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Abstract. The permeability barrier of nuclear pore complexes (NPCs) controls bulk 19 

nucleocytoplasmic exchange. It consists of nucleoporin domains rich in phenylalanine-20 

glycine motifs (FG domains). As a bottom-up nanoscale model for the permeability barrier, 21 

we have used planar films produced with three different end-grafted FG domains and 22 

quantitatively analyzed the binding of two different nuclear transport receptors (NTRs), 23 

NTF2 and Importin β, together with the concomitant film thickness changes. NTR binding 24 

caused only moderate changes in film thickness; the binding isotherms showed negative 25 

cooperativity and could all be mapped onto a single master curve. This universal NTR 26 

binding behavior – a key element for the transport selectivity of the NPC – was quantitatively 27 

reproduced by a physical model that treats FG domains as regular, flexible polymers, and 28 

NTRs as spherical colloids with a homogeneous surface, ignoring the detailed arrangement of 29 

interaction sites along FG domains and on the NTR surface. 30 

  31 
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INTRODUCTION 32 

In eukaryotic organisms, the nuclear envelope separates the nucleoplasm from the 33 

cytoplasm and encloses most of the genetic material in the cell. The ordered course of gene 34 

expression requires selective transport through this double membrane. This function is 35 

provided by nuclear pore complexes (NPCs), large membrane-spanning protein complexes 36 

that perforate the nuclear envelope (Fahrenkrog and Aebi 2003; Fernandez-Martinez and 37 

Rout 2012; Floch et al. 2014; Gorlich and Kutay 1999; Grossman et al. 2012; Macara 2001). 38 

Although small molecules up to 20-40 kDa (i.e., up to roughly 5 nm in diameter) can diffuse 39 

freely through the NPC, the passage of larger macromolecules is impeded unless they are 40 

bound to nuclear transport receptors (NTRs) (Gorlich and Kutay 1999; Keminer and Peters 41 

1999; Mohr et al. 2009; Yang and Musser 2006). 42 

The permeability barrier in the 30 to 50 nm diameter central transport channel of NPCs is 43 

formed by domains of NPC proteins (nucleoporins) that are rich in phenylalanine-glycine 44 

motifs (FG domains; single-letter code is used throughout) and that are grafted to the channel 45 

walls at a high density (Bui et al. 2013). The FG domains are thought to be highly flexible 46 

and behave like natively-unfolded proteins (Denning et al. 2003; Denning and Rexach 2007; 47 

Denning et al. 2002; Hough et al. 2015). As such, they do not have a defined secondary or 48 

higher-order protein structure. However, depending on their intramolecular and 49 

intermolecular interactions, these proteins can organize into supramolecular assemblies such 50 

as protein meshworks, brushes or scaffolds (Dyson and Wright 2005; Uversky and Dunker 51 

2010). There is a broad consensus that FG domains interact with NTRs and facilitate their 52 

passage through NPCs. In addition, there is an attractive (cohesive) interaction between FG 53 

domains. This promotes the formation and determines the properties of FG domain phases 54 

(Eisele et al. 2013; Frey and Gorlich 2007; Frey et al. 2006; Patel et al. 2007; Schmidt and 55 

Gorlich 2015), and is also essential for the formation of a functional permeability barrier 56 
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(Frey et al. 2006; Hulsmann et al. 2012). However, the nature of these interactions remains 57 

controversial (Peters 2009), both for the interactions between FG domains, and for the 58 

interactions between FG domains and NTRs. As a consequence, there remains a large 59 

uncertainty about the morphology of the permeability barrier (Frey and Gorlich 2007; Frey et 60 

al. 2006; Lim et al. 2007; Peters 2005; Rout et al. 2000; Yamada et al. 2010) and about how it 61 

is influenced by the substantial enrichment of NTRs in the NPC conduit (Frey and Gorlich 62 

2009; Kapinos et al. 2014; Lowe et al. 2015; Mohr et al. 2009). 63 

Because of the low degree of order in the FG domain meshwork and its spatial 64 

confinement within the NPC, it has been difficult to address these questions using traditional 65 

biochemical assays and structure determination methods. Alternatively, computational 66 

models can provide valuable insights into collective behavior of FG domains, but are affected 67 

by the size and complexity of the NPC, and in particular by the experimental uncertainty on 68 

protein distributions and interactions (see (Osmanovic et al. 2013a) for a review). 69 

To obtain a more comprehensive understanding of the interactions between FG domains 70 

and NTRs in the context of nucleo-cytoplasmic transport, we have employed a novel 71 

approach that combines measurements of the uptake of NTRs by well-defined nanoscale 72 

assemblies of FG domains with (coarse-grained) computational modeling for a quantitative 73 

interpretation of the experimental results in terms of FG domain morphology and 74 

intermolecular interactions. Specifically, we produce films of end-grafted purified FG 75 

domains that are similar to the protein meshwork in NPCs, both in their thickness and in their 76 

FG motif density (Eisele et al. 2010; Eisele et al. 2013). With such planar model systems it is 77 

possible to quantify NTR binding and investigate NTR-induced thickness changes (Eisele et 78 

al. 2012; Eisele et al. 2010; Schoch et al. 2012). Binding curves of several NTR/FG domain 79 

systems have been shown to deviate from an ideal Langmuir isotherm, suggesting that the 80 

binding avidity of NTRs to FG domain films strongly depends on the concentration of NTRs 81 
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in the film (Eisele et al. 2010; Kapinos et al. 2014; Schleicher et al. 2014; Wagner et al. 2015) 82 

and on the proportion of FG motifs that are occupied by NTRs. Here, we describe the use of 83 

this system to identify common features and obtain a more quantitative understanding of 84 

these interactions, by analyzing and comparing the binding of two different NTRs, nuclear 85 

transport factor 2 from Homo sapiens (NTF2) and Importin β from Saccharomyces cerevisiae 86 

(Impβ), to plane-grafted FG domain films that each are generated from one of three different 87 

FG domains: the FG domain of Nsp1 from S. cerevisiae (that has FxFG and just FG motifs), 88 

a glycosylated FG domain of Nup98 from Xenopus tropicalis (Nup98-glyco; with primarily 89 

GLFG and just FG motifs) and an artificial, regular repeat with exclusively FSFG motifs 90 

(reg-FSFG). The two transport receptors differ in size (29.0 kDa for the functional NTF2 91 

homodimer and 95.2 kDa for Impβ) and in the number and distribution of binding sites for 92 

FG domains. Two identical sites are located between the subunits of NTF2 (Bayliss et al. 93 

2002), whereas for mammalian Impβ two different sites have been identified by 94 

crystallography (Bayliss et al. 2000) and molecular dynamics simulations have suggested 95 

there may be up to nine sites spread over the Impβ surface (Isgro and Schulten 2005). Recent 96 

crystallography work revealed eight binding sites on the exportin CRM1 (Port et al. 2015), 97 

suggesting that the dispersal of binding pockets across the protein surface is a common 98 

feature of the larger NTRs. The FG domains employed in this study differ in prevalent FG 99 

motif types, FG domain size, abundance of FG motifs relative to FG domain size (Table 1), 100 

as well as in the distribution of FG motifs along the peptide chains and the composition of the 101 

spacer regions between FG motifs (Table 1 – Source data 1) (Labokha et al. 2013; Radu et al. 102 

1995; Rout and Wente 1994). 103 

Our approach has enabled us to explore the universality/diversity of NTR binding to FG 104 

domains, to quantify the binding and to interpret it in terms of NTR distribution in and on FG 105 

domain assemblies, while also demonstrating how we can benchmark parameters in 106 
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computational simulations to a well-defined experimental model. From the quantitative 107 

comparison between experiment and computational modeling, we learn about the levels of 108 

structural and chemical detail and heterogeneity that are required to effectively model and 109 

understand NTR uptake by FG domain assemblies, and gain new insights into the physical 110 

mechanisms – largely related to collective low-affinity interactions and the formation of a 111 

phase (Hyman and Simons 2012) of FG domains and NTRs – that determine NPC transport 112 

selectivity.  113 
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RESULTS 114 

FG domain film assembly and experimental approach 115 

Selected FG domains, i.e., Nsp1, Nup98-glyco and reg-FSFG, were purified (Figure 1 – 116 

figure supplement 1) and anchored stably and specifically to planar surfaces, through their 117 

His tags (Figure 1 – figure supplement 2). We monitored the formation of FG domain films 118 

and their interaction with NTF2 and Impβ by spectroscopic ellipsometry (SE) and quartz 119 

crystal microbalance (QCM-D), simultaneously and on the same sample (Figure 1 – figure 120 

supplement 3), to quantify areal protein densities, Γ (i.e., amounts of protein per unit area, 121 

expressed as pmol/cm2; 1 pmol/cm2 equals 0.6 molecules per 100 nm2), and effective film 122 

thicknesses, d, respectively. 123 

The FG domain grafting density was tuned to range between 4 and 11 pmol/cm2 (i.e., 124 

between 2.4 and 6.6 molecules per 100 nm2), by varying the FG domain solution 125 

concentration and incubation time. This range covers and extends around the estimated 126 

grafting density in a yeast NPC that is thought to be 5.2 to 6.9 pmol/cm2 (i.e., 3.1 to 4.1 127 

molecules per 100 nm2); this estimate is based on the assumption of a cylindrical channel of 128 

35–40 nm in diameter and 30–35 nm in length (Yang et al. 1998), and of ~136 FG domains 129 

per channel (Rout et al. 2000; Strawn et al. 2004). It is also a range (≥ 5 pmol/cm2 for Nup98-130 

glyco) over which the FG domain films maintain a homogeneous appearance, as previously 131 

verified by atomic force microscopy (Eisele et al. 2013). 132 

NTRs were titrated into FG domain films over a range covering three orders of magnitude 133 

in NTR concentration. This range includes the typical cellular concentrations of NTRs, e.g., 134 

0.5 μM NTF2 homodimer in X. laevis eggs (Kirli et al. 2015), 0.3 μM NTF2 homodimer in 135 

HeLa cells (Gorlich et al. 2003), and 3 to 5 μM Impβ in X. laevis (Kirli et al. 2015; Wuhr et 136 

al. 2014). The highest concentration in our experiments (10 μM) is comparable to the total 137 
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concentration of NTRs found in cells (Hahn and Schlenstedt 2011; Kirli et al. 2015; Wuhr et 138 

al. 2014). 139 

Figure 1 summarizes the experimental data at equilibrium as a function of NTR 140 

concentration, cNTR, in solution. A set of controls confirmed that NTF2 and Impβ bound 141 

specifically to the immobilized FG domains (Figure 1 – figure supplements 4 and 5), and that 142 

binding equilibriums were indeed achieved (Figure 1 – figure supplement 3B). Irrespective of 143 

the FG domain and NTR types, NTR binding and unbinding was rapid, i.e., largely 144 

determined by mass transport to and from the surface upon changes in NTR concentration 145 

(Figure 1 – figure supplement 3B). This is consistent with reports on the kinetics of NTRs 146 

interacting with individual FG motifs (Milles et al. 2015), FG domains (Hough et al. 2015), 147 

and FG domain assemblies (Eisele et al. 2010; Frey and Gorlich 2007), which all found 148 

binding to be exceptionally rapid. Taking these observations together, we conclude that we 149 

measure genuine interactions between NTRs and supramolecular assemblies of FG domains. 150 

Analysis of NTR binding isotherms 151 

Interestingly, the shape of the binding isotherms (i.e., the areal NTR density in the film, 152 Γ୒୘ୖ,ୣ୯, versus cNTR; Figure 1, top row) remained largely unchanged with FG domain type 153 

and grafting density. This common shape prompted a more detailed analysis, including the 154 

use of phenomenological models (see Figure 2A for a selected measurement; all other 155 

measurements led to similar conclusions, see Figure 2B). For cNTR ≤ 0.05 μM, the slope in the 156 

log-log binding isotherms is one (Figures 1; and 2A, main plot, dashed line), as expected 157 

from the low-concentration limit of a Langmuir isotherm. This indicates that – at low 158 

concentrations – individual NTR molecules bind to the FG domain film independently. In this 159 

concentration range, the ratio Γ୒୘ୖ,ୣ୯ ܿNTR⁄ = ܥܲ × ݀ was constant, with partition 160 

coefficients PC between 103 and 105 (Figure 2 – figure supplement 1A), implying that NTRs 161 

are strongly enriched in the FG domain films compared to their concentration in solution. 162 
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For higher concentrations, however, the Langmuir isotherm (i.e., Γ୒୘ୖ,ୣ୯ = Γ୒୘ୖ,୫ୟ୶ ×163 ܿNTR ሺ0.5ܭ + ܿNTRሻ⁄ , with Γ୒୘ୖ,୫ୟ୶ the maximum areal density of bound NTRs and 0.5ܭ the 164 

concentration for half-maximum binding) failed to faithfully describe the data (Figure 2A, 165 

inset, dashed line). This is in line with earlier observations (Eisele et al. 2010; Wagner et al. 166 

2015). For a quantitative comparison between different curves, we fitted the experimental 167 

data with the Hill equation (Figure 2A, main plot, solid line), i.e., Γ୒୘ୖ,ୣ୯ = Γ୒୘ୖ,୫ୟ୶ ×168 ܿNTR஑ ሺ0.5ܭ஑ + ܿNTR஑ ሻ⁄  (Weiss 1997). The Hill coefficients for all curves lie within the narrow 169 

range α = 0.71 ± 0.04 (Figure 2 – figure supplement 1B). This narrow spread in α in the Hill 170 

fits and the small variations (typically less than a factor of two) in K0.5 for the different FG 171 

domain types and grafting densities (Figure 2 – figure supplement 1C), confirm the 172 

uniformity of the binding isotherms noted above. Unsurprisingly, there was more variation in 173 

the effective maximal binding ΓNTR,max as determined from the Hill fits (Figure 2 – figure 174 

supplement 1D). The uniformity of the binding isotherms can be further articulated by 175 

plotting normalized areal densities (ΓNTR,eq/ΓNTR,max) versus normalized NTR concentrations 176 

(cNTR/K0.5), with ΓNTR,max and K0.5 determined from the Hill fit, to show that this reduces all 177 

data to a single master curve (Figure 2B). The agreement in curve shape is remarkable, given 178 

that the used FG domains provide a large spread of FG motif types and FG motif arrangement 179 

along the peptide chains (Table 1) and that the two tested NTR types differ both in size and in 180 

the number of binding sites for FG motifs. 181 

Since α is smaller than one, the Hill fits indicate that NTR binding is negatively 182 

cooperative in the physiologically relevant concentration range, i.e., the average binding 183 

strength decreases as the FG domain assembly becomes enriched with NTRs. This finding is 184 

in line with recent reports that propose a modulation of NTR binding by the presence of other 185 

NTRs (Kapinos et al. 2014; Schleicher et al. 2014; Wagner et al. 2015). In this context, it is 186 

worth noting that the areal density of bound NTR represents only a small fraction of the FG 187 
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motif density available in the films. The total number of FG motifs per FG domain is 33 for 188 

Nsp1, 39 for Nup98-glyco and 16 for reg-FSFG (Table 1). Our data illustrate that, at cNTR = 189 

10 μM, the films contained at least 10 and 50 FG motifs per bound NTF2 dimers and per 190 

bound Impβ, respectively (Figure 2 – figure supplement 1E). With two binding sites for FG 191 

motifs per NTF2 dimer, and up to nine binding sites per Impβ, this implies that no more than 192 

20 % of the FG motifs were simultaneously engaged in NTR binding. Importantly, NTR 193 

binding does not correlate with the total abundance of FG motifs: for example, Nsp1 binds 194 

more than twice the number of NTF2 per FG motif compared to Nup98-glyco (Figure 2 – 195 

figure supplement 1E), consistent with its binding NTF2 more strongly (Clarkson et al. 196 

1997). 197 

Taken together, the analysis of binding isotherms demonstrates that NTRs are 198 

substantially enriched in FG domain films, that the accumulation of NTRs in FG domain 199 

films progressively reduces the strength of NTR binding, and that the NTR binding behavior 200 

has universal features that are independent of the detailed chemical and structural features of 201 

the FG domains and NTRs. 202 

Impact of NTR binding on film thickness 203 

Variations in film thickness d (Figure 1, bottom row) following NTR binding were 204 

generally moderate. At NTF2 solution concentrations up to 1 μM, the thickness remained 205 

virtually unchanged for Nup98-glyco and reg-FSFG, and decreased marginally (by up to 7 %) 206 

for Nsp1. At higher concentrations, the thickness gradually increased, by between 5 and 35 % 207 

at 10 μM compared to the pristine FG domain film, depending on the FG domain type and 208 

grafting density. For Impβ binding to Nsp1, there was a moderate and gradual thickness 209 

increase up to 25 % at 10 μM. In all cases, the increase in film thickness was smaller than or 210 

comparable to the dimensions of the NTRs. These findings are in clear disagreement with the 211 

film collapse by more than 50 %, reported by Lim et al. on nanoscale islands of FG domain 212 
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assemblies (Lim et al. 2007), and the “nanomechanical collapse” model proposed based on 213 

those data. Instead, our data are in full agreement with other thickness measurements on 214 

similar systems (Eisele et al. 2010; Kapinos et al. 2014; Wagner et al. 2015), which 215 

consistently did not give any indications for such a collapse, but rather indicate that the global 216 

morphology of FG domain films remains preserved irrespective of the concentration and type 217 

of NTR. 218 

Computational approach and cohesiveness of the FG domain films 219 

In our experiments, the shape of the binding isotherms was independent of the detailed 220 

chemical and structural features of the FG domains and NTRs. We therefore hypothesized 221 

that it must arise from generic physical features of the FG domain / NTR system, among 222 

which are the nature of FG domains as flexible polymers and of NTRs as globular colloids, as 223 

well as the mean, overall interactions between FG domains and NTRs. To test this 224 

hypothesis, we adapted a previously developed computational model (Osmanovic et al. 2012; 225 

Osmanovic et al. 2013b) to planar surfaces (Figure 3A). The model treats polymers as beads 226 

on a chain, where the bead diameter is set to twice the contour length of an amino acid, to 227 

reproduce the flexibility of unfolded peptide chains (see Materials and Methods); the 228 

interactions between FG domains are essentially smeared out over the whole (homogeneous) 229 

chain thus effectively including interactions between FG motifs but potentially also with 230 

other parts of the FG domain chains. The model explicitly considers the confinement through 231 

grafting, the size, the flexibility, the geometrical excluded volume and the cohesiveness of 232 

FG domains, the concentration and geometrical excluded volume of NTRs, and the attraction 233 

between FG domains and NTRs. The polymer and the colloid surface are homogeneous, and 234 

two adjustable parameters regulate the interaction strengths (see Materials and Methods): εpp 235 

the cohesiveness (Eisele et al. 2013) of polymer segments, and εpc the attraction between a 236 

polymer segment and a colloid. From the computed density maps (Figure 3 – figure 237 
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supplement 1) for appropriate polymers and colloids, physical parameters such as average 238 

film thickness and binding isotherms were extracted (Figure 3 – figure supplements 2-5) and 239 

compared with the experimental data. 240 

First, we considered the FG domain films without NTRs. Figure 3B displays the predicted 241 

film thickness normalized by the by the number of amino acids in the protein. As expected, 242 

the film thickness decreases (i.e., the film condenses) with increasing cohesiveness εpp. At 243 

any given εpp for the polymers representing Nsp1 and Nup98-glyco, the normalized thickness 244 

is identical, as would be expected based on mean field theory for polymer brushes, 245 

irrespective of the degree of cohesiveness (Zhulina et al. 1990). The somewhat larger values 246 

for the roughly two-fold shorter chain representing reg-FSFG are thus likely to reflect finite-247 

size effects. To obtain estimates for the cohesiveness parameter εpp for all FG domains, we 248 

compared the computational predictions (symbols in Figure 3B) to the experimental thickness 249 

data (horizontal bands in Figure 3B). Table 2 shows εpp as a function of FG domain type, 250 

obtained via a cubic interpolation (dashed line in Figure 3B) between the εpp values for which 251 

computational data were available. Because the interface between the film and the bulk 252 

solution is not ideally sharp, it was unclear a priori which computational density threshold 253 

(see Materials and Methods) should match the effective thickness measured by QCM-D most 254 

accurately. Reassuringly, however, the results were only weakly influenced by the precise 255 

definition of film thickness that was used in the computational model, i.e., density thresholds 256 

of 1 % or 10 % instead of 5 % typically altered the estimates for εpp by less than 10 %. From 257 

the comparison of computation and experiment, it was clear that εpp for Nup98-glyco 258 

exceeded that of Nsp1, in good agreement with our previous study (Eisele et al. 2013), in 259 

which we also found Nup98-glyco to be more cohesive than Nsp1. Nup98-glyco and reg-260 

FSFG have similar cohesiveness. 261 
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Using similar computational modeling in a NPC-mimicking pore geometry of 50 nm 262 

diameter, we had previously estimated εpp ≈ 0.05 kBT from nanomechanical studies on intact 263 

NPCs (Bestembayeva et al. 2015). This is close to the εpp values found here, though slightly 264 

higher, probably because the presence of NTRs was not taken into account in the 265 

computational model to which the nanomechanical data were matched. 266 

Computational modeling – Binding of NTRs to FG domain films 267 

Next, we analyzed the binding isotherms. For a given cohesiveness parameter εpp, we 268 

found that the precise setting of the NTR•FG domain interaction εpc strongly influenced the 269 

amount of bound NTRs for any given NTR concentration, by orders of magnitude for 0.1 kBT 270 

changes in εpc, in the explored parameter range of 0.1 to 0.5 kBT. It also strongly affected the 271 

overall shape of the binding isotherms (Figure 3 – figure supplements 2B, 3B, 4B and 5B). 272 

Figure 4 (top row) shows computational data for parameter sets of εpp and εpc that best match 273 

the experimental results for the different FG domain and NTR types, where εpp was 274 

determined by the film thickness measurement in the absence of NTRs (see Figure 3B). 275 

Taking into account that these are fits with a single free parameter (εpc) over several orders of 276 

magnitude in bound NTR and in NTR concentration, the agreement with the experimental 277 

data is remarkably good. With εpp estimated from the thickness in the absence of NTR 278 

(Figure 3B) and εpc from a comparison to the binding isotherms (Figure 4, top row), the 279 

performance of the model was further validated via the film thickness as a function of NTR 280 

concentration in solution. There is good agreement between the experimental data and the 281 

computational results (Figure 4, bottom row). Table 2 summarizes the results of this analysis, 282 

with the estimates of εpc varying less than ~20 % between the different FG domains and 283 

NTRs. Taken together, the measured binding of NTRs to FG domain films was accurately 284 

modeled by our simplified description of the relevant interactions in terms of the two key 285 
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parameters εpp and εpc, where we treat all amino acids in the FG domain chains identically 286 

and the NTR surfaces as homogeneous. 287 

It should be emphasized that these interaction strengths represent effective, smeared-out 288 

affinities between the polymer beads and colloids in our model (Figure 3A). To relate εpc to a 289 

rough estimate for the binding energy of an NTR in the FG domain film, one may assume the 290 

NTR colloid to be surrounded by polymer beads at the maximum polymer packing in our 291 

calculations (~20 %), yielding at most ~26 and ~53 polymer beads in contact with the 292 

colloidal surface, for the NTF2- and Impβ-mimicking colloids, respectively. Hence for NTF2, 293 

the corresponding binding energy is ≲ 26 × εpc; and εpc between 0.3 and 0.4 kBT implies a 294 

binding energy of ≲ 10 kBT per NTF2 homodimer. Similarly, εpc ~ 0.4 kBT implies a binding 295 

energy of ≲ 20 kBT per Impβ. Hence our results would correspond to a few kBT binding 296 

energy per FG-binding site on the NTRs, in reasonable agreement with the millimolar 297 

affinities per FG motif observed with Impβ (Milles et al. 2015). 298 

With the values for εpp and εpc constrained by the comparison to the experimental data, the 299 

computational model makes predictions about the distribution of FG domains and NTRs 300 

along the surface normal. These are shown in Figure 5 (top row) for cNTR = 10 μM, i.e., in the 301 

physiological range of total NTR concentrations. They reveal that, given parameter settings 302 

that best match the experimental system (Table 2), the NTRs effectively penetrate and fill all 303 

FG domain films. 304 

Figure 5 (bottom row) demonstrates that a relatively small change in the FG domain 305 

cohesiveness can have a dramatic effect on the NTR distribution. For example, with the 306 

NTF2•reg-FSFG interaction maintained at εpc = 0.4 kBT, an increase in inter-FG domain 307 

attraction by 33 %, from εpp = 0.03 kBT to 0.04 kBT, essentially impaired NTF2 accumulation 308 

inside the film, and the NTF2 was enriched instead at the film-solution interface – that is to 309 

say, on the film rather than in the film. A similar trend is observed for all other combinations 310 
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of NTRs and FG domains tested, albeit to a lesser extent for the least cohesive FG domains 311 

(Nsp1) with the smaller NTR (NTF2). 312 

The model also indicated that a minor reduction in the colloid•FG domain interaction 313 

strength drastically reduces binding (Figure 3 – figure supplements 2, 3 and 5). Figure 6 314 

illustrates this for a selected colloid concentration (1.4 μM, in the range of individual NTR 315 

concentrations in the cell) in the solution phase, and shows that by reducing εpc by only 25 % 316 

compared to the best match for the respective NTRs and FG domains, there is a reduction in 317 

colloid binding by more than one order of magnitude. Such a dramatic effect is remarkable: 318 

For comparison, a reduction of less than 25 % would be expected for simple Langmuir-type 319 

one-to-one binding. Collectively, these results suggest that the native system is tuned to 320 

operate within a rather narrow parameter space in εpc and εpp that facilitates the strong 321 

enrichment of NTRs within the FG domain film, whereas similarly sized proteins with 322 

weaker binding strength are effectively excluded. 323 

  324 
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DISCUSSION 325 

FG domain films are significantly compacted compared to non-cohesive polymer 326 

brushes 327 

We have measured reconstituted assemblies of FG domains in planar geometry and at 328 

grafting densities that are similar to those in the NPC. This yields laterally homogeneous 329 

films (Eisele et al. 2013), which may be qualified as polymer brushes (Israelachvili 1991). As 330 

pointed out previously (Eisele et al. 2013), this qualification per se does not imply a 331 

distinction between a “brush-like, entropic” scenario (Lim et al. 2007) of the NPC transport 332 

barrier on one side, and a hydrogel scenario (Frey et al. 2006) on the other. The main 333 

distinguishing factor between these opposing scenarios is the level of cohesiveness of the FG 334 

domains, which in our computational model is parameterized by εpp, and defines the 335 

compactness of the FG domain phase (Eisele et al. 2013). From the comparison between 336 

experimental and computational results for the thickness of the different FG domain films (in 337 

the absence of NTRs, Figure 3B), it appears that the FG domain assemblies are compacted by 338 

a factor two to four compared to a film of perfectly non-cohesive (εpp = 0, equivalent to a 339 

self-avoiding random walk model) and flexible peptide chains, as follows from an 340 

extrapolation of the computational data (dashed lines in Figure 3B). In spite of this 341 

condensation, the measured film thickness (Figure 1) for Nsp1 is larger than the inner radius 342 

of the S. cerevisiae NPC (18 to 20 nm (Alber et al. 2007; Yang et al. 1998)), and that for 343 

Nup98-glyco more than 60 % of the inner radius of the X. tropicalis NPC (~25 nm (Eibauer 344 

et al. 2015)). This would be consistent with the FG domains forming a pore-filling cohesive 345 

meshwork or condensed polymer brush, as implied by the selective phase model (Frey and 346 

Gorlich 2007; Frey et al. 2006; Hulsmann et al. 2012; Ribbeck and Gorlich 2001), at least for 347 

Nsp1 in S. cerevisiae, and possibly for Nup98-glyco in X. tropicalis taking into account the 348 

nanopore confinement (Osmanovic et al. 2012). 349 
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Universal aspects and negative cooperativity in NTR binding to FG domains 350 

On exposing the FG domain films to NTF2 and Impβ, we find a remarkable quantitative 351 

similarity (Figure 2) in the binding isotherms for Nsp1, Nup98-glyco, and reg-FSFG, in spite 352 

of their chemical diversity. Future studies should test if a different behavior is found for less 353 

cohesive FG domains and/or other NTRs. Our analysis in terms of the Hill equation indicates 354 

negative cooperativity for NTR binding to the FG domain assemblies. This implies that the 355 

free energy of binding per NTR decreases with an increasing amount of bound NTR in the 356 

film, and that this decrease is more pronounced than would be expected for the one-to-one 357 

binding of NTRs to independent and uncorrelated binding sites (i.e., the Langmuir isotherm). 358 

Similar observations have been made previously (Kapinos et al. 2014; Schleicher et al. 2014; 359 

Wagner et al. 2015). Key findings of the present work are that this negative cooperativity 360 

appears robust against variations in NTR and in the spread of FG motifs between Nsp1, 361 

Nup98-glyco, and reg-FSFG, and that it can be reproduced, over orders of magnitude in NTR 362 

concentration, by a model that considers the FG domains as homogeneous polymers and the 363 

NTRs as featureless spheres, i.e., ignoring chemical and structural heterogeneity. 364 

Our analysis suggests that NTR binding is largely determined by generic effects such as 365 

overall binding energy, crowding and excluded-volume interactions, and by the entropic costs 366 

of NTR absorption that, in turn, reduce the conformational freedom of the grafted and 367 

flexible FG domains. Such effects may well be expected since, at physiological NTR 368 

concentrations, the absorption of NTRs roughly doubles the total density of the films (Figure 369 

5, top row). In our computational model, these effects are included, and the amount of NTR 370 

binding follows from collective low-affinity interactions – the balance between the overall 371 

cohesiveness of the FG domains (εpp) and the smeared-out, average NTR•FG domain 372 

interactions (εpc). 373 
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Functional relevance for nucleocytoplasmic transport 374 

In this context, it is important to emphasize that enrichment of NTRs in an FG domain 375 

phase – in our model films but also in the NPC – vastly differs from NTR•FG motif binding 376 

under dilute conditions. This can be illustrated, for example, by comparing the enrichment of 377 

Nsp1 films for NTF2 and Impβ: the higher total Impβ•Nsp1 binding energy (integrated over 378 

the Impβ surface) does not translate into a higher enrichment than for NTF2, even in the limit 379 

of low NTR concentrations (Figures 1 and 4, top rows). The binding energy is balanced by 380 

excluded-volume interactions and polymer cohesiveness and entropy, i.e., by generic physical 381 

effects. At equilibrium, this balance is such that, in spite of the high binding energy between 382 

NTRs and FG domains, NTRs can exchange between the NPC and the nucleus/cytoplasm at 383 

minimal cost, thus facilitating cargo uptake and release. 384 

Remarkably, this overall balance appears rather finely tuned in several respects. Firstly, a 385 

small reduction in εpc produces a dramatic decrease in the uptake of colloids by the FG 386 

domain films (Figure 6). This is of major functional importance: by its strong dependence on 387 

εpc, the variable colloid uptake explains how FG domain assemblies in the NPC greatly favor 388 

the uptake of NTRs over other cytosolic proteins, which have been inferred to also bind FG 389 

domains (Hough et al. 2015), albeit more weakly. This then explains how, because of the 390 

selective uptake, NTRs can efficiently translocate across the NPC while more weakly binding 391 

proteins cannot. We anticipate that this predicted fine tuning can be experimentally validated 392 

by systematically adjusting protein affinity to FG domain assemblies, which awaits further 393 

studies. 394 

In addition, from our comparison between experiment and computational modeling, the 395 

NTRs appear to favor the penetration of and binding into the FG domain assemblies, but only 396 

just so: penetration is inhibited for slightly larger FG domain cohesiveness (i.e., larger εpp), 397 

which results in NTRs preferentially binding on top of (and not into) the FG domain 398 
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assembly (Figure 5). This is consistent with the remarkable selectivity exhibited by NPC 399 

transport and suggests that the cohesiveness of the FG domains is tuned to be as tight as 400 

possible to optimize exclusion of inert proteins by their size (Eisele et al. 2013), while still 401 

sufficiently loose to facilitate penetration by NTRs. These features also lend themselves to 402 

further experimental validation: the model predicts how NTRs are distributed in FG domain 403 

assemblies and how these distributions depend on the interaction strength between NTRs and 404 

FG domains, which can be verified in future neutron or X-ray reflectometry measurements on 405 

FG domain films. 406 

Extrapolating our results on planar assemblies to the pore geometry of the NPC, we note 407 

that large structural changes can occur within the here determined parameter range of εpp: In 408 

analogous calculations for FG domains in an NPC-mimicking pore geometry of 50 nm 409 

diameter (Osmanovic et al. 2012; Osmanovic et al. 2013b), we observed a transition 410 

(Osmanovic et al. 2012) between, on one hand, a central and pore-occluding condensate of 411 

FG domains in the NPC conduit, and on the other hand, a more open state with FG domains 412 

localized closer to the pore wall (see, e.g., Fig. 7 in (Osmanovic et al. 2013b)). Such large and 413 

collective transitions are required to facilitate transport of larger cargo•NTR complexes, with 414 

a size comparable to the nuclear pore diameter, through the NPC. 415 

Towards a minimal physical model for the NPC 416 

Depending on the interaction strengths, FG domains assemblies may thus adopt 417 

qualitatively different behaviors, e.g., absorption versus adsorption of NTRs and different 418 

types of polymer condensation. The overall FG domain interactions and NTR•FG affinity 419 

appear to be tuned close to the boundaries that separate these types of behaviors. The 420 

observed sensitivity to the values assigned to parameters offers an explanation of why 421 

different modeling approaches thus far have led to qualitatively different predictions of FG 422 

domain behavior in the NPC (Ando et al. 2013; Ando et al. 2014; Gamini et al. 2014; 423 
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Ghavami et al. 2014; Miao and Schulten 2009; Mincer and Simon 2011; Moussavi-Baygi et 424 

al. 2011a; 2011b; Opferman et al. 2012; 2013; Osmanovic et al. 2012; Osmanovic et al. 425 

2013b; Popken et al, 2015; Tagliazucchi et al. 2013; Wolf and Mofrad 2008), where most 426 

models succeed in capturing at least some aspects of experimental data on NPCs. The here 427 

observed sensitivity to parameter settings indicates that it is critical to calibrate computational 428 

models and their parameters against well-controlled experiments. We propose that 429 

experimental data obtained on well-defined FG domain assemblies (such as those provided 430 

and used here), possibly complemented by structural data of isolated FG domains in solution 431 

(Yamada et al. 2010), could serve as reference for such calibration. It would be desirable that 432 

identical sets of reference data are used by the computational modelers, as this would enable 433 

rigorous comparison between different computational approaches. To facilitate this effort, we 434 

provide data files of the NTR binding and thickness isotherms (Figure 1 – source data 1). 435 

Our results have the advantage that they allow for a quantitative comparison between 436 

computational simulations and the experimental (model) system. For the entire NPC, such 437 

rigorous testing of computational models is presently complicated by experimental 438 

uncertainties in the locations of different FG domains inside the NPC, by the difficulties in 439 

accurately validating interaction parameters for the ensemble of FG domains in the NPC, and 440 

by the predicted bistable behavior of polymers grafted in nanopore geometries (see, e.g., 441 

Peleg et al. 2011 and Osmanovic et al., 2012). That said, given the observed insensitivity to 442 

chemical heterogeneity of the FG domains, one can estimate the level of detail that will need 443 

to be included for building an appropriate model and understanding of mechanisms of 444 

selective transport in the NPC. The results presented here indicate that it is essential to take 445 

into account the flexible nature and cohesion of FG domains, as well as the crowding of 446 

NTRs that bind to the FG domain assemblies, but that heterogeneity at the scale of amino 447 

acids may only be of minor importance. 448 
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CONCLUSION 449 

In summary, we have used a bottom-up nanoscale system for a quantitative study of how 450 

NTRs interact with FG domains from the NPC. Highly similar binding isotherms were found 451 

for NTF2 binding to assemblies of Nsp1 from S. cerevisiae, of Nup98-glyco from X. 452 

tropicalis, and of an artificially designed regular FSFG construct; and for a different NTR, 453 

Impβ, binding to Nsp1. This similarity suggests that – while the overall balance of 454 

interactions is essential – the detailed chemical and structural heterogeneity of the FG 455 

domains is not a critical factor for how NTRs interact with FG domain assemblies and thus 456 

with the NPC. This conclusion is supported by the good agreement – over several orders of 457 

magnitude of NTR concentration – between the experimental data and a physical model that 458 

treats the FG domains as chemically and structurally homogeneous polymers and the NTRs 459 

as spherical colloids. 460 

These results imply that the enrichment of NTRs into the FG domain phase is determined 461 

by generic physical effects – the flexible nature and spatial confinement of FG domains and 462 

the NTR size – and by the overall balance of a collection of low-affinity inter-FG-domain and 463 

NTR•FG domain interactions. Moreover, our computational data show that moderate 464 

changes in this overall balance cause remarkably large changes in the protein uptake by the 465 

FG domain assemblies, an observation that is fully consistent with the transport selectivity of 466 

the NPC. 467 

Given the success of our model in replicating NTR binding behavior in a nanoscale mimic 468 

for the NPC, we therefore propose that a similar approach may be viable to describe NPC 469 

transport selectivity, i.e., in terms of generic polymer models, without necessarily taking into 470 

account the full amino acid sequences of FG domains and NTRs. However, our results also 471 

show that computational models need to be carefully calibrated to experimental data – such 472 

as has been done in this work – if they are to provide a meaningful contribution to the NPC 473 
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field, since small (~30 %) changes in interaction parameters can result in qualitatively 474 

different behaviors. 475 

  476 



23 

MATERIALS AND METHODS 477 

Proteins and buffers 478 

We used the following FG domains: Nsp1 (64.1 kDa), amino acids 2 to 601 of Nsp1 with 479 

a C-terminal His10 tag; Nup98-glyco (58.3 kDa), amino acids 1 to 485 of Nup98 with ~30 O-480 

GlcNAc modified S and T residues per chain (Eisele et al. 2013; Labokha et al. 2013) and an 481 

N-terminal His14-TEV tag; reg-FSFG (34.1 kDa), an artificially designed regular FSFG 482 

domain with 16 repetitions of the sequence STPAFSFGASNNNSTNNGT and an N-terminal 483 

His14-TEV tag; reg-SSSG (32.2 kDa), a polypeptide identical to reg-FSFG but with 484 

phenylalanines replaced by serines. All FG domains were purified as described earlier (Eisele 485 

et al. 2010; Eisele et al. 2013; Frey et al. 2006; Labokha et al. 2013) and stored at a 486 

concentration of 10 mg/mL in 50 mM Tris pH 8.0, 6 M guanidine hydrochloride (GuHCl) at -487 

80 °C. We used the following NTRs: NTF2 from H. sapiens (NTF2, amino acids 1 to 127; 488 

29.0 kDa for the homodimer); and Impβ from S. cerevisiae (95.2 kDa). NTF2, the W7A 489 

mutant of NTF2 and Impβ were expressed and purified as previously described (Bayliss et al. 490 

1999; Eisele et al. 2010) and stored at a concentration of 100 µM in working buffer (10 mM 491 

Hepes, pH 7.4, 150 mM NaCl) at -80 °C. Before use, all protein constructs were diluted in 492 

working buffer to desired concentrations. For all our measurements, the residual 493 

concentration of GuHCl in the final solution was below 60 mM. The purity of proteins was 494 

verified by SDS-PAGE (Figure 1 – figure supplement 1). 495 

In situ combination of spectroscopic ellipsometry (SE) and quartz crystal 496 

microbalance with dissipation monitoring (QCM-D) 497 

The formation of FG domain films and the binding of NTRs to FG domain films were 498 

simultaneously followed by SE and QCM-D on the same surface and in a liquid environment 499 

(Figure 1 – figure supplement 3A) (Richter et al. 2013). To this end, we used a custom-built 500 

cuvette-like open fluid cell, placed in a Q-Sense E1 system (Biolin Scientific AB, Västra 501 
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Frölunda, Sweden; providing QCM-D data) and mounted on a spectroscopic rotating-502 

compensator ellipsometer (M2000V, J. A. Woollam Co., Lincoln, NE; providing SE data), as 503 

described in detail elsewhere (Carton et al. 2010). 504 

In the SE measurements, ellipsometric angles (Δ and ψ) were acquired over a wavelength 505 

range of λ = 380 to 1000 nm at 70° angle of incidence and about 5 s time resolution. In the 506 

QCM-D measurements, frequency and dissipation shifts (Δfi and ΔDi) were acquired for six 507 

overtones (i = 3, 5, ..., 13; corresponding to resonance frequencies of fi ≈ 15, 25, ..., 65 MHz) 508 

with a time resolution better than 1 s. Prior to each measurement, the walls of the cuvette 509 

were passivated by incubation with a buffer solution containing 10 mg/mL of bovine serum 510 

albumin (BSA; Sigma) for 30 min. The cuvette was rinsed with buffer, ultrapure water and 511 

blow-dried with nitrogen. For the measurement, the cuvette was filled with ~2 mL working 512 

buffer, continuously stirred and held at a temperature of 23 °C. Samples were injected 513 

directly into the buffer-filled cuvette at desired concentrations. To remove samples, the 514 

cuvette content was diluted by repeated addition of excess buffer and removal of excess 515 

liquid until the concentration of soluble sample, estimated from the dilution rate, was below 516 

10 ng/mL. 517 

Surface functionalization, FG domain film formation, and titration with NTF2 518 

For measurements with NTF2 and Nsp1, we used His tag capturing QCM-D sensors 519 

(QSX340; Biolin Scientific AB). These sensors are coated with a thin layer of poly(ethylene 520 

glycol) (PEG) that exposes Cu2+ ions for the capture of His tagged molecules, and could be 521 

readily used as provided for FG domain film formation. We previously demonstrated that His 522 

tag capturing QCM-D sensors are suited to create dense monolayers of site-specifically 523 

anchored Nsp1, and that such Nsp1 films have comparable properties to Nsp1 films formed 524 

on functionalized supported lipid bilayers (SLBs) (Eisele et al. 2012). For measurements with 525 

Nup98-glyco, with reg-FSFG, and with Impβ and Nsp1, we used SLBs as immobilization 526 
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platform instead as this provided improved binding specificity. These measurements were 527 

performed on silica-coated QCM-D sensors that are optimized for combined QCM-D/SE 528 

experiments (QSX335; Biolin Scientific AB). The sensors were cleaned by immersion in a 2 529 

% sodium dodecyl sulfate solution for 30 min, rinsed with ultrapure water, blow-dried with 530 

nitrogen, and exposed to UV/ozone (BioForce Nanosciences, Ames, IA) for 30 min. We 531 

mounted the cleaned sensors in the combined SE/QCM-D and functionalized their surface 532 

with supported lipid bilayers (SLBs) exposing Ni2+ ions for the capture of His tagged 533 

molecules, as described previously (Eisele et al. 2010; Eisele et al. 2013). Briefly, we used 534 

sonication to prepare small unilamellar lipid vesicles (SUVs) containing 535 

dioleoylphosphatidylcholine (DOPC; Avanti Polar Lipids, Alabaster, AL) and 3 to 10 mol-% 536 

of lipid analogs with headgroups comprising two or three Ni2+-chelating nitrilotriacetic acid 537 

moieties (bis-NTA or tris-NTA) (Beutel et al. 2014; Lata et al. 2006). SLBs were 538 

spontaneously formed by injecting SUVs (at 50 µg/mL final concentration) with NiCl2 (at 10 539 

µM final concentration) into the buffer-filled SE/QCM-D fluid cell. SLB formation was 540 

monitored by SE and QCM-D and only SLBs of good quality (i.e., showing low QCM-D 541 

dissipation shifts, ΔD < 0.5 × 10-6, and high frequency shifts, Δf > 25 Hz) were used for 542 

further measurements. 543 

We formed FG domain films by injecting the FG domains directly into the SE/QCM-D 544 

cuvette equipped with a functionalized sensor. FG domain film formation was monitored, and 545 

FG domain concentration (up to 2.9 µM) and incubation time (up to 90 min) modulated to 546 

obtain FG domain films of desired grafting density (Figure 1 – figure supplement 3B). NTRs 547 

were titrated in discrete steps, first increasing and then decreasing, followed by at least 5 min 548 

of continuous rinsing with working buffer to remove NTRs from the solution phase. 549 

Incubation times were 5 to 30 min for titration steps with increasing NTR concentrations and 550 
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5 min for decreasing concentrations, i.e., sufficiently long for equilibrium to be reached, as 551 

verified from the SE/QCM-D curves (Figure 1 – figure supplement 3C). 552 

Quantification of film thickness 553 

We determined the thickness of FG domain films by fitting the QCM-D data to a 554 

continuum viscoelastic model, as described in detail previously (Eisele et al. 2012). Briefly, 555 

we used the software QTM (Johannsmann) (option “small load approximation” 556 

(Johannsmann 1999; 2008)). The FG domain films were modeled as homogeneous 557 

viscoelastic films with a storage modulus (G’) and a loss modulus (G”) that depend on 558 

frequency in the form of a power law. The film density was fixed based on the areal mass 559 

density (determined by SE, see below) and partial specific volume of proteins, and the 560 

density of water. The semi-infinite bulk solution was assumed to be a Newtonian fluid with 561 

the density and viscosity of water. 562 

The interface between the FG domain film and the bulk solution is not ideally sharp, and 563 

the definition of film thickness thus not trivial. The viscoelastic model neglects the fuzzy 564 

interface and assumes a homogeneous film. However, because the acoustic contrast in 565 

polymer materials is generally high (Johannsmann 2008), the (acoustic) thickness measured 566 

by QCM-D is expected to include a substantial part of the interfacial region that has a 567 

relatively low polymer density (Domack et al. 1997). The specified errors represent a 568 

confidence level of one standard deviation (68 %). In previous studies (Eisele et al. 2012; 569 

Eisele et al. 2010; Eisele et al. 2013), we found that the thickness results obtained by QCM-D 570 

for FG domain films are comparable to within the specified confidence levels to those 571 

obtained with other techniques (atomic force microscopy and SE), thus confirming that the 572 

thickness determination is robust. 573 
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Quantification of adsorbed amounts 574 

SE data were fitted to a model of multiple optically homogeneous layers, implemented in 575 

the software CompleteEASE (J. A. Woollam Co.), to quantify protein surface densities. The 576 

fitting methods for QSX335 and QSX340 sensor substrates are described in detail in refs. 577 

(Carton et al. 2010) and (Eisele et al. 2012), respectively. Irrespective of the substrate, the FG 578 

domain film was treated as a transparent Cauchy film with an effective optical thickness dSE 579 

and a wavelength-dependent refractive index n(λ). Protein surface densities Γ where obtained 580 

through de Fejter’s equation (De Feijter et al. 1978), i.e., Γ = ଵெW ௗ౏ు∆௡ୢ௡/ୢ௖, where Δn is the 581 

difference in refractive index between the FG domain film and the buffer solution (assumed 582 

to be wavelength independent) and MW the protein molecular mass. We used dn/dc = 0.18 583 

cm3/g as refractive index increment for our protein films (Richter et al. 2013). The resolution 584 

in Γ × MW was typically 0.5 ng/cm2. Among the optical mass-sensitive techniques, SE is 585 

particularly suited to quantify the areal mass density of organic films up to a few 10 nm thick, 586 

because mass determination is virtually insensitive to the distribution of material within the 587 

film (Richter et al. 2013). 588 

Computational model 589 

To model the experimental systems, we adapted a classical density functional theory 590 

approach that was derived, validated against Monte Carlo simulations, and applied in 591 

previous studies of polymers in a cylindrical confinement (Osmanovic et al. 2012; 592 

Osmanovic et al. 2013b). We described the FG domain assembly as a collection of one-end-593 

grafted polymers anchored homogeneously to the bottom of a cylinder of 100 nm in diameter 594 

and 120 nm in height (Figure 3A). Each polymer was modeled as a string of physically and 595 

chemically identical beads that can rotate freely with respect to each other. The bead diameter 596 

and (fixed) bond length of the polymers were both taken to be 0.76 nm, such that each bead is 597 

in direct contact with its nearest neighbors on the string. Specifically, this yields a Kuhn 598 
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length of 0.76 nm, i.e., twice the contour length of an amino acid, and a persistence length of 599 

0.38 nm, mirroring the flexibility of unfolded polypeptide chains (Stirnemann et al. 2013). 600 

The number of beads per polymer chain was chosen to be 300, 260 and 155 to represent 601 

Nsp1, Nup98-glyco and reg-FSFG, respectively. These numbers match half the number of 602 

amino acids (except the His tag used for anchorage) of the respective FG domain constructs 603 

being modeled, and thus the contour length, to within 5 % (Table 1). The polymer grafting 604 

density was set to 5.5 pmol/cm2, i.e., 3.3 polymers per 100 nm2, to approximately match the 605 

FG domain grafting density in the NPC and the majority of the experimental data sets 606 

presented here. It was kept identical for the different FG domains to facilitate comparison and 607 

cross-validation of the computational results. For significantly lower grafting densities, lateral 608 

heterogeneity became increasingly important – as also observed experimentally (Eisele et al. 609 

2013) – partly invalidating our approach in that regime. On the other hand, for significantly 610 

higher grafting densities, excluded-volume interactions were such that the computational 611 

convergence was much harder to achieve. NTF2 was represented as a colloidal sphere of 4.0 612 

nm diameter, where the latter value was based on the diameter of a sphere that approximately 613 

includes the atomistic NTF2 dimer structure (Bayliss et al. 1999). Similarly, Impβ was 614 

represented as a sphere of 6.0 nm, roughly matching the atomistic Impβ structure (Forwood et 615 

al. 2010), and 50 % larger than NTF2, in agreement with a difference in diameter expected 616 

based on the mass difference between Impβ and NTF2. The colloidal spheres could freely 617 

diffuse into and out of the cylinder with a chemical potential corresponding to the molar 618 

concentration, as described previously (Osmanovic et al. 2013b). 619 

The affinity between two polymer beads was parameterized by εpp, and the interaction 620 

between a polymer bead and a colloid by εpc, where εpp and εpc refer to the energy gain on 621 

bringing two polymer beads, and a polymer bead and a colloid, respectively, from infinite 622 

separation to hard contact. The attractive interactions were of the generic, exponential form 623 
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with a decay length of 1 nm. εpp and εpc were varied to map the morphological space of the 624 

FG domain/NTR films as a function of the balance between inter and intra FG domain 625 

interactions on the one hand, and FG domain-NTR interactions on the other. We assumed that 626 

there was no attraction between the colloids. 627 

Rotational symmetry was assumed around the central axis of the cylinder (perpendicular 628 

to the grafting surface), thus reducing the system to two dimensions for computational 629 

efficiency. For consistency with our previously developed algorithms, zero-density boundary 630 

conditions were imposed for both polymers and colloids at the side walls of the cylinder. At 631 

the cylinder top and bottom, zero-density boundary conditions were used for the polymers 632 

and periodic boundary conditions for the colloids. 633 

Local (and a priori radially dependent) film thicknesses were defined via iso-density 634 

profiles corresponding to a defined fraction (1 %, 5 % and 10 %) of the maximal density 635 

within the film. For comparison to the experimental data, these thicknesses were averaged 636 

across the cylinder (taking into account the 2πr weighting factor in cylindrical coordinates). 637 

The results were verified for robustness against the exact threshold setting (1 %, 5 % and 10 638 

%, see Results section), and found to typically correspond to the thickness that includes ≳ 90 639 

% of the total film material. 640 

Amounts of bound colloids were expressed as areal densities averaged over the full 641 

surface (of 100 nm diameter) of the cylinder. To test for boundary-related artifacts in the 642 

computational results, areal colloid densities were also computed as averages across the 643 

central part (of 50 nm diameter) of the cylinder. Within the range of parameters relevant for 644 

comparison with experiment, the results agreed to within less than a factor of two. 645 

Polymer and colloid density profiles were determined from respective packing fractions 646 

versus the axis that is normal to the grafting surface. Analysis of a profile was performed on 647 

the average of profiles for different radial positions in the cylinder.  648 



30 

AUTHOR CONTRIBUTIONS 649 

R.Z., D.O., B.W.H. and R.P.R. conceived and designed research. R.Z., D.O., S.E. and 650 

C.A.C. acquired data. S.F., M.S., C.Y. and D.G. contributed new reagents/analytic tools. 651 

R.Z., D.O., S.E., C.A.C., B.W.H. and R.P.R. analyzed data. R.Z., B.W.H. and R.P.R. wrote 652 

the paper. All authors read and commented on the manuscript. 653 

ACKNOWLEDGEMENTS 654 

We thank Ariberto Fassati and Ian J. Ford (both UCL) for fruitful discussions, Totta 655 

Kasemo (CIC biomaGUNE) for measurements and data analysis, and Neil Marshall and 656 

Anna Stamp (both MRC-LMB) for producing NTF2 protein and the NTF2 W7A mutant. 657 

FUNDING 658 

This work was supported by the Marie Curie Inter-European Fellowship Grant “Nuclear 659 

Pore” (FP7-PEOPLE-2012-IEF-327975, to R.Z.), by the European Research Council Starting 660 

Grant “JELLY” (FP7-ERC-2012-StG-306435, to R.P.R.), by the Spanish Ministry for 661 

Economy and Competitiveness (MAT2011-24306, to R.P.R.), by the Sackler Foundation 662 

(D.O. and B.W.H.), by the Deutsche Forschungsgemeinschaft (SFB 944, C.Y.), and by the 663 

Medical Research Council (Grant U105178939, to M.S). The authors acknowledge the use of 664 

the UCL Legion High Performance Computing Facility (Legion@UCL), and associated 665 

support services, in the completion of this work. The funders had no role in study design, data 666 

collection and interpretation, or the decision to submit the work for publication. 667 

COMPETING INTERESTS 668 

The authors declare that no competing interests exist. 669 

  670 



31 

REFERENCES 671 

Alber F, Dokudovskaya S, Veenhoff LM, Zhang W, Kipper J, Devos D, Suprapto A, Karni-Schmidt 672 
O, Williams R, Chait BT et al. 2007. The molecular architecture of the nuclear pore complex. 673 
Nature 450:695-701. doi:10.1038/nature06405. 674 

Ando D, Colvin M, Rexach M, Gopinathan A. 2013. Physical motif clustering within intrinsically 675 
disordered nucleoporin sequences reveals universal functional features. PLoS One 8:e73831. 676 
doi:10.1371/journal.pone.0073831. 677 

Ando D, Zandi R, Kim YW, Colvin M, Rexach M, Gopinathan A. 2014. Nuclear pore complex 678 
protein sequences determine overall copolymer brush structure and function. Biophys J 106:1997-679 
2007. doi:10.1016/j.bpj.2014.03.021. 680 

Bayliss R, Leung SW, Baker RP, Quimby BB, Corbett AH, Stewart M. 2002. Structural basis for the 681 
interaction between NTF2 and nucleoporin FxFG repeats. EMBO J 21:2843-53. 682 
doi:10.1093/emboj/cdf305. 683 

Bayliss R, Littlewood T, Stewart M. 2000. Structural basis for the interaction between FxFG 684 
nucleoporin repeats and importin-beta in nuclear trafficking. Cell 102:99-108. doi:S0092-685 
8674(00)00014-3. 686 

Bayliss R, Ribbeck K, Akin D, Kent HM, Feldherr CM, Gorlich D, Stewart M. 1999. Interaction 687 
between NTF2 and xFxFG-containing nucleoporins is required to mediate nuclear import of 688 
RanGDP. J Mol Biol 293:579-93. doi:10.1006/jmbi.1999.3166. 689 

Bestembayeva A, Kramer A, Labokha AA, Osmanovic D, Liashkovich I, Orlova EV, Ford IJ, Charras 690 
G, Fassati A, Hoogenboom BW. 2015. Nanoscale stiffness topography reveals structure and 691 
mechanics of the transport barrier in intact nuclear pore complexes. Nat Nanotechnol 10:60-4. 692 
doi:10.1038/nnano.2014.262. 693 

Beutel O, Nikolaus J, Birkholz O, You C, Schmidt T, Herrmann A, Piehler J. 2014. High-fidelity 694 
protein targeting into membrane lipid microdomains in living cells. Angew Chem Int Ed Engl 695 
53:1311-5. doi:10.1002/anie.201306328. 696 

Bui KH, von Appen A, DiGuilio AL, Ori A, Sparks L, Mackmull MT, Bock T, Hagen W, Andres-697 
Pons A, Glavy JS et al. 2013. Integrated structural analysis of the human nuclear pore complex 698 
scaffold. Cell 155:1233-43. doi:10.1016/j.cell.2013.10.055. 699 

Carton I, Brisson AR, Richter RP. 2010. Label-free detection of clustering of membrane-bound 700 
proteins. Anal Chem 82:9275-81. doi:10.1021/ac102495q. 701 

Clarkson WD, Corbett AH, Paschal BM, Kent HM, McCoy AJ, Gerace L, Silver PA, Stewart M. 702 
1997. Nuclear protein import is decreased by engineered mutants of nuclear transport factor 2 703 
(NTF2) that do not bind GDP-Ran. J Mol Biol 272:716-30. doi:10.1006/jmbi.1997.1255. 704 

De Feijter JA, Benjamins J, Veer FA. 1978. Ellipsometry as a Tool to Study the Adsorption Behavior 705 
of Synthetic and Biopolymers at the Air-Water Interface. Biopolymers 17:1759-72. 706 

Denning DP, Patel SS, Uversky V, Fink AL, Rexach M. 2003. Disorder in the nuclear pore complex: 707 
the FG repeat regions of nucleoporins are natively unfolded. Proc Natl Acad Sci U S A 100:2450-708 
5. doi:10.1073/pnas.0437902100. 709 

Denning DP, Rexach MF. 2007. Rapid evolution exposes the boundaries of domain structure and 710 
function in natively unfolded FG nucleoporins. Mol Cell Proteomics 6:272-82. 711 
doi:10.1074/mcp.M600309-MCP200. 712 

Denning DP, Uversky V, Patel SS, Fink AL, Rexach M. 2002. The Saccharomyces cerevisiae 713 
nucleoporin Nup2p is a natively unfolded protein. J Biol Chem 277:33447-55. 714 
doi:10.1074/jbc.M203499200. 715 

Domack A, Prucker O, Rühe J, Johannsmann D. 1997. Swelling of a polymer brush probed with a 716 
quartz crystal resonator. Phys Rev E 56:680-9. 717 

Dyson HJ, Wright PE. 2005. Intrinsically unstructured proteins and their functions. Nat Rev Mol Cell 718 
Biol 6:197-208. doi:10.1038/nrm1589. 719 

Eibauer M, Pellanda M, Turgay Y, Dubrovsky A, Wild A, Medalia O. 2015. Structure and gating of 720 
the nuclear pore complex. Nat Commun 6:7532. doi:10.1038/ncomms8532. 721 



32 

Eisele NB, Andersson FI, Frey S, Richter RP. 2012. Viscoelasticity of thin biomolecular films: a case 722 
study on nucleoporin phenylalanine-glycine repeats grafted to a histidine-tag capturing QCM-D 723 
sensor. Biomacromolecules 13:2322-32. doi:10.1021/bm300577s. 724 

Eisele NB, Frey S, Piehler J, Gorlich D, Richter RP. 2010. Ultrathin nucleoporin phenylalanine-725 
glycine repeat films and their interaction with nuclear transport receptors. EMBO Rep 11:366-72. 726 
doi:10.1038/embor.2010.34. 727 

Eisele NB, Labokha AA, Frey S, Gorlich D, Richter RP. 2013. Cohesiveness tunes assembly and 728 
morphology of FG nucleoporin domain meshworks - Implications for nuclear pore permeability. 729 
Biophys J 105:1860-70. doi:10.1016/j.bpj.2013.09.006. 730 

Fahrenkrog B, Aebi U. 2003. The nuclear pore complex: nucleocytoplasmic transport and beyond. 731 
Nat Rev Mol Cell Biol 4:757-66. doi:10.1038/nrm1230. 732 

Fernandez-Martinez J, Rout MP. 2012. A jumbo problem: mapping the structure and functions of the 733 
nuclear pore complex. Curr Opin Cell Biol 24:92-9. doi:10.1016/j.ceb.2011.12.013. 734 

Floch AG, Palancade B, Doye V. 2014. Fifty years of nuclear pores and nucleocytoplasmic transport 735 
studies: multiple tools revealing complex rules. Methods Cell Biol 122:1-40. doi:10.1016/B978-0-736 
12-417160-2.00001-1. 737 

Forwood JK, Lange A, Zachariae U, Marfori M, Preast C, Grubmuller H, Stewart M, Corbett AH, 738 
Kobe B. 2010. Quantitative structural analysis of importin-beta flexibility: paradigm for solenoid 739 
protein structures. Structure 18:1171-83. doi:10.1016/j.str.2010.06.015. 740 

Frey S, Gorlich D. 2007. A Saturated FG-Repeat Hydrogel Can Reproduce the Permeability 741 
Properties of Nuclear Pore Complexes. Cell 130:512-23. doi:10.1016/j.cell.2007.06.024. 742 

Frey S, Gorlich D. 2009. FG/FxFG as well as GLFG repeats form a selective permeability barrier with 743 
self-healing properties. EMBO J 28:2554-67. doi:10.1038/emboj.2009.199. 744 

Frey S, Richter RP, Gorlich D. 2006. FG-Rich Repeats of Nuclear Pore Proteins Form a Three-745 
Dimensional Meshwork with Hydrogel-Like Properties. Science 314:815-7. 746 
doi:10.1126/science.1132516. 747 

Gamini R, Han W, Stone JE, Schulten K. 2014. Assembly of Nsp1 nucleoporins provides insight into 748 
nuclear pore complex gating. PLoS Comput Biol 10:e1003488. doi:10.1371/journal.pcbi.1003488. 749 

Ghavami A, Veenhoff LM, van der Giessen E, Onck PR. 2014. Probing the disordered domain of the 750 
nuclear pore complex through coarse-grained molecular dynamics simulations. Biophys J 751 
107:1393-402. doi:10.1016/j.bpj.2014.07.060. 752 

Gorlich D, Kutay U. 1999. Transport between the cell nucleus and the cytoplasm. Annu Rev Cell Dev 753 
Biol 15:607-60. doi:10.1146/annurev.cellbio.15.1.607. 754 

Gorlich D, Seewald MJ, Ribbeck K. 2003. Characterization of Ran-driven cargo transport and the 755 
RanGTPase system by kinetic measurements and computer simulations. EMBO J 22:1088-100. 756 

Grossman E, Medalia O, Zwerger M. 2012. Functional architecture of the nuclear pore complex. Annu 757 
Rev Biophys 41:557-84. doi:10.1146/annurev-biophys-050511-102328. 758 

Hahn S, Schlenstedt G. 2011. Importin beta-type nuclear transport receptors have distinct binding 759 
affinities for Ran-GTP. Biochem Biophys Res Commun 406:383-8. 760 
doi:10.1016/j.bbrc.2011.02.051. 761 

Hough LE, Dutta K, Sparks S, Temel DB, Kamal A, Tetenbaum-Novatt J, Rout MP, Cowburn D. 762 
2015. The molecular mechanism of nuclear transport revealed by atomic-scale measurements. Elife 763 
4. doi:10.7554/eLife.10027. 764 

Hulsmann BB, Labokha AA, Gorlich D. 2012. The permeability of reconstituted nuclear pores 765 
provides direct evidence for the selective phase model. Cell 150:738-51. 766 
doi:10.1016/j.cell.2012.07.019. 767 

Hyman AA, Simons K. 2012. Cell biology. Beyond oil and water--phase transitions in cells. Science 768 
337:1047-9. doi:10.1126/science.1223728. 769 

Isgro TA, Schulten K. 2005. Binding dynamics of isolated nucleoporin repeat regions to importin-770 
beta. Structure 13:1869-79. doi:10.1016/j.str.2005.09.007. 771 

Israelachvili JN. 1991. Intermolecular and Surface Forces. Academic Press. 772 
Johannsmann D. QTM Software. http://www2.pc.tu-clausthal.de/dj/software_en.shtml. 773 
Johannsmann D. 1999. Viscoelastic Analysis of Organic Thin Films on Quartz Resonators. Macromol 774 

Chem Phys 200:501. 775 



33 

Johannsmann D. 2008. Viscoelastic, mechanical, and dielectric measurements on complex samples 776 
with the quartz crystal microbalance. Phys Chem Chem Phys 10:4516-34. doi:10.1039/b803960g. 777 

Kapinos LE, Schoch RL, Wagner RS, Schleicher KD, Lim RY. 2014. Karyopherin-centric control of 778 
nuclear pores based on molecular occupancy and kinetic analysis of multivalent binding with FG 779 
nucleoporins. Biophys J 106:1751-62. doi:10.1016/j.bpj.2014.02.021. 780 

Keminer O, Peters R. 1999. Permeability of single nuclear pores. Biophys J 77:217-28. 781 
doi:10.1016/S0006-3495(99)76883-9. 782 

Kirli K, Karaca S, Dehne HJ, Samwer M, Pan KT, Lenz C, Urlaub H, Gorlich D. 2015. A deep 783 
proteomics perspective on CRM1-mediated nuclear export and nucleocytoplasmic partitioning. 784 
Elife 4. doi:10.7554/eLife.11466. 785 

Labokha AA, Gradmann S, Frey S, Hulsmann BB, Urlaub H, Baldus M, Gorlich D. 2013. Systematic 786 
analysis of barrier-forming FG hydrogels from Xenopus nuclear pore complexes. EMBO J 32:204-787 
18. doi:10.1038/emboj.2012.302. 788 

Lata S, Gavutis M, Piehler J. 2006. Monitoring the dynamics of ligand-receptor complexes on model 789 
membranes. J Am Chem Soc 128:6-7. doi:10.1021/ja054700l. 790 

Lim RY, Fahrenkrog B, Koser J, Schwarz-Herion K, Deng J, Aebi U. 2007. Nanomechanical basis of 791 
selective gating by the nuclear pore complex. Science 318:640-3. doi:10.1126/science.1145980. 792 

Lowe AR, Tang JH, Yassif J, Graf M, Huang WY, Groves JT, Weis K, Liphardt JT. 2015. Importin-793 
beta modulates the permeability of the nuclear pore complex in a Ran-dependent manner. Elife 794 
4:e04052. doi:10.7554/eLife.04052. 795 

Macara IG. 2001. Transport into and out of the nucleus. Microbiol Mol Biol Rev 65:570-94. 796 
doi:10.1128/MMBR.65.4.570-594.2001. 797 

Miao L, Schulten K. 2009. Transport-related structures and processes of the nuclear pore complex 798 
studied through molecular dynamics. Structure 17:449-59. doi:10.1016/j.str.2008.12.021. 799 

Milles S, Mercadante D, Aramburu IV, Jensen MR, Banterle N, Koehler C, Tyagi S, Clarke J, 800 
Shammas SL, Blackledge M et al. 2015. Plasticity of an Ultrafast Interaction between 801 
Nucleoporins and Nuclear Transport Receptors. Cell 163:734-45. doi:10.1016/j.cell.2015.09.047. 802 

Mincer JS, Simon SM. 2011. Simulations of nuclear pore transport yield mechanistic insights and 803 
quantitative predictions. Proc Natl Acad Sci U S A 108:E351-8. doi:10.1073/pnas.1104521108. 804 

Mohr D, Frey S, Fischer T, Güttler T, Gorlich D. 2009. Characterisation of the passive permeability 805 
barrier of nuclear pore complexes. EMBO J 28:2541-53. doi:10.1038/emboj.2009.200. 806 

Moussavi-Baygi R, Jamali Y, Karimi R, Mofrad MR. 2011a. Biophysical coarse-grained modeling 807 
provides insights into transport through the nuclear pore complex. Biophys J 100:1410-9. 808 
doi:10.1016/j.bpj.2011.01.061. 809 

Moussavi-Baygi R, Jamali Y, Karimi R, Mofrad MR. 2011b. Brownian dynamics simulation of 810 
nucleocytoplasmic transport: a coarse-grained model for the functional state of the nuclear pore 811 
complex. PLoS Comput Biol 7:e1002049. doi:10.1371/journal.pcbi.1002049. 812 

Opferman MG, Coalson RD, Jasnow D, Zilman A. 2012. Morphological control of grafted polymer 813 
films via attraction to small nanoparticle inclusions. Phys Rev E 86:031806. 814 

Opferman MG, Coalson RD, Jasnow D, Zilman A. 2013. Morphology of polymer brushes infiltrated 815 
by attractive nanoinclusions of various sizes. Langmuir 29:8584-91. doi:10.1021/la4013922. 816 

Osmanovic D, Bailey J, Harker AH, Fassati A, Hoogenboom BW, Ford IJ. 2012. Bistable collective 817 
behavior of polymers tethered in a nanopore. Phys Rev E 85:061917. 818 

Osmanovic D, Fassati A, Ford IJ, Hoogenboom BW. 2013a. Physical modelling of the nuclear pore 819 
complex. Soft Matter 9:10442-51. 820 

Osmanovic D, Ford IJ, Hoogenboom BW. 2013b. Model inspired by nuclear pore complex suggests 821 
possible roles for nuclear transport receptors in determining its structure. Biophys J 105:2781-9. 822 
doi:10.1016/j.bpj.2013.11.013. 823 

Patel SS, Belmont BJ, Sante JM, Rexach MF. 2007. Natively unfolded nucleoporins gate protein 824 
diffusion across the nuclear pore complex. Cell 129:83-96. doi:10.1016/j.cell.2007.01.044. 825 

Peleg O, Tagliazucchi M, Kröger M, Rabin Y, Szleifer I. 2011. Morphology control of hairy 826 
nanopores. ACS Nano 5: 4737-4747. doi:10.1021/nn200702u. 827 

Peters R. 2005. Translocation Through the Nuclear Pore Complex: Selectivity and Speed by 828 
Reduction-of-Dimensionality. Traffic 6:421-7. doi:10.1111/j.1600-0854.2005.00287.x. 829 



34 

Peters R. 2009. Translocation through the nuclear pore: Kaps pave the way. Bioessays 31:466-77. 830 
doi:10.1002/bies.200800159. 831 

Popken P, Ghavami A, Onck PR, Poolman B, Veenhoff LM. 2015. Size-dependent leak of soluble 832 
and membrane proteins through the yeast nuclear pore complex. Mol. Biol. Cell. 26:1386-1394. 833 
doi: 10.1091/mbc.E14-07-1175. 834 

Port SA, Monecke T, Dickmanns A, Spillner C, Hofele R, Urlaub H, Ficner R, Kehlenbach RH. 2015. 835 
Structural and Functional Characterization of CRM1-Nup214 Interactions Reveals Multiple FG-836 
Binding Sites Involved in Nuclear Export. Cell Rep 13:690-702. doi:10.1016/j.celrep.2015.09.042. 837 

Radu A, Moore MS, Blobel G. 1995. The peptide repeat domain of nucleoporin Nup98 functions as a 838 
docking site in transport across the nuclear pore complex. Cell 81:215-22. 839 

Ribbeck K, Gorlich D. 2001. Kinetic analysis of translocation through nuclear pore complexes. 840 
EMBO J 20:1320-30. doi:10.1093/emboj/20.6.1320. 841 

Richter RP, Rodenhausen KB, Eisele NB, Schubert M. 2013. Coupling spectroscopic ellipsometry 842 
and quartz crystal microbalance to study organic films at the solid-liquid interface. In: Hinrichs K, 843 
Eichhorn K-J, editors. Ellipsometry of Functional Organic Surfaces and Films. Heidelberg: 844 
Springer. 845 

Rout MP, Aitchison JD, Suprapto A, Hjertaas K, Zhao Y, Chait BT. 2000. The yeast nuclear pore 846 
complex: composition, architecture, and transport mechanism. J Cell Biol 148:635-51. 847 

Rout MP, Wente SR. 1994. Pores for thought: nuclear pore complex proteins. Trends Cell Biol 4:357-848 
65. 849 

Schleicher KD, Dettmer SL, Kapinos LE, Pagliara S, Keyser UF, Jeney S, Lim RY. 2014. Selective 850 
transport control on molecular velcro made from intrinsically disordered proteins. Nat 851 
Nanotechnol 9:525-30. doi:10.1038/nnano.2014.103. 852 

Schmidt HB, Gorlich D. 2015. Nup98 FG domains from diverse species spontaneously phase-separate 853 
into particles with nuclear pore-like permselectivity. Elife 4. doi:10.7554/eLife.04251. 854 

Schoch RL, Kapinos LE, Lim RY. 2012. Nuclear transport receptor binding avidity triggers a self-855 
healing collapse transition in FG-nucleoporin molecular brushes. Proc Natl Acad Sci U S A 856 
109:16911-6. doi:10.1073/pnas.1208440109. 857 

Shirai A, Matsuyama A, Yashiroda Y, Hashimoto A, Kawamura Y, Arai R, Komatsu Y, Horinouchi 858 
S, Yoshida M. 2008. Global analysis of gel mobility of proteins and its use in target identification. 859 
J Biol Chem 283:10745-52. doi:10.1074/jbc.M709211200. 860 

Stirnemann G, Giganti D, Fernandez JM, Berne BJ. 2013. Elasticity, structure, and relaxation of 861 
extended proteins under force. Proc Natl Acad Sci U S A 110:3847-52. 862 
doi:10.1073/pnas.1300596110. 863 

Strawn LA, Shen T, Shulga N, Goldfarb DS, Wente SR. 2004. Minimal nuclear pore complexes 864 
define FG repeat domains essential for transport. Nat Cell Biol 6:197-206. doi:10.1038/ncb1097. 865 

Tagliazucchi M, Peleg O, Kroger M, Rabin Y, Szleifer I. 2013. Effect of charge, hydrophobicity, and 866 
sequence of nucleoporins on the translocation of model particles through the nuclear pore 867 
complex. Proc Natl Acad Sci U S A 110:3363-8. doi:10.1073/pnas.1212909110. 868 

Uversky VN, Dunker AK. 2010. Understanding protein non-folding. Biochim Biophys Acta 869 
1804:1231-64. doi:10.1016/j.bbapap.2010.01.017. 870 

Wagner RS, Kapinos LE, Marshall NJ, Stewart M, Lim RY. 2015. Promiscuous binding of 871 
Karyopherinbeta1 modulates FG nucleoporin barrier function and expedites NTF2 transport 872 
kinetics. Biophys J 108:918-27. doi:10.1016/j.bpj.2014.12.041. 873 

Weiss JN. 1997. The Hill equation revisited: uses and misuses. FASEB J 11:835-41. 874 
Wolf C, Mofrad MR. 2008. On the octagonal structure of the nuclear pore complex: insights from 875 

coarse-grained models. Biophys J 95:2073-85. doi:10.1529/biophysj.108.130336. 876 
Wuhr M, Freeman RM, Jr., Presler M, Horb ME, Peshkin L, Gygi SP, Kirschner MW. 2014. Deep 877 

proteomics of the Xenopus laevis egg using an mRNA-derived reference database. Curr Biol 878 
24:1467-75. doi:10.1016/j.cub.2014.05.044. 879 

Yamada J, Phillips JL, Patel S, Goldfien G, Calestagne-Morelli A, Huang H, Reza R, Acheson J, 880 
Krishnan VV, Newsam S et al. 2010. A bimodal distribution of two distinct categories of 881 
intrinsically disordered structures with separate functions in FG nucleoporins. Mol Cell Proteomics 882 
9:2205-24. doi:10.1074/mcp.M000035-MCP201. 883 



35 

Yang Q, Rout MP, Akey CW. 1998. Three-dimensional architecture of the isolated yeast nuclear pore 884 
complex: functional and evolutionary implications. Mol Cell 1:223-34. 885 

Yang W, Musser SM. 2006. Nuclear import time and transport efficiency depend on importin beta 886 
concentration. J Cell Biol 174:951-61. doi:10.1083/jcb.200605053. 887 

Zhulina EB, Borisov OV, Priamitsyn VA. 1990. Theory of steric stabilization of colloid dispersions 888 
by grafted polymers. J Colloid Interface Sci 137:495-511. doi:10.1016/0021-9797(90)90423-l. 889 
 890 

  891 



36 

FIGURES LEGENDS 892 

Figure 1. Isotherms of NTR binding (top row, log-log presentation) and FG domain film 893 
thickness evolution (bottom row, lin-log presentation) for NTF2 and Impβ binding to 894 
different FG domains (see labels at top) at selected FG domain grafting densities (visualized 895 
by distinct symbols and colors). Error bars are shown for all data points in the binding 896 
isotherms, and for three selected data points (indicating the trends) per curve in the thickness 897 
isotherms. The data for Impβ binding to the 10.0 pmol/cm2 Nsp1 film were reproduced from 898 
(Eisele et al. 2010); this data was acquired with Nsp1 carrying a His tag at the opposite end 899 
(N-terminus) compared to the other Nsp1 data in this study, in a separate SE measurement 900 
and no simultaneously recorded thickness data are available. Full experimental details are 901 
available in ‘Materials and methods’ and Figure 1 – figure supplements 1-5; tabulated results 902 
are available in Figure 1 – source data 1. 903 
 904 

Figure 1 – figure supplement 1. Quality of purified recombinant proteins used in this study. 905 
FG domains with His tag were dissolved in formamide and diluted 1:3 in SDS sample buffer. 906 
1.5 to 2.5 μg of each protein construct were resolved by SDS-PAGE and stained with 907 
Coomassie G250. The band corresponding to reg-SSSG runs much higher than the molecular 908 
weight expected; this is usually the case for very hydrophilic proteins (Shirai et al. 2008). All 909 
preparations contain more than 95 % full length protein. 910 
 911 

Figure 1 – figure supplement 2. FG domains are anchored specifically and stably through 912 
their terminal His tag. (A) Binding and elution of reg-FSFG was monitored by SE, on a silica 913 
surface previously functionalized with a supported lipid bilayer (SLB; 7 % tris-NTA). 914 
Arrows on top of the graph indicate the start and duration of incubation with different sample 915 
solutions; during remaining times, the surface was exposed to working buffer. Most of the 916 
reg-FSFG remains stably bound upon rinsing in working buffer. reg-FSFG was fully eluted 917 
after the imidazole treatment (grey shaded area, not monitored), demonstrating that binding 918 
is specific through the His tag. (B-D) Site-specific and stable anchoring of Nsp1 to His tag 919 
capturing QCM-D sensors, as well as Nsp1 and Nup98-glyco to SLBs (10 % bis-NTA) on 920 
silica is demonstrated by QCM-D; the data are reproduced from Figure 1 in (Eisele et al. 921 
2012) and Figure S2 in (Eisele et al. 2013), respectively. 922 
 923 

Figure 1 – figure supplement 3. (A) Schematic illustration of the experimental approach. (B-924 
C) Representative data for combined SE/QCM-D measurements. Areal protein densities (top) 925 
are obtained through optical modeling of SE data (see Methods). QCM-D responses (bottom) 926 
are recorded in parallel, and normalized frequency shifts Δfi/i and dissipation shifts ΔDi for a 927 
selected overtone (i = 3) displayed here. Film thickness is obtained through viscoelastic 928 
modeling of QCM-D data (see Methods). Δf = ΔD = 0 corresponds to the functionalized 929 
surface before FG domain grafting. (B) Monitoring of FG domain film formation. Nsp1 was 930 
exposed to a silica substrate previously functionalized with an SLB (7 % tris-NTA). The final 931 
grafting density is 4.9 pmol/cm2. Minor perturbations in Δf and ΔD between 33 and 43 min 932 
are due to transient variations in the solution temperature in contact with the QCM-D sensor 933 
during the rinsing with buffer, and do not represent changes of the Nsp1 film. (C) Time-934 
resolved data for the titration of NTF2 into this Nsp1 film. The NTF2 solution concentration 935 
was increased in 12 steps (0.0025, 0.01, 0.05, 0.1, 0.2, 0.5, 1, 2, 3, 5, 7.5 and 10 μM), and 936 
then decreased in 16 steps ((2/3)j × 10 μM, with j = 1, …, 16), followed by continuous rinsing 937 
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with buffer solution to remove all NTF2 from the bulk solution. The rapid binding and 938 
unbinding of NTF2 observed here is representative for all titration measurements performed, 939 
and binding equilibriums could thus be readily attained. Moreover, binding of NTF2 was 940 
largely reversible, with less than 7 % of the maximal binding remaining following rinsing in 941 
buffer for any given measurement. For Impβ, more than 75 % were readily eluted from 5 942 
pmol/cm2 Nsp1 films, and we had previously shown this NTR to elute close to completely 943 
from 10 pmol/cm2 Nsp1 films (Eisele et al. 2012; Eisele et al. 2010). 944 
 945 

Figure 1 – figure supplement 4. Controls for the binding of NTRs to His tag capturing 946 
surfaces monitored by QCM-D: (A) NTF2 on His tag capturing QCM-D sensor; (B) NTF2 on 947 
SLB (7 % tris-NTA); (C) Impβ on SLB (4 % tris-NTA). The vertical scales were chosen such 948 
that the full range would approximately cover the magnitude expected for a full monolayer of 949 
NTRs. 950 
 951 

Figure 1 – figure supplement 5. NTF2 binds all FG domains predominantly through its 952 
primary binding site. (A) Ratio of equilibrium bound amounts of NTF2 W7A mutant and wild 953 
type NTF2 as a function of FG domain type. NTF2 and NTF2 W7A mutant were sequentially 954 
exposed to FG domain films, and binding was quantified by SE. Mean and standard errors of 955 
two to four independent measurements per FG domain type with FG domain surface densities 956 
ranging between 5 and 13 pmol/cm2 are presented. The tryptophan at position 7 is known to 957 
be important for the binding of NTF2 through a structurally defined (Bayliss et al. 2002) 958 
binding site to FG motifs (Bayliss et al. 1999). For all tested FG domain types, binding of the 959 
W7A mutant was reduced by more than 80 % compared to native NTF2. (B) Native NTF2 960 
did not bind to reg-SSSG (here at 8.3 pmol/cm2), confirming that binding to reg-FSFG 961 
requires the FSFG motif. These data confirm that the NTF2 in our experiments binds 962 
specifically to the immobilized FG domains through its primary FG motif binding site. 963 

Figure 1 – source data 1. Tables of data shown in Figure 1, available as a separate EXCEL 964 
file. 965 
 966 

Figure 2. Quantitative analysis of the binding isotherms. (A) A selected data set (NTF2 967 
binding to 6.1 pmol/cm2 reg-FSFG; symbols) with fits to simple binding models (lines). Data 968 
at low NTR concentration (cNTR ≤ 0.05 μM) display a close-to-linear relation (dashed line 969 
with slope 1.0 in the log-log-plot), as expected for independent binding, yet the Langmuir 970 
isotherm (inset, dashed line in lin-log plot) fails to reproduce the data over the full range of 971 
NTR concentrations. The Hill equation provides a good description of the data in the high-972 
concentration range (0.05 μM ≤ cNTR ≤ 10 μM; solid line). (B) By normalizing the areal 973 
densities and NTR concentrations to ΓNTR,max and K0.5, respectively, all data could be overlaid 974 
on a single master curve, where the effective maximal binding ΓNTR,max and the half-maximal 975 
binding K0.5 were determined from fits with the Hill equation (see main text and Figure 2 - 976 
figure supplement 1). 977 
 978 

Figure 2 – figure supplement 1. Quantitative analysis of the binding isotherms in Figure 1 979 
as a function of NTR and FG domain types (visualized by distinct symbols and colors, as 980 
indicated in A) and grafting density ΓFG. (A) Partition coefficients PC were obtained from a 981 
linear fit to the data at cNTR ≤ 0.05 μM. (B-D) Results of fits with the Hill equation, i.e., the 982 
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Hill coefficient α, the concentration for half maximal binding K0.5 and the effective maximal 983 
binding ΓNTR,max. In a first step, seven data sets where selected for which data covered the full 984 
range of 0.05 μM ≤ cNTR ≤ 10 μM, and fitted over 0.05 μM ≤ cNTR ≤ 10 μM with α, K0.5 and 985 
ΓNTR,max as adjustable parameters. From this analysis, a mean value of α = 0.71 ± 0.04 was 986 
determined. In a second step, an equivalent analysis was performed for the remaining three 987 
data sets, for which the experimental data did not cover the full concentration range (i.e., 988 
NTF2 on 5.4 pmol/cm2 Nup98-glyco, NTF2 on 8.3 pmol/cm2 Nsp1, and Impβ on 5.1 989 
pmol/cm2 Nsp1), with α = 0.71 fixed. By thus fixing α, we prevented a scatter of the fit 990 
parameters that would only be due to the limited input data. (E) Ratio of NTR bound per FG 991 
motif at cNTR = 10 μM; the three data points not directly measured were obtained through 992 
extrapolation using the Hill equation. 993 
 994 

Figure 3. (A) Schematic illustration of the computational model. FG domains are represented 995 
as end-grafted polymers anchored at 5.5 pmol/cm2 (i.e., 3.3 molecules per 100 nm2) to the 996 
bottom of a 100 nm diameter cylinder, and modeled as strings of beads, where each bead has 997 
equal bond length and diameter (two amino acids, 0.76 nm). The number of polymer beads 998 
was set to match the length of experimentally used FG domains. NTF2 dimers and Impβ are 999 
represented as spherical colloids of 4.0 and 6.0 nm diameter, respectively. (B) Matching of 1000 
the computational model with experimental data for FG domain films in the absence of 1001 
NTRs. Horizontal lines represent the experimentally determined film thickness per amino 1002 
acid for different FG domains (black line - Nsp1 at 4.9 pmol/cm2; blue line - Nup98-glyco at 1003 
5.4 pmol/cm2; orange line - reg-FSFG at 6.1 pmol/cm2), with shaded areas in matching colors 1004 
indicating confidence intervals. Symbols represent the thickness as predicted by the 1005 
computational model as a function of εpp for the different FG domains (at 5.5 pmol/cm2; 1006 
colors match experimental data). The data points and the upper and lower ends of the vertical 1007 
lines refer to the effective thicknesses where the densities have dropped to 5 %, 1 % and 10 1008 
% of the maximal densities in the film, respectively. Symbols for Nsp1 and Nup98-glyco are 1009 
translated along the x axis by +0.1 kBT and -0.1 kBT, respectively, to improve their visibility. 1010 
Dashed lines through the symbols are cubic interpolations (the black dashed line is for Nsp1 1011 
and Nup98-glyco). Full computational details are available in ‘Materials and methods’ and 1012 
Figure 3 – figure supplements 1-5. 1013 
 1014 

Figure 3 – figure supplement 1. Scheme illustrating how computational modeling data is 1015 
presented in the form of maps of the polymer and colloid packing fractions. Maps are cross-1016 
sections along the axis of the modeled cylinder (with polymers grafted at the bottom; cf. 1017 
Figure 3A). The bottom part of the cylinder at full width (100 nm) is shown, with horizontal 1018 
and vertical dimensions to scale. The left half of each map shows the polymer packing 1019 
fraction as a heat map (with scale bar in the bottom right) and the colloid packing fraction as 1020 
iso-density lines; the right half shows the colloid packing fraction as a heat map and the 1021 
polymer packing fraction as iso-density lines. 1022 
 1023 

Figure 3 – figure supplement 2. Computational modeling data for a polymer length 1024 
equivalent to Nsp1 and colloids of 4.0 nm diameter (equivalent to NTF2 homodimers). (A) 1025 
Maps of the polymer and colloid packing fractions at 10 μM colloid in solution, presented as 1026 
described in figure supplement 1, for selected sets of εpc (rows, as indicated on left side) and 1027 
εpp (columns, as indicated on bottom). (B-C) Areal density of colloids in the film and film 1028 
thickness, respectively, as a function of colloid concentration in solution for selected sets of 1029 
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εpp (as indicated on top) and εpc (as indicated in the graphs). The data covers the full 1030 
parameter space computed. The lines and upper and lower ends of the vertical bars in (C) 1031 
correspond to effective thicknesses where the densities have dropped to 5 %, 1 % and 10 % 1032 
of the maximal densities in the film, respectively (see Figure 3 and Materials and Methods). 1033 
 1034 

Figure 3 – figure supplement 3. Computational modeling data for a polymer length 1035 
equivalent to Nup98-glyco and colloids of 4.0 nm diameter (equivalent to NTF2 1036 
homodimers), displayed analogous to figure supplement 2. 1037 
 1038 

Figure 3 – figure supplement 4. Computational modeling data for a polymer length 1039 
equivalent to reg-FSFG and colloids of 4.0 nm diameter (equivalent to NTF2 homodimers), 1040 
displayed analogous to figure supplement 2. 1041 
 1042 

Figure 3 – figure supplement 5. Computational modeling data for a polymer length 1043 
equivalent to Nsp1 and colloids of 6.0 nm diameter (equivalent to Impβ), displayed 1044 
analogous to figure supplement 2. 1045 
 1046 

Figure 4. Matching of experimental and computational data. The top row shows binding 1047 
isotherms and the bottom row the concomitant film thickness evolution. The grafting density 1048 
was set to 5.5 pmol/cm2 in all computations, and the experimental data with the closest FG 1049 
domain grafting densities are reproduced from Figure 1 and visualized by black symbols. 1050 
Computational data are shown as green lines. The solid lines represent the best match to the 1051 
experiment, and the corresponding εpp and εpc are indicated. The best match of the binding 1052 
isotherms was determined by minimization of the least square differences of log(ΓNTR,eq) over 1053 
the range 0.025 μM ≤ cNTR ≤ 10 μM, where the experimental data was interpolated and 1054 
extrapolated using a linear fit for cNTR < 0.05 μM, and the Hill equation for cNTR > 0.05 μM, 1055 
as shown in Figure 2 and Figure 2 - figure supplement 1. Dashed lines and dotted lines in the 1056 
top row correspond to a change in εpc by -0.01 kBT and +0.01 kBT, respectively, with εpp 1057 
unchanged. The lines and upper and lower ends of the vertical bars in the bottom row 1058 
correspond to effective thicknesses where the densities have dropped to 5 %, 1 % and 10 % 1059 
of the maximal densities in the film, respectively (see Figure 3 and Materials and Methods). 1060 
 1061 

Figure 5. NTRs favor the penetration of and binding into FG domain films, but only just so. 1062 
Computed packing fraction profiles (polymer – blue solid line, colloid – red dashed line) in 1063 
the presence of 10 μM NTR, as a function of distance from the grafting surface. The top row 1064 
shows the predictions for the parameter sets of εpp and εpc that match the experimental data 1065 
best (cf. Figure 4 and Table 2). The bottom row shows predictions with εpp increased by 33 % 1066 
compared to the best match. Schemes (insets) illustrate the distinct distributions of NTRs 1067 
with these two parameter choices. 1068 
 1069 

Figure 6. Colloid binding depends sharply on colloid•FG domain interaction strength εpc. 1070 
Computed colloid binding as a function of εpc is shown, for a colloid concentration in solution 1071 
of 1.4 μM and with the FG domain cohesiveness εpp set to the values that best match the 1072 
experimental data (cf. Table 2). The blue vertical lines indicate the εpc values giving the best 1073 
match to the experimental data for the indicated FG domains and NTRs (cf. Table 2). 1074 
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TABLES 1075 

Table 1. Properties of employed FG domain constructs. See Table 1 - Source data 1 for the 1076 
full amino acid sequences of these constructs. 1077 

FG domain amino 
acids a

 
sequence 

FG motifs FG motifs / 
amino acids FxFG GLFG Other 

Nsp1 615 irregular, natural 19 0 14 0.054 

Nup98-glyco 496 irregular, natural 3 8 28 0.079 

reg-FSFG 315 regular, artificial 16 0 0 0.051 

a Excluding the His tags but including all other auxiliary amino acids (TEV cleavage sites, 1078 
Cys tags and spacers). 1079 

Table 1 – Source data 1. Amino acid sequence of FG domain constructs. FG domains are 1080 
shown in black letters, His tags in blue letters, and remaining parts (i.e., TEV cleavage sites, 1081 
Cys tags and spacers) in grey letters. FxFG motifs are marked in yellow, GLFG motifs in 1082 
green, other FG motifs in purple. Nup98-glyco features O-GlcNAc on ~30 of the S and T 1083 
residues. 1084 

Nsp1 

1 
61 

121 
181 
241 
301 
361 
421 
481 
541 

MGCNFNTPQQNKTPFSFGTANNNSNTTNQNSSTGAGAFGTGQSTFGFNNSAPNNTNNANS
SITPAFGSNNTGNTAFGNSNPTSNVFGSNNSTTNTFGSNSAGTSLFGSSSAQQTKSNGTA
GGNTFGSSSLFNNSTNSNTTKPAFGGLNFGGGNNTTPSSTGNANTSNNLFGATANANKPA
FSFGATTNDDKKTEPDKPAFSFNSSVGNKTDAQAPTTGFSFGSQLGGNKTVNEAAKPSLS
FGSGSAGANPAGASQPEPTTNEPAKPALSFGTATSDNKTTNTTPSFSFGAKSDENKAGAT
SKPAFSFGAKPEEKKDDNSSKPAFSFGAKSNEDKQDGTAKPAFSFGAKPAEKNNNETSKP
AFSFGAKSDEKKDGDASKPAFSFGAKPDENKASATSKPAFSFGAKPEEKKDDNSSKPAFS
FGAKSNEDKQDGTAKPAFSFGAKPAEKNNNETSKPAFSFGAKSDEKKDGDASKPAFSFGA
KSDEKKDSDSSKPAFSFGTKSNEKKDSGSSKPAFSFGAKPDEKKNDEVSKPAFSFGAKAN
EKKESDESKSAFSFGSKPTGKEEGDGAKAAISFGAKPEEQKSSDTSKPAFTFGAQKDNEK
KTEGSSGSGSGGSGRSHHHHHHHHHH 

Nup98-glyco 

1 
61 

121 
181 
241 
301 
361 
421 
481 

MSKHHHHSGHHHTGHHHHSGSHHHTGENLYFQGTSFNKTFGSPFGTGNGAFGATSTFGQT
TGFGTTPATAFGSAGFGTNTSTGGLFGNTQTKPGGLFGSTTFNQPATSSSSSGFGFGAST
GTTNSLFGSTNTGSGLFATQSNAFGQAKPTTFGNFGTSTSTGGLFGNTNTANPFGGTSAS
LFGASTFSAAPTGTTIKFNPPSGTDTMAKGGVTTNISTKHQCITAMKEYESKSLEELRLE
DYQANRKGPQNPVGAPTGTGLFGTSAATSSASTGIFGSTAANNSFSFAGNKTTFGTAGTG
AFGGNTGGLFGQPANQPAASLFNKPFGNATTTQSTGFSFGNTSTLGQPQTSTMGLFGANQ
PTQSGGLFGTTTNTNATGAFGAGTSLFGQPNPAPFGTGSTLFGNKPAGFGTTTTSAPAFG
TTTGGLFGNKPTLTLGTNTNTSNFGFGSNTAGTSLFGNKTATGTIGPSLGTGFGTALNPG
QTSLFGSNQPKLTGTLGTGAFGNAGFNSTSAGLGFGAPQC 

reg-FSFG 

1 
61 

121 
181 
241 
301 

MSKHHHHSGHHHTGHHHHSGSHHHTGENLYFQGSASTPAFSFGASNNNSTNNGTSTPAFS
FGASNNNSTNNGTSTPAFSFGASNNNSTNNGTSTPAFSFGASNNNSTNNGTSTPAFSFGA
SNNNSTNNGTSTPAFSFGASNNNSTNNGTSTPAFSFGASNNNSTNNGTSTPAFSFGASNN
NSTNNGTSTPAFSFGASNNNSTNNGTSTPAFSFGASNNNSTNNGTSTPAFSFGASNNNST
NNGTSTPAFSFGASNNNSTNNGTSTPAFSFGASNNNSTNNGTSTPAFSFGASNNNSTNNG
TSTPAFSFGASNNNSTNNGTSTPAFSFGASNNNSTNNGTSC 
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Table 2. Interaction parameters determined based on comparison of experiment and 1085 
computational model. 1086 

FG domain εpp (kBT) 
εpc (kBT) 
NTF2 

εpc (kBT) 
Impβ 

Nsp1 0.024 ± 0.001 0.34 ± 0.02 0.40 ± 0.02 

Nup98-glyco 0.030 ± 0.002 0.36 ± 0.02 - 

reg-FSFG 0.030 ± 0.005 0.40 ± 0.02 - 

 1087 
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