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Abstract

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

The circulatory transport of oxygen is essential for ef-
> SAS), ficient aerobic metabolism in most animals. Most inten-
Trp.NH;, N-acetyl tryptophan amide; CuA and CuB, copper ions in the ac-

tive sites A and Biex, excitation wavelength (in nm); Hc(s), hemocyanin(s); sively InveStlgaFed are the hemOQIObmS,Wh"e hemeryth“,ns
His, histidine; Gdn.HCI, guanidine hydrochloride; lifetime; M/, native and hemocyanins (Hcs) are less studied oxygen-carrying
monomer; Mu, unfolded monomer; gH and pH b, acid and basic pH of ~ protein classes. The hemocyanins are extracellular, copper-
denaturation; Tn, native tetramer; Tintermediate tetramer; Tyr, tyrosine;  containing proteins of high molecular weight that occur in
Tip'ctgféngig,n author. Tel.: +350 2 9606163 fax: 4359 2 8700225 the hemolymph of many arthropodan and molluscan species
i u . . ; fax: . X Oy
E-mail deresiespda54@yahoo.com (P. Dolashka-Angelova), [1,2]. Arthropodan Hcs are aggregates of he>_<amer|c bL_uIdmg
boris@orgchm.bas.bg (B. Atanasov). blocks, referred to as 16S species, according to their sedi-

1 Co-corresponding author. mentation coefficients. Higher aggregation forms of the 16S

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

1386-1425/$ — see front matter © 2004 Published by Elsevier B.V.
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species are the 24S dimers (ox B-mers), the 37S tetramers
(or 4 x 6-mers) and the 62S octamers (ox8&-mers), sta-
bilized by C&* ions. A specific aggregation form is typical
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2. Experimentals

2.1. Purification of the native proteins and their

for each species of the phylum; the higher molecular weight structural subunits
oligomers can be reversibly dissociated into the 16S species

under mild conditions by removing €aat neutral pH. The
16S specied\; ~ 450 kDa) are composed of six 5S subunits
(M; ~ 75 kDa), each containing one oxygen-binding site and
arranged as a trigonal antiprig@-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

Hcs were prepared from the hemolymph of the dZalci-
nus aestuari{18], crabM. squinadg21], lobsterH. amer-
icanus[17] and scorpiorButhus sindicu$25] by the meth-
ods as described in the given references and of the hdult
polyphemusand spiny lobsteP. vulgaris Before use, the
LimulusandPalinurusHcs, previously stored at20°C in
the presence of 18% sucrose, was dialyzed’ @t dgainst the

each other by their association/dissociation behaviours, as0.1 M sodium bicarbonate buffer, pH 9.5. The native Hc was
documented elsewhel8]. Four subphyla of arthropodan dissociated by 24 h dialysis at the same buffer in the pres-
Hcs have been identified. Three classes of them, Crustaceaence of 10mM EDTA and 1 M urea. The protein was then

Chelicerata and Myriapoda have been studied, while little is loaded onto an ion exchange FPLC Resource 6 ml column

known from Hexapod45]. Limulus polyphemu€helicer-

(Pharmacia, Sweden), equilibrated with 0.1 M NaHCO3, pH

ata Hc is one of the most complex species, composed 0f9.5, containing 10 mM EDTA and 1 M urea (Eluent A). Elu-

8 hexamers or 48 structural subun67]. Studies on the
atomic coordinates of the oxy- and deoxy-forms of subunit |1
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 Il of horseshoe crab. polyphemushows con-
siderable sequence homology with subunit A of Chelicer-
ata HcEuyrypelma californicunf99%) and with subunit A
of Crustace@anulirusHc. Xiphosura .. polyphemusand
Arachnida E. californicun) Hcs diverged about 450 millions
of years ago. The X-ray crystallographic studies of deoxy-Hc
from Panulirus interruptug9] and the deoxy- and oxy-forms
of L. polyphemu$8,10,11]have elicited a detailed picture of

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-PAGH.

2.2. Enzymatic digestion

Three milligrams of one modified structural subunit C2
of C. aestuariHc was dissolved in 1 ml of 5mM ammonium
bicarbonate buffer, pH 8.2, and incubated withu3@rypsin
solution (1 mg mt1) at room temperature for 15 h, followed
by a further addition of 5Q. trypsin solution. Then, the
reaction mixture (enzyme:protein ratio of 1:30 w/w) was
incubated overnight at 3. The generated peptides were

the active site. Crystal structure analysis shows that subunitseparated by gel filtration on a Superdex 300 column (Phar-

Il of L. polyphemusic consists of three domains.

The active site of.imulusHc is deeply buried within the
protein matrix, and a number of hydrophobic residues, in-
cluding tryptophans, are involved in the active site pocket.

macia, Freiburg, Germany) at a flow rate of 2mlmin
using water as eluent. The fractions were separated by
reverse phase HPLC on a Nucleosil 100 RP-18 column
(250mm x 10mm; 7um; Macherey-Nagel, Germany).

The effects of denaturants such as guanidine hydrochlorideThe peptides were eluted (detectionjat 214 nm) at a

(Gdn.HCI), pH, temperature, etc. have been studied by dif-

ferent methodgl2—15] In addition, the properties of arthro-
podan Hcs fronCallinectes sapidugl6], Homarus amer-
icanus[17], Palinurus vulgaris Carcinus maenagl8-20]}
Maia squinadd21] and those of the molluscan Hcs frdRa-
pana thomasianf22,23]and keyhole limpef24] have been
investigated under different experimental conditions in our
laboratory.

The current investigations were undertaken to study the

stability of two arthropodan Hcg,. polyphemusndP. vul-

flow rate of 1 mImin® by applying the following gradient:
90% buffer A, 10% buffer B for 10 min, then 10-100%
B in 70min; A: 0.1% TFA in BO; B: 0.085%TFA, 80%
acetonitrile and 20% pD. The collected fractions were
further subjected to amino acid sequence analysis.

2.3. Amino acid sequences

Each subunit oE. polyphemusic was further purified on
a HPLC Nucleosil RP C18 column using 0.1% TFA in®l

garis,representatives for two orders, and to compare the dataas loading buffer and 0.085% TFA, 80% acetonitrile and 20%
with other Hcs from the orders of Crustacea (Infraorders: H>O as eluting solution (eluent B). The following conditions
Palinura, Astacidea and Brachyura) and Chelicerata (In- were used: 10% B for 10 min; then, 10-100% B in 70 min at
fraorders: Xiphosura, Araneae and Buthidal) and to correlate a flow rate of 1 ml min. Peak fractions were dried and after
them with X-ray data. We analyzed the stability of the quater- dissolving in 40% methanol, 1% formic acid, they were sub-
nary structure and its influence on the stability of the different jected to automated Edman N-terminal sequencing (Procise
functional subunits, caused by guanidine hydrochloride and 494A Pulsed Liquid Protein Sequencer, Applied Biosystems
pH, using fluorescence spectroscopy. GmbH, Weiterstadt, Germany).



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

2.4. Preparation of apo-forms

Apo-Hcs were prepared after 48 h dialysis of the native
protein against 50 mM Tris/HCI buffer containing 20 mM
EDTA and 20mM KCN, pH 8.0, at4C, followed by dialysis
against CN-free buffer.

1209
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); 0.05M sodium phosphate (pH 5.0-7.0); 0.05M
Tris/HCI (pH 7.0-9.0); 0.05M carbonate/bicarbonate pH

(9.0-10.5) and 5M NaOH (pH 11-12).

2.5. UV spectroscopy 2.8. Denaturation in Gdn.HCl-water solutions

Hc concentrations of the proteins were determined spec-
trophotometrically (UVIKON spectrophotometer, model
930) at 278nm using the following absorption coeffi-
cients @ogg): A = 1.35ml(cmmg)! for M. squinado
[21], A = 1.17ml(cmmg)! for L. polyphemus A =
1.34ml(cmmg)! for H. americanus[17] and A
1.34ml(cmmg)? for P. vulgaris all in 50mM Tris/HCI
buffer, pH 8.0. Molar concentrations were referred to 75 kDa
as molecular mass for the species containing one bi-nuclear
copper sit¢27]. The fraction of oxy-Hc was determined spec-
trophotometrically by measuring the absorbance ratio at 340
and 278 nm and assuming the valuegy/Az7s = 0.21 for
native fully oxygenated proteif27].

Fluorescence measurements were performed in 50 mM
Tris/HCI buffer, pH 8.2, in the presence of 5mM Ca@hd
5mM MgCl, using a 10 mm quartz optical cell. The Gdn.HCI
concentrations were stepwise (discrete) increased from O 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 native
squinado[21], H. americanug17], B. sindicug25] Hcs re-

Fluorescence emission spectra were recorded with aveal that these proteins exist as a mixture of four-, di- and
Perkin-Elmer Model LS5 spectrofluorimeter, equipped witha mono-hexameric aggregates. The same results were observed
thermostatically controlled sample holder and a Model 3600 for Hcs ofL. polyphemuandP. vulgaris The native molecule
data station. Protein solutions had an absorbance at the exciof L. polyphemusic was dissociated at 0.1 M NaHG(pH
tation wavelength <0.05 to minimize the inner filter or self- 9.5, containing 10 mM EDTA and 1 M urea, then chromato-
absorption effects. Excitation at 295 nm was used for pre- graphically separated on Resource column into five major
dominant measuring the fluorescence of tryptophyl residues.fractions with molecular masses about 75 kBég( 1). In
Spectra were corrected for background due to the solvent. this case, the non-dissociated protein, eluting in the front of

Fluorescence quantum yields were calculated using N- the chromatogram, accounts for 5% of total protein. Five frac-
acetyl tryptophan amide (N-Ac-Trp.Nfi with a quantum tions, indicated irFig. 1as Ly—Ls, can be separated as major
yield of 0.13 fex= 295nm at 25C) as a standarfl8]. components and are present >90% in the oxygenated form,
The spectra of the protein and of the standard solutions as indicated by thégsg:Az7g value 0.20.
were normalised for their absorbance at the excitation wave-

2.6. Fluorescence spectroscopy

lengths. 0.6
Fluorescence lifetime measurements were carried out at v, .
20°C using a System PRA 2000 nanosecond single photonE 0.5
counting spectrofluorimeter and a nitrogen-filled flash lamp &
with full width at half-maximum (FWHM) of about 2.5ns. & %4
The data were analyzed by convoluting the instrument re- § 0.3
sponse functiorY(t') with an assumed decay functiéit), g Ls
using the following relationship: § 0.2 A
<
0.1
Re(t) = / Y()P(t —1)d Q)

TheR:(t) value obtained, was compared with the experimen-
tal time dependend&y(t). The accuracy in the excited state
lifetime (r) determination was 0.1 ns. The decay curves con-
tained 10 counts at the maxima. The time interval for these
curves wast0.1 nsec per channel.

20

I 1 1 | 1
30 40
Number of tubes

10 50 60

Fig. 1. Fast protein liquid chromatography (FPLC) of dissociated subunits
on a Resource 6 ml column, equilibrated with 0.1 M NaHG®ffer, con-
taining 10 mM EDTA and 1 M urea, pH 9.5. Subunits were separated with a
linear NaCl gradient (0—1 M) at a flow rate of 2.0 mlmin
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3.2. Active sit dine side chaingHig. 2A). Alignment of partial sequences of
CuA and CuB sites from structural subunit C2 fr@naes-
The high overall sequence similarity between these pro- tuarii and different structural subunits from other Crustacea
teins is particularly pronounced at their copper ions in the (Cancer magistesubunit Cm6P. interruptussubunit PicP.
active sites A and B (CuA and CuB). The copper-binding vulgaris subunit Pv1) and second order Cheliceratin(-
sites of Crustace&. aestuariiHc were determined after lus polyphemusubunit Lp1;Euripelma californicasubunit
digestion with trypsin followed by separation of the gener- Ece,Androctonus australisubunit Aa6) show considerable
ated peptides via HPLC and sequenced. Two well-separatechomology. Sixteen positions are conserved in the CuA site
copper-binding regions —the CuA site close to the N-terminus (Tyr162, Asn166, Gly168, Asp170, His172, His173, Trp176,
and the CuB site near to the C-terminus have high sequenceHis177, Prol81, Trp184, Asn194, Arg195, Lys196, Gly197,
identity (Fig. 2A). According to the X-ray crystal structure, Glul98, His205, marked bold iRig. 2B) with even higher
subunit Il of theLimulusHc is composed of three domains homology, observed for the first three subunits Ca2, Cm6
[7], and a bi-nuclear copper centre that reversibly binds oxy- and Pic and the last three subunits (Lpl, Ece and Aa6). In
gen is located in domain 2. Each copper ion is buried in each subunit, the His residues in the copper-binding domain
the core of this domain and is coordinated by three histi- A, are conserved at positions 172, 173, 177 and 205 and at

(A) {173 | _H328

B3

Distance between Trp residues and Cu ions in the active site of L. polyphemus Hec

CuA [CuB [W65 |W174 [WI176 [W184 |[W326 [W363 |[W538 |[W563
CuB (;\) 3.59 | 0.00 | 2524|1499 | 11.8. | 18.89 | 13.36| 5.17 | 16.16 | 30.88
CuA (A) 0.00 | 3.59 | 22.80| 12.02| 5.36 | 17.09| 15.82| 9.08 | 13.88 | 28.54
Accessibility 58.6 2.0 0.0 8.0 19.1 | 36.3 0.1 | 51.0

(%)
(B) CuA
i 180 190 0

ca2 [¥]F G E[D]i s sMW|v[aE
cmo |¥|F G E[p|i s s |w(v|m
ric  |¥|F ¢ E[p|v F F|WvIH
pvl  |¥[F G QD F F|W|VIH
Lpt  [¥]Y R E[D|V FYY MH
Eee |¥|F R E[D|V|G CE Y Y MH
Aas  |¥|F R E[D]i JFF Y ME
ca2 [L HN[Q AlH] R L[H- ¥
Cm6 |[LHN|T AH R I.JHIKY
Pic |LHN|T A[H R L[H[K ¥
Pvl |LHN|T AH R LH[KY
Lpl |L HN|WG(H|V N WH|R F
Ece |L HN|WG(H|V R Y[H|R F
As6 L HN|WG[H|V R WH|R F

Fig. 2. (A) X-ray structure of active sites “A’ and “B” dfimulus polyphemusc; (B) alignment of partial sequences around CuA and CuB sites from different
structural subunits from the order of Crustacgarcinus aestuarisubunit Ca2Cancer magistesubunit Cm6 GB AF091263), Panulirus interruptusubunit

Pic (SP P8009% Panulirus vulgarissubunit Pvl §P P8088Band from second order of Chelicerdtapolyphemusubunit Lpl P P04258 Euripelma
californica subunit Ece GB X16650 andAndroctonus australisubunit Aaé §P P8047% SP: SwissProt accession no., GB: GenBank accession no.
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positions 324, 328 and 364 in the copper-binding domain B. numbers of tyrosine (about 720) and tryptophan residues
Seven or eight Trp residues are present in one structural sub{about 140) are found in the native molecule, correspond-
unit of arthropodan Hcs, where by three or four of them are ing to about 18 tyrosine and 7—8 tryptophan residues in one
located in CuA active site at positions 174, 176, 183, (184 or structural subunit. The emission spectralLofpolyphemus
203). One or two Trp residues are located near to the CuBHc from the order of Chelicerata are characterized by an
site in Lp1, Ece, Aa6, while in Crustacea Hcs no Trp residue emission band with a maximum at 3331 nm upon exci-

is found in the CuB site. Location of Trp residues in the ac- tation at 295 nm, where the tryptophan residues are almost
tive sites and near to the Cu-ions is influence fluorescenceexclusively excited, which is in the same region as for other

emission, which is statically quenched by Cu-ions. Hcs from this orderTable J). P. vulgarisHc has a\max Of
326+ 1 nm as other crustacean Hcs. The quantum yields for
3.3. Fluorescence properties both are similar because they contain the same number of
Trp residues. The shift of the emission maximum towards
The fluorescence properties (quantum yield aRgy) shorter wavelengths is diagnostic for tryptophyl side chains

of these two orders of Crustacea and Chelicerata Hcs, aren a non-polar environment, sinégnax for Trp in water is
expected to be similar for both orders of Hcs, as a large 355-360 nn{28]. Comparison of the emissive properties of

Table 1

N-terminal sequences of different species of arthtropodan hemocyanins: Order Crustacia, Infraorders Palimumas vulgaris(Pv); Panulirus interruptus
(Pi) [31]; Panulirus japonicugPj) [32]; AstacideaHomarus americanu@da) [22]; BrachyuraCarcinus aestuari{Ca)[24]; Maia squinadqMs) [25]; Order
Chelicerate, Infraorders Xiphosuraimulus polyphemu@_p); Buthidae:Buthus sindicugBs) [26]; Araneae:Euyrypelma californicunfEc) [33] and their
fluorescence properties

Order: Crustacea p y— Q
Infraorder Palinura OXy- apo- OoxXy- apo-

1 5 1 1 2

0] 5 0

Pv native - 326+1 33541 0.012 0.082
Pva DVHSSDNAHK|QQDVINIHL L DK 333+1 338+1 0.024 0.096
Pvb DVHSSDNAHK|QHDVIN[HL L DK
Pia DALGTGNAQK|QIQDI NHL L DK
Pib DALGTGNANK|QQDFN[HL L DK
Pic GDSADKLLAQK|IQHDVINIYL VYK
Pjla GDSTDKLLAQK|QIDDYV
Infraorder Astacidea
Ha1 GTTVVAHK|IQIQS VINIRLL YK 336+1 338+1 0.053 0.120
Ha2 G ADVAHK|QQSVINHL L YL 335+1 33741 0.058 0.110
Ha3 PSVSTVNVAQK|QHD VINIFL L FK 33541 33641 0.058 0.100
Ha4 GAYG QGAQNI GlQJIL FVINl LI FL 33441 338+1 0.056 0.110
Has GAGEALNAKR|QQDVINIHLLDL 333+1 336+1 0.030 0.100
Ha6 SPAFQAQK|QJA KVINIDV L DK 336+1 338+1 0.038 0.110
Infraorder Brachyura
Cal XDPASVSDAXKI|Q 336+1 33641 0.106
Ca2 TCLAHK|QIQAVIMIRLL YR 335+1 338+1 0.093
Ca3 DSPGGASDAQK|QHDVINIS!I L XK 332+1 334+1 0.090
Ca4 DQPGDVKTHK|QIY DVINIYLF F K
Ms1 DQPGDVKTHK|QIY DVINIYL FF K 336+1 337+1 0.028 0.082
Ms2 GQLALK|QQT VINIRL L NK 333+1 337+1 0.030 0.080
Ms3 GGPAGK|QINAVINIQL L VL 336+1 338+1 0.026 0.085
Ms4 DGPAQK|QINT VINIQL L VL 334+1 336+1 0.024 0.087
Ms5 DHAGTVSKAHK|QHDVINISVL YK 333+1 335+1 0.025 0.085
Ms6 GGPSQKQK|QHK VINIL VNI K
Order Chelicerate
Infraorder Xiphosura
L. native 333+1 343+1 0.025 0.078
Lp1 T LHDK|Q|I RVCHLFEAQ 34041 347+1 0.043 0.109
Lp2 T I KEK|QKRXN 34641 0.098
Lp3 HI KEKIXIDRI |L 3431 0.113
Lp4 T I KEK@DRI |L 347+1 0.102
Lp5 XLQEL|QAHI |L
Infraorder Buthidal
[Bs T VLEK[@I[GRIJE[S L F 33541 33641 0.024 0.070 |
Infraorder Araneae
Eca M TI LHDK|Q|]V QAILIKL F EK 335+1 345+1 0.006 0.092
Ecb MPS TAEK|QIRRI|LIPFFQF
Ecc MPSDANEMQARLI|ILIQL FEH
Ecd M T | ADH|QIARI |[L|IPL F KK
Ece MP DKQK|QILRV[I|ISLFEH
Ecf M T VaQDK|QRQI |L|IPL FEH
Ecg MAS | PEK|QIALI|[LIPL F EK
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the oxy- and apo-forms under the same experimental condi-the regions involved in inter-subunit contacts, as Trp563 in
tions (50 mM Tris/HCI buffer, pH 8.2) shows that the quan- Limulusand Trp292 irEuripelmaHcs. The exposure of these
tum yield strongly increases for bottimulus(Qoxy = 0.025; residues to the solvent is connected with short-life time and
Qapo-= 0.078) andP. vulgaris(Qoxy = 0.012;Qapo-= 0.082) they have calculated relative static accessibilities 58.6% and
Hcs upon removal of copper from the active site. This effect 36.3%, respectively. The distances between these two Trp
is accompanied by a 10 nm shift of the emission maximum residues and Cu-ions are four times higher than that between
from 333+ 1 nm (oxy-Hc) to 343t 1 nm (apo-Hc) Table J). Cu and the Trpl176 and Trp36&i@. 2A), and their emis-
Fig. 2A shows in detail the environment around the active sion cannot be quenched by internal Cu-ions. The emission
site of LimulusHc, where the positions of neighboured Trp of whole molecule is quenched by the microenvironment of
residues are evidenced. Subunit Il contains eight Trp residuesthe Trp residues and by the interaction of the subunits. Evi-
Trp65, Trpl74, Trpl76, Trpl84, Trp326, Trp363, Trp538 and dence for this is that the fluorescence quantum yield of whole
Trp563; however, not all of them are present in the various molecule is less than that for its structural suburiitsh(e ).
subunits of other hemocyanins. All Trp residues, with the ex- The isolated subunits in the oxy-form as and their correspond-

ception of Trp563, are located in the second domalriroi- ing apo-forms exhibit quantum yields higher as compared to
lusHc. Two of them (Trp°176 and Trp363) are located within the whole Hc.
a small distance below & from CuA and/or CuB, respec- Moreover, the lifetime values of Hc remain almost con-

tively (Fig. 2A; Trp1765.36&fr0m CuAsite and Trp3635.17  stant upon @ and copper removal, changes being observed
from the CuB site). Trpl74 (12.032) and Trp538 (13.881) only in the normalized pre-exponentials A; this supports a
are located also in the neighbourhood at the Cu site. Themechanism of static quenching by copper ions of the active
emission of these Trp residues in the oxy-form is strongly site [30]. Removing quenching Cu-ions from the active site
quenched by the Cu-ions. Removal of @nd copper ions  of the molecule is connected with an increase of the quan-
drastically increases the tryptophan fluorescence (343 nm fortum yield but not withe1. Thus, the increase of fluorescence
the whole molecule and about 347 nm for the structural sub- quantum yield in apo-Hc must be attributed to the demask-
units).Fig. 2A shows that Trp176 .CuA=0,=CuB-His328 ing of Trp fluorophores, which are fluorimetrically almost
and Trp363..CuB=0,=CuA-His177 are “parallel” to each silent in the native protein. The fluorescence decay curve
of the “conjugated chains”. The distance of Trpl7.€uA for Trp residues has been found to be multi-exponential in
(5.36A) is somewhat larger than Trp363CuB (5.17A), but single as well as multiple Trp containing proteins. The multi-
the first is “in touch” with the negative dipole side (CE3) of exponential decay arises due to the conformational isomers
Cu(A) and the second Trp363 is “in touch” with Cu(B) with  of the Trp residues, where the local environment of the in-
its positive dipole side (near CD1) and thus, both polarize dole chromophore differs substantially. The time-resolved
CuA=0,=CuB in a way that CuA could be more positively fluorescence decay afimulus Hc gave two lifetime com-
and CuB more negatively charged. The fluorescence of bothponents, which indicate possible presence of two alternative
Trp residues has to be strongly quenched by cupric ions in Trp-positions (“conformational alternatesBig. 3). The flu-
oxy-Hc and by their environmerﬂtgl. In the oxy-state, the  orescence decays of the parent molecule, the two subunits,
distance between both Cu ions is A§CuA. . .4.6...CuB) and N-Ac-Trp.NH, excited at 295 nm, well fitted to two ex-
and this is very understandable from an electrostatic point of ponentials. The theoretical fluorescence intensity is given by
view (repulsion). The Trp distribution around the active site the function
is a strict peculiarity ofEurypelmaHc, actually, only 50%
of the Trp residues in other Chelicerata Hcs are located nearP(r) = A1e™"/™ + A e/ (2)
the copper ions and are distributed only in the vicinity of one
metal centef3]. The access to Trpl74, Trpl76 and Trp538 whereA; andA; are amplitudes. This function was used for
for the quenchers is very low and different because their dif- the determination of the excited state lifetimes. Analysis of
ferent static accessibility calculated as small as 2.0%, 0.0%the data in terms of bi-exponential models give a good fit
and 0.1%, respectively. between the experimental and theoretical curves. The val-
These features dfimulus Hc explain the exceptionally  ues show that the environment of these chromophores sig-
strong quenching of the Trp fluorescence in the oxy-form, in nificantly influences their dynamic fluorescence characteris-
comparison with other Hq21]. Fig. 2B shows that four Trp  tics. The lifetimes for the native molecule of arthropodan
residues are located in the CuA site of Crustacea Hc and thregpolyphemudc are very shortiy = 0.3 ns,r2 = 3.3 ns), but
in Chelicerata Hc, while only one or two Trp are present in higher than for molluscan keyhole limpet Hg (= 0.2 ns,z2
the CuB site near to His residues. No Trp residue is observed= 2.6 ns)24]. Our experimental data as well as the data from

in the CuB site in Crustacea Hc. similar structures gives us the reason to suggest that Trp563
and Trp65 seems to be short-liveeh (= 0.3ns) and their
3.4. Fluorescence lifetime emission (81%) is almost completely quenched and Trp197

and Trp346 are long-livedr{ = 2.56 ns) with emission of
Three classes of Trp-s are represented in native arthropo-about 18%. The fluorescence decay properties clearly differ
dan Hcs. Some of them are located on the subunit surface, inbetween the whole molecule and the subunits, which suggests
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10°F shown inFig. 4A, which can be explained, by protein un-
folding and guanidinium ion quenching.

The curves irFig. 4B insert, expressing the unfolding of
oxy-Hc at different concentrations of Gdn.HCl is analogous
to the curve irFig. 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
I 101 201 301 401 501 quencher, the effect of which is removed at the followed un-
3 Channel Number folding step alCr,” = 1.77 and with very big amplitude and

- ) sharpness of the transition (within 1.6 M interval). The only
2 I K , . . explanation is that in this step the €0,=Cu...Trp(s) na-
1k ':.: N “‘;, Moy voAn tive structure is destroyed causing a rise of Trp fluorescence.
TN '“ ',": ',““‘.w , Wy After this apparent “peak” of the amplitude (Q) a@g in
KON AER IR Y o‘.‘.‘hj{’w’f.“ ,,z’*" the curve for oxy-Hc, the following limb-b has analogous
1t W “' A .\‘ e “‘.‘. R LT AN (but not the same) behaviour as in the apo-Hc case. Three

- . ! \ .‘.'." + unfolding steps with apparef,” at 2.56, 4.41 and 6.77 M,
21 Wty ! o respectively, could be identified Ffig. 4B insert, limb-b. The
3 B first of them (at the same amplitude) wiC,, = 1.2 is much

- sharper not only than the other two steps, but also in compari-
-4~ son with the first transition step withC,, = 3.5 in case of the
Fig. 3. Fluorescence decay of whalepolyphemusic molecule in 0.05M apo—Hc Fig. 4C). TheCr of the ne.Xt two trans.ltlons are at
Tris/HCI, buffer with 5mM CaGl and MgCh, pH 8.2 after excitation at slightly lower Gdn.HCI concentrations, but with analogous
295 nm. small cooperatively. This behaviour can be explained assum-

ing non-symmetric interactions between structural domains

in the holo-protein, i.e. at the &D,=Cu site, formation of
that the respective tryptophans are affected differently by the jntra-subunit and chain—chain interactions are changed and
local tertiary structure. The specific environment of the in- e active site formation is coupled with structural alterations.
dole groups iLimulusHc decreases the excited state lifetime ggcause the first (less-stable) domain is Cu site-dependent it
by a factor of two in comparison with the value, determined g pe selected from the known 3D-structure and the rest

-
o
w
T

Intensity
-
o

3

-
(=]
-
T

Residues
o
A

for its subunits. of two domains should be easily assigned in terms of their
stabilities.
3.5. Denaturation with Gdn.HCI For a better understanding of the unfolding process of

oxy-Hc, we have compared the Q) curve Fig. 4B insert)

The unfolding of proteins in denaturing compounds has with the Re(Cyy) curve shown irFFig. 4B. The “velocity” of
been widely investigated. In the case of oligomeric proteins, Res; changes is different for the first two processes, showing
inactivation, dissociation and unfolding have been described their different nature (mark in the figure as regions | and II).
as the structural events that occur subsequently during the deNotably, the first domain (at the active site) transition fall
naturation process. The present paper reports the changes im the same region Il as previous ones and all of them are
conformation and aggregation of tetrameric Hcs during un- definitely cooperative. The other two transitions are without
folding in guanidine hydrochloride. The denaturation of these drastic changes of Trp environment after the unfolding.
proteins takes place in several stageg. 4A shows the fluo- Fig. 4C shows the fluorescence intensity of apo-Hc at dif-
rescence spectra of the whole molecul& gbolyphemusic ferent concentrations of guanidine hydrochloride. Quenching
atdifferent concentrations of Gdn.HCI. The addition of denat- by Cu-ions is eliminated and the Q at 0 M Gdn.HCl is higher
urant concentrations between 0 and 1.5 M produced a slightthan for the oxy-form, but less than for structural subunits. In
increase of the fluorescence intensity, but at 2M Gdn.HCI, case of whole multi-chain apo-Hc, (“allapo-Hc”), the unfold-
the emission is higher and the quenching of Cu-ions is elimi- ing curve is more complex, but logically altered. It contains
nated. At 2.0 M guanidine buffer, the whole molecule is fully two limbs: (a) at low Gdn.HCI concentrations (0.0-2.4 M)
dissociated into its structural subunits. The results are con-and (b) at higher concentrations of denaturant (2.5-8.0 M).
sistent with an aggregation occurring at 0.5 M guanidine, fol- The last (b) limb-b exhibits also a three-step process as de-
lowed by a similarly drastic dissociation to give a monomeric scribed above, but only the effecti@," values for oxy-Hc
protein unfolding at 1.5-2 M guanidine. Further increase of (Fig. 4B insert) are 0.6—0.7 higher than those for the apo-
denaturant concentration decreases the intensity and is conHc (Fig. 4C). This means, the formation of the quaternary
nected with a shift ofihax towards 355nm (red shift) as  structure increases the stability in each of the three domains
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Fig. 4. (A) Emission spectra of oxy-whole moleculd.opolyphemusic at different concentrations (0—8 M) of Gdn.HCI. (R at different concentrations of
Gdn.HCI; (b-insert). Effect of guanidine hydrochloride on the stability.gfolyphemusative oxy-Hc molecule. (C) Effect of guanidine hydrochloride on the
stability of L. polyphemuspo-Hc molecule. (D) Effect of guanidine hydrochloride on the stabilitly. gfolyphemusxy-subunit. The protein concentrations
are about 0.05 mg mt in 0.05 M Tris/HCI buffer with 5mM CaGland MgCp, pH 8.2. The fluorescence quantum yield was determined using N-Ac-Tep.NH
as a standard.

and this alteration is approximately equal and independentconvoluted into three sigmoid curves with apparent midpoints
for each of the domains. The presence of limb-a confirms (Cp") at 1.90, 4.07 and 6.19 M, respectively. Itis known from
the presence of a quaternary structure that is most sensibl8D X-ray analysig7] that this subunit contains three struc-
and easily destroyed at very low denaturant concentrations.tural domains and we can speculate to assign each of the
From these results follows that multi-chain complex decom- processes to each of these domains. This hypothesis requires
position leads to an increase of apparent Trp fluorescencedomains to differ considerable in stability at a ratio of ap-
and we have to conclude that chain-chain interactions func- proximately 1:2:3. We hope to prove this suggestion from
tion as a moderate quencher of Trp fluorescence. This can bespecially designed experiments, now in progress. On the ba-
done by introduction of quenching groups to the given Trp sis of the above discussion, a model is given summarizing the
residue(s) and/or by structural changes in the vicinity of the results is as follows:

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 In this model, Tn represents native tetrameric protein that, at
protein. The single polypeptide Hc subunit undergoes un- low guanidine concentrations, forms an active intermediate
folding in water—Gdn.HClI solutions as a multi-step process. (Tn') with more hydrophobic surfaces exposed to the solvent.
Because the interval of the Q-change is very wide (from 1 to As the guanidine hydrochloride concentration increases, fur-
8M Gdn.HCI) and using the present shape the curve was de-ther exposure of hydrophobic interaction area lead to the

The Tn' & A e M < Mu 3
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formation of aggregated species (A). Finally, at concentra- parent fKapp = 8.2, leading to Trp-fluorescence increasing.
tions higher than 2.0 M guanidine-HCI, the highly aggregated This single process can be addressed to the “second” one in
species dissociate into partly unfolded monomers'jMrat the oxy-Hc, but with pK shifted from 9.0 to 8.20K = 0.8).

are eventually completely unfolded (Mu), accompanied by a The effect could be complex: omitting@a bi-radical parti-

further increasing maximum fluorescence emission. cle, Trp fluorescence quencher) should increase both, the Trp
quantum yield and the “amplitude” of tH@(pH) transition
3.6. Effect of pH on the stability with an effective K = 5.8, which is shifted by 0.4 pH units

compared to alk=5.4 in oxy-Hc. This is connected to small

Finally, we also measured the effect of pH in the range conformational changes of His and Trp residues in the O
from 2.0to 12.0 on the tryptophan fluorescenck.qfolyphe- binding site. Two types of Trp—His couplings by non-contact
musHc and one structural subuniig. 5A and B shows the  coplanarr—r interactions were identified. One is located
fluorescence spectra dn polyphemu®xy-Hc recorded at  within the Cu center (W176...H173 and W3634324) and
different values pH intervals (8-11.4 and 8-2.5). The pH- the second one through €0,—Cu bridge (W176..H328
dependence of Trp-fluorescence quantum yield (Q) of native and W363. .H177). Removal of @in deoxy-Hc will change
oxy-Hcis shownirFig. 5C. Inthe acidic pH-region (3.5-6.5),  the distances between Trp and His and. Trgu((,), and es-
two proton bindings, influencing the quantum yield, were ob- pecially their orientations. Both transitions in oxy-Hc (with
served with crude resolvedKg at 3.7 and 5.4. The firstis pK 7.3 and 9.0, respectively) are cooperative (see above),
tentatively addressed to AspKp= 3.7) or Glu ionization(s) while the single transition in apo-Hc (withp8.2) is a non-
and exhibits cooperative behaviour (it involves more than cooperative one and is addressed to single group ionization.
one proton uptake within the pH interval, i.e. the sharpness Both, the acidic and alkaline limbsK.9 and 10.4, respec-
of Q(pH)-transition is larger than one). Based on cooperative tively) in Fig. 5D are slightly drawn together. The calculated
behaviour, this transition can be also an acid denaturationvalues from the curves ifig. 5C and D for the oxy- and apo-
one and its nature will be proven later based on CD measure-Hcs (diK = pKg — pKac) are 7.0 and 6.5, respectively, i.e.
ments. The second acidic pH-dependent Q-change is thredahey differ in 0.5 pH units, which qualitatively in agreement
times smaller in amplitude, with a crude effectivié p 5.4 that O&-binding to the active site stabilizes the Hc structure.
and not cooperative. Again, this may be a single carboxyl = The spectral position of the apparent Trp fluorescence
group ionization being in a negative electrostatic potential band which is a sum of individual contributions of each emit-
field. However, and more probabily, it is due to a single His ted single Trp residues, is also pH sensitive and defines their
ionization located close to positively charged®ion and summary position and shape by the ratio of fluorescent in-
near to Trp, the deprotonation of which partially removes its tensities Reff) at two arbitrary wavelengths (335 and 365 nm
quenching effect. Most interesting is the Q(pH) behaviour at were selected):
the neutral pH region (6.5-9.5) with two contrary processes:
deprotonation of first site(s) increase Trp quenching (dimin- Retf = 13(335) — f(pH) ()
ish Q) with a crude [K of 7.3 and obvious cooperativity and I)(365)
of second one with a crudeKpof 9.0, causing decoupling
of Trp fluorescence quenching. Probable candidates for bothBoth limbs with [Ks 3.7 and 10.7 shown ifig. 5E overlap
sites should be His residues in the®Cwicinity or coupled ~ the regions of changeable dR¥s values, i.e. the structure
ionisation ofa-amino groups at the N-terminus. are “in transition”. The same could be said for the transition

Since the equilibrium constant of He for oxygen binding With pK =9.0, but at this pH the protein is native what allows
is expected to Change as a function of pH, the experimentsto SpeCUIate that this transition is COUpled with Change in
have been carried out on the Apo-proteiR&y( 5D) in order Trp orientation(s). It seems that the both others transitions
to avoid the complications due to the change in fluorescenceWith pK values of 5.4 and 7.0, respectively, proceed without
intensity depending on the shiftin the position of the oxygen- Structural changes altering Trp micro-environment(s).
binding equilibrium and compared with pH denaturation of
oxy-Hc. Disappearance of the first transitiorK(g 7.3) in
apo-Hc leads to the conclusion for,inding-dependent  Acknowledgments
ionization (in analogy to well known for hemoglobins Bohr-
effect). The last “alkaline ionization” atp= 10.7 is obvi- P. D-A. would like to thank Deutsche Forschungsgemein-
ously connected with the loss of the €iion(s) and followed schaft (DFG) and Deutscher Akademischer Austausch Dienst
by alkaline denaturation. Removal of the oxygen fronfGu (DAAD) for granting a scholarship. This work was supported
binding centre of Hc leads to the characteristic change to by grants from DLR 01/001 and from the NCSI (X-1302) of
its pH-dependent intrinsic (Trp-s) fluorescence. T{eH) the Ministry of Education and Science, Bulgaria. One of the
shape is different in the pH region of 6.5-9.5 in comparison authors (PN) is deeply grateful to the Swedish Council for
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oxy-Hc (with pKapp 7.3 and 9.0, respectively) are substituted for the financial support, which allowed performing the flu-
by a one “process” in apo-Hc with positive tangent and ap- orescence lifetime measurements.
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