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Recent work has shown that efficient di- or trimerization of hydrophobic
transmembrane helices in detergent micelles or lipid bilayers can be dri-
ven by inter-helix hydrogen bonding involving polar residues such as
Asn or Asp. Using in vitro translation in the presence of rough micro-
somes of a model integral membrane protein, we now show that the for-
mation of so-called helical hairpins, two tightly spaced transmembrane
helices connected by a short loop, can likewise be promoted by the intro-
duction of Asn-Asn or Asp-Asp pairs in a long transmembrane hydro-
phobic segment. These observations suggest that inter-helix hydrogen
bonds can form within the context of the Sec61 translocon in the endoplas-
mic reticulum, implying that hydrophobic segments in a nascent polypep-
tide chain in transit through the Sec61 channel have immediate access to a

non-aqueous subcompartment within the translocon.
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Introduction

In eukaryotic cells, most integral membrane pro-
teins insert into and fold in the membrane of the
endoplasmic reticulum (ER) from which they may
then be transported further along the secretory
pathway or to the nuclear envelope. The initial rec-
ognition of the hydrophobic segments that form
the transmembrane a-helices takes place during
polypeptide transfer through the Sec61 translocon
complex in the ER membrane."” It appears that
the transmembrane helices can either be recog-
nized and transferred laterally into the surround-
ing lipid bilayer one by one, or in pairs,’ ® or even
as higher-order multimers,” though these early
steps on the folding pathway are only poorly
understood at present.

Recent biochemical studies of model peptides in
detergent micelles or liposomes have shed some
light on the basic physical chemistry of helix—
helix interactions in a non-polar environment.
Tight close-packing between helices mediated by
the so-called GxxxG-muotif, or inter-helical hydro-
gen bond formation between pairs of polar resi-
dues such as Asn and Asp, or more complex

Abbreviations used: ER, endoplasmic reticulum; Lep,
leader peptidase; RM, rough microsomes.
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motifs involving Thr or Ser®'® have been shown
to drive efficient dimer formation in these systems.
These interactions have been confirmed by two-
hybrid assays in Escherichia coli where the for-
mation of a dimeric protein complex in the inner
membrane ultimately results in the activation of a
reporter gene.'”'® It is thus quite clear that hydro-
gen bonding can drive helix—helix interactions in
biological membranes; what is not clear, however,
is if inter-helix hydrogen bonds can form already
within the context of the translocon.

Inspired by previous observations that suggest
that transmembrane helices may encounter a
bilayer-like environment almost immediately
upon entering the translocon channel,>" we have
carried out a detailed analysis of the possible influ-
ence of Asn-Asn and Asp-Asp pairs on the for-
mation of so-called helical hairpins (i.e. two
closely spaced transmembrane helices connected
by a short loop) during co-translational membrane
protein insertion into the ER. We have already
reported that helical hairpin formation is facilitated
by the presence of charged, polar, and weakly
hydrophobic residues in the short connecting
loop,”~** and by charged residues placed immedi-
ately downstream of a long, uniformly hydro-
phobic segment.” Here, we show that Asn-Asn or
Asp-Asp pairs can promote the formation of heli-
cal hairpins in a strictly position-specific manner.
The observed pattern of hairpin-promoting pairs

0022-2836/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
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is consistent with the formation of inter-helical
hydrogen bonds. If this interpretation is correct, it
provides yet another argument for the contention
that transmembrane helices are formed within
a non-aqueous subcompartment in the Sec6l
translocon.

Results

Model protein and topology assay

As in our previous studies of helical hairpin for-
mation in membrane proteins, we have used the
well-characterized E. coli inner membrane protein
leader peptidase (Lep) as a model protein. Lep con-
sists of two transmembrane segments (H1 and H2)
connected by a short cytoplasmic loop (P1) and a
large C-terminal periplasmic domain (P2). When
expressed in vitro in the presence of dog pancreas
rough microsomes (RM), Lep adopts the same
membrane topology as in its natural environment
in the inner membrane of E. coli,** i.e. with the N
terminus and the large C-terminal P2 domain on
the lumenal side,” Figure 1(a) (left).

For the studies reported here, H2 was substi-
tuted by a poly-Leu stretch of the general com-
position ...P%-LIK,L,VL,0Q;P-E®... (superscript
numerals refer to residues in Lep, subscript
numerals indicate the number of consecutive resi-
dues of a given kind).**** The segment has four N-
terminal lysine residues intended to anchor this
end to the cytoplasmic side of the membrane, a 40
residue stretch composed of 39 leucine and one
valine (the latter resulting from an engineered

(@)

P2

lumen

H1 H2

cytosol
P1

restriction site) that is long enough to span the
membrane either as a single or as two closely
spaced transmembrane helices, and four
uncharged polar residues (Q;P) demarcating the
C-terminal end of the hydrophobic stretch. We
have shown previously that this stretch forms a
single transmembrane segment when the model
protein is integrated in vitro into RMs,* but that
the introduction of “turn-promoting” residues
such as Pro, Asn, Arg, or Asp near the middle of
the poly-Leu stretch leads to the formation of a
helical hairpin.*

As an easily scored marker for the lumenal or
cytoplasmic localization of the P2 domain, an N-
glycosylation site (Asn-Ser-Thr) was introduced 20
amino acid residues downstream of the poly-Leu
stretch. In constructs where the poly-Leu stretch
spans the membrane only once, this site will be
glycosylated by the lumenally disposed oligo-
saccharyl transferase enzyme (Figure 1(a), left),
while it will not be modified in constructs where
the poly-Leu stretch has been mutated to form
a helical hairpin (Figure 1(b), right).” Turn for-
mation can thus be assayed by in vitro transcrip-
tion/translation of the relevant constructs in the
presence of RM followed by quantification of the
efficiency of glycosylation of the engineered N-gly-
cosylation site.

Typical gels for three constructs described below
(D8, D33, and D8-D33) are shown in Figure 1(b); in
these constructs, the poly-Leu segment in D8-D33
inserts almost exclusively as a helical hairpin
(very little glycosylation), while essentially no
helical hairpin formation is seen for D8 (almost
complete glycosylation). The D33 construct has a

(b)
D8 D33 D8-D33
RM: - + - + - +

Figure 1. (a) The Lep model protein. Wild-type Lep has two transmembrane segments (H1, H2), and inserts into
dog pancreas rough microsomes in vitro with the Nym—Cium Orientation shown on the left. In the studies reported
here, the H2 segment has been replaced by a poly-Leu-based sequence (LIKL»VL;iQsP) into which one or two Asn
or Asp residues have been inserted. Constructs where H2 spans the membrane once are glycosylated by the lumenally
disposed oligosaccharyl transferase enzyme on a unique Asn-Ser-Thr glycosylation acceptor site (Y) in the P2 domain
(left); those where the H2 segment forms a helical hairpin are not (right). In this study, one or a pair of Asn or Asp resi-
dues has been inserted in the areas in the H2 segment encircled on the right-hand model. (b) The D8, D33, and D8-D33
constructs were translated in vitro in the absence (—) and in the presence (4) of dog pancreas rough microsomes (RM).
Unglycosylated and glycosylated molecules are indicated by the white dot and the black dot, respectively.
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mixed topology with about half the molecules
being glycosylated.

Effects on helical hairpin formation of single
Asn and Asp residues in a (39L + V)
transmembrane segment

To test the effect on helical hairpin formation
when an Asn or Asp residue is placed in different
positions in a poly-Leu stretch, we introduced Asn
or Asp in positions 8, 10, 12 and 31-39 in the
(89L 4+ V) segment, and helical hairpin formation
was assayed by determining the fraction of non-
glycosylated molecules (f"#) for each construct.

None of the single Asn-mutations induce effi-
cient formation of a helical hairpin (Figure 2(a)).
We always observe a background level of
f"8 ~ 0.2, most likely a result of somewhat ineffi-
cient targeting and glycosylation in the in vitro sys-
tem. The only positions in which an Asn leads to a
slight increase in "¢ are 12 and 37. We have already
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Figure 2. Degree of helical hairpin formation
measured as the fraction of non-glycosylated molecules
(f"®) observed after in vitro translation in the presence of
RM for single Asn (a) and single Asp (b) mutations in
the (39L +V) H2 segment. The position of the Asn or
Asp residue is counted from the N-terminal end of the
(39L + V) segment. All measurements are mean values
of two or three independent experiments; in general,
repeat f"-value measurements differ by no more than
+0.05 from the mean value.

shown that an Asn-residue placed in position 22
near the middle of the (39L + V) segment induces
almost complete formation of a helical hairpin
(f"& = 0.85),” and it is therefore not very surprising
that we see a slight effect with the N12 mutation. It
is less obvious why the N37 mutation should have
a comparable effect (but see Discussion).

For constructs with a single Asp in the (39L + V)
stretch, the picture is the same as for Asn for
positions 8, 10, and 12 (Figure 2(b)). The Asp
mutations near the C-terminal end of the segment
have significantly higher "¢ values than the corre-
sponding Asn mutations, with the D37 mutation
having the strongest effect. It thus appears that an
Asp residue near the C-terminal end of the
(39L + V) stretch induces a significant level of heli-
cal hairpin formation, in agreement with earlier
studies where Asp residues immediately flanking
the C-terminal end of the (39L + V) stretch were
shown to induce a helical hairpin conformation.
We have shown that a single Pro residue placed
10-12 residues from either end of the (39L + V)
stretch induces a significant amount of the helical
hairpin conformation,® suggesting that the higher
f"& values seen for the more centrally placed D12,
D32, D33, and (possibly) D34 mutations might be
caused by the strong hairpin-inducing effect
demonstrated earlier for a centrally placed Asp
residue.”

Position-specific effects on helical hairpin
formation by Asn-Asn and Asp-Asp pairs

We next examined the tendencies of Asn-Asn
and Asp-Asp pairs to mediate helical hairpin for-
mation by introducing such pairs in the (39L + V)
stretch using the single-residue constructs reported
above for comparison.

After an initial screening of a small number of
Asn-Asn pairs, we focused mainly on the N8 pos-
ition, and made a complete set of pairs with the
second Asn in positions 32-39. For the N10 and
N12 pairs, we made constructs with the second
Asn in positions 33, 35, 37, 38 (for N12), and 39.
Strikingly, there is an almost twofold increase in
fre for the N8-N33, N8-N37, and N12-37 con-
structs over the corresponding single-Asn con-
structs, while all the other Asn-Asn constructs
have f"8 values similar to those of the correspond-
ing single-Asn constructs.

The same set of constructs but with Asp instead
of Asn were tested (Figure 3(b)). The D8-D33 and
D8-D37 constructs have ~1.5-fold higher f"¢ values
than seen for the corresponding individual
mutations. In addition, the D10-D35, D10-D37,
and D10-D39 constructs, and all constructs that
include D12, have higher f"¢ values than those of
the corresponding single-Asp constructs.

As a control to ensure that the poly-Leu seg-
ments in even the poorly glycosylated constructs
were integrated properly into the microsomal
membrane, we made a final series of constructs
where the H1 transmembrane segment and a part
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Figure 3. Degree of helical hairpin formation
measured as the fraction of non-glycosylated molecules
(f"®) observed after in vitro translation in the presence
of RM for Asn-Asn (a) and Asp-Asp (b) pairs in the
(9L + V) H2 segment. The positions of the Asn or Asp
residues are counted from the N-terminal end of the
(39L + V) segment.

of P1 (residues 5-46) were deleted, leaving the
poly-Leu stretch as the only hydrophobic segment
in the protein. These constructs were expressed in
the presence of RM, and their membrane inte-
gration was tested by alkaline extraction of the
membranes.”®* Two typical examples are shown
in Figure 4. The D33(AH1) construct is partially
glycosylated when expressed in the presence of
RM, and both the glycosylated and the non-glyco-
sylated molecules remain in the membrane pellet
(lanes 3 and 4). Likewise, even though the D8§-
D33(AH1) construct is glycosylated only weakly,
the bulk of the molecules remain in the membrane
pellet when the protein is expressed in the pre-
sence of RM. Similar results were obtained for the
other AH1 constructs tested (D33(AH1), D37(AH1),
D8-D35(AH1), and D8-D37(AH1); data not shown).

Discussion

In earlier work on helical hairpin formation, we
have shown that single polar or charged residues

introduced in the middle of a sufficiently long
poly-Leu transmembrane segment can induce an
almost complete conformational transition from a
long single-spanning transmembrane segment to a
helical hairpin.*~**?** We have further shown
that charged residues placed immediately down-
stream of the poly-Leu transmembrane segment
can induce the formation of helical hairpins even
when no polar or charged residue is present within
the hydrophobic stretch itself.”

Inspired by the observation that hydrogen bond-
ing between Asn or Asp residues in transmem-
brane helices in detergent micelles, model
membranes, or the E.coli inner membrane can
drive oligomerization,'*'**! we have now tested
whether pairs of Asn or Asp residues, i.e. residues
shown to mediate strong dimerization in these
studies, can promote the formation of intramolecu-
lar helical hairpins during membrane protein
assembly into the ER membrane, i.e. within the
context of the Sec61 translocon.

As shown in Figures 2 and 3, Asn-Asn and Asp-
Asp pairs placed in a model (39L + V) transmem-
brane segment can increase the efficiency of helical
hairpin formation by 1.5-2-fold over that seen for
the corresponding single Asn or Asp residues.
Even more strikingly, the effect is highly position-
specific. For both Asn and Asp, pairs in positions
8-33 and 8-37 in the 40 residue long hydrophobic
segment induce the formation of a helical hairpin,
as does the N12-N37 pair and all pairs with Asp
in positions 10 or 12 combined with a second Asp
in positions 33, 35, 37 or 39.

The Asn and Asp 8-33 and 8-37 pairs are
especially interesting, as they are clearly position-
specific (a shift of either of the two residues by
one or two positions abolishes the effect) and
further involve residues that are both one to two
turns from the ends of the (39L + V) stretch. More-
over, if one assumes a helical hairpin conformation
for the (39L + V) stretch, residues 33 and 37 will be
located one turn apart on the same face of the C-
terminal helix of the hairpin. These pairs of resi-
dues would thus be in a perfect position to stabil-
ize the helical hairpin conformation by inter-
residue hydrogen bonding.

For Asn, the only other pair that has an
increased level of helical hairpin formation com-
pared to the two corresponding single-Asn con-
structs is N12-N37. Presumably, N12 is near the
middle of the first helix in the hairpin, while N37
is close to the C-terminal end of the second helix,
making a direct interaction a less likely explanation
in this case. Since both N12 and N37 have a slightly
higher level of helical hairpin conformation than
the other single-Asn constructs, there may be an
additive effect of the two Asn residues that reflects,
e.g. interactions with the translocon rather than
inter-residue hydrogen bonding. Further studies
will be necessary to resolve this point.

The Asp-Asp pairs are less informative, since the
single-Asp mutations, in general, have a stronger
effect than the single-Asn mutations (Figure 2(b)).
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Figure 4. Alkaline extraction of the D33(AH1) and D8-D33(AH1) constructs expressed in vitro in the absence (—) and
presence (4) of RM. Unglycosylated and glycosylated molecules are indicated by the white dot and the black dot,

respectively. S, supernatant; P, membrane pellet.

It is thus difficult to discern an obvious pattern in
the Asp-Asp pair constructs (Figure 3(b)). Never-
theless, it is interesting to note that helical hairpin
formation is clearly increased in the 8-33 and 8-
37 pairs also for Asp.

If our interpretation that the 8-33 and 8-37 Asn
and Asp pairs indeed stabilize the helical hairpin
conformation by hydrogen bonding is correct, it
implies, first, that the formation of the helical hair-
pin must take place in a non-aqueous environment
within the translocon, since stable inter-residue
hydrogen bonding would not be expected in an
aqueous environment; previous results from our
laboratory also point in this direction.”’ Second, it
further implies that the two halves of the helical
hairpin formed in the (39L 4+ V) segment cannot
rotate freely relative to one another, as only pos-
itions on one face of the two helices (8—33 and 8-
37 but not 8-35 or 10-33) are implicated. It is not
immediately obvious why these faces are special;
perhaps the polar residues flanking the hydro-
phobic stretch help orient the helices relative to
the translocon. In any case, our results suggest
that very specific helix—helix interactions can be
formed within the context of the ER translocon
and that such interactions can have a dramatic
effect on membrane protein topology.

Materials and Methods

Enzymes and chemicals

Unless stated otherwise, all enzymes were from Pro-
mega (Madison, WI, USA). [*S]Met, ribonucleotides,
deoxyribonucleotides, dideoxyribonucleotides, and the
cap analog m7G(5)ppp(5')G were from Amersham-Phar-
macia (Uppsala, Sweden). Plasmid pGEM1, DTT, tran-
scription buffer and rabbit reticulocyte lysate were from
Promega. Spermidine was from Sigma. Oligonucleotides
were from Cybergene (Stockholm, Sweden).

DNA manipulations

For cloning into and expression from the pGEM1 plas-
mid, the 5 end of the lep gene was modified, first, by the
introduction of an XbaI site and, second, by changing the
context 5' to the initiator ATG codon to a “Kozak consen-
sus” sequence.’”” Thus, the 5 region of the gene was
modified to:

...ATAACCCTCTAGAGCCACCATGGCGAAT...

(Xbal site and initiator codon underlined).

Replacement of the H2 region in Lep was performed
as described,” i.e. by first introducing Bcll and Ndel
restriction sites in codons 59 and 80 flanking the H2
region and then replacing the Bcl/I-Ndel fragment by the
appropriate double-stranded oligonucleotides. Site-
specific mutagenesis used to add Bcll and Ndel restric-
tion sites at the 3’ and 5’ ends of H2 in Lep and to intro-
duce an Asn-Ser-Thr acceptor site for N-linked
glycosylation was performed according to the method
of Kunkel.®* The glycosylation acceptor site was
designed as described,” i.e. by replacing three codons
positioned 20 codons downstream of H2 with codons
for the acceptor tripeptide Asn-Ser-Thr. In all constructs,
the naturally occurring glycosylation site at Asn** in
Lep was removed by an Asn®* — GIln mutation. Resi-
dues 59-81 in H2 were replaced by a (39L + V) sequence
of the design LIK,L,VL(Q;P (subscripts indicate the
number of consecutive residues).

The QuickChange site-directed mutagenesis kit (Stra-
tagene) was used for the introduction of Asn or Asp resi-
dues in position 8, 10, and 12 and in positions 33-39 of
the (39L 4 V) stretch. All mutants were confirmed by
DNA sequencing of plasmids using ABI PRISM®
BigDye™ Terminator Cycle Sequencing Ready Reaction
Kit (Applied Biosystem:s).

Expression in vitro

The constructs in pGEM1 were transcribed by SP6
RNA polymerase for one hour at 37 °C. The transcription
mixture was as follows: 1-5 ug of DNA template, 5 ul of
10 x SP6 H-buffer (400 mM Hepes-KOH (pH 7.4),
60 mM magnesium acetate, 20 mM spermidine—-HCI),
5 pl of BSA (1 pg/wl), 5ul of 10 mM m7G(5)ppp(5)G,
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5ul of 50mM DTT, 5 pul of rNTP mix (10 mM ATP,
10 mM CTP, 10 mM UTP, 5 mM GTP), 18.5 ul of water,
1.5 nl of RNase inhibitor (33 units/ul), 0.5 pl of SP6
RNA polymerase (40 units/pl). Translation of 1 pl of
mRNA was performed as described® at 30 °C for one
hour in 9 ul of nuclease-treated reticulocyte lysate, 1 pl
of RNase inhibitor (40 units/pl), 1pl of [*S]Met
(15 wCi/pl), 1 pl of amino acids mix (1 mM each amino
acid except Met), 1 ul of mRNA, and 1 pl of dog pan-
creas microsomes (2 units/pl; one unit is defined as the
amount of microsomes required for 50% translocation of
in vitro synthesized preprolactin). Translation products
were analyzed by SDS-PAGE and gel bands were quanti-
fied on a Fuji FLA-3000 phosphoimager using the Fuiji
Image Reader 8.1j software. The glycosylation efficiency
of a given mutant was calculated as the intensity of the
glycosylated band divided by the summed intensities of
the glycosylated and non-glycosylated bands. Sodium
carbonate extraction of microsomes was carried out as
described.”
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