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Topology of membrane proteins in Stockholm

An Energy Code for Helices

One of the greatest challenges for protein science is the question of how the sequence of amino acids determines the
topology of a protein. Gunnar von Heijne and his team approach the answer in the case of transmembrane helices.

he insertion of pore proteins or re-
I ceptors into the cell membrane takes
place at the ER. The translating ri-
bosomes interact with a protein complex
called the translocon which somehow an-
chors parts of the newly synthesized pep-
tides in the lipid bi-layer while it smug-
gles others through it. In most cases the
transmembrane segments are very tight-
ly packed bundles of o-helices. The recog-
nition of such helical structures in the se-
quence of amino acids takes place inside
the translocon but how does the translocon
“know”, which part of the protein will be a
transmembrane helix?

For a long time the answer has been
very general, the transmembrane segments
have to be hydrophobic in order to interact
optimally with the lipid bi-layer. Therefore
the primary sequence has to contain main-
ly lysines, alanines or
other non-polar ami-
no acids. All in all this
is an unspecific hint
because the mem-
brane of the ER is not
homogenous and the
sequential distribu-
tion of amino acids in
the polypeptide chain
may play a role. Gun-
nar von Heijne and
his colleagues from
the Bioinformatics
Centre of Stockholm University now offer
a more exact answer. They present an ami-
no acid code for transmembrane-helix rec-
ognition. In future this code might even al-
low the prediction of transmembrane hel-
ices from the amino acid sequence of un-
known proteins.
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Gunnar von Heijne

With the help of dogs

“I have been trying to understand how
the amino acid sequence determines the
topology of proteins for a very long time,”
says von Heijne, professor at the Centre
for Bioinformatics. In 1975 he graduated
in chemistry. During his PhD he turned to-
wards theoretical biophysics and studied
protein chemistry. Since then he has been
working on the modelling of peptide se-

quences and processes of protein assembly.
Four years ago he and his group eventual-
ly started to focus on transmembrane heli-
ces. Von Heijne says, “Our aim is complicat-
ed. How must an amino acid sequence look
like in order to be inserted into the mem-
brane of the ER?”

The Bioinformatics Centre offers opti-
mal conditions for his work. His own group
is never bigger than 12 people. “A perfect
size. We don’t want to be bigger,” he says.
In fact the campus offers a very good local
environment for interaction with other labs
if necessary. Inter-disciplinarity is one of the
most crucial conditions for von Heijne"s
work. “We have a lot of good people here.
There is much knowhow around us which
we can use for our ideas,” he says

To investigate the insertion of trans-
membrane helices into the ER membrane
von Heijne has come
a long way. In the be-
ginning he and his
group used artificial
peptides with ran-
dom sequences of
amino acids and test-
ed to see if they could
be inserted into a li-
pid bi-layer. “From
these initial exper-
iments we gained
a very general idea
about the degree of
hydrophobicity required for insertion of
transmembrane segments,” says von Hei-
jne. Then he met Stephen White from the
University of California at Irvine who ex-
perimented with very well defined sequenc-
es. Von Heijne says, “After I had talked to
Stephen White I thought why not combine
our knowledge?”

It’s like a cell but it is not a cell

From this moment on von Heijne and
his colleagues started to test peptides with
exactly determined sequences. “We at-
tached one component after the other, until
we had constructs of about 20 amino acids
in length with defined positions for some of
them,” he says. The rest was routine work;
in order to simulate the processes at the ER

the researchers cloned their constructs into
an E. coli protein which is normally insert-
ed into the membrane. In a second step they
translated them in vitro in the presence of
dog microsomes. Von Heijne says, “The dog
microsome system is very useful. You take
the whole extract of a dog’s pancreatic cell
with one difference: there is no cell mem-
brane. It’s like a cell, but it is not a cell.”

In fact the system contains ribosomes,
the ER-membrane and the translocon com-
plexes. The constructs are transcribed and
translated like normal proteins: The ribos-
omes interact with the translocons which
mediate the nascent polypeptide chain
through the membrane of the ER. The in-
teresting question for von Heijne was: To
what extent will each of the artificial seg-
ments in the E. coli protein be inserted into
the lipid bi-layer?

An elegant trick

To answer this von Heijne and his col-
leagues invented an intelligent trick. In or-
der to control the insertion they flanked
their peptides with two sequences which
are normally glycosylated by enzymes in
the lumen of the ER. In the case of inser-
tion, only one of them would show in the lu-
men of the microsome and would be glyco-
sylated. In the other case the complete seg-
ment would be pushed through the mem-
brane and both of the glycosylation sites
would be processed. With this paradigm
von Heijne and his group were able to quan-
titate the probability of insertion for every
single sequence they wanted because the
protein with two glycosylated sites is heav-
ier than the other one; it runs slower on a
SDH-Gel.

From the ratio of inserted and non in-
serted peptides von Heijne and his group
computed free energy values describing the
chemical interaction between the bi-layer
and their peptide segments. Negative val-
ues mean a high rate of insertion and there-
fore a gain in the free energy of the pro-
tein-lipid system. In contrast positive val-
ues mean a low rate of insertion. “In our ini-
tial experiments with random sequences we
discovered very general principles. Now we
can go even further. We can say something
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about the required sequence characteris-
tics and their impact on hydrophobic inter-
actions between the peptide and the mem-
brane,” says von Heijne.

The researchers tested each amino acid
separately for its optimal position in the
sequence of a transmembrane segment.
Therefore they built standard constructs
from the hydrophobic amino acids Leucine
and Alanine and only at one position they
placed one of the 20 amino acids in ques-
tion. “We moved for example an aspartate
from the middle position to the position
next to the middle and measured how the
ratio of glycosylated proteins changed,” says
von Heijne. They had to test over 400 differ-
ent constructs but the effort was worth it.

The outcome was a complete profile
of free energy values for each amino acid
in each position of a transmembrane helix
(Nature, 2007, vol. 450, p. 1026). This pro-
file predicted the frequencies of amino ac-
ids in transmembrane segments of natural
proteins quite well. When von Heijne and
his group compared their profiles to the X-
Ray data of known proteins, they gained a
good fit. The probability that they would
find a particular amino acid in a particular
position of the natural transmembrane seg-
ment corresponded to the free energy value
for this amino acid in this position gained
from the artificial constructs.

“Of course this finding was great. It
led us to a mathematical model describing
the probability for membrane insertion,”
says von Heijne. This model defines a com-
pound free energy value for an amino acid
sequence of a particular length. In other
words: it predicts whether a segment will
be inserted into the membrane of the ER or
not, depending on its amino acid sequence.
It does so by summing up the free energy
values of every single amino acid in every
single position to an integral. This integral
is then corrected for the length of the seg-
ment, because the length turned out to af-
fect the free energy values in some other ex-
periments and that’s it.

Knowing while reading

Again the fit between the predicted be-
haviour of sequences and the knowledge
gained from natural transmembrane pro-
teins matched quite well. This was shown by
another experiment which von Heijne and
Co. performed with their new model. In this
experiment they compared the amino acid
sequences of known transmembrane-helix
proteins, multi-spanning transmembrane-
helix proteins and secretory proteins which
are not integrated into the membrane of the

ER. They scanned these sequences for seg-
ments with the lowest free energy values as
predicted by their model.

“The outcome was really surprising,”
says von Heijne. Only transmembrane-he-
lix proteins had segments with negative free
energy values and this fits with the fact that
these proteins consist of segments that are
really inserted into the membrane. In con-
trast even the lowest values for secretory
proteins were above zero. This might be the
reason why the translocon pushes them into
the lumen of the ER.

Sequence in, topology out

“This shows that our model not only de-
scribes the recognition of simplified arti-
ficial segments by the translocon but also
of natural ones,” says von Heijne. It seems
that the translocon “reads” the sequence of
the nascent protein and somehow “knows”
which segment fits into the lipid bi-layer.
Therefore the profiles of free energy values
for single amino acids represent a code for
hydrophobicity which the translocon uses.

Of course nobody yet knows what exact-
ly happens inside a translocon. “Other data,
however, implies that the translocon han-
dles the helical transmembrane segments
not step by step but in one piece,” says von
Heijne. Furthermore the helices of multi-
spanning transmembrane proteins seem to
interact with each other inside the protein
complex. In the experiment not all of them
show negative free energy values. Von He-
ijne says, “Obviously the translocon recog-
nizes only some of the helices in multi-span-
ning transmembrane proteins. These then
influence their neighbours in order to ad-
just them properly so that they can better
be inserted into the lipid bi-layer.”

To test this prediction future work is
needed. Another aim of von Heijne " s group
is to use their free energy profiles in order to
predict transmembrane-helices in unknown
proteins. “The next step is to feed our mod-
el into a computer. If I may dream: I'd like
to have something with the amino acid se-
quence as input and the topology of a pro-
tein as output,” says von Heijne.

Together with other groups at the Centre
of Biomembrane Science he is entering his
knowledge into a computer programme; the
first trials are already promising. The pro-
totypes deliver a prediction success of 75-
80%. This is similar to already existing pro-
grammes which are based on statistical ap-
proaches and machine learning algorithms.
“So far our programme is as good as others
but of course we would like to make it bet-
ter,” says von Heijne. MATTHIAS NAWRAT
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