Sequence and structural analyses of nuclear
export signals in the NESdb database
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ABSTRACT We compiled >200 nuclear export signal (NES)-containing CRM1 cargoes in a
database named NESdb. We analyzed the sequences and three-dimensional structures of
natural, experimentally identified NESs and of false-positive NESs that were generated from
the database in order to identify properties that might distinguish the two groups of se-
quences. Analyses of amino acid frequencies, sequence logos, and agreement with existing
NES consensus sequences revealed strong preferences for the ®1-X3-02-X,-03-X-®4 pattern
and for negatively charged amino acids in the nonhydrophobic positions of experimentally
identified NESs but not of false positives. Strong preferences against certain hydrophobic
amino acids in the hydrophobic positions were also revealed. These findings led to a new and
more precise NES consensus. More important, three-dimensional structures are now available
for 68 NESs within 56 different cargo proteins. Analyses of these structures showed that ex-
perimentally identified NESs are more likely than the false positives to adopt a-helical confor-
mations that transition to loops at their C-termini and more likely to be surface accessible
within their protein domains or be present in disordered or unobserved parts of the struc-
tures. Such distinguishing features for real NESs might be useful in future NES prediction ef-
forts. Finally, we also tested CRM1-binding of 40 NESs that were found in the 56 structures.
We found that 16 of the NES peptides did not bind CRM1, hence illustrating how NESs are
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easily misidentified.

INTRODUCTION

Transport of proteins between the nucleus and the cytoplasm is
mostly mediated by transport factors in the karyopherin-f family,
which are also known as importins and exportins (Gérlich and Kutay,
1999; Conti and lzaurralde, 2001; Weis, 2003; Tran et al., 2007). The
direction of nuclear—cytoplasmic transport is dictated by nuclear tar-
geting signals within the cargo proteins. Nuclear localization signals
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(NLSs) direct proteins into the nucleus, whereas nuclear export
signals (NESs) direct export of proteins from the nucleus to the cyto-
plasm (Dingwall et al., 1982, 1988; Kalderon et al., 1984; Lanford
and Butel, 1984; Fischer et al., 1995; Wen et al., 1995; Lee et al,,
2006). Two classes of NLS—known as the classic NLSs and the
PY-NLS—and one class of NES—known as the leucine-rich or classic
NES—have been characterized (for reviews see Chook and Blobel,
2001; Chook and Suel, 2011; Lange et al., 2007; Xu et al., 2010;
Marfori et al., 2011).

NESs were first identified in the proteins HIV-1 Rev and cyclical
AMP-dependent protein kinase inhibitor (PKlo; Fischer et al., 1995;
Wen et al., 1995). Because these early export signals (Rev >LPPLER-
LTL®3; PKlo, LALKLAGLDLY) are rich in leucine residues, they are
often called leucine-rich NESs. Since then, NESs have been identi-
fied in >200 proteins, and many contain not specifically leucine but
more generally hydrophobic patterns. NESs are peptides that are
8-15 residues long and conform loosely to the widely used tradi-
tional consensus of ®1-X, 3-2-X; 3-P3-X-P4, where ®n represents
Leu, Val, lle, Phe, or Met and X can be any amino acid (Bogerd
et al., 1996; Henderson and Eleftheriou, 2000; Engelsma et al.,
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2004; la Cour et al., 2004; Kutay and Guttinger, 2005). NESs bind
directly to the export karyopherin CRM1 (also known as exportin 1),
which escorts cargo proteins through the nuclear pore complex
(Fornerod et al., 1997; Fukuda et al., 1997; Neville et al., 1997; Os-
sareh-Nazari et al., 1997; Richards et al., 1997, Stade et al., 1997).
Crystal structures of CRM1 bound to three different NESs showed
that the hydrophobic positions or ®n of the NESs dock into five
hydrophobic pockets within a narrow groove on the convex surface
of CRM1 (Dong et al., 2009a,b; Monecke et al., 2009; Glttler et al.,
2010). Bound NESs of the cargoes snurportin 1 (SNUPN) and PKlo.
adopt combined o-helix-loop structures, whereas the NES of HIV-1
Rev binds CRM1 in a mostly loop-like conformation (Dong et al.,
2009a,b; Monecke et al., 2009; Gttler et al., 2010). Although indi-
vidual NESs may adopt different conformations, the NES-binding
grooves in the CRM1 structures seem to remain conformationally
invariant (Gattler et al., 2010).

NES-containing proteins have been discovered in a wide range
of organisms, and CRM1 cargoes appear to possess diverse cellular
functions, which control many normal cellular processes and disease
states of cells (Lim and Wang, 2006; Stauber et al., 2007; Zemp and
Kutay, 2007; Suhasini and Reddy, 2009; Ding et al., 2010; Emami,
2011; Guttler and Gorlich, 2011; Turner et al., 2012). Therefore
identification of NESs in the genome is important to decipher se-
quence features that underlie protein functions. However, successful
identification or prediction of NESs has been hindered by the very
broad traditional ®1-X;3-®2-X; 3-P3-X-®4 consensus sequence
that describes the NES (la Cour et al., 2004; Fu et al., 2011). The
®1-03 portion of this consensus sequence describes the ubiquitous
two-turn amphipathic helix. Matching sequences can be found in
most helix-containing proteins, and many of these sequences may
be part of hydrophobic cores that are not accessible for CRM1 bind-
ing. Despite its breadth, the traditional NES consensus lacks sensi-
tivity, as it described only ~60% of the experimentally identified
NESs (la Cour et al., 2004). To improve sensitivity of the traditional
NES consensus, Kosugi et al. (2008) expanded the consensus with
two additional variations of hydrophobic spacings and with an ex-
panded vocabulary of hydrophobic residues. More recently, Gittler
et al. (2010; Guttler and Gérlich, 2011) suggested a structure-based
NES consensus with five instead of four hydrophobic positions.
However, all three sets of available NES consensus sequences de-
scribe many protein segments that do not function as NESs. It is
clear that the use of consensus sequences alone falls short of the
goal of accurate NES prediction. The shortcomings of sequence-
based prediction is illustrated by a new NES predictor named NES-
sential, in which incorporation of metafeatures such as predicted
disorder propensity and solvent accessibility helped to distinguish
real and false-positive NESs (Fu et al., 2011).

More than 200 NES-containing CRM1 cargoes have been re-
ported in the literature, and we compiled the majority of these ex-
perimentally identified, NES-containing proteins into a database
named NESdb (Xu et al., 2012). The database provides large data
sets of “experimentally identified NESs,” or “experimental NESs";
“negative,” or non-NES sequences; and “false positives,” or non-
NES sequences that match the existing NES consensus sequences.
These data sets provide the opportunity to conduct sequence and
structural analyses to uncover sequence and structural properties
that are unique to experimentally identified NESs. Such properties
might be useful to distinguish real from false-positive NESs and to
improve prediction efforts in the future.

la Cour et al. (2003, 2004) made the first attempt to systemati-
cally analyze NES properties of 67 NESs that were collected in a
database named NESbase. Their study revealed interesting NES
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properties, such as overrepresentation of acidic residues in nonhy-
drophobic positions of NESs, preference for o-helical structure, and
tendency of NESs to be located in highly flexible and surface-ex-
posed regions. They also developed the first NES predictor, named
NetNES (la Cour et al., 2004), which is a sequence-based program
that combines neural network and hidden Markov models. Recently
Fu et al. (2011) presented the new and improved NES predictor
NESsential, which uses a different machine learning algorithm (Sup-
port Vector Machine) and incorporates folding context such as pre-
dicted disorder scores and solvent accessibilities into its feature set.
Fu et al. (2011) also presented a list of 70 additional CRM1 cargoes,
and their analysis of the combined set of NESs focused on prefer-
ences for negatively charged residues and disorder tendencies of
the sequences.

In light of the significantly larger and more up-to-date NESdb
database (Xu et al., 2012), recently available CRM1-NES structures
(Dong et al., 2009a,b; Monecke et al., 2009; Guttler et al., 2010),
and the fast-growing Protein Data Bank (PDB; Berman et al., 2000),
a comprehensive analysis of the sequences and, more important,
the three-dimensional (3D) structures of this large collection of natu-
ral NESs is needed to corroborate and expand our current under-
standing of the properties of these signals. Here we performed se-
quence and structural analyses of 234 NESs from 200 CRM1 cargoes
that were collected in NESdb. Like previous studies (la Cour et al.,
2004; Fu et al., 2011), we also examined the amino acid contents,
predicted secondary structures, and disorder scores of NESs. Unlike
these previous studies, we identified 56 NES-containing cargoes in
the PDB that provided structural data and allowed analysis of sec-
ondary structures, crystallographic B-factors, exposed surface areas,
and locations of NESs in these 3D structures in the context of the
folded cargoes or cargo domains. Structural analysis revealed con-
formational, disorder, and surface accessibility features that are dif-
ferent in experimentally identified NESs versus false-positive se-
quences. In addition, we also tested CRM1 binding of 40 NESs that
were found in the 56 structures and showed that 16 of the NES
peptides did not bind CRM1, hence illustrating how NESs can be
easily misidentified. In summary, we identified a set of sequence
and structural properties that distinguish experimentally determined
NESs from false-positive NESs. This set of features might be useful
as filters to increase the accuracy of NES prediction in the future.

RESULTS

CRM1 cargoes in the NESdb database

Most NES-containing CRM1 cargoes were identified on individual
bases by experiments such as cellular mislocalization after leptomy-
cin B (LMB) treatment and nuclear export assays in cells. We com-
piled a comprehensive NES database named NESdb by manually
curating the published literature for such experimentally validated
CRMT1 cargoes (Xu et al., 2012). Proteins in NESdb must show ex-
perimental evidence of nuclear export by CRM1 and must contain at
least one experimentally identified NES. Acceptable experimental
evidence for CRM1-mediated nuclear export includes LMB sensitiv-
ity, CRM1 binding, competition with other known CRM1 cargoes,
and loss of CRM1 binding or nuclear export activity upon mutation
of key NES residues.

NESdb contains 221 NES-containing proteins that were reported
up to December 2011 (Xu et al., 2012). An average of 16 new CRM1
cargoes were reported each year for the last 10 years. Ninety-five
percent of the proteins in NESdb were reported to accumulate in
the nucleus upon treatment with LMB, which covalently modifies a
reactive cysteine in the NES-binding site of CRM1 and prevents NES
binding (Kudo et al., 1998, 1999). Sixty-eight percent of the NESdb
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FIGURE 1: Overview of CRM1 cargoes in NESdb. (A) The organisms
from which CRM1 cargoes come. (B) The cellular localizations of
CRM1 cargoes as defined by Gene Ontology (GO) annotations.

(C) Cellular functions and biological processes in which CRM1 cargoes
participate, as listed in their GO annotations.

proteins were reported to contain at least one peptide capable of
targeting a reporter protein out of the nucleus, and 24% of NESdb
proteins were tested and shown to bind CRM1 in vitro.

CRM1 cargoes in NESdb come from a variety of organisms
(Figure 1A). Seventy-seven are from the animal kingdom, of which
most are human proteins and others are mouse, rat, frog, chicken, or
insect proteins. There are 17 fungi proteins: 12 from Saccharomyces
cerevisiae and 5 from Schizosaccharomyces pombe. Surprisingly few
S. cerevisiae cargoes have been reported, even though CRM1 is es-
sential in the organism. The slower state of discovery here may be
due to LMB insensitivity of the S. cerevisiae CRM1, which contains a
threonine in place of the reactive cysteine for LMB attachment. The S.
pombe CRM1 contains a reactive cysteine for LMB modification, and
Matsuyama et al. (2006) found that 285 S. pombe proteins were mis-
localized by LMB. We have not incorporated this list of 285 S. pombe
proteins in NESdb, since most of their NESs remain unmapped.
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We used Gene Ontology annotations of the CRM1 cargoes to
obtain information about their cellular localizations and functions
(Ashburner et al., 2000). Sixty-eight percent of the NES-containing
proteins shuttle between the nucleus and the cytoplasm; 13% are
found primarily in the nucleus and 11% primarily in the cytoplasm
(Figure 1B). Finally, CRM1 cargoes participate in many different cel-
lular processes. Almost half are nucleic acid-binding proteins, and
others participate in stress response, signal transduction, cell cycle,
transcriptional regulation, and transport (Figure 1C).

NES sequences in NESdb

We annotated a total of 268 NES sequences for the 221 CRM1 car-
goes in NESdb, since several cargoes contain multiple NESs. Loca-
tions of all 268 NESs within the CRM1 cargoes were assigned based
on experimental information described in the original publications.
Experiments to define NESs include NES mutations that abolish LMB-
sensitive nuclear export, in vitto CRM1 binding, and/or the ability of
the NES peptide to target reporter proteins out of the nucleus. CRM1-
binding or nuclear export assays were performed for the isolated NES
peptide or for the full-length cargo protein. However, because many
peptides in globular proteins match the very broad NES consensus, it
is difficult to accurately identify NESs. There are several instances
where sequences were initially reported as NESs but subsequent ex-
periments challenged their validity. Therefore we grouped the 268
NES sequences in the NESdb into two lists. The first list is named
“NESs" and contains 242 experimentally identified NESs with no con-
flicting experimental evidence. We refer to NESs in this list as “experi-
mentally identified NESs” or “experimental NESs.” The second list is
named “NESs in doubt” and contains 24 sequences that were re-
ported as NESs but about which subsequent studies cast doubt on
their status as NESs. Some of the sequences in this list failed in subse-
quent studies to bind CRM1 in the context of a protein domain (e.g.,
Stat1 and c-Abl; McBride and Reich, 2003; Hantschel et al., 2005),
and others did not bind CRM1 even as peptides (examples include
Dcps, APRIL, and Gal3; see later discussion). We refer to the previ-
ously identified NESs in this list as “misidentified NESs.” Beyond the
experimental NES sequences, the remaining sequences in the CRM1
cargoes are assumed to be negative or non-NES sequences.

For this work, we define an NES as a short peptide of 15 amino
acids. An NES may be shorter than 15 amino acids if it is located at
the N-terminus of the protein. NES residues are numbered 1-15 and
usually contain four hydrophobic positions labeled @1, ®2, ®3, and
®4. NESs are aligned at their C-terminus with the last hydrophobic
or ®4 residue, defined as position 15. Negative NESs are also de-
fined as 15 residues long and generated using a sliding window
protocol along non-NES sequences of the cargoes. For example, if
an experimental NES is not located within residues 1-16, then two
negative sequences, residues 1-15 and 2-16, can be generated
from this segment. Taken together, we generated >100,000 nega-
tive sequences from NESdb entries. The following analyses were
conducted with 234 experimental NESs from 200 cargoes that share
<40% sequence identity to another NESdb protein.

Among the 234 experimental NESs, 153 match the traditional
consensus sequence of ®1-Xy 3-02-X; 3-P3-X-®4 (Pn=L, V, |, F, or
M) and 208 match the expanded Kosugi consensus sequences
(class 1a, ®1-X3-02-Xo-®3-X-P4; class 1b, ®1-Xy-D02-Xo-P3-X-P4;
class 1c, ®1-X3-®2-X3-P3-X-04; class 1d, ®1-Xo-02-X3-P3-X-P4;
class 2, ®1-X-02-X,-03-X-®4; class 3, ®1-Xp-02-X3-P3-X,-P4;
where ®n=L,V, |, F, orM, and A, C, T, and W can be one of the ®n).
Among the >100,000 negative sequences, 1069 fit the traditional
consensus and 5550 fit the Kosugi consensus (Table 1). Negative
sequences that match the NES consensus sequences are termed
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Traditional consensus Kosugi consensus

Structure-based consensus (5-®s)

Xu consensus (new)

65% (153 of 234)
12% (153 of 1222)

89% (208 of 234)
4% (208 of 5758)

Recall

Precision

51% (121 of 234)
9% (121 of 1292)

84% (197 of 234)
6% (197 of 3100)

TABLE 1: Performance of different sets of NES consensus sequences.

false positives. The Kosugi consensus achieved a higher recall rate
(fraction of experimental NESs recovered by consensus) than the
traditional consensus (89 vs. 65%), but its precision rate (fraction of
consensus fitting sequences that are indeed experimental NESs) is
lower (Table 1). Owing to the overwhelmingly large number of false
positives, the precision rates of both the traditional and Kosugi con-
sensus are quite low, at 12 and 4%, respectively (Table 1).

Sequence logos of the NESs
We aligned the 234 experimentally identified NES sequences in
NESdb at their position 15 and generated a sequence logo to dis-
play patterns of the sequence alignment (Figure 2A). The height of
a stack of letters in a sequence logo indicates functional conserva-
tion, which is not preservation but the fit to a particular pattern.
Here similar functional constraints on evolutionarily unrelated NES
sequences caused them to converge to similar patterns. The se-
quence logo in Figure 2A showed four highly conserved positions,
as indicated by the height of the stack of letters at positions 6, 10,
13, and 15. Leucine is the most frequently found amino acid at these
functionally conserved locations. These four highly conserved posi-
tions produce the @1-X3-02-X,-®3-X-®4 pattern, which must be
the most prevalent hydrophobic pattern that describes experimen-
tally identified NESs. Positions @3 and ®4 of this prevalent pattern
are dominated by the five traditional hydrophobic residues Leu, lle,
Val, Met, and Phe. On further inspection, the sequence logo re-
vealed that position 13 is also occupied by nonhydrophobic amino
acids, suggesting spacing options other than the ®3-X-®4 spacing
that is stipulated by the traditional consensus. Negatively charged
residues, especially glutamates, are found at relatively high fre-
quency at intervening positions between the ®@s. la Cour et al. (2004)
noticed a strong prevalence of Glu, Asp, and Ser at positions that
are not occupied by hydrophobic residues. Fu et al. (2011) also re-
ported a preference for acidic residues, albeit to a lesser degree.
As a comparison, we also created sequence logos for negative
sequences that fit either the traditional or the Kosugi consensus pat-
terns (Figure 2, B and C, respectively). Figure 2B indicates that only
positions 13 and 15 are conserved among the false-positive se-
quences that match the traditional consensus. The degree of con-
servation decreases even further for false positives that match the
Kosugi consensus (Figure 2C). The reduced functional conservation
of hydrophobic positions suggests that false-positive sequences
show weaker preference for specific spacing of their hydrophobic
residues. When individual hydrophobic positions are examined, we
find that Ala, Thr, and Cys are observed at the ®3 and ®4 positions
of the false positives that fit the Kosugi consensus but not of the
experimental NESs (Figure 2C). Furthermore, the false-positive se-
quences show no increased frequencies of acidic residues at inter-
vening positions between ®s. In summary, we conclude that the
strong preference for the ®1-X3-®2-Xo-03-X-P4 pattern and the
abundance of acidic residues may help to distinguish experimental
NESs from false-positive sequences.

Position-specific amino acid frequency
To characterize the amino acid composition of NESs in NESdb, we
performed frequency analysis of each amino acid at specific posi-
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tions in the experimental NESs to compare with those of the false
positives that match the Kosugi consensus. Consistent with the se-
quence logos (Figure 2, A-C), Glu residues occur at significantly
higher frequency in experimental NESs than in false-positive

Cc
B Amino acid positions
3_
2_
2]
m
1- vy
- L
= x= F F
0- M M
NFNMQ‘M‘)LDI\QG)‘O_:‘QO"_)E&C

Amino acid positions

Nt ONODOO A
N -rr

14

153DT-<I

(9]

13 )P

Amino acid positions

FIGURE 2: Sequence logos of experimental vs. false-positive NESs.
(A) Sequence logo of experimental NESs in NESdb. (B) Sequence logo
of negative sequences that fit the traditional NES consensus patterns.
(C) Sequence logo of negative sequences that fit the Kosugi NES
consensus patterns. Sequence logos were generated by the program
WebLogo (http://weblogo.berkeley.edu/), where the x-axis is labeled
with amino acid position, with #15 as the last amino acid in the
sequence, and the y-axis represents the information content
measured in bits. The overall height of each stack of letters indicates
the sequence conservation at that position, and the height of a letter
within the stack indicates the relative frequency of the amino acid.
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sequences (0.1 vs. 0.06; Figure 3A). Asp residues are also slightly
more prevalent in experimental NESs (Figure 3B). These acidic resi-
dues are prevalent in intervening positions between the conserved
hydrophobic positions 6, 10, 13, and 15. Overrepresentation of
acidic residues suggests that experimental NES sequences are more
likely than the false positives to be negatively charged.

We also computed net charges of the NESs by adding up
charges from each amino acid. Asp and Glu residues were assigned
—1 charge and Lys and Arg residues assigned +1 charge, whereas
the other amino acids are assumed to be neutral. Our results showed
that ~62% of the experimental NESs have net negative charge com-
pared with ~41% of false-positive sequences. This finding is in
agreement with previous results by la Cour et al. (2004), who re-
ported that NES segments tend to have lower isoelectric points
than full-length protein cargoes. Fu et al. (2011) also incorporated
the preference for negatively charged residues into the feature sets
of NESsential. Structures of CRM1-NES complexes showed that
several positively charged amino acids flank the CRM1 NES-binding
groove, poised to engage in electrostatic interactions with acidic
residues in NESs (Dong et al., 2009a,b; Guttler et al., 2010).

We also found that tryptophans are mostly absent from positions
10-15 of the experimental NESs but maintain near-normal presence
in the false-positive sequences (Figure 3C). Structures of CRM1-
NES complexes show that the hydrophobic groove of CRM1 gradu-
ally narrows toward the C-terminus of the NES peptide, and model-
ing of Trp residues into any of the last three residues of the SNUPN
NES results in significant steric clashes with CRM1 (unpublished
data). Trp side chains may be too bulky to fit into the narrow NES-
binding groove.

Coverage of existing NES consensus sequences

Analysis of NES sequences in NESdb showed that only 65% of the
experimental NES sequences can be covered by the traditional con-
sensus of ®1-X; 3-P2-X;, 3-03-X-P4, suggesting that the traditional
consensus suffers from low sensitivity (Table 1). The expanded
Kosugi consensus sequences increased the recall rate to 89%, with
the improvement deriving from two aspects (Table 1). First, two of
the six Kosugi sequence patterns—class 2, ®1-X-02-Xp-03-X-D4;
and class 3, ®1-Xp-02-X3-®3-X,-P4—are unique and not repre-
sented in the traditional consensus and increased the recall rate by
12%, with 13 and 16 additional NES sequences fitting the two pat-
terns, respectively. Second, the Kosugi consensus expanded the
amino acid repertoire by allowing unconventional hydrophobic resi-
dues Ala, Cys, Thr, and Trp in one and only one of the @ positions
and thus increased recall rate, with 26 additional NESs that fit the
consensus.

However, we found that Ala, Cys, Thr, and Trp residues do not
appear equally frequently. Among the 26 NESs in NESdb that
use these unconventional hydrophobic residues to fit the Kosugi
consensus, 16 use Thrin one of their ® positions, 6 use Ala, 4 use
Cys, and none uses Trp. In addition, our analysis showed that the
four hydrophobic positions have different tendencies to be oc-
cupied by these unconventional hydrophobic residues. There are
13 NESs with unconventional hydrophobic residues in their @1
positions, 6 NESs with those residues in the ®2 positions, 5 NESs
with unconventional ®3 residues, and only 2 NESs with an un-
conventional ®4 residue. This result is consistent with the se-
quence logo in Figure 2A, which shows that ®3 and ®4 of experi-
mental NESs are dominated by the conventional hydrophobic
residues Leu, lle, Val, Phe, and Met. Therefore Thr and Ala resi-
dues seem more likely to occupy positions @1 and @2 than ®3 or
@4 in experimental NESs.
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Guttler et al. (2010; Guttler and Gérlich, 2011) recently intro-
duced a structure-based NES consensus that consists of five instead
of four key hydrophobic positions. They introduced ®0 at the
N-termini of NESs and divided the signals into two classes: the
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PKl-class NESs and the Rev-class NESs. The consensus for the PKI-
class NES is defined as ®0-Xp 3-®1-X3-02-X; 3-03-X-04, where ®0
canbel, VM, L, A Y, FEW, orP, ®1 canbel, |,V M, F A, or W;
®2canbe FEM, L I, V,Y, orW; ®3 canbe L, M, |, V, F, W, or A; and
®4 canbe L, I, M, V, or F. The consensus sequence for the Rev-class
NES is @0-®@1,,,-X1-P2-X-®3-X-®4, where Pro is strongly preferred
in the @1 position, and the preferences for the other hydrophobic
positions were not described. Analysis of sequences in NESdb
showed that 121 of the 234 experimental NESs fit either PKl-class
NESs or Rev-class NESs (recall rate of 52%). The structure-based
consensus sequences do not include the ®1-X,-®2 spacing, which
is covered by the traditional consensus. The exclusion of this spe-
cific spacing stems from structural examination of the CRM1-bound
NES of the HIV-1 Rev protein ("*LQLPPLERLTL®3), which suggested
that the ®1-X,-®2 NES spacing can accommodate neither helical
nor extended peptide conformation (Glittler et al., 2010). On struc-
tural analysis, the ®1-X,-®2 spacing of the Rev NES was reassigned
to the ®0-®1,,-X;-®2 spacing of the structure-based consensus.
However, our analysis suggests that the Rev-class NESs are relatively
uncommon since only six experimental NESs in NESdb conform to
the @0-®1,,-X1-P2 pattern.

The introduction of @0 in the structure-based consensus is based
on the observation that CRM1 offers five hydrophobic pockets to
bind the ® positions of NESs (Giittler et al., 2010). We found that ®0
appears at the N-termini of ~76% of the experimental NESs that fit
either Kosugi or traditional consensus. It is not imperative for NESs
to have a ®0, but the common occurrence of ®0 residues suggests
its importance in NES-CRM1 interactions. The absence or presence
of ®0 may explain the large variation of binding affinities between
CRMT1 and cargoes. In some cases, ®0 may be necessary to increase
affinity when binding energy provided by the rest of the NES is not
sufficient for nuclear export. The observation that not all five hydro-
phobic residues are mandatory, especially when there are four
strong hydrophobics, suggests a greater diversity of spacings for
the structure-based consensus sequence (Glttler et al., 2010). The
relaxed requirement of only four hydrophobic residues increased
the recall rate of the structure-based consensus to 83%, but its pre-
cision rate dropped to 2%, as many false positives are introduced.
The structure-based consensus with 5-@s appears to be more bal-
anced than the structure-based consensus with 4-®s (see Supple-
mentary Table S1).

Our performance analysis of the three existing sets of NES con-
sensus sequences showed that each one has its strengths and limi-
tations. The traditional consensus is strict, with the highest precision
rate. The Kosugi consensus is more tolerant and thus achieved the
best recall rate. The structure-based consensus with 5-®@s is more
precise but has a lower recall rate than the Kosugi consensus. Be-
cause high-resolution CRM1-NES structures are available for only
three different NES peptides, we expect that the structure-based
consensus will evolve to improve sensitivity as new structures be-
come available. In fact, each of the three existing versions of NES
consensus require further refinements to be used for prediction
purposes.

An improved NES consensus

Sequence analyses of NESs in NESdb led us to the following obser-
vations: 1) the six hydrophobic patterns of the Kosugi consensus
provide sufficient coverage for the diverse conformations that NES
peptides might adopt; 2) @1 or ®2 but not ®3 or ®4 positions can
accommodate Ala or Thr in addition to the conventional hydropho-
bic residues Leu, lle, Val, Phe, and Met; and 3) Trp is rarely found
at the C-termini of experimental NESs and therefore should be
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excluded from NES positions 10-15 (Figure 3C). On the basis
of these observations, we propose a new NES consensus with
three sequence patterns: ®1-X; 5 3-®2-["W],-®3-["W]-D4 (type 1),
D1-Xg 3-P2-["W]3-P3-["W]-D4 (type 2), and P1-Xo-D2-X["W]-D3-
["W],-®4 (type 3), where [*W] is any of the 20 amino acids except
Trp. Furthermore, Ala and Thr residues can be used only once at
either position @1 or ®2.

Our new NES consensus has a recall of 84%, which is much
higher than the 65% recall rate of the traditional consensus and only
slightly lower than the 89% recall of the Kosugi consensus (Table 1).
Only 11 experimental NESs that fit the Kosugi consensus are ex-
cluded from this new consensus. The slightly reduced sensitivity of
our new NES consensus mainly resulted from restricting ®3 and ®4
to conventional hydrophobic residues. On the other hand, this new
consensus achieves improved precision compared with the Kosugi
consensus, reducing the number of false positives by almost half,
from ~5500 to ~2900 (6 vs. 4% precision). However, the number of
false positives remains high, and the precision of the consensus is
still low. The intrinsic low precision of this improved NES consensus
may be due to the fact that sequences with hydrophobic residues
are frequently found in the interior of proteins. Thus, although many
false-positive sequences look like NESs and may indeed bind CRM1
as isolated peptides, they are actually not available to bind CRM1 in
the context of full-length cargoes. It will be important to consider
the context of the NES sequence within its protein to improve the
precision of prediction without lowering recall.

Evolutionary conservation of NESs

Although sequence logos identified amino acids and positions that
converged to similar patterns among unrelated NESs sequences in
NESdb, the analysis provided no information on whether a given
NES is preserved through evolution. It is generally believed that
homologous proteins share similar fold and functions. Thus one
would expect functional units such as NESs to be highly conserved,
especially at the key hydrophobic positions, among homologues of
the cargo proteins. We analyzed evolutionary conservation patterns
of NESs in cargo proteins and their close homologues using the
program AL2CO (Pei and Grishin, 2001), which calculates evolu-
tionary conservation index based on multiple sequence alignment
of a protein and its homologues. As shown in Figure 4, evolutionary
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FIGURE 4: Position-specific evolutionary conservation scores of
experimental NESs vs. false positives that fit the newly proposed
consensus. The evolutionary conservation scores were computed with
the program AL2CO.
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FIGURE 5: Examples of NESs in the PDB. (A) Crystal structures of NESs of snurportin-1 (PDB ID:
3GB8), HIV-1 Rev (3NBZ), and PKlo. (3NBY) bound to CRM1. Cargo proteins are drawn as ribbon

Tbx5

may be exploited to distinguish real NESs
from false positives.

NESs in the PDB

To gain information about structural proper-
ties of NESs within cargo proteins, we
searched the PDB for NESdb entries. We
also used the program BLAST (Altschul
et al., 1990, 1997) to search for structures of
close homologues of CRM1 cargoes. We
found 56 structures of NES-containing pro-
teins in the PDB. Of the 56 structures, 27 are
monomeric proteins, 9 are homo-oligomers,
16 are part of protein—protein complexes,
and 4 are part of protein-nucleic acid com-
plexes. In addition, crystal structures are
available for the NESs of SNUPN, HIV-1 Rev,
and PKlo. bound to CRM1 (Figure 5A). Tak-
ing these results together, we obtained
structural information for 68 different NESs.
Their sequences, consensus patterns, sec-
ondary structure assignments, relative sur-
face accessibilities, and CRM1-binding ac-
tivities are all listed in Table 2. Critical
hydrophobic residues in the NESs are shown
in boldface and designated based on the
following criteria: 1) priority is given to a
consensus pattern with L, F, |, M, or V in all
four @ positions; 2) if such pattern is absent,
a pattern with T or A in one of the ® posi-
tions is selected; and 3) in cases in which
multiple patterns exist, we chose patterns
with maximum relative surface accessibility.

diagrams and their NESs colored pink, whereas the rest of the cargoes are colored from N- to

C-termini in gradients of light to dark blue. CRM1 is shown in gray surface representation.

(B) Examples of NESs that are located within 20 amino acids of the termini of protein domains:
E7 of HPV16 (2EWL), MAPKK1 (2Y4l), and Gal3 (2XG3). The NESs of E7 and MAPKK1 are
surface accessible, but the NES of Gal3 is not. (C) Examples of two NESs that are located far
from protein termini: NESs of Yap1p (1SSE) and Tbx5 (2X6U). Both NESs shown here are

flanked by long loops.

conservation scores gradually increased from the N- to the C-termi-
nus of experimental NESs. In particular, amino acid positions 6, 10,
13, and 15 display higher evolutionary conservation scores than do
neighboring positions. The evolutionarily conserved positions
match the consensus sequence pattern of ®1-X3-®2-X,-03-X-04,
which is the most prevalent pattern describing the experimental
NESs. Therefore key hydrophobic positions of experimental NESs
are indeed more conserved in homologues than intervening posi-
tions, although it is somewhat puzzling to find that position 15 is
less conserved than positions 6, 10, and 13. We also examined
evolutionary conservation scores of false-positive NESs. Of interest,
the average evolutionary conservation score of false-positive se-
quences is higher than that of the experimental NESs. This may
suggest that the likely locations of false positives are in protein
hydrophobic cores, which are generally conserved among homolo-
gous proteins. Fu et al. (2011) also noticed that NESs may not be
necessarily conserved among all orthologues and thus have lower
conservation scores, whereas false positives may be highly con-
served. However, unlike experimental NESs, in which key hydro-
phobic positions are more conserved, no specific positions appear
more conserved in the false-positive sequences. This subtle feature
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CRM1-NES interactions

We chose 40 of the 68 NESs found in the
PDB to test for direct CRM1 binding in pull-
down binding assays with recombinant GST-
NESs, CRM1, and RanGTP. Although direct
CRM1-NES interaction is an absolute pre-
requisite in CRM1-mediated nuclear export,
most studies reporting NES identification did not include experi-
mental evidence for direct CRM1-NESs interactions. Only 30 of the
221 proteins in NESdb have been shown to bind CRM1 directly in in
vitro assays using recombinant proteins. Another 22 have been
shown to interact with CRM1 in immunoprecipitation assays that do
not necessarily demonstrate direct interactions with CRM1.

Each NES peptide tested is ~20 amino acids long and contains
the NES sequence that was annotated in NESdb. Results for the
binding assays are shown in Figure 6 and Supplemental Figure S2
and summarized in Table 2. Among the 40 NESs that were tested,
24 NES peptides bound CRM1 in stoichiometric manner and are
referred to as CRM1 binders, and 16 failed to bind CRM1. We exam-
ined the 16 negative binders for proteolytic degradation using mass
spectrometry and found that 14 NESs have the expected masses
(Supplemental Table S2). We ascertained that these 14 sequences
are negative NESs and moved them to the “NESs in doubt” list. We
noticed that 3 of the 14 negative NES do not fit any of the consen-
sus patterns, whereas only 1 of 24 CRM1-binders does not fit any
consensus pattern. These data suggest that sequences that match
consensus patterns are more likely to bind, further supporting the
validity of NES consensus sequences.
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nant purified GST-NESs and CRM1 are shown

by pull-down binding assays. Immobilized GST-NESs of 40 CRM1 cargoes were incubated with CRM1 in the presence
and absence of RanGTP. Bound proteins were resolved with SDS-PAGE and visualized by Coomassie staining. The 40
NESs were chosen because their 3D structures are available in the PDB. (A-C) CRM1 binders (except CHP1-2 and

Topo20-2). (D) A subset of the NESs that do not bind CRM1.

It is surprising to find that approximately one-third of the ex-
perimental NESs tested by pull-down binding assays did not bind
CRM1 directly. This finding underscores the difficulty in accurately
identifying NESs and the caution one must take in interpreting ex-
perimental results before designating NESs. Although nuclear ex-
port of most NESdb entries is CRM1 dependent, some proteins
might not contain NESs but bind CRM1 indirectly through adaptor
proteins. Alternatively, a cargo protein might in fact bind CRM1
directly but not have its NES identified correctly. Further complica-
tions arise as CRM1 may bind to an isolated NES peptide but may
not bind the NES in the context of a protein domain or the full-
length protein, as in the case of Stat1 and c-Abl (McBride and Re-
ich, 2003; Hantschel et al., 2005). Binding assays using recombi-
nant full-length cargoes and CRM1 combined with mutagenesis
and cellular localization studies will be necessary to accurately
identify potential NESs.

We classified the 14 negative binders with expected masses
identified earlier as misidentified NESs, which reside in the “NES in
doubt” list of NESdb. Other than these 14 negative binders, 3D
structures are available for 5 other misidentified NESs in that list. We
examined structural properties of the remaining 47 experimental
NESs and the 19 misidentified NESs found in the PDB and com-
pared them with >200 false-positive NESs found in structures of
CRM1 cargoes.

NES locations in CRM1 cargoes

Three-dimensional structures of NES-containing domains or pro-
teins show that NESs reside at various locations within individual
protein domains. Of the 47 experimental NESs, 24 reside within 20
residues of the termini of protein domains. Such terminal NESs may
be more accessible for CRM1 binding since only one end of the
signals is tethered to the cargo polypeptide chains. E7 of HPV16
(PDB ID: 2EWL) and MAPKK 1 (2Y4l) are two examples of proteins
with terminal NESs (Figure 5B). We note that NESs at protein or
domain termini do not guarantee accessibility if NES residues con-
tribute to the hydrophobic core of the protein or are part of a B-
sheet. For example, the NES of Gal3 (2XG3), one of the five mis-
identified NESs located at protein domain termini, is in the middle
of a B-sheet. Interaction of the Gal3 NES with CRM1 would require
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unraveling of the B-sheet (Figure 5B). Internal NESs that are located
adjacent to long loops might also be accessible to CRM1. Fourteen
experimental NESs in the PDB precede and/or are preceded by
loops longer than five amino acids. Two examples of NESs flanked
by long loops are found in the AP-1 transcription factor (1SSE) and
T-box protein 5 (2X6U; Figure 5C). Seven experimental NESs in the
PDB are located in internal sites of proteins that are not flanked by
loops. By comparison, we found that only 35 false positives (17%)
are located at protein domain termini, and 53 false positives are lo-
cated in internal sites of proteins that are not flanked by loops.

Secondary structures of the NESs

Structures of CRM1-NES complexes showed that the C-terminal
portions (residues 13-15) of CRM1-bound NESs adopt extended or
loop conformations, whereas the rest of NESs are either short o-
helices or loops (Figure 5A). In the PDB, 22 of the 44 experimental
NESs that are not bound to CRM1 adopt similar secondary structure
elements (SSEs) as NESs in the CRM1-NES complexes (Table 2A
and Figure 7A). Sixteen of these NESs adopt helix-loop conforma-
tions and 6 adopt entirely loop conformations. Four experimental
NESs were not modeled due to disorder or flexibility. Thus SSEs of
59% of experimental NESs appear suitable for CRM1 binding. Of
the remaining 18 NESs, 10 are entirely helical and part of long heli-
ces, and 8 are in B-strands that are part of B-sheets (Table 2A). In
contrast, a smaller fraction of the false positives (36%, or 73 of 202)
adopt helix-loop or entirely loop conformation, and many more are
entirely helical (54) or part of B-sheets (75). Misidentified NESs
showed similar distribution of SSEs as false positives, as 31% of mis-
identified NESs (6 of 19) adopt helix-loop or entirely loop conforma-
tions, five are entirely helical, and eight are part of B-sheets (Table
2B and Figure 7, B and C).

We also performed position-specific SSE analysis of the 15 NES
positions (Figure 8). We found that 60-70% of all experimental NESs
in the PDB adopt a-helical conformation in the N-terminal region
spanning positions 3-10. Only ~30% of the NESs form loops, and
only ~10% adopt B-strand conformations, in the N-terminal one-
third of the signals. However, the trend changes at the C-termini of
the NESs, with the last two hydrophobic positions equally likely to
be o-helical or coiled (Figure 8A). In contrast, position-specific SSE
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FIGURE 7: Examples of secondary structural elements adopted by NESs. (A) The NES of PLC-81
(1DJX) adopts a combined a-helix-loop conformation, similar to the secondary structure of the
CRM1-bound SNUPN NES. (B) The NES of Stat1 (*KQVLWDRTFSLFQQL3'?%; 1BF5) is entirely
o-helical. (C) The NES of CDK5 (**VRLHDVLHSDKKLTL’®; TUNG) is part of a B-sheet. The color
schemes used here are the same as in Figure 5.

analysis of the false-positive NESs showed persistent tendency to
form a-helix throughout the entire length of the false positive NESs
(Figure 8B). Although the curves are rough due to the smaller sam-
ple size, position-specific SSE analysis of misidentified NESs dis-
played similar trends as those of the false positive NESs (Supple-
mentary Figure S1A).

A
[0}
0
= 100 +Loop
S 90 {3 strand
S 80 =0 Helix
£ 70
‘g,_ 60
< 50
2 40
S}
2 2
3 10 \‘\HY-—A\._.\‘/./A//\‘
S 0
R 1234567 8 9101112131415
Amino acid positions
C
[2]
n
|
zZ
®©
5100 +Loop
g % +f3 strand
g 80 = Helix
& 70
2 60
6]
2 40
N
? 30
E 20
2 10 H—“’W
8 0
o 1234567 8 9101112131415
og Amino acid positions

Because 3D structures are not available
for many NESdb entries, we used the pro-
gram PSIPRED (Jones, 1999; Buchan et al.,
2010) to predict SSEs of all 234 experimen-
tal NESs and all the false-positive sequences
that fit the newly proposed consensus. The
results showed that the predicted SSEs of
63 experimental NESs are helix-loop confor-
mations, 81 are mostly loop conformations,
73 are part of long helices, and 17 are part
of B strands. The predicted SSEs demon-
strated similar features as the structural data,
with a strong preference for a-helices and a
bias against B-strands. The C-termini of ex-
perimental NESs tend to progress from heli-
cal to coiled, whereas false-positive se-
quences tend to remain entirely helical
(Figure 8, C and D). Surprisingly, although SSEs observed in 3D
structures of misidentified NESs resembled those in the false posi-
tives, predicted SSEs of misidentified NESs showed similar trends as
the experimental NESs (Supplementary Figure S1B). Such inconsis-
tency may present a challenge in NES prediction efforts that incor-
porate predicted SSEs as a feature.
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FIGURE 8: Secondary structure elements (SSEs) of the NESs. (A) SSE composition of experimental NESs based on SSEs
extracted from the 3D structures. (B) SSE composition of the false positives based on SSEs extracted from the 3D
structures. (C) SSE composition of experimental NESs based on predicted SSEs. (D) SSE composition of the false
positives based on predicted SSE. SSEs from 3D structures were extracted using the program DSSP (Kabsch and
Sander, 1983), and SSE prediction was carried out using the program PSIPRED (Jones, 1999; Buchan et al. 2010).
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Based on the SSEs of NESs in 3D structures, the o-helix that transi-
tions to loop conformation appears to be the most favored confor-
mation for NESs. This combined helix-loop conformation may require
the least rearrangement to fit into the NES groove of CRM1. The all-
loop conformations may exert less restraint on the backbone of NESs
when the hydrophobic residues dock into the ® pockets of the CRM1
groove. In contrast, the all-helical conformation will likely require
some degree of unfolding at the C-terminal end to occupy the narrow
portion of the CRM1-binding groove. The B-strand conformation re-
quires the most significant conformational change due to inappropri-
ate periodicity of hydrophobic residues or inaccessibility of the NES
peptide in a B-sheet. Indeed, we observed that 8 of the 19 misidenti-
fied NESs occur in B-strands in the PDB, and all but one failed to bind
CRM1 in pull-down binding experiments (Figure 6 and Table 2B). We
need to the keep in mind that the NESs in the PDB may adopt SSEs
in different states of the cargo proteins due to intrinsic protein flexibil-
ity, protein modiifications, or changes of binding partners.

Crystallographic B-factors and disorder propensity

of the NESs

Of the 47 experimental NESs in the PDB, the NESs of RanBP1
(1K5D), cyclin D1 (3G33), STRADa (3GNI), and NPM mutant A
(2VXD) are part of constructs used in structure determination, but
the NES residues were not modeled in the final structures probably
due to high mobility or disorder. In addition, only fractions of seven
other NESs were modeled, suggesting that these unobserved resi-
dues were also mobile or structurally disordered. These observa-
tions prompted us to analyze structural flexibility and intrinsic disor-
der of the NESs and sequences that flank the signals.

Structural flexibility or mobility can be illustrated by large crystal-
lographic B-factors (temperature factors) that measure the degree
to which the electron density spreads out in x-ray structures. It was
previously observed that several NESs are located at or close to re-
gions with large B-factors (la Cour et al., 2004). We compared the
average B-factors of Co atoms in the NESs with the average Co. B-
factors of the entire proteins or domains. Average Co. B-factors were
calculated for the 37 experimental NESs in crystal structures. We
found that the majority (78%) of experimental NESs have similar B-
factors as the whole proteins, whereas 16% of the experimental
NESs have B-factors at least one standard deviation (SD) above the
average B-factor of the entire protein, and 6% have B-factors at least
one SD below those of the entire protein. Similar analysis of the
false-positive NESs in crystal structures showed that 92% have simi-
lar B-factors as the whole proteins, and 2 and 6% have higher and
lower B-factors, respectively. Therefore B-factors of the false-posi-
tive NESs showed similar distribution to those of the experimental
NESs. This analysis suggests that experimental NESs are not usually
found in protein regions with high B-factors, and this crystallographic
parameter is not useful to distinguish experimental from false-posi-
tive NESs.

We also examined the propensity for intrinsic disorder of the
NESs. Disordered regions of proteins often contain functional
sites, and numerous computational tools have been developed to
analyze protein sequences for potential intrinsic disorder. Most of
these prediction tools are quite successful since there is a clear
association between disorder propensity and sequence features
such as low complexity and high aromatic composition. We used
the program DISOPRED?2 to predict disorder propensity of NES-
containing proteins in NESdb (Ward et al., 2004). We calculated
average disorder scores at each position of the experimental NESs
to compare with the disorder scores of the false positives. Disorder
propensity plots show that experimental NESs have much higher
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FIGURE 9: Disorder propensities of the NESs. Predicted disorder
scores of experimental NESs compared with those of the misidentified
NESs and the false positives. Disorder scores were obtained for 50
residues preceding the NESs, the NESs, and 50 residues following the
NESs. NES residues are found within the two vertical dotted lines.
Disorder prediction was carried out by DISOPRED2 (Ward et al., 2004).

disorder scores than false positives (Figure 9). These findings are
consistent with previous observations that NES sites display more
disorder than false-positive NESs (Fu et al., 2011). Disorder scores
for misidentified NESs are comparable to those of experimental
NESs.

We observed that N-terminal portions of NESs have higher dis-
order scores than their C-termini (Figure 9). Of interest, the drop in
predicted disorder at the C-termini of NESs correlates well with the
increase in evolutionary conservation scores of experimental NESs
among homologous cargoes (Figure 4). Although we do not fully
understand the basis of such correlation, this relationship may be
further investigated and perhaps exploited to improve NES predic-
tion. We also found that sequences that flank experimental NESs
(50 amino acids on either side of the NESs) have significantly higher
disorder scores than sequences that surround misidentified NESs or
false-positive NESs (Figure 9). Disordered regions surrounding ex-
perimental NESs may increase their access to CRM1 or may also
enhance the ability of NESs to adapt to optimal conformations for
CRM1 binding.

Surface accessibility of the NESs
Three-dimensional structures of CRM1-NES complexes revealed
that NESs bind to a hydrophobic groove of CRM1 with their ®0-®4
hydrophobic residues docking into hydrophobic pockets within the
groove (Dong et al., 2009a,b; Monecke et al., 2009; Gittler et al.,
2010). Structural comparison of the binary CRM1-NES, the ternary
RanGTP-CRM1-NES, and the binary CRM1-RanGTP structures re-
vealed that conformations of NES-binding grooves are all similar,
suggesting that diverse NESs adapt structurally to fit into a structur-
ally invariant binding site (Giittler et al., 2010). A critical requirement
for NES association with CRM1 is the exposure of key hydrophobic
residues of the NES before CRM1 binding. However, hydrophobic
residues, especially those on hydrophobic surfaces of amphipathic
helices, tend to be buried in proteins. To investigate the accessibility
of NESs within their protein cargoes, we computed their relative
surface accessibility (RSA) from the available 3D structures.

The RSA of a residue refers to the ratio of its solvent accessible
surface area (ASA) in the 3D structure to its ASA in an extended
tripeptide conformation (Ala-X-Ala or Gly-X-Gly; Rost and Sander,
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Partially

Exposed® exposed? Buried®
RSA-NES*  RSA-®1° RSA-®2 RSA-®3 RSA-®4 (%) (%) (%)
3D structures’ Experimental 0.45+0.25 0.31+0.30 0.25+0.27 0.36+0.34 0.36+0.35 49 34 17
NESs
Misidentified 0.36+0.14 0.18+0.21 0.17£0.23 0.17+0.24 0.32+0.33 26 58 16
NESs
False 0.27+0.12 0.17+£0.21 0.15+0.20 0.12+0.177 0.16+0.21 17 42 42
positives
Predictedd Experimental 0.24+0.08 0.16+0.14 0.12£0.13 0.12+0.11 0.17+0.13 10 32 58
NESs
Misidentified 0.22+0.11 0.13+£0.18 0.12+0.18 0.10+0.14 0.12+0.14 17 13 67
NESs
False 0.21£0.10 0.16£0.15 0.14+0.14 0.10+£0.11 0.12+0.12 13 22 65
positives

2Average relative surface accessibility of all residues in the NES.
bAverage relative surface accessibility of key hydrophobic residues in the NES.
A sequence is defined as exposed if both its RSA-NES and RSA-®s are >0.25.

9A sequence is defined as partially exposed if its RSA-NES is >0.25 and RSA-®s is <0.25.

A sequence is defined as buried if both its RSA-NES and RSA-®s are <0.25.

fCalculated surface accessibility of 47 experimental NESs, 19 misidentified NESs, and 202 false positives in 3D structures.
9Predicted surface accessibility of 234 experimental NESs, 24 misidentified NESs, and 2903 false positives using the program SABLE.

TABLE 3: Surface accessibility of experimental NESs compared with that of the misidentified NESs and false positives.

1994). RSA (values range from O to 1) rather than ASA values are
usually used to compare accessibilities of amino acids of different
sizes. A residue is usually classified as exposed or buried based on
an arbitrary, user-defined threshold. In this work, we computed
RSA values of NES residues using the program NACCESS (Hubbard
and Thornton, 1993), and a residue is considered exposed if its
RSA is greater than the widely adopted cutoff value of 0.25. The
RSA of an NES is calculated by averaging the RSAs of all its resi-
dues. The same cutoff value is used to describe exposure of the
NES. RSAs of NESs (RSA-NES) are listed in Table 2 along with aver-
age RSAs of the key hydrophobic NES residues (RSA-®s). We
grouped the 47 experimental NESs in the PDB into three catego-
ries according to their RSA-NES and RSA-®s values (Table 3).
Twenty-three NESs are categorized in the exposed group, where
both RSA-NESs and RSA-®s are >0.25. Another 16 NESs are cate-
gorized as partially exposed, with RSA-NESs of >0.25 and RSA-®s
of <0.25. Finally, eight NESs are deemed buried, with both RSA-
NESs and RSA-®s values of <0.25. Note that for NESs that are lo-
cated at protein—protein or protein—nucleic acid interfaces, RSA
values were computed without their binding partners.

We also studied differences in surface accessibilities between
experimental NESs, false-positive NESs, and misidentified NESs,
which were all measured in the same manner. The average RSA-NES
values for experimental NESs are larger than those of the misidenti-
fied NESs or the false positives (0.45 vs. 0.36 and 0.27; Table 3). Al
four key hydrophobic residues in experimental NESs are also more
exposed than the corresponding residues in misidentified or false-
positive NESs. This difference is especially striking for the ®4 posi-
tion, where the ®4 RSA of experimental NESs is more than double
that of the false positives (0.36 vs. 0.16). Forty-nine percent of ex-
perimental NESs are considered exposed, in contrast to only 5 mis-
identified NESs (26%) and 34 false positives (17%), which are classi-
fied as exposed. Therefore it is evident from surface accessibility
analysis of cargo structures that experimental NESs are more ex-
posed than false-positive NESs.

3690 | D.Xuetal

We predicted RSA values for all 234 experimental NESs
(including NESs with 3D structures), all 24 misidentified NESs,
and 2903 false-positive sequences using the program SABLE to
gain insight into their surface accessibility features (Adamczak
et al., 2004, 2005). Table 3 shows that the predicted RSA-NES
and RSA-®s values for experimental NESs are comparable to
those of the misidentified NESs and the false positives. Never-
theless, the trend for predicted RSA is similar to the measured
accessibility of NESs in the PDB. More misidentified NESs and
the false positives are classified as buried than experimental
NESs (67 and 65% vs. 58%).

It is intriguing to find that a substantial fraction of experimental
NESs are not accessible, with their hydrophobic residues buried in
the cargo proteins. How do these NESs gain access to and bind
CRM17? Of interest, among the eight NESs in the PDB that are not
accessible, only four are monomers. Three others form oligomers,
and one is part of a protein-nucleic acid complex. It is possible that
these proteins and their NESs may undergo conformational changes
upon removal or changes of the binding partners, thus exposing
previously buried NESs. Furthermore, 14 experimental NESs in the
PDB are connected to the rest of the cargoes by loops longer than
five amino acids, which may allow equilibration between muiltiple
local conformations, some of which may entail more-accessible
NESs. Finally, protein modifications like mutations or posttransla-
tional modifications such as phosphorylation, acetylation, methyla-
tion, or ubiquitination might unmask previously buried NESs. For
example, the normally nucleolar protein nucleophosmin (NPM) is
mutated in acute myeloid leukemia to create NESs at the C-termi-
nus of its C-terminal domain, which then mislocalize mutant NPM to
the cytoplasm. The new NESs are expected to slightly extend a
mostly buried C-terminal helix, but, of interest, the mutations in-
volve loss of two Trp residues in the helix that leads to domain un-
folding and NES exposure (Chen et al., 2006; Falini et al., 2006,
2007, Bolli et al., 2007). Therefore, although a real NES should ide-
ally be exposed rather than buried in the cargo protein, we cannot
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yet simplistically reject a particular sequence as a NES based on its
lack of solvent accessibility in a 3D structure.

DISCUSSION

The leucine-rich or classical NES is the only characterized class of
NES. Three sets of NES consensus sequences were previously pro-
posed to describe the hydrophobic patterns of the NESs. However,
since large portions of all three consensus patterns essentially de-
scribe the amphipathic helix, which is found in most proteins, there
exist many false-positive sequences that merely conform to NES
consensus but do not have nuclear export capability. Therefore the
NES appears to be a complex and diverse signal that is captured not
just by its consensus sequences but also by other physical proper-
ties. In most cases, NESs were experimentally identified and re-
ported on an individual basis. Although several attempts have been
made to characterize NES features beyond sequence patterns,
these efforts were either carried out with a limited number of NESs
or focused on a limited set of NES properties.

We compiled a database named NESdb with >200 experimen-
tally identified NES-containing CRM1 cargoes and conducted a
comprehensive analysis of both the sequence and structural fea-
tures of 234 experimentally defined NESs in the database. Our
analysis focused on identifying differences between experimental
and the false-positive NESs. We found that despite the shared se-
quence patterns between experimental NESs and false positives,
the C-termini of experimental NESs are less likely to accommodate
bulky amino acids than those of the false positives, and substitution
of traditional hydrophobic residues by amino acids with weaker hy-
drophobicity is better tolerated at the N-termini of experimental
NESs than at their C-termini. In addition, experimental NESs are
more likely to be negatively charged than false positives. On the
basis of these subtle differences, we improved the NES consensus
to achieve a balanced recall rate and precision.

Experimental NESs are further distinguished from the false posi-
tives by their structural features. The secondary structural elements
of experimental NESs are usually entirely loops or start with an a-
helix that transition to a short loop. In contrast, false positives tend
to be o-helical throughout the entire length of the NESs. Presum-
ably, the o-helix-loop or all-loop NES conformations are more com-
plementary to the rigid NES-binding groove of CRM1, as seen in the
crystal structures of CRM1-NES complexes. Experimental NESs also
show higher propensity for intrinsic structural disorder in the NES
and its surrounding sequences than the false positives. Disordered
regions in unbound cargoes can provide both the accessibility and
flexibility needed for interactions with CRM1. Hydrophobic residues
tend to be buried in protein structures, but hydrophobic residues in
experimental NESs show remarkably greater accessibilities than
those in false positives.

The NES represents another example of complex signals that
must be described by a set of structural and sequence properties.
Accurate prediction of these complex signals from the genome re-
quires such physical and chemical knowledge. The features revealed
here that distinguish experimental from false-positive NESs will be
important for future accurate NES prediction.

MATERIALS AND METHODS

NES data sets

NES sequences are available in the NESdb database (http://
prodata.swmed.edu/LRNes), which contains 221 experimentally
identified CRM1 cargoes that were published up to December 2011
and was compiled by manually curating the published literature. Se-
quence similarity among the 221 proteins was identified using the
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program CD-HIT (Li and Godzik, 2006). Two hundred proteins with
<40% sequence identity to other proteins in NESdb, which contain
234 experimental NES sequences, were used in the analyses. An
experimental NES is defined as a short peptide of 15 amino acids
(or less if located at the N-terminus) that was demonstrated experi-
mentally to possess nuclear export capabilities. Negative NESs are
defined as 15-residue-long protein sequences that are located out-
side the experimental NESs. More than 100,000 negative sequences
from NESdb entries were generated using a sliding window proto-
col. False-positive NESs are negative NESs that fit NES consensus
patterns. There are also 24 misidentified NESs in NESdb. These
were sequences that were initially identified to be NESs but about
which subsequent experiments raised doubt on whether the se-
quences are indeed NESs.

Sequence analyses of the NESs

Sequence logos were generated using the program WeblLogo
(Crooks et al., 2004). Each amino acid position is represented by a
stack of letters. The height of the stack (measured in bits) reflects the
degree of sequence conservation at the corresponding position,
and the height of each letter represents the relative frequency of the
amino acids at the corresponding location (Schneider and Stephens,
1990; Crooks et al., 2004). Evaluation of NES consensus and posi-
tion-specific amino acid frequency analysis were performed using
Excel and Python scripts. Evolutionary conservation scores were
calculated with the program AL2CO (Pei and Grishin, 2001). A
sequence similarity search was carried out by the BLAST program
(Altschul et al., 1990, 1997).

Structural analyses of the NESs

High-resolution structures of CRM1 cargoes or their close homo-
logues were found using BLAST search (Altschul et al., 1990, 1997)
against the PDB and the structures visualized with PyMOL (PyMOL
Molecular Graphics System; Schrédinger, New York, NY). Secondary
structure elements (SSEs) of the NESs in these structures were as-
signed using the DSSP program (Kabsch and Sander, 1983). SSEs of
all NES sequences analyzed were predicted using the program
PSIPRED (Jones, 1999; Buchan et al., 2010). Disorder scores of NES
sequences were calculated using the program DISOPRED2 with the
false-positive threshold set to 10% (Ward et al., 2004). The RSA of a
residue within an NES was obtained by dividing its ASA in 3D struc-
tures with its ASA when in an extend conformation (Ala-X-Ala or
Gly-X-Gly tripeptide; Rost and Sander, 1994). A threshold value of
0.25 was chosen to classify its accessibility status of buried versus
exposed. If a residue was included in the construct used in structure
determination but not modeled in the final structure, its RSA was set
to 1. RSA values in NES-containing protein structures were com-
puted using the program NACCESS (Hubbard and Thornton, 1993),
and RSA predictions were carried out using the program SABLE
(Adamczak et al., 2004, 2005).

In vitro binding assays

Constructs of 40 different NESs were generated by ligation of an-
nealed oligonucleotides into the pGEX-Tev vector and verified by
sequencing. GST-NESs were expressed and purified as previously
reported.
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