
Nanoscale model systems of the

permeability barrier of nuclear pore

complexes

Dissertation

for the award of the degree

”Doctor rerum naturalium”(Dr. rer. nat.)

Division of Mathematics and Natural Sciences

of the Georg-August-Universität Göttingen

submitted by

Nico Benjamin Eisele

born in

Weingarten, Germany

Göttingen, 2013





Members of the thesis committee:

Prof. Dr.Dirk Görlich Max Planck Institute for Biophysical Chemistry

(Thesis mentor and Reviewer) Department of Cellular Logistics

Göttingen, Germany

Prof. Dr. Claudia Steinem Georg August University Göttingen

(Reviewer) Institute for Organic and Biomolecular Chemistry

Göttingen, Germany

Dr.Ralf Richter CIC biomaGUNE

(Thesis mentor) Biosurface Unit

San Sebastian, Spain

Additional members of the examination board:

Prof. Dr.Detlef Doenecke Georg August University Göttingen

Department of Biochemistry I

Göttingen, Germany

Prof. Dr. Jörg Enderlein Georg August University Göttingen

III. Institute of Physics- Biophysics

Göttingen, Germany
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1 Scope and outline

1.1 Scope of this thesis

Nuclear pore complexes (NPCs) are intricate, biological machineries which are embedded

in the double membrane envelope of eukaryotic cells. Their function is to control the

macromolecular exchange between nucleus and cytoplasm. However, little is known

about their working mechanism. The aim of this thesis was to create bio-mimetic model

systems of the key feature for the NPC’s selectivity, i.e. its permeability barrier. The

model systems should resemble the native conditions in various aspects and should allow

to obtain fundamental insights into the working mechanism of the native system in the

cell.

This PhD project was a truly interdisciplinary and exciting task in which we edged

on many scientific areas (such as biology, polymer physics, surface science, chemistry,

mathematics, and informatics). The main areas that we connected with this thesis, how-

ever, stem from biology and polymer physics. Yet, to achieve our objectives, substan-

tial technical development in the preparation and characterization of surface-confined

biomacromolecular films was also part of this thesis.

1.2 Outline of this thesis

Chapter 2 The background information for this thesis will be provided. In section 2.1

the biological background information about the transport of macromolecules across the

NPC will be summarized. Since polymer theory is important in this thesis, a short

1



1 Scope and outline

introduction into basic concepts of polymer physics will be given in section 2.2. The

main techniques, which were used in this thesis, will be briefly explained in section 2.3.

Chapter 3 In this chapter, we will present the development of a model system of the

NPC’s permeability barrier which is based on planar films of FG repeat domains end-

grafted to a supported lipid bilayer (SLB). We studied the FG repeat domain films

by quartz crystal microbalance with dissipation monitoring (QCM-D), ellipsometry and

atomic force microscopy (AFM). The presented results provide evidence that the FG

repeat domains are mimicking the conditions in the permeability barrier by mode of

surface confinement, scale, and FG repeat domain grafting density. We exploited this

system to study quantitatively the interaction of nuclear transport receptors (NTRs)

with the FG repeat domain films.

Chapter 4 In this chapter, we present our results on a model system of the permeability

barrier based on FG repeat domains end-grafted to His-Tag Capturing QCM-D sensors.

The model system was studied by QCM-D, ellipsometry and AFM. Here, we applied

concepts from polymer theory and rheology to gain insights into the morphology and the

dynamics of the FG repeat domain film. This study also provides a detailed description

of the quantitative analysis of QCM-D data by means of a viscoelastic model.

Chapter 5 In this chapter, the effect of cohesiveness between FG repeat domains is

studied. To this end, we created FG repeat domain films, on SLBs, consisting of dif-

ferent types of FG repeat domains. The FG repeat domain types varied in their degree

of cohesiveness. The films were analyzed by QCM-D, ellipsometry, AFM, and confo-

cal laser scanning microscopy (CLSM). Our findings show that the morphology of the

supramolecular assembly of the FG repeat domain films is strongly affected by the cohe-

siveness of the FG repeat domains. Based on concepts from polymer theory, we propose

that cohesiveness of FG repeat domains is tuned in the NPC to promote aspects of the

permeability barrier’s selectivity mechanism.

2



1.2 Outline of this thesis

Chapter 6 On the long run, we would like to create a model system of the perme-

ability barrier which resembles the pore-like topology of the NPC, which has not yet

been achieved. In this chapter, we present important intermediate steps towards this

goal. This includes the creation of two different measurement chambers in which two

compartments are separated by a porous polycarbonate membrane. We developed a

measurement setup which allows us to measure the net flux of fluorescent permeation

probes across the porous substrate. A mathematical framework was developed and im-

plemented in a self-written computer skript to analyze the data. Moreover, in order to fill

the pores in the future with FG repeat domains, a substantial part of this section deals

with the development of a functionalization strategy for the polycarbonate membrane.

Chapter 7 This chapters provides overall conclusions of the work presented in this

thesis, as well as an outlook.

On a note about the style and presentation of the succeeding chapters A part of

this work led to the publication of two articles in peer-reviewed journals and a manuscript

which is currently in preparation for submission. They are implemented in the thesis as

individual chapters (chapter 3, 4, and 5) in their original style.

3





2 Introduction

2.1 Nucleocytoplasmic transport in eukaryotic cells

2.1.1 Nucleocytoplasmic transport is gated by nuclear pore

complexes

The nucleus of eukaryotic cells

Eukaryotic cells generally comprise functionally distinct compartments, which are sepa-

rated from the cytosol by at least one membrane layer (reviewed in Ref. [1]). The usually

biggest sub-compartment is the nucleus, which is the defining feature of eukaryotes. It is

surrounded by a double membrane envelope and constitutes the place where the cellular

DNA is stored during the interphase. In the nucleus, the biosynthesis of mRNA, tRNA,

or ribosomal subunits takes place, whereas the translation of mRNA into proteins occurs

in the cytoplasm. As a consequence, the cell needs to exchange a considerable amount

of macromolecules between the cytoplasm and the nucleoplasm.

The nuclear pore complex (NPC)

This macromolecular transport is gated by nuclear pore complexes (NPCs) which per-

forate the nuclear envelope [2, 3]; in figure 2.1 an artistic view of an NPC is shown.

NPCs are built up of about 30 different proteins [4, 5], called nucleoporins (or nups), in

manifold copies. The NPC mass yields up to approximately 66MDa in Saccharomyces

cerevisiae [6] and 125MDa in higher eukaryotes [7, 8]. The structural proteins of the

NPC are arranged in an octagonal axial symmetry around an aqueous pore [9, 10]. This

pore connects cytoplasm and nucleoplasm and serves as the NPC’s transport channel for

5



2 Introduction

Figure 2.1: Sketch of an NPC: Shown is a sketch of an NPC embedded in the nuclear
envelope (1). The NPC is built of proteins called nucleoporins. Structural units such as the
outer ring (2), spokes (3), the nuclear basket (4), and cytosolic filaments (5) are indicated.
In the center of the NPC is an aqueous pore with diameter and length of about 30 – 50 nm
which serves as the transport channel for macromolecular exchange between cytoplasm and
nucleoplasm. The transport channel is equipped with a permeability barrier (indicated by a
blue ellipse) which prevents random intermixing of macromolecular content between the two
compartments. Image adapted from Ref. [13].

macromolecules, The dimensions of the transport channel is 30 – 50 nm in both length

and width [11]. This is amazingly wide compared to the typical size of most proteins

(which have a Stokes radius, RS, of 3 – 5 nm). As a consequence, proteins that travel

through the NPC can stay fully folded during transport and, in addition, tremendous

protein fluxes 1000 translocation events per second can be reached [12].

2.1.2 Transport across the NPC

Mode of selectivity and mode of transport

Despite the wide opening of the NPC transport channel, random intermixing of nuclear

and cytoplasmic macromolecular content is prevented. To this end, the NPC is equipped

6



2.1 Nucleocytoplasmic transport in eukaryotic cells

with a permeability barrier (discussed in detail later), that allows for a remarkable selec-

tivity of macromolecular transport across the pore (summarized in figure 2.2). Molecules

with a molecular weight below 20 – 40 kDa [14] or a diameter smaller than 5 nm [15] can

freely travel across the NPC by passive diffusion. In contrast, diffusion of molecules ex-

ceeding this size is delayed or blocked unless they are bound to special shuttle proteins,

called nuclear transport receptors (NTRs) or karyopherins. This transport route is re-

ferred to as facilitated translocation. In this thesis, the term size-selectivity will be used

to describe the permeability barrier’s ability to allow or block passage of inert molecules

(i.e., molecules that are not NTRs) according to their size. For the permeability barrier’s

ability to block passage of (large) inert molecules while allowing the passage of NTRs

and NTRs coupled to cargo, we will use the term type-selectivity.

Figure 2.2: Mode of selectivity and mode of transport: Left side: The permeability
barrier is size-selective for inert molecules. Small molecules (RS< 2.5 nm) can diffuse through
the NPC’s permeability barrier by passive diffusion, while large inert molecules are blocked.
Right side: Despite their size, large proteins can travel through the NPC if they are NTRs or
are coupled to NTRs. This phenomenon is called type-selectivity in this thesis.

The direction of transport

The NTRs recognize cargo to be shuttled across the NPC by a recognition signal on the

cargo to which the NTR binds, either directly or via an adapter protein. The direction

of transport is determined by the type of recognition signal, which is either a nuclear

7



2 Introduction

localization signal (NLS) for nuclear import or a nuclear export signal (NES) for nuclear

export. NTRs which bind to NLS to import the cargo into the nucleus are referred to

as importins, while NTRs binding to NES to export their cargo out of the nucleus are

called exportins.

Classical pathway

Different types of NTRs exist which are involved in different transport cycles (reviewed

in Refs. [16, 17]). Here, only the classical pathway (depicted in figure 2.3), which is most

examined and therefore best understood, will be explained in more detail, as an example.

In the cytoplasm, importinα (Impα) binds to a cargo with a classical NLS, which is

typically a basic sequence, often rich in lysine [18]. In a next step, the NTR importinβ

(Impβ) binds to the Impβ binding domain (IBB) of Impα [19, 20, 21], thereby forming

a protein complex which can travel into the nucleus. In the nucleus, the small GTPase

Ran, associated to GTP, binds to Impβ and triggers disassembly of the protein complex

and cargo release into the nucleus [20, 22, 23]. Impβ complexed with Ran•GTP can

directly travel back to the cytoplasm. Impα, however, needs to form a complex with

an exportin called CAS and Ran•GTP, in order to be shuttled back to the cytoplasm.

In the cytoplasm, the RanGTPase-activating protein RanGAP [24, 25] and the Ran-

binding proteins RanBP1 and RanBP2 [26, 27, 28] interact with Impβ•Ran•GTP and

Impα•CAS•Ran•GTP complexes, respectively, thereby triggering GTP hydrolysis to

GDP and the disassembly of the complexes. To complete the cycle, Ran•GDP binds to

nuclear transport factor-2 (NTF2) and is transported back to the nucleus [29, 30]. In

the nucleus, the GDP in Ran•GDP is exchanged with GTP by Ran guanine nucleotide-

exchange factor (RanGEF) [31].

Energy for directed transport

Importantly, the transport processes across the NPC are driven by Brownian motion.

No energy in form of ATP or GTP is needed for the translocation per se [29, 32, 33,

34]. The direction of net-transport and the accumulation of cargo in the nucleoplasm or

8



2.1 Nucleocytoplasmic transport in eukaryotic cells

Figure 2.3: Simplified scheme of the classical nuclear import cycle: (1) The adapter
protein Impα binds to the (basic) NLS of a cargo protein while Impβ binds to the IBB domain
of Impα. This complex can then travel across the NPC into the nucleoplasm. (2) Here,
Ran•GTP binds to Impβ while Ran•GTP and CAS bind to Impα triggering disassembly
of the transport complex and cargo release into the nucleoplasm. (3) Impβ•Ran•GTP and
Impα•CAS•Ran•GTP travel back to the cytoplasm. (4) In the cytoplasm, GAP is located and
triggers GTP hydrolysis by Ran which leads to disassembly of the complexes. Impα and Impβ
are now ready for a new import cycle. (5) Ran•GDP is then brought back to the nucleoplasm
by NTF2. (6) In the nucleoplasm, GEF is located which exchanges the Ran associated GDP
with GTP. Fine details of the import cycle (such as RanBP1/2) were omitted for the sake of
clarity. More information can be found in the text.

cytoplasm is driven only by the asymmetric distribution of cytoplasmic RanGAP and

nucleoplasmic RanGEF which generate a Ran•GTP gradient between nucleoplasm and

cytoplasm. The energy source for directed transport in the system is the hydrolysis of

GTP to GDP by Ran.

9
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2.1.3 The permeability barrier of NPCs is built of FG repeat

domains

FG-repeat domains

As pointed out earlier, NPCs are equipped with a permeability barrier which prevents

random intermixing of macromolecular material between the cytoplasm and the nucleo-

plasm. There is strong evidence that this permeability barrier is made of nucleoporin

domains, which are natively unfolded [35, 36]. These nucleoporin domains are rich in

hydrophobic FG, GLFG, or FxFG (where x stands for any amino acid) repeat motives

which are inter-spaced by typically 15 – 20 amino acid long hydrophilic spacers (illus-

trated in figure 2.4) [37, 38]. Due to these characteristic FG motives, they are called FG

repeat domains, FG domains, or FG nups. There are about 10 different types of FG-

repeat domains in yeast [4] and vertebrates [5] which are end-grafted in multiple copies

to the walls of the NPC. It is estimated that there are in total about 150 FG-repeat

domains per pore contributing to about 12% of the NPC mass [4, 38]. There is also

increasing evidence that some of the FG-repeat domains are cohesive [39, 40, 41, 42, 43,

44], i.e. they interact with each other, and that some of them form thereby FG repeat

subcomplexes (reviewed in Ref. [45]).

NTRs can interact with FG-repeat domains

NTRs can interact with the FG-repeats of FG-repeat domains, while inert molecules

cannot. In addition, evidence exists for some NTRs that they bind specifically to the

phenylalanine side chain of FG-repeats [46, 47, 48, 49].

The morphology of the supramolecular assembly of the FG repeat domains

There is consensus that the permeability barrier emerges from the supramolecular as-

sembly of FG repeat domains. Yet, little is known about its native morphology, due to

a lack of characterization techniques, which can extract this information from in vivo

assays. In addition, there is also a lack of model systems which could allow to study the

morphology in situ.
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2.1 Nucleocytoplasmic transport in eukaryotic cells

Figure 2.4: FG-repeat domains as key feature of the permeability barrier: (A)
FG-repeat domains are natively unfolded, flexible domains. Characteristically, they bear hy-
drophobic FG, GLFG, FxFG repeats which are separated by a spacer sequence. (B) The
FG-repeat domains are end-grafted to the walls of the NPC. The underlying concept of this
thesis is a meshwork like morphology.

The underlying concept of this thesis is that FG repeat domains form a supramolecular

assembly with a morphology of a meshwork, since the natively unfolded, flexible FG re-

peat domains are likely to interpenetrate each other (see figure 2.4). Some of the hypoth-

esis about the selectivity mechanism of the permeability barrier, which are summarized

in the next section, share this concept explicitly (see selective phase), or implicitly (see

virtual gating), or not at all (see reduction of dimensionality).

2.1.4 Hypotheses about the selectivity mechanism

The mechanism behind the permeability barrier’s selectivity is poorly understood and

intensely discussed. Obviously, the traditional structure-function paradigm, for instance

often used to explain the function of an enzyme, cannot be applied to the permeability

barrier. The FG-repeat domains are natively unfolded, i.e. they do not adopt a fixed

structure which action could be understood by the lock-and-key principle. Instead, the

selectivity arises from a (dynamic) supramolecular assembly of the FG repeat domains

in the NPC transport channel.
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Figure 2.5: Models for the selectivity mechanism: (A) The selective phase model. FG
repeat domains (pink) form a sieve-like structure that functions as a physical permeability
barrier. FG-FG contacts (blue dots) form the meshes of the sieve. NTRs (green triangles) can
bind to FG domains and partition into the barrier. (B) The virtual gating model. Largely non-
cohesive FG repeat domains arrange as ”repulsive bristles”or ”polymer brushes” (pink) forming
an entropic barrier, as translocation of large molecules is energetically unfavorable. (C) The
forest model. Cohesive parts of FG repeat domains are in a globular, collapsed conformation
(light and dark blue dots) while repulsive parts form brushes (pink). Small inert molecules
can pass through the less crowded pink zone while NTRs can pass through the entire NPC
transport channel. (D) The reduction of dimensionality model. Transport receptors (green)
coat the wall of the transport channel as they bind to FG repeat domains. Passive diffusion of
small molecules can occur through the inner tube of the channel. Transport complexes move
by a random, two-dimensional walk on the inner wall of the channel. (A-D), side views (left)
and top views (right) of the NPC. Taken from Ref. [50].

Little is known about the morphology of the supramolecular assembly of FG repeat

domains and how NTR binding to the FG repeat domains catalyzes their transition

through the pore. On account of these gaps of knowledge, several hypotheses for the

selectivity mechanism have emerged (see Ref. [51] and references therein, and more re-

cently Ref. [50]). They are based on different putative morphologies of the FG-repeat

domain assembly and different effects upon NTR binding. In figure 2.5, the most relevant

hypotheses in the context of this PhD thesis are summarized.
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2.1 Nucleocytoplasmic transport in eukaryotic cells

2.1.4.1 The selective phase model

The selective phase model [12, 52] proposes that the FG repeat domains are cohesive

and that the supramolecular assembly of the FG repeat domains is meshwork like (see

figure 2.5A). An important feature are FG-motives, which are supposed to interact with

each other thereby forming transient cross-links. This cross-linking gives the FG repeat

domain assembly properties of a hydrogel. A collapse of the meshwork is prevented

by repulsive parts of hydrophilic spacers between the cohesive elements. Within the

permeability barrier, the trajectory of an inert permeation probe is limited to open

spaces between meshes. The probe is blocked from passage if its size exceeds the size

of a mesh. In contrast, an NTR can compete with inter-FG-interactions and, thereby,

temporarily open the mesh [52] and pass through it. This reversible opening allows even

large probes connected to an NTR a quick passage through the meshwork.

The model was substantially supported by experimental studies, a few of which will

be mentioned here. Frey et al. (2006) showed that the wild type FG-repeat domain

Nsp1 from yeast forms a macroscopic hydrogel in in vitro assays [39]. A mutant of

Nsp1, in which all Fs were replaced by the hydrophilic S, was incapable of gel formation,

demonstrating that (hydrophobic) interactions between the FG-repeats are crucial for gel

formation. The results of a later study suggested that amyloid-like interactions between

spacers contribute additionally to the gel formation [42]. Strikingly, the Nsp1-WT gel

could reproduce some of the selectivity properties of the permeability barrier – inert

permeation probes with a diameter smaller than 5 nm could enter the gel and diffuse

through it, while larger, inert permeation probes were excluded unless bound to an NTR

[52].

The selective phase model relies strongly on the presence of cohesive elements dis-

tributed along the FG repeat domains. The existence and importance of such elements

on the length scale of the NPC is, however, controversially discussed since effects from

the surface confinement and other interfacial phenomena may play a role in the native

system [40, 53, 54, 55].
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2.1.4.2 The virtual gating model

The virtual gating model [56], which was formerly named brownian affinity gating model

[4], assumes that FG repeat domains form ”repulsive bristles” in the NPC and around its

entrances (see figure 2.5B). These bristles exclude inert permeation probes from trans-

port due to an entropic penalty for volume exclusion, which increases with the size of the

probe. In contrast to the selective phase model (hydrophobic) inter FG-repeat interac-

tions, or cohesiveness, are not considered important for the function of the permeability

barrier. As a consequence, the translocation of an NTR across the permeability barrier

is not connected with a local change of the morphology of the meshwork (i.e. meshes

are not reversibly opened) upon interaction with an NTR. Instead, NTR translocation

is considered to be a purely stochastic process. The likelihood of traversing the pore

is merely increased by the enrichment of NTRs close to the pore due to binding to

FG-repeat domains.

At present, a theoretical framework is lacking that would enable quantitative testing

of the model. Some questions which arise, for instance, are: (1) at which grafting

density would FG repeat domains form a sufficient permeability barrier for inert probes

due to entropic repulsion; (2) could the proposed model consistently explain why inert

permeation probes of a size of 5 nm are excluded while large permeation probes with a

dimension of 10 – 30 nm (such as pre-ribosomes [57] or intact viral particles [58]) can be

translocated efficiently, provided they are bound to NTRs?

2.1.4.3 The nanomechanical reversible collapse model

The nanomechanical reversible collapse model [59] is based on the virtual gating model,

in the sense that the FG-repeat domains are supposed not to cohesively interact with

each other and to form a purely repulsive brush. In contrast to the selective phase model

and to the virtual gating model, NTR interaction with the FG-repeat domain brush is

proposed to trigger a substantial change in the morphology of the meshwork, i.e. a
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collapse of the FG-repeat domains towards the wall of the NPC is assumed.

This model is based on atomic force microscopy (AFM) studies carried out on the

FG-repeat domain Nup153 which was end-grafted via their terminal cysteines to a gold

surface [53, 59, 60]. A shrinking of the film (i.e. a collapse) upon addition of Impβ at

nanomolar bulk concentrations was reported [59, 61].

A valuable point of these studies [59, 61] is the employed model system, which resem-

bles the NPC in dimensions and mode of FG-repeat domain attachment. A conceptual

question concerning collapse-enhanced translocation [59] is how a collapse catalyzes the

translocation of NTR bound molecules without allowing inert molecules (not bound to

NTRs) to permeate as well? In addition, we show in chapter 3 data that contrasts the

experimental findings from Ref. [59] and discuss possible reasons for this discrepancy.

2.1.4.4 The forest model

The forest model is based on the finding that FG repeat domains can be often separated

into parts with a high cohesiveness and parts with low or no cohesiveness [43]. Computer

simulations predicted that the cohesive parts of FG repeat domains may adapt a globular

or collapsed coil configuration, while the non-cohesive parts of FG repeat domains form

an extended coil [43]. If the position of the globular or collapsed coil is close to the NPC

wall it is called a ”shrub”and if an extended coil is between the NPC wall and a collapsed

coil (which is then located in the center) it is called a ”tree”. These units are supposed

to form a ”forest like morphology” in the NPC (see figure 2.5C). The forest landscape

would have two zones: in the center are collapsed coils and around them are extended

coils. NTRs with a small cargo are supposed to travel through the extended-coil zone

while NTRs with a large cargo can also travel through the central zone by principles

described by the selective phase model.
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2.1.4.5 The reduction of dimensionality model

The reduction of dimensionality model assumes that FG repeat domains coat the inner

wall of the NPC (see figure 2.5D) [51, 62]. Binding of NTRs to the FG repeat domains

might further condensate the FG repeat domains to the wall by inducing a collapse (see

nanomechanical reversible collapse). Thereby, a small channel is created in the center

of the NPC which is free of FG repeat domains. through which molecules smaller than

the diameter of this channel can diffuse. NTRs (with cargo) can bind to the FG repeat

domains at the entrance and start a two-dimensional random walk along the wall of the

transport channel which is supposed to allow for a faster translocation through the pore

than a three-dimensional walk.

However, since the morphology of the supramolecular assembly of FG repeat domains

is not known, the formation of a narrow, FG repeat domain channel is pure speculation.

In addition, it is unclear in how far a two-dimensional random walk would increase the

translocation across the pore.

2.1.5 Biological issues which will be addressed in this thesis

All of the proposed models make an intimate connection between the selectivity mech-

anism of the permeability barrier and the morphology of its supramolecular assembly.

Studying this morphology in NPCs is technically challenging. A goal of this thesis was

hence to create nanoscale model systems of the permeability barrier of NPCs. These

model systems should model key features of the native system: (1) the FG repeat do-

mains are end-grafted to the walls of the transport channel; and (2) the thickness of

the assembly is in the range of a few ten nanometers. One of our model system is a

continuous film of end-grafted FG repeat domains. This model system allowed for an

in situ characterization of the supramolecular assembly of FG repeat domains. We ex-

ploited this model system to quantitatively characterize the interaction between NTRs

and FG repeat domains (see chapter 3) and to investigate whether binding of NTRs
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induces a collapse [59] (see chapter 3). In addition, we studied the morphology of the

supramolecular assembly of FG repeat domains in our film and could provide estimates

for the size of a mesh by analyzing our data with concepts from polymer theory (see

chapter 4). A substantial difference between the proposed models is whether FG repeat

domains are cohesive and which role cohesiveness plays. We shed light onto this ques-

tion by investigating films consisting of FG repeat domain types which differ in their

cohesiveness and discuss how cohesiveness can contribute to the permeability barrier’s

selectivity mechanism (see chapter 5).
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2.2 Basic concepts of polymer theory

An important aspect of this thesis was to apply basic concepts of polymer theory to

understand some of the properties of the permeability barrier. In this section, we will

briefly introduce the concepts which are most important in the context of this thesis.

Although we studied FG-repeat domains grafted to a solid support, it is instructive to

start with polymers in solutions before going to surface confined polymers, since many

concepts apply to both systems. A more comprehensive introduction to polymer theory

can be found, for instance, in Refs. [63, 64].

2.2.1 A single polymer in solution

Definition of a polymer

A polymer (chain) consists of repeating elementary units, called monomers, which are

covalently connected to each other. Here, we are only considering the case of unbranched

and flexible polymer chains, that take the conformation of a coil.

The freely jointed chain model

The freely jointed chain model assumes that the polymer consists of N linear, elemental

units, called Kuhn segments of length b, which are interconnected through their ends

and can freely rotate around their junctions even if this leads to an overlap of chain

segments. A polymer chain, that can be described by the freely jointed chain model is

called an ideal chain (illustrated in figure 2.6). The contour length, Lc, of the polymer

chain is given by:

Lc = bN. (2.1)

The path of the Kuhn segments can be considered to be a random walk (since the

segments can rotate freely around their joints). There a two parameters which are

usually used to describe the extension of the polymer coil. One is the mean end-to-end
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distance, called Flory radius [65], RF, which is:

RF = bN
1
2 , (2.2)

for an ideal chain. The other parameter to describe the polymer’s extension is the root

mean square distance between the chain segments and the polymer’s center of mass,

called radius of gyration Rg. The radius of gyration correlates linearly with RF as:

Rg =
1√
6
bN

1
2 =

1√
6
RF. (2.3)

In the following, we will use Rg as a measure of the polymer’s effective size.

Figure 2.6: Characteristic parameters describing a coiled polymer chain: Shown is
the projection of a coiled polymer described by the freely jointed chain model. This polymer
consists of N = 19 Kuhn segments, with length b. There are two parameters, which can be
used as measure for the size of the polymer coil. One is the mean end-to-end distance, the
so called Flory radius, RF. The other is the average distance from the center of mass, called
radius of gyration, Rg. Adapted from Ref. [63].

The real chain and solvent qualities

In an ideal chain, interactions between monomers separated by many bonds along the

chain are ignored. However, in a real chain, monomers may either attract or repel each

other. If the polymer is submersed in a solvent, the solvent quality will influence this
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monomer-monomer interaction. If the net monomer-monomer interaction is repulsive we

call the solvent a good solvent. If the monomer makes no energetic distinction between

other monomers and solvent, the solvent is called a Θ-solvent. In the case of a poor

solvent, the monomer-monomer interaction is attractive. As a consequence, the solvent

qualities determine the extension of the polymer coil. The scaling of Rg can be more

generally expressed [63] as:

Rg = αbN ν ∝ N ν . (2.4)

The exponent ν is called the Flory exponent. In the limit of a very poor solvent, ν is

1/3; in the limit of a very good solvent, ν is about 3/5; and in the limit of a Θ-solvent,

ν is 1/2. The numerical prefactor α is of order unity and a priori not known. α is

usually dropped and the (in the following) derived laws are, hence, scaling laws with an

inaccuracy of a numerical factor of order unity.

A polymer under tension – the blob model

If a polymer is brought under tension by applying external constraints (such as the con-

finement to a surface, or pulling at the two ends of the chain as illustrated in figure 2.7),

its conformation will change. In order to correlate the change in conformation with the

force and energy needed to induce this change, the so-called blob model can be used [64,

66].

The blob model effectively enables the separation of two different length scales. At

a scale larger than the size of a blob, ξ, externally applied force will determine the

conformation (e.g. stretching in figure 2.7). At scales smaller than the blob size, the

thermal motion of the polymer segments will dominate over the external constraints. The

chain within a blob behaves effectively as a free chain in solution and in its conformation

the energy of about one kBT is stored. The number of Kuhn segments within a blob is

assigned the variable Nb.
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Figure 2.7: A polymer under tension – the blob model: If a polymer is under tension,
it will extend to the size R. The chain can be subdivided into so-called blobs, of size ξ.
The conformation of the Kuhn segments within a blob is not influenced by external applied
constrains. Each blob stores the energy of one kBT . Taken from Ref. [63].

The size of the blob, ξ, (with Nb Kuhn segments) scales according to equation (2.4):

ξ ∝ Nb
ν ⇔ Nb ∝ ξ

1
ν . (2.5)

For the following it is handy to rewrite equation (2.4) to N ∝ Rg

1
ν and to be aware

that the number of blobs can be calculated by N/Nb and scales with R/ξ.

The end-to-end distance of the polymer under tension, R, correlates with Rg and ξ

as:

R ∝ ξ
N

Nb

∝ ξ
Rg

1
ν

ξ
1
ν

∝ Rg

1
ν ξ

ν−1
ν ⇔ ξ ∝ Rg

1
1−ν

R
ν

1−ν

. (2.6)

The energy, E, of the chain under tension scales with the sum of the energy of all blobs

(and the energy per blob is approximately kBT ), which leads us to:

E ∝ kBT
R

ξ
∝ kBTR

R
ν

1−ν

Rg

1
1−ν

∝ kBT

(
R

Rg

) 1
1−ν

. (2.7)

The stretching force, F , can be straight forwardly calculated. Each time the chain is
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stretched about one ξ, we add another kBT to the energy stored in the chain:

F ∝ kBT

ξ
∝ kBT

Rg

(
R

Rg

) ν
1−ν

. (2.8)

As a remark, the force necessary to stretch an ideal chain (Θ-solvent, i.e. ν = 1/2)

correlates linearly with chain stretching R which is the same force law as for the extension

of a spring (Hook’s law).

2.2.2 Polymer solutions

The volume fraction

Many properties of a solution of polymers depend on the polymer concentration in the

solvent. Instead of expressing the polymer concentration as mass concentration, c (i.e.

mass per volume), the polymer concentration is commonly expressed as volume fraction,

Φ, i.e. the ratio of occupied volume of the polymers in solution and the volume of the

solution. c and Φ are related to each other through the polymer density ρ:

Φ =
c

ρ
= c

VmonNA

Mmon

∝ c
b3NA

Mmon

, (2.9)

where Vmon and Mmon are the volume occupied by a Kuhn segment and its molecular

weight, respectively. To derive the right side of equation (2.9), we assumed that the

volume of a Kuhn segment scales cubically with its length.

Concentration regimes

A solution of polymers can be divided into different regimes (see figure 2.8) according to

the polymer concentration. In the dilute regime, the average distance between polymer

coils is larger than the size of the coils. If the concentration of the polymers in solution

is increased, such that the average distance between coils becomes shorter than the size

of a single coil in solution, the coils start to overlap. This concentration regime is called
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Figure 2.8: Dilution regimes for flexible polymers: According to the polymer concentra-
tion, different dilution regimes emerge. If the concentration is below the overlap concentration
c∗, the distance between polymer coils in solution is larger than the size of the polymers, and
the solution is in the dilute regime. As the concentration approaches c∗, the polymer coils
overlap, and the solution is in the overlap regime. For concentrations exceeding c∗, the regime
is called semi-dilute, as long as the solvent still occupies most of the volume. Adapted from
Ref. [63].

semi-dilute regime. The volume fraction when overlapping starts is called overlap volume

fraction, Φ∗, and equals the volume fraction of a single polymer inside its own volume,

V , as:

Φ∗ =
NVmon

V
∝ Nb3

Rg
3 (2.10)

The physical behavior of semi-dilute solutions is dominated by the overlapping polymer

coils. Most of the volume, however, is still occupied by the solvent. This is the regime

that is relevant for most of the bio-polymer assemblies considered in this thesis. If the

polymers are further concentrated, the regime is called concentrated-regime and the

chains will behave like ideal chains (the crossover concentration between semi-dilute

regime and concentrated regime is Φ∗∗). If the concentration is further increased, such

that there is no or only very little solvent volume (Φ ≈ 1), we have a polymer melt

Characteristic length and time scales

Polymer chains in a semi-dilute solution interpenetrate and exert constraints, and thereby

tension, to each other. The blob model, introduced in section 2.2.1, can also be applied

to polymers in a semi-dilute solution. The size ξ of a blob with energy kBT here corre-
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sponds to the average distance from a monomer on one chain to the nearest monomer

on another chain [63]. It can be shown that ξ, also called correlation length, decreases

as a power of the volume fraction [63]:

ξ ∝ Φ
ν

3ν−1 . (2.11)

For sufficiently large chains, interpenetration leads to a distinct physical phenomenon

called entanglement, with another characteristic length scale, the entanglement length

(or tube diameter) [63, 67]. a correlates with ξ depending on the quality of the solvent:

a(Φ) ∝

⎧⎪⎨
⎪⎩
a(Φ = 1)Φ

ν
3ν−1 ∝ ξ, ν > 1/2 (i.e. for a good solvent);

a(Φ = 1)Φ− 2
3 ∝ ξ−

2
3 , ν = 1/2 (i.e. for a Θ-solvent).

(2.12)

a is typically a few times larger than ξ [67]. The parameters to describe the dynamics of

the polymer solution are the relaxation times of the characteristic length scales. They

are summarized in table 2.1 [67].

Table 2.1: Characteristic time scales in a polymer solution

relaxation time of: parameter scaling law

a Kuhn segment τ0 ∝ ηsb
3/(kBT )

a correlation blob τξ ∝ ηsξ
3/(kBT ) or τ0(ξ/b)

3

a chain segment with size d (with ξ < d < a) τd ∝ τξ(d/ξ)
4

entanglement strand τe ∝ τξ(a/ξ)
4

an entire polymer chain τrep ∝ τrep(N/Ne)
3

ηs is the viscosity of the solvent and Ne is the number of Kuhn segments per entanglement strand.

Permeation probes within a polymer solution

The mobility of an inert permeation probe within a polymer solution in the semi-dilute

regime depends on the morphology and dynamics of the polymer solution and on the

time-scale of observation. A detailed description of this dependence can be found in

Ref. [67].
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The dependence is illustrated in figure 2.9 where the probe’s mobility is expressed

as the product of its size, d, and its mean-square displacement, 〈r2(t)〉. In principle,

the mobility of the permeation probe can be explained by the following argumentation:

When the permeation probe is smaller than ξ, it can diffuse unhampered through the

polymer solution. However, if the permeation probe’s size, d, is between ξ and a, d 〈r2(t)〉
will be affected at time scales between τξ and τd . If d exceeds the size of an entanglement

strand, the permeation probe will be arrested within a volume of ξa2 at time-scales

smaller than τrep.

Figure 2.9: Time and size dependence of the mobility of a permeation probe in a
polymer solution: A permeation probe with size d < ξ (dash-dotted line) can diffuse freely
within a polymer solution, in the semi-dilute regime. If its size is between ξ and a (dashed line),
its diffusion is hindered at time scales above between τξ and τd. Large permeation probes with
d > a (solid line) are even blocked for time scales between τe and τrep. Scales are logarithmic.
Taken from Ref. [67].

How would cross-links between polymer strands influence the mobility of the perme-

ation probe? Cross-linking of the polymer would introduce an addition characteristic

length-scale, namely the average distance between cross-links, γ, and its relaxation time

τγ. If we consider the extreme case of a homogeneous, tightly cross-linked polymer so-

lution, i.e. γ < ξ, with stable cross-links, the morphology of the polymer solution would

be completely dominated by the cross-links. As a consequence, permeation probes larger

than γ would be arrested in a volume of about γ3.
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2.2.3 Polymers end-grafted to a surface

The concepts from polymers in solution can be easily transferred to polymers end-grafted

to a surface.

Mushroom and brush regime

If the polymers are end-grafted with an average distance of the grafting points above

their size, Rg, there will be individual chains on the surface. This regime is called the

mushroom regime. As soon as the grafting density is increased, such that the mean

distance of the grafting points is smaller than Rg, the polymers will overlap and be

forced to stretch away from the surface (due to repulsion between the chains). This

regime is called the brush regime.

Characteristic length scales and mobility of permeation probes in a brush

To a first approximation, we can consider a brush to be a polymer solution located

in a restricted volume above the surface. This allows us to straight forwardly transfer

the relationships between Φ and ξ (see equation (2.11)) and a (see equation (2.12)),

respectively. Also, the relaxation times remain the same, except τrep, the time-scale

for the relaxation of an entire polymer chain, will be dramatically increased since it is

confined to a surface (especially when its anchor point is laterally immobile).

Furthermore, the introduced concepts for the mobility of a permeation probe within

a polymer solution can be straight forwardly transferred to a polymer brush, to a first

approximation. Bearing in mind that relaxation of an entire chain does not or hardly

occur, a permeation probe with a size larger than an entanglement strand would be

trapped within a volume of ξa2.

This approach is relevant to the context of the results presented in this thesis. We

would like to stress, here, that ξ and a depend on the volume fraction (i.e. the concen-

tration of the polymer, see equation (2.11) and (2.12)).
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2.3 Main techniques

In this section, the surface characterization techniques which I used and further devel-

oped during this PhD project will be introduced. The fundamental working principle of

Quartz crystal microbalance with dissipation monitoring (QCM-D), spectroscopic ellip-

sometry, and confocal laser scanning microscopy (CLSM) are briefly explained. Tech-

niques which were used by my collaborators (such as atomic force microscopy (AFM)),

are covered in the materials and methods parts of the chapters where results from these

techniques are presented.

2.3.1 Quartz crystal microbalance with dissipation monitoring

Quartz crystal microbalance with dissipation monitoring (QCM-D) is an acoustic tech-

nique that measures the (wet) solvated surface mass of an adsorbed layer, e.g. the (dry)

biomolecular mass of the layer plus the hydrodynamically coupled water. In addition,

under certain conditions, QCM-D data can be fitted to a viscoelastic model to extract

information about the viscoelastic properties and the thickness of the adsorbed film.

In the frame of this PhD project, QCM-D was one of the main techniques to follow the

formation of FG repeat domain films. In addition, the viscoelastic model was applied

to our data to extract information about the thickness and the viscoelastic properties of

the FG repeat domain films (see in particular chapter 4).

Here, we will briefly outline its working principle (a detailed description can be found

in Refs. [68, 69] and references therein).

2.3.1.1 The working principle

An oscillating piezoelectric quartz crystal

The core of a QCM-D is a piezoelectric quartz crystal which is used as a sensor for the

adsorbate (see figure 2.10). The sensor is electrically excited at resonance frequency, thus
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creating a standing wave with two open ends. The resonant frequency, fn, is related to

the thickness of the crystal, dq, by:

dq = n
λ

2
= n

vq
2fn

⇔ fn = n
vq
2dq

(2.13)

where n are the overtone modes, or harmonics (n = 1, 3, 5...), and vq is the speed of

sound in quartz.

When cutting the driving circuit, the oscillation will decay (see figure 2.10C). The

envelope of the decaying oscillation, un, is decaying exponentially over time:

un ∝ e−πfnDnt. (2.14)

The damping factor, Dn, is called dissipation. It is obvious from equation (2.14), that

the dissipation will increase if the sensor quickly dissipates the energy of oscillation into

the system.

Figure 2.10: Scheme of QCM-D operation: (A) A picture of a QCM-D quartz crystal
sensor. (B) Side view of the crystal. Application of oscillatory voltage results in a cyclical
deformation, where top and bottom surfaces move tangentially in an anti parallel fashion.
The fundamental frequency (black waves at the edges of the crystal) and the third overtone
(blue wave in the middle) are illustrated (not to scale). (C) QCM-D uses a so-called ring-
down method. The driving voltage is switched off and the decay in time of the oscillation is
monitored. From the decay curve, the resonance frequency f and the energy dissipation D can
be extracted. Adapted from Ref. [68].

The frequency and dissipation are the parameters that the QCM-D is measuring in

real time. They are technically measured by the reverse piezo-electrical effect, i.e. the

oscillation of the quartz crystal translates into an oscillating voltage. The presented way
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to extract frequency and dissipation from a decaying curve after cutting voltage is called

ring-down approach and is characteristic for QCM-D.

QCM-D can be used as sensor for adsorption processes. If mass adsorbs to the sensor

surface, the thickness of the sensor will effectively increase. It can be seen from equa-

tion (2.13) that this will lead to a decrease of the resonance frequency. In addition, if the

mass is soft (e.g., a film of polymers), the dissipation increases due to frictional losses.

Mass determination for thin and rigid films – Sauerbrey equation

The mass per unit area of the crystal surface, mq, can be determined from the product of

dq and the density of the quartz crystal, ρq. Together with equation (2.13), the following

expression can be derived:

mq = dqρq = n
vqρq
2fn

. (2.15)

As already pointed out above, if mass adsorbs, the effective thickness of the sensor

will increase. This leads to a change in frequency, Δfn. The changes in frequency are

typically small compared to the resonance frequency (Δfn << fn). The first derivative

of mq with respect to fn can be, hence, used to approximate the adsorbed mass sensed

by QCM-D, mQCM:

mQCM = Δm = −n
vqρq
2f 2

n

Δfn = − vqρq
2nf 2

0

Δfn = −C
Δfn
n

, (2.16)

where f0 is the fundamental frequency with fn = nf0 and C is the mass sensitivity

constant. If not stated otherwise, we used crystals with f0 ≈ 4.95MHz and a mass

sensitivity constant of C = 18.1 ng cm−2Hz−1.

Equation (2.16) is called Sauerbrey equation [70]. It is only valid if the adsorbed mass

is (i) small (compared to the mass of the crystal), (ii) evenly distributed, (iii) rigid and

(iv) coupled with no slip conditions.
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The effect of the solvent’s viscosity and density

The presence of air has only a very small effect on f and D. Immersion in liquid,

however, affects the sensor response considerably and can be approximated [71, 72] by:

Δfn =
1√

πvqρq

√
nf 3

0 ηsρs = 0.64 � 10−7m
2s

kg
×
√
nf 3

0 ηsρs, (2.17)

ΔDn =
1√

πvqρq

√
f0
n
ηsρs = 1.27 � 10−7m

2s

kg
×
√

f0
n
ηsρs. (2.18)

Here, ρs and ηs are the solvents density and viscosity, respectively.

The role of hydrodynamically trapped solvent

In contrast to optical mass-sensitive techniques (such as ellipsometry or surface plasmon

resonance), the mass that is sensed by QCM-D, mQCM corresponds to all mass that is

coupled to the surface [73, 74]. Thus, QCM-D measures the mass of the (dry) biomolec-

ular mass of the adsorbate, mads, and the hydrodynamically coupled solvent together,

msovlent:

mQCM = mads +msolvent. (2.19)

As a consequence, structural changes of the adsorbed layers that are accompanied by

a change of the hydrodynamically trapped liquid can be easily monitored by QCM-D.

An example is the transition from a vesicle layer to an SLB [75], or cross-linking and

collapse of polymer films [76].

2.3.1.2 Viscoelastic modeling

Above, we showed that the Sauerbrey qquation (equation (2.16)) can be used to analyze

thin and rigid (small ΔD) films. However, if a film is sufficiently soft (ΔD > 0) and thick,

the QCM-D will become sensitive to the viscoelastic properties of the film [68]. In this

case, the QCM-D data can be fitted to an appropriate viscoelastic model to extract

information about the film’s viscoelasticity and thickness [68, 77]. The viscoelastic
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properties are usually expressed as storage modulus, G′, which correlates to the materials

elasticity and the loss modulus, G′′, which describes the viscous energy dissipation in the

film. For example, if the viscoelastic film is laterally homogeneous and thinner than the

shear-acoustic penetration wave of the QCM-D, Δf and ΔD correlate approximately

with the film thickness, d, G′ and G′′ as:

Δfn ≈ − n

C
mQCM

(
1− n2πf0ρsηs

G′′
n

ρfilm
(
G′

n
2 +G′′

n
2
)
)
,

ΔDn ≈ 2n

fnC
mQCMn2πf0ρsηs

(
G′

n

ρfilm
(
G′

n
2 +G′′

n
2
)
)
,

(2.20)

where ρfilm is the density of the film. G′
n and G′′

n are frequency dependent. Within

the frequency range covered by the harmonics of QCM-D, they follow approximately

power laws: G′
n ≈ G′

0n
α′

and G′′
n ≈ G′′

0n
α′′
, where G′

0 and G′′
0 are the storage and loss

modulus at the fundamental resonance frequency, respectively, and α′ and α′′ character-

istic exponents. The relation between the film thickness, its density, and ”wet-mass” is:

mfilm/ρfilm = d. ρfilm needs to be either measured by (a combination of) complementary

techniques. In practice, however, ρfilm can be assumed to equal ρs, if the film is highly

hydrated which is often the case. These relationships together with equation (2.20) allow

to extract information about the viscoelastic properties and the thickness of the film.

2.3.2 Spectroscopic ellipsometry

Ellipsometry is an optical technique which measures changes in the polarization of light

upon reflection at a surface. Spectroscopic ellipsometry measures this over a spectrum

of wavelengths. If molecules adsorb to the surface, the optical properties of the interface

will change. This induces a change in the polarization of the reflected light. From this

change the (dry) biomolecular mass, mSE, the thickness, d, and the refractive index, N ,

of the adsorbed layer can be extracted.
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In this PhD project, we used spectroscopic ellipsometry mainly to determine the

biomolecular mass of our FG repeat domain films, complementary to the information

from QCM-D. It was also used to measure NTR binding to the FG repeat domain films

and NTR permeation through the films (see in particular chapter 3). Since ellipsometry

measure changes in mass in a time-resolved manner (with a resolution of about 1 s), we

could also use it to provide estimates for adsorption and desorption kinetics of proteins

to the surface (see chapter 3 and 5).

In the following, we will give a short overview about this method (a more detailed

description can be found, for instance, in Refs. [78, 79, 80]).

2.3.2.1 Polarization of light

According to Maxwell’s theory light, with a wavelength λ, can be described as an elec-

tromagnetic wave with two perpendicular vectors; one for the electric field and one for

the magnetic field. In the following, we are only considering the electric field vector,

�E, and describe the space by an Cartesian coordinate system such that the direction of

propagation is z. The electric field vector can be expressed as a superposition of two

orthogonal components, Ex and Ey:

Ex = E0
x cos(qz − ωt+ δx),

Ey = E0
y cos(qz − ωt+ δy)

(2.21)

where q is the wave number (2π/λ), ω is the angular frequency, t is the time, δx and

δy are phase constants, and E0
x and E0

y amplitudes of the components Ex and Ey (see

figure 2.11).

The polarization of the light depends on the phase shift between Ex and Ey and their

ratio.
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Figure 2.11: Polarization of light: The electric field vector of the light, �E, can be described
as superposition of two electric field vectors perpendicular to each other, Ex and Ey. The
polarization of the light depends on the ratio of Ex and Ey, and on the phase shift between
them. Here, circular polarized light is depicted, i.e. Ex and Ey have the same amplitude and
the phase shift is a multiple of π/2. Adapted from [79].

2.3.2.2 Changes in polarization upon reflection

Light will be reflected upon incidence on an interface, as illustrated in figure 2.12. Inci-

dent and reflected light span the plane of incidence (POI). The vector of the electric field

can then be expressed as superposition of a component parallel, Ep, and a component

perpendicular, Es, to the POI. The polarization of the light will change upon reflection.

This change in polarization can be measured by ellipsometry and related to the two

ellipsometric angles Ψ and Δ by the fundamental equation of ellipsometry [78]:

tanΨ exp(iΔ) =
Erp/Eip

Ers/Eis

. (2.22)

Ψ and Δ express the amplitude ratio and phase difference between p- and s-polarizations,

respectively (parameters explained in figure 2.12):

Δ = δrp − δrs, (2.23)

|tanΨ| =
∣∣∣∣Erp/Eip

Ers/Eis

∣∣∣∣ . (2.24)

33



2 Introduction

Figure 2.12: Reflection of polarized light: (A) When a light beam hits a bare surface
it will be partly adsorbed and partly reflected according to Snell’s law. (B) When a light
beam is reflected by a film-covered surface, its reflection can be described by Fresnel’s law (see
text). In both cases, a change in the phase shift and in the amplitudes of its parallel (Ep) and
perpendicular (Es) components will occur. These changes depend on the surface properties
and can be measured by ellipsometry. Complex refractive index of ambient (N0), complex
refractive index of film (N1), complex refractive index of substrate (N2), angle of incidence
(Θ0), angle of transmission (Θ1), angle of adsorption (Θ2). Adapted from Ref. [79].

The optical properties of the surface will strongly influence this change in polarization.

This is quantitatively described by the Fresnel formalism. We will start with the case of

a bare surface before going to a surface covered with a thin, transparent film.

A bare surface

We consider the simple case of reflection at a bare surface with infinite thickness, as

illustrated in figure 2.12 (A). In this case the ratios Erp/Eip and Ers/Eis equal the Fresnel

reflection coefficients, rpp and rs, which can be calculated by:

Erp

Eip

= r01p =
N1 cos Θ0 −N0 cos Θ1

N1 cos Θ0 +N0 cos Θ1

, (2.25)
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Ers

Eis

= r01s =
N0 cos Θ0 −N1 cos Θ1

N0 cos Θ0 +N1 cos Θ1

. (2.26)

The parameters in equation (2.25) and (2.26) are defined in figure 2.12. These equa-

tions together with equation (2.22) allow to extract the optical properties (i.e. the re-

fractive indeces) from the ellipsometric data.

A surface covered with a thin, transparent film

If the surface is covered with a thin, transparent film (see figure 2.12B) the ratios Erp/Eip

and Ers/Eis equal the total Fresnel reflection coefficients, Rpp and Rs, which can be

calculated by:
Erp

Eip

= Rs =
r01p + r12p exp(−4πiN1 cosΘ1d1/λ)

1 + r01p r12p exp(−4πiN1 cosΘ1d1/λ)
, (2.27)

Ers

Eis

= Rpp =
r01s + r12s exp(−4πiN1 cosΘ1d1/λ)

1 + r01s r12s exp(−4πiN1 cosΘ1d1/λ)
. (2.28)

The parameters in equations (2.27) and (2.28) are defined in figure 2.12. By substitut-

ing Erp/Eip and Ers/Eis in equation (2.22), we arrive at:

tanΨ exp(iΔ) =
Rs

Rpp

. (2.29)

In theory, solving equation (2.29), allows to extract the thickness of the film and the

optical parameters of the layers from ellipsometric data. In practice, an appropriate

model of stacked layers (each with its own thickness and refractive index) is fitted to the

data (and reference measurements) to obtain this information.

In this thesis, the (dry) biomolecular surface mass, Γ, of the film was calculated by

the deFejter’s equation [81]:

Γ =
d(N1 −N0)

dN/dc
, (2.30)

where dN/dc is the refractive-index increment (which depends on the adsorbing biomolecule).
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Typically, we obtained a mass resolution of about 1 ng/cm2 with our spectroscopic el-

lipsometer.

A detailed information about the models and data analysis that we employed can be

found in the materials and methods part of the individual chapters.

2.3.3 Confocal laser scanning microscope

Confocal laser scanning microscopy (CLSM) is an optical imaging technique that benefits

from the feature, that only the light of a thin slice is collected (down to 500 nm). The

resolution of thicker samples is increased, since out-of-focus light is effectively excluded.

This also facilitates the three dimensional reconstruction of samples.

In this thesis, we used confocal laser scanning microscopy for fluorescence recovery

after photobleaching (FRAP) measurements (see chapter 5) and to monitor the depletion

of fluorescence probes in a measurement cell by acquiring a time-series of z-stacks (see

chapter 6).

In figure 2.13, a scheme of the CLSM working principle is presented. The light source

is a laser system. The emitted light is reflected by a dichroic mirror and focused onto

a defined focal plane which is conjugated to a second pinhole aperture positioned in

front of the detector. The sample is labeled with fluophores which are excited by the

laser light leading to emission of fluorescence light. This light (solid line in figure 2.13A)

passes through the dichromatic mirror and is focused as confocal point at the detector

pinhole aperture.

Fluorescence emission from fluophores above and below the objective focal plane (dot-

ted and dashed lines, respectively, in figure 2.13A) is not confocal with the pinhole (i.e.

out-of-focus). It forms, hence, extended disks in the aperture plane. As a consequence,

most of this light cannot pass through the pinhole aperture and is not detected.

In order to obtain a 2D image, the laser beam scans the focal plane across a defined

area in a raster pattern. This is executed by two high speed oscillating mirrors with

precisely tunable tilt regarding the incident laser beam. One of the mirrors directs the

beam from left to right, along the x-axes (illustrated in figure 2.13B). Once a line scan

36



2.3 Main techniques

Figure 2.13: Working principle of confocal laser scanning microscopy: (A) Shown is
a simplified scheme of a CLSM. Excitation light from a laser point source is focused on point
in a confocal plane of the specimen. Fluorescent light from this point (solid line) is focused
back on the pinhole of a aperture plane and collected by the detector behind the pinhole.
Fluorescent light emitted at points above and below the plane of focus of the objective lens
(dotted and dashed lines, respectively) is not confocal with the pinhole and forms extended
disks in the plane of the pinhole. Hence, most of the out-of-focus information is excluded from
the detector. (B) Shown is one of the galvanometer mirrors of the CLSM. The excitatory laser
beam can be delivered to different position of the specimen by tilting the mirror. A second
mirror with a perpendicular scan axis to the first mirror, allows to scan an area. Taken from
Ref. [82].

is finished, the other mirror moves the beam one pixel in y-direction. Then, a new line

is scanned, and so forth.

3D images can also be obtained, by collecting a z-stack of images. To this end, a series

of images is taken. Each time an image is collected, the objective, and hence the focal

plane, is moved appropriately in z-direction. Each image corresponds then to one slice

in the z-stack.
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[69] F. Höök, C. Larsson, and Fant. 2002. “Biofunctional surfaces studied by quartz crys-

tal microbalance with dissipation monitoring”. In: Encyclopedia of Surface and Colloid

Science, pp. 774–791.

[70] G. Sauerbrey. 1959. “Verwendung von Schwingquarzen zur Wägung dünner Schichten
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Nuclear pore complexes (NPCs) are highly selective gates that
mediate the exchange of all proteins and nucleic acids between
the cytoplasm and the nucleus. Their selectivity relies on a
supramolecular assembly of natively unfolded nucleoporin
domains containing phenylalanine–glycine (FG)-rich repeats (FG
repeat domains), in a way that is at present poorly understood.
We have developed ultrathin FG domain films that reproduce the
mode of attachment and the density of FG repeats in NPCs, and
that exhibit a thickness that corresponds to the nanoscopic
dimensions of the native permeability barrier. By using a
combination of biophysical characterization techniques, we
quantified the binding of nuclear transport receptors (NTRs)
to such FG domain films and analysed how this binding affects
the swelling behaviour and mechanical properties of the films. The
results extend our understanding of the interaction of FG domain
assemblies with NTRs and contribute important information to
refine the model of transport across the permeability barrier.
Keywords: FG repeat domain; nuclear pore complex; nuclear
transport receptor; nucleoporins; permeability barrier
EMBO reports (2010) 11, 366–372. doi:10.1038/embor.2010.34

INTRODUCTION
All eukaryotic cells rely on nuclear pore complexes (NPCs) as the
unique path to shuttle macromolecules across their nuclear
envelope. Translocation through the central channel, with a
diameter and length of 35–40 nm in the case of yeast (Yang et al,
1998), is selective: molecules smaller than 5 nm in diameter (Mohr
et al, 2009) can diffuse efficiently through the pore, whereas larger
molecules are delayed or blocked—unless they are bound to
nuclear transport receptors (NTRs). The permeability barrier,
and its selectivity, arises from an assembly of natively unfolded
protein domains that are rich in phenylalanine–glycine repeats
(FG repeat domains; Denning et al (2003) and references therein)
and that are grafted at a high density on to the channel walls.
These NTRs can interact with the FG repeat domains, thereby
facilitating the translocation of NTR-bound cargo.

Several models have been proposed to explain the mechanism
of function of the permeability barrier (Peters, 2009, and references
therein). They are distinct in the putative nanoscale organization
of FG repeats and in how NTRs are thought to interact with FG
repeats to confer selective permeability to such a dynamic
supramolecular assembly. In the ‘virtual gating’ (Rout et al,
2003) and ‘selective phase’ (Ribbeck & Görlich, 2001, 2002)
models, for example, NTRs are thought to interact locally with a
homogeneous distribution of FG repeat domains. The ‘reversible
collapse’ model (Lim et al, 2007), by contrast, assumes transient
morphological changes over distances as large as the contour
length of entire FG repeat domains. The ‘reduction of dimension-
ality’ (Peters, 2005) model postulates the presence of a distinct
structure, a surface lined with FG repeats, for efficient translocation
of NTRs.

Inspired by these models, we sought to create in vitro
nanoscopic assemblies of FG repeat domains to provide detailed
insight into the interaction between NTRs and FG repeat-domain
meshworks, and the concomitant morphological changes that are
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induced by NTRs. We found continuous planar monolayers
of end-grafted FG repeat domains (Fig 1A) to be suitable for
this goal. Their macroscopic extension in two dimensions
and their confinement to a solid support make such films
amenable to characterization by surface-sensitive biophysical
methods. By using such methods, the construction and morphology
of the films can be controlled tightly and their interaction with
NTRs quantified.

RESULTS AND DISCUSSION
Formation of FG repeat-domain films
We used supported lipid bilayers (SLBs; Richter et al, 2006) as a
platform for the construction of FG repeat-domain films (Fig 1A).
The SLBs provide a tuneable density of anchorage sites—here
10mol% of bis-nitrilotriacetic-acid (NTA)-functionalized lipids
(Lata et al, 2006)—together with a background of low unspecific
binding. A His-tagged construct of the FG repeat domain (amino
acids 2–601) of Nsp1p, a yeast nucleoporin that is essential for
viability and located in the central region of the pore channel, was
used as building material for the model films.

Step-by-step assembly of the films was monitored by
quartz crystal microbalance with dissipation monitoring (QCM-D;
Fig 1B). Strong shifts in resonance frequency, Df, and dissipation,

DD, on incubation of the FG repeat construct provide evidence for
successful formation of a soft and hydrated film. The FG repeat
domains remained stably bound upon rinsing in buffer. They
could be fully eluted with imidazole and did not bind to SLBs that
lacked NTA functionality (supplementary Fig S5 online), indicating
specific anchorage through their amino-terminal His tags. This
‘end on’ attachment is reminiscent of the anchorage of FG repeat
domains to the NPC channel walls, although the orientation is
upside down. The thickness of the film, 34±4 nm, estimated from
QCM-D data (supplementary Fig S2 online and supplementary
Table S2 online), represents only a fraction of the contour
length of the FG repeat domain (B250 nm) but is similar to the
dimensions of the central NPC channel. We note that an FG repeat
monolayer of such a thickness would readily fill the cross-section
of the central NPC channel. Imaging by atomic force microscopy
(AFM; supplementary Fig S4 online) revealed the surface of the
film to be flat, indicating that the film is laterally homogeneous,
at least, down to a length scale of a few 10nm.

Adsorbed amounts were quantified by ellipsometry (Fig 1C;
supplementary Fig S3 online). The final film density of
10.0±0.5 pmol FG repeat domains per cm2 corresponds to a
mean distance of 4.4±0.1 nm between neighbouring anchor
points. By adjusting the incubation time for FG repeat domains,
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Fig 1 | Formation of membrane-anchored monolayers of phenylalanine–glycine repeat domains. (A) Scheme illustrating the film architecture. The FG

repeat domain of Nsp1p (amino acids 2–601) was grafted through an amino-terminal His10 tag to a bis-NTA-functionalized SLB. (B) Construction of

an FG repeat film, followed by quartz crystal microbalance with dissipation monitoring. The start and duration of the incubation with different

samples is indicated (arrows); remaining times correspond to buffer washes. The SLB was formed by exposure of 50mg/ml SUVs, containing 10mol%

bis-NTA-functionalized lipids, to a silica surface. The two-phase behaviour together with the final changes in frequency and dissipation, Df¼�28Hz

and DDo0.3� 10�6, characterize the formation of an SLB of good quality. Strong changes in frequency and dissipation on the addition of 1.5mM
His-tagged FG repeat domains reflect the formation of a flexible and hydrated film. Binding of 1.4 mM His-tagged GFP–MBP is shown for comparison.

This fusion of globular proteins with a comparable molecular weight and an identical His-tag to the FG repeat domains induced about one-third of

the frequency shift of the FG repeats and a low dissipation shift, as expected for a rigid monolayer of about 8 nm in thickness. At the end of the film

formation processes, DD/�Df ratios of 0.1� 10�6/Hz for FG repeat domains and 0.028� 10�6/Hz for GFP–MBP were reached. The more than threefold

higher value for FG repeat domains reflects the increased softness of this film. All His-tagged proteins bound with high affinity but could be removed

by washing with 500mM imidazole. Changes in Df and DD at about 43min do not reflect any changes on the surface but result from a change in the

viscosity or density of the surrounding solution owing to the presence of imidazole. (C) Ellipsometric analysis of the FG repeat domain density during

film formation, with 3 mM His-tagged FG repeat domains in solution. FG, phenylalanine–glycine; GFP, green fluorescent protein; MBP, maltose-binding

protein; NTA, nitrilotriacetic acid; SLB, supported lipid bilayer; SUV, small unilamellar vesicle.
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lower and higher anchor densities could be achieved readily (data
not shown). With each FG repeat domain of Nsp1p containing 36
FG repeat units, the surface density corresponds to an average
concentration of 106±18mM FG repeat units inside the film. For
comparison, we expect a similar repeat density in yeast NPC,
when assuming that its approximately 3,500 FG repeat units
(Strawn et al, 2004) fill a volume that extends slightly beyond
the boundaries of the pore channel, covering a total distance
of about 50 nm along the channel axis. The FG repeat concentra-
tion is also comparable to macroscopic, in vitro-assembled
FG repeat hydrogels that were shown recently to exhibit a
selectivity of transport similar to that of intact NPCs (Frey &
Görlich, 2007, 2009).

Binding of NTRs to FG repeat-domain films
Having established that our model films match the thickness, the
FG repeat concentration and the ‘end on’ mode of chain
attachment that are pertinent to NPCs, we considered how NTRs
interact with such FG repeat meshworks. Ellipsometric assays
(Fig 2A) with a selected NTR, importin-b from Saccharomyces
cerevisiae (scImpb/Kap95p), revealed binding in a concentration-
dependent manner. The titration data (Fig 2D) could not be fitted
well by a single Langmuir isotherm (data not shown), indicating
that the film contains more than one type of binding site. The
simplest model providing a good fit was a two-component
Langmuir isotherm (Fig 2D), with apparent dissociation constants
of KD

(1)¼ 0.32 mM and KD
(2)¼ 5.3 mM (Table 1). One might be

tempted to attribute these dissociation constants to two discrete
types of binding site. Our findings are, however, also consistent
with the presence of a spectrum of binding sites that cover a range
of affinities. We note that the lower dissociation constant is
remarkably similar to those reported previously for the interaction
of scImpb (Pyhtila & Rexach, 2003) or mammalian Impb (Ben-
Efraim & Gerace, 2001) with FG Nups from the central region of
the NPC. It should also be noted that the dissociation constants
are unlikely to reflect the binding strength between NTRs and
individual FG repeat units. Rather, they are the result of
multivalent interactions.

Assuming independent binding sites, the two-component
Langmuir isotherm predicts a saturation limit of 4.0±0.4pmol/cm2,
which is 2.5-fold less than the concentration of FG repeat
domains, or about 90-fold less than the concentration of
FG repeat units in the film. Given that Impb has about nine
binding sites for FG repeat units (Isgro & Schulten, 2005),
this number suggests that the binding capacity of the film
for NTRs is not limited by the concentration of FG motifs.
We propose that volume exclusion and entropic effects are the
limiting parameters.

Our experimental approach also enabled—for the first time,
to the best of our knowledge—the quantification of the effect
of Gsp1pKGTP, the yeast homologue of RanGTP, and cargo on
NTR binding close to equilibrium (Fig 2; Table 1). Titration data
for scImpbKGsp1pKGTP could be fitted well by using a simple
Langmuir isotherm, and revealed a tenfold-increased dissociation
constant as compared with KD

(1) for scImpb alone, in qualitative
agreement with earlier studies on various FG Nups (Allen et al, 2001;
Ben-Efraim & Gerace, 2001). By contrast, binding was enhanced
3–5-fold when scImpb was in complex with a model cargo, a fusion
protein made of a nuclear import signal and monomeric enhanced

green fluorescent protein (importin-b-binding domain (amino acids
2–63) of yeast Srp1p–mEGFP; schImpbKIBB–mEGFP). We suggest
that an allosteric mechanism enhances the docking of the
cargo complex to FG repeats, and thereby counteracts the
repulsion of large cargoes by the permeability barrier (Ribbeck
& Görlich, 2002).

The binding of NTR was fast and fully reversible, except
for scImpbKGsp1pKGTP, for which a minor fraction (o20%)
remained bound after rinsing. The latter might reflect some
tendency of the complex to precipitate at the high concentrations
reached in the FG repeat film, and as a result, the determined
affinity might represent a slight overestimate. The relaxation times
for reaching binding equilibria were similar to the resolution of
our experimental setup, which provides a lower bound of 0.1/s for
the off-rates (Fig 2A–C; Table 1). Off-rates of the same order of
magnitude have already been reported (Rabut et al, 2004). We
note that the intrinsic off-rates could be considerably higher, as
mass transport to and from the surface is likely to limit the binding
reaction (supplementary information online). Control experiments
with an inert probe (maltose-binding protein–mCherry) on FG repeat
films and with scImpb on both FG repeat-free SLBs and films of
FG/FxFG repeat domains, in which all phenylalanines in the FG
context have been replaced by serines, confirmed that the
assays are specific for the interaction of NTRs with the film
(supplementary Figs S6–S8 online).

NTRs can permeate FG repeat-domain films
To test whether the NTR can travel across FG repeat-domain films,
we doped SLBs with an additional functionality of 2% biotinylated
lipids and immobilized a submonolayer (B1.4 pmol/cm2) of
avidin on the SLB (Bingen et al, 2008) before forming an FG
repeat film (Fig 3). The film was affected only marginally by the
presence of avidin: the FG repeat mass was reduced by less than
5% (data not shown) and non-biotinylated scImpb bound in
similar amounts (Fig 3B). Noticeably, biotinylated scImpb showed
increased binding, with saturation levels reached at similar times.
The additional fraction of biotinylated NTR, about 0.5 pmol/cm2,
remained irreversibly bound, presumably by docking to the
surface-immobilized avidin. These observations provide evidence
that scImpb could not only bind to but also efficiently permeate
the FG repeat film.

Effect of NTR influx on the morphology of FG repeat films
The NTR-induced structural changes in FG repeats have been
suggested to explain the transport selectivity of NTRs (Lim et al,
2007; Peters, 2009), and we sought to characterize the effect of
scImpb influx on the morphology of the FG repeat film by AFM.
Controlled indentation of FG repeat films with a nanoscopic probe
(Fig 4A) revealed a repulsive interaction over a range of 30–40 nm,
in agreement with the film thickness inferred from QCM-D.
Interestingly, the presence of 1mM scImpb in solution, or about
0.5mM in the film, did not significantly change the onset of
repulsion and the shape of the force–distance curve (Fig 4A),
indicating that scImpb does not markedly affect the thickness
and mechanical properties of the film. This finding was corro-
borated by supplementary QCM-D measurements covering a large
range of NTR solution concentrations (Fig 4B). The QCM-D data
are consistent with a minor increase in the thickness of the film,
by a few nanometres, and a moderate increase in its rigidity
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(supplementary Table S2 online). Importantly, they firmly exclude
a collapse of the film.

Implications for permeability barrier function
Binding of scImpb considerably increases the total protein mass
of the film. At 10mM scImpb level in solution, which approximates
the total cellular NTR concentration (U. Jäkle and D.G., unpublished
observations), the mass increases by about 45%. It might at first
seem surprising that such a massive influx barely affects the
thickness of the film. Our finding can be rationalized, however, by

simple arguments related to the physical behaviour of flexible
polymers that are either crosslinked transiently or are entangled
(polymer meshworks). With an approximate 100mM FG repeat
density, the FG repeat film contains on average about 12 FG
repeat units within a volume that is occupied by a single
scImpb molecule. By contrast, not more than nine FG-binding
sites have so far been suggested for mammalian Impb (Isgro
& Schulten, 2005). The NTR would thus find enough FG repeat units
in the volume it displaces to saturate its binding sites. Recruitment
of FG repeats from a distance is therefore not required, and a

Table 1 |Binding parameters for the interaction of scImpb and its complexes with phenylalanine–glycine repeat films

KD
(1) (lM) KD

(2) (lM) Cmax
(1) (pmol/cm2) Cmax

(2) (pmol/cm2) Cmax
total (pmol/cm2) PC (103) koff (per s)

scImpb 0.32±0.04 5.3±1.7 1.6±0.2 2.4±0.2 4.0±0.4 1.5±0.6 40.1

scImpbKIBB–mEGFP 0.057±0.004 1.8±0.2 1.29±0.06 2.40±0.06 3.69±0.12 6.7±1.6 40.1

scImpbKGsp1pKGTP 3.5±0.5 — 1.63±0.13 — 1.63±0.13 0.14±0.05 40.1

mEGFP, monomeric enhanced green fluorescent protein; PC, partition coefficient.
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Fig 2 | Interaction of a nuclear transport receptor with phenylalanine–glycine repeat-domain films. Titration curves, determined by ellipsometry,

for the binding of (A) free scImpb, (B) scImpbKIBB–mEGFP and (C) scImpbKGsp1pKGTP (in the presence of 100mM excess GTP) to FG repeat films.

(D) Absorbed amounts of scImpb and its complexes at the equilibrium, with fits (solid lines) by single (scImpbKGsp1pKGTP) or two-component

Langmuir isotherms (scImpb, scImpbKIBB–mEGFP). FG, phenylalanine–glycine; mEGFP, monomeric enhanced green fluorescent protein.
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collapse of the film is unlikely. At the same time, the inclusion of
scImpb would require some FG repeat chains to be displaced from
the volume that it occupies. The concomitant increase in film

thickness would at most correspond to the total added protein
volume. Using a molecular volume of scImpb of 200 nm3 and
a surface density of 3.1 pmol/cm2, this thickness increase amounts
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assay on FG repeat-domain films (schematic inset). Repulsive forces were detectable on FG repeat-domain films up to distances of 30–40 nm from

the hard-wall compression limit. The onset of repulsion and the shape of the force–distance curve did not change significantly in the presence of

1 mM scImpb in the solution. Controls on SLB-covered silica before and after the indentation assay demonstrate that the interaction of these surfaces

with the AFM probe remained rather short-ranged (around 6 nm). (B) The titration curve, measured by quartz crystal microbalance with dissipation

monitoring, provides information about the changes in the mechanical properties of the film on scImpb binding. Changes in dissipation were

small (o10% of the FG repeat film), whereas the changes in frequency were considerable (B45% at 5 mM). These data are consistent with a minor

increase in the thickness of the film and a moderate increase in its rigidity, but exclude a collapse of the film (supplementary Table S2 online).

AFM, atomic force microscopy; FG, phenylalanine–glycine; SLB, supported lipid bilayer.
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to approximately 4 nm. Film swelling would hence be moderate
at best, consistent with our experiments.

This simple consideration of the physical behaviour of polymer
meshworks has two notable implications. First, as it is not based
on any details of the molecular structure of scImpb, it is likely
to apply to many, if not all, NTRs. Second, it predicts that on
entering an FG repeat meshwork, NTRs would affect only their
immediate environment, whereas more distant meshwork regions
would remain unaffected. We suggest that such a separation of
local and global morphology is important for the selectivity
of the permeability barrier of the NPC. It allows two apparently
contradictory functions to be accomplished simultaneously: local
interactions between the NTR and FG repeats promote efficient
translocation, while the rest of the permeability barrier remains
unaffected and can continuously block inert molecules of similar
size. This conjecture is consistent with both the ‘virtual gating’ and
the ‘selective phase’ models.

The data obtained in our experimental setup, however, contrast
with those described by Lim et al (2007), who reported a more
than twofold decrease in thickness, from 30 nm down to 13 nm,
on incubation of nanoscale islands of FG repeat meshworks with
mammalian Impb. On the basis of the argumentation above, such
a collapse would only be plausible if the number of FG repeats
available in the immediate environment of an approaching NTR
is too small to saturate all of its FG repeat binding sites and if the
interaction between NTR and FG repeats is sufficiently strong. Indeed,
Lim et al (2007) used Nup153, a nucleoporin that is located in the
nucleoplasmic region of the NPC and that exhibits an affinity for
mammalian Impb, which is at least one order of magnitude higher
(Ben-Efraim & Gerace, 2001; Bednenko et al, 2003) than what is
encountered typically for nucleoporins in the central region.
Furthermore, estimates provided by Lim et al (2006) suggest that
the density of FG repeat domains on the nanoscale islands was
5–30 times lower than in our study. We note that Lim et al (2007)
found considerable collapse at a bulk concentration of 0.1 pM
Impb, several orders of magnitude below the affinity of Nup153
for Impb (B10nM) and the total cellular NTR concentration
(B10 mM). The discrepancy could be explained by direct binding
of Impb to the nanoscale gold islands to which the terminal
cysteines of Nup153 FG repeat domains had been bonded. In such
a case, it would not be surprising that the FG repeat domains
appear collapsed while bound to surface-immobilized receptor
molecules. This interpretation is supported by the fact that Impb
contains 23 cysteines and that excess binding sites on the gold
islands had not been quenched in that study.

On the basis of our experimental findings and the average
density of FG repeats in the NPC, we conclude that a
‘nanomechanical collapse’ is unlikely to occur in the central
region of the NPC. Its noteworthy that the density of FG repeats
is not homogeneous but might tend to decrease towards the
peripheral regions of the NPC. Thus, at present, we cannot
exclude the possibility that NTRs might affect the morphology of
FG repeat domains at the boundary of the NPC. We stress that our
data, and considerations of the behaviour of polymer meshworks,
suggest that efficient entry, permeation and exit of NTRs can be
accomplished without invoking any specific structures and path-
ways, such as a narrow tube along the axis of the NPC or channel
walls, as required in some of the existing transport models
(Macara, 2001; Peters, 2009).

Conclusions and Perspectives
Despite their simplicity in concept and composition, our model
films provided hitherto inaccessible insight into the structure–
function interrelationship of FG repeat-rich nucleoporin assemblies.
Their two-dimensional extension made the FG repeat films
accessible to label-free and quantitative analysis by a toolbox of
surface-sensitive biophysical methods. We observed that scImpb
can efficiently enter, permeate and leave FG repeat films, and
quantified the impact of cargo and Gsp1pKGTP on binding.
Correlation of the binding of NTRs with concomitant changes in
the swelling behaviour and mechanical properties of the FG
repeat films revealed that the presence of scImpb does not affect
the global morphology of the FG repeat assemblies. This finding
can be explained plausibly if we assume that the FG repeat
domains form a dense meshwork, either cross-linked transiently or
entangled, as postulated by the ‘selective phase’ model.

Our methodological approach can easily be extended to other
FG repeats, or mixtures of them, and thus provides a simple tool
for the screening of interactions with NTRs in a relevant and well-
controlled nano-environment. Future studies will aim, in parti-
cular, at understanding the role of inter-FG repeat interactions
in selective transport and at elucidating the parameters that
govern the exclusion of inert or weakly interacting molecules
from translocation.

METHODS
See the supplementary information online for materials, expres-
sion and purification of proteins, substrate preparation, the details
of the implementation of QCM-D, ellipsometry, AFM indentation
assays and imaging.
QCM-D. QCM-D measures the changes in the resonance
frequency, Df, and dissipation, DD, of a sensor crystal on
interaction of soft matter with its surface. The QCM-D response
is sensitive to the mass (including coupled water) and the
mechanical properties of the surface-bound layer. Adsorption
and interfacial processes were monitored in situ with sub-second
time resolution, under continuous flow of sample solution. The
thickness of FG repeat-domain monolayers was estimated by
numerical fitting of the QCM-D data to a viscoelastic model.
Ellipsometry. Ellipsometry estimates the changes in the ellipso-
metric angles, D and c, of polarized light on reflection at a planar
surface. We used ellipsometry in situ, using silicon wafers as
substrates that were installed in an open cuvette with continuously
stirred sample solution, to quantify adsorbed/absorbed masses in
a time-resolved manner. Samples were injected directly into the
cuvette and excess sample was removed by repeatedly diluting
the cuvette content in buffer. Bound masses were determined by
numerical fitting of the ellipsometric data.
Nanoindentation assays by AFM. Force–displacement curves
were acquired by using Si3N4 probes with a nominal apex radius
below 10nm. The SLBs and FG repeat films were prepared on
silicon wafers and probed in buffer with maximal loads of 1 nN.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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Materials and Methods 
Buffer: A buffer solution of 150 mM NaCl, and 10 mM HEPES, pH 7.4, in ultrapure water was used to 
prepare lipid vesicles, to dilute protein stock solutions, and in all experiments reported. 5 to 25 mM 
NiCl2 were added for the incubation step leading to the formation of a supported lipid bilayer. 
Preparation of lipids and lipid vesicles: Lyophilised dioleoylphosphatidylcholine (DOPC) and 
dioleoylphospatidylethanolamine-CAP-biotin (DOPE-CAP-Biotin) were purchased from Avanti Polar 
Lipids (Alabaster, AL, USA). A lipid analogue based on a chelator headgroup comprising two 
nitrilotriacetic acid moieties (bis-NTA) was prepared as described earlier (Lata et al, 2006). The 
divalent presentation of NTA improves the binding stability of histidine-tagged proteins, with 
dissociation constants in the lower nM range (Lata et al, 2005). 
Lipids were mixed in chloroform, dried, re-suspended in buffer and homogenised as described earlier 
(Richter et al, 2003). Small unilamellar vesicles (SUVs) were obtained by sonication (30 min) with a tip 
sonicator (Branson, USA), operated in pulsed mode at 30% duty cycle with refrigeration, followed by 
centrifugation in an Eppendorf centrifuge (10 min at 14,000 g) to remove titanium particles. SUV 
suspensions were stored at 4ºC under nitrogen. Concentrations and mixing ratios were estimated from 
the dry masses of employed lipid material. Before use vesicle suspensions were diluted to 50 g/ml. 
E. coli expression vectors: Plasmids allowed for recombinant expression of indicated proteins in E. 
coli. Complete plasmid sequences are available on request (Table S1). 

Table S1: E.coli expression vectors.a) 

Name protein name expressed protein 
resistance conferred 

by plasmid 
Reference 

pSF345 Nsp12-601 His10-TEV-Nsp12-601-Cys Ampicillin (Frey et al, 2006) 

pSF362 Nsp12-601(F→S) His10-TEV-Nsp12-601(F→S)-Cys Ampicillin (Frey et al, 2006) 

pSF1106 PrA-TEV-scImp  ProteinA-TEV-scImp  Kanamycin this study 

pSF970 Bio-scImp  His14-TEV-Bio-scImp  Kanamycin this study 

pSF966 MBP-TEV-BirA MBP-TEV-BirA Spectinomycin this study 

pSF844 MBP-mCherry His14-TEV-MBP-mCherry Kanamycin (Frey & Görlich, 2009) 

pSF807 IBB-mEGFP His14-TEV-IBB-mEGFP-Cys Kanamycin this study 

pSF814 Gsp1p (yeast Ran) His14-TEV-Gsp1p Kanamycin this study 

pSF815 Prp20p (yeast RCC1) His14-TEV-Prp20p Kanamycin this study 

pSF488 His10-GFP-MBP His10-GFP-MBP-Cys Ampicillin this study 
a) Abbreviations: His10/ His14, histidine tag; TEV, TEV-protease recognition site; PrA, ProteinA; Bio, 
AviTag (GLNDIFEAQKIEWHE; (Schatz, 1993)); IBB, importin β-binding domain (corresponding to 
amino acids 2-63 of S. cerevisiae Srp1p). 

Expression and purification of proteins: To produce His10-tagged Nsp1 FG/FxFG repeat domain 
(Mw = 64.6 kDa) or its F→S mutant (61.3 kDa), E. coli transformed with pSF345 or pSF362, 
respectively, was grown at 37°C to OD600 = 2.0 in TB medium supplemented with 200 μg/ml 
ampicillin. The culture was cooled down to 25°C, induced with 1 mM IPTG, and further incubated for 
3 h. Before cell harvest, 1 mM PMSF (phenylmethylsulfonyl fluoride) and 5 mM EDTA were added 
directly to the culture. Cells were resuspended in 8.3 M guanidinium-hydrochloride (Gua-HCl) 
containing 2 mM EDTA and 20 mM DTT and lysed by a single round of freezing and thawing. After 
centrifugation for 60 min at 38000 rpm, the cleared lysate was supplemented with 100 mM Tris/HCl 
(pH 8.5) and 1 mM imidazole and applied to a nickel-chelate column. The column was washed with 
7.5 Gua-HCl, 100 mM Tris/HCl (pH 8.5), 1 mM EDTA, 1 mM imidazole followed by a second wash 



 S3

step with 6 M Gua-HCl, 20 mM Tris/HCl (pH 8.0), 1 mM EDTA, 1 mM imidazole. Bound protein was 
eluted with 4.5 M Gua-HCl, 15 mM Tris/HCl (pH 8.0), 1 mM EDTA, 500 mM imidazole and applied to 
a thiopyridine-activated, SH-reactive matrix. The matrix was washed with 6 M Gua-HCl, 20 mM 
Tris/HCl (pH 8.0), 1 mM EDTA, 1 mM imidazole followed by a second washing step with deionised 
water. Proteins were eluted with 6 M Gua-HCl, 20 mM Tris/HCl (pH 7.5), 1 mM iminodiacetic acid, 
10 mM DTT, applied to a preparative C18 reverse phase HPLC column, eluted with increasing 
concentrations of acetonitrile in 0.15 % TFA, and lyophilised. Pure proteins were dissolved in 6 M Gua-
HCl, 1 mM iminodiacetic acid, 10 mM acetic adic, 5 mM sodium acetate at 460 μM (WT) and 320 μM 
(F→S mutant), respectively.  

To produce the respective untagged proteins, the eluates from the SH-reactive matrix were transferred 
into 2 M urea, 50 mM Tris/HCl (pH 7.5), 2 mM EDTA, 5 mM DTT, and the His10-tag was cleaved off 
using his-tagged TEV-protease. TEV-protease, the tag and remaining non-cut proteins were separated 
from the pure repeat domain by two successive passages over a nickel-chelate column. The flow-
through was adjusted to 6 M Gua-HCl and applied to RP-HPLC as described before.  

To produce untagged scImp  (95.2 kDa), E. coli strain BLR transformed with pSF1106 was grown at 
25°C to OD600 = 1.0 in TB medium supplemented with 50 μg/ml kanamycin. The culture was cooled 
down to 18°C, induced with 0.5 mM IPTG, and further incubated over night. Before cell harvest, 1 mM 
PMSF (phenylmethylsulfonyl fluoride) and 5 mM EDTA were added directly to the culture. Cells were 
resuspended in buffer HS (2 M NaCl, 50 mM Tris-HCl (pH 8.0), 5 mM MgCl2, 1 mM imidazole, 
0.5 mM EDTA, 10 mM DTT) and lysed by sonication. After centrifugation for 60 min at 37000 rpm, 
the cleared lysate was applied to IgG sepharose (GE healthcare). After extensively washing with buffer 
HS and buffer A (44 mM Tris-HCl (pH 7.5), 290 mM NaCl, 4.4 mM MgCl2, 0.44 mM EDTA, 10 mM 

-ME), bound protein was eluted by incubation with TEV protease, concentrated and further purified by 
gel filtration on a Superdex200 column (GE Healthcare) equilibrated with buffer A. To remove trace 
amounts of residual TEV protease, the peak fractions were pooled and passed through a nickel-
sepharose column. The final protein preparation was supplemented with 1/9 volume 2.5 M sucrose, 
concentrated to 100 μM and frozen in liquid nitrogen.  

To produce biotinylated scImpβ (97.3 kDa), plasmids encoding His14-TEV-Bio-scImpβ and MBP-TEV-
BirA were co-transformed in E.coli strain BLR. The cells were grown in TB medium supplemented 
with 50 μg/ml kanamycin, 50 μg/ml spectinomycin and 20 μg/ml biotin at 25°C. At OD600 = 0.4, the 
cultures were induced with 0.2 mM IPTG and the temperature was shifted to 20°C for 15 hours. Before 
harvesting the cells, 1 mM PMSF and 5 mM EDTA were added to the culture. After centrifugation and 
resuspension of the cell pellet in buffer HS, cells were disrupted by sonication and the lysate was 
cleared by centrifugation at 37000 rpm for 60 min. Cleared lysates were applied to a nickel-sepharose 
column equilibrated with buffer HS. After washing off unbound proteins with buffer HS followed by 
buffer A, proteins were eluted with buffer A supplemented with 300 mM imidazole. The his-tag was cut 
off with TEV protease (1:50 enzyme to substrate ratio) at room temperature. Cut proteins were further 
purified by gel filtration on a Superdex200 16/60 column (Pharmacia) equilibrated with buffer A 
followed by a second passage over nickel-sepharose. The purified protein was supplemented with 1/9 
volume 2.5 M sucrose, concentrated to 100 μM and frozen in liquid nitrogen. 
Expression of MBP-mCherry (67.3 kDa) was described previously (Frey & Görlich, 2009). Purification 
was performed as described above for biotinylated scImp . The stock solution had a concentration of 
100 μM. IBB-mEGFP, Gsp1p and Prp20p were expressed and purified following the identical protocol. 
Expression and purification of His10-GFP-MBP (69.1 kDa) was performed analogous to MBP-mCherry, 
however, the cleavage with TEV-protease and the second passage over the nickel-sepharose column 
were omitted. 
The scImp •IBB-mEGFP complex (129.6 kDa) was pre-formed using an 1.5-fold excess of IBB-
mEGFP over scImp  and purified by gel filtration on a Superdex200 16/60 column equilibrated with 
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buffer A. The complex was concentrated, supplemented with 1/9 volume of 2.5 M sucrose and frozen in 
liquid nitrogen. The stock had a concentration of 100 μM. 
The scImp •Gsp1p•GTP (120.3 kDa) complex was formed by incubating a mixture of 45 μM Gsp1p, 
20 μM scImp , 2 μM Prp20p, 0.4 μM pyruvate kinase, 0.5 mM GTP and 10 mM phosphoenolpyruvate 
in buffer A for 1.5 h at room temperature. The complex was purified by gel filtration on a Superdex200 
16/60 column equilibrated with buffer A, followed by a passage over a nickel-sepharose column to 
remove trace amounts of his-tagged proteins. The complex was concentrated, supplemented with 1/9 
volume of 2.5 M sucrose and frozen in liquid nitrogen. The stock had a concentration of 100 μM. 
Lyophilised avidin (Av, 66 kDa) was purchased from Sigma, and reconstituted in ultrapure water to a 
concentration of approximately 15 μM, as described by the manufacturer. Before use the solution was 
diluted to about 0.05 μM. 

Substrate preparation: Silica-coated QCM-D sensors (QSX303, Q-Sense, Gothenburg, Sweden) and 
silicon wafers with a native oxide layer of less than 2 nm thickness (University Wafers, South Boston, 
MA, USA) were cleaned by immersion in a 2% sodium dodecyl sulfate solution for 30 min, rinsing with 
ultrapure water, blow-drying with nitrogen, and exposure to UV/ozone (BioForce Nanosciences, Ames, 
IA, USA) for 30 min. Cleaned substrates were stored in air and again exposed to UV/ozone (30 min) 
prior to use. 

 
Figure S1: Quality of purified recombinant proteins used in this study. SDS PAGE of scImp , scImp  
complexes and biotinylated scImp  (A), MBP fusion proteins (B) and His10-tagged Nsp1 repeat 
domains (C). All preparations contain more than 90% full length protein. Major bands at 35 kD in lane 
2 and 26 kD in lane 3 correspond to IBB-mEGFP or Gsp1p, respectively, which stoichiometrically 
associate with scImp . Minor bands at 48 kD and 21 kD in lane 5 are indicative for a specific backbone 
break observed during maturation of the mCherry fluorophore. This break does not influence the 
integrity of the MBP-mCherry fusion or its Stokes radius as judged from size exclusion 
chromatography. 
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Quartz crystal microbalance with dissipation monitoring 

QCM-D measures changes in resonance frequency, Δf, and dissipation, ΔD, of a sensor crystal upon 
interaction of (soft) matter with its surface. The QCM-D response is sensitive to the mass (including 
coupled water) and the mechanical properties of the surface-bound layer. Adsorption and interfacial 
processes were monitored in situ with sub-second time resolution. 
QCM-D measurements were performed with a Q-Sense E4 system (Q-Sense AB, Västra Frölunda, 
Sweden). The system was operated in flow mode with a rate of typically 20 μl/min, using a syringe 
pump (KD Scientific, Holliston, MA, USA). The working temperature was 23°C. Δf and ΔD were 
measured at 6 overtones (n = 3, 5 … 13, corresponding to resonance frequencies of fn ≈ 15, 25 … 
65 MHz) simultaneously. Changes in dissipation and normalised frequency, Δf = Δfn/n, of the fifth 
overtone are presented. 
Quantification of FG repeat film thickness by QCM-D: The thickness of FG repeat monolayers was 
estimated by fitting the QCM-D data to a viscoelastic model (Domack et al, 1997; Voinova et al, 1999) 
as implemented in the software QTM (D. Johannsmann, Technical University of Clausthal, Germany). 
The model relates the measured QCM-D responses, Δf and ΔD as a function of n, to the viscoelastic 
properties of the adsorbed layer(s) and the surrounding solution. The small load approximation was 
employed (see (Johannsmann, 2007) for further information). The FG repeat film was represented by a 
viscoelastic layer with thickness d, density , storage modulus G’, and loss modulus G”. The storage 
modulus is a measure for the elasticity of the film. The loss modulus is related to the film’s viscosity, , 
by G” = 2πf . A material is called elastic (viscous), if G’ >> G” (G’ << G”). If G’ ≈ G”, it is called 
viscoelastic. 
The layer’s density was coupled to the thickness via 

−+=
Protein

SolutionProtein
Solution 1

ρ
ρρρ

d
m

, (S1) 

with ρProtein and mProtein being the protein density (1.35 g/cm3) and the protein mass per surface area in 
the film, respectively. mProtein was estimated by ellipsometry. The viscoelastic properties, G’ and G”, 
were allowed to be frequency dependent, following power laws with exponents ’ and ”, respectively. 
The exponents were allowed to vary within ranges that are physically reasonable for polymer solutions 
and gels, i.e., 0  ’  2 and -1  ”  1 (Ferry, 1980). The semi-infinite bulk solution was assumed to 
be Newtonian with a viscosity of 0.89 mPa·s, and a density of ρSolution = 1.0 g/cm3. The SLB exhibited 
very low dissipation and was therefore treated as a rigid layer (“Sauerbrey layer”). All measured 
overtones were included in the fitting routine. 
For the investigated FG repeat films, a unique fit of good quality was obtained. Fig. S2 displays the best 
fit to the data in Fig. 1B, and Table S2 (measurement #1) shows the corresponding results. The film 
thickness of 34 nm was rather well determined, with changes of less than ±15% leading to more than 
twofold increases in χ2. All other parameters were also rather well constrained by the QCM-D data 
(Table S2). The loss modulus of about 100 kPa corresponds to a viscosity of 3.2 mPa⋅s, which is 3.6-
fold the viscosity of water. The storage modulus of 150 kPa is similar to the elasticity of 
polydimethylsiloxane (PDMS) at medium cross-linker density (Brown et al, 2005). It should be noted 
that the viscous and/or elastic behaviour of a given material depends on the frequency at which it is 
deformed (Ferry, 1980). The QCM-D operates at considerably higher frequencies (MHz) than common 
bulk rheometers (mHz to kHz). The viscoelastic properties reported here may thus differ from those 
obtained by other methods. 
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Figure S2: Experimental and fitted QCM-D responses for an FG repeat film. The data correspond to 
Fig. 1B (at 20 min). 

Effect of scImp  influx on the FG repeat film: The response of FG repeat films to selected bulk 
concentrations of scImp  was measured by QCM-D (Fig. 4B). The thickness and viscoelastic properties 
of the films were quantified with the viscoelastic model, and are displayed in Table S2 (measurement 
#2). Note that the FG repeat film that was used in the titration assay (measurement #2) was slightly less 
dense than the film displayed in Fig. 1 (measurement #1), resulting in a slightly lower thickness. Upon 
addition of scImp , the thickness increased weakly, by a few nanometers at most, with increasing 
scImp  concentrations. At the same time, the storage and loss moduli increased, by a few 10%, 
indicating moderate film rigidification. The data in Table S2 illustrate that the pronounced increase in 
the absolute frequency shift that is observed upon incubation of 5 M scImp  (Fig. 4B) stems from a 
combination of moderate increases in the film’s hydrated mass (d× ), elasticity (G’) and viscosity 
(expressed in G”). 

Table S2: Properties of FG repeat domain films, as determined from fits to the viscoelastic model. 
measurement cscImp  d a) ρ G’ a), b) ’ a) G” a), b) ” a) 

 ( M) (nm) (g/cm3) (kPa)  (kPa)  

#1 - 34±4 1.05±0.01 150±60 0.15±0.15 103±15 0.94±0.03 

#2 - 29±4 1.05±0.01 96±50 0.2±0.2 93±20 0.93±0.04 
 0.2 30±4 1.06±0.01 82±50 0.2±0.2 103±20 0.93±0.04 
 1.0 32±4 1.07±0.01 89±50 0.2±0.2 116±30 0.93±0.04
 5.0 34±4 1.09±0.01 117±50 0.2±0.2 129±30 0.93±0.04 

a) Errors correspond to the range within which χ2 does not increase by more than two-fold from the 
value obtained for the best fit. 
b) G’ and G” are given at f = 5 MHz. 
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In situ ellipsometry 
Ellipsometry measures changes in the ellipsometric angles,  and , of polarised light upon reflection 
at a planar surface. We employed ellipsometry in situ, using silicon wafers as substrates that were 
installed in an open cuvette with continuously stirred sample solution, to quantify adsorbed/absorbed 
masses in a time-resolved manner. 
Data were acquired with a spectroscopic rotating compensator ellipsometer (M2000V, Woollam, NE, 
USA), operating in a wavelength range from  = 380 to 1000 nm, at 70º angle of incidence and a time 
resolution of ~5 s, using a custom-designed open glass cuvette at ambient temperature. The cuvette 
setup was inspired by Corsel et al. (Corsel et al, 1986). Samples were injected directly into the buffer-
filled cuvette at desired concentrations, and continuously stirred with a magnetic stirrer (~200 rpm). To 
remove samples, the cuvette content was diluted, by repeated addition of at least a 2-fold excess of 
buffer and removal of excess liquid, until the concentration of soluble sample was below 10 ng/ml. The 
stirrer ensured homogenisation of the cuvette content within a few seconds. 
Quantitative evaluation of in situ ellipsometric data: Bound masses were determined by numerical 
fitting of the ellipsometric data to a multi-layer model. Ellipsometric data were fitted over the accessible 
wavelength spectrum, using the software CompleteEASE (Wollam, NE, USA). The model relates the 
measured ellipsometric responses,  and  as a function of , to the optical properties of the substrate, 
the adsorbed layer(s) and the surrounding solution. 

 
Figure S3: Representative ellipsometric data,  and  at  = 633 nm, for the formation of a supported 
lipid bilayer (A), and an FG repeat film (B). 

Calibration: The cuvette was verified to exhibit negligible window effects. To this end, a calibration 
wafer with a silica overlayer of ~20 nm thickness (Wollam) was employed, as described by the 
manufacturer. Only cells were used that induced an absolute offset in  smaller than 0.5º. 
The cleaned silicon wafers were characterised in buffer in the cuvette prior to each in situ measurement. 
The thickness and the optical properties of the silica overlayer were determined, based on a three-layer 
model (solvent, native silicon oxide, silicon) and tabulated optical constants for silicon 
(CompleteEASE, Wollam). The native oxide layer was treated as a transparent Cauchy medium, with a 
refractive index of noxide( ) = Aoxide + Boxide / ( / m)2. The semi-infinite bulk solution was also treated as 
a transparent Cauchy medium. Its refractive index, nsolvent( ) = 1.325 + 0.00322 / ( / m)2, was 
calculated from tables in the literature (Daimon & Masumura, 2007; Lide, 2004). The measured 
thickness of the native oxide layer was found to be 1.9±0.2 nm. Its optical properties were 
Aoxide = 1.472±0.013 and Boxide = 0.020±0.003. The χ2-value for the best fit was typically smaller than 
1.4, indicating an excellent fit. 
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Quantification of adsorbed amounts: To extract the properties of the adsorbed biomolecular layer from 
the ellipsometric response, a four-layer model (solvent, biomolecular layer, native silicon oxide, silicon) 
was used. The SLB and the protein film were treated as a single biomolecular layer. We assumed this 
layer to be transparent and homogeneous (Cauchy medium), with a given thickness, dbml, and a 
wavelength-dependent refractive index nbml( ) = Abml + Bbml / ( / m)2. Bbml was fixed to 0.00322, while 
dbml and Abml were fitted simultaneously. The properties of all other layers were fixed to the values 
determined during calibration. The χ2-value for the best fit was typically smaller than 2.0. 
Adsorbed amounts were determined according to (De Feijter et al, 1978): 

( ) ( )( ) ( ) ( )( )
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with m being the adsorbed mass per unit area, and MW the molecular weight of the adsorbate. The 
indices (1) and (2) refer to determined values prior to and during a given incubation step, respectively. 
For most proteins, and within an error of less than 5%, the refractive index increment, dn/dc, is constant 
over the range of concentrations encountered in the reported measurements (0 to 500 mg/mL) (Bingen 
et al, 2008). In Eq. S2, we employed the refractive indices of the biomolecular layers at  = 633 nm, and 
used a value of dn/dc = 0.180 cm3/g for all proteins (Brandrup et al, 1989; Fasman, 1973). In practice, 
the errors associated with dbml and nbml-nsolvent can be rather high for the nanometre-thin films 
investigated here. The errors are though covariant, i.e., the product dbml(nbml-nsolvent) and thus the 
adsorbed mass can be determined with good accuracy (Cuypers et al, 1983). 
Quantification of mean anchor distances: To calculate the mean distance, s, between neighbouring 
sites of FG repeat domain anchorage we assumed hexagonal order of the anchors: 

s2 = 2
3

1
NAΓ

, (S3) 

with NA being Avogadro’s number, and Γ the amount of adsorbed FG repeat domains (in mol/cm2). 

Determination of dissociation constants: The dissociation constant, KD, and the saturation limit, Γmax, 
for the binding of scImp  to FG repeat films was obtained from the equilibrium absorbed amounts, Γ, as 
a function of NTR bulk concentration, by numerical fitting to a single-component Langmuir isotherm: 

[ ]
[ ]scImp

scImp

D
max +

Γ=Γ
K

, (S4) 

or to a two-component Langmuir isotherm: 
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Estimation of partition coefficients: The partition coefficient, i.e., the relative distribution of scImp  in 
the film and in the bulk solution at low scImp  concentrations, was calculated as: 

dK
PC

D

maxΓ
= . (S6) 

maxΓ and DK  were taken from the high affinity contribution of the Langmuir isotherm, and d from the 
QCM-D data (Table S2). 
Estimation of dissociation rate constants: Association and dissociation of scImp  to FG repeat films 
occurred fast: the relaxation times for reaching binding equilibria were typically smaller than 10 s 
(Fig. 2A). From this observation, we deduce a lower bound for the dissociation rate constant: 
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koff > 0.1 s-1. For high affinity interactions (KD
(1) = 0.36 M), this corresponds to a lower bound of 

kon > 3×105 M-1s-1 for the association rate constant. 
Adsorption and desorption of scImp  may be limited (i) by the transport of the molecules to the film, 
(ii) by the intrinsic association/dissociation rate between scImp  and FG repeat films, and (iii) by the 
diffusion of scImp  inside the film. 

• Transport limitations: In our experimental setup (flat surface opposite a rotating stirrer), transport 
of molecules to the film can be adequately described by diffusion through an unstirred layer next 
to the surface (Hermens et al, 2004). In our setup, and for the typical size of the proteins used 
here, the thickness of this layer is about 20 m. The mass transport limited adsorption rate of 
scImp  can be estimated from a reference measurement of an adsorption process that is limited by 
mass transport and that occurs under identical stirring conditions, according to (Hermens et al, 
2004): 
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We chose the adsorption of Av to a biotinylated supported lipid bilayer as the reference (data not 
shown). The diffusion constants, D, of scImp  and Av were estimated from their Stokes radius to 
be about 55 and 70 m2/s, respectively. The estimated adsorption rate for [scImp ] = 1 M was 
0.29 pmol/cm2/s. For comparison, the initial adsorption rate determined from the data in Fig. 3B 
was 0.23 pmol/cm2/s. Within the uncertainties in the employed concentrations and diffusion 
constants, the two values are equal, indicating that mass transport does affect binding rates of 
scImp . 

• Diffusion inside the film: Assuming a diffusion constant of 0.1 m2/s inside the film (Frey & 
Görlich, 2007), it would take less than 10 ms for scImp  to diffuse across a film of 35 nm 
thickness. This is several orders of magnitude faster than the measured off-rate, and hence 
negligible. 
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Atomic force microscopy (AFM) 
Nanoindentation and imaging were performed with a NanoWizard II AFM (JPK, Berlin, Germany) 
using oxide-sharpened Si3N4 probes (NP-S, Veeco, CA, USA) with a nominal spring constant of 
0.06 N/m and a nominal apex radius below 10 nm. The AFM probes were coated with a layer of 
PLL(20)-g[3.5]-PEG(2) (Susos AG, Dübendorf, Switzerland), in order to limit unspecific interactions 
between the AFM tip and the sample (Richter & Brisson, 2005). 
SLBs and FG repeat films were prepared on silicon wafers, following the same incubation steps as those 
established by QCM-D (Fig. 1B). Incubation was performed in still solution, with twofold increased 
concentrations and incubation times. 
Nanoindentation assays: Force versus displacement curves were acquired in buffer solution, at 
approach speeds and maximal loads of typically 100 nm/s and 1 nN, respectively. We compared only 
force curves that were acquired with the same tip, in order to minimise the effects that variations in the 
shape of the AFM probe may have on indentation. Reference force curves were acquired on a control 
surface - an SLB that lacked FG repeat coating – before and after indentation of each FG repeat film. 
Only indentation series which reproducibly showed a small interaction distance (∼5 nm) on naked SLBs 
were accepted. 
Force curves were reproducible upon repeated indentation at the same spot and at different spots on the 
same sample. Variations in the approach speed over more than two orders of magnitude, from 100 nm/s 
to 20 m/s, did not change the force curves (data not shown), indicating that viscous lateral flow of FG 
repeat domains on these timescales does not affect the indentation assay. 
Imaging: AFM images were acquired in solution and in tapping mode, using the NanoWizard II. We 
employed the same type of cantilever that was used in the nanoindentation assays. The drive frequency 
was typically around 13 kHz, and the free amplitude of the cantilever was set to 1 V. To ensure soft 
approach to the sample, the setpoint amplitude was decreased manually, in steps of a few mV, until the 
surface could be tracked. Scan speeds of 4 to 20 m/s were employed. 
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Lateral homogeneity of FG repeat films: 
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Figure S4: Representative AFM images of the surface topography of a supported lipid bilayer (A) and a 
monolayer of FG repeat domains (B-C). (A) Supported lipid bilayer prior to the immobilisation of FG 
repeat domains. Overall, the surface appears smooth. The apparent root mean square (rms) roughness is 
0.2 nm. The inset shows the height profile of a part of a selected scan line (white dashed line). The 
Ångström-scale variations in height in the trace (red) and retrace (black) directions do not superpose 
well, indicating that they do not represent stable surface features but most likely experimental noise. A 
few defects, however, were resolved (arrowheads). They protruded by 2 to 5 nm out of the film, and 
could be stably detected upon repeated imaging of the same surface area (not shown). Their apparent 
diameter of down to 20 nm provides an upper limit for the lateral imaging resolution. These defects may 
represent residual vesicles that are trapped in the SLB (Richter et al, 2003). (B) Image of a monolayer of 
FG repeat domains, acquired at minimum load required for tracking the surface. The surface appears 
rougher than the SLB (rms roughness = 0.7 nm), although still very smooth compared to the thickness 
of the FG repeat film (30 to 40 nm, Fig. 4A). A comparison of trace and retrace data of a selected scan 
line (inset) shows that most of the roughness does not originate from stable surface features. Instead, it 
may either originate from noise and/or limited surface tracking, or from highly dynamic surface 
features. A few stable defects were present in the film (arrowheads). (C) Same surface area as in (B), 
imaged with slightly increased load. The apparent roughness decreases and approaches that of an SLB 
(rms roughness = 0.3 nm). The stable defects (arrowheads) remain visible, independent of the imaging 
load. We conclude that the FG repeat monolayers are laterally homogeneous, at least down to a length 
scale of a few 10 nm. Image size: 5 μm × 2.5 μm. Colour bar: false colour coding of relative heights. 
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Controls for the specificity of binding assays 
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Figure S5: FG repeat domains do not bind to SLBs that lack NTA functionality. SLBs were made from 
50 g/ml SUVs containing exclusively DOPC. The QCM-D responses at the end of the incubation 
process were f = -25 Hz and D < 0.3×10-6, as typically observed for DOPC SLBs of good quality 
(Richter et al, 2003). His-tagged FG repeat domains, exposed at 3 μM concentration, induced only very 
small responses, | f| < 1 Hz and D < 0.3×10-6. 
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Figure S6: Binding of MBP-mCherry to an FG repeat film, monitored by ellipsometry. The FG repeat 
film was produced as described in Fig. 1, but with a slightly lower film density (9.1 pmol/cm2). MBP-
mCherry was incubated at a concentration of 1.1 M. No interaction could be detected. 
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Figure S7: Controls for binding of scImp  (A), scImp •IBB-mEGFP (B), and scImp •Gsp1p•GTP (C) 
to SLBs made of DOPC alone (black circles) and of DOPC and 10% NTA-functionalised lipids (orange 
rectangles). The SLBs were formed as described in Fig. S6 and Fig. 1, respectively; scImp , free or as a 
complex, was incubated at a concentration of 1 M for the indicated durations (arrows). In most cases, 
binding was below or close to the detection limit. Some residual binding (∼0.1 pmol/cm2) was detected 
for scImp  on NTA-functionalized SLBs. It is unlikely to affect the titration curve in Fig. 2 appreciably, 
since most of the NTA groups will be occupied by his-tags upon FG repeat film formation. 

F S mutant domains

0 10 20 30 40 50 60

0

1

2

3

4

5

6

time (min)

F-
S 

m
ut

an
t d

om
ai

n 
de

ns
ity

 (p
m

ol
/c

m
2 )

scImp complexesA) B)

1pmol/cm2

0 5 10
time (min)

ab
so

rb
ed

 a
m

ou
nt

 (p
m

ol
/c

m
2 )

 
Figure S8: Interaction of scImp  and its complexes with films that are made of a mutant form of Nsp1 
FG/FxFG repeat domains in which all phenylalanines in FG context have been replaced by serines 
(F→S mutant, see (Frey et al, 2006) for details), monitored by ellipsometry. A NTA-functionalised SLB 
was formed as described in Fig. 1. His10-tagged F→S mutant repeat domains were incubated at a 
concentration of 2 M (A). scImp  (black circles), scImp •IBB-mEGFP (orange squares), and 
scImp •Gsp1p•GTP (blue triangles), incubated at 1 M concentration in solution, did not bind to the 
mutant film (B). These data confirm that the observed binding of scImp  to FG repeat domains is 
specific. 
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All FG repeat domains in the FG repeat films are bound to the SLB 
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Figure S9: Interaction of his-tag free FG repeat domains with FG repeat domain films, monitored by 
QCM-D. A NTA-functionalised SLB was formed as described in Fig. 1. His10-tagged FG repeat 
domains were incubated at a concentration of 3 M, until a frequency shift of about -100 Hz was 
reached. Small changes in f and D upon exposure to 3 M his-tag free FG repeat domains may 
reflect changes in the film morphology due to binding of FG repeat domains. At present, we can though 
not exclude that they stem from minor changes in the viscosity or density of the bulk solution. Upon 
washing in buffer, the f and D signals return quickly to the values prior to incubation of his-tag free 
FG repeat. We conclude that homophilic interactions or entanglement are not sufficient to entrap 
individual FG repeat domains stably in the FG repeat film. All stably bound FG repeat domains must 
hence be connected directly to the SLB. 
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Thickness of monolayers of avidin and biotinylated scImp  
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Figure S10: Formation of monolayers of avidin (Av) and biotinylated scImp  on SLBs containing 
biotinylated lipids, monitored by QCM-D. The SLB was formed from 50 g/ml SUVs containing 
88 mol-% DOPC, 10% bis-NTA functionalised lipids and 2% biotin-functionalised lipids (not shown). 
Avidin was incubated in two steps, at a concentration of about 0.1 μM, until saturation. Biotinylated 
scImp  was incubated at a concentration of 0.5 μM. From the final frequency shifts of -27 Hz for Av 
and -56 Hz for scImp , layer thicknesses of 4 nm and 8 nm, respectively, can be estimated, in 
agreement with the molecular dimensions of both molecules. For this estimate, a mean density of 
1.2 g/cm3 inside the protein layer was assumed (Bingen et al, 2008). 
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ABSTRACT: Immobilization of proteins onto surfaces is useful
for the controlled generation of biomolecular assemblies that can
be readily characterized with in situ label-free surface-sensitive
techniques. Here we analyze the performance of a quartz crystal
microbalance with dissipation monitoring (QCM-D) sensor
surface that enables the selective and oriented immobilization of
histidine-tagged molecules for morphological and interaction
studies. More specifically, we characterize monolayers of natively
unfolded nucleoporin domains that are rich in phenylalanine−
glycine repeats (FGRDs). An FGRD meshwork is thought to be
responsible for the selectivity of macromolecular transport across the nuclear pore complex between the cytosol and the nucleus
of living cells. We demonstrate that nucleoporin FGRD films can be formed on His-tag Capturing Sensors with properties
comparable to a previously reported immobilization platform based on supported lipid bilayers (SLB). Approaches to extract the
film thickness and viscoelastic properties in a time-resolved manner from the QCM-D response are described, with particular
emphasis on the practical implementation of viscoelastic modeling and a detailed analysis of the quality and reliability of the fit.
By comparing the results with theoretical predictions for the viscoelastic properties of polymer solutions and gels, and
experimental data from an atomic force microscopy indentation assay, we demonstrate that detailed analysis can provide novel
insight into the morphology and dynamics of FG repeat domain films. The immobilization approach is simple and versatile, and
can be easily extended to other His-tagged biomolecules. The data analysis procedure should be useful for the characterization of
other ultrathin biomolecular and polymer films.

■ INTRODUCTION

Solid-phase assays have become commonplace to study
biomolecular interactions, in biosensors and microarrays, for
fundamental biochemical or molecular biological studies and in
applied biomedicine or biotechnology. They are attractive
because they enable sensitive readout via a variety of detection
techniques, controlled positioning of one of the binding
partners, and easy separation of interacting material from the
remaining solution phase. A crucial aspect in the assay design is
the preparation of the functionalized surface. Ideally, the surface
should accommodate the molecules of interest in a stable and
active manner, with controlled orientation, conformation, and
density, and at the same time be inert to the nonspecific
binding of any other molecular species.
In the case of recombinant proteins, a sequence of typically

between 6 and 20 histidine residues (His) is commonly used as
a so-called His-tag to facilitate purification from the cell lysate
by affinity chromatography. When produced recombinantly or
synthetically, the His-tag can be placed at a well-defined
position within the polypeptide chain. Anchorage through a
site-specific His-tag to a surface that selectively captures multi-

histidine moieties would hence by design lead to a highly
oriented immobilization of proteins or peptides. Such an
approach has indeed been successfully used in various
biochemical and biophysical studies.1−5

Quartz crystal microbalance with dissipation monitoring
(QCM-D) is a popular surface-sensitive technique for the
analysis of surface-bound molecules or thin films. The
technique not only provides information about the amount of
surface-bound material. Because of its mechano-acoustic
transducer principle, it is also exquisitely sensitive to the
mechanical properties of the adsorbate (reviewed by ref 6).
Here, we present an easy approach for the specific, stable, and
oriented immobilization of His-tagged biomolecules to QCM-
D sensor surfaces. The method is based on a reusable His-tag
Capturing Sensor and should have broad applicability for
interaction studies involving proteins, peptides, or other
molecules that can be equipped with a His-tag.
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Driven by our own research interests, we chose a
nucleoporin domain containing phenylalanine-glycine repeats
(FG repeat domain or FGRD) as a model protein to
demonstrate the performance of the His-tag Capturing Sensor.
FGRDs are thought to be key for the selectivity in
macromolecular transport between the cytosol and the nucleus
of eukaryotic cells. They are natively unfolded7 and densely
grafted with one end to the channel walls of nuclear pore
complexes (NPCs) that perforate the nuclear envelope.
Molecules above a certain size (approximately 5 nm in
diameter8) need to be attached to dedicated shuttle proteins,
nuclear transport receptors (NTRs), for efficient transport
through the channel (reviewed in refs 9 and 10). FGRDs
comprise multiple hydrophobic FG, GLFG, or FxFG motives
separated by more hydrophilic spacers,7,11 and binding of
NTRs to phenylalanines in the FG context is crucial for
facilitated transport of NTRs and their cargo complexes.12−14

The physical mechanism behind transport selectivity remains
poorly understood and several models have been proposed (see
ref 15 and references therein). Most of them share the idea that
the permeability barrier of NPCs arises from the supra-
molecular assembly of FGRDs. The structure of the FGRD
meshwork inside the NPC remains elusive, presumably because
it is highly dynamic and exhibits a low degree of order. In vitro
assays on the macroscopic scale have shown that FGRDs can
form hydrogels.16−19 An open question is, to what extent the
attractive intermolecular interactions that promote gel for-
mation are present and functionally relevant if the system is
reduced to the nanometer scale. The rheological analysis of
nanoscale systems would provide an indirect way to access their
morphological and dynamical features.
In the case of a laterally homogeneous film, quantitative

information about the linear rheological properties and
thickness can be extracted from the QCM-D response through
a continuum viscoelastic model. In an earlier study, we had
introduced ultrathin films of FGRDs as model systems of the
nuclear pore permeability barrier.3 Here, we analyze what type
of information can be gained from the analysis of viscoelastic
properties of such films by QCM-D. Particular emphasis is put
on the procedure of modeling QCM-D data with explicit
consideration of the frequency dependence of viscoelastic
properties, and the analysis of the resulting data with regard to
the information that they can provide about the nanoscale
morphology and dynamics of entangled or cross-linked
polymer meshworks. Although we focus on a specific type of
FGRD film, our methodological approach should be useful for
other thin polymer films. These occur in a broad range of
(bio)technological applications, such as antifouling20 or low-
friction coatings,21 in biomaterials,22 for sensing, and for
colloidal stabilization.23−25

■ MATERIALS AND METHODS
Proteins and Buffer. FG repeat domains of the yeast nucleoporin

Nsp1p (amino acids 2−601; Nsp1p FGRDs) with and without a His10-
tag at the N-terminus (Mw = 65 and 63 kDa, respectively), and the
nuclear transport receptor importin β from Saccharomyces cerevisiae
(scImpβ, 95 kDa) were purified as described earlier.3 Nsp1p FGRDs
were stored at a concentration of 460 μM in 6 M guanidine
hydrochloride, 1 mM iminodiacetic acid, 10 mM acetic acid, and 5
mM sodium acetate at −80 °C. scImpβ was stored at 100 μM
concentration in 40 mM Tris pH 7.5, 260 mM NaCl, 4 mM
magnesium acetate, 0.4 mM EDTA, 250 mM saccharose, and 10 mM
β-mercaptoethanol at −80 °C. Proteins were diluted (1:300 Nsp1p
FGRDs and 1:100 scImpβ) in working buffer (10 mM Hepes pH 7.4,

150 mM NaCl) prior to use. All chemicals were purchased from
Sigma-Aldrich (Schnelldorf, Germany).

Surfaces. His-tag capturing QCM-D sensors with a fundamental
resonance frequency f1 ≈ 4.95 MHz (QSX340; Biolin Scientific AB,
Vas̈tra Frölunda, Sweden) were stored at −80 °C prior to use. The
sensor surface functionalization is based on an approximately 3 nm
thin passivating layer of poly(ethylene glycol) (PEG) that exposes
divalent metal ions at a density of approximately 1013/cm2 for the
capture of His-tagged molecules. Sensors were used as provided.

Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). QCM-D measures changes in resonance frequency, Δf, and
dissipation, ΔD, of a sensor crystal upon interaction of (soft) matter
with its surface. The QCM-D response is sensitive to the mass
(including hydrodynamically coupled water) and the mechanical
properties of the surface-bound layer.6 To a first approximation, a
decrease in Δf indicates a mass increase, while high (low) values of ΔD
indicate a soft (rigid) film. Adsorption and interfacial processes were
monitored in situ with subsecond time resolution. QCM-D measure-
ments were performed with a Q-Sense E4 system (Biolin Scientific
AB). The system was operated in flow mode with a flow rate of
typically 20 μL/min using a syringe pump (KD Scientific, Holliston,
MA, U.S.A.). The working temperature was 23 °C. Δf and ΔD were
measured at the fundamental (n = 1) and six overtones (n = 3, 5, ...,
13), corresponding to resonance frequencies of f n ≈ 5, 15, 25, ..., 65
MHz. Changes in dissipation and normalized frequencies, Δf n/n, are
presented. Only the data from the overtones were used for further
quantitative analysis, as at the fundamental frequency, the QCM-D
response tends to be significantly affected by the mounting of the
sensor, small air bubbles that are trapped at the sensor periphery and/
or pressure waves.

Viscoelastic Modeling. Thickness and viscoelastic properties of
FGRD films were estimated by fitting the QCM-D data to a
continuum viscoelastic model.26,27 The model relates the measured
QCM-D responses, Δf and ΔD as a function of n, to the viscoelastic
properties of the adsorbed layer and the surrounding solution. For
time-resolved fitting of the data, we used the software QTools (version
3.0, Biolin Scientific AB; options “extended viscoelastic model” and
“Voigt” viscoelastic representation). Data at selected time points were
also fitted with the software QTM28 (D. Johannsmann, Technical
University of Clausthal, Germany; option “small load approxima-
tion”29,30). The FGRD film was modeled as a homogeneous
viscoelastic layer with acoustic thickness d, density ρ, storage modulus
G′( f), and loss modulus G″( f). The storage modulus is a measure for
the elasticity of the film. The loss modulus is related to the film’s
viscosity η( f) by G″( f) = 2πfη( f). Both G′ and G″ (and η) are
frequency-dependent. The frequency dependence of G′ and G″ was
assumed to follow power laws, with exponents α′ and α″, respectively
(see Results section for details; the exponents for “shear” and
“viscosity” in QTools correspond to α′ and α″ − 1, respectively). The
semi-infinite bulk solution was assumed to be Newtonian with a
viscosity of ηl = 0.89 mPa·s, and a density of ρl = 1.0 g/cm3.

The fit results were obtained by minimizing χ2(t) = ∑i=1
l {[yi

theory(t)
− yi

experiment(t)]/σi}
2, where yi

theory and yi
experiment represent the

theoretically predicted and experimentally measured values of Δf or
ΔD for the different overtones n = 3, 5, 7, 9, 11 and 13, respectively.
The number of input parameters l at any given time point t is hence
12. σi is the noise in the data. In QTools, we set σf = 0.5 Hz for the
normalized frequency shifts Δf n/n. This value accounts for the noise in
the data acquisition (the standard deviation was typically around 0.1
Hz) and drifts (estimated to reach at most a few Hz over the duration
of the measurement). For ΔD, we set σD = 0.2 × 10−6, consistent with
data acquisition noise and drifts. We note in passing that with these
choices of σf and σD the shifts in resonance frequency and in
bandwidth (ΔΓn) of the dampened harmonic oscillator are weighted
equally, because bandwidth shift relates to dissipation shift by ΔΓn/n =
f n/(2n) × ΔDn ≈ f1/2 × ΔDn ≈ 2.5 MHz × ΔDn.

6 For a perfect
agreement between experimental data and theoretical model, the
normalized χ2, that is, χnorm

2 = χ2/(l − p), where p is the number of fit
parameters, would be expected to scatter around one. In QTM, σf = 1
Hz/n and σD = 0.4 × 10−6/n are preset.
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QTools and QTM gave consistent results. Simulations with QTools
and QTM of the responses in Δf n/n and ΔΓn/n = f n/(2n) × ΔDn for
an arbitrarily chosen set of film parameters agreed to within 1 μHz
with the predictions of eq 14 in ref 30 (setting f n = 2πf1), confirming
that both methods are built on the same theoretical model. When
fitting our data with the two methods, we observed minor
discrepancies. Presumably these are due to different implementations
of the χ2-minimization algorithms, and differences in the choice of σf,
σD, and the acoustic impedance of quartz (8.7694 × 106 kg/(m2 s) in
QTools and 8.8 × 106 kg/(m2 s) in QTM).
Atomic Force Microscopy (AFM). Imaging and nanoindentation

measurements were performed with a NanoWizard II AFM (JPK,
Berlin, Germany) using oxide-sharpened Si3N4 probes (NP-S, Veeco,
CA, U.S.A.) with a nominal cantilever spring constant of 0.06 N/m.
The real spring constant, determined through the thermal noise
method,31 was 0.11 N/m. The coating of His-tag Capturing Sensors
with FGRD films was first monitored by QCM-D, and the samples
were then transferred for analysis by AFM. AFM images were acquired

in tapping mode in solution. The drive frequency was typically around
50 kHz, and the free amplitude of the cantilever was set to 1 V. To
ensure a soft approach to the sample, the set point amplitude was
decreased manually, in steps of a few 10 mV, until the surface could be
tracked. Scan speeds of 6−30 μm/s were employed. Nanoindentation
assays were performed in working buffer solution. Deflection versus
displacement curves were acquired at approach speeds between 0.1
and 20 μm/s and maximal loads of typically 2.5 nN and converted into
force versus distance curves with JPK data processing software. A force
curve was considered representative when it could be reproduced
upon repeated indentation at the same spot and at different spots on
the same sample.

In Situ Ellipsometry. Spectroscopic ellipsometry (M2000 V,
Woollam, NE, U.S.A.) on QCM-D sensors was performed using an
open fluid cell, as previously described.32 The optical properties of the
His-tag Capturing Sensor coating were first calibrated by fitting of
ellipsometric data in air and in solvent, at a 70° angle of incidence, to a
multilayer model. The coating of the His-tag Capturing Sensor

Figure 1. Formation of a surface-grafted monolayer of nucleoporin phenylalanine−glycine repeat domains (FGRDs). (A) Scheme illustrating the
film architecture. The FGRD of Nsp1p was grafted through an N-terminal His10-tag to a QCM-D His-tag Capturing Sensor. Attractive interactions
between the flexible chains would generate a cross-linked meshwork (left); without such interactions, an entangled meshwork is expected to form
(right). (B, C) Formation of the FGRD film and binding of the nuclear transport receptor (NTR) scImpβ followed by QCM-D (n = 3, 7, and 11 are
shown as indicated). Start and duration of the incubation with different samples is indicated (arrows); remaining times correspond to buffer washes.
Strong changes in frequency and dissipation upon addition of 100 μg/mL His-tagged FGRDs (B) reflect the formation of a flexible and hydrated
film. FGRDs lacking a His-tag did not bind (gray lines with open squares, n = 3 is shown; incubation was limited to 15 min), and FGRDs with His-
tag could be eluted rapidly by washing with 500 mM imidazole, demonstrating specificity of binding. Changes in Δf and ΔD at about 124 min do not
reflect any changes on the surface but result from changes in the viscosity and density of the surrounding solution, owing to the presence of
imidazole. The NTR scImpβ was added to an FGRD film at 1 μM bulk concentration (C). NTRs hardly bound to a bare His-tag Capturing Sensor
in a control measurement (gray lines with open squares, n = 3 is shown; incubation was limited to 5 min).
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consists of a few nm thin PEG layer, followed by a several 10 nm silica
layer, a few nm thin titanium layer, and an opaque gold layer (∼100
nm). We modeled the first two layers as a single transparent Cauchy
medium and the two metal layers as a single B-Spline substrate. The
resulting optical properties of the Cauchy layer (Cauchy parameters A
= 1.495, B = −0.00227, and C ≈ 0) were within the range typically
observed for silica, the thickness (29.0 nm) was within the range
provided by the manufacturer, and the mean square error (1.4) was
close to 1.0, indicating a good fit. Furthermore, data acquired in air at
additional angles of incidence (50°, 55°, 60°, and 65°) were consistent
with the results, confirming that the model is appropriate. The FGRD
film was treated as a transparent Cauchy medium and fitted as
described previously.32 The areal FGRD mass density was determined
through de Fejter’s equation,33 using a refractive index increment of
dn/dc = 0.18 cm3/g.3

■ RESULTS

Immobilization of FG Repeat Domains on a His-Tag
Capturing Sensor. We used the natively unfolded FG repeat
domain of the yeast nucleoporin Nsp1p (Nsp1p FGRD) to test
the performance of the His-tag Capturing Sensor (Figure 1A).
To this end, we exposed the sensor surface to a solution of 1.5
μM FGRDs with an N-terminal His10-tag and monitored the
immobilization by QCM-D (Figure 1B). Strong changes in
frequency and dissipation indicated binding of FGRDs to the
sensor surface. The signals reached plateaus after 80 min of
incubation, yielding overall changes in frequency and
dissipation of −150 Hz and 12 × 10−6 (values are given for
the third overtone), respectively. This suggests the successful
formation of a soft and hydrated film. Upon rinsing in buffer,
the signals remained virtually unchanged, demonstrating that
the FGRDs were stably immobilized. In contrast, FGRDs
lacking a His-tag did not bind (Figure 1B, gray lines with open
squares), indicating that the proteins bound exclusively via the
histidine tag and that the poly(ethylene glycol) layer on the
His-tag Capturing Sensor provides appropriate passivation.
To evaluate the quality of the FGRD film, we compared our

results with an earlier report in which the same Nsp1p FGRD
construct was immobilized on a different support, made of a
supported lipid bilayer (SLB) containing Ni2+-loaded bis-
nitrilotriacetic-acid-functionalized lipids.3 The film formation
kinetics and the maximal shifts in frequency were very similar.
The maximal shifts in dissipation were also comparable, yet
15% smaller than on the SLB. Apparently, both immobilization
methods yield similar FGRD films. The slight difference in the
dissipation shifts might suggest that the FGRD film properties
exhibit some sensitivity to subtleties in the mode of
immobilization, such as the lateral mobility of the anchor
points.
Immobilized proteins could be eluted by competition with

imidazole: after washing with 500 mM imidazole for 10 min,
shifts in frequency and dissipation reached levels close to the
baseline (−12 Hz and 1.0 × 10−6, respectively). The sensors
could be regenerated when protein elution was followed by a
loading step with 5 mM CuSO4 solution. The binding curves
for Nsp1p FGRDs agreed to within 10% between subsequent
film preparation cycles on the same surface (data not shown),
indicating that surfaces can be reused multiple times.
Interaction of NTRs with the FGRD film. To study the

interaction between the FGRD film and NTRs, we created a
fresh Nsp1p FGRD film on a His-tag Capturing Sensor and
exposed it to a 1 μM solution of importin β from Saccharomyces
cerevisiae (scImpβ), an NTR that is known to interact with
Nsp1p FGRDs.3,12,34 A decrease in frequency concomitant with

a spreading of the dissipation values as a function of the
overtone upon addition of scImpβ confirmed interaction
(Figure 1C). Equilibrium was reached rapidly, and the
frequency and dissipation signals rapidly returned to their
original values after rinsing in buffer, indicating that the binding
of scImpβ into the FGRD film is fast and completely reversible.
To ascertain that the changes in frequency and dissipation were
due to interaction between the NTR and FGRDs, we incubated
a bare His-tag capturing surface with the NTR. The results
(Figure 1C, gray lines with open squares) confirmed that
nonspecific binding of the NTR to the sensor surface is small.
These observations demonstrate that the His-tag capturing
surface can be readily used to study the interaction between
FGRDs and NTRs.

Viscoelastic Modeling of FGRD Films. In what follows,
we will demonstrate how quantitative time-resolved informa-
tion about the thickness and viscoelastic properties of FGRD
films can be obtained from the QCM-D data. Viscoelastic
models are increasingly used to extract quantitative information
from QCM-D data.3,26,30,35−38 Because we anticipate that the
method will be of practical interest for forthcoming studies by
others and us, and because the application of the model
requires a certain amount of care,6 we provide a detailed
description of the data analysis procedure.
To start, we remind that lateral homogeneity is a prerequisite

for the applicability of the viscoelastic model, because, as
discussed in detail elsewhere (ref 6 and references therein), an
additional energy dissipation mechanism can occur in laterally
heterogeneous films that is not captured by the continuum
viscoelastic model. Imaging by atomic force microscopy (AFM,
Figure 2) revealed the FGRD film to be about as flat as the bare
His-tag capturing QCM-D sensor surface. This indicates that
the film is indeed laterally homogeneous, at least down to a
length scale of ∼10 nm, in agreement with earlier observations
for Nsp1p FGRD films on SLBs.3

Second, we have no exact a priori knowledge about the
frequency dependence of the film’s viscoelastic properties. Over
a rather narrow frequency range, the QCM-D data covers less
than 1 order of magnitude, the viscoelastic properties of
polymer solutions or gels are typically well approximated by
power laws,39,40 and we therefore use the expressions G′ =
G′0( f/f 0)α′ and G″ = G″0( f/f 0)α′′. G′0 and G″0 are the shear
storage and loss moduli at an arbitrarily chosen reference
frequency f 0. We set f 0 = 15 MHz, which is close to the
resonance frequency at the third overtone.
Third, an assumption about the film density ρ is required

because thickness and viscoelastic properties enter as ρd, ρG′0,
and ρG″0 into the model and the density can hence not be
determined together with the five free fitting parameters d,G′0,
G″0, α′, and α″.6 In many practically relevant cases, the density
of the polymer of interest is quite similar to that of the solvent,
and the mean film density can then be well approximated by
the solvent density. Alternatively, the film density can be
determined by separately quantifying the areal polymer mass
density, for example, through optical mass-sensitive techniques,
and correlation with QCM-D data.6 In our case, we monitored
the buildup of an FGRD film on a His-tag capturing QCM-D
sensor surface by in situ ellipsometry (Figure 3). The maximal
grafting density obtained from the ellipsometric data was Γmax =
10 pmol/cm2, corresponding to a surface area of 17 nm2 per
molecule, or a mean distance of about 4 nm between
neighboring anchor points. These values are in excellent
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agreement with previously reported results on an SLB-bound
FGRD film.3 Correlation with the QCM-D data6 gave ρ = 1.05
g/cm3. For simplicity, we assume the film density to be
constant throughout the film formation procedure. In reality,
the density will continuously increase from 1.0 g/cm3 (the
density of the buffer solution) to 1.05 g/cm3, and we therefore
underestimate d, G′0, and G″0 slightly, by a few percent.
Fourth, we remind that the viscoelastic model assumes that

the film is homogeneous in the direction normal to the surface,
implying that the polymer density is constant at distances
smaller than d from the solid support and then drops
instantaneously to zero (“box profile”). In reality, the film is
likely to exhibit a density gradient of unknown shape. As a
consequence, G′0, G″0, α′, and α″ represent mean parameters,
and the acoustic thickness d represents an equivalent box-
profile thickness.26,29,41

Figure 4 displays the results of the best fits (i.e., the
parameter set generating the lowest χ2) for the time-resolved
data set in Figure 1B,C. The values of χ2 normalized by the
number of degrees of freedom, that is, the number of input
parameters l minus the number of fit parameters p, χnorm

2 = χ/(l
− p), were of order unity, indicating a good fit. χnorm

2 increased
slightly over time, indicating a systematically increasing error.

Most likely, these variations result from minor drifts in the
frequency and/or dissipation: their magnitude is indeed
consistent with typical drift rates. Figure 5 provides a visual
impression of the excellent agreement between experimental
and simulated data at selected time points. Importantly, the fit
was unique: depending on the chosen range of starting values
for the fit parameters, the nonlinear regression algorithm
sometimes converged on other solutions, but these exhibited
much larger χnorm

2 values (i.e., on the order of 10 and beyond).
Furthermore, the exponents remained within the ranges 0 ≤ α′
≤ 2 and −1 ≤ α″ ≤ 1, which are physically reasonable
according to polymer theory.39,40

With regard to the results of the fit, the fitting software that is
currently available does not provide means to automatically
compute confidence intervals. Instead, we adopted a semi-
automated procedure. One by one, each parameter was fixed
while the other four parameters were kept as free-fitting
parameters (α′ and α″ were constrained to −0.05 < α′ < 2.05
and −1.05 < α″ < 1.05, that is, the physically reasonable ranges
plus a small noise margin). In a sequence of fitting runs, the
evolution of χ2 was monitored while the fixed parameter was set
to values that differed increasingly from the optimal value. The
joint confidence region was then defined by the range within
which χ2 did not increase by more than 2-fold from the value
obtained for the best fit. If we assume that the model fits the
data ideally, the joint confidence region can be estimated as χ2

≤ χmin
2 [1 + p/(n − p)F1−α(p,n − p), where F1−α is the F-

distribution with confidence level 1 − α.42 For a confidence
level of one standard deviation (1 − α = 0.683) and with n = 12
and p = 5, the term in the brackets becomes 2.0.
Because this procedure is time-consuming, it was only

performed for a selected number of time points. The
confidence limits in Figure 4 illustrate that all fitting parameters
were typically well constrained by the data above a certain
surface coverage. For coverages below the half maximal
frequency shift, the thickness was not well constrained, but
reasonable estimates of the viscoelastic properties could still be
obtained. The facts that we found a unique solution with low
χnorm
2 and that most or all fitting parameters were well-
constrained, provide good indications that the extracted values
are reliable.

Thickness and Viscoelastic Properties of FGRD Films.
From Figure 4, it can be seen that the acoustic thickness
increased during film formation, that is, as a function of grafting
density, reaching 30 ± 4 nm at maximal coverage. The maximal
thickness was comparable to the value determined via an AFM
nanoindentation assay and to previously reported data for

Figure 2. Characterization of the FGRD film morphology by AFM.
Representative AFM images of the surface topography of a bare His-
tag capturing surface (A) and an FGRD film on a His-tag capturing
surface (B). Image size: 3 × 1.5 μm; color bar: false color coding of
relative heights. Insets show height profiles of parts of selected scan
lines (white dashed lines). The bare sensor surface (A) has a granular
topography, with grains of 50−100 nm diameter and up to ∼4 nm
height. The QCM-D sensor coating contains an evaporated gold film,
and the observed topography is characteristic for such a film.57 A silica
layer and the organic His-tag capturing coating are deposited on top of
the gold. Both top layers conform to the topography of the gold
surface and do not add appreciable roughness.57 The image with an
FGRD film (B) was acquired at minimum load required for tracking
the surface. The surface topography is overall similar yet slightly
smoother than for the bare surface. Within the accessible resolution of
the images (∼10 nm), we conclude that the FGRD film is laterally
homogeneous.

Figure 3. Quantification of FGRD grafting density by in situ
ellipsometry. Evolution of the grafting density Γ during FGRD film
formation on a His-tag Capturing Sensor. 100 μg/mL His-tagged
FGRDs were exposed to the sensor surface from 0 to 35 min.
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Nsp1p FGRD films on SLBs (Table 1),3,58 lending further
support to the results of the fit. Binding of the NTR induced a

marginal increase in film thickness, by approximately 4 nm, also
in accordance with earlier experiments.3 We note that the
increase in film thickness is smaller than the size of the NTRs
(Stokes diameter 7.8 nm43), consistent with swelling of the film
upon absorption of NTRs (i.e., penetration into the film, as
previously demonstrated with Nsp1p FGRD films on SLBs3)
but inconsistent with the formation of a dense NTR monolayer
by plain adsorption of NTRs on the film’s surface.
With regard to viscoelastic properties, both the storage

modulus G′0 and the loss modulus G″0 increased with coverage.
At maximal coverage, they attained 0.30 ± 0.15 MPa and 0.35
± 0.05 MPa, respectively. Incubation of the FGRD film with
NTRs led to an increase in both moduli by about 0.1 MPa,
indicating moderate film rigidification. α′ decreased from about
0.4 to 0.2 during film formation, while α″ increased slightly,
from 0.9 to 1.0. The NTR induced an increase of α′ from 0.2 to
0.3, while α″ remained around 1.0. The viscoelastic parameters
at maximal coverage compare well with the values reported for
Nsp1p FGRD films on SLBs (Table 1).3

Both α′ and α″ were nonzero, that is, the viscoelastic
properties are frequency-dependent. In Figure 6A,B, this
frequency dependence is illustrated graphically, in a double-
logarithmic plot, for the fitting results corresponding to 2.2 and
100 min after the start of FGRD incubation. The two graphs
reveal that, over the experimentally accessible frequency range,
the storage modulus (i.e., the elastic component) remained

Figure 4. Viscoelastic modeling of the QCM-D data. The evolution of thickness d, viscoelastic properties (shear elastic modulus G′0 and shear loss
modulus G″0 at f 0 = 15 MHz, and the frequency dependence α′ and α″ of G′ and G″, respectively) and χnorm2 are shown for the data in Figure 1B,C.
Error bars at selected time points correspond to the range of solutions within which χ2 does not increase by more than 2-fold above the minimal
value obtained at the given time point.

Figure 5. Quality of the fit. Experimental data (symbols) for selected
time points (as indicated) during FGRD film formation (Figure 1B)
are shown with the best fits by the viscoelastic model (lines). All
measured overtones (n = 3−13) are presented.

Table 1. Properties of Nsp1p FGRD Films at High Surface Coverage, as Determined from QCM-D Data through the
Viscoelastic Model and from AFM Nanoindentation Assays

analysis method d (nm) G′0 (MPa) α′ G″0 (MPa) α″
FGRD Film Built on His-Tag Capturing Sensor

QCM-Da 30 ± 4 0.30 ± 0.15 0.2 ± 0.2 0.35 ± 0.05 1.00 ± 0.05
AFMb 30 ± 5d/∼40e 0.15 ± 0.05e 0

FGRD Film Built on SLBc

QCM-Da 34 ± 4 0.18 ± 0.08 0.15 ± 0.15 0.29 ± 0.05 0.94 ± 0.03
AFMb 35 ± 5d/∼45e 0.15 ± 0.05e 0

aG′0 and G″0 at f 0 = 15 MHz, α′ and α″ for f = 15−65 MHz. bG′0 at f 0 ≈ 10 Hz, α′ for f ≈ 1 to 1000 Hz. cData taken from ref 3. dDistance at which
a force of 25 pN is reached, above which the interaction between the film and the indenter is considered significant. eDetermined through fits to
force curves, as described in Figure 7, and using G′ = 0.5E/(1 + v) with 0 ≤ v ≤ 0.5.
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below the loss modulus (i.e., the viscous component). Both
moduli were of the same order of magnitude, that is, the film
appeared viscoelastic within the frequency range accessible by
QCM-D. With increasing surface coverage, the relative
difference between G′ and G″ decreased, that is, the film
became increasingly elastic.
It is instructive to compare our experimental results with

theoretical predictions for the viscoelastic properties of
entangled polymer solutions or cross-linked polymer gels
(Figure 6C).40,44 In long-chain polymers, stress relaxation
processes fall into two classes: segmental relaxations (fast) and
disentanglement processes (slow). The frequencies of these
relaxations define zones. On long time scales (terminal zone),
the material flows like a viscous liquid (G′ ≪ G″, α″ = 1). The
terminal zone is only observed if the material is not
permanently cross-linked. Because in our case the molecules
were permanently linked to the surface, this zone is unlikely to
occur. In the plateau zone (also called “rubber plateau”), the
mechanical response is dominated by cross-links/entangle-
ments. Here, the material appears predominantly elastic (G′ ≫
G″). Ideally, the storage modulus would be constant (α′ = 0),
though in reality, α′ is usually observed to be slightly larger than
0 because some relaxations do also occur in this frequency
regime.39,40 Hydrogen bonds, for example, tend to relax on a
wide range of time scales. The magnitude of the storage
modulus in the rubber plateau, Gp, contains information about
the degree of cross-linking/entanglement. In the transition
zone, the viscoelastic response is dominated by the dynamics of
individual network strands. Here, G′ ≈ G″ and both moduli
increase with frequency at a rate that depends on the details of
the relaxation processes at play (typically 0 < α′ ≈ α″ < 1).40

Comparison with these theoretical predictions suggests that, for
the FGRD film, the frequency range accessible by QCM-D
(Figure 6A,B) is situated at the border between the plateau and
transition zone (Figure 6C, region shaded in orange). In
particular, G′ and G″ have about the same magnitude, and α′
approaches 0 while α″ is approximately 1. In this context, the
decrease in α′ from 0.4 to 0.2 with increasing grafting density
(Figures 4 and 6A,B) suggests that the plateau zone approaches
the QCM-D frequency range, as the coverage increases. By

extrapolation of the curves in Figure 6B, we can estimate that,
at maximal coverage, G′ equals G″ at the frequency f p = 13
MHz, corresponding to a time τp = 1/(2πf p) = 12 ns, with the
magnitude Gp = 0.3 MPa.
The comparison between theory and experiment would

suggest that τp marks the time scale at which the plateau zone
appears and that Gp, as determined through the viscoelastic
model, is representative of the plateau modulus (i.e., the storage
modulus in the plateau zone) of the entangled (and likely even
transiently cross-linked18) meshwork that is formed by the
monolayer of FGRDs. A rigorous test of this conjecture would
require measurement of the viscoelastic properties of FGRD
films at frequencies that are below those accessible by QCM-D.
Accurate measurements of the viscoelastic properties of thin
films remain challenging, but we can estimate the film’s
elasticity from its response to compression by an AFM
indentation probe (Figure 7A). AFM approach speeds between
100 nm/s and 20 μm/s, and indentation depths on the order of
10 nm in these assays correspond to frequencies between 1 Hz
and 1 kHz, whereas the QCM-D covers 15−75 MHz, that is, a
difference between 4 and 8 orders of magnitude. In contrast to
QCM-D, which is sensitive to shear deformation, AFM indents
the film and hence measures the Young modulus E. Variations
in the approach speed did not affect the force curves
appreciably (data not shown), that is, α′ = 0 across the
frequency range covered by AFM, and E ≈ 0.3 MPa (Figure
7A). Assuming that the film is isotropic, the shear elastic
modulus can be calculated from Young’s modulus as G′ = 0.5E/
(1 + ν).39 With typical Poisson ratios ν between 0 and 0.5,39 G′
would be between 0.1 and 0.2 MPa. Interestingly, the estimate
based on the AFM data is only slightly inferior to the value
obtained by QCM-D, as predicted by theory. This indicates
that QCM-D can provide a reasonable estimate of the plateau
modulus of FGRD films and that the plateau zone of Nsp1p
FGRDs covers at least 7 orders of magnitude. Analysis of the
previously reported3 QCM-D and AFM data (Figure 7B) for
Nsp1p FGRD films on SLBs gave similar results (Table 1). We
infer that the QCM-D probes the viscoelastic properties at the
border between the plateau zone and the transition zone for
both immobilization platforms.

Figure 6. Frequency dependence of the viscoelastic properties of FGRD films and theoretical predictions. G′ and G″ vs frequency are displayed in
double-logarithmic plots. (A, B) Experimental results for an Nsp1p FGRD film at low (2.2 min after start of incubation; A) and maximal (100 min;
B) grafting density. When extrapolated, the lines in B meet at f p = 13 MHz and Gp = 0.3 MPa. (C) Theoretical predictions for a solution of entangled
long-chain polymers (adapted from Figure 3 in ref 44; curves for a densely cross-linked polymer meshwork would be similar but lack the terminal
zone40). Characteristic zones are indicated (see manuscript text for details). The results for the magnitude of G′ relative to G″, and for the
magnitudes of α′ and α″, would be consistent with an evolution of the FGRD film’s mechanical properties from the transition zone (at low grafting
density) toward the plateau zone (at high grafting density) within the frequency range accessible by QCM-D (the frequency range shaded in orange
in C would correspond to high grafting density). The relaxation time of entanglement or network strands, τp, and the plateau modulus, Gp, at the
corresponding frequency are indicated.
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Simple Approach To Estimate Elastic Compliance. Du
and Johannsmann45 recently proposed an alternative approach
to estimate mechanical properties from QCM-D data. It is
worthwhile to compare our results with their approach, which is
attractive by its simplicity yet does not provide a full
characterization of the viscoelastic properties. According to
Du and Johannsmann,45 the elastic compliance J′ ≡ G′/(G′2 +
G″2) can be estimated from the ratio of the shifts in dissipation

and frequency as ΔDn/(−Δf n/n) = 4πnη1ρ1/ρ × J′( f), if the
film is stiffer than the surrounding liquid and much thinner
than the penetration depth, δ1 = (η1/(πnf1ρ1))

1/2, of the shear
wave generated by the QCM-D sensor in that liquid. The
experimental data of ΔD3/(−Δf 3/3) and the resulting
estimates for J′ at f ≈ 15 MHz as a function of frequency
shift are displayed in Figure 8 (blue line with circles). For
comparison, values of J′ that were derived from G′ and G″
through the full viscoelastic modeling are also shown (black
crosses). The two different data sets for J′ show values of the
same order of magnitude, indicating that simple calculation of
ΔDn/(−Δf n/n) can provide a reasonable order-of-magnitude
estimate of J′. The exact values, however, are overestimated by
up to 2-fold in this simplified approach. The deviation is not
surprising if one notes that the FGRD film thickness is smaller
yet on the same order of magnitude as δ1, which is 137 nm for n
= 3.6,46 The decrease in ΔDn/(−Δf n/n) and in J′ as a function
of −Δf nicely illustrates the gradual stiffening of the film. This
response is consistent with a gradual increase in the
concentration of proteins and transient cross-links (e.g., via
inter-FG repeat interactions) in the film as the grafting density
increases.

■ DISCUSSION
We have investigated the performance of a His-tag Capturing
Sensor by studying an Nsp1p FGRD film as a model system.
The main findings of this study are: (1) the model proteins
could be immobilized stably, specifically and with high grafting
densities; (2) the sensor surfaces could be successfully
regenerated; (3) the viscoelastic properties of the supra-
molecular assembly of Nsp1p FGRDs could be quantified from
fits with a viscoelastic model that explicitly considers the
frequency dependence of viscoelastic properties to the QCM-D
data.
Molecules equipped with a His-tag bound stably to the

sensor surface, whereas the surface was inert to binding of
proteins that lacked a His-tag. Immobilization of FGRDs on a
surface is an appealing approach to characterize properties of
FGRD assemblies and their interaction with NTRs, as it enables

Figure 7. Compression of FGRD films by an AFM probe. (A)
Representative force vs distance curve acquired at an approach rate of
500 nm/s on an Nsp1p FGRD-coated His-tag capturing surface
(orange line with squares). Controls on a bare His-tag capturing
surface before and after the compression assay (gray line with circles)
demonstrate that the interaction of these surfaces with the AFM probe
remained short-ranged (less than 5 nm). The black dashed line is an
extrapolated fit with F = πRdE × (1 − h/d)2 over the range of h = 20−
38 nm, providing estimates of d = 40 nm for the thickness of the
uncompressed film and E = 0.3 MPa for Young’s modulus in the linear
compression regime (i.e., in which E is constant). (B) Force vs
distance curve on an SLB-bound Nsp1p FGRD film (orange line with
squares) and an SLB without FGRD (gray line with circles). The data
was taken from Figure 4A in ref 3. The fit gave d = 45 nm and E = 0.3
MPa. The numbers for E are estimates due to the small probe size and
uncertainties in the shape and radius of the indentation probes. The
indentation probe was approximated by a sphere with radius R = 10
nm. The fitting formula is derived in the following way. Young’s
modulus is defined as E = P/σ with the pressure (or stress) P and the
strain σ = 1 − h/d. According to Derjaguin’s approximation, the
compression energy between two coplanar surfaces can be derived
from the compression forces between a sphere and a plane as W =
F(h)/(2πR). Pressure is P = dW/dh. In the linear regime, E =
constant. The fitting formula can be obtained by integrating both sides
of Eσ = P with respect to h, with the boundary condition that F(d) = 0.

Figure 8. D/f plot and elastic compliance. ΔD3/(−Δf 3/3) vs −Δf 3/3
(blue line with circles) for the Nsp1p FGRD film formation in Figure
1B. The right axis indicates the elastic compliance J′, which to a first
approximation is proportional to ΔD3/(−Δf 3/3) according to ref 45.
More accurate values for J′, obtained through full viscoelastic
modeling, are also shown (black crosses). Comparison of both
methods reveals that the simple approximation overestimates the J′
values by up to 2-fold.
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immobilization at controlled orientation and tunable densities,
and application of surface-sensitive characterization techniques
(here QCM-D, ellipsometry and AFM).3,47−50 The His-tag
capturing surface is attractive by its simplicity compared to
other common methods for surface grafting of molecules such
as SLBs. It can be used as provided without any further surface
modification and regenerated after each measurement. From
the estimated FGRD grafting density, we conclude that the
surface can accommodate at least 10 pmol/cm2 His-tagged
molecules. Considering the size range of proteins, this density
of binding sites should be sufficient to form dense monolayers
of most, if not all, proteins. The His-tag capturing surface,
hence, represents a generic platform for the immobilization of
biomolecules in a well-controlled and functional orientation, for
conformational, interaction, or mechanical studies using the
QCM-D technique.
Viscoelasticity of FGRD and Other Ultrathin Polymer

Films. Using Nsp1p FGRDs as an example, we have
demonstrated that viscoelastic properties of ultrathin polymer
films can be extracted from QCM-D data and AFM indentation
assays. Consideration of the frequency ranges covered by both
techniques, and the frequency dependence of G′ and G″
observed within these ranges, suggests that both techniques can
provide information about the viscoelastic properties in the
plateau zone including the border between the plateau and
transition zones (Figure 6C).
Because the viscoelastic properties in and the extension of

the plateau zone arise from entanglements and cross-links, their
characterization is of particular interest: they provide
information about the dynamics and the morphology of
polymer films.39,40,51 A few simple estimates shall illustrate
this for the FGRD film. The apparent molecular mass Mp of
network or entanglement strands can be deduced from the
plateau modulus using the relation Gp ≈ cNAkT/Mp, where c is
the polymer concentration (in mass per volume), NA = 6.0 ×
1023 mol−1 is Avogadro’s constant, and kT = 4.1 × 10−21 J is the
thermal energy.40,51 The estimated grafting density of Γmax = 10
pmol/cm2, a film thickness of 30 nm (Table 1) and the Nsp1p
FGRD mass of 63 kDa give c = 0.21 g/mL. With Gp = 0.3 MPa,
we obtain Mp ≈ 1.7 kDa. The Nsp1p FGRD contains 600
amino acids, that is, the average mass per amino acid is 105 Da.
Each strand hence contains about 16 amino acids. Interestingly,
this value is comparable to the mean number of amino acids on
the Nsp1p chain per each of its 33 FG repeats (18.2). With a
length per amino acid of 0.35 nm, we can estimate the contour
length of each strand to about 6 nm. Moreover, τp ≈ 12 ns is a
measure of the relaxation time of these strands.40,44

We remind that the above estimates should be considered
apparent values, because we assumed that the meshwork is
homogeneous and we did not distinguish between entangle-
ments and cross-links. Cross-links (Figure 1A, left) or
entanglements (Figure 1A, right) are expected to dominate
the meshwork properties if the FGRDs do or do not interact
attractively with each other, respectively. Because inter-FG
repeat interactions might be functionally important,17,18,54,55 we
do now consider these two scenarios explicitly.
We have previously reported that Nsp1p FGRDs form

macroscopic gels even at concentrations that are 25-fold below
those attained in our grafted film.18 With the good correlation
between the size of meshwork strands in our film and the mean
number of amino acids per FG repeat unit on the Nsp1p chain,
and considering that the confinement of one chain end to the
surface should decrease the entropic penalty for interchain

interactions compared to a mobile chain in a macroscopic
solution, it is likely that our film is indeed a cross-linked gel. For
a homogeneous meshwork that is dominated by cross-links, the
correlation length ξ, corresponding to the distance between
cross-links, is the measure for the mesh size. In this case, the
plateau modulus is given by Gx ≈ kT/ξ3 and occurs at times
larger than the relaxation time of network strands τξ ≈ η1ξ

3/
(kT).40 Values of 2 and 4 nm for ξ are obtained from Gp ≈ 0.3
MPa and τp ≈ 12 ns, respectively. The two values are in
reasonable agreement, if one considers the error bars on our
data and that the relations for Gx and τξ are based on scaling
approximations and, hence, accurate to within a numerical
prefactor of order unity.40 The viscoelastic data, therefore, is
consistent with the picture of a densely cross-linked gel.
To test if our data can discriminate between entanglements

and cross-links, we consider also the other extreme, that is, a
meshwork that is dominated by entanglements. This situation
would arise if the end-grafted peptide chains do not interact
attractively with each other. Due to their mutual repulsion, the
chains tend to stretch away from the surface. However, as the
chains are flexible, they resist complete stretching and thus also
explore the lateral dimensions, leading to entanglements with
neighboring chains. In the nucleocytoplasmic transport field,
the scenario of end-grafted, noninteracting chains is commonly,
though imprecisely, termed a “brush-like, entropic barrier”15,50

or “entropic bristles”52 and opposed to a cross-linked gel.15,50

More generally, in polymer physics, a polymer brush is defined
as a dense arrangement of end-grafted polymer chains.53 Within
this definition, both entangled and cross-linked polymer films
can be considered brushes, provided that they are end-grafted
to a surface at sufficient density (i.e., the average distance
between adjacent grafting points is smaller than the size that
free polymer coils would adopt in dilute solution). Films of
end-grafted, purely entangled polymer chains (Figure 1A, right)
are, hence, a special case of a brush as are films of end-grafted,
densely cross-linked polymer chains (Figure 1A, left). For
purely entangled meshworks, two characteristic length scales
are important: (1) the correlation length ξ, now more generally
defined as the average distance from a monomer on one
polymer chain to the nearest monomer on another chain, and
(2) the entanglement tube diameter a, that is, the end-to-end
distance of an entanglement strand. In this case, the plateau
modulus is Ge ≈ kT/(a2ξ) and starts at the entanglement
relaxation time τe ≈ η1a

4/(kTξ).40,44 Gp ≈ 0.3 MPa and τp ≈ 12
ns give ξ ≈ 1.5 nm and a ≈ 3.0 nm, that is, a > ξ, yet both are
of the same order of magnitude, as predicted by theory and
found in experiments for entangled polymer solutions.40 The
viscoelastic data are, hence, also consistent with the picture of
an entangled meshwork.
In entangled meshworks, both ξ and a determine the

diffusion of noninteracting particles as a function of particle
size, as described by Cai et al.44 In cross-linked meshworks, ξ is
the only relevant parameter. Within the accuracy of the scaling
arguments, the values for ξ in a cross-linked gel and for a in an
entangled meshwork, respectively, agree well with the size
exclusion limit measured for the NPC’s permeability barrier (5
nm).8 This supports the conjecture that the polymer meshwork
nature of FGRD assemblies in the nuclear pore complex is
sufficient to explain their resistance to translocation of
(sufficiently large) noninteracting particles, as proposed in
several models of nucleo-cytoplasmic transport.17,52,54,55

The nuclear pore permeability barrier contains many
different types of FGRDs, and inter-FG repeat interactions
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have been proposed to be functionally important.17,18,54,55 Even
though, for the reasons outlined above (i.e., Nsp1p forms stable
macroscopic gels, the size of meshwork strands correlates with
the mean number of amino acids per Nsp1p FG repeat unit,
and confinement to the surface should enhance attractive
interactions), we favor the notion that the Nsp1p film
represents a densely (yet perhaps transiently) cross-linked
polymer meshwork, the here-presented methodology does per
se not allow to unambiguously exclude alternative models when
based on an isolated data set because of the limited frequency
range accessible by QCM-D. Future experiments by QCM-D
and complementary surface-sensitive techniques on different
FGRD films, including mutants of FGRDs, should enable
quantitative comparison of the interaction strength and provide
insight about variations in the degree of cross-linking/
entanglement. Because the film thickness, the mode of chain
attachment, and the FGRD grafting density can be controlled
and matched to the conditions in the NPC, such measurements
are likely to correspond more closely to the native conditions
than measurements in macroscopic FGRD gels or solutions.18

In this context, the ΔD/−Δf ratio as a first estimate of the
elastic compliance J′ (Figure 8) represents a simple and robust
parameter to be used for comparison between different films,
while the full viscoelastic modeling provides more detailed and
accurate information.
The discussion above highlights that, by considering G′0 and

G″0, as well as α′ and α″, novel insight into the morphology
and dynamics of ultrathin polymer films can be obtained. To
our knowledge this application of QCM-D has so far not been
fully appreciated. There is increasing evidence that the
mechanical properties of biomolecules and their assemblies
are functionally important in many biological processes.56 Also,
thin polymer films are becoming increasingly popular for a
range of technological and sensing applications.24,25 Therefore,
the methodological approach presented here should be of
interest to many other biomolecular or synthetic polymer films.

■ CONCLUSIONS

We have demonstrated that the His-tag Capturing Sensor
presents a platform to create dense monolayers of His-tagged
FGRDs and, by extension, other His-tagged proteins or
peptides, in a simple way for QCM-D protein interaction
studies. The formation of the FGRD layer and its interaction
with NTRs could be followed label-free and in real-time by
QCM-D. The QCM-D response compared very well to our
earlier report of Nsp1p FGRDs grafted to a functionalized
supported lipid bilayer.
Moreover, we showed how frequency-dependent viscoelastic

properties and the acoustic thickness of the FGRD monolayer
can be extracted from the QCM-D data. The presented data
analysis method is not restricted to the immobilization platform
used here, but can be readily applied to other surfaces that are
covered with a laterally homogeneous polymer film. The QCM-
D data together with AFM data suggest that, for the film under
study, QCM-D is sensitive to the viscoelastic parameters at the
border between the plateau zone and the transition zone. As a
consequence, QCM-D can provide access to information about
the morphology (i.e., characteristic length scales) and dynamics
(i.e., relaxation times), which is likely to be relevant for the
function of nanoscale FGRD meshworks and of interest for
many other ultrathin polymer films.
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Nuclear pore complexes (NPCs) control the exchange of macromolecules between the

cytoplasm and the nucleus. A selective permeability barrier which arises from a supra-

molecular assembly of intrinsically unfolded nucleoporin domains rich in phenylalanine-

glycine dipeptides (FG domains) fills the nuclear pore. There is increasing evidence

that selective transport requires cohesive FG domain interactions. To understand the

functional roles of cohesiveness, we studied monolayers of end-grafted FG domains as

a bottom up nanoscale model system of the permeability barrier. Based on detailed

physico-chemical analysis of the model films and comparison of the data with polymer

theory, we propose that cohesiveness is tuned to promote rapid assembly of the per-

meability barrier and to generate a stable and compact pore-filling meshwork with a

small mesh size. Our results highlight the functional importance of weak interactions,

typically a few kBT per chain, and contribute important information to understand the

mechanism of size-selective transport.

Bulk macromolecular transport between the cytosol and the nucleus of eukaryotic cells

is gated through nuclear pore complexes (NPCs) [1, 2, 3, 4], large protein assemblies that

perforate the nuclear envelope. To form an NPC, several types of nucleoporin proteins

self-assemble in multiple copies into a ring-like structure with a central channel of 35-

40 nm in diameter [5]. Specialized nucleoporin domains that are natively unfolded and

rich in FG dipeptides (FG domains) are grafted at high density to the channel walls [6]

and constitute a selective permeability barrier: molecules smaller than 5 nm in diameter

[7] can diffuse efficiently through the channel, whereas larger molecules are delayed or

blocked, unless they are bound to nuclear transport receptors (NTRs) [1, 2, 3, 8].

The physical mechanism behind transport selectivity remains poorly understood. Sev-

eral models have been proposed [9, 10, 11, 12, 13]. They share the idea that the perme-

ability barrier of NPCs arises from the supramolecular assembly of FG domains. The

structure of the FG domain meshwork inside the NPC remains elusive, presumably be-
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cause it is highly dynamic and exhibits a low degree of order. There is, however, increas-

ing evidence that FG domains can interact attractively with each other [14, 15, 16, 17],

and that these interactions are essential for the formation of a functional permeability

barrier [14, 18].

We hypothesize that the combination of flexible chains, their confinement through

grafting, and their cohesiveness determines the functionality of the permeability barrier.

Cohesiveness is heterogeneously distributed within FG domain chains: cohesive patches,

made of FG, FxFG, or GLFG motives but also other amino acids, are interspaced with

repulsive sequences [17, 19, 20, 21, 22]. The balance of these interactions, together with

the confinement of the chains, will ultimately determine the organization and dynamics

of the nanoscale FG domain meshwork in a way that is crucially important for function,

yet, not well understood.

To explore experimentally how the balance of interactions affects the morphology and

dynamics of FG domain assemblies, we exploited a recently developed nanoscale model

system of the permeability barrier: planar films of FG domains that are end-grafted

to supported lipid bilayers (SLBs) (see figure 5.1A) [23, 24]. The films reproduce the

native permeability barrier in the following aspects: the FG domains are end-grafted,

the film thickness is comparable to the dimensions of the nuclear pore, and the FG

repeat densities are comparable. Compared to the native pore or reconstituted systems

that reproduce the pore-like topology [18, 25], the choice of a planar geometry provides

excellent control on film formation and greatly facilitates a detailed and quantitative

characterization of the film morphology and dynamics.

To rationalize the behavior of our films, we took advantage of classical theoretical

concepts of polymer physics. We hypothesized that the average degree of cohesiveness,

rather than the exact distribution of cohesive elements along the chain, determines en-

semble physico-chemical properties of FG domain assemblies. Figure 5.1 schematically

shows theoretical predictions about the morphology of end-grafted and flexible, regular

polymers of varying cohesiveness [26, 27]. Within this theoretical framework, cohesive-
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Figure 5.1: Supramolecular assembly of FG domains, and predictions by polymer
theory: (A) Schematic cross section of the yeast NPC perpendicular to its axis. FG domains
are anchored to the NPC wall at high density. The flexible, intrinsically disordered chains
explore the NPC channel, interpenetrate, and may form cross-links (red circles) to form the
permeability barrier. (A, right) Monolayers of SLB-grafted FG domains are used as model
systems of the permeability barrier, to study the impact of cohesiveness on the organization and
dynamics of FG domain assemblies at the nm scale. (B) Schematic phase diagram, summarizing
simple theoretical predictions for films of flexible, regular, end-grafted polymers as a function
of the Flory interaction parameter ξ (or cohesiveness) and grafting density. The brush and
disrupted film phases are of particular interest for this study. Boundaries between phases
are drawn qualitatively. The interpenetration of chains in the brush (insets) gives rise to the
correlation length ξ, a measure of the average mesh size.

ness receives a precise physical meaning. It is identical to the so-called Flory interaction

parameter χ, which is determined by the (average) relative strength of polymer-polymer,

polymer-solvent and solvent-solvent interactions. In the absence of cohesive interactions,

a sufficiently high grafting density entails the formation of a so-called brush, in which

the film is laterally homogeneous and its chains are partially stretched away from the

grafting surface. When the chains become weakly cohesive, the stretching will decrease

and an increasingly dense film is expected to form. As the overall cohesiveness increases
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further, lateral phase separation occurs, driven by the maximization of inter-chain in-

teractions. Depending on the grafting density and cohesiveness, different morphologies

can arise [27, 28]: a continuous film perforated by pores, an array of isolated clusters of

several polymer chains, or an array of globules of individual chains. Flexible chains in

a brush do also explore the lateral dimensions, implying that they show some degree of

interpenetration. This aspect is frequently neglected when sketching polymer brushes

(e.g. in Refs. [13] and [29]) yet it might be functionally important. On a local scale, the

film forms a meshwork of interpenetrating chains, and the so-called correlation length ξ

is a measure for the mean mesh size [30, 31, 32].

In this paper, we provide evidence that FG domains, despite their heterogeneous pri-

mary structure, faithfully reproduce the basic theoretical predictions for regular, flexible

polymers. To this end, we compared different types of FG domains, including mutants.

The FG domains were selected for their difference in cohesiveness, based on their propen-

sity to form macroscopic hydrogels. ”Nup98-glyco” is an O-GlcNAc-modified, 485 amino

acid long FG domain from Xenopus tropicalis Nup98. This domain forms tight macro-

scopic hydrogels and is essential for forming a selective permeability barrier in NPCs

reconstituted from Xenopus egg extracts [18, 22]. Nsp1-WT, a 600 amino acid FG do-

main from Saccharomyces cerevisiae, consists of a highly cohesive N-terminal domain

and a less cohesive C-terminal domain [17, 29] but still forms tight macroscopic hydro-

gels [14, 15]. Nsp1-FILV→S, a mutant Nsp1 FG domain in which all hydrophobic amino

acids were exchanged by the hydrophilic serine, does not form macroscopic hydrogels

[17]. We demonstrate that the morphologies outlined in figure 5.1b can be generated if

the cohesiveness is adjusted appropriately. We argue that the self-organization phenom-

ena that we observe on planar surfaces are relevant for the NPC topology, and discuss

the broad implications for the assembly and function of the permeability barrier.
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5.2.1 FG domain film assembly and its kinetics

Specific and stable end-grafting of FG domains with different cohesiveness (Nup98-glyco,

Nsp1-WT, and Nsp1-FILV→S) through terminal His-tags to SLBs doped with Ni2+-NTA

functionalized lipids [33] was confirmed by quartz crystal microbalance with dissipation

monitoring (QCM-D; Supplementary figure 5.9 and 5.10).

Figure 5.2: Kinetics of FG domain film assembly and maximal grafting density
depend strongly on FG domain type: (A) Film formation was monitored by ellipsometry.
At 0min 0.9μM FG domains were added to SLBs containing 10mol-% bis-NTA functionalized
lipids. All FG domains were incubated under identical stirring conditions. Initial adsorption
(inset) is similar for all FG domains and limited by mass transport (the gray shaded area
represents theoretically estimated mass transport rates, see Methods for details). At higher
coverage, adsorption rates differ significantly between FG domains. (B) Schematic free energy
profiles for the binding of FG domain molecules to an FG-domain-covered SLB. The barrier
due to entropically unfavorable partitioning of new molecules into the existing FG domain film
(black curve) is lowered through weak, attractive inter-chain interactions (purple curve).

Grafting density and film formation kinetics were quantified by spectroscopic ellip-

sometry (SE; figure 5.2A). The different FG domains initially adsorbed with similar

rates, consistent with mass-transport-limited binding. Clearly, all FG domains can bind

rapidly to a sparsely covered SLB, i.e. binding of the His-tag to the Ni2+-NTA group is

not rate limiting. The adsorption rates decreased with increasing surface density, and

the decrease in rate differed drastically between FG domains: it was very pronounced for
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Nsp1-FILV→S, less pronounced for Nsp1-WT, and barely noticeable for Nup98-glyco up

to Γ = 10 pmol/cm2. The grafting densities of both Nsp1 constructs remained well below

this density during the first hour of incubation, indicating that availability of Ni2+-NTA

anchor groups did not limit binding of Nsp1 constructs within this time.

A strongly coverage-dependent decrease in the binding rate, as observed for the Nsp1-

FILV→S mutant, is consistent with theoretical predictions for the formation of polymer

brushes made from non-interacting polymers: the brush-forming polymers constitute an

entropic barrier (figure 5.2B) against the access of free polymers from solution to the

SLB, entailing a coverage-dependent reduction in the binding rate [34]. Cohesiveness

would be predicted to facilitate entry and partitioning of polymers into the surface-

confined film, and we propose that this is the reason why Nsp1-WT and Nup98-glyco

continue to bind rapidly at surface coverages that are inhibitory for Nsp1-FILV→S. The

entropic penalty associated with the partitioning of polymers from the solution into the

film increases with coverage, and differences in the cohesiveness would readily explain

why Nup98-glyco retained a high binding rate longer than Nsp1-WT.

5.2.2 Thickness, concentration, and mechanical properties of FG

domain meshworks

To test how different degrees of cohesiveness affect FG domain film thickness, we pre-

pared and compared different FG domain films at grafting densities close to the maximal

coverage attainable with Nsp1-FILV→S (i.e. 5.1± 0.3 pmol/cm2, or one molecule per

31± 2 nm2; Supplementary figure 5.11). These values compare well with the estimated

average surface area per FG domain chain in a yeast NPC which would be 24 - 32 nm2,

assuming a channel of 35 – 40 nm in diameter and 30 – 35 nm in length [5], and approxi-

mately 136 FG domains per channel [6, 35].

AFM indentation assays with a nanosized probe (figure 5.3) revealed film thicknesses

in the range of a few 10 nm, consistent with the formation of a monolayer of weakly
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extended polypeptide chains. The Nsp1-FILV→S mutant formed the thickest films

(35± 5 nm), Nsp1-WT a film of intermediate thickness (25± 8 nm), and Nup98-glyco

the thinnest film (17± 3 nm). Thickness values determined from QCM-D (by fitting

the QCM-D to a visco-elastic model, see figure 5.12) and SE data of films prepared un-

der identical conditions showed the same trend (figure 5.3b), corroborating the AFM

data. From the thickness determined by AFM and the grafting density, we can estimate

the concentration of FG domains in the films to be 85± 13mg/ml for Nsp1-FILV→S,

146± 47mg/ml for Nsp1-WT, and 191± 34mg/ml for Nup98-glyco. Clearly, increasing

FG domain cohesiveness promotes the formation of more compact films with higher FG

domain concentration.

Figure 5.3: The strength of inter-FG repeat interactions affects the thickness and
concentration of FG domain films: (A) AFM indentation assays (schematically described
in the inset) on FG domain films with a grafting density of 5.4, 5.1, and 4.8 pmol/cm2 for
Nup98-glyco, Nsp1-WT, and Nsp1-FILV→S, respectively, were carried out to estimate the
film thickness. The thickness was determined by the distance between the onset of repul-
sive forces (arrowheads) and the hard-wall compression limit (d = 0). Control curves on
SLB-covered silica before and after the indentation assays were taken to validate that the in-
teraction with the probe remained short-ranged. AFM measurements were performed by Ralf
Richter, CICBiomaGUNE, San Sebastian, Spain. (B) Film thicknesses determined by AFM
indentations assays, and independently through viscoelastic modeling of QCM-D data (Sup-
plementary figure 5.12) and optical modeling of ellipsometry data on identically prepared FG
domain films. The stronger the cohesiveness the thinner and denser the film.

A polymer meshwork should become stiffer when increasing the concentration or in-

teraction strength. For thin, homogeneous films, the elastic compliance (or inverse of

93



5 Cohesiveness tunes assembly and morphology of FG repeat domain meshworks

Figure 5.4: Cohesiveness leads to stiffer FG domain films: A parametric plot of
ΔD/ − Δf vs. −Δf monitored by QCM-D during film formation, provides an estimate of
the evolution of the elastic compliance (inverse of stiffness) of FG domain monolayers with
coverage. Differences in the mechanical properties of the FG domain films can be clearly
discriminated by this plot. To evaluate the contribution of phenylalanines to the stiffness of
Nsp1-WT meshworks, we included additionally an Nsp1 construct in which exclusively pheny-
lalanines were mutated to serines (Nsp1-F→S). Nsp1-F→S and Nsp1-FILV→S exhibited very
similar curves, indicating that the F→S mutation is sufficient for the loss of cohesivity com-
pared to Nsp1-WT.

stiffness), J ′, can be estimated directly from QCM-D data [24, 36]. Figure 5.4 displays

the evolution of the ratio of QCM-D dissipation and frequency shifts, ΔD/−Δf , which is

proportional to J ′/ρ, where ρ is the film density, during the process of film formation. All

curves exhibited a monotonous decrease in ΔD/−Δf with increasing absolute frequency

shifts (or surface coverage), consistent with a gradual increase in protein concentration

and perhaps even attractive interactions within the films [24]. The magnitudes of the

ΔD/ − Δf values varied significantly between FG domain types, indicating that film

stiffness indeed depends on the quality of the respective FG domain. Nup98-glyco and

Nsp1-FILV→S formed the most rigid and soft films, respectively, while Nsp1-WT formed

films of intermediate rigidity, consistent with the trends observed for film compaction

and film formation kinetics. Interestingly, we could not find any difference in stiffness
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between Nsp1-FILV→S and another Nsp1 construct in which exclusively phenylalanines

were mutated to serines (Nsp1-F→S). This indicates that F is essential for formation of

the cross-links that make Nsp1-WT stiffer than its mutant forms, whereas I, L and V,

which together contribute only 19% of the total content in hydrophobic amino acids of

the Nsp1 FG domain, only play a subordinate role.

5.2.3 Lateral homogeneity of and chain mobility in FG domain

meshworks

To test how the nature of the FG domains affects the supramolecular organization along

the surface plane, we imaged FG domain films at selected grafting densities by AFM

(figure 5.5). Nup98-glyco films at grafting densities of 12 and 9 pmol/cm2 (figure 5.5A

and B) appeared overall homogeneous. Small-scale surface corrugations with a charac-

teristic lateral length scale of about 20 nm could be clearly imaged, whereas any feature

of smaller size eluded imaging. When decreasing the surface density to 5.4 pmol/cm2

(figure 5.5C), depressions appeared. The depressions were shallow yet their diameter of

typically about 100 nm was already several times wider than the transport channel of

NPCs. When further decreasing the grafting density, the film became very heteroge-

neous, showing holes of several 100 nm in diameter (figure 5.5D). We believe that these

holes traverse the film completely, even though the apparent depth of the holes in fig-

ure 5.5D (approximately 5 nm) is likely to be smaller than the unperturbed thickness of

the surrounding film. Most likely, the discrepancy arises because the FG domain film

is transiently compressed upon encounter with the AFM probe, even under the gentlest

imaging conditions. Indeed, we observed the measured depth of the holes to sensitively

depend on the imaging conditions, i.e. a subtle decrease in the AFM cantilever’s set-

point amplitude, which is a measure of the pressure that the AFM probe exerts on the

film, entailed a significant further reduction (by a few nm) in apparent depth (data not

shown).

Despite the films’ compliance, the lateral surface features of all Nup98-glyco films

95



5 Cohesiveness tunes assembly and morphology of FG repeat domain meshworks

varied only little, if at all, upon repeated imaging for extended times (up to one hour).

Measurements by fluorescence recovery after photobleaching (FRAP; figure 5.6A) con-

firmed that SLB-bound Nup98-glyco domains have no detectable lateral mobility.

The stability of film morphology is direct evidence that inter-chain interactions within

end-grafted Nup98-glyco assemblies are sufficiently strong to drive self-organization into

temporally stable and rather dense hydrogel phases at the nm scale. If the grafting

density is too low, the hydrogel phase is disrupted. In contrast, if the density is suf-

ficiently high, a laterally homogeneous hydrogel can form. Nsp1-WT films, formed at

6.6 pmol/cm2, were laterally homogeneous but exhibited some apparent roughness (fig-

ure 5.5E). In contrast to Nup98-glyco, the surface features varied strongly upon repeated

imaging, indicating that the grafted Nsp1-WT molecules retain sufficient mobility to re-

organize rapidly. Images of Nsp1-WT and Nsp1-FILV→S films at 5.5 pmol/cm2 appeared

so smooth that they were indistinguishable from images of a pure SLB (figure 5.5 F), i.e.

they were too soft to be imaged and readily penetrated by the AFM tip. Complemen-

tary FRAP measurements provided direct evidence that lateral mobility is retained for

Nsp1-WT and Nsp1-FILV→S (figure 5.6B and C). Clearly, the cohesiveness of Nsp1-WT

(as well as Nsp1-FILV→S) is too weak to drive the formation of stable aggregates in

FG domain monolayers. This result is in obvious contrast with the observation of stable

Nsp1-WT hydrogels at the macroscopic level [14, 15].

Figure 5.5: Grafting density and cohesiveness influence the morphology of FG
domain assemblies (right page): Images by AFM of different FG repeat domain films. The
left column shows low magnification images (2.5× 1.25μm2). The right column shows images
at higher magnification (1× 0.5μm2), which were either obtained by digital zoom (from zones
encased by orange solid lines in the left column) or by imaging at a higher resolution. Nup98-
glyco films at a grafting density of (A) 12 and (B) 9 pmol/cm2 show a homogeneous surface
with a distinct and stable small-scale morphology. (C) At 5.4 pmol/cm2 shallow depressions of
typically 100 nm width and a few nm in depth appear. (D) At 4.0 pmol/cm2 the film becomes
highly heterogeneous, with holes of several 100 nm in width that are likely to fully traverse the
film. (E) Nsp1-WT films at 6.6 pmol/cm2 appear homogeneous with some apparent roughness
that could not be imaged stably. (F) Control image of a pure SLB. Color bar: false color
coding of relative heights; scale bars: 200 nm; insets show height profiles of selected scan lines
(white dashed lines). AFM measurements were performed by Ralf Richter, CICbiomaGUNE,
San Sebastian, Spain.
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Figure 5.5
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5 Cohesiveness tunes assembly and morphology of FG repeat domain meshworks

Figure 5.6: Lateral mobility of FG domain films: Measurements by fluorescence recov-
ery after photobleaching (FRAP). (A) Nup98-glyco, even at a relatively low surface coverage
(5.4 pmol/cm2), did not show any significant recovery of the bleached central spot within
30min. (B) In contrast, a slow yet significant recovery, was observed for Nsp1-WT even at
close-to-maximal surface density, demonstrating that the FG domains are laterally mobile
within the film. (C) Also Nsp1-FILV→S showed recovery, which was quicker and almost com-
plete within 30min. Scale bar: 30μm.

5.2.4 Energy of film compaction

Cohesive interactions effectively lower the free energy of grafted FG domain chains. In

the cases of no or weak cohesiveness (i.e. χ ≥ 0.5), mean field theory [37] predicts a free

energy increase (in units of thermal energy kBT ) of E ≈ 2h2/ (Nb2) upon confinement

of a chain in the brush, where b is the statistical (Kuhn) segment length (b = 0.76 nm,

i.e. twice the contour length of an amino acid in polypeptides) and N is the number

of segments (or half the number of amino acids) per chain. The AFM results for h

(figure 5.3B) correspond to free energies of 14± 5, 8± 5 and 4± 2 kBT , respectively,

for Nsp1-FILV→S, Nsp1-WT and Nup98-glyco. The value for Nup98-glyco should be

considered an upper bound, because this FG domain forms only a weak brush, i.e. at
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the borderline to a disrupted film, under the employed surface coverage (figure 5.5C).

Figure 5.7: Quantification of the energy for FG domain film compaction from
binding rates: Activation energies Ea were determined from the FG domain binding rates
dΓ/dt in figure 5.2 as a function of grafting density Γ through dΓ/dt = cA exp (EA/kBT ),
where c = 0.9μM is the concentration of FG domains in the bulk solution. Following the
theoretical considerations for the formation of brushes by Ligoure and Leibler [34], we set
A = 6π2/21/3 × kBTMW /

(
η0NAρb

5N2
) ≈ 4.13mol m s−1 g−1 MW /N2 η0 = 0.9mPa s is

the solution viscosity, NA = 6.02 × 10−23mol−1 is Avogadro’s number, ρ = 1.3 g/cm3 is the
protein partial specific volume [38], b = 0.76nm is the statistical (Kuhn) segment length (or
twice the contour length of an amino acid), N is the number of segments (or half the number
of amino acids) per FG domain chain, and Mw the FG domain molecular weight. As long as
binding is limited by the permeation of an incoming molecule through the FG domain film
(solid lines), the activation energy is equivalent to the free energy increase associated with
partitioning and stretching of the chain in the film. In the limits of low and high coverage
(dashed lines), mass transport limitations and saturation of the Ni2+-NTA binding sites on the
SLB, respectively, impose an upper limit on the experimentally accessible activation energies.
The differences between the activation energies for Nsp1-FILV→S on one hand, and Nsp1-WT
or Nup98-glyco on the other, correspond to the energies of film compaction due to cohesiveness.
At 5 pmol/cm2, it amounts to 3 kBT for Nsp1-WT and ≥ 7 kBT for Nup98-glyco.

Provided that binding is limited by the FG domain film, the free energy increase

can also be related to binding rates (figure 5.2A) through Arrhenius’ law, dΓ/dt =

A exp (E/kBT ) [34]. The pre-factor A depends only weakly on the FG domain type, and

we estimate energy gains of 3 and 7 kBT for Nsp1-WT and Nup98-glyco, respectively,

compared to Nsp1-FILV→S, at Γ = 5pmol/cm2 (figure 5.7). The value for Nup98-glyco

is a lower limit, because binding of this FG domain remained mass transport limited until

higher grafting densities. Both approaches for the estimation of energy gains produce
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5 Cohesiveness tunes assembly and morphology of FG repeat domain meshworks

similar results. They reveal that the average free energy cost per amino acid, or per FG

unit of typically 15 to 20 amino acids, for film compaction is rather small, typically on

the order of 0.01, or 0.1 kBT , respectively.

5.3 Discussion

We have used monolayers of selected types of FG domains to study the effect of cohe-

siveness on the morphology of FG domain assemblies at the nanoscale. The monolayers

mimic the conditions in the native NPC as FG domains are end-grafted to a surface at

comparable densities. Under these conditions, cohesiveness drastically affected various

film properties, i.e. formation kinetics, morphology (thickness and lateral homogeneity),

chain mobility and mechanical properties. Importantly, the observed morphologies, and

their dependence on cohesiveness, are in good qualitative agreement with theoretical

predictions for regular, flexible polymer chains (figure 5.1B). Our study provides evi-

dence that theoretical concepts for regular, flexible polymers are pertinent to predict the

self-organization behavior of FG domains. We propose that such concepts are useful to

better understand the permeability barrier’s mechanism of function.

5.3.1 Impact of cohesiveness on the morphology and implications

for the size selectivity of the permeability barrier

Applying these theoretical concepts to the topology of the NPC transport channel - a

cylinder that is short, i.e. the diameter roughly equals the length - and considering that

the grafting density in our planar systems is comparable to that in the native NPC,

different morphologies would be expected as a function of cohesiveness between polymer

chains (figure 5.8). Without cohesiveness, a continuous polymer meshwork would occupy

the entire channel and pervade a rather large space around the channel entrances (fig-

ure 5.8A). Balanced inter-chain interactions induce compaction into a denser meshwork
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(figure 5.8B). If the cohesiveness becomes too strong, i.e. at free energy gains well be-

yond a few kBT per chain, the continuity of the meshwork is disrupted. Polymer chains

may form a collapsed phase near the wall (figure 5.8C), as experimentally observed on

planar surfaces (figure 5.5C and D), or become partially stretched close to the wall and

collapsed at the channel’s center [28, 39, 40].

Figure 5.8: Impact of cohesiveness on the supramolecular FG domain assembly in
the NPC topology: Scheme of a cross section along the channel axes, based on predictions
from polymer theory for flexible, grafted polymers. (A) If the inter-chain interactions are only
weakly attractive or repulsive, an extended brush forms, and chains entangle into a meshwork
with a characteristic mesh size. (B) With moderate inter-FG-domain interactions, the mesh-
work becomes denser; the characteristic mesh size and the size-exclusion limit decrease. (C)
Strong inter-chain interactions generate a discontinuous and leaky meshwork that fails to fill
the entire channel. Tuning the cohesiveness of FG domains hence provides a robust strategy
to optimize the size-selectivity of the nuclear pore permeability barrier.

The performance of these morphologies as permeability barriers would differ dras-

tically. Size selectivity would be almost completely lost in the scenario shown in fig-

ure 5.8C, because even rather large molecules can rapidly diffuse through spaces that

are not occupied by the FG domain meshwork. The assemblies sketched in figure 5.8A

and B should both feature size-selective permeability, albeit to a different extent [24,

31, 32]. To a first approximation, both assemblies can be characterized by an average

mesh size. Molecules smaller than the mesh can readily permeate the FG domain as-

sembly, whereas the diffusion of larger molecules is slowed down [31, 32]. In meshworks

of flexible polymers, the mesh size is predicted to decrease with polymer concentration

with a power between 3/4 and 1, depending on χ [30, 31, 32]. Consequently, the roughly

two-fold increase in FG domain concentration that we observed between non-cohesive
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Nsp1-FILV→S and strongly cohesive Nup98-glyco (at identical grafting density) would

translate into a decrease in the mesh size by 40% or more. This simple estimate illus-

trates that a compaction of the FG domain meshwork through inter-chain interactions

(figure 5.8B) can decrease the size-exclusion limit for inert proteins considerably. We

would like to stress that the improvement in size selectivity through film compaction

is expected to persist even if the individual inter-chain interactions (or cross-links) are

very short lived. In such a ”compacted meshwork”, the size-exclusion limit arises pre-

dominantly from the mutual confinement of interpenetrating polymer chains [31, 32].

With increasing stability, cross-links can add another quality to the meshwork, i.e. they

improve size selectivity further, because they enhance the spatial confinement of chains

and thereby stabilize the meshes [31]. Whether compaction alone is sufficient or stable

cross-links, as they are formed in a hydrogel, are also required to accomplish the degree

of size-selective permeability that is characteristic for the NPC remains an open question

to be addressed in future work.

Based on our experimental results and polymer theory concepts, we conjecture that

the formation of a dense and continuous pore-filling phase of FG domains is a viable

strategy to create a barrier that effectively excludes inert molecules based on their size.

Tuning of the overall cohesiveness emerges as a robust and efficient way to generate such

architecture for the grafting densities and FG domain contour lengths that are typical in

NPCs. At the same time, such a phase would enable translocation of NTRs, according

to the selective phase model, as previously demonstrated in vitro with macroscopic FG

domain hydrogels [15, 22, 41] and reconstituted NPCs [18]. In the presence of NTRs, FG

domain meshworks were found to have enhanced size selectivity [25, 42]. Further studies

on FG domain monolayers should aim at understanding how NTRs affect the morphology

[23, 43], size selectivity, and mechanical properties [24] of FG domain meshworks.
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5.3.2 FG domains can form nanoscopic hydrogels

Structural characterization by AFM (figure 5.5A –C) and FRAP analysis (figure 5.6C)

provide strong evidence that, in physiological buffer, end-grafted Nup98-gyco assembles

into stable hydrogels. This implies that certain FG domains can retain hydrogel prop-

erties even in assemblies with dimensions comparable to the NPC, where the size of the

assembly is only a few times larger than the native extension of the individual molecules

in isolation. This is, however, not the case for all FG domains, and Nsp1 is a case

in point: films of end-grafted Nsp1-WT remained fluid - irrespective of whether they

were grafted through the C-terminus (figure 5.5E and figure 5.6B) or the N-terminus

[23] - even though this FG domain forms stable macroscopic hydrogels [14]. Amyloid

type structures [17] and a hierarchical structural organization [44] have been reported

in the macroscopic Nsp1-WT hydrogels. The distinct physical state of Nsp1-WT films

suggests that these complex structural features may not be retained in nanoscale Nsp1-

WT assemblies. Constraints in molecular orientation imposed by grafting and/or effects

of scale might inhibit their development. Future studies with other FG domain types

should be useful to test how widespread the formation of stable hydrogels in end-grafted

films is, and if the contrast between macroscopic and nanoscopic behavior is unique to

Nsp1. The recent finding that Nup98-glyco but not Nsp1 FG domains can restore a

selective permeability barrier in NPCs reconstituted from partially FG-domain-depleted

Xenopus egg extracts [18], whereas both FG domains form highly selective macroscopic

hydrogels [14, 15, 18, 22], suggests that the ability to form a nanoscopic hydrogel might

well have functional significance.

5.3.3 Impact of cohesiveness on NPC biogenesis and stability

Figure 5.2 demonstrates that cohesiveness can greatly facilitate the assembly of end-

grafted FG domain meshworks. Because the NPC is a self-assembled architecture, this

effect might be important for the rate of NPC biogenesis. Moreover, stretching of grafted
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chains in a brush at NPC-relevant grafting densities entails entropic penalties that can

readily amount to 10 kBT or more. Unless equilibrated by cohesive inter-chain inter-

actions, this penalty decreases the stability of FG domain anchorage. We therefore

propose that cohesiveness facilitates (and might even be essential for) the correct and

timely assembly and for the stability of the permeability barrier. Indeed, a non-cohesive

Nup98-FIL→S mutant, were F, I and L residues were mutated to serines, was found to

require higher concentrations for efficient incorporation into reconstituted NPCs than

wild type Nup98-glyco [18].

5.3.4 Impact of heterogeneities on the performance of the

permeability barrier

We argued above that a continuous pore-filling meshwork is required for the correct

function of the permeability barrier. This meshwork, however, may not be entirely

homogeneous. For example, it is well known that the density of polymers in planar

brushes exhibits a parabolic profile in the direction normal to the surface [45, 46]. Spatial

variations in the FG repeat density might very well occur inside the NPC, both along and

perpendicular to the channel axis, owing to the geometrical constraints of the channel

[39, 47]. Variations in FG repeat density and cohesiveness within [17, 29] and between

[16] individual FG domains might contribute further heterogeneities, as illustrated by a

recent simulation study [47].

In particular, such variations could explain the results by Ma et al. (2012) who pro-

posed preferred transport paths for inert molecules and NTRs, respectively, that were

spatially separated yet interdependent [48]. Recent simulations by Osmanovic et al. (2012)

suggest that tuning of cohesiveness sensibly affects the distribution of FG repeats per-

pendicular to the channel axis [40]. We conclude that the results by Ma et al. (2012)

do not represent firm evidence against the selective phase model, as had been proposed

by the authors. Instead, we conjecture that the location of transport paths may vary
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between cellular species as a function of the fine tuning of cohesive interactions, but that

the existence of a preferred path at a precise location is not essential for the functionality

of the permeability barrier.

Cohesiveness of FG domains and the position of FG domains in the NPC might also be

interconnected to further optimize size and species selectivity of the permeability barrier.

For example, FG domains that are located at the periphery of the permeability barrier

might be less cohesive, to occupy a larger volume for catching NTRs from solution, while

FG domains in the center could show stronger cohesion to form a tight and highly size

selective meshwork [16].

Clearly, such heterogeneity effects cannot be captured by simple theories of flexible

polymers. Their understanding is likely to require more sophisticated theoretical [40,

49] and experimental approaches that consider explicitly the heterogeneous primary

structure of FG domains and/or the topology of NPCs. We have therefore intentionally

chosen to keep our comparison between theory and experiment largely on a qualitative

level. However, we propose that the simple conceptual approach presented here captures

essential features underlying the function of the permeability barrier.

To summarize, we have demonstrated that FG domain monolayers show different film

formation kinetics, morphologies, dynamics, and mechanical properties depending on

the type of employed FG domain. In agreement with predictions from polymer theory

we attribute these findings to different degrees of cohesiveness between FG domains.

Based on the analysis of our data in terms of simple theoretical concepts for assemblies

of flexible polymers, we propose the formation of a compact FG domain assembly that

fills the entire pore - a compacted meshwork - as a key design principle for a functional

permeability barrier. Tuning of inter-chain interactions, within the range of a few kBT

of free energy per chain, emerges as a robust and effective tool to optimize functionality.

It should be beneficial for the biogenesis and stability of NPCs, and useful as a design

rule for the engineering of man-made species-selective filtering devices.
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5.4 Methods

5.4.1 Proteins and buffer

We used the following FG domains: Nsp1-WT (amino acids 2 to 601; 62.1 kDa), Nsp1-

F→S (58.8 kDa), Nsp1-FILV→S (57.9 kDa), and Nup98-glyco (amino acids 1 to 485,

with about 30 O-GlcNAc modified Ser and Thre residues per chain (2); 55.3 kDa) with-

out His-tag; Nsp1-WT (64.1 kDa), Nsp1-F→S (60.8 kDa), and Nsp1-FILV→S (60.4 kDa)

with C-terminal His10-tag; and Nup98-glyco (58.8 kDa) with N-terminal His14-tag. FG

domains with and without a His-tag were purified as described earlier [22, 23]. To obtain

fluorescently labeled FG domains, the N-terminal cysteine of the Nsp1 FG domain con-

structs and the C-terminal cysteine of Nup98-glyco were reacted with Atto488-maleimide

and purified by high-performance liquid chromatography as described previously [15]. All

FG domains were stored at a concentration of 10mg/ml in 50mM Tris pH 8 and 6M

guanidine hydrochloride (GuHCl) at -80 �C. Prior to use, the FG domains were diluted

in working buffer (10mM Hepes, pH 7.4, 150mM NaCl) to desired concentrations. The

dilutions were chosen such that the residual concentration of GuHCl in the final solution

was below 75mM.

5.4.2 Surfaces

Silica-coated QCM-D sensors (QSX303, Biolin Scientific, Vaestra Froelunda, Sweden)

and silicon wafers with a native oxide layer of less than 2 nm thickness (University

Wafers, South Boston, MA, USA) were cleaned by immersion in a 2% sodium dodecyl

sulfate solution for 30min, rinsing with ultrapure water, blow-drying with nitrogen, and

exposure to UV/ozone (BioForce Nanosciences, Ames, IA, USA) for 30min. Glass cover

slips (#1.5, 24× 24mm2; Menzel Glaeser, Thermo Scientific, Germany) were immersed

in freshly prepared piranha solution, i.e. a 1:3 (v/v) mixture of 50% H2O2 and concen-

trated H2O2 for 1 h, rinsed with ultrapure water, and blow-dried with nitrogen. Cleaned

substrates were stored in air and again exposed to UV/ozone (30min) prior to use.
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5.4.3 Preparation of lipids and lipid vesicles

Lyophilized dioleoylphosphatidylcholine (DOPC) was purchased from Avanti Polar Lipids

(Alabaster, AL, USA). Lipid analogues with chelator headgroups comprising either two

or three nitrilotriacetic acid moeieties (bis-NTA or tris-NTA, respectively) [33] were

kindly provided by J. Piehler (University of Osnabrueck, Germany). Lipid vesicles were

prepared as described earlier [33, 50]. Before use, vesicle suspensions were diluted to

50 �g/mL in working buffer containing 10mM NiCl2.

5.4.4 Quartz crystal microbalance with dissipation monitoring

(QCM-D)

QCM-D measures changes in resonance frequency, Δf , and dissipation, ΔD, of a sensor

crystal upon interaction of (soft) matter with its surface. The QCM-D response is

sensitive to the mass (including hydrodynamically coupled water) and the mechanical

properties of the surface-bound layer [51]. To a first approximation, a decrease in Δf

indicates a mass increase, while high (low) values of ΔD indicate a soft (rigid) film.

Adsorption processes were monitored in situ with sub-second time resolution. QCM-D

measurements were performed with a Q-Sense E4 system (Biolin Scientific). The system

was operated in flow mode with a flow rate of typically 20 �L/min using a syringe

pump (KD Scientific, Holliston, MA, USA). The working temperature was 23 �C. Δf

and ΔD were measured at the fundamental (n = 1) and typically 6 overtones (n =

3, 5 . . . 13), corresponding to resonance frequencies of fn ≈ 5, 15, 25 . . . 65MHz. Changes

in dissipation and normalized frequencies, Δfn/n, for n = 5 are presented.

5.4.5 Spectroscopic ellipsometry (SE)

SE (M2000V, Woollam, NE, USA) on silicon wafers was performed using an open fluid

cell with continuously stirred sample solution, and data were fitted with the software

CompleteEASE (Woollam, NE, USA ) using a model of multiple optically homogeneous
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layers, as previously described [23, 52]. The FG domain film was treated as a transparent

Cauchy medium with optical thickness dopt and wavelength-dependent refractive index

n. The FG domain grafting density was determined through de Fejter’s equation [53],

Γ = doptΔn/MW×dn/dc, whereMW is the molecular weight, and Δn the (approximately

wavelength-independent) difference in refractive index between film and buffer solution.

We used a refractive index increment of dn/dc = 18 cm3/g. Error bars for dopt in

figure 5.3B correspond to 90% confidence intervals, as automatically calculated by the

fit algorithm implemented in the CompleteEASE software.

5.4.6 Quantification of mass transport limited FG domain

adsorption rates

In our experimental in situ ellipsometry setup, i.e. a flat surface opposite a rotating stir-

rer, transport of molecules to the film can be adequately described by diffusion through

an unstirred layer next to the surface [54]. The mass transport limited adsorption rate

of FG domains can be estimated from a reference measurement of an adsorption process

that is limited by mass transport and that occurs under identical stirring conditions [54]:

(
∂Γ

∂t

)
FG

=

(
Rref

RFG

)2/3
[FG]

[ref]

(
∂Γ

∂t

)
ref

.

We chose the adsorption of avidin with a concentration of 0.1 �M to a biotinylated

SLB [55] as the reference and measured an adsorption rate of (∂Γ/∂t)ref = 2.07 ±
0.12 pmol/cm2/min (mean± standard deviation from three measurements). The Stokes

radius for avidin is Rref = 3.4 nm, and we estimate RFG to be between 3.5 and 8.7 nm,

based on reported values for other FG domains [20, 29] and other intrinsically disor-

dered or chemically denatured proteins [56, 57]. These considerations lead to a mass

transport limited adsorption rate for FG domains between 7.6 and 21.5 pmol/cm2/min

at a bulk concentration of 0.9± 0.1 �M. This range is represented as a gray-shaded area

in figure 5.2A.
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5.4.7 Atomic force microscopy (AFM)

Imaging and nanoindentation measurements were performed on a NanoWizard II AFM

(JPK, Berlin, Germany) using oxide-sharpened Si3N4 probes (NP-S, Veeco, CA, USA)

with a nominal cantilever spring constant of 0.06N/m. The real spring constant, deter-

mined through the thermal noise method, was 0.10N/m. Sample films were prepared

on silicon wafers, following the same incubation steps as previously established by SE

(figure 5.2 and supplementary figure 5.11), although in still solution. Complementary

SE measurements confirmed that stirring does not significantly affect the final adsorbed

amounts for the incubation times used (1 h or more).

AFM images were acquired in tapping mode in solution. The drive frequency was

typically between 10 and 20 kHz, and the free amplitude of the cantilever was set to

about 30 nm. To ensure a soft approach to the sample, the setpoint amplitude was

decreased manually, in steps of a few Å, until the surface could be tracked. Scan speeds

of 2 to 20 �m/s were employed.

Nanoindentation assays were performed in working buffer solution. Deflection vs.

displacement curves were typically acquired at approach speeds of 500 nm/s and maximal

loads of 1 nN, and converted into force vs. distance curves with JPK Data Processing

software. We compared only force curves that were acquired with the same tip, in order

to minimize the effect that variations in the shape of the AFM probe may have on

indentation. Reference force curves were acquired on a control surface – an SLB that

lacked FG domain coating - before and after indentation of each FG domain film. Only

indentation series which reproducibly showed a small interaction distance (≤ 5 nm) on

bare SLBs were accepted. A force curve was considered representative, when it could

be reproduced upon repeated indentation at the same spot and at different spots on the

same sample. For further analysis, and display in figure 5.3a, 6 to 12 curves were taken

with the same AFM probe on the same or different spots on a given FG domain film and

averaged. To quantify the onset of repulsive forces, data around the estimated contact
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point were fitted with a polynomial; the onset was then taken as the distance at which

the force exceeded baseline level by 15 pN.

5.4.8 Fluorescence recovery after photobleaching (FRAP)

FRAP measurements were performed with a confocal laser scanning microscope (LSM

510, Zeiss, Germany) using an argon laser (λ =488 nm), a plan-apochromat 63×/1.4

oil immersion objective and a completely opened pinhole (1mm diameter). FG domain

films were assembled on glass cover slips, from protein solutions containing approximately

1mol-% Atto488-labeled FG domains. The image size was set to 119× 119 �m2. After

acquiring several pre-bleach images of the fluorescently labeled FG domain monolayer,

a circular region with a radius of 10�m in the center of the imaged area was bleached

through brief exposure (3 to 8 s) to high laser intensity. More than 60% bleaching in

the center of the exposed region was achieved. Fluorescence recovery due to lateral dif-

fusion of bleached (unbleached) FG domains out of (into) the bleached region was then

monitored through acquisition of post-bleach images over a period of up to 4 h.
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5.5 Supplementary Information

Figure 5.9: FG domains are anchored specifically and stably through their terminal
His-tags to NTA-functionalized SLBs: (A) SLB formation monitored by QCM-D. Silica
surfaces in working buffer were exposed to 50μg/mL SUVs made of 90mol-% DOPC and
10mol-% bis-NTA-functionalized lipids. Start and duration of the incubation is indicated by
an arrow. The two-phase behavior together with the final changes in frequency and dissipation
of Δf = -28Hz and ΔD < 0.3 10−6, respectively, characterizes the formation of an SLB of
good quality [58]. The minor shifts in Δf and ΔD at about 44min are due to the removal of
NiCl2 from the solution during rinsing in working buffer. (B) Formation of FG domain films
was monitored by QCM-D on SLBs formed from SUVs containing either a mixture of 90mol-%
DOPC and 10mol-% bis-NTA-functionalized lipids (solid lines), or only DOPC (dotted lines).
Baselines (i.e. Δf =ΔD = 0) correspond to the responses for bare SLBs. Start and duration of
incubation steps with different samples are indicated with solid arrows on top of the plot. After
each incubation step, the solution phase was replaced by working buffer. Strong changes in
frequency and dissipation upon incubation with different His-tagged FG domain species (listed
in the legend) at 45μg/mL (i.e. 0.7μM Nsp1-FILV→S, Nsp1-F→S and Nsp1-WT and 0.8μM
Nup98-glyco) on NTA-functionalized SLBs reflect the formation of soft and hydrated films. No
changes in Δf and ΔD for Nsp1-derived FG domains and minor changes for Nup98-glyco upon
rinsing in buffer (rinsing of Nup98-glyco was performed at 25min, i.e. earlier than for the other
species; orange arrowhead) indicate stable grafting. After exposure to 500mM imidazole at
pH 7.4, Δf and ΔD return to baseline levels, demonstrating specificity of binding. Changes in
Δf and ΔD upon exchange from imidazole containing solution to pure working buffer do not
reflect any changes on the surface but result from a change in the viscosity and/or density of
the surrounding solution owing to the presence of imidazole. When exposed at 90μg/mL (i.e.
1.5μM Nsp1-FILV→S, Nsp1-F→S, and Nup98-glyco and 1.4μM Nsp1-WT) to SLBs made
of pure DOPC, none of the His-tagged FG domains induced appreciable QCM-D responses,
confirming that the FG domains do not bind to SLBs that lack NTA functionality.
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Figure 5.10: All FG domains in the films are anchored to the SLB: SLBs with 10 mol-
% bis-NTA functionalized lipids were formed and incubated with His-tagged FG domains at a
concentration of 23μg/mL (0.4μM). Incubation was interrupted, by rinsing in working buffer,
when frequency shifts reached between 50 and 70% of the maximal frequency shifts observed
in figure 5.9B. No changes in Δf and ΔD were observed when the films were subsequently
incubated with the same FG domain types lacking the His-tags at identical concentration. We
conclude that homophilic interactions or entanglements are not sufficient to entrap individual
FG domains stably in the films. All stably bound FG domain molecules must hence be anchored
to the SLB.
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Figure 5.11: Tuning FG domain surface density: FG domain films with defined and
reproducible grafting densities (indicated on top of each plot) were obtained by tuning the va-
lency (bis or tris) and fraction (in mol-%) of NTA-functionalized lipids in the SUVs from which
the SLBs were formed (indicated in each plot). FG domains were incubated at concentrations
of 56μg/mL (1.0μM) for Nup98-glyco and 113μg/mL (1.8μM) for Nsp1-WT and (1.9μM)
Nsp1-FILV→S.
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5 Cohesiveness tunes assembly and morphology of FG repeat domain meshworks

Figure 5.12: FG domain film thickness determination from QCM-D data: Film
thickness was estimated by fitting the QCM-D data for all overtones to a continuum viscoelas-
tic model [59] with the software QTM (D. Johannsmann, Technical University of Clausthal,
Germany [60]; option ”small load approximation”), as described in detail elsewhere [24]. The
model relates the measured QCM-D responses, Δf and ΔD as a function of the overtone num-
ber, to the viscoelastic properties and the thickness of the surface-confined film [24, 51]. The
figure shows the final QCM-D responses (symbols) for the formation of FG domain films of
about 5 pmol/cm2 (see figure 5.11B for film formation conditions; FG domain type is indicated
in the plot) together with the best fits (lines) as a function of overtone i. Resulting film thick-
nesses are shown in figure 5.3B, where error bars correspond to joint confidence regions with
a confidence level of one standard deviation, and were determined as described in Ref. [24].
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6 Towards construction of FG repeat domain

pores as a model system

6.1 Introduction

In the preceding chapters, we demonstrated that continuous FG repeat domain films

constitute, despite their simplicity, a valuable model system of the interior of the per-

meability barrier of NPCs. A more elaborated model system of NPCs, however, would

be artificial FG repeat domain pores, i.e. pores that have the dimensions of an NPC

(diameter and length around 30 – 50 nm) and which are selectively functionalized with

FG repeat domains (as illustrated in figure 6.1). Such a model system would allow to

access other parameters such as flux of inert proteins and NTRs across the pores. More-

over, in this model system the pores could be entirely functionalized with selected types

of FG repeat domains, including artificially generated FG repeat domains or mutants.

This could would give further insights into the mechanism of selectivity of NPCs.

There are only a few studies in which work with artificial FG repeat domain pores was

reported. One of them is the study by Jovanovic-Talisman et al. (2008) [1]. Briefly, a

commercially available porous polycarbonate membrane served as the porous substrate.

A thin gold layer was sputtered onto this substrate and Nsp1-WT was bound to the gold

via a C-terminal Cys. The polycarbonate membrane was then dried. A double-sided

sticky tape with a hole was attached to a microscope cover slip and the hole was filled

with a solution of permeation probes. Then the functionalized polycarbonate membrane

was sandwiched between the double-sided sticky tape and the open top compartment.
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6 Towards construction of FG repeat domain pores as a model system

Figure 6.1: Schematic illustration of a measurement setup with artificial FG-
repeat domain pores: In general, the measurement setup for the detection of transport
processes across artificial FG-repeat domain pores would consist of the following core items:
(1) A porous substrate separates a top and a bottom compartment. (2) The pores of the sub-
strate have dimensions of the transport channel of an NPC (30 - 50 nm) and are functionalized
with FG-repeat domains. (3) The porous substrate, the top compartment, and the bottom
compartment are part of a measurement chamber. If permeation probes are added to one of
the compartments, transport across the pore will occur. (4) A calibrated detection system is
needed to quantify this transport. (5) The complex data needs to be processed before (6) it
can be fitted to a theoretical model and the parameters of interest can be extracted.

Finally, the top compartment was filled with buffer solution. The flux of fluorescent pro-

teins across the pores was monitored by confocal microscopy as a decrease in fluorescence

intensity in the bottom compartment.

Although, from the bio-inspired engineering point of view, the report by Jovanovic-

Talisman et al. (2008) was impressive and a mile-stone in creation of artificial model

systems of the NPC’s permeability barrier, the reported protein selectivity of the artificial

pores was far below to the selectivity properties of a native NPC. Hence, it remains a

task for the future to create a measurement setup with artificial FG repeat domain

pores that prove to have a protein selectivity comparable to native NPCs. In this thesis

chapter, we will report important steps towards this goal.
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6.1 Introduction

To start with, the introduction will be followed by a section about the theoretical

predictions for the flux across artificial FG repeat domain pores and mathematical for-

mulae, relevant for determination of the selectivity of artificial pores, will be elaborated.

Moreover, we will consider two different kind of measurement chambers (see figure 6.2).

One will be a simple measurement chamber with stagnant solutions in two compartments

which are separated by a porous membrane. The other one will be a more elaborated

measurement chamber, were two channels, to which flow can be applied, are separated

by a porous membrane. In addition, from this chapter we will learn, that there are

intrinsic limitations in such measurement setups. Plans to circumvent these limitations

in the future will be presented.

Figure 6.2: Schematic illustration of two designs for measurement chambers: Pro-
vided are two cross sections of two different measurement chambers that could be designed for
the measurement set-up of artificial FG repeat domain pores. (A) A simple chamber with stag-
nant solution in which no flow can be applied (here illustrated with an open top compartment
that allows for solution exchange by pipetting). (B) A measurement chamber which allows to
(temporarily) apply a flow to one or both compartments (flow is illustrated by arrows in the
bottom compartment and with a crossed circle in the top compartment).

As a second step towards the construction of artificial FG repeat domain pores, we

created measurement setups with pores that are not yet functionalized. This was an

important step and allowed to experimentally verify some of the predictions about the

net flux across a porous substrate made by theory. In addition, we will demonstrate that

we established a well aligned measurement setup and a data processing routine. These
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6 Towards construction of FG repeat domain pores as a model system

results are important prerequisites for future measurements with a setup with pores that

are functionalized with FG repeat domains.

In order to have pores which are filled with FG repeat domains, we will present our

advancement in functionalizing the porous substrate, in section 6.4. As an alternative to

the work of Jovanovic-Talisman et al., we chose to sputter a thin layer of SiO2 and to

functionalize it with a His-tag capturing layer. Our data suggests that sputtering SiO2

to the substrate lead to circular pores of the desired diameter. Moreover, Nsp1-WT

could be grafted specifically via its His-tag at sufficient grafting density. Also the effect

of drying and rehydration of an Nsp1-WT film immobilized onto the substrate (a step

which might be necessary in the measurement assembly) was tested.

6.2 Theoretical predictions for the diffusion across a

porous membrane

In our measurement chamber, a porous membrane will divide a top and a bottom com-

partment. Initially, the bottom compartment is filled with a solution of permeation

probes (i.e. proteins) and the top compartment is filled with a solution without per-

meation probes. As a consequence of the concentration gradient, there will be a net

flux of permeation probes across the pores until the concentrations of the permeation

probes in both compartments is equal. If the pores are equipped with a permeability

barrier, diffusion across the pores may be slowed down or blocked. In the following,

we will elaborate on the theoretical description of this phenomenon. The implications

of the design of the porous substrate for the sensitivity of the measurement setup will

be analyzed, and effective measures to improve the sensitivity for the selectivity of the

permeability barrier will be proposed.
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6.2 Theoretical predictions for the diffusion across a porous membrane

Recapitulation of simple diffusion phenomena

Our measurement setup will be sensitive for the concentration of permeation probes in

the bottom compartment. It will be, thus, important to derive a mathematical function

c(t, z) to describe the evolution of probes concentration in time and space. To this

end, we start by recapitulating the description of simple diffusion for a concentration

gradient along the z-dimension without a porous membrane. Fick’s first law in its one

dimensional form describes the mass flux, F , as follows:

F = D
∂c

∂z
, (6.1)

where D is the diffusion coefficientand c is the concentration of the permeation probe.

Fick’s second law describes how concentration distribution changes over time, t, as

follows:

∂c

∂t
= D

∂2c

∂z2
. (6.2)

The solution for equation (6.2) will depend on the design of the measurement chamber

which will ultimately define the boundary conditions for the differential equation.

6.2.1 Simple chamber with stagnant solutions

Flux across an unfunctionalized porous membrane

In a simple chamber with stagnant solutions, we have the following conditions (see

figure 6.3A): (i) the height of the bottom compartment is confined between 0 and z0;

(ii) there is a porous membrane perpendicular to the z-axis at z = z0 with thickness lm

and a void fraction εm; (iii) the membrane spans over the hole bottom compartment,

i.e. the membrane is connected to the walls of the measurement chamber. Moreover, we

assume that the pore channels are perpendicular to the surface of the membrane, i.e.,

the void fraction, which is generally defined as the total volume of the pores divided by

the volume of the entire membrane, can be calculated by dividing the total area of the
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6 Towards construction of FG repeat domain pores as a model system

Figure 6.3: Illustration of permeation probe distribution in a simple chamber: (A)
Schematic side view of the simple chamber. A porous membrane will be spanned between the
walls, confining the bottom compartment. The height of the bottom compartment is z0 and
the thickness of the membrane is lm. (B) The concentration profile of the permeation probe
for an arbitrarily chosen time t1 is shown under the conditions that the bottom compartment
is relatively small, the transport across the membrane is limiting, and the dilution capacity of
the top compartment is infinite. The concentration is normalized against ε which is the void
fraction, i.e. ε = 1 for the top and the bottom compartment and ε = total volume of pores

total volume of membrane
for the membrane (we assume that the pore channels are perpendicular to the surface of the
membrane). The concentration of the permeation probe c(t1) in the bottom compartment will
be equilibrated (since the transport across the membrane is the limiting step) while in the top
compartment it will be zero (perfect sink condition). For a thin membrane, the concentration
of the permeation probe will approximately decrease linearly between z0 and z0 + lm.

pores by the area of the entire membrane.

Next, we make the following assumptions, which will simplify the mathematical de-

scription of c(t, z): (i) the bottom reservoir sufficiently small, so that mass transport

within it is not a limiting factor; (ii) the top compartment is large (i.e. the dilution is

unlimited); and (iii) the flux across the porous membrane is rate limiting.

As consequences of these conditions and assumptions: (1) the permeation probes will

be homogeneously distributed in the bottom reservoir at all times, and (2) the top

compartment will present a perfect sink (i.e. the concentration of permeation probes is

always zero here). A graph of c(t = t1, z) is illustrated in figure 6.3 for an arbitrarily

chosen moment t1 (such a graph is called a ”z-profile” in the following).

Conditions (1) and (2) are the boundary conditions, which are necessary to derive,

c(t, z). They can be mathematically expressed as:
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6.2 Theoretical predictions for the diffusion across a porous membrane

c(t, z) = c(t, z = z0), for 0 < z ≤ z0 and t > 0; (6.3)

c = 0, for z ≥ z0 + lm and t > 0. (6.4)

Note, equation (6.3) implies that the concentration in the bottom compartment is only

a function of t and independent from z. We will henceforth write only c∗(t), instead of

c(t, z) for the concentration in the bottom compartment.

If the porous membrane is sufficiently thin, equation (6.1) for the flux across the mem-

brane, Fm, can be simplified as follows:

Fm = εmD
∂c

∂z
= εmD

c∗(t)
lm

, for z0 ≤ z ≤ z0 + lm. (6.5)

The amount of molecules removed from the bottom compartment,m, can be calculated

by:

m(t) = A

∫ t

0

Fm(φ) dφ, (6.6)

where A is the area of the membrane.

The total amount of molecules available, mtot can be calculated by:

mtot = c0 Az0. (6.7)

With equation (6.6) and (6.7) the differential equation for c∗(t) can be expressed as

follows:

c∗(t) =
mtot −m(t)

Az0
= c0 − 1

z0

∫ t

0

Fm(φ) dφ = c0 − εmD

z0 lm

∫ t

0

c∗(φ) dφ. (6.8)

The following equation is a solution of equation (6.8) under the boundary conditions

(6.3) and (6.4):
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c∗(t) = c0 e
−t/τm , (6.9)

with

τm =
z0 lm
εmD

, (6.10)

as the characteristic time scale of the diffusion process. From equation (6.10) it be-

comes evident, that the characteristic time scale depends strongly on the thickness of

the membrane.

In section 6.3.4, it will be shown that experimental data obtained for flux experiments

with our simple chamber can be well fitted to the equations derived above. The extracted

parameter for τm does compare well with the theoretical value, validating the assumption

made above.

Flux across a porous membrane functionalized with FG repeat domains

If we had a porous SiO2 layer (i.e. without underlying polycarbonate membrane) with

thickness lSiO2 , a void fraction εSiO2 , and without FG repeat domains (i.e. without a

permeability barrier) we could calculate the flux F0 of a permeation probe across this

membrane and determine the characteristic time scale τ0 as described above. If we

equip the pores with FG repeat domains, we could repeat the permeation experiment

and would measure another flux, F ∗, and another characteristic time scale, τ ∗, since the

FG repeat domains would influence the permeation of the probes across the pore. From

these two experiments, we could determine a selectivity factor κ which we define as:

κ := F0/F
∗ = τ ∗/τ0. (6.11)

Note, all other parameters, in particular thickness and ε, are kept equal in the two

experiments. If we solve equation (6.11) after F ∗, we derive:
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F ∗(t) = εSiO2κ
−1D

c(t)

lSiO2

. (6.12)

From equation (6.12) we see, that κ can be understood as a factor that adjusts D for

the exit rate, the entry rate, and the changed diffusion coefficient in the artificial pore,

i. e. κ−1D = Deffective.

If we solve equation (6.11) after τ ∗, we derive an equation for the characteristic time

scale τ ∗:

τ ∗ = κ
z0lSiO2

εSiO2D
. (6.13)

It is interesting to note here that a 30 nm thick layer functionalized with FG-repeat do-

mains must have a κ of 200 to lead to the same τm as an unfunctionalized polycarbonate

membrane of a thickness of 6 �m (if εm = εSiO2 , i.e. if the diameter of the unsputtered

and the sputtered pores are equal).

Above, we considered the case of an isolated SiO2 layer without underlying polycar-

bonate membrane. Our initial design of the measurements chamber, however, is not

based on an isolated SiO2 layer to measure τ ∗. Instead, the substrate will be a 30 nm

thin SiO2 layer functionalized with FG-repeat domains above a 6 �m thick polycarbonate

membrane. The flux across the porous membrane, hence, will be limited by both the

6 �m thick polycarbonate membrane and the 30 nm thin SiO2 layer functionalized with

FG-repeat domains. In a simple approximation, the characteristic time scale τ in this

system will be additive [2]:

τ = τm + τ ∗. (6.14)

τ is accessible to experiment and τm can be determined from a reference measurement

of the net flux across an unfunctionalized membrane (as outlined above). With the

experimentally accessible parameter α = τm/τ one finds:

129



6 Towards construction of FG repeat domain pores as a model system

τ ∗ = τ(1− α). (6.15)

The approximation that led to equation (6.14) and (6.15), respectively, overestimates

τ ∗ by less than 15% if the flux is predominantly limited by the functionalized pores

(α < 0.5, i. e., τ ∗/τm > 1). For α < 2/3 (i.e. τ ∗/τm > 1/2), the error is still smaller

than 20% [2].

Methods to improve the sensitivity of the setup for the selectivity of the artifical

permeability barrier

As a consequence from the theoretical considerations above τ ∗/τm should be high (>1)

to extract τ ∗ accurately by this approach. It is instructive to rewrite τ ∗/τm with equa-

tion (6.10) and (6.13) to:

τ ∗

τm
= κ

lSiO2 εm
lm εSiO2

. (6.16)

In the following, we will itemize, which parameters could be possibly tuned in the

setup to improve the sensitivity for τ ∗:

� Increasing lSiO2 . On the other hand, this would influence the selectivity between

an NTR and an inert probe. Our values for the selectivity of the artificial pore

may then deviate from values in pores of the dimension of the permeability barrier

of NPCs.

� Increasing εm
εSiO2

. This may be reached by adjusting the sputtering process (e. g. to

obtain pores in the SiO2 with 30 nm diameter on a membrane with pores with a

diameter of 100 nm). Alternatively, the pores underneath the SiO2 layer could be

increased by removing the polycarbonate partly via plasma (SiO2 is more resistant

to plasma then organic material). Both attempts may not be straight forwardly

achievable.
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Increasing κ. κ reflects the qualities of the permeability barrier itself, it depends

e. g. on the FG-repeat domain composition and concentration in the artificial

permeability barrier. Since this is the parameter that we want to study, tuning of

it to enhance sensitivity is not advisable.

Decreasing lm. This could be achieved, for instance, by plasma etching. Alterna-

tively, entirely new porous substrates may be used in the future.

6.2.2 Microfluidic flow chamber

The microfluidic chamber consists basically of two channels which are separated by a

porous membrane at a crossing section (see figure 6.4). The geometry is, hence, different

from the simple chamber. The most important difference in the following considerations

will be that the bottom compartment is not confined, yet, continuous.

Figure 6.4: Illustration of the flux in the microfluidic chamber: (A) The microfluidic
chamber will basically consist of two channels which are separated by a porous membrane at
a crossing section. Flow can be applied to both compartments independently (indicated by
orange arrows). The figure is not drawn to scale for the sake of illustration. (B) A cross
section of the crossing between top and bottom compartment is shown (drawn to scale). The
bottom channel is filled with permeation probes (green color) and no flow is applied. In the top
compartment there is a continues flow (orange crossed circle) creating a perfect sink. This will
induce a net flux (red arrows) of the permeation probes (from the bottom to the top channel)
which, as a consequence, will create also a net flux within the bottom channel.

A flux experiment could be performed the following way: the bottom channel is filled

with a solution of permeation probes and then the flow is switched off. In the top
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compartment a continuous flow of buffer solution without permeation probes is applied

and maintained (which creates a perfect sink). The permeation probes from the bottom

channel will diffuse across the membrane and will be transported away by the flow in

the top compartment. As a consequence, permeation probes will be depleted in the

bottom channel at the position of the crossing section. Additional to the concentration

gradient between the bottom and the top compartment, a lateral concentration gradient

and lateral flux within the bottom channel need to be considered.

The theoretical predictions for the microfluidic chamber are, thus, more complex com-

pared to the simple chamber. It is yet unclear if a general analytical approximation can

be found for this scenario.

Numerical approximation

Instead of deriving a general analytical solution, the expected concentration profiles were

approximated numerically. To this end, I wrote a Matlab routine which accounts for our

envisaged chamber geometry (i.e. a channel width of 400 �m and a channel height of

40 �m) under the conditions (i) that there is a perfect sink in the top compartment

(experimentally achievable by a continues flow of buffer in the top channel); (ii) that

the bottom compartment is thin; and (iii) that the flux in z-direction is limited by

the transport across the membrane (i.e. there is no concentration gradient along z

within the bottom compartment). The results of the numerical calculations are shown in

figure 6.5 (A). The measured intensity is remarkably robust towards lateral displacement

of the microscope objective (or the acquired z-stacks, respectively) from the center, as

shown in figure 6.5 (B). This Matlab routine would also allow to extract the characteristic

time scale of the diffusion process from experiments, e.g. by a grid fit of the experimental

data to a set of numerically derived solutions (shown in figure 6.5 (C)).

The scenario of a wide upper compartment/channel

The shape of the intensity profiles, in the bottom compartment, will strongly depend

on the width of the upper channel and on κ as demonstrated by numerical solutions

in figure 6.6. If the upper channel is sufficiently wide, the intensity minima become
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Figure 6.5: Simulated intensity profiles for the current design of the microfluidic
chamber: (A) The concentration profiles in the lower compartment of a microfluidic chamber
were simulated for a flux experiment with eGFP and a polycarbonate membrane with a nominal
pore diameter of 30 nm, a pore density of 9.2 pores/μm2, and a thickness of 6μm. The width
of the top channel was set to 400μm and its lateral position is indicated by gray, dotted lines.
(B) The intensity as a function of time is shown at x positions as indicated in the figure legend.
The curves overlap sufficiently well for a x-displacement from the center of up to 100μm. (C)
The concentration decrease at the center, i.e. x = 0, was simulated for the same conditions as
in (A), yet, with the additional condition that there is a 30 nm thin layer of SiO2 functionalized
with FG repeat domains with a selectivity quality of κ as indicated in the legend. Note, for
all numerical solution τ was calculated according to equation (6.14). As a consequence, the
prediction for the intensity decrease in (C) for κ = 50 (i.e., α = 0.8) may be an overestimation
(see text for more information).

plateaus and remain plateaus even for long measurement times (see figure 6.6 top row,

right column), because the permeation probes from the laterals of the lower channel need

more time to diffuse to the center. As a consequence, the concentration decrease as a

function of time (c∗(t)), at the plateaus, can be derived exactly the same way as for the

simple chamber. Hence, all the equations derived in section 6.2.1 are also valid for the

microfluidic chamber, in this special case.1 As demonstrated in figure 6.6, a width of e.g.

2mm would be sufficient to achieve this, if the pores are not functionalized. However,

with increasing κ the width of the upper channel would need to be increased further to

achieve plateaus. For instance, if κ is higher than 200, a width of 2mm of the upper

channel would not be sufficient to achieve plateaus.

1On a side remark, a wide upper compartment can also be constructed as an open compartment,
instead of a channel.
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Figure 6.6: Dependance of the intensity profiles on the top channel width and κ:
This array of intensity profiles in the lower compartment was simulated for a flux experiment
with eGFP and a polycarbonate membrane with a nominal pore diameter of 30 nm, a pore
density of 9.2 pores/μm2, and a thickness of 6μm, and a 30 nm thin layer of functionalized
SiO2. The two parameters that were varied to span the array were the width of the top channel
and the selectivity factor of the artificial permeability barrier κ. The width was set to 400μm
(left column), 1000μm (middle column), and 2000μm (right column) and κ was set to 0 (top
row), 200 (middle row), and 1000 (bottom row). With increasing width of the top channel,
the intensity profiles reach more pronounced plateaus. An increasing κ shrinks the intensity
profiles, on the one hand, and makes the plateaus disappearing for long measurement times.
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6.3 Creation of a setup with unfunctionalized pores

6.3.1 Characterization of porous polycarbonate membranes

Our approach to create FG-repeat domain pores was based on commercially available

nucleopore track-etched membranes made of polycarbonate, which are available with

different nominal pore sizes (e.g. 30, 50, and 100 nm). We sought to characterize their

morphology by SEM.

Beam damage

When we took the first scanning electron microscopy (SEM) images of uncoated poly-

carbonate membranes, we noticed that the membrane can become easily damaged by

the electron beam of the SEM, as illustrated in figure 6.7. When taking SEM images,

hence, we tried to reduce the beam power as much as possible and to avoid taking SEM

images repetitively from the same position.

Figure 6.7: Beam damage of polycarbonate membranes induced by SEM: SEM
images were taken repetitively at the same position on the dull side of polycarbonate membrane
(nominal diameter 100 nm). The surface becomes easily damaged by the electron beam during
the scan. Images were taken by Christopher Tollan (CICnanoGUNE, San Sebastian, Spain).

The two sides of a polycarbonate membrane

The two sides of a membrane could be distinguished by eye, one was shiny and the other

one was dull. This was also observed by others and seems to stem from the polycarbon-

ate membrane production [3]. We imaged both faces with identical conditions with the
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Figure 6.8: SEM images of the two side of a polycarbonate membrane: SEM images
were taken from the dull (A) and shiny (B) side of a polycarbonate membrane (nominal pore
diameter 100 nm). Overview images are shown on the top while on the bottom magnifications
are shown. The images clearly show that the shiny side was more homogeneous and that the
distribution of the pore entrances was narrower than for the dull side. Images were taken by
Christopher Tollan (CICnanoGUNE, San Sebastian, Spain).

SEM (see figure 6.8). All taken SEM images indicate that the shiny side was more homo-

geneous and showed a narrower size distribution of the entrance of the pores. Currently,

we cannot exclude that the observed difference between two sides of a polycarbonate

membrane may be an artifact caused by beam damage – the two sides of the membrane

may simply be differently sensitive towards beam damage.

The pore diameter and the void fraction

We took SEM images to characterize the shape and diameter of the pore entrances (see

figure 6.9). Several observations could be made frome these images: (1) the pore en-

trances were quite circular; (2) the measured pore diameter was similar to the numbers

provided by the manufacturer (30, 50, and 100 nm); (3) and sometimes two pores over-

lapped and formed a bigger pore. From such SEM images, we counted the amount of
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pores per area unit and estimated the void fraction, ε, under the assumption, that the

pore channels are circular and that they are perpendicular to the planar membrane. The

results are summarized in table 6.1.

Figure 6.9: SEM images of polycarbonate membranes: SEM images were taken from
uncoated polycarbonate membranes with different nominal pore diameter, i.e. (A) 30 nm,
(B) 50 nm, or (C) 100 nm. The top row provides overview images at low magnification. It
can be seen that pores are mainly randomly distributed and have apparently a similar size.
However, sometimes two pores almost coincide, thereby, forming a double pore (as indicated
with yellow asterisks). Images of pores at high magnification are shown on the bottom row.
These images indicate that the pores were quite circular and that the diameter matches the
nominal diameter provided by the manufacturer quite well. Images were taken by Ixaskun
Carton (CICbiomaGUNE, San Sebastian, Spain).

Table 6.1: Areal pore density and void fraction of unsputtered polycarbonate membranes

nominal pore diameter pores/ m2 ε

30 nm 9.2 0.0065
50 nm 7.6 0.0149
100 nm 3.4 0.0267
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Thickness

We determined the thickness of the membrane with a high precision film thickness gauge

(Hahn and Kolb, Germany) to be 6 �m and confirmed, thereby, the value from the

manufacturer.

6.3.2 Setup alignment and testing of the data processing routine

We adjusted the laser power and the detector settings of the confocal LSM to obtain

a linear correlation between fluophore concentration and intensity read out. To this

end, we acquired z-stacks of eGFP or MBP-mCherry solutions of different concentra-

tions (0.5 – 5 �M) by confocal LSM in reference measurements (see figure 6.10A). The

data was then processed with a self-written Matlab routine. The Matlab routine calcu-

lated the average intensity for each z-plane and subtracted a value for the background

(buffer without fluophores). Then z-profiles of the average intensity were produced by

plotting the average intensity against z (figure 6.10B). Here, the z-axis of the z-profiles

was offset such that the half maximum of the intensities was at the z-position z = 0.

This allowed to correct for focus drifts during the measurements. It can be observed

that after reaching a maximum (i.e. the focal plane is completely in the solution) the

measured intensity decreased with increasing z-distance although the concentration is

homogeneously distributed in the whole solution. This effect is due to refractive index

mismatch between the layers (oil, glass plate, solution) and scatter effects and can be

commonly observed. After background subtraction and normalization against the max-

imal acquired intensity, the z-profiles overlapped to a master curve (see figure 6.10 (C).

The intensities at a z-position 20 �m away from the glass slide (red line in figure 6.10

(A)) correlated linearly with the concentrations (figure 6.10 (D)).

Since we showed above that the z-profiles overlapped to a master curve, the linear

correlation between intensity and concentration remain over the complete z-range and

also for averages of the intensity calculated over z-intervals. This allows to rewrite

equation (6.9) (see section 6.2, p. 124) by replacing concentration with intensity, leading
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Figure 6.10: Correlation between intensity and concentration of fluorescent
probes: z-stacks of eGFP (left) and MBP-mCherry (right) solutions of different concentra-
tions were acquired. (A) z-stacks are shown (x-z dimension is shown, the pixels in y-dimensions
are averaged). (B) The average intensity per x-y plane was plotted against its z-position to
obtain z-profiles. (C) The z-profiles were corrected for focus drift and background intensity,
and were normalized against the maximal intensity value. The z-profiles overlay nicely and
form a master curve. (D) The intensity (here measured at a z-position 20μm above the glass
slide, as indicated with a red line in (A)) correlated linearly with the concentration. Scale bar
in (A) is 25μm.
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to:

I(t) = I0 exp

(
−εmD

lclm
t

)
= I0 exp

(
− 1

τm
t

)
, (6.17)

where I is the measured intensity and I0 is the initially detected intensity.

These settings allowed a z-plane spacing of 2.5 �m and a time resolution of 10 s for

a series of z-stacks. We did not observe bleaching effects with these settings. On a

side remark, the signal-to-noise ratio is extremely high with these settings. If a quicker

z-stack acquisition is needed in the future, the pixel resolution of the images could be

easily reduced while maintaining the excellent signal-to-noise ratio.

6.3.3 Construction of a simple chamber

The construction of a simple chamber was inspired by the chamber design reported by

Jovanovic-Talisman et al. (2008) [1]. The construction steps are illustrated in figure 6.11.

Briefly, the bottom compartment was composed of a double sided sticky tape with

a hole (diameter approximately 2mm) which was attached to a passivated glass slide.

The top compartment was made of the lid of an 2mL laboratory reaction tube. Both

compartments were filled with a solution of the permeation probe before they were as-

sembled to a measurement chamber. The porous polycarbonate membrane separates

both compartments. For the experiments presented in this section we used porous mem-

branes with a nominal pore diameter of 30 nm. The membranes were not coated with

SiO2.

6.3.4 Permeability experiments with the simple chamber

We performed permeation experiments in our simple chamber, in order to test (1) the

theoretical predictions for the flux across unfunctionalized membranes derived in sec-

tion 6.2 (p. 124) and (2) the measurement setup. The chambers were equipped with
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Figure 6.11: Scheme for the construction of a simple chamber: The bottom com-
partment was composed of a passivated glass slide to which a double sided sticky tape with
a 2mm hole was attached. In a next step the hole was filled with buffer containing the per-
meation probe. The top compartment was made of the lid of an ordinary laboratory 2mL
plastic reaction tube to which the polycarbonate membrane was clipped. Buffer containing the
permeation probe was also added to the top compartment before it was quickly attached to
the bottom compartment.

polycarbonate membranes with a nominal pore diameter of 30 nm and were not func-

tionalized.

Initially, both compartments were filled with a 5 M solution of either eGFP or MBP-

mCherry. Then the solution in the top compartment was quickly exchanged with a

solution of pure buffer without permeation probes. This induced a gradient in concen-

tration which led to a flux of permeation probes across the polycarbonate membrane,

from the bottom to the top compartment. The flux was measured by acquiring a se-

ries of z-stacks via confocal LSM. In figure 6.12 (A), the raw data for four selected time

points are shown. From the pre-rinsing image, two observations could be made: (1)

the membrane could be seen as a dip in intensity; and (2) the membrane was partly

transparent and allowed to measure fluorescence in the top compartment as well. After
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Figure 6.12: Permeation control experiments with the simple chamber: Permeability
experiments were carried out with a blank polycarbonate membrane, nominal pore diameter
30 nm, in the simple chamber. Both compartments were filled with a solution of either eGFP
(left column) or MBP-mCherry (right column) at a concentration of 5μM. After acquiring a
base line, the solution of the permeation probes in the top compartment was exchanged with
buffer. (A) A series of z-stacks for selected time points is shown. (B) z-profiles of the intensity
are shown for the z-stacks in (A). (C) The intensity was averaged over the z-range confined by
the gray lines in (B), normalized, and then plotted against the time. A fit of an exponential
function (equation (6.17)) to the data was done (red line). The scale bar in (A) is 25μm.

exchanging the protein solution in the top compartment with buffer, the intensity in the

bottom compartment was decreasing and thereby demonstrated protein depletion in the

bottom compartment.
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In a next step, the average intensity for each z-plane was calculated with a matlab

routine and plotted against its z-position to obtain a z-profile. In figure 6.12 (B) four ex-

emplary z-profiles are presented, corresponding to the raw data shown in figure 6.12 (A).

The intensity dip in the pre-rinsing z-profile corresponded to the polycarbonate mem-

brane. Its position was used to determine the height of the bottom compartment, z0,

which was 118 �m for the chamber with eGFP and 125 �m for the chamber with MBP-

mCherry.

In a next step, the intensity was averaged within a z−interval from 15 to 40 �m, as

indicated by gray lines in figure 6.12 (B). The averaged and normalized intensities were

plotted against acquisition time (see figure 6.12 (C)), and fitted to equation (6.17) to

obtain the characteristic time scale of the diffusion process. The error bars represent the

boundaries of a 95% confidence interval for the fit. For comparison, we also calculated

the theoretical values using equation (6.10). To this end, the thickness of the membrane,

lm, was measured to be 6 �m and the diffusion coefficients for the permeation probes

were estimated by using the Stokes-Einstein equation (D = kBT/(6πηsRS), where ηs is

the viscosity of the solvent and RS the stokes radius of the probe) and a stokes radius

of 2.4 and 3.6 nm for eGFP [4] and MBP-mCherry [5], respectively. The results of the

fits and the theoretical predictions are summarized in table 6.2.

The excellent fit with an exponential as well as the quantitative agreement between

the experimentally found τ exp.m and the theoretical predicted τ theo.m (see equation (6.10))

suggest that the assumptions made in section 6.2 were reasonable. Furthermore, the

experimentally measured characteristic time scales were very close to the theoretical

predictions for eGFP and at least within the same order of magnitude for MBP-mCherry.

Table 6.2: Characteristic time scales τm determined experimentally and by theory.

eGFP MBP-mCherry

τ exp.
m [s] 1020 ± 2 2479 ± 12

τ theo.
m [s] 1096 1741
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6.3.5 Construction of a prototype of a microfluidic chamber

We sought to purpose-design a microfluidic chamber where a top channel and a bottom

channel are separated by a porous polycarbonate membrane at a crossing section. The

chamber would allow for flow to be applied independently in both of the compartments

and, thereby, for: (1) sample exchange after a permeation experiment, i.e. for a series

of measurements with the same membrane; and (2) for creation of a perfect sink (or a

continuous source) at the exit (entry) side of the membrane.

To this end, we created two compartments, made of PDMS, both with a channel (see

materials and methods for more details). The channel was designed to have a nominal

width of 400 �m and height of 40�m. The total volume of one channel in the chamber

was about 0.5 �L. The assembling of the two compartments to one chamber with a

membrane at the crossing section of the channels was done as described in Ref. [6] and

is illustrated in figure 6.13. Briefly, a thin mortar layer of uncured PDMS was applied

to both compartments and to the edges of the polycarbonate membrane. Then, the

membrane was embedded between the two compartments and the mortar layer was

cured. In a next step, the channels were connected to tubes. Needles were used as

adapters between the PDMS chamber and the tubing.

We checked whether the two compartments were glued together in a leakage free

manner after curing the mortar layer. To this end, we applied air pressure to one inlet

after the other and maintaining the other inlets closed. No air escape was observed,

suggesting that the compartments were indeed tightly assembled. We also checked by

microscopy, whether uncured mortar had crept into the channels, before the curing step.

The channels were unblocked and no obstacles could be seen. Moreover, air and buffer

solution could be easily pressed through the channels.

We then connected the inlet tubings to a peristaltic pump (ISM953C, Ismatec, Ger-

many) and filled the channel with buffer solution at a typical flow rate of 20�L/min. In

a next step, we took an x-y-scan with confocal LSM of the crossing section of a cham-
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Figure 6.13: Construction of a microfluidic flow chamber: (A) Construction scheme:
A thin layer of uncured PDMS (mortar layer) was spin coated to a glass slide. The bottom
and top compartment were quickly dipped into this mortar layer, as well as the edges of the
polycarbonate membrane. Then, the membrane was embedded between the two compartments,
before the mortar layer was cured. (B) A schematic view of a constructed chamber is shown.
To attach tubings to the chamber, needles were pushed through the PDMS to the ends of the
channels. Then tubes were connected to the other end of the needles. The connection between
the needles and (1) the PDMS chamber on one end and (2) the tube on the other end was
sealed by a droplet of PDMS which was then cured at room temperature. The dimensions of
the chambers are about 0.5 cm× 1 cm× 2 cm. (C) A photograph (top view) of a constructed
cell is shown. (A) was adapted from [6].

ber which lower channel was filled with a 5 M eGFP solution (see figure 6.14 left and

middle). In this scan, the channels and the membrane were clearly visible. The image

confirms the width of the channel to be 500 m. Fluorescence read out of the image (see

figure 6.14 right) suggests, that the polycarbonate membrane was embedded crevice and

leakage free, since no fluorescence around the membrane could be observed.

In a next step, we sought to measure the height of our channels. To this end, we
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filled both channel with eGFP and carried out a z-stack of the crossing section (see

figure 6.14 (B)). The membrane was clearly visible as a dip in intensity between the two

channels. The height of the channels was measured to be 50 m.

Figure 6.14: Characterization of a constructed microfluidic chamber: (A) An x-y-
scan of the crossing section of the channels was taken. The lower channel was filled with eGFP.
The left image shows the read out of the transmission channel. The microfluidic channels and
the membrane can be observed. The channel width was measured to be about 500μm. The
thick, black line on the right side of the image stems from PDMS (which was used to seal
the tubings) on the top of the chamber and has no impact onto the channels below. In the
middle image, the position of important elements was digitally colored for a better visibility:
lower channel (green, vertical), upper channel (red, horizontal) and the membrane (blue). The
orange arrow is pointing to a bubble that formed in the lower channel during imaging. The
right image shows the fluorescence read out of the image. Green fluorescence was observed
in the bottom channel which was filled with eGFP. No green fluorescence could be observed
around the membrane suggesting leakage free bonding. A very weak green florescence was
detected in the top channel which stems from eGFP that diffused across the membrane during
the experiment. (B) A z-stack of the crossing section was acquired by confocal LSM after
filling both channels with eGFP. The membrane is clearly visible as a decrease in intensity.
The channel height was measured to be around 50μm. The scale bar is 500μm in (A) and
20μm in (B).

Although the buffer with the eGFP was degassed extensively before the experiment,

air bubbles appeared in the channels, within short time. We speculate, that the buffer

becomes quickly enriched with gas since (1) air can permeate through PDMS and the

silicon tubing (which were about 20 cm long) and (2) the surface to volume ratio in a

microfluidic system is large. In addition, bubble formation in the channel walls may be

catalyzed since the PDMS is hydrophobic.

The formation of bubbles in the channels will have important implications for per-
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meation experiments. Growing of a bubble would induce a flow which would perturb a

permeability experiment.

6.3.6 Permeability experiments with the microfluidic chamber

We performed a permeability experiment in our microfluidic chamber with an unfunc-

tionalized polycarbonate membrane with pores of a diameter of 30 nm. The bottom

compartment was filled with a solution of eGFP (5 �M) as a permeation probe. Then

the flow in the bottom compartment was switched off, while the flow of buffer in the

top compartment was maintained. After about 50 s the tubings of the top compartment

were blocked close to the tube inlet and outlet to prevent flow due to relaxation of the

tubing.

We expected the created concentration gradient between the bottom and the top

channel to induce permeation of eGFP across the membrane. A series of z-stacks by

confocal LSM was acquired to measure this permeation as a decrease in intensity in the

bottom compartment. The raw data is presented in figure 6.15 (A). Hardly a change

in intensity could be observed by eye. The processed data of the z-stacks is shown

in figure 6.15 (B) as intensity change during time. The jump in the intensity between

50 s and 90 s is likely to stem from switching off the flow and blocking the tubing.

A decrease in intensity in the bottom compartment was observed from 90 s to about

450 s and demonstrates the depletion of eGFP in the bottom compartment. Around

450 s, however, the intensity started to increase. We suspect this perturbation of the

experiment to be created by a growing bubble, which was found in the lower channel

after the experiment. While the bubble was forming and growing, it might have induced

a flow in the bottom channel which, as a consequence, was exchanging the depleted

eGFP in the confocal volume with fresh eGFP from the laterals of the channel.
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6 Towards construction of FG repeat domain pores as a model system

Figure 6.15: Flux experiment with microfluidic chamber: In a flux experiment with
the microfluidic chamber, the bottom compartment was filled with a solution of 5μM eGFP.
Flow of buffer was maintained in the top channel. The membrane had pores with a diameter
of 30 nm which where not functionalized. (A) A series of z-stacks for selected time points is
shown. (B) The normalized, average intensity in the lower channel was plotted against time.
For the first 150 s the intensity is slightly unstable due to work with the tubing (see text).
From 150 to 450 s the intensity in the bottom compartment was decreasing, due to eGFP flux
from the bottom to the top compartment. Around 450 s, however, the intensity is increasing
due to a bubble that formed in the bottom channel. Growth and moving of the bubble induced
a flow which lead to perturbation of the experiment. (C) The concentration profiles in the
lower compartment of a microfluidic chamber were simulated for the flux experiment. The
simulated data from (C) was overlapped in (B) with the experimental data as a red line. The
numerically predicted intensity decrease (at the center position of the lower compartment, i. e.
x=0 in (C)) had the same order of magnitude as the decrease in intensity in the experiment
between 180 and 400 s. Scale bar is 20μm in (A).

We numerically calculated the concentration profiles for our experiment (see fig-

ure 6.15 (C)) and overlapped the results (red line in figure 6.15 (B)) with the experimen-

tally measured decrease in intensity. The predicted decrease was similar in magnitude to

the experimentally observed decrease. An explanation for this could be the flow induced
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by the bubble which perturbed the experiment already before the intensity increase

around 450 s.

6.4 Functionalization of porous polycarbonate

membranes

6.4.1 Characterization of SiO2 coated polycarbonate membranes

We sputtered a 30 nm thin SiO2 layer onto the shiny side of the polycarbonate mem-

branes with a nominal diameter of 100 nm. SEM images showed that the SiO2 coating

decreased the pore size to 50 – 30 nm (see figure 6.16 (A) and (B)). We tested the coating

stability via a so called ”scotch test”, i.e. an adhesive scotch tape was attached to the

silica coated membrane and then removed. No traces of the SiO2 could be observed by

eye on the adhesive tape demonstrating that the coated SiO2 layer was stable and that

a TiO2 contact layer was not necessary to ensure tight adhesion. To obtain a side view

of a section of the coated membrane, transmission electron microscopy (TEM) images

(silica mapping mode) were taken of cut slices of the sputtered membrane (see figure 6.16

(C)). We observed that the sputtered SiO2 layer had indeed a thickness of around 30 –

50 nm. Furthermore, the SiO2 covered the walls along the entrance of the pores without

plugging the pore channel. We speculate that the diameter of the pore entrance and

depth of the coating along the pore walls may be further adjusted to desired values by

tuning the sputtering parameters (such as the sputtering angle and the SiO2 thickness)

and/or using polycarbonate membranes with another pore diameter as a starting sub-

strate. Since we, however, achieved a pore entrance of 30 – 50 nm, which is sufficiently

close to the dimensions of the NPC transport channel, we did not undertake further

attempts to investigate the tuning possibilities.

149



6 Towards construction of FG repeat domain pores as a model system

Figure 6.16: Electron microscopy images of SiO2 coated polycarbonate mem-
branes: A polycarbonate membrane with pores of a diameter of 100 nm was coated with
30 nm SiO2. (A) An SEM image of a part of the membrane which was not coated is shown.
The pores were circular and had a diameter of around 100 nm. (B) An SEM image of the
coated part of the membrane is shown. The diameter of the pores was approximately reduced
to 30 – 50 nm after the sputtering process. (C) Side-view by TEM of a membrane slice with a
pore (silica mapping mode). The image demonstrates that the sputtered SiO2 layer had indeed
a thickness of around 30 nm, the pores remained unplugged and circular, and the SiO2 coating
easily deposited down to a depth of a pore diameter or more into the channel. Image (A) and
(B) were taken by Leire Diaz (CICbiomaGUNE, San Sebastian, Spain); image (C) was taken
by Birgit Bußmann and Kersten Hahn, MPI for Intelligent Systems, Stuttgart, Germany

6.4.2 Functionalization of the SiO2 layer on polycarbonate

membranes

We functionalized the SiO2 layer by a two step reaction (see Materials and Methods,

p. 164, for details). First an amino-silane reacted with the SiO2 and in a second step the

Ni2+ chelating EDTA group was coupled to the amino-silane in the presence of EDC. The

incubation time of the amino-silane step needed to be limited to 5min. Otherwise, the

membrane became brittle and could not be used further. The EDTA coupling was done

by incubating the silica for 1× 4 h, 2× 2 h followed by 1× 15 h. We monitored binding

of Nsp1-WT with either a C-terminal His10-tag (Nsp1-WT-H10) or an N-terminal His10-

tag (H10-Nsp1-WT) to the functionalized SiO2 wafer by ellipsometry (see figure 6.17).

Binding was stable upon rinsing in buffer and a grafting density of at least 3.9 pmol/cm2

was reached. Only 20% of the reached mass stayed bound upon rinsing in imidazole
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suggesting that most of the Nsp1-WT molecules were grafted via their His-tag. We also

tested the background binding of the functionalized surfaces by incubating it with Nsp1-

WT without His-tag and detected a mass increase of 1.1 pmol/cm2 during incubation,

yet, upon rinsing in buffer only 0.6 pmol/cm2 stayed bound. This suggests that the

background binding was acceptably low.

The total mass of FG repeat domains for a yeast NPC is estimated to be about 5.5MDa

[7]. Assuming NPC dimensions of a diameter of about 30 – 50 nm and a length of 50 nm

this translates a nominal grafting density of ca. 3 pmol/cm2. This is very similar to the

Nsp1-WT grafting density achieved in our films.

Figure 6.17: Binding of FG-repeat domains to functionalized SiO2 wafers: SiO2

wafers were functionalized with a EDTA group which was loaded with Ni2+and then incubated
with either (A) 190μg/mL His10-Nsp1-WT, or (B) 125μg/mL Nsp1-WT-His10 (incubation
steps are indicated by arrows). Both His-tagged Nsp1-WT constructs bound to the function-
alized wafers. The final surface mass was in both cases about 4 pmol/cm2. Binding was stable
upon rinsing in buffer. As a control for specific binding via the His-tag, the His10-Nsp1-WT1
film in (A) was rinsed stepwise with 2M imidazole (Imi.) resulting in elution of more than 80%
of the bound molecules. (C) As an additional control, we also incubated a functionalized wafer
with 60μg/mL Nsp1-WT without His-tag yielding to a mass of about 80 ng/cm2. However,
the bound mass was reduced to less than 50 ng/cm2 upon rinsing in buffer.

Moreover, we sought to estimate the achievable grafting density on functionalized

polycarbonate membranes by fluorescence measurements by confocal LSM. As a refer-

ence, we formed Nsp1-WT films of known grafting density on SLBs as a standard. The

Nsp1-WT films contained 2mol-% atto-488 labeled Nsp1-WT tracers.To this end, we
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formed SLBs with either 4.2mol-% tris-NTA or 10mol-% bis-NTA functionalized lipids

on glass slides. The SLBs were incubated with a solution of 125 �g/mL Nsp1-WT-His10,

containing 2mol-% atto-488 labeled Nsp1-WT tracers, for 2 h to create labeled Nsp1-

WT films of different grafting densities (see figure 6.18 (A)). The grafting densities were

determined in a parallel measurement with SLBs on wafers by ellipsometry to be 4.5 and

7.5 pmol/cm2, respectively (see chapter 5). After subtracting the background intensity,

the measured intensities from the LSM measurement were plotted against the grafting

density determined by ellipsometry (see figure 6.18 (B)). The correlation between fluo-

rescence intensity and grafting density was approximately linear.

Next, we carried out confocal LSM measurements to determine the fluorescence of a

blank, functionalized membrane before incubation it with atto-488 labeled Nsp1-WT-

His10 (see figure 6.18 (C), left) and found a low fluorescence of the substrate.

When incubating the functionalized polycarbonate membrane with 125 �g/mL atto-

488 labeled Nsp1-WT-His10 for 2 h, a strong increase of the fluorescence intensity was

observed. Moreover, the intensity signal did not change upon rinsing in buffer (see

figure 6.18 (C), middle). This demonstrated stable binding of the labeled Nsp1-WT-

His10 molecules to the functionalized polycarbonate membrane. After subtracting the

background intensity and using the standard curve (figure 6.18 (B)), we determined a

grafting density of approximately 4.8 pmol/cm2 (indicated in figure 6.18 (B) with blue,

dotted lines). This value was in agreement with the predicted achievable grafting density

from ellipsometry measurements on functionalized SiO2 wafers.

The attached Nsp1-WT film could be almost completely washed off from the function-

alized polycarbonate membrane by incubation in 2M imidazole for 10min (see figure 6.18

(C), right), suggesting that binding of the Nsp1-WT-His10 molecules was mainly specific

via their His-tags.

As an additional control, we incubated unfunctionalized membranes, with and without

SiO2 layer, in a solution of 125�g/mL atto-488 labeled Nsp1-WT-His10 molecules and

did not observe an increase in intensity (see figure 6.18 (D) and (E)).

152



6.4 Functionalization of porous polycarbonate membranes

We note, the Nsp1-WT film on the functionalized polycarbonate membrane (fig-

ure 6.18 (C), middle) appears slightly less homogeneous than the Nsp1-WT films on

SLBs. It is currently an open question, whether this is due to inhomogeneities of the

Nsp1-WT film itself or whether the confocal intensity read out is hampered by the poly-

carbonate membrane. In order to answer this question, complementary techniques, such

as imaging AFM, might be carried out in the future.

Figure 6.18: Estimation of Nsp1-WT grafting density on functionalized polycar-
bonate membranes by LSM: LSM images of different substrates were taken under identical
settings to estimate grafting density of Nsp1-WT on functionalized polycarbonate membranes.
The average intensity (�) of the images is indicated in the images. (A) atto-488 labeled
Nsp1-WT films with a grafting density of 4.5 and 7.5 pmol/cm2 were formed on SLBs as a ref-
erence. (B) A standard curve was obtained by plotting the average intensity value (corrected
for background intensity) against the grafting density determined by ellipsometry in parallel
measurements on wafers. (C) Confocal image of a functionalized polycarbonate membrane
before and after incubation with atto-488 labeled Nsp1-WT were taken. The average inten-
sity corresponds to a grafting density of 4.8 pmol/cm2 on the standard curve (indicated with
blue lines in (C)). Upon incubation with imidazole, the intensity of the fluorescence read out
dropped close to the background. (D) No fluorescence increase could be measured on a blank,
polycarbonate membrane incubated atto-488 labeled Nsp1-WT molecules. (E) Neither did a
SiO2 coated, yet not functionalized, membrane show a significant increase in intensity after
incubation in atto-488 labeled Nsp1-WT molecules. Scale bar in (A) is 20μm.
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6 Towards construction of FG repeat domain pores as a model system

6.4.3 Drying of an Nsp1 film

In the future, one has to decide at which step Nsp1-WT is grafted to the functionalized

membrane when constructing the chambers. In the microfluidic chamber, this could be

easily done by constructing first the chamber with a functionalized membrane, then fill

the channels with a solution of Nsp1-WT and incubating the membrane thereby for a

desired time. The remaining Nsp1-WT from the solution could then be easily removed

by rinsing the channel with buffer.

In contrast, no flow can be applied in the simple chamber. The situation here would be

thus quite different. One may think first of the following approach: first to construct the

simple chamber, and then to add the FG repeat domains, then to remove unbound FG

repeat domains by diluting the top compartment several times. However, the passage

of unbound FG repeat domains across the pore might be hampered once a FG repeat

domain meshwork is anchored in the pore. Furthermore, the addition of permeation

probes to the bottom compartment would constitute another problem.

An alternative approach is to first immobilize the FG repeat domains to the membrane.

Then the membrane with the FG repeat domains could dried before constructing a

chamber [1]. After assembling of the chamber, the membrane could be exposed again to

liquid and the FG repeat domains on the membrane were thereby rehydrated.

An important question, which arises when following this protocol, is whether drying

and rehydration of an Nsp1 film immobilized onto a functionalized SiO2 substrate had

an effect onto the properties of the Nsp1 film. We sought to answer this question with

a control measurement. To this end, we functionalized a SiO2 coated QCM-D sensor

and measured the adsorption of Nsp1-WT-His10 molecules to the surface by QCM-D

(see figure 6.19). Changes in frequency and dissipation showed that the Nsp1-WT-His10

molecules bound to the functionalized SiO2 sensor upon incubation with 100�g/mL

Nsp1-WT-His10. Binding was stable upon rinsing in buffer and final shifts in Δf and

ΔD of -78Hz and 10.8× 10−6, respectively, were reached (values are given for the third
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overtone). The sensor with the grafted Nsp1-WT-His10 film was then rinsed in mQ

water, blow dried with nitrogen, and resuspended in buffer. The QCM-D response of

the rehydrated film differed significantly from the values obtained before. Also, the

visco-elastic properties, obtained by fitting the QCM-D values to a visco-elastic model

(see chapter 4 on p. 71 for details) before and after the drying step, differed significantly

(see table 6.3). This demonstrated that the film would be indeed affected from being

dried during the chamber assembly and we speculate that this also affects the qualities

of the permeability barrier to some extend.

Figure 6.19: Effect of drying and rehydrating an Nsp1 film: (A) Adsorption of Nsp1-
WT molecules to an functionalized SiO2 QCM-D sensor followed by QCM-D (overtones 3,
7, and 11 are shown as indicated). Strong changes in frequency and dissipation demonstrate
binding of the Nsp1-WT-His10 molecules to the surface. Binding is stable upon rinsing in hepes
(the peak at the beginning of the rinsing step is due to temperature difference effects). (B)
The sensor with the immobilized Nsp1 film on it was rinsed with water, blow dried with nitro-
gen, and resuspended in buffer. Both, frequency and dissipation shifts changed significantly
compared to the values obtained before the drying step.
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6 Towards construction of FG repeat domain pores as a model system

Table 6.3: Results from viscoelastic modeling

before drying after drying

d [nm] 21 ± 5 27 ± 2
G′

0 [kPa] a 162 ± 105 392 ± 222
α′ 0.40 ± 0.20 0.17 ± 0.17

G′′
0 [kPa] a 203 ± 15 423 ± 58
α′′ 0.94 ± 0.06 0.96 ± 0.04

aG′
0 and G′′

0 are given at f =15MHz.

Since the experiment above indicates that drying of the immobilized FG repeat domain

film should be avoided, another option is necessary to construct the simple chamber.

We, hence, tried whether a membrane, with the immobilized FG repeat domains, which

is still wet, i.e. not dried after the immobilization of the FG repeat domains, could

be used for the construction of the simple chamber. In our hands, however, a wet,

functionalized polycarbonate membrane with immobilized Nsp1-WT molecules did not

adhere with any of its sides to our double-sided sticky tape. To circumvent this issue in

the future, either a double-sided sticky tape with improved adhesion would be needed

or the design/construction plan of the simple chamber could be changed. Alternatively,

the microfluidic chamber might be used instead of the simple chamber.

6.5 Discussion

In the preceding sections, we presented our achievements in constructing a measurement

setup to measure the permeability of porous polycarbonate membranes. We character-

ized the porous polycarbonate membranes which were used as a permeability barrier

by SEM. Moreover, we aligned the setup to allow for a linear correlation between the

fluorescence intensity and the concentration of the fluorescent permeation probes. The

construction of two types of measurement chambers was presented: (1) a simple chamber

with stagnant solutions in both compartments and (2) a microfluidic chamber in which
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a flow could be applied independently to each compartment. Finally, we demonstrated

that permeation experiments with these chambers equipped with yet unfunctionalized

pores could be successfully performed and that experimental data matched the theoret-

ical predictions.

In addition to the achievements summarized above, we also functionalized SiO2 sub-

strates to capture His-tagged FG repeat domains. The functionalization allowed to graft

His-tagged Nsp1-WT molecules with a grafting density of at least 3.9 pmol/cm2 to func-

tionalized silica wafers or functionalized silica coated polycarbonate membranes. Our

measurements demonstrate that the grafting was specific via the His-tag.

6.5.1 The porous substrate

Pore diameter of the porous SiO2 layer

The concentration of FG repeat domain grafted to the walls of a functionalized pore

depends strongly on the diameter of the pore. Hence, if we perform experiments, in the

future, with functionalized pores to which FG repeat domains are grafted, it will become

crucial to have a detailed picture about the pore’s mean diameter and its distribution.

The manufacturer provided the information that the mean pore size is held to a

tolerance of +0%/-20% of the rated pore size [8]. It is complicated to measure the pore

sizes of the porous polycarbonate exactly by SEM since beam damage occurs, especially

at high magnification. AFM imaging assays may be an alternative, yet, due to the shape

of the AFM tip, it may be difficult to obtain an unambiguous information of the pore

size, as well with this technique. Yet, if the pore entrance is only used to estimate the

FG repeat domain concentration, it may be merely sufficient to characterize the pore

size distribution of the porous SiO2 layer. The SiO2 layer may be well accessed by SEM

imaging since the metal is less sensitive for beam damage.

On a side remark, the SEM images of the two sides of the polycarbonate membrane

indicated that the size distribution of the pore entrance was more homogeneous at the
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shiny side of the membrane than on the dull side. We could not exclude that this obser-

vation was due to an artifact caused by beam damage. To improve the size distribution

of the functionalized pore entrances it may be recommendable to sputter the SiO2 simply

on the shiny side of the polycarbonate membrane.

Pore channel

As pointed out in section 6.2, the underlying polycarbonate membrane itself already con-

stitutes a permeability barrier since it is 200 times thicker than the envisaged 30 nm thick

layer of functionalized SiO2. The shape and orientation of the complete pore channel

will influence the permeation experiment significantly. When deriving the theoretical

predictions, we assumed (1) that the pores have a cylindrical shape, (2) that the di-

ameter of all cylinders is the same, (3) and that they are oriented perpendicular to the

membrane. This is likely to be an oversimplified picture of the true conditions.

Indeed, several studies have been carried out to investigate the shape of the pore

channel in commercially available and self made track etched polycarbonate membranes

[9, 10, 11, 12, 13]. The studies had in common that the angle of the channels usually

scatters between -30� to +30� to the normal. Moreover, the channel diameter was two

to three times wider in the center than at the entrances. The reasons for these findings

are discussed in reference [3] and references therein. Since the shape and orientation of

the channel will have important implications onto the flux across the membrane these

details should be considered in the future to refine the theoretical predictions.

The porous substrate in the future

On the long run, however, it would be attractive to remove the polycarbonate substrate

partly around the pores, thereby increasing εm and hence the sensitivity of the measure-

ments for κ. The organic polycarbonate material could be straight forwardly removed

by chemical solutions and/or plasma [13]. In addition, self-made porous substrates could

have a better size-distribution than the comercially available porous substrates [14].
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6.5.2 Discrepancy between the experimentally measured and the

theoretically predicted characteristic time scales

We could successfully perform permeation experiments with the simple chamber and

eGFP and MBP-mCherry as permeation probes. The data could be fitted very nicely

to our theoretical derived equation as an exponential decay of the decrease of the inten-

sity. The experimentally measured characteristic times scales matched almost precisely

the theoretical predictions in the case of eGFP as a permeation probe. However, the

experimentally measured characteristic time scale for the permeation experiment with

MBP-mCherry was about 45% higher than the theoretical predictions, i.e. the perme-

ation across the pore was slower than predicted. Several fine details have not been taken

into account when deriving the theoretical prediction of the characteristic time scales:

(1) not all pore cylinders may be perpendicular to the membrane surface; (2) there is

a size distribution of the pore entrances; (3) the walls of the pores may have an effect

onto the diffusion of the particles; (4) there might be a steric hindrance at the entrance

to the pores. The first and second aspects are likely to be simplifications of the true

conditions as discussed above. The latter two aspects, are studied in literature [15, 16,

17, 18] and may be included to tune the theoretical predictions in the future. In prac-

tice, however, merely control measurements with pores without FG repeat domains may

already constitute a suitable reference system to determine the selectivity factor of the

artificial permeability barrier of functionalized membranes.

6.5.3 Permeability experiments with the microfluidic chamber

In this thesis, we reported the creation of a microfluidic measurement chamber which may

be used in the future to measure the flux of permeation probes across a porous membrane.

We were able to embed a porous membrane between two PDMS compartments and,

thereby, to separate two microfluidic channels from each other by this membrane at a

crossing section. The dimensions of the microfluidic channels were 500�m in width and
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50 �m in height. The total volume of one measurement channel was below 1�L. First

permeation experiments suggest that permeability experiments might be possible with

this device in the future.

To this end, several problems need to be solved in the future. The main problem

was the appearance of bubbles in the measurement channels which severely perturbed

the measured concentration decrease of the permeation probe. To counteract bubble

formation, vacuum channels could be embedded close to the liquid channels. The vacuum

applied and maintained in this channels would avoid the formation of bubbles [19, 20,

21, 22, 23]. In addition, if the crossing section is increased, for instance by making the

top compartment wide, the intensity profiles at the crossing section will become flatter

and which, as a consequence, will reduce the effect of the bubbles.

Another issue, that we observed during the permeation experiments with the mi-

crofluidic chamber was that flow in the compartments due to relaxation of the tubes

after switching the pump off needs to be avoided. To this end, we blocked the inlet and

outlet tubes close to the entrances and exits to the microfluidic chamber. We used here

simple tube clamps. Closing them, however, produced jumps in the monitored intensity.

More elaborated systems, such as valves at the entrances, may be implemented into the

construction plan of microfluidic chambers in the future.

In addition, we did not test, whether part of the PDMS mortar crept onto the edges

of the membrane at the crossing section, before curing it. If this happened a part of the

membrane would be blocked and the actual area of the permeable membrane would be

reduced. As a consequence, the protein flux across the membrane at the crossing section

would be decreased. Such an effect might have further contributed to the discrepancy

between the initially measured and the theoretical predicted flux across the membrane. It

will be, thus, an important experiment for the future to prove, whether the membrane is

(partly) blocked or not, by the mortar PDMS. This might be easily checked, for instance

by labeling the mortar PDMS with a fluorescent label and checking the position of the

mortar after curing with a fluorescence microscope.
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6.5.4 Functionalization strategy of the substrate

We functionalized SiO2 layer in a two step reaction first with an amino-silane to which

in a second step EDTA was coupled. After loading the EDTA with Ni2+ we could bind

Nsp1-WT specifically via its His-tag to the surface with a maximal grafting density of

at least 3.9 pmol/cm2. If the same grafting density can be achieved at functionalized

pores the Nsp1-WT concentration will be about 200mg/mL. This concentration would

be similar to the estimated FG repeat domain concentration in native yeast NPCs.

However, Nsp1-WT is a rather long FG repeat domain. If the pores are equipped with

shorter FG repeat domains in the future we may achieve a lower concentration (mass

per volume). In this case, the surface functionalization might need to be improved. One

option to tune the grafting density might be to use another chelating polycarboxylic

acid, such as NTA, DTPA, or TTHA [24].

6.5.5 Drying of the FG repeat domain film

In the future, the measurement chamber should be equipped with functionalized mem-

branes to which FG repeat domains are grafted. In case of the simple chamber, we

sought to bind the FG repeat domains first to the membrane, then to dry the membrane

with the FG repeat domains before assembling the chamber. Since both compartments

are filled with liquid solutions, the FG repeat domain film should rehydrate after the

chamber assembly.

We investigated the effect of drying and rehydrating an Nsp1-WT film grafted to our

SiO2 surface by QCM-D. We found that the QCM-D response of the Nsp1-WT film

was significantly different before and after the drying and rehydration step. We could

not observe a reversibility of this effect over the monitored time range of 2 h. This

demonstrates that the film properties were changed by the drying and rehydration step.

In addition, we fitted the QCM-D data to a viscoelastic model to extract information

about its viscoelastic properties. The results of the fit suggested that film became more
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rigid after drying and rehydration. It might be interesting to investigate in the future

whether this treatment triggers a gel-formation of the Nsp1-WT film on the surface.

This could be investigated by FRAP measurements, as done in chapter 5.

Jovanovic-Talisman et al. also dried and rehydrated the Nsp1-WT film on the mem-

branes during the assembly process of their chamber [1]. Although the grafting Nsp1-WT

was achieved via binding of the terminal Cys to a gold layer on the membrane, we sus-

pect that the Nsp1-WT film was also affected by the drying and rehydration step. This

might have influenced the measurements in their study.

In order to avoid the drying and rehydration step, another assembly strategy for the

simple chamber should be found. In this context, the microfluidic flow chamber becomes

an attractive alternative to circumvent these issues.

6.6 Conclusions

We presented important intermediate steps towards the development of a nanoscale

model system of the permeability barrier of NPCs with a pore like topology mimicking

the topology of the native systems. The construction plan of the model system was based

on a porous polycarbonate membrane which divides to compartments which allows for

flux measurements of fluorescent permeation probes across the pore.

Our achievements included the elaboration of a theoretical framework which allows to

quantify the flux of permeation probes across the pores and the pore’s selectivity once it

is equipped with a permeability barrier. Moreover, we reported the construction of two

different types of measurement chambers, a simple one with stagnant solutions and a mi-

crofluidic chamber which allows to apply flow independently to the two compartments.

Furthermore, we calibrated a detection setup for detection of net flux of fluorescent

probes in the chambers and a Matlab data processing and analysis routine. These steps

allowed to perform successfully flux measurements in the simple chamber, with a porous

membrane which was not functionalized with FG repeat domains. The experimentally
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observed flux was close to the theoretical predictions. In order to equip the pores with

FG repeat domains in the future, we worked on a functionalization strategy of the poly-

carbonate membrane. The strategy was based the functionalization of a sputtered SiO2

layer, on one side of the polycarbonate membrane, with a His-tag capturing layer. We

reported stable and mainly specific binding of His-tagged Nsp1-WT to the functionalized

membranes with a grafting density close the estimated grafting density in the NPC.

Combining our achievements in construction of a measurement chamber with a de-

tection system for flux measurements and functionalizing polycarbonate with FG repeat

domains may allow to perform flux measurement across pores equipped with FG repeat

domains in the near future. The flux of NTRs and inert proteins of different size across

pores equipped with single types of FG repeat domains or mutants would contribute to

our understanding of the working mechanism and efficiency of the permeability barrier

of NPCs.

6.7 Materials and methods

6.7.1 Materials and buffer preparation

Chemicals were purchased from Sigma-Aldrich, Germany, if not mentioned otherwise.

For the experiments described in this chapter we used a buffer containing 10mM HEPES

pH7.4 and 150mM NaCl. The buffer was degassed under vacuum for 30min. PDMS and

PDMS curing agent (Dow Corning, U.S.A.) were mixed in a ratio of 9:1 and degassed

for 30min under vacuum.

6.7.2 Substrate functionalization

Substrates

Control experiments were performed on silicon wafers (University Wafers, U.S.A.) with

a native SiO2 layer and QCM-D sensors (Biolin Scientific, Sweden) coated with SiO2.
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Permeation experiments were performed with nucleopore track-etch filter membranes

(Whatman plc, UK). These membranes are made of polycarbonate and are perforated

with pores of a certain diameter (indicated in the text). One face of the membranes

is shiny while the other is dull. A thin SiO2 layer of approximately 30 nm was directly

sputtered onto the shiny side of the polycarbonate membrane (sputtering was done by

Olatz Idigoras, CICnanoGUNE, San Sebastian, Spain).

Functionalization strategy

The protocol for functionalization of SiO2 layers with NTA-groups is based on Ref. [24].

The substrates were activated by exposing them either to UV/ozone for 30min (in the

case of SiO2 wafers and QCM-D sensors) or to O2 plasma for 5min (in the case of poly-

carbonate membranes with a sputtered layer of SiO2). The activated substrates were

then incubated in a mixture containing 88% (v/v) ethanol, 2% (v/v) water, and 10%

(v/v) 3-aminopropyltriethoxysilane (Thermo Scientific, U.S.A.), which was previously

filtered with a 0.2�m polytetrafluoroethylene membrane filter (VWR, U.S.A.). The in-

cubation time was kept to 5min, to prevent the polycarbonate membrane from becoming

brittle. After incubation, the substrates were thoroughly rinsed with ethanol followed

by rinsing with a 10mM EDTA pH7.8 solution. After these rinsing steps, the substrates

were incubated in a solution containing 0.5M EDTA pH8.0 and 25mM EDC for 4 h.

The EDC incubation was repeated four times. Then the substrates were thoroughly

rinsed with water and stored in 10mM EDTA pH7.8 at 4 �C for no more than one week.

6.7.3 Construction of simple chambers (stagnant solutions)

The design and construction of our simple chamber with stagnant solution in bottom

and top compartment is based on the chamber design reported by Jovanovic-Talisman

et al. [1]. To construct the bottom compartment, a glass slide (Menzel, Germany) was

exposed to O2 plasma for 5min and then passivated by incubation in 100�g/mL PLL-g-

PEG (Susos, Switzerland) for 5min. Then the glass slide was rinsed in mQ water, blow
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dried with nitrogen, and a double-sided sticky tape with a 2mm hole in it was attached.

In a next step 0.5 �L of buffer containing the permeation probe was added to the bottom

compartment. The top compartment was made of the lid of an ordinary laboratory 2mL

plastic reaction tube (Eppendorf, Germany) to which the polycarbonate membrane was

clipped. The top reservoir was also filled with buffer containing the permeation probe

before it was quickly attached to the bottom compartment.

6.7.4 Construction of microfluidic chambers

Photo masks

Photo masks of the axial projection of both the top and the bottom compartment were

made with AutoCAD (AutoDesk Inc., U.S.A.) and printed at a resolution of 25 000 dpi

(BVM, Germany).

Creation of master wafers

For the creation of a microfluidic PDMS chamber, negative imprints of the channels of

the micro fluidic compartments were produced. These so called “master wafers” served

as a casting mold for the fabrication of the PDMS bottom and top compartment of the

microfluidic chambers. To this end, we followed the protocol of the SU-8 photo resist

(Micro Chem, U.S.A.). The creation steps of these wafers are illustrated in figure 6.20

and are briefly described in the following:

A new silica wafer was dried in an oven at 200 �C for 1 h. After cooling it to room

temperature, we used a spin coater (WS-400B-6NPP-LITE, Laurell technologies corpo-

ration, U.S.A.) to coat the wafer with a 40 �m thin layer of SU-8 50 photo resist (Micro

Chem,U.S.A.) by running 3000 rpm for 30 s. Next, the photo resist solvent was evapo-

rated by soft baking the wafer at 65 �C for 5min followed by 95 �C for 15min. The photo

mask was put on top of the photo resist layer and the uncovered parts were then exposed

four times to UV (350 – 400 nm) light (intelli-Ray 400, Uvitron International, U.S.A.) for

5 s, thereby inducing cross-linking in the exposed parts of the photo resist. The cross-
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linking needs to be further improved by post exposure baking at 65 C for 1min followed

by 95 C for 4min. The parts of the photo resist that were not cross-linked were removed

by incubating the photo resist in SU-8 developer (Micro Chem, U.S.A.) for 5min. The

developer was rinsed off with acetone, followed by isopropanol, followed by mQ water and

was then blow dried with nitrogen. Then, the wafer with photo resist was hard baked

at 200 C for 1 h to further cross-link the material. Finally, the wafer was coated with

an anti adhesive layer of (Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (ABCR,

Germany) by gas phase evaporation. To this end, the wafer and a small droplet of

(Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane were kept for 2 h in a desiccator

under vaccuum.

Figure 6.20: Scheme for the construction of a master wafer: Step 1: Drying of the
substrate. Step 2: Spin coating of a thin layer of SU-8 photo resist onto the substrate. Step 3:
Soft baking. Step 4: Cross linking of photo resist. Step 5: Post exposure bake. Step 6: Removal
of photo resist that was not cross linked by developer. Step 7: Hard bake. Step 8: Teflon
coating.
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Creation of PDMS top and bottom compartments

Top and bottom compartment were constructed as summarized in figure 6.21.

Figure 6.21: Scheme for the construction of top and bottom compartments of the
microfluidic chamber: Top compartment (top row): A plastic petri dish with the master
wafer lying in it was filled with PDMS. Then, the PDMS was cured at 80 C for 30min. The
cured PDMS with the imprint of the channels of the master waver was lifted off and cut at
the edges. Bottom compartment (bottom row): A small amount of PDMS was poured over
the master wafer and a microscope glass slide was then gently pressed onto the PDMS. The
PDMS was cured on a heating plate at 65 C for 5min, before it was lifted off from the master
wafer together with the microscope slide. Finally, the edges of the PDMS layer were cut.

Microfluidic chamber assembly

The assembly of the microfluidic chamber with the polycarbonate membrane embedded

between top and bottom compartment was performed as described in [6]. First, PDMS

was mixed with curing agent in a ratio 9:1 (w/w). This mixture was then further

mixed with toluene in a ratio of 1:2 (w/w) to make the PDMS less viscous. A glass

slide was then spin coated with this mixture at 1500 rpm. This leads to a thin PDMS

layer on the glass slide. The coated glass slide was then put into an oven at 80 C,

to evaporate the toluene, for 5min. This PDMS layer was transferred to the top and

bottom compartments by placing them onto the PDMS layer for 5 s. Also the edges of the

polycarbonate membrane were dipped into the PDMS layer. Then, the membrane was

carefully placed onto the channel of the top compartment and the bottom compartment
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was placed onto them using a micromanipulator (Scientifica, UK). Finally, the mortar

PDMS layer was cured at 80 �C for 5min.

6.7.5 Confocal microscopy imaging

The permeation experiments were performed with a confocal laser scanning microscope

(LSM 510, Zeiss, Germany) equipped with an argon and a DPPS laser. A plan-

apochromat 63x/1.4 oil immersion objective was used if not stated otherwise. The

pinhole was set to 0.68mm diameter allowing for a z-resolution of 2.5 �m. The x-y

planes were imaged at a size of 120 �m× 120 �m and a resolution of 32× 32 pixels. The

pixel depth was set to 12 bit. z-stacks were acquired with a z-step size of 2.5 �m every

10 s. eGFP was excited at a wavelength of 488 nm with a laser power of 0.3% and a

master gain of 650. mCherry was excited at a wavelength of 516 nm with a laser power

of 1% and a master gain of 720.

6.7.6 Data processing and analysis routine

A program script was written for Matlab (The Mathworks, U.S.A.) allowing for a quick

and convenient processing and analysis of the confocal microscopy data. The Matlab

program loads the confocal data and adjusts it for background intensity and axial focus

drifts. The average intensity in a desired confocal volume is calculated and normalized

to the starting conditions. The Matlab routine is available upon request.

6.7.7 Protein purification and labeling

Proteins were provided by Steffen Frey, MPI for biophysical chemistry, Göttingen, Ger-

many. Information about protein expression and purification can be found in chapter 3

supplementary information (fluorescent probes) and chapter 5 materials and methods

(Nsp1-WT and atto488-Nsp1-WT).
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7.1 Achievements

The aim of this thesis was to create and study nanoscale model systems of the NPC’s per-

meability barrier and, by doing so, to shed light on the permeability barrier’s mechanism

of selectivity. In the following, main achievements will be summarized.

7.1.1 Creation of planar model systems

One of the developed model systems were planar films of end-grafted FG-repeat domains

which mimic the interior of the NPC. The grafting surfaces had His-tag capturing prop-

erties and were either: (1) custom made SLBs doped with bis- or tris-NTA modified

lipids (see chapter 3 and 5), or (2) commercially available His-tag capturing QCM-D

sensors (see chapter 4), or (3) SiO2 layers which were functionalized with EDTA (see

chapter 6).

Despite their simplicity, this type of model system is attractive, because it can be

characterized quantitatively and in detail by a toolbox of biophysical techniques such as

QCM-D, ellipsometry, AFM, and FRAP.

7.1.2 FG repeat domain films resemble the permeability barrier in

the NPC

The planar model systems reproduce important properties of the native systems. The

mode of FG repeat domain attachment is end-confined anchoring in the NPC and in
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our model systems. In addition, the achieved maximal grafting densities (ca. 5 –

10 pmol/cm2) and FG repeat domain concentrations (ca. 200mg/mL) for wild type

FG repeat domains were similar to the currently available estimate of grafting density

and concentration of FG repeat domains in the NPC [1]. Moreover, the thickness of

our films (about 30 nm) was similar to the diameter and length of the of the NPC’s

transporter channel [2].

7.1.3 NTR binding to FG repeat domain films

We exploited our planar model system to study the interaction of NTRs with FG re-

peat domain assemblies. In chapter 3, we used Nsp1 as FG repeat domain and scImpβ,

scImpβ• eGFP, and scImpβ•Gsp1p•GTP as model NTR (with and without cargo). We

could demonstrate that the model NTR interacted selectively with the Nsp1 film, and

that the Nsp1 film was permeable for scImpβ. Moreover, we could provide quantitative

estimates for the affinity between Nsp1 and the model NTR (and its complexes). A key

finding of our study was that scImpβ binding to Nsp1 films induced only a moderate

change (of a few nanometers) in thickness. This result strongly contrasted previous re-

ports of a collapse for hsNup153 brushes upon interaction with hsImpβ [3, 4], calling

into question the reversible collapse model. In order to investigate under which circum-

stances a collapse or a brush stretching appears, our model system may, in future, be

extended to other FG repeat domains and NTRs.

7.1.4 Connecting biological function of the FG repeat domain

meshwork with theoretical predictions from polymer physics

A major contribution to extend our understanding of the properties of the permeability

barrier was to apply concepts of polymer theory to our FG repeat domain films.
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Quantification of characteristic length and time scales

In chapter 4, we extracted estimates for the correlation length and the characteristic time

scale for relaxation of meshwork strands in the Nsp1-WT meshwork via a rheological

approach. This information is important to understand the mechanism of selectivity of

the permeability barrier, since the mobility of a permeation probe in the meshwork is

expected to strongly depend on these two parameters [5]. In the future, this approach

might be extended to films consisting of other types of FG repeat domains.

The morphology of FG repeat domain meshworks is influenced by the

cohesiveness of the FG repeat domains

The key finding of chapter 5 was that cohesiveness substantially influences the mor-

phology of FG repeat domain meshworks. By applying concepts of polymer theory, we

connected the morphology of a meshwork with its size selectivity qualities for permeation

probes. This led to the hypothesis that cohesiveness may be tuned, in the native NPC,

to obtain a compactified meshwork with exquisite permeability barrier properties.

7.1.5 First steps towards creating a model system comprising the

NPC topology

In chapter 6, we reported intermediate steps towards the development of a nanoscale

model system of the NPC that reproduces, in addition to the features of the planar

systems, the pore-like topology of the NPC transport channel. The envisaged model

system was based on artificial pores with FG repeat domains grafted to the pore walls.

Theoretical predictions for flux of solutes across nanoporous substrates

We elaborated a detailed, theoretical framework about the flux of permeation probes

across a porous substrate. The results provided valuable predictions about the detection

limits of the setup and guidelines for optimizing the experimental design.
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Creation of a measurement setup

We also reported the creation of two measurement chambers in which a porous polycar-

bonate membrane separated two compartments. In one of the measurement chambers,

the solutions in both compartments were stagnant, while in the second measurement

chamber, flow could be applied to both compartments independently. The simple mea-

surement chamber with stagnant solutions could be used to demonstrate a working (1)

detection system for net flux of fluorescent permeation probes across the pores and (2)

data processing and analysis routine (implemented in Matlab).

Grafting of FG repeat domains to functionalized porous membranes

In order to graft FG repeat domains specifically with one end to the walls of the pores, we

sputtered a 30 nm thin layer of SiO2 onto one side of the membrane. The sputtered SiO2

layer was stably connected to the polycarbonate and also deposited a few 10 nm down

the channels. Pore diameters of 30 – 50 nm could be achieved readily. We demonstrated

that the SiO2 layers can be coated with a His-tag capturing layer and that His-tagged

FG repeat domains can be specifically grafted to the functionalized surfaces at densities

that are estimated to be present in NPCs.

In the future, our achievements will be combined to create artificial FG repeat domain

pores as a nanoscale model system of the NPC.
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7.2 Outlook

The achievements of this thesis can be extended to further study the mechanism of

selectivity of the NPC’s permeability barrier. A brief outline of possible perspectives is

given.

7.2.1 Affinity studies

We exploited our planar model system to study the interaction of Nsp1-WT with scImpβ

(alone, with a cargo, and coupled to Ran•GTP). This approach can be straightforwardly

extended to study the interaction between other types of FG repeat domains and NTRs.

For instance, a systematic and accurate determination of the binding affinities for a set of

FG repeat domains and a set of NTRs could further contribute to a better understanding

of the transport across the NPC and might allow to refine some of the concepts such as

the idea of an affinity gradient [6, 7]. Furthermore, NTRs could be replaced by other

binding partners, such as virus proteins [8, 9, 10], that may interact with FG repeat

domains in our model system.

In this regard, our films represent an interesting in vitro model of FG repeat domain

assemblies for the study of interactions that are crucial for nuclear import and export.

7.2.2 Role of NTRs for the morphology of the meshwork

We studied in detail the morphology of FG repeat domain meshworks in the absence

of NTRs (see chapter 5). However, the FG repeat domain meshwork in vivo is likely

to always comprise NTRs since their concentration in the cell is typically in the micro

molar range. Furthermore, an improved size selectivity was reported for in vitro model

systems of the NPC when NTRs were present [11, 12]. Hence, it would be interesting

to exploit our model system in the future to study in detail the morphology of the FG

repeat domain films when NTRs are bound to it.
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Such a study would be important given that we make a connection between the mor-

phology of the FG repeat domain meshwork and its selectivity quality. In addition, this

could contribute to our understanding of the role of NTRs – they may not only serve as

shuttles for cargo, yet, also could play an active role in improving the selectivity qualities

of the permeability barrier.

7.2.3 Role of spacers for cohesiveness

Our experiments confirmed the findings by Frey et al. that FG repeat motives are crucial

for cohesiveness of FG repeat domains [13]. However, there is evidence that the spacers

between the FG-motives also play an important role either as repulsive elements to

prevent a collapse of the meshwork or as a cohesive element, further tightening the

meshwork [14, 15, 16]. In order to study the contribution of the spacer elements to

the cohesiveness, it would be interesting to work with artificial FG repeat domains that

have well controlled spacers. Planar films of such artificial FG repeat domains would

constitute a valuable model system allowing to readily investigate the role of spacers for

cohesiveness.

Such studies may allow to design polymers which reproduce properties of FG repeat

domains and assemble into meshwork with filter properties. Equipping a porous sub-

strate with such a filtering meshwork may then be used as a man-made bio-inspred filter

device.

7.2.4 Different types of FG repeat domains at different locations

We studied FG repeat domain films that consisted only of one type of FG repeat domain.

The FG repeat domain meshwork in the NPC, however, consists of a mixture of FG re-

peat domains. There is evidence that this mixture is crucial for viability [1] and that

certain FG repeat domains interact preferentially with each other thereby forming sub-

complexes which may reflect physiologically relevant structures (reviewed in Ref. [17]).
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Our model systems could be further developed to allow for studying mixtures of FG

repeat domains. Such a study would be crucially important to answer the question, why

the permeability barrier consists of different types of FG repeat domains rather than of

a single one with an appropriate balance of cohesive elements.

7.2.5 Exploiting the compartmentalization in the artificial FG

repeat domain pore system

The artificial pore model system is similar to the native conditions with respect to having

two separated compartments. This could be exploited to imbed asymmetric distribu-

tions of other proteins involved in the nucleo-cytoplasmic transport. An example is the

Ran•GTP gradient which is important for the nucleo-cytoplasmic molecule transport in

the cell (reviewed in Ref. [18]).

In this respect, the artificial FG repeat domain pore system could constitute a ben-

eficial (minimalistic) tool to study transport pathways across the NPC in vitro and to

improve our understanding of nucleo-cytoplasmic transport phenomena.
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Scarano, and M. H. Malim. July 1998. “Interaction of the human immunodeficiency virus

type 1 Vpr protein with the nuclear pore complex.” In: J. Virol. 72 (7), pp. 6004–6013.

[9] S. Popov, M. Rexach, G. Zybarth, N. Reiling, M.-A. Lee, L. Ratner, C. M. Lane, M. S.

Moore, G. Blobel, and M. Bukrinsky. 1998. “Viral protein R regulates nuclear import of

the HIV-1 pre-integration complex”. In: EMBO J. 17 (4), pp. 909–917.

[10] Y. Jenkins, M. McEntee, K. Weis, and W. C. Greene. 1998. “Characterization of HIV-1

vpr nuclear import: analysis of signals and pathways”. In: J. Cell Biol. 143 (4), pp. 875–

885.

[11] S. Frey and D. Görlich. 2009. “FG/FxFG as well as GLFG repeats form a selective

permeability barrier with self-healing properties”. In: EMBO J. 28 (17), pp. 2554–2567.

[12] T. Jovanovic-Talisman, J. Tetenbaum-Novatt, A. S. McKenney, A. Zilman, R. Peters,

M. P. Rout, and B. T. Chait. 2008. “Artificial nanopores that mimic the transport selec-

tivity of the nuclear pore complex”. In: Nature 457 (7232), pp. 1023–1027.

178



References

[13] S. Frey, R. P. Richter, and D. Görlich. Nov. 2006. “FG-rich repeats of nuclear pore

proteins form a three-dimensional meshwork with hydrogel-like properties.” In: Science

314 (5800), pp. 815–817.

[14] S. S. Patel, B. J. Belmont, J. M. Sante, and M. F. Rexach. Apr. 2007. “Natively unfolded

nucleoporins gate protein diffusion across the nuclear pore complex.” In: Cell 129 (1),

pp. 83–96.

[15] J. Yamada, J. L. Phillips, S. Patel, G. Goldfien, A. Calestagne-Morelli, H. Huang, R.

Reza, J. Acheson, V. V. Krishnan, S. Newsam, A. Gopinathan, E. Y. Lau, M. E. Colvin,

V. N. Uversky, and M. F. Rexach. 2010.“A bimodal distribution of two distinct categories

of intrinsically disordered structures with separate functions in FG nucleoporins”. In:

Molecular & Cellular Proteomics 9 (10), pp. 2205–2224.

[16] C. Ader, S. Frey, W. Maas, H. B. Schmidt, D. Görlich, and M. Baldus. 2010. “Amyloid-

like interactions within nucleoporin FG hydrogels”. In: Proc. Natl. Acad. Sci. U.S.A.

107 (14), pp. 6281–6285.

[17] T. U. Schwartz. 2005. “Modularity within the architecture of the nuclear pore complex”.

In: Curr. Opin. Struct. Biol. 15 (2), pp. 221–226.

[18] M. Stewart. 2007. “Molecular mechanism of the nuclear protein import cycle”. In: Nat.

Rev. Mol. Cell Biol. 8 (3), pp. 195–208.

179





Author’s contribution

Work of this thesis was performed in collaboration. Wherever collaborators have assisted

in data acquisition, data interpretation, data analysis and data simulations their contri-

butions have been acknowledged: in the form of co-authorship on published or prepared

manuscripts; in the acknowledgment of published or prepared manuscripts; or in figures

presented in this thesis. In the following, I will summarize my own contribution.

Chapter 3: Ultrathin nucleoporin FG repeat films and their interaction with NTRs

This chapter was published in EMBO Reports, 2010, 11: 366–372, as:”Ultrathin nucle-

oporin phenylalanine-glycine repeat films and their interaction with NTRs”. Authors:

Nico B. Eisele, Steffen Frey, Jacob Piehler, Dirk Görlich, Ralf P. Richter.

I co-designed research (together with Steffen Frey, Dirk Görlich and Ralf P. Richter).

I performed all QCM-D and ellipsometry measurements and analyzed the data. I con-

tributed to data interpretation, figure preparation, and writing the article.

Chapter 4: Viscoelasticity of Thin Biomolecular Films

This chapter was published in Biomacromolecules, 2012, 13: 2322–2332 as: ”Viscoelas-

ticity of Thin Biomolecular Films: A Case Study on Nucleoporin Phenylalanine-Glycine

Repeats Grafted to a Histidine-Tag Capturing QCM-D Sensor”. Authors: Nico B.

Eisele, Fredrik I. Andersson, Steffen Frey, and Ralf P. Richter

I co-designed research (together with Ralf Richter). I performed all QCM-D and ellip-

sometry measurements and analyzed the data. I contributed to data interpretation. All

figures were prepared by myself, except figures displaying data from AFM measurements

(i.e. figure 2 and figure 7 in this publication, which were prepared by Ralf Richter). I

wrote the first draft of the article and helped to complete the article for publication.

181



Author’s contribution

Chapter 5: Cohesiveness tunes assembly and morphology of FG repeat domain

meshworks

This chapter constitutes a manuscript which will be submitted soon as: ”Cohesiveness

tunes assembly and morphology of FG nucleoporin domain meshworks – Implications for

nuclear pore permeability”. Authors: Nico B. Eisele, Aksana A. Labokha, Steffen Frey,

Dirk Görlich and Ralf P. Richter.

I co-designed research (together with Steffen Frey, Dirk Görlich and Ralf P. Richter).

I preformed all QCM-D, ellipsometry, FRAP measurements and analyzed the data. I

contributed to data interpretation. I prepared all figures, except figure 5.1 (which was

prepared with the help of Ralf Richter) and figures displaying AFM data (i.e. fig-

ures 5.3A and 5.5, which were prepared by Ralf Richter). I wrote the first draft of the

article and helped to complete the paper for submission.

Chapter 6 Towards construction of FG repeat domain pores as a model system

The results in this chapter have not yet been published or prepared for an article

manuscript. Nevertheless this work was performed in collaboration with others. If

data from collaborators were used for a figure, I clearly acknowledged the collaborator

in the figure caption (this concerns essentially all shown SEM/TEM images). If collab-

orators have contributed material or protocols they were acknowledged in the text. I

contributed to the derivation of the theoretical framework, concerning net flux across

the porous membrane working with Ralf Richter. All QCM-D, ellipsometry, and CLSM

measurements were performed by myself. The construction of the measurement cham-

bers was done by myself. All Matlab routines were also independently programmed by

myself.

Nico Eisele

March, 2013

San Sebastian, Spain

182



List of publications

N.B. Eisele, Frey, J. Piehler, D. Görlich, R. P. Richter. 2010. ”Ultrathin nucleoporin

FG repeat films and their interaction with nuclear transport receptors”. In: EMBO

reports, 11(5), pp. 366 – 372.

N.B. Eisele, F. I. Andersson, S. Frey, R. P. Richter. 2012. ”Viscoelasticity of thin

biomolecular films: a case study on nucleoporin phenylalanine-glycine repeats grafted to

a histidine-tag capturing QCM-D sensor”. In: BioMacromolecules, 13, pp. 2322 – 2332.

N.B. Eisele, A.A. Labokha, S. Frey, D. Görlich, R. P. Richter, ”Cohesiveness tunes

assembly and morphology of FG nucleoporin meshworks – Implications for nuclear pore

permeability”, in preparation.

R. P. Richter, K.B. Rodenhausen, N.B. Eisele, M. Schubert. In press. ”Coupling

Spectroscopic Ellipsometry and Quartz Crystal Microbalance to Study Organic Films at

the Solid-Liquid Interface”. In: K.-J. Eichhorn and K. Hinrichs (Eds.), Ellipsometry of

Functional Organic Surfaces and Films, Springer.

183





Acknowledgment

It would not have been possible to do the research for this doctoral thesis without the

help and support of the people around me, to only some of whom it is possible to give

particular mention here.

First of all, I would like to express my sincere gratitude to Ralf Richter for giving me

the opportunity to carry out an exciting PhD project under your supervision in your

laboratory in San Sebastián. Throughout my PhD project you have been a huge source

of knowledge and inspiration. You always encouraged me to further develop my scientific

knowledge and my ability to critically examine scientific issues.

I also would like to express my sincere gratitude to Dirk Görlich for providing me with

the opportunity to carry out this PhD project in an interdisciplinary and international

collaboration with his laboratory. This collaboration led to inspiring and stimulating

discussions and, furthermore, strongly supported my research with the supply of essen-

tial material.

I am grateful to Claudia Steinem for joining my thesis committee, supporting my

thesis, and fruitful discussions.

Another thanks goes to Dirk Görlich and Claudia Steinem for reviewing my thesis and

to Ralf Richter, Detlef Doenecke, Jörg Enderlein, and Sarah Köster for being members
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