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Abstract Keyhole limpet hemocyanin (KLH) is widely

used as an immune stimulant and hapten carrier derived

from a marine mollusc Megathura crenulata. To provide

details of the stability and equilibrium of KLH, different

intermediate species were investigated with a series of

biophysical techniques: circular dichroism, binding of

hydrophobic dye, 1-anilino-8-naphthalene sulfonic acid,

acrylamide-induced fluorescence quenching, thermal sta-

bility and dynamic light scattering. KLH in its native state

at pH 7.4 exists in the stable didecameric form with

hydrodynamic radii (Rh) of 28.22 nm, which is approxi-

mately equal to a molecular mass of 8.8 ± 0.6 MDa. The

experimental results demonstrated the presence of two

structurally distinct species in the conformational transition

of KLH under acidic conditions. One species populates at

pH 2.8, characterized as decameric (4.8 ± 0.2 MDa;

Rh = 22.02 nm), molten globule-like state, while the other

accumulates at pH 1.2 and is characterized as a tetramer

(2.4 ± 0.8 MDa; Rh = 16.47 nm) with more organized

secondary and tertiary structures. Our experimental

manipulation of the oligomeric states of KLH has provided

data that correlate well with the known oligomeric forms

obtained from total KLH formed in vivo and extends our

understanding of multimer formation by KLH. The results

are of particular interest in light of the important role of the

mechanistic pathway of pH-dependent structural changes

of Hc stability in the biochemical and medical applications

of these respiratory proteins.
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Abbreviations

ANS 1-Anilino-8-naphthalenesulfonate

CD Circular dichroism

DLS Dynamic light scattering

Hc Hemocyanin

KLH Keyhole limpet hemocyanin

MG Molten globule state

MRE Mean residue ellipticity

PFC Packed folded conformational state

Introduction

Interest in the molluscan hemocyanins is well established,

based primarily on the unique immunostimulatory prop-

erties of keyhole limpet hemocyanin (KLH) from the

marine mollusc Megathura crenulata. These extracellular

biopolymers are oxygen carrier copper glycoproteins,

forming freely dissolved aggregates in the hemolymph of

molluscs with extremely high Mw (comparable in size

to ribosomes or small viruses) and complex quaternary

structure (Harris et al. 2000; Sterner and Decker 1994).

They differ fundamentally from arthropod hemocyanins

(Martin et al. 2007; Decker et al. 2007) and are extremely

large proteins (6–7.5 million daltons) that occur either as

decamers (five subunit dimers assembled as a hollow
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cylinder), didecamers (face-to-face assembly of two

decamers) or multidecamers (elongated cylinders formed

from a didecamer with added decamers) (Harris and

Markl 1999, 2000; Gatsogiannis and Markl 2009).

Molluscan hemocyanins have been intensively studied for

their structure, function and evolution, and for immuno-

logical and clinical applications (Van Holde et al. 1992;

Van Holde and Miller 1995; Harris and Markl 1999).

Several aspects of their structural–functional peculiarities

make Hcs important materials to address relevant prob-

lems of structural biology, including molecular recogni-

tion among subunits, protein–water interactions or

allosteric regulation (Dolashka-Angelova et al. 2007).

Homogeneous decamer and didecamer structures consist-

ing of only one kind of subunit are found in the bivalves

of the genus Yoldia. In contrast, gastropod Hcs of

M. crenulata (Gebauer et al. 1994), Halotis tuberculata

(Lieb et al. 1999, 2001) and Rapana thomasiana (Gebauer

et al. 1999a) display two distinct homodecameric forms,

attributed to the presence of two different subunits, while

Concholepas concholepas exhibits an unusual hetero-

decameric array of subunits (Ioannes et al. 2004). KLH

consists of two immunologically, physicochemically,

distinct Hc types, termed as KLH1 and KLH2 (Markl

et al. 1991; Gebauer et al. 1994). These act as widely

used immunological tool and promising tumor vaccine

carriers (Kim et al. 2007; Sabbatini et al. 2007). Their

protein structure and disassembly/reassembly behavior

have been extensively studied (Orlova et al. 1997;

Sohngen et al. 1997; Harris et al. 1998, 2000; Gebauer

et al. 1999b, 2002; Mouche et al. 2003). The complete

amino acid sequence of molluscan Hcs H. tuberculata

(Keller et al. 1999; Lieb et al. 2000) and both KLH1 and

KLH2 were found (Lieb and Markl 2004) and, recently,

cryo EM/crystal structure hybrid model of KLH1 was

created (Orlova et al. 1997; Gatsogiannis and Markl

2009). The field of cellular immunology has provided

much relevant biomedical information on KLH and has

led to the expansion of the use of KLH in experimental

immunology and clinically as an immunotherapeutic

agent, because KLH is equal, if not superior, to BCG and

with far fewer side effects (Harris and Markl 1999; Riggs

et al. 2002; Suminoe et al. 2008; Betting et al. 2009).

While the immunological response to KLH has often been

attributed to the carbohydrate moiety, rather than protein

alone, the polypeptide chain of eight globular functional

units constituting the elongated KLH subunit and the

highly organized quaternary structure of the native mol-

ecule could create a scaffold on which multiple carbo-

hydrate epitopes can be initially made available to the

immune system. Optimal steric spacing of sugar residues

could potentiate the observed potent stimulatory response,

both in vivo and in vitro. It is predicted that these

carbohydrate side chains project from the surface of KLH

molecule as well as from the subunits, thereby providing

immunogenicity (Geyer et al. 2005; Beck et al. 2007;

Sandra et al. 2007; Dolashka-Angelova et al. 2009).

Profuse experimental studies, using different dissocia-

tion and reassociation conditions of the native mollusc Hc,

e.g., removal of divalent cations (Bonafe et al. 1994;

Sohngen et al. 1997; Dolashka-Angelova et al. 2003), pH

changes and the addition of denaturing agents (Dolashka-

Angelova et al. 2000), have helped to elucidate its subunit

composition and structure (Van Holde and Miller 1995).

As evident by the very low catalytic activity of molluscs,

Rapana and Octopus Hcs, or arthropods, Carcinus aestu-

arii and Limulus polyphemus Hcs, the entrance to the active

site is probably blocked by Leu or Phe residues, respec-

tively (Hristova et al. 2008). The pH-dependent confor-

mational transition was found to be responsible for the

activation of functional units of Hcs, creating access to the

active site for phenolic substances. There is a wealth of

dissociation-reassembly data at neutral to high pH on KLH

didecamers and dissociation intermediates (Gebauer et al.

1994; Sohngen et al. 1997; Dolashka-Angelova et al.

2003). Thus, we investigated the folding/unfolding of

KLH and its oligomerization into the intermediate struc-

tures at low pH. Previously, molten globule states for

several proteins under various denaturing conditions have

been reported by us (Ahmad et al. 2005, 2006; Varshney

et al. 2008) as well as by several other investigators

(Paci et al. 2005; Greene et al. 2006; Yang et al. 2006;

Gerber et al. 2007, 2008; Georgieva et al. 2008; Kather

et al. 2008; Nishimura et al. 2008; Ramboarina and Redfield

2008; Cremades and Sancho 2008). We found that oligo-

merization of KLH didecamers quantitatively results in

stable decameric and tetrameric forms not previously

observed for KLH under such conditions. These two

structurally distinct isoforms at pH 2.8 and 1.2 behave

similarly at low pH. The results presented here led us to

conclude that KLH has a usual homodecameric organiza-

tion at pH 2.8 resembling the ‘‘molten globule state’’,

which on further protonation results in a stable population

of tetramers (composed of two-subunit dimers).

Materials and methods

Materials

Keyhole limpet hemocyanin, (lot no. H8283) and

1-anilino-8-naphthalene sulfonic acid were purchased

from Sigma Chemical Co., USA. Guanidine hydrochloride

(GnHCl) was obtained from Sisco Research Laboratories,

India. All other reagents used in the study were of analytical

grade.
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Methods

Protein concentration was determined spectrophotometri-

cally using E1%
1 cm of 2.10 at 280 nm (Lowry et al. 1951) on

a Hitachi spectrophotometer, model U-1500.

pH-induced unfolding studies

Stock protein solution was prepared by exhaustive dialysis

of hemocyanin against double distilled water. As much as

50 ll of protein stock solution was mixed with 1,950 ll of

the following buffers: 20 mM sodium phosphate buffer

(pH 7.4–5.8), 20 mM sodium acetate buffer (pH 5.4–3.6)

and 20 mM glycine–HCl buffer (3.4–1.2). The final solu-

tion mixture was incubated for 4–6 h at room temperature

before optical measurements.

Circular dichroism (CD) measurements

CD measurements were carried out with a Jasco spectro-

polarimeter, model J-720, equipped with a microcomputer.

The instrument was calibrated with d-10-camphorsulfonic

acid. All the CD measurements were made at 25�C with a

thermostatically controlled cell holder attached to Neslab’s

RTE-110 water bath with an accuracy of ±0.1�C. Spectra

were collected with a scan speed of 20 nm min-1 and

response time of 1 s. Each spectrum was the average of

four scans. Far UV-CD and near UV-CD spectra were

taken at protein concentrations of 0.25 and 5 mg ml-1 with

0.1 and 1-cm path length cells, respectively. The results

were expressed as mean residue ellipticity (MRE) in

degree cm2 dmol-1, which is defined as:

MRE ¼ hobs �MRW= 10� 1� cð Þ ð1Þ

where hobs is the CD in milli-degree, MRW the mean

residual weight (115), l the path length of the cell and c the

concentration of the protein. Helical content was calculated

from the MRE values at 222 nm using the following

equation as described by Chen et al. (1972):

% a-helix ¼ MRE222nm � 2; 340ð Þ=30; 300½ � � 100: ð2Þ

Circular dichroism data were also analyzed by online

available software, K2d (Andrade et al. 1993).

Fluorescence measurements

Fluorescence measurements were performed on Shimadzu

spectrofluorimeter, model RF-540 equipped with a data

recorder DR-3. The fluorescence spectra were measured at

25 ± 0.1�C with a 1-cm path length cell. The excitation and

emission slits were set at 5 and 10 nm, respectively.

Intrinsic fluorescence was measured by exciting the protein

solution at 280 or 295 nm and emission spectra were

recorded in the range of 300–400 nm. A stock solution of

1-anilino-8-naphthalene sulfonic acid (ANS) was prepared

in distilled water and its concentration was determined

using an extinction coefficient of eM = 5,000 M-1 cm-1 at

350 nm. For ANS fluorescence in the ANS binding experi-

ments, the excitation wavelength was set at 380 nm and the

emission spectra were taken in the range of 400–600 nm.

Acrylamide quenching

In the quenching experiments, aliquots of 5-M quencher

stock solution was added to a protein stock solution (5 mg/

ml), which was further diluted ten times to a total solution

of 3 ml to achieve the desired range of quencher concen-

tration (0.1–1 M). The excitation wavelength was 295 nm

and the emitted light intensity was integrated over the

period of 1 s and detected at 300–400 nm. The results of

the quenching reactions between the excited tryptophan

side chains and acrylamide at corresponding kmax were

analyzed according to the (3) Stern–Volmer and (4) mod-

ified Stern–Volmer equation (Eftink and Ghiron1982):

F0=F ¼ 1þ Ksv Q½ � ð3Þ

F0= F0 � Fð Þ ¼ 1= Kc Q½ ��fað Þ þ 1=fa: ð4Þ

where F0 and F are the fluorescence intensities at an

appropriate wavelength in the absence and presence of

quencher, respectively, Ksv is the Stern–Volmer constant,

fa the fraction of the tryptophans accessible to the

quencher, Kc the collisional quenching constant, and Q the

concentration of the quencher.

Thermal stability studies

To determine the thermal stability of the intermediate state

relative to the native state, ellipticity changes at 222 nm

were measured as a function of temperature. Protein

solutions in 20 mM sodium phosphate buffer of pH 7.4,

and 20 mM glycine–HCl buffer of pH 2.8 and pH 1.2 were

thermostatically controlled using a NESLAB thermostat

water bath model RTE-110. Samples were analyzed after

20 min of incubation at the desired temperature prior to the

measurement to insure the attainment of thermal equili-

bration, and the temperature was continuously varied from

20� to 95�C at a constant rate of 5 ± 0.3�C. The melting

temperature (Tm) values were calculated from the circular

dichroism data.

Dynamic light scattering measurements

Dynamic light scattering measurements were done using

RiNA laser spectroscatter 201 operating at wavelength

660 nm and illuminated by a 100-mW laser diode. The

Acid-induced unfolding of didecameric KLH 901

123



purified and lyophilized samples used for the measure-

ments were first dissolved in buffer solutions of the

required pH values. The protein was dissolved in 20 mM of

sodium phosphate buffer of pH 7.4, 20 mM of glycine–HCl

buffer of pH 2.8 and 20 mM of glycine–HCl buffer of pH

1.2 for DLS measurements. The samples were degassed,

spun down at 14,000 rpm for 10 min and filtered through

0.02-lM polyvinylidene difluoride filters (Millipore). The

protein concentration used was 2 mg ml-1. The samples

were injected manually into the flow cell (30 lL). Data

were acquired over 150 s, where each data point was

averaged over 3 s at a sensitivity of 80%.

Results

To understand the correlation between folding and

assembly of multimeric proteins, it is important to track the

relation between local and global changes that affect the

association/dissociation state of the protein. Hence, we

present the conformational behaviors of whole hemocyanin

molecules in acidic solutions. For this purpose, we used far

UV-CD as a probe for secondary structure, multiple probes

for tertiary structure, and DLS to probe its dissociation

state. These approaches proved to be suitable tools for

studying the Hc structure and conformational changes in

solution. The sensitivity of these techniques allows studies

to be performed using diluted protein solutions. In this

way, problems connected with aggregation and low solu-

bility of the giant keyhole limpet Hc could be avoided.

Far UV-circular dichroism

Changes in the secondary structure of hemocyanin

(KLH) as a function of pH were followed by far UV-CD

measurements in the region between 200 and 250 nm.

Figure 1a shows the CD spectrum for the native hemocyanin

(pH 7.4) possessing two minima, one at 208 and the other

at 222 nm, which is the characteristic feature of a-helical

protein (curve 1). The protein was found to contain

approximately 14% a-helical structure, as calculated by

methods of secondary structure determination (Chen et al.

1972; Andrade et al. 1993). The spectral features at pH 2.8

(curve 2) greatly resembled completely unfolded protein,

but still possessed significant amount of CD signal com-

pared to the 6-M GnHCl denatured protein. However, the

protein at pH 1.2 (curve 3) showed similar features as that

of the native state at pH 7.4 (curve 1). Acid-induced sec-

ondary structural changes of hemocyanin were also moni-

tored by measurements of MRE at 222 nm (Fig. 1b) versus

pH plots. The plot represents a set of smooth and partially

‘‘bell-shaped’’ curve with maxima between pH 2.6 and 3,

without any sigmoid feature at extreme pH. The relative

changes were found to be small and almost noncooperative

(in the vicinity of pH 2.8), indicating that acidic denatur-

ation cannot be achieved as a reversible process for this

intermediate species. But overall, the multimeric intact Hc

had a small interval of partial reversibility under acidic

conditions. Thus, it can be concluded that reversibility was

possible in an acidic pH range, indicating the involvement

of titrable groups responsible for structural stability.

Previously, the effect of acidic and alkaline pH on dichroic

spectra was monitored for RvH2-e (functional unit of

Rapana venosa hemocyanin), but it was found to be pH

independent due to the non-involvement of titrable groups

(Dolashki et al. 2008; Velkova et al. 2009).

ANS fluorescence

Binding of ANS to the hydrophobic region of protein has

been widely used to detect the molten globule state of
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Fig. 1 a Far UV-CD spectra of hemocyanin: native protein at pH 7.4

(curve 1), molten globule state at pH 2.8 (curve 2), packed folded

conformational state at pH 1.2 (curve 3) and 6-M GnHCl denatured

state (curve 4). b Effect of pH on the mean residual ellipticity (MRE)

of hemocyanin. Ellipticiity was monitored at 222 nm by far UV-CD.

Protein concentration used was 0.25 mg/ml
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different proteins (Eftink and Ghiron 1982). Figure 2a

shows the acid-induced unfolding of hemocyanin as mon-

itored by ANS fluorescence at 480 nm. We observed

minimum ANS fluorescence in the pH range 7.4–5.0. With

decrease in pH, ANS intensity increased and was highest at

pH 2.8. On further lowering of pH up to 1.2, significant

decrease (about 50%) in the ANS fluorescence intensity

was observed. But the ANS fluorescence at pH 1.2 was still

high as compared to native and/or completely unfolded

protein. Figure 2b shows the comparative emission fluo-

rescence spectra in the 400–600 nm range. We observed

blue shift in the kmax of ANS fluorescence at pH 1.2

(480 nm) relative to native protein (498 nm) and protein at

pH 2.8 (482 nm). This blue shifted fluorescence indicated

burial of bound ANS due to the reorganization of protein

secondary structure. Taken together, we may suggest that

hemocyanin exists in the molten globule state (MG) at pH

2.8, which reorganizes into a packed folded-like confor-

mational state (N*) at pH 1.2.

Intrinsic tryptophan fluorescence

The spectral features of tryptophanyl fluorescence (kmax

and intensity) are dependent on the dynamic and electronic

properties of the chromophore environment; hence, steady

state tryptophan fluorescence has been extensively used to

obtain information on the structural changes of the protein

(Semisotnov et al. 1991; Ahmad et al. 2005). The altera-

tions of microenvironment of tryptophan residues of KLH

have been monitored by studying the changes in the

intensity and kmax of tryptophanyl fluorescence as a func-

tion of pH (Fig. 3, Table 1). The fluorescence intensity at

340 nm and kmax showed no apparent change between pH
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Fig. 2 a ANS fluorescence of hemocyanin as a function of pH.

b Fluorescence emission spectra of ANS bound to native protein at

pH 7.4 (curve 1), molten globule state at pH 2.8 (curve 2), packed

folded conformational state at pH 1.2 (curve 3) and completely

denatured protein in 6-M GnHCl (curve 4)
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Fig. 3 a Tryptophan fluorescence: relative fluorescence intensity of

tryptophan residues at 340 nm in hemocyanin as a function of pH,

kex = 295 nm. b Change in the emission wavelength maximum

(kmax) as function of pH, kex = 295 nm
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7.4 and 4.0, and when pH decreased below 4.0 up to 2.8,

fluorescence intensity increased markedly with a red shift.

On further lowering of pH up to 1.2, no apparent change

was observed in fluorescence intensity, while kmax was blue

shifted. Figure 4a and b shows the intrinsic fluorescence

emission spectra of KLH at pH 7.4 (native state), pH 2.8

(molten globule state), pH 1.2 (packed folded conforma-

tional state) and in the presence of 6-M GnHCl when

protein was excited at 280 nm (where phenol and indole

groups absorb) and 295 nm (exciting only trptophyl side

chains), respectively. A red shift of 4 nm in the pH range

7.4–2.8 indicated that the microenvironment of tryptopha-

nyl residue was getting more polar. This increase in fluo-

rescence intensity during unfolding of the protein under

acidic conditions might be due to relief in quenching of

some tryptophanyl residues. It can be concluded that on

excitation of the hemocyanin at 295 and 280 nm, the

fluorescence emission of tryptophyl residues get ‘‘buried’

deeply in the hydrophobic interior of the protein globules,

suggesting transition of some indole rings from a hydro-

phobic to a more polar environment that occurs on disso-

ciation of the hemocyanin aggregates. We observed

changes in the emission maxima of KLH more abruptly at

295 nm, varying from 332 to 344 nm. Previously, similar

results have been reported for KLH1 subunit of Hc with

Table 1 Summary of different spectral properties of keyhole limpet hemocyanin

Variable Native state Molten globule state Packed folded conformational state GnHCl denatured state

(pH 7.4) (pH 2.8) (pH 1.2) (6 M)

MRE222 nma -6,502 -5,146 -6,533 -590

% a-Helixa1 13 9.2 14 –

% a-Helixa2 14 8.6 16 –

Ext. 280nmb

RFI340 nm 100 386 393 518

kmax 331 340 331 348

Ext. 295nmb

RFI340 nm 100 244 137 348

kmax 332 344 334 356

Ext. 380 nm

RFI480 nm 0.5 43 22.6 0.8

kmax 498 482 480 502

Near UV-CD

Shoulders (nm) 290 and 281 271 and 287 267, 278 and 296 261 and 279

Minima (nm) 269, 285 and 296 268 and 292 272, 283 and 287 275 and 283

Thermal transitionc

Cooperativity Cooperative Non-cooperative Cooperative –

Tm value 80�C 75�C 79�C –

a MRE = degree cm2 dmol-1 (%a-helical content determination: a1 Method of Chen et al. a2 Online K2d Software)
b Fluorescence of native protein was taken as 100%
c As measured by MRE222 nm values

Fig. 4 Fluorescence emission spectra of hemocyanin when protein

was excited at a 280 nm and b 295 nm. Hemocyanin in the native

state at pH 7.4 (curve 1), molten globule state at pH 2.8 (curve 2),

packed folded conformational state at pH 1.2 (curve 3) and in the

presence of 6-M GnHCl (curve 4)
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kmax values of 336–340 nm, while for KLH2 it ranges from

335 to 336 nm. The same effect was observed for dideca-

meric oxy-Hc of R. thomasiana groose molecule and its

subunits (Dolashka et al. 1996). Furthermore, shift in the

emission maxima at 295 nm depicts that Trp residues

might be located in the vicinity of the active site of KLH

functional unit. The partial unfolding of the KLH in these

pH regions was also supported by far UV-CD, further

indicating loss of secondary structure. This finding was

further supported by quenching studies with a neutral

quencher acrylamide.

Acrylamide quenching studies

The fluorescence properties of Trp residues can be used

to obtain topological information of proteins. Fluores-

cence quenching of the tryptophanyl residues by neutral

quencher (acrylamide) has been shown to be useful to

obtain information about the solvent accessibility of

these residues in proteins and the polarity of their

microenvironment, as it can discriminate between ‘bur-

ied’ and ‘exposed’ side chains (Pawar and Deshpande

2000). Its ability to collosionally quench the excited

indole rings depends only on their ‘exposure’ to the

quencher. Figure 5a and b depicts the Stern–Volmer and

modified Stern–Volmer plots for the acrylamide

quenching studies performed on the native, MG, N* and

unfolded (6-M GnHCl) states. The values of Stern–

Volmer constant (Ksv) and fractional accessibility of Trp

residues to quencher (fa) were calculated from the above

plots and presented in Table 2. The observed linearity of

the plots can be explained by the similarity of the

individual Ksv constants. It was interesting to note that

Ksv for MG state (Ksv = 5.2) was found to be markedly

higher compared to the N state (Ksv = 0.70) and was

accompanied by a red shift in kmax from 340 to 344 nm

of Trp, supported by increase of fa from 0.47 to 1 on

decrease of pH from 7.4 to 2.8. The acrylamide

quenching efficiency for the native Hc (Ksv = 0.70 M-1)

was very low compared to Ksv = 16.33 M-1 of trypto-

phan in aqueous solution. These results indicated that

Trp residues in MG state were highly accessible to the

quencher. In the presence of 6-M GnHCl wherein protein

was considered to exist in a random coil conformation,

we found Ksv and fa (11.52 and 1.13) to be much higher

than the acid unfolded state. These results together with

intrinsic fluorescence indicated that N* state at pH 1.2

possesses Trp residues microenvironment, closely

resembling that of native protein (Eftink and Ghiron

1982; Ahmad et al. 2005). As shown in Table 2, frac-

tional accessibility of the acrylamide to the Trp residues

of KLH follows the order:

U [ MG pH 2:8ð Þ[ N� pH 1:2ð Þ[ N:

This also indicates the comparative compactness of

these intermediate states.

Near UV-circular dichroism

To study the tertiary structural alterations in more detail,

CD measurements in the near UV region were performed at

pH 7.4, 2.8, 1.2 and in the presence of 6-M GnHCl

(Fig. 6a). Near UV-CD spectra of native KLH (pH 7.4)
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Fig. 5 Acrylamide quenching: Stern–Volmer a and modified Stern–

Volmer b plots for hemocyanin at native pH 7.4 (filled circles),

molten globule state at pH 2.8 (filled squares), packed folded

conformational state at pH 1.2 (open triangles) and 6-M GnHCl state

(multiple symbols)

Table 2 Fluorescence parameters (KSV and fa) for acrylamide

quenching of keyhole limpet hemocyanin

pH Ksv (M-1) fa (%)

7.4 0.7017 0.4766

2.8 5.1913 1.0463

1.2 1.4217 0.5575

6-M GnHCl 11.511 1.1273
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shows two maxima at 290 and 281 nm and three minima at

296, 285 and 269 nm (Table 1). This indicates that the

main contribution to the near UV-CD spectrum of native

KLH was due to the Trp and Tyr residues. In the molten

globule state at pH 2.8, there was an increase in signal and

loss of fine structure, which are present in native protein.

The near UV-CD spectrum of molten globule state

resembled greatly the GnHCl denatured protein, although it

retained a significant amount of signal compared to the

GnHCl unfolded protein. At pH 1.2, regain in the ellipticity

was observed and the protein at pH 1.2 showed almost an

equivalent amount of tertiary structure compared to native

KLH. Characteristic near UV-CD features of native KLH

as mentioned above were not observed, suggesting that the

tertiary structure formed in N* state was non-native.

Thermal stability studies

Thermostability and stability is an important property of

biomolecules, especially regarding their practical applica-

tion. Figure 6b showed the temperature-induced conforma-

tional stability of KLH against heat at pH 7.4, 2.8 and 1.2 by

following the changes in MRE measurements at 222 nm. As

can be seen from Fig. 6b, temperature-induced unfolding

transitions of native and N* states are cooperative and

weakly cooperative processes, as they are characterized by

well-defined post- and pre-transition regions. Temperature-

induced unfolding of KLH at pH 2.8 showed gradual increase

in MRE at 222 nm, indicating continuous loss in the sec-

ondary structure content in the temperature range 20–95�C.

This result shows that unfolding of molten globule state is

non-cooperative. Similar temperature-induced unfolding

behaviors of KLH at pH 7.4 and 1.2 could be explained on the

basis of ordered secondary structure of these state. On the

other hand, non-cooperative unfolding of KLH at pH 2.8 may

be due to unfolded secondary structure as described in the far

UV-CD section. Thus, the thermal-induced unfolding of

KLH was found to be irreversible in nature. Probably, this is a

common problem for the giant Hc molecules; the heat

denaturation of the arthropodan Hc from Palinurus vulgaris

and gastropod R. thomasiana were also found to be irre-

versible (Guzman-Casado et al. 1990; Dolashka et al. 1996).

The Tm values were determined as midpoints of the transition

curves. The native and packed folded conformational states

of Hc have almost similar Tm (Table 1). Evidently, the

molten globule state of Hc is considerably more stable than

the native and packed folded conformational state.

Phase diagram method

The traditional approach to verify the accumulation of an

intermediate state during the protein unfolding or refolding

was to compare the unfolding curves detected by different

biophysical methods sensitive to the different structural

levels of a protein molecule. The noncoincidence of such

curves is considered as an argument in favor of the inter-

mediate state of accumulation (Kuznetsova et al. 2003).

Figure 7a represents a phase diagram for the pH-induced

conformational changes induced in KLH. This diagram

being plotted as dependence of fluorescence intensity at

340 nm on MRE222nm, possesses two linear parts, i.e., it

indicates the existence of two subsequent transitions

N ? MG ? N* during oligomerization of KLH at low pH.

Dynamic light scattering

Two different hemocyanin isoforms, KLH1 and KLH2,

have been found in the hemolymph of the keyhole limpet
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Fig. 6 a Near UV-CD spectra of hemocyanin in the native state

(curve 1), molten globule state at pH 2.8 (curve 2), packed folded

conformational state at pH 1.2 (curve 3) and completely denatured

state in 6-M GnHCl state (curve 4). Spectra were recorded in the

wavelength region 250–300 nm. Protein concentration used was

0.5 mg/ml. b Temperature dependence of CD spectrum of hemocy-

anin. Native state at pH 7.4 (filled circles), molten globule state at pH

2.8 (filled squares), packed folded conformational state at pH 1.2

(open triangles). Experiments were carried out in the temperature

range 20–95�C
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M. crenulata with molecular masses of *8 MDa, such that

native didecamers yielded a mass difference of about

800 kDa between KLH l and KLH 2 (8.3 vs. 7.5 MDa)

(Hartmann et al. 2004; Sohngen et al. 1997). KLH displays

different oligomeric states and stabilities. At pH 7.4, KLH

exists as didecamer and shows hydrodynamic radii of

28.22 nm, approximately equal to a molecular mass of

8.8 ± 0.6 MDa, and is stable (Fig. 7b). KLH didecamer

dissociates to decamer (4.8 ± 0.2 MDa; hydrodynamic

radii of 22.02 nm) at pH 2.8. On further lowering of pH to

1.2, it dissociates to a tetramer (2.4 ± 0.8 MDa) corre-

sponding to a hydrodynamic radius of 16.47 nm. Thus, we

conclude that KLH exists primarily in the multimeric state

and dissociates to the decameric state that possesses char-

acteristics of a molten globule, which, on further lowering

the pH to 1.2, forms a tetramer. These tetramers might

form due to dimerization of dimers as reported previously

(Orlova et al. 1997). These dimers could be defined as

packed folded-like conformational state, as they regain the

structure similar to that of native Hc KLH.

Discussion

At present, there is a growing interest in hemocyanins; from a

scientific viewpoint, this attention is focused on their struc-

ture, evolution and diversity (Van Holde et al. 1992; Van

Holde and Miller 1995), whereas from the biomedical

viewpoint, it concerns the relationship among their structural

features and immunotherapeutic effects. Limited number of

literature has been directed toward the biophysical and

structural understanding of Hc stability and function. This

was not surprising because of the complexity of gastropod Hc

structure, created from multiple subunits each containing

seven or eight similar, but not identical functional units. As

reviewed by Herskovits (1988), the dissociation transitions

obtained with the didecameric hemocyanins of land and

marine gastropods were considered to be rather complex. The

occurrence of didecamer as the predominantly oligomeric

form of both KLH1 and KLH2, in in vivo and in vitro con-

ditions, probably relates to the asymmetric nature of the

decamer. Till now, no convincingly defined structural

difference has been detected between didecamers of KLH1

and KLH2. KLH 1 apparently exists as a stable didecamer

with random clusters of didecamers, whereas KLH2 exists as

decamers, didecamers, multidecamers of varying length

(Gebauer et al. 1994; Sohngen et al. 1997). For KLH2, the

production of decamers proved to be slightly more difficult,

as simple adjustment of the stabilizing buffer pH had no

effect. However, dissociation of KLH2 subunits into a mix-

ture of didecamers and multidecamers was found to be

unstable in comparison to that of the KLH1 subunit. It can be

concluded that both isoforms of KLH exhibit the character-

istics of oligomerization features, whether produced natu-

rally or experimentally. Our experimental results described

here allow structural and spectroscopic characterizations of

the keyhole limpet hemocyanin from M. crenulata (Table 1).

Quenching of ‘buried tryptophan’ by acrylamide explains the

structural fluctuation of the protein molecule that facilitates

the inward diffusion of the quencher. The lowered Ksv values

for the KLH at neutral pH in comparison with MG and N*

states reflect the additional limitations of the accessibility to

the tryptophyl side chains imposed by the quaternary struc-

ture of the aggregates. Two classes of ‘‘buried’’ fluorophores

can be considered to be responsible for the Hc fluorescence:

first, Trp residues localized very close to the active site

pocket; and second, Trp moieties involved in intersubunit

contacts (Dolashki et al. 2005). The increase in the quenching
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efficiently on the tryptophyl emission can be explained by

assuming that upon dissociation, these side chains become

more accessible to the quencher, causing the Stern–Volmer

constant approach values found for ‘exposed’ tryptophans as

in arthropodan and gastropodan Hcs (Dolashka et al. 1996;

Stoeva et al. 1995). As depicted by biophysical techniques,

all transition curves for the state at pH 1.2 were found to be

similar to that of native KLH. It was reasonable to suggest

that in solution the species at pH 1.2 (N*) resembles KLH at

pH 7.4 (N). While for the state at pH 2.8 many secondary and

tertiary structural elements were found to be preserved, the

protein acquires a ‘‘globule state’’. DLS combined with a

variety of biophysical methods, such as fluorescence, phase

diagram and CD, were used to monitor the changes in con-

formation and association state of KLH induced at low pH.

On the basis of these results, we speculate that our protein

contains a mixture of all possible isoforms of Hc (KLH) and

that it remains unclear which isoform was responsible for

which part of the data. Furthermore, as estimated by the

sequence analysis (the KLH sequences were available in the

data banks), the pure polypeptides possess 392 kDa; as

deduced from sugar analysis, the glycans make another 8–

10 kDa. Therefore, it was highly justified to assume a value

of *8.0 MDa for the KLH didecamer. Our direct measure-

ments of the molecular masses of the two structurally distinct

folding intermediates induced by acid, which accumulated at

pH 2.8 (decameric, MG state) and 1.2 (tetrameric, N* state),

further approve this hypothesis and clearly support our con-

cept of oligomerization of the KLH subunit. This knowledge

would be important for a better understanding of oligomer-

ization of KLH under acidic conditions. In view of the bio-

medical application of KLH, our results are of particular

interest in contributing a series of new physicochemical

properties of this complex biopolymer. As shown, KLH

didecamers can be quantitatively split into decamers and

tetramers at low pH in standard buffer solutions.

15 

       NqN 

 

 

N State 

   KLH-Didecamer 

(pH 7.4) 

• Mol.wt.= 8.8 ± 0.6MDa 

• Rh = 28.22 nm 

   MG State 

    KLH-Decamer 

(pH 2.8) 

• Mol.wt.= 4.8 ± 0.2MDa 

• Rh = 22.02 nm 

   N* State 

    KLH-Tetramer 

(pH 1.2) 

• Mol.wt.= 2.4 ± 0.8MDa 

• Rh = 16.47 nm 

 Slab/wall 
 interfaces 

wall  

A proposed model summarizing the dynamic changes in 

KLH oligomerization that occurs at different pH values 

(7.4, 2.8 and 1.2). A KLH didecamer are depicted 

centrally in tilt as well as top view, tagged with putative 

carbohydrate trees (red) (Gatsogiannis and Markl 2009).  
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