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To all those who toil to understand and protect, often under great
hardship and sacrifice, the beauty we find in this world.

...... We have begun to contemplate our origins: starstu� pondering the stars;
organized assemblages of ten billion billion billion atoms considering the evolution
of atoms; tracing the long journey by which, here at least, consciousness arose. Our
loyalties are to the species and the planet. We speak for Earth. Our obligation to
survive is owed not just to ourselves but also to that Cosmos, ancient and vast, from
which we spring. Carl Sagan, Cosmos
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LIST OF FIGURES

1.1 Illustration of NPC Models. Each NPC depicted spans the double lipid
bilayer nuclear envelope, oriented such that the tops of the pores
face the cytoplasm, while the bottoms of the pores face the nucleus.
(A) FG nups form a hydrogel which transport factors and their
cargo complexes transit by binding with FG motifs and temporarily
disrupting cross links in the FG nup meshwork [12]. (B) FG Nups
are collapsed and lie along the wall of the NPC, creating a surface
to which transport factors bind and diffuse along in a dimensionally
reduced manner [13]. (C) FG nups form a polymer brush which binds
transport factors (possibly collapsing in their presence) but excludes
unwanted molecules which don’t interact with the FG nups [14].
(D) Individual FG nups can have collapsed coil gel-like regions and
extended coil brush-like domains, resulting in a microphase separation
of these domains within the NPC. A central plug-like structure and
another dense shrub region which lies along the wall of the NPC are
separated by a polymer brush of extended disordered regions (stalks)
of FG nups. [3]. : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5

1.2 Depicted is a snapshot of Nsp1 from S. cerevisiae as seen in coarse
grain molecular dynamics simulations. Many individual FG nups
across different eukaryotic species have a biphasic structure, consisting
of a collapsed block which is an ”FG domain,” rich in FG motifs while
having a low number of charged amino acids, and an extended block
”stalk domain,” which has a low number of FG motifs while having
a high density of charged amino acids. : : : : : : : : : : : : : : : : 6
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1.3 A) Snapshot of biphasic FG nups (Nsp1) confined to a cylinder
similar in size to the NPC channel dimensions as seen in coarse
grain molecular dynamics simulations. The tips of the disordered
proteins can be seen to coalesce in the center of the pore supported
by extend polymer brush like regions. B) Average mass density over
time for these FG nups in the reflective boundary cylindrical pore.
The total mass density clearly reveals a dense central plug connected
by extended disordered stalk regions to the pore walls : : : : : : : : 7

3.1 Spatial relationship between FG and charge clusters. (A) The FG
clusters and charge clusters of an example FG nup sequence. (B)
Percent overlap of FG clusters with charge clusters (blue). Almost 80
percent of FG motif cluster regions have zero overlap with clusters of
charges. Other percentages of overlap, while strongly in the minority,
appear with roughly equal probability. FG nups which have been
randomly shuffled (in red) have 4 percent of their FG motif cluster
regions completely disjoint from charge clusters while there is a strong
tendency for FG clusters to overlap with charge clusters with a most
probable frequency overlap at 45 percent. : : : : : : : : : : : : : : 19

3.2 Polarity and charges of FG nups. (A) Polarity �fc between charge and
FG regions. FG nups (blue) tend to adopt a large negative and well
conserved value for N-terminus to C-terminus polarity. Randomly
shuffled FG nups showed no overall average polarity (red) and the
statistical significance of FG nup polarity was consistently higher than
three standard deviations (inset, blue, upper). The control group did
not show a considerable difference from the random ensemble (inset,
red, lower). (B) Polarity �df between disordered and folded regions
(blue) using the PONDR [50] protein disorder predictor. Observed
polarities are on average similar to FG to charge cluster polarities,
�fc. Interestingly, �fc values for the disordered regions alone (green)
show a similar trend. Inset shows the net charge of folded structural
nups/kaps (blue) and FG clusters (green) which appear to be equal
and opposite on the whole, while disordered charge cluster regions
(red dashed) appear to be net neutral. Histogram values for net
charges for charge clusters greater than 0.1 e/AA and less than -0.1
e/AA are negligible and are shown in Supplementary Material. : : 22
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3.3 Consensus FG nup structure. (A) Effects of successively including
observed sequence constraints. These constraints start from a typical
randomly shuffled sequence at the very top with the pink bar
representing the entire linear AA sequence. : : : : : : : : : : : : : 24

3.4 Identification of homologous proteins. Example proteins from S.
cerevisiae (’y’ prefix) and humans (’h’ prefix) for each functional
clustering group. Boxed in green are example proteins with low
overlap between FG and charge clusters and a topological complexity
of 3. In the yellow box are example proteins with low toplogical
complexity and diblock structure, the first clustering group described
in the text. Example proteins from the last clustering group described
in the text are boxed in red at the bottom, with these proteins
displaying high overlap and high levels of topological complexity
(Nup153 sequence reversed to ease comparison with Nsp1). : : : : 27

3.5 Histogram of percentage overlap for generalized and simplified
FG motifs (LVIMCAGSTPFYW, FYW, and F) versus various
characterizations of polar amino acids (EDNQKRH, EDKR, and K).
Analyzing FG nups using FG motif versus charged AAs results in
a clustering with the least degree of overlap, and is therefore the
simplest and easiest to interpret. : : : : : : : : : : : : : : : : : : : 32

3.6 Continuous distribution of nups across NUP in terms of percent
disorder (y-axis) and FG density in FG motifs/AA (x-axis). : : : : 33

3.7 Natural split for nups for NUP restricted to proteins with greater
than 400 AA at roughly greater than 10% FG/AA FG motif density
and greater than 30% protein disorder. : : : : : : : : : : : : : : : 34

3.8 Natural split for Baker’s Yeast, with 400 AA restriction. Yellow circles
highlights refer to known FG nups while grey dots which are not
highlighted represent known structural/transport proteins. : : : : 35

3.9 Natural split for humans, with 400 AA restriction. Yellow circles
highlights refer to known FG nups while grey dots which are not
highlighted represent known structural/transport proteins. : : : : : 36
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3.10 Net charge/AA for charged disordered charged regions of FG nups.
The net charge for disordered charged regions of FG nups histogram
is symmetric around zero net charge indicating that on average these
regions are not selected for any net charge and on average are charge
neutral. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 37

3.11 Net charge/AA for folded regions of FG nups is symmetric around zero
net charge indicating that on average these regions are not selected
for any net charge and on average are neutrally charged. : : : : : : 38

3.12 Histogram of FG-charge cluster percentage overlap in FG nups.
Density clustering separates FG nups into 4 distinct groups, which
are labeled, yellow, green, red and blue. Along the disjointness axis
(x-axis) the red, green, and blue cluster groups aggregate at very high
levels of disjointness, while the red group tends to have moderate
levels of overlap. : : : : : : : : : : : : : : : : : : : : : : : : : : : : 39

3.13 Histogram of FG-Charge cluster polarity. Density clustering separates
FG nups into 4 distinct groups, which are shown in yellow, green,
red and blue. Along the FG-Charge polarity axis positive polarity
nups are nearly entirely from the red group, while other groups have
significant negative polarity. : : : : : : : : : : : : : : : : : : : : : 40

3.14 Histogram of FG nup Folded-Disordered region polarity. Density
clustering separates FG nups into 4 distinct groups, which are labeled,
yellow, green, red and blue. The positive polarity nups are nearly
entirely from the red group, while other groups have significant
negative polarity. : : : : : : : : : : : : : : : : : : : : : : : : : : : 41

3.15 Histogram of the percent of disordered region composed of charged
AA clusters for FG nups. Density clustering separates FG nups into
4 distinct groups, shown in yellow, green, red and blue. Along the
percentage charged cluster axis the yellow group few charged amino
acid clusters in the disordered regions, while the other three groups
have significant charged disordered regions. : : : : : : : : : : : : : 42
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3.16 Histogram of the topological complexity of FG nups. Density
clustering separates FG nups into 4 distinct groups, shown in yellow,
green, red and blue. Along the topological complexity axis the yellow
group has exclusively a topological complexity of 1, the blue group a
topological complexity of 2, the green group a topological complexity
of 3, while the red group has a topological complexity distributed over
a range of higher values. : : : : : : : : : : : : : : : : : : : : : : : 43

3.17 FG nucleoporin from S. cerevisiae, Nup49, from the yellow group.
Amino acid sequence number is shown along the x-axis for all
sub-charts. The first chart starting from the top shows QN amino
acids as red vertical lines and their clusters colored alternately
blue and green as a control. Similarly colored is the second chart
which shows charged amino acids, while the third chart has FG
motifs represented as red vertical lines with clusters represented
by alternating purple and cyan regions. The fourth chart displays
the propensity for protein disorder for a given AA as predicted
by PONDR, with red representing high propensity and yellow
representing low propensity. Green circles represent centers of masses
of cluster regions and the purple arrow indicates disordered region to
folded region polarity. : : : : : : : : : : : : : : : : : : : : : : : : : 44

3.18 FG nucleoporin from Homo sapiens, Nup62, from the yellow group.
Amino acid sequence number is shown along the x-axis for all
sub-charts. The first chart starting from the top shows QN amino
acids as red vertical lines and their clusters colored alternately
blue and green as a control. Similarly colored is the second chart
which shows charged amino acids, while the third chart has FG
motifs represented as red vertical lines with clusters represented
by alternating purple and cyan regions. The fourth chart displays
the propensity for protein disorder for a given AA as predicted
by PONDR, with red representing high propensity and yellow
representing low propensity. Green circles represent centers of masses
of cluster regions and the purple arrow indicates disordered region to
folded region polarity. : : : : : : : : : : : : : : : : : : : : : : : : : 45
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3.19 FG nucleoporin from S. cerevisiae, Nup116, from the green group.
Amino acid sequence number is shown along the x-axis for all
sub-charts. The first chart starting from the top shows QN amino
acids as red vertical lines and their clusters colored alternately
blue and green as a control. Similarly colored is the second chart
which shows charged amino acids, while the third chart has FG
motifs represented as red vertical lines with clusters represented
by alternating purple and cyan regions. The fourth chart displays
the propensity for protein disorder for a given AA as predicted
by PONDR, with red representing high propensity and yellow
representing low propensity. Green circles represent centers of masses
of cluster regions and the purple arrow indicates disordered region to
folded region polarity. : : : : : : : : : : : : : : : : : : : : : : : : : 46

3.20 FG nucleoporin from Homo sapiens, Nup98, from the green group.
Amino acid sequence number is shown along the x-axis for all
sub-charts. The first chart starting from the top shows QN amino
acids as red vertical lines and their clusters colored alternately
blue and green as a control. Similarly colored is the second chart
which shows charged amino acids, while the third chart has FG
motifs represented as red vertical lines with clusters represented
by alternating purple and cyan regions. The fourth chart displays
the propensity for protein disorder for a given AA as predicted
by PONDR, with red representing high propensity and yellow
representing low propensity. Green circles represent centers of masses
of cluster regions and the purple arrow indicates disordered region to
folded region polarity. : : : : : : : : : : : : : : : : : : : : : : : : : 47

3.21 FG nucleoporin from S. cerevisiae, Nsp1, from the red group. Amino
acid sequence number is shown along the x-axis for all sub-charts.
The first chart starting from the top shows QN amino acids as red
vertical lines and their clusters colored alternately blue and green as
a control. Similarly colored is the second chart which shows charged
amino acids, while the third chart has FG motifs represented as red
vertical lines with clusters represented by alternating purple and cyan
regions. The fourth chart displays the propensity for protein disorder
for a given AA as predicted by PONDR, with red representing high
propensity and yellow representing low propensity. Green circles
represent centers of masses of cluster regions and the purple arrow
indicates disordered region to folded region polarity. : : : : : : : : 48
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3.22 FG nucleoporin from Homo sapiens, Nup153, from the red group.
Amino acid sequence number is shown along the x-axis for all
sub-charts. The first chart starting from the top shows QN amino
acids as red vertical lines and their clusters colored alternately
blue and green as a control. Similarly colored is the second chart
which shows charged amino acids, while the third chart has FG
motifs represented as red vertical lines with clusters represented
by alternating purple and cyan regions. The fourth chart displays
the propensity for protein disorder for a given AA as predicted
by PONDR, with red representing high propensity and yellow
representing low propensity. Green circles represent centers of masses
of cluster regions and the purple arrow indicates disordered region to
folded region polarity. : : : : : : : : : : : : : : : : : : : : : : : : : 49

4.1 A) Simulation snapshot of full length Nsp1 showing the biphasic ”FG
Domain” and ”Stalk Domain” structures in the � model. Snapshots
for the other models � and 
 are shown in Figure S7. (B) Snapshot of
a ring of eight Nsp1’s in the � model. (C) Log-log plot of amino acid
contact probability (looping probability) as a function of the amino
acid separation distance for stalk domains, averaged over simulated
FG nups. The theoretical looping probability for extended coils (<1.6
nm cutoff) has an exponent of p = 9=5, and is shown in yellow.
For the stalk domains the average fitted scaling exponents were 2.08,
2.58, and 2.82 for the different models �; �, and 
 respectively. Stalk
domains in these models had extended coil structures. (D) Similar
average measured looping probabilities of the FG domains. For the
�; �, and 
 CG models the average fitted scaling exponents for the
FG domains were 1.16, 1.38, 1.81 respectively. A theoretical looping
probability with an exponent of 3/2 is shown in yellow, representing
the dynamics of relaxed coil polymers. FG domains have looping
exponents significantly lower than those of stalk domains, indicating
the consistently large difference in ensemble structure between these
two domain types. FG domains in the � model had a collapsed coil
structure, a relaxed coil structure in the � model, and an extended
coil structure in the 
 model. : : : : : : : : : : : : : : : : : : : : : 72
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4.2 Contact maps for the different CG models �, �, and 
. Contact
probability maps show the time averaged contacts between all pairs
of amino acids. A block diagonal structure is noticeable in numerous
contact maps, with one block for FG domains and diagonal contacts
for stalk domains. A diblock structure can be most strongly seen
in FG nups simulated under scenario �. Model � shows some
block structure but often produces significant contacts between FG
and stalk domains, as the two domains often interact. In striking
contrast to models � and �, model 
 produced nups with little
difference in contact probability between FG and stalk domains with
the entire FG nups representing unstructured extended homogenous
polymers. Amino acid residues shown are with respect to the
disordered domains of the simulated FG nups, while full protein AA
indexes can be determined by domain definitions in Supplementary
Material, Table 4.2. : : : : : : : : : : : : : : : : : : : : : : : : : : 73

4.3 Density maps of a simulated pore containing 8 Nsp1 FG nups.
Consecutively plotted for all three models is the total mass density
(mg=ml), the mass density of ”FG Domains” (mg=ml), the mass
density of ”Stalk Domains” (mg=ml), and the net charge density
(e=nm3). The total mass density clearly reveals a dense central plug
connected by peripheral cables to the pore walls in the � and �
models, while the 
 model produces a homogenous extended brush.
In the � and � models, one block phase (the FG domains) separates
along the center of the channel while the other block (the stalk
regions) aggregates along the periphery as can be seen in the spatial
mass density for these domains. Positive charge density of the ring
of Nsp1 nups mirrors closely the mass density of the FG domain, as
FG domains are in general positively charged [81]. This produces
a striking effect in the � and � models, with a strongly positively
charged plug region forming which has a low density of charged amino
acids (which are predominately located within stalk domain [81]). 74

xv



4.4 (A) Schematic of a polymer brush structure formed by diblock FG
nups. Parameters H, height of the brush; R, radius of the pore; �,
diameter of the ’sticky tips’; and d, the average distance between
anchor points. Green circles represent the locations at which FG
nups are grafted to the pore. (B) Free energy of the Nsp1 brush as a
function of brush height for various values of the blob cohesive energy
(�kBT ). Brush heigh can extend to a maximum of around 22 nm,
which is the radius R of the modeled pore minus the size of the sticky
tips. Right: Schematic diagram of the proposed Diblock Copolymer
Brush Gate model at various minima of the brush free energy. When
particular transport factors are present which are able to outcompete
the inter-FG domain ”sticky tips” interactions, the brush is able to
open up to a new free energy minimum that can accommodate the
cargo. When interactions between sticky tips are able to recover into
the several kT range, the pore is able to close with a free energy
minimum at H � R � �. We estimated the self interaction energy
level of the Nsp1 sticky tip to be 4.7 kT (Supplementary Material),
which also sets the energy scale for blob-blob interactions of �kT . : 75

4.5 Heat maps showing FG repeat density (AA�1) and charge density
(AA�1) across nucleoporins from ten different species. For each
organism listed, the densities were measured along the disordered
regions of the amino acid sequence of the FG nup which had the most
FG motif repeats in that species. There appears to be a property
common among all these heat maps, that regions high in FG motifs
(pink) ”FG domains” are in general disjoint from regions of the
sequence high in charged amino acids (red, yellow, and light blue)
”Stalk domains” [3]. Additionally each FG nup appears to conserve
functional features of these domains, such as their orientation, and
diblock polymer structure. For comparison, the FG density and
motif locations for FG nups from S. cerevisiae can be seen in the
Supplementary material, Figs. S8-9 The displayed FG nups are the
ones with the most FG repeat per species, while each of these species
also contain several other FG Nups whose structure does not fit this
paradigm. Uniprot gene identifiers for each FG nup analyzed (from
top to bottom) are Q02630, Q9UTK4, B0Y6T9, Q54EQ8, D1MN47,
Q9VCH5, B8JIZ8, Q9PVZ2, Q80U93, and P35658 respectively. : : 76
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4.6 The contact probability map for a randomly shuffled Nsp1 sequence
protein. Probability map of given AAs along the protein chain being
closer than 1.6 nm during a 4 �s simulation for a randomly shuffled
Nsp1 sequence in the � model shows no block diagonal structure or
subsequent biphasicness. : : : : : : : : : : : : : : : : : : : : : : : 77

4.7 The contact probability map for individual Nsp1 sequences within
ring structures (left) compared to free Nsp1 (right), with the top,
center and bottom panels refering to the alpha, beta, and gamma
models respectively. The average probability map of given AAs along
the protein chain being closer than 1.6 nm during a 4 �s simulation for
a Nsp1 sequence grafted to the inner walls of a cylinder as in vivo is
similar to the contact map of Nsp1 free in solution. The contact map
probability of individual free Nsp1s in solution has higher absolute
contact probability due to a lack of interaction from other chains
which can compete for contact. The contact map from the aggregate
simulation demonstrates the same high level of dynamic movement of
free Nsp1 even after confinement with partner FG nups in a cylindrical
geometry. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 78

4.8 The ring of Nsp1 initial starting structure. Green circles represent the
locations where 8 Nsp1 FG nups were grafted to the inner surface of
a cylinder with the initial starting conditions for the ring simulations
as shown. Initial positions of the Nsp1 FG nups was located near the
wall of the cylinder, yet during simulations the ”sticky tips” of the
FG nups aggregate towards the center of the cylinder in the � and �
models. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 79
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4.9 Left: Diagrams of natively unfolded regions of yeast FG nucleoporins
and their hydrodynamic radii. Right: A diagram of the NPC
architecture including the predicted topology and dimensions of yeast
FG nucleoporins and their unstructured domains is shown. FG
nucleoporins are listed according to the relative location of their
C-termini along the z-axis, as determined by immuno-localization [3].
These figures and research were originally published in Molecular and
Cellular Proteomics. Justin Yamada, Joshua L. Phillips, Samir Patel,
Gabriel Goldfien, Alison Calestagne-Morelli, Hans Huang, Ryan
Reza, Justin Acheson, Viswanathan V. Krishnan, Shawn Newsam,
Ajay Gopinathan, Edmond Y. Lau, Michael E. Colvin, Vladimir
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Two Distinct Categories of Intrinsically Disordered Structures with
Separate Functions in FG Nucleoporins. Molecular and Cellular
Proteomics. 2010; 9:2205-2224. c
 the American Society for
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4.10 Density maps for a ring of 8 Nup100s in different modeled scenarios.
Consecutively plotted for all three models are the total mass density
within a simulated pore (mg=ml), the mass density of ”FG Domains”
(mg=ml), the mass density of ”Stalk Domains” (mg=ml), and the net
charge density (e=nm3). The total mass density reveals that a dense
central plug is unable to form in the � and � models, leaving the
pore essentially open. On the other hand the 
 model produces a
homogenous extended brush resulting in a filled in and closed pore.
Positive charge density of the ring of Nup100 nups mirrors closely
the mass density of the FG domain, as FG domains are in general
positively charged (4). : : : : : : : : : : : : : : : : : : : : : : : : : 83

4.11 Free energy of the Nup100 brush as a function of brush height for
various values of the blob cohesive energy (�kBT ). Brush heigh
can extend to a maximum of around 20 nm, which is the radius
R of the modeled pore minus the size of the sticky tips. When
particular transport factors are present which are able to outcompete
the inter-FG domain ”sticky tips” interactions, the brush is in an
open state (light blue). When interactions between sticky tips is able
to recover into the several kT range and a closed ring of Nsp1 is
adjacent to the Nup100 ring, the pore is able to close with a free
energy minimum at H � R � �. We estimated the self interaction
energy level of the Nup100 sticky tip to be 8.0 kT , which also sets the
energy scale for blob-blob interactions of �kT . : : : : : : : : : : : : 84
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4.12 Simulation snapshots. A) A simulation snapshot of full length Nsp1
showing the biphasic ”FG Domain” and ”Stalk Domain” structures in
the � model. B) A simulation snapshot of full length Nsp1 snapshot
as in part A) for the 
 model, while the � model snapshot is shown
in the main text. : : : : : : : : : : : : : : : : : : : : : : : : : : : : 85

4.13 FG repeat locations among FG nups. The locations of FG motifs
and their type are shown for FG nups in S. cerevisiae. GLFG
motifs are colored yellow, FxFG red, SPFG dark green, FxFx
light gray, SAFG dark blue, PSFG bright green, NxFG light blue,
SLFG orange, xxFG white, FxxFG lime green, double FG motifs
(SAFGxPSFG) are pink, and the triple FG motifs are purple.
This figure was originally published in Molecular and Cellular
Proteomics. Justin Yamada, Joshua L. Phillips, Samir Patel,
Gabriel Goldfien, Alison Calestagne-Morelli, Hans Huang, Ryan
Reza, Justin Acheson, Viswanathan V. Krishnan, Shawn Newsam,
Ajay Gopinathan, Edmond Y. Lau, Michael E. Colvin, Vladimir
N. Uversky, and Michael F. Rexach. A Bimodal Distribution of
Two Distinct Categories of Intrinsically Disordered Structures with
Separate Functions in FG Nucleoporins. Molecular and Cellular
Proteomics. 2010; 9:2205-2224. c
 the American Society for
Biochemistry and Molecular Biology. : : : : : : : : : : : : : : : : 86

4.14 FG repeat density among FG nups. The spatial distribution of FG
motifs and charged AAs for all known FG nups of S. cerevisiae
plotted as motif/AA, averaged over 20 nearest AAs. Regions of
high FG motif density are shown in pink while regions of low charge
density, shown in yellow, roughly correspond spatially throughout
the sequences of these nups. Regions of protein which are predicted
to form folded structures by the PONDR algorithm are highlighted
with grey bars, and known/predicted [3, 44] anchor domains circled
with green ovals. This figure was originally published in PLoS
one. Ando, D., M. Colvin, M. Rexach, and A. Gopinathan, 2013.
Physical Motif Clustering within Intrinsically Disordered Nucleoporin
Sequences Reveals Universal Functional Features, licensed under CC
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5.1 Illustration of DCBG models. Each NPC depicted spans the double
lipid bilayer nuclear envelope, oriented such that the tops of the pores
face the cytoplasm, while the bottoms of the pores face the nucleus.
(A) In the DCBG model individual di-block FG nups have collapsed
coil gel-like regions and extended coil brush-like domains, resulting
in a microphase separation of these domains within the NPC. This
results in a central plug-like structure supported by a polymer brush
of extended disordered regions of FG nups. [112] (B) The modified
DCBG model is the same as part A except for the addition of a dense
region of single-block FG nups which lies along the wall of the NPC. 89

5.2 Biphasic FG nups and illustration of the Forest model. (A) Diagrams
of the various FG nups in S. cerevisiae and their hydrodynamic radii.
Blue or red lines depict either high (red) or low (blue) content of
charged AAs along the disordered region of the FG nup. Purple lines
represent nup domains with a net negative charge greater than 1. The
small gray triangles represent the anchor domain of each FG nup.
Single-block FG nups, termed ”shrubs” in the Forest model, were
categorized as consisting of a continuos collapsed FG domain adjacent
to an anchor domain, consisting of Nup57, Nup49, and Nup42.
Nup145N is shrub like, but not considered in this manuscript. : : : 98

5.3 Coarse grained molecular modeling of single-block FG nups. (A)
Left is a simulation snapshot of full length Nup57 showing the single
polymer block FG domain. Right shows a snapshot of full length Nup1
demonstrating the di-block structure of FG and extended domain
structures. (B) Left, the contact probability map for Nup57 show the
time-averaged contacts between all pairs of amino acids. A monolithic
block diagonal structure fills the entire contact map, implying that
this FG nup is comprised of a single polymer block FG domain. Right,
in contrast, the contact map for human Nup1 shows one block for the
FG domain and diagonal contacts for the extended polymer domain,
with both domains having low probability of cross contact. : : : : 99
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5.4 Contact maps for the different single-block FG nups in Baker’s
yeast from coarse grained molecular modeling. (A) Nup57’s contact
map (B) Nup49’s contact map (C) Nup42’s contact map. Contact
probability maps show the time averaged contacts between all pairs
of amino acids. A block diagonal structure in the contact maps
represents a collapsed coil structure, which describes the single-block
FG nups well, except for a small region of around 80 amino acids in
length where Nup42 anchors to the pore wall. Amino acid residues
shown are with respect to the disordered domains of the simulated FG
nups, while full protein amino indexes can be determined by domain
definitions in Yamada et al [3]. : : : : : : : : : : : : : : : : : : : : 100

5.5 (A) Schematic of a polymer brush structure formed by di-block FG
nups. Parameters H, height of the brush; R, radius of the pore; �,
diameter of the ’sticky tips’; and d, the average distance between
anchor points. Green circles represent the locations at which FG
nups are grafted to the pore. (B) Free energy of the Nsp1 brush,
with and without single-block FG nups present on the pore wall, as a
function of brush height for various values of the blob cohesive energy
(�kBT ). Brush heigh can extend to a maximum of around 22 nm,
which is the radius R of the modeled pore minus the size of the sticky
tips. Di-block FG nup tip to single-block FG nup cohesion is fixed
at �s = 6kT . Right: Schematic diagram of the proposed Di-block
Copolymer Brush Gate model at various minima of the brush free
energy. When particular transport factors are present which are able
to outcompete the inter-FG domain ”sticky tip” interactions, the
brush is able to open up to a new free energy minimum that can
accommodate the cargo. When interactions between sticky tips are
able to recover into the several kT range, the pore is able to close
with a free energy minimum at H � R � �. We have previously
estimated the self interaction energy level of the Nsp1 sticky tip to be
4.7 kT [112], which also sets the energy scale for blob-blob interactions
of �kT . : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 101
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5.6 Overview of brush response to tip-tip and tip-transport factor
interaction levels in the Di-block Copolymer Brush Gate (DCBG)
model with single-block FG nups. (A) Changes in tip-tip cohesiveness
result in equilibrium brush heights which are either significantly
open or completely closed, with a sharp transition at �1.6 kT when
single-block FG nups are not present and �1.9 kT when single-block
FG nups are present. Tip to single-block FG nup cohesion is fixed at
�s = 6kT . (B) Tip-cargo interactions provide free energy by which
work is done on the brush to reach a new equilibrium brush height.
Brush height is plotted for different amounts of energy introduced into
the brush system by tip-transport factor binding for different values
of tip to top cohesion �. Tip to single-block FG nup cohesion is fixed
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ABSTRACT

Physical modeling of geometrically con�ned disordered protein assemblies
by

David Ando
Doctor of Philosophy in Physics

University Of California, Merced, 2015
Advisor: Professor Ajay Gopinathan

Committee Chair: Professor Linda S. Hirst

The transport of cargo across the nuclear membrane is highly selective and
accomplished by a poorly understood mechanism involving hundreds of nucleoporins
lining the inside of the nuclear pore complex (NPC). Currently, there is no clear
picture of the overall structure formed by this collection of proteins within the pore,
primarily due to their disordered nature and uncertainty regarding the properties
of individual nucleoporins. We first study the defining characteristics of the
amino acid sequences of nucleoporins through bioinformatics techniques, although
bioinformatics of disordered proteins is especially challenging given high mutation
rates for homologous proteins and that functionality may not be strongly related
to sequence. Here we have performed a novel bioinformatic analysis, based on the
spatial clustering of physically relevant features such as binding motifs and charges
within disordered proteins, on thousands of FG motif containing nucleoporins
(FG nups). The biophysical mechanism by which the critical FG nups regulate
nucleocytoplasmic transport has remained elusive, yet our analysis revealed a set of
highly conserved spatial features in the sequence structure of individual FG nups,
such as the separation, localization, and ordering of FG motifs and charged residues
along the protein chain. These sequence features are likely conserved due to a
common functionality between species regarding how FG nups functionally regulate
traffic, therefore these results constrain current models and eliminate proposed
biophysical mechanisms responsible for regulation of nucleocytoplasmic traffic in
the NPC which would not result in such a conserved amino acid sequence structure.
Additionally, this method allows us to identify potentially functionally analogous
disordered proteins across distantly related species.

To understand the physical implications of the sequence features on structure
and dynamics of the nucleoporins, we performed coarse-grained simulations of
nucleoporins to understand their individual polymer properties. Our results indicate

xxviii



that different regions or blocks of an individual NPC protein can have distinctly
different forms of disorder and that this property appears to be a conserved
functional feature, consistent with the results of our physical bioinformatic analysis.
Further simulations of grafted rings of FG nups mimicking the in vivo geometry
of the NPC were performed and supplemented with polymer brush modeling to
understand how aggregates of FG nups regulate transport in vivo. We found that
the block structure at the individual protein level in terms of polymer properties is
critical to the formation of a unique higher-order polymer brush architecture that can
exist in distinct morphologies depending on the effective interaction energy between
the phenylalanine glycine (FG) domains of different nups. Because the interactions
between FG domains may be modulated by certain forms of transport factors, our
results indicate that transitions between brush morphologies that correspond to
open and closed states could play an important role in regulating transport across
the NPC, suggesting novel forms of gated transport across membrane pores with
wide biomimetic applicability in our Diblock Copolymer Brush Gate model.

Previous experimental research has concluded that FG nups from S.
cerevisiae are present in a bimodal distribution, with the ”Forest Model” classifying
FG nups as either diblock polymer like ”trees” or single block polymer like ”shrubs.”
Our simulation and polymer brush modeling results indicated that the function
of the tree FG nups in the Diblock Copolymer Brush Gate (DCBG) model is
to form a higher-order polymer brush architecture which can open and close to
regulate transport across the NPC. Here we perform coarse grained simulations of
the shrub FG nups which confirm that they have a single block polymer structure
rather than the diblock structure of tree nups. Our molecular simulations also
demonstrate that these single block FG nups are likely compact collapsed coil
polymers, implying that shrubs are generally localized to their grafting location
within the NPC. We find that adding a layer of shrub FG nups to the DCBG model
increases the range of cargo sizes which are able to translocate the pore through a
cooperative effect involving shrub and tree nups. This effect can explain the puzzling
connection between shrub FG nup deletion mutants in S. cerevisiae and the resulting
failure of certain large cargo transport through the NPC. Facilitation of large cargo
transport via single block and diblock FG nup cooperativity in the nuclear pore
could provide a model mechanism for designing future biomimetic pores of greater
applicability. In summary, this dissertation presents a cohesive body of research that
uses a combination of techniques including bioinformatics, coarse grained molecular
modeling, and polymer brush theory to understand the properties of individual FG
nups and how they behave in aggregate, strongly constraining possible biophysical
mechanisms which may play a role in regulating traffic through the NPC. Our results
are observed across different species and are consistent with many experimental
observations which have been reported. Finally, our DCBG model for NPC function
provides testable predictions for future experimental investigation and provides a
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foundation for the design and commercialization of biomimetic pores for filtering
applications in vitro and industrial use.
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Chapter 1

INTRODUCTION

1.1 Nuclear Pores

Proteins are polymers of 20 different amino acid subunits, with each amino
acid composed of a unique combination of carbon, hydrogen, sulfur, and nitrogen
elements. Functional proteins in cells can fold into a rigid nano-mechanical
structure or remain dynamic with significant disorder. These proteins which
contain a disordered polymer like region are known as Intrinsically Disordered
Proteins (IDPs). Folded proteins have been well studied for many decades via
crystallographic techniques, which are able to elucidate their three dimensional
structure. Function of these proteins is also strongly coupled to their relatively
stable three dimensional structure. On the other hand, relatively little is known
about IDPs as experimental and bioinformatic tools to probe their structure and
function are in relative infancy. Although there is a spectrum of protein types from
fully folded to completely disordered, proteins are typically defined as disordered if
they contain at least one disordered region where backbone Ramachandran angles
are dynamic. Disordered proteins are very common in vivo with, depending on the
type of eukaryotic organism, roughly 36% to 63% of proteins containing at least one
long disordered region greater than 40 amino acids in length [1]. Well studied IDPs
include cellular tumor antigen p53 which functions to suppress tumor formation and
therefore reduce the prevalence of cancer, Tau protein which helps to assemble the
cellular cytoskeleton, and FG nucleoporins which help the Nuclear Pore Complex
(NPC) to regulate transport between the cytoplasm and nucleus.

The functions of IDPs in the cell can be roughly divided into four
broad categories: molecular recognition, molecular assembly/disassembly, protein
modification and entropic chains [2]. IDPs whose function is to provide an entropic
chain exhibit a range of rich behaviors that have great interest and application in
polymer physics, statistical mechanics, and condensed matter physics. One such
example where IDPs play an important role as entropic chains is in the NPC, which
has a cylindrical geometry and is filled with IDPs called FG nucleoporins (Fig. 5.1).
FG nucleoporins are commonly referred to as FG nups, and they are disordered
NPC proteins which contain numerous phenylalanine glycine (FG) motif repeats.
FG nups also function as disordered proteins for molecular recognition in the NPC,
binding to transport factors to allow certain cargos through the pore. Unlike a folded
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protein which can perform molecular recognition under the lock and key paradigm
given the relatively rigid structures of ligand and protein, IDPs can utilize their
relatively high entropy to explore an ensemble of configurations for binding with a
ligand.

NPCs efficiently regulate the movement of biomolecules between the nucleus
of the cell and its cytoplasm, and are the only route of transport between the
completely partitioned nucleus and cytoplasm. The efficient and comprehensive
regulation of nucleocytoplasmic transport allows the NPC to protect the nucleus
and to regulate the overall expressions of proteins within cells. Given the important
role the NPC plays in eukaryotic cells, understanding its mechanism of function
would be beneficial in understanding and treating malfunctions of NPC transport
which lead to various diseases and cancers. Much of my research has focused on
how these disordered FG nups can regulate traffic through the NPC.

Structurally the NPC is a supra-molecular structure composed of
approximately thirty different types of FG nups [4]. A subset of the nups form
a structural ring or cylindrical like structure which is embedded in the nuclear
envelope. This structure forms an open aqueous channel, about 50 nm in diameter,
which connects the nucleoplasm and cytoplasm (Fig. 5.1). A second subset of
nups, those which form the focus of this dissertation, are grafted along the interior
wall of the aqueous channel and are responsible for forming a selective diffusion
barrier. Containing many phenylalanine-glycine (FG) repeats these nups are called
FG nups [4] and are structurally unique due to their large FG repeat domains which
are highly flexible and behave natively as polymer like unfolded proteins. Hence
these FG nups are referred to as being intrinsically disordered or natively unfolded
proteins [8]. FG repeats further separate into different types, with commonly studied
GLFG and FxFG repeat motifs known to have different binding affinities [9]. In
common baker’s yeast S. cerevisiae there are �150 copies of FG nups in each NPC
and it has been hypothesized that the NPC pore is occupied by dozens of FG nups
that interact with each other weakly via hydrophobic attractions to form a network
that functions as a semi-permeable diffusion barrier (see Fig. 5.1). This barrier
maintains a tight seal against cytoplasmic particles larger than approximately 4 nm
while allowing smaller particles to passively diffuse through. However, amazingly,
it also allows the facilitated transport of specially tagged particles up to 40 nm
diameter [10], at rapid speeds of 5-20 ms per transported cargo for even large mRNP
complexes [11]. Additionally the NPC does not exert any forces or expend any
energy, with the only known free energy consumption being limited to maintaining
a gradient associated with the transport factors which generates the directionality
of transport.

In vivo, traffic which an eukaryotic cell determines should translocate the
NPC is tagged with a nuclear localization signal. In general, these signals are short
amino acid sequences which ”hang off” a cargo and tag it for transport. These
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nuclear localization signals then bind the cargo to NPC transport factor proteins,
called importins. Finally, these transport factor proteins, while bound to cargo, will
interact with the numerous FG motif repeats contained within disordered FG nups,
with these FG nups lining the entire channel of the NPC, resulting in transport
across the NPC. The precise physical mechanism of transport regulation which
occurs once transport factors bind with FG motifs on FG nups has remained elusive.

Despite the NPC’s key role in biology and numerous studies on the structure
and properties of individual nucleoporins [4, 5, 8, 15–18, 28], the actual structure of
the polymer complex within the nuclear pore and its mechanism of operation are
still under debate. For example, prominent models of nuclear pore transport such as
the ”selective phase / hydrogel” [12] and ”virtual gate / polymer brush” [14] models,
assume very different morphologies for the polymer complex filling the nuclear pore
(Fig. 5.1). The hydrogel model predicts that FG domains interact via hydrophobic
amino acids to form a filamentous meshwork that physically blocks protein diffusion
while the polymer brush model predicts that FG domains have limited hydrophobic
interactions and instead behave as bristles that form an entropic gate at the NPC
that blocks protein diffusion.

Most theoretical and polymer physics approaches [19–22] to this problem
typically tend to assume a homogenous structure for individual FG nups, resulting
in a relatively homogenous NPC architecture. There have also been recent attempts
to perform coarse grained simulations of NPC proteins and the entire transport
process through the NPC [23–26], but these too suffer from either the intrinsic
drawback of assuming that the NPC proteins are homogeneous, or of over reliance
on simple amino acid characterizations and assumptions, which could have left
the ultimate underlying molecular architecture of the NPC unresolved. In this
dissertation we attempt to overcome these issues by using a more reductionist and
ab initio approach.

In Chapter 3, we use a comprehensive and novel bioinformatic analysis on
all known disordered FG nups sequences. We show that the amino acid sequences
of FG nups naturally separate into different regions or ”blocks” (Fig. 1.2) and that
biophysically important features within individual nups like the separation, spatial
localization and ordering along the chain of FG and charge domains are highly
conserved. Our current understanding of NPC structure and function needs to be
revised to account for these common features that are functionally relevant for the
underlying physical mechanism of NPC gating.

In Chapter 4, we use a detailed coarse grained (CG) molecular model that can
reproduce the secondary and tertiary structure of proteins to study to the individual
and aggregate properties of FG nups. This form of molecular modeling showed that
different domains within an individual NPC protein can have distinct, quantifiably
different forms of disorder and that these properties appear to also be a conserved
functional feature. Many FG nups showed both extended coil conformations and
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collapsed coil conformations, spatially located along the FG nup amino acid sequence
in a bimodal manner, Fig. 1.2. Contact analysis demonstrated that extended coil
conformations were repulsive, that collapsed coil conformations were cohesive, and
that extended coil conformations and collapsed coil conformations were repulsive
with each other. The unique diblock polymer structure of the longer FG nups, that
are critical for transport, under certain conditions within a confining cylindrical
geometry, results in a mesoscale polymer brush structure with a dense FG domain
core surrounded by a brush of disordered proteins with a high concentration of
charged amino acids, see Fig. 1.3. To understand the physics behind this emergent
structure we developed a simple polymer brush model based on the the properties of
individual nups revealed by our CG model. Given that the interactions which hold
the dense FG domain core together are likely be modulated by certain transport
factors, our polymer brush modeling suggests that the approach of certain forms
of cargo could alter the local brush structure, to allow for insertion and regulated
transport.

In Chapter 5, we study the shortest FG nups which are commonly called
”shrubs.” Our CG modeling confirms that these proteins are collapsed coils, and we
further extend our polymer brush model to include shrubs as compact FG domains
which line the pore wall. In our revised brush model, the shrubs allow the pore
to open to a greater extent, which is functionally beneficial for the transit of large
cargos.
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Figure 1.1: Illustration of NPC Models. Each NPC depicted spans the double lipid
bilayer nuclear envelope, oriented such that the tops of the pores face the cytoplasm,
while the bottoms of the pores face the nucleus. (A) FG nups form a hydrogel which
transport factors and their cargo complexes transit by binding with FG motifs and
temporarily disrupting cross links in the FG nup meshwork [12]. (B) FG Nups are
collapsed and lie along the wall of the NPC, creating a surface to which transport
factors bind and diffuse along in a dimensionally reduced manner [13]. (C) FG nups
form a polymer brush which binds transport factors (possibly collapsing in their
presence) but excludes unwanted molecules which don’t interact with the FG nups
[14]. (D) Individual FG nups can have collapsed coil gel-like regions and extended
coil brush-like domains, resulting in a microphase separation of these domains within
the NPC. A central plug-like structure and another dense shrub region which lies
along the wall of the NPC are separated by a polymer brush of extended disordered
regions (stalks) of FG nups. [3]. 5



Figure 1.2: Depicted is a snapshot of Nsp1 fromS. cerevisiaeas seen in coarse
grain molecular dynamics simulations. Many individual FG nups across di�erent
eukaryotic species have a biphasic structure, consisting of a collapsed block which
is an "FG domain," rich in FG motifs while having a low number of charged amino
acids, and an extended block "stalk domain," which has a low number of FG motifs
while having a high density of charged amino acids.
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Figure 1.3: A) Snapshot of biphasic FG nups (Nsp1) con�ned to a cylinder similar
in size to the NPC channel dimensions as seen in coarse grain molecular dynamics
simulations. The tips of the disordered proteins can be seen to coalesce in the center
of the pore supported by extend polymer brush like regions. B) Average mass density
over time for these FG nups in the re
ective boundary cylindrical pore. The total
mass density clearly reveals a dense central plug connected by extended disordered
stalk regions to the pore walls
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Chapter 2

METHODS

2.1 Biohysical Amino Acid Sequence Analysis
In my research I have �rst focused on developing a novel form of

bioinformatics for disordered proteins. This is especially challenging given the
high mutation rates for disordered proteins and that functionality may not be
strongly related to sequence. Bioinformatics in general is a scienti�c �eld focused on
developing methods and software for the analysis and understanding of biological
data. Much of bioinformatics is focused on understanding the amino acid sequences
of proteins, which is especially challenging for disordered proteins such as FG nups.
Bioinformatics of disordered proteins and FG nups is hard because the functionality
of a protein may not be strongly related to the precise amino acid sequence. As these
proteins do not fold, understanding their function through their amino acid sequence
is di�cult given that the sequence, to structure, to function paradigm that holds
for folded proteins is not valid. Additionally, since disordered proteins do not fold
the precise amino acid sequence is usually not important, resulting in high mutation
rates, and little sequence similarity between homologous proteins. To overcome the
di�culty that disordered protein functionality that may not be strongly related to
sequence I have worked to develop a novel form of bioinformatic analysis, which
can be applied to disordered proteins, that is based on the spatial clustering of
physically relevant features such as binding motifs and charges along the amino
acid chain. The insight behind this technique is that some disordered proteins may
conserve certain spatial domains of general amino acid properties instead of a precise
amino acid sequence for function. I have found this technique to be useful in �nding
a set of highly conserved spatial features in the sequence structure of individual FG
nups, such as the separation, localization, and ordering of FG motifs and charged
residues along the protein chain. These conserved features provide insight into the
functioning of the pore and strongly constrain current models. Additionally this
method allows for the identi�cation of potentially functionally analogous disordered
proteins across distantly related species in the face of essentially zero sequence
similarity.

In our biophysical bioinformatic analysis of FG nups we �rst created to
groups, the �rst group being FG nups and the second group a set of control proteins
which are similar to FG nups. The �rst group, labeled NUP, contained proteins
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which were associated with the Nuclear Pore Complex via the keyword 'nucleoporin'
in the Uniprot database (www.uniprot.org). Proteins in NUP which were classi�ed
by Uniprot as fragments rather than full length protein sequences were removed.
A second group of proteins, labeled CONTROL, was created by systematically
searching the Uniprot database for 12 proteins which contained 8 or more WG/GW
motif repeats and which had substantial disorder, de�ned as containing disordered
regions in excess of 100 amino acids in length as determined by the PONDR-FIT
2010 protein disorder prediction algorithm. Similarly 12 non-nucleoporins were
taken from S. cerevisiaewhich contained FG motif repeats with greater than 100
disordered amino acids were taken from Nguyen et al [58] and added to CONTROL.
Associated to each protein in these two groups was a collection of forty protein
sequences, labeled ENSEMBLE, identical in all respects except for having the
locations of all individual amino acids randomly permuted via a random shu�ing.

Cluster identi�cation was �rst done by transforming protein amino acid
sequences into a series of binary representations with the speci�ed motif set as unity
and all other amino acids set to zero. The FG repeat containing proteins were parsed
using the "FG" and "GF" motifs, WG repeats which were parsed using the "WG"
and "GW" motifs, and charge motifs which were parsed together from the single AA
motifs "D", "K", "E", and "R". The "GF" motif was used in addition to the "FG"
motif due its chemical similarity and high degree of spatial correlation to "FG"
motifs along the AA sequence of FG nups. The PreDeCon clustering algorithm
was then applied to the one dimensional binary representations with a minimum
cluster size of two amino acids (one AA for each cluster boundary) and a clustering
resolution epsilon which maximized the Dunn validity index [53]. Clustering was
done within the ELKI data mining software package [72]. A series of additional
clustering variations were considered using various levels of reduced amino acid
alphabets derived from the BLOSUM50 AA similarity [73].

All proteins which were not members of ENSEMBLE were additionally
analyzed for the locations of disordered and folded regions using the PONDR-FIT
2010 algorithm [50]. A PONDR-FIT score for an amino acid less than 0.5 indicated
a propensity for this location to be a folded region and in our analysis the protein
was assumed to be fold at this location while a score greater than 0.5 indicated
a disordered region and the protein was assumed to be natively unfolded at this
location.

The NUP group proteins were characterized by the percentage of probable
disorder and by their FG motif density (FG motif repeats/AA), where two groups
arose naturally when restricting NUP to proteins with greater than 400 AAs, one
with low percentage disorder and FG density, and another group with relatively
high percentage disorder and FG density. We took proteins in the NUP group with
greater than 0.15 FG/AA linear motif density and greater than 30% disorder to be
the FG nups which we analyzed in this study.
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For each FG/WG motif cluster in each protein, including the ENSEMBLE,
the number of amino acids which were simultaneously in both charge clusters and the
FG/WG motif cluster was counted and then divided by the number of total amino
acids in the FG/WG cluster. This was the percentage overlap for clusters while the
standard deviation of a nup in terms of cluster overlap measured the di�erence in
total overlap between cluster types between a FG nup or control protein and its
ENSEMBLE in standard deviations of the ENSEMBLE.

For each protein, including the ENSEMBLE, topological complexity was
calculated by counting the number of times a sequence had a change in cluster
type disregarding regions of the protein which did not fall within a FG/WG
or charge cluster. Explicitly this was calculated by �rst computing a �
function mapping amino acid i to the values � (i ) = ( InChargeCluster i �
InFGCluster i )=(InChargeCluster i + InFGCluster i ) for variables In � i true (1) or
false (0) for AA i inside the indicated cluster type, omitting regions of the protein
that had both InChargeCluster i and InFGCluster i equal to zero. The topological
complexity was then derived by counting the number of times that this� function
had a non zero di�erence. In determining net charges of regions the only charged
AAs were assumed to be D (-1), K (+1), E (-1), and R (+1) with Histidine excluded
due to it being charged only 10% of the time at physiological ph [74] and because
of its high depletion levels in FG nups [54]. All charge values are measured in
normalized units of charge per AA length. The calculation of the net charge of
folded regions of FG nups was restricted to folded regions with greater than 4 AA
to avoid noise in the fold prediction algorithm. The net charge of disordered regions
of FG nups which excludes FG clusters but contains charge clusters was determined
by considering only the disordered regions which were mostly composed of charge
clusters. With charge clusters having a charged AA density of roughly 30% we used
a cuto� that required these disordered regions to have greater than 15% charged
AAs.

The 1,167 FG nups analyzed were additionally clustered among themselves
using the PreDeCon algorithm [51] over a �ve dimensional space spanning the
properties measured in the paper. Setting the minimum cluster size to 50 proteins
with a unitary neighborhood allowed for a large scale overview of how the 1,167
FG nups organize themselves in this �ve dimensional space, which resulted in four
major groupings of FG nups.

2.2 Coarse Grained Molecular Dynamics
I used coarse grained molecular modeling of individual and aggregate FG

nups to understand the dynamical and structural implications of the di�erent types
of disorder present within FG nups. Molecular dynamics in general is a simulation
methodin silico which uses classical approximations to the real quantum mechanical
atomic interactions and dynamics foundin vivo. This approach is typically used to
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model atoms bonded together to form molecules up to the size of single proteins and
protein complexes, with simulation size limited by the computational complexity of
this simulation technique. Coarse grained molecular dynamics simulations on the
other hand average out many of the atomistic degrees of freedom, resulting in a
much simpler molecular model which has a fundamental length scale larger than
that of individual atoms. In single bead per amino acid residue type coarse grained
models of proteins for example, each amino acid is treated as a single bead with a
mass, charge, and simpli�ed interaction potential which is representative of the full
atomistic properties of the amino acid.

Starting from some initial condition where all coarse grained beads have
a well de�ned position in space, coarse grained molecular dynamics simulates the
dynamics of the particles through a time evolution process which integrates Newton's
laws of motion. A commonly used time integration algorithm is thevelocity Verlet
scheme, where trajectories in the molecular dynamics simulation containing particle
positions, velocities and accelerations at timet + � t given the state of the system
at time t are derived fromr , v , and a by the following equations:

r (t + � t) = r (t) + v(t)� t + (1 =2)a(t)� t2 (2.1)

v(t + � t=2) = v(t) + (1 =2)a(t)� t (2.2)

a(t + � t) = � (1=m)r V (r (t + � t)) (2.3)

v(t + � t) = v(t + � t=2) + (1 =2)a(t + � t)� t (2.4)

The software package used to perform coarse grained molecular dynamics in
this dissertation is the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) software package [109], with the velocity verlet algorithm used for time
integration. The coarse grained simulations performed do not use an explicit solvent
to maximize simulation speed, but rather use the standard Langevin thermostat
to model a background implicit solvent and recover Brownian dynamics of the
simulation particles, while most solvent interactions with the simulated proteins
are captured in the coarse grained interaction potential used from Hillset al. [27].

My coarse grain (CG) molecular dynamics simulations use the model
developed by Hills et al [27], running in the LAMMPS software package in a
computationally parallel mode over 24 cores in a dual Xeon server. Three separate
CG models were created in an attempt to accurately simulate the behavior of the
FG nups, with the di�erent CG models producing disparate behavior to match
di�erent experiments. Each model, labeled�; �; 
 had CG potentials scaled such
that model results matched with the results of di�erent experiments, consistent with
how molecular CG models are commonly normalized [27,77]. Scaling of CG models
was achieved by multiplying the entire CG potential by a constant scaling factor.
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The di�erent CG models corresponded to di�erent experiments on disordered
FG nups as follows. CG model� matched radius of gyration measurements of human
nup153 by Milleset al [78] using the FRET technique, which showed that nup153
resembles a compact collapsed coil disordered protien [79]. On the other hand, CG
model 
 was developed to match the experiments of Limet al [80], which showed
nup153 to be an extended coil disordered protein with a large radius of gyration,
which only collapses in the presence of NPC transport factors. Finally, CG model

 was developed to reproduce the biphasicness of FG domain cohesion found by
Yamadaet al [3] through a series of bead-halo experiments. The biphasicness of FG
nups from S. cerevisiaewas found to involve the 'stalk' and 'FG' domains of the
nups, where the 'stalk' domains are the regions of the FG nup with a low density of
FG repeats and a high density of charged amino acids, while the 'FG' domain was
the opposite, with a high density of FG repeats and a low density of charged amino
acids. Stalk domains were found experimentally to be non-interacting, with no
cohesion, while FG domains were cohesive to other FG domains. FG nups were also
found to be biphasic in with respect to their radii of gyration, with stalk domains
having expanded polymer conformations, while FG domains had more compact
polymer conformations. CG model� was scaled to reproduce this measured biphasic
behavior in terms of cohesion and radius of gyration.

Simulations were done at a temperature of 300 K, with an initial equilibration
of the FG nups for 1 microsecond before production runs were started. The starting
conditions used consisted of fully extended protein con�gurations for the simulations
of the free FG nups, while FG nup starting conditions in the simulated pore consisted
of FG nups placed bunched up against the pore wall near their grafting points. The
nup speci�c sequences simulated were taken from Yamadaet al [3]. During the
initial 1 microsecond equilibration phase, all individual FG nups were able to fully
collapse in under 300 ns. Production data was then taken from the following 4
microseconds of simulation after equilibration. Post simulation analysis included
measuring the average radius of gyration of di�erent domains of the FG nups and
their average spatial densities and distributions. Trajectory snapshots were saved
every 100 picoseconds during the 4 microseconds of production simulation. Contact
proximity measurements between any two given simulated CG side-chain beads was
measured by counting the number of times side-chains were within 16 Angstroms
of each other in the saved trajectory, then normalizing by the number of trajectory
frames.

2.3 Polymer Theory
Polymers are chains of monomers which form a 
exible and dynamic 'string'

like structure. Monomers may consist of molecules such as amino acids, and may
vary widely in form within an individual polymer. The topology of polymers can be
branched, forming for example a 'star' shape with several polymer chains connected
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to a central core monomer. In my research, I only consider linear non-branched
polymers which have amino acids as monomers, the disordered protein FG nups of
the NPC.

A surface which has a dense array of polymers grafted to one side forms a
polymer brush. Polymer brushes are classi�ed into two general types in relation to
the grafting distance of the polymers, i.e. the average distance between polymer
anchor points on the surface. The two types of polymer brush are 'mushroom'
and 'true brush', which are limiting regimes that can be distinguished by either
high or low grafting densities. At a low grafting density, individual polymers
rarely interact with each other, forming an isolated mushroom shape whose size is
roughly comparable to that of the radius of gyration free polymers. At high grafting
densities, polymers interact with their neighbors and excluded volume interactions
will push the polymers away from the grafting surface and increase the average
height of the brush. This is the 'true brush' regime which we study in this paper
for FG nups grafted to the interior of a cylindrical surface.

A simple analytical theory for polymer brushes was �rst proposed by
Alexander [82], who devised an ingenuous method for solving for polymer brush
properties as a function of individual polymer properties. His critical breakthrough
was to assume that grafted polymers can each be individually thought of as a series of
connected blobs, where inside each blob one can assume that the relation governing
chain length and occupied polymer volume is the same as for a free polymer in
the same solvent. Blobs are also assumed to have maximal size, where if they
were made any larger, the relation governing chain length and occupied polymer
volume for a free polymer would not hold. The cross sectional area of each blob
was determined to be the area taken by individual polymers on the brush surface at
their grafting points. The Alexander brush theory roughly captures the dependence
and interaction between physical parameters of a brush and its constitute polymers
such as polymer length, grafting density, and solvent quality on each other through a
relatively accurate approximation for the calculation of the steric repulsion between
blobs and the stretching energy of a polymer.

In the 
at brush case, if one assumes thatd is the average distance between
polymer grafting sites andH the height of the uniform polymer brush then the
volume of each chain is approximatelyd2H . The free energy of excluded volume
interactions in the brush can be thought of as excluded volume interactions between
blobs in a chain,Fe, with N monomers of lengtha per chain. Fe is approximately
the energy of blob overlap for each blob (kT) times the blob occupation probability
for a given blob volume for every blob in each chain:

Fe = ( kT) � (( � 3c) � nb) (2.5)

with nb the number of blobs per chain,� the radius of each blob, andc the
concentration of blobs.
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The free energy of the stretching of the polymers in the brush,Fs, is given
by the reduction of degrees of freedom of the chain and the resulting reduction in
free energy per chain ofkT per blob formed as the polymer is stretched, times the
number of blobs per chainnb which are created:

Fs = ( kT) � nb (2.6)

The number of blobs is simply:

nb = H=� (2.7)

with � the radius of each blob.
As we have assumed that inside each blob the relation governing chain length

and occupied polymer volume was the same as for a free polymer in the same
solvent, we can use the standard scaling relation thatN = nb(�=a)5=3 for excluded
volume chains [82], which together with equation 2.7 can be used to solve for� =
(N=H)3=2a5=2. The free energy of the stretching of the polymers is therefore:

Fs = kT
H 5=2

a5=2N 3=2
(2.8)

We can now solve forc, the blob concentration, which geometrically is the
number of blobs per chain (nb = H=� ) divided by the chain volume. Substitution
of the relevant variables results inc = ( H

aN 3=5 )5=2=(d2H ).
The total free energyF of the chains in the brush is �nally the sum of the

stretching and chain overlap free energies:

F = Fe + Fs = kT
N 3=2a5=2

H 1=2d2
+ kT

H 5=2

a5=2N 3=2
(2.9)

We use this form of 
at brush theory which has been adapted for use over
negatively curved surfaces, such as for FG nups grafted to the inner surface of a
cylinder, as solved in general by Sevick [88].
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Chapter 3

FG NUCLEOPORIN BIOINFORMATICS

3.1 Biophysical Bioinformatics Introduction
Bioinformatic and proteomic analyses of the NPC have been successful in

determining the structure, function, and origin of these structural elements of the
pore [31, 36]. The disordered regions of nups have on the other hand generated
much debate with regards to their underlying biophysical properties and function.
Experimental results on FG nup aggregation and function are not all consistent
[37{39], and traditional bioinformatics tools are unsuitable to predict function for
these disordered proteins primarily due to their high AA substitution rates [40].

The reason for this is that typical bioinformatic sequence analysis involves
pairwise comparison of amino acids (AAs) to reveal relationships among separate
proteins [41], but this implicitly relies on a strong correlation between sequence,
structure and function. However, since individual disordered proteins have the
ability to form large functional ensembles of structures rather than a single folded
structural state, they are much more robust to substantial changes in sequence
over and above BLOSUM [42] or PAM [43] type similarity mutations, with often
very-dissimilar sequences producing identical function [44]. In essence, it is not clear
how disordered proteins retain functionality in the absence of a speci�c structure
or a conserved sequence, both of which are normally associated with function in
proteins [45].

It is therefore possible that the spatial distribution of physical properties
along the disordered protein chain is a more relevant determinant of function
than the speci�c AA sequence. Such an approach has been successful with other
disordered protein systems such as the comprehensive analysis of 1,384 wild-type
homeodomains by Vuzmanet al [46]. They showed that the charge composition
and distribution are evolutionary conserved, with positively charged amino acids
forming dense and large clusters in order to functionally enhance binding to
negatively charged DNA. This is a clear example that the sequence to structure
to function paradigm well known among structured proteins can be applied at a
coarse-grained level to intrinsically disordered proteins as well. Additionally, the
general relationship between the sequence composition of disordered proteins, their
structural characteristics, and function is currently a major area of research [47].
For example, Vuceticet al [48] have been able to broadly classify disordered protein
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sequences using a combination of sequence analysis tools into three groups arbitrarily
labeled Flavor V, C, and S. Flavor V sequences tend to have positive charge and
function as ribosomal proteins, Flavor C proteins tend to be neutral and function
as modi�cation sites, while Flavor S proteins tend to be negatively charged and
function in protein binding.

Here we have taken the approach of analyzing the distribution of AA
physico-chemical properties along FG nup polymers to model the copolymer block
structure of these properties in order to generate metrics for comparison between FG
nups that overcome highly divergent and noisy sequence data to reveal functional
features. This approach also allows us to use these features to separate FG nups
into distinct groups with potentially distinct functions, and to identify analogous
subsets of these proteins among di�erent species.

We assembled a data set for analysis of 3,355 nuclear pore related
sequences (Supplementary Material) tagged with the keyword "nucleoporin" from
the Universal Protein Database [49]. This data set contained FG nups from
252 species (Supplementary Material). These proteins were characterized by the
percentage of probable disorder as predicted by the PONDR algorithm [50] and by
their FG motif distribution density (FG motifs/AA). Two groups arose naturally
(Supplementary Material, Figure 3.6, Figure 3.7, Figure 3.8, Figure 3.9); one with
low percentage disorder and FG density, which we identi�ed as structural nups and
kaps, and another group with relatively high percentage disorder and FG density,
the FG nups. We focus on the second group for the rest of this analysis.

In this paper we use an approach called "density-based clustering" where
density is the number of occurrences of a speci�c motif (e.g. "FG" AA pair
or charged AA) per residue in a given segment of the protein. A cluster of a
particular motif is de�ned as a segment of the protein with a higher density of that
motif than the remainder of its amino acid sequence which models the copolymer
block distribution for that motif, as depicted in Figure 3.1A. Note that individual
occurrences of motifs appearing in low-density regions that separate clusters are
considered to be noise in this clustering scheme. For this paper we adopted the
PreDeCon density-clustering algorithm because it is determinate, robust against
noise, e�cient, and shows a superior clustering accuracy over other relevant methods
[51]. We used a form of unsupervised clustering (see Methods) which determines
the optimal clustering [52], via the Dunn index validity measure [53].

We �rst clustered two easily-de�ned, physico-chemical motifs within
individual FG nups, the FG binding motifs and charged AAs, using our density
clustering algorithm. We chose these two features because they are clearly de�ned
and have been previously associated with FG nup shape and function [54,55]. The
FG sequence motif has been extensively studied and strongly implicated in transport
factor binding [34, 35, 56], whereas the density of charged amino acids has been
frequently noted as a predictor of intrinsically-disordered proteins and is generally
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an important predictor of polymer properties. For the sake of completeness, we
also explored clustering across a wide spectrum of possible alternative motif choices
(Supplementary Material, Figure 3.5), and concluded that the distribution of FG
motifs and charged AA residues yielded the easiest to interpret results.

3.2 Results
3.2.1 Motif Clustering

We applied our clustering algorithm to the entire set of FG nups in all species
studied to identify clusters that are enhanced in FG motifs and charged amino acids.
FG clusters contained on average around 103 AAs, while charge clusters were smaller
containing around 25 AAs on average. In analyzing these clusters we found that
in all cases the FG nups have roughly 80% of their FG motif clusters located in
regions which have absolutely no overlap with regions where charged AA clusters
are found. This �nding is shown in Figure 3.1B, which plots a histogram of the
percent overlap in the FG and charged AA clusters (shown in blue). In order to
examine the signi�cance of this result for individual proteins, we generated a control
ensemble of proteins consisting of random shu�ings of each sequence (see Methods)
and calculated the overlap of the FG motif and charged AA clusters in this ensemble;
the results are plotted in Figure 3.1B (shown in red). For each of the FG nups we
computed the number of standard deviations,� that the overlap value is away from
the mean overlap value of the shu�ed ensemble (Figure 3.1B, inset, shown in blue).
Approximately 90% of FG nups had an overlap that was one or more standard
deviations less than their ensemble mean, and 77% had an overlap more than three
standard deviations less than the ensemble average. In contrast the vast majority
of FG clusters in the randomly-shu�ed ensemble had large degrees of overlap with
charge clusters, with only 4% having no overlap.

We also created a control group of 24 FG-nup-like proteins (Data S1),
composed of WG motif argonaute binding proteins and non-nucleoporin FG repeat
proteins, which share numerous similarities to FG nups including substantial
amounts of disorder and a binding motif. Argonaute binding proteins contain
WG motifs within their disordered domains, which are functional in substrate
binding [57] similar to how FG motifs bind to karyopherins. An additional twelve
non-nucleoporin FG-motif containing proteins involved in protein transport and
sorting (similar to FG nups) were obtained from an exhaustive search of the
Saccharomyces cerevisiaegenome [58]. Notably, the control group exhibited little
di�erence from the random ensemble in terms of FG (or WG) cluster overlap with
the charged AA clusters, with greater than 85% of proteins having an overlap that
was one standard deviation or less from the mean of the random ensemble (Figure
3.1B, inset, shown in red).

Although FG and charge clusters are highly disjoint, the ordering of these
clusters along the protein chain can display various levels of spatial organization. To
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quantify this higher level cluster organization, we de�ned the topological complexity
as the number of times that FG and charge clusters alternate with each other along
the entire length of the amino acid polymer (see Methods for details). For example,
a diblock polymer (i.e. a protein with a single cluster of charged AAs next to a
single cluster of FG motifs) would alternate once between cluster types along the
polymer resulting in a topological complexity of 1.

We found that over one third of FG nups adopt a simple diblock topological
complexity of 1 (see Figure 3.1C, blue histogram), and another quarter of them
adopt a topological complexity of 3, a quad-block structure (ABAB). In general,
the distribution of the topological complexities of the FG nups is highly skewed,
with 60% of FG nups having a topological complexity which is less than the overall
mean by one or more standard deviations and 11% having a topological complexity
greater than one standard deviation above their ensemble. In stark contrast to
the FG nups is the control group which stands essentially indistinguishable from
the random ensemble in terms of topological complexity, with more than 75% of
proteins di�ering from the random ensemble by less than one standard deviation.
The ordering of FG clusters relative to charged AA clusters is therefore very di�erent
than what would result from chance alone, suggesting a functional role.
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Figure 3.1: Spatial relationship between FG and charge clusters. (A) The FG
clusters and charge clusters of an example FG nup sequence. (B) Percent overlap
of FG clusters with charge clusters (blue). Almost 80 percent of FG motif cluster
regions have zero overlap with clusters of charges. Other percentages of overlap,
while strongly in the minority, appear with roughly equal probability. FG nups
which have been randomly shu�ed (in red) have 4 percent of their FG motif cluster
regions completely disjoint from charge clusters while there is a strong tendency for
FG clusters to overlap with charge clusters with a most probable frequency overlap
at 45 percent.
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Figure 3.1: Inset shows statistical signi�cance of degree of overlap for FG nups (top,
blue) versus WG/FG control group (bottom, red). Horizontal axis in inset shows
the deviation of the percent overlap from the mean value for the randomly shu�ed
ensemble measured in units of the standard deviation of the random ensemble
distribution. (B) Histogram of the topological complexity of FG nups (in blue)
and randomly shu�ed nups (in red). A majority of FG nups (66%) have a low
topological complexity (less than 4) with 34% being purely diblock charge-FG
copolymer structure, while randomly shu�ed nups have only a small minority (22%)
with low topological complexity and only 2% are diblocks. Upper inset shows that
77% of FG nups have a topological complexity which is less than their random
ensemble by more than one standard deviation, while the control group shows little
deviation from the ensemble (red, lower inset).

3.2.2 Relative Orientations
Given our result that the vast majority of FG nups have well separated

charged AA and FG motif clusters, we explored the distribution of these clusters
relative to the N- and C-termini. We de�ned the FG-charge polarity, � fc , as the
ratio of the distance between the centers of mass of FG and charged AA clusters
to the total nup length, normalized such that � fc > 0 indicates a charge to FG
orientation coincident with the N-to-C terminus direction. This value ranges from
0 if for example the FG and charged AA motif clusters are wholly overlapping or
interspaced, to values of� 1 if the regions are disjoint and at opposite ends of the
protein. Positive values of� fc are therefore indicative of situations where the FG
motifs cluster towards the C-terminus of the protein.

In the sequences analyzed, we found that FG nups have a strong tendency
for � fc < 0, with 70% having � fc < � 0:35. This indicates that FG clusters are
preferentially located more towards the N-terminus of the protein than the charged
AA clusters, and the centers of mass of the two motif clusters are separated by
about half the protein length. Comparing to the results for the randomly-shu�ed
ensembles, we �nd 77% of FG nups having a lower (more negative) FG-charge
polarity than the random ensemble mean by more than one standard deviation.
In contrast, the FG-charge polarity computed for the control group of proteins
resembles the random ensemble. Polarity for the randomly-shu�ed ensembles of
the FG nups showed no overall average polarity, as expected by symmetry.

The high conservation of the net negative FG-charge polarity (� fc < 0)
across a wide range of species suggests that this property is conserved by evolution
and presumably related to NPC function. To relate this polarity to the spatial
orientation of the FG nups in the NPC, we similarly looked at the polarity, � df ,
between disordered and folded regions considering that the folded regions are
predominantly anchor domains that connect the nups to the NPC sca�old [54].
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The observed polarities were (Figure 3.2B) very similar to the average FG-charge
cluster polarities, indicating that the clustering of the FG motifs is nearly always
towards the N-terminal tip of the nups in disordered regions, away from an anchor
domain which attaches to the NPC sca�old inner wall. Interestingly, FG-charge
polarity is also found to be maintained locally within disordered regions for FG
nups that contain at least one charge cluster in a disordered region, indicating a
charge-containing spacer sequence (or entropic chain) closer to the wall, while a
minority of FG nups had no charge clusters in their disordered regions (Figure
3.2B). This is consistent with the bimodal distribution of these features in nups
from S. cerevisiae[54].

It is interesting to note that since mRNA translation into protein is initiated
at the N-terminus, the observed disorder-folded polarity implies that the vast
majority of nups have the disordered region synthesized prior to the ordered portion.
This may have implications for the processing and transport of newly synthesized
nups.
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Figure 3.2: Polarity and charges of FG nups. (A) Polarity� fc between charge
and FG regions. FG nups (blue) tend to adopt a large negative and well conserved
value for N-terminus to C-terminus polarity. Randomly shu�ed FG nups showed no
overall average polarity (red) and the statistical signi�cance of FG nup polarity was
consistently higher than three standard deviations (inset, blue, upper). The control
group did not show a considerable di�erence from the random ensemble (inset, red,
lower). (B) Polarity � df between disordered and folded regions (blue) using the
PONDR [50] protein disorder predictor. Observed polarities are on average similar
to FG to charge cluster polarities,� fc . Interestingly, � fc values for the disordered
regions alone (green) show a similar trend. Inset shows the net charge of folded
structural nups/kaps (blue) and FG clusters (green) which appear to be equal and
opposite on the whole, while disordered charge cluster regions (red dashed) appear
to be net neutral. Histogram values for net charges for charge clusters greater than
0.1 e/AA and less than -0.1 e/AA are negligible and are shown in Supplementary
Material.
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3.2.3 Net Charges of FG Nup Regions
We next analyzed the exact distribution of charged AAs in FG nups and

found that the net charge of FG clusters (Figure 3.2B, inset) is positive, and nearly
equal and opposite to the net charge of kaps and structural nups. We also �nd that
the disordered regions of FG nups, which exclude FG clusters but contain charge
clusters (Supplementary Material, Figure 3.10), are neutral on average. The folded
regions of FG nups on their own were also found to have zero net charge on average,
but to associate with structural nups which are negatively-charged (Supplementary
Material, Figure 3.11).

Previous results regarding net charges of nucleoporins by Ribbecket al
are consistent but less speci�c, showing that for two species,S. cerevisiaeand
humans, kaps are strongly biased towards having negative total charge [59], while
the disordered regions of FG nups have a tendency to be positively-charged. We
show this trend is common throughout all eukaryotic species, and more signi�cantly
that the positive charges are localized to the FG domains of N-terminal tips of
disordered regions.

Figure 3.3A summarizes our �ndings by showing the e�ect on a FG nup
sequence of successive constraints from the observed FG-charge overlap, cluster
topology, charge and order-disorder polarities. The schematic at the top of Figure
3.3A shows the charged AA and FG motif patterns in a randomly shu�ed AA
sequence and the �nal schematic shows the typical FG nup that �ts the observed
sequence constraints. Figure 3.3B depicts the FG and charge clusters fromall the
FG nups from a single well characterized organism,S. cerevisiae. The representative
FG nup depicted in Figure 3.3A is roughly similar to most of the FG nups present in
S. cerevisiae. The deviations of individual nups from the representative distribution
and from each other provide a means via which speci�c FG nups could adopt distinct
functional roles within the NPC.
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