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ABSTRACT: Polycystin-1 (PC1), the product of the polycystic kidney disease-1 (PKD1) gene, has a number
of reported missense mutations whose pathogenicity is indeterminate. Previously, we utilized N-linked
glycosylation reporter tags along with membrane insertion and topology assays to define the 11 membrane-
spanning domains (I-XI) of PC1. In this report, we utilize glycosylation assays to determine whether two
reported human polymorphisms/missense mutations within transmembrane (TM) domains VI and X affect
the membrane topology of PC1. M3677T within TM VI had no effect on the topology of this TM domain as
shown by the ability of two native N-linked glycosylation sites within the extracellular loop following TMVI
to be glycosylated. In contrast, G4031D, within TM X, decreased the glycosylation of TM X reporter
constructs, demonstrating that the substitution affected the C-terminal translocating activity of TM X.
Furthermore, G4031D reduced the membrane association of TM X and XI together. These results suggest
that G4031D affects the membrane insertion and topology of the C-terminal portion of polycystin-1 and
represents a bona fide pathogenic mutation.

Polycystin-1 (PC1)1 is the protein product of the PKD1 gene,
which when mutated is responsible for 85% of the cases of
autosomal dominant polycystic kidney disease (ADPKD). Mu-
tations within the PKD2 gene, encoding polycystin-2 (PC2),
comprise the remainder of ADPKD cases. ADPKD is a systemic
disease that is primarily characterized by fluid-filled, epithelial-
lined cysts within both kidneys and is associated with increased
prevalence for hypertension, aneurysms, hernias, and cysts in other
organs (e.g., liver and pancreas). ADPKD is highly prevalent,
affecting 1 in every 500-1000 individuals, and leads to end stage
renal failure in approximately half of those affected. As such,
ADPKD comprises nearly 5% of the costs for renal replacement
therapy in the United States (1).

PC1 is an integral plasma membrane protein that has been
localized to multiple sites within the cell including the primary
cilium (2-4). PC1 is composed of a largeN-terminal extracellular
portion, 11 transmembrane (TM) domains, and a short intracel-
lular C-terminal tail (5, 6). TheN-terminal portion of PC1 consists
of multiple domains proposed to be involved in both cell-cell
andcell-matrix interactionsand insensing fluid shear stress (5,7).

The C-terminal tail interacts with multiple protein partners, is
proteolytically cleaved in response to changes in mechanical
stimuli, and initiatesmultiple signaling pathways (8-20). Evidence
suggests a function for PC1 as a G protein-coupled receptor
(GPCR) (21, 22), including the ability of the C-tail to directly
bind heterotrimeric G proteins (10, 23). The C-tail of PC1 also
interacts with PC2 via a coiled-coil domain (24). PC2 is a smaller
protein with six TM domains and has been shown to form a
cation-selective ion channel permeable to Ca2þ (25). Studies have
shown an ability for PC1 and PC2 to sense fluid shear stress
and initiate calcium-mediated signaling (26). Altogether, these
observations suggest that PC1 is a complex, multifunctional
protein capable of acting as a mechanosensor, receiving signals
from the primary cilia, neighboring cells, and extracellular
matrix, and transducing themacross the plasmamembrane to the
interior of the cell.

Our previous work provided the first experimental evidence
supporting an 11 TM domain (I-XI) structure for PC1 (27).
Furthermore, those studies suggested that the membrane biogen-
esis of PC1 is somewhat complex, with TM domains I-IX
inserting in a cotranslational and sequential manner, while the
insertion of TMdomains X andXI appeared to be noncotransla-
tional and cooperative. Currently, nothing is known regarding
how the membrane-associated structure of PC1 influences its
functions or how disease-associated mutations affect the mem-
brane topology or biogenesis of PC1. In this report, we utilize
glycosylation assays of endogenous N-linked glycosylation sites
or engineered glycosylation reporter gene fusions to determine
whether two reported human polymorphisms/mutations within
TM domains VI and X affect the membrane topology of PC1.
These studies demonstrate that the disease-associated missense
mutationG4031DwithinTMXnegatively impacts themembrane-
integrated structure of TM X and possibly of the last two TM
domains of PC1, suggesting that it represents a pathogenic
mutation.
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MATERIALS AND METHODS

PC1Membrane-Associated Construct Lacking Native
N-Linked Glycosylation Sites. In order to identify native,
N-linked glycosylation sites within the membrane-spanning por-
tion of PC1, three potential N-linked glycosylation sites (N3139,
N3728, andN3780) within the C-terminal 1284 residues of murine
polycystin-1were sequentially removedbymutating asparagine (N)
residues conforming to the N-linked consensus sequence, NxS/T,
to serine (S) residues. The sites weremutated by a combination of
site-directed mutagenesis (for the N3139 or N1 site; Gene Editor
kit, Promega) and PCR/replacement cloning (for the N3728 or
N2 and N3780 or N3 sites), as described previously (27). All
mutations and the integrity of PC1 sequences were confirmed by
DNAsequencing. Finally, theC-terminal 1284 residues ofmutants
N1S, N12S, and N123S (ScaI-NotI fragment) were joined in
frame with the CD5 protein signal sequence to generate CD5-
11TMN1S, CD5-11TMN12S, and CD5-11TMN123S.
Mutant TMVI (M3677T) Expression Construct. To gen-

erate an 11 TM domain expression construct with the M3677T
mutation within the sixth TM domain, CD5-11TMwas used as
a template for the Stratagene QuikChange kit usingM3677T For
(50-AGACTCTTGGTGTACACGCTTTTCTTACTGGTGA-
CG-30) and M3677T Rev (50-CGTCACCAGTAAGAAAA-
GCGTGTACACCAAGAGTCT-30) primers. The mutation was
confirmed by DNA sequencing. In order to eliminate potential
effects of offsite mutations, multiple CD5-11TMM3677T clones
were analyzed.
Mutant TMX (G4031D) Expression Constructs. To gen-

erate TM X mutant clones, CD5-I-X or flag-X (constructed
as described (27)) were used as templates for the Stratagene
QuikChange kit withG4031DFor (50-GGGAGCCACCTTGG-
ACCTGGTGCTGCTTG-30) and G4031D Rev (50-CAAG-
CAGCACCAGGTCCAAGGTGGCTCCC-30) primers.Genera-
tion of the desired mutation was confirmed by DNA sequencing.
Primer synthesis andDNAsequencingwere performedby the staff
at the Kansas Medical Center Biotechnology Support Facility.
In Vivo Expression and Glycosidase Assays. HEK293T

cells were maintained in DMEM/4.5 g/L glucose/10% serum with
penicillin/streptomycin. Transient transfections were performed
as previously described (27). Briefly, cells were incubated with
CaHPO4-DNA precipitates consisting of 100 or 250 ng of PC1
fusion protein DNA unless otherwise noted and pBluescript
(Stratagene) filler DNA for a total of 8 μg ofDNA for 3.5 h. Cells
were lysed 22-26 h later in passive lysis buffer (Promega). For
analysis of N-linked glycosylation, lysates were supplemented
with detergents at final concentrations of 1%TritonX-100, 0.5%
sodium deoxycholate, and 0.1% SDS, and nuclei were pelleted.
Supernatants were digested with N-glycosidase F (Glyko) as
described previously (27). Glycosidase reactions or cell lysates
were precipitated, solubilized in 2� SDS loading buffer at 65 �C,
electrophoresed on either 7.5% or 5% polyacrylamide-SDS
minigels, and transferred to Immobilon-Pmembrane (Millipore).
Someblotswere blocked in 5%milk-TBSN (10mMTris, pH7.4,
0.9% NaCl, 0.1% NP-40) for probing with a rat anti-HA
monoclonal antibody (Roche). Alternatively, for probing with
antiserum raised against a C-terminal peptide of mouse PC1
(AS19 (10)), blots were blocked in 5%milk-TBST (10mMTris,
pH 7.4, 0.9% NaCl, 0.1% Triton X-100). Blots were developed
with either anti-rat HRP secondary and ECL substrate or anti-
rabbit AP secondary antibody and CDP-Star and were exposed
to film.

In Vitro Expression, Glycosylation, andMembrane Asso-
ciation Assays. For in vitro analysis of glycosylation, flag-
TM-glycosylation reporter clones were incubated in coupled
transcription/translation (T7 Quick TNT) extracts (Promega)
with [35S]methionine (Amersham) in the presence of canine
pancreatic microsomes (Promega) (27). For assessment of
membrane association of the flag-TM X clones, 1 μL of a TNT
reaction was equilibrated in 0.5 mL of 100 mM Tris, pH 7.5,
and 250mMsucrose and then centrifuged for 30min at 78000 rpm,
4 �C, in a TLA100.2 rotor. Resulting Tris sucrose supernatants
were precipitated in methanol, dissolved in 2� SDS loading
buffer, and denatured for 2 min at 100 �C. Treatment of TNT
reactions with N-glycosidase F was in glycosylation lysis
buffer (150 mM NaCl, 50 mM Tris, pH 7.5, 2 mM EDTA,
0.5% Triton X-100, 0.5% sodium deoxycholate, 0.5% SDS) -
(27). Following electrophoresis, gels were enhanced in 1 M
sodium salicylate, dried down, and exposed to film at-70 �C.

RESULTS

TMVIMutationM3677T Does Not Alter theMembrane
Insertion or Topology of TM VI. A number of missense
mutations/polymorphisms have been reported in the PKD1 gene
(http://pkdb.mayo.edu/cgi-bin/mutations.cgi).One of these amino
acid substitutions, M3677T, is located within TM VI, which has
been shown to have an Ncytosolic-Cextracellular orientation (27). In
order to analyze the effect of M3677T on the topology of TMVI
within the context of the membrane-integrated portion of PC1,
the C-terminal 1284 amino acid residues of murine PC1 were
cloned with the signal sequence of CD5 protein to generate
CD5-11TM (Supporting Information Figure S1A). The authen-
ticity of three consensus, N-linked glycosylation sites within the
membrane-spanning portion of PC1 was determined by a
combination of mobility shift and N-glycosidase assays with
site-directed mutants of CD5-11TM (Supporting Information
Figure S1B,C). These experiments showed that the loop follow-
ing TMVI contained the only native N-linked glycosylation sites
within this portion of PC1 (Supporting InformationFigure S1D).
Therefore, the glycosylation status of this loop was used as a
topology reporter to determine if the M3677T substitution
affected themembrane insertion ofTMVI.TheM3677Tmutation
was engineered into CD5-11TM to generate CD5-11TMM3677T,
and the electrophoretic mobilities of CD5-11TM, CD5-
11TMN123S, and CD5-11TMM3677T fusion proteins were com-
pared (Figure 1). As observed previously (Supporting Information
Figure S1B), the mobility of the wild-type and the triple glycosyla-
tion mutant CD5-11TM proteins differs considerably; however,
analysis of three independent CD5-11TMM3677T mutant clones
showed electrophoretic mobility identical to that of wild-type
CD5-11TM. These results suggest that the Met to Thr substitu-
tion at residue 3677 does not prevent TM VI from inserting into
themembrane and translocating the following loop into the lumen
of the ER.
TM X Mutation G4031D Decreases the Translocation

Efficiency of TM X. A human disease-associated amino acid
substitution, G4031D, has been reported in TM X (28). TM X
was previously shown to have an Ncytosolic-Cextracellular topol-
ogy (27). To determine if G4031D affects the membrane integra-
tion and C-terminal translocation of TM X in vivo, the amino
acid substitutionwas engineered into theCD5-I-Xglycosylation
reporter clone (Figure 2A) (27). This construct contains the signal
sequence of CD5 protein followed by the first 10 TM domains of
PC1 and ends in the glycosylation reporter tag consisting of the



Article Biochemistry, Vol. 50, No. 3, 2011 351

topologically neutral prolactin (PRL) “spacer” sequence (29),
three consensus N-linked glycosylation sites (N3), and a hemag-
glutinin (HA) tag (30). All native N-linked glycosylation sites
were removed from PC1 sequences in order to assess glycosyla-
tion of the C-terminal glycosylation reporter tag only. The wild-
type and mutant constructs were transfected into 293T cells, and
their glycosylation efficiencies were analyzed by Western blot
(Figure 2B). The relative proportion of glycosylated versus
nonglycosylated species of wild-type CD5-I-X was less than
50% (upper band compared to lower band), which is consistent
withprevious results showing thatTMXhas somewhatweak signal
anchor II activity (27). Importantly, the proportionof glycosylated
to nonglycosylated species was significantly less for the CD5-I-
XG4031D mutant protein. These results suggest that the TM X
mutant has weaker translocation activity than wild-type TM X.

To further assess the effects of the G4031D substitution, wild-
type and mutant TM X domains and their N- and C-terminal
loop regions were cloned in frame with an N-terminal FLAG
epitope tag (flag) and the C-terminal glycosylation reporter tag
(PRL-N3-HA) (Figure 3A) andwere expressed in in vitro coupled
transcription/translation (TNT) extracts in the presence of rough

microsomal membranes. Since these expression constructs lack a
signal sequence, this assay reveals whether the TM domains can
function to direct their own membrane-associated synthesis and
integration (i.e., signal-anchor assay). Gel electrophoresis of the
TNTreactionproducts (Figure 3B) shows that thewild-type flag-X
template resulted in synthesis of both glycosylated and nongly-
cosylated species, as demonstrated by treatment with NgF, while
the flag-XG4031D template produced nonglycosylated product.
Very long exposures revealed a minor amount of glycosylated
flag-XG4031D protein (data not shown). These in vitro observa-
tions are consistent with the in vivo data obtained with wild-type
and mutant CD5-I-X fusion proteins.
G4031D Mutation Affects the Membrane Association

Property of TM X. To determine whether the reduced translo-
cation activity of the TM X mutant fusion protein is due to the
loss of signal sequence properties, an aliquot of the TNT plus
canine microsomal membrane reaction was centrifuged in Tris
sucrose buffer, and the resulting membrane pellet (P) and super-
natant (S) fractions were analyzed for amounts of fusion protein
(Figure 3C). More than half of the flag-XG4031D fusion prote
in was found in the supernatant (nonmembrane associated)

FIGURE 1: M3677T does not affect membrane integration of TM VI. (A) Illustration of the CD5-11TMM3677T fusion protein with Met to Thr
mutation at residue 3677 within TM VI (hatched box). Boxes and roman numerals indicate the 11 TM domains of PC1. CD5, signal sequence;
G pro,G protein activation domain; coil, coiled-coil domain; N,N-linked glycosylation site. (B) AS19Western blot analysis of lysates from 293T
cells transiently transfected with CD5-11TM (WT), triple glycosylation mutant CD5-11TMN123S (N123S), or three different CD5-
11TMM3677T mutant fusion protein clones (1-3). Arrow, glycosylated form; arrowhead, nonglycosylated form.

FIGURE 2: In vivo glycosylation analysis of TMXG4031Dmutant. (A) Illustration ofwild-type CD5-I-X andmutantCD5-I-XG4031D glycosylation
reporter constructs. Both fusion proteins contain TM domains I-X of PC1 and have the three potential N-linked glycosylation sites within PC1
removed bymutation (S). CD5-I-XG4031D also has the engineeredGly toAspmutation within TMX (hatched box). CD5, signal sequence from
CD5 protein; PRL-N3-HA, glycosylation reporter tag. (B) Anti-HAWestern blot analysis of constructs transfected into 293T cells at a lowDNA
(10 ng) amount. The glycosylated (arrow) and nonglycosylated (arrowhead) forms are indicated.
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fraction. In contrast, themajority of wild-type flag-Xwas present
in the membrane pellet (the glycosylated and nonglycosylated
forms together). This suggests that theG4031Dmutation reduces
the ability of TM X to act as a signal sequence and to direct its
own synthesis at membrane-bound ribosomes.
G4031DMutationMay Influence theMembrane Insertion

ofTMXandTMXI.Previously, we showed that themembrane
association and integration of TM X was increased by the
addition of C-terminal sequences containing the extracellular
loop and TM XI (27). To determine whether the G4031D
mutation affected the ability of the two TM domains together to
associate with membranes, wild-type and mutant flag-X-XI
fusion proteins were synthesized in TNT extracts with micro-
somal membranes and subjected to centrifugation in Tris sucrose
buffer. Analysis of the pellet and supernatant fractions (Figure 4B)
showed that addition of TM XI resulted in approximately half
of flag- XG4031D-XI being associated with the microsomal
membrane pellet. In contrast, the major proportion of wild-type
flag-X-XI fusion protein was found in the membrane pellet.
These results suggest that the G4031D mutation could

negatively impact the membrane integration of the final
two TM domains of PC1.

DISCUSSION

Disease-associated mutations within the human PKD1 gene
include insertions, deletions, duplications, and nonsense and
missensemutations (http://pkdb.mayo.edu/cgi-bin/mutations.cgi).
Most of the missense mutations are classified as indeterminate
since the effects of these amino acid substitutions have not been
and/or cannot be easily assayed. However, a few PKD1missense
mutations have been demonstrated to impact properties and
functions described for PC1. PKD1 family related mutations
within the receptor for egg jelly (REJ) domain were shown to
prevent cleavage at theGPSdomain, to abolish STAT1 activation,
and to prevent in vitro tubulogenesis (31). Several missense
mutations within the first PKD repeat were shown to alter the
stability of the folding of this domain, which was proposed to
affect its function in mechanosensing (7, 32). A missense muta-
tion within the coiled-coil domain of the cytosolic C-terminal tail
of PC1 was found to alter its ability to interact with, activate, and
stabilize PC2 (33-35). Currently, nothing is known regarding
how human disease-associated mutations affect the membrane
topology or biogenesis of PC1. The Pkd1m1Bei mouse is the only
known example of a missense mutation within a TM domain
of PC1 that leads to cystic disease (36). In this instance, ENU
mutagenesis generated a Met to Arg substitution (M3083R)
within TM domain I which resulted in a mouse model with a
homozygous null phenotype. The molecular basis by which
M3083R leads to the complete loss of PC1 function is not known,
however. Previously, we developed expression constructs and
assays that enabled us to determine the location and topology of
the 11 TM domains and intervening loop regions of PC1 (27). In
this report, we utilize electrophoretic mobility shift, glycosidase,
and membrane association assays to determine whether two
reported human missense mutations within TM domains VI and
X affect the membrane-associated structure of PC1.

Glycosidase and mobility shift assays with single, double, and
triple glycosylation mutants were used to demonstrate the

FIGURE 3: In vitro translocation analyses of mutant TM X.
(A) Illustration ofwild-type flag-X andmutant flag-XG4031D glycosyla-
tion reporter tag fusion constructs. Hatched box, G4031D mutant
TM domain X; flag, N-terminal FLAG epitope tag; PRL-N3-HA,
glycosylation reporter tag. (B) Gel analysis of flag-X and flag-XG4031D

fusionproteins produced inTNTextractswithmicrosomalmembranes
and incubatedwith (þ) orwithout (-) NgF.Arrow, glycosylated form.
(C) Gel analysis of flag-X and flag-XG4031D TNT reactions following
centrifugation in Tris sucrose buffer. Both themembrane pellet (P) and
supernatant (S) fractions were analyzed along with an aliquot of the
totalTNTreaction (Tot).Arrow, glycosylated form. (D) Interpretation
of the glycosidase and membrane association studies. The location
and orientation of the predominant forms of the wild-type andmutant
flag-X fusion proteins are shown relative to themicrosomal membrane
(gray rectangle). N-linked glycosylation is illustrated by the branched
structures on the N3 portion of the glycosylation reporter tag. SAII,
signal anchor II orientation.

FIGURE 4: Analysis of membrane association of mutant TM X with
TM XI. (A) Illustration of wild-type flag-X-XI and mutant flag-
XG4031D-XI glycosylation reporter tag fusion constructs. Hatched
box, TMXwith G4031Dmutation; flag, N-terminal FLAG epitope
tag; PRL-N3-HA, glycosylation reporter tag. (B)Gel analysis of flag-
X-XI and flag-XG4031D-XI fusion proteins produced in TNT extracts
withmicrosomalmembranes following centrifugation inTris sucrose
buffer. Both the membrane pellet (P) and supernatant (S) fractions
were analyzed along with an aliquot of the total TNT reaction (Tot).
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presence of two, native N-linked glycosylation sites within the
CD5-11TM expression construct of PC1. The results of these
assays (Supporting Information Figure S1D) are consistent with
the experimentally supported membrane topology model for
PC1 (27). Both N2 (N3728), and N3 (N3780) glycosylation sites
are located in the extracellular loop after TM VI where they
would be exposed to modifying enzymes during synthesis of the
protein in the ER. In contrast, N1 (N3139) is located within the
first intracellular loop and, therefore, would not be expected to be
glycosylated. Furthermore, the sequence for N1 is NPT, and
there are reports that “x”, in the N-linked glycosylation con-
sensus sequence, NxS/T, can be any amino acid residue except
proline (37). Confirmation of the authenticity of N2 and N3 as
glycosylation sites allowed them to be used as topology reporters
for a missense mutation in TM VI (see below). It is anticipated
that these N-linked glycosylation sites will be useful for assaying
the effects of other missense mutations within preceding TM
domains (e.g., TM I-V) or within other regions of PC1 that
might impact its topology and/or transport from the ER (i.e., by
Endo H cleavage resistance-susceptibility assays).

One of the ADPKD-associated amino acid substitutions
investigated wasM3677T, located in TMdomainVI.M3677T did
not alter the electrophoretic mobility of CD5-11TM (Figure 1),
indicating that sites N2 and N3 were glycosylated as in wild-type
CD5-11TM (Supporting Information Figure S1). The ability of
sites N2 and N3 to be glycosylated suggests that this amino acid
substitution did not alter the membrane insertion or orientation
of TMVI. However, this approach is unable to discern ifM3677T
causes a more subtle change such as a shifting in the location of
themembrane-embedded residues of TMdomain VI. It is possible
that M3677T may affect other properties of PC1 such as its
stability or the ability of TM VI to interact with other TM
domains of PC1 or with interacting partners such as PC2.
Recently, the TM domain portions of PC1- and PC2-related
proteins PKD1L3 and PKD2L1were shown to interact with each
other inorder for this complex tobe transported to taste pores (38).
Although the stability of the M3677T mutant of CD5-
11TM did not appear to be altered (as compared to wild-type
CD5-11TM) in our studies, we realize that ours represents an
overexpression system that might overwhelm endogenous degra-
dative mechanisms. Finally, it is also possible that M3677T
represents a harmless polymorphism based on the observation
that althoughMet is present at residue 3677 in PC1 from human,
mouse, rat, dog, and chicken, the corresponding residue in Fugu
PC1 is Thr.

The secondADPKD-associatedmissensemutation investigated
was G4031D, located within TM domain X. Previous work
demonstrated that TM X has the ability, albeit weak, to translo-
cate its C-terminus and associated sequences into the ER lumen
(i.e., signal anchor type II or SAII activity) (27). Assays with
glycosylation reporter fusion proteins expressed either in vivo or
in vitro showed that mutant TM X was less efficiently glycosy-
lated than wild-type TM X-containing proteins, suggesting that
the G4031D mutation interferes with the SAII activity of TM X
(Figures 2 and 3). In addition, previous work had shown that the
addition of TM XI and intervening loop sequences to TM X
significantly increased the membrane association of TM X. This
was interpreted to suggest that the membrane integration of TM
X requires multiple topogenic determinants and occurs via a
cooperative mechanism involving TM XI (27). To determine
whether the G4031D mutation affected this cooperative pheno-
type, loop-TM XI sequences were added to mutant TM X.

Addition of TM XI only slightly improved the membrane
association of mutant TM X, in contrast to its significantly
positive effect on the membrane association of wild-type TM X
(Figure 4). Thus, the G4031D mutation not only reduces the
membrane association and translocation of TM X alone but
also diminishes the membrane association of the last two TM
domains together.

Predictive algorithms represent an alternative method to the
experimental testing of the effect of a missense mutation on
the topology of a transmembrane domain. Using the Phobius
(www.ebi.ac.uk/Tools/phobius/) and TMHMM (www.cbs.dtu.dk/
services/TMHMM-2.0/) protein topology prediction programs,
neither the G4031D nor the M3677T variant is predicted to
eliminate or to alter the topology of its respective TM domain
(data not shown). For G4031D, however, the probability for
residues within the domain to be membrane-embedded is reduced,
and there is a suggestion that the membrane-spanning portion
may be shifted C-terminal-ward and shortened. In addition, the
probabilities for the preceding and following loops to be located
inside and outside of the cell, respectively, are less definitive with
G4031D than with G4031. Any apparent discrepancy between
experimental and predictive results may be due to their inherent
strengths and weaknesses. For example, although our glycosyla-
tion reporter approach involves the overexpression, or the in vitro
expression, of artificial, truncated PC1 constructs, it is a valid
method to biochemically assess the membrane association and
topology of a predicted TM domain. While topology prediction
programs are invaluable bioinformatic tools, it is important to
recognize that it is experimentally derived structural data (e.g.,
from NMR, X-ray crystallography, gene fusions, cysteine sub-
stitution, N-linked glycosylation, and protease protection assays)
that are used as training sets for developing these algorithms and
that are also used as test sets to determine the accuracy of the
program.Currently, there is no topology prediction program that
is 100% accurate (39). Some of this inaccuracy stems from an
inability to factor in the influence of one domain upon another,
the distances between TM domains, the regulation of transloca-
tion by other factors, and the amphipathic nature ofTMdomains
internal to the protein.

The data in this report support the view that G4031D would
interfere with the membrane insertion of TM X and TM XI in
vivo and thereby represents a pathogenic mutation. Several
possibilities exist as to what the molecular pathogenic effects of
G4031D could be. For example, inhibition of the membrane
integration of TM X and TM XI would result in the cytosolic
localization of these TMdomains and intervening loop sequences
and could alter the structure or environment of the cytosolicC-tail,
potentially influencing its cleavage and disrupting the multiple
signaling functions ascribed to this portion of PC1 (10, 13-19).
Furthermore, the cytoplasmic exposure of sequences normally
embedded within the membrane might lead to gratuitous
activation of nonspecific signaling effectors, resulting in a
dominant gain of function. An intriguing idea is that the mem-
brane integration of (wild type) TMX and XI may be “purpose-
fully” inefficient and/or regulated (40). In this scenario,
alternative, membrane-integrated conformations of PC1, con-
sisting of 11 or 9 TM forms, each with different signaling
properties, could be synthesized at the ER. G4031D would favor
the predominance of the 9 TM conformation and its signaling
activities, which could result in a pathological imbalance in the
pathways activated. The L envelope protein of the hepatitis B
virus is an example of a protein with dual membrane-integrated
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structures that are linked to different functions and whose
biogenesis is regulated (41). Alternatively, G4031D might inter-
fere with an entirely different biochemical property of TM X,
such as its ability to interact with other TMdomains.With regard
to this, we have noticed that G4031D disrupts a potential GxxxG
motif at the N-terminal end of TM X. GxxxG motifs are
important for transmembrane domain packing and oligomeriza-
tion of many types of integral membrane proteins, including
GPCRs (42-44). Interestingly, the GxxxG motif is conserved in
TMX of human, rat, mouse, and dog PC1 and is replaced by the
GxxxG-like motif (44, 45), AxxxA, in chicken and Fugu PC1.

In summary, our studies provide biochemical evidence that is
highly supportive of a pathological, rather than a neutral, effect
of G4031D. Currently, we are unable to conclude whether
G4031D represents an inactivating or a hypomorphic mutation.
These datawarrant future studies thatwill determinewhether this
amino acid substitution affects the biological properties of PC1
(e.g., cellular localization, signaling, and tubulogenesis) and leads
to a disease phenotype.
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