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   Abstract 

 The pancreatic  β -cell surface protein Tmem27 is promotes the 
preservation of functional  β -cell mass. It is a selective sub-
strate of the protease Bace2, yet the intramolecular features of 
Tmem27 that regulate its processing by this sheddase have not 
been characterized. In particular, the importance of homodi-
merization, glycosylation, traffi cking to the plasma membrane 
(PM), the existence of multiple cleavage sites, and the amino 
acid residues that govern these features are currently unknown. 
Using Tmem27 mutational analysis and multiple biochemi-
cal approaches, we here show that Tmem27 dimerization is a 
dynamic process mediated by its intracellular cysteine residue 
and that prevents Tmem27 cleavage, that extracellular aspar-
agine glycosylation is essential for Tmem27 traffi cking to the 
PM and its processing by Bace2, that the amount of Tmem27 
at the PM is proportional to its total cell levels upon glucose 
stimulation and Bace2 inhibition, and that the double phenyla-
lanine motif in the Tmem27 cleavage site is an intramolecular 
Bace2 inhibitor. These fi ndings defi ne structural properties of 
Tmem27 that affect the susceptibility to its protease Bace2 and 
have implications for the effi ciency with which Tmem27 and 
other Bace2 substrates are cleaved in normal and disease states.  

   Keywords:    ectodomain cleavage;   MIN6;   pancreatic  β -cell; 
  protease inhibitor.     

  Introduction 

 Tmem27 is a highly abundant type I transmembrane protein that 
is enriched in the cell surface of pancreatic  β -cells. In the past 
years, it has attracted increasing attention because of its ability to 

promote  β -cell proliferation and insulin secretion when overex-
pressed, two properties that would counteract the typical defi cits 
of  β  cells in the course of type 1 and type 2 diabetes progres-
sion (Kahn et al. , 2006 ) and raise the exciting possibility that 
Tmem27 could be targeted to treat these diseases. Recently, we 
have discovered that one way to increase endogenous Tmem27 
levels and attain these benefi cial effects is to inhibit its inactivat-
ing protease, Bace2 (Esterh  á zy et al., 2011 ). The activity of this 
sheddase normally leads to the degradation of the 43-kDa full-
length (FL) Tmem27 protein to a 25-kDa N-terminal, shed frag-
ment (NTF) that is released into the extracellular space and a 
22-kDa C-terminal, membrane-bound fragment (CTF) that is fur-
ther processed by  γ -secretase (Esterh  á zy et al., 2011 ). However, 
Tmem27 is also observed as a dimer of 90 kDa (Akpinar et al. , 
2005 ), raising the question of whether dimer formation has an 
effect on the shedding by Bace2. Furthermore, Tmem27 has 
two predicted extracellular asparagine (N) glycosylation sites, a 
posttranslational modifi cation that has been shown to be essen-
tial for proper traffi cking of  β -cell glucose transporter Glut2 
(Ohtsubo et al. , 2011 ) and therefore might affect the amount 
of Tmem27 that can interact with Bace2. Finally, the cleavage 
occurs at three proximal sites within the Tmem27 extracellular 
domain (Esterh  á zy et al., 2011 ), yet it is unknown which of the 
sites is the most important for shedding by Bace2. As Tmem27 
is the only known Bace2-selective substrate so far and given its 
medical potential, we sought to characterize the Tmem27 intra-
molecular determinants for dimerization, glycosylation, cell 
surface localization, and cleavage by Bace2. Using mutational 
analysis combined with multiple biochemical approaches, we 
found that monomeric but not dimeric Tmem27 is the substrate 
for Bace2, that normal N-glycosylation is required for the abil-
ity of Tmem27 to traffi c to the cell surface and is essential for 
cleavage by Bace2, that high-glucose and Bace2 inhibition lead 
to increased levels of Tmem27 at the plasma membrane (PM), 
and that the double phenylalanine (Phe-Phe)-containing cleav-
age region of Tmem27 acts an intramolecular Bace2 inhibitor, 
whereas the most membrane proximal motif is the preferred 
Bace2 cleavage site.  

  Results 

  The intracellular cysteine of Tmem27 is essential 

for its dimerization but not cleavage by Bace2 

 Tmem27 forms homodimers that can be observed on Western 
blots of nonreduced mouse insulinoma (MIN6) cell line 
lysates (Akpinar et al. , 2005 ). To determine which of the two, 
the monomer or the dimer of Tmem27, would accumulate 
upon Bace2 inhibition and thus be the likely substrate for the 
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protease, lysate from MIN6 cells treated with a Bace inhibi-
tor (MerckBI) was analyzed under oxidizing conditions. 
Both the monomer and the dimer of Tmem27 were equally 
stabilized compared with vehicle control (Figure  1  A). This 
suggested that either both are substrates or that only one oli-
gomer is, but that the equilibrium between the two states is 
so dynamic that lack of Tmem27 cleavage would translate 

into stability of the nonsubstrate as well. Interestingly, when 
 γ -secretase, which normally removes the C-terminal frag-
ment (CTF; Figure 1B) of Tmem27 generated by Bace2 
cleavage, was inhibited with  N -[ N -(3,5-difl uorophenacetyl)-
 l -alanyl]- S -phenylglycine  t -butyl ester (DAPT; Esterh  á zy et 
al., 2011 ), only a band corresponding to monomeric CTF was 
revealed under nonreducing conditions (Figure 1A), favoring 
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 Figure 1    The intracellular cysteine of hTmem27 is essential for dimerization but not for cleavage by Bace2. 
 (A) Nonreducing (-DTT) Western blot for Tmem27 and  γ -tubulin in lysates of MIN6 cells treated with DMSO, 5  μ  m  MerckBI, or 1  μ  m  DAPT 
for 6 h. Tmem27 dimer runs at 90 kDa, Tmem27 monomer (mono) runs at 43 kDa, monomeric Tmem27 CTF runs at 22 kDa. (B) Schematic 
representation of hTmem27 showing its topology, cleavage fragments as perceived by gel electrophoresis and positions of the three cysteine 
(C) residues. SP  =  signal peptide, EC  =  extracellular, TM  =  transmembrane, IC  =  intracellular, NTF  =  N-terminal fragment, CTF  =  C-terminal frag-
ment. Numbers refer to hTmem27 amino acid residues. (C) Nonreducing (-DTT, top) and reducing ( + DTT, bottom) Western blot for Tmem27 
( α -V5) in lysates of MIN6 cells transfected with 5  μ g of respective plasmid/10 6  cells 24 h before lysis. hTmem27.1 and hTmem27.2 represent 
transfections with two independent plasmid preparations. (D) Western blot for hTmem27 ( α -V5) in lysates of MIN6 cells transfected with 5  μ g 
of respective plasmid/10 6  cells 24 h before 16-h treatment with 1  μ  m  DAPT, 200 n m  CpdJ, or DMSO. (E) Immunofl uorescence images of MIN6 
cells transfected with 0.5  μ g of respective plasmid/10 6  cells 24 h before fi xation and staining for hTmem27 ( α -V5). Bar  =  25  μ  m .    
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the concept that the monomer and not dimer is the substrate 
for Bace2. 

 Tmem27 has three conserved cysteine residues, one posi-
tioned extracellularly, C75 in human Tmem27 (hTmem27), 
one in the intramembrane domain, C152 in hTmem27, and 
one intracellularly, C186 in hTmem27 (Figure 1B). To 
assess which, if any, are involved in intermolecular Tmem27 
disulfi de bonds and could hence be used to determine the 
oligomerization state in which Tmem27 is a substrate for 
Bace2, the three residues of hTmem27 were mutated to ala-
nine, individually, C152 and C186, or all three in one con-
struct and transfected into MIN6 cells. Alanine was chosen 
over the more conservative serine residue as a substitution 
for C152 to avoid the insertion of a more charged side chain 
into the intramembrane domain that may affect membrane 
integration of the protein. The C75 and C186 residues were 
mutated to alanine for consistency between the mutants. 
Although mutating C75 and C152 did not prevent Tmem27 
dimerization, the C186A mutation did, both in the single 
mutant and C152A-C186A-bearing construct of hTmem27 
(Figure 1C). At the same time, the CTF was still observed. 
This suggests that the dimerization-defi cient hTmem27C 186A  
is a monomeric substrate for Bace2. The C186A single 
mutant behaved as the wild-type construct; however, the 
C75A mutation resulted in a drastic biochemical phenotype, 
both in the single and in the triple cysteine mutant form: 
it appeared hyperoligomerized, ran at a lower molecular 
weight compared with the other constructs, and became vis-
ible as a sharp band following separation on a polyacrylam-
ide gel, which suggested loss of glycosylation (Figure 1C). 
The C75A mutants also failed to display CTFs (Figure 1C), 
and similarly, no NTF could be detected in the supernatant 
of the cells (data not shown; see Figure 1B for position of 
NTF with respect to FL Tmem27). Analyzing the behavior 
of all the constructs expressed in MIN6 cells in the presence 
of a Bace inhibitor (CpdJ) revealed that all but the C75A-
containing constructs were strongly stabilized upon Bace2 
inhibition and are thus substrates for this protease (Figure 
1D). Upon addition of DAPT, a weak CTF could be detected 
for the C75A mutants, showing that a small fraction of the 
protein was still cleaved by Bace2 (Figure 1D). The inef-
fi cient cleavage of hTmem27C75A could be attributed to its 
increased dimerization; however, another possibility is that, 
given its altered glycosylation state, a mislocalization that 
prevents it from interacting with Bace2 at the PM and/or ves-
icles derived from it. Immunofl uorescence analysis of MIN6 
cells expressing the cysteine mutants revealed that indeed 
the latter was the case: while the C152A and C186A mutant 
localized to the PM as the wild-type construct, the C75A har-
boring constructs appeared diffuse and predominantly intra-
cellular (Figure 1E). Taken together, these results show that 
monomeric Tmem27 is a substrate for Bace2.  

  Induced dimerization of Tmem27 prevents 

its shedding by Bace2 

 To further support the notion that dimeric Tmem27 is not 
a substrate for Bace2, an inducible dimer of Tmem27 was 

generated by cloning FL hTmem27 or hTmem27- Δ 171-222 
(lacking the cytosolic domain including C186) N-terminal 
of a 10-kDa human FK506-binding protein (hFKBP) 
domain followed by an HA tag (ARIAD Argent homodi-
merization kit). The hFKBP protein dimerizes upon ligand 
binding, and the endogenous ligand can be replaced by 
synthetic high affinity ligands such as AP20817 (Jin et al. , 
2000 ). Furthermore, the hFKBP construct used harbored 
a F36V mutation (Fv) because this mutation augments 
the affinity of AP20817 for hFKBP  ≈ 1000-fold. The FL 
hTmem27-Fv-HA construct behaved like hTmem27 with-
out the FKBP fusion in terms of cleavage when expressed 
in MIN6 cells because the addition of Bace inhibi-
tor (CpdJ) led to the stabilization of the FL protein and 
loss of CTF, whereas the addition of  γ -secretase inhibi-
tor DAPT stabilized its CTF (Figure  2  A). Also, the NTF 
that is released upon Tmem27 cleavage by Bace2 was not 
detectable in the supernatant upon CpdJ addition (Figure 
2B). The hTmem27- Δ 171-222-Fv-HA construct displayed 
a nonglycosylated pattern, was a poor Bace2 substrate 
based on the same assays (Figure 2A, b), and hence was 
not further considered as a useful tool to determine if the 
dimer of Tmem27 is Bace2 cleavage resistant. However, 
it was interesting to observe that although FL hTmem27-
Fv-HA localized to the PM as expected, hTmem27- Δ 171-
222-Fv-HA (and Fv-HA empty vector) did not, a finding 
in line with the previous observation (Figure 1D, E) that 
glycosylation defects can result in Tmem27 mislocaliza-
tion (Figure 2C). 

 Dimerizing FL hTmem27-Fv-HA in MIN6 cells by the 
addition of AP20817 led to the stabilization of FL protein 
in the cell lysate (Figure 2D,  + DTT blot), which coincided 
with an enrichment of the dimer compared with extracts 
of vehicle control-treated cells (Figure 2D, -DTT blot). 
However, this total protein stabilization upon increased 
dimer formation was also observed for the non-Bace2 
substrate constructs hTmem27- Δ 171-222-Fv-HA as well 
as for the CTF of hTmem27-Fv-HA, raising the possibil-
ity that any AP20817-induced dimer is more resistant to 
protein turnover, also independently of Bace2 (Figure 2D). 
Similarly, the CTF of hTmem27-Fv-HA was stabilized 
upon AP20817 addition, and a 64-kDa band corresponding 
to the expected size of its dimer appeared (Figure 2D, -DTT 
blot), making either the FL or CTF levels ambiguous mea-
sures of Tmem27 accessibility to Bace2 in this setting. Yet, 
the fact that the NTF of Tmem27 was drastically decreased 
in the supernatant of hTmem27-Fv-HA-transfected MIN6 
cells upon AP20817 addition (Figure 2D, top blot) strongly 
suggested that dimerization inhibited ectodomain shed-
ding. The FL hTmem27-Fv-HA protein still localized to the 
MIN6 cell surface upon AP20817 addition to the cell cul-
ture medium (Figure 2E), ruling out that this lack of cleav-
age was due to mislocalization  –  which had correlated with 
the cleavage resistance of all the glycosylation defective 
constructs. These data show that the Tmem27 dimerization 
prevents its cleavage by Bace2 and further strengthen the 
above fi nding that monomeric Tmem27 is the substrate for 
the protease.  
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 Figure 2    Inducing dimerization of hTmem27 by C-terminal fusion to human FK506-binding protein F36V (Fv) leads to decreased extracel-
lular cleavage. 
 (A) Western blot ( α -HA) for Fv only (10 kDa), hTmem27-Fv (55 kDa), or hTmem27 Δ 171-222-Fv (38 kDa) in lysates of MIN6 cells transfected 
with 5  μ g of respective plasmid/10 6  cells 24 h before 16-h treatment with 1  μ  m  DAPT, 200 n m  CpdJ, or DMSO. Note that the hTmem27 Δ 171-
222-Fv appears nonglycosylated and is cleavage defective. (B) Western blot for hTmem27 NTF in supernatant of MIN6 cells transfected with 
5  μ g of respective plasmid/10 6  cells 24 h before 16-h treatment with 200 n m  CpdJ or DMSO. (C) Immunofl uorescence images of MIN6 cells 
transfected with 0.5  μ g of respective plasmid/10 6  cells 24 h before 16-h treatment with 200 n m  CpdJ or DMSO, fi xation, and staining for 
hTmem27 ( α -HA). Bar  =  50  μ  m . (D) Western blot for Fv only, hTmem27-Fv or hTmem27 Δ 171-222-Fv in supernatant (top blot,  α -hTmem27 
NTF) and lysates (middle blot,  + DTT; bottom blot, -DTT;  α -HA) of MIN6 cells transfected with 5  μ g of respective plasmid/10 6  cells 24 h 
before 12-h treatment with 1 n m  AP20817 or ethanol vehicle. Note that the sharp bands in the supernatant from Fv only and hTmem27 Δ 171-
222-Fv transfected cells are cytoplasmic contaminants that arise from the high levels of overexpression and stability of FL proteins and are 
recognized by the secondary antibody ( α -mouse). Note also the additional bands at  ∼ 64 kDa and  ∼ 95 kDa in the AP20817 treated lane on -DTT 
blot, of which the 64-kDa band may correspond to forced dimers of CTF. (E) Immunofl uorescence images of MIN6 cells transfected with 
0.5  μ g of respective plasmid/10 6  cells 24 h before 12-h treatment with 1 n m  AP20817 or ethanol vehicle, fi xation, and staining for hTmem27 
( α -HA). Three different frames are shown per condition to cover the spectrum of observed Tmem27 distributions. Bar  =  25  μ  m .    
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  N-linked glycosylation-defi cient mutants of Tmem27 

do not localize to the PM and are resistant to 

cleavage by Bace2 

 Given the recurrent observation that seemingly unglycosy-
lated Tmem27 constructs mislocalized to non-cell surface 

compartments and were poor Bace2 substrates, the impor-
tance of the two glycosylation sites in hTmem27, asparagine 
(N) 76 and N93 (Figure  3  A) for localization and cleavage by 
Bace2 was investigated. Constructs were generated in which 
each N residue individually or in combination were mutated 
to isoleucine (I). All three, hTmem27 N76I , hTmem27 N93I , 
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 Figure 3    hTmem27 lacking of asparagine glycosylation is mislocalized to non-PM compartments and less susceptible to cleavage by 
Bace2. 
 (A) Schematic representation of hTmem27 showing positions of the two extracellular asparagine (N) residues that are predicted to be glyco-
sylated. Numbers refer to hTmem27 amino acid residues (B) Immunofl uorescence images of MIN6 cells transfected with 0.5  μ g of respective 
plasmid/10 6  cells 24 h before fi xation and staining for hTmem27 ( α -V5). Three different frames are shown per mutant to cover the spectrum of 
observed Tmem27 distributions. Bar  =  25  μ  m . (C) Western blot for hTmem27 ( α -V5) in lysates of MIN6 cells transfected with 5  μ g of respec-
tive plasmid/10 6  cells 24 h before 16-h treatment with 1  μ  m  DAPT, 200 n m  CpdJ or DMSO. (Top) A total of 5  μ g protein was loaded on the top 
blot to detect the CTF of glycosylation-defi cient mutants. (Bottom) A total of 0.5  μ g protein was applied per lane to detect expression difference 
between wild-type and mutant constructs as well as effects of CpdJ on FL Tmem27 levels.    
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hTmem27 N76I – N93I , were found to distribute to non-PM com-
partments when overexpressed in MIN6 (Figure 3B), similar 
to the hTmem27 C75A  protein. Also, the proteins ran as sharp 
bands and at lower molecular weights than the wild-type 
construct on a Western blot (Figure 3C). Intriguingly, none 
was stabilized upon CpdJ incubation (Figure 3C, bottom), 
no NTFs were found in the supernatant (not shown), and 
only when high protein amounts were loaded could a CTF 
be observed upon DAPT addition (Figure 3C, top). These 
fi ndings indicate that the loss of a single glycosylation is 
suffi cient to cause Tmem27 mislocalization and prevent its 
cleavage.  

  Bace2 inhibition and high glucose lead to enrichment 

of Tmem27 at the PM 

 The emerging notion that targeting of Tmem27 to the PM 
is pivotal for its cleavage prompted us to study the localiza-
tion of the protein under the two conditions known to induce 
increased Tmem27 protein levels: high glucose concentra-
tions (Saisho et al. , 2009 ) and Bace2 inhibition (Esterh  á zy 
et al., 2011 ). Although it has been observed that the rate of 
Tmem27 degradation in MIN6 upon glucose stimulation is 
unaffected (Saisho et al. , 2009 ) and that Bace2 inhibition 
truly leads to enzymatic inactivity (Esterh  á zy et al., 2011 ), it 
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is undetermined if Tmem27 also accumulates at the PM, the 
presumed compartment of its action (Akpinar et al. , 2005 ). 
Conversely, it is currently unknown if these accumulation 
effects could additionally be explained by a sequestration 
from the cell surface and thereby protection from turnover. 
Staining of MIN6 cells expressing hTmem27 only revealed 
that, qualitatively, the protein still localized to the PM of 
MIN6 cells treated with high (25 m m ) glucose or 200 n m  
CpdJ (Figure  4  A). To quantitatively assess the amount of 
Tmem27 on the PM under these conditions, we used the live 
cell surface biotinylation technique, whereby before lysis, the 
cells are incubated on ice with impermeable, reactive biotin 
that covalently binds to primary amines in surface exposed 
protein and labeled molecules in the lysate are precipitated 
by Neutravidin conjugated beads. As expected, Tmem27 lev-
els in the total MIN6 lysate increased upon 25 m m  glucose 
compared with 5 m m  glucose as well as upon CpdJ addition 
(Figure 4B, lane IN, Supplementary Figure  1  ). Only a fi fth 
of the total lysate Tmem27 was found to be in the biotin-en-
riched fraction and thus cell surface (CS) at any given time 
(Figure 4B, C lanes CS), but this ratio was observed under all 
the conditions. Furthermore, Bace2 and Bace1 levels at the 
PM were unaffected by glucose and Bace inhibition, ruling 
out the alternative possibility that the proteases are seques-
tered (Figure 4B). Notably, the fraction of Tmem27 and 
Bace2 found at the surface was reminiscent of an intensely 
traffi cking surface protein, the epidermal growth factor 
receptor (EGFR; Sorkin and Goh , 2008 ) (Figure 4B, C). 
The fact that only a portion of the total pool of these pro-
teins was recovered in the cell surface fraction was further-
more not likely due to an ineffi cient biotinylation reaction, 
as 90 %  of E-cadherin, an important  β -cell adhesion molecule 
(Dahl et al. , 1996 ) of similar size as EGFR and therefore pos-
sessing similar amounts of primary amines, was precipitated 
(Figure 4B, C). Conversely, carboxypeptidase E (Cpe), an 
insulin granule resident transmembrane protein (Dhanvantari 
et al. , 2002 ) that was up-regulated on the protein level upon 
high glucose in our system and against which a very strong 
antibody was available, was never found in the PM-enriched 
eluate, ruling out that the 10 %  – 20 %  of Tmem27, Bace2, and 
EGFR recovered could be explained by unspecifi c binding 
of biotin to proteins in intracellular compartments or leaky 
cells (Figure 4B, C). These data show that enriching for total 
Tmem27 protein by high glucose and Bace2 inhibition does 
translate into increased amounts of the protein at the cell sur-
face and that altered Tmem27 traffi cking is not likely to con-
tribute to the stabilizing effects.  

  Mutating the extracellular cleavage site including 

the Phe-Phe motif renders Tmem27 more susceptible 

to Bace2 cleavage at the membrane proximal 

cleavage site 

 Three Bace2 cleavage sites in hTmem27 have been identifi ed 
by mass spectrometry (Esterh  á zy et al., 2011 ), two clustered 
sites after phenylalanine (F) 116 and leucine (L) 118 (area 
A, in blue, Figure  5  A), giving rise to CTF A1 and CTF A2, 
respectively (Figure 5A), and one more membrane proximal 

site at F125, giving rise to CTF B (area B, in red, Figure 5A). 
The existence of multiple cleavage sites could serve several 
purposes: fi rst, it could be a simple safeguard mechanism to 
ensure removal of a protein; second, the sites may synergize 
or antagonize cleavage at a particular site as  ‘ intramolecular 
competitive antagonists ’ ; third, the alternative cleavage prod-
ucts arising could possess different biological activities. To 
elucidate the role of cleavage site areas A and B in hTmem27 
processing by Bace2, each region was mutated on its own or 
in combination to either multiple glycines (G), multiple ala-
nines (A), or a stretch of amino acids with large side chains 
of different charges or sizes from the wild-type residues at 
the same position (115 – 119 TYYLR instead of AFFLN in 
area A and 123 – 128 NTYGKR instead of LEFLKI in area 
B). Of note, our previous attempts to mutate single residues 
to amino acids as diverse as alanine, glycine, tryptophan, or 
aspartic acid failed to induce any change in hTmem27 cleav-
age (data not shown). Independently of the residues intro-
duced in area A (115 – 118G, 114 – 119A, 115 – 119TYYLR), 
mutation of this region led to a marked enrichment of a CTF 
upon DAPT treatment that exhibited similar electrophoretic 
mobility as the wild-type CTF, indicating accelerated pro-
cessing by Bace2 (Figure 5B). This coincided with reduced 
levels of the FL protein compared with wild type, as would 
be expected for a protein that is more susceptible to cleavage; 
however, all of these gross mutations led to lower expression 
levels compared with wild type, probably due to misfold-
ing and also to apparent glycosylation defects (Figure 5B, 
Supplementary Figure  2  ). Therefore, the ratio of CTF to FL 
protein was used to determine whether cleavage was affected 
in the mutants. Indeed, Figure 5C shows that area A mutants 
displayed a 1.2- to 2-fold increase in the CTF/FL ratio com-
pared with wild type. In contrast, mutating area B to G (123 –
 126G) led to the appearance of a weaker CTF band that also 
ran at a higher molecular weight than the wild-type CTF and 
therefore probably refl ected a shift toward cleavage in area 
A that gives rise to CTF A1/2 (Figure 5B, C). This shift also 
indicated that the enriched, lower molecular weight band in 
the area A mutants represented CTF B, which is likely the 
naturally preferred Bace2 cleavage site, as it was the same 
size as wild-type CTF. Mutating area B to 123 – 126A or 123 –
 128NTYGR did not have such pronounced effects on CTF 
generation (Figure 5B, C). However, when both areas A and 
B were mutated in a single construct (115 – 118G, 123 – 126G 
or 114 – 119A, 123 – 126A or 115 – 119 TYYLR, 123 – 128 
NTYGKR), the CTF/FL ratio was also decreased in the latter 
two (Figure 5C), and the FL protein reached almost wild-
type levels (Supplementary Figure 2). Furthermore, the CTF 
ran as a more diffuse band at a size close to that expected 
upon cleavage in area A (Figure 5B). 

 In addition to the ratio of CTF/FL protein, two further 
readouts can be used to determine the effi ciency of Tmem27 
processing by Bace2: the stabilization of the FL protein upon 
Bace2 inhibition in the cell lysate and the level of its shed 
NTF in the supernatant. The quantifi cation of the FL ratio of 
the mutants in the presence of CpdJ compared with DMSO 
and its normalization to the wild-type CpdJ/DMSO ratio 
revealed that although area A mutants in this assay behaved 
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 Figure 5    The cleavage site region of Tmem27 containing the Phe-Phe motif acts as a negative regulator of shedding by Bace2. 
 (A) Schematic representation of the extracellular juxtamembrane domain of hTmem27. Cleavage sites I and II in area A (blue) and site II in area 
B (red) are indicated. Numbers in sequence refer to amino acid residues in hTmem27 that are mentioned throughout this fi gure. The CTFs aris-
ing from respective cleavages are sketched on top of sequence as CTF A1/2 (blue) and B (red). Numbers next to CTFs refer to total amino acid 
length of CTFs. Gray cylinder represents transmembrane domain (residues 142 – 164). (B) Western blot for hTmem27 ( α -V5) and its indicated 
mutant forms in cell lysate of MIN6 cells transfected with 5  μ g of respective plasmid/10 6  cells 24 h before 16-h treatment with 1  μ  m  DAPT. 
Mutants and CTFs representing cleavage in area A are indicated blue, in area B in red, an in both blue and red. (C) Quantifi cation of ratio of 
CTF to FL hTmem27 and indicated mutants after a 16-h treatment with 1  μ  m  DAPT. Western blots with biological triplicates were quantifi ed. 
Note that the ratio of FL to CTF in the cell lysate rather than the ratio of FL in cell lysate to N-terminal fragment (NTF) in the supernatant was 
used to determine cleavage effi ciency because this ratio can be quantifi ed within a single sample, thus avoiding falsifi cations that arise from 
cross-blot comparisons. (D) Quantifi cation of ratio of FL mutant hTmem27 treated with 200 n m  CpdJ to FL levels upon DMSO treatment, 
normalized to the ratio of wild-type hTmem27 treated with 200 n m  CpdJ to DMSO. Western blots from three independent experiments were 
quantifi ed. (E) Example Western blot for hTmem27 ( α -V5) in lysates of MIN6 cells transfected with 5  μ g of respective plasmid/10 6  cells 
24 h before 16-h treatment with 1  μ  m  DAPT, 200 n m  CpdJ, or DMSO that was used to quantify ratios in (D). (F) Western blot for the NTF 
of hTmem27 (mAb 1/33) in supernatant of MIN6 cells transfected with 5  μ g of respective plasmid/10 6  cells 24 h before 16-h treatment with 
200 n m  CpdJ or DMSO. (G) Quantifi cation of shed Tmem27 in supernatant from MIN6 cells treated with 100  μ  m  of indicated peptide, 2.5  μ  m  
OM-003 (H-ELD-[(2 R ,4 S ,5 S )-5-amino-4hydroxy-2,7,-dimethyl-octanyl-]-AEF-OH) or DMSO for 2.5 h and detected with anti-N-terminal 
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almost like wild type (except for 114 – 119A), area B and area 
A/B double mutants were only stabilized by 60 %  compared 
with nonmutated hTmem27 (Figure 5D, E). Given the altered 
apparent molecular weight of the cleavage site mutants on 
Western blots, one concern was that this pattern was a conse-
quence of altered glycosylation, which could lead to protein 
mislocalization and thus prevention of hTmem27 cleavage in 
the area B and area A/B double mutants. However, all the 
mutants localized at least partially to the PM in MIN6 cells 
(Supplementary Figure  3  ), similar to the wild-type constructs 
(Figure 1D, Figure 2B). Monitoring the NTF in the superna-
tant of MIN6 cells revealed that area A mutants displayed an 
enrichment in this fragment, as is expected for higher-affi nity 
Bace2 substrates, whereas the supernatant of area B and area 
A/B mutants generated less NTF than the wild-type sample 
(Figure 5F, showing the G mutant series). Loss of the NTF 
upon Bace2 inhibition revealed that, in all cases, the shed 
fragment disappeared to a similar degree as in the wild-type 
supernatant, indicating that although the mutants displayed 
altered cleavage rates, their main protease remained to be 
Bace2 (Figure 5F). 

 Although the instability of the FL cleavage site mutants 
precluded any further functional analyses, the observation 
that the mutation of the Phe-Phe containing site in hTmem27 
led to increased shedding implied that this sequence could 
reduce Bace2 activity and could be exploited. In fact, the fi rst 
generation of Bace1 inhibitors was based on amyloid precur-
sor protein (APP) cleavage site peptides, such as the APP 
transition state analogue OM-003 (John et al. , 2003 ), which is 
based on the M671L mutant form of APP ( ‘ Swedish mutant ’  
causing familial Alzheimer disease; Mullan et al. , 1992 ). 
To assess the potential of a Phe-Phe-containing peptide for 
Bace2 inhibition, several 5- to 7-amino acid long peptides 
containing this motif were designed. The fl anking amino 
acids were varied to increase the probability that one peptide 
would be able to penetrate into the cell, as cell impermeable 
Bace inhibitors are not able to inhibit Bace2 (Esterh  á zy et al., 
2011 ). Control peptides were also included and were based 
on area B and longer peptides stretching from residue 107 
to 126 or 114 to 133 (Figure 5A). The supernatant of MIN6 
cells was analyzed for endogenous Tmem27 NTF using an 
antibody raised against peptide 101 – 120 (coll3). No effect on 
NTF levels was observed after 24 h, but after a 2.5-h treat-
ment with 100  μ  m  of the peptides, one peptide, ALAAFFL, 
satisfi ed the requirements for Bace2 inhibition and decreased 
shed Tmem27 levels to the same degree as 2.5  μ  m  of OM-003 
(Figure 5G, Supplementary Figure  4A  ). Compared with syn-
thetic Bace inhibitors, this was a weak and transient effect 
that also did not translate into FL Tmem27 stabilization in 
the cell lysate (data not shown); however, it was much more 

effective in decreasing the NTF signal than the nontransi-
tion state equivalent of OM-003, ELDLAAEF (Figure 5H, 
Supplementary Figure 4B). Furthermore, rendering the pep-
tide ALAAFFL more permeable and stable by N-terminal 
acetylation and C-terminal amidation increased its effi ciency 
and prolonged its effect to 24 h (Figure 5I, Supplementary 
Figure 4C). Of note, the decrease in Tmem27 shedding upon 
Ac-ALAAFFL-NH 2  was also detected with an anti-Tmem27 
N-terminus antibody raised against Tmem27 peptide 29 – 46 
(Supplementary Figure 4D, E), excluding the possibility that 
the perceived inhibitory effect was in reality due to an epitope-
masking effect. Protection of peptides by acetylation and ami-
dation conferred Tmem27 inhibitory activity to further AFFL 
containing peptides; however, none reached the effi cacy of 
Ac-ALAAFFL-NH 2  after 2.5 or 24 h (Supplementary Figure 
4F, G). 

 In summary the data suggest that the preferred Bace2 
cleavage site within hTmem27 is between F125 and L126 in 
area B, but area A acts as an alternative site, especially when 
area B is mutated. Furthermore, area A, which contains the 
double phenylalanine (Phe-Phe) motif, acts as an intramolec-
ular competitive antagonist that reduces cleavage effi ciency 
in area B, even when applied exogenously as a peptide.   

  Discussion 

 The data described here show that the Tmem27 amino acid 
sequence harbors essential information for its dimerization, 
glycosylation, localization, and processing by Bace2. Of the 
three cysteines, the intracellular residue appears most essential 
for mediating Tmem27 dimerization, as mutating it to alanine 
abolishes dimer formation. The dependence of this oligomer-
ization state on an intracellular cysteine is less frequent than 
the involvement of extracellular residues because the cytoso-
lic environment is usually reducing and thus does not favor 
disulfi de bond formation. However, other transmembrane 
proteins such as the MUC1 oncoprotein (Leng et al. , 2007 ) 
and the vaccinia virus A17L envelope protein (Betakova and 
Moss , 2000 ) have been shown to dimerize  via  intracellular 
cysteines. Given that endogenous Tmem27 appears as dim-
ers as much as monomers, this mechanism may further indi-
cate that the protein resides in cellular microenvironments 
with a low cytosolic reduction potential. We have applied 
various metabolic stress conditions to MIN6 cells to eluci-
date whether they would alter the ratio of monomer to dimer 
(unpublished data), but none translated into a shift in the bal-
ance, as shown by Western blotting. This is in line with the 
observation that Tmem27 stabilization by Bace2 inhibition 
leads to enrichment of both forms and hence the equilibrium 

Tmem27 antibody (coll3). Note that epitope for coll3 is mouse amino acid residue 101 – 120. Signal intensities were normalized to DMSO 
signal and are expressed as relative units (RU). (H) Quantifi cation of shed Tmem27 in supernatant from MIN6 cells treated with 20 – 100  μ  m  
of peptide ELDLAAEF, the nontransition mimetic from of OM-003, 2.5  μ  m  of OM-003, or DMSO for 2.5 h and detected with coll3 antibody. 
Signal intensities were normalized to DMSO signal and are expressed as relative units (RU). (I) Quantifi cation of shed Tmem27 in supernatant 
from MIN6 cells treated with 100  μ  m  of peptide ALAAFFL, Ac-ALAAFFL-NH 2 , or DMSO for 2.5 h (left) or 24 h (right) detected with coll3 
antibody. Signal intensities were normalized to the DMSO signal at each time point and are expressed as relative units (RU). Data represent 
means  ±  SD; * p    ≤   0.05, ** p    ≤   0.01, *** p    ≤   0.001.    
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between the two states is very dynamic. On the other hand, 
induced dimerization of Tmem27 leads to the reduction of 
its cleavage, suggesting that the dimer is not a substrate for 
Bace2. Interestingly, the Bace substrate APP homodimerizes 
as well (Scheuermann et al. , 2001 ) and its forced dimeriza-
tion also abolishes cleavage and thereby toxic A β  production 
by the protease Bace1 (Eggert et al. , 2009 ), the close homo-
logue of Bace2, indicating that substrate cleavage regulation 
by dimerization is a more general paradigm. Clearly, more 
work is needed in the future to identify situations in which 
cellular oxidation states and/or dimerization of these proteins 
are altered. 

 Proper glycosylation of Tmem27 is important for its cell 
surface localization, as the glycosylation-defi cient mutants 
accumulate in other compartments. It should be noted that the 
primary cause for lack of glycosylation and therefore proper 
localization within the cell may, in principle, also be misfold-
ing of mutant hTmem27 (C75A and hTmem27- Δ 171-222-
Fv-HA) that prevents the access of glycosyltransferases to the 
protein. However, these mutants were at the same time more 
stable than wild-type hTmem27, suggesting they were not 
subjected to unfolded protein response pathways. Either way, 
the fact that they are at the same time poor Bace2 substrates 
suggests that the PM is a critical compartment for substrate 
and protease interaction, although not necessarily cleavage 
(which is thought to also occur in early endosomal vesicles 
derived from the PM that fuse back with the cell surface after 
catalysis; Walter , 2006 ). PM is also a compartment of mature 
Bace2, as unless the protease is inhibited, only mature Bace2 
was found at the cell surface in the biotinylation experiment, 
as previously described by Fluhrer et al.  (2002) . The sugar 
side chains are not very likely to be important for the interac-
tion between Tmem27 and Bace2 once the proteins are in the 
same compartment because the area A mutants that appear 
partially glycosylation defi cient are very good Bace2 sub-
strates. The importance of Tmem27 glycosylation in its tar-
geting to the PM, the compartment in which it is likely to 
exert its proliferative action, may also have implications on 
the protein ’ s function in conditions of  β -cell dysfunction: free 
fatty acids have recently been reported to induce the down-
regulation of a crucial  N -glycosyltransferase, GnT-4a, which 
results in reduced Glut2 glycosylation and hence decreased 
cell surface expression and glucose-stimulated insulin secre-
tion (Ohtsubo et al. , 2011 ). Conceivably, Tmem27 glycosy-
lation defects induced by the metabolic environment could 
impair its function and thereby contribute to the  β -cell demise 
in type 2 diabetes in a similar manner. 

 Bace2 inhibition and high glucose have been shown to 
increase Tmem27 protein in MIN6 cells independently of 
transcription but rather by decreasing turnover (Esterh  á zy 
et al., 2011 ) and possibly accelerating translation (Saisho et 
al. , 2009 ), respectively. Here we, for the fi rst time, show that 
these increases in total Tmem27 protein levels do translate 
into elevated cell surface concentrations as well. The level 
of Tmem27 at the PM remains proportional to its total levels 
upon glucose stimulation or Bace2 inhibition, suggesting that 
the Tmem27-traffi cking machinery  –  which is likely to carry 
other cargos as well  –  is not affected. This is a signifi cant 

fi nding given that other conditions (such as lack of glycosyla-
tion) can lead to Tmem27 accumulation, yet in an inappropri-
ate compartment. 

 The existence of multiple proximal cleavage sites has also 
been observed for Bace1/2 substrates other than Tmem27 (Sun 
et al. , 2006 ; Kuhn et al. , 2007 ; Hogl et al. , 2011 ), indicating 
that this is a more common feature. The substrate cleavage 
sequence has also been shown to affect shedding effi ciency, 
the best studied example being the familial APP M671L 
Swedish mutant at the cleavage site between residues 671 and 
672 that leads to a substantially increased turnover by Bace1 
and therefore toxic A β  production (Mullan et al. , 1992 ). 
Mutations in the cleavage region that lead to decreased APP or 
other substrate processing by Bace1 have not been reported, 
and naturally occurring ones are probably diffi cult to fi nd by 
phenotyping. Intriguingly, another rare APP mutant that leads 
to late onset familial Alzheimer disease is A692G (Flemish 
mutant; Hendriks et al. , 1992 ), which prevents  α -secretases 
such as Adam10 and Adam17 from cleaving between Phe690 
and Phe691 (the  ‘  θ  site ’ ; Sun et al. , 2006 ), and therefore leads 
to reduced competition for the substrate with Bace1 that can 
cleave more effi ciently at the  β -secretase site (Lichtenthaler , 
2011 ). Bace2 itself is in fact capable of cutting APP at this 
Phe690-Phe691 site and therefore acting as a  θ -secretase 
(Fluhrer et al. , 2002 ; Sun et al. , 2006 ), but given its low cere-
bral expression, Bace2 is not likely to contribute a Bace1-
antagonizing effect in the brain. Although the Phe-Phe doublet 
in Tmem27 competes for the same protease, Bace2, that cuts at 
the preferred Tmem27 site (Phe125-Leu126) as well, whereas 
in APP this sequence leads to the competition of two differ-
ent protease classes for the substrate ( α -secretases cleaving 
between Phe690 and Phe691, Bace1 cleaving between Met671 
andAsp672), the net effect in both cases is that the motif slows 
down processing of the FL proteins and thereby contributes to 
their stability. A juxtamembrane Phe-Phe motif may also be 
a potent predictor of a Bace2 cleavage site, even if the cleav-
age at other, less well-defi ned signatures, appears to be more 
effi cient. Although the Phe125-Leu126 site in Tmem27 is con-
served across most vertebrates (Supplementary Figure  5A  ), 
the Phe116-Ph117 is replaced by Phe116-Leu117 in phyla 
more distally related to mammals, such as birds, amphibians, 
and fi sh, giving rise to the speculative idea that slowing Bace2 
activity by a Phe-Phe motif in its target only became advan-
tageous later in evolution. The 30-amino acid N-terminal of 
the Tmem27 transmembrane domain that contain the cleavage 
sites displays a similar phylogenetic relatedness as the entire 
Tmem27 sequence (Supplementary Figure 5B, C), as does the 
protein sequence of Bace2 (not shown), supporting the con-
cept that selective pressure to adjust to the protease, substrate, 
or terrestrial environment existed. 

 Finally, small synthetic molecules that mimic the critical 
properties of the Phe-Phe motif may be promising candidates 
for more Bace2-selective inhibitors than the compounds so far 
characterized, which all inhibit Bace1 as well. In summary, the 
multiple mechanisms by which the intramolecular motifs in 
Tmem27 determine its localization and processing by Bace2 
suggest that they have evolved to ensure the tight and dynamic 
regulation of this protein ’ s action and thus  β -cell mass.  
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  Materials and methods 

  Protease inhibitors and peptides 

 Merck BACE inhibitor IV (MerckBI) was purchased from 
Calbiochem (Darmstadt, Germany);  γ -secretase inhibitor DAPT from 
Sigma (Munich, Germany); CpdJ was synthesized by Roche (Basel, 
Switzerland), according to previous descriptions (Esterh  á zy et al., 
2011 ); OM-003 was obtained from Bachem (Bubendorf, Switzerland). 
Unmodifi ed peptides were custom synthesized by Apara Bioscience 
(Denzlingen, Germany). N-acetylated and C-amidated peptides were 
generated by Peptide 2.0 (Chantilly, VA, USA).  

  Antibodies 

 The antibodies against N-terminal Tmem27 was rabbit coll3 
(raised against mouse Tmem27 101 – 120, used at 1:500; Bethyl 
Laboratories, Montgomery, TX, USA) or mouse anti-Tmem27 2G5 
(raised against mouse Tmem27 29 – 46, used at 1:500; Enzo Life 
Sciences, Plymouth Meeting, PA, USA), and C-terminal Tmem27 
was rabbit coll4 (raised against mouse Tmem27 194 – 214, used at 
1:500, Bethyl Laboratories) as described previously (Akpinar et al. , 
2005 ; Danilczyk et al. , 2006 ). The other antibodies used for immu-
noblotting (IB) and immunohistochemistry (IHC) were used in the 
following dilutions and purchased from the following companies: 
mouse anti-V5 (1:5000 IB, 1:500 IHC; Invitrogen, Grand Island, 
NY, USA), mouse anti-HA (1:1000 IB, 1:100 IHC; Covance, 
Berkeley, CA, USA), mouse anti- β -tubulin (1:6000; Sigma), rabbit 
anti-E-cadherin (1:2500; Cell Signaling, Danvers, MA, USA), rab-
bit anti-EGFR (1:1000; Cell Signaling), rabbit anti-Bace1 (1:2000; 
Epitomics, Burlingame, CA, USA), goat anti-Bace2 (1:500; Santa 
Cruz, CA, USA), mouse anti-Cpe (1:3000; BD Transduction 
Laboratories, Heidelberg, Germany). Mouse anti-NTF hTmem27 
(antibody mAb1/33, 1:500) was a gift from F. Hoffmann-La Roche 
(Basel, Switzerland). Secondary antibodies were obtained from 
Calbiochem (horseradish peroxidase linked for IB, 1:10 000) or 
Invitrogen (ALEXA fl uor labeled for IHC, 1:500).  

  Other reagents 

 The pC4-Fv1E plasmid and dimerizer AP20817 were obtained 
as part of the ARGENT regulated homodimerization kit (ARIAD, 
Cambridge, MA, USA). The biotinylation based cell surface protein 
isolation kit was purchased from Pierce (Rockford, IL, USA) (Cat. 
No 89881).  

  Cell culture 

 MIN6 cells were maintained in DMEM (Gibco, Darmstadt, Germany) 
containing 25 m m  glucose, 15 %  FBS, 55  μ  m   β -mercaptoethanol and 
penicillin/streptomycin.  

  Cloning 

 The template for the hTmem27 mutants was hTmem27 in pcDNA3.1-
His6V5-TOPO vector (Invitrogen; Akpinar et al. , 2005 ), and the 
constructs were generated using a PCR approach. Mutant hTmem27 
was exchanged against the wild-type hTmem27 in the pcDNA3.1-
His6V5-TOPO backbone by restriction enzyme digest. For the in-
ducible dimers, hTmem27 was cloned into the pC4-Fv1E vector 
(ARIAD) using a PCR approach. All mutations were confi rmed by 
DNA sequencing.  

  Transient transfection with plasmids 

 MIN6 cells were either transfected with 5  μ g DNA/10 6  cells by elec-
troporation in AMAXA nucleofector V solution (Lonza, Cologne, 
Germany) using manufacturer ’ s single-cuvette electroporator 
and programme G-016 (available online at www.amaxa.com) for 
cell lysate analysis or 0.5  μ g DNA/10 6  cells using Lipofectamine 
2000 (Invitrogen) for immunofl uorescent image analyses of the 
constructs.  

  Protease inhibition 

 MIN6 cells were incubated with 5  μ  m  Merck Bace inhibitor IV 
(MerckBI), 1  μ  m  DAPT, and 200 n m  of CpdJ for 6 – 16 h in Opti-mem 
(Gibco), except for the cell surface biotinylation experiment, which 
was performed in serum-free DMEM (Gibco). OM-003 was used at 
2.5  μ  m , and the Tmem27-based peptides at 20 – 100  μ  m  for 2.5 – 24 h.  

  Immunoblotting 

 Whole cell protein extracts were boiled in Laemmli buffer, sepa-
rated by SDS-PAGE (10 % , 12 % , or 15 % ) and transferred to a ni-
trocellulose membrane by electroblotting. Supernatants were either 
subjected to SDS-PAGE or left in the native state and transferred 
to a nitrocellulose membrane by hydraulic pressure using a 48-well 
SlotBlot (BioRad, USA). All primary antibodies were used in TBS-
0.1 %  Tween 20 (Sigma) with 5 %  fat-free milk, except for anti-EGFR 
and anti-E-cadherin for which the milk was replaced by 3 %  BSA and 
the membranes were incubated overnight at 4 ° C. Secondary antibod-
ies were binding for 1 h at room temperature. Signal intensities were 
quantifi ed using the Fuji Multi Gauge software.  

  Immunofl uorescence 

 MIN6 cells were grown on Nunc Delta surface culture plates (Nunc, 
Roskilde, Denmark), fi xed in 3.7 %  formaldehyde, permeabilized 
in PBS-0.2 %  saponin (Sigma) and blocked in PBS-0.2 %  saponin 
with 3 %  BSA. Primary antibodies were applied in blocking buffer 
overnight at 4 ° C, secondary antibodies for 1 h at room temperature. 
Images were captured using a Leica TCS SPE confocal microscope 
(Heerbrugg, Switzerland).  

  Cell surface biotinylation 

 Cell surface biotinylation was performed according to the manufac-
turer ’ s protocol (Pierce, USA).  

  Bioinformatics 

 Protein sequences from different species were retrieved using the 
Basic Local Alignment Search Tool provided by the National Center 
for Biotechnology information (NCBI). Evolutionary analyses were 
conducted using MEGA5 software that is available online for use 
in research ( www.megasoftware.net ). The program infers evolution-
ary history using the unweighted pair group method with arithmetic 
mean (UPGMA) method and computes evolutionary distances using 
the Poisson correction method.  

  Statistical analysis 

 All data were analyzed using a two-tailed Student’s  t -test and reject-
ing the null hypothesis at  p   =  0.05. Data represent means  ±  standard 
deviation (SD), * p   ≤    0.05, ** p   ≤    0.01, *** p   ≤    0.001.    
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