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Subcomplexes that Contain Sec61, TRAP, and Two Potential New Subunits
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ABSTRACT. Oligosaccharyltransferase (OST) catalyzes the cotranslational transfer of high-mannose sugars
to nascent polypeptides during N-linked glycosylation in the rough endoplasmic reticulum lumen. Nine
OST subunits have been identified in yeast. However, the composition and organization of mammalian
OST remain unclear. Using two-dimensional Blue Native polyacrylamide gel electrophoresis/sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and mass spectrometry, we now demonstrate that
mammalian OST can be isolated from solubilized, actively engaged ribosomes as multiple distinct protein
complexes that range in size frorb00 to 700 kDa. These complexes exhibit different ribosome affinities
and subunit compositions. The major complex, O§T@ad an apparent size 600 kDa and was readily
released from ribosome translocon complexes after puromycin treatment under physiological salt conditions.
Two additional complexes were released only after treatment with high salt: EG&¥&D0 kDa) and
OSTG (~700 kDa). Both remained stably associated with heterotrimeric $¢g6While OSTG; also
contained the tetrameric TRAP complex. All known mammalian OST subunits (STT3-A, ribophorin I,
ribophorin Il, OST48, and DAD1) were present in all complexes. In addition, two previously uncharacterized
proteins were also copurified with OST. Mass spectrometry identified a 17 kDa protein as DC2 which is
weakly homologous to the C-terminal half of yeast Ost3p and Ost6p. The second protein (14 kDa) was
tentatively identified as keratinocyte-associated protein 2 (KCP2) and has no previously known function.
Our results identify two potential new subunits of mammalian OST and demonstrate a remarkable
heterogeneity in OST composition that may reflect a means for controlling nascent chain glycosylation.

During translocation into the endoplasmic reticulum (ER), (also known as Nltlp), and Ost2p, (10—15). Two highly
nascent polypeptides are covalently modified by an attach- homologous proteins, Ost3p and Ost6p, are nonessential but
ment of high-mannose core oligosaccharides at consensusacilitate glycosylation of specific substratel(17). Ost4p
Asn-X-Ser/Thr sequonsl). These N-linked carbohydrates and Ost5p are also nonessential and are required for optimal
play key roles in facilitating interactions with ER chaperones OST activity (18, 19).

such is fc?(ljnexin ?nd ca:lreticultirr:, ?“ddthus ?le§t04ensure Five subunits have been identified in mammalian OST and
correct folding of hewly synthesized protein ). . correspond to their yeast homologues, STT3-A/B (Stt3p),
N-Linked glycosylation is carried out by a large protein ribophorin | (Ostlp), ribophorin II (Swplp), OST48 (Whp1p)
complex, oligosaccharyltransferase (OST) or oligosaccharyl and DADI (Ost2 ) 7. 20-22). Amon ,the mammalian '
transferase (OT)5-9). In the yeasBaccharomyces cere o P) (. A g1 .
subunits, ribophorin 1l is unique in that its molecular size

siag OST contains at least eight separate subunits, five of : : . .
S g P (63 kDa) is twice that of its yeast counterpart. A potential

which are essential for viability, Stt3p, Wbpl, Swp1, Ostl ) . .
y P P P P mammalian homologue of yeast Ost4p has also been identi-
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For most glycoproteins, N-linked glycosylation occurs MATERIALS AND METHODS
cotranslationally as the nascent polypeptide emerges from
the translocon into the ER lume25), and glycosylation
efficiency increases significantly when the consensus site
extends more than 1214 residues from the ER membrane
(26, 27). Recent cross-linking studies have also demonstrated
that the Asn consensus site interacts with the STT3-A subunit
when it extends approximately 655 residues from the
ribosome peptidyl transferase cent@8)( Thus, OST is

thought to comprise a peripheral component of ER trans- [20 mM Tris-HCI (pH 7.6), 5 mM MgOAg, 2 mM DTT
location machinery that continuously scans polypeptides for 12% (wiv) glycerol, and Prétein Inhibitor Il (CaIBiocherryl)].
the presence of potential glycosylation sites. Consistent with Samples were centrifuged at 10@0r 10 min at 4°C to

this, ribophorin I and Il have been copurified with actively emoye insoluble materials, and the supernatant was then
engaged ribosomes isolated from native ER membranescentrifuged at 3500GP for 60 min to pellet ribosome
under mild detergent conditions2¢-31) and therefore  transjocon complexes. The resultant supernatant (pre-RAMP)
constitute components of the ribosome-associated membrangyas removed. Pellets were resuspended in 2 mM puromycin,
protein (RAMP) fraction. The RAMP fraction also contains 2 mM GTP, and 150 or 1000 mM NaCl in buffer A
proteins directly involved in translocation that include the [100 mM HEPES-NaOH (pH 7.8), 15 mM MgOAcS mM
Sec6bfy heterotrimer and the translocation-associated DTT, Protein Inhibitor Ill, 15% (w/v) glycerol, and 1%
protein TRAP @, $, v, and 6 subunits) g9, 31, 32). digitonin] and incubated at 22C for 1 h torelease nascent
However, despite evidence that OST is adjacent to the ERchains and RAMPs from ribosomes. The reaction mixture
Sec61 translocorBQ, 33), little is known about whether it  was centrifuged at 35006@or 90 min to repellet ribosomes.
interacts directly with other RAMP proteins and how it is Supernatants containing the RAMP fractions were removed
localized to actively translating ribosomes at the ER mem- and subjected to BN-PAGE.

brane. For differential release of OST complexes, pellets from

In this study, we have used Blue Native polyacrylamide the first 350009 centrifugation were washed three times with
gel electrophoresis (BN-PAGE) to examine the organization 150 mM NacCl in buffer A and centrifuged at 350@pfbr
and subunit composition of mammalian OST bound to 90 min to remove loosely associated RAMP proteins prior
actively engaged ribosome translocon complexes (RTCs).!0 incubation in 2 mM puromycin, 2 mM GTP, and 150 mM
This technique enables isolation and separation of large NaCl in buffer A at 24°C for 1 h. Ribosomes were then
membrane protein complexes with minimal perturbation of Washed once more with the same buffer and pelleted by
native composition using Coomassie G250 dyes as thecentrifugation at 3500@for 90 min. _The resultant pellet
charged ion carrier. BN-PAGE has been widely used in the Was then resuspended with puromycin, GTP, and 1000 mM
study of respiratory chain complexes from the inner mito- NaCI in buffer A to strip tightly bound RAMP proteins from
chondrial membrane3@, 35). It also provides a powerful nbospmes._ The sample was then gentr|fuged at 359080
approach for isolating and purifying solubilized RAMP 90 min. This supernatant was designated as the post-RAMP

complexes from ER because ribosonteanslocon interac- fraction as.shown n F|gu.re L .
tions are dependent on the presence of a nascent translocating,Blue Natbe Polyacrylamide Gel Electrophoresis and Two-
i

polypeptide which can be released by the aminoacyl-tRNA Dimensional SDSPAGE.RAMP proteins were subjected
analogue puromycin3(l). Here we have exploited this t© BN-PAGE based on the protocol described by $dea

approach in conjunction with mass spectrometry to charac- and von Jagowd], 34, 39) as follows. BN-PAGE gels were

terize the size and subunit composition of OST released from casta a6 to 13‘%grad|ent n 50 .mM B'ST”S'H.Cl (pH 7'0)0
engaged RTCs. We now demonstrate that mammalian OST""nd 500 mM aminocaproic acid and overlaid with a 4%
. " . _.__stacking gel. The RAMP fraction was mixed wiity volume
can be isolated in at least three stable complexes with sizes . N .
ranging from~500 to ~700 kDa. The largest of these of gel loading buffer [5% Serva Blue G in 500 mM

. . aminocaproic acid (pH 7.0)] just before electrophoresis. For
represent supercomplexes that are tightly bound to ”bosomesone-dimensional BN-PAGE, the total RAMP protein derived
even after nascent polypeptide release and retain stabl '

. , &rom 7 equiv of microsomal membranes was loaded per well,
associations with the Seofifly complex and TRAB/Syd whereas for two-dimensional (2D) analysis, protein derived

complex after dissociation from the ribosome. We also found .o 21 equiv of microsomal membranes was loaded per
two new proteins that copurified with mammalian OST. The e Thyroglobulin (670 kDa), ferritin (440 kDa), and bovine
firstis a 17 kDa protein, identified as DC2, which is weakly gerym albumin (dimer, 133 kDa; and monomer, 66 kDa)
homologous to the C-terminal domain of yeast Ost3p and yere used as molecular mass markers. Gels were run in a
Ost6p. The second is a novel 14 kDa protein of unknown cold room (4°C) at 65 V for 16 h with cathode buffer
function. These two proteins were present in all three OST [50 mM Tricine, 15 mM BisTris (pH 7.0), and 0.02% Serva
complexes. The heterogeneous composition of OST onBjue G] and anode buffer [50 mM BisTris-HCI (pH 7.0)].
engaged RTCs demonstrates that OST can form stableCathode buffer was then changed to contain 0.002% Serva
supercomplexes with ER translocon components, and raiseBlue G dye (to aid in protein visualization), and electro-
the possibility that higher-order structures may represent phoresis was continued at 500 V until the dye front reached
different stages of translocon engagement during nascenthe end of the gel. For 2D analysis, individual lanes lane
chain N-linked glycosylation. were excised, incubated in 1% DTT in 62.5 mM Tris-HCI

Isolation of RAMP ProteinsRough microsomes were
prepared from canine pancrea®6,(37), and the RAMP
fraction was isolated as described by Wang and Dobberstein
(31) with the following modifications. Microsomes were
solubilized and adjusted to a concentration of 0.25 equiv/
uL [1 equiv= 1 uL of solubilized microsomal membranes
with an ODygo of 50 (36)] with 2% digitonin (CalBiochem,
San Diego, CA) and 150 or 300 mM NaCl in S buffer
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RER tants were pooled; DTT was added to a final concentration
solubilized with 2% digitonin of 1 mM, and the sample was dried and frozen-80 °C
for MS/MS.
300mM NaCl 150mM NacCl
Tandem Mass Spectrometryhe dried samples were
pre-RAMP pre-RAMP dissolved in 16-20 mL of 5% formic acid and analyzed by
liquid chromatographyelectrospray ionization tandem mass
150mM NaCl spectrometry (LE-MS/MS) using either an LCQ Classic ion
150 mM NaCl 1000 mM NaCl trap mass spectrometer (ThermoFinnigan, San Jose, CA) or
PUROMYCIN|  PUROMYCIN WASH an LCQ Deca XP Plus ion trap mass spectrometer (Ther-
150 mM NaCl moFinnigan).
PUROMYCIN LC—MS/MS using the LCQ Classic mass spectrometer
RAMP RAMP RAMP utilized a 10 cmx 75 um capillary column (15um tip
Figure2A Figure2A PicoFrit, New Objectives, Woburn, MA), packed with 5 mm
lane 1 lane 2 ;f;:z 'SﬁYNéﬁl Zorbax SB-C18 material (Agilent Technologies, Wilmington,
DE). Samples were applied to the column via a capillary
WASH trapping cartridge (Michrom Bioresources Inc., Auburn, CA),
and peptides were separated using a 200 nL/min flow rate,
:)"l?z(')nm‘gﬁ' a mobile phase containing 0.2% acetic acid, 0.005% hepta-
fluorobutyric acid, and a 60 min 0 to 30% acetonitrile
post-RAMP gradient. Peptide analysis using the LCQ Deca XP Plus mass
Figure 4 spectrometer utilized a 10 cm 180 um capillary column

Ficure 1: Strategy for RAMP preparation. Canine pancreatic rough packed with Biobasic-C18 (Thermo Hypefs" Keystone, West

ER microsomes (RER) were used for the isolation of the RAMP Palm Beach, FL). Samples were applied to the column
fraction. The salt concentrations during digitonin solubilization and directly from the Finnigan Surveyor autosampler (Thermo-

puromycin release are indicated along each arrow. The pre-RAMP Electron, San Jose, CA) using a Finnigan Surveyor sample
fraction designates the first supernatant after the first ultracentri- pump (ThermoElectron) at a flow rate of /A/min. The

fugation. The WASH fraction indicates the repeated resuspension : . .
and pelleting of RTCs under the conditions that are indicated. peptides were eluted from the column using a mobile phase

RAMP fractions represent the supernatant after puromycin treatment0f 0.1% formic acid in water and a 30 min 0 to 50%
and ultracentrifugation. The post-RAMP fraction is the ultra- acetonitrile gradient. Peptide ions were analyzed using data-

centrifugation supernatant obtained by puromycin and high-salt dependent scanning. Both instruments were set to trigger
treatment of puromycin-released RTCs. data-dependent MS/MS acquisition of the three most intense

i ions detected during the MS survey scan.
(pH 6.8), 10% (w/v) glycerol, and 2% SDS for 20 min at 24 .
°C, and alkylated with 2.5% iodoacetamide in 62.5 mM Tris- Tandem mass spectra were analyzed using the Sequest

o o : algorithm (ThermoFinnigan) as described by Eng and co-
Hé: IT(EeH t?ég?cé;%fl gtlgigevg’s 23&;&3?08;%603 L':;iﬁgm workers @3) using both the nonredundant protein database
a 4% stacking gel and a 12 to 17% gradient gel as describeddownloa.dEd from the N_atlonal .Center for_ Bloteqhnology
by Laemmli 38). Gels were silver-stained according to Information (NCBI) website (http.//www.ncbl.nlm.n_|h.gov/,
modified Blum method39, 40). The gel was fixed with 40% accessed Sept 1, 2004) and the Swiss-Prot protein database
(v/v) ethanol and 10% (v/v) acetic acid, washed thrice with (Release 43, http.//www.us.ex.pasy.org/, accessed Jung 7
30% ethanol for 20 min, and washed once with g@HThe 2004). The search results derl\_/ed from 'Fhe NCBI protein
gel was sensitized with 0.02% sodium thiosulfate followed datab_ase were subsequently filtered using DTAselect as
by washing three times with ddB. The gel was then described by Tabb et al44). Score thresholds were used

incubated with 0.1% silver nitrate for 20 min af@, rinsed (+11ions, Xcorr> 1.7, +2 ions, Xcorr> 2.5, +3 ions, Xcorr
three times, and developed with 3% sodium carbonate and” 3.5and De'CFP 0.08 for all charge states), and all results
0.05% formalin. All gels were scanned using a Umax Power were manually inspected. )
Look 11l transmission scanner (Lexmark, Dallas, TX), and  Tandem mass spectra were also analyzed using the
images were processed using Adobe Photoshop. Opensea (version 1.2.2) alignment algorithm in conjunction
Proteolytic Digestion Proteins were trypsin-digested in  With the de novo sequencing software Lutefisk (LutefiskXP
situ as described elsewhert(4?). Silver-stained gel bands ~ Version 1.0) 45) as described by Searle and co-workers
were excised, dried, and destained by incubation in 15 mMm (46, 47). Spectra files were analyzed using the default ion
potassium ferricyanide and 50 mM sodium thiosulfate at trap parameters for LutefiskXP, including a peptide molecular
24°C for 15 min, and then washed with 100 mM ammonium Weight tolerance of 0.5 and a fragment ion tolerance of 0.4.
bicarbonate. Destained gels were dried and rehydrated withThe protein databases (Swiss-Prot and NCBI) were automati-
0.01 mg/mL sequence-grade modified porcine trypsin (Pro- cally searched with the LutefiskXP-derived de novo se-
mega, Madison, WI) in 50 mM ammonium bicarbonate and duences using the default Opensea parameters with a
5 mM CaC} and incubated at 37C overnight. Trypsinized =~ Minimum protein score of 1.0. All results were manually
fragments were collected by sonicating gel pieces imB0  inspected.
of 25 mM ammonium biocarbonate and again after adding Protein fragments and sequences identified by mass
50 uL of 50% acetonitrile. The supernatant was collected spectrometry were further analyzed by a BLAST search
and sonicated repeatedly in M of 5% formic acid and against all nonredundant GenBank protein sequer®s (
again after adding 5L of 50% acetonitrile. The superna- The Conserved Domain Database (CDD, NCBI) was utilized
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to compare novel sequences with the known domain
architecture databasé9). To analyze the presence of signal

sequence and transmembrane domains, Simple Modular

Architecture Research Tool (SMART, http://smart.embl-
heidelberg.de/) was also utilize8(, 51). Hydropathy was
examined using KyteDoolittle plots 6£2).

Western BlottingMembrane proteins separated by 2D
PAGE were transferred to the polyvinylidene fluoride
(PVDF) membranes (Bio-Rad, Hercules, CA) using a
Western blotting transfer unit and a Trans-Blot SD Semi-
Dry Transfer Cell (Bio-Rad) at 20 V fol h using Towbin
buffer [25 mM Tris-HCI (pH 7.4), 192 mM glycine 10%
methanol, and 0.1% SDS$8). The membrane was blocked
with 5% dried milk, 0.1% Tween 20, and Tris-buffered saline
(TBS) [24.8 mM Tris-HCI (pH 7.4), 0.8% NacCl, and 0.02%
KCI] and incubated with peptide specific antibody against
Sec6b (N-terminal peptide, AIKFLEVIKPFQ, Sec6B
(N-terminal peptide, PGPTPSGTNC), TRAM (C-terminal
peptide, ADSPRNRKEKSS), TRAR or TRAPR in 0.1%
Tween 20 and TBS (1:2000 dilution). Antisera against
Sec6t and TRAM were kindly provided by K. Matlack.
Antisera against SecfBlwere provided by R. S. Hegde.
Antibodies against TRA® and TRAR were provided by
E. Hartmann. The membrane was washed three times with
0.1% Tween 20 and TBS and then incubated with goat anti-
rabbit secondary antibody conjugated with horseradish per-
oxidase (1:5000 dilution) (Bio-Rad). Bands were detected
using the SuperSignal (Pierce, Rockford, IL) reagent on
Kodak film (Kodak, Rochester, NY) per the manufacturer’s
instructions.

RESULTS

Identification of Major RAMP Complexes in the ER
Membrane by BN-PAGEActively engaged ribosome
translocon complexes (RTCs) were isolated from digitonin-

solubilized canine pancreatic ER membranes as diagrammed

in Figure 1. Total RAMP proteins were released from

pelleted RTCs by puromycin, and solubilized membrane
protein complexes were separated from ribosomes by a
second centrifugation. Five major bands in the RAMP

fraction were easily resolved by BN-PAGE, with sizes of

~100,~115,~130,~500, ancd~670 kDa (Figure 2A). Mass

spectrometry revealed that these major proteins included the

Sec61 complex, eukaryotic elongation factor 2 (eEF-2), the
TRAP complex, oligosaccharyltransferase (OST or OT), and
mitochondrial complex V, respectively. Mitochondrial com-
plex V was often seen as a minor contamination in ER
microsome preparations during tissue fractionation. Major
complexes such as OST and TRAP were released from RTC
by puromycin under physiological salt conditions (Figure 2A,
lane 1), while Sec61 complexes were tightly associated with
RTCs, and were only released under high-salt conditions
(Figure 2A, lane 2).

Identification of RAMPs by 2D BN-PAGE/SBBAGE.
Components of RAMP complexes isolated by BN-PAGE
were then separated in the second dimension by-SP¥SsE
and visualized with silver staining (Figure 2B). The subunits
of OST, TRAP, TRAM, and Sec61 were identified from

excised bands by tandem mass spectrometry (MS/MS) and/:;

or Western blotting analysis. We also identified several
additional proteins in the RAMP fraction, which included
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Ficure 2: BN-PAGE analysis of RAMP proteins. (A) Silver-
stained gel showing the RAMP fraction isolated following 2 mM
puromycin treatment in the presence of 150 mM NacCl (lane 1) or
1000 mM NacCl (lane 2). The location of ER protein complexes is
indicated at the right. M-V is the 670 kDa mitochondrial respiratory
chain complex V which is commonly observed as a minor

Lontamination in ER membrane preparations. Molecular markers

are indicated. (B) BN-PAGE gel strips were subjected to two-
dimensional SDSPAGE and visualized by silver staining. Spots
of interest were excised, digested with trypsin, and subjected to
analysis with MS/MS and/or Western blotting. The identities of
spots are indicated in panel B and Table 1. Ribophorin | and
ribophorin 1l are abbreviated as R-I and R-Il, respectively. The
location of molecular markers for the one-dimensional gel is
indicated at the top. Molecular markers for the 2D gel are indicated
at the left. Note that (1) only one peptide fragment was obtained
from this band and (2) TRA®was identified through the analysis
tool software, OpenSea.andf indicated proteins were identified

s subunits of the mitochondrial complex V (M-V). (C) Migration
atterns of individual RAMP complexes are indicated.

four members of the p24 family [gp@5tubunit), p24
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Table 1: Identification of RAMP Proteins and Complexes by 2D BN-PAGE/SPAGE and LC-MS/M$?

complex protein name Swiss-Prot entry NCBI accession no. MW peptide ID sequence coverage
Sec61 Secf® S611_CANFA 585957 52239 6 13.2
Sec6p°
TRAP TRAR SSRA_CANFA 134930 31976 3 20.3
TRAPB SSRB_CANFA 134931 20100 5 20.2
TRAPy® SSRG_HUMAN 9087205 21080 1 7.6
TRAPS SSRD_HUMAN 1711550 18980 2 12.1
OST STT-3A STT3_MOUSE 1174470 80598 8 115
ribophorin | RIB1_HUMAN 132559 68569 9 15.7
ribophorin Il RIB2_HUMAN 9297108 69284 5 7.9
OST48 OST4_CANFA 464319 49634 7 16.6
KIAA0152 Y152 _HUMAN 2495712 32234 3 8.6
DC2 NP_067050 24308271 16829 2 12.8
KCPZ NP_079603 13384696 14675 1 125
DAD1 DAD1_HUMAN 4842885 12497 2 19.5
TRAM TRAM¢®
SPC SPC25 SP25_CANFA 3183167 24942 2 17.7
SPC22/23 SP22_CANFA 46577647 20313 2 12.8
SPC2¢ SPC3_CANFA 13479 21600 1 4.2
SPC18 SPC4_CANFA 54039633 20625 2 9.5
p24 gp25L G25L_CANFA 120633 24882 2 121
p24 P24 HUMAN 3914237 22761 2 13.9
Tmp21 TM21_HUMAN 391589 24976 2 10.5
CGI-10¢ CA00_HUMAN 12585534 26005 1 5.2
chaperones BIP GR78_HUMAN 1491699 72333 18 33.8
PDI PDI_HUMAN 2507460 57116 8 18.7
calreticulin CRTC_HUMAN 117501 48142 7 21.8
HSC70 HS7C_HUMAN 123648 70898 11 28.9
eEF-1A eEF1A EF11 HUMAN 399413 50141 5 12.6
eEF-1B eEF-1B EF1B_HUMAN 119163 24764 4 21.3
eEF-1B/° EF1G_HUMAN 119165 50119 1 3.0
eEF-2 eEF-2 EF2_HUMAN 119172 95338 2 2.7
miscellaneous RACK1 GBLP_HUMAN 54037168 35077 7 33.1

aThe native RAMP complexes were separated by one-dimensional BN-PAGE, and the associated subunits of the isolated complexes were then
separated by 2D SDPAGE. Gel bands were excised and analyzed by MS/MS. © Identity confirmed by MS/MS and Western blottirfigdentity
only confirmed by Western blottind. TRAPS was identified only through the de novo sequencing analysis tool software, Op&itSdga.one
peptide fragment was observed.

(6 subunit), CGI-100 % subunit), and tmp21d( subunit)] tively (Figure 3). OSTCisolated from two different ER
and four subunits of the signal peptidase complex (SPC) microsome preparations also identified a slightly smaller
(SPC25, SPC22/23, SPC21, and SPC18). These complexeé~470 kDa) complex in addition to the major 500 kDa OST
migrated closely with TRAP at-130 kDa on BN-PAGE,  component (compare panels A and B of Figure 3). Notably,
consistent with their expected size. Several ER chaperonethe 470 kDa complex was missing the 17 and 14 kDa
proteins were also identified, including calreticulin, BIP, proteins but retained all essential OST components.
HSC70, and PDI, consistent with their expected association Differential Release of OST Complexes by Puromycin and

\t,iv(_'l)t: ?;icstg?gtstﬁr;]slgzagr'&g %%l}épfgt'dae;d Eeuégrgo\t,ﬁf;og%% High-Salt TreatmentWe next investigated the composition
i . . g . of OST complexes based on their affinity for solubilized
present, consistent with their role in translation. These results : .
. . R - “RTCs. ER microsomes were solubilized, and RAMPs were
are summarized in Table 1. In total, six distinct protein . . : . .
sequentially released by puromycin in a stepwise fashion with

complexes and more than 30 nonribosomal proteins were; . . o . .
identified in the RAMP fraction (Figure 2C). As expected increasing salt concentrations. This differential RAMP isola-
. . tion procedure is shown in Figure 1. The solubilized RTCs

these proteins were very highly enriched in ER components
P NS were very highly I ! P were washed three times in the 150 mM NacCl buffer to

known to play a major role in translocation, folding, and . . X
cotranslational modification of nascent polypeptides. To our "€MOVe loosely associated components prior to puromycin

knowledge, these are the first data to show that a (tetrameric)'€/€ase and high-salt stripping. After each salt wash, the
p24 complex is physically associated with engaged RTCs. amount of protein released was drama_tlcally decreased

Proteomic Analysis of the OST Compléx.the current  (Figure 4, lanes %3). Nascent polypeptides were then
study, we focused on the major OST complex (designated released with puromycin. This primarily resulted in recovery
OSTG) which migrated as a prominent band with an Of TRAPaSyo and OSTE(Figure 4, lane 4, single asterisks).
apparent size 0f-500 kDa (Figure 2A). Silver staining of  Little release of any RAMPs was observed during subsequent
2D gels revealed the characteristic protein profile expected wash steps in the continued presence of puromycin (Figure
for mammalian OST22, 31) (Figure 3). Analysis of these 4, lane 5). However, re-extraction of these highly purified,
bands by MS/MS verified the identity of all known mam- puromycin-treated RTCs with high salt (1000 mM NacCl)
malian OST subunits, STT3-A, ribophorin I, ribophorin 1l, resulted in the release of several additional post-RAMP
0ST48, and DADI (Table 1 and Figure 3A). Moreover, two complexes, Sec61(100 kDa), and at least two additional
additional components ef17 and~14 kDa copurified with bands of~600 and~700 kDa (Figure 4, lane 6, double
OSTG as indicated by single and double asterisks, respec-asterisks).
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B F 4: BN-PAGE anal f WASH, RAMP, and post-RAMP
| fractions. Silver-stained BN-PAGE gel showing WASH, RAMP,
9'712 :ga i v } and post-RAMP fractions. WASH fractions (lanes3) represent
i - . : the repeated washing of RTCs prior to puromycin release. Lane 4
STI3~ - contained the RAMP fraction obtained by puromycin treatment.
66.2 kDa — . The WASH fraction (lane 5) shows little residual RAMPs following
™ = - the release of puromycin. Lane 6 contained the post-RAMP fraction
sn- B == | obtained by further incubating ribosomes with puromycin and high
- = salt. Single asterisks denote the TRAP (133 kDa) and QSTC
[~ S— == = (500 kDa) complexes that were specifically released in the RAMP
- e ] fraction (lane 4). Double asterisks denote Sec61 (100 kDa) and
3 kD — § . three additional complexes~600 and~700 kDa) which were
- - z specifically released in post-RAMP fractions (lane 6).
- -
21.5kDa — — — ] ~700 kDa that exhibit a higher apparent affinity for
—i - 1 ribosomes and were designated O$B@d OSTG, (Figure
144 1Dn — | 5B). OSTG contained all previously identified OST subunits
6kDa — — DAD1I— =

' and three additional proteins with approximate sizes of 43,
Ficure 3: Analysis of OST by 2D BN-PAGE/SDSPAGE. RAMP

fractions were isolated from two different preparations of canine
ER microsomes (panels A and B) and analyzed as described in th
legend of Figure 2. The identity of excised OST subunits is shown.
Vertical lines indicate proteins that comprise the major OSTC

complex migrating at-470 and~500 kDa in the first dimension

e

9, and 6 kDa (indicated with carrots). The larger two proteins
comigrated with Sec@i and #, and their identities were
confirmed by Western blotting analys{figure 5C). The
largest OST complex (OSTQ migrated at~700 kDa and
contained all OST subunits, Sec61 components, and four

on BN-PAGE. The abundance of the 470 kDa species varied gdditional proteins of approximately 39, 25, 21, and 18 kDa,

significantly between different microsome preparations. The reason,, hi-h comigrated precisely with TRAP subunits 3, y

for this is unclear. Two novel proteins of17 and~14 kDa S . . )

copurified with the 500 kDa OSTi@pecies are denoted with single  @ndd on SDS-PAGE (indicated with plus signs). Western

and double asterisks, respectively. Molecular markers for the one-blotting analysis confirmed the identities of TR&Rand

dimensional BN-PAGE gel are indicated at the top. Locations of TRAP6 in OSTG, (data not shown). Thus, our data indicate

a and 5 subunits of the mitochondrial complex V (M-V) are  that within the actively translating pools of RTCs, there exist

indicated. subpopulations of OST that can remain associated with Sec61
and TRAP even after release from the ribosome.

OST Forms Stable Supercomplexes with Sec61 and TRAP Identification of Two Potential Nl Subunits of the OST
Independent of Ribosome Bindinfp determine the com-  Complex.In addition to known subunits, two novel bands
position of OST complexes released under different salt of ~17 and ~14 kDa copurified with all three OST
conditions, RAMP and post-RAMP preparations shown in complexes (OSTCOSTG;, and OSTG). MS analysis of
Figure 4 were analyzed by 2D BN-PAGE/SBBAGE. the 17 kDa protein yielded matches with two predicted
Figure 5A shows that puromycin treatment in the presencetrypsin fragments from a 17 kDa protein, human DC2
of 150 mM NaCl released significant amounts of TR0 (GenBank accession no. NP_067050) (12.8% sequence
and OSTG Thus, association of OST@ith ribosomes is coverage). A search of the TIGR (The Institute of Genomic
dependent on the presence of a nascent polypeptide withinResearch) database of the canine ESTs with the protein
the ribosome exit tunnel. Cleavage of the peptidyl-tRNA sequence of human DC2 revealed two EST sequences,
bond and release of polypeptide with puromycin weaken dogTC4658 and do@BF228912. Using these ESTs and
these associations sufficiently such that essentially all QSTC proteomic data, we deduced the entire canine sequence of
is removed from ribosomes at low salt concentrations. DC2 (Figure 6A), which differs from human DC2 by only

2D BN-PAGE/SDS-PAGE of the post-RAMP fraction  a single conserved amino acid substitution (Val vs Leu) at
identified two additional major complexes of600 and residue 25 (an upward arrow, Figure 6A). A domain
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Ficure 5: Sequential release of OST complexes. RAMP and post-RAMP fractions from Figure 4 were further subjected to2D SDS
PAGE. (A) RAMP complexes released with puromycin included TRAP and QSII@ identity of TRAP and OST subunits is indicated.
Two novel proteins of+17 and~14 kDa copurified with OST are denoted with single and double asterisks, respectively. (B) High-salt
treatment of washed puromycin-treated RTCs released Sec61, Q&TLCOSTE,;. Carrots indicate 43, 9, and 6 kDa bands that copurified
with OSTG, and OSTG; and migrated with Sec61 subunits on 2D SEFAGE. The presumptive location of Se¢d% shown in parentheses.
(Plus signs indicate 39, 25, 21, and 18 kDa proteins that copurified with QSAr@d migrate with TRABRSyd subunits on 2D SDS
PAGE. (C) The presence of See6and Sec62 was confirmed as a component of the ORTEDd OSTG complexes by Western blotting.
TRAPa and TRAR) were also identified in OST( by Western blotting (data not shown). Identities of TRA&hd TRAR are based on
locations of these proteins on a 2D SBBAGE gel.

architecture search using the Conserved Domain Databasealso has a KKXX sequence motif at its C-terminus, sug-
(CDD) (Pfam v11.0-7255 PSSMs) found that DC2 is related gesting that it may be an ER-localized membrane protein.
to the Ost3 and Ost6 family (pfam04756). Sequence align-
ment (Figure 6A) revealed that DC2 is weakly homologous DISCUSSION
to the C-terminal halves of yeast Ost3p and Ost6p. The BN-PAGE Identified Multiple OST Complexes in the
Simple Modular Architecture Research Tool (SMART) and RAMP Fraction.In our study, we have characterized the
a Kyte—Doolittle hydropathy plot suggested that DC2 subunit composition of RAMP complexes derived from
contains at least three predicted transmembrane segmentmmammalian ER membranes. We utilized BN-PAGE which
which closely resemble three of the four TM segments separates solubilized membrane protein complexes under
predicted for yeast Ost3p and Ost6p (Figure 6B). Therefore, native conditions utilizing Coomassie G250 dyes as negative
DC2 appears to be a distant homologue of yeast Ost3p andcharge carriers. This approach minimizes undesirable hy-
Ost6p. drophobic interaction, aggregation, and precipitation and
MS/MS analysis of the-14 kDa OST subunit identified  allows large membrane complexes to be separated in a single
a single fragment (ISSTLYQATAPVLTPAK) that matched step by gel electrophoresi84, 35). Digitonin was used to
a previously described 14 kDa mouse protein, keratinocyte- solubilize microsomes because it maintains the integrity of
associated protein 2 (KCP2) (GenBank accession no.ribosome-translocon complexes (RTCs29, 30, 55), and
NP_079603) (12.5% sequence coverage). Even though onlyit has been successfully used for purification of intact OST
one peptide fragment was identified, this fragment was (7, 20, 22). In contrast, other detergents such as Triton X-100
observed repeatedly in MS analyses from different ER and diheptanoysnphosphatidylcholine (DHPC) disrupt the
membrane preparations and in different MS facilities. The ribosome-translocon junction (ref81 and55 and data not
canine KCP2 homologue was identified from the TIGR shown). As expected, BN-PAGE identified all known major
canine EST (do3Q234307), and the resulting sequences RAMP proteins from actively engaged ribosonteanslocon
are shown in Figure 7A. The peptide fragment identified from (RTC) complexes on the basis of their selective release by
mouse and canine KCP2 has the same peptide masguromycin @1). In combination with MS/MS, we identified
(ISSTLYQAATPVLTPAK) but differs in sequence by only  more than 30 nonribosomal, RAMP proteins and six distinct
two residues, 119 (T vs A) and 120 (A vs T). Moreover, RAMP complexes that include Sec61, SPC, p24, TRAP,
analysis of the MS/MS spectrum of the canine peptide TRAM, and OST. Thus, this technique provides a powerful
fragment unequivocally matched the canine sequence (spectréool for studying ER membrane proteins because intact
shown in Figure 7B). KCP2 is highly expressed in pancreas complexes can be separated with significant precision in the
but has no known physiological functioB4). A search for first dimension on the basis of overall size, and subunits can
homologous protein families with the KCP2 protein using be readily separated, visualized, and identified in the second
BLAST, CDD, and EMBL Harvester did not uncover any dimension. Our observation that SPC associates with RTCs
homology to known protein families. SMART analysis and is consistent with findings that SPC25 cross-links to Sgc61
a Kyte—Doolittle hydropathy plot predicted that KCP2 (56) and further indicates that the entire SPC complex
contains four transmembrane segments (Figure 7C). KCP2maintains its association with the RTC after solubilization
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040 60 80 100 120 140 160 Ficure 7: MS/MS identification of KCP2. (A) The peptide

40 DC2 fragment identified via mass spectrometry is indicated by the solid
i i line. The identified canine sequence was aligned with murine KCP2

using the web-based Clustal W. The identical amino acids are
"1 indicated as solid lines, and highly conserved amino acids are
|

indicated as two dots. Relatively conserved amino acids are

. 1 T . . indicated as single dots. (B) MS/MS spectrum of the identified
20 40 60 80 100 120 140 KCP2 peptide. The spectra for C-terminal (y ions) and N-terminal
Ficure 6: Identification of the human and canine DC2 as an Ost3p (b ions) fragments were exceedingly well matched with the
and Ost6p homologue. (A) Peptide fragments identified through spectrum for ISSTLYQAATPVLTPAK. The average masses of
MS/MS are indicated with solid lines. The arrowhead indicates the singly and doubly charged parent ions are given in the top right
single difference between the human and canine DC2 sequencescorner of the spectra. (C) Hydropathy analysis of canine KCP2 was
Human and canine sequences were aligned with yeast Ost3p andjenerated by the KyteDoolittle hydropathy plot §2). Predicted
Ost6p using the web-based Clustal W. Identical amino acids in transmembrane segments are shown.
human, canine DC2, and yeast Ost3p/Ost6p sequences are indicated
as white letters on a black background. Highly conserved amino tetrameric p24 in the RAMP fraction was therefore surprising
acids are indicated as white letters on a dark gray background.and raises the possibility that its association with ER cargo
Relatively conserved amino acids are indicated as black letters Onproteins may be initiated at early stages of translation.
a light gray background. c¢_dc2 and h_dc2 indicate canine DC2 . - .
and human DC2, respectively. (B) Hydropathy analyses of canine OST Forms Multiple Complexes in NegiER Membranes
DC2 and the C-terminal half of yeast Ost3p were generated by thethat Vary in Composition and Ribosome Affinityhe
Kyte—Doolittle hydropathy plot %2). Predicted transmembrane presence of multiple OST complexes was reported previously
segments are shown. in canine pancreatic microsomes. Kelleher et al. demonstrated
that at least three OST complexes are present with different
with digitonin. Members of the p24 family are putative ER STT3 subunits and enzymatic activitie’0f. Wang and
cargo receptors, which are known to be localized at ER exit Dobberstein also observed two different OST complexes
sites and in the intermediate and cis-Golgi compartments of (480 and 450 kDa), one of which contained 33 and 10 kDa
the early secretory pathway5{—59). Identification of subunits. In our study, BN-PAGE provided sufficient resolu-
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tion for clear identification of three distinct OST complexes homologous to Ost3p and Ost6p and may also funtion as
that were remarkably stable in the detergent solution (more oxidoreductasesl{, 20, 24). Neither N33 nor IAP has been
than 48 h) and which were distinguished by their molecular formally shown to associate with purified mammalian OST
size, ribosome binding, puromycin and salt sensitivity, and from pancreatic microsomes despite a high level of (IAP)
affinities for different translocon components. OS™M&as pancreatic expressio2(). However, Nilsson et al. reported
released by puromycin treatment of solubilized RTCs under as unpublished data that N33 and IAP could assemble into
physiological salt conditions and contained the essential OSTthe OST complex when expressed in mammalian c28} (
subunits (STT3-A, ribophorin I, ribophorin 1l, OST48, and While our 2D BN-PAGE/SDSPAGE analyses failed to
DAD1) as well as two additional 17 and 14 kDa proteins. identify N33 or IAP, it remains possible that these proteins
Because OSTQGwvas quantitatively released by puromycin, associate with OST in a manner that is sensitive to the
we conclude that it is derived from actively engaged RTCs solubilization and/or isolation procedures used here. Further
and that its affinity for the RTC is directly affected by the study is therefore needed to confirm the role of N33 and/or
presence of the nascent polypeptide. This suggests that théAP in mammalian OST function.
major functional form of OST in mammalian pancreatic ER ~ MS/MS also tentatively identified a second prominent
membranes consists of at least seven subunits identified in14 kDa protein that copurified with OSTCOSTG,, and
this study. OSTG, complexes as murine “keratinocyte-associated pro-
In contrast, a very different pattern was observed when tein 2" (KCP2). Canine KCP2 was deduced from an EST
puromycin-treated RTCs were further incubated under high- from the TIGR dog EST database. The calculated molecular
salt conditions. In addition to the release of Sec61, at leastmass of KCP2 matches its molecular size as determined by
two additional complexes were visible in the first dimension SDS-PAGE (14 kDa). SMART analysis predicted that
by BN-PAGE (Figure 4, lane 6). OST@presented a very KCP2 contains four transmembrane domains and a
minor component of these post-RAMP fractions, whereas C-terminal ER localization KKXX motif §1). Moreover,
OSTG, (~600 kDa) and OSTfg (~700 kDa) were promi-  Northern blot analysis on tissue distribution has previously
nent. These complexes were quantitatively released withshown that KCP2 is highly expressed in pancres4). (
high-salt treatment even after multiple low-salt washes, BLAST, CDD, and Harvester searches (http://harvester.em-
demonstrating that they represent distinct populations of OST bl.de/) did not identify related proteins among known protein
with different binding affinity for the RTC and not simply  families, and the function of KCP2 remains unknown.
residual puromycin-sensitive complexes. Consistent with Because only a single peptide was detected by MS/MS and
their increased size, OSTGnd OSTG, contained several it is not homologous to any OST subunits, further study is
additional proteins that included components of heterotri- required to definitively determine the function of KCP2 and
meric Sec6@fy and tetrameric TRA®3yo complexes its relevance to OST.
(Figure 5B). Thus, OST can form stable complexes with
TRAP and Sec61 even after being released from the SUMMARY
ribosome. Moreover, two novel 17 and 14 kDa proteins  The presence of multiple OST complexes in native ER

copurified with all three OST complexes (OSTOSTG;, membranes implies that OST interactions with actively
and OSTG), suggesting that they represent actual OST engaged RTCs are pleiotropic and that OST can be an
subunits and not a comigrating contaminant of OSTC integral component of the ER translocation machinery. A

Two Potential New Subunits of the Mammalian OST significant proportion of OST is readily released from RTCs
Complex.MS/MS analysis of the 17 kDa band identified in the absence of a nascent polypeptide chain, whereas a
two peptides whose fragmentation pattern matched thosesubset of OST remains tightly bound, presumably via
predicted from human DC2 (12.8% sequence coverage), ainteractions with Sec61 and/or TRAP. It is interesting that
149-amino acid protein of unknown function. We identified OSTG, and OSTG, are stripped from the RTC under the
the canine ortholog from a BLAST search against the TIGR same conditions required to remove Sec61, whereas the
dog EST database. A search for homologous conservedmajority of TRAP was released from RTCs following
domains in DC2 using CDD in NCBI and align- puromycin treatment under low-salt conditions (Figure 5A).
ment algorithms using MultAlin §0) and Clustal W Only a small fraction of Sec61 and TRAP in the ER
(http://www.ebi.ac.uk/clustalw) revealed that DC2 is weakly membrane €10%) was recovered in the OST@&nd OSTG,
homologous to the C-terminal half of yeast Ost3p and Ost6p. complexes. Thus, these complexes represent either a very
Because DC2 copurified with all OST complexes, we minor fraction of engaged RTCs or a transient state of OST
propose that DC2 is a component of the mammalian OST that is effectively captured at a particular stage of its
complex. It is interesting that Ost3p and Ost6p are not functional cycle. In this regard, ER microsomes used here
required in yeast, but deletion leads to selective under- were isolated from canine pancreas that presumably contain
glycosylation of certain glycoprotein substratd$,(17). If a wide variety of native protein substrates at random stages
DC2 provides the equivalent Ost3p and Ost6p functions in of translocation. Because glycosylation consensus sites can
mammalian OST, it is conceivable that it might also modulate exist virtually anywhere, OST must continuously scan the
nascent polypeptide glycosylation. Recent studies suggest thahascent polypeptide as it exits the translocon and translocates
the N-terminal half of Ost3p and Ost6p contains oxidoreduc- into the ER lumen 2). Therefore, one possibility is that
tase activity 24). This domain is notably missing from DC2, OST interactions with translocon components might be
suggesting either that this activity is not required for influenced by the nature of the substrate. Consistent with
mammalian OST function or that it is provided by a different this notion, recent studies indicate that ribophorin | can
subunit. In this regard, sequence analysis identified two remain associated with some nascent polypeptides even after
33 kDa mammalian proteins, N33 and IAP, that are weakly puromycin release and raise the possibility that ribophorin |
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might function to hold certain substrates in the proximity of
the active site of oligosaccharyltransferag®)( It is also

possible that the process of scanning the translocating nascent; 5

polypeptide or active engagement of glycosylation sites might
alter the relationship between OST, the translocon, and/or
the ribosome. Finally, different classes of signal sequences
appear to regulate early formation of the ribosettrans-
locon junction via selective use of translocation-associated
proteins (i.e., TRAM and TRAP)4). Thus, the affinity of
OST for Sec61 and TRAP might reflect a broader reorga-
nization of translocon structure. While we cannot yet
distinguish which of these possibilities best explains our data,
it is clear that OST is capable of directly interacting in a
stable manner with the translocon and its accessory compo-
nents. These highly pleiotropic interactions could provide a
means of controlling N-linked glycosylation during transla-
tion and translocation of the nascent polypeptide.
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