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ABSTRACT Membrane insertion by the Sec61 translocon in the endoplasmic reticulum (ER)
is highly dependent on hydrophobicity. This places stringent hydrophobicity requirements on
transmembrane domains (TMDs) from single-spanning membrane proteins. On examining
the single-spanning influenza A membrane proteins, we found that the strict hydrophobicity
requirement applies to the Ny +-Cij, HA and M2 TMDs but not the N;,-C,,; TMDs from the
type Il membrane protein neuraminidase (NA). To investigate this discrepancy, we analyzed
NA TMDs of varying hydrophobicity, followed by increasing polypeptide lengths, in mam-
malian cells and ER microsomes. Our results show that the marginally hydrophobic NA TMDs
(AG,pp > 0 kcal/mol) require the cotranslational insertion process for facilitating their inver-
sion during translocation and a positively charged N-terminal flanking residue and that NA
inversion enhances its plasma membrane localization. Overall the cotranslational inversion of
marginally hydrophobic NA TMDs initiates once ~70 amino acids past the TMD are synthe-
sized, and the efficiency reaches 50% by ~100 amino acids, consistent with the positioning of
this TMD class in type Il human membrane proteins. Inversion of the M2 TMD, achieved by
elongating its C-terminus, underscores the contribution of cotranslational synthesis to TMD
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inversion.

INTRODUCTION

Eukaryotic membrane protein maturation occurs cotranslationally
within the endoplasmic reticulum (ER; Alder and Johnson, 2004;
Braakman and Bulleid, 2011). The maturation process initiates when
an N-terminal signal sequence or a hydrophobic segment of a na-
scent chain is recognized by the signal recognition particle (SRP;
Walter and Blobel, 1981). SRP targets the ribosome-nascent chain
complex to the SRP receptor located next to the Sec61 protein-con-
ducting channel (the translocon) in the ER membrane (Gilmore et al.,
1982; Deshaies and Schekman, 1987; Gorlich et al., 1992). Synthesis
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then resumes, and the translocon enables the passage of the na-
scent chain into the ER lumen and the partitioning of transmem-
brane domain (TMD) segments into the membrane (Bowie, 2005).
Membrane partitioning by the translocon occurs via the lateral
gate and requires that TMD segments have the appropriate length
and hydrophobicity to integrate into the lipid bilayer (Van den Berg
et al., 2004; Hessa et al., 2007). However, it is quite common to find
marginally hydrophobic TMD segments (AG,,, for membrane inser-
tion > 0 kcal/mol), which by themselves are expected to surpass the
integration step and enter the ER lumen (Lu et al., 2000; Hessa et al.,
2007, Zhang et al., 2007). The majority of these marginally hydro-
phobic TMDs exist in multispanning membrane proteins, where
their integration has been associated with the orientation and hy-
drophobicity of neighboring TMDs (Ota et al., 1998b; Ojemalm
etal., 2012), TMD-TMD interactions (Kanki et al., 2002; Zhang et al.,
2007), flanking residue composition (Ota et al., 1998a), and the
polypeptide length preceding a stop-transfer TMD (Hessa et al.,
2003). Thus, in multispanning membrane proteins, the predominant
compensatory mechanism for marginally hydrophobic TMD inser-
tion appears to be interactions and associations with other TMDs.
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FIGURE 1: Nj-Cout (type 1) NA TMDs from human H1N1 IAVs have a broad hydrophobicity range. (A) Topologies for the
IAV membrane proteins NA, HA, and M2 and how their TMD positioning influences ribosomal involvement during the
membrane integration step. (B) Dot plot showing predicted hydrophobicity (AG,p,) variation in the unique NA, HA, and
M2 TMDs from human H1N1 IAV sequences. Note that TMD hydrophobicity decreases with increasing positive AG,pp.

For the majority of single-spanning membrane proteins, mem-
brane partitioning occurs during the entry and passage of their lone
TMD through the ER translocon. The exceptions are the few pro-
teins whose TMDs are located <25 amino acids from the C-terminus
and insert posttranslationally via the tail-anchored pathway
(Kalbfleisch et al., 2007; Stefanovic and Hegde, 2007). Within Sec-
dependent membrane proteins, the TMD positioning varies, and
the position can determine whether their membrane integration oc-
curs while attached to the ribosome (cotranslationally) or after re-
lease (posttranslationally).

The TMDs from single-spanning membrane proteins are gener-
ally more hydrophobic than those in multispanning membrane pro-
teins (Arkin and Brunger, 1998; Hessa et al., 2007), a characteristic
that is often linked to their dependence on one TMD for membrane
integration. Nevertheless, marginally hydrophobic TMDs exist in
single-spanning membrane proteins, and a recent study linked them
to the quality control of heteromeric complex assembly, as their in-
tegration required TMD interactions with other subunits (Feige and
Hendershot, 2013).

The processes that contribute to the insertion of Sec-dependent
single-spanning membrane proteins have yet to be fully identified,
especially with respect to changes in their TMD properties. In con-
trast, specific characteristics within this class of proteins are known to
contribute to whether their TMDs acquire an Ngy-Cin, or Nip-Cout
orientation. No+-Ci, TMDs predominantly exist in single-spanning
membrane proteins with a cleavable N-terminal signal sequence
(type | membrane proteins; Daniels et al., 2003; Wang et al., 2005).
The signal sequence of these proteins directs their ER targeting and
translocation across the ER membrane, where the translocon inserts
their TMD in an Ngy-Ci, orientation. Nj,-Coy TMDs are generally lo-
cated at the N-terminus of single-spanning membrane proteins and
function as a signal anchor sequence (type Il membrane proteins).
These TMDs first target the protein to the ER, where they insert into
the translocon head-on, and then achieve their N;,-Cy; orientation
by inverting end over end through a ribosomally mediated process
(Goder and Spiess, 2003; Devaraneni et al., 2011). A small number of
TMDs that function as signal anchor sequences do not undergo this
inversion, which results in these TMDs acting as stop-transfer se-
quences and inserting in an Ng,+~C;,, orientation (Hull et al., 1988).

Here we combined a computational and experimental analysis of
the TMDs from the available single-spanning influenza A membrane
protein sequences to identify relationships between TMD hydro-
phobicity, positioning, and orientation. Our results demonstrate that
the contribution of the cotranslational membrane insertion process
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to the inversion of N;-Co: type Il membrane proteins is influenced
by their TMD hydrophobicity. This process is essential for neuramini-
dase (NA) inversion with a marginally hydrophobic TMD (AG,, >
0 kcal/mol), which enhances their proper plasma membrane local-
ization. In contrast, NA with a hydrophobic TMD inverts relatively
well after ribosomal release. During translocation, an inversion effi-
ciency of 50% required synthesis of ~100 amino acids past the
marginally hydrophobic TMD, consistent with the topology and
hydrophobicity analysis of the human type Il membrane proteome.
These results, and the inversion of the N ,-C;, M2 TMD by elongat-
ing its C-terminus, indicate that ribosomal association likely enables
less ideal TMDs to orientate and access the membrane, whereas
synthesis contributes to the inversion process.

RESULTS

TMD hydrophobicity in influenza A virus membrane proteins
depends on positioning and orientation

The analysis of protein sequence homology, property, and struc-
tural conservation has proved extremely useful in identifying pro-
tein topology and localization, functional domains, and the exis-
tence of certain cellular machinery (von Heijne, 2006; Daniels et al.,
2010). However, the limited number of homologous sequences for
human single-spanning membrane protein has hindered these ap-
proaches. Therefore we used the extensive human influenza A virus
(IAV) sequence database to perform a comparative analysis of the
TMD characteristics from natural single-spanning membrane pro-
teins with Ng+-Ci, (HA and M2) and N;,-Cou: (NA) orientations
(Figure 1A).

On completion of this analysis, a trend was found with respect to
the TMD hydrophobicity, orientation, and positioning. The Ngu-Ci,
TMDs from HA that are located closest to the C-terminus (within 17
residues) possessed the highest average hydrophobicity (AG,p, =
—1.1 kcal/mol; Figure 1B). The Noy-Cin, TMDs from M2, located 49
residues from the C-terminus, had a slightly lower average hydro-
phobicity (AG,p, ==0.6 kecal/mol), and the N;;-Coyt TMDs from NA,
located 415-436 residues from the C-terminus, had the lowest aver-
age hydrophobicity (AGp, = 0.6 kcal/mol). In addition to having a
broader hydrophobicity distribution, ~70% of the unique N;j-Coyt
NA TMDs are marginally hydrophobic (AG,p, > 0 kcal/mol), which
should not support efficient membrane insertion (Hessa et al., 2007).
Based on these results in IAV single-spanning membrane proteins, it
appears their TMD hydrophobicity requirements become less strict
when they are positioned further from the C-terminus or in an N;.-
Cout Orientation.

Molecular Biology of the Cell



IAV TMD hydrophobicity values potentially relate to how
the TMDs integrate into the membrane

In eukaryotic cells, ~40 amino acids (aa) are required to span the
ribosomal exit tunnel (Malkin and Rich, 1967; Blobel and Sabatini,
1970). Thus secretory protein TMDs located within 40 aa of the
C-terminus integrate into the membrane after ribosomal release
(posttranslationally), whereas TMDs located more than 40 aa
away have the potential to integrate during synthesis (cotransla-
tionally). Based on these ribosomal length restrictions, the TMD
hydrophobicity differences in the IAV proteins appear to relate to
their membrane integration process. The most hydrophobic
TMDs are from HA, which are followed by a 17-aa C-terminus or
C-tail and presumably integrate into the membrane posttransla-
tionally. Next are the M2 TMDs with a 49-aa C-tail that can inte-
grate cotranslationally and/or posttranslationally, and the least
hydrophobic TMDs are in NA, which likely integrate and invert
cotranslationally because of their 415- to 436-aa C-tail (Figure 1,
A and B).

Marginally hydrophobic NA TMDs followed by a short
C-terminus mislocalize in cells

To investigate potential relationships between TMD hydrophobicity
and their C-terminal positioning in mammalian cells, we sought to
exploit the normal plasma membrane (PM) localization of NA and
M2. Whereas PM localization does not differentiate alterations in
membrane integration, trafficking, PM recycling, or degradation, all
of these are indicative of abnormal NA and M2 TMD behavior. To
assess the PM localization, we compared the mean fluorescence sig-
nal of a substrate at the PM to the intracellular (IC) region of each
cell to determine a PM/IC ratio (Supplemental Figure S1A). Based
on PM and IC controls, substrates with a ratio >1 can be classified as
PM localized and those with a ratio <1 as IC localized (Supplemental
Figure S1, B and C).

This approach was first applied to evaluate the localization of
full-length NA with natural hydrophobic (AG,, = —0.7 kcal/mol) and
marginally hydrophobic (AG,pp = +1.3) Nip-Cout TMDs. Including the
epitope tag, both constructs possess a long, 440-aa C-tail that fol-
lows the TMD, and from here on are referred to by the nomencla-
ture tmag xNA?2, where X is the predicted TMD hydrophobicity
(AGapp value in kcal/mol) and Z is the C-tail length in amino acids
(aa). As expected, both full-length NA constructs (tmag —o.7NA*0
and Tvag +1.3NA%3) |ocalized to the PM with an average PM/IC
ratio >2 (Figure 2A). Similarly, full-length M2 with a hydrophobic
TMD (AGgpp, = —1.1 kecal/mol) and a C-tail of 70 aa (including the
epitope tag) also localized to the PM.

We then asked, how does truncating the C-tail of NA or M2 to
36 aa affect its localization? The short C-tail length was chosen
such that if these TMDs can integrate into cellular membranes,
they would likely do so after ribosomal release. This would mini-
mize the contribution of synthesis and ribosomal attachment, and
also avoid targeting via the tail-anchored pathway. The short,
36-aa C-tail did not affect PM localization of NA with a hydropho-
bic TMD (1mag —0.7NA3%22), as the PM/IC ratios were all >1, but the
same construct with a marginally hydrophobic TMD (rvac
+1.3NA3%23)  completely mislocalized to intracellular punctate,
“ring-like"” structures creating PM/IC ratios <1 (Figure 2, B and C).
Surprisingly, M2 with a hydrophobic TMD and a short C-tail (1vag
_11M23622) showed a bimodal localization, with most of the cells
possessing a PM/IC ratio >1, with some also <1. Thus shortening
the C-tail length to 36 aa can affect TMDs from single-spanning
membrane proteins, with the most dramatic mislocalization occur-
ring when NA encoded a marginally hydrophobic TMD.
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The mislocalized 1yag +1.3NA3%? resides within the
membrane of intracellular vesicles

A variety of biochemical assays were used to determine whether the
intracellular “ring-like” structures containing tvag +1.3NA322 (shown
in Figure 2C) were cytoplasmic aggregates of mistargeted polypep-
tides or intracellular vesicles. Compared to the PM-localized full-
length construct (tmag +1.3NA%%2), the C-terminal epitope on the
mislocalized ipac +1.3NA¥2 was completely protected from extra-
cellular trypsin, confirming its intracellular localization (Supplemen-
tal Figure S2A). Isolation of vesicles from cells followed by alkaline
extraction showed that tyag +1.3NA3 is integrated into the mem-
branes of the intracellular vesicles and not aggregated within the
cytoplasm (Figure 2D).

Finally, we investigated the vesicle density where 1yag +1.3NA3%22
localized by flotation on sucrose cushions of low (1.03 g/ml), me-
dium (1.15 g/ml), and high (1.25 g/ml) densities. At low density, all
intracellular vesicles should sediment, and the cytoplasm should re-
main in the supernatant; at medium density, vesicles derived from
the ER, PM, and Golgi should float, and the mitochondria, lyso-
somes, peroxisomes, and rough ER vesicles should sediment; and at
high density, the majority of vesicles should float (Beaufay et al.,
1974; Smith and Peters, 1980). Based on protein and enzyme activ-
ity distributions at steady-state, the majority of vesicles with the full-
length protein (tmag +1.3NA*%2) floated at medium (1.15 g/ml) den-
sity, whereas the majority of vesicles with tpmag +1.3NA3%? floated at
high (1.25 g/ml) density (Figure 2E). In contrast, pulse labeling re-
vealed that a portion of newly synthesized 1y +1.3NA%¢2 localized
to vesicles with ER density (Figure 2F, flotation at 1.15 g/ml). To-
gether the vesicle density analysis and their morphology suggest
that tmag +1.3NA3%2 is initially targeted to the ER and likely trafficked
to the lysosome instead of the PM.

PM localization of NA3¢ s linked to its inversion,

which requires a hydrophobic TMD

The NA construct with a short C-tail mislocalized with a marginally
hydrophobic TMD (tmag +1.3NA%%), but not a hydrophobic TMD
(tmaG —0.7NA3), To determine whether this is a general effect, we
increased the hydrophobicity of tmag +1.3NA% in four incremental
steps by substituting Ala residues into the TMD and determined the
PM/IC ratios (Figure 3 and Table 1). More cells had a PM/IC ratio >1
with the increasing TMD hydrophobicity in these constructs, and PM
localization was favored in the mosthydrophobic ones (1pmag _1.4NA32
and Tmag —2 sNA32?). These results confirmed that PM localization of
NA with a short, 36-aa C-tail is dependent on TMD hydrophobicity
and that it is also related to the sequence context, as the natural
TMD (tmaG-0.7NA%*) had more PM localization (Figure 2B) than the
engineered, more hydrophobic mutant (ryag —1.4NA3%).

The inversion of Nj,-C,,: TMDs was previously shown to become
less efficient with increasing hydrophobicity (Goder and Spiess,
2003). Therefore we examined the orientation of the NA TMDs with
increasing hydrophobicity and the short, 36-aa C-tail to determine
whether their topology changed in relation to the PM localization.
Inversion to the proper Nj,-C,t orientation was assayed by the
~2.5 kDa shift caused by the N-linked glycan addition to the C-tail
glycosylation site. According to the molecular weight shift and di-
gestion of the N-linked glycan by peptide-n-glycosidase F (PNGase
F), only the three most hydrophobic constructs were glycosylated
(Figure 3A, immunoblot). Thus the inversion and ER membrane inte-
gration of NA TMDs with a short, 36-aa C-tail increase with hydro-
phobicity and do not occur properly with marginally hydrophobic
TMDs, which suggests that the inversion is necessary for their PM
trafficking and accumulation.

| 3365
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Marginally hydrophobic NA TMDs with a short C-tail mislocalize in cells. (A) Cell PM/IC ratios for the
full-length N;p-Co ¢ membrane protein NA*%2 with a hydrophobic (AG,pp

(AGapp

= +1.3 kcal/mol) TMD, as well as the No-Ci» membrane protein M27%2 with a hydrophobic (AG,pp =

—0.7 kcal/mol) and a marginally hydrophobic
—1.1 kcal/mol)

TMD and the intracellular (IC) marker. Right, representative cell section images. (B) PM/IC ratios from cells expressing
these membrane proteins with a C-tail truncated to 36 aa. Right, representative images. (C) Higher-magnification image
showing localization of 1yag +1.3NA32 (white) in “ring-like” vesicle structures near the nucleus (blue). (D) Vesicles from
cells transfected with the indicated constructs were separated from the cytoplasm (Cyto) and subjected to an alkaline
extraction to separate integral (P) from peripheral (SN) membrane proteins. Representative immunoblots with GFP as
the soluble cytoplasm control. (E) Vesicle and cytoplasmic fractions from transfected cells were analyzed by flotation on
sucrose cushions of different density. The dot blot shows the intensity of tyag +1.3NA322 and 1yag +1.3NA%02 that
floated (SN) or pelleted (P) at each density, and the enzymatic activity distribution for tpag +1.3NA*%32 provides an
added control. (F) Similar analysis as in E, except that tpag +1.3NA322 was radiolabeled for 30 min and isolated after the

separation using Ni-Sepharose before resolution by SDS-PAGE.

Long C-tails help marginally hydrophobic NA TMDs to invert
and localize to the PM

Our results thus far indicate that full-length NA with a marginally
hydrophobic TMD localizes to the PM, likely because the longer
C-tail facilitates inversion and potentially ER targeting. By making
smaller increases in the C-tail length after the marginally hydropho-
bic NATMD, we observed a stepwise increase in the average PM/IC
ratios (Figure 4A). The increase slightly began with a C-tail length
of 41 aa, which approximates the length of the ribosomal tunnel
(Malkin and Rich, 1967; Blobel and Sabatini, 1970), and increased
until a length of 76 aa, which showed a PM/IC profile distribution
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similar to the full-length construct (1pmag +1.3NA%%2) in this steady-
state assay. These results confirmed that the C-tail length contrib-
utes to PM localization of the marginally hydrophobic NA TMD.
The inversion of N;,-Cou: TMDs has been shown to occur through
a ribosomally mediated process (Goder and Spiess, 2003; Devaraneni
et al., 2011), which raised the question of whether the C-tail aids in
the inversion of the marginally hydrophobic NA TMD. Therefore we
examined the orientation of the marginally hydrophobic NA TMD
with elongated C-tails by their N-linked glycosylation patterns. At
steady-state levels, an extremely small percentage of glycosylated
chains were first observed with a C-tail of 46 aa, and the percentage

Molecular Biology of the Cell
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slowly increased with the C-tail length until a significant jump
(15-90%) occurred between 66 and 71 aa (Figure 4, B, top, immuno-
blots, and C). To ensure that the low positioning of the first glycosyla-
tion site (~10 aa from the TMD) did not affect these results, we shifted
this native site up 6 aa on two short C-tail constructs, which also
yielded similar low glycosylation levels (Supplemental Figure S2C).

The strong inflection point for TMD inversion at steady-state
could be due to the differential stability of glycosylated versus un-
glycosylated membrane proteins (Buck and Skach, 2005; Mochizuki
et al., 2007). Thus the orientation analysis was also performed on
newly synthesized chains that were pulse labeled with [*S]Met and
Cys (Figure 4, B, bottom, audioradiographs, and C). After labeling
for 15 min, minor glycosylation of the marginally hydrophobic NA
TMD first occurred with a C-tail of 61 aa. In contrast to the steady-
state analysis, the percentage of nascent glycosylated chains in-
creased in a linear manner as the C-tail was elongated from 61 aa,
and the 50% inversion point required a C-tail of ~100 aa.

As a second test for orientation, we exploited the C-tail cysteine
that creates intermolecular disulfide-bonded NA TMD dimers in a
glycan-independent manner (da Silva et al., 2013). Under nonreduc-
ing conditions (without dithiothreitol [DTT]), the majority of the
pulse-labeled, marginally hydrophobic NA TMDs with N-linked gly-
cans existed in disulfide-bonded dimers and SDS-resistant tetram-
ers (Figure 4D). Upon addition of the reducing agent DTT, the oligo-
meric species fully (dimer) and partially (tetramer) collapsed to
monomeric glycosylated species. In contrast, the band intensities of
the unglycosylated species did not change, which showed that their
C-tails were located in the cytoplasm. Together these results dem-
onstrate that the marginally hydrophobic NA TMDs require the
synthesis of ~70 aa after the TMD to initiate their inversion during
translocation, and the efficiency reaches 50% after the synthesis of
~100 aa. Therefore ribosomal attachment and/or protein synthesis is
essential for the cellular inversion of marginally hydrophobic N;.-
Cout (type Il) NA TMDs.

Inversion of the hydrophobic NA TMD does not require
ribosomal attachment

Because the hydrophobic NA TMDs (AGgpp < 0 kcal/mol) with
short, 36-aa C-tails properly localized to the PM (Figures 2 and 3),
we also examined the hydrophobic NA TMD orientation with
increasing C-tail lengths. At steady-state, these constructs were
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already ~65% glycosylated, with a C-tail of 36 aa, and their glyco-
sylation percentage increased further once the C-tail length was
>61 aa (Figure 5A, top, immunoblots, and B). The analysis of the
nascent chains after a 15-min pulse showed that the percentage of
glycosylated species increased with the C-tail length beginning
from 36 aa (Figure 5A, bottom, audioradiographs, and B). These
results demonstrate that hydrophobic NA TMDs benefit from, but
do not require, the cotranslational membrane insertion process
(ribosomal attachment and/or synthesis) for their inversion, which
explains their PM localization with short C-tails.

Marginally hydrophobic NA TMDs can facilitate
cotranslational ER targeting

In addition to affecting membrane integration and orientation, de-
creased hydrophobicity in N;,-Cot (type 1) TMDs and shorter C-tail
length could also potentially affect their SRP recognition and hence
their ER targeting capability (Bird et al., 1990; Hatsuzawa et al.,
1997). Therefore we created a series of ribosomally arrested chains
with elongated C-tails using the hydrophobic and marginally hydro-
phobic NA TMDs and assayed their ability to direct targeting to
rough ER microsomes. As expected, no targeting to the ER mi-
crosomes was observed when the marginally hydrophobic TMD was
largely sequestered in the ribosome with a 22-aa C-tail (Figure 6A).
With a 36-aa C-tail, a higher proportion of the marginally hydropho-
bic NA TMD ribosomally arrested chains sedimented with the ER
microsomes, and the proportion substantially increased with a 46-aa
C-tail, which is similar to the 49-aa C-tail on the SRP-dependent M2
TMD (Hull et al., 1988). A comparable but more efficient ER target-
ing profile was observed with the hydrophobic NA TMD ribosomally
arrested chains (Figure 6B).

To confirm the chains were arrested, we examined the glycosyla-
tion pattern of the 46-aa and 96-aa C-tail constructs after release by
puromycin. With the marginally hydrophobic NA TMD, the single
glycan on the 46-aa C-tail construct did not appear after release, in-
dicating that its inversion was defective (Figure 6A, right). In contrast,
puromycin release of the 96-aa C-tail construct resulted in the ex-
pected enhanced recognition of its second glycosylation site, dem-
onstrating the chains were inverted and arrested. Puromycin release
of both constructs with the hydrophobic NA TMD enhanced their
glycosylation, confirming their ability to properly invert (Figure 6B,
right). These in vitro experiments demonstrate that both types of NA
3367
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C-tail lengths was determined by the expected N-linked glycosylation pattern (depicted by the construct diagrams) at
steady state (top, immunoblots) and after metabolic labeling (bottom, [3S]Met/Cys autoradiographs). Cell lysates were
harvested 48 h posttransfection or after a 15-min pulse, and, where indicated, N-linked glycans were digested with
PNGase F. The N-linked glycan number (arrowheads), partial PNGase F digestion (asterisks), and SDS-resistant TMD
tetramer (Tet) are indicated. (C) The percent glycosylation of the marginally hydrophobic NA TMDs with respect to C-tail
length from steady-state and ¥S-labeling experiments is shown. Glycosylation indicates that the constructs have the
proper N;-Co,t orientation. (D) Analysis of the indicated ¥S-labeled constructs by nonreducing and reducing SDS-PAGE
reveals that only the glycosylated species form the expected intermolecular disulfide. Note the glycosylated-band
molecular weight shifts £ DTT and the partial SDS-resistant tetrameric species.

TMDs can facilitate ER targeting, albeit with potentially different ef-
ficiencies, and that the ER-targeted marginally hydrophobic NA
TMDs do not effectively invert with short C-tails, which supports our
cellular observations.

N-terminal length and charge contribute to cotranslational
type Il NA TMD inversion

The orientation of N;j-Coyt (type II) TMDs can be influenced
by the positioning of positively charged flanking residues and
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the length of the N-terminal flanking region (von Heijne,
1989; Kocik et al., 2012). In line with these findings, the 6-aa
N-terminus is a highly conserved region in NA and includes a
positively charged residue (K or, less commonly, R) adjacent to
the TMD (Figure 7A). To investigate whether these N-terminal
features aid the marginally hydrophobic NA TMD inversion,
we examined the glycosylation pattern of the tyag +1.3NA7¢%
construct with several N-terminal deletions and mutations
(Figure 7B).
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FIGURE 5: Hydrophobic NA TMDs are less dependent on C-tail
length for inversion. (A) The orientation of the hydrophobic NA TMD
construct with increasing C-tail lengths was analyzed at steady-state
(top, immunoblots) and after metabolic labeling for 15 min (bottom,
[35S]Met/Cys autoradiographs) as described in Figure 4B. The N-linked
glycan number (arrowheads) and partial PNGase F digested species
(asterisk) are shown. (B) The percent glycosylation observed for the
hydrophobic NA TMDs with respect to C-tail length from steady-state
and %S-labeling experiments is shown.

When the initiation Met was followed by five Ala (MAA), subtle
glycosylation was observed compared with wild type (WT), but if the
positively charged Lys remained (MAK), the glycosylation levels
matched those of WT (Figure 7C). No glycosylation was observed
when the initiation Met was placed next to the TMD (M), which indi-
cated that the subtle glycosylation of MAA, due to its inversion, was
facilitated by the length of the N-terminus. However, the construct
with a Met and Lys next to the TMD (MK) showed substantial glyco-
sylation, demonstrating that the positively charged residue was the
most dominant feature. From a PM localization perspective, the N-
terminal, positively charged Lys residue (MK) made the largest con-
tribution, and this contribution was even greater in the context of
the proper N-terminal length (MAK; Figure 7D). Thus the N-terminal
flanking residues increase the inversion efficiency of marginally hy-
drophobic NA TMDs, with positively charged residues making the
most predominant contribution.

Cotranslational protein synthesis contributes to the TMD
inversion process

To examine whether the cotranslational integration process contrib-
utes to TMD inversion more directly, we tested whether elongating
the C-tail following the Ngu-Ci, M2 TMD could facilitate its inver-
sion. As shown by the oxidation of M2 into homodimers and tetram-
ers via its N-terminal Cys residues, full-length M2 with a 70-aa C-tail
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(including the epitope tag) possessed an Ny,-Ci, orientation at
steady-state (Figure 8A). Similarly, when the 76-aa NA C-tail was
fused to the M2 N-terminus and TMD, the Ng+C;, orientation re-
mained unchanged, as no glycosylation of the NA C-tail was ob-
served (Figure 8B, lanes 3 and 4). However, when the full-length
440-aa NA C-tail was fused to the M2 N-terminus and TMD, a rea-
sonable amount of inversion to an N;,-C,; orientation occurred,
based on glycosylation (Figure 8B, lanes 7 and 8) and the produc-
tion of enzymatically active NA (Figure 8C). The ability to invert the
hydrophobic M2 TMD in the absence of its single C-terminal posi-
tive charge upon substantially lengthening the 76-aa NA C-tail to
440 aa indicates that cotranslational synthesis and/or integration
contributes to the inversion process. However, the production of
mixed orientated species also implies that TMDs likely possess their
own topology determinants in addition to their cytoplasmic-local-
ized flanking residues.

Marginally hydrophobic TMDs in human type Il membrane
proteins insert cotranslationally

Overall our findings indicate that the cotranslational insertion via the
ER translocon can lower the hydrophobicity requirement for the
proper inversion and membrane integration of the Nj,-Co4 (type 1)
NA TMDs. Specifically, the inversion initiated when ~70 aa past the
marginally hydrophobic NA TMD had been synthesized, and it re-
quired ~100 aa to reach an efficiency of 50% for newly synthesized
polypeptides. Using the 50% inversion efficiency point (a C-tail of
100 aa), we found these results to be consistent with the hydropho-
bicity and positioning of the ~400 predicted human type Il mem-
brane proteins (Figure 8D and Supplemental Table 1). A number of
marginally hydrophobic TMDs (AG,p, > 0 keal/mol) are found in hu-
man type Il membrane proteins, and all of them possess a C-tail
>100 aa. Together the data on marginally hydrophobic TMDs in NA,
and their positioning in type Il human membrane proteins, imply
that the cotranslational insertion process facilitates the integration
and inversion of marginally hydrophobic N;,-Co (type 1) TMDs.

DISCUSSION

The insertion of TMDs from single-spanning membrane proteins
differs from those in multispanning membrane proteins on the basis
that their positioning largely dictates whether their membrane in-
tegration occurs while attached to the ribosome or upon release.
Previous studies on these TMDs showed that orientation can add
additional complexity to their membrane integration process, as N;,-
Cout (type Il) TMDs use a two-step insertion and inversion mecha-
nism (Goder and Spiess, 2003; Devaraneni et al., 2011). More re-
cently, marginally hydrophobic Ng-Ciy, (type I) TMDs, which primar-
ily integrate after ribosomal release, were found to require TMD-TMD
interactions with their heteromeric complex subunits to integrate
into the membrane (Feige and Hendershot, 2013).

The results presented here build on these previous findings by
showing that the N;,-Co: (type 1) NA TMDs exploited the cotransla-
tional membrane integration process to overcome the strict hydro-
phobicity threshold for single-spanning membrane protein TMDs
(Arkin and Brunger, 1998; Hessa et al., 2007). The consistency of our
results with the hydrophobicity and positional analysis of human
type Il membrane protein TMDs suggests that lowering the hydro-
phobicity membrane integration threshold may be a general prop-
erty of cotranslational insertion. If true, this property could rational-
ize why the NA TMDs in IAVs, but not the HA and M2 TMDs,
have been able to evolve against the hydrophobicity threshold
(Nordholm et al., 2013). In contrast, the short C-tails after the mar-
ginally hydrophobic Ngy-Cin, TMDs in the T-cell receptor subunits
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FIGURE 6: Marginally hydrophobic NA TMDs with a short C-tail can target to the ER
cotranslationally. Ribosomally arrested chains with the indicated C-tail lengths and the marginally
hydrophobic (A) and hydrophobic (B) NA TMD were in vitro translated in the absence and
presence of rough ER microsomes (MS) before sedimentation through a sucrose cushion to
isolate the microsomally associated chains (left). Representative experiments are shown for each
construct, with the corresponding total amount of synthesized protein (Lysate) for the shortest
constructs. To test for inversion and arrest, the glycosylation pattern of the 46-aa and 96-aa
C-tail constructs were released with 1 mM puromycin (Puro) before sedimentation (right). The
N-linked glycan number, unglycosylated chains (circles), and a potential SDS-resistant NA TMD

dimer (asterisk) are indicated.

preclude this option, possibly explaining why they use TMD-TMD
interactions for their integration, which is common in multispanning
membrane proteins (Kanki et al., 2002; Zhang et al., 2007; Feige
and Hendershot, 2013). Although the latter mechanism is hard to
reconcile for the cotranslational maturation of a homo-oligomer
such as NA (Wang et al., 2008), it reveals that a number of mecha-
nisms potentially exist for the integration of this large class of
TMDs.

The correlation between the glycosylation inversion assay and
the qualitative PM localization measurements for the marginally hy-
drophobic NA TMD was not always ideal. For instance, the con-
structs with C-tails from 46 to 61 aa showed PM/IC ratio increases
and only incremental increases in the low glycosylation levels at
steady-state. This implied that either these NA TMDs invert after
synthesis and translocation or noninverted TMDs also traffic to the
PM but less efficiently. Trypsin treatment of cells expressing the gly-
cosylated construct with a C-tail of 76 aa digested a significant
portion of the C-terminal myc epitope, indicating that the NA TMD
was inverted, whereas the majority of the epitope was protected on
the surface-localized construct with a C-tail of 61 aa (Supplemental
Figure S2B). This indicates that noninverted NA TMDs can also lo-
calize to the PM, and the observed increases in the PM/IC ratio are
more indicative of changes in the efficiency of PM localization that
accompanies being in the proper orientation.
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The potential benefit of the kinetic com-
ponent for membrane insertion was previ-
ously alluded to by posttranslational inser-
tion assays with Escherichia colimembranes,
for which lowering ATP levels decreased the
translocation rate, enabling less hydropho-
bic TMDs to integrate (Duong and Wickner,
1998). For mammalian cells, the slow syn-
thesis rate (5 aa/s) likely provides an analo-
gous mechanism during cotranslational
translocation. This could provide marginally
hydrophobic TMDs with the additional time and a possible driving
force to orientate, potentially via a Sec62-dependent (Reithinger
et al., 2013) or TRAP-dependent manner (Sommer et al., 2013), so
they accommodate the hydrophobicity filter of the lateral gate
(Junne et al., 2010; Trueman et al., 2012).

Positively charged N-terminal flanking residues, and to a lesser
extent the length of this region, also contributed to Nj;-Coy: (type 1)
TMD inversion. With regard to IAVs, the inefficient inversion of NA in
the absence of the conserved N-terminal Lys potentially explains the
significantly deformed IAV morphology that has been observed upon
deleting the entire NA N-terminal region (Garcia-Sastre and Palese,
1995; Mitnaul et al., 1996; Jin et al., 1997). Although this study offers
new insight into the relationship between hydrophobicity and the
mode of membrane integration in cells, further studies are required
to investigate what cellular machinery and characteristics drive TMD
inversion and how insertion pathways contribute to cotranslational
membrane protein folding.

MATERIALS AND METHODS

Plasmids and constructs

Mammalian expression vectors were created by PCR overlap clon-
ing (Mellroth et al., 2012) using pCDNA3.1A (Life Technologies,
Foster City, CA) containing the full-length NA (1pmag —0.7NA%023) and
M2 (tmag —1.1M27%%2) genes from influenza A/WSN/33 (H1N1) fused
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N-terminal flanking residues help marginally hydrophobic NA TMDs to invert. (A) Logo plot displaying the
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PNGase F before resolution by reducing Tris-tricine SDS-PAGE. (D) PM/IC ratios from cells expressing the constructs
shown in B with representative cell section images. Insets, cellular localization of the constructs (green) with respect to

the nucleus (blue).

to a 21-aa C-terminal myc-his tag. Site-directed mutagenesis was
used to replace the WSN NA TMD in 1yac —0.7NA*%2 with the indi-
cated TMD sequences (Table 1) and to make the N-terminal NA
flanking-region substitutions and deletions. For the C-terminal tail
(C-tail) truncations NAZ2 and M27%2, the indicated length Z minus
21 aa following the N-terminal TMD were fused to the C-terminal
myc epitope by PCR using the full-length constructs as templates.
The tvag 1.1M2NA7633 and g —1.1M2NA%402 were created by fusing
M2 residues 1-48 with 76-aa and 440-aa NA C-tails. All constructs
were verified by sequencing (Eurofins MWG Operon, Ebersberg,
Germany).

Cell culture and transfections

Vero and Hela cells (American Type Culture Collection, Manassas,
VA) were cultured in DMEM with 10% fetal bovine serum (FBS) and
100 U/ml penicillin and streptomycin (all from Life Technologies) and
maintained at 37°C in a 5% CO, humidified incubator. For each
transfection, 1.5 pg of plasmid DNA was incubated with 5 pl of LT-1
(Mirus, Madison, WI) in 500 pl of Opti-MEM (Life Technologies) for
20 min. During the incubation period, trypsinized cells were sedi-
mented (500 x g, 5 min) and resuspended at a density of ~5 x
10° cells/ml in Opti-MEM 10% FBS, and 1 ml of cells was added to
each transfection mixture and seeded on 3.5 cm dishes.

Single-cell immunostaining analysis for PM localization

Vero cells (~1 x 10%) were transfected with 1 pg of plasmid DNA of
the indicated construct and 0.5 pg of the intracellular marker (red
fluorescent protein) plasmid DNA and seeded onto coverslips in
3.5 cm dishes. At 48 h posttransfection, coverslips were washed
with cold phosphate-buffered saline (PBS), pH 7.4, fixed for 20 min
with 4% paraformaldehyde (PFA) in PBS, permeabilized with 0.05%
saponin in 4% PFA for 5 min, and fixed again with 4% PFA for
10 min. Cells were incubated with a monoclonal myc antibody (Cell
Signaling Technology, Beverly, MA) at 1:100 in 1% bovine serum al-
bumin (BSA) PBST-Az (PBS, pH 7.4, 0.1% Tween-20, 0.2 mg/I sodium
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azide) for 2 h at 37°C, washed three times with PBST-Az, and labeled
with Alexa Fluor 488 secondary (Life Technologies) for 1 h at 25°C in
the dark. DNA was labeled with 1 pg/ml Hoechst 33258 (Life Tech-
nologies) in 1% BSA PBST-Az at 25°C for 10 min, and the cells were
washed and mounted with Vectashield. For PM controls, 48 h post-
transfection with green fluorescent protein (GFP), Vero cells were
washed three times with 37°C PBS and incubated with 5 pl/ml wheat
germ agglutinin (WGA) Alexa Fluor 594 (Life Technologies) in PBS
for 2 min at 37°C. Unbound WGA was removed by washing, and the
cells were placed in fresh Opti-MEM for live image acquisition. Fixed
and live-cell section images were acquired with a Zeiss LSM700 in-
verted microscope using a 40x object with 0.6-pm pinhole, and im-
age acquisition was performed with Zen 2011. Individual cell PM/IC
ratios were calculated with Cell Profiler 2.0 (Kamentsky et al., 2011)
as outlined in Supplemental Figure S1.

Metabolic labeling, cell harvesting, and protein isolation

by Ni-Sepharose

Hela cells (~1 x 10° cells) seeded in 24-well plates were infected
with recombinant vaccinia virus expressing T7 RNA polymerase (Fu-
erst et al., 1986). At 40 min postinfection, each well was transfected
with 2 pg of plasmid DNA mixed with 6 pl of LT-1 in 0.5 ml of Opti-
MEM. At 4 h posttransfection, medium was replaced with starvation
medium (0.5 ml DMEM lacking Met and Cys) for 20 min before la-
beling for 15 min with 35 uCi of [**S]Met/Cys (Perkin Elmer, Waltham,
MA). Cells were harvested by scraping in 50 pl of lysis buffer (TBS [50
mM Tris, pH 7.4, 200 mM NaCl] with 1% Triton X-100, 10 mM N-
ethylmaleimide, and 1x protease inhibitor cocktail [Sigma-Aldrich,
Steinheim, Germany]), the whole-cell lysates were sonicated (15 s)
on ice and sedimented (20,000 x g; 1 min), and the postnuclear su-
pernatants were retained. For protein isolation by Ni-Sepharose,
postnuclear supernatants were incubated with 500 pl of 5% Ni-Sep-
harose beads (GE Healthcare, Uppsala, Sweden) in TBS with 0.1%
Triton X-100 and 40 mM imidazole for 1 h at 4°C and washed three
times with TBS, 0.1% Triton X-100, and 50 mM imidazole. Beads
3371
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Construct
name

AG,pp
(kcal/mol)

TMD sequence

™ AG -2.5 NA
™ AG -1.4 NA
™ aG -0.7 NA
™ aG -0.3 NA
™ aG +0.1 NA
™ AG +1.3 NA

™ AG -1.1 M2

-25
-1.4
-0.7
-0.3
+0.1
+1.3
-1.1

[ITIGSVCMTIGMAALILAIGAIISIWI
[ITIGSVCMTIGMAALILQIGAIISIWI
[ITIGSICMVVGIISLILQIGNIISIWI
[ITIGSVCMTIGMAALILQIGNIISIWI
[ITIGSVCMTIGMANLILAIGNIISIWI
[ITIGSVCMTIGMANLILQIGNIISIWI
LVIAANIGILHLILWILDRLFF

TABLE 1: NA and M2 TMD sequences used in this study and their
respective hydrophobicity values.
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were resuspended in 500 ul of PNGase F denaturing buffer (TBS,
0.1% Triton X-100, and 0.5% SDS), heated at 37°C for 10 min, and
divided in two, and one sample received 50 U of PNGase F (NEB,
Frankfurt am M., Germany). Both samples were incubated for 1 h at
37°C, the beads were sedimented (20,000 x g; 3 min), and the pro-
tein was released with 50 pl of Tris-tricine sample buffer (Bis-Tris
360 mM, bicine 160 mM, 1% SDS, 15% glycerol, 100 mM DTT) con-
taining 10 mM EDTA before Tris-tricine SDS-PAGE.

Cell surface trypsinization and postnuclear supernatant
PNGase F digestions

The medium was removed from transfected cells in a 3.5 cm dish,
and the cells were incubated with 200 pl of TBS containing 0.5 mg/
ml trypsin (Sigma-Aldrich) at 37°C for 15 min, after which the cells
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were washed three times in cold PBS, pH 7.4, and the postnuclear
supernatants were obtained for immunoblotting. As a positive con-
trol, the trypsin digestion was carried out in the presence of 1%
Triton X-100, and the postnuclear supernatants were extracted di-
rectly from the trypsin-treated lysate mixture. For PNGase F treat-
ment, 15 pl of transfected-cell postnuclear supernatant was adjusted
to 0.5% SDS and heated to 37°C for 10 min before incubation for 1
h at 37°C with 50 U of PNGase F (Jejcic et al., 2009).

Intracellular vesicle isolation, alkaline extraction,

and flotation

Cells from a 6 cm dish were washed 48 h posttransfection or after
metabolic labeling with PBS, harvested by scraping in 300 pl of
ice-cold buffer A (50 mM triethanolamine, pH 7.5, 50 mM
KOAc, 6 mM Mg(OAc),, 1x protease inhibitor cocktail) with 0.25 M
sucrose, passed through a 27-gauge needle 30 times, sonicated
for 30 s on ice, and centrifuged at (2000 x g; 10 min) to remove the
nuclei. The resulting intracellular vesicle and cytoplasmic fractions
were layered on 800 pl of buffer A with 0.25 M sucrose and sedi-
mented (200,000 x g; 45 min). The supernatant (cytoplasm) was
precipitated with 20% trichloroacetic acid, washed with 95% ace-
tone, and resuspended in 100 pl of sample buffer. Alkaline extrac-
tion of the membrane vesicle pellet in 800 pl of ice-cold 0.1 M
NayCO3 pH 11.5, has been previously described (Daniels et al.,
2006). For density flotation analysis, the intracellular vesicle and
cytoplasmic fractions were equally divided on 800 pl cushions of
buffer A with 0.25, 1.2, and 2 M sucrose and sedimented (200,000
x g; 45 min). The supernatants were retained, the pellets were re-
suspended in equivalent volumes of their cushion buffer, and equal
portions were analyzed by dot blotting or incubated with Ni-Sep-
harose beads before SDS-PAGE and autoradiography.

In vitro analysis of ribosomally arrested chains

Ribosomally arrested constructs were generated as previously de-
scribed (Gilmore et al., 1991), with the exception that PCR was used
to create the DNA templates for transcription. Briefly, each NA con-
struct was amplified from their respective vector using a 3’ primer
that changed the last three codons to Met (to enable detection) and
excluded the stop codon. The products were purified, and 200 ng
of each construct was translated in 7 pl of TNT T7 PCR reticulocyte
lysate (Promega, Madison, WI) with 3 uCi of [¥*S]Met/Cys in the ab-
sence and presence of canine pancreas microsomes at 30°C for 30
min. Equal volume (5 pl) of each translation reaction was layered on
800 pl of buffer A with 0.25 M sucrose and sedimented (157,000 x
g; 10 min), the supernatant was removed, and the pellet containing
the microsomally associated arrested chains was resuspended in
Tris-tricine sample buffer. Where indicated, the arrested chains were
released with 1 mM puromycin for 10 min at 30°C before
sedimentation.

SDS-PAGE, autoradiography, immunoblotting,

and dot blotting

Constructs >40 kDa were resolved using standard reducing 9% Tris-
glycine SDS-PAGE, whereas the smaller constructs were mixed with
reducing Tris-tricine sample buffer and separated using 14% Tris-tri-
cine SDS-PAGE. Autoradiography gels were developed using a
phosphoimager (Fuji FLA-9000), and the 3%S-labeled protein was
quantified with ImageJ software. Where indicated, DTT was omitted
from the sample buffer to analyze disulfide bond formation by mole-
cular weight shifts on nonreducing SDS-PAGE (Francis et al., 2002).
Gels for immunoblotting were transferred to a 0.2 um pore polyvi-
nylidene fluoride membrane (GE Healthcare) for 30 min at 15 V. For
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dot blots, twofold serial dilutions of each sample were prepared and
loaded onto a nitrocellulose membrane using a Bio-dot apparatus
(Bio-Rad, Munich, Germany). Both membranes were processed and
developed as previously described (da Silva et al., 2013). Dot-blot
samples with the same dilution in the linear signal range were used
for comparative purposes.

Sequence analysis

The NA, M2, and HA protein sequences from human HIN1 IAVs
were retrieved from the National Center for Biotechnology Informa-
tion Influenza Virus Resource Database, and the hydrophobicity and
location of the unique TMDs from NA (residues 7-34), M2 (residues
26-48), and HA (residues 529-556) were determined using the
Membrane Protein Explorer (MPEx; Hessa et al., 2007; Snider et al.,
2009). The protein sequences of the human type Il single-spanning
membrane proteins were obtained from UniProtKB/Swiss-Prot and
processed with a length window (19-33 amino acids) that corre-
sponds to the predicted TMDs from eukaryotes (Sharpe et al., 2010).
The C-tail distance was computed by the position of the most prob-
able TMD with regard to the protein length. The data for the human
type Il TMDs are given in Supplemental Table S1 with the refer-
enced literature used to identify the proteins that localize to the
mitochondria, likely have an Ng,-Ci, orientation, and have been
shown to be soluble.
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