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Ceruloplasmin is a copper protein found in vertebrate plasma, which
belongs to the family of multicopper oxidases. Like transferrin of the blood
plasma, lactoferrin, the iron-containing protein of human milk, saliva, tears,
seminal plasma and of neutrophilic leukocytes tightly binds two ferric ions.
Human lactoferrin and ceruloplasmin have been previously shown to
interact both in vivo and in vitro forming a complex. Here we describe a
study of the conformation of the human lactoferrin/ceruloplasmin complex
in solution using small angle X-ray scattering. Our ab initio structural
analysis shows that the complex has a 1:1 stoichiometry and suggests that
complex formation occurs without major conformational rearrangements of
either protein. Rigid-body modeling of the mutual arrangement of proteins
in the complex essentially yields two families of solutions. Final
discrimination is possible when integrating in the modeling process extra
information translating into structural constraints on the interaction
between the two partners.

© 2007 Elsevier Ltd. All rights reserved.
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Introduction

Ceruloplasmin (ferro-O2-oxidoreductase, EC1.16.3.1,
hCp) is a protein that belongs to the family of mul-
ticopper oxidases (MCOs) and accounts for 95% of
human plasma copper. Cp is believed to play an
important role in iron metabolism and homeostasis
as it allows the incorporation of Fe3+ into apo-
transferrin.1–5 The homolog of human Cp (hCp),
Fet3p from Saccharomyces cerevisiae, also possesses a
ferroxidase activity that, in a complex with an iron
permease (Ftr1p), allows the iron uptake from the
extracellular environment.6 The recent resolution of
the crystal structure of this ancestor ferroxidase
further underlies the key role of the copper-iron
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biochemical connection in the trafficking of iron in
diverse eukaryotic organisms.7

An internal triplication within the single chain of
hCp consisting of 1046 amino acid residues has been
proposed upon resolving its primary structure.8,9 It
was shown later that six homologous domains of
hCp are arranged in three pairs forming a triangular
array around a pseudo 3-fold symmetry axis as
revealed by its X-ray structure resolved at 3.1 Å.10

Structural similarities of Cp with other copper-
containing proteins allowed proposing its evolu-
tionary descent from a plastocyanin-like ancestor11

and a common pattern for all the so-called cupre-
doxins, a group including the MCOs (Cp, laccase,
ascorbate oxidase) and nitrite reductase.10,12–15 Three
different types of copper ions have been distin-
guished in MCOs on the basis of their spectroscopic
features. In hCp different amino acid ligands from
several domains coordinate six copper atoms,
endowing them with different spectroscopic proper-
ties. Domains 2, 4 and 6 each contain a mononuclear
type 1 copper atom, while a trinuclear cluster com-
posed of the only type 2 copper atom and of two
d.
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type 3 atoms is located at the interface between
domains 1 and 6 and coordinated by amino acids
from both domains.10 Recently, evidence for a struc-
tural role of the type 3 copper ions in the stabiliza-
tion of the tertiary structure of the native hCp has
been obtained using small angle X-ray scattering
(SAXS).16

Human lactoferrin (hLf) is a basic (pI 8.6) gly-
coprotein, which consists of a single polypeptide
chain that is folded in two highly homologous lobes,
namely the N and C-lobe. Like other proteins of the
transferrin family, Lf is involved in the control of
iron levels through its very tight, but reversible
binding of iron in a Fe3+-binding site contained in
each lobe.17–19 HLf is expressed and secreted by
glandular epithelial cells and is found in the
secretory granules of neutrophils. While iron bind-
ing seems to be central to the role of this protein in
iron homeostasis, other activities contribute to the
pleiotropic functional nature of Lf. These can be
summarized as follows: regulation of cellular growth
and differentiation,20 host defense against a broad
range of microbial infections,21 anti-inflammatory
activity, and protection against cancer development
and metastasis.22,23 Accomplishing its biological
functions Lf displays versatile capacities, such as
specific interactions with microbial species or bind-
ing to receptors ofmammalian cells. In addition, Lf is
known to interact with various proteins in mamma-
lian organisms such as calmodulin24 and some
secretory proteins25,26, and to bind to the protein
receptors on bacterial cell surfaces.21,27 The posi-
tively charged N-terminal domain of hLf is involved
in different functions of the protein and is respon-
sible for the interaction with negatively charged
ligands, such as bacterial lipopolysaccharides, DNA
and heparin;28–31 with other proteins such as human
lysozyme28 and with specific receptors.32–34 In
contrast, the C terminus of hLf has been identified
to be responsible for its interaction with specific
bacterial receptors (Lbpa).27

Recently it has been reported that Cp and Lf
interact both in vivo and in vitro to form a stable
complex,35,36 with a dissociation constant Kd deter-
mined as 1.8x10–6 M.35 It was also demonstrated
that hLf binding to hCp in vitro increases the
ferroxidase activity of the latter.37 This activity was
later found in vivo in the hCp:hLf complex of breast
milk.36 The interaction between hLf and hCp is not
accompanied by major tertiary structure changes in
either protein as demonstrated by the near-UV CD
data obtained on the hCp:hLf complex.35 In addi-
tion, the hCp:hLf interaction has been proposed to
have a marked electrostatic character, with a
suggested involvement of the arginine 2R-R-R-R5

positive cluster at the N terminus of hLf and a
negatively charged stretch in the C terminus of
hCp.36–38 This was supported by the evidence that
salmon protamine mimicking the N terminus of hLf
as well as synthetic R-R-R-R peptide cause dissocia-
tion of the hCp:hLf complex.36,39 The stoichiometry
of the hCp:hLf complex may be questioned as both
1hCp:2hLf and 1hCp:1hLf complexes have been
Please cite this article as: Sabatucci, A. et al., Structural Characterizatio
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suggested to be present in vitro, while only a 1:1
species was found in vivo.36,38

We report here a study of the hCp:hLf complex
using both size-exclusion chromatography (SE-
HPLC) and SAXS in order to obtain direct informa-
tion on the stoichiometry and to analyze its overall
conformation in solution. The effects of chaotropic
and kosmotropic solutions on the complex forma-
tion and aggregation have been also analyzed.
SAXS provides information on the overall con-

formation of proteins in solution40,41 and has been
recently successfully applied to study protein com-
plexes.42–44 Furthermore, SAXS has been recently
proposed as one of the useful biophysical techniques
providing structural information on biomolecular
complexes that can be used as constraints in data-
driven docking programs.45

Our SAXS study, supporting previous biochem-
ical data, gives direct evidence that in solution the
two proteins interact forming exclusively a complex
with a 1:1 stoichiometry, according to a well-defined
geometry. In addition, from an ab initio analysis of
the overall structure of the complex and rigid-body
modeling, we infer some information about the
regions of interaction of the two proteins. Our data
are compatible with a recently proposed model for
the interaction involving the N-terminal region of
hLf and the C-terminal region of hCp.36–38

Results

Structural characterization of pure hLf and hCp
in solution

As hLf tends to self-aggregate in solution leading
to the formation of tetramers, the stability of which
is dependent on the ionic strength of the solution,46

we first used buffers at different pH and ionic
strength (see Materials and Methods) to define the
best experimental conditions to stabilize the mono-
meric form of the protein. Using a 50 mM Tris-HCl
buffer (pH 7.0) in the presence of 100 mM NaCl,
we obtained by SE-HPLC analysis a single peak for
hLf (Figure 1, dotted line) with an elution volume
corresponding to a molecular mass of 85(±9) kDa. In
the same buffer, hCp also eluted as a single peak
corresponding to a molecular mass of 118(±12) kDa
(Figure 1, broken line). Thus obtained, hLf was
analyzed by SAXS. The resulting scattering pattern
of hLf in solution is presented in Figure 2 (dotted
line). The concentration c (2.7 mg/ml) was suffi-
ciently low to make interparticle interactions neg-
ligible in the buffer used. The value of the radius
of gyration of hLf calculated using the Guinier
approximation is Rg=32.0(±1) Å. From the analysis
of the pair distribution function, (p(r)) (Figure 3,
dotted line), the maximum dimension of the particle
(Dmax) has a value of 100(±10) Å, and the calculated
value of radius of gyration in the real space is
Rg=32.9(±0.3) Å, in good agreement with the
Guinier estimate (see also Table 1). The fitting of
the theoretical curve obtained from the crystal
n of the Ceruloplasmin: Lactoferrin Complex in Solution, J. Mol.
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Figure 3. Comparison of the p(r) functions of hLf
(dotted line), of hCp (broken line), and of the complex
(continuous line).

Figure 1. SE-HPLC peaks of pure hLf in 50 mM Tris-
HCl (pH 7.0) buffer in the presence of 100 mM NaCl
(dotted line); of pure hCp (broken line) and 1:1 hCp:hLf
complex (continuous line).
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structure of recombinant holo hLf (1B0L.pdb)47

agrees well with the experimental pattern as shown
in Figure 4.
The conformations in solution of both the holo and

the apo form of hCp have already been reported.16

The structural parameters of holo hCp are summar-
ized in Table 1, the experimental scattering pattern is
reported in Figure 2 (broken line), and the calculated
pair distribution function p(r) in Figure 3 (broken
line).

Structural parameters of the hCp:hLf complex

The hCp:hLf complex was obtained by directly
mixing the two proteins previously equilibrated in
50 mM Tris-HCl buffer (pH 7.0) both in a 1:1 and in
a 1:2 molar ratio. No salt was added to the solu-
tion since 300 mM NaCl is known to dissociate the
Figure 2. Experimental SAXS patterns of hLf (dotted
line), of hCp (broken line), and of the complex (continuous
line).

Please cite this article as: Sabatucci, A. et al., Structural Characterizati
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complex.38 The solution containing hCp and hLf in a
1:2 molar ratio eluted as two peaks in SE-HPLC. The
first peak eluted at a volume corresponding to a
calculated molecular mass of 230(±23) kDa, in close
agreement with the theoretical value (∼210 kDa)
expected for a hCp:hLf complex with a 1:1 stoichio-
metry and with the experimental data on gel
filtration on Toyopearl HW-55 of hCp:hLf complex
from breast milk, which yielded the value 220
(±10) kDa.36 The second peak, with a molecular
mass of 85(±9) kDa, corresponded to free hLf that
was in excess and did not interact with hCp (data
not shown). In agreement with the previous
analysis, the solution containing a mixture of hCp:
hLf in a molar ratio 1:1 gave rise to a chromato-
graphic profile showing only a single peak (Figure 1,
continuous line), with a determined molecular mass
matching that of the first peak obtained when the
proteins were mixed in a 1:2 molar ratio. The SAXS
patterns of the proteins contained in isolated peaks
of the complex formed either at hCp:hLf molar ratio
1:1 or 1:2 were practically identical (data not shown),
showing that the conformation of the complex was
the same for both values of the initial molar ratio. In
order to check whether the SE-HPLC separation
could favor the dissociation of a putative 1:2
Table 1. Structural parameters of isolated proteins (hCp
and hLf) and of the complex derived from SAXS patterns

Sample
Rg (Å)
Guinier

I(0)/c
ratio Mr ratio

a Rg (Å) p(r) Dmax (Å)

hLf 32.0±1 1 1 32.9±0.3 100±10
hCp 32.5±0.5 1.78 1.71 32.3±0.2 110±5
Complex 42.8±1 2.78 2.71b 43.8±0.3 150±5

3.71c

a Calculated from the amino acid sequence.
b For a 1:1 stoichiometry.
c For a 1:2 stoichiometry.
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Figure 4. Comparison of the experimental scattering
intensity of hLf (dotted line) with the scattering pattern
calculated from the atomic coordinates of holo hLf (1B0L.
pdb) using the program CRYSOL (continuous line).

Table 2. Transformation matrices obtained for the two
models of the hLf:hCp complex starting from the atomic
coordinates of the pdb files 1B0L.pdb (hLf) and 1KCW.
pdb (hCp)

A. Model Aa: transformation matrix for 1B0L.pdb
−0.224611 −0.739598 −0.634464 135.307932
0.972692 −0.131098 −0.191528 −2.626136
0.058477 −0.660157 0.748848 32.144269
0.000000 0.000000 0.000000 1.000000

B. Model Ba: transformation matrix for 1B0L.pdb
−0.328213 −0.527389 0.783669 109.804464
−0.828879 0.558685 0.028832 −34.685209
−0.453030 −0.640103 −0.620509 40.766419
0.000000 0.000000 0.000000 1.000000

a For both models the transformation matrix of 1KCW.pdb,
kept fixed, is the identity matrix.
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complex, we recorded the SAXS pattern of the
solution obtained using a 1:2 molar ratio without the
purification step by HPLC. The resulting curve was
almost identical to that of a 1:1 complex but exhi-
bited a marked upward curvature at smaller angles
(data not shown). This observation is an unambig-
uous indication of the presence of high molecular
weight species that cannot be attributed to a com-
plex with a higher stoichiometry but is most likely
due to uncomplexed hLf aggregates.
We checked the stability of the 1:1 complex by

eluting the protein mixture 6 h after preparation.
The complex eluted at the same position and was
characterized by the same SAXS pattern as the
freshly prepared sample.
The scattering pattern of the hCp:hLf complex

(Figure 2, continuous line) exhibits features quite
different from those of purified hCp and hLf. The
analysis of the Guinier region yields a radius of
gyration of Rg=42.8(±1) Å. From the p(r) function
(presented in Figure 3, continuous line), we calcu-
lated a value of the radius of gyration of 43.8(±0.3) Å,
which is in good agreement with the value obtained
from the Guinier approximation and a maximum
dimension of the complex (Dmax) of 150(±5) Å (see
also Table 1). Finally, the I(0)/c values (proportional
to the molecular mass) of hCp, hLf and of the
complex are in the expected ratios for a 1:1 complex
(see Table 1).

Conformation in solution of the hCp:hLf
complex

The ab initio DAM procedure (see Materials and
Methods) used to determine the shape of the
complex was run ten times yielding ten low-
resolution models that are highly similar as shown
by the low value of the mean normalized spatial
discrepancy d of 0.58 ± 0.02. All models appear to be
Please cite this article as: Sabatucci, A. et al., Structural Characterizatio
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compatible with the 1:1 stoichiometry when super-
posing the high-resolution crystal structures of the
isolated components over the low-resolution SAXS
models of the complex. This is noteworthy in view
of the absence of any assumption regarding the
stoichiometry of the complex in the modeling
procedure.
To obtain information on the mutual arrangement

of the two proteins within the complex, we tried to
fit the experimental scattering curve of the complex
with the calculated one obtained after positional
refinement of the crystal structures of pure hLf and
pure hCp using the program SASREF.48
First we performed a complete six-dimensional

search roto-translating the lactoferrin molecule
without external constraints while keeping cerulo-
plasmin fixed in its original position. The resulting
model (model A) determined by the rotation-
translation matrix given in Table 2A, was character-
ized by a scattering pattern with a low χ-value
against experimental data (1.51). In this model, the
C-terminal region of hCp is in contact with the
C-lobe of hLf (see Figure 5(a)).
Since previous studies36,38 suggested that the

basic N-terminal region of hLf is involved in the
formation of the complex with hCp, we ran the
program SASREF again while imposing an interac-
tion of hCpwith the hLf N-lobe (amino acid residues
2–31). The scattering curve of the resulting model
(model B) is in equally good agreement with the
experimental curve as that of model A (χ=1.61).
The long axis of the hLf molecule is close to its
position in model A, but its orientation is opposite,
with the N-terminal region contacting hCp (see
Figure 5(b) and Table 2B for the rotation-translation
matrix). Therefore, SAXS alone cannot discriminate
between these two models due to the very shape of
hLf.
Finally, a validation of the methods came out from

the superposition of the models independently
obtained according to the two different procedures
(namely, ab initio DAM procedure and fitting of the
experimental curve of the complex with a position
refinement of the crystal structures of isolated
components with SASREF). The models superposed
n of the Ceruloplasmin: Lactoferrin Complex in Solution, J. Mol.
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Figure 5. (a) Stereo view of the
DAM structure of the hCp:hLf com-
plex (green spheres) superposed to
model A, obtained after positional
refinement of the crystal structures
of hCp and hLf using the program
SASREF without any structural con-
straint. hCp is represented as a blue
ribbon, the C-terminal domain 6 is
cyan; hLf is represented as a red
ribbon. The hLf N-terminal region
(amino acid residues 1–31) is orange
and the residues 2R-R-R-R5 are
drawn as ball and stick. (b) Stereo
view of the DAM structure of the
hCp:hLf complex superposed to the
model B obtained from the crystal
structures of hLf and hCp, imposing
a close proximity of the hLf N-
terminal region to the hCp surface.
Notations as in (a).
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with the program SUPCOMB overlap almost com-
pletely, as can be seen in Figure 5(a) and (b).
Discussion

Our results show that hCp and hLf are able to form
a stable complex in solution with a 1:1 stoichiometry,
which is in line with the data on the natural hCp:hLf
complex isolated from breast milk.36 Furthermore,
our study indicates that the complex is sensitive
to buffer composition. Indeed, phosphate buffer
induces the formation of high molecular weight
aggregateswith a scattering pattern characterized by
a marked upward curvature close to the origin. Tris-
HCl buffer favors the formation of a stable mono-
disperse complex with a well-defined 1:1 stoichio-
metry whatever the hCp:hLf molar ratio used.
These data are supported by basic physico-chemical
studies showing that phosphate buffer has a kosmo-
tropic effect,49 while the organic buffer Tris has a
chaotropic effect in solution.50
Please cite this article as: Sabatucci, A. et al., Structural Characterizati
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All ab initio models derived from the SAXS
pattern of the hCp:hLf complex using DAMMIN
are very similar as shown by the low NSD values,
indicating the near unicity of this low resolution
shape. These models provide a nice envelope to
models obtained using rigid-body refinement of
the relative position of both proteins, thereby con-
firming the robustness of the ab initio solution.
Furthermore, the scattering patterns of the rigid-
body models yield excellent fits to the experimental
data. This suggests that the global conformations
of the two partners do not undergo any major
changes upon complex formation. These results
complement a previously published CD analysis in
which the experimental spectrum of the hCp:hLf
complex in the near-UV region appeared to be well
approximated by the arithmetic sum of hCp and
hLf spectra.35

Rigid-body modeling of the complex using the
two crystal structures of the partners allows us to
determine the mutual arrangement of the proteins
within the hCp:hLf complex.
on of the Ceruloplasmin: Lactoferrin Complex in Solution, J. Mol.

http://dx.doi.org/10.1016/j.jmb.2007.05.089


6 Conformation of the hCp:hLf Complex in Solution

ARTICLE IN PRESS
Firstly, our results strongly suggest that the C-
terminal region of hCp is involved in the interaction
with hLf, since hCp shows the same orientation with
respect to hLf in both models A and B. This result
agrees with previous studies indicating that the C-
terminal region (domain 6) of hCp is involved in the
interaction with protamine, the amino acid sequence
of which has homology with the N terminus of Lf.39

It is also in line with the data on direct involvement
of the C-terminal part of hCp in contact with protein
C51 and ferritin,52 though the latter proteins are
bound to the 1028HAGMETTYTV1037 stretch in hCP
that ismost likely different from the Lf binding site.36

Regarding the orientation of hLf with respect to
hCp, the symmetry of the protein did not allow us,
through an analysis of the SAXS data, to discrimi-
nate between the involvement of the C-terminal
or the N-terminal lobe. However, heparin, which
essentially interacts with the N-terminal arginine
stretch 2R-R-R-R5 of hLf,28 has been shown to cause
the dissociation of the complex in vitro38 pointing to
the electrostatic character of the interaction between
the two proteins. This notion got further support
from the biochemical data collected on the interac-
tion of the cationic N-terminal region of hLf with the
negatively charged C-terminal domain of hCp.37 A
recent study of the likely sites in hLf for interaction
with hCp also indicated that the N-terminal 2R-R-R-
R5 stretch is the most probable candidate.36 These
results favor the involvement of the N-lobe in the
interaction and therefore model B as being more
plausible.
Finally, we would like to point out that using the

most recent versions of several protein–protein
docking programs to simulate the 1:1 hCp:hLf
interaction (data not shown), the best-ranking
models obtained had volumes much smaller than
the one calculated from the SAXS data, and quite
different shapes. They often involve both the C-lobe
and N-lobe of hLf in the interaction forming, as a
result, amuch tighter complexwith amore extensive
interface. Such models are clearly incompatible with
our experimental data. These discrepancies under-
line a contrario, the advantage to be expected from
the use of SAXS in the framework of data-driven
docking analysis.45 Taken together, our results con-
firm the validity of the chosen SAXS approach that,
applied in a synergistic way with other biochemical
and biophysical techniques, allows us not only to
establish the stoichiometry of the hCp:hLf complex
in solution but also to propose a model for the
mutual arrangement of the two proteins.
Materials and Methods

Protein purification

All reagents were of analytical grade. HLf from skimmed
breast milk was purified and then saturated with iron as
described.35

Iron saturation of the hLf samples was checked spectro-
photometrically by measuring the absorbance ratio A450/
Please cite this article as: Sabatucci, A. et al., Structural Characterizatio
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A280.A ratioN0.037was obtained for iron-saturated samples.
A saturation of about 90% was measured for all samples
used thereafter.
Stable hCp was purified as described.39

Protein concentrations were assessed both spectro-
photometrically determining the absorbance at 280 nm
and using the Bradford method.53 The extinction coeffi-
cients adopted are ε0.1%280=1.46 mg−1 cm2 for hLf54 and
ε0.1%280=1.61 mg−1 cm2 for hCp.55 Where needed, for the
complex, an extinction coefficient of ε0.1%280=1.5 mg−1 cm2

was calculated, as an average of the extinction coefficients
of hLf and hCp. The assumption was made that the
extinction coefficients were not affected by complex
formation.
SE-HPLC measurements

SE-HPLC measurements were performed on a PE
Series 200 System (Perkin Elmer Life and Analytical
Sciences, Boston, MA) using a Shodex-Protein SB-804
column (Showa Denko K.K., Kawasaki, Japan), which
allows a separation range from 10 to about 800 kDa.
Purified hLf was exhaustively dialyzed against the
chosen buffer before SE-HPLC analysis. To find the best
conditions ensuring the monodispersity of the sample we
varied the buffer used (50 mM sodium phosphate and
50 mM Tris-HCl), pH (7.0, 7.2 and 7.5) and salt content
(none or 100 mM NaCl). All parameter combinations
were investigated. The hCp:hLf complex was obtained by
directly mixing hCp and hLf solutions using a hCp:hLf
molar ratio of either 1:2 or 1:1. Both proteins were
extensively dialyzed against the same buffer before
mixing.
The SE-HPLC columnwas calibrated using the following

molecular mass standards (Pharmacia, Uppsala, Sweden):
bovine serum albumin (67 kDa), aldolase (158 kDa),
catalase (232 kDa), ferritin (440 kDa) (data not shown).
SAXS measurements and data processing

SAXS measurements were performed using the D24
beam-line at the LURE synchrotron radiation facility
(Orsay, France) with a monochromatic X-ray beam
adjusted to a wavelength of 1.488 Å (absorption K-edge
of Nickel). The measuring cell under vacuum56 was kept
at constant temperature (6 °C) during measurements.
Eight frames of 100 s each were recorded and

averaged after visual inspection for radiation damage
(none was found). The scattering intensities were mea-
sured over the q-range qmin=0.01 Å−1 qmax=0.20 Å−1 for
holo hLf and qmin=0.01 Å−1 qmax=0.25 Å−1 for the
complex (q=(4π/λ)sinθ, 2θ being the scattering angle).
The beam intensity was calibrated using reference

protein samples with known molecular mass: native
hemocyanin (Hc) from Panulirus interruptus (450 kDa)
and native Hc from Carcinus aestuarii (900 kDa) at a
concentration of 5 mg/ml in 50 mM Tris-HCl buffer (pH
7.0) containing 20 mM CaCl2. Each sample was collected
from SE-HPLC and immediately analyzed by SAXS.
Purified hLf was measured at a concentration of 2.7 mg/
ml.Nomeasurement at higher concentrationswas possible
due to the formation of high molecular mass aggregates.
The hCp:hLf complex was measured at a complex
concentration of 1.6 and 23.3 mg/ml. The measurement
conditions for holo hCp have already been described.16

The radius of gyration (Rg) and the molecular mass of
the proteins were calculated applying the Guinier
n of the Ceruloplasmin: Lactoferrin Complex in Solution, J. Mol.
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approximation57 to the low-q region of the scattering
pattern (Rgxqb1.3):

ln
IðqÞ
c

¼ ln
Ið0Þ
c

� R2
g

3

 !
q2 ð1Þ

where I(0)/c,the zero-angle intensity, is directly propor-
tional to the molecular mass of the protein, after proper
calibration (see above).
The distance distribution function p(r), which gives the

distribution of distances between any two volume
elements within one particle, was determined using the
indirect Fourier transform method as implemented in the
program package GNOM.58

This function provides, beyond the maximum diameter
Dmax of the particle, an alternative estimate of the radius of
gyration, derived through the relationship:

Rg2 ¼

Z
r2pðrÞdr

2
Z

pðrÞdr
ð2Þ

Scattering patterns from the crystal structure of both hLf
and hCp were calculated and fitted against experimental
data using CRYSOL.59 For hLf we used the atomic
coordinates of recombinant human holo diferric lactofer-
rin at 2.2 Å resolution (1B0L.pdb).47 In the case of holo
hCp, we used the PDB file 1kcw,10 taking into account the
contribution of the carbohydrate chains to scattering as
described by Vachette et al.16
The ab initio model of the complex was obtained using

the dummy atom model method (DAM) as implemented
in the program DAMMIN.60 The procedure yields an
approximation of the shape scattering curve (i.e. the
scattering due to the excluded volume of the particle filled
by constant density) and thus a low-resolution model of
the particles. Ten independent calculations have been
performed. Their consistency was checked out with the
program SUPCOMB61 that, starting from an inertia-axes
alignment, minimizes the normalized spatial discrepancy
(NSD) d between two three-dimensional objects. The final
value of d provides a quantitative estimate of similarity
between the two objects: in general, when db1, two objects
can be considered similar. The model with the lowest
discrepancy against the experimental data has been
chosen as representative of the low-resolution structure
of the complex in solution. This modeling approach is free
from any prior assumption regarding the stoichiometry of
the complex.
The mutual arrangement of hLF and hCp within the 1:1

complex was determined using the program SASREF.48

One protein is moved as a rigid body with respect to the
other one following a simulated annealing protocol so as
to minimize the discrepancy between the experimental
scattering data and the calculated curve of the complex.
No structural constraint was used for the calculation of

model A, while, for model B, a maximal distance of 7 Å
between the Cα atoms of specific residues of hCp and hLf
was imposed.
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