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Abstract

In the hemolymph of many arthropodan species, respiratory copper proteins of high molecular weight, termed hemocyanins (Hcs) are
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dissolved. In this communication, we report on the protein stability of different hemocyanin species (Crustacea and Chelice
fluorescence spectroscopy. Five to seven major electrophoretically separable protein chains (structural subunits) were purified by
liquid chromatography (FPLC) ion exchange chromatography from different hemocyanins with very high sequence homology of
site regions binding copper ions (CuA and CuB), and especially the relative sequence positions of histidine (His) and tryptophan (T
of these protein segments are in all cases identical. The conformational stabilities of the native dodecameric aggregates and
structural subunits towards various denaturants (pH and guanidine hydrochloride (Gdn.HCl)) indicate that the quaternary structure
by hydrophilic and polar forces, whereby both, the oxy- and apo-forms of the protein are considered. These two classes of Cr
Chelicerata Hcs have the similar Trp-fluorescence quantum yields, but different values ofλmax emission (about 325 and 337 nm, respectiv
Differences in the quantum yields are observed of the oxy- and apo-forms, which must be attributed to the fluorescence quench
the two copper ions (CuA and CuB) in the active site. The position of emission maximum indicates tryptophan side chains are s
non-polar environment. Denaturation studies of Hcs by Gdn.HCl indicate that the denaturation process consists of two steps: dis
the native molecule into its structural subunits and denaturation of the subunits at concentrations >1.5 M Gdn.HCl. Two steps of d
are also observed after keeping the protein in buffer solutions at different pH values with different pH-stability for holo-oxy and apo-
© 2004 Published by Elsevier B.V.
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1. Introduction

The circulatory transport of oxygen is essential for

Abbreviations: A, aggregate; AA, amino acid residue(s); N-Ac-

Trp.NH2, N-acetyl tryptophan amide; CuA and CuB, copper ions in the ac-
ficient aerobic metabolism in most animals. Most inten-

rins
ying
per-
in
cies
ing
edi-

16S
tive sites A and B;λex, excitation wavelength (in nm); Hc(s), hemocyanin(s);
His, histidine; Gdn.HCl, guanidine hydrochloride;τ, lifetime; Mn′, native
monomer; Mu, unfolded monomer; pHd, a and pHd, b, acid and basic pH of
denaturation; Tn, native tetramer; Tn′, intermediate tetramer; Tyr, tyrosine;
Trp, tryptophan
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sively investigated are the hemoglobins while hemeryth
and hemocyanins (Hcs) are less studied oxygen-carr
protein classes. The hemocyanins are extracellular, cop
containing proteins of high molecular weight that occur
the hemolymph of many arthropodan and molluscan spe
[1,2]. Arthropodan Hcs are aggregates of hexameric build
blocks, referred to as 16S species, according to their s
mentation coefficients. Higher aggregation forms of the
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species are the 24S dimers (or 2× 6-mers), the 37S tetramers
(or 4 × 6-mers) and the 62S octamers (or 8× 6-mers), sta-
bilized by Ca2+ ions. A specific aggregation form is typical
for each species of the phylum; the higher molecular weight
oligomers can be reversibly dissociated into the 16S species
under mild conditions by removing Ca2+ at neutral pH. The
16S species (Mr ∼ 450 kDa) are composed of six 5S subunits
(Mr ∼ 75 kDa), each containing one oxygen-binding site and
arranged as a trigonal antiprism[2–4]. The 5S subunit con-
sists of a single polypeptide chain of about 660 residues,
forming three structural domains by folding. Different kinds
of 5S subunits exist in the various Hc species differing from
each other by their association/dissociation behaviours, as
documented elsewhere[3]. Four subphyla of arthropodan
Hcs have been identified. Three classes of them, Crustacea,
Chelicerata and Myriapoda have been studied, while little is
known from Hexapoda[5]. Limulus polyphemusChelicer-
ata Hc is one of the most complex species, composed of
8 hexamers or 48 structural subunits[6,7]. Studies on the
atomic coordinates of the oxy- and deoxy-forms of subunit II
of Limulushemocyanin has provided intriguing insights con-
cerning oxygen binding, allosteric control of oxygen affin-
ity and effects that stabilize the oxygen-binding active site
[8].

Subunit II of horseshoe crabL. polyphemusshows con-
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2. Experimentals

2.1. Purification of the native proteins and their
structural subunits

Hcs were prepared from the hemolymph of the crabCarci-
nus aestuarii[18], crabM. squinado[21], lobsterH. amer-
icanus[17] and scorpionButhus sindicus[25] by the meth-
ods as described in the given references and of the adultL.
polyphemusand spiny lobsterP. vulgaris. Before use, the
LimulusandPalinurusHcs, previously stored at−20◦C in
the presence of 18% sucrose, was dialyzed at 4◦C against the
0.1 M sodium bicarbonate buffer, pH 9.5. The native Hc was
dissociated by 24 h dialysis at the same buffer in the pres-
ence of 10 mM EDTA and 1 M urea. The protein was then
loaded onto an ion exchange FPLC Resource 6 ml column
(Pharmacia, Sweden), equilibrated with 0.1 M NaHCO3, pH
9.5, containing 10 mM EDTA and 1 M urea (Eluent A). Elu-
tion was performed with a non-linear NaCl gradient made
by using a 1 M NaCl solution in the buffer mentioned above
as eluent (Eluent B). The purity and molecular masses of
structural subunits were determined by SDS-PAGE[26].

2.2. Enzymatic digestion

C2
o m
b
s ed
b e
r as
i ere
s har-
m
u d by
r umn
( ).
T
fl t:
9 %
B
a re
f

2

n
a
a 20%
H ns
w n at
a ter
d ub-
j ocise
4 ems
G

iderable sequence homology with subunit A of Cheli
ta HcEuyrypelma californicum(99%) and with subunit A
f CrustaceaPanulirusHc. Xiphosura (L. polyphemus) and
rachnida (E. californicum) Hcs diverged about 450 million
f years ago. The X-ray crystallographic studies of deoxy

romPanulirus interruptus[9] and the deoxy- and oxy-form
f L. polyphemus[8,10,11]have elicited a detailed picture

he active site. Crystal structure analysis shows that su
I of L. polyphemusHc consists of three domains.

The active site ofLimulusHc is deeply buried within th
rotein matrix, and a number of hydrophobic residues
luding tryptophans, are involved in the active site poc
he effects of denaturants such as guanidine hydrochl
Gdn.HCl), pH, temperature, etc. have been studied by
erent methods[12–15]. In addition, the properties of arthr
odan Hcs fromCallinectes sapidus[16], Homarus amer
canus[17], Palinurus vulgaris, Carcinus maenas[18–20],
aia squinado[21] and those of the molluscan Hcs fromRa-
ana thomasiana[22,23]and keyhole limpet[24] have bee

nvestigated under different experimental conditions in
aboratory.

The current investigations were undertaken to study
tability of two arthropodan Hcs,L. polyphemusandP. vul-
aris,representatives for two orders, and to compare the
ith other Hcs from the orders of Crustacea (Infraord
alinura, Astacidea and Brachyura) and Chelicerata

raorders: Xiphosura, Araneae and Buthidal) and to corr
hem with X-ray data. We analyzed the stability of the qua
ary structure and its influence on the stability of the diffe

unctional subunits, caused by guanidine hydrochloride
H, using fluorescence spectroscopy.
Three milligrams of one modified structural subunit
fC. aestuariiHc was dissolved in 1 ml of 5 mM ammoniu
icarbonate buffer, pH 8.2, and incubated with 50�l trypsin
olution (1 mg ml−1) at room temperature for 15 h, follow
y a further addition of 50�l trypsin solution. Then, th
eaction mixture (enzyme:protein ratio of 1:30 w/w) w
ncubated overnight at 37◦C. The generated peptides w
eparated by gel filtration on a Superdex 300 column (P
acia, Freiburg, Germany) at a flow rate of 2 ml min−1,
sing water as eluent. The fractions were separate
everse phase HPLC on a Nucleosil 100 RP-18 col
250 mm × 10 mm; 7�m; Macherey-Nagel, Germany
he peptides were eluted (detection atλ = 214 nm) at a
ow rate of 1 ml min−1 by applying the following gradien
0% buffer A, 10% buffer B for 10 min, then 10–100
in 70 min; A: 0.1% TFA in H2O; B: 0.085%TFA, 80%

cetonitrile and 20% H2O. The collected fractions we
urther subjected to amino acid sequence analysis.

.3. Amino acid sequences

Each subunit ofL. polyphemusHc was further purified o
HPLC Nucleosil RP C18 column using 0.1% TFA in H2O
s loading buffer and 0.085% TFA, 80% acetonitrile and
2O as eluting solution (eluent B). The following conditio
ere used: 10% B for 10 min; then, 10–100% B in 70 mi
flow rate of 1 ml min−1. Peak fractions were dried and af
issolving in 40% methanol, 1% formic acid, they were s

ected to automated Edman N-terminal sequencing (Pr
94A Pulsed Liquid Protein Sequencer, Applied Biosyst
mbH, Weiterstadt, Germany).



P. Dolashka-Angelova et al. / Spectrochimica Acta Part A 61 (2005) 1207–1217 1209

2.4. Preparation of apo-forms

Apo-Hcs were prepared after 48 h dialysis of the native
protein against 50 mM Tris/HCl buffer containing 20 mM
EDTA and 20 mM KCN, pH 8.0, at 4◦C, followed by dialysis
against CN-free buffer.

2.5. UV spectroscopy

Hc concentrations of the proteins were determined spec-
trophotometrically (UVIKON spectrophotometer, model
930) at 278 nm using the following absorption coeffi-
cients (A280): A = 1.35 ml (cm mg)−1 for M. squinado
[21], A = 1.17 ml (cm mg)−1 for L. polyphemus, A =
1.34 ml (cm mg)−1 for H. americanus [17] and A =
1.34 ml (cm mg)−1 for P. vulgaris, all in 50 mM Tris/HCl
buffer, pH 8.0. Molar concentrations were referred to 75 kDa
as molecular mass for the species containing one bi-nuclear
copper site[27]. The fraction of oxy-Hc was determined spec-
trophotometrically by measuring the absorbance ratio at 340
and 278 nm and assuming the valuesA340/A278 = 0.21 for
native fully oxygenated protein[27].

2.6. Fluorescence spectroscopy
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2.7. pH stability

Different species of Hcs were kept for 24 h in different
buffers of the pH range 2–11.5 (0.05 M sodium citrate (pH
3.0–5.0); 0.05 M sodium phosphate (pH 5.0–7.0); 0.05 M
Tris/HCl (pH 7.0–9.0); 0.05 M carbonate/bicarbonate pH
(9.0–10.5) and 5 M NaOH (pH 11–12).

2.8. Denaturation in Gdn.HCl–water solutions

Fluorescence measurements were performed in 50 mM
Tris/HCl buffer, pH 8.2, in the presence of 5 mM CaCl2 and
5 mM MgCl2 using a 10 mm quartz optical cell. The Gdn.HCl
concentrations were stepwise (discrete) increased from 0 to
8 M denaturant. The tryptophan emission spectra were mea-
sured after equilibration for 24 h from 300 to 420 nm at an
excitation wavelength of 295 nm.

3. Results and discussion

3.1. Purification of the native proteins and their
structural subunits

The electron microscopic observations of nativeM.
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Fluorescence emission spectra were recorded w
erkin-Elmer Model LS5 spectrofluorimeter, equipped w

hermostatically controlled sample holder and a Model 3
ata station. Protein solutions had an absorbance at the

ation wavelength <0.05 to minimize the inner filter or s
bsorption effects. Excitation at 295 nm was used for
ominant measuring the fluorescence of tryptophyl resid
pectra were corrected for background due to the solve
Fluorescence quantum yields were calculated usin

cetyl tryptophan amide (N-Ac-Trp.NH2) with a quantum
ield of 0.13 (λex= 295 nm at 25◦C) as a standard[28].
he spectra of the protein and of the standard solu
ere normalised for their absorbance at the excitation w

engths.
Fluorescence lifetime measurements were carried o

0◦C using a System PRA 2000 nanosecond single ph
ounting spectrofluorimeter and a nitrogen-filled flash la
ith full width at half-maximum (FWHM) of about 2.5 n
he data were analyzed by convoluting the instrumen
ponse functionY(t′) with an assumed decay functionP(t),
sing the following relationship:

c(t) =
∫

Y (t′)P(t − t′) dt′ (1)

heRc(t) value obtained, was compared with the experim
al time dependenceRm(t). The accuracy in the excited st
ifetime (τ) determination was 0.1 ns. The decay curves
ained 104 counts at the maxima. The time interval for th
urves was±0.1 nsec per channel.
quinado[21], H. americanus[17], B. sindicus[25] Hcs re-
eal that these proteins exist as a mixture of four-, di-
ono-hexameric aggregates. The same results were ob

or Hcs ofL.polyphemusandP. vulgaris. The native molecul
f L. polyphemusHc was dissociated at 0.1 M NaHCO3, pH
.5, containing 10 mM EDTA and 1 M urea, then chrom
raphically separated on Resource column into five m

ractions with molecular masses about 75 kDa (Fig. 1). In
his case, the non-dissociated protein, eluting in the fro
he chromatogram, accounts for 5% of total protein. Five f
ions, indicated inFig. 1as L1–L5, can be separated as ma
omponents and are present >90% in the oxygenated
s indicated by theA340:A278 value 0.20.

ig. 1. Fast protein liquid chromatography (FPLC) of dissociated sub
n a Resource 6 ml column, equilibrated with 0.1 M NaHCO3 buffer, con-

aining 10 mM EDTA and 1 M urea, pH 9.5. Subunits were separated w
inear NaCl gradient (0–1 M) at a flow rate of 2.0 ml min−1.
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3.2. Active sit

The high overall sequence similarity between these pro-
teins is particularly pronounced at their copper ions in the
active sites A and B (CuA and CuB). The copper-binding
sites of CrustaceaC. aestuariiHc were determined after
digestion with trypsin followed by separation of the gener-
ated peptides via HPLC and sequenced. Two well-separated
copper-binding regions – the CuA site close to the N-terminus
and the CuB site near to the C-terminus have high sequence
identity (Fig. 2A). According to the X-ray crystal structure,
subunit II of theLimulusHc is composed of three domains
[7], and a bi-nuclear copper centre that reversibly binds oxy-
gen is located in domain 2. Each copper ion is buried in
the core of this domain and is coordinated by three histi-

dine side chains (Fig. 2A). Alignment of partial sequences of
CuA and CuB sites from structural subunit C2 fromC. aes-
tuarii and different structural subunits from other Crustacea
(Cancer magistersubunit Cm6,P. interruptussubunit Pic,P.
vulgaris subunit Pv1) and second order Chelicerata (Limu-
lus polyphemussubunit Lp1;Euripelma californicasubunit
Ece,Androctonus australissubunit Aa6) show considerable
homology. Sixteen positions are conserved in the CuA site
(Tyr162, Asn166, Gly168, Asp170, His172, His173, Trp176,
His177, Pro181, Trp184, Asn194, Arg195, Lys196, Gly197,
Glu198, His205, marked bold inFig. 2B) with even higher
homology, observed for the first three subunits Ca2, Cm6
and Pic and the last three subunits (Lp1, Ece and Aa6). In
each subunit, the His residues in the copper-binding domain
A, are conserved at positions 172, 173, 177 and 205 and at

F
s
P
c

ig. 2. (A) X-ray structure of active sites “A” and “B” ofLimulus polyphemusHc; (
tructural subunits from the order of Crustacea:Carcinus aestuariisubunit Ca2,Ca
ic (SP P80096), Panulirus vulgarissubunit Pv1 (SP P80888) and from second
alifornicasubunit Ece (GB X16650) andAndroctonus australissubunit Aa6 (SP
B) alignment of partial sequences around CuA and CuB sites from different
ncer magistersubunit Cm6 (GB AF091261), Panulirus interruptussubunit
order of ChelicerataL. polyphemussubunit Lp1 (SP P04253), Euripelma

P80476). SP: SwissProt accession no., GB: GenBank accession no.
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positions 324, 328 and 364 in the copper-binding domain B.
Seven or eight Trp residues are present in one structural sub-
unit of arthropodan Hcs, where by three or four of them are
located in CuA active site at positions 174, 176, 183, (184 or
203). One or two Trp residues are located near to the CuB
site in Lp1, Ece, Aa6, while in Crustacea Hcs no Trp residue
is found in the CuB site. Location of Trp residues in the ac-
tive sites and near to the Cu-ions is influence fluorescence
emission, which is statically quenched by Cu-ions.

3.3. Fluorescence properties

The fluorescence properties (quantum yield andλmax)
of these two orders of Crustacea and Chelicerata Hcs, are
expected to be similar for both orders of Hcs, as a large

numbers of tyrosine (about 720) and tryptophan residues
(about 140) are found in the native molecule, correspond-
ing to about 18 tyrosine and 7–8 tryptophan residues in one
structural subunit. The emission spectra ofL. polyphemus
Hc from the order of Chelicerata are characterized by an
emission band with a maximum at 333± 1 nm upon exci-
tation at 295 nm, where the tryptophan residues are almost
exclusively excited, which is in the same region as for other
Hcs from this order (Table 1). P. vulgarisHc has aλmax of
326± 1 nm as other crustacean Hcs. The quantum yields for
both are similar because they contain the same number of
Trp residues. The shift of the emission maximum towards
shorter wavelengths is diagnostic for tryptophyl side chains
in a non-polar environment, sinceλmax for Trp in water is
355–360 nm[28]. Comparison of the emissive properties of

Table 1
N-terminal sequences of different species of arthtropodan hemocyanins: Order Crustacia, Infraorders Palinura:Palinurus vulgaris(Pv);Panulirus interruptus
(Pi) [31]; Panulirus japonicus(Pj) [32]; Astacidea:Homarus americanus(Ha) [22]; Brachyura:Carcinus aestuarii(Ca)[24]; Maia squinado(Ms) [25]; Order
Chelicerate, Infraorders Xiphosura:Limulus polyphemus(Lp); Buthidae:Buthus sindicus(Bs) [26]; Araneae:Euyrypelma californicum(Ec) [33] and their
fluorescence properties
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the oxy- and apo-forms under the same experimental condi-
tions (50 mM Tris/HCl buffer, pH 8.2) shows that the quan-
tum yield strongly increases for both,Limulus(Qoxy = 0.025;
Qapo- = 0.078) andP. vulgaris(Qoxy = 0.012;Qapo- = 0.082)
Hcs upon removal of copper from the active site. This effect
is accompanied by a 10 nm shift of the emission maximum
from 333± 1 nm (oxy-Hc) to 343± 1 nm (apo-Hc) (Table 1).
Fig. 2A shows in detail the environment around the active
site ofLimulusHc, where the positions of neighboured Trp
residues are evidenced. Subunit II contains eight Trp residues:
Trp65, Trp174, Trp176, Trp184, Trp326, Trp363, Trp538 and
Trp563; however, not all of them are present in the various
subunits of other hemocyanins. All Trp residues, with the ex-
ception of Trp563, are located in the second domain ofLimu-
lusHc. Two of them (Trp176 and Trp363) are located within
a small distance below 6̊A from CuA and/or CuB, respec-
tively (Fig. 2A; Trp1765.36Å from CuA site and Trp3635.17
from the CuB site). Trp174 (12.02̊A) and Trp538 (13.88̊A)
are located also in the neighbourhood at the Cu site. The
emission of these Trp residues in the oxy-form is strongly
quenched by the Cu-ions. Removal of O2 and copper ions
drastically increases the tryptophan fluorescence (343 nm for
the whole molecule and about 347 nm for the structural sub-
units).Fig. 2A shows that Trp176. . .CuA O2 CuB-His328
and Trp363. . .CuB O2 CuA-His177 are “parallel” to each
o
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the regions involved in inter-subunit contacts, as Trp563 in
Limulusand Trp292 inEuripelmaHcs. The exposure of these
residues to the solvent is connected with short-life time and
they have calculated relative static accessibilities 58.6% and
36.3%, respectively. The distances between these two Trp
residues and Cu-ions are four times higher than that between
Cu and the Trp176 and Trp363 (Fig. 2A), and their emis-
sion cannot be quenched by internal Cu-ions. The emission
of whole molecule is quenched by the microenvironment of
the Trp residues and by the interaction of the subunits. Evi-
dence for this is that the fluorescence quantum yield of whole
molecule is less than that for its structural subunits (Table 1).
The isolated subunits in the oxy-form as and their correspond-
ing apo-forms exhibit quantum yields higher as compared to
the whole Hc.

Moreover, the lifetime values of Hc remain almost con-
stant upon O2 and copper removal, changes being observed
only in the normalized pre-exponentials A; this supports a
mechanism of static quenching by copper ions of the active
site [30]. Removing quenching Cu-ions from the active site
of the molecule is connected with an increase of the quan-
tum yield but not withτ1. Thus, the increase of fluorescence
quantum yield in apo-Hc must be attributed to the demask-
ing of Trp fluorophores, which are fluorimetrically almost
silent in the native protein. The fluorescence decay curve
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f the “conjugated chains”. The distance of Trp176. . .CuA
5.36Å) is somewhat larger than Trp363. . .CuB (5.17Å), but
he first is “in touch” with the negative dipole side (CE3)
u(A) and the second Trp363 is “in touch” with Cu(B) w

ts positive dipole side (near CD1) and thus, both pola
uA O2 CuB in a way that CuA could be more positive
nd CuB more negatively charged. The fluorescence of
rp residues has to be strongly quenched by cupric io
xy-Hc and by their environment[29]. In the oxy-state, th
istance between both Cu ions is 4.6Å (CuA. . .4.6. . .CuB)
nd this is very understandable from an electrostatic po
iew (repulsion). The Trp distribution around the active
s a strict peculiarity ofEurypelmaHc, actually, only 50%
f the Trp residues in other Chelicerata Hcs are located

he copper ions and are distributed only in the vicinity of
etal center[3]. The access to Trp174, Trp176 and Trp

or the quenchers is very low and different because thei
erent static accessibility calculated as small as 2.0%,
nd 0.1%, respectively.

These features ofLimulusHc explain the exceptional
trong quenching of the Trp fluorescence in the oxy-form
omparison with other Hcs[21]. Fig. 2B shows that four Tr
esidues are located in the CuA site of Crustacea Hc and
n Chelicerata Hc, while only one or two Trp are presen
he CuB site near to His residues. No Trp residue is obse
n the CuB site in Crustacea Hc.

.4. Fluorescence lifetime

Three classes of Trp-s are represented in native arth
an Hcs. Some of them are located on the subunit surfa
or Trp residues has been found to be multi-exponenti
ingle as well as multiple Trp containing proteins. The m
xponential decay arises due to the conformational iso
f the Trp residues, where the local environment of the
ole chromophore differs substantially. The time-reso
uorescence decay ofLimulusHc gave two lifetime com
onents, which indicate possible presence of two altern
rp-positions (“conformational alternates”) (Fig. 3). The flu-
rescence decays of the parent molecule, the two sub
nd N-Ac-Trp.NH2, excited at 295 nm, well fitted to two e
onentials. The theoretical fluorescence intensity is give

he function

(t) = A1e−t/τ1 + A2e−t/τ2 (2)

hereA1 andA2 are amplitudes. This function was used
he determination of the excited state lifetimes. Analys
he data in terms of bi-exponential models give a goo
etween the experimental and theoretical curves. The
es show that the environment of these chromophores
ificantly influences their dynamic fluorescence charact

ics. The lifetimes for the native molecule of arthropodaL.
olyphemusHc are very short (τ1 = 0.3 ns,τ2 = 3.3 ns), bu
igher than for molluscan keyhole limpet Hc (τ1 = 0.2 ns,τ2
2.6 ns)[24]. Our experimental data as well as the data f

imilar structures gives us the reason to suggest that Tr
nd Trp65 seems to be short-lived (τ1 = 0.3 ns) and the
mission (81%) is almost completely quenched and Trp
nd Trp346 are long-lived (τ1 = 2.56 ns) with emission o
bout 18%. The fluorescence decay properties clearly
etween the whole molecule and the subunits, which sug
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Fig. 3. Fluorescence decay of wholeL. polyphemusHc molecule in 0.05 M
Tris/HCl, buffer with 5 mM CaCl2 and MgCl2, pH 8.2 after excitation at
295 nm.

that the respective tryptophans are affected differently by the
local tertiary structure. The specific environment of the in-
dole groups inLimulusHc decreases the excited state lifetime
by a factor of two in comparison with the value, determined
for its subunits.

3.5. Denaturation with Gdn.HCl

The unfolding of proteins in denaturing compounds has
been widely investigated. In the case of oligomeric proteins,
inactivation, dissociation and unfolding have been described
as the structural events that occur subsequently during the de-
naturation process. The present paper reports the changes in
conformation and aggregation of tetrameric Hcs during un-
folding in guanidine hydrochloride. The denaturation of these
proteins takes place in several stages.Fig. 4A shows the fluo-
rescence spectra of the whole molecule ofL. polyphemusHc
at different concentrations of Gdn.HCl. The addition of denat-
urant concentrations between 0 and 1.5 M produced a slight
increase of the fluorescence intensity, but at 2 M Gdn.HCl,
the emission is higher and the quenching of Cu-ions is elimi-
nated. At 2.0 M guanidine buffer, the whole molecule is fully
dissociated into its structural subunits. The results are con-
sistent with an aggregation occurring at 0.5 M guanidine, fol-
lowed by a similarly drastic dissociation to give a monomeric
p e of
d con-
n s

shown inFig. 4A, which can be explained, by protein un-
folding and guanidinium ion quenching.

The curves inFig. 4B insert, expressing the unfolding of
oxy-Hc at different concentrations of Gdn.HCl is analogous
to the curve inFig. 4C (expressing the unfolding of apo-Hc),
but with specific changes in quaternary structure fluorescent
properties (Fig. 4B insert, limb-a), which seems to represent
two transitions. The first transition has a similar “position”
(Cm = 0.52) and amplitude (dQ) typical for very quenched
total Trp fluorescence. Obviously, this observation is due to
quencher, the effect of which is removed at the followed un-
folding step atCm

* = 1.77 and with very big amplitude and
sharpness of the transition (within 1.6 M interval). The only
explanation is that in this step the CuO2 Cu. . .Trp(s) na-
tive structure is destroyed causing a rise of Trp fluorescence.
After this apparent “peak” of the amplitude (Q) andCm in
the curve for oxy-Hc, the following limb-b has analogous
(but not the same) behaviour as in the apo-Hc case. Three
unfolding steps with apparentCm

* at 2.56, 4.41 and 6.77 M,
respectively, could be identified inFig. 4B insert, limb-b. The
first of them (at the same amplitude) with�Cm = 1.2 is much
sharper not only than the other two steps, but also in compari-
son with the first transition step with�Cm = 3.5 in case of the
apo-Hc (Fig. 4C). TheCm

* of the next two transitions are at
slightly lower Gdn.HCl concentrations, but with analogous
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ected with a shift ofλmax towards 355 nm (red shift) a
mall cooperatively. This behaviour can be explained as
ng non-symmetric interactions between structural dom
n the holo-protein, i.e. at the CuO2 Cu site, formation o
ntra-subunit and chain–chain interactions are changed
he active site formation is coupled with structural alterati
ecause the first (less-stable) domain is Cu site-depend
an be selected from the known 3D-structure and the
f two domains should be easily assigned in terms of
tabilities.

For a better understanding of the unfolding proces
xy-Hc, we have compared the Q(Cm) curve (Fig. 4B insert)
ith theReff(Cm) curve shown inFig. 4B. The “velocity” of
eff changes is different for the first two processes, sho

heir different nature (mark in the figure as regions I and
otably, the first domain (at the active site) transition

n the same region II as previous ones and all of them
efinitely cooperative. The other two transitions are with
rastic changes of Trp environment after the unfolding.

Fig. 4C shows the fluorescence intensity of apo-Hc at
erent concentrations of guanidine hydrochloride. Quenc
y Cu-ions is eliminated and the Q at 0 M Gdn.HCl is hig

han for the oxy-form, but less than for structural subunit
ase of whole multi-chain apo-Hc, (“all apo-Hc”), the unfo
ng curve is more complex, but logically altered. It conta
wo limbs: (a) at low Gdn.HCl concentrations (0.0–2.4
nd (b) at higher concentrations of denaturant (2.5–8.0
he last (b) limb-b exhibits also a three-step process a
cribed above, but only the effectiveCm

* values for oxy-Hc
Fig. 4B insert) are 0.6–0.7 higher than those for the a
c (Fig. 4C). This means, the formation of the quatern
tructure increases the stability in each of the three dom
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Fig. 4. (A) Emission spectra of oxy-whole molecule ofL. polyphemusHc at different concentrations (0–8 M) of Gdn.HCl. (B)Reff at different concentrations of
Gdn.HCl; (b-insert). Effect of guanidine hydrochloride on the stability ofL. polyphemusnative oxy-Hc molecule. (C) Effect of guanidine hydrochloride on the
stability ofL. polyphemusapo-Hc molecule. (D) Effect of guanidine hydrochloride on the stability ofL. polyphemusoxy-subunit. The protein concentrations
are about 0.05 mg ml−1 in 0.05 M Tris/HCl buffer with 5 mM CaCl2 and MgCl2, pH 8.2. The fluorescence quantum yield was determined using N-Ac-Trp.NH2

as a standard.

and this alteration is approximately equal and independent
for each of the domains. The presence of limb-a confirms
the presence of a quaternary structure that is most sensible
and easily destroyed at very low denaturant concentrations.
From these results follows that multi-chain complex decom-
position leads to an increase of apparent Trp fluorescence
and we have to conclude that chain-chain interactions func-
tion as a moderate quencher of Trp fluorescence. This can be
done by introduction of quenching groups to the given Trp
residue(s) and/or by structural changes in the vicinity of the
Trp residue(s) after polypeptide complex formation.

In Fig. 4D, the influence on one structural subunit “a” is
shown expressing the conformational stability only for this
protein. The single polypeptide Hc subunit undergoes un-
folding in water–Gdn.HCl solutions as a multi-step process.
Because the interval of the Q-change is very wide (from 1 to
8 M Gdn.HCl) and using the present shape the curve was de-

convoluted into three sigmoid curves with apparent midpoints
(Cm

* ) at 1.90, 4.07 and 6.19 M, respectively. It is known from
3D X-ray analysis[7] that this subunit contains three struc-
tural domains and we can speculate to assign each of the
processes to each of these domains. This hypothesis requires
domains to differ considerable in stability at a ratio of ap-
proximately 1:2:3. We hope to prove this suggestion from
specially designed experiments, now in progress. On the ba-
sis of the above discussion, a model is given summarizing the
results is as follows:

Tn ⇔ Tn′ ⇔ A ⇔ Mn′ ⇔ Mu (3)

In this model, Tn represents native tetrameric protein that, at
low guanidine concentrations, forms an active intermediate
(Tn′) with more hydrophobic surfaces exposed to the solvent.
As the guanidine hydrochloride concentration increases, fur-
ther exposure of hydrophobic interaction area lead to the
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Fig. 5. (A) Emission spectra of nativeL. polyphemusoxy-Hc in the pH region (9–11.5) and (B) in pH region (2–8.5). (C) Effect of pH on the stability of native
L. polyphemusoxy-Hc. (D) Effect of pH on the stability ofL. polyphemusapo-whole molecule. (E)Reff at different pH. The protein concentrations are about
0.05 mg ml−1 in 0.05 M Tris/HCl buffer with 5 mM CaCl2 and MgCl2, pH 8.2. The fluorescence quantum yield was determined using N-Ac-Trp.NH2 as a
standard.
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formation of aggregated species (A). Finally, at concentra-
tions higher than 2.0 M guanidine-HCl, the highly aggregated
species dissociate into partly unfolded monomers (Mn′) that
are eventually completely unfolded (Mu), accompanied by a
further increasing maximum fluorescence emission.

3.6. Effect of pH on the stability

Finally, we also measured the effect of pH in the range
from 2.0 to 12.0 on the tryptophan fluorescence ofL. polyphe-
musHc and one structural subunit.Fig. 5A and B shows the
fluorescence spectra onL. polyphemusoxy-Hc recorded at
different values pH intervals (8–11.4 and 8–2.5). The pH-
dependence of Trp-fluorescence quantum yield (Q) of native
oxy-Hc is shown inFig. 5C. In the acidic pH-region (3.5–6.5),
two proton bindings, influencing the quantum yield, were ob-
served with crude resolved pKs at 3.7 and 5.4. The first is
tentatively addressed to Asp (pK = 3.7) or Glu ionization(s)
and exhibits cooperative behaviour (it involves more than
one proton uptake within the pH interval, i.e. the sharpness
of Q(pH)-transition is larger than one). Based on cooperative
behaviour, this transition can be also an acid denaturation
one and its nature will be proven later based on CD measure-
ments. The second acidic pH-dependent Q-change is three
times smaller in amplitude, with a crude effective pK = 5.4
a oxyl
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parent pKapp = 8.2, leading to Trp-fluorescence increasing.
This single process can be addressed to the “second” one in
the oxy-Hc, but with pK shifted from 9.0 to 8.2 (�pK = 0.8).
The effect could be complex: omitting O2 (a bi-radical parti-
cle, Trp fluorescence quencher) should increase both, the Trp
quantum yield and the “amplitude” of theQ(pH) transition
with an effective pK = 5.8, which is shifted by 0.4 pH units
compared to a pK = 5.4 in oxy-Hc. This is connected to small
conformational changes of His and Trp residues in the O2-
binding site. Two types of Trp–His couplings by non-contact
coplanarπ–π interactions were identified. One is located
within the Cu center (W176...H173 and W363. . .H324) and
the second one through CuO2 Cu bridge (W176. . .H328
and W363. . .H177). Removal of O2 in deoxy-Hc will change
the distances between Trp and His and Trp. . .Cu(O2), and es-
pecially their orientations. Both transitions in oxy-Hc (with
pK 7.3 and 9.0, respectively) are cooperative (see above),
while the single transition in apo-Hc (with pK 8.2) is a non-
cooperative one and is addressed to single group ionization.
Both, the acidic and alkaline limbs (pK 3.9 and 10.4, respec-
tively) in Fig. 5D are slightly drawn together. The calculated
values from the curves inFig. 5C and D for the oxy- and apo-
Hcs (dpK = pKal − pKac) are 7.0 and 6.5, respectively, i.e.
they differ in 0.5 pH units, which qualitatively in agreement
that O2-binding to the active site stabilizes the Hc structure.

ence
b mit-
t their
s t in-
t nm
w

R

B
t re
a ition
w ws
t e in
T tions
w out
s

A

ein-
s ienst
( ted
b ) of
t the
a l for
P 286)
f flu-
o

nd not cooperative. Again, this may be a single carb
roup ionization being in a negative electrostatic pote
eld. However, and more probably, it is due to a single
onization located close to positively charged Cu(2+) ion and
ear to Trp, the deprotonation of which partially remove
uenching effect. Most interesting is the Q(pH) behavio

he neutral pH region (6.5–9.5) with two contrary proces
eprotonation of first site(s) increase Trp quenching (di

shQ) with a crude pK of 7.3 and obvious cooperativity a
f second one with a crude pK of 9.0, causing decouplin
f Trp fluorescence quenching. Probable candidates for
ites should be His residues in the Cu2+ vicinity or coupled
onisation ofα-amino groups at the N-terminus.

Since the equilibrium constant of Hc for oxygen bind
s expected to change as a function of pH, the experim
ave been carried out on the Apo-proteins (Fig. 5D) in order
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inding equilibrium and compared with pH denaturation
xy-Hc. Disappearance of the first transition (pK = 7.3) in
po-Hc leads to the conclusion for O2-binding-dependen

onization (in analogy to well known for hemoglobins Bo
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The spectral position of the apparent Trp fluoresc
and which is a sum of individual contributions of each e

ed single Trp residues, is also pH sensitive and defines
ummary position and shape by the ratio of fluorescen
ensities (Reff) at two arbitrary wavelengths (335 and 365
ere selected):

eff = Iλ(335)

Iλ(365)
= f (pH) (4)

oth limbs with pKs 3.7 and 10.7 shown inFig. 5E overlap
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re “in transition”. The same could be said for the trans
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rp orientation(s). It seems that the both others transi
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