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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 modules~LB1–2! folds efficiently in the presence of calcium ions, forming
the same disulfide connectivities as in the isolated modules. The three-dimensional structure of LB1–2 has now been
solved using two-dimensional1H 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 Ha chemical shifts and the lowf andc angle order parameters of the four-residue linker suggest
that it has considerable flexibility. The family of LB1–2 structures superimposed well over LB1 or LB2, but not over both
modules simultaneously. LB1 and LB2 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 receptor~LDLR! plays a pivotal role
in the removal of cholesterol-rich lipoproteins from the circulation
~Havel & Kane, 1995!. LDLR binds to its ligands, apolipoprotein
~apo! B-100 and apoE, of LDL and intermediate-density lipopro-
teins, promoting their uptake by receptor-mediated endocytosis.
Upon uptake, the receptor-ligand complex transits in endosomes,
where the receptor separates from its ligand, and recycles back to

the cell surface~Goldstein et al., 1985; Brown & Goldstein, 1986;
Johnson et al., 1997!.

The LDLR consists of ligand binding~LB!, epidermal growth
factor~EGF! precursor homology, O-linked sugar, transmembrane,
and cytoplasmic domains. The arrangement of these domains is
similar to that of other members of the LDLR gene family, includ-
ing the VLDL receptor~Takahashi et al., 1992!, the LDL receptor-
related protein~LRP! ~Herz et al., 1988!, and the renal glycoprotein
gp3300megalin ~Saito et al., 1994!. The ligand-binding domain
consists of seven imperfect repeats, each of 40–45 residues. The
three-dimensional~3D! structures of the two N-terminal repeats,
LB1 and LB2, have been solved by NMR spectroscopy~Daly et al.,
1995a, 1995b!, and LB5 by X-ray crystallography~Fass et al.,
1997!. Approximately 40% of the residues are conserved across
the seven modules, including all cysteine residues, an isoleucine,
and the D-x-S-D-E motif~Fig. 1!. The cysteine residues, which
have a conserved I–III, II–V, and IV–VI pattern~Bieri et al., 1995a,
1995b, 1998!, stabilize the backbone fold of the LB modules. In
the modules of known structure, the isoleucine residues are located
within a small hydrophobic core; and in LB5, the last two residues
of the D-x-S-D-E motif are involved in calcium binding.

Reprint requests to: Ross Smith, Department of Biochemistry, Univer-
sity of Queensland, QLD 4072, Australia; e-mail: ross@biosci.uq.edu.au.

Abbreviations: DQF-COSY, double-quantum filtered correlated spec-
troscopy; DYANA, dynamics algorithm for NMR applications; E-COSY,
exclusive correlated spectroscopy; LDL, low-density lipoprotein; LRP, LDL
receptor-related protein; LB1 to LB7, cysteine-rich modules number 1 to 7
of the ligand-binding domain of LDL receptor; LB1–2 and LB5–6, concate-
mers of the first and second, and fifth and sixth, ligand-binding modules of
the LDL receptor; CR3 and CR8, complement-like repeats number 3 and 8
of LRP; VLDL, very low-density lipoprotein; NOE, nuclear Overhauser
effect; NOESY, nuclear Overhauser effect spectroscopy; PBS, phosphate-
buffered saline; RMSD, root-mean-square deviation; RP-HPLC, reversed-
phase high-performance liquid chromatography; TOCSY, total correlation
spectroscopy.

Protein Science~2000!, 9:1282–1293. Cambridge University Press. Printed in the USA.
Copyright © 2000 The Protein Society

1282



Recent studies with LB1 and LB2 have shown that calcium ions
are required for the formation of the correct disulfide bonds: in the
absence of this ion, oxidation of the modules yields multiple di-
sulfide isomers, whereas folding in its presence leads to predom-
inantly a single conformation~Atkins et al., 1998; Bieri et al.,
1998!. The calcium ions not only determine the outcome of fold-
ing, but also stabilize the conformation of the fully oxidized poly-
peptide: removal of the calcium results in a marked loss of 3D
structure~Atkins et al., 1998!. The requirement of calcium for
proper folding and structural integrity has also been observed with
LB6 ~North & Blacklow, 1999!, the LB1–2concatemer~Bieri et al.,
1998!, the LB5–6 concatemer~North & Blacklow, 1999!, and two
modules of the LRP complement-like domains, CR3 and CR8

~Dolmer et al., 1998; Huang et al., 1999!. The crystal structure of
LB5 shows that the calcium ion is coordinated by the carboxyl
groups of D196, D200, D206, and E207 and by the backbone
carbonyls of W193 and G198~Fass et al., 1997!. An NMR titration
study of the acidic residues of LB1 ~Atkins et al., 1998! suggested
that a similar calcium ligand pattern is also extant in this module
but E30, which corresponds to D196 in LB5, was titratable and
therefore may not participate in calcium binding in LB1.

In a previous study, we found no substantial changes in the
Ca-proton chemical shifts in the LB1–2 concatemer from those of
the individual modules~Bieri et al., 1998!. This finding is paral-
leled by a recent study of another concatemer, LB5–6, by 1H–15N
heteronuclear single-quantum spectroscopy~North & Blacklow,
1999!. The absence of significant changes in chemical shifts in
these two concatemers suggested that the ligand binding modules
of LDLR might be structurally independent of each other, but did
not clarify the role of the linking residues.

We report here the first 3D structure of a concatemer of ligand-
binding modules of human LDLR, LB1–2. Although earlier exper-
iments in which mutated LDLR was expressed in transfected COS
cells led to the conclusion that the first and second cysteine-rich
repeats are not necessary for interaction with apoB-100 or apoE
~van Driel et al., 1987; Esser et al., 1988!, more recent experiments
indicate that these repeats do play an important role in lipoprotein
binding ~Sass et al., 1995; Rødningen et al., 1999!. The structures
of the individual modules within the LB1–2concatemer match those
of the isolated modules~Daly et al., 1995a, 1995b!, but inclusion
of a larger number of restraints has led to a better definition of
LB2, and incorporation of explicit restraints for the calcium ion-
binding ligands in the structural calculations has led to a refine-

ment of segments of the calcium-binding loops of both modules.
No intermodule NOEs were detected, indicating that these two
modules are structurally independent. Their relative orientation is
partly constrained by the linking tetrapeptide, but the lack of
medium- and long-distance NOE restraints arising from this linker
and the near random coil shifts of its backbone proton resonances
suggest that it has substantial flexibility.

Results and discussion

Spin system assignment and secondary structure

Three-dimensional structure determination by homonuclear NMR
spectroscopy methods is limited to molecules up to;10 kDa
~Evans, 1995!, where peak overlap, ambiguity of cross peak as-
signments, and broader linewidths emerge as major problems. De-
spite these limitations, these methods have proven sufficient to
solve high resolution structures of proteins up to;11.5 kDa, pro-
vided that the cross peaks are well dispersed~Barthe et al., 1997;
Bayer et al., 1998; De Morino et al., 1999!. In this study, the
standard homonuclear spectroscopy methods were also used to
solve the solution structure of LB1–2. The chemical shifts of LB1–2

were well dispersed, as shown in the fingerprint region of the
NOESY spectra, with the exception of a crowded area near 3.9–
4.8 ppm inF1 and 8.1–8.9 ppm inF2 ~Fig. 2!. Spin systems were
initially assigned in the TOCSY spectra with the aid of the pub-
lished chemical shift data for the individual modules~Daly et al.,
1995a, 1995b!. These assignments were then mapped onto the
NOESY spectra where the consistency of preliminary TOCSY
assignments was verified by following Ha-HN~i, i 1 1! and HN-
HN~i, i 1 1! connectivities. There were a number of similar chem-
ical shifts observed in the NOESY spectra. In the fingerprint region,
for example, NOE peak overlaps were observed between I19 HaHN
and C74Ha-D75HN, and between S53 HaHN and E37 HaHN.
However, most NOE peaks that were initially ambiguously as-
signed were later resolved either manually by measuring distances
between possible atoms during structure refinement or with an aid
of an automatic NOE assignment protocol using NOAH~Mumen-
thaler et al., 1997!.

In contrast to most resonances, the amide proton chemical shifts
of the linker residues, L43-S44-V45-T46, at 8.06, 7.98, 8.04, and
8.04 ppm, respectively, and the Ca-proton shifts, were close to
their random coil values~Fig. 2!. The chemical shifts of LB1–2

Fig. 1. Amino acid sequences of the ligand binding modules~LB! of the LDL receptor and two of the complement-like repeats~CR!
of the LDL receptor-related protein. The disulfide bond connectivities~I–III, II–V, and IV–VI ! are shown above the sequences. The
conserved amino acids are shown in bold, and the amino acids for which carboxyl~,! or carbonyl~‡,†! groups may be involved in
calcium coordination are shown in brackets.
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resonances are available in Supplementary material in the Elec-
tronic Appendix~Table S1!.

The majority of 3J Ha-HN couplings observed in the DQF-
COSY spectra were.7 Hz, and only two~Q14 and Y21! were
,4 Hz. The presence of large coupling constants and a large
number of strong Ha-HN ~i, i 1 1! NOEs indicates that the sec-
ondary structure of LB1–2 is predominantly composed ofb-strands
and loops. There are several amide protons with slow or medium
deuterium exchange rates in both modules of LB1–2 ~Fig. 3!.
Some of these protons were located within theb-hairpin structure,
where in LB1 the amide protons of residues F11, C13, and I19
were involved in hydrogen bonding with the backbone carbonyls
of I19, K17, and F11, respectively~Daly et al., 1995b!. However,
the corresponding residues in LB2 as part of the concatemer~F52,
C54, and I62! were in fast exchange. The presence of 310-helical
structure in both modules was indicated by C5O r NH ~i, i 1 3!
hydrogen bonds~Wüthrich, 1986; Smith et al., 1996; Millhauser
et al., 1997!, namely W23r S20 and V24r Y21 in LB1, and
W66r P63 and R67r Q64 in LB2, and one3J Ha-HN , 4.0 Hz,
for residue Y21. The short- and medium-range NOEs, coupling
constants and amide exchange rates, are summarized in Figure 3.

Three-dimensional structure determination

The best 50 of the 100 structures generated from DYANA calcu-
lations~Güntert et al., 1997! were chosen as the input for X-PLOR

molecular dynamics simulations. These calculations were per-
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
der Waals energy from2416.8 to2436.1 kcal0mol, a decrease of
electrostatic energies from28.0 to 218.7 kcal0mol and an in-
crease of the average NOE restraint energy from 53.8 kcal0mol to
59.0 kcal0mol on inclusion of these restraints. The statistics of the
NMR structures are shown in Table 1.

The overall structure of LB1–2 is well defined, except for the
N-terminal four residues~which include the Gly and Ser residues
from the thrombin cleavage site! and the linker~Fig. 4!. The
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-
E80 from an average of 0.78 to 0.96, and improving the definition
of the side chains of the acidic residues that coordinate the cal-
cium ion.

The backbone pairwise RMSD of LB1 from C6–C42 is 0.476
0.11 Å ~1.14 6 0.12 Å for all heavy atoms!, and the pairwise
RMSD of LB2 from C47–C83 is 1.056 0.24 Å ~1.856 0.33 Å for
all heavy atoms!. However, the family of structures did not super-

Fig. 2. The fingerprint region of LB1–2 from a NOESY spectrum acquired at 310 K, pH 5.5. The demonstration of sequential
assignments for the segments K22-W23-V24-C25-D26~LB1! and V72-D73-C74-D75-N76~LB2! are shown with connecting lines.
NOE overlaps between I19 Ha-HN and C74 Ha-D75 HN, and between S53 Ha-HN and E37 Ha-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.
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impose closely over their full length~backbone pairwise RMSD
of 3.636 1.54 Å! because the conformation of the L43–T46 seg-
ment that connects the two modules is not well defined~Fig. 5!.
Stereochemical quality assessment of the NMR structures by
PROCHECK-NMR~Laskowski et al., 1996!, showed that 65.6,
30.0, 3.9, and 0.6% residues were in the most favorable, addition-
ally allowed, generously allowed and disallowed regions of the
Ramachandran plot, respectively. However, when only well-defined
regions~C6–C42 and C47–C85! were considered in the analysis,
the number of residues in the most favorable, additionally allowed
and generously allowed regions were 70.2, 26.4, and 3.4%, respec-
tively, with none in the disallowed region. These latter figures are
comparable to those presented in a recent survey of the quality of
NMR structures~Doreleijers et al., 1998!. There were few medium-
or long-range NOEs or dihedral restraints involving the linker
residues, resulting in lowf andc angle order parameters, which
varied between 0.48–0.95 and 0.86–0.88, respectively. This pau-
city of restraints could have several origins including adoption of
a small number of rapidly interconverting conformations, adoption
of an extended conformation in which there will be few mid-range
NOEs, or relatively unconstrained motion about the NH-Ca and
Ca-C5O bonds. However, the combined evidence of near-random
coil Ca- and amide proton chemical shifts, and the paucity of NOE
restraints in such a small linker suggests that it may be mobile,
allowing the two modules to rotate around the linker axis.

Structure description

The overall shape of LB1–2 can be described as an extended, glob-
ular molecule with a small but flexible region in the middle. The
backbone folds of LB1–2 are similar to those of the individual
modules. The secondary structures of both consist of a small
b-hairpin structure~F11–I19 in LB1 and F52–I62 in LB2 ! fol-
lowed by a short 310-helix ~S20–V24 in LB1 and P63–R67 in
LB2!, a small loop near the Ca21 binding region~C25–A29 in LB1

and C68–V72 in LB2! and successive turns~Fig. 6!. Theb-hairpin
structure appears more flexible in LB2 as there is no indication of
slow amide proton exchange for residues F52, S53, C61, and I62.
The 310-helix secondary structures in this concatemer are distorted,
as indicated by the large3J Ha-HN couplings of W23, V24, and
W66. The distortions of these helices from ideal geometry is a
consequence of coordination of calcium ions by the carbonyl groups
of the tryptophan residues and, in LB2, the presence of a proline
residue at the start of the helix.

A second 310-helix structure, which spans the conserved S-D-E
sequence in LB5 ~Fass et al., 1997!, was not detected in the cor-
responding region in LB1–2 ~S35-D36-E39 and S78-D79-E80! dur-
ing a secondary structure search using the classical Kabsch and
Sander~1983! algorithm. However, the formation of 310-helix in
these regions was highlighted by several strong HN-HN~i, i 1 1!
and Ha-HN~i, i 1 2! NOEs~Fig. 2!. The torsion angle values for

Fig. 3. Summary of short- and middle-range interactions in LB1–2, showing NOE connectivities and3J Ha-HN coupling constants.
Large and small3J Ha-HN coupling constants~.8 Hz and,4 Hz! are indicated with~F! and ~f!, respectively. Slow and medium
amide proton exchange rates are shown with filled and open circles, respectively.
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S35, D36, and E37 are248.66 3.1,262.66 1.7,2108.36 9.48
~f!, and258.66 1.5, 218.96 6.9, 2.36 1.48 ~c!, respectively;
and for S78, D79, and E80273.96 3.7,2125.46 8.2,2121.56
20.3 ~f!, and 223.26 8.5, 26.8 6 20.5, 258.76 4.1 ~c!, re-
spectively. These values, except for residues D79 and E80, are
close to the range of most populated 310-helix torsion angles, which
have a broad range with mean values of262.86 38.08 and216.56
34.78, for f and c angles, respectively~Smith et al., 1996!. The
SDE segments of LB1–2 contain only a few HNr C5O ~i, i 1 3!
hydrogen bonds, which are an essential feature of 310-helices
~Kabsch & Sander, 1983!. In LB1 these hydrogen bonds are present
at E37r G34 and S38r S35. However, the SDE segment of LB2

contains a mixture of~i, i 1 3! and ~i, i 1 4! hydrogen bonds,
namely E80r G77 and D81r D77, and thus does not meet the
normal criteria for classification as a 310-helix.

Superimposition of the backbone heavy atoms of the NMR struc-
tures of LB1 ~Daly et al., 1995b! and LB2 ~Daly et al., 1995a! onto
corresponding sections of the lowest energy LB1–2 structure ob-
tained without explicit inclusion of calcium ions resulted in pair-
wise RMSD values of 2.22 and 2.63 Å, respectively~Fig. 7A,B!.
The LB2 structure in LB1–2 is better defined than that obtained
earlier for the single module~Daly et al., 1995a! as a result of the
use of a higher number of NOE and dihedral angle restraints.
Comparison of LB5 with the structures of the concatemer modules
LB1 and LB2 obtained with inclusion of calcium restraints resulted
in average pairwise RMSD values of 1.17 and 1.89 Å, respectively
~Fig. 7C,D!. The concatemer LB1 and LB5 differ at the C-terminus
~S38–C42! because of the insertion of two extra amino acids, E40
and T41 in LB1. Similarly, LB5 and the concatemer LB2 differ in
theb-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

The crystal structure of LB5 ~Fass et al., 1997! revealed that the
calcium ion was protected from the solvent and was coordinated
with four carboxyl and two backbone carbonyl groups~the latter
indicated by ‡ and † in Fig. 1!. By sequence comparison with LB5,
calcium coordination in LB1–2 is anticipated to be to W23~‡!, D26,
S28~†!, E30, D36, and E37 in LB1, and to W66~‡!, D69, Q71~†!,
D73, D79, and E80 in LB2 ~Fig. 1!. The four charged side chains
are partly within the “core” of each LB module, rather than being

Table 1. Summary of NMR restraints and
X-PLOR structure statistics

A. NMR restraints

NOE distance restraints
Total 889
Intraresidue 286
Sequential 273
Medium range~2–4! 184
Long range~.4! 146

Dihedral angle restraints
Total 32
f 26
x1 6

Backbone hydrogen bonds 13
Disulfide bonds 6
Calcium restraintsa 12a

B. Quality of 20 lowest energy structures

With Ca21 Without Ca21

X-PLOR energies~kcal mol21!b

Vdwc 2436.16 5.7 2416.86 11.2
Electrostatic 218.76 0.8 28.06 1.1
NOE restraints 59.06 3.5 53.86 3.1
Dihedral restraints 0.16 0.1 0.26 0.1

RMSD from idealized covalent geometry
Bonds 0.016 0.01 0.016 0.01
Angles 2.376 0.04 2.396 0.04
Impropers 0.216 0.01 0.226 0.01
Dihedrals 0.446 0.16 0.556 0.15

Average pairwise RMSD of Cartesian coordinates
Backbone~N, Ca, C9!

6–42 0.476 0.11 0.656 0.20
47–83 1.056 0.24 1.086 0.25
23–38 0.256 0.08 0.556 0.29
66–81 0.556 0.17 0.716 0.34

All heavy atoms
6–42 1.146 0.12 1.356 0.18

47–81 1.856 0.33 1.846 0.32
23–38 0.756 0.18 1.266 0.27
66–81 1.326 0.23 1.556 0.35

aCalcium restraints included as NOE restraints for structures calculated
with calcium coordination.

bEnergy minimized structure using CHARMM force field.
cLeonard–Jones van der Waals energy.

Fig. 4. ~A! c and ~B! f order parameter plots for ensembles of the 20
lowest energy structures of LB1–2, calculated with~solid line! or without
~dotted line! calcium coordination restraints.
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completely exposed to the solvent. Each of these acidic residues
contributes one partially negatively charged carboxyl oxygen for
calcium ligation, with the residual charge on the second, free car-
boxyl oxygen contributing to the local negative surface potential.

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 correspondingb- and
g-protons~Atkins et al., 1998!. In this titration study of LB1 over
pH 3.9 to 6.9, theb- and g-proton chemical shifts of solvent-
exposed residues E7 and D15 moved by.0.10 ppm, whereas the
b-proton resonance of the buried D36, shifted by only 0.02 ppm
~Atkins et al., 1998!. In our studies of recombinant LB2, compar-
ison of chemical shifts at pH 4.5 and 7.5~Table 2! revealed that the
b- andg-protons of residues D73, D79, and E80 have small changes
~up to 0.03 ppm!, consistent with their being solvent-protected
calcium ligands. The side-chain protons of E30, D26 and its equiv-
alent residue in LB2, D69 ~Table 2!, exhibited shifts of;0.04–
0.09 ppm with pH, indicating that these residues are partially
exposed to the solvent.

The calcium binding regions of LB1 ~W23–E30 and S35–E37!,
LB2 ~W66–D73 and S78–E80!, and LB5 ~W193–D200 and S205–

E207! have similar structures. The majority of amino acid side
chains in these regions, excluding the calcium-binding residues,
are exposed to the solvent. In LB5, residue P199, which is located
between the third and fourth calcium binding ligands, D198 and

Fig. 5. Superimposition of 20 NMR-derived structures of calcium-coordinated LB1–2. ~A! Structures were superimposed over the
backbone of residues C6–C42~LB1! or ~B! of residues C47–C83~LB2!. The NMR structures are not superimposable across the whole
molecule because the linker between the two modules is flexible.

Fig. 6. MOLMOL schematic diagram~Koradi et al., 1996! of the lowest
energy structure of LB1–2, showing the backbone Ca trace, b-hairpins
~ribbon with arrow!, 310-helices, and calcium ions~dark spheres!.

Table 2. pH dependence of the chemical shifts of
acidic residues near the calcium binding site

Chemical shifts~ppm!

Residue LB1 pH 4.4 pH 6.9
|D|

~ppm!

D26a,b 2.45 2.38 0.07
3.15 3.11 0.04

E30a,b 1.93 1.84 0.09
2.08 2.15 0.07

D36a,b 2.55 2.54 0.01
2.78 2.76 0.02

E37a,b 1.91 1.90 0.01
2.53 2.54 0.01

LB2 pH 4.5 pH 7.5

D69b 2.70 2.63 0.07
3.26 3.18 0.08

D73b 2.79 2.79 0.00
2.97 3.00 0.03

D79b 2.64 2.61 0.03
3.05 3.03 0.02

E80c 2.10 2.11 0.01

aChemical shift data from Atkins et al.~1998!.
bChemical shifts ofbb9 or gg9 protons of the corresponding aspartate

or glutamate residues.
cChemical shift of degenerateg protons.

LDL receptor concatemer structure 1287



D200, also has its side-chain ring exposed to the solvent, as do the
similarly placed residues in LB1 and LB2, A29 and V72. By con-
trast, the orientation of the side chain of tryptophan residue W23
differs from W66 and W193. The indole group of W23~LB1! is
partly exposed to the solvent, revealing the carboxyl group of E30
~Fig. 8, LB1!, whereas the indole groups of W66~LB2! and W193
~LB5! function as a “lid” on the calcium binding site, being ste-
rically constrained by the side chains of P63 and F65~Fig. 8, LB2!
or H190 ~LB5!. The importance of these indole groups is high-
lighted by the familial hypercholesterolemia that accompanies
mutation of W66 to glycine~Moorjani et al., 1993; Jensen et al.,
1996!.

It appears that these differences in the orientation of the indole
groups make the carboxyl group of E30 more solvent accessible
compared to D73 and D200, which may account to the greater
sensitivity of E30 in LB1 to pH changes~Atkins et al., 1998! and
also for the differences in calcium ion binding between LB1 and
LB2. On the other hand, LB1, LB2, and LB5 all have acidic resi-
dues~D36, D79, and D206! that are completely buried within the
calcium binding site. The side chains of the C-terminal calcium

ligands of each of these modules, E37, E80, and E207, restrict
access of solvent to the Ca21 ion. A closer examination of the
calcium binding sites of the three modules~Fig. 8! shows very
similar orientations of the backbone carbonyl groups~W23, S28,
W66, Q71, W193, and G198!. However, the orientations of the
acidic groups of LB1 and LB2 were not similar, with E80 having a
particularly low x2 angle order parameter, and did not form the
perfect tetrahedral structure shown in the crystal structure of LB5.
Although these differences may reflect some flexibility of calcium
coordination in solution, they may also arise from the more limited
information obtained from1H NMR spectroscopy for the calcium
ion site compared with X-ray crystallography.

From the studies of LB1, LB2, LB5, and CR8, it is likely that the
consensus for the third calcium ligand in the sequence of the
LB-like modules is the backbone carbonyl group of a noncon-
served residue placed midway between two acidic residues that
bind through their side chains. Across the spectrum of modules
depicted in Figure 1, this residue is also often D or E, but it is S and
Q in LB1–2, and G in LB5. The high affinity of LB5 for calcium
ions suggests that the nature of the side chain of this residue does

Fig. 7. Superimposition of the backbone heavy atoms of the lowest energy LB1–2 concatemer structure~cLB1 and cLB2! with the NMR
structures of the individual modules LB1 and LB2 ~Daly et al., 1995b, 1995a!, and with the crystal structure of LB5 ~Fass et al., 1997!.
A: Superimposition of LB1 ~red! and cLB1 ~yellow! calculated without explicit calcium restraints~average pairwise RMSD 2.22 Å!.
B: Superimposition of LB2 ~purple! and cLB2 ~red! calculated without explicit calcium restraints~average pairwise RMSD 2.63 Å!.
C: Superimposition of LB5 ~green! and the family of concatemer LB1 module structures~yellow! calculated with explicit calcium
restraints~average pairwise RMSD 1.17 Å!. D: Superimposition of LB5 ~green! and the family of concatemer LB2 structures~red!
calculated with explicit calcium restraints~average pairwise RMSD 1.89 Å!. Regions with divergent structures are indicated by arrows.
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not exert a strong influence on ion binding. Calcium coordination
by a nonconserved backbone carbonyl was also observed in the
crystal structure of human prosarin S100A7~Brodersen et al.,
1999!, where the fourth calcium ligand is the carbonyl of K68.
However, unlike LB1, LB2, and LB5, the fifth ligand of prosarin is
a water molecule, which is coordinated by the carboxyl group of
D77.

Structural flexibility

A number of NOEs between the LB1 hydrophobic residue pairs
F11–I19, F11–V24, I19–V24, I19–W23, I19–V24, and W23–V24
were observed. In LB2, similar pairwise interactions were ob-
served: F52–I62, I62–W66, P63–W66, P63–F65, and F65–W66.
Within each module, these residues have been shown to constitute
a small hydrophobic core~Daly et al., 1995a, 1995b!. However,
there were no observable intermodule NOEs between these hydro-
phobic regions, and they therefore do not appear to interact with
each other in the concatemer.

The concatemer LB1–2 retains the structure of each individual
module, and the linker allows these modules to alter their relative
orientations. However, the movement of the linker is not com-
pletely free as indicated by the presence of a large3J Ha-HN
coupling~.8.0 Hz! for residue L43. It appears from the family of
20 NMR structures that there is a weak preference for the two
domains to take up a mutually perpendicular orientation. The flex-
ibilities observed within the concatemers LB1–2 and LB5–6 could
be mirrored in the residues linking the other modules, with poten-
tially the greatest flexibility between LB4 and LB5, resulting from
the 12-residue linker at this point. It is possible that flexible ori-
entations of the LB modules are essential for the LDLR to accom-
modate such diverse ligands as apoE and apoB-100.

Both flexible and restrained orientations between other indepen-
dently folded domains have been reported~Campbell & Downing,
1998!. For example, the NMR structure of the 162-residue, calcium-
binding protein skeletal muscle troponin C~Slupsky & Sykes,
1995! showed that the orientation of one domain with respect to
the other is not well defined. These two modules are connected by
a nine-residue linker in which only three residues~86–88! are

highly flexible. On the other hand, a concatemer of the two calcium-
binding EGF-like domains of human fibrillin-1 exhibited a rigid,
rod-like arrangement~Downing et al., 1996!. In contrast to LB1–2,
in which calcium-binding is not shared, the calcium binding site in
fibrillin-1 is located between the two domains and, together with
hydrophobic interactions, it stabilizes the concatemer structure.

Surface properties

In LB1 one face is rich in polar residues, including the charged
residues D4, R8, E7, E10, K17, K22, and fractional charges from
the partially solvent-protected, calcium-binding carboxyl groups
of D26, E30, D36, and E37~Fig. 9A,B!. The equivalent face in
LB2 has D51, R57, R60, D75, and partial charges from D69, D73,
D79, and E80~Fig. 9B,C!. The second face has a small surface
with low electrostatic potential, containing two small hydrophobic
patches of the aromatic F11 and F52 and only a few polar residues,
R5, E7, and E40 in LB1 ~Fig. 9C!, and K48, R57, and R67 in LB2
~Fig. 9D!.

The polar residues, D15 and R57, are located in the middle of
the b-hairpin structures, whereas D33 and D75 are in similar lo-
cations in the middle of the calcium-binding loops. The presence
of negatively charged residues in these large loops may be of
structural or functional importance: in the crystal structure of LB5

this b-hairpin and its parallel, C-terminal loop are stabilized by
hydrogen bonding between the carboxyl group of E187 and the
amide backbones of E187 and K202, and also between the car-
boxyl group of D203 and the backbone amide of S185. If hydrogen
bonds involving D33, D75, or Q76 were involved in such struc-
tural stabilization, one would expect to find slow or medium amide
proton exchange rates in the corresponding regions of LB1–2: none
were observed, but the invariance of the chemical shifts of the side
chain protons of D33 and D75 with pH does suggest that their
carboxyl groups are involved in hydrogen bonding. On the other
hand, D33, D75, and D203 may also be functionally important:
this Asp residue is conserved across all seven LB modules~shifted
by one residue in LB2! and both complement repeats, CR3 and
CR8, and as they are not involved in calcium coordination they
could participate in lipoprotein binding.

Fig. 8. Comparison of calcium binding sites of the lowest energy NMR structure of~A! LB1, ~B! LB2, and the crystal structure of~C!
LB5. 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 Insight98~Molecular
Simulations Inc.!.
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As noted by Huang et al.~1999!, although the folds of the LB
modules are similar the overall sequence identity is only about 15
of 40 residues, with the majority of these conserved residues form-
ing disulfide bonds or acting as calcium ion ligands. Within this
basic framework, there are such changes between LB1 and LB2 as
the lengthening of theb-hairpin structure in LB2 resulting from the
insertion of R57 and V58, and many changes in charged and
hydrophobic surface residues including E7 to K48, Y21 to Q64,
K22 to F65, V24 to R67, and Q32 to D75. Such variations, which
are evident also in LB5 and CR8 ~Huang et al., 1999!, give each
module a distinctive signature that may determine its part in the
complex interactions with the lipoproteins.

Lipoprotein binding

It was initially proposed that the LDLR bound its several ligands
predominantly through a calcium-dependent interaction between
its acidic side chains and the basic residues on the apolipoproteins
~Wilson et al., 1991!. It is now clear from the known 3D structures
that the acidic residues of each module that coordinate the calcium
ion are buried in the binding site and are therefore unavailable for
interaction with lipoproteins, i.e., their role is in maintenance of
the polypeptide fold, as shown by the profound effects of calcium
ion removal on the 3D structure~Daly et al., 1995a; Atkins et al.,
1998!. Assuming conservation of the calcium-binding ligands, there
are a number of remaining acidic groups~6, 2, 4, 2, 4, 4, and 6 in
LB1 to LB7, respectively! that are still available for interaction
with their lipoprotein ligands.

In addition to ionic interactions, LB1, LB2, and LB5 each have
a face that could participate in hydrophobic interactions. This face
could be utilized in ligand binding or in arrangement of the cysteine-
rich repeats in the intact binding domain. In this regard, we note
that none of the LBs nor the concatemer we have studied has a

strong tendency to form dimers and consequently if hydrophobic
interactions do play a part in maintaining an ordered arrangement
of the seven repeats other forces are likely to contribute signifi-
cantly. For the modules we and others have studied to date, LB1

~Daly et al., 1995b!, LB2 ~Daly et al., 1995a!, LB5 ~Fass et al.,
1997!, LB6 ~North & Blacklow, 1999; D. Clayton, I.M. Brereton,
P.A. Kroon, & R. Smith, unpubl. obs.!, LB7 ~B. Hawkins & R.
Smith, unpubl. data!, LB1–2 ~this work!, LB5–6 ~North & Black-
low, 1999!, and LB1–7 ~Simmons et al., 1997!, it seems that inter-
module interactions are unnecessary for adoption of the correct
polypeptide fold. Moreover, although it has been considered that
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 5~Brown et al., 1997!, this idea is not
supported by the observations on the concatemers. Their linkers,
although short, still allow considerable freedom of rotation of the
successive modules although their size does perhaps preclude fold-
ing back of adjacent modules that might allow extensive inter-
actions between them. The concept that the 3D arrangement of all
seven modules is critical for recognition of the apolipoproteins is
also belied by the extensive mutagenesis studies in which mutation
or deletion of single repeats diminished, but did not eliminate,
lipoprotein-receptor interactions~van Driel et al., 1987; Esser et al.,
1988; Russell et al., 1989!. The current studies are thus consistent
with the “beads on a string” model for the ligand binding domain.

Materials and methods

Protein expression, folding, and purification

The sequences encoding LB2 and LB1–2 were separately cloned
into the vector pGEX-2T~Pharmacia, Uppsala, Sweden! and trans-
formed intoEscherichia coliDH5a cells~Bieri et al., 1995a, 1998!.

Fig. 9. Electrostatic surface potential of LB1–2. The orientation of this molecule is, at left~A!, similar to that in Figure 6.B, C, and
D were produced by sequential 908 rotations of the molecule inA 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 ViewPro~Molecular Simulations Inc.!.
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Transformed cells were grown in 23 yeast tryptone medium~Amyl
Media, Melbourne, Australia! containing 20 mg0mL ampicillin at
378C, pH 7.0 and induced atA600 5 1.2 with 0.2 mM isopropyl-
b-d-thiogalactopyranoside for 2 h. The cells were centrifuged at
5,000 g, at 48C for 20 min, then resuspended in phosphate-
buffered saline~PBS; 30 mL per 1 L culture! containing 0.1 mM
phenyl-methylsulfonyl fluoride and lysed using a French pressure
cell operated at 800 psi. The lysate was incubated with 1% Triton-
X100 for 30 min at 48C, then centrifuged at 15,000g for 20 min.
The supernatant was mixed with Zymatrobe glutathione beads~De-
partment of Biochemistry, La Trobe University, Melbourne, Aus-
tralia! for 1 h at 48C. After washing with PBS, the beads were
incubated with 2 mM dithiothreitol and the immobilized fusion
protein cleaved with thrombin~5 U0mg protein! for 2 h at room
temperature. The cleaved LB2 or concatemer was eluted with PBS.

The crude LB2 and LB1–2were folded in the presence of 2.5 mM
CaCl2, 3 mM reduced glutathione, and 0.3 mM oxidized glutathi-
one at 48C overnight~Bieri et al., 1998!. They were purified using
a BioCAD 700E~Perkin-Elmer, Foster City, California! with a R2
Poros 43 50 mm column~PerSeptive Biosystems, Framingham,
Massachusetts! with a 5–35% acetonitrile gradient in 0.1% triflu-
oroacetic acid~TFA! over 15 min at 5 mL0min. The proteins were
further purified using a Vydac C18 53 250 mm column~Hysperia,
California! with a 20–35% acetonitrile gradient in 0.1% TFA over
30 min at 1 mL0min. Fractions containing LB2 and LB1–2 were
lyophilized and the purified proteins analyzed by electrospray mass
spectroscopy and polyacrylamide gel electrophoresis in the pres-
ence of sodium dodecyl sulfate~Bieri et al., 1998!.

NMR experiments

For NMR spectroscopy, samples contained;1.5 mM protein and
20 mM CaCl2 at pH 5.5 and 6.0 in 5% or 99.9% D2O ~Sigma,
St. Louis, Missouri!. NMR experiments were performed on a
Bruker DMX750 spectrometer~Bruker, Karlsruhe, Germany! at
300 and 310 K. TOCSY experiments~Braunschweiler & Ernst,
1983! were performed with 40, 80, and 120 ms MLEV-17 spin-
lock sequences~Bax & Davis, 1985!. NOESY experiments~Jeener
et al., 1979! were performed with 100 and 250 ms mixing times.
Water suppression was achieved using the WATERGATE method,
incorporating a 3-9-19 refocussing pulse sequence with pulsed
field gradients of;100 mT0m ~Piotto et al., 1992; Sklenar et al.,
1993!.

Typically, TOCSY and NOESY experiments were acquired into
1K complex data points, with 32 or 64 transients~respectively!,
over 500–600 F1 increments. Sine-bell window functions, shifted
by p02 in F2 andp04 in F1, were applied to the data prior to
Fourier transformation and baseline correction. DQF-COSY~Rance
et al., 1983; Derome & Williamson, 1990! and E-COSY~Griesinger
et al., 1987! spectra were typically acquired into a 2K3 512
complex data matrix that was zero-filled to 8K3 2K and multi-
plied by p02-shifted sine-bell functions prior to Fourier transfor-
mation. 3J coupling constants were extracted by fitting COSY
multiplets with the Lorentzian lineshape fitting routine of the AU-
RELIA program ~Bruker!. The hydrogen-deuterium exchange of
the amide protons was examined with a series of short 1D-NMR
spectra during the first hour, followed by a series of short TOCSY
~16 transients, 200 F1 increments! for the next 12 h. Fast, medium,
and slowly exchanging amide protons were classified based on the
disappearance of signals after 20 min, 3 h, and 12 h, respectively.
The calcium binding site of LB2 was analyzed by comparing theb-

andg-proton chemical shifts of acidic residues of TOCSY spectra
acquired at pH 4.5 and 7.5 at 310 K.

NMR assignments

NMR spectra were analyzed using XWINNMR~Bruker! and
XEASY ~Xia and Bartels, ETH-Zürich, Zürich, Switzerland!. The
spin systems were assigned by following Ha-HN~i, i 1 1! and
HN-HN~i, i 1 1! connectivities~Wüthrich, 1986!. NOESY spectra
were assigned manually and also with the assistance of an auto-
matic NOESY assignment program, NOAH~Mumenthaler et al.,
1997!. Resonances that initially could not be assigned unambigu-
ously were excluded during preliminary structure calculations: they
were gradually introduced during the refinement of NMR struc-
tures, as the ambiguity was resolved.

Structure calculations

The majority of distance restraints used in structure calculations
were derived from 100 ms NOESY spectra. NOE peaks were
picked manually and integrated using the XEASY peak picking
and integration module, employing an elliptical integration area.
NOE volumes were converted to upper-limit distances using the
CALIBA macro of DYANA-1.5 ~Güntert et al., 1997!, and as-
signed as strong, medium, weak and very weak for upper bounds
of 2.7, 3.5, 5.0, and 6.0 Å~for NOE peaks that were observed only
in 250 ms NOESY spectra!, respectively. Overlapped peaks were
reclassified into weaker upper bounds before being introduced
during structure refinement. A total of 889 NOE restraints~286
intraresidue, 273 short range, 184 medium range, and 146 long
range!, 26 Ha-HN torsion angle restraints, 6 Ha-Hb torsion angle
restraints, and 6 covalent disulfide bonds~C8–C20, C15–C33,
C27–C44, C49–C63, C56–C76, and C70–C85; Bieri et al., 1995a,
1995b! were used as the inputs for structure calculations.

Initially, the structures were calculated without including im-
plicit backbone hydrogen bonds as restraints. From these structures
the H-bond acceptors were identified, permitting inclusion of 13
backbone hydrogen bond restraints~NH r C5O!, namely, 11r
19, 13r 17, 19r 11, 23r 20, 24r 21, 25r 36, 37r 34,
38 r 35, 66r 63, 67r 64, 68r 79, 71r 69, and 81r 77.
Hydrogen bonds were simulated as NOE restraints, where the
distance between an amide proton and a carbonyl oxygen was
restrained to be between 1.8 to 2.0 Å and the distance between an
amide nitrogen and a carbonyl oxygen was restrained to lie be-
tween 2.7 and 3.0 Å~Williamson et al., 1985!. The f dihedral
angle restraints for residues with3J Ha-HN . 8.0 Hz were set to
120 6 408. Stereospecific assignments were made based on3J
Ha-Hb coupling constants and HN-Hb0Ha-Hb NOE patterns
~Clore & Gronenborn, 1993!, resulting inx1 dihedral angle re-
straints that were set to2606 308 for residues D51, C61, and C74,
60 6 308 for D79, and21806 308 for C20 and C68.

Initially, 100 structures were calculated using the torsion-angle
dynamics and simulated annealing calculation program, DYANA.
A total of 10,000 steps of torsion angle dynamics were performed
for each calculation. The 50 structures from the DYANA calcula-
tions with the lowest target function~ f , 10! were imported into
X-PLOR ~Brünger, 1992! for further simulated annealing and en-
ergy minimization.

Calcium ion coordination was simulated using distance re-
straints derived from the LB5 crystal structure~Fass et al., 1997!
following a procedure similar to that described by Kay et al.~1991!.

LDL receptor concatemer structure 1291



Using the NMR titration data of LB1 ~Atkins et al., 1998! and LB2,
and by sequence homology to LB5 ~Fass et al., 1997!, the calcium
ion in LB1 was assumed to be bound to the backbone carbonyls of
W23 and S28, and the side-chain carboxyls of D26, E30, D36, and
E37; and in LB2 by the carbonyls of W66 and Q71 and the car-
boxyls of D69, D73, D79, and E80. The distances between the
calcium ion and the carbonyl oxygens or the coordinating carboxyl
oxygens were restrained as noncovalent bonds to 2.50 Å. No tet-
rahedral geometrical forces for calcium coordination were used in
the calculation.

The X-PLOR simulations at 1,000 K were performed over 18 ps
with geometrical force fields. The force constants for the NOE,
hydrogen bond, and calcium restraints were 50 kcal mol21 Å22

and 200 kcal mol21 rad22 for the dihedral angles. Structures were
cooled to 0 K over a further 18 ps of dynamics. The resulting
structures were energy minimized with the inclusion of electro-
static potentials using the CHARMM force field~Brooks et al.,
1983! employing 2,000 steps of the Powell algorithm. The accep-
tance criteria for the NMR structures were: no single NOE viola-
tion .0.4 Å, no single dihedral angle violation.58, and RMSD
from the idealized bonds and angles of,0.01 Å and 38, respectively.

NMR structures were analyzed and displayed using MOLMOL
2.6 ~Koradi et al., 1996!, Insight98 and WebLab Viewer Pro~Mo-
lecular Simulations, San Diego, California!. Secondary structures
were assessed using CalcSecondary module within the MOLMOL
program, which utilizes Kabsch and Sander algorithm. PROCHECK-
NMR ~Laskowski et al., 1996! was used to assess the stereochem-
ical quality of the structures.

Supplementary material in the Electronic Appendix

1H resonance~Table S1! and hydrogen-bond~Table S2! assign-
ments of LB1–2.
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