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ABSTRACT: Calcium is required for the binding and endocytosis of protein ligands by the low-density
lipoprotein receptor-related protein (LRP) and other members of the low-density lipoprotein (LDL) receptor
family. Calcium binding sites are thought to be present in the complement-like repeats that occur in
clusters in all members of this receptor family. We have expressed two such complement-like repeats,
CR3 and CR8, from anR2-macroglobulin-proteinase ligand binding region of LRP, as well as repeat 1
from the LDL receptor and examined the metal binding properties and resulting structural changes of
these three repeats using changes in tryptophan and terbium fluorescence and perturbation of [1H-15N]-
HSQC NMR spectra of the15N-labeled domains from LRP. We found that all three domains contain a
tight calcium binding site at physiological pH and that calcium binding results in a major structural
rigidification. Changes in tryptophan fluorescence and tryptophan-sensitized terbium fluorescence indicate
that the calcium binding sites are located in homologous regions in all of the repeats. Differences in the
details of the perturbations, as well as in the pH dependence of calcium binding, show, however, that
each metal site is distinct.

The low-density lipoprotein receptor-related protein (LRP)1

is a member of a family of receptors that are both structurally
and functionally related to the low-density lipoprotein
receptor (LDLR) (1). Each of these proteins contains multiple
copies of epidermal growth factor-like and complement-like
repeats, so named for their similarity to epidermal growth
factor and a repeat found in complement components C8
and C9, respectively, as well as repeats that contain a YWTD
motif. LRP is the largest member of this receptor family,
being synthesized as a 600 kDa precursor that is cleaved
into a heterodimer that consists of a C-terminal 601 residue
light chain (â) and an N-terminal 3923 residue heavy chain
(R) (2). Theâ chain comprises a small cytoplasmic domain,
a single transmembrane helix, and an extracellular domain
that has seven copies of the EGF-like repeat. TheR chain

contains an additional 15 single or tandem EGF-like repeats
interspersed among 31 complement-like repeats grouped in
4 clusters of 2-11 repeats and 7 clusters of theYWTD-
containing repeats.

Like LDLR and VLDLR, LRP can bind to certain
apolipoproteins and to lipoprotein particles that contain them.
In addition, however, LRP binds to a very wide array of
apparently unrelated ligands including certain serpin-
proteinase complexes (3-5), R2-macroglobulin-proteinase
complexes (6), â-amyloid peptide (7), lactoferrin (8),
PseudomonasendotoxinA (9), and the receptor-associated
protein (RAP) (10). LRP is the principal clearance receptor
for R2-macroglobulin-proteinase complexes and some, if not
all, serpin-proteinase complexes. It is possible that the ability
of LRP to bind such a diverse array of ligands is related to
the presence of many slightly different complement-like
repeats, which may form multiple, slightly different ligand
binding sites. Three studies have implicated the second
cluster of complement-like repeats (counting from the
N-terminus) as a region of interaction withR2M-proteinase
complexes (11-13). The 8 repeats present in this cluster are
about 42 residues long and contain 6 conserved cysteines
that form 3 disulfide bridges. Despite the similarity in length
and cysteine content of these repeats, there are no other
residues, other than four carboxyl ligands that are ligands to
the calcium ion, that are absolutely conserved in the cluster
of eight repeats that contain theR2M-proteinase binding
site (Figure 1). There are, however, five positions where a
residue is conserved in seven of the eight repeats. Although
no structure of any complement-like repeat has been reported
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for LRP, two NMR structures (LB1 and LB2) (14, 15) and
one crystal structure (LB5) (16) have been determined for
repeats from the related LDL receptor. It has been proposed,
based on the crystal structure of one such repeat from LDLR
with calcium bound, that familial hypercholesterolemia may
result from mutations of calcium ligands that adversely affect
binding of calcium to the complement-like repeat and so
reduce binding of the receptor to theR-helical, lysine-
containing binding site of apolipoprotein E (16). It has been
shown that calcium is also required for binding ofR2M-
proteinase complexes to LRP and that this involves calcium
binding to LRP rather than toR2M (17). This calcium-
mediated binding may well involve an equivalent type of
binding site in each of the complement-like repeats.

Given the large differences in primary structure between
the various complement-like repeats (Figure 1), the much
broader protein ligand specificity of LRP compared with
LDLR or VLDLR, and the absence of any structural
information on repeats from LRP, it will be necessary to
have structures of specific LRP-derived complement-like
repeats to understand specific LRP-ligand interactions. We
have therefore initiated a program of study of the repeats
from LRP to determine the similarities and differences
between individual repeats within LRP and between repeats
from different receptors of the family. In this paper we report
the effects of calcium binding on the structures of repeats
CR3 and CR8 from LRP and the characterization of the
calcium binding sites, and make comparisons with the first
complement-like repeat from LDLR, LB1, whose structure
has already been determined by NMR (14). The repeats from
LRP are the first and sixth from the cluster of eight that
contains theR2M-proteinase binding site and the third and
eighth such repeats, respectively, from the N-terminus. They
are therefore designated CR3 and CR8.

MATERIALS AND METHODS

Cloning, Expression, and Folding of CR3, CR8, and LB1.
For each construct, four overlapping oligonucleotides (ap-
proximately 50-mers) encoding a 5′ BamHI site, the ligand
binding domain, and a 3′ stop codon, followed by anXbaI
site were purchased (Gibco). After purification by thin-layer
chromatography (SurePure, USB), the oligonucleotides were

annealed pairwise (1+2 and 3+4) and made double-stranded
using Sequenase. The two pieces of double-stranded DNA
were joined and amplified by high-fidelity PCR (Elongase,
Gibco BRL) using the outer oligonucleotides (1 and 4) as
primers. The fragment was cloned into pGEX-2T(XbaI) and
the identity of the construct confirmed by sequencing.

Unlabeled complement repeats were expressed inE. coli
BL21(DE3). Expression was induced with 1 mM IPTG at
OD600 ) 0.60, and the cells were grown for 4 h at 37°C in
rich medium.15N-labeled CR3 and CR8 were expressed in
minimal medium containing 0.6% Basal Medium Eagle
Vitamin solution (Gibco), 1 g L-1 (15NH4)2SO4, and 2 g L-1

unlabeled glucose. Optimal yield was achieved by harvesting
the cells 6 h after induction. GST-complement repeat fusion
proteins were purified according to (18), cleaved with
thrombin (1/1000 w/w, 5-10 min at 20°C), and rechro-
matographed on GSH-Sepharose. The nonbinding fraction
was further purified by gel filtration on Sephadex G-50F in
5% formic acid, lyophilized, and dissolved in 6 M guani-
dinium chloride, 50 mM Tris-HCl, 1mM dithiothreitol, pH
8.5. The sample was diluted to approximately 200µg mL-1

with folding buffer before folding in vitro by dialysis against
50 mM Tris-HCl, pH 8.5, 10 mM CaCl2, 1 mM GSH, and
0.5 mM GSSG, for 24 h at room temperature under oxygen-
free conditions (19). Folded ligand binding domains were
purified by reverse-phase HPLC on a Nucleosil C-18 column
(4.6 × 250 mm) operated at a flow rate of 0.75 mL/min
using a linear gradient of 0.1% trifluoroacetic acid (TFA)
(A) and 90% acetonitrile, 0.075% TFA (B) (20-50% B) over
23 min at room temperature. The eluting domains were
followed by the absorbance at 280 nm.

NMR Spectroscopy.NMR spectra were recorded at the
University of Illinois at Chicago on a Bruker DRX600
equipped with a pulsed-field-gradient accessory and operating
at 600.13 MHz for1H. NMR data were processed and
analyzed using Triad 6.3 software (Tripos, Inc., St. Louis,
MO). Lyophilized CR3 and CR8 were dissolved in 20 mM
CD3COOD, 10% D2O, pH 5.5, and the pH was maintained
at 5.5 by addition of NaOH. The final concentration of
protein was 100µM. 2D [1H-15N]-HSQC spectra (20) were
recorded at 298 K in the absence or presence of 10 mM
CaCl2. The center frequencies were 4.70 and 118 ppm for

FIGURE 1: Comparison of the primary structures of selected complement-like repeats from LDLR and LRP. Sequences for CR3 and CR8
are compared with those of the three domains from the LDL receptor for which structural information is available: LB1, LB2, and LB5.
The sequences are aligned at the positions of the six conserved cysteines. The four carboxyl ligands that coordinate the metal ion in LB5,
and that are conserved in all eight repeats of the second cluster of LRP and in six of the seven repeats of LDLR, are shown in boldface type,
as are the glycine and tryptophan that coordinate the calcium in LB5 through their backbone carbonyls. The two additional aspartates that
are present in CR3 and CR8, in the sequence DxDxD, and that are expected to be in a position to also coordinate the metal ion, are shown
in boldface and are underlined. Four other residues that are highly conserved, both within these five repeats and more generally in LDLR,
and in the second cluster of complement repeats in LRP are shaded.
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1H and15N, respectively. Sensitivity enhancement gradient
pulses were employed (21, 22).

Fluorescence Spectroscopy.Fluorescence spectra were
recorded on an SLM8000 spectrofluorimeter. Protein con-
centration was 1µM. Spectra were recorded at 25°C using
slits of 4 nm for both excitation and emission. For metal ion
titrations monitored at constant wavelength, an emission slit
of 8 nm was used, with excitation at 280 nm and detection
at 350 nm for tryptophan fluorescence and excitation at 280
nm and detection at 545 nm for terbium fluorescence.
Dissociation constants were obtained by fitting data to a
single binding site model by nonlinear least-squares fitting,
using the program Scientist (MicroMath, Salt Lake City, UT).

Materials.Oligonucleotides and enzymes were from Gibco
BRL. SurePure was from USB, and Sequenase was from
Amersham. Plasmid pGEX-2T(XbaI) was a kind gift of Dr.
Robert Costa, UIC. Sepharose 4B, Sephadex G-50 F, and
Mono Q (HR5/5) were from Pharmacia. Nucleosil 100-5
C-18 was from Machery-Nagel. Gadolinium oxide and
terbium peroxide were from Sigma. These were dissolved
in concentrated HCl to give the trichloride. 99.997% CaCl2

was from Johnson Matthey, Ltd. (15NH4)2SO4 was from
Cambridge Isotope Laboratories Inc.

RESULTS

Tryptophan Fluorescence Changes Upon Calcium Binding.
Both CR3 and CR8 contain only a single, homologous
tryptophan. This tryptophan is also conserved between LB1,
LB2, and LB5, but in the context of different flanking
residues in each case (Figure 1). In the crystal structure of
Ca-LB5, the carbonyl oxygens of the tryptophan, as well as
of glycine four residues C-terminal, are ligands to the
calcium. The tryptophan fluorescence emission spectra of
CR3, CR8, and LB1 all had maxima at 350 nm consistent
with a solvent-accessible environment for the tryptophan

(Figure 2), with relative intensities of 1:1.70:1.75, respec-
tively. Addition of calcium caused enhancements in intensity
of 59% for CR3 and 152% for CR8, but only about 3% for
LB1. In each case the increase in intensity was saturable,
consistent with a single specific calcium binding site in each
domain (Figure 3). Estimates of the dissociation constants
obtained from fitting the titration data gave values of 24,
13, and 7µM for CR3, CR8, and LB1, respectively. There
was a small red shift (∼2 nm) in the emission maximum for
CR3 and CR8, but no change for LB1. These results suggest
that CR3 and CR8 possess a tight calcium binding site that
is similar in location to that present in LB1 and LB5, though
with distinct effects of calcium binding for each repeat.

Sensitized Terbium Emission Spectra.Terbium emission
spectra were obtained for CR3, CR8, and LB1 containing
saturating levels of terbium (Figure 4). This lanthanide is a
good replacement for calcium, despite the higher charge of
the lanthanide, and is one that can give sensitized fluores-
cence emission as a result of energy transfer from a nearby
excited tryptophan or tyrosine side chain. Detection of
sensitized terbium emission upon specific excitation of
tryptophan at 280 nm is thus evidence for proximity of the
tryptophan (there are no tyrosines in these repeats). Consis-
tent with tryptophan being very close to the terbium binding
site in each protein, there was a large increase in terbium
fluorescence upon binding terbium to both CR3 and CR8
(Figure 4), with the expected concomitant decrease in
tryptophan emission intensity. Binding of terbium to LB1
gave a large increase in terbium emission, accompanied by
an increase in tryptophan fluorescence, suggesting that
terbium caused two opposing effects on tryptophan inten-
sity: an enhancement due to binding and a smaller reduction
due to energy transfer to terbium.

As with the perturbation of tryptophan fluorescence by
calcium, increase in terbium fluorescence was a saturable

FIGURE 2: Tryptophan fluorescence emission spectra of CR3, CR8, and LB1 in the absence (solid line) and presence (shaded line) of 10
mM CaCl2. From left to right, CR3, CR8, and LB1. Spectra were recorded at 25°C in 20 mM HEPES buffer, pH 7.4, containing 100 mM
NaCl.

FIGURE 3: Saturable binding of Ca2+ at pH 7.4 to complement-like repeats, monitored by the change in tryptophan fluorescence at 350 nm.
The solid line is the fit to a single binding site.
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effect for all three repeats, consistent with a single tight
terbium binding site (Figure 5A), and could be reversed by
addition of excess calcium, showing that terbium was binding
to the same site as calcium (Figure 5B). The enhancement
was about 4-fold greater for CR8 than CR3, which may be
due to more efficient transfer in CR8. Dissociation constants
for the binding of terbium, obtained from nonlinear least-
squares fitting of the titration data, were 2.0, 1.7, and 0.4
µM for CR3, CR8, and LB1, respectively. This is the same
order of affinity as for calcium binding. The higher affinity
of terbium almost certainly results from the higher positive
charge (3+) compared with calcium (2+). These results
suggest that the single calcium site in each domain is very
close to the conserved tryptophan, as it is in LB5, but that
the position relative to the indole ring may differ between
LB1 and CR3/CR8.

Gadolinium Binding to CR3, CR8, and LB1.It has
previously been claimed, based on the absence of specific
gadolinium-induced broadening effects on the1H NMR
spectrum of LB1, that gadolinium does not bind to the
calcium site of LB1 or induce the native calcium-dependent
fold (23). Since we had found above that terbium, which is
adjacent to gadolinium in the periodic table, binds tightly to
LB1 at the calcium site, we reinvestigated whether gado-

linium might bind specifically to LB1, using perturbation
of tryptophan fluorescence as a probe of gadolinium binding
to the calcium site. Consistent with the specific binding of
terbium, we found that gadolinium bound in a saturable
manner and gave a large increase in tryptophan fluorescence
(Figure 6), that could be reversed by addition of calcium.
The dissociation constant obtained from a fit of the titration
data was 0.3µM, which is very similar to the dissociation
constant for terbium binding to this repeat. Gadolinium also
bound to CR3 and CR8, but caused a saturable decrease in
tryptophan fluorescence in each case, rather than an increase
(again similar to the behavior of terbium binding to these
two repeats), that could be reversed by addition of calcium.
The smaller magnitude of the effect did not permit accurate
determination of the dissociation constant for Gd3+ binding
to CR3 or CR8. These results again show that all domains
have a common calcium site that can also bind lanthanides,
but that there are basic differences in the position of the
indole ring relative to the metal ion between LB1 and the
two repeats from LRP.

HSQC Spectra of CR3 and CR8.[1H-15N]-HSQC spectra
of CR3 and CR8 in the absence of calcium showed poor
spectral dispersion in the proton dimension and only about
half of the expected amide correlations, whereas spectra of

FIGURE 4: Terbium fluorescence spectra resulting from energy transfer from tryptophan directly excited at 280 nm. Spectra are for 20µM
TbCl3 in the presence of 1µM complement-like repeat before (solid line) and after (shaded line) addition of 2 mM Ca2+ to displace
terbium. In the absence of protein, 20µM TbCl3 gave no detectable emission when excited at 280 nm. Terbium gives more than one
emission band, though the more intense band at 545 nm was used for monitoring metal ion binding. Panels are, left to right, CR3, CR8,
and LB1.

FIGURE 5: Saturable enhancement of terbium fluorescence and displacement of Tb3+ by Ca2+. (A) Increase in sensitized terbium fluorescence
at 545 nm. The solid line is the best fit to the data. (B) Effect of 2 mM added calcium on terbium fluorescence for 1µM complement-like
repeats in the presence of 20µM TbCl3 (the final point of the titration shown in panel A).
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the calcium complexes showed very good dispersion in this
dimension and all of the expected amide correlations (Figure
7). The poor dispersion and small number of correlations in
the absence of calcium suggest that the protein can adopt
multiple interconverting conformations in the absence of
calcium with rapid exchange with solvent for many of the
backbone amides, whereas the much greater dispersion and
presence of all amide cross-peaks in the presence of calcium
are consistent with calcium serving to lock the protein into
a single rigid conformation.

As part of our study to determine the solution structure of
CR3 and CR8, we are in the process of making all backbone
and side chain NMR resonance assignments of these
domains. Although these structure determinations do not
form part of the present study, some chemical shift informa-
tion from these determinations is relevant to the present study
of the calcium coordination site. From the crystal structure,
it is known that the calcium is coordinated to the carbonyls
of the conserved tryptophan and of glycine in the sequence
DGxxD in LB5 (coordinating glycine underlined). If these
two carbonyls also coordinate to calcium in CR3 and CR8,
it would be expected that the amide15N chemical shifts of
the next (C-terminal) residue would be downfield-shifted by
4-8 ppm by such coordination, as has been well documented
for other calcium binding proteins (24), and that the carbonyl
carbons of the tryptophan and glycine residues themselves
would be likewise downfield-shifted. We have15N assign-
ments2 for all of the backbone amides, as well as13C
assignments for the carbonyls2 of the tryptophan and glycine
residues that are reported to coordinate to calcium in LB5.
In CR3 the15N chemical shift of the aspartate C-terminal to
the glycine has an15N chemical shift of 118 ppm compared
with an expected range of 120-125 ppm, thus showing no

indication of downfield perturbation by calcium coordination.
The13C carbonyl chemical shift of the glycine is also normal,
being 173.3 ppm compared with the expected random coil
value of 173.6( 0.5 ppm (25). There were similar findings
for the glycine in CR8 for which the15N chemical shift of
the aspartate C-terminal to the glycine was again 118 ppm
and the carbonyl13C chemical shift of the glycine was 173.1
ppm. In contrast,15N and 13C chemical shift information,
taken together, suggests that the tryptophan carbonyl prob-
ably remains a ligand to the metal ion in both CR3 and CR8.
The 13C carbonyl chemical shifts of the tryptophan in CR3
and CR8 are strongly downfield-shifted, 177.5 and 177.9
ppm, respectively, compared with the expected random coil
value of 175.6( 0.5 ppm (25). The15N chemical shift data
are less definitive, giving a chemical shift of 129 ppm for
lysine adjacent to tryptophan in CR3, compared with an
expected range of 124-129 ppm (26, 27) and of 127 ppm
for arginine adjacent to tryptophan in CR8 compared with
an expected range of 125-129 ppm. These observations
suggest that, whereas the tryptophan carbonyl remains a
ligand to the calcium in both CR3 and CR8, the glycine
carbonyl is not a calcium ligand in either of the two domains.
CR3 and CR8 therefore have different metal ion coordination
than LB5.

pH Dependence of Calcium Binding.LRP and other
receptors in the LDL receptor family cycle in vivo between
a neutral pH environment when on the cell surface and a
low-pH (∼5) environment when endocytosed and fused with
endosomes. This pH cycle is thought to be the mechanism
for taking up ligands outside the cell and releasing them
inside as a result of a pH-dependent reduction in binding at
the lower pH (28). It has furthermore been suggested that
change in the calcium affinity, resulting from protonation
of coordinating carboxyl groups, is the basis for this pH
dependence of ligand binding (28). We therefore examined

2 K. Dolmer, W. Huang, and P. G. W. Gettins, manuscript in
preparation.

FIGURE 6: Gadolinium binding to 1µM LB1 at pH 7.4 in 20 mM HEPES, monitored by the change in tryptophan fluorescence. The solid
line is the fit to the experimental data. The two insets show (top) tryptophan emission spectra in the absence (solid line) and presence of
10 µM GdCl3 (shaded line) and (bottom) the fluorescence intensity of 1µM apo-LB1 and after successive additions of 10µM GdCl3 and
1 mM CaCl2.
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the pH dependence of calcium binding to CR3 and CR8 using
change in tryptophan fluorescence. CR8 showed a very
strong decrease in binding affinity between pH 6 and pH 5
(Figure 8B), with a shift in the midpoint of the titration by
a factor of 100 in calcium concentration. The effect for CR3
was less dramatic (Figure 8A), with a more gradual and
smaller reduction in affinity, such that the site was still about
50% occupied at 1 mM calcium and pH 4.5. If calcium-
induced structural changes are indeed used in vivo to switch
the complement repeats from high to low ligand affinity,
our present findings on the pH dependence of calcium affinity
suggest that individual repeats will show markedly different
response to lowering of pH and thus to release of protein
ligand.

DISCUSSION

We have shown from perturbation of tryptophan fluores-
cence that two complement-like repeats from LRP, CR3 and
CR8, possess a tight calcium binding site that appears to be
homologous in location to the calcium site present in repeats
from the LDL receptor: LB1, LB2, and LB5. The dissocia-
tion constants were similar to those of other calcium binding
proteins (29) and are tight enough that 100-200µM calcium
was sufficient to saturate the site. Lanthanides could also
bind at this site and did so with even higher affinity, resulting
from the higher charge compared with calcium. Thus,
gadolinium caused saturable changes in tryptophan fluores-
cence for all three repeats examined here, which could be

FIGURE 7: [1H-15N]-HSQC spectra of CR3 and CR8 in the absence and presence of calcium, showing the large increase in the detectable
cross-peaks and in spectral dispersion upon calcium binding. The pH was 5.5. Samples with calcium had 10 mM CaCl2 added to ensure
saturation at this pH.
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reversed by addition of excess calcium. Terbium gave a
saturable increase in sensitized terbium fluorescence, which
could also be reversed by added calcium. The occurrence of
sensitized terbium fluorescence showed that this calcium
binding site must be very close to the single tryptophan that
is present in all three repeats, since such sensitized fluores-
cence depends on Fo¨rster resonance energy transfer to the
terbium and therefore requires close proximity between the
terbium acceptor and the donor tryptophan for the mechanism
to be very efficient (30). Calcium binding also caused major
changes in the [1H-15N]-HSQC spectra of CR3 and CR8,
consistent with a change from a conformationally flexible
structure to a rigid domain, as indicated by the backbone
amide signals, and a local perturbation of the tryptophan
indole side chain, as indicated by chemical shift perturbation
of the indole amide signal. CR3 and CR8 showed pH
dependent binding of calcium in the pH range 4-7, as
expected from the likely coordination by carboxyl ligands.
However, the steepness of the pH dependence was very much
more marked for CR8 than CR3, suggesting that each
complement-like repeat has a unique metal binding site.

It has been shown that four carboxyl groups are among
the ligands to the calcium ion in LB5 (16). It is therefore
likely that any of the complement-like repeats that possesses
these residues will also possess a calcium binding site and
that calcium will induce a pH-dependent rigidification of the
structure. Of the 31 such repeats in LRP, 23 have all 4 of
these residues conserved, including CR3 and CR8. In LDLR,
six of the seven repeats contain these residues, including
LB1, LB2, and LB5. Despite the likelihood that at least 23
of the complement-like repeats of LRP and 6 of the 7 repeats
of LDLR contain a calcium binding site, it is not expected,
based on results from the present study, that all of these
calcium binding sites will be equivalent. In comparing the
behavior of the three repeats examined here, it seems that
there is a fundamental difference between the calcium
binding sites in CR3 and CR8 compared with the site in LB1.
The latter gave only a small enhancement in tryptophan
fluorescence upon binding calcium and a very large enhance-
ment upon binding gadolinium. Conversely, CR3 and CR8
gave large enhancements in tryptophan fluorescence upon
binding calcium, but decreases upon binding gadolinium.
CR3 and CR8 also gave more modest increases in terbium
fluorescence compared with LB1. This suggests some

difference in position of the metal binding site with respect
to the tryptophan side chain in LB1 compared with CR3 and
CR8. Although15N and13C chemical shift data for backbone
amide and carbonyls suggest that the tryptophan carbonyl
remains a calcium ligand in CR3 and CR8, these data
strongly suggest that the glycine four residues C-terminal is
no longer a ligand in either domain.

Such a difference in metal ion coordination is likely to
result from the differences in primary structure of CR3 and
CR8 compared with LB1. In the sequence CDxxxDC (Figure
1), where the two aspartic acid residues are two of the four
conserved calcium ligands found in LB5, CR3 and CR8 have
an additional aspartate as the middle “x” residue. The crystal
structure of LB5 shows that this residue is well placed to
coordinate to the metal ion if it were an aspartate or
glutamate. Thus, in CR3 and CR8 there are five carboxyl
groups available to coordinate the calcium, whereas there
are only four in LB1, LB2, and LB5. This might result in
preferential coordination to the extra carboxyl in CR3 and
CR8 and a consequent shift in the position of the metal ion,
accounting for the observed differences in the fluorescence
perturbations, together with loss of the glycine carbonyl as
a ligand. Indeed, since the extra aspartate is adjacent to the
glycine, which is adjacent to another calcium binding
aspartate, it would be conformationally difficult for the two
carboxyl groups of the aspartates in the sequence CDGD
(aspartates underlined) to coordinate the metal ion at the same
time as the carbonyl of the intervening glycine. It is possible
that this difference in metal coordination may be of critical
importance in determining ligand specificity. LDLR has a
much more restricted ligand specificity than does LRP, and
none of the complement-like repeats of LDLR has these five
potential calcium ligands. In contrast, 19 of the 31 repeats
of LRP have these 5 carboxyl residues. Furthermore, the
distribution within LRP is not even; 7 out of 8 repeats in
cluster II, and 8 out of 11 in cluster IV, contain all 5
carboxyls, whereas only 4 out of 10 repeats in cluster III
contain them. It has been shown that cluster II is a principal
binding site for ligands that bind to LRP but not to LDLR,
such asR2-macroglobulin-proteinase complexes and certain
serpin-proteinase complexes. There may therefore be a
functional connection between such a pentacoordinate cal-
cium site and specificity for certain types of protein ligand.

FIGURE 8: pH dependence of calcium binding to CR3 and CR8, determined from the change in tryptophan fluorescence. (A, left panel)
CR3; (B, right panel) CR8. Titrations were carried out at pH 7.0, 6.5, 6.0, 5.5, 5.0, and 4.5.
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Even for complement-like repeats within LRP that possess
five potential carboxyl ligands to the calcium site, there are
differences in properties that have been identified here for
CR3 and CR8. Thus, the fluorescence intensity of the single
tryptophan is about 70% higher in CR8 than in CR3 and
shows a greater increase, both absolute and in percentage
terms, upon calcium binding. Of more functional signifi-
cance, the calcium site in CR8 shows a much steeper pH
dependence, such that the calcium site is nearly unoccupied
at the pH of the endosome, whereas the site in CR3 is still
about 50% occupied at 100µM calcium.

The present finding that both gadolinium and terbium bind
both to complement repeats from LRP and to LB1 from
LDLR is at variance with an earlier study that reported the
failure of gadolinium to bind specifically to LB1 (23). It is
possible that the difference results from the sample in the
latter study not being metal-free prior to addition of gado-
linium. Those authors added EDTA to LB1 to create the
metal-free state and high calcium to create the calcium-bound
state. However, for the gadolinium titration, it was presum-
ably necessary to add gadolinium to a metal-free sample in
the absence of EDTA. Because of the high affinity of these
complement-like repeats for metal ions, great care must be
taken to ensure that metal-free preparations remain in the
apo state.
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