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Abstract

The conformational features of copper-free ceruloplasmin (CP), as compared to the holo-protein, were evaluated utilizing far- and
near-UV circular dichroism and fluorescence spectroscopy. The results obtained indicate that apo-CP maintains the secondary structure of
the holo-protein, while the tertiary interactions are much weaker. In addition, the removal of copper from the holo-protein leads to the
exposure of hydrophobic patches to solvent, as shown by the fact that apo-CP, at variance from the holo-protein, binds the hydrophobic
probe ANS. It is proposed that the CP molecule, upon copper removal, acquires the conformational features typical of a molten globule,
which might be the conformational state of CP during its biosynthesis before metal incorporation.
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Human serum ceruloplasmin (CP) is a single-chain
copper-binding glycoprotein (ferro-O,-oxidoreductase, EC
1.16.3.1) consisting of 1046 amino acids [1] and containing
six copper ions [2]. The crystallographic structure solved at
3.1 A resolution demonstrates that human CP contains six
domains arranged in a triangular array, each domain com-
prising a B-barrel [2]. Of the six copper ions bound, three
occupy mononuclear centers in domains 2, 4 and 6, whereas
the remaining three form a trinuclear cluster at the inter-
face between domains 1 and 6. The mononuclear copper
ions have typical ‘type I' environment [3], with two his-
tidines, a cysteine and a methionine as ligands, except for
the copper in domain 2 where the methionine is lacking. In
the case of domain 6, the main-chain carbonyl oxygen of
Leu-974 appears to point towards the copper ion. The
trinuclear cluster is constituted by two ‘type III’ copper
binding sites, where each metal ion is coordinated by three
histidines, and by a ‘type II' site, where the copper is
surrounded by two histidines. Moreover, as evidenced by
the 3D structure and amino-acid sequence of CP [1],
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several Tyr- and Trp-residues are in close vicinity to the
copper-binding sites. The analysis of the 3D structure of
human CP reveals that the putative active site involves
three copper ions in the trinuclear cluster and another
copper ion in a ‘type I' binding site [2,4].

It has been proposed that human CP is involved in
several important biological functions, including copper
transport, ferroxidase and amine oxidase activity (see Ref,
[2], for citations). Furthermore, mutations in CP gene are
related to systemic haemosiderosis [5] and, in particular, to
the pathogenesis of Wilson’s disease in humans (hepato-
lenticular degeneration), a severe genetic disease that leads
to the accumulation of copper in the liver and brain [5].
The mechanism of copper incorporation in the course of
CP biosynthesis in hepatocytes is poorly understood, espe-
cially regarding the cellular organelle(s) where metal bind-
ing occurs and the particular conformational state of the
protein molecule before metal binding [6]. The molecular
details of this mechanism are of critical importance for an
understanding of the actual physiological role of CP and
its possible involvement in the pathogenesis of Wilson’s
disease.

In previous studies, copper depletion has been used to
address the role of copper ions in the enzymatic activity
and stability of CP [7-13]. In this respect, apo-CP has
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some peculiar features as compared to the holo-protein,
such as lower sedimentation coefficient [14], higher elec-
trophoretic mobility [15] and slightly larger hydrodynamic
radius [16]. Moreover, apo-CP exhibits new antigenic de-
terminants with respect to the holo-protein, but is strongly
recognized also by the antibodies raised against the holo-
enzyme [17]. Overall, these data indicate that removal of
copper leads to a new conformational state of the CP
molecule [14,16].

In this work we show that apo-CP acquires conforma-
tional features typical of the molten globule state of pro-
teins (see Ref. [18], for a recent review), being character-
ized by significant secondary structure content, much
weaker tertiary interactions and an enhanced exposure of
hydrophobic groups to solvent. The possible biological
implications of these results are also discussed.

Human CP (95-96% pure, Ago/Asg, = 0.046) ob-
tained from the Pasteur Institute of the Russian Ministry of
Health Care (Saint-Petersburg) was used in our study. To
prepare apo-CP, 0.1 mM (13.2 mg/ml) CP was dialyzed
for 2 h at 20°C against 20 mM ascorbic acid in 0.1 M
Tris-HCI (pH 7.0). Subsequently, 0.25 mM KCN and 10
mM EDTA were added. The dialysis proceeded for an-
other 12 h, after which the protein sample was transferred
into 0.1 M Tris-HCl buffer (pH 7.0). After two changes of
the buffer within 6 h the copper content was measured
using a Perkin Elmer (Norwalk, CT, USA) model 4000
atomic absorption spectrometer.

The protein concentration was determined by UV ab-
sorption measurements at 280 nm on a Perkin-Elmer dou-
ble beam model Lambda-2 spectrophotometer. Absorption
coefficients of holo- and apo-CP at 280 nm were calcu-
lated according to Gill and Von Hippel [19] and both taken
as 1.61 mg~! em”.

CD spectra were recorded on a Jasco (Tokyo, Japan)
model J-710 spectropolarimeter equipped with a ther-
mostatted cell-holder connected to a NesLab (Newington,
NH) model RTE-110 water circulating bath. The instru-
ment was calibrated with d-(+)10-camphorsulfonic acid.
Far- and near-UV CD spectra were recorded at 25°C at a
prctein concentration ranging from 5 to 50 uM, using 0.1
or 1 cm pathlength quartz cells in the far- and near-UV
region, respectively. The results were expressed as mean
residue ellipticity [8]yrw = (6,4:/10) - (MRW /I - ¢),
where 6, is the observed ellipticity at a given wave-
length, MRW is the mean residue weight of holo- and
apo-CP taken as 126.2 Da, [ is the cuvette path length in
cm, and c is the protein concentration expressed as g/ml.
All CD spectra resulted from averaging four scans and the
final spectrum was corrected by subtracting the baseline
spectrum taken under identical conditions.

Fluorescence emission spectra were recorded at 25°C on
a Perkin-Elmer spectrofluorimeter model LS-50B, exciting
protein samples (2 uM) at 280 nm and recording the
emission fluorescence in the wavelength range 285-500
nm. The binding of the ANS to holo- and apo-CP was

measured by adding 50 wul of ANS stock solution (100
uM) to 450 ul of protein dissolved (2 uM) in the
specified buffer (ANS /protein molar ratio = 5:1). After 2
h incubation, samples were excited at 390 nm and the
emission fluorescence recorded in the wavelength range
400-700 nm. Emission spectra were corrected for the base
line spectra recorded under identical conditions. The con-
centration of ANS was determined spectrophotometrically
using an extinction coefficient of 5000 cm~! M~! at 350
nm [20].

The second-derivative ultraviolet absorption spectra of
holo- and apo-CP (80-100 ug) were taken after 1 h
equilibration at 25°C in the proper buffer (300 ul). The
average exposure of tyrosine residues to solvent (@) was
calculated according to Ragone et al. [21]. The error on the
determination of tyrosine solvent exposure was determined
in different experiments on hen egg white lysozyme
(Sigma) at pH 7.5 and found as low as 2%.

Treatment of ascorbate-reduced CP with KCN and
EDTA allows to obtain a sample of apo-CP containing less
than 1% of copper still bound [13]. This protein prepartion
was used for the spectroscopic studies herein reported.

Far-UV CD spectra of holo- and apo-ceruloplasmin
(Fig. 1A) share common features with a minimum centered
at 219 nm and a maximum at about 200 nm, characteristic
of a protein containing predominantly B-like secondary
structure [22]. This is in agreement with previous CD
studies conducted on holo-CP [23] and with the low-reso-
lution crystallographic structure of CP [2], showing that
each of the six domains in CP comprises B-barrel typically
organized as in azurin and plastocyanin [24]. The far-UV
CD spectra of holo- and apo-CP reported in Fig. 1A
suggest that the secondary structure content of the native
CP is not dramatically changed upon copper removal.
However, the spectrum of apo-CP displays significant
differences with respect to that of the holo-form in the 200
nm region. These differences could reflect conformational
changes occurring in the CP molecule upon copper deple-
tion, such as partial unfolding of the S-structure and/or a
variation of the twisting angle between the B-strands [25]
that form the six domains of CP. Moreover, the possibly
different contribution of aromatic residues [26] to the
far-UV CD spectra of holo- and apo-CP (96 Tyr, 70 Phe
and 25 Trp) should also be taken into account. These
contributions arise from the coupling between electronic
transitions of aromatic moieties with those involving other
groups possessing sr-orbitals, sach as side-chain amide
groups or peptide bonds [27]. The intensities of these
bands depends on the intrinsic rotational strength of the
functional groups involved, as well as on the distance and
orientation between interacting groups [26,27]. The far-UV
CD spectra of model dipeptides containing Phe or Tyr
show a prominent positive band in the 200 nm region with
ellipticity values of about 30000 and 40000 deg cm?
dmol ™! for Phe and Tyr, respectively, while the spectrum
of the Trp-model peptide shows a broad negative absorp-
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tion centered at 200 nm (81,5, ... = — 12000 deg cm’
dmol ') [22]. These contributions are more significant for
proteins displaying a poor CD signal in the far-UV region,
such as that often observed for B-proteins, and in most
cases they prevent a correct estimation of the secondary
structure content from CD data [27].

The near-UV CD spectrum of holo-CP (Fig. 1B) shows
a predominant negative signal at = 285 nm, assigned to
Tyr- and Trp-absorption, and a fine structure in the 260-
270 nm range, due to the contribution of Phe-residues [28].
The spectrum of apo-CP is characterized by a substantial
decrease (~ 50%) of the CD signal in the 280 nm region
and by the appearance of a distinct fine structure at 296
and 288 nm, assigned to the vibronic contribution of
Trp-residue(s) [28]. The appearance of this band may result
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Fig. 1. Far- (A) and near-UV (B) CD spectra of holo- (---) and apo-CP
(————). The spectra were recorded at 25°C in 10 mM Tris-HC1 /0.1
M NaCl (pH 7.0). Protein concentration was 2 and 8 uM in the far- and
near-UV region, respectively.
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Fig. 2. Fluorescence emission spectra of holo- (---) and apo-CP
(—————) (2 uM) taken at 25°C, after excitation at 280 nm in 10 mM
Tris-HC1/0.1 M NaCl (pH 7.0), and apo-CP (2 uM) in the presence of 6
M Gdo-HCI (- - -).

from the reduced negative absorption of some Tyr- and
Trp-residues that, in the partly folded state of apo-CP,
become more flexible and thus, contribute less to the
near-UV CD signal. Overall, the CD spectra of holo- and
apo-CP, shown in Fig. 1B, suggest that removal of copper
ions induces in apo-CP a looser and more flexible environ-
ment nearby aromatic residues. On the other hand, the
presence of fine structure in the near-UV CD spectrum of
apo-CP suggests that significant tertiary interactions do
exist even in the copper-free CP molecule.

The fluorescence spectrum of apo-CP shows a 5 nm
red-shift of A,,, (from 335 to 340 nm) and a substantial
increase of the emission intensity with respect to the
holo-protein (Fig. 2). This latter feature can be explained
considering that, in general, bound metal ions can effec-
tively quench the fluorescence of both Tyr- and Trp-re-
sidues located in the vicinity of the metal binding-sites
[29]. In the case of CP, upon copper depletion, this quench-
ing effect is abolished to a great extent, with a consequent
enhancement of the fluorescence quantum yield. The red-
shift of A,,,, observed in apo-CP, is in line with the
results of near-UV CD measurements (Fig. 1B). In fact, in
the more relaxed structure of the copper-free CP molecule,
some Trp-residues may become more exposed to the polar
solvent, shifting the A_,, value to longer wavelengths [29].
On the other hand, the presence of an efficient Tyr-to-Trp
energy transfer, observed in the 280 nm spectrum of
apo-CP, is taken as an indication that the copper free
protein still retains significant amount of residual tertiary
structure [29], at variance from the fully unfolded protein
in 6 M Gdn-HCI, where a distinct tyrosine band at = 303
nm and a Trp-fluorescence at 355 nm are observed.
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Second-derivative UV absorption spectroscopy can be
used to estimate the solvent exposure of tyrosines in
proteins. This technique takes advantage of the fact that
the peak-to-trough distances in the 280-295 nm region,
expressed as a /b ratio (see Fig. 3), are related to the
polarity of the medium in which Tyr-residues are embed-
ded [21]. The second derivative spectra of holo- and
apo-CP (Fig. 3) share common features in the 240-350 nm
range, suggesting that the microenvironment of the aro-
matic residues (96 Tyr, 70 Phe and 25 Trp) is not dramati-
cally altered upon removal of copper. However, the esti-
mated average exposure (a) of Tyr-residues to solvent is
higher for the holo-CP (ay,, = 65% + 2) than for the
apo-protein (ozapo =52% £ 2). These results can be ex-
plained considering that the value of « increases for
increased values of dielectric constant of the medium [21].
In the case of holo-CP, in fact, the crystallographic struc-
ture shows that the side-chain hydroxyl group of Tyr-107
closely interacts with a Cu®* ion in a ‘type II" copper-
binding site [2], while several other tyrosines along the
amino-acid sequence of human CP are close to copper
binding-sites [1]. Therefore, upon removal of copper ions,
those tyrosine residues that in holo-CP are located in the
vicinity of copper binding-sites become embedded in a less
polar environment in the apo-protein, with a consequent
decrease of the a wvalue. These results parallel those
previously reported for the holo- and apo-form of another
B-protein, like the Cu/Zn-superoxide dismutase (SOD). In
this case, in fact, metal depletion causes a decrease in the
accessibility of tyrosines, from 75% of the holo-SOD to
about 50% of the apo-protein {30].

8-Anilino-1-naphthalenesulfonic acid (ANS) was used
as a non-polar probe to identify the presence of equilib-
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Fig. 3. Second-derivative ultraviolet absorption spectra of holo- and
apo-CP in 10 mM Tris-HC1 /0.1 M NaCl (pH 7.0) and apo-CP in the
presence of 6 M Gdn-HCl. The peak-to-trough distance between the
maximum at 287 nm and the minimum at 283 nm (a) and that between
the maximum at 295 nm and the minimum at 290.5 nm (5) were used to
calculate the Tyr-exposure to solvent, according to Ragone et al. [21].
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Fig. 4. Fluorescence emission spectra of ANS (10 M) taken at 25°C in
10 mM Tris-HC1/0.1 M NaCl, pH 7.0 (- - -), in the presence of holo-
(---) and apo-CP ( ) (2 uM). Fluorescence spectra were
obtained by exciting the samples at 390 nm.

rium and kinetic intermediates in protein folding, com-
monly known as molten globule states [18]. The binding of
ANS to proteins is associated with a strong enhancement
of fluorescence quantum yield and with a blue-shift of
Amax» reflecting the burial of ANS molecule(s) in a more
hydrophobic environment [31]. As shown in Fig. 4, the
fluorescence intensity of ANS in the presence of apo-CP is
much higher than that obtained in the presence of holo-CP
or with the fully unfolded protein in 6 M Gdn-HCI (not
shown). Moreover, the A,,, of the ANS fluorescence
emission is shifted from = 505 nm of holo-CP to 480 nm
of the apo-form. These data clearly indicate that ANS
binds to CP in its apo-form only, and suggest that copper
depletion, weakening tertiary interactions, induces the ex-
posure to solvent of hydrophobic surfaces amenable to
interact with ANS molecule(s).

The results of this study indicate that, upon removal of
copper ions, human CP retains the secondary structure
elements of the holo-protein, while partial unfolding leads
to weaker tertiary interactions and an enhanced solvent
exposure of hydrophobic groups. These structural features
are consistent with the observation that apo-CP has a
slightly larger hydrodynamic radius in respect to that of
the holo-protein [16] and provide evidence that copper
depletion induces in human CP a partly folded state pos-
sessing the conformational properties most typical of the
molten globule state [18]. These partly folded states of
proteins can be generated by alteration of their covalent
structure, by exposure to specific solvent conditions (i.e.,
extreme pH, low concentrations of denaturants) [32] or by
depletion of bound metal ions, as in the case of the most
studied apo-a-lactalbumin [33]. Although a wide structural
variability has been observed [34], general consensus char-
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acteristics of the molten globule state include a significant
amount of secondary structure and an expanded tertiary
structure, lacking the well-defined packing of the native
protein and possessing a greater surface accessibility to
solvent [18,35].

An increasing body of evidence suggests that the molten
globule state represents a general intermediate in the pro-
tein folding process [36,37]. In the case of human CP,
recent crystallographic data [2] have demonstrated that
some of the copper ions in the catalytic center of CP are
coordinated by ligands located in the N- and C-terminal
domains. This fact, together with the overall complexity of
the active center [2], suggests that copper incorporation
should occur with the protein in a conformational state
intermediate between the native and unfolded state, i.e.,
the molten globule, that could represent the conformational
state of CP during its biosynthesis before metal incorpora-
tion. This is in line with the experimental results previ-
ously reported for the binding of calcium along the folding
pathway of staphylococcal nuclease [38]. In this case, the
calcium binding-site is formed by residues that are far
apart in the sequence and, in fact, the metal does not bind
to the protein until a native-like conformation is reached
[38].

The possible implications of the results of this study
(conducted on human CP from normal subjects) in the
molecular mechanism of Wilson’s disease remain to be
established.
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