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the cell surface, while LDL continues to the lysosomes 
where it is degraded. If the cargo fails to release, the entire 
complex undergoes lysosomal degradation, profoundly 
depleting receptors from the cell surface over time ( 3–6 ). 
LDL binding and release by LDL-R is essential to maintain 
healthy plasma lipoprotein levels; patients with familial hy-
percholesterolemia (FH) as a result of mutations in LDL-R 
present with elevated plasma LDL levels, premature 
atherosclerosis, and attendant heart disease ( 1, 7 ). 

 LDL-R EXTRACELLULAR DOMAIN 

 The extracellular domain of LDL-R contains seven 
cysteine-rich repeats (R1–R7, also called LA1–LA7), two 
epidermal growth factor (EGF)-like repeats (EGF-A and 
EGF-B), a  � -propeller domain, and a third EGF-like repeat 
(EGF-C) tethered to the cell surface by a single transmem-
brane segment ( 8–10 ). Each cysteine-rich repeat ( � 40 
amino acids) contains two loops (or lobes) stabilized by 
three disulfi de bridges and one Ca 2+  ion ( 11 ). The side 
chains of Asp196, Asp200, Asp206, and Glu207 and the 
carbonyl oxygens of Trp193 and Gly198 coordinate the 
Ca 2+  ion within R5, a cysteine-rich repeat essential for all 
lipoprotein binding ( 11 ). The analogous Ca 2+ -binding 
residues in R4, Asp147, Asp151, Asp157, and Glu158 pro-
vide side chains, and Trp144 and Asp149 provide back-
bone carbonyl oxygens. 

 LDL-R is thought to adopt a compact closed conforma-
tion at acidic pH and an elongated open conformation at 
neutral pH. Size exclusion chromatography and analytical 
ultracentrifugation studies show that LDL-R has a much 
larger hydrodynamic radius at neutral pH than at acidic 
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 LDL-R FUNCTION   

 The LDL receptor (LDL-R) plays a crucial role in 
lipoprotein and cholesterol metabolism in the liver ( 1 ). 
LDL-R binds LDL at neutral pH on the cell surface of 
hepatocytes. The ligand-receptor complex internalizes 
through receptor-mediated endocytosis at clathrin-coated 
pits, releasing its cargo in the endosomes upon exposure 
to acidic pH ( 2 ). After ligand release, LDL-R recycles to 
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to acid-mediated ligand release and accompany their li-
gand to the lysosomes ( 3–6 ). Since the structure determi-
nation of LDL-R, mutagenesis studies have shown that the 
 � -propeller domain is required for ligand release ( 6, 24 ) 
and that replacement of individual or multiple histidines 
of a three histidine cluster found at the R4, R5,  � -propeller 
interface (H190, H562, and H586) disrupts ligand release 
( 6, 14, 24, 15 ). Three different models of LDL release have 
been proposed: at acidic pH, the regions surrounding the 
Ca 2+ -binding sites of R4 and R5 prefer to interact intramo-
lecularly with the  � -propeller instead of LDL promoting 
release (model 1) ( 12, 13 ); at acidic pH, the  � -propeller 
docks onto the regions surrounding the Ca 2+ -binding sites 
of R4 and R5 causing allosteric release of LDL, which is 
bound elsewhere (model 2) ( 14 ); or, lastly, acidic pH re-
sults in loss of Ca 2+  ions from the cysteine-rich repeats of 
LDL-R causing LDL to release (model 3) ( 25 ). Two issues 
lie at the heart of the controversy: the exact binding site of 
LDL on LDL-R and the mechanism by which acidic pH 
mediates LDL release. 

 SCOPE OF THIS STUDY 

 We embarked on structure-based mutagenesis of LDL-R 
to probe the effects of single amino acids on LDL binding 
and release. We focused on residues that appear impor-
tant to maintain the closed conformation of LDL-R seen 
in the crystal structure at acidic pH and examined their 
effect on LDL binding and release. Our panel of mutants 

pH ( 12–16 ). Furthermore, the fragment R1-R4 associates 
with the rest of the molecule in solution at pH 6, but not 
at pH 8 ( 12, 13 ). In the crystal structure at pH 5.3, LDL-R 
kinks between R7 and EGF-A, closing the molecule back 
on itself enabling R4 and R5 to dock with their Ca 2+ -bind-
ing sites on the surface of the  � -propeller (  Fig. 1  )  ( 12 ). 
Taken together, biophysical and structural data suggest 
that at neutral pH, LDL-R is in a binding-competent con-
formation as an elongated molecule, but at acidic pH 
adopts a compact conformation compatible with LDL 
release. 

 LDL-R LIGAND BINDING AND RELEASE 

 LDL-R binds LDL with 1:1 stoichiometry, interacting 
with apolipoprotein B (apoB), the sole 550 kDa protein of 
LDL ( 17 ). The extent of the interactions between LDL-R 
and LDL and the residues mediating binding are not 
known, although the modules R3-R7 are critical ( 18–20 ). 
According to one model, negatively charged residues sur-
rounding the Ca 2+  ions in the cysteine-rich repeats bind 
two stretches of positively charged residues on apoB in 
LDL and a related protein apoE on VLDL ( 11, 21–23 ). 
However, according to another model, negatively charged 
residues far away from the Ca 2+ -binding sites mediate LDL 
binding ( 14 ). Release of lipoprotein particles requires the 
EGF-precursor homology domain (Gly293-Thr692). Re-
moval of these residues produces receptor variants that 
still bind ligand and undergo endocytosis but are resistant 

  Fig.   1.  Extracellular domain of LDL-R at pH 5.3. The extracellular domain of LDL-R contains two do-
mains, an N-terminal ligand-binding domain (R1-R7) and a C-terminal EGF-precursor homology domain 
(EGF-A-EGF-B- � -propeller-EGF-C). Subdomains visible in the crystal structure are labeled, and Ca 2+  ions 
are shown as red spheres. R2–R7 do not interact with each other, except via their linkers, unlike the mod-
ules EGF-A, EGF-B, the  � -propeller, and EGF-C that form a rigid assembly stabilized by interactions between 
the modules ( 12 ). A close-up of the residues mediating the interface between R4, R5, and the  � -propeller 
is shown in ball-and-stick representation (oxygen, red; nitrogen, blue; Ca 2+ , maroon; carbon atoms in R4, 
pink, and in R5, red;  � -propeller, cyan). Five salt bridges and numerous hydrophobic interactions stabilize 
the interface. The 12 mutations designed to probe LDL binding and release in this study are indicated in 
the structure.   
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Tris, pH 8, 2 mM CaCl 2 , 0.5% BSA, or 50 mM Tris, pH 8, 20 mM 
EDTA, and 0.5% BSA. Individual wells were counted for 5 min in 
a Cobra II auto  �  counter (Packard). Specifi c binding was calcu-
lated as I 125 -LDL bound in presence of Ca 2+  minus I 125 -LDL bound 
(nonspecially) in the presence of EDTA. Each data point was per-
formed in triplicate. Binding data were processed and plotted 
using Prism 3 (Graphpad Software). 

 Solid phase release assay (pH curve) 
 HL1 and receptors were coated and washed as described for 

the binding assay. Wells were then incubated for 3 × 10 min in 
Buffer A, 1% BSA, and 2 mM CaCl 2  to render calcium-containing 
receptors or with buffer containing 20 mM EDTA instead of 
CaCl 2  to render calcium-free receptors. Wells were incubated 
with 18.2 nM I 125 -LDL (10  � g/ml) for 1 h at 4°C in Buffer A + 1% 
BSA containing 2 mM CaCl 2  or 20 mM EDTA. Unbound I 125 -LDL 
was removed by suction and the plates washed three times with 2 
mM CaCl 2 -containing or CaCl 2 -free buffer (50 mM Tris, pH 8, 
and 0.5% BSA). I 125 -LDL was released from each well by a single 
4°C incubation of 200  � l 20 mM Tris maleate, 20 mM NaCl, 5 
mM CaCl 2 , and 0.5% BSA (pH 5, 5.5, 6.0, 6.3, 7, or 8) for 30 min. 
Buffer containing released I 125 -LDL was harvested as was the well 
containing the unreleased fraction of I 125 -LDL and counted for 5 
min. The total counts (well + buffer) consistently reconstituted 
the signal of wells not subject to ligand release (within 10%). All 
data were collected in triplicate and were processed and plotted 
with Prism3. 

 Time course release of bound I 125 -LDL at 4°C 
 I 125 -LDL was bound to LDL-R as described in the binding assay 

and released by a single 4°C incubation of 200  � l of 20 mM Tris 
maleate, 20 mM NaCl, 5 mM CaCl 2 , and 0.5% BSA at pH 5 or 8 in 
a time course. All data were collected in triplicate and were pro-
cessed and plotted with Prism3. 

 Gel fi ltration analysis 
 The hydrodynamic behavior of wild-type LDL-R and 12 mu-

tants was characterized using an analytical Superdex 200 PC 
3.2/30 column (GE Biomedical; bed volume 2.4 ml). Each recep-
tor was eluted at 30  � l/min in 20 mM Tris-HCl and 250 mM 
NaCl, pH 8, and 20 mM NaAc and 250 mM NaCl, pH 5.5, and the 
wild type was also run in 20 mM NaAc and 250 mM NaCl, pH 6.3. 
The high salt concentration minimizes potential interactions be-
tween the proteins and the stationary phase. Fractions (25  � l) 
were collected manually immediately after passing the in-line 
UV-monitor and analyzed on 10% SDS-PAGE gels, followed by 
subsequent immunoblotting using a penta-His HRP conjugate 
antibody (Qiagen). The column was calibrated with standards 
(Sigma) comprising cytochrome c (12,400 Da), BSA (66,000 Da), 
and  � -amylase (200,000 Da) in 20 mM Tris-HCl and 250 mM 
NaCl, pH 8, or 20 mM NaAc and 250 mM NaCl, pH 5.5, 
respectively. 

  RESULTS  

 LDL-R mutants 
 We designed a panel of mutants around salient features 

of the compact form of LDL-R seen in the crystal structure 
at pH 5.3 (PDB id: 1N7D). We fi rst focused on the inter-
face between R4, R5, and the  � -propeller, which obscures 
potential ligand-binding epitopes from the solvent, i.e., 
residues surrounding the Ca 2+ -binding sites (Trp144, 
Asp147, Asp149, and Asp151 from R4 and Trp193, Asp196, 

reveals that  1 ) residues involved in LDL binding are bur-
ied in the R4,R5, � -propeller interface;  2 ) residues required 
for LDL binding only partially overlap those mediating re-
lease;  3 ) mutations that reduce LDL release segregate in 
two groups, those defective only at highly acidic pH (pH 
5–5.5) and those defective even at mildly acidic pH (pH 
6–7); and, fi nally,  4 ) mutations targeting a hinge region 
between EGF-B and the  � -propeller may affect LDL re-
lease but not its binding. Our results support a model 
whereby the open form of LDL-R interacts with LDL using 
multiple modules, including R4, R5, and the  � -propeller; 
at acidic pH, conformational changes to LDL-R and/or 
LDL promote LDL release, upon which the closed confor-
mation of LDL-R is adopted as it recycles through highly 
acidic environments back to the cell surface. 

  MATERIALS AND METHODS  

 DNA mutagenesis 
 Mutants of the human LDL receptor extracellular domain 

(residues 1–699) in pFastBac1 were generated with the Quick-
change kit (Stratagene). The C-terminal hexahistidine-tagged 
mutants were expressed in insect cells and secreted proteins puri-
fi ed as described ( 12 ). Purifi ed proteins were concentrated to 
approximately 5 mg/ml, buffer exchanged into 2.5 mM sodium 
phosphate, pH 8, 50 mM NaCl, and 0.5 mM CaCl 2 , and their pu-
rity assessed via SDS-PAGE electrophoresis (see supplementary 
Fig.   I). Protein concentrations were determined using the pro-
tein assay (Bio-Rad). 

 Radiolabeling LDL 
 LDL was isolated from normal human plasma by sequential 

fl otation at d = 1.006 and 1.063 g/ml. Analysis by SDS-PAGE re-
vealed a single protein corresponding to apoB-100; size exclusion 
chromatography over Superose HR 6 (GE Healthcare) revealed 
a single peak. LDL was iodinated with I 125  using a protocol similar 
to ( 26 ). After radiolabeling, free iodine was removed by size ex-
clusion chromatography over Sephadex G-25, and the I 125 -LDL 
buffer exchanged into 20 mM Tris, pH 8.0, 150 mM NaCl, and 
0.3 mM EDTA. The protein concentration of the labeled mate-
rial was determined using the Bio-Rad protein assay. Preparations 
of I 125 -LDL routinely had specifi c activities in the range 625–850 
cpm/ng. 

 Solid phase binding assay 
 Solid phase binding assays were carried out using a modifi ed 

version of ( 17 ). The monoclonal antibody HL1 directed against 
a 10 amino acid linker between R4 and R5 was used to immobi-
lize LDL-Rs. This antibody does not appear to restrict LDL bind-
ing or release and tethers LDL-R stably in the range pH 5–8. 
Immulon 96-well Removawell plates (Thermo Fisher) were incu-
bated with HL1 (2  � g/well) overnight at 4°C in buffer A (20 mM 
Tris, pH 8, and 100 mM NaCl), blocked with 1% BSA in buffer A 
for 1 h at 37°C, washed three times at 4°C, and then incubated 
with 50 ng receptor in buffer A + 1% BSA overnight at 4°C. Wells 
were then incubated for 3 × 10 min in Buffer A, 1% BSA, 2 mM 
CaCl 2 , or Buffer A, 1% BSA, and 20 mM EDTA to render calcium-
containing or metal-free receptors. I 125 -LDL was subsequently 
added in a series of concentrations (0, 0.9, 1.8, 3.6, 7.3, 10.9, 14.6, 
21.8, and 29.1 nM) in 2 mM Ca 2+  or 20 mM EDTA containing 
buffer A + 1% BSA for 1 h at 4°C. Unbound I 125 -LDL was re-
moved by suction, and the plates washed three times with 50 mM 
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 LDL binding studies 
 LDL receptors were evaluated for I 125 -LDL binding using 

a solid phase binding assay (  Fig. 2  ).  Nonlinear regression 
calculations indicate a  K d   for I 125 -LDL of  � 4 nM for the high 
affi nity component of wild-type (WT) LDL-R, in good agree-
ment with the previously reported value of 4.5 nM at 4°C 
( 31 ). Saturation curves revealed that all 12 mutants bound 
I 125 -LDL, though in different amounts (  Fig. 3  ). Because dif-
ferences in the amount of bound I 125 -LDL could be attrib-
uted to differences in the number of ligand-binding sites 
available, Scatchard plot analysis was used to compare the 
I 125 -LDL affi nity between mutants and WT (  Fig. 4 ;   see sup-
plementary Fig. II). The histidine cluster mutants H190Y 
and H586Y bound less I 125 -LDL than WT LDL-R ( Fig. 3A ) 
and displayed slightly reduced affi nity ( Fig. 4A, C ). In con-
trast, while H562Y bound more I 125 -LDL than WT ( Fig. 3A ), 
its affi nity was normal ( Fig. 4B ). The mutations designed to 
probe interdomain interactions, G293S, G375S, and F362A, 
all bound I 125 -LDL similarly to WT ( Fig. 3B, C ) with similar 
affi nity (see supplementary Fig. IIB, C). Mutations designed 
to increase hydrophobic interactions at the R4, R5, 
 � -propeller interface, K560W and K582W, bound more I 125 -
LDL than WT ( Fig. 3C ), and in the case of K560W, possibly 
enhanced affi nity ( Fig. 4D ). The tryptophan mutants 
(W144A, W193A, W515A, and W541A) bound much less 
I 125 -LDL compared with WT ( Fig. 3D ), and the affi nity for 
I 125 -LDL was clearly reduced for W144A and W193A ( Fig. 
4E, F ). The ligand affi nity for W515A and W541A was not 
assessed due to the low level of I 125 -LDL bound. The 12 mu-
tants in our panel each bound signifi cant amounts of I 125 -
LDL (permitting subsequent analysis of their ligand 
release), though four mutants (H190Y, H586Y, W144A, and 
W193A) showed somewhat reduced binding and affi nity for 
I 125 -LDL, and two mutants (W515A and W541A) signifi -
cantly reduced binding to I 125 -LDL. It is unknown if these 
differences in LDL binding would cause changes to LDL 
metabolism in the context of the whole organism, especially 
in the case of H190Y, H586Y, and K560W, where the differ-
ences compared with WT are quite small; nevertheless, for 
the purpose of mapping potentially functional regions on 
the surface of LDL-R, these mutants are useful. 

Gly198, and Asp200 from R5) ( Fig. 1 ). A striking cluster 
of tryptophan residues, Trp144, Trp515, and Trp541, 
stabilizes the interaction between R4 and the  � -propeller, 
while one tryptophan, Trp193, mediates the interaction 
between R5 and the  � -propeller. Mutations W144A, W515A, 
W541A, and W193A were designed to disrupt the R4, R5, 
 � -propeller interface because tryptophan side chains typi-
cally can provide extensive hydrophobic surfaces and 
binding energy to protein interfaces unlike the much 
smaller alanine side chain. A three-histidine cluster 
(His190, His562, and His586) sits at the junction between 
R4, R5, and the  � -propeller. The individual histidines were 
replaced with tyrosine (H190Y, H562Y, and H586Y), a hy-
drophobic side chain of similar size that maintains its neu-
tral charge between pH 8 and pH 5 (unlike histidines) and 
reproduces the mutations H190Y and H562Y found in FH 
patients ( 12, 27, 28 ). The  � -propeller residues Lys560 and 
Lys582 interact electrostatically with negatively charged 
residues at the Ca 2+ -binding site of R4 and R5, respectively, 
very similar to the way lysine residues from the escort pro-
tein receptor-associated protein (RAP) D3 domain inter-
act with the Ca 2+ -binding sites in LDL-R R3-R4 and other 
LDL-R family members ( 29, 30 ). Mutations K560W and 
K582W were chosen to replace the positively charged 
lysine side chains by a similarly long hydrophobic trypto-
phan side chain. We reasoned that if the hydrophobic 
component of Lys560 and Lys582 was important for LDL 
binding or release, addition of tryptophan residues might 
stimulate these functions, whereas if the electrostatic com-
ponent was crucial (as suggested by the interaction mode 
with RAP), binding or release would be diminished. Over-
all, the mutants would enable us to assess which of the pro-
posed models for LDL-R function is consistent with the 
effects of the mutants on LDL binding and release. 

 We also examined the crystal structure for residues that 
could mediate conversion between the elongated and the 
compact form of LDL-R to examine their effect on LDL 
binding and release. Two regions are of interest: the linker 
between EGF-B and the  � -propeller, and the linker between 
R7 and the EGF-A. EGF-B packs against the  � -propeller in 
full-length LDL-R at acidic pH but not at neutral pH in the 
fragment EGF-B- � -propeller-EGF-C ( 9 ). To probe this inter-
action, G375S and F362A were designed. A serine residue at 
position 375 does not allow the tight kink of polypeptide 
backbone conformation between EGF-B and the  � -propeller 
in the closed conformation due to its side chain, and G375S 
is also reported in FH patients ( 27, 28 ). F362A should 
weaken the interaction between EGF-B and the  � -propeller 
by replacing a large hydrophobic residue with a much 
smaller side chain, creating an unfavorable cavity at the in-
terface. The mutation G293S was designed to sterically 
hinder conformational fl exibility between R7 and EGF-A. 

 Care was taken to design mutations that were subtle 
enough to maintain proper folding of the modules (per-
mitting effi cient secretion into the medium during over-
expression), yet structurally drastic enough to produce 
measurable changes in LDL binding and release. The lo-
cations of the mutations in the extracellular domain are 
shown in  Fig. 1  and summarized in  Table 1 .  

  TABLE  1. Structure-based mutagenesis of LDL-R 

Class Location in Structure Comment

Linker/Hinge mutations: 
G293S Hinge R7, EGF-A
F362A Interface EGF-B,  � -propeller
G375S Hinge EGF-B,  � -propeller FH mutation  a  
Histidine cluster:
H190Y R5 FH mutation
H562Y  � -propeller FH mutation
H586Y  � -propeller
R4, R5,  � -propeller interface:
W144A R4
W193A R5
W515A  � -propeller
W541A  � -propeller
K560W  � -propeller
K582W  � -propeller

  a   Mutation found in FH patients.
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of receptors did not release ligand at all ( Fig. 6A ). In con-
trast, H562Y and H586Y released not only less I 125 -LDL but 
also at a slower rate (t 1/2 max  = 2 min and t 1/2 max  > 20 min, 
respectively). 

 The four tryptophan mutants showed striking differ-
ences in their release profi les as well. Though W515A and 
W541A bound signifi cantly less I 125 -LDL than WT, both 
mutants still bound I 125 -LDL at levels 9 and 6 times greater, 
respectively, than nonspecifi cally bound LDL, justifying 
the examination of their release profi les. Three out of 
four tryptophan mutants (W193A, W515A, and W541A) 
showed large defects in pH dependent release that were at 
least as severe as those observed for the histidine mutants 
( Fig. 5B ). W515A and W541A displayed ineffi cient I 125 -
LDL release already under mildly acidic conditions (pH 7) 
but recovered somewhat at acidic pH 5. W515A and W541A 
also released I 125 -LDL 5 to 10 times slower compared with 
WT (t 1/2 max  = 10.8 min and t 1/2 max  = 5.5 min, respectively, 
compared with t 1/2 max  = 1 min for WT) ( Fig. 6D ). In con-
trast, W193A (just like H190Y) manifested a defect in I 125 -
LDL release at highly acidic pH (pH 5 and pH 5.5) and 
released as fast as WT receptor, though only a subset of the 

 LDL release 
 I 125 -LDL release by mutants and WT was monitored as a 

function of pH (  Fig. 5  ).  In a separate experiment, the 
acid-specifi c portion of I 125 -LDL release was examined as a 
function of time (  Fig. 6  ;  numerical values are given in sup-
plementary Table I). WT receptor released a large fraction 
of I 125 -LDL already at pH  � 7, which corresponds to the 
barely acidic, very early endosomal compartments. Release 
was rapid, with 50% of the I 125 -LDL release occurring 
within 1–2 min, and was essentially complete by 5 min. 

 All three histidine mutants, H190Y, H562Y, and H586Y, 
showed decreased release at acidic pH compared with WT, 
but each manifested their defect in distinctly different pH-
dependent ways ( Fig. 5A ). H586Y showed greatly dimin-
ished release already under very mildly acidic conditions 
(pH 7), while H190Y showed a similar level of impairment 
only under very acidic conditions (pH 5 and pH 5.5). 
However, H562Y showed slightly reduced I 125 -LDL release 
over the complete pH range (pH 5–8), suggesting a more 
general impact on ligand release. The defects also mani-
fested themselves in different ways kinetically. H190Y re-
leased roughly as fast as WT (t 1/2max = 1 min), but a portion 

  Fig.   2.  Solid phase LDL binding and release assay. A: Recombinant purifi ed receptors (magenta crescents 
and spheres) are tethered to 96-well plates with the monoclonal anti-body HL1 (gray Y shapes), which binds 
the long linker between R4 and R5. After incubation with increasing amounts of I 125 -LDL (green spheres), 
saturation binding at pH 8 is observed; a subsequent wash at an acidic pH releases I 125 -LDL from the wells 
enabling ligand release to be studied as well. Upon transition from basic to acidic pH, the receptor un-
dergoes a conformational change (see Introduction), causing the LDL-R ligand binding domain (magenta 
crescents) and the EGF-precursor homology domain (magenta spheres) to change conformations with re-
spect to each other. B: Specifi c binding between LDL-R and I 125 -LDL is expressed as total binding (in pres-
ence of Ca 2+ ) minus nonspecifi c I 125 -LDL binding (in presence of EDTA to disrupt receptors) expressed in 
counts per minute. Each data point represents triplicate measurements, and the error bars show the SD. C: 
Scatchard plot analysis of specifi c I 125 -LDL binding in B reveals a high affi nity (steep slope) and a low affi nity 
(shallow slope) interaction in the range 0–100 nM I 125 -LDL. Bound/free is defi ned as bound I 125 -LDL 
[(fmol/well)/free I 125 -LDL [nM]. To focus on the high affi nity binding mode, the binding assays were car-
ried out using I 125 -LDL concentrations below 30 nM. LDL release was measured after incubating receptors 
in presence of 18 nM I 125 -LDL, a concentration above half-maximal binding for the different variants but less 
than saturation, yet still high enough to yield suffi cient radioactive counts above background for samples of 
both released (buffer) as well as bound I 125 -LDL (well).   
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in G375S was much more apparent as a function of time, 
with two pools of receptors, one that released similarly as 
WT and another pool that did not appear to release ligand 
( Fig. 6B ). In total, 8 out of 12 mutants showed signifi cant 
differences in the release of I 125 -LDL compared with WT, 
pinpointing the functional importance of these residues. 

 Hydrodynamic radius of LDL-R mutants 
 To assess if the mutant receptors displayed similar hy-

drodynamic behavior in solution as WT, their conforma-
tions were characterized on a specialized small-scale 
analytical size exclusion column at pH 8 and pH 5.5. In 
agreement with previous studies ( 12, 14–16 ), the elution 
volume for WT was signifi cantly larger at pH 5.5 (suggest-
ing a more compact molecule) than at pH 8 (suggesting a 
more elongated molecule), a shift that took place already 
at pH 6.3 (  Fig. 7A , B ).  All 12 mutants displayed similar elu-
tion profi les to WT at pH 8 (data not shown) and at pH 5.5 
( Fig. 7C ). Therefore, all of the point mutations were able 
to adopt an elongated form at pH 8, even those with LDL 
binding defects; and none of the mutations were suffi cient 
to prevent formation of the compact form at acidic pH, 
even those with ligand release defects. In fact, removal of 
Ca 2+  ions from the cysteine-rich repeats of WT was insuffi -
cient to convert the receptor to an open form at pH 5.5 
(see supplementary Fig. III), suggesting drastic mutations 
are needed to prevent the compact conformation. Indeed, 
the more radical variants H562K/H586K and H190K/
H562K/H586K do prevent formation of a compact form 
( 15 ). We conclude that I 125 -LDL binding defects observed 
for our mutants are not due to obstruction of the ligand-
binding domain at neutral pH; rather, they are due to the 
disruption of specifi c binding epitopes for LDL. Further-
more, the ability to form a compact conformation does 
not appear suffi cient for normal I 125 -LDL release. 

  DISCUSSION  

 We designed a panel of mutations that our studies show 
affect LDL binding and release. In solution, the mutants 
show similar conformations of their extracellular domains 
as WT without aggregation, suggesting no gross misfold-

receptors were able to release their ligand ( Fig. 6D ). Given 
its strategic location in the R4,R5, � -propeller interface, it 
is striking that W144A showed no defect in pH dependent 
LDL release at all ( Fig. 5B ) and released ligand as fast as 
WT ( Fig. 6C ). 

 The other mutants of the panel showed more subtle ef-
fects. K560W (but not K582W) generated a slightly more 
stable complex at neutral pH, as might be expected for a 
variant with increased affi nity for LDL, that surprisingly 
was slightly less stable at pH 5–5.5 compared with WT ( Fig. 
5B ). Both, K582W and K560W showed very quick ligand 
release similar to WT ( Fig. 6C ). The linker mutants 
(G293S, G375S, and F362A) showed subtle changes in I 125 -
LDL release as a function of pH ( Fig. 5C ). A release defect 

  Fig.   4.  Scatchard plot analysis of selected binding 
data from  Fig. 3 . Each Scatchard plot visualizes a mu-
tant (in black) as well as superimposed WT (in gray) 
permitting visual assessment of LDL affi nity loss (de-
creased slope) or LDL affi nity gain (increased slope) 
compared with WT. The slopes were calculated using 
nonlinear regression of the specifi c binding curves us-
ing a one-binding site model. Bound/free is defi ned as 
bound I 125 -LDL [(fmol/well)/free I 125 -LDL [nM]. A: 
H190Y; B: H562Y; C: H586Y; D: K560W; E: W144A; and 
F: W193A. For data and Scatchard plot analysis of all 12 
mutants and their accompanying WT controls, see sup-
plementary Fig. II.   

  Fig.   3.  Solid phase binding assays. Saturation binding curves 
were determined for WT and 12 mutants using I 125 -LDL as a ligand. 
The specifi c binding is shown. Each data point represents triplicate 
measurements and the error bars show the SD. The panel of mu-
tants was divided in four sets and assayed together with WT. A: WT, 
H190Y, H562Y, and H586Y; B: WT, G293S, and F362A; C: WT, 
G375S, K560W, and K582W; D: WT, W144A, W193A, W515A, and 
W541A.   
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  Fig.   5.  Release of I 125 -LDL as a function of pH. Twelve mutant and WT receptors were immobilized and 
prebound with I 125 -LDL using the solid phase binding assay. Ligand release was measured after 30 min at 4°C 
in buffers spanning a pH range pH 5–8 (see Materials and Methods). The % Release is expressed as (counts 
released into buffer)/(counts left in well + counts released into buffer) × 100%. Release by each mutant and 
WT was assayed in triplicate for each pH; error bars show the SD. The entire release experiment was re-
peated after 2 weeks and is displayed as the second set of bars. A: H190Y, H562Y, and H586Y; B: W144A, 
W193A, W515A, W541A, K560W, and K582W; C: G293S, F362A, and G375S. Statistical analysis using paired 
 t -tests shows that I 125 -LDL release meets the criteria “extremely signifi cantly” different from WT for the mu-
tants H190Y, H562Y, H586Y, W515A, and G375S ( P  < 0.0001); W541A ( P  = 0.0002); W193A ( P  = 0.0004); and 
F362A ( P  = 0.0006). The mutant K560W has a  P  value of 0.08, indicating that its I 125 -LDL release properties 
may or may not be different from WT, while the mutants K582W, W144A, and G293S, all with  P  > 0.3, show 
release essentially indistinguishable from WT.   
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paired LDL release of H190Y and W193A. Strikingly, the 
release defect in H190Y and W193A is seen only at very 
acidic pH (pH 5.5 and below). In contrast and amazingly, 
W144A in R4, which just like W193A is defective in LDL 
binding, shows completely normal LDL release unlike 
W193A, demonstrating that R4 and R5 have different roles 
in the mechanism of LDL release. 

  � -Propeller 
 The  � -propeller appears involved in both LDL binding 

and release. H586Y, W515A, and W541A display both de-
creased binding and release of LDL, while H562Y mani-
fests only a defect in release. All four mutants show their 
largest defect at pH 6–7 (recovering somewhat at very 
acidic pH 5–5.5) and release LDL much slower than WT. 
The  � -propeller mutant K560W appears to positively affect 
LDL binding and stimulate acidic release. The positive 
charges of Lys560 and Lys582 are therefore not necessary 
for either LDL binding or release, unlike the interaction 
between lysine residues of RAP and LDL-R R3-R4. The 
hinge residues G293S, G375S, and F362A have no effect on 
LDL binding affi nity. G293S in the hinge between R7 and 
EGF-A shows no effect on LDL release. NMR studies of the 
fragment R7-EGF-A at pH 6.5 reveal the same kinked con-
formation as seen in the full-length LDL-R extracellular 
domain in the crystal structure at pH 5.3, and it has been 
suggested that R7 and EGF-A remain fi xed with respect to 
each other over a broad pH range spanning neutral as well 
as acidic pH ( 24 ). The mild release defect of G375S sug-
gests that EGF-B and the  � -propeller may instead change 
their orientation with respect to each other at neutral ver-
sus acidic pH promoting effi cient LDL release, but more 
drastic acid substitutions are needed to confi rm this. 

 The notion that the  � -propeller plays a role in LDL 
binding and release is indeed consistent with previous 
data. For example, the double mutation H562K/H586K 
has signifi cantly reduced ligand binding ( 15 ). In the cur-
rent study, we show that H586Y has reduced affi nity for 
LDL, but H562Y does not. The single mutants H190Y, 
H562Y, H562N, and H586Y as well as the triple mutants 
(H190Y/H562Y/H586Y or H190A/H562A/H586A) have 
been shown to be defective in LDL release at acidic pH ( 6, 
14, 15, 24 ). In the current study, we show that these three 
histidine residues touch different aspects of the LDL re-
lease mechanism because the defect in release for the 
 � -propeller residues H562Y and H586Y is apparent already 
at pH 7 and slows release, whereas the release defect for 
H190Y in R5 (just like W193A in R5) is most apparent at 
highly acidic pH and does not slow release. Intriguingly, 
both the tryptophan mutations and the histidine muta-
tions in the  � -propeller reduce LDL release in a nearly 
identical manner as a function of pH and time. 

 Toward a model for LDL binding and release 
 A number of models have recently been proposed de-

scribing the release mechanism of LDL by LDL-R. Model 
1: At acidic pH, R4 and R5 preferentially interact with the 
 � -propeller using the region surrounding their Ca 2+ -bind-
ing sites and promote LDL release ( 12, 13 ). Model 2: At 

ing. We were able to design mutants that disrupt binding 
and release simultaneously (H190Y, H586Y, W193A, 
W515A, and W541A), as well as mutants that affect only 
binding or release (W144A and H562Y). Therefore, resi-
dues in LDL-R that bind LDL only partially overlap resi-
dues mediating ligand release. We can’t exclude, however, 
that certain mutations induce changes in ligand binding/
release indirectly (for example, as a result of local misfold-
ing, differential glycosylation, or altered calcium binding). 
Nor can we exclude that some mutations alter the tether-
ing of the receptor by the anti-body HL1, potentially af-
fecting LDL binding and/or release. 

 Modules in the extracellular domain of LDL-R express 
distinct characteristics in terms of LDL binding and re-
lease. For R4 and R5, we show that residues surrounding 
the Ca 2+ -binding sites are involved in LDL binding (W144 
in R4 and W193 in R5). W144 and W193, located in analo-
gous positions in R4 and R5, respectively, each provide a 
backbone carbonyl to a Ca 2+  ion, while their side chains 
are solvent exposed. The W193A mutation likely does not 
disrupt protein folding of R5 because a variant containing 
W193A folds as single disulfi de-bonded isomer and binds 
Ca 2+  with similar affi nity as wild-type R5 ( 32 ), and the iso-
structural W144A mutation is expected to be tolerated as 
well. The reduced LDL binding of H190Y suggests, fur-
thermore, that in R5 the surface to one side of the Ca 2+  ion 
formed by His 190, Ser 191, and Trp 193 is involved in 
LDL binding, agreeing with previous speculations ( 15, 
32 ). R5 also contributes to ligand release given the im-

  Fig.   6.  Release of I 125 -LDL as a function of time. Twelve mutant 
and WT receptors were immobilized and prebound with I 125 -LDL 
using the solid phase binding assay. To take into account that mu-
tants might bind I 125 -LDL differently or display varying amounts of 
nonspecifi c release, the acid-specifi c portion of ligand release was 
calculated, i.e., specifi c release is (% release at pH 5) – (% release 
at pH 8). Ligand release was measured after 2.5, 5, 10, and 20 min 
at 4°C using release buffers at pH 5 or pH 8 (see Materials and 
Methods). Release by each mutant and WT was assayed in triplicate 
for each pH, and error bars show the SE of the mean.   



LDL binding and release by the LDL receptor 305

cysteine-rich repeats of LDL-R to lose their Ca 2+  ions and 
triggers release of LDL ( 25 ). Models 1 and 3 require that 
LDL binds residues near or at the Ca 2+ -binding sites of 
cysteine-rich repeats in LDL-R, held in a binding compat-
ible conformation by Ca 2+  ions. Model 2, in contrast, re-

acidic pH, the  � -propeller binds R4 and R5 using the re-
gions surrounding the Ca 2+ -binding sites, which triggers 
allosteric release of LDL that is bound elsewhere (for ex-
ample, on the backsides of R4 and R5 away from the Ca 2+ -
binding sites) ( 14 ). Model 3: An acidic pH causes 

  Fig.   7.  Hydrodynamic characterization of 12 LDL-R mutants and WT using size exclusion chromatogra-
phy. A: WT receptor migrates with a larger hydrodynamic radius (smaller elution volume) at pH 8 than at 
pH 5.5 or pH 6.3. B: The shift in hydrodynamic radius at pH 8 and pH 5.5 is specifi c to LDL-R as elution of 
gel fi ltration calibration markers are not affected. Shown are  � -amylase (200 kDa), BSA (66 kDa), and cyto-
chrome c (12.4 kDa). C: Western blot analysis visualizing the elution profi les of the 12 mutants and WT at 
pH 5.5; for comparison, WT at pH 8 is shown as well. Every second fraction in the elution range 1.33–2.059 
ml (see arrowheads in A) was subject to SDS-PAGE electrophoresis, electroblotting, and visualization with an 
antihistidine tag antibody. For ease of interpretation, a blue vertical line indicates the start of WT elution at 
pH 8 and a red vertical line the start of WT elution at pH 5.5.   
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and a  K d   of <0.5  � M at pH 7.4 ( 33 ). The Ca 2+  concentra-
tion in endocytotic vesicles spans a wide range (3–40  � M) 
( 34, 35 ), so it is unclear at which pH signifi cant loss of Ca 2+  
ions could occur. In our study, however, most LDL dissoci-
ates from LDL-R at pH 6–7 where Ca 2+ -binding sites are 
likely still occupied. Furthermore, the  � -propeller muta-
tions disrupting LDL release suggest that while Ca 2+  ion 
depletion in LDL-R might contribute to ligand release at 
highly acidic pH, it cannot be a primary or sole release 
mechanism in the range pH 6–7 where most of the LDL is 
released. 

 We propose a fourth model of LDL release (  Fig. 8  ).  R4 
and R5 mediate binding to LDL using their Ca 2+ -binding 
sites and surrounding residues, along with other modules, 
including the  � -propeller. However at acidic pH, R4, R5, 
and the  � -propeller work together to mediate release. For 
example, the tryptophan residues of the  � -propeller could 
recruit interactions with LDL at neutral pH, that position 
His562 and His586 with respect to key residues in apolipo-
protein B; at acidic pH, the LDL-R:LDL interactions would 
be incompatible due to positive charges acquired by H562 
and H586, and any pH-induced rearrangements that apoB 

quires that LDL binds residues on LDL-R that do not 
participate in the R4,R5, � -propeller interface, thus 
excluding the residues surrounding the Ca 2+ -binding sites 
of R4 and R5 and the  � -propeller residues buried in the 
interface. Furthermore, models 1 and 2 require that the 
 � -propeller interacts with R4 and R5 to promote LDL 
release, while model 3 does not. 

 Our data are incompatible with aspects of all three mod-
els. Our results argue against model 1, whereby formation 
of the R4, R5, and the  � -propeller interface is the sole driv-
ing force behind LDL release. If this were true, W144A, 
which packs against W515 and W541, should have the 
same negative effect on release as W515A and W541A from 
a structural perspective. In fact, W144A shows no effect on 
LDL release at all. Our results argue against model 2 be-
cause a number of residues buried in the R4,R5, � -propeller 
interface affect the affi nity for LDL, suggesting that they 
contact LDL, precluding the proposed allosteric action of 
the  � -propeller. Finally, our results also argue against 
model 3 as the primary mode of LDL release. In a study 
examining the Ca 2+ -binding affi nity of R5 at both acidic 
and neutral pH, R5 has a  K d   for Ca 2+  of  � 13  � M at pH 5 

  Fig.   8.  Proposed model for LDL binding and release by LDL-R. A: At neutral plasma pH, LDL binds to the extracellular domain of LDL-R 
on the cell surface via at least R4, R5, and the  � -propeller, but likely other modules as well. Complex formation includes interactions between 
positively charged regions on LDL (depicted with + signs), and negatively charged regions on the cysteine-rich repeats of LDL-R ( �  signs). 
At acidic pH in endosomal compartments, His562 and His586 on the  � -propeller acquire positive charges that are no longer compatible with 
the binding surface on LDL, leading to electrostatic repulsion of LDL; conformational rearrangements to apoB as well as loss of Ca 2+  ions to 
LDL-R may further enhance LDL release. Upon LDL release, the LDL-R adopts a closed form that obscures residues involved in LDL bind-
ing and release and that may aid in its transport back to the cell surface. B: Key differences between our model and those previously pro-
posed. Model 1 requires competition between the  � -propeller and LDL to take place for interaction with R4 and R5. At acidic pH, the 
interaction of the  � -propeller with R4 and R5 is favored, replacing LDL bound to LDL-R. Model 2 requires that LDL bind to a surface on R4 
and R5 that does not overlap with the binding site for the  � -propeller at acidic pH. At acidic pH as the  � -propeller docks onto R4 and R5, 
allosteric changes within the receptor occur altering the LDL binding site, triggering LDL release. Model 3 does not require the  � -propeller 
for either LDL binding or release; LDL release is mediated by the loss of Ca 2+  ions from the cysteine-rich repeats in LDL-R at acidic pH.   
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might undergo, and LDL-R and LDL would repel each 
other. The binding properties of the triple mutant H190A/
H562A/H586A support this idea; this mutant binds an 
apoE-derived ligand three times better than WT at pH 6, 
but not at pH 7 ( 15 ), compatible with the idea that this 
mutant receptor has lost an LDL repulsive structural ele-
ment that exists at pH 6 but not pH 7. In our model, effi -
cient release at pH 6–7 would require intact  � -propellers, 
whereas at highly acidic pH (pH 5.0–5.5), the ligand bind-
ing domain would contribute to LDL release, aided, for 
example, by loss of Ca 2+  ions. Upon LDL release, the closed 
form of LDL-R is adopted and buries key residues for bind-
ing and release in the R4,R5, � -propeller interface, pre-
venting untimely association with ligands inside the cell as 
the receptor cycles back to the cell surface. New mutants 
specifi cally testing this model and complementary studies 
using biophysical methods and cell surfaces studies will 
help further delineate the mechanism of LDL-R for LDL 
binding and release.  
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