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(Bacl(ground: The ER is organized into subdomains containing large protein complexes that help to perform a variety of
Results: TMTC1 and TMTC2 are ER membrane proteins with large TPR-containing adapter domains that mediate associations

Conclusion: TMTC1 and TMTC2 are ER adapter proteins that influence intracellular calcium levels.
Significance: TMTC1 and TMTC2 are regulators of calcium homeostasis.
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The endoplasmic reticulum (ER) is organized in part by
adapter proteins that nucleate the formation of large protein
complexes. Tetratricopeptide repeats (TPR) are well studied
protein structural motifs that support intermolecular protein-
protein interactions. TMTC1 and TMTC2 were identified by an
in silico search as TPR-containing proteins possessing N-termi-
nal ER targeting signal sequences and multiple hydrophobic
segments, suggestive of polytopic membrane proteins that are
targeted to the secretory pathway. A variety of cell biological and
biochemical assays was employed to demonstrate that TMTC1
and TMTC?2 are both ER resident integral membrane proteins
with multiple clusters of TPR domains oriented within the ER
lumen. Proteomic analysis followed by co-immunoprecipitation
verification found that both proteins associated with the ER cal-
cium uptake pump SERCA2B, and TMTC?2 also bound to the
carbohydrate-binding chaperone calnexin. Live cell calcium
measurements revealed that overexpression of either TMTC1
or TMTC2 caused a reduction of calcium released from the ER
following stimulation, whereas the knockdown of TMTC1 or
TMTC?2 increased the stimulated calcium released. Together,
these results implicate TMTC1 and TMTC2 as ER proteins
involved in ER calcium homeostasis.

The endoplasmic reticulum (ER)? is an organelle composed
of a continuous membrane envelope and lumen that is com-
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partmentalized into numerous functional regions (1). The
organization of the ER is directed in part by extrinsic factors
that organize the rough ER (ribosomes) and the contiguous
nuclear envelope (lamina and lamina receptors), as well as
through interactions with the cytoskeleton (microtubules),
organelles (Golgi and mitochondria), or the plasma membrane
(2). ER resident adapter proteins that nucleate the formation of
large protein complexes also support the compartmentaliza-
tion of the ER (3-5). The organization of the ER contributes to
its ability to efficiently perform functions in the maturation,
quality control, and trafficking of secretory pathway cargo, cal-
cium regulation, and lipid synthesis (6—8). These activities
contribute to the maintenance of general cellular homeostasis;
however, many questions still remain as to how the organiza-
tion of the ER is maintained.

Tetratricopeptide repeats (TPR) are protein structural
motifs that support protein-protein interactions. A single TPR
domain consists of a degenerate 34-amino acid sequence that is
composed of two anti-parallel helices (9, 10). A minimum of
three consecutive TPR domains is required to form a functional
unit, and this is the most common number of TPR found in a
cluster (9). Clusters composed of up to 16 sequential TPR have
been observed. Proteins with three TPR domains in a cluster
favor the recognition of short and defined sequences, whereas
proteins with long stretches of consecutive TPR domains tend
to be more promiscuous in their selectivity. For example, the
Hsp70-Hsp90 organizing protein (HOP) uses two separate
clusters of three consecutive TPR domains to bind the EEVD
sequence located at the C termini of Hsp70 and Hsp90, facili-
tating the handoff of a substrate from one chaperone to another
(11, 12). In contrast, the O-linked N-acetylglucosamine trans-
ferase possesses 12 consecutive TPR domains that are proposed
to bind and prepare substrates for modification (13). Tom70
displays a combination of TPR clusters as it uses a cluster of
three TPR domains to recognize the C terminus of Hsp70 for
substrate delivery and a second cluster of seven TPR domains to
potentially prepare substrates for mitochondrial import (14).
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These diverse cellular functions are coordinated by TPR
domains and their ability to bind to a range of ligands.

SEL1L and p58'™ (also called ERdj6) are the only ER TPR-
containing proteins that have been characterized in mamma-
lian cells. SEL1L nucleates a large ER membrane complex
involved in ER-associated degradation (4). p58'" is an ER co-
chaperone that interacts with BiP to facilitate protein folding
(15, 16). Given the extensive utilization of TPR domains in
metazoans to support protein-protein interactions, the ER is
expected to contain additional TPR domain proteins that con-
tribute to complex formation and ER organization.

An in silico approach was used to expand our understanding
of ER adapters that participate in the organization of the ER
using TPR domains. TMTC1 and TMTC2 were identified as
TPR-containing proteins that possess potential N-terminal ER
targeting sequences and multimembrane spanning regions.
They were both found to reside in the ER membrane with their
TPR domains oriented within the ER lumen. A role for TMTC1
and TMTC2 as adapter proteins was supported by their appear-
ance in large molecular weight complexes. A shotgun proteom-
ics approach was employed that identified SERCA2B as a
potential binding partner for TMTC1 and TMTC2, as well as
calnexin for TMTC2. Manipulation of the expression levels of
TMTC1 and TMTC2 combined with live cell calcium measure-
ments demonstrated that TMTC1 and TMTC2 influenced cal-
cium sequestering in the ER. Collectively, these findings
showed that TMTC1 and TMTC2 are two novel TPR-contain-
ing ER adapters involved in calcium homeostasis.

EXPERIMENTAL PROCEDURES

Reagents and Plasmids—Dulbecco’s modified Eagle’s
medium (DMEM), calcium-free DMEM, fetal calf serum, pen-
icillin, streptomycin, and Zysorbin were purchased from Invit-
rogen. 1-Deoxynojirimycin (DNJ) and Easy-Tag [**S]Cys/Met
were purchased from Toronto Research Chemicals and
PerkinElmer Life Sciences, respectively. S-protein-agarose
beads and S tag antibody were purchased from EMD Millipore.
Endo H, PNGase F, avian myeloblastosis virus first strand syn-
thesis kit, and all cloning reagents were purchased from New
England Biolabs. FastStart SYBR Green qPCR mix was pur-
chased from Roche Diagnostics, and all primers were acquired
from IDT DNA. Anti-mouse HRP IgG, anti-rabbit HRP IgG,
and protein A-Sepharose CL-4B were purchased from GE
Healthcare. Antibodies directed toward the following antigens
were also purchased: SERCA2 (Cell Signaling); Myc (Cell Sig-
naling); calnexin (Enzo Life Sciences); calreticulin (Thermo Sci-
entific); and GM130 (BD Biosciences). TMTC1 and TMTC2
c¢DNA were purchased (Open Biosystems) and cloned into a
pcDNA3.1 A—, a plasmid harboring either a C-terminal S or
Myc tag, using standard molecular biology techniques. TMTC1
and TMTC2 were tagged with GFP by inserting the GFP cDNA
between the coding region and the C-terminal S tag. These
constructs were termed TMTC19*® and TMTC2S*". The
pcDNA3.1 A— S tag backbone was modified to possess an
N-terminal BiP signal sequence prior to the multiple cloning
site and a KDEL sequence after the C-terminal S tag. The TPR
domains of TMTC1 and TMTC2 were cloned into this plasmid
to create TMTC1 "R and TMTC2""® constructs. shRNA plas-
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mids were purchased from Qiagen. All other chemicals were
obtained from Sigma.

In Silico Analysis of TMTCI and TMTC2—The primary
amino acid sequence of TMTC1 and TMTC2 was analyzed by
UniProtKB and TPRpred to identify the number and position of
putative TPR domains (17, 18). Hydrophobic domains were
identified by the AG software, which predicts transmembrane
domains (19). Homologues of TMTC1 and TMTC2 were iden-
tified by Basic Local Alignment Search Tool searches (20). The
similarity and identify of TMTC1 and TMTC2 were deter-
mined using Clustal Omega software (21).

Tissue Culture—Human embryonic kidney (HEK) 293T or
COS7 cells were grown in DMEM supplemented with 10% fetal
calf serum, 100 units/ml penicillin, and 100 mg/ml streptomy-
cin and incubated at 37 °C in 5% CO,. Cells were transfected
with polyethyleneimine and the appropriate plasmids for 16 h.

Microscopy—Cells were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 10 min at room tempera-
ture followed by permeabilization with methanol for 10 min at
—20°C. Slides were stained with the indicated primary anti-
body followed by staining with the appropriate Alexa Fluor 488
or 594 secondary antibodies in immunostaining buffer (20 mm
HEPES (pH 7.5), 150 mm NaCl, 2 mm MgCl,, 1 mm EGTA, and
2% bovine serum albumin). Slides were rinsed and mounted
onto coverslips with VectaShield (Vector Laboratories). Images
were obtained with a Fluoview 1000 MPE, IX81 motorized
inverted research microscope (Olympus Inc.) equipped with a
Hamamatsu C8484-05G camera. Allimages were acquired with
a Plan Apo N X60 1.42NA lens and processed by using the
FV10-ASW and the Adobe Photoshop software.

Radiolabeling, Affinity Purification, and Glycosylation Assay—
Radiolabeling of proteins with [>*°S]Cys/Met was performed as
described previously (22). Cells were lysed in MNT buffer (0.5%
Triton X-100, 20 mm MES, 100 mm NaCl, 20 mm Tris-HCI (pH
7.5)). All steps were conducted at 4 °C. The postnuclear super-
natant was isolated by centrifugation followed by preclearing
with Zysorbin for 1 h. Cleared supernatant was incubated with
S-protein-agarose beads overnight and subsequently washed
twice with MNT buffer. After the final MNT wash, glycosyla-
tion assays were performed by adding appropriate buffers and
either mock, Endo H, or PNGase F enzymes according to the
manufacturer’s protocol. Finally, reducing sample buffer was
added to all samples, and they were analyzed by SDS-PAGE.

Alkaline Extraction—Alkaline extraction was performed as
described previously (23). Briefly, radiolabeled cells were resus-
pended in ice-cold homogenization buffer (20 mm HEPES (pH
7.5), 5 mm KCl, 120 mm NaCl, 1 mm EDTA, and 0.3 M sucrose)
and passed through a 22-gauge needle 20 times. All subsequent
steps were conducted at 4 °C. The homogenate was centrifuged
at 1,000 X g for 10 min to pellet the nuclear fraction. The
remaining postnuclear supernatant was centrifuged at 45,000
rpm in Beckman rotor (TLA 120.2) for 10 min to separate the
cytosol (supernatant) from the cellular membranes (pellet).
The cellular membrane fraction was resuspended in homoge-
nization buffer, and a portion of the resuspended membranes
was incubated with 0.1 M Na,CO; (pH 11.5) for 30 min on ice.
The alkaline-extracted portion was centrifuged at 65,000 rpm
for 20 min through a sucrose cushion (50 mu triethanolamine,
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0.3 M sucrose (pH 7.5)) to separate soluble proteins from mem-
brane proteins in the supernatant and pellet, respectively. The
pH was adjusted in the alkaline-extracted sample with 1 m Tris-
HCI (pH 7.5). An excess of MNT was added to all fractions, and
immunoprecipitation or affinity precipitation was performed
with protein A-Sepharose and appropriate antisera or with
S-protein-agarose, respectively.

Trypsin Protection—Radiolabeled cells were homogenized,
and the microsomes were purified as described above. Micro-
somes were resuspended in homogenization buffer, and 10 ug
of trypsin and/or Triton X-100 was added to a final concentra-
tion of 0.1%. After incubation for 15 min at 27 °C, the reaction
was quenched with 5 ug of soybean trypsin inhibitor. Samples
were then resuspended in MNT, and affinity purification was
performed as described above.

qRT-PCR—HEK293T cells were treated with either 5 mm
dithiothreitol, 0.5 uMm thapsigargin, 5 ug/ml tunicamycin, or
starved for Cys and Met for 8 h prior to RNA isolation with the
RNeasy mini kit (Qiagen). One pug of purified RNA was reverse-
transcribed into ¢cDNA using the avian myeloblastosis virus
reverse transcriptase kit (New England Biolabs). qRT-PCRs
were performed in 20-ul reactions using FastStart universal
SYBR Green master (Rox) kit (Roche Diagnostics Corp.) on an
Mx3000P real time PCR machine (Agilent Technologies)
according to the manufacturer’s instructions. Changes in
mRNA levels were calculated using the change in cycle thresh-
old value method with B-actin as the reference gene (24). Sta-
tistical analysis of the data was calculated using GraphPad
Prism 4.0 (GraphPad Software), and the significance between
treatment groups was determined using one-way analysis of
variance followed by Tukey’s multiple comparison tests.

The following primers were used: B-actin (5'-GCACTCTTC-
CAGCCTTCC-3' and 5-TGTCCACGTCACACTTCATG-3),
BiP (5'-GCTGTTTCTATTGGCCTTTCTC-3" and 5'-TGTCT-
CTTTCACCAGCATCG-3'), TMTCI (5'-GCTGITTCTATTG-
GCCTTTCTC-3" and 5-TGTCTCTTTCACCAGCATCG-3),
TMTC2 (5'-GATGTCTTTGTCTTTCACAGGC-3' and 5'-TGT-
TTCCCATCCAGTATAACCG 3').

ShRNA Knockdown—DPolycistronic plasmids that express a
cytoplasmic GFP and a predesigned shRNA were purchased
from Qiagen. HEK293T cells were transfected with the shRNA
for 24 h prior to RNA purification and qRT-PCR as described
above. To determine transfection efficiency, HEK293T cells
were transfected for 24 h followed by trypsinization and resus-
pension in DMEM. Resuspended cells were loaded onto a
Guava easy flow Cytometer (Millipore). Transfected versus
nontransfected cells were distinguished based on fluorescence
from the cytoplasmic GFP. A total of 5,000 events were counted
per measurement.

In-gel Digestion and LC-MS/MS—Transfected cells were
homogenized, and microsomes were purified as described
above. Microsomes were resuspended in mass spectrometry
buffer (50 mm HEPES (pH 7.4), 300 mm NaCl, 25 mM EDTA, 1%
Triton X-100) followed by affinity purification with S-protein-
agarose beads. Beads were washed twice in MS buffer and twice
with 50 mM ammonium bicarbonate followed by resuspension in
reducing sample buffer. Samples were loaded onto an SDS-PAGE
and allowed to run ~1 cm into a gel before trypsin digestion. Tryp-
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tic peptides were lyophilized, resuspended, and loaded onto a cus-
tom column that eluted into a Proxeon Easy nanoLC system
directly coupled to an LTQ Orbitrap Velos mass spectrometer
(Thermo Scientific). The Orbitrap was set to achieve full scans
from 350 to 2000 m/z with a resolution of 6000. The LTQ ion trap
instrument performed 10 scans. Data were analyzed with either
Mascot Distiller (Matrix Science, Inc.) or Extract. MSN (Thermo
Scientific). The Mascot Search engine (Matrix Science, Inc.) and
SwissProt database were used for protein identification. Trypsin
digestion and subsequent steps were performed by the Proteomics
and Mass Spectrometry Facility, University of Massachusetts
Medical School for mass spectrometric analysis.

Immunoblotting and Affinity Purification—Transfected cells
were suspended in homogenization buffer. Part of the homoge-
nate was centrifuged at 45,000 rpm for 10 min to purify micro-
somes; the pellet was resuspended in reducing sample buffer
and was considered the total membrane fraction. An excess of
MNT buffer was added to an equal portion of homogenate, and
preclearing was performed with control agarose beads, fol-
lowed by affinity purification with S-protein-agarose beads
overnight. Beads were washed twice in MNT buffer. Reducing
sample buffer was added, and samples were loaded onto SDS-
PAGE. Proteins were transferred to a polyvinylidene difluoride
membrane and immunoblotted with the appropriate antisera.
Blots were developed, and TIFF files were acquired using a
G:Box (New England BioGroup), and densitometric quantifica-
tion of Western blots were performed using MultiGauge soft-
ware (Fujifilm). The TMTC2 and calnexin interaction was cal-
culated by dividing the amount of calnexin in the S tag affinity
purification with the amount of calnexin in the total membrane
fraction, with or without DNJ. The interaction with TMTC2
and calnexin in the absence of DNJ was then set to 100%. Error
bars represent the standard deviation for three independent
experiments.

Sucrose Gradient Centrifugation—Transfected cells were
lysed in MNT, and the postnuclear supernatant was layered on
top of a continuous 10 —40% sucrose gradient with a 60% cush-
ion in MNT buffer. The gradients were centrifuged for 16 h at
4 °C with a Beckman SW41 at 145,000 X g. Standards used to
determine sedimentation velocities were bovine serum albu-
min (4.6 S, 66 kDa), B-amylase (8.9 S, 200 kDa), and bovine
thyroglobulin (19 S, 669 kDa). After centrifugation, 9% of the
total gradient volume was collected per fraction, and proteins
were isolated with trichloroacetic acid precipitation. Samples
were resuspended in reducing sample buffer and analyzed by
immunoblotting with the appropriate antisera. After the last
fraction was collected, the pellet was processed by adding sam-
ple buffer directly to the ultracentrifugation tube.

Live Cell Calcium Measurement—HEK293T cells were
plated on a glass bottom 3.5-cm dish and transfected the fol-
lowing day. Cells were loaded with 2.5 um Fura2 acetoxymethyl
ester (Molecular Probes, Eugene, OR) and 2.5 um Pluronic
F-127 for 45 min 16 h post-transfection. Plates were washed
with fresh media and incubated for 45 min to allow hydrolysis
of the Fura2 acetoxymethyl ester. Plates were then rinsed with
fresh media and placed on an inverted microscope with a X20
objective (Nikon Corp., Tokyo, Japan). Fluorescence was mea-
sured every 20 s, and the excitation wavelength was switched
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FIGURE 1. Organization and transcription of TMTC1 and TMTC2 isoforms. A, organization of TMTC1 (TMTC1 isoform 2) and TMTC2 with signal sequences
(black boxes), hydrophobic domains (orange boxes), and TPR domains (blue boxes) as designated. Endogenous and introduced N-linked glycosylation sites are
indicated by black ovals and asterisks, respectively. B, there are two possible isoforms of TMTC1 designated as TMTC1.1 (TMTC1 isoform 1 (NCBI accession
number NP_001180380.1)) and TMTC1.2 (TMTC1 isoform 2 (NCBI accession number NP_787057.2)). The open reading frame is indicated in black, and the
different 5’-untranslocated regions are designated by brown (TMTC1.1) and green (TMTC1.2) boxes. Different 5’ primers (P1-P4) were designed to amplify
specific isoforms using the same 3’ primer (P5). C, RNA was reverse-transcribed to cDNA followed by PCR with the TMTC1 isoform-specific primers. P1 and P2
are specific for TMTC1.1 (lanes 1 and 2), and P4 is specific for TMTC1.2 (lane 4). P3 is directed toward both isoforms (lane 3). PCR products were resolved by

agarose gel electrophoresis with the nucleotide base pair markers (kbp) indicated to the right.

between 340 and 380 nm by a filter wheel. After stable baseline
fluorescence had been established, carbachol and ATP (final
concentration 100 uM for each) were added to the media to
release intracellular calcium. Light emitted by Fura2 was col-
lected by a cool SNAP ES digital camera, and all the obtained
data were processed using SimplePCI software. Statistical anal-
ysis and areas under the curve calculations were completed
using GraphPad Prism 4.0 software. The area under the curve
was calculated by subtracting the baseline for each of the cells
prior to the addition of carbachol. Once individual areas under
the curve were obtained, the measurements were averaged for
all cells in that treatment. The average calculated for the mock
was set to 1.00, and the values of the treated cells were calcu-
lated relative to this number. Statistical significance was calcu-
lated using an unpaired ¢ test. Cells analyzed in all Fura2 exper-
iments were from at least five different plates collected on three
separate days. Experiments with ionomycin were carried out in
the same manner with the exception of calcium-free media
being used during imaging.

RESULTS

TMTCI and TMTC2 Are ER Resident Proteins—As adapter
proteins commonly use clusters of TPR domains to modulate
protein-protein interactions, we hypothesized that the ER
might contain TPR domain-containing proteins, in addition to
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SEL1L and p58'"* that contribute to the organization of the ER.
Databases (SMART?7 (25)) and a Regan lab TPR protein library
(Yale University) (26) were queried with SignalP 3.0 to identify
TPR proteins that were potentially targeted to the secretory
pathway (27). TMTCI1 (transmembrane and TPR repeat-con-
taining protein 1 (NCBI accession number NP_787057.2)) and
TMTC2 (NCBI accession number NP_689801.1) were identi-
fied as TPR-containing proteins with potential N-terminal sig-
nal sequences. These proteins were initially identified, but not
characterized, in a large human sequencing study that identi-
fied opening reading frames from human cells (28, 29). In silico
analysis of TMTC1 and TMTC2 indicated that each protein
contained a potential N-terminal signal sequence and 10 C-ter-
minal TPR domains (Fig. 14).

Two TMTCI1 isoforms are reported in the NCBI Protein
Database with NCBI accession numbers NP_001180380.1 and
NP_787057.2 for isoforms 1 and 2, respectively (30). TMTC1
splice variants present in HEK293T cells were determined by
PCR using isoform-specific primers on a cDNA library gener-
ated from total mRNA. A PCR product was observed using the
primers directed against regions of the TMTC1 isoform 2,
whereas a product was not generated for isoform 1 (Fig. 1, Band
C). qRT-PCR using a variety of primer sets failed to amplify a
PCR product that would correlate with TMTCL1 isoform 1. As
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FIGURE 2. TMTC1 and TMTC2 are ER-localized. A, cellular localization of TMTC1 and TMTC2 was investigated by confocal microscopy. COS7 cells were
transfected with TMTC1 or TMTC2 cDNA. Fixed cells were stained with Myc, ERp57 (ER), or GM130 (Golgi) antisera. Nuclei were visualized by DAPI staining (blue).
Scale bars correspond to 10 wm. B, HEK293T cells were transfected with S-tagged TMTC1 or TMTC2 as indicated and radiolabeled for 1 h with [3*S]Cys/Met. Cells
and media were collected. TMTC1 and TMTC2 from the media and lysed cells were affinity-purified using S-protein-agarose. Samples were then subjected to
a glycosylation assay with either Endo H (lanes 2, 5, 8, and 11) or PNGase F (lanes 3, 6, 9, and 12) digestion as indicated. Reducing sample buffer was added, and
the samples were analyzed by 7.5% SDS-PAGE. C, two N-linked glycosylation sites were introduced into TMTC1 (TMTC1As7626:Asn633) and TMTC2

(TMTC 24602, Asn818) Added glycan positions are indicated by the asterisks in
designated in kDa to the right for all SDS-PAGE panels.

only the TMTCI1 isoform 2 was expressed in HEK293T cells,
this isoform will be referred to as TMTCI.

TMTCI and TMTC2 cDNAs were subcloned into mamma-
lian expression vectors encoding a C-terminal Myc tag, and
their cellular localization was determined by confocal immuno-
fluorescence microscopy. COS7 cells were transfected with
either TMTC1-Myc or TMTC2-Myc, and staining was com-
pared against an ER (ERp57) or Golgi (GM130) marker (Fig.
2A). Both TMTC1 and TMTC2 co-localized with ERp57,
although co-localization was not observed with GM130, sug-
gesting that TMTC1 and TMTC2 are both ER resident
proteins.

Secretory proteins are commonly modified in the ER with
N-linked glycans at the consensus site Asn-Xaa-(Ser/Thr).
TMTC1 and TMTC2 both possess a single N-linked glycosyla-
tion consensus site (Fig. 1A); therefore, a glycosylation assay
was used to further analyze ER targeting and localization. As
the molecular mass of an N-linked glycan is ~2.5 kDa, the
removal of N-linked glycans by glycosidase treatment results in
a corresponding increase in mobility for the deglycosylated
protein. Endo H trims the high mannose glycans encountered
in the ER, and PNGase F removes complex glycans acquired in
the Golgi in addition to high mannose glycans.
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Fig. 1A. Samples were treated and digested as in B. Molecular mass markers are

HEK293T cells transfected with TMTC1 or TMTC2 con-
taining a C-terminal S tag were pulsed with [**S]Met/Cys for
60 min. Cell lysate and media fractions were affinity-precip-
itated with S-protein-agarose beads followed by glycosidase
treatment. Shifts upon glycosidase treatment were not
observed for either TMTC1 or TMTC?2 indicating that nei-
ther protein appeared to be glycosylated (Fig. 2B). As not all
glycosylation sites are efficiently recognized and modified,
two N-linked glycosylation sites were introduced to the
C-terminal portion of TMTC1 (TMTC14s-626 Asn-633) apd
TMTC2 (TMTC2Asn-602 Asn-818) (Fig 1A, see asterisks).
These constructs migrated slower than the wild type con-
structs, and their treatment with PNGase F produced faster
migrating proteins indicating that TMTC145762% 450633 3p(
TMTC2As 602 Asn-818 wwere both modified with N-linked glycans
(Fig. 2C). A similar increase in mobility was observed upon Endo H
treatment indicating that the carbohydrates were high mannose
glycoforms. Therefore, the cellular distribution for TMTC1 and
TMTC2 and the glycosylation profiles for the glycan addition
mutants are consistent with TMTC1 and TMTC2 residing in
the ER.

TMTCI and TMTC2 Are Up-regulated by Redox Stress—
Proteins that reside in the secretory pathway are frequently
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FIGURE 3. TMTC1 and TMTC2 are up-regulated by redox stress. HEK293T cells were treated with regular growth media or media containing 5 mmDTT, T um
thapsigargin, 5 ug/ml tunicamycin, or media lacking Cys and Met (—Cys/Met) for 8 h prior to RNA purification. RNA was reverse-transcribed to cDNA followed
by qRT-PCR with appropriate primers, and changes in gene expression were calculated using B-actin as a reference. Statistical significance between treatment
groups was determined using one-way analysis of variance followed by Tukey’s multiple comparison tests; ** and *** indicate p values of less than 0.01 and
0.001, respectively. Error bars represent standard deviation from at least three independent experiments.

transcriptionally up-regulated by stress as their functions can
help to alleviate stress (31). To determine whether the TMTC1
and TMTC2 genes are transcriptionally regulated by ER stress,
HEK293T cells were exposed to different ER stress conditions.
Cells were subjected to redox stress (dithiothreitol, DTT), cal-
cium depletion (thapsigargin), N-glycan synthesis inhibition
(tunicamycin), or amino acid starvation (—Cys/Met). RNA was
harvested from cells followed by reverse transcription to gen-
erate cDNA, and changes in gene expression were measured by
qRT-PCR. TMTCI and TMTC2 gene expression was increased
with DTT treatment by 3.9- and 2.3-fold, respectively (Fig. 3).
However, thapsigargin, tunicamycin, or amino acid starvation
did not produce a significant increase in gene expression of
TMTCI or TMTC2, although the transcription of BiP was sig-
nificantly stimulated by DTT, thapsigargin, and tunicamycin.
Thus, only redox stress increased the transcription of TMTCI
and TMTC2.

TMTCI and TMTC2 Are ER Membrane Proteins with Lumi-
nal Oriented TPR Domains—Analysis of the TMTC1 and
TMTC2 protein sequences with AG prediction demonstrated
that TMTC1 and TMTC2 contained 9 and 10 hydrophobic
segments, respectively, that could potentially serve as trans-
membrane domains to create polytopic membrane proteins
(Fig. 1A) (19). Alkaline extraction of membrane fractions was
performed to separate membrane and soluble forms of proteins
following centrifugation to determine whether TMTC1 and
TMTC2 are integral membrane proteins (32, 33).

HEK293T cells were transfected with either TMTC1 or
TMTC?2, and proteins were radiolabeled with [>*S]Met/Cys for
60 min. Cells were homogenized in isotonic buffer, and frac-
tions were separated by centrifugations. TMTC1 and TMTC2
were found in the total membrane and nuclear fractions (Fig.
4A). The nuclear localization of TMTC1 and TMTC2 is likely
explained by the contiguous nature of the ER and nuclear mem-
brane prohibiting their separation as the ER proteins calnexin
and calreticulin were also in the nuclear fractions. Alkaline
extraction of the total membrane fractions followed by centri-
fugation found TMTC1 and TMTC2 exclusively in the mem-
brane pellet. This profile was observed for the ER membrane
protein calnexin and not its soluble paralogue calreticulin,
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which largely accumulated in the supernatant. Therefore, both
TMTC1 and TMTC2 are integral membrane proteins.

Because TMTC1 and TMTC2 are membrane proteins, a
trypsin protection assay was employed to determine whether
their C-terminal TPR domains are positioned in the ER lumen
or the cytoplasm. HEK293T cells were transfected with either
TMTC1 or TMTC2 constructs containing C-terminal S tags
and pulsed with [**S]Met/Cys for 60 min followed by homoge-
nization and isolation of ER-enriched microsomes. Isolated
microsomes were resuspended in an isotonic buffer, and ali-
quots were treated with Triton X-100 and trypsin as indicated.
Affinity purification using S-agarose beads allowed the isola-
tion of proteins containing a protected C terminus. Trypsin
treatment produced discrete TMTC1 and TMTC2 fragments
of 62.5 and 51.6 kDa, respectively (Fig. 4B, compare lanes 5 and
6 and 9 and 10). As the TPR domains and S tags are both at the
C termini, this demonstrated that the TPR domains of TMTC1
and TMTC2 were positioned in the ER lumen. Combined with
the modification of the glycosylation sites added to the TPR-
rich regions (Fig. 2C), these results demonstrated that the TPR
domains for both of the membrane proteins TMTC1 and
TMTC2 were facing the ER lumen.

TMTCI and TMTC2 Associate with SERCA2B—To identify
binding partners of TMTC1 and TMTC2, a shotgun liquid
chromatography-mass spectrometry/mass spectrometry (LC-
MS/MS) approach was used. Cells expressing either TMTC1 or
TMTC2 with a C-terminal S tag were homogenized, and ER-
derived microsome fractions were isolated. Proteins associated
with TMTC1 and TMTC2 were isolated using the S-protein-
agarose beads and resolved by SDS-PAGE. The gels were sub-
jected to either silver staining or in-gel trypsin digestion fol-
lowed by LC-MS/MS analysis (Fig. 54). The proteins associated
with the S-tagged proteins obtained from the LC-MS/MS anal-
ysis are listed in supplemental Table S1. The LC-MS/MS results
indicated possible interactions for TMTC1 and TMTC2 with
SERCAZ2B, calnexin, BiP, and the glucosidase II « subunit.

To verify the interactions identified using the mass spec-
trometry approach, HEK293T cells were transfected with the
C-terminal S-tagged TMTC1 or TMTC2, followed by affinity
purification and immunoblotting against endogenous associ-
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FIGURE 4. TMTC1 and TMTC2 are ER membrane proteins with their TPR domains facing the ER lumen. A, HEK293T cells expressing S-tagged TMTC1 or
TMTC2 were radiolabeled for 1 h followed by homogenization, fractionation, and alkaline extraction. The fractions collected were whole cell lysate (WCL),
nucleus (N), cytosol (C), total membrane (TM), supernatant (S) ,and pellet (P) fractions upon alkaline extraction of the total membrane. Samples were resolved
by reducing 7.5% SDS-PAGE. B, TMTC1-S tag or TMTC2-S tag was expressed in HEK293T cells. After radiolabeling for 1 h, cells were homogenized, and
microsomes were purified by ultracentrifugation and then resuspended in homogenization buffer. Aliquots of the ER microsomes were incubated for 10 min
at 27 °C without (lanes 1, 5, and 9) or with 0.1% Triton X-100 and 10 g of trypsin (lanes 4, 8, and 12) as indicated. TMTC1 or TMTC2 was affinity-purified with
S-protein-agarose beads. Samples were resolved on a reducing 9% SDS-PAGE. CNX, calnexin; CRT, calreticulin.

ated proteins. Both TMTC1 and TMTC2 readily interacted
with SERCA2B, a polytopic ER calcium pump responsible for
calcium uptake from the cytoplasm into the ER (Fig. 5B).
TMTC2, but not TMTCI, interacted with calnexin. Calnexin is
a carbohydrate-binding chaperone of the ER membrane that
associates with maturing glycoproteins that possess monoglu-
cosylated glycans (34). The TMTC2-calnexin interaction
appeared to be specific because TMTC2 did not interact with
calreticulin, the soluble paralog of calnexin, or the calnexin-
associated oxidoreductase ERp57 (Fig. 5B). The interaction
between calnexin and TMTC2 was reduced but not abolished
by glucosidase inhibition with N-butyl-deoxynojirimycin even
though TMTC2 was not glycosylated (Fig. 5C). These results
suggested that an additional glycosylated component might be
involved in TMTC2 binding to calnexin. Despite being identi-
fied by the mass spectrometry results (supplemental Table S1),
no interaction between TMTC1 and TMTC2 with either BiP or
the glucosidase II « subunit was observed (Fig. 5B).

To determine the approximate size of the TMTCI1 and
TMTC2 complexes, velocity centrifugation was performed.
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HEK293T cells were transfected with either S-tagged TMTC1
or TMTC2. Cells were lysed in Triton X-100, and cell lysates
were layered on a 10 —40% linear sucrose gradient followed by
centrifugation. TMTC1 and TMTC2 were exclusively found in
the larger fractions indicating that both proteins resided in
large protein complexes (Fig. 5D, fractions 7-10). The
SERCAZ2B sedimentation profile overlapped with the TMTC1
and TMTC2 profiles, although SERCA2B was also found in
lighter fractions absent of TMTC1 and TMTC2 (Fig. 5D, frac-
tions 5 and 6). Although calnexin was predominantly localized
to smaller sized fractions (Fig. 5D, fractions 1—4), a portion was
also observed in the TMTCI1 and TMTC2 fractions. Collec-
tively, these results indicate that TMTC1 and TMTC2 are
found in large protein complexes that include SERCA2B, as
well as calnexin for TMTC2.

To determine whether the interactions with TMTCI1 and
TMTC2 involved their TPR domains, the C-terminal TPR-rich
portions of TMTC1 (TMC1'"®) and TMTC2 (TMC2""®) were
targeted to the ER in HEK293T cells using the signal sequence
of BiP and a C-terminal S tag followed by an ER KDEL retention
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sequence to support ER residency. TMTC17"® and TMTC2'"®
were both efficiently targeted to and retained in the ER as
observed by confocal immunofluorescence microscopy (Fig.
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interactions were mediated through the TPR domains of
TMTC1 or TMTC2. In contrast, TMTC2""® did not associate
with calnexin, implying that this interaction required the trans-
membrane domain of TMTC2 (Fig. 6B). Thus, the TPR
domains of TMTC1 and TMTC2 were utilized to mediate the
interactions with SERCA2B.

TMTCI and TMTC2 Alter Cytoplasmic Calcium Levels—As
TMTC1 and TMTC2 both interact with SERCA2B, live cell
calcium measurements were used to elucidate the impact of
TMTC1 and TMTC2 on calcium regulation. Initially, cyto-
plasmic calcium levels were monitored after the overexpres-
sion of TMTC1 or TMTC2. Green fluorescent protein (GFP)
was fused to the C termini of TMTC1 (TMTCI1P) and
TMTC2 (TMTC2SF?) to mark efficiently transfected cells
for analysis (Fig. 7A). Cells were incubated with Fura2
acetoxymethyl ester, a membrane-permeable fluorophore
that is rendered membrane-impermeable by cytoplasmic
esterases. The treatment of cells with ATP and carbachol
releases intracellular calcium stores, as carbachol is a non-
cleavable acetylcholine analogue that stimulates muscarinic
receptors at the plasma membrane resulting in the down-
stream release of calcium from the ER via the inositol tris-
phosphate receptor (35, 36).

Cell expressing TMTC1S*” or TMTC2*" and treated with
ATP and carbachol showed calcium responses that reached
peak levels earlier than nontransfected cells (Fig. 7B). Neverthe-
less, a 33.8, 45.2, and 30.4% decrease in calcium release was
observed in cells expressing either TMTCI1C? TMTC2C?, or
both compared with nontransfected cells, respectively. These
results suggest that TMTC1 and TMTC2 affect calcium home-
ostasis, possibly by modifying the calcium sequestering capac-
ity of SERCA2B to decrease the duration of the calcium signal.
No synergy between TMTC1 and TMTC2 was observed when
both proteins were expressed together.

Intracellular calcium release can also be stimulated by addi-
tion of calcium ionophores such as ionomycin, which promote
release mostly from intracellular stores when the exposure is
performed in the absence of extracellular calcium. Therefore,
cells expressing TMTC1%® or TMTC2S*", bathed in calcium-
free media and exposed to ionomycin, had a 20.2 and a 27.4%
reduction in calcium release, respectively (Fig. 7, Cand D). This
implies that intracellular calcium stores were reduced by over-
expression of TMTC1*" or TMTC2C".

Next, the effect of TMTC1 or TMTC2 knockdown on cyto-
plasmic calcium levels was investigated. TMTC1 or TMTC2

TMTC1 and TMTC2 Are ER Adapter Proteins

was knocked down by transfecting HEK293T cells with a poly-
cistronic plasmid that expressed an shRNA directed toward
transcripts for either TMTC1 or TMTC2, as well as a cytoplas-
mic localized GFP to mark transfected cells. To verify knock-
down efficiencies, RNA was harvested from HEK293T cells 24 h
post-transfection, and changes in gene expression were mea-
sured by qRT-PCR (Fig. 84). Fluorescence-activated cell sort-
ing of GFP-expressing cells was used to measure transfection
efficiency of the different shRNA constructs. TMTC1 shRNA1
and TMTC2 shRNA3 achieved the maximum knockdown of 55
and 48%, respectively, in a cell mixture of transfected and non-
transfected cells. These shRNA constructs were used for fur-
ther analysis of the effects on calcium measurements. Because
cytoplasmic GFP was also expressed from the shRNA-encoding
plasmid, transfected and nontransfected cells were readily dis-
tinguishable by microscopy. Knockdown of either TMTCI1,
TMTC?2, or both resulted in a 33.1, 64.1, or 71.0% increase in
carbachol-stimulated ER calcium release, respectively (Fig. 8B).
Although peak calcium levels were not greatly affected by
knockdown of either molecule, calcium release was enhanced,
especially after TMTC2 knockdown, which prolonged the
response, suggesting that it promoted greater calcium influx.
Collectively, these results indicate that overexpression of
TMTC1 or TMTC2 decreases stimulated calcium release,
whereas their knockdown, especially for TMTC2 or both
TMTC1 and TMTC2 combined, enhanced calcium increases
into the cytoplasm supportive of a role for TMTC1 and TMTC2
in calcium regulation.

DISCUSSION

We identified and characterized two novel TPR-rich ER pro-
teins, TMTC1 and TMTC2. They share a 54% similarity and
27% identity in the amino acid sequence, suggestive of a com-
mon evolutionary origin (21). Basic Local Alignment Search
Tool analysis indicated that TMTC1 and TMTC2 homologues
are conserved in the chordata phylum and are absent in lower
eukaryotes such as yeast as is their most prominent associated
protein SERCA2B (37). Published microarray data shows that
TMTC1 and TMTC2 are transcribed in a wide range of human
tissues (38). TMTC1 and TMTC?2 are divided into two regions
that appear to create two functionally distinct domains, an
N-terminal hydrophobic region and a C-terminal domain that
contains multiple TPR clusters (Fig. 14).

Alkaline extraction of total membrane preparations demon-
strated that TMTC1 and TMTC2 are integral membrane pro-

FIGURE 5. TMTC1 and TMTC2 interact with SERCA2B. A, HEK293T cells were transfected as indicated and homogenized prior to purification of microsomes
by ultracentrifugation. TMTC1 or TMTC2 was isolated with its associated factors from microsomes in MS buffer using S-protein-agarose affinity precipitation.
A portion of the samples was loaded onto SDS-PAGE and silver-stained to verify enrichment of putative binding partners. A separate portion of the affinity-
purified sample was run on a short SDS-PAGE before excision of the sample and in-gel trypsin digestion. Tryptic peptides were injected into an LC-MS/MS
instrument followed by peptide identification. B, HEK293T cells expressing TMTC1 or TMTC2 were harvested in homogenization buffer. A portion of the cell
homogenate was subjected to ultracentrifugation and resuspended in reducing sample buffer. This was considered the total membrane fraction. An excess of
MNT was added to an equal amount of cell homogenate and subjected to S-protein-agarose affinity precipitation. Proteins were detected by immunoblotting
with appropriate antisera directed against the S tag epitope, SERCA2B, calnexin (CNX), BiP, glucosidase Il subunit « (G/s Il «), calreticulin (CRT), and ERp57. C,
HEK293T cells were treated with DNJ for 4 h prior to homogenization where indicated, and samples were processed as in B. Quantification of the TMTC2 and
calnexin interaction was calculated as described above, and error bars represent standard deviation of three independent experiments. Statistical significance
between treatment groups was determined by an unpaired t test, and the measurements designated (*) have a p value of 0.0233. D, HEK293T cells were
transfected as indicated above. Cells were lysed in MNT, and samples were layered on top of a continuous 10-40% sucrose gradient in MNT buffer prior to
ultracentrifugation. Fractions were collected from the top of the gradient, and proteins were precipitated with trichloroacetic acid. Immunoblotting was then
performed with appropriate antisera as described above. Sizing of detected complexes was estimated by comparison with the following standards designated
at the bottom of the immunoblots: bovine serum albumin (4.6 S, 66 kDa); B-amylase (8.9 S, 200 kDa); and bovine thyroglobulin (19 S, 669 kDa).
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FIGURE 6. TPR domains of TMTC1 and TMTC2 are sufficient to interact with SERCA2B. A, COS7 cells were transfected with TMTC17"R and TMTC2™R, and
cells were treated and stained as described in Fig. 2A. B, HEK293T cells were transfected with either TMTC17"® or TMTC2™®, harvested, and homogenized. Total
membrane fractionation and affinity precipitation were performed as described in Fig. 5B. Proteins were detected with appropriate antisera against the S tag,
SERCAZ2B, calnexin (CNX), BiP, glucosidase Il subunit « (GIs Il o), and calreticulin (CRT).

teins. AG analysis predicts that the N termini of TMTC1 and
TMTC2 have 10 and 11 potential transmembrane domains,
respectively. A negative AG associated with a high probability
of membrane integration was calculated for five (TMTC1) and
three (TMTC?2) of these hydrophobic segments. Hydrophobic
domains with a positive AG frequently insert into membranes
upon stabilization by efficiently inserted transmembrane
domains (19). Therefore, TMTC1 and TMTC2 appear to be
polytopic membrane proteins with their hydrophobic N ter-
mini providing a long stretch of multiple transmembrane seg-
ments. The presence of a number of hydrophilic and charged
residues within some of the hydrophobic domains of TMTC1
and TMTC2 imply that these residues could be used for
intramembrane interactions, such as the TMTC2-calnexin
interaction.
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The single natural N-glycosylation site present in the
N-terminal hydrophobic portion of either TMTC1 or
TMTC2 was not modified as probed by a glycosidase mobil-
ity shift assay. Lack of apparent glycosylation could be due to
positioning of the consensus sites in the cytoplasm or being
too close to the membrane for recognition by the oligosac-
charyltransferase (39). Alternatively, the shift caused by gly-
cosidase treatment and the removal of a single glycan might
be too slight to be visualized for these large hydrophobic
proteins. However, ER targeting was verified by placing effi-
ciently modified glycosylation sites in the C-terminal TPR-
rich regions of both TMTC1 and TMTC2 and by confocal
immunofluorescence microscopy.

The glycosylation of sites added to the TPR regions of
TMTC1 and TMTC2, combined with the trypsin protection of
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FIGURE 7. Overexpression of TMTC1 and TMTC2 decreased stimulated calcium release. A, COS7 cells were transfected with TMTC1°"" or TMTC2¢FP,
treated, stained, and analyzed as in Fig. 2A. B, HEK293T cells transfected with TMTC1¢", TMTC2°F?, or co-transfected with both were incubated with Fura2
acetoxymethyl ester followed by incubations in fresh media. Changes in cytoplasmic calcium were determined by measuring the ratio of fluorescence emission
after excitation at 340 and 380 nm. Basal calcium levels were recorded to create a stable baseline before calcium release was stimulated with the addition of 100
M ATP and 100 um carbachol to the media (see bar). A total of 386,91, 103, and 106 cells was measured for nontransfected control, TMTC1¢"?, TMTC2°"?, and
co-transfection of TMTC1SF” with TMTC2SFP, respectively. Error bars represent mean = S.E. The area under the curve is relative to the total amount of calcium
released from the ER upon stimulation (bar graph). Statistical significance between nontransfected cells and either TMTC1°F?, TMTC2°F?, or the TMTC1°FP
TMTC2CFP co-transfection was calculated by using an unpaired t test. Measurements designated *** had a p value of <0.0001. Error bars represent mean =+ S.E.
C, HEK293 cells were transfected with TMTC1°"?, and live cell calcium measurements were performed as in B. Basal calcium levels were recorded before 2 um
ionomycin (see bar) was added to media to release intracellular calcium. All recordings were performed in calcium-free media to prevent interference from
extracellular calcium. A total of 130 and 78 cells were analyzed for nontransfected control and TMTC1°F?, respectively. The area under the curve is relative to
the total amount of calcium released from the ER upon stimulation (bar graph). Statistical significance between nontransfected cells and TMTC1°"? was
calculated using an unpaired t test; measurements designated ** have a p value of 0.0022. Error bars represent mean = S.E. D, HEK293 cells were transfected
with TMTC2S"F, and live cell calcium measurements were performed as in C. A total of 140 and 100 cells were analyzed for nontransfected control and
TMTC2CP, respectively. Statistical significance between nontransfected cells and TMTC2F” was calculated by using an unpaired t test. Measurements desig-
nated ** have a p value of >0.0001. Error bars represent mean = S.E.
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FIGURE 8. Knockdown of TMTC1 and TMTC2 increased stimulated calcium release. A, HEK293T cells were transfected with polycistronic plasmids that
expressed shRNA (directed toward TMTC1 or TMTC2 transcripts) and cytoplasmic GFP. RNA was purified from HEK293T cells, and the RNA was reverse-
transcribed to cDNA followed by gRT-PCR. Changes in gene expression were measured using 3-actin as a reference gene. Fold reduction in TMTC1 or TMTC2
mRNA abundance was compared with mock-transfected cells. Four different shRNAs and a scrambled negative control were tested for knockdown of TMCT1
and TMTC2. Error bars indicate standard deviation from three independent experiments. HEK293T cells transfected with the different shRNA constructs and
GFPs were also analyzed and scored as nontransfected or transfected based on GFP fluorescence using flow cytometry. A total of 5,000 cells were counted per
experiment, and standard deviations were calculated from at least two separate experiments. B, HEK293T cells were transfected with either TMTC1 shRNAT,
TMTC2 shRNA3, or co-transfection with TMTC1T shRNA1 and TMTC2 shRNA3. Live cell calcium measurements were performed as in Fig. 7B. Once a stable
baseline was obtained, 100 um ATP and 100 um carbachol was added to the media (see bar). A total of 297, 137, 115, and 208 cells were measured for
nontransfected control, TMTC1 shRNA1, TMTC2 shRNA3, and the co-transfection of TMTC1 and TMTC2 shRNAs, respectively. Error bars represent mean =+ S.E.
The area under the curve is relative to the total amount of calcium released from the ER upon stimulation. Statistical significance between nontransfected cells
and either TMTC1 shRNA1 or TMTC2 shRNA3 was calculated by using an unpaired t test. Measurements designated *** have a p value of <0.0001. Error bars

represent mean = S.E.

the C-terminal domains from isolated membranes, placed the
TPR domains within the ER lumen for both TMTC1 and
TMTC2. The trypsin-protected fragments of 63 kDa (TMTC1)
and 52 kDa (TMTC2) corresponded to the complete C-termi-
nal TPR domains (Fig. 14). UniProt predicted that TMTC1 has
a total of 10 TPR domains organized into clusters of seven and
three, while TMTC2 has 10 total TPR domains found in clus-
ters of four and six. In contrast, analysis of TMTC1 by TPR
domain prediction software TPRpred did not recognize the sec-
ond and sixth TPR domains of TMTC1 as bona fide TPR
domains. The space between the seventh and eighth TPR
domains in TMTC1, which was not identified by UniProt, was
predicted to be an additional TPR domain by TPRpred; UniProt
and TPRpred predictions are in strong agreement for TMTC2.
The only discrepancy between the analyses was that TPRpred
did not recognize the first TPR motif of TMTC2. The differ-
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ences in organization of the TPR domains of TMTCI1 and
TMTC2 could have implications for their functions.

TPR domains are found in proteins across species and
organelles and participate in a plethora of activities, includ-
ing protein folding, post-translational modification, translo-
cation, and signal transduction. Clusters of TPR domains
form discrete domains that nucleate protein-protein inter-
actions (9, 11, 40). Sucrose sedimentation analysis suggested
that both TMTC1 and TMTC2 resided in large molecular
weight complexes. SERCA2B was the most prominent asso-
ciated proteins for both TMTC1 and TMTC2, and this inter-
action was mediated through the TPR domains as the asso-
ciation persisted with a soluble construct composed solely of
the TPR-rich C-terminal region. The dependence of the TPR
domains of TMTC1/TMTC2 for the interactions with
SERCAZ2B was unexpected given the hydrophobic nature of
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TMTC1/TMTC2 and SERCA2B, and the small portion of
SERCAZ2B that is exposed to the ER lumen. It cannot be ruled
out at this time that the TMTC1 or TMTC2 interaction with
SERCAZ2B is mediated through an additional protein in the
large complex.

The carbohydrate-binding ER chaperone, calnexin, was also
found to interact with the nonglycosylated TMTC2 but not
TMTCIL. Binding was reduced by 50% in the presence of gluco-
sidase inhibition. Calnexin did not interact with the soluble
TPR domain construct of TMTC2. The interaction could be
mediated through the transmembrane segments of SERCA2B
and calnexin (a type I membrane protein) as calnexin has been
proposed to monitor proteins within the ER bilayer (41). Alter-
natively, an additional glycosylated substrate such as SERCA2B
may be involved in the interaction between TMTC2 and cal-
nexin, as calnexin is known to associate with SERCA2B (42).

TMTC1 and TMTC2 overexpression reduced the amount of
calcium released from the ER after stimulation with carbachol
and ATP. This reduction might be caused by a decrease in the
total amount of calcium stored in the ER, implying a defect in
calcium uptake and/or storage. This is consistent with the
observed higher baseline calcium values, especially in cells
overexpressing TMTC2. Elevated baselines and reduced cal-
cium release was also seen in studies using ionomycin implying
that overexpression of TMTC1 or TMTC2 disrupts calcium
homeostasis in these cells. It is unclear how these proteins
might interfere with calcium ER levels, although SERCA2B is
likely a target, given the evidence of direct interaction between
these two molecules.

In contrast, knockdown of TMTC1 and TMTC2 caused an
increase in the calcium response to the same agonists. Although
the amplitude of the peak response was not higher, it was lon-
ger, especially after TMTC2 knockdown. An interpretation of
these results is that the knockdown of TMTC2 promotes
greater calcium influx, possibly caused by an initial larger cal-
cium release and robust activation of the stored calcium entry
mechanism. The other interpretation of the results, that knock-
down of TMTC1 or TMTC2 reduces the capacity for SERCA2B
to sequester cytoplasmic calcium, is not supported by the com-
parable amplitude of the calcium rise induced by the agonists.
The observation that no additive effect was observed with
either co-expression or co-knockdown of both TMTC1 and
TMTC2 implies that TMTC1 and TMTC2 do not act synergis-
tically. It is worth noting that in both overexpression and
knockdown studies, TMTC2 gave a stronger response than
TMTC1, which may be attributed to the interaction between
TMTC2 and calnexin. Future studies should address the role of
calnexin on the function of TMTC2.

The interaction between calnexin and SERCA2B can be
modified by reversible post-translational phosphorylation or
palmitoylation of calnexin (8, 42). Phosphorylation of the
C-terminal cytoplasmic tail of calnexin is believed to reduce
sequestering by SERCA2B, whereas palmitoylation of calnexin
is proposed to increase SERCA2B activity. Because knockdown
of TMTC2 increased calcium release, it is possible that this is
accompanied by changes in post-translational modifications of
calnexin. Furthermore, the decreased interaction between
TMTC2 and calnexin caused by inhibition of glucosidase could
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be due to changes in post-translational modifications on either
SERCAZ2B or calnexin (Fig. 5C). Collectively, these modifica-
tions allow for a dynamic control of calcium sequestering
adjustable to the current needs of the cell.

An RNAi-based screen for proteins that effect protein traffick-
ing found that knockdown of TMTC1 caused a reduction in the
level of a viral glycoprotein localized to the cell surface and that the
Golgi appeared dispersed (43). In our study, knockdown of
TMTC1 or TMTC2 in HeLa cells did not cause a significant defect
in either ER or Golgi morphology. This discrepancy could be
caused by differences in the cell lines employed (44).

The identification of TMTC1 and TMTC2 as ER membrane
adapters and their interactions with SERCA2B highlights the
exquisite organization and functional regulation of the ER and
its components to carry out specific functions. The discovery of
two additional regulators of intracellular calcium further high-
lights how central calcium signaling is to many aspects of cell
biology and how carefully the signal is controlled and regulated.
Although both TMTC1 and TMTC2 appeared to disrupt cal-
cium sequestering, only TMTC2 appeared to do so in cohort
with calnexin. The precise mechanism for how TMTC1 and
TMTC2 regulate SERCA2B activity is unclear, and future stud-
ies will be aimed to further investigate how TMTCI1 and
TMTC2 influence calcium homeostasis.
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