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We have recently reported a ®rst experimental turn propensity scale for
transmembrane helices. This scale was derived from measurements of
how ef®ciently a given residue placed in the middle of a 40 residue
poly(Leu) stretch induces the formation of a ``helical hairpin'' with two
rather than one transmembrane segment. We have now extended these
studies, and have determined the minimum length of a poly(Leu) stretch
compatible with the formation of a helical hairpin. We have also derived
a more ®ne-grained turn propensity scale by (i) introducing each of the
20 amino acid residues into the middle of the shortest poly(Leu) stretch
compatible with helical hairpin formation, and (ii) introducing pairs of
residues in the middle of the 40 residue poly(Leu) stretch. The new turn
propensities are consistent with the amino acid frequencies found in
short hairpin loops in membrane proteins of known 3D structure.
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Introduction

The relationship between amino acid sequence
and 3D protein structure, i.e. the ``second part of
the genetic code'', remains to be fully elucidated. It
is generally thought that the protein folding pro-
blem may be easier for integral membrane proteins
than for globular proteins thanks to the limited
number of architectures (helix bundles and b-bar-
rels) compatible with a lipid environment (Cowan
& Rosenbusch, 1994; von Heijne, 1996). Never-
theless, many rather fundamental questions
concerning even such basic structural elements as
the transmembrane a-helix itself remain to be
addressed.

Transmembrane a-helices vary considerably in
length, from less than 15 to over 40 residues
(Bowie, 1997). The longest single transmembrane
helices are thus longer than the shortest possible
transmembrane helix-turn-helix structure (the
``helical hairpin''). As a ®rst step towards under-
standing the factors responsible for helical hairpin
formation, a single proline residue was shown to
induce the formation of a helical hairpin when
placed in the middle 12 positions in a 40 residue
ng author:
poly(Leu) transmembrane segment (Nilsson & von
Heijne, 1998). We have now determined the mini-
mum length of a poly(Leu) stretch compatible with
the formation of a proline-induced helical hairpin.
The minimum length is 31 residues, suggesting
that the minimal helical hairpin is composed of
two 14 residue transmembrane helices separated
by a three residue turn.

Previously, we also examined the turn propensi-
ties of the 20 naturally occurring amino acids when
placed in the middle of a 40-residue poly(Leu) seg-
ment (MonneÂ et al., 1999). These data were consist-
ent with a two-tier system, where residues have
either a high or a low turn propensity, but it was
not possible to further discriminate between the
turn-inducing properties of the different residues.
Here, we provide a more ®ne-grained scale, based
on (i) measurements of the turn-inducing potential
of single residues placed in the middle of a 31 resi-
due poly(Leu) segment; and (ii) measurements of
the turn-inducing potential of pairs of residues
placed in the middle of a 40 residue poly(Leu) seg-
ment. We have also collected examples of helical
hairpins with short loops from the available high-
resolution membrane protein structures. Together,
these results lead to a considerably sharper picture
of the relative turn preferences of the different
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amino acids and the sequence characteristics
responsible for the formation of transmembrane
helical hairpins.

Results

Model protein and topology assay

As in our previous study of turn formation in
transmembrane helices, we used the well-charac-
terized Escherichia coli inner membrane protein lea-
der peptidase (Lep) as a model protein. Lep
consists of two transmembrane segments (H1 and
H2) connected by a short cytoplasmic loop (P1)
and followed by a large C-terminal periplasmic
domain (P2). When expressed in vitro in the pre-
sence of dog pancreas microsomes, Lep adopts the
same membrane topology as in its natural environ-
ment in the inner membrane of E. coli (Wolfe et al.,
1983), i.e. with the N and C termini on the lumenal
side (Nilsson & von Heijne, 1993) (Figure 1(a), left).

To provide a simpli®ed sequence context for our
studies of turn formation, H2 was substituted by
poly(Leu) stretches of the general composition
K4LnVL10Q3P (subscripts indicate the number of
consecutive residues of a given kind). 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 H2; if the poly(Leu)
stretch spans the membrane only once this site will
be glycosylated by the lumenally disposed oligo-
saccharyl transferase enzyme, while it will not be
modi®ed if the poly(Leu) stretch forms a helical
hairpin (Figure 1(a), right). We have previously
shown that poly(Leu) helical hairpins are
assembled into the ER membrane, ruling out the
possibility that low levels of glycosylation are
caused by a failure in membrane integration rather
than helical hairpin formation (Nilsson & von
Heijne, 1998). Turn formation can thus be assessed
by in vitro transcription/translation of the relevant
constructs in the presence of microsomes followed
by quanti®cation of the ef®ciency of glycosylation
of the engineered N-glycosylation site.

Minimum length of a transmembrane
helical hairpin

To determine the minimum length of the poly
(Leu) stretch compatible with the formation of a
transmembrane helical hairpin, a single proline
residue was scanned across the middle positions of
poly(Leu) stretches of different lengths. Proline
was chosen for this study, since it was previously
found to be one of the most effective inducers of
helical hairpin formation in a 40 residues poly(Leu)
segment (MonneÂ et al., 1999). As exempli®ed in
Figure 1(b), each construct was expressed in vitro
in the absence and presence of dog pancreas micro-
somes, analyzed by SDS-PAGE, and the degree of
glycosylation was quanti®ed.
As is clear from the quanti®cations shown in
Figure 1(c), the size of the region in the center of
the hydrophobic segment where proline induces
formation of a helical hairpin decreases in pro-
portion to the overall length of the poly(Leu)
stretch. Remarkably, while ef®cient helical hairpin
formation is still seen for the L20VL10(P

�2) construct
(superscripts indicate positions relative to the cen-
ter of the poly(Leu) stretch, with positive values
towards the C-terminal end), there is no indication
of helical hairpin formation for any of the L29V-
based constructs, although they are only one
residue shorter. We also note that for all lengths of
the poly(Leu) segment, there is a slight asymmetry
in that the most ef®cient helical hairpin formation
is seen when the proline residue is placed one or
two residues C-terminal of the midpoint. Thus, the
shortest possible helical hairpin has the sequence
K4L17PL2VL10Q3P, with 17 hydrophobic residues
N-terminal and 13 C-terminal to the proline
residue.

Turn-promoting effects of the 20 naturally
occurring amino acids in the context of a 31
residue hydrophobic stretch

Our previous turn propensity scale was based
on an analysis of constructs where all the 20 natu-
rally occurring amino acid residues were placed in
a central position in the L29VL10 poly(Leu) con-
struct (MonneÂ et al., 1999). This scale indicated two
groups of residues with, respectively, high and low
turn propensities, but could not clearly differen-
tiate between residues within the two groups. We
reasoned that differences in turn propensities
between residues at the high end of the scale
might be more readily observed in a poly(Leu) seg-
ment close to the threshold for helical hairpin for-
mation, i.e. in a 31 residues poly(Leu) segment.
The 20 different residues (X) were thus introduced
in construct L17XL7VL5, i.e. in position �2 where
proline has the strongest effect (c.f. Figure 1(c);
note that we chose the L25VL5 context rather than
L20VL10 to avoid possible complications stemming
from having a valine residue rather than leucine
residue next to the residue being tested). The gly-
cosylation ef®ciencies for these substitutions were
indeed higher compared to the 40 residues poly-
(Leu) stretch analyzed previously, and gave a
more ®ne-grained quantitative discrimination
between the residues in the group with high pro-
pensity for turn-induction (Figure 2(a), black bars).

Turn-promoting effects of residue pairs in the
context of a 40 residue hydrophobic stretch

To better discriminate between the turn propen-
sities of residues close to the border between the
two groups with high and low turn propensities
identi®ed in our previous study (MonneÂ et al.,
1999), we introduced a pair of identical amino acid
residues in the middle of the L29VL10 poly(Leu)
stretch to produce a set of constructs of the general



Table 1. Averaged turn propensities for residues in a
transmembrane helix

Residue Turn propensity
Normalized turn

potential

Pro 1.6 2.7
Asn 1.6 2.6
Arg 1.5 2.6
Asp 1.5 2.5
His 1.4 2.3
Gln 1.4 2.3
Lys 1.4 2.3
Glu 1.3 2.1
Gly 1.1 1.9
Trp 0.9 1.6
Ser 0.9 1.6
Tyr 0.9 1.5
Thr 0.7 1.2
Cys 0.7 1.1
Ile 0.5 0.9
Met 0.5 0.8
Val 0.4 0.7
Ala 0.4 0.7
Phe 0.3 0.6
Leu 0.3 0.5

Turn propensities (column 2) were calculated
as [(1 ÿ fX

40) � (1 ÿ fX
31) � (1 ÿ fXX

40 )]/[m(1 ÿ fX
40)� m(1 ÿ fX

31)� m(1 ÿ
fXX
40 )], where fX

40, fX
31, and fXX

40 are the fraction of glycosylated
molecules with amino acid X (or a pair of X residues) placed in
the middle of the 40 and 31 residue poly(Leu) stretches.
m(1 ÿ fX

40) is the mean value of (1 ÿ fX
40) over all 20 residues.

When no fXX
40 value was available, fXX

40 was put equal to 0.8 (this
is the maximum glycosylation ef®ciency observed for the Lep
P2 domain in our in vitro system, c.f. Figure 2(a)) for residues
with high fX

40 values (Val, Ala, Phe), and to 0 for those with low
fX40 values (Pro, Asn, Arg, Asp, His, Lys). Normalized turn
potentials (column 3) were calculated by dividing the values in
column 2 by 0.6 (a value between that of Cys and Ile) to arrive
at a scale where values >1 indicate residues that tend to induce
a turn, while values <1 indicate residues that do not induce a
turn even as pairs (c.f. Figure 2(a)).
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sequence L20X2L7VL10 where X is Gln, Glu, Gly,
Trp, Ser, Tyr, Thr, Cys, Met, or Ile. This allowed a
more clear-cut distinction to be made between resi-
dues essentially devoid of turn-promoting ability
(Met, Ile) and those that are ef®cient turn-inducers
when present as pairs (Glu, Gln, Gly, Trp, Ser, Tyr,
Thr) (Figure 2(a), gray bars). The Cys-Cys pair had
an intermediate effect.

To con®rm that the introduction of turn-indu-
cing residues in the poly(Leu) stretch did in fact
result in the topology shown in Figure 1(a) (right)
and not in the complete inversion of the topology
of the whole molecule (i.e. in a Ncyt-Ccyt orientation
with only two transmembrane segments), we
engineered a second Asn-Ser-Thr N-glycosylation
site in the N-terminal tail of the L29VL10 and
L29VL10(P

�2) constructs (Figure 2(b)). As expected
if the turn-inducing residue only affects the top-
ology of the H2 segment, the former construct
(which lacks a turn in H2) was glycosylated both
on the N-tail and in the P2 domain, while the latter
was glycosylated on the N-tail but not in the P2
domain (the L29VL10(P

�2) construct lacking an N-
terminal glycosylation site is very inef®ciently gly-
cosylated; MonneÂ et al., 1999).

A ®nal ranking of all the 20 different amino
acids was constructed by averaging the results
from the three sets of constructs (the L21XL7VL10-
series, the L17XL7VL5-series, and the L20X2L7VL10-
series) (Table 1).

Short loops in membrane proteins of
known structure

To be able to compare our results with trans-
membrane helical hairpins in natural proteins, we
collected all loops 4seven residues in helical hair-
pins from eight integral membrane proteins for
which high-resolution structures have been
reported (see Materials and Methods). A total of 21
such loops were found, and amino acid frequencies
were calculated for the loops as well as for the ®ve
helical residues on either side of the loops
(Figure 3). In Table 2, we show the sequences of all
loops 4four residues in our collection.

The most striking feature in Figure 3 is the high
incidence of Gly (18 %) in the short loops. This is
due to the very high incidence of Gly in the most
N-terminal loop position (48 %); in the other pos-
itions, Gly has a frequency of 8 % (data not
shown). This is similar to globular proteins, where
Gly often serves as a C-terminal helix breaker
(Aurora & Rose, 1998). Pro is found in the loops
and among the ®rst few residues in the C-terminal
helix, but is absent from the C-terminal ®ve resi-
dues in the N-terminal helix of the helical hairpin.
Again, this is consistent with what is found for
helices in globular proteins (Aurora & Rose, 1998).
Leu and Val have high frequencies in the helical
segments, but not in the loops. It is also interesting
to note that all loops but one (the Gly-Ala loop
from mitochondrial cytochrome c oxidase, chain A)
contain at least two residues with high turn pro-
pensities (Table 2). The turn propensities in Table 1
are thus largely consistent with the composition of
short loops seen in natural integral membrane
proteins.

Discussion

Many basic structural characteristics of mem-
brane proteins have not yet been studied exper-
imentally. Here, we have addressed two related
questions: What is the shortest length of a hydro-
phobic region required for the formation of a trans-
membrane helical hairpin, i.e. two closely spaced
transmembrane helices separated by a tight turn?
and how ef®cient are the different amino acids in
inducing the formation of the turn in the helical
hairpin? In both cases, we have based the analysis
on the insertion of model poly(Leu) segments into
ER-derived microsomes, i.e. under conditions that
closely mimic membrane protein assembly in vivo.

The shortest possible poly(Leu)-based helical
hairpin was found to be 31 residues, including the
central turn-inducing proline residue (Figure 1(c)).
Two points are worth noting. First, the transition
between a poly(Leu) segment that can and cannot



Figure 1 (legend shown opposite)

810 Helical Hairpin Formation
form a helical hairpin is very sharp and essentially
corresponds to a length difference of only one resi-
due. Second, in the shortest poly(Leu) stretches,
turn-formation is maximally ef®cient when the
proline residue is placed two residues into the C-
terminal half of the hydrophobic stretch. Since pro-
line can be accommodated at the N terminus but
not at the C terminus of an a-helix (Aurora &
Rose, 1998), and since the shortest turn between
two a-helices is two to three residues, this suggests
that the shortest possible helical hairpin is formed
from two 14 residue helices (the C-terminal one



Table 2. Short loops in membrane proteins of known 3D structure

Protein N-helix Loop C-helix

1AIJ (chain L) 107-120 ICRKL GIGY HIPFA
1AIJ (chain M) 136-149 RAQAL GMGK HTAWA
1OCC (chain C) 33-45 MWFHF NSM TLLMI
1OCC (chain C) 103-114 HSLME GD RKHML
bc1 complex (chain C) 336-349 TWIGG QPVE HPYIT
mit. cyt c oxidase (chain A) 422-433 YVMSL GA VFGIF
mit. cyt c oxidase (chain C) 153-165 HALVH ENN RRDVA

Loops with a length 4four residues found in the known structures (see Materials and Methods). The
amino acid sequence of the loop as well as the ®ve ¯anking N and C-terminal helical residues is shown.
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with an N-terminal proline residue) and an inter-
vening three-residue turn. This ®ts well with the
20 AÊ thickness of the hydrophobic core of the
membrane estimated from an analysis of mem-
brane proteins of known 3D structure (Wallin et al.,
1997), which would correspond precisely to a 14
residues helix. Shortening the poly(Leu) stretch by
just one residue apparently makes it impossible for
a suf®cient number of the exposed hydrogen bond
donor and acceptor groups in the turn and at the
ends of the helices to make contact with water
molecules or other polar groups in the lipid head-
group region; instead, a single transmembrane
helix with a buried proline residue (two unsatis®ed
hydrogen bonds) becomes the energetically most
favorable structure.

In an earlier study of turn formation in a 40 resi-
due poly(Leu) transmembrane segment, we found
that Pro was amongst the most ef®cient turn-
inducers, together with Asn, Gln, and the charged
residues (MonneÂ et al., 1999). By measuring the ef®-
ciency of turn induction in the 31 residue poly(Leu)
segment, i.e. in the context of the shortest possible
helical hairpin, we now ®nd a clear ranking among
these residues: Pro > Asn > Arg > Asp > Gln >
His > Lys > Glu (Figure 2(a)). To get a clearer
picture of the turn propensities near the middle of
our previously derived scale, we also measured the
ef®ciency of turn induction by pairs of residues
inserted into the 40 residue poly(Leu) stretch
(Figure 2(a)), which allowed us to arrive at a ®nal
ranking of all 20 residues (Table 1). Compared to
Figure 1. (a) Model protein used in this study. The H2 tra
of residues of the general design LIK4LiPLjVLkQ3P, where i, j
a given kind) were varied to get the desired lengths. A gl
stream of H2 (counting from the ®rst Gln residue after the h
plasmic localization of the P2 domain, the glycosylation a
L21VL10(P

X) mutants with a proline residue in position X co
(e.g. the Pÿ1 mutation has the sequence L15PL5VL10) were tr
rough microsomes (RM) and analyzed by SDS-PAGE. Filled
sylated forms of the proteins, respectively. (c) Quanti®cation
calculated as 100I�/(I� � Iÿ), where I� (Iÿ) is the intensity o
cate experiments the typical error in the determination of
sponds to the middle residue of the hydrophobic segment, n
and positive positions to the C-terminal side of position zero
our earlier scale, Trp, Tyr, Ser, and Thr now
display clear turn-inducing properties, and even
Cys has a slight effect. The only residues that
appear totally devoid of turn-inducing potential
are Phe and the aliphatic residues, fully consistent
with their high abundance in transmembrane
helices (Landolt-Marticorena et al., 1993; Wallin
et al., 1997).

As a comparison, we have identi®ed a collection
of short loops in eight membrane proteins of
known 3D structure (Table 1 and Figure 3). In
almost every case, these short loops contain at least
two turn-promoting residues, and they have a par-
ticularly high content of Gly in their most N-term-
inal position. Just as in our 31 residue helical
hairpin, Pro is found quite frequently among the
®rst few residues in the C-terminal helix but is
never seen near the end of the N-terminal helix.
The high incidence of Gly in the ®rst loop position
cannot be fully explained on the basis of the turn
propensities measured above, but is consistent
with the role of Gly in globular proteins where it
often acts as a helix-breaking residue that, thanks
to its lack of a side-chain, facilitates a reversal
in the chain direction. In the context of a
transmembrane helical hairpin, this would presum-
ably facilitate the tight packing of the two trans-
membrane helices, a feature that is not scored in
our poly(Leu)-based experimental system.

In conclusion, we have been able to de®ne the
minimum length required for the formation of a
poly(Leu)-based helical hairpin, and have de®ned
nsmembrane segment in Lep was replaced with a stretch
, and k (indicating the number of consecutive residues of
ycosylation acceptor site was placed 20 residues down-
ydrophobic stretch). Depending on the lumenal or cyto-

cceptor site will either be modi®ed (Y) or not (Y). (b)
unting from the central residue of the poly(Leu) stretch
anslated in vitro in the absence (ÿ) and presence (�) of
and open dots indicate the glycosylated and non-glyco-
of the full set of data. The percentage glycosylation was
f the glycosylated (non-glycosylated) band. From dupli-
glycosylation ef®ciency was 45 %. Position zero corre-
egative positions to the N-terminal side of position zero,
.



Figure 2. Turn-induction in a poly(Leu) transmembrane segment. (a) Glycosylation ef®ciencies measured for con-
structs with the H2 transmembrane segment in Lep replaced by a stretch of residues of the general design
LIK4L17XL7VL5Q3P (black bars) or LIK4L20X2L7VL10Q3P (gray bars); X is one of the 20 naturally occurring amino acid
residues (c.f. Figure 1(a)). Results from our earlier turn propensity study (MonneÂ et al., 1999) where H2 was substi-
tuted by a stretch of the design LIK4L21XL7VL10Q3P are included for comparison (white bars). (b) Constructs L29VL10

(lanes 1 and 2) and L29VL10(P
�2) (lanes 3 and 4) with an extra glycosylation site in the N-terminal tail were translated

in vitro in the absence (ÿ) and presence (�) of rough microsomes (RM) and analyzed by SDS-PAGE. Two ®lled dots,
one ®lled dot, and one open dot indicate, respectively, doubly glycosylated, singly glycosylated, and non-glycosy-
lated forms of the proteins. The L29VL10 construct is ef®ciently glycosylated on both the N and C-terminal glycosyla-
tion sites, whereas the L29VL10(P�2) construct is only glycosylated on the N-terminal site.
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a clear ranking of the naturally occurring amino
acid residues in terms of their ability to induce
helical hairpin formation. In both cases, the results
were obtained under in vivo-like conditions.
Beyond their importance for the basic understand-
ing of membrane protein structure, these
observations should also help to improve current
methods for membrane protein structure
prediction.

Materials and Methods

Enzymes and chemicals

Unless otherwise stated, all enzymes were from
Promega (Madison, WI, USA). Phage T7 DNA poly-
merase, BclI, [35S]Met, ribonucleotides, deoxyribonucleo-
tides, dideoxyribonucleotides, and the cap analog
m7G(50)ppp(50)G were from Amersham-Pharmacia
(Uppsala, Sweden). Plasmid pGEM1, transcription buffer
and rabbit reticulocyte lysate were from Promega. Oligo-
nucleotides were from Cybergene (Stockholm, Sweden).

DNA manipulations

For cloning into and expression from the pGEM1 plas-
mid, the 50 end of the lep gene was modi®ed ®rst by the
introduction of an XbaI site and, second, by changing the
context 50 to the initiator ATG codon to a ``Kozak con-
sensus'' sequence (Kozak, 1992). Thus, the 50 region of
the gene was modi®ed to: ...ATAACCCTCAGACCAC-
CATGGCGAAT... (the XbaI site and initiator codon
are underlined). Replacement of the H2 region in



Figure 3. Amino acid frequencies
in all loops 4seven residues
located in transmembrane helical
hairpins in eight membrane pro-
teins of known structure (see
Materials and Methods for a list).
Data for the ®ve N-terminal ¯ank-
ing helical residues are shown as
white bars, in the loops as black
bars, and in the ®ve C-terminal
¯anking helical residues as gray
bars.
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Lep was performed by ®rst introducing BclI and
NdeI restriction sites in codons 59 and 80 ¯anking
the H2 region and then replacing the BclI-NdeI fragment
by the appropriate double-stranded oligonucleotides.
Site-speci®c mutagenesis used to add BclI and
NdeI restriction sites at the 30 and 50 ends of H2
in Lep and to introduce an Asn-Thr-Ser acceptor
site for N-linked glycosylation was performed
according to the method described by Kun-
kel (Geisselsoder et al., 1987; Kunkel, 1987). The
glycosylation acceptor site was designed as described
(Nilsson et al., 1994), i.e. by replacing three codons
positioned 20 codons downstream of H2 with codons
for the acceptor tri-peptide Asn-Ser-Thr. In all con-
structs, the naturally occurring glycosylation site at
Asn214 in Lep was removed by an Asn214! Gln
mutation. For constructs with a glycosylation acceptor
site in the N-tail, a previously designed Lep mutant
(Nilsson & von Heijne, 1993) with a lengthened
N-tail of the sequence MANSTSQGSQPINAQAAP-
VAQGGSQGEF4... was used (F4 is the fourth residue
in wild-type Lep; the glycosylation site is underlined).
Residues 59-81 in H2 were replaced by a poly(Leu)
sequence of the design LIK4L29VQ3P (subscripts
indicate the number of consecutive residues) for
the 30 residue poly(Leu) construct and
LIK4L29VL10Q3P for the 40 residue poly(Leu) construct.
In the 34, 32 and 31 residue poly(Leu) constructs, six,
eight and nine leucine residues were deleted from the
N terminus of the 40 residue poly(Leu) stretch by
PCR mutagenesis. The poly(Leu) constructs used for
introducing the 20 naturally occurring amino acid resi-
dues and the double substitutions had the general
design LIK4L17XL7VL5Q3P and LIK4L20X2L7VL10Q3P.
For the L! X and LL! XX substitutions, the
QuickChange site-directed mutagenesis kit from Strata-
gene was used. Some of the primers were designed
with a degenerate base in the second position in
order to generate multiple amino acid substitutions.
All mutants were con®rmed by DNA sequencing of
plasmid or single-stranded M13 DNA using phage T7
DNA polymerase.
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 mg of DNA template, 5 ml of
10 � SP6 H-buffer (400 mM Hepes-KOH (pH 7.4),
60 mM magnesium acetate, 20 mM spermidine-HCl),
5 ml of bovine serum albumin (1 mg/ml), 5 ml of
m7G(50)ppp(50)G (10 mM), 5 ml of DTT (50 mM), 5 ml of
rNTP mix (10 mM ATP, 10 mM CTP, 10 mM UTP,
5 mM GTP), 18.5 ml of H2O, 1.5 ml of RNase inhibitor (50
units), 0.5 ml of SP6 RNA polymerase (20 units). Trans-
lation was performed in reticulocyte lysate in the pre-
sence and absence of dog pancreas microsomes
(LiljestroÈm & Garoff, 1991). Translation products were
analyzed by SDS-PAGE and gels were quanti®ed on a
Fuji BAS1000 phosphoimager using the MacBAS 2.31
software. The glycosylation ef®ciency of a given mutant
was calculated as the quotient between the intensity of
the glycosylated band divided by the summed intensities
of the glycosylated and non-glycosylated bands. In gen-
eral, the glycosylation ef®ciency varied by no more than
�5 % between different experiments.

Analysis of known membrane protein structures

The following membrane protein structures were used
to extract loops between transmembrane helices of
length 4seven residues (PDB codes in parenthesis): bac-
terial photosynthetic reaction center (1AIJ) (Allen et al.,
1987), bacteriorhodopsin (1AP9) (Pebay-Peyroula et al.,
1997), potassium channel protein (1BL8) (Doyle et al.,
1998), mitochondrial cytochrome c oxidase (1OCC)
(Tsukihara et al., 1996), F1Fo ATPase subunit c (1A91)
(Girvin & Fillingame, 1995), mechanosensitive ion chan-
nel (1MSL) (Chang et al., 1998), bacterial cytochrome c
oxidase (Iwata et al., 1995), and the bacterial cytochrome
bc1 complex (Iwata et al., 1998). Secondary structure
assignments were taken from the PDB ®les, or were
assigned by STRIDE (Frishman & Argos, 1995) for the
two last proteins. A total of 21 loops of length 4seven
residues were found, and amino acid frequencies in
these loops as well as in the ®ve ¯anking helical residues
on either side of the loops were calculated.
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