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Abstract

With the sequencing of the Neandertal genome, it has become possible to identify amino acid substitutions that occurred
on the human lineage since its separation from the Neandertal lineage. Conceptually, it will therefore be possible to
functionally analyze all such amino acid substitutions in the future. Here, we analyze the function of substitutions that
occurred during recent human evolution in N-terminal signal peptides. We develop a high-throughput flow cytometry–
based assay to analyze signal peptide efficiency as the ratio of surface to total reporter protein per live cell. Such ratios
differed significantly among signal peptides derived from different human genes. However, no modern human signal
peptide differed significantly from its ancestral counterpart, an observation compatible with the predictions of the neutral
theory of molecular evolution.
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The identification of potentially important evolutionary
changes in the genome is generally done by analyzing pat-
terns of variation within and between species. Such anal-
yses can identify genes or other genomic regions that under
evolutionary models have a certain statistical likelihood of
having been affected by positive selection. However, the
ultimate tests for such genes are functional analyses that
demonstrate that the ancestral and derived alleles differ
in function (Sabeti et al. 2006). In humans, several screens
for positive selection based on genome-wide variation
within the species as well as differences to the chimpanzee
and other primates have been performed (Sabeti et al.
2006; Akey 2009). Several cases of intraspecific recent or
ongoing positive selection of alleles have been described,
and these alleles have in some cases been functionally char-
acterized. However, evolutionary changes that are fixed in
current humans, but occurred after the human evolution-
ary lineage diverged from the chimpanzee lineage, are more
difficult to identify. This is due to the fact that tests based
on intraspecific variation only detect positive selection that
occurred recently (Sabeti et al. 2006), whereas tests based
on between-species comparisons have little power because
of the relatively low number of nucleotide differences
between ape and human genomes.

With the determination of a Neandertal genome se-
quence, it has become possible to identify amino acid sub-
stitutions that occurred on the human lineage either
recently before or after its separation from the Neandertal
lineage. The draft version of the Neandertal genome
(Burbano et al. 2010; Green et al. 2010) has confirmed that
the number of these substitutions is small, so that it will be
possible in the future to functionally test all such amino
acid substitutions as well as potentially other features in
the genome that emerged in fully modern humans without

the reliance on model-dependent evolutionary tests. As
a first application of this approach, we have investigated
the evolution of signal peptides.

Signal peptides direct the cotranslational import of na-
scent proteins into the endoplasmic reticulum (ER). In the
absence of other trafficking signals, membrane proteins
carrying signal peptides are transported to the cell surface,
whereas the signal peptides themselves are cleaved off after
the successful insertion of the polypeptide into the mem-
brane of the ER. Thus, with few exceptions, signal peptides
serve only the function of directing proteins to the ER
(Hegde and Bernstein 2006). A functional change in a signal
peptide will therefore be reflected in a change of the effi-
ciency with which mature membrane proteins reach the
cell surface.

Changes in subcellular localization of proteins may be of
evolutionary relevance (Marques et al. 2008), particularly
because differences in the efficiency with which signal pep-
tides direct the transport of membrane proteins to the cell
surface can influence cellular survival and function (Hegde
and Bernstein 2006; Kang et al. 2006), and several human
diseases are due to single amino acid substitutions that
abolish the function of signal peptides (Watzke et al. 1991).

Analysis of a data set where all nucleotide positions en-
coding amino acids that changed on the human evolution-
ary line were isolated and sequenced in a ;43,000-year-old
Neandertal individual (Burbano et al. 2010) revealed ten
cases where, in or near a signal peptide, the Neandertal car-
ried an ancestral amino acid residue shared with chimpan-
zees, whereas the modern human reference genome
encodes another derived variant (see supplementary data,
Supplementary Material online). When 50 humans from
around the world were analyzed, the derived variants were
found to be fixed in four of these cases, whereas in the
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FIG. 1. Evolutionary analyses of signal peptide function. (A) Schematic illustration of a reporter construct containing a signal peptide (cleaved
off after entering the ER), the mature sequence of the transmembrane protein hemagglutinin, and a C-terminal GFP. An antibody binds to the
extracellular portion of hemagglutinin. (B–E) Confocal images of HEK293 cells expressing different reporter constructs. A mutant lacking
a signal peptide is localized intracellularly (B), whereas a protein with a functional signal peptide reaches the plasma membrane where it is
localized to speckles (C). The signal peptide from DKK1 causes most of the protein to localize to the plasma membrane (D), whereas the signal
peptide from HYAL2 causes the protein to remain partly within the cell (E). (B) and (C) are maximum projections of the entire cells, whereas
(D) and (E) exclude the ventral and dorsal surfaces of the cells. Green: GFP fluorescence from total reporter protein, red: antibody staining from
surface reporter protein, and blue: nuclear stain. Scale bars: 5 lm. (F) Fluorescence-activated cell-sorting data from representative experiments
on constructs containing modern human DKK1 (blue) and HYAL2 (red) signal peptides. The equations describe the relation between total
reporter protein (x) and surface reporter protein (y); the slope (bold) is a measure of signal peptide efficiency. (G) Efficiency of all modern
human signal peptides tested. Dots indicate the slope for each independently stained and measured cell sample (two independent
transfections on two different days), and horizontal lines indicate the mean value for each construct. **P , 0.01 compared with all other
groups. (H) Efficiency of the modern human signal peptides shown in (G) (blue) and the corresponding ancestral signal peptides (red). (I)
Efficiency of the modern and ancestral versions of the signal peptide derived from RAET1L retested.
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remaining six cases, both the ancestral and the derived var-
iants exist among current humans (see supplementary
data, Supplementary Material online). Each such mod-
ern/ancestral signal peptide pair was expressed in
HEK293 cells as an N-terminal fusion to a reporter protein
carrying a C-terminal green fluorescent protein (GFP) tag
(fig. 1A). Reporter protein was visualized at the cell surface
by antibody binding to nonpermeabilized cells, whereas
total reporter protein was visible as GFP fluorescence
(fig. 1B–E). A negative control with a signal peptide
deletion (Sekikawa and Lai 1983) showed an exclusively
intracellular localization (fig. 1B), whereas, in the presence
of a signal peptide, the reporter protein reached the cell
surface (fig. 1C–E); speckles on the plasma membrane
showed that expression at the plasma membrane was
not saturated (fig. 1C).

In order to quantify reporter protein on the entire sur-
face of cells in a high-throughput manner, live cells were
stained with the antibody and analyzed by fluorescence-
activated cell sorting. We observed that for each construct,
a linear relationship between total reporter protein and
surface reporter protein was observed over the entire range
of cell-to-cell expression variation. The slope of this linear
relation, which is a good predictor of cell surface protein
expression at all expression levels (median Spearman’s
r 5 0.91), differed significantly among signal peptides
derived from distinct modern human genes (fig. 1F and
G). As the mature reporter protein is the same in all cases
(with the exception of six N-terminal amino acids, see
supplementary data, Supplementary Material online),
such differences are very unlikely to be due to differential
folding of the mature protein in the ER or differential
transport to the cell surface but to the interaction of
the signal peptides with the translocation machinery or
the propensity of the immature protein to be cleaved
by signal peptidase.

However, none of the reporter proteins attached to a de-
rived signal peptide differed significantly from its ancestral
counterpart when the whole data set was considered
(fig. 1H; see supplemental data, Supplementary Material
online, for statistical analysis). In order to further exclude
that any such difference exists, the modern–ancestral pair
with the greatest apparent difference in efficiency was
reanalyzed in a further experiment (fig. 1I, supplementary
fig. 1, Supplementary Material online). This confirmed that
no significant difference between them exists. Furthermore,
the four substitutions that are fixed in modern humans
do not, as a group, differ in efficiency from the substi-
tutions that are polymorphic in modern humans (see
supplemental data, Supplementary Material online).

The lack of differences between the modern and ances-
tral reporter proteins in the cell line derived from embry-
onic kidney tissue shows that the signal peptide mutations
that occurred on the modern human lineage had no gen-
eral functional effects. Obviously, we cannot exclude that
functional effects might exist in some cell type. However,
the draft version of the Neandertal genome (Green et al.
2010) does not suggest any general changes in the protein

translocation or folding environment on the modern hu-
man lineage that might affect signal peptide function.

Our results are therefore most compatible with the neu-
tral theory of molecular evolution (Kimura 1968). This
holds true even for the four amino acid substitutions that
are fixed in humans today. Although extrapolation from
a particular class of substitutions may be dangerous, this
suggests that many or most amino acid substitutions that
have become fixed recently in human evolution may be
without functional consequence. Nevertheless, the Nean-
dertal genome will make it possible to perform comprehen-
sive testing of all such substitutions in the future, as
functional tests become available, and identify the presum-
ably small fraction that does influence function. This will
allow not only the identification of substitutions of func-
tional significance but eventually also the reconstruction of
aspects of the physiology of human ancestors at the time of
divergence from Neandertals some 300,000 to 500,000
years ago.

Supplementary Material
Supplementary data and supplementary fig. 1 are available
at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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Kathrin Jäger for cell sorting analyses performed at the In-
terdisciplinary Centre for Clinical Research, Leipzig Univer-
sity; to Susanna Schubert, Ingo Schäfer, and Peter Seibel for
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