has a compli-
cated character, and the process is irreversible. The con-
formational stability of the native didecameric aggregates
of CaH toward various denaturants indicates that hydro-
philic and polar forces stabilize the quaternary structure.
For the first time, the unfolding of native CaH in water
solutions in the presence of four different denaturants
is investigated. The free energy of stabilization in water,
AGD“zO, was calculated in the range of 15.48-16.95 k] mol .
The presented results will facilitate the further investiga-
tion of the properties and potential applications of CaH.
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1 Introduction

Hemocyanins (Hcs) are oligomeric blue copper-contain-
ing respiratory proteins with extremely high molecular
weight and complex quaternary structure found in the
hemolymph of many arthropods and molluscs [1-3]. Hcs
present in invertebrate hemolymph are multifunctional
proteins performing various immunological and biologi-
cal functions. Most molluscan Hcs are glycoproteins and
possess immunotherapeutic potentials including anti-
neoplastic, antiviral and antibacterial effects [4-10].
Some molluscan Hcs have a significant potential for new
drug development [10, 11]. Recently, it has been reported
that Rapana venosa, Helix lucorum and Helix aspersa Hcs
display antitumor and antimicrobial activities [4, 7-9].
Haliotis tuberculata hemocyanin (HtH) contains encrypted
antimicrobial peptides and may act as a source of anti-
infective peptides [12].

The majority of molluscan Hcs are observed as hollow
cylindrical decamers, didecamers or tridecamers, usually
with molecular weights between 4 and 9 MDa [1-3, 5]. The
basic molluscan Hc quaternary structure is decameric, a
cylinder of 35-38 nm, containing 10 subunits with iden-
tical sequence [1, 2]. In recent years, there is a progress
on structural investigation of molluscan Hcs [5, 13, 14].
An unusual gastropod Hc tridecamer was found in fresh/
brackish water cerithioid snails, termed “mega-Hc” [13].
Mega-Hcs with a molecular mass of 13.5 MDa are among
the largest known oxygen transporters found in the
hemolymph of some snails [5, 13, 14]. The mega-Hcs from
cerithioid snails are an exception, as their internal struc-
ture shows a more complex arrangement [5]. Molluscan
Hc subunits are among the largest polypeptides found in
nature [2], typically composed of about 400 amino acid
residues with different sequences and genomic patterns
and molecular masses of 330-450 kDa, depending on the
species [1, 3]. The number of Hc isoforms present in mol-
luscan species varies between 1 and 3 [1-3]. While marine
gastropods have one or two structurally and functionally
distinct Hc isoforms, three Hc isoforms (B-HIH, aD-HIH
and oN-HIH) were reported for H. lucorum as well as Helix
pomatia and H. aspersa [4, 15-17]. The subunit is folded
into seven or eight different globular functional units
(FUs) of ~50 kDa [2, 3]. Each FU contains one binuclear

Brought to you by | La Trobe University
Authenticated
Download Date | 3/18/19 1:31 AM


https://doi.org/10.1515/znc-2018-0084
mailto:lyudmila_velkova@abv.bg

2 —— Dolashki etal.: Structural and conformational stability of hemocyanin from the garden snail Cornu aspersum

copper active site, capable of reversibly binding one diox-
ygen molecule [1-3]. An additional feature of Hc structures
are their carbohydrate contents, which play fundamental
roles in their organization and their immunological effi-
cacy [1, 3]. Gastropod Hcs are glycoproteins with a higher
carbohydrate content of about 9% (w/w) than arthropod
Hcs and may contain unusual monosaccharides, such as a
methylated hexoses (for example, O-methylmannose and
O-methylgalactose), B(1,2)-linked xylose, o(1,3)-linked
fucose, o(1,6)-linked fucose or hexuronic acid [3, 7, 8]. To
ensure the quality and effectiveness of the glycoprotein
for therapeutic uses, its molecular structure and thermal
stability are key characteristics that need elucidation.

In the literature, there is a limited number of publica-
tions on the biophysical properties and stability of mollus-
can Hcs. The association-dissociation properties of some
molluscan and arthropod Hcs together with the conforma-
tional stability of Hcs under various physical conditions
(i.e. temperature, pH and etc.) and/or chemical agents
have been studied [18-27]. The equilibrium state of the
native folded protein must therefore be regarded as rep-
resenting a delicate balance between a large number of
weak interactions, each of which is sensitive to tempera-
ture and the state of the surrounding solvent (i.e. pH, ionic
strength, presence of hydrogen bond-breaking solutes
such as urea, and presence of amphiphilic compounds
which affect the balance of hydrophobic and hydrophilic
interactions). Denaturation can be brought about in many
ways, including thermal denaturation (by raising the
temperature), denaturation by pH change and chemical
denaturation. However, such studies may be complicated
by the fact that it may be difficult to distinguish between
the effects on the quaternary structure of the oligomeric
proteins (i.e. initial dissociation) and those on the tertiary
and secondary structures (i.e. subunit unfolding).

The main aim of this study was to determine the asso-
ciation-dissociation behavior and conformational sta-
bility of native Hcs isolated from the garden snail Cornu
aspersum toward pH, temperature and different denatur-
ants: guanidine hydrochloride (Gdn.HCI), urea, lithium
chloride (LiCl) and urea + LiCl, monitored by UV circular
dichroism (CD).

2 Materials and methods

2.1 Isolation of C. aspersum Hc

The hemolymph was collected from the foot of the
C. aspersum snail, grown in Bulgarian eco-farms from

DE GRUYTER

northwestern Bulgaria. The hemolymph from a typical
mollusc appears blue in color due to the presence of Hc as
its major component (~90%) [5]. The native C. aspersum
hemocyanin (CaH) (molecular mass of about 9000 kDa),
containing two o-subunits (o«D-CaH and oN-CaH) and
one B-subunit (3-CaH), was isolated and purified from the
hemolymph of the garden snail C. aspersum as described
previously [4].

2.2 Electron microscopy

The stability and reassociation behavior of CaH were
studied in the presence of different concentrations of Ca?
and Mg? ions and pH by transmission electron micro-
scopy (TEM). Electron micrographs were taken with a
Philips®CM10 (Philips Electron Optics, Eindhoven, The
Netherlands) transmission electron microscope with a
30-mm objective aperture. CaH samples were adsorbed for
60 s to a glow-discharged pistoform/carbon-coated support
film, washed three times with droplets of distilled water
to remove buffer salts and finally negatively stained with
1% uranyl acetate. Electron micrographs were routinely
recorded at an instrumental magnification of x45,000.

2.3 CD measurements

CD spectra were recorded with a J-720 spectropolarim-
eter (Jasco, Tokyo, Japan). Cylindrical temperature-con-
trolled quartz cells with a path length of 5 mm were used
in all the experiments. CD spectra were recorded in the
UV range between 200 and 250 nm at 0.2-nm intervals
with a bandwidth of 1 nm, a scan speed of 50 nm/min
and a time constant of 8.0 s. The specific absorption
coefficient e, =1.413 mL mg™ cm™ [15] was used for
determining the protein concentration. Protein solu-
tions were prepared in 20 mM “cocktail buffer” [by equal
stocks of 20 mM sodium phosphate buffer (pH 7.4-5.5),
20 mM sodium acetate buffer (pH 5.4-3.6) and 20 mM
Tris-HCl buffer (6.4-11.0)] in the presence of 5 mM CaCl,.
The final solution mixture with a protein concentra-
tion of 20 uM at a given adjusted pH was incubated for
20 min at room temperature before optical measure-
ments. Each spectrum was the average of four scans.
The results were expressed as mean residue ellipticity
([6],) in deg cm? dmol™. The temperatures were thermo-
statically controlled using a NESLAB thermostat model
RTE-110 connected to a digital programming controller,
and a thermocouple placed inside the optical cell. Two
approaches were applied for the evaluation of effective
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thermodynamic functions and the determination of

cross-overlapped CD data:

(a) for temperature denaturation studies, the CD spec-
trum of each protein sample in the “cocktail” buffer
of different pH values (from 2.5 to 12.0) was measured
after 10 min of incubation at temperatures from 25 °C
to 85 °C. The [6], values were recorded in steps/inter-
vals of 5.0+ 0.2 °C.

(b) The CD spectra of each standardized CaH solution
were recorded at different temperatures from 25 °C to
85°C (in 5°C steps) in a wide interval of pH (2.5-12),
with ~0.5 pH increments after incubation of 10 min.
More precisely, the extreme values at 222 nm were
digitalized and recalculated in [0]  (deg cm? dmol™)
units.

222

Denaturation of CaH in water solutions in the presence
of different denaturants (Gdn.HCI, urea, urea+ LiCl and
LiCl) was followed by CD spectroscopy. We have chosen
[6],,, to follow the unfolding process. CD measurements
of native Hcs in 50 mM Tris-HCl buffer (pH 7.5) containing
5 mM CaCl, and 5 mM MgCl, in the presence of different
concentrations of denaturants (0-8.0 M) at 25.0 °C were
measured in the wavelength range 195-250 nm. The con-
centrations of the denaturants were stepwise increased
from O to 8.0 M.

JASCO’s multivariate Secondary Structure Estima-
tion (SSE) program was used to analyze the CD data with
more quantitative structure estimations. Using the SSE
program based on the partial least squares (PLS)/prin-
cipal component regression (PCA) method, the helix,
B-sheet and random coil content of protein CaH have
been estimated from the CD spectra. A PLS method with
the latest multivariate analysis method and the PCR
method are included. To minimize the residual error of
the concentration, the abundance ratio of the secondary
structure is calculated.

2.4 Calculation of the apparent free energy
of stabilization and denaturant binding

The interaction of denaturants like urea or Gdn.HCI with
proteins shows a dependence of the free energy of unfold-
ing on the molar concentration of the denaturants that
appears to be linear, at least at moderate to high denatur-
ant concentrations where the transition typically occurs.
This has led to the widespread use of the linear extrapo-
lation method (LEM) to estimate the conformational sta-
bility of the protein in the absence of a denaturant. The
application of this method gives two parameters: the free
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energy of unfolding at zero denaturant concentration (the
intercept, AG ") and the dependence of free energy on
denaturant concentration (the slope, which has been
given the symbol m) [28].

AG, =AG " —mx[denaturant]

The protein unfolds with increasing denaturant con-
centration because more binding sites are exposed in the
unfolded form than in the folded form. Solvent denatura-
tion curves are generally analyzed using the LEM [28],
which assumes a simple linear dependence of stability on
the denaturant concentration. The value for the apparent
free energy of stabilization in the absence of a denatur-
ant, AGD“zO, was obtained by linear extrapolation of AG,
plotting to zero molar denaturant. The resulting slope of
the plot of stability versus the denaturant concentration is
termed the m value. The m value correlates very strongly
with the amount of protein surface exposed to the solvent
upon unfolding.

The molar concentration of the denaturant at which
the protein is half-denatured is represented by C, * (as
Con* =AG,"0/m) [28]. The C w* value (or midpoint concen-
tration) is an indicator of protein stability: large values are
assumed to reflect high protein stability.

The free energy of urea/guanidine denaturation, AG,,
was estimated from the equation

AG, =-RTInk,
where K is the equilibrium constant of the denaturation
process. K is calculated for each denaturant concentration
according to the equation

K =([6],,—[6]y)/([6],-[6],,),

obs obs

where [6] ,_is the observed ellipticity at 222 nm at differ-
ent concentrations of the denaturants and [6] and [6],
are the ellipticities at the same wavelength for the folded
(N) and unfolded (D) conformations of the proteins,
respectively.

3 Results and discussion

The cytotoxic effect of CaH (previously HaH) is not limited
to bladder cancer cell lines, but extended to human pros-
tate cancer, ovarian carcinoma, malignant glioma, Bur-
kitt’s lymphoma and acute monocytic leukemia as well
[4]. Therefore, the information on the molecular structure
and conformation stability of CaH is essential.
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3.1 Electron microscopic measurements
of native CaH

The morphology and quaternary structure of Hcs have
been identified by negative staining of the molecules by
means of a transmission electron microscope [29]. The
structures of the cylinder walls, collars, arcs, bridges and
interfunctional unit links were gathered at 9 A resolution
to shed light on the macromolecular quaternary complex.
The TEM image confirmed the quaternary structure of
native Hcs, composed mainly of didecamers (20 subu-
nits), as well as the unusual tridecamer structures found
in fresh/brackish water cerithioid snails, termed mega-
Hcs (1, 2, 5, 12, 13, 19, 24]. We have studied the stability and
reassociation behavior of native molecules of CaH in the
presence of different concentrations of Ca* and Mg?** ions
and pH values.

DE GRUYTER

An electron micrograph of the purified negatively
stained native CaH is shown in Figure 1. It is evident that
the isolated material is homogeneous. No dissociated
material or tubular structures were observed. Mostly,
didecamers (20 subunits assembled) and a few decamers
are observed (Figure 1A, native CaH), which are typical
for many gastropod Hcs [2, 17, 19, 20]. Under non-physi-
ological conditions, Hcs can lose their quaternary struc-
ture. The best way to obtain dissociation into subunits
without losing the ability to reversibly bind dioxygen is to
increase the pH to ~9 and remove alkaline earth cations
[3]. After an overnight dialysis against 50 mM Tris-HCl
buffer (pH 9.0) and 0.13 M glycine (Gly) buffer (pH 9.6), the
electron microscopy analyses of dissociated CaH show a
disorganized globular structure as the decameric forms
dissociate into subunits (Figure 1B and C). The data show
that the Gly buffer (pH 9.6) induces a strong dissociating

Figure 1: Gallery of electron micrographs of native CaH. (A) Electron microscopy of negatively stained native CaH in 50 mM Tris-HCl buffer
(pH 7.0) containing 20 mM CaCl, and 10 mM MgCl,. The images show top (circles) and lateral (rectangles) views of the molecule. Primarily,
didecamers (white arrows) and few decamers (white dash arrows) are observed. The insert figure shows the characteristic didecameric
forms of CaH, with subunits arranged in layers. (B) Dissociated protein in 50 mM Tris-HCl buffer (pH 9.0). (C) Dissociated protein in 0.13 M
Gly/NaOH buffer at pH 9.6. (D) Reassociated CaH after 3 days of dialysis against SB (pH 7.0) containing 50 mM Tris-HCl buffer, 50 mM CaCl,
and 50 mM MgCL,. (E) Reassociated CaH after 3 days of dialysis against SB containing 50 mM Tris-HCl buffer (pH 7.0) containing 100 mM
CaCl, and 100 mM MgCL,. Mainly, didecamers (white arrows), tridecamers (black dash arrows) and multidecamers of varying lengths (black

arrows) are observed in (D) and (E). Scale bar: 100 nm.
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environment and CaH mainly occurs as “loose” and/or
“compact” monomeric subunits. On the alkaline side of
the pH/stability region, native CaH successively dissoci-
ates into 10 and 20 subunits. The subunits do not dis-
sociate further under these mild conditions, similar to
H. lucorum and H. pomatia Hcs, R. venosa hemocyanin
(RvH) and keyhole limpet hemocyanin (KLH) [16, 17, 19,
20, 24]. The electron microscopic analysis of negatively
stained dissociated CaH (Figure 1B and C) shows a dis-
organized globular structure. After changing the condi-
tions with the stabilizing buffer (SB) (pH 7.0) containing
50 mM CaCl, (Figure 1D), the obtained structural subu-
nits mostly reassociate to didecamers (white arrows) and
a few decamers (dash white arrows) and tridecamers
(black dash arrows). The typical Hc tridecamer observed
in the CaH (Figure 1D) and previously in the subunit
KLH2 and native HIH is a transient state between the
comparatively stable didecamers and larger multidecam-
ers [13, 17, 24]. By increasing the concentrations of both
divalent ions, Ca? and Mg?*, to 100 mM, the reassociation
is increased, and not only didecamers (white arrows) but
also multidecamers of varying lengths (black arrows) are
produced. The multidecamers consist of a “nucleating”
didecamer with attached decamers at one or two sides
(Figure 1E). The observed reassociation of CaH after a
3-day dialysis in 50 mM Tris buffer, containing 100 mM
CaCl,and 100 mM MgCl, (pH 7.0), does not lead to the for-
mation of long tubular polymers as previously published
for both subunits RvH1 [19, 20] and KLH2 [24] in the same
conditions. The higher concentrations of the Ca? and
Mg? ions (100 mM each) were more efficient and led to
a more rapid reassociation of native CaH, yielding long
stable multidecamers. A similar reassociation behavior
was observed in the native HIH and the subunits KLH2
and RvH2 [17-19, 24]. We have not observed mega-Hc
tridecamers as was discovered in fresh/brackish water
cerithioid snails (Leptoxis, Melanoides and Terebralia).
The cerithioid tridecamer comprises two typical decam-
ers based on the canonical 400-kDa subunit, flanking
a central “mega-decamer” composed of 10 unique
~550-kDa subunits [13, 14].

3.2 CD studies

Protein secondary structural information of the native
CaH was derived from CD signals in the “far-UV” spec-
tral region between ~250 and 190 nm due to the amide
chromophores of the peptide bonds. The CD spectrum of
the native CaH shows two distinct negative Cotton effects
at 208 and 222 nm due to the o-helix and B-sheet structures

Dolashki et al.: Structural and conformational stability of hemocyanin from the garden snail Cornu aspersum = 5

of the protein, similar to KLH and H. lucorum hemocya-
nin [17, 24-26]. However, the changes of [6],,, (especially
small ones) are related not only to changes in polypeptide
helicity but more generally to changes in interactions and
orientations of protein peptides [20].

3.2.1 Thermal stability of CaH in buffers with different pH
values

The conformational changes of native CaH were measured
in buffers with different pH values via their CD spectra
(Figure 2). A characteristic feature is the T-induced
changes within a wide temperature interval of 25 °C-85 °C
(Figure 3A). A drastic decrease in negative ellipticity was
observed at temperatures above 50 °C. Another feature is
the irreversibility of common “end states” with a relatively
similar disordered structure. The amplitude A[6] ~A[6],
for curves at a different pH is decreased upon moving
to extreme pH values (Figure 3A). The relatively small
changes of initial [6],,, at high temperatures indicate that
the main part of the structural elements is preserved,
especially at neutral pH and even at high temperatures
(Figure 3A and B). The data for the secondary structure
of CaH estimated from the CD spectra, using the SSE
program and the PLS multivariate analysis at T=25°C and
T=100°C (at pH 7.0), indicated a decrease in o-helix from
24.9% to 12.5%, in B-turn from 29.5% to 15.8%, in random
coil conformation from 34.5% to 28.0%, and an increase
in -sheet from 11.0% to 32.0%. So, the thermal-induced
unfolding of native CaH shows quantity of the decrease in
o-helix, but the increase in 3-sheet. The thermal-induced
unfolding of native CaH was found to be irreversible in
nature. The thermal denaturation of other gastropod Hcs
from R. venosa, Megathura crenulata and Viviparus ater

1 1
220 240 260

Wavelength (nm)
Figure 2: CD spectra of native CaH (A,,,=0.360) recorded at
different values of 7(25°C-85°C), at pH 7.0, in the range between
190 and 260 nm. Two negative Cotton effects at 222 and 208 nm

were digitalized in the CD spectra of the Hc solutions of the native
CaH.
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Figure 3: (A) Influence of pH on [6],,, of CaH at different
temperatures. Part of the curves considered to be reversible (in
solid) is locked in vertical dashed lines. (B) The melting temperature
at pH 7.5 (T_ =67.0 °C) for native CaH. (C) Influence of temperature
on the unfolding of native CaH at different pH measured by CD
spectra at 222 mn. The T-induced changes are obtained over a wide
temperature interval (25.0 °C-85.0 °C) at fixed pH (2.5-12).

and arthropod Hcs from Palinurus vulgaris and Eurypelma
californicum was also found to be irreversible, probably
due to an aggregation of the giant biomolecules [20, 22,
24-26, 30, 31].
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Thermostability of the undissociated native CaH was
investigated by following the changes in ellipticity at
222 nm with temperature (Figure 2). The thermal denatur-
ation was irreversible due probably to aggregation, and
the thermostability was characterized by the transition or
the “melting” temperature, T , which is the midpoint of
the sigmoidal denaturation curves (Figure 3B). Molluscan
Hcs are thermostable proteins with melting temperatures
in the range of 50.0°C-85.0°C. The melting tempera-
ture at pH 7.5 for native CaH (T_=67.0 °C) correlates with
the thermostability of native KLH (T =670 °C) [25], HtH
(T =76.0°C) [21] and the Hc from V. ater (T =77.0°C)
[22]. The native CaH has more thermostability compared
to the native RvH (T _=58.1°C, at pH 7.0) as well as the
structural subunits KLH1 (T =56.0°C, at pH 8.0), KLH2
(T =52.0°C, at pH 8.0), RvH1 (T =55.6°C, at pH 75) and
RvH2 (T_=55.0 °C, at pH 8.0) [20, 26]. The larger T_ values
of the native Hcs compared to their subunits are an excel-
lent indication of their stabilization caused by oligomeri-
zation introducing additional factors like non-ionic forces
(intra-subunit, hydrophobic and hydrogen-bonded net-
works and carbohydrate moiety interactions). The Hcs of
the lobsters P. vulgaris (T_=63.1°C) [30] and Nephrops nor-
vegicus (T_=55.0 °C) [32] are much less heat resistant com-
pared to the native CaH, while the Hc from the tarantula
E. californicum has extreme thermostability (T =91.0 °C)
[31] (see Table 2).

3.2.2 Influence of pH on dichroic spectra of CaH at
222 nm at different temperatures

For native CaH, the [6],,,/pH plots (Figure 3C) represent
a set of smooth and partially bell-shaped curves with
maxima between pH 6.0-8.5 and non-symmetric acidic
and alkaline extremes, but without any obvious sigmoid
feature at extreme pH. At increasing temperature above
50 °C, the character of the curves change, showing a slight
peak in the pH range 6.5-8.0, indicating the presence of
two ionization processes (due to the carboxylates and imi-
dazoles), with an opposing influence on the left (L, acidic)
and right (R, alkaline) limbs of [6],,, (pH), similar to what
was observed for RvH1 and RvH2 [20]. Both pH-acid and
pH-alkaline denaturations are poorly presented in all
curves at extreme pH regions (Figure 3C), which can be
explained by an increased stability due to quaternary
structure of the native CaH. In the alkaline part (pH 8-12),
relative changes of pH transitions are too small and non-
cooperative (within a wide pH interval), indicating that
alkaline denaturation cannot be achieved as a reversible
process. This is supported by comparison with the data
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from other molluscan Hcs [20, 25, 26]. The relative changes
were found to be small and almost non-cooperative (in
the vicinity of pH 2.5), indicating that acidic denatura-
tion cannot be achieved as a reversible process for this
intermediate species. However, overall, for multimeric
intact Hc, a small interval of partial reversibility in the
acidic region close to pH 5.5 at 25°C is possible. Thus, it
can be concluded that reversibility is possible in the pH
interval in an acidic range, indicating the involvement of
titrable groups responsible for structural stability. Previ-
ously, a similar effect of acidic and alkaline pH transitions
on dichroic spectra was monitored for RvH and KLH [20,
25, 26]. Denaturation studies of other native gastropod Hcs
[20-22, 25, 26] by pH indicate that it may be difficult to
distinguish between effects on the quaternary structure of
the oligomeric protein (initial dissociation) and those on
the tertiary and secondary structures (i.e. subunit unfold-
ing). Obviously, the mechanism of thermal denaturation
of multimeric intact CaH has a complicated character,
and the process of thermal unfolding is irreversible. Thus,
neither real thermodynamic data nor structurally related
activation parameters could be obtained. A similar situa-
tion was also observed for the analysis of thermal unfold-
ing of native RvH and its subunits and KHL [20, 23-26].
The high sensitivity of the CD experiments allows the
use of much lower concentrations to monitor T (°C)- and pH-
dependent unfolding of the proteins (compared with DSC)
and to determine small pH and T (°C) intervals in which the
processes take place reversibly [20]. Two independent sets
of experiments, with 14-15 samples each, were collected for
CaH: [6],,,as a function of T (°C) at different pH and [6],,, as
a function of pH at different T (°C). The total reversibility of
the system suggests independence of the final states from
the path(s) of their realization. The experimental matrix
[G]EXP(T) was converted to the calculated [B]mI(pH), and the
matrix [e]exp(pﬂ) to the [e]calm. Reversibility of the pH-T dena-
turation is the base paradigm of protein self-organization,
and the applicability of the reversible thermodynamics
approach can be used for the evaluation of its stability [20].
The lines connect the T-pH points with equal reversibility
(%) as 100 (1), 96 (2), 92 (3), 88 (4) and 84 (5). A “phase
diagram,” plotted as a T-pH grid of [6],,, represents the pH-
induced conformational changes of CaH (Figure 4). From
the pH-T diagram of Figure 4, the multimeric intact CaH
structure has a very small interval of partial reversibility at
acidic pH range close to pH 5.5-6.5 at temperatures below
60 °C, as well as perturbance in the region of pH 7.0. Prob-
ably, the Hc chains agglomerate at weak acidic pH, which is
typical for gastropod hemolymph when most carboxylates
are protonated, and thus, the repulsive interactions are
diminished. Apparently, thermal denaturation of the native
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Figure 4: The curves were obtained by [6],,,(T)-[6],,,(pH) functions,
showing the reversibility zones for the native CaH. Lines connect the
pH-T points with the same % reversal as 100% (1), 96% (2), 92% (3),
88% (4) and 84% (5).

molecule CaH is an irreversible process, and their real ther-
modynamic data cannot be obtained. The thermal- and pH-
induced denaturation of native CaH could be accompanied
by dissociation into subunits because CaH is an oligomeric
protein [4, 15]. The stability of native Hcs, shown by coupled
T and pH transitions (acid and alkaline denaturation), was
explained by the formation of quaternary structures, which
introduces additional factors, namely, non-ionic forces, as
an intra-subunit, hydrophobic and hydrogen-bonded net-
works of carbohydrate moiety interactions [20].

3.2.3 Conformational stability of native CaH in the
presence of different chemical denaturants

Stability studies of proteins are of increasing importance
for biotechnological processes or medical biologics. Incor-
rect folding by an unfavorable environment will change
the protein structure and destroy the intended functional
purpose. Denatured states of proteins play an important
role in protein folding, transport across membranes and
proteolysis [33], which is the reason for the increasing inter-
est in these states during the past few years. The unfolding
reaction of native CaH in the presence of increasing concen-
trations of Gdn.HCl, urea, urea + LiCl and LiCl was followed
by CD spectroscopy. We have chosen [6],, to follow the
unfolding process. The protein concentration in the cuvette
was around 0.26 mg/mL in 0.05 M Tris buffer (pH 7.5) at
25°C. The obtained results were analyzed assuming a two-
state mechanism, and the unfolded protein was plotted as a
function of denaturant concentration. From the data in the
transition region and using the linear extrapolation model,
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the thermodynamic parameters were determined (Figure 5,
Table 1). The free energy of stabilization in water, AG "2,
even apparent as here, is a quantitative measure for the
protein stability in water solutions, the free energy change
for the reaction “globular conformation < random coil
conformation” in the absence of a denaturant. The mecha-
nism of denaturation involves modification of the water
structure by a denaturant and its interaction with the
peptide groups [34, 35]. Gdn.HCl and urea are the com-
monly used denaturants to determine the free energy of
protein stabilization in water [33].
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Figure 5: (A) Unfolding of the CaH (0.26 mg/mL) at pH 7.5 and
T=25°C by different chemical denaturants: LiCl, urea, urea+LiCl and
Gdn.HCl, determining the ellipticity at 222 nm. (B) The panel shows
the dependence of free energy for unfolding of the native CaH as a
function of each of the four denaturants. The data in the transition
region can be extrapolated to determine AG,(H,0) using the LEM.

DE GRUYTER

Table 1: Unfolding of the CaH at pH 7.5 and 25.0 °C by increasing
concentrations of denaturants: Gdn.HCI (M), (urea +LiCl) (M each),

urea (M) and LiCl (M), using CD.

Denaturant AG,"° (k]-mol) Co* (M)  m(kJ-mol-M)
1 Gdn.HCl 15.48 3.32 4.663
2 Urea+LiCl 15.82 3.62 4.370
3 LiCl 16.48 3.90 4.226
4 Urea 16.95 4.11 4,124

The concentration of the denaturants is in the range 0.0-8.0 M.

The influence of increasing concentrations of Gdn.
HCI on the negative ellipticity at 222 nm is shown in
Figure 5A. The ellipticity is retained in the range of
0-2 M Gdn.HCl concentration. An extensive decrease
in ellipticity was observed from 2.0 to 5.0 M Gdn.HCI.
Similar curves were obtained for the aggregated Rapana
Hc and its structural subunits and KLH, as the elliptic-
ity is retained in the range of 0-1.5 M Gdn.HCl concen-
tration [18, 24]. The data from the SSE program based
on the PLS/PCA method confirm the changes in the
secondary structure of the protein observed with an
increase in the concentration from 0-8 M Gdn.HCI:
more specifically, a decreased ratio for a-helix from
24.9% to 0.2%, for B-turn from 29.5% to 0% and random
coil conformation from 34.5% to 18.4%, but an increase
in B-sheet from 11% to 82%. From the data, it is appar-
ent that Gdn.HCI is an excellent denaturant, breaking
all types of non-covalent interactions in the protein.
Gdn.HCI is a salt and therefore expected to ionize in
an aqueous solution. At low concentrations, Gdn* and
Cl- ions are presumed to mask the positively and nega-
tively charged amino acid side chains, thereby reducing
or even totally eliminating any stabilizing or destabiliz-
ing electrostatic interactions. The binding of the Gdn*
ions to the proteins is presumed to predominate and to
push the equilibrium toward the unfolded state [36]. A
slight increase in protein stability in the presence of low
Gdn.HCI concentration has been observed for different
proteins. At high concentrations, Gdn.HCl becomes
a denaturant, regardless of the types of electrostatic
interactions present in the protein [37, 38]. Thus, the
random coil analogs that differed only in terms of their
electrostatic interactions had the same apparent stabil-
ity. These results suggest that the estimates of protein
stability (dG,) by Gdn.HCI denaturation studies would
likely be a relative measure for the contributions of
hydrophobic interactions. From the transition curve
(Figure 5A), the midpoints of transition show that Gdn.
HCI brings about protein denaturation at a lesser con-
centration as compared to LiCl and urea.
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Table 2: Values of melting temperature (T ) and free energy of
stabilization in water (AG,"°) at pH 7.5 and 25 °C for various Hcs.

Hc species T.(°C0) AG,"° Gdn.HCl

Molluscs
Native CaH (Cornu aspersum Hc) 67.0 15.5k) mol*
Native KLH (Megathura crenulata) ~ 67.0[26] 25.9 k] mol™ [24]
KLH1 subunit 56.0 [26] 17.6 k) mol™ [24]
KLH2 subunit 52.0[26] 22.6 k) mol*[24]
Native HtH (Haliotis tuberculata) 76.0[23] No data
Viviparus ater Hc 77.0[22] 12.6 k) mol-*[21]
Native Rapana thomasiana Hc 79.0[23] 21.6 k) mol*[21]
Native Rapana venosa Hc 58.1[20] 22.6 k) mol*[18]
RvH1 subunit 55.6 [20] 16.3 k) mol™* [18]
RvH2 subunit 55.0[20] 18.4 k) mol*[18]
Helix aspersa maxima (isoform 79.88[27] No data
B-HaH)

Arthropods
Maia squinado Hc 76.0 23] 12.6 k) mol[21]
Carcinus maenas Hc 72.0 23] 11.4 k) mol™[21]
Palinurus vulgaris Hc 63.1[30] 12.2 k) mol*[21]
Eurypelma californicum Hc 91.0[31] No data
Nephrops norvegicus Hc 55.0[32] Nodata
Homarus americanus Hc 81.0[21] 13.5k)mol*[21]

The ionic nature of Gdn.HCI masks the electrostatic
interactions in proteins, a phenomenon that was absent
in the case of urea. Thus, Gdn.HCl and urea denaturations
may give vastly different estimates of protein stability,
depending on how important electrostatic interactions
are to the protein [39]. The “direct electrostatic mecha-
nism” suggests that urea interacts directly with the
protein backbone via hydrogen bonds and other electro-
static interactions with charged and polar side chains
predominantly [40]. Our results from the CD experiments
with urea also show that the secondary structure of the
protein is affected with an increase in the concentration
to 8.0 M, but in a different way. After incubation for 24 h
in different concentrations of urea (0-8.0 M, breaking
internal hydrogen bonds and solubilizing hydrophobic
groups), the decrease in negative ellipticity at 222 nm indi-
cates a significant unfolding of the structure of CaH, but
not denaturation of the whole molecule CaH (Figure 5B).
The data from multivariate SSE program and PLS analy-
sis show a decrease in o-helix from 24.9% to 16.8%, in
B-turn from 29.5% to 20.6% and in random coil conforma-
tion from 34.5% to 29.9% with increasing urea concentra-
tion range (0-8.0 M); an increase in B-sheet from 11% to
32.6% is observed. The protein stability by urea denatura-
tion studies is a relative measure of the contributions of
electrostatic interactions to the stability of CaH.

Increasing the effectiveness of urea as a denaturant
to correspond to Gdn.HCl could be achieved by increasing
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the ionic strength of the solution by introducing LiCl (see
Figure 5A). This suggests that Gdn.HCl affects hydropho-
bic and ionic interactions simultaneously, while urea
affects almost solely hydrophobic interactions [36]. The
sigmoid curve of titration with LiCl suggests Li* binding to
CaH. Remarkable is the special shape of the CaH titration
curve with LiCl, not to be caused by a pure electrolyte, but
by Li* binding to the protein forming “lithium bonds” [41,
42]. Using LiCl and urea simultaneously as a denaturation
agent, we were able to mimic the bifunctional ability of
Gdn.HCI [36], providing a new tool to assist the correct
refolding of unfolded proteins.

In our studies, we demonstrate that native CaH
unfolding with urea+LiCl is similar to unfolding in the
presence of Gdn.HCI (Figure 5B, Table 1). The quantita-
tive comparison of Gdn.HCl by urea+LiCl unfolding
could serve as a new tool to explore refolding pathways
by varying the concentrations of urea or LiCl, indepen-
dently. As further detailed studies are needed, it is at
present time very difficult to elucidate the different
effects of two denaturants on the hydrogen bonding of
the protein structure. The unfolded protein was plotted
as a function of four denaturants in increasing concentra-
tions. The thermodynamic parameters were determined
(Table 1). The conformational stability of native CaH as
a function of concentration of used denaturants was
determined by the free energy of protein stabilization
in water (AG_".°). The values of AG " for native CaH are
within ranges from 15.48 to 16.95 k] mol™ (or 3.70-4.05
kcal mol™) (Figure 5B, Table 1). These results are in good
agreement with the values of other investigated Hcs
(Table 2). Apparently, the midpoints of protein unfolding
in the presence of different denaturants are in the region
of 3.2-4.11 M. (Figure 5B). The data in Figure 5B and Table
1 illustrate that the four denaturants result in much the
same value for AG '"° (with only 1.47 k] mol™ or 0.35 kcal
mol™ separating the values). In actuality, this good agree-
ment in solutions of Gdn.HCI and urea compounds that
differ greatly in ionic character, solution properties and
efficacy in denaturation gives compelling evidence that
AG 0 is a property of the protein system, essentially
independent of the denaturant. A similar result, showing
good agreement between AG".° values obtained from the
linear extrapolation using three denaturants with phe-
nylmethanesulfonyl o-chymotrypsin, was observed from
Santoro and Bolen [43].

Understanding the conformational changes that
result from various treatments has shed some light on
the structural alterations and loss of function which can
result due to exposure of denaturants and, thus, affect the
normal functioning of the protein.
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4 Conclusion

The study of Hc conformational stability is of fundamen-
tal interest to our understanding of the structure-function
relationships in these dioxygen carriers. Based on coupled
T and pH transitions, the stability of native oligomeric Hc
from C. aspersum is explained by the formation of qua-
ternary structures, introducing additional factors, like
non-ionic forces. Apparently, thermal denaturation of the
native CaH is an irreversible processes, and its real ther-
modynamic data cannot be obtained under the given con-
ditions. This type of behavior was shown by other authors
for the other Hcs [17, 21-26].

For the first time, the unfolding of native CaH in
water solutions in the presence of four different denatur-
ants is described in the literature. The conformational
stability of the native didecameric aggregates of CaH
toward various denaturants (pH and Gdn.HCl) indicates
that hydrophilic and polar forces stabilize the quaternary
structure, similar to KLH and RvH. However, it may be dif-
ficult to distinguish between the effects on the quaternary
structure of the oligomeric protein (initial dissociation)
and those on the tertiary and secondary structure (i.e.
subunit unfolding).

The presented results will facilitate the further investi-
gation of the properties and potential biomedical applica-
tions of CaH.
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