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The oligosaccharyltransferase complex, localized in the endo-
plasmic reticulum (ER) of eukaryotic cells, is responsible for the
N-linked glycosylation of numerous protein substrates. The
membrane protein STT3 is a highly conserved part of the oligo-
saccharyltransferase and likely contains the active site of the
complex. However, understanding the catalytic determinants of
this system has been challenging, in part because of a discrep-
ancy in the structural topology of the bacterial versus eukaryotic
proteins and incomplete information about the mechanism of
membrane integration. Here, we use a glycosylation mapping
approach to investigate these questions. We measured the
membrane integration efficiency of the mouse STT3-A and
yeast Stt3p transmembrane domains (TMDs) and report a
refined topology of the N-terminal half of the mouse STT3-A.
Our results show that most of the STT3 TMDs are well inserted
into the ER membrane on their own or in the presence of the
natural flanking residues. However, for the mouse STT3-A
hydrophobic domains 4 and 6 and yeast Stt3p domains 2, 3a, 3c,
and 6 we measured reduced insertion efficiency into the ER
membrane. Furthermore, we mapped the first half of the
STT3-A protein, finding two extra hydrophobic domains
between the third and the fourth TMD. This resultindicates that
the eukaryotic STT3 has 13 transmembrane domains, consis-
tent with the structure of the bacterial homolog of STT3 and
setting the stage for future combined efforts to interrogate this
fascinating system.

N-Linked glycosylation is one of the most common types of
eukaryotic protein modifications. The attachment of carbohy-
drates to asparagine residues in proteins takes place during pro-
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tein translocation across the ER* membrane and is catalyzed by
the OST complex, referred to OT in yeast. The OST/OT cata-
lytic site is located on the lumenal side of the ER membrane, and
the whole complex is located near the translocon, the protein
translocation machinery that is composed of Sec61q, -8, and
-y. The translocon facilitates the translocation of proteins
across or into the ER membrane (1, 2). Proteins of the translo-
con that come into contact with the nascent polypeptide chains
during their translocation across the ER membrane have been
identified by different cross-linking methods (3, 4). The mech-
anism of membrane protein integration in these studies is based
upon in vitro biochemical and biophysical assays (for review,
see Ref. 5-7).

The central subunit of the OST complex is the highly con-
served STT3 found in eukaryotes and archaea and in some
eubacteria. Both the mammalian OST and the yeast OT are
composed of eight to nine identified subunits (8, 9). Of these,
STT3 (Stt3 protein (Stt3p) in yeast) is believed to be the cata-
lytic subunit that contains the active site (10, 11). It was first
discovered as a staurosporine- and temperature-sensitive
mutant in Saccharomyces cerevisiae (12) and was later found to
be a subunit of the heteroligomeric OT complex (11). The 3.4 A
resolution X-ray structure of the bacterial OST, the single-sub-
unit PglB protein from Campylobacter lari, reveals the fold of
the STT3 proteins. It also indicates the locations of the trans-
membrane (TM) helices, the connecting loops and conserved
residues forming the active site of PgIB (13). The sequence
alignment between PglB and other STT3 proteins show con-
served motifs in loops between helices and in the C-terminal
part of the proteins (13-15). Furthermore, the similarity in
membrane topology indicates that PglB and eukaryotic STT3s
share a common reaction mechanism for N-linked glycosyla-
tion (8, 10, 16). Mammalian cells express two homologues of
the yeast Stt3p (STT3-A and STT3-B) that form tissue-specific
complexes with other OST subunits (ribophorins I and II,
0OST48, DADI, and Ost4) (9, 17, 18). Stt3p from S. cerevisiae
has 50% sequence identity to the human homologues of STT3,
and highly conserved stretches of residues are found through-
out the protein (19).

3The abbreviations used are: ER, endoplasmic reticulum; CRM, column-
washed rough microsomes; OST (OT), oligosaccharyltransferase; TM, trans-
membrane; TMD, transmembrane domain; Endo H, endoglycosidase H; PK,
proteinase K; Lep, leader peptidase; SP, signal peptide; SPase, signal pep-
tidase; H, hydrophobic.
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Membrane insertion of STT3/Stt3p

Both STT3 and Stt3p are multispanning membrane proteins,
with 10-13 predicted TM segments by hydrophobicity plot,
whereas the X-ray structure of the single-subunit membrane
protein, PglB indicated 13 TM segments (13). STT3 is predicted
not to have a cleavable signal sequence. It has a glycosylated
C-terminal domain containing the WWD motif in the lumen of
the ER, which is suggested to define the polypeptide substrate
specificity (13). We earlier showed that the topologies for both
yeast Stt3p and mouse STT3A are similar, with the N terminus
located in the cytoplasm, the C terminus in the lumen, and the
number of TM segments to be 11 with possible alterations of
first half of the protein (20).

Although, the crystal structure of a bacterial single-subunit
STT3 protein is available (13), the molecular mechanism
underlying the STT3 membrane integration is still not fully
understood. We, therefore, performed a membrane integration
study of yeast Stt3p and mouse STT3-A in the ER membrane.
Initially, we defined the STT3 TM domains (TMDs) by the AG
predictor and then we analyzed the insertion efficiency of the
predicted TMDs using an in vitro assay based on asparagine-
linked glycosylation. Our results of the membrane insertion
efficiency show that most of the STT3/Stt3p TMDs, when
including the natural flanking residues surrounding the TMD,
integrate effectively into the membrane. Exceptions are TMD4
and TMD6 of mouse STT3A and TMD?2, -3a, -3¢, and -6 of
yeast Stt3p. Here, we also present experimental data for a
refinement of the first half of the mouse STT3-A protein,
including two extra TMDs between the third and the fourth
TMD. We, therefore, conclude that eukaryotic STT3s have 13
TM segments that are consistent with the structural model of
PglB (Fig. 1).

Results

Prediction of the position of the TMDs of mouse STT3-A and
yeast Stt3p

Our study started by defining the positions of the mouse
STT3-A and yeast Stt3p TMDs using the AG predictor server
(http://dgpred.cbr.su.se/)*. The server calculates the theoreti-
cal AG value of all predicted TMDs (Table 1 and 2), which is a
measure of the tendency of any sequence to insert into a
biological membrane (21). Adding TMD flanking residues
allows the program to find the most optimal TMD sequence
with the lowest AG value. We, therefore, calculated and mea-
sured the AG value for each TMD sequence alone and when
the flanking loops were included. The loop here is defined as
the protein sequence between two adjacent TMDs. For the
long loop sequences, we extended the TMD flanks with a
maximum of 20 residues. We then compared the predicted
TMD positions with the experimentally determined elev-
en-TM topology model of STT3 (20) and the recently pub-
lished crystal structure of PglB (13) and found them to agree
well (Fig. 1).

“Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party-hosted site.
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Table 1

Position of the 13 mouse TMD helices of STT3-A determined by the AG
predictor

Data are versus measured AG values for each of the selected hydrophobic domains
in mouse STT3-A. For the predicted values the AG prediction server was used
(http://www.dgpred.cbr.su.se).* All TMDs were predicted from the full-length
mouse STT3-A protein and selected to be 19-residues long. These 19-residues long
TMD segments without and with natural flanking residues (F) were predicted by the
AG predictor using length corrections and sub-sequences with the lowest AG (red).
The numbers in parentheses correlate with the positions of the TMDs. All TMDs
without natural flanking residues and with flanks composed of < 10 residues were
insulated by a tetra-peptide, GGPG . .. GPGG. Two potential glycosylation sites are
underlined. The integration (%) is calculated from results based on at least 3 inde-
pendent experiments.

Region o Integration Predicted Measured
= ank TMD-sequence Flank AG AG

(position) (%) (keal/mol) __ (keal/mol
(1;’;4_?51) GGPG  LLKLLILSMAAVLSFSTRL ~ GPGG 78 02 0.7
’I'(I:’{IS)SI)F _Kop THLKLLISMAAVLSFSTRLF p & i 0
(]Tl‘;’f?;l) GGPG ~ RNVCVFLAPLESSFTTIVT  GPGG 6 27 16
;rg];/{ll)fll; H IT ][)IRNVLj¥;L.?¥| FSSFTTIV K. 60 1.9 202
(Tivz'f’]i’g) GGPG  GAGLLAAAMIAVVPGYISR  GPGG 70 16 05
?‘11\3421)139;)‘ e LKDAGAGLLAARMIKVVFGY g5 i i3 08
(11.6“2!)1;3) GGPG  YDNEGIAIFCMLLTYYMWI  GPGG 34 0.6 04
E“‘;’f_’f&ﬁ _YDNE GIAIFCMLLTYYMWI KAVK... 70 0.6 -0.5
(T]})"S'_'ﬁg) GGPG  AAKCALAYFYMVSSWGGYV ~ GPGG 58 32 02
(T]nél;)gg G5 WWAAKCALAVFYMVSSWG gpqq - 5 0
(ZT]’X?;Z) GGPG  FLINLIPLHVLVLMLTGRE  GPGG 29 0.1 0.5
(;mg‘g) GGPG  FLINLIPLHVLVLMLTGRF  SHR... 38 0.1 03
(213‘12?554) GGPG  IYVAYCTVYCLGTILSMQI  GPGG 84 17 10
(Qggzz) _sn KIVVAYCTVYCLGTILSMOIS g 05 o 17
(22’:?867) GGPG  AAFGVFGLCQIHAFVDYLR  GPGG 8 25 14
(gfggg) _.SEH MAAFGVFGLCQIHAFVDYLR ~SKLN... 2 22 07
(32‘;’?270) GGPG  VISLVGFVLLTVGALLMLT ~ GPGG 84 08 1.0
JgMgglg) G VLFRSVISLVGFVLLTVGALL i pe 55 i
(31(;]:/!?789) GGPG  YFDLQLLVFMFPVGLYYCF  GPGG 19 0.0 08
gl\fgg) .TWSS  YYFDLQLLVEMFPVGLYYCF  SNLS... 7 03 0.6
(32';%93) GGPG  ARIFIIMYGVTSMYFSAVM  GPGG 81 18 08
Jgfﬂﬁg) sy LSDARTFIMYGVISMYFSAV Gpg . s 09
(I(?ﬂ)ég) GGPG  VRLMLVLAPYMCILSGIGV ~ GPGG 34 0.6 04
(thlgft]»)ztlflp) Gorg VRLMLVLAPVMCILSGIGVSQ 5 ” 00 -
(I;‘gﬂ;l) GGPG  VASGMILVMAFFLITYTFH  GPGG 89 1.0 12
TMDIF  jyNE  VASGMILVMAFFLITYTE — HSTW... 87 -1.0 -1

(436-494)

Membrane integration efficiency of individual TMDs of mouse
STT3-A

To measure the efficiency of the translocon-mediated mem-
brane integration of the mouse STT3-A TMDs, we used a well
established experimental approach based on N-linked glycosyl-
ation of a modified version of the Escherichia coli inner mem-
brane protein leader peptidase (Lep) (22-25). We used two
engineered versions of Lep (LepH2 and LepH3) that allow
experimentally based quantitative measurements of the inser-
tion efficiency of STT3-A TMD segments in their natural ori-
entation combined without and with adjacent loops. The
LepH2 version is engineered such that Lep TM helix 2 (N, -
C,u0 can be replaced by any sequence of interest (23). Here, we
replaced it with all STT3-A TMDs with uneven numbers with-
out (TMD], -3, -5, etc.) or with flanking residues (TMDIF, -3F,
-5F, etc,). Likewise, we introduce the even-numbered TMDs of
STT3-A as well as their extended versions into the P2 domain of
LepH3 (N, ..-C;.) (21,22) (Table 1, Fig. 2). The efficiency of the
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translocon-mediated membrane integration of the TMD
inserts can be monitored by the extent of glycan modification of
the second of two engineered acceptor sites for N-linked glyco-
sylation in LepH2 (GI, G2) or LepH3 (G2, G3) (Fig. 2A). We
expressed each cloned construct in vitro in the presence of ER
microsomal membranes and subsequently separated the single
and double-glycosylated Lep model proteins containing TMDs
of STT3-A by SDS-PAGE. Then we quantified and calculated
the insertion efficiency as described under “Experimental pro-
cedures” (Fig. 2, B and C) (21-23).

Table 2

Yeast Stt3p TMDs and their predicted and measured AG values

The positions of the TMD segments were predicted from full-length yeast Stt3p
using the AG predictor (21). The TMD length was set to be 19 residues. AG values
in kcal/mol were also predicted with the AG predictor using length corrections and
sub-sequences with lowest AG (red). The TMDs are either flanked by insulating
GGPG/GPGG tetra-peptides or their natural flanks (F), as indicated. The integra-
tion efficiency of the TMDs is based on result from at least 3 independent experi-
ments and was used to calculate the “measured” AG values in kcal/mol.

Regi Int G Predicted Measured
e.g:?" Flank TMD-sequence Flank o eg,,;’ ton. AG AG

(position) (%) (keal/mol)  (keal/mol)
T™MDI I

) GGPG  LKLVIFVAIFGAAISSRLE  GPGG 85 .03 -1
TMD2 B i

(lirsy ~ GOPG  VCVLFAPLFSGVTAWATYE ~ GPGG 1 19 12

TMD3a e

(donssy ~ GOPG  ASAGLLAAGFIAIVPGYIS  GPGG 12 15 12

TMD3b . - .

(lé13s, ~ GOPG  NEAIAITLLMVIFMFWIKA  GPGG 53 -0.4 0.1

TMD3bF ; -

(159-205) ...GSYD NEAIAITLLMVTFMFWIKA QKTG... 95 -0.4 =23

(]T;v;g?;) GGPG  ATCAALFYFYMVSAWGGYV ~ GPGG 21 16 08
TMD4

(@issay  GOPG  FITNLIPLHVFLLILMGRY  GPGG 66 02 -0.4
TMDS - .

(276-285) GGPG MAALGVFGLIQIVAFGDFV GPGG 22 1.0 0.8
T™MD7 ) et < ;

(ovsrgy  GOPG  VSLELILVKGVVGLSALTY  GPGG 75 13 07
TMDS e

(bosesy  GPGG  TFLIWLFPAGVFLLFLDLKD  GPGG 9 -1 0.0

TMDSF [

(a3ags)  ~FDTH  FLIWLEPAGVFLLFLDIKD  GPGG m -1 02

By GGPG  ALLAKLIVSGSFIFYLYLF  GPGG 65 -04 04

(444-462)

Membrane insertion of STT3/Stt3p

When LepH2 constructs are co-translationally integrated
into microsomal membranes, a fraction of the molecules with
membrane-integrated TMD is often cleaved by signal peptidase
(SPase) into two protein fragments with lower molecular mass
(Fig. 2B). The extent of cleavage is dependent on the nature of
the TMD sequence and can be prevented by the addition of a
SPase inhibitor during translation (23, 26). Thus the fraction of
cleaved protein can be added to the fraction of proteins with
integrated STT3 TMD.

Interestingly, when expressing TMD2 without flanking loops
in LepH3 we observed an extra band on the SDS-gel that cor-
responds to a triple-glycosylated LepH3 protein. We verified
the triple glycosylation by endoglycosidase H (Endo H) treat-
ment (Figs. 2B and 3). An unusual glycosylation site *"*NVC
(Asn-Val-Cys) was discovered in TMD2 of STT3 (Table 1) (27—
31), and we confirmed the site by substituting it to ''"*QVC
(GIn-Val-Cys), which completely abolished the glycosylation.
We used this modified construct to avoid complications when
quantifying the insertion efficiency of TMD2. The acceptor site
was found in the beginning of TMD2 and can only be modified
when TMD?2 is not inserted into the membrane. It has a lower
extent of glycosylation efficiency than the more common Asn-
X-Thr/Ser site (~40%).

Our results for 10 of the 11 previously annotated STT3-A
TMDs (20) (TMD3 is discussed later) show that most TMDs
integrate efficiently into the ER membrane when taken out of
their natural context together with the flanking regions and
introduced into the LepH2 or LepH3 model proteins. The
exceptions are the following. TMD?2 integrated to only 6% into
the membrane and by including the flanking loops the insertion
increased to 60%. TMD4 integrated poorly, even in the pres-
ence of its natural flanks (29% as “isolated TMD,” 38% including

Hydrophobicity values from HWvH.xt

1 1 1 1

MSA1 starting with sp|P46978|STT3A_MOUSE ———
T r MSA2 starting with sp|BS9KDD4|PGLB_CAMLR ———
[GAPS IN MSA1 starting with sp|P46978|STT3A_MOUSE]
[GAPS IN MSA2 starting with sp|B9KDD4|PGLB_CAMLR]

used threshold of -0.5

M
|

N

0 50 100 150 200

250 300 350 400 450 500

Position in alignment

Figure 1. Alignment of the TMD region of STT3 and PgIB. The alignment when using hydrophobicity plot suggests that mouse STT3A (UniProtKB ID: P46978)
(1-474) and Campylobacter lari PgIB (UniProtKB ID: BOKDD4) (1-433) have a similar membrane topology (http://www.bioinfo.mpg.de/AlignMe/

AlignMe_MSA.html) (47-49).*
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Membrane insertion of STT3/Stt3p
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Membrane insertion of STT3/Stt3p

TMD2

R113NVCVFLAPLFSSFTTIVT

A -

G2

.
P2 ®,

cytosol

EndoH: - - - + - -

P1 C G3 P1

Insertion (%): 6
(1)
Figure 3. Verification of mouse TMD2 NVC glycosylation site. To verify the glycosylation of the NVC site in mouse TMD2, the sample was Endo H-treated,

and as a control a sample with the same buffer conditions but without Endo H (Mo) was made. To specifically verify the NVC glycosylation, the site was
destroyed by a replacement of the N (Asn) to a Q (GIn). Unglycosylated, single-, double-, and triple-glycosylated products are indicated with an unfilled circle

and, respectively, one, two, or three filled circles. The percent insertion is calculated from at least three independent experiments.

flanking loops) (Table 1, Fig. 2, B and C). Finally, TMD6 inte-
grated to 8% in the membrane and by adding its adjacent
regions the integration efficiency increased barely to 22%. The
results for TMD2 and TMD6 correlated well with their highly
positive, predicted AG values for the TMDs by themselves (2.7
and 2.5 kcal/mol, respectively) and together with their loop-
TMD-loop sequence (1.9 and 2.2 kcal/mol, respectively). For
TMDA4, on the other hand, the values did not correlate so well
with its predicted values (0.1 without and 0.1 kcal/mol with
flanking residues).

Refining the topology of the N-terminal part of the STT3
protein

The unresolved question of the experimentally determined
eleven-TMD topology model of STT3 and Stt3p, is how
two hydrophobic stretches could serve as TMD3 (TMD3A,
TMD3B) (20). This together with the recently published 13-
TMD crystal structure of the bacterial homologue PgIB (13)
motivated us to experimentally take a closer look at the first
half of the STT3 protein. We noted a marginally hydrophobic
sequence directly upstream adjacent to TMD4 of STT3-A with
a theoretical AG value of 2.1 kcal/mol. This encouraged us to
hypothesize a 13-TMD topology model also for the mouse
STT3 homologues. TMD3A, TMD3B, and the marginally
hydrophobic sequence, named here TMD3C, would in this case
allbe STT3 TMDs. Indeed, TMD3A, -B, and -C, cloned into the
appropriate Lep variant, inserted efficiently into microsomal
membranes in the presence of their flanking loops (A, 81%; B,
70%; C, 83%; Fig. 2, B and C).

To strengthen our results, we decided to map the location
of the C terminus of STT3-A truncations by fusing them to
the Lep-P2 domain, which included an engineered glycosyl-
ation site. For this we generated mouse STT3-A truncations
that ended directly after the C-terminal loop of the TMDs of
interest, i.e. right before the next TMD. We included one to

seven TMDs from STT3-generating STT3-A-Lep-P2 fusions
(Fig. 4A). For a sequence with more than two TMDs, multi-
ple topologies are possible. By adding strategically glycosyl-
ation sites in the N terminus and in one loop in the STT3-
A-Lep fusion series, it was possible to determine the most
populated topologies more precisely (Fig. 4A4). Therefore,
one extra site except from the one in the P2 domain of LepH2
at position 120 was engineered at position *>NTT (Asn-Thr-
Thr) in the large luminal domain connecting TMD1 and -2 in
STT3-A. The other was introduced in the N-terminal loop of
the TMD1-2-P2 construct at position NST (Asn-Ser-Thr).
We reason this would allow us to monitor the location
of the P2 domain of every protein fusion construct (Fig. 44).
The results of the two series of constructs without and with
the glycosylation site in the loop correlate well with each
other. This indicates no or little disturbance of the natural
protein topology due to creation of additional glycosylation
sites.

The glycosylation pattern of STT3-truncated versions re-
flects to some extent the measured insertion efficiency of the
individual TMDs, as for TMD1-2-P2 and TMD2F in LepH3 (56
and 60%). The same was observed for TMD1-3C-P2 compared
with TMD3CF in LepH3 (79% and 83%, respectively). Adding a
glycosylation site (replacing *’KLG for >NST) in the N terminus
made it possible to determine the most populated topology of
TMD1-2-P2 Lep fusion more precisely (Fig. 4B). The data con-
firm that the N terminus of the TMD1-2-P2 is located in the
cytosol, and the single glycosylation in construct *NTT
suggests a cytosolic orientation of the P2 domain (~56%).
TMD1-P2 inserts with about the same efficiency as for TMD1F
(93% and 85%, respectively) (Figs. 2, B and C, and 4B) when
calculated with both glycosylated species in the *>NTT con-
struct. Although both TMD1-3A-P2 and TMD1-5-P2 insert
~20% less than the individual TMD3A and TMD?5, they insert

Figure 2. Model protein Lep and membrane insertion efficiency of mouse STT3-A. A, the leader peptidase model proteins, LepH2 (left) and LepH3 (right).
B, in vitro translation in the presence and absence of CRM of pancreas from dog of constructs containing all STT3-A TMDs without and with flanking residues
(F). Odd-numbered TMDs to the left were inserted into LepH2, and even numbered TMDs are to the right in LepH3. The NVC-glycosylated product is indicated
with an asterisk (*), SPase-cleaved fragments are indicated with a C, not fully translated full-length protein is indicated with Fr, and unglycosylated, single-,
double-, and triple-glycosylated products are indicated with an open circle and, respectively, one, two, or three filled circles. The percent insertion is calculated
from at least three independent experiments. C, insertion efficiency of all mouse TMDs without and with natural flanking residues. TMDs without and with
flanking residues are indicated with a black and gray color, respectively. The error bars are calculated from at least three independent experiments.
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Membrane insertion of STT3/Stt3p
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Figure 5. Verifying the N-terminal topology of mouse STT3 using Endo H and protease protection. A, in vitro translation without and with CRM of the
TMD1-7-P2 fusion construct. The appearance of the shorter fragment of TMD1-7-P2 is dependent of the last 19 residues of the truncated TMD1-7, and it was
confirmed by deletion of the residues, N347-5359. To verify the glycosylation the samples were Endo H-treated and, as a control, the same buffer conditions but
without Endo H (Mo) was made. B, PK treatment after translation of all constructs, TMD1-P2 to TMD1-7-P2. The protease protection assay shows a protected
lumenal and glycosylated band for TMD1-P2, TMD, TMD1-3A-P2, TMD1-3C-P2, TMD1-5-P2; only unglycosylated band is completely degraded. In the case of
TMD1-3A-P2 the SPase cleaved P2 domain is also protected. The other constructs are more or less completely degraded except for a protected N-terminal
fragment (P). Not fully translated full-length protein is indicated with Fr, the protected fragment is indicated with a P, and unglycosylated and single- and
double-glycosylated products are indicated with unfilled circles and, respectively, one or two filled circles. The percent insertion is calculated from at least three
independent experiments.

strongly into the membrane (66% and 72%, respectively). In the
case of TMD1-3A-P2, two faster migrated bands could be seen
that correspond to a SPase cleavage of the glycosylated fusion
construct on the lumenal side of the membrane after TMD3A
(Figs. 2B and 4C). The two fragments were confirmed by calcu-
lating the size of the fragments and by expression of a P2 con-
struct (Fig. 4C).

The TMD1-3B-P2 and TMD1-4-P2 protein pattern reveals
a single band of mono-glycosylated protein that corresponds
to a protein population with exclusively the expected topol-
ogy. That is in contrast to the low insertion efficiency of the
individual TMDA4F (38%) and in agreement with the high

insertion of TMD3BF (70%). In a similar manner, TMD1-
6-P2 possibly adopts its putative topology to 82% in contrast
from the individual TMDG6F (22%) (Figs. 2, B and C, and 4B).
The TMD1-7-P2 includes the long C-terminal loop contain-
ing a possible translational arrest or premature ribosome
release resulting in truncated protein forms that have been
previously observed (20). Deleting the last 19-amino acid
residues of the truncated construct prevents this phenome-
non and simplifies the quantification of glycosylated protein
(Fig. 5A).

The very short cytosolic loops connecting TMDs of the first
half of STT3-A make it possible to use a protease protection

Figure 4. A detailed study of the N-terminal topology of mouse STT3. A, truncations of mouse TMD1-TMD?7 including loop residues between the TMDs and
the P2 domain of Lep containing an engineered glycosylation site. The residues at the end of the different truncations are indicated. B, in vitro translation both
without and with CRM of truncation constructs TMD1-P2 to TMD1-6-P2. The constructs with an extra glycosylation site located in the N-terminal loop or in the
first lumenal loop of STT3A are indicated with 3NST and *>NTT. C, for the construct TMD1-3A-P2, two SPase cleaved fragments (C) are indicated dependent on
size with P2 and TMD1-3A. The extra glycosylation site located in the first lumenal loop of STT3A is indicated with >>NTT. Unglycosylated and single- and double
glycosylated products are indicated with unfilled circles and, respectively, with one or two filled circles. The percent insertion is calculated from at least three
independent experiments.
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Figure 6. SP-Lep model protein and membrane insertion efficiency of yeast Stt3p TMDs. A, the model protein containing a cleavable signal peptide. B,
insertion efficiency of yeast TMDs. C, insertion efficiency of TMD3b and TMD8 without and with flanking residues. D, membrane integration of two Stt3p
truncations with the length of 1-173 and 1-221 amino acid residues. Sequences of the end of TMD 3a (last residue 158) and 3c (last residue 221) are shown
with the N-linked glycosylation sites in the linker preceding the HA epitope. Endo H treatment confirmed the glycosylation of both constructs. A schematic
shows the membrane topologies of the two truncations. Unglycosylated and single- and double-glycosylated products are indicated with unfilled circles and
one and two filled circles, respectively. The percent insertion is calculated from at least three independent experiments.

assay to access if TMDs are certainly integrated into the micro-
somal membranes and not retained on the cytosolic side of the
membrane. We utilized this to verify our results of the STT3-A
P2 fusion series (Fig. 5B). In this case the second glycosylation
site in the large lumenal domain connecting TMD1 and -2 was
not present. We observed that nearly all the proteins that had
the C terminus on the lumenal side of the membrane were
protected, and only unglycosylated, untargeted proteins were
degraded (TMD1-P2, TMD1-3A-P2, TMD1-3C-P2, and
TMD1-5-P2). In contrast, for the rest of the truncated proteins
(TMD1-2-P2, TMD1-3B-P2, TMD1-4-P2, and TMD1-6-
P2) the P2 domain was completely degraded because of its loca-
tion in the cytosol (Fig. 5B). In addition, for longer truncations
(from TMD1-3B-P2) we observed a lower molecular weight
band that corresponded to the protected N-terminal part of the
protein, which was long enough to be detectable in the SDS-gel
(Fig. 5B).

Insertion efficiency of individual TMDs and integration of the
N-terminal part of yeast Stt3p

To determine the integration efficiency of individual TMDs
of the yeast Stt3p, we utilized the SP-Lep model protein (32). It
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consists of the cleavable signal peptide (SP) of the yeast secre-
tory protein invertase and the C-terminal domain of Lep. The
Stt3p TMDs were individually introduced into the SP-Lep con-
struct, flanked by insulating GGPG/GPGG tetrapeptides, as
well as two potential glycosylation sites, up- and downstream of
the TMDs (Fig. 6A). The N-terminal SP targets the model pro-
tein efficiently to the ER membrane and is subsequently cleaved
by the membrane resident enzyme SPase. Membrane insertion
of the test TMDs was assessed by a glycosylation assay. If the
TMD is inserted into the membrane, only the first glycosylation
site became modified, whereas translocation of the TMD into
the ER lumen led to glycosylation of both glycan acceptor sites
(Fig. 6A).

Here, we should mention that even the TMD3 of Stt3p was
less defined in our earlier model (20), and hence, the three most
hydrophobic stretches between TMD2 and -4 were tested in
the SP-Lep model protein. SP-Lep model proteins containing
TMDs 1, 2, 3a, 3b, 3¢, 4, 6, 7, 8, or 11 were expressed in yeast,
and the glycosylation state of the model proteins was assayed by
Western blotting (Fig. 6B). The insertion efficiency of the indi-
vidual Stt3p TMDs varied greatly, reaching from 11% (TMD2)
to 85% (TMD1) (Fig. 6B, Table 2). The AG,,, values, calculated
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from the experimentally obtained insertion efficiencies, were
similar to the predicted AG,,, using the AG predictor software
(21). Comparing the experimentally AG,,, between mouse
and yeast, however, we found some differences between
some of the TMDs, such as TMDs 3a (—0.5 versus 1.2; mouse
versus yeast), 3¢ (—0.2 versus 0.8)m and 11 (—1.2 versus
—0.4) (Tables 1 and 2).

To test whether the addition of the natural flanking regions
would also increase the insertion efficiency, as observed for the
mouse TMDs, SP-Lep model proteins containing TMD3b or
TMDS including their natural flanks were constructed. We
found that the insertion efficiency of TMD3b was altered by the
presence of the natural flanks, increasing the membrane inser-
tion from 53% to 95% (Fig. 6C). The integration efficiency of
TMD8, however, was unaffected by the addition of its natural
flanks and remained at ~45%.

To further test the membrane integration of Stt3p, two Stt3p
truncations were expressed in yeast with the length of 1-173
and 1-221 amino acid residues. The sequence length 173 con-
tains TMD1-3a, and the length 221 includes TMD1-3c both
with two C-terminal NST sites. The idea was to show that both
3a and 3c are real TM segments. When expressed, both con-
structs became glycosylated, and hence, the C-terminal part is
located in the ER, an indicator that 3a and 3c serve as TMDs.
From this we can also deduce that when expressed in context of
the first TMDs of Stt3p, their flanking regions, 3a and 3c, inte-
grate better than when expressed individually in the Lep model.
The glycosylation rate was ~55% for the length of 173 and 75%
for amino acid sequence length 221. For Stt3p 1-221 construct,
more of the single-glycosylated form appeared (Fig. 6D) due to
the fact that the first N-linked glycosylation site was located too
close to TMD3c (11 residues away from the end of TMD3c). If
the N-linked glycosylation site is located at a distance of <12
residues from the end of the TMD, it is not efficiently glycosy-
lated by the oligosaccharyltransferase (33). The possible topol-
ogies of the truncated constructs 173 and 221 are shown in
Fig. 6D.

Discussion

In this report we present a detailed study on the membrane
integration of two homologous proteins from two different
organisms, the mouse STT3A and the yeast Stt3p, that have
been reported to be the catalytic subunit of the OST/OT
enzyme complex (11, 34). The different eukaryotic STT3 pro-
teins are highly conserved, and they are believed to share a
common reaction mechanism for N-linked glycosylation; even
the bacterial single-subunit STT3s share the same mechanism
(10, 16).

Most eukaryotic membrane proteins insert and fold in the ER
membrane. The insertion process is mediated by the Sec-
translocon, and both the hydrophobicity of the TMDs and the
charged residues flanking the TMD play important roles during
integration (6). Many multi-spanning membrane proteins are
predicted to contain TMDs, which are not hydrophobic enough
to insert into the ER membrane by themselves (35, 36) and will,
therefore, need assistance from their neighboring TMDs to
integrate into the membrane. Here, we have taken advantage of
a well established in vitro translation system combined with ER
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vesicles to study the targeting, translocation, and integration
process in detail (37-39). The individual AG-predicted TMDs
of mouse STT3-A without and with flanking residues were
introduced into the model protein LepH2 or LepH3 depending
on their natural orientation (21-23). Remarkably, six isolated
TMDs (2, 3B, 4, 6, 8, and 10) inserted poorly into the membrane
from 6 to 34%. Four of them (TMD2, 3B, 8, and 10) improved
their insertion efficiency by adding their natural flanking loops
from 60 to 88%. On the other hand, TMD4 and TMD6 retained
their low integration efficiency even after including their flank-
ing residues (38% and 22%, respectively). TMD6 has a very high,
predicted AG value, which reflects low integration, in contrast
to TMD4, which has a rather low AG value. However, it is
important to keep in mind that these results display how indi-
vidual TMDs behave in the lipid bilayer. The N-terminal trun-
cated results (shown later) reflect the importance of the adja-
cent TMDs in assisting their marginally hydrophobic neighbors
for integration into the membrane (35).

Previously, we reported an 11 TMDs topology model of
STT3 protein, with the uncertainty of where TMD3 was located
(20). In this paper we attempt to respond to that question by
studying the TMD3 region and also the whole N-terminal part
(TMD1-TMD?) of the STT3 protein. We made seven trunca-
tions starting from the N-terminal of STT3 and ending at the
beginning of each TMD sequence (TMD2-TMD8) and fused it
to the P2 domain of LepH2 that contains a glycosylation site.
Furthermore, we introduced an extra glycosylation site in the
long loop between TMD1 and -2 of the STT3 protein to deter-
mine the correct topology of each truncation. Most adopted
their correct topology to a high degree (>60%). TMD1-P2
inserted with the same efficiency (nearly 100%) compared with
the individual TMD1F, which inserted to 85%, including both
single and double glycosylation. Both single and double glyco-
sylation were observed for the *’NTT TMD1-P2-construct.
One possible explanation for this could be the position of
TMD1 in the membrane, hindering access to the OST so that
the ®*NTT (Asn-Thr-Thr) site is less efficiently glycosylated,
generating the singly glycosylation species (33). Another expla-
nation could be if the very weak hydrophobic domain between
TMD1 and TMD2 (Fig. 1) influence the orientation of the very
short construct like TMD1-P2 to some extent and thereby also
the glycosylation status. The small amounts of unglycosylated
species tell us that targeting seems not to be a problem. In two
cases the insertion for the truncations were almost the same as
for the individual TMDs (TMD1-2-P2 and TMD1-3C-P2).
Furthermore, although TMD1-3A-P2, TMD1-5-P2, and
TMD1-7-P2 inserted worse than their individual counterparts,
their insertion efficiency was >60%. Importantly, our results
show that the poorly inserted TMD4 and -6 could fully inte-
grate into the membrane in conjunction with their more hydro-
phobic TMD neighbors. It is known that marginally hydropho-
bic TMDs are common in multispanning membrane proteins
(35, 36, 39, 40), and helices that do not insert into the mem-
brane by themselves have been identified in both P-glycopro-
tein and the cystic fibrosis transmembrane conductance regu-
lator (CFTR) (36, 39), in aguaporin-1 (AQP1) (41), and in the
plant K, channel KAT1 (42). When working with more than
one TMD the possibilities of acquiring more than one topology
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arise, and we can confidently exclude the less dominant topol-
ogy and assign the most dominant topology by ingeniously
placing glycosylation sites in the gene of STT3. Nevertheless,
this can be more difficult the more TMDs that are added.
Therefore, we confirmed these results by using a proteinase
protection assay. If the TMDs are correctly inserted into the
membrane, the connecting loops are too short to be digested by
the proteinase K (PK) in the cytosol (35). The long loop con-
necting TMDI1 and -2 is on the lumenal side and, therefore,
unreachable for digestion. However, the position of the soluble
Lep-P2 domain is determined by the last TMD that is studied.
Depending on the location of the Lep-P2 domain, we could
observe fully protected truncated proteins or protease-sensitive
ones. Moreover, we only kept the glycosylation site in the P2
domain and did not add any additional in the STT3 gene.
Clearly, unglycosylated species are completely degraded,
whereas the inserted glycosylated proteins are protected.
TMD1-4-P2 has its C terminus in the cytosol, so in this case
the unglycosylated species is the fully correctly inserted protein
that has been protected in agreement with the previous result
(Figs. 4B and 5B).

For yeast Stt3p, TMD3 was poorly defined, and we tested
membrane insertion efficiencies of three possible TMDs (3a,
3b, and 3c). Although TMD3a and -3c were not membrane-
inserted by themselves, TMD3b showed an ~50% membrane
insertion and much enhanced membrane efficiency when the
natural flanking residues were included. However, when trun-
cated at the residues 173 and 221, the C-terminal glycosylation
sites were glycosylated in the lumen of the ER, suggesting that
both 3a and 3¢ TMDs are located in the membrane.

In summary, we have made a thorough analysis of STT3A/
Stt3p with regard to topological and structural aspect. We have
found that flanking residues and neighboring TMDs have an
impact on membrane integration in more than one way and
to various extents. Most importantly, our data suggest that
eukaryotic STT3s have the same number of TM segments as
the bacterial homolog and that our data are consistent with the
bacterial structural model. Future studies are warranted to
obtain a structure of the eukaryotic STT3.

Experimental procedures
Mouse plasmid construction

Mouse STT3-A constructs were made as previously de-
scribed (20, 25). For the membrane integration assay, double-
stranded oligonucleotides encoded the mouse STT3 TMDs of
the Itm1 gene encoding STT3-A (GenBank™ accession num-
ber L34260) (20, 43). The gene sequence for TMDs alone or
together with their connecting loops were introduced as ampli-
fied and purified PCR fragments (QIAquick PCR Purification
kit (Hilden, Germany)) with an N-terminal Spel and a C-ter-
minal Kpn1 restriction site into the previously described mod-
ified lepB gene in pGEM1 (Promega, Madison, WI) (22, 23).
The PCR fragments were obtained using Phusion High-Fidelity
DNA polymerase (Finnzymes, Espoo, FI) or Expand Long Tem-
plate PCR System (Roche Diagnostics) with primers comple-
mentary to the 5" and 3’ ends of the selected part of the gene.
For the study of the first half of the STT3-A protein, the gene
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sequence for the truncations was introduced with an N-termi-
nal Xbal and a C-terminal Kpn1 restriction site into the lepB
gene. Glycosylation acceptor sites (NX(S/T/C) found in
both genes (lepB and Itm1) were mutated to QX(S/T/C), and
extra glycosylation acceptor sites were introduced using the
QuikChange™ Site-Directed Mutagenesis protocol (Stratagene)
by replacing one, two, or three appropriately positioned codons
with codons for the acceptor tripeptide NXT (Asn-X-Thr). All
constructs were confirmed by sequencing of plasmid DNA at
Eurofins MWG Operon (Ebersberg, Germany) or BM labbet
AB (Furulund, Sweden). All cloning steps were done according
to standard procedures using restriction enzymes from Pro-
mega or Fermentas (Burlington, Ontario, CA).

In vitro expression of mouse STT3-A

STT3-A constructs cloned in pGEM1 vector were tran-
scribed and translated in the TNT® SP6 Quick Coupled System
(Promega) in the presence and absence of column-washed
rough microsomes (CRM) of pancreas from dog (tRNA Probes,
TX) (44). 10 pl of reticulocyte lysate, 150 —200 ng of DNA tem-
plate, 1 ul of [**S]Met (5 uCi), and 0.5 ul of CRM were mixed
and incubated at 30 °C for 90 min.

For Endo H treatment 9 ul of the TNT reaction was mixed
with 1 ul of 10X glycoprotein denaturing buffer. After the addi-
tion of 1 ul of Endo H (500,000 units/ml; New England Bio-
Labs), 7 ul of distilled H,O, and 2 ul of 10X GlycoBuffer 3
reaction buffer, the sample was incubated at 37 °C for 1 h (23).

PK treatment was performed by adding 1 ul of CaCl, (200
mu) and 0.2 ul of Proteinase K (4.5 units/ul) to the translation
reaction. After incubating on ice for 30 min, 1 ul of PMSF (20
mM ethanolic solution) was added to inactivate PK and further
incubated on ice for 5 min (35).

Translation products were analyzed by SDS-PAGE gels and
visualized in by Fuji FLA-3000 phosphorimaging (Fujifilm)
using the Image Reader V1.8]/Image Gauge V 3.45 software.
The MultiGauge (Fujifilm) software was used to generate a one-
dimensional intensity profile of each gel lane and the multi-
Gaussian fit program (Qtiplot, www.qtiplot.com)* was used to
calculate the peak areas of the glycosylated protein bands. The
membrane insertion of each studied construct was calculated as
the quotient between the peak area of the single- or double-
glycosylated band and the peak area of double- or single-glyco-
sylated protein band, respectively (depending on which Lep con-
struct was used). On average, the glycosylation levels vary by no
more than =5% between repeated experiments.

Yeast plasmid construction and transformation

All yeast plasmids were constructed from p424GPD-SP-Lep
(23, 32). To substitute the sequence coding for the hydrophobic
(H) segment of the SP-Lep model protein with various yeast
Stt3p TMDs, with or without adjacent loops, a Smal site was
inserted within the H-segment by site-directed mutagenesis.
Stt3p TMDs were amplified from genetic DNA using primers
which include sequences that complement the sequences
upstream and downstream of the H-segment. The PCR prod-
ucts were inserted into the Smal-linearized p424GPD-SP-Lep
by homologous recombination. Yeast transformants were
selected on —Trp plates, plasmids were isolated, and the cor-
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rect sequence was confirmed by sequencing. Stt3p 1-173 and
Stt3p 1-221 constructs were prepared by amplifying the indi-
cated fragments by PCR and subcloning into p424GPDHA vec-
tor (23) carrying the engineered two N-linked glycosylation
sites (Fig. 6D). For both cloning and expression the yeast strain
W303-1la (MATa, ade2, canl, his3, leu2, trp1, ura3) (45) were
used.

Western blotting analysis of yeast Stt3p

Protein preparation and Western blotting was carried out as
described in Reithinger et al. (46). In brief, model protein-ex-
pressing yeast cells were grown overnight in the appropriate
selective media, harvested by centrifugation, washed with dis-
tilled H,O, and resuspended in SDS-PAGE sample buffer. After
incubation at 60 °C for 15 min and centrifugation, the superna-
tant was loaded onto SDS-gels and subjected to Western blot-
ting using mouse anti-HA antiserum (Covance). To remove
glycans, samples of the whole-cell lysates were treated with
Endo H (Roche Diagnostics) before SDS-PAGE as previously
described (46).
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