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ABSTRACT: The low-density lipoprotein receptor (LDLR) is the primary mechanism for uptake of plasma
cholesterol into cells and serves as a prototype for an entire class of cell surface receptors. The amino-
terminal domain of the receptor consists of seven LDL-A modules; the third through the seventh modules
all contribute to the binding of low-density lipoproteins (LDLs). Here, we present the NMR solution
structure of the sixth LDL-A module (LR6*) from the ligand binding domain of the LDLR. This module,
which has little recognizable secondary structure, retains the essential structural features observed in the
crystal structure of LDL-A module five (LR5) of the LDLR. Three disulfide bonds, a pair of buried
residues forming a hydrophobic “mini-core”, and a calcium-binding site that serves to organize the
C-terminal lobe of the module all occupy positions in LR6* similar to those observed in LR5. The striking
presence of a conserved patch of negative surface electrostatic potential among LDL-A modules of known
structure suggests that ligand recognition by these repeats is likely to be mediated in part by electrostatic
complementarity of receptor and ligand. Two variants of LR6*, identified originally as familial
hypercholesterolemia (FH) mutations, have been investigated for their ability to form native disulfide
bonds under conditions that permit disulfide exchange. The first, E219K, lies near the amino-terminal
end of LR6*, whereas the second, D245E, alters one of the aspartate side chains that directly coordinate
the bound calcium ion. After equilibration at physiologic calcium concentrations, neither E219K nor D245E
folds to a unique disulfide isomer, indicating that FH mutations both within and distant from the calcium-
binding site give rise to protein-folding defects.

The low-density lipoprotein receptor (LDLR)1 is the
primary mechanism for uptake of plasma cholesterol into
cells (1) and serves as a prototype for an entire class of cell
surface receptors (see ref2 for a recent review). This family
of cell surface receptors includes the low-density lipoprotein
receptor-related protein (3), megalin/gp330 (4), and the very
low-density lipoprotein receptors (5, 6). All of these receptors
share a similar modular organization (Figure 1) and all use
multiple LDL-A modules to bind their ligands.

The amino-terminal domain of the LDLR consists of seven
LDL-A modules (7), which are responsible for the binding
of lipoproteins. Each LDL-A module spans about 40 amino
acids and contains six cysteine residues engaged in three
disulfide bonds (Figure 1). Modules 3-7 contribute to the

binding of low-density lipoproteins (LDLs), whereas the
greatest contribution to the binding ofâ-migrating very low-
density lipoproteins (â-VLDLs) comes from module 5 (8).

Familial hypercholesterolemia (FH), characterized clini-
cally by marked elevation in plasma LDL and cholesterol
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FIGURE 1: (A) Schematic diagram of the modular arrangement of
the LDL receptor: LA, LDL-A ligand-binding modules; EG, EGF-
like modules; Y, YWTD repeats; CHO, O-glycosylation region.
Adapted from ref41. (B) Amino acid sequence of LR6*. Consensus
residues are in uppercase when conserved in at least six of the seven
LDL-A modules of the LDLR, and in lowercase when conserved
in five of the seven modules. Point mutations that result in familial
hypercholesterolemia, listed in the LDLR Locus database at http://
www.ucl.ac.uk/fh/ (42), are indicated at the bottom.

2564 Biochemistry2000,39, 2564-2571

10.1021/bi992087a CCC: $19.00 © 2000 American Chemical Society
Published on Web 02/16/2000



levels, results from mutations in the LDLR (9). Heterozy-
gotes, numbering about one in 500 persons, have a substan-
tially increased risk for coronary artery disease, and homozy-
gous FH leads to death from coronary atherosclerosis at a
very young age. Many of the FH alleles are point mutations
scattered among the LDL-A repeats (http://www.ucl.ac.uk/
fh/).

The 1.7 Å crystal structure (10) of LDL-A module 5 of
the LDL receptor (LR5) provides an explanation for the
observed folding defects (11) that result from several point
mutations within LR5 known to cause FH. The structure of
LR5 contains a calcium ion coordinated in octahedral
geometry by acidic residues that lie at the carboxy terminus
of the module and that are conserved among LDL-A repeats.
The three disulfide bonds constrain the overall module
topology, in which the only elements of recognizable
secondary structure include two short antiparallelâ-strands
and a single turn of 310-helix. FH mutations in LR5 alter the
side chains of residues that either directly coordinate calcium
or serve as scaffolding residues of the module (10).

Here we present the solution structure of module 6 (LR6*)
of the LDL receptor determined by NMR spectroscopy. This
module retains the essential structural features observed in
the crystal structure of LDL-A module 5 of the LDLR. The
presence of a conserved patch of negative surface electro-
static potential among LDL-A modules of known structure
suggests that ligand recognition by these repeats is likely to
be mediated in part by electrostatic complementarity of
receptor and ligand.

Under conditions permitting disulfide exchange, two FH-
causing mutations, one (E219K) near the N-terminus of LR6
and the other (D245E) in the C-terminal calcium-binding
site, fail to fold efficiently to the native disulfide isomer.
These folding defects are rationalized on the basis of the
LR6* solution structure, which also explains why other
mutations in LR6 might interfere with proper module folding.

MATERIALS AND METHODS

Protein Expression and Purification.The designation
LR6* is used throughout to indicate the presence of an
M243L substitution, which has been introduced into the
native LR6 sequence to simplify protein expression and
purification. Unlabeled and15N-labeled LR6* were expressed
in the BL21(DE3) plys(S) cell line using the plasmid
pMM-LR6* and were purified as described previously (12).
The E219K and D245E mutations of LR6* were constructed
by oligonucleotide-directed mutagenesis in the CJ236 cell
line (13), and the identity of each mutant was confirmed by
DNA sequencing. Expression and purification of these
mutants was achieved using the procedure employed to
produce LR6* (12).

NMR Spectroscopy. All NMR spectra were acquired on
either a Varian Unity spectrometer at 11.75 T or a Varian
Unity Plus spectrometer at 9.4 T. Spectra were processed
and analyzed using the programs Felix 97 (MSI) and XEASY
(14). Lyophilized samples of LR6* were dissolved into a
solution of either 90% H2O/10% D2O or 99.8% D2O
containing 10 mM CaCl2. The measured pH of the sample
was adjusted to a value of 5.2 with NaOH; the final protein
concentration was∼2 mM, and all experiments were
performed at 298 K, except as noted. Resonance assignments

were determined primarily from15N-HSQC (15), 15N-
NOESY-HSQC [512× 128 × 32 complex points, 150 ms
mixing time, WATERGATE (16) water suppression, 11.75
T; 17], and15N-TOCSY-HSQC (512× 128× 32 complex
points, 60 ms mixing time, 11.75 T;17). Additional
frequency assignments were determined using 2D-TOCSY
(1024× 256 complex points, 60 ms mixing time, WATER-
GATE water suppression, 11.75 T), 2D-NOESY (150 ms
mixing time, WATERGATE water suppression, 11.75 T),
and 2D-P-COSY (9.4 T;18) spectra.

Measurement of Hydrogen Exchange Rates. To measure
slow hydrogen exchange rates, a15N-labeled protein sample
was dissolved in an aqueous (H2O) solution containing 10
mM CaCl2. After the pH was adjusted to 5.2 with NaOH,
the sample was lyophilized. Hydrogen exchange was initiated
at 25°C by dissolving this lyophilized sample in a solution
of 99% D2O. Exchange rates for individual amide protons
were calculated from15N-HSQC spectra (512× 32 complex
points with four scans per block) by fitting the decay of
integrated peak volumes with time. To determine the
protection factors reported in Figure 2D, the intrinsic
hydrogen exchange rates were predicted as described by
Englander and colleagues (19) using the program Sphere
(http://dino.fold.fccc.edu:8080).

Structure Calculations.NOESY peaks were picked, as-
signed, and integrated using the program XEASY, version
1.3.13. Assignments of NOESY spectra were refined in
DYANA using the ASNO program (20) followed by manual
review in XEASY. NOE distance constraints were primarily
derived from15N-NOESY-HSQC (512× 256× 32 complex
points, mixing times of 50 and 150 ms, WATERGATE water
suppression, 11.75 T) and 2D-NOESY (1024× 512 complex
points, mixing times of 50 and 150 ms, WATERGATE water
suppression, 11.75 T) spectra. Additional NOE constraints
were derived from a 2D-NOESY spectrum in 100% D2O
(1024× 512 complex points, 150 ms mixing time, 9.4 T).
JHNHA couplings for dihedral angle constraints were measured
from a 15N-HMQC-J (1024× 512 complex points, 9.4 T)
spectrum (21). Distance constraints derived from the 50 ms
NOESY spectra were calibrated in DYANA (22) using the
program CALIBA (23). NOE resonances from the 150 ms
mixing time NOESY spectra were classified as strong,
medium, weak, and very weak and were given generous
upper limits of 3.3, 3.8, 4.5, and 5.5 Å, respectively. Pseudo-
atom corrections were included when stereospecific assign-
ments were not available.

Preliminary structures were calculated using DYANA with
disulfide bond geometry defined by upper and lower distance
limits. Redundant constraints were kept throughout the
DYANA calculations to add weight to NOE peaks which
appeared in more than one spectrum. After it became
apparent that the backbone trace of LR6* in the region of
the calcium-binding site was highly similar to that of LR5,
distance constraints were created to define an octahedral
geometry for the calcium-binding site of LR6*. From
sequence alignment, the oxygen atoms analogous to those
coordinating calcium in the LR5 structure were constrained
to specify an octahedral geometry around the bound calcium
atom in LR6*. Specifically, the octahedral geometry of the
calcium-binding site was defined by placing an upper
distance limit of 5.0 Å between each of the three opposite
pairs of oxygen atoms and by placing bounds of 3.3-3.7 Å
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between neighboring pairs of oxygen atoms. Hydrogen
bonding constraints consistent with preliminary calculated
structures and hydrogen exchange data were added in the
final stages of refinement (Table 1).

The best 30 of 60 model structures from DYANA (i.e.,
those with the lowest target function values) were chosen
for final refinement in XPLOR (24). Before refinement, an
explicit calcium ion was placed into each model at the
midpoint between coordinating backbone carbonyl oxygen
atoms. The 5.0 Å upper distance limits between the three
opposite pairs of coordinating oxygen atoms were then
replaced by six 2.5 Å upper distance limits between each of
the coordinating oxygen atoms and the calcium ion. Two
hundred steps of energy minimization were then performed
to relieve resulting van der Waals conflicts. Disulfide bonds
were considered as covalent bonds in XPLOR. Refinement
in XPLOR followed the refine.inp protocol (24). The 20
models with the lowest total energy values are those reported
here. The energy-minimized mean structure (Figures 3-5)
was also calculated with XPLOR. PROCHECK-NMR and
AQUA (25) were used to assess structure quality and fit to
NOE restraints [the Supporting Information contains ribbon
diagrams of structures calculated when H-bonds, calcium
restraints, or both H-bonds and calcium restraints are omitted

FIGURE 2: (A) 15N-1H HSQC spectrum of LR6* with assignments. (B) Summary of local constraints used in deriving the structure of
LR6*, including disulfide bonds, calcium coordinating residues (0 indicates backbone carbonyl oxygen,O indicates side chain carboxylate
oxygen), hydrogen bonding backbone amides,JHNHA-derived constraints, and short- to medium-range NOE-derived backbone constraints.
(C) Plot of NOE constraints per residue. As the plot indicates, Phe 220 and Ile 228 have the greatest number of long-range constraints. (D)
Protection factors of amide protons from LR6*, estimated from hydrogen exchange data. Protected amides for which hydrogen-bonding
partners were specified in structure calculations are denoted with an asterisk.

Table 1: Constraint and Structural Statistics

Constraint Statistics
no. of NOE distances

intraresidue (r ) 0) 232
sequential (r ) 1) 155
medium-range (1 < r < 4) 85
long-range (r > 4) 69
total 541

additional constraints
no. of disulfide bonds 3
no. of H-bonds 9
no. of calcium site distance constraints 18
JHNHA-derivedφ angles 17

Structural Statistics

coordinate precision (residues 215-249)
rmsd to mean (backbone atoms) 0.55 Å
rmsd to mean (heavy atoms) 1.01 Å

PROCHECK statistics (residues 215-249)
no. of residues in favored regions 50%
no. of residues in additional allowed regions 35%

restraint satisfaction
average no. of NOE violations 56
maximum NOE violation 0.37 Å
rms violation 0.07( 0.06 Å

XPLOR energies (kcal/mol)
averageEtotal 162
averageENOE 40
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from the structure calculations (Figure 1 of the Supporting
Information)]. Electrostatic maps were calculated with the
program GRASP (26), using the CHARMM partial charge
and radius parameters.

Disulfide Exchange Experiments. The calcium dependence
of folding was investigated for each peptide under conditions
permitting disulfide exchange. LR6*, E219K, or D245E (10
µΜ) was allowed to rearrange in an anaerobic chamber (Coy
Laboratory Products) at room temperature in a redox buffer
of 10 mM Tris (pH 8.5) containing 2.5 mM reduced
glutathione (GSH), 0.5 mM oxidized glutathione (GSSG),
and either 1 mM CaCl2 or 1 mM EDTA.

Aliquots were removed from each sample at 24 and 48 h;
disulfide exchange was stopped by addition of acetic acid
to a final concentration of 5% (v/v). Samples were analyzed
by reversed-phase HPLC on a Vydac C-18 column using a
linear gradient of 0.1% of solvent B/min. Solvent reservoirs
contained water with 0.1% trifluoroacetic acid (A) and 90%
acetonitrile with 0.1% trifluoroacetic acid (B). Comparison
of 24 and 48 h time points suggests that an equilibrium
distribution of disulfide-bonded isomers is reached within
24 h.

RESULTS

Assignments, Constraints, and Structure Calculations. The
HSQC spectrum of LR6* exhibits good chemical shift
dispersion in the presence of calcium, giving a single set of
resonances consistent with a unique, well-defined conforma-
tion (Figure 2A). All assignments have therefore been derived
from spectra acquired in the presence of saturating concen-
trations of calcium ion.

Constraint and structural statistics are summarized in Table
1. Sequential and medium-range NOE restraints along with
exchange-protected backbone amides are illustrated in Figure
2B. The greatest number of long-range NOE constraints
arises from residues Phe 220 and Ile 228 which form a small
central core of the module (Figure 2C). A total of 17 dihedral
angle constraints were derived from measurements of3JHNHA

coupling constants.
A total of 18 backbone amide protons are protected against

hydrogen exchange in LR6* (Figure 2D). Hydrogen bonding

partners were seen for nine amides in the initial structure
calculations, and explicit constraints for these amides were
added in the final refinement steps. Backbone amides of
residues 220-222 and 225-228, which define a short
antiparallelâ-sheet, are protected against exchange, as are
the backbone amides of residues 232 and 233, which are
the N-terminal residues of the 310-helix. Backbone amides
of residues 216 and 249 form hydrogen bonds across loops
near the N- and C-termini of LR6. Residues 243-247 in
the tightly packed calcium-binding region are also protected.

Description of the LR6* Structure. The 20 lowest-energy
structures of LR6* represent a single conformation (Table
1), with well-defined backbone coordinates between the first
and last cysteine residues of the module (Figure 3). After
final refinement in XPLOR, none of the models contain
violations of the experimental distance constraints of greater
than 0.37 Å (Table 1). None of the dihedral angle constraints
are violated by more than 5° in any of the final models. Of
the well-ordered residues (215-249), only Lys 241 falls in
a disallowed region of the Ramachandran plot.

Because the calcium-binding site of LR6* is highly
specific for calcium and does not accommodate other divalent
metals (S. C. Blacklow, unpublished results; see also ref27),
the geometry of the calcium-binding site of LR6* has been
modeled on the basis of the coordination site observed in
the LR5 crystal structure. From sequence alignment, the
oxygen atoms analogous to those coordinating calcium in
the LR5 structure have been constrained to specify an
octahedral geometry around the bound calcium atom in
LR6*. Thus, the carboxylate oxygens from D235, D239,
D245, and E246 occupy four of the coordination sites, and
the final two coordination sites are occupied by the backbone
carbonyl oxygens of residues R232 and E237 (Figure 4B;
see Materials and Methods).

We considered the possibility that the carbonyl group of
Tyr 238 (rather than that of Glu 237) participates directly in
coordination of the calcium ion. When a simulated annealing
model was calculated with the tyrosine carbonyl oxygen as
a calcium ligand, an acceptable calcium-binding site was
formed, all NOE constraints were accommodated within 0.5
Å, and the tyrosine ring was placed in position to account

FIGURE 3: (A) Energy-minimized mean structure of LR6*, with selected residues labeled as reference points. The position of the calcium
ion is indicated by a purple sphere. (B) Superposition of the 20 lowest-energy final calculated structures. Backbone atoms (blue) are illustrated
along with side chains of the isoleucine, phenylalanine, and cysteine residues (black). Disulfide bonds are in yellow. This figure was
prepared with the program MOLMOL (43, 44).
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for the observed upfield shift of the Leu 243 resonances.
However, this alternative model resulted in a strained local
geometry, in which both the XPLOR total energy increased
by >30 kcal and theφ andψ angles of Tyr 238 were placed
in a disallowed region of the Ramachandran map. Further-
more, the three-residue spacing between the conserved
aspartates of the sequence CDxZxDC (where Z corresponds
to the residue from which the calcium-coordinating carbonyl
group is derived in LR5 and CR8;28) is itself highly
conserved, suggesting that the calcium ligand is always the
carbonyl group from the central amino acid between the
aspartates. For these reasons, we strongly favor the model
in which the carbonyl group of Glu 237 is the calcium-
coordinating ligand.

Folding of Modules with FH Mutations.In the presence
of calcium under conditions permitting disulfide exchange,
wild-type LR6* folds predominantly to the native disulfide
isomer, whereas a distribution of non-native isomers pre-
dominate in the absence of calcium under otherwise identical
conditions (12).

Two FH mutations, E219K and D245E, were introduced
into LR6*, and were examined for the ability to fold to the
native disulfide-bonded isomer. Under conditions that result
in near-quantitative folding of LR6*, neither E219K nor
D245E folds to a predominant disulfide isomer after 48 h
(Figure 6). Indeed, the distribution of isomers is similar,
regardless of whether folding is attempted in the presence
of calcium (1 mM), in the absence of calcium (1 mM), or in
denaturant (6 M guanidine‚HCl; data not shown). Similar
results have been found previously for FH mutations in
LDL-A modules 5 (11) and 1 (29).

DISCUSSION

In total, more than 100 proteins that contain LDL-A
modules are present in the sequence database, including not
only members of the LDL receptor family but also compo-
nents of the complement cascade (30), G protein-coupled

receptors (31), and the receptor for Rous sarcoma virus type
A (32). Principles that underlie ligand recognition by the
LDL-A modules of the LDLR are likely to apply to the broad
range of family members that contain a similar composition
of extracellular modules.

OVerView of LR6* Structure. The backbone of LR6* is
well-defined for all residues between the first and last
cysteines of the module (Figure 3), and LR6* retains the
essential structural features observed in the crystal structure
of LR5 (10) and in the NMR structure of CR8 (28). These
conserved structural features include three disulfide bonds,
a short antiparallelâ-sheet, a single turn of 310-helix, and a
high-affinity calcium-binding site. The same global topology
is also seen in the NMR structures of LR1 (33) and LR2
(34), the structures of which were determined in solution
without explicit consideration of the calcium-binding site
(Figure 4A).

The LR6* structure (Figure 3) consists of two loops, which
define N- and C-terminal “lobes” of the molecule, connected
by the 310-helix at one end and by a disulfide bond between
the second and fifth conserved cysteine residues at the other.
The antiparallelâ-sheet, together with a disulfide bond
between the first and third conserved cysteines, serves as a
scaffold for the N-terminal lobe of the module. The C-
terminal lobe is organized around the bound calcium ion
(Figure 4B) and is also held together by a conserved disulfide
bond between the fourth and sixth cysteines. The coordina-
tion sphere of this bound calcium ion is well-modeled in
octahedral geometry, with four carboxylate oxygen atoms
from the conserved acidic motif in one plane and the two
carbonyl oxygen atoms completing the coordination sphere
at the apices.

The short antiparallelâ-sheet positions the conserved
hydrophobic residues (Phe 220 and Ile 228) into the interior
of the module. These conserved residues occupy similar
positions in the crystal structure of LR5, suggesting a critical
scaffolding role for these side chains in stabilizing the

FIGURE 4: (A) Comparison of backbone atomic coordinates for all LDL-A modules with published structures: green, LR1 of the LDLR
(33); gray, LR2 of the LDLR (34); pink, LR5 of the LDLR (10); orange, CR8 of the low-density lipoprotein receptor-related protein (28);
and blue, LR6*. (B) Comparison of the Ca2+ binding sites of LR6* (colored by atom type) and LR5 (pink). Coordinates of the structures
used for comparison were obtained from the Protein Data Bank (LR1, 1ldl; LR2, 1ldr; LR5, 1ajj; CR8, 1cr8). Structural comparisons were
performed using the program Insight II (MSI).
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N-terminal lobe of LDL-A modules (10). This notion is
consistent with the observation that the amide protons of
these residues are the ones most highly protected against
hydrogen exchange within LR6*.

LDL-A Modules Contain a ConserVed Surface Patch of
NegatiVe Electrostatic Potential. It is well established that
a positively charged region on the surface of the fourth helix
(35) of the N-terminal domain of apolipoprotein E (ApoE)
is required for binding of ApoE-containing particles to the
LDLR (36-38). The presence of a conserved acidic motif
within LDL-A (ligand-binding) modules thus led to the
proposal that electrostatic complementarity between receptor
and ligand is primarily responsible for lipoprotein binding

by the LDLR (1, 35, 39, 40). This suggestion was recently
challenged on the basis of the crystal structure of LR5,
because the conserved acidic motif appears primarily to play
a structural role in coordinating a bound calcium ion (10).

However, among the three LDL-A modules for which the
structure has been determined with explicit consideration of
the calcium-binding site, the most striking similarity is the
fact that there is a region of negative electrostatic surface
potential that surrounds this coordinated ion (Figure 5A-
F). Although the presence of the tightly bound calcium ion
attenuates the negative surface potential resulting from the
conserved acidic motif, it appears that the presence of the
bound ion serves to localize and arrange the negatively

FIGURE 5: (A-F) Molecular surfaces of the structures of LR5 (A and D), LR6* (B and E), and CR8 (C and F). The surface color is defined
by electrostatic potential (red, most negative, to blue, most positive), calculated as described in Materials and Methods. In panels A-C,
modules are illustrated in an orientation similar to that in Figure 3. In panels D-F, the modules are shown rotated 180° around the horizontal
axis. (G) Sequence variability of LDL-A modules, extracted from the HSSP database, mapped to the surface of LR6*. A sliding scale from
dark pink (conserved) to white (highly variable) is shown. This figure was prepared with the program GRASP (26).
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charged side chains that might otherwise repel one another.
The high degree of conservation of the residues that

comprise this negatively charged surface strongly suggests
that these electrostatic properties are an intrinsic feature of
most, if not all, LDL-A modules (Figure 5G). As a result,
the general preference of LDL-A modules for highly basic
ligands may indeed result from an electrostatic component
in ligand binding.

In contrast, the basis for ligand-binding specificity may
be derived from the unique surface features of individual
modules or strings of modules, rather than from the highly

conserved calcium-binding site. For example, the surface
contours of individual modules are markedly different (Figure
5A-F). In addition, it is likely that binding sites for many
specific ligands consist of composite surfaces specified by
two or more adjacent modules.

Analysis of LR6 FH Mutations.Two variants of LR6*,
identified originally as FH mutations, have been investigated
for their ability to form native disulfide bonds under
conditions that permit disulfide exchange. The first, E219K,
lies near the amino-terminal end of LR6* at a position that
is not conserved among LDL-A modules, whereas the
second, D245E, alters one of the aspartate side chains that
directly coordinate the bound calcium ion. After equilibration
at physiologic calcium concentrations, neither E219K nor
D245E folds to a unique disulfide isomer, indicating that
these FH mutations give rise to a protein-folding defect
(Figure 6).

From the LR6* structure, it appears that the E219K
mutation would disrupt a hydrogen bond that normally exists
between the side chain carboxylate of Glu 219 and the
backbone amide proton of Arg 216. The surprising observa-
tion that E219K interferes with calcium-dependent folding
of LR6* argues for cooperativity between the N- and
C-terminal lobes of the module in specifying the LDL-A fold.

The observation that the D245E mutation prevents proper
folding of LR6* strengthens previous claims (11, 27) that
calcium coordination is crucial for proper folding of all
LDL-A modules, and illustrates that even a subtle alteration
of this calcium-binding site is sufficient to disrupt folding
of LDL-A modules. Thus, it is likely that the D235G
mutation, which eliminates entirely one of the side chain
carboxylates of the calcium-binding site, will also prevent
proper folding of LR6*.

Other FH mutations within LR6 likely to prevent proper
module folding include those that alter five of the six cysteine
residues that form the three stabilizing disulfide bonds.
Similarly, the Q233P mutation, which immediately precedes
the conserved cysteine and aspartate at positions 234 and
235, respectively, is likely to disrupt the local backbone
geometry enough to interfere with proper folding. The
mechanism by which the S223Y and R232W mutations
might cause FH, however, remains unclear, especially given
that a tryptophan residue occupies the position corresponding
to R232 in four of the seven LDL-A modules of the LDLR.
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SUPPORTING INFORMATION AVAILABLE

Table of statistics for coordinate precision (i.e., rmsd to
mean for backbone and heavy atoms) for structures of LR6*
when H-bonds, calcium restraints, or both H-bonds and

FIGURE 6: Folding of ligand-binding module 6 (LR6*) of the LDL
receptor. (A) When LR6* is folded in the presence of calcium (see
Materials and Methods), a single predominant disulfide isomer is
formed (top). When calcium is omitted from the folding buffer, a
distribution of non-native isomers results (bottom). The E219K (B)
and D245E (C) point mutants of LR6*, both found in FH patients,
do not fold to a single disulfide isomer, even in the presence of
calcium. In each case, the distribution of isomers is similar in the
presence (top) or absence (bottom) of calcium.
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calcium restraints are omitted from the structure calculations
and a figure depicting the mean structure from each of these
ensembles and comparing these calculated structures with
the final reported mean structure (from Figure 3 of the main
body of the paper) in an overlay plot of the polypeptide
backbone. This material is available free of charge via the
Internet at http://pubs.acs.org.
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