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Numerous protists and rare fungi have truncated Asn-linked glycan
precursors and lack N-glycan-dependent quality control (QC) sys-
tems for glycoprotein folding in the endoplasmic reticulum. Here,
we show that the abundance of sequons (NXT or NXS), which are
sites for N-glycosylation of secreted and membrane proteins, varies
by more than a factor of 4 among phylogenetically diverse eu-
karyotes, based on a few variables. There is positive correlation
between the density of sequons and the AT content of coding
regions, although no causality can be inferred. In contrast, there
appears to be Darwinian selection for sequons containing Thr, but
not Ser, in eukaryotes that have N-glycan-dependent QC systems.
Selection for sequons with Thr, which nearly doubles the sequon
density in human secreted and membrane proteins, occurs by an
increased conditional probability that Asn and Thr are present in
sequons rather than elsewhere. Increasing sequon densities of the
hemagglutinin (HA) of influenza viruses A/H3N2 and A/H1N1
during the past few decades of human infection also result from an
increased conditional probability that Asn, Thr, and Ser are present
in sequons rather than elsewhere. In contrast, there is no selection
on sequons by this mechanism in HA of A/H5N1 or 2009 A/H1N1
(Swine flu). Very strong selection for sequons with both Thr and
Ser in glycoprotein of M, 120,000 (gp120) of HIV and related
retroviruses results from this same mechanism, as well as amino
acid composition bias and increases in AT content. We conclude
that there is Darwinian selection for sequons in phylogenetically
disparate eukaryotes and viruses.
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Asn—linked glycans (N-glycans) are built on lipid-linked pre-
cursors that contain 14 sugars (GlcsManyGIcNACc;) in most
animals, plants, and fungi, as well as Dictyostelium (1). In
contrast, medically important protists make either no N-glycans
(Theileria) or truncated N-glycan precursors composed of 2
sugars (Giardia and Plasmodium), 7 sugars (Entamoeba and
Trichomonas), or 7-11 sugars (Leishmania, Trypanosoma, Tox-
oplasma, and Cryptosporidium) (2).

An oligosaccharyltransferase (OST) transfers N-glycans from
the lipid-linked precursor to sequons (Asn-Xaa-Ser or Asn-Xaa-
Thr, where Xaa cannot be Pro) of nascent peptides in the lumen
of the endoplasmic reticulum (ER) (3). From Swiss-Prot data,
Sharon and colleagues (4) estimated that two thirds of sequons
are modified by N-glycans. Both in vitro and in vivo, sequons
containing Thr are more often glycosylated than sequons con-
taining Ser (5-8). Although the preference for sequons with Thr
also occurs for Giardia, which has a single subunit OST and adds
N-glycan composed of just 2 sugars (9), the sequon preferences
of OSTs of the majority of eukaryotes have not been determined
experimentally.

N-glycans of animals, plants, and fungi play important roles in
the quality control (QC) of glycoprotein folding in the ER lumen
(1, 10, 11). Important components of this QC system are a
UDP-Glc-dependent glucosyltransferase (UGGT), which adds a
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Glc to a terminal Man of the D1 arm of the N-glycans of
misfolded glycoproteins, and calnexin and/or calreticulin, which
are lectins that bind the glucosylated glycoproteins and assist in
their folding. In general, organisms with at least 5 Man residues
in their N-glycans have this QC system for glycoprotein folding
(all metazoans and plants, most fungi, and some protists, including
Entamoeba, Trichomonas, Trypanosoma, and Leishmania; colored
blue in Table S1) (12). However, some protists with 5 Mans in the
N-glycans (Cryptosporidium and Toxoplasma), as well as those
protists (Plasmodium, Theileria, and Giardia) and fungi (Encepha-
litozoon and Antonospora) that lack Man in their N-glycans, are
missing this QC system (colored red in Table S1) (12).

Here, we studied the factors that affect the abundance of
sequons (sites of N-linked glycosylation) in secreted proteins of
metazoan, fungi, and protists, as well as envelope proteins of
influenza virus and HIV. These studies attempt to answer the
following questions:

First, how does N-glycan length, which varies from 0 to 14
sugars in diverse eukaryotes (1, 2), covary with the density of
sequons in their secreted proteins?

Second, what is the relationship of AT content in protein-
coding regions, which is known to vary widely among protists (13,
14), to sequon abundance, because Asn is encoded by AA(TC),
whereas Pro is encoded by CC(AGCT)?

Third, is there Darwinian selection for sequons in secreted and
membrane proteins (versus cytosolic control proteins) in eu-
karyotes, which have N-glycan-dependent QC of glycoprotein
folding (1, 10-12)? If so, is the mechanism for selection for
sequons due to (i) increased AT content, (if) increased Asn, Ser,
and Thr and decreased Pro in secreted proteins (amino acid
composition bias), or (iii) increased conditional probability that
Asn, Ser, and Thr will be present in sequons rather than
elsewhere in secreted and membrane proteins?

Fourth, how are the very high densities of sequons in hem-
agglutinin (HA) of influenza viruses and glycoprotein of M,
120,000 (gp120) of HIV achieved (15-18)?

Results and Discussion

The Density of Sequons, Which Varies >4-Fold Among Protists, Is Not
Well-Correlated with N-Glycan Precursor Length. The sequon den-
sities of the secreted and membrane proteins of 9 representative
metazoans were very similar, averaging ~3.6 sequons = 0.3 per
500 aa (the approximate average length of a secreted or mem-
brane protein) (Fig. 14 and Table S1). As discussed in Materials
and Methods, we excluded from the set of secreted and mem-
brane proteins those with multiple transmembrane helices where
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Fig. 1. The density of sequons is positively correlated with the AT richness of the coding regions of each eukaryote. (A) Sequon densities (average number of
sequons per 500 aa plus SD) for the secreted and membrane proteins are similar among metazoans and fungi but are much more variant among protists. (B) AT
contents of coding regions of predicted secreted and membrane proteins are also similar among metazoans and fungi but are much more variant among protists.
(C) Sequon density is not directly related to length of N-glycan precursors, where metazoans are numbered [Anopheles gambiae (1), Caenorhabditis elegans (2),
Canis familiaris (3), Ciona intestinalis (4), Danio rerio (6), Drosophila melanogaster (5), Homo sapiens (7), Muris muscularis (8), and Tetraodon nigroviridis (9).
Fungi are in lowercase [Antonospora locustae (a), Aspergillus nidulans (b), Candida albicans (c), Cryptococcus neoformans (d), Encephalitozoon cuniculi (e),
Gibberella zeae (f), Kluyveromyces lactis (g), Magnaporthe grisea (h), Neurospora crassa (i), Saccharomyces cerevisiae (j), Schizosaccharomyces pombe (k),
Ustilago maydis (m), and Yarrowia lipolytica (n)]. Protists are in uppercase [Cryptosporidium parvum (A), Dictyostelium discoideum (B), Entamoeba histolytica
(Q), Giardia lamblia (D), Leishmania major (E), Plasmodium falciparum (F), Theileria anulata (G), Trypanosoma cruzi (H), and Trichomonas vaginalis (J)]. One plant
(Arabidopsis thaliana) is marked with a plus sign. Eukaryotes that have N-glycan-dependent QC of glycoprotein folding are marked in blue. Eukaryotes that lack
N-glycan-dependent QCof glycoprotein folding are marked inred. (D) Sequon density is positively correlated with AT content of secreted and membrane proteins
of all eukaryotes (R? values are 0.68 and 0.89 for blue and red lines, respectively). An analysis of variance shows AT content accounts for 63% of the variance,
whereas N-glycan-dependent QC accounts for 11%. The percentage of predicted secreted and membrane proteins with at least 1 sequon is also correlated with
the AT richness (Fig. S1). In addition, when AT content is =55%, the sequon densities of secreted proteins of eukaryotes with N-glycan-dependent QC (marked
in blue) are significantly greater than those of eukaryotes without QC (marked in red) by using rank-sum test at « = 5%. (E) Sequon density is positively correlated
with AT content, because Asn is encoded by AA(TC), whereas Pro, which cannot be in sequons, is encoded by CC(AGCT) (R? values are 0.91 and 0.71 for Asn and

Pro, respectively).

the ectoplasmic and cytoplasmic domains are difficult to predict.
We also excluded those proteins with greater than 70% identity
to reduce the impact of large families of recently duplicated
genes and to exclude splice variants of the same protein.
Examined from another point of view, ~80% of the secreted and
membrane proteins of metazoans had at least 1 sequon that may
be N-glycosylated (Fig. S14). The predicted secreted and mem-
brane proteins of 13 fungi had sequon densities similar to those
of metazoans, only there was somewhat greater variability
among fungi.

In contrast, the sequon densities of the predicted secreted and
membrane proteins of 9 protists varied by >4-fold (from 1.6
sequons per 500 aa for Toxoplasma to 6.8 sequons per 500 aa in
Dictyostelium; Fig. 14 and Table S1). In turn, these protists
showed 5-fold differences in the percentage of secreted and
membrane proteins without sequons (31% in Toxoplasma vs. 6%
in Plasmodium; Fig. S1A4).

We used Alg enzymes to predict the length of N-glycan
precursors, many of which have been experimentally demon-
strated (1, 2). On rare occasions, some of the N-glycans of
protists may be made from N-glycan precursors that are shorter
than those predicted by the Alg enzymes (19). Although N-
glycan precursors of protists vary from 0 to 11 sugars in length,
N-glycan length variation does not correlate well with sequon
densities among secreted and membrane proteins of protists
(Fig. 1C) (2). For example, Trichomonas and Leishmania have
similar-length N-glycans but vary by a factor of 3 in their sequon
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density. In general, however, eukaryotes with longer N-glycans
are more likely to employ N-glycan-dependent QC of glycopro-
tein folding (colored blue in Fig. 1C) (11), whereas shorter
N-glycans predict the absence of N-glycan-dependent QC (col-
ored red in Fig. 1C). As shown below, there is increased sequon
density in secreted proteins of eukaryotes with N-glycan-
dependent QC of protein folding, so the effect of N-glycan length
on sequon density appears to be indirect.

Sequon Abundance Increases with the AT Richness of the Coding
Regions of All Eukaryotes. The percentage of AT in protein-coding
sequences, which varies dramatically in protists, increases with
sequon abundance in secreted membrane proteins of all eu-
karyotes (Fig. 1 B and D and Table S1). For each increase of
~10% in the AT content of coding regions, there is an additional
sequon per 500-aa protein. Similarly, the percentage of secreted
proteins with at least 1 sequon increases with the AT richness
(Fig. S1B).

The density of sequons in secreted proteins correlates with AT
percentage, because in the presence of high AT, the concentra-
tion of Asn, which is encoded by an AT-rich codon, increases
4-fold when comparing extremes (Fig. 1E). Conversely, in the
presence of high AT, the concentration of Pro, which is encoded
by a GC-rich codon and cannot be in sequons, decreases 2-fold
when comparing extremes (Fig. 1E). In contrast, there is no
systematic change with AT content in concentrations of Ser and
Thr, which are encoded by AT-neutral codons.

Cui et al.
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Fig. 2. Darwinian selection for sequons with Thr in the secreted and mem-
brane proteins of eukaryotes with N-glycan-dependent QC of proteins folding
is based for the most part on an increased conditional probability that Asn and
Thr will be present in sequons rather than elsewhere in these proteins. (A)
Density of sequons with Thr (number per 500 aa) in secreted and membrane
proteins versus nucleocytosolic proteins (negative controls) for each organism,
which are abbreviated as in Fig. 1. In the case of eukaryotes that have
N-glycan-dependent QC of glycoprotein folding and are marked in blue, there
is moderately strong selection for sequons with Thr, so that the slope of the
blue line is 1.7 (R? = 0.46) rather than 1. In contrast, eukaryotes that lack
N-glycan-dependent QC of glycoprotein folding and are marked in red show
noselection, sotheslope of thered line is 1.1 (R2 = 0.91). (B) Density of sequons
with Ser (number per 500 aa) in secreted and membrane proteins versus
nucleocytosolic proteins for each organism. There is no selection for or against
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We used the presence of a UDP-Glc-dependent glucosyltrans-
ferase, glucosidase II, calnexin or calreticulin, and ERGIC-53 to
infer that a particular organism has an N-glycan-dependent QC
system for glycoprotein folding (10-12). Eukaryotes with N-
glycan-dependent QC of protein folding, which are colored blue
in Fig. 1D, have significantly greater densities of sequons (P =
0.026) in secreted proteins (for the same AT percentage) than
eukaryotes without N-glycan-dependent QC of protein, which
are colored red in Fig. 1D. The reasons for this difference are
explored in the next section.

An analysis of variance on the sequon data in Fig. 1D and
Table S1 shows AT content accounts for 63% of the variance,
whereas N-glycan-dependent QC accounts for 11%. When se-
quons with Thr are examined separately from those with Ser,
N-glycan-dependent QC accounts for 28% of the variance (see
below for an explanation).

Apparent Darwinian Selection for Sequons Containing Thr in Secreted
Proteins of Eukaryotes with N-Glycan-Associated QC of Glycoprotein
Folding. The density of sequons containing Thr, which are more
likely to be N-glycosylated than sequons containing Ser (4-9), is
increased by ~70% in secreted and membrane proteins versus
nucleocytosolic proteins for metazoans, fungi, and protists with
N-glycan-dependent QC of glycoprotein folding (Fig. 24, blue,
and Table S1). In humans, the density of sequons with Thr in
secreted and membrane proteins is nearly double that of nucleo-
cytosolic controls, which are not N-glycosylated.

For multiple reasons, the increase in the density of sequons
containing Thr appears to be the result of Darwinian selection.
First, the data do not support selection for sequons with Thr in
protists and fungi that lack N-glycan-dependent QC of glycop-
rotein folding (Fig. 24, red, and Table S1). Second, there is also
no support for selection for sequons with Ser, which are less
likely to contain N-glycans than sequons with Thr (4-9), in
eukaryotes with N-glycan-dependent QC (Fig. 2B).

Third, the major mechanism for the increased density of
sequons with Thr in secreted and membrane proteins of eu-
karyotes, which have N-glycan-dependent QC of glycoprotein
folding, is an increased likelihood that Asn and Thr will be
present in sequons rather than elsewhere in secreted and mem-
brane proteins. Because of this increased likelihood that Asn and
Thr will be in sequons, the actual density of sequons with Thr
(plotted on the y axis) was greater than the expected density of
sequons with Thr (plotted on the x axis), which is calculated from
the frequencies of Asn, Thr, and Pro for secreted and membrane
proteins of these eukaryotes with N-glycan dependent QC
(colored blue in Fig. 2C). In contrast, the actual and the expected
densities of sequons with Thr were the same for secreted and
membrane proteins of eukaryotes that lack N-glycan-dependent
QC (colored red in Fig. 2C). The actual and the expected densities
of sequons with Thr were also the same for cytosolic proteins of
eukaryotes that have N-glycan-dependent QC (Fig. S2C).

A minor contributor to the increase in sequon density of

sequons with Ser in eukaryotes with or without N-glycan-dependent QC, so
that all points fall on the dotted line with the slope of 1 and intercept of 0. (C)
The mechanisms for positive selection for sequons with Thr is shown by
plotting the actual density of sequons with Thr in secreted and membrane
proteins versus that calculated by the Asn, Thr, and Pro frequencies for each
organism (i.e., the expected density). In eukaryotes with N-glycan-dependent
QCthat are marked in blue, there is an increased conditional probability that
Asn and Thr will be in sequons rather than elsewhere in secreted proteins, so
thatthe slope of the blue lineis 1.5 (R2 = 0.74). In contrast, there is no increased
conditional probability that Asn and Thr will be in sequons rather than
elsewhere in secreted proteins of eukaryotes without N-glycan-dependent
QC, so that the slope of the red line is 1.0 (R? = 0.98). In Fig. S2, a small positive
selection for amino acid composition bias and negative results for AT-content
bias are shown.

PNAS | August11,2009 | vol.106 | no.32 | 13423

EVOLUTION


http://www.pnas.org/cgi/data/0905818106/DCSupplemental/ST1_PDF
http://www.pnas.org/cgi/data/0905818106/DCSupplemental/ST1_PDF
http://www.pnas.org/cgi/data/0905818106/DCSupplemental/ST1_PDF
http://www.pnas.org/cgi/data/0905818106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0905818106/DCSupplemental/Supplemental_PDF#nameddest=SF2

Lo L

P

1\

=y

Fig.3. Increasingsequon densities of HA of 11 11 17
A/H3N2 (Left) and A/HIN1 (Center) strains of H3N2 %‘% H1N1 H5N1 H1N1
influenza virus with antigenic drift results 10 Hﬂé ‘1 - }‘ 107 2009
from an increased conditional probability ° ° s s ol

that Asn, Thr, and Ser will be present in % ﬂ

sequons rather than elsewhere in HA. Selec- 8 alasssaal a {

tion for sequons (solid arrow) based on this
mechanism, which is determined by compar-
ing actual (solid pink triangles) versus calcu-
lated or expected (open pink triangles) se-
quon densities for HA, increases with time.
As a control, there is no selection for sequons
in viral capsid and polymerases (capsidic pro- 4
teins), where the observed density of se-
quons (solid blue circles) equals the expected

A4 g
A

Sequon density
o0

28

LotV v IO Bx8a L
5 B8 2B a2, sagss 5 25" 5h, 5 5

4t af

3t 3r

density (open blue circles). In contrast, amino
acid composition bias (white arrow), which is
determined by comparing the expected se-
quon density of HA (open pink triangles)
with that of capsid and polymerases of influ-
enza viruses (open blue circles), remains the

Year
Nucleocapsid Actual

Nucleocapsid Expected

2l . . .
1970 1980 1990 2000

A HA Actual

A HA Expected

olil L . L . . sl .
1918 1933 1945 1957 1976 1990 2007 1997 98 2003 2007
Year Year

' Conditional Probabilities of N, T, S in Sequons of HA

{ Composition Bias of N, T, S in HA

same with time. The HA proteins of A/H5N1 and 2009 A/H1N1 (Right) show modest selection based on amino acid composition bias but do not show selection
based on an increased conditional probability of Asn, Thr, and Ser being present in sequons rather than elsewhere in HA (20, 25). Changes in the amino acid

sequences of A/H3N2 influenza proteins with time is shown in Fig. S3.

secreted and membrane proteins of eukaryotes, which have
N-glycan-dependent QC, was amino acid composition bias (Fig.
S2A4). Amino acid composition bias is shown by difference for
each organism between the expected densities of sequons in its
secreted and membrane proteins versus its nucleocytosolic pro-
teins (negative controls). In contrast, secreted, membrane, and
nucleocytosolic proteins were equally AT-rich in all eukaryotes
(Fig. S2B).

Together, these results show that the apparent Darwinian
selection for sequons is extraordinarily specific: it occurs only for
sequons with Thr in eukaryotes with N-glycan-dependent QC of
glycoprotein folding and occurs primarily by an increased con-
ditional probability that Asn and Thr will be present in sequons
rather than elsewhere in secreted and membrane proteins.

Increasing Sequon Densities of HA of Influenza Viruses A/H1IN1 and
A/H3N2 with Time in the Human Host Are Caused by an Increased
Conditional Probability That Asn, Thr, and Ser Will Be Present in
Sequons Rather Than Elsewhere. When influenza virus A/HIN1
(also known as Spanish flu) first appeared and caused the great
pandemic of 1918 (16), there was a modest amino acid compo-
sition bias in HA, which increased the density of sequons (white
arrow in Fig. 3). Similarly, when influenza virus A/H3N2 (also
known as the Hong Kong flu) appeared in 1968, there was a
modest amino acid composition bias in HA, which increased the
density of sequons. This is also the case for sequons in HA of
A/H5N1, which presently infects poultry and threatens human
populations, and for the 2009 A/HIN1, which has also been
called “Swine flu” (20-23).

With genetic drift of A/HIN1 from 1918 to 1958 and of
A/H3N2 from 1968 to the present, the sequon densities of each
HA doubled, adding numerous N-glycans to the head group (15,
16). The mechanism of positive selection for sequons in HA
proteins of both viruses is an increased likelihood that Asn, Ser,
and Thr are in sequons rather than elsewhere in the HA proteins
(black arrows in Fig. 3). As is the case for secreted and
membrane proteins of the host (Fig. 2C), this increased likeli-
hood of Asn, Ser, and Thr in sequons rather than elsewhere in
HA is shown by an increasing difference between the actual
sequon density of HA and the expected or calculated sequon
density. In contrast, there was no change with time in the amino
acid composition bias of HA proteins (white arrows in Fig. 3).
The remarkable linearity of the increase in sequon density of HA
of A/H3N2 superficially resembles previous demonstrations of

13424 | www.pnas.org/cgi/doi/10.1073/pnas.0905818106

linear rates of change in the amino acid sequence of HA and
other viral proteins with time (Fig. S3) (24, 25). Rather than
selection for sequons, as described here, most changes in amino
acid sequence of HA are due to diversifying selection.

Very Strong Selection for Sequons with Both Thr and Ser in gp120 of
HIV Results from an Increased Likelihood That Asn, Ser, and Thr Are
Present in Sequons, Amino Acid Composition Bias, and Increases in AT
Richness. The very strong selection for sequons with both Thr and
Ser in gp120 of HIV-1, HIV-2, and related retroviruses resulted
from all possible mechanisms for positively selecting sequons
(Fig. 4). There was a marked increase in the probabilities of Asn,
Ser, and Thr in sequons rather than elsewhere in gp120, which
resulted in a ~4-fold increase in the density of sequons of gp120
(Fig. 4B).

Amino acid composition bias increased by ~3-fold the density
of sequons in gp120 of HIV-1, HIV-2, and related retroviruses
(Fig. 4C and Fig. S4). There was a modest increase in AT in the
coding region of gp120 versus that for structural proteins and
enzymes of HIV and other retroviruses (Fig. 4D). In contrast to
influenza viruses and despite the fact that there is a very high
mutation rate in gp120, there has been little change in the density
of sequons of gp120 of HIV-1 over time in the human host (Fig.
S5). It is likely that the very high sequon density of gp120 (=25
sequons per protein) is the upper limit for the number of sequons
for this protein.

Other viral pathogens showed a broad range of sequon
densities in their envelope glycoproteins and multiple mecha-
nisms for selecting sequons (Fig. S6) (26-28). Envelope proteins
of hepatitis C virus (HCV), Severe Acute Respiratory Syndrome
(SARS) virus, and Ebola virus all have very high sequon
densities. An important contributor to these high sequon den-
sities is an increased likelihood that Asn, Ser, and Thr will be in
sequons rather than elsewhere in viral envelope proteins, as
described for host, influenza, and HIV glycoproteins.

Major Conclusions and Inferences. Although AT content has pre-
viously been shown to modify the amino acid composition of host
proteins (14, 15), we show here that AT content has profound
effects on sequon density (>4-fold effect), and therefore on the
N-glycosylation of glycoproteins. We can think of no other
example where the genetic code has such profound effects on
protein phenotype. However, because the AT content was the
same for nucleocytosolic, secreted, and membrane proteins of all

Cui et al.
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Sequon density

increased conditional probability that Asn, Thr, and Ser
of nucleocapsid

will be present in sequons rather than elsewhere in

2
Expected sequon density Expected sequon density

AT content of nucleocapsid genes

of gp120 of nucleocapsid

gp120, is shown by plotting the counted density of sequons in gp120 versus that calculated (expected value) by the Asn, Thr, Ser, and Pro content of gp120. (C)
Amino acid composition bias, which increases the number of sequons in gp 120, is shown by plotting the calculated sequon density of gp120 versus that of capsid
and enzymes. Although Asn, Ser, and Thr are relatively increased in gp120 versus retroviral capsid and enzymes, Pro is decreased (Fig. S4). (D) AT content of gp120
coding sequence versus the rest of the coding sequence of the retrovirus shows there is moderate positive selection for AT in gp120s of all retroviruses examined.
Fig. S5 shows there is no change in sequon densities of gp120 of HIV strains A1, B, C, and D with time.

eukaryotes examined here (Fig. S2B), we cannot infer any
causality with regard to AT content and sequon density. In
addition, we recognize that there may be other determinants
(growth at high temperature, tRNA abundance, rRNA operon
abundance) that affect AT content of an organism (29, 30).

The “smoking gun” for Darwinian selection in eukaryotes
with N-glycan-dependent QC of glycoprotein folding is an
increased likelihood that Asn and Thr will be present in sequons
rather than elsewhere in secreted and membrane proteins. This
positive selection for sequons with Thr increases the actual
density of sequons in secreted and membrane proteins of each
organism versus that calculated from the frequencies of Asn,
Thr, and Pro. Also arguing for Darwinian selection are the
absence of selection for sequons with Ser in these eukaryotes and
the absence of selection for sequons with Thr in secreted and
membrane proteins of eukaryotes without N-glycan-dependent
QC. Although the role of N-glycans in the QC of glycoprotein
folding is emphasized here, we recognize that N-glycans also play
roles in cell signaling by notch, integrins, and cadherins, as well
as in cancer cell progression (31-33).

Although the importance of N-glycan-dependent QC has been
shown for folding of a small number of glycoproteins in vitro,
including HA of influenza virus (10, 11, 34), our results here
suggest N-glycan-dependent QC of glycoprotein folding has
nearly doubled the sequon densities of tens of thousands of
secreted and membrane proteins of phylogenetically diverse
protists, fungi, and metazoans.

Although the abundance of sequons in gp120 of HIV, HA of
influenza viruses, and envelope proteins of HCV and Ebola
viruses has been noted before (15-18, 26-28), to our knowledge
the mechanisms for generating the high sequon densities in these
viral glycoproteins have not previously been described. In ad-
dition to the increased conditional probability that Asn, Ser, and
Thr will be in sequons rather than elsewhere in envelope protein,
some of these viruses change the AT and amino acid composition
of envelope proteins. Although there has been no change in the
sequon density of gp120 as HIV has moved from primates to
humans, there is a marked increase in sequon densities of HA as
influenza has evolved with time in humans. If it is the case that
either of the A/HS5N1 or 2009 A/HIN1 viruses cause pandemic
infections in people, we expect that the density of sequons in the
HA proteins would increase over time by the same mechanisms
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shown for increasing density of sequons in HA proteins of
Spanish and Hong Kong influenza viruses.

In influenza virus, HIV, HCV, and Ebola virus, the sequon
densities of the envelope proteins appear to be far greater than
that required to fold the vast majority of host proteins. It is not
surprising then that viral N-glycans have important roles in
pathogenesis, including masking host antigens, stimulating host
cytokine production, and viral entry into host cells (17-18,
26-28, 35). Although increases in HA sequon density are
associated with decreased virulence of influenza A/H3N2 in a
mouse model system (36), this may not be the case for people
(16). In addition, many parameters other than sequon density
contribute to the virulence of influenza viruses (16, 20, 22-25).
Finally, there has been speculation that the high frequency of
hypomorphic alleles in N-glycan synthesis in human populations
may be an adaptive response against viruses, which depend on
N-linked glycosylation for their pathogenesis (37).

Materials and Methods

Identification of Secreted and Cytosolic Proteins of 33 Representative Eu-
karyotes. Predicted proteins, as well as the cDNA sequences, from the com-
plete or nearly complete genome sequences of 9 protists, 9 metazoans, 13
fungi, and a single plant were downloaded from databases at GenBank,
Ensembl, and The Institute for Genomic Research. Proteins shorter than 100 aa
and those with >70% identity with other proteins were removed from each
set by using the cdhit program (38) to reduce the effect of large protein
families and to exclude splice variants of the same protein. The low-complexity
regions, which cause misleading amino acid frequencies, were identified by
using the SEG algorithm (39) and were excluded from the analyses.

Secreted and membrane proteins were identified by the presence of an
N-terminal secretory signal, a signal anchor, or at least 1 transmembrane helix
(TMH) (40, 41). Because it can be difficult to accurately predict ectoplasmic
domains (where N-glycans may be added to sequons) and cytoplasmic do-
mains (where N-glycans cannot be added to sequons) in proteins with multiple
TMHs, proteins with multiple TMHs were excluded from the analysis of
secreted proteins. Nuclear and cytosolic proteins (referred to as “‘nucleocyto-
solic’” for brevity) were defined as those without a secretory signal, signal
anchor, or TMH.

Identification of Viral Sequences. Whole-genome sequences of representative
human HIV strains and primate lentiviruses were downloaded from the HIV
database at Los Alamos National Laboratory (Los Alamos, NM). Influenza
sequences were downloaded from the Influenza Virus Resource at the Na-
tional Center for Biotechnology Information (NCBI), whereas other represen-
tative viruses infecting humans (e.g., HCV and Herpes virus) were downloaded
from NCBI. For analysis of sequons, viral envelope proteins were compared
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with viral “capsidic proteins,” which include capsid and other structural
proteins, as well as polymerases and other enzymes.

Analysis of Sequon Evolution. The cDNA sequence for each protein was used to
calculate the percentage of AT in the secreted and cytosolic proteins of each
organism. Sequons were identified as NxS or NxT, where “’x’ cannot be Pro (3),
and the sequon densities per 500 aa for secreted proteins and cytosolic
proteins (control) were determined for each organism in 2 ways. First, sets of
secreted and nucleocytosolic proteins were concatenated into a single, very
long sequence, and average densities of sequons; densities of sequons with
Thr or Ser; densities of Thr, Ser, Asn, and Pro; and percentage of sequons with
Thr were determined. Second, average sequon densities, densities of amino
acids, and percentage of sequons with Thr were determined for each protein
and then averaged. These 2 methods gave similar results, so that numbers in
the figures and text refer to the first method.

Possible Darwinian selection for sequons in each organism was suspected
when the density of sequons in secreted and membrane proteins (which are
N-glycosylated) was greater than that of nucleocytosolic proteins (which are
not N-glycosylated). Differences between sequon densities of secreted pro-
teins and cytosolic proteins, which were computed by the second method,
were compared for each organism by using a Mann-Whitney rank-sum test.

Mechanisms for selection of sequons in each organism were determined in
3 ways. First, the AT content of coding regions of secreted and membrane
proteins was compared with that of nucleocytosolic proteins. Second, amino
acid composition bias was determined by comparing the expected sequon
densities of secreted and membrane proteins, which was calculated from their
frequencies of Asn, Ser, Thr, and Pro, with the expected sequon densities of
nucleocytosolic proteins (negative controls that do not have N-glycans). Third,
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selection for sequons in secreted and membrane proteins was also determined
by comparing the actual sequon density with the expected sequon density,
which was calculated based on the frequencies of Asn, Ser, Thr, and Pro in the
set of secreted proteins for each organism. This method determines whether
thereisanincrease, decrease, or no change in the conditional probability that
Asn, Thr, and Ser will be present in sequons rather than elsewhere in secreted
and membrane proteins. A negative control for sequon selection was the
nucleocytosolic proteins, which are not N-glycosylated. The statistical signif-
icance of the difference between the actual and expected sequon densities for
each organism was determined with a Wilcoxon matched-pairs test.

Prediction of N-Glycan Length and Prediction of N-Glycan-Associated Quality
Control of Protein Folding. N-glycan length was predicted by probing with
PSI-BLAST the proteins of each organism with the Asn-linked glycosyltrans-
ferases of Saccharomyces cerevisiae (1, 2). The absence of N-glycans was
predicted when there were no Asn-linked glycosyltransferases and no OST
present.

The following Schizosaccharomyces proteins were used to infer the pres-
ence of an N-glycan-associated QC system for protein folding: UDP-Glc-
dependent glucosyltransferase, glucosidase Il, calnexin or calreticulin, and
ERGIC-53 (10-12, 42). To determine the effect of N-glycan-dependent QC of
protein folding on sequon density, numerous plots were made that distin-
guished eukaryotes with N-glycan-dependent QC from eukaryotes without
N-glycan-dependent QC.
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