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Abstract The sixth ligand-binding module of the low-density
lipoprotein receptor contributes to the binding of apolipoprotein
B100-containing lipoproteins. 'H NMR spectroscopy, DYANA
and X-PLOR structure calculations were used to determine that
this module has a well defined structure with a backbone
conformation similar to other modules. Structures from calcula-
tions that simulated the presence of a calcium ion showed
increased resolution without large increases in energy, increased
deviations from idealised geometry or violations of experimental
constraints. Investigation of the surface properties of this module
indicates there are significant differences from the fifth module,
which binds apolipoprotein E-containing lipoproteins in addition
to apolipoprotein B100-containing lipoproteins. © 2000 Feder-
ation of European Biochemical Societies. Published by Elsevier
Science B.V. All rights reserved.
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1. Introduction

The low-density lipoprotein receptor (LDLR) is a endocy-
totic cell-surface receptor that has a central role in the inter-
nalisation of apolipoprotein E (apoE)- and apolipoprotein
B100 (apoB100)-containing lipoproteins [1,2]. One of the com-
mon features of receptors in the LDLR family is a number of
cysteine-rich ligand-binding (LB) modules at the N-terminus.
Moderate sequence identity (40-50%) is observed across the
seven LB modules of the LDLR and six cysteines, one iso-
leucine, one phenylalanine and two acidic residues included in
an S-D-E motif are invariant. Several hydrophobic, and addi-
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tional acidic residues are also highly conserved across these
modules. The crystal structure of LBS5 indicates that many of
the conserved acidic residues are involved in the coordination
of a calcium ion [3], which has been shown to be essential for
both correct folding and maintenance of the three-dimension-
al structure of LB modules [4,5].

The three-dimensional structures of LB1, LB2 [6,7] and
LB5 [3] of the LDLR, and CR3 and CRS8 [8,9] of the
LDLR receptor-related protein have been determined. All of
these structures share a I-1II, II-V, IV-VI disulphide arrange-
ment and a backbone fold consisting of two loops, the first
containing two short segments in B-conformation and the sec-
ond containing the calcium ion binding site. A short 3'° helix
is observed after the first loop in all modules while a second
short 310 helix is observed after the second loop only in LBS.
The first disulphide bond connects the N-terminus of the
module to the first loop, the second connects the two loops,
and the third connects the calcium-binding loop to the C-
terminus. The conserved I and F residues contribute to a
small hydrophobic core in LB modules. Obvious differences
between modules are a longer first loop in LB2 due to an
additional two residues and an increased flexibility in this
loop [7]. Differences in the backbone conformation of the
calcium-binding loop are also observed between the modules.

Although the LDLR modules are structurally similar, their
ligand-specificity is varied. Studies on mutant receptors
showed that LB3-7 are required for high affinity binding of
apoB100-containing lipoproteins [10-12]. More recent studies
on naturally occurring mutant LDL receptors from familial
hypercholesterolaemia patients indicate that LB1 and LB2 are
also required for the binding of apoB100-containing lipopro-
teins [13,14]. The binding of apoE-containing lipoproteins to
the LDLR, however, is mediated primarily by LB5 [12]. LB6,
an adjacent and structurally independent [15] module, does
not bind apoE-containing lipoproteins [12]. In this communi-
cation we describe the three-dimensional NMR structure of
LB6 and compare its surface features with those of LBS. This
comparison indicates differences in surface charge and hydro-
phobicity that may account for their ligand-specificity.

2. Materials and methods

2.1. Peptide synthesis, folding and purification

LB6 was prepared by solid-phase peptide synthesis using z-Boc-
protected amino acids and standard side chain protecting groups.
The dinitrophenyl (DNP) protecting group on the histidine residue
was removed with a solution of 20% (v/v) 2-mercaptoethanol, 10%
(v/v) diethylamine (DIEA) in dimethylformamide (DMF). Other pro-

0014-5793/00/$20.00 © 2000 Federation of European Biochemical Societies. Published by Elsevier Science B.V. All rights reserved.

PII: S0014-5793(00)01842-1



D. Clayton et al.IFEBS Letters 479 (2000) 118-122

tecting groups were removed upon peptide cleavage from the resin
with anhydrous hydrofluoric acid at 273 K in the presence of the
scavengers p-cresol and p-thiocresol. LB6 was folded in the presence
of 3 mM reduced and 0.3 mM oxidised glutathione in 50 mM Tris—
HCI buffer, pH 8.5, containing 150 mM NaCl and 25 mM CacCl, in
the absence of oxygen for 3 days at 4° C [5]. Purification was by
reverse-phase HPLC on a 22 mm X250 mm CI8 column using a
15-30% acetonitrile gradient in 0.1% trifluoroacetic acid over
160 min. LB6 was identified by electrospray mass spectrometry.

2.2. NMR spectroscopy

NMR experiments on LB6 were performed on a Bruker DMX 750
spectrometer (Bruker, Karlsruhe, Germany) at either pH 5.50 and 298
K or pH 6.70 and 288 K, in the presence of 10 mM CaCl,, | mM
3,3,3-trimethylsilylpropionate (TSP) and 10% deuterium oxide (D,0)
(99.9% isotopic purity, Wilmad, Buena, NJ, USA). Total correlation
spectroscopy (TOCSY) [16], nuclear Overhauser effect spectroscopy
(NOESY) [17] and phase-sensitive COSY [18] spectra were recorded
using TPPI for quadrature detection in the F1 dimension. Water
suppression was achieved in the TOCSY and NOESY experiments
by using the WATERGATE 3-9-19 pulse sequence [19] and by low
power presaturation during the recycling delay in the COSY experi-
ment. Exclusive correlation spectroscopy (E-COSY) experiments for
determining the ' angle constraints were performed in 99.9% D-O.
Spectra were transformed using XWINNMR software (Bruker) with
either /2 or m/3 shifted sine-bell apodisations then baseline corrected.
To identify backbone amide protons having reduced exchange rates a
series of short two-dimensional TOCSY spectra were acquired after
lyophilising and redissolving a sample of LB6 at pH 5.50 in 99.9%
D,0O. Amide protons having significant signal remaining after 1.5 h
were classed as having a reduced exchange rate.

2.3. NMR distance and angle constraints

Proton resonances were referenced to TSP and assigned manually
from TOCSY, COSY and NOESY spectra, and by using the XEASY
software package [20]. Elliptical volume integration was performed on
a 100 ms mixing time NOESY spectrum, recorded at pH 5.50, using
XEASY software. The CALIBA macro of dynamics algorithm for
NMR applications (DYANA)-1.5 [21] was used to convert volumes
to upper distance limits then pseudoatom corrections were introduced
where stereospecific assignments were not available [22]. NOEs ob-
served on a 200 ms spectrum but not on the 100 ms spectrum were
included in structure calculations as distance constraints with an
upper limit of 6.0 A. NH-oH coupling constants were determined
from the double-quantum filtered correlation spectroscopy (DQF-
COSY) spectrum using a Lorentzian line-fitting routine in the Aurelia
(Bruker) software. Coupling constants greater than 8 Hz were used in
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structure calculations as ¢ angle constraints of 120%30°. x' angle
conformations were determined from the pattern of oH-BH/B’H cou-
pling constants and intraresidue oH-BH/B’H and NH-BH/B'H NOE
intensities [23], and introduced as constraints of —60 % 30° (gauche +),
60 £ 30° (gauche —) and 180+ 30° (trans).

2.4. Structure calculations

192 intraresidue, 261 medium-range (=4 residues) and 104 long-
range (>4 residues) distance constraints, 18 ¢ and 14 y' angle con-
straints were used in DYANA-1.5 and X-PLOR [24] structure calcu-
lations. Three disulphide bonds (C3-C15, C10-C28, C22-C37) were
introduced based on the arrangement determined for LBI1, LB2
[25,26] and LBS5 [3]. 100 structures were calculated with DYANA-
1.5 using 10000 steps of torsion angle dynamics for each calculation.
The 50 structures with the lowest target function (<11) were im-
ported into X-PLOR for simulated annealing, structure refinement
and energy minimisation. X-PLOR calculations consisted of 12000
steps of high temperature dynamics at 1000 K, cooled to 0 K over
6000 steps then 2000 rounds of Powell energy minimisation using a
geometric force field (jhparallhdg.pro). The effective energy term for
the NOE constraints was 50 kcal mol~! and for dihedral angle con-
straints was 5 kcal mol™! rad™2 during high temperature dynamics
and 200 kcal mol~! rad~? during the cooling and minimisation stages.
A further 3000 steps of Powell energy minimisation were performed in
a full force field (jhh3x.pro).

2.5. Inclusion of the calcium ion

The X-PLOR topology and structure parameters for Ca>" were
obtained from the Hetero-compound Information Centre-Uppsala
(http://alpha2.bmc.uu.se/hicup). The sidechains involved in calcium
coordination and the calcium to oxygen distances were based on those
in the crystal structure of LB5 [3]. Sidechain carboxyl groups (D23,
D27, D33, E34) were included in structure calculations as upper dis-
tance limits of 2.5 A and carbonyl groups (R20, E25) were included as
upper limits of 2.3 A.

2.6. Structural statistics and molecular modelling

X-PLOR software was used to determine the bond, angle, van der
Waals (VDW) and experimental NOE and dihedral energy of the
NMR ensemble. Procheck-NMR [27] was used to determine devia-
tions from idealised geometry and experimental constraints, and gen-
erate Ramachandran plots to assess the quality of the structures.
MOLMOL 2.6 [28] was used to determine root mean square deviation
(rmsd) values for overlays, and Insightll software (Molecular Simu-
lations Inc, San Diego, CA, USA) was used to generate the solvent-
accessible Connolly surface of LB5 and LB6 and to visualise the
distribution of surface charge and hydrophobicity.

Table 1
Structubral statistics for the 20 lowest energy LB6 structures calculated in the absence and presence of different combinations of calcium li-
gands®
No ligands Four equatorial Five equatorial Five equatorial ligands
ligands ligands Two apex ligands
Energies (kcal mol™")
overall —52+3 —44+3 —42+3 —36+2
VDW —220%5 —213+4 —217+2 —212+4
NOE 44+1 45+1 47+1 49+1
Rmsd from idealised geometry
bonds (A) 0.012+0.0002 0.011 £0.0002 0.011£0.0001 0.011 +£0.0001
angles (°) 2.58£0.02 2.56+0.02 2.60+0.02 2.59%0.02
impropers (°) 0.24%0.01 0.23+0.01 0.24+0.01 0.25+0.01
Rmsd from experimental restraints
noe (A) 0.051 +£0.0004 0.052 +0.0005 0.053£0.0003 0.054 +0.0004
cdih (°) 0.38+0.04 0.38+0.03 0.41+0.04 0.42+0.03
Ramachandran plot regions
in favoured (%) 71.7 71.7 72.7 72.1
in additionally allowed (%) 26.8 25.0 22.0 244
in generously allowed (%) 1.1 33 4.8 3.5
in disallowed (%) 0.5 0 0.5 0
Rmsds for overlays (A) (backbone, all)
3-37 0.38, 0.95 0.30, 0.81 0.30, 0.83 0.27, 0.83
3-19 0.18, 0.65 0.19, 0.63 0.19, 0.64 0.17, 0.63
20-34 0.28, 1.11 0.18, 0.88 0.19, 0.93 0.17, 0.96

#None of the structures have NOE violations greater than 0.3 A or angle violations greater than 2°.

PEnergy and rmsd values are stated as average + standard deviation.



120
i 10 20 30 39
ATCRPDEFQCSDGNCIHGSRQCDREYDCKDMSDE VGCVN
Reduced NH exchange - wm m [] "n ® mR (RN
180 = | | | i |1 | |
120 I
¢-mm 60 |
x-=08
-180
ANNG i+1) e —
doNG it+]) - - o_— i i
dﬁN(i,i‘H) — e — e — — - —
ANNG,i+2) S — =
daNGit2) _ — —_— ==
d aNG, i+3) _ -
dap,i+3) -
Fig. 1. Summary of distance constraints, angle constraints and

amide proton exchange data for LB6. Bar heights shown for the
NN(, i+1), aN(i, i+1), BN(i, i+1) constraints are proportional to
the NOE intensities observed. Only the presence, not the magnitude,
of NN(, i+2), aN(i, i+2), aN(i, i+3) and of(i, i+3) constraints is
indicated.

3. Results and discussion

3.1. Experimental constraints and deuterium exchange
experiments

The data derived from NMR experiments on LB6 are sum-
marised in Fig. 1. Amide protons having a reduced exchange
rate are E7, F8, C10, 116, C22, D23, E25, D27, C28, D33, E34
and V35. Of these, E7, F§ and 116 had a significant signal
remaining after 2.5 days. Both of the fully conserved hydro-
phobic residues (F8, 116) and 5 (D23, E25, D27, D33, E34)
out of six residues that correspond to those involved in cal-
cium coordination in LB5 [3] have amide protons with a re-
duced exchange rate. All of the corresponding residues of LB1
[6] and of the C-terminus of LB2 (recent unpublished data)
have reduced amide proton exchange rates.

3.2. Secondary structure determination

Although sequence conservation, similarity in backbone
fold and amide exchange rates between LB1, 2 and LB6 in-
dicate an identical pattern of calcium coordination to LBS, a
cautious approach was taken to the introduction of con-
straints for calcium. Initially structures were calculated in
the absence of calcium, then it was introduced with con-
straints to four conserved equatorial carboxyl ligands (D23,
D27, D33 and E34). Distance constraints to both of the car-
boxyl oxygen atoms on the last equatorial ligand (E34) were
then included to investigate the possibility of a pentagonal
bipyramidal ligand arrangement. This is more commonly ob-
served than an octahedral arrangement in calcium-binding

N-terminus
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proteins [29], and may be important in conferring calcium
specificity [30]. The two backbone carbonyl groups (R20,
E25) which serve as the apex ligands in LB5 were then intro-
duced into structure calculations.

The structure of LB6 (Fig. 2a,c) calculated in the absence of
calcium shows a similar overall backbone fold to other mod-
ules [3,6,7]. The Kabsch and Sander [31] secondary structure
search algorithm in MOLMOL 2.6 did not, however, identify
any regions of 3!° helix in structures generated in the absence
of calcium. The rmsd for overlay of backbone atoms between
C3 and C37 on the mean structure is 0.38 A and for all heavy
atoms is 0.95 A (Table 1). Structures calculated with inclusion
of distance constraints for the four equatorial ligands showed
only minor differences in backbone conformation from those
calculated without such constraints (Fig. 2b). This family of
structures was, however, better defined than those calculated
without explicit introduction of the calcium ion ligands, hav-
ing a rmsd of 0.30 A for overlay of backbone atoms and 0.81
A for all heavy atoms over the same region (Table 1). The
number of NOE constraints per residue is high (Fig. 3a) and
backbone ¢ and y angles have uniformly high (¢>0.95,
¥>0.94) angle order parameters (S*"¢¢) [32] from the first
to the last cysteine residue. Furthermore, 27 of the 31 y!
angles in this region have S*¢¢ values greater than 0.90
(Fig. 3b). As expected, the biggest increase in backbone reso-
lution is in the calcium-binding loop, between R20 and E34.
In this segment, the rmsd value for backbone atom overlay
decreased from 0.28 A to 0.18 A and from 1.11 A to 0.88 A
for all heavy atoms. A slight increase in the VDW energy of
the structures was observed but this is probably due to the
inclusion of the VDW radius of the calcium ion into structure
calculations. The inclusion of the calcium ion did alter ¢ and
v angles enough to result in the Kabsch and Sander second-
ary structure search routine identifying a region of 3'* helical
structure after the second loop, between S32 and E34 (Fig.
2¢). This helix is also identified in LBS5 [3] but not in LB1 or
LB2 (recent unpublished data). One region of helical struc-
ture, identified in LB1, LB2 and LB5 but not LB6, is the short
310 helix located after the fully conserved hydrophobic resi-
due, 116. Inspection of the ¢ and w angles from G18 to R20,
however, indicates that this region can be classified as a 3'°
helix with ¢ angles between —56° and —90° and w angles
between —6° and —20° [33].

Including both carboxyl groups of E34 as calcium-ion li-
gands did not result in a significant change in the energy,
Ramachandran plot statistics or rmsd values (Table 1).
When the two carbonyl apex ligands were introduced into
structure calculations a small increase in VDW energy was

Fig. 2. The 20 lowest energy structures of LB6 calculated in (a) the absence of constraints for the calcium ion and (b) the presence of distance
constraints for the four conserved acidic residues corresponding to those identified to be equatorial Ca>* ligands in LB5. c: Shows secondary

structural elements identified in structures shown in (b).
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ATCRPDEFQCSDGNCITHGSRQCDREYDCKDMSDEVGCVN
SEQUENCE

Fig. 3. Plots showing the (a) number of distance constraints per res-
idue and (b) angle order parameter values (S*"€°) for y' angles.

observed, reducing the total energy from —42 kcal mol™! to
—36 kcal mol~!'. However, there were still no distance or
angle constraint violations in these structures greater than
0.3 A or 2° and more than 96% of the backbone torsion
angles were in the most favoured and additionally allowed
regions of the Ramachandran plot (Table 1).

In general, the rmsds, energies, geometry and Ramachan-
dran statistics are good for all the calculated structures of
LB6. Including the calcium ion in the structural calculations
did not result in any large increase in the energy or incur any
distance or angle violations: the experimental constraints are
consistent with a similar pattern of calcium ligands to LBS.
During the preparation of this manuscript a NMR structure
of a mutant of LB6 was published [34], the structure of the
wild type LB6 described in the present communication has
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lower overall energy, lower rmsd values and significantly bet-
ter Ramachandran plot statistics.

3.3. Comparison of LB5 and LB6

Since all of the LB modules show a similar backbone struc-
ture, and most of the conserved residues are involved in either
calcium coordination or formation of the small hydrophobic
core it is expected that non-conserved residues present on the
surface of the modules confer ligand specificity. This point is
particularly relevant to LBS5, the module which contributes the
most to binding of apoE-containing lipoproteins; what fea-
tures of LBS5 result in its dominant role in apoE binding? As
mentioned previously, LB6 is an adjacent and structurally
independent LB module that is not required to bind apoE-
containing lipoproteins. The LB6 structure described here is
well defined in terms of both backbone (Table 1) and side-
chain resolution (Fig. 3b), allowing us to accurately determine
the positioning of surface charge and hydrophobicity and
compare it to that of LB5. Residues unique to LBS5 that are
located on the surface of the module may have a role in
conferring ligand specificity.

Residues between the first and last cysteine that are unique
to LB5 are A7, F8, H11, L13, S20, G27, K33, E37 and N38
(top of Fig. 4). Of these, the presence of F8, L13, K33 or E37
results in the addition of a charged functional group or of a
large non-polar sidechain to LB5. Fig. 4 shows the surface
charge and hydrophobicity resulting from basic (blue), acidic
(red) and large non-polar (F, I, L, M, V, W (green)) side-
chains in LB5 and LB6. The hydrophobic patch obvious on
the surface of LBS viewed in Fig. 4a, but not LB6 (Fig. 4d), is
due to a tryptophan residue (W22) not unique to LB5. Also
evident on both modules are regions of negative charge arising
from conserved acidic residues (D25, D29 (LB5): D23, D27
(LB6)) involved in calcium ion binding (Fig. 4a,d, right of top

[ ] [ | ] n | N |
LB5(1-41) DSSPCSAFEFHCLSGECIHSSWRCDGGPDCKDKSDEENCAV

LB6(1-39)

LB6

ATCRPDEFQCSDGNCIHGSROCDREYDCKDMSDEVGCVN

Fig. 4. Primary sequence and distribution of surface charge and hydrophobicity in LBS and LB6 (lowest energy structure). Residues shown in
bold are common to both modules; residues marked with filled squares are coordinated to calcium in LBS; and those underlined are unique
(across all modules) to LB5 between the first and last cysteine residue. Modules in a and d have an similar orientation to that of Fig. 2, then
are shown (left to right) rotated in two anticlockwise 90° steps, as viewed from the bottom, around the vertical axis. Positively charged func-
tional groups are shown in blue, negatively charged groups are shown in red, and the sidechains of large non-polar residues (F, I, L, M, V, W)

are shown in green.
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centre), and from acidic residues in the N-terminal, E9 (LBS5)
and E7 (LB6) (Fig. 4a,d, left of top centre). An additional
region of negative charge is present on LB5 due to E16
(Fig. 4a, below centre), making it the only LB module in
the LDL receptor to have negative charge at both the E9
and E16 sequence positions, a combination that may contrib-
ute to the ability of LBS to bind basic residues in the receptor-
binding region of apoE. Anticlockwise rotation by 90°, as
viewed from the bottom, of the modules around the vertical
axis shows two residues (K33, E37) on LB5 whose presence
results in a unique region of surface charge (Fig. 4b, below
centre, right and left). E37 contributes additional negative
charge to the surface of LBS5, which may be important to
this module’s electrostatic attraction to the positively charged
apoE. Though this attraction is thought to be primarily be-
tween acidic residues in LB5 and basic residues in apoE [35],
K33 may interact with acidic residues such as E131, E132 and
D151 in the receptor-binding region of apoE. In LB6, K33 is
replaced by a hydrophobic methionine (M31) while E37 is
replaced by a valine residue (V35) (Fig. 4e, below centre),
resulting in the presence of a hydrophobic patch on LB6.
Positioned below this methionine residue is an aspartate res-
idue (D30) which is not involved in calcium coordination but
is conserved in six of the seven LDLR modules. This aspartate
residue (D32) is present in a similar position in LB5 but ap-
pears to be less solvent-exposed (Fig. 4b). Negative charge
from a conserved glutamate residue that is involved in calcium
binding (E36 (LBS5): E34 (LB6)) is also evident on both mod-
ules (Fig. 4b.e). Fig. 4c.f shows the modules after a further 90°
anticlockwise rotation. The positive charge obvious in Fig. 4c
results from the presence of R23, a residue not unique to LBS5.
A patch of surface hydrophobicity resulting from the edge of
the fully conserved phenylalanine residue (F10 (LB5): F8
(LB6)) (Fig. 4c.f, centre) is evident on both modules. The
additional presence of F8 and L13, in LBS5, results in an al-
most continuous strip of surface hydrophobicity running from
the top right to the centre bottom of the module (Fig. 4c), a
feature previously identified [3]. It is of note that these two
large non-polar residues which are unique to LBS have a large
proportion of their sidechains exposed to the solvent.

In conclusion, rmsd values listed in Table 1 indicate that
this is the best-defined NMR structure of an LB module re-
ported to date. Comparison of the solvent-exposed surface of
LB5 and LB6 indicates several unique features of the surface
of LBS5 that may allow it to bind apoE in addition to
apoB100; positive charge resulting from K33; negative charge
resulting from E37; the presence of negative charge at both
E9 and E16, and a strip of surface hydrophobicity resulting
from F8, F10 and L13. A region of high negative electrostatic
potential is present on the surface of both modules. In LB5, a
combination of this and one or more of the features listed
above may result in its ability to bind apoE-containing lipo-
proteins. Further experiments, such as studies on the effects of
site-directed mutagenesis of LB5 on the interaction with apoE,
could clarify the contribution of these residues to lipoprotein—
receptor binding.
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