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Human ceruloplasmin is a copper containing serum
glycoprotein with multiple functions. The crystal struc-
ture shows that its six domains are arranged in three
pairs with a pseudo-ternary axis. Both the holo and apo
forms of human ceruloplasmin were studied by size ex-
clusion chromatography and small angle x-ray scatter-
ing in solution. The experimental curve of the holo form
displays conspicuous differences with the scattering
pattern calculated from the crystal structure. Once the
carbohydrate chains and flexible loops not visible in the
crystal are accounted for, remaining discrepancies sug-
gest that the central pair of domains may move as a
whole with respect to the rest of the molecule. The qua-
sisymmetrical crystal structure therefore appears to be
stabilized by crystal packing forces. Upon copper re-
moval, the scattering pattern of human ceruloplasmin
exhibits very large differences with that of the holopro-
tein, which are interpreted in terms of essentially pre-
served domains freely moving in solution around flexi-
ble linkers and exploring an ensemble of open
conformations. This model, which is supported by the
analysis of domain interfaces, provides a structural ex-
planation for the differences in copper reincorporation
into the apoprotein and activity recovery between hu-
man ceruloplasmin and two other multicopper oxidases,
ascorbate oxidase and laccase. Our results demonstrate
that, beyond catalytic activity, the three-copper cluster
at the N-terminal-C-terminal interface plays a crucial
role in the structural stability of human ceruloplasmin.

Ceruloplasmin (ferro-O,-oxidoreductase, EC 1.16.3.1) is a
circulating copper protein found in vertebrate plasma, which
belongs to the family of multicopper oxidases together with
ascorbate oxidase and laccases. In humans it accounts for 95%
of plasma copper and seems to play an important role in iron
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metabolism and homeostasis by virtue of its capacity to oxidize
Fe?" to Fe®*, which allows the subsequent incorporation of the
latter into apotransferrin (1, 2) (for a recent review, see Ref. 3).
Mutations in human Cp (hCp),! which result in a loss of activ-
ity, cause aceruloplasminemia, a neurodegenerative disease
whose characterization revealed an essential role for hCp in
cellular iron efflux (3, 4). Besides, the protein was shown to
exert an antioxidant activity (5) because of its ability to scav-
enge superoxide radicals (6), a function also strongly dependent
on the presence of copper in the hCp molecule (7, 8). More
recently, a glutathione-dependent peroxidase activity was de-
tected and associated with a different active site involving
Cys-699 (9).

hCp is a single chain of 1046 amino acids (10). It normally
binds six copper ions (11), which are classified in three different
types according to their spectroscopic properties (12). The x-ray
crystallography structure determined at 3.1-A resolution re-
veals that the polypeptide chain is folded in six similar domains
arranged in three pairs forming a triangular array around a
pseudo 3-fold axis (13) (see the schematic diagram in the inset
to Fig. 1). The mononuclear type 1 copper sites in domains 4
and 6 involve 2 His, 1 Cys, and 1 Met as copper ligands,
whereas in the type 1 site of domain 2 the Met residue is
missing. One type 2 copper and the binuclear type 3 copper
form a trinuclear cluster binding a dioxygen molecule activated
in the peroxide form. The trinuclear cluster is surrounded by four
pairs of His residues equally contributed by the N-terminal do-
main 1 and the C-terminal domain 6, with Cu-N distances of
~2.1 A. Two residues are bound to the type 2 copper and three
residues coordinate each copper atom of type 3 (11, 13).

Recently, the kinetics of CN ™ -dependent conversion of holo-
hCp into the apoprotein were investigated, yielding some in-
sight into the relative affinities of metal ions in the molecule
(8). Type 1 and type 2 Cu®* appear to be most sensitive to the
treatment, whereas type 3 Cu?" are more tightly bound. Cop-
per-depleted hCp becomes unable both of oxidizing its in vitro
substrates p-phenylenediamine and o-dianisidine and of scav-
enging O, anions. Subsequent copper reincorporation into
CN ™ -treated samples shows that both the final copper content
and the recovered enzymatic activity are strongly dependent on
the amount of copper left bound to the protein (8). In particular,
the removal of type 3 copper ions is essentially irreversible.

! The abbreviations used are: hCp, human ceruloplasmin; SAXS,
small angle X-ray scattering; HPLC, high pressure liquid chromatog-
raphy; ASA, accessible surface area; AO, ascorbate oxidase; DAM,
dummy atom model.
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Previous studies, including determination of sedimentation co-
efficients (14), electrophoretic mobility (15, 16), and spectro-
scopic analysis using UV absorption, fluorescence, and circular
dichroism (CD) (17) indicated that the conformation of apo-hCp
is different from that of the holoprotein. The authors of the
latter study proposed that upon removal of copper, the protein
acquires typical “molten globule” properties, although the pres-
ence of a significant fine structure in the near UV CD spectrum
and of an efficient tyrosine to tryptophan energy transfer was
taken as an indication that the copper-free protein still retains
a significant amount of residual tertiary structure (17). In a
molten globule state, the secondary structure is largely pre-
served with concomitant loss of precise side chain packing
leading to a less compact conformation exposing hydrophobic
moieties to the solvent (18). To characterize further the confor-
mational differences between holo- and apo-hCp, the two pro-
tein forms have been studied using size exclusion chromatog-
raphy and small angle x-ray scattering (SAXS) in solution. The
latter method provides information about the global conforma-
tion of macromolecules (19), as illustrated by studies of the
structural transition of allosteric enzymes (20, 21) or studies of
the molten globule state of proteins (22, 23). The results pre-
sented here show that hCp undergoes a dramatic structural
rearrangement upon copper removal. The SAXS pattern of
apo-hCp suggests that the protein explores a large ensemble of
open conformations in which the two pairs of domains at each
end of the protein, which remained essentially intact, are fairly
free to move in solution while still being connected to the
central pair by flexible linkers. For the holo form of the protein,
indications of rigid body movements of the central pair of
domains with respect to the other two domains have been
obtained.

EXPERIMENTAL PROCEDURES

Preparation of Holo and Apo-ceruloplasmin—Human holo-hCp was
isolated from the pooled sera of healthy individuals following the pro-
cedure already described (24). The purity of the preparation was
checked spectrophotometrically by measuring the absorbance ratio
Ag10/Asso that was =0.046, indicating a purity level of at least 95-96%.
To prepare the apoprotein, holo-hCp was first fully reduced by dialysis
for 2 h against 0.1 M Tris-HCI, pH 7.2, containing 20 mM ascorbic acid
and then incubated at 20 °C for 12 h in the presence of CN~ (0.25 mm)
and EDTA (10 mm). The reaction was stopped by dialysis against 0.1 M
Tris-HC1, pH 7.2 (2 changes for 6 h each). The resulting apoprotein
contained less than 1% residual copper as determined by atomic ab-
sorption spectroscopy. Protein concentrations were determined spectro-
photometrically at 280 nm using a value of 1.61 mg™' cm? for the
extinction coefficient (25). Absorption spectra were determined using a
Hewlett-Packard model HP 8452A spectrophotometer.

Hydrodynamic Measurements—Gel filtration chromatography was
carried out on a TSK G3000SW analytical column (7.5 X 600 mm)
eluted at a constant flow rate of 0.3 ml min ' with 25 mm Tris-HCI
buffer, pH 7.5, containing 0.15 M NaCl. The absorbance of the effluent
was recorded at 226 nm. Typically, 20-50 pg (10-25 pl) of holo- and
apo-hCp in the same elution buffer were loaded onto the column by
using a Rheodine model 8125 valve connected to a PerkinElmer Life
Sciences HPLC system, model 410-BIO. Chromatographic data were
collected and processed using the CHROMS software run on a 7700
professional computer.

SAXS Data Recording and Analysis—SAXS measurements were per-
formed on the small angle x-ray scattering instrument D24 at LURE
using synchrotron radiation from a bending magnet of the storage ring
DCI. The instrument, the data acquisition system (26), and the evacu-
ated cell (27) have already been described. The wavelength of the
monochromatic (AMA = 1073) x-ray beam was adjusted to 1.488 A
(absorption K-edge of Ni). All samples were measured in 0.1 M Tris-HC1
buffer, pH 7.2. To ensure the monodispersity of the samples for R,
determination, a solution of holo (respectively, apo)-hCp was loaded
onto a size exclusion (SE) HPLC column and eluted in the above buffer.
The top fraction of the peak corresponding to monomeric hCp was
collected and immediately examined by SAXS. The protein concentra-
tion of each fraction was in the range of 1 to 3 mg ml~*'. Wide angle data
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are weak but much less sensitive to the presence of a small amount of
oligomer. They were recorded using solutions at a concentration of 125
mg ml* (holo-hCp) and 45 mg ml ! (apo-hCp). The radius of gyration
(R,) was determined using the Guinier approximation (28): I(s) =
I(O) exp((—47°/3)R2s%), where 1(0) is the scattering intensity at zero
scattering angle. I(O)/c is proportional to the molecular weight of the
protein.

The complete scattering curves used for further analysis were ob-
tained by splicing small angle, low concentration data with the wide
angle, high concentration curve after proper scaling. The distance dis-
tribution function p(r) corresponds to the distribution of distances be-
tween any 2 volume elements within one particle. It has been deter-
mined using the indirect Fourier transform method as implemented in
the program GNOM (29). This function provides an estimate of the
radius of gyration derived through the following relationship.

f rp(r)dr
2

R =

g
2 f p(rdr

Shape Determination—The ab initio shape determination was per-
formed using the dummy atom model (DAM) method (30) as imple-
mented in the program DAMMIN. A sphere of diameter D, is filled by
densely packed small spheres (dummy atoms) of radius r, << D, ... The
DAM structure is defined by a configuration vector X assigning an index
to each atom corresponding to solvent (0) or solute particle (1). In
keeping with the low resolution of the solution scattering data, the
method starts from a random configuration and searches for a config-
uration X minimizing fiX) = x* + «P(X), where a > 0 is a positive
parameter and the penalty term P(X) ensures that the DAM has low
resolution with respect to the packing radius r,. To remove the scatter-
ing contribution because of the internal fluctuations undesirable for the
shape analysis, a constant was subtracted from the experimental data
to ensure that the intensity decays as s~* following Porod’s law (31) for
homogeneous particles. This procedure yields an approximation of the
shape scattering curve (i.e. the scattering because of the excluded
volume of the particle filled by constant density) and this data is used
in the ab initio analysis.

Calculation of Scattering Patterns from Crystal Coordinates—The
atomic coordinates of the holo-hCp were taken from the Protein Data
Bank (32) and are available in the Research Collaboratory for Struc-
tural Bioinformatics Protein Data bank (13), entry 1kcw. The scattering
from the crystallographic structure was calculated using the program
CRYSOL (33), which takes the scattering from the solvation shell into
account and fits the experimental scattering curve using two adjustable
parameters, the excluded volume of the particle and the contrast of the
hydration layer 6p, = p, — p,, (here, p, and p, denote the scattering
length densities of the bulk and bound solvent, respectively). The values
of 8p, found for models of the holo and apo conformations ranged from
0.02 to 0.04 el. A3, values commonly encountered with other proteins.
The structure is not complete, because three external loops correspond-
ing to residues 339-346, 475-482, and 885-891 could not be resolved in
the structure any more than the 6 C-terminal residues. This is most
likely because of a great mobility of these parts of the molecule that
cancelled out their contribution to the diffraction intensities, making
them invisible to x-rays as it were. Because they are very mobile, their
precise conformation and location is not a critical issue, and certainly
not when it comes to determining their contribution to the SAXS pat-
tern, i.e. at low resolution. Therefore, these missing parts were modeled
using the software Turbo-FRODO (34) and the scattering pattern cal-
culated and fitted against the experimental curve of the holo-hCp.

Carbohydrate Chain Modeling in Holo-hCp—The complete sequence
of the carbohydrate chains are reported by Ryden (35). As can be seen
in Table I, they comprise one biantennary oligosaccharide constituting
two of three chains and a triantennary oligosaccharide constituting the
third of the three chains observed on average on the molecule of hCp.
However, hCp is heterogeneous in the degree of glycosylation, which
varies from two to four chains per protein molecule (35). Finally, the
biantennary or the larger triantennary oligosaccharide can be found
attached at the same site, implying that a microheterogeneity also
exists at this level. The three-dimensional structure of a fragment of
carbohydrate chain containing nine hexose units bound to a protein was
found in the structure of an Fc fragment (36) (Protein Data Bank entry
1fc1). The missing terminal sialic acid was found in a structure of
influenza virus neuraminidase (37) (Protein Data Bank entry 2qwb).
The complete biantennary and triantennary chains were built using

(Eq. 1)
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TaBLE 1

Structure of the oligosaccharide chains of hCP: (a) biantennary oligosaccharide and (b) triantennary oligosaccharide (35)

(a)
NeuAca2 — 6Galpl — 4GlcNAcB1 — 2Manal

6
ManpB1l — 4GlcNAcB1 — 4GlcNAc — Asn
3

1
NeuAca2 — 6Galpl — 4GlcNAcBl — 2Manal

(b)
NeuAca2 — 3Galpl — 4GlcNAcBl — 2Manal
!
6
ManpB1l — 4GlcNAcB1 — 4GlcNAc — Asn
3

1
NeuAca2 — 3Galpl — 4GlcNAcB1l — 4Manal
2

i
NeuAca2 — 3GalBl — 4GlcNAcB1

Turbo-FRODO. No particular care was taken during the process to
respect a precise stereochemistry of the sugar chains thus built, because
this is of no consequence on the resulting scattering pattern, which only
depends on the general position of the chain with respect to the protein.
The same program was used to add the various chains to the glycosy-
lation sites. The chains were placed in an arbitrary position well ex-
posed to the solvent, because their high mobility makes them likely to
explore a fairly large volume around the attachment site with no priv-
ileged orientation or position. Their contribution to the scattering is
thus that of an average conformation. Molecules with one triantennary
chain and from one to three biantennary oligosaccharides were ob-
tained in this way and used for calculations.

Apo-hCp Modeling—Modeling the apo-hCp involved two successive
steps starting from the model of the holoprotein complete with loops,
C-terminal end, and three carbohydrate chains. The first step made use
of the program Turbo-FRODO already mentioned to create extended
conformations of the molecule. The central pair of domains was kept
fixed during the whole process and considered as associated with the
coordinate frame. The three domain pairs are defined as follows: do-
main {1,2} amino acid residues 1-338; domain {3,4} amino acid residues
339-702; domain {5,6} amino acid residues 703—1046. The domain pair
{5,6} was rotated around an axis parallel to the y axis of the coordinate
frame passing through the N(H) of residue 703, whereas domain pair
{1,2} was rotated around an axis parallel to the x axis passing through
the C(O) atom of residue 338. These rotations were a simple means of
describing rigid body movements of the domains around one extremity
of the linker connecting them to the central domain. The second step of
the model search made use of the program ASSA (38) running on an
SGI Indigo? work station. As input, the program uses the atomic coor-
dinate files of proteins in PDB format and the scattering amplitudes of
the corresponding protein calculated using CRYSOL. Given two such
proteins and the experimental scattering pattern of the (1:1) complex
between them, their mutual position and orientation can be interac-
tively optimized so as to fit the scattering data. In the specific case of
the apo-hCp, the protein was divided in two parts: the first one com-
prising the pairs of domains {1,2} and {3,4} was kept fixed, whereas the
position and orientation of {5,6} was adjusted. Here again, only rota-
tions around the Ca of residue 703 were considered, so as to allow for
rigid body movements of {5,6} without disrupting the main chain con-
nectivity. In a second run, the roles of protein domains {1,2} and (5,6}
were exchanged and the process was repeated. No further refinement
was required.

Analysis of Domain Interfaces—Domain interfaces have been ana-
lyzed using the Protein-Protein Interaction Server by J. Thornton and
S. Jones ((39), available at www.biochem.ucl.ac.uk/bsm/PP/server/
index.html). For ascorbate oxidase (AO) only monomer A was consid-
ered (40), Protein Data Bank entry 1a02. Atomic coordinates for laccase
are also available from the Protein Data Bank, entry 1a65 (41). Among
the various parameters characterizing the interface that are returned
by the program, we have considered here the number of hydrogen
bonds, the accessible surface area (ASA), the gap volume calculated,
and the gap index. The accessible surface area is calculated using the
Lee and Richards algorithm (42) and is defined as the surface mapped
out by the center of a probe sphere of radius 1.4 A rolled around the van
der Waals surface of the protein. For a given interface, the value is
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Fic. 1. HPLC gel filtration chromatography of holo (dashed
line) and apo (solid line)-hCp in 25 mm Tris-HCI buffer, pH 7.5,
containing 0.15 M NaCl. The profile of holo-hCp is shifted along the y
axis for the sake of clarity. V, and V,, denote the position of excluded and
included volumes, respectively. See “Experimental Procedures” for de-
tails. In the wupper left corner, schematic diagram of hCp (11). The
domains are sequentially numbered from the N- to the C-end, with the
central pair {3,4} underlined with a gray shading. Copper atoms are
displayed as dark circles.

calculated for each partner in isolation and within the complex before
computing the difference. The value of the interface ASA given in Table
II is the sum of the differences for both partners. The gap volume
between the two interacting domains is calculated using the program
SURFNET (43). Finally, the gap index is defined as the ratio of the gap
volume to the interface ASA. This index is a measure of the comple-
mentarity of the interacting surfaces. Its mean value over a panel of
homodimers and heterocomplexes is 2.20 (respectively, 2.48) with a
standard deviation of 0.87 (1.02) and maximal values of 4.43 (5.17) (39).

Rigid Body Movement in Holo-hCp—The position of the central pair
of domain with respect to the other two pairs was optimized using the
refinement routine included in the program MASSHA (44). This routine
explores all six translational and rotational parameters to optimize the
fit of the calculated pattern to the experimental scattering curve.

RESULTS

Gel Filtration Experiments—The results of analytical gel
filtration, reported in Fig. 1, provide evidence that apo-hCp has
a larger hydrodynamic volume as compared with that of the
holoprotein, indicating that removal of copper ions leads to a
more expanded structure. This observation is consistent with
the results of a previous comparison of the physicochemical
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Fic. 2. Analysis of the SAXS patterns of holo (circles and thick lines) and apo (squares and thin lines)-hCp. a, Guinier plots. The
concentrations of the solutions used were 2.1 mg ml~* (holo, top curve) and 1.6 mg ml~* (apo, bottom curve). The straight lines result from the linear
fit to the data. The curve of holo-hCp has been displaced up the vertical axis by 1 In unit for the sake of clarity. b, distance distribution functions
p(r). The functions are normalized to the integrated value, i.e. to 1(0)/c, which is proportional to the molecular weight. ¢, Kratky plots normalized

to I(0)/e.

characteristics of the holo and apo forms indicating that copper
depletion induces a conformational change interpreted at the
time as possibly leading to the molten globule state (17). The
second, minor peak on the low molecular weight side of
the apo-hCp elution profile is most likely because of some
limited proteolysis, suggesting a greater sensitivity of the pro-
tein after copper extraction. This had already been suggested
by the marked difference in half-life between circulating hCp in
the holo form (5.5 days) (45) and the apo form with a much
shorter half-life of about 5 h (46).

Integral Parameters from SAXS Measurements—The radius
of gyration of hCp in the holo and apo forms was calculated
using the Guinier approximation from the range of scattering
vectors within 27sRg < 1.3 (31) (Fig. 2a). The concentrations
(c) were sufficiently low to make interparticle interactions neg-
ligible in the buffer used. The R, values deriyed from the
Guinier analysis are 32.5 = 0.5 and 45.2 = 0.5 A for the holo-
and apo-hCp, respectively. The values of I(0)/c for various sam-
ples of holo- and apo-hCp were identical within experimental
error, as expected for two proteins with the same molecular
mass, showing that the apo-hCp solution used for SAXS exper-
iments was free from protein degradation.

Further analysis was performed in terms of the distance
distribution function p(r) (Fig. 2b) determined for holo- and
apo-hCp as described under “Experimental Procedures.” Their
qualitative comparison suggests that the conformation of the
holo-hCp is globular (p(r) is essentially symmetric with respect
to the most frequent distance), whereas that of the apo-hCp is
rather anisometric. Quantitatively, the maximum dimension of
the holo form D, . is equal to 110 = 5 A, whereas the apo form
is significantly larger (D, ,, = 155 + 5 A). The radii of gyration
of the two forms, calculated from the p(r) functions are 32.3 =
0.2 and 45.9 = 0.3 A, respectively, in good agreement with
those determined using the Guinier approximation.

A sensitive probe of the compactness of a particle is provided
by the so-called Kratky plot s%I(s) versus s (31). Indeed, for a
Gaussian polymer chain, the scattering profile at high angles
varies like s~ 2 instead of the s~* behavior of the Porod law for
globular objects (31). This marked difference in the asymptotic
behavior is most conveniently examined using the Kratky plot:
the scattering curve of a globular particle will present a dis-
tinctive bell-shaped curve, whereas the curve of a Gaussian
chain displays a plateau. The two Kratky plots for holo- and
apo-hCp are presented in Fig. 2c, where the intensities have
been scaled to protein concentration. It can be seen that the

holo- to apo-hCp transition does not result in a complete loss of
globular structure: the apo-hCp still presents a clear maxi-
mum, although of different shape and intensity. The maximum
is shifted toward small angles, in agreement with the observed
increase in the value of the radius of gyration, whereas the
integrated intensity for the apo-hCp in the range of the maxi-
mum (0.0045 A~! < s= 0.014 A~') only amounts to 60% of the
corresponding value for the holoprotein, indicating that the
removal of copper decreases the compactness of the molecule.
In summary, the comparison between the integral parameters
of the holo and apo forms of hCp shows that upon copper
removal, hCp undergoes a major conformation change toward a
more extended shape indicated by a 40% increase in the values
of both the radius of gyration and the maximum diameter of the
protein.

Conformation of Holo-hCp in Solution—The scattering pat-
tern of the crystal structure of holo-hCp was calculated using
the program CRYSOL and is shown in Fig. 3a (thin black line)
together with the experimental pattern (blue dots with error
bars). The two curves display noticeable differences, beyond
any experimental or computing error, most remarkably in the
small angle region and around the first subsidiary minimum
and maximum. The radius of gyration and the maximal diam-
eter computed from the crystallographic model (30.0 and 85 A,
respectively) are significantly smaller than the experimental
values. The first minimum and maximum on the calculated
pattern are much sharper than the experimental ones, the
minimum is shifted toward smaller s values, and the oscilla-
tions observed in the s range [0.028 13[1, 0.045 A~ 1 are barely
detectable in the experimental pattern. Taking into account the
pseudo 3-fold symmetry of the molecule, the experimentally
observed weaker modulation suggests that, in solution, there is
some departure from the symmetry observed in the crystal
structure.

Differences between the crystal structure and the conforma-
tion in solution have already been observed (21, 47, 48) that
have been attributed to the effect of packing forces in the
crystal. However, before considering the possible effect of the
crystal lattice on the structure of hCp, one should remember
that hCp is a glycoprotein with four sites of N-glycosylation
(35). Of these four sites, one, at Asn-743, shows no trace of the
bound carbohydrate chain in the electron density, two at Asn-
339 and -378 only show the first N-acetylglucosamine residue,
whereas two residues have been placed for Asn-119 (11). These
carbohydrate chains are located on the surface of the protein,
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Fic. 3. Modeling holo- and apo-hCp. a, experimental and calculated curves of the holo form: blue dots with error bars, experimental data; thin
black line, calculated curve of the completed crystal structure with no sugar chain added; green line, calculated curve of the protein with three sugar
chains. Light brown line, calculated curve of the glycosylated model after refinement of the position of the central pair of domains. Red line,
calculated curve of the glycosylated model after refinement of the position of the central pair of domains from a different starting position. Inset,
magnification of the outer region of the holo curves. b, the structure of the holoprotein in ribbon representation, with the attached carbohydrate
chains shown in ball and stick representation, is viewed along the pseudo 3-fold axis. The first pair of domains {1,2} is shown in copper, the second
{3,4} in gold, the last pair {5,6} in blue. The inset shows an orthogonal view of the molecule (red markers for the protein moiety, red CPK for the
sugar chains) superimposed on the ab initio model determined by DAMMIN (yellow semi-transparent spheres). ¢, experimental and calculated
curves of the apo form: green dots with error bars, experimental data; red line, calculated pattern of the refined model of the glycosylated
apoprotein. d, the structure of the apoprotein in ribbon representation, with the attached carbohydrate chains shown in ball and stick
representation, is viewed along the pseudo 3-fold axis. Color code for domains as in . The inset shows an orthogonal view of the molecule (red
markers for the protein moiety, red CPK for the sugar chains) superimposed on the ab initio model determined by DAMMIN (yellow semi-
transparent spheres). The ribbon, ball and stick, and CPK representations have been obtained using the program WebLab ViewerLite37™
(Molecular Simulations Inc.).
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mostly exposed to the solvent, and will significantly contribute
to scattering in the small angle range, thereby increasing the
value of the radius of gyration. Furthermore, these chains will
decrease the pseudo 3-fold symmetry for three reasons: (i) the
glycosylation sites do not obey the symmetry; (ii) hCp presents
a marked heterogeneity in the degree of glycosylation, from two

to four carbohydrate chains per protein molecule, whereas bi-
antennary or the larger triantennary oligosaccharides could be
found at the same site (35); (iii) these carbohydrate chains
move in the solvent around their binding site. This assertion is
supported by the nearly complete absence of sugars from the
electron density map, although no attempt had been made to
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cleave the sugar chains off from the protein before crystalliza-
tion.Z Therefore, it appears that the contribution of the glycans
could account for the two main discrepancies between the cal-
culated and the experimental patterns, a larger experimental
value of the radius of gyration and of the maximal diameter
and a lower apparent degree of symmetry.

To test this hypothesis, the carbohydrate chains were mod-
eled as explained under “Experimental Procedures” and the
glycoprotein scattering pattern was calculated using CRYSOL.
The resulting model with three sugar chains, the average chain
number, is presented in Fig. 3b, whereas the corresponding
curve is shown in green in Fig. 3a. The agreement with the
experimental curve is much improved, the value of the radius
of gyration (32.0 A) nearly coincides with the experimental one
and the first minimum is essentially identical in depth and po-
sition to that in the experimental curve. The curve calculated
with four sugar chains is very similar with only a small increase
in the value of the radius of gyration, whereas that with one
chain is closer to the curve of the unglycosylated protein (data not
shown). Therefore, we consider that the sugar chains do account
for most of the observed differences. However, even the curve
calculated with all four sugars displays the same oscillations at
higher angles with barely reduced amplitudes as compared with
the curve of the unglycosylated protein. A proposal to account for
these residual differences will be presented further below.

In parallel to the above modeling, ab initio calculations of the
overall shape of the molecule from the SAXS pattern were
performed using the program DAMMIN (30). To constrain the
calculations, conditions of oblateness and 3-fold symmetry of
the particle shape were imposed. Several independent recon-
structions obtained from randomly generated starting configu-
rations yielded consistently characteristic shapes with three
extensions protruding from the core of the molecule, the size of
which is comparable with the length of the carbohydrate
chains. The calculated patterns are nearly identical to the
experimental curve after subtraction of a constant value (see
“Experimental Procedures”). The DAMMIN model is shown in
the inset to Fig. 3b together with the superimposed crystal
structure complete with sugar chains. The similarity is strik-
ing, and all the more so if one considers that the 3-fold sym-
metry imposed in the DAMMIN calculation is not obeyed by the
sugar chains. Indeed, two glycan chains are rather well super-
imposed with two of the three protrusions, the distance be-
tween which neatly fits the average distance between the
chains bound at Asn-378 and Asn-743. This agreement consti-
tutes a further argument in support of our model for holo-hCp,
as well as a testimony to the potential of the ab initio approach.

Conformation of Apo-hCp in Solution—A difference close to
40% in the radius of gyration between the holo and apo forms
of hCp clearly indicates that copper removal causes a dramatic
change in the conformation of the protein. A comparison of the
scattering patterns from the two forms in Fig. 2c shows that in
the small angle range, corresponding to s values lower than
0.026 A~1, the two patterns bear no similarity whatsoever,
whereas at larger s values they are practically identical within
experimental error. The scattered intensity in the innermost
region of the curve, corresponding to large distances, is deter-
mined by the mutual arrangement of the domains. In contrast,
the scattered intensity in the latter range is because of inter-
ference between scatterers at distances smaller than 40 A, with
a strong contribution from intradomain distances. These con-
siderations suggest that upon copper removal, the domains
remain essentially intact whereas their relative positions are
thoroughly modified.

2 P. Lindley, personal communication.

Conformation in Solution of Holo and Apo Human Ceruloplasmin

The low resolution shape of the apo form reconstructed ab
initio from the scattering data gave us a first hint to the
possible domain rearrangements. Attempts at imposing a
3-fold symmetry led to physically unreasonable flat structures
indicating that this symmetry is not maintained in the apo
form of hCp. The low resolution model of the protein restored
without the symmetry restrictions is presented in the inset to
Fig. 3d (yellow semi-transparent spheres). The calculated curve
is undistinguishable from the experimental data after subtrac-
tion of a constant value. Several independent reconstructions
yielded very similar shapes suggesting that the domains in the
apo-hCp are in a more open arrangement than the triangular
array observed in the holo form, the symmetry of which cannot
be preserved. This is easily rationalized when one takes into
account the specific distribution of copper within the molecule.
Indeed, half of the copper content is found in the trinuclear site
coordinated to histidine side chains contributed by both the
N-terminal and C-terminal domains. It is conceivable that
these coordinate bonds that link together domains 1 and 6
contribute to the stability of the interface to the extent that
their suppression upon copper removal leads to the loss of the
interface. Each of the pairs {1,2} and (5,6} of domains could
then leave its position in the holoprotein and, because it is
connected to the central pair {3,4} by a flexible linker, freely
move in solution, leading to a more extended conformation for
the whole apomolecule, in qualitative agreement with our
SAXS observations.

Based on the low resolution shape and on previous consider-
ations, models were created using Turbo-FRODO (see “Exper-
imental Procedures”) and the calculated scattering curves were
compared with the experimental pattern of the apo molecule.
Several patterns displayed a global trend similar to that of the
experimental curve. The best model was then further refined
using the program ASSA (38). The resulting pattern is shown
in Fig. 3c together with the experimental pattern of the apo-
hCp, and the model is presented in Fig. 3d. The agreement
appears to be excellent over the whole angular range, corre-
sponding to almost 3 orders of magnitude in intensity. How-
ever, the value of the radius of gyration, derived from the very
small angle region, is about 43.3 A, close to but significantly
smaller than the experimental value. This observation does not
invalidate the result of our approach, which does not postulate
a unique structure for the apo form of hCp. Indeed, the starting
point of our analysis is that the domains, connected by flexible
linkers, become loose and move essentially freely in the ab-
sence of copper. This flexibility is already apparent in the
crystal structure of the holoprotein, because residues 339-346
between domains {1,2} and {3,4} are not located in the electron
density map nor residues 885-891 between domain 5 and
domain 6, whereas residues 700-702 between domains {3,4}
and {5,6}, although positioned in the structure, present very
high values of the thermal agitation factor B suggestive of a
great mobility. Therefore, the apo form of hCp does not possess
a unique conformation in solution but explores a large confor-
mational space essentially described by the mutual rigid body
movements of the domains considered in the modeling process.
The resulting curve is an average of all accessible conforma-
tions weighted by their respective fractional concentration. The
lower value of the radius of gyration found upon refinement
suggests that there exists no single conformation, the scatter-
ing curve of which is identical to the experimental average
pattern. Restricting the fitting range to the central part of the
pattern leads to more open structures than that shown in Fig.
3d, with the same value of the radius of gyration than the
experimental one, at the expense of a worsened global fit. No
other information on the distribution of the accessible confor-
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TaBLE II
Interface parameters obtained from the Protein-Protein Interaction Server (39) for hCp, ascorbate oxidase, and laccase
Ascorbat id: L
hCp (Tkew.pdb) (1a02.pdb, monomer A) (1265.pdlb)

Interface 1-2 (1-3,1-4,2-3,2—4) for hCp

Number of H-bonds 2+1+2+2=17 30 19

ASA“ (A?) . 453 + 204 + 985 + 2018 = 3660 3392 3139

Gap index® (A) 3.45/13.9/5.13/4.05 1.3 1.0

S-S bond 0 1 1
Interface 2-3 (3-5,3-6,4-5,4—6) for hCp

Number of H-bonds 0+0+12+2=14 32 21

ASA“® (A?) 0+ 0+ 1684 + 1010 = 2694 4625 2505

Gap index® (A) na/na/3.0/5.95 1.4 1.7

S-S bond 0 0 0
Interface 1-3 (1-5,1-6,2-5,2—6) for hCp

Number of H-bonds 2+3+2+11 =18 10 14

ASA“ (A?) . 538 + 956 + 269 + 2243 = 4006 2482 3424

Gap index® (A) 3.15/6.0/18.5/3.3 2.2 1.9

S-S bond 0 1 1
Intra-pair interfaces in hCp 1-2 3-4 5-6

Number of H-bonds 50 46 22

ASA“® (A?) 7632 7971 5351

Gap index® (A) 0.79 0.74 1.09

S-S bond 0 0 0

¢ Accessible surface area.
® For definition, see under “Experimental Procedures.”

mations is available, and it can only be surmised, on the basis
of the proposed structure, that it is likely to be fairly broad, the
domain orientations and positions being only restricted by the
presence of the other two domains and the length of the linkers.
Finally, the averaging of all curves associated with the broad
distribution of accessible conformations explains the absence in
the experimental data of any oscillation at s > 0.03 A~

DISCUSSION

The Model for Apo-hCp—Despite its success in accounting
very economically for the dramatic change in the scattering
pattern of hCp associated with copper removal, our model
might meet with some skepticism raised by its basic assump-
tion that all three interfaces are totally disrupted in the apo
form. Indeed, it may seem a priori unlikely that these inter-
faces could disappear altogether so easily, all the more so that
the corresponding interfaces and the global conformation have
been reported to be hardly affected by copper removal in the
case of AO and laccase, two other members of the multicopper
oxidase family whose crystal structures have been determined
at high resolution (40, 41). These two proteins possess, like
hCp, a trinuclear copper cluster located between domains 1 and
3 (they comprise 3 instead of 6 domains) that equally contribute
the coordinating His residues.

To get some insight into this issue, the interfaces between
domains of all three proteins were systematically analyzed
using the Protein-Protein Interaction Server by J. Thornton
and S. Jones (39). For hCp, interfaces between domains within
a pair, {1,2}{3,4}{5,6}, were also studied to provide an internal
comparison. The values of several parameters describing the
domain interfaces are presented in Table II. First, the values of
ASA (see “Experimental Procedures”) are similar for all three
proteins when the pairs of domains in hCp are considered,
although they display large variations at the level of individual
domains. Interfaces between domains within a pair display
ASA values approximately two to four times as large as the
most extensive area between domains from different pairs (Ta-
ble II, bottom row). Second, the number of hydrogen bonds for
hCp is smaller or equivalent to that observed in AO or laccase
although they involve pairs of domains instead of single do-
mains. Third, a measure of the shape complementarity of the

interacting surfaces is provided by the gap index (see “Exper-
imental Procedures”). Whereas values between 1.0 and 2.2 for
the various interfaces of AO and laccase are indicative of tight
interfaces, the values for the hCp interfaces are most con-
trasted: interfaces within pairs of domains display the lowest of
all values, between 0.74 and 1.09, indicating a very high level
of surface complementarity and supporting the view of holo-
hCp as a trimer of very tight pairs of domains, whereas the
interfaces between domains from different pairs have values
ranging between 3 and 6 for the more extensive ones, suggest-
ing a low level of shape complementarity between opposing
surfaces. This is likely associated with the presence of intersti-
tial water at most interfaces that would reduce the energetic
cost accompanying the solvent exposure of hidden surfaces
following copper removal. Finally and most importantly, two
disulfide covalent bridges at the {1,2} and {1,3} interfaces are
present in AO and laccase that will keep the domains together.
None is observed in the case of hCp.

Relevant information can also be found in studies of the
functional and structural effect of copper removal performed
for all three proteins. AO can be fully depleted from copper
using a CN~ treatment similar to that used here for hCp, and
the protein can be reversibly reconstituted with complete re-
covery of enzymatic activity (49). Furthermore, a systematic
analysis of the effect of copper depletion on the sensitivity of
AO to thermal and chemical denaturation concluded that cop-
per affects the stability but not the protein conformation (50).
Similar observations have been made with laccases, which
almost completely regains the activity, copper content, and
spectroscopic properties of the native protein upon treatment of
the apoprotein with cuprous ion (51, 52). In contrast, apo-hCp,
fully depleted from its copper atoms as studied here, is unable
to recover its copper complement and its enzymatic activity (8).
In particular, the two type 3 copper atoms, which are the most
resistant to CN™~ treatment and require the preliminary reduc-
tion of Cu®" to Cu® with ascorbate for removal, can never
rebind, suggesting that the binding site is not available any
more (8).

All these observations, both structural and functional, build
a strong body of evidence showing that the interactions be-
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tween the pairs of domains in hCp are significantly weaker
than the domain interactions in AO and laccase. They fully
support our proposal that all three interfaces in hCp are dis-
rupted upon loss of the trinuclear site at the Nter-Cter inter-
face. Complementary observations allow us to be even more
specific. For all three proteins, the type 1 copper ions located in
the interior of individual domains and the type 2 copper that is
part of the trinuclear cluster have been shown to be most easily
removed and reincorporated (8, 50, 53). Moreover, nonradiative
tyrosine to tryptophan energy transfer that normally occurs in
holo-hCp is not affected by removal of most type 1 and type 2
Cu?" (8, 54), suggesting that these ions play no significant role
in the stability of the hCp conformation. Finally, the structure
of type 2-depleted laccase from Coprinus cinereus displays the
canonical pseudo-ternary symmetry with the pair of type 3
copper ions duly positioned at the Nter-Cter interface (41). It is
therefore most likely that the pair of type 3 copper ions is
primarily responsible for the stabilization of the global protein
structure.

Previous spectroscopic studies of apo-hCp were interpreted
in terms of a molten globule-like conformation (17), suggesting
that the tertiary structure of the protein was significantly
altered upon copper removal while the secondary structure was
essentially preserved. Our SAXS experiments show that major
perturbations following metal removal occur at a higher hier-
archical level of structure, that of the mutual arrangement of
the pairs of domains. However, the spectroscopic observations
can easily be reconciled with the present model. The increase in
ANS fluorescence in the absence of copper suggested that sig-
nificant hydrophobic patches become accessible to the probe
(17), an observation that is perfectly compatible with our
model. Indeed, whereas we assume that the conformation of
individual pairs of domains remains essentially intact, as re-
quired by our rigid body analysis, some hydrophobic patches
that were buried into the interfaces become accessible to the
fluorescence probe. Furthermore, local movements of some
parts of the protein destabilized by the removal of copper ions
could lead to the transient exposure of hydrophobic residues.
The same pattern of conformational modifications can also
account for the observed red shift in apo-hCp fluorescence
emission spectrum (17). Such spectral change, reporting on a
more polar environment experienced by Trp residues, is fully
compatible with the extended conformation following the loss of
interfaces proposed for apo-hCp. The large number of these
residues (18 Trp and 64 Tyr) obviously precludes any site-
specific investigation. However, it is worth noting that 5 Trp
and 19 Tyr residues appear to be involved in interactions
between pairs of domains and are therefore likely to experience
an increased exposure to solvent in the apo form.

Mutations in the hCp gene causing expression to stop at
residue 991 (55) and 858 (56) have been associated with sys-
temic hemosiderosis. It has already been proposed on the basis
of the crystal structure that in such truncated enzymes the
trinuclear cluster binding would be affected, thereby severely
impairing oxidase activity (13). Furthermore, this could entail
a deep enough perturbation of the interface between domains 1
and 6 that the enzyme “may well exist in an open configura-
tion.” Our results, showing that this is already the case of the
complete enzyme upon copper removal, give a strong experi-
mental support to this proposal.

Rigid-body Dynamics of Holo-hCp—Although the contribu-
tion from sugar chains, once properly taken into account, con-
siderably improves the agreement between the calculated and
experimental scattering pattern of the holo form of hCp, resid-
ual oscillations persist at larger angles, beyond 0.03 A~ on the
calculated pattern (Fig. 3a), whatever the number of glycans
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added. Rotating the hydrocarbon chains around their binding
site hardly alters the scattering pattern (data not shown).
Therefore, the mobility of the carbohydrate chains cannot ac-
count for the smooth appearance of this part of the curve. To
remove these oscillations, perturbation of the symmetrical ar-
rangement of the three pairs of domains seems unavoidable.
Because the N- and C-terminal pairs of domains are bound at
the trinuclear copper site, their mutual movements are re-
stricted, and the required deviation from symmetry can mainly
be achieved by assuming the existence of global movements of
the central pair of domains with respect to the rest of the
molecule. This assumption also follows directly from the previ-
ous analysis of the apo-hCp conformation and of the subse-
quent study of the interfaces between pairs of domains. We
have seen that type 1 and type 2 Cu?* are likely to play no
significant role in the stability of hCp conformation (8, 54).
Therefore, the pairs of domains {1,2} and {5,6} that have been
shown to move freely in solution in the case of apo-hCp should
not be interacting more strongly with the central pair {3,4} in
the presence of copper.

The hypothesis has been put to test by allowing the central
pair of domains {3,4} to move as a rigid body with respect to the
other two pairs. A significantly improved fit with dampened
oscillations beyond 0.02 A%, identical to the previous curve
below 0.018 A~!, was obtained for a displacement of 3 A along
the x and z axes of the coordinate frame, with rotations between
7 and 40 degrees around the three reference axes (Fig. 3a, light
brown line). The root mean square distance between all Ca is
6.2 A, whereas the distances between the two positions of the N
and C extremities are between 10 and 12 A, which can be
accommodated by the flexibility of the linkers. An even better
fit with weaker and shifted oscillations was obtained when the
fitting procedure was started from a different initial position
(red line in Fig. 3a). As in the case of the apo form of hCp, the
pattern resulting from the motion of the central pair of domains
is the average of all accessible conformations weighted by their
respective fractional concentration. Averaging a large number
of scattering patterns of similarly refined conformations would
most likely yield a curve with no detectable modulations. The
proposal that the central part of the molecule is already mobile
as a whole with respect to the other two pairs of domains within
the holoprotein therefore provides an attractive explanation for
the absence of oscillations at wider angles observed on the
experimental data. In contrast, the quasisymmetric crystal
structure appears to be stabilized by packing forces.

CONCLUSION

We have presented here the results of a SAXS study of the
conformation in solution of both the holo and apo forms of
human ceruloplasmin. The large differences observed between
the two scattering patterns show that the protein undergoes a
thorough reorganization upon copper removal. An ab initio
analysis of both curves gives a first hint of the low resolution
shapes of the two forms and shows that the pseudo 3-fold
symmetry cannot be preserved in the apo form, but a more
detailed interpretation entirely relies on the availability of the
crystal structure of the holo form. Indeed, the present work
fully exploits the fruitful complementarity between high reso-
lution x-ray crystallography and low-resolution SAXS study in
solution. The pattern calculated from the crystal structure is
different although similar to the experimental data. Modeling
the missing parts of the molecule, sugar chains and mobile
loops, has improved the fit to the data, but a good agreement is
only obtained by introducing a global motion of the central part
with respect to the rest of the molecule. Similarly, the obser-
vation in the crystal structure of the location of the 3-copper
site at the interface between the N-terminal and C-terminal
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domains of the protein together with the comparison between
the two scattering patterns has led to the proposed model
involving the complete loss of the interfaces between the three
pairs of domains upon copper removal. Whereas holo-hCp is
described in terms of loosely connected pairs of domains, the
central one undergoing global motions with respect to the rest
of the molecule, the apo form is therefore seen as exploring a
large conformational space through rigid-body movements of
the pairs of domains around flexible linkers. The comparison
between hCp, AO, and laccase provides a structural explana-
tion for the different properties of the three multicopper oxi-
dases in the apo form. In the case of laccase and AO, the
contribution from the numerous interactions through tight in-
terfaces and the presence of disulfide bonds preserve the native
arrangement of domains in the apo form, thereby allowing for
the reversibility of copper removal. In contrast, in the case of
hCp, the markedly looser interfaces and the absence of any
covalent link yield weak enough interactions that the contri-
bution from the pair of type 3 copper ions to the Nter-Cter
interface is indispensable. Upon copper removal, the interface
is lost, the two side pairs of domains move apart, the binding
site for copper ions is thereupon lost, which explains the ob-
served irreversibility of type 3 copper ions removal in hCp. Our
results establish that beyond catalytic activity, the two type 3
copper ions at the N-terminal-C-terminal interface play a cru-
cial role in the structural stability of hCp.
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