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ABSTRACT: A transmembrane domain (TMD) at the N-terminus of a
membrane protein is a signal sequence that targets the protein to the
endoplasmic reticalum (ER) membrane. Proline is found more frequently in
TM helices compared to water-soluble helices. To investigate the effects of
proline on protein translocation and integration in mammalian cells, we made
proline substitutions throughout the TMD of dipeptidyl peptidase IV, a type II
membrane protease with a single TMD at its N-terminus. The proteins were
expressed and their capacities for targeting and integrating into the membrane
were measured in both mammalian cells and in vitro translation systems. Three
proline substitutions in the central region of the TMD resulted in various
defects in membrane targeting and/or integration. The replacement of proline
with other amino acids of similar hydrophobicity rescued both the
translocation and anchoring defects of all three proline mutants, indicating
that conformational change caused by proline is a determining factor.
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Increasing hydrophobicity of the TMD by replacing other residues with more hydrophobic residues also effectively reversed the
translocation and integration defects. Intriguingly, increasing hydrophobicity at the C-terminal end of the TMD rescued much
more effectively than it did at the N-terminal end. Thus, the effect of proline on translocation and integration of the TMD is not
determined solely by its conformation and hydrophobicity, but also by the location of proline in the TMD, the location of highly
hydrophobic residues, and the relative position of the proline to other proline residues in the TMD.

In mammalian cells, one-third of the proteins are secreted or
integrated into the plasma membrane. They are often
synthesized cotranslationally and translocated through the
endoplasmic reticllum (ER) membrane." Signal sequences,
including some transmembrane domain (TMD) sequences,
target proteins to the ER membrane. When the nascent
polypeptide emerges from the ribosome, the signal sequence or
the TMD is recognized by the signal recognition particle
(SRP). The SRP delivers the ribosome-nascent polypeptide
complex to the SRP receptor in the ER membrane and brings
the nascent chain into the vicinity of the protein-conducting
channel. The channel allows soluble proteins to cross the
membrane, and the transmembrane (TM) segments partition
to the lipid bilayer, resulting in a membrane-anchored protein.
The TMD moves laterally from the center of the pore into the
membrane bilayer through an opening formed in the protein-
conducting channel.>* This opening is also called the “lateral
gate”. In support of the “lateral gate hypothesis”, during
translocation, TM segments can be cross-linked with
phospholipid molecules and the protein-conducting channel
by chemical photo-cross-linking.* ® The partitioning of the
TMD to the lipid is a key step in the successful anchoring of
membrane proteins.
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How TMDs are selected from the translocating polypeptides
for partitioning to the lipid bilayer is of fundamental
importance in any understanding of protein biogenesis and
protein topology. Generally, it is considered to involve a
thermodynamic partitioning process that moves the TMD from
the hydrophilic environment to the lipid bilayer. Therefore,
several hydrophobicity scales have been developed to quantify
the insertion of the TM helices into an organic solvent, which
mimics the membrane lipid.”"'® By measuring the insertion
efficiency of artificially designed TM segments consisting of
only Ala and Leu residues in an in vitro transcription/
translation system, Hessa et al. quantitatively determined the
apparent free energy (AG,p,) for each amino acid at different
positions in a TMD.'"'* They found that the simple addition of
AG,,p, contributed by an individual amino acid in the TMD
explained their insertion behavior.'"'? This AGgpp scale also
correlates well with the hydrophobicity scales for lipid
partitioning,'® further supporting the proposition that TMD
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integration is a partitioning process from the hydrophilic
interior of the channel into the lipid bilayer.

Proline is generally not ideal for helix formation. It is
frequently found in the TMDs of many integral membrane
proteins that function as receptors or transporters.H’15 For
soluble globular proteins, proline is frequently present in the
first three positions of the N-terminal parts of a-helices, but it is
almost completely absent from the C-terminal or central parts
of a-helices.'®"” Interestingly, for artificially designed TM
segments consisting of Ala and Leu residues in an in vitro
translation system, proline is better tolerated in the N-terminal
region than the C-terminal region, independent of TMD
orientation in the membrane."'® By making proline substitutions
at 15 positions throughout the N-terminal half of the helix B TMD
in bacteriorhodopsin, it was found that accommodation to proline
substitution depends on its position in the TMD."

It is important to understand how proline in a TMD affects
membrane targeting and integration in intact cells. In this study,
we used the single TM-containing type II membrane protein
dipeptidyl peptidase IV (DPP-IV) as the model substrate and
studied the effects of single proline substitution throughout its
TMD in mammalian cell culture. DPP-IV is a serine (g)rotease
and a validated drug target for human type I diabetes.*’ It has a
short cytoplasmic tail (amino acids 1—6), a noncleavable TMD
(amino acids 7—28), and a catalytic domain located outside the
cell (amino acids 29—766) (Figure 2A).>' The TMD is the
targeting signal for the export of DPP-IV through the ER and
for its anchoring to the plasma membrane.*'~** The
extracellular domain of DPP-IV is homodimeric.”**° Previously,
we have shown that dimerization is essential for enzymatic
activity. DPP-IV activity is responsible for regulating the half-
lives of several important insulin-sensing hormones.”” The
TMD of DPP-1IV is dimerized in mammalian cells, which
contributes to the optimal activity of DPP-IV.*® Apart from the
functional importance of its enzymatic activity, the interaction
between DPP-IV and adenosine deaminase on the cell surface
is critical. By recruiting the adenosine deaminase to the plasma
membrane, this interaction is important for the regulation of
adenosine concentration, adenosine signaling, and the
potentiation of T-cell proliferation.””*° Thus, both dimerization
and cell surface localization are important for the cellular
function of DPP-IV. Because its location on the plasma
membrane and its catalytic activity are important for its cellular
function, proper targeting of DPP-IV to the plasma membrane
is important. Here, we expressed the proline mutant proteins
both in intact cells and in an in vitro translation system and
determined the consequent membrane targeting and anchoring
capacities of the proteins.

B MATERIALS AND METHODS

Plasmid Construction. The expression plasmid pEF-DPP-IV
was constructed as described below. The full-length gene
encoding DPP-IV was amplified by PCR from a human liver
cDNA library with the following primers: 5-GGATCCAT-
GAAGACACCGTGGAAGGTTC-3' and 5-GTCGACC-
TAAGGTAAAGAGAAACATTGT-3". The amplified fragment
was then ligated into pCR-Blunt II-Topo (Invitrogen). The
BamHI/Sall fragment containing DPP-IV was excised from
pCR-Blunt II-Topo and ligated into pBluescript-KS (+)
(Stratagene) to produce pBluescript-DPP-IV. Mutant full-
length DPP-IV constructs were generated as described

previously**" using pBluescript-DPP-IV as the template and

7910

the primers summarized in Supporting Information Table 1.
The wild-type (WT) or mutant DPP-IV fragments were then
excised by Kpnl digestion, blunt-ended with T4 DNA
polymerase, and digested with Xbal. The Xbal/Kpnl (blunted)
fragments were then ligated into the expression vector pEF-
SCM?>? at the blunted Xbal and Notl sites.

The plasmids used for in vitro transcription were constructed
as described below. The full-length genes encoding WT or
mutant DPP-IV were amplified by PCR from the expression
plasmid pEF-DPP-IV or pEF mutant DPP-IV with the
following primers: S-CTCATCTCTAGAGCCACCATGAA-
GACACCGTGGAAGGTTC-3' and S-CACTAGCCCGGGC-
TATTACTAAGGTAAAGAGAAACATTGTT-3. The ampli-
fied fragments were then digested with Xbal and Smal and
ligated into pGEM1 (Promega).

The plasmids for the expression of DPP-IV-TMD-containing
Lep constructs were constructed as described below. The DPP-
IV TMD sequence containing amino acids 7—28 was PCR-
amplified from the pEF-DPP-IV plasmid with the following
primers: S-GTCATCACTAGTGTTCTTCTGGGACT-
GCTGGG-3' and 5-CACTAGGGTACCCAGCAGAACCAC-
GGGCACGG-3". The amplified fragments were then digested
with Spel and Kpnl and ligated into pGEM1#2978.str (12) to
produce the pGEMI1#2978-DPP-IV TM-Lep plasmid.
pGEM1#2978.str was a kind gift from Dr. Gunnar von Heijne.
Site-directed mutagenesis to introduce mutations into the
TMD of DPP-IV was then performed as described previously.

The plasmids used to express the DPP-IV TM-CD13 fusion
proteins were constructed as described below. CD13 (amino
acids 33—967) was PCR-amplified from a c¢DNA clone
(pCMV-SPORT6 CD13 from Open Biosystems) with the
following primers: S“GAAGTACTCGAGTTACTCCCAGGA-
GAAGAACAA-3' and S5-CTTATGGATATCTTTGCTGT-
TTTCTGTGAACCAC-3". The amplified fragment was then
digested with Xhol and EcoRV and ligated into either pIRES-
TM-Flag or pIRES-mutated-TM-Flag to produce pIRES-TM-
CD13-Flag, pIRES-TM-L17P-CD13-Flag, pIRES-TM-V18P-
CD13-Flag, and pIRES-TM-I20P-CD13-Flag.

Mammalian Cell Culture. Chinese hamster ovary (CHO)
and HEK293A cells were purchased from American Type
Tissue Culture (ATCC). The HEK293A cells were cultured in
complete Dulbecco’s modified Eagle’s medium (DMEM,;
Invitrogen), supplemented with 10% fetal bovine serum
(FBS; Gibco), 1% nonessential amino acids (Gibco), and 1%
penicillin/streptomycin (Gibco). The CHO cells were seeded
onto plates and maintained in DMEM/F12 supplemented with
10% FBS and 1% penicillin/streptomycin.

Immunoblotting Analysis and Cell-Surface Biotinyla-
tion. To determine the expression of the mutant proteins,

HEK293A cells were transfected with the expression plasmids
using Lipofectamine 2000, as instructed by the manufacturer
(Invitrogen). Forty-eight hours after transfection, the cells were
washed twice with phosphate-buffered saline (PBS) and directly
lysed on the plates with NP-40 lysis buffer (10 mM HEPES
[pH 7.5], 142.5 mM KCl, 5 mM MgCl,, 1 mM EGTA, 0.2%
NP-40). The supernatants were collected, and the protein
concentrations were determined with the Bradford assay. Total
cell lysates (S0 pug) were fractionated by sodium dodecyl
sulfate—polyacrylamide gel (10%) electrophoresis (SDS-
PAGE), transferred to nitrocellulose, and immunoblotted
with in-house DPP-IV antibody, which was detected with
horseradish-peroxidase-conjugated goat anti-rabbit secondary
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antibody (Jackson) and enhanced chemiluminescence (Milli-
pore). To determine whether DPP-IV was located on the
plasma membrane, N-hydroxysulfosuccinimidobiotin (Pierce),
a reagent that modifies amino groups and is considered to be
membrane-impermeable, was used.” Biotinylation and detec-
tion were performed as previously described.**

Immunoprecipitation of [3°S]-Labeled DPP-IV Pro-
teins. To detect the proteins, a radiolabeling experiment was
performed as previously described.*> CHO cells transfected
with pEF plasmids were starved in Cys/Met-free DMEM for
1.5 h before they were labeled with 100 uCi of [**S]-Cys/Met
(PerkinElmer) for 30 min at 37 °C. Immediately after labeling,
the cells were washed once with cold PBS, pelleted, and lysed
with lysis buffer (S0 mM Tris-HCI [pH 7.4], 150 mM NaCl,
1 mM EDTA, 1% Triton X-100) containing protease inhibitors.
The radiolabeled DPP-IV proteins in the cell lysate were
immunoprecipitated with in-house anti-DPP-IV antibody and
separated by SDS-PAGE (8%). The radioactive proteins were
visualized with autoradiography.

Quantitative RT-PCR. Quantitative RT-PCR was per-
formed according to a published protocol.*® The RNA from
each cell line examined was extracted with TRI Reagent
(Molecular Research Center, Cincinnati, OH), according to the
manufacturer’s instructions. The RNA was converted to cDNA
with ImProm-II Reverse Transcriptase (Promega), and
quantitative PCR was performed with the ABI Prism 7900
Sequence Detection System using SYBR Green PCR Master
Mix (ABI). The sequences of the primers used for the
quantitative PCR were 5-GTGACATGCCTCAGTTGTGA-
GC-3' and 5-"TGGAGGGCATCTGGACATTC-3’ for DPP-IV
and §5-GAAGGTGAAGGTCGGAGTCA-3' and S5-TGGAA-
GATGGTGATGGGATT-3' for glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) cDNA. The threshold cycle (Ct) for
DPP-IV was calculated with a normalization constant relative to
the amplification of GAPDH cDNA, as described previously.*®

In Vitro Translocation Assay and Protease K Assay. An
in vitro translocation assay was also performed using the TNT
Quick Coupled Reticulocyte Lysate System (Promega). The
translation mix (25 uL) contained 1 ug of pGEM1 plasmid,
20 uL of TNT mixture, 20 uCi of [*°S]-methionine
(PerkinElmer), and 2 uL of canine pancreatic microsomes
(Promega). In vitro transcription and translation were
performed in the TNT Coupled Wheat Germ Extract System
(Promega), as described previously.>**” The translation mix
(50 uL) contained 1 pg of pGEMI plasmid, 25 uL of TNT
wheat-germ extract, 2 L of TNT reaction buffer, 0.5 yL of
1 mM amino acid mixture (minus methionine), 20 uCi of
[33S]-methionine (PerkinElmer), and 40 U of RNasin
ribonuclease inhibitor (Promega). The samples were incubated
at 30 °C for 90 min and then analyzed on a NuPAGE 4%-12%
Tris—glycine gradient gel (Invitrogen).

The samples were treated with proteinase K (0.05 mg/mL)
on ice for 8 min, and the reaction was terminated with 2 mM
phenylmethylsulfonyl fluoride. For alkaline extraction, the
translation product was diluted 10-fold by volume with 0.1 M
sodium carbonate (pH 12.5) and kept on ice for 30 min. The
membrane-associated polypeptides were separated from those
not anchored to the membrane by centrifugation at 82 000 rpm
in a Beckman 120.2 rotor for 10 min.

In Vivo Alkaline Extraction Assay. For in vivo alkaline
extraction, cells were homogenized by passage through a 29G
needle in a low salt buffer (50 mM HEPES [pH 7.4], 10 mM
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potassium chloride, 1.5 mM magnesium acetate and protease
inhibitor cocktail (Roche)). Cell extracts were then centrifuged
at 3000g for 10 min, and the supernatant fractions were
centrifuged at 100000g for 10 min. The resulting membrane
pellet was washed with HKM buffer (25 mM HEPES [pH 7.4],
125 mM potassium acetate, S mM magnesium acetate), then
dissolved in 0.1 M sodium carbonate at pH 12.5, and kept on
ice for 30 min. The membrane-associated polypeptides were
separated from those not anchored in the membrane by
centrifugation at 100000g in a Beckman 120.2 rotor for 10 min.
After centrifugation, the pellet contained the membrane-
associated polypeptides and the nonanchored proteins were
recovered in the supernatant.

B RESULTS

Position Effect of Proline on Membrane Integration of
Proteins in Mammalian Cells. To investigate the membrane
targeting and integration of DPP-IV, a TMD-less DPP-IV
(deletion of amino acids 2—38) was constructed and expressed
in CHO cells, which do not express DPP-IV endogenously.
Without the TMD, the mutant DPP-IV is expected to localize
in the cytosol. Interestingly, no mutant proteins were found in
total cell lysates by immunoblotting analysis (Figure 1A, lane 3).

B-lactone

’FWT DPP-1IV

Figure 1. TMD-less DPP-IV was degraded in the cytosol. (A) Cells
were transfected with plasmids encoding the following mutations: (1)
vector only, (2) WT, or (3) ATM, and the cell lysates were subjected
to immunoblotting analysis with anti-DPP-IV antibody. (B) HEK293A
cells were labeled with [3S]-Cys/Met, and their proteins were then
immunoprecipitated. Lanes 1—3 contain the proteins from cells
transfected with plasmids encoding the following sequences: (1)
vector, or (2) WT, or (3) ATM. Lanes 4—6 are the identical, except
that the proteasome inhibitor f-lactone was added (S0 pM). The
radioactive proteins were detected by autoradiography. (C) Protein
expression was detected in an in vitro translation assay in wheat-germ
lysates with plasmids encoding the following sequences: (1) WT or
(2) ATM. The radioactive proteins were detected by autoradiography.

In controls, WT DPP-IV was expressed normally (Figure 1A, lane 2,
and Figure 1B, lanes 3 and 6). In the presence of the
proteasomal inhibitor f-lactone, TMD-less DPP-IV was not
detected (Figure 1B, lane S), suggesting that the mutant
protein was degraded while still being synthesized. The failure
of detection was not attributable to a defect in either the
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transcription or translation process because the TMD-less
proteins were readily detected in the in vitro transcription and
translation system with wheat-germ lysates (Figure 1C, lane 2),
similar to the WT DPP-IV (Figure 1C, lane 1). Therefore, DPP-
IV proteins without TMDs were not targeted to the ER
membrane. Failure of the DPP-IV protein to target to the ER
membrane would result in the proteins being expressed in the
cytosol, followed by their degradation.

To understand the effects of proline on membrane targeting
and integration in mammalian cells, we introduced single
proline substitutions into the DPP-IV TMD from position 10
to 23 (Figure 2A). WT DPP-IV TMD contains a proline at
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Figure 2. Membrane anchoring mediated by proline-containing
TMDs. (A) The sequence of the human DPP-IV TMD is underlined.
(B) HEK293A cells were transfected with plasmids encoding the
following TMD mutations: (1) vector only, (2) WT, (3) G10P, (4)
L11P, (5) L12P, (6) G13P, (7) Al4P, (8) A1SP, (9) Al6P, (10)
L17P, (11) VISP, (12) T19P, (13) 120P, (14) 121P, (15) T22P, or
(16) V23P. Then, immunoblotting analysis with anti-DPP-IV antibody
was performed. (C) Lanes 1—5 contain the proteins from HEK293A
cells transfected with the following plasmids: (1) vector only, (2) WT,
(3) L17P, (4) V18P, or (S) 120P. DPP-IV protein expression was
detected by [3S]-labeling in HEK293A cells followed by immuno-
precipitation. The radioactive proteins were detected by auto-
radiography. (D) The proteins were detected with an in vitro
translation assay in wheat-germ lysates after expression from plasmids
encoding the following mutations: (1) WT, (2) L17P, (3) V18P, or
(4) I20P. The radioactive proteins were detected by autoradiography.

position 24. The mutant proteins were expressed in HEK293A
or CHO cells and were detected by immunoblot. Neither cell line
expresses DPP-IV endogenously. Interestingly, the L17P, V18P,
and 120P mutant proteins were not detected in the total cell
lysates by immunoblot (Figure 2B, lanes 10, 11, and 13), whereas
other mutant proteins were expressed at WT levels (Figure 2B).
The expressed proteins were localized to the plasma membrane, as
detected by cell-surface biotin labeling followed by immunopre-
cipitation (Supporting Information Figure 1A). In this experiment,
the insulin receptor on the cell surface and the actin in the
cytoplasm were used as controls for protein localization
(Supporting Information Figure 1A). The mutant proteins also
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maintained their dimeric structures, as shown by nonreducing gel
electrophoresis (Supporting Information Figure 1B). The most
severe effects were associated with proline substitutions at the
central part of the DPP-IV TMD (i, L17P, V18P, and 120P).

The mutant proteins L17P, V18P, and I20P were not detected
after the cells were labeled with [*S]-Met and immunoprecipi-
tated with an anti-DPP-IV antibody (data not shown). Moreover,
they were not detected after the addition of the proteasome
inhibitor f-lactone (Figure 2C, lanes 3—S5). We used quantitative
PCR to confirm that this failure to detect the L17P, V18P, and
I20P proteins was not due to transcriptional defects associated
with the mutations (data not shown). Furthermore, the full-length
mutant DPP-IV proteins were detected at the expected molecular
masses after in vitro translation in wheat-germ lysates (Figure 2D),
indicating that the translational process was not affected by any of
these TMD mutations. Because these three mutant proteins were
not detectable in the total cell lysates, they were either mistargeted
to the cytosol and degraded or mistargeted extracellularly without
being anchored to the plasma membrane by their TMDs.

Targeting and Integration Defects of the Proline
Mutants. These mutant proteins might have eluded detection
in total cell lysates because they were secreted to the extra-
cellular milieu. To investigate this hypothesis, we concentrated
the cell media and analyzed them with immunoblotting. As
controls, residual amount of WT DPP-IV was found in the
medium (Figure 3A, lane 2), probably due to shedding. As
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Figure 3. Proline-substitution TMDs defective in either protein
translocation and membrane anchoring. (A) Cells were transfected
with plasmids encoding the following mutations: (1) vector only, (2)
WT, (3) L17P, (4) V18P, (5) I20P, or (6) ATM. ATM is the
truncation of the TMD from aa 2—38. The culture medium were
collected and concentrated, and then the DPP-IV proteins were
detected with immunoblotting analysis. Lane 7 shows the total cell
lysates from cells transfected with the WT plasmid. (B) In vitro
translation of the mutant DPP-IVs in a rabbit reticulocyte lysate
system was performed in the presence or absence of rough
microsomes (RM). Proteolysis with proteinase K was performed
where indicated. The radioactive proteins were detected by auto-
radiography. (C) T indicates the in vitro translation products in the
reticulocyte lysates in the presence of rough microsomes (RM). Pellet
(P) and supernatant (S) are the fractions produced by alkaline
extraction. The radioactive proteins were detected by autoradiography.
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expected, no TMD-less DPP-IV was detected (Figure 34, lane 6).
V18P and 120P were secreted to their media (Figure 3A, lanes 4
and 5), whereas no L17P protein was detected in the medium
(Figure 3A, lane 3). These results suggest that the V18P and
I20P mutations did not affect the ER targeting function of the
TMDs, but they failed to anchor the proteins to the membrane.
Similar to TMD-less DPP-IV, the L17P mutation failed to target
the proteins to the membrane, resulting in its degradation in the

cytosol.

To confirm these observations, an in vitro translation assay of
the reticulocyte lysates was performed. In the absence of
microsomes/ER, only the non-glycosylated forms of DPP-IV
proteins were detected for WT and all mutant proteins (Figure
3B, lanes 1, 4, 7, and 10). In the presence of microsomes/ER,
WT DPP-IV was glycosylated (Figure 3B, lane 2). Glycosylated
WT DPP-IV was found in the pellet, and it was integrated into
the membrane, as determined by alkaline extraction (Figure 3C,
lane 2). With microsomes/ER, both the glycosylated and non-
glycosylated forms of V18P and 120P were detected (Figure 3B,
lanes 8 and 11), whereas only the non-glycosylated form of
L17P was detected (Figure 3B, lane S). The non-glycosylated
forms of the proteins were degraded upon protease K treatment
(Figure 3B, lanes 3, 6, 9, and 12), indicating that they were not
translocated to the ER. The glycosylated and non-glycosylated
mutant proteins were all extractable by alkaline treatment,
indicating that they were not integrated into the membrane
(Figure 3C, lanes 6, 9, and 12). These results are consistent
with those from the mammalian cell cultures. The TMDs of
V18P and I20P failed to anchor the proteins to the membrane,
but they still properly targeted the proteins to the ER. The
TMD of L17P completely failed to target the protein to the ER,
resulting in its degradation in the cytosol.

Membrane Targeting and Integration Mediated by
Proline Conformation and Hydrophobicity. To deter-

mine whether the translocation and integration defect is
associated with the conformation of proline in the TMD, we
replaced proline with amino acids with similar capacities
for membrane integration, such as Asn (N), Gln (Q), and
His (H).'"'* On the basis of the AG,y, scale, these sub-
stitutions should not rescue the translocation and integration
defects of the proteins (Supporting Information Figure 2).
Expression of the proteins was assessed in mammalian cells by
immunoblotting total cell lysates. As shown in Figure 4, mutant
proteins with N/Q/H substitutions at L17, V18, and 120 were
detectable, suggesting that they were translocated to the ER
(Figure 4A,C,E, lanes 4, S, and 6, compared to lane 3). The
mutant proteins were anchored to the membrane, as confirmed
by alkaline extraction (Figure SA—C). Among these mutant
proteins, the V18N, V18Q, and VI8H proteins were also
secreted into the culture medium (Figure 4D, lanes 4—6),
indicating that these mutations were partially defective in
membrane anchoring. Therefore, proline mutational defects
could be rescued by substitutions with other amino acids of
similar hydrophobicity. Conformation of proline, other than
hydrophobicity, is the factor responsible for the translocation
and integration defects of TMDs.

Based on the AG,, scale for membrane integration, Gly (G)
and Thr (T) are slightly more hydrophobic than ?roline and
should favor the membrane integration of TMDs.'"'* Gly is a
known helix breaker in soluble helices. Thr is found in proline-
kinked TM helices at a slightly higher frequency than other
residues,®®*” and it can modulate the conformation of proline-kinked
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Figure 4. Hydrophobicity is not the determining factor critical for
membrane targeting and anchoring. HEK293A cells were transfected
with plasmids, and the expression of the proteins was detected by
immunoblotting analysis. The plasmids encoding mutations in which
L17, V18, and 120 substituted with P, N, Q, H, G, or T are indicated
above each lane. In panels A, C, and E, the total cell lysates were
collected for immunoblotting analysis. In panels B, D, and F, the
culture medium were collected for immunoblotting analysis. Lane 9 is
the control: the total cell lysates from cells transfected with the WT
plasmid. In panels A and B, the cells were transfected with plasmids
encoding the following mutations: (1) vector only, (2) WT, (3) L17P,
(4) L17N, (5) L17Q, (6) L17H, (7) L17G, or (8) L17T. In panels C
and D, the cells were transfected with plasmids encoding the following
mutations: (1) vector only, (2) WT, (3) V18P, (4) V18N, (5) V18Q,
(6) V18H, (7) V18G, or (8) V18T. In panels E and F, the cells were
transfected with plasmids encoding the following mutations: (1)
vector only, (2) WT, (3) 120P, (4) 120N, (5) 120Q, (6) 120H, (7)
120G, or (8) 120T.

TM helices.>®* Except for 120G (Figure 4E, lane 7), proteins with
Gly or Thr substitutions at positions 17, 18, or 20 were detectable
in total cell lysates (Figure 4A,C,E, lanes 7 and 8), and they were
integrated into the membrane, as confirmed by alkaline extraction
(Figure SA—C). Conversely, some 120G and 120T proteins were
secreted extracellularly (Figure 4F, lanes 7 and 8). Thus, proline at
these positions does not favor its successful translocation; the
conformation of proline imposes an obstacle for membrane
integration.

Rescue of Translocation and Integration Defects by
the P24A Mutation. The TMD of DPP-IV contains another

proline residue at position 24, P24 (Figure 2A). By mutating
P24 to Ala (P24A), we investigated whether the relative
positions of the two proline residues are also factors
contributing to the membrane anchoring defect. Proline mutant
proteins with P24A mutations were detected in total cell
lysates, and they were anchored to the membrane, as
determined by alkaline extraction, indicating a rescue of the
translocation and integration defects of the L17P and V18P
mutants (Figure SD and Figure 6A, lanes 6 and 7). The results
further supported the proposition that the conformation of the
TMD aftorded by proline has significant negative effects on
TMD translocation and anchoring. The 120P/P24A mutant was
predominantly found in the medium rather than anchored to
the membrane (Figure 6B, lane S), suggesting that proline
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Figure 5. Membrane anchoring of DPP-IV TMD mutants. HEK293A
cells were transfected with plasmids encoding the DPP-IV TMD
mutations, and alkaline extraction was used to localize the proteins to
either the pellet (P) or the supernatant (S). The mutation site in the
DPP-IV TMD is indicated on the top of each lane.
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Figure 6. P24A mutation rescues the translocational and anchoring
defects. (A) HEK293A cells were transfected with plasmids encoding
the following mutations: (1) vector only, (2) WT, (3) L17P, (4) V18P
(5) 120P, (6) L17P/P24A, (7) V18P/P24A, (8) 120P/P24A, or (9)
P24A, followed by immunoblotting analysis with anti-DPP-IV
antibody. (B) The culture medium was collected for immunoblotting
analysis with anti-DPP-IV antibody.

substitution in the central and C-terminal regions of the TMD
has a greater impact on membrane anchoring.
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Rescue of Translocation and Integration Defects by
Increasing Hydrophobicity. To investigate whether an
increase in TMD hydrophobicity would improve the trans-
location and anchoring of DPP-IV, we substituted Glyl0,
Gly13, Thrl9, or Thr2l with isoleucine (Ile, I), a highly
hydrophobic residue. The mutant proteins were expressed in
HEK293A cells and detected by immunoblotting analysis with
total cell extracts. The T191 and T22I mutant proteins were
detected, and they were glycosylated (Figure 7A), indicating

DPPIV

1 23 45

| -—| Actin

e i

| Actin

|
56 78 91011

Figure 7. Increasing hydrophobicity rescues the membrane targeting
and anchoring defects. The mutation generated is indicated on the top
of each lane. Panels A and C are total cell lysates, and panels B and D
are concentrated culture medium. Lane L is the control: total cell
lysates from cells transfected with the WT plasmid. (A, B) The T191
and T22I mutations, respectively, were introduced into the proline
mutants. The cells were transfected with plasmids encoding the
following mutations: (1) vector only, (2) WT, (3) L17P/T19], (4)
V18P/T19], (5) 120P/T191, (6) L17P/T22I, (7) V18P/T22I, or (8)
120P/T22L (C, D) The G10I and G131 mutations, respectively, were
introduced into the proline mutants. The cells were transfected with
plasmids encoding the following mutations: (1) vector only, (2) WT,
(3) L17P/G10I, (4) V18P/G10], (5) 120P/G10I, (6) L17P/G13], (7)
V18P/G13L, (8) 120P/G13L, (9) L17P/G10I/G13I, (10) V18P/
G101/G13, or (11) 120P/G101/G13L

that the proteins were successfully translocated into the ER.
Single mutation T191 or T21I mutants rescued the trans-
location and anchor defects of all three proline mutants, as
confirmed by alkaline extraction coupled with membrane
fractionation (Figure SE and Figure 7A, lanes 3—8). Some
120P/T191 and I120P/T22] mutant proteins were also detected
in the media (Figure 7B, lanes S and 8), indicating partial
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anchoring defects associated with these mutations. In
comparison, all G10I or G13I mutants were detected in the
culture media (Figure 7D, lanes 3—8). Some L17P/G10],
L17P/G13], and V18P/G13I mutant proteins were anchored to
the membrane (Figure 7C, lanes 3, 6, and 7), whereas a
majority of V18P/G10I, 120P/G10I, and I20P/G13I mutant
proteins were not anchored to the membrane (Figure 7C, lanes
4,5, and 8).

In light of the weaker capacity of G10I or G13I to rescue the
translocation and anchoring defects, we next asked whether
G10I/G13I double substitutions would increase the anchoring
capacity of the TMD. Interestingly, all of these mutants were
secreted into the media (Figure 7D, lanes 9—11). The triple
mutant G10I/G13I/I120P still did not anchor the TMD to the
membrane (Figure 7D, lane 11). Thus, compared to L17P and
V18P, I20P still had the most severe defects, even upon
increasing the hydrophobicity of the TMDs with G10I/G13I
substitutions. T19I or T22I substitutions were much more
effective in rescuing the defects imposed by proline, suggesting
that increasing hydrophobicity at the central and C-terminal
part of the TMD has a much greater impact on overcoming the
negative impact on membrane targeting and integration than
equivalent changes in the N-terminal region.

Defects of Translocation and Integration Are In-
dependent of the Extracellular Domain. To investigate
whether the extracellular C-terminal domain of DPP-IV affects
ER translocation, the TMD of DPP-IV (amino acids 1—40) was
fused to the extracellular domain of CD13 (amino acids 33—
967) and was expressed in HEK293A cells. Like DPP-IV, CD13
is a type Il membrane protease with a single TMD at the amino
terminus. The glycosylated CD13 fusion protein was readily
detected both in the total cell extract (Figure 8A, lane 2) and in
the culture medium (Figure 8B, lane 2). WT-CD13 was
secreted, indicating that the extracellular domain or regions
outside the DPP-IV TMD weakened its anchoring capacity.
L17P-CD13 was not found either in the culture media (Figure
8B, lane 3) or at the cell surface (Figure 8C, lane 3), and a tiny
amount of the non-glycosylated form was found in the total cell
lysates (Figure 8A, lanes 3 vs 7), indicating that L17P-CD13
was located in the cytosol and not translocated into ER. Thus,
L17P TMD remained incapable of targeting a different cargo
into the ER. Both the V18P and I20P-CD13 fusions behaved
like their DPP-IV counterparts by being predominantly
secreted into the media (Figure 8B). Thus, for mutant
TMDs, TMD-mediated translocation is independent of the
cargo proteins they carry.

Similar to the results from the cell culture (Figure 8A—C),
glycosylated WT-CD13 proteins were detected in the in vitro
translation assay. They were not degraded by proteinase K,
indicating that they were translocated into the microsome
(Figure 8D, lanes 2 and 3). Non-glycosylated TMD mutant-
CD13 fusions were all degraded by protease K treatment,
indicating that they were not translocated into the microsomes
(Figure 8D, lanes 6, 9, and 12). L17P was not glycosylated in
the in vitro translation assay (Figure 8D, lane S), suggesting that
L17P still could not mediate translocation to the ER when
fused to a different extracellular domain. Combined with what
we observed with full length DPP-IV (Figures 2 and 3), the
results here indicate that for the mutant proteins TMD-
mediated translocation is independent of the cargo proteins
they carry.
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Figure 8. Translocational and anchoring defects of proline mutants are
independent of extracellular domain. (A) The extracellular domain of
CD13 was fused after the TMD of DPP-IV, and the plasmid was
expressed in HEK293A cells, followed by immunoblotting analysis: (1)
vector only, (2) WT TM-CD13, (3) L17P TM-CD13, (4) V18P TM-
CD13, or (5) I20P TM-CD13. Lanes 6—9 are the same cell lysates
treated with N-glycosidase F. (B) The culture medium were
concentrated, followed by immunoblotting analysis. The loading
sequence is the same as in (A). Lane 6 is the control: total cell lysates
from cells transfected with the WT TM-CD13 plasmid. (C) Cellular
localization of DPP-IV-TM-CD13 detected by cell-surface biotinyla-
tion followed by immunoprecipitation. The loading sequence is the
same as in (B). Lane 6 is the control: total cell lysates from cells
transfected with the WT TM-CD13 plasmid. (D) In vitro translation of
DPP-IV TM-CD13s in the rabbit reticulocyte lysate system in the
presence or absence of rough microsomes (RM). Treatment with
proteinase K is indicated. The radioactive proteins were detected by
autoradiography.

Anchoring Defects Are Independent of TM Orienta-
tion. The TMD of DPP-IV has an N;,—C,, orientation. To
investigate the anchoring capacities of these proline mutant
TMDs in the opposite orientation, we fused the DPP-IV TMD
after the second TMD of the Escherichia coli leader peptidase
(Lep) protein'' and between its two potential glycosylation
sites (Figure 9A). In this fusion construct, TM1 of Lep is the
membrane targeting sequence. This assay evaluates the
membrane integration capacity but not the membrane targeting
function of DPP-IV TMs. If inserted into the membrane, the
TMD of DPP-IV will be oriented Ng,—Ci,, and one
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Figure 9. Defective membrane anchoring is independent of TM
orientation in the membrane. (A) Lep-DPP-IV fusion constructs. The
DPP-IV TMD was fused after the second TMD of the Lep construct.
(B) The plasmids encoding the DPP-IV TM-Lep constructs were
transcribed and translated in the presence or absence of rough
microsomes (RM) in a rabbit reticulocyte lysate system. As the
control, a well-characterized Lep/H-segment construct containing
three Leu and 16 Ala (3 L/16A) residues was included in the analysis.
The radioactive proteins were detected by autoradiography.

glycosylation form (1G) will be detected (Figure 9A); if it is
not inserted into the membrane, both the G1 and G2 sites will
be glycosylated (2G), distinguishable from the one glyco-
sylation form (1G) on SDS-PAGE (Figure 9A). With WT
DPP-IV-Lep, the 1G form of the fusion protein was detected,
indicating the membrane insertion of WT TMD (Figure 9B,
lane 8). Doubly glycosylated (2G) L17P-Lep, V18P-Lep, and
I20P-Lep fusion proteins were detected, indicating that all three
mutant TMDs failed to integrate into the membrane (Figure
9B, lanes 2, 4, and 6). The results were consistent with the
behaviors of the full-length proteins in intact cells (Figure 2B)
and in vitro translation experiments (Figures 2 and 3). The
orientation of the DPP-IV TMDs in this assay, Nyyu—Ciy, is
opposite to the Nj,—C,y of the full-length proteins, indicating
that the orientation of the TMDs did not affect their membrane
anchoring. Very small amounts of single-glycosylated (1G)
V18P-Lep and I20P-Lep fusion proteins were detected,
suggesting that small amounts of these two proteins were
translocated and integrated into the membrane (Figure 9B,
lanes 4 and 6). Whether the integration was due to the
presence of Lep TMs in this construct is not clear at this stage.

B DISCUSSION

Because proline residues in TMDs play specific and critical
roles in the structure and function of many membrane proteins,
it is important to understand how they affect the translocation
and integration of the proteins into the membrane. In this
study, using proline-scanning mutagenesis, we investigated how
proline-containing TMDs mediate membrane targeting and
integration, with a type II, single-TMD-containing membrane
protein DPP-IV.

Our results show that membrane translocation and
integration of the TMD are determined by the location and
conformation of proline. Three mutant TMDs, L17P, V18P,
and I20P, were defective to varying extents in their trans-
location to the ER and their integration into the membrane
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(Figures 2 and 3). L17P showed the most severe defect in
translocation, failing to translocate at all. Like TMD-less DPP-IV,
no protein was detected for L17P in either the cell lysates or the
medium, probably because it was rapidly degraded in the
cytoplasm. In contrast, the V18P and I20P mutant TMDs were
capable of translocating the proteins to the extracellular miliey;
however, they failed to anchor the proteins to the membrane. It
might not be coincidental that these three proline residues are
present in the central and not the N-terminal TMD. The data
provide evidence in the context of an endogenous protein that
proline has a more drastic effect on membrane targeting and
anchoring if it is present in the central region of the TMD.
Substitution of proline with Asn, Gln, and His, which have similar
hydrophobicity to proline, rescued their translocation defects
(Figure 4). Substitution of proline with Gly and Thr, which can
modulate the conformation of TM helices, also rescued the
translocation defects (Figure 4). Therefore, the conformational
change caused by proline, but not its hydrophobicity, is the cause
of the detrimental effect observed with membrane translocation
and integration.

Our results show that translocation and integration defects of
the TMD can be rescued by increasing hydrophobicity through
substitutions with more hydrophobic residues in the TMD.
Interestingly, the rescue is most effective if these hydrophobic
residues are located in the C-terminal part instead of the
N-terminal part of the TMD. We showed that T191 or T21I
was consistently more effective in rescuing the deficiency of
proline substitution in the TMD than G10I, G13], or even G10I/
G131 double substitutions (Figure 7). It is intriguing that it is not
the overall hydrophobicity of the TMD that matters, but the
localized increase in hydrophobicity. It is not clear mechanistically
how hydrophobicity in the vicinity of proline helps to improve the
capacity of the TMD to translocate and integrate.

The crystal structure of the protein-conducting channel
shows that the lateral gate can accommodate about two helical
turns of the TMD for lateral partitioning into the lipid.”
Adoption of a-helical structure in the membrane translocon is
important for efficient membrane insertion.'”'® Why do the
L17P, V18P, and I20P mutations have the most dramatic effects
on TMD translocation and integration relative to other
mutants? Other than the fact that these three proline mutations
are located in the central region of the TMD, the results may be
attributable to the second proline at position 24 (P24), which is
roughly one or two helical turns away from the first proline. If
an a-helix is formed in the DPP-IV TMD, P24 and one of the
mutant proline residues would be in the same helical face. If
DPP-IV TMD forms a-helices, position 24 would hydrogen-
bond with position 20, while position 17 would bond with
position 13. With a proline at position 24 and substitution at
any of these three positions, the hydrogen-bonding patterns
might be disrupted in not only one turn of the helix but in the
adjacent turn as well. In addition, proline generally induces a
significant kink in TM helices in the membrane environ-
ment.”**>*" Previously, we have analyzed over 800 TM
structures deposited in the Protein Data Bank (PDB).”®
Proline-containing TMs are twice as likely as non-proline-
containing TMs to have a kink angle of 20°—45°, whereas non-
proline-containing TMs generally have kinks around 5°—20°.
For some proline-containing TMs, the kink angles could be as
large as 45°—120°.%® Therefore, the conformation of the DPP-IV
TMD might be largely distorted by the presence of additional
proline residues. On the basis of our results, we speculate that
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because of the structural constraints, two proline residues in the
same helical face disrupt the formation of the
a-helix by bending the backbone of the TM helix and distorting
the hydrogen bonding there. Thus, the canonical helical
formation of the TMD might be disrupted, and the interaction
with the translocon might be compromised. Consequently,
the TMD might not interact with the translocon and might
not be translocated or/and integrated properly. Thus, the
structure requires a larger amount of energy to pass through
the lateral gate of the protein-conducting channel, greatly
impeding the integration of the TMD into the membrane, its
partitioning to the lipid, or its anchoring to the membrane.
Consistent with this hypothesis, the translocation and
integration defects could be rescued by either mutating P24
or increasing the hydrophobicity of nearby residues (Figures 6
and 7). Moreover, the capacity of TMD-mediated membrane
translocation is largely independent of the extracellular
domain and TM orientation, indicating that the interaction
between the TMD and the translocon is the key determinant
for a successful protein translocation.

The AG,p, scale is successful in predicting the translocation
behavior of single-span non-proline-containing TMDs.""'*
How this scale predicts the behavior of endogenous proteins
under intact cell culture conditions is unknown. The scale
predicted that all three mutants (L17P, V18P, and 120P, all with
P24) would have unfavorable AG,,, values and would not be
translocated or integrated (Supporting Information Figure 2A).
It also predicted that the I21P mutant would not be
translocated (Supporting Information Figure 2A). However,
our experimental data indicate that the V18P and I20P mutants
translocated their TMDs correctly but did not anchor them
(Figures 2 and 3), whereas the I21P mutant was translocated
and anchored properly (Figure 2B). The scale partially
correctly predicts the translocation behavior of TMDs with
G/T substitutions at L17, V18, and 120 (Supporting
Information Figure 2B) but fails to predict the translocation
behavior of TMDs with N/Q/H substitutions at these positions
(Supporting Information Figure 2B). Based on our results, the
conformation of the TMD, the position of proline, and its TM
sequence context are critical factors to be considered when the
insertional efficiency of a protein is calculated. The conforma-
tional change of the TMD in the presence of proline depends
on its location in the TMD,**** which might explain why the
I20P mutant is the most difficult to fully rescue by either
substitution with another amino acid or increasing the
hydrophobicity in the nearby region (Figures 4 and 7). It has
been shown that a pair of proline residues separated by 4—10
residues maximally reduces the efliciency of membrane
insertion.'” Our results suggest that the distance between
the pair of proline residues is not the determining factor. In the
two-proline mutants studied here, it was not simply the
distance between the two proline residues that governed the
membrane translocation and integration of the TMD. Instead,
the translocation and integration were TMD-sequence depend-
ent. The location of proline affects the local structure of the
TMD. As a result, the interaction of the TMD with the
translocon might be affected, resulting in different translocation
and anchoring behaviors. How proline affects the translocation
and membrane integration of a protein remains an interesting
question to be further investigated.
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© Supporting Information

Mutant DPP-IV proteins were localized on the plasma membrane
and they maintained their dimeric structures (Figure 1S),
apparent free energy AG,,, scale of mutant DPP-IV TMDs
(Figure 2S), and the primer sequences for the mutations
generated in this study (Table 1S). This material is available
free of charge via the Internet at http://pubs.acs.org.
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