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ABSTRACT: The low-density lipoprotein receptor (LDLR), the primary receptor for
cholesterol uptake, binds ligands through its seven LDL-A modules (LAs). We present nuclear
magnetic resonance (NMR) and ligand binding measurements on the fourth and fifth
modules of the LDLR (LA45), the modules critical for ApoE binding, at physiological pH.
Unlike LA5 and all other modules in LDLR, LA4 has a very weak calcium affinity, which
probably plays a critical role in endosomal ligand release. The NMR solution structure of each
module in the LA45 pair only showed minor differences compared to the analogous domains
in previously determined crystal structures. The 12-residue linker connecting the modules,
though slightly structured through an interaction with LA4, is highly flexible. Although no
intermodule nuclear Overhauser effects were detected, chemical shift perturbations and
backbone dynamics suggest cross talk between the two modules. The ligand affinity of both modules is enhanced when the two
are linked. LA4 is more flexible than LA5 and remains so even in the module pair, which likely is related to its weaker calcium
binding affinity.

The low-density lipoprotein receptor family is critical for
the uptake of cholesterol-containing lipoprotein particles.

The best-characterized of these is the low-density lipoprotein
receptor (LDLR), which contains seven LDL-A (LA) modules
that mediate ligand interactions (Figure 1).1 Once ligand

binding occurs, the receptor−ligand complex is endocytosed
and ligand is released. Upon endocytosis, the lower pH within
the endosome triggers an intramolecular interaction between
the LA modules and the β-propeller domain causing ligand
release by way of displacement.2 However, the significantly
lower pH and calcium ion concentration within the endosome
have also been suggested to promote ligand release
independent of this displacement mechanism.3

The structures of several LA modules from LDLR and
related receptors have been determined by both X-ray
crystallography2,4−6 and nuclear magnetic resonance
(NMR).7−9 All of these share a conserved disulfide pattern
and a calcium binding site,10,11 resulting in a common fold. The

specificity of ligand binding is thought to be determined mainly
through exposed nonconserved residues.1 Each module is
linked to its neighbor by a four- or five-residue linker, except for
the fourth (LA4) and fifth (LA5) LDLR modules, which have a
12-residue linker. It is believed that LA modules behave in a
manner independent of their neighbors like beads on a
string.12−15

The LA modules in LDLR have a high affinity for several
physiological ligands, including apolipoprotein E (ApoE)-
containing β-VLDL particles.16 Ligand binding assays with
recombinant LDLR from which single modules were deleted
showed that LA5, and to a lesser extent LA4, were the key
modules for mediating β-VLDL binding.17 The same study
showed that deletion of the extra long linker between LA4 and
LA5 can affect the binding of certain ligands. The LA45 module
pair was later shown to be the minimal unit of LDLR to bind β-
VLDL-mimicking ApoE·dimyristoylphosphatidylcholine
(DMPC) particles in vitro.18 The order of these critical
modules is also important as swapping the position of LA5 in
LDLR also impaired ligand binding.19

The structures of LA5 at low pH, LA34 complexed with
domain 3 of the receptor-associated protein (RAP), and the
entire LDLR at endosomal pH have been determined,2,4,6 but
the structure and behavior of LA45 at physiological pH,
presumably the form that binds ApoE, remain elusive.20 Here
we report the NMR structure, calcium binding properties, and
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Figure 1. Schematic diagram of the LDL receptor with ligand binding
modules (circles), EGF-like repeats (ovals), the β-propeller domain
(open rectangle), and the transmembrane domain (filled rectangle).
The sequence of LA45 with the linker (bold) is also shown with
residues numbered according to the mature protein sequence with
bold lines indicating disulfide bonds.
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backbone dynamics of the LA45 module pair revealing some
unique properties of this critical module pair.

■ METHODS
Protein Expression. LDLR LA fragments were cloned,

expressed, purified, and refolded as described previously.21

Constructs containing LA4 were further purified by reverse
phase HPLC [DELTA-PAK column, 300 mm × 19 mm (inside
diameter), 15 μm, 300A C18 (Waters)] in 10 mM NH4OAc
(pH 5.5) containing 5 mM CaCl2 with a linear acetonitrile
gradient (10 to 50%) at a rate of 10 mL/min. For calcium
binding studies, LA constructs were repurified with a 10 to 50%
acetonitrile gradient using 0.1% trifluoroacetic acid (TFA) to
remove calcium ions. Proteins were lyophilized and stored at
−20 °C. Masses of the final proteins were confirmed by
MALDI-TOF (Voyager DESTR, Applied Biosystems) mass
spectrometry. Size exclusion chromatography indicated that the
refolded proteins were monomeric.
All of the LDLR ligands were prepared as ubiquitin fusions

because this aided in the solubility of ApoE(130−149). A
ubiquitin (Ub) fusion vector was generated by cloning the
DNA sequence for ubiquitin into the NcoI and BamHI sites of
vector pHis8.22 RAPD3 (residues 252−357) was introduced
between the BamHI and NotI sites to generate a His8-Ub-
RAPD3 construct. The same strategy was used to generate
His8-Ub-ApoE(130−149). A stop codon was inserted at the C-
terminal end of Ub to generate a His8-Ub construct that was
used to prepare free Ub as a negative control ligand. Proteins
were produced in BL21-DE3 cells, grown in LB to an OD600 of
0.5, and induced with 0.1 mM isopropyl β-D-thiogalactopyrano-
side (IPTG) for 4 h at 37 °C. Cells were harvested,
resuspended in TBS [50 mM Tris (pH 8.0) and 500 mM
NaCl], and lysed by sonication, and the protein was purified by
Ni-NTA (Qiagen) and size exclusion (Sephadex 75, GE
Healthcare) in 20 mM Hepes (pH 7.45), 150 mM NaCl, 10
mM CaCl2, and 0.02% azide. For Ub-ApoE(130−149), an
additional cation exchange step (MonoS, GE Healthcare) using
a gradient from 0 to 750 mM NaCl was necessary prior to size
exclusion.
Isothermal Titration Calorimetry (ITC). Calcium binding

titrations were performed on a MicroCal VP-ITC calorimeter at
35 °C. Dried protein was resuspended (250 μM) in Chelex
(Bio-Rad)-treated buffer [20 mM Hepes (pH 7.4), 150 mM
NaCl, and 0.02% azide]. Each protein was titrated with 2.5 mM
CaCl2 in the same buffer. LA4 titration was repeated using 5
mM CaCl2, at pH 7.4 and also at pH 5.2. Data were fit in
Origin 6.0 (OriginLab).
NMR. NMR experiments were conducted at 33 °C on a 600

MHz Bruker AvanceIII spectrometer equipped with a cryop-
robe. Dried proteins were dissolved to a final concentration of
0.7−1 mM in 20 mM d18-Hepes (Cambridge Isotope
Laboratories) (pH 7.45), 150 mM NaCl, 5 mM CaCl2, 10%
D2O, and 0.02% sodium azide. Backbone resonances were
assigned via CBCA(CO)NH,23 CBCANH,24 and HNCO.25

Side chain assignments were made with (H)CC(CO)NH,26

three-dimensional (3D) 15N-separated NOESY-HSQC (200
ms mixing time),27 3D 13C−15N-separated HMQC-NOESY-
HSQC [e.g., (H)CNH NOESY, 200 ms mixing time], 3D
HCCH TOCSY,28 3D HCCH COSY,29 and 3D 13C-separated
NOESY-HSQC (200 ms mixing time)30 spectra. The protein
was dried and resuspended in 100% D2O (Cambridge Isotope
Laboratories) twice, prior to HCCH COSY, HCCH TOCSY,
and HCCH NOESY experiments. Spin systems for residues not

visible in amide-resolved experiments were assigned via the 3D
HCCH-TOCSY and 3D HCCH-COSY spectra and con-
nectivity established with NOESY spectra. Spectra were
processed with either NMRpipe31 or Azara 2.7 (W. Boucher,
Department of Biochemistry, University of Cambridge, Cam-
bridge, U.K.) using maximum entropy reconstruction for the
indirect dimensions in 3D experiments and analyzed with
Sparky.32 RDCs for NH vectors were measured in HSQC-IPAP
experiments33 via comparison of an unaligned sample of 0.2
mM LA45 versus an identical sample containing 10 mg/mL pf1
phage (Asla Biotech).
Structural Refinement. Peak lists from 13C NOESY, 15N

NOESY, and HCN-NOESY (200 ms mixing time) spectra were
analyzed with Aria2 for iterative NOE assignments;34 50
dihedral angle restraints were obtained from analysis of NH, H,
Hα, CO, Cα, and Cβ chemical shifts using TALOS,35 and 36
restraints to mimic the calcium coordination were added as
described previously.9 Hydrogen bond donors (six) were added
on the basis of protection in H−D exchange experiments, and
acceptors identified from initial structures. The six disulfide
restraints were initially set as distance restraints and later set as
covalent bonds. Manually assigned NOEs (112) involving the
linker region were used as additional restraints. Rhombic and
axial components of the alignment tensor (0.49 and 6.7,
respectively) were estimated with the maximum likelihood
approach,36 and RDC values were included as susceptibility
anisotropy (SANI) restraints with an error estimate of 0.4 Hz.
Twenty structures from initial refinement with no NOE (>0.5
Å) or dihedral (>5°) violations were further refined using the
distance geometry simulated annealing protocol in CNS 1.2,37

with bona fide calcium restraints.38 Root-mean-square devia-
tions (rmsds) were calculated with Superpose 1.0.39 NMR
assignments and relevant data have been uploaded to BMRB
(entry 16480), and coordinates have been deposited in the
Protein Data Bank (PDB) as entry 2lgp. The figures were made
using Pymol.40

Backbone Dynamics. Uniformly 15N-labeled samples in
the same NMR buffer were used to collect 15N−{1H} NOEs
and 15N T1 and T2 relaxation measurements at 33 °C.
Relaxation measurement delays ranged from 5 ms to 3 s (T1)
and from 14 to 182 ms (T2). Spectra with and without
presaturation to determine the 15N−{1H} NOEs were recorded
in an interleaved manner with a 6 s recycle delay. T1 and T2
relaxation measurements were fit to exponentials, and errors
were obtained from the uncertainty of the fit and from
occasional duplicate points yielding similar uncertainties. The
15N−{1H} NOEs were calculated from the ratio of peak heights
in duplicate, and errors are the standard deviations. For H−D
exchange experiments, 0.4 mM 15N-labeled samples in the same
NMR buffer were dried and resuspended in either 10% D2O or
100% D2O, and a series of 1H−15N HSQC spectra were
recorded from 15 min to 2 h at 25 °C. Data were processed
with NMRpipe31 and analyzed with Sparky.32 Tensor 2.0 was
used for model free fitting of relaxation data with 100 cycles of
Monte Carlo simulations for error analysis.41 Theoretical
correlation times based on atomic coordinates were calculated
with HYDRONMR.42 An atomic element radius (5.2 Å) was
found to predict the observed value for LA5 (predicted value of
3.66 ns vs measured value of 3.68 ns) and was used for
subsequent calculations on all constructs.
Ligand Titrations. Dried 15N-labeled LA modules (40

nmol) were resuspended in 400 μL of either 0.5 mM ubiquitin
or Ub-RAPD3. The samples were mixed in ratios to yield
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several concentrations of RAPD3 between 0 and 500 μM, and
each was monitored by 1H−15N HSQC. Ub-ApoE(130−149)
titrations were conducted in the same manner but with higher
concentrations of titrant (>1 mM). The chemical shifts were
analyzed as a function of titrant concentration in both
dimensions, with 15N shifts scaled down by the 1H/15N
gyromagnetic ratio (9.8). KD values and errors were calculated
as described previously.21,43

■ RESULTS
Refolding of LA4. The LDLR LAs each contain six

cysteines that form three disulfide bonds, and it was therefore
necessary to produce them in Escherichia coli in an unfolded
state and refold them under disulfide exchange conditions.4

Unlike LA5 and LA3, LA4 did not efficiently refold to one
disulfide-bonded isomer, in agreement with previous observa-
tions.13 LA4 was isolated as a single peak by analytical HPLC
with the expected mass, but the 1H−15N HSQC spectrum
showed more than the expected number of cross-peaks (56 and
41), indicating heterogeneity. Reverse phase HPLC purification
in ammonium acetate at pH 5.5 with 5 mM CaCl2 resolved
three species of LA4 (Figure 2A). Because the mass of each

species was that expected for LA4 (measured value of 5118.7 ±
3 Da vs theoretical value of 5120.9 Da), it was likely that
distinct disulfide bond isomers were present. Only the earliest
eluting, major peak had a dispersed HSQC spectrum with even
line shapes, reflective of a well-folded protein (Figure 2B).
Refolding of the tandem constructs of LA45 and LA345
resulted in similar amounts of misfolded species, suggesting
that contact with neighboring modules did not assist in the
proper refolding of LA4.
Calcium Binding. The calcium affinity of each module was

measured by ITC. The binding isotherms of LA3 and LA5
showed strong binding to a single calcium ion with
thermodynamic properties similar to those described in
previous reports (Figure 3A,C).5 However, LA4 reproducibly
yielded a hyperbolic curve corresponding to a significantly
weaker calcium affinity [KD = 163 μM (Figure 3B and Table
1)], weaker than that of any module tested to date.5,15,44,45 This
result was consistent with the observation that HSQC spectra
of LA4 showed the best dispersion and line widths at calcium
concentrations of ≥5 mM. Titrations with LA4 were repeated
at pH 5.2, and calcium affinity was even weaker, with a KD of
546 μM (Figure 3D).

To test whether calcium binding of LA4 would be different
when it was connected to LA5, as it is in the full-length LDLR,
we also tested calcium binding to LA45. The calcium binding
isotherm of LA45 showed strong binding to only a single
calcium ion (Figure 3E). Thermodynamic parameters from
fitting to a two-site model were consistent with one calcium ion
binding to LA5 with high affinity, and the second binding with
weak affinity to LA4. Because of the weak binding isotherm, the
thermodynamic parameters for the second calcium binding
event could not be determined with a high degree of certainty.
Structure of LDLR LA45. The structure of LA45, refolded

and purified under native HPLC conditions, was determined by
NMR at pH 7.4. HSQC spectra of LA45 compared to those of
each isolated module showed only weak perturbations resulting
from linkage (Figure 5A and Figure S1 of the Supporting
Information). While some of these chemical shift differences
were not proximal to the linker, the result suggested that each
module was structured independently. No changes in peak
width or position were observed over a range of concentrations
from 0.1 to 1.0 mM, indicating no significant self-association
occurred under these experimental conditions. 3D 15N-
separated NOESY-HSQC, 3D 13C-separated NOESY-HSQC,
and 3D 13C−15N-separated HMQC-NOESY-HSQC [(H)CNH
NOESY] spectra were analyzed with Ambiguous Restraint for
Iterative Assignment (ARIA2), yielding a total of 2453 NOE-
based distance restraints (1850 unambiguous and 603
ambiguous). Amide cross-peaks for residues 171−174 were
not observed, and only weak NOEs were observed for this
region in the 3D 13C-separated NOESY-HSQC spectrum.
Residual dipolar couplings (RDCs) (55) were obtained from
the difference in dipolar coupling between aligned and
unaligned samples from HSQC-IPAP experiments. Additional
restraints for final structural calculations included 50 chemical
shift-derived dihedral restraints (TALOS), 12 calcium binding
restraints, six hydrogen bonds, and six disulfide bonds (see
Methods and Table 2).
The superposition of the 20 lowest-energy structures on

either LA4 or LA5 (Figure 4) showed the structure of each
module was well resolved, with backbone rmsds of 0.38 Å for
LA4 and 0.28 Å for LA5 (Table 2). No NOEs were observed
between the two domains; however, NOEs were observed
between linker residues R164−Y167 and LA4. Although this
constrained the N-terminal half of the 12-residue linker, the C-
terminal part of the linker remained ill-defined, resulting in
diverse interdomain orientations within the ensemble. RDCs fit
to each LA45 structure within the ensemble using PALES46

gave a correlation between experimental and theoretical values
of >0.9, indicating that although highly variable, each relative
domain orientation was consistent with the RDC data.
Backbone Dynamics. NMR dynamics measurements

were used to investigate whether intrinsic dynamics of these
modules changes in the context of the linked module pair. H−
D exchange experiments with LA45 conducted at pH 7.4
identified several amides in LA5 (E180, F181, C183, S185,
I189, W193, R194, C195, D196, D200, C201, S205, D206, and
E207) that were protected for hours, whereas all amides in LA4
were exchanged within minutes. R1 and R2 relaxation rates and
15N−{1H} NOEs were measured for LA4, LA5, and LA45
under identical conditions (Figure S2 of the Supporting
Information). R2 relaxation rates for LA4 were higher than
for LA5 (averages of 7.5 and 6.0 s−1, respectively), suggesting
the presence of chemical exchange within LA4. Order
parameters (S2) from model free fitting also show LA4 as

Figure 2. (A) Overlay of the analytical HPLC traces of purified LA4 in
either 0.1% TFA (blue) or 10 mM NH4OAc (pH 5.5) with 5 mM
CaCl2 (red). (B) Overlay of the HSQC spectra of LA4 after
conventional HPLC purification (green) or after HPLC purification
under native (calcium bound) conditions (gold).
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being overall less ordered than LA5 (Figure 5B). Estimates of
the rotational correlation time from R2/R1 indicate that the
module pair undergoes a degree of correlated tumbling (4.4 ±
0.8, 3.7 ± 0.6, and 7.6 ± 0.9 ns for LA4, LA5, and LA45,

respectively). Comparison of the order parameters of the
isolated modules with that of the tandem LA45 revealed that
regions of the calcium binding site in both LA4 (residues 145−
151) and LA5 (residues 196−202) are more ordered in the
module pair (Figure 5B). Although most linker amides showed
significant exchange broadening making it impossible to obtain
relaxation data for this region, the 15N−{1H} NOEs for
residues 166−170 in the N-terminal half of the linker were
much higher than in LA4 alone, indicating a significant degree
of ordering of the first part of the linker in the domain pair
(Figure S2 of the Supporting Information). The 15N−{1H}
NOEs decrease from the N-terminal to the C-terminal residues
of the linker, and the C-terminal half appears to retain a high
degree of flexibility.
Specific dynamic changes arising from interdomain con-

nection were similar to the observed chemical shift
perturbations arising from linkage. In the case of LA5, several
amides showing large chemical shift perturbations upon linkage
(H182, E187, G198, and D200) also show significant
differences in S2 parameters and 15N−{1H} NOEs (Figure 5B
and Figure S2 of the Supporting Information).
RAPD3 and ApoE(130−149) Binding. Ligand titrations

were used to characterize binding of RAPD3 to each single

Figure 3. Calcium binding isotherms for (A) LA3, (B) LA4, (C) LA5, and (D) LA4 at pH 5.2 and (E) LA45 at pH 7.4.

Table 1. Binding Affinities of Calcium and Ligands for
LDLR Fragment Pairs

ligand LA KD (μM)

calciuma LA3 alone 16 ± 0.25
LA4 alone 173 ± 14
LA5 alone 0.76 ± 0.05
LA4 (in LA45) 763 ± NDc

LA5 (in LA45) 0.74 ± 0.04
LA4 (pH 5.2) 546 ± 16

RAPD32 LA4 alone 49 ± 3
LA5 alone 670 ± 26

ApoE(130−149)b LA4 alone 1090 ± 90
LA4 in LA45 405 ± 41
LA5 alone 3880 ± 290
LA5 in LA45 730 ± 160

aFrom isothermal titration calorimetry experiments. bFrom NMR
titration experiments. cUncertainty very high because of the weak
binding isotherm.
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module and to LA45 using Ub-fused RAPD3 and Ub alone as
the negative control (see Methods). HSQC spectra showed
specific chemical shift perturbations within LA4 and LA5 upon
binding of Ub-RAPD3 (Figure S3 of the Supporting
Information). The strongest shifts in LA45 (L143, D149,
E158, H190, S192, G198, and side chain ε1 of W144 and
W193) were consistent with those seen in titrations with the
individual modules. The affinities of LA4 and LA5 for Ub-
RAPD3 calculated from these titrations yielded KD values of 49
and 670 μM, respectively (Table 1). LA45 was fully bound even
at a 1/1 ratio with Ub-RAPD3, indicative of significantly tighter
binding, as expected for the interaction of the two-module
pair.47 Furthermore, LA45 remained bound to Ub-RAPD3
through size exclusion chromatography in a calcium-dependent
manner, as seen previously with the LA34·RAPD3 complex.6

NMR titrations of Ub-ApoE(130−149) with each isolated
module and the module pair were also performed. Perturba-
tions for binding of Ub-ApoE(130−149) to the isolated LA4
and LA5 were essentially the same as those observed upon Ub-
RAPD3 binding (Figure S4 of the Supporting Information).
The perturbations were also the same upon titration of the
linked module pair (Figure 5C); however, the binding affinity
of both LA4 and LA5 was dramatically enhanced in the double-
module construct (405 μM vs 1090 μM for LA4 and 730 μM vs
3880 μM for LA5) (Figure 6 and Table 1). Notably, the two
modules in the LA45 pair have a very distinct KD, well outside
of the error, suggesting that each module binds a separate
molecule of Ub-ApoE(130−149).

■ DISCUSSION

Structural Similarity of LA Modules. The structures of
each individual module in LA45 are similar to the previously
determined structures. The all atom rmsd of LA4 determined
here compared to LA4 in the LA34·RAPD3 complex was 1.74
Å,6 and that for LA5 compared with the crystal structure of LA5
was 1.85 Å.4 Larger structural differences were seen when
comparisons were made to the endosomal LDLR structure
(Figure 7).2 The structural differences in the loop containing
H190 (LA5) are likely attributed to the interaction of these
regions with the β-propeller domain.2 This same region
undergoes one of the largest chemical shift perturbations
upon ApoE(130−149) binding, strengthening the notion that
they are involved in the ApoE−LDLR interaction.21,48

Linker between LA4 and LA5. Across species, evolution
has conserved the length (12−14 residues) of the linker
between LA4 and LA5 without conservation of any specific
residues, which is typically seen for flexible linkers (Figure S5 of
the Supporting Information). Truncation of this linker
significantly alters the interaction with LDL particles, hinting
that it may be required for the two modules to access distant
epitopes on ligands such as multiple copies of ApoE on a
lipoprotein surface.17 The ApoE-binding pair of modules, 5 and
6, from the very low-density lipoprotein receptor (VLDLR),

Table 2. NMR Structural Statistics

no. of NMR constraints
distance constraints 2453

intraresidue 389
sequential (|i − j| = 1) 499
medium-range (|i − j| < 4) 424
long-range (|i − j| > 5) 538
ambiguous 603

hydrogen bonds 6
dihedral angle restraints 50
residual dipolar coupling restraints 55

structural statistics (20 structures)
rmsd from idealized covalent geometry

bond lengths (Å) 0.0016 ± 0.00013
bond angles (deg) 0.3290 ± 0.02219
impropers (deg) 0.2044 ± 0.02155

rmsd from distance constraints (Å) 0.0414 ± 0.00359
rmsd from dihedral angle constraints (deg) 0.6222 ± 0.70447

coordinate precision
average pairwise rmsd (residues 127−163) (Å)
(LA4)

all backbone atoms 0.38 ± 0.11
all heavy atoms 0.58 ± 0.13

average pairwise rmsd (residues 176−210) (Å)
(LA5)

all backbone atoms 0.28 ± 0.13
all heavy atoms 0.51 ± 0.15

Ramachandran plot statistics (residues 127−163 and
176−210) (%)

most favored regions 64.4
additionally allowed regions 30.7
generously allowed regions 4.6
disallowed regions 0.2

Figure 4. Superposition of the 20 lowest-energy structures of LA45
with LA4 (purple), linker (orange), LA5 (blue), and calcium ions
(yellow spheres). Structures are aligned with either residues 127−163
of LA4 (top) or residues 176−210 of LA5 (bottom).
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also have a longer linker (nine residues),52 but the sequence of
this linker is conserved. It will be interesting to see whether
LA56 in VLDLR shows similar dynamic properties.
Interdomain Cross Talk. It is not uncommon that weak

interdomain interactions govern relative orientations even in
the absence of any observable interdomain NOEs.53,54 LA12
showed a preferred perpendicular orientation despite the
absence of NOEs between the two domains, and the larger τc

of LA5 (2.8 ns) in LA56 (4.6 ns) was attributed to spatial
occlusion.14,55 The τc of LA5 in LA45 was also considerably
longer (7.6 ns vs 3.7 ns) possibly because of similar spatial
occlusion, which is remarkable because the linker for LA45 is 3
times longer than that between LA5 and LA6. HYDRONMR
calculations predict a τc of 9.2 ± 0.9 ns for the LA45 ensemble,
still larger than the observed value of 7.6 ns, again consistent
with some but not complete restriction of the interdomain
orientation. In an attempt to resolve the LA4−LA5 relative
domain orientation ambiguity, we collected RDCs on the
LA4−LA5 domain pair. Although the possible orientations are
somewhat confined, mostly because of the restrains to the N-
terminal half of the linker, the RDC restraints were consistent
with a range of domain orientations. Together with the absence
of interdomain NOEs, this result suggests that LA45 does not
form rigid interdomain contacts, with only transient inter-
actions limiting its domain motions.
Functional Consequences for Ligand Binding. Both

NMR and cryo-EM studies have shown that many LA modules
act as isolated units, and it has been suggested that this provides
flexibility to bind a diversity of ligands.12−15,55 Despite the long,
relatively flexible linker connecting them, the LA45 modules
appear to be influenced by the presence of their neighbors.
Weak intermolecular effects had been previously observed for
module pairs, 55 but consequences of this type of cross talk have
not yet been examined. Here we present evidence that ligand
affinity correlates with the effects of the observed intermodule
cross talk.
Our previous functional studies showed that LA4 primarily

interacts with the canonical ApoE receptor binding region
[ApoE(130−149)].21 The backbone dynamics of LA4
presented here show changes at residues 142−152, residues
critical for ApoE binding, when linked to LA5 (Figure 5B). It is
likely that these effects are at least partly responsible for the
observed enhancement of ApoE(130−149) binding by the
module pair as compared to that with isolated LA4. The same
titrations showed that linkage also leads to changes at the LA5
ligand binding site as well, although ApoE(130−149) may not
represent the relevant binding partner as LA5 is thought to
bind a distinct epitope involving ApoE residues 186−193.21
Interestingly, the modules in both LA12 and LA56 undergo
minor chemical shift perturbations when linked,13,15 and weak
interdomain cross talk may be occurring in these module pairs,
as well.
Functional Consequences of the Weak Calcium

Affinity of LA4. LA4 exhibited the lowest affinity for calcium
compared to all other members of this class of protein
modules.45 Calcium binding to LA4 has only previously been
tested using a four-repeat construct, LA3456,18 in which the

Figure 5. (A) Chemical shift differences (1H and 15N; see Methods)
between LA45 and each isolated module. (B) Order parameters (S2)
obtained from model free fitting of relaxation data for LA45 (black)
and isolated LA4 and LA5 (gray) (R1, R2, and

15N−{1H} NOE are
shown in Figure S2 of the Supporting Information). (C) Chemical
shift perturbations of LA45 (black) and both isolated modules (gray)
upon binding ApoE(130−149). Residues showing the largest changes
are labeled.

Figure 6. Titration fits of Ub-ApoE(130−149) binding isolated LA4
(○), isolated LA5 (□), LA4 in LA45 (●), and LA5 in LA45 (■).
Plots are sum total of the magnitude of the perturbations (in parts per
million) plotted vs ApoE(130−149) concentration.

Figure 7. Root-mean-square deviations (backbone only) of the
structure of LA45 determined here by NMR at physiological pH
compared to the structure of LA45 from the crystal structure of the
LDLR at endosomal pH from PDB entry 1ND7 (gray). LA4 from
PDB entry 2fcw and LA5 from PDB entry 1ajj (black).
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weak binding isotherm of this particular module is likely to be
miniscule, just as we observed in LA45. Because LA modules
depend on calcium coordination for their native fold,11 the
weak calcium affinity may be the reason this repeat refolds
poorly13 and may be related to the higher backbone dynamics
in LA4 compared to those in LA5 and other repeats. However,
LA1 and LA2, which have similar affinities for calcium, have
very different backbone dynamics.8,13,14 Another possibility is
that the octahedral geometry for the calcium binding site in
LA4 is distorted, possibly by P150. A Pro at this position is rare
among LA modules in the LDLR family. In the case of LA5,
G198 may offset the distortion imposed by P199 (at the
equivalent position of P150) to allow for a more favorable
calcium binding geometry.
The weak calcium affinity of LA4 may have functional

relevance regarding ligand release. Calcium ion occupancy is
necessary for LDL modules to bind ligands.11 LA4 would be
more than 90% calcium-bound at serum calcium ion levels of
∼2 mM;49 however, at an endosomal calcium ion concentration
of 10 μM,50 it would be only 5% bound. The acidic
environment in the endosome further reduces the affinity,
resulting in a calcium ion occupancy for LA4 near zero, which
would cause or at least contribute to ligand release. These
results are consistent with the recent model in which both low
pH and low Ca2+ concentration trigger LDL release3 but
indicate that LA4 rather than LA5, as suggested previously,51 is
the critical module that triggers ligand release in the endosome.
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