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PDZK1 is a four-PDZ domain-containing scaffold protein
that, via its first PDZ domain (PDZ1), binds to the C terminus of
the high density lipoprotein (HDL) receptor scavenger receptor,
class B, type I (SR-BI). Abolishing PDZK1 expression in PDZK1
knock-out (KO)mice leads to a post-transcriptional, tissue-spe-
cific decrease in SR-BI protein level and an increase in total
plasma cholesterol carried in abnormally large HDL particles.
Here we show that, although hepatic overexpression of PDZK1
restored normal SR-BI protein abundance and function in
PDZK1 KO mice, hepatic overexpression of only the PDZ1
domain was not sufficient to restore normal SR-BI function. In
wild-type mice, overexpression of the PDZ1 domain overcame
the activity of the endogenous hepatic PDZK1, resulting in a
75% reduction in hepatic SR-BI protein levels and intracellular
mislocalization of the remaining SR-BI. As a consequence, the
plasma lipoproteins in PDZ1 transgenic mice resembled those
in PDZK1 KO mice (hypercholesterolemia due to large HDL).
These results indicate that the PDZ1 domain can control the
abundance and localization, and therefore the function, of
hepatic SR-BI and that structural features of PDZK1 in addition
to its SR-BI-binding PDZ1 domain are required for normal
hepatic SR-BI regulation.

The high density lipoprotein (HDL)3 receptor SR-BI (scav-
enger receptor, class B, type I) plays a key role in lipoprotein
metabolism (1) by mediating the cellular uptake of cholesteryl

esters from HDL and other lipoproteins into cells (2–7) via a
mechanism called selective lipid uptake (3, 8–10). SR-BI also
mediates bidirectional flux of unesterified cholesterol between
cells and lipoproteins (11–14).
Most in vivo analyses of the physiological function of SR-BI

have been conducted in mice. SR-BI is highly expressed in the
liver and steroidogenic tissues (adrenal gland, ovary, and testis),
which exhibit the highest levels of HDL cholesterol uptake (3).
Experimental manipulations of murine SR-BI expression (e.g.
hepatic overexpression, homozygous null gene knock-out) can
lead to changes in total plasma cholesterol levels, the ratio of
plasma unesterified to total cholesterol, HDL structure, biliary
cholesterol secretion, the amounts of cholesterol stored in ste-
roidogenic tissues, and susceptibility to atherosclerosis (15–
27). Homozygous null SR-BI knock-out mice exhibit abnor-
mally elevated (�2.2-fold) plasma cholesterol in large HDL
particles with a unesterified cholesterol/total cholesterol ratio
roughly double that of wild-type (WT) mice (19, 52). This dys-
lipidemia is associated with female infertility and defects in the
maturation and/or structure as well as reductions in the sur-
vival times of red blood cells (21, 28, 29, 30).
To date, only one intracellular protein has been shown to

interact directly with and influence the function of SR-BI (31).
This protein, PDZK1, regulates SR-BI expression in a tissue-
specific, post-transcriptional manner (32). PDZK1 is a scaffold
protein containing four PDZ protein interaction domains (Fig.
1A, top), which bind to the carboxyl termini of a number of
membrane transporter proteins, including ion channels (e.g.
CFTR) and cell surface receptors (33, 34). The activity of
PDZK1 can be modulated by phosphorylation near its C termi-
nus (35). Its most N-terminal PDZ domain, PDZ1, binds to the
carboxyl terminus of SR-BI (31, 36) but apparently not to a
minor, alternatively spliced form of SR-BI called SR-BII, whose
39-residue C-terminal sequence (encoded by an alternatively
spliced exon) differs from that of SR-BI (32, 37–41). Unlike the
four C-terminal residues in murine SR-BI (EAKL), those in SR-
BII (SAMA) are not expected to bind to PDZdomains (42). Loss
of the most C-terminal amino acid of SR-BI abolishes its inter-
action with the PDZ1 domain of PDZK1 (36).
PDZK1 is most highly expressed in the kidney and is also

expressed, as is the case for SR-BI, in the liver and intestines but
has very low expression in the adrenal gland, ovary, and testis,
in which SR-BI is abundantly expressed (3, 31). Strikingly,
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PDZK1 knock-out (KO) mice show a dramatic, �95% decrease
in SR-BI expression in the liver and a partial decrease in the
small intestine but no change in steroidogenic tissues (32). As a
consequence of the decrease in hepatic SR-BI protein, PDZK1
KO mice exhibit abnormally high plasma cholesterol levels
(�1.7-fold) transported in abnormally largeHDLparticles (32).
These features are similar to, although not as severe as, those
found in SR-BI KO mice (19). We have previously shown that
hepatic overexpression of an SR-BI transgene in SR-BI/PDZK1
double knock-out mice leads to SR-BI expression on the cell
surface and normal function (43). Thus, when SR-BI is on the
cell surfaces of hepatocytes at steady state levels similar to those
in wild-type hepatocytes, it can function normally without
PDZK1 (43). The mechanism by which PDZK1 regulates the
abundance and/or localization of hepatic SR-BI in nontrans-
genic animals remains unclear.
PDZK1 includes three PDZ domains (PDZ2, PDZ3, and

PDZ4) and a 66-residue C-terminal tail (Fig. 1A), which are not
involved in direct binding to SR-BI (31, 33). The role(s) of these
domains in the regulation of hepatic SR-BI are unknown.Naka-
mura et al. (35) have shown that the C terminus and the phos-
phorylation of PDZK1 are required for optimal PDZK1 trans-
gene-mediated induction of increased SR-BI protein levels in
cultured cells. It is possible that PDZ2, PDZ3, and/or PDZ4
bind to other, as yet unidentified, cellular components involved
in SR-BI regulation. Other hepatic proteins (e.g. OATP1A1)
(44) have been shown to interact with the PDZK1 PDZ
domains.
Here we have further analyzed the influence of one of the

PDZ domains of PDZK1, PDZ1, on hepatic SR-BI abundance,
localization and function in vivo.We have compared the effects
of transgenes encoding either the full-length PDZK1or only the
SR-BI-binding PDZ1 domain on hepatic SR-BI protein expres-
sion and plasma lipoproteins in WT and PDZK1 KOmice. We
found that overexpressing full-length PDZK1 in PDZK1 KO
mice restored normal hepatic SR-BI protein levels and func-
tion, yet inWTmice, it had little, if any, effect on hepatic SR-BI
levels and function. However, hepatic overexpression of only
the PDZ1 domain was not sufficient to restore normal SR-BI
function in PDZK1-deficient mice. In addition, in WT mice,
overexpression of the PDZ1 domain overcame the activity of
the endogenous hepatic PDZK1, resulting in a 75% reduction in
hepatic SR-BI protein levels and intracellularmislocalization of
the remaining SR-BI. As a consequence the plasma lipoproteins
resembled those in PDZK1 KO mice (hypercholesterolemia,
large HDL). Our results suggest that the PDZ1 domain can
control both the abundance and intracellular localization of
hepatic SR-BI and that normal regulation of SR-BI by PDZK1 is
likely to require that its other domains interact with other, as
yet unidentified, cellular components.

EXPERIMENTAL PROCEDURES

Generation of PDZK1 and PDZ1 Transgenic Mice—PDZK1
and PDZ1 transgenic mice were generated using the pLIV-LE6
plasmid, kindly provided by Dr. John M. Taylor (Gladstone
Institute of Cardiovascular Disease, University of California,
San Francisco). The pLiv-LE6 plasmid contains the promoter,
first exon, first intron, and part of the second exon of the human

apoE gene; the polyadenylation sequence; and a part of the
hepatic control region of the apoE/C-I gene locus (45).
To generate the full-length PDZK1 transgenic mouse, a 2.3-

kilobase DNA fragment spanning the wild-typemurine PDZK1
cDNAwas subcloned between theKpnI andXhoI sites of pLIV-
LE6 plasmid. The PDZK1-coding region was confirmed by
DNA sequencing. The new construct harboring the PDZK1
gene, aswell as the abovementioned apoE/apoC-I control locus
elements, was linearized by SacII/SpeI digestion, and the result-
ing 7.3-kilobase fragment was used to generate transgenic mice
using standard procedures (46).
To generate the PDZ1 transgenicmouse, a 400-bpDNA frag-

ment containing the first 116 amino acids of PDZK1, including
its first PDZ domain, was generated by polymerase chain reac-
tion and subcloned between the KpnI and XhoI sites of pLIV-
LE6 plasmid. The sequence of the resulting plasmid was con-
firmed by DNA sequencing. The new construct harboring
PDZ1 as well as the apoE/apoC-I control locus elements was
linearized by SacII/SpeI digestion, and the resulting 5.4-kilo-
base fragment was used to generate transgenic mice using
standard procedures (46).
Founder animals for the PDZK1 or PDZ1 transgenes in an

FVB/N genetic background were identified by PCR performed
on tail DNA using the following oligonucleotide primers: full-
length PDZK1 transgene, one at the 3�-end of the PDZK1
cDNA (GCAGATGCCTGTTATAGAAGTGTGC), and one
corresponding to the 3�-end of the human apoE gene sequence
included in the cloning vector (AGCAGATGCGTGAAACTT-
GGTGA); PDZ1 transgene, one located within the first PDZ
domain of PDZK1 cDNA (CAATGGTGTCTTTGTCGA-
CAAG), and the same 3�-primer used for the full length PDZK1
transgene. Founders expressing the PDZK1 or PDZ1 trans-
genes were crossed with PDZK1 knock-out mice (129SvEv
background). Heterozygous pups expressing the PDZK1 or
PDZ1 transgene were crossed with wild-type and PDZK1
knock-outmice to obtainmice with PDZK1 or PDZ1 transgene
expression and nontransgenic wild-type and knock-out control
mice, thus ensuring that the mixed genetic backgrounds of
experimental and control mice in each founder line are
matched. Genotyping of PDZK1 knock-out mice was per-
formed as previously described (47).
Transgene expression levels were determined in liver, kid-

ney, adrenal gland, and small intestines by immunoblotting as
described below. Expression was only observed in the liver and
kidney, with hepatic transgene expression �4-fold higher than
that seen in the kidney. Expression of the PDZK1 and PDZ1
transgene did not alter the undetectable level of SR-BI in the
kidney.
Animals—All mice on a 25:75 FVB/N:129Sv genetic back-

ground were maintained on a normal chow diet (47), and
�6–13-week-old male mice were used for experiments. Four
PDZK1-Tg and three PDZ1-Tg founder lines were generated,
all showing similar effects on plasma cholesterol levels, respec-
tively. Observations from animals derived from two of the four
PDZK1-Tg and two of the three PDZ1-Tg expressing founders
were pooled, because transgene-driven protein expression lev-
els for these two sets of founders were similar. All procedures
on transgenic and nontransgenic mice were performed in
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accordance with the guidelines of the Beth Israel Deaconess
Medical Center and theMassachusetts Institute of Technology
Committee on Animal Care.
Blood and Tissue Sampling and Processing—After a 4-h fast,

mice were anesthetized by intraperitoneal injection of 1.25%
Avertin, and blood was collected by heart puncture with a hep-
arinized syringe. Plasma was separated from cells by two
sequential centrifugations (15 and 10min, 2500� g) and stored
at 4 °C prior to analysis. Tissue samples, including liver, kidney,
adrenal, and small intestine were harvested and immediately
frozen on dry ice and stored at �80 °C. Frozen tissue was finely
chopped with a blade in SDS buffer (4% SDS, 20% glycerol, 100
mMTris, pH 6.8) and then sonicated on ice, boiled at 100 °C for
5min, and subjected to centrifugation at 16,000� g for 5min
at room temperature. The protein concentrations of these

lysate supernatants were then
determined using the bicincho-
ninic acid assay (Pierce). Lysates
were then denatured at 100 °C for
10 min in the presence of 2% SDS
and 100 mM �-mercaptoethanol
immediately before fractionation
by gel electrophoresis and analysis
by immunoblotting.
Analysis of Plasma Cholesterol

and Lipoproteins—Plasma samples
from individual mice were collected
and analyzed for total cholesterol
levels using a commercial kit (Wako
Chemical USA, Inc., Richmond,
VA) before and after size fraction-
ation by fast performance liquid
chromatography (FPLC). FPLC
cholesterol profiles shown are from
representative individual mice.
Total plasma cholesterol data from
founders with similar hepatic trans-
gene expression levels were pooled.
Immunoblotting and Immunoper-

oxidase Analysis of Tissues—For
immunoblotting, protein samples
(�30 or 1.5 �g) from total tissue
lysates were fractionated by SDS-
PAGE, transferred to nitrocellulose
or polyvinylidene difluoride mem-
branes, and incubated with either a
rabbit polyclonal anti-SR-BI anti-
peptide antibody (mSR-BI495–112)
(1:1000) or a rabbit polyclonal
anti-PDZK1 antipeptide antibody
(1:5000–1:10,000), followed by an
anti-rabbit IgG conjugated to
horseradish peroxidase (1:10,000;
Invitrogen), and visualized by ECL
chemiluminescence (catalog num-
ber RPN2132; GE Healthcare).
The rabbit polyclonal anti-mSR-
BI495–112 antipeptide antibody (pre-

pared by Invitrogen) was generated using similar procedures
and against the same peptide as a previously described anti-
mSR-BI495 antibody and gives the same results as the anti-mSR-
BI495 antibody (3, 43). The rabbit polyclonal antibody was pre-
pared against a 30-mer amino-terminal peptide from the
murine PDZK1 protein sequence, coupled to keyhole limpet
hemocyanin (Genemed Synthesis, South San Francisco, CA),
and affinity-purified. Immunoblotting using polyclonal anti-�-
COP (1:5000) (48) or anti-actin (1:500) (Sigma) antibodies were
used as loading controls. The relative amounts of proteins were
determined by quantitation using an EastmanKodakCo. Image
Station 440 CF and Kodak 1D software. Multiple independent
determinations of band intensities from serially diluted samples
were made to ensure that the intensities were both in the linear
range of the detector and reproducible.

FIGURE 1. Hepatic expression of PDZK1 and PDZ1 transgenes. A, schematic diagrams of the proteins
encoded by the PDZK1 (top) and PDZ1 (bottom) transgenes. B, immunoblot analysis of hepatic expression of
PDZK1 and PDZ1 proteins in PDZK1 and PDZ1 transgenic mice. Hepatic protein levels are shown in nontrans-
genic WT and PDZK1 KO mice (left two lanes) and PDKZI KO[PDZK1-Tg] and PDZK1 KO[PDZ1-Tg] mice (right two
lanes). Liver lysates from mice with the indicated genotypes and transgenes (30 or 1.5 �g of protein/lane) were
analyzed by immunoblotting, and the bands corresponding to either PDZK1 (�60 kDa) or PDZ1 (�14 kDa)
were visualized by chemiluminescence. Size markers are indicated on the right. �-COP (�34 kDa band, bottom)
was used as a loading control. Replicate experiments with multiple exposures and sample loading were used
to determine the relative levels of expression of these proteins. Note the faint �-COP band visible in the last
lane. Samples shown were all from a single gel but reordered for presentation purposes. *, background bands
seen in all samples.
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For immunoperoxidase analysis, livers were harvested, fixed,
and frozen. Sections (5 �m) were stained with the anti-mSR-
BI495–112 antibody and biotinylated anti-rabbit IgG, visualized
by immunoperoxidase staining, and counterstainedwithHarris
modified hematoxylin, as described previously (32).
EnzymaticDigestion of Tissue Lysates—Liver lysates (30�g of

protein) fromWT animals with or without the PDZ1 transgene
were denatured at 100 °C for 10min in the presence of 0.5%SDS
and 1% �-mercaptoethanol and subsequently treated with
187.5 units of peptide:N-glycosidase F (in the presence of 50mM
sodium phosphate and 1% Nonidet P-40), 1250 units of
endoglycosidaseH (in the presence of 50mM sodiumcitrate), or
no enzyme at 37 °C for 3.5 h (NewEnglandBiolabs). The treated
lysates were then analyzed by immunoblotting using the anti-
mSR-BI495–112 polyclonal antibody with chemiluminescence
visualization of the bands as described above.
Statistical Analysis—Data are shown as the means � S.D.

Statistically significant differences were determined by either
pairwise comparisons of values using the unpaired t test, with (if
variances differed significantly) or without Welch’s correction,
or by one-way analysis of variance followed by the Tukey-
Kramer multiple comparison post-test when comparing three
or more sets of data with each other. Mean values for experi-
mental groups are considered statistically significantly different
for p � 0.05 for both types of tests.

RESULTS

To determine the effects of expressing the full-length or a
truncated form (PDZ1 domain) of the PDZK1 protein on
hepatic SR-BI protein levels and function, we generated two
cDNA constructs that encode either the full-length PDZK1
protein (designated “PDZK1-Tg”) or only the N terminus and
PDZ1 domain (“PDZ1-Tg”) (Fig. 1A). These constructs were
used to generate transgenic mice with liver- and kidney-
specific expression in both wild-type (WT[PDZK1-Tg] or
WT[PDZ1-Tg]) and PDZK1 KO (PDZK1 KO[PDZK1-Tg] or
PDZK1 KO[PDZ1-Tg]) mice on a mixed FVB/129SvEv back-
ground. Transgene expression in the kidney did not alter the
undetectable expression of SR-BI in this organ (see “Experi-
mental Procedures”).
Hepatic levels of PDZK1 and PDZ1 proteins in nontrans-

genic and transgenic mice from two founders each were deter-
mined by immunoblotting (typical result in Fig. 1B). Quantita-
tive analysis of multiple immunoblots showed that the steady
state levels of transgene-encoded proteinswere greater by�21-
fold in PDZK1-Tg-expressing and 24-fold in PDZ1-Tg-ex-
pressing mice than that of endogenous PDZK1 in WT non-
transgenic mice (Fig. 1B; note there was lower total protein
loading for samples from transgenic animals). Analysis by
immunoblotting also showed that the levels of endogenous
hepatic PDZK1 inWT[PDZ1-Tg] mice were similar to those in
nontransgenicWTmice (83� 18%ofWT levels of endogenous
PDZK1; p � 0.339).
Effects of the PDZK1-Tg on Hepatic SR-BI Expression and

LipoproteinMetabolism—InWTmice, hepatic overexpression
of PDZK1 had little effect on the steady state levels (immuno-
blotting, Fig. 2A, left half of the panel) or cell surface localiza-
tion (immunohistochemistry; Fig. 3, A and C) of hepatic SR-BI

protein. As a consequence, inWTmice, there also was no influ-
ence of the PDZK1-Tg on plasma cholesterol levels (Fig. 2B,
left) or the size distribution of lipoproteins (FPLC lipoprotein
cholesterol profiles), in which the bulk of the cholesterol is
found in normal sized HDL particles (Fig. 2C, white and gray

FIGURE 2. Effect of expression of the PDZK1 transgene on hepatic SR-BI
protein levels (A) and plasma lipoprotein cholesterol (B and C) in WT and
PDZK1 KO mice. A, liver lysates (�30 �g of protein) from mice with the
indicated genotypes, with (	) or without (�) the PDZK1 transgene, were
analyzed by immunoblotting, and SR-BI (�82 kDa band) was visualized by
chemiluminescence. Actin (�40 kDa) was used as a loading control. B and C,
plasma was harvested from mice with the indicated genotypes and PDZK1
transgene. B, total plasma cholesterol levels were determined in individual
samples by an enzymatic assay; results from the indicated numbers of ani-
mals (n) were pooled by genotype and normalized to the mean value for WT
plasma cholesterol (100% � 116.9 mg/dl). Independent WT and KO control
animals for each founder line were generated to ensure that the mixed
genetic backgrounds for experimental and control mice were matched. *, the
PDZK1 KO plasma cholesterol levels were statistically significantly different
(p � 0.001) from those plasma cholesterol levels of WT, WT[PDZK1-Tg], and
PDZK1 KO[PDZK1-Tg] mice. C, plasma samples (harvested as in B) from indi-
vidual animals were size-fractionated by FPLC, and the total cholesterol con-
tent of each fraction was determined by an enzymatic assay. The chromato-
grams are representative of multiple individually determined profiles.
Approximate elution positions of native very low density lipoprotein (VLDL),
intermediate density lipoprotein/low density lipoprotein (IDL/LDL), and HDL
particles are indicated by brackets and were determined as previously
described (19).
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circles). In contrast, in PDZK1KOmice, hepatic overexpression
of PDZK1 corrected the previously reported abnormal pheno-
types related to SR-BI and lipoprotein metabolism. In PDZK1
KO mice, the PDZK1-Tg restored from �5% of wild-type (32)
to normal wild-type levels the steady-state abundance of
hepatic SR-BI protein (immunoblotting; Fig. 2A, right half),
which was properly localized on the surfaces of the hepatocytes
(immunohistochemistry; Fig. 3, B andD). As a consequence, in
PDZK1 KO mice, the PDZK1-Tg restored plasma cholesterol
levels from the �1.7-fold elevation seen in nontransgenic
PDKZ1 KOmice to those in wild-type controls (Fig. 2B, right).
The PDZK1-Tg also restored the size distribution of lipopro-
teins from that with abnormally largeHDL particles in the non-
transgenic PDZK1 KO animals to that with normal sized HDL
seen in the nontransgenic WT mice (Fig. 2C, black and gray
squares). Note that the peak in the PDZK1KO sample is shifted
to the left relative to that in WT plasma, indicating larger
lipoproteins. Similar results were obtained with an adenoviral
construct used to overexpress full-length PDZK1 in the livers of
mice on a pure 129SvEv genetic background (not shown).
Therefore, although hepatic overexpression of PDZK1 has little
effect on SR-BI and lipoprotein metabolism in WT mice, it
appears to fully complement the PDZK1 deficiency in PDZK1
KO mice with respect to hepatic SR-BI protein levels, cellular
localization, and function in lipoprotein metabolism.
Effects of the PDZ1-Tg on Lipoprotein Metabolism and

Hepatic SR-BI Expression—InPDZK1KOmice, 24-fold hepatic
overexpression of the truncated PDZ1 protein had virtually no
effect on the abnormally high plasma cholesterol levels (Fig. 4B,
right) or the size distribution of lipoproteins (FPLC lipoprotein
cholesterol profiles), in which the bulk of the cholesterol is
found in abnormally large HDL particles (Fig. 4C, black and
gray squares). Thus, the N-terminal PDZ1 domain-containing
region of PDZK1 is not sufficient to restore normal SR-BI func-
tion in PDZK1 KO mice, suggesting that other portions of the
PDZK1 protein must play critical roles in regulating hepatic
SR-BI. Strikingly, in WT mice, we found that the PDZ1-Tg

elevated plasma cholesterol levels
(Fig. 4B, left) and increased the
size of the HDL particles (Fig. 4C,
white and gray circles) to those
observed in nontransgenic PDZK1
KO mice. We therefore conclude
that PDZ1-Tg acts as in a domi-
nant negative fashion with respect
to SR-BI function in WT mice.
We then examined the effects of

the PDZ1-Tg on hepatic SR-BI pro-
tein abundance and localization.
Immunoblotting analysis (Fig. 4A,
left portion) shows that inWTmice,
the PDZ1-Tg lowered the steady-
state hepatic SR-BI protein levels to
24 � 5% of that in nontransgenic
WT mice, yet the levels remained
�5-fold higher than that in non-
transgenic PDZK1 KO mice. Thus,
unlike the full-length PDZK1-Tg, in

WTmice the PDZ1-Tg partially suppressed hepatic SR-BI pro-
tein expression. Initially it was somewhat surprising that this
partial suppression of hepatic SR-BI protein levels was accom-
panied by changes in plasma lipoproteins equivalent to those
seen in nontransgenic PDZK1 KO mice that have �5% of WT
hepatic SR-BI. However, immunohistochemical localization of
the residual SR-BI inWT[PDZ1-Tg]mice (Fig. 3E) showed that
most of the residual SR-BI was intracellular, with no detectable
receptor on the surfaces of hepatocytes. This result was con-
firmed by immunofluorescence microscopy (data not shown).
Thus, the absence of substantial amounts of SR-BI on the sinus-
oidal surfaces of hepatocytes inWT[PDZ1-Tg]mice appears to
explain the similarity of the lipoprotein levels in thesemice and
nontransgenic PDZK1 KOmice. In both cases, there was virtu-
ally no surface SR-BI to interact with circulating lipoproteins.
To determine if the intracellular mislocalization of the resid-

ual SR-BI in WT[PDZ1-Tg] mice were due to a block in SR-BI
trafficking in the early stages of the secretory pathway (endo-
plasmic reticulum to medial Golgi), we compared the glycosy-
lation state of the SR-BI protein in nontransgenic WT and
WT[PDZ1-Tg] mice. We have previously shown that SR-BI is
heavily glycosylated (11 N-linked glycosylation sites) (49, 50).
N-Linked oligosaccharide chains on newly synthesized glyco-
proteins in the endoplasmic reticulum are initially fully sensi-
tive to cleavage by the enzyme endoglycosidase H, but enzy-
matic modifications that occur as the glycoprotein passes
through the medial Golgi convert many, but not all, of these
chains to an endoglycosidaseH-resistant form (51). Virtually all
N-linked oligosaccharide chains on glycoproteins, both
endoglycosidase H-sensitive and endoglycosidase H-resistant,
can be removed by the glycosidase peptide:N-glycosidase F
(51). The fully matured hepatic SR-BI protein from nontrans-
genicWTmice (immunoblotting of untreated and glycosidase-
treated liver lysates (Fig. 5, left) exhibited a pattern of glycosi-
dase sensitivity similar to that previously reported for SR-BI in
cultured cells and the adrenal gland (49). This SR-BI protein
was fully sensitive to peptide:N-glycosidase F (reduction in

FIGURE 3. Immunohistochemical analysis of hepatic SR-BI in WT and PDZK1 KO nontransgenic (A and B),
PDZK1 transgenic (C and D), and PDZ1 transgenic (E and F) mice. Livers from mice of the indicated geno-
types and transgenes were fixed, frozen, and sectioned. The sections were then stained with a polyclonal
anti-SR-BI antibody and a biotinylated anti-rabbit IgG secondary antibody and visualized by a immunoperoxi-
dase staining (magnification, �600).
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apparent molecular mass from �82 kDa (untreated) to �55
kDa), yet only partially resistant to hydrolysis by endoglycosi-
dase H (electrophoretic mobility intermediate between the
untreated and fully N-deglycosylated forms). (Unidentified
background bands are indicated with asterisks.) The results for
glycosidase analysis of hepatic SR-BI fromWT[PDZ1-Tg]mice
were virtually identical to those from nontransgenic WT mice
(although the lower SR-BI expression required longer exposure
times and correspondingly stronger background bands). Essen-
tially all of the SR-BI protein was partially endoglycosidase
H-resistant and thus had passed through the medial Golgi.
Therefore, we conclude that the intracellular mislocalization of
the residual hepatic SR-BI in WT[PDZ1-Tg] mice was not a
consequence of a block in endoplasmic reticulum to medial
Golgi intracellular trafficking.
Although in PDKZ1 KO mice the PDZ1-Tg did not influ-

ence plasma cholesterol levels or the lipoprotein profile (Fig.
4, B (right) and C (squares)), it did reproducibly increase the
steady state levels of hepatic SR-BI protein from less than 5%
to 21 � 6% of nontransgenic WT levels (Fig. 4A, right). Fig.
3F shows that this residual SR-BI was located intracellularly
rather than on the cell surface and thus cannot function
efficiently as a receptor for circulating HDL. The mechanism
by which hepatic overexpression of PDZ1 in PDZK1 KO
mice partially restores the steady state level of SR-BI protein
yet results in its mislocalization remains uncertain (see “Dis-
cussion”). It is noteworthy that the level of SR-BI protein was
virtually the same in WT[PDZ1-Tg] (24 � 5% of WT) and
PDZK1 KO[PDZ1-Tg] (21� 6% ofWT)mice. This similarity
raises the possibility that the overexpressed PDZ1 domain
completely displaced the endogenous PDKZ1 protein’s
binding to SR-BI in WT[PDZ1-Tg] livers.

FIGURE 4. Effect of expression of the PDZ1 transgene on hepatic SR-BI
protein levels (A) and plasma lipoprotein cholesterol (B and C) in WT and
PDZK1 KO mice. A, liver lysates (�30 �g of protein) from mice with the
indicated genotypes, with (	) or without (�) the PDZ1 transgene, were ana-
lyzed by immunoblotting, and SR-BI (�82-kDa band) was visualized by
chemiluminescence. �-COP (�34 kDa) was used as a loading control. Note the
faint SR-BI band in the nontransgenic PDZK1 KO lane. B and C, plasma was
harvested from mice with the indicated genotypes and PDZ1 transgene.
B, total plasma cholesterol levels were determined in individual samples by
enzymatic assay, and results from the indicated numbers of animals (n) were
pooled by genotype and normalized to the mean value for WT plasma cho-
lesterol (100% � 131.7 mg/dl). Independent WT and KO control animals for
each founder line were generated to ensure that the mixed genetic back-
grounds for experimental and control mice are matched. *, the nontransgenic
WT plasma cholesterol levels were statistically significantly different (p �
0.001) from those plasma cholesterol levels of WT[PDZ1-Tg], PDZK1 KO, and
PDZK1 KO[PDZ1-Tg] mice. C, plasma samples (harvested as in B) from individ-
ual animals were size-fractionated by FPLC, and the total cholesterol content
of each fraction was determined by an enzymatic assay. The chromatograms
are representative of multiple individually determined profiles. Approximate
elution positions of native very low density lipoprotein (VLDL), intermediate
density lipoprotein/low density lipoprotein (IDL/LDL), and HDL particles are
indicated by brackets and were determined as previously described (19).

FIGURE 5. Immunoblot analysis of the effects of the PDZ1 transgene on
the N-glycosylation of hepatic SR-BI in WT mice. Liver lysates (30 �g of
protein) from WT animals with (	) or without (�) the PDZ1 transgene were
treated as indicated with peptide:N-glycosidase F (PNGase F) (187.5 units),
endoglycosidase H (Endo H) (1250 units), or no enzyme at 37 °C for 3.5 h and
then analyzed by immunoblotting using an anti-SR-BI polyclonal antibody
with chemiluminescence visualization of the bands. *, background bands
seen in all samples, including in samples of nontransgenic PDZK1 KO lysates
(not shown). The lanes for samples from the PDZ1 transgenic mice (right)
contained lower levels of SR-BI protein and were therefore subjected to lon-
ger exposure times (5 versus 0.75 min). As a consequence, the intensities of
the background bands were higher than for the nontransgenic samples on
the left.
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DISCUSSION

The first PDZ domain, PDZ1, of the cytoplasmic adaptor
protein PDZK1 binds to the C terminus of SR-BI, and as a con-
sequence, PDZK1 controls hepatic SR-BI protein expression
and lipoprotein metabolism (31, 32, 36). Expression of full-
length PDZK1 in the liver of PDZK1 KO mice corrects their
dramatic decrease in hepatic SR-BI protein levels and hyper-
cholesterolemia, without apparently altering SR-BI expression
in other tissues. This suggests that the effect of PDZK1 on
lipoproteinmetabolism is mediated principally by its control of
SR-BI in liver.
When a transgene encoding a truncated form of PDZK1 pri-

marily comprising only the SR-BI-binding PDZ1 domain
(PDZ1-Tg; Fig. 1A) was overexpressed inWTmice, it exhibited
dominant negative activity, and the mice, in several respects,
resembled PDZK1 KO mice (dramatically reduced cell surface
expression of hepatic SR-BI protein, hypercholesterolemia).
The residual hepatic SR-BI protein in these transgenic animals
(�25% of WT controls), which was 5-fold greater than that in
nontransgenic PDZK1 KO mice (�5% of control), was redis-
tributed from the cell surface to the intracellular region. We
infer based on PDZ1 binding to SR-BI (31, 36), but have not
demonstrated directly, that these effects were consequences of
the recombinant, truncated PDZ1 domain competing with
endogenous PDZK1 for binding to SR-BI. These results suggest
that those portions of the PDZK1 molecule C-terminal to the
PDZ1 domain that are not known to bind directly to SR-BI play
a critical role in mediating the influence of PDZK1 on SR-BI. It
seems likely that these other regions of PDZK1 interact with
additional cellular components to properly control SR-BI activ-
ity. It is possible that the phosphorylated C terminus of PDZK1
(35) or the other three PDZ domains (PDZ2–PDZ4) and their
binding partners may play a critical role in regulating SR-BI.
Additional putative PDZK1-interacting components appar-
ently are either not present in limiting amounts or cannot
interact with PDZK1 efficiently unless it is bound to SR-BI,
because overexpression of PDZK1 protein in the liver of WT
mice had virtually no effect on normal hepatic SR-BI levels
and lipoprotein metabolism (no dominant negative pheno-
types observed; the excess PDZK1 did not titrate out other
critical components).
There are several potential mechanisms by which full-length

PDZK1 or truncated PDZ1might influence both SR-BI protein
abundance and intracellular localization. For example, PDZK1
might inhibit degradation of hepatic SR-BI by binding to its C
terminus, directly preventing access to proteolytic pathways
(e.g. ubiquitination and/or proteasomes), or indirectly by con-
trolling the intracellular trafficking of SR-BI (e.g. directing post-
medial Golgi sorting to the cell surface, inhibiting endocytosis
from the cell surface, or promoting normal endocytic recycling
back to the cell surface) and preventing delivery to sites of deg-
radation or both. The effects of expression of the PDZ1-Tg in
PDZK1 KO mice are compatible with both of these mecha-
nisms. The PDZ1-Tg increased by 5-fold the steady state levels
of SR-BI compared with those in the nontransgenic PDZK1
KO, raising the possibility that binding to the SR-BI C terminus
may have interfered with degradation. In addition, the residual

SR-BI in the livers of both WT[PDZ1-Tg] and PDZK1
KO[PDZ1-Tg] mice was mislocalized intracellularly, possibly
due to the inability of the truncated protein�SR-BI complex to
interactwith cellular components that only bind to the complex
when additional domains of PDZK1 are present.
In summary, PDZK1 appears to affect SR-BI protein levels

both through binding to the C terminus and through interac-
tions with other cellular components. Future studies will be
required to identify these putative cellular components, the
domains in PDZK1 responsible for these interactions, and the
mechanism by which they cooperate with PDZK1 to control
SR-BI function.
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