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ABSTRACT. We have determined the X-ray crystal structure to 1.8 A resolution of tAé @amplex of
complement-like repeat 7 (CR7) from the low-density lipoprotein receptor-related protein (LRP) and
characterized its calcium binding properties at pH 7.4 and 5. CR7 occurs in a region of the LRP that
binds to the receptor-associated protein, RAP, and other protein ligands ik al€sendent manner.

The calcium coordination is identical to that found in LB5 and consists of carboxyls from three conserved
aspartates and one conserved glutamate, and the backbone carbonyls of a tryptophan and another aspartate.
The overall fold of CR7 is similar to those of CR3 and CR8 from the LRP and LB5 from the LDL
receptor, though the low degree of sequence homology of residues not involved in calcium coordination
or in disulfide formation results in a distinct pattern of surface residues for each domain, including CR7.
The thermodynamic parameters for’Cainding at both extracellular and endosomal pHs were determined

by isothermal titration calorimetry for CR7 and for related complement-like repeats CR3, CR8, and LB5.
Although the drop in pH resulted in a reduction in calcium affinity in each case, the changes were very
variable in magnitude, being as low as a 2-fold reduction for CR3. This suggests that a pH-dependent
change in calcium affinity alone cannot be responsible for the release of bound protein ligands from the
LRP at the pH prevailing in the endosome, which in turn requires one or more other pH-dependent effects
for regulating protein ligand release.

The low-density lipoprotein receptor-related protein (LRP) or in part, for binding of target protein ligands. In the LRP
is a member of the LDL receptor family of proteink).(It and other LDL receptor proteins, complement-like repeats
is a 600 kDa multidomain, two-chain, membrane-anchored occur in clusters of different sizes. If one proceeds from the
receptor that contains multiple copies of three different types N-terminal end of the high-molecular mas<hain, the four
of small repeated motifs. One of these motifs is-a#0- clusters in the LRP contain 2, 8, 10, and 11 complement-
residue domain that is related to a domain found in com- like repeats, respectively. Of these four clusters, the second
plement components 6 and 7 and that has consequently acand fourth clusters appear to have the greatest range of ligand
quired the name complement-like repeat (CR). Complement- specificities and the highest affinities at physiological pH
like repeats are present not only in all LDL receptor family and hence are of the most functional interégt (
members but also in other unrelated proteins such as entero- The common features of te1000 known complement-
kinase @), transmembrane serine proteinase8p &nd the  |ike domains are six almost completely conserved cysteines
receptor for Rous sarcoma virus, Tv.(At least in LDL that form three disulfides, a cluster of four mostly conserved
receptor family members and in Tva, it is believed that these 45partate and glutamate residues in the C-terminal half of
complement-like domains are responsible, either in whole {he gomain that have been shown to be involved in calcium
binding in the X-ray structure of LB5 from the LDL receptor
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eighth complement-type repeats, respectively, from the LRP; GSH, ; _li
reduced glutathione; GSSG, oxidized glutathione; ITC, isothermal The nearly complete Conserva.ltlon among qomplemgnt like
titration calorimetry; LB1 and LBS5, first and fifth complement-like ~'€peats of the residues shown in LB5 to be involved in cal-

repeats from the LDLR, respectively; TFA, trifluoroacetic acid. cium coordination, and the demonstration by NMR that cal-
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1 5 10 15 20
CR3 QCQPGEFACANS -RCIOQETRWKTEC
CR7 GS HSCSSTQFKC-NSGRCIUPEHWTC
CR8 GGCHTDEF QCRLDGLTCTIUPLZ RWRLCEC
LB5 S PCSAFEFHC-LSGECIHSS SWRTC
Consensus C F C C I w C
25 30 35 40
CR3 DGDNDCLDNSDEAPALT CHNAQ
CR7 DGDNDCGDY SDETHANCTNNAQ
CR8 bDPGDTDCMDS SDEIKS - - CEG
LB5 DGGPDCKDIKSTDEE - N CAV
Consensus D G D C D S D E C

Ficure 1: Primary structures of the complement-like repeats (CR3, CR7, CR8, and LB5) examined in this study. The numbering given on
top is that used for the new structure of CR7, starting with the N-terminal extension of GS introduced as part of the thrombin cleavage site
used in protein purification as residues 1 and 2. The residues conserved between these four structures are shown at the bottom, and include
five of the six calcium-coordinating residues. The sixth coordinating ligand is the carbonyl of Asp 27, which is also aspartate in CR3 and
CRS8, but is glycine in LB5.

cium binding causes a structuring of otherwise very flexible encoding single repeats were amplified from pcDNA 3.1-
domains 7), has suggested that the known requirement of (LRP) and pLDLR-2 (ATCC, 39966) introducing aBanH|
calcium for ligand binding to the LRP and other LDL site and a 3 stop codon andecarl site using Expand
receptor family proteins results from the ordering that occurs (Roche). The fragments were inserted into pGEX-2T (Phar-
when calcium binds to these sites. On the basis of this model,macia) and expresseditscherichia colBL-21 cells as GST
it has been proposed that the lowered pH encountered byfusion proteins as previously describdd); After thrombin
the endocytosed LRPprotein complexes when the vesicles cleavage and GSHSepharose chromatography, the frag-
fuse with endosomes causes ligand release as a result ofments were further purified to homogeneity by reverse phase
calcium dissociation and loss of structure for the binding HPLC on a semipreparative Vydac C18 column (10 mm
epitope 6, 8). 250 mm), using a gradient of 10 to 60% acetonitrile in 0.1%
As part of our long-term goal of understanding the basis TFA. The column was run at a flow rate of 4 mL/min, and
for the wide range of protein specificity of the LRP and the elution was followed by absorption at 280 nm. Pooled
mechanism of extracellular ligand binding and intracellular fractions were freeze-dried. The denatured and reduced
release, we are focusing on examining the structures anddomains were folded by dilution into 50 mM Tris-HCI, 10
binding properties of complement-like repeats from cluster mM CaCk, 1 mM GSH, and 0.5 mM GSSG (pH 8.5) to a
Il of the LRP. We have previously used NMR spectroscopy final concentration oi<200ug/mL, and dialysis against the
to determine the solution structures of calcium complexes latter buffer, as described previousk).(Refolded domains
of CR3 and CR8 from the LRPO( 10) and to show that  were purified by reverse phase HPLC as above. In all cases,
CR3 interacts with the receptor binding domain @f- the folded repeat eluted slightly earlier than the unfolded
macroglobulin 10). While NMR has the advantage of being species. The sequences of the individual domains that were
a solution method, it has the limitation in this case of not used, including any artificial linkers, are given in Figure 1.
being able to directly examine the calcium ion and its  |sothermal Titration CalorimetryCalcium titrations were
coordination. X-ray crystallography, however, can unam- performed on a MicroCal MSC isothermal titration calorim-
biguously provide details about metal coordination. We report eter. Experiments were performed at’8 Buffers that were
here the X-ray crystal structure of a third complement-like ysed were as follows: 20 mM Tris-HCI, 100 mM NacCl, and
domain from the LRP, CR7, as well as the calcium affinities 0.02% NaN (pH 7.4) and 20 mM sodium acetate, 100 mM
of this and related domains, determined by isothermal NaCl, and 0.02% NaMN(pH 5.0). Proteins were diluted to 5
titration calorimetry, at the pHs encountered both extracel- ,M in buffer and were titrated with either2_ additions of

lularly and intracellularly after fusion with endosomes. We 2 mM CaC}, in pH 7.4 buffer or 1uL additions of 10 mM
found the same calcium ion coordination in CR7 as in LB5, CaC}, in pH 5.0 buffer.

suggesting that this is likely to be invariant for other CR goihermal titration calorimetry involves stepwise addition
domains. Surprisingly, we found that, while there was always ¢ 5 aliquot of titrant into a cell containing the binding
a reduction in calcium affinity for each of the complement species of interest. In the examples reported her&; @as
repeats as the pH was reduced from that of the extracellularijiared into complement-like repeats in the cell. The enthalpy
environment to that of the endosome, the affinities at pH 5 4t jigand binding is observed directly as heat that must be
were all still too high to favor calcium dissociation as the  gjther added or removed from the reference cell to maintain
mechanism for protein ligand release. An important conclu-  <onstant temperature. Thus, accurate measurements of
sion is therefore that other pH-dependent factors must an pe obtained from such a titration as the sum of heats
contribute in a major way to protein ligand release in the gyolved to reach binding site saturation. Since the progress
endosome. of the heat evolved or absorbed is also a measure of the
degree of saturation of the ligand binding site, the same
observable can be used as a reporter of binding, and hence
Expression, Purification, and Refolding of Complement- serve for determination oKy and thence ofAG. The
like Repeats.DNA fragments of the LRP and LDLR accuracy of the latter depends on the same consideration as

MATERIALS AND METHODS
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fo_r a_nyKd determ_ination' i.e., the protein concentration being Table 1: Data Collection and Refinement Statistics for CR7
within a range dictated by thi€y value to be measured.
Data were analyzed with the Origin software provided by

crystal

it . . . space group P2,2:2,
the manufacturer. Fitting was done using a single-site model cell dimensions (A) a=27.6,b=354,
of binding, with the variables being the number of binding c=36.3
sites 1), Kg, and AH. no. of crystals 1
The relationships used in the data analysis are data collection
resolution Iim’é‘t A 1006-1.85
. wavelength (A) 1.00
Kd =1 - 0)(X]/0\) 1) no. of reflections (oberved/unique) 86028/2911
_ _ _ . . completeness (%) (overall/last shell) 88.5/56.6
where® is the fraction of sites occupied by ligand X. Rinerge(%0) (overall/last shell) 7.2/126.8
I/a(1) (overall/last shell) 20/4
=[X] + n®OM 2 refinement
xt (X] t (2) no. of molecules'i&n asymmetric unit 1
. luti d 40.001.80
where X; and [X] are the total and free concentrations of ;?feoc{fv'g’;e“;?uti(og A) 1.85
ligand X, respectively, ani¥; is the bulk concentration of averageB-factor (A2 21.0
the macromolecule in the cell. no. of reflec_tions (work/tgst) _ 2911/281
no. of protein atoms (amino acids) 332 (44)
= nOM.AHV, 3 no. of solvent molecules 31
Q © t 0 ®) no. of heterogen atoms 1
. L . F| > O 18.6
whereQ is the total heat content of the solution\fgrelative Efrrey:‘(ﬂqL 05) 222
to the unliganded species andf is the enthalpy of binding. rms deviations from ideality
Taken together, these give a relationship for the heat bond lengths (A) 0.005
bond angles (deg) 1.1

evolved at any degree of saturation of

a wavelength of 1.0 A and a CCD-Q4 detector. A complete

data set of 1 oscillations was recorded on a single crystal

with approximate dimensions of 2Q0n x 50 um x 50

um, using an exposure time of 40 s. The space group was

P2,2,2;, and the unit cell dimensions were as follons=

27.6 A,b = 35.4 A, andc = 36.3 A. The high packing

density resulted in 69% protein and 31% solvent in the
®) crystal. One hundred thirty frames of data were indexed with

Using initial guesses fon, Kq, and AH (either entered DENZO (12) and scaled with SCALEPACK. The initial

directly or chosen by the program), the program calculates phases were determined by molecular replqcement using the
the AQ, for each injection and compares the values with those Structures of LB5, CR3, and CR8 (PDB entries 1AJJ, 1D2L,
determined experimentally. Improvements are made,in ~@nd 1CR8, respectively). The search model did not contain
AH, andKg by standard Marquardt methods and comparison €ither the extreme N-terminus (residues 1 and 2) or the
of theory and experiment. lterations are continued until no C-términus (residues 43 and 44). Molecular replacement
further improvement in the fit is obtained. calculations were performe_d with CN_S?:!). The oriented
Fluorescence Spectroscofiyyptophan fluorescence emis- search merI was then reflned as a rigid body followed by
sion spectra of CR7 and other complement-like domains, asCycles of simulated annealing to give Bays: of 39% (40-
well as stimulated terbium emission spectra, were recorded?-> A). Electron density maps were interpreted using the
on a PTI Quantamaster spectrofluorimeter, equipped with Program Quanta. Ten percent of the data were randomly
dual monochromators. Spectra were recorded using excitatior@SSigned 0 aRee test for cross validationl@). The model
at 280 nm and recording emission from 300 to 450 nm in Was progressively refined using simulated annealing proto-

Q = (NMAHV)/2[1 + X/nM, + K/nM, —
J@+ XM, + KynM)? — (4X/nM)] (4)

For theith injection, the heat released Q(i)] is given by

AQ(i) = Q(i) + dVi/V[Q(I) + Qi — 1))/2 — Q(i — 1)

the case of tryptophan emission spectra and from 300 to 555c0ls, followed by energy minimization and manual inspection

nm for terbium emission spectra. Slits of 2 nm for excitation
and 4 nm for emission were used. To obtain tryptophan
emission spectra in the absence of calcium, ABDEDTA
was added to the cuvette, whereas for spectra of tifé Ca
complex, 10 mM CaGlwas added.

X-ray Structure DeterminatiorCrystals of the CA—CR7
complex were grown at 18C by the vapor diffusion hanging
drop method and mixing equal volumes of the protein (6
mg/mL) and well solution [0.3 M NaCl and 20 mM sodium
acetate (pH 3.8) containing 100 mM CaCCrystals were
serially transferred into buffer containing increasing con-
centrations of glycerol (from 5 to 20%) as a cryoprotectant
and flash-frozen in liquid nitrogen. Diffraction data were
collected at the temperature of liquid nitrogen on the
BioCARS 14C bending magnet line at the Advanced Photon
Source (Argonne National Laboratories, Argonne, IL) using

and rebuilding. Once thé&-factor dropped below 35%,
SHELX refinement protocols were used4] and the
resolution was increased stepwise to 2 A. The final stages
of refinement, including individuaB-factor refinement, were
carried out against all data in SHELX. The final model has
an R-factor of 18.6% and ame. Of 22.2%. The crystal-
lographic data and statistics are given in Table 1. Coordinates
have been deposited with the Protein Data Bank (entry 1J8E).

RESULTS

Crystal Structure of CR7A stereorepresentation of the
1.8 A resolution X-ray structure of the &a-CR7 complex
is shown in Figure 2. All of the molecule, including the
N-terminal tetrapeptide preceding the first cysteine and the
C-terminal tetrapeptide following the last cysteine, is well-
ordered in the final crystal structurByst= 18.6% antRyee
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N-ter.

C-ter. C-ter.

FIGURE 2: Stereorepresentations of the 1.8 A crystal structure of the 44-residue CR7 domain from LRP. (A) Structure of CR7. All atoms
are presented, with selected residues numbered and the calcium-binding site indicated. (B) Ribbon representation of CR7 in the same

orientation as in panel A.

Ficure 3: Stereoview of a representativéFg — F¢| electron density map of the C-terminal part of CR7 showing the third disulfide
between C24 and C41, contoured at 2

= 22.4%; Table 1). Representative electron density is shownstructures. The calcium site is readily visible in the electron
in Figure 3. As with structures of other complement-like density map in the C-terminal lobe of the domain (Figure
repeats, the structure of CR7 is composed of an N-terminal4). Calcium coordination is octahedral and involves the
lobe that contains a two-strand antiparallel nfirgsheet, here  carboxyl side chains of aspartates 25, 29, and 35 and of
involving residues 911 and 16-18, and a C-terminal lobe  glutamate 36 and the backbone carbonyls of tryptophan 22
that contains a one-tur-helix, here involving residues 38 and aspartate 27. This geometry and coordination are
41. Each of the lobes also contains one disulfide. The two identical to those found in the crystal structure of LES (
lobes are connected by a one-turshelix and by the third and to those inferred for the NMR structures of CR3 and
disulfide. A minimal hydrophobic core is composed of CRS8 from the positions of the equivalent acidic side chains
residues Phe 10 and lle 18. Trp 22 does not contribute toand the amide chemical shifts of residues immediately and
this hydrophobic core, but instead has the indole side chainC-terminally adjacent to the carbonyls involved in calcium
projecting outward into the solvent, as in other related coordination 9, 10).
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FiGURE 4: Stereorepresentation of the calcium binding site of CR7 showing [fhe-2 F¢| electron density map and all atoms of the
calcium-coordinating residues, contoured at 2

A B

CRS
\ !l
Ficure 5: Comparison of the electrostatic surfaces of LRP domains CR3, CR7, and CR8 and domain LB5 from the LDLR represented by
the program GRASP2(7). (A) Same orientation as in Figure 2. (B) View after a 186tation about the vertical axis, as indicated. Regions

of negative surface potential (less thai5kT) are shown in red, and regions of positive surface potential (greater thdn d% shown
in blue.

LB5

A comparison of the surface of CR7 with those of CR3, thermodynamics of binding of Gato single complement-
CR8, and LB5 reveals that each is quite distinct, with like repeats CR3, CR7, and CR8 from the LRP, and LB5
different numbers and distributions of charged and unchargedfrom the LDL receptor. Measurements were taken at both
residues (Figure 5). For the presented structures, CR7 is mospH 7.4 and 5.0. For all domains at both pH values, calcium
similar to CR3 and least similar to CR8. The face presented binding was exothermic, with sufficiently large enough
at right is that identified in a previous study for CR3 as the enthalpies of binding to give readily measured heat evolution
one that binds directly to the receptor binding domain of for each injection of calcium and hence a good measure of
humano-macroglobulin. This face of CR7 is very different the AH of binding (Figure 6). Since thiéy, and hence\G,
from that of CR8. Structural comparison of the backbones could also be independently determined from fitting the
of CR7 with the backbones of CR3, CR8, and LB5 gave experimental data to a binding curve, a complete thermo-
rmsds of 1.35, 1.53, and 1.13 A, respectively, after making dynamic analysis was possible for each binding process. The
allowance for any insertions or deletions between the values presented (Table 2) are averages of three or more
structures and comparing only residues between the first anddeterminations, and the errors within each determination were
last cysteines of each domain. Thus, of the LRP domains between 4 and 25%.
that were examined, CR7 most closely resembles LB5 in At pH 7.4, calcium binds to each of the four single
backbone structure. domains with similanAG values of~7.7 £+ 1 kcal/mol. The

Calcium Binding to Complement-like DomaiWge used domain with the highest affinity is LB5 with iy determined
isothermal titration calorimetry (ITC) to determine the here of 0.5uM. This is significantly weaker than that
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FiGUurReE 6: Representative raw ITC data for binding of calcium to CR7 (right) and a fitted binding isotherm (left) after correcting for the
heat of dilution of calcium into buffer.

Table 2: Thermodynamics of Calcium Binding to Complement-like Repeats

pH 7.4 pH 5.0
Kq (uM) AGP AHP ~TA® AT Ka (uM) AGP AHP ~TAD AT
CR3 8.0+ 1.2 —71  —49+03 —2.2 7.3 125:1.1 -6.8 —6.3+08 0.4 1.4
CR7  126+1.1 -6.8 —57+0.3 1.1 3.6 640+ 160 —45  —7.74+06 3.2 -10.6
CR8 6.1+ 1.2 -72  -53+08 -1.9 6.3  20.5:5.2 -6.3  —35+08 -3.0 10.0
LB5 05+006 87 —65+15 2.2 7.2 13.1£23  -6.7  -23+05 —4.4 14.5

a All titrations were carried out at least in triplicate. Values are the mearslf the range of the variation for the parameters determined
directly. ® In kilocalories per mole¢ In calories per mole per kelvin.

reported from a titration followed by tryptophan fluorescence Table 3: Fluorescence Properties of Complement-like Repeats, with
in the presence of EGTA as the competing ligand, which EXxcitation at 280 nm

gave a value of 70 nMg]. Our value may, however, be an without C&*+ with Ca&* T3+
underestimate of affinity, given that the protein concentration intensity  Amax(NM)  intensity  Amac(nm)  intensity
needed for the ITC experiment wagt® and therefore too

) . . CR3 0.37 345 0.75 351 0.56
high to determine &y of <100 nM with good accuracy. CR7 1.00 345 1.28 345 1.00
The similarity of AH values may reflect the apparently CRs8 0.66 345 1.57 345 2.00
identical calcium coordination sites in each domain. The LBS 031 353 0.66 354 0.62
much greater variation iAG results from differences in 2 Normalized to the intensity of the CR7 repeat in the absence of

entropic contributions. Since calcium binding is responsible Cé&* (1.00).” Normalized to the intensity of the CR7Tb** complex
for structuring the whole domain, such variation in entropic 2t 545 nm (1.00).
contribution is perhaps not surprising and might depend on
the primary structure and how many side chains became Fluorescence Emission Spectra of Complement-like Do-
partially or wholly buried upon calcium-induced folding of mains.We have previously found for repeats CR3 and CR8
the domain. No obvious correlation is apparent, however, from the LRP and for LB1 from the LDL receptor that the
between the calculated entropy change and the number ofsingle tryptophan present in each of these repeats gave a
proline and glycine residues in particular domains. fluorescence emission spectrum with a different intensity and
At pH 5, all of the domains exhibited a reduction in different sensitivity to calcium binding7§. In addition, the
aff|n|ty, though with |arge variations in both the relative pI‘OXImIty of the Ca!Cium Sit.e tO the indole side chain resulted
changes and the resulting absolute affinities. CR7 and LB5 in sensitized terbium emission whenThwas used as a
exhibited the largest relative changes in affinity. However, replacement for Ca and terbium was indirectly excited via
the source of the change was different in each case, resulting'radiation of the tryptophan at 280 nm. To extend these
main'y from a Change in entha|py in the case of LBs, but of observations to the new repeat CR7 and make comparisons
entropy in the case of CR?] which in fact offset a more with the Only other domain for which the location of the
favorable enthalpy change. This conclusion would not be calcium relative to the tryptophan is unambiguously known,
altered if the previously publishe; of 70 nM were used ~ LB5, we .recorded both tryptophan emission spectra of these
for calcium binding to LB5 at pH 7.46). The resulting repeats in the absence and presence of calcium as well as
affinities at pH 5.0 were also very different, being still quite the sensitized terbium emission spectra of thé"Teom-
high for LB5 (Kq = 13 xM), but very much weaker for CR7 ~ Plexes.
(Kqg = 640 uM). CR3 and CR8 exhibited much smaller At equivalent protein concentrations, CR7 gave the highest
reductions in affinity upon lowering the pH from 7.4 to 5.0. tryptophan fluorescence emission in the absence of calcium
For CR3, the change was only a factor of 2, which resulted (Table 3). The relative intensities for the other three domains
from nearly compensating changes in enthalpy (more favor- were 66% for CR8, 37% for CR3, and 31% for LB5. The
able) and entropy (less favorable). For CR8, the situation wavelength maxima ranged from 353 nm for LB5 to 345
was reversed, with a less favorable enthalpy of binding being nm for the remainder. Upon binding calcium, CR7 exhibited
partly compensated by a more favorable entropy change uporthe smallest relative enhancement, with a 28% increase. Each
binding. It was surprising both that different factorsH or of the other domains gave enhancements-2ffold (Table
AS) appeared to have different importance for the various 3). Only for CR3 was there a significant wavelength shift
domains and also that the final calcium affinity at pH 5 was upon calcium binding (6 nm to the red). Each of the four
still relatively tight for all domains except CR7. domains gave efficient stimulated Ib emission upon
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excitation of the single tryptophan at 280 nm, reflecting the structural similarity. This contrasts with the very high
short separation between the metal ion and indole side chainvariation in primary structure among all complement-like
While the highest TH emission intensity was obtained from domains beyond the conserved disulfides and calcium-
the domain with the highest tryptophan emission inth&"€a  coordinating side chains. Given this high degree of primary
bound state (CR8), the relationship between tryptophan andstructure variation, it is perhaps not surprising that the surface
terbium fluorescence was not linear for the other domains of CR7 is very different from those of other complement-

(Table 3). like domains. Having the structure of CR7 as the third such
domain from the principal protein ligand-binding region of
DISCUSSION LRP will therefore be invaluable in determining and under-

- L standing interaction sites with different protein ligands.
The extracellular binding of the many protein ligands to As with other complement-like repeats we have examined
the LRP and related receptors, and the subsequent releasg,, single tryptophan, which is largely conserved, gives a’
of these ligands following endocytosis and recycling of the ,rescence enhancement upon calcium binding and struc-
intact receptor to the cell surface, depends on the structures, o, rigidification of the domain. However, in keeping with

of (tjhe Ii%and-b(ijnding d]?m?ms W.ithin tgelLRP’ ?]n the role ¢ highly variable primary structures of these complement-
and pH dependence of calcium in modulating the structure j . reneats and the consequent variability in residues of

and ligand sp_ecificity of these domains, and possibly on other contact with this tryptophan, the tryptophan fluorescence
factors. In this study, we have used X-ray crystallography, jyiensity differs both in the absence and in the presence of
isothermal titration calorimetry, and fluorescence to inves- calcium from that of other repeats. Similarly, the sensitized

tigate the structure, calcium coordination, and pH dependenceTb3+ emission is different from that of other complement-
of calcium binding of ligand-binding domain CR7 from the like domains we have examined.

LRP, and compared these properties with those of related Perha ; L :
: . ps the most important findings of this study are the
domains from the LRP (domains CR3 and CR8) and the LDL surprisingly modest changes in affinities of Cdor CR7

receptor (domain LBS). and related domains between pH 7.4 and 5.0. A previously
Unlike the previous two structures of ligand-binding proposed mechanism of ligand binding to and release from
domains from the LRP (CR3 and CRS8), which were the LRP and other LDL receptor proteins involves extracel-
determined by NMR spectroscopy and therefore did not |yjar binding of calcium to the LRP, where the free calcium
directly give the location and coordination of the bound concentration is in the millimolar rang&8), and dissociation
calciumion @, 10), our crystal structure of CR7 gives direct  of calcium within the endosomes as a result of a lower
visualization of the calcium and its coordinating groups, a calcium concentration in the 10M region and a reduced
first for a domain from the LRP. Inspection of the primary pH (6, 8). Accordingly, we had expected to find very large
structures of the 31 complement-like domains from the LRP reductions in calcium affinity upon reduction of the pH to
shows that the glycine residue that was found to coordinatethat found intracellularly upon fusion of endocytosed LRP
to calcium in the X'ray CryStaI structure of LB5 is instead |igand-containing vesicles with endosomes. Such |arge
mostly an aspartate in the LRP. This had suggested to usreductions in affinity, with the consequent release of calcium,
that the calcium coordination in LRP might differ from that = the |oss of the structural integrity of the domains, and hence
of the LDLR by having an additional carboxylate side chain the loss of protein ligand affinity, would have provided a
as a ligand in place of the carbonyl of the same residue. simple explanation for the pH-dependent binding and release
During NMR structure determinations of both CR3 and CR8, of |igands from the LRP. A|th0ugh CRY7 itself does show an
we found that there was little energy difference between 50-fold drop in calcium affinity, into the millimolar range,
structures that had the side chain carboxyl of this asparatethe other complement-like domains show either small relative
coordinated to calcium and those that had the backboneaﬁinity changes (CR3 and CR8) or a large change but with
carbonyl coordinated in the same way as in LB5. Neverthe- stj| tight final affinity at pH 5 (LB5). Since it is likely that
less, we favored backbone carbonyl coordination of this the hound protein ligand will enhance the overall calcium
aspartate in CR3 and CR8 based on the chemical shifts ofaffinity, the calcium affinities reported here for free domains
the amide nitrogens of the adjacent residues. For CR7, wegre likely to be lower than for calcium in LRPprotein ligand
now have clear evidence for such carbonyl coordination by complexes. Despite the active pumping of calcium out of
the additional aspartate residue and for the side chain tOendocytosed Vesideg_@, the concentration of calcium is
project into solution, where it is available for binding to gt ~10 uM after 5 min, which would probably result in
protein ligands (Figure 4). The remaining calcium ligands most calcium binding sites on LRRigand complexes still
are identical in the structures of LB5 and CRY7. It is therefore being Occupied_ To account for the observed ||gand dissocia-
||ke|y that the>90% of Complement-like repeats identified tion, it is therefore necessary to invoke additional pH_
that contain the four conserved aspartates and glutamatejependent factors in overall ligand affinity. One possibility
(residues 25, 27, 29, 35, and 36 in CR7, Figure 1) bind js the earliest suggestion of ionic interactions between basic
calcium and adopt coordination identical to that found here residues on the ||gand and acidic residues on the receptor_
for CR7 and earlier by others for LB5. This would help to explain the critical role of positively
The crystal structure of CR7 revealed a backbone fold that charged side chains in ligands such as apbg and o.-
is highly similar to those of complement-like repeats of macroglobulin {8, 19), while still acknowledging a (lesser)
known structure, specifically, CR3, CR8, and LB} 9, 10). role for weakened calcium affinity in promoting ligand
Indeed, the ability to determine the structure of CR7 by dissociation. An additional, or alternative, explanation is that
molecular replacement, using a model based primarily on there is an allosteric pH-dependent effect of other domains
the structure of CR8, indicates the high degree of backboneof the LRP in promoting ligand dissociation at low pH.
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Although such studies have not been carried out directly on
the LRP, studies on the smaller but structurally related VLDL
and LDL receptors have shown that deletion of the adjacent
YWTD and EGF domains and the O-linked sugar domain
results in the loss of the ability to release bound ligand,

though not to internalize then2@, 21). A recent X-ray

stucture determination of the cluster of six YWTD domains
from LDLR, together with their flanking EGF domains,
shows that the YWTD domains form a propeller-like

structure 22), as previously predicted28), with the sug-

gestion that pH-dependent unstructuring, possibly involving
opening of the domaindomain contacts, could result in
allosteric effects on bound ligands and their release at low

pH (22, 24).

A second role of calcium in promoting correct folding and
disulfide bond formation of the complement-like repeats of
the LRP and other LDL receptor family members may be
equally or even more important. Indeed, it has been shown
that mutation of calcium-coordinating residues results in
misfolding in vitro 25) and may contribute to disease such

as hypercholesterolemia in viv@®). In this way, although

Ca&" may thus not be the principal determinant of protein
ligand release or even an absolute requirement for protein
ligand binding, it probably still plays a critical role in the
functioning of the LRP and related members of the LDL

receptor family.
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