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Abstract

The ligand-binding domain of the human low-density lipoprotein receptor consists of seven modules, each of 40—45
residues. In the presence of calcium, these modules adopt a common polypeptide fold with three conserved disulfide
bonds. A concatemer of the first and second mod(l&s_,) folds efficiently in the presence of calcium ions, forming

the same disulfide connectivities as in the isolated modules. The three-dimensional structure,dfdsBnow been

solved using two-dimensiondH NMR spectroscopy and restrained molecular dynamics calculations. No intermodule
nuclear Overhauser effects were observed, indicating the absence of persistent interaction between them. The near
random-coil NH and 4 chemical shifts and the low and angle order parameters of the four-residue linker suggest

that it has considerable flexibility. The family of 1B, structures superimposed well over L& LB,, but not over both
modules simultaneously. LLBand LB, have a similar pattern of calcium ligands, but the orientations of the indole rings

of the tryptophan residues W23 and W66 differ, with the latter limiting solvent access to the calcium ion. From these
studies, it appears that although most of the modules in the ligand-binding region of the receptor are joined by short
segments, these linkers may impart considerable flexibility on this region.
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The low-density lipoprotein receptéLDLR) plays a pivotal role  the cell surfacéGoldstein et al., 1985; Brown & Goldstein, 1986;
in the removal of cholesterol-rich lipoproteins from the circulation Johnson et al., 1997
(Havel & Kane, 1995 LDLR binds to its ligands, apolipoprotein The LDLR consists of ligand bindingB), epidermal growth
(apo B-100 and apoE, of LDL and intermediate-density lipopro- factor(EGF) precursor homology, O-linked sugar, transmembrane,
teins, promoting their uptake by receptor-mediated endocytosisand cytoplasmic domains. The arrangement of these domains is
Upon uptake, the receptor-ligand complex transits in endosomesjmilar to that of other members of the LDLR gene family, includ-
where the receptor separates from its ligand, and recycles back tog the VLDL receptor Takahashi et al., 1992the LDL receptor-
related proteifLRP) (Herz et al., 1988 and the renal glycoprotein
gp33Q¢megalin (Saito et al., 1994 The ligand-binding domain
Reprint requests to: Ross Smith, Department of Biochemistry, Univer-cons"s‘t_S of sgven imperfect repeats, each of 40_4_5 residues. The
sity of Queensland, QLD 4072, Australia; e-mail: ross@biosci.ug.edu.authree-dimensional3D) structures of the two N-terminal repeats,
Abbreviations: DQF-COSY, double-quantum filtered correlated spec- LB, and LB;, have been solved by NMR spectroscgpaly et al.,
troscopy; DYANA, dynamics algorithm for NMR applications; E-COSY, 1995a, 1995 and LB; by X-ray crystallography(Fass et al.,
exclusive correlated spe.ctroscopy; LDL, low-density lipoprotein; LRP, LDL 1997). Approximately 40% of the residues are conserved across
receptor-related protein; LBo LB, cysteine-rich modules number 1 to 7 . . . . . .
of the ligand-binding domain of LDL receptor; 4B and LBs_g, concate- e seven modules, including all cysteine residues, an isoleucine,
mers of the first and second, and fifth and sixth, ligand-binding modules ofand the D-x-S-D-E moti{Fig. 1). The cysteine residues, which
the LDL receptor; CRand CR;, complement-like repeats number 3 and 8 have a conserved I-lll, II-V, and IV=VI patte(Bieri et al., 1995a,
of LRP; VLDL, very low-density lipoprotein; NOE, nuclear Overhauser 1995h, 1998 stabilize the backbone fold of the LB modules. In

effect; NOESY, nuclear Overhauser effect spectroscopy; PBS, phosphate:- . . .
buffered saline: RMSD, root-mean-square deviation: RP-HPLC, reversed‘fhe modules of known structure, the isoleucine residues are located

phase high-performance liquid chromatography; TOCSY, total correlatiodWithin @ small hydrophobic core; and in kBthe last two residues
spectroscopy. of the D-x-S-D-E motif are involved in calcium binding.
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LBl VGDR—E—ERNEFQC—QD——GKéIsYﬁﬁVébGéAECQDGSHﬁSQETCL
LB2 —SVT—C—KSGDFsc—GGRVNRCIPQFﬂRcDGQVDpDNGszqﬂQG—~CP
LB3 - PKT-C-SQDEFRC-HD-~GKCISROFVCDSDRDCLDGSHEAS ~~CP
LB4 ~VLT-C-GPASFQC-NS--STCIPQLWACDNDEDCEDGSDEWPQRCRGLYVEQG
LB5 DSSP-C-SAFEFHC- LS——GECIHSSﬂRCDGGEDbKDKQQEEN——CA
LB6  -VAT-C-RPDEFQC-SD--GNCIHGSRQCDREYDCKDMSOEVG--CVN
LB7 ~-VTLCEGPNKEKC-HS --GECTTLOKVCNMARDCRDWSDEP TKEC
CR3  --PPQC-QPGEFAC-AN--SRCIQERWKCDGDNDCLDNSHEAPALCHQH
CR8  --PPGC-HTDEFQCRLD--GLCIPLRWRCDGDIDCMDSSDEKS--CEGV
I vitv w

Fig. 1. Amino acid sequences of the ligand binding modyleB) of the LDL receptor and two of the complement-like repe&iR)

of the LDL receptor-related protein. The disulfide bond connectivitieil, 11-V, and IV-VI) are shown above the sequences. The
conserved amino acids are shown in bold, and the amino acids for which catfsoxyt carbonyl(t,f) groups may be involved in
calcium coordination are shown in brackets.

Recent studies with LBand LB, have shown that calcium ions ment of segments of the calcium-binding loops of both modules.
are required for the formation of the correct disulfide bonds: in theNo intermodule NOEs were detected, indicating that these two
absence of this ion, oxidation of the modules yields multiple di-modules are structurally independent. Their relative orientation is
sulfide isomers, whereas folding in its presence leads to predonpartly constrained by the linking tetrapeptide, but the lack of
inantly a single conformatiorfAtkins et al., 1998; Bieri et al., medium- and long-distance NOE restraints arising from this linker
1998. The calcium ions not only determine the outcome of fold- and the near random coil shifts of its backbone proton resonances
ing, but also stabilize the conformation of the fully oxidized poly- suggest that it has substantial flexibility.
peptide: removal of the calcium results in a marked loss of 3D
structure (Atkins et al., 1998 The requirement of calcium for Results and discussion
proper folding and structural integrity has also been observed with
LBg (North & Blacklow, 1999, the LB,_,concateme(Bieri et al.,
1998, the LBs_g concatemeftNorth & Blacklow, 1999, and two
modules of the LRP complement-like domains, £&d CR Three-dimensional structure determination by homonuclear NMR
(Dolmer et al., 1998; Huang et al., 199%he crystal structure of spectroscopy methods is limited to molecules up~t0 kDa
LB5s shows that the calcium ion is coordinated by the carboxyl(Evans, 1995 where peak overlap, ambiguity of cross peak as-
groups of D196, D200, D206, and E207 and by the backboneignments, and broader linewidths emerge as major problems. De-
carbonyls of W193 and G19&ass et al., 1997An NMR titration spite these limitations, these methods have proven sufficient to
study of the acidic residues of LEBAtkins et al., 1998 suggested  solve high resolution structures of proteins up-tt1.5 kDa, pro-
that a similar calcium ligand pattern is also extant in this modulevided that the cross peaks are well disperd@alrthe et al., 1997;
but E30, which corresponds to D196 in §Bwas titratable and Bayer et al., 1998; De Morino et al., 1999n this study, the
therefore may not participate in calcium binding in LB standard homonuclear spectroscopy methods were also used to

In a previous study, we found no substantial changes in thesolve the solution structure of LyB,. The chemical shifts of LB,
Ca-proton chemical shifts in the LB, concatemer from those of were well dispersed, as shown in the fingerprint region of the
the individual modulegBieri et al., 1998. This finding is paral- NOESY spectra, with the exception of a crowded area near 3.9—
leled by a recent study of another concatemers_IgBby *H-'5N 4.8 ppm inF1 and 8.1-8.9 ppm if2 (Fig. 2). Spin systems were
heteronuclear single-quantum spectroscopprth & Blacklow, initially assigned in the TOCSY spectra with the aid of the pub-
1999. The absence of significant changes in chemical shifts inlished chemical shift data for the individual moduléaly et al.,
these two concatemers suggested that the ligand binding moduld®95a, 1995p These assignments were then mapped onto the
of LDLR might be structurally independent of each other, but didNOESY spectra where the consistency of preliminary TOCSY
not clarify the role of the linking residues. assignments was verified by followingaHHN(i, i + 1) and HN-

We report here the first 3D structure of a concatemer of ligand-HN(i, i + 1) connectivities. There were a number of similar chem-
binding modules of human LDLR, LB,. Although earlier exper- ical shifts observed in the NOESY spectra. In the fingerprint region,
iments in which mutated LDLR was expressed in transfected COSor example, NOE peak overlaps were observed between dt9N\H
cells led to the conclusion that the first and second cysteine-rictand C74kk-D75HN, and between S53dHN and E37 HvHN.
repeats are not necessary for interaction with apoB-100 or apoHowever, most NOE peaks that were initially ambiguously as-
(van Driel et al., 1987; Esser et al., 1988hore recent experiments signed were later resolved either manually by measuring distances
indicate that these repeats do play an important role in lipoproteifetween possible atoms during structure refinement or with an aid
binding (Sass et al., 1995; Rgdningen et al., 199%e structures  of an automatic NOE assignment protocol using NO@#umen-
of the individual modules within the LB, concatemer match those thaler et al., 1991
of the isolated module@aly et al., 1995a, 1995pbut inclusion In contrast to most resonances, the amide proton chemical shifts
of a larger number of restraints has led to a better definition ofof the linker residues, L43-S44-V45-T46, at 8.06, 7.98, 8.04, and
LB,, and incorporation of explicit restraints for the calcium ion- 8.04 ppm, respectively, and thew@roton shifts, were close to
binding ligands in the structural calculations has led to a refinetheir random coil valuegFig. 2). The chemical shifts of LB,

Spin system assignment and secondary structure
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Fig. 2. The fingerprint region of LB, from a NOESY spectrum acquired at 310K, pH 5.5. The demonstration of sequential
assignments for the segments K22-W23-V24-C25-0i2B;) and V72-D73-C74-D75-N76LB,) are shown with connecting lines.
NOE overlaps between 119d4HN and C74 He-D75 HN, and between S53d4HN and E37 He-HN, are indicated with arrows. The
linker, L43-S44-V45-T46, amide protons have similar chemical shifts that are close to their random coil values.

resonances are available in Supplementary material in the Eleenolecular dynamics simulations. These calculations were per-

tronic Appendix(Table SJ.
The majority of 3 Ha-HN couplings observed in the DQF-
COSY spectra were>7 Hz, and only two(Q14 and Y21 were

formed excluding and including explicit restraints for calcium ion

coordination, which resulted in only minor differences. The most
notable changes were a decrease of the average Leonard—Jones van

<4 Hz. The presence of large coupling constants and a largeler Waals energy from-416.8 to—436.1 kcaymol, a decrease of

number of strong |H-HN (i,i + 1) NOEs indicates that the sec-
ondary structure of LB is predominantly composed @fstrands

electrostatic energies from8.0 to —18.7 kcafmol and an in-
crease of the average NOE restraint energy from 53.8 kwall to

and loops. There are several amide protons with slow or mediuny9.0 kca)mol on inclusion of these restraints. The statistics of the

deuterium exchange rates in both modules of; LBFig. 3.
Some of these protons were located within akairpin structure,

NMR structures are shown in Table 1.
The overall structure of LB, is well defined, except for the

where in LB, the amide protons of residues F11, C13, and I19N-terminal four residuegéwhich include the Gly and Ser residues
were involved in hydrogen bonding with the backbone carbonylsfrom the thrombin cleavage sjteand the linker(Fig. 4). The

of 119, K17, and F11, respective(yDaly et al., 1995h However,
the corresponding residues in LBs part of the concateméFf52,
C54, and 162 were in fast exchange. The presence gft#lical
structure in both modules was indicated by G — NH (i,i + 3)
hydrogen bondgWiithrich, 1986; Smith et al., 1996; Millhauser
et al., 1997, namely W23— S20 and V24— Y21 in LB4, and
W66 — P63 and R67> Q64 in LB,, and one¥) Ha-HN < 4.0 Hz,

C-terminal residues are more constrained because of the disulfide
bond formed by the final residue. The inclusion of calcium in the
molecular dynamics simulations did not significantly change the
global structure, as reflected by the similarity of the angle order
parameters in structures calculated including or excluding calcium.
The inclusion did improve the quality of the structure, increasing
the angle order parameters of backbone regions G27-S28 and Q71-

for residue Y21. The short- and medium-range NOEs, couplinge80 from an average of 0.78 to 0.96, and improving the definition
constants and amide exchange rates, are summarized in Figure . the side chains of the acidic residues that coordinate the cal-

Three-dimensional structure determination

cium ion.
The backbone pairwise RMSD of LBrom C6-C42 is 0.4
0.11 A (1.14 + 0.12 A for all heavy atoms and the pairwise

The best 50 of the 100 structures generated from DYANA calcu-RMSD of LB, from C47—C83 is 1.05- 0.24 A(1.85+ 0.33 A for

lations(Guntert et al., 1997/were chosen as the input for X-PLOR

all heavy atoms However, the family of structures did not super-
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Fig. 3. Summary of short- and middle-range interactions inl;Bshowing NOE connectivities artl Ha-HN coupling constants.
Large and smalf) Ha-HN coupling constant$>8 Hz and<4 Hz) are indicated withT) and (1), respectively. Slow and medium
amide proton exchange rates are shown with filled and open circles, respectively.

impose closely over their full lengttbackbone pairwise RMSD  Structure description

of 3.63+ 1.54 A) because the conformation of the L43-T46 seg-

ment that connects the two modules is not well defifEig). 5). The overall shape of LB, can be described as an extended, glob-
Stereochemical quality assessment of the NMR structures bwlar molecule with a small but flexible region in the middle. The
PROCHECK-NMR (Laskowski et al., 1996 showed that 65.6, backbone folds of LB, are similar to those of the individual
30.0, 3.9, and 0.6% residues were in the most favorable, additiormodules. The secondary structures of both consist of a small
ally allowed, generously allowed and disallowed regions of the-hairpin structure(F11-119 in LB, and F52-162 in LB ) fol-
Ramachandran plot, respectively. However, when only well-definedowed by a short 3rhelix (S20-V24 in LB and P63-R67 in
regions(C6—C42 and C47-C83vere considered in the analysis, LB,), a small loop near the €4 binding region(C25—-A29 in LB,

the number of residues in the most favorable, additionally allowedand C68—V72 in LB) and successive turrigig. 6). The8-hairpin

and generously allowed regions were 70.2, 26.4, and 3.4%, respestructure appears more flexible in LBs there is no indication of
tively, with none in the disallowed region. These latter figures areslow amide proton exchange for residues F52, S53, C61, and 162.
comparable to those presented in a recent survey of the quality ofhe 3 -helix secondary structures in this concatemer are distorted,
NMR structuregDoreleijers et al., 1998 There were few medium-  as indicated by the largd Ha-HN couplings of W23, V24, and

or long-range NOEs or dihedral restraints involving the linker W66. The distortions of these helices from ideal geometry is a
residues, resulting in lowp andys angle order parameters, which consequence of coordination of calcium ions by the carbonyl groups
varied between 0.48-0.95 and 0.86—0.88, respectively. This pawf the tryptophan residues and, in Bhe presence of a proline
city of restraints could have several origins including adoption ofresidue at the start of the helix.

a small number of rapidly interconverting conformations, adoption A second 3¢-helix structure, which spans the conserved S-D-E
of an extended conformation in which there will be few mid-rangesequence in LB(Fass et al., 1997 was not detected in the cor-
NOEs, or relatively unconstrained motion about the N&-&hd  responding region in LB, (S35-D36-E39 and S78-D79-EBfur-
Ca-C=0 bonds. However, the combined evidence of near-randoning a secondary structure search using the classical Kabsch and
coil Ca- and amide proton chemical shifts, and the paucity of NOESander(1983 algorithm. However, the formation of,ghelix in
restraints in such a small linker suggests that it may be mobilethese regions was highlighted by several strong HNEHN+ 1)
allowing the two modules to rotate around the linker axis. and Hx-HN(i,i + 2) NOEs(Fig. 2). The torsion angle values for
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Table 1. Summary of NMR restraints and

X-PLOR structure statistics

A. NMR restraints

NOE distance restraints
Total
Intraresidue
Sequential
Medium range2—4)
Long range(>4)

Dihedral angle restraints
Total
¢
X1

Backbone hydrogen bonds
Disulfide bonds
Calcium restraints

889
286
273

184

146

32
26
6

13
6
122

B. Quality of 20 lowest energy structures

With Ca?* Without C&*

X-PLOR energiegkcal mol™1)?

Vdw® —436.1+ 5.7 —416.8+ 11.2

Electrostatic -18.7+£ 0.8 -8.0+ 1.1

NOE restraints 59.&¢: 3.5 53.8+ 3.1

Dihedral restraints 0.x0.1 0.2+ 0.1
RMSD from idealized covalent geometry

Bonds 0.01+ 0.01 0.01+ 0.01

Angles 2.37+ 0.04 2.39+ 0.04

Impropers 0.2 0.01 0.22+ 0.01

Dihedrals 0.44+ 0.16 0.55+ 0.15
Average pairwise RMSD of Cartesian coordinates

Backbong(N, Ca, C')

6-42 0.47+ 0.11 0.65+ 0.20
47-83 1.05+ 0.24 1.08+ 0.25
23-38 0.25+ 0.08 0.55+ 0.29
66-81 0.55+ 0.17 0.71+ 0.34

All heavy atoms

6-42 1.14+ 0.12 1.35+ 0.18
47-81 1.85+ 0.33 1.84+ 0.32
23-38 0.75+ 0.18 1.26+ 0.27
66-81 1.32+ 0.23 1.55+ 0.35

aCalcium restraints included as NOE restraints for structures calculate

with calcium coordination.

PEnergy minimized structure using CHARMM force field.
¢Leonard—Jones van der Waals energy.

S35, D36, and E37 are48.6+ 3.1,-62.6+ 1.7, -108.3+ 9.4

(¢), and—58.6+ 1.5, -18.9+ 6.9, 2.3+ 1.# (i), respectively;

and for S78, D79, and E8673.9+ 3.7, —125.4+ 8.2, —121.5+
20.3(¢p), and —23.2 £ 8.5, —6.8 = 20.5, —58.7 £ 4.1 (¢), re-
spectively. These values, except for residues D79 and E80, arEhe crystal structure of LB(Fass et al., 1997revealed that the

close to the range of most populated-Belix torsion angles, which

have a broad range with mean values-@2.8+ 38.0 and—16.5+
34.7, for ¢ andy angles, respectivelySmith et al., 1995 The
SDE segments of LB, contain only a few HN— C=0 (i,i + 3)

hydrogen bonds, which are an essential feature gfh8lices

N.D. Kurniawan et al.
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Fig. 4. (A) & and (B) ¢ order parameter plots for ensembles of the 20
lowest energy structures of LB, calculated with(solid line) or without
(dotted ling calcium coordination restraints.

contains a mixture ofi,i + 3) and (i,i + 4) hydrogen bonds,
namely E80— G77 and D8%> D77, and thus does not meet the
normal criteria for classification as aghelix.

Superimposition of the backbone heavy atoms of the NMR struc-
tures of LB, (Daly et al., 1995pand LB, (Daly et al., 1995a0nto
corresponding sections of the lowest energy; LLBstructure ob-
tained without explicit inclusion of calcium ions resulted in pair-
wise RMSD values of 2.22 and 2.63 A, respectivéfjg. 7A,B).

The LB, structure in LB_, is better defined than that obtained
earlier for the single moduléDaly et al., 1995pas a result of the
use of a higher number of NOE and dihedral angle restraints.
Comparison of LB with the structures of the concatemer modules
LB, and LB, obtained with inclusion of calcium restraints resulted
in average pairwise RMSD values of 1.17 and 1.89 A, respectively
Fig. 7C,D. The concatemer LBand LB; differ at the C-terminus
(S38—-C42 because of the insertion of two extra amino acids, E40
and T41 in LB. Similarly, LBs and the concatemer LRliffer in
the B-hairpin structure because of the insertion of R57 and V68 in
the latter. These values reinforce the qualitative conclusion, reached
on the basis of chemical shift differences, that the structure of the
repeats is uninfluenced by linking them in the concatemer.

The calcium ion-binding site

calcium ion was protected from the solvent and was coordinated
with four carboxyl and two backbone carbonyl grougse latter
indicated by F and T in Fig.)1By sequence comparison with EB
calcium coordination in LB ,is anticipated to be to W2&), D26,
S28(*1), E30, D36, and E37 in LB and to W66(f), D69, Q71(1),

(Kabsch & Sander, 1983In LB, these hydrogen bonds are present D73, D79, and E80 in LB(Fig. 1). The four charged side chains
at E37— G34 and S38-» S35. However, the SDE segment of £ B are partly within the “core” of each LB module, rather than being
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Fig. 5. Superimposition of 20 NMR-derived structures of calcium-coordinated 1. BA) Structures were superimposed over the
backbone of residues C6—C42B,) or (B) of residues C47—C8@.B,). The NMR structures are not superimposable across the whole
molecule because the linker between the two modules is flexible.

completely exposed to the solvent. Each of these acidic residues207) have similar structures. The majority of amino acid side

contributes one partially negatively charged carboxyl oxygen forchains in these regions, excluding the calcium-binding residues,

calcium ligation, with the residual charge on the second, free carare exposed to the solvent. In EBesidue P199, which is located

boxyl oxygen contributing to the local negative surface potential.between the third and fourth calcium binding ligands, D198 and
This coordination reduces the response of these carboxyl groups

to pH changes compared with solvent-exposed residues, a phe-

nomenon that was detected by NMR spectroscopy as reduced pH-

dependent chemical shift variations of the correspongingnd ~ Table 2. pH dependence of the chemical shifts of

y-protons(Atkins et al., 199& In this titration study of LB over ~ acidic residues near the calcium binding site

pH 3.9 to 6.9, theB- and y-proton chemical shifts of solvent-

Chemical shiftgppm)

exposed residues E7 and D15 moved¥.10 ppm, whereas the Al
B-proton resonance of the buried D36, shifted by only 0.02 ppmResidue LB pH 4.4 pH 6.9 (ppm)
(Atkins et al., 1998 In our studies of recombinant LBcompar-
ison of chemical shifts at pH 4.5 and T Eable 2 revealed that the D26 2.45 2.38 0.07
- andy-protons of residues D73, D79, and E80 have small changes 3.15 811 0.04
(up to 0.03 ppmMy consistent with their being solvent-protected E30*° 1.93 1.84 0.09
calcium ligands. The side-chain protons of E30, D26 and its equiv- 2.08 2.15 0.07
alent residue in LB, D69 (Table 2, exhibited shifts of~0.04—  D36?P 2.55 2.54 0.01
0.09 ppm with pH, indicating that these residues are partially 2.78 2.76 0.02
exposed to the solvent. E378b 1.91 1.90 0.01
The calcium binding regions of LB W23-E30 and S35-E37 253 2.54 0.01
LB, (W66-D73 and S78-E8Qand LB; (W193-D200 and S205—
LB, pH 4.5 pH 7.5
D69P 2.70 2.63 0.07
3.26 3.18 0.08
D73 2.79 2.79 0.00
2.97 3.00 0.03
D79 2.64 261 0.03
3.05 3.03 0.02
E8CF 2.10 211 0.01

aChemical shift data from Atkins et a]1998.
Fig. 6. MOLMOL schematic diagrantKoradi et al., 1995 of the lowest bChemical shifts of3B’ or yy’ protons of the corresponding aspartate
energy structure of LB, showing the backbone &trace, B-hairpins or glutamate residues.
(ribbon with arrow, 3;0-helices, and calcium ion&lark spheres ¢Chemical shift of degenerate protons.
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Fig. 7. Superimposition of the backbone heavy atoms of the lowest energy &@catemer structueLB; and cLB) with the NMR
structures of the individual modules LBnd LB, (Daly et al., 1995b, 1995aand with the crystal structure of IsBFass et al., 1997

A: Superimposition of LB (red) and cLB, (yellow) calculated without explicit calcium restrair@verage pairwise RMSD 2.22)A

B: Superimposition of LB (purple and cLB; (red) calculated without explicit calcium restraintaverage pairwise RMSD 2.63)A

C: Superimposition of LB (green and the family of concatemer LBnodule structuregyellow) calculated with explicit calcium
restraints(average pairwise RMSD 1.17)AD: Superimposition of LB (green and the family of concatemer LBstructures(red)
calculated with explicit calcium restraintaverage pairwise RMSD 1.89)ARegions with divergent structures are indicated by arrows.

D200, also has its side-chain ring exposed to the solvent, as do tHggands of each of these modules, E37, E80, and E207, restrict
similarly placed residues in LBand LB,, A29 and V72. By con-  access of solvent to the €aion. A closer examination of the
trast, the orientation of the side chain of tryptophan residue W23 alcium binding sites of the three modulésig. 8 shows very
differs from W66 and W193. The indole group of W2BB,) is similar orientations of the backbone carbonyl grogp&23, S28,
partly exposed to the solvent, revealing the carboxyl group of E30N66, Q71, W193, and G198However, the orientations of the
(Fig. 8, LB,), whereas the indole groups of W6EB,) and W193  acidic groups of LB and LB, were not similar, with E80 having a
(LBs) function as a “lid” on the calcium binding site, being ste- particularly low y? angle order parameter, and did not form the
rically constrained by the side chains of P63 and H&§. 8, LB,) perfect tetrahedral structure shown in the crystal structure gf LB
or H190 (LBs). The importance of these indole groups is high- Although these differences may reflect some flexibility of calcium
lighted by the familial hypercholesterolemia that accompaniescoordination in solution, they may also arise from the more limited
mutation of W66 to glycingMoorjani et al., 1993; Jensen et al., information obtained frontH NMR spectroscopy for the calcium
1996. ion site compared with X-ray crystallography.

It appears that these differences in the orientation of the indole From the studies of LB LB,, LBs, and CR, it is likely that the
groups make the carboxyl group of E30 more solvent accessibleonsensus for the third calcium ligand in the sequence of the
compared to D73 and D200, which may account to the greatetB-like modules is the backbone carbonyl group of a noncon-
sensitivity of E30 in LB to pH changesAtkins et al., 1998and  served residue placed midway between two acidic residues that
also for the differences in calcium ion binding between, l8id bind through their side chains. Across the spectrum of modules
LB,. On the other hand, LB LB,, and LB; all have acidic resi- depicted in Figure 1, this residue is also often D or E, butitis S and
dues(D36, D79, and D20pthat are completely buried within the Q in LB;_,, and G in LB;. The high affinity of LB; for calcium
calcium binding site. The side chains of the C-terminal calciumions suggests that the nature of the side chain of this residue does
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Fig. 8. Comparison of calcium binding sites of the lowest energy NMR structu(ApEB;, (B) LB,, and the crystal structure ¢€)

LBs. The carbon, nitrogen and oxygen atoms are shown in green, blue, and red, respectively. The most pronounced differences in the
calcium binding sites are the differences in orientation of the indole groups of the tryptophan residues, the side chain of residue E30
compared to D73 and D200, and the C-terminal ligands E37, E80, and E207. These figures were created using(Ivisigleta8r
Simulations Ing.

not exert a strong influence on ion binding. Calcium coordinationhighly flexible. On the other hand, a concatemer of the two calcium-
by a nonconserved backbone carbonyl was also observed in th@nding EGF-like domains of human fibrillin-1 exhibited a rigid,
crystal structure of human prosarin S100ABrodersen et al., rod-like arrangementDowning et al., 1998 In contrast to LB_,,
1999, where the fourth calcium ligand is the carbonyl of K68. in which calcium-binding is not shared, the calcium binding site in
However, unlike LB, LB,, and LB, the fifth ligand of prosarinis  fibrillin-1 is located between the two domains and, together with
a water molecule, which is coordinated by the carboxyl group ofhydrophobic interactions, it stabilizes the concatemer structure.
D77.

Surface properties

Structural flexibility In LB, one face is rich in polar residues, including the charged

A number of NOEs between the LBiydrophobic residue pairs residues D4, R8, E7, E10, K17, K22, and fractional charges from
F11-119, F11-V24, 119-V24, 119-W23, 119-V24, and W23-V24 the partially solvent-protected, calcium-binding carboxyl groups
were observed. In LB similar pairwise interactions were ob- of D26, E30, D36, and E37Fig. 9A,B). The equivalent face in
served: F52-162, 162-W66, P63-W66, P63—F65, and F65-W66.B, has D51, R57, R60, D75, and partial charges from D69, D73,
Within each module, these residues have been shown to constitui279, and E8Q(Fig. 9B,C). The second face has a small surface
a small hydrophobic coréDaly et al., 1995a, 1995bHowever,  with low electrostatic potential, containing two small hydrophobic
there were no observable intermodule NOEs between these hydrpatches of the aromatic F11 and F52 and only a few polar residues,
phobic regions, and they therefore do not appear to interact witfR5, E7, and E40 in LB(Fig. 90), and K48, R57, and R67 in LB
each other in the concatemer. (Fig. 9D).

The concatemer LB, retains the structure of each individual ~ The polar residues, D15 and R57, are located in the middle of
module, and the linker allows these modules to alter their relativehe B-hairpin structures, whereas D33 and D75 are in similar lo-
orientations. However, the movement of the linker is not com-cations in the middle of the calcium-binding loops. The presence
pletely free as indicated by the presence of a lathéla-HN of negatively charged residues in these large loops may be of
coupling(>8.0 H2 for residue L43. It appears from the family of structural or functional importance: in the crystal structure of LB
20 NMR structures that there is a weak preference for the twdhis B-hairpin and its parallel, C-terminal loop are stabilized by
domains to take up a mutually perpendicular orientation. The flex-ydrogen bonding between the carboxyl group of E187 and the
ibilities observed within the concatemers |.Band LBs_g could amide backbones of E187 and K202, and also between the car-
be mirrored in the residues linking the other modules, with poten-boxyl group of D203 and the backbone amide of S185. If hydrogen
tially the greatest flexibility between LBand LBs, resulting from  bonds involving D33, D75, or Q76 were involved in such struc-
the 12-residue linker at this point. It is possible that flexible ori- tural stabilization, one would expect to find slow or medium amide
entations of the LB modules are essential for the LDLR to accom{proton exchange rates in the corresponding regions @f{Bone
modate such diverse ligands as apoE and apoB-100. were observed, but the invariance of the chemical shifts of the side

Both flexible and restrained orientations between other indepenehain protons of D33 and D75 with pH does suggest that their
dently folded domains have been report€ampbell & Downing,  carboxyl groups are involved in hydrogen bonding. On the other
1998. For example, the NMR structure of the 162-residue, calcium-hand, D33, D75, and D203 may also be functionally important:
binding protein skeletal muscle troponin Slupsky & Sykes, this Asp residue is conserved across all seven LB modslefed
1995 showed that the orientation of one domain with respect toby one residue in LB and both complement repeats, £&nd
the other is not well defined. These two modules are connected b€Rg, and as they are not involved in calcium coordination they
a nine-residue linker in which only three residu@6—88 are  could participate in lipoprotein binding.
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Fig. 9. Electrostatic surface potential of LB. The orientation of this molecule is, at lé¢f), similar to that in Figure 6B, C, and

D were produced by sequential®d@tations of the molecule iA around the horizontal axis. The surface contour was calculated using
solvent accessibility. Red and blue indicate surfaces with negative and positive partial charge, respectively. This diagram, which
presents the lowest energy structure as in Figure 6, was generated using WebLab Viéwcular Simulations Ing.

As noted by Huang et a(1999, although the folds of the LB  strong tendency to form dimers and consequently if hydrophobic
modules are similar the overall sequence identity is only about 1%nteractions do play a part in maintaining an ordered arrangement
of 40 residues, with the majority of these conserved residues formef the seven repeats other forces are likely to contribute signifi-
ing disulfide bonds or acting as calcium ion ligands. Within this cantly. For the modules we and others have studied to date, LB
basic framework, there are such changes betwegrabB LB, as  (Daly et al., 1995 LB, (Daly et al., 19953 LBs (Fass et al.,
the lengthening of thg-hairpin structure in LBresulting fromthe 1997, LBg (North & Blacklow, 1999; D. Clayton, |.M. Brereton,
insertion of R57 and V58, and many changes in charged an@®.A. Kroon, & R. Smith, unpubl. obs.LB- (B. Hawkins & R.
hydrophobic surface residues including E7 to K48, Y21 to Q64,Smith, unpubl. data LB,_, (this work), LBs_g (North & Black-

K22 to F65, V24 to R67, and Q32 to D75. Such variations, whichlow, 1999, and LB,_; (Simmons et al., 1997 it seems that inter-

are evident also in LBand CR; (Huang et al., 1999 give each  module interactions are unnecessary for adoption of the correct
module a distinctive signature that may determine its part in thegolypeptide fold. Moreover, although it has been considered that
complex interactions with the lipoproteins. the shortness of the linkers, 4-5 residues, between most of the
modules might lead to stacking of the repeats with perhaps a loop
between repeats 4 and (Brown et al., 1997, this idea is not
supported by the observations on the concatemers. Their linkers,
It was initially proposed that the LDLR bound its several ligands although short, still allow considerable freedom of rotation of the
predominantly through a calcium-dependent interaction betweesuccessive modules although their size does perhaps preclude fold-
its acidic side chains and the basic residues on the apolipoproteirisg back of adjacent modules that might allow extensive inter-
(Wilson et al., 1991 It is now clear from the known 3D structures actions between them. The concept that the 3D arrangement of all
that the acidic residues of each module that coordinate the calciurseven modules is critical for recognition of the apolipoproteins is
ion are buried in the binding site and are therefore unavailable forlso belied by the extensive mutagenesis studies in which mutation
interaction with lipoproteins, i.e., their role is in maintenance of or deletion of single repeats diminished, but did not eliminate,
the polypeptide fold, as shown by the profound effects of calciumlipoprotein-receptor interactiorfgan Driel et al., 1987; Esser et al.,
ion removal on the 3D structur@aly et al., 1995a; Atkins et al., 1988; Russell et al., 1989The current studies are thus consistent
1998. Assuming conservation of the calcium-binding ligands, therewith the “beads on a string” model for the ligand binding domain.
are a number of remaining acidic grouis 2, 4, 2, 4, 4, and 6 in
LB, to LB, respectively that are still available for interaction
with their lipoprotein ligands.

In addition to ionic interactions, LB LB, and LB each have
a face that could participate in hydrophobic interactions. This fac
could be utilized in ligand binding or in arrangement of the cysteine-The sequences encoding £Bnd LB, , were separately cloned
rich repeats in the intact binding domain. In this regard, we notdnto the vector pPGEX-2TPharmacia, Uppsala, Swedemd trans-
that none of the LBs nor the concatemer we have studied has farmed intoEscherichia colDH5« cells(Bieri et al., 1995a, 1998

Lipoprotein binding

Materials and methods

eProtein expression, folding, and purification
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Transformed cells were grown inyeast tryptone mediurfAmyl andy-proton chemical shifts of acidic residues of TOCSY spectra
Media, Melbourne, Australjacontaining 20 mgmL ampicillin at acquired at pH 4.5 and 7.5 at 310 K.

37°C, pH 7.0 and induced ago0 = 1.2 with 0.2 mM isopropyl-
B-p-thiogalactopyranoside for 2 h. The cells were centrifuged atN
5,000 g, at 4°C for 20 min, then resuspended in phosphate-
buffered salind PBS; 30 mL per 1 L cultunecontaining 0.1 mM  NMR spectra were analyzed using XWINNMBBruker and
phenyl-methylsulfonyl fluoride and lysed using a French pressureXEASY (Xia and Bartels, ETH-ZUrich, Zirich, Switzerland'he

cell operated at 800 psi. The lysate was incubated with 1% Tritonspin systems were assigned by followingvHIN(i,i + 1) and
X100 for 30 min at £C, then centrifuged at 15,0@pfor 20 min. HN-HN(i, i + 1) connectivitieg Wiithrich, 1986. NOESY spectra

The supernatant was mixed with Zymatrobe glutathione baels ~ were assigned manually and also with the assistance of an auto-
partment of Biochemistry, La Trobe University, Melbourne, Aus- matic NOESY assignment program, NOAMumenthaler et al.,
tralia) for 1 h at 4°C. After washing with PBS, the beads were 1997). Resonances that initially could not be assigned unambigu-
incubated with 2 mM dithiothreitol and the immobilized fusion ously were excluded during preliminary structure calculations: they
protein cleaved with thrombit U/mg protein for 2 h at room  were gradually introduced during the refinement of NMR struc-
temperature. The cleaved LBr concatemer was eluted with PBS. tures, as the ambiguity was resolved.

The crude LB and LB,_,were folded in the presence of 2.5 mM
CaChb, 3 mM reduced glutathione, and 0.3 mM oxidized glutathi-
one at £C overnight(Bieri et al., 1998. They were purified using
a BioCAD 700E(Perkin-Elmer, Foster City, Californiavith a R2 ~ The majority of distance restraints used in structure calculations
Poros 4x 50 mm column(PerSeptive Biosystems, Framingham, were derived from 100 ms NOESY spectra. NOE peaks were
Massachusettswith a 5-35% acetonitrile gradient in 0.1% triflu- picked manually and integrated using the XEASY peak picking
oroacetic acid TFA) over 15 min at 5 mimin. The proteins were and integration module, employing an elliptical integration area.
further purified using a Wdac C18% 250 mm columr{Hysperia, = NOE volumes were converted to upper-limit distances using the
California) with a 20—35% acetonitrile gradient in 0.1% TFA over CALIBA macro of DYANA-1.5 (Gintert et al., 1997 and as-

30 min at 1 ml/min. Fractions containing LBand LB,_, were signed as strong, medium, weak and very weak for upper bounds
lyophilized and the purified proteins analyzed by electrospray massf 2.7, 3.5, 5.0, and 6.0 &or NOE peaks that were observed only
spectroscopy and polyacrylamide gel electrophoresis in the presa 250 ms NOESY spectfarespectively. Overlapped peaks were
ence of sodium dodecyl! sulfat8ieri et al., 1998. reclassified into weaker upper bounds before being introduced
during structure refinement. A total of 889 NOE restraif286
intraresidue, 273 short range, 184 medium range, and 146 long
range, 26 Ha-HN torsion angle restraints, 6d4Hp torsion angle

For NMR spectroscopy, samples containetl.5 mM protein and  restraints, and 6 covalent disulfide bon@38-C20, C15-C33,

20 mM CaC} at pH 5.5 and 6.0 in 5% or 99.9%,D (Sigma, C27-C44, C49-C63, C56-C76, and C70—-C85; Bieri et al., 1995a,
St. Louis, Missoun. NMR experiments were performed on a 19950 were used as the inputs for structure calculations.

Bruker DMX750 spectromete(Bruker, Karlsruhe, Germanyat Initially, the structures were calculated without including im-
300 and 310K. TOCSY experimen{Braunschweiler & Ernst, plicit backbone hydrogen bonds as restraints. From these structures
1983 were performed with 40, 80, and 120 ms MLEV-17 spin- the H-bond acceptors were identified, permitting inclusion of 13
lock sequence@Bax & Davis, 1985. NOESY experiment&leener  backbone hydrogen bond restraiiidH — C=0), namely, 11—

et al., 1979 were performed with 100 and 250 ms mixing times. 19, 13— 17, 19— 11, 23— 20, 24— 21, 25— 36, 37— 34,
Water suppression was achieved using the WATERGATE method38 — 35, 66— 63, 67— 64, 68— 79, 71— 69, and 81— 77.
incorporating a 3-9-19 refocussing pulse sequence with pulsetlydrogen bonds were simulated as NOE restraints, where the
field gradients of~100 mT/m (Piotto et al., 1992; Sklenar et al., distance between an amide proton and a carbonyl oxygen was
1993. restrained to be between 1.8 to 2.0 A and the distance between an

Typically, TOCSY and NOESY experiments were acquired intoamide nitrogen and a carbonyl oxygen was restrained to lie be-
1K complex data points, with 32 or 64 transieiitespectively, tween 2.7 and 3.0 AWilliamson et al., 1985 The ¢ dihedral
over 500—600 F1 increments. Sine-bell window functions, shiftedangle restraints for residues withHa-HN > 8.0 Hz were set to
by 7#/2 in F2 andz/4 in F1, were applied to the data prior to 120 + 40°. Stereospecific assignments were made basedlon
Fourier transformation and baseline correction. DQF-COSahce  Ha-HB coupling constants and HNg/1Ha-HB NOE patterns
etal., 1983; Derome & Williamson, 1998nd E-COSYGriesinger  (Clore & Gronenborn, 1993 resulting in y* dihedral angle re-
et al., 1987 spectra were typically acquired into a 2K 512 straints that were set to 60 + 30° for residues D51, C61, and C74,
complex data matrix that was zero-filled to 8K 2K and multi- 60 + 30° for D79, and—180 + 30° for C20 and C68.
plied by 7/2-shifted sine-bell functions prior to Fourier transfor-  Initially, 100 structures were calculated using the torsion-angle
mation. 3 coupling constants were extracted by fitting COSY dynamics and simulated annealing calculation program, DYANA.
multiplets with the Lorentzian lineshape fitting routine of the AU- A total of 10,000 steps of torsion angle dynamics were performed
RELIA program (Bruken. The hydrogen-deuterium exchange of for each calculation. The 50 structures from the DYANA calcula-
the amide protons was examined with a series of short 1D-NMRions with the lowest target functionf < 10) were imported into
spectra during the first hour, followed by a series of short TOCSYX-PLOR (Briinger, 1992 for further simulated annealing and en-
(16 transients, 200 F1 incrementsr the next 12 h. Fast, medium, ergy minimization.
and slowly exchanging amide protons were classified based on the Calcium ion coordination was simulated using distance re-
disappearance of signals after 20 min, 3 h, and 12 h, respectivelgtraints derived from the LBcrystal structuréFass et al., 1997
The calcium binding site of LBwas analyzed by comparingtge  following a procedure similar to that described by Kay etE991).

MR assignments

Structure calculations

NMR experiments
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Using the NMR titration data of LB(Atkins et al., 1998and LB,, Braunschweiler L, Ernst RR. 1983. Coherence transfer by isotropic mixing:

and by seguence homoloay to ass et al.. 1997the calcium Application to proton correlation spectroscogyMagn Reson 5321-528.
L Y seq d gyb é’B: d h l,) I?lz b | I?rodersen DE, Nyborg J, Kjeldgaard M. 1999. Zinc-binding site of an S100
ion in LB, was assumed to be bound to the backbone carbonyls of ~otein revealed. Two crystal structures of*Cébound human psoriasin

W23 and S28, and the side-chain carboxyls of D26, E30, D36, and S100A7 in the ZR*-loaded and ZA'*-free statesBiochemistry 381695—
E37; and in LB by the carbonyls of W66 and Q71 and the car- 1|Z°g- 5 ori R Alafson B. Swaminathan S. Karolus M. 1983, CHARMM

. rooks B, Bruccoleri R, Alafson B, Swaminathan S, Karplus M. . :
bOXY'S O,f D69, D73, D79, and E80. The dIStanC,eS petween thg A program for macromolecular energy, minimization, and molecular dy-
calcium ion and the carbonyl oxygens or the coordinating carboxyl  namics calculations] Comp Chem 487-217.
oxygens were restrained as noncovalent bonds to 2.50 A. No teBrown MS, Goldstein JL. 1986. A receptor-mediated pathway for cholesterol

rahedral geometrical forces for calcium coordination were used in _homeostasisScience 2334-47. .
th lculati Brown MS, Herz J, Goldstein JL. 1997. LDL-receptor structure. Calcium cages,
€ calculation. acid baths and recycling receptoMature 388629—630.

The X-PLOR simulations at 1,000 K were performed over 18 psBriinger AT. 1992X-PLOR manual version 3.New Haven, CT: Yale Univer-
with geometrical force fields. The force constants for the NOE,  sity Press.

hydrogen bond, and calcium restraints were 50 kcalrh&r2 Campbell ID, Downing AK. 1998. NMR of modular proteindat Struct Biol
' 5:496-499.

and 200 kcal mot*rad=2 for the dihedral angles. Structures were cjore G, Gronenborn A. 1993. In: Clore G, Gronenborn A, €ftspics in

cooled to 0K over a further 18 ps of dynamics. The resulting  molecular and structural biologyBasingstoke, England: Macmillan.

structures were energy minimized with the inclusion of electro-Paly NL, Djordjevic JT, Kroon PA, Smith R. 1995a. Three-dimensional_strgc-
. . . . ture of the second cysteine-rich repeat from the human low-density lipo-

static potentlgls using the CHARMM force fle(@rooks et al., protein receptorBiochemistry 3414474—14481.

1983 employing 2,000 steps of the Powell algorithm. The accep-Daly NL, Scanlon MJ, Djordjevic JT, Kroon PA, Smith R. 1995b. Three-

tance criteria for the NMR structures were: no single NOE viola-  dimensional structure of a cysteine-rich repeat from the low-density lipo-

: ; ; : ; o protein receptorProc Natl Acad Sci USA 98334—-6338.
tion >0.4 A’ no smgle dihedral angle violation5®, and RMSD De Morino S, Morelli MAC, Fraternalli F, Tomborini E, Musco G, Vrtala S,

from the idealized bonds and angles.01 A and 3, respectively. Dolecek C, Arosio P, Valenta R, Pastore A. 1999. An immunoglobulin-like
NMR structures were analyzed and displayed using MOLMOL  fold in a major plant allergen: The solution structure of PR from timothy
2.6 (Koradi et al., 199§ Insight98 and WebLab Viewer Ptd/o- grass pollenStructure 7943-952.

R . > . . Derome A, Williamson M. 1990. Rapid-pulsing artifacts in double-quantum-
lecular Simulations, San Diego, Californhigecondary structures filtered COSY.J Magn Reson 8877—185.

were assessed using CalcSecondary module within the MOLMOIpolmer K, Huang W, Gettins PG. 1998. Characterization of the calcium site in
program, which utilizes Kabsch and Sander algorithm. PROCHECK-  two complement-like domains from the low-density lipoprotein receptor-

; _related protein LRP and comparison with a repeat from the low-density
NMR (Laskowski et al., 1996was used to assess the stereochem lipoprotein receptorBiochemistry 3717016-17023,

ical quality of the structures. Doreleijers J, Rullmann J, Kaptein R. 1998. Quality assessment of NMR struc-
tures: A statistical surveyl Mol Biol 281:149-164.
Downing AK, Knott V, Werner JM, Cardy CM, Campbell ID. 1996. Solution

Supplementary material in the Electronic Appendix structure of a pair of calcium-binding epidermal growth factor-like domains:

1H resonance(TabIe Sl and hydrogen-bon(jTable SZ assign- grggli%ag?ns for the marfan syndrome and other genetic disorzt 85
ments of LB Esser V, Limbird LE, Brown MS, Goldstein JL, Russell DW. 1988. Mutational

analysis of the ligand binding domain of the low density lipoprotein recep-
tor. J Biol Chem 26313282-13290.
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